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Introduction

Next-generation sequencing (NGS) has revolutionized the access to the structure and variation of the genome and provided high throughput data that can be readily used for population analyses. Among novel techniques of Reduced-Representation Sequencing (RRS, [START_REF] Davey | Genome-wide genetic marker discovery and genotyping using next-generation sequencing[END_REF]), Genotyping-By-Sequencing (GBS, [START_REF] Elshire | A Robust, Simple Genotyping-by-Sequencing (GBS) Approach for High Diversity Species[END_REF]) has many advantages for population genetics studies of non-model species, especially for wildlife populations and conservation genomics ( [START_REF] Narum | Genotyping-bysequencing in ecological and conservation genomics[END_REF]). As a quantitative indicator of its power, the GBS ratio between the number of markers generated and the sequencing costs may be particularly high. The method is technically quite straightforward to implement, and thanks to barcode tagging, it is possible to process simultaneously (i.e. on the same sequencing lane) numerous samples at a time ( [START_REF] Andrews | Harnessing the power of RADseq for ecological and evolutionary genomics[END_REF]). This technique, however, has a few drawbacks, mostly issues related to handling the large to very large generated datasets. Introducing their new, computationally-effective pipeline TASSEL-GBS, Glaubitz et al. (2014,[5]) were stating with great accuracy that "the new bottleneck is the efficient bioinformatics analysis of the vast and ever-expanding sea of data".

Not only the prominent issue of low-coverage encourages development of innovative bioinformatics pipelines (such as Stacks [START_REF] Catchen | Stacks: Building and Genotyping Loci De Novo From Short-Read Sequences[END_REF][START_REF] Catchen | Stacks: an analysis tool set for population genomics[END_REF] or PyRAD [START_REF] Eaton | PyRAD: assembly of de novo RADseq loci for phylogenetic analyses[END_REF], applied to population studies of many non-model organisms), but also the ignorance of the nature of short-length sequences generated by "randomly" targeting the whole genome. In wildlife studies, little is known about the karyotypic structure, the ploidy and the paralogy level between chromosomes of the studied species. Moreover, in many cases, sequences generated by RRS are the first genome-wide molecular information ever obtained. Among others, allele drop-out (ADO, [START_REF] Gautier | The effect of RAD allele dropout on the estimation of genetic variation within and between populations[END_REF]) is an example of how genotype calling (and subsequent population genetics analyses) is affected by the unavailability of other molecular knowledge about the studied species.

Sex chromosomes may also generate issues (e.g. miscalling sex-specific markers) of that type when using RRS techniques for population studies because of differences between heterogametic and homogametic sexes (e.g. female birds are ZW, and male birds are ZZ). For instances, the lack of karyotypic (and sex chromosomes) information could hamper the determination of the autosomal/non-autosomal origin of short-length sequence reads.

Moreover, in birds this issue can be serious due to a large disparity of sizes between sex chromosomes (Z and W), even considering closely related species ( [START_REF] Zhou | Complex evolutionary trajectories of sex chromosomes across bird taxa[END_REF][START_REF] Rutkowska | The long and the short of avian W chromosomes: no evidence for gradual W shortening[END_REF]). Recent studies using RRS techniques (e.g. [START_REF] Gamble | Identification of sex-specific molecular markers using restriction site-associated DNA sequencing[END_REF] with lizard species, [START_REF] Fowler | Genomic characterization of sex-identification markers in Sebastes carnatus and Sebastes chrysomelas rockfishes[END_REF] with rockfish species or [START_REF] Stovall | Genetic sex assignment in wild populations using genotyping-by-sequencing data: A statistical threshold approach[END_REF] with fur seals) have resulted in new ways to identify sex-specific molecular markers. Nevertheless, in these studies, all the samples ( [START_REF] Gamble | Identification of sex-specific molecular markers using restriction site-associated DNA sequencing[END_REF][START_REF] Fowler | Genomic characterization of sex-identification markers in Sebastes carnatus and Sebastes chrysomelas rockfishes[END_REF]) or at least a group of them ( [START_REF] Stovall | Genetic sex assignment in wild populations using genotyping-by-sequencing data: A statistical threshold approach[END_REF]) were previously sexed. The issue of determining the autosomal/non-autosomal origin of short-length reads would get even more problematic when the studied samples are not easily sexed, as some bird species displaying little sexual dimorphism. In such case, PCR-based sex determination (molecular sexing; see [START_REF] Ellergren | First gene on the avian W chromosome (CHD) provides a tag for universal sexing of non-ratite birds[END_REF] and [START_REF] Griffiths | A CHD1 gene is Z chromosome linked in the chicken Gallus domesticus[END_REF]) offers a way to distinguish males from females.

In this paper, we are dealing with three aquatic bird species expressing low (the Brazilian merganser Mergus octosetaceus Vieillot, 1817, and the masked booby Sula dactylatra Lesson, 1831) to moderate sexual dimorphism (the brown booby S. leucogaster Boddaert, 1783). None of these three species has a reference genome; moreover, little is known about their karyotypes (e.g. see [START_REF] Malleret | Citogenética comparativa entre espécies de aves Suliformes: Sula dactylatra, Sula leucogaster (Sulidae) e Fregata magnificens (Fregatidae)[END_REF] for Sula sp.). Population genomics can be even more intricate since only few of the M. octosetaceus and S. leucogaster samples were previously sexed (on the field and/or using molecular sexing [START_REF] Griffiths | A CHD1 gene is Z chromosome linked in the chicken Gallus domesticus[END_REF]). Preliminary PCA analyses involving birds of the genus Sula have suggested a likely bias associated to the gender, i.e., individuals of the same sex had a propensity to cluster together (see results).

Hence to perform population analyses with RRS data accounting for potentially sex-linked artifacts, we have developed GBirdS, a new pipeline for avian population genetics from GBS reads, implementing a reverse approach described in this study. Instead of first identifying molecular markers linked to sex chromosomes from ascertained samples and therefrom assigning sex to samples and considering their sexes in population analyses, we first isolate, from unsexed individuals, a group of linked sequences whose distribution pattern over samples makes it likely to be sex-related. These likely sex-linked sequences are then considered as irrelevant for downstream population analyses, which we compare to analyses obtained by existing pipelines (Stacks [START_REF] Catchen | Stacks: an analysis tool set for population genomics[END_REF] and iPyRAD -cited in [START_REF] Spriggs | Restriction-Site-Associated DNA Sequencing Reveals a Cryptic Viburnum Species on the North American Coastal Plain[END_REF]). Our main objective in this study is to develop a new bioinformatic pipeline for RRS analyses that is able to discard sequences linked to the W chromosome. The secondary objectives are to assess if the subsequent inference of the (unknown) sex of the samples is correctly achieved by comparing to molecular sexing and to assess how much the discarded sequences affect the estimation of the population structure.

Material and Methods

Reduced-representation sequencing data from aquatic bird species from Brazil

Data collection

Three avian species were collected: two of them belong to the genus Sula (the brown booby S. leucogaster, the masked booby S. dactylatra; Order: Suliformes) and one belongs to the genus Mergus (the Brazilian merganser M. octosetaceus; Order: Anseriformes). The samples of S. 2008 and 2016 in the states of Minas Gerais (Serra da Canastra -CAN, and Alto Paranaíba -ALP), Tocantins (Jalapão -JAL) and Goiás (Chapada dos Veadeiros -VEA); see Table 1 for more details.

