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Abstract
The aim of the current study is to evaluate gene expression patterns of LH (lhr) and estrogen (er) receptors and 
plasma steroid levels during testicular development in Genyatremus luteus. Males were histologically classified 
as immature (n=7), maturing (n=7) and mature (n=7), based on the cellular structure of their testes. Plasma 
11-KT concentration recorded peak at the final maturation stage. The highest plasma 17α-OHP concentrations 
were observed at the immature stage; they decreased at the maturation and mature stages. On the other hand, 
17β-estradiol (E2) recorded higher concentrations at the maturation stage. Er expression has significantly increased 
along the maturational development of animals’ testes. The mRNA observed for the LH receptor has decreased 
from immature to maturing stage; it presented expression peak at the mature stage. There was high association 
between receptor gene expression and plasma steroid levels, mainly E2. The current study was the first to feature 
different reproductive maturation stages in male G. luteus specimens, based on cellular, endocrine and molecular 
aspects. In addition, it has shown that the gene expression profile for er and lhr receptors, as well as plasma 11-KT 
and E2 concentrations, are directly linked to testicular maturation, although they are not necessarily associated 
with the gonadosomatic index.

Keywords: receptors, estradiol, gonadal maturation, reproduction, grunt.

Resumo
O objetivo deste estudo foi avaliar os padrões de expressão gênica dos receptores de LH (lhr) e de estrogênio (er) 
e dos níveis de esteróides plasmáticos durante o desenvolvimento testicular de Genyatremus luteus. Os machos 
foram classificados histologicamente em imaturos, em maturação e maduros, de acordo com a estrutura celular 
dos testículos. A concentração plasmática de 11-KT apresentou um pico na fase de maturação final (P<0.05). As 
maiores concentrações plasmáticas de 17α-OHP foram encontradas no estádio imaturo (P<0.05), com consequente 
diminuição nos estádios em maturação e maturo. O 17β-estradiol (E2) apresentou maiores níveis de concentração 
no estádio em maturação (P<0.05). A expressão de er aumentou significativamente ao longo do desenvolvimento 
maturacional dos testículos (P<0.05). O mRNA para o receptor de LH diminuiu do estádio imaturo para o estádio em 
maturação (P<0.05) com consequente pico de expressão no estádio maduro. Houve alta relação entre a expressão 
gênica dos receptores e os níveis de esteróides plasmáticos, especialmente com E2. Em conclusão, este estudo 
caracterizou pela primeira vez, sob os aspectos celular, endócrino e molecular, os diferentes estádios de maturação 
reprodutiva em machos de G. luteus, demonstrando que o perfil da expressão gênica para os receptores er e lhr, 
bem como as concentrações plasmáticas de 11-KT e E2 foram diretamente relacionados à maturação testicular, 
apesar de não se relacionarem necessariamente com o índice gonadossomático.

Palavras-chave: receptores, estradiol, maturação gonadal, reprodução, roncador.
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(Jeng et al., 2007; Kazeto et al., 2008; Suzuki et al., 2020), 
rainbow trout (Oncorhynchus mykiss) (Sambroni et al., 
2007; Middleton et al., 2019) and Nile tilapia (Oreochromis 
niloticus) (Aizen et al., 2012; Thönnes et al., 2020).

Species Genyatremus luteus belongs to order Perciformes 
and to family Haemulidae, which is popularly known as 
the grunt fish family. It is classified as estuarine-marine 
species, with preferentially coastal habitat (Giarrizzo 
and Krumme, 2007). This species is widely distributed in 
South America, from Eastern Colombia to Brazil, where 
it inhabits coastal water with sand, rocks and muddy 
bottoms, mostly estuaries and lagoons (Cervigón, 1966; 
Artigas et al., 2003).

The investigated species has shown great potential to be 
used for extractive fishery (Almeida et al., 2005) and, above 
all, to enhance marine fish farming due to its meat quality 
and economic value (Marques et al., 2016). Studies about 
G. luteus available in the literature often address seasonal 
variations in its commercial capture (Fernandes et al., 
2015), hormone-induced spawning (Marques et al., 2016) 
and species’ diet in Northeastern Brazil (Almeida et al., 
2005; Fernandes et al., 2017). According to Noleto-
Filho et al. (2012), Genyatremus luteus has aquaculture-
related potential, since it is capable of adapting to captive 
environments and shows trophic plasticity.

