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Identifying genes associated with genetic control of color polymorphism in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus 1758) using a comparative whole genome pool-sequencing approach

Introduction

The color diversity of Mollusca shells has been a topic of interest for scientists since hundreds of years [START_REF] Williams | Molluscan shell colour[END_REF]. Mollusca is the largest phylum in the marine ecosystem which explains that, ultimately, only a small portion of its species has been studied. Consequently, the evolution of their widely diverse colors and shapes is poorly understood. Species with economical interest have historically been used by scientists to understand fundamental biological mechanisms such as color variation in bivalves.

Marine bivalves, like the scallops Patinopecten yessoensis (Jay, 1857) [START_REF] Chang | Genetic diversity in five scallop populations of the Japanese scallop (Patinopecten yessoensis)[END_REF][START_REF] Ding | Transcriptome sequencing and characterization of Japanese scallop Patinopecten yessoensis from different shell color lines[END_REF][START_REF] Sun | Characterization of the mantle transcriptome of Yesso scallop (Patinopecten yessoensis): Identification of genes potentially involved in biomineralization and pigmentation[END_REF][START_REF] Yuan | Genomewide DNA methylation profile changes associated with shell coloration in the Yesso scallop (Patinopecten yessoensis) as measured by whole-genome bisulfite sequencing[END_REF], Argopecten irradians (Lamarck, 1819) [START_REF] Adamkewicz | Genetics of Shell Color and Pattern in the Bay Scallop Argopecten irradians[END_REF][START_REF] Du | Draft genome and SNPs associated with carotenoid accumulation in adductor muscles of bay scallop (Argopecten irradians)[END_REF] or the Pacific oyster Crassostrea gigas (Thunberg, 1793) [START_REF] Aguilera | Evolution of the tyrosinase gene family in bivalve molluscs: Independent expansion of the mantle gene repertoire[END_REF][START_REF] Feng | Transcriptional profiling of long non-coding RNAs in mantle of Crassostrea gigas and their association with shell pigmentation[END_REF][START_REF] Feng | Comparative transcriptome analysis of the pacific oyster Crassostrea gigas characterized by shell colors: Identification of genetic bases potentially involved in pigmentation[END_REF][START_REF] Song | Genetic diversity and outlier loci detecting of shell color variation in the Pacific oyster ( Crassostrea gigas ) by SNP markers[END_REF][START_REF] Bonnard | Chemical evidence of rare porphyrins in purple shells of Crassostrea gigas oyster[END_REF][START_REF] Hu | Identification and characterization of key haem pathway genes associated with the synthesis of porphyrin in Pacific oyster (Crassostrea gigas)[END_REF][START_REF] Bonnard | First evidence of ommochromes in Bivalves: the case of the edible oyster Crassostrea Gigas[END_REF]) have already received much attention for the elucidation of their pigmentation pathways. More recently, the black-lipped pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) emerged as a model to study pigmentation pathways [START_REF] Ky | The Mendelian inheritance of rare flesh and shell colour variants in the black-lipped pearl oyster (Pinctada margaritifera)[END_REF]Ky et al., 2017a;[START_REF] Ky | Phenome of pearl quality traits in the mollusc transplant model Pinctada margaritifera[END_REF][START_REF] Stenger | Colour plasticity in the shells and pearls of animal graft model Pinctada margaritifera through colour quantification with the HSV system[END_REF]Stenger et al., 2021a;[START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF]. While color has been studied in scallops and oysters because of the importance of their appearance and visual flesh and shell quality for the food industry [START_REF] Ding | Transcriptome sequencing and characterization of Japanese scallop Patinopecten yessoensis from different shell color lines[END_REF], color of the blacklipped pearl oyster inner shell is of importance for pearl production. P. margaritifera has the remarkable ability to produce one of the largest ranges of colored pearls for a marine species [START_REF] Ky | Indirect improvement of pearl grade and shape in farmed Pinctada margaritifera by donor "oyster" selection for green pearls[END_REF]. This makes the Tahitian pearls unique and places pearl farming as the second economic resource in French Polynesia (Bouzerand, 2018).

However, the lack of knowledge about how pearl quality is determined in the oyster, how it can be controlled, as well as an increasing occurrence of bad quality pearls on the market has led to the collapse of the pearl's economic value since 2001 (Bouzerand, 2018). To remedy to the crisis, a new policy aiming at producing less while increasing the quality has been enforced by local authorities, and research programs on the study of pearl quality trait determination and control began [START_REF] Stenger | Colour plasticity in the shells and pearls of animal graft model Pinctada margaritifera through colour quantification with the HSV system[END_REF][START_REF] Latchere | Influence of water temperature and food on the last stages of cultured pearl mineralization from the black-lip pearl oyster Pinctada margaritifera[END_REF].

Traditional approaches to identify the proportion of genetic control of a trait involves experimental crossings between phenotypes [START_REF] Zheng | Inheritance of shell colours in the noble scallop Chlamys nobilis (Bivalve: Pectinidae)[END_REF] or selffertilized mattings [START_REF] Adamkewicz | Genetics of Shell Color and Pattern in the Bay Scallop Argopecten irradians[END_REF]) (or a combination of both techniques) [START_REF] Kobayashi | Genetic control of bluish shell color variation in the Pacific abalone, Haliotis discus hannai[END_REF] to produce F1 and F2 generations and observe the segregation of a trait of interest while making assumptions about the underlying genetic control. These techniques have been used for the bluish vs. greenish strains of the Pacific abalone Haliotis discus hannai [START_REF] Kobayashi | Genetic control of bluish shell color variation in the Pacific abalone, Haliotis discus hannai[END_REF], and in the orange vs. yellow bay scallops Argopecten irradians strains [START_REF] Adamkewicz | Genetics of Shell Color and Pattern in the Bay Scallop Argopecten irradians[END_REF], for which the shell color is determined by a similar one-locus two-allele system in both species. In the Chilean scallop Argopecten purpuratus, the purple, brown, orange, yellow, and white color strains were determined by two loci with a simple dominant model of epistasis [START_REF] Winkler | Inheritance of the general shell color in the scallop Argopecten purpuratus (Bivalvia: Pectinidae)[END_REF].

