
 
 
 
 

 
 
 
 
 
 
 

 

This document is a postprint version of an article published in Aquaculture © 

Elsevier after peer review. To access the final edited and published work see 

https://doi.org/10.1016/j.aquaculture.2021.737844 

  

 

Document downloaded from: 

 

 
 

 
 
 
 
 

https://doi.org/10.1016/j.aquaculture.2021.737844
http://repositori.irta.cat/


1 

 

Aquaculture 550 (2022) 737844 1 

 2 

Gonadotropin induction of spermiation in Senegalese sole: 3 

effect of temperature and stripping time 4 

 5 

 6 

François Chauvignéa,*, Jessica Lleberiaa, Carlos Vilafrancab, Diogo Rosadob, 7 
Micaela Martinsb, Frederico Silvab, Wendy González-Lópezc, Sandra Ramos-8 
Júdezc, Neil Duncanc, Ignacio Giménezd, Isidro Blanquetb, Joan Cerdàa,* 9 
 10 
a Institute of Agrifood Research and Technology (IRTA)-Institute of Biotechnology and 11 
Biomedicine (IBB), Universitat Autònoma de Barcelona, 08193 Barcelona, Spain 12 
b Safiestela-Sustainable Aqua Farming Investments, S. A., 4570-275 Porto, Portugal 13 
c IRTA, Sant Carles de la Ràpita, 43540 Tarragona, Spain 14 
d Rara Avis Biotec, S. L., 46002 Valencia, Spain 15 
 16 
 17 

 18 
 19 

 20 
 21 
* Corresponding authors 22 
E-mail addresses: françois.chauvigne@irta.cat (F. Chauvigné), joan.cerda@irta.cat (J. Cerdà) 23 
 24 

25 

mailto:françois.chauvigne@irta.cat
mailto:joan.cerda@irta.cat


2 

 

Highlights 26 

 27 

• Treatment with rFsh and rLh at 12ºC enhance spermiation in Senegalese sole F1 28 
males. 29 

• One batch of spermatids is recruited into spermatozoa differentiation after a single 30 
rLh injection. 31 

• Maximum sperm production occurs 48 h after rLh injection at 12ºC. 32 

• rFsh and rLh treatments at 12ºC and 17ºC, respectively, increase spermiation. 33 
 34 

35 
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Abstract 36 
 37 
Treatments with homologous recombinant follicle-stimulating and luteinizing hormones (rFsh 38 
and rLh, respectively) are known to enhance spermatogenesis and sperm production in sole, but 39 
the response can be highly variable depending on the dose, duration and time of the year of the 40 
rFsh treatment. To further investigate the physiological effects of rFsh and rLh on sperm 41 
production in sole, here we examined the pattern of spermiation of F1 males, of approximately 42 
450 g, treated with rFsh and rLh under controlled temperature. In an initial trial at 12ºC, males 43 
were weekly injected intramuscularly with 18 µg kg-1 rFsh over five weeks and subsequently 44 
treated with a single injection of 18 µg kg-1 rLh. Histological analysis indicated that the 45 
rFsh+rLh treatment increased gonad weight and stimulated spermatogenesis, and also enlarged 46 
the size of the seminiferous and efferent duct (ED) tubules, resulting in a doubling of sperm 47 
production with respect to the controls. Sperm counts in the ED and sequential stripping of 48 
males at 24, 48 and 72 h post rLh injection further revealed that only one batch of spermatids is 49 
recruited into spermatozoa (Spz) differentiation after a single rLh induction. A peak of sperm 50 
accumulation in the ED occurs at 48 h, coinciding with the upregulation of genes potentially 51 
involved in Spz maturation. In a second experiment, we tested the effect of two rFsh doses (10 52 
or 18 µg kg-1) over five weeks as previously, followed by one rLh injection at 12ºC or 17ºC. 53 
The results confirmed that spermiation was the highest 48 h after rLh treatment at 12ºC, which 54 
was increased in a dose-dependent manner with the dose of rFsh previously supplied (from 0.36 55 
to 0.95 x 109 Spz kg-1). However, sperm production elicited with the low rFsh dose was 56 
potentiated by ~3-fold (from 0.36 to 1.06 x 109 Spz kg-1) when the rLh treatment was given at 57 
17ºC. These data suggest that in Senegalese sole sperm collection should be carried out at 48 h 58 
after rLh treatment, and that a low dose of rFsh at 12ºC is highly efficient for stimulating sperm 59 
production when rLh is administered at a temperature close to that occurring during maximum 60 
natural spermiation. 61 
 62 
 63 
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 65 
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1. Introduction 69 

 70 

The control of reproduction in aquaculture is critical to provide good quality 71 
gametes for the mass production of larvae, and to facilitate methods to preserve traits of 72 
commercial interest through genetic breeding programs (Lind et al., 2012). In the last 73 
decades, the high demand for the diversification of marine fish aquaculture has 74 
identified the Senegalese sole (Solea senegalensis) as one of the target species in the 75 

Southern Mediterranean because of its high commercial value (FAO, 2018). However, 76 
the domestication of this species to assure the sustainability of its culture is impaired by 77 
the lack of methods to control reproduction, particularly of the F1 offspring of wild 78 
captive broodstock, which results in the obtention of poor or none fertilization, as well 79 
as variable larval quality and high incidence of abnormalities, heterogenous growth or 80 

mortality (Morais et al., 2016). As for other species (Mylonas et al., 2017), the use of in 81 

vitro fertilization in Senegalese sole culture has been proposed as a more controlled 82 
method for obtaining eggs and larvae (Liu et al., 2008; Rasines et al. 2012ab; Ramos-83 

Júdez et al., 2021b). However, the low quantity and variable quality of the sperm that 84 
the sole males typically produce (Beirão et al., 2011; Cabrita et al, 2011) impedes the 85 
transfer of these protocols to the industry. 86 

