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Τhe effects of recombinant meagre follicle stimulating hormone (rFsh) and luteinizing hormone (rLh) 
were evaluated on testicular maturation in pre-pubertal meagre Argyrosomus regius, an upcoming 
aquaculture species in the Mediterranean region. Fish (body mass 1092.9 ± 178.8 g) received seven 
weekly injections of meagre rFsh, together with an rLh injection at week 6. One group was further 
treated with weekly rFsh or rLh until week 11 and was sacrificed at week 12 (rFsh/rLh group, 
TREATED 12). The second group received further weekly injections of rFsh until week 12 and was 
then left untreated until week 21 (single rLh group, TREATED 21). Control fish received injections of 
saline solution. At week 12, the testes of the rFsh/rLh-treated fish (TREATED 12) showed increased 
gonadosomatic index and seminiferous tubule diameter, reduction of spermatogonial density, increase 
of post-meiotic spermatocysts and accumulation of luminal spermatozoa. In the single rLh-treated 
group (TREATED 21), apoptosis increased towards pre-treatment levels, demonstrating that the 
withdrawal of the Fsh stimulus ceased the process of spermatogenesis. The results demonstrated the 
effectiveness of rFsh/rLh treatment in stimulating testicular growth, spermiogenesis and spermiation 
in pre-pubertal meagre.

The meagre Argyrosomus regius (Asso, 1801) is a member of the Sciaenidae family with a wide distribution in 
coastal waters, including brackish estuaries and lagoons of the eastern Atlantic Ocean and Mediterranean Sea1. 
This species is a recently established aquaculture species with a gradually increasing production in Mediterranean 
countries and very high production in Egypt2,3. As widely documented in many fish species4–14, meagre 
broodstocks reared in captivity fail to spawn spontaneously and hormonal treatments have been developed to 
stimulate oocyte maturation and ovulation, enhance sperm production and induce spawning of eggs with high 
fertilization success15–23. It was recently reported in a commercial farm in the North Ionian Sea (Europe), that 
rearing in sea cages may reduce captivity-induced stress and result in spontaneous maturation and spawning, 
since females had ovaries with post-ovulatory follicles during the reproductive season, an indication of recent 
spawning24.

Puberty in vertebrates involves the activation of the reproductive axis, a process involving the release of 
follicle stimulating hormone (Fsh) and luteinizing hormone (Lh) from the pituitary, which in turn induce gonad 
development and gametogenesis through the stimulation of sex steroid hormone synthesis and secretion25,26. 
It is well known that Fsh plays a major regulatory role during early stages of spermatogenesis, stimulating 
spermatogonia proliferation, while Lh is mainly involved in the final stages of maturation, the spermiogenesis27. 
At the completion of puberty, the previously juvenile individual is now a reproductively mature one, and in 
regards to the males, the testes produce spermatozoa that can be released to the environment during spawning. 
Lowering the age at puberty in aquaculture will reduce generation time in selective breeding programs, speed 
up breeding gains of desirable traits (growth, feed efficiency, disease resistance, etc.) and improve the cost of 
broodstock maintenance, by reducing the time required for fish to become reproductively active. Therefore, 
several studies have reported efforts to induce puberty precociously in fish, using gonadotropin releasing hormone 
agonists (GnRHa), gonadotropins (Gths) and sex steroid hormones, but the results have been variable28–34. In 
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recent years, recombinant gonadotropins (rGths) have proven to be powerful tools to alleviate fish reproductive 
dysfunctions and recombinant Fsh (rFsh) has been used successfully to enhance spermatogenesis in greater 
amberjack Seriola dumerili35 Senegalese sole Solea senegalensis36,37, European eel Anguilla anguilla38,39 and 
flathead grey mullet Mugil cephalus40,41.

In a previous study42, a six-week rFsh treatment was found to be effective in reducing germ cell death by 
apoptosis in 18 month-old pre-pubertal meagre that showed signs of spermatogenesis activation, but had not yet 
reached sexual maturity. Following these encouraging results, we report here the effects of the co-administration 
of rFsh and rLh on testicular development and reproductive maturation of pre-pubertal meagre, as well as the 
effects of rGth withdrawal on spermatogenesis.

