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Individual-based population
genomics reveal different drivers
of adaptation in sympatric fish

Héctor Torrado'?"*, Carlos Carreras?, NuUria Raventos?, Enrique Macpherson'? &
Marta Pascual®?

Connectivity and local adaptation are two contrasting evolutionary forces highly influencing
population structure. To evaluate the impact of early-life traits and environmental conditions

on genetic structuring and adaptation, we studied two sympatric fish species in the Western
Mediterranean Sea: Symphodus tinca and S. ocellatus. We followed an individual-based approach
and measured early-life history traits from otolith readings, gathered information on environmental
variables and obtained genome-wide markers from genotyping-by-sequencing (GBS). The two
species presented contrasting population structure across the same geographic gradient, with high
and significant population differentiation in S. ocellatus, mostly determined by oceanographic
fronts, and low differentiation and no front effect in S. tinca. Despite their different levels of genetic
differentiation, we identified in both species candidate regions for local adaptation by combining
outlier analysis with environmental and phenotypic association analyses. Most candidate loci were
associated to temperature and productivity in S. ocellatus and to temperature and turbulence in

S. tinca suggesting that different drivers may determine genomic diversity and differentiation in
each species. Globally, our study highlights that individual-based approach combining genomic,
environmental and phenotypic information is key to identify signals of selection and the processes
mediating them.

Population structure is highly influenced by the level of connectivity among localities, driven by dispersal poten-
tial and barriers to gene flow, but also shaped by local adaptation. In this context, environmental conditions
can impose spatially differential genomic selective pressures on phenotypic traits and their combined study can
allow to forecast the species adaptive capacity’. The use of environmental information coupled with the genetic
structure of species can be essential for understanding how they are adapted to their habitats®. Some studies
have investigated the relationship between local adaptation and environmental conditions in several marine
species with temperature, salinity and productivity values being important factors affecting different biological
processes and genetic differentiation at the population level®>=°. For instance, thermal gradients observed at sea
can explain the distributional patterns of numerous species, their diversification processes and the potential
influence of climate changes’.

Population genomic studies are fundamental to identify patterns of genetic structure and the processes deter-
mining them. Genotyping-by-sequencing (GBS)?, provides a cost-effective approach for population genomic
studies on non-model species. This methodology provides high density of markers that may allow identifying
non-neutral genomic signatures related to adaptation processes, with the potential for annotation®®. The assess-
ment of genomic signals of adaptation on non-model organisms is usually performed in two different ways,
outlier analyses (OAs) and genotype-environment association analyses (EAAs). On one hand, OAs are based
on the search of genome-wide markers showing outlier values of genetic differentiation (Fsr) among the studied
populations!?. On the other hand, EAAs using population genomic data combined with environmental data
have been successfully used to discover polymorphisms involved in adaptation to environmental conditions®°.
However, individual-based information could be used to further refine those associations. Individual-based

ICentre D’Estudis Avancats de Blanes (CEAB-CSIC), Car. Acc. Cala St. Francesc 14, 17300 Blanes, Girona,
Spain. 2Department de Genética, Microbiologia i Estadistica and IRBio, Universitat de Barcelona, Av. Diagonal
643, 08028 Barcelona, Spain.>These authors contributed equally: Enrique Macpherson and Marta Pascual. “email:
h.torrado@hotmail.com

SCIENTIFIC REPORTS|  (2020)10:12683 | https://doi.org/10.1038/s41598-020-69160-2


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-69160-2&domain=pdf

www.nature.com/scientificreports/

information is used in genome-wide association studies (GWAS), which can identify signals of adaptation to
both environmental conditions (EAAs) and phenotypic traits through phenotype association analysis (PAAs).
This methodology has proven to be a powerful tool to study interesting phenotypic traits and adaptation in model
species such as humans, plants and captive fish''-'*. While the use of individual-based information is common in
model species, the application in wild populations is rare and has been only used in a few studies combined with
environmental data information'*. Up to now, there is a lack of individual-based studies in natural marine popula-
tions, preventing an accurate knowledge of the relationships between genomic data, environment and early life
phenotypes in determining population structure in environmental gradients. This approach can be undertaken
in species were individual based information during dispersal phases can be obtained, such as benthic fishes.

In numerous Mediterranean benthic fishes, the pelagic larval stage allows dispersal and maintains connectivity
between populations, whereas adults are territorial and present a high site fidelity'>-'%. The length of the pelagic
larval duration (PLD) can not only affect dispersal but also other fitness characteristics such as larval growth,
size at settlement and mortality rate, modulating the year-class strength in numerous species'®*. Moreover,
environmental conditions can have major effects during the larval and settlement periods, where genetic and
phenotypic polymorphism can be affected by selection and/or stochastic factors'>. Fortunately, in most fishes,
individual-based information on both phenotypic and environmental early-life variables can be obtained from
otoliths (bones in the inner part of the ear) and has been successfully combined with genomic data to infer fine-
scale dispersal?!. Therefore, the study of individually based genomic variation associated to early-life history
traits across geographic gradients in sympatric fish can provide insights into the adaptive potential of species
while considering both connectivity and selection.

Here we use an individual-based approach to evaluate the phenotypic and environmental drivers shaping
population genomic structure in two congeneric fish, Symphodus tinca and S. ocellatus, that are sympatric across
a geographic/environmental gradient in the Western Mediterranean Sea. We selected two closely related species
to ensure that any difference found between the two species on the drivers shaping population structure is not
the result of a phylogenetic signal of divergent lineages, but a species-specific differential adaptation signal. On
the other hand, adaptation signals on marine organisms may change depending on the environmental gradient
present on the sampling sites and the scale of analysis®. For this reason, a sympatric distribution is key to check
for a differential adaptation strategy, as both species are going to be under the same environmental gradient
and face the same oceanographic fronts. We analysed 303 individuals from these two species with genotyping
by sequencing, measured from otolith readings some individualized key early-life history traits (e.g. date of
hatching, pelagic larval duration, size at settlement, growth rate) and gathered information of environmental
variables during their pelagic larval duration (e.g. surface temperature, turbulence, and productivity). In order
to test if phenotypic and environmental variables differentially influence the population structure in these two
species, we (1) gathered individual-based information on early-life phenotypic and environmental variables, (2)
assessed population differentiation, (3) identified loci putatively under selection using different methodological
approaches and (4) evaluated the effect of phenotypic and environmental factors in structuring populations
across geographic gradients. We expected to find similar associations and genomic structuring for both spe-
cies due to their similar distribution and phylogenetic closeness. Nevertheless, considering their differences in
reproduction times, temporal environmental variation and behaviour could change population connectivity and
the drivers of population structure.

Results

Phenotypic and environmental analyses. We obtained reliable information on early-life history traits
from otolith reading (Figure S1) for 93% and 89% of the juvenile individuals from most of the localities in S.
ocellatus and S. tinca, respectively (Fig. 1, Table 1). With these data we acquired environmental and phenotypic
individually based values (Table 2). Significant differences among sampling locations were detected with PER-
MANOVA for all phenotypic and environmental variables with three exceptions: PLD growth rate and Hatching
date in Symphodus ocellatus and PLD in S. tinca (Table S1). The temperature during the larval stage was lower
in northern localities for both species, even considering a delay on the hatching date in some of these localities
to encounter warmer dates (Table 2). For S. ocellatus, individuals from the colder areas (Fig. 1), the Alboran Sea
and the two northernmost localities, delayed hatching date and thus experienced milder temperatures during
PLD than otherwise expected (Table 2). In the case of S. tinca, the individuals of colder localities (Fig. 1) did
not always delay their hatching date. For instance, in Blanes, individuals hatched early in the season and thus
experienced low temperatures and had longer PLD (Table 2). The information of multiple variables was synthe-
sized with principal component analysis (PCA). The PCA yielded several components for the phenotypic (PC)
and environmental (EC) variables, with different contribution from each variable, and overall explaining a large
proportion of the variance (Table S2).

