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Wild populations are facing rapid and sometimes extreme environmental changes that
are currently exacerbated by pressing human activities. A major scientific endeavor is to
reveal the evolutionary processes allowing wild populations to generate adaptive responses
to these rapid and drastic environmental changes. In the recent decades, the accumulation
of empirical data as well as the development of new theories and molecular tools have
largely improved our ability to tackle such a major question. In particular, there is now
growing evidence that evolutionary processes (gene flow, drift, mutation, and natural
selection) interact in sometimes complex ways to shape the rapid responses of organisms
to changing environments, and this can lead to unexpected feedback between evolutionary
and ecological dynamics. These rapid responses are sustained by genetic determinants
in addition to alternative inheritance systems, including those that are epigenetically
controlled. Revealing these underlying molecular mechanisms of adaptation may change
the way wild populations are managed and conserved.

This volume “Evolutionary dynamics of wild populations” synthesizes these novel
and fascinating studies and provide a rare opportunity to generate a general overview
of the ongoing projects tackling the difficult task of studying evolutionary dynamics in
natural settings. Evaluating the adaptive potential of populations has long been a matter
of interest in evolutionary biology, which recently became an important conservation crite-
rion. By investigating the genome-wide molecular bases of insects’ adaptation to toxic host
plants, Ferreira et al. [1] reveal footprint of selection in a key chemosensory gene family.
They illustrate the importance of standing genetic variation for the emergence of different
adaptive behavioral strategies. Working on nearly panmictic sea-water fish populations at
a large spatial scale, Baltazar-Soares et al. [2] use a candidate gene approach to show that
haplotypic frequencies correlate with thermal and oxygen conditions, suggesting adapta-
tion to local environmental conditions despite a high degree of connectivity in this species.
This fish might thus be able to follow environmental optima induced by global change.
The fate of populations facing new environments might be influenced by many processes,
including those linked to the landscape in which they live. For instance, Han et al. [3]
suggest that the conservation status of the evergreen broad-leaved oak in East Asia should
be evaluated based on the geographic localization of each population along their core-edge
situation. Edge populations can sometimes harbor a similar global level of genetic diversity,
but a unique allelic composition compared to that of core populations, suggesting that edge
populations must be considered as independent conservation units. At the regional scale,
Bal et al. [4] show that patterns of adaptive divergence in two sympatric stickleback species
result from the interactive effects between species-specific characteristics and landscape
features. They highlight similar levels of genetic diversity and neutral genetic differentia-
tion between the two species, but different levels of morphological and adaptive genomic
divergence. One of the two sympatric species systematically displayed a higher level of
adaptive divergence, demonstrating the difficulty of extrapolating evolutionary dynamics
from one species to another, even if they share a similar environment and a shared an-
cestry. At a lower spatial scale, Legrand et al. [5] show that the functioning of a natural
metapopulation of butterflies does not rely on local dynamics of extinction/recolonization,
but rather on a long adaptive history of the species to its local conditions. Especially, the
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fine-tuning of dispersal rates between populations according to local conditions favors the
metapopulation equilibrium. However, other processes than those related to the landscape
can strongly influence the fate of natural populations. Using reciprocal transplants between
two recently founded populations of brown trout, Labonne et al. [6] show that sexual
selection can have important effects on rapid evolutionary dynamics, even more than
local adaptation or genetic rescue. By revealing the mechanisms sustaining patterns of
genomic introgression in Brook Charr populations supplemented with the same domestic
strain, Leitwein et al. [7] show little evidence of shared patterns of domestic ancestry
between recipient populations. Patterns of introgression of recipient populations are rather
dependent upon their initial genetic diversity, patterns of recombination and the stocking
intensity. With the increasing availability of detailed genomic data at the chromosome level,
conservation practices should increasingly benefit from the integration of such precise
mechanisms in the management of populations, as they should benefit from the use of
new tool to evaluate the identification of proper conservation units. Accordingly, Fargeot
et al. [8] show that methylation profiles quantified in two sympatric freshwater fish popu-
lations better discriminate populations than do neutral genetic markers as those commonly
used in conservation genetics studies. Although epigenetic profiles are expected to be
strongly associated to environmental variation, they did not find evidence for this pattern
in any of the two fish species, suggesting that higher mutation rate in epigenetic than
genetic markers and neutral processes (drift) may sustain the higher discriminant ability of
epigenetic markers. Methylation marks, as a molecular pathway for the regulation of gene
expression, can be an important source of phenotypic variation in natural populations,
notably sustaining rapid adaptation by phenotypic plasticity. Mouginot et al. [9] tested this
hypothesis in the Snapdragon plant by investigating the link between DNA genome-wide
patterns of methylation and degree of phenotypic plasticity in vegetative traits. They show
strong epigenetic and phenotypic responses to change in light treatment. However, they
surprisingly failed to detect a causal link between the epigenetic and phenotypic responses,
pleading for further study on the proximal (molecular) mechanisms sustaining phenotypic
variation commonly observed in wild populations. The microbiome can be another impor-
tant source of phenotypic variation that can be adaptive and sometimes heritable. Bulteel
et al. [10] propose to test the original hypothesis that tolerance to parasite in Daphnia could
partly be explained by the microbiome carried by each individual. Although they failed to
detect an important role of this proximal mechanism on their tolerance to parasites, they
demonstrate a substantial role of the genetic background of hosts to both parasite tolerance
and microbiome composition. Further studies are required to isolate the fitness benefits of
carrying particular microbiomes.

This volume highlights the richness of studies focusing on the evolutionary dynamics
of wild populations. It shows the diversity of organisms and approaches that can be used
to reveal and understand empirical patterns, with—often but not always—the goal of
improving the long-term conservation of wild populations. This diversity reflects the
diversity of questions that occupy evolutionary biologists working in wild populations,
which go from revealing their global (epi)genetic and phenotypic structure at different
spatial and temporal scales to the search of the inherited bases of ecologically relevant
phenotypic traits. This volume should be an important contribution to the field because
firstly, papers selected in this issue provide answers to timely questions in evolutionary
biology. Secondly, it proves that much has to be explored to understand the causes and
consequences of evolutionary dynamics of wild populations, and hence that scientists still
have to put effort into the study of wild populations.

Author Contributions: Conceptualization, D.L. and S.B.; Writing—original draft preparation, D.L.;
writing—review and editing, D.L. and S.B. All authors have read and agreed to the published version
of the manuscript.
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Abstract: Understanding how organisms adapt to environmental changes is a major question in
evolution and ecology. In particular, the role of ancestral variation in rapid adaptation remains unclear
because its trace on genetic variation, known as soft selective sweep, is often hardly recognizable
from genome-wide selection scans. Here, we investigate the evolution of chemosensory genes in
Drosophila yakuba mayottensis, a specialist subspecies on toxic noni (Morinda citrifolia) fruits on the
island of Mayotte. We combine population genomics analyses and behavioral assays to evaluate the
level of divergence in chemosensory genes and perception of noni chemicals between specialist and
generalist subspecies of D. yakuba. We identify a signal of soft selective sweep on a handful of genes,
with the most diverging ones involving a cluster of gustatory receptors expressed in bitter-sensing
neurons. Our results highlight the potential role of ancestral genetic variation in promoting host
plant specialization in herbivorous insects and identify a number of candidate genes underlying
behavioral adaptation.

Keywords: insect-plant interactions; standing genetic variation; genome-wide selection scan; gene
family evolution; feeding behavior

1. Introduction

Host plant specialization by herbivorous insects is a complex phenomenon requiring
the simultaneous evolution of multiple adaptive phenotypes on the same genome. Tradi-
tionally, these phenotypes are classified under two broad categories: preference phenotypes
inducing the choice of the particular host by the insect, and performance phenotypes im-
proving the survival of the insect on the host [1]. Preference phenotypes could rely on
visual, chemical, anatomical or phenological attributes of the host plant. The signals of
each of these attributes need to be transmitted by the peripheral nervous system of the
insect to the central nervous system, which following processing of the information would
elicit attraction or repulsion behaviors. How the insect perceives the attributes of its host
plant is a question of intense evolutionary and neurogenetic research [2–4].

Much of our knowledge on the genetic basis of perception of environmental cues
comes from studies on the model fly Drosophila melanogaster. The family Drosophilidae con-
tains a wide spectrum of fly-plant associations going from generalist detritivorous species
such as D. melanogaster to strict herbivorous such as species of the genus Scaptomyza [5].
Comparative genomics of the chemosensory gene families between generalist and specialist
taxa have provided significant insights on how host plant shift and specialization can be
driven by these genes [6–8]. There are multiple gene families that encode transmembrane
receptors localized on the peripheral nervous system, of which three have attracted much
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attention due to their high diversification rate, namely olfactory (ORs), gustatory (GRs) and
ionotropic (IRs) receptors. A fourth family, odorant-binding-proteins (OBPs), encodes for
proteins that bind with both volatile odors and soluble tastants to help them migrate within
the intercellular hemolymph up to the chemosensory neuron.

Between-species comparative genomics revealed the dynamic evolution of each of
chemosensory gene families in terms of gene gains through duplication and conversion,
gene losses through deletions and pseudogenizations, and protein sequence evolution
through extensive non-synonymous mutations [9,10]. Specialist species are often char-
acterized by a higher rate of gene losses and protein changes. At the intra-specific level,
which should correspond to the early stages of host shift, only very few cases have been
identified, e.g., the many geographical races of the cactophilic species Drosophila mojaven-
sis in North America [11,12]. Of particular interest is the parallel specialization of the
species Drosophila sechellia and the subspecies Drosophila yakuba mayottensis on toxic noni
(Morinda citrifolia) fruits on separate islands of the Indian Ocean, i.e., the Seychelles and
Mayotte, respectively [13,14]. Noni toxicity is due to its high content of medium-chained
carboxylic acids (hexanoic and octanoic acids) in its fruit [15]. Remarkably, D. sechellia has
evolved a strong olfactory attraction to those acids [16,17], as well as to methyl hexanoate,
the major ester characteristic of the rotten, non-toxic fruit of noni [18]. Genetic studies
revealed that evolutionary changes at the ionotropic receptor Ir75b and at the olfactory
receptor Or22a underlie D. sechellia preference to noni hexanoic acid and methyl hexanoate,
respectively [19,20]. Matsuo et al. [21] also suggested that the odorant-binding-protein
OBP57e/d may also play a role in the gustatory preference of this species to noni acids.
However, in spite of evidence for rapid evolution of gustatory receptors in D. sechellia [6,7],
the role of those receptors in noni specialization remains unknown. This may be partly
because both sugar and bitter sensing neurons may be involved in dose-dependent acid
sensing, as it has recently been demonstrated from functional studies in D. melanogaster [22],
therefore complicating the dissection of this character. For D. y. mayottensis, an olfactory
preference for noni fruits in adult flies exists [14], but we still do not understand of the
chemosensory evolution underlying this preference, as well as possible gustatory preference,
in this subspecies.

Intra-specific adaptive changes related to host shift could be detected through genome-
wide selection scans (GWSS) comparing two populations or races with different hosts [2,4].
However, our ability to detect such changes through GWSS depends on multiple factors,
most importantly, the frequency of the selected allele(s) in the ancestral population before
encountering the new host. If the advantageous allele was present at a very low frequency
in the ancestral population or was introduced by a new mutation, selection driving it to
fixation or near fixation on the new host will leave a strong signal on the genome known as
a ‘hard selective sweep’. Depending on the rate of recombination, neutral alleles linked
to the selected one will also increase in frequency facilitating the detection of the whole
region through GWSS using large genomic windows. However, if the advantageous allele
was already at intermediate frequency in the ancestral population, its detection through
GWSS becomes more complicated, because fewer neutrally-linked loci will be associated
to its fixation, a phenomenon known as ‘soft selective sweep’ [23,24].

In a previous GWSS study, we have used differentiation at 10-kb windows in highly-
recombining regions to detect ‘hard selective sweeps’ associated with specialization on
toxic noni in D. yakuba [14]. Although, we have identified multiple regions, surprisingly,
none contained any member of the four chemosensory gene families, despite a significant
difference in olfactory preference between generalist and specialist populations. In this
paper, we test the hypothesis that chemosensory genes in D. y. mayottensis might be under
‘soft selective sweeps’ and that an ancestral, yet substantial, preference for noni chemicals
may be present in populations from the ancestral range. Using a combination of population
genomics and behavioral analyses, we confirmed both hypotheses and identified some
candidate genes potentially involved on the specialization on noni in both D. yakuba and
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D. sechellia. We then discuss the relevance of our results within the broader context of
plant-insect interaction and adaptation.

2. Materials and Methods
2.1. Population Genomics Analyses of Chemosensory Genes

We used genomic data from Yassin et al. [14] produced from two pools of 22 isofemale
lines of D. y. mayottensis. Each pool consisted of 33 F1 females from 11 lines (i.e., 3 females
per line). As in Yassin et al. [14], we used sequences produced by Rogers et al. [25] for
10 inbred lines of D. y. yakuba from Kenya and Cameroon. All reads were mapped to
the D. yakuba reference genome v.1.05 obtained from Flybase (https://flybase.org/; [26])
using Minimap2 software package [27]. Minimap2-generated SAM files were converted
to BAM format using samtools 1.9 software [28]. The BAM files were then cleaned and
sorted using Picard v.2.0.1 (http://broadinstitute.github.io/picard/). However, instead of
directly merging both D. y. mayottensis pools as in Yassin et al. [14], we first generated
using Popoolation 2 [29] a synchronized mpileup file for the two pools. We then used a
customized Perl script to extrapolate allele frequencies to 22 diploid counts for each pool,
and by excluding sites with less than 3 reads. The two genotyped pools were then merged
for subsequent analyses. We also generated synchronized files for the 20 D. y. yakuba lines
using Popoolation 2. However, to account for residual heterozygosity in those inbred
lines which was not considered in Yassin et al. [14], we genotyped each line to obtain its
diploid alleles, after excluding sites with less than 3 reads and alleles with frequencies less
than 25% for the total counts using a customized Perl script. We also excluded tri-allelic
sites for those inbred lines. For each geographical population, the diploid genotypes
were then pooled and a synchronized file using the two D. y. yakuba populations and the
D. y. mayottensis population was then generated. Sites with less than 10 counts at any of the
three populations were excluded. This file was used to estimate nucleotide diversity (π)
and pair-wise FST estimates at each site using HSM [30] formula introduced in a Perl script.
We obtained a list of chemosensory genes, their coordinates and their orthology to the
D. melanogaster genome from FlyBase. For genes with multiple orthologs due to paralogy,
we used BLAST software [31] to choose the ortholog with the highest hit. For each gene,
we averaged π and FST, after including up- and downstream 2-kb regions to account for
possible regulatory sequences relevant to the gene function. Perl scripts are provided in
Supplementary File S1.

In order to estimate deviation of each gene from neutral expectations, we first inferred
a demographic model from presumably-neutral short autosomal short introns between D.
y. mayottensis and the Kenyan population of D. y. yakuba using the “prior_onegrow_mig”
model implemented in the DADI ver. 1.7. software package [32] as in Yassin et al. [14].
Based on the most optimal model parameters and theta estimates inferred from DADI,
we conducted 10,000 simulations of a 5 kb region (i.e., amounting to the average length
of a chemosensory gene ± 2 kb) using the msms software package (https://www.mabs.
at/ewing/msms/index.shtml, [33]. After considering a recombination rate of 2.5 × 10−8

corresponding to the average rate in D. melanogaster [34], the msms command was: ms 54
10,000 -t 67 -r 341.9534019 5001 -I 2 10 44 0 -n 1 1.345 -n 2 0.223 -eg 0 2 34.23591156 -ma x
0.205 0.205 x -ej 0.053 2 1 -en 0.43275868 1 1.

For each run, we estimated π in the two populations and FST between them, both aver-
aged over all segregating loci using a Perl script. We also estimated the highest FST value at
a site for each run (hereafter FST_max). The distribution of FST_max was then plotted to iden-
tify the 0.95 quantile, i.e., the value above which the hypothesis of a neutral differentiation
at a given site could be rejected at p < 0.05, as in Bastide et al. [35]. We also reanalyzed the
simulation outcome to count the number of sites, exceeding the neutral FST_max threshold.

2.2. Behavioral Feeding Preference Analyses

Our previous behavioral analysis in D. yakuba [14] involved testing long-range ol-
factory preference through releasing and recapturing flies using a choice between traps
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including banana or noni fruits. However, because the most differentiating chemosensory
genes were found to be those encoding gustatory receptors (see below), we decided to eval-
uate the gustatory preferences using multiple capillary feeders (MultiCAFE) technique [36].
We tested the same two D. yakuba populations used in Yassin et al. [14], i.e., a strain
of D. y. mayottensis collected from the Bay of Soulou in Mayotte in 2013 and a strain of
D. y. yakuba collected from Kunden in Cameroon in 1967. We also used a strain of D. sechellia
collected from the Seychelles in 1985 as in Yassin et al. [14]. In addition, we used a strain of
D. melanogaster collected from Mt. Oku in Cameroon in 2016 (courtesy of Jean R. David),
as well as a laboratory strain iso-1, which carried mutations in some of the genes of interest
identified in this study (courtesy of Jean-Luc Da Lage). All these strains were kept in a
constant size (N = ~2000 flies) on a standard Drosophila medium at 18 ◦C.

For the MultiCAFE test, 10 > 5-days-old females were sorted the day before the ex-
periment and placed for starvation in tubes with a filter paper humidified with 2 mL of
distilled water. The tubes were kept for 24 h in a dark incubator at 25 ◦C. Flies were
then aspirated and placed in group in custom feeding chambers (5.5 × 0.6 × 0.5 cm) and
six 5 µL capillaries were introduced through small holes in the ceiling of the chamber,
alternating between those containing the control solutions with 30 g·L−1 sucrose and
test solutions containing 30 g·L−1 sucrose mixed with methyl hexanoate (MH; Sigma,
St Quentin Fallavier, France; CAS number 106-70-7), hexanoic acid (HA; Sigma; CAS num-
ber 142-62-1) or octanoic acid (OA; Sigma; CAS number 124-07-2). HA and OA are the
main noni toxins that are abundant at the toxic ripe stage, whereas MH is the characteristic
ester of the non-toxic overripe stage [15,18]. All substances were tested at 0.5% concen-
tration (4.6 g·L−1), and four replicates per strain were tested (except for D. melanogaster
iso-1 mutant strain which was not tested for this concentration). HA was also tested at 1%
concentration (9.3 g·L−1) due to its higher solubility and lesser toxicity compared to OA.
For this analysis, capillaries were introduced as pairs into individual feeding chambers
(2.3 × 0.6 × 0.5 cm), and multiple individuals per strain were quantified: 27, 33, 70, 74 and
30 for D. y. mayottensis, D. y. yakuba, D. sechellia, D. melanogaster Oku and D. melanogaster
iso-1, respectively. All solutions were colored with Brilliant Blue R (Sigma; CAS Number
6104-59-2) to facilitate consumption quantification.

Flies were videotaped in MultiCAFE chambers at 25 ◦C for 2 h, using Logitech HC920
webcams, by capturing one image per minute using an open source camera security
software, Ispy (https://www.ispyconnect.com/). The stacks of images were analyzed
using a custom plugin developed in Java to work with Icy [37] to calculate consumption of
each solution. The evaporation was estimated by measuring changes in the liquid level
of 2–4 capillaries placed in the same cages, but out of reach for the flies. At the end of the
experiment (i.e., 2-h), a preference index (PI) was calculated for each substance as follows:

PI =
(CS − CC)

(CS + CC)
(1)

where CS and CC are consumption from the substance and control capillaries, respectively,
and computed as the actual volume drop minus drop observed in the evaporation capillar-
ies in µL. For flies tested in groups, CS and CC were respectively averaged per experiment.
Statistical analyses were conducted using the R package [38]. For analyses at 0.5% concen-
trations, we used pairwise Wilcoxon test, since only four values per strain per substance,
i.e., the average consumption by a group of 10 flies, were compared. For analyses at 1%,
since consumptions were measured individually, we used Student’s t test for pairwise
comparisons, in addition to the Wilcoxon test.

3. Results
3.1. A Handful of Chemosensory Genes, Mostly Encoding Gustatory Receptors, Deviate from
Neutral Expectations

On average, the level of genetic variation for chemosensory genes differed between
Mayotte and Kenya D. yakuba populations (π = 0.0095 and 0.0107, respectively; Kruskal-
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Wallis test p < 0.01) but not between gene families in Mayotte (Kruskal-Wallis test p = 0.51).
Mean genetic differentiation between the two populations also did not significantly differ
among the four chemosensory gene families (averaged FST = 0.08; Kruskal-Wallis test
p = 0.46; Figure 1a). Remarkably, these values were far lower than the average neutral
FST expected from the msms simulations (FST = 0.136; Figure 1b). Interestingly, FST for a
single gene exceeded the 95% quantile estimate (FST = 0.161) from the msms simulation.
This gene was the gustatory receptor Gr22c (FST = 0.168). It was followed by its two
adjacent paralogs Gr22b (FST = 0.143) and Gr22d (FST = 0.147). The three genes belong to
a cluster of closely-related GR paralogs (hereafter the Gr22a clade) falling on the distal
part of chromosome arm 2L. This clade contains six genes that are expressed in bitter
tasting organs [39]. Gr22c was pseudogenized in noni-specialist D. sechellia and lost in
Pandanus-specialist D. erecta [6]. Gr22b showed a particularly rapid non-synonymous
substitution in D. sechellia (ω > 1, [7]). Moreover, two other genes Gr22d and Gr22f have
also been pseudogenized in D. sechellia [6]. For the other families, a single exception was
noticed for the odorant-binding-protein gene Obp46a (FST = 0.151).
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Figure 1. (a) Kernel density distributions of genetic differentiation (FST) estimates at chemosensory genes (±2 kb) between
specialist Drosophila yakuba mayottensis from Mayotte and generalist D. y. yakuba from Kenya. Gene families are abbreviated
as: GR = gustatory receptors, IR = ionotropic receptors, OBP = odorant-binding-proteins and OR = olfactory receptors.
(b–d) Histograms of the outcome of the msms simulations based on DADI-inferred demographic model based on pre-
sumably neutral autosomal short intronic sequences for (b) average FST, (c) maximum FST, and (d) number of sites with
FST ≥ 0.9 per run. Vertical red lines indicate the 0.95 quantile FST value.

msms simulations based on the demographic model inferred from presumably neu-
tral short autosomal intronic sites indicated that the probability to obtain a SNP with
FST_max ≥ 0.90 in the absence of selection was p ≤ 0.05 (Figure 1c). We found 13 sites
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crossing this threshold. Of which, 2, 2 and 9 belonged to GR, IR, and OR families, respec-
tively (Table 1). Those 13 sites fell within 5 genes, with some genes having more than one
presumably adaptively evolving site. The probability of having more than one site crossing
the 0.90 threshold for one gene is strongly skewed (Figure 1d). Indeed, three genes had
only a single site with FST ≥ 0.90, i.e., Gr22b, Gr93c and Or13a. One gene, Ir7a, had two
deviating sites (p < 9 × 10−3). However, the most interesting finding was the olfactory
receptor Or22a, which underlies D. sechellia response to noni major ester ([20], where 8 sites
deviated from neutral expectation. According to the msms simulations, the probability to
obtain eight sites with FST ≥ 0.90 in a single gene under neutral conditions is very small
(p < 3 × 10−4). When we considered a less stringent threshold of FST ≥ 0.86, which corre-
sponded to the 0.90 quantile of the msms simulations, three additional sites, all falling in
gustatory receptor genes, namely Gr22d, Gr59a and Gr93b, were found (Table 1). No site at
OBP genes was found.

Table 1. List of most differentiating sites in chemosensory genes with FST values ≥ 0.86 between Kenya and Mayotte
populations, corresponding to the 0.90 quantile value estimated from the msms simulation.

Position Alleles (ref./alt.) Gene Effect
Allele Frequencies FSTCameroon Kenya Mayotte

X:10060167 G/A Or13a Downstream 8/4 1/11 22/0 0.917
X:13654476 T/A Ir7a Downstream 5/9 10/0 4/40 0.909
X:13654477 C/A Ir7a Downstream 5/9 10/0 4/40 0.909
2L:1497713 G/T Or22a Synonymous 6/10 15/1 0/44 0.938
2L:1497721 C/A Or22a Synonymous 6/10 15/1 0/44 0.938

2L:1497723 T/G Or22a Nonsynonymous
(V/G) 6/10 15/1 0/44 0.938

2L:1497724 A/G Or22a Nonsynonymous
(V/G) 6/10 15/1 0/44 0.938

2L:1497730 C/T Or22a Synonymous 6/14 15/1 0/44 0.938

2L:1497751 A/G Or22a Nonsynonymous
(I/M) 9/5 16/0 0/44 1.000

2L:1497754 T/C Or22a Synonymous 9/5 16/0 0/44 1.000
2L:1497757 T/C Or22a Synonymous 5/13 16/0 0/44 1.000
2L:1764188 A/C Gr22d Downstream 4/14 0/20 19/3 0.864
2L:1768039 T/A Gr22b Synonymous 20/0 20/0 2/20 0.909

2R:18929879 G/A Gr59a Upstream 16/4 20/0 5/39 0.886
3R:18490921 G/A Gr93b Downstream 16/2 20/0 3/19 0.864

3R:18494463 A/G Gr93c Nonsynonymous
(F/S) 12/8 18/0 4/40 0.909

Our FST values correspond to differentiation between a pair of populations, but they
cannot tell, on their own, which of the two populations has experienced most differentiation
since splitting from the common ancestor. Consequently, we checked the frequency of
differentiating alleles between Kenyan D. y. yakuba and Mayotte D. y. mayottensis in
another D. y. yakuba population from the presumably the ancestral region of the species,
i.e., Cameroon [40]. We found that only sites at Gr22b, Gr22d, Gr59a and Gr93b had
a differentiation between D. y. mayottensis and D. y. yakuba from Cameroon ≥ 0.50,
i.e., the differentiating alleles at those genes have specifically increased in frequency only
in D. y. mayottensis. For Or22a and the other genes, all D. y. mayottensis fixed alleles were
more frequent in Cameroon than Kenyan alleles (Figure 2a,b). This suggests that those
alleles did not likely originate in Mayotte.
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Figure 2. Genetic differentiation (FST) profile between D. y. mayottensis and D. y. yakuba (Kenya) at (a) the olfactory
receptor Or22a gene, with (b) the geographical distribution of its most differentiating site in Mayotte, Kenya, Cameroon and
the reference genome strain from Côte d’Ivoire, and at (c) the gustatory receptor genes of the Gr22a clade showing the
non-sense mutation at Gr22d (red dot) and (d) its geographical distribution. Solid and dashed vertical lines indicate gene
and exon boundaries, and arrows indicate the gene sense. Dotted horizontal line indicates the FST value corresponding to
the 0.95 quantile of the msms simulations.