The Senegalese sole is oligospermic (producing <130 μl of semen), as other 87 

flatfishes, and shows asynchronous and semicystic spermatogenesis, i.e. the 88 
differentiation of haploid spermatids to spermatozoa (spermiogenesis) takes place 89 

within the lumen of the seminiferous tubules (García-López et al., 2005). Due to the 90 
asynchronous nature of sole spermatogenesis consecutive batches of spermatids are 91 
recruited into spermatozoa differentiation during the year, and consequently spermiation 92 

occurs all year-round. However, sperm production is more intense during spring, when 93 

females ovulate, which coincides with a peak in the plasma levels of the gonadotropins 94 
follicle-stimulating (Fsh) and luteinizing (Lh) hormones and of the major androgen 11-95 
ketotestosterone (11-KT) (García-López et al., 2006; Cabrita et al., 2011; Chauvigné et 96 

al., 2015, 2016). During the last years, different hormone treatments based on the 97 
administration of gonadotropin-releasing hormone analogue (GnRHa) or human 98 

chorionic gonadotropin, with or without 11-KT precursors, such as 11-99 
ketoandrostenedione, or dopaminergic inhibitors, have been tested with the aim of 100 

increasing semen production in Senegalese sole. However, none of these treatments 101 
result in a marked increase of spermiation, although they do induce a transient elevation 102 
of circulating androgens, and may increase the hydration or the motility of sperm 103 
(Agulleiro et al., 2006, 2007; Cabrita et al., 2011; Guzmán et al., 2011ab).  104 

Recently, however, the use of Senegalese sole recombinant Fsh and Lh (rFsh and 105 

rLh, respectively), which activate specific receptors in somatic and germ cells in the 106 
testis, have shown to be useful to enhance sperm production. Recombinant 107 

gonadotropins can be produced as single-chain polypeptides in different heterologous 108 
host systems, such as the yeast or mammalian cells, which allows continuous 109 
availability of the hormones (Dalton and Balton, 2014; Molés et al., 2020). Treatment 110 
with recombinant gonadotropins is effective at inducing spawning and spermiation in 111 
several fish species (Sanchís-Benlloch et al., 2017; Zhang et al., 2018; Peñaranda et al., 112 

2018; Kobayashi et al., 2010; Mazón et al, 2013, 2014; Molés et al., 2020, Ramos-Júdez 113 
et al., 2021a), which highlights the great potential of these hormones for aquaculture. In 114 
Senegalese sole, homologous rFsh and rLh can stimulate spermatogenesis and 115 
spermiogenesis in vitro (Chauvigné et al., 2012, 2014ab), as well as increase testicular 116 
growth, spermatogenesis and spermiation in vivo (Chauvigné et al., 2017, 2018). 117 

However, these treatments can sometimes produce results with a high variability, which 118 
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may be related to the duration and dose of the rFsh treatment and the time of the year 119 

when this hormone is administered (Chauvigné et al., 2017, 2018). In addition, the time-120 

course effects of rLh on spermiation in vivo, which are crucial in order to select the best 121 
time for the collection of mature and highly motile sperm, are not known. Therefore, to 122 
establish reliable recombinant gonadotropin-based hormone therapies for increasing 123 
semen production in the Senegalese sole it is necessary to decipher the physiological 124 
effects of rFsh and rLh on spermatogenesis and spermiation. 125 

In the present study, we have examined the production of sperm by pubescent sole 126 
F1 males after treatment with increasing doses of rFsh at low temperature, and 127 
subsequent induction of spermiation with rLh at low and high temperatures. In addition, 128 
by sequential or separate stripping of males and histological analysis we have 129 
investigated the pattern of sperm production at different times after rLh treatment. 130 

These new data and approaches provide a significant advance towards the establishment 131 

of industrial protocols for spermiation enhancement in Senegalese sole. 132 
 133 

2. Materials and methods 134 
 135 
2.1. Animals and recombinant hormones  136 

The fish employed in this study were approximately two-year pubescent 137 

Senegalese sole F1 males, which were maintained at the Institute of Agrifood Research 138 
and Technology (IRTA) research facilities in Sant Carles de la Ràpita (Spain), as 139 

previously described (Chauvigné et al., 2017), or at the facilities of Safiestela-140 
Sustainable Aqua Farming Investments in Porto (Portugal). The experimental 141 
procedures relating to the care and use of animals were approved by the Ethics 142 

Committee from IRTA and the Portuguese legislation for the use of laboratory animals 143 

in accordance with the guidelines of the European Directive (2010/63/EU). 144 
Single-chain Senegalese sole rFsh and rLh were produced in Chinese hamster 145 

ovary (CHO) cells by Rara Avis Biotec (Valencia, Spain) as described previously 146 

(Chauvigné et al., 2017). The biological activity of the hormones produced for the 147 
present study was confirmed by intramuscular injection of male fish and measurement 148 

of 11-KT plasma levels at 48 h after injection (see below). 149 
 150 

2.2. Experimental design 151 

2.2.1. Experiment 1 152 

Males (394 ± 12 g; mean ± SEM) were kept in 10 m3 tanks connected to a 153 

recirculation system (IRTAmar1) and acclimated to 12°C for 2 weeks (from late 154 
October to mid-November) under a natural photoperiod. Based on previous studies 155 
(Chauvigné et al., 2018), fish were injected intramuscularly with a dose of 18 µg kg-1 of 156 
rFsh (n = 25) or saline buffer (controls, n = 25) once a week for 5 consecutive weeks. 157 

One week after the last injection, only fish treated with rFsh were injected with a single 158 
dose of rLh (18 µg kg-1), while control males were treated again with saline. Ten fish 159 
from each group were sequentially stripped at 24, 48 and 72 h after rLh treatment, 160 
whereas other 5 fish were sacrificed at each time. Blood samples were taken before the 161 
first injection with rFsh (time 0) as well as at 24, 48 and 72 h after rLh treatment. 162 

 163 
2.2.2. Experiment 2 164 

Fish (517 ± 14 g) were acclimated to 12°C during approximately four months 165 

(from October to mid-February) with a photoperiod of 10 h light:14 h dark. After this 166 
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period, fish were divided into the following experimental treatments: Groups 1 and 2 (n 167 

= 12 each) were injected with saline; Groups 3 and 4 (n =12 each) were treated with 10 168 

