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European sardine (Sardina 
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The development of management strategies for the promotion of sustainable fisheries relies on a 
deep knowledge of ecological and evolutionary processes driving the diversification and genetic 
variation of marine organisms. Sustainability strategies are especially relevant for marine species 
such as the European sardine (Sardina pilchardus), a small pelagic fish with high ecological and 
socioeconomic importance, especially in Southern Europe, whose stock has declined since 2006, 
possibly due to environmental factors. Here, we generated sequences for 139 mitochondrial genomes 
from individuals from 19 different geographical locations across most of the species distribution 
range, which was used to assess genetic diversity, diversification history and genomic signatures of 
selection. Our data supported an extensive gene flow in European sardine. However, phylogenetic 
analyses of mitogenomes revealed diversification patterns related to climate shifts in the late Miocene 
and Pliocene that may indicate past divergence related to rapid demographic expansion. Tests of 
selection showed a significant signature of purifying selection, but positive selection was also detected 
in different sites and specific mitochondrial lineages. Our results showed that European sardine 
diversification has been strongly driven by climate shifts, and rapid changes in marine environmental 
conditions are likely to strongly affect the distribution and stock size of this species.
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Understanding the ecological and evolutionary mechanisms driving the diversification and dispersal of marine 
organisms is essential for elucidating their genetic variation patterns. This knowledge underpins the development 
of conservation and management strategies for species of economic and ecological importance1,2. Advances 
in marine genomics provide new insights into the evolutionary history and population structure of marine 
organisms, as well as into the evolutionary consequences of selective harvest, local adaptation, and response to 
climate change2–5. Genomic data have also become increasingly relevant for the assessment and promotion of 
sustainable fisheries6,7, for example, by enabling demographic analyses for stock identification and management 
and the assessment of connectivity among geographically delimited stocks.

Population structure and adaptive divergence in marine fishes have been presumed to be minimal, since 
marine environments have fewer barriers to gene flow compared to terrestrial ecosystems, resulting in high levels 
of connectivity among populations and large population sizes in marine species1,8. However, large population 
sizes may increase the probability of retention of advantageous alleles, a phenomenon facilitated by local selective 
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pressures9, and adaptive processes have been shown to shape genetic patterns in oceanic fish populations8,10–16. 
Adaptive processes in oceanic fish populations may be correlated with sea surface temperatures8, which are 
known to have fluctuated significantly during geological periods such as the Late-Miocene Cooling17 and the 
Mid-Pliocene Warm Period18. Local adaptation is the driving force behind divergent selection19, when different 
alleles are selected in different subpopulations, in contrast with global adaptation, when the same allele is selected 
across all species populations. Local adaptation results from two antagonistic forces, natural selection, which 
promotes intraspecific differentiation, and gene flow, which promotes homogenization. Identifying genomic 
signatures of natural selection is pivotal for unravelling the molecular mechanisms underlying adaptation20. 
Genomic signatures can result from different types of natural selection, manifesting in two main forms: positive 
and negative (or purifying) selection. Positive selection can be divided into balancing selection, preserving 
genetic polymorphisms, and directional selection, driving advantageous alleles to fixation, in contrast to 
purifying selection that works to eliminate deleterious mutations within a population21.

The European sardine, Sardina pilchardus (Walbaum, 1792), is a small pelagic fish from the Alosidae family, 
inhabiting the Northeast Atlantic Ocean, from the North Sea to Mauritania and Senegal and with populations 
in the Azores, Madeira and Canaries, and the Mediterranean Sea22. The European sardine is a migratory and 
schooling species that forms schools potentially comprising millions of individuals and is known to prefer colder 
water for living and spawning23–26. The European sardine plays an important role in marine ecosystems, as both 
a consumer of plankton and a prey for larger predators27,28. Moreover, it is one of the most important marine 
fish resources in Southern Europe and Morocco29, especially in the Iberian Peninsula30, where its landings 
represent ~ 40% of the total capture31. It constitutes the main target species for the purse-seine fleets operating in 
Portugal and Spain, thereby serving as a critical revenue stream for the respective local economies32. The biomass 
of the Ibero-Atlantic stock has been declining since 2006, as its recruitment is strongly related to environmental 
conditions33. This decline has led sardine abundance to fall to its historical minimum34, triggering profound 
socio-economic impacts on fishing communities. Consequently, this species has been subject to numerous 
studies, namely on its biology and ecology23,24,35–38, phenotypic variation39–44, population genetics, besides a 
complete genome sequencing45,46.

The mitochondrial genome (mitogenome), a maternally inherited, circular DNA molecule, has been a focal 
point in the study of evolutionary biology and population genetics due to its relatively high mutation rate, lack 
of recombination, and haploid nature. The positive and negative features of mitochondrial DNA (mtDNA) 
for population genetics, phylogeographic and phylogenetic studies have been extensively discussed47–49. 
Nevertheless, mitogenomes can provide valuable information at a relatively low cost as a byproduct of whole 
genome resequencing. Positive selection in mtDNA can be detected due to direct selection on the mitogenome 
or indirect selection in the nuclear genes that compose the mito-nuclear complex. The mitogenome contains 13 
protein-coding genes that contribute to four Electron Transport System (ETS) complexes, whose function requires 
over 500 proteins encoded in the nuclear genome50. This interaction between the mitogenome and the nuclear 
genome could generate diverse response patterns with compensatory mechanisms and coevolution between the 
two genomic compartments. A study on 70 mitogenomes of Clupeoid fishes51, including the European sardine, 
concluded for the prevalence of purifying selection, but also for the observed shift in codon preference patterns 
between marine and euryhaline/freshwater Clupeoids, indicating possible selection for improved translational 
efficiency while adapting to low-salinity habitats. This mitogenomic plasticity and enhanced efficiency of the 
metabolic machinery may have contributed to the evolutionary success and abundance of Clupeoid fish51. 
Mitogenomes can also harbour rare mutations that provide a selective advantage through the interaction with 
environmental factors such as temperature47, raising the hypothesis that the wide temperature range of the 
European sardine increases its potential for local adaptation due to divergent selection.