The overlap between genes of the Gr22a clade in our gene-level and population-
specific site-level analyses, as well as the rapid evolution of this clade in D. sechellia, moti-
vated us to investigate more thoroughly its polymorphism in D. y. mayottensis (Figure 2c).
In Gr22b, the most differentiating site is a synonymous mutation that does not affect pro-
tein sequence. For Gr22d, the most differentiating site falls ~0.5 kb downstream the gene.
Interestingly, it is close to a nonsense mutation in the second exon of Gr22d at 2L:1,764,799.
This non-sense mutation has a high intermediate frequency in D. y. mayottensis (~0.70%)
but does not reach fixation. In D. y. yakuba, the mutation is present in both Kenyan and
Cameroonian populations but at very low (0.10%) to low (0.15%) frequencies, respectively
(Figure 2d). The genetic differentiation pattern observed at Gr22d therefore could be ex-
plained by selection on the most-differentiating sites, if they play a role in the regulation
of Gr22d or other genes of the Gr22a clade, on the nonsense mutation itself, or on the
epistatic interactions between the most-differentiating sites and the nonsense mutation.
Because our gene-level analyses also included 2kb up- and downstream sequences for each
gene, the high average FST values for Gr22c that we found above is mostly due to the high
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differentiation sites in Gr22b and Gr22d, since the transcribed sequence of this gene does
not include any particularly differentiating sites.

3.2. Generalist D. yakuba Has a Substantial Dose-Dependent Gustatory Preference for Noni Toxins

Among the three noni chemicals tested at 0.5% concentration (4.6 g·L−1), no feeding
preference was found for MH, the characteristic ester that increases in the rotting stage
(Figure 3a). However, significant pairwise differences, especially between the generalist
D. melanogaster and the specialist D. sechellia, were observed for the two toxins OA and
HA (Wilcoxon’s test p = 0.029; Figure 3b,c), characteristic of the toxic ripe stage. No sig-
nificant difference between D. y. yakuba and D. y. mayottensis was found for either toxin.
However, D. y. mayottensis did not significantly differ from specialist D. sechellia for either
toxin, whereas D. y. yakuba suggestively differed from D. sechellia in preference for OA
(Wilcoxon’s test p = 0.057), the most lethal toxin, but not for HA (Figure 3b,c).
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Figure 3. Preference indices of the feeding behavior assays for (a) methyl hexanoate at 0.5%, (b) octanoic acid at 0.5%,
and (c) hexanoic acid at 0.5% and (d) 1.0%. Strain names are abbreviated as: mel = D. melanogaster from Mt Oku, iso-1 = D.
melanogaster strain mutant for Gr22b and Gr22d, sec = D. sechellia, yak-K = D. yakuba yakuba from Kunden and yak-M from D.
y. mayottensis. p-values are indicated as: * < 0.05, ** < 0.01 and *** < 0.001.

We also conducted an experiment using a higher concentration (9.3 g·L−1) of HA.
Here, both D. sechellia and D. y. mayottensis showed a significant preference for the acid
solution compared to their respective, generalist relatives, i.e., D. melanogaster (t = −2.708,
d.f. = 141.42, p = 0.008; Wilcoxon’s test p < 0.010) and D. y. yakuba (t = −2.133, d.f. = 57.76,
p = 0.037; Wilcoxon’s test p = 0.052), respectively, although the difference was more pro-
nounced between D. sechellia and D. melanogaster (Figure 3d). Interestingly, whereas no
significant difference was found between D. sechellia and D. y. mayottensis (t = −0.060,
d.f. = 61.21, p = 0.952; Wilcoxon’s test p = 0.670), D. sechellia’s preference was significantly
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higher than that of D. y. yakuba (t = 2.251, d.f. = 62.43, p = 0.028; Wilcoxon’s test p = 0.019)
We also compared wild-type D. melanogaster with the strain iso-1, which carries non-sense
mutations at both Gr22b and Gr22d. Here, a strongly significant difference was observed,
with the mutant strain showing almost no preference for the acidic solution (t = −7.9002,
d.f. = 63.76, p = 4.9 × 10−11; Wilcoxon’s test p = 9.5 × 10−10; Figure 3d).

4. Discussion
4.1. Contrast between Olfactory and Gustatory Evolution in D. yakuba

Our results support the hypothesis that soft selective sweep on ancestral genetic
variation in chemosensory genes might have promoted the evolution of D. y. mayottensis
preference for noni chemicals, but they also unravel a major contrast in olfactory and
gustatory evolution between molecular and phenotypic levels. On the one hand, specialist
D. yakuba significantly differ in olfactory preference for noni from generalist flies [14] but
there is weak signal of selection on olfactory receptors. On the other hand, gustatory re-
ceptors are significantly present in the pool of non-neutrally evolving SNPs although only
suggestive, not significant, gustatory differences exist between specialist and generalist
D. yakuba. The contrast at the phenotypic level may be explained by differences in the
experimental settings we used for the two behaviors.

First, we measured olfactory preference by releasing flies from a distance from two
traps each with a different fruits (i.e., banana vs. noni) [14]. Evolved repulsion against
banana, for example, could have coupled with preference for noni to increase the difference
between Mayotte and the mainland. No choice between two fruits was given to the
flies in the gustatory experiment, and it could be that medium-chained carboxylic acids
at the tested concentration were general appetizers. For example, even the generalist
D. melanogaster had always a positive preference index for capillaries with noni chemicals
(including the toxins) in agreement with previous reports in this species [22,41].

Second, flies were “trapped” by the choice they made in the olfactory experiments
leaving no room for learning or plasticity (e.g., after consumption of a certain amount) [42].
This was not the case for the gustatory experiment where flies were confined in one chamber
with capillaries containing alternative solutions placed only a few millimeters apart.

Third, the olfactory experiment used whole noni fruits with mixtures of chemicals,
whereas only a single chemical was used per gustatory experiment. For oviposition
site choice behavior, which is partly determined by gustatory perception, it has been
noticed that mash of noni fruits, but not hexanoic or octanoic acids, elicits oviposition in
D. melanogaster and D. mauritiana [17,43].

Fourth, we tested a single concentration for the two acids (4.6 g·L−1) which dis-
criminates oviposition site choice behavior between the four species of the melanogaster
complex including D. sechellia and D. melanogaster [17]. We confirmed that these two
species show different feeding behavior at this concentration but generalist and specialist
D. yakuba did not seem to discriminate them. However, at a higher concentration of hex-
anoic acid (HA), a significant difference between generalist and specialist D. yakuba was
found. In D. melanogaster, the concentration-dependent gustatory response to hexanoic
acid is complex and depends on interactions between sweet- and bitter-tasting neurons [22].
Whereas, at concentration < 9.3 g·L−1 sweet-tasting neurons elicit an appetitive behavior,
at higher concentrations bitter-tasting neurons induce a repulsive behavior. Given that
most of the selection signal we identified here for D. yakuba was on bitter-tasting gustatory
receptor genes, our behavioral assays suggest that those genes might have played a role in
a reduced acid-repulsion in D. y. mayottensis.

Despite these experimental considerations, we were still able to recover a positive
correlation between the results from the olfactory experiment and assays including the two
carboxylic acids characteristic of the ripe stage of noni.
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4.2. Apparent Lack of Selection on Acid-Sensing Ionotropic Receptor Genes

Octanoic and hexanoic acids constitute ~60% and 20% of the total volatiles of ripe noni
fruits, respectively [15]. As rotting proceeds, these acids degrade and the concentration
of their respective octanoate and hexanoate esters (e.g., methyl hexanoate) increases [44].
Generalist Drosophila are usually attracted to acetic acid produced by bacteria developed on
rotten, fermented fruits, as well as by its derived acetate esters produced by the fermenting
yeasts [45]. Specialization on noni in D. sechellia and D. y. mayottensis should have involved
increasing responsiveness to medium-chained carboxylic acids and their ester derivatives
in couple with decreasing responsiveness to short-chained carboxylic acids and their
ester derivatives.

Prieto-Godino et al. [19] have recently shown that increased responsiveness to hex-
anoic (but not octanoic) acid in D. sechellia has involved coding and cis- and trans-regulatory
changes in the ionotropic receptor Ir75b, which is responsive to butyric acid in its generalist
relatives. They have also suggested that cis-regulatory changes expanding Ir75b have
evolved in the ancestor of D. sechellia and D. simulans but have probably remained silent
until trans-regulatory and coding changes occurred in the D. sechellia lineage. The increase
of Ir75b responsiveness was accompanied by a decrease in responsiveness of the tandem
paralog Ir75a to acetic acid [46]. Remarkably, we did not detect any signal of selection on
these two genes in D. yakuba. Moreover, we found that, unlike D. melanogaster, both gener-
alist and specialist D. yakuba did not significantly differ from D. sechellia in hexanoic acid
preference, further suggesting that this acid-sensing pathway might not have played an
important role in D. yakuba specialization.

4.3. Variation in the Ester-Sensing Olfactory Receptor Or22a in Populations from the Ancestral Range

Dekker et al. [18] showed that D. sechellia antennae responded most strongly to noni
esters (methyl hexanoate) than to the two acids. They found that D. sechellia sensitivity to
methyl hexanoate was also present in its closest relative D. simulans and correlated with
an expansion of ab3 sensilla that are more sensitive to ethyl hexanoate in D. melanogaster
and D. yakuba. However, both coding sequence and transcription level comparisons of
Or22a, the main receptor of ab3 sensilla, suggest that hypersensitivity to methyl hexanoate
might have evolved in the ancestor of D. sechellia and D. simulans [18,46,47]. Using elegant
transgenic experiments in D. sechellia, Auer et al. [20] have recently confirmed the role of a
coding change in Or22a in the olfactory response to noni fruits and provided evidence for
the ancestry of that change in the simulans species complex.

Remarkably, we found strong allelic differentiation between D. y. mayottensis and
D. y. yakuba from Kenya at Or22a, mostly including coding changes. However, closer ex-
amination of sequence evolution of this gene in Or22a, indicated that variants in both
populations are also found at intermediate frequencies in the Cameroon population of
D. y. yakuba, which likely represents the ancestral range of the species [40]. Indeed,
Auer et al. [20] examined four geographical lines of D. yakuba including the three popula-
tions studied here as well as the reference genome line from Côte d’Ivoire. They found that
the D. y. mayottensis line did not show significant differences in number of Or22a-expressing
olfactory sensory neurons and their physiological responses to ethyl and methyl esters in
spite of differences in their protein sequences. Given the level of polymorphism at this
gene within and between D. yakuba populations that we found here, additional lines from
Cameroon and other populations from West Africa should be tested in the future to fully
understand the potential role of ancestral Or22a variation in driving the specialization of
D. y. mayottensis on noni.

4.4. Selection on Bitter-Sensing Gustatory Receptors

Unlike olfactory perception, the role of gustatory receptor evolution in noni special-
ization remains unclear. Indeed, previous comparative genomics studies have revealed
faster protein evolution and turnover for gustatory receptor genes than for olfactory recep-
tors [6,7], but a functional link remains to be identified. Our phenotypic assay found no
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significant difference in feeding preference between D. melanogaster and D. sechellia for the
methyl hexanoate ester. This may suggest that acids, not esters, are the most important
constituents for the gustatory specialization on noni. In D. melanogaster, appetitive response
to low concentration hexanoic and octanoic acids is induced by the gustatory ionotropic
receptors Ir25a, Ir76b and Ir56d in sweet-tasting sensilla [22]. However, at high concen-
trations of hexanoic acids (>9.3 g·L−1), this behavior is suppressed by the activation of
bitter-sensing sensilla independent of the three ionotropic receptors [22]. We did not detect
any deviation from neutral evolution on these ionotropic receptor genes. Instead, we
detected a signal of selection on four bitter-tasting gustatory receptors Gr22b, Gr22d, Gr59a
and Gr93c. Because generalist D. y. yakuba significantly differs in its preference for hexanoic
acid (at 1%) from the specialist D. sechellia, whereas specialist D. y. mayottensis does not,
the four gustatory receptors might have evolved to reduce D. y. mayottensis avoidance of
high-concentration hexanoic acid. Unlike olfactory receptors whose evolution is strongly
modular, gustatory receptors act in an integrative way so that changes in one receptor
unpredictably change the response of an entire set of receptors to the same component [39].
For example, and most relevant to our findings, Sung et al. [47] showed epistatic inter-
actions between loss-of-function mutations of the gustatory receptors Gr22e and Gr59c,
two paralogs of our detected receptors, that depended on the tested bitter substance. In D.
sechellia, three out of the five genes of the Gr22a clade were pseudogenized, namely Gr22f,
Gr22c and Gr22d [6]. Although none of the most differentiating sites at the Gr22a clade in
D. yakuba affects the protein sequence, we found a nonsense mutation at Gr22d that was
nearly fixed in D. y. mayottensis whereas segregating at low frequencies in D. y. yakuba.
Because nonsense mutations could be post-transcriptionnally corrected in neural cells [46],
the role of this mutation remains to be tested. Future functional genetic analyses of the
genes identified here would definitively shed light on their potential effects. Those future
gustatory analyses should also include either whole noni fruits, or other noni chemical
components that could be perceived as bitter by D. y. mayottensis. Nonetheless, the signifi-
cant difference found in D. melanogaster iso-1 strain, which carries nonsense mutations at
both Gr22b and Gr22d, to hexanoic acid indeed suggests the involvement of those genes in
noni toxins perception.

In summary, our results support a role for standing genetic variation in promoting
host plant preference evolution in herbivorous insects. Because such variation may be
abundant in several insect-plant systems [48], its probable maintenance by various forms
of balancing selection in ancestral populations may be an initial prerequisite for rapid
host shifts, facilitating the gradual built-up of adaptations in simultaneous host use traits.
Future analyses should therefore focus on how standing variation in preference alleles
accumulate and interact with host performance traits at the onset of ecological specialization
and adaptation.
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Abstract: Ongoing climatic changes, with predictable impacts on marine environmental conditions,
are expected to trigger organismal responses. Recent evidence shows that, in some marine species,
variation in mitochondrial genes involved in the aerobic conversion of oxygen into ATP at the
cellular level correlate with gradients of sea surface temperature and gradients of dissolved oxygen.
Here, we investigated the adaptive potential of the European sardine Sardina pilchardus populations
offshore the Iberian Peninsula. We performed a seascape genetics approach that consisted of the
high throughput sequencing of mitochondria’s ATP6, COI, CYTB and ND5 and five microsatellite
loci on 96 individuals coupled with environmental information on sea surface temperature and
dissolved oxygen across five sampling locations. Results show that, despite sardines forming a nearly
panmictic population around Iberian Peninsula, haplotype frequency distribution can be explained
by gradients of minimum sea surface temperature and dissolved oxygen. We further identified
that the frequencies of the most common CYTB and ATP6 haplotypes negatively correlate with
minimum sea surface temperature across the sampled area, suggestive of a signature of selection.
With signatures of selection superimposed on highly connected populations, sardines may be able to
follow environmental optima and shift their distribution northwards as a response to the increasing
sea surface temperatures.

Keywords: small pelagic fishes; OXPHOS complex; adaptive potential; climate change

1. Introduction

Ongoing climatic change translates into a series of environmental fluctuations with
the potential to transform the current distribution of global biodiversity. As biological
responses fall in the spectrum of “adapt, move or go extinct”, the range shifts, biological in-
vasions and re-shaping of entire ecosystems, are thus expected to increase in frequency [1].
The marine environment is particularly susceptible to climatic shifts [1], and phenomena
such as rising sea surface temperatures, increases in CO2 concentrations (ocean acidifi-
cation) and depletion of O2 in deep oceanic waters, translate into tropicalization of fish
assemblages in temperate zones [2,3] and hypoxia in coastal regions and estuaries [4,5].
Investigating the adaptive potential of species to cope with environmental shifts relies on
the identification of phenotypic or molecular changes, expected to emerge as evolutionary
responses [6]. Advances in sequencing technologies have greatly improved research on
the molecular variation across non-model organisms [7]. Coupled with the extensively
available environmental data that exists in marine regions, seascape genetic approaches
are frequently being used to identify signatures of evolutionary processes [8,9].

On top of the environmental pressures imposed by climate change, marine species
of commercial relevance are also subject to overexploitation. Unsustainable harvesting
compromises the viability of stocks in multiple ways. For example, underestimating stock
sizes leads to a logical reduction in the critical mass of spawners necessary to maintain
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population dynamics [10]; capturing larger individuals imposes an early age at matura-
tion, reducing the overall quality and quantity of brood stock [11,12]; disproportionally
harvesting of unequal stocks may eliminate unique genetic diversity, thus reducing the
species with adaptive potential, and therefore limiting the breath of possible responses to
environmental pressures [13]. Coastal species with commercial value are heavily exposed
to a synergistic effect of environmental and anthropogenic pressures. In this context, stocks
of small pelagic fishes such as sardines, anchovies or herrings are among those that are
particularly vulnerable [14]. “Small pelagic fishes” defines a group of ray-finned and
fusiform short size fishes that tend to form large shoals that inhabit the water column
near coastal locations. They mostly aggregate at the edge of continental shelves in or-
der to benefit from the oxygen and nutrient-rich waters that emerge during upwelling
events [15,16]. Due to their abundance, biomass, and trophic level occupied, those fish are
an important component of an ecosystem that expands beyond the coastal limitations of
their distribution [17–19].

The European sardine Sardina pilchardus is a small epipelagic fish inhabiting the north
eastern Atlantic coast, the Mediterranean, and the Black Sea. It is a key component of the
Mediterranean blue economy, supported by centuries-old tradition of consumption, and
more recently, production of canned products [20]. Both the Mediterranean and Eastern
Atlantic stocks along a costal line from Senegal to Galicia, in Spain, are in a particularly
fragile state [21–23]. Consequently, sardine fisheries have a recent, yet long record of fishing
restrictions, quota limitations, and premature closures of fishing seasons.

In this work, we aim to investigate the adaptive potential of sardine populations
surrounding the temperate zone of the Iberia Peninsula to fluctuations on sea surface
temperature and dissolved oxygen. We focused on genetic variation at the mitochondrial
level, as the mitochondrial genome encodes for genes involved on the oxidative phos-
phorylation (OXPHOS) pathway [24,25]. The central role of mitochondria in organismal
metabolism questions longstanding assumptions of the organelle’s evolutionary neutral-
ity [26]. It is thus not surprising that signatures of selection have been identified among
the mitochondrial-encoded OXPHOS genes in several fish species, including Atlantic and
Pacific salmons, anchovies, or sardines in the Indian Ocean, and associated with thermal
gradients or dissolved oxygen concentration [26–28]. We followed a target-gene approach
to screen the molecular diversity of sardine’s mitochondrial ATP6, CYTB, ND5 and COI,
which code for complexes I,III–V of the OXPHOS pathway, and specifically sequenced
key functional regions where signatures of selection have been detected in other marine
fishes [26,27]. We also sampled a broad geographic area, enveloping the coastal waters of
all the Iberian Peninsula, and consequently a gradient of coastal environments and puta-
tive barriers to dispersal. To explore the hypothesis that the frequency of mitochondrial
variants among mitochondrial-encoded OXPHOS genes is related to the spatial variation of
temperature and dissolved oxygen concentration, we collated environmental information
from sampling locations. Finally, we complemented the survey of the species’ genetic
diversity with five microsatellite markers, which allowed us to inspect the connectivity
among sampled sites.

2. Methods
2.1. Sample Collection and DNA Extraction

A total of 96 individuals from 5 locations, Bay of Biscay (Spain), Gulf of Lion (France),
Sesimbra (Portugal), Olhão (Portugal) and Tarragona (Spain) were collected, spanning the
Atlantic-Mediterranean region surrounding the Iberian Peninsula (Figure 1). DNA was
extracted with EZ-DNA Genomic DNA Isolation kit© (Zymo Research, California, CA,
USA) following manufacturer instructions. Quantity and quality of extracted DNA were
first assessed with Nanodrop© and later with Qubit© fluorometer.
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dissolved oxygen (mol·m−3) obtained from each location is also shown. (B) Heatmap of minimum 
sea surface temperature and minimum dissolved oxygen distribution in the marine area surround-
ing the Iberian Peninsula. Black dots represent the sampling locations. 
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Figure 1. Sampling locations and associated environmental variation. (A) Sampling locations and
plots of the frequencies (y-axis = frequency of the most common haplotype among ATP6, ATP6-Hap1
(1) and CYTB, CYTB-Hap3 (2). The minimum sea surface temperature (T ◦C) and minimum dissolved
oxygen (mol·m−3) obtained from each location is also shown. (B) Heatmap of minimum sea surface
temperature and minimum dissolved oxygen distribution in the marine area surrounding the Iberian
Peninsula. Black dots represent the sampling locations.

2.2. Mitochondrial DNA: Defining Target-Regions for Amplicon Sequencing

To explore whether the mitochondrial regions identified as putative under selection
on other small pelagic fishes would exhibit similar signatures on sardines, 4 mitochondrial
genes, each encoding different subunits involved in specific complexes of the mitochondrial
respiratory chain were used: ND5 (NADH: ubiquinone oxireductase core subunit 5) for
respiratory complex I; CYTB (cytochrome b) for respiratory complex III; COI (cytochrome
c oxidase I) for respiratory complex IV; ATP6 (ATP synthase membrane subunit 6) for
respiratory complex V. To facilitate the identification which within-gene regions should
target sardines, we collected sequences from NCBI of other small pelagic species on which
signatures of selection have been reported on our target genes. Those were then aligned
with BioEdit [29] against the sardine mitogenome (reference NCBI: NC_009592.1) to verify
where matching occurs. The conservation of chosen regions was further checked against
other fish species. Primers were designed on the sardine genome to flank putative regions
of interest. Reference numbers of utilized sequences are available on Table S1.
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2.2.1. Sequencing, Filtering and Variant Calling at Targeted Mitochondrial Regions

Extracted DNA was sent to CIBIO (Centro de Investigação em Biodiversidade e
Recursos Genéticos) in Vairão, Portugal, to primer optimization, library preparation and
amplicon sequencing. The primer-pairs specifically designed for this study are available
on Table S2. All obtained sequences are available in Text S1. Detailed protocols on library
preparation and amplicon sequencing are available in Appendix A.1.

Demultiplexing, barcode removal and QC control were performed in Illumina’s Bases-
pace online platform. Only reads with Phred quality score (Q) > 30 were utilized in this
study. Demultiplexed reads were aligned against a reference, i.e., sardine’s mitogenome
(reference NCBI: NC_009592.1) with bwa-mem algorithm [30] implemented in bwa [31].
Only reads that were properly paired were kept, mapping qualities above 10 and coverage
above 2 were kept for variant calling. Variant calling was performed with Stacks v 1.48 [32]
through imported .bam files. Specifically, we ran ref_map.pl pipeline with the sardine
mitogenome as reference and default parameters.

2.2.2. Diversity and Distribution of Genetic Variation at Targeted Mitochondrial Regions

Haplotype diversity (Hd), number of haplotypes (nH), nucleotide diversity (π) and
segregation sites (S) were calculated both independently for each gene in DNAsp [33]. In
total, 4 datasets, corresponding to each sequenced mitochondrial region were built. To
assess the connectivity among sampled locations, the population structure in Arlequin
for all datasets was estimated via FST calculation (10,000 permutations). The level of
significance was set to α = 0.05 [34]. Isolation by distance was inferred by using log-
transformed distance-by-sea among sampling locations and FST pairwise values in the R
package ecodist, with the level of significance set to α = 0.05 [35]. The number of shared
haplotypes among locations was calculated to inspect whether geographic distance could
play a role in the distribution of haplotype diversity. Finally, median-joining networks were
calculated and drawn to better understand the genealogy among identified haplotypes in
POPART [36].

2.2.3. Relationship between Haplotype Composition and Environmental Variables at
Each Location

All computations were performed in the R environment [37]. A Redundancy Analysis
(RDA) was performed to investigate whether haplotype distribution could be explained
by environmental conditions found at each collection site. Environmental parameters
(annual monthly means) were extracted from the Bio-Oracle database [38] with scripts
customized to collect data on the maximum, minimum, mean and the range of values of sea
surface temperature (SST) and dissolved oxygen (DO) given the approximate GPS positions
of exact sampling locations. Thus, a matrix of haplotype frequencies was utilized as a
response variable in an RDA [39], while a matrix of values related to surface temperature
and dissolved oxygen were utilized as putative explanatory variables. Haplotypes unique
to single locations were excluded from the dataset for this analysis.

The overall statistical significance of the RDA model was assessed using an ANOVA-
like permutation function, anova.cca, implemented in the in the R package vegan [40].
Significance of constrained axis and effects and significance of each variable were also
assessed with anova.cca, defining the “axis” and “margin” to avoid the sequential test
of terms [41]. Lastly, a putative association of specific haplotype frequencies and envi-
ronmental variation was inferred by considering, as significant, those relationships that
diverged 2.5 standard deviations from the mean distribution on the RDA plot (i.e., two-
tailed p-value = 0.0125).

2.2.4. Inferring Historical Events of Selection across Phylogenies with dN/dS
Ratios-Based Tests

As we were interested in screening for signatures of selection on each specific respira-
tory complex, a phylogenetic inference of events of selection was performed independently
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for each gene-specific dataset. As such, we utilized methods included in Hyphy via the
Datamonkey web interface, which are based on the inference of nonsynonymous and syn-
onymous substitution rates across phylogenies [42]. A single-likelihood ancestor counting
(SLAC) [43], a fixed effect likelihood (FEL) [43] and fast unconstrained Bayesian approxi-
mation (FUBAR) [44] algorithms were applied. While sharing the same theoretical basis,
i.e., selective pressure for each site is constant along the entire phylogeny; algorithms vary
on the methodology to infer dN and dS substitution rates. Specifically, SLAC uses the
maximum-likelihood and counting approach, FEL uses a maximum-likelihood approach
and FUBAR relies on a Bayesian framework. Significance was assessed accordingly to
the default value of each specific test, namely, with the level of significance set to α = 0.1
(rounded-up to the decimal) in likelihood models SLAC and FEL, and with a posterior
probabilities threshold of >0.9 (rounded-up to the decimal), for (α > β) in FUBAR (default).

2.3. Microsatellite Amplification and Diversity Estimates

Nuclear genetic variation was investigated with five microsatellites previously de-
scribed in other sardine studies–SAB07, SAR09, SR15, SAR112, SAR218, and SP17 [45,46].
Amplification and genotyping protocols can be found in Appendix A.1. Nei’s unbiased
heterozygosity (He), observed heterozygosity (Ho), Wright’s inbreeding coefficient (FIS)
and Garza-Williams’ index were computed in Arlequin v 3.5.2.2 [34]. Rarefied allelic rich-
ness (Ar) and private rarefied allelic richness (pAr) were estimated for both each location
and averaged over loci in HP-Rare 1.1 [47]. The presence of null alleles was inspected with
Micro-Checker [48].

2.3.1. Estimates of Genetic Differentiation and Structure among Sampled Locations

We first assessed the likelihood of each locus to be in the Hardy-Weinberg equilibrium
(HWE), as consistent deviations could compromise assessment of neutral differentiation.
HWE was computed per loci and population in Arlequin v 3.5.2.2. The possibility of
population structure was then investigated through multiple approaches. First, we utilized
a Discriminant Analysis of Principal Components (DAPC) to explore the number of clusters
(K) that most likely explains the observed distribution of nuclear diversity implemented in
the R package adegenet [49]. This was achieved through the application of the function
find.clusters with max.n .clusters = 5, identification of most likely K through the inflec-
tion point of the Bayesian Inference Criteria (BIC) curve and subsequent calculation of
discriminant components. Lastly, we plotted the 95% confidence interval ellipses of the
identified K groups overlaid on the original distribution. For that, we utilized the two
major linear discriminants (LD1 and LD2) extracted from the discriminant analysis as
graphical coordinates. We further estimated the pairwise FST among locations, derived
from allelic frequencies in Arlequin v3.5.2.2 (10,000 bootstrap). Isolation by distance was
also inspected and analyses were performed similarly to those described in the previous
Section 2.2.2.

