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Gilthead sea bream is a highly cultured marine fish throughout the Mediterranean area, but new and strict criteria of welfare are needed to assure that the intensification of production has no negative effects on animal farming. Most welfare indicators are specific to a given phase of the production cycle, but others such as the timing of puberty and/or sex reversal are of retrospective value. This is of particular relevance in the protandrous gilthead sea bream, in which the sex ratio is highly regulated at the nutritional level. Social and environmental factors (e.g., contaminant loads) also alter the sex ratio, but the contribution of the genetic component remains unclear. To assess this complex issue, five gilthead sea bream families representative of slow/intermediate/fast growth were grown out with control or a plant-based diet in a common garden system from early life to the completion of their sexual maturity in 3-year-old fish. The plant-based diet highly enhanced the male-to-female sex reversal. This occurred in parallel with the progressive impairment of growth performance, which was indicative of changes in nutrient requirements as the result of the different energy demands for growth and reproduction through development. The effect of a different nutritional and genetic background on the reproductive performance was also assessed by measurements of circulating levels of sex steroids during the two consecutive spawning seasons, varying plasma levels of 17β-estradiol (E2) and 11-ketotestosterone (11-KT) with age, gender, diet, and genetic background. Principal component analysis (PCA) of 3-year-old fish displayed a gradual increase of the E2/11-KT ratio from males to females with the improvement of nutritional/genetic background. Altogether, these results support the use of a reproductive tract scoring system for leading farmed fish toward their optimum welfare condition, contributing to improving the productivity of the current gilthead sea bream livestock.
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Introduction

Fish farming has evolved as one of the most sustainable production sectors because of its high feed conversion efficiency and its lower carbon footprint when compared with other animal production systems (1). Nonetheless, aquaculture production is becoming more intensified to meet the increased global demand for fish protein aquaculture (2). It is, thereby, important to encompass the development of aquaculture with novel and stricter criteria of welfare for the simultaneous improvement of aquaculture productivity and welfare of farmed fish (3, 4). Certainly, important research efforts are now conducted within the AquaIMPACT H2020 project for integrating information from fish breeding and nutrition to promote the production of healthier and more robust fish with higher phenotypic plasticity to cope with a challenging environment. This includes the use of gut microbiota as a reliable criterion to evaluate the success of selective breeding for improving the performance and competitiveness of European aquaculture (5, 6). At the same time, novel fish feed formulations, and epigenetic and behavioral approaches are widely applied to assure a more ethical and sustainable aquaculture production with the increase of water temperature and hypoxia as major environmental problems in coastal marine ecosystems (7–9). Thus far, fish welfare assessment is still in the infancy state due to the limited understanding of the diverse fish species' welfare-relevant biology (10). However, several benchmarking systems on key performance indicators (KPIs) based on growth performance, survival rates, and external tissue damage (skin/fin erosion) have been currently validated in salmon, but also in Mediterranean fish species, to ensure that farmed fish are not far from their optimum welfare (11–14). Otherwise, behavioral indicators are becoming especially useful for alerting farmers that something is potentially wrong and warrants investigation before significant welfare issues can occur (15, 16). In any case, the best monitoring solution, especially those based on telemetry techniques and bio-loggers for tracking swimming activity and/or heart or breathing rates, highly depends on the asked question, species biology, and culture system (17).

A common feature of welfare indicators is their accuracy for a given time and culture condition, reflecting immediacy rather than a historical background. However, the success of reproductive performance, measured by means of fecundity, puberty onset, and sex reversal, can also have a high value from a retrospective point of view, as it is the end point of a complex cascade of developmental events that encompass a wide range of biotic and abiotic factors (18–22). In particular, the sex ratio in gonochoristic fish tends to be balanced in optimal culture conditions (23), although it can be affected by chemicals (24) and other environmental factors such as rearing density, temperature, pH, oxygen, and diet composition (25–29). Similarly, sex reversal in hermaphrodite species, such as in the protandrous gilthead sea bream, is socially controlled and endocrine-regulated by the circulating levels of estradiol (E2) and 11-ketotestosterone (11-KT) (30), and intriguingly the exposure to synthetic estrogens (e.g., 17α-ethynylestradiol) prevents the male-to-female sex reversal (31). Stress may also influence the onset of sex change through the mediation of cortisol, although the exact mechanisms in which it may act as a mediator in sex change remain to be fully established (32). Otherwise, puberty onset is determined by genetic factors and controlled by the nutritional status and/or the body's growth (33). Thus, similar to what occurs in humans, better welfare conditions for fish entail an increase in their growth before reaching their first sexual maturation (34, 35). However, early puberty, in particular in males, occurs in several species kept under aquaculture conditions and is often associated with a final growth retardation or health risks (36, 37). Moreover, the age of puberty can be controlled in farmed fish by selective breeding and feeding level (38–40), and a recent gilthead sea bream study stated that plant-based diets have the potential to alter the sex steroid profile during the pre-spawning and spawning period, promoting the enhanced male-to-female sex reversal when the presence of powerful functional females is compromised by the diet (41).

Taking into account all the above findings, we had herein a double objective: (i) to assess how the male-to-female sex reversal is affected by nutrition and genetics in the protandrous gilthead sea bream and (ii) to provide new insights into the use of male-to-female sex reversal and population sex ratio as a reliable best practice framework for animal welfare certification of a highly cultured farmed fish in all the Mediterranean basin. The rationale for this procedure is that the complex balance of environmental variables that regulate animal welfare conditions can also affect sex change in sequential hermaphrodites. To pursue this issue, sex reversal was monitored in fish families with different nutritional backgrounds and different heritable growth within the PROGENSA® selection program (42), which co-selected among other traits with changes in gut microbiota composition and metabolic plasticity (5, 43), as well as swimming performance and aerobic scope (44, 45).



Materials and methods


Diets

Two extruded diets were formulated and produced by BioMar (BioMar Process Innovation Technical Center, Brande, Denmark), at a range of pellet sizes corresponding to the respective fish size as fish grew (i.e., 1.9, 3, 4.5, and 6.5 mm). Both diets were isonitrogenous, isolipidic, and isoenergetic and met all known nutritional requirements of gilthead sea bream. Fish meal (FM) was included at 23% in the control diet (D1) and at 3% in the experimental diet (D2). The addition of fish oil (FO) was 14.1% for D1, and 3.9% for D2 with the replacement of rapeseed oil, decreasing EPA+DHA content from 3.8 to 1.02%. Lysine, methionine, choline, lecithin, and monocalcium phosphate were added to D2 to reach D1 levels (Supplementary Table S1).