Previous studies on European sardine52 have largely focused on mtDNA fragments to infer population 
structure, historical demography, and signatures of molecular adaptation. However, the resolution provided 
by partial mitochondrial data is limited, often obscuring finer-scale evolutionary processes and the detection 
of adaptive genetic variation. In this study, complete mitochondrial genomes from individuals collected across 
the entire distribution range of the European sardine were sequenced and analysed with three main objectives: 
1) to assess the population genetic structure inside the species; 2) to reconstruct the phylogenetic relationships 
among lineages and explore the timing of diversification events within the species; and 3) to evaluate the role of 
natural selection (both positive and negative) in shaping mitochondrial genome variation, and its potential for 
local adaptation or association with intraspecific lineage.

Materials and methods
Sampling, gDNA extraction, and sequencing
A total of 380 European sardine muscle samples were collected from 19 different geographical locations covering, 
as much as possible, the species’ entire distribution area (Fig. 1, Table 1). Samples were collected from fresh fish 
landed in fishing ports (15 locations) and from scientific research campaigns (4 locations) and preserved in 
absolute ethanol (Merck KGaA, Darmstadt, Germany) at 4 °C.

Total genomic DNA (gDNA) was extracted using Qiagen DNeasy Blood & Tissue Kits (Hilden, Germany) 
according to the manufacturer’s instructions with the following modifications: 1) RNase A, added to the 
digestion product, was incubated for 30 min at room temperature; 2) -20 °C absolute ethanol was immediately 
added after the buffer AL; and 3) 65 µl of buffer AE at 37 °C were pipetted directly onto the DNeasy membranes 
to increase gDNA yield. DNA integrity was confirmed in 1% TBE agarose gel electrophoresis (9 V cm-1) and 
DNA purity and concentration were verified by spectrophotometry using a Nanodrop (Thermo Fisher Scientific, 
Massachusetts, U.S.A.), and fluorometry with a Qubit (Thermo Fisher Scientific, Massachusetts, U.S.A.).

The SNP&SEQ Technology Platform (Uppsala, Sweden) constructed the TruSeq Nano DNA libraries and 
sequenced paired-end reads (150 base pairs, bp) in 2 lanes of a S4 flowcell using one NovaSeq 6000 and v1.5 
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sequencing chemistry (Illumina Inc). In total, 139 European sardine specimens were sequenced (Table 1) with 
a sequencing depth of around 10x.

Quality control at different phases of the assembly process was carried out with FastQC v. 0.11.953 and 
MultiQC v. 1.1154. Fastp v. 0.23.255 was used to remove adaptors, poly G tails (-g), overrepresented sequences (-p), 
duplicate reads (-D), reads shorter than 80 bp (-l) and reads with a qualified quality phred score below 20 (-q). 
After this cleaning step, mitogenomes were assembled using GetOrganelle v. 1.7.7.056, with maximum extension 
rounds of 10 (-R), SPAdes k-mer settings (-k) at 21,45,65,85, 105 with the seed file for the mitochondrial DNA 
of sardine MH32924646.

Location code Country Region Origin Sampling date Number of collected samples Number of sequenced samples

AD Croatia Adriatic Sea (Split) Fishing port Aug-2020 15 7

AL Algerie Algiers Fishing port Dec-2020 15 7

AZ Portugal Horta, Azores Fishing port Feb-2020 30 9

FRa France Arcachon-Royan Bay Fishing port Sep-2019 15 6

GRi Greece Ionian Sea (Messolonghi) Fishing port Jul-2019 15 6

IR Irland ICES division 7.g Scientific research campaign Oct-2019 15 10

ITl Italy Lingurian Sea (Genoa) Fishing port Sep-2019 15 7

ITt Italy Tyrrhenian Sea (Naples) Fishing port Sep-2019 15 8

MD Portugal Funchal, Madeira Fishing port Dec-2019 30 10

MO Morocco Agadir Fishing port Nov-2019 15 9

NE Netherlands ICES division 4.c Fishing port Jun-2020 15 1

PTn Portugal Viana do Castelo Fishing port Aug-2019 30 8

PTs Portugal Quarteira Fishing port Aug-2019 30 9

Sce Scotland ICES division 4.a Scientific research campaign Jan-2020 15 8

SCw Scotland ICES division 6.a Scientific research campaign Mar-2020 15 8

SPa Spain Alboran Sea (Fuengirola) Fishing port Sep-2019 15 8

SPb Spain Suances Fishing port Aug-2020 20 8

SPc Spain Cadiz Scientific research campaign Feb-2020 30 3

SPg Spain La Coruña Fishing port Jul-2020 30 7

Total 380 139

Table 1.  Overview of sample collection and sequencing by location. Summary of geographic location, samples 
origin, sampling date and number of collected and sequenced samples for the European sardine used in this 
study.