2.3.2. Inferences on Deviations from Evolutionary Neutrality

Additional locus-specific analyses were performed because one of the utilized markers
(SAR112) was reported to be the subject of clinal selection along the Mediterranean [46].
In this context, first, the frequency of HWE deviation across locations for each locus was
explored. Then, the locus-specific allele frequency distribution among populations was
analyzed by comparing the average FST obtained from respective pairwise comparisons.
Frequencies were compared with ANOVA and Tukey’s post-hoc tests being applied to
investigate the significance of pairwise relationships.

3. Results
3.1. Mitochondrial DNA Sequencing and Variant Calling

The 96 individuals sequenced for the four targeted genes produced a total of 912,609
usable reads. On average, 2223.84 (SE ± 128.96) paired-end reads per individual were
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utilized for the ATP6, 2599.17 (SE ± 115.99) for the COI, 2693.29 (SE ± 140.73) for the CYTB
and 1990.04 (SE ± 97.33) for the ND5. Average coverage per individual varied from 304.07
(SE ± 18.80) on ATP6 to 208.19 (SE ± 9.22) at CYTB. The position of variant sites identified
with Stacks was inspected visually and utilized to construct haplotypes from the reference
mitogenome. As genes were analyzed as fully independently, fragments were trimmed to
remove uninformative invariant sites at the edges of the DNA string prior to population
genomic analysis. Sizes of the fragments utilized varied across genes, specifically ATP6
(381 bp), COI (291 bp), CYTB (201 bp) and ND5 (330 bp).

3.2. Estimates of Mitochondrial Genetic Diversity and Population Structure

Genetic diversity indices expectedly varied among genes. Here, CYTB exhibited the
higher indices of diversity (µS = 3.6, SES = 0.219; µnHap = 4.6, SEnHap = 0.219; µHd = 0.717,
SEHd = 0.02; µπ = 6× 10−3, and SEπ = 3× 10−4), while the COI showed a high conservation
rate (µS = 1.4, SES = 0.219; µnHap = 2.4, SEnHap = 0.219; µHd = 0.164, SEHd = 0.02; and
µπ = 5 × 10−4, SEπ = 8 × 10−5). Among the sampled locations, genetic diversity was only
pronouncedly different for the ATP6, as Tarragona and the Gulf of Lions reported a single
haplotype in contrast to the Bay of Biscay and Sesimbra, where we observed three different
haplotypes (Table 1). Estimates of pairwise FST only revealed two significant differentiation
values, specifically for ATP6 haplotype frequencies between Sesimbra and the Gulf of Lions
(FST = 0.045, p = 0.042) and ND5 between Tarragona and Olhão (FST = 0.114, p = 0.033).
Investigating the overall number of haplotypes shared among locations revealed that closer
sampled locations shared more haplotypes, suggesting that geographic distance might
play a role in connectivity, despite the absence of clearly structured populations (Figure 2)
and non-significant Mantel tests across genes (Table S3).
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Table 1. Diversity estimates obtained for each mitochondrial gene region coding and respective complex of the electron
transport chain.

Gene Population n S nHap Hd π Tajima’s-D

ATP6
Respiratory
Complex V

Bay of Biscay 15 3 4 0.371 0.00135 −1.31654
Gulf of Lion 15 0 1 0 0 na

Olhão 18 2 2 0.11 0.00058 −1.50776
Sesimbra 14 3 4 0.396 0.0012 −1.67053
Tarragona 17 0 1 0 0 na

COI
Respiratory
Complex IV

Bay of Biscay 17 2 3 0.228 0.00081 −1.50358
Gulf of Lion 20 1 2 0.1 0.00034 −1.16439

Olhão 15 1 2 0.133 0.00046 −1.15945
Sesimbra 14 1 2 0.143 0.00049 −1.15524
Tarragona 18 2 3 0.216 0.00076 −1.50776

CYTB
Respiratory
Complex III

Bay of Biscay 16 3 4 0.642 0.0051 0.38767
Gulf of Lion 17 3 4 0.676 0.00563 0.78185

Olhão 16 4 5 0.717 0.00589 −0.05743
Sesimbra 14 4 5 0.769 0.00716 0.476
Tarragona 15 4 5 0.781 0.00625 0.07027

ND5
Respiratory
Complex I

Bay of Biscay 19 4 5 0.696 0.00284 −0.53717
Gulf of Lion 20 1 2 0.521 0.00158 1.53133

Olhão 19 2 3 0.526 0.0017 −0.04521
Sesimbra 13 2 3 0.615 0.0021 0.2084
Tarragona 18 4 5 0.66 0.00273 −0.67309

n = number of individuals per population; S = segregation sites; nHap = number of haplotypes; Hd = Haplotype diversity; π = nucleotide
diversity.

3.3. Relating Haplotype Frequencies and Environmental Variation

The low number of different haplotypes in relation to explanatory variables prevented
us building a single, full-scale model to incorporate maximum, minimum and averages of
both dissolved oxygen and sea surface temperature. However, to preserve the fundamental
objective of exploring and disentangling the role of those variables in sardine’s distribution,
we built four RDA models for each specific set of minima, maxima, mean and range. Only
the model that incorporated minima was revealed to be statistically significant (ANOVA:
F = 2.84, d.f. = 2, p = 0.05), and with an adjust R2 = 0.48 (Figure 3A) (Table 2). CAP1 was
revealed to significantly explain 43% of observed variability (ANOVA: F = 3.343, p = 0.050)
and the marginal effect of each environmental variable showed minimum sea surface
temperature (sst_min) to be significant (ANOVA: F = 3.109, p = 0.033) (Table 3).

We further identified haplotype 1 of ATP6 and haplotype 3 of CYTB to present a sig-
nificant negative correlation with (minimum) sea surface temperature (Figure 3b). Models
with average and maxima dissolved temperature and sea surface temperature did not
significantly explain the haplotype frequencies distribution (Table 2).
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Figure 3. Presentation of redundancy analysis ordination with minimum values of environmental variables. (A) Ordina-
tion plot with haplotypes (response variables) as grey dots, populations in coloured dots and environmental variables
(explanatory variables) as vectors. BB = Bay of Biscay, GL = Gulf of Lion, TR = Tarragona, OLH = Olhão, SES = Sesimbra;
sst_min = minimum sea surface temperature, do_min = minimum dissolved oxygen. (B) Ordination plot highlighting
haplotypes, Cytb-Hap3 and ATP6-Hap1, whose frequency is predicted to vary with minimum sea surface temperature
(Cytb-Hap3: r = 0.88, p < 0.05; ATP6-Hap1: r = 0.52, p < 0.05), also showing respective axis and correlation coefficients.
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Table 2. Model results obtained with the anova.cca function for each pair of parameter sea surface
temperature (T ◦C) and dissolved oxygen (mol·m−3). Significant models are highlighted in bold.

Maximum Temperature and Dissolved Molecular Oxygen

df SS F p (>F)
model 2 0.366 1.858 0.117

Residuals 2 0.197 - -

Minimum Temperature and Dissolved Molecular Oxygen

df SS F p (>F)
model 2 0.416 2.841 0.050

Residuals 2 0.146 - -

Range of Temperature and Dissolved Molecular Oxygen

df SS F p (>F)
model 2 0.150 1.087 0.483

Residuals 2 0.413 - -

Mean of Temperature and Dissolved Molecular Oxygen

df SS F p (>F)
model 2 0.202 0.560 0.867

Residuals 2 0.361 - -
Model formula: Haplotype frequencies ~ SST+ DO. In bold, values significant for p ≤ 0.05.

Table 3. ANOVA on the minimum SST and DO model to test the marginal effect of terms with
500 permutations to access.

df SS F p (>F)

CAP1 1 0.244 3.343 0.050
CAP2 1 0.171 2.339 0.150

Residual 2 0.146

df SS F p (>F)

sst_min 1 0.230 3.109 0.033
do_min 1 0.202 2.756 0.058
Residual 2 0.146

In bold, values significant for p ≤ 0.05.

3.4. Inferences of Episodic Selection across the Phylogeny of Sampled Specimens

Investigating the occurrence of pervasive selection across the entire gene phylogenies
revealed sites deviating from a neutral evolution background on all our target genes. SLAC
detected six sites on CYTB, three of which revealed signatures of positive or directional
selection and three others on negative or purifying selection. FEL and FUBAR, whose
statistical power is more robust than SLACs, both identified episodes of pervasive selection
on genes ATP6 and ND5. For ATP6, FEL detected site 53 (p < 0.1), while FUBAR detected
sites 53, 49, 24, 36, and 52 (posterior probability of α > β, ≥0.9). For ND5, FEL detected
site 58 (p = 0.05), while FUBAR detected sites 58, 64, and 90 (posterior probability of
α > β, ≥0.9). The Bayesian approach further identified four sites on the COI, namely, 8,
44, 53, and 57 (posterior probability of α > β, ≥0.9) (Table 4). All these signatures relate to
negative/purifying selection.
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Table 4. Phylogenetic inferences on episodic or pervasive historical events of selection and adopting
three different algorithms.

Method Gene Codon Site p Value pp [α > β]

SLAC CYTB

14 42 0.1 n/a
15 45 0.1 n/a
16 48 0.1 n/a
26 78 0.1 n/a
40 120 0.1 n/a
48 144 0.1 n/a
53 159 0.1 n/a
57 171 0.1 n/a

FEL
ATP6 53 159 0.1 n/a
ND5 58 174 0.1 n/a

FUBAR

ATP6

24 72 n/a 0.9
49 147 n/a 0.9
36 108 n/a 0.9
52 156 n/a 0.9
53 159 n/a 0.9

ND5
58 174 n/a 0.9
64 192 n/a 0.9
90 270 n/a 0.9

COI

8 24 n/a 0.9
44 132 n/a 0.9
53 159 n/a 0.9
57 171 n/a 0.9

Only sites whose deviations from the null hypothesis from neutral evolution were reported and are shown.
Significance was determined with threshold for p ≤ 0.1, in likelihood models SLAC and FEL, and with posterior
probabilities in FUBAR. Only sites denoting significant values (in bold) are reported. Note that the p-value on
SLAC relates to P (dN/Ds < 1). All sites are reporting synonymous substitutions. n/a denotes statistic not
available in the specific test, as defined in the Methods Section.

3.5. Microsatellite Amplification and Diversity Estimates

In general, we did not detect prominent variation regarding population specific diver-
sity. Observed heterozygosity (Ho) values ranged between 0.65 (SD ± 0.27) in Sesimbra
and 0.74 (SD ± 0.16) for the Gulf of Lion. Rarefied allelic richness over all loci varied
between Sesimbra (12) and the Bay of Biscay (13.44). Private allelic richness, and indi-
cator of population-specific alleles, was also similar from one location to another, being
the extremes Tarragona (1.18) and the Bay of Biscay (2.24). Garza-Williams index, which
estimates the effects of potential bottlenecks from observed heterozygosity, also indicated
a striking similarity across populations (Table 5). Observed and expected heterozygosity
(He) were revealed to significantly differ across sampled locations (ANOVA: F1,4 = 6.02,
p = 0.01) (Figure S1A).

Table 5. Diversity estimates regarding the five microsatellite markers.

Locations n rAR pA Ho He

Bay of Biscay 20 13.44 2.24 0.71 0.86
Gulf of Lion 20 12.41 1.80 0.73 0.83

Olhão 20 12.89 2.10 0.74 0.86
Sesimbra 16 12.00 1.78 0.65 0.84
Tarragona 20 12.18 1.18 0.63 0.80

n = number of individuals; rAR = rarefied allelic richness; pA = private alleles; Ho = Observed heterozygosity
and He = Expected heterozygosity.

3.6. Estimates of Microsatellite Genetic Differentiation and Structure among Sampled Locations

Inferences on the structure of sardine populations revealed a nearly panmictic scenario.
Discriminant component analyses suggested a K = 2, though 95% CI ellipses largely
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overlap (Figure S2A). Pairwise FST comparisons further reinforced such a scenario as all
but one showed a significant result, for p = 0.02 (FST Bay of Biscay vs Gulf Lion = 0.05). While
those locations are at the maximum geographic distance possible within our sampled
sites, correlating geographic and genetic distances obtained no significant value. Lastly,
STRUCTURE analyses also revealed panmixia (Figure S2B).

Regarding locus-specific analyses, we first detected locus SAR218 to be constantly
departing from Hardy-Weinberg equilibrium: it was the only locus whose Ho significantly
deviated from He in all populations. This is probably due to the presence of null alleles at
this locus, which was found to be consistent across all examined populations (Table S4).

Exploring the structure and explaining each locus, we did not observe significant
departures from what would be expected from panmixia: CIs of the 95% ellipses largely
overlapped in every locus (Figure S3). Pairwise FST analyses suggested a very similar
picture, with only one significant pairwise comparison between Sesimbra and Olhão for the
locus SAR112 (FST = 0.013, p = 0.036). However, we detected averaged pairwise FST among
comparisons and this varied significantly across loci (ANOVA: F1,5 = 21.385, p < 0.01)
(Figure 1B). Post-hoc comparisons further revealed locus SAR218 to be the one originating
in significantly higher average FST than all the other loci, Tukey HSD (AvgSAR218 = 0.023,
SDSAR218 = 0.005).

4. Discussion

Environmental alterations driven by the ongoing rapid climatic shifts impose intense
selective pressures on populations of marine organisms, and particularly on those that are
currently exploited. Understanding the response repertoire of those species is crucial to
develop effective and sustainable exploitation plans to accommodate potential shifts in
the distribution range and overall impacts on the viability of populations. By screening
the variation on genes directly involved in metabolic performance, we aimed to infer the
adaptive potential of sardine populations to shifts in temperature and dissolved oxygen.
We observed a high degree of connectivity among populations and further revealed a
putative molecular basis of adaptation to cold temperatures. Under the predicted increase
in sea surface temperature, our results indicate that sardines might be able to follow
environmental optima and extend their distribution northwards.

4.1. Population Structure Reveals High Connectivity around Iberian Peninsula

Genetic diversity estimates across investigated markers suggested the Bay of Biscay
harboring higher diversity among investigated populations. At the mitochondrial level,
three out of four genes (CYTB being the exception) exhibited a higher number of haplo-
types and/or nucleotide diversity, and microsatellite markers consistently showed a higher
rarefied number of alleles and private alleles among sardines collected on the Bay of Biscay.
The expected a positive correlation between genetic diversity and effective population size
and may simply suggest that the Bay of Biscay assembles a larger number of reproducing
individuals in comparison to all others [50]. The results are coherent with observations
reporting the Atlantic sardine stocks holding higher abundances than those in the Mediter-
ranean [51–53]. Alternatively, differences among observed diversity estimates may be
associated with variable fishing efforts in relation to stock size, as overfished stocks are
predicted to exhibit lower genetic diversity than those that are sustainably managed [54].
Population structure analyses revealed a scenario of near panmixia, punctuated by devia-
tions likely associated to geographic distance among sampled sites. Specifically, not only
nearby locations shared a higher number of haplotypes, but also the FST pairwise estimate
associated with microsatellite data between the Bay of Biscay and the Gulf of Lion. As
Mantel tests did not support a general pattern of isolation by distance, we consider having
identified a signature of limited dispersal among sampled locations, possibly due to the
natural barrier imposed by the Alboran Sea, as suggested by Ramon and Castro (1997) [55].

Generally, our observations are consensual within the existing studies dedicated to
sardine population structure in the region, though the majority suggests a sardine panmictic
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stock [22,51,56], and others point towards a soft structure on a specific region of the species
distribution [55]. While our study did not aim to exhaustively characterize the population
structure of the species, we believe that it reinforces the need to undertake genome-wide
approaches and temporal sampling to convincingly resolve the stock structure of the
European sardine.

4.2. Temperature-Dependent Distribution of Most Frequently Observed Haplotypes

Exploring the role of specific environmental factors on the distribution of sardine’s
mitochondrial diversity revealed that only minimum values of temperature and dissolved
oxygen across sampled locations significantly explained the gradients of genetic variation.
By showing that the distribution of the more frequently observed haplotypes of two
of the targeted genes—ATP and CYTB—negatively correlated with minimum surface
temperature, we can infer that the sardine stock in the screened geographical area is selected
to tolerate colder sea surface temperatures. These results agree with previous works
on mitochondrial DNA selection on other marine fishes, particularly on anchovies [27]
and on Atlantic salmon [26], probably indicating a functional need to increase metabolic
efficiency at lower temperatures [26]. North eastern Atlantic latitudes covered by our
work are characterized by a strong seasonal upwelling, that creates oxygen- and nutrient-
rich environments nearby coastal costal locations but originates from lower sea surface
temperatures [57]. One of the anticipated effects of ongoing climate change on coastal
upwelling systems is an increase in intensity of spring and summer upwelling events [57].
As the Iberian Peninsula is particularly sensitive to increases in upwelling intensity [58],
we interpret the relationship identified in our work as a putative genomic signature of
the species’ response. Interestingly, historical signatures of purifying selection identified
amongst the phylogenies of targeted genes were associated with low frequency haplotypes.
As all variants are exposed to selection in haploid systems, such observation suggests
the evolutionary dynamics of the sardine genetic pool purged specific haplotypes from
the population due potentially deleterious effects [59,60]. While synonymous mutations
do not alter the sequencing of encoded protein, they are known to impact secondary
structures affecting thermodynamics and stability, as observed on mRNA molecules [61],
misfolding of proteins [62] or translational selection and codon use bias in both proto and
metazoans [63,64]. In addition, and specific to small pelagic fishes, the often large effective
population sizes would reduce the efficiency of genetic drift on removing rare variants,
but see Cvijović et al. (2018) for alternative theoretical expectations on site-frequency
distribution under puryfying selection [65]. Lastly, genetic signatures on mitochondrial
genes of the OXPHOS complexes are also worth exploring at the light of cyto-nuclear co-
evolution [66] or having their functional impact on organismal fitness effectively assessed
given the existence of compensatory mechanisms to buffer the expression of deleterious
alleles [67].

5. Conclusions and Future

Under and intense fishing pressure, the capacity for the European sardines to pos-
itively respond to ongoing climatic shifts must be resolved before developing practices
of sustainable exploitation. Here, we focused on the European sardine stocks around the
Iberian Peninsula and provided additional evidence for the existence of an apparent near
panmictic population with a high degree of connectivity. This connectivity might be impor-
tant to maintain frequency distribution of key mitochondrial haplotypes across the species
distribution range, ensuring not only the species adaptive potential, but also an overall
capacity to migrate to follow environmental optima: eggs and larvae of European sardine
have been reported as North as the Baltic Sea [68]. Strong northward shifts are nevertheless
expected for temperate-cold water species such as European sardines, according to species
distribution models under future climatic conditions [69].

Shifts in thermal conditions are particularly stressful for ectotherms. Additionally,
there are certainly other mechanisms involved in a putative adaptive response to thermal
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variation. For instances, adaptive and non-adaptive phenotypic plasticity are known to play
a decisive role in assisting organisms to cope with shifting temperatures [70,71]. Epigenetic
variation is also another possible route towards adaptation, and evidence of such keeps on
accumulating among both natural populations and under controlled experiments [72–74].
Though we interpreted the relationship between haplotype frequency and minimum sea
surface temperature as a signature of selection, we cannot disregard the potential effect
of small sample sizes or the fact that we did not screen the edges of specie’s distribution.
Still, with the seascape genetics approach we undertook, we are confident that our study
provides a robust glimpse of sardines’ adaptive potential and is an important contribution
to the growing body of evidence supporting adaptation among populations of small pelagic
fishes.
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Appendix A

Appendix A.1. Library Preparation and Amplicon Sequencing Protocol

Multiplexed Illumina MiSeq amplicon libraries for the four mitochondrial regions
were amplified using a two-stage PCR approach [75]. First-stage PCR conditions differed
among genes. The ATP6 fragment was amplified in a 10 ML reaction with 5 ML of MyTaq©
Mix (BioLine, UK), 0.4 mM of each primer with overhangs as in McInnes et al. [76] and
10 ng of DNA template. Thermal cycling was performed in a T100 Thermal Cycler©
(BioRad) consisting of an initial step at 95 ◦C for 10′, followed by 40 cycles at 95 ◦C for
30′′, 58 ◦C for 30′′ and 72 ◦C for 30′′ and a final extension of 72 ◦C for 10′. Amplification
of the remaining genes was performed under the following conditions: an initial step
at 95 ◦C for 10′, followed by 95 ◦C for 30′′, 68 ◦C −0.5 ◦C/cycle for 30′′, 72 ◦C for 20′′,
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followed by 31 cycles at 95 ◦C for 30′′, 64 ◦C for 30′′, 72 ◦C for 20′′, and a final extension
of 72 ◦C for 10′′. A template-free PCR was included in each amplification to control for
potential contamination. PCR products were purified using reversible immobilization
(SPRI) paramagnetic beads© (Agencourt AMPure XP, Beckman Coulter, CA, USA) with
0.8× of beads per microliter of PCR product.

Individual tags from McInnes et al. (2017) [76] were added to each sample PCR
products obtained from first-stage amplifications. Second-stage PCRs were prepared with
12.5 ML of KAPA HiFi HotStart ReadyMixPCR Kit© (Kapa Biosystems, Wilmington, MA,
USA), 2.5 ML of 1 mM of each tag primer and 2.5 ML of 1:10 diluted PCR product in 25 ML
final volume. Thermal cycler conditions were as following: 95 ◦C for 3′, followed by 10
cycles of 95 ◦C for 30′′, 55 ◦C for 30′′, 72 ◦C for 30′′, and a final extension of 72 ◦C for 5′.
PCR products were purified using reversible immobilization (SPRI) paramagnetic beads.

All samples were then pooled after normalizing amplified quantities to 10 nM. Ampli-
con’s size distribution was analysed on a TapeStation 2200 using the HS D1000 kit (Agilent
Technologies, Santa Clara, CA, USA). Libraries concentration was checked by quantitative
PCR on a BIORAD C1000 Real Time Thermo cycler using KAPA Library Quantification
kit (Kapa Biosystems, Wilmington, MA, USA). Amplicon libraries were sequenced on a
MiSeq genome sequencer (Illumina, San Diego, CA, USA) using MiSeq Reagent Kit Nano
v2 (500 cycles) with paired-end reads.

Appendix A.2. Amplification and Genotyping of Microsatellite Loci

Amplification was performed with a Qiagen Multiplex PCR kit (Hilden, Germany) in
a single multiplex under the following conditions: initial denaturation step at 95 ◦C for
15 min, 17 cycles comprising an initial step of at 95 ◦C for 30 s, an annealing step at 56 ◦C for
1 min and 30 s (with an increase of 0.5 ◦C/cycle during the first 13 cycles) and an elongation
at 72 ◦C for 30 s, followed by 27 cycles which included a denaturation at 95 ◦C for 30 s,
annealing at 50 ◦C for 1 min and an elongation step at 72 ◦C for 30 s. Final elongation
occurred at 60 ◦C for 30 min. PCR products were separated by capillary electrophoresis on
an automatic sequencer ABI3130xl Genetic Analyzer (AB Applied Biosystems, Foster City,
CA, USA). Fragments were scored against the GeneScan-500 LIZ Size Standard using the
GENEMAPPER 4.1 (Applied Biosystems) and manually checked twice.
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Abstract: Jeju Island is located at a marginal edge of the distributional range of East Asian evergreen
broad-leaved forests. The low genetic diversity of such edge populations is predicted to have
resulted from genetic drift and reduced gene flow when compared to core populations. To test this
hypothesis, we examined the levels of genetic diversity of marginal-edge populations of Quercus
gilva, restricted to a few habitats on Jeju Island, and compared them with the southern Kyushu
populations. We also evaluated their evolutionary potential and conservation value. The genetic
diversity and structure were analyzed using 40 polymorphic microsatellite markers developed in
this study. Ecological Niche Modeling (ENM) has been employed to develop our insights, which
can be inferred from historical distribution changes. Contrary to our expectations, we detected a
similar level of genetic diversity in the Jeju populations, comparable to that of the southern Kyushu
populations, which have been regarded as long-term glacial refugia with a high genetic variability
of East Asian evergreen trees. We found no signatures of recent bottlenecks in the Jeju populations.
The results of STRUCTURE, neighbor-joining phylogeny, and Principal Coordinate Analysis (PCoA)
with a significant barrier clearly demonstrated that the Jeju and Kyushu regions are genetically
distinct. However, ENM showed that the probability value for the distribution of the trees on Jeju
Island during the Last Glacial Maximum (LGM) converge was zero. In consideration of these results,
we hypothesize that independent massive postglacial colonization from a separate large genetic
source, other than Kyushu, could have led to the current genetic diversity of Jeju Island. Therefore,
we suggest that the Jeju populations deserve to be separately managed and designated as a level of
management unit (MU). These findings improve our understanding of the paleovegetation of East
Asian evergreen forests, and the microevolution of oaks.

Keywords: marginal edge; Quercus gilva; genetic diversity; massive colonization; Jeju Island; conservation
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1. Introduction

It is well known that the population genetic structure in extant plants is affected by various
factors, including the dispersal ability of pollinators, seed dispersal modes, reproductive systems,
and historical migration patterns; the historical range change during Quaternary climatic oscillations
is also considered a primary factor [1–3]. Although their relative importance may vary across time
and space, the genetic features of populations in East Asian temperate regions likely reflect historical,
rather than current, levels of gene flow [4–8]. East Asia has experienced complex and dynamic changes
in land configurations during the Quaternary period, which led to a high richness and endemism of
plant species in forests [9]. The range change of warm temperate evergreen forests was larger than that
of temperate deciduous forests, especially in Korea and Japan.

Peripheral, especially marginal/edge, populations, might reflect genetic impoverishment as
a result of genetic drift and reduced gene flow when compared to core populations [10–13].
Such genetic determinants have the potential to further expand species ranges through adaptation to
the selection pressures of a marginal environment, assumed to furnish less fitness for their survival [14].
The populations have played decisive roles for species facing and responding to rapidly changing
environmental conditions [15,16]. Many of these studies of local fitness have improved our knowledge
of how a given species adapts to a changing environment [17,18]. Nonetheless, our understanding of
the evolution of species in warm temperate evergreen forests in East Asia is still lacking.

The volcanic Jeju Island of South Korea is characterized by its high endemism, unique altitudinal
zonation of vegetation, and untouched environments [19], and thus it was designated as a UNESCO
Biosphere Reserve in 2002 and a World Heritage Site in 2007. The island is disjunctively located at the
marginal edge of the distributional range of East Asian evergreen broad-leaved forests. The lowland
zone of Jeju Island is covered with forests, dominated by warm temperate and subtropical evergreen
broad-leaved plants [20]. These species commonly inhabit large ranges across East Asia, including South
Korea, Japan, and China, but exhibit disjunctive distributions, with a heterogeneous boundary of
habitat preferences [21]. Therefore, conserving the populations at the marginal edge of their range can
be beneficial to the long-term survival of a species.

Quercus gilva Blume (Fagaceae) is a large, ecologically important tree of evergreen broad-leaved
forests in East Asia [22]. Although Q. gilva is widely distributed in East Asian forests [23,24], its habitat
is decreasing due to anthropogenic pressure. The main cause of habitat decrease is human-mediated
disturbance, such as large-scale regional development [25] and logging [26]. The population of
Jeju Island is extremely small (total: ca. 600 individuals; [27]) and distributed in a unique habitat,
called Gotjawal, where the trees occur in an area made up of numerous fragmented rocks. This species
is listed as Vulnerable (VU) in the Korea Red Data Book [28]. As of 2012, it has also been protected under
the Endangered Species Act (ESA) within Korean law. Since tracking of intraspecific Conservation Units
(CUs) is one of the most important tasks for the long-term conservation of a given species, a population
genetic examination for Q. gilva was attempted using RAPD (Random Amplified Polymorphic
DNA) [29] and ISSR (Inter Simple Sequence Repeat) [25] analysis. However, previous assessments
have not been performed with other comparative populations, which could be a criterion for
accurately recognizing their genetic status. From a recent conservation genetics point of view,
providing information on the population’s establishment history is becoming a fundamental step in
long-term conservation [30–32].