Population genomics. We analysed 303 individuals from the two sympatric Symphodus species with GBS
(Table 1, Fig. 1). We obtained a mean (+ SD) of 2.6 0.8 and 2.6+ 0.9 million reads per individual for S. ocellatus
and S. tinca, respectively. After filtering, we found 3978 polymorphic haplotype loci and 5123 SNP loci for S.
ocellatus and 5276 polymorphic haplotype loci and 6833 SNP loci for S. tinca. The mean depth per locus was
19.5+11.4 for S. ocellatus and 19.5£11.3 for S. tinca. The maximum number of alleles per haplotype locus was
17 for S. ocellatus and 15 for S. tinca. Observed and expected heterozygosities per locality were similar in the two
species (Table 1).

For S. ocellatus, pairwise Fgp values (Table S3) as well as the DAPC plot (Fig. 2) and k-means clustering
suggest the same structure identifying three groups. One group was formed by the northern localities (Colera
- Blanes), another included the localities between the IC and AOF oceanographic discontinuities (Xabia, Palos
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Figure 1. Map of the sampled locations in the Western Mediterranean for Symphodus ocellatus and S. tinca.
Dashed lines indicate oceanographic discontinuities: Ibiza channel (IC) and Almeria-Oran front (AOF).

The colour gradient of the sea identifies the mean sea surface temperature (°C) during the larval period of
each species. The reduced grey map shows the location of our study area within the Mediterranean Sea. Data
obtained from Western Mediterranean OPerational forecasting system (WMOP)% Maps were plotted using the
R% packages ‘ncdf4®! and ‘ggplot2’®.

and Aguamarga) as a central group, and the last one was constituted by the southernmost locality (Herradura)
sampled in the Alboran Sea (Fig. 1). It is worthwhile noticing that Herradura clusters with the localities of
the central group in the first axis. However, we did not find isolation by distance with a Mantel test (r=0.45, p
value=0.08). For S. tinca no clear structuring was detected (Fig. 2, Table S4), and only two significant Fgp values
were found, when Santa Pola was compared to Blanes and to Ametlla. When comparing only the three localities
sampled in both species, we observed similar groupings in the DAPC analysis as when considering all sampled
localities, with a clear effect of the IC discontinuity genetically differentiating Xabia from the northern localities
in S. ocellatus but not in S. tinca (Fig. 2). As for S. ocellatus we did not find isolation by distance with a Mantel
test (r=-0.38, p value=1).

In the outlier analysis with Bayescan after correcting for multiple comparisons, we identified 95 outlier hap-
lotype loci potentially under positive selection for S. ocellatus and 5 for S. tinca (Tables S5 and S6).

Genomic associations to phenotypic and environmental variables.  The variance partition analysis
using the SNP loci datafile showed a small contribution of environmental and phenotypic variables in explain-
ing the whole genomic variance in both species, although higher for environmental variables (Table S7). The
redundancy analysis (RDA) for S. ocellatus, using the individual environmental values and the genotypes from
the SNP loci datafile, identified two clusters of individuals along the first axis, explaining 58.0% of the variation
(Fig. 3). All individuals of the central group (Xabia, Palos and Aguamarga) clustered together and were posi-
tively associated with temperature and negatively associated with productivity while those from the other three
localities (Colera, Blanes and Herradura) clustered also together but presented the opposite trend. Overall, 155
haplotype loci had SNPs significantly correlated with environmental predictors (Table S8) with only one locus
(20878) being associated to more than one predictor, although with different SNPs (Table S5).

For §. tinca, the two axes of the RDA explained 67.4% of the variation and separated the individuals by locality
(Fig. 3). The first axis was associated mainly to productivity while the second axis was associated to temperature
and turbulence with a different sign. Consequently, Ametlla and Xabia were associated to higher temperature and
low turbulence, while Xabia and Blanes seemed to have less productivity. Overall, 166 haplotype loci had SNPs
significantly correlated with environmental predictors (Table S8) with only three haplotype loci (12921, 24436,
9609) associated to more than one predictor, although in all cases with different SNPs (Table S6) as in S. ocellatus.

The GWAS using as covariates the two first components of the MDS analyses (GWAS-Cov) identified for S.
ocellatus only one SNP associated to the first environmental component (Table S8). However, when performing
the analysis without covariates 207 haplotype loci presented SNPs significantly associated to environmental and
phenotypic variables. Most of the SNPs were associated to environmental variables, particularly productivity
and temperature and 63 of them were related to more than one variable (Table S5). For phenotype-genotype
associations, 21 SNPs were associated to the composite phenotypic variable PC2, positively related to PLD and
settlement size (Table S2). In the case of S. tinca, GWAS-Cov found six SNPs with associations to phenotypic
and environmental variables (Table S8). The same SNPs were associated to the same variables when covariates
were not used in the GWAS, with the exception of SNP 12307_17 where the association to EC3 was not detected
when using covariates (Table S6).
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Species Location Sampling date | N Ar Ho He Fig
Colera June-August
42°24'26.9'N 2014 & 30(30) [2.283 |0.302 |0.362 |0.164
3°09'23.8"E
Blanes June-August
41°40'44.5"N 2014 8 37(37) [2.284 |0.296 |0.360 |0.177
2°48'28.8"E
Xabia May-Jul
38°47'46.1'N ors Y 28(26) |2.255 |0.281 |0.354 |0.207
0°11'01.4"E
Symphodus ocellatus ?él‘i)s de Palos) MaveA
abo de Palos ay-August
37938'05.4'N 2014 26(24) |2.229 [0.285 |0.350 |0.185
0°41'31.6"W
Aguamarga
36°56'20.8'N %ﬁ'AuguSt 28(27) |2.242 0296 |0.352 |0.158
1°55'53.1"W
Herradura
(La Herradura) July-August
36°43'40.0"N 2016 13 (6) 2224 |0.284 |0.352 |0.193
3°44'07.9"W
Colera May-June
42°24'26.9"N 201}; 30(24) |2.600 |0.298 |0.356 |0.164
3°09'23.8"E
Blanes Ma
41°40'44.5"N 201); 31(27) |2.588 |0.293 |0.355 |0.175
2°48'28.8"E
Ametlla
. (CAmetlla de Mar) | May-June
Symphodus tinca 40°5227.1'N 2015 26 (23) |2.597 |0.301 |0.356 |0.155
0°47'42.3"E
Xabia May-June
38°47'46.1"N 2015 28(28) |2.601 [0.293 |0.356 |0.178
0°11'01.4"E
Santa Pola
38°11'27.9'N 2015 26 (0) 2.592 10.293 ]0.355 [0.173
0°33'57.2"W

Table 1. Sampling information and population diversity values for the locations of Symphodus ocellatus

and S. tinca. Sampling date, Number of genotyped individuals (N) and in parentheses the number of

juvenile individuals with otoliths information, Allelic richness (Ar), Mean observed (H,) and expected

(H,) heterozygosities, Inbreeding coefficient (Fis). All Fis values are significant. The names of localities in
parentheses indicate the toponymal names of the corresponding localities. Diversity values were obtained from
the haplotype loci datafiles.