µg kg-1 rFsh; and Groups 5 and 6 (n = 12 and 36, respectively) were injected with18 µg 169 
kg-1 rFsh. These treatments were administered for 5 consecutive weeks. After this time 170 
Groups 2, 4 and 5 were acclimated to 17ºC for one week, to test the effect of 171 
temperature on hormone-induced spermiation, whereas Groups 1, 3 and 6 remained at 172 
12ºC. Fish from all groups including the controls were then injected with 18 µg kg-1 173 

rLh. Sperm was stripped at 48 h after rLh treatments in Groups 1 to 5, whereas the 174 
males from Group 6 were divided into three groups (n = 12 each) that were stripped for 175 
sperm collection at 24, 48 or 72 h. Blood samples were taken before the start of the 176 
experiment (time 0), the day before rLh injection at 12ºC (day 42) and during the 177 
following three days (24, 48 and 72 h, days 43, 44 and 45, respectively). For the fish 178 

treated with rLh at 17ºC (Groups 2, 4 and 5) plasma samples were collected after 179 

temperature acclimation to 17ºC prior to rLh injection and two days after injection (48 180 
h, day 44). 181 

 182 
2.3. Sampling procedures 183 

Sperm and blood samples were collected as previously described (Chauvigné et 184 
al., 2017). For the extraction of testis biopsies, fish were sedated before being sacrificed 185 

by decapitation and the entire testis removed in order to determine the gonadosomatic 186 
index (GSI; testes weight fish weight-1 x 100). The dorsal testis was fixed in Bouin’s 187 

solution (5% acetic acid, 9% formaldehyde, and 1.5% picric acid in aqueous solution) 188 
overnight at room temperature for further histological analysis. The left testis was cut 189 
into two pieces that were deep frozen in liquid nitrogen and kept at -80°C for 190 

subsequent gene expression analysis. 191 

 192 
2.4. Gonadotropin and steroid determinations 193 

To determine plasma levels of both endogenous and recombinant gonadotropins 194 

enzyme-linked immunosorbent assays (ELISAs) using specific antibodies against 195 
Senegalese sole Fshβ and Lhβ subunits were carried out following established protocols 196 

(Chauvigné et al., 2015, 2016). A commercial enzyme immunosorbent assay (EIA; 197 
Cayman Chemical Company) was used to determine 11-KT levels in plasma as 198 

previously described (Chauvigné et al., 2015, 2016, 2017). Plasma free steroids were 199 
extracted in methanol from 3.5 μl of plasma and the resulting pellet was diluted 1:100 in 200 
EIA buffer 0.1M K2HPO4/KH2PO4, 1.54 mM sodium azide, 0.4M NaCl, 1 mM EDTA, 201 
and 0.1% BSA, pH 7.4). A standard curve was run for each EIA plate and all samples 202 

were analysed in duplicate. 203 
 204 

2.5. Histological analysis 205 

Testis fixed in Bouin's solution were subsequently dehydrated and embedded in 206 
paraplast (Sigma-Aldrich). The testis biopsies were oriented in the molds in a manner to 207 
obtain sagittal sections. Sections of 7 μm in thickness were attached to 208 
UltraStick/UltraFrost Adhesion slides (Electron Microscopy Sciences) and stained with 209 
hematoxylin and eosin as previously described (Chauvigné et al., 2017). The different 210 

somatic and germ cell types in the Senegalese sole testis were identified following the 211 
descriptions by García-López et al. (2005). The relative amounts (%) of spermatogonia 212 
type A and B (SpgA and SpgB, respectively), spermatocytes (Spc), attached and free 213 

spermatids (SpdA and SpdF, respectively), and spermatozoa (Spz) were scored in 10 214 
tubules from different testicular areas per fish. The area of the tubules of the efferent 215 
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duct and the number of spermatozoa in each tubule were also scored in 3 representative 216 

tubules per fish. Counting of the cell types in the testis and efferent duct tubules was 217 

carried out in 5 different fish for each group at each time point using the NIS-element 218 
AR 4.30.02 software (Nikon). 219 

 220 
2.6. RNA extraction and gene expression analysis 221 

The expression levels of selected genes, such as sperm antigen 6 (spag6), sperm 222 

surface protein 17 (spa17), cilia- and flagella-associated protein 46, 54 and 61 (cfap46, 223 
cfap54, cfap61, respectively), radial spoke head protein 1 (rshp1), cytochrome P450 224 
family 17 subfamily A member 1 and 2 (cyp17a1 and cyp17a2, respectively), 20β-225 
hydroxysteroid dehydrogenase (cbr1), and membrane progestin receptor alpha (paqr7), 226 
were determined by real-time quantitative RT-PCR (qRT-PCR). Total RNA was 227 

extracted from the testes using the GenEluteTM Mammalian Total RNA Miniprep Kit 228 
(Sigma-Aldrich), treated with DNase I, and 1 μg of total RNA was reverse transcribed 229 
using 0.5 μg oligo (dT)17, 1 mM dNTPs, 40 IU RNAse inhibitor, and 10 IU SuperScript 230 

II (Life technologies Corp.) for 1.5 h at 42°C. The qRT-PCR was carried out in a final 231 
volume of 20 μl using 5 μl of SYBR Green qPCR master mix (Life Technologies 232 
Corp.), 1 μl of diluted cDNA (1:5 in sterile mQ water), and 0.5 μM of each forward and 233 
reverse primer (Table 1). The reference gene was alpha actin (Table 1). Each sample 234 

was assayed in duplicate on 384-well plates using the Thermal cyclers C1000 Touch in 235 
combination with the optical modules CFX384 (Biorad, LLEB, UAB). The 236 

amplification protocol was an initial denaturation and activation step at 50ºC for 2 min 237 
and 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 s and 63ºC for 1 min. After 238 
the amplification phase, a temperature-determining dissociation step was carried out at 239 

95ºC for 15 s, 60ºC for 15 s, and 95ºC for 15 s. Changes in gene expression in testicular 240 

samples were determined as fold-changes with respect to the saline group at each time 241 
point (24, 48 or 72 h) using the 2-ΔΔCt method (Livak and Schmittgen 2001). 242 