All these 131 samples were sequenced (details in next section) and were then filtered based on rules for outliers detection among samples implemented in our pipeline (detailed in Supplementary Information SI2). Furthermore, two ASP samples of S. leucogaster were filtered out beforehand due to an unintended mixing of DNA samples during genomic library preparation, finally leaving 113 samples for bioinformatic analyses (Table 1).

Generation of short single-end reads

The GBS data was generated in Ecomol, a genomic service company from the ESALQ University (Piracicaba, SP, Brazil), following a protocol adapted from Elshire et al. (2011, [START_REF] Elshire | A Robust, Simple Genotyping-by-Sequencing (GBS) Approach for High Diversity Species[END_REF]). Prior to sequencing, the integrity of the samples was evaluated by agarose gel electrophoresis (2%) to check if there was any genomic DNA degradation. Then, DNA purity and quantity were evaluated using Nanodrop 2000 and Qubit® 2.0 devices and following recommendations of the manufacturers. A total of 131 samples (see Table 1) were submitted to the GBS library construction protocol. All DNA samples were diluted to a concentration of 10 ng/µL. For enzyme digestion, 10 µL of DNA of each sample, 16 µL of water, 1 µL of PstI enzyme (20 U/µL -New England Biolabs) and 3 µL of buffer were added separately. This solution was incubated at 37°C during 60 minutes and the confirmation of the digestion was performed using a 2% agarose gel.

The PstI enzyme was chosen because it provided the best results in in vitro tests and used in previous studies (involving birds [START_REF] Toews | Genomic variation across the Yellow-rumped Warbler species complex[END_REF] and other animals [START_REF] White | Adaptive evolution during an ongoing range expansion: the invasive bank vole ( Myodes glareolus ) in Ireland[END_REF][START_REF] Donato | Genotyping-by-Sequencing (GBS): A Novel, Efficient and Cost-Effective Genotyping Method for Cattle Using Next-Generation Sequencing[END_REF]). After digestion, different barcodes of varying length (5 to 9 bp) were used to tag each sample for posterior individual identification of reads. The barcode tagged DNA was then lyophilized in the vacuum centrifuge (45°C during 120 minutes) and ligated to adapters according to the GBS protocol [START_REF] Elshire | A Robust, Simple Genotyping-by-Sequencing (GBS) Approach for High Diversity Species[END_REF]: (1) addition of 1 µL of T4 Ligase enzyme (New England Biolabs), 5 µL of 10x buffer and 19 µL of water, (2) incubation to 22°C during 120 minutes, and (3) enzyme inactivation through incubation at 65°C during 30 minutes. After this, the samples were purified using the QIAquick PCR Purification Kit (Qiagen, CA) following recommendations of the manufacturer, and then amplified with primers complementary to the restrictions fragments and adapters that ligate the PCR products to the flow cell oligonucleotides. The PCR temperatures and times were as follows: 1x(72 o C -5 min; 98 o C -30s); 18x(98 o C -30s; 65 o C -30s; 72 o C -30s ); 1x(72 o C -5 min). The amplified products were checked on a 2% agarose gel and purified with AMPure XP beads (Beckman-Coulter) in order to filter out small DNA fragments. The resulting GBS library was quantified by qPCR and with the Bioanalyzer (Agilent Technologies), and sequenced using the Illumina HiSeq 2000, generating ~100 bp single-end reads.

A pipeline for fast genotype calling from short single-end reads

Working hypotheses

Hereafter, we assume that no reference genome is available and that observed sequences may originate indifferently from nuclear (autosomes and sex chromosomes) and mitochondrial DNA. Also, we assume that sequences observed only in some samples from different sexes are likely to be sex-linked, depending (1) on the frequency of the pattern of observation of these sequences among the samples and (2) on the probability that such a pattern would be the actual sexing given a prior expected proportion of females (pfem) in the studied population. Furthermore, we consider that two identical restriction-site associated DNA sequences are both originated from the same locus if some conditions are fulfilled: (1) not being oversequenced, (2) not having an extremely high or low GC content. These sequences are then compared to each other and only those showing a high degree of similarity are further considered as potential polymorphisms of the same locus. We will then call genotypes by matching such sequences between them and considering those that have a high degree of similarity as originating of the same putative loci.

In the course of our description, we will use the term "sequence" to refer to an actual biological sequence of DNA and the term "read" to refer to the digital sequence of DNA base-pairs produced by the sequencer.

Demultiplexing

The list of barcodes and their corresponding sequencing lane numbers and sample identifiers are first loaded in memory. Each sequencing lane file (FASTQ format only) is then sequentially read and reads are parsed in three parts: barcode, remnant of the cutting site and sequence associated to the restriction site. Only reads with unambiguously identified barcode and remnant of the cutting site are further considered; reads whose barcodes and/or remnant of the cutting site include one or more unidentified base-pairs ("N") are trashed. However, please note that a change of one base-pair is allowed in the barcode part. In a similar manner, only associated sequences with all identified base-pairs are kept (first quality check; base pair level). Once read, these sequences are stored per sample in binary format (see Supplementary Information SI2). Hereafter, we will refer to them as reads since they constitute the meaningful part of the read.

Constitution of the library of reliable sequences

We proceed in two steps to uniquely sort the reads and quickly enumerate their numbers of occurrences per sample. First, reads are uniquely sorted, sample after sample, into identical sequences and the number of occurrences (hereafter referred to as the coverage of the sequence) is counted down for each unique sequence. Secondly, all unique sequences of all samples are pooled together and uniquely sorted. After sorting them, a coverage table (sequences vs. samples) is produced and some quality checks are performed using that table, first on sequences, then on samples (see Supplementary Information SI2 and SI3 for more details). Sequences are discarded if either their GC-content or their maximum coverage per sample is considered as outlier. Samples are discarded if their total amount of reads is lower than a user-defined number (set to 500,000 by default) or if they share a low proportion of identical sequences with most of other samples. The last check is achieved using a simple heuristic and aims to remove samples originating from other species. The user may choose to turn it off in case of interspecific studies. The remaining sequences are split in two libraries: the first one gathers all sequences that were observed only once and in one sample (hereafter referred to as singletons), and the second one gathers sequences observed in more than one sample (hereafter referred to as reliable sequences). Some files are written by the end of this step. A first file ("reads_counts_per_sample") contains the counts of reads from both libraries (singletons and reliable sequences) and the yield correction factor (YCF) per sample. The YCF accounts for the discrepancy in total number of reads among samples (for NA and Nmin the total numbers of reads respectively of sample A and of the sample with the least reads, 𝑌𝐶𝐹 ! = 𝑁 ! 𝑁 "#$ ⁄ ). Only the reliable sequences are used in the further steps. Writing these files allows the user to start new analyses from this step, hence avoiding the most computationally-expensive steps (demultiplexing and constitution of the libraries).

The .us files therefore contains all sequences that were read at least twice: either with a coverage of one in at least two samples, or with a coverage of two or more in a single sample.

