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Animal taxa show remarkable variability in sexual reproduction, where separate sexes, or gonochorism, is thought to have evolved from hermaphroditism for most cases. Hermaphroditism accounts for 5% in animals, and sequential hermaphroditism has been found in teleost. In this study, we characterized a novel form of the transient hermaphroditic stage in little yellow croaker (Larimichthys polyactis) during early gonadal development. The ovary and testis were indistinguishable from 7 to 40 days post-hatching (dph). Morphological and histological examinations revealed an intersex stage of male gonads between 43 and 80 dph, which consist of germ cells, somatic cells, efferent duct, and early primary oocytes (EPOs). These EPOs in testis degenerate completely by 90 dph through apoptosis yet can be rescued by exogenous 17-β-estradiol. Male germ cells enter the mitotic flourishing stage before meiosis is initiated at 180 dph, and they undergo normal spermatogenesis to produce functional sperms. This transient hermaphroditic stage is male-specific, and the ovary development appears to be normal in females. This developmental pattern is not found in the sister species Larimichthys crocea or any other closely related species. Further examinations of serum hormone levels indicate that the absence of 11-ketotestosterone and elevated levels of 17-β-estradiol delineate the male intersex gonad stage, providing mechanistic insights on this unique phenomenon. Our research is the first report on male-specific transient hermaphroditism and will advance the current understanding of fish reproductive biology. This unique gonadal development pattern can serve as a useful model for studying the evolutionary relationship between hermaphroditism and gonochorism, as well as teleost sex determination and differentiation strategies.
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Introduction

Hermaphroditism and gonochorism are the most important sex determination systems and sex differentiation methods in sexually reproductive organisms. Hermaphroditism rarely occurs in tetrapods, amphibians, reptiles, birds, or mammals, while it occurs commonly in fish, invertebrates, and plants (1–5). The majority of teleost fish are gonochoristic, including large yellow croaker (Larimichthys crocea), tilapia (Oreochromis niloticus), medaka (Oryzias latipes), and many others (6–9). Nevertheless, hermaphroditism has been documented in more than 1,500 species (10).

In fish, hermaphroditism can be classified into three types, sequential hermaphrodite’s protandry, sequential hermaphrodite’s protogyny, and simultaneous hermaphrodites, which is quite rare (11). During the development of protandrous fish species, the testis matures first and produces sperm. After sperm excretion, the male reproductive organs degenerate, and then the ovaries gradually mature and form functional ovaries. These species include black porgy (Acanthopagrus schlegeli), sea bass (Lates calcarifer), gilthead seabream (Sparus aurata), and anemonefish (Acanthopagrus schlegeli) (12–16). In contrast, the ovary is the first developed gonad in protogynous species, then some or all individuals undergo sex change to form functional testis. These species include ricefield eel (Monopterus albus), groupers (Epinephelus coioides, Epinephelus akaara, and Epinephelus awoara et al.), mudskipper (Pseudapocryptes lanceolatus), and ballan wrasse (Labrus bergylta) (17–22). In addition, simultaneous hermaphroditic fish have both testicular and ovarian tissues present in a single individual at the same time. This type of fish is relatively rare, and the most representative species is the mangrove killifish (Kryptolebias marmoratus), which can even reproduce by self-fertilizing (23, 24). At last, zebrafish represents a special mode of gonadal development and differentiation. As a gonochoristic species, immature ovarian tissues first develop in both sexes, a stage known as hermaphrodite ovarian stages or juvenile hermaphrodite. After that, the juvenile ovaries differentiate further into true ovaries without tissue remodeling in genetic females. For genetic males, the differentiation of testis involves a process of degeneration (apoptosis) of the oocyte-like germ cells, which is accompanied by stromal tissue remodeling for differentiation into testicular tissues (5, 25, 26).

Estrogen is a critical factor for sex determination and gonadal differentiation in teleosts. It is well documented that estrogens and their main synthase (aromatase) encoded by cyp19a1a (Cytochrome P450 Family 19 Subfamily A Member 1) play a vital role in promoting ovarian development and maintaining feminization afterward in both hermaphroditic or gonochoristic teleosts (12, 27–29). Loss of function of cyp19a1a by CRISPR/Cas9 and TALENs will lead to complete masculinization in zebrafish and sexual reversion from female to male in XX tilapia, respectively (5, 30). Long-term treatment using Fadrozole, an estrogen-synthase aromatase inhibitor, can turn a differentiated ovary into a functional testis, and this secondary sex reversal could be rescued by estrogen (31). In contrast, juvenile fish exposed to estrogens will result in complete sex reversal in genetic males of gonochoristic species or transient sex reversal in protandrous species (32–35). Simultaneous exposure to estrogen and androgen also resulted in feminization in tilapia (36). Thus, research on estrogen levels and expression regulation during the sexual transitional period will help understand sex differentiation strategies in both hermaphroditic and gonochoristic teleost.

Little yellow croaker (Larimichthys polyactis, Bleeker, 1877), also named the small yellow croaker or yellow corvina, is a croaker native to the western Pacific. It is one of the most famous fish species of great economic importance in China, Korea, and Japan. A few decades ago, the abundance of wild L. polyactis had severely declined since the 1980s, and its commercial value has increased significantly due to overfishing, seawater pollution, as well as ocean current and water quality changes (37, 38). Although the resources of L. polyactis had been gradually recovered ever since (39), overfishing caused sexual precocity, gender imbalance, and growing miniaturization in L. polyactis populations (40, 41). Therefore, artificial breeding techniques are in urgent need of restoring fishery resources. Characterizing the sex determination/differentiation and gonadal development process will significantly advance knowledge in its reproductive physiology, which is currently lacking. In 2015, an artificial breeding program was successfully established by artificial spawning of wild L. polyactis and larvae culture (42, 43). In this study, samples of an artificial breeding population of L. polyactis were obtained from generation F3 (2017) to F6 (2020) to investigate gonadal differentiation. The process of gonadal development was analyzed by histological and endocrinological approaches. We have established an excellent model for studying the relationship of hermaphrodite and gonochorism in the teleost, and the discovery of a transient juvenile intersex stage in males also enriches the theory of teleost sex determination and differentiation.



Materials and Methods


Animals

Artificial breeding of little yellow croaker (Larimichthys polyactis) F3-F6 generation individuals were obtained from the Xiangshan harbor aquatic seedling co. LTD (Xiangshan County, Ningbo, China) and the Marine Fishery Institute of Zhejiang Province (Xixuan Island, Zhoushan, China). L. polyactis broodstock was kept in running aerated seawater in cement ponds with a smooth surface at natural water temperature under a natural photoperiod. Larvae were fed with rotifers (Brachionus sp) initially, and microalgae (Chlorella sp) from 4 to 15 days post-hatching (dph). From 12 to 30 dph, the larvae were fed with newly hatched Artemia nauplii (Aquamaster, Binzhou, China). Juvenile fish were fed on a standard commercial diet since 20 dph. After two months, the juveniles were transferred into 20 m3 ponds at a density of ~200 individuals per m3 for field grow-out and were reared in natural seawater at 20.0 to 27.0°C temperature. The fish fry was fed twice daily with commercial feed. Animal experiments were conducted in accordance with the regulations of the Guide for Care and Use of Laboratory Animals, which was approved by the Committee of Laboratory Animal Experimentation at Zhejiang Academy of Agricultural Sciences.



Gonadal Morphology, H&E Staining Histology and Sex Ratio Statistics

For morphology analyses, the ovary and the testis were dissected at 90 and 360 dph. For the early stages (before 90 dph), the abdominal cavity was dripped with the Bouin’s fixation until the gonads were completely covered and turned yellow, and excessive fluid was removed. For histology analyses, the ovary and testis were dissected at 7, 20, 30, 40, 43, 46, 49, 50, 60, 70, 80, 90, 100, 120, 180, 240 and 270 dph. For post-larvae and small juveniles (7–40 dph) in which gonads were too small to be separated, all tissues from the body cavity were included for analysis. For large juveniles and post juveniles, both gonad lobes (40–240 dph) or the large lobes (270 dph) were collected and cut into small pieces (10 mm) for better fixation in Bouin’s solution on a shaker for 24 h at room temperature. After fixation, the tissues were dehydrated through a series of ethanol concentration gradients, embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin and eosin. An Axio Imager 2 light microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) was used to image the stained sections. The sex ratio statistics from 43 to 270 dph were based on histological observation.



