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ABSTRACT 

Teleost fish scales play important roles in animal protection and homeostasis. They can be targeted 

by endogenous estrogens and by environmental estrogenic endocrine disruptors. The phytoestrogen 

genistein is ubiquitous in the environment and in aquaculture feeds and is a disruptor of estrogenic 

processes in vertebrates. To test genistein disrupting actions in teleost fish we used a minimally 

invasive approach by analysing scales plucked from the skin of sea bass (Dicentrarchus labrax). 

Genistein transactivated all three fish nuclear estrogen receptors and was most potent with the Esr2, 

had the highest efficacy with Esr1, but reached, in all cases, transactivation levels lower than those 

of estradiol. RNA-seq revealed 254 responsive genes in the sea bass scales transcriptome with an 

FDR<0.05 and more than 2-fold change in expression, 1 or 5 days after acute exposure to estradiol 

or to genistein. 65 genes were specifically responsive to estradiol and 106 by genistein while 83 genes 

were responsive to both compounds. Estradiol specifically regulated genes of protein/matrix turnover 

and genistein affected sterol biosynthesis and regeneration, while innate immune responses were 

affected by both compounds. This comprehensive study revealed the impact on the fish scale 

transcriptome of estradiol and genistein, providing a solid background to further develop fish scales 

as a practical screening tool for endocrine disrupting chemicals in teleosts. 
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Abbreviations: E2, estradiol; Esr1, estrogen receptor 1; Esr2a, estrogen receptor 2a; Esr2b, estrogen 

receptor 2b; Gen, genistein; Gper, G-protein-coupled estrogen receptor; For gene name abbreviation 

see Supplementary Table S2.   



 
 

1. Introduction 

Teleost fish scales are specialized mineralized appendages that contribute to the effectiveness of fish 

skin as a mechanical, osmotic and innate immune barrier. The scales are also a dynamic mineral 

reservoir in teleost fish and like mammalian bone are mobilized in periods of increased calcium 

demand such as during reproduction, partly as a result of the hypercalcaemic action of estradiol (E2) 

on the scales [1-3]. E2 can also regulate mineral deposition in scales and has a positive effect on skin-

scale regeneration [4, 5].  

Estrogens can have multiple modes of action that include regulation of 1) responsive-gene 

transcription, classically associated with nuclear estrogen receptors (Esrs), 2) rapid non-genomic 

effects mainly mediated by G-protein coupled estrogen receptors (Gpers) or, 3) indirect effects via 

other transcription factors and/or signalling cascades, that may cross-talk to achieve the final cellular 

response [3]. The expression of nuclear Esrs at both transcript and protein levels explains the 

responsiveness of fish scales to (E2 [3, 6-8]. Recently, duplicate Gper paralogues were found to be 

expressed in European sea bass (Dicentrarchus labrax) and Mozambique tilapia (Oreochromis 

mossambicus) scales [7-9] indicating that fish scales are estrogen targets through both classical 

genomic actions and rapid non-genomic actions [3].  

The expression of Esrs and Gpers in fish scales identifies them as potential targets also for estrogenic 

endocrine-disrupting compounds (EDCs) [3]. These are exogenous compounds from natural or 

anthropogenic sources to which humans and wildlife can be exposed and which interfere with the 

normal function of the estrogen system at different levels, causing deleterious effects to health and 

reproduction [3]. Among the EDCs, phytoestrogens are consumed (and excreted) in large quantities 

by people and herbivorous animals worldwide and are released by plant-processing industries, 

attaining high levels in municipal or industrial wastewater influents and effluents and in surface waters 
[reviewed in 10].  Aquatic organisms are particularly vulnerable to pollutant exposure and in aquaculture 

the increased use of soybean and other plant-based sources of protein make fish meal an additional 

exposure route to phytoestrogens, one of the most abundant being genistein (Gen) [11]. Agonistic 

and antagonistic estrogenic effects of Gen have been demonstrated in vitro and in vivo from mammals 

to fish [7, 10, 12-16].  

The skin of fish is the largest tissue directly in contact with water and expresses receptors for 

endocrine factors such as the estrogens, making it an important site for their action and a potential 

early indicator tissue for EDC exposure. The abundance of fish scales, their superficial location in the 

skin, the ease of collection and rapid regeneration makes them a useful model for assessing 

environmental contaminants, hormones, estrogenic drugs, stress or mechanical load, although a 

limited number of endpoints have been tested [3, 5, 8, 17-21]. A fully validated fish scale model 



 
 

therefore, would be a biologically relevant system for pollutant screening that provides a reliable route 

for reduction, recycling and refining in accordance with “3R” principles of animal experimentation [3, 

22].  

Here we used the European sea bass, an important species in European aquaculture and fisheries, 

with a well-annotated genome and a representative of the species-rich order Perciformes [23, 24] to 

develop screening tools for estrogenic disruption using the scales. We tested the hypothesis that the 

scale is a target for the phytoestrogen Gen in a similar way to E2. We show that in transactivation 

assays the three fish nuclear estrogen receptors Esr1, Esr2a and Esr2b are activated by Gen, as was 

previously shown for E2. Global transcriptomic analyses showed that E2 and Gen trigger both 

common and specific processes and pathways in fish scales. These results demonstrate the potential 

of scales for screening EDCs and possibly other contaminants using scales from in vivo exposed fish 

and provides the background knowledge for development of more sensitive endpoints for in vitro 

scales bioassays. 

 

2. Material and Methods 

2.1 Transactivation assays 

17β-estradiol (E2) and genistein (Gen) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) 

and dissolved in ethanol, which did not exceed a concentration of 0.1 % in culture media. To study 

the interactions between genistein and the sea bass nuclear estrogen receptors, transactivation 

assays were carried out as described in Zapater et al [25], in Human Embryonic Kidney 293 cells 

(HEK293, ATCC reference CRL-1573), devoid of nuclear Esrs. Cells were co-transfected with 250 ng 

of pERE-TK-Luc and with one of the nuclear receptors (Esr1:100 ng; Esr2a:120 ng; Esr2b:120 ng) in 

the pcDNA3 expression vector or 100 ng of empty pcDNA3, using lipofectamine 3000 reagent 

(Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions. After 

approximately 16 h of incubation, the medium was changed to phenol-red free Dulbecco’s modified 

Eagle’s medium/F12 medium (Sigma-Aldrich) supplemented with charcoal-stripped FBS and cells 

were re-plated in 96-well plates. Following 5 h incubation, cells were exposed to different 

concentrations of Gen (1, 25, 50, 75, 100 and 125 nM), chosen based on preliminary tests, and to 10 

nM of E2, used as positive control based on previous transactivation studies with sea bass Esrs [25, 

26]. After 24 h incubation, the medium was removed and cells were lysed in 20 uL of Passive Lysis 

Buffer (Promega, Madison, Wisconsin, USA) as indicated by the manufacturer. Cell debris were 

collected with a brief spin and luminescence was measured by mixing the supernatant with 100 ul of 

luciferin reagent (20 mM Tricine KOH, pH 7.8, 0.1 mM EDTA, 8 mM MgCl2, 33.3 mM DTT, 270 µM 

CoA, 530 µM ATP, 400 µM luciferin) in a luminometer (Junior, EG&G, Berthold, Bad Wildbad, 



 
 

Germany). All transfections were performed twice with quadruplicate measurements in each 

experiment. Differences between treatments were evaluated using one-way ANOVA followed by 

Tukey test, with p<0.05. No differences in luciferase activity were found when exposing the empty 

expression vector pcDNA3 to different concentrations of Gen or E2. 

2.2 Animals, injection experiment and RNA isolation 

Animal maintenance and experimentation complied with the EU directive on animal experimentation 

(EU Directive 2010/63/UE) transcribed to national legislation (DL 113/2013). The experimental design 

of the fish exposure experiment has previously been described in detail [7]. Immature sea bass were 

anesthetized, weighted and measured (59.4±0.7 g and 18.25±0.43 cm) and given intraperitoneal (i.p.) 

injections of 5 mg/kg of E2 or 5 mg/kg Gen in coconut oil or with coconut oil alone (control). After 1 or 

5 days treatment, fish were anesthetized and sacrificed (n=10 fish/group), individual scales were 

plucked with forceps from approximately the same position in each fish (first 2–3 rows below the 

dorsal fin), immediately frozen in liquid nitrogen and stored at -80 ºC. Total RNA was extracted from 

15 scales/fish using an automated Maxwell 16 Instrument and a SEV total RNA purification kit 

(Promega, UK), after mechanical disruption with an Ultra Turrax homogenizer equipped with a 

dispersing element for fibrous tissues (IKA, Staufen, Germany). RNA was ethanol precipitated and 

RNA quantity and quality were determined in a NanoDrop 1000 (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). RNA (3-10 µg) was treated with DNase using a DNA-free kit (Ambion, Thermo 

Fisher) and two sequential digestion treatments of 30 min with 2U TURBO DNAse.  

2.3 Illumina sequencing and quality control 

An RNA-seq library were prepared using a TruSeq mRNA library preparation kit (Illumina, San Diego, 

California, USA) with 0.5 µg scale total RNA per library. All RNA had an RNA integrity number above 

8 as determined with a Bioanalyser 2100 (Agilent Technologies, Santa Clara, California, USA). 