Planktonic Larval
duration (PLD) Settlement size PLD Growth rate | Hatching date Surface Productivity
Species Location (days) (um) (um/day) (day of the year) | temperature (°C) | (ChlA mg/m®) Turbulence (m)
Colera 10.1+1.0 45.4+4.6 4.5+0.6 192.8+10.8 21.8+0.4 0.211+0.005 1.40+0.24
Blanes 9.3£1.0 48.7+6.2 5.3+0.6 193.4+13.5 22.5+0.9 0.164+0.009 0.67+0.18
Xabia 9.3+1.2 43.3+7.1 4.7+0.6 186.0+15.8 24.1+1.2 0.171+£0.004 0.87+0.08
Symphodus ocellatus
Palos 8.6+0.8 42.0+3.8 4.9+0.6 184.2+10.2 23.8+0.9 0.163£0.016 0.97+0.08
Aguamarga 9.3+1.3 43.8+4.8 4.8+0.6 188.6£19.0 23.1+x1.9 0.158+0.003 0.83+0.11
Herradura 9.3+0.8 46.0+5.6 5.0+£0.6 229.7+11.7 23.9+0.3 0.261+£0.030 0.90+0.22
Colera 9.3£0.9 33.0+2.4 3.6+04 159.9+4.9 20.1+£0.9 0.306+£0.039 1.02+0.23
Blanes 124+1.4 40.9+4.0 3.3+£0.2 135.7+£5.7 16.5+0.1 0.335+0.011 0.72+0.11
Symphodus tinca
Ametlla 9.0£1.0 35.8+4.0 4.0+0.4 157.0£5.2 22.0+1.3 0.333+£0.066 0.52+0.14
Xabia 99+1.1 42.6+4.6 43+0.4 149.0+£3.6 21.0+0.6 0.201+£0.019 0.59+0.10

Table 2. Mean values and standard deviation of individually based environmental and phenotypic variable
values by location. No environmental and phenotypic variable is available for Santa Pola in Symphodus tinca,
since juveniles with otolith information were not sampled in this locality.

Combining all methodologies (RDA, GWAS-Cov, GWAS and Outliers), a total of 292 and 168 haplotype
loci were identified as potentially candidates to selection in S. ocellatus and S. tinca, respectively (Fig. 4). A low
number of loci were shared by all methodologies being larger in S. ocellatus which presented higher popula-
tion differentiation. The percentage of loci with SNPs associated to environmental predictors differed between
the two species. Similar numbers of loci were associated to each environmental variable for S. tinca, although
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Figure 2. Discriminant Analysis of Principal Components (DAPC). DAPC plots with DA eigenvalues (top
right corner) using all analysed localities for each species (A,B) or only the localities sampled in both species
(CD).

slightly larger to turbulence (Figure S2). However, for S. ocellatus most loci were associated to temperature and
productivity. We used all candidate loci to cluster localities based on their observed heterozygosities and the
frequency of their major allele from the haplotype loci dataset. In S. ocellatus both heatmaps clustered Colera
and Blanes, the two northernmost localities, with Herradura, the southernmost locality (Fig. 5). Similar group-
ings were also observed when only loci related to temperature and productivity were used but differed for loci
associated to turbulence (Figure S3). In S. tinca different population clustering was observed depending on the
variable used and the SNPs associated to different environmental predictors (Fig. 5, Figure S4). Nonetheless, in
both species, contrasting frequencies of heterozygotes and major alleles were found among localities (Fig. 5).
The Blast of all loci potentially under selection against the Ensemble database provided 172 hits for S. ocellatus,
93 of them inside genes (Table S5) and for S. tinca 103 loci had a blast hit, 43 of them inside genes (Table S6).
The compilation of the biological functions using the GO terms in REVIGO showed that the genes identified
in S. ocellatus and S. tinca had different functions (Fig. 6). On one hand, S. ocellatus genes were associated
to embryonic caudal fin morphogenesis, receptor localisation to synapse, response to stimuli, protein stabil-
ity, autophagosome assembly and cell adhesion (Fig. 6). On the other hand, S. tinca genes were associated to
intracellular protein transport, heart contraction, thigmotaxis and swimming behaviour, regulation of GTPase
activity, dephosphorylation, nucleobase catabolism and cytoskeleton organisation (Fig. 6). Furthermore, within
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Figure 3. Redundancy analysis (RDA). RDA performed with individual environmental data and SNPs at all
loci. Coloured points represent individual fish coded by locality. Vectors indicate environmental predictors of
the two first RDA components. (A) Symphodus ocellatus and (B) S. tinca.

each species the genes associated to each of the environmental predictors showed different biological functions
(Figure S5 and Figure S6).

Discussion

The interaction of different evolutionary forces, such as dispersal and selection, defines the actual distribution
of the genomic diversity within species*?2. We suggest that differences in environmental and phenotypic vari-
ables at early-life stages can produce contrasting genomic response that can be revealed by comparative studies
on closely related species. Our two studied species presented very contrasting patterns of genetic structure,
nonetheless the use of several methodologies for assessing signals of selection revealed multiple loci associated
to environmental and phenotypic variables in both of them. Our individual level approach integrating genomic
data with environmental and phenotypic information was fundamental for identifying the factors and processes
affecting population structuring.

Population structure and timing of reproduction. Our genome-wide analysis of the two Symphodus
species, S. tinca and S. ocellatus, showed different levels of connectivity across the same environmental gradient.
Two contrasting patterns are found despite their potentially similar dispersal capabilities, as both species build
nests with algae*>?* and present similar early-life traits such as planktonic larval duration (PLD), size at settle-
ment and growth rate”®. However, they have different life span and reproductive season?*?’. If some adults move
to neighbouring areas, species with longer life span such as S. tinca could present more connected populations
than its congener S. ocellatus that has a shorter life span®. Adults are considered to be sedentary and remain

SCIENTIFIC REPORTS |

(2020) 10:12683 | https://doi.org/10.1038/s41598-020-69160-2



www.nature.com/scientificreports/

Symphodus ocellatus Symphodus tinca

Outlier

Outlier

GWAS
&
GWAS-Cov

RDA

Figure 4. Venn diagram of the candidate haplotype loci showing significant values with different
methodologies. Haplotype loci were considered to have a significant value for RDA and GWAS if containing
SNPs with significant values for these analyses. Blue: outlier loci; Green: loci associated to environmental and/or
phenotypic variables according to GWAS; Yellow: GWAS loci with the two first MDS components as covariates
(GWAS-Cov); Pink: loci associated to environmental variables by RDA.

close to their settling area® and thus other variables such as the time of reproduction could influence population
structure.