Germ Cell Count

The number of germ cells was counted in 6 complete sections after H&E staining. Microscopic examinations of each sex were performed at 40, 50, 60, 70, and 80 dph.



TUNEL Assay

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-digoxigenin nick-end labeling technique was applied to evaluate the apoptotic response of EPOs in the testicular hermaphroditic stage. Reactions were performed on sections (5 µm) of 4% Paraformaldehyde (PFA)-fixed (overnight at 4°C) and paraffin-embedded L. polyactis’ ovaries and testes at 80 dph. Apoptotic cells with DNA breaks were detected using Colorimetric TUNEL Apoptosis Assay Kits (#C1091, Beyotime Institute of Biotechnology, Shanghai, China) and In Situ Cell Death Detection Kit, TMR red (#12156792910, Roche, Indianapolis, IN, USA). TUNEL assay was then performed according to the instructions by the manufacturer. For TMR red kit, DNA was stained with DAPI. Images were captured using a Zeiss light microscope Axio Imager 2 and Zeiss confocal microscope LSM710. Image processing and analysis were performed using AxioObserver (Carl Zeiss Microscopy GmbH, Jena, Germany) and ZEN software.



Administration of Exogenous E2

Fish in three parallel treatment and control groups were kept in 1-ton tanks with dark blue and smooth material walls, at a density of 150 fish per tank/group. The treatment groups were directly exposed to E2 for 2 h each day. E2 (17β-estradiol, CAS: 50-28-2, ≥98%) purchased from Sigma (#E8875, Sigma-Aldrich, Shanghai, China) was dissolved in 95% ethanol as a 4 mg/ml stock solution, which was stored at 4°C. The final concentration of E2 in the treatment water was 10 μg/L. The treatment was applied from 80 to 120 dph, and the fish gonads were randomly sampled (N = 30) at 120 dph for statistical and histological analyses.



Measurement of Steroid Hormones

Blood samples were collected from the caudal veins at 50, 60, 70, 80, 90, 100, 120, 180, 240, 270, 340, 360, 540, and 720 dph, and kept at 4°C overnight. Serum samples were collected after centrifugation at 3,000 rpm for 10 min and stored at −20°C until use. For large juveniles and post-juvenile stages (50–180 dph and after 180 dph), matching blood samples were collected from both sexes, and sex-typing was performed based on histological results. Serum E2, 11-KT, and testosterone levels were measured using the Enzyme Immunoassay (EIA) Kit (Cayman, USA) following the manufacturer’s protocols (N = 6 for each sex).



Statistical Analysis

Total length, body length, and body weight were measured in 20 randomly sampled male and female fishes at 360 and 720 dph. Thereafter, a gonadosomatic index (GSI = gonad weight/body weight × 100) was calculated. Sex ratios of L. polyactis were quantified based on histology results at 43, 46, 49, 50, 60, 70, 80, 90, 100, 120, 180, 240, and 270 dph. The mean number of germ cells and the variance were calculated. Serum E2, 11-KT, and testosterone levels uses two-way ANOVA with sex and time as independent variables. Data for each sex or time were analyzed using software GraphPad Prism 8.0 (San Diego, USA). Statistical software uses SPSS statistics v17.0 (Chicago, USA). Independent sample t-test, one-way ANOVA, and Duncan’s post hoc test were performed to determine the statistical significance at P < 0.05.




Results


A Transient Hermaphroditic Stage Occurs in Male Gonadal Development

To examine the gonadal differentiation process in L. polyactis, gonad time series samples were collected and investigated using morphological and histological approaches.

Histologically, the reproductive primordium is formed, and embryonic germ stem cells (EGSCs) are produced at 7 dph (Figure 1A). During the gonadal development from 7 to 40 dph, the number of EGSCs is increasing, but the ovary and the testis are histologically indistinguishable at these early stages (Figures 1A–D). Meiosis in the ovary is initiated around 43 dph. Early primary oocytes (EPOs) start to develop, and oocytes begin to form at this stage, in which the first meiotic division proceeds to the diplotene stage. The somatic cells clusters for the ovarian cavity formation are also visible (Figure 1E). After 40 dpf, the ovarian development progresses rapidly, which is manifested as the expansion of ovary size and an increasing number of oocytes in the gonad (Figures 1F, G). Compared with the ovary, fewer EGSCs and more somatic cells are present and in the testis at 43 dpf. Surprisingly, we also observed scattered EPOs occurring in the testis when the sperm duct is visible between 43 and 49 dpf (Figures 1H–J). The testicular development is significantly slower than the ovary after EPOs start to degenerate through apoptosis in 49 dpf testis, where apoptotic bodies are observed (Figure 1J). The number of germ cells increases gradually during this transitioning stage (43–39 dpf, Figures 1H–J).




Figure 1 | Histology of L. polyactis gonads before, during, and after sex differentiation. Histologically, reproductive primordium and primordial germ cell (PGC) formed at 7 dph (A). Germ cells and somatic cells were visible from 7 to 40 dph, and ovary and testis cannot be distinguished at these developmental stages (A–D). The ovary initiates differentiation and development from 43 dph (E–G), whereas the testis initiate differentiation and development and testicular EPOs was observed as early as 43 dph (H). the obvious sperm duct appeared at 46 dph (I), EPOs degeneration was observed from 49 dph, and EPOs degeneration formed apoptotic body was also observed at 49 dph (J). Arrowhead represents the ovary cavity and sperm duct in ovary and testis, respectively. *represents apoptotic bodies. EGSCs, embryonic germ stem cells; SO, somatic cell; OC, oocytes; EPOs, early primary oocytes.



At 90 dph, a pair of cigar-shaped ovaries is observed, one of which is slightly longer (Figure 2A). The male testes are longer and thinner than ovaries (Figure 2B). The number of EPOs increases as they continue to develop to oocytes at 50–80 dph (Figures 2C–F). At 50 dph, EPOs frequently occur near the efferent duct and on the dorsal side (Figure 2G), suggesting an intersex gonad with the ability to produce both male and female germ cell precursors. However, the testis EPOs’ development was stagnated, and they start to degenerate from 49 to 80 dph (Figures 1I–J; Figures 2G–N). Distinct germ cell cyst formation occurs from ventral to dorsal in the testis at 60 dph (Figure 2L). EPOs were found in 100% histological samples of male gonads at 43–80 dph in all four breeding season (N = 111), indicating this male-specific hermaphroditic stage is constitutive, rather than stress-induced variable misregulation of gonad development. Therefore, we define this as the transient hermaphroditic stage in male gonad development.




Figure 2 | Early gonadal development in male and female juvenile L. polyactis. Anatomical and histological examination of the gonads in the juvenile fish. The gonads were indicated by a red arrow (A, B). Early ovary and testis developmental stages were shown in (C–F) and (G–N), respectively. EGSCs, embryonic germ stem cells; SO, somatic cell; OC, oocytes; EPOs, early primary oocytes.



When the gonads mature at 360 dph, the ovaries have fully developed vascular tissues and are filled with full-grown oocytes (Figure 3A). The ovary size is not symmetric, and one is longer than the other. The testis consists of two milky-white fan-shaped strips of tissues, one of which is also slightly longer (Figure 3B). During ovarian development, oogonial stem cells (OSCs) appear at 90 dph, and oocytes continue to grow in number and size between 90 and 180 dph (Figures 3C–E). Phase III oocytes start to appear at 240 dph (Figure 3F). In the developing testes, testis oocytes are completely degraded by 90 dph, when the spermatogonial stem cells (SSCs) start to divide through mitosis during 90 to 150 dph (Figures 3G, H). Meiosis begins in primary spermatocytes at 180 dph (Figure 3I). Secondary spermatocytes, spermatids, and spermatozoa are produced at 240 dph (Figure 3J).




