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A B S T R A C T   

Water temperature governs physiological functions such as growth, energy allocation, and sex determination in 
ectothermic species. The European sea bass (Dicentrarchus labrax) is a major species in European aquaculture, 
exhibiting early dimorphic growth favoring females. The species has a polygenic sex determination system that 
interacts with water temperature to determine an individual’s sex, with two periods during development that are 
sensitive to temperature. The current study investigated the influence of water temperature on energy allocation 
and sex-biased genes during sex determination and differentiation periods. RNA-Sequencing and qPCR analyses 
were conducted in two separate experiments, of either constant water temperatures typical of aquaculture 
conditions or natural seasonal thermal regimes, respectively. We focused on eight key genes associated with 
energy allocation, growth regulation, and sex determination and differentiation. In Experiment 1, cold and warm 
temperature treatments favored female and male proportions, respectively. The RNA-seq analysis highlighted 
sex-dependent energy allocation transcripts, with higher levels of nucb1 and pomc1 in future females, and 
increased levels of egfra and spry1 in future males. In Experiment 2, a warm thermal regime favored females, 
while a cold regime favored males. qPCR analysis in Experiment 2 revealed that ghrelin and nucb1 were down- 
regulated by warm temperatures. A significant sex-temperature interaction was observed for pank1a with higher 
and lower expression for males in the cold and warm regimes respectively, compared to females. Notably, spry1 
displayed increased expression in future males at the all-fins stage and in males undergoing molecular sex dif
ferentiation in both experimental conditions, indicating that it provides a novel, robust, and consistent marker 
for masculinization. Overall, our findings emphasize the complex interplay of genes involved in feeding, energy 
allocation, growth, and sex determination in response to temperature variations in the European sea bass.   

1. Introduction 

Water temperature plays a critical role for aquatic ectotherms, 
influencing their physiology, behavior, life history, as well as growth 
and development (Abram et al., 2017; Birnie-Gauvin et al., 2021; De 
Jong et al., 2023; Kua et al., 2020; Neuheimer et al., 2018). Abiotic 
factors affect metabolic rates of ectothermic animals, and among them 
teleost fishes have evolved a remarkable array of phenotypic and 
genotypic strategies to thrive in environments with fluctuating thermal 

conditions (Clarke, 2003; Xia et al., 2023). Indeed, multiple metabolic 
processes such as appetite, feeding behavior, digestion, and enzyme 
activity, are directly influenced by temperature in teleosts (Volkoff and 
Rønnestad, 2020). 

Warmer temperatures generally increase metabolic demands, 
affecting growth rates and energy allocation patterns. Temperature can 
also have size-dependent effects on growth. Juveniles and adults of the 
same species may exhibit different responses; consequently, energy 
allocation patterns vary with temperature and size, affecting fitness and 

Abbreviations: ampk, AMP-activated protein kinase; CoA, Malonyl Coenzyme A; cyp19a1a, Gonadal aromatase; dmrt1, Doublesex- and mab-3-related transcription 
factor 1; eef1α, Eukaryotic translation elongation factor 1 alpha; egfra, Epidermal growth factor receptor a; gsdf, Gonadal soma derived factor; l13, Ribosomal protein 
L13; mtor, Mechanistic target of rapamycin; NLP, Nesfatin-1 like peptide; nucb1, Nucleobindin protein 1; pank1a, Pantothenate kinase 1a; pomc1, Pro-opiomela
nocortin 1; SNP, Single Nucleotide Polymorphism; sox3, Sry-related HMG box3; spry1, Sprouty 1; Sry, Sex determining region Y; β-actin, Beta-actin. 
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survival (Gillooly et al., 2001; Lindmark et al., 2022). Interestingly, 
environmental conditions can also affect the sexual fate of the gonad 
during early development (Geffroy and Douhard, 2019). In some fish 
species, the process of sex determination exhibits an intricate interplay 
between genetic and environmental factors, with temperature playing a 
pivotal role in shaping the gonadal fate (Geffroy and Wedekind, 2020). 
The phenotypic sex can be modulated by multiple genes in some ecto
thermic species, and this polygenic sex determination system can be 
affected by temperature (Miyoshi et al., 2020; Vandeputte et al., 2007), 
as in the European sea bass (Dicentrarchus labrax) (Geffroy et al., 2021a). 
This teleost species is important for European mariculture but is also a 
model for research in genetics and sex determination (Vandeputte and 
Piferrer, 2018). 

In European sea bass, high temperatures during early life can 
masculinize populations by modulating promoter methylation of sex- 
specific genes such as sox3 and sox9a (Geffroy et al., 2021a; Navarro- 
Martín et al., 2011). Conversely, exposure to cold temperatures (<17 ◦C) 
from the early larval phase to metamorphosis (55–66 days post-hatch – 
dph) triggers ovary development (Navarro-Martín et al., 2009; Pavlidis 
et al., 2000; Sfakianakis et al., 2013; Vandeputte and Piferrer, 2019). 
However, recent studies showed that late exposure (after 80 dph) to a 
relatively warm temperature (>21 ◦C) enhanced females production 
(Clota et al., 2024; Vandeputte et al., 2020), while prolonged exposure 
(up to 244 dph) to a relatively low temperature (16 ◦C) biased the sex 
ratios towards males (Vandeputte et al., 2020). This demonstrated the 
existence of two distinct thermosensitive periods in European sea bass, 
as the same temperature treatment applied at different times results in 
opposite effects on the sex ratio, and thus possibly distinct mechanisms 
involving methylation and modulation of growth. Indeed, the mecha
nisms governing sex determination are also tightly linked to growth in 
European sea bass, females are larger than males very early in the 
development, adding another layer of complexity in our understanding 
of sex determination in the species (Díaz et al., 2013; Faggion et al., 
2021; Geffroy et al., 2021b). Therefore, it is difficult to distinguish 
causes from consequences: does sex influence differential growth rate or 
does early growth rate influence sex determination? 