Paired-end (100 bp) sequencing of 30 libraries was performed using an Illumina Hi-Seq 1500 by the 

Shanghai Ocean University Sequencing Service. FastQC and Cutadapt [27, 28] were used for quality 

control and trimming, using a cut-off Phred quality score of 20.  

2.4 Data availability 

Raw reads from the thirty RNA-seq libraries from fish scales were deposited in the Short Read Archive 

under accession number SRP102504. Assembled contigs from the whole transcriptome of sea bass 

scales are available at the Transcriptome Shotgun Assemblies of Genbank with project number 

GFJX00000000. 

2.5 Reference-based assembly and differential expression 



 
 

The procedures and parameters used to identify and annotate differentially expressed (DE) genes 

are described in more detail in Pinto et al., co-submitted paper in Data in Brief (DIB). Briefly, the 

Cufflinks/TopHat package [29, 30] was used with default parameters: 1) to map reads to the sea bass 

reference genome [23, 31]; 2) to assemble the transcripts; 3) to determine relative expression values 

(in fpkm, fragments per kilobase of transcript per million fragments mapped) and 4) to determine 

differential gene expression between experimental conditions. Comparisons of gene expression 

levels between treated and control groups were performed for each experimental time or between 

control groups over time, using an initial threshold of significance for a false discovery rate of 5 % 

(FDR<0.05). In a second step, a minimum 2-fold change was set. Comparisons between the DE gene 

lists were established using area proportional Venn diagrams created using BioVenn [32, 33] and bar 

and scatter plots were prepared in SigmaPlot (v.12.0, Systat Software, San Jose, California, USA). 

DE genes were clustered according to their change in expression in response to E2 or Gen (up or 

down-regulated ≥ 2-fold after 1d or 5d) and the correspondence between clusters at each sampling 

time was presented using Bubble Plots in SigmaPlot. Gene expression in selected clusters with the 

highest number of DE genes (clusters A-H) was represented as heat maps generated with an in-

house R script.  

2.6 Annotation 

The full-list of expressed transcript sequences in scales (35,214 transcripts extracted from the sea 

bass genome sequence using Cufflinks mapping information) was compared to the assembled 

transcripts from the recently released sea bass scale transcriptome [34] using stand-alone BlastN, 

with an E value < 10-50. A multistep automatic gene annotation was carried out for the 749 DE genes, 

which included stand-alone Blastx of Cufflinks transcripts against the Swiss-Prot [35, 36] and 

GenBank protein databases [37, 38], setting the expect values (E) to <10-10, and comparing with the 

Cufflinks mapping to annotated sea bass genes [23, 31]. The hierarchical preference order to assign 

annotation matches to the DE genes was: Swiss-Prot hits > sea bass genome hits > GenBank hits 

(Fig. 1 in the associated DIB paper). This global annotation procedure was optimized by manual 

curation of 54 % of the 332 DE genes with ≥ 2-fold change (those with ambiguous annotations and 

those analysed by qPCR), by running individual BLAT versus the sea bass genome and BlastX of 

these and the predicted coding sequences of nearby predicted genes versus Swiss-Prot and 

GenBank, followed by multisequence alignments using Multialin [39, 40]. In addition, a high 

concordance was found for the 209 genes that were annotated (DIB Fig. 1) with the different 

databases: 78 % received the same protein name, 12 % matched proteins from the same family or 

with alternative names and the 10 % with discordant annotations, were revised by manual curation of 

the annotation. 

 



 
 

2.7 Functional annotation 

Gene ontology (GO) and pathway (Kyoto Encyclopedia of Genes and Genomes, KEGG) enrichment 

analyses were carried out using Cytoscape v3.5.1 [41] and ClueGO plug-in v2.3.2 [42], with Cluepedia 

v1.3.2, using the Ensembl zebrafish (Danio rerio) orthologues [43, 44] for the 371 genes found to be 

DE with E2 or Gen treatments at FDR<0.05 [45], obtained by Blastx setting the E value to <10-10. The 

analysed lists were named “All”=all genes regulated by E2 and/or Gen; “E2” or “Gen”= genes regulated 

by either treatment, irrespective of the sampling time and “1d” or “5d”= genes regulated after 1 or 5 

days by either E2 or Gen). Enrichment analyses in GO Biological Processes (GO BP) and KEGG 

pathways were then carried out using the Cytoscape/ClueGO plug-in using the parameters detailed 

in the DIB paper. Enrichment scores for each functionally related network group was calculated as - 

Log2 (group FDR) and leading terms for each group (used for group naming in the tables and in the 

condensed bar plot representations) were those with lowest term FDR / highest enrichment score. 

When duplicated group names were found, only the term with the highest enrichment score was 

represented.  

2.8 Quantitative analysis of gene expression 

The expression level of ten DE RNA-seq selected genes, six mineral turnover related genes and one 

steroid synthesis related gene (Suppl. Table S1) was analysed by quantitative RT-PCR (qPCR) in 

n=10 individual sea bass scale cDNAs per experimental condition (same five individuals used in RNA-

seq and five additional biological replicates). RNA-seq DE genes were selected to cover a wide range 

of transcript abundance and differential expression patterns and to include genes from some of the 

most enriched biological processes. 

 qPCR was performed as previous described [7], using the relative standard curve method, a Bio-Rad 

iClycler iQ5 qPCR thermocycler and EvaGreen chemistry, in duplicate 10 µL reactions containing 1x 

Sso Fast EvaGreen Supermix (Bio-Rad, Hercules, California, USA), 2 µl of each individual cDNA 

(diluted 1:5) and 300 nM of each specific primer at the optimized annealing temperatures (Suppl. 

Table S1).  All qPCR reactions had single peak melt curves and primer specificity was confirmed by 

sequencing all amplicons. No amplification products were obtained from cDNA syntheses without 

reverse transcriptase confirming the absence of genomic DNA contamination. Standard curves 

prepared from serial dilutions of quantified amplicons for each gene were included in all qPCR plates 

for quantification and determination of efficiency, which ranged between 91-105 % with R2 > 0.99. 

The determined gene transcript expression levels were normalized by dividing calculated gene copy 

number by the geometric mean of two stable reference genes (18S ribosomal RNA sub-unit and 

elongation factor 1α (EF1α) [7]. Relative expression levels were calculated for each individual as log2 

of the fold change compared to the control (mean expression in the control group at the same 



 
 

sampling point). Statistical significance between treatments at each sampling time was analysed by 

one-way ANOVA followed by a Tukey test. Pearson correlations between the qPCR data (average 

expression for each experimental group) and the relative expression levels obtained by RNA-seq 

(fpkm) were calculated for each gene after log2 transformation of both variables. Significance levels 

were set as p<0.05. 

2.9 Scale mineral content 

One or two scales per fish (sampled after 5 days of E2, Gen or control treatment) were washed three 

times in milli-Q water, dried at 105 ºC for 2 h (time previously optimized to achieve constant weight) 

[46] and digested in 100 ml HNO3/mg scale for 48 h with agitation, at room temperature. Scale mineral 

content was determined using an Agilent Microwave Plasma-Atomic Emission Spectrometer (MP-

AES), model 4200 (Agilent Technologies). Calcium, magnesium and sodium concentrations were 

measured in each sample after dilution (1:300 for Ca and 1:30 for Mg and Na) with acidic water (5 % 

HNO3) using a standard curve ranging between 0.5 and 10 ppm (prepared using Calibration Mix 

Majors for Ca, Fe, K, Mg and Na; Agilent 6610030700). Running parameters for MP-AES were 

number of replicates 5, pump rate 15 rpm, sample uptake time 70 sec, rinse time 40 sec, stabilization 

time 15 sec and “fast pump during uptake” and “rinse time fast pump” in mode “on”. Mineral contents 

were measured at a wavelength of 393.4 nm, 383.8 nm and 589.0 nm, for Ca, Mg and Na, 

respectively, and expressed as mmol/mg. 

3. Results 

3.1 Genistein activates sea bass estrogen receptors 

Both Gen and E2 transactivated sea bass Esrs co-transfected in HEK293 cells with a plasmid 

containing estrogen-responsive elements (ERE) driving the expression of a luciferase reporter gene 

(pERE-TK-Luc). All Esrs were activated by 10 nM E2 and Gen transactivated all three Esrs at a 

minimal concentration of 1, 25 and 75 nM for Esr2a, Esr2b and Esr1, respectively (Fig. 1). Gen had 

greater potency for Esr2a transactivation than Esr2b. The potency of Gen for Esr1 transactivation 

was lowest but it had the highest efficacy (reaching higher luciferase activity). Significantly increased 

transactivation occurred up to 125 nM for Esr2b, while at this higher concentration the transactivation 

of Esr1 and Esr2a was not different from the control. None of the tested concentrations for Gen 

reached significantly higher transactivation levels than the positive control E2 at 10 nM.   



 
 

  

Figure 1. Transactivation of sea bass nuclear estrogen receptors by genistein. Induction of luciferase activity 
was measured in human embryonal kidney 293 (HEK293) cells co-transfected with a pERE-TK-Luc reporter 
plasmid and the pcDNA3 vector expressing the receptor Esr1, Esr2a or Esr2b and then exposed to genistein 

(Gen) or 17β-estradiol (E2). Induction is expressed relative to the control (not exposed to E2 or Gen), which 

was set as 1. Bars represent the mean ± SEM of quadruplicate exposures of two independent assays. Different 
letters above each bar represent significantly different groups (p < 0.05) using ANOVA followed by Tukey's 
multiple comparisons test. 