Fossils and pollen grains could be utilized for unraveling evolutionary clues that contribute
to present genetic diversity, but the situation is complicated by historically complex distribution
changes [33,34]. However, such past data are largely absent in East Asia, because the area in which the
evergreen forests appear to have been historically distributed is now in the sea. Given this, a technique
such as Ecological Niche Modeling (ENM) is the only auxiliary way to reveal the historical distribution
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of a species [35]. ENM is useful in genetic studies to infer climate change-associated correlations
between distribution shifts and genetic structure [36–38].

As has been observed in other warm temperate species in East Asia [5,6,39], the extant Jeju
populations of Q. gilva are most closely related to those in Kyushu, Japan, which is geographically
adjacent and has a similar establishment history. Therefore, we characterized the genetic compositions
of the Q. gilva populations in Jeju Island, located at the disjunctive edge of their distribution range.
The genetic diversity was compared to the Kyushu populations, regarded as long-term glacial
refugia with a high genetic variability of East Asian warm temperate evergreen broad-leaved trees.
The purposes of the present study are (1) to develop a high-resolution and cost-effective polymorphic
microsatellite set so that researchers can continue periodic genetic monitoring, (2) to evaluate the
evolutionary potential and conservation value of marginal-edge Jeju populations by inferring the
history of population establishment, and (3) to provide conservation guidelines for the recovery and
management of the threatened Jeju populations. The genetic diversity and structure were analyzed
using 40 polymorphic microsatellite markers developed in this study through high-throughput
sequencing data. ENM was also employed to examine historical distribution changes.

2. Materials and Methods

2.1. Plant Material Sampling and DNA Extraction

We collected a total of 158 leaf samples of Q. gilva from three populations in Jeju Island, Korea and
three populations in Kyushu, Japan. Since Q. gilva is protected as an endangered species in Korea, we
first requested permission from the Ministry of Environment and then proceeded with the material
collection. We selected the trees with a diameter at breast height (DBH) of more than 20 cm while
maintaining minimal intervals of more than 5 m between individuals. One leaf sample was collected
per individual to minimize damage to the species. In Jeju populations, a total of 77 leaves, including
32 from Gueok-ri (k-GU), 27 from Jeoji-ri (k-JJ), and 18 from Seogwang-ri (k-SG), were obtained,
with an average of 25.6. In the Kyushu populations, an average of 27 and total of 81 leaf samples
were collected from Kitadake, Kumamoto Prefecture (j-GM; 23), and Aoidake (j-MY; 29) and Enodake
(j-NB; 29) in Miyazaki Prefecture. Collected leaf samples were stored at −80 ◦C in a deep freezer at
the lab of Biological Education, Chonnam National University until use. Total genomic DNA was
extracted from dried leaf samples using the DNeasy Plant mini kit (Qiagen, Seoul, Korea) following
the manufacturer’s instructions. The concentration of extracted DNA was determined using Nano-300
(Allsheng, Hangzhou, China), and diluted to 15 ng/µL to obtain the same concentration of template
DNA in each sample.

2.2. Loci Isolation for Microsatellite Markers’ Development and Genotyping

In order to develop polymorphic microsatellite markers for Q. gilva, we produced high-throughput
sequencing data in a fresh leaf collected from Gueok-ri, Seogwipo-si, JeJu Island, Korea. A voucher
specimen was deposited in the herbarium of Chonnam National University (BEC) (Voucher no.
LeeQg20180502). A shotgun library construction for DNA sequencing was generated using the
Illumina MiSeq platform (LAS, Seoul, Korea). According to the method of Cho et al. [40], we detected
di-, tri-, or tetranucleotide motifs with flanking regions >100 bp and at least 10, six, or four repeats,
respectively, through SSR_pipeline v. 0.951 [41]. After acquiring reads containing microsatellites from
this screening, we attempted a reference mapping of the total paired reads to each remaining sequence
using Geneious R11.0.5 [42]. In the reference-mapped results, after discarding putative multicopy
loci with exceptionally high coverage (>20 reads), we used the final reads, showing the variation
in length at the repeating site, no substitution of the site to produce the primer, and no additional
insertion/deletion in the flanking region. Based on the final selected reads, we designed 54 primer
pairs using Primer3 version 0.4.0 software [43] in the Geneious program according to the following
parameters: primer size 18–22 bp, Tm (melting temperature) of 53–60 ◦C, and GC content of 35–65%.
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The forward primers added three sets of M13 tag sequences (5′-CACGACGTTGTAAACGAC-3′,
5′-TGTGGAATT GTGAGCGG-3′, and 5′-CTATAGGGCACGCGTGGT-3′) with 6-FAM, VIC, and NED
fluorescent dye, respectively.

To assess the polymorphisms for the designed microsatellite loci, we conducted a preliminary PCR
analysis with 32 individuals from the Gueok-ri population. PCR amplification was performed with a
Veriti 96-well thermal cycler (Applied Biosystems, Foster City, CA, USA) using 5 µL volumes that were
composed of 15 ng of extracted DNA, 2.5 µL Multiplex PCR Master Mix (Qiagen, Valencia, CA, USA),
0.01 µM forward primer, 0.2 µM reverse primer, and 0.1 µM of the M13 primer (fluorescently labeled).
PCR amplification was performed as follows: initial denaturation at 95 ◦C for 15 min; 35 cycles of
denaturation at 95 ◦C for 30 s, annealing at 56 ◦C for 1.5 min, and extension at 72 ◦C for 1 min; a final
extension at 72 ◦C for 10 min. The PCR products were diluted at 1:30, and 1 uL was analyzed on an
ABI 3730XL sequencer with GeneScanTM-500LIZTM Size Standard (Applied Biosystems). Allele sizes
and peaks for each sample were determined three times via Peak Scanner software 2 to minimize
genotyping errors. We selected 46 polymorphic microsatellite loci with clear, strong peaks for each
individual. Then, we tested the remaining 126 individuals from five populations according to the DNA
extraction and PCR protocols described above.

2.3. Statistical Data Analysis

Before inferring the genotyping data, we estimated the null allele frequency using INEst
(inbreeding/null allele estimation) software based on the individual inbreeding model (IIM), which
calculates the null allele frequency regardless of the effect of inbreeding [44]. This analysis showed
that six loci (Qrg009, Qrg013, Qrg026, Qrg030, Qrg036, and Qrg048) showed a null allele frequency
of more than 5%. Therefore, we used a total of 40 microsatellite markers, except for the six loci,
for statistical analysis.

The summary genetics statistics were calculated at the population and pooled regional population
levels. These included the number of alleles (NA), the number of private alleles (PA), the private
allele rate (Priv), the mean expected heterozygosity (HE), the mean observed heterozygosity (HO),
and the fixation index (FIS), calculated using GenAlEx 6.5 [45]. The allele richness (AR) and genetic
differentiation among populations (FST) were determined by calculating the overall FIS according to the
method of Weir and Cockerham [46], using FSTAT 1.2 [47]. The statistical significance of FST was tested
using the log-likelihood (G)-based exact test in FSTAT. To test for departures from Hardy–Weinberg
equilibrium (HWE) and linkage equilibrium, we conducted exact tests based on a Markov chain method
(1000 permutations), using GENEPOP 4.0 [48]. The possibility of recent bottleneck for population was
detected using BOTTLENECK 1.2.02 [49] (1000 iterations). We utilized two models for evolution—a
two-phase model (TPM; the proportion of the stepwise mutation model (SMM) in TPM = 0.000,
variance of the geometric distribution for TPM = 0.36), and a stepwise mutation model (SMM)—in a
BOTTLENECK analysis that included the Bayesian Wilcoxon signed-rank test, to evaluate departures
from a 1:1 deficiency/excess ratio [50]. The possibility of population bottleneck was also estimated by a
mode-shift test, which detects disruptions in the distribution of allelic frequencies [50].

To analyze the population structure, we used a Bayesian clustering approach implemented
in STRUCTURE 2.3, as calculated from microsatellite markers [51], using 1,000,000 Markov Chain
Monte Carlo (MCMC) iterations (100,000 burn-in, with admixture). The simulation used 20 iterations,
with K = 1 to K = 7 clusters. The optimal number of clusters, K, was found via the K method,
using STRUCTURE HARVESTER [52]. CLUMPP v. 1.1.2 [53] with the Greedy algorithm was used to
combine the membership coefficient matrices (Q-matrices) from 1000 iterations for K = 2, using random
input orders.

To test for the presence of isolation-by-distance (IBD), we used Mantel tests in GenAlEx 6.5 [45]
with 999 random permutations; this requires a correlation analysis between the pairwise FST values,
and measurements of geographic distance between populations. To identify genetic boundaries
between populations, we performed a barrier analysis [54] based on Monmonier’s algorithm [55]
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with 1000 bootstrap matrices of pairwise DA standard genetic distance [56] that were calculated by
MICROSATELLITE ANALYZER (MSA) v. 4.05 [57]. The distance matrices were also used to construct
a 50% consensus tree by the Neighbor-Joining (N-J) method, as implemented in PHYLIP v. 3.68 [58].
To find the genetic structure of Q. gilva, a principal coordinate analysis (PCoA) was conducted by the
covariance standardized approach of pairwise Nei’s genetic distances in GenAlEx 6.5.

2.4. Ecological Niche Modeling

We modeled the present and past (during LGM) potential distributions of Quercus gilva using
Maxent 3.4.1 [59]. Occurrence data for this species included sample localities from our study as well as
published data [27] and GBIF data with preserved specimens [60]. We obtained 242 occurrence data
points and the occurrence data were spatially rarefied using SDMtoolbox 2.4 [61] to reduce bias in
developing the distribution model. Two occurrence points of Korean Peninsula (inland) and Toyama
Prefecture in Japan were excluded because they were estimated to be distributed in uncertain and
inappropriate climate zones. A total of 97 occurrence data points were finally used in ENM. We
obtained 19 bioclimatic variables (Online Resource 2) for the present and LGM from Climatologies
at High Resolution for the Earth’s Land Surface Areas (CHELSA, http://chelsa-climate.org/; [62]).
We obtained elevation data for the present—the Global Multi-resolution Terrain Elevation Data
(GMTED2010) dataset [63]—from the USGS EROS Archive (https://www.usgs.gov/land-resources/
eros/coastal-changes-and-impacts/gmted2010), and for the LGM from CHELSA. To reconstruct the
historical distributions, we utilized three past climate models for LGM: the Community Climate System
Model (CCSM4; [64]), the Earth System Model based on the Model for Interdisciplinary Research
on Climate (MIROC-ESM; [65]), and the Max Planck Institute for Meteorology Earth System model
(MPI-ESM-P). We selected one of the climate variables and elevation data sharing a high Spearman
correlation efficient (>0.7) by using SDMtoolbox 2.4 [61], in order to avoid multicollinearity problems.
Therefore, 7 of 20 variables were used in ENM. To reduce the effects of uncertainty in the historical
climate models, we averaged the historical distributions that were based on each of the three climate
models. The climate data, for 20–37◦ N and 115–145◦ E (30 arcsecond resolution), were extracted
using ArcGIS 10.5 (ESRI 2017). Maxent runs were performed in batch mode with these settings: create
response curves, conduct jackknife tests, use 20 replicates, generate logistic output, select random
seeds, and we used 10,000 background points and 1,000 iterations.

3. Results

3.1. Development of Polymorphic Microsatellite Markers

In total, 11,957,206 reads were generated by Illumina paired-end sequencing (Short Read Archive
accession number: PRJNA649602). The total number of reads containing microsatellites identified
through the SSR-pipeline was 100,849 reads, including 55,084 reads with dinucleotide motifs, 41,037
reads with trinucleotide motifs, and 4,728 reads with tetranucleotide motifs. Of these, the di-, tri-,
and tetranucleotide motifs with planking areas of >100 bp and having repeating units of at least 12, 6,
and 6, respectively, were 29,058 reads, 21,424 reads, and 2,562 reads.

As a result of applying 54 designed microsatellite loci to 32 individuals of Q. gilva from Gueok-ri
populations in Korea, 46 polymorphic microsatellite markers with clear and strong peaks for each allele
were selected (Table 1). Regarding the results of the genetic diversity analysis, a total of 385 alleles
were detected in 46 microsatellite loci across all samples. The number of alleles (NA) per locus ranged
from 2 to 19, with an average of 8.370 alleles per locus. Values for observed heterozygosity (HO) and
expected heterozygosity (HE) ranged from 0.044 to 0.918 (mean: 0.616) and from 0.067 to 0.899 (mean:
0.664), respectively (Table 2). The inbreeding coefficient (FIS) for each locus ranged from −0.135 to
0.669. The null allele frequency identified by INEst software ranged from 0.0018 to 0.2774. Comparing
the genetic diversity (NA and HE) by the locus of di-, tri-, and tetranucleotide motifs, the results were
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higher in loci with dinucleotide motifs (mean NA = 11.125, HE = 0.784) than with tri- (mean NA = 5.571,
HE = 0.527) or tetranucleotide motifs (mean NA = 5.000, HE = 0.547) (Figure 1).

Table 1. Characterization of six multiplexes of 46 microsatellite loci for Quercus gilva.

Locus Primer Sequence (5′–3′) Repeat
Motif

Number
of Alleles

Size
Range (bp)

Fluorescent
Label

GenBank
Accession No.

Multiplex mix A

Qrg001 F: TCTGATGAGGTGCTGGAA
R: TTGTTATCCAATTCTCTCCCT (TC)12 7 100–118 6-FAM MT811115

Qrg002 F: TGAGCTTGTTGATTGGAGAA
R: CTTCAAGACGTACTACAGCA (CA)12 6 158–172 6-FAM MT811116

Qrg003 F: TTGGTGGAAGAGATTGTGAG
R: CTCTTTGGGTTCTCTGTTGT (CT)14 7 213–225 6-FAM MT811117

Qrg004 F: TGGCTTCCTGACCATACATA
R: GACTAACCCTGCCCTCAA (GAA)6 6 107–122 VIC MT811118

Qrg006 F: CTCAATGGCGAAATCATCAG
R: TCTATAGAGGCAGCAAACAC (TTAG)8 5 220–236 VIC MT811119

Qrg007 F: GTTGGATTGGATTCTGTTGC
R: TTCCCTCCTTGTCACGTT (AG)12 15 103–135 NED MT811120

Qrg008 F: ATCGGAGCAAGAAATCAAAT
R: CCACCAACTCTAATGCTGTA (AAG)8 3 159–168 NED MT811121

Qrg009 F: CACTCTCTTCGACCTTCTTT
R: TTCTGGGTTCTTGCTTATCG (TCA)9 6 225–240 NED MT811122

Multiplex mix B

Qrg011 F: CGTTCAGATCAGGGTACAAA
R: ATAAGCAAAGCACCCATGTA (CA)14 5 160–170 6-FAM MT811123

Qrg012 F: ATTAATGGAGAACTGCCCTC
R: AGGATCATGAACTTCGACTG (CTT)11 5 223–235 6-FAM MT811124

Qrg013 F: TCTCAAACGGACCCATTTAA
R: TCCTGTGATTACTGTCTATGC (CT)13 5 108–120 VIC MT811125

Qrg014 F: GTCAGTATAGCATGTGGTGT
R: TTGGTGAGTTGAGATTGCAA (GA)14 8 159–189 VIC MT811126

Qrg015 F: TTCCCATTTCAGACAAGAGG
R: GATTCGAACCCTCCTACAAA (TAAC)7 7 209–237 VIC MT811127

Qrg016 F: CTCTACCATCAACATCCTGC
R: AATTCCAGTTTTGCAGTCCA (AGAC)6 6 124–148 NED MT811128

Qrg017
F:
ACACCAAACAAAGCAAACAA
R: TACGAACACAATCCAAACCT

(AACA)6 3 163–171 NED MT811129

Qrg018
F:
CAACCACAATGTGTAAAGACA
R: GCAAAAGAGTGTATGTGCTC

(ACA)10 4 218–236 NED MT811130

Multiplex mix C

Qrg019
F: AACTCTTGCTCCATTCATTT
R:
GGGTCTACAATTGAATTATGGC

(AG)13 8 133–149 6-FAM MT811131

Qrg020
F: AGGATTTGTAGCTGACCCTA
R:
GCCAAGTAATCAAATTGACTGA

(GTT)8 4 166–178 6-FAM MT811132

Qrg021 F: ACAAAGACTACGTGTGCATA
R: TTTCTATGAAACGCAACAGC (CT)14 10 229–253 6-FAM MT811133

Qrg022 F: GGATGACATGGCTGATCTTC
R: ATAACTGGAATGGCATGGAG (AAG)7 3 123–135 VIC MT811134

Qrg024

F:
CCTAAGAAGCACAGGTAAGG
R:
AGAGCAAGTGAGAAAGAGTC

(CT)14 11 237–263 VIC MT811135

Qrg025
F: CATATAGCCGAGGAAGAAGT
R:
GAAGGCAGAGGTTGGTTAAA

(GAA)6 2 134–137 NED MT811136

Qrg026 F: GATGGGAATGCTCTTAGGTC
R: TTGTGAAGTCGCCTACAATT (ATAG)6 3 180–188 NED MT811137

Qrg027 F: TGGAAATGACATTGTTACCCT
R: CCGATGACAAGAATCCCAAT (GA)14 12 235–271 NED MT811138
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Table 1. Cont.

Locus Primer Sequence (5′–3′) Repeat
Motif

Number
of Alleles

Size
Range (bp)

Fluorescent
Label

GenBank
Accession No.

Multiplex mix D

Qrg028 F: TAAAGGAGTGCATGGTGAAA
R: AGTGAAGCCTCTTTCCTAGA (CT)13 9 127–147 6-FAM MT811139

Qrg029 F: AAGATAACTGCACGCTTGTA
R: TCAGAAATCGCTCATACCTG (TG)13 7 184–196 6-FAM MT811140

Qrg030 F: CTATTCATGGACTCCTCTGT
R: AATTGCAAGGCCTTAGAACT (AG)15 7 235–249 6-FAM MT811141

Qrg031 F: GGTTAGGGCTCTTTCCAAAT
R: CTCTCCCTTTCTTTCACTGT (GA)13 8 131–145 VIC MT811142

Qrg033 F: TCTTGCCAATCTAAATCCCA
R: TGCATGATACAGAAACACCA (AAGA)7 2 239–247 VIC MT811143

Qrg034
F: GGACATCTACAGCCTACAAA
R:
CGCAGACCAAATATCATTCTC

(CT)12 12 143–173 NED MT811144

Qrg036 F: TAACTTTGTTCTCGCCTGA
R: AATGTAGAGCCTGTTTGCAT (GA)13 7 239–259 NED MT811145

Multiplex mix E

Qrg037
F:
TTCGAGATAGGACAGAGGAG
R: TGTGTTTGATTAGCGGAGAA

(AAGA)8 5 128–144 6-FAM MT811146

Qrg038 F: TGGCTATGATAATTGTGGGT
R: CTCAACCCTGTTATCTCACC (GA)17 8 182–204 6-FAM MT811147

Qrg039
F: AAAGTGGATTTGCAGCCTAA
R:
GACAATGGAGAAGGGACAAT

(TC)14 6 244–260 6-FAM MT811148

Qrg040 F: GCATTTCTCTCTCTGGTTCA
R: AAGTACCCTCCATCTACGTT (AAG)6 3 128–146 VIC MT811149

Qrg041 F: CTTCCTCGTCAATAGTCCAC
R: AGTGAGTTTGATACGCTTGT (AAG)12 9 186–228 VIC MT811150

Qrg042 F: CCCACACATTATACCACGAA
R: CTACTAACAACCGCAACTCT (AG)17 8 227–253 VIC MT811151

Qrg043 F: CATACATCCTAGTGCAGCAG
R: GGTAGCTCAAGTTCACAGTT (CAA)6 2 149–155 NED MT811152

Multiplex mix F

Qrg046 F: CTGCCCCTAACTAATCTGTT
R: GTAGATGATGAGGTTGTGGG (TGT)6 2 149–152 6-FAM MT811153

Qrg047 F: AGACCAGTAGATGCTTCAAA
R: ATTCATGACCCTCCTTCTCA (AAG)9 3 208–217 6-FAM MT811154

Qrg048 F: TCCATCGTCAACAAAGGATT
R: AACCAGTTCTCACTCTCTCT (AG)17 7 235–269 6-FAM MT811155

Qrg049 F: CAACTACTGTAGCCTTGTGT
R: TATGCCTCCAGTGTACTACA (CA)12 7 146–166 VIC MT811156

Qrg050 F: GGGACCATAGCAGTGTTAAT
R: AGCCCTCCCTTATTTATTCC (TC)21 8 192–216 VIC MT811157

Qrg051
F: CTCCTCTTGGCTATGACATC
R:
TCTTGTTTGAGGAAGTTGACA

(TTC)14 10 235–259 VIC MT811158

Qrg052
F: ACTTGTAACTAACCTGGCTC
R:
CTAGGAGGATGAAATGGCAA

(CTAA)8 4 150–162 NED MT811159

Qrg053 F: TGACAGTACATGGTAAAGCT
R: TTCTTGGTCTTGAATGAGGA (CT)14 7 204–228 NED MT811160

Table 2. Genetic parameters for 46 microsatellite loci across all samples developed for Quercus gilva.

Locus NA HO HE Null Locus NA HO HE Null

Qrg001 8 0.703 0.619 0.0020 Qrg027 16 0.829 0.865 0.0031
Qrg002 10 0.741 0.755 0.0053 Qrg028 10 0.842 0.820 0.0018
Qrg003 7 0.741 0.794 0.0112 Qrg029 8 0.677 0.743 0.0275
Qrg004 7 0.778 0.786 0.0057 Qrg030 9 0.253 0.765 0.2774 *
Qrg006 6 0.772 0.763 0.0033 Qrg031 10 0.810 0.841 0.0091
Qrg007 18 0.918 0.899 0.0012 Qrg033 3 0.222 0.209 0.0048
Qrg008 4 0.361 0.366 0.0058 Qrg034 16 0.867 0.885 0.0038
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Table 2. Cont.

Locus NA HO HE Null Locus NA HO HE Null

Qrg009 8 0.570 0.748 0.0868 * Qrg036 9 0.627 0.800 0.0910 *
Qrg011 6 0.684 0.745 0.0071 Qrg037 5 0.696 0.738 0.0118
Qrg012 7 0.759 0.756 0.0026 Qrg038 13 0.759 0.794 0.0076
Qrg013 8 0.513 0.657 0.0728 * Qrg039 6 0.753 0.731 0.0035
Qrg014 11 0.861 0.835 0.0016 Qrg040 3 0.468 0.539 0.0218
Qrg015 7 0.620 0.671 0.0073 Qrg041 13 0.823 0.808 0.0025
Qrg016 6 0.608 0.622 0.0044 Qrg042 14 0.734 0.805 0.0204
Qrg017 5 0.589 0.597 0.0117 Qrg043 3 0.133 0.131 0.0058
Qrg018 6 0.532 0.631 0.0464 Qrg046 3 0.348 0.384 0.0192
Qrg019 10 0.759 0.824 0.0121 Qrg047 4 0.475 0.496 0.0067
Qrg020 5 0.633 0.674 0.0050 Qrg048 12 0.595 0.808 0.0977 *
Qrg021 19 0.861 0.886 0.0062 Qrg049 10 0.430 0.505 0.0353
Qrg022 3 0.165 0.179 0.0099 Qrg050 14 0.791 0.819 0.0044
Qrg024 13 0.741 0.857 0.0355 Qrg051 10 0.810 0.814 0.0036
Qrg025 2 0.044 0.067 0.0316 Qrg052 4 0.551 0.572 0.0106
Qrg026 4 0.139 0.203 0.0607 * Qrg053 10 0.741 0.756 0.0029

NA, number of alleles; HO, observed heterozygosity number of alleles; HE, expected heterozygosity; Null, null allele
frequency estimate. * indicates that the frequency of the null allele exceeds 5%.

Figure 1. Comparing genetic diversity (NA and HE) by locus with di-, tri-, and tetranucleotide
motifs. Genetic diversity is based on the allele frequency of six populations of Quercus gilva using 46
microsatellite loci.

All the developed markers were deposited in in the National Center for Biotechnology
Information’s GenBank database (Table 1). As a result, a cost-effective set of 46 polymorphic
microsatellite markers with high resolutions has been successfully developed. These markers will be
useful for conserving genetic resources through periodical monitoring management, creating a seed
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genogram, cloning detection, and postrestoration assessments in the endangered Jeju populations
of Q. gilva.

3.2. Genetic Diversity

Genetic diversity parameters, evaluated at the population and pooled regional population levels
for all 158 individuals of Q. gilva, are shown in Table 3. In total, 335 alleles were amplified from 40
microsatellite loci, with an average of 8.4 alleles per locus. They ranged from a minimum of two
(Qrg025) to a maximum of 19 (Qrg021). Among the six Q. gilva populations, the levels of genetic
diversity showed no noticeable difference; the number of alleles ranged from 224 to 261 (mean of 244.7);
HE ranged from 0.615 (j-NB) to 0.651 (k-SG) (mean of 0.639); AR ranged from 5.201 (j-NB) to 5.940
(j-MY) (mean of 5.726); PA ranged from 4 (k-JJ and j-NB) to 11 (k-GU) (mean of 7); FIS ranged from
−0.024 (k-GU) to 0.043 (k-SG) (mean of 0.007). The k-SG population had the highest genetic diversity
values, while the j-NB population had the lowest (HE, AR). In the comparison between the Jeju and
Kyushu populations, the levels of genetic diversity were almost equivalent, showing only a slight
difference in degree depending on the parameters (Table 3). The BOTTLENECK analysis (Wilcoxon
tests) showed no significant bottleneck effects across all populations under a TPM and SMM (p > 0.05),
as well as a mode shift (Table 4).
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Table 4. Probability of a bottleneck estimated using the program BOTTLENECK for six populations of
Quercus gilva, based on the two-phase model (TPM) or stepwise mutation model (SMM).

