
Gonadal Transcriptome Analysis of the European Sea Bass (Dicentrarchus 

labrax) using a Custom-made Microarray 

 

Núria Sánchez Baizán
a
 

a
Scottish Association for Marine Science, Oban, Argyll, PA37 1QA, Scotland.  

Tel. +44 (0) 7979 544 964; 11005668@uhi.ac.uk. 

Marine Science Dissertation Module – BSc (Hons) Marine Science Degree. 

Completed from September 2014 to April 2015 

   at 

b
Grup Biologia de la Reproducció   

b
Scottish Association for Marine Science,  

Institut de Ciències del Mar, CSIC,   Oban, Argyll, PA37 1QA, Scotland.  

Passeig Marítim, 37-49, Barcelona. 

 

 

Project Supervisors:  

Dr Francesc Piferrer
b
       Dr Claire M.M. Gachon

b 

Tel. +34 93 230 95 67;   Tel. +44(0)1631 559 318; 

piferrer@icm.csic.es claire.gachon@sams.ac.uk 

Co-director:      Module leader: 

Dr Laia Ribas
a
      Dr Adam Hughes

b
  

Tel. +34 93 230 95 00;    Tel. +44 (0) 1631 559 208; 

lribas@icm.csic.es      adam.hughes@sams.ac.uk 

     

 

 

Submission Date: Wednesday 15
th

 April 2015.  

For submission to: Aquaculture  

 

 

 

 

 

 

 

 



2 

 

Highlights 

 A custom-made microarray experiment was validated for the analysis of the gonadal 

transcriptome of the European sea bass (Dicentrarchus labrax). 

 Male gonads showed a much more active transcriptome. 

 From a total of 43,803 probes, 844 genes were identified to be statistically 

differentially expressed, of which 719 genes were down-regulated and 125 genes were 

up regulated in ovaries.  

   Differentially expressed genes involved in gonadal steroidogenesis were mapped to 

biochemical pathways providing new insights to fish gonadal development. 

Abstract 

The European sea bass (Dicentrarchus labrax) is an economically important farmed species 

in European countries of which demand is rapidly increasing throughout the planet. 

Nevertheless, male-biased populations are still a problem for production under captivity 

because males grow about 35% smaller than females. In order to determine differential gene 

expression (DGE) profiles between ovaries and testis, a custom-made microarray was 

designed to analyze the gonadal transcriptome of the European sea bass at 350 days post 

fertilization (dpf 
1
). After experiment validation, a total of 43,803 readings were obtained. The 

statistical analysis of the data set indicated 844 genes to be differentially expressed, of which 

719 were down-regulated and 125 genes were up regulated in ovaries. The expression profile 

of significantly differentially expressed genes involved in ovarian steroidogenesis and steroid 

hormone biosynthesis were mapped to biochemical pathways. The sexual dimorphic 

expression of sex-related genes provides novel information to the understanding of the last 

stages of gonadal differentiation and adult gonadal development of the sea bass. The present 

analysis also generated a list of gene candidates for further investigation to elucidate 

molecular mechanisms of reproduction; such as the proposed set of genes with potential 

correlation to steroidogenic genes which could regulate an increased fatty acid synthesis in 

the gonads.  

Keywords Microarray; Dicentrarchus labrax; Transcriptome; Gonadal development; 

Ovarian steroidogenesis; Fatty acids 

                                                           
1 Abbreviations DGE, differential gene expression; dpf, days post fertilization; E2, 17β-estradiol;FC, fold-change; FDR, 

false rate discovery;  FSH, follicle-stimulating hormone; GnRH, gonadotropin releasing hormone; GTH, gonadotropin 

hormones; Limma, linear model microfor array analysis; LH, luteizing hormone; MAPK, mitogen-activated protein 

kinase;PKA, protein kinase A; qRT-PCR, quantitative real time polymerase chain reaction; RNA-seq, RNA sequencing; 

SAM, significance analisis for microarray; SF-1, steroidogenic factor-1;TMeV, TIGR Multiexperiment Viewer. 
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1. Introduction 

1.1.  The need for aquaculture  

The continuous expansion of human population and its dynamic economic development 

have led to an increasing demand of protein sources (Merino et al. 2012). Fish products 

account for 16% of the global protein supply as well as amino-acids and minerals required for 

a balanced and healthy diet (Van Huis et al. 2013). Furthermore, other factors promoting fish 

demand are cultural food preferences, education and economic drivers (Delgado et al. 2003). 

At the same time fish demand is continuously growing, global fisheries capacity remains 

stable as a limited resource at about 90 million tonnes.  Nowadays, about 60% of the marine 

fish stocks are currently fully exploited having no room for further expansion. About 30% of 

the stocks are already overexploited causing wild stock yields sensitive to depletion or 

collapse in the long term perspective (FAO 2012). Poor fisheries management, ecosystem 

capacity and climate change processes are antagonistically acting together resulting into 

negative ecological, social and economic consequences for the aquatic ecosystems.  

Aquaculture has been considered as a possible solution to ease stress from wild stocks and 

supply world‟s fish demand. Thus, cultured production has expanded during the last three 

decades at an average of 8% per year and is predicted to continue increasing (Merino et al. 

2012). Even though seafood culture could be a solution to the fisheries crisis or at least 

contribute to its sustainability, numerous problems in finfish aquaculture remain present: 

skewed sex ratios, sexual growth dimorphism, lack of sexual maturation, maturation 

occurring before marketing stage and absence of gamete release (Supplementary data 1, 

Harvey and Hoar 1979; Lee and Donaldson 2001; Devlin et al. 2002; Piferrer et al. 2012, 

2013; Vázquez and Muñoz-Cueto 2014).  

These problems are challenging and attractive at the same time; challenging because they 

are dependent upon the studied species, which have evolved from a highly diversified group. 

They are challenging because a high number of possible mechanisms for reproduction are 

found. They are intensively studied because the understanding and solving of reproduction-

related problems could significantly improve productivity quantity and quality, ultimately 

generating an increase of the cultured fish species economic value.  

The European sea bass is a particularly vulnerable species to over-fishing due to its slow 

growing characteristics such us not reaching maturity until 4 to 7 years old. Therefore, 

fisheries became regular and controlled as sea bass aquaculture production was increased. 