A recent study highlighted a tendency for future females to display 
more energy content in their body (joules⋅mg− 1) than future males 
(Geffroy et al., 2021a). It has thus been hypothesized that, compared to 
males, future females accumulate more energy during the sex determi
nation period, with associated up-regulation of molecular pathways for 
lipid and glucose metabolism (Geffroy, 2022). Appetite regulation and 
energy allocation, are mechanisms dependent on molecular factors, such 
as peptide-hormones or transcription factors, that respond to nutrients 
and modulate complex molecular pathways operating either centrally 
(brain) or peripherally (e.g. liver) (Challet, 2019; Kubrak et al., 2022). 
Yet, the molecular pathways associated with energy allocation that can 
be modulated by temperature during the sex determination period are 
almost unexplored in teleost fishes. 

In the above-mentioned study (Geffroy et al., 2021a), molecular 
factors like epidermal growth factor receptor a (egfra) and sprouty 1 
(spry1) were up-regulated early in the development of future phenotypic 
males. In mammals, EGFR is involved in multiple functions related to 
glucose and amino acid metabolism, lipogenesis during cell prolifera
tion, growth, and differentiation processes (Orofiamma et al., 2022). 
SPRY1, is a negative regulator of receptor tyrosine kinase, and has been 
studied in mammals for its role in controlling adipogenesis (Mandl et al., 
2019) and angiogenesis (Sabatel et al., 2010). Interestingly, a recent 
study in mice showed that spry1 was up-regulated by dmrt1 (doublesex- 
and mab-3-related transcription factor 1) (Zhang et al., 2023), a key 
gene in testis formation and masculinization in mammals and fishes 
(Ogita et al., 2020). Previous studies, on juvenile and adult teleosts, 
demonstrated that orexigenic factors like ghrelin, as well as anorexigenic 
factors like pro-opiomelanocortin (pomc), are modulated by temperature 
in Salmo salar L., Carassius auratus, and zebrafish (Danio rerio) (Chen 
et al., 2019; Hevrøy et al., 2012; Woods et al., 2014). Pomc participates 

in the domestication process of the mandarin fish (Siniperca chuatsi) (Lu 
et al., 2023), and is involved in stress signaling, mediating cortisol 
synthesis (Cerdá-Reverter et al., 2011). More recently, it was demon
strated that growth and stress signaling acting through pomc are related 
with sex, with female tilapia (Oreochromis niloticus) displaying higher 
levels of pomc, and its expression is mediated by estrogen response el
ements in the promoter region of the gene (Wan et al., 2021). Further
more, pomc deficiency in zebrafish increases growth and promotes sex 
reversal (Shi et al., 2020; Yang et al., 2023). 

Other key regulators of energy that have an impact on sex determi
nation in other species are AMP-activated protein kinase (ampk) and the 
mechanistic target of rapamycin (mtor) transcription factors (Geffroy, 
2022). They both act as cellular sensors of energy homeostasis (Hardie, 
2014; Wullschleger et al., 2006), regulating glucosensing capacity, 
protein and lipid metabolism in rainbow trout (Oncorhynchus mykiss) 
(Otero-Rodiño et al., 2019; Polakof et al., 2011), or modulating key 
peptides like Ghrelin in rats and mice (Martins et al., 2012; Yin et al., 
2015). Nucleobindin protein 1 (nucb1) that encodes for the nesfatin-1 
like peptide (NLP), is an anorexigenic peptide that stimulates insulin 
secretion (Ramesh et al., 2015; Sundarrajan et al., 2016). The panto
thenate pathway is also crucial regarding energy storage (Geffroy, 
2022). Indeed, malonyl Coenzyme A (CoA), a final metabolite of the 
pantothenate pathway, is a critical substance that regulates other 
metabolic pathways involved in cholesterol production and lipogenesis. 
The pantothenate kinase (pank) gene encodes a catalytic enzyme that 
phosphorylates pantothenate (vitamin B5). Paralog genes share the 
same function in mammals but with different sub-cellular distribution, 
regulation and expression (Zizioli et al., 2016). In the zebrafish, pank1a 
is predicted to localize in both the cytosol and the nucleus (https://zfin. 
org/ZDB-GENE-040426–2846#summary). Interestingly, lipid meta
bolism mediated by pank1a cause sex reversal of genetic female to 
phenotypic male in the medaka (Oryzias latipes) (Sakae et al., 2020). 

