www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

W) Check for updates

Endocrine disrupter chemicals
affect the humoral antimicrobial
activities of gilthead seabream
males even upon the cease of the
exposure

Yulema Valero!, Amanda E. L6pez-Canovas?, M. Carmen Rodenas?, Isabel Cabas?,
Pilar Garcia-Hernandez?, Marta Arizcun?, Alfonsa Garcia-Ayala? & Elena Chaves-Pozo(®™
17-ethynilestradiol (EE,) and tamoxifen (Tmx) are pollutants world-wide distributed in aquatic
environments. Gilthead seabream, Sparus aurata L., is highlighted as a species model of intensively
culture in anthropogenic disturbed environments. The effects of these pollutants on gilthead seabream
reproduction and some immune responses have been described but, the humoral innate antimicrobial
activities have never received attention. In this work we analysed the latest in the plasma of gilthead
seabream males of different ages and reproductive stages treated with 0, 2.5, 5 or 50 ug EE, or 100 pg
Tmx g~ food during different times of exposure and of reverting to commercial diet (recovery). The
peroxidase and protease activities decreased as the spermatogenesis of the first reproductive cycle (RC)
proceeded in control fish. However, only protease and antiprotease activities showed different level at
different stages of the second RC in control fish, but showed scarce disruption in fish treated with EE, or
Tmx. Peroxidase and bactericide activities are more sensitive to EE,, than to Tmx. The effects induced by
EE, varied depending on the activity analyzed, the dose and the time of exposure and the reproductive
stage and the age of the specimens.

Nowadays, clean waters, with low levels of anthropogenic compounds, are reduced to limited locations scarcely
inhabited all over the world (http://www.oceanhealthindex.org/region-scores/maps). The raising use of pharma-
cological compounds and their presence in the surface water have increased the concern about the unpredictable
effects in aquatic organisms and human health. The 17a-ethinylestradiol (EE,) is highly estrogenic and widely
used in oral contraceptive treatments and hormone therapies and it is known to be in detectable levels in water
resources worldwide'. By its side, tamoxifen (Tmx) is frequently used in breast cancer therapies'~ and its pres-
ence in Mediterranean water effluent sources, it representing a potential ecotoxicological risk*. The estrogenic
pharmacological compounds are globally distributed in a wide range of aquatic (fresh, estuarine and marine)
environments and differences in their disrupting potential have been related to salinity’. In fact, their effects are
more evident at lower doses in freshwater than in marine water®. So, further studies on marine fish species are
mandatory to really assess the potential effect of endocrine disrupting chemicals (EDCs) on marine population
and aquaculture production. Recently, European Union included EE, together with 173-estradiol (E,) in the
European monitoring list of EDCs®. Although the levels of EDCs in European marine environments are usu-
ally below the environmentally quality standard (100 ng/L), there are hot points with excessively high levels”®.
The presence of EE, and Tmx is related to the hardships found in residual water treatment plants to clear them,
remaining in water until the end of the process and being released to the fluent waters’. In addition, the resistance
of synthetic estrogens to degradation and its predicted bioaccumulation throughout the food chain, as it has been
suggested using some food-web models'’, should not be underestimated.
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Both compounds, EE, and Tmx, are considered EDCs as they mimic estrogens, binding estrogen recep-
tors (ER) and changing the normal hormone binding to them causing alterations in their hormonal pathways
down-stream®. In contrast to EE, Tmx has estrogenic or anti-estrogenic effects depending on the tissue in mam-
mals!!. In fish, however, Tmx has estrogenic effects but also increased the androgen level and the expression of
male related genes such as the double sex-and mab3-related transcription factor 1, dmrt1'2. As matter of fact, fish
exposed to EE, and/or Tmx through food intake display alterations in molecular markers of endocrine disrup-
tion'>"'. In fact the concentrations of EE, used in this study are known to ensure effects on some reproductive
events in gilthead seabream males'>®. The concentration of Tmx assures Tmx-ER interaction and reproductive
effect as described previously'?. In fish as in mammals, both EE, and Tmx strongly affect reproduction and even
acute exposure during development might affect the mature reproductive system!>!>-°. Far beyond reproduction,
sex hormones also modulate several biological processes. It is demonstrated in fish that immunity is regulated by
estrogens throughout nuclear or membrane receptor mechanisms (see reviews in?*-?). In fact, several immune
responses of fish (both innate and adaptive) are affected by EDCs?*.

The gilthead seabream (Sparus aurata L.) is the most relevant species in economic terms in Mediterranean
aquaculture®, so the effect of these compounds on its physiology are of special relevance. The gilthead seabream
is a seasonal breeding protandrous hermaphroditic teleost with a bisexual gonad which develops as male during
the first two reproductive cycles (RCs) and then the 40% approximately of the population change to female at
the beginning of the third RC***. The reproductive cycle, during the male phase, is divided into four stages:
spermatogenesis, spawning, post- spawning and resting or testicular involution in the first or second RC, respec-
tively, in which the testis undergoes abrupt morphological changes®*. The sensitivity to EE, has been described
to be different in the gonad of gilthead seabream at pre-spermatogenesis and spermatogenesis stages of the first
reproductive cycle'.

Regarding the potential effects of EDCs on the immune system in gilthead seabream, the nuclear ERa is
present in head kidney macrophages and lymphocytes® and the G protein-coupled estrogen receptor (GPER),
a membrane estrogen receptor which binds E, and other different estrogenic compounds, has been identified in
head kidney acidophilic granulocytes?. Interestingly, the nuclear ER3 is expressed in macrophages stimulated
either with E, or with bacterial DNA?*?, In addition, the production of reactive oxygen intermediates (ROIs),
one of the main cell-mediate innate activities, is inhibited by E, on gilthead seabream phagocytes®. However, EE,
does not affect the naive cell-mediate innate activities, but alters the fish capacity to respond to infections of both
cell-mediated innate and humoral adaptive responses>***'. Moreover, both compounds, EE, and Tmx, disrupt
the response triggered by an immune stimuli as the expression of pro-inflammatory cytokines coding genes, the
ROIs production by phagocytes, the percentage of positive immunoglobulin M (IgM™) cells and the number of
granulocytes in the head kidney upon a challenge®***'. These effects disappear when the treatment ceases>?'.
Estrogens also promote leukocyte infiltration in several tissues of gilthead seabream, such as the peritoneal cavity
and the gonad, enhancing the ability of endothelial cells to adhere leukocytes®>**. From all this studies, it is clear
that EDCs affect cell-mediated immunity and humoral adaptive responses in gilthead seabream. The studies that
related immune activities with reproductive stages in fish are very scarce as well as the effects of EDCs on serum
innate immune activities have poorly been studied in fish, even when the humoral innate activities are key players
in the fights against infections in fish.