Sexual maturation and spermatogenesis are complex 
processes that require the highly coordinated regulation of 
several genes. Although the endocrine system plays crucial 
role in these processes, the exact mechanisms involved in 
the sexual maturation of fish remain poorly understood. 
Studies focused on featuring gonadotropin receptors (fshr 
and lhr) have been recently carried out to help better 
understanding the role played by them in regulating sex 
steroid hormones and testicular development in several 
fish species (Maugars and Schmitz, 2008; Burow et al., 
2020; Kitano et al., 2022).

Thus, it is essential investigating the hormonal profile 
and gene expression of cell receptors during the gonadal 
development of male G. luteus individuals to help better 
understanding the mechanisms involved in their sexual 
maturation process. The aim of the present study was to 
evaluate the sex steroid profile and differential expression 
of reproductive hormone receptors in male G. luteus 
individuals at different sexual maturation stages.

2. Materials and Methods

2.1. Fish and sample collection

The present research was approved by the Ethics 
Committee on Animal Use (CEUA) of Federal University 
of Maranhão, under protocol n. 23115.004707 / 2017-50, 
as well as authorized by the Biodiversity Authorization 
and Information System (ICMBio - SISBIO), under protocol 
number 66551.

Male Genyatremus luteus specimens were captured 
through artisanal fishing with the aid of hand line 
made of two hooks, based on validated methodologies 
(Almeida et al., 2005; Marques et al., 2016). Sampling 
took place in São José Bay (02º 43 ‘03 “S, 44 12’ 03” W), 

1. Introduction

The hypothalamic-pituitary gonadal (HPG) axis is 
the most important endocrine system controlling the 
reproductive process in teleosts, as well as in other 
vertebrate species; it is activated at puberty onset 
(Okuzawa, 2002). Spermatogenesis is mainly regulated 
by the pituitary gland, which secretes hormones capable 
of stimulating gonadal steroid hormones.

In teleosts, are produced in distinct cells forming 
their own functional networks (Levavi-Sivan et al., 
2010; Golan et al., 2016; Santiago-Andres et al., 2021). 
Steroid hormones such as testosterone and estradiol are 
significantly involved in the transmission of gonadotropic 
signals in vertebrates. However, in many male teleosts, 
the testosterone derivative, 11-ketotestosterone (11-KT) 
plays a central role in controlling gonad development 
and spermatogenesis (Devlin and Nagahama, 2002; 
Schulz et al., 2010).

FSH and LH act by activating their cognate receptors 
expressed in gonadal cells (Levavi-Sivan et al., 2010). 
Thus, Leydig cells are stimulated by FSH to release 
11-ketotestosterone (11-KT), which activates Sertoli cells 
in order to produce activin B. Then, activin B induces 
spermatogonial mitosis to enable spermatocyte formation 
and spermatogenesis (Miura and Miura, 2003; Levavi-
Sivan et al., 2010).

Furthermore, during the early stages of spermatogenesis, 
FSH regulates the expression of a variety of genes in the 
teleost fish test (Sambroni et al., 2013; Nóbrega et al., 2015; 
Rajakumar and Senthilkumaran, 2020), including anti-
Müllerian hormone (AMH) (Skaar et al., 2011; Oliveira et al., 
2021) and insulin growth factor-3 (IGF3) (Sambroni et al., 
2013; Melo et al., 2015; Nobrega et al., 2015; Li et al., 2021). 
AMH acts by inhibiting the management of spermatogonia 
and IGF3 regulates the expression of genes related to 
spermatogonia (Skaar et al., 2011; Nóbrega et al., 2015). 
Thus, changes in plasma 11-KT levels, FSH and LH gene 
expression and AMH and IGF3 expression are indicators 
that indicate the onset of puberty in teleost fish.