Population Wilcoxon Test
Mode Shift

TPM SMM

Jeju Island

k-GU 0.476153 0.988818 No
k-JJ 0.465576 0.991747 No

k-SG 0.294988 0.925049 No

Kyushu

j-GM 0.383349 0.974584 No
j-MY 0.292696 0.982035 No
j-NB 0.135276 0.765987 No

3.3. Population Structure

To infer the population structure of Q. gilva, we performed STRUCTURE, N-J phylogeny, and
PCoA analysis with 40 microsatellite loci. The results clearly demonstrated that the Jeju and Kyushu
regions are genetically distinct. The STRUCTURE analysis showed that the optimal K-value was 2
for ∆K = 199.678 and the second fit value was 4 for ∆K = 6.319. At K = 2, a strong genetic structure
was found among populations, divided clearly into two regions (Figures 2 and 3). In terms of
neighbor-joining criteria, the sampled populations of Q. gilva were clearly divided into two clusters
(Jeju and Kyushu), in concordance with the clustering results obtained by STRUCTURE (Figure 4).
The principal coordinate analysis (PCoA) results revealed a population structure that was in accordance
with the STRUCTURE and N-J phylogeny analysis (Figure 5). The first two coordinates explained 7.32%
(4.12% for axis 1 and 3.20% for axis 2) of the total genetic variation. Based on pairwise FST, the barrier
analyses identified a strong barrier between the Jeju and Kyushu regions (Figure 2). Although the FST

values of pairwise comparisons among the six populations showed a numerically low overall genetic
differentiation, with a FST of 0.029 with 95 and 99% confidence intervals of 0.024–0.034 and 0.022–0.036,
respectively, it was significant at all loci (p < 0.001). This differentiation was also seen between
populations within Jeju Island (mean 0.010, with 95 and 99% confidence intervals of 0.005–0.017 and
0.003–0.019, p < 0.001), and within populations of Kyushu (mean 0.021, with 95 and 99% confidence
intervals of 0.015–0.027 and 0.013–0.029, p < 0.001). Therefore, the fact that the highest value of genetic
differentiation is from the overall population means that it results from a difference between Jeju Island
and Kyushu (Figure 6b). Additionally, isolation by distance (IBD) analysis, as determined by Mantel
test, showed a significant correlation between genetic and geographic distance among populations (R2

= 0.7611, p = 0.025) (Figure 6a).
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Figure 2. Genetic composition and a genetic barrier of Quercus gilva geographic populations using 40
microsatellite loci. Genetic composition is based on STRUCTURE clustering results (K = 2). The genetic
barrier is marked with a thick purple line, estimated by BARRIER. The gray shading represents exposed
coastal areas and sea basins during times of glacially induced alterations in sea levels during the
Late Pleistocene.

Figure 3. Plots generated in STRUCTURE Harvester (a) Evanno’s delta K statistic; (b) the mean
log-likelihood of the data L(K). Genetic structure of Quercus gilva populations based on Bayesian
assignment tests performed in STRUCTURE. (c) Genetic structural plot of Q. gilva populations at
K = 2. Each individual is represented by a single vertical line that represents the individual’s estimated
membership fractions in these two clusters.
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Figure 4. Neighbor-joining (N-J) tree based on Fst genetic distance among populations. Figures in
tree branches are percentage bootstrap values estimated from 1000 reiterations. The square marks
indicate the overall genotype assignment for each population to particular genetic clusters based on
STRUCTURE analysis.

Figure 5. Principal coordinates analysis based on Nei’s genetic distance calculated from the allele frequencies
of the 158 individuals for Quercus gilva. The orange symbols indicate individuals of Jeju region, and the
yellow ones indicate Kyushu region. Six subgroups indicate each populations of Q. gilva.
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Figure 6. The genetic differentiation for the six populations of Quercus gilva. (a) Mantel tests
between FST values and geographical distance among populations; (b) distance matrix of pairwise FST

between populations.

3.4. Ecological Niche Modeling

The ENM of Q. gilva (Figure 7) had a high average AUC (area under the curve) (0.899), supporting
its predictive power. The most important variable was bio_02 (mean diurnal range; 55.8%), followed by
bio_12 (annual precipitation; 14.6%) and bio_15 (precipitation seasonality; 10.9%). The estimated LGM
distribution was near the paleo-coastline with no inland potential distribution (Figure 7b). The potential
value of more than 0.500 were shown in southern Kyushu, the central East China Sea, southeastern
Taiwan, and the Ryukyu archipelago (Figure 7b).

Figure 7. Potential distributions of Quercus gilva during (a) the present; (b) the Last Glacial Maximum,
LGM. Distributions predicted by ecological niche modeling; potential distribution during the LGM
was averaged from three general circulation models. HKC 1 indicates the main track of the Kuroshio
Current during the LGM proposed by Ujiie et al. [66], Kao et al. [67], and Zheng et al. [68]. HKC 2 is the
hypothetical Kuroshio Current during the LGM suggested by Vogt-Vincent and Mitarai [69].
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4. Discussion

One of the most notable results of this study is that the geographically adjacent Jeju and Kyushu
populations are genetically divergent. Comparison with other evergreen trees belonging to the
same forest biomes may help to explain such a genetic pattern. Although the available data for
genetic examination in this region are still minimal, consistent results point toward the fact that
the warm temperate evergreen broad-leaved trees of South Korea, including the Jeju populations,
have been affected by postglacial migration from those of Kyushu, Japan (Neolitsea sericea: [5];
Machilus thunbergii: [39]; Quercus acuta: [6]). Previous studies have shown that the Korean populations
are homogeneous, with a genetic structure that is not very distinct from those of Kyushu, Japan.
Furthermore, Q. gilva has an almost identical life history to Q. acuta; it is wind-pollinated, and the nuts
contain a one-seeded fruit with a hard wall that is usually dispersed by small rodents such as squirrels
and jays or animal-cached [70,71]. Therefore, the contrasting pattern of genetic structure suggest that
historical factors are the most relevant. Therefore, we suggest that Q. gilva has a unique and separate
evolutionary history.

Regardless of the latitude, the distribution of warm temperate evergreen broad-leaved forests
in East Asia, such as in Korea, China, and Japan, is clearly related to the flow of the Kuroshio warm
current (KC), showing a unique distribution structure [34,72,73]. Therefore, despite being located at
relatively high latitudes, the southwestern portions of the Japanese main islands (i.e., southern areas of
Kyushu, Shikoku, and Honshu) have long been regarded as crucial refugia with high genetic variation
for evergreen broad-leaved trees that resulted from southward range shifts that paralleled glacial
cycles [74–76]. ENM also revealed that Q. gilva populations are distributed like shadows along the flow
of the present KC as well as the LGM (Figure 7). Therefore, considering the geographical location and
population size of Jeju Island, it is worth noting that the levels of genetic diversity between the Jeju
and Kyushu regions are almost equally similar in both populations and pooled regional populations.
We found that the Jeju populations harbor a level of allele richness (AR) and private allele rate (Priv)
comparable to those of Kyushu populations. Although, such indicators provide a strong possibility
for the existence of refugia in this area [77–79], we are convinced that Jeju Island did not serve as
the glacial refuge of Q. gilva. In agreement with our assumption, ENM showed that the probability
values for the distribution of the trees on Jeju Island during the LGM converged at zero. East Asian
evergreen oaks prefer different habitats depending on the elevation gradient along the mountain
slopes. A previous study suggested that Jeju Island was the refugia of Q. acuta [6], which occurs
at the highest elevation range [80]. By comparison, Q. gilva shows a bias towards low-elevation
stands, generally forming a community with Q. glauca [80]. In fact, Q. acuta occupies the middle of
Mt. Halla on Jeju Island (approximately 600 m a.s.l.), while Q. gilva is distributed very close to the
southern coastline (average: 168 m a.s.l.). It should be taken into account that the Quaternary climate
oscillations caused not only latitudinal changes in the distribution of a given species but also vertical
elevation migration [38]. During the glacial periods, in addition to the cold climate, competition for
vertical migration with other oak species would have prompted the Jeju populations to retreat to low
latitudes. The ENM revealed that, due to an apparent range contraction southward along the paleo KC,
with the exception of the Ryukyu Archipelago, the high distribution potentials have been narrowed to
three places—southeastern Taiwan, central East China Sea, and southern Kyushu in LGM (Figure 7b).
Given that the Jeju Island populations are genetically different from Kyushu’s, the glacial refugia (i.e.,
genetic source) of the current Jeju populations would have most likely existed somewhere around the
central East China Sea, which was land during the LGM.

One plausible scenario might be hypothesized for the unusual level of genetic diversity in Jeju
Island, i.e., a massive postglacial immigration, demographically independent of Kyushu. Most oak
species have common ecological traits, but their distinct adaptability also facilitates domination in such
areas. In fact, evergreen Quercus species frequently dominate the landscape in extensive regions of
East Asia, because they are better able to form dense and crowded stands [81,82]. In general, the larger
the population is, the more reduced the effect of genetic drift is, which promotes a reduction in

51



Genes 2020, 11, 1114

genetic diversity. We found no indication of significant recent bottlenecks, implying that the founding
populations of Q. gilva might have been large enough to weaken the effect of genetic drift. Therefore,
we suggest that a massive postglacial colonization, which maintained a high genetic diversity from
separately stable and large genetic sources other than Kyushu, could have led to the current genetic
diversity of Jeju Island. Further work using additional samples, including from broad areas such as the
Ryukyu Islands and Eastern China, and the markers developed in this study might provide a better
understanding of the historical migration of the warm temperate evergreen tree Q. gilva in Jeju Island.
In particular, how the Jeju populations relate to East Asian populations other than Kyushu populations
should be tested.

There are several definitions for determining the levels of CUs, such as Evolutionarily Significant
Units (ESUs) and Management Units (MUs), because “high divergence” is too vague a term for practical
purposes [83–85]. However, the criteria of the MUs clearly represent demographically independent
units that merit separate management [86,87]. Considering the high genetic distinctiveness with a
significant barrier, monophyletic phylogeny, population size, and other evidence, we suggest that the
Jeju populations should be separately managed as a MU. The notable and unique genetic diversity of
Jeju populations represents a high value in terms of conservation as it can contribute to the species’
genetic diversity. Such genetic determinants should be well preserved and returned when East
Asian populations are reconnected in response to the climate fluctuation. The low degree of genetic
differentiation among the populations within Jeju Island suggests that all populations should be
integrated and managed together rather than focusing conservation efforts on any particular subset of
the population. From a long-term conservation genetics perspective, it is especially important for Q.
gilva that conservation efforts should be focused on prohibiting the large-scale industrial development
of the habitat, because large trees are not vulnerable to personal interference, such as overcollection.
Thus, first, we recommend that all known habitats be protected in situ by law to prevent further
damage. To prepare for inevitable land development, we suggest that ex situ preservation should
be preceded by efforts to store good-quality seeds. Finally, if the artificial restoration of habitats is
required, note that the source for the Jeju populations is not Kyushu.
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Abstract: There is a general and solid theoretical framework to explain how the interplay between
natural selection and gene flow affects local adaptation. Yet, to what extent coexisting closely related
species evolve collectively or show distinctive evolutionary responses remains a fundamental ques-
tion. To address this, we studied the population genetic structure and morphological differentiation
of sympatric three-spined and nine-spined stickleback. We conducted genotyping-by-sequencing
and morphological trait characterisation using 24 individuals of each species from four lowland
brackish water (LBW), four lowland freshwater (LFW) and three upland freshwater (UFW) sites in
Belgium and the Netherlands. This combination of sites allowed us to contrast populations from
isolated but environmentally similar locations (LFW vs. UFW), isolated but environmentally hetero-
geneous locations (LBW vs. UFW), and well-connected but environmentally heterogenous locations
(LBW vs. LFW). Overall, both species showed comparable levels of genetic diversity and neutral
genetic differentiation. However, for all three spatial scales, signatures of morphological and genomic
adaptive divergence were substantially stronger among populations of the three-spined stickleback
than among populations of the nine-spined stickleback. Furthermore, most outlier SNPs in the two
species were associated with local freshwater sites. The few outlier SNPs that were associated with
the split between brackish water and freshwater populations were located on one linkage group
in three-spined stickleback and two linkage groups in nine-spined stickleback. We conclude that
while both species show congruent evolutionary and genomic patterns of divergent selection, both
species differ in the magnitude of their response to selection regardless of the geographical and
environmental context.

Keywords: landscape genomics; local adaptation; population genetics; species-specific properties;
three-spined stickleback; nine-spined stickleback

1. Introduction

The role of gene flow on the evolution of wild populations is a topic that has received
substantial attention from biologists for over five decades [1,2]. Evidence from theoretical
models as well as empirical studies show that gene flow has the potential to either enhance
or disrupt local adaptation, specifically through the distribution of advantageous alleles
or by homogenisation of the gene pool [3]. In addition to being essential for our compre-
hension of evolution in general, understanding the role of gene flow in local adaptation
has become exceedingly important for biodiversity conservation in a time of increasing
anthropogenic influence on the natural world [4,5]. Targeted gene flow for instance, the
method of translocating individuals with predicted advantageous alleles to populations
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with low genetic diversity, has been getting more attention as a strategy in conservation
efforts [6,7]. This conservation approach may become essential in situations of strong
habitat fragmentation in which unassisted gene flow has become impossible. However, it
remains challenging to reliably predict how wild populations respond to various levels
of gene flow as this can be dependent on the initial levels of genetic diversity within the
metapopulation, historical distribution patterns and species-specific properties [8]. It is
therefore important to study adaptive divergence in systems in which population connec-
tivity and environmental differences have been characterised, as this allows us to make
more reliable predictions about the role of gene flow in local adaptation.

Studies on the relative contribution of gene flow on the emergence of adaptive di-
vergence show disparate results and reveal that species’ evolutionary responses can vary
considerably. Populations may show evident signatures of local adaptation regardless
of gene flow [9–12]. The maintenance of adaptive variation under gene flow is possible
in situations where the selection for locally adapted alleles is stronger than the influx of
non-locally adapted alleles. Here, the specific genomic architecture of a species likely
also plays a substantial role, for instance, in the case of large effect loci that are clustered
together [3]. However, the homogenizing effects of gene flow are often still observed at
relatively small spatial scales, allowing for high migration rates even across strong envi-
ronmental gradients [13–16]. In such cases, it is expected that the strength of adaptive
divergence increases with distance.

Empirical studies and theoretical models addressing this question often focus on a
single species along a single spatial scale or environmental contrast [9,10,17–19]. This
approach can provide novel insights for a species in a specific geographical context, but
also has its limitations. First, as the strength of adaptive divergence is affected by both
divergent selection and the level of spatial isolation, it is challenging to discern the relative
contribution of these two factors. A more direct approach would be to have a study design
where environmental variation and distance among sites are not intrinsically confounded.
Second, the distribution of genomic and phenotypic variation is affected by the current
properties of the landscape, but is also a result of historical events and species-specific
properties [20,21]. Here, the study of phenotypic and genetic variation among populations
of multiple coexisting species helps us to infer both shared and unique features of popula-
tion divergence, enabling broader conclusions regarding the dynamics between gene flow
and selection across the landscape [22].

In this study, we investigate the spatial and environmental drivers of population
divergence in two ecologically similar stickleback species along both a small-scale and
large-scale brackish water–freshwater transition. The three-spined stickleback (Gasterosteus
aculeatus) and the nine-spined stickleback (Pungitius pungitius) are phylogenetically related
fishes and thus are excellent model species for a comparative analysis of population struc-
ture [22,23]. Both species are euryhaline and share a short similar life cycle with often only
one breeding season, and their ecological [24,25], behavioural [26] and genomic [27–30]
properties have been studied extensively. Phylogeographic studies show that the species
have different ancestral environments. Three-spined stickleback ancestry can be traced
back to mainly marine and coastal areas [31], while the nine-spined stickleback has mainly
evolved in freshwater [32].

Both species of stickleback are sympatric in the coastal lowlands and upland rivers
of Belgium and the Netherlands (Figure 1A). This allows us to study adaptive divergence
under gene flow in each species under comparable conditions. Specifically, we selected
sampling sites that vary in environmental conditions as well as in spatial connectivity,
including both nearby lowland brackish water (LBW) and lowland freshwater sites (LFW),
as well as more isolated upland freshwater (UFW) sites.
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Figure 1. (A) Triangle representing the contrast among the three geographical scales. (B) Overview of the study area,
lowland brackish water (LBW), lowland freshwater (LFW), and upland freshwater (UFW) are represented by orange-red,
light-blue and dark-blue dots, respectively.

Importantly, the contrasts between these three sites form the sides of a triangle
(Figure 1B) for which we anticipate varying degrees of the relative effects of selection
and gene flow. We expect selection to be the predominant evolutionary force between
the populations from the LBW and LFW sites, but also between the populations from the
LBW and UFW sites. Yet, the response to selection might depend on levels of gene flow,
which can either constrain or fuel adaptive divergence, and which we anticipate to be lower
between LBW and UFW sites than between LBW and LFW sites. Furthermore, given their
similar selective environments, we expect selection to be weak between the populations
from the LFW and UFW sites. Finally, in order to locate selective processes within the
evolutionary history of each species, we also investigate whether patterns of selection can
be mostly attributed to the older or younger branches of the population genealogy of the
two species.

2. Materials and Methods
2.1. Study Area and Sampling Design

Belgium and the Netherlands harbour diverse brackish and freshwater habitats, in-
cluding estuaries, creeks, rivers, ditches and ponds. The connectivity with the open sea
and between these sites is variable. This study includes data from eleven sampling lo-
cations, of which eight have been the focus of previous research [22,33]. These eight
sites are all located in the Belgian-Dutch coastal lowlands and comprise four LBW (L01,
L02, L05, L06) and four LFW sites (L10, L11, L12 and U01). These sites were sampled in
the spring of 2009. The new sites for this study include three UFW sites (U10, U11 and
U12) and are all located in the upland area of Belgium. These sites were sampled in the
spring of 2012. Full sampling procedures are described in detail in [22,33]. In short, a
minimum of 24 individuals per species were obtained using a dipnet. Sticklebacks were
killed with a lethal dose of MS222 following directions of the KU Leuven Animal Ethics
Committee (https://admin.kuleuven.be/raden/en/animal-ethics-committee), and flash-
frozen in dry ice. The salinity of the water was determined using a Hach field-monitoring
kit at different dates throughout the year. Sites with consistent conductivities < 1000 µS/cm
were classified as freshwater sites. For each site, we determined the shortest Euclidean
distance to the coast (DTC).

2.2. Morphological Characterisation

We scored fifteen morphological traits in both species including standard length, four
armour traits, five body traits, and five gill traits. These fifteen morphological traits were
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recorded by carrying out linear measurements and trait counts. In addition, we performed
geometric morphometric analysis to quantify differences in body shape.

The fish bodies were thawed on ice, measured for body size (standard length (SL);
± 0.1 cm), and weighed (0.01 g). Subsequently, the left side of each individual was
photographed next to a linear scale using a standard camera position. After photographing,
the caudal fin was collected and stored in 100% ethanol. All bodies were then stored on
a 4% formalin solution. After 2 months, the formalin processed bodies were rinsed with
water for 72 h and then bleached for 4 h using a 1% KOH bleach solution. After bleaching,
the fish bodies were stained using an Alizarin Red solution to facilitate plate count and
the characterisation of gill raker morphology. After staining, the number of lateral plates
(Plates) on the left side was determined. The presence of a keel, a small modification of
the caudal lateral plates, was noted, but not included in the plate count. Subsequently,
the length of the pelvic plate (PP), the left pelvic spine (PS) and the first dorsal spine (DS)
were measured using a digital caliper (±0.01 mm). Body depth (BD), the diameter of the
eye (EYE), dorsal fin length (DF), anal fin length (AF) and tail length (Tail) were measured
digitally using the TPS software v.2.18 [34]. Finally, the gill cover was removed to dissect
the left part of the gills. With the aid of a stereomicroscope, the number of large gill rakers
(NLGR) on the frontal and distal part of the first gill arch was determined. The length of
the first branchial arch (GA), as well as the length of its second (LGR2), third (LGR3) and
fourth (LGR4) gill raker, were measured under a stereomicroscope.

Variation in body shape was characterised based on geometric morphometric analysis
following Sharpe et al., 2008 [35]. For both species, a total of fifteen homologous landmarks
(including 12 landmarks and 3 semi-landmarks; Figure S1) were placed on the photograph
using the TPS software v.2.18 [34]. We used (semi-)landmarks 1, 7 and 15 to perform digital
unbending of the landmark coordinates to correct for potential bending of the caudal fin
when the photographs were taken. The fifteen (semi-)landmarks were then transformed
using a least-square Procrustes superimposition, resulting in 26 relative warp (RW1–RW26)
scores per individual.

2.3. DNA Extraction, Genotyping-by-Sequencing and SNP Filtering

A total of 264 individuals per species (i.e., 24 individuals per site and species) were
selected for sequencing. Fin clips were used for genomic DNA extraction using the Nu-
cleospin 96 Tissue DNA Extraction kit (Macherey-Nagel, Düren, Germany) according to
the manufacturer’s protocol. The DNA extracts were then treated with the methylation-
sensitive restriction enzyme ApeKI (GCWGC) and subsequently a unique and common bar-
code adapter was attached by ligation. All samples were pooled, purified and size-selected
using a PCR reaction with Illlumina (San Diego, CA, USA) primers. Single-nucleotide
polymorphisms (SNPs) were generated using genotyping-by-sequencing [36] on an Illu-
mina HiSeq 2000 sequencing platform generating paired-end 100 base pair reads. SNP
genotyping was performed using the TASSEL-GBS v5.2.52 [37] pipeline by setting the
restriction enzyme-e ApeKI, requiring a minimum tag output of -c 5 and k-mer length
between 20 and 64. In running the pipeline, converted sequencing read tags of the three-
spined and nine-spined stickleback that were saved in the SQLite database were aligned
to their respective reference genomes [29,38] using Bowtie v2.3.5.1 [39]. Alignment rates
for the three-spined and nine-spined stickleback were 85.54% and 95.09%, respectively.
Individuals with less than 500,000 reads were removed from the database. SNPs from the
database were subsequently converted to a Variant Call Format (VCF).

Further SNP filtering was performed using VCFtools v0.1.13 [40] and we removed
SNPs based on read depth (RD < 5), genotype quality (GQ < 20), non bi-allelic, variant
coverage (≥0.9), minimum allele frequency (<0.05), linkage disequilibrium (r2 ≥ 0.8; -geno-
chisq) and heterozygosity (HO > 0.5; removing potential paralogs). These filtering criteria
were equal to the SNP filtering as applied in Raeymaekers et al. 2017 and were chosen
to decrease the false positive rate while maintaining a number of SNPs that allowed for
population genomics analyses at a high resolution of genomic data. Finally, we retained
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10,836 SNPs in 239 individuals and 15,033 SNPs in 241 individuals for three-spined and
nine-spined stickleback, respectively (Table 1). We used PGDSpider v2.1.1.5 [41] together
with population definition files for the conversion to other data formats, as well as to assign
population labels to each individual.

Table 1. Overview of population genomics statistics per site for populations of three-spined ([3s]) and nine-spined ([9s])
stickleback. DTC: distance to the coast in kilometers, n: number of individuals per population retained for downstream
analyses, Ho: observed heterozygosity, He: expected heterozygosity, FIS: inbreeding coefficient. Ne: effective population size.

Site DTC n[3s] Ho[3s] He[3s] FIS[3s] Ne[3s] n[9s] Ho[9s] He[9s] FIS [9s] Ne[9s]
L01 3.94 21 0.266 0.292 0.0805 213.4 22 0.246 0.303 0.167 441.7
L02 4.30 24 0.266 0.290 0.0769 166.4 23 0.299 0.307 0.032 429.7
L05 10.90 23 0.282 0.299 0.0550 198.4 18 0.240 0.304 0.187 142.0
L06 11.14 23 0.294 0.298 0.0186 166.5 23 0.299 0.309 0.031 185.0
L10 21.75 23 0.229 0.234 0.0249 120.8 22 0.266 0.282 0.052 690.2
L11 22.84 24 0.229 0.273 0.141 72.2 23 0.291 0.288 0.001 127.4
L12 22.84 13 0.159 0.269 0.344 814.0 22 0.283 0.299 0.052 508.3
U01 36.20 24 0.232 0.259 0.097 219.5 22 0.283 0.289 0.022 575.5
U10 77.10 23 0.239 0.262 0.081 137.2 22 0.163 0.215 0.213 177.1
U11 99.20 20 0.261 0.271 0.034 138.8 21 0.219 0.250 0.114 344.5
U12 99.80 21 0.253 0.268 0.053 94.8 23 0.175 0.244 0.251 271.2

2.4. Population Structure and Genetic Diversity Statistics

We assessed population structure using the Bayesian approach implemented in fast-
Structure v1.0 [42]. For both species, we ran the algorithm for K = 1 to K = 11 under a
simple prior using a default starting seed of 100. The generated output was subsequently
used by StructureSelector v1.0 [43] to find the most likely population structure based on
the maximal marginal likelihood, and to generate structure barplots.

Further downstream analyses were conducted in R 3.6.3 [44], specifically making
use of the options and functions under the Hierfstat v0.4.22 [45] and Adegenet v2.1.2 [46]
packages. First, we assessed the genetic diversity per species and site by calculating the
expected heterozygosity (HE). Simple linear regression was used to test for the significance
of the decrease of HE with distance to the coast. Overall and pairwise FST values (N = 55
pairwise combinations) were calculated using Adegenet v2.1.2 [46]. In order to test for
isolation by distance, the correlation between pairwise FST and geographical distances
along waterways among the sites was tested using a simple Mantel test [47] with 9999
permutations. Finally, we performed two-dimensional classical multidimensional scaling
(MDS) on the pairwise FST values as an additional way of visualizing population structure.

2.5. Signatures of Adaptive Divergence

In order to compare the level of phenotypic differentiation directly with the level
of genetic differentiation in each species, we calculated PST, an index that quantifies the
proportion of population phenotypic variance in quantitative traits [48,49]. PST values
along with 95% Bayesian confidence intervals were estimated following [48]. Specifically,
traits were assumed to be normally distributed, and a linear model was fitted to each trait
separately. Population was included in the model as a random effect, and body size as
a covariate. The models were fitted to the data using a Gibbs sampler, implemented in
WinBUGS v1.4.3 [50]. Prior distributions for each trait were uninformative, and posterior
distributions were obtained by running five independent chains (50.000 iterations) after a
burn-in of 1000 iterations.

We utilised two distinct methods for identifying genomic signatures of selection. First,
we used BayeScan v2.1 [51] with the prior odds of neutrality set at 100 and starting from
an initial 10 pilot runs of 5000 iterations followed by an additional 150,000 iterations and a
burn-in of 50,000 iterations. For both species, these settings were applied globally, using all
11 sites, as well as for the three possible combinations of the three spatial scales, i.e., LBW–
LFW (8 sites), LBW–UFW (7 sites), and LFW–UFW (7 sites). In each analysis, BayeScan v2.1

61



Genes 2021, 12, 435

considered the included populations separately. The posterior probabilities calculated by
BayeScan 2.1 were transformed into q-values corresponding to the FDR (False Discovery
Rate) of the P-value, and the cut-off for determining statistical significance was set to 0.05.

Second, we used GRoSS v1.0 [52] to assign signatures of positive selection to the
branches of the population genealogy, which for each species of stickleback corresponded
to the three spatial groups (LBW, LFW, UFW). Specifically, GRoSS v1.0 aims to attribute
genomic signatures of positive selection to the branches of an admixture graph. To do so,
GRoSS v1.0 uses population phylogenies to determine allele frequencies across hierarchical
groups, and tests which of those deviate from what is expected given the population
genealogy. In addition, GRoSS v1.0 indicates along which specific evolutionary lineages
these allelic variants were most likely selected. Using this method, we were able to identify
the relative importance of local and regional selection pressures in the two species. The
population phylogeny of each species was inferred using a neighbour-joining tree based
on the first two dimensions of a multidimensional scaling analysis. Individuals within
populations were bootstrapped 1000 times to generate a consensus tree based on the
clusters with the most support. For both species, the consensus tree corresponded to the
three spatial groups (LBW, LFW, UFW), and was in agreement with the Bayesian analysis
of population structure using fastStructure v1.0 [42].

