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A B S T R A C T

Barramundi, Lates calcarifer, are protandrous hermaphrodites, maturing and reproducing first as males before 
naturally changing sex into females several years later. This male-to-female development provides an excellent 
model for investigating the genetic mechanism underlying natural sex change in fish, and in aquaculture 
manipulating this process is key to control reproduction and enhance seedstock production. Exogenous hormones 
and aromatase inhibitors have been used to obtain control of sex in a range of fish. Fadrozole (FAD) is a non- 
steroidal inhibitor that reduces biosynthesis of estrogenic hormones, however its use has yet to be tested in 
barramundi. In this study, 15-month-old male barramundi (2102 ± 126 g) were divided into four treatments and 
either implanted with i) 17β-estradiol (E2) at 8 mg kg− 1, ii) FAD at 8 mg kg− 1, iii) 8 mg E2 and 8 mg FAD kg− 1 

together, or iv) implanted with cholesterol pellets (controls). After nine weeks, gonadal phenotype was examined 
histologically and the expression of sex-related genes were quantified by qPCR. All fish with E2 only implants 
had sex-changed into females, with significantly higher cyp19a1a and foxl2 expression and lower dmrt1, cyp11b 
and esr1 expression than control fish. All fish treated with FAD only remained male, and expression of male genes 
(dmrt1 and cyp11b) were significantly upregulated, whilst the female-biased gene foxl2 was downregulated. 
Combined FAD and E2 treatment resulted in 42 % of fish remaining male, 42 % becoming female and 16 % that 
were transitional, with each individuals gene expression patterns reflecting their gonadal phenotype. These 
results show FAD can impede the feminizing effects of E2 in some individuals, indicating potential for holding 
barramundi as male for longer before they sex-change. These findings highlight utility of E2 and FAD as tools for 
modulating sex change in barramundi and inform strategies for improved reproductive control in aquaculture 
breeding programs.
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1. Introduction

Having control over the sex and subsequent reproduction of aqua
culture species is essential for their efficient propagation and selective 
breeding. Barramundi (Lates calcarifer) are a mass-spawning, protan
drous hermaphrodite fish, where individuals first mature and reproduce 
as male (~2 years) and then naturally sex change into female several 
years later (~4 years) (Davis, 1982). This natural sex change process 
presents significant challenges to the management of broodstock in 
barramundi hatcheries, as male broodfish of high-quality unpredictably 
change sex to female, requiring reorganisation of broodstock spawning 
groups and ongoing recruitment of new male fish for broodstock 
(Terence et al., 2021; Guppy et al., 2022). In addition, in the context of 
selective breeding, this sequential sex change of barramundi results in 
one generation difference between sexes, with females being 2–3 years 
older than males. Inter-generational breeding thereby reduces the 
possible annualized rate of genetic progress that could otherwise be 
made through a single-generation selection program (Robinson and 
Jerry, 2009). Therefore, the development of methods to control the 
processes of sex differentiation and gonad development of barramundi is 
of great importance to seedstock production and selective breeding of 
the species (Budd et al., 2015).

The gonadal development of fish, including barramundi, has been 
found to be highly plastic in nature and the phenotypic sex of individuals 
can be altered by exposure to exogenous hormones and endocrine- 
disrupting chemicals (EDC) (Piferrer, 2001; Devlin and Nagahama, 
2002). In previous studies involving barramundi, exposure of undiffer
entiated larvae (30–160 days post hatch) and 6-month-old male juve
niles to exogenous 17β-estradiol (E2) induced precocious 
male-to-female sex change (Banh et al., 2020, 2021). Furthermore, 
expression of sex-biased genes was altered by this E2 administration, 
with the male-related genes, doublesex and mab-3-related transcription 
factor 1 (dmrt1), cytochrome P450 11β-hydroxylase gene (cyp11b) and 
estrogen receptor 1 (esr1), significantly down-regulated at 9 weeks 
post-E2 implant. Conversely, female-biased genes, including the fork
head box protein L2 (foxl2) and cytochrome P450 aromatase (cyp19a1a) 
were significantly upregulated (Banh et al., 2020, 2021). These results 
suggest that in barramundi, the elevated levels of E2 provided by E2 
implants initiates a positive feedback loop of the female-bias genetic 
pathway, and results in the upregulation of foxl2 which may promote 
cyp19a1a expression (Banh et al., 2021). In vertebrates, Cyp19a1a plays 
a pivotal role within the process of female gonad development and ge
netic pathways by encoding for the enzyme aromatase, which when 
expressed, acts to catalyse the conversion of testosterone to estradiol 
(Guiguen et al., 2010). Further research has confirmed that even after 
exogenous E2 treatment ceases, a stable physiological environment is 
reached in barramundi whereby endogenous E2 hormone production 
increases and provides sufficient ongoing support for continued female 
maintenance, ovarian development, vitellogenesis and spawning 
(Guppy et al., 2022).

In vertebrates, including fish, the activity of aromatase has been 
observed to be influenced by a number of environmental and social 
factors, along with endocrine disruptors including steroidal and 
nonsteroidal aromatase inhibitors (Piferrer and Blázquez, 2005). The 
ability of nonsteroidal aromatase inhibitors to reduce E2 production has 
been studied across a range of fields, including human cancer research, 
developmental biology and applied animal breeding (Dowsett et al., 
1994; Shetty et al., 1995; Moudgal et al., 1996; Babiak et al., 2012; 
Doering et al., 2021). Of the nonsteroidal aromatase inhibitors available, 
Fadrozole (FAD) has been commonly used as it selectively inhibits es
trogen production by binding reversibly to the enzyme aromatase 
(Steele et al., 1987). Specifically, its action is based on noncovalent, 
reversible interaction with the heme portion of aromatase and occupa
tion of its substrate-binding site (Miller et al., 2008). Treatment with 
FAD has been effective at reducing estrogen biosynthesis in breast 
cancer patients (Dowsett et al., 1994) and also resulted in decreased E2 

production in other mammals (Shetty et al., 1995; Moudgal et al., 1996). 
Complete functional masculinization due to FAD exposure has been 
reported in chickens (Gallus gallus) (Elbrecht and Smith, 1992; Abina
wanto et al., 1996), turtles (Dorizzi et al., 1994; Richard-Mercier et al., 
1995), lizards (Wennstrom and Crews, 1995) and some fish species 
(Piferrer et al., 1994b; Kitano et al., 2000; Kwon et al., 2000; Babiak 
et al., 2012; Hur et al., 2012; Luzio et al., 2016). However, there is still a 
poor understanding of how FAD influences gonad development and sex 
in hermaphroditic species where sex-change is part of their normal life 
history (Mondal et al., 2025), and in the case of barramundi, whether 
inhibiting aromatase with FAD disrupts the role E2 plays in upregulation 
of the feminising gene network. Studying the expression of sex-related 
genes in the gonads of FAD-implanted fish would contribute to our un
derstanding of the genetic mechanisms underlying the important pro
cess of sex change in barramundi.