Materials and methods
Ethics
 The study was in accordance with the European Directive, the Spanish Royal Decree and the Catalan Law for 
the protection of animals used for scientific purposes. The present study was approved by IRTA’s (Institute of 
Agrifood Research and Technology) Committee of Ethics and Experimental Animal (CEEA) and the Catalan 
Government as experimental project 11,264 with expedient number FUE-2020-01809522 and ID CJQX0B0PH. 
The authors complied with the ARRIVE guidelines.

Production of recombinant gonadotropins
The α- and β-subunit amino acid sequences of the Gths were deduced from the meagre pituitary mRNA sequences 
deposited in the European Nucleotide Archive (ENA) under the project accession numbers PRJEB57583. The 
deduced α subunit sequence common to both gonadotropins and the Fsh β sequence have been reported by 
Zupa et al.42.

The deduced Lh β subunit sequence is:

 

MAIRVSRVMFPLMLTLFLGASSFIWPLAPAVASQLPPCQLINQTVSLEKEGC
PKCHPVETTICSGHCITKDPVIKIPFSNVYQHVCTYRDLHYKTFELPDCPP
GVDPTVTYPVALSCHCGRCAMDTSDCTFESLQPNFCMNDIPFYY

Single-chain meagre rFsh and rLh were produced by Rara Avis Biotec S.L (Valencia, Spain) following the 
procedure described for the Senegalese sole and already reported in Zupa et al. (2023)42 for rFsh. Briefly, Chinese 
hamster ovary (CHO-S) cells in suspension were transfected with an expression construct encoding a fusion 
protein containing the entire coding sequence of meagre Fsh β or rLh β subunit, the 28 amino acids of the 
carboxyl-terminal sequence of the human corionic gonadotropin (hCG β) β subunit as a linker, and the mature 
sequence of meagre α subunit (Cga). After 120 h of CHO cell culture, ion exchange chromatography was used to 
purify the secreted recombinant hormones from the culture medium. The hormones were concentrated to 12 µg 
mL− 1 and quantified by semiquantitative Western blot, using polyclonal (mouse) antibody against meagre Fsh β 
or rLh β subunit and metal affinity purified His-tagged meagre rFsh and rLh as standard.

Fish rearing and administration of recombinant gonadotropins
 Juvenile meagre used for the present study were produced in IPMA (Olhão, Portugal) hatchery in the spring 
of 2020, and then transferred to IRTA during November 2020, where they were reared in a 10 m3 tank under 
natural photoperiod and constant temperature (18.1 ± 0.3 °C). At the starting date of the experiment (27 October 
2021), the fish had mean body mass of 1.08 ± 0.25 kg and a total length of 43.6 ± 3.8 cm. During the experiment, 
fish were fed daily, 6 days a week to apparent satiation with pellets (Brood Feed Lean, SPAROS, Portugal), and 
were starved for 24 h before hormone injections and samplings. For all the hormone injection and sampling, fish 
were anaesthetized with 70 mg L− 1 of MS-222.

The fish were divided in three groups, a control group and two rGth-treated groups. Both rGth-treated 
groups received weekly injections of rFsh starting at week 0 and for six consecutive weeks as reported by Zupa 
et al. (2023)42, and received the first rLh injection on week 6 (Fig. 1). Then, one group was treated further with 
rFsh for three more weeks (week 7, 8 and 9) and received again rLh injections on weeks 10 and 11; these fish were 
sacrificed and sampled on week 12 (rFsh/rLh group, TREATED 12 group; N = 8). This protocol was aimed to 
maximize both spermatogenesis and spermiation over a 12-week treatment period. The other rFsh/rLh-treated 
group continued to receive weekly injections of rFsh for six more weeks and then was left untreated; these fish 
were sacrificed and sampled on week 21 (single rLh group, TREATED 21 group; N = 6). This protocol was aimed 
to assess the effects of the rFsh withdrawal after a long-term treatment, on spermatogenesis, spermatogonial 
proliferation and germ cell apoptosis. The control group was given a weekly 1 mL injection of saline solution from 
the beginning of the experiment and individuals were sacrificed at the beginning of the experiment (CONTROL 
0 group; N = 5), on then at week 12 (CONTROL 12 group; N = 5) and week 21 (CONTROL 21 group; N = 3), at 
the times the two rFsh/rLh-treated groups were sacrificed.