 

Fig. 1.  Sampling map. Sampling locations of the European sardine (Sardina pilchardus) across the species’ 
distribution geographic area. Produced with R Statistical Software (version 4.3.0 – https://www.R-project.org/). 
Sampling points coloured following the population clusters with maximum differentiation in AMOVA analysis 
(Fig. 2). Correspondence of each sampling point given in Table 1.
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Alignment and annotation
Sequences of the 139 assembled circular genomes were manually edited to have matching start and end positions. 
The length of assembled genomes varied from 17,571 bp (AZ8) to 17,531 bp (AZ30). Circular genomes were 
annotated in GenBank format using the automated online pipeline MitoAnnotator, available at the Mitochondrial 
Genome Database of Fish57–59. Individual features (genes, tRNA, rRNA, D-loop/control region) were extracted 
from each GenBank-format file, using a custom script. Whole genome sequences were aligned using MAFFT v. 
7.360 and the “auto” setting. The script catfasta2phyml.pl61 was used to concatenate all 13 protein-coding genes. 
For a calibration analysis, an additional alignment of 12 concatenated genes was generated, that excluded the 
gene ND6 and included 3 outgroup sequences from two species in genus Sardinops: S. melanostictus (Schlegel, 
1846) and S. sagax (Jenyns, 1842). The whole genome alignment had 17,581 bp and the concatenated alignments 
of 13 and 12 genes had 11,508  bp and 10,907  bp, respectively. The list of genes included in each dataset is 
presented in Table 2. The concatenated alignments and input files for Iqtree and BEAST are available in Zenodo 
(https://doi.​org/ht​tps://doi.or​g/10.5281/z​enodo.13247537).

Diversity and phylogenetic analyses
To test which grouping of populations showed the greatest amount of differentiation, a standard AMOVA was 
run on the whole genome alignment using Arlequin v. 3.5.262, with pairwise differences and 1000 permutations. 
Seven different arrangements of two to five groups were tested. A median-joining network (MJN) was calculated 
from the 13 gene alignment using PopArt v1.7 with default settings63. The number of haplotypes, haplotype 
diversity, nucleotide diversity (π), Tajima’s D, Watterson’s estimator (θ), and R2

64 were calculated from the whole 
genome data set, for each sampling location and each cluster identified in the MJN, using the packages pegas 
v. 1.265, adegenet v. 2.1.1066,67 and ape v. 5.7.168 as implemented in R v. 4.2.169 and the RStudio environment70. 
Pairwise FST was calculated using the package hierfstat v. 0.5–1171. The package pegas v. 1.265, implemented in 
R v. 4.2.169, was used for mismatch distribution analyses of the whole genome dataset. Mismatch distribution 
was calculated for the entire dataset (139 samples) and for each cluster observed in the MJN. Expansion 
times for each cluster were calculated using the equation t = tau/2u, where tau is the mode of the mismatch 
distribution, and u = µk (µ = substitution rate per generation; k = number nucleotides in the sequence). A 
principal components analysis (PCA) based on the whole genome dataset with 139 samples was run on R using 
the package ADEGENET v 2.1.10 and visualised using the package ggplot2 v. 3.5.172. The best-fit partitioning 
scheme and nucleotide substitution models for the concatenated datasets were estimated in PartitionFinder 
v. 2.1.173 using the greedy algorithm, linked branch lengths and the corrected Akaike Information Criterion 
(AICc) for choice of models73–75. For the maximum-likelihood analysis, data blocks included different codon 
positions for the 13 protein-coding genes, and all models were considered. A maximum-likelihood analysis of 
the 13 gene concatenated data set was run using IQTree v. 2.2.2.376, with a 16-partition scheme as determined 
by PartitionFinder. Support for the best tree was obtained with 300 bootstrap replicates. For the calibration 
analysis, datablocks consisted of the 12 individual genes and the models considered were JC, HKY and GTR. 
A time-calibrated phylogenetic tree was inferred using BEAST v. 2.7.477, based on the 12 gene concatenated 
alignment, with a 6-partition scheme as determined by PartitionFinder. To obtain a calibration point, three 
individuals of genus Sardinops Hubbs, 1929 were used as outgroups. Mitochondrial genome sequences of the 
three Sardinops individuals were retrieved from Genbank (Sard 16: S. melanostictus NC_002616; Sard 17: S. 
sagax NC_057117; Sard 41: S. sagax OR482441). Since using all 139 European sardine samples would likely 
result in poor MCMC convergence, the 12-gene dataset was reduced to 63 samples, 20 samples randomly 
chosen from each apparent cluster observed on the MJN (G1, G2 and G3), and 3 outgroup taxa. Sardine samples 
were chosen by generating a random number list. The dataset for the time-calibration analysis was partitioned 
following the best scheme indicated by PartitionFinder, with the 12 genes arranged into six subsets. The models 
employed were GTR + Gamma for four of the subsets, and HKY + Gamma for two of the subsets. Clock and tree 