In the context of barramundi aquaculture, it is necessary to test if 
FAD supports the maintenance of genetic pathways and the male 
gonadal phenotype. However, undertaking such research has been 
difficult to achieve due to the impractical nature of obtaining large 
numbers of simultaneously sex-changing barramundi for experiments. 
To address this, E2 implants have been utilized in previous research to 
reliably transition males to female precociously for breeding purposes 
and to serve as a study model for sex-change in barramundi (Banh et al., 
2021; Guppy et al., 2022). E2 implants are known to induce in barra
mundi male-female sex-change within 9 weeks of implantation, with 
gonadal development, gene expression, methylation and spawning 
performance of E2-induced fish confirmed to mimic those of natural 
females (Domingos et al., 2018; Banh et al., 2021; Budd et al., 2022; 
Guppy et al., 2022).

In this study, the effect of FAD treatment, when applied both with 
and without exogenous E2, on the gonadal phenotype of 15-month-old 
male barramundi was examined. Additionally, the underlying genetic 
pathways, including expression of female (cyp19a1a and foxl2) and male 
(dmrt1, cyp11b, esr1) biased genes, were analysed to further understand 
the processes of sex differentiation and sex change in barramundi, and 
inform on-going efforts to obtain control over sex-change in this 
commercially important aquaculture species.

2. Materials and methods

2.1. Experimental design

All laboratory procedures were approved by the Animal Ethics 
Committee of James Cook University (Approval #A2014) in accordance 
with the Australian Code of Practice for the Care and Use of Animals for 
Scientific Purposes. Fifteen-month-old male barramundi (2102 ± 126 g 
body weight (BW)) purchased from a commercial freshwater farm were 
kept in three 2500 L tanks in a 13,500 L freshwater recirculating 
aquaculture system (RAS) and acclimated under ambient photoperiod 
(~14 L:10 D) and temperature conditions (28–30 ◦C). The RAS was 
equipped with two cartridges of activated carbon (8–10 kg activated 
carbon/cartridge replaced fortnightly; Acticarb GC1200, Activated 
carbon Technologies Pty Ltd., Australia) to absorb any potential hor
mones released into the system.

After a week of acclimatization, fish were anesthetized with AQUI-S 
(Aqui-S New Zealand Ltd), individually PIT tagged and had their BW (g) 
recorded. Implants were prepared as described previously (Banh et al., 
2021) and contained either 17β-estradiol (E2, Sigma-Aldrich, E8875) 
(E2) and/or Fadrozole hydrochloride (FAD, Sigma-Aldrich, F3806) 
depending on the treatment. Briefly, E2 or FAD stock were diluted in 
80 % ethanol before being thoroughly mixed with cholesterol (C8867, 
Sigma-Aldrich) and coconut oil (5 % w/w). The mixture was allowed to 
dry at room temperature in a fume hood until a paste-like consistency 
was established. Holes (2.34 mm) drilled into a sheet of 15 mm thick 
plastic acted as a mould for pellet size and shape, while a similar flat 
plastic sheet acted as a base. The prepared mixtures of either E2 or FAD 
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were compressed into the mould and compacted by hand with the flat 
end of a 2.34 mm drill bit. Once the mould was full, pellets were pressed 
from the mould to form a compacted cylindrical pellet. Hormonal pellets 
were stored at 4 ◦C until implantation.

The experiment consisted of three treatments and a control, with 12 
individuals in each treatment group. The control fish were implanted 
with a cholesterol pellet without the addition of E2 or FAD. The three 
treatment groups were implanted with either i) E2 at 8 mg kg− 1 (n = 12), 
ii) FAD 8 mg kg− 1 (n = 12), or iii) combination of 8 mg E2 and 8 mg FAD 
kg− 1 (n = 12). Each fish was implanted with three pellets into the left 
dorsal musculature using a RalGun pellet injector (Syndel Laboratories 
Ltd.). Four fishes from each group were held in each tank to account for 
any unexpected potential tank effects on gonadal development. All fish 
were recovered from implantation successfully and survived until 
completion of the experiment.

Initial sampling to confirm the gonadal status of fish was conducted 
on five randomly chosen fish one day prior to beginning the experiment. 
Final sampling (n = 12 for each group) was conducted at 9 weeks after 
implantation to align with when the feminising effects of E2 implanta
tion on gonadal phenotype were shown by previous studies (Banh et al., 
2021; Guppy et al., 2022). For the gonad sampling, both the left and 
right gonads of each fish were subsampled into separate pieces for 
various analyses. Three small pieces (~1 cm long) at the anterior, 
middle and posterior region of each gonad were preserved separately for 
histological analysis. The remaining portion of gonad tissue for each fish 
was preserved in RNAlater™ stabilization solution (ThermoFisher Sci
entific) at 4 ◦C overnight before being stored at − 20 ◦C until RNA 
extraction. Liver and kidney tissues were dissected and 0.5 cm2 pieces 
were preserved for histological analysis.

2.2. Histological analysis

Tissues (gonad, kidney and liver) sampled for histological analyses 
were kept in 10 % neutral buffer formalin for 24 h before being pro
cessed. Fixed tissues were dehydrated, and histological sections were 
produced using standard paraffin embedding techniques. Embedded 
samples were transversely sectioned at a thickness of 5 µm and stained 
with hematoxylin – eosin. Between 10 and 20 slides were obtained from 
each sample to ensure all three portions (anterior, middle and posterior) 
of both left and right gonads were assessed thoroughly. The slides were 
examined using an Olympus CelSens Microscope Digital Camera System 
(Olympus, Japan).

Testicular and ovarian development were categorized according to 
Guiguen et al. (1994). Specifically, immature and testicular tissue were 
classified from stage M0 (immature with no visible differentiated germ 
cells); M1 (predominance of spermatogonia); M2 (mostly spermatocytes 
and spermatids); M3 (containing predominantly spermatozoa); and M4 
(post-spawning, i.e. when testicular lobules are devoid of spermatozoa). 
Transitional stages include stages from T1 to T2 corresponding to the 
degeneration of testicular tissue without and with ovarian tissue; from 
T3 to T4 equivalent to only ovarian tissue distributed less and more than 
50 % of histological section. For female stages, stage F1 contains 
oogonia and previtellogenic oocytes; stage F2 and F3 are when less and 
more than 50 % of the cross-section contains vitellogenic oocytes, 
respectively. Lastly, stage F4 ovary is characterized by atretic oocytes. 
For female histological samples the 10 largest oocytes were measured 
from photos using Image J. Histopathology of liver and kidney tissues 
examined to assess the health condition of hormone treated fish.

