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ABSTRACT

This study evaluated the impact of continuous light (LL) within the photolabile period on advanced puberty in
juvenile male European sea bass. The exposure to an LL regime for 1 month, from August 15 to September 15
(LLa/s), was compared to a constant simulated natural photoperiod (NP) and constant continuous light condi-
tions year-round (LLy). Somatic growth, hormone plasma levels, rates of testicular maturation and spermiation,
as well as the mRNA levels of some reproductive genes were analyzed. Our results demonstrated that both LLa/s
and LLy treatments, which include LL exposure during the photolabile period, were highly effective in inhibiting
the gametogenesis process that affects testicular development, and clearly reduced the early sexual maturation of
males. Exposure to an LL photoperiod affected body weight and length of juvenile fish during early gameto-
genesis and throughout the first year of life. Interestingly, LL induced bi-weekly changes in some reproductive
factors affecting Gnrh1 and Gnrh2 content in the brain, and also reduced pituitary fsh expression and plasmatic
levels of 11-KT, E,, Fsh throughout early gametogenesis. We suggest that low levels of E, in early September in
the LL groups, which would be concomitant with the reduced number of spermatogonial mitoses in these groups,
might indicate a putative role for estrogens in spermatogonial proliferation during the early gonadal develop-
ment of this species. Furthermore, a significant decrease in amh expression was observed, coinciding with low
plasma levels of 11-KT under LL regimes, which is consistent with the idea that this growth factor may be crucial

for the progress of spermatogenesis in male sea bass.

1. Introduction

Puberty is a complex biological process in which the brain-pituitary-
gonad (BPG) axis acquires functional competence, which results in the
ability of an individual to sexually reproduce for the first time
(Taranger et al., 2010). In the aquaculture of fin fish species, the oc-
currence of advanced puberty (precocity or early maturation) is
common in males, although it can also affect females (Brown et al.,
2014). When this happens, it reduces fish growth before harvest and,
consequently, it entails important losses for the aquaculture industry
(Felip et al., 2006; Carrillo et al., 2009; Taranger et al., 2010). Several
studies have reported that photoperiod is one of the main environ-
mental cues for the control of reproductive maturation in many tem-
perate fish species and seasonal breeders (Carrillo et al., 1993; Bromage
et al., 2001; Taranger et al., 2010; Migaud et al., 2010). A vast number
of studies have assessed the effect of different photoperiod regimes on
fish maturation and growth, and they have reported that some re-
productive factors are critical for modulating the reproductive axis in
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teleosts (Taranger et al., 2010; Carrillo et al., 2015; Espigares et al.,
2015a,b, 2017).