3.2 Differential transcriptomics of genistein- and estradiol-treated scales 

Thirty Illumina RNA-seq libraries were constructed from six experimental conditions: scales sampled 

1 day after intra-peritoneal injection with coconut oil alone (control, C1d) or injection of coconut oil 

containing estradiol (E1d) or genistein (Gen1d), and scales from equivalent treatments sampled after 
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5 days (respectively, C5d, E5d and Gen5d). Sequencing produced 1,132 million (M) raw reads, with 

a similar read number between replicate libraries (average 37.7M ± 0.99 SEM), as can be observed 

in the co-submitted Data in Brief (DIB) article (Pinto et. al., Table 1) to the, that contains the full details 

of the produced RNA-seq data. A similar number of reads was also found between treatments (188.6 

M ± 6.05 SEM; Table 1A). After quality filtration 97 % of the reads were retained and approximately 

86 % were mapped using the TopHat-Cufflinks pipeline to the D. labrax genome [23].  

Table 1 

Summary of RNA-seq sequencing (A) and annotation (B) statistics. A- The number of total and 
average reads obtained are summarized per treatment, after combining n=4-6 libraries (biological 
replicates) each, based on the detailed values for each library presented in the DIB Table 1. B- The 
final rates of annotation obtained for the 332 genes showing ≥ 2-fold change differential expression 
are also shown (detailed results for the multi-step automatic and manual annotation of all differentially 
expressed transcripts in the DIB Table 4). 

A- Sequencing statistics 

Treatment 
Exposure 

(days) 
Code 

No. 
libraries 

Raw reads 
(millions) 

Filtered reads 
(millions) 

%Mapped 
(average) 

Control 1 C1d 6 204.9 201.6 86.1 

Estradiol 1 E1d 5 177.5 174.3 84.7 

Genistein 1 Gen1d 5 194.0 189.5 84.7 

Control 5 C5d 5 178.7 178.7 86.5 

Estradiol 5 E5d 5 205.3 187.5 87.8 

Genistein 5 Gen5d 4 171.2 171.2 85.6 

 Average 5 188.6 183.8  

  Total 30 1,131.7 1,102.8  
   

B- Annotation statistics Number of 
genes 

% 

Total annotated 314 94.6 

Annotation to known proteins 280 84.4 

Annotation to predicted proteins 12 3.6 

Annotation to hypothetical/uncharacterized proteins 14 4.2 

Mapping to non-annotated genes 8 2.4 

Non-annotated 18 5.4 

Total 332 100.0 

 

 

A total of 35,214 different transcripts (corresponding to 22,834 annotated genes) were expressed in 

sea bass scales. Sixty three percent of these transcripts, globally obtained from the thirty replicate 

libraries (from control, E2- or Gen-treated fish scales) matched 98 % of the previously released 

transcriptome obtained from a pool of scale RNA from non-manipulated fish from the same 



 
 

experiment [34]. The remaining 37 % unmatched transcripts were identified for the first time in scales 

and their expression may be associated with the E2 or Gen exposures. 

After normalizing expression per experimental group, a total of 749 differentially expressed (DE) 

genes were identified in pairwise comparisons between a) the scales of E2- or Gen-treated fish 

compared to control fish at the same sampling time or b) between the control groups over time (DIB 

Figure 2). 332 DE genes were identified when the stringency was increased to ≥2-fold change in 

expression, the majority of which (254 genes, 76 %) were significantly responsive to E2 or Gen 

exposure and were selected for further analyses. DIB Table 2 contains the full list with the expression 

level and annotation of the 332 responsive genes, while supplementary table S2 in this manuscript 

includes only the subset of genes from selected clusters (see below), in which the discussion is 

focused. The remaining genes (<2-fold changes, FDR<0.05), only used for the global enrichment 

analyses, are presented in DIB Table 3. 

A multistep (automatic and manual) annotation pipeline annotated 96 % of the DE genes (DIB Table 

4). The used preference order strategy (Swiss-Prot>Genome>GenBank; DIB Figure 1) led to 79 % 

DE gene annotations based on their match with proteins in the curated Swiss-Prot database [35], 

followed by 12 % that were assigned to annotated genes in the sea bass genome [23] and annotation 

of the remaining 5 % of the genes via GenBank (DIB Table 4). A similar annotation success rate of 

95 % was obtained for the 332 “≥2-fold DE” genes (Table 1B and DIB Figure 1). Manual verification 

of half of these matches confirmed the consistency of the automatic annotation strategy (DIB Table 

2) and in most cases Swiss-Prot followed by genome annotations gave the most reliable annotation. 

After the optimized multistep annotation 84.4 % of the 332 DE genes could be assigned to known 

proteins in public databases and 10.2 % were annotated to predicted or non-annotated proteins or 

genes (Table 1B).  

Of all the 132 genes that changed expression 1 day after acute exposure the majority (72) were 

responsive to Gen, 32 were responsive to E2 and 28 were responsive to both compounds (Fig. 2A). 

A similar number of genes increased or decreased expression with Gen exposure, while E2 

predominantly down-regulated gene transcripts (Fig. 2B). Five days after acute exposure to E2 and 

Gen, gene expression was predominantly increased and 60 and 56 genes were specifically 

responsive to E2 and Gen, respectively (Fig. 2A). A greater number of genes (56) were co-responsive 

to E2 and Gen 5 days after treatment, compared to 1 day.  



 
 

 

Figure 2. A- Venn diagrams representing the number of common and specific genes regulated by 17β-estradiol 

(E2) and/or genistein (Gen) compared to the control, with fold changes ≥2, at both experimental times. B- 

Number of genes up (red) or down (green) regulated by E2 or Gen at each sampling period. C- Pearson 

correlations of expression levels from genes that were responsive to both E2 and Gen versus the control (C) at 

1 and 5 days, in Log2 of fold change (FC) for each comparison. Statistically significant Pearson correlations 
were found at 1 day (p < 1x10-10) and 5 days (p < 1x10-32) and the correlation coefficients (r) and number of 
genes (n) are indicated in each graph; no genes were found within shaded areas, representing antagonistic 
effects. Similar and correlated Log2 FC ranges were found for the responses to E2 (up-regulation: average Log2 
FC = 2.1 ± 0.1, down-regulation: -1.8 ± 0.1) and to Gen (up-regulations: average Log2 FC = 2.2 ± 0.1, down-
regulation: -1.8 ± 0.1) for the co-responsive genes, irrespective of the sampling time, with no statistically 
significant differences found between the magnitudes of response measured by the Log2 FC. 
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Interestingly, E2 and Gen had a similar effect on the co-responsive genes, which were either up- or 

down-regulated by both treatments and had a significant positively correlated fold-change (Fig. 2C). 

No gene transcripts were identified for which the E2 or Gen treatment provoked an antagonistic effect 

1 or 5 days after treatment (Fig. 2C). Hierarchical clustering confirmed that 1 day after treatment the 

E2 treatment clustered more closely to the control (DIB Figure 3) than Gen1d. After 5 days, both E2- 

and Gen-treated scales were clearly separated from the control and clustered closely together in the 

treatments heatmap, confirming they provoked a more similar response in the long term (DIB Fig. 3).  

3.3 Enriched biological processes and pathways and gene expression patterns 

clustering  

Cytoscape/ClueGO analysis revealed a significant enrichment for 108 biological processes 

(according to the Gene Ontology classification, GO-BP) among the 371 genes that changed 

expression with E2 or Gen treatments. Enriched processes were clustered into 23 main groups, the 

most significant of which were “response to external biotic stimulus”, “sterol biosynthetic process”, 

“response to yeast” and “regeneration” (Fig. 3A and DIB Table 5).  Seven groups of the KEGG 

pathway classification were also enriched, with higher significance for “steroid biosynthesis” and 

“ECM-receptor interaction” (DIB Table 6).  

Comparison of enrichment networks between the E2 and Gen treatments, revealed the “response to 

oxidative stress” was enriched in both but “cell-substrate adhesion” and “lymph vessel development” 

were specifically enriched by E2 while the remaining ClueGO groups were mainly enriched in 

response to Gen (Fig. 3B and DIB Table 7). The enriched groups “regeneration” and “inactivation of 

MAPK activity” contained some terms also enriched by E2 or common between treatments. The top 

enriched processes (related to responses to external stimuli, sterol biosynthesis and regeneration) 

were specific to Gen, with much higher enrichment scores compared to E2-enriched processes (Fig. 

3B). When analysing KEGG enrichment outputs (DIB Table 8), the “p53 signalling pathway” was 

common to both treatments; “ECM-receptor interaction” and “proteasome” was specifically enriched 

by E2 and “steroid biosynthesis”, “alanine, aspartate and glutamate metabolism” and “DNA 

replication” were enriched by Gen.  

Finally, analysing lists of DE genes by their window of response (irrespective of the treatment), 

“response to yeast”-related processes were enriched at both sampling times (Fig. 3C and DIB Table 

9). Specific responses after 1 day included “sterol biosynthesis” and “regeneration”. The highest 

enrichment occurred for “responses to external biotic stimulus”, specifically after 5 days of treatment, 

when specific enrichment was also found for the KEGG pathways “DNA replication”, “arachidonic acid 

metabolism” and “proteasome” (Fig. 3C, DIB Table 10). 