2.3. Gene expression analysis by qPCR

In gonad tissue the expression of five genes, dmrt1, cyp11b, esr1, 
cyp19a1a and foxl2, were studied at 9 weeks after implantation. RNA 
extraction, DNAse treatment, cDNA synthesis and quality control were 
conducted as described previously (Banh et al., 2017).

2.3.1. RNA extraction
Briefly, total RNA was extracted using Trizol® RNA Isolation Re

agents (Thermo Fisher Scientific). The RNA obtained was quantified 
using the NanoDrop 1800 (Nanodrop Technologies, USA) spectropho
tometer at a wavelength of 260 nm. All the samples were treated with 
TURBO DNA-free™ kit (Invitrogen™, USA). The DNAse-treated RNA 
was then cleaned with an ammonium acetate precipitation protocol 
(Osterburg et al., 1975). RNA samples were quantified using a Nanodrop 
spectrophotometer (NanoDrop Technologies, USA). All samples had 
absorbance ratios (260/280 nm and 260/230 nm) greater than 1.9, 
indicating high-purity RNA. Assessment of RNA quality was also per
formed by electrophoresis on 1.5 % agarose gel (in 1x TBE made with 
DEPC treated water) with GelGreen™ (Biotium Inc., USA) post-staining. 
RNA samples that showed no smear and two clear bands (28S:18S) were 
included for subsequent cDNA synthesis.

2.3.2. qPCR analysis
cDNA was produced with the Tetro cDNA synthesis kit (Bioline) 

according to the manufacturer specification. A total of 1 µg of DNAse- 
treated RNA template was placed in a RNAse free 200 µl PCR strip 
tubes (Astral Scientific, Australia) with 0.5 µl Oligo (dT)18, 0.5 µl 
Random Hexamer, 1 µl of 10 mM dNTP mix, 4 µl of 5x RT buffer, 1 µl of 
RiboSafe RNAse Inhibitor, 1 µl Tetro Reverse Transcriptase (200 u/µl) 
and DEPC treated water to a total 20 µl. All the cDNA synthesis of the 
RNA sample run alongside multiple ‘no reverse transcriptase’ (NRT) as 
the negative controls. All tubes (including the real cDNA syntheses and 
NRT) were then placed in a C1000 Thermal Cycler (Bio-Rad) using the 
following cycling conditions: 45 ◦C for 30 min, 25 ◦C for 10 min followed 
by 45 ◦C for 30 min then terminated reaction by incubating at 85 ◦C for 
5 min, before chilling on ice. The resulting single-stranded cDNA then 
was stored at − 20 ◦C.

qPCR was performed to compare the level of mRNA expression of the 
target genes (dmrt1, cyp11b, esr1, cyp19a1a and foxl2) in the gonads of 
barramundi from 12 fish from each treatment at 9 weeks after the FAD 
and/or E2 implantation. The primer sequences used to amplify the 
reference and target genes are shown in Table 1. Noting primer se
quences used here for cyp11b, have previously been used in studies 
noted to amplifying cDNA for cyp11c (Ravi et al., 2014), but it has since 
been found cDNA sequences used for primer development were from 
cyp11b and as such instead amplify cyp11b mRNA (Banh et al., 2021). 
qPCR reactions were set up in triplicate using SsoFast™Evagreen® 
master mix (Bio-Rad) and run on a Corbett Rotor-Gene 6000 thermo
cycler (Qiagen). Each sample contained 5 μl of 1:500 diluted cDNA 
templates, 7.5 µl of SsoFast™Evagreen® master mix, 0.6 μl of 0.2 μM 

Table 1 
Primer sequences used for qPCR to study the expression of the genes dmrt1, 
cyp11b, esr1, cyp19a1a and foxl2 in the gonads of barramundi implanted with 
Fadrozole and 17β-Estradiol.

Target 
Gene

Accession Nucleotide Sequences (5’-3’) References

dmrt1 KR232516.1 F- 
GTGACTCTGACTGGCCCAGAG 
R- CAGCAGGTCGGACGTTCC

Ravi et al. 
(2014)

cyp11b KF444447 F- 
ACACCGGGGTTCTGGGCCAG 
R- CACCGCTGTCGTGTCGACCC

Ravi et al. 
(2014)

esr1 KF444452 F- CTGCTCCAGGGTGCTGAGCC 
R- TGGCCCAGGCATCATGTGG

Ravi et al. 
(2014)

cyp19a1a KR492506.1 F- 
CACTGTTGTAGGTGAGAGACA 
R- 
CTGTAGCCGTCTATGATGTCA

Domingos 
et al. (2018)

foxl2 KF444454 F- CAACCGCCCACCCCGATGTC 
R- 
CTGGGGAGCGCCATGCTCTG

Ravi et al. 
(2014)

ubq XM_018704769 F- ACGCACACTGTCTGACTAC 
R- TGTCGCAGTTGTATTTCTGG

De Santis et al. 
(2011)
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forward and reverse primers, and 1.3 μl of water. All the reagents were 
placed into the 100-well ring (Qiagen) by an automatic pipetting system 
(Corbett Robotics, Qiagen). Cycling conditions were 95 ◦C for 30 s, 40 
cycles of 95 ◦C for 5 s and 58 ◦C (dmrt1, cyp11b, esr1, cyp19a1a, and 
foxl2) or 61 ◦C (ubq) for 10 s, followed by a melt curve analysis (65 ◦C to 
95 ◦C in 0.5 ◦C increments) for monitoring target specificity. qPCR ef
ficiencies (E) for each gene were validated using standard curves pre
pared from five points of 3-fold serially diluted cDNA (E = 0.98–1.03, R2 

≥ 0.99).
For each individual gene, two qPCR 100-well rings were prepared, 

each containing six samples from each of the four treatments at the final 
sampling, five samples from the initial sampling, one NTC and two 
standard dilutions of the standard curve, all loaded in triplicate (three 
technical replicates). Further to melt curve analysis, qPCR product 
specificity for each gene was also confirmed by Sanger sequencing 
(Australian Genomic Research Facility). qPCR data of pre-implant in
dividuals was not obtained for cyp11b due to technical error during the 
qPCR analysis process. Insufficient cDNA remained for re-analysis and as 
such was excluded from comparison.