In the noble scallop Chlamys nobilis (Reeve, 1852), the orange-purple, purple, and brown colors are explained by a one-locus three-alleles model [START_REF] Zheng | Inheritance of shell colours in the noble scallop Chlamys nobilis (Bivalve: Pectinidae)[END_REF]. In the blacklipped pearl oyster P. margaritifera, a "one-locus three-alleles'' model with dominance was proposed to control external shell color, whereby the black allele is dominant to the red allele, which itself is dominant to the white "albino" allele [START_REF] Ky | The Mendelian inheritance of rare flesh and shell colour variants in the black-lipped pearl oyster (Pinctada margaritifera)[END_REF]. For the inner color of the shell, experimental crosses between red males and red females resulted in close to 100% red F1 [START_REF] Ky | The Mendelian inheritance of rare flesh and shell colour variants in the black-lipped pearl oyster (Pinctada margaritifera)[END_REF], whereas crosses between yellow males and yellow females or between green males and green females gave both around 50% of yellow and 50% of green F1 (Ky, pers. com.). These results suggest that the red phenotype is likely controlled by few genes, with high impact alleles, whereas the control of yellow and green phenotype likely depends on multiple genes with low impact alleles (polygenic). Recently, transcriptomic (Stenger et al., 2021a) and epigenomic [START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF] studies have for the first time identified pathways leading to color variability in this species, as well as some key genes. However, putative genomic variants that could control those phenotypes have not yet been described. Genetic variants involved in color phenotypes have been extensively studied in vertebrates. In felines, the acquisition of a stop codon in the tyrosinase related protein 1 (TYRP1) gene through a substitution from T to C at position 298 lead to a cinnamon phenotype (light brown color coat) [START_REF] Lyons | Chocolate coated cats: TYRP1 mutations for brown color in domestic cats[END_REF]. A missense mutation is responsible for the replacement of the 618 arginine with a cysteine in the premelanosome protein 17 (PMEL17) gene, changing its 3D conformation and leading to the silver coat color (the uncommon silver dapple phenotype) in horses [START_REF] Brunberg | A missense mutation in PMEL17 is associated with the Silver coat color in the horse[END_REF]. SNPs that are located directly upstream, downstream or within intronic regions can also control color phenotypes by modulating gene expression. According to [START_REF] Hart | Improved eye-and skin-color prediction based on 8 SNPs[END_REF] upstream SNP of the Solute Carrier Family 2 Member 4 gene (SLC2A4) produces blue eyes and light skin in humans [START_REF] Hart | Improved eye-and skin-color prediction based on 8 SNPs[END_REF]. A single SNP in the intron of the HECT and RLD Domain Containing E3 Ubiquitin Protein Ligase 2 gene (HERC2) at position 86 determines the human blue-brown eye color [START_REF] Sturm | A single SNP in an evolutionary conserved region within intron 86 of the HERC2 gene determines human blue-brown eye color[END_REF]. Several other studies have also demonstrated that a single SNP in an intron can modify the expression of neighboring genes [START_REF] Shima | Association between intronic SNP in urateanion exchanger gene, SLC22A12, and serum uric acid levels in Japanese[END_REF][START_REF] Tokuhiro | An intronic SNP in a RUNX1 binding site of SLC22A4, encoding an organic cation transporter, is associated with rheumatoid arthritis[END_REF]. Moreover, SNPs contained in intergenic regions can also impact phenotypic traits through their proximity to long intergenic noncoding RNAs (LincRNA) [START_REF] Hangauer | Pervasive Transcription of the Human Genome Produces Thousands of Previously Unidentified Long Intergenic Noncoding RNAs[END_REF]. In the Pacific oyster Crassotrea gigas, LincRNAs affect the expression of the pigment related genes tyrosinaselike proteins, dopamine, β-monooxygenase, chorion peroxidase and cytochrome P450 2U1, leading to different color phenotypes [START_REF] Feng | Transcriptional profiling of long non-coding RNAs in mantle of Crassostrea gigas and their association with shell pigmentation[END_REF].

Since the rise of next generation sequencing (NGS) in the last decade, it is now possible to sequence entire genomes and identify color-associated SNPs. Genome-wide association studies (GWAS) with shell coloration were carried out for Cepaea nemoralis (Linnaeus, 1758) [START_REF] Richards | RADSeq derived markers flank the shell colour and banding loci of the Cepaea nemoralis supergene[END_REF], Patinopecten yessoensis [START_REF] Ding | Transcriptome sequencing and characterization of Japanese scallop Patinopecten yessoensis from different shell color lines[END_REF] and Argopecten irradians [START_REF] Du | Draft genome and SNPs associated with carotenoid accumulation in adductor muscles of bay scallop (Argopecten irradians)[END_REF]. For instance, in P. yessoensis, 395,646 SNPs were associated with the 'Ivory' strain and 310,649 with the 'Maple' strain [START_REF] Ding | Transcriptome sequencing and characterization of Japanese scallop Patinopecten yessoensis from different shell color lines[END_REF].

Among them, several SNPs impacted genes involved in metal transport, like the metalloreductase STEAP2 [START_REF] Ding | Transcriptome sequencing and characterization of Japanese scallop Patinopecten yessoensis from different shell color lines[END_REF]. In A. irradians, association analysis indicated that 126 SNPs were associated with carotenoid accumulation in the adductor muscle, like the cytochrome P450 family [START_REF] Du | Draft genome and SNPs associated with carotenoid accumulation in adductor muscles of bay scallop (Argopecten irradians)[END_REF]. Whole-genome sequencing of separate individuals remains costly for an association approach, especially for non-model species, and the number of sequenced individuals is often low. A way to use more individuals at a reduced cost is to perform reduced-representation sequencing (like RAD-seq). However, the small proportion of the genome that is sequenced makes it easy for polygenic associated variants to not be detected. Sequencing pools of individuals (Pool-seq) represent another way to include many individuals while keeping the cost of sequencing down. It has been successful in identifying 17 SNPs linked to different color phenotypes in natural Drosophila populations [START_REF] Bastide | A genome-wide, fine-scale map of natural pigmentation variation in Drosophila melanogaster[END_REF] and thus represents a costeffective technique to assess the association of variants to phenotypes by comparing allelic frequencies among those phenotypes. Moreover, this technique provides a great compromise between the sequencing costs (lower), the number of individuals sequenced (higher)and the coverage of the genome (whole genome).

The main objective of our study was to identify candidate SNPs associated with three inner shell color phenotypes using a total of 172 P. margaritifera individuals. For this, we used a pool-seq strategy on three P. margaritifera inner shell colors of interest for pearl farming: red, yellow and green phenotypes. The main questions were: (i) are there color associated SNPs to be identified in the red, green and yellow phenotype, (ii) could these SNPs impact known pigmentation genes or pathways, and (iii) can we identify novel genes or pathways associated to color that were not identified in previous studies?

Materials and methods

Samples collection

In this study, we used three wild populations (Takapoto, Katiu and Gambier) and one hatchery population selected for their strongly colored phenotypes and one hatchery produced population, and selected individuals from the three phenotypes in each population (see map in Figure 1). All individuals had a black mantle phenotype. The map was obtained with the R package Marmap V. 1.0.3 [START_REF] Pante | marmap: A Package for Importing, Plotting and Analyzing Bathymetric and Topographic Data in R[END_REF][START_REF] Pante | Package ' marmap ' : Import, Plot and Analyze Bathymetric and Topographic Data[END_REF] with the NOAA's (National Oceanic and Atmospheric Administration of U.S.A.) bathymetry data. The wild individuals were collected from Takapoto (14°37'00.5"S 145°12'11.4"W) and Katiu (16°25'59.1"S 144°21'11.9"W) atolls in the Tuamotu archipelago and Mangareva (23°06'55.8"S 134°59'03.6"W) island in the Gambier archipelago.

For each location and each color phenotype, 50 individuals were selected by visual appreciation of their color and phenotypically confirmed later by analyzing their inner shell color with ImaginR V 2.0 R package [START_REF] Stenger | Package ImaginR[END_REF][START_REF] Stenger | Colour plasticity in the shells and pearls of animal graft model Pinctada margaritifera through colour quantification with the HSV system[END_REF] (see "Color typing and analysis" section), resulting in a total of 450 individuals for the wild group. An additional 20 samples per color phenotype were selected from a hatchery color breeding program (total N=60). These F1 individuals originate from three multi-parental families selected for their highly saturated color phenotypes (10 males and 10 females from each identified phenotype sampled from the Gambier archipelago contributed to production of the progeny in the multi-parental families through mass spawning). These F1 individuals were used to enhance the genetic signal of putative allelic variants linked with color phenotype, by reducing the genetic noise due to genetic diversity in the dataset. On the other hand, wild populations are used to avoid any family effect and false positive association due to a possibly reduced genetic diversity in F1. As such, a total of 510 samples were used for DNA extraction.

All individuals were sampled in 2017 and had a dorso-ventral size between 8 and 12 centimeters for an estimated age of 2-3 years (age of maximum expression of their color phenotype; Ky, personal communication). For each individual, a 5 mm 3 piece of mantle was sampled and stored in ethanol 96% at 4°C. After 48 hours, ethanol was renewed. The shells of all individuals were cleaned and kept for inner shell color analysis.