In Symphodus ocellatus, we found a strong population structure and a clear effect of the two main oceano-
graphic barriers in the area, the Ibiza channel and Almeria-Oran front, genetically clustering our sampling loca-
tions in three groups. These two oceanographic barriers seem to reduce gene flow across a great variety of taxa
with different dispersal capabilities®. On the contrary, we observed very low genetic differentiation for S. tinca
and a null effect of the Ibiza channel, in agreement with a previous study using microsatellite loci®’. Seasonal
variation in the reproductive and larval periods could probably influence the effect of oceanographic fronts on
connectivity. For instance, the Ibiza channel although presenting inter-annual variations is known to break more
often in spring than in summer’"*? thus promoting connectivity for species reproducing in this season'®*. In the
western Mediterranean, in spring there are more extreme turbulence values and higher frequency of unpredict-
able energy fluxes and episodic events than in summer*-*® which could enhance connectivity. Contrarily to the
results we found in the western Mediterranean, a significant population genomic structure was unveiled for S.
tinca in the Adriatic Sea'®. Interestingly, during the reproductive season of S. tinca, lower turbulence is observed
in the Adriatic Sea in comparison to the western Mediterranean®.

Some fronts, such as the AOF, seem to reduce connectivity for many marine species across all taxa, although
many other species seem not to be influenced®*. This could be attributed to temporal differences. Annual
variation in the current pattern across the oceanographic fronts seems to account for genetic differentiation
in neighbouring locations in crabs and sea urchins®****. Seasonal variation in the hydrodynamic conditions
across the fronts**° could also differentially affect population structure in different species according to their
reproductive season, as found in the present study. Therefore, we hypothesize that more stable oceanographic
conditions could reduce genetic connectivity, facilitate long term local adaptation and leave more detectable
genomic footprints of selection. Further population genomic studies across the same barriers in a wider number
of species considering the reproductive season could allow testing this hypothesis.

Genomic associations to phenotypic and environmental variables. Local adaptation might be
shaping population structure along with connectivity reduction mediated by oceanographic barriers*. Different
genotypes can be under diverse selective pressures among localities, rendering individual-based information
highly valuable. The use of several methodologies was fundamental to capture the signatures of adaptation in
species with contrasting degree of population structuring. We found, in both species, small contribution of our
studied variables to genomic structuring with the variation partitioning of the SNPs datafile at the individual
level. These results confirm that the effect of external factors in genomic structuring is small across the whole
genome, but does not preclude to be important in some specific loci. For instance, in S. ocellatus the higher
population differentiation resulted in a higher number of outlier loci and potential for detecting local adaptation
in comparison to S. tinca. Nonetheless, for both species of Symphodus, the combination of the results of GWAS
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Figure 5. Haplotype loci values showing significant associations. Dendrogram and heatmap grouping the
localities based on all candidate loci showing significant values with the different methodologies and using the
values from the haplotype loci dataset: Symphodus ocellatus (A) frequency of the major allele and (B) observed
heterozygosity. Symphodus tinca (C) frequency of the major allele and (D) observed heterozygosity.

and RDA revealed a larger number of candidate loci, putatively under selection, as well as the selection drivers
of most of the outlier loci.

Redundancy analyses have been successfully used to detect signals of selection by comparing population
allele frequencies to their environmental variables*®. As we had individually based environmental data, we
assessed how each single individual was distributed along the RDA axes based on its genotype, and according
to its environmental predictors*. In S. ocellatus the individuals were separated in two groups along the first
RDA axis, which was explained by surface temperature and productivity. This analysis grouped geographically
separated localities, that present low temperature and high productivity, thus demonstrating that population
differentiation is not only influenced by oceanographic barriers but also respond to environmental selection pres-
sures. For, S. tinca individuals were grouped by locality in the RDA analysis, but their clustering was less clear,
with temperature, productivity and turbulence having similar impact. Thus, despite the low number of outlier
loci and population structure in that species, environmental variables can nonetheless contribute to adaptation.
These apparently contradictory results rely on the power of different methodologies to detect signals of selection.
The analysis of outlier loci is based on the detection of loci that show divergent patterns of genetic differentia-
tion among localities. Thus, this analysis is highly dependent on the basal levels of population structuring as
indicated in previous studies***. For instance, the abundance of outlier loci in S. tinca found in our study area
(0.1% of all loci) was lower than that obtained for the same species in the Adriatic Sea (0.5%)", suggesting that a
more structured region can favour the power to detect local adaptation by outlier analysis. For this reason, RDA
should be also used, as it can detect signals of selection even on conditions of low structuring*. Moreover, this
approximation can be done both at the individual and population level and can thus be implemented in species
where individual based information is difficult to obtain.

The analyses of phenotypic and environmental variables associated to individual genotypes are necessary to
unveil candidate regions of the genome determining these traits>®. However, when there is population struc-
ture, signals of selection within them can be confounded by either demographic or selective processes among
populations*®. In both Symphodus species we identified only a few candidate loci associated to environmental
variables by using GWAS after removing the population effect using the two first MDS axis as covariates. This
methodology has been suggested to control for hierarchical structure to avoid identifying spurious associations
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Symphodus ocellatus

Symphodus tinca

Cell
adhesion

Figure 6. Gene ontology treemap of the candidate genes to selection combining all methodologies in S.
ocellatus and S. tinca. The box size correlates to the —log10 p-value of the GO-term. Boxes with the same colour
can be grouped together as correspond to the same upper-hierarchy GO-term which is found in the middle

of each box. Description of letters and detailed information of the treemap can be found in supplementary
tables S9 and S10.

due to population differentiation. However, this approach is very conservative and can underestimate phenotype-
genotype associations in loci under local adaptation**2. For instance, in S. ocellatus, the high level of popula-
tion structuring undermines the power to detect selection using GWAS with covariates, while GWAS without
covariates and RDA revealed a high number of candidate loci to selection. In the case of S. tinca, the low level of
population structuring limited the resolution of the two types of GWAS while many loci under selection were
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found with RDA. This highlights the need to assess selection using different methodologies as the degree of
population structuring may underestimate the role of selection depending on the methodology used.

Environmental factors, such as temperature or salinity, are known to impose differential spatial signatures of
selection on marine organisms®***. The biological functions of the genes associated to the candidate loci of selec-
tion in our two Symphodus species suggest different mechanisms of adaptation in response to the environmental
factors although both of them showed strong influence of temperature and productivity. The importance of these
two variables in marine organisms is not unprecedented. Temperature is a crucial factor in many marine organ-
isms as it may impact metabolism, larval survival and development among others*. Interestingly, turbulence was
found to be more important in S. tinca than in S. ocellatus. Although the turbulence values can be similar during
the reproduction period of both species, the frequency of storms in our study area is much higher in spring than
in summer***. This temporal instability may explain the importance of this variable on the spring breeder S. tinca
with 40% of candidate loci associated to this factor while only 11% where found to be associated in S. ocellatus.