In the case of European sea bass (Dicentrarchus labrax L.), an eco-
nomically important marine species and valued fish by consumers, the
use of different photoperiod regimes to control male maturation has
been widely investigated. While compressed photoperiods have been
shown to advance the first sexual maturation (Rodriguez et al., 2001a),
these constant long light regimes delay spermatogenesis in this species
(Rodriguez et al., 2001b). On the other hand, exposure to continuous
light (LL) lasting for 12 consecutive months (Begtashi et al., 2004) or
less before or during gametogenesis (Felip et al., 2008) is equally ef-
fective in reducing early maturation in underyearling fish. Along these
lines, a photolabile period that includes the month of September has
been shown to exist in this teleost fish. The application of LL during this
period reduces the number of early maturing males (Rodriguez et al.,
2012), although LL has no effect on the gonadal maturation of the
animals during the second annual life cycle (Felip et al., 2017). Ac-
cordingly, further physiological studies aimed at gaining deeper
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knowledge of the endocrine regulation of spermatogenesis in sea bass
have shown that the temporal profile of both seabream and salmon
GnRH forms in the brain and pituitary, as well as the GnRH-R-2A re-
ceptor, play an important role during gonadal differentiation and first
spermiation in males of this species (Rodriguez et al., 2000a,b; Molés
et al., 2007). Furthermore, recent data have revealed that photoperiod
signalling modulates the expression of kiss1 and chicken gnrh in the
brain, which may be involved in the translation of environmental sti-
muli to trigger the reproductive axis (Espigares et al., 2017). Moreover,
plasma follicle-stimulating hormone (Fsh) levels increase during sex
differentiation and testicular growth, but they decrease just before the
start of full spermiation. Circulating luteinizing hormone (Lh) levels, on
the other hand, show a moderate increase during spermatogenesis, with
a significant elevation from late gonadal recrudescence onwards (Molés
et al., 2007). Male sea bass under different photoperiods exhibit shifts
in hormone profiles that are crucial for gonadal maturation. In fact, LL
regimes affect both the follicle-stimulating hormone beta subunit (fshf3)
expression and 11-ketotestosterone (11-KT) plasma levels in pre-
pubertal fish (Felip et al., 2008). These results are in agreement with
recent studies on this same species (Espigares et al., 2017) suggesting
that the unbalanced production of this androgen, which is regulated by
Fsh (Mazon et al., 2014), might be limiting the stimulation of germ cell
proliferation at the testicular level. In zebrafish (Danio rerio), Fsh sti-
mulates spermatogonial proliferation and differentiation regulating a
stimulatory factor, namely the insulin-like growth factor type 3 (Igf3)
(Nobrega et al., 2015). Also in adult zebrafish, Fsh down-regulates
testicular anti-miillerian hormone (amh) expression, and mitigates the
inhibitory effects of Amh on spermatogenesis and steroidogenesis
(Skaar et al., 2011). However, other experiments have shown that amh
is involved in the maintenance of mitotic proliferation of germ cells
during early sex differentiation in medaka (Oryzias latipes) (Shiraishi
et al.,, 2007; Morinaga et al., 2007) and black porgy (Acanthopagrus
schelegeli) (Wu et al., 2010), although it apparently represses the pro-
liferation of steroidogenic cells in prepubertal testes of Atlantic salmon
(Salmo salar) (Maugars and Schmitz, 2008), which demonstrates that
amh can exhibit multiple regulatory functions in fish gonadal devel-
opment. Along these lines, the role of other genes involved in the
control of spermatogenesis has also been explored. In Atlantic cod
(Gadus morhua), for example, changes in the mRNA levels of steroido-
genic acute regulatory protein (star) have shown a direct relationship
with changes in 11-KT levels (Kortner et al., 2008). Sea bass Amh (Halm
et al., 2007) and Star (Rocha et al., 2009) may play important roles in
testicular development, although their relationship to steroid produc-
tion and expression of estrogen receptor (er) genes on prepubertal fish is
unknown. A number of studies have shown the existence in fish of
predictive mechanisms that use photoperiod as a proximal factor for the
recruitment of individuals into gonadogenesis. Continuous artificial
lighting tricks the fish, which fail to maintain the circadian variations in
certain reproductive hormones that are necessary for the normal pro-
cess of reproduction (Falcén et al., 2010). Here we report on bi-weekly
changes in the expression of fshf, amh, star and er, brain content of
GnRH forms and circulating levels of sex steroids and gonadotropins in
males maintained under LL conditions throughout the photosensitive
period, in order to decipher a possible mechanism of endocrine control
over maturity during early gametogenesis in this teleost fish.

2. Materials and methods
2.1. Animals and photoperiodic regimes

A total of 1500 juvenile fish with a high percentage of males were
obtained from Aquanord (Gravelines, France). Fish with an average
weight of 4.0 g were distributed in six 2000-1 lightproof circular fi-
berglass tanks (n = 250 fish/tank). Sex-ratio (100% males) was con-
firmed by histological examination throughout the experiment at each
sampling interval. In May, three experimental groups were organized in
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duplicate as follows: simulated natural photoperiod (NP), constant
continuous light (LL) from August 15 to September 15 (LLa/s for
1 month) under otherwise NP conditions, and constant continuous light
all the year round (LLy). Artificial continuous light regimes were ap-
plied using tungsten lightbulbs (650-700 Ix; Philips, PAR38Pro), con-
trolled by means of electronic clocks, and located at the water surface of
each tank. Temperature naturally ranged between 12 and 25 = 1°C.
Fish were fed to apparent satiety, using automatic feeders with pellets
from Proaqua Nutricién, S.A. (Palencia, Spain) (protein 54-45%, lipids
20-12%, carbohydrates 9-25%, ash 11%, moisture 1-3%, and DE 22.4
19.7MJ kg™ 1), according to temperature and fish size, and using
standard procedures (Barnabé, 1995).

2.2. Growth, gonadal maturation and sample collection

Animals were treated according to the guidelines for animal ex-
periments set out in European legislation (ETS No. 123, 01/01/91). Fish
were anaesthetised with 2-phenoxyethanol (0.5 ml 17! of seawater)
before sampling. All fish from each tank were periodically weighed
(body weight, BW) and measured (fork length, FL), and their condition
factor was calculated as 100xBW/FL>. The percentage of early maturing
males was periodically assessed by abdominal massage from December
to April. Twenty fish per photoperiod regime (n = 10 fish/replicate)
were sacrificed by a quick cut at the level of the medulla oblongata
every fifteen days from August 1 to October 15, during early gameto-
genesis. The gonads were quickly removed and weighed to determine
the gonadosomatic index (GSI), according to the formula: GW (g)/BW
(g) X 100, where GW = gonad weight. Fragments of testes were frozen
on dry ice and stored at —80 °C until later use for total RNA extraction.
Small pieces of testes were also fixed in 4% formaldehyde: 1% glutar-
aldehyde buffered saline for histological analysis (Bennett et al., 1976;
McDowell and Trump, 1976). The stages of testicular development
were assessed according to the procedure described by Begtashi et al.
(2004). Stages I (immature) and IV (late recrudescence) were taken as
indicators of sexual maturation, as one of their distinctive character-
istics in the presence of spermatogonia and spermatozoids, respectively.
The number of mitotic cell divisions of spermatogonia A was evaluated
at 50x magnification in twelve optical areas (2500 umz) per fish, ac-
cording to the method described by Escobar et al. (2014) for taking cell
counts in histological samples.