Understanding the complex interrelationships among water tem
perature, energy allocation and sex determination is crucial for pre
dicting and managing thermal requirements for natural populations but 
also for aquaculture production. The aim of the present study was to 
investigate the molecular pathways that are modulated by water tem
perature and that can be involved in sex determination of the European 
sea bass. To this end, we first re-analyzed the transcriptomic data from 
Geffroy and collaborators (2021a) to depict the expression pattern of 
genes involved in energy allocation at two stables temperatures (21 ◦C vs 
16 ◦C) applied between early larval phase to metamorphosis. Then, we 
performed a specific experiment with two distinct seasonal thermal re
gimes that follow natural temperatures, to investigate the expression 
patterns of the above-mentioned genes. 

2. Materials & methods 

2.1. Ethical statement on animal for research 

For both experiments, fish rearing was performed at the Ifremer 
Plateforme Expérimentale d’Aquaculture (Palavas-les-Flots, France), 
accredited to use and breed laboratory animals (n◦ C341926). Experi
ments were performed in accordance with relevant guidelines and reg
ulations provided by the ethic committee (no 36) of the French Ministry 
of Higher Education, Research and Innovation and the experiment 
received the following agreement number: APAFIS#19676– 
2019021915002143 for Experiment 1 and APAFIS 
#34987–2022012512291606 for Experiment 2. All procedures 
involving animals were also performed following ARRIVE guidelines 
(https://arriveguidelines.org/) and the EU Directive 2010/63/EU for 
animal experiments. 
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2.2. Experiment 1: Effects of exposure to two constant temperatures on 
energy homeostasis-related genes 

We used the transcriptomic data generated from our previous study 
(Geffroy et al., 2021a) that compared European sea bass kept at constant 
low (16 ◦C) and high temperature (21 ◦C) during the sex determination 
period (0 to 60 dph). Briefly, fish were held in triplicate tanks at each 
water temperature. Since fish growth was stimulated at the higher 
temperature, sea bass development differed greatly between treatments 
(Fig. 1). To enable data comparison, the first sampling was performed at 
the same sum of degree-days, a procedure previously used to standardize 
measurement of growth in fishes (Chezik et al., 2014). Hence, 29 fish 
from the low temperature (LT) treatment and 39 from the high tem
perature (HT) treatment were sampled at 78 and 53 dph corresponding 
at ~ 550 Degree Days base 10 ◦C (DD10◦C). Then, 42 juveniles were 
collected at 124 dph (LT, n = 21) and 117 dph (HT, n = 21), when they 
reached the exact same length and weight ~ 1100 Degree Days 
(Table 1). The RNA-seq was performed on the whole body of the 68 
individuals at 550 DD10◦C and in the gonads of the 42 juveniles, to focus 
on genes related to sex determination and sex differentiation. 

In Geffroy et al., (2021a), the genetic sex tendency (GST) of indi
vidual larvae and juveniles, before phenotypic sex is determined, was 
predicted based on the genotype of 2030 European sea bass from the 
same cohort using the Thermofisher DlabChip European sea bass array 
of 57 k Single Nucleotide Polymorphism (SNP) markers (Griot et al., 
2021). The result of the SNP-based model allowed us to classify fish with 
positive values of GST as being more likely to develop as females in a 
neutral environment and those with negative values as being more likely 
to develop as males. Here, the RNA-seq data were re-analyzed to identify 
genes related to feeding, metabolism and growth, which would correlate 
with the GST and/or temperature regime. 

2.3. Experiment 2: Effect of two fluctuating water thermal regimes on 
energy homeostasis-related genes 

The aim of this experiment was to compare the effect of simulated 
natural regimes of water temperature on the transcript abundance of 
genes previously identified as being key for metabolism and growth 
during the sex determination period in sea bass. 

2.4. Experimental design and larval sampling 

The three populations of fish used were produced by artificial 
fertilization of females and males from wild-caught broodstock of the 
Atlantic (7♀x30♂), East Mediterranean (12♀x30♂) and West Mediter
ranean (14♀x30♂) Dicentrarchus labrax at the Ifremer experimental 
platform in Palavas-les-Flots, France. After artificial fertilization, the 
embryos were incubated for 20 days post-hatching at 13 ◦C, and then 
fish were mixed in equal proportions and disposed into quadruplicate 
110 L RAS tanks at a density of 33 larvae per liter (Fig. 1). Quadruplicate 
tanks were interconnected with a recirculating biofilter and UV sterili
zation. The water temperature was increased at 1 ◦C/week ratio until the 
environmental temperature for Atlantic (cold regime), or East Medi
terranean (warm regime) was reached (Fig. 1). Photoperiod was 
adjusted weekly to average for the natural thermal regime according to 
the Copernicus database. Water temperature was regulated with electric 
heater/cooler units. From 10 days post hatching (dph) until 144 DD10◦C, 
larvae were fed with Cryoplankton Large (Planktonic AS, Norway), the 
nauplius from Semibalanus balanoides, then Artemia nauplii until 300 
DD10 ◦C, and changed thereafter to a commercial sea bass diet (Pro Start 
and Pro Wean, BioMar, Nersac, France). 

