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ABSTRACT 

The role of follicle stimulating hormone (FSH) in the gonadal development of protogynous 

hermaphroditic grouper (E. fuscoguttatus) was investigated. Recombinant giant grouper (E. 

lanceolatus) FSH (rggFSH) was produced in yeast. Its receptor binding capacity and 

steroidogenic potency were confirmed in vitro. Weekly injections of rggFSH to juvenile tiger 

grouper for 8 weeks (100 μg/kg body weight, BW) resulted in significantly larger and more 

advanced oocytes (cortical alveolar stage vs. primary growth stage in control). Sustained 

treatment with rggFSH (20 to 38 weeks at 200 μg/kg BW) resulted in significant reduction in 

gonad size, degeneration of oocytes and proliferation of spermatogonial cells, indicative of 

female to male sex change. Gene expression analysis showed that, while initiating female to 

male sex change, the rggFSH significantly suppressed the steroidogenic genes cyp11b, cyp19a1a 

and foxl2 which restrained the endogenous production of sex steroid hormones thus prevented 

the differentiation of spermatogonial cells. Expression profile of sex markers dmrt1, amh, figla 

and bmp15 suggests that the observed sex change was restricted at the initiation stage. Based 

on these results, we propose that the process of female to male sex change in the protogynous 

grouper is initiated by FSH, rather than sex steroids and likely involves steroid-independent 

pathway. The cortical alveolar stage in oocyte development is the critical point after which FSH-

induced sex change is possible in grouper. 



INTRODUCTION 

Vertebrate reproductive development is tightly regulated by the two pituitary gonadotropic 

hormones, follicle stimulating hormone (FSH) and luteinizing hormone (LH). Gonadotropins are 

heterodimeric glycoprotein hormones consisting of a common α subunit and a unique β subunit 

[1,2], responsible for the specific physiological function of each gonadotropin through 

interaction with their cognate receptors [3]. Unlike in mammals, where the function of 

gonadotropins is clearly defined and established, a considerable aspect of the roles of fish 

gonadotropins remains to be elucidated, one of the main reasons being the diverse 

reproductive strategies exhibited by fish. The current understanding on fish gonadotropins has 

been almost exclusively generated from studies on gonochoristic species. 

Since the duality of gonadotropins was first demonstrated in salmon, LH has been extensively 

studied in fish and its indispensable role during the final gamete maturation has been 

consistently demonstrated. Its mRNA and protein expression levels exhibit a surge or are 

sharply elevated shortly before or at the onset of final oocyte maturation in females and 

spermiation in males [4–7]. Gonads have also been shown to preferentially respond to LH 

rather than FSH stimulation in biosynthesizing and secreting the maturation inducing steroid, 

17α,20β-dihydroxy-4-pregnen-3-one (DHP) [8,9]. A recent report showed that disruption of the 

lh gene in female zebrafish resulted in failure of oocytes to undergo final maturation and 

ovulation despite normal follicular development [10]. The role of LH in final gamete maturation 

has also been implicated in non-gonochoristic protogynous species [11,12]. 



FSH, on the other hand, is primarily involved during the early stages of gametogenesis in fish. In 

females, FSH promotes oocyte growth through regulation of vitellogenin uptake as shown in 

rainbow trout Oncorhynchus mykiss [13]. In males, FSH stimulates spermatogonial proliferation 

and initiates spermatogenesis as shown in zebrafish [14]. Genetic disruption of fsh in zebrafish 

interrupted the onset of both ovarian and testicular development [15]. This regulatory role of 

FSH is achieved through stimulation of gonadal steroidogenesis, particularly the synthesis of the 

key sex steroid hormones, 17β-Estradiol (E2) and 11-Ketotestosterone (11KT). Specific effects of 

FSH could also be mediated independently of steroids, as shown recently in in vitro trials using 

salmon and zebrafish testis, wherein expression of a suite of FSH responsive genes were not 

suppressed in the presence of trilostane, an inhibitor of 11KT synthesis [14,16]. Generally, fish 

exhibit a sustained expression of FSH in order to support the process of sexual maturation, 

which is a more prolonged process relative to final oocyte maturation and ovulation [17–19]. 

A few studies in sequentially hermaphroditic teleosts, which mature as one sex and later 

change into the opposite sex, have noted the sexually dimorphic expression of FSH [20–22]. The 

involvement of FSH in the process of protogynous sex reversal (female to male) has been 

demonstrated in honeycomb grouper [20]. With the existing literature being fragmentary, the 

role of FSH in the reproduction of hermaphroditic fish remains unclear. For instance, it is not 

understood how FSH supports one sex, and then shifts that function to promote sex change, or 

whether FSH supports the maintenance of only a particular sex. 