2.4. Statistical analysis

Statistical analyses were performed using the SPSS software package 
(IBM SPSS Statistics 23). The CT value for each target gene for each 
sample was obtained from the mean of the triplicate qPCR measure
ments. The relative transcript abundance of target genes was normalized 
to the reference gene ubq according to the 2-ΔΔCt method (Livak and 
Schmittgen, 2001). Normality and homogeneity of variance were tested 
using the Kolmogorov-Smirnov and Levene test, respectively. Normal
ized CT values that did not meet the criteria of either of these tests were 
log-transformed with outliers removed. Normalized data of cyp19a1a 
and esr1 expression conformed to parametric assumptions and one-way 
analysis of variance (ANOVA) and Post-hoc Tukey’s test were used to 
test for differences across treatments. As normalized CT values of the 
gene dmrt1, foxl2 and cyp11b did not meet parametric assumptions, 
non-parametric Kruskal-Wallis tests were performed, followed by 
Mann-Whitney U tests for pairwise comparisons. Further comparison 
was undertaken for gene expression between male and female in
dividuals of the E2 + FAD treatment with Mann-Whitney U test to 
validate the relationship between gene expression and phenotype in this 
treatment. Differences between treatments were regarded as statistically 
significant when P < 0.05.

3. Results

3.1. Altered sex ratio of barramundi induced by administration of 17β- 
estradiol and Fadrozole

Sampling of gonad tissue was conducted for histological analysis one 
day before implantation of the pellets (n = 5) and again for final sam
pling 9 weeks after the implantation (n = 12 for each treatment). The 
proportion of gonadal phenotypes present in the barramundi at these 
two sampling points are shown in Fig. 1.

All fish sampled immediately before implantation (n = 5) were 
confirmed to be males with stage M3 testes that contained primarily 
spermatozoa (Fig. 2A). At the final sampling, 9 weeks after implanta
tion, 92 % (11/12) of the control fish retained stage M3 testes (Fig. 2D), 
while one fish exhibited early signs of testicular degeneration, i.e. less 
spermatozoa and appearance of spermatocytes and fibrous tissue 
(Fig. 2E). According to the classification of Guiguen et al. (1994), this 
fish was tentatively classified as transitional stage T1 and may have 
begun undergoing sex change. However, in line with classification as T1 
there was no ovarian tissue observed in the gonad (e.g. T2) and may 
have been a sexually immature or regressed male.

After 9 weeks as expected 100 % (12/12) of the fish in the 8 mg E2 
kg− 1 treatment were completely feminised (Fig. 2H). Their ovaries were 
filled with pre-vitellogenic oocytes (PO) with a mean diameter of the 
largest 10 oocytes per section of 34 ± 11 µm. The POs were distributed 
along the edges of the lamella structures. Some atretic oocytes were 
present among the POs. Eosinophilic cells were detected in all E2 treated 
gonad. Ovarian cavity was observed in all the fish of this treatment 
(Fig. 2H).

Testicular tissue was observed in gonads of 100 % (12/12) of the fish 
that received the FAD implants (8 mg FAD kg− 1) and contained exten
sive cystic compartments that were filled with mostly spermatozoa and 
some spermatids (Fig. 2K). The size of these cysts and the interstitial 
tissues among those cysts were visually observed to be larger in FAD- 
implanted fish when compared to the normal males of the control 
group (Fig. 2A, D, K).

In the treatment of fish combining E2 and FAD (8 mg E2 and 8 mg 
FAD kg− 1), three types of gonad phenotypes were observed, with 42 % 
(5/12) identified as F1 stage females (Fig. 2 P), 42 % (5/12) as M3 males 
(containing mostly spermatozoa; Fig. 2 Q) and 17 % (2/12) at stage T1 
and T3 transitional (Fig. 2 O and N). There were no discernible histo
logical differences in the ovary and testicular tissues of female and male 
fish from the combined E2 + FAD treatment compared to either the E2- 

Fig. 1. The proportion of barramundi (Lates calcarifer) that exhibited various gonadal phenotypes (testis, transitional stage and feminized gonad with previtellogenic 
oocytes) before (pre) implantation and 9 weeks after implantation with cholesterol pellets containing either Estradiol 2 (E2), Fadrozole (FAD), both E2 + FAD in 
combination, or Control (no E2 or FAD).
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Fig. 2. Histological images of gonad, liver and kidney tissues of barramundi implanted with E2 (8 mg kg− 1 BW; H, I and J), FAD (8 mg kg− 1 BW; K, L and M) and a 
combination of E2 and FAD (E2 + FAD, 8 mg of E2 and 8 mg of FAD kg− 1 BW; N, O, P, Q, R and S) at 9 weeks post-implantation, as well as pre-implant (A, B, and C) 
and control barramundi (D, E, F and G). Scale bars indicate 20 μm for all panels except H, where the scale bar indicates 50 μm. A) Testis of pre-implant fish at M3 
stage. B) Liver of pre-implant fish. C) Kidney of pre-implant fish. D) Testis of control fish at M3 stage. E) One (out of 12) fish in the control group had the gonadal 
tissue at transitional stage (T1). F) Liver of control fish. G) Kidney of control fish. H) Ovary of fish in the E2 treatment. I) Liver of fish in the E2 treatment. J) Kidney of 
fish in the treatment E2 treatment. K) Testis of fish in the FAD treatment at M3 stage. L) Liver of fish in the FAD treatment. M) Kidney of fish in the FAD treatment. N) 
Gonad of 1 (out of 12 fish) in the E2 + FAD treatment at T3 stage. O) Gonad of 1 (out of 12 fish) in the E2 + FAD treatment at T1 stage. P) Ovary of fish in the 
E2 + FAD treatment at F1 stage. Q) Testis of fish in the E2 + FAD treatment at M3 stage R) Liver of fish in the E2 + FAD treatment. S) Kidney of fish in the E2 + FAD 
treatment. Abbreviations: fi, fibrotic tissue; m, macrophage; p, pancreatic cells; PO, previtellogenic oocytes; spg, spermatogonia; spc, spermatocytes; spt, spermatids; 
spz, spermatozoa; tu, tubule.

Q.Q.T. Banh et al.                                                                                                                                                                                                                              Aquaculture Reports 46 (2026) 103261 

5 



female and/or control male fish, respectively (Fig. 2).
Histological analysis of liver and kidney tissues was used to examine 

for any detrimental side-effects of E2 and FAD exposure. In the E2 
treatment fish, 100 % (12/12) of fish had livers demonstrating low-level 
hyperemia (excess of blood in the vessels supplying an organ; Fig. 2 I). 
The liver sections of all the remaining samples of other treatments, 
including the control, showed uniform hepatocytes with distinct nuclei 
and nucleoli, an abundance of cytoplasmic lipid and vacuolization, 
which are typical for healthy farmed fish (Fig. 2 B, F, L, R). Kidney tis
sues showed a normal appearance of nephrons and mesonephric tubules 
(Fig. 2 C, G, J, M and S).

