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Abstract Sex change was induced in Epinephelus
marginatus juveniles using a nonsteroidal aromatase
inhibitor (AI), a synthetic androgen (17 «x-
methyltestosterone; MT), and a combination of both
(MT + Al) in a 90-day experiment. A detailed remod-
eling of the gonads, the plasma level of gonadal steroids,
and immunostaining of pituitary follicle-stimulating
hormone (FSH), luteinizing hormone (LH), and
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somatolactin (SL) cells were analyzed. Sex inversion
reached the final spermatogenesis stages using MT,
while Al triggered spermatogenesis, but reaching only
the spermatid stage. Estradiol (E,) levels did not change
in fish treated with Al but decreased throughout the
experimental period in animals treated with MT and
MT + AL Testosterone (T) levels increased in animals
treated with MT during the first 60 days (and combined
with Al in the first 30 days), decreasing in all experi-
mental groups at 90 days, while Al-treated animals had
increased plasma 11-ketotestosterone (11-KT) levels
after 90 days. In control fish, FSH- and SL-producing
cells (ir-FSH and ir-SL) were restricted to pars
intermedia (PI) of the adenohypophysis. Pituitary ir-
FSH cells were decreased at the end of the experimental
period in all treatments compared with the CT animals.
LH-producing cells (ir-LH) were present in proximal
pars distalis (PPD) and pars intermedia (PI) of adeno-
hypophysis and did not change after the experimental
period. The decreased number of ir-FSH cells at the end
of'the experiment in all treatments could be related to the
negative feedback loop triggered by the increase in
natural and/or synthetic androgens.

Keywords Hermaphroditism - Sex change - Pituitary -
17x-Methyltestosterone - Aromatase inhibitor
Introduction

Hermaphroditism and sex change are regulated at the
gonadal level in individuals with both male and female
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germ cells in the gonadal compartment, which can be
stimulated to proliferate and differentiate under different
hormonal conditions (Devlin and Nagahama 2002). The
maintenance of the female sex is related to 17[3-estradiol
(E,) levels, and the decrease of E, levels can interrupt
vitellogenesis and oocyte maturation, as well as allow
male development in protogynous hermaphrodite tele-
osts (Guiguen et al. 2010; Garcia et al. 2013; Wu et al.
2017). These processes are closely linked to the ratio
between testosterone (T) and E, levels, as E, is pro-
duced from the aromatization of T through the action of
P450 aromatase (Lubzens et al. 2010). In protogynous
hermaphrodite teleosts, at the beginning of the sex
change process, the oocytes begin to degenerate, follow-
ed by a fall in plasma levels of estrogen, and conse-
quently, an androgens increase that induces testis devel-
opment and semen production (Bhandari et al. 2003),
events that are followed by changes in the levels of
pituitary gonadotropin (Kobayashi et al. 2010; Garcia
et al. 2013). Gonadal steroidogenesis is modulated by
the gonadotropins, follicle-stimulating hormone (FSH),
and luteinizing hormone (LH), as well as glycoproteic
hormones, which are involved in regulating gametogen-
esis in fish (Lubzens et al. 2010).

The use of aromatase inhibitors (Al) or synthet-
ic androgens in early or late stages of gonadal
development triggers masculinization and can even
activate sex differentiation (complete and function-
al sex change) in some fish and reptile species,
specifically hermaphrodite teleosts (Garcia et al.
2013; Wu et al. 2017). The knowledge of these
processes enabled the use of AI and synthetic
androgens, such as methyltestosterone (MT), in
the induction of sex change in protogynous her-
maphrodite fish belonging to the Serranidae family
(Bhandari et al. 2003, 2004; Sarter et al. 2006;
Sanches et al. 2009; Kobayashi et al. 2010; Garcia
et al. 2013; Wu et al. 2017).