At the all-fins stage (~480 DD10◦C), 18 fishes per temperature 
treatment were collected (6 per tank, note that one tank was left un
disturbed) and whole bodies were measured and weighted (Table 1) 
before being placed in 2 ml tubes and quickly frozen in liquid nitrogen. 
At the juvenile stage (~1300 DD10◦C), 21 fishes per temperature regime 

Fig. 1. Experimental Design for Experiment 1 (Upper Figure): This experiment aims to evaluate the transcriptomic profile of European sea bass larvae under typical 
aquaculture conditions at two constant temperatures (16 and 21 ◦C) until the end of the all-fins stage. Experimental design for Experiment 2 (Lower Figure): This 
experiment focuses on assessing the impact of simulating two natural thermal regimes (Atlantic and East Mediterranean Sea) on gene expression by qPCR during the 
sex determination and differentiation process of European sea bass. In both experiments, dashed blue lines indicate the sampling times for individuals kept at low 
temperatures, while dashed red lines indicate the sampling times for individuals kept at high temperatures. Additional details can be found in the Material and 
Methods section. 
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were collected (7 per tank) and quickly euthanized with an overdose of 
benzocaine (150 mg/L). The liver and gonads were dissected, deposited 
in 2 ml tubes and quickly frozen in liquid nitrogen. All the samples were 
stored at − 80 ◦C until processing. 

2.5. RNA extraction and reverse transcription 

The all-fins stage period coincides with rapid primordial germ cell 
proliferation (Roblin & Brusle, 1983), but the gonad is still too tiny for 
being accurately sampled. However, previous studies showed that whole 
larvae (instead of gonads) can be used to assess gene expression of sex- 
related genes, as this approach was previously performed and validated 
in comparable studies on the subject (Blázquez et al., 2009, 2008). Still, 
for having distinct parts of the body that included the brain and the liver, 
the head was separated from the trunk for all these samples. The total 
RNA of 72 samples (36 trunks and 36 heads) from 480 DD10◦C, and 126 
samples from ~ 1300 DD10◦C were extracted following the TRIzol re
agent (Invitrogen) standard protocol. Nucleic Acid (ng/uL) concentra
tion was measured with the NanoDrop® ND-1000 V3300 
Spectrophotometer (Nanodrop Technology Inc., Wilmington, DE, USA). 
The RNA quality was checked on an Agilent bioanalyzer (Agilent) using 
electrophoretic trace method. The RNA integrity number was between 
8.5 and 10 for all samples. 1 mg of total RNA was used as positive 
template for reverse transcription and two negative controls were 
included, no retro-transcriptase enzyme (− RT) and ultra-pure water 
instead of RNA template (− C). Considering the amount of the tissues, 
two different kits for reverse transcriptions was used. For the all-fins 
stage, the M− MLV reverse transcriptase kit (PROMEGA were used to 
get cDNA following the manufacturer instructions. For the ~ 1300 
DD10◦C samples, considering the small amount of tissue for liver and 
gonads, the cDNA was synthesized using the qScript cDNA SuperMix 
(Quantabio, QUIGEN, Beverly, MA, USA) following manufacturer’s in
structions. In both cases Oligo(dT) adaptor primer was used for the 
reverse transcription reaction. The cDNAs from all the samples were 
diluted 40-fold in nuclease free water for the quantitative PCR (qPCR) 
reactions. 

2.6. Quantitative PCR (qPCR) 

All primers that were not published before were designed with the 
Primer3Plus tool, ensuring that one of the forward or the reverse primer 
hybridizes on the exon-exon junction to avoid genomic amplification 
(Table S1 and S2). The reaction mix (1.5 µl) was dispensed with the 
Echo® 525 liquid handling system (Labcyte Inc., San Jose, CA, USA) into 
a 384-well reaction plate as follows: 0.75 μL of SensiFAST™ SYBR® No- 
ROX Kit (Bioline, London, UK), 0.4 or 0.6 μM of final concentration for 
each primer, approximately 0.625 ng of cDNA, and ultra-pure water to 
complete the volume. Triplicates reactions were assessed for each 
standard point, duplicates for the target and reference genes, negative 
controls were included for each gene (− RT, − C and ultra-pure water 
instead of cDNA template). Primer specificity was assessed with the 
melting curve to confirm the amplification of one product. The qPCR 
products were sequenced by Sanger method to confirm the identity of 
the amplicons. The housekeeping genes Ribosomal protein L13 (l13), 
eukaryotic translation elongation factor 1 alpha (eef1α) and beta-actin 

(β-actin) are all recommended for qPCR and have been successfully 
used previously for European sea bass (Sadoul et al., 2018). We used sry- 
related HMG box3 (sox3) the evolutionary precursor of sex determining 
region Y (sry) in mammals (Herpin and Schartl, 2015), to know the 
molecular sex of the fish at the all-fin stage, as we previously found that 
it significantly correlates with the genetic sex tendency (more tran
scripts in futures males). At the juvenile stage, we used gonadal soma 
derived factor (gsdf) and gonadal aromatase (cyp19a1a) as sex markers 
in the gonads, as we previously found that they discriminate sex well at 
this stage (Goikoetxea et al., 2022). 