In both species, we found several polymorphisms to be significantly associated with phenotypic and environ-
mental variables, indicating a possible genotype-phenotype-environment interaction. In Symphodus tinca, we
identified two loci associated to hatching date and also to environmental variables, being one of them related to
turbulence and the other to temperature. Hatching date seems to be under selections in several marine species.
For instance, in S. tinca reproducing females appear to prefer males with nests early in the reproductive season,
and hatching success is consistently higher for eggs placed in early nests*. In the sunfish, Lepomis macrochirus,
individuals born early in the season have higher survivorship than those born late*’. In the peacock blenny,
Salaria pavo, males select a different reproductive tactic depending of the birth date*. For the common triplefin,
Forsterygion lapillum, more successful males hatch early in the hatching period®'. Overall, these studies suggest
that individuals born early could attain larger sizes at the reproductive season, rank more highly in social hierar-
chy and have better chances to reproduce. In S. ocellatus, 22 loci were related to settlement size or to PC2, highly
influenced by PLD and settlement size, and 70% of them were also associated to temperature. A high proportion
(50%) of those loci were also associated to productivity and EC1. Size at settlement, and other early-life traits,
clearly increase post-settlement survival in some species, e.g. Pomatomus saltatrix®?, Thalassoma bifasciatum™,
Symphodus spp.>* demonstrating the existence of a size-selective mortality. However, the absence of a consistent
trend for selective mortality® and annual variation among settlement intensity, recruitment level and year class
strength™ suggest an important role of random events on survival. Therefore, natural selection could increase the
frequency of alleles favouring reproduction early in the season as well as size at settlement and high stochasticity
in survival maintain genetic polymorphism.

In conclusion, the results of this study show that individual-based information combining genomics, envi-
ronmental and phenotypic values is key to unveil detailed patterns of evolutionary genomic signatures in liv-
ing organisms and thus to glimpse the potential response to future changes. Despite the study of early life
traits through otolith readings is only applicable to bone fishes, the combination of the different methodologies
conducted in this paper to assess population structuring and local adaptation is useful for all species with indi-
vidualized genotypic, environmental and phenotypic data. Furthermore, this approach has demonstrated to be
applicable at the population level and in the absence of individual based information*®. Our findings emphasize
that candidate regions to local adaptation, mediated by productivity and temperature, can even be detected
in species presenting low population structuring. This holistic approach should be considered in scientifically
informed management actions since, in spatially and temporally variable environments, as found along the dis-
tribution ranges of most species, environmental and phenotypic factors could be imposing previously concealed
selective pressures.

Materials and methods

Study species. Symphodus ocellatus (Linnaeus, 1758) and Symphodus tinca (Linnaeus, 1758) live in shal-
low waters (0-30 m), have similar larval duration (7-13 days) and are considered to disperse only during the
larval stages, since their adults exhibit territorial behaviour®. These two species are representative components
of the rocky, sea-grass beds and soft bottom communities of the Western Mediterranean®>*’. They have a narrow
bathymetric range (< 100 m), are found ubiquitously across the studied area and produce a clear settlement band
in their otoliths*>*8. The reproductive season of S. tinca extends during spring, whereas S. ocellatus reproduces in
summer (Lejeune, 1985; Raventos & Macpherson, 2005b). S. ocellatus individuals live near 5 years, reach a maxi-
mum length of 12 cm and attain sexual maturity between 1 and 2 years?. S. tinca individuals live up to 15 years?,
can reach 44 cm, and attain sexual maturity in 2 or 3 years”. Due to the phylogenetic relatedness and shared
biological traits and distribution, these species have a high value for a comparative population genomic study.

Sampling. A total of 162 individuals of Symphodus ocellatus (Linnaeus, 1758) and 141 of Symphodus tinca
(Linnaeus, 1758) were sampled and analysed from six and five different locations respectively along the Span-
ish Mediterranean coast between 2014 and 2016 (Table 1, Fig. 1). This area contains two oceanographic dis-
continuities, the Almeria-Oran Front (AOF) and the Ibiza Channel (IC), that can affect connectivity among
populations?**. From Santa Pola, adult fin clips were provided by professional fishermen, while for the remain-
ing localities juveniles were captured during recruitment using hand nets. The whole juvenile individuals and
adult fin clips were taken and stored in 96% Ethanol. The collection of fish samples met the Spanish and Euro-
pean regulations. According to article 3.1 of the European Union directive (2010/63/UE) from the 22/9/2010,
no approval is needed for fish sacrification with the purpose of tissue or organ analyses. Furthermore, the study
species Symphodus ocellatus and S. tinca are not listed in CITES. A map of the sampling localities (Fig. 1) was
plotted using the R® packages ‘ncdf4® and ‘ggplot2’®2. The colour gradient in the map represents the mean
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temperature across the larval period of each species in a 2X2 Km grid obtained from Western Mediterranean
OPerational forecasting system (WMOP)®,

Phenotypic and environmental variables. At the laboratory, the otoliths (lapilli) of all juveniles
were extracted and mounted in an oil droplet on a microscope slide. Age readings and the presence of settle-
ment marks were determined using a light microscope following the standard methodology described in the
literature®**. In brief, we counted the age of the individual with the number of otolith marks along the longest
radius, and with this information, we inferred the hatch date of each individual (Figure S1). PLD was calculated
with the number of otolith marks before the settlement mark. From otolith readings, four early-life traits were
considered for each individual: hatching date (expressed as the number of day of the year), pelagic larval dura-
tion (PLD, in days), growth rate during the pelagic larval duration (increment in otolith size in pm divided
by PLD) and otolith settlement size (in pm). We measured the otolith width six times and used their mean to
minimize measurements errors.

For each individual, the hatching date and its PLD value were used to determine the exact time of its pelagic
period, over which the individual-based environmental variables were averaged. Three environmental variables
were considered: two from remote sensing, surface temperature (in °C) and productivity (measured as Chlo-
rophyll a concentration (ChlA) in mg-m™), and one from modelling, significant wave height (in meters) as a
proxy for turbulence. The water surface temperature was obtained from SOCIB from a daily gridded dataset with
a resolution of 0.02 degrees (Balearic Islands coastal ocean observatory and forecasting system, https://www.
socib.eu/). Productivity data used in this paper were produced with the Giovanni online data system, developed
and maintained by the NASA GES DISC®, obtaining monthly mean values of ChlA with a spatial resolution of
4 km. Significant wave height was obtained from SIMAR model from the Spanish state ports agency, with hourly
values and a spatial resolution of 0,25 degrees. Individual-based environmental and phenotypic variables were
only available for individuals with otolith information (Table 1).

In order to evaluate the possible differences of early-life traits between locations, Permutational Multivari-
ate Analyses of Variance (PERMANOVA) were performed for each phenotypic and environmental variable, as
implemented in the R function ‘adonis, from the ‘vegan’ package v 2.5-2. Two principal components analysis
(PCA) using ‘dudi.pca’ function from ‘ade4’ package v.1.7-8% were performed for each species after standardizing
each variable, one with all phenotypic and the other with all environmental variables. We kept the minimum
number of principal components necessary to explain at least 99% of the variance.

DNA extraction and genotyping. DNA was individually extracted using the QIAamp DNA Mini Kit
(QIAGEN) extraction kit, following manufacturer’s instructions. DNA integrity was checked by gel electropho-
resis and quantified by NanoDrop. To build individual genomic libraries by GBS, 1.5-3 ug of DNA for each sam-
ple were sent to the Cornell University Biotechnology Resource Centre (BRC). DNA was digested with EcoT22I
restriction enzyme and ligated to barcode and common adaptors with appropriated sticky ends as in a previous
study’’. For each plate, one blank sample and 95 samples were pooled and cleaned using QITAGEN PCR cleanup
kit (following manufacturer’s instructions). An amplification by PCR was applied to the resulting 96plex librar-
ies, using generic primers matching the adaptors. The PCR was made under the following conditions: 5 min at
72°C, 30 s at 98°C, 18 cycles of 10 s at 98°C, 30 s at 65°C and 30 s at 72°C and a final extension of 5 min at 72°C.
The PCR product was cleaned with the QIAquick PCR Purification Kit, diluted and single-end sequenced in an
Mlumina HiSeq 2500 platform at BRC, by using one lane per plate and the HiSeq v4 reagents kit. Individuals
from the same locality were distributed in different lanes.