2.3. Hormonal analyses

Blood samples were collected from the caudal vein using 1-ml he-
parinized syringes; these were then transferred to 0.5-ml Eppendorf
tubes treated with heparin and placed on ice. Tubes were subsequently
centrifuged at 3000 rpm for 30 min at 4 °C. The plasma was stored at
—20 °C until it was analyzed for certain reproductive hormones, using
validated enzyme immunoassays (EIA). Bi-weekly changes in the cir-
culating levels of certain reproductive hormones were analyzed from
August 1 to October 15, during early gametogenesis. Plasmatic levels
were determined according to Rodriguez et al. (2000a) for testosterone
(T), Rodriguez et al. (2001a) for 11-ketotestosterone (11-KT), Molés
et al. (2008) for oestradiol-17b (E,) and Molés et al. (2012) for Fsh.
Similarly, the content in the brain of three forms of gonadotropin-re-
leasing hormones was measured according to Holland et al. (1998) for
seabream (Gnrh1) and chicken (Gnrh2) GnRH, and Kah et al. (1994) for
salmon GnRH (Gnrh3).

2.4. Relative expression of fshf in the pituitary and amh, star, er1 and
er32 in the gonad as assessed by quantitative real-time PCR

A total of 20 pituitaries per treatment were analyzed at every
sampling point in each group for fshf, using a real-time qPCR approach
as described by Felip et al. (2008). The gene expression in the extracted
gonads was quantified according to Crespo et al. (2013) for anti-
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Gene-specific primers and Tagman and SybGreen fluorogenic probes, when necessary, used in this study for qRT-PCR analysis.

Gen Detection method 5to 3sequence Size nM* Efficiency (%)¢
(bp)”

18S rRNA (AM419038)° SYBR Green-based ‘F: GCATGCCGGAGTCTCGTT 70 200 103
Felip et al. (2008) 8R: TGCATGGCCGTTCTTAGTTG 200

fshB SYBR Green-based F: TCGATAGTACGTGTCTGTGCT 131 200 99
(AF543314) R: CACTTGGATGCTGATGTTGG 200
Felip et al. (2008)

erf1 SYBR Green-based F: CTGTCCTCACAGAGTAGAACAC 295 200 99
(AJ489523) R: GCAGGTGCACCTGGTCCAAG 200
Blazquez et al. (2008)

erf2 SYBR Green-based F: GTGGACTCCAGACTCGGGAC 246 200 98
(AJ489524) R: ATCATGCTAGCCTCGGTGAAG 200
Blazquez et al. (2008)

amh Probe-based F: TCCAAACACTGCTAACATCAACAA 74 50 90
(AM232701) R: TGGCGTGGTTCTTGGGATT 300
Crespo et al. (2013) hpr: [6 ~FAM]CCATGGCTCATGTGCTTTCCCCCT[TAMRA] 125

star Probe-based F: GGCTGGATCCCGAAGACAA 72 900 98
(EF409994) R: CCTGAGGTGGTTGGCAAAGT 900
Rocha et al. (2009) pr:[6 ~ FAM]JCATAAACAAAGTGCTCTCTCAGACGCAGGTG[TAMRA] 75

“Primers were obtained from Invitrogen Corp. (Carlsbad, CA) and fluorogenic probes were purchased from Operon Biotechnologies GmbH (Cologne, Germany).

> Fragment size.

¢ Amount of primer or probe in the PCR.

4 PCR efficiency.

¢ GenBank accession number for sea bass genes.
F: forward primer.

R: reverse primer.

pr: Tagman fluorogenic probe.

-

)