The qPCR reactions were performed in a LightCycler 480 (Roche) 
with a denaturation step at 95 ◦C for 3 min, 40 cycles of amplification 
(95 ◦C, 10 s), hybridization (60 ◦C, 10 s) and elongation (72 ◦C, 10 s). All 
the data were analyzed with the standard curve method. Relative levels 
of gene transcription were obtained using the following equation (Eref^ 
(Ctref))/ Etarget^(Cttarget) with the cycle threshold of target gene (Cttarget) 
normalized by the geometric mean of three housekeeping genes (Ctref: 
l13, β-actin and eef1a). Eref represent the mean efficiency of the standard 
curve for the three housekeeping genes and Etarget the efficiency of the 
target gene. At the juvenile stage, one individual (from the cold regime) 
did not amplify, 2 gonads presented very high and unusual values of 
housekeeping genes (one from the cold and one from the warm regime): 
those 3 samples were thus removed for the statistical analysis. 

2.7. Statistical analysis 

Before any analysis of gene expression, we tested all housekeeping 
genes relative to temperature or sex with t-test to ensure that there was 
no difference linked to the treatment. Linear models were used to test for 
correlation between the molecular sex (cyp19a1a, gsdf, and sox3) and 
the genes of interest, adding the thermal regime (cold and warm) as a co- 
factor. Since the number of fish sexed at the juvenile stage was low (n =
37) we used a Pearson’s Chi-squared test with Yates’ continuity 
correction to test the effect of temperature on sex ratio. For each tissue 
(head, trunk, liver or gonads), differences between groups (molecular 
sex or thermal regime) were assessed by t-test or ANOVA (when tem
perature and sex were tested simultaneously), plots include mean and 
standard error (se). 

3. Results 

3.1. Experiment 1: Constant temperatures, 16 vs 21 ◦C 

By re-analyzing the RNA-Seq data at 550 DD10◦C, we detected 2 new 
transcripts that correlate with the molecular sex: nucb1 and pomc1, with 
more transcripts in futures females (Fig. 2). As previously identified in 
Geffroy et al., 2021a, egfra and spry1 presented more transcripts in 
future males than in future females (Fig. 2). Regarding temperature 
treatment, we identified 5 genes with significant differences in tran
script abundance, namely ampk1, ghrelin, mtor, pank1a and spry1 
(Fig. 2). 

When the RNA-seq data from gonads at 1100 DD10◦C were re- 
analyzed, spry1, mtor, ampk1, and pank1a were also differentially 
expressed between future females and males (Fig. 3). 

Table 1 
xxx     

Warm regime Cold regime    

Stage DD10 ◦C weight (g) length (cm) age (dph) weight (g) length (cm) age (dph) RNA-seq qPCR 

Experiment 1 All Fins 550 0.077 (0.024) 2.2 (0.17) 53 0.134 (0.064) 2.4 (0.35) 78 Yes No 
Juveniles (early) 1254 at HT; 1054 at LT 4.88 (1.17) 7.33 (0.57) 117 4.67 (1.21) 7.31 (5.9) 124 Yes No 

Experiment 2 All Fins 560 at HT; 430 at LT 0.29 (0.12) 3.00 (0.39) 86 0.18 (0.08) 2.74 (0.33) 117 No Yes 
Juveniles 1490 at HT; 1140 at LT 8.51 (2.98) 8.87 (1.00) 157 5.68 (2.76) 7.53 (1.04) 212 No Yes   

Numbers in parentheses indicate standard deviation        
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3.2. Experiment 2: Fluctuating cold and warm temperatures 

At the all-fins stage, we detected a strong and negative correlation 
between sox3 and the weight of fish, confirming that sox3 is an early sex 
marker in European sea bass (Fig. 4A). The levels of transcripts of 
cyp19a1a and gsdf also allowed differentiation of females from males at 
the juvenile stage (Fig. 4B). Note that two individuals with intermediate 
values, from the warm thermal regime, were removed to ensure a good 

discrimination between sexes. Based on this discrimination, we detected 
that temperature significantly affected sex ratio (Chi-squared p-value <
0.01), with more males produced in the cold treatment (19 vs 2) and 
more females in the warm treatment (10 vs 6). In addition, the females 
were about twice the weight of males (9.3 ± 0.8 g vs 5.3 ± 0.4 g; t-test p- 
value < 0.001), and females were also significantly longer than males 
(9.1 ± 0.25 cm vs 7.4 ± 0.2 cm; t-test p-value < 0.001). 

Fig. 2. Comparative linear correlation of transcript number with the genetic sex tendency (GSD) at low temperature (LT, 16 ◦C, blue line) and high temperature (HT, 
21 ◦C, red line) treatments at the all-fins stage. Abbreviations: *** = p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05; AMP-activated protein kinase 1 
(ampk1); epidermal growth factor receptor a (egfra); mechanistic target of rapamycin (mtor); nucleobindin protein 1 (nucb1); pantothenate kinase 1a (pank1a); pro- 
opiomelanocortin 1 (pomc1); sprouty 1 (spry1). 

Fig. 3. Number of RNA-Seq transcripts in the gonads of phenotypic females (yellow dots) and phenotypic males (brown dots) at the juvenile stage. The number of 
transcripts for A) sprouty 1 (spry1); B) mechanistic target of rapamycin (mtor); C) AMP-activated protein kinase 1 (ampk1) and D) pantothenate kinase 1a (pank1a) 
are represented. Each bar represents the mean ± se. Abbreviations: *** = p-value < 0.001; ** = p-value < 0.01. 
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3.3. Differentially expressed genes related to sex 

At the all-fins stage, of the 8 genes investigated by qPCR only spry1 
(p-value = 0.01) and mtor (p-value < 0.001) presented a significant and 
positive correlation with sox3 abundance in the trunk, indicating that 
future males have relatively more transcript abundance of both genes 
than future females (Fig. 5). Interestingly, this pattern was conserved for 
spry1 at the juvenile stages with more transcripts in male gonads and 
liver (t-test, p-value < 0.05) compared to females (Fig. 5). 