Experimental setup and sample collection

Broodstock crossings of eight (two females and six males) and five (three females and two males) fish from the gilthead sea bream PROGENSA® selection program rendered sixteen families with differences in heritable growth, as described elsewhere (42). Briefly, juvenile fish of these families, previously genotyped by DNA fin analysis, were individually tagged (dorsal muscle) with passive integrated transponders (PITs) (ID-100A 1.25 Nano Transponder, Trovan, Madrid, Spain) and maintained in a common garden system fed D1 or D2 diets in replicate 3,000-L tanks under the natural photoperiod and temperature conditions (latitude 40° 5′ N; 0° 10′ E) at the Institute of Aquaculture Torre de la Sal (IATS), over the course of a 12-month feeding trial (September 2017 to September 2018). At this end, five families were selected by their growth trajectories during this period as a representative of fast growth (e5e2, e6e2; 158 and 49 individuals, respectively), intermediate growth (c2c7, e4e1; 91 and 174 individuals, respectively), and slow growth (c4c3; 60 individuals), and were distributed at similar family in the common garden system. Growth performance and reproductive status were assessed in these families until the completion of sexual maturation in 3-year-old fish (December 2020).

Over the course of the entire trial, the concentration of water oxygen was always higher than 80% saturation. Fish were fed by automatic feeders 1–2 times per day and 3–7 days per week according to fish size and season, with the ratio adjusted weekly to a level close to satiation. The final rearing density was 19–20 kg/m3. Fish body weight and body length were measured individually using an FR-200 FishReader W (Trovan, Madrid, Spain) at different monthly intervals during the first (Age +1), second (Age +2), and third year (Age +3) of the production cycle. At the time of a maximum number of spermiating fish (December), overnight-fasted fish were anesthetized with 100 mg/L MS-222 (Sigma, Saint Louis, MO, USA) for blood extraction and sexing by stripping. It is a non-lethal and accurate sexing method at this time and developmental stage as almost all males are fluent by stripping, in coincidence with the annual peak of E2 in females and 11-KT in males that resulted in a minimum presence (<5%) of intersex fish (41). Blood was collected (100 fish/diet for Age +2 fish, 150 fish/diet for Age +3 fish) from caudal vessels using heparinized syringes and centrifuged at 3,000 × g for 20 min at 4°C, and plasma aliquots were stored at −20°C until sex steroid analyses.

All procedures were approved by the Ethics and Animal Welfare Committee of IATS and CSIC. They were carried out in the IATS's registered aquaculture infrastructure facility (code ES120330001055) in accordance with the principles published in the European Animal Directive (2010/63/EU) and Spanish Laws (Royal Decree RD53/2013) for the protection of animals used in scientific experiments.



Sex steroids

Quantification of plasma sex steroids was performed by enzyme immunoassays (EIAs) as described by Rodríguez et al. (46) for 11-KT and by Molés et al. (47) for E2. Briefly, steroids were extracted from 100 μl plasma in 1 ml methanol and supernatants were dried and reconstituted in EIA buffer (0.1 M potassium phosphate, pH 7.4 containing 0.01% sodium azide, 0.4 M NaCl, 0.001 M EDTA, and 0.1% BSA). Steroid standards were purchased from Sigma-Aldrich. Mouse anti-rabbit immunoglobulin monoclonal antibody (Ab), rabbit steroid Abs (T-Ab, 11-KT-Ab, and E2-Ab), and enzymatic tracers [steroid acetylcholinesterase (AChE) conjugates: T-AchE, 11-KT-AChE, and E2-AChE] were obtained from Vitro S.A. (Sevilla, Spain). Samples and standard curves of 11-KT (0.0001–1.0 ng/ml) and E2 (0.005–9.0 ng/ml) were run in duplicate. Optical density was read at 405 nm using a microplate reader (Bio-Rad 3550). The inter-assay coefficients of variation at 50% of binding were 5.02% (n = 10) with a 0.88 slope for 11-KT and 5.97% (n = 10) with a 0.68 slope for E2.



Statistical analysis

Statistical analysis was performed using SigmaPlot version 14.0 (Systat Software, San Jose, CA, USA) with all P-values set to 0.05 for significance determination. Body weight and sex ratio differences between both dietary groups were assessed by means of the Student's t-test. Male and female body weight differences within each age, diet, and family (or grouped families) were determined by means of the Student's t-test. One-way ANOVA, followed by a Holm-Sidak post-hoc test, was conducted in order to assess significant differences in male-to-female sex steroids (11-KT and E2) concentration between families of the same diet and age. Sex steroid differences between diets within each family were assessed by means of a Student's t-test. For evidencing gradation in sex steroids and body weight between diets, families, and males/females of each family, a principal component analysis (PCA) was performed using EZinfo version 3.0 (Umetrics, Umea, Sweden). Differences in E2/11-KT quotient between families and diets were assessed by means of a one-way ANOVA, followed by a Holm-Sidak post-hoc test.




Results


Growth and sex ratio progression

Dietary treatment had a clear effect on fish size regardless of their genetic background. Thus, considering all fish families as a whole under each dietary treatment, fish fed D2 consistently showed a lower body weight than that fed D1. Differences in body weight were not statistically significant at Age +1 (Figure 1A). However, at Age +2 and Age +3, the body weight difference between both dietary groups was 12.5 and 18%, respectively, with the growth performance negatively affected (P < 0.001) by the plant-based diet. Regarding sex, all fish were males at Age +1 regardless of diet (Figure 1B). However, the plant-based diet largely enhanced the male-to-female sex reversal, resulting in a significantly (P < 0.01) higher female percentage at both Age +2 (20.9 vs. 7.2%) and Age +3 (81.2 vs. 54.4 %).


[image: Figure 1]
FIGURE 1
 (A) Body weight and (B) female percentage in 1-, 2-, and 3-year-old gilthead sea bream fed an FM/FO diet (D1) or a plant-based diet (D2). Values are the mean ± SEM of three tanks per diet (n = 261 (D1) −271 (D2) fish/diet at Age +1, 202 (D1) −207 (D2) fish/diet at Age +2, 138 (D1) −146 (D2) fish/diet at Age +3). Asterisks indicate significant differences between the experimental diets within each age (Student's t-test, **P < 0.01, ***P < 0.001).




Sexual dimorphism: Body weight and sex steroids

Data on body weight at Age +2 showed no significant differences between males and females fed D1, neither when considering all fish families as a whole nor analyzing each family separately (Figure 2A). However, in fish fed D2, a significant body weight sexual dimorphism toward larger females was evidenced comparing male and female populations (Figure 2B). It must be noted that this feature was significant only for the fast-growing family e6e2 (Figure 2B).


[image: Figure 2]
FIGURE 2
 Mean male and female body weight of 2-year-old gilthead sea bream-fed control (A) or experimental diet (B) as a whole population and separated by family. Values are the mean ± SEM of three tanks per diet (n = 207 fish for diet 1, 202 for diet 2). Asterisks indicate significant differences (Student's t-test, P < 0.05) between males and females body weight. Inserts indicate individual body weight in each population. The number of males and females for the populations and families is indicated in parenthesis.


At Age +3, gilthead sea bream females had approximately 15% more body weight than their male counterparts regardless of diet (Figure 3). In fish fed D1, this clear sexual dimorphism was mostly observed in families c2c7, e5e2, and e6e2 (Figure 3A), whereas for fish fed D2, it was supported by a significantly higher body weight of females of families e4e1, e5e2, and e6e2 (Figure 3B).