Miillerian hormone (amh), Rocha et al. (2009) for the steroidogenic
acute regulatory (star) protein, and Blazquez et al. (2008) for estrogen
receptors (erff1 and erf32) (Table 1). To this end, pooled gonad samples
(2 gonads/pool) were prepared from fish exhibiting similar plasma le-
vels of 11-KT as an indicator of the maturation stage in juvenile male
sea bass (Rodriguez et al., 2012). A total number of 6-10 pools per
treatment were analyzed at every sampling point in each group. Total
RNA was prepared using TRI-REAGENT solution (Sigma, St. Louis, MO,
USA) and each sample was DNase-treated (RQ1 RNase-Free DNase,
Promega, Madison, WI, USA) prior to the reverse-transcription proce-
dure. The RNA samples were resuspended in 5 or 20 pl of DEPC water
for pituitaries and gonads, respectively. We ran 1pl of total RNA
through a 0.8% agarose gel and used a 0.24-9.5Kb RNA ladder (In-
vitrogen, Life Technologies) for quantification by densitometry, using
image analysis software (Densitometer GS-710 and Quantity One
Software, BioRad). A total volume of 20 pl of reaction, including 2 pg of
total RNA and random hexamer primers, was used for reverse-tran-
scription reactions (SuperScript II Reverse Transcriptase, Invitrogen,
Life Technologies). The PCR mixture consisted of 1 ul of cDNA sample
in a final volume of 25 pl, except in the case of 18S rRNA and fshf, in
which the template was 1pl of a 1:500 dilution. The qRT-PCR was
performed using Mastermix for Syber Green I (Platinum SYBR Green
qPCR SuperMix UDG, Invitrogen, Life Technologies) or Absolute qPCR
Mix (ABgene, UK) for TagMan probe-based assays. The amount of
primer or TagMan fluorogenic probe, when necessary, in the PCR re-
actions of each gene is detailed in Table 1. The thermocycling condi-
tions for SYBER Green analyses were as follows: initial denaturation at
95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 sec
and annealing-extension at 60 °C for 1 min. A melt-curve analysis was
run after each real-time experiment for each gene, thus evidencing the
specificity of the real time qPCR. For TagMan probe-based assays, the
thermocycling conditions were: 95 °C for 15 min, 40 cycles of 95 °C for
15 sec and 60 °C for 1 min. All amplifications were carried out in an
iQCycler iQ Multi-Color Real Time PCR Detection System (Bio-Rad,
Hercules, CA, USA), using 96-well plates (Abgene, UK). The data were
analyzed with the iCycler IQ Optical System Software (Version 3.0a)
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provided by the manufacturer. All transcripts were quantified using
standard curves for each gene analyzed, which were generated by a 10-
fold serial dilution of known concentrations of the plasmid containing
the target transcripts. PCR efficiency was calculated for each gene in
each real-time PCR experiment (Table 1). All standards and experi-
mental samples were run in duplicate. The mRNA levels were nor-
malized to the amount of sea bass 185 rRNA. Data were expressed as
relative values of mRNA of each target gene/mRNA 18S rRNA (starting
quantity mean * the standard error of the mean, SEM). Negative
controls were also run for each real-time experiment.

2.5. Statistical analysis

A two-way ANOVA test was used to compare the effects of the three
photoperiodic regimes on growth and reproductive performance, in-
cluding biometric parameters, number of mitotic cell divisions of
spermatogonia A, hormonal analyses and relative gene expression of
juvenile male sea bass at different sampling times during early game-
togenesis. When necessary, normality was assessed by applying the
Kolmogorov-Smirnoff test after the logarithmic transformation of data.
Barlett's test was used to establish homogeneity of variances. A Tukey
HSD multiple range test was used to examine significant differences
between means. Nominal data of the percentage of early maturing fish
versus immature fish under the three photoperiodic regimes was cal-
culated by using the Chi-Square statistic and applying the Yates cor-
rection when v = 1, or Bonferroni inequality for P values when per-
forming a multiple test. All data were expressed as the mean + SEM.
Differences were accepted as significant when P < 0.05 (Sokal and
Rohlf, 1981).

3. Results
3.1. Growth and male maturation

Differences in growth performance between fish under NP and LL
conditions were found (Fig. 1). Mean weight of fish under NP gradually
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Natural photoperiod Continuous light Continuous light Fig. 1. Evolution of somatic growth and condition
(NP) Aug 15-Sep 15 (LLals) year-round (LLy) factor (FC) in juvenile male sea bass kept under a
natural photoperiod (NP), continuous light (LL) from
August 15 to September 15 under otherwise NP
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increased from 15.29 + 0.20g in August to 96.35 + 1.54g in De-
cember, whereas their length increased from 10.31 = 0.05cm to
18.40 = 0.1 cm during the same period of time. The mean weight of
fish under LLa/s was approximately 12.42% lower than that of those
kept under NP, and 10.87% lower than that of the LLy treatment in the
month of December. Meanwhile, the fish mean length under LLa/s was
approximately 2% shorter than that under NP and 1.9% shorter than
those kept under LLy for the same period of time. The mean weight and
length values of fish under LLy conditions were approximately 1.81%
and 0.22% lower, as compared to the control group. The condition
factor varied between 1.38 and 1.52 in fish under NP, while it was
around 1.24-1.42 in the LLa/s group. Fish under LLy exhibited condi-
tion factor values ranging from 1.24 to 1.51. The mean condition factor
of fish under LLy was approximately 5.9% higher than under LLa/s in
December. Of note, the mean condition factor values for fish under LLy
were 0.66% lower than those of the NP group, while significant dif-
ferences were observed in the LLa/s for the same period of time (Fig. 1).
The percentages of gonadal stage I (Fig. 2A), II (Fig. 2B) and III (Fig. 2C)
run roughly parallel in the LL groups. Of note, the percentage value of
gonadal stage I (immature) in the LL groups varied in the range of
50-73.33% in the LLa/s group and 21.43-63.64% in the LLy group
during the winter (January-March). Meanwhile, the NP group regis-
tered low values that varied from around O to 46.15% throughout this
period. On the other hand, the percentages of gonadal stage IV (late
recrudescence) (Fig. 2D) for the NP group peaked in March (36.36%),
while the other groups presented very low values (0%). We also ob-
served that the relative spermiation rate in the NP group (100%) was
significantly higher than that observed in the LLa/s (46.5%) and LLy
(0%) groups (Fig. 2E), although GSI values were comparable among the
groups in February (0.04%), and no significant differences were ob-
served.