Figure 3 | Testis and ovary maturation process in L. polyactis. Anatomical and histological examination of the gonads in the adult fish. (A, B). Dissected female (A) and male (B) gonads at 360 dph. (C–H). Histology images during ovarian development at different time points, showing the oocyte growth in number and size at 90–240 dph. (G–J). Histology images showing spermatogonia development and test maturation). OSCs, oogonia stem cell; OC, oocytes; SSCs, spermatogonia stem cell; SC, spermatocytes; SD, spermatid; SP, sperm; SO, somatic cell.





Early Primary Oocytes Degenerate by Apoptosis and Are Rescued by Administration of Exogenous E2

Germ cells numbers were counted in six complete sections for each sex and each timepoint between 40 and 80 dph (Figure 4A). Statistical analysis showed that germ cell number at 40 dph was 10 +/− 2.19, when the sex is not distinguishable. Later in development, the germ cell number in the ovary was 2.3–5.0 fold higher than testis at 50, 60, 70, and 80 dph (108.5 +/− 50.09 vs. 22.0 +/− 11.21, P-value = 0.007 at 50 dph; 174.33 +/− 47.41 vs. 56.67 +/− 36.94, P-value = 0.001 at 60 dph; 189.33 +/− 70.01 vs. 48.83 +/− 19.96, P-value = 0.001 at 70 dph; 329.67 +/−123.71 vs. 142.0 +/− 52.27, P-value = 0.007 at 80 dph). The results indicate significant sex differences in germ cell numbers.




Figure 4 | The transient hermaphroditic stage germ cell count, TUNEL assay, and administration of E2. Changes in germ cell numbers from 40 to 80 dph (A). Two TUNEL staining, brown and red fluorescence, represent a positive signal, the blue fluorescence represents DAPI. Positive signals were detected in the perinuclear region of EPOs, part of EGSCs, and somatic cells of the gonad membrane in testes. Few positive signals have been detected in the ovaries (B). Histological examination of the E2 treatment and control fish at 120 dph. EGSCs, embryonic germ stem cells; OC, oocytes (C). Data were presented as means ± SD. ** represent statistically significant levels at P < 0.01 (Independent t-test).



To assess potential roles of apoptosis in testis EPO degeneration, we performed TUNEL staining to detect signatures of apoptosis in ovaries and testes at 50 and 80 dph. Positive signals were detected in the perinuclear region of EPOs, in some EGSCs and somatic cells of the gonad membrane in testes only. In contrast, little to no signal of apoptosis were observed in the ovaries (Figure 4B), confirming that the presence of apoptosis in EPOs at 50 dph is testis-specific.

An exogenous E2 exposure treatment assay was used to explore estrogen’s involvement in the maintenance and degeneration of EPOs. We observed that 50% of the males developed ovotestis in response to E2 exposure. In these E2-treated ovotestes, oocytes persist with abundant EGSCs (Figure 4C). In the remaining males, testicular development was repressed, and the testes were smaller than the control. EPO degeneration was observed based on histological examinations. The results indicated that EPOs are maintained by the administration of exogenous E2, at least in half of the males in our experiments.



Larimichthys polyactis Sex Ratio and Sexual Dimorphism in Body Weight

The female and male’s total length, body length and body weight were measured at 360 and 720 dph (N = 20 for each sex). Statistical analyses showed that females are significantly heavier than males (93.34 +/− 15.51 g vs. 71.84 +/− 6.82 g, P-value = 0.011 at 360 dph; 164.34 +/− 34.13 g vs. 97.49 +/−19.95 g, P-value = 0.002, at 720 dph), while no significant differences were found in total length and body length at 360 and 720 dph (P-value > 0.05). Additionally, ovary weight was significantly higher than testis (16.29 +/−3.87 g vs. 2.00 +/−0.58, P-value = 0.000, at 360 dph; 21.98 +/−9.92 g vs. 3.03 +/− 0.63, P-value = 0.001, at 720 dph), and GSI (gonadosomatic index) of females was significantly higher than males at 360 and 720 dph (17.69 +/− 4.37 g vs. 2.76 +/− 0.60, P-value = 0.000, at 360 dph; 14.74 +/− 4.39 gvs. 3.14 +/− 0.49, P-value = 0.006, at 720 dph) (Figures 5A, B).




Figure 5 | Sex ratios and body weight measurements during L. polyactis development. (A, B). Barplot of the total length, body length, body weight (W), gonad weight (G), and the gonadosomatic index (GSI = G/W × 100) for females (pink) and males (blue) at 360 dph (A) and 720 dph (B). 20 females and 20 males were samples for each timepoint. Data were presented as means ± SD. * and ** represent statistically significant levels at P < 0.05 and P < 0.01 (Independent t-test). (C). Sex ratios from 43 to 270 dph calculated by relative female and male counts. A total of 410 females and 400 males were sampled.



To examine the sex ratios in the artificial breeding L. polyactis population, we sampled individuals from 43 to 270 dph over the previous four breeding seasons. The numbers of total female and male are 410 and 400, respectively (Figure 5C), suggesting no deviation from a 1:1 sex ratio. Therefore, under the present rearing conditions, the percentage of phenotypic sex was maintained in equal proportions in L. polyactis.



17β-Estradiol, the Primary Female Sex Hormone, Is Elevated During the Male-Specific Transient Hermaphroditic Stage

To elucidate the role of endocrine hormones in the hermaphrodite intersex stage, we collected serum samples during the complete spawning cycle at 50, 60, 70, 80, 90, 120, 150, 180, 240, 270, 330, 360, 375, 540, and 720 dph. 17β-estradiol (E2), 11-keto-testosterone (11-KT), and testosterone were measured using the Elisa kit (N = 6 for each sex). In females, serum E2 levels were slightly increased in 50 to 70 dph. E2 decreased to the baseline at 90 dph and remained low until 270 dph. A dramatic elevation of E2 levels started at 270 dph and peaked at 330, which is the preoviposition period (Figure 6).




Figure 6 | Level of serum E2, 11-KT. and Testosterone during L. polyactis development. The serum of E2, 11-KT and Testosterone levels in females and males fish was plotted at different development time points. The results were presented as the means ± SD from a sample of six individuals for each data point. Significant analyses were conducted by two-way ANOVA tests with sex and time as independent variables. Different uppercase and lowercase letters above the error bar indicate statistical differences between females and males at different time points, respectively, at P < 0.05 as determined by one-way ANOVA followed by Duncan’s post hoc test. * represent a significant difference at P < 0.05 between females and males, respectively, by independent t-test.



The E2 level is low in males except for 50 to 80 dph, which corresponds to the transient hermaphroditic stage (Figure 6). Serum E2 levels in male fish increased at 50 dph and peaked at 60 dph, which is significantly higher than in females (2,648.64 +/− 621.80 pg/ml vs. 1,424.17 +/− 274.29 pg/ml, P-value = 0.022). After 60 dph, the E2 level decreased to a low level and remained low from 80 to 360 dph. Significant interactions between sex and time were detected for E2 concentrations in serum [P < 0.0001, two-way ANOVA test].



11-Ketotestosterone Is at a Low Level at the Male Transient Hermaphroditic Stage and Peaked During Testis Maturation Between 240 and 360 dph

Serum 11-KT in females remains at a very low level through the entire egg-laying cycle. Male 11-KT levels are also low before 240 dph, and there was no significant difference between males and females. A rapid increase of 11-KT in males was observed at 270 dph, and it reached the highest level at 330 dph. After that, 11-KT decreased at 360 dph and was significantly higher than females until 720 dph (Figure 6, P-value < 0.05). As expected, the interaction between sex and time was also significant [P < 0.0001, two-way ANOVA test].