[image: Figure 3]
FIGURE 3
 Mean male and female body weight of 3-year-old gilthead sea bream-fed control (A) or experimental diet (B) as a whole population and separated by family. Values are the mean ± SEM of three tanks per diet (n = 138 fish for diet 1, 146 for diet 2). Asterisks indicate significant differences (Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001) between males and females body weight. Inserts indicate individual body weight in each population. The number of males and females for the populations and families is indicated in parenthesis.


E2 plasma levels in Age +2 males were quite similar, with the only significant difference between families e5e2 and e4e1 when fed the D1 diet (Figure 4A). For Age +2 and Age +3, plasma levels of E2 increased around 130% in males fed D1, whilst those of males fed D2 decreased to around 50% (Figure 4B). Age +3 male fish fed D1 showed higher E2 plasma levels than fish fed D2, with no differences among families for the same dietary group. Male plasma levels of 11-KT at Age +2 showed a gradually decreasing trend from slow- to fast-growing families, with e5e2 and e6e2 families significantly different from the slow and intermediate families within both diets (Figure 4C). Comparison between diets showed that fish fed D2 had significantly higher levels of 11-KT in the case of slow- and intermediate-growing families, and the same trend, although non-significant, was maintained in fast-growing families (Figure 4C). Male 11-KT levels generally increased from Age +2 to Age +3, keeping the gradual decrease of 11-KT from slow- to fast-growing families (Figure 4D). Four of five families of Age +3 males displayed higher 11-KT levels when fed D2.


[image: Figure 4]
FIGURE 4
 Plasma levels at spawning season of estradiol (A, C) and 11-ketotestosterone (B, D) in 2 and 3-year-old males fed control (D1) or experimental diet (D2). Values are the mean ± SEM. Different capital letters indicate significant differences between families fed D1. Different lowercase letters indicate significant differences between families fed D2. Asterisks indicate significant differences between dietary groups within each family (Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001).


Results of female sex steroids at Age +2 were not conclusive due to the low number of gilthead sea bream that underwent sex change from male to female (Figures 5A, C). Nonetheless, at Age +3, female E2 plasma levels showed a clear diet effect, with fish fed D1 having significantly higher levels within all families (Figure 5B). A genetic effect was reduced to fish fed D2, with higher circulating levels of E2 in slow-growing fish than in fast- and intermediate-growing families (Figure 5B). 11-KT plasma levels of all 3-year-old female families were below 0.05 ng/ml, and no differences were observed between families and dietary groups (Figure 5D).


[image: Figure 5]
FIGURE 5
 Plasma levels at spawning season of estradiol (A, C) and 11-ketotestosterone (B, D) in 2 and 3-year-old females fed control (D1) or experimental diet (D2). Values are the mean ± SEM. Different letters indicate significant differences between families fed D2. Asterisks indicate significant differences between dietary groups within each family (Student's t-test, **P < 0.01, ***P < 0.001).




Sex steroids ratio

The PCA of plasma sex steroid levels at Age +3 showed that >86% of the total variance was explained by the two first components (Figure 6A). Each fish was categorized according to its diet, sex, and family group. For better representation, exey families were joined as a unique fast-growth family group, while cxcy families were joined as a unique slow-growth family group. Movement along the X-axis (60.32% of total variance) accounted for plasma sex steroid levels, with the highest values of E2 on the left and the maximum values of 11-KT on the right. This sex steroid distribution clearly discriminated females (black and orange boxes) on the left and males (green and blue boxes) on the right. The Y-axis (25.85% of total variance) accounted for body weight changes, separating the fast-growth families at the top from the slow-growth families at the bottom. In other words, the resulting plasma E2/11-KT ratio was affected by both diet and genetics, increasing this hormonal quotient with the improvement of both the nutritional and genetic background (Figure 6B). In males, a genetic effect was not seen, but the diet effect persisted with a decreased E2/11-KT ratio in fish fed the plant-based diet. This occurred in parallel with a genetically regulated male-to-female sex reversal, displaying fast-growing families fed D1 a significantly lower percentage of phenotypic females (54%) than slow-growing families (65%) fed the same diet (Figure 6C). This percentage of phenotyped females reached a plateau (79–81%) in fish fed D2 regardless of their genetic background, which is indicative of a genetic and nutrition interaction according to which the plasma E2/11-KT ratio becomes more fine-regulated in females than in males, and in fish fed D1 diet rather than in fish fed D2 diet. Moreover, it is noteworthy that the highest plasma E2/11-KT ratio (powerful sex female steroid profile) was concurrent with a lower abundance of functional/powerful females when fish from fast- (exey) or slow-growth (cxcy) fish families were grouped and analyzed together as two different experimental groups in our common garden rearing system.
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FIGURE 6
 (A) Principal component analysis of body weight and plasma sex steroids levels during the second spawning period (3-year-old fish). (B) Sex steroids quotient of females (F) and males (M) of each dietary group (D1–D2), and fast (FG) or slow (SG) growth family groups. Values are the mean ± SEM of the E2/11-KT quotient. Different letters indicate significant differences between each group. Asterisks indicate significant differences between males and female groups with different dietary regimes (Holm-Sidak post-hoc test, ***P < 0.001). (C) Female percentage of fast and slow growth family groups.





Discussion

The present study underlines the effect of different nutrition and genetic backgrounds in the plasma sex steroids profile and male-to-female sex reversal in gilthead sea bream with differences in heritable growth and a sexual growth dimorphism, which was exacerbated in fast-growing fish by feeding a plant-based diet. Indeed, when fish attained 2 years of age, a sexual growth dimorphism was only observed in fish fed D2. However, body weight differences intensified as fish grew, and were equally significant and visible with both diets, especially in fast-growing families. Besides, previous studies have highlighted that families with a fast growth phenotype within the PROGENSA® selection program displayed a plastic gut microbiota to cope better with changes in diet composition, also contributing to a better disease progression of parasitic enteritis in fish challenged with the myxozoa Enteromyxum leei (5, 43). Available studies also evidenced that such selective breeding for growth and skeletal deformities has an impact on humoral immune markers (48), carcass and morphometric traits (49, 50), energy partitioning between growth and swimming activity (44), and even more in reproductive success as recently evidenced in fish with a normal phenotype but with a genetic background of skeletal deformities (51). It appears, thereby, that selection for growth and deformity traits co-selects in the PROGENSA® selection program for a number of relevant traits, including the sex ratio, which is becoming nutritionally and genetically regulated through the life cycle. The ultimate physiological mechanism remains elusive, but this study aimed to provide new insights into the sex ratio in a protandrous fish for its use as an operational welfare scoring system in a challenging environment.