Nowadays, the main producer countries are Turkey, Italy and Spain (FAO, 2012). A 

production peak of 145,000 tonnes was achieved in 2011, thanks to the application of 

scientific knowledge on the biology of the species and technology development. Nevertheless, 
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several studies note production limitations occurring due to the association of growth with sex 

(Carrillo et al. 2009).  Sexual growth dimorphism, early puberty and maturation are present 

problems in farming sea bass; males reach maturity at the size of 31-35 cm whereas females 

reach maturity at 40-45cm in length (Bennett, 2013). 

 

1.2 The reproduction process of the European sea bass 

Reproduction is highly diverse among finfish species, partly due to species-specific sex 

determination and sex differentiation processes. Sex determination is the process embracing 

all the genetic and environmental factors resulting in the establishment of the sex of the 

organism, and ultimately drives sex ration, a key demographic parameter for population 

viability and species success (Ospina-Alvarez et al. 2008). Sex determination is followed by 

sex differentiation; the physical completion of the process (the actual transformation of the 

undifferentiated gonads into testicular or ovarian development; Devlin et al. 2002; Harvey 

and Hoar 1979). The complexity of the molecular mechanisms and the wide variety of 

systems among teleost species has made the sex determination process a subject of debate 

(Herpin and Scharlt 2011; Liew et al. 2012). Depending on the species, sex determination in 

teleost is controlled by different genetic and/or environmental factors that have a variable 

relative contribution (Piferrer et al. 2012). 

Albeit different sex determination and differentiation processes that exist among fish 

biodiversity, it is suspected that the main genes involved in sex determination and 

reproduction are conserved throughout evolution. Some of the master genes regulating 

gonadal differentiation have been identified (figure 1, Martínez et al. 2014). For example, sox 

9 and dmrt1 are encoding for proteins that trigger testicular development in the Siberian 

sturgeon (Acipenser baerii) (Berbejillo et al., 2013). The amh gene is responsible for the 

synthesis of the anti-Müllerian hormone and has a critical role for testicular differentiation in 

the pejerrey (Odontesthes bonariensis) (Fernandino et al., 2008). Gsdf gene, a soma-derived 

factor from the transforming growth factor-β superfamily, is particularly expressed in the 

granulose and Steroli gonadal cells of trout and medaka (Gautier et al., 2011). Some of the 

genes essential for ovary development are cyp19a encoding for the aromatase enzyme and the 

transcription factors foxl2 and sf-1 (Navarro-Martín et al. 2011; Martínez et al. 2014). These 

genes are transcription factors expressed in the gonads regulate steroidogenic enzyme 

synthesis that ultimately control the ratio of steroid hormones: androgens (11β-

ketotestosterone) to estrogens (17β-estradiol; Martínez et al. 2014).  

The European sea bass (Dicentrarchus labrax) belongs to the most abundant group of 

teleost fish, the Perciformes. Hence, not only for the economic value of its production in 



5 

 

aquaculture, but also for its phylogenetic position, it has been used as a fish model species in 

research. D. labrax is a gonochoristic species with differentiated gonads (Hurley et al. 2004; 

Devlin et al. 2002). The sex ratio is determined by several loci and influenced by 

environmental factors such as temperature and sex steroids. Such molecules occur naturally in 

the aquatic environment and can be artificially supplied. The steroid hormones can be 

introduced by accident as a form of anthropogenic pollution or supplied in purpose to improve 

farming productivity (Mylonas et al. 2001; Piferrer et al. 2001). Such external components 

affect gonadal development during a sensitive period in post-larval stages until they become 

totally differentiated at about 150 to 180 dpf (Navarro-Martín et al. 2011; Díaz et al. 2013). 

The target species exhibits a highly photoperiodic reproductive annual cycle; spawning 

during the winter season from January to March. Adapting their biological clock to the 

environment ensures them favourable conditions for the survival of the next generation. This 

process is regulated by a complex interaction between environmental factors and the 

neuroendocrine system: the pineal-brain-pituitary-gonad axis. These organs are involved in 

hormone synthesis and proteins to receive signals from the environment (photoperiod, food 

availability and temperature) and regulate reproduction events among other vital functions. 

For example, the proteins leptin and neuropeptin Y have been proposed as direct links to 

growth, feeding and reproduction processes (Vázquez and Muñoz-Cueto 2014). 

In the European sea bass, the final stages of maturation and synchronization of the oocyte 

maturation to the optimal spawning time are driven by melatonin stimulation (Carnevali et al. 

2011; Vázquez and Muñoz-Cueto 2014). External light levels are perceived through 

photoreceptor cells regulating melatonin plasma levels in the pineal organ (Peirson et al. 

2009).  

On the one hand, the daily profile of melatonin plasma drives the circadian biological 

clock. The endogenous rhythm regulates feeding patterns and behaviour, both being essential 

factors to reproduction processes of the species (Sánchez et al. 2010). On the other hand, 

seasonal patterns of melatonin levels activate signalling cascades resulting synthesis and 

regulation of brain neurohormones (gonadotropines, kisspeptins, and gonadotropin inhibitory 

hormone; Vázquez and Muñoz-Cueto 2014).  

Gonadotropin-releasing hormones (GnRH) are produced in the hypothalamus and 

connected to the pars distalis of the pituitary gland through innervate neurons (Carnevali et al. 

2011). Three isoforms of GnRH have been distinguished and detected at different tissues of 

the European sea bass: seabream GnRH (sbGnRH), salmon GnRH (sGnRH), and chicken II 

GnRH (GnRH-II). These hormones stimulate GnRH receptors (GnRH-R), which constitute 

the regulating axes of the ovarian compensatory growth (García-López et al. 2011). The 



6 

 

GnRH neuronal inputs from the brain regulate the secretion of two gonadotropin hormones 

(GTH): the follicle-stimulating hormone (FSH) and the luteinzing hormone (LH) (Mateos et 

al. 2003). The former is involved in the inhibition of gametogenesis and regulates gonadal 

growth; the later modulates gonadal maturation and spermiation or ovulation.  GTH signalling 

hormones are heterodimeric glycoproteins composed of two subunits encoded by different 

genes (Mateos et al. 2002). 

Steroid receptors (transcription factors of the nuclear receptor family), steroidogenesis 

related proteins, the insulin signalling pathway (igf1, igf2), and genes associated with the 

transforming growth factor beta superfamily (amh, bmp-4, bmp-6), have been identified as 

key constituents of regulatory mechanisms driving oogenesis at early stages of oocyte 

development (García-López et al. 2011). Although identification of key players in ovarian 

steroidogenesis is available, the gonadal transcriptome analysis may contribute to elucidate 

relations and connections between these players, which remain unclear to date (García-López 

et al. 2011), as well as other reactions which may be taking place in the gonadal cytoplasm. 