Gene name 13-gene alignment 12-gene alignment

ATPase6 X X

ATPase8 X X

COXI X X

COXII X X

COXIII X X

CYTB X X

ND1 X X

ND2 X X

ND3 X X

ND4 X X

ND4L X X

ND5 X X

ND6 X –

Table 2.  Protein-coding genes. List of protein-coding genes included in the concatenated alignments used in 
Maximum-likelihood (13 genes) and calibration (12 genes) analyses.
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models were linked for all partitions. A Yule tree model and an optimised relaxed clock (ORC) were defined, and 
a Gamma prior was used for “birthrate” (alpha = 0.001, beta = 1000). No consensus exists on molecular rates for 
fish mitogenomes, although much work has been done on the subject78–80. Bagley et al.79 report a “fish rate” with 
a range of 0.017 × 10–8-0.14 × 10–8. To approximate this range and its mean, the ORC ucld.mean was set with a 
lognormal prior: mean (in real space) = 0.1 × 10–8, sigma = 0.695 (median: 7.85 × 10–10). The divergence of genus 
Sardina and Sardinops was estimated at c. 23 Ma by Bloom and Lovejoy81. Considering the reported age, the time 
to the most recent common ancestor (TMRCA) for Sardina/Sardinops was defined with a lognormal prior: mean 
(real space) = 23 × 106, sigma = 0.35 (95% interval: 1.09 × 107–4.3 × 107). The analysis ran for 200 × 106 MCMC 
generations on the CIPRES Science Gateway82. Convergence was validated using Tracer v. 1.7.2., after a 10% 
burnin. A maximum clade credibility tree with common ancestor heights was obtained with TreeAnnotator v. 
2.7.4 using a 10% burnin. In addition to the calibrated tree analysis, a polymorphisms-aware phylogenetic model 
(PoMo) was used to analyse the 12 gene dataset83,84, excluding the outgroup as no root age was incorporated 
in the analysis. The 12 gene sequence alignment was converted from FASTA to counts format using the script 
"FastaToCounts.py" (available at https://github.com/pomo-dev/PoMo). A PoMo analysis was run on IQTree with 
a GTR + G substitution model and default settings (weighted binomial sampling (+ WB) and virtual population 
size = 9 (+ N9)). Branch support was obtained with 1000 ultrafast bootstrap replicates.

Tests of selection
The signal of positive selection in the 139 mitochondrial genomes was investigated using computational 
methods that rely on maximum likelihood (ML) and Bayesian inference (BI) estimates to calculate the ratio 
of nonsynonymous to synonymous substitution rates (ω = dN/dS) across codons, based on a given phylogeny. 
Analyses were run on the 13 individual gene alignments using the ML phylogeny inferred with IQTree. The 
methods used were FUBAR (Fast Unconstrained Bayesian AppRoximation method)85, MEME (Mixed Effects 
Model of Evolution)86, and FEL (Fixed effects likelihood)87, which were implemented in the program HyPhy88. 
FUBAR detects pervasive selection (positive and purifying) across codons, whereas MEME detects positive 
selection, both pervasive and episodic (affecting a subset of the phylogeny). FEL calculates ω assuming that 
selective pressures are constant across the phylogeny. The default values were used to test the significance for 
each model (p-value < 0.1 for MEME, posterior probability > 0.9 for FUBAR, p-value < 0.1 for FEL). Selective 
pressures were further investigated using site, branch and branch-site models in the program CodeML, which is 
integrated in the package PAML v. 4.9j89. Branch and branch-site models were run for each of the haplogroups 
that were established by the AMOVA analysis by defining them as foreground branches in different runs. The 
necessary tree annotations were performed on the ML tree using the web server-distributed version of phylotree.
js90.For sites under selection, “ancestral” codons were inferred by comparison with the mitochondrial genomes 
of three Alosidae species: Alosa alosa (Linnaeus, 1758), Brevoortia tyrannus (Latrobe, 1802) and Sardinops 
melanostictus (Temminck & Schlegel, 1846) (current accepted name Sardinops sagax (Jenyns, 1842)).

Results
Alignment and annotation
A total of 139 European sardine samples were sequenced producing a total of 12.5 × 10⁹ raw reads, with an 
average of 89 ± 15 million raw reads per individual. After the quality control phase and removal of adapters, 
contaminants and duplicates, a total of 10.9 × 10⁹ reads remained with an average of 77 ± 13 million reads per 
individual sample. Assembled mtDNA for all samples, from GetOrganelles, were obtained with a number of 
reads between 13 and 20 × 10⁶ and an average kmer-coverage of around 157 and a base coverage of around 500.

Annotation using the automated online pipeline MitoAnnotator resulted in annotated mitogenomes 
containing 13 protein-coding genes, 22 tRNAs, 2 rRNAs and the D-loop. One gene (ND6) and eight tRNA genes 
were annotated as complement sequences, as expected91. The 139 total sardine mtDNA sequences are available 
on GenBank with the accession numbers PQ010125-PQ010263.

Geographic structure
The AMOVA analysis on different population clusters, based on whole genome data, revealed an overall low 
variation among populations and clusters (Supplementary Table S1). The largest differentiation among the tested 
clusters (FCT = 0.05) was obtained when considering three geographic clusters, one comprising all Mediterranean 
populations, a second comprising Madeira and Azores populations, and the third containing all other Atlantic 
populations. The MJN inferred from the 13 gene concatenated dataset recovers two large and distinct groups (G1 
and G2) connected to a central group (G3) of smaller lineages through several unsampled or extinct haplotypes 
(Fig. 2). Samples were coloured following the population clusters with maximum differentiation as per AMOVA 
analysis. No clear geographical correspondence is evident in the three haplogroups, as samples from the same 
site appear scattered through the network, although one of the groups (G2) is predominantly Mediterranean, 
whereas the others are predominantly Atlantic (G1 and G3). The PCA analysis (Fig. 3) also shows the three 
distinct groups G1, G2 and G3, the latter appearing much more scattered than the other groups, especially 
on axes 1 and 3. The number of haplotypes found was equal to the number of samples for every sampling site, 
and haplotype diversity was thus maximum (1) for all locations. Nucleotide diversity varied from 0.0035 (ITl) 
to 0.0064 (AZ), with an average of 0.0049. Tajima’s D was negative in all sampling sites but values were non-
significant, whereas R2 values were low and significant. Theta varied from 0.0052 (ITl) to 0.0092 (AZ).p

Diversity analyses on the three clusters (Table 3) show that G3 has the highest nucleotide diversity and theta. 
Tajima’s D and R2 were negative with a significance of 0.01 for G1 and G2. The plot for the mismatch distribution 
analysis, based on whole genome data and 139 samples, showed a deviation from the expected distribution with 
a multimodal, nearly bimodal profile (Supplementary Fig. S1a). Plots for clusters G1 and G2 have unimodal 
profile (Supplementary Fig. S1b, c), and the plot for cluster G3 has a multimodal profile (Supplementary Fig. 
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S1d). Time since expansion, assuming a mean generation time of two years37,92, was estimated at 3.27 Ma for G1, 
2.96 Ma for G2 and 6.2 Ma for G3.