Groupers are protogynous hermaphrodites, maturing first as females and then reversing to 

males, and have been used as a model species to study the biology of sex differentiation and 

sex change in teleosts [23]. In the present study, we report the production of a recombinant 



giant grouper FSH and provide evidence of its in vitro bioactivity by a homologous receptor 

binding assay and ovarian sex steroid stimulation assay. We also demonstrate its in vivo 

bioactivity via intramuscular administration to juvenile tiger grouper (E. fuscoguttatus) and 

describe the effects of chronic treatment on gonadal development and gene expression. Our 

results provide a potential hypothesis regarding the role of FSH during gonadal maturation and 

sex change in a protogynous hermaphrodite. Our long-term goal is to advance sexual 

maturation and control sex change in giant groupers (E. lanceolatus), a high-value aquaculture 

species, which is now classified as vulnerable by the IUCN [24]. 

MATERIALS AND METHODS 

Isolation of gene sequences 

The sequences encoding for genes relevant for this study were obtained from transcriptomic 

data generated in-house. Total RNA was extracted from giant grouper (E. lanceolatus) and tiger 

grouper (E. fuscoguttatus) tissue samples (brain, hypothalamus, pituitary gland, and gonad) 

using RNeasy Mini Kit (Qiagen). The quality of RNA extracts was evaluated using RNA 6000 

Nano Kit for the 2100 Bioanalyzer instrument (Agilent). RNA with RIN >7 were sent to Novogene, 

Hong Kong for library preparation and RNA-Seq on an Illumina HiSeq platform, producing 150 

bp paired end reads. Transcriptome assembly and annotation were done as described 

previously [25]. Briefly, raw reads were processed through Trimgalore (v0.4.4) to remove 

Illumina adapters followed by quality checking using FastQC (v0.11.5). De novo transcriptome 

was then assembled using Trinity (v2.5.0) while subsequent annotation was done by sequence 

alignment similarity search (BLAST v2.2.30). 



Production of rggFSH 

Expression construct design and selection of high expressing clones 

Production of rggFSH in yeast (P. pastoris) expression system was done following previously 

described methods [26,27]. The expression cassette designed to produce a single chain peptide 

consisted of the mature protein-coding sequences of giant grouper FSHβ- and α-subunits 

(GenBank Accession Nos. MH262554 and MH262555, respectively) linked with a histidine tag 

(Fig. 1.). The histidine tag was also utilized as the basis for hormone purification and antibody 

detection. The gene construct was codon-optimized according to P. pastoris coding preference 

prior to synthesis and ligation into pPIC9K expression vector. Following electroporation of the 

SalI-linearized construct, yeast transformants were plated onto histidine-deficient agar plates (2% 

agar, 1 M sorbitol, 2% dextrose, 1.34% yeast nitrogen base, 0.4 ppm biotin, and 0.005% L-

glutamic acid, L-methionine, L-lysine, L-leucine, and L-isoleucine). To screen for colonies 

containing high copy number of the construct, colonies were grown in LB broth (Merck) with 

increasing dose of G418 sulphate antibiotic (1-2 mg/ml; Sigma-Aldrich). Three surviving colonies 

were further tested for recombinant protein expression following a published method [26]. 

Yeast colonies were separately cultured in 50 ml BMM (100 mM potassium phosphate buffer, 

1.34% yeast nitrogen base, 4x10-5% biotin) by the shake flask method and induced by adding 1% 

methanol every day for 72 h. Recombinant protein was purified from the medium using Ni-NTA 

Superflow beads (Qiagen) following manufacturer’s instruction and were subjected to western 

blot analysis. One colony was then selected for large scale production. 



Western Blot Analysis 

Purified recombinant protein was subjected to SDS-PAGE and western blot analysis as 

previously described [28]. Briefly, recombinant protein products were treated with N-

glycosidase (PNGase F; New England Biolabs) according to manufacturer’s instruction. Proteins 

were then resolved in 12% polyacrylamide gel (Mini-PROTEAN TGX Precast Gels; BioRad) at 150 

V for 1 h and then transferred onto nitrocellulose membrane (Trans-blot turbo transfer system 

transfer pack; BioRad). Western blot was done as follows: (1) the membrane was blocked with 

blocking buffer consisting of Tris-buffered saline pH 7.5 (TBS; 50 mM Tris-Cl, 150 mM NaCl), 3% 

BSA and 0.1% Tween-20 overnight at 4°C; (2) washed twice with TBS containing 0.05% Tween-

20 and 0.2% Triton X-100 (TBS-TT) and once with TBS for 10 mins at room temperature; (3) 

incubated with penta-his antibody (1:2,000; Qiagen) diluted in blocking buffer for 1 h at room 

temperature; (4) washed twice with TBS-TT and once with TBS, and; (5) incubated with 

secondary antibody (IRDye 800 CW 1:5,000; Li-Cor). Protein bands were then visualized using 

Odyssey CLx Infrared Imaging System (Li-Cor). 