3. Results
3.1. Morphological Divergence

Across the full geographical scale of our study (i.e., all eleven locations), populations
of the three-spined stickleback were morphologically more divergent than populations
of the nine-spined stickleback. First, we found higher PST values for 13 out of 15 traits in
three-spined stickleback, with only the length of the first branchial arch and the length of
the first dorsal spine showing stronger divergence in nine-spined stickleback (Figure 2).
Second, PST values had a range of 0.037–0.49 (average = 0.24 ± 0.14) and 0.013–0.27
(average = 0.10 ± 0.075) for three-spined stickleback and nine-spined stickleback, respectively.

For both species, the first two relative warps explained more than 50% of the variation
in body shape, with successive RW scores only increasing the total variation explained by
12.67% or less. In line with the other morphological traits, the diversification of RW1 and
RW2 was larger in three-spined stickleback than in nine-spined stickleback, although the
differences in PST values were smaller than for the other morphological traits (Figure 2).

3.2. Population Structure and Genetic Diversity Statistics

Genetic diversity—The genetic diversity per population, calculated as HE, showed
similar patterns for both species, with generally lower genetic diversity for populations
that are further away from the coast (Table 1; Figure 3). However, both LFW and UFW
populations showed similar levels of HE in three-spined stickleback, while UFW popula-
tions had substantially lower HE levels than LFW populations in nine-spined stickleback.
As a result, the relationship between genetic diversity and distance to the coast was only
significant in nine-spined stickleback (3s: slope = −0.00020; P = 0.242; 9s: slope = −0.00076,
P = 0.0002) (Figure 3).
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Figure 2. Levels of phenotypic differentiation (PST) among three-spined ([3s]) and nine-spined
([9s]) stickleback populations for 17 morphological traits (see Section 2.2 for description of trait
codes), with the diagonal dashed line representing the 1:1-line. The dotted vertical and horizontal
lines represent the level of neutral genetic divergence in [3s] (FST = 0.102) and [9s] (FST = 0.086),
respectively. Circle sizes indicate the importance of parallel versus non-parallel effects. These effect
sizes were determined using ANOVAs attributing the variation in each trait to the effect of site
(degree of parallelism), the effect of species, and the effect of site by species interaction (degree of
non-parallelism). Shades of red-orange, blue and green represent traits related to body armour, body
shape and gill morphology, respectively.

Figure 3. The relationship between Euclidean distance to the coast and expected heterozygosity in three-spined stickleback
(A; slope = −0.00020, P = 0.242) and nine-spined stickleback (B; slope = −0.00075, P = 0.0002).

Genetic differentiation—Overall neutral FST was 0.102 and 0.086 in three-spined stick-
leback and nine-spined stickleback, respectively, and a significant isolation-by-distance
pattern was observed in both species (3s: r = 0.42, P = 0.0487; 9s: r = 0.72, P = 0.0055)
(Figure S2). Based on the maximal marginal likelihood scores, the most likely number of
clusters to explain the population structure was K = 6 for both species (Figures 4 and 5). Yet,
in three-spined stickleback there was strong support for population structuring between
populations from LBW and LFW sites (Figure 4). Nine-spined stickleback showed less
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population divergence among populations from the LBW and LFW sites, while populations
from UFW sites were genetically more isolated (Figure 5). MDS plots (Figure S3) based on
pairwise FST (Table S1) confirmed the Bayesian structure analyses.

Figure 4. Barplots of population structure with K = 6 clusters in three-spined stickleback inferred by Bayesian analysis
using fastStructure v1.0.

Figure 5. Barplots of population structure with K = 6 clusters in nine-spined stickleback inferred by Bayesian analysis using
fastStructure v1.0.

3.3. Signatures of Adaptive Divergence

Morphological signatures of selection—On all four geographical scales, the proportion of
morphological traits for which PST significantly exceeded FST was higher in three-spined
stickleback (23–41%) than in nine-spined stickleback (6–12%; Table 2). The morphological
traits that showed evidence for adaptive divergence largely overlap among the four geo-
graphical scales and the two species (Tables S2–S5). In three-spined stickleback, the lowest
number of significant PST values were found on the LFW–UFW scale (4/17 traits). On the
other geographical scales, three-spined stickleback showed equally strong (7/17) signals
of adaptive divergence, primarily due to stronger divergence in the length of gill rakers
(traits LGR2, LGR3 and LGR4). In nine-spined stickleback, signals of adaptive divergence
varied from 1/17 to 2/17 traits across the four geographical scales considered (Table 2).

Table 2. Proportion of PST values that significantly exceed neutral genetic divergence FST at four geographical scales.
Included are the 14 morphological traits (excluding standard length) and relative warp 1 and relative warp 2 defining
variation in body shape. LFW: lowland freshwater, LBW: lowland brackish water, and UFW: upland freshwater.

Geographical Scale FST [3s] Mean PST [3s] PST > FST [3s] FST [9s] Mean PST [9s] PST > FST [9s]
LBW–LFW–UFW 0.102 0.22 7/17 (41%) 0.086 0.090 2/17 (12%)

LBW–LFW 0.081 0.19 7/17 (41%) 0.040 0.071 1/17 (6%)
LBW–UFW 0.071 0.20 7/17 (41%) 0.097 0.093 2/17 (12%)
LFW–UFW 0.140 0.19 4/17 (23%) 0.118 0.100 1/17(6%)

Genomic signatures of selection—Our first outlier detection approach using BayeScan
identified 142 and 70 outliers across the eleven sites in three-spined and nine-spined stick-
leback, respectively. (Figure 6). Across all geographical scales, the proportion of outlier
SNPs was higher in three-spined stickleback (0.77–1.31%) than in nine-spined stickleback
(0.21–0.46%) (Table 3). In three-spined stickleback, the proportion of outliers was compara-
ble across the sides of the LBW–LFW–UFW triangle (Table 3). In contrast, in nine-spined
stickleback, the proportion of outlier SNPs was markedly higher across the LBW–UFW side
of the triangle (Table 3). Our second outlier detection approach using GRoSS v1.0 was more
stringent and identified an overall lower proportion of outlier SNPs. Yet, the strongest
signal of adaptive divergence was again found in three-spined stickleback (3s: 0.0383%; 9s:
0.0333%). The overall genomic signatures of selection showed largely congruent patterns
for the two species with respect to the distribution of outlier SNPs along the branches of

64



Genes 2021, 12, 435

the admixture graph. First, the majority of outlier SNPs were detected along the local
site-specific branches (3s: 71/83; 9s: 92/100) of the admixture graph. Second, the majority
(3s: 67/71; 9s: 80/92) of these outlier SNPs were detected along branches specifically asso-
ciated with the freshwater sites, including both the LFW and UFW sites (Figure 7). Finally,
only few outlier SNPs (N = 2 in both species) were detected along the branch splitting the
freshwater from the brackish water populations (w-s). These outlier SNPs were associated
with linkage group IV in three-spined stickleback (Figure S4, Table S6), and with linkage
groups V and XII in nine-spined stickleback (Figure S5, Table S6). These genomic positions
were also detected as outliers in the BayeScan v2.1 analyses carried out on the geographical
scales that included a brackish water—freshwater transition. However, GRoSS v1.0 also
revealed some dissimilarities in genomic signatures of selection between the two species.
In the nine-spined stickleback, the LBW sites accounted for a larger proportion of outlier
SNPs than in three-spined stickleback. Additionally, the relative contribution of outlier
SNPs associated with lowland and upland freshwater sites was found to be reversed. In
three-spined stickleback the largest proportion of outlier SNPs was associated with LFW
sites, while in nine-spined stickleback the largest proportion of outlier SNPs was associated
with UFW sites (Figure 7).

Figure 6. Proportion of outlier SNPs across the geographical scale LBW-LFW-UFW (eleven sites) detected by BayeScan v2.1
for (A) 10,836 SNPs in three-spined stickleback and (B) 15,033 SNPs in nine-spined stickleback.

Table 3. Proportion of outlier SNPs on four geographical scales as detected by BayeScan v2.1 for 10,836 SNPs in three-spined
stickleback ([3s]) and for 15,033 SNPs in nine-spined stickleback ([9s]). LFW: lowland freshwater, LBW: lowland brackish
water, and UFW: upland freshwater.

Geographical Scale Total Outliers [3s] Proportion [3s] Total Outliers [9s] Proportion [9s]
LBW–LFW–UFW 142 1.31% 70 0.46%

LBW–LFW 98 0.90% 44 0.29%
LBW–UFW 87 0.80% 61 0.41%
LFW–UFW 83 0.77% 31 0.21%
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Figure 7. Consensus admixture graph used by GRoSS v1.0 for the detection of outlier SNPs in the two species, along with
pie charts visualising the distribution of outlier SNPs across five categories of specific branches of this admixture graph.
Orange: lowland brackish water terminal branches. Light blue: lowland freshwater terminal branches. Dark blue: upland
freshwater terminal branches. Green: branches within the geographical subgroups. Dark red: branch splitting the freshwater
from the brackish water sites. In total, the 10,836 (3s) and 15,033 SNPs (9s) were tested for signatures of selection along
20 branches, resulting in a proportion of 0.0383% (83/[20*10,836]) and 0.0333% (100/[20*15,033]) outliers in three-spined
stickleback and nine-spined stickleback, respectively. The distribution of outlier SNPs over the five categories differs
significantly between species (Chi-squared test: χ2 = 10.03, P = 0.040).

4. Discussion

In this study, we investigated the population structure, levels of divergence and
signatures of selection in coexisting three-spined and nine-spined stickleback populations
from Belgium and the Netherlands. In each species, we compared three geographic
contexts, i.e., a short-range brackish water-freshwater transition (LBW–LFW), a long-
range brackish water-freshwater transition (LBW–UFW), and long-range spatial isolation
(LFW–UFW). Since selection is expected to be strong across the brackish water-freshwater
transitions (LBW–LFW and LBW–UFW), and gene flow is expected to be weak across the
long-range comparisons (LBW–UFW and LFW–UFW), our sampling design allowed us to
assess the single and joint effects of selection and gene flow on genetic and morphological
variation in both species. While the two species share evident similarities in terms of
population genetic diversity and structure, we found clear differences in the observed levels
of adaptive divergence across the three geographical contexts and the two species. First,
morphological and genomic adaptive divergence in three-spined stickleback was strong,
in any geographical context. Second, morphological and genomic adaptive divergence
in nine-spined stickleback was weaker, but the strongest genomic signatures of selection
were observed across the long-range brackish water—freshwater transition (LBW–UFW).
Third, for both species signals of positive genomic selection were low or missing for the
genealogical branches associated with brackish water sites (LBW), while these signals were
stronger for the genealogical branches associated with freshwater sites (LFW and UFW).

The locations in this study vary in salinity, which is known to impose important
selection pressures in both the three-spined stickleback [21,33,38] and the nine-spined
stickleback [53,54]. Thus, we expected salinity to be one of the important common drivers
of adaptive divergence among the populations of both species. Accordingly, we generally
observed stronger signatures of adaptive divergence in both species when contrasting
populations from brackish water sites (LBW) with populations from freshwater sites (LFW
and UFW), than among populations that were isolated by distance, but not by a different
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salinity environment (LFW vs. UFW). Most outlier SNPs in the two species were assigned to
local terminal branches, and most of those involved freshwater sites. This may indicate that
freshwater habitats are ecologically heterogeneous, imposing diverse selection pressures
on local populations of both species. For both species, only two outlier SNPs were assigned
to the root of the split between brackish water and freshwater populations (w-s). These
outliers were located on different linkage groups (LG) for the two species (3s: LG IV; 9s:
LG V and LG XII). In three-spined stickleback, one of these outlier SNPs is located within
a gene (ID: ENSGACG00000018958) previously described as a candidate for adaptation
to variation in salinity [38], while this does not apply to the gene associated with one of
the two outlier SNPs in nine-spined stickleback. It has been demonstrated previously that
freshwater adaptation in three-spined and nine-spined stickleback has different genomic
origins [53,55]. However, the comparable distribution of outlier SNPs along the branches
of the population admixture graph, may indicate that selection can leave similar genomic
signatures on species that are subject to the same environmental contrast and to similar
degrees of spatial isolation.

In line with our previous assessment of adaptive divergence in the two species [22],
the most obvious difference between the two stickleback species was the overall stronger
signals of adaptive divergence in the three-spined stickleback. We here confirm this
observation at three different geographical scales. Thus, the stronger tendency of three-
spined stickleback to adapt to local selective environments seems to be independent of
the geographical and environmental context. However, our comparison of the three sides
of the triangle revealed another important difference between the two species. In the
three-spined stickleback, a comparable proportion of outlier SNPs on the LBW–UFW and
the LBW–LFW scale indicates that enhanced gene flow at the LBW–LFW scale does not
disrupt the effects of selection, and might even promote local adaptation [3]. In contrast,
in the nine-spined stickleback, the proportion of outlier SNPs at the LBW–UFW scale was
considerably higher than on the LBW–LFW scale, suggesting that gene flow among the
LBW–LFW scale may constrain adaptive divergence [3]. In summary, the two species
seem to differ in evolutionary potential in the face of high gene flow. They are therefore
positioned differently at the migration-selection balance [56], with three-spined stickleback
more tilted towards selection, and nine-spined stickleback towards migration [57].

Patterns of phenotypic and genetic divergence might be influenced by past demo-
graphic processes [58], thereby limiting our ability to compare the relative importance
of recent selection, gene flow and genetic drift in both species. However, our analyses
suggest that historical patterns are unlikely to be the dominant driver of the observed
levels of phenotypic and genetic divergence in our study system. First, the brackish water
and freshwater sites in this system are likely of a relatively young postglacial origin [59],
and phylogeographic studies in Europe suggest that both species colonised these areas
following the retreat of the Late Pleistocene ice sheets [60,61]. Such postglacial origins also
have been confirmed for three-spined stickleback in our study area [62]. Second, the two
species show clear similarities in population structure, with evolutionary relationships
among populations that correspond well with the three defined spatial scales (LBW, LFW,
UFW). More recently, aquatic habitats in Belgium and the Netherlands have been influ-
enced by strong anthropogenic change in the form of the construction of canals, dykes and
drainages. This has likely affected the distribution and genetic diversity of both species in
comparable ways.

Importantly, a similar population structure in the two species implies that we may
expect similar performance of outlier detection methods, both in detecting genomic signa-
tures of selection based on departures from a baseline model under genetic drift, as well
as in avoiding false positives. The various outlier detection methods used in this study
(BayeScan, GROSS) as well as in our previous assessment of adaptive divergence in the
two stickleback species (LOSITAN, Arlequin, BayeScan) [22] have consistently revealed
a higher proportion of outliers in three-spined stickleback than in nine-spined stickle-
back, in line with the stronger morphological divergence in this species. Nevertheless,
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a recent view is that without estimates of local recombination rate, interpreting genome
scan results is difficult [63]. Caution with the interpretation of the results is thus war-
ranted until the incorporation of estimates of local recombination rate become feasible for
non-model species.

The difference in evolutionary potential between both species is of particular sig-
nificance because we compare them in exactly the same environmental matrix. Yet, it is
important to remind that the absence of a strong signature of adaptive divergence in the
nine-spined stickleback does not imply that the populations of this species are not adapted,
since they might already be preadapted to the ecological gradients in the landscape [22].
Additionally, it is important to acknowledge that nine-spined stickleback may harbour
stronger signals of adaptive divergence for other forms of variation that were not assessed
in this study. These forms of variation might, for example, be expressed by differential epi-
genetic patterns or copy number variations in genomic regions under selection. However,
just focusing on our current findings, there are various species-specific properties such as
genomic architecture, dispersal capacities and life history that may underlie the different
evolutionary responses in the two species that have been discussed previously [22].

However, in this study, we could also shed light on how these species-specific prop-
erties may lead to disparate evolutionary dynamics at different geographical scales. In
particular, three-spined stickleback, genetic diversity was highest for the LBW populations,
and comparably lower for the LFW and UFW populations. In contrast, genetic diversity in
nine-spined stickleback was similar for LBW and LFW populations, but substantially lower
for the UFW populations. This pattern suggests that the two species are unequally affected
by genetic drift in different parts of the landscape. In LFW sites, nine-spined stickleback
populations are possibly more resilient than the three-spined stickleback populations, as
they may be able to cope better with hypoxic conditions during summer droughts [22,64].
In UFW sites, however, we speculate that three-spined stickleback populations are more
stable than nine-spined stickleback populations, because their better swimming capacity
might enable them to better cope with high flow rates following heavy rainfall [24,65]. In
summary, species-specific properties may interact with regional environmental factors that
differentially affect population persistence in the two species.

5. Conclusions

In conclusion, our landscape-level comparison between two closely related coexist-
ing species revealed that the interaction between species-specific properties and regional
landscape features might lead to distinct evolutionary responses and levels of adaptive
divergence. This finding has profound implications for conservation biology and bio-
diversity management, as it emphasises that although adaptive potential is to a large
extent species-specific, how much adaptive potential is realised may vary throughout
the landscape.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-442
5/12/3/435/s1. Figure S1: landmarks used for geometric morphometric analysis, Figure S2: The
relationship between Euclidean distance between sites and pairwise FST, Figure S3: Two-dimensional
classical multidimensional scaling of pairwise FST, Figure S4: Manhattan plot of GRoSS v1.0 outlier
detection in three-spined stickleback, Figure S5: Manhattan plot of GRoSS v1.0 outlier detection in
nine-spined stickleback, Table S1: pairwise FST values among the eleven sites, Table S2: PST values
for the morphological traits on the LBW–LFW–UFW geographical scale, Table S3: PST values for the
morphological traits on the LBW–LFW geographical scale, Table S4: PST values for the morphological
traits on the LBW–UFW geographical scale, Table S5: PST values for the morphological traits on the
LFW–UFW geographical scale, Table S6: Genomic positions of outlier SNPs associated with the w-s
branch of the population genealogy.
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Abstract: Understanding the functioning of natural metapopulations at relevant spatial and temporal
scales is necessary to accurately feed both theoretical eco-evolutionary models and conservation plans.
One key metric to describe the dynamics of metapopulations is dispersal rate. It can be estimated with
either direct field estimates of individual movements or with indirect molecular methods, but the
two approaches do not necessarily match. We present a field study in a large natural metapopulation
of the butterfly Boloria eunomia in Belgium surveyed over three generations using synchronized
demographic and genetic datasets with the aim to characterize its genetic structure, its dispersal
dynamics, and its demographic stability. By comparing the census and effective population sizes,
and the estimates of dispersal rates, we found evidence of stability at several levels: constant inter-
generational ranking of population sizes without drastic historical changes, stable genetic structure
and geographically-influenced dispersal movements. Interestingly, contemporary dispersal estimates
matched between direct field and indirect genetic assessments. We discuss the eco-evolutionary
mechanisms that could explain the described stability of the metapopulation, and suggest that
destabilizing agents like inter-generational fluctuations in population sizes could be controlled
by a long adaptive history of the species to its dynamic local environment. We finally propose
methodological avenues to further improve the match between demographic and genetic estimates
of dispersal.

Keywords: butterfly metapopulation; dispersal; genetic structure; demography; spatio-temporal
stability; environmental fluctuations; Boloria eunomia

1. Introduction

The metapopulation concept provides an operational framework for both (evolution-
ary) ecologists and conservation managers [1]. Classically defined as a set of interacting
populations for which frequent local extinctions are balanced by recolonization [2,3],
a metapopulation can also broadly refer to patchy populations [4], that is, to any set of local
populations potentially related by movements of individuals in a landscape [5]. While
retaining the fundamental aspect of the classical metapopulation concept, i.e., a biological
structure linking local and regional-scale processes, the latter definition reflects a wider
variety of biological situations (e.g., [6,7]). Classical metapopulations indeed correspond to
a narrow range of ecological parameters (i.e., patch occupancy, turnover, etc., [8]) and many
metapopulations do not experience local population extinctions at each generation [7].
In any case however, describing the long-term functioning of natural metapopulations, a
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necessary step to accurately predict how they would respond to contemporary environ-
mental changes, relies on an accurate knowledge of the dispersal process.

Dispersal, individual movements potentially leading to gene flow [9,10], is the eco-
evolutionary process creating biological links within metapopulations [11], and thereby
within ecological networks [12]. It affects local adaptation (either positively or nega-
tively, [13,14]) and spatial synchrony among populations [15], buffers the risk of local ex-
tinctions through (genetic) rescue effects [16] and allows recolonization of vacant patches [4].
As such, dispersal is central for metapopulation stability [17]. Any biotic or abiotic change
occurring at the local or regional scale and affecting dispersal (e.g., landscape modification,
decrease in individuals’ movement ability) may result in the collapse of the whole metapop-
ulation. Both the frequent short-distance and the rarest long-distance dispersal movements
may have a significant impact on metapopulations’ equilibrium [18]. Dispersal rate is
thus a fundamental metric of metapopulation functioning, which needs to be measured at
accurate spatial and temporal scales in nature [19].

Dispersal rate is the proportion of individuals that move from a population to another.
It can be estimated on the field through two approaches relying on distinct theoretical
frameworks: demography and genetics. Demographic estimates of dispersal rates are
obtained either through the direct monitoring of individual movements using visual
observation or telemetric systems depending on landscapes and taxa [20–22], or through
Capture-Mark-Recapture (CMR) approaches [23]. From such movement data a dispersal
kernel can be computed, i.e., the probability density function that dispersing individuals
move a certain distance. The quality of dispersal kernels, a key element to describe and
predict the dynamics of a metapopulation, is strongly dependent on the quality of the raw
movement data, but there are a number of limitations with these direct measurements of
dispersal rates. First, they often require laborious and costly field sessions [24,25]. Second,
there is a recurrent bias toward the recording of short-distance movements to the detriment
of long-distance movements, meaning that dispersal kernels might only model processes
occurring at small spatial scales (see [26] for an example of a mathematical correction of
biased dispersal kernels). Third, dispersal is context-dependent, which means that “the
existence of a species-specific dispersal function is probably a myth” [27]. This poses limits
to the transfer of dispersal kernels, even between metapopulations of the same species
(e.g., [28]). Finally, whatever the precision of the recording of dispersal movements and
hence of dispersal kernels, direct measures of dispersal do not provide information on
how much the movements contribute to the gene pool at the next generations. However,
reliable estimates of effective dispersal are key to understand the evolutionary dynamics
and long-term stability of metapopulations.

The genetic approach indirectly estimates effective dispersal rates through its impact
on the genetic structure at the metapopulation level, determined from allelic composition
and frequencies in the local populations (from microsatellites, Amplified Fragment Length
Polymorphisms AFLPs, Single-Nucleotid Polymorphisms SNPs, etc.). Most often, the ge-
netic differentiation index FST is used as a proxy for historical effective number of dispersers
(often called “migrants” in the genetic literature) between pairs of populations [29]. A series
of unrealistic assumptions, including symmetrical fluxes and equal population sizes, are
however required to apply Wright’s island model [30]. Refinements have been proposed
(e.g., [31]), and coalescent-based methods have notably been developed to directly infer
asymmetrical effective dispersal rates (see reviews in, e.g., [12,32,33]). The choice between
these different methods often results from a balance between accepting some violation of
model assumptions and analysis complexity (determining the time required to run the anal-
ysis). Since genetic estimates of dispersal rates might not reflect contemporary gene flow,
especially because of the time lag between the contemporary processes affecting dispersal
and the actual setting-up of genetic differentiation among populations [34], methods such
as Bayesian assignment (e.g., [35,36]) or parentage analyses [37] have been developed to
identify dispersers among individual genotypes. As for direct observation of movements,
these latter methods inform on the origin and the target populations of each detected
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disperser. Nonetheless, as for demography, estimates of effective dispersal present some
limitations. For instance, and as discussed above, natural situations rarely fulfill all genetic
models’ assumptions. Furthermore, indirect measures of dispersal do not inform on the
phenotypic traits of dispersers. It thus has recurrently been proposed to combine, when
possible, demographic and genetic approaches to understand metapopulation dynamics
and estimate their stability over time (e.g., [12,25,32,33,38]). Such integrative studies remain
however rare, and there is a general call for empiricists to compare dispersal estimates
with different methodologies at appropriate spatio-temporal scales ([12,32], see [25,39]
for examples).

Here, we present a field study in which we analyzed the population structure, the
dynamics, and the stability of a natural butterfly metapopulation in the Belgian Ardenne
combining demographic and genetic datasets obtained at a large spatial scale (~200 km2)
over three generations (three years). The bog fritillary Boloria eunomia has long been used
as a model species in the metapopulation literature because of its patchy distribution and
sensitivity to habitat fragmentation. Over the last three decades, important knowledge
has accumulated regarding B. eunomia habitat use [40], dispersal behaviour and demogra-
phy [41–44], metapopulation functioning [45–48]), and genetic structure at local, regional
and continental scales [49–52]. However, none of these studies have synthesized both
demographic and genetic data within the same large network of populations over several
generations. Our objectives were thus to:

(i) determine the genetic structure within a B. eunomia metapopulation based on genetic
material collected on more than 1000 individuals over three generations across nine
local populations;

(ii) describe the dynamics of the whole-metapopulation through a thorough comparison
between genetic and demographic estimates of dispersal rates;

(iii) evaluate the long-term demographic stability of the metapopulation.

Despite important inter-annual fluctuations in census population sizes, local popu-
lation extinctions were very rarely observed over two decades of field sampling in this
metapopulation [45]. We thus predicted that the metapopulation should harbour high
degree of genetic stability, both in terms of genetic structure and long-term effective popu-
lation sizes. Predictions are more uncertain regarding the congruence between direct and
indirect dispersal estimates. We predicted that the correlation between genetic and demo-
graphic estimates of dispersal should be strong only provided that: (i) the assumptions of
demographic and genetic models are not largely violated within the studied B. eunomia
metapopulation, (ii) long-distance dispersal movements, particularly difficult to record in
the field, are not too frequent; (iii) a relatively high proportion of the dispersal movements
are effective in terms of gene flow among populations.

2. Materials and Methods
2.1. Model Species and Study Area

B. eunomia (formerly known as Proclossiana eunomia) is a Holarctic butterfly species
occurring in wet meadows and some peat bogs in middle Europe. In this area, the species
is a specialist, strictly associated with the bistort Polygonum bistorta (Figure 1), its host plant
at larval stage and the only source of nectar for adults in the study area. The species is
univoltine: it spends the winter as a caterpillar and adults fly around for about one month
from late-May to early-July. In Belgium, B. eunomia is protected because it suffers, as in
other European countries, from the transformation of its habitat (bistort meadows) into
improved pastures or spruce Picea abies plantations (e.g., [45]). We collected samples in nine
local populations in a ~200 km2 landscape in the Belgian Ardenne (Figure 1) in 2009, 2010
and 2011 (three successive generations) using both a Capture-Mark-Recapture approach
and a genetic sampling approach, described in more details below. The Euclidian distances
between the centroid of each site are available in Table S1.
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Figure 1. Model species and study area. The studied metapopulation is situated in the Ardenne
region, southeastern Belgium (up-left map); the location of the nine local populations are represented
in red on an aerial view of the region. On the left of the map, we provide a picture of one marked
Boloria eunomia butterfly on an inflorescence of P. bistorta, its host plant.