Phylogenetic analysis
The best-fit partitioning scheme for the 13 gene concatenated dataset and 39 data blocks (different codon 
positions for the 13 protein-coding genes) comprised 16 partitions and 8 different substitution models. For the 
12 gene concatenated dataset that included 3 outgroup sequences, the best-fit partitioning scheme comprised 
6 partitions and 2 substitution models. The tree obtained from the maximum-likelihood partitioned analysis 
of the 13-gene dataset confirms the presence of two large fully supported (BS = 100) haplogroups and several 
smaller, supported lineages (Supplementary Fig. S2).

The MCMC of the calibrated phylogenetic analysis converged within 200E6 MCMC generations, with all 
parameters reaching ESS values above 200. The tree obtained shows two distinct, diverse haplogroups with 
full support (PP = 1.0) and several lineages of which five are supported (PP > 0.95). The root of the tree was 
estimated at 20.1  Ma. The crown age for European sardine is estimated at 5.6  Ma (95% HPD = 1.96–10.07), 
whereas the crown age of the two larger, supported haplogroups is estimated at 2.94 Ma (95% HPD G1 = 0.99–
5.44, G2 = 0.96–5.36). Relationships among the main lineages are unsupported (Fig. 4). The best scoring tree 
of the PoMo analysis (Supplementary Fig. S3) shows a topology compatible with the calibrated tree, with no 
conflicting supported branches and most supported branches in the calibrated tree also supported in the PoMo 
tree (BS ≥ 80%).

Tests of selection
Positive selection was detected, by at least two methods, for five candidate sites in four different genes (Table 
4). Two sites under positive selection were detected in gene ND2, and one site in genes ND4, ND5 and ND6. 

Fig. 2.  Haplotype median-joining network. Haplotype median-joining network calculated from the 13 gene 
alignment using PopArt. Samples coloured according to the population clusters with maximum differentiation 
in AMOVA analysis.
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All sites were detected with the program codeml (Table 4; Supplementary Table S2) except for site ND4/95. 
FUBAR detected sites ND2/218, ND5/419 and ND6/195; MEME detected sites ND2/319, ND4/95 and 
ND6/195; FEL detected ND2/319, ND4/95 and ND6/195. Codon replacement in European sardine affected five 
unrelated samples in site ND2/218 and four unrelated samples ND5/419 (Table 4; Supplementary Fig. S2). In 
site ND6/195, 14 samples had codon replacement, of which six form a clade. Site ND6/195 is located in a 63 bp 
insertion at the end of the gene that is present in all samples of S. pilchardus. In ND4/95, 138 samples had codon 
replacement, one of them representing a secondary replacement from the “derived” Threonine to Alanine, and 
one representing a reversal to Methionine. In sites ND2/218 and ND2/319, 5 and 126 samples were affected 
(Table 4; Supplementary Fig. S2). Purifying selection was detected by FUBAR and FEL for 18.09% and 15.97% 
of the total number of codon sites, respectively. The number of codon sites detected and shared by both methods 
was 12.91% and the cumulative number of sites was 21.14% (Supplementary Table S3).

Discussion
Diversity and gene flow
Analyses of the 139 European sardine mitogenomes show extensive gene flow, in which the maternally inherited 
mtDNA is a poor predictor of geographic origin. Under the best AMOVA scenario, maximizing the value of FCT, 
the obtained three clusters, Atlantic, Mediterranean and Azores/Madeira, explained only 5% of the variation 
while variation within populations explained 94% of the total variation.

Strikingly, in the MJN, samples collected on the same site appear scattered in different haplogroups and 
associated with haplotypes from geographically distant sites (Fig. 2). For example, Gri2 and Gri10, two samples 
from the easternmost Mediterranean population (Ionian Sea, Greece), have mitogenomes nested in the two 
larger, distinct haplogroups, and closest to haplotypes from Scotland and the Adriatic Sea, respectively (Fig. 2). 
A separation between individuals from Atlantic and Mediterranean sites is not clear on the network, although 
G2 seems to predominantly contain Mediterranean samples (Fig. 2).

Evidence for a lack of genetic structure in the European sardine mitogenomes had also been previously 
reported for analyses on 96 samples from five locations around the Iberian Peninsula52 and 108 samples from 
15 locations across most of the species distribution area93. This lack of geographic structure and extensive gene 
flow for the mtDNA contrasts with the results for the nuclear genomes that supported the existence of 3 genetic 
clusters93, coinciding approximately with the three AMOVA clusters from our study. However, those nuclear 
data show evidence of variable admixture for most of the populations analysed, except for Madeira and Azores93.

Genetic diversity estimates (Table 3) for the two distinct groups (G1 and G2) recovered from the MJN show 
signs of population expansion, with negative and significant values of Tajima’s D and R2 for all three groups (Table 

Fig. 3.  Principal components analysis. PCA of the whole mitochondrial genome dataset with 139 samples; 
(A) PC1 + PC2; (B) PC1 + PC3. Principal components 1, 2 and 3 explain 19%, 9% and 5% of the variance, 
respectively.
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Fig. 4.  Time-calibrated phylogenetic reconstruction of Sardina pilchardus haplotypes. Tree showing the 
phylogenetic reconstruction obtained with a time-calibrated analysis of 63 haplotypes in BEAST2. The inferred 
tree is scaled to geological time in units of million years (Ma). Node support values represent posterior 
probabilities. Ple. – Pleistocene.