Sperm maturation is regulated by LH, which induces 
maturation-inducing steroid production (MIS; 17α,20β-
dihydroxy-4-pregnen-3-one in most fish species, and 
17α,20β-21-trihydroxy- 4-pregnen-3-one in different 
marine perciformes) (Nagahama, et al., 1994; Cavaco et al., 
2001; Zohar et al., 2010). MIS production in sperm is 
mediated by 20β-hydroxysteroid dehydrogenase (20βHSD), 
which converts the 17α-hydroxyprogesterone synthesized 
in Leydig cells. Specific enzymes are activated in response 
to MIS production and this process increases seminal 
plasma pH and the number of cAMPs in sperm, which, in 
their turn, induce sperm capacitation and spermiation 
(Miura and Miura, 2003; Hatef and Unniappan, 2019).

Knowledge about spermatogenesis in fish is limited to 
some species used in basic research and/or in aquaculture 
biotechnology, such as Atlantic salmon (Salmo salar) 
(Maugars and Schmitz, 2006; Trombley and Schmitz, 2013; 
Schulz et al., 2019), zebrafish (Danio rerio) (Kwok et al., 
2005; Assis et al., 2018; Fallah et al., 2021), European seabass 
(Dicentrarchus labrax) (Rocha et al., 2007; Molés et al., 
2011; Pinto et al., 2018), Japanese eel (Anguilla japonica) 
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Maranhão State Coast, Coastal Equatorial Amazon, Brazil, 
from June to September 2019.

Immediately after capture, the animals were 
anesthetized by immersion in a benzocaine solution at a 
concentration of 0.1 g/L, and a blood sample was collected 
by puncturing the fish gills with a heparinized syringe 
(Liquemine, Roche®). The samples were kept on ice until 
centrifugation (1,500g for 10 min); the plasma was aliquoted 
and frozen at -80°C until the time of hormonal analysis.

Subsequently, specimens were euthanized by exposure 
to freezing cold water and subjected to laparotomy right 
away in order to enable collecting gonad fragments (5 x 
5 mm) that were individually stored in RNAlater (Ambion®) 
and kept frozen at -20ºC, for RNA extraction purposes.

Fish biometric data were measured with ichthyometer, 
at 1 mm measurement scale. The following biometric 
parameters were measured: total length (TL), which 
corresponded to the distance (in cm) from the tip of the 
cranial end to the end of the caudal fin; and partial length 
(PL), which corresponded to the distance from the tip of 
the cranial end to the last vertebra. Subsequently, total 
weight (TW) was recorded in precision scale (accuracy 
= 0.01 grams).

Gonads were analyzed based on macroscopic aspects 
such as size, color and vascularity; they were also excised 
and weighed to calculate the gonadosomatic index (GSI), by 
taking into consideration variables such as body weight rate 
and total weight of testis, based on the following formula 
[GSI = (gonad weight / body weight) x 100] (Vazzoler, 
1996). In addition, fragments of the median region of 
fish’s testis were collected for histological analysis, after 
fixation in Bouin’s solution and processing based on routine 
histological methods (Yoshida, 1964).

Males were categorized based on the macroscopic 
aspects of their gonads, as well as on the histological 
configuration of testicular lobes and spermatogenic cell 
lineages. It was done by following the gonadal maturation 
scale developed for Hamulids, according to Shinozaki-
Mendes et al. (2013), and adapted to three maturation 
stages, namely: immature (n=7), maturing (n=7), mature 
(n=7) - 21 specimens, in total.

2.2. Steroid analyses

Plasma 17β-estradiol (E2), 17-α-hydroxy-progesterone 
(17α-OHP) and 11-ketotestosterone (11KT) levels were 
determined through Enzyme-linked immunosorbent assays 
(ELISA) (IBL International, Hamburg, Germany, for E2; and 
17α-OHP, and Cayman Chemicals Company, Michigan, USA, 
for 11KT). Tests were carried out based on manufacturers’ 
recommendations. Pilot trials were initially conducted by 
using five dilutions (1: 1, 1: 2, 1: 4, 1: 8 and 1:16) in two 
samples at different maturation stages (immature and 
mature). It was done to establish appropriate dilutions 
to assays’ detection limits - 1:2 dilution was established 
for assays comprising all three hormones. In addition, 
plasma samples were analyzed in duplicate, whereas test 
kits were validated by calculating the intra and inter-assay 
coefficients of variation (% CV). The detection limit of the 
assay was 10.6 pg / mL, for E2; 30 pg / mL, for 17α-OHP; 
and 1.3 pg / mL, for 11-KT. Absorbance measurements 