3.4. Differentially expressed genes related to fluctuating temperature 

At the all-fins stage, only nucb1 (ANOVA, p-value < 0.001) and 
ghrelin (ANOVA, p-value < 0.05) were differentially expressed in the 
trunk as a function of temperature, with more transcripts of both genes 
in cold compared to warm regime. This pattern was conserved in the 
head for nucb1 (ANOVA, p-value < 0.01) (Fig. 6A). At the juvenile stage, 
the same result was detected for nucb1 in the gonad (ANOVA, p-value <
0.01) and liver (ANOVA, p-value < 0.001) (Fig. 6B). Gene expression of 

mtor in the liver was also higher in the cold compared to the warm 
regime (ANOVA, p-value < 0.01). There were no significant differences 
according to temperature for the other 6 genes tested. 

3.5. Interaction between sex and temperature 

At the all-fins stage, only pank1a in the trunk presented a significant 
interaction between sex (sox3) and temperature regime (p-value < 0.05; 
Fig. 7A). In the cold thermal regime, pank1a was increased in future 
males, while it decreased in the warm thermal regime. The exact same 
pattern was found in the liver of juveniles (p-value < 0.05, Fig. 7B). 

4. Discussion 

The present study employed two methodologies—RNA-seq and 
qPCR—in conjunction with two experimental setups to elucidate the 
impact of water temperature on sex-specific gene expression related to 
energy allocation in the European sea bass. These genes are associated 
with anorexigenic and orexigenic functions, as well as transcription 

Fig. 4. A) Linear correlation between sox3 and body weight (mg) at all-fins stage; B) Relative expression of gsdf and cyp19a1a in the gonads at juvenile stage of fish 
from the Experiment 2. Phenotypic females (yellow dots) are discriminated from phenotypic males (brown dots) based on gene expression. Abbreviations: ** = p- 
value < 0.01; sry-related HMG box3 (sox3); gonadal aromatase (cyp19a1a). 

Fig. 5. A) Linear correlation between the relative expression of spry1 and sox3 at the all-fins stage. B) Gene expression of spry1 in the gonads and the liver (C) of 
phenotypic females (yellow dots) and phenotypic males (brown dots) at juvenile stage. Note that the sex is based on gene expression assessed in the Fig. 4. Each bar 
represents the mean ± se. Abbreviations: * = p-value < 0.05; sprouty 1 (spry1). 
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factors regulating energy homeostasis, glucose and lipid metabolism 
during the sex determination and differentiation periods. 

In the European sea bass, sex-dimorphic growth in favor of females 
becomes apparent during larval development, and significantly sepa
rates males from females as soon as 103 dph, corresponding to the end of 
the sex determination period (Faggion et al., 2021). We demonstrated 
that at the all-fins stage (84–117 dph, ~28.7 mm, ~480 DD10◦C), sox3 

transcript abundance, measured by qPCR in the trunk, is up-regulated in 
lighter individuals (i.e. likely future males), confirming the previous 
transcriptomic study showing that sox3 is an early marker of mascu
linization in the European sea bass (Geffroy et al., 2021a). Molecular sex 
differentiation at the juvenile stage (157–212 dph, ~82.0 mm, ~1300 
DD10◦C) was determined by quantifying the RNA relative abundance of 
cyp19a1a and gsdf in the gonads, allowing us to sex individuals 

Fig. 6. A) Relative expression of nucb1 as a function of water temperature in the head and trunk of European sea bass larvae at the all-fins stage, and B) in the gonads 
and liver of fish at juvenile stage from the Experiment 2. Cold regime (blue dots) and warm regime (red dots). Each bar represents the mean ± se. Abbreviations: *** 
= p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05; nucleobindin 1 (nucb1). 

Fig. 7. A) Linear correlation between the relative expression of pank1a and sox3 of fish at the all-fins stage at the two temperature in the Experiment 2. B) Gene 
expression of pank1a in the liver (B) of phenotypic females (yellow dots) and males (brown dots) at juvenile stage. Each bar represents the mean ± se. In both A and 
B) there is a significant interaction between Sex and Temperature. Sry-related HMG box3 (sox3); pantothenate kinase 1a (pank1a). 
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successfully, as previously reported for this species (Vandeputte et al., 
2020). At this stage too, the females were significantly heavier and 
longer than males. 