 243 

2.7. Evaluation of sperm production 244 

The total volume of milt collected from each male was recorded, and an aliquot 245 

was diluted 1:10 with non-activating medium (NAM; in mM: 75 NaCl, 1.5 KCl, 12.9 246 
MgCl2, 2.65 CaCl2, 20 NaHCO3, 4.4 glucose, 0.015 BSA, pH 7.7, 290 mOsm). The 247 

concentration of Spz was determined by loading the diluted sperm sample under a cover 248 
slip before being video-recorded for 1 second and analysed using the Integrated Semen 249 
Analysis System (ISASv1 software, Proiser, Valencia, Spain) coupled to a phase 250 
contrast microscope (Nikon Eclipse 50i, Nikon) equipped with a x20 negative phase 251 

contrast objective. Sperm count was performed in three different regions of the counting 252 
chamber to minimize miscalculations. The total amount of Spz per ejaculate was finally 253 
normalized by the weight of each fish. The measurements were carried out in duplicate 254 

for each ejaculate. 255 
 256 
2.8. Statistical analysis 257 

Results are expressed as the means ± SEM. Comparisons between two 258 
independent groups were made by the two-tailed unpaired Student’s t-test. The 259 

statistical significance among multiple groups was analyzed by one-way ANOVA, 260 
followed by the Tukey’s multiple comparison test, or by the non-parametric Kruskal-261 
Wallis test and further Dunn's test for nonparametric post hoc comparisons, as 262 

appropriate. Percentages were square root transformed prior to analyses. Statistical 263 
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analyses were carried out using the GraphPad Prism v8.4.3 (686) software (GraphPad 264 

Software). In all cases, statistical significance was defined as P < 0.05. 265 

 266 
3. Results 267 
 268 
3.1. Experiment 1: effect of recombinant gonadotropins on spermiogenesis 269 

3.1.1. rFsh and rLh increase androgen plasma levels 270 

To monitor the correct administration and bioactivity of the recombinant 271 
hormones, the plasma levels of Fsh, Lh and 11-KT were determined by specific 272 
ELISAs. Prior to the injection with rFsh, and after acclimation at 12ºC (time 0), plasma 273 
levels of Fsh in both experimental groups were relatively low (1.45 ± 0.32 and 1.47 ± 274 
0.40 ng ml-1), and in the control group they remained low (< 2 ng ml-1) throughout the 275 

experiment (Fig. 1A). However, the levels in the group treated with rFsh (18 µg kg-1) 276 
for 5 weeks followed by a rLh (18 µg kg-1) injection reached 17.91 ± 2.40 ng ml-1 24 h 277 
after the rLh induction, and these levels decreased progressively at 48 and 72 h (10.82 ± 278 

0.41 and 9.34 ± 1.46 ng ml-1, respectively) (Fig. 1A).  279 
As for Fsh, the plasma levels of Lh were low at time 0 (6.04 ± 0.71 and 5.40 ± 280 

0.32 ng ml-1). As expected, the group treated with rFsh showed a potent increase in the 281 
circulating levels of Lh 24 h after rLh injection (82.82 ± 8.57 ng ml-1), which 282 

progressively decreased at 48 and 72 h (39.34 ± 3.36 and 21.88 ± 3.45 ng ml-1) (Fig. 283 
1B). 284 

The changes in the plasma levels of the androgen 11-KT exhibited a similar 285 
pattern to that of the gonadotropins. These levels were low at time 0 (5.04 ± 1.24 and 286 
5.84 ± 0.84 ng ml-1 in each group), and slightly increased toward the experiment in the 287 

control group (from 2.97 ± 0.52 to 10.22 ± 2,13 ng ml-1), thus inversely to that observed 288 

for the Lh plasma levels in this group (Fig. 1C). According to the strong increase in 289 
plasma Lh at 24 h after rLh treatment observed in the rFsh-treated males, the 11-KT 290 
plasma levels in this group were also highly stimulated (101.41 ± 13.27 ng ml-1), but the 291 

levels progressively diminished thereafter (64.30 ± 18.35 and 28.19 ± 6.67 ng ml-1, at 292 
48 and 72 h, respectively) (Fig. 1C). 293 

 294 
3.1.2. Recombinant gonadotropins stimulate gonad growth and spermatogenesis 295 

The treatment with rFsh followed by rLh injection clearly stimulated the testis 296 
size as indicated by the GSI of the males treated with the hormones, which was higher 297 
than that of the control fish at 24, 48 and 72 h after rLh injection (Fig. 2A). However, 298 

the GSI values in the rFsh+rLh-treated males were higher at 48 h than at 24 or 72 h after 299 
injection (Fig. 2A). 300 

The visual examination of the testicular histology from hormone treated and non-301 
treated males suggested that spermatogenesis and spermiogenesis was potentiated by 302 

rFsh and rLh. In this group, more Spz within the cortical part of the testis were observed 303 
with respect to the controls (Fig 2.B). This observation was confirmed by the 304 
quantification of the different germ cell types within the seminiferous tubules of the 305 
testis. The SpgA germinal stem cells represented a low percentage of the cells within 306 
the tubules at all sampling times, and their number decreased with the rFsh+rLh 307 

treatment at 24 h after rLh injection (Fig 2.C). In contrast, both the percentage of 308 
dividing SpgB and Spc increased within the tubules at both 24 and 48 h after rLh 309 
administration with respect the controls (Fig 2.C), suggesting that germ cell meiosis was 310 

stimulated in the hormone-treated group. However, the highest percentage of cells 311 
encountered within the testicular tubules of control and treated males were Spd (Fig 312 
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2.C). The majority of Spd were attached to the Sertoli cells (SpdA), while some were 313 

observed free within the tubule lumen (SpdF) (Fig 2.B), a typical feature of the semi-314 

cystic spermatogenesis in the Senegalese sole. After rLh treatment, the percentage of 315 
SpdA decreased in the rLh-treated fish with respect to the controls at all time points, 316 
whereas the occurrence of SpdF increased only at 48 and 72 h after rLh injection (Fig 317 
2.C). Finally, the percentage of testicular Spz was higher than the controls after 24, 48 318 
or 72 h of rLh injection, although this percentage also slightly increased in the males 319 

treated with saline at 72 h (Fig 2.C). Altogether these data corroborated that 320 
spermiogenesis was stimulated in the males treated with the recombinant hormones. 321 

To further confirm that the treatment with rFsh and rLh potentiated 322 
spermiogenesis, we evaluated the number of Spz within the tubules of the testicular 323 
efferent duct (ED). The histological analysis showed that the control and treated males 324 

had a similar concentration of Spz within the ED tubules, although the diameter of the 325 

tubules appeared to be higher in the males treated with rFsh and rLh with respect to that 326 
in the control fish (Fig. 3A). Determination of the tubule area confirmed that this was 5, 327 

