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Abstract

Whole genome sequence data is an ideal tool for characterizing processes in ecology and 

evolution. Despite the lowering in sequencing costs, it can be challenging to produce a genome 

and high-coverage resequencing data for a non-model species. New population genomics data 

analysis pipelines based on genotype likelihoods allow for a significant reduction in cost by 

efficiently extracting information from low coverage sequence data. We demonstrate the 

robustness of such approaches with a genomic data set consisting of two draft genomes of the 

European sardine (Sardina pilchardus, Walbaum 1792), and resequencing data (~1.5 X depth) 

for 78 individuals from 12 sampling locations across the 5,000 Km of the species’ distribution 

range (from the Eastern Mediterranean to the archipelagos of Madeira and Azores). Our results

clearly show at least three genetic clusters. One includes individuals from Azores and Madeira 

(two archipelagos in the Atlantic), the second corresponds to Iberia (the center of the sampling 

distribution), and the third gathers the Mediterranean samples and those from the Canary 

Islands. This suggests at least two important barriers to gene flow, even though these do not 

seem complete, with individuals from Iberia showing some degree of admixture. These results 

together with the genetic resources generated for this commercially important taxon provide a 

baseline for further studies aiming at identifying the nature of these barriers between Sardine 

populations, and information for transnational stock management of this highly exploited 

species towards sustainable fisheries.

Keywords

European sardine, low coverage sequencing, population structure, marine fish
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Background

Population structuring in the absence of obvious physical barriers have puzzled biologists for 

centuries. In oceanic environment, strong genetic structure is mainly expected in species with 

limited ability to disperse and/or philopatric. Most marine animals are capable of long-distance 

dispersal facilitated by the combination of a long larval pelagic phase, high fecundity, large 

population sizes and adult migratory behavior, all of which contribute to low genetic structure

(J. Faria, Froufe, Tuya, Alexandrino, & Pérez-Losada, 2013). Yet, many studies have shown that 

several species have higher spatial genetic differentiation than expected considering their high 

dispersal potential (Palero, Abelló, Macpherson, Gristina, & Pascual, 2008; Pérez-Ruzafa, 

González-Wangüemert, Lenfant, Marcos, & García-Charton, 2006). In the case of marine fish, 

structure can range from a lack of differentiation between oceans to significant structure within

an ocean basin, challenging the simple concept of “open seas” and the assumption of high 

connectivity in marine environments (Graves, 1998). Assessing the existence of population 

structure in marine species capable of long-distance dispersal is essential to identify the various

factors involved in population differentiation in the absence of complete physical barriers (Rui 

Faria, Johannesson, & Stankowski, 2021). This is especially relevant for conservation efforts, 

including stock management of commercially important species (J. Faria et al., 2013).

The Mediterranean Sea and the contiguous Northeastern Atlantic Ocean have been the focus of

several phylogeographic and population genetic studies on marine fish. The Almeria-Oran 

Front, a well-defined oceanographic break situated east of the Strait of Gibraltar, has been 

pointed as responsible for hindering gene flow between Mediterranean and Atlantic fish 
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populations of many fish species but it is far from being an universal barrier  (Patarnello, 

Volckaert, & Castilho, 2007). The less studied Macaronesia, a group of archipelagos (Azores, 

Madeira and Canaries) separated from the Euro-African mainland by c. 100–1,900 km, has also 

been the target of several phylogeographic studies. This area is characterized by the presence 

of several oceanographic currents, e.g., the North Atlantic Current, the Azores Current and the 

Canary Current (Sala, Caldeira, Estrada-Allis, Froufe, & Couvelard, 2013), that together with the 

apparent lack of physical barriers can strengthen the potential for gene flow. Therefore, it is not

surprising that several studies have reported low population genetic differentiation within the 

Macaronesian region for different taxa (J. Faria et al., 2013), including fishes (Francisco et al., 

2011; Stefanni et al., 2015). Species distributed across these regions can thus inform us about 

the existence of cryptic substructure and possible barriers to gene flow between populations.