Fish sampling
 In order to analyse the effects of the treatments on testicular maturation, fish were sacrificed at planned dates 
with an overdose of anesthesia (MS-222) followed by pithing to destroy the brain. Fish total length (TL, in cm), 
body mass (BM, in g) and gonad mass (GM, in g) were measured and gonadosomatic index (GSI) was calculated 
as 100 x GM/BM. Moreover, one-cm thick gonad slices were cut and fixed for four hours in Bouin’s solution, and 
then stored in 70% ethanol.
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Testis histology, immunohistochemistry and identification of apoptotic germ cells
 Testis samples were dehydrated in ethanol, clarified in xylene and embedded in paraffin wax. Four-µm thick 
sections were cut and stained with haematoxylin-eosin (H-E) or destined to immunohistochemical analysis and 
to the detection of apoptotic germ cells.

Proliferating germ cells were identified through the immunohistochemical localization of the Proliferating 
Cell Nuclear Antigen (PCNA), a polymerase delta accessory protein used as marker of proliferation, according 
to the procedure described in Zupa et al. (2013, 2017)6,9. Briefly, endogenous peroxidase was inhibited by pre-
treating sections for 10 min with 3% H2O2. Subsequently, sections were incubated for 30 min in normal horse 
serum (NHS; Vector, Burlingame, Ca) and then incubated overnight in a moist chamber at 4 °C with monoclonal 
antibodies to PCNA (Santa Cruz Biotechnology Inc., Dallas, Texas) diluted 1:25 in phosphate buffered saline 
(PBS; 0.01 M, pH 7.4, containing 0.15 M NaCl) containing 0.1% bovine serum albumin (BSA; Sigma-Aldrich, 
Milan, Italy). The visualization of the immunohistochemical reaction was performed through the avidin-
biotin-peroxidase complex (ABC) procedure using the Vectastain Universal Elite Kit (Vector, Burlingame, Ca). 
Peroxidase activity was visualized by incubating for 10 min with a 3,3′-diaminobenzidine (DAB) Peroxidase 
Substrate Kit (Vector, Burlingame, Ca). Replacement of the primary antibody with NHS and PBS was used as 
control procedure to confirm the immunoreaction specificity.

The identification of apoptotic germ cells was carried out through the terminal deoxynucleotidyl transferase-
mediated d’UTP nick end labeling (TUNEL) method with an in situ Cell Death Detection Kit, AP (Roche 
Diagnostics, Mannheim, Germany)6,9. Incubation with the reaction mixture was preceded by treating sections 
with a permeabilization solution of 0.1% Triton X-100 in 0.1% sodium citrate for 8 min. Terminal deoxynucleotidyl 
transferase was diluted 1:2 in TUNEL Dilution Buffer (Roche Diagnostics, Mannheim, Germany), and a ready-
to- use solution of nitro-blue tetrazolium chloride/5-bromo-4-chloro-3’-indolyphosphate p-toluidine salt (NBT/
BCIP) (Roche Diagnostics, Mannheim, Germany) served as a substrate for the signal conversion.

Relative quantification of germ cell types
 The different germ cell types were identified based on their size and morphology as described by Zupa et 
al.43. Briefly, single undifferentiated type A (Aund) spermatogonia were the largest germ cells (mean diameter 
15.5 ± 1.8 μm); spermatogonia committed towards spermatogenesis (differentiated type A, Adiff and type B) were 
smaller cells contained in spermatocysts of two or more cells; spermatocytes showed a variable morphology 
according to the different phases of meiosis, and spermatids had a compact and strongly basophilic nucleus 
(Fig. 2).

The density of single type Aund spermatogonia (n cells/mm2 germinal epithelium), and the relative surface 
occupied by committed spermatogonia (type Adiff + type B), spermatocytes, and spermatids (germ cell surface/
mm2 of germinal epithelium) were measured in five randomly-selected digital fields from the peripheral 
(proliferative) testis region. All the above measurements were taken from microphotographs captured with a 
digital camera (K3, Leica, Wetzlar, Germany) connected to a light microscope (DMRB, Leica, Wetzlar, Germany), 
using image-analysis software (LAS X, Wetzlar, Germany).