Raw Illumina sequences from all samples were used for genotyping with STACKS vs 1.47 software®”. Good
reads with a barcode were trimmed to 59 bp, excluding barcodes and primers. To construct a catalogue loci two
mismatches were allowed between stacks within and between individuals, and a minimal stack depth of three
was required. Individual genotypes were outputted both as haplotype loci and SNP loci VCF files. Additional
filters were applied using VCFtools vs 1.12%. Individual genotypes with a depth below 5X were not considered.
Loci with a missingness value higher than 30% were removed from the loci datafiles. Additionally, haplotype loci
with the major allele frequency equally or higher than 0.95 (i.e. monomorphic at that level) were identified by
the R function ‘isPoly’ from the package ‘adegenet’® and removed from the vcf file by VCFtools. For SNP loci,
those with a minimum allele frequency (MAF) of 0.05 were also removed from the SNP dataset by VCFtools.
Finally, the loci in HW disequilibrium at more than 60% of the sampling sites'® were eliminated of the analysis
from both the haplotype and SNP loci datafiles. This filter was used step to eliminate possible paralogous loci.

Population genomic analyses. We used the haplotype loci datafiles for the population genomic analyses.
For each locality, observed (Ho) and expected (He) heterozygosities, allelic richness (Ar), Fg; pairwise values
and their significance (computed by 999 permutations) were obtained by R software® ‘hierfstat’ package vs 0.04-
270. A FDR correction for multiple comparisons was applied in all required analyses to estimate the threshold of
differentiation’”. Isolation by distance was evaluated between Euclidean geographic distances and Fg distances
with Mantel tests, as implemented by the ‘mantel’ function in the ‘vegan’ R package. Discriminant Analysis of
Principal Components (DAPC) were performed retaining a number of PCAs equal to one third of the number
of individuals. To detect the optimal number of genetic clusters, we performed K-means clustering from k=1
to k=10, using 10° iterations, retaining a number of PCs equal to sample size and compared the results using
the Akaike Information Criterion (AIC). The analyses were performed with the R software package ‘adegenet’
and represented with the ‘ggplot2’ package®. To identify outlier loci (OAs), we used BayeScan vs 2.17%, with
individuals grouped by sampling locality. To minimize false positives, 100,000 simulations were run and a prior
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odd of 10,000 was specified’®. Those haplotype loci with a g-value (FDR analogue of the p-value) below 0.05 were
considered as statistically significant outliers.

We used the SNP datafile for association analysis with environmental (EAAs) and phenotypic (PAAs) vari-
ables. We kept all polymorphic SNPs in each locus after filtering. Missing genotypes were imputed by replacing
them with the most common genotype across all individuals. We performed a variance partition analysis for
the complete matrix of SNPs, the matrix of the three environmental variables and the matrix of the four phe-
notypic variables using the ‘varpart’ function in the ‘vegan’ R package. We looked for SNPs strongly correlated
with environmental variables by using a Redundancy Analysis (RDA) with the SNP loci datafiles following the
method described by Forester and co-authors*2. We used as response variables a genotypic matrix with the SNPs
of all loci and the three environmental variables as predictors. All environmental variables were retained because
they were not highly correlated (r<0.75).

A genome-wide association analysis (GWAS) was performed with the linear model implemented in the soft-
ware PLINK vs 1.97% For each individual, we used its genotype from the SNP loci datafile and its environmental
and phenotypic variables as well as the composite PCA variables previously detailed. Moreover, we performed
a Multidimensional Scaling analysis (MDS) with the SNP datafile per species with the same software. The effect
of genetic differentiation among localities is often removed in associated studies with the use of covariates. Thus,
we carried out two association studies with PLINK: one using as covariates the two first components of the MDS
(GWAS-Cov), and the other without covariates (GWAS).

For all candidate loci potentially under selection, identified as population outlier loci and/or including SNPs
associated to environmental or phenotypic variables, we computed the frequency of the major allele and their
observed heterozygosity for the haplotype dataset in each sampling location. Both values were represented in
heatmaps and hierarchical dendrograms, using the heatmap.2 function of the package ‘gplots’ vs 3.0.17°.

BLAST searches were conducted with the 59 bp sequences of all candidate loci against the Labrus bergylta
Ascanius, 1767 genome’®, available in BLASTn search tool of Ensembl website (www.ensembl.org). Sensitivity was
set to “Distant homologies” to maximise matches’ length considering the phylogenetic distance between species.
A maximum E-value of 10~ was allowed and only matches of at least half of the locus sequence were considered.
When sequences matched within a gene, the function of that gene was searched at the UniProt database (www.
uniprot.org). For the list of annotated genes their GO-terms were introduced in REVIGO to produce treemaps
of the biological functions”.

Data availability

Raw read data from all individuals is available in the NCBI SRA Bioprojects PRINA646056 (S. ocellatus)
and PRJNA646057 (S. tinca). A list of genotypes of all individuals, and their sampling location, environmental
and phenotypic variable values are available as Supplementary Dataset.

Received: 17 January 2020; Accepted: 3 July 2020
Published online: 29 July 2020

References

1. Grummer, J. A. et al. Aquatic landscape genomics and environmental effects on genetic variation. Trends Ecol. Evol. 34, 641-654
(2019).

2. Ahrens, C. W. et al. The search for loci under selection: trends, biases and progress. Mol. Ecol. 27, 1342-1356 (2018).

3. Benestan, L. et al. Seascape genomics provides evidence for thermal adaptation and current-mediated population structure in
American lobster (Homarus americanus). Mol. Ecol. 25, 5073-5092 (2016).

4. Xuereb, A., Kimber, C. M., Curtis, J. M. R,, Bernatchez, L. & Fortin, M. J. Putatively adaptive genetic variation in the giant California
sea cucumber (Parastichopus californicus) as revealed by environmental association analysis of restriction-site associated DNA
sequencing data. Mol. Ecol. 27, 5035-5048 (2018).

5. Hasan, M. M. et al. Sticklebacks adapted to divergent osmotic environments show differences in plasticity for kidney morphology
and candidate gene expression. J. Exp. Biol. 220, 2175-2186 (2017).

6. Carreras, C. et al. East is East and West is West: Population genomics and hierarchical analyses reveal genetic structure and adapta-
tion footprints in the keystone species Paracentrotus lividus (Echinoidea). Divers. Distrib. 26, 382-398 (2020).

7. Hansen, M. M., Olivieri, I., Waller, D. M. & Nielsen, E. E. Monitoring adaptive genetic responses to environmental change. Mol.
Ecol. 21, 1311-1329 (2012).

8. Elshire, R. . et al. A robust, simple genotyping-by-sequencing (GBS) approach for high diversity species. PLoS ONE 6, 19379
(2011).

9. Stapley, J. et al. Adaptation genomics: the next generation. Trends Ecol. Evol. 25,705-712 (2010).

10. Carreras, C. et al. Population genomics of an endemic Mediterranean fish: differentiation by fine scale dispersal and adaptation.
Sci. Rep. 7,43417 (2017).