3.2. Fadrozole and 17β-estradiol treatments caused alteration of gene 
expression profiles in barramundi gonads

The expression of the sex-related genes (dmrt1, esr1, cy11b, 
cyp19a1a, and foxl2) in the gonadal tissues of barramundi sampled at the 
beginning of the experiment (pre-implant) and at 9 weeks after the 
implantation (control and three treatments) displayed significant 
changes across time and treatment (Fig. 3).

The expression of dmrt1, cyp11b and cyp19a1a was not significantly 
different between the initial samples and the control fish at the final 
sampling (P > 0.05; Fig. 3A, C, D)). Meanwhile, esr1 and foxl2 were 
significantly increased in the untreated control fish compared to the pre- 
implant fish (P < 0.05; Fig. 3B, E).

The expression of the female-biased gene, cyp19a1a, was signifi
cantly upregulated in the fish exposed to E2 and E2 + FAD at 9 weeks 
after implantation (P < 0.05). However, the difference in cyp19a1a 
expression between FAD-exposed fish and the control group was not 
significant (P > 0.05). Cyp19a1a expression in the E2 + FAD treatment 
was significantly higher than in the gonad of FAD-implanted fish 
(P < 0.05; Fig. 3 D). Likewise, foxl2, was significantly affected in both 
the fish exposed to E2 or FAD, but was significantly up- or down- 

regulated by E2 or FAD implantation, respectively (P < 0.05). 
Although the foxl2 expression in the combined E2 + FAD treatment was 
five-fold higher than the control, this difference was not statistically 
significant (P > 0.05), with large intra-treatment variation in expression 
observed. Meanwhile, foxl2 expression was significantly higher in the 
combined FAD+E2 treatment than in the fish exposed to only FAD 
(P < 0.05; Fig. 3E).

At 9 weeks after implantation, dmrt1 expression was significantly up- 
regulated in the FAD treatment (P < 0.05). In contrast, exposing 
barramundi to E2 significantly down-regulated expression of dmrt1 in 
their gonads (P < 0.05). Expression of dmrt1 mRNA in the gonads of fish 
implanted with the combined E2 + FAD was not significantly different 
from control fish. Among treatments, E2-exposed fish displayed the 
lowest dmrt1 expression (P < 0.05; Fig. 3A). Exposure to either E2 only, 
or the combined E2 + FAD treatment, induced down-regulation of 
cyp11b compared to control and FAD treatments (P < 0.05). However, 
there was no significant difference in the cyp11b expression between E2 
and E2 + FAD treatments (P > 0.05). Similarly, cyp11b expression in the 
FAD treatment did not significantly differ from the control fish 
(P > 0.05; Fig. 3C).

After 9 weeks, fish with E2 (only) showed down-regulation in the 
expression of esr1 (approx. 8-fold decrease) (P < 0.05) compared to all 
other treatments, including the E2 + FAD treatment (P < 0.05). The esr1 
expression in the FAD fish and the combined E2 + FAD fish were not 
significantly different from the controls (P > 0.05). However, E2 + FAD 
fish had significantly lower expression of esr1 than FAD fish (P < 0.05; 
Fig. 3B).

For the fish subjected to the combined E2 + FAD treatment, which 
had 42 % males and 42 % females, gene expression levels for each an
imal were ultimately associated to their gonadal phenotype for all genes 
(P < 0.05). In the E2 + FAD treatment, when testes were observed 
expression levels were similar to those of either males of control and 
FAD only fish, while when ovaries were observed expression levels were 

Fig. 3. Relative gene expression of different sex-related genes measured by RT- qPCR in barramundi gonads implanted with only E2, only FAD or combination of 
E2 + FAD sampled at 9 weeks post-implant, compared to control (no E2 or FAD) and pre-implant barramundi. A) dmrt1, B) esr1, C) cyp11b, D) cyp19a1a and E) foxl2. 
The relative expression of each target gene was normalised based on the abundance of the reference gene ubq according to Livak and Schmittgen (2001). Different 
letters represent statistical differences (P < 0.05) between treatments (n = 12 per treatment). Outliers are indicated by cross symbols.
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similar to E2 females (Fig. 3).

4. Discussion

The unpredictable timing of sex-change in barramundi broodstock, 
presents several challenges to the efficient operation of breeding pro
grams for this commercially important species (Budd et al., 2015; Banh 
et al., 2021; Fine-Idan et al., 2024). Consequently, developing methods 
to control sex is of critical importance to improve routine commercial 
production and ensure efficient operation of selective breeding pro
grams (Robinson et al., 2014; Banh et al., 2021; Terence et al., 2021). 
One potential strategy involves the use of endocrine-manipulating 
compounds such as the aromatase inhibitor, Fadrozole (FAD) to pre
vent male to female sex change from occurring and encourage continued 
testicular development in male broodstock (Mondal et al., 2025). As 
such, in this study, the effect of FAD on barramundi sexual development 
and its potential application in achieving control over sex change in 
broodstock populations was evaluated. Results of this study are partic
ularly relevant in areas where early sex change of the species has been 
observed. In Singapore, 81 % of farmed populations are reportedly fe
males or transitional at 2.4 year of age, with animals changing sex at half 
the body weight as previously described in other regions such as 
Australia, western Papua and French Polynesia (Terence et al., 2021). 
The low numbers of reproductive males in these broodstock populations 
challenges the implementation of commercial selective breeding pro
grams for the species. In such cases, the use of FAD implants in half of the 
fish selected before two years of age may assist to ensure sufficient males 
are available for breeding.

To investigate approaches that prevent sex change from occurring in 
a sequential hermaphrodite, a large, consistent group of transitional fish 
is required (Goikoetxea et al., 2021). However, such experimental 
groups are not easily available within natural or farmed populations of 
barramundi (due to large size, age and unpredictable occurrence of 
sex-changing animals), and therefore alternate experimental approaches 
are required to undertake these studies. In the current study, E2 implants 
were utilised to produce model precociously transitioning fish, 
following previous research where E2 implantation has been shown to 
reliably induce feminisation of male barramundi (Banh et al., 2021; 
Guppy et al., 2022). Here complete feminisation of E2 only implanted 
barramundi was observed 9 weeks after implantation in direct agree
ment with the previous trials in barramundi using the same E2 dose 
(8 mg kg− 1 BW, (Banh et al., 2021; Guppy et al., 2022)). The use of 
E2-implanted barramundi as a model in the study of female and male sex 
differentiation is supported by the consistent success of sex change seen 
across repeated studies, as well as subsequent confirmation of the 
spawning success of E2-induced females (Guppy et al., 2022; Fine-Idan 
et al., 2024). Expanding upon the established utility of E2-induced 
feminisation for studying sex differentiation, the current study further 
explores the antagonistic effects of combining E2 with the aromatase 
inhibitor FAD to investigate their potential for controlling sex change in 
barramundi.