Seminiferous tubule diameter, proliferation index and quantification of testicular apoptosis
 The diameter of seminiferous tubules was determined on at least 80 tubules randomly selected in the 
peripheral region of testis sections stained with H-E sections. The proliferation (mitotic) index was calculated 
as percentage of PCNA-positive single type Aund spermatogonia. To this aim, PCNA positive and negative type 
Aund spermatogonia were counted on at least five randomly selected digital fields of the proliferative (peripheral) 
testis region. Due to the fragmentation of apoptotic cells into ‘apoptotic bodies’44 and the loss of the nuclear 
morphology in TUNEL-stained sections, which made individual identification of cells involved in the apoptotic 
process difficult, apoptosis was quantified by measuring the surface area occupied by TUNEL-positive apoptotic 
structures (µm2 per mm− 2 testis tissue). All the above measurements were performed on digital fields using the 
same image analysis system described above.

Fig. 1. Experimental design of treatment with rFsh and rLh showing the doses of rFhs and rLh used. Doses 
of rFsh and rLh are highlighted in light blue and cream yellow, respectively. Then, treated fish were divided in 
two groups that were treated as reported in the diagram. Fish from TREATED 12 group were sacrificed and 
sampled on week 12 and fish from TREATED 21 group were sacrificed and sampled on week 21. Red boxes 
indicate the sampling week. Control fish were sacrificed at week 0, 12 and 21.
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Statistical analysis
 Statistical differences in GSI, density of single type Aund spermatogonia, surface occupied by spermatogonial, 
spermatocyte, and spermatid cysts, seminiferous tubule diameter, proliferation index, as well as surface occupied 
by apoptotic structures were evaluated by an ANOVA followed by Tukey-Kramer post hoc test. Prior to the 
ANOVA, normality of variance was assessed through Shapiro-Wilk W test and percentage and proportion data 
were arcsine transformed45. Statistical analyses were performed with SAS® OnDemand for Academics (SAS 
Institute Inc., Cary, NC, USA). The results are presented as means ± sd, with statistical probability significance 
established at the P < 0.05 level.

Results
Biometric data and gonadosomatic index, seminiferous tubule diameter, testis histology and 
relative quantification of germ cell types
 Biometric data (FL, BM and GM) of fish sampled for the present study are reported in Table 1. The GSI did 
not change significantly over time among the three control groups (CONTROL 0 vs. CONTROL 12, P = 0.99; 
CONTROL 12 vs. CONTROL 21, P = 0.77) or between the two treated groups (P = 0.99); the TREATED 12 
and TREATED 21 groups had significantly higher GSI compared with their respective Controls (P < 0.05 in 
both cases) (Fig. 3a). The diameter of seminiferous tubules showed the same trend of GSI: it did not change 
significantly among the three control groups (CONTROL 0 vs. CONTROL 12, P = 0.99; CONTROL 12 vs. 
CONTROL 21, P = 0.98) or between the two treated groups (P = 0.99), but it was significantly higher in TREATED 
12 and TREATED 21 groups compared with their respective Controls (P < 0.05 in both cases) (Fig. 3b).

Fish from the CONTROL 0 group had small testes with seminiferous tubules with no or a very small lumen 
and a small number of spermatozoa in the main sperm duct (Fig.  4a). In proliferative (peripheral) region, 
mainly spermatogonia and spermatocytes were observed (Fig.  4b). The testes of the CONTROL 12 males 
showed seminiferous tubules with all stages of spermatogenesis, and a small number of luminal spermatozoa in 
seminiferous tubules and main sperm duct (Fig. 4c, d). Three out of eight fish of the TREATED 12 group were 
in active spermatogenesis, showing germ cells in all stages of spermatogenesis in the peripheral testis region 
and accumulation of large amounts of luminal spermatozoa in seminiferous tubules and sperm duct system 
(Fig. 4e, f). The other five fish of the TREATED 12 group and all the fish of the TREATED 21 (Fig. 4i, l) showed 
arrested spermatogenesis with seminiferous tubules devoid of spermatocysts; both the tubule lumina and sperm 
duct system were filled with spermatozoa. Spermatogenesis was regressed also in the testes of two fish of the 
CONTROL 21 group, as the seminiferous epithelium was almost devoid of spermatocysts and seminiferous 
tubules contained scarce luminal spermatozoa (Fig. 4g, h). One of the fish of this group had a higher GSI (2.2) 
and larger seminiferous tubules than the other fish of the same group, and its seminiferous epithelium showed 
an active spermatogenesis (Supplementary File S1, fish ID Exp2_M21_33).