Large-scale production of rggFSH 

To produce large quantity of rggFSH, 2.5-L culture of yeast was induced in a biofermentor 

(BioFlo 115; New Brunswick) following Pichia Expression Kit Manual (Catalog no. K1710-01, 

2010; Thermo Scientific). Temperature was reduced from 30°C to 22°C after yeast has adapted 

to methanol (about 18 h after methanol feed started). At the same time, 1% casamino acid was 

added to the culture medium. The culture supernatant was collected after about 72 h of 

methanol induction from where the recombinant protein was purified using Ni-NTA Superflow 

beads (Qiagen) following manufacturer’s instruction. Purified recombinant protein was then 



dialysed in 10kDa molecular weight cut off dialysis cassette (ThermoFisher Scientific) against 

0.1x PBS (PBS Tablet; Sigma) for 4 h at 4°C. The amount of rFSH was quantified using 

NanoOrange™ Protein Quantitation Kit (Invitrogen). Recombinant proteins were then 

lyophilized. 

In vitro activation of giant grouper FSH Receptor 

To confirm that the recombinant protein is bioactive, a receptor binding activity was conducted 

using COS-7 cells transiently expressing ggFSH receptor (ggFSHR) and luciferase reporter gene 

that is controlled by a cAMP responsive element (CRE-Luc in pGL4.29; Promega). For this, an 

expression construct of the ggFSHR (GenBank Accession No. MH262556) was designed using 

the pcDNA3.1 (Fig. 1.). The assay was based on earlier studies [28,29] with some modifications. 

Briefly, 3 μg ggFSHR and CRE-Luc was transfected into COS-7 cells (15 ml culture in Petri dish) 

using TransIT-LT1 Transfection Reagent (MirusBio) according to manufacturer’s instruction. 

After 18 h, cells were then divided equally and seeded into 6 well plate wherein they were 

starved with serum-free medium for 18-24 h. Starving medium consisted of Dubelcco Modified 

Eagle Medium (Gibco) containing 0.5% BSA, 1% antibiotics (Pen-Strep; Gibco) and 1% Nystatin. 

This was followed by treatment with increasing doses of rggFSH (0-1,000 ng/ml) and incubation 

for 6 hours. Cells were then lysed using Luciferase Cell Culture Lysis 5X Reagent (Promega) 

according to manufacturer’s instruction. Luciferase activity was read using EnSpire Multimode 

Plate Reader (PerkinElmer). 

In vitro stimulation of ovarian steroidogenesis 

The potency of rggFSH to stimulate the steroidogenic pathway was tested using ovarian tissue 

following methods described previously [26,28] with few modifications. Briefly, about 80 mg 



tissue fragments were prepared from vitellogenic ovary of tiger grouper, E. fuscoguttatus (8.0 

kg BW; 2.48 % gonadosomatic index, GSI) and distributed in 24-well plate with 1 ml basal eagle 

medium. Tissue fragments were pre-incubated for three hours changing the medium every 

hour followed by treatment with increasing doses of rggFSH (0 to 1000 ng/ml) or tiger grouper 

pituitary extract (PE) diluted 10 times (positive control) for 18 hours at 28°C. The medium used 

to dilute rggFSH and PE was supplemented with 0.2 mM isobutylmethylxanthine (Sigma) [26]. 

The medium was then collected and the steroids were extracted with 5 ml diethyl ether per 

sample. Steroid extracts were kept in -80°C until analysis for E2. 

rggFSH-treatment of juvenile grouper 

Tiger groupers (E. fuscoguttatus) naturally attain female sexual maturity at 3.5±0.1 kg BW, 

54.2±0.8 cm total length (TL) and 8.8±0.5 y age whereas male maturity is attained at 10.6±0.5 

kg BW, 82.0±1.0 cm TL and 29.7±1.5 y age [30]. In the present study, juvenile tiger groupers 

(N=20) with 0.72±0.05 kg BW, 34±0.6 cm TL and less than 2 y of age were used. They were kept 

in concrete tanks equipped with flow-through water system. Each fish was implanted with a PIT 

tag (Biomark HPT9; Biomark) for identification. Groupers were fed with fresh fish and squid and 

were also allowed to acclimate in the set up for about two months before the hormonal 

treatment. 

Fish were given weekly intramuscular injections of saline solution (Control, N=10) or 100 µg 

rggFSH/kg BW (rggFSH, N=10) in the first eight weeks. Based on the gonad histological results 

observed after 8 weeks, the weekly dose was increased to 200 µg/kg BW in rggFSH group until 

38 weeks in order to support the progression of oocytes from cortical alveolar stage to 

vitellogenic stage. Three fish from each group were sacrificed after 8 and 20 weeks, and the 



remaining fish were sacrificed after 38 weeks of treatments. Anaesthetics were applied before 

handling (200 ppm 2-phenoxyethanol; Sigma). Fish were sacrificed by anaesthetic overdose 

followed by decapitation. Gonads were weighed to calculate for GSI (i.e. gonad weight divided 

by total body weight, expressed in percentage). Gonad tissue samples were fixed in RNAlater 

for gene expression analysis or in Bouins solution for histological analysis. Blood samples were 

collected from caudal vasculature before fish were sacrificed for analysis of circulating FSH and 

sex steroid hormones E2, T and 11KT.  