In the European sea bass, the sexual steroidogenic activity is regulated by the nuclear 

receptors sbDAX1 (nr0b1) and steroidogenic factor-1 (SF-1), which act as repressors and 

inducers of several genes expressed in the gonads of the sea bass (StAR, CYP11A, CYP17, 

estrogen receptors α and β, androgen receptor; Martins et al. 2007). The expression of these 

genes regulates the biosynthesis of steroidogenic enzymes which then control the ratio and 

concentration of sexual steroids in the gonads (González-Martínez et al. 2002). During early 

development, the gonads become sexually differentiated into testis or ovaries because of the 

endocrine ratio, androgen to estrogen. This ratio is controlled and maintained by the enzyme 

aromatase (CYP19A), translated and transcribed from the gene cyp19a (Navarro-Martín et al. 

2011; Guiguen et al. 2010). Once differentiated gonads reach maturity, the functionality of the 

cell is focused to gametogenesis and spawning. Hence, the gene expression profile analysed 

in this study (at 350 dpf) may differ to results previously described during gonadal sex 

determination and sex differentiation (Viñas and Piferrer 2008; García-López et al. 2011). 

1.3 Sequencing studies of the European sea bass  

The reproduction of the European sea bass is a complex process which is not completely 

understood. The study of sex determination and differentiation processes as well as gonadal 

functioning during different developmental stages contributes to the improvement of farming 

methodologies and has a final goal: to achieve non-male biased populations or the production 

of monosex population to maximize productivity (Piferrer et al., 2012).  

Several genome-wide analysis, single gene sequencing and high-throughput screening 

studies have focused on aquaculture problems in order to achieve solutions (table 1; Martínez 
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et al. 2014). Microarrays, as the first technology designed for gene expression quantification, 

are often criticized when compared to RNA-sequencing (RNA-seq) state of the art 

technology. Early microarrays were associated with increased variability problems in 

resulting data sets (Hansen et al., 2012). Today, many of these problems have been solved by 

the design and application of strong statistical methods that remove the unwanted variability 

by fitting a linear model to the expression data for each probe and each gene (Hansen et al., 

2012; Smyth, 2005). Although RNA-seq also presents the unwanted variability first detected 

in microarrays, it is being improved and it is taking over the leading role of transcriptome 

analysis (Wolf et al. 2013). 

However, while the powerful RNA-seq technology is still under development, microarray 

technology accounts for decades of experience available, facilitating experiment systematic, 

bioinformatics and statistical analysis. The use of a custom microarray allowed a flexible 

design of the experiment. For example, containing more copy probes for genes related to 

reproduction processes to ensure detection of their gene expression level throughout the 

procedure.  

In this study, the gonadal transcriptome of the European sea bass at 350 dpf is analysed. It 

compares female versus male gonads DGE in order to provide fundamental information about 

mature gonadal cell functional genes. A focus was made on genes related to reproduction 

processes of the species as a continuation to a series of previous investigations as itemised in 

table 2.  

 

2. Materials and Methods 

2.1. Microarray design and hybridisation 

DGE between male and female gonads of the European sea bass were analysed with a 

custom-made oligonucleotide microarray (Ribas et al. unpublished). The probes used to build 

the microarray experiment were based on the Agilent 4 x 44K design format (Agilent .com 

2015). The experiment covered 43,803 unique transcripts of Dicentrarchus  labrax. The 

microarray compared genetic expression profile from equimolar concentrations of RNA 

samples from 10 males and 10 females. The samples were harvested at 350 dpf, 

developmental stage at which gonads are differentiated and the average total length of females 

is 18 cm and17 cm in males (Piferrer et al., 2012). An overview of the experiment structure 

and analysis are shown in figure 2. 

 Several probes of the microarray were imprinted for the same gene in order to ensure 

accuracy of the resulting gene expression profile. A total of 20,978 genes were represented by 

1 to 6 probe copies; the majority of them represented by 2 probe copies (Supplementary data 
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2). Nevertheless, particular attention was made to the design of probes for genes related to 

reproduction, which most of them were represented by 5 probe copies. The arithmetical mean 

of probe copies representing each gene were calculated in order to determine FC of 20,978 

genes.  

 

2.2. Microarray validation 

Twelve genes representative of the entire range of the results with high statistical 

significance level were selected for the cross-validation of the microarray experiment using 

quantitative real time polymerase chain reaction (qRT-PCR).  Primers required for the 

experiment were tested for efficiency with the samples (both forward and reverse). 

Particularly, to test the 6 newly designed primers for the aim of the experiment (6 were 

available in the lab from prior work).  

In order to test primer efficiencies and to validate the microarray, it was important to 

calculate the starting concentration of RNA sample to synthesise cDNA. Primer efficiencies 

were tested with 1µg of RNA pool from 18 aliquot RNA samples. The microarray validation 

was done using 1µg aliquot RNA sample from each female and male samples. The RNA 

samples were purified using the Deoxyribonuclease I, Amplification Grade Kit (Invitrogen) 

following the instructions from the manufacturer (Lifetechnologies.com  2015).  

Thereafter, cDNA was synthesised using RNaseOUT Recombinant Ribonuclease Inhibitor 

(Invitrogen), which avoided RNA degradation. Every 100ng of RNA sample, 1µl of random 

hexamers (100µM), 1µl of poly-dT oligonucleotide mix (10mM each dT oligonucleotide at 

neutral pH) and distilled water up until the final volume (13µl) were used. Samples were 

incubated at 65ºC for 5 minutes, and then placed on ice during 1 minute and vortexed briefly. 

Additionally, 4µl 5x first strand buffer, 1µl of 0,1molar DTT, 1µl RNase inhibitor and 1µl of 

SuperScript III RT were pipetted and gently mixed together with 20 µl of water. Samples 

were incubated at 25ºC for 5 minutes and at 50 minutes more at 50ºC. Finally, the reaction 

was incubated at 70ºC during 15 minutes. cDNA samples were diluted with the addition of 20 

µl of water and stored at -20ºC.  

The qRT-PCR experiment estimated fluorescence intensity from  the samples which were 

exponentially amplified by the comparative Ct method. The procedure consists of two steps; 

amplification of cDNA by PCR labelled with fluorescence and the quantification of products. 