One of the most important pelagic fish resources in Atlantic waters is the European sardine, 

Sardina pilchardus Walbaum, 1792. This species has an enormous economic value, especially in 

Southern Europe and Morocco, where it is the main target of the purse-seine fleets in Portugal 

and Spain, representing a major source of income for local economies (ICES, 2013). Despite the 

importance of the sardine fishery, stock delineation for management purposes is still a matter 

of debate throughout the species distribution range (ICES 2006, FAO 2008), and is especially 

relevant in the recent scenario low biomass level [ICES, 2020]. The European sardine occurs 

from the southern Celtic Sea and the North Sea to Mauritania and Senegal, including the 

Azores, Madeira and the Canary Archipelagos, being also abundant in the Mediterranean

(Parrish, Serra, & Grant, 1989). As other marine pelagic fish, S. pilchardus shows schooling and 

migratory behavior, large effective population sizes and great dispersal capabilities, both at the 
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larval and adult stages. In line with expectations from its life-history traits, some population 

genetics studies focusing on various sites across its global distribution have detected very low 

levels of genetic differentiation using allozymes (M. Chlaida et al., 2009; Malika Chlaida, Kifani, 

Lenfant, & Ouragh, 2006; Laurent, Caneco, Magoulas, & Planes, 2007; Spanakis, Tsimenides, & 

Zouros, 1989), mitochondrial DNA (mtDNA) (Atarhouch et al., 2006; Tinti et al., 2002), and 

microsatellites (Gonzalez & Zardoya, 2007; Kasapidis, Silva, Zampicinini, & Magoulas, 2011). 

However, the observed phenotypic variation in gill raker counts and head length led to the 

division in two subspecies of sardine, S. pilchardus pilchardus, present in the eastern Atlantic, 

from the North Sea to southern Portugal, and S. pilchardus sardina in the Mediterranean Sea 

and northwest African coast (Andreu & B., 1969; Parrish et al., 1989). This division was also 

supported by mitochondrial haplotype frequency differences (Atarhouch et al., 2006), with a 

suggestion for a contact zone around the Strait of Gibraltar (Atarhouch et al., 2006).

Additionally, a study covering most of the European sardine Atlantic range using allozymes and 

microsatellites detected a significant differentiation of the peripheral populations from Madeira

and the Azores (Kasapidis et al., 2011). These apparent contradictions probably have multiple 

causes, including differences in terms of samples sizes, geographic coverage of populations, 

number and resolution power of the markers used, and tools used to characterize population 

differentiation and substructure among the different studies. Thus, studies that incorporate 

more even sample sizes of populations spanning the species distribution range, using a large 

number of markers across the genome, will be important to provide a more consistent and 

complete picture of the genetic structure of European sardine populations. The lowering in 

sequencing costs and the development of bioinformatics tools to analyze large volumes of data 
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now allows for the use of a wide range of sequence data in non-model organisms research (R.R.

da Fonseca et al., 2016), increasing the power and the resolution of population-level 

comparisons. However, whole-genome resequencing of several individuals across many 

populations is still not accessible for most research groups on population genomics, especially 

for species with large genome size. One cost-effective approach that has been successfully 

applied in population genomics is the use of low-coverage whole-genome sequencing data

(Clucas, Lou, Therkildsen, & Kovach, 2019; Rute R. da Fonseca et al., 2019). 

In this study, a genomic data set consisting of low coverage sequencing data was produced for 

the European sardine to investigate the population structure across its entire range, i.e., North-

West Atlantic, including the Macaronesian Archipelagos of Madeira, Azores and Canaries, and 

the Mediterranean Sea. Consistent results were observed using different subsets of the data 

after conservative filtering of the available draft genome assemblies. The access to patterns of 

genetic variation across the genome allowed the identification of the few genomic regions that 

seem resistant to gene flow, where the species’ genetic structure is more evident. An initial 

analysis of admixture patterns was used to select unadmixed individuals for high coverage 

sequencing to assess fluctuations in population size through time and recombination rates in a 

cost-effective approach. Whole mitochondrial genomes were also recovered from the low 

coverage data, enabling a comparison between markers with different modes of inheritance. 
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Materials and Methods

Sample collection and DNA extraction

Samples were collected from 12 different geographical locations encompassing the species’ 

current distribution range (Figure 1). Samples from three locations (SpainN, SpainSE and 

SpainSW; n=15) were collected during oceanographic surveys. The remaining 68 specimens, 

from nine distinct geographic locations, were sampled at local markets (Table S1).