The aim of this work is to determine if humoral antimicrobial activities differ through the year and/or RC in
gilthead seabream and if these activities are differentially altered depending on the reproductive stage in which
the specimens are exposed to EDCs. For that, we performed three trials through the first and second RC of
gilthead seabream. Thus, (i) trial I try to determine the effect of EE, on the resting stage, previous to the first
RC, and on the spermatogenesis stage of the first RC; (ii) Trial II try to determine whether Tmx, as occurs in the
reproductive system, has different effect on humoral innate immune response to those of EE, and whether these
effects are reversible or not using fish at spermatogenesis stage of the second RC and, (iii) trial IIT try to determine
the effect of long exposure to low doses of EE, and whether these effects are reversible or not starting with fish at
spermatogenesis stage of the second RC and finishing at testicular involution stage. As far as we are concerned, E,
and EE, can disrupt antibacterial functions in fish*** but this is the first study dealing with the effect of estrogenic
compounds on the humoral innate immune response in gilthead seabream.

Results

We first observed that the peroxidase activity level of control fish increased at the beginning of the spermatogen-
esis stage of the first RC, decreasing later on during this stage to similar levels of the previous resting stage, while
the protease activity increased at the beginning of the spermatogenesis stage of the first RC and then decreased
reaching lower levels than those reported during the previous resting stage (trial I) (Fig. 1a). During spermato-
genesis of the second reproductive cycle, only antiprotease activity level decreased at the end of the stage (from
37.03 £ 1.24% at the beginning to 10.32 £ 2.83% at the end) (Fig. 1b and supplementary data) (trial II). Moreover,
antiprotease activity levels decreased even more at testicular involution stage (8.58 +2.00%) compared with
post-spawning stage levels (16.14 = 1.69) (Fig. 1¢) (trial III). Interestingly, protease activity showed higher levels
at testicular involution stage than at post-spawning stage (Fig. 1c) (trial IIT).

EE, differently alters the antimicrobial humoral activities in fish at resting and spermatogenesis
of the first RC.  Our results showed that fish at the resting stage previous of the first RC (R fish) treated with 5
and 50 ug EE, g~! food showed high levels of peroxidase activity at both time point assays (7 and 28 days), while
fish at the spermatogenetic stage of the first RC (SG fish) showed an increases of this activity from 7 days onwards
with 50 ug of EE, g~! food and after 28 days of 5 ug of EE, g~ food intake (Fig. 2a). Otherwise, in R fish, the bacte-
ricidal activity increased 23-fold with the highest dose used (50 ug EE, g~ ! food) after 7 days but only 2-fold after
28 days. However in SG fish, this activity increased 9- and 6-fold after 7 and 28 days of exposure to 50 ug EE, g
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Figure 1. Antimicrobial humoral activities in not treated gilthead seabream males at different times and
reproductive stages. Fish at two different moments during the resting stage, previous to the first RC, and the
spermatogenesis stage of the first RC (a), at different moments during the spermatogenesis stage of the second
RC (b) and at post-spawning and testicular involution of the second RC (¢). Data represent means + standard
error (n=6). Different letters denote statistically significant differences between the groups (P < 0.05).

food, respectively (Fig. 2b). No statistically differences were observed in the protease activity levels neither in R
or SG fish (Fig. 2¢), while only 5 ug of EE, g! food intake increased the antiprotease activity levels in R fish, but
not in SG fish (Fig. 2d).

Tmx and EE, differently modifies the antimicrobial activities in SG fish of the second RC.
Gilthead seabream in the SG stage of the second RC treated with either 5ug EE, g~! food or 100 ug Tmx g*
food showed scarce changes in some but not all antimicrobial activities compared to control fish (Fig. 3). Thus,
peroxidase activity was sharply increased in fish fed with EE, after 15 days of treatment but not in fish fed with
Tmx (Fig. 3a). The fish treated with EE, trended to recover similar levels to control fish after 30 days of treatment
and reached control levels during the recovery period (Fig. 3a). Regarding bactericidal activity, only Tmx food
intake inhibited bactericidal activity after 15 days of treatment, showed all experimental groups similar levels
after 30 days of treatment and during the recovery time (Fig. 3b). No changes were found in protease (Fig. 3¢c)
and antiprotease (Fig. 3d) activities of treated fish compared with control, although differences through time were
observed in the antiprotease activity levels during the experiment (Fig. 3d and supplementary data).

Long-term treatment with EE, alters the antimicrobial functions in SG fish of the second RC.
When fish at the SG stage of the second RC were fed with 2.5 or 5ug EE, g~! food during 83 days (Fig. 4), the
peroxidase (Fig. 4a) and the bactericidal (Fig. 4b) activity levels increased with the highest dose, while the anti-
protease activity levels decreased with both doses (Fig. 4d). The protease activity levels remained unaltered upon
both treatments (Fig. 4c).
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Figure 2. Antimicrobial humoral activities in gilthead seabream males at the resting stage, previous to the
first RC, and the spermatogenesis stage of the first RC. The fish were treated with 0, 5 or 50 ug EE, g~! food and
sampled at 7 and 28 days of treatment where the peroxidase (a), the bactericide (b), the protease (c) and the
antiprotease (d) activities were studied. Data represent means =+ standard error (n = 6). Different letters denote
statistically significant differences between the groups (P < 0.05).