 

Sampling site/Group N N hap hap. div nuc. div D R2

Adriatic (AD) 7 7 1 0.0044 -1.0291 0.0759*

Algeria (AL) 7 7 1 0.0055 -1.3092 0.0653*

Azores (AZ) 9 9 1 0.0064 -1.5856 0.0705*

France (FRa) 6 6 1 0.0047 -1.3224 0.0887*

Greece (GRi) 6 6 1 0.0045 -1.4404 0.0884*

Ireland (IR) 10 10 1 0.0051 -1.5065 0.0509*

Liguria (ITI) 7 7 1 0.0035 -1.8732 0.0889*

Tyrrhenian (ITt) 8 8 1 0.0048 -1.3764 0.0596*

Madeira (MD) 10 10 1 0.0049 -0.7335 0.1149*

Morocco (MO) 9 9 1 0.0056 -1.5648 0.0479*

Portugal North (PTn) 8 8 1 0.0056 -1.2691 0.0635*

Portugal South (PTs) 9 9 1 0.0048 -1.5443 0.0584*

Scotland East (SCe) 8 8 1 0.0051 -1.2922 0.0607*

Scotland West (SCw) 8 8 1 0.0050 -1.2789 0.0640*

Alborán (SPa) 8 8 1 0.0040 -1.8445 0.0859*

Biscay (SPb) 8 8 1 0.0056 -1.6816 0.0447*

Cadiz (SPc) 3 3 1 0.0049 NA 0.1758*

Galicia (SPg) 7 7 1 0.0046 -1.3339 0.0666*

G1 38 38 1 0.0032 -2.6679* 0.0147*

G2 59 59 1 0.003 -2.6863* 0.0148*

G3 42 42 1 0.0056 -2.1076* 0.0356*

Table 3.  Genetic diversity. The number of individuals (N), number of haplotypes (N hap.), haplotype diversity 
(hap. div.), nucleotide diversity (nuc. div.), Tajima’s D (D), Watterson’s theta (θ) and Ramos-Onsins & Rozas R2 
are presented for each sampling site and the three groups. The Netherlands (NE) sampling site was excluded as 
it only contains one sample. Significant values of D and R2 (p-value ≤ 0.05) are marked with *
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3). These results are supported by the mismatch distribution analyses on groups G1 and G2, which do suggest 
sudden population growth (Supplementary Fig. S1b, c), albeit less pronounced in G3 (Supplementary Fig. S1d). 
In contrast, the mismatch distribution analysis of the entire dataset (Supplementary Fig. S1a) shows a nearly 
bimodal profile, likely due to the presence of separate lineages in the data set. At the level of sampling locations, 
diversity estimates do not show significant differences between sites, which all have maximum haplotype 
diversity and comparable nucleotide diversity and values for Tajima’s D and R2. Values of D are negative but non-
significant, whereas R2 values are significant, but both statistics have higher values than those obtained for the 
three groups. Mitochondrial data thus seems to lack the power to discriminate between sampling sites. However, 
it is possible that, in future studies, more informative diversity measures at the level of sampling locations can be 
estimated from nuclear sequence data.

Estimation of divergence times
Running a calibrated phylogenetic analysis of European sardine mitogenomes proved challenging because long 
branches unite Sardina/Sardinops and Alosa/Brevoortia, resulting in poor convergence of the clock model and 
failure to recover the correct tree root when samples from all four genera were included. Nevertheless, a calibrated 
phylogeny was approximated using an outgroup of three Sardinops samples. The use of a gene-tree based approach 
for divergence time estimation, as adopted here, may result in overestimated node ages, as genetic divergence 
occurring before diversification events is not accounted for. Gene trees are contained within the species tree, 
so gene divergence times precede the true timing of speciation94. Furthermore, standard phylogenetic models 
may not be fully adequate for inferring within-species divergence times, as not all observed polymorphism are 
bound to become fixed in the population, although the presence of multiple sequences from the same species has 
been considered to be determinant for the correct inference of speciation times, as it allows for the distinction 
between within-species and between-species variation95. To test whether the calibrated tree topology is robust 
under alternative model assumptions, the PoMo species-tree method, which models the different contribution 
to substitution patterns of relative mutation rates and fixation biases83, was applied to the 12 gene dataset. The 
PoMo method allows for multiple samples from the same taxon and for sites to be polymorphic, and accounts 
for ancestral shared polymorphisms and incomplete lineage sorting84, although the assumption of unlinked 
sites is violated with our data, which corresponds to a single linked locus, the mitogenome. The PoMo tree 
(Supplementary Fig. S3) recovers a topology compatible with that of the calibrated tree (Fig. 4), showing both 
G1 and G2 on long, supported branches, although the two trees are not directly comparable in terms of branch 
lengths. Nevertheless, a comparison of branch lengths for G1 and G2 between the PoMo and the ML analyses 
(Supplementary Fig. S2) shows a difference of c. 0.3 in both analyses, i.e. the branch length proportions in the 
two groups were not significantly altered under the PoMo analysis. These results demonstrate that the dataset 
is robust to alternative model assumptions, and that the effect of polymorphism in the sample does not have a 
significant impact on tree topology. Nevertheless, it was observed that, in calibration analyses of the present data 
set, both root placement and age estimates are highly sensitive to changes in outgroup composition and clock-
rate priors, and the inferred ages should be cautiously considered as a mere approximation.