Sample analyses 

For the in vitro ovarian assay, E2 was measured using a commercial kit (Cayman Chemicals). For 

plasma samples during rggFSH-treatment in juvenile groupers, E2 and T were quantified 

through competitive enzyme immuno-assay as previously described [31] using commercially 

available reagents: steroid standards (E2 and T; Sigma), T and E2 antibody-tracer sets 

(CosmoBio), and mouse anti-rabbit IgG (Sigma). For 11-KT ELISA, a commercial kit was used 

(Cayman Chemicals) following manufacturer’s instruction. 

Plasma FSH levels were determined using a competitive ELISA developed for yellow tail kingfish 

(ytk; Seriola lalandi) FSH. The primary antibody was a rabbit antiserum raised against ytkFSHβ 

subunit while the standard was a purified full length recombinant ytkFSH [28]. Parallelism of 

cross reactivity was confirmed between serially diluted recombinant ytkFSH and rggFSH. Details 

of the development of the competitive FSH ELISA will be published elsewhere. 

For histological examination, gonadal tissues fixed in Bouins solution were processed using 

standard histological techniques, sectioned at 5 μm, and stained with hematoxylin and eosin. 



Sections were examined under Leica DM5500 microscope. Oocyte sizes were measured using 

ImageJ 1.51j8. 

Gene expression analysis 

Total RNA was extracted from each gonad sample and reverse-transcribed using commercial 

kits (RNeasy Mini Kit, QuantiTect Reverse Transcription Kit; Qiagen) following manufacturer’s 

specifications. The quality of RNA extracts was confirmed through gel electrophoresis and using 

2100 Bioanalyzer (Agilent). Quantitative real-time PCR was performed with 10 μl total reaction 

volume consisting of 5 μl of Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen), 0.4 μl each 

of forward and reverse primers (10 μM), 3.2 μl water and 1 μl template. Assays were run on 

Corbett Rotor-Gene 6000 (Qiagen) in Rotor-Disc 72 using the following cycling conditions: 50°C 

for 2 min, 95°C for 2 min, 40 cycles of 95°C and 60°C for 15 and 20 sec, respectively. Each 

sample was assayed in duplicate. Each assay included a no-template control, which showed no 

amplification over 40 cycles, and two standard dilutions (1.0x107 and 1.0x104 copies/μl). 

Specificity of the products was further examined by their melt curves. Copy number was 

calculated by comparing the sample threshold cycle (CT) values to a standard curve (89-105% 

efficiency; Supplementary Table 1). For each gene, a standard curve was constructed from 

seven concentrations (1.0x108 to 1.0x102 copies/μl) of serially diluted PCR-amplified gene 

fragments (400-450 bp product size; Supplementary Table 2). Primers used to amplify 110-150 

bp-fragment of the genes are shown in Supplementary Table 1. The calculated copy number of 

the samples was presented relative to that of the reference gene (conserved oligomeric Golgi 

complex subunit 5, Cog5). Cog5 was chosen as the reference gene for this study as 



recommended from a previous study [32] showing its stable expression in gonadal tissue of 

another grouper species, E. akaara. 

Statistical analysis 

All data are presented as the mean ± SEM. Values were subjected to one-way analysis of 

variance followed by multiple comparisons using Tukey test. To compare control and rggFSH-

treated values within each time point, independent samples t-test was performed. The 

differences were considered significant at P<0.05. Based on histological data, one outlier in 

control group after 38 weeks was identified and therefore was not included in all analyses. 

Ethics 

This study was approved by the Animal Ethics Committee of the University of the Sunshine 

Coast (approval no. AN/A/16/102).  

RESULTS 

Production of rggFSH 

Recombinant ggFSH was successfully produced in P. pastoris using the pPIC9K expression vector 

utilizing the secretory pathway. Initial attempts to induce rggFSH expression in the 

biofermentor at the recommended culture temperature of 30°C yielded a low quantity and 

degraded protein products (data not shown). After optimizing the induction condition, efficient 

protein expression was achieved by reducing the temperature to 22°C after the yeast has 

adapted to methanol (~18 h). Addition of 1% casamino acid into the culture medium further 

enhanced the expression efficiency and at the same time reducing recombinant protein 

degradation. Production rate in the biofermentor ranged from 100-150 mg per litre culture 



media. Western blot analysis using anti-His tag antibody has shown an immuno-reactive band 

of about 30 kDa (Fig. 2., inset image). 