The quantitative analysis of the different germ cell types showed no statistical difference in the density of single 
type Aund spermatogonia among the three control groups (CONTROL 0 vs. CONTROL 12, P = 0.97; CONTROL 
12 vs. CONTROL 21, P = 0.88) or between the two treated groups (P = 0.57); the density of these cells was 
significantly lower in the TREATED 12 group compared with its respective Control (P < 0.05), but did not differ 
between TREATED 21 and its respective Control (Fig. 5a). No statistical difference in the germinal epithelium 
surface occupied by cysts containing committed spermatogonia (Type Adiff and Type B) was observed among the 
control groups (CONTROL 0 vs. CONTROL 12, P = 0.93; CONTROL 12 vs. CONTROL 21, P = 0.53) or between 

Fig. 2. Micrographs of a testis section from a pre-pubertal meagre. H-E staining. Magnification bar 
= 50 μm. Arrowhead = single type Aund spermatogonium; asterisk = type Adiff spermatogonium; B = type B 
spermatogonia; sc = primary spermatocytes; sd = spermatids; sz = spermatozoa.
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the two treated groups (P = 0.97); the germinal epithelium surface occupied by committed spermatogonia was 
significantly lower in TREATED 12 and TREATED 21 groups compared to their respective Controls (P < 0.05 
in both cases) (Fig. 5b). No statistical difference in the germinal epithelium surface occupied by spermatocyte 
cysts was observed among the control groups (CONTROL 0 vs. CONTROL 12, P = 0.28; CONTROL 12 vs. 
CONTROL 21, P = 0.21) and between each treated group and their respective Controls (TREATED 12 vs. 
CONTROL 12, P = 0.63; TREATED 21 vs. CONTROL 21, P = 0.89); a reduction of the density of spermatocyte 
cysts was observed in treated fish from week 12 to week 21 (TREATED 21 vs. TREATED 12, P < 0.05) (Fig. 5c). 
No statistical difference in the germinal epithelium surface occupied by spermatid cysts was observed among 
the control groups (CONTROL 0 vs. CONTROL 12, P = 0.89; CONTROL 12 vs. CONTROL 21, P = 0.83); the 
surface occupied by these cells was significantly higher in the TREATED 12 group compared with the respective 
Control (P < 0.05) and it was similar between TREATED 21 and CONTROL 21 groups (P = 1.0); a reduction of 
the density of spermatid cysts was observed in treated fish from week 12 to week 21 (TREATED 21 vs. TREATED 
12, P < 0.05) (Fig. 5d).

Proliferation index and apoptosis
The immunostaining with anti-PCNA antibodies labelled nuclei of single type Aund spermatogonia, committed 
spermatogonia and primary spermatocytes (Fig. 6).

No statistical difference in the proliferation index of single type Aund spermatogonia was observed between 
control and treated fish; a significant decrease of the proliferation index was observed in both groups of fish 
sampled at week 21 compared with groups sampled at week 12 (P < 0.05 in both cases) (Fig. 7).

TUNEL-positive structures cells, likely Sertoli cells and spermatogonia, were observed in all the examined 
samples (Fig.  8). The surface occupied by apoptotic structures was significantly larger in the CONTROL 0 
compared with the CONTROL 12 group (P < 0.05); no difference in the surface occupied by apoptotic structures 
was observed between CONTROL 0 and CONTROL 21 (P = 0.09), CONTROL 12 and TREATED 12 (P = 1.0) 

Group name Sampling date Total length (cm) Body mass (g) Gonad mass (g)

CONTROL 0
(N = 5) 27/10/2021

48 1374 0.8

42 1073 3.6

38 690 3.3

44 1090 1.1

46 1193 0.9

Mean (± sd) 43.6 ± 3.8 1084.0 ± 250.7 1.9 ± 1.4

CONTROL 12
(N = 5) 10/01/2022

50 1041 1.5

53 1405 5.1

54 1338 1.8

49 1042 3.5

53 1383 1.5

Mean (± sd) 51.8 ± 2.2 1241.8 ± 184.4 2.7 ± 1.6

TREATED 12
(N = 8) 10/01/2022

51 1303 26.6

49 1050 18.5

52 1226 21.9

53 1307 20.2

46 865 19.7

47 956 19.8

46 922 16.0

50 1192 19.4

Mean (± sd) 49.3 ± 2.7 1102.6 ± 176.7 20.3 ± 3.1

CONTROL 21
(N = 3) 20/03/2022

45 1049 0.9

49 1337 0.8

48 1318 28.4

mean (± sd) 47.3 ± 2.1 1234.7 ± 161.1 10.0 ± 15.9

TREATED 21
(N = 6) 20/03/2022

42 976 10.9

47 1177 22.1

47 1130 28.7

48 1347 28.6

46 1088 16.0

40 762 11.7

Mean (± sd) 45.0 ± 3.2 1080.0 ± 197.6 19.7 ± 8.0

Table 1. Biometric data of control and rGths-treated juvenile meagre males.
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and CONTROL 21 and TREATED 21 groups (P = 0.18); the TREATED 21 group had significantly higher 
apoptotic structure density than the TREATED 12 group (P < 0.05) (Figs. 8 and 9).