7 and 3 times bigger in hormone-treated fish than in the controls at 24, 48 and 72 h after 328 
rLh injection, respectively (Fig. 3B). Despite this, the concentration of Spz within the 329 
tubule was similar in controls and treated fish (Fig. 3C), and therefore the total 330 
estimated number of Spz in the ED tubules was 6-, 10- and 3-fold higher in the treated 331 

males than in the controls at 24, 48 and 72 h postinjection, respectively (Fig. 3D). The 332 
combined administration of rFsh and rLh thus enhanced the accumulation of Spz within 333 

the ED tubules, and this tended to be higher at 48 h after rLh injection. 334 
 335 

3.1.3. rLh modulates the expression of sperm maturation-related genes  336 

The previous data suggested that gonadotropin treatments induced the 337 

differentiation of Spz in the testis and their fast accumulation in the tubules of the ED 338 
already at 25 h after rLh injection. However, to investigate potential differences in 339 
sperm maturation after rLh induction we evaluated by qRT-PCR the level of expression 340 

of genes typically involved in teleost spermiation, such as progestin synthesis and 341 
progestin receptors (cyp17a1, cyp17a2, cbr1 and paqr7), fertilization (spag6 and 342 

spa17), and Spz flagellar motility (cfap46, cfap54, cfap61 and rsph1). The result 343 
showed that while the expression of cyp17a1 did not change at 24, 48 or 72 h after rLh 344 

injection, that of cyp17a2, cbr1 and paqr7 was enhanced at 48 h (Fig. 4). The other 345 
genes studied (spag6, spa17, cfap46, cfap54 and cfap61) were also upregulated at 48 h 346 
post rLh injection, except rsph1 for which no significant differences were detected (Fig. 347 
4). These data therefore suggest that full maturation of sole Spz seems to occur at 48 h 348 

after rLh injection. 349 
 350 

3.1.4. Sequential sperm production 351 

The amount of sperm produced by males injected with the saline solution or 352 
rFsh+rLh was subsequently studied in the remaining fish from each group. To 353 
investigate whether rLh could induce several batches of Spd differentiation to Spz, in 354 
these experiments the same males were stripped at 24, 48 and 72 h after hormone 355 
injection. All fish were spermiating. In the control group, the sperm production at 24h 356 

was of 1.89 ± 0.34 x 109 Spz kg-1 while it was of 3.73 ± 0.78 x 109 Spz kg-1 in the 357 
rFsh+rLh treated group (~2-fold increase) (Fig. 5A). The following day, at 48h post rLh 358 
injection, the same males showed much lower sperm counts (0.55 ± 0.13 and 1.50 ± 359 
0.19 x 109 Spz kg-1 in the control and hormone-treated groups, respectively), despite the 360 

fact that the treated group exhibited 2.8-fold more sperm than the controls (Fig. 5A). 361 
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The tendency of decreasing sperm counts was confirmed by the third day of stripping 362 

(72 h post rLh injection) in both groups (0.31 ± 0.08 and 0.88 ± 0.20 x 109 Spz kg-1 in 363 

the control and hormone-treated groups, respectively), with 2.9-fold more sperm 364 
collected for the rFsh+rLh group (Fig. 5A). During the three consecutive days of 365 
collection, the accumulated total amount of sperm produced in the control and treated 366 
males reached 2.74 and 6.10 x 109 Spz kg-1, respectively, thus being 2.2-fold higher in 367 
the males injected with rFsh+rLh than in the controls (Fig. 5B). 368 

 369 
3.2. Experiment 2: effect of rFsh dose and temperature at spermiation 370 

3.2.1. Gonadotropin and steroid plasma levels 371 

In the second trial, we tested the effect of the administration of different doses of 372 
rFsh (10 or 18 µg kg-1) for 5 weeks, as well as different temperatures (12º or 17ºC) at 373 

the time of rLh injection, on sperm production (Fig. 6A). To confirm the observations of 374 
the previous experiment, blood sampling and stripping of different males at 24, 48 and 375 
72 h after rLh injection at 12ºC were only carried out in Group 6 treated with the 376 

highest dose of rFsh. For the males treated with rLh at 17ºC, blood sampling and 377 
stripping were performed only at 48 h after rLh injection based on the results of the first 378 
experiment (Fig. 6A). 379 

As observed in the previous experiment, the plasma levels of Fsh were relatively 380 

low at time 0 (8.19 ± 2.49 ng ml-1) and remained < 4 ng ml-1 in the controls (Groups 1 381 
and 2) regardless of the temperature at the time of rLh injection (Fig. 6B). In contrast, 382 

males treated with 10 or 18 ug kg-1 rFsh (Groups 3-4 and 5-6, respectively) showed a 383 
dose dependent increase in plasma Fsh before rLh treatment, with levels reaching 34.31 384 
± 4.25 and 58.55 ± 3.69 ng ml-1 in Groups 5 (acclimated to 17ºC) and 6 (maintained at 385 

12ºC), respectively (Fig. 6B). The levels of Fsh in these groups progressively decreased 386 

at 48 and 72 h following rLh injection, falling to 19.43 ± 1.01 and 34.32 ± 1.81 ng ml-1 387 
in Groups 5 and 6, respectively (Fig. 6B). 388 

The endogenous levels of plasma Lh in the males at time 0 (3.01 ± 0.50 ng ml-1) 389 

were lower than those of Fsh and remained equally low regardless of the temperature 390 
treatment until rLh was administered (Fig. 6C). After rLh injection at 12ºC, the plasma 391 

levels of Lh markedly increased at 24 h (62.12 ± 3.56 ng ml-1) to progressively decrease 392 
thereafter at 72 h (32.13 ± 2.43 ng ml-1), while at 17ºC the rLh injection promoted a 393 

similar induction of plasma Lh at 48 h as at 12ºC (29.03 ± 1.36 vs 29.56 ± 1.74 ng ml-1 394 
at 12º and 17ºC, respectively) (Fig. 6C). Curiously, males treated with the highest dose 395 
of rFsh showed the highest level of plasma Lh after rLh injection at 48 h and 12ºC, 396 
while the opposite trend was noted at 17ºC (Fig. 6C). 397 