For this experiment, validation of the standard curve was done to validate PCR efficiencies of 

the primers for target genes as well as an endogenous gene: efα. Then, two more RT-PCRs 

were conducted to assess triplicates of the 9 female and 9 male cDNA samples. The reaction 

mixtures contained 2µl cDNA, 5µl of ultrapure Milli-Q water, 0.5µl of forward primer (10 
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µM), 0.5µl reverse primer (10 µM) and 2µl of SYBR Green (Taqman
®

). Time between plate 

loading and start of the qRT-PCR was the minimum as possible (minutes) to avoid binding of 

complementary primers and light degradation of the SYBR Green chemical (Gutierrez et al. 

2009). Ct values were estimated with Applied Biosystems 7900 Fast Real-Time PCR System 

and processed on the SDS v2.4 software (Lifetechnologies.com 2015).   

Once the Ct results were calculated, primer efficiencies of target genes and endogenous 

genes were calculated. The endogenous gene results were used as a reference value for the 

target genes results. The slopes of primer efficiencies were calculated from the regression line 

of the Ct values and the log cDNA concentrations. Meeting standardized criteria from Ribas 

et al. (unpublished), the slopes ranged from -3.1 to 3.6; the efficiencies between 90 and 100% 

and correlation coefficient was close to 1 in order to validate the  primers. 

Finally, qRT-PCR was conducted in triplicates for the 12 selected genes to validate the 

microarray together with positive (RNA sample) and negative controls (reaction mixture 

without cDNA sample). Efficiencies of the target genes, endogenous gene results, and Ct 

values measured for each sample were used to calculate FC. The single gene method was used 

to calculate gene expression as E^ (-2ΔΔCt), where E was the efficiency previously 

calculated. The FC calculated is then a result of the mean from the triplicates (Gutierrez et al. 

2009).  

Microarray and qRT-PCR FC results from the 12 target genes were compared and 

statistically tested with the Students‟ t-test (Supplementary data 3). Pearson correlation test 

was calculated to take into account the results as independent and equivalent values; 

measuring the linear relationship between random variables (McDonald, 2014). 

Supporting evidence for the accuracy of the experiment and consistency between different 

probe results imprinted for the same gene was obtained from a detailed analysis of the probe 

copies expression. Among the sex-related genes, 16 genes (8 up and 8 down regulated) were 

randomly chosen to inspect consistency between copies of identical probes. Such analysis of 

was achieved with probes alignment of different gene identifiers which were annotated for the 

same gene to the genome sequence using the genome browser dicLab v.1.0c (Tine and Khul 

2012). Different probes, homologous (probes from different gene regions; introns or exons) 

and heterologous probes were aligned to the genome sequence using BioEdit v.7.2.5 software, 

and expression profiles were compared. 
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2.3.  Bioinformatical analysis 

The microarray results were a data set of probe intensities recorded for each sample (10 

males and 10 females). The logged 2 intensities were loaded to the TIGR Multiexperiment 

Viewer (TMeV) software v.4.9 (Saeed et al. 2003). This software is provided with several 

tools designed for microarray data analysis. On the first instance, data was visualized through 

the 3-D Principal Component Analysis (PCA), which applies the Pearson correlation formula 

to determine the linear correlation between vectors of genes or samples (Fryer et al. 2002). 

The samples were clustered and shown in the three-dimensional display (Supplementary data 

4). By dragging the dataset within the viewer software it was possible to observe data from 

different perspectives identifying clusters and possible outliers (two samples were identified 

as outliers and excluded from further analysis: M10 and F9).  

Data intensities from the microarray underwent several gene set analysis: the statistical 

tests used were the Linear Model for Microarray Analysis (limma), Significance Analysis for 

Microarray (SAM) and Students‟ t-test. The tests allowed calculating DGE and its statistical 

significant level as well as implementation of various filters. The comparisons of tests results 

were conducted to select the most appropriate method taking into account the data set 

characteristics and lower false rate discovery (FDR; Song and Black 2008). Normalization 

was performed using the limma R package from the Bioconductor project and implemented in 

TMeV v4.9 (Smyth et al. 2004; Saeed et al. 2003).  The statistical test corrects for 

experimental bias by homogenization of variability across the gene expression matrix, thus 

eliminating noisy data that dampen the underlying biological signal.  

The p-values calculate the probability of each probe to result in the estimated gene 

expression comparing single probe results. Adjusted p-values indicate the probability of each 

probe to display the same gene expression level by multiple comparisons with other values 

from the data set. The multivariate statistical test determines significance level of FC results 

including comparison of the entire MA database coping with simultaneous inference and 

correcting for FDR (Wright, 1992). Probes with significant adjusted p-values correspond to 

intensities or signal spots which are statistically different from intensities generated from 

background noise or hybridization of some probes to non-specific sequences.  

Fold-Change (FC) calculation is, by large, the most popular technique for processing 

transcriptomic microarray data (Dalman et al., 2012). After normalization of unlogged 

intensities dataset, DGE was calculated as the base 2 logarithm of the arithmetic mean of 

female intensities divided by the arithmetic mean of male intensities. This equation was 

applied to all probes resulting in DGE quantification as FC values (Bielsa et al. 2009).  



11 

 

Further analysis was achieved with the production of visual aids to present the results. 

Firstly, a volcano plot was produced to graphically display an overview of the transcriptome. 

Secondly, the limma test was used to filter genes at the adjusted p- value P = 0.001 and 

further data filtering was achieved with the standard variation (SD) filter. The SD data filter 

removed genes with low variation of gene expression profile; genes with constant profile over 

the conditions of the experiment (Saeed et al. 2003). Thus, the SD cutoff value selected all 

genes with SD > 1.5 for further analysis and the rest, were removed.  

To identify groups of genes showing the highest level of co-expression, the relevance 

network analysis was applied (Butte et al. 2000).  The test determined correlation between all 

gene profiles in a pair-wise manner and grouped them in separate subnets or clusters with a 

similar gene expression profile. The separation of subnets is based on a chosen minimum 

threshold (Butte and Kohane 2000) that is determined empirically.  

Hierarchical clustering and tree analysis were produced to cluster a subset of known sex-

related genes according to their expression fold change. The average distance linkage and the 

uncentered Pearson correlation coefficient were used as described in Gachon et al. 2005. The 

support tree analysis was used to support reliability of hierarchical clustering results; 

bootstrapping the experiment with 1000 permutations (Gachon et al. 2005; Saeed et al. 2003). 