Discussion
In meagre, as well as in many other fish affected by captivity-induced reproductive dysfunctions, treatment 
protocols based on GnRHa administration have been proved to be effective in stimulating oocyte maturation and 
ovulation, enhancing sperm production and inducing spawning15–23. These spawning-induction protocols are 
commonly applied to alleviate reproductive dysfunctions caused by an insufficient Lh release from the pituitary, 
but they are not effective in inducing pituitary Fsh synthesis or secretion46,47. Although administration of GnRHa 
or human chorionic gonadotropin (hGC), the latter acting as an Lh-like hormone, is not expected to be effective 
in inducing gametogenesis in immature fish, which requires both Fsh and Lh25,26, in female red seabream Pagrus 
major, GnRHa administration has been reported to be effective in inducing precocious puberty48, an effect that 
may be explained by the peculiarly negligible role of Fsh in the oogenesis of this species48.

The effectiveness of rFsh and rLh -synthesized using different methodologies- in stimulating the onset of 
spermatogenesis and testicular growth has been demonstrated widely in several fish species37,38,41. In meagre, it 
was recently reported that treatments with rFsh and rLh were not effective in inducing puberty in 9-month-old 
juveniles34, whereas rFsh triggered the onset of testis growth and spermatogenesis in 18-month-old pre-pubertal 
individuals42, i.e. individuals that showed signs of spermatogenesis activation but had not completed sexual 
maturation during the annual reproductive season, and did not produce mature, releasable spermatozoa. Pre-
pubertal meagre treated with rFsh showed active spermatogenesis, an increase of proliferation of spermatogonia 
committed towards spermatogenesis as well as the entry of spermatogonia into meiosis42. The present study 
describes the effects on the latter phases of testicular maturation of the administration of a combination of rFsh/
rLH, according to a protocol applied after the six-week rFsh treatment reported in42. The applied combination of 
rFsh/rLh stimulated further testicular growth, as evidenced by an increase in GSI that persisted 9 weeks after the 
end of the rFsh/rLh administration. The GSI of rFsh/rLh-treated fish (≈ 2%) was still lower compared with adult 
meagre reared commercially in sea cages (≈ 4%;24); however, testes of fish from both rFsh/rLh-treated groups had 
larger seminiferous tubules than controls, and slightly lower than that of adult meagre sampled in June at the peak 
of the reproductive season (≈ 160 μm vs. ≈ 200 μm). The treatment with rFsh/rLh induced further advancement 
of spermatogenesis and accumulation of large sperm masses in three of the eight individuals of the TREATED 
12 group, and finalization of the spermatogenesis process in the other five individuals of the same group, and in 
all individuals of the TREATED 21 group that showed seminiferous tubules devoid of spermatocysts and filled 
with spermatozoa. Moreover, from only one out of 13 control fish (considered as a precociously maturing fish), 
produced sperm was collected when abdominal pressure was applied, whereas viable sperm (percentage motile 
spermatozoa 64.5 ± 16.0%; cell concentration 2.0 ± 1.1 × 1010 cells mL− 1; curvilinear velocity 103.7 ± 23 μm s− 1; 
straight-line velocity 72.5 ± 15.5  μm s− 1 and average path velocity 90.4 ± 20.3  μm s− 1) was obtained from all 
the treated fish (N.D., unpublished data). Taken together, the observed testicular growth, seminiferous tubule 
enlargement, reduction of spermatogonia at week 12 and increase of spermatids and luminal spermatozoa, 
indicate that the rFsh/rLh treatment was effective in stimulating spermiogenesis and spermiation.