We also examined the levels of serum testosterone. It fluctuates during the spawning cycle, but there is no significant difference between males and females (P-value > 0.05). The sex with time interaction term is not significant either [P = 0.15, two-way ANOVA] (Figure 6).




Discussion


Larimichthys polyactis’ Hermaphroditic Stage Is Transient and Male Specific

In this study, we investigate the gonad development process in L. polyactis and characterized a novel and unique pattern of sex differentiation (Figure 7). The gonadal sex is indistinguishable before 40 dph. After 40 dph, the ovary development is continuous with increasing number and size of oocytes toward a functional ovary. In male gonad development, we discovered a 37-days transient hermaphroditic stage, which is characterized by the presence of early primary oocytes (EPOs) in testes. Mechanistically, significant elevation of the 17β-estradiol (E2) level and low level of 11-KT were observed in the developing testis. It appears that the testis development started with the production of EPOs, followed by the degeneration of these immature oocytes, and testicular differentiation starts from ventral to dorsal. The EPOs frequently occur near the efferent duct and on the dorsal side. This is similar to what is observed in female-to-male secondary sex reversal, in which testis development starts from ventral to dorsal (29). The testis resumes its normal mitosis and meiosis after this period and gradually develops into a functional testis.




Figure 7 | Diagram of the gonad development pattern in L. polyactis. Dph, days after hatching. Green: EGSCs, embryonic germ stem cells; brown: EPOs, early primary oocytes; Red: oocytes. Yellow diamond: SM, somatic cells; Yellow: SSCs, spermatogonia stem cells; Orange: OSCs, Oogonia stem cells; Blue: spermatogonia. Purple: spermatocyte.



To our knowledge, this pattern has not been reported in any other fish, including closely related species. The Larimichthys genus has four species, Larimichthys crocea (L. crocea), L. polyactis, L. pamoides, and L. terengganui (44). According to the phylogenetic relationship, the L. crocea and the L. polyactis are the most closely related sister species (45). L. crocea is a differentiated gonochorist (46). The formation of ovarian cavity and meiosis of germ cells begin at 60 dph, and primary oocytes are present by 120 dph. The differentiation of testis begins at 95 dph. Meiosis is initiated at 215 dph, and testis lobules start to form at 230 dph. An intersex stage was not observed in the L. crocea.

One possible explanation is that the transient hermaphroditic stage is facultative in testis development due to abnormally increased E2 level at 50 dph. If this was true, we would observe variations in the testis developmental pattern, in terms of EPOs presence and the timing of E2 level elevation. However, anatomical and histological results from four consecutive years with at least 120 samples per year showed that all male gonads have EPOs presence and signs of EPOs degeneration at 49−80 dph. Our result is consistent with that this transient hermaphroditic stage is an essential step in testis development and could not be bypassed. Another alternative explanation is that the transient hermaphrodite stage could be due to sex change in genetic females because there is a tendency of bias toward females in early stages (60−80 dph, Figure 5C). However, the deviation from 50:50 was not statistically significant (P > 0.05, Fisher’s Exact Test), which could be observed just by chance. Although the sex determination locus was not identified in L. polyactis and we still cannot rule out an environmental sex determination mechanism (47), we observed sex differences in gonad weight measurements from 50 dph, and ovary weight is significantly higher than testis (Supplemental Figure 1). Therefore, it is extremely unlikely that the gonad samples with the transient hermaphrodite stage are genetic females.



A Transitional Model Between Gonochorism and Hermaphroditism

In this study, L. polyactis’ unique pattern of testis differentiation is neither typical hermaphrodite nor gonochorism. Because hermaphroditism is extremely rare in the Sciaenidae family and its closely related species, L. crocea, is a differentiated gonochorist with XX/XY sex determination, we speculate that this gonadal differentiation pattern in L. polyactis evolved from a gonochoristic ancestor. The underlying molecular mechanisms warrant further study. It may serve as a transitional type from gonochorism to hermaphroditism. The male-specific nature of this transient stage is also fascinating, which is different from the zebrafish gonadal development process, in which all individuals of zebrafish need to experience the juvenile ovary stage, with no sex differences in morphology and histology (5, 25, 26).

In addition, sexual dimorphism in germ cell numbers began to appear at 43 dph, and the number of male germ cells is significantly smaller than female germ cells in L. polyactis. In medaka, a typical gonochoristic fish, the number of germ cells in XX individuals is significantly higher than that of XY fish in the undifferentiated gonads, indicating that sexually dimorphic proliferation is critical for the fate of gonadal sex differentiation (48, 49). Furthermore, in most gonochoristic fishes, sexually dimorphic germ cell proliferation early in development will also affect the final outcome of differentiated sex (50). Depletion of germ cells in zebrafish larvae (51, 52), or reductions of germ cells at the embryonic (53), juvenile (54), or adult stages (54, 55) can all cause female-to-male sex reversal. Therefore, germ cell number is vital to gonad development at all times, from embryos to adults (56). In L. polyactis, although EPOs are produced at the beginning of the transient hermaphroditic stage in male gonads at 43 dph, the total number of germ cells is significantly lower than that of the ovaries until the end of this stage. This result suggests that differences in germ cell numbers are also important for early-stage gonadal differentiation in L. polyatcis, similar to gonochoristic fish described above.

Apoptosis of EPOs at this transient hermaphroditic stage in the testis is also an important characteristic of the transitional model. Complete female-to-male sex reversal in zebrafish has been observed in fancl mutants when meiotic oocytes undergo apoptosis (57). To our surprise, apoptosis in the testis occurs not only in the germ cells but also in somatic cells. The germ cell number reduction through EPO degeneration in testes may play an essential role in promoting the differentiation and function.

L. polyactis has many advantages for gonadal development and differentiation study. The size of the fish is sufficient for tissue and blood sample collection during critical stages of gonad development. A closely related, genome sequenced sister species L. crocea is available for comparative genomic studies. These characteristics make the L. polyactis a natural model for researching the evolution from gonochorism to hermaphroditism in teleost.



Elevated E2 Level in Males Demarcates the Transient Hermaphroditic Stage in Testis Differentiation

As a natural inducer of ovarian differentiation, estrogen is considered as a key factor in sex differentiation (27, 58). In tilapia, Cyp19a1a expressed as early as 5 dph in XX female fish to drives the differentiation of the ovary (8). In zebrafish, estrogen E2 or bisphenol A (BPA) primarily binds Esr2a to inhibit the expression and action of dmrt1, which is a key gene in male sex determination (59). In fact, knockout of male pathway genes or overexpression of female pathway genes often result in the upregulation of cyp19a1a and increase estrogen level, promoting ovary development. The opposite is also true (29).

Interestingly, the effect of exogenous estrogen or estrogen-synthesis inhibitors on the treatment of gonochorists and hermaphroditic fish is different. For gonochoristic teleost, treatment of exogenous E2 can reverse genetic males to phenotypic females if the treatment is applied before or during the sex differentiation window (60–62). On the contrary, AI (aromatase inhibitor) treatment of genetic females can induce phenotypic males when applied during the critical period of sex differentiation in a number of fish species (63–65). After treatment, physiological sex is stable with reproductive functions. However, for hermaphroditic teleost, sex reversal induced by E2 and AI is shown to be transient. For estrogen-induced feminization in protandrous black porgy (Acanthopagrus schlegelii) (34, 35) and AI-induced masculinization in the protogynous orange-spotted grouper (Epinephelus coioides) (66, 67), the original sex is restored after the chemical treatment is withdrawn. The L. polyactis’ hermaphrodite stage we discovered is also temporary. In this stage, male serum E2 level peaks at 60 dph, which is significantly higher than developing ovaries. Meanwhile, the androgen (11-KT and testosterone) levels are extremely low. When E2 level drops to an extremely low level from 70 to 90 dph, and the EPOs gradually degenerated and eventually disappeared according to decreasing estrogen level, which resembles the hermaphrodite type.

When the significant elevation of E2 happens between 50 and 60 dph in males, no obvious histological changes are observed. The lack of an immediate increase in oocyte production could be due to a delayed effect of estrogen (59, 68), or the endogenous E2 level at the beginning of this stage is not sufficient to maintain the continued development of oocytes.