Sex reversal in fish is defined as a mismatch between the phenotypic and the genetic sex (52). Thus, in gilthead sea bream, in particular, the general thinking is that individuals of this fish species act as functional males by the end of the first-second year of life, and sex reversal generally takes place 1 year after the first male sexual maturation (53). The percentage of male-to-female sex reversal can vary from 15 to 80% during the second year of life (53), but the possibility of a later sex reversal was reported by Brusléa-Sicard and Fourcault (54) and further corroborated by Chaoui et al. (55). Herein, the male-to-female sex reversal was accomplished by a relatively high percentage of individuals (50–85%) regardless of diet, which confirms the notion that a sex change in gilthead sea bream is cued by social and environmental factors when a critical age or size is attained (30, 56, 57). Indeed, the removal of functional females from the population drives the feminization of the remaining males (53, 58), probably via the production and release of specific pheromones that can activate or block some sex-specific networks. The aquatic environment may also contain a wide range of endocrine-disrupting chemicals that reduce reproductive performance and can even inhibit the sex reversal in gilthead sea bream (31, 59, 60). However, xenobiotic-induced sex reversal did not appear to be our case, because fish grew from early life stages in an eco-friendly environment where a wide-screening of undesirable compounds in fish edible matter revealed bio-contaminant loads to be much lower than the maximum established residue level (61).

The net balance between gonadal estrogen and androgen production directs sexual differentiation and gonadal development in fish (62). Indeed, E2 and 11-KT are typically considered the predominant steroids in the regulation of sex change in most fish species (63). Thus, we found herein that both E2 and 11-KT increased over time, with males and females displaying the highest plasma levels of 11-KT or E2 at Age +3, respectively. A nutritionally mediated effect was also reported, although it is difficult to deconvolute the extent to which this observation is due to a specific nutrient or to a different loading of plant phytoestrogens with both estrogenic and antiestrogenic effects on vertebrates (64). In tilapia farming, in particular, herbal extracts could be used as safe alternative agents to control precocious tilapia maturity and prolific breeding in production (65). In the present study, the inclusion level of soy protein concentrate, a rich source of phytoestrogens, varied between 16% in D1 and 25% in D2, although it is within the tolerance range for gilthead sea bream (65). In any case, plasma levels of fish fed D2 were lower for E2 and higher for 11-KT, displaying these fish a masculinized sex steroid profile that would promote the male-to-female sex reversal in the absence of high powerful functional females that ensure reproduction success, as stated before by Simó-Mirabet et al. (41). Masculinization of gonochoristic fish populations also occurs as a result of elevated temperatures and other environmental stressors. This would be mediated, at least in part, by the increase of circulating cortisol, which is now recognized as a universal mediator of sex reversal in fish due to its implication in delaying ovarian meiosis and increasing 11-KT (52). For instance, in the protogynous three-spot wrasse, cortisol treatment had a masculinizing effect (66). This feature was also reported by us in the protandrous gilthead sea bream-fed plant-based diets, regardless of the well-known hypocholesterolemic effect of plant ingredients in most farmed fish (67). In fact, since cholesterol is the precursor of cortisol, its reduced dietary supply or intestinal absorption could initially lead to a female-biased sex ratio. Nonetheless, there are more factors at play in this process, and Nile tilapia fry fed with saponin-supplemented diets (hypocholesterolemic diets) displayed a significant male-biased population (68). In other words, the sex ratio can be influenced by a number of nutritional factors, including changes in the dietary fatty acid composition as a result of a high replacement of marine feedstuffs by vegetable oils (69). However, all this is the result of a complex trade-off, which is also indicative of the amazing diversity and evolution of sex determination in vertebrates, and fish in particular (70). Similarly, global warming due to climate change would affect the offspring quality of a wide range of animals (71–73). This is especially important for aquatic ectotherms, where temperature values above the optimal for each species and fish strain can shift the sex ratio toward either the male or female phenotype in gonochoristic fish (74–76) and perhaps hermaphroditic fish.

Moreover, in the present study, discriminant analysis of sex steroids and body weight displayed a clear separation of phenotypic males and females, with also a differentiation of slow- and fast-growth families. Thus, families of fast heritable growth displayed a more mature/advanced sex steroid phenotype, resulting in a higher E2/11-KT ratio (feminization phenotype) that would trigger the inhibition of male-to-female sex reversal of the remaining males. This hormonal quotient, rather than the circulating amount of a given sex steroid, would determine what sex-specific network is activated or suppressed, leading or not to the sex reversal in the individual. Indeed, the rise of the E2/11-KT ratio was associated with a female bias in painted turtles (77), and we found herein that this plasma sex steroid ratio was progressively increased from males to females with both the nutritional and genetic improvement. However, the increased plasma E2/11-KT ratio in female fish fed D1 was negatively associated with the rate of male-to-female sex reversal in genetically improved fish, whereas this genetically mediated response was mostly masked in fish fed D2. This finding highlighted a nutrition and genetic interaction on the progression of sexual maturation, as reported for gut microbiota composition and function. Indeed, fast-growing fish families in the PROGENSA® program are more resilient to changes in gut microbiota composition, but at the same time, metatranscriptomic analyses confirm and extend the notion that the core microbiota of genetically improved fish is able to modulate their metabolic activity to cope better with changes in diet composition (5, 43). Otherwise, there is no evidence in gilthead sea bream that the modulating effects of gut microbiota by feed additives are a specific feature of each additive and genetic background (unpublished results).

As indicated earlier, reproductive physiology and spawning are sensitive processes to changes in environmental conditions and physiological stress, and how and to what extent external and internal factors have an impact on broodstock welfare is of relevance to assure reproduction success, but also the offspring plasticity and quality (78, 79). Concretely, in gilthead sea bream, several attempts at nutritional programming are made through changes in the parental nutrition (80–83). Such an approach is not unique to fish, as parental nutrition and hormonal status of humans and terrestrial animals directly impact all stages of gamete maturation, fetal development, and long-term offspring health (84, 85). Therefore, one of the challenges of modern aquaculture is to assure the welfare of breeders, which could also inform the welfare condition from a retrospective point of view. Certainly, we can conclude that fast-growing fish families fed a control diet became powerful females, whilst fish of slow-growth families and/or fish fed plant-based diets experienced a pseudo-feminization effect (i.e., fish with a weaker female signal, which enhances the ratio of sex reversal). Therefore, it appears that the progression of sex reversal is directly regulated by both nutritional and genetic background among many other environmental and social factors. Thus, the study of sex reversal as a biological endpoint is becoming a reliable tool of relevance for the animal welfare certification of a highly cultured protandrous fish such as gilthead sea bream. Several items support this assumption. First, fish growing with plant-based diets from early life stages shared an enhanced onset of puberty and sex reversal in concurrence with some growth impairment of sexually mature fish. Second, genetically improved fish for growth are more resilient to the progression of male-to-female sex reversal with the use of alternative fish feed formulations, but further research should be directed toward the effect of specific nutrients on reproductive performance and maturation as a means to enhance the offspring quality. Finally, a decreased plasma E2/11-KT ratio is becoming indicative of a negative welfare status in the long term, supporting this finding the use of such reproductive tract scoring systems for leading a protandrous farmed fish toward their optimum welfare condition.