Lineage diversification patterns
The pattern seen on the MJN (Fig.  2) is suggestive of early radiation in the European sardine. This pattern 
is also observed in the phylogenetic trees, which do not recover supported relationships between the major 
mitochondrial lineages (Figs. 3, S2). A second, more recent period of rapid diversification is patent in Atlantic 
(G1) and Mediterranean (G2) groups (Fig. 4). . The calibrated phylogeny (Fig. 4) shows two distinguishable 
diversification events. The first event occurred c. 5.5 Ma, which corresponds to the lower Messinian, the last 
stage of the Miocene epoch17 , and the second apparent event of rapid diversification occurred in the two larger 
clades c. 2.9 Ma, in the Pliocene. Age estimates on the calibrated phylogeny have a significant margin of error, but 
assuming that the estimated crown age of S. pilchardus is within realistic boundaries, and corresponds broadly 
to the Miocene/Pliocene transition, an explanation for the observed diversification pattern can be hypothesized. 
The two diversification events correspond to two documented climate transition periods, the Late Miocene 
Cooling (LMC)17 and the mid-Pliocene warm period (mPWP)18.

Gene

Site 
(amino 
acid)

FUBAR FUBAR MEME FEL

CodeMLProb[alpha > beta] Prob[alpha < beta] p-value p-value
ancestral 
codon

ancestral 
aa

derived 
codon

derived 
aa

N 
ind

ancestral aa 
polarity

derived aa 
polarity

ND2 218 0.026 0.935 - - yes ACC Thr GCC Ala 5 polar non-polar

ND2 319 - - 0.04 0.0884 yes ACA Thr GCA Ala 126 polar non-polar

ND4 95 - - 0.06 0.0980 no ATA Met GCA, 
ACA Ala, Thr 1, 

137 non-polar non-polar, 
polar

ND5 419 0.063 0.901 - - yes ATT Ile GTT Val 4 non-polar non-polar

ND6 195 0.015 0.974 0.05 0.033 yes CTG Leu CCG Pro 14 non-polar non-polar

Table 4.  Positive selection. List of candidate genes and sites under positive selection, detected by at least two 
methods. Probabilities and p-values indicated by the Hyphy methods FUBAR, MEME and FEL are shown 
for each site. The “ancestral” and “derived” codons and the respective amino acid (aa), as well as the number 
of individuals with the derived aa (N ind.) are shown for each site. Amino acid abbreviation meaning: Ala – 
Alanine; Ile – Isoleucine; Leu – Leucine; Met – Methionine; Pro – Proline; Thr – Threonine; Val – Valine.
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The first diversification of the European sardine mitogenomes, towards the end of the Miocene, could be 
related to the steep decrease of sea surface temperature that occurred in the LMC, between 7 and 5.5 Ma17,96,97. 
For example, the Benguela system of cold-water upwelling, which sustains an abundance of phytoplankton, is 
thought to have originated during this period98. The LMC is associated with the late Miocene biogenic boom 
(LMBB), a marine event which was defined based on an increase in biogenic deposits in the Pacific Ocean99, 
and which may have promoted the diversification in pelagic fish such as Sardina. The LMBB is thought to have 
been caused by increased nutrient supply from land into the oceans or by a reorganization of oceanic circulation 
that promoted the redistribution of nutrients100. The onset of the LMBB is estimated at 8–6.7 Ma99,101 and its 
end at 4.4–4.5 Ma99,101,102. In the North Atlantic, a maximum accumulation of deposits is estimated at 5 Ma103. 
Herbert et al.104 report a change in sea surface temperature (SST) in the North Atlantic from above 25 °C to 
12–21 °C during the late LMC. The temperature preference range of S. pilchardus lies between 13.5 and 15 °C, 
whereas tolerance ranges between 12 and 17°C23. Spawning occurs mainly at 14 to 15 °C, decreasing at water 
temperatures below 12  °C and above 16°C24–26, and recruitment is also decreased outside this range105. The 
temperature shift at the end of the LMC may have led to a temperature optimum for the European sardine, 
while increasing both nutrient availability and levels of dissolved oxygen in the North Atlantic, thus promoting 
population growth and dispersal in this species that resulted in the observed rapid diversification pattern.

The presence of several distinct, supported groups with long stems on the calibrated tree suggests that the 
fixation of mitochondrial lineages followed this initial diversification burst. Fixation of distinct mitolineages 
may have been caused by geographical or ecological isolation between populations and decreased population 
sizes or even high extinction rates, possibly related to the mPWP, which occurred c. 3.2–3.0 Ma18,106. During this 
period, SST in the Northeastern Atlantic may have risen above the optimum for S. pilchardus. Middle to high-
latitude SST in the Atlantic is estimated to have been up to 6 °C higher than present day18,107 and surface water 
productivity was low, as the North Atlantic Current transported warm, nutrient-poor waters northwards107 
even into the Arctic Ocean108. Sea levels were also up to 22  m higher during this period109,110. The second 
diversification burst, observed in the two large clades, which accounts for most of present-day diversity, is likely 
to have resulted from the cooling phase that followed the mPWP, c. 3 Ma107. As a result of northern hemisphere 
glaciations during this phase111, surface water productivity increased, and SST decreased as low as 12 °C c. 2.5 
Ma107. This temperature shift may have led to another temperature optimum for the European sardine which 
likely promoted population growth, and the burst of diversification observed in Atlantic (G1) and Mediterranean 
(G2) clades, which accounts for most of its present-day mitogenome diversity.