 
 

 

Figure 3. Main functionally related networks (groups) of Biological Processes found to be overrepresented 

among the 254 genes differentially expressed with E2 and Gen treatments. Enrichment for gene ontology (GO) 

terms was carried out using the ClueGO plugin and Cytoscape software, with a minimum significance for FDR 
of 0.05. Represented groups result from statistically significant association (FDR<0.05) of related GO terms 
according to functional classification. Each group is labelled after its most significant term. Bar length 
corresponds to the significance of each group in the obtained ClueGO network (enrichment score, - Log2 (group 

FDR)). A- “All” = all genes regulated by E2 and/or Gen; B- “E2” vs “Gen” = genes regulated by each treatment 

irrespective of the sampling time; C- “1d” vs “5d” = genes regulated after 1 or 5 days by either E2 or Gen. For 

detailed results of enrichment analysis see DIB Tables 5, 7 and 9. 



 
 

Clustering of DE genes in nine patterns (clusters) of changed expression at each sampling time with 

the treatments resulted in 8 selected combined clusters (A-H), which contained the highest number 

of DE genes (Fig.4 and Suppl. Table S2). Most genes responded at 1 or 5 days after treatment with 

E2 or Gen and very few genes changed expression at both time points.  

 

Figure 4. Clustering of genes according to their responses to the treatments. Differentially expressed genes 

were divided into clusters of genes with similar expression changes in response to estradiol (E2) and/or 

genistein (Gen) compared to the control at each of the analysed time frames. The expression patterns are 
presented on the bottom panel for 1 day (1d, short-term) responses, and on the right panel for 5 days (5d, long-
term) responses. Arrows pointing upwards indicate significant up-regulation was detected, arrows pointing 
downwards signify down-regulation and “=” means that no change in expression was detected.  
The bubble graph in the centre of the image shows the relationship between expression patterns detected for 
the same genes at the two sampling points. The bubble area is proportional to the number of genes (indicated 
inside or at the side of each bubble) classified in each pair of expression patterns (1d and 5d). Bigger bubbles, 
signify a higher number of genes were obtained for patterns with specific changes in expression at 1d but not 
5d (bottom row) or at 5d but not 1d (column of bubbles on the righthand side). Only a few genes had a changed 
expression at both time points (central region of the plot). Grey areas confirmed that no genes were identified 
in clusters representing antagonistic effects in response to E2 or Gen. Clusters designated A-H were selected 
for further analysis (heat map and enrichment analyses) as they contained the highest number of genes. For 
the identity of genes falling within each cluster see Suppl. Table S2 
 



 
 

Figure 5 presents heat maps of the expression patterns and gene identities for the 8 main clusters, 

A-H (Fig.4). Significant enrichment of biological processes related to “steroid/sterol metabolic 

processes” and the KEGG pathway “Steroid biosynthesis” were found for the 31 genes composing 

Cluster A specifically up-regulated by Gen after 1d (Suppl. Table S3). Cluster E contained 25 genes 

up-regulated by E2 and Gen after 5 days and was enriched in “formation of primary germ layer” and 

“regulation of MAP kinase activity”. 

 

Figure 5. Heat maps and enrichment of selected clusters of differential expression. Panels A-H show heatmaps 
with the detailed expression patterns of the eight gene clusters with the highest number of DE genes (Fig. 4). 
Heatmaps present the fold changes of each comparison relative to its respective control, according to the 
presented scale. 31 (cluster A) and 24 (cluster B) genes were up- or down-regulated, respectively by Gen after 



 
 

1 day  and 12 genes were down-regulated by both E2 and Gen (Cluster C). 104 genes were up-regulated after 

5 days exposure to E2 and / or Gen (Clusters E-G) and 10 more genes were specifically down-regulated by E2 

(Cluster H), while cluster D contained 16 genes down-regulated by E2 at 1 day and up-regulated by E2 and 

Gen after 5 days exposure. Gene symbols or codes (xloc numbers, for the non-annotated genes) are listed in 
Suppl. Table 2. 

 

3.4 Parallelism of response between RNA-seq and quantitative PCR  

Quantitative RT-PCR (qPCR) was run for 10 DE genes selected from RNA-seq (Suppl. Fig. S1), using 

RNAs from the scales of additional biological replicates (n=10) of E2- or Gen-exposed sea bass after 

1 or 5 days. A significant positive correlation (r=0.728) was obtained between the relative changes in 

expression analysed by qPCR and RNA-seq, indicating an overall concordance between the two 

techniques (Fig. 6). Moreover, the gene expression of the E2-synthesis related enzyme aromatase B 

(arob), but not that of aroa, was detected in sea bass scales of all groups and a significant up-

regulation occurred 5 days after treatment with Gen (Suppl. Fig. S2). The expression of six genes 

related to mineral metabolism was quantified and only small changes in gene expression were 

detected (Suppl. Fig. S3). Finally, E2 or Gen exposure caused no significant changes in the mineral 

contents of sea bass scales (Suppl. Fig. S4). 

 

Figure 6. Relationship between relative changes of gene expression measured by quantitative PCR and RNA-
seq. Panel C shows the relationship between relative changes of gene expression measured by qPCR and 
RNA-seq. Values represent the Log2 of relative changes in gene expression (fold change) between estradiol or 
genistein treated scales versus the respective control, measured by qPCR (average expression for each 
experimental group) and RNA-seq (fpkm levels for each group). Pearson correlation parameters are presented: 
r - Pearson correlation coefficient; p - probability value; n - number of samples; a - slope; b - y intercept. See 
Suppl. Table S1 for gene name abbreviations. 



 
 

4. Discussion 

In the present study we demonstrate that European sea bass Esrs are transactivated by Gen (Fig.1) 

and that E2 and Gen exposure caused treatment-specific changes in scales (Fig. 2 to 7). Gen had 

been reported as a preferential binder of Esr2 and a weak binder of Esr1 in humans, activating 

transcription through both nuclear receptors [10]. In fish, Gen is a weak binder and transactivated 

zebrafish estrogen receptors with no particular differences in sensitivity between the three receptors 

[15, 16]. In the present study, Gen transactivated all three sea bass Esrs with an apparent higher 

potency for both Esr2 isoforms (slightly higher for Esr2a); all receptors had lower transactivation levels 

with Gen compared to E2, and has previously been described for the zebrafish Esrs [16]. Esr2a and 

Esr2b are also the main nuclear receptors expressed in fish scales [4, 7, 8] and the results support 

the potential of Gen as an estrogen disrupting compound in fish and particularly in the scales. Gen is 

also weak binder of human Gper membrane receptor [47] and binding to the two recently identified 

fish Gpers remains to be established [34]. The present study also indicates that scales can be used 

to physiologically monitor EDC effects with minimal bodily damage and high sensitivity [3, 8]. We 

showed that the estrogenic effects of Gen follow closely those of E2 but it can also cause specific 

transcriptomic responses. 

Among the common responses detected in response to E2 and Gen, several genes indicative of 

“inactivation of MAPK” signal transduction activity (trib1, dusp2, dusp6, rgs2 or sik2 in Cluster E and 

rgs1, gadd45b and tnfrsf6b in Cluster F) increased expression with one or both compounds after 5 

days (Fig.5). This suggests that estrogen signalling pathways via the MAPK cascade, that can be 

activated by binding to Gpers, to Esrs or through estrogen receptor-independent mechanisms [48-

50], were disrupted by both compounds and that transcription-mediated actions may have been 

favoured at this exposure time (5 days). This hypothesis is supported by the strong induction of 

several transcription factors (TFs) by both E2 and Gen at 5 days, after an initial down-regulation with 

E2 after 1 day (Cluster D). These include several members of the jun/fos family, egr1/il, nr4a1 and 

klf4. Several genes that increased expression with Gen 5 days after exposure (cluster G) were also 

associated with the regulation of transcription, namely jund, sox3, myc, atf3, cipc and zbed4. Some 

of the modified TFs are potent regulators of differentiation, proliferation, apoptosis and immunity, and 

their disruption (e.g. of the AP-1 complex members junb, junba, jund and fosb) is associated with 

cancer [51, 52]. Their differential regulation in sea bass scales suggests a major impact of E2 and/or 

Gen treatments on cellular transcription and may be an indirect mechanism through which the 

regulation of other responsive genes may have occurred.  

The fact that E2 and Gen exposure affected both signalling cascades and transcription mechanisms 

in sea bass scales suggests multiple modes of estrogenic action and disruption may occur. Similarly, 



 
 

in human bone and skin, Esr and Gper-mediated mechanisms appear to be involved in estrogenic 

protective effects acting through direct genomic and non-genomic signals or indirectly through the 

interaction with other TFs and/or signalling cascades [53, 54].  In addition, estrogen receptor-

independent mechanisms activating other receptors or signalling cascades can also contribute to the 

global estrogenic response [50, 55]. In sea bass scales, two nuclear (esr2a/2b) and one membrane 

(gperb) receptor are expressed, with esr2b and gperb expression increasing with E2 and Gen 

treatments and emerging as good candidates to mediate estrogen or phytoestrogen genomic and 

non-genomic impacts [7]. 