Although we discovered E2 level correlates with the transient hermaphroditic stage in testis development and we propose this might be the molecular mechanism of EPO degeneration, we cannot exclude the possibility that other well-characterized sex differentiation factors, such as doublesex, mab-3 related transcription factor 1 (dmrt1) (68), anti-Müllerian hormone (amh) (7) or germline α (figlα) (69) et al. are potentially involved in EPOs production and apoptosis.



11-KT, Not T, Is the Major Androgens in Larimichthys polyactis

In mammals, testosterone (T) is the major androgens and plays a key role in the development of male reproductive tissue such as testis, as well as promoting secondary sexual characteristics such as increased muscle and bone mass and the growth of body hair (70). 11-KT has a similar potency to testosterone as an androgen, and it has been identified as an important adrenal androgen in mammals (71). In most teleost fish, 11-KT is considered as the major endogenous androgenic sex hormone (72). 11-KT is found in higher levels in the plasma of males than in females, whereas this is usually not the case for testosterone. 11-KT is generally more effective than testosterone in stimulating secondary sexual characters, reproductive behavior and spermatogenesis (73).

In L. polyactis, we found no significant differences in testosterone levels between males and females during the spawning cycle. However, the 11-KT level demonstrated significant sexual dimorphism at 270–360 dph. The elevation and decrease of the 11-KT level correspond to sperm maturation and gonads degeneration after reproduction, respectively. Although we cannot rule out the role of testosterone in spermatogenesis and maturation, 11-KT is apparently the major androgen regulating spermatogenesis in L. polyactis. However, the increase of 11-KT is later in gonadal differentiation suggests that this androgen may be not necessary to the testis development, such as in medaka Oryzias latipes (74).



Evolutionary Implications of the Transient Hermaphroditic Stage in Male Testis Differentiation

Regarding fitness, this transient hermaphroditic stage appears to have an evolutionary disadvantage in reproduction by wasting energy through a laborious transient appearance of oocytes followed by immediate apoptosis in testis. Based on the evolutionary relationship among closely related species, we concluded that this type evolved from a gonochoristic ancestor after L. polyactis’s divergence from its sister species L. crocea. How did this type of development procedure get fixed in the entire population remains an evolutionary puzzle.

In plants, gonochorism may evolve from hermaphrodites either by gradually increasing in sex-specific investment or occurrence of male- or female-sterility mutations (3). The opposite pattern can also exist because sexual reproduction and sex determination could be lost and re-evolved many times. For example, monoecious evolved from dioecious seven times independently during evolution in the balsam pear family of Cucurbitaceae (75). In fish, the direction of evolution between hermaphrodites and gonochorism, and whether there are intermediate species remained unclear. Based on the observation from its closely related species, L. polyactis’ case could be due to selection on recent mutation(s), coping with the population’s sex imbalance for survival under high fishing pressures. Theoretically, the two evolutionary endpoints on a reproductive spectrum are gonochorism and simultaneous hermaphroditism. A wide variety of intermediate mixed-sex modalities can exist, such as gynodioecy (a population mixture of females and hermaphrodites), androdioecy (a mixture of males and hermaphrodites), and trioecy (males, females, and hermaphrodites) (76). Based on the observation of a high male ratio in field L. polyactis samples, the androdioecy in the wild population of L. polyactis cannot be ruled out. Whether the sexual reproduction type L. polyactis will change from gonochorism to complete hermaphroditism is still an open question.

The appearance of the transient hermaphroditic stage in males may be due to a recent response to rapid selection for sexual precocity. Under the stress of overfishing, seawater pollution, as well as ocean current and water quality changes, L. polyactis’ population become sexual precocity, gender imbalance and body size miniaturization (37, 38, 41). From an evolutionary perspective, being able to reproduce at an early age with a smaller body size will be adaptive for survival under the new selective pressures. Additionally, in the current L. polyactis population, although there was no difference in body size between males and females during breeding, compared to slimmer males, females have enlarged belly during pregnancy, which makes them less like to escape. This may explain the higher proportion of males caught in the wild during the non-reproductive season.

Taken together, our findings support a new model for sex differentiation form in L. polyactis. According to this model, a transient hermaphroditic stage was contributed by the absence of androgens (11-KT) and elevated E2 levels. Meanwhile, testicular oocytes in the hermaphroditic stage degenerated by apoptosis but were rescued and maintained by exogenous E2. Our results strongly indicate that male gonad differentiation in L. polyactis is a special case, presumably due to mutations in the sex determination and differentiation pathway. This alteration in sexual reproduction type could be driven by the positive selection for smaller body size and sexual precocity due to the fishing pressure, and it may lead to the eventual transition from gonochorism to hermaphroditism. Our study provided an interesting model for understanding the evolution of hermaphroditism and gonochorism. The key genes and underlying molecular mechanisms warrant further investigation.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The animal study was reviewed and approved by Committee of Laboratory Animal Experimentation at Zhejiang Academy of Agricultural Sciences.



Author Contributions

Q-PX and BL conceived and designed the experiments. B-BL, WZ, FL, and PT collected sample. Q-PX, B-BL, and PT performed the experiments. Q-PX and B-BL performed the analyses. Q-PX, XW, and BL wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Natural Science Foundation of Zhejiang Province (grant number LQ19C190002), the National Natural Science Foundation of China (grant number 31902341), The Key National and Special Project of Blue Granary Science and Technology Innovation (grant number 2018YFD0901204), the Science and Technology Department of Zhejiang Province (grant number 2017C02013), and the Science and Technology Department of Xiangshan county (grant number 2019C0001). XW is supported by the USDA National Institute of Food and Agriculture (Hatch project 1018100), National Science Foundation EPSCoR RII Track-4 Research Fellowship (NSF OIA 1928770), an Alabama Agricultural Experiment Station Enabling Grant, as well as a generous laboratory start-up fund from Auburn University College of Veterinary Medicine.



Acknowledgments

We thank Mr. Genxing Zheng and Mr. Wantu Xu from the Xiangshan Harbor Aquatic Seedling Co. LTD, Xiangshan County, Ningbo, China, for convenience of experiment materials and daily life. We would also like to thank Dr. Xue He from Shanghai Ocean University for her support in the TUNEL Assay. We thank Dr. Ian Butts from Auburn University for his valuable comments and suggestions.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2020.542942/full#supplementary-material



Abbreviations

L. polyactis, Larimichthys polyactis; dph, days post hatching; H.E., hematoxylin–eosin; EGSCs, embryonic germ stem cells; SO, somatic cell; OSCs, oogonial stem cells; EPOs, early primary oocytes; OC, oocytes; SSCs, spermatogonia stem cells; SC, spermatocytes; SP, sperm; SD, spermatid; GSI, gonadosomatic index; E2, 17β-estradiol; 11-KT, 11-ketotestosterone; dpf, days post fertilization.