2.2. Demographic Modelling: Population Size, Survival and Dispersal from CMR Campaigns

For the three successive years of sampling, each site was visited daily during the flight
period (excluding rainy days), and Capture-Mark-Recapture (CMR) sessions performed
with a sampling effort normalized according to habitat patch area. We captured butterflies
with a net, sexed and marked each of them with a unique identifier using a thin pen on
the left hindwing at the first capture (Figure 1). We marked 5481 individuals in total.
These CMR data were first used to compute the number of dispersers between each pair of
populations over the three years. CMR data were then analysed using Jolly–Seber models,
as implemented in the POPAN analysis in MARK software [53]. Based on capture histories
of the different individuals recorded in a population, the probability of an individual to
be (re)captured, a measure of detectability, is estimated (data per population are given in
Table S2), and subsequently used to correct estimates of survival, birth rates, daily and total
(seasonal) census population sizes (N) [54]. For details of the analytical method, see [45].
To test for the congruence between the ranking of the nine population sizes across the three
years (a proxy of global demographic stability), we performed a Kruskal-Wallis rank test
between 2009–2010, 2010–2011 and 2009–2011. We finally compiled all recapture data to
count the number of dispersers between each pair of populations over the three years.

2.3. Molecular Markers, Genetic Structure and Effective Dispersal
2.3.1. Laboratory Work

Among the 5481 individuals marked during CMR, one leg was preserved from 1217 of
them in absolute ethanol and total genomic DNA later extracted using the column version
of the DNeasy Blood and Tissue kit (Qiagen, Venlo, The Netherlands). From these 1217
DNA extractions, we multiplexed and amplified by PCR 12 microsatellite loci as described
before [55]. Tests for linkage disequilibrium and the presence of null alleles were performed
in [55] and showed the presence of a few null alleles that did not significantly impacted
population genetic indices. The genotyping was performed on an ABI3730 sequencer
(Applied Biosystems, GeT GenoToul platform, Toulouse, France). Fragment sizes for each
locus were determined with the GeneMapper software.
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2.3.2. Population Structure

Genetic differentiation between all pairs of populations was estimated with Wright’s
pairwise fixation index FST [56] using Arlequin v.3.5.2.2 [57] for each generation separately.
Significance of FST values was determined based on 10,000 random permutations, and
p-values were adjusted with the Benjamini-Yekutieli correction [58]. Genetic clustering
of individuals was assessed using the Bayesian clustering method Structure v.2.3.4 [35]
including all generations in a full analysis. We used the admixture model, which allows
mixed ancestries of individuals, and the correlated allele frequency model (F model),
which assumes that allele frequencies in different populations are likely to be similar. Five
independent runs for each value of K (the number of clusters) ranging from one to nine
were performed, using 500,000 iterations and a burn-in period of 50,000 steps. To detect
the number of clusters that best fit the data, we estimated the rate of change in the log
probability of the data between successive K values and the corresponding variance of
log probabilities [59]. We completed this analysis with a global Analysis of Molecular
Variance (AMOVA) performed per generation using Arlequin to determine if the genetic
variance was effectively significantly structured by the inter-cluster differences detected
with Structure. The p-values were calculated using 10,000 permutations. Despite the
existence of two significant major genetic clusters, a large part of the genetic variance
remained unexplained (see Results). We therefore performed supplementary clustering
runs within each first-order cluster to search for significant sub-structuring, and continued
the process across hierarchical levels until no more structure was detected [60]. Significant
sub-genetic structure was detected with Bayesian assignation, and FST methods revealed
that genetic structuring was significant at the level of our nine predefined populations (see
Results). We thus continued with the genetic analyses for the nine populations separately,
thus matching the partition used in the demographic estimates described above.

2.3.3. Isolation by Distance

To test for Isolation By Distance (IBD), that is the effect of Euclidian distance between
populations on gene flow, a Mantel test regressing FST/(1–FST) against the natural logarithm
of geographic distance between all pairs of samples is generally performed [61]. However,
since measures of FST stem from the balance between gene flow on the one hand and
genetic drift on the other hand, FST estimates cannot be considered a proper proxy for
gene flow, especially when population sizes are unequal [30]. We thus corrected FST values
using the method developed in [31]. For each pair of populations, we first computed
the di metric of Spatial Heterogeneity in Effective population sizes (SHNe) as the sum
of the inverse of population census sizes N inferred from demographic data. For each
generation separately, we then computed the residuals of the linear regression between
FST/(1–FST) and di across all pairs of populations, and used a simple Mantel test with
10,000 permutations to assess significance of the relationship between these residuals and
the natural logarithm of geographic distances.

2.3.4. Allelic Diversity and Effective Population Sizes

For the three generations and each of the nine populations, the number of alleles (Na),
the expected (He) and observed (Ho) heterozygosities, and the FIS were calculated using
Arlequin and averaged over all loci. The number of private alleles (Np) was estimated
using Convert v.1.31 [62]. The Allelic Richness (A) and Private Allelic Richness (Ap) based
on the minimum sample size were estimated by the rarefaction method implemented
in HP-Rare v.1.1. We estimated contemporary effective population sizes (Ne) for each
generation using the bias-corrected version of the linkage disequilibrium method described
in [63] implemented in NeEstimator v.2 [64]. With a sufficient number of microsatellites,
sample sizes generally higher than 25 individuals as well as non-overlapping generations,
we fulfilled most of the prerequisites of the method. We set the critical threshold value of
rare alleles to 0.02 and used the jackknife method to estimate confidence intervals. The
significance of correlations between Ne (effective population size) and N (census population
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size) estimates for the nine local populations was assessed using a Spearman correlation
test for each year separately.

2.3.5. Effective Dispersal and Statistical Comparison with Demographic Dispersal

We determined contemporary dispersal by estimating the number of first-generation
dispersers between populations using Geneclass2 [36]. Using Monte Carlo resampling
algorithms, the program computes the probability for each individual to be a resident in
the population where it was sampled or to descend from a disperser at the preceding gen-
eration. We used the Bayesian criterion described in [65] and detection was done using the
ratio of the likelihood computed from the population where the individual was sampled
over the highest likelihood value among all sampled populations [66]. The probability
for an individual to be a resident was computed using the resampling algorithm of [66]
with 10,000 simulated individuals and a level of Type I error set to 0.01 as advised by these
authors. To assess the relationship between the demographic and the genetic estimates of
contemporary dispersal rates, we used a simple Mantel test with 10,000 permutations based
on the Spearman’s correlation coefficient between the pairwise numbers of first-generation
dispersers inferred from Geneclass2 (genetic matrix) and the pairwise numbers of dis-
persers inferred from CMR data over the three years (demographic matrix). Significance
was assessed by permuting 10,000 times the names of the nine populations in one of the
two matrices.

2.3.6. Past Demographic Events

We finally searched for the existence of past demographic events, i.e., bottlenecks and
exponential changes in population sizes. We used Bottleneck v.1.2.02 [67] to calculate, for
each population and each locus, the distribution of the expected gene diversity from the
observed number of alleles given the sample size and assuming mutation-drift equilibrium.
In neutral conditions, the number of loci showing He excess should be equal to the number
of loci showing He deficit. Conversely, He excess across loci is expected after a bottleneck
whereas He deficiency is expected after exponential change in population size. Expected
He under mutation-drift equilibrium was determined by coalescent simulations under
the stepwise mutation model (SMM), and the two-phased Mutation model (TPM), with
more than one-repeat mutations occurring at frequencies of either 10 and 20%. Wilcoxon
sign-rank tests were used to determine significant departures from null distributions, with
10,000 iterations, and they were adjusted with the Benjamini-Yekutieli correction [58].
As a qualitative complement to this analysis, we also used the Bottleneck software to
examine the shape of the allele-frequency distribution. L-shaped distributions are expected
under mutation-drift equilibrium while mode-shift distributions are expected in cases of
bottlenecks [68].

3. Results
3.1. Demography from CMR Data

From the 5481 individuals marked during the three years of CMR campaigns, we
estimated the total local census population sizes (N) of each of the nine populations
separately (Table 1). We provide details on male and female population sizes, catchability
and survival in Table S2. The Pisserotte and Prés de la Lienne populations were the largest
populations; Bérisménil, Bièvres, Bihain and Grand Fange populations had intermediate
population sizes; and Chapons, Mormont and Langlire had lower abundances. The ranking
of population sizes across years was congruent (no rejection of the null hypothesis, Kruskal-
Wallis test χ2 = 8, df = 8, p-value = 0.433 for each pair of years comparison). Regarding
individual dispersal movements, we recorded a total of 49 inter-population movements
over the three years, of which only one was considered as a long-distance movement, i.e.,
more than 5 km (dashed arrow in Figure 2A).
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Table 1. Estimates of population sizes for each year of sampling. N = census population size recorded from Capture-Mark-
Recapture data, Ne = effective population size inferred from microsatellite data analyzed with NeEstimator with their
confidence intervals (CI Ne).

2009 2010 2011

Population N Ne CI Ne N Ne CI Ne N Ne CI Ne

Bérismenil 196 58.6 27.4–410.1 191 35 23.6–54.5 235 102 39.8–∞
Chapons 14 NA NA 13 1.9 1.1–6.1 8 14.6 1.7–∞
Mormont 25 4.7 1.7–32.2 30 9.9 3.9–24.6 56 12.8 4.4–59.1
Bièvres 195 50.5 19.2–∞ 259 44.8 26.4–92.5 304 46 26.9–109.9
Bihain 136 22.4 12.3–54.3 419 64.4 40.6–118.5 289 111 52.4–990.9

Grande Fange 70 17 3–∞ 166 55.8 26.8–240.2 336 113 34–∞
Langlire 57 91.2 12.5–∞ 101 56.5 23–∞ 99 95.3 23.8–∞

Pisserotte 978 34.3 14.2–522.8 1428 142.6 72.7–657.9 1139 NA 84.9–∞
Prés de la Lienne 291 46.4 26.8–105.1 940 57.7 24.6–∞ 1131 122 75.4–241.1

Figure 2. Contemporary dispersal movements from demographic (blue arrows) and genetic (purple arrows) data cumu-
lated over the three sampling years. (A) movements directly recorded in the field via Capture-Mark-Recapture (blue),
complemented by the number of first-generation effective movements inferred from genetic data (purple) for the same pairs
of populations. (B) All the other movements inferred from genetic data for other pairs of patches, separated to gain in map
clarity. Long-distance movements are symbolized by dashed arrows.

3.2. Genetic Structure, Isolation by Distance and Diversity

Using the DNA extracted from the legs of 1217 butterflies, the first step of Bayesian
clustering revealed the existence of two major genetic clusters repeatedly found across years
of sampling (Figure 3, Figure S1A). Pisserotte and Grande Fange were the two populations
with the highest mixed ancestry origin, but they were nonetheless well assigned to cluster
2. This was confirmed by the AMOVA analysis, which showed that a significant amount
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of genetic variance was explained by the among-clusters structure (Table S3). However,
this represented only 3.1%, 1.7% and 3.6% of the total genetic variance for 2009, 2010 and
2011 respectively, most of it being explained by suborder structuring. We thus ran again
Structure within cluster 1 and 2 separately, and detected sub-structuring distinguishing the
Mormont and Prés de la Lienne populations (Figure S1B,C). By continuing the procedure,
we detected sub-structuring that was congruent with the delineation of local populations
(data not shown). We confirmed this result with FST analyses. We detected significant
genetic differentiation for each pair of the nine populations sampled in the metapopulation
in at least one out of the three years (Table S4). We detected a significant IBD pattern
for the three years, with correlation coefficients between genetic distances and Euclidian
distances of 0.502 (p < 0.0001), 0.536 (p < 0.0001) and 0.467 (p = 0.049) for 2009, 2010 and 2011
respectively after SHNe correction (Figure S2). Usual genetic diversity indices averaged
across the 12 loci are presented in Table 2. Populations had rather similar levels of genetic
diversity, except the Mormont and Chapons populations, which were less diversified.
Overall, populations had a recurrent deficit in heterozygotes across years as indicated by
significant positive FIS values.

Figure 3. Genetic clustering across the whole metapopulation of Boloria eunomia using the three years of sampling. Bayesian
clustering shows two major clusters separating Bérismenil, Chapons and Mormont (light grey) from the other populations
(dark grey). Each bar represents the membership assignment to the two clusters of each individual. Within each population,
vertical black traits separate the three years of sampling in the same order (2009, 2010 and 2011). A second run of analysis in
the two clusters reveals the sub-structuring as indicated at the bottom of the figure.

Table 2. Genetic diversity. n = genetic sample size, Na = number of alleles, Np = number of private alleles, A = Allelic
richness, Ap = Private allelic richness, Ho = observed heterozygosity, He = expected heterozygosity, significant (< 0.05)
p-values for FIS values are in bold in the last column.

Population Year n Na Np A Ap Ho He FIS p-Value

Bersimenil
2009 47 5.3 2 3.54 0.18 0.44 0.64 0.17 0.0003
2010 97 5.1 0 3.69 0.16 0.47 0.61 0.08 0.002
2011 56 5.2 0 3.64 0.11 0.52 0.67 0.09 0.004

Chapons
2009 6 2.9 0 2.5 0.09 0.6 0.61 −0.15 0.6
2010 11 3 0 2.69 0.05 0.41 0.45 −0.01 0.59
2011 9 3.5 1 3.13 0.14 0.43 0.61 0.24 0.01

Mormont
2009 13 3 2 2.74 0.27 0.46 0.57 0.008 0.51
2010 22 3.6 0 2.94 0.18 0.34 0.58 0.26 <0.0001
2011 24 3.6 0 2.84 0.17 0.39 0.55 0.16 0.006

Bièvres
2009 36 5.6 1 3.74 0.12 0.43 0.68 0.18 <0.0001
2010 67 6.4 2 3.91 0.15 0.48 0.68 0.15 <0.0001
2011 38 6.1 2 3.8 0.15 0.48 0.69 0.13 0.0003

Bihain
2009 31 5.6 2 3.79 0.21 0.46 0.69 0.18 <0.0001
2010 99 6.7 2 3.87 0.18 0.47 0.68 0.13 <0.0001
2011 63 6.4 3 3.81 0.18 0.48 0.7 0.15 <0.0001
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Table 2. Cont.

Population Year n Na Np A Ap Ho He FIS p-Value

Grande Fange
2009 15 4.4 4 3.52 0.4 0.49 0.64 0.13 0.47
2010 57 6.5 5 4.06 0.21 0.48 0.69 0.17 <0.0001

2011 34 5.8 4 3.76 0.21 0.47 0.68 0.12 0.002

Langlire
2009 17 5.1 2 3.69 0.17 0.45 0.68 0.19 0.004
2010 42 5.4 2 3.99 0.09 0.46 0.68 0.19 <0.0001
2011 28 5.6 0 3.75 0.09 0.41 0.68 0.18 <0.0001

Pisserotte
2009 36 5.3 2 3.56 0.06 0.47 0.67 0.09 0.03
2010 83 6 0 3.94 0.15 0.49 0.69 0.13 <0.0001
2011 31 5.3 0 3.74 0.04 0.49 0.69 0.15 0.0008

Prés Lienne
2009 57 5.1 2 3.31 0.12 0.42 0.6 0.14 <0.0001
2010 35 4.6 1 3.27 0.11 0.41 0.62 0.15 0.0003
2011 163 5.4 3 3.3 0.08 0.41 0.6 0.23 <0.0001

3.3. Comparison between Estimates of Population Sizes and Dispersal

We estimated contemporary effective population sizes (Table 1) using NeEstimator
and found that they were significantly correlated with estimates of census population sizes
for the three years (Spearman’s rho = 0.28 in 2009, p = 0.050; 0.83 in 2010, p = 0.008; and
0.83 in 2011, p = 0.015). Over all years and populations, the Ne/N ratio was 0.38. At this
contemporary timescale, we also detected significant correlation between the number of
effective dispersal movements at the preceding generation (we detected 46 movements
with GenClass2) and the number of movements observed by CMR, when pooling the three
years (Spearman’s rho = 0.547, p < 0.0001, Figure 2A,B). Despite this significant correlation,
it is noteworthy that genetic data revealed a number of long-distance dispersal movements
that were not captured by CMR data (Figure 2B).

3.4. Past Demographic Events

In a last analysis, we searched for genetic footprints of past demographic events. By
comparing the number of microsatellite loci presenting deficit or excess in heterozygotes
to the expected number under mutation-drift equilibrium, we were unable to detect any
demographic event after correction for multiple testing (Table S5). The Chapons population
was excluded from the analysis because of a too low number of individuals to obtain reliable
outputs. This result was confirmed by the qualitative exploration of the shape of the allele-
frequency distribution, which was normal for every year in every population, except for
Grande Fange in 2009 (Table S5). This sample presented a shifted distribution toward too
many loci with heterozygote deficiency, revealing a potential population expansion.

4. Discussion

Understanding the dynamics of natural metapopulations at relevant spatial and
temporal scales is of prime importance to accurately feed both theoretical eco-evolutionary
models and conservation plans [69]. Adding new demographic and genetic data to a
well-studied European metapopulation of B. eunomia, we were able to highlight the general
stability of the genetic structure and effective sizes of its local populations. Building on
a trans-generational sampling at both demographic and genetic levels, we highlighted
congruence in the estimates of dispersal rates and local population sizes across years,
suggesting that these two approaches can fruitfully be used to infer metapopulation
functioning. This also suggests that, at least in some cases, ecological parameters can
be used as reliable proxies of evolutionary parameters, and the other way round. Based
on the comparison between demographic and genetic parameters, we discuss below the
ecological modalities that underlie this metapopulation equilibrium (two first sections).
We also emphasize crucial methodological limits to our study (third section), which could
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affect the congruence between demographic and genetic parameters, notably due to the
lack of integration of the effect of landscape structure on dispersal.

4.1. Metapopulation Functioning: An Integrative Story in B. eunomia over Space and Time

We estimated several important metrics summarizing the structure and dynamics
of a natural butterfly metapopulation aiming at evaluating its stability. First, the ranking
of local population sizes as estimated from intensive CMR campaigns (i.e., census adult
population sizes) was consistent across generations. This means that, despite large observed
fluctuations in population size between years in many of the local populations [47,48],
they all fluctuated with some synchrony overtime. Genetic estimates of population sizes
(i.e., effective population sizes) confirmed this finding as they were correlated with census
adult population sizes. Such congruent ranking of population sizes in a metapopulation
network can be interpreted as a global control of demographic fluctuations, with putatively
low temporal variation in the mean Npopi/Npopj ratio. Comparing census and effective
populations sizes, we found the mean Ne/N ratio to be 0.38 over years and populations.
This is higher than the value usually observed in many systems (~0.1–0.2, [70]). We suggest
that this could be due to features of the life history of B. eunomia in this region allowing
a large proportion of the individuals to effectively reproduce, as opposed to cases where
reproductive success is very high for a few individuals, or very low for the majority. In B.
eunomia, males mate multiple times along their life (females only once), increasing their
chance to reproduce at least once. Besides, the large availability of the host plant, combined
with continuous egg laying in small batches over the whole female lifetime, increases
reproductive success by creating a situation where mortality risks for eggs and larvae
are spread over space and time. Although relatively high given the census population
sizes, Ne were systematically far below the threshold of 1000 reproductive individuals
ensuring high evolutionary potential to local populations [70]. Accordingly, we detected
a recurrent heterozygosity deficit at the local population scale, most probably resulting
from inbreeding depression. Such indicators would suggest the metapopulation to be
at risk of future extinction. Searching for past demographic events from genetic data,
we were yet unable to detect any drastic reduction in local population sizes in neither of
the three generations, which could suggest a progressive erosion rather than an abrupt
collapse in population sizes. Such scenario could explain our limited ability to detect
recent changes in population sizes through molecular methods. Putting all these elements
together, we suggest that the studied metapopulation remained stable over the last decades
despite small local population sizes, with a low probability of undetected recent population
size changes. Accordingly, stochastic local population extinctions have very rarely been
observed in populations monitored for decades now, even when their local population
sizes were recurrently small like Mormont.

Second, we observed a stable genetic structure of the metapopulation over the three
years of sampling. Bayesian clustering (Structure analysis) revealed a first level of genetic
partition separating the southern populations of Bérismenil, Mormont and Chapons from
the six northern other populations. The Pisserotte and Grande Fange populations had the
highest mixed ancestry among all populations, which agrees with their central positions in
the network. However, Grande Fange had higher level of private allelic richness and FST
values than Pisserotte. While these two populations probably exchange a lot with the other
populations of the network, Grande Fange could be more isolated than Pisserotte, and
could have particular local dynamics allowing private genetic diversity to be maintained.
Grande Fange could have experienced a recent founding effect followed by an expansion
(as suggested by its deficit in heterozygous loci), but could also have acted as a past local
refugia [71] or function nowadays as a sink [72], the two hypotheses being non-exclusive.
Such genetic particularities could reflect the existence of (dis)assortative mating or local
selection. On the contrary, Pisserotte had the highest census and effective population
sizes over years, which suggests it is a hub for immigrants coming almost equally from
the two clusters. A second Structure run revealed significant sub-structuring, with on
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the one hand the distinction of Mormont, the southernmost population among the three
composing cluster 1, and on the other hand the distinction of the Prés de la Lienne, the
northernmost population among the six composing cluster 2. By continuing the process, we
detected genetic partition at the level of the nine local populations, which was confirmed
by the general significance of FST values. The IBD analysis confirmed the suspected
impact of geographic distance on genetic differentiation: about 25% of the genetic variance
between populations could be attributed to Euclidian distances. It is noteworthy that
both genetic structure and IBD were highly consistent over the three generations, meaning
that the above-described temporal stability in the ranking of population sizes goes along
with equilibrium in genetic structure. Nevertheless, the time lag between demographic
processes and the genetic response could have hindered our ability to detect recent changes
in population structure, even with fast evolving markers such as microsatellites [34]. Future
sampling could help bring this possible scenario to light.

Third, we measured contemporary (inter-annual pool of effective first-generation dis-
persers versus inter-annual pool of direct movements) estimates of dispersal rates. There
was a significant correlation between the demographic and genetic approaches, showing
that dispersal movements were more frequent between close populations. This pattern
agrees with the significant IBD pattern. As expected, CMR campaigns detected less long-
distance dispersal movements (more than 5 km) than the genetic approach [12,73]. We yet
detected similar numbers of dispersal movements (49 through CMR versus 46 through
microsatellite analysis), which suggests that the individual monitoring of B. eunomia dis-
persal movements overestimated the real number of effective short-distance movements
(Figure 2), as expected from [12]. Overall, dispersal estimates showed that populations
are all connected by dispersal movements but with frequencies contingent upon their geo-
graphic distance. However, the significance of FST values indicates that effective dispersal
is not high enough to genetically homogenize the metapopulation.

Metapopulation functioning might rely on source/sink dynamics, the permanent
dispersal of individuals from a source population of good quality to a receiving population
with demographic deficit living in habitats of poorer quality [74]. On the long-term,
source/sink dynamics may lead to the demographic stabilization of the overall system
and could explain some aspects of the described metapopulation equilibrium. However,
the qualitative analysis of dispersal movements did not show any obvious source/sink
pattern. This suggests that strong dispersal asymmetry might not be predominant in the
functioning of this B. eunomia metapopulation, although we cannot exclude a role of weak
source/sink patterns, like the putative case of Grande Fange (a population harboring a
high level of private alleles, see above). We hypothesize that the observed stability probably
results from other eco-evolutionary processes and discuss this possibility hereafter.

4.2. Eco-Evolutionary Perspectives: Controlled Ecological Fluctuations Lead to Long-Term
Equilibrium at the Metapopulation Scale

The focal metapopulation has been surveyed for decades, and we accumulated knowl-
edge about various eco-evolutionary processes that might further explain its stability.
Population parameters are often subject to oscillations as a result of the confrontation of in-
trinsic (phenotypes) to extrinsic (environments) factors (see review in [75]), and B. eunomia
is no exception. For instance, its larvae are attacked by a tiny hymenopteran parasitoid,
which abundance regulates the butterfly local population size [45,76,77]. Besides, local
population sizes are correlated with climatic factors (temperature and humidity) acting
differently over the year according to the life history stages of the butterfly [46]. Together
with the host- and food-plant abundance and other factors (see [40,78] for detailed reviews),
the habitat quality varies over time on a yearly basis and across space on a few hundred me-
ters [46]. The habitat of the butterfly may thus be seen as a moving mosaic of patches of low
and high quality that support different adult densities [48]. Adult males and females move
differently between high and low quality patches. Due to male harassment, females of B.
eunomia emigrate seeking for patches with low male density, while males emigrate seeking
for patches with high female density [41]. Besides, male harassment in combination with
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life-history characteristics (differential reproductive success, detectability by predators)
probably explains the long-term maintenance of female color polymorphism, i.e., existence
of an andromorph wing coloration in some females [79]. Such selective patterns may con-
trol local demographic fluctuations and trait variability and suggest a long-adaptive history
of B. eunomia to its local environment, including its predictable oscillations. Habitat quality
and butterfly density within local populations are fine-grained at the scale of a few hundred
meters [46], which should favor local efficient response to microhabitat fluctuations as
experienced by the species in this area over thousands of generations. Adult movements
among patches of different quality prevent in turn strong spatial synchrony. Altogether
these two processes (fine grained adaptation and adult movements within and among
local populations) mitigate the risk of metapopulation collapse caused by synchronous
environmental variations. Thus, we argue that, in concert with the control of ecological
fluctuations at the local scale, the current rate of dispersal and gene flow (strongly de-
pendent upon geographic distance between populations) is a key mechanism conferring
stability to the system. Indeed, when dispersal is sufficiently high to prevent very high
consanguinity and local extinctions, and sufficiently low to avoid region-wide synchrony
and genetic pool homogenization, such equilibrium metapopulations should maintain on
the long-term [80]. However, the persistence of such metapopulations at equilibrium in
cases of catastrophic events is not guaranteed if the amplitude of the catastrophe exceeds
the regulatory eco-evolutionary feedbacks between local adaptation and dispersal. This
hypothesis could unfortunately be formally tested now in our studied metapopulation.
The large Prés de la Lienne local population has indeed recently gone extinct, very likely as
a direct consequence of poorly prepared reintroduction of beavers (Castor spp.) in Belgium.
The construction of beaver dams along the Lienne river created frequent and long-lasting
floods during the winter in the wet meadows inhabited by Boloria eunomia. Although this is
still an unproven but likely hypothesis, these floods should lead to very high mortality rates
of the diapausing caterpillars, susceptible to cause this large local population to vanish over
a couple of years: from over 1000 individuals in 2010 and 2011, only 6 males were captured
in 2016, and none in the next years. We hope to be able to estimate the impact of the Prés de
la Lienne extinction on the stability of the whole metapopulation in the forthcoming years.

4.3. Methodological Perspectives: Congruence between Demographic and Genetic Estimates
of Dispersal

The ability of demographic approaches such as CMR to estimate effective dispersal is
still a matter of debate. It supposedly suffers from several biases: difficulties in the acquisi-
tion of field data, adequation of demographic models to natural situations, definition of
dispersal movements, scale effects, etc. [12,32,33,81]. However, we here found a noticeable
congruence between demographic and genetic approaches (r = 0.5). We highlight below
a few critical points that could improve the match between demographic and genetic
approaches in B. eunomia (and beyond) in future works.

Despite intensive field work covering the whole flight period in a well-studied but-
terfly system, we were unable to capture the vast majority of long-distance dispersal
movements using CMR data. This recurrent difficulty in the monitoring of individual
movements has strong consequences on the ability to construct appropriate dispersal ker-
nels, where long-distance movements play a key role, but also to define the exact contours
of natural metapopulations. In B. eunomia, unsampled distant populations nonetheless
connected by rare dispersal movements to our metapopulation could serve as reservoirs
feeding the general stability of the whole-system, i.e., undetected source/sink dynamics.
The eco-evolutionary mechanisms we proposed above to explain equilibrium (fine-grained
local adaptation and dispersal) could in this case be less predominant. Underestimation of
long-distance dispersal and overestimation of short-distance movements with the demo-
graphic approach raise one important question about the origin of the uncommon variance
between the two approaches (~75% in our case). Can we attribute most of this unexplained
variance to this CMR campaign effect, or should we look for other explanations? A number
of other methodological biases can be mentioned. They include for instance the ability
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of genetic methods to effectively detect first-generation dispersers, incomplete genetic
sampling, or asymmetric reproductive success. It will be difficult to tackle these issues in
our current dataset. An easy improvement would nonetheless be the use of more numerous
molecular markers, such as SNPs, to get more accurate genetic estimates.