During the recovery period, the peroxidase (Fig. 4a) and protease (Fig. 4c) activity levels did not show statis-
tical differences between experimental groups. Strikingly, the bactericidal activity levels was increased (Fig. 4b)
while the antiprotease activity levels decreased (Fig. 4d) in the fish treated with 2.5ug EE, g~ food after 91 days of
recovery compared to control fish levels. Differences in the same treated group through the time were observed in
all the activities in control, as described previously, and in some treated groups (Fig. 4 and supplementary data).

Discussion

Up to date, it is widely known that EDCs alters the functions, the levels or the body distribution of endogenous
hormones in all vertebrates, including fish*. Between them, xeno-estrogens modify the estrogenic regulation
of multiple biological process, including the immune response, whose seasonality in fish has been demon-
strated®”*%. The regulation of the immune response by estrogens in fish has been taken into consideration and
the data demonstrate that both estrogens and estrogenic compounds alters the immune response of several fish
species through genomic and non-genomic mechanisms of action®**?2, Gilthead seabream is a hermaphroditic
protandrous, seasonal breeder fish species that develop a testis during the first three years of life; however, as they
are not able to spawn at the first year, it is only consider two consecutive mature RC of males: the first and second
RC during the second and third year of life, respectively. Afterwards testicular involution and sex change takes
place*>* (Fig. 5). During the last two decades, different studies has reported the existence of hormonal receptors,
including steroid sex hormone receptors, in different types of leukocytes and how leukocyte functions are regu-
lated by them (see for review?*?240-42) This leads to the hypothesis that the immune response might vary depend-
ing on the reproductive season of fish as sex hormones levels are modify depend on the reproductive season.
Interestingly, some studies have analyzed some humoral activities through a part of the year, mainly the winter
season, but none of them have related the differences observed with the reproductive stage of the fish. Our data
showed, for the first time, in gilthead seabream that during the first and second RCs, the antimicrobial activities
varied through the different reproductive stages. Thus, in the first RC, bactericidal and protease activities levels
decreased as spermatogenesis processed, while in the second RC only the antiprotease activity levels progressively
decreased through the spermatogenesis stage. Interestingly, the antiprotease activity levels further decreased at
testicular involution stage compared to post-spawning stage that showed similar levels than those recorded at the
end of the SG stage. In contrast, the protease activity slightly increased at testicular involution stage compared
to post-spawning stage. So our data suggested that the humoral innate antimicrobial activities undergo slightly
changes through the year related to the reproductive stage of the fish. In fact, the bactericide and peroxidase
activity in European sea bass serum changed independently of the temperature through the year, suggesting this a
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Figure 3. Antimicrobial humoral activities in gilthead seabream males during the spermatogenesis stage of
the second reproductive cycle treated with EE, or Tmx during a short term period and a short recovery time.
The fish were treated with 0, 5pg EE, or 100 ug Tmx g~ ! food during 15 and 30 days and after 6 and 22 days of
reverting to the commercial diet. The peroxidase (a), bactericide (b), protease (c) and antiprotease (d) activities
were studied. Data represent means = standard error (n=6). Different letters denote statistically significant
differences between the groups (P < 0.05).

relation between these humoral activities and the RC***, although more detailed studies will be needed to clearly
relate this responses with the different reproductive stages and/or RCs.

It is worthy to note that the levels of protease activity recorded in these experiments are quite low (around 1%
of activity) comparing with other published studies, although high variation was observed between published
data (from 30 to 7%)*~*". The probable under detection due to methodological issues might be discarded as all
the control fish of all the experiments reported in this study showed protease activity levels.

E, has a key role in the male physiology in fish. In spermatogenetic gilthead seabream males, high doses
of exogenous E, during short period (18 days) or low doses during middle period (28-25 days) disrupted the
spermatogenesis and triggered the post-spawning stage regulating the infiltration of acidophilic granulocytes,
the main phagocytic cell, into the gonad'>?, but did not induce nor accelerate the natural sex change of gilthead
seabream. However, in other hermaproditic fish species is has been reported that exogenous treatments with
estrogens induce the change male to female (see for review*) as also occurs in gilthead seabream upon exposures
to high doses of estrogens during long time*. All the trial reported in this manuscript were design to determine
the effect of estrogens on male physiology and none of them triggered the sex change of the specimens.

Regarding leukocytes, E, activate gilthead seabream macrophages than in turn recruited the acidophilic gran-
ulocytes and enhance the expression of adhesion molecules in the vascular epithelium enhancing the inflamma-
tory response and the trafficking of leukocytes into tissues?>**. Estrogen receptor has been described in different
types of leukocytes such as macrophages, neutrophils and lymphocytes and in different fish species (for review
see?®??) In fact in gilthead seabream, EE, has been described to affect the cellular and humoral specific immune
response>**3!. Moreover, the expression levels in the gonad of genes coding for antimicrobial peptides and pro-
and anti-inflammatory cytokines show differences between the different stages of the RC in gilthead seabream
and European sea bass*>*. Unfortunately, the effect of EDCs on the systemic humoral innate immune response
and its correlation with the reproductive stage of the specimen has never been boarded in gilthead seabream.
With this background, we have studied the effect on the antimicrobial humoral response of gilthead seabream
males at different ages and exposure to two EDCs, EE, or Tmx, with different estrogenic effects. In gilthead
seabream, EE, has a potent estrogenic effect as sharply increase the E, serum levels and the transcription of the
hepatic vitellogenin gene (vtg) as well as the transcription of the gonadal ER'>!. In mammals Tmx, acts as an
estrogens agonist or antagonist depending on the target, highlighting the complexity of mechanisms mediating
ER activities'!. In gilthead seabream, the administrated Tmx dose has previously been described to be enough to
ensure the Tmx-ER interactions'. In fact, in gilthead seabream males, 100 ug of Tmx g! of food, the dose used
in this work, increased the E, serum levels and the transcription of the hepatic vfg and the gonadal ER genes'2.
However, Tmx also increased the serum levels of androgens and the expression of genes involved in testicular
development such as dmrt1 gene'>. Our results demonstrated that some humoral antimicrobial activities are
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Figure 4. Antimicrobial humoral activities in gilthead seabream males in spermatogenesis stage of the second
reproductive cycle treated with EE, during a long term period and a long recovery time. The fish were treated
with 0, 2.5 or 5pg EE, g~! food for 83 days (from spermatogenesis stage to post-spawning stage) and after

91 days (testicular involution stage) of reverting to the commercial diet. The peroxidase (a), bactericide (b)
protease (c) and antiprotease (d) activities were analyzed. Data represent means =+ standard error (n=6).
Different letters denote statistically significant differences between the groups (P < 0.05).

sensitive to estrogenic compounds although we observed heavy differences between the effect of EE, and Tmx as
the latest only affect the bactericidal activity after 15 days of treatment but not after 30 days.