The serranids comprise 544 species distributed in 75
genera (Eschmeyer and Fong 2018), among them the
dusky grouper, Epinephelus marginatus (Serranidae,
Epinephelinae) (Lowe 1834), a threatened species
(Rodrigues-Filho et al. 2009) included in the [UCN
red list as vulnerable IUCN 2019). E. marginatus has
a high market value, occurs on both sides of the Atlantic
Ocean (Vaini et al. 2019), and is widely distribut-
ed in the southeastern coast of Brazil (Barreiros
1998), Mediterranean Sea, and Southern Africa
(Heemstra and Randall 1993).
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The first sexual maturation of E. marginatus females
occurs when the individual reaches about 49 cm (at ~ 6
years old) (Refiones et al. 2010), and sex change occurs
naturally, from 10 years old, with length and the weight
greater than 83 cm and 9 kg, respectively (Spedicato
et al. 1995; Andrade et al. 2003). Due to the critical
conservation status of £. marginatus, many studies have
been carried out to improve the biological knowledge of
the species in many areas, including reproduction
(Marino et al. 2000, 2002, 2003), sex change (Sarter
et al. 2006; Sanches et al. 2009; Garcia et al. 2013),
nutrition (Aratjo et al. 2018), larviculture (Russo et al.
2009; Cunha et al. 2013; Mello et al. 2018), and gamete
cryopreservation (Cabrita et al. 2009; Sanches et al.
2009; Garcia et al. 2013). However, due to the great
size of adult males, it is often unfeasible to maintain
broodstock in captivity. Bhandari et al. (2004) and
Sarter et al. (2006) succeeded to induce sex change in
juvenile E. marginatus using aromatase inhibitor (Al)
and 17a-methyltestosterone (MT) implants, respective-
ly, but the morphophysiological events that triggered
sex change were not fully understood.

In the present study, we tested the hypothesis that Al
and MT, alone or combined, stimulate sex change in
E. marginatus juveniles. Plasma levels of gonadal ste-
roids were measured, parallel with the remodeling of the
gonads during the whole process of sex change. The
immunostaining of pituitary gonadotropin (FSH
and LH)- and somatolactin (SL)-producing cells
were carried out following the sex change process,
additionally with the stereological analyses of go-
nadotropin producing cells.

Materials and methods
Experimental conditions

The experiment was performed at the Fisheries Institute
(Ubatuba, SP, Brazil). Wild juveniles weighing from 250
to 500 g were captured and distributed in 12 floating cages
(2 x 2 x 2 each) at sea. Animals were anesthetized by
immersion in a 0.1 g/L benzocaine solution, then individ-
ually labeled with electronic chips (transponders,
TROVAN®) and divided into four experimental groups
with four animals in each cage (triplicate; 12 per group):
(1) Control (CT) animals were injected intramuscularly
(im.) with 1 mL of fish oil as vehicle; (2) Aromatase
inhibitor (Al) animals were injected intramuscularly
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(i.m.) with a dose of 100 mg/kg of Letrozole
(Venturepharm, China); (3) 17x-Methyltestosterone
(MT) (synthetic androgen, Sigma-Aldrich, USA) animals
were injected intramuscularly (i.m.) with a dose of 15
mg/kg; (4) Combined treatment (Al + MT) animals were
injected intramuscularly (i.m.) with the same dose of Al
and half dose of MT (7.5 mg kg ') per injection. In all
treatments, the vehicle used was fish oil (1 mL/animal).

The experiment was performed for 90 days. Animals
received three injections at 0, 30, and 60 days. After 30
and 60 days, three animals from each experimental
group were sampled, and after 90 days, five animals
were sampled from each experimental group. Peripheral
blood was collected by caudal vessel puncture, using a
heparin-coated (5000 Ul/Roche) 22G needle attached to
a 5-mL syringe. Blood samples were centrifuged for
6 min at 587g, and the plasma was transferred to
heparin-coated cryotubes and immediately placed at —
80 °C until quantification.

Morphometric data (total length and body mass) were
registered; gonads and pituitary were collected for subse-
quent histological and immunohistochemical analysis. Go-
nads were weighed to calculate the gonadosomatic index
(GSI = [gonad weight/total animal weight] x 100).

All experiments were performed in accordance with
the Animal Ethics Committee of the Biosciences Insti-
tute of the University of So Paulo (Protocol No. 055/
2008). This license was based in the guidelines of the
Brazilian Federal Law (11.794, of 10/08/2008), which
establishes the procedures for the scientific use of ani-
mals, and the Sao Paulo State Law (11.977, of 08/25/
2005), which establishes the Animal Protection Code of
the State of Sdo Paulo and other rules applicable to the
use of animals for teaching and scientific purposes.

Tissue processing

Gonads were fixed for 24 h in Karnovsky’s solution and
then transferred to ethanol (70%). Subsequently, the
dehydrated material was embedded in Paraplast®
(Sigma-Aldrich, USA) or resin (Leica HistoResin®,
USA) to be sectioned at 5 or 2 pm respectively. Sections
were stained with Hematoxylin-Eosin or PAS + Metanil
Yellow. Histological sections were then analyzed and
documented through a computerized system for image
analysis (Camera: Leica DFC 295; Program: Leica Ap-
plication suite V3). Morphological classification
for oocytes stages was performed according to
Grier et al. (2009), and spermatogenesis stages,

according to Grier and Uribe (2009). The presence
of male germ cells after 90 days was considered to
establish the percentage of sex change.