were performed in microplate reader (Spectra MAX 250). 
Plasma E2 and 17-OHP concentrations were determined at 
wavelength of 450 nm, whereas 11KT concentrations were 
determined at wavelength of 405 nm. E2, T and 11-KT (pg 
/ mL) sample concentrations were calculated based on a 
standard curve by applying a logit-log curve fit, based on 
the following equation: LogitDO: log (DO / (100- DO)), as 
recommended by the manufacturer.

2.3. Total RNA isolation and reverse transcription

Total RNA was extracted from individual testis samples 
in 1 mL of Trizol (Invitrogen; Carlsbad, CA, USA) for er 
and lhr expression analysis, based on manufacturer’s 
instructions. RNA pellet was dissolved in DEPC-treated 
water and quantified based on its absorbance at OD260 / 
OD280. RNA integrity was assessed in 1.5% agarose gel. 
All RNA samples were treated with DNase (DNase I, Applied 
Biosystems, Washington, UK); cDNA was synthesized with 
1.5 μg of RNA by using the commercial kit SuperScript 
III First-Strand Synthesis System for RT-PCR (Invitrogen, 
Carlsbad, CA, USA), based on manufacturer’s instructions, 
with final volume of 20 μL per reaction. Oligo-dT primers 
were used in this rapid reverse transcriptase kit for reverse 
transcription processes; cDNA was diluted 3 times in 
Nuclease-Free Water and stored at -20°C.

2.4. Quantitative real-time PCR (qPCR)

Primers used for lhr and β-actin were described by 
Rhody et al. (2015) and Wang et al. (2009), respectively. 
Primers used for estrogen receptor were designed in 
Primer 3 software, based on the AB007453.1 sequence, 
which is available in the NCBI database, as described in 
Table 1. To evaluate the specificity of the primers, cDNAs 
from G. luteus were submitted to conventional PCR. 
The specific fragments were purified using the Wizard SV 
Gel and sequenced using the BigDye Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA) 
and an ABI PRISM 3100 Genetic Analyzer. The lhr and er 
mRNA sequences obtained for G. luteus were confirmed by 
alignment with previously deposited sequences at GenBank 
http://www.ncbi.nlm.nih.gov/) using the BLASTN interface.

Duplicates of each cDNA sample were amplified through 
SYBR quantitative real-time PCR (qPCR). This procedure 
was followed by melting curve analysis to check whether 
each PCR product only has a unimodal dissociation curve. 
The qPCR was performed based on using 2.5 μL of cDNA, 
10 μM of the specific pair primer for each gene and 12.5 μL 
of SYBR Green qPCR SuperMix (Thermofisher, Carlsbad, 
CA), at final volume of 25 μL per reaction.

PCR efficiency of each primer pair was evaluated based 
on standard curves from a graded series of diluted cDNA 
(3-fold; 9-fold; 27-fold; 81-fold; 243-fold); it was done to 
make sure that the PCR efficiency of the selected primer 
pair would range from 90% to 100% (R2 > 0.99).

The following qPCR parameters were herein adopted 
by using the ABI 7500 Real-time PCR System (Applied 
Biosystems, USA): 50ºC for 2 min, 95ºC for 10 min, 
40 cycles of 95ºC for 15 s and 60ºC for 1 min. Data were 
analyzed based on the comparative Ct method (Livak and 
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Schmittgen, 2001). Ct values were normalized based on 
β-actin expression (Wang et al., 2009).

2.5. Statistical analysis

Frequencies of each gonadal maturation stage were 
analyzed through Fisher’s exact test, based on Sampaio 
(2002), in GraphPadInstat® software (GraphPad Software, 
San Diego, CA). The remaining data analyses were 
performed in the Analysis System for Windows SAS® 
software (version 9.4. SAS Inst. Inc., Cary, NY).

Shapiro-Wilk test (SAS PROC UNIVARIATE application) 
was used to investigate residue normality for each variable. 
Data transformation was carried out, whenever necessary 
(logarithm to basis 10 - Log10 X), in order to meet the 
assumptions in the analysis of variance.