Total genomic DNA was extracted using Qiagen's DNeasy Blood & Tissue Kit (Hilden, Germany) 

according to the manufacturer's instructions, with the following modifications, prior to elution 

in 100ul AE buffer, samples were incubated at 37 ºC for 10minutes, to increase DNA yield. DNA 

concentration and purity were verified using a Nanodrop Spectrophotometer and a Qubit 

Fluorometer. Sequencing data was commercially obtained at Novogene (China).

Sequencing data pre-processing 

To assess the patterns of genetic differentiation of the European sardine, 78 samples were 

sequenced to around 2 X depth of coverage (Additional file 1: Table S1) and six of these samples

were further re-sequenced to 20 X depth. We first produced a dataset of whole genome 

sequences for 53 individuals (low depth, ~1.5 X) from 12 sampling locations across the 5000 Km

distribution range of the species. After an initial assessment of the pattern of population 

structure, we selected the six seemingly unadmixed individuals  (A1, M1, T1, T6, G5 and G8) for 

sequencing to high depth to allow for analysis based on genotype calls, such as the PSMC 

approach to estimate variation of effective population size through time  (Li & Durbin, 2011), 

and further re-sequenced 25 individuals from the populations at the edges of the distribution 

(Azores, Madeira, Canary Islands, Trieste and Greece) as these were shown to be part of two 
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separate clusters relative to the individuals in the center of the distribution, overrepresented in 

the first batch. We also processed the sequencing data from a sample used to assemble the 

genome of S. pilchardus using an all-Illumina approach [1] (depth of 45X; sampling location: 

Porto). Raw Illumina reads were first processed with Trimmomatic (version 0.36) (Bolger, Lohse,

& Usadel, 2014) for removal of adapter sequences and trimming bases with quality <20 and 

discarded reads with length <80. Clean reads were mapped to two S. pilchardus reference 

genomes (Louro et al., 2018; Machado et al., 2018). A fully assembled mitochondria from 

Machado et al. (2018) was added to the assembly from Louro et al. (2018) after removal of 

individual contigs matching mitochondrial DNA. Reads showing a mapping hit were further 

filtered for mapping quality >25. PCR duplicates were removed with Picard MarkDuplicates 

(version 1.95; http://picard.sourceforge.net) and local realignment around indels was done 

with GATK (DePristo et al., 2011). 

The subsequent methods description and results presented in the main paper refer to analyses 

performed using the assembly from Louro et al. (2018). Details regarding the assembly from 

Machado et al. (2018) are in the Supplementary Information.

Assembly filtering

After calculating the depth of coverage per scaffold using the individual with sequence data of 

45X, only scaffolds with depth between 35 X and 65 X were considered to avoid misassembled 

regions. Furthermore, to avoid including contigs that can be assigned to sex chromosomes, we 

further removed scaffolds that did not have at least 90% of the depth of scaffold 1 (the largest 

and most representative of the assembly) in all individuals, resulting in 405 scaffolds. Within 
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these, the 50 scaffolds that contained more than 100,000 informative sites (sites that do not 

overlap repeat annotations, with maximum 20% of missing data in each population, only 

considering bases with mapping quality > 30 and base quality >20) were used in all subsequent 

analyses. Methods appropriate for low coverage NGS data (Korneliussen, Albrechtsen, & 

Nielsen, 2014; Meisner & Albrechtsen, 2018; Skotte, Korneliussen, & Albrechtsen, 2013; 

Soraggi, Wiuf, & Albrechtsen, 2018) were used throughout the analyses and applied to all 

samples. The regions corresponding to repeats were masked in the reference genomes and 

excluded from subsequent analyses.