Histochemistry and immunohistochemistry
of gonadotropin- and somatolactin-producing cells

The pituitary was fixed for 24 h in Bouin’s solu-
tion and then transferred to ethanol (70%). Subse-
quently, they were dehydrated and embedded in
paraffin Paraplast®. Serial sections of 5 um were
stained with Mallory’s Trichrome.

For immunohistochemical analysis, sections were
dewaxed, hydrated in PBS buffer (pH 7.6), and then
treated with 3% hydrogen peroxide (H,O,) in PBS
buffer for 10 min to decrease endogenous peroxidase
activity. After buffer rinse, slides were treated with a
protein blocker (5% of non-fat powder milk in PBS) for
15 min. They were subsequently incubated with primary
antisera for 24 h at 4 °C at 1:1000 dilution. Antisera
(BLH, BFSH, and SL) from chum salmon (Oncorhyn-
chus keta) were donated by Professor Dr. H. Kawauchi
(School of Fisheries Sciences, Kitasato University, Ja-
pan). After incubation, slides were washed in PBS (pH
7.6), incubated with biotinylated secondary antibody
(Universal DakoCytomation LSAB + System-HRP,
peroxidase) for 30 min, washed again in PBS,
and incubated with the SABC complex
(Streptavidin-Biotin-peroxidase Complex
DakoCytomation LSAB2® System HRP Liquid
DAB — Ref. 0673) reagent for another 30 min.
After washing in PBS, immunostaining was visu-
alized using 0.05% DAB (3', 3'-diaminobenzidine,
brownish staining) in PBS buffer containing 0.03%
H,0,. Sections were lightly counterstained with
Hematoxylin and mounted with Erv-Mount
(Erviegas Instrumental Cirurgico Ltda, SP, Brazil).
Negative control sections were treated with PBS
instead of the primary antibody.

Slides were analyzed under light microscopy, and the
images were obtained by a capture system. After the
identification of the different adenohypophysis regions
(proximal pars distalis, rostral pars distalis, and pars
intermedia) and the regions of the gonadotropic ir-cells,
images were captured from left to right and from one
end to another in the area of the whole pituitary. The
number of images varied according to the size of the
pituitary, ranging from 7 to 13 images per pituitary.
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Stereological analyses of gonadotropic cells

Five quadrants of three histological sections covering
the adenohypophysis regions were analyzed from all
animals, from the different experimental groups, for
each antibody (anti-3FSH and anti-3LH) (amplification
% 1000). In each quadrant, among all the adenohypoph-
yseal cells present, those marked by the antibody and
those unlabeled were counted. The quadrants were al-
ways in the same position, and in all sections, adenohy-
pophysis and neurohypophysis portions were present.
This analysis was performed comparing the animals
from all experimental groups after 90 days of treatment.
All sections were analyzed using an Axioskop 2 light
microscope (Zeiss Inc., USA) coupled with a digital
MRCS camera (Zeiss Inc., USA) and equipped with a
Zen 2012 digital image capture software (Axioskop 2,
Zeiss Inc., USA).

Plasma levels of gonadal steroids

The plasma level of gonadal steroids was quantified by
enzyme-linked immunosorbent assay (ELISA) with the
following commercial kits: E, and T (Interteck, Virgin-
ia, USA) and 11-ketotestosterone (11-KT) (Cayman
Company, USA). Analyses were performed on micro-
plates (Spectra MAX 250) at 450 nm for E, and T, and
at 405 nm for 11-KT. Kits were previously validated for
E. marginatus by Garcia et al. (2013).

Statistical analysis

Data were expressed as mean + standard error of the mean
(SEM). Gonadosomatic index (GSI) and the percentage of
ir-cells (anti-BFSH and anti-BLH) were compared be-
tween the different treatments after 90 experimental days,

Fig. 1 Gonadosomatic index
(GSI) of Epinephelus marginatus
exposed to the different treat-
ments, after 90 experimental
days. Different letters indicate a
statistical difference when com- 0.06
paring the experimental groups %

0.08

0.04

0.02
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using one-way ANOVA followed by the Student-
Newman-Keuls test. Steroid plasma levels were compared
using two-way ANOVA (variables: time and treatment)
followed by the Student-Newman-Keuls test. Values were
considered significantly different when P < 0.05.

Results
Gonadosomatic index

The use of MT alone or combined with Al decreased
GSI (Fig. 1) (P = 0.022) after 90 days of treatment,
while Al alone did not change GSI compared with the
CT group (P = 0.314).