Continuous dependent variables of normal distribution 
(ichthyological data) were expressed as mean and standard 
error of the mean (mean ± SEM). They were subjected to 
ANOVA; means recorded for each gonadal maturation 
stage were compared to each other through Duncan’s test 
(PROC GLM of SAS). E2, 17-OHP and 11KT concentrations, 
as well as differential cDNA expression for estrogen (er) 
and LH (lhr) receptors, presented non-normal distribution. 
Thus, the model was adjusted for Poisson distribution and 
its associations with animals’ maturational reproduction 
status were subjected to Poisson regression analysis 
(PROC GLIMMIX of SAS), based on Wang et al. (2014) and 
Svensson et al. (2019).

The association between variables was investigated 
based on the Principal Component Analysis (PCA) method, 
in Statistica 7.1 software (Statsoft, Inc., 2007), according 
to which, two graphically produced axes represented the 
strongest data pattern. In order words, it explains the 
important role played by the two main components in 
total data variation. Significance level of 5% was adopted 
to reject H0 (null hypothesis), i.e., significance level lower 
than 0.05 has evidenced the effect of classificatory variables 
and of interactions among them.

3. Results

3.1. Reproductive maturational stages and GSI analyses

The testes of G. luteus individuals were featured as 
paired, elongated, and fusiform organs located inside 
the coelomic cavity, dorsolaterally to the gas bladder 

and dorsally to the digestive tract. Macroscopic analysis 
has evidenced different coloration, consistency, and 
vascularization patterns in the gonads of male G. luteus 
individuals, depending on their maturational development 
stage. Immature testes have shown translucent color, 
whereas the mature ones presented milky-white color.

Specimens were microscopically classified into three 
maturation stage: a) Immature, b) Maturing, c) Mature 
(Figure 1). The spent stage was not observed in the 
herein investigated animals. Male germ cell types were 
determined by taking into consideration the histological 
appearance of the cytoplasm, nucleus, and cell size. 
Based on these observations, spermatogenic cells were 
identified as follows: primary (sg1) and secondary 
(sg2) spermatogonia; primary (sc1) and secondary (s2) 
spermatocytes; spermatids (sd) and sperm.

The analyzed specimens presented total body length 
ranging from 13 cm to 22.5 cm (mean body length was 
17.18 ± 0.73 cm); minimum and maximum standard length 
of 11 cm and of 20 cm, respectively, (mean standard length 
was 14.29 ± 0.63); and furcal length ranging from 12.5 cm to 
23 cm (mean furcal length was 16.33 ± 0.70). Total weight 
ranged from 38 g to 220g (mean weight was 96.95 ± 12.96), 
and the combined weight of the two stimulators ranged 
from 0.10g to 1.3g (mean combined weight was 0.33 ± 
0.07). The comparison based on maturational stage did 
not show any statistical difference in ichthyometric and 
GSI data between the analyzed groups (Table 2).

3.2. Plasma steroids

Plasma 11-KT concentration has significantly increased 
at the final maturation stage (P<0.05), although it did not 
show significant difference in the transitional process 
of reproductive maturation in comparison to that of 
the immature status (P>0.05) (Figure 2). The highest 
plasma 17α-OHP concentrations were observed at the 
immature stage (P<0.05). These concentrations have shown 
progressive decrease at the maturation and mature stages. 
There was increase in plasma 17β-estradiol concentrations 
from the immature stage to the maturing one (P<0.05), 
as well as decreased concentrations of it at the mature 
stage (P<0.05).

3.3. Gene Expression Profiles for er and lhr

Estrogen receptor mRNA expression has significantly 
increased throughout the maturational development of 

Table 1. List of genes and primers used in quantitative PCR.

Gene Primers Genbank Accession No. Annealing Temperature (°C)

lhr-F TCCTCCTGGTGTGGACCCAGTT KF314819 62

lhr-R TCGGGTTGCAGGCTCTCAAAGG

er-F ACATGTACCCCGAAGACAGC AB007453.1 60

er-R CAGGGGTGGAGTGGCTATAA

β-actin-F AATCGCCGCACTGGTTGTTG AY190686 57

β-actin-R ACGATACCAGTGGTACGACC
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the testes (P<0.05), as shown in Figure 3A. LH receptor 
expression has decreased from the immature stage to 
the maturing one (P<0.05), but it peaked at the mature 
stage (Figure 3B).