Conclusion

Results of this long-term dietary and genetics trial disclose that sex steroids profile and male-to-female sex reversal are nutritionally and genetically regulated in the protandrous gilthead sea bream. Moreover, the sex ratio is proposed as a reliable welfare indicator alerting of disturbances in reproductive performance, and perhaps overall growth and offspring quality. Such a scoring system is becoming, thereby, an exploitable finding for the certification of animal welfare in a given gilthead sea bream production system.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Ethics and Animal Welfare Committee of the Institute of Aquaculture Torre de la Sal and CSIC Ethics Comittee.



Author contributions

JP-S: conceptualization. PH, AF, JC-G, and JP-S: formal analysis. AF, JC-G, and JP-S: funding acquisition. PH, AF, and JP-S: methodology. AF, JA, and JP-S: resources. PH, JC-G, and JP-S: draft writing. PH, AF, JC-G, JA, and JP-S: draft review and edition. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Spanish Project MCIN Bream-AquaINTECH: From Nutrition and Genetics to Sea Bream Aquaculture Intensification and Technological Innovation (RTI2018-094128-B-I00, AEI/FEDER, UE). Additionally, this study forms part of the ThinkInAzul program and was supported by MCIN with funding from European Union NextGenerationEU (PRTR-C17.I1) and by Generalitat Valenciana (THINKINAZUL/2021/024) to JP–S.



Acknowledgments

We acknowledge the support of Inmaculada Vicent from the Animalarium Service of IATS, CSIC, during fish rearing and sampling, and Soledad Ibáñez from the Group of Fish Reproductive Physiology (IATS, CSIC) for sex steroid analyses.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2022.1083255/full#supplementary-material



References

 1. Béné C, Barange M, Subasinghe R, Pinstrup-Andersen P, Merino G, Hemre GI, et al. Feeding 9 billion by 2050 – Putting fish back on the menu. Food Secur. (2015) 7:261–74. doi: 10.1007/s12571-015-0427-z

 2. Ahmad A, Abdullah SR, Hasan HA, Othman AR, Ismail NI. Aquaculture industry: Supply and demand, best practices, effluent and its current issues and treatment technology. J Environ Manage. (2021) 287:112271. doi: 10.1016/j.jenvman.2021.112271

 3. Jennings S, Stentiford GD, Leocadio AM, Jeffery KR, Metcalfe JD, Katsiadaki I, et al. Aquatic food security: insights into challenges and solutions from an analysis of interactions between fisheries, aquaculture, food safety, human health, fish and human welfare, economy and environment. Fish Fish. (2016) 17:893–938. doi: 10.1111/faf.12152

 4. Ahmed N, Thompson S, Glaser M. Global aquaculture productivity, environmental sustainability, and climate change adaptability. Environ Manage. (2019) 63:159–72. doi: 10.1007/s00267-018-1117-3

 5. Piazzon MC, Naya-Català F, Perera E, Palenzuela O, Sitjà-Bobadilla A, Pérez-Sánchez J. Genetic selection for growth drives differences in intestinal microbiota composition and parasite disease resistance in gilthead sea bream. Microbiome. (2020) 8:1–17. doi: 10.1186/s40168-020-00922-w

 6. Terova G, Naya-Català F, Rimoldi S, Piazzon MC, Torrecillas S, Toxqui MS, et al. Highlights from gut microbiota survey in farmed fish - European sea bass and gilthead sea bream case studies. Aquaculture Eu. (2022) 47:1.

 7. Naya-Català F, do Vale Pereira G, Piazzon MC, Fernandes AM, Calduch-Giner JA, Sitjà-Bobadilla A, et al. Cross-talk between intestinal microbiota and host gene expression in gilthead sea bream (Sparus aurata) juveniles: Insights in fish feeds for increased circularity and resource utilization. Front Physiol. (2021) 12:8265. doi: 10.3389/fphys.2021.748265

 8. Naya-Català F, Simó-Mirabet P, Calduch-Giner J, Pérez-Sánchez J. Transcriptomic profiling of Gh/Igf system reveals a prompted tissue-specific differentiation and novel hypoxia responsive genes in gilthead sea bream. Sci Rep. (2021) 11:1–13. doi: 10.1038/s41598-021-95408-6

 9. Naya-Català F, Martos-Sitcha JA, de Las Heras V, Simó-Mirabet P, Calduch-Giner JÀ, Pérez-Sánchez J. Targeting the mild-hypoxia driving force for metabolic and muscle transcriptional reprogramming of gilthead sea bream (Sparus aurata) juveniles. Biology. (2021) 10:416. doi: 10.3390/biology10050416

 10. Sánchez-Suárez W, Franks B, Torgerson-White L. From land to water: taking fish welfare seriously. Animals. (2020) 10:1585. doi: 10.3390/ani10091585

 11. Noble C, Gismervik K, Iversen MH, Kolarevic J, Nilsson J, Stien LH, et al. Welfare Indicators for Farmed Rainbow Trout: Tools for Assessing Fish Welfare. Tromsø: Nofima (2020). Available online at: https://nofima.com/results/new-handbook-on-welfare-indicators-for-farmed-rainbow-trout/

 12. Saraiva JL, Arechavala-Lopez P, Castanheira MF, Volstorf J, Studer BH, A. global assessment of welfare in farmed fishes: the FishEthoBase. Fishes. (2019) 4:30. doi: 10.3390/fishes4020030

 13. Arechavala-Lopez P, Diaz-Gil C, Saraiva JL, Moranta D, Castanheira MF, Nuñez-Velázquez S, et al. Effects of structural environmental enrichment on welfare of juvenile seabream (Sparus aurata). Aquac Reports. (2019) 15:100224. doi: 10.1016/j.aqrep.2019.100224

 14. Yavuzcan Yildiz H, Chatzifotis S, Anastasiadis P, Parisi G, Papandroulakis N. Testing of the Salmon Welfare Index Model (SWIM 10) as a computational welfare assessment for sea-caged European sea bass. Ital J Anim Sci. (2021) 20:1423–30. doi: 10.1080/1828051X.2021.1961106

 15. Martins CI, Galhardo L, Noble C, Damsgård B, Spedicato MT, Zupa W, et al. Behavioral indicators of welfare in farmed fish. Fish Physiol Biochem. (2012) 38:17–41. doi: 10.1007/s10695-011-9518-8

 16. Sharma M, Thakur J, Verma S, Sharma P. Behavioural responses in effect to chemical stress in fish: a review. Int J Fish Aquat Stud. (2019) 7:1–5.