References

1. Renner, SS, and Ricklefs, RE. Dioecy and its correlates in the flowering plants. Am J Bot (1995) 82:596–606. doi: 10.1002/j.1537-2197.1995.tb11504.x

2. Jarne, P, and Auld, JR. Animals mix it up too: the distribution of self-fertilization among hermaphroditic animals. Evolution (2006) 60:1816–24. doi: 10.1111/j.0014-3820.2006.tb00525.x

3. Bachtrog, D, Mank, JE, Peichel, CL, Kirkpatrick, M, Otto, SP, Ashman, TL, et al. Tree of Sex Consortium Sex determination: why so many ways of doing it? PloS Biol (2014) 12(7):e1001899. doi: 10.1371/journal.pbio.1001899

4. Tree of Sex consortium: Ashman, TL, Bachtrog, D, Blackmon, H, Goldberg, EE, Hahn, MW, Kirkpatrick, M, et al. Tree of Sex: A database of sexual systems. Sci Data (2014) 1:140015. doi: 10.1038/sdata.2014.15

5. Lau, ES, Zhang, Z, Qin, M, and Ge, W. Knockout of Zebrafish Ovarian Aromatase Gene (cyp19a1a) by TALEN and CRISPR/Cas9 Leads to All-male Offspring Due to Failed Ovarian Differentiation. Sci Rep (2016) 6:37357. doi: 10.1038/srep37357

6. Lin, AQ, Xiao, SJ, Xu, SB, Ye, K, Lin, XY, Sun, S, et al. Identification of a male-specific DNA marker in the large yellow croaker (Larimichthys crocea). Aquaculture (2017) 480:116–22. doi: 10.1016/j.aquaculture.2017.08.009

7. Li, M, Sun, Y, Zhao, J, Shi, H, Zeng, S, Ye, K, et al. A Tandem Duplicate of Anti-Müllerian Hormone with a Missense SNP on the Y Chromosome Is Essential for Male Sex Determination in Nile Tilapia, Oreochromis niloticus. PloS Genet (2015) 11(11):e1005678. doi: 10.1371/journal.pgen.1005678

8. Xie, QP, He, X, Sui, YN, Chen, LL, Sun, LN, and Wang, DS. Haploinsufficiency of SF-1 Causes Female to Male Sex Reversal in Nile Tilapia, Oreochromis niloticus. Endocrinology (2016) 157(6):2500–14. doi: 10.1210/en.2015-2049

9. Matsuda, M, Nagahama, Y, Shinomiya, A, Sato, T, Matsuda, C, Kobayashi, T, et al. DMY is a Y-specific DM domain gene required for male development in the medaka fish. Nature (2002) 417:559–63. doi: 10.1038/nature751

10. De Mitcheson, YS, and Liu, M. Functional hermaphroditism in teleosts. Fish Fish (Oxf) (2008) 9:1–43. doi: 10.1111/j.1467-2979.2007.00266.x

11. Wu, GC, Tomy, S, Lee, MF, Lee, YH, Yueh, WS, Lin, CJ, et al. Sex differentiation and sex change in the protandrous black porgy, Acanthopagrus schlegeli. Gen Comp Endocrinol (2010) 167(3):417–21. doi: 10.1016/j.ygcen.2009.11.003

12. Wu, GC, and Chang, CF. Primary males guide the femaleness through the regulation of testicular Dmrt1 and ovarian Cyp19a1a in protandrous black porgy. Gen Comp Endocrinol (2018) 261:198–202. doi: 10.1016/j.ygcen.2017.01.033

13. Ravi, P, Jiang, J, Liew, WC, and Orbán, L. Small-scale transcriptomics reveals differences among gonadal stages in Asian seabass (Lates calcarifer). Reprod Biol Endocrinol (2014) 12:5. doi: 10.1186/1477-7827-12-5

14. Domingos, JA, Budd, AM, Banh, QQ, Goldsbury, JA, Zenger, KR, and Jerry, DR. Sex-specific dmrt1 and cyp19a1 methylation and alternative splicing in gonads of the protandrous hermaphrodite barramundi. PloS One (2018) 13(9):e0204182. doi: 10.1371/journal.pone.0204182

15. Pauletto, M, Manousaki, T, Ferraresso, S, Babbucci, M, Tsakogiannis, A, Louro, B, et al. Genomic analysis of Sparus aurata reveals the evolutionary dynamics of sex-biased genes in a sequential hermaphrodite fish. Commun Biol (2018) 1:119. doi: 10.1038/s42003-018-0122-7

16. Casas, L, Saborido-Rey, F, Ryu, T, Michell, C, Ravasi, T, and Irigoien, X. Sex Change in Clownfish: Molecular Insights from Transcriptome Analysis. Sci Rep (2016) 6:35461. doi: 10.1038/srep35461

17. He, Z, Li, Y, Wu, Y, Shi, S, Sun, C, Deng, Q, et al. Differentiation and morphogenesis of the ovary and expression of gonadal development-related genes in the protogynous hermaphroditic ricefield eel Monopterus albus. J Fish Biol (2014) 85(5):1381–94. doi: 10.1111/jfb.12488

18. Hu, X, Liu, X, Zhang, H, Zhang, Y, Li, S, Sang, Q, et al. Expression profiles of gonadotropins and their receptors during 17α-methyltestosterone implantation-induced sex change in the orange-spotted grouper (Epinephelus coioides). Mol Reprod Dev (2011) 78(6):376–90. doi: 10.1002/mrd.21319

19. Liu, M, Wang, YY, Shan, XJ, Kang, B, and Ding, SX. Primary male development of two sequentially hermaphroditic groupers, Epinephelus akaara and Epinephelus awoara (Perciformes: Epinephelidae). J Fish Biol (2016) 88(4):1598–613. doi: 10.1111/jfb.12936

20. Chen, Y, Hong, WS, Wang, Q, and Chen, SX. Cloning and pattern of gsdf mRNA during gonadal development in the protogynous Epinephelus akaara. Anim Reprod Sci (2016) 165:46–55. doi: 10.1016/j.anireprosci.2015.12.004

21. Sarkar, SK, and De, SK. Ultrastructure Based Morphofunctional Variation of Olfactory Crypt Neuron in a Monomorphic Protogynous Hermaphrodite Mudskipper (Gobiidae: Oxudercinae) (Pseudapocryptes lanceolatus [Bloch and Schneider]). J Microsc Ultrastruct (2018) 6(2):99–104. doi: 10.4103/JMAU.JMAU_18_18

22. Villegas-Ríos, D, Alonso-Fernández, A, Fabeiro, M, Bañón, R, and Saborido-Rey, F. Demographic variation between colour patterns in a temperate protogynous hermaphrodite, the ballan wrasse Labrus bergylta. PloS One (2013) 8(8):e71591. doi: 10.1371/journal.pone.0071591

23. Kanamori, A, Yamamura, A, Koshiba, S, Lee, JS, Orlando, EF, and Hori, H. Methyltestosterone efficiently induces male development in the self-fertilizing hermaphrodite fish, Kryptolebias marmoratus. Genesis (2006) 44(10):495–503. doi: 10.1002/dvg.20240

24. Kelley, JL, Yee, MC, Brown, AP, Richardson, RR, Tatarenkov, A, Lee, CC, et al. The Genome of the Self-Fertilizing Mangrove Rivulus Fish, Kryptolebias marmoratus: A Model for Studying Phenotypic Plasticity and Adaptations to Extreme Environments. Genome Biol Evol (2016) 8(7):2145–54. doi: 10.1093/gbe/evw145

25. Takahashi, H. Juvenile hermaphroditism in the zebrafish, Brachydanio rerio. Bull Fac Fish Hokkaido Univ (1977) 28:57–65.

26. Orban, L, Sreenivasan, R, and Olsson, PE. Long and winding roads: testis differentiation in zebrafish. Mol Cell Endocrinol (2009) 312(1-2):35–41. doi: 10.1016/j.mce.2009.04.014

27. Wang, DS, Kobayashi, T, Zhou, LY, Paul-Prasanth, B, Ijiri, S, Sakai, F, et al. Foxl2 up-regulates aromatase gene transcription in a female-specific manner by binding to the promoter as well as interacting with ad4 binding protein/steroidogenic factor 1. Mol Endocrinol (2007) 21(3):712–25. doi: 10.1210/me.2006-0248

28. Guiguen, Y, Fostier, A, Piferrer, F, and Chang, CF. Ovarian aromatase and estrogens: A pivotal role for gonadal sex differentiation and sex change in fish. Gen Comp Endocrinol (2010) 165:352–66. doi: 10.1016/j.ygcen.2009.03.002

29. Li, M, Sun, L, and Wang, D. Roles of estrogens in fish sexual plasticity and sex differentiation. Gen Comp Endocrinol (2019) 277:9–16. doi: 10.1016/j.ygcen.2018.11.015

30. Zhang, X, Li, M, Ma, H, Liu, X, Shi, H, Li, M, et al. Mutation of foxl2 or cyp19a1a Results in Female to Male Sex Reversal in XX Nile Tilapia. Endocrinology (2017) 158(8):2634–47. doi: 10.1210/en.2017-00127