Gonadal remodeling
Animals from the initial and control groups

Animals from the initial group were classified as juve-
niles according to the pattern of gonadal development
for females. Ovaries of E. marginatus were paired,
saculiform, and short, located dorsally within the coelo-
mic cavity longitudinally (Fig. 2a). The ovary belongs to
a cyst-ovarian type, presenting a continuous luminal
compartment. Both oviducts join in the caudal portion
and flow into the urogenital papilla. Within the germinal
compartment, only female germ cells were found:
oogonia, oocytes with chromatin-nucleolus in different
stages of prophase I, and oocytes in primary growth up
to the perinucleolar stage (Fig. 2b—d). Somatic cells with
characteristics of steroid-producing cells (SpC) were
found in cell clusters immersed within the tunica
albuginea near large blood vessels; these cells were
oval-shaped, showing a small spherical nucleus with

GSI
a
ab
b b
SO Al AI+MT MT
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compact chromatin and a homogeneous cytoplasm with
numerous acidophilic spots (Fig. 2 e and f). The histo-
logical analysis of E. marginatus gonads from the con-
trol group, at any time of the experiment, showed pri-
mary growth oocytes at the perinucleolar stage (Fig. 2a—
f), and none of the animals changed the sex.

After 30 days of treatment

Gonads of the animals treated with aromatase inhibitors
(AI) showed slight disorganization of the gonadal archi-
tecture and proliferation of the interstitial tissue occur-
ring from the periphery of the tunica albuginea towards
the ovarian lamellae, the onset of sex change, and few
degenerative oocytes (Fig. 3 a and b). Gonads from the
MT and AI + MT groups showed a very similar pattern
of sex change and even more advanced stages of sex
change than the Al group, evidencing greater gonadal
disorganization, an increase of the interstitial tissue pro-
liferation, and the presence of degenerative primary
growth oocytes (Fig. 3 ¢ and d). During the gonadal
transition, the female germinal epithelium and stroma
were progressively replaced by male germ cells and
typical interstitial tissue of the testes (Fig. 3e). The gonia
found within the germinal epithelium, from the now-
presumed testes, proliferate and differentiate into sper-
matogonia, which are surrounded by the Sertoli cell
processes forming the spermatocytes (Fig. 3 e and f)
and subsequently initiate spermatogenesis.

After 60 days of treatment

After 60 days, animals implanted only with Al showed
greater disorganization of the gonadal architecture, a
thicker interstitial compartment, the presence of male
germ cells, and several atretic primary growth oocytes.
When MT was administered, gonads were in a more
advanced stage of sex change, and degenerative oocytes
were no longer observed. Male germ cell cysts were
visualized, spermatogenesis was active, and the sper-
matic duct formation was beginning together with the
release of sperm (Fig. 4 a and d).

In all groups, melanomacrophagic centers were de-
tected within the interstitial tissue: a structure involved
in the removal and reabsorption of tissue debris (Fig.
4b). Clusters of SpC, now named Leydig cells (Fig. 4 a
and f), were found immersed within the tunica albuginea
in greater quantity compared with the former group.

After 90 days of treatment

After 90 days, animals of the Al group showed a more
advanced stage of sex change compared with the ani-
mals of 60 days of treatment. Also, cysts of male germ
cells were found containing different stages of sper-
matogenesis (spermatogonia, spermatocytes, sperma-
tids) (Fig. 4c). Some degenerating oocytes were found,
but 100% of the animals changed sex.

Animals from the experimental groups, where syn-
thetic androgen was administered, showed a similar
gonadal pattern to the male, full of cysts at various
stages of spermatogenesis, and it was also possible to
observe a larger number of germ cell cysts with sper-
matogonia, spermatocytes, and spermatids and sperm
release (Fig. 4 e and f). The percentage of animals that
changed sex was 100%.

Histochemical and immunohistochemistry
characterization of the pituitary gland

The E. marginatus pituitary gland is divided into two
distinct regions: neurohypophysis and adenohypophysis.
The neurohypophysis—pars nervosa—penetrates and
branches into the adenohypophysis. The adenohypophysis
is subdivided into rostral pars distalis (RPD), proximal
pars distalis (PPD), and pars intermedia (PI), distin-
guished according to the staining characteristics of its
hormone-producing cells (Fig. 5a). The RPD occupies
the rostral or anterior portion of the gland, involving the
pituitary stalk as soon as it enters the adenohypophysis.
PPD is located between RPD and PI, and is characterized
by being more basophilic than the other regions of the
pituitary gland. PI is located in the most caudal or posterior
portion of the gland and receives a great number of
branches of the neurohypophysis (Fig. 5 a and d).