Color typing and analysis

Shells of the sampled individuals were photographed with a Canon ® PowerShot G9 placed in a Packshot Creator™ (V. 3.0.3.8), in order to prevent dark shadows and light reflection on the shell surface, as described in [START_REF] Stenger | Colour plasticity in the shells and pearls of animal graft model Pinctada margaritifera through colour quantification with the HSV system[END_REF]. Image processing and color qualification were realized in ImaginR, as described in [START_REF] Stenger | Colour plasticity in the shells and pearls of animal graft model Pinctada margaritifera through colour quantification with the HSV system[END_REF]. Using the HSV (Hue Saturation Value) color space, "ImaginR" characterizes inner shell color variations using a machine learning protocol with a training dataset. The training dataset allows for building a distribution of HSV values that corresponds to the different color phenotypes (giving the software pictures of what is considered red, yellow or green phenotype in our species). The three HSV distributions of our species did not overlap, allowing for perfect identification. To phenotype a new individual, the picture of its shell is processed by the program, and its HSV values extracted and compared to the distribution of the training dataset. to reassign shells (and pearls) to pre-defined phenotypic categories constructed from the training set. Any HSV combination falling outside of the profiles of the 3 phenotypes will be classified as "unknown", while the rest of the individuals will be assigned to one of the three phenotypes. Individuals presenting both very high DNA quality and a validated affiliation to the red, yellow or green phenotype categories in ImaginR were kept for sequencing. Pairwise t-tests were conducted between phenotypes and sites for the HSV values, to test for any differences among geographic sites.

DNA extraction, QC, and pooling of samples

Samples were cleaned with DEPC before DNA extraction. Total DNA of 25mg of mantle was extracted for each individual with a QIAamp DNA Mini Kit from QIAGEN ® (Cat No./ID: 51306) following manufacturer recommendations, with an RNase A treatment step (see manual). An additional step was added after overnight digestion in order to remove mucopolysaccharides following the protocol in [START_REF] Sokolov | An improved method for DNA isolation from mucopolysacchariderich molluscan tissues[END_REF]: 50μL of a saturated KCl solution (34g KCl / 100g H2O) was added to the digested samples, and the mixed solution was then centrifuged at 14,000 G for 15 minutes. DNA quality and quantity was assessed with a NanoDrop™ 1000 and agarose gels (500mL of agarose 1.2%, TBE 1X, SYBR ® Safe 3μL (Invitrogen -Cat No./ID: S33102), 50 volts). Only high-quality DNA extraction were added to the pools. Pools were constructed using equimolar proportions of each individual of each phenotype and each sampling location. Figure 1 presents the number of sequenced individuals by pools according to their location and their phenotypes.

Sequencing approach

In total, 172 individuals were pooled according to their color and their population of origin, resulting in 12 pools (Figure 1). DNA libraries were prepared by Genome Québec (MPS Canada) facilities, using a TruSeq DNA PCR Free for Illumina Kit for DNA libraries / Shotgun PCR Free (800ng DNA for library construction, Illumina TruSeq LT). Samples were sequenced on 12 lanes of an Illumina HiSeqX by the Genome Québec facilities (MPS Canada (one pool per lane).

Read trimming, mapping and SNP calling

Analyses were performed on the Ifremer Datarmor cluster. Raw reads quality was assessed with FastQC [START_REF] Andrews | FastQC: a quality control tool for high throughput sequence data[END_REF]. Reads were cleaned and adaptors were removed with Trimmomatic [START_REF] Bolger | Genome analysis Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF]) (V. 0.36 -illuminaclip 2:30:10; leading 28; trailing; 28 and minlen 40). BWA-MEM V. 0.7.15 (Li & Durbin, 2009) was used to map reads against P. margaritifera's genome assembly [START_REF] Reisser | Pinctada margaritifera reference genome V2[END_REF]. The 12 BAM files were filtered with SAMtools V. 1.4.1 (Li et al., 2009) to keep only uniquely mapped and properly paired reads with a mapping quality score higher than 5, and then sorted and indexed. PCR duplicates were removed using the Picard MarkDuplicates (V. 1.119), and reads were corrected with SplitNCigarReads from GATK [START_REF] Mccormick | RIG: Recalibration and interrelation of genomic sequence data with the GATK[END_REF]. BAM files were then indexed with SAMtools and checked with the flagstat tools.

Variant calling was performed with Freebayes V. 1.2.0 [START_REF] Garrison | Haplotype-based variant detection from shortread sequencing[END_REF].

The pooled-discrete and cnv-map parameters allowed us to precise the number of individuals (N individuals times ploidy) used for each pool in order to adapt the SNP calling to the sample size. VCF Filter V.1.0.0 [START_REF] Müller | VCF.Filter: Interactive prioritization of disease-linked genetic variants from sequencing data[END_REF] was used to filter out SNPs with a depth below 20. We used VCFtools V. 0.1.14 [START_REF] Danecek | The variant call format and VCFtools[END_REF] to filter out SNP loci with a minor allele frequency below 1% (remove rare alleles) and with any missing genotyping. BCFtools V. 1.4.1 [START_REF] Narasimhan | BCFtools/RoH: A hidden Markov model approach for detecting autozygosity from nextgeneration sequencing data[END_REF] was used to keep only biallelic SNPs loci. 22,169,780 SNPs were obtained at this step. Complex events reported by Freebayes (biallelic block substitutions) were decomplexed with vt and the decompose_blocksub algorithm [START_REF] Tan | Unified representation of genetic variants[END_REF], thereby recovering 1848 additional SNPs.

Multivariate analysis

Pi diversity was calculated using VCFtools V. 0.1.14 [START_REF] Danecek | The variant call format and VCFtools[END_REF] with a window of 10000 sites for each pool. A Kruskal-Wallis test and a pairwise Wilcoxon rank sum test were proceeded. For each pool, allelic frequencies (AF) from the VCF file were obtained by extracting the ratio of AD/DP for each of the SNPs.

To visualize relationships among samples, a principal component analysis was performed with the R packages stats V.3.6.1 (R Core Team) and ggplot2 V.3.2.0 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF] using AF data for each of the 12 pools.

Statistical models for association study

We used a combination of general linear model approaches to test for the presence of any significant differences in AF among color phenotypes, while controlling for geographical site of origin. Methodology for the combination of these statistical models were found in [START_REF] Hsu | Multiple Comparisons in the General Linear Model[END_REF][START_REF] Searle | Linear models[END_REF][START_REF] Hothorn | Simultaneous inference in general parametric models[END_REF]Crawley, 2012. For the GLM, the AF values were used as the response variable, while site and color values were used as explanatory variables.

for (i) SNP: mod glm(AF ~ Color + Site)

Since there are two explanatory variables (color and site), the information was decomposed with another model because we were interested in comparing the levels of the two factors simultaneously. As such, a general linear hypothesis (GLHT) and multiple comparisons for parametric models (MCP) with ANOVA and post hoc Tuckey was implemented in a two-step strategy, separating color and site testing.

The GLHT-MCP was first used on the color results. The input model of the GLHTMCP was the result of the first GLM, and an ANOVA-Tuckey test was performed for the MCP results. Results were stored in an R variable and the same process was used for the site variable and stored into another R object.