3.4. Association among ichthyometric variables, GSI, 
hormonal profile and gene expression

The Principal Component Analysis (PCA) presented 
in Figure 4 has shown association among ichthyological 
parameters, gonadosomatic index, hormonal profile, 
and testis gene expression of lhr and er in male G. luteus 
individuals. Results have shown that the two main 
components (together) explained 59.78% of total data 
variation, with emphasis on Component 2, since its 
ichthyometric variables were more representative due 
to the fact of having longer vectors that were closer to 
Component 2 axis.

Plasma E2 concentration, and er and lhr gene expression, 
were highly related to each other, since they formed sharp 
angles between the irrespective vectors determined by 
greater mature stage representation for these parameters. 
Likewise, plasma 11-KT concentration and total weight 
(TW) were also highly related to each other. Based on 
Figure 3, variables mostly contributing to Component 
1 were lhr and er expression, as well as the ichthyological 
parameters, which were inversely related to each other.

4. Discussion

The current research provided new information about 
physiological and transcriptional mechanisms capable 
of regulating gonadal development in male G. luteus 
individuals. Morphological and histological criteria were 
used to classify male individuals according to the following 
reproductive stages: immature, when spermatogonia and 
spermatocytes were observed in specimens; maturing, 
when animals presented spermatocytes undergoing active 
spermatogenesis and lumen formation in the lobule devoid 
of sperm; and mature, when animals presented peripheral 
region filled with germ cells, in addition to more central 
acini and lumen densely filled with spermatozoa. Such 
findings agree with what has been described for most 

Figure 1. Photomicrographs of germ cell and testes development 
stages of Genyatremus luteus. Stages were determined as (A) 
Immature, (B) Maturing, (C) Mature. Abbreviations are as follows: 
SPG, spermatogonia; SPC, spermatocyte; SPZ, spermatozoa. All 
panels were at 60x magnification.

Table 2. Ichthyometric and GSI data analyzed during the reproductive cycle of male Genyatremus luteus specimens. Data are presented 
as mean ± SEM.

Variable
Reproductive Maturational Stages

Immature Maturing Mature

Total Length (cm) 15.78± 0.79 16.64± 1.60 19.10 ± 1.04

Furcal Length (cm) 14.95 ± 0.79 15.75 ± 1.51 18.28 ± 0.98

Standard Length (cm) 13.07 ± 0.64 13.92 ± 1.45 15.85 ± 0.88

Total Weight (g) 68.00 ± 10.60 100.71 ± 28.34 122.14 ± 58,78

Eviscerated Weight (g) 61.78 ± 9.55 91.28 ± 26.93 111.71 ± 20.68

Gonadal weight (g) 0.27 ± 0.10 0.27 ± 0.10 0.45 ± 0.07

GSI (%) 1.54 ± 0.31 1.72 ± 0.58 2.14 ± 0.77
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teleost species (Brown-Peterson et al., 2011; Nishimura and 
Tanaka, 2014; Siqueira-Silva et al., 2019; Felicio et al., 2021).

The herein analyzed ichthyological parameters and GSI 
data did not show variation during testicular development 
in G. luteus. Male individuals are often smaller than the 
female ones, likely due to males’ selection for early 
maturation and to the need of less reproductive effort, 
which reduces male growth and nutritional demand (Parker, 
1982; Endler, 1983; Andersson, 1994; Barbieri et al., 2001).

Low plasma 11-KT levels were herein detected in 
immature males, although they have increased during 
gonadal development until reaching peak concentration at 
mature stage. Studies have shown that 11-KT stimulates all 
spermatogenesis stages, including the early mitotic phase, 
through the stimulus produced by FSH in the pituitary 
gland (Miura et al., 1991; Planas and Swanson, 1995; 
Middleton et al., 2019). Gonadotropin signal transduction 
stimulates 11-ketotestosterone production (11-KT), which 
is one of the main androgens found in fish (Miura et al., 
1991); 11-KT affects target cell function by activating 
androgens’ nuclear receptors.