The biological process network that was most significantly affected by E2 and/or Gen in the sea bass 

scales was “Responses to external biotic stimulus” (Fig.3) and many genes related to the immune 

system were differentially expressed. After 1 day exposure to E2 or Gen (Clusters B/C), decreased 

expression of the genes encoding 1) anti-microbial proteins prf1, lyz, lyg1, stxb, csl2 and epx; 2) 

pathogen/antigen recognition genes clec4e and mr1/hlaa and 3) genes plekhf2, gig2l and rnf26 

involved in interferon-mediated responses (Fig.5 and Suppl. Table S2) was observed. After 1 day, E2 

and Gen also caused a decreased expression of wap65, an hemopexin responsive to bacterial 

infections and increased in the fish skin-scale system during regeneration [4, 56]. Overall, the changes 

in gene expression after short-term exposure to E2 or Gen were suggestive of a reduced innate 

immune response in the skin-scale system, which may significantly impact the immune capacity of 

fish when they are exposed to estrogenic pollutants in the environment. Furthermore, the Gen-specific 

transcriptome responses (e.g. those in cluster B), indicated an overall greater impact on the likely 

immune capacity of the skin-scale barrier when fish are exposed to phytoestrogens, in the wild or in 

aquaculture.  

In contrast, after 5 days exposure the expression levels of immune-related genes were mainly 

increased by both compounds (Cluster E) and compound-specific responsive genes were also 

identified (Clusters F and G). The up-regulated genes were related to pathogen or antigen recognition 

(e.g. hlaa and havcr2); anti-bacterial or anti-viral factors (rsad2, ladd, sacs, mx1/2, ifitn2) and genes 

involved in signalling pathways related to the immune system (e.g. nfkbia). In addition, two secreted 

gel-forming mucins, protective glycoproteins of the mucous layer, had increased expression 

(muc5aclx2 by E2 and Gen and muc2 specifically by E2). Positive correlations have already been 

reported between mucins and the immune status of fish and estrogenic regulation of some fish mucin 

genes was detected, with mucins being proposed as potential biomarkers of the immune response 

and/or estrogenic activities [57, 58]. Finally,  Gen but not E2 led to increased gene expression levels 

of the receptor of transferrin (Trf), an iron-binding protein involved in the fish innate immune responses 

to bacteria [59, 60]. In previous studies, E2 caused up-regulation of trf in the skin-scales after 1 day-

exposure [7] but caused its down-regulation in the liver and testis [61]. Overall the results suggest 



 
 

that E2 and Gen differentially modulate the expression of the trf protein and its receptor, with possible 

different impacts on the responses to bacterial infections in fish. 

Altogether, the current transcriptome results indicated a short-term (1 day) reduction in fish immunity 

upon acute exposure to E2 or Gen, mainly at the level of the innate immune response. In contrast, 

after 5 days exposure E2 and/or Gen stimulated increased expression levels of immune-related gene 

transcripts, suggesting an enhanced protective effect of the skin-scale barrier. Our results are in line 

with the E2 immunomodulatory roles previously reported in mammals and fish that have been linked 

with a reproductive-immune cross-talk [62, 63]. Furthermore, the results demonstrated that exposure 

to (phyto)estrogens in addition to affecting reproductive parameters as previously described [12, 14] 

most likely also modulate innate immune barriers, with possible adverse outcomes for fish health or 

survival. 

E2 specifically regulated 65 genes in sea bass scales and the majority were up-regulated after 5 days 

exposure (Cluster F, Fig.4 and 5). These included immune-related genes (havcr2, ladd, sacs, mx1/2 

and muc2); genes related with cell cycle and proliferation (pif1, pml, snx33 and urgcp), signal 

transduction (rgs1, gadd45b and tnfrsf6b) and protein turnover, including proteasome components 

rnf213, ube2b, trim39 and btbd6 and genes involved in protein synthesis/modification eif3d, ppia, 

b4galnt2 and vps52. In addition, two genes related to collagen maturation and recognition (pcolce 

and itgb1) were down-regulated after 5 days of E2 treatment (Cluster H). The E2-specific regulation 

of these genes and enrichment in KEGG pathways “ECM-receptor interaction” and “proteasome” 

support a role for estrogens in fish scales turnover regulation, in line with previous reports of E2 

regulating the transcription and/or activity of genes associated with mineral or ECM homeostasis [2, 

5, 7, 64]. 

Gen-specific responses were identified 1 day after exposure in the sea bass and included “tissue 

regeneration” and “wound healing”, which were globally classified under the term “regeneration” 

(Fig.3). Several genes related to skin differentiation and regeneration and extracellular matrix (ECM) 

remodelling presented increased (serpine1, lamb3, lamc2, glna, vtn, timp2b and mmp13 in Cluster A) 

or decreased (tmprss6, htra1, foxf2 and slurp1 in Cluster B) expression after 1-day exposure to Gen 

(Fig.5). In humans, both E2 and Gen are reported to have beneficial effects on wound healing and in 

fish E2 has previously been shown to accelerate regeneration of the scales [[4].  The discrepancy 

between the apparent beneficial effects of E2 on wound healing and the absence of genes related to 

skin regeneration and healing in this study suggests it may occur via a non-transcriptional or indirect 

effect. The detection of multiple genes specifically modulated by Gen indicates that exposure to 

phytoestrogens impacts skin remodelling. A further significant impact of the Gen treatment was the 

specific enrichment of “Steroid biosynthesis” (KEGG pathway) and increased expression of 



 
 

transcripts encoding enzymes of the cholesterol synthesis pathway, hmgcr, sqle, cyp51, msmo1, 

nsdhl and ebp, specifically after 1 day exposure to Gen (Cluster A, see Fig.5 and Suppl. Fig. S5). Gen 

is known to affect the activity and expression of CYP enzymes involved in the synthesis and 

metabolism of cholesterol and sex steroid hormones [65-67] and our results suggest the machinery 

for steroidogenesis exists in sea bass scales and was significantly affected by Gen exposure.  

Gen was also able to increase the circulating E2 levels, 1 day after exposure in the same animals, 

and it has been proposed that global E2 synthesis was stimulated possibly via increased testosterone 

synthesis and/or increased aromatization of testosterone to E2 [7]. The tissue(s) responsible for 

increased circulating E2 after Gen treatment were not determined, although in immature fish the 

gonads and the brain have been proposed as the potential source, particularly since aromatase B 

(aroB) levels were increased by Gen in the zebrafish brain [15]. In sea bass scales, the expression of 

aroB was also significantly increased 5 days after exposure to Gen (Suppl. Fig. S2), further supporting 

the hypothesis that local E2 synthesis can occur in fish scales. 

The global effects observed for E2 and Gen on the scale transcriptome (summarized in Fig.7) revealed 

both common and compound-specific effects on gene transcription. A recent study with zebrafish and 

medaka embryos revealed overlapping transcriptome responses to Gen and ethinylestradiol [67, 68]. 

In the rainbow trout liver and muscle, Gen affected the transcription of candidate genes linked to 

growth, lipid metabolism and protein turnover in a similar manner to E2 [13, 69]. Furthermore, in 

mammalian breast cancer cells the impact of Gen on the transcriptome and proteome was more 

similar to E2 than other phytoestrogens [70, 71].  

Interestingly, in the sea bass scales the total number of genes specifically responsive to Gen (106) 

was higher than those specifically responsive to E2 or affected by both compounds (65 and 83 genes, 

respectively; DIB Fig. 2B), but their average magnitudes of response did not significantly differ (Fig 

2C). Although Gen was shown to transactivate all three sea bass nuclear Esrs at lower levels than E2 

(Fig. 1), there are a number of mechanisms through which Gen (and E2) may have affected the 

transcription of the identified Gen- and E2-responsive genes in the sea bass scales. These include 

the binding and transactivation of the main nuclear and membrane estrogen receptors expressed in 

the scales, but also alternative mechanisms previously described in skin, bone and other tissues such 

as the Esr-dependent or Esr-independent activation of other receptors, TFs and/or signalling 

cascades [50, 53-55], as discussed above and depicted in  Fig. 7. For instance, Gen is an inhibitor of 

tyrosine kinase-dependent signal transduction pathways that could culminate in changes in 

transcription, as described for Esr-independent gene regulations by E2 through tyrosine kinase-

dependent mechanisms [72-74].  



 
 

Finally, some of the observed effects on gene transcription by scales in our in vivo study may also 

derive from the disruption of other endocrine systems, since E2 is a pleiotropic regulator/disruptor and 

Gen was shown to also affect growth-factor, androgen, thyroid, glucocorticoid or peroxisome 

proliferator-activated receptor gamma (PPARɣ) signalling pathways [10, 73-78]. In line with this, in 

our sea bass scale transcriptome [34] we detected the expression of receptors for these systems 

using RNA-seq and PCR analyses (not shown), which explains the responsiveness of fish scales to 

these hormones as well as their potential for disruption, not only restricted to the estrogenic EDC type. 

Finally, the detected impacts of in vivo exposures to E2 or Gen in sea bass scale transcription and 

enzymatic activities may also derive from indirect effects, caused by the whole animal responses to 

these treatments, including effects on other tissues or on ion or hormone plasma levels [7]. 