Before downstream analyses, we apply coverage filters on reliable sequences: they are kept if their minimum coverage per sample and/or their minimum total coverage on all samples is greater than a threshold (set to 3 for both, by default). It is worth noting that these filters apply on reliable sequences before they are clustered in reciprocal pairs (i.e. before genotype calling -see section 2.2.5 for more details) and will thus be overtaken by coverage filters applied to genotype (COVmed and COVsin -see section 2.2.6).

Isolation and removal of sequences likely to be linked to chromosome W

Say a sexing is a possible determination of the sex of all samples from a given population. If the population contains N samples, 2 N sexing are possible. These sexing could be coded as logical N-long vectors (true is female; false is male), e.g. [𝑇, 𝑇, 𝑇, 𝐹, 𝑇, … , 𝐹, 𝐹, 𝑇]. Here, our aim is to heuristically determine which one of these 2 N possible sexing is the most likely. An exhaustive search among all possible sexing would however be computationally expensive, because 2 N may be very high (more than 1 million possible sexing when N = 20). But if we assume that at least one reliable sequence would originate from the chromosome W -we actually expect that there would have much more than only one -, the number of possible sexing to investigate is greatly reduced. Under this assumption, we only have to investigate the NP patterns of observation of reliable sequences among samples (𝑁 % ≪ 2 & when N is large). A pattern of observation of a given sequence states in which samples the sequence was observed (true) or not (false), e.g. [𝐹, 𝑇, 𝐹, 𝐹, 𝑇, … , 𝑇, 𝐹, 𝑇].

To do so, we first list all the patterns of observation of reliable sequences among samples.

Considering then each one of them separately as the true sexing, made of NF females and NM males (NF + NM = N), we compute:

1. the occurrence Oi of the pattern (i.e. the number of reads in the library of reliable sequences that follow this pattern of distribution); 

Genotype calling

All remaining sequences in a library are compared to each other using a framework similar to that of UNEAK ( [START_REF] Lu | Switchgrass Genomic Diversity, Ploidy, and Evolution: Novel Insights from a Network-Based SNP Discovery Protocol[END_REF]). In a few words, the rationale behind this framework is to search for reciprocal pairs of sequences with high similarity; such pair is further considered as originating from the same locus. "Reciprocal pair" means here that each member of the pair has high similarity only with the other member and not with other sequences in library. The resulting loci are thus bi-allelic. We consider two sequences as similar if they bear few singlenucleotide polymorphisms (SNPs) or a short-length insertion-deletion (indel). The number of SNPs allowed and the length of indels are user-defined; by default, we respectively set them to 2 and 9. Our implementation is based on our own comparison algorithm, which is specifically conceived for short-length sequences: the algorithm has quadratic and linear complexities respectively with the number of SNPs allowed and the length of indels (more details in Supplementary Information SI2).

Genotypes filtering and kinship computation

Filters are then applied to the set of called genotypes. We discard markers (1) if they are monomorphic, or (2) if the median coverage of one of their alleles is lower than a userdefined threshold COVmed (set to 6 by default), or (3) if the coverage of the minor allele is lower than a user-defined threshold COVsin (set to 10 by default). The last rule applies only to markers whose minor allele is a singleton (the allele was observed only in one sample among the population, in a heterozygous site); we consider that in such case the possibility that a singleton allele would be an error is more likely than the opposite (not an error). For all remaining markers, additional statistics are computed: sample call rate (CR), minor allele frequency (MAF), sample minimal coverage, p-value from Hardy-Weinberg Equilibrium test and, given a population map, FST estimation by the third formula of Weir and Cockerham (1984, [23]). Among these genotypes, those with CR and MAF greater or equal than userdefined values (respectively 0.7 and 0.02 by default) are kept apart to compute the kinship matrix using GBS with depth adjustment (KGD). The KGD matrix was proposed by Dodds et al. (2015, [24]) to take uncertainty linked to low coverage into account when computing kinship coefficients.

Code availability

The main body of the pipeline (demultiplexing, sort of reads into unique sequences per sample and for the whole population, quality checks, identification of sex-linked sequences, genotype calling and filtering) is wrapped in a single program written in Fortran 95 and the final steps (computation on outputs: matrix, fixation index and principal component analysis) are wrapped in a Matlab® function. All sources and executable are freely available on GitHub (https://github.com/pierrefaux/gbirds.git).

Comparisons to other pipelines

In order to assess the behavior of our new pipeline, we have also processed the GBS raw data with two state-of-the-art pipelines: Stacks ( [START_REF] Catchen | Stacks: Building and Genotyping Loci De Novo From Short-Read Sequences[END_REF][START_REF] Catchen | Stacks: an analysis tool set for population genomics[END_REF], version 1.44) and iPyRAD (cited in [START_REF] Spriggs | Restriction-Site-Associated DNA Sequencing Reveals a Cryptic Viburnum Species on the North American Coastal Plain[END_REF], version 0.6.27). Both of them are used with default values. Samples discarded by one of three pipelines are also discarded from other pipelines in order to compare computational requirements.

For comparison purposes, we set up four different selections of markers (labeled SI to SIV) for each of the three pipelines:

-SI is the largest selection: it includes all genotypes called by a given pipeline;

-SII gathers all markers whose COVmed and COVsin are respectively greater or equal to 6 and 10;

-SIII gathers all markers of SII whose CR is greater or equal to 7 and whose MAF is greater or equal to 2%;

-SIV gathers all markers of SII whose MAF is greater or equal to 2% and that are observed in all samples (CR equal to 1).

Selections SI and SII are set up to quantify the impact of filters (COVmed and COVsin, MAF and CR) on the actual number of markers returned by our pipeline (markers actually found in SIII).

Then, using selections SIII (which corresponds to the default filtering rules of our pipeline)

and SIV, we perform comparisons between pipelines on their estimates of the population structure. In first place, we compute various correlations between pipelines using KGD matrices built on SIII (as in our pipeline): (1) on both diagonal and off-diagonal values of the KGD matrix and (2) on the two first principal components of the KGD matrix. In second place, selection SIV (SIII with no missing genotype) is used to structure each population: using Admixture ( [START_REF] Alexander | Fast model-based estimation of ancestry in unrelated individuals[END_REF]), we determine the best number of sub-populations (K) for each pipeline and each species, and check if the samples are clustered in the same sub-populations throughout pipelines. Admixture finds out which K has best predictive accuracy by applying a 5-fold cross-validation procedure, for values of K ranging from 2 to 5. In third place, we estimate the differentiation between the sub-populations by computing the fixation index FST (using the third formula of Weir and Cockerham, 1984 [START_REF] Weir | Estimating F-statistics for the analysis of population structure[END_REF]).

Besides, the usage of computational resources of each pipeline, for each species, are further recorded: we take note of the computing time and of the memory peak. In order to avoid very long runs, the number of central processing units (CPUs) is requested before running the jobs:

16 CPUs for both Stacks and iPyRAD, as both allow parallelized work, and 1 CPU for GBirdS, as parallelization is not implemented in our pipeline. The memory peak refers to the maximum usage of random-access memory (RAM), measured as the maximum of the resident set size (RSS) of the job (when only 1 CPU is requested -as for GBirdS), or as the maximum of the sum of the RSSs of each CPU (when 16 CPUs are requested -as for Stacks and iPyRAD). The computational comparisons take place on Intel® Xeon® Gold (clock speed: 2.60 GHz, cache: 22 Mbytes and RAM: 192 Gbytes) computing nodes.