Figure 2. Steroid concentrations in the blood plasma of male Genyatremus luteus individuals during their reproductive cycle. (A) 
11-ketotestosterone. (B) 17 α-hidroxy progesterone. (C) 17β-estradiol. Data are represented as mean ± SEM. abc: indicates statistically 
significant difference (p<0.05).

Figure 3. Gene expression of er (A) and lhr (B) in the male gonad of Genyatremus luteus individuals at different maturation stages. Columns 
represent arithmetic mean and standard error of the mean. abc Different letters indicate statistically significant difference (p<0.05).

Figure 4. Principal component analysis (PCA) used to classify the 
influence of lhr and er gene expression, plasma steroids (11-KT, 17-
OHP and E2), ichthyological parameters and GSI on male G. luteus 
individuals. Legend: LHR = LH receptor; ER = estrogen receptor; KT 
= 11-ketotestosterone; E2 = 17β-estradiol; OHP = 17-α-hydroxy-
progesterone; TW = total weight; TL = total length; GW = gonad 
weight; GSI = gonadosomatic index.
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Study conducted with African catfish (Clarias gariepinus) 
has shown that 11-KT stimulates spermatogenesis whereas 
other androgens (T, DHT, and androstenedione) have no 
effects on it (Cavaco et al., 1998; 2001). Plasma FSH and 
11KT levels in Chinook Salmon and Rainbow Trout increase 
during spermatogenesis in spring, whereas plasma LH 
levels remain low or undetectable until spermiogenesis 
and spermiation (Prat et al., 1996; Gomez et al., 1999; 
Campbell et al., 2003).

Forsgren and Young (2012) reported that treatment 
with Androgen receptor (Ar) antagonist has inhibited 11-
KT effects on spermatogenesis, a fact that suggests that 
11-KT acts via Ar in Oncorhynchus kisutch. Taken together, 
seasonal changes in 11-KT, as well as its stimulating 
effects on spermatogenesis in male individuals and 
on follicular development in female individuals, have 
evidenced physiological roles played by 11-KT in regulating 
reproduction processes in fish.

Plasma E2 concentrations in male G. luteus individuals 
recorded low levels at the immature stage, although these 
levels increased and peaked at the mature and mature 
stages, respectively. According to Miura et al. (1999), 
E2 plays important role in the spermatogonial turnover of 
Japanese eel (Anguilla japonica). These very same authors 
have shown that low E2 concentrations acted at the early 
spermatogonial development stages through estradiol 
receptors in Sertoli cells, which stimulated and maintained 
spermatogonia proliferation before the progression to 
later spermatogenesis stages. Plasma E2 levels in trout 
have shown transient elevation early in the reproductive 
cycle (Gomez et al., 1999).

The role played by E2 during spermatogenesis is 
not fully understood. It is suggested that this hormone 
participates in different biological processes, such as 
spermatogonial stem cell renewal, lipid metabolism, 
protein metabolism and folding, as well as in intercellular 
chemical communication (Amer et al., 2001; Pinto et al., 
2006). Furthermore, estrogens are also known to influence 
both male and female behavior (Filby et al., 2012).

Plasma 17-OHP levels in G. luteus remained high during 
all maturation stages; the highest levels of it were observed 
at the immature stage. During spermatogenesis, 17α-OHP 
is converted into 17α,20 β-dihydroxy-4-pregnen-3-one 
(DHP), which is the hormone accounting for inducing 
spermiation and for stimulating sperm motility (Baynes 
and Scott, 1985; Miura et al., 1992). Furthermore, 17α-OHP 
is also precursor of other sex steroids such as T and 
E2 (Yaron and Levavi-Sivan, 2011). This finding suggests 
that the decrease 17α-OHP concentration observed during 
testicular maturation in G. luteus may be associated with 
increasing conversion of this hormone into T, E2 or DHP.