11. Babbucci, M. et al. An integrated genomic approach for the study of mandibular prognathism in the European seabass (Dicentrar-
chus labrax). Sci. Rep. 6, 1-11 (2016).

12. Gonzalez-Pena, D. et al. Genome-wide association study for identifying loci that affect fillet yield, carcass, and body weight traits
in rainbow trout (Oncorhynchus mykiss). Front. Genet. 7, 203 (2016).

13. Zhong, X. et al. Genome-wide association study reveals multiple novel QTL associated with low oxygen tolerance in hybrid catfish.
Mar. Biotechnol. 19, 379-390 (2017).

14. Schweizer, R. M. et al. Genetic subdivision and candidate genes under selection in North American grey wolves. Mol. Ecol. 25,
380-402 (2016).

15. Planes, S. & Lenfant, P. Temporal change in the genetic structure between and within cohorts of a marine fish, Diplodus sargus,
induced by a large variance in individual reproductive success. Mol. Ecol. 11, 1515-1524 (2002).

16. Schunter, C. et al. Matching genetics with oceanography: Directional gene flow in a Mediterranean fish species. Mol. Ecol. 20,
5167-5181 (2011).

17. Treml, E. A. et al. Reproductive output and duration of the pelagic larval stage determine seascape-wide connectivity of marine
populations. Integr. Comp. Biol. 52, 525-537 (2012).

SCIENTIFIC REPORTS |

(2020) 10:12683 | https://doi.org/10.1038/s41598-020-69160-2


http://www.ensembl.org
http://www.uniprot.org
http://www.uniprot.org

www.nature.com/scientificreports/

18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Aspillaga, E. et al. Ordinary and extraordinary movement behaviour of small resident fish within a mediterranean marine protected
area. PLoS ONE 11, 1-19 (2016).

Garrido, S. et al. Born small, die young: Intrinsic, size-selective mortality in marine larval fish. Sci. Rep. 5, 17065 (2015).
Raventos, N., Macpherson, E. & Garcia-Rubiés, A. Effect of brine discharge from a desalination plant on macrobenthic communi-
ties in the NW Mediterranean. Mar. Environ. Res. 62, 1-14 (2006).

Schunter, C. et al. A novel integrative approach elucidates fine-scale dispersal patchiness in marine populations. Sci. Rep. 9, 10796
(2019).

Warner, R. R. Evolutionary ecology: how to reconcile pelagic dispersal with local adaptation. Coral Reefs 16, S115-S120 (1997).
Warner, R. R. & Lejeune, P. Sex change limited by paternal care: a test using four Mediterranean labrid fishes, genus Symphodus.
Mar. Biol. 87, 89-99 (1985).

Raventos, N. Nest site characteristics and nesting success of the five- spotted wrasse Symphodus roissali in the north-western
Mediterranean Sea. J. Fish Biol. 68, 305-309 (2006).

Raventos, N. & Macpherson, E. Planktonic larval duration and settlement marks on the otoliths of Mediterranean littoral fishes.
Mar. Biol. 138, 1115-1120 (2001).

Lejeune, P. L. comportement social des Labridés méditerranéens. Cah. d’Ethologie Appliqué 5, 1-208 (1985).

Froese, R. & Pauly, D. FishBase. World Wide Web electronic publication. www.fishbase.org, version (10/2016) (2016).

Gordoa, A., Moli, B. & Raventos, N. Growth performance of four wrasse species on the north-western Mediterranean coast. Fish.
Res. 45, 43-50 (2000).

Pascual, M., Rives, B., Schunter, C. & Macpherson, E. Impact of life history traits on gene flow: a multispecies systematic review
across oceanographic barriers in the Mediterranean Sea. PLoS ONE 12, 1-20 (2017).

Galarza, J. A. et al. The influence of oceanographic fronts and early-life-history traits on connectivity among littoral fish species.
Proc. Natl. Acad. Sci. 106, 1473-1478 (2009).

Balbin, R. et al. Interannual variability of the early summer circulation around the Balearic Islands: driving factors and potential
effects on the marine ecosystem. J. Mar. Syst. 138, 70-81 (2014).

Fernandez, V., Dietrich, D. E., Haney, R. L. & Tintor¢, ]. Mesoscale, seasonal and interannual variability in the Mediterranean Sea
using a numerical ocean model. Prog. Oceanogr. 66, 321-340 (2005).

Pascual, M. et al. Temporal and spatial genetic differentiation in the crab Liocarcinus depurator across the Atlantic-Mediterranean
transition. Sci. Rep. 6, 1-10 (2016).

Izaguirre, C., Méndez, F. ., Menéndez, M. & Losada, I. J. Global extreme wave height variability based on satellite data. Geophys.
Res. Lett. 38, 1-6 (2011).

Alvarez, 1. et al. Drivers of larval fish assemblage shift during the spring-summer transition in the coastal Mediterranean. Estuar.
Coast. Shelf Sci. 97, 127-135 (2012).

Guillén, J. et al. Coastal oceanographic signatures of heat waves and extreme events of dense water formation during the period
2002-2012 (Barcelona, NW Mediterranean). Sci. Mar. 82, 189-206 (2019).

Patarnello, T., Volckaert, E & Castilho, R. Pillars of Hercules: is the Atlantic-Mediterranean transition a phylogeographical break?.
Mol. Ecol. 16, 4426-4444 (2007).

Pérez-Portela, R. et al. Spatio-temporal patterns of genetic variation in Arbacia lixula, a thermophilous sea urchin in expansion
in the Mediterranean. Heredity (Edinb). 122, 244-259 (2019).

Calderon, L, Pita, L., Brusciotti, S., Palacin, C. & Turon, X. Time and space: genetic structure of the cohorts of the common sea
urchin Paracentrotus lividus in Western Mediterranean. Mar. Biol. 159, 187-197 (2012).

Renault, L., Oguz, T., Pascual, A., Vizoso, G. & Tintore, J. Surface circulation in the Alborn Sea (western Mediterranean) inferred
from remotely sensed data. J. Geophys. Res. Ocean. 117, 1-12 (2012).

Bradbury, L. R. et al. Parallel adaptive evolution of Atlantic cod on both sides of the Atlantic Ocean in response to temperature.
Proc. R. Soc. Lond. B Biol. Sci. 277, 3725-34 (2010).

Forester, B. R., Lasky, J. R., Wagner, H. H. & Urban, D. L. Comparing methods for detecting multilocus adaptation with multivariate
genotype-environment associations. Mol. Ecol. 27, 2215-2233 (2018).

Excoffier, L., Hofer, T. & Foll, M. Detecting loci under selection in a hierarchically structured population. Heredity (Edinb). 103,
285-298 (2009).

Franch-Gras, L. et al. Genomic signatures of local adaptation to the degree of environmental predictability in rotifers. Sci. Rep. 8,
16051 (2018).

Lamichhaney, S. et al. Population-scale sequencing reveals genetic differentiation due to local adaptation in Atlantic herring. Proc.
Natl. Acad. Sci. USA 109, 19345-19350 (2012).

Sanford, E. & Kelly, M. W. Local adaptation in marine invertebrates. Ann. Rev. Mar. Sci. 3, 509-535 (2010).