  

Fig. 7. Summary of the effects of estradiol (E2) and genistein (Gen) on the transcriptome of sea bass scales. 
Represented are the estrogen receptors previously shown to be expressed in fish scales (nuclear receptors 



 
 

esr2a and esr2b, in the cytoplasm, and membrane receptor gperb) and the main biological processes affected 
by E2 (left side of the cell) and/or Gen (right side) after 1 or 5 days of exposure. For each gene or process, 
arrows pointing up and down indicate significant increases or decreases in transcription levels. 
ECM=extracellular matrix; MAPK=Mitogen Activated Protein Kinase; differ.=differentiation. Brown arrows 
represent possible alternative mechanisms through which E2, Gen or other estrogenic compounds may act to 
generate the transcriptomics responses, including activaion of nuclear/membrane receptors and interaction with 
other receptors or signalling cascades. The figure was produced using a model available at Servier Medical Art 
(http://smart.servier.com/). 

 

The transcriptome changes herein described identify possible mediators, biological processes and 

mechanisms through which E2, Gen or other estrogenic compounds may act in fish scales, under 

physiological or disrupting conditions related to environmental pollution. These may be relevant in 

aquaculture or in the wild, where phytoestrogens are becoming widespread contaminants [10]. 

Although relatively high doses were used in this experiment, it will be interesting in the future to 

confirm the regulation of these genes/pathways in response to environmental relevant levels of these 

and other estrogenic EDCs and to confirm if they are paralleled at the protein level. 

Considering that fish are particularly exposed to aquatic environmental contamination the use of fish 

models and recently of scales are emerging as promising practical models for environmental pollution 

screening and chemical risk assessment [3, 79]. The obtained expression and biochemical impacts 

of sea bass scales exposed to E2 and genistein strongly support this notion, showing both overlapping 

and compound-specific impacts at several levels, and opening-up the possibility of comparing 

genome-wide impacts in a mineralized tissue with those of other estrogen target tissues. For example, 

the scales have a tissue-specific estrogen receptor repertoire and regulation compared to the liver 

and the main cellular pathways affected by E2 are also quite different from identified “E2-responsive 

liver networks” [7, 80]. This is in line with recent efforts to cover more endpoints, tissues and modes 

of action when evaluating the risks of exposure to EDCs [79, 81, 82].  

 

 

 

 

 

 

 



 
 

5. Conclusions 

This is the first comprehensive study of a fish scale transcriptome (containing 35,214 transcript contigs 

with a 95 % annotation rate) and of the global impacts of estrogens and phytoestrogens in this 

unrecognized target tissue, which contributes to understand its biology and to identify their estrogen-

responsive genes, networks and mechanisms of action as well as the impacts and mechanisms of 

disruption by EDCs. The most significant transcriptome impacts were 1) increases in expression 

occurring 5 days after E2 and/or Gen exposure, comprising both common and compound-specific 

effects, and 2) Gen-specific increases and decreases in expression 1 day after treatment. The study 

also indicates that the skin-scale barrier, which is the largest and most exposed surface of the body, 

can be a minimally invasive screening tool for EDCs and pollutants, both in vivo or in vitro [6, 8]. Fish 

scales are abundant, easy to sample and rapidly regenerated, and thus its use in alternative in vitro 

(or ex vivo) bioassays for chemical screening has a great potential to greatly reduce the need for 

using large numbers of fish, in compliance with the “3R’s” principles, while maintaining tissue structure 

[3, 8, 22]. Current assays for EDC screening using fish scales have been however limited to a small 

number of gene expression and activity markers related to mineralization [3, 5, 8, 17] that often 

respond with low sensitivity. The present transcriptomic approach provides a global picture of the fish 

scales model and identifies potential new biomarkers of exposure to estrogens and phytoestrogens 

that after adequate validation may provide sensitive endpoints and non-invasive routine bioassays for 

screening of EDC effects and mechanisms of action. 

Acknowledgements 

The research leading to these results was funded by the Foundation for Science and Technology of 

Portugal (FCT), through projects PTDC/AAG-GLO/4003/2012, CCMAR/Multi/04326/2013 and 

fellowship (SFRH/BPD/84033/2012) and researcher contract to PISP, and by the Spanish Ministry of 

Science through grant AGL2015-67477-C2-1-R to A.G. The authors acknowledge Dr Manuel 

Manchado (IFAPA El Toruno, Cadiz, Spain) for advices on gene enrichment analyses and Rui S.R. 

Machado (SysBioLab, CBMR, University of Algarve, Portugal) for heat maps representation. 

References 

[1] P.M. Guerreiro, J. Fuentes, Control of Calcium Balance in Fish, in: B. Baldisserotto, J.M. Mancera 

Romero, B.G. Kapoor (Eds.), Fish Osmoregulation, Science Publishers, New Hampshire, 2007. 

[2] P. Persson, T. Takagi, B.T. Björnsson, Tartrate resistant acid phosphatase as a marker for scale 

resorption in rainbow trout, Oncorhynchus mykiss: effects of estradiol-17β treatment and refeeding, 

Fish Physiol. Biochem. 14(4) (1995) 329 - 339. 



 
 

[3] P.I. Pinto, M.D. Estevao, D.M. Power, Effects of estrogens and estrogenic disrupting compounds 

on fish mineralized tissues, Mar. Drugs 12(8) (2014) 4474-94. 

[4] A. Ibarz, P.I. Pinto, D.M. Power, Proteomic approach to skin regeneration in a marine teleost: 

modulation by oestradiol-17β, Mar. Biotechnol. (NY) 15(6) (2013) 629-46. 

[5] H. Yoshikubo, N. Suzuki, K. Takemura, M. Hoso, S. Yashima, S. Iwamuro, Y. Takagi, M.J. Tabata, 

A. Hattori, Osteoblastic activity and estrogenic response in the regenerating scale of goldfish, a good 

model of osteogenesis, Life Sci. 76(23) (2005) 2699-709. 

[6] P.I. Pinto, M.D. Estevao, B. Redruello, S.M. Socorro, A.V. Canario, D.M. Power, 

Immunohistochemical detection of estrogen receptors in fish scales, Gen. Comp. Endocrinol. 160(1) 

(2009) 19-29. 

[7] P.I. Pinto, M.D. Estevao, A. Andrade, S. Santos, D.M. Power, Tissue responsiveness to estradiol 

and genistein in the sea bass liver and scale, J. Steroid Biochem. Mol. Biol. 158 (2016) 127-137. 

[8] P.I.S. Pinto, M.D. Estevao, S. Santos, A. Andrade, D.M. Power, In vitro screening for estrogenic 

endocrine disrupting compounds using Mozambique tilapia and sea bass scales, Comp. Biochem. 

Physiol. C Toxicol. Pharmacol. 199 (2017) 106-113. 

[9] P.I.S. Pinto, A.R. Andrade, M.D. Estevao, M.V. Alvarado, A. Felip, D.M. Power, Duplicated 

membrane estrogen receptors in the European sea bass (Dicentrarchus labrax): Phylogeny, 

expression and regulation throughout the reproductive cycle, J. Steroid Biochem. Mol. Biol. 178 

(2018) 234-242. 

[10] Z.H. Liu, Y. Kanjo, S. Mizutani, A review of phytoestrogens: their occurrence and fate in the 

environment, Water Res. 44(2) (2010) 567-77. 

[11] T. Matsumoto, M. Kobayashi, T. Moriwaki, S. Kawai, S. Watabe, Survey of estrogenic activity in 

fish feed by yeast estrogen-screen assay, Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 

139(1-3) (2004) 147-52. 

[12] C.R. Cederroth, C. Zimmermann, S. Nef, Soy, phytoestrogens and their impact on reproductive 

health, Mol. Cell. Endocrinol. 355(2) (2012) 192-200. 

[13] B.M. Cleveland, M.L. Manor, Effects of phytoestrogens on growth-related and lipogenic genes in 

rainbow trout (Oncorhynchus mykiss), Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 170 

(2015) 28-37. 

[14] K. Latonnelle, F. Le Menn, S.J. Kaushik, C. Bennetau-Pelissero, Effects of dietary phytoestrogens 

in vivo and in vitro in rainbow trout and Siberian sturgeon: interests and limits of the in vitro studies of 

interspecies differences, Gen. Comp. Endocrinol. 126(1) (2002) 39-51. 

[15] Y. Le Page, M. Scholze, O. Kah, F. Pakdel, Assessment of xenoestrogens using three distinct 

estrogen receptors and the zebrafish brain aromatase gene in a highly responsive glial cell system, 

Environ. Health Perspect. 114(5) (2006) 752-8. 



 
 

[16] S. Sassi-Messai, Y. Gibert, L. Bernard, S. Nishio, K.F. Ferri Lagneau, J. Molina, M. Andersson-

Lendahl, G. Benoit, P. Balaguer, V. Laudet, The phytoestrogen genistein affects zebrafish 

development through two different pathways, PLoS ONE 4(3) (2009) e4935. 

[17] K. Yachiguchi, N. Matsumoto, Y. Haga, M. Suzuki, C. Matsumura, M. Tsurukawa, T. Okuno, T. 

Nakano, K. Kawabe, K.I. Kitamura, A. Toriba, K. Hayakawa, V.S. Chowdhury, M. Endo, A. Chiba, T. 