Interestingly, for fish collected at the juvenile stage in Experiment 2, 
the warm treatment favored feminization (10 females vs 6 males) 
whereas the cold treatment favored masculinization (19 males vs 2 fe
males). We have previously demonstrated two distinct thermosensitive 
periods in European sea bass development, whereby temperature in
crease between 80 and 100 dph favors feminization but prolonged 
exposure (up to 244 days post-hatching) to cold water promotes 
masculinization (Clota et al., 2024; Vandeputte et al., 2020). In the 
present experiment 2 that follows natural thermal regimes, the tem
perature of the warm regime was relatively low (<18 ◦C) before 78 dph 
and then increased, reaching 22 ◦C at 107 dph. According to our pre
vious work (Clota et al., 2024; Vandeputte et al., 2020); this temperature 
pattern is the best to favor female production (early cold + late warm, 
Fig. 8). Whereas prolonged exposure to low temperatures in the cold 
regime treatment (<17 ◦C before 140 dph) is expected to favor mascu
linization (Fig. 8). Since there was no exposure to warm temperatures 
early in development in either treatment in Experiment 2, differential 
methylation might not be at play, an effect previously observed (Geffroy 
et al., 2021a). It could rather be an effect of temperature on growth rate, 
where the warm regime promotes energy accumulation and ultimately 
favors female differentiation, while the cold regime negatively affects 
energy storage favoring male differentiation. 

At the molecular level, the RNA-Seq re-analysis of fish kept at con
stant warm or cold temperatures (Experiment 1) revealed energy allo
cation transcripts that are dependent upon sex but independent of 
rearing temperature during the sex determination period. We found 
higher levels of nucb1 and pomc1 in future females compared to males; 
previous studies reported that nesfatin-1-like peptide (NLP), the mature 
peptide of nucb1, stimulates POMC synthesis in murine cell culture 
(Nasri and Unniappan, 2021) suggesting a link between these two genes. 
In the Mozambique tilapia, Oreochromis mossambicus, pomc1 is 

upregulated in females’ brain compared to males early in development, 
and in vitro analysis demonstrated that β-estradiol significantly enhances 
its expression (Wan et al., 2021), concordant with our results. However, 
since pomc1-/- mutants of zebrafish (Danio rerio) exhibit higher growth 
and enhanced appetite (Shi et al., 2020; Wan et al., 2021; Yang et al., 
2023), we would have expected lower levels of pomc1 in females than 
males, as reported in Pogona vitticeps after male to female sex-reversion 
(Deveson et al., 2017). Levels of ampk1 in the trunk were unaffected by 
the sex tendency of fish, but upregulated in ovaries undergoing molec
ular sex differentiation. 

On the other hand, differential expression of egfra and mtor in future 
males (in trunk) and testis undergoing molecular sex differentiation 
respectively, suggests a sex dimorphic role for energy allocation during 
male sex determination. Even though it is hard to elucidate the ampk1/ 
egfra/mtor roles because of their multifunctionality during early devel
opment (Lee, 2015; Orofiamma et al., 2022), sex dimorphic patterns for 
mTORC1 and AMPK was previously reported in nematodes (Robles 
et al., 2021) and EGFR is involved in the control of glucose uptake and 
glycolysis (Orofiamma et al., 2022). Overall, the genetic background 
appeared to affect egfra, nucb1, and pomc1 in a sex dependent manner, 
independently of environmental effects, while ampk1, ghrelin, mtor, and 
pank1a were influenced by the temperature and, later, differentially 
expressed according to sex in the gonad (except for ghrelin). Only spry1 
was actually influenced by both temperature (more in the early warm 
treatment) and genetic sex tendency (more in future males) in Experi
ment 1, and differential expression level was maintained in testis un
dergoing sex differentiation. These last genes (ampk1, mtor, pank1, and 
spry1) are, therefore, the most interesting to study to understand the role 
they play during the second thermal sensitivity window, where exposure 
to warm temperatures (i.e. after 80 dph) promotes feminization (Fig. 8), 
probably by enhancing growth. 

To gain further understanding of energy allocation patterns in the 
gonads during sex determination and sex differentiation, we focused on 
the 8 genes detected in Experiment 1. The qPCR results obtained in a 

Fig. 8. Scheme of the gonadal development of the European Sea bass, modified from (Piferrer et al., 2005). The sex determination, molecular sex differentiation and 
histological sex differentiation are represented by dashed lines as their duration is influenced by environmental (mainly temperature) and experimental conditions. 
Molecular sex differentiation refers to the period at which gene expression of sex-related genes (e.g. cyp19a1a, gsdf) allows to discriminate phenotypic males from 
phenotypic females, while there are no evidences of histological sex differentiation in the gonad. Purple rectangles indicate the length range (in mm) and age (dph) at 
which the samples were taken in experiments 1 and 2. The different temperature treatments, having an effect on sex, are represented as well as the identification of 
the study where those findings were reported. Up-regulation of genes of interests in this study (in purple) are indicated for future females and future males at the 
timing of sampling. Note that up-regulation of pank1a is dependent on the interaction between sex and thermal treatment (see discussion for more details). 
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totally different experimental design (Experiment 2) provided specific 
insights into the effect of late increased temperatures on sex. First, 
ghrelin and nucb1 were always down-regulated by warm temperatures, 
independently of the sex of individuals, while only nucb1 was positively 
correlated with female genetic sex tendency in Experiment 1. This 
highlights that late exposure to warm temperatures might not affect the 
phenotypic sex of individuals through modulated expression of nucb1. 
Second, the qPCR results of Experiment 2 confirmed the RNA-seq results 
from the Experiment 1 for spry1, indicating a significant increase in 
spry1 relative expression at the all-fins stage for future males, but also in 
the gonads and livers of males undergoing molecular sex differentiation 
at the juvenile stage. While the link between spry1 function and sex 
differentiation in teleost is currently unknown, in mammals, dmrt1 
positively regulates the expression of spry1 (Zhang et al., 2023). Other 
reported functions for spry1 are related to reduced accumulation of body 
fat and adipogenesis (Mandl et al., 2019; Urs et al., 2012); regulation of 
early gonadal white adipose tissue growth (Yang et al., 2021); epithelial 
morphogenesis (Koledova et al., 2016); and inhibition of angiogenesis 
(Sabatel et al., 2010). All these processes are key for early gonadal 
development (Devlin and Nagahama, 2002; Sharma et al., 2024). 
Regarding the localization, SPRY1 is predicted to be found in the cytosol 
and is expressed in multiple developing organs during embryogenesis, 
including the brain and the pronephros in the zebrafish (Komisarczuk 
et al., 2008). The fact that spry1 was upregulated by warm temperature 
in Experiment 1 only indicates that it is a real masculinizing factor that 
does not respond to the second thermal window (i.e. is not up-regulated 
by cold temperature in Experiment 2). This is essential for our under
standing of how energy regulation by temperature can differentially 
affect sex and suggests that spry1 acts by decreasing the growth potential 
of individuals. 