 17. Calduch-Giner J, Holhorea PG, Ferrer Ballester MÁ, Naya-Català F, Rosell-Moll E, Vega García C, et al. Revising the impact and prospects of activity and ventilation rate bio-loggers for tracking welfare and fish-environment interactions in salmonids and Mediterranean farmed fish. Front Mar Sci. (2022) 9:1–18. doi: 10.3389/fmars.2022.854888

 18. Okuzawa K. Puberty in teleosts. Fish Physiol Biochem. (2002) 26:31–41. doi: 10.1023/A:1023395025374

 19. Harries JE, Runnalls T, Hill E, Harris CA, Maddix S, Sumpter JP, et al. Development of a reproductive performance test for endocrine disrupting chemicals using pair-breeding fathead minnows (Pimephales promelas). Environ Sci Technol. (2000) 34:3003–11. doi: 10.1021/es991292a

 20. Martínez P, Viñas AM, Sánchez L, Díaz N, Ribas L, Piferrer F. Genetic architecture of sex determination in fish: applications to sex ratio control in aquaculture. Front Genet. (2014) 5:340. doi: 10.3389/fgene.2014.00340

 21. Ohga H, Adachi H, Matsumori K, Kodama R, Nyuji M, Selvaraj S, et al. mRNA levels of kisspeptins, kisspeptin receptors, and GnRH1 in the brain of chub mackerel during puberty. Comp Biochem Physiol Part A Mol Integr Physiol. (2015) 179:104–12. doi: 10.1016/j.cbpa.2014.09.012

 22. Alonso-Fernández A, Otero J, Bañón R, Campelos JM, Santos J, Mucientes G. Sex ratio variation in an exploited population of common octopus: ontogenic shifts and spatio-temporal dynamics. Hydrobiologia. (2017) 794:1–16. doi: 10.1007/s10750-016-3065-3

 23. Penman DJ, Piferrer F. Fish gonadogenesis. Part I: genetic and environmental mechanisms of sex determination. Rev Fish Sci. (2008) 16:16–34. doi: 10.1080/10641260802324610

 24. Dang Z, Kienzler A. Changes in fish sex ratio as a basis for regulating endocrine disruptors. Environ Int. (2019) 130:104928. doi: 10.1016/j.envint.2019.104928

 25. Baroiller JF, D'Cotta H. Environment and sex determination in farmed fish. Comp Biochem Physiol Part - C Toxicol Pharmacol. (2001) 130:399–409. doi: 10.1016/S1532-0456(01)00267-8

 26. Geffroy B, Bardonnet A. Sex differentiation and sex determination in eels: consequences for management. Fish Fish. (2016) 17:375–98. doi: 10.1111/faf.12113

 27. Goikoetxea A, Todd EV, Gemmell NJ. Stress and sex: does cortisol mediate sex change in fish? Reproduction. (2017) 154:R149–60. doi: 10.1530/REP-17-0408

 28. Gholampour TE, Raieni RF, Pouladi M, Larijani M, Pagano M, Faggio C. The dietary effect of Vitex agnus-castus hydroalcoholic extract on growth performance, blood biochemical parameters, carcass quality, sex ratio and gonad histology in Zebrafish (Danio rerio). Appl Sci. (2020) 10:1402. doi: 10.3390/app10041402

 29. Renn SC, Hurd PL. Epigenetic regulation and environmental sex determination in cichlid fishes. Sex Dev. (2021) 15:93–107. doi: 10.1159/000517197

 30. Todd EV, Liu H, Muncaster S, Gemmell NJ. Bending genders: the biology of natural sex change in fish. Sex Dev. (2016) 10:223–41. doi: 10.1159/000449297

 31. García Hernández MP, Cabas I, Rodenas MC, Arizcun M, Chaves-Pozo E, Power DM, et al. 17α-ethynylestradiol prevents the natural male-to-female sex change in gilthead seabream (Sparus aurata L). Sci Rep. (2020) 10:1–15. doi: 10.1038/s41598-020-76902-9

 32. Gemmell NJ, Todd EV, Goikoetxea A, Ortega-Recalde O, Hore TA. Natural sex change in fish. Curr Top Dev Biol. (2019) 134:71–117. doi: 10.1016/bs.ctdb.2018.12.014

 33. Weltzien FA, Andersson E, Andersen Ø, Shalchian-Tabrizi K, Norberg B. The brain – pituitary – gonad axis in male teleosts, with special emphasis on flatfish (Pleuronectiformes). Comp Biochem Physiol A. (2004) 137:447–77. doi: 10.1016/j.cbpb.2003.11.007

 34. Gluckman PD, Hanson MA. Evolution, development and timing of puberty. Trends in Endocrinology & Metabolism (2006) 17: 7-12. doi: 10.1016/j.tem.2005.11.006

 35. Espigares F, Rocha A, Molés G, Gómez A, Carrillo M, Zanuy S. New insights into the factors mediating the onset of puberty in sea bass. Gen Comp Endocrinol. (2015) 224:176–85. doi: 10.1016/j.ygcen.2015.08.013

 36. Felip A, Zanuy S, Carrillo M. Comparative analysis of growth performance and sperm motility between precocious and non-precocious males in the European sea (Dicentrarchus labrax, L). Aquaculture. (2006) 256:570–8. doi: 10.1016/j.aquaculture.2006.02.014

 37. Taranger GL, Carrillo M, Schulz RW, Fontaine P, Zanuy S, Felip A, et al. Control of puberty in farmed fish. Gen Comp Endocrinol. (2010) 165:483–515. doi: 10.1016/j.ygcen.2009.05.004

 38. Kause A, Ritola O, Paananen T, Mäntysaari E, Eskelinen U. Selection against early maturity in large rainbow trout Oncorhynchus mykiss: the quantitative genetics of sexual dimorphism and genotype-by- environment interactions. Aquaculture. (2003) 228:53–68. doi: 10.1016/S0044-8486(03)00244-8

 39. Barson NJ, Aykanat T, Hindar K, Baranski M, Bolstad GH, Fiske P, et al. Sex-dependent dominance at a single locus maintains variation in age at maturity in salmon. Nature. (2015) 528:405–8. doi: 10.1038/nature16062

 40. Escobar-Aguirre S, Felip A, Mazón MJ, Ballester-Lozano G, Pérez-Sánchez J, Björsson BT, et al. Long-term feeding of a maintenance ration affects the release of Igf-1 and leptin, and delays maturation in a male teleost fish, Dicentrarchus labrax L. Aquaculture. (2020) 527:735467. doi: 10.1016/j.aquaculture.2020.735467

 41. Simó-Mirabet P, Felip A, Estensoro I, Martos-Sitcha JA. de las Heras V, Calduch-Giner JÀ, et al. Impact of low fish meal and fish oil diets on the performance, sex steroid profile and male-female sex reversal of gilthead sea bream (Sparus aurata) over a 3-year production cycle. Aquaculture. (2018) 490:64–74. doi: 10.1016/j.aquaculture.2018.02.025

 42. Perera E, Simó-Mirabet P, Shin HS, Rosell-Moll E, Naya-Catalá F, de las Heras V, et al. Selection for growth is associated in gilthead sea bream (Sparus aurata) with diet flexibility, changes in growth patterns and higher intestine plasticity. Aquaculture. (2019) 507:349–60. doi: 10.1016/j.aquaculture.2019.04.052

 43. Naya-Catalá F, Piazzon MC, Calduch-Giner JÀ, Sitjà-Bobadilla A, Pérez-Sánchez J. Diet and host genetics drive the bacterial and fungal intestinal metatranscriptome of gilthead sea bream. Front Microbiol. (2022) 13:883738. doi: 10.3389/fmicb.2022.883738