To identify SNPs related to both color and geography to remove them from the results (because we are here interested in the universal control of color), we performed an additional test that encompasses all the results: simultaneous comparison of the levels of each factor was done using a new simple GLHT on the first GLM with specification of the linear hypotheses of both GLHT-MCP performed on color (K1) and on site (K2):

glht(mod, linfct = rbind(K1, K2))

A Bonferroni correction method (Hommel 1988) was applied on all P values. All analyses previously cited were performed with the R packages multcomp V. 1.4-10 (Hothorn et al., 2019), readr V. 1.3.1 [START_REF] Wickham | readr: Read Rectangular Text Data[END_REF], dplyr V. 0.8.3 [START_REF] Wickham | dplyr: A Grammar of Data Manipulation[END_REF], tidyr [START_REF] Wickham | tidyr: Tidy Messy Data[END_REF] and stringr V. 1.4.0 [START_REF] Wickham | stringr: Simple, Consistent Wrappers for Common String Operations[END_REF]. Parallelization of the calculations was achieved with the R packages foreach V. 1.4.4 and doParallel V. 1.0.14 following [START_REF] Weston | Package ' doParallel ' : Foreach Parallel Adaptor for the "parallel" Package[END_REF] recommendations. This model combination allowed us to obtain P values for all site comparisons and color phenotype comparisons. A SNP was deemed significantly associated with color if it had a Bonferroni corrected P value < 1e10 -9 in at least one pairwise color comparison and no geographic pairwise comparisons.

In addition, a significantly associated SNP was deemed "color specific" if its association was found in all the pairwise comparison involving a specific color (eg. a green specific SNP will have a significant P value for both the green vs yellow comparison, and for the green vs red comparison).

The R package circlize (Gu, 2019) (V. 0.4.6) was used to create a chord diagram to visualize the color-associated SNPs. Histograms for allelic frequency distributions were obtained with ggplot2 with 30 bins. Pirate plots (raw data, descriptive statistics, and inferential statistics plotted in the same graphic from the yarrr R package V.0.1.5 [START_REF] Phillips | Package ' yarrr ': YaRrr!: The Pirate's Guide to R[END_REF] were chosen to illustrate the differences between the twelve distributions. After checking data normality with a Shapiro test, a non-parametric Pairwise Wilcoxon test with a Bonferroni adjustment was performed with the R package stats to test any statistical differences between the distributions.

Functional analysis of associated SNPs

SnpEff and SnpSift V. 4.3 [START_REF] Cingolani | A program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3[END_REF] were used to identify the potential impact of color-associated SNPs on P. margaritifera's genes sequence. Visualization of these results were obtained with the R packages ggplot2 and cowplot V1 [START_REF] Claus | cowplot: Streamlined Plot Theme and Plot Annotations for 'ggplot2[END_REF]. The annotated VCF files containing the color associated SNPs are available as Supplementary File S01A, B and C.

We then continued the analysis keeping only color-associated SNPs with high, moderate and modifier impacts: high category includes impact like stop/start codon loss/gain, moderate category includes impacts like change in amino-acid, and modifier category includes impacts like intergenic region, intron, or upstream/downstream variant (2000bp around the gene, corresponding to the default parameter in SNPeff).

GOATOOLS [START_REF] Klopfenstein | GOATOOLS: A Python library for Gene Ontology analyses[END_REF] was used to test for enrichment of GO terms in those SNPs, with Fisher's exact test (significance at p-value <0.05). Significantly enriched GO categories were visualized in REVIGO [START_REF] Supek | Revigo summarizes and visualizes long lists of gene ontology terms[END_REF] for the biological process, cellular components and the molecular functions. The word clouds of the enriched GO terms were obtained with the OmicsBox software (biobam) using the top 40 most enriched GO terms (see Supplementary File S02).

Amino acid changes and protein modeling

For all associated SNPs occurring in exonic regions of genes, complete exonic sequences were extracted using the intersect tool from BEDTOOLS [START_REF] Quinlan | BEDTools: A flexible suite of utilities for comparing genomic features[END_REF].

The corresponding exon sequence with the SNP location was translated into amino acids sequences with the Expasy web interface (https://www.expasy.org). The obtained amino acid sequences of these alternative proteins (bearing the associated variants) were compared with P. margaritifera's protein sequences and the corresponding frame in Expasy were selected. Protein modeling for the reference and alternative sequences were obtained for P. margaritifera's PBGD (porphobilinogen deaminase), shematrin, cytochrome P450 3A29 and Cadherin-23 isoform X1 (see Stenger et al., 2021a) : i) sequences alignment were obtained with ClustalW for the P. margaritifera genome reference sequence and the alternative sequence carrying the amino-acid modification and (if any) with other species referential sequences, ii) I-Tasser (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) was used for secondary structure prediction for both reference and alternative P. margaritifera's amino-acids sequences and for finding crystal structure (PDB) or the ligand binding site, iii) super-imposition of the Protein Database files was performed on the website tool SuperPose (http://superpose.wishartlab.com) with default parameters.

Results

Color typing

Inner shell color analysis of the wild individuals revealed that 87.36 %, 86.96 %, and 98.3 % of the sampled individuals were successfully assigned to the red, yellow and green phenotype respectively. The remaining individuals had color patterns that did not allow proper phenotypic characterization (multiple colors on the shell, as described in [START_REF] Ky | Mono-and polychromatic inner shell phenotype diversity in Pinctada margaritifera donor pearl oysters and its relation with cultured pearl colour[END_REF]) and were thus removed from further analysis (see Figure 1 for details on sampling design).

Within a given color phenotype, the average hue value obtained with ImaginR did not significantly differ among sites (red phenotype 0.032, 0.032, 0.031, 0.036; green phenotype: 0.490, 0.500, 0.490, 0.500; yellow phenotype: 0.220, 0.210, 0.210, 0.180 for Takapoto, Katiu, Gambier and hatchery respectively). The darkness parameter of the yellow pool for the hatchery population is significantly different from Gambier (T test P= 0.011) but not from Tuamotu.

Bioinformatics analysis

Between 875,890,480 and 978,499,888 raw sequences were obtained for the twelve pools (see Table 1 for lane specific results). After trimming, between 8.46 % and 16.08 % sequences were removed and between 73.08 % and 75.66 % sequences were properly mapped and paired on the reference genome. After filtering steps (see Material and Methods for details) 22,171,628 SNPs were retained for statistical analysis.

Multivariate analysis, and genetic diversity

The Principal Component Analysis performed on allelic frequencies (AF) for the 12 pools preferentially groups the samples by geographical sites and not by color phenotypes (Figure 2): Takapoto and Katiu (the two atolls from the Tuamotu archipelago) are grouped together, while the Gambier and hatchery pools (the hatchery population originating from Gambier crossings) form another group. One exception to that is the yellow phenotype from the hatchery pool, which is differentiated from both the Tuamotu and the Gambier samples and represents an outlier.

Pi diversity does not statistically differ among the pools (see Supplementary Files S03A-B), or among the samples grouped according to geographical sites or color phenotypes.

Association study

We identified between 15326 and 32440 significantly associated SNPs depending on the color phenotype and geographical site considered (Figure 3). As expected, there were more SNPs found in association with the geographical origin (from 21672 to 32440 SNPs) than with color phenotype (from 15326 to 16479 SNPs). Of these, 3622 SNPs were specifically associated with the red phenotype, 3564 to the yellow, and 3240 to the green (10426 SNPs in total). These color-associated SNPs are delimited by a black border in the chords of the diagram on Figure 3. AF distributions of the color associated SNPs are shown in Figure 4. All distributions are skewed toward the alternative allele (higher homozygosity for the alternate allele), while the distribution for the 22,171,628 SNPs (associated and nonassociated) is skewed toward the reference allele (higher homozygosity for the reference allele). Pairwise Wilcoxon test showed that the AF distribution among red pools is more homogeneous than that among the yellow or among the green pools themselves.

Moreover, the statistical differences of the Pairwise Wilcoxon test between AF distributions (Figure 4) didn't correlate with the differences in hue, saturation or darkness values between sites and phenotypes previously identified through the pairwise t-test.

Functional analysis of color-associated SNPs

Figure 5 shows the number of SNPs classified by their impact for each comparison.