3.2. Seasonal changes in the brain content of three forms of GnRH and fshf3
expression levels in the pituitary

While GnRH1 levels in the NP group ranged from 0.68 to 2.39 ng/

ml during the early gametogenesis (August-mid October), we observed
a significant decrease in GnRH1 levels in the LLa/s (0.59 = 0.09 ng/
ml) and LLy (1.15 * 0.08 ng/ml) groups, as compared to those in the
NP group (1.34 + 0.15ng/ml) in early September (Fig. 3 top panel).
On the other hand, GnRH2 levels in the NP group remained unchanged
throughout the mid-August and early October period (1.94-2.47 ng/
ml); this contrasted with the findings for the LL groups, which showed a
steady decrease from mid-September onwards, resulting in GnRH2 le-
vels of less than 1.36 *+ 0.14ng/ml for the LLa/s group and
2.03 = 0.22ng/ml for the LLy group (Fig. 3, middle panel). Finally,
the levels of GnRH3 reached during mid-September were unaffected by
the photoperiod regimes, showing values of 0.93 = 0.09, 0.90 + 0.07
and 0.87 = 0.07 ng/ml for the NP, LLa/s and LLy groups, respectively
(Fig. 3, bottom panel). fshB expression in the pituitary (Fig. 4, top
panel) increased significantly in the NP group during mid-September
and declined thereafter. In contrast, the expression levels of fshf re-
mained low and unchanged in LLa/s and LLy groups throughout this
period of early gametogenesis.

3.3. Seasonal changes in amh, star, erff1 and erf32 expression levels in the
gonad and evolution of spermatogonial mitoses in males

In the NP group, amh expression significantly decreased in early
September (Fig. 4, middle panel), concomitantly with the increase in
the number of spermatogonial mitoses (9 mitoses/mm?) (Fig. 4, bottom
panel) and the increased expression of fshf3 in the pituitary (Fig. 4, top
panel). amh expression was low (P < 0.05) during early and mid-
September, with a slight and significant increase in October that coin-
cided with a significantly lower number of spermatogonial mitoses
(1.67 mitoses/mm?) and fsh mRNA levels. On the other hand, ex-
posure to different LL treatments evoked a slight, but not significant
decrease in amh mRNA from early August to mid-September/early
October, proceeding to further increase thereafter. Neither of the LL
groups exhibited any differences in the number of mitoses of sperma-
togonial cells and fsh mRNA levels, which remained low and constant
during this entire period (Fig. 4, top panel). In the case of the LLa/s
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Fig. 2. Evolution of testicular development in juvenile male sea bass kept under
a natural photoperiod (NP, solid bars), continuous light (LL) from August 15 to
September 15 under otherwise NP conditions (LLa/s, solid lines and closed
circles) and LL year-round (LLy, broken lines and open circles). Evolution is
shown in percentages of gonadal stage I (immature) (A), II (B), III (C) and IV
(late recrudescence) (D) throughout the first year of life of the fish, following
previously established histological criteria (Begtashi et al., 2004). (E) Cumu-
lative rates of spermiation (assessed by abdominal massage) per experimental
group are expressed as relative spermiation rate. Numbers in brackets indicate
the number of fish counted. Asterisks (*) indicate significant differences
(P < 0.05) in the NP group with respect to LLa/s and LLy groups Abbrevia-
tions: O, October; N, November; D, December; J, January; F, February; M,
March; A, April; My, May.

group, the number of spermatogonial mitoses peaked during early
October (7.83 mitoses/mm?), and then decreased during mid-October
(4.17 mitoses/mm?), although to levels not statistically different from
the previous period. The number of spermatogonial mitoses in the LLy
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group ranged from 1.7 to 3.6 from September onwards. As observed in
amh expression, changes in star mRNA significantly decreased during
early and mid-September, to further increase in October, although to
levels similar to those observed in August in the NP group (Fig. 5, top
panel). The LLa/s group showed a gradual decrease in star mRNA from
early August to mid-September, and then increased in October to values
similar to those observed in August. star mRNA levels in the LLa/s
group were significantly higher than those observed in the NP group.
Meanwhile, star expression significantly decreased in the LLy group,
and these low levels were maintained until the end of the early game-
togenesis. On the other hand, er31 and er32 gonadal expression profiles
throughout early gametogenesis among the three experimental groups
were apparently not affected by light regimes (Fig. 5, middle-bottom
panels).