Peroxidase enzymes are involved in homeostasis, but they are also imperative microbicidal agents which effec-
tively remove H,0, produced during the respiratory burst process (between others) and preserve the redox bal-
ance of immune system®'. In all fish studied (one and two years old fish), the peroxidase activity increased after
short (7 or 15 days), middle (28 or 30 days) or long (83 days) treatments with doses of 5 ug EE, g~! food or higher.
Similarly, increases in the peroxidase activity were observed when one-year old seabream specimens were treated
with the endogenous estrogen, E,*. Despite the fact that Tmx dose was 20-fold higher than EE, dose, this EDC
did not increase the peroxidase activity during 30 days of treatment. Taking into account that EE, is decomposed
by a catalytic reaction triggered by peroxidases®®. The possible role of peroxidases in the clearance of toxic lev-
els of EE, might explain why EE, increase this activity but not Tmx. Thus, further studies should be conducted
to undoubtedly establish the possible role of peroxidases in the control of xeno-estrogens in fish and how this
process affects the antimicrobial responses of fish. In spite of this, the alteration of the immune responses based
on the clearance and production of ROIs in which peroxidase activity is involved should not be undervalued as
previous data obtained in gilthead seabream and based on in vivo studies determined that environmental concen-
trations of EE, (50 ngmL ") inhibit cell mediated innate immune activities such as ROIs production triggered by
stimulation with bacterial DNA®. In the other hand, in gilthead seabream males treated with 5ug EE, g~ food
during 50 days the ROIs production triggered by an immune stimulus was inhibited during the treatment but was
able to recover control values 6 days upon the cease of the exposure?. Moreover, in vitro treatments with EE, in
gilthead seabream leukocytes alter their ROIs production capability and their phagocytic activity*°.

Concerning the bactericidal activity, short (7 days) and middle (28 days) exposures with doses of 50 ug EE, g™
food or long (83 days) exposures with lower doses (5ug EE, g~! food) increased this activity. However, when mid-
dle (15, 28 or 30 days) exposures were applied, no differences in the bactericide activity were observed between
treated and control fish at doses of 5ug EE, g~ food. All these data together suggest that the bactericidal activity
is affected by EE, depending on dose, the time of exposure and the age of gilthead seabream males. Similarly, the
total bactericidal activity of Japanese sea bass (Lateolabrax japonicus) also increased after middle bath exposures
(30 days) with 200 or 2000 ng of E, L~ **. However, no more studies have been carried out to study the effects of
estrogenic compounds on bactericidal activity in fish. Nevertheless, in mammals, E, exerts stimulatory effect on
bactericidal activity even preventing sepsis®**°. Although further studies are mandatory, there are clear evidences
pointing to a thigh relationship between estrogens and the immunocompetence against bacteria in vertebrates
including fish.
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Figure 5. Schematic illustration of the timing of the different experiments related to the reproductive stages
and age (years) of the gilthead seabream. RC, reproductive cycle; SG, spermatogenesis stage; S, spawning
stage; PS, post-spawning stage; R, resting stage; TI, testicular involution stage; EE,, 17a-ethynilestradiol; Tmx,
tamoxifen; dT, days of treatment; dR, days of recovery. Data obtained from this manuscript and from Chaves-
Pozo et al. (2005, 2009)*** and Liarte et al. (2007).

Other antimicrobial activities, the protease and the antiprotease activities, have been extensively used as
humoral innate immune indicators in gilthead seabream*~*". Our data showed that these activities were hardly
altered by EE, exposures. Thus, in one-year old fish at resting stage the antiprotease activity increased after 7 days
of exposure with 5ug EE, g~! food, while in fish at the subsequent spermatogenesis stage (at the first RC) the
protease activity decreased after 7 days of 50 ug EE, g~! food exposure. Interestingly, in two-years old gilthead
seabream males (second RC), neither the protease activity nor antiprotease activity were altered by EE, after short
or middle time exposures, while after 83 days of 2.5 or 5ug EE, g~ food treatments the antiprotease activity was
sharply inhibited and kept low after 91 days of the cease of the treatment in the fish fed with 2.5 ug EE, g~! food.

In general, our data show that most of the antimicrobial activities analysed were enhanced by the treatments.
Similarly, some antimicrobial responses such as the production of ROIs and lysozyme activity increased in juve-
niles of yellow catfish (Pelteobagrus fulvidraco) subjected to EE, bath exposure during 56 days®. Strikingly, our
data are the first one to determine that only the antiprotease activity remained inhibited after 91 days of the cease
of a long term exposure (83 days) with a low dose of EE, (2.5 g EE, g~! food). Several studies have pointed to
the fact that environmental factors affect the immune response mainly upon a challenge state’*®°. In contrast,
our data demonstrate that low doses of estrogenic compounds unbalance the naive humoral innate antimicrobial
activity levels at certain point during the exposure or later on upon the cease of the exposure. Whether this effect
might impair the immune response during a challenge is something that should be taken into consideration.
However, all these data acquire an especial relevance when taking into account that there are fish pathogens which
alter sex hormone levels to get profit of their regulatory role on the immune responses in an attempt to remain
latent and/or spread”’. Moreover, the transcription of genes involved in antiviral responses, are positively corre-
lated with the expression levels of genes coding for ERs in gilthead seabream®”. Indeed, most of the genes implied
in the interferon I pathway are positively correlated with era gene in gilthead seabream upon a viral infection®.
Remarkably, this receptor is expressed in gilthead seabream head kidney macrophages and lymphocytes®. These
data suggest that estrogenic compounds would alter the capacity of gilthead seabream to respond upon viral
infections although further investigations are needed to clarify this issue.