 44. Perera E, Rosell-Moll E, Martos-Sitcha JA, Naya-Català F, Simó-Mirabet P, Calduch-Giner JÀ, et al. Physiological trade-offs associated with fasting weight loss, resistance to exercise and behavioral traits in farmed gilthead sea bream (Sparus aurata) selected by growth. Aquac Reports. (2021) 20:100645. doi: 10.1016/j.aqrep.2021.100645

 45. Perera E, Rosell-Moll E, Naya-Català F, Simó-Mirabet P, Calduch-Giner JÀ, Pérez-Sánchez J. Effects of genetics and early-life mild hypoxia on size variation in farmed gilthead sea bream (Sparus aurata). Fish Physiol Biochem. (2021) 47:121–33. doi: 10.1007/s10695-020-00899-1

 46. Rodríguez L, Begtashi I, Zanuy S, Shaw M, Carrillo M. Changes in plasma levels of reproductive hormones during first sexual maturation in European male sea bass (Dicentrarchus labrax L) under artificial day lengths. Aquaculture. (2001) 202:235–48. doi: 10.1016/S0044-8486(01)00774-8

 47. Molés G, Gómez A, Rocha A, Carrillo M, Zanuy S. Purification and characterization of follicle-stimulating hormone from pituitary glands of sea bass (Dicentrarchus labrax). General Comp Endocrinol. (2008) 158:68–76. doi: 10.1016/j.ygcen.2008.05.005

 48. Vallecillos A, Chaves-Pozo E, Arizcun M, Pérez R, Afonso JM, Berbel C, et al. Genetic parameters for Photobacterium damselae subsp. piscicida resistance, immunological markers and body weight in gilthead seabream (Sparus aurata). Aquaculture. (2021) 543:736892. doi: 10.1016/j.aquaculture.2021.736892

 49. Lee-Montero I, Navarro A, Negrín-Báez D, Zamorano MJ, Berbel C, Sánchez JA, et al. Genetic parameters and genotype-environment interactions for skeleton deformities and growth traits at different ages on gilthead seabream (Sparus aurata L) in four Spanish regions. Anim Genet. (2015) 46:164–74. doi: 10.1111/age.12258

 50. León-Bernabeu S, Shin HS, Lorenzo-Felipe Á, García-Pérez C, Berbel C, Elalfy IS, et al. Genetic parameter estimations of new traits of morphological quality on gilthead seabream (Sparus aurata) by using IMAFISH_ML software. Aquacult Reports. (2021) 21:100883. doi: 10.1016/j.aqrep.2021.100883

 51. Lorenzo-Felipe A, Shin HS, León-Bernabeu S, Pérez-García C, Zamorano MJ, Pérez-Sánchez J, et al. The effect of the deformity genetic background of the breeders on the spawning quality of gilthead seabream (Sparus aurata L). Front Mar Sci. (2021) 8:656901. doi: 10.3389/fmars.2021.656901

 52. Baroiller JF, d'Cotta H. The reversible sex of gonochoristic fish: insights and consequences. Sex Dev. (2016) 10:242–66. doi: 10.1159/000452362

 53. Zohar Y, Abraham M, Gordin H. The gonadal cycle of the captivity-reared hermaphroditic teleost Sparus aurata (L.) during the first two years of life. Ann Biol Anim Biochim Biophys. (1978) 18:877–82. doi: 10.1051/rnd:19780519

 54. Brusléa-Sicard S, Fourcault B. Recognition of sex-inverting protandric Sparus aurata: ultrastructural aspects. J Fish Biol. (1997) 50: 1094–1103.

 55. Chaoui L, Kara MH, Faure E, Quignard JP. Growth and reproduction of the gilthead seabream Sparus aurata in Mellah lagoon (north-eastern Algeria). Sci Mar. (2006) 70:545–52. doi: 10.3989/scimar.2006.70n3545

 56. Kobayashi Y, Nagahama Y, Nakamura M. Diversity and plasticity of sex determination and differentiation in fishes. Sex Dec. (2013) 7:115–25. doi: 10.1159/000342009

 57. Liu H, Todd EV, Lokman PM, Lamm MS, Godwin JR. Gemmell NJ. Sexual plasticity: a fishy tale. Mol Reprod Develop. (2017) 84:171–94. doi: 10.1002/mrd.22691

 58. Happe A, Zohar Y. Self-fertilization in the protandrous hermaphrodite Sparus aurata: development of the technology. Colloq l'INRA. (1988) 44:177–80.

 59. Forner-Piquer I, Fakriadis I, Mylonas CC, Piscitelli F, Di Marzo V, Maradonna F, et al. Effects of dietary bisphenol A on the reproductive function of gilthead sea bream (Sparus aurata) testes. Int J Mol Sci. (2019) 20:5003. doi: 10.3390/ijms20205003

 60. Forner I, Constantinos P, Ioannis CM, Maria F, Fabiana P. Effects of diisononyl phthalate (DiNP) on the endocannabinoid and reproductive systems of male gilthead sea bream (Sparus aurata) during the spawning season. Arch Toxicol. (2019) 93:727–41. doi: 10.1007/s00204-018-2378-6

 61. Nácher-Mestre J, Ballester-Lozano GF, Garlito B, Portolés T, Calduch-Giner JÀ, Serrano R, et al. Comprehensive overview of feed-to-fillet transfer of new and traditional contaminants in Atlantic salmon and gilthead sea bream fed plant-based diets. Aquacult Nutri. (2018) 24:1782–95. doi: 10.1111/anu.12817

 62. Piferrer F, Guiguen Y. Fish gonadogenesis. Part II: molecular biology and genomics of sex differentiation. Rev Fish Sci. (2008) 16:35–55. doi: 10.1080/10641260802324644

 63. Tenugu S, Senthilkumaran B. Sexual plasticity in bony fishes: Analyzing morphological to molecular changes of sex reversal. Aquacult Fisher. (2022) 7:525–39. doi: 10.1016/j.aaf.2022.02.007

 64. Brzezinski A, Debi A. Phytoestrogens: the “natural” selective estrogen receptor modulators?. Eu J Obst Gynecol Reprod Biol. (1999) 85:47–51. doi: 10.1016/S0301-2115(98)00281-4

 65. Kokou F, Sarropoulou E, Cotou E, Kentouri M, Alexis M, Rigos G. Effects of graded dietary levels of soy protein concentrate supplemented with methionine and phosphate on the immune and antioxidant responses of gilthead sea bream (Sparus aurata L). Fish Shellfish Immunol. (2017) 64:111–21. doi: 10.1016/j.fsi.2017.03.017

 66. Nozu R, Nakamura M. Cortisol administration induces sex change from ovary to testis in the protogynous wrasse, Halichoeres trimaculatus. Sex Dev. (2015) 9:118–24. doi: 10.1159/000373902

 67. Gómez-Requeni P, Mingarro M, Calduch-Giner JÀ, Médale F, Martin SA, Houlihan DF, et al. Protein growth performance, amino acid utilisation and somatotropic axis responsiveness to fish meal replacement by plant protein sources in gilthead sea bream (Sparus aurata). Aquaculture. (2004) 232:493–510. doi: 10.1016/S0044-8486(03)00532-5