The use of FAD to prevent sex change and to increase the proportion 
of males in a population has been explored in several other fish species 
(Babiak et al., 2012; Budd et al., 2015). However, only a limited number 
of studies have studied the effect of a combined application of multiple 
endocrine-disrupting chemicals on teleost sex differentiation (Santos 
et al., 2006; Micael et al., 2007; Luzio et al., 2015) with a range of 
treatment methods (immersion, feeding, implantation) used. In our 
study, through applying a combined implantation of E2 and FAD at equal 
doses (8 mg kg− 1) in barramundi, FAD was able to neutralize the 
feminizing effect of E2 treatment in some individuals, maintaining the 
testicular phenotype in ~42 % of the fish. However equal proportion of 
the E2 + FAD-treated fish were also observed to have undergone 
male-to-female sex change, while a further 18 % of individuals were at 
different stages of transition. The observation of both the distinct male 
and female sexual phenotypes in the E2 + FAD treatment provides 

support for the antagonistic relationship in barramundi between the 
aromatase inhibitors FAD and estrogens. The varied final phenotype 
highlights the complexity and plasticity of sex differentiation in barra
mundi, showing differential responses between individuals. In partic
ular, the varied phenotype may have arisen due to several factors, 
potentially reflecting; inter-individual sensitivity to either E2 or FAD, 
differences in the initial developmental stage at treatment, genetic 
variation between individuals or other uncontrolled physiological fac
tors (Segner et al., 2003; Filby et al., 2007; Brazzola et al., 2014). Further 
examination of these factors, alongside different doses of each endocrine 
disruptor, is required to fully understand the cause of differential phe
notypes. To date, no other studies using combined implantation are 
available for comparison. Instead, the combined application of endo
crine disruptors has been most commonly undertaken through immer
sion and/ feeding (Santos et al., 2006; Luzio et al., 2015). These studies 
have focused on early life stages, such as undifferentiated larvae, and 
have used environmentally relevant concentrations to examine ecotox
icological effects of endocrine disruptors, rather than their utility in 
controlling sex change. In the study of zebrafish, the combined appli
cation of 17α-ethynylestradiol (EE2; EE2 3.5 ng L− 1) through immersion 
and feeding of aromatase inhibitor tributyltin (25 ng g− 1 or 100 ng g− 1) 
resulted in ~80 % and ~95 % feminisation respectively (Santos et al., 
2006). Similarly, the combined treatment of zebrafish (Danio rerio) of 
EE2 (4 ng L− 1) and FAD (50 µg FAD L− 1) immersion in another study, 
induced masculinisation in 90 % of individuals (Luzio et al., 2015). 
When compared, it could be assumed that FAD is more effective at 
mitigating the feminisation of estrogen than tributyltin and therefore a 
better option for sex control; however, equally it must be considered that 
the contrasting results of aromatase inhibitor compounds may also 
result from unoptimized doses of the aromatase inhibitor compounds 
compared to the EE2 dose applied. In future studies, multiple doses of 
aromatase inhibitors should be assessed to more comprehensively 
examine their potential use for sex control, and also ensure multiple 
antagonistic doses are tested to understand dose-specific effects.

In this study FAD implants were also applied to male barramundi 
without the simultaneous use of exogenous E2, to assess the impact of 
FAD treatment alone on normal male development. As expected from 
previous research on other species including chinook salmon (Onco
rhynchus tshawytscha; (Piferrer et al., 1994a)), Japanese flounder (Par
alichthys olivaceus; (Kitano et al., 2000)), medaka (Oryzias latipes; 
(Paul-Prasanth et al., 2013), and zebrafish (Danio rerio; (Takatsu et al., 
2013)), 100 % of barramundi implanted with FAD had testicular gonad 
tissue at the conclusion of the experiment. Similar effects were observed 
in Nile tilapia (Oreochromis niloticus), where oral treatment with FAD 
(500 mg kg− 1) resulted in complete phenotypic masculinisation of 
genetically female (XX) fry (Kwon et al., 2002). FAD also effectively 
induced female-to-male sex changes in several protogynous fish (fema
le-to-male sex-changing fish), namely, three-spot wrasse Halichoeres 
trimaculatus (Higa et al., 2003), blackeye goby Coryphopterus nicholsii 
(Kroon and Liley, 2000), coral goby Gobiodon erythrospilus (Kroon et al., 
2005), honeycomb grouper (Bhandari et al., 2004a, 2004b), white 
grouper (Epinephelus aeneus; (Evliyaoğlu et al., 2019)), red-spot grouper 
(Epinephelus akaara (Li et al., 2006)). Beyond the effect on the gonadal 
phenotype, FAD treatment has been seen to influence genes involved in 
sex differentiation and reproduction processes more broadly.

In this study FAD treatment resulted in higher expression of the pro- 
male gene dmrt1 in treated fish than in control male individuals. Over- 
expression of dmrt1 has been observed in a number of studies of aro
matase inhibitors (Smith et al., 2003; Wang Qi et al., 2012; Wang et al., 
2017; Yan et al., 2021). Likewise, in previous studies, the inhibition of 
aromatase by FAD has prevented endogenous E2 synthesis (Schroeder 
et al., 2017), which removes the inhibitory feedback effect that E2 has 
on dmrt1 expression (Fernandino et al., 2009; Herpin and Schartl, 2011; 
Wang et al., 2017). Importantly, dmrt1 also acts as a transcription factor 
that directly impedes aromatase gene expression (Guiguen et al., 2010; 
Herpin and Schartl, 2011). When these two regulatory relationships are 
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combined, they could form a continuous self-stabilising feedback loop 
that acts to maintain male development and repress feminising path
ways. This hypothesis is supported by low expression levels of aromatase 
and foxl2 seen in this study, however, long-term male or female related 
gene expression patterns were not able to be documented. If the 
over-expression of dmrt1 in barramundi continues to be maintained on a 
long-term basis by natural regulatory genetic/endocrine feedback loops 
rather than by the presence of FAD circulating, this would indicate a 
single dose enables long-term suppression of aromatase and supports a 
persistent and self-sustained testicular phenotype. Similar effects have 
been observed in the protandrous black porgy (Acanthopagrus schlegelii), 
where oral administration of aromatase inhibitors (FAD and 1,4, 
6-androstatriene-3,17-dione, each at 10 mg kg− 1) suppressed aroma
tase activity and inhibited the natural sex change of males to females 
(Lee et al., 2002). However, these results were varied depending on 
treatment during spawning or non-spawning season and also involved 
ongoing treatment with FAD for 9 months with no assessment after 
treatment ceased. In comparison, in earlier studies of black porgy, FAD 
injection was not found to be effective at suppressing gonadal aromatase 
expression (Lee et al., 2001). Effect of FAD treatment type, treatment 
over an extended treatment window, and post treatment period is 
required to fully explore the potential application of FAD for long-term 
sex-control of male barramundi.