Although the role of Fsh and Lh in the reproductive process of fish has not yet been fully elucidated, it is 
generally accepted that Fsh acts on the early events of fish gametogenesis, whereas Lh acts on the final events 

Fig. 3. Changes in mean (± sd) (a) gonadosomatic index (GSI) and (b) diameter of seminiferous tubules 
of control and rGths-treated juvenile meagre. Different letters represent statistically significant differences 
(ANOVA; P < 0.05).
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Fig. 4. Micrographs of testis sections from juvenile meagre. (a–b) CONTROL 0; (c–d) CONTROL 12; (e–f) 
TREATED 12; (g–h) CONTROL 21; (i–l) TREATED 21. H–E staining. Micrographs (b), (d), (f), (h), and (l) 
are higher magnifications of the area included in the red rectangles of (a), (c), (e), (g), and (i), respectively. 
Magnification bar = 1 mm in (a), (c), (e), (g), (i) and 300 μm in (b), (d), (f), (h), (l). sz, spermatozoa.
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of this process49. Hence, the administration of rFsh and rLh according to the protocol reported earlier42, 
followed by the one used in the present study, appeared to mimic efficiently the physiological activation of the 
reproductive axis that occurs at the onset of sexual maturation. In fact, the first phase of the treatment, based only 
on rFsh administration, was able to stimulate the onset of gametogenesis, characterised by the transition from 
spermatogonial stem cell self-renewal to rapid proliferation towards meiosis42, whereas the second phase of the 
treatment, with both rFsh and rLh in the present study, was able to support the last events of spermatogenesis, 
i.e. spermatid differentiation into spermatozoa and spermiation.

The treatments with rFsh followed by the combination of rFsh/rLh were highly effective in the stimulation of all 
phase of spermatogenesis, including proliferation of committed spermatogonia, entry in meiosis, spermiogenesis and 
spermiation. However, the timing of the experimental design did not allow demonstrating any effect on spermatogonial 
stem cell self-renewal. In fact, the initial treatment with rFsh likely stimulated spermatogonial self-renewal, but this 

Fig. 5. Changes in mean (± sd) (a) density of single type Aund spermatogonia, and (b), (c), (d) surface occupied 
by spermatogonial or spermatocyte or spermatid cysts, respectively, in control or rGths-treated juvenile 
meagre. Different letters represent statistically significant differences (ANOVA; P < 0.05).
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occurred for a limited period after the first rFsh administration(s) and was not detected by our earlier study42. The 
time-limited stimulation of spermatogonial stem cell self-renewal and the consequent reduction of stem germ cell 
reservoir might have limited the growth of testes in rFsh/rLh-treated juvenile meagre, which did not attain peak 
GSI values recorded in adults. However, high GSI values and/or sustained spermiation were reported in Japanese eel 
Anguilla japonica50, European sea bass Dicentrarchus labrax51, yellowtail kingfish Seriola lalandi52, Senegalese sole36 
and flathead grey mullet41 that underwent different treatments with rGths, suggesting that spermatogonial stem cell 
self-renewal did not represent a limitation to testicular growth and spermatogenesis. These apparently contradictory 
data suggest the need to conduct further studies to fully elucidate the mechanisms regulating spermatogonial self-
renewal and the role exerted by Fsh/Lh on this process.

The presence of apoptotic cells in adult testis has been reported widely in all vertebrate classes, from fish to 
mammals7,9,44,53–62. In vertebrates with seasonal reproductive cycles, an increase of apoptosis is observed commonly 

Fig. 7. Changes in mean (± sd) proliferation index of single type Aund spermatogonia in control or rGths-
treated juvenile meagre. Different letters represent statistically significant differences (ANOVA; P < 0.05).

 