The modifier category contained the highest number of SNPs (97.61 % of the total number of effects on average). The moderate and high categories only represented 1.05 % and 0.09% of the total number of effects respectively. Table 2 shows the most enriched GO terms according to GOATOOLS for each three phenotypes. The three color phenotypes share 12 enriched GO categories among which 3 were common to the red and green, 3 between red and yellow and 4 between yellow and green. Interestingly, there were 31 color-specific enriched GO terms: 11 GO terms were specifically enriched in the red phenotype, as for example "hydroxymethylbilane synthase activity" (GO:0004418), 11 GO terms were specifically enriched in the yellow phenotype, such as "calcium ion binding" (GO:0005509), and 9 GO terms were specifically enriched in the green phenotype like "heterocyclic compound binding" (GO:1901363) (Table 2).

Pigmentation pathways associated SNPs

Of the 10426 color-specific associated SNPs (see Supplementary File S01A, B and C), only 1.5% had GO categories related to pigment trafficking and biomineralization processes, like encapsulation of molecules, vacuole trafficking pigments, or biomineralization. Here we focused on SNPs impacting genes directly involved in pigmentation (these SNPs can be found in Supplementary Files S04 A, B, and C). A total of 54 different pigmentation related proteins encoded by 108 different transcripts were impacted by SNPs (Table 3 A, B and C). Red specific SNPs impacted 18 different genes encoding various pigment-related proteins, like β, β -Carotene 15,15'-dioxygenase gene, porphobilinogen deaminase and cytochrome P450 2C8 (Table 3). Yellow-specific SNPs impacted, 66 different pigments related genes, such as Xanthine dehydrogenase/oxidase, Cytochrome P450 3A11-like or many Copper/zinc superoxide dismutases (Table 3).

Green-specific SNPs impacted 27 pigment-related genes, such as flavin reductase (NADPH), glutathione S-transferase 1-like, or three cytochrome P450 2C8-like proteins (Table 3). Other genes were impacted by different SNPs in two color phenotypes: cytochrome P450 4F8-like and the visual pigment receptor peropsin-like (RRH) genes were impacted by different SNPs identified in yellow and red phenotypes. Cytochrome P450 2C8-like was also impacted by different SNPs in green and yellow phenotypes (Table 3).

Amino acid changes and protein modeling

Among the 108 pigment-related genes impacted by SNPs, only four had SNP impacting exonic sequences: a porphobilinogen deaminase (PBGD) sequence (scaffold2460|size144317.10), a shematrin sequence (scaffold2460|size144317.17), a cytochrome P450 3A29 (CYP3A29) (scaffold2294|size169326.2) and a Cadherin-23 isoform X1 (scaffold5945|size55440.1). The SNP impacting the PBGD sequence induced a change from a 307 threonine into a 307 isoleucine; the SNP impacting the shematrin sequence induced a change from a 340 aspartic acid to a 340 asparagine; the SNP impacting the CYP3A29 induced a change from a 140 leucine to a 140 phenylalanine and the SNP impacting the Cadherin induced a change from a 119 threonine into a 119 alanine.

Alignment of the human reference PBGD [START_REF] Song | Structural insight into acute intermittent porphyria[END_REF] sequence with the P. margaritifera genome's reference sequence and the alternative one revealed that both P. margaritifera sequences show a 31.58 % similarity to the human PBGD (Figure 6A). The presence of the SNP reduces the similarity between the two P. margaritifera sequences at 98.96 %. The secondary structure prediction by I-Tasser showed that the AA substitution leads to the folding of a beta strand at the C terminal part of the alternative P. margaritifera's PBGD sequence (see Supplementary File S05A and B). The superimposition between the reference and the alternative pearl oyster PBGD has a score of 488.8 (needle program; Figure 6A), indicating significant 3D conformation differences.

Since there is no shematrin reference protein in the Protein Data Bank, no match with shematrin protein was found with our de novo pearl oyster shematrin PDB. The comparison of the secondary structure of both reference and alternative P. margaritifera's shematrin sequences shows that the change from 340 aspartic acid to 340 asparagine in the alternative sequence induces the folding of an alpha helix, from position 349 to 350 (Figure 6B). The protein modeling visualization indicates that the reference and alternative sequences are very close to each other at the tertiary structure level (Figure 6B, Supplementary File S05C and D). The superimposition needle score for both pearl oyster shematrins is relatively high, with a value of 1959.0.

For CYP3A29, the protein modeling of reference and alternative pearl oyster CYP3A29 highlight structural differences between them (Supplementary File S05E and F).

While the reference sequence displays an alpha helix from the amino acid 138 to 151, the alternative sequence displays a beta strand from the amino acid 138 to 142 followed by an alpha helix from the amino acid 143 to 151 (Figure 6C). Despite the high needle score (1341.0) for the reference and alternative pearl oyster CYT3A29 sequences, the superimposition of their PDB is offset, due to the secondary structure changes linked to the SNP (Figure 6C).

Alignment of the P. margaritifera's reference Cadherin-23 isoform X1 sequence and the alternative indicated that both sequences are very similar (99.72 %) while the alignment of the secondary structure shows a lower similarity (97.72 %) (Figure 6D, Supplementary File S05G and H). The superimposition of both reference and alternative pearl oyster cadherin-23 matches with a small needle score of 111.0 (Figure 6D), indicating a divergence in the conformation between the proteins.

Discussion

The major quality trait of the French Polynesian pearls relies on the very diverse color range of the inner shell of P. margaritifera var. cumingii, and as such of its cultured pearls, a diversity that cannot be found in other Pinctada species [START_REF] Ky | Family effect on cultured pearl quality in black-lipped pearl oyster Pinctada margaritifera and insights for genetic improvement[END_REF]Ky et al., 2017a). However, little is known about the putative genetic control of these colors in pearl oyster species [START_REF] Lemer | Identification of genes associated with shell color in the black-lipped pearl oyster, Pinctada margaritifera[END_REF][START_REF] Shinohara | Comparison of two pearl sacs formed in the same recipient oyster with different genetic background involved in yellow pigmentation in Pinctada fucata[END_REF][START_REF] Williams | Molluscan shell colour[END_REF]. Our aim was thus to identify SNPs associated to three different inner shell colors in P. margaritifera (red [START_REF] Ky | Age-dependence of cultured pearl grade and colour in the black-lipped pearl oyster Pinctada margaritifera[END_REF], yellow [START_REF] Ky | Age-dependence of cultured pearl grade and colour in the black-lipped pearl oyster Pinctada margaritifera[END_REF] and green (Ky et al., 2017a)) to better understand the pathways involved in pigment production and the associated genetic mutations that impact them. While we identified SNPs impacting a set of genes that had been previously identified as differentially expressed among the different color phenotypes (thus highlighting a possible genetic control of their expression), we also uncover previously unknown pathways impacted by color specific SNPs, implicating novel candidate genes for the synthesis of pigment and expression of color phenotype in the Tahitian pearl oyster.

When considering both the geographical origin and the color of oysters, our results showed that geographical origin was the main driver of genetic differentiation among our samples. Indeed, samples generally clustered by archipelago, except for the yellow individuals from hatchery which were outliers to all other samples. In wild populations, the yellow phenotype can present peculiarities regarding the positioning of the colored area of the inner shell: the colored area for the yellow individuals was indeed generally found at the bottom of the posterior section of the inner shell, while for the two other phenotypes, the colored spot was present as a large band in all posterior, connection, middle and anterior sections of the inner shell [START_REF] Ky | Phenome of pearl quality traits in the mollusc transplant model Pinctada margaritifera[END_REF]. Moreover, results from ImaginR color qualification showed that the yellow hatchery individuals present a specific hue compared to all other yellow phenotypes, while having a significantly different global darkness value than that of the Gambier individuals. While it suggests the existence of a peculiar pigmentation deposition for the yellow phenotype between hatchery's individuals and the others. It cannot be explained by a possible family effect or diversity effect, since allelic frequencies distribution (AFD) of the color associated SNPs indicated that the yellow hatchery AFD were similar to the other yellow AFD. In addition, levels of Pi diversity were found to be similar in all our samples, so that a possible inbreeding effect in the yellow hatchery sample is unlikely. Thus, the origin of the genetic variation and the outlier status of the yellow hatchery population cannot be identified at this stage but is to be noted.