Population structure

NGSadmix version 32 (Skotte et al., 2013) was used to detect population structure using 

autosomal data. NGSadmix infers population structure using genotype likelihoods (that contain 

all relevant information on the uncertainty of the underlying genotype (R.R. da Fonseca et al., 

2016).  As it does not require the exact genotypes, it is adequate for low-depth sequencing data

(Skotte et al., 2013). NGSadmix was run for K equal 2 and 3 for sites present in a minimum of 

75% of the individuals: a total of 16,683 SNP sites for the 78 samples. The program was run with

different seed values until convergence was reached. 

A principal component analysis (PCA) using the same SNP set was done with PCAngsd (Meisner 

& Albrechtsen, 2018) which estimates the covariance matrix for low depth NGS data in an 

iterative procedure based on genotype likelihoods. Genotype likelihoods for all individuals were

generated with ANGSD (Korneliussen et al., 2014) (options -GL 1 -doGlf 2 -minQ 20 -minMapQ 

30 -minInd 63 -minMaf 0.05 -C 50 -baq 2 -remove_bads 1 -uniqueOnly 1 -SNP_pval 1e-6). 
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Complete mitochondrial consensus sequences were obtained from the shotgun resequencing 

data by choosing the most common base per position (-doFasta 2 in ANGSD (Korneliussen et al.,

2014)).The software RAxML (Stamatakis, 2014) with 100 rapid bootstrap replicates was used to 

estimate a maximum likelihood mitochondrial phylogenetic tree under the GTR+GAMMA model

of sequence evolution. The tree figure was produced in iTol (Letunic & Bork, 2011).

Assessment of genetic diversity and population differentiation

We used methods based on the site frequency spectrum (SFS) (Korneliussen, Moltke, 

Albrechtsen, & Nielsen, 2013; Nielsen, Korneliussen, Albrechtsen, Li, & Wang, 2012) to estimate

nucleotide diversity, the neutrality test statistic Tajima’s D and genome-wide fixation index (FST) 

values. Briefly, after estimating the SFS, posterior sample allele frequencies are calculated using

the global SFS as prior. SFSs estimated separately were used to obtain joint SFSs for population 

pairs, which are then used to estimate FST using the option -whichFst 1. Sites considered for 

analyses were allowed to have a maximum of 1.5 X of the median depth across all samples, and 

20% missing data.

Variant calling and historical effective population size estimation

Variants were called for the seven individuals for which high coverage data was available using 

GATK version 4.0.7.0 (Van der Auwera et al., 2013). Briefly, first variants were called for each 

individual with HaplotypeCaller in BP-RESOLUTION mode, then combining those GVCF files for 

each sample into a single one using CombineGVCFs per scaffold of interest, and finally joint 

genotyping with GenotypeGVCF. We used the default filter of GATK (--phred-scaled-global-

read-mismapping-rate 45;--base-quality-score-threshold 18; --min-base-quality-score 10). 
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We estimated the historical effective population size (Ne) with PSMC (Li & Durbin, 2011) using: 

i) the “mpileup” command in samtools (Li et al., 2009) with options -C50, -Q 30 -q 30; bcftools 

“view -c” command ; the vcfutils.pl “vcf2fq” option, masking regions of low coverage (less than 

half of the mean depth per sample) and excessive coverage (more than twice the mean). The 

PSMC inference was done using the recommended number of time intervals of 64 (-p 

"4+25*2+4+6") (Li & Durbin, 2011), an upper limit of time to the most recent common ancestor 

(TMRCA) of 15 and an initial value of r = θ/ρ of 5. Further 100 bootstraps replicates were done 

per sample to assess the variance of the Ne estimates.  The results were scaled using an 

estimate of the generation time of 2 years and a mutation rate of 2E-09 substitutions per base 

per generation (estimate for Clupea harengus (Feng et al., 2017)).