Finally, DGE of genes involved in pathways of sexual steroids biosynthesis were mapped 

to FCs results to graphically indicate up regulation or down regulation of significantly 

differentiated genes in the comparison of ovaries to testis. The genes were mapped using the 

„Search and Color Patway‟ tool from KEGG pathway mapper v.2.5 to combine KEGG 

identifiers, microarray FC results, and additional information from the literature (Kanehisa et 

al. 2014; Martins et al. 2013; Mazón et al. 2011). 

 

3. Results and Discussion 

3.1. Microarray coverage and accuracy of the experiment 

An oligonucleotide custom-made microarray was designed for the analysis of the gonadal 

transcriptome analysis. A total of 45,221 readings were obtained from the microarray chip 

scan, 1,417 readings were negative controls or undetected intensities to be removed. The 

analysed data set was composed of 43,803 probes with results for each probe, which were 

linked to a gene identifier and a functional description.  

Regarding microarray analysis, different statistical test are highly influenced by data set 

characteristics (Song and Black et al. 2008). The comparison of results from the applied 

statistical tests indicated that limma was a much more stringent test than SAM and student‟s t-

test (P= 0.01, Supplementary data 5). Limma test presented fewer false rate positives by 
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inclusion of all robustly called genes. The genes with variable results, dependant on the test 

applied, were excluded from further analysis. 

The limma test determined 17,834 probes to be significantly differentially expressed from 

a total of 43,803 probes (table 3). From these, 8,947 genes significantly differentially 

expressed between male and female samples (P= 0.001, table 3). The FC values measured 

across the microarray ranged -255 to 15 (Supplementary data 6). By convention, the negative 

and positive values indicate genes down or up regulated in females, respectively. Results were 

classified pending on their FC values: 66% of probes had small DGE (FC value smaller than -

2) while 34% of probes were classified as having large DGE (FC values larger than 2).  

 The average of FC results from different probes hybridized per gene resulted in 8,947 

genes differentially expressed with an adjusted p-value = 0.001 (table 3). Furthermore, among 

the sex-related genes, 17 were significant with adjusted p-value threshold at 0.001, 21 genes 

at P = 0.01 and 31 genes at P = 0.05 (table 3; Supplementary data 7).  

 

3.2 Microarray validation  

A technical validation of the microarray experiment was carried out through single gene 

expression analysis by RT-qPCR. A total of 12 genes were shortlisted: 7 up regulated and 5 

down regulated in female gonads. The results were compared to the microarray values 

allowing validation of the experiment. To the exception of dnmt3 and EFG genes, 10 out of 

12 genes were expressed following a similar pattern both in RT-qPCR and microarray 

(Supplementary data 8). Pearson correlation test confirmed validation of the microarray by 

determination of positive linear correlation between variables with a coefficient R = 0.74 and 

P = 0.0065 (Supplementary data 9).  

The microarray experiment showed a high level of accuracy with 12 genes from 16 

analysed having consistent results between probe copies (Supplementary data 10 and 11). 

However, more variation was detected among results from different heterologous probes, 

which were showing weaker readings (Supplementary data 12 and 13). 

 

3.3. Differential gene expression of female and male gonads 

Genes differentially expressed between female and male gonads were represented on a 

volcano plot, where -Log10 (P-value) of the t-test are plotted as a function of expression FC 

(Log 2; figure 3). The most significant (vertical threshold, P=0.001) and differentially 

expressed genes are highlighted in green (horizontal threshold, FC>|2|). The comparison 

between negative and positive FCs showed a much more active transcriptome in male than 

female gonads, consistent with the results by Fan et al. (2014) in the olive flounder 
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(Paralichthys olivaceus). Sun et al. (2013), who studied the gonadal transcriptome of the 

channel catfish (Ictalurus punctatus), associated the male-biased genes testis to be involved 

with gonadogenesis, spermatogenesis, gonad differentiation, amongst others.  

Assis et al. (2012) suggested that the tissue specific gene expression bias is associated to 

differing evolution pressures on the reproductive tissues compared to non- reproductive 

tissues after a study of the sex-biased transcriptome in Drosophila melanogaster. In 

Drosophila, male-biased genes have evolved faster than female-biased genes, partly because 

of the multifunctional characteristic of female-biased genes. A similar hypothesis was stated 

by Sharma et al. (2014) who analyzed the transcriptome of several organs in the guppy fish 

Poecilia reticulate. They determined more female-biased genes in brain, and similar number 

of sexually dimorphic gene expression profile in the tail. However, gonadal transcriptome 

resulted in a greater number of male-biased genes, which were associated to male sex 

development and differentiation processes: cilium assembly, spermatogenesis and 

microtubule-based movement (Sharma et al. 2014). 

Although the male-biased transcriptome of the sea bass can be explained with the tissue-

specific stated hypothesis, it is worth considering the timing of gonadal differentiation of the 

target species. In D. labrax, ovarian differentiation starts earlier (168 dpf) than testis 

differentiation (some remain undifferentiated until 250 dpf; Piferrer et al. 2012). 

Consequently, the male more active transcriptome could include genes related with the sex 

differentiation process because the experiment was designed at 350dpf.  

Following further data filtering and initial co-expression analysis of the sea bass 

microarray were achieved with the SD cut-off value (SD =1.5, selected 1,220 genes) and 

relevance network analysis. The relevance network determined 2 major subnets of genes 

under a minimum correlation threshold r
2
 = 0.978. The first subnet was composed of 719 

highly correlated genes over expressed in males. The second network was composed of 125 

up regulated in female gonads genes (Supplementary data 14). As expected, smaller subnets 

typically revealed strong correlations between different probes targeted against the same gene. 

Hence, the 2 biggest relevance networks encompassed genes specific to males and females 

respectively, which all together represent 4 % of the analyzed transcriptome. It is notable that 

this result is consistent with the male-biased transcriptome observed in the previous volcano 

plot and the usual proportion of genes detected to be differentially expressed in other studies, 

which ranges between 0.01% and <10% of the total transcriptome (Piferrer et al. 2012).  

 The genes shortlisted by the relevance network analysis generated a list of sex-biased 

genes (844 genes in total) presented in this study as candidates for future investigations of 

genes related to reproduction, gonadal differentiation and development (Supplementary data 
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15). The set of differentially expressed genes between ovaries and testis is composed of 

previously identified sexual dimorphic genes and genes with potentially unknown functions.  

Focusing attention to the 63 previously known sex-related genes (table 2), a volcano plot 

revealed 17 genes to be differentially expressed between sexes at P =0.001in sea bass at 350 

dpf (figure 4). Such results were supported by the hierarchical clustering tree analysis and 

relevance network test (Supplementary data 16 and 17).   