Sekiguchi, M. Nakano, Y. Tabuchi, T. Kondo, S. Wada, H. Mishima, A. Hattori, N. Suzuki, 

Polychlorinated biphenyl (118) activates osteoclasts and induces bone resorption in goldfish, Environ. 

Sci. Pollut. Res. Int.  (2012). 

[18] E. de Vrieze, J. Zethof, S. Schulte-Merker, G. Flik, J.R. Metz, Identification of novel osteogenic 

compounds by an ex-vivo sp7:luciferase zebrafish scale assay, Bone 74 (2015) 106-13. 

[19] K. Kitamura, N. Suzuki, Y. Sato, T. Nemoto, M. Ikegame, N. Shimizu, T. Kondo, Y. Furusawa, S. 

Wada, A. Hattori, Osteoblast activity in the goldfish scale responds sensitively to mechanical stress, 

Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 156(3) (2010) 357-63. 

[20] N. Suzuki, K. Kitamura, T. Nemoto, N. Shimizu, S. Wada, T. Kondo, M.J. Tabata, F. Sodeyama, 

K. Ijiri, A. Hattori, Effect of vibration on osteoblastic and osteoclastic activities: Analysis of bone 

metabolism using goldfish scale as a model for bone, Adv. Space Res. 40(11) (2007) 1711-1721. 

[21] J. Aerts, J.R. Metz, B. Ampe, A. Decostere, G. Flik, S. De Saeger, Scales tell a story on the stress 

history of fish, PLoS ONE 10(4) (2015) e0123411. 

[22] W.M.S. Russell, R.L. Burch, C.W. Hume, The principles of humane experimental technique, 

Methuen London1959. 

[23] M. Tine, H. Kuhl, P.A. Gagnaire, B. Louro, E. Desmarais, R.S. Martins, J. Hecht, F. Knaust, K. 

Belkhir, S. Klages, R. Dieterich, K. Stueber, F. Piferrer, B. Guinand, N. Bierne, F.A. Volckaert, L. 

Bargelloni, D.M. Power, F. Bonhomme, A.V. Canario, R. Reinhardt, European sea bass genome and 

its variation provide insights into adaptation to euryhalinity and speciation, Nat. Commun. 5 (2014) 

5770. 

[24] M.J. Mazon, G. Moles, A. Rocha, B. Crespo, O. Lan-Chow-Wing, F. Espigares, I. Munoz, A. Felip, 

M. Carrillo, S. Zanuy, A. Gomez, Gonadotropins in European sea bass: Endocrine roles and 

biotechnological applications, Gen. Comp. Endocrinol. 221 (2015) 31-41. 

[25] C. Zapater, G. Moles, I. Munoz, P.I.S. Pinto, A.V.M. Canario, A. Gomez, Differential involvement 

of the three nuclear estrogen receptors during oogenesis in European sea bass (Dicentrarchus 

labrax), Biol. Reprod. 100(3) (2018) 757-772. 

[26] B. Muriach, J.M. Cerda-Reverter, A. Gomez, S. Zanuy, M. Carrillo, Molecular characterization 

and central distribution of the estradiol receptor alpha (ERα) in the sea bass (Dicentrarchus labrax), 

J. Chem. Neuroanat. 35(1) (2008) 33-48. 

[27] M. Martin, Cutadapt removes adapter sequences from high-throughput sequencing reads., 

EMBnet.journal 17(1) (2011) 10-12. 



 
 

[28] S. Andrews, Fastqc, a quality control tool for high throughput sequence data, 2010. 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (Accessed in Jan 2015). 

[29] C. Trapnell, A. Roberts, L. Goff, G. Pertea, D. Kim, D.R. Kelley, H. Pimentel, S.L. Salzberg, J.L. 

Rinn, L. Pachter, Differential gene and transcript expression analysis of RNA-seq experiments with 

TopHat and Cufflinks, Nat. Protoc. 7(3) (2012) 562-78. 

[30] C. Trapnell, Cufflinks, 2012. https://cole-trapnell-lab.github.io/cufflinks/ (Accessed January 2015). 

[31] H. Kuhl, R. Reinhardts, European seabass (Dicentrarchus labrax) genome 2012. 

http://seabass.mpipz.mpg.de/. (Accessed in January 2015). 

[32] T. Hulsen, BioVenn website, 2007-2019. http://www.biovenn.nl/. (Accessed in April 2017). 

[33] T. Hulsen, J. de Vlieg, W. Alkema, BioVenn - a web application for the comparison and 

visualization of biological lists using area-proportional Venn diagrams, BMC Genomics 9 (2008) 488. 

[34] P.I. Pinto, M.A. Thorne, D.M. Power, European sea bass (Dicentrarchus labrax) skin and scale 

transcriptomes, Mar. Genom. 35 (2017) 35-37. 

[35] UniProt consortium, UniProt: the universal protein knowledgebase, Nucleic Acids Res. 45(D1) 

(2017) D158-D169. 

[36] UniProt consortium, The Uniprot database, 2002–2019. https://www.uniprot.org/uniprot/ 

(Accessed in March 2015). 

[37] D.A. Benson, M. Cavanaugh, K. Clark, I. Karsch-Mizrachi, D.J. Lipman, J. Ostell, E.W. Sayers, 

GenBank, Nucleic Acids Res. 41(Database issue) (2013) D36-42. 

[38] NCBI, The National Center for Biotechnology Information (NCBI) downloads, 2004-2019. 

ftp://ftp.ncbi.nlm.nih.gov/ (Accessed in March 2015). 

[39] F. Corpet, Multiple sequence alignment with hierarchical clustering, Nucleic Acids Res. 16(22) 

(1988) 10881-90. 

[40] F. Corpet, MultAlin multiple sequence alignment website, 2000-2019. 

http://multalin.toulouse.inra.fr/multalin/ (Accessed May 2017). 

[41] R. Isserlin, D. Merico, V. Voisin, G.D. Bader, Enrichment Map - a Cytoscape app to visualize and 

explore OMICs pathway enrichment results, F1000Res. 3 (2014) 141. 

[42] G. Bindea, B. Mlecnik, H. Hackl, P. Charoentong, M. Tosolini, A. Kirilovsky, W.H. Fridman, F. 

Pages, Z. Trajanoski, J. Galon, ClueGO: a Cytoscape plug-in to decipher functionally grouped gene 

ontology and pathway annotation networks, Bioinformatics 25(8) (2009) 1091-3. 

[43] B.L. Aken, P. Achuthan, W. Akanni, M.R. Amode, F. Bernsdorff, J. Bhai, K. Billis, D. Carvalho-

Silva, C. Cummins, P. Clapham, L. Gil, C.G. Giron, L. Gordon, T. Hourlier, S.E. Hunt, S.H. Janacek, 

T. Juettemann, S. Keenan, M.R. Laird, I. Lavidas, T. Maurel, W. McLaren, B. Moore, D.N. Murphy, R. 

Nag, V. Newman, M. Nuhn, C.K. Ong, A. Parker, M. Patricio, H.S. Riat, D. Sheppard, H. Sparrow, K. 

Taylor, A. Thormann, A. Vullo, B. Walts, S.P. Wilder, A. Zadissa, M. Kostadima, F.J. Martin, M. 

Muffato, E. Perry, M. Ruffier, D.M. Staines, S.J. Trevanion, F. Cunningham, A. Yates, D.R. Zerbino, 

P. Flicek, Ensembl 2017, Nucleic Acids Res. 45(D1) (2017) D635-D642. 



 
 

[44] Ensembl, Ensembl database, 2002-2019. https://www.ensembl.org (Accessed Feb 2017). 

[45] V. Curwen, E. Eyras, T.D. Andrews, L. Clarke, E. Mongin, S.M. Searle, M. Clamp, The Ensembl 

automatic gene annotation system, Genome Res. 14(5) (2004) 942-50. 

[46] A.P. Mateus, R. Costa, E. Gisbert, P.I.S. Pinto, K.B. Andree, A. Estevez, D.M. Power, Thermal 

imprinting modifies bone homeostasis in cold-challenged sea bream (Sparus aurata), J. Exp. Biol. 

220(19) (2017) 3442-3454. 

[47] P. Thomas, J. Dong, Binding and activation of the seven-transmembrane estrogen receptor 

GPR30 by environmental estrogens: a potential novel mechanism of endocrine disruption, J. Steroid 

Biochem. Mol. Biol. 102(1-5) (2006) 175-9. 

[48] P. Thomas, Reprint of "Role of G protein-coupled estrogen receptor (GPER/GPR30) in 

maintenance of meiotic arrest in fish oocytes", J. Steroid Biochem. Mol. Biol. 176 (2018) 23-30. 

[49] Z. Zhang, B. Maier, R.J. Santen, R.X. Song, Membrane association of estrogen receptor alpha 

mediates estrogen effect on MAPK activation, Biochem. Biophys. Res. Commun. 294(5) (2002) 926-

33. 

[50] A. Maran, M. Zhang, A.M. Kennedy, R.T. Turner, ER-independent actions of estrogen and 

estrogen metabolites in bone cells, J. Musculoskelet. Neuronal Interact. 3(4) (2003) 367-9. 

[51] H. Gazon, B. Barbeau, J.M. Mesnard, J.M. Peloponese, Jr., Hijacking of the AP-1 Signaling 

Pathway during Development of ATL, Front. Microbiol. 8 (2017) 2686. 