Results

Population structure across the distribution range

The results show that the European sardines seem to be part of at least three structured 

populations (Figure 2A). When setting the number of expected clusters to 2 (k=2; Figure 2A, 

top), one of the clusters is prevalent in the Center region, while the other is more frequent in 

both Western and Eastern regions, as well as the Canary Islands. Individuals with admixed 

ancestry from these two clusters were observed at all sampling sites, except at Madeira. For 

k=3 (Figure 2A, bottom), one of these clusters (West-East-Canaries) splits into two: one 

frequent in the Mediterranean and Canaries and the other in the West (Madeira and Azores). 

Admixed ancestry between the three main clusters was observed in individuals from the 

Central region, Tunisia and Trieste. Azores shows two individuals with ancestry from the Central

region; Canaries’ individuals show some admixed ancestry with the Western cluster; and one 
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individual from Greece showed some ancestry from the Western cluster. The same clustering 

was observed in a preliminary analysis done with a subset of 53 individuals mapped to a 

different genome assembly (see Methods for details). We obtained similar results regarding the

population structure analysis with two drafts assemblies of scaffold N50s below 100 kb (Figure 

2A and Figure S1), after using stringent filtering to remove low quality scaffolds.

The organization in three separate clusters can also be observed in the principal component 

analysis (PCA; Figure 2B). The first two PCs explained 9.8 % and 7.2 % of the total variation. PC1 

separates the West-East clusters from the Center, and PC2 partitions the Western cluster from 

the Eastern populations. Sampling locations do not form individual groups within the three 

main clusters, except for Madeira, Azores and partially Greece, reflecting the high amount of 

admixture observed in Figure 2A.

The phylogenetic tree of complete mitogenomes shows two well supported clades at the 

extremes, with some haplotypes branching from the middle part of the tree (Figure 3 and 

Figure S2). This agrees with the genetic clusters observed for the nuclear data belonging to 

regions with low FST variance (Figure S3 and Figure S4). While the central haplotypes are more 

common in the West group, the groups of haplotypes at each extreme of the tree are not 

geographically confined to a region, suggestive of high gene flow between the Center and the 

East.

Assessment of genetic diversity and population differentiation

There were high levels of genetic diversity in all sampling locations (Table 1), in agreement with 
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previous results showing that S. pilchardus has the highest genome-wide heterozygosity 

compared to other fish species with similar geographic distributions (Barry, Broquet, & 

Gagnaire, 2020). The populations in the Center were the most diverse consistent with the 

observed patterns of admixture (Figure 2). In general, we observed lower values of genetic 

differentiation as measured by FST for comparisons within regions (distances ranging from 144 

to 2,033 Km show FST values between 0 and 0.03), the exception being the values observed for 

the pairs including the Canary Islands and the locations on the East (Figure 4 and Table S2). The 

highest values of FST included comparisons with Madeira (West) and sampling locations in the 

Center (top value of 0.96). A correlation between FST and distance can only be observed for 

comparisons between the Center and the East, with the highest values pertaining to 

comparisons with Greece, and the lowest values associated with Tunisia (Figure S3).

We also assessed the variation in FST along the genome (Figure S4) and found that regions with 

elevated FST variance reflect the pattern of population structure observed in Figure 2, whereas 

regions of low FST variance agree with the observed clustering in the mitochondrial data, where 

the Center and the East are indistinguishable in terms of individual haplotypes (Figure S5). The 

FST along the genome is generally positively correlated with the recombination rate estimated 

using the iSMC approach from (Barroso, Puzović, & Dutheil, 2019) (Figure S6), however areas of 

the genome that have a high FST show lower recombination rates, and areas with very low FST 

are associated with the highest recombination rates (Figure S7).