 

3.4 Ovarian steroidogenesis and steroid hormone biosynthesis pathways 

Among the sex-related genes, a cluster of co-expressed genes (Supplementary data 16) 

involved in steroid biosynthesis reactions (Martins et al. 2013; Reinecke 2010) were mapped 

to the ovarian steroidogenesis and steroid hormone biosynthesis KEGG reference pathways 

(figure 5; Kanehisa et al. 2014).  

The normal development and maintenance of sea bass ovaries mainly depends on the ratio 

of androgen steroids catalyzed to estrogens, in particular 17β-estradiol (E2), by the aromatase 

enzyme (CYP19a; Navarro-Martín et al. 2008).  Microarray results corroborate the 

implication of five pathways and cascade reactions involved in ovarian estrogen synthesis 

(Reinecke 2010; Rocha et al. 2007; García-López et al. 2011; Martins et al. 2013; Mazón et 

al. 2011), and the level of differential gene expression of  genes involved were determined for 

ovaries in comparison to testis (Supplementary data 18).  

1. The GnRH signalling pathway from the pineal-brain-pituitary-gonadal axis determines 

plasma levels of FSH and LH hormones, which are detected by protein receptors, the 

luteinizing hormone receptor (LHCGR) and the follicle stimulating hormone receptor 

(FSHR).  Both receptors are encoded by down regulated genes in ovaries. However, fshr is 

expressed under the effect of the up regulated bone morphogenic 15 gene (bmp15). The 

resulting levels of GTH regulate the activation of guanine nucleotide-binding protein G(s) 

subunit alpha. These membrane proteins modulate adenylate cyclase enzyme activity 

(encoded by up regulated pacap1b), which synthesises cAMP from ATP molecules in 

response to beta andregenic stimuli. In turn, protein kinase A (PKA encoded by up regulated 

prkacb) is activated; causing phosphorylation of CREB protein (transcribed from up regulated 

creb1) (Melamed et al. 1998). CREB protein subunits enter the nucleus of the ovary to 

activate transcription factors such as up regulated foxl2, down regulated SF-1 (nr5A1), DAX1 

(nr0b1) and StAR (star), which initiate and modulate steroid hormone synthesis in the 

cytoplasma (Navarro-Martín et al. 2011).   

2. Another route involved in ovarian steroidogenesis is the mitogen-activated protein 

kinase (MAPK) cascade (Mazón et al. 2011). In the MAPK pathway, besides ovarian PKA 
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activation, other related proteins are encoded by differentially expressed genes at P = 0.001: 

the epidermal growth factor receptor (efgr, FC = -2.96), the super stressor of meiosis-specific 

serine MEK1 (encoded by smek1 homolog 1, FC = -4.79; smek1 homolog 2, FC = 1.94), 

amongst other extracellular-signal-regulated kinases (Mazón et al. 2011; Ramos 2008). 3. The 

insulin signalling pathway also influences transcriptional factors inside the nucleus through 

the stimulation of the insulin receptor (INSR, encoded by the up regulated insr) and the 

insulin growth factor 1 receptor (down regulated igf1r) (Reinecke 2010). 4. Finally, the 

ovarian low density lipoprotein receptor (LPLR) and the scavenger receptor class B 

(SCARB1) are membrane proteins encoded by up regulated and down regulated genes 

respectively, in females; they regulate synthesis of the steroid hormone precursor, cholesterol. 

5. The chemical reactions occurring on the ovaries and described above regulate all 

together gene expression profiles of transcription factors involved in steroid hormone 

biosynthesis (figure 5). In general, the genes encoding for steroidogenic enzymes of the 

steroid hormone synthesis pathway have been widely investigated and well documented 

(Nagahama 1994; Holloway and Leatherland 1998; Payne and Hales 2004; Filby et al. 2006; 

Navarro-Martín et al. 2011; Martins et al. 2013). The P450 cytochrome enzymes are 

membrane-bound proteins in the mitochondria (CYP11B1) or in the endoplasmatic reticulum 

(CYP17, CYP19; Payne and Hales 2004). Notable results of this study are that most 

steroidogenic enzymes of the pathway are encoded by male-biased differentially expressed 

genes suggesting that all androgenic molecules are modified and channelled to produce 

androstenedione and testosterone steroids, which are then catalysed by enzymes encoded by 

up regulated genes: 17β-hydroxysteroid dehydrogenase (17β-hsd) and gonadal aromatase 

(cyp19a). Furthermore, the highest FC was calculated for cyp11b1 (FC = -139.71; 

Supplementary data 18), which is known to have a key role in oxoandrogens synthesis in fish 

gonads (Nagahama 1994; Socorro et al. 2007). In particular, it regulates steroidogenic 

enzymes that synthesize 11-ketotestosterone (11-KT), essential androgen for testicular 

development (Viñas and Piferrer 2008; Socorro et al. 2007).  

Although estrogen receptors are known to modulate estrogens abundant in female 

development, highly male-biased expression of estrogen receptors (erα, erβ1 and erβ2) was 

detected in the European sea bass (erα, FC = -6.6; erβ1, FC = -20.55; erβ2, FC = -19.11; 

Supplementary data 18). Similar results have been previously reported (Halm et al. 2004; 

Viñas and Piferrer 2008; Filby et al. 2005), and associate the sexually dimorphic transcription 

of estrogens during development with a direct function to gonadal somatic cell and 

differentiation of Leydig cells in testis, through estradiol-17β presence under optimum 

hormonal levels (Viñas and Piferrer 2008; Filby et al. 2005; Nagasawa et al. 2014).   
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Further research on the sex-biased genes could reveal the molecular mechanisms 

underlying networks and gene functions of the last stages of gonadal differentiation, and adult 

gonads. For instance, a set of genes with potential interest are indicated in Supplementary data 

19. It is notable that 33 genes appear to be differentially expressed at P = 0.001; 13 male-

biased genes and 20 female-biased genes. Accurate annotation, linkage to steroidogenic 

genes, and mapping to biochemical pathways could clarify a possible correlation between 

genes differentially expressed involved in hormonal steroid synthesis in the gonads and 

increased fatty acids synthesis. This hypothesis would be consistent with the study in the 

European eel (Anguilla anguilla) by Baeza et al. (2015). The results suggest that hormone 

steroid signalling pathway could trigger the increased synthesis of fatty acids in testis, which 

are required for the constant membrane formation during spermatogenesis.  