While dmrt1 expression was elevated in FAD treated fish, over- 
expression of masculinising genes was not consistently observed. In 
contrast, cyp11b expression was not higher than controls. Cy11b pro
duces the enzyme, 11β-hydroxylase, which catalyzes the conversion of 
testosterone to precursors of the potent masculinising hormone 11-KT 
(Socorro et al., 2007). As production of the androgenic enzyme cy11b 
was stable in FAD-treated fish it suggests that androgen production itself 
may not be elevated despite the absence of aromatase/E2 activity caused 
by FAD implants. In this case, further regulatory feedback mechanisms 
may be acting to achieve stable 11β-hydroxylase production and 
therefore prevent the overexpression 11-KT which would act to down
regulate spermatogenesis promoting gonadotropins, FSH and LH 
(Yamaguchi et al., 2003). However, when androgenic hormone pro
duction was assessed more directly in Black porgy (Lee et al., 2001, 
2002), elevated plasma levels of 11-KT were observed after FAD treat
ment, alongside the promotion of spermatogenesis and increased sper
miation. In future research, the long-term effect of a single FAD dose on 
transcriptome-wide gene expression and regulation (e.g. epigenetics) 
and androgen/estrogen expression should be explored to develop a 
complete, network-level, understanding of FAD’s ability to retain male 
gonad development, spermatogenesis, and spermiation in barramundi.

As observed in this study, FAD treatment has been confirmed to 
suppress cyp19a1a expression in Japanese flounder fed 0.1–1 mg kg− 1 

(Kitano et al., 2000; Yamaguchi and Kitano, 2023), zebrafish fed 
0.5 mg kg− 1 (Fenske and Segner, 2004), and Nile tilapia fed 0.5 mg kg− 1 

(Dai et al., 2024), among others. In contrast, the upregulation of 
cyp19a1a has been reported in zebrafish exposed to 100 µg L− 1 FAD for 
4 days (Villeneuve et al., 2009b), medaka exposed to 10 and 
100 µg L− 1FAD for 7 days (Tompsett et al., 2009), Murray River rain
bowfish (Melanotaenia fluviatilis) exposed to 50 µg L− 1 of FAD 
(Shanthanagouda et al., 2014), fathead minnows exposed to 3 or 
30 µg L− 1 FAD (Villeneuve et al., 2009a) and adult western mosquito 
fish exposed to 2 or 30 L− 1 of FAD (Doering et al., 2021). These previous 
studies have utilised contrasting concentrations of FAD, with some 
studies utilising immersion in low concentrations that mimic the levels 
(ug – ng L− 1) currently seen in environmental pollution (Doering et al., 
2019a), while those used in an aquaculture context apply much higher 
doses through the direct implant of larger fish or feeding larvae during 
the labile period (eg. 1–10 mg per kg BW or 1–700 mg per kg feed; 
(Kitano et al., 2000; Kwon et al., 2000; Kwon et al., 2002; Bhandari 
et al., 2004a; Bhandari et al., 2004b; Hur et al., 2012)). Low-level FAD 
exposure may only partially prevent E2 production and as such may act 
paradoxically by stimulating a positive-feedback response that increases 

overall cyp19a1a expression to compensate for the decreased enzymatic 
activity of the aromatase protein (Villeneuve et al., 2006, 2009a; 
Doering et al., 2019a, 2019b, 2021). In contrast, when higher doses of 
aromatase inhibitors are applied to control sex-change in aquaculture, 
this positive feedback mechanism may be completely blocked, and as no 
E2 production is able to occur, and cyp19a1a is further downregulated 
by increased male-bias gene expression (Yamaguchi and Kitano, 2023; 
Dai et al., 2024).

It is notable that in some fish species aromatase has important 
testicular, metabolic and immune functions and as a result may be 
required for normal male development, albeit at lower levels than in 
females (Afonso et al., 2000; Böhne et al., 2013; Takatsu et al., 2013; 
Ravi et al., 2014). Although sperm quality was not assessed in this study, 
the gonads of FAD-treated fish showed an advanced degree of sper
miation compared to controls, with enlargement of the seminiferous 
tubules, accompanied by an abundant accumulation of sperm in their 
lumina. Similar outcomes have been observed in other studies assessing 
FAD exposure (Afonso et al., 2000; Ankley et al., 2002; Takatsu et al., 
2013) and suggests an important regulatory factor of normal male 
development has also been impacted by FAD treatment. In zebrafish, 
FAD treatment has also resulted in the production of large quantities of 
sperm, however, sperm heads were enlarged and did not have tails, 
preventing fertilisation of eggs (Takatsu et al., 2013). Once aromatase 
inhibitor treatment was ceased, normal sperm morphology and pro
duction were observed after 8 weeks, indicating E2 may be required for 
normal development (Takatsu et al., 2013). In contrast, no impact on 
sperm quality was observed in cyp19a1a knockout zebrafish (Tang et al., 
2017), with this study instead suggesting that E2 may not be necessary 
to maintain male fertility in zebrafish. Considered together, the con
trasting results of these two studies on zebrafish (Takatsu et al., 2013; 
Tang et al., 2017) could also suggest FAD has further biological inter
action beyond preventing E2 production, such as with isoforms of 
cyp11b (Brixius-Anderko and Scott, 2019). Full exploration of the impact 
of FAD on sperm quality has been limited in aquaculture species, how
ever, neomale Atlantic salmon produced by FAD treatment were found 
to have normal testicular morphology and fertility compared to normal 
males (Lee, 2005). With the different results observed within and be
tween species, it is critical that further studies thoroughly assess the 
reproductive competency of individuals to ensure their utility for 
breeding.