Determination of the sex of the samples (sexing)

On-field and/or molecular sexing were not previously available for all the 113 samples kept after filters for the population studies. Among the 36 S. leucogaster samples kept, 24 of them originating from São Pedro & São Paulo Archipelago (tagged "ASPxx") were sexed both on the field (based on beak measurements) and using molecular sexing (see below). Also, only 30 out of 31 M. octosetaceus samples kept after filters were sexed using molecular sexing, and only 19 of these 30 samples were also sexed on the field (by cloaca eversion). Thus, in order to estimate the sex of non-sexed samples, we have also aligned the library of reliable sequences to ten avian Z chromosomes and computed coverage statistics from perfectly matching sequences. Protocols and computations are described here below.

Molecular sexing

To perform the PCR molecular sexing, we used primers for the CHD gene (coding for chromodomain helicase DNA binding protein), first described on the W chromosome (CHD-W) of birds ( [START_REF] Ellergren | First gene on the avian W chromosome (CHD) provides a tag for universal sexing of non-ratite birds[END_REF]), and later found its homologue on the Z chromosome (CHD-Z) ( [START_REF] Griffiths | A CHD1 gene is Z chromosome linked in the chicken Gallus domesticus[END_REF]). The CHD genes are highly conserved among different animal species ( [START_REF] Kahn | Chromosome-specific intron size differences in the avian CHD gene provide an efficient method for sex identification in birds[END_REF]), but the intronic regions are less conserved and present different sizes ( [START_REF] Griffiths | A CHD1 gene is Z chromosome linked in the chicken Gallus domesticus[END_REF]). The different sizes of Z and W CHD homologues makes possible the sexual identification of bird samples through polymerase chain reaction (PCR), followed by visualization of the region amplified in agarose gel electrophoresis, since the females (ZW) would form two bands in the gel, whereas the males (ZZ) would form one single band.

First, all 54 available samples (30 M. octosetaceus and 24 S. leucogaster) had their DNA extracted following the phenol-chloroform protocol ( [START_REF] Sambrook | Molecular cloning: a laboratory manual[END_REF]). The integrity of the samples was evaluated by agarose gel electrophoresis (2%) where it was checked if there was any genomic DNA degradation. DNA purity and concentration were evaluated on the Nanodrop 2000 and Qubit® 2.0 devices, following recommendations of the manufacturers. After these steps the samples were submitted to PCR amplifying the CHD gene with the primers CHD1F (5' -TATCGTCAGTTTCCTTTTCAGGT -3') and CHD1R (5' -CCTTTTATTGATCCATCAAGCCT -3') described by Lee et al. (2010, [START_REF] Lee | A novel strategy for avian species and gender identification using the CHD gene[END_REF]) and the result was visualized on a 2% agarose gel electrophoresis.

Alignment of reliable sequences to avian Z chromosomes

The full sequences of the Z chromosomes of 10 avian species were downloaded from the NCBI genome repository (ftp://ftp.ncbi.nlm.nih.gov/genomes; see Supplementary Information SI6 for accession numbers). These ten species belong from different avian orders: one (Anas platyrhynchos) belongs to the same order as M. octosetaceus (Anseriformes), four of them are Galliformes (Coturnix japonica, Gallus gallus, Meleagris gallopavo and Numida meleagris), one (Athene cunicularia) belongs to Strigiformes and the remaining four are Passeriformes (Cyanistes caeruleus, Ficedula albicollis, Parus major, Taenipygia guttata). The libraries of reliable sequences of the three species (hence, including reliable sequences likely to be linked to chromosome W) were aligned against the ten Z chromosomes using bwa ( [START_REF] Li | Fast and accurate short read alignment with Burrows-Wheeler transform[END_REF]). For each of the three species, we kept apart any sequence perfectly matching (whatever the read sense) with all the ten Z chromosomes.

Here we postulate that any sequence complying with such a condition may be a Z-segment conserved through avian lineages. If this would be true and if all samples were sequenced at an equal and high coverage, we would expect that coverage to be, on average, twice as high for males (ZZ) in comparison to females (ZW). This assumption may unfortunately be affected by various effects, among others: (1) by the low coverage, i.e. the fact that a sequence was not observed in a sample does not mean that this sample does not have this Zlinked segment; (2) by the variation in total number of reads among samples, i.e. the fact that a Z-linked segment has a high coverage in a sample may be explained by a higher coverage that the average for that sample, rather than by the sex of that sample; and (3) by polymorphisms between the Z chromosomes that a male sample carries, i.e. a male carrying haplotypes Z1/Z1 is expected to have twice the coverage of a male carrying Z1/Z2.

To account for some of these effects, the number of reads of all sequences likely to be a conserved Z-segment was summed for any sample and then divided by the YCF of the sample (this factor accounts for the variation in total number of reads among samples -see section Constitution of the library of reliable sequences). Samples are finally ranked according to that corrected coverage. Males are expected to cluster at the top of the ranking and females at the bottom, the average values of males being twice the average value of females.

Results

Preliminary analyses suggesting sex-biased artifacts

We have started our study by processing the GBS data in Stacks (v. proportion with the same locus on the reference genome (SI1a). Therefore, processing these alignments with Stacks led to consider the two sequences as two alleles of the same locus. For 24 samples who were sexed on field, that locus was homozygous in males and heterozygous in females (SI1b). As bird females are the heterogametic sex (ZW), a likely explanation would be that the sequence #1 originated from the W chromosome and was incorrectly associated to a paralog located on the Z chromosome (sequence #2). That hypothesis was further corroborated by the sequencing depths (SI1c): sequence #2 (putatively originating from Z) was 1.7x more covered in males than in females.

Output files produced by GBirdS

Once the original reads are uniquely sorted in sequences (per sample and for the whole population), two binary files are outputted per sample; they store the libraries of singletons and reliable sequences respectively with suffixes .usg and .us. The sizes of these binary files are quite small (up to a few tens of Mbytes), making a new analysis from original data quite easy.

After finishing, the pipeline returns two libraries of sequences (in FASTA format): the sequences remaining after all cleaning steps and the sequences likely to be linked to W chromosome. These two libraries come along with two space-delimited files of same length containing, for each sequence, the coverage (number of reads) of each sample. Other outputs are a detailed list of all markers, the genotypes, the KGD matrix, and the projections of samples along the two first principal components of the KGD matrix. More details on the contents and formats of these files are given at the end of Supplementary Information SI2.

Isolation of sequences likely to be linked to chromosome W

For each studied species, the pipeline sorted all the different patterns of observation of reliable sequences among samples (considering sequences with a minimum coverage of 3). In line with the assumption detailed in section 2.2.4, the pipeline assumed that the top-scoring pattern shows the actual sexing. The sequences pertaining to that pattern of observation were kept apart, as they were considered to be linked to chromosome W. For each species, the isolated pattern was much more frequent than the average: from Table 2, it was from 360x (M. octosetaceus) to 1035x (S. dactylatra) more frequent than the average. These patterns were observed respectively in only 19, 23 and 13 samples for S. leucogaster, S. dactylatra and M. octosetaceus, suggesting those samples would share sequences that originate from chromosome W, hence would be females.