Putative genetic control of the red phenotype

Our results demonstrated that the red phenotype might be controlled by a limited number of SNPs and might be less polygenic than the green and yellow phenotypes [START_REF] Slatkin | Spatial patterns in the distributions of polygenic characters[END_REF][START_REF] Stahl | Bayesian inference analyses of the polygenic architecture of rheumatoid arthritis[END_REF]. Indeed, the red phenotype had a very similar AF distribution in all the geographical sites, while the two other phenotypes showed more variation. This observation is also congruent with the phenotypic segregation observed in F1 experimental crosses between red individuals from previous studies (see introduction).

The red specific SNPs showed functional enrichment for hydroxymethylbilane synthase activity (GO:0004418), a pathway containing the gene porphobilinogen deaminase (PBGD). This GO category was already identified as specific to the red color in a previous study (Stenger et al., 2021a), in which PBGD was significantly downregulated in the red phenotype compared to the yellow and green phenotypes. This downregulation causes a form of acute intermittent porphyria (AIP) in mammals, linked with the accumulation of uroporphyrin I in cells, a well-known red pigment that was previously identified in marine bivalve shells (Stenger et al., 2021a). This kind of porphyria may here be the result of a non-functional PBGD protein due to a SNP [START_REF] Balwani | The porphyrias : advances in diagnosis and treatment[END_REF][START_REF] Meyer | Intermittent acute porphyria-demonstration of a genetic defect in porphobilinogen metabolism[END_REF][START_REF] Schneider-Yin | Ancestral founder of mutation W283X in the porphobilinogen deaminase gene among acute intermittent porphyria patients[END_REF][START_REF] Siersema | Erythrocyte porphobilinogen deaminase activity in porphyria cutanea tarda[END_REF][START_REF] Song | Structural insight into acute intermittent porphyria[END_REF]. Five different genes encoding porphobilinogen deaminases were found to be impacted by 91 SNPs in the red phenotype, though only one was located within an exon. This SNP created a beta strand at the positions 92-93 of the protein and a 3D conformation change with the reference protein. However, we did not find any scientific literature on the cost of this change for the protein's functionality. The other SNPs were located in introns or upstream/downstream of the gene sequence, all of which are known to influence the expression levels of the neighboring genes [START_REF] Shima | Association between intronic SNP in urateanion exchanger gene, SLC22A12, and serum uric acid levels in Japanese[END_REF][START_REF] Tokuhiro | An intronic SNP in a RUNX1 binding site of SLC22A4, encoding an organic cation transporter, is associated with rheumatoid arthritis[END_REF].

These SNPs could thus lead to a perturbation of the heme pathway, leading to an accumulation of the red pigment uroporphyrin I due to downregulation of the PBGD, in the red pearl oyster phenotype, as previously hypothesized (Stenger et al., 2021a), and validation by experimental crosses, phenotyping and genotyping will be necessary.

In addition to the previously identified heme pathway, our genome-wide study highlighted a new pigmentation pathway not previously identified as involved in the red phenotype: the carotenoid pathway. Carotenoids are well-known red, brown, and yellow pigments [START_REF] Hornero-Méndez | Carotenoid biosynthesis changes in five red pepper (Capsicum annuum L.) cultivars during ripening. Cultivar selection for breeding[END_REF][START_REF] Lado | Fruit shading enhances peel color, carotenes accumulation and chromoplast differentiation in red grapefruit[END_REF][START_REF] Tolmach | Pigmentation of the skin due to vitamin A deficiency[END_REF]. A SNP was located in the 5' region of the β, β -Carotene 15,15'-dioxygenase gene (BCO1) and has a higher frequency in the red phenotype than others. BC01 is a key enzyme in betacarotene metabolism to vitamin A, and SNPs located in 5' regions of genes involved in this pathway are known to impact the production of vitamin A [START_REF] Lietz | Single Nucleotide Polymorphisms Upstream Gene Influence Provitamin A Conversion Efficiency in Female Volunteers 1 -4[END_REF]. Four other genes impacted by SNPs were found to intervene in carotenoids biosynthesis and in the correlated retinol metabolic pathway: three cytochromes P450 (CYP26A1, CYP2C8 and CYP3A29), impacted by 8 SNPs, and a UDP-glucuronosyltransferase 1-2 (UGT), a gene previously described as differentially regulated in different color phenotypes in pearl oysters (Stenger et al., 2021a). For the cytochrome P450 family, one SNP was located in an exonic region of CYP3A29. This SNP significantly changed the tertiary conformation of the protein by shortening an alpha helix and creating a new beta strand at the modified amino acid position, which suggests a possible impact on its functionality. SNPs affecting BCO1, CYP26A1, CYP2C8, CYP3A29 and UGT could affect concentrations of circulating carotenoids by modifying the degradation of β-carotene molecules into all-trans-retinoic acids, leading to an accumulation of β-carotene that would have to be excreted/degraded into pigmented carotenoids forms [START_REF] Biesalski | Conversion of β-Carotene to Retinal Pigment[END_REF][START_REF] Chichili | βcarotene conversion into vitamin A in human retinal pigment epithelial cells[END_REF][START_REF] Hill | The vitamin A-Redox hypothesis: A biochemical basis for honest signaling via carotenoid pigmentation[END_REF][START_REF] Hornero-Méndez | Carotenoid biosynthesis changes in five red pepper (Capsicum annuum L.) cultivars during ripening. Cultivar selection for breeding[END_REF][START_REF] Lado | Fruit shading enhances peel color, carotenes accumulation and chromoplast differentiation in red grapefruit[END_REF][START_REF] Lietz | Single Nucleotide Polymorphisms Upstream Gene Influence Provitamin A Conversion Efficiency in Female Volunteers 1 -4[END_REF][START_REF] Nadin | Participation of CYP2C8 in retinoic acid 4hydroxylation in human hepatic microsomes[END_REF][START_REF] Naveed | Cytochrome P450s: Blueprints for Potential Applications in Plants[END_REF][START_REF] Tolmach | Pigmentation of the skin due to vitamin A deficiency[END_REF]. Recently, retinol and retinoic genes have been confirmed to be associated with shell color of Crassostrea gigas in the orange and black phenotype [START_REF] Li | Integrated Analysis of Coding Genes and Non -coding RNAs Associated with Shell Color in the Pacific Oyster (Crassostrea gigas)[END_REF].

The purine metabolism pathway also was impacted by a SNP upstream of the bifunctional purine biosynthesis protein (PurH -EC:2.1.2.3 3.5.4.10 in the red phenotype).