31. Sun, LN, Jiang, XL, Xie, QP, Yuan, J, Huang, BF, Tao, WJ, et al. Transdifferentiation of differentiated ovary into functional testis by long-term treatment of aromatase inhibitor in Nile tilapia. Endocrinology (2014) 155(4):1476–88. doi: 10.1210/en.2013-1959

32. Kobayashi, T, Kajiura-Kobayashi, H, and Nagahama, Y. Induction of XY sex reversal by estrogen involves altered gene expression in a teleost, tilapia. Cytogenet Genome Res (2003) 101:289–94. doi: 10.1159/000074351

33. Baron, D, Cocquet, J, Xia, X, Fellous, M, Guiguen, Y, and Veitia, RA. An evolutionary and functional analysis of FoxL2 in rainbow trout gonad differentiation. J Mol Endocrinol (2004) 33:705–15. doi: 10.1677/jme.1.01566

34. Lee, YH, Wu, GC, Du, JL, and Chang, CF. Estradiol-17β induced a reversible sex change in the fingerlings of protandrous black porgy, Acanthopagrus schlegeli Bleeker: the possible role of luteinizing hormone in sex change. Biol Reprod (2004) 71:1270–8. doi: 10.1095/biolreprod.104.030221

35. Wu, GC, Tomy, S, and Chang, CF. The expression of nr0b1 and nr5a4 during gonad development and sex change in protandrous black porgy fish, Acanthopagrus schlegeli. Biol Reprod (2008) 78:200–10. doi: 10.1095/biolreprod.107.062612

36. Chen, L, Jiang, X, Feng, H, Shi, H, Sun, L, Tao, W, et al. Simultaneous exposure to estrogen and androgen resulted in feminization and endocrine disruption. J Endocrinol (2016) 228(3):205–18. doi: 10.1530/JOE-15-0432

37. Zhang, BD, Xue, DX, Wang, J, Li, YL, Liu, BJ, and Liu, JX. Development and preliminary evaluation of a genomewide single nucleotide polymorphisms resource generated by RAD-seq for the small yellow croaker (Larimichthys polyactis). Mol Ecol Resour (2016) 16:755–68. doi: 10.1111/1755-0998.12476

38. Han, KL, Le, MH, An, CM, Kim, SY, Mi, SP, and Chang, YJ. Reproductive cycle of yellow croaker Larimichthys polyactis in southern waters off Korea. Fish Sci (2010) 76:971–80. doi: 10.1007/s12562-010-0288-5

39. Cheng, JH, Lin, LS, Ling, JZ, Li, JS, and Ding, FY. Effects of summer close season and rational utilization of redlip croaker (Larimichthys polyactis Bleeker) resource in the east China Sea region. J Fishery Sci China (2004) 11:554–60.

40. Jin, X. Ecology and population dynamics of small yellow croaker (Pseudosciaena polyactis bleeker) in the yellow sea. Chin Acad Fish Sci (1996) 01):32–46.

41. Lin, LS, and Cheng, JH. An analysis of the current situation of fishery biology of small yellow croaker in the east china sea. J Ocean Univ China (2004) 34(4):565–70. doi: 10.16441/j.cnki.hdxb.2004.04.009

42. Chen, RY, Lou, B, Zhan, W, Xu, DD, Chen, L, Liu, F, et al. Broodstock cultivation and spawning induction techniques in small yellow croaker Pseudosciaena polyactis. Fish Sci (2016) 35:250–4. doi: 10.16378/j.cnki.1003-1111.2016.03.010

43. Liu, F, Liu, YY, Chu, TQ, Lou, B, Zhan, W, and Chen, RY. Interspecific hybridization and genetic characterization of Larimichthys polyactis (♀) and L. crocea (♂). Aquacult Int (2019) 27:663–74. doi: 10.1007/s10499-019-00353-x

44. Seah, YG, Hanafi, N, Mazlan, AG, and Chao, NL. A new species of Larimichthys from Terengganu, east coast of Peninsular Malaysia (Perciformes: Sciaenidae). Zootaxa (2015) 3956(2):271–80. doi: 10.11646/zootaxa.3956.2.7

45. Lo, PC, Liu, SH, Nor, SAM, and Chen, WJ. Molecular exploration of hidden diversity in the Indo-West Pacific sciaenid clade. PloS One (2017) 12(4):e0176623. doi: 10.1371/journal.pone.0181511

46. You, XR, Cai, MY, Jiang, YH, and Wang, ZY. Histological observation on gonadal sex differentiation in large yellow croaker (Larimichthys crocea). J Fisheries China (2012) 36(7):1057–64. doi: 10.3724/SP.J.1231.2012.27858

47. Ospina-Alvarez, N, and Piferrer, F. Temperature-Dependent Sex Determination in Fish Revisited: Prevalence, a Single Sex Ratio Response Pattern, and Possible Effects of Climate Change. PloS One (2008) 3(7):e2837. doi: 10.1371/journal.pone.0002837

48. Satoh, N, and Egami, N. Sex differentiation of germ cells in the teleost, Oryzias latipes, during normal embryonic development. Development (1972) 28(2):385–95.

49. Saito, D, Morinaga, C, Aoki, Y, Nakamura, S, Mitani, H, Furutani-Seiki, M, et al. Proliferation of germ cells during gonadal sex differentiation in medaka: Insights from germ cell-depleted mutant zenzai. Dev Biol (2007) 310(2):280–90. doi: 10.1016/j.ydbio.2007.07.039

50. Nakamura, M, Kobayashi, T, Chang, X-T, and Nagahama, Y. Gonadal sex differentiation in teleost fish. J Exp Zool (1998) 281:362–72. doi: 10.1002/(SICI)1097-010X(19980801)281:5<362::AID-JEZ3>3.0.CO;2-M

51. Siegfried, KR, and Nüsslein-Volhard, C. Germ line control of female sex determination in zebrafish. Dev Biol (2008) 324(2):277–87. doi: 10.1016/j.ydbio.2008.09.025

52. Slanchev, K, Stebler, J, de la Cueva-Méndez, G, and Raz, E. Development without germ cells: the role of the germ line in zebrafish sex differentiation. Version 2. Proc Natl Acad Sci USA (2005) 102(11):4074–9. doi: 10.1073/pnas.0407475102

53. Tzung, KW, Goto, R, Saju, JM, Sreenivasan, R, Saito, T, Arai, K, et al. Early depletion of primordial germ cells in zebrafish promotes testis formation. Stem Cell Reports (2015) 4(1):61–73. doi: 10.1016/j.stemcr.2014.10.011

54. Dai, X, Jin, X, Chen, X, He, J, and Yin, Z. Sufficient numbers of early germ cells are essential for female sex development in zebrafish. PloS One (2015) 10(2):e0117824. doi: 10.1371/journal.pone.0117824

55. Dranow, DB, Tucker, RP, and Draper, BW. Germ cells are required to maintain a stable sexual phenotype in adult zebrafish. Dev Biol (2013) 376(1):43–50. doi: 10.1016/j.ydbio.2013.01.016

56. Hsu, CW, Pan, YJ, Wang, YW, Tong, SK, and Chung, BC. Changes in the morphology and gene expression of developing zebrafish gonads. Gen Comp Endocrinol (2018) 265:154–9. doi: 10.1016/j.ygcen.2018.01.026

57. Rodríguez-Marí, A, Cañestro, C, Bremiller, RA, Nguyen-Johnson, A, Asakawa, K, Kawakami, K, et al. Sex reversal in zebrafish fancl mutants is caused by Tp53-mediated germ cell apoptosis. PloS Genet (2010) 6(7):e1001034. doi: 10.1371/journal.pgen.1001034

58. Nagahama, Y. Gonadal steroid hormones: major regulators of gonadal sex differ- entiation and gametogenesis in fish. In:  B Norberg, OS Kjesbu, GL Taranger, E Andersson, and SO Stefansson, editors. Proceedings of the 6th International Symposium on Reproductive Physiology of Fish. Bergen, Norway: Institute of Marine Research and University of Bergen (2000). p. 211–22. Available at: http://www.vliz.be/en/imis?refid=4219.