Ibañez et al. (2008) associated highly expressed lipoprotein lipase (lpl), during sea bass 

ovary development, to the incorporation of neutral lipids into oocytes, synthesis of oocyte 

lipid reserves and steroidogenesis. Nevertheless, microarray results indicate that lpl is highly 

male-biased (FC= -211.43, P =0.001), giving supporting evidence to the above stated 

hypothesis which relates steroidogenic genes with increased fatty acid synthesis in testis 

functioning (Baeza et al. 2015).  

 

4. Conclusion 

 The gonadal transcriptome analysis of the European sea bass, Dicentrarchus labrax, 

contributes to the understanding of differentiation and gonadal development processes. qRT-

PCR validation indicated the reliability and accuracy of the custom-made microarray, 

resulting in a valuable tool to identify the differential gene expression profiles between 

ovaries and testis. A total of 844 genes have been identified to be significantly differentially 

expressed between sexes with males showing a more active transcriptome, 85% up regulated 

in males and 15% in female gonads; as similarly seen in other fish species (Piferrer et al. 

2012; Fan et al. 2014).  Furthermore, the expression profile of genes involved in the ovarian 

steroidogenesis and steroid hormone biosynthesis were mapped to their biochemical pathways 

to improve understanding of enzyme connections and their relations to steroid molecules. 

Finally, potential correlation of genes involved in fatty acid synthesis in the gonads is 

suggested (Baeza et al. 2015; Ibañez et al. 2008). Nevertheless, further annotation and 

investigation are required. The presented candidate genes will serve as a valuable resource to 

address future research and understanding the gonadal development of the sea bass; potential 

key players of the complex reproduction process that nowadays, remain unclosed (Fan et al. 

2014).  
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6. Tables and Figures 

Table 1 Previous investigations of the European sea bass transcriptome of different tissues and using different 

methods 

Aim of study/ Treatment Technology Cell type N probes References 

Larval development/7 and 

43 dpf stages 

cDNA 

microarray 
mg of larvae 

9,023 trout cDNA 

clones  

Darias et al. 

2008 

Spermatogenesis 

development 
qPCR 

330dpf gonads: spermatogonia, 

spermatocytes, spermatids, spermatozoa 

Viñas and 

Piferrer 2008 

58 dpf DE/prognatous 

jaws 

Oligonucleotide-

microarray 
mg of larvae 

19,035 unique 

transcripts 

Ferraresso et al. 

2010 

Oocyte development qPCR 
3-4 year old ovary, brain and pituitary 

cells 

García-López et 

al. 2011 

Immune response/viral 

exposure 

Oligonucleotide-

microarray 

Tissue-specific 

isoforms 

detected in liver 

6275 annotated 

transcripts (x3 probes) 

and 4516 ESTs  

Boltaña et al. 

2011 

Oral vaccine against  

 V. anguillarum 
RNA-seq 

hind gut and 

head kidney 

143,007-kidney 

125,036-gut 

sequences 

Sarropoulou et 

al. 2012 

Effects of food supply 

during juvenile 

developmentTO  

Oligonucleotide-

microarray 

Gonads at 133 

and 332 dpf 

6275 annotated 

transcripts (x3 probes) 

and 4516 ESTs  

Díaz et al. 2014 

Effect of temperature on 

sex ratios 

Oligonucleotide-

microarray 
330dpf - 

Díaz and Piferrer 

unpublished  

 

 

Table 2 List of 63 reproduction-related genes printed in several replicates (table 5) on the sea bass reproduction-enriched 

microarray 

Gene Name ID number Functional description References 

11bhsd AF449173 D. labrax steroid 11-beta-hydroxylase mRNA, complete cds Socorro et al. 2007 

3bhsd JQ861952 3-beta-hydroxysteroid dehydrogenase isomerase 7. Mazón et al. 2011 

amh AM232704 D. labrax GN=amh PE=3 SV=1 Halm et al. 2007 

ar AY647256 Dicentrarchus labrax androgen receptor mRNA, complete cds Blázquez et al. 2005 

bmp15 AM933668 D. labrax mRNA for bone morphogenetic protein 15  Halm et al. 2008 

cgnrh AF224281 
Dicentrarchus labrax gonadotropin releasing hormone chicken 

II isoform mRNA, complete cds 
García-López et sl. 2011 

crabp FM017749 
Cellular retinoic acid-binding protein 1 OS=Hippocampus 

comes GN=crabp1 PE=2 SV 
Cai et al. 2012 

ctnnbip21a 
assembly_c1

8514 
catenin (cadherin-associated protein), beta 1, 88kDa  Sreenivasan et al. 2014 

ctnnbip21b 
assembly_re

p_c7614 
catenin (cadherin-associated protein), delta 1  Sreenivasan et al. 2014 

cyp19a1a AJ311177 D. labrax mRNA for Aromatase (cyp19 gene) Blázquez et al. 2008 

cyp19b1 AY138522 D. labrax P450 aromatase mRNA, complete cds Navarro-Martín et al. 2011 

dmrt1a AM993096 
D. labrax partial mRNA for doublesex and mab-3 related 

transcription factor  
Piferrer et al. 2012 

dmrt1b* AM993095 
D. labrax partial mRNA for doublesex and mab-3 related 

transcription factor (dm 
Piferrer et al. 2012 

dnmt1ap 
cDN29P000

3M13.F.ab1 
DNA methyltransferase 1 associated protein 1  Piferrer et al. 2012 

dnmt2 

SeabassC-

CL2445Cont

ig1 

DNA (cytosine-5)-methyltransferase 2  Navarro-Martín et al. 2011 

dnmt3 
cDN32P000

2N19.F.ab1 

DNA (cytosine-5)-methyltransferase 3A OS=Gallus gallus 

GN=DNMT3A PE=2 SV=1 
Navarro-Martín et al. 2011 
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dnmt6 
cDN30P000