Using immunohistochemistry techniques, immunoreac-
tive somatolactin-producing cells (ir-SL) evidenced the PI
region (Fig. 5b), as they are typical cells of this region in
teleosts. SL cells were located at the branches of the
neurohypophysis peripherally and are easily differentiated
from the gonadotropic cells (ir-LH and ir-FSH) because of
their smaller size (Fig. 5 b insert; e and f).

The gonadotropic cells of E. marginatus were immu-
noreactive to both antibodies used, salmon anti-gonad-
otropin: 3-FSH (Fig. 5¢) and 3-LH (Fig. 5d). These
cells are globular, with an eccentric nucleus and abun-
dant cytoplasm (Fig. 5 e and f). Immunohistochemistry
using serial sections and specific antibodies showed two
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<« Fig. 2 Histological sections of the ovary from Epinephelus

marginatus before the experimental procedure (Initial group). a
General view. b—d Oogonia, oocyte nests, and oocytes in
leptotenic chromatin and primary growth stages. e Clusters of
potential steroid-producing cells found in the tunica albuginea.
Notice the clusters near the blood vessels. f Potential steroid-
producing cells. Note the acidophilic granules in the cytoplasm.
a—f Ovarian cavity (OC); germinal compartment (CGe); tunica
albuginea (TA); stroma (Es); gonia (G); basement membrane
(Mb); primary growth (CP); primary growth with multiple nucleoli
(CPmn); dipolar nucleolar chromatin (CNd); perinucleolar prima-
ry growth (CPpn); cytoplasm (C), nucleus (N); nucleoli (n);
oogonia (Og); steroid-producing cells (SpC); blood vessel (VS);
red blood cells (H). a—f Staining PAS + Metanil Yellow

gonadotropic cell types producing FSH and LH separately.
The use of 3-FSH (Fig. 5 ¢ and e) and 3-LH (Fig. 5d and
f) subunit antibodies showed that ir-FSH and ir-LH are
also synthesized in different gonadotropic cells; these are
located in different regions of the adenohypophysis, inde-
pendent of the experimental group. ir-FSH cells of
E. marginatus were located in PI, an unusual place for
these cells that are typically distributed in PPD in teleosts,
while ir-LH cells were seen in PI and PPD.

Comparing ir-FSH cells and their hormone accumula-
tion (staining intensity) in the different treatments, under
qualitative evaluation, the animals from the Al group, after
90 days of treatment, seem to display a weaker marking
(Fig. 6a—d). It was not possible to establish the same
relationship for the LH-producing cells.

The counting of ir-FSH cells showed that animals from
the CT group presented a higher percentage of stained cells
than Al, MT, and Al + MT groups (P < 0.001) (Fig. 7A).
Additionally, the percentage of ir-FSH cells was also
higher in animals from MT treatment, compared with Al
and MT + Al treatment (Fig. 7A). No differences were
observed in ir-LH cells after 90 days (Fig. 7B) (P=0.131).

Plasma levels of gonadal steroids

The analysis within each treatment showed that E,
plasma levels decreased in animals from MT and MT
+ Al groups after 60 and 90 days and remained un-
changed in control and Al groups. Within each treat-
ment period, after 30 days, E, levels were higher in
animals treated with MT + Al than animals from control
and Al groups, and after 90 days, animals from the Al
group presented higher E; levels than animals from the
MT group. No differences were found after 60 days of
treatment (Fig. 8).

Within each treatment, T levels decreased in animals
treated with Al after 90 days, increased after 60 days in
animals treated with MT, and decreased during the
experimental period in animals from the MT + Al group.
Within each experimental period, after 30 days, animals
from the MT + Al group presented higher T levels
compared with all experimental groups, and animals
from MT and MT + Al groups presented higher T levels
when compared with animals from control and Al
groups. After 60 days, animals from the MT group
presented higher T levels compared with animals from
all experimental groups. No statistical differences were
found in T levels within 90 days (Fig. 9). 11-KT levels
did not change comparing the different treatments but
increased in the animals treated with Al after 90 days of
treatment (Fig. 10).

Discussion

Sex reversal in E. marginatus juveniles was induced
with Al and MT, but the gonadal analyses showed that
the final stages of spermatogenesis were obtained using
MT, alone or combined, while Al triggered spermato-
genesis, but male gametes reached only the spermatid
stage. The plasma level of gonadal steroids did not
follow the pattern described in adult animals (Sarter
et al. 2006; Garcia et al. 2013). The differential distri-
bution pattern and differential counting of ir-FSH
cells suggest the involvement of this gonadotropin
in sex change.