The proportion of these sequences per sample (computed as the total number of reads of the sequences matching to the pattern divided by the total coverage of all reliable sequences with a minimum coverage of 3) was computed and is plotted in Figure 3. The intraspecies distributions have small standard deviations (average proportion ranging from 2.6E-3 to 7.7E-3 and standard deviations from 3.5E-4 to 5E-4) and mirror the number of sequences matching the pattern for each species (lowest number for M. octosetaceus, and highest number for S.

dactylatra -see Table 2).

Comparisons to other pipelines

Genotype calling

Comparisons in terms of "marker yield" are given in Table 3. Stacks outperforms our pipeline (GBirdS) and iPyRAD in number of unfiltered markers (selection SI), even though it calls only SNPs and not indels. Among species, Stacks returns from 1.15x to 1.33x more markers than GBirdS.

The number of markers returned by GBirdS (selection SIII) is on average 4.8x lower than the initial number of markers. This factor is greater than for other pipelines (~3.3x for Stacks and ~3.9x for iPyRAD). Another difference between pipelines is related to the markers discarded from the initial selection (SI): in our pipeline, ~96% of the markers were discarded by rules on COVmed and COVsin while this is the case for ~82% and ~72% of the markers with Stacks and iPyRAD, respectively. The number of markers that comply to all filtering rules (SIII) remains ~1.6x higher with Stacks, when compared with iPyRAD or GBirdS. However, it is worth noting that there is a greater proportion of these markers that were not observed in all samples with Stacks (~72% vs. ~64% with iPyRAD, and ~57% with our pipeline), eventually leading to similar numbers of markers observed in all samples and complying with all filtering rules (selection SIV).

Comparisons using Admixture

Prediction errors returned by Admixture (see Table 4) show that all the three pipelines agree on splitting the populations of S. leucogaster and S. dactylatra in two sub-populations (K=2).

In both cases, these subpopulations match with the geographic origins. However, for M.

octosetaceus, Stacks finds out that the best K is 2 whereas both iPyRAD and GBirdS suggest K equal to 3 as the best model. Regarding geographic origins (referring to Table 1), all pipelines cluster together the M. octosetaceus JAL and VEA samples on the one hand and the CAN samples on the other hand; ALP samples are either all joint to the CAN cluster (with Stacks), either distributed between the CAN cluster and a third cluster, only made of ALP samples (with iPyRAD and GBirdS).

Prediction errors are always lower with Stacks. In the case of S. leucogaster, the Admixture model with K equal to 3 using Stacks has a prediction error lower than the lowest ones obtained by iPyRAD or GBirdS.

Comparisons using KGD matrix

Looking at how first principal components of the kinship matrices correlate between pipelines is another way to compare them, on their estimations of the population structure. In all the three populations, samples are ordered in a highly similar manner along the first PC (in Table 6, correlations always greater than 98.9%) by the three pipelines. Differences between our pipeline and the two other pipelines arise when ranking the samples along the second PC for S. dactylatra (results suggest that the second PC returned by GBirdS would be the third PC returned by Stacks and iPyRAD), or even further (third PC) for S. leucogaster.

Regarding kinship coefficients (see Table 6), estimates returned by the three pipelines are very similar in the case of S. leucogaster (correlations greater than 99.4%), moderate in the case of M. octosetaceus and low in the case of S. dactylatra. In the former case, correlations of diagonal elements are particularly low, thus suggesting that estimation of inbreeding coefficients would result in high differences between pipelines.

Average fixation indexes

Greater values of average fixation index FST are always obtained with our pipeline (Table 5).

Estimations of FST between subpopulations are nonetheless very similar from a pipeline to another.

In terms of population structure, the most differentiated subpopulations within species are those of S. leucogaster (NOR and ASP; see Table 1 for population details), exhibiting FST values ranging from 21% (from iPyRAD) to 25% (from GBirdS). Conversely, the closest subpopulations are those of S. dactylatra (FST ~2-3%). Among M. octosetaceus subpopulations, the closest ones are CAN and ALP (FST ~6-9%), followed by the CAN-VEA pair (FST ~8-11%).

Markers and PCs matching gender distribution

The main specificity of our pipeline is to spot markers that most likely originate from chromosome W and to filter them out. Conversely, some markers that perfectly match with the pattern of observation of W-linked sequences by GBirdS have gone through the filters with Stacks and iPyRAD (Table 7). For instance, almost 1% of the markers returned by Stacks and used for the computation of KGD matrix (selection SIII) show perfect association with the pattern in the case of S. leucogaster. These markers may thus affect the population structure analyses by clustering samples according to that pattern of observation of sequences.

Correlations between first PCs and the pattern (see Table 7) suggest that such a clustering would be found in S. dactylatra: the second PC correlates moderately (Stacks) to very well (iPyRAD) with that pattern. That effect is clearly visible when plotting the samples against the two first PCs obtained using Stacks or iPyRAD (see Figure 2). The same effect may be observed, to a lower extent though, in S. leucogaster (the pattern is moderately reflected in the third PC -see Supplementary information SI4 and SI5).

Computational requirements

As well for computing time as for memory usage, GBirdS outperforms Stacks and iPyRAD (see Table 8): with 1 CPU, GBirdS runs in less than 1 hour and requires maximum 8.1

Gbytes. In terms of computing time, with 16 CPUs, the fastest iPyRAD run (S. leucogaster) finishes in more than 17 hours while runs of Stacks take between 7 and 11 hours. In terms of memory usage, iPyRAD requires more or less twice the memory needed by GBirdS and

Stacks has the highest peaks (36 to 52 Gbytes) among the three pipelines. However, this peak is due to a single and short (about a few minutes) step in the Stacks pipeline (the "populations" command); besides this demanding step, the memory usage of Stacks is comparable to that of GBirdS.

The computing time required by GBirdS mainly covers the first steps of the pipeline (Figure 1(a): sequencing lane parsing, quality checks and unique sort of sequences per sample).

Among that steps, the longest time was required by the lane parsing (including the first level quality check on base-pairs Phred score). That step took from 16 (M. octosetaceus) to 39 minutes (S. dactylatra) with GBirdS, whereas the comparable step was more rapidly performed by iPyRAD for all three species (maximum 15 minutes), and achieved in similar timings by Stacks.

Determination of the sex of samples

Molecular sexing of 30 M. octosetaceus and 24 S. leucogaster samples has resulted in identifying 13 females and 17 males in M. octosetaceus, and 11 females and 13 males in S.

leucogaster. That result was in line with on-field sexing for the 43 samples sexed on the field.

The sexing results are detailed in Supplementary Information SI7, alongside with the observation/non-observation of sequences likely to be linked to chromosome W. For S.

leucogaster, the isolated sequences found to be likely linked to chromosome W were all sequenced in the 11 females and none of them was sequenced in the 13 males. For M.

octosetaceus, the isolated sequences found to be likely linked to chromosome W were all sequenced in 12 females out of 13, and none of them was sequenced in the 17 males. The mismatching sample was sexed only by molecular sexing (not on field) and the molecular sexing was confirmed after replication for that particular sample. Therefore, the pattern of observation of the sequences likely to be linked to chromosome W has a mismatch rate of 1/54 (2%) with molecular sexing (0% with on-field sexing).