In vitro bioactivity of rggFSH 

The in vitro bioactivity of rggFSH was first assessed through a homologous receptor binding 

assay in COS-7 cells transiently expressing giant grouper FSHR and a luciferase reporter gene 

that responds to cAMP production. Luciferase activity displayed a dose response curve (Fig. 2.). 

Second, the potency of rggFSH to stimulate secretion of sex steroids was tested using grouper 

ovarian fragments. E2 secretion increased in response to rggFSH-stimulation (Fig. 3.), following 

a dose-dependent manner. These results confirmed the in vitro bioactivity of the rggFSH. 

Effect of rggFSH on gonadal development of juvenile grouper 

Weekly intramuscular injections of rggFSH (100 μg/kg BW) to juvenile tiger groupers resulted in 

significantly larger (Fig. 4.) and more advanced oocytes (cortical alveolar stage) in treated fish 

after 8 weeks of treatment compared with control fish, which predominantly had primary 

growth stage oocytes (Fig. 5.A&B.). Treated fish also had a trend of higher GSI compared with 

the control although statistically significant differences were not observed. After 20 weeks of 

treatment, the rggFSH-treated fish exhibited significantly lower GSI and smaller mean oocyte 

diameter compared with the control. Gonadal histology revealed regression of oocytes and 

proliferation of spermatogonial cells (Fig. 5.D.) in treated fish whereas in the control group, the 

oocytes grew larger, advancing into cortical alveolar stage (Fig. 5.C.). After 38 weeks, all of the 

rggFSH-treated fish had regressed oocytes and proliferated spermatogonial cells, which 

appeared to have remained largely undifferentiated (Fig. 5.F). The control group had oocytes in 

cortical alveolar stage but less prevalent than after 20 weeks, and primary growth stage oocytes 



were predominant (Fig. 5.). In addition, one out of four control fish showed signs of 

spermatogonial proliferation (Fig. 5.E3.). This may be attributed to the grouper’s natural 

tendency to balance the sex ratio in the population. Nevertheless, the consistent histological 

response observed among treated individuals demonstrated the biological effect of rggFSH. 

Effect of rggFSH on plasma sex steroids and circulating FSH levels 

The circulating levels of the sex steroids E2, T and 11KT were determined at specific time points 

during the trial and results are presented in Fig. 6. After 8 weeks of treatment, there was a 

significantly higher level of E2 and T in the treated group than in control. After 20 and 38 weeks 

of treatment, circulating E2 in treated fish declined to control level concurrent with the 

observed degeneration of oocytes. On the other hand, control fish, which were advancing into 

cortical alveolar stage, had increased T level although these were not converted into E2. Levels 

of 11KT were notably higher in treated fish from 20 to 38 weeks of treatment, however 

variability was high among individuals and thus did not account for significant difference. 

Throughout the trial, no significant differences were observed in the circulating levels of FSH 

between treated and control groups. Because blood samples are collected one week after the 

last treatment, this suggests that the rggFSH was quickly cleared from the circulation. This 

result also suggests that the rggFSH did not stimulate upregulation of endogenous FSH 

production. 



Effect of rggFSH on expression of reproductive genes 

The mRNA expression profile of selected reproduction-related genes was analysed using qPCR. 

Ovary-associated genes, cyp19a1a, foxl2 and figla, showed increasing expression throughout 

the trial in the control group, suggesting progression of ovarian development. Expression of 

cyp19a1a and foxl2 in treated fish initially increased (from 8 to 20 weeks of treatment) but was 

suppressed towards the end of the experiment. Interestingly, figla appeared to be unaffected 

by rggFSH treatment, showing a similar expression pattern to the control group. The level of 

bmp15, which has been shown to maintain femaleness in zebrafish [33], showed progressively 

increasing trend in both treated and control group, similar to the figla expression pattern. 

The testis-associated genes cyp11b and sox9 both showed significantly lower expression in 

treated group than in control after 38 weeks of treatment (Fig. 7.). On the other hand, other 

testis-associated genes, dmrt1 and amh, displayed stable expression throughout the trial, and 

did not vary between the two groups (Fig. 8.). 

Initial expression levels of fshr and igf3 did not vary until 38 weeks of treatment, where 

expression was significantly suppressed in the treated fish (Fig. 7.). 

DISCUSSION 

In fish, FSH is known to initiate oogenesis in females and spermatogenesis in males, however it 

is not clear how this model fits in the context of sex-changing species such as the protogynous 

groupers. A few studies have examined the effect of recombinant FSH on the reproductive 

development of groupers at the gonad level, describing primarily the gonad histological 

changes [20,34,35]. Thus, only partial insight is currently available with regards to the role of 

FSH in grouper reproductive development. Here, we have produced a bioactive rggFSH and 



administered it to juvenile tiger groupers over a period of 38 weeks. Our results show that 

rggFSH initially stimulated oocyte growth and development up to a certain point, the cortical 

alveolar stage, and then redirects the gonad towards testicular development. We also describe 

the associated changes in the expression of reproduction-related genes. 