The 11-KT plasma levels were also fairly low at time 0 (14.78 ± 3.81 ng ml-1), 398 
and after the rFsh treatment period, males at 12ºC showed higher levels of plasma 399 
androgen before rLh treatment than the controls (Fig. 6D). In contrast, the 400 

concentrations of 11-KT in males acclimated to 17ºC were not different between rFsh 401 
treated and non-treated fish (Fig. 6D), which may be related to the lower levels of 402 
plasma Fsh after the rFsh treatment in fish acclimated to 17ºC (Fig. 6B). At 12ºC, males 403 
previously treated or not with rFsh showed a similar ~3.6-fold increment of the 404 
androgen levels at 48 h after rLh injection, which decreased at 72 h, whereas at 17ºC the 405 

increase of 11-KT at 48 h was similar than that at 12ºC (Fig. 6D). Interestingly, 48 h 406 
after rLh injection at either 12º or 17ºC the levels of 11-KT were not affected by the 407 
previous treatment of males with rFsh, unlike that observed for Lh (Fig. 6D).  408 
 409 

3.2.2. rFsh and rLh-induced sperm production is enhanced at high temperature 410 
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Sperm production was evaluated at 48 h after rLh injection (Groups 1-5), or at 24, 411 

48 and 72 h post rLh treatment using different subgroups of males from Group 6. As 412 

observed in the experiment 1 all fish were spermiating. At 12ºC, males treated with the 413 
highest dose of rFsh (18 µg kg-1) produced 0.56 ± 0.04 x109 Spz kg-1 at 24 h after rLh 414 
injection, which was ~6-fold higher than that of the controls (0.09 ± 0.04 x109 Spz kg-1) 415 
at 48 h postinjection (Fig. 7). When the rFsh-treated fish were stripped at 48 h, the 416 
sperm count was almost doubled (0.95 ± 0.18 x109 Spz kg-1) with respect to the fish 417 

spermiated at 24 h, representing a ~11-fold increase with respect to the control group, 418 
whereas at 72 h sperm production dropped (0.44 ± 0.13 x109 Spz kg-1) (Fig. 7). As 419 
expected, males treated with the low dose of rFsh (10 µg kg-1) and injected with rLh at 420 
12ºC were less effective in producing sperm at 48 h (0.36 ± 0.06 x109 Spz kg-1) (Fig. 7). 421 
However, this was not the case when males were acclimated to 17ºC before rLh 422 

injection (Groups 4 and 5), since in these groups the sperm produced by fish previously 423 

treated with 10 or 18 µg kg-1 rFsh was similar at 48 h after rLh injection (1.06 ± 0.30 424 
and 0.87 ± 0.21 x109 Spz kg-1, respectively), and as high as in males treated with 18 µg 425 

kg-1 of rFsh and rLh at 12ºC (Fig. 7). 426 
 427 
4. Discussion 428 

 429 

In the present study, two different experiments were carried out in which rFsh was 430 
administered during 5 consecutive weeks under a controlled temperature of 12ºC. Such 431 

a low temperature seems to be positive to potentiate spermatogenesis in Senegalese sole 432 
males, since it correlated with a strong increment in the GSI and the total production of 433 
sperm as found here and in previous studies (García-López et al., 2006; Chauvigné et 434 

al., 2017, 2018). In both experiments of the present study, the endogenous basal levels 435 

of Fsh and Lh in plasma before rFsh treatment were low (~5 ng ml-1), suggesting that 436 
the acclimation periods of the fish to the low temperature were efficient. The 437 
administration of rFsh at 12ºC may also be beneficial to increment the stability of the 438 

hormone in plasma. Indeed, in the present study, the plasma levels of Fsh before rLh 439 
injection reached ~35 or ~60 ng ml-1 in males treated with 10 or 18 µg kg-1 rFsh at 440 

12ºC, respectively, while they dropped to ~17 or ~35 ng ml-1 when fish were acclimated 441 
to 17°C. 442 

The plasma levels of Lh in males treated with 10 or 18 µg kg-1 rFsh showed 443 
however a different trend depending on the temperature, which has not been previously 444 
observed. Thus, after rLh injection at 12ºC the plasma levels of Lh in males increased in 445 
a dose dependent manner with the previous dose of rFsh received, whereas at 17ºC a 446 
decrease of the Lh levels with the rFsh dose was noted. These data could reveal 447 

differences in hormone kinetics at the temperatures tested, or a possible feedback 448 
regulation on Lhβ expression and secretion by the pituitary induced indirectly by 449 

testicular steroids produced in response to rFsh, or through dopamine regulatory 450 
mechanisms in the brain triggered by the hormone (Yaron and Levavi-Sivan, 2011). 451 
Future studies will be necessary to investigate whether these mechanisms can modulate 452 
the rLh induction of spermiation in Senegalese sole. 453 

The combined treatment of rFsh and rLh raised the plasma levels of the androgen 454 

11-KT, which confirmed the strong bioactivity of the recombinant gonadotropins 455 
(Chauvigné et al., 2017, 2018). However, the rLh treatment appeared to be more potent 456 
than rFsh at inducing androgen secretion, as observed in other fish species (Kazeto et 457 
al., 2008; Yom-Din et al., 2016). The rLh-stimulated 11-KT synthesis also resulted in 458 
an increase of the GSI after 48 h of rLh injection, reflecting the growth of the testis 459 

during the treatment. In the present work, the GSI approximately doubled with respect 460 
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to the controls after 5 weeks of rFsh treatment and a single rLh injection, a result 461 

comparable to that found in F1 pubescent sole males treated with the same dose of rFsh 462 

for 9 weeks under natural temperature (from 15º to 11ºC) (Chauvigné et al., 2017). This 463 
again suggests that an acclimation to low temperature favours testis growth and 464 
spermatogenesis in sole. 465 

Histological analysis of the different cell types in the testis revealed an 466 
accumulation of SpgB in the seminiferous tubules at 24 h after rLh injection, which was 467 

concomitant with a decreased percentage of SpgA, which is in agreement with the 468 
differentiation and proliferation of SpgB at the onset of spermatogenesis in teleosts 469 
(Schulz et al., 2010). A higher occurrence of Spc was also found in the hormone treated 470 
fish, indicating that the treatment with rFsh and rLh induced an entry of Spg into 471 
meiosis. No effect was observed on the number of SpgA, SpgB or Spc after 72 h, 472 

suggesting that cells already differentiated to haploid spermatids. Similar results were 473 

previously described for Senegalese sole (Chauvigné et al., 2017), as well as other in 474 
other teleosts in which species-specific recombinant gonadotropins have been employed 475 