During the sex change, several simultaneous events
were found in the gonads: disorganization of the stan-
dard gonadal architecture, massive degeneration of fe-
male germ cells, the presence of melanomacrophagic
centers, interstitial tissue and the entire process of de-
velopment and maturation of male germ cells. Several
authors report other structures and events during this
process, such as the appearance and intense proliferation
of Leydig cells, myoid cells, and the presence of struc-
tures that are probably related to the removal and reab-
sorption of tissue remains (granulocytes,
melanomacrophagous, and macrophages) (Sadovy and
Shapiro 1987; Besseau and Bruslé-Sicard 1991; Grier
and Taylor 1998; Mazzoni et al. 2018). Alam et al.
(2006), investigating steroid-producing cells (SPCs) in
the ovaries of E. coioides, assumed as Leydig cells,
showed assemblages of cells strongly immunopositive
to the antibodies P450scc and P450 113 (enzymes
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Fig. 3 Histological sections of Epinephelus marginatus during
the beginning of sex transition. Animals treated with an aromatase
inhibitor (Al), methyltestosterone (MT), and Al + MT. a, b Dis-
organization of gonadal architecture, and degeneration of female
germ cells and proliferation of interstitial tissue in the Al group. ¢
Gonadal disorganization in the most advanced inversion process in
the MT and MT + Al groups. d The proliferation of male germ

involved respectively in the initial steps of steroidogen-
esis and in the final step of 11KT synthesis) during the
annual reproductive cycle, near the blood vessels in the
tunica albuginea. These cells identified by Alam et al.

@ Springer

cells and degenerating oocytes (MT group). e, f Male germ cells in
development in the androgen-treated groups. a—f Ovarian cavity
(OC); tunica albuginea (TA); gonia (G); disorganization of the
gonadal architecture (DAG); degenerative oocytes (OD); prolifer-
ation of interstitial tissue (PTI); spermatogonia (Sg); spermatocyst
(STC); spermatocyte (Sc). White arrow: Sertoli cells. a—f Staining
PAS + Metanil Yellow

(2006) were also identified in E. marginatus in the
present study, with an expressive increase of these cell
agglomerates in the tunica albuginea of the animals that
changed the sex.
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Fig. 4 Histological sections of the Epinephelus marginatus go-
nads showing the development of male germ cells in the group
treated with Al and androgens. a Gonadal tissue of the group
treated with androgens without the presence of degenerative oo-
cytes after 60 days of treatment. b Detail of the
melanomacrophagic centers within the gonadal tissue of the
groups treated with Al and MT. ¢ Male germ cells at different
stages of development after 90 days of the Al group. d Sperm cyst

rupture from the androgen-treated group of males after 60 days. e, f
Different cell types during spermatogenesis and sperm release to
the spermatic duct in the androgen-treated groups after 90 days. a—
f Leydig cells (CL); Melanomacrophagic centers (CMF); tunica
albuginea (TA); interstitial tissue (TI); somatic cells (CS); sper-
matogonia (Sg); spermatocyte (SC); gonia (G); initial spermatids
(STi); final spermatids (STf); spermatozoa (SZ). White arrows:
Sertoli cells. a—g Staining PAS + Metanil Yellow

@ Springer
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Fig. 5 Epinephelus marginatus—Localization of the pituitary
gland and histochemical reactions of the histological sections
presenting the structures of the control group, and the immunohis-
tochemical reactions of the histological sections presenting the
immunostaining of the gonadotropic cells and somatolactin (SL)-
producing cells in different parts of the adenohypophysis. a Sag-
ittal section showing the diencephalon, pituitary peduncle, and
pituitary gland. Note that the adenohypophysis is divided into
three parts according to the staining characteristics of the cells:
rostral pars distalis, proximal pars distalis, pars intermedia. b
Sagittal section localizing the pars intermedia of the

The difference in the size of the germ cells explains
the decrease in GSI in the experimental groups treated
with MT and MT + AIl, which was documented by
histological analyses of E. marginatus gonads, culmi-
nating with the degeneration of the gonadal tissue of the
first sex (ovary) and the growth and maturation of the
gonadal tissue of the opposite sex (testes). The morpho-
logical analyses of the animals treated with MT corrob-
orate with the results obtained in E. coiodes that showed
that the sex change process could be divided into two
phases, an early phase when female and male germ cells
coexist and a late phase when only male germ cells are
present (Wang et al. 2017), a phase that was not
achieved with Al. These authors also found that sex

@ Springer

adenohypophysis by immunostaining the SL-producing cells. ¢
A sagittal section demonstrating immunostaining of anti-3-FSH
cells. d A sagittal section demonstrating anti-3-LH cell immuno-
staining. e Anti-3-FSH cells (white arrows). f Anti-3-LH cells (red
arrows). Note that the anti-3-FSH and anti-3-LH cells are globose
cells, with a very eccentric nucleus and abundant cytoplasm. a—f
Diencephalon (De); pituitary peduncle (Pp); neurohypophysis
(NH); adenohypophysis (AH); Rostral pars distalis (RPD); Prox-
imal pars distalis (PPD); Pars intermedia (PI); A: Mallory
trichrome staining. b—i Immunohistochemical reactions using
anti-chum salmon antisera (Dr. H. Kawauchi)

change can be permanent if MT withdrawal occurred
just after 96 days in that species.