Er expression has gradually increased during testicular 
development in G. luteus. Study conducted with male 
Anoplopoma fimbria individuals recorded increased 
transcription levels for three estrogen receptors (er1, 
er2a, er2b) during testicular development, mainly for the 
er1 gene, which was highly correlated to lhb mRNA levels 
(Guzmán et al., 2018). This outcome suggests that estrogens 
can act in gonadotropic cells by activating estrogen response 
elements and the lhb promoter gene. On the other hand, 
Morini et al. (2017) conducted a study with Anguilla anguilla 

and showed higher er expression at its early development 
stage (spermatogonia A). All three er expression types 
have significantly decreased at the spermatogonia and 
spermatocyte stages, as well as remained low until the 
end of spermatogenesis (Morini et al., 2017). This outcome 
suggests that E2 acts as spermatogonial renewal factor 
mediated by estrogen receptors.

With respect to the gene expression of LH receptor, 
mRNA levels remained low during the immature and 
maturation stages, although they have considerably 
increased at the mature stage; this finding suggests the 
participation of this receptor at the end of testicular 
development. Such results were also observed in male 
Oncorhynchus mykiss, Salmo salar L, Seriola quinqueradiata 
and Oryzias latipes individuals and showed that lhr 
expression has steadily increased as testicular maturation 
progressed (Rahman et al., 2003; Kusakabe et al., 2006; 
Maugars and Schmitz, 2008; Burow et al., 2020). There 
are few studies in the literature about the regulation of 
gonadotropin receptors in male fish. Lhr mRNA levels 
in mammals are differentially regulated by its cognate 
hormone, depending on the gonadal development stage 
(Ascoli et al., 2002, Walker and Cheng, 2005). Experimental 
studies conducted with mice have shown that lhr mRNA 
levels in Leydig cells have significantly increased after LH 
and testosterone presence (Shan et al., 1995). On the other 
hand, immature swine Leydig cells exposed to recombinant 
LH presented lhr downregulation (Lejeune et al., 1998).

Suzuki et al. (2020) conducted a study with Anguilla 
japonica and established a cell line capable of producing 
recombinant LH, in order to evaluate the binding specificity 
to its receptor, and its effects on steroidogenesis in vitro. 
They identified lhr mRNA in Sertoli and Leydig cells; 
in addition, they reported low LH receptor expression 
levels in immature testes, like the ones observed in the 
current study. Chauvigné et al. (2014) have shown that LH 
directly induces spermiogenesis through the lhr located 
in spermatid cell membranes.

According to previous reports, lhr in coho salmon 
(Oncorhynchus kisutch) and African catfish (C. gariepinus) 
is selective for its cognate gonadotropin (Yan et al., 1992; 
Vischer et al., 2003). In addition to LH, FHS can also interact 
with and activate the LH receptor in other species such 
as amago salmon (O. rhodurus) and rainbow trout (O. 
mykiss) (Oba et al., 1999a; 1999b; Sambroni et al., 2007). 
We believe that this very same process may take place in 
G. luteus, and it would explain the higher lhr expression 
(although low) observed at the immature stage that, in its 
turn, could be activated by FSH. However, it is necessary 
conducting further studies to confirm this hypothesis.

Data resulting from the principal component analysis 
(PCA) have shown high correlation between the gene 
expression of LH and ER receptors, and the serum levels 
of E2 and 11-KT. This outcome suggests that LH triggers 
spermatogenic events through steroid production in G. 
luteus (Levavi-Sivan et al., 2010).

The same results observed in the current study had 
already been reported for Japanese eel (A. japonica) by 
Suzuki et al. (2020), who conducted an experiment using 
a cell line with recombinant Fsh and Lh, and observed that 
reFsh has stimulated its cognate receptor, whereas reLh 
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has activated both receptors. Furthermore, reFsh and reLh 
induced testicular 11-KT production. Effective reLh doses 
were apparently lower and their effects emerged faster 
than those of reFsh.

In conclusion, the current study was the first to 
feature different reproductive maturation stages in male 
G. luteus individuals, based on cellular, endocrine, and 
molecular aspects. In addition, it has evidenced that the 
gene expression profile observed for estrogen and LH 
receptors, as well as plasma 11-KT and E2 concentrations, 
are directly linked to testicular maturation in G. luteus, 
although they are not necessarily associated with the 
gonadosomatic index.
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