(Peñaranda et al., 2018, Molés et al., 2020). At all sampling times, the percentage of 476 
immature SpdA was decreasing while that of mature SpdF, as well as the number of Spz, 477 
increased in the tubules at 48 and 72 h after rLh induction, as observed in our previous 478 
study (Chauvigné et al., 2017). These data thus reveal an active spermiogenesis 479 

controlled by gonadotropins, which was corroborated by the increment in the number of 480 
Spz in the ED. Therefore, as previously reported in Senegalese sole males (Chauvigné 481 

et al., 2017), recombinant gonadotropin-based hormone therapies appear to be effective 482 
to promote spermatogenesis and spermiation in this species.  483 

It is known that C21 steroids (progestins) are active players in the process of 484 

spermiation in teleosts (Scott et al., 2010). Progestins, such as 17α,20β-dihydroxypregn-485 

4-en-3-one (17,20βP) or 17α,20β,21-trihydroxy-4-pregnen-3-one (20β-S) are known 486 
maturation inducing steroids in male and female teleost gametes (Scott et al., 2010). 487 
Progestins can induce spermiation, increase milt production under the control of Lh, and 488 

stimulate Spz motility (Scott et al., 2010; Vizziano et al., 1996; Yueh and Chang, 1997; 489 
Tubbs and Thomas, 2008; Tenegu et al., 2020). In Senegalese sole, however, previous 490 

studies have reported that the plasma levels of 17,20βP are almost undetectable at the 491 
time of spermiation (Garcia-López et al., 2006; Agulleiro et al., 2007). In contrast, free 492 

and sulphated 17,20βP and its metabolites are readily detectable in males in which 493 
spermatogenesis is enhanced by treatment with GnRHa in combination with 11-494 
ketoandrostenedione (Agulleiro et al., 2007). This suggests that sulphated or 495 
glucuronidated and/or 5β-reduced 17,20βP metabolites may be the active ‘spermiation-496 
inducing’ hormones in Senegalese sole as in other flatfishes (Agulleiro et al., 2007; 497 

Scott et al., 2010). 498 
Therefore, as a proxy to monitor the process of sperm maturation after rLh 499 

treatment, we investigated the expression of various genes related to progestin synthesis 500 
and function at 24, 48 and 72 h after rLh injection. In the testis, progestins are 501 
synthetized in the interstitial Leydig cells from their precursor progesterone, which is 502 
metabolised to 17-hydroxyprogesterone (17-P) by the Cyp17a1 enzyme through its 17α-503 
hydroxylase activity (Kazeto et al., 2000). The Cyp17a1 has also lyase activity, 504 

converting 17-P to androstenedione, the immediate precursor of testosterone, which is 505 
also the precursor of estrogens and 11-KT in male fish. In salmonids and possibly in 506 
other teleosts, another Cyp17a1-related enzyme, termed Cyp17a2, which exhibits 507 
hydroxylase activity only, as well as the Cbr1, are upregulated during spermiation, thus 508 
driving the accumulation of 17-P and further conversion to 17,20βP (Zhou et al., 2007; 509 

Sreenivasulu et al., 2012). Therefore, a shift in the ratio between the two Cyp17a 510 
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enzymes, or alternatively the inhibition of the Cyp17a1 lyase activity by progestins 511 

themselves, may lead to the synthesis of progestins rather than androgens (Barry et al., 512 

1990; Tenugu et al., 2020). According to this model, we observed that the cyp17a1 513 
expression levels did not vary following rLh induction, while those of cyp17a2 and cbr1 514 
increased more at 48 h after rLh injection, suggesting a shift to progestin synthesis in 515 
the testis at the time of maximum spermiation. Progestins can act on Spz through the 516 
membrane progestin receptors, such as Paqr7 (Thomas et al., 2009), and in our study we 517 

also detected the highest level of the corresponding paqr7 transcripts at 48 h after rLh 518 
treatment. These data therefore suggest that full maturation of Spz in the ED of the 519 
testis possibly occurs at 48 h post rLh induction. This conclusion is supported by the 520 
expression of other genes potentially involved in sperm motility, such as cfap46, cfap54 521 
and cfap61 (Linck et al., 2016; McKenzie et al., 2020; Huang et al., 2020; Liu et al., 522 

2021), and sperm fertilization competence, such as spag6 and spa17 (Liu et al., 2019; 523 

Instaqui et al., 2017), which were also upregulated in the testis at 48 h after rLh 524 
injection. 525 

The sequential stripping of males at 24, 48 and 72 h following rLh treatment 526 
revealed that sperm counts, while remaining higher than in the controls, were 527 
progressively decreased from 24 to 72 h post injection, suggesting that the rLh induced 528 
the recruitment of only one batch of Spd into Spz differentiation and maturation. This 529 

observation was confirmed in the second experiment, in which males stripped at 48 h 530 
showed more ejaculated sperm than males sampled at 24 or 72 h after rLh injection. 531 

These data agree with the asynchronous type of spermatogenesis described in 532 
Senegalese sole (García-López et al., 2005, 2006), and could be the result of a negative 533 
feedback mechanism on Spz differentiation occurring in the testis. Although the nature 534 

of these mechanisms are yet unknown, previous studies in sole have identified that the 535 

maturation of Spds is associated with the translation of the Lh receptor in these cells and 536 
their release to the lumen of the seminiferous tubules, where they will differentiate to 537 
Spz in response to Lh (Chauvigné at al., 2014ab). The investigation of the molecular 538 

regulation of the Lh receptor in immature SpdA will therefore be of interest to elucidate 539 
the endocrine mechanisms controlling spermiation in Senegalese sole. 540 

Finally, we investigated the effect of a rise in temperature prior to the rLh 541 
administration on sperm production. The aim of this experiment was to replicate the 542 

conditions of maximum spermiation in the wild, which occurs in spring when 543 
temperature is around 16-18°C (Cerdà et al., 2008, García-López et al, 2006, Guzmán et 544 
al., 2009). At 12ºC, sperm production at 48 h after rLh treatment was increased in a 545 
dose-dependent manner with the dose of rFsh previously administered, but at 17ºC we 546 
found that rLh injection of males previously treated with a low dose of rFsh resulted in 547 

a similar production of sperm at 48 h than that observed in males treated with a high 548 
dose of rFsh and rLh at 12ºC. Whether this observation is the result of more SpdA being 549 

recruited into maturation at 17ºC, or of a faster process of SpdF differentiation to Spz, 550 
remains to be studied. In addition, in the present study we did not measure sperm 551 
production at 24 h after rLh injection at 17ºC, and therefore it is possible that under 552 
these conditions production of sperm at this time can be similar to that at 48 h. 553 
Nevertheless, our results suggest that maximum spermiation was obtained under the 554 

hormone doses and conditions employed in the present study. Future research should be 555 
conducted to synchronize the testis to accumulate more SpdF in the testis prior to the 556 
rLh injection, which might increase the quantity of sperm collected.  557 