The alignment of the library of reliable sequences against the ten avian Z chromosomes resulted in identifying few hundreds of sequences showing whole-length sequence match with all these Z chromosomes: 206 for S. leucogaster, 271 for S. dactylatra and 299 for M.

octosetaceus. Considering the on-field/molecular sexing as the true sexing for the 54 tested samples, the average corrected coverage of these Z-matching sequences was, respectively for males versus females: 285.3 ± 13.0 vs. 188.6 ± 12.6 (hence, 1.51x higher for males) for S.

leucogaster, and 183.7 ± 22.1 vs. 117.2 ± 15.2 (hence, 1.57x higher for males) for M.

octosetaceus. In Figure 4, all samples are plotted along the axis of corrected coverage in Zmatching sequences; a plain-blue circle indicates that the sequences likely to be linked to chromosome W were all observed in that sample, conversely, an open-red circle indicates that none of these sequences was observed in that sample. The tested samples are annotated with their on-field/molecular sexing on the left-hand side. The two mismatching females (one in both tested species) visually cluster with males, though they remain at the lower-edge of the male clusters. Similarly, the S. leucogaster mismatching male cluster with the females, at the upper-edge of the female clusters. Considering the observation/non-observation of sequences likely to be linked to chromosome W as the true sexing, the average corrected coverage of the Z-matching reads turns to (males versus females -computed using all samples): 281.6 ± 14.3 vs. 183.0 ± 22.0 (hence, 1.54x higher for males) for S. leucogaster and 181.8 ± 23.0 vs. 114.6 ± 12.3 (hence, 1.59x higher for males) for M. octosetaceus.

Discussion

Development of a new GBS pipeline: learnings, limitations and perspectives

The proposed pipeline achieved comparable population analyses as those of state-of-the-art pipelines with a much lesser usage of computing resources, making it useful for personal computers (low amount of memory required, speed of analyses) and for various types of RRS experiments (e.g. RAD-seq, ddRAD-seq; not tested yet). This efficiency in terms of computational resources is mainly imputable to the simplicity of the implemented methods (for sequences clustering, for sex identification and for genotype calling) because the most time-consuming step of our pipeline is the parsing of sequencing lane, a step that is achieved either in comparable times or in shorter times by the two other pipelines. Before scaling with number of samples, that parsing time actually scales with the number and the length of the sequencing lanes: the M. octosetaceus samples all come from only one sequencing lane (containing192 M of reads and parsed in 16 minutes) while the Sula sp. samples came from three sequencing lanes (containing from 216 to 230 M of reads and parsed in minimum 38 minutes). In terms of peak of memory usage, our pipeline linearly scales with the total number of reads: through the three species, we have observed a constant rate of ~37.8 Mbytes per million of reads kept in memory. This rate is in line with expectations: at the peak of usage, the two main variables allocated have the total number of kept reads as first dimension and the variable in third rank (according to memory usage) have the number of unique sequence as first dimension, which scales almost linearly with the total number of reads. At that stage of the pipeline, the number of samples affects the variables in fourth rank of memory usage and beyond. These empirical rules have yet to be confirmed but may help future users to check for applicability of the pipeline on low-resources platforms.

The main limitation of our pipeline also relates to its simple theoretical background: we only aim at sorting reads, gathering them into unique sequences, identifying patterns of distribution of these sequences and clustering them into reciprocal pairs. This simplicity, which was inspired by that of UNEAK [START_REF] Lu | Switchgrass Genomic Diversity, Ploidy, and Evolution: Novel Insights from a Network-Based SNP Discovery Protocol[END_REF], makes it low flexible (unable to handle overlapping reads;

does not work with paired-ends data), statistically poor (no statistical conclusions are drawn on genotype calling) and not as efficient as Stacks and iPyRAD in terms of data usage (singleton sequences are trashed by GBirdS while they are aligned against consensus sequences by Stacks and iPyRAD). Therefore, our new pipeline is not meant to replace existing, powerful, widely used pipelines such as Stacks and iPyRAD but instead, it should be used to check for the presence of a sex-related pattern before using these pipelines. Please note another current limitation: it was designed to work with avian species and has not yet been tested on other animal species, although it should be applicable to all species with differentiated sex chromosomes.

Though the sex identification method was tested on two different species (S. dactylatra being kept apart as no molecular/on-field sexing was available for that species) from two different avian orders, our algorithm has yet to be assessed, e.g. through simulation studies. The following parameters are worth testing: (1) other species (not only avian species, as already mentioned), including variations in size of the smaller sex chromosome; (2) various sizes of population, because the sex identification is shape in a way that it requires a minimal number of samples (of both sexes) to efficiently identify the sex of samples; and (3) various types of restriction enzymes (as their distribution over the chromosomes may affect sex identification in our method). As proposed by a reviewer, it would also be worth simulating the proportion of short (<100 bp) reads originating from both sexual chromosomes that cluster together based on known genomes.

Two major features should be added to the pipeline in the near future. First, the most relevant may surely be the parallelization of the code. Lane parsing would be the main step to parallelize since it is the most time consuming. Various solutions could be applied in GBirdS:

(1) reading various lane files simultaneously, (2) reading the same lane file with various file units, or (3) a simultaneous translation (from characters to integers) of various parts of the same read. Secondly, the possibility to include prior information about the sex of some samples: weighting the score of each pattern by its concordance with the prior information would be the easiest way to integrate that information.

Identification of female samples using GBirdS may be affected by the size of the W chromosome

In the Results section of this paper, we have outlined some elements showing that the isolated sequences are, at least partially, linked to sex; hence, isolating these sequences subsequently allows inferring the unknown sex of samples. On the one hand, most sexed samples agree with the sexing based on isolated sequences (98% of them). On the other hand, the mismatching samples cluster accordingly to that GBirdS sexing when considering their coverage in sequences perfectly matching to ten avian chromosomes Z (in Figure 4, the variance of corrected coverage grouped by sex are lower with GBirdS sexing than with onfield/molecular sexing, except for M. octosetaceus males). However, the GBirdS sexing approach remains imperfect: for one sample (M. octosetaceus) out of 54, the sexing achieved by GBirdS disagrees with molecular sexing (please note that this sample was not sexed onfield). Interestingly, the mismatching sample is located on the edge of the male cluster in Figure 4, indicating that a misclassification using that technique is more likely for this mismatching sample than for the samples located at the opposite extremes of the clusters. It is also worth noting that this mismatching sample is a female (according to molecular sexing) who was considered as a male by GBirdS. In other words, no GBS sequences likely to be linked to W was observed in that sample. Furthermore, the number of these sequences are much lower in M. octosetaceus than in Sula sp. (see Table 2), which does not lead to a visible artifact in population structure of the Brazilian merganser (see Table 7: no clear association between the 5 first PCs and the pattern distribution). Nevertheless, this reveals a limitation of sexing individuals based on GBirdS using RRS data: in cases where few sequences originate from the W chromosome, a female individual could be inferred as a male.