The rggFSH was produced using the P. pastoris expression system following the commonly used 

single-chain design [26,27]. Both the in vitro receptor binding assay and ovarian bioassay 

produced a dose-dependent response confirming the bioactivity of the rggFSH. Histidine-linked 

recombinant FSHs that were proven bioactive have been previously produced for Nile tilapia 

Oreochromis niloticus [26], yellowtail kingfish Seriola lalandi [28], orange spotted grouper E. 

coioides [34], common carp Cyprinus carpio [36], Japanese eel Anguilla japonica [37], and 

Russian sturgeon Acipenser gueldenstaedtii [38]. Such recombinant FSHs have been shown to 

be potent even in inter-specific in vitro bioassays [39,40]. Their biological activities have also 

been demonstrated in in vivo trials where they consistently induced steroidogenesis and gonad 

development [28,34,36,37]. Altogether, results of the previous studies and the present one 

demonstrate the bioactivity of single-chain recombinant FSH. 

Weekly treatment of juvenile tiger grouper with rggFSH for eight weeks resulted in significant 

increase in oocyte diameter and advanced oocyte stage (cortical alveolar stage oocytes vs 

primary growth stage oocytes in control). Single injection of recombinant seabream FSH (~8.5 

μg/kg BW) also stimulated oocyte development up to cortical alveolar stage in sevenband 

grouper E. septempfasciatus after five weeks [35]. In juvenile orange spotted grouper E. 

coioides, treatment with homologous recombinant FSH (200 μg/kg BW) resulted in the 



occurrence of primary growth stage oocytes [34]. Therefore, results from the present and 

previous studies in groupers show that FSH stimulates oogenesis up to cortical alveolar stage. 

In female gonochoristic fish, such as yellowtail kingfish S. lalandi [28], rainbow trout [41] and 

Japanese eel Anguilla japonica [42], recombinant FSH-treatment have been shown to promote 

vitellogenesis. In the present study, in order to support the progression of oocyte development 

from cortical alveolar stage into vitellogenic stage, treatment was extended and the dose was 

increased from 100 (first 8 weeks) to 200 μg/kg BW in the succeeding weeks of treatment. 

Interestingly, further treatment of tiger grouper with rggFSH for 20 weeks resulted in a 

significant reduction in the size of the gonad, which contained degenerating oocytes and 

proliferating spermatogonial cells, indicative of sex change. A similar response was exhibited by 

mature female honeycomb grouper, where oocytes degenerated and spermatogonial cell 

proliferated after single administration of purified bovine FSH at 50 or 500 ng/individual [20]. 

Although it has been discussed earlier that FSH promoted oocyte development in groupers, 

these findings when taken together, suggest that the effect of FSH on the gonadal development 

of a hermaphroditic fish species like grouper depends on the gonadal maturity. More 

importantly, results from the present study suggest that in protogynous hermaphroditic fish 

species, FSH shifts from promoting ovarian development to inducing sex change after cortical 

alveolar stage is reached. 

During the natural process of sex change in honeycomb grouper, the early transition stage 

(initiation) is associated with the regression of oocytes and proliferation of spermatogonial cells 

while the late stage is associated with high prevalence of differentiated spermatogenic cysts 

and minimal occurrence of atretic oocytes [43]. The progression of sex change to the late stage 



is also concurrent with a surge in androgen levels (T and 11KT) [43,44]. In the present study, 

rggFSH-injected tiger groupers appeared to have remained in the early stage of sex change 

between 20 and 38 weeks wherein spermatogonial cells were accumulated but did not 

differentiate further and significant increase in T and 11KT was not observed. Therefore, the 

rggFSH-induced sex change observed in the present study was restricted in the early transition 

stage. 

The expression of dmrt1 and amh, which are known markers of spermatogenesis, did not show 

any significant changes between 20 and 38 weeks of treatment, when initiation of sex change 

was observed. Earlier studies in other grouper species [45,46] and in the protogynous rice field 

eel Monopterus albus [47] have shown that dmrt1 expression peaks towards the late stage of 

female to male sex change. The same expression profile has been implicated for amh during the 

protogynous sex change of orange spotted grouper [48] and rice field eel [49]. These results are 

in agreement with the early stage of sex reversal observed in the present study.  