 68. Francis G, Levavi-Sivan B, Avitan A, Becker K. Effects of long term feeding of Quillaja saponins on sex ratio, muscle and serum cholesterol and LH levels in Nile tilapia (Oreochromis niloticus (L)) Comp Biochem Physiol Part – C. Toxicol Pharmacol. (2002) 133:593–603. doi: 10.1016/S1532-0456(02)00167-9

 69. Izquierdo MS, Fernández-Palacios H, Tacon AGJ. Effect of broodstock nutrition on reproductive performance of fish. Aquaculture. (2001) 197:25–42. doi: 10.1016/S0044-8486(01)00581-6

 70. Piferrer F, Ribas L, Díaz N. Genomic approaches to study genetic and environmental influences on fish sex determination and differentiation. Mar Biotechnol. (2012) 14:591–604. doi: 10.1007/s10126-012-9445-4

 71. Donelson JM, Munday PL, McCormick MI. Climate change may affect fish through an interaction of parental and juvenile environments. Coral Reefs. (2012) 31:753–62. doi: 10.1007/s00338-012-0899-7

 72. Jonsson B, Jonsson N. Early environment influences later performance in fishes. J Fish Biol. (2014) 85:151–88. doi: 10.1111/jfb.12432

 73. Schwanz LE. Parental thermal environment alters offspring sex ratio and fitness in an oviparous lizard. J Exp Biol. (2016) 219:2349–57. doi: 10.1242/jeb.139972

 74. Ospina-Álvarez N, Piferrer F. Temperature-dependent sex determination in fish revisited: prevalence, a single sex ratio response pattern, and possible effects of climate change. PLoS ONE. (2008) 3:e2837. doi: 10.1371/journal.pone.0002837

 75. Budd AM, Banh QQ, Domingos JA, Jerry DR. Sex control in fish: approaches, challenges and opportunities for aquaculture. J Mar Sci Eng. (2015) 3:329–55. doi: 10.3390/jmse3020329

 76. Geffroy B, Besson M, Sánchez-Baizán N, Clota F, Goikoetxea A, Sadoul B, et al. Unraveling the genotype by environment interaction in a thermosensitive fish with a polygenic sex determination system. Proc Natl Acad Sci USA. (2021) 3:118. doi: 10.1073/pnas.2112660118

 77. Bowden RM, Ewert MA, Nelson CE. Environmental sex determination in a reptile varies seasonally and with yolk hormones. Proc R Soc B Biol Sci. (2000) 267:1745–9. doi: 10.1098/rspb.2000.1205

 78. Duncan NJ, Sonesson AK, Chavanne H. Principles of Finfish Broodstock Management in Aquaculture: Control of Reproduction and Genetic Improvement. Advances in Aquaculture Hatchery Technology. Cambridge: Woodhead Publishing Limited (2013). doi: 10.1533/9780857097460.1.23

 79. Migaud H, Bell G, Cabrita E, McAndrew B, Davie A, Bobe J, et al. Gamete quality and broodstock management in temperate fish. Rev Aquac. (2013) 5:S194–223. doi: 10.1111/raq.12025

 80. Izquierdo MS, Turkmen S, Montero D, Zamorano MJ, Afonso JM, Karalazos V, et al. Nutritional programming through broodstock diets to improve utilization of very low fishmeal and fish oil diets in gilthead sea bream. Aquaculture. (2015) 449:18–26. doi: 10.1016/j.aquaculture.2015.03.032

 81. Turkmen S, Zamorano MJ, Fernández-Palacios H, Hernández-Cruz CM, Montero D, Robaina L, et al. Parental nutritional programming and a reminder during juvenile stage affect growth, lipid metabolism and utilisation in later developmental stages of a marine teleost, the gilthead sea bream (Sparus aurata). Br J Nutr. (2017) 118:500–12. doi: 10.1017/S0007114517002434

 82. Perera E, Turkmen S, Simó-Mirabet P, Zamorano MJ, Xu H, Naya-Català F, et al. Stearoyl-CoA desaturase (scd1a) is epigenetically regulated by broodstock nutrition in gilthead sea bream (Sparus aurata). Epigenetics. (2020) 15:536–53. doi: 10.1080/15592294.2019.1699982

 83. Xu H, Turkmen S, Rimoldi S, Terova G, Zamorano MJ, Afonso JM, et al. Nutritional intervention through dietary vegetable proteins and lipids to gilthead sea bream (Sparus aurata) broodstock affects the offspring utilization of a low fishmeal/fish oil diet. Aquaculture. (2019) 513:734402. doi: 10.1016/j.aquaculture.2019.734402

 84. Sinclair KD, Watkins AJ. Parental diet, pregnancy outcomes and offspring health: metabolic determinants in developing oocytes and embryos. Reprod Fertil Dev. (2014) 26:99–114. doi: 10.1071/RD13290

 85. Chavatte-Palmer P, Velázquez MA, Jammes H, Duranthon V. Review: epigenetics, developmental programming and nutrition in herbivores. Animal. (2018) 12:363–71. doi: 10.1017/S1751731118001337





OPS/images/fvets-09-1083255-g005.gif
s0

06

04

03

= o1

00

A2 B gt
f—
=

v
HJ_ ﬂ il ‘ ‘ ‘
oA T e o s sa e

D

f—
=i
T_r O - SO
P R

Family Family





OPS/images/fvets-09-1083255-g006.gif





OPS/images/fvets-09-1083255-g003.gif
DIET 1 i
1500
1600
@ Moo -
2 m
2 o
5w
i a
a0
0
MicFomle ok @7 clel s
B -
3= o
DIET 2
MicFomle o @7 ol o2 62

Family





OPS/images/fvets-09-1083255-g004.gif
Ages2 Age3
“
wama LELal
c 06 D *
-1 H
= .
2 H 1y "
i i i
L

s o7 etel | cse2 cies e ctel =

Family Family





OPS/images/fvets-09-1083255-i001.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Use of male-to-female sex reversal as a welfare scoring system in the protandrous farmed gilthead sea bream (Sparus aurata)



		Introduction



		Materials and methods



		Diets



		Experimental setup and sample collection



		Sex steroids



		Statistical analysis







		Results



		Growth and sex ratio progression



		Sexual dimorphism: Body weight and sex steroids



		Sex steroids ratio







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Use of male-to-female sex
reversal as a welfare scoring
system in the protandrous
farmed gilthead sea bream
(Sparus aurata)





OPS/images/fvets-09-1083255-g001.gif
‘(@

a0

1200

1000

s0

o

50

W

-
(=1

A2

Age+l






OPS/images/fvets-09-1083255-g002.gif
()

H
&

1500 -
1600
1400
1200
1000
00
04
400
200

DIET 1

e
0 |

il

R

1800
1600
1400
1200
1000
500
600
400 4
200

Male Female

DIET 2

3 @2 ool oS

wonen o
(8

Body weight(e)

Male Female

il

@7 el s 62

\mily









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science