In conclusion, we confirm the efficiency of a dual rFsh and rLh hormone therapy 558 
to enhance testis growth, spermatogenesis and spermiation in Senegalese sole. Our data 559 

also suggest that 48 h after rLh injection is the time that assures maximum production of 560 
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mature Spz. In addition, we report that using a low dose of rFsh for 5 consecutive weeks 561 

at 12ºC is very efficient in terms of sperm production if further rLh treatment is given at 562 

17ºC, which could be of interest to reduce the economic cost of using rFsh and rLh in a 563 
commercial hatchery. Altogether, the present study therefore proposes a more refined 564 
protocol for recombinant gonadotropin-based hormone therapies to promote sperm 565 
production in F1 Senegalese sole males. 566 
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Fig. 1. Gonadotropin and androgen circulating levels in Senegalese sole males treated with rFsh 

and rLh. Plasma levels of Fsh (A), Lh (B) and 11-KT (C) in males before rFsh (18 µg kg-1) 

treatment (day 0), and at 24, 48 and 72 h after saline (control) or rLh (18 µg kg-1) intramuscular 

injection following a weekly treatment with saline or rFsh for 5 weeks. Data (n = 5 fish) are box 

and whisker plots and were statistically analyzed by the Student’s t-test at each time point as 

indicated in brackets (**, P < 0.01; ***, P < 0.001). 
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Fig. 2. Gonad weight and testicular development of males treated with rFsh and rLh. (A) GSI of 

males, previously treated with rFsh (18 µg kg-1) for 5 weeks at 12ºC, at 24, 48 and 72 h after 

saline or rLh (18 µg kg-1) injection at the same temperature. (B) Representative 

photomicrographs of histological sections from the cortical region of the testis stained with 

hematoxylin and eosin after 48 h of treatment with saline or rLh. (C) Percentage of germ cells in 

the seminiferous tubules in the testis of fish at 24, 48 and 72 h after treatment with saline or rLh. 

SpgA, spermatogonia type A; SpgB, spermatogonia type B; Spc, spermatocyte; SpdA, spermatid 

attached to Sertoli cells; SpdF, spermatid free in the tubule lumen; Spz, spermatozoa. In A and 

C, data (n = 5 fish) are box and whisker plots and were statistically analyzed by the Student’s t-

test at each time point or cell type, or as indicated in brackets (*, P < 0.05; **, P < 0.01). In A, 

statistically significant data among the rFsh+rLh-treated males at different times are indicated 

by a different superscript on top of each box (one-way ANOVA, P < 0.05). 
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Fig. 3. Accumulation of spermatozoa in the testicular efferent duct (ED) of males treated with 

rFsh and rLh at 12ºC. (A) Photomicrographs of histological sections from the ED stained with 

hematoxylin and eosin from males at 24, 48 and 72 h after saline or rLh treatment. (B-D) Area 

of the ED lumen (B), density of spermatozoa (C) and number of spermatozoa per ED tubule (D) 

after saline or hormone treatment. In B-D, data (n = 5 fish) are box and whisker plots and were 

statistically analyzed by the Student’s t-test at each time point (*, P < 0.05; **, P < 0.01). 
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Fig. 4. Changes in the expression of testicular genes related to progestin function, flagellar 

motility and fertilization, in males treated with rFsh and rLh at 12ºC. Values are the relative 

mean expression levels of different genes normalized to the β-actin gene after 24, 48 and 72 h of 

rLh treatment expressed as fold-changes with respect to the control group (saline injected) at 

each time point. Dashed line at 1 indicates no change with respect to the controls. Data are the 

mean ± SEM (n = 4 fish), and values with different superscript are significantly different (one-

way ANOVA, P < 0.05). 

 



23 

 

 
 

Fig. 5. Sperm production by males treated with rFsh and rLh at 12ºC. (A) Mean amount of 

sperm, normalized to the weight of fish, produced by the same males at 24, 48 and 72 h after 

saline or rLh injection. (B) Total sperm produced by each group during three days after the 

treatments. Data (n = 10 fish) are box and whisker plots and were statistically analyzed by the 

Student’s t-test as indicatd in brackets (*, P < 0.05; **, P < 0.01; ***, P < 0.001). In A, 

statistically significant data among the rFsh+rLh-treated males at different times are indicated 

by a different superscript on top of each box (one-way ANOVA, P < 0.05). 
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Fig. 6. Gonadotropin and androgen plasma levels in Senegalese sole males treated with two 

doses of rFsh and with one rLh dose at two different temperatures. (A) Schematic representation 

of the experimental setup. (B-D) Concentration of Fsh (B), Lh (C) and 11-KT (D) were 

measured at day 0 (before rFsh treatment), after the saline or rFsh treatment with 10 or 18 µg 

kg-1 (rFsh 10 and rFsh 18, respectively) for 5 weeks plus one more week at 12 or 17ºC (day 42), 

and at 24, 48 and 72 h after rLh (18 µg kg-1) injection at 12 or 17ºC. Note that in this case 

control fish were also treated with rLh at day 42. Data (n = 12 fish) are box and whisker plots 

and were statistically analyzed by one-way ANOVA. Bars with different superscript within a 

time point (black color) or amongst the times after rLh injection (red color) at 12ºC are 

significantly different (P < 0.05). The asterisks in parenthesis indicate data significantly 

different with respect to groups treated with rFsh at 12ºC before rLh injection, whereas asterisks 

without parenthesis indicate differences with respect to groups maintained at 17ºC before rLh 

treatment (**, P < 0.01; ***, P < 0.001). 
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Fig. 7. Sperm production by males treated with two doses of rFsh and with one rLh dose at two 

different temperatures. Data represent the mean amount of sperm, normalized to the weight of 

fish, produced by different males at 24, 48 and 72 h after rLh injection. Note that control and 10 

µg/kg rFsh treated fish were spermiated only at 48 h. Data (n = 12 fish) are box and whisker 

plots and were statistically analyzed by one-way ANOVA. Bars with different superscript are 

significantly different (P < 0.05). 

 