The number of artifactual sequences can also be implicitly related to the actual size of the W chromosome in a given species. Assuming that the filtered sequences are effectively linked to chromosome W, the proportion of the genome they cover (Figure 3) could be interpreted as an estimation of the relative sizes of the chromosome W between each species. Though inaccurate (the estimation relies on the assumption that the restriction enzyme uniformly targets all genomic regions), these estimations are in line with reported lengths of W chromosomes of related taxa (great cormorant for Sula sp.; mallard for M. octosetaceus, [START_REF] Rutkowska | The long and the short of avian W chromosomes: no evidence for gradual W shortening[END_REF]).

4.3.

Discarding sequences likely to be linked to W chromosome enhances population structure analyses in Sula sp.

Our study highlights the presence of an artifactual structuration pattern, apparently biased towards the gender of samples in two aquatic bird species of the Sula genus from Brazil: some of the first principal components and the distribution of inferred sex (Table 7) are moderately (S. leucogaster) to highly correlated (S. dactylatra -reflected in Figure 2.a-b).

Conversely, in M. octosetaceus, a gender-biased structuration pattern was never observed.

For the Sula sp., removing the sequences matching the sex-related pattern enhances population analyses: although Admixture analyses do not show large differences between pipelines, the fixation index results (see Table 5) are always greater for the genotypes called by GBirdS than for those called by Stacks or iPyRAD. We interpret this result as an evidence that the signal captured is a reproducible artifact, which is not related to the geographic localizations of samples, but to their sex. In worst cases, the presence of that artifact may greatly affect the population study. The case of S. dactylatra is quite illustrative: on Figure 2b (results from iPyRAD, marker selection SIII), the second PC classifies neatly the samples carrying sex-related sequences versus those not carrying such sequences. A confirmation is The more distant the value from 0, the darker the cell background.

Tables

Table 7. Match between filtered markers and the pattern of observation of sequences that was found likely to be linked to chromosome W by GBirdS, for the three pipelines and the three species. The more distant the value from 0, the darker the cell background. Table 8. Usage of computational resources (computing time, memory peak) and requested number of CPUs, for each pipeline and each species. Their frequencies and the probability that they reflect the gender distribution are computed. The library is finally split between final sequences used for genotype calling and sequences likely to be linked to chromosome W. (c) All-versus-all comparisons of remaining sequences in order to search for small differences (SNPs, short indels) between these sequences. Genotypes are called from reciprocally-matching sequences. 
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  leucogaster (43) and S. dactylatra (53) were collected from February to September 2015 in three Brazilian archipelagos of Trindade & Martin Vaz (TRI), Fernando de Noronha (NOR) and São Pedro & São Paulo (ASP), and samples of M. octosetaceus were collected between

2 .

 2 the probability Pi that the population contains the NF females and NM males of that pattern, as the binomial distribution B(N, pfem) where pfem is the expected proportion of females in population (set to 0.5 by default); For the i-th pattern among NP, we compute the score Si as 𝑂 # • 𝑃 # . The top-scoring pattern is considered as the true sexing and the sequences whose distribution matches with that pattern are considered as linked to chromosome W. Those sequences are eventually discarded from library. Besides, a score returns the strength of the signal captured by the highest score; it is computed as 1 -𝑆 '()* 𝑆 '()+ ⁄ , where Stop1 and Stop2 are the top-1 and top-2 scores.

Figure 1 .

 1 Figure 1. Graphical overview of the pipeline. (a) All reads produced by sequencing are demultiplexed and checked for base-pair quality (Phred score), barcodes and cutting-site remnant are removed. The reads are then uniquely sorted into unique sequences, which are then checked for quality (removal of outliers for GC-content and over-coverage) and divided between singletons (observed only in one individual) and shared (observed in more than one individual) libraries. Meanwhile, samples are checked for quality (total number of reads, contamination). (b) Patterns of observation of sequences from the shared library are uniquely sorted. Their frequencies and the probability that they reflect the gender distribution are computed. The library is finally split between final sequences used for genotype calling and sequences likely to be linked to chromosome W. (c) All-versus-all comparisons of remaining sequences in order to search for small differences (SNPs, short indels) between these sequences. Genotypes are called from reciprocally-matching sequences.

Figure 2 .

 2 Figure2. Plotting the Sula dactylatra samples against the two first principal components, obtained by three different pipelines. The first row features the first principal components of the KGD matrix (selection SIII) while the second row features the first principal components of the genotype matrix of markers observed in all samples (selection SIV). The three columns correspond to the three pipelines: (a) Stacks, (b) iPyRAD and (c) GBirdS. For any sample, the marker shape tells if the reads likely to linked to chromosome W by GBirdS were observed (triangle) or not (circle) in that sample and the marker color indicates the geographic origin (yellow for TRI and blue for NOR).

Figure 3 .

 3 Figure 3. Distribution of the proportion (pw) of sequences matching to the pattern found to be linked to chromosome W, for samples

Figure 4 .

 4 Figure 4. Corrected coverage in sequences matching to ten avian chromosomes Z, for all three species. Samples in which sequences likely to be linked to chromosome W were observed are plotted with plain-blue circles and samples in which these sequences were not observed are plotted with open-red circles. Samples sexed by on-field/molecular sexing are annotated with their sex.

  

  1.44) with reference genomes from two closely related species (the great Cormorant -P. carbo -for Sula sp. and the mallard duck -A. platyrhynchos -for M. octosetaceus), and performing preliminary population analyses with a PCA clustering approach. Processed GBS data derived from Sula leucogaster and S. dactylatra generated PCA graphs showing individuals forming groups separated by islands (as expected), but also two groups within each island clustering only females or only males (graph not shown). This suggested a likely bias associated to gender, i.e., individuals of the same sex had a tendency to cluster together.

This hypothesis was further supported by the alignment analysis of GBS reads. The two sequences (#1 and #2) of S. leucogaster samples outlined in Supplementary Information SI1 are aligned against the reference genome of P. carbo. Both sequences had high matching

Table 1 .

 1 Sample collection information and descriptive statistics of the NGS data.

				Number of reads after filtering
		Sampling locations			samples	
	Species	(code)	N1 N2	avg	med	min	max
	S. leucogaster	São Pedro & São Paulo	43 36 4,240,039 3,848,212 1,861,463 7,019,443
		Archipelago (ASP),					
		Fernando de Noronha					
		Archipelago (NOR)					
	S. dactylatra	Fernando de Noronha	53 46 4,643,619 4,206,670 2,257,164 7,813,045
		Archipelago (NOR),					
		Trindade & Martim Vaz					
		Archipelago (TRI)					
	M. octosetaceus Serra da Canastra (CAN),	37 31 5,794,931 5,421,581 1,043,704 12,997,656
		Jalapão (JAL), Alto					
		Paranaíba (ALP),					
		Chapada dos Veadeiros					
		(VEA)					

N1: Number of collected samples; N2: Number of samples after filtering samples

Table 2 .

 2 Statistics of patterns of observation of sequences among samples and isolation of a pattern likely to be linked to chromosome W, for the three species.