PurH controls the synthesis of FAICAR molecule (5'-Phosphoribosyl-5-formamido-4imidazolecarboxamide) and can also use PurH as a substrate to produce IMP (Inosine 5'monophosphate), the final molecule in the de novo purine nucleotide pathway [START_REF] Beardsley | Structure and functional relationships in human purH[END_REF]. IMP molecule is the direct precursor to Guanosine 5' triphosphate (GTP) [START_REF] Ng | Zebrafish mutations in gart and paics identify crucial roles for de novo purine synthesis in vertebrate pigmentation and ocular development[END_REF] and was identified as differentially methylated and potentially involved in coloration process in the pearl oyster P. margaritifera [START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF]. This specific GTP is involved in the synthesis of yellow pigments in the pterins pathways (xanthopterins and sepiapterins) and in pheomelanin or in eumelanin in the RaperManson pathway (Stenger et al., 2021a;[START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF]. Since IMP can be created by different ways, the pigment production in pterins and Raper-Mason pathway could be slightly reduced in the red phenotype. We also identified 13 SNPs related to the Shematrin-like protein 1. The superimposition of the reference and alternative shematrin show differential conformation in the C-terminal end of the protein suggesting potentially weaker functionality. Shematrins are Mollusca proteins expressed specifically in the edge region of the mantle [START_REF] Marie | Characterization of MRNP34, a novel methionine-rich nacre protein from the pearl oysters[END_REF][START_REF] Yano | Shematrin: A family of glycinerich structural proteins in the shell of the pearl oyster Pinctada fucata[END_REF]. These proteins could take part in the calcification of the prismatic layer of the pearl oyster shell [START_REF] Yano | Shematrin: A family of glycinerich structural proteins in the shell of the pearl oyster Pinctada fucata[END_REF], and were over-expressed in black strains compared to the albino strains in P. margaritifera [START_REF] Lemer | Identification of genes associated with shell color in the black-lipped pearl oyster, Pinctada margaritifera[END_REF].

In conclusion, individuals of the red phenotype have specific SNPs impacting the PBGD genes, which could affect gene expression and lead to the accumulation of the red pigment uroporphyrin I in the shell, as described in previous work (Stenger et al., 2021a).

They also have SNPs impacting pigments from the pterin pathway, a pathway previously identified in Stenger et al. (2021a[START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF]. However, the present results identified a new pathway that was not described before: indeed, we found multiple SNPs impacting genes of the carotenoid pathways.

Putative genetic control of the yellow phenotype

In the yellow phenotype, we identified 18 impacted genes involved in the melanin pathway, such as laccases and tyrosinases. The melanin pathway uses DOPA and DOPA quinone as precursors to synthesize eumelanin and pheomelanin. DOPA quinone can be used as a substrate by glutathione-S-transferase, which binds glutathione [START_REF] Sonthalia | Glutathione as a skin whitening agent : Facts, myths, evidence and controversies[END_REF] to produce glutathionyldopa, leading to pheomelanin (yellow to red color) instead of eumelanin (brown to black color) (Stenger et al., 2021a).

Several yellow-specific SNPs impacted the cytochrome P450 family. We identified two SNPs in two introns of cytochrome P450 3A (CYP3A). CYP3A4 metabolizes the anthocyanidin and anthocyanin pigments [START_REF] Srovnalova | Effects of anthocyanidins and anthocyanins on the expression and catalytic activities of CYP2A6, CYP2B6, CYP2C9, and CYP3A4 in primary human hepatocytes and human liver microsomes[END_REF], and was downregulated in yellow shells of Pinctada fucata martensii when compared to the darker shells [START_REF] Xu | Comparative transcriptomic and proteomic analysis of yellow shell and black shell pearl oysters, Pinctada fucata martensii[END_REF]. Three upstream and one intronic SNPs were also identified in CYP4F8, a gene that is downregulated in patients with lentigo (small reddish pigmented spot on the skin that induce freckles) compared to patients with normal skin [START_REF] Shin | Immunohistochemical Evaluation and Gene Expression Profiling of Senile Lentigo[END_REF]).

An upstream yellow specific SNP was found in a gene coding for vitamin D(3) 25hydroxylase (also known as cytochrome P450 2R1 -CYP2R1 -EC 1.14.14.24). CYP2R1 intervenes specifically in the steroid biosynthesis and controls the synthesis of calcidiol from vitamin D3. Calcidiol can become calcitriol in the next steps, which is the active form of the vitamin D. There is a huge literature about the role of vitamin D3 and skin coloration [START_REF] Jablonski | Human skin pigmentation as an adaptation to UV radiation[END_REF]. Indeed, the downregulation of this gene is found in light skin types compared to darker skin in humans [START_REF] Liu | Genetics of skin color variation in Europeans: genome-wide association studies with functional follow-up[END_REF]. The putative implication of this gene to the yellow P. margaritifera phenotype is further supported by the previous transcriptomic and epigenetic analyses between yellow and green phenotype in P. margaritifera (Stenger et al., 2021a;[START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF], which identified differential expression and methylation of many enzymes involved in steroids and in vitamins D3 pathways.

The purine salvage pathway [START_REF] Sculley | A review of the molecular basis of hypoxanthine-guanine phosphoribosyltransferase (HPRT) deficiency[END_REF] was also impacted by yellow specific SNPs. Two SNPs were found in the hypoxanthine-guanine hosphoribosyltransferase gene (HGPRT) in the yellow phenotype. HGPRT plays a central role in the generation of purine nucleotides, and its deficiency leads to the Lesch-Nyhan syndrome characterized by the overproduction of sand-like crystals of uric acid [START_REF] Sculley | A review of the molecular basis of hypoxanthine-guanine phosphoribosyltransferase (HPRT) deficiency[END_REF]. Also, an upstream SNP impacting xanthine dehydrogenase/oxidase (XDH)

was identified in the yellow phenotype. Xanthine dehydrogenase and related genes code for molybdenum-containing hydroxylases that catalyze purine and pteridine reactions (Brondino, Romão, Moura, & Moura, 2006). This family of genes contribute red, orange, and yellow pigmentation in many animals [START_REF] Watt | Xanthine dehydrogenase and pteridine metabolism in Colias butterflies[END_REF][START_REF] Shamim | Biochemistry and biosynthesis of insect pigments[END_REF][START_REF] Pimsler | Population genomics reveals a candidate gene involved in bumble bee pigmentation[END_REF]. This gene encodes an enzyme that oxidizes the yellow pteridine xanthopterin compound to the colorless pteridine leucopterin compound in Colias butterflies [START_REF] Watt | Xanthine dehydrogenase and pteridine metabolism in Colias butterflies[END_REF].

Other classically described genes involved in biomineralization processes were impacted by yellow specific SNPs. Three upstream and one downstream SNPs were found in the vicinity of two genes encoding for an amorphous calcium carbonate binding protein 1 (ACCBP). This gene is involved in morphology of nacre lamellae in the shell of Pinctada species [START_REF] Ma | A novel extrapallial fluid protein controls the morphology of nacre lamellae in the pearl oyster, Pinctada fucata[END_REF][START_REF] Shi | Characterization of the pearl oyster (Pinctada martensii) mantle transcriptome unravels biomineralization genes[END_REF]. Indeed, this gene could inhibit the growth of undesired aragonite crystal faces and ceasing the nucleation and growth of calcite [START_REF] Ma | A novel extrapallial fluid protein controls the morphology of nacre lamellae in the pearl oyster, Pinctada fucata[END_REF]. These could modify the morphology of nacre lamellae [START_REF] Ma | A novel extrapallial fluid protein controls the morphology of nacre lamellae in the pearl oyster, Pinctada fucata[END_REF], and since such changes could modify the color by physical mechanisms (Rousseau & RollionBard, 2012;[START_REF] Stenger | Environmentally driven color variation in the pearl oyster Pinctada margaritifera var. cumingii (Linnaeus, 1758) is associated with differential methylation of CpGs in pigment-and biomineralization-related genes[END_REF], further studies on this gene could be interesting.

Finally, 38 different genes encoding putative copper/zinc superoxide dismutase (Cu/Zn SOD) were impacted by 47 yellow-specific SNPs. Pigmentation pathways usually generate highly reactive molecules (porphyrins for example) that can be oxidized and have the potential to create reactive oxygen species (ROS), deleterious to the cell. Cu/Zn SOD are enzymes that catalyze the dismutation of the superoxide radical into either ordinary molecular oxygen or hydrogen peroxide. For example, Cu/Zn SOD expression is incredibly high in patients with vitiligo because of the melanogenesis pathway perturbation [START_REF] Wacewicz | Selenium, zinc, copper, Cu/Zn ratio and total antioxidant status in the serum of vitiligo patients treated by narrow-band ultraviolet-B phototherapy[END_REF].