It was noted in the present study that rggFSH did not induce a significant increase in the 

production of endogenous T and 11KT, particularly when initiation of sex change was observed 

(20 to 38 weeks). Our results further show that rggFSH suppressed the expression of cyp11b, 

which encodes for the key 11KT-synthesizing enzyme. In separate in vivo and in vitro trials in 

other grouper species [20,34], low dose of FSH treatment enhanced androgen synthesis more 

than the high dose. In vitro antagonistic effects between FSH and 11KT have also been 

observed in rainbow trout testis [16]. Taken together, these suggest an inhibitory effect of FSH 

on endogenous androgen synthesis, and therefore the low level of androgen in the present 

study was most likely a consequence of the weekly rggFSH administration. Moreover, the 



increased dosage of rggFSH-treatment from 20 to 38 weeks in this study may have further 

amplified the inhibition of androgen synthesis. 

The mRNA levels of fshr and sox9 are notably inhibited after 38 weeks in the present study. In 

an in vitro rainbow trout testis assay, incubation with FSH upregulated the expression of fshr 

but not when co-incubated with androgen synthesis-inhibitor [16]. On the other hand, the in 

vivo expression of sox9 has shown a significant increase after treatment with androgen (17α-

methyltestosterone, MT) in orange spotted grouper [50]. Sox9 is a recognized male sex 

determining gene whose expression is associated with the appearance of spermatocytes during 

sex reversal in orange spotted grouper [50]. These observations suggest the low expression of 

fshr and sox9 in the present study is due to the lack of androgenic stimulation. The present and 

previous results further reinforce the idea that the rggFSH inhibited steroidogenic activity and 

thus arrested the expression of androgen-dependent genes. 

It is widely recognized that sex change in grouper is a result of the interplay between the key 

sex steroid hormones, E2 and 11KT. However, this does not reconcile with the results obtained 

from two separate studies that show that T and 11KT levels increases only towards the late 

stage of natural female to male sex change in honeycomb grouper [43,44]. On the other hand, 

honeycomb grouper at the initiation of natural sex change exhibited a surge in fshβ expression, 

which gradually declined as the process progressed [20]. Our results, in combination with the 

previous observations in honeycomb grouper, show that FSH has a primary role in initiating sex 

change in grouper. The possibility that there is an overlapping function of FSH and androgen in 

initiating sex change is ruled out by the evidence from sevenband grouper, where co-

administration of FSH and androgen did not result in sex change [35].  



The specific effect of FSH on fish gonadal development (in vivo) that is not linked to production 

of sex steroids is yet to be characterized [51]. However, recent in vitro trials in rainbow trout 

testis have shown that a set of genes positively respond to FSH even in the presence of 

trilostane, an inhibitor of androgen synthesis [16]. Results from the same study indicated 

antagonistic effect of FSH and androgen on the expression of certain genes associated with 

germ cell proliferation such as igf3. Another in vitro trial in zebrafish testis has demonstrated 

that FSH, in the presence of trilostane, stimulated the expression of igf3, which promoted 

spermatogonial proliferation [14]. Evidence from our in vivo and in vitro studies above point to 

FSH initiating the process of sex change in groupers through a mechanism that involves sex 

steroid-independent genes or pathway. 

The ovarian aromatase, which regulates estrogen production, is dependent on the expression 

of cyp19a1a gene and its transcriptional activator foxl2. Both these genes were downregulated 

by rggFSH-treatment after 38 weeks in the present study. The cyp19a1a expression in the 

protogynous rice field eel increased during ovarian development and is markedly 

downregulated during sex reversal [52]. In groupers, aromatase activity is important in 

maintaining female sex [53,54]. Genetic evidences from zebrafish [55], medaka [56], and tilapia 

[57] have shown that ovarian tissue degenerates in the absence of cyp19a1a. Likewise, stable

expression of foxl2 ensures femaleness in both hermaphroditic [45] and gonochoristic fish 

[58,59]. Expression of cyp19a1a and foxl2 are co-localized in the granulosa cells [60] where FSH-

R is also found [61]. Our results, combined with the previous findings, show that FSH suppresses 

cyp19a1a and foxl2 expression during the initiation of sex change which leads to the regression 

of ovarian tissue.  



The mRNA levels of figla and bmp15, which are known positive regulators of folliculogenesis, 

both displayed the same expression as the control in the present study. In vivo expression of 

figla during female to male sex change in wrasse was stable during the early stage of sex 

change and then dropped towards the late stage [62], concurrent with the elevation of 

androgen level. In vivo administration of androgen (MT) repressed the expression of figla in 

zebrafish [63]. Similarly, mRNA level of bmp15 was repressed in orange spotted grouper when 

treated with MT [64]. Taken together, these observations suggest that androgen is required for 

the downregulation of figla and bmp15. It is interesting to note that in female zebrafish, knock 

down of bmp15 gene resulted in failure of the oocytes to undergo secondary oocyte growth 

(cortical alveolar stage), and subsequent sex change of the fish into fully functional male [33]. 

With the negative regulatory effect of androgen on bmp15 [63], inhibition of this gene could be 

one of the critical functions of 11KT during the advanced or final stage of sex change leading to 

the disruption of female environment [33] and thus completion of the sex change process. 