						Top-scoring pattern	
				Avg				
		# of	# of	#sequences				Signal
		sequences	observation	per				strength
		considered 1	patterns	pattern	#sequences #samples Score	score 2
	S. leucogaster	431,377	199,922	2.16	1894	19 236.96	89.5%
	S. dactylatra	485,102	265,876	1.82	1884	23 220.44	94.9%
	M. octosetaceus	480,654	216,972	2.21	795	13	76.35	85.7%

1 

Were considered only reliable sequences with minimum coverage per sample equal to 3.

2 Computed as 1 -𝑆 !"#$ 𝑆 !"#% ⁄ , thus bound by [0,1].

Table 3 .

 3 Number of markers obtained by three different pipelines and under four different filtering rules leading to four selections (numbered SI to SIV), for the three species.

	Selection	S. leucogaster	S. dactylatra	M. octosetaceus
	number and							
	filters	Stacks iPyRAD GBirdS Stacks iPyRAD GBirdS Stacks iPyRAD GBirdS
	SI: Unfiltered	64,261 44,648 55,815 86,718 66,502 72,738 47,111 33,981 43,903
	SII: COVmed>=6							
	& COVsin>=10	27,013 20,126 13,609 34,471 25,429 14,596 21,973 19,078 12,797
	SIII:							
	COVmed>=6&							
	COVsin>=10 &							
	CR>=0.7 &							
	MAF>=0.02	18,865 11,248 11,481 24,389 14,844 12,360 15,932 10,693 11,898
	SIV:							
	COVmed>=6 &							
	COVsin >=10 &							
	CR==1 &							
	MAF>=0.02	8,087	6,006	7,686 6,090	5,297	4,589 2,512	2,114	3,327
	COVmed = allele median coverage (rules applies to both alleles); COVsin = singleton allele coverage ; CR =
	sample call rate ; MAF = minor allelic frequency				

Table 4 .

 4 Prediction errors for Admixture models under different number of subpopulations (K), for the three pipelines and the three species.

		K Stacks	iPyRAD	Pipeline
	S. leucogaster	2 3 4 5	0,376 0,392 0,523 0,544	0,420 0,439 0,573 0,737	0,423 0,448 0,565 0,777
	dactylatra	2 3 4	0.450 0.497 0.556	0.467 0.518 0.569	0.484 0.533 0.594
	S.	5	0.603	0.622	0.664
	M. octosetaceus	2 3 4 5	0.562 0.664 0.615 0.700	0.641 0.639 0.727 0.789	0.606 0.589 0.712 0.723
	Lowest prediction errors per species and per pipeline are boldfaced.

Table 6 .

 6 Comparisons between the KGD matrices obtained by three different pipelines, by correlations 1 between the three first principal components (PC1, PC2 and PC3) and the diagonal (D) and off-diagonal (OD) elements of the KGD matrix, for the three species.

					GBirdS					Stacks
			PC1	PC2	PC3	D	OD	PC1	PC2	PC3	D	OD
			PC1 >99.9%	0.4% -0.2%					
	S. leucogaster	Stacks iPyRAD	PC2 PC3 D OD PC1 >99.9% -0.4% 97.7% 9.0% -0.1% -15.7% 44.0% 0.8% -0.5% PC2 -0.8% 97.7% 6.2% PC3 0.0% -15.6% 40.4% D	99.6% 99.4%	99.9%	>99.9% 0.4% -0.1% -0.4% 99.3% 0.3% 0.0% -2.3% 94.6%	99.8%
			OD				99.8%				99.9%
			PC1 99.5%	0.6% 0.2%					
	S. dactylatra	Stacks iPyRAD	PC2 PC3 D OD PC1 98.9% -0.3% -24.0% 55.1% 5.7% 78.9% 45.6% 1.6% -1.9% PC2 5.1% -12.8% 26.7% PC3 5.8% 72.3% 50.8% D	59.4% 38.3%	95.5%	99.5% -3.7% 5.4% 89.3% -11.1% 2.4% 3.5% 9.6% 97.1%	62.0%
			OD				87.9%				95.1%
			PC1 99.9% -0.4% -1.0%					
	M. octosetaceus	Stacks iPyRAD	PC2 PC3 D OD PC1 99.9% -2.0% -2.3% 1.0% 99.9% -0.4% 1.5% 0.4% 99.5% PC2 2.6% 99.4% 2.7% PC3 3.5% -4.6% 98.5% D	90.2% 77.1%	99.6%	99.9% -1.1% -1.4% 1.8% 99.7% 2.5% 1.8% -4.5% 97.2%	96.3%
			OD				98.9%				99.4%
	1									

Stacks iPyRAD GBirdS Stacks iPyRAD GBirdS Stacks iPyRAD GBirdS

  

	# of markers	matching with	pattern	SIII SIV	178 87	69 8	0 0	142 27	106 0	0 0	10 5	107 49	0 0
	Correlations 1	between PCs	and pattern	PC1 PC2 PC3 PC4 PC5	21.0% 30.8% 59.1% 25.3% -22.6%	21.0% -28.1% 29.0% -11.0% -80.1% -96.5% 1.1% 5.7% 44.6% -4.2% 12.3% 3.0% -20.0% 1.0% 7.0% 42.4% -32.1% 11.9% -7.1% 9.2% 4.4% -9.4% -25.8% 0.7% -32.1% -17.9% -24.4% -17.1% 6.3% 6.5% 7.0% 18.4% 21.9% 17.3% 13.0% 19.7% 14.5% 16.3% 15.5% 13.0%
	1												

given in Table 7: the correlation between the distribution pattern and the second PC is close to -1. The case is very similar for the results obtained with Stacks. One can find a first explanation in the same table: 0.7% of the markers in the iPyRAD selection have their distribution perfectly matching with the sex-related pattern. An investigation on how these markers were called reveals that in most cases, those markers were shaped by grouping sequences that most likely come from both sex chromosomes, hence calling as hetero/homozygous the hetero/homo-gametic samples.

Removing the sequences linked to chromosome W can therefore improve downstream analyses. However, it may be viewed as incomplete: indeed, if these sequences are genuinely originating from chromosome W, then cleaning the data by discarding them may also involve discarding reads from chromosome Z. Unfortunately, spotting reads originating from these sequences in a de novo approach (without using any reference genome), streamlined way cannot be achieved.

Conclusions

In this study, we introduce GBirdS, a new pipeline for fast genotype calling from short-length, single-end, barcoded reads for species without reference genomes. The main purpose of this pipeline is to isolate a pattern of observation/non-observation of sequences likely to be linked to chromosome W and discard them for further genotype calling and population studies.

Compared to state-of-the-art pipelines, the main advantage of GBirdS lies in its computational performances: GBirds is faster and uses less memory because it does not use singleton sequences and rely on a simple model for pairing similar sequences.

Besides, the isolated pattern of observations of sequences likely to be linked to chromosome W can be used to infer the unknown sex of samples. Compared to molecular sexing, this "GBS-based" sexing was found to be correct for 53 samples out of 54. Therefore, we assume that the ability of GBirdS to correctly infer the sex of samples is taxon specific, actually better for taxa that have larger W chromosomes, or that present higher number of W-derived reads.

For such species, it was found that discarding the sequences likely to be linked to chromosome W enhances the population structure analyses; these sequences work as an artifact, masking inter-individual and inter-population genetic differences. 
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Fixation index FST (averaged on all SIII markers)

Pop