Broader consideration of the physiological impacts of sex control 
treatments on other tissues is also important. E2 is well understood to 
interact with the liver of fish, driving hepatic synthesis of vitellogenin 
and due to this positive effect on reproductive maturation (Gupta et al., 
2021), has often been the focus of sex control studies. However, further 
physiological interactions and histological changes to livers can also 
occur after E2 exposure, but are less commonly studied in sex control 
studies. Excessive or prolonged E2 exposure can impair liver function by 
disrupting lipid metabolism, inducing oxidative stress and over
stimulating protein synthesis. These effects can lead to varying degrees 
of hepatocellular damage, inflammation and metabolic dysfunction 
(Thilagam et al., 2010). Here we observed low-level hyperaemia in the 
liver of individuals provided implants with only E2, however this was 
not observed in other treatments including those were E2 and FAD were 
implanted simultaneously. The effect of E2 only treatment observed here 
agrees with previous studies using the same approaches including those 
with the study on histological effects available for comparison. These 
aspects should be assessed as varied dosages of FAD and other aromatase 
inhibitors are tested.

When the results of this study are considered together, it is clear FAD 
can influence sex in barramundi; however, further research is required 
to comprehensively determine an optimised approach for application of 
FAD in achieving sex control. The incomplete suppression of sex change 
observed in this study could be related to several factors, and optimi
sation of dose, treatment schedule, and the assessment of other aroma
tase inhibitors should be explored and their effectiveness compared. 
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Further to this, given precocious females can now be produced, future 
research should examine the utility of aromatase inhibitors for reverting 
E2-induced females back into functional males to provide broodstock 
managers complete control of sex in their populations. Importantly, 
whether aromatase inhibitors are employed to block the natural sex 
change in barramundi or revert sex-changed individuals, the reproduc
tive competency of broodstock and the quality offspring produced 
should be examined to confirm the commercial utility of these 
approaches.

5. Conclusions

In conclusion, administration of the aromatase inhibitor Fadrozole at 
8 mg kg− 1 was shown to promote male-biased genetic pathways, 
including an over-stimulation of the key male gene dmrt1 and supported 
ongoing maintenance of testicular tissues. Fadrozole also suppressed the 
potent feminising effects of E2 in some barramundi, but was not effec
tive at preventing E2 induced sex-change in all fish. Further research is 
required to fully examine the utility of aromatase inhibitors for 
obtaining control over sex in barramundi.
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Brazzola, G., Chèvre, N., Wedekind, C., 2014. Additive genetic variation for tolerance to 
estrogen pollution in natural populations of Alpine whitefish (oregonus sp., 
Salmonidae). Evolut. Appl. 7 (9), 1084–1093. https://doi.org/10.1111/eva.12216.

Brixius-Anderko, S., Scott, E.E., 2019. Structure of human cortisol-producing cytochrome 
P450 11B1 bound to the breast cancer drug fadrozole provides insights for drug 
design. J. Biol. Chem. 294 (2), 453–460. https://doi.org/10.1074/jbc. 
RA118.006214.

Budd, A.M., Banh, Q.Q., Domingos, J.A., Jerry, D.R., 2015. Sex control in fish: 
approaches, challenges and opportunities for aquaculture. J. Mar. Sci. Eng. 3 (2), 
329–355.
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Toth, G., Ankley, G.T., 2009b. Altered gene expression in the brain and ovaries of 
zebrafish (Danio rerio) exposed to the aromatase inhibitor fadrozole: microarray 
analysis and hypothesis generation. Environ. Toxicol. Chem. 28 (8), 1767–1782.

Wang, F., Jia, Y.-F., Wang, P., Du, Q.-Y., Chang, Z.-J., 2017. Effects of letrozole on gonad 
differentiation of carp (Cyprinus carpio). Pak. J. Zool. 49 (6), 1969–1981.

Wang Qi, W.Q., Guo ZhengLong, G.Z., Li YanShen, L.Y., Yun Dan, Y.D., Huang Bo, H.B., 
Zhou ZhongLiang, Z.Z., 2012. Effects of letrozole on gonadal differentiation and 
related gene expression in gonad of Takifugu obscurus. Chinese. J. Zool. 47 (5), 
16–23.

Wennstrom, K.A., Crews, D., 1995. Making males from females: the effects of aromatase 
inhibitors on a Parthenogenetic species of whiptail lizard. Gen. Comp. Endocrinol. 
99 (3), 316–322. https://doi.org/10.1006/gcen.1995.1115.

Yamaguchi, S., Gen, K., Okuzawa, K., Kumakura, N., Kagawa, H., Matsuyama, M., 2003. 
Regulation of gonadotropin subunit genes expression by 11-ketotestosterone during 
early spermatogenesis in male red seabream, Pagrus major. Fish. Physiol. Biochem. 
28 (1), 111–112. https://doi.org/10.1023/B:FISH.0000030494.13499.06.

Yamaguchi, T., Kitano, T., 2023. Amh/Amhr2 signaling causes masculinization by 
inhibiting estrogen synthesis during gonadal sex differentiation in Japanese flounder 
(Paralichthys olivaceus). Int. J. Mol. Sci. 24 (3), 2480.

Yan, H., Shen, X., Jiang, J., Zhang, L., Yuan, Z., Wu, Y., Liu, Q., Liu, Y., 2021. Gene 
expression of Takifugu rubripes gonads during AI- or MT-induced masculinization and 
E2-induced feminization. Endocrinology 162 (10). https://doi.org/10.1210/endocr/ 
bqab068.

Q.Q.T. Banh et al.                                                                                                                                                                                                                              Aquaculture Reports 46 (2026) 103261 

11 

http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref77
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref77
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref77
https://doi.org/10.1016/j.aquatox.2005.10.016
https://doi.org/10.1016/j.aquatox.2005.10.016
https://doi.org/10.1289/ehp.11891
https://doi.org/10.1289/ehp.11891
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref80
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref80
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref80
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref80
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref81
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref81
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref82
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref82
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref82
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref82
https://doi.org/10.1006/gcen.1995.1115
https://doi.org/10.1023/B:FISH.0000030494.13499.06
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref85
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref85
http://refhub.elsevier.com/S2352-5134(25)00647-7/sbref85
https://doi.org/10.1210/endocr/bqab068
https://doi.org/10.1210/endocr/bqab068

	Implantation of aromatase inhibitor fadrozole and 17β-estradiol antagonistically affect gonad development in the protandrou ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Histological analysis
	2.3 Gene expression analysis by qPCR
	2.3.1 RNA extraction
	2.3.2 qPCR analysis

	2.4 Statistical analysis

	3 Results
	3.1 Altered sex ratio of barramundi induced by administration of 17β-estradiol and Fadrozole
	3.2 Fadrozole and 17β-estradiol treatments caused alteration of gene expression profiles in barramundi gonads

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Data availability
	References