59. Song, WY, Lu, HJ, Wu, K, Zhang, ZW, Lau, ESW, and Ge, W. Genetic Evidence for Estrogenicity of Bisphenol A in Zebrafish Gonadal Differentiation and Its Signalling Mechanism. J Hazard Mater (2020) 386:121886. doi: 10.1016/j.jhazmat.2019.121886

60. Guiguen, Y, Baroiller, JF, Ricordel, MJ, Iseki, K, Mcmeel, OM, Martin, SA, et al. Involvement of estrogens in the process of sex differentiation in two fish species: the rainbow trout (Oncorhynchus mykiss) and a tilapia (Oreochromis niloticus). Mol Reprod Dev (1999) 54:154–62. doi: 10.1002/(SICI)1098-2795(199910)54:2<154::AID-MRD7>3.0.CO;2-5

61. Piferrer, F. Endocrine sex control strategies for the feminization of teleost fish. Aquaculture (2001) 197:229–81. doi: 10.1016/S0044-8486(01)00589-0

62. Vizziano, D, Baron, D, Randuineau, G, Mahè, S, Cauty, C, and Guiguen, Y. Rainbow trout gonadal masculinization induced by inhibition of estrogen synthesis is more physiological than masculinization induced by androgen supplementation. Biol Reprod (2008) 78:939–46. doi: 10.1095/biolreprod.107.065961

63. Kitano, T, Takamune, K, Kobayashi, T, Nagahama, Y, and Abe, SI. Suppression of P450 aromatase gene expression in sex-reversed males produced by rearing genetically female larvae at a high water temperature during a period of sex differentiation in the Japanese flounder (Paralichthys olivaceus). J Mol Endocrinol (1999) 23:167–76. doi: 10.1677/jme.0.0230167

64. McAllister, BG, and Kime, DE. Early life exposure to environmental levels of the aromatase inhibitor tributyltin causes masculinisation and irreversible sperm damage in zebrafish (Danio rerio). Aquat Toxicol (2003) 65:309–16. doi: 10.1016/S0166-445X(03)00154-1

65. Komatsu, T, Nakamura, S, and Nakamura, M. Masculinization of female golden rabbitfish Siganus guttatus using an aromatase inhibitor treatment during sex differentiation. Comp Biochem Physiol C Toxicol Pharmacol (2006) 143:402–9. doi: 10.1016/j.cbpc.2006.04.015

66. Murata, R, Kobayashi, Y, Karimata, H, Kishimoto, K, Kimura, M, and Nakamura, M. Transient sex change in the immature Malabar grouper, Epinephelus malabaricus, androgen treatment. Biol Reprod (2014) 91:25. doi: 10.1095/biolreprod.113.115378

67. Wu, GC, Tey, WG, Li, HW, and Chang, CF. Sexual Fate Reprogramming in the Steroid-Induced Bi-Directional Sex Change in the Protogynous Orange-Spotted Grouper, Epinephelus coioides. PloS One (2015) 10:e0145438. doi: 10.1371/journal.pone.0145438

68. Wu, K, Song, W, Zhang, Z, and Ge, W. Disruption of dmrt1 rescues the all-male phenotype of the cyp19a1a mutant in zebrafish - a novel insight into the roles of aromatase/estrogens in gonadal differentiation and early folliculogenesis. Development (2020) 147(4):dev182758. doi: 10.1242/dev.182758

69. Qin, M, Zhang, Z, Song, W, Wong, QW, Chen, W, Shirgaonkar, N, et al. Roles of Figla/figla in Juvenile Ovary Development and Follicle Formation During Zebrafish Gonadogenesis. Endocrinology (2018) 159(11):3699–722. doi: 10.1210/en.2018-00648

70. Mooradian, AD, Morley, JE, and Korenman, SG. Biological actions of androgens. Endocr Rev (1987) 8(1):1–28. doi: 10.1210/edrv-8-1-1

71. Pretorius, E, Arlt, W, and Storbeck, KH. A new dawn for androgens: Novel lessons from 11-oxygenated C19 steroids. Mol Cell Endocrinol (2017) 441:76–85. doi: 10.1016/j.mce.2016.08.014

72. Nagahama, Y, Miura, T, and Kobayashi, T. The onset of spermatogenesis in fish. Ciba Found Symp (1994) 182:255–67. doi: 10.1002/9780470514573.ch14

73. Borg, B. Androgens in teleost fishes. Comparative Biochemistry and Physiology Part C: Pharmacology. Toxicol Endocrinol (1994) 109(3):219–45. doi: 10.1016/0742-8413(94)00063-G

74. Sato, T, Suzuki, A, Shibata, N, Sakaizumi, M, and Hamaguchi, S. The novel mutant scl of the medaka fish, Oryzias latipes, shows no secondary sex characters. Zoolog Sci (2008) 25:299–306. doi: 10.2108/zsj.25.299

75. Schaefer, H, and Renner, SS. A three-genome phylogeny of Momordica (Cucurbitaceae) suggests seven returns from dioecy to monoecy and recent long-distance dispersal to Asia. Mol Phylogenet Evol (2010) 54(2):553–60. doi: 10.1016/j.ympev.2009.08.006

76. Avise, JC, and Mank, JE. Evolutionary perspectives on hermaphroditism in fishes. Sex Dev (2009) 3(2-3):152–63. doi: 10.1159/000223079



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Xie, Li, Zhan, Liu, Tan, Wang and Lou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-11-542942-g004.jpg
120 dph.

80 dph

Gy [ e Ovoen] e
o b i
, = s
RC, EGSCs.
s
2 . EGSCs
&5 Do





OEBPS/Images/fendo-11-542942-g007.jpg
LN PR IR g ——

o 0w @ = » 10 adidph






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A Transient Hermaphroditic Stage in Early Male Gonadal Development in Little Yellow Croaker, Larimichthys polyactis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Gonadal Morphology, H&E Staining Histology and Sex Ratio Statistics

          



          		

            Germ Cell Count

          



          		

            TUNEL Assay

          



          		

            Administration of Exogenous E2

          



          		

            Measurement of Steroid Hormones

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            A Transient Hermaphroditic Stage Occurs in Male Gonadal Development

          



          		

            Early Primary Oocytes Degenerate by Apoptosis and Are Rescued by Administration of Exogenous E2

          



          		

            Larimichthys polyactis Sex Ratio and Sexual Dimorphism in Body Weight

          



          		

            17β-Estradiol, the Primary Female Sex Hormone, Is Elevated During the Male-Specific Transient Hermaphroditic Stage

          



          		

            11-Ketotestosterone Is at a Low Level at the Male Transient Hermaphroditic Stage and Peaked During Testis Maturation Between 240 and 360 dph

          



        



        



        		

          Discussion

        

          		

            Larimichthys polyactis’ Hermaphroditic Stage Is Transient and Male Specific

          



          		

            A Transitional Model Between Gonochorism and Hermaphroditism

          



          		

            Elevated E2 Level in Males Demarcates the Transient Hermaphroditic Stage in Testis Differentiation

          



          		

            11-KT, Not T, Is the Major Androgens in Larimichthys polyactis

          



          		

            Evolutionary Implications of the Transient Hermaphroditic Stage in Male Testis Differentiation

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-11-542942-g005.jpg
AR ER]

Sex ratio





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-11-542942-g001.jpg





OEBPS/Images/fendo.2020.542942_cover.jpg
’ frontlers
n Endocrinology

A Transient Hermaphroditic

Stage in Early Male Gonadal

Development in Little Yellow
Croaker, Larimichthys polyactis





OEBPS/Images/fendo-11-542942-g003.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-11-542942-g006.jpg
e SR

<

E s






OEBPS/Images/fendo-11-542942-g002.jpg
2