During the lower Messinian, the Mediterranean experienced consecutive desiccation events, likely resulting 
from tectonic activity17, leading to the so-called Messinian Salinity Crisis (MSC), which ended in the early 
Pliocene112. It is not necessary to invoke the MSC to explain the diversification pattern seen here in the 
European sardine mitogenomes. However, if an extreme scenario is speculated upon, fixation of mitochondrial 
lineages, after the first diversification event, could in theory have resulted from the persistence of isolated 
sardine populations in the Mediterranean during the MSC. This would imply that at least some areas of the 
Mediterranean maintained ecological conditions for the persistence of marine ichthyofauna. In a survey of 
Messinian fossils from the Mediterranean basin, Landini and Menesini113 found evidence of the presence of 
several marine and freshwater fish during the Lower Messinian, including S. pilchardus, although the authors 
also consider that current fish communities in the Mediterranean derive essentially from faunal renewal from 
the Atlantic in the lower Pliocene. The presence of Messinian ichthyofauna has also been attributed to flooding 
events from the Atlantic before the final opening of the Mediterranean in the Pliocene114,115. S. pilchardus is 
an euryhaline species116, therefore sardine populations may have tolerated salinity fluctuations during the 
Messinian. If European sardine populations persisted in isolation in the Mediterranean for a period of time, or if 
sporadic colonisation events from the Atlantic occurred throughout the Messinian, the fixation of mitochondrial 
lineages in the Mediterranean may have been possible, and these lineages could eventually have been retained 
after secondary contact between Mediterranean and Atlantic populations in the early Pliocene. However, high 
SST in the Mediterranean during the Messinian104,117 was likely not ideal for the persistence of significant 
sardine populations.

The observed pattern of mitochondrial haplotype relationships indicates that there is extensive gene flow 
between the European sardine populations, even between individuals from opposite sides of its geographical 
distribution and does not indicate a structured population. Nevertheless, information from nuclear genomes 
may provide fine-scale insights into contemporary gene flow in the European sardine. Importantly, an extensive 
scan of sardine nuclear genomes may reveal the presence of environment-associated polymorphisms, which may 
in turn allow for modelling of populations resilience under future climate.

Positive and purifying selection in sardine mitogenomes
Analyses of 13 protein-coding genes of the European sardine mitogenome dataset detected between 12.9% and 
21.1% of the total number of codon sites to be under purifying selection. Strong purifying selection, which 
eliminates deleterious mutations, has been reported in freshwater fish mitogenomes, particularly in populations 
from cool environments118, and appears to be a major evolutionary force affecting mitogenome evolution in the 
European sardine.

Positive selection was detected, by at least two methods, in five candidate sites, but it is possible that relaxed 
purifying selection, instead of positive selection, explains at least part of these results. For example, sites 
ND2/218 and ND5/419 have codon changes in a few unrelated individuals, which may indicate that these are 
simply instances of fixation, by drift, of possibly neutral or mildly deleterious mutations that have not yet been 
eliminated by purifying selection21. In sites ND4/95 and ND2/319, the “derived” amino acid state is apomorphic 
to the European sardine, and changes observed represent reversals to the “ancestral” amino acid, except for 
one lineage, which has a secondary “derived” amino acid, in site ND4/95. These reversals seem to affect mostly 
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unrelated individuals and may correspond to instances of relaxed purifying selection, except in the case of eight 
individuals with the reversal in site ND2/319, for which it is less clear whether true positive selection is present, 
as they form an unsupported clade. However, in the case of site ND6/195, positive selection may be acting over 
at least one lineage. Site ND6/195 is located in an insertion that is present in the European sardine but not in 
its closely related species. Individuals displaying the “derived” amino acid (proline) are all part of G3 and are 
distributed over few lineages. One of these lineages is fully supported and only two out of 10 individuals do not 
display the “derived” character. Site ND6/195 was detected to be under positive selection by site and branch-
site models in codeml, whereas branch models indicate significant variation in dN/dS for ND6 in G2 and G3 
when each of these was considered as the foreground branches. It may not be possible to ascertain, at this point, 
whether the evolutionary force driving the fixation of this character state in these groups is positive selection 
or, instead, relaxed purifying selection combined with a demographic effect such as a bottleneck, which allowed 
for the persistence of the mutation in a diversified clade. Nevertheless, if present, positive selection in sardine 
mitogenomes is likely episodic and not a major driver of diversification in the mitogenome of this species.

Conclusions
This study, which presents the most extensive mitochondrial genome sampling of S. pilchardus so far, with 139 
samples across 19 locations spanning from the North Sea to the Moroccan Atlantic coast and from the Azores to 
the Ionian Sea, provides evidence supporting the lack of geographic structure and extensive gene flow.

The extensive geographical and mitogenomic data provided by this study allowed us to contextualize its 
findings within the broader scope of historical climate change, especially given the evidence that past global 
warming events, similar to those predicted for the near future, have had significant impacts in marine life. Climate 
conditions in the mPWP represent the most recent event of global warming comparable to what is predicted for 
the second half of the twenty-first century115. The global warmth of 2–3 °C above current temperatures estimated 
for the mPWP lies within projections for global conditions towards the end of the twenty-first century119. If 
indeed the apparent diversity loss seen in the European sardine mitogenomes in the period up to 3 Ma was 
due to increased global temperatures in the mPWP causing population contraction or extinction, then global 
conditions expected towards the end of the century may also have a negative impact on the European sardine 
genetic diversity and stocks, which may warrant new or additional conservation and management actions for 
this species.

Data availability
Aligned sequences used in data analyses are available on Zenodo (https://doi.org/10.5281/zenodo.13247537).
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