[52] D. Gomez-Martin, M. Diaz-Zamudio, M. Galindo-Campos, J. Alcocer-Varela, Early growth 

response transcription factors and the modulation of immune response: implications towards 

autoimmunity, Autoimmun. Rev. 9(6) (2010) 454-8. 

[53] M. Centrella, T.L. McCarthy, Estrogen receptor dependent gene expression by osteoblasts - 

direct, indirect, circumspect, and speculative effects, Steroids 77(3) (2012) 174-84. 

[54] P. Savoia, G. Raina, L. Camillo, S. Farruggio, D. Mary, F. Veronese, F. Graziola, E. Zavattaro, 

R. Tiberio, E. Grossini, Anti-oxidative effects of 17 beta-estradiol and genistein in human skin 

fibroblasts and keratinocytes, J. Dermatol. Sci. 92(1) (2018) 62-77. 

[55] A.M. Kennedy, K.L. Shogren, M. Zhang, R.T. Turner, T.C. Spelsberg, A. Maran, 17β-estradiol-

dependent activation of signal transducer and activator of transcription-1 in human fetal osteoblasts 

is dependent on Src kinase activity, Endocrinology 146(1) (2005) 201-7. 

[56] Z. Sha, P. Xu, T. Takano, H. Liu, J. Terhune, Z. Liu, The warm temperature acclimation protein 

Wap65 as an immune response gene: its duplicates are differentially regulated by temperature and 

bacterial infections, Mol. Immunol. 45(5) (2008) 1458-69. 

[57] J. Perez-Sanchez, I. Estensoro, M.J. Redondo, J.A. Calduch-Giner, S. Kaushik, A. Sitja-

Bobadilla, Mucins as diagnostic and prognostic biomarkers in a fish-parasite model: transcriptional 

and functional analysis, PLoS ONE 8(6) (2013) e65457. 



 
 

[58] E.M. Jung, B.S. An, H. Yang, K.C. Choi, E.B. Jeung, Biomarker genes for detecting estrogenic 

activity of endocrine disruptors via estrogen receptors, Int. J. Environ. Res. Public Health 9(3) (2012) 

698-711. 

[59] C. Garcia-Fernandez, J.A. Sanchez, G. Blanco, Characterization of the gilthead seabream 

(Sparus aurata L.) transferrin gene: genomic structure, constitutive expression and SNP variation, 

Fish Shellfish Immunol. 31(4) (2011) 548-56. 

[60] J.L. Stafford, M. Belosevic, Transferrin and the innate immune response of fish: identification of 

a novel mechanism of macrophage activation, Dev. Comp. Immunol. 27(6-7) (2003) 539-54. 

[61] P.I. Pinto, H.R. Teodosio, M. Galay-Burgos, D.M. Power, G.E. Sweeney, A.V. Canario, 

Identification of estrogen-responsive genes in the testis of sea bream (Sparus auratus) using 

suppression subtractive hybridization, Mol. Reprod. Dev. 73(3) (2006) 318-29. 

[62] M. Paiola, T. Knigge, A. Duflot, P.I.S. Pinto, E. Farcy, T. Monsinjon, Oestrogen, an evolutionary 

conserved regulator of T cell differentiation and immune tolerance in jawed vertebrates?, Dev. Comp. 

Immunol. 84 (2018) 48-61. 

[63] H. Segner, B.M.L. Verburg-van Kemenade, M. Chadzinska, The immunomodulatory role of the 

hypothalamus-pituitary-gonad axis: Proximate mechanism for reproduction-immune trade offs?, Dev. 

Comp. Immunol. 66 (2017) 43-60. 

[64] D.B. Lehane, N. McKie, R.G. Russell, I.W. Henderson, Cloning of a fragment of the osteonectin 

gene from goldfish, Carassius auratus: its expression and potential regulation by estrogen, Gen. 

Comp. Endocrinol. 114(1) (1999) 80-87. 

[65] K. Svechnikov, V. Supornsilchai, M.L. Strand, A. Wahlgren, D. Seidlova-Wuttke, W. Wuttke, O. 

Soder, Influence of long-term dietary administration of procymidone, a fungicide with anti-androgenic 

effects, or the phytoestrogen genistein to rats on the pituitary-gonadal axis and Leydig cell 

steroidogenesis, J. Endocrinol. 187(1) (2005) 117-24. 

[66] M.J. Ronis, Effects of soy containing diet and isoflavones on cytochrome P450 enzyme 

expression and activity, Drug Metab. Rev. 48(3) (2016) 331-41. 

[67] V. Schiller, X. Zhang, M. Hecker, C. Schafers, R. Fischer, M. Fenske, Species-specific 

considerations in using the fish embryo test as an alternative to identify endocrine disruption, Aquat. 

Toxicol. 155 (2014) 62-72. 

[68] V. Schiller, A. Wichmann, R. Kriehuber, E. Muth-Kohne, J.P. Giesy, M. Hecker, M. Fenske, 

Studying the effects of genistein on gene expression of fish embryos as an alternative testing 

approach for endocrine disruption, Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 157(1) 

(2013) 41-53. 

[69] B.M. Cleveland, In vitro and in vivo effects of phytoestrogens on protein turnover in rainbow trout 

(Oncorhynchus mykiss) white muscle, Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 165 

(2014) 9-16. 



 
 

[70] A.M. Sotoca, M.D. Gelpke, S. Boeren, A. Strom, J.A. Gustafsson, A.J. Murk, I.M. Rietjens, J. 

Vervoort, Quantitative proteomics and transcriptomics addressing the estrogen receptor subtype-

mediated effects in T47D breast cancer cells exposed to the phytoestrogen genistein, Mol. Cell. 

Proteomics 10(1) (2011) M110 002170. 

[71] P. Gong, Z. Madak-Erdogan, J. Li, J. Cheng, C.M. Greenlief, W. Helferich, J.A. Katzenellenbogen, 

B.S. Katzenellenbogen, Transcriptomic analysis identifies gene networks regulated by estrogen 

receptor α (ERα) and ERβ that control distinct effects of different botanical estrogens, Nucl. Recept. 

Signal. 12 (2014) e001. 

[72] E. Distefano, M. Marino, J.A. Gillette, B. Hanstein, V. Pallottini, J. Bruning, W. Krone, A. 

Trentalance, Role of tyrosine kinase signaling in estrogen-induced LDL receptor gene expression in 

HepG2 cells, Biochim. Biophys. Acta 1580(2-3) (2002) 145-9. 

[73] T. Akiyama, J. Ishida, S. Nakagawa, H. Ogawara, S. Watanabe, N. Itoh, M. Shibuya, Y. Fukami, 

Genistein, a specific inhibitor of tyrosine-specific protein kinases, J. Biol. Chem. 262(12) (1987) 5592-

5. 

[74] S. Barnes, B. Boersma, R. Patel, M. Kirk, V.M. Darley-Usmar, H. Kim, J. Xu, Isoflavonoids and 

chronic disease: mechanisms of action, BioFactors 12(1-4) (2000) 209-15. 

[75] P. Pihlajamaa, F.-P. Zhang, L. Saarinen, L. Mikkonen, S. Hautaniemi, O.A. Jänne, The 

phytoestrogen genistein is a tissue-specific androgen receptor modulator, Endocrinology 152(11) 

(2011) 4395-4405. 

[76] C. Sarasquete, M. Úbeda-Manzanaro, J.B. Ortiz-Delgado, Effects of the soya isoflavone 

genistein in early life stages of the Senegalese sole, Solea senegalensis: thyroid, estrogenic and 

metabolic biomarkers, Gen. Comp. Endocrinol. 250 (2017) 136-151. 

[77] S. Whirledge, L.T. Senbanjo, J.A. Cidlowski, Genistein disrupts glucocorticoid receptor signaling 

in human uterine endometrial Ishikawa cells, Environ. Health Perspect. 123(1) (2014) 80-87. 

[78] L. Wang, B. Waltenberger, E.-M. Pferschy-Wenzig, M. Blunder, X. Liu, C. Malainer, T. Blazevic, 

S. Schwaiger, J.M. Rollinger, E.H. Heiss, Natural product agonists of peroxisome proliferator-

activated receptor gamma (PPARγ): a review, Biochem. Pharmacol. 92(1) (2014) 73-89. 

[79] T.H. Hutchinson, G.T. Ankley, H. Segner, C.R. Tyler, Screening and testing for endocrine 

disruption in fish-biomarkers as "signposts," not "traffic lights," in risk assessment, Environ. Health 

Perspect. 114 Suppl 1 (2006) 106-14. 

[80] A. Feswick, K.R. Munkittrick, C.J. Martyniuk, Estrogen-responsive gene networks in the teleost 

liver: What are the key molecular indicators?, Environ. Toxicol. Pharmacol. 56 (2017) 366-374. 

[81] S. Scholz, I. Mayer, Molecular biomarkers of endocrine disruption in small model fish, Mol. Cell. 

Endocrinol. 293(1-2) (2008) 57-70. 

[82] G.T. Ankley, C.R. Tyler, Development of methods to detect occurrence and effects of endocrine-

disrupting chemicals: fueling a fundamental shift in regulatory ecotoxicology, Environ. Toxicol. Chem. 

32(12) (2013) 2661-2.  