Temporal dynamics of effective population size

All individuals (West, Center and East) share a similar demography until 400,000 years ago (ya); 
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at that point, the effective population size (Ne) starts to increase. Ne peaks at around 150,000 ya

for individuals from the Atlantic (West and Center), which then see Ne decreasing to its 

minimum, remaining stable during the glacial period. The Ne of the Mediterranean populations 

(East) increased much more (2-to >10x) than that of the Atlantic ones and remained high until 

later. The decline in Ne started at around ~60,000 years ago, but the bootstrap analysis revealed

high uncertainty in the estimate of Ne for recent times (Figure S8), unlike what was observed for

the Atlantic individuals. Nevertheless, in most cases, the Ne of the populations from the East 

remained higher than those in the Atlantic.

Discussion

In this study we present the first analysis of population structure in European sardine across its 

distribution range using whole genome sequencing data. A number of mechanisms have been ‐

suggested to explain how population structure can evolve in an environment without any 

complete physical barrier to gene flow, including local adaptation, habitat discontinuity, 

different habitat preferences and behavior, sexual selection, oceanographic currents , isolation 

by distance and limited dispersal capabilities (Alvarado Bremer, Viñas, Mejuto, Ely, & Pla, 2005; 

Díaz-Jaimes et al., 2010; Rui Faria et al., 2021; Kumar & Kumar, 2018; Patarnello et al., 2007)). 

Altogether, the assessment of nuclear genome sequences by means of individual ancestry 

information, principal component analysis (Figure 2) and differentiation (FST) among populations

from different geographic regions (Figure 4), supports that the European sardine comprises 

three main stocks: “West” that includes individuals from Azores and Madeira (part of the 

Macaronesian region in the Atlantic), “Central” that corresponds to Iberia (the center of the 
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sampling distribution), and “East” that gathers the Mediterranean samples and those from the 

Canary Islands (Figure 2). The observed  genetic differentiation between Mediterranean and 

Atlantic populations (except the Canary Islands) is in agreement with previous phenotypic and 

genetic studies based on mtDNA (Andreu & B., 1969; Atarhouch et al., 2006; Parrish et al., 

1989), suggesting the existence of a phylogeographic break between the South of Portugal and 

Mediterranean populations. However, our work shows that the Spanish Mediterranean 

populations belong to the Central (Iberian) and not to the Mediterranean genetic cluster, while 

the population from the Canary Islands has a Mediterranean ancestry. Thus, although the 

regions around the Strait of Gibraltar and the Almeria-Oran Front have been suggested to form 

a phylogeographic break for this species, our work shows that this is not a complete barrier. 

The differentiation between Azores/Madeira and the other populations shown here is in 

agreement with the results from Kasapidis et al (2011). Notably, populations from these two 

archipelagos cluster together genetically, despite Madeira being geographically closer to Canary

Islands and almost at the same distance to Iberia as it is to Azores. This strongly suggests a 

barrier to gene flow between the region formed by these two archipelagos and the other 

populations analyzed in this study, including Canary Islands and Iberia. Whether this genetic 

division is caused by currents, isolation by distance and lack of suitable habitat between these 

regions, local adaptation to different environmental conditions or other reasons, needs to be 

further investigated.

The higher differentiation of sardine populations from Azores and Madeira is also clear in the 

mitogenome tree (Figure 3). Although two other main clades are observed, they are formed by 
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haplotypes from individuals with a very different nuclear-based ancestry. Thus, it is not easy to 

objectively pinpoint the geographic origin of these mtDNA clades.

Discordance between differentially inherited markers can simply result from stochastic patterns

of lineage sorting, but it can also be indicative of introgression (Lavretsky, McCracken, & Peters,

2014). Patterns suggesting admixture between the three genetic clusters were also observed 

with the nuclear data in all populations except Madeira. However, we cannot exclude that this 

could instead be the result of incomplete lineage sorting. Given the lower effective population 

size of mtDNA when compared to nuclear DNA, we would expect to see it more sorted within 

each region. The fact that haplotypes from the main clades in the mitochondrial tree are 

present across almost the entire distribution could eventually favor introgression over 

incomplete lineage sorting. However, a similar pattern of strong admixture is observed in 

nuclear contigs showing low FST across all comparisons (Figure S5). Although the contrast of 

differentiation between genomic regions with high vs low FST could suggest that that the former 

genomic regions potentially retain the ancestral pattern of structure, because of the low 