3.4. Seasonal changes in hormonal plasma levels

The E, levels in the NP group displayed high levels from August to
September (up to 1.16 *= 0.10ng/ml), with a slight decrease there-
after. Interestingly, E, levels in the LL groups were significantly lower
than those of the NP group in early September, with values of
0.49 + 0.04ng/ml in the LLa/s group and 0.51 = 0.05ng/ml in the
LLy group (Fig. 6, top panel). On the other hand, both plasma 11-KT
(around 1.0 = 0.1 ng/ml) and T (around 4.04 + 0.37 ng/ml) showed
constant levels throughout the August 15 to September 15 period in the
NP group (Fig. 6, middle panel), whereas these values were affected by
the LL treatment. In the LLa/s group, average values of plasma 11-KT
were around 0.59 * 0.04 ng/ml during mid-September and decreased
to levels that were not statistically significant in October. At the same
time, levels of T were around 1.88 * 0.37 ng/ml during mid-Sep-
tember and decreased to levels significantly lower than the previous
period during this time interval. In the LLy group, we observed that
plasma 11-KT levels (around 0.57 ng/ml) never reached the high levels
of the NP group, while the average values of plasma T were around
2.62 ng/ml, with maximum levels of 3.79 = 0.38 ng/ml in early Sep-
tember. Finally, the NP group Fsh levels showed a significant increase
at the beginning of September (24.58 + 1.94 ng/ml). The levels pro-
gressively  increased thereafter, and peaked in  October
(44.25 = 2.04ng/ml). For this same period, Fsh levels in LLa/s in-
creased somewhat later, during mid-September, and were maintained
throughout mid-October, with values around 36.54 = 1.72ng/ml. In
the LLy group, the increase in Fsh was comparable to that in the NP
group, appearing in early October (47.33 = 3.16 ng/ml) (Fig. 6,
bottom panel).

4. Discussion

This work demonstrates how the bi-weekly changes in some re-
productive factors may be altered by the application of continuous light
within the photolabile period, leading to disturbances in the testicular
development of European sea bass, which in turn results in a clear re-
duction in the numbers of precocious males. The present results provide
further support for the photoperiod as an external cue to which or-
ganisms have been adapted (Falcon et al., 2010), and consequently, the
alteration of the lighting regime within the boundaries of the photo-
labile period impacts reproduction. In juvenile male sea bass, exposure
to LL affected the rhythmicity of the hormone and gene profiles in a
different way, inhibiting seasonal patterns or significantly decreasing
their amplitude. Although differences in the intensity of the impact on
reproductive factors were observed (Fig. 7), this gives us an early
glimpse into the endocrine control of the early events of gametogenesis
in a teleost fish.

The fact that the growth performance of juvenile males was dif-
ferent between LL and NP fish agrees with previous studies on this
species (Begtashi et al., 2004; Felip et al., 2017), although the work of
Felip et al. (2008) showed no differences among treatments. It is
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Fig. 3. Brain seabream (GnRH1), chicken-II (GnRH2) and salmon (GnRH3) GnRH content in juvenile male sea bass, kept under a natural photoperiod (NP),
continuous light (LL) from August 15 to September 15 under otherwise NP conditions (LLa/s) and LL year-round (LLy), and sampled during their first year of life.
Different letters represent significant differences between months (P < 0.05) for a given variable. Asterisks (*) by either LLa/s or LLy groups indicate significant
differences (P < 0.05) for the corresponding dates of the NP group. Positive symbols (+) indicate significant differences (P < 0.05) of the LLy group with respect to
the LLa/s group for the same date. Arrows indicate the first significant decrease in the values with respect to either the NP group on the same date or to the previous

value of the same group. Abbreviations: A, August; S, September; O, October.

interesting to note that LL fish exhibited lower condition factor values
than their counterparts, and this was concomitant with reduced go-
nadal development in less corpulent fish. In other relevant species, LL
treatment has been demonstrated to have a stimulatory effect on so-
matic fish growth (Kashyap et al., 2015; Navarro et al., 2015; Biswas
et al., 2016; Veras et al., 2016; Imsland et al., 2018), most likely by
stimulating the animals’ feed intake and/or food conversion efficiency
(Boeuf and Le bail, 1999) or by modulating some hormones that may
contribute to the changes in food intake and growth rate in fish (Volkoff
et al., 2010). However, in juvenile turbot (Scophthalmus maximus)
continuous light caused a suppression in growth performance (Imsland
et al., 1995; Stefansson et al., 2002). It is possible that fish under LL
regimes may require greater quantities of feed to maintain basic me-
tabolic processes, as they are more active and stressed under these
environmental conditions (Stefansson et al., 2002). It is even possible
that temperature variations might alter the impact of light on fish
growth (Imsland et al. 1995; Jonassen et al., 2000; Dgskeland et al.,
2016).