To summarize, the humoral innate immune activities analyzed showed different levels through different
reproductive stages and ages in gilthead seabream. The EDCs, EE, and Tmx, are found in fluent waters and are
known to mimic estrogens provoking strong alterations in reproductive and immune functions in fish**. Gilthead
seabream humoral innate immune activities are more sensitive to EE, than to Tmx, which only inhibited the bac-
tericidal activity after a short term exposure. However, the effects induced by EE, vary depending on the activity
analyzed, the dose and time of exposure and the reproductive stage and the age of the specimens. Strikingly, per-
oxidase activity is increased in all trials, but only upon EE, treatment, probably as a way of decompose toxic level.
Whether this issue might disturb the innate immune response should be taken into account for further studies.
Interestingly, only the bactericidal and antiprotease activities showed unbalanced levels upon the cease of long
term treatments with low doses of EE,. This also occurs with the humoral adaptive immune response of gilthead
seabream but not with the cell-mediated innate immunity>*!. The long lasting effects, even when being scarce,
upon the cease of the treatment observed in gilthead seabream in this work and other?, lead to the need to develop
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proper wastewater treatment that definitively decompose these pollutants and release clean fluent waters in order
to dismiss their possible effect on aquatic organism populations.

Material and Methods

Experimental procedures. Animals. Healthy specimens of gilthead seabream (Sparus aurata, L.) were
bred and kept at the Centro Oceanogrdfico de Murcia (Instituto Espariol de Oceanografia, Mazarron, Murcia,
Spain). The fish were kept in 2 m? tanks with a flow-through circuit, suitable aeration and filtration system and
natural photoperiod. The water temperature ranged from 14.6 to 17.8 °C. The environmental parameters, mortal-
ity and food intake were recorded daily.

Diets preparation, administration and sampling. ~ All experiments were conducted by adding EE, (purity 98%;
Sigma) or Tmx (Sigma) to a commercial diet (44% protein, 22% lipids, Skretting), which was used as control.
Thus, the EE, was incorporated in the commercial food at doses of 0 (control), 2.5, 5 or 50 pg g ™! food, and Tmx
at 100 pg g™ food using the ethanol evaporation method (0.3 L ethanol/kg of food) as described elsewhere™. In all
cases the specimens were fed ad libitum three times a day and fasted for 24 h before sampling. Prior to fish handle,
all specimens (n = 6 fish/group/sampling time) were anesthetized with 40 ul/L of clove oil in seawater, completely
bled and immediately beheaded and weighed. Serum samples were obtained by centrifugation from trunk blood
collection (10,000 xg 10 min 4 °C) and immediately frozen and stored at — 80 °C until use.

Experimental designs.  Three different trials were performed (Fig. 5):

- Trial I. Using 36 gilthead seabream males at resting (R) stage previous to the beginning of the first RC (the
stage just before to the spermatogenesis stage; 110 £ 20 g of body weight, bw; 14-months old) and 36 at spermat-
ogenesis (SG) stage of the first RC (405 £ 25 g of bw; 19 months old). The specimens were fed during 28 days
(treatment period) with a diet supplemented with EE, at the doses of 0 (Control), 5 or 50 pg of EE, g~! food and
sampled at days 7 and 28 of EE, exposure.

- Trial II. Using 72 gilthead seabream males in SG stage of the second reproductive cycle (453 +7.0 g bw)
orally exposed to 0 (Control), 5pg EE, g! food or 100 pg Tmx g~ ! food during 50 days (treatment period) and
then fed with commercial diet (recovery period) during 22 days more. All the trial was performed during the
spermatogenesis stage of the specimens. Sampling was performed at 15 and 30 days of exposure (days of treat-
ments) and at days 6 and 22 of the recovery period (days 56 and 72 of the trial, respectively).

- Trial ITI. With 54 gilthead seabream males at SG stage of the second reproductive cycle (166 24 g bw). We
exposed the fish with 0 (Control), 2.5 or 5ug of EE, g~! food during 83 days (treatment period). After the treat-
ment period, specimens were fed with a commercial diet during 91 additional days (recovery period). Sampling
was performed at the end of the treatment period (83 days of the beginning of the trial that corresponded with
post-spawning stage) and at day 91 of the recovery period (day 174 of the beginning of the trial that corresponded
with testicular involution stage).

Antimicrobial humoral activities. The peroxidase activity in serum was measured according to a previ-
ously described protocol®®. One unit was defined as the amount of activity producing an absorbance change of
1 and the activity was expressed as units mL! serum.

The bactericidal activity of serum was determined by evaluating their effects on the bacterial growth of V.
harvevi curves as elsewhere®!. The pathogenic marine bacteria Vibrio harveyi (strain Lg 16/100) was grown and
cultured as previously described™. Results were corrected with the absorbance measured in each sample at the
initial time point and expressed as % of activity in serum.

The protease activity in serum was determined as the percentage of hydrolysis of azocasein using a modified
formerly defined protocol®® and briefly described elsewhere®. The percentage of protease activity for each sample
was calculated as % of the activity referred to the positive control (10 pL of 2 mg/mL proteinase K (AppliChem)
in PBS replaced the sample). Results were expressed as % of activity in serum.

The antiprotease activity was determined by the ability of serum to inhibit proteinase K activity using a modi-
fied previously described protocol®® and briefly described elsewhere®. The percentage of inhibition of proteinase
K activity for each sample was calculated as [100-(% of protease activity)]. Results were expressed as % of activity
in serum.

Statistics. All data are presented as mean =+ standard error of the mean (SEM) and the statistical analysis
performed as described elsewhere®. The data were subjected to a Shapiro-Wilk test to determine their normality
and to a Levene test to verify the homogeneity of variances. Then they were analysed by one- way ANOVA fol-
lowed by a LSD (Fisher Least Significant Difference) post hoc test to denote statistical differences between groups
and by two-way ANOVA to determine differences between sampling times. When some parameters did not meet
normally assumptions, the data were log-transformed prior to analysis or a non-parametric Kruskal-Wallis test,
followed by a multiple comparison test, was applied. Statistical analyses were conducted using STATGRAPHICS
Centurion XV 15.2.06 software. Significance level (P) was fixed at 0.05.