The result obtained in the plasma profile of the go-
nadal steroids over the 90 experimental days demon-
strated that E, decreased in the animals that reached the
most advanced stages of sex change (i.e., animals from
MT and MT + Al groups) and did not change through-
out the experimental period in the control and Al
groups. However, even considering this profile, E,
levels in juvenile animals were higher when compared
with adult females of the same species during sex
change with Al (Garcia et al. 2013). E, has an important
role in spermatogonial stem cell renewal, what can
explain the maintenance of high levels of this estrogen
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100 pm
—

Fig. 6 Epinephelus marginatus—Immunohistochemical reac-
tions of the histological sections showing anti-3-FSH cell immu-
nostaining in the different experimental groups after 90 days. a
Sagittal section of pituitary showing anti-3-FSH cell immuno-
staining in the control group (CT). b Sagittal section of pituitary
showing the immunostaining of anti-3-FSH cells in the aromatase
inhibitor (Al) group. Note weaker immunostaining than the other
experimental groups. ¢ Sagittal section of pituitary showing anti-

even after Al administration, a profile that was also
observed in adult dusky grouper females treated with
E2 (Garcia et al. 2013). Therefore, even in males, this
steroid, typically female related, is present (Miura and
Miura 2003; Schulz et al. 2010). T levels increased at
the beginning and middle of the experimental period in
the animals treated with MT + Al and MT, but when the
more advanced stage of sex reversal was observed, T
levels decreased. This profile was also similar in the
induction of sex change in adult E. marginatus using
Al during summer, which presented a transient increase
in T levels in the middle of the experimental period, but

100 pm
—

{3-FSH cell immunostaining in the methyltestosterone and aroma-
tase inhibitor (MT + AI) group. d Sagittal section of pituitary
showing the immunostaining of anti-3-FSH cells in the
methyltestosterone group (MT). a—d Neurohypophysis (NH);
Rostral pars distalis (RPD); Proximal pars distalis (PPD); Pars
intermedia (PI). Immunohistochemical reactions using anti-chum
salmon antiserum (Dr. H. Kawauchi)

at the end of the experiment, T levels were the same of
the animals from the control group (Garcia et al. 2013).

The study of the functional role of androgens in
females indicates that 11-KT produced in the ovaries
is involved in controlling the growth of pre-vitellogenic
oocytes (Lokman et al. 2015), while in males, 11-KT
plays a key role in sexual maturation, development of
secondary sexual characteristics, reproductive behavior
(Schulz et al. 2010), and sex change in protogynic
hermaphrodites (Alam et al. 2006). The data from this
study show that in Al-treated animals, the final dropin T
concentration is associated with an increase in 11-KT
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Fig. 7 A) FSH immunoreactive 100 -
cells (ir-FSH) and B) LH immu- a
noreactive cells (ir-LH) in 90
Epinephelus marginatus after 90 80 - ¢
experimental days. Control (CT), 70 1
aromatase inhibitor (Al), o b B
methyltestosterone (MT), and S 60 .
methyltestosterone + aromatase § 50 - T
inhibitor (MT + AlI). Different =
letters indicate a statistically sig- 5 40 7
nificant difference between S 30
treatments
20
10 4
0 T T r ,
CT Al MT AHMT
100
90 -
80 -
70 I
T 60 - 1
o
5, 50
% 40 -
X
30
20
10 4
0 T

CcT Al MT A+MT

levels, evidencing the important role of this androgen in
the proliferation of spermatogonia and spermiogenesis.
In the groups treated with synthetic androgens (MT and
MT + Al), the decrease in T levels after 90 days of the
experiment also occurred; however, elevations of 11-

Fig. 8 Plasma levels of estradiol 200 -
in Epinephelus marginatus 180 -
throughout the experimental
period. Control (CT), aromatase 160 -+
inhibitor (AI), methyltestosterone = 140 -
(MT), and methyltestosterone + £
aromatase inhibitor (MT + Al). . E 120 -
Different letters indicate a :o' 100 -
statistically significant difference b}
between treatments within the j 80 1
same period. Asterisk and number < 60 -
sign indicate a statistically 40 -
significant difference between
periods within the same treatment 20
0 4
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30 days

KT were not observed, suggesting that in these animals,
the production of male gametes occurred mainly due to
the action of the synthetic androgen.