In addition, it has been observed that central injection of Gnrh2 has
an inhibitory effect on food intake in goldfish (Carassius auratus), which
is mediated in part by inhibition of the hypothalamic orexin system that
regulates appetite in fish (Hoskins et al., 2008; Matsuda et al., 2008). In
European sea bass, Gnrh2 is known to stimulate melatonin (Servili
et al., 2010), which exhibits an inhibitory effect on food intake and
affects somatic growth in this marine teleost (Rubio et al., 2004;
Alvarado et al., 2015). It is also worthy to note that Gnrh1 enhances
fshf3 gene expression during gonadal differentiation of sea bass, thus
suggesting that the brain’s GnRH system may trigger both sex differ-
entiation and the onset of puberty in this fish (Molés et al., 2007). In
fact, a moderate Gnrh1l and Gnrh2 pituitary content has been observed
at the onset of puberty in male sea bass (Rodriguez et al., 2000b). Data
collected in the present study show that the Gnrh1 content in fish ex-
posed to LL during the photosensitive period was lower than that of the
NP fish during early gametogenesis (September). This suggests that low
levels of this hormone in a critical period may block the hormonal
regulation of the reproductive axis. Furthermore, NP fish showed a
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Fig. 4. Evolution of fshf and amh expression and mitotic index of spermatogonia type A (SPGA) at early gametogenesis in juvenile male sea bass, kept under a natural
photoperiod (NP), continuous light (LL) from August 15 to September 15 under otherwise NP conditions (LLa/s) and LL year-round (LLy). Relative changes in
expression of fshf in the pituitary and amh in the gonad of fish sampled during their first year of life. All expression values are normalized to 18S rRNA. Changes in the
mitotic index of SPGA in fish sampled during their first year of life. Different letters represent differences between months (P < 0.05) for a given variable. Asterisks
(*) by either LLa/s or LLy groups indicate significant differences (P < 0.05) for the corresponding dates of the NP group. Positive symbols (+) indicate significant
differences (P < 0.05) in the LLy group with respect to the LLa/s group for a same date. Arrows indicate the first significant decrease in the values with respect to
either the NP group on the same date or to the previous value for the same group. Abbreviations: A, August; S, September; O, October.

constant Gnrh2 content during the early phases of gametogenesis, in
contrast to the presence of a Gnrh2 peak in LL fish in September, which
was followed by a decrease afterwards. All these data suggest that both
Gnrhl and Gnrh2 are essential hormonal factors for the onset and
progression of spermatogenesis in sea bass, and their disturbances are
most likely the reason why individual fish lack functional competence
to launch spermiogenesis. Interestingly, a lack of correlation of the
hypophysiotropic Gnrh forms, Gnrhl and Gnrh2, with those of Fsh
plasma levels should be contextualized in light of the European sea bass
mode of gonadal development. Sea bass is a group-synchronous
spawner and Gnrh levels might indicate the parallel maintenance of
spermatogenesis in several batches of gametes present in the testes of
this species (Carrillo et al., 1993). In goldfish, continuous light induces
variations in both Gnrh forms and kisspeptin 1, a neuroendocrine factor
regulating GnRH secretion in the hypothalamus, demonstrating that
photoperiod regulates sex maturation by GnRH and Kiss1 in the brain of
this species (Shin et al., 2014). Recent studies in sea bass have indicated
that LL downregulates gnrhl and kiss2 (Martins et al., 2015) and that

88

this photoperiod modulates the expression of kissI and gnrh2 in the
midbrain-forebrain, affecting normal testicular development during the
onset of puberty (Espigares et al., 2017). These findings suggest that
both kisspeptin and gnrh systems are involved in the translation of the
light stimulus to activate the reproductive axis of this marine teleost
fish. In addition, their co-regulation has clear effects on fhsf tran-
scription at the pituitary level during early spermatogenesis, thus
modulating the onset and progression of the entire gametogenesis
process (Alvarado et al., 2015). In this sense, it has been well estab-
lished that long-term exposure to LL regimes diminishes fshf3 expression
(Rodriguez et al., 2005; Felip et al., 2008), and a strong reduction in
fshB expression and low plasmatic levels have been also found in the
LLa/s and LLy groups in this study, thus supporting the importance of
photoperiod signalling in the activation of the reproductive axis. These
results reinforce the role that Fsh play in the regulation of early-mid
phases of spermatogenesis in sea bass, where Lh would be more in-
volved with later stages of gonadal development.(measurements not
included in this study) (Rodriguez et al., 2000b; Mateos et al., 2003).
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date. Abbreviations: A, August; S, September; O, October.