Fig. 6. Micrograph of testis sections of a juvenile meagre immunostained with antibodies against the 
Proliferating Cell Nuclear Antigen (PCNA), which stains brown the nuclei of proliferating cells. Magnification 
bar = 30 μm. Arrowhead = anti-PCNA positive single type Aund spermatogonium; dashed arrow = anti-PCNA 
negative single type Aund spermatogonium; curved arrow = anti-PCNA positive type B spermatogonia; 
arrow = anti-PCNA positive primary spermatocytes.
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Fig. 8. Micrographs of testis sections of juvenile meagre stained with the terminal deoxynucleotidyl 
transferase-mediated 2′-deoxyuridine 5′-triphosphate nick end labelling (TUNEL) method, with apoptotic 
structures appearing as dark blue dots. (a), CONTROL 0; (b), CONTROL 12; (c), TREATED 12; (d), 
CONTROL 21; (e), TREATED 21. (f) and (g) are higher magnifications of the area included in the red 
rectangles of (a). (f) shows scattered apoptotic structures in the peripheral (proliferative) testis region and 
diffuse apoptotic structures along the perimeter of seminiferous tubules of the intermediate testis region. (g) 
shows apoptotic Sertoli cells (arrowheads) and spermatogonia (arrows). (h) is a higher magnification of the 
area included in the red rectangles of (e), and shows an apoptotic spermatogonial cyst (arrow). Magnification 
bar = 1 mm in (a), (b), (c), (d), and (e); 200 μm in (f); 50 μm in (g); 100 μm in (h). p, peripheral region; i, 
intermediate region; c, central region.
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during testicular regression at the end of the reproductive season, concomitantly with the withdrawal of Fsh/Lh and 
sex steroids release, which act as survival factors for germ cells, while little testicular apoptosis is observed during 
recrudescence or the breeding season44,62–66. In teleost fishes, the limited available data suggest species-specific 
differences in the role of testicular apoptosis and the existence of mechanisms regulating the balance between germ 
cell proliferation and apoptosis. Germ cell apoptosis in fish can occur during different stages: in zebrafish Danio 
rerio67, guppies Poecilia reticulata68 and Atlantic cod Gadus morhua69, the main loss of germ cells occurs in the 
spermatogonial phase, whereas in tilapia Oreochromis niloticus it is mainly observed during spermiogenesis70. In 
Atlantic salmon Salmo salar, the loss of stimulated by retinoic acid gene 8 protein (stra8) gene expression induced 
an increase of germ cell apoptosis, compensated by an elevated production of spermatogenic cysts71. A high level 
of spermatogonial apoptosis was reported in untreated pre-pubertal meagre and treatment with rFsh resulted in a 
significant decrease of apoptotic cell death42. It was supposed that the high level of apoptosis observed in pre-pubertal 
meagre was responsible for the removal of germ cells than cannot proceed towards spermatogenesis, due to insufficient 
levels of Fsh/Lh and sex steroids and that the 6-week treatment with rFsh was able to eliminate the apoptotic block, 
allowing spermatogonia to proliferate and enter in meiosis42. In the present study, apoptosis involved Sertoli cells 
and spermatogonia, and increased markedly in treated fish sampled at week 21, suggesting that the cessation of the 
treatment at week 12 induced extensive apoptosis of germ cells -and associated Sertoli cells- that could not proceed 
with spermatogenesis/spermiogenesis due to the withdrawal of Fsh/Lh. The present apoptosis data agree with another 
study that reported that insulin-like 3 (Insl3), a Leydig cell-derived growth factor whose expression is up-regulated 
by Fsh, stimulates the differentiating proliferation of type A undifferentiated spermatogonia, and loss of Insl3 triggers 
germ cell apoptosis in male zebrafish72. Moreover, the present study is in agreement with previous studies showing that 
reproductively dysfunctional adult Atlantic bluefin tuna Thunnus thynnus under captivity-induced chronic stress had 
high level of testicular apoptosis6,7,55, and Fsh/Lh release from the pituitary after the administration of gonadotropin 
releasing hormone agonist provoked a significant decrease of apoptosis cells55.

Conclusions
A two-step protocol based on the administration of rFsh42 followed by a combination of rFsh and rLh (present study) 
proved to be effective in inducing the completion of puberty precociously in meagre, and resulting in the production 
of releasable sperm. The first step42, effectively removed the apoptotic block that prevents spermatogonia to proceed 
towards spermatogenesis, and stimulated testis growth, proliferation of committed spermatogonia and entering in 
meiosis. The second step (present study) resulted in the persisting survival of germ cells, further stimulated testis growth 
and induced spermiogenesis and spermiation. The proposed protocol proved to be effective in advancing reproductive 
maturation in male meagre, and laid the bases to reduce the generation time of selective breeding programs. Further 
studies are needed to verify the superiority of recombinant gonadotropin technology over conventional hormone 
treatments for the induction of spermatogenesis in pre-pubertal meagre.

Data availability
Fsh α and β subunits amino acid sequences were deduced from the meagre pituitary mRNA sequences deposited in 
the European Nucleotide Archive (ENA) under the project accession number PRJEB57583. All the other data pro-
duced and/or analyzed during the current study are included in this article and in Supplementary Information file.
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