recombination rates that hinder introgression, which would contrast with the latter that could 

be eroded by gene flow between populations. However, similar signatures can be obtained if 

there is low diversity in low recombination regions, where the effect of background selection is 

stronger resulting in inflated FST values (Cruickshank & Hahn, 2014; Ravinet et al., 2017). The 

fact that FST values across the genome seem to follow the same trend across different 

population comparisons (Figure S4), points towards the influence of the same processes and 

genomic features (e.g., recombination rate) across populations. 
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An important piece of information that can help us to disentangle the role of gene flow versus 

shared ancestral polymorphism is the geographic pattern of differentiation. Genetic 

differentiation is lower between closer geographic populations from the East and Center 

clusters (Figure S3), as expected under a process of isolation by distance, suggesting that indeed

at least some of the patterns observed with nuclear and mtDNA genomes can indeed be 

created by gene flow between populations from different genetic clusters except Madeira. 

Although this needs to be further confirmed using model-based approaches, if true, it provides 

additional support that the genetic barriers involved in the differentiation between these three 

genetic clusters are only partial. Under this scenario, the admixture observed in the Canary 

Islands could be a result of gene flow from Madeira, while the admixture in the Azores could 

have resulted from gene flow with the Central populations, which in this case seems to be bi-

directional. Furthermore, the admixture observed between populations from the Central and 

Eastern clusters could suggest bidirectional gene flow between populations from Iberia and 

Mediterranean populations outside Iberia. 

Patterns of admixture suggesting gene flow between populations from the Eastern and Western

clades are more difficult to explain. This discordance between molecular markers can also 

reflect the fact that regional populations of sardines seem to undergo periodic extinctions and 

recolonizations (Grant & Bowen, 1998). A recolonization of the Mediterranean from a refugium 

in the West African coast, as it has been suggested for anchovies (Magoulas, Castilho, Caetano, 

Marcato, & Patarnello, 2006), a species that shares several traits with sardines (Checkley, Asch, 

& Rykaczewski, 2017), could potentially explain the admixed ancestry of the Canary Islands and 

the Eastern cluster (Figure 2). A recolonization event during the Eemian interglacial period (130-
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115 kya) could have led to admixture with populations from Mediterranean refugia, resulting in 

the spike in Ne observed in Mediterranean populations (Figure 5) over that period, as variation 

in the temporal values of Ne can be caused by gene flow between populations (Mazet, 

Rodríguez, Grusea, Boitard, & Chikhi, 2016). Indeed, population structure is known to influence 

genetic variation in a way that mimics population size change (Rodríguez et al., 2018). However,

we cannot exclude that the higher Ne observed in the Mediterranean individuals, which was 

remained higher for a longer period than in Atlantic populations (Figure 5), could have resulted 

from favorable and stable environmental conditions for sardines in the Mediterranean during 

the last glacial period, as suggested for other Clupeid species (R. Faria, Weiss, & Alexandrino, 

2012).

Conclusions

Unlike reduced-representation approaches (Andrews, Good, Miller, Luikart, & Hohenlohe, 

2016), low depth whole-genome resequencing allows for sequencing in smaller batches, which 

can be very cost-effective, besides having a much lower turnover time, allowing for a flexible 

project design. In this study, we took advantage of state-of-the-art bioinformatic tools to 

extract information from low depth sequencing data, which enabled us to assess patterns of 

genetic variation across the genome of the European sardine. We were able to show how 

different parts of the nuclear genome yield population structure and diversity patterns 

congruent with those observed in previous studies that were seemingly contradictory. This 

approach also recovers full mitochondrial genomes for comparison with genetic sequences with
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different modes of inheritance, also previously highlighted as being essential for a 

complementary insight on sardine population history (Gonzalez & Zardoya, 2007).