On the other hand, it is also accepted that piscine gonadotropins are
steroidogenic (Planas and Swanson, 2008), and their main function
during fish spermatogenesis is the stimulation and production of ster-
oids (Schulz et al., 2010). Nevertheless, it has been observed that go-
nadotropins show different potencies and responses which could be
based on the spermatogenic stage, and therefore in the presence of their
corresponding receptors (Mazon et al., 2015). In vitro tissue culture of
adult sea bass testis, Lh was more potent than Fsh in stimulating 11-KT
production in late spermatogenesis, however, administration of Fsh in
vivo in juvenile males of this species caused a significant increase of 11-
KT and initiated germ cell proliferation and spermatogenesis (Mazo6n
et al., 2014). In fact, this androgen has been proposed as a possible
trigger for the onset of puberty in sea bass (Rodriguez et al., 2005),
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suggesting that the unbalanced production of 11-KT regulated by fshf
might be limiting the stimulation of germ cell proliferation at the tes-
ticular level, and hence the onset and progression of gametogenesis in
juvenile fish (Felip et al., 2008), as shown in this study. In yellowtail
(Seriola quinqueradiata), 11-KT plays an important physiological role in
gonadal development and stimulates early mitotic divisions of sper-
matogonia toward meiosis (Higuchi et al., 2017).

In addition, our results also revealed that LL evoked changes on the
plasmatic levels of sex steroids as previously observed in this species
(Begtashi et al., 2004; Rodriguez et al., 2005; Felip et al., 2008) and
others (Ammar et al., 2015). Studies on fish report that estrogens evoke
germ cell proliferation (Amer et al., 2001; Song and Gutzeit, 2003;
Kobayashi et al., 2011) and even inhibit spermatogonia proliferation
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Abbreviations: A, August; S, September; O, October.

and induce the post-spawning process (Chaves-Pozo et al., 2007). In sea
bass under LLa/s and LL, the low levels of E, in early September were
concomitant with a reduced number of spermatogonial mitoses as
compared to the NP group, suggesting that E, might be related to
spermatogonial proliferation during early gonadal development in this
species. In addition, while testicular er$1 and er32 expression was si-
milar among groups during early gametogenesis, a significant decrease

in amh expression was observed with the concomitant decrease of cir-
culating levels of 11-KT and Fsh under LL regimes. This may suggest a
possible mechanism of endocrine control over early events of gameto-
genesis in male sea bass, in which the lack of increasing 11-KT levels
presumably induced by Fsh are unable to block amh expression. Con-
sequently, Amh may act as a meiosis inhibiting factor and prevent
spermatogenesis progression, as previously demonstrated in male sea
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Fig. 7. Summary of the effects of continuous light
during the photolabile period in early gametogenesis

on histological, biochemical and gene expression
changes of some relevant parameters related to the
maturation process in juvenile male sea bass kept
under a natural photoperiod (NP), continuous light
(LL) from August 15 to September 15 under other-
wise NP conditions (LLa/s) and LL year-round (LLy).
The shading in each box represents the levels of the
variable being considered: white, significantly low
levels; grey, low-intermediate levels with no sig-
nificant differences and black, significantly high le-
vels.
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bass (Mazoén et al., 2014; Rocha et al., 2016; Blazquez et al., 2017). In
this respect, several studies have shown that amh expression in the
testes is downregulated by 11-KT in eel (Miura et al., 2002) and also in
zebrafish (Skaar et al., 2011) and Atlantic salmon (Melo et al., 2015),
although its biological function needs to be further investigated in fish.
Interestingly, a positive regulation of Fsh on star expression has been
described in mammals (Balasubramanian et al., 1997; Sekar et al.,
2000). In adult male sea bass, star expression increases as spermato-
genesis proceeds, reaching a peak at advanced gonadal stages during
the first sexual maturation, supporting the involvement of the coded
protein in the synthesis of sea bass progestins (Rocha et al., 2009). In
this regard, the relationship among these profiles in juvenile males
needs to be further investigated in order to gather a better under-
standing of the rapid delivery of cholesterol substrate, which requires
the Star protein, during early gametogenesis.

In conclusion, this study demonstrates that, over the course of the
photosensitive period, the LL regime modulates the rhythm and/or
amplitude of some important reproductive factors (Fig. 7) during early
gametogenesis in male sea bass, which results in disturbances that
drastically affect gonadal maturation and reduce precocity in a marine
teleost fish.
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