4P20.F.ab1 
DNA (cytosine-5-)-methyltransferase 6  Navarro-Martín et al. 2011 

Era AJ505009 
Dicentrarchus labrax partially processed transcript RNA for 

oestrogen receptor alpha 
Halm et al. 2004 

erb1 AJ489523 D. labrax partial mRNA for estrogen receptor beta 1 Halm et al. 2004 

erb2 AJ489524 D. labrax partial mRNA for estrogen receptor beta 2 Halm et al. 2004 

ff1a JQ755267 nuclear receptor subfamily 5, group A, member 2 Martínez et al. 2014 

ff1b JQ755268 nuclear receptor subfamily 5, group A, member 1a  Crespo et al. 2013 

ff1c JQ755270 nuclear receptor subfamily 5, group A, member 5  Crespo et al. 2013 

ff1d JQ755269 nuclear receptor subfamily 5, group A, member 1b Crespo et al. 2013 

fgf2 
assembly_c5

761 
FGF2  Martínez et al. 2014 

fgf6 AY831723 D. labrax FGF6 mRNA, complete cds Martínez et al. 2014 

Fgfr 
assembly_re

p_c4104 

FGFR1_gi|47937990|gb|AAH71450.1| Chemokine (C-C motif) 

receptor 6a 
Martínez et al. 2014 

Figa FN597057 
Dicentrarchus labrax partial mRNA for factor in the germline 

alpha 
Martínez et al. 2014 

foxl2a FJ705451 D. labrax forkhead box L2 (foxl2). Martínez et al. 2014 

foxl2b JQ772483 D. labrax forkhead box L2b (foxl2b). Martínez et al. 2014 

Fshb AF543314 Dicentrarchus labrax GTH-1 beta subunit mRNA, complete cds Mazón et al. 2011 

Fshr AY642113 
D. labrax follicle stimulating hormone receptor precursor (fshr) 

mRNA, complete 
Mazón et al. 2011 

Fst 
assembly_c1

0524 
Fstl1b protein  Chi-Wai and Wei 2004 

gnrhr-II 1a AJ419594 D. labrax mRNA for gonadotrophin-releasing hormone receptor  García-López et al. 2011 

gnrhr-ii 1b AJ606686 D. labrax partial mRNA for 2B protein García-López et al. 2011 

gnrhr-ii 1c AJ606684 Dicentrarchus labrax partial mRNA for 2C protein García-López et al. 2011 

gnrhr-ii 2a AJ606683 
D. labrax mRNA for gonadotrophin releasing hormone receptor 

1A 
García-López et al. 2011 

gpr541b JN202446 European sea bass kisspeptin receptor gpr54-1b  Escobar et al. 2013 

gpr542b JN202447 European sea bass kisspeptin receptor gpr54-2b  Escobar et al. 2013 

gsdf1 JQ755271 gonadal soma derived factor 1 Halm et al. 2008 

gsdf2 JQ755272 gonadal soma derived factor 2 Halm et al. 2008 

igf1 AY800248 
Dicentrarchus labrax insulin-like growth factor-1 mRNA, 

complete cds 
García-López et al. 2011 

igf2 AY839105 
Dicentrarchus labrax insulin-like growth factor 2 mRNA, 

complete cd 
García-López et al. 2011 

igf3 JQ861950 insulin like growth factor 3 García-López et al. 2011 

lhB AF543315 
Dicentrarchus labrax GTH-2 beta subunit mRNA, complete cds 

Mazón et al. 2011 

Lhr AY642114 

D. labrax luteinizing hormone receptor precursor (lhr) mRNA, 

complete cds García-López et al. 2011 

methylcpgbind 
cDN28P000

3O07.F.ab1 

methyl-CpG binding domain protein 1  
Rocha et al. 2007 

methylcpgbind

-b 

cDN26P000

2E07.F.ab1 

methyl-CpG binding domain protein 5  
Rocha et al. 2007 

nr0b1 AJ633646 

D. labrax mRNA for nuclear receptor subfamily 0, group B, 

member 1  Martins et al. 2013 

Pcna JQ755266 
proliferating cell nuclear antigen (PCNA). 

Crespo et al. 2013 

Piwi 
assembly_c4

842 

piwi-like protein 1_assembly_c4842 
Crespo et al. 2013 

rar alpha AJ496189 

Dicentrarchus labrax partial mRNA for retinoic acid receptor 

alpha  Villenueve et al. 2005 

rxralpha AJ567907 
Dicentrarchus labrax partial mRNA for retinoid X receptor 

Villeneueve et al. 2005 
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sbgnrh AF224279 

D. labrax gonadotropin releasing hormone seabream isoform 

mRNA, complete cds García-López et al. 2011 

sgnrh AF224280 

D. labrax gonadotropin releasing hormone salmon iso form 

mRNA, complete cds García-López et al. 2011 

sox17 AY247002 

Dicentrarchus labrax HMG box protein Sox 17 mRNA, partial 

cds Galay-Burgos et al. 2004 

sox9a AY247000 

Dicentrarchus labrax HMG box protein Sox 9-1 mRNA, partial 

cds Piferrer et al. 2012 

sox9b AY247001 

Dicentrarchus labrax HMG box protein Sox 9-2 mRNA, partial 

cds Piferrer et al. 2012 

Star EF409994 

Dicentrarchus labrax steroidogenic acute regulatory protein 

(StAR) mRNA, partial cds Martins et al. 2013 

Vasa GU987023 
D. labrax vasa-like protein mRNA, complete cds 

Blázquez et al. 2011 

Vtgr FR717659 
D. labrax mRNA for vitellogenin receptor (vtgr gene) 

García-López et al. 2011 

wnt-7b like 
assembly_c2

4099 

Wnt7b-like protein  

 

 

 

 

 

 

 

Table 3 Number of significant probes, genes and genes related to reproduction at different significant thresholds 

(adjusted p-value = 0.05, 0.01 and 0.001) 

 

 

 

 

 

 

Threshold Number of probes Number of genes Number of sex-related genes 

Non significant genes (P> 0.05) 16,916 6,854 32 

N/A and  negative controls 1,417 - - 

P<0.0.5 23,305 14,124 31 

P<0.01 23,809 11,915 21 

P<0.001 17,834 8,947 17 

Total 45,221 20,978 63 
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Figure 1 Diagram of the gonadal sex determination and sex differentiation processes in fish species including 

different stages over time and essential genes that regulate gonadal differentiation (Martínez et al. 2014) 

 

 

 

 

 

Figure 2 Schematic workflow of the microarray experiment and analysis of the resulting data set 
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Figure 3 Volcano plot of the microarray probe mean FC results of 20,978 genes, comparison of female vs. male 

gonads gene expression (data filtered at SD=1.5; P = 0.001). Vertical and horizontal lines indicate DGE 

threshold (2.15) and statistical significance (P=0.001), respectively 
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Figure 5 Schematic representation of the ovarian steroidogenesis pathway including steroid hormone biosynthesis pathway. 

The differential gene expression between is indicated in colours: male-biased genes in blue, female-biased genes in red and 

steroid molecules in green. Pathways adapted from KEGG reference pathway Kanehisa et al. (2013) and Martins et al. (2013). 