Font, J., Garcialadona, E. & Gorriz, E. The seasonality of mesoscale motion in the Northern Current of the western Mediterranean:
several years of evidence. Oceanol. Acta 18, 207-219 (1995).

Warner, R. R., Wernerus, E, Lejeune, P. & Van Den Berghe, E. Dynamics of female choice for parental care in a fish species where
care is facultative. Behav. Ecol. 6, 73-81 (1995).

Cargnelli, L. M. & Gross, M. R. The temporal dimension in fish recruitment: birth date, body size, and size-dependent survival in
a sunfish (bluegill: Lepomis macrochirus). Can. J. Fish. Aquat. Sci. 53, 360-367 (1996).

Fagundes, T. et al. Birth date predicts alternative life-history pathways in a fish with sequential reproductive tactics. Funct. Ecol.
29, 1533-1542 (2015).

Moginie, B. E & Shima, J. S. Hatch date and growth rate drives reproductive success in nest-guarding males of a temperate reef
fish. Mar. Ecol. Prog. Ser. 592, 197-206 (2018).

Hare, J. A. & Cowen, R. K. Size, growth, development, and survival of the planktonic larvae of Pomatomus saltatrix (Pisces:
Pomatomidae). Ecology 78, 2415-2431 (1997).

Searcy, S. & Sponaugle, S. Selective mortality during the larval-juvenile transition in two coral reef fishes. Ecology 82, 2452-2470
(2001).

Raventos, N. & Macpherson, E. Effect of pelagic larval growth and size-at-hatching on post-settlement survivorship in two temper-
ate labrid fish of the genus Symphodus. Mar. Ecol. Prog. Ser. 285,205-211 (2005).

Raventos, N. Relationships between adult population size, recruitment, and year-class strength in a labrid fish in the Mediterranean
Sea. Estuar. Coast. Shelf Sci. 85, 167-172 (2009).

Garcia Rubies, A. & Zabala, M. Effects of total fishing prohibition on the rocky fish assemblages of Medes Islands marine reserve
(NW Mediterranean). Scientia Marina 54, 317-328 (1990).

Macpherson, E., Gordoa, A. & Garcia-Rubies, A. Biomass size spectra in littoral fishes in protected and unprotected areas in the
NW mediterranean. Estuar. Coast. Shelf Sci. 55, 777-788 (2002).

Wilson, D. T. & McCormick, M. I. Microstructure of settlement-marks in the otoliths of tropical reef fishes. Mar. Biol. 134, 29-41
(1999).

Raventos, N. & Macpherson, E. Environmental influences on temporal patterns of settlement in two littoral labrid fishes in the
Mediterranean Sea. Estuar. Coast. Shelf Sci. 63, 479-487 (2005).

R Core Team. R: A Language and Environment for Statistical Computing. http://www.r-project.org. (R Foundation for Statistical
Computing, 2020).

SCIENTIFIC REPORTS |

(2020) 10:12683 | https://doi.org/10.1038/s41598-020-69160-2


http://www.fishbase.org
http://www.r-project.org

www.nature.com/scientificreports/

61. Pierce, D. ncdf4: Interface to Unidata netCDF (Version 4 or Earlier) Format Data Files. R package version 1.16.1. (2019).

62. Wickham, H. ggplot2: Elegant Graphics for Data Analysis. (Springer, New York, 2016).

63. Juza, M. et al. Operational SOCIB forecasting system and multi-platform validation in the Western Mediterranean. J. Oper. Ocean.
9, 9231 (2016).

64. Acker, J. G. & Leptoukh, G. Online analysis enhances use of NASA Earth Science Data. Eos, Trans. Am. Geophys. Union. 88, 14-17
(2007).

65. Oksanen, J. et al. vegan: Community Ecology Package. R package version 2.5-2. https://CRAN.R-project.org/package=vegan (2018).

66. Dray, S. & Dufour, A. B. The ade4 Package: Implementing the Duality Diagram for Ecologists. J. Stat. Softw. 22, 1-20 (2007).

67. Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A. & Cresko, W. A. Stacks: An analysis tool set for population genomics. Mol.
Ecol. 22, 3124-3140 (2013).

68. Danecek, P. et al. The variant call format and VCFtools. Bioinformatics 27, 2156-2158 (2011).

69. Jombart, T. Adegenet: A R package for the multivariate analysis of genetic markers. Bioinformatics 24, 1403-1405 (2008).

70. Goudet, J. & Jombart, T. hierfstat: estimation and tests of hierarchical F-statistics. R package version 0.04-22. (2015).

71. Narum, S. R. Beyond Bonferroni: Less conservative analyses for conservation genetics. Conserv. Genet. 7, 783-787 (2006).

72. Foll, M. & Gaggiotti, O. A genome-scan method to identify selected loci appropriate for both dominant and codominant markers:
a Bayesian perspective. Genetics 180, 977-993 (2008).

73. Lotterhos, K. E. & Whitlock, M. C. Evaluation of demographic history and neutral parameterization on the performance of FST
outlier tests. Mol. Ecol. 23,2178-2192 (2014).

74. Purcell, S. et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 81,
559-575 (2007).

75. Warnes, M. G. R,, Bolker, B., Bonebakker, L. & Gentleman, R. gplots: Various R Programming Tools for Plotting Data. R package
version 3.0.1. (2016).

76. Lie, K. K. et al. Loss of stomach, loss of appetite? Sequencing of the ballan wrasse (Labrus bergylta) genome and intestinal tran-
scriptomic profiling illuminate the evolution of loss of stomach function in fish. BMC Genomics 19, 186 (2018).

77. Supek, E, Bo$njak, M., Skunca, N. & Smuc, T. REVIGO Summarizes and Visualizes Long Lists of Gene Ontology Terms. PLoS
ONE 6, €21800 (2011).

Acknowledgements

This work was supported by the Spanish Government projects ‘ChallenGen’ (CTM2013-48163) and ‘PopCOmics’
(CTM2017-88080) (MCIU, AEI/FEDER, UE) and by the European FP7 CoCoNet project (Ocean 2011-4, Grant
Agreement #287844). The authors CC and MP are members of the research group SGR2017-1120 and EM of
SGR2017-378 (Catalan Government). HT was supported by a PhD scholarship funded by the Spanish Ministry
of Science, Innovation and Universities (FPU15/02390).

Author contributions

H.T,, C.C., E]M. and M.P. conceived and designed the study. N.R. and E.M. sampled all juveniles. N.R. did the
otolith readings. H.T. conducted the laboratory and data analysis with inputs from C.C., E.M. and M.P.. H.T,,
C.C., E.M. and M.P. wrote the manuscript.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-69160-2.

Correspondence and requests for materials should be addressed to H.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12683 | https://doi.org/10.1038/s41598-020-69160-2


https://CRAN.R-project.org/package=vegan
https://doi.org/10.1038/s41598-020-69160-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Individual-based population genomics reveal different drivers of adaptation in sympatric fish
	Anchor 2
	Anchor 3
	Results
	Phenotypic and environmental analyses. 
	Population genomics. 
	Genomic associations to phenotypic and environmental variables. 

	Discussion
	Population structure and timing of reproduction. 
	Genomic associations to phenotypic and environmental variables. 

	Materials and methods
	Study species. 
	Sampling. 
	Phenotypic and environmental variables. 
	DNA extraction and genotyping. 
	Population genomic analyses. 

	References
	Acknowledgements