Our main results provide evidence for three main genetic clusters of sardine populations across 

the analyzed specimens, suggesting at least two important barriers to gene flow. Although 

these do not seem complete, with gene flow possibly occurring between the three main 

phylogeographic regions identified, they are strong enough to maintain populations genetically 

differentiated following their own evolutionary trajectory. Our results thus offer an important 

baseline for further studies trying to identify the nature of these and other possible barriers 

between sardine populations, which can be compared with the phylogeographic patterns of 

other organisms with a similar distribution. Finally, the differentiation patterns reported here 

together with the genetic resources generated for this commercially important taxon, offers 

precious information for transnational stock management of this highly exploited species 

towards sustainable fisheries. 
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SRR13325015, SRR13325018, SRR13325019, SRR13325021, SRR13325022, SRR13325023, 

SRR13325024, SRR13325025, SRR13325026, SRR13325027, SRR13325028, SRR13325029, 

SRR13325030, SRR13325031, SRR13325032, SRR13325033, SRR13325034, SRR13325035, 

SRR13325036, SRR13325037, SRR13325038, SRR13325039, SRR13325040, SRR13325041, 

SRR13325042, SRR13325043, SRR13325044, SRR13325045, SRR13325047, SRR13325048, 

SRR13325049, SRR13325050, SRR13325051, SRR13325052, SRR13325053, SRR13325054, 

SRR13325055, SRR13325056, SRR13325057, SRR13325058, SRR13325059, SRR13324977, 

SRR13324978, SRR13324979, SRR13324983, SRR13324984, SRR13324987, SRR13324990, 

SRR13324993, SRR13324994, SRR13324995, SRR13324996, SRR13324997, SRR13324998, 

SRR13325001, SRR13325005, SRR13325006, SRR13325004, SRR13325009, SRR13325012, 

SRR13325016, SRR13325017, SRR13325020, SRR13325060). The data will be public upon 

acceptance of the manuscript for publication. 
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Tables

Table 1. Average number of pairwise differences (nucleotide diversity, tP), segregating sites (S) 

and Tajima’s D across all scaffolds with more than 100K informative sites for all individuals.

Population
Putative
cluster

tP S Tajima’s D
Number of

sites

Azores WEST 0.0051 0.0064 -0.99 8,074,633

Madeira WEST 0.0047 0.0056 -0.73 20,868,807

Spain (N) CENTER 0.0059 0.0067 -0.93 40,847,936

Vigo CENTER 0.0058 0.0066 -0.87 24,061,285

Porto CENTER 0.0057 0.0065 -0.87 17,105,311

Spain (SW) CENTER 0.0060 0.0068 -0.91 31,995,207

Spain (SE) CENTER 0.0060 0.0068 -0.88 40,784,255

Canaries EAST 0.0052 0.0056 -0.44 73,353,851

Tunisia EAST 0.0055 0.0063 -0.97 40,954,036

Trieste EAST 0.0053 0.0071 -1.26 23,914,974

Greece EAST 0.0054 0.0066 -1.02 26,678,378
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Figure captions

Figure 1. Sampling sites across the species distribution (blue, adapted from FAO). The color of each circle

represents the most frequent genetic cluster for K=3 (Figure 2A). Surface currents are represented by 

arrows: Azores current (AzC); Canary Current (CaC); Portugal Current (PoC); Navidad Current (NaC). The 

Almeria-Oran Front (AO) is shown as a dashed line.

Figure 2. A) Population structure plot showing the ancestry of each individual (vertical bar) to two 

(above) and three (below) genetic clusters. B) Distribution of individuals based on the first two 

components of the principal component analysis. Variance explained by each component is shown in 

parenthesis.

Figure 3. Maximum likelihood tree (unrooted) obtained using full mitochondrial DNA sequences. Red 

circles indicate branches with 100 % bootstrap support. Colors represent the main ancestry of each 

individual (for K=3 as in Figure 2A).

Figure 4. Pairwise FST between populations based on nuclear data (see Table S2 for details on the 

individual populations).

Figure 5. Pairwise sequentially Markovian coalescent (PSMC) estimates for seven individuals across the 

sampling range. The last glacial period before the Holocene (115,000 – c. 11,700 years ago) is 

highlighted. 
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