Three forms of igf are found in orange-spotted grouper (igf1, igf2, and igf3) of which igf3 was 

found to be highly expressed in the gonad [65]. We also found an igf3 transcript in the tiger 

grouper gonad transcriptome. In zebrafish, igf3 is upregulated by FSH [66] subsequently 

mediating its stimulatory effect on spermatogonial proliferation [14]. On the contrary, 

expression of igf3 was constantly low in the rggFSH-treated group while it was significantly 

upregulated in the control group in the present study. It is therefore likely that the igf3 is not 

involved in spermatogonial proliferation in tiger grouper. 

In summary, a biologically active recombinant ggFSH was produced in yeast. Through long-term 

administration of rggFSH in juvenile tiger grouper, we have shown that rggFSH stimulates 



oocyte development up to cortical alveolar stage, after which rggFSH initiates sex change 

characterized by oocyte regression and spermatogonial proliferation. The initiation of sex 

change by rggFSH is mediated through a steroid-independent pathway. Prolonged 

administration of rggFSH during sex change suppresses steroidogenic activity, which prevents 

the differentiation of spermatogonial cells thus arresting the sex change in the early phase. 
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Fig. 1. Construction of the expression vector for the giant grouper FSH and FSHR. FSH: The expression 

cassette consisting of mature giant grouper FSHβ, a linker sequence and common glycoprotein α were 

ligated in the EcoRI-NotI restriction sites of pPIC9K. Flanking the cloning site at the 5’ end is the 

promoter sequence of alcohol oxidase gene (AOX1) and an α yeast mating factor (αMF) which directs 

the recombinant protein into the secretory pathway. FSHR: The sequence encoding for ggFSHR was 

inserted into the XhoI-BamHI restriction sites of pcDNA3.1. Expression is driven by cytomegalovirus 

promoter. 



Fig. 2. Luciferase activity in response to rggFSH-stimulation during in vitro receptor binding assay. COS-7 

cells transfected with luciferase reported gene (CRE-Luc) and ggFSHR were seeded in 6 well plates and 

incubated with increasing dose of rggFSH for 6 h. Each point represents a mean of three replicate wells ± 

SEM. Inset: Western blot analysis of rggFSH. Purified proteins were deglycosilated with PNGase F (New 

England BioLabs), electrophoresed in 16% SDS-PAGE and immunoreacted with penta-his antibody 

(Qiagen). Purified rggFSH was loaded in L1 which showed the expected 30 kDa rggFSH band. L2 was 

loaded with negative control supernatant, obtained from methanol-induced culture of P. pastoris 

containing empty pPIC9K expression vector. M indicates molecular marker in kDa. 



Fig. 3. In vitro secretion of ovarian E2 in response to rggFSH-stimulation. Tiger grouper ovarian fragments 

were incubated with increasing doses of rggFSH or tiger grouper pituitary extract (PE) for 18 h. Steroids 

were extracted from the incubation medium and quantified using commercial ELISA kit.  Bars represent 

mean steroid level of four replicates ± SEM. Values with the same superscript are not significantly 

different (P<0.05). 



Fig. 4. Effect of rggFSH-treatment on GSI and oocyte diameter of juvenile tiger grouper at different time 

points. Each GSI value represents a mean of three to four fish while oocyte diameter represents mean of 

150-200 measurements (at least 50 per fish) ± SEM. Asterisk (*) denote significant difference at P<0.05.



Fig. 5. Histological changes in gonads of juvenile tiger grouper in response to rggFSH-treatment.  A 

representative section from each of three replicate fish is shown. PG = primary growth stage oocytes, CA 

= cortical alveolar stage oocytes, AO = atretic oocytes, SP = spermatogonial cells. Scale bar = 50 μm. A 

larger magnification of representative histological sections is shown in supplementary figure 1. 



Fig. 6. Circulating levels of sex steroid hormones and FSH during rggFSH-treatment in juvenile tiger 

grouper. Each bar represents a mean of 3-5 values ± SEM. Values marked with asterisk (*) are 

significantly different (P<0.05). 



Fig. 7. Expression profile of reproductive genes in gonadal tissues of tiger grouper affected by rggFSH-

treatment. Gene expression is expressed relative to cog5 mRNA level. Each bar represents a mean of 3-4 

values ±SEM. In each time point, significant difference (P<0.05) between control and rggFSH values is 

denoted by asterisk (*). Within each treatment group, values with the same superscript are not 

significantly different. 



Fig. 8. Expression profile of reproductive genes which were not affected by rggFSH-treatment. Gene 

expression is expressed relative to cog5 mRNA level. Each bar represents a mean of 3-4 values. In each 

time point, no significant differences were found between control and rggFSH values. Within each 

treatment group, values with the same superscript are not significantly different. 
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