In conclusion, the yellow individuals have SNPs impacting laccases, tyrosinases, HGPRT and XDH, which could be the source of the differential expression identified in these genes previously (Stenger et al., 2021a). In addition, our results identified new genes (CYP4F8, CYP3A4 and CYP2R1) in these pathways.

Putative genetic control of the green phenotype

A previous transcriptomic study (Stenger et al., 2021a) found that the GST enzyme (see yellow phenotype above) which occurs in the melanin pathway is downregulated in the green phenotype compared to the yellow phenotype. GST uses dopaquinone to produce specifically pheomelanin, a yellow pigment. In the green phenotype, we found a green specific SNP in GST which could explain the downregulation of this enzyme detected in previous studies (Stenger et al., 2021a), leading to the preferential production of the black eumelanin pigment preferentially to the yellow pheomelanin pigment. Recently, the same hypothesis has been raised for the black Pinctada fucata martensii color line [START_REF] Adzigbli | Survival, retention rate and immunity of the black shell colored stocks of pearl oyster Pinctada fucata martensii after grafting operation[END_REF]. Moreover, it was proven recently that the regulation of expression of different tyrosinase genes (essential enzymes for melanism process) play a vital role in the shell color of the bivalve Ruditapes philippinarum [START_REF] Jiang | Molecular cloning and expression analysis of tyrosinases ( tyr ) in four shell-color strains of Manila clam Ruditapes philippinarum[END_REF].

One green specific upstream SNP impacted the ferritin 1 gene. This enzyme (EC:1.16.3.2) stores iron in a soluble, non-toxic, readily available form and could be used in the heme biosynthesis pathway [START_REF] Theil | Absorption of iron from ferritin is independent of heme iron and ferrous salts in women and rat intestinal segments[END_REF][START_REF] Wang | Development of expressed sequence tags from the pearl oyster, Pinctada martensii, Dunker[END_REF]. Also, one green specific SNP impacted ferrochelatase (FECH). FECH intervenes in the latest steps of the heme biosynthesis, to produce heme from protoporphyrin IX. Also belonging to the heme pathway, flavin reductase NADPH (BLVRB gene -EC:1.3.1.24) was impacted by a green specific SNP. This enzyme converts biliverdin (green pigment) into bilirubin (yellow pigment) [START_REF] Cunningham | Initial-rate kinetics of the flavin reductase reaction catalysed by human biliverdin-IXβ reductase (BVR-B)[END_REF]. The SNP impacting BLVRB could affect the synthesis of the protein, leading to green biliverdin accumulation in the green phenotype, as previously hypothesized (Stenger et al., 2021a).

Thirteen SNPs impacting nine different cadherin-23 genes (Figure 6B) were identified in our dataset, among which four SNPs impacted four green specific transcripts.

Although cadherin-23 couldn't be directly linked to any green pigment, this protein is involved in several pigmentation processes in other organisms. Cadherin-23 overexpression has been associated with the "purple zigzag" phenotype in the clam Meretrix, with an up-regulation in this phenotype compared to the white phenotype [START_REF] Yue | Transcriptome analysis of shell colorrelated genes in the clam Meretrix meretrix[END_REF].

Classic biomineralization genes were also identified as possibly impacted by SNPs.

Four green specific SNPs were identified in up-and downstream regions of three perlucinlike genes. Perlucin is involved in nucleation and subsequent growth of calcium carbonate crystals [START_REF] Blank | The nacre protein perlucin nucleates growth of calcium carbonate crystals[END_REF]. This protein allows the connection between the chitin and aragonite layers [START_REF] Sun | Characterization of the mantle transcriptome of Yesso scallop (Patinopecten yessoensis): Identification of genes potentially involved in biomineralization and pigmentation[END_REF]. Recently, this protein was recognized to be linked to the pigmentation of the shell of Ruditapes philippinarum [START_REF] Nie | Transcriptome analysis reveals the pigmentation related genes in four different shell color strains of the Manila clam Ruditapes philippinarum[END_REF]. Also, multiple SNPs were identified in calcium-binding protein cml8 and calcium-binding protein LPS1alpha like, which are potential calcium sensors found only in the green phenotype.

In conclusion, the green individuals have SNPs impacting the previously identified melanin pathway and the heme pathway. However, cadherins are new genes that were not previously described in color associated genes in P. margaritifera. These genes are impacted by several SNPs for the green phenotype and should be investigated in further studies.

Conclusion

The goal of the study was to look for genetic variants associated with three different color phenotypes of the Tahitian pearl oyster: green, yellow and red. First, we confirmed that the genomic control of color in P. margaritifera is polygenic, with SNPs impacting multiple genes involved in several pigmentation pathways, sometimes shared among the different colors. Moreover, we noted the fact that the red phenotype was likely less polygenic than yellow and green phenotype, since the allelic frequency variation of the associated SNPs among the 4 populations studied was not as strong as for the two other phenotypes. Of the 108 pigment-related SNPs we identified, four fell into exonic sequences, while many others were located into upstream or downstream regions, in intergenic regions, or in introns. The four exonic SNPs impacted the 3D conformation of the proteins they modified, but their actual effect on gene expression and the resulting phenotype will have to be confirmed by further experimental studies, as is the case of upstream and downstream SNPs. Associated SNPs located in intergenic regions cannot be overlooked either, as they could impact LincRNAs and control color phenotypes, like for C. gigas.

Our whole-genome pooled sequencing approach revealed that many genes impacted by color specific SNPs had been identified as candidate genes in the transcriptomic analysis of the same color phenotypes. However, our study highlighted complementary pathways not identified previously, and which are known to be involved in color expression in other Mollusca and animals, such as the carotenoids pathway for the red phenotype (BCO1). The presence of these pigments in the shell of the pearl oysters will have to be confirmed through biochemistry, since the RAMAN spectroscopy analysis used in previous studies on the shells of the tahitian pearl oysters is not effective at identifying carotenoids. Also, new candidate genes were also identified for the yellow phenotype (CYP4F8, CYP3A4 and CYP2R1), and for the green phenotype (cadherin-23).

Finally, we identified genes that are not directly involved in pigment synthesis but that are known to intervene in the control of potential cell damage due to the reactive nature of many pigments (oxidative stress and ROS degradation) like the Cu/Zn SOD genes.

The actual functional role of the candidate SNPs in pigmentation pathways must be validated. Currently, it is not possible to cultivate mantle cell lineages of P. margaritifera 

  in the lab, to provide a way to use crispR techniques and observe the color of nacre precipitation of these cells. RNAi techniques were tested but are very tedious to use on such a species, and very stressful for the animal. Currently, our only perspective is to use these SNPs and genotype as many individuals as possible to validate the pattern of segregation we see here at a larger scale. A SNP Chip has been developed and includes all the SNPs identified in this study, to validate the association of these SNPs to color morphs.The chip is currently being tested in breeding programs with pearl farmers. Our results open new doors for the implementation of future breeding programs focused on individual genomic selection for specific color production in pearl oysters, and improve the footprint of perliculture on Polynesian lagoon by reducing the production volume while increasing the quality of the pearls.
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 1 Figure 1 Map of French Polynesia showing the sampling sites and number of sequenced samples (N) per phenotype in this study: The hatchery individuals originated from the reproduction of wild individuals from the Gambier archipelago but were raised in the Ifremer lagoon concession in Tahiti.
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The last row gives the mean of each column. Name of pigment related proteins impacted by SNPs specific to the green, yellow and green phenotype. For each protein, the information for one SNP is given as an example, with the name of this SNP (scaffold number and position of the SNP), the reference ® and alternative (A) allele, their impact, and the number of transcripts bearing SNPs coding the same protein. 
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