Ethical approval. All specimens studied were handled in accordance with the Guidelines of the European
Union Council (2010/63/UE), the Bioethical Committees of the IEO (reference REGA ES300261040017) and
the “Consejeria de Agua, Agricultura y Medio Ambiente” of the “Region de Murcia”, Spain (approval number
A13160507).

Data availability

All data are available upon request, please contact Dr. Elena Chaves-Pozo (email address: elena.chaves@ieo.es).

SCIENTIFIC REPORTS |

(2020) 10:7966 | https://doi.org/10.1038/s41598-020-64522-2


https://doi.org/10.1038/s41598-020-64522-2

www.nature.com/scientificreports/

Received: 5 August 2019; Accepted: 6 April 2020;
Published online: 14 May 2020

References

1.

2.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wise, A., O’'Brien, K. & Woodruff, T. Are oral contraceptives a significant contributor to the estrogenicity of drinking water? Env. Sci.
Technol. 45, 51-60 (2011).

Rodenas, M. C. et al. Tamoxifen persistently disrupts the humoral adaptive immune response of gilthead seabream (Sparus aurata
L.). Dev. Comp. Immunol. 53, 283-292 (2015).

. Milla, S., Depiereux, S. & Kestemont, P. The effects of estrogenic and androgenic endocrine disruptors on the immune system of fish:

a review. Ecotoxicology 20, 305-319 (2011).

. Orias, F et al. Tamoxifen ecotoxicity and resulting risks for aquatic ecosystems. Chemosphere 128, 79-84 (2015).
. Bosker, T, Santoro, G. & Melvin, S. D. Salinity and sensitivity to endocrine disrupting chemicals: A comparison of reproductive

endpoints in small-bodied fish exposed under different salinities. Chemosphere 183, 186-196 (2017).

. European Commission. Directive 2013/39 of the European Parliament and of the Council of 12 of August 2013, amending Directives

2000/60/EC as regards Priority Substances in the Field of Water Policy. (2013).

. Tiedeken, E. J., Tahar, A., McHugh, B. & Rowan, N. J. Monitoring, sources, receptors, and control measures for three European

Union watch list substances of emerging concern in receiving waters - A 20year systematic review. Sci. Total. Environ. 574,
1140-1163 (2017).

. Adeel, M., Song, X., Wang, Y., Francis, D. & Yang, Y. Environmental impact of estrogens on human, animal and plant life: A critical

review. Environ. Int. 99, 107-119 (2017).

. Kasprzyk-Hordern, B., Dinsdale, R. M. & Guwy, A. J. The removal of pharmaceuticals, personal care products, endocrine disruptors

and illicit drugs during wastewater treatment and its impact on the quality of receiving waters. Water Res. 43, 363-380 (2009).

Lai, K. M., Scrimshaw, M. D. & Lester, J. N. Prediction of the bioaccumulation factors and body burden of natural and synthetic
estrogens in aquatic organisms in the river systems. Sci. Total. Env. 289, 159-168 (2002).

Fitts, J. M., Klein, R. M., Powers, C. A. & Ther, J. P. E. Tamoxifen regulation of bone growth and endocrine function in the
ovariectomized rat: discrimination of responses involving estrogen receptor alpha/estrogen receptor beta, G protein-coupled
estrogen receptor, or estrogen-related receptor gamma using fulve. J. Pharmacol. Exp. Ther. 338, 246-254 (2011).
Garcia-Hernandez, M. P. et al. Tamoxifen disrupts the reproductive process in gilthead seabream males and modulates the effects
promoted by 17a-ethynylestradiol. Comp. Biochem. Physiol. Part. C. Toxicol. Pharmacol. 179, 94-106 (2016).

Ribecco, C. et al. Biological effects of marine contaminated sediments on Sparus aurata juveniles. Aquat. Toxicol. 104, 308-316
(2011).

Scholz, S. & Mayer, I. Molecular biomarkers of endocrine disruption in small model fish. Mol. Cell Endocrinol. 293, 57-70 (2008).
Cabas, I. et al. Dietary intake of 17 alpha-ethinylestradiol promotes leukocytes infiltration in the gonad of the hermaphrodite
gilthead seabream. Mol. Immunol. 48, 2079-2086 (2011).

Cabas, L. et al. The effect of 17«-ethynylestradiol on steroidogenesis and gonadal cytokine gene expression is related to the
reproductive stage in marine hermaphrodite fish. Mar. Drugs 11, 4973-4992 (2013).

Frye, C. et al. Endocrine disrupters: A review of some sources, effects, and mechanisms of actions on behaviour and neuroendocrine
systems. J. Neuroendocrinology 24, 144-159 (2012).

Leafos-Castaneda, O., Van Der Kraak, G., Lister, A., Siméa-Alvarez, R. & Gold-Bouchot, G. o,p’-DDT induction of vitellogenesis and
its inhibition by tamoxifen in Nile tilapia (Oreochromis niloticus). Mar. Env. Res. 54, 703-707 (2002).

Weber, A. A. et al. Environmental exposure to oestrogenic endocrine disruptors mixtures reflecting on gonadal sex steroids and
gametogenesis of the neotropical fish Astyanax rivularis. Gen. Comp. Endocrinol. 279, 99-108 (2019).

Cabas, I., Chaves-Pozo, E., Mulero, V. & Garcia-Ayala, A. Role of estrogens in fish immunity with special emphasis on GPER1. Dev.
Comp. Immunol. 89, 102-110 (2018).

Chaves-Pozo, E., Cabas, I. & Garcia-Ayala, A. Sex steroids modulate fish immune response. in Sex steroids (ed. Kahn, S. M.) 199-220
(InTech, 2012).

Chaves-Pozo, E., Garcia-Ayala, A. & Cabas, I. Effects of sex steroids on fish leukocytes. Biol. 7 (2018).

FAO. The state of world fisheries and aquaculture - Meeting the sustainable development goals. Parte I, (Food and Agriculture
Organization of the United Nations (FAO), 2018).