The pattern of FSH and LH levels during the repro-
ductive cycle has been studied in different teleost

c#
a
«

= Control
mAl
oMmT

OMT+AI

60 days

90 days
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Fig. 9 Plasma levels of
testosterone in Epinephelus
marginatus throughout the
experimental period. Control
(CT), aromatase inhibitor (AI),
methyltestosterone (MT), and
methyltestosterone + aromatase
inhibitor (MT + Al). Different
letters indicate a statistically
significant difference between
treatments within the same
period. Asterisk and number sign
indicate a statistically significant
difference between periods within
the same treatment

4000 -

3500

3000 -

2500 -

Testosterone (pg/mL)

species, and the most common pattern was described in
salmonids since the 1990s, in which high plasma levels
of FSH are observed during the onset of gametogenesis,
decreasing during vitellogenesis and maturation, and
increasing again during the preovulatory period, where-
as LH is undetectable during gametogenesis, only in-
creasing slightly prior to ovulation/spermiation
(Swanson et al. 1991; Slater et al. 1994). However,
different patterns of gonadotropin synthesis and plasma
levels were detected in other gonochoristic species
(Levavi-Sivan et al. 2010). In protogynous hermaphro-
dite fish species, gonadotropin synthesis and/or plasma
levels also present different patterns. In E. coiodes, the
Ofsh and Blh genes present low expression levels when
animals present ovaries in the resting stage, but higher
gene expression levels of both gonadotropins were de-
tected during ovary development (Li et al. 2005). Go-
nadotropins are also involved in the control of sex

Fig. 10 Plasma levels of 11- 50 4
ketotestosterone in Epinephelus 45 -
marginatus throughout the ex-
perimental period. Control (CT),
aromatase inhibitor (Al),
methyltestosterone (MT), and
methyltestosterone + aromatase
inhibitor (MT + Al). Asterisk and
number sign indicate a statistical-
ly significant difference between
periods within the same treatment

40 +

35

11-Ketotestosterone (pg/mL)

30 days

| a H Control
BAI
omMT
OMT+AI

H
HH

30 days 60 days

90 days

change in groupers, as observed in Epinephelus merra
that were implanted with FSH and LH (purified from
cattle) and reached complete sex change in 3 weeks
(Kobayashi et al. 2010). During testis development,
levels of (fsh gene expression in the pituitary increased,
while blh gene expression levels did not change, sug-
gesting that FSH may trigger sex change in this species.

The data obtained in our study showed the distribu-
tion pattern of FSH, LH, and SL in E. marginatus
pituitary, evidencing that salmon antibodies are able to
recognize these pituitary hormones in this species. After
90 experimental days, animals from all treatments de-
creased the number of ir-FSH cells, corroborating the
study carried out in adult E. marginatus that showed
decreased (fsh gene expression after 9 weeks treated
with Al (Garcia et al. 2013). However, these authors
also observed a decrease in the gene expression levels of
0lh in Al-treated animals, which was not observed in the

m Control
@Al
amT
OMT+AI

60 days 90 days
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present study performed with juveniles, which can be
explained by the lower LH role in juvenile teleost spe-
cies (Yaron et al. 2003). The combined analysis of
gonadal steroids and gonadotropins shows that the de-
crease in ir-FSH cells in treated animals can be a result
of the negative feedback loop caused by the steroids
increase, 11-KT in Al-treated animals, and T in MT and
MT + Al groups.

Conclusions

In juveniles, E. marginatus sex reversal was most efficient-
ly induced with MT (combined with Al or alone) after 90
experimental days. In the gonads, the differentiation of
germinative cells to enter into the spermatogenesis starts
from a stock of steam cells, followed by the following
events: apparent disorganization of the gonadal architec-
ture, massive degeneration of female germ cells, presence
of melanomacrophage centers, proliferation of male-
associated structures (interstitial tissue and male germ
cells), and maturation of male germ cells. The use of Al
was efficient at starting the sex change process. Neverthe-
less, the experimental period was probably not sufficient to
progress the spermatogenesis until the final steps, while
MT-treated animals showed a shift from E, to T levels,
followed by a complete spermatogenesis process. Pituitary
ir-FSH cells decreased at the end of the experimental
period in all treatments, and this pattern can be related with
a negative feedback loop triggered by the increase in
natural and/or synthetic androgens, while LH was not
altered during the sex change, such as observed in adult
animals of the same species.
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