Third, enhanced expression of mtor was detected in individuals of 
Experiment 2 undergoing male sex determination at the all-fin stage. 
Then, higher gene expression of mtor was detected in the liver of juve
niles in the cold regime, which produced more males. Interestingly, the 
cold temperature favoring females in Experiment 1 led to enhanced 
expression of mtor in the whole body, independently of the genetic 
background of fish. Together, these results highlight that cold temper
atures lead to increased expression of mtor and suggest that fish respond 
differently in terms of sex differentiation, according to the moment 
when the increased temperature was applied. In this framework, tem
perature would first affect mtor gene expression and energy balance and 
then the phenotypic sex. 

Finally, we detected a significant interaction between sex and tem
perature for pank1a in both trunk (all-fins stage) and liver (juvenile 
stage) in Experiment 2. A previous study in medaka showed that pank1a 
was mainly expressed in the liver, and early starvation caused female to 
male sex reversal by inhibiting the pantothenate metabolic pathway, 
highlighted by the downregulation of pank1a (Sakae et al., 2020). 
Depletion of lipids then caused ectopic dmrt1 expression in XX somatic 
cells, which resulted in genetic females (XX) to develop into a pheno
typic males (Sakae et al., 2020). In the present study, in both trunk and 
liver, the relative expression of pank1a was significantly down-regulated 
in females at cold temperature, while it was up-regulated at warm 
temperature. The warm condition of Experiment 2 promoted feminiza
tion and possibly accumulation of energy in females, results that are in 
line with Sakae et al. (2020), where males showed lower levels of pank1a 
and, thus, possibly less fatty acid synthesis than females. This is also 
consistent with the RNA-seq results of Experiment 1, where individuals 
exposed to low temperatures (favoring feminization) presented about 
two times more transcripts of pank1a compared to individuals exposed 
to warm temperatures during sex determination. Here again, the tem
perature appeared to first affect energy balance of fish to then affect 
their phenotypic sex later, possibly through down-regulation of dmrt1 as 
in the medaka. Indeed, based on pank1a gene expression, one might 
hypothesize that early exposure to cold and late exposure to warm 

would both favor fatty acid synthesis, and thus feminization indepen
dently of the genetic sex tendency of individuals. In the cold regime of 
Experiment 2 only two females were produced and it is more difficult to 
explain why males displayed higher levels of pank1a. One possible 
explanation could involve the necessity of producing CoA (the end 
product of the panthothenate pathway), independently of the genetic 
sex tendency. In this framework, only those individuals with strong 
genetic female sex tendency would develop as phenotypic females, 
through other pathways than those related to energy accumulation. One 
limitation of such a reasoning − and that applies for all results presented 
here − is that gene expression does not necessarily reflect what happens 
at the protein level. For instance, we do not know the initial quantity of 
pantothenate and it is still possible that females displayed much more 
than males, so that even though they exhibited lower expression of 
pank1a in the cold condition (and possibly less PANK activity), they still 
produced more fatty acids than males. 

In summary, in this species with polygenic sex determination, several 
genes with additive effects influence the phenotypic sex (Geffroy et al., 
2021a). Among them, nucb1, pomc1, and egfra appeared to be essential 
players affecting energy balance from the onset of fish development. The 
present study also highlighted spry1 as a novel, robust and consistent 
marker of masculinization, which can be boosted by warm temperature, 
thereby reinforcing this sexual state. Lastly, pank1a might also 
contribute to the sexual fate of the individual, but would only be affected 
by the temperature, not the genetic sex tendency. In this framework, 
pank1a would be differentially affected by the temperature in the first 
thermal sensitivity period, where cold temperature favor feminization, 
and the second thermal sensitivity period, where warm temperature 
favor feminization (Fig. 8). Providing new data to understand how 
temperature modulates energy accumulation in a species for which sex 
is influenced by the environment is also of interest for other researchers 
in the field, as it opens new avenues for all species with environmental 
sex determination. 
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