Chaves-Pozo, E., Mulero, V., Meseguer, J. & Garcia-Ayala, A. An Overview of Cell Renewal in the Testis Throughout the
Reproductive Cycle of a Seasonal Breeding Teleost, the Gilthead Seabream (Sparus aurata L). Biol. Reprod. 72, 593-601 (2005).
Liarte, S. et al. Testicular involution prior to sex change in gilthead seabream is characterized by a decrease in DMRT1 gene
expression and by massive leukocyte infiltration. Reprod. Biol. Endocrinol. 5,20 (2007).

Liarte, S. et al. 17beta-Estradiol regulates gilthead seabream professional phagocyte responses through macrophage activation. Dev.
Comp. Immunol. 35, 19-27 (2011).

Cabas, I. et al. Estrogen signaling through the G protein-coupled estrogen receptor regulates granulocyte activation in Fish. J.
Immunol. 191, 4628-4639 (2013).

Chaves-Pozo, E. et al. 17beta-estradiol triggers postspawning in spermatogenically active gilthead seabream (Sparus aurata L.)
males. Biol. Reprod. 76, 142-148 (2007).

Chaves-Pozo, E., Pelegrin, P., Mulero, V., Meseguer, J. & Garcia-Ayala, A. A role for acidophilic granulocytes in the testis of the
gilthead seabream (Sparus aurata L., Teleostei). J. Endocrinol. 179, 165-174 (2003).

Cabas, L. et al. 17alpha-Ethynylestradiol alters the immune response of the teleost gilthead seabream (Sparus aurata L.) both in vivo
and in vitro. Dev. Comp. Immunol. 36, 547-556 (2012).

Rodenas, M. C. et al. Selective estrogen receptor modulators differentially alter the immune response of gilthead seabream juveniles.
Fish. Shellfish. Immunol. 52, 189-197 (2016).

Gomez Gonzalez, N. E. et al. 17a-Ethynylestradiol alters the peritoneal immune response of gilthead seabream. Dev. Comp.
Immunol. 76, 143-149 (2017).

Liarte, S. et al. Natural and synthetic estrogens modulate the inflammatory response in the gilthead seabream (Sparus aurata L.)
through the activation of endothelial cells. Mol. Immunol. 48,1917-1925 (2011).

Thilagam, H., Gopalakrishnan, S., Bo, J. & Wang, K.-J. Effect of 173-estradiol on the immunocompetence of japanese sea bass
(Lateolabrax Japonicus). Env. Toxicol. Chem. 28, 1722-1731 (2009).

Chen, Y. et al. Growth, blood health, antioxidant status and immune response in juvenile yellow catfish Pelteobagrus fulvidraco
exposed to a-ethinylestradiol (EE2). Fish. Shellfish. Immunol. 69, 1-5 (2017).

Hampl, R., Kubdtova, J. & Starka, L. Steroids and endocrine disruptors—History, recent state of art and open questions. J. Steroid
Biochem. Mol. Biol. 155,217-223 (2016).

Bowden, T. J., Thompson, K. D., Morgan, A. L., Gratacap, R. M. L. & Nikoskelainen, S. Seasonal variation and the immune response:
A fish perspective. Fish. Shellfish. Immunol. 22, 695-706 (2007).

Valero, Y., Garcia-Alcdzar, A., Esteban, M. A., Cuesta, A. & Chaves-Pozo, E. Seasonal variations of the humoral immune parameters
of European sea bass (Dicentrarchus labrax L.). Fish Shellfish Immunol. 39 (2014).

SCIENTIFIC REPORTS |

(2020) 10:7966 | https://doi.org/10.1038/s41598-020-64522-2


https://doi.org/10.1038/s41598-020-64522-2

www.nature.com/scientificreports/

39.
40.
41.

42.
. Valero, Y. et al. Characterization of the annual regulation of reproductive and immune parameters on the testis of European sea bass.

44,
45.
46.

47.

48.

49.

50.
51.
52.

53.
54,

55.
56.
57.
58.
59.
60.
61.
62.

63.

Chaves-Pozo, E. et al. Early presence of immune cells in the developing gonad of the gilthead seabream (Sparus aurata Linnaeus,
1758). J. Reprod. Dev. 55, 440-445 (2009).

Verburg-van Kemenade, B. M., Van der Aa, L. M. & Chadzinska, M. Neuroendocrine-immune interaction: regulation of
inflammation via G-protein coupled receptors. Gen Comp Endocrinol 188, 94-101 (2013).

Segner, H., Verburg-van Kemenade, B. M. L. & Chadzinska, M. The immunomodulatory role of the hypothalamus-pituitary-gonad
axis: Proximate mechanism for reproduction-immune trade offs? Developmental and Comparative Immunology 66 (2017).

Harris, J. & Bird, D. J. Modulation of the fish immune system by hormones. Vet. Immunol. Immunopathol. 77, 163-176 (2000).

Cell Tissue Res. 362,215-229 (2015).

Mansour, A. T. et al. Effects of dietary inclusion of Moringa oleifera leaves on growth and some systemic and mucosal immune
parameters of seabream. Fish. Physiol. Biochem. 44, 1223-1240 (2018).

Guardiola, F. A,, Cuesta, A., Arizcun, M., Meseguer, J. & Esteban, M. A. Comparative skin mucus and serum humoral defence
mechanisms in the teleost gilthead seabream (Sparus aurata). Fish. Shellfish. Immunol. 36, 545-551 (2014).

Ceballos-Francisco, D., Guardiola, E. A., Cordero, H., Cuesta, A. & Esteban, M. A. Humoral immune parameters in serum of
gilthead seabream (Sparus aurata L.) after induced skin injury. Fish. Shellfish. Immunol. 75, 291-294 (2018).

Bahi, A. et al. Effects of dietary administration of fenugreek seeds, alone or in combination with probiotics, on growth performance
parameters, humoral immune response and gene expression of gilthead seabream (Sparus aurata L.). Fish. Shellfish. Immunol. 60,
50-58 (2017).

Guiguen, Y., Fostier, A., Piferrer, F. & Chang, C. F. Ovarian aromatase and estrogens: A pivotal role for gonadal sex differentiation
and sex change in fish. Gen. Comp. Endocrinol. 165, 352-366 (2010).

Condega, J. B., Canario, a V, Condeca, J. B. & Canario, a V. The effect of estrogen on the gonads and on in vitro conversion of
androstenedione to testosterone, 11-ketotestosterone, and estradiol-17beta in Sparus aurata (Teleostei, Sparidae). Gen. Comp.
Endocrinol. 116, 59-72 (1999).

Chaves-Pozo, E. et al. Pattern of expression of immune-relevant genes in the gonad of a teleost, the gilthead seabream (Sparus aurata
L.). Mol. Immunol. 45,2998-3011 (2008).

Zamocky, M., Jakopitsch, C., Furtmiiller, P. G., Dunand, C. & Obinger, C. The peroxidase-cyclooxygenase superfamily:
Reconstructed evolution of critical enzymes of the innate immune system. Proteins 72, 589-605 (2008).

Cuesta, A. et al. Effect of sex-steroid hormones, testosterone and estradiol, on humoral immune parameters of gilthead seabream.
Fish. Shellfish. Immunol. 23, 693-700 (2007).

Mills, M.. R. et al. Removal of ecotoxicity of 17a-ethinylestradiol using TAML/peroxide water treatment. Sci. Rep. 5, 10511 (2015).
Fahey, J. V., Rossoll, R. M. & Wira, C. R. Sex hormone regulation of anti-bacterial activity in rat uterine secretions and apical release
of anti-bacterial factor(s) by uterine epithelial cells in culture. J. Steroid Biochem. Mol. Biol. 93, 59-66 (2005).

Saia, R. S., Garcia, E. M. & Cdrnio, E. C. Estradiol protects female rats against sepsis induced by Enterococcus faecalis improving
leukocyte bactericidal activity. Steroids 102, 17-26 (2015).

Kollner, B., Wasserrab, B., Kotterba, G. & Fischer, U. Evaluation of immune functions of rainbow trout (Oncorhynchus mykiss)—how
can environmental influences be detected? Toxicol. Lett. 131, 83-95 (2002).

Valero, Y., Cuesta, A., Cammarata, M., Esteban, M. & Chaves-Pozo, E. Inmune-Endocrine Interactions in the Fish Gonad during
Infection: An Open Door to Vertical Transmission. Fishes 3, 24 (2018).

Shved, N. et al. Ethinylestradiol differentially interferes with IGF-I in liver and extrahepatic sites during development of male and
female bony fish. J. Endocrinol. 195, 513-523 (2007).

Chaves-Pozo, E., Abellan, E., Baixauli, P. & Arizcun, M. An overview of the reproductive cycle of cultured specimens of a potential
candidate for Mediterranean aquaculture, Umbrina cirrosa. Aquaculture 505, 137-149 (2019).

Quade, M. J. & Roth, J. A. A rapid, direct assay to measure degranulation of bovine neutrophil primary granules. Vet. Immunol.
Immunopathol. 58, 239-248 (1997).

Sunyer, J. O. & Tort, L. Natural hemolytic and bactericidal activities of sea bream Sparus aurata serum are effected by the alternative
complement pathway. Vet. Immunol. Immunopathol. 45, 333-345 (1995).

Charney, J. & Tomarelly, R. M. A colorimetric method for the determination of the proteolytic activity of duodenal juice. J. Biol.
Chem. 171, 501-5 (1947).

Ellis, A. E. Serum antiproteases in fish. in Techniques in fish immunology. (eds. et al) 95-99 (Fair Haven, N.J. SOS Publications, 1990).

Acknowledgements

This work has been funded by Ministerio de Ciencia e Innovacién and FEDER (AGL2013-43588-P, AGL2014-
53167-C3-2-R, AGL2017-85978-C2-1-R), Fundacién Séneca (19883/GERM/15) and the Spanish Institute
of Oceanography (NODAMED). Y. Valero thanks the Spanish Institute of Oceanography for her pre-doctoral
fellowship.

Author contributions

M.A. and E.C.P. breed and managed the fish culture, M.C.R., I.C. and P.G.H. performed the trials and the
sampling, Y.V. and A.E.L.C. performed the experimental analysis, Y.V. and E.C.P. performed the data analysis and
presentation, Y.V.,, PG.H., A.G.A. and E.C.P, wrote the manuscript M.A., A.G.A. and E.C.P. conceived the study,
M.A., A.G.A. and E.C.P, supported the study. All authors approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64522-2.

Correspondence and requests for materials should be addressed to E.C.-P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:7966 | https://doi.org/10.1038/s41598-020-64522-2


https://doi.org/10.1038/s41598-020-64522-2
https://doi.org/10.1038/s41598-020-64522-2
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:7966 | https://doi.org/10.1038/s41598-020-64522-2


https://doi.org/10.1038/s41598-020-64522-2
http://creativecommons.org/licenses/by/4.0/

	Endocrine disrupter chemicals affect the humoral antimicrobial activities of gilthead seabream males even upon the cease of ...
	Results

	EE2 differently alters the antimicrobial humoral activities in fish at resting and spermatogenesis of the first RC. 
	Tmx and EE2 differently modifies the antimicrobial activities in SG fish of the second RC. 
	Long-term treatment with EE2 alters the antimicrobial functions in SG fish of the second RC. 

	Discussion

	Material and Methods

	Experimental procedures. 
	Animals. 
	Diets preparation, administration and sampling. 
	Experimental designs. 

	Antimicrobial humoral activities. 
	Statistics. 
	Ethical approval. 

	Acknowledgements

	Figure 1 Antimicrobial humoral activities in not treated gilthead seabream males at different times and reproductive stages.
	Figure 2 Antimicrobial humoral activities in gilthead seabream males at the resting stage, previous to the first RC, and the spermatogenesis stage of the first RC.
	Figure 3 Antimicrobial humoral activities in gilthead seabream males during the spermatogenesis stage of the second reproductive cycle treated with EE2 or Tmx during a short term period and a short recovery time.
	Figure 4 Antimicrobial humoral activities in gilthead seabream males in spermatogenesis stage of the second reproductive cycle treated with EE2 during a long term period and a long recovery time.
	Figure 5 Schematic illustration of the timing of the different experiments related to the reproductive stages and age (years) of the gilthead seabream.