Finally, we observed a strong IBD pattern, which makes sense given that long-distance
dispersal movements are less numerous than short-distance movements in the studied
metapopulation. Nonetheless, ~75% of the genetic variance remains unexplained by the
Euclidian distance between populations. Boloria eunomia presents distinct behaviors when
encountering different matrix types [82]. Although beyond the scope of this study, we
will probably need to incorporate functional connectivity indices in a landscape genetic
approach to better explain our observed pattern of genetic differentiation.

5. Conclusions

There is no doubt that classical metapopulations do exist, but they might not be
as widespread as generally supposed, because extinction/recolonization cycles are not
necessary characteristics of metapopulation functioning [6,7]. This study on B. eunomia
provides an example of a metapopulation where destabilizing agents like inter-generational
fluctuations in population sizes seem to be controlled by a long adaptive history of the
species to its dynamic local environment, including the evolution of appropriate rates of
dispersal. In such a case, population extinction should be the result of rare catastrophic
events, whose consequences on short-term dynamics and long-term stability are of prime
interest to study in this butterfly of conservation concern. In our study system, genetic and
demographic approaches provided congruent estimates of dispersal rates. This comfortable
situation may not hide the necessity to integrate, e.g., functional connectivity to fully
capture the functioning of our metapopulation. Indeed, a non-negligible part of the variance
in genetic differentiation remained unexplained. We hope that other case studies of such
stable ‘unclassical natural metapopulations’ will be available to test for the generality of
the mechanisms we have proposed to explain metapopulation equilibrium in B. eunomia.
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microsatellite data are provided as a word file entitled ‘microsat_data_structure_format’.
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Abstract: Small populations establishing on colonization fronts have to adapt to novel environments
with limited genetic variation. The pace at which they can adapt, and the influence of genetic variation
on their success, are key questions for understanding intraspecific diversity. To investigate these
topics, we performed a reciprocal transplant experiment between two recently founded populations of
brown trout in the sub-Antarctic Kerguelen Islands. Using individual tagging and genetic assignment
methods, we tracked the fitness of local and foreign individuals, as well as the fitness of their
offspring over two generations. In both populations, although not to the same extent, gene flow
occurred between local and foreign gene pools. In both cases, however, we failed to detect obvious
footprints of local adaptation (which should limit gene flow) and only weak support for genetic rescue
(which should enhance gene flow). In the population where gene flow from foreign individuals
was low, no clear differences were observed between the fitness of local, foreign, and F1 hybrid
individuals. In the population where gene flow was high, foreign individuals were successful due
to high mating success rather than high survival, and F1 hybrids had the same fitness as pure local
offspring. These results suggest the importance of considering sexual selection, rather than just local
adaptation and genetic rescue, when evaluating the determinants of success in small and recently
founded populations.

Keywords: genetic rescue; local adaptation; mating success; gene flow; small population

1. Introduction

Local adaptation (LA) happens when individuals have higher fitness in their local
environment than do immigrant individuals [1]. LA is built via selective processes, wherein
some individuals achieve higher survival and reproductive success than others. The ge-
netic contribution of these individuals is therefore more likely to be passed on to the next
generation, further shaping the new identity of the local gene pool and their phenotypic
traits [2–4]. In some cases, however, LA can be compromised by limited genetic variation,
especially in small populations and/or on colonization fronts (i.e., the margins of a distri-
bution area where individuals are colonizing new habitats). In such cases, the effects of
genetic drift can counteract the efficacy of LA [5]. But moderate gene flow sometimes can
improve population fitness [6–8] and even rescue it from extinction (“genetic rescue” or GR,
ref. [9–12]), which then enhance subsequent LA. On the other hand, gene flow can intro-
duce non-adapted alleles into the population, increasing the risk of severe maladaptation
that can lead to extinction [13,14].

In the context of the sixth biodiversity crisis [15], documenting the interaction between
LA and GR is of major importance for understanding how organisms might cope with
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rapid environmental change in fluctuating demographic contexts [16]. That is, many
species and populations that exist in a tenuous demographic state, such as low population
size, must now also face a rapidly changing environment. Moreover, many species are
shifting their ranges and colonizing new environments, either naturally as a response to
changing environments or unnaturally through human-mediated introductions. In this
complicated intersection of colonization, demography, and environmental change, rapid
LA to new environmental conditions becomes critical [17]. It thus appears paramount
to understand the speed at which LA arises, and whether or not GR is important, when
organisms colonize (or experience) new environments.

The pace of LA can be investigated through the study of fitness across generations fol-
lowing the migration of a pool of individuals into a new environment. Provided founding
genetic variation is not limiting, efficient LA by selection should rapidly improve the fitness
of residents. After that period of rapid adaptation by residents, any new immigrants should
incur a fitness disadvantage in terms of survival, reducing their odds of transmitting their
alleles to the next generation, compared to locally adapted resident individuals. If the
immigrants and residents interbred, LA should then translate in a lower overall fitness for
hybrids compared to local individuals. By contrast, GR would be expected to be evident as
an increase in hybrid fitness, though the benefits of increased genetic variation. This latter
signature of GR is especially expected in the context of small populations on colonization
fronts, wherein standing genetic variation can be reduced through potent genetic drift and
where inbreeding can drastically impact the fitness of local individuals. Further, in each
generation, fitness differences can be decomposed into mating success (sexual selection)
and survival (natural selection), with the latter being more directly indicative of adaptive
effects. These components of fitness can be related to the degree of mixture between local
and foreign genes (Hybrid index, [12]).

Salmonid fishes have contributed actively to our understanding of LA [18–22], with
strong evidence of LA being found in many populations of various species [23,24]. The mech-
anisms underlying these adaptations have been investigated through correlational ap-
proaches [25–28], genomic analyses [29,30], common garden experiments [31], and some
reciprocal transplant experiments [32]. For most of these studies, however, the sampled
populations were already established, and at a (presumably) stable equilibrium. As a result,
we have very little understanding of the rate and determinants of LA in its earliest stage. One
exception to this research gap is the study of LA in invasive brown trout in Newfoundland,
wherein local—but recent—populations fared better in terms of survival compared to foreign
introduced populations [33]. However, LA is not just about survival differences—but also
about mating and reproductive success. Further, LA can also influence the success of hybrids
and backcrosses. Hence, we also need studies of LA in new populations conducted on a
multigenerational scale [22]. GR has been less well studied in salmonids, although some
studies suggest that small isolated populations have very low genetic variation, and might
therefore benefit from gene flow [34,35].

We studied how these processes played out following an introduction of brown trout
(Salmo trutta L.) to the remote sub-Antarctic islands of Kerguelen [36]. Of particular interest
were populations on the western side the colonization front [37], because these populations
face increasingly challenging environmental conditions due to their close proximity to the
melting ice cap [38,39]. Rapid LA might be especially important in such cases [40]. In an
earlier study of this system, we investigated the fate of two populations introduced in
1993 from just a few founders, finding very high inbreeding levels and selection against
homozygosity up to 2010 [41]. Here, then, we have an interesting intersection of LA
(potentially favored in the novel environments) and GR (potentially favored owing to
low genetic variation and inbreeding). Thus, in 2010, approximately 3 to 4 generations
after their initial introduction, we conducted a reciprocal transplant between the two
populations [42,43]. If important LA occurred on such a short time scale, introduced
foreign individuals should show low survival and reproductive success—resulting in low
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gene flow (sensu [44]). If GR is important, however, hybrid offspring should be more
successful than pure resident offspring, thus enhancing gene flow.

We monitored the fate of this experiment by sampling the two populations again
in 2011, 2012, and 2018 to assesses the level and structure of gene flow, and to estimate
the fitness of local, foreign, and potential F1, F2 and backcrosses hybrid individuals.
In addition, we investigated whether the degree of hybridization (hybrid index) was
related to possible components of selection, such as recapture proportions between local
and foreign individuals following the transplantation protocol (indicative of adult survival),
sired family size (indicative of offspring survival), or homozygosity level (as indicative of
inbreeding load).

2. Materials and Methods
2.1. Sites and Populations Description

Two populations inhabiting different environments (henceforth “systems”) were
selected based on our knowledge of their recent past and introduction conditions [36,41].
The Val Travers system, located in the northern area of the main island of Kerguelen sub-
Antartic archipelago (491,832′′ S, 692,579′′ E) is 9 km long, with a gradient of habitats and
slopes from mountain to lowland landscapes. It empties into Lake Bontemps (700 ha),
which is connected to the sea by a steep outlet. The Clarée system is 3 km long, and is
located to the south of the main island (492,935′′ S, 693,744′′ E) on a plain featuring several
interconnected arms originating from Lake Hermance (350 ha) and also from a tributary
flowing from a nearby glacier (River Galets). The Clarée empties directly into a shallow
marine bay.

The trout populations in both systems were artificially introduced in 1993 from two
other Kerguelen systems [36]. The Val Travers population was founded with 2000 six
months old juveniles from a single cross between one male and one female from the River
Chateau, which was first colonized in 1962. The Clarée population was founded with 1700
six months old juveniles from a cross between one female and two males that were captured
while migrating upstream in the River Armor, which at that time was not yet colonized by
brown trout (no natural reproduction observed [36], see Figure 1). The genetics of these
populations have been investigated [41], revealing a high initial level of inbreeding in both
populations. However, subsequent selection against homozygotes was also detected in the
first generations, especially in Val Travers.
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2.2. Transplantation Experiment and Populations Sampling

In March 2010, in each system, we used electrofishing to sample 261 non-mature
individuals aged from 1 two 3 years old (mean body size 13.55 cm for Val Travers, 11.46 cm
for Clarée). Each fish was anaesthetized using phenoxy-ethanol, measured for body size,
weighed, and individually tagged with PIT-tags. For each fish, we clipped a piece of
caudal fin, and placed the clip in 96% ethanol for further genetic analysis. Fish were then
placed in submerged cages for 14 days (3 cages per population) to ensure recovery from
handling: one fish died in Val Travers, and three died in Clarée over this period. In each
population, the surviving individuals were separated in two lots. The first lots (107 fish for
Clarée, 109 fish for Val Travers) were released on site, so to have a proxy of resident (or
local) fish survival through recapture in each population for the next years (2011 and 2012).
The second lots (151 fish for both populations) were immediately transported by helicopter
(15 min travelling time) to the other system (Val Travers origin to Clarée, and vice versa),
where they were released as foreign individuals. We will refer to all these fish as cohort
0 (C0) hereafter, encompassing resident fish (“local”) and transplanted fish (“foreign”).

In three designated areas for each system, a sampling protocol using electrofishing
(2-pass depletion method on a fixed area) was applied to estimate local densities (in 2010,
2011, and 2012, see Appendix A), and to potentially recapture C0 tagged fish (in 2011 and
2012). In 2012 and in 2018, we also sampled both systems specifically for young-of-the-year
offspring (approximately 6 months old fish) at the same sites that were previously used for
density estimation. We also extended these latter samplings to stretches of river between
these sites, to minimize the risk of over-representing foreign or local parental contribution.
These offspring were anaesthetized, then killed with an overdose of anesthetic, and kept
in 96% ethanol for further genotyping. The 2012 sampling was conducted to detect the
first potential F1 hybrid offspring between local and foreign parents from C0 (since trans-
planted individual ages ranged from 1+ to 3+ two years before, and most individual start
reproducing at 5 years old in Kerguelen Is., [45]). These offspring will be referred as to C1
hereafter. The 2018 sampling was conducted to potentially detect not only F1 individuals,
but also F2 of either local or foreign origin, and backcrosses with either local or foreign
individuals. These offspring will be referred as to C2 hereafter.

2.3. Ethical Statement

At the time of the transplantation experiment (2010), no ethical committee was con-
stituted and recognized in France. All procedures however were previously submitted to
the scrutiny of the French Polar Institute as well as the Natural Reserve of the French sub
Antarctic islands for evaluation, and were approved. For the 2018 sampling, authoriza-
tion APAFIS#16249-201807241223324 was delivered by the French committee for ethics in
animal experimentation n◦073.

2.4. Genetic Analyses

To estimate the potential gene flow in each population after transplantation, we geno-
typed C0, C1, and C2 individuals using 15 microsatellite markers (see Appendix B for
details regarding DNA extraction, markers amplification and genotyping methods, Ap-
pendix B Table A1 for markers error rates). These markers are located on different linkage
groups [46], and provide satisfactory discriminant power to contrast the two populations
(FST = 0.1426). The number of fish genotyped per population and per year is shown in
Appendix B.

2.5. Genotypic Categories Assignation and Reconstruction of Families

We used the NewHybrids 1.1 software [47] to reconstruct the structure of gene flow in
our transplantation experiment for each population. In essence, NewHybrids attempts to
assign individuals to a mixture of genotypic categories representing the possible structure
of the gene flow. Because the C1 samples could be only either from pure origin (local or
foreign) or F1 hybrids, we ran a first analysis using only C0 genotypes and C1 genotypes.
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C0 genotypes contributed to improve allelic frequencies estimation but were not used to
estimate the π mixture, which was only assessed using C1 offspring genotypes (see [47]).
Using these first assignments for the C1 offspring, we then ran a second analysis, integrating
this time the C2 offspring samples, so as to determine their own specific π mixture, and to
assign them to all possible genetic classes (pure local, pure foreign, F1, F2, backcross with
local, backcross with foreign). This two-step analysis approach allowed us to better reflect
the transplantation protocol and to benefit from our precise knowledge of the possible
genetic categories that could potentially be found in 2012 and 2018, respectively. For
each population, the analysis was realized using all samples genotyped on a minimum of
10 microsatellites. After 10,000 iterations for burning, 100,000 iterations were run to estimate
the model’s parameters on three different MCMC chains. We checked the stability of the
estimates by running 3 different chains: the average difference in individual assignation
probabilities to the various genotypic categories was 0.0003189 and 0.0001413 for Val
Travers and Clarée, respectively.

To delineate families among C1 and C2 gene pools, an analysis was run separately in
each river using COLONY 2.0.6.5 software [48]. In particular, COLONY uses multi-locus
genotypes to infer sibship among samples. Potential parental genotypes were included
in the analyses (84 females and 116 males for Val Travers, 51 males and 67 females for
Clarée). We performed long runs, using weak priors and full likelihood method, assuming
polygamy for males and females, with inbreeding, for diploid dioecious species. These
tests were repeated three times to validate results manually. We then tagged families as
either local, foreign, F1, F2 or backcrosses by simply matching the individual assignations
obtained from NewHybrids with the family structure obtained from COLONY. In some
cases, some families could not safely be assigned because they were composed of more
than one type of offspring (for instance, both local individual and hybrid individual were
found in the same family, for a same run of the analysis, or between runs). These families
were not used in the following analyses (they represented 5.4% of families for Val Travers
and 5.65% for Clarée).

All data files and additional settings for NewHybrids and Colony softwares are
accessible online (https://doi.org/10.15454/NDFQJD).

2.6. Estimating Fitness

Our general approach to estimate relative fitness was to calculate the genetic contribu-
tion of the different genotypic categories of C0 individuals (local, foreign) to the C1 gene
pool, and then the contribution the different genotypic categories of C1 individuals (local,
F1, foreign) to the C2 gene pool. The approach is straightforward for C1 individuals: the
data describing genotyping categories contain both C1 and C2 genotypic frequencies.

For C0 individuals, however, the initial proportions of transplanted (foreign) and
resident (local) C0 individuals, in relationship with our field sampling protocol of C1
individuals, are not perfectly known. For instance, if foreign individuals move far from
their release site and reproduce out of our sampling area, we might underestimate their
total contribution to the next generation. To account for this, we here envisioned two
different scenarios. In a first scenario, we assumed restricted dispersal, wherein foreign
individuals would not move too far from their release site (and therefore from our sampling
sites). To do so, we accounted for the usual home range known for brown trout, wherein
most individuals remain within a 300 to 500 m linear of the river [49,50]. We multiplied this
length by the average width of each river to obtain the surface area (which yielded about
one hectare in both systems). We then calculated the likely proportion of foreign individuals
by dividing the number of transplanted individuals by the total number of individuals
expected on the surface area. The second scenario, however, assumed that individuals
could move in the whole system, making the likelihood for them to sire offspring in our
sampling area much smaller. The surface area in this scenario was therefore much bigger,
and accounted for all habitable area for each population. Using these two scenarios enabled
us to account for uncertainty in the proportion of transplanted individuals among potential
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parents in our sample, each scenario representing an extreme situation for dispersal or
sampling bias regarding transplanted individuals. This uncertainty is thus accounted for
in the calculation of C0 individuals’ fitness.

To test whether fitness was different between the genotypic categories (for C0 and
C1 individuals), we compared the observed genetic contribution to the expected genetic
contribution assuming full random association between gametes, and equal survival and
capture probabilities among offspring up to sampling date. We used Goodness-of-Fit X2

tests to assess the statistical significance of differences between observed and expected
genetic contributions.

2.7. Components of Selection

We looked at different components of selection during the transplantation experiments.
First, we compared recaptured proportions between local and foreign C0 individuals,
between 2010 and 2012, using the Fisher exact-test, as a proxy of their respective survival
until the first potential reproduction.

We then ranked all individuals and families according to their hybrid index ([12]: 0 for
local, 0.25 for F1xlocal, 0.5 for F1 and F2, 0.75 for F1xforeign, and 1 for foreign). For C1
and C2 gene pools, we tested whether family size (a proxy of survival between birth and
sampling date, at 6 months old) was related to the hybrid index, using a polynomial model
with Gaussian distributed error. The polynomial approach allows to detect linear and non-
linear relationships between the hybrid index and the variable of interest. The statistical
significance of linear and non-linear components of the model was assessed using F-tests
on variance ratios.

Finally, because the two studied populations have been founded by very small num-
bers of parents and because selection against homozygotes was shown to be active [41],
we assessed the Homozygosity Level of each individual (HL, [51]) using the Rhh package
in R [52]. For all individuals (C0, C1 and C gene pools), we tested whether HL was related
to the hybrid index, using again a polynomial model with Gaussian distributed error,
and F-tests on variance ratios.

3. Results
3.1. Gene Flow

Through NewHybrids assignment, we determined the most probable genotypic cate-
gories in both populations for C1 individuals and then C2 individuals (Figure 2). In Val
Travers, among the 432 C1 individuals sampled, 72.6% were pure local, 2.3% were pure
foreign, and 25% were F1 hybrids. In Clarée, among 528 C1 individuals, 99.6% were
pure local, none were foreign, and only 0.4% individuals were assigned as F1 hybrids.
These results indicate that, in both populations, foreign transplanted individuals achieved
some mating success, although with contrasting efficiencies. For the C2 individuals in Val
Travers (N = 236), 42.8% were assigned as pure locals, 15.7% as F1 Hybrids, 5.5% as F2
Hybrids, and 33.5% and 2.5% as backcrosses with local and foreign categories, respectively.
In Clarée, among 183 individuals sampled, 92.3% were pure local, and 7.7% were assigned
as backcrosses with the local category. No pure foreign individuals were detected in Clarée
nor Val Travers in the C2 gene pool. To sum up, gene flow occurred in both populations,
although not to the same extent: whereas non pure local individuals represented 2.64% of
the population in Clarée overall, they amounted to 37.87% in Val Travers.
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3.2. Fitness of the Different Genotypic Categories

To calculate the fitness of the C0 individuals from the different genetic groups, we
first estimated the proportion of the foreign (transplanted) individuals in the populations
relative to local individuals. To do so, we first estimated local densities to 2161 and 1475
individuals per hectare in Val Travers and Clarée, respectively (Appendices A and C).
Under a restricted dispersal scenario, wherein the 151 foreign transplanted individuals
would remain close from their release location, we estimated that they represented 6.98%
and 10.24% of the sampled populations for Val Travers and Clarée, respectively (Appendix
C, Tables A2–A5). Under this scenario, the genetic contribution of foreign C0 individuals
was two-fold higher than expected in Val Travers (X2

1 df, p < 0.0001, Table 1). On the
contrary, the genetic contribution of foreign C0 individuals in Clarée was 36 times less than
expected under random association of gametes (p < 0.00001).

When we relaxed the restricted dispersal assumption, assuming the foreign trans-
planted individuals could disperse in the whole system, the proportions of the foreign
transplanted individuals were, respectively, 0.77% and 0.57% for Val Travers and Clarée
(Appendix C, Tables A2–A5). Under this scenario, the genetic contribution of foreign C0
individuals was 20 times higher than expected in Val Travers (X2

1 df, p < 0.0001, Table 1),
whereas it was 2 times lower than expected in Clarée, although this latter difference was
not statistically significant (p = 0.08).
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Table 1. Goodness-of-fit Tests on the observed fitness (estimate of the number of offspring sired) for the C0 genotypic
categories (local, foreign) in Val Travers and Clarée populations, assuming two contrasted dispersal scenarios (unrestricted
and restricted) conditioning the initial percentage of transplanted individuals in each population.

Dispersal Scenario.(and Initial
Percentage of Transplanted

Individuals)
Population Variables Genotypic Category Statistics

Local Foreign Sum p-Value

Expected
fitness 428.6461 3.3539 432

(0.77%) Val Travers Observed
fitness 368 64 432

X2 value 8.580 1096.612 1105.192 p < 0.0001
Unrestricted

Expected
fitness 524.9973 3.0027 528

(0.57%) Clarée Observed
fitness 526.5 1.5 528

X2 value 0.0043 0.7520 0.7563 p = 0.08
Expected

fitness 410.8147 30.1853 432

(6.98%) Val Travers Observed
fitness 368 64 432

X2 value 2.8456 37.8806 40.7262 p < 0.0001
Restricted

Expected
fitness 473.9511 54.0489 528

(10.24%) Clarée Observed
fitness 526.5 1.5 528

X2 value 5.826 51.09 56.916 p < 0.0001

Therefore, foreign individuals clearly had a better fitness than local ones in Val Travers
whatever the dispersal scenario considered. In Clarée, foreign individuals had a lower
fitness under a restricted movement scenario, or were on par with local individuals under
an unrestricted dispersal scenario.

C1 individuals, the observed genetic contribution of the two origins (foreign and
local), differed from random expectation in Val Travers, with most of the deviation due
to a greater contribution of foreign individuals, who produced 4 times more offspring
than expected, whereas F1 individuals appeared to perform similarly to local individuals
(X2

2 df, p < 0.0001, Table 2). In Clarée, F1 hybrids appeared to outperform local individuals,
producing 7 times more offspring than expected (X2

1 df, p < 0.0001, Table 2).

Table 2. Goodness-of-fit Tests on the observed fitness (estimate of the number of offspring sired) for
the C1 genotypic categories (local, F1, foreign) in Val Travers and Clarée populations.

Population Variables Genotypic Category Statistics
Local F1 Foreign Sum p-Value

Expected fitness 171.54 59 5.46 236
Val

Travers Observed fitness 159 55.5 21.5 236

Chi square value 0.916 0.207 47.078 48.202 p < 0.0001

Expected fitness 181.96 1.04 0 183
Clarée Observed fitness 176 7 0 183

Chi square value 0.195 34.165 0 34.360 p < 0.0001
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3.3. Components of Selection

We first considered potential difference in survival among C0 individuals after release.
In Val Travers, 32 out of 109 local fish (29.36%) were recaptured, whereas only 1 out of 151
foreign fish (0.66%) was recaptured, suggesting a considerable apparent disadvantage for
foreign individuals (Fisher’s exact test, p < 0.00001). In Clarée, 5 out of 107 local fish (4.67%)
were recaptured, and 7 out of 151 foreign fish (4.63%) were recaptured (Fisher’s exact test,
p = 1), indicating no apparent disadvantage for foreign individuals.

Investigating whether early family size (a proxy for offspring survival) could be
related to Hybrid Index, we found no significant relationship between both variables in
Val Travers (p = 0.5424 for the linear term, p = 0.2898 for the non-linear term) nor in Clarée
(p = 0.7906 for the linear term, p = 0.3385 for the non-linear term, Table 3). We found a
significant relationship between Homozygosity Level (HL) and Hybrid Index (Figure 3,
Table 4) in Val Travers (p < 0.0001 for the linear term, p < 0.0001 for the non-linear term) and
in Clarée (p = 0.0231 for the linear term, p = 0.0337 for the non-linear term): intermediate
Hybrid Index individuals appeared to have lower HL values than extreme Hybrid Index
individuals.
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Table 3. ANOVA analysis of the linear models testing for the linear and non-linear effects of Hybrid
Index on family sizes in Val Travers and Clarée populations.

Population Hybrid Index
Effect

Degrees of
Freedom

Mean
Square F Value p Value

Linear term 1 0.064184 0.3717 0.5424
Val Travers Non-Linear term 1 0.194016 0.2898 0.2898

Residuals 382 0.1726664

Linear term 1 0.004937 0.0706 0.7906
Clarée Non-Linear term 1 0.064213 0.9179 0.3385

Residuals 835 0.069953 1.2004

Table 4. ANOVA analysis of the linear models testing for the linear and non-linear effects of Hybrid
Index on individual Homozygosity Level in Val Travers and Clarée populations.

Population Hybrid Index
Effect

Degrees of
Freedom

Mean
Square F Value p Value

Linear term 1 1.19384 70.456 <0.0001
Val Travers Non-Linear term 1 0.45615 26.921 <0.0001

Residuals 859 0.01694

Linear term 1 0.098087 5.1809 0.02309
Clarée Non-Linear term 1 0.085691 4.5261 0.03367

Residuals 835 0.018933 1.2004

Additionally, when investigating the relationship between individual homozygosity
HL and family size, we found that individuals originating from larger families had lower
values of HL in Val Travers (p < 0.0001) and in Clarée, (p < 0.0001).

4. Discussion

Our study incorporated several key aspects that are usually hard to assemble in a
single experiment: (1) both populations were founded at known dates by known numbers
of individuals of known ages, (2) the transplantation experiment and our marker set were
designed to efficiently distinguish the various genotypic categories over two generations,
and, to some extent, (3) we could verify whether differences in fitness were related to
particular life cycle stages or to genetic variation (heterozygosity). Of particular interest
was the context of the recent foundations of our populations, which allowed us to simul-
taneously assess the speed at which LA arose and the potential role of GR. Beyond the
usual complexities of reciprocal transplantation experiments [53], we also had to account
for uncertainty in proportion of transplanted individuals relative to resident individuals.
By envisioning two contrasting extreme scenarios for these proportions, we were able
to explore the probable range of fitness differences for first generation foreign and local
individuals. We also assessed the fitness of the second generation foreign, hybrid and
local individuals. Our results are generally nuanced, with little support for LA, some
hints that GR might be operating, and intriguing evidence that variation in mating success
(i.e., sexual selection) was a key factor moderating gene flow.

4.1. Local Adaptation

LA is a widespread phenomenon in wild populations [44] although it is not always
evident [54]. The speed at which such LA evolves is an active research topic, with some
examples of substantial LA evolving in fewer than 10 generations [3,18,22]. In our study
system, up to 4 generations had passed since the foundation of both populations, a length
of time during which at least some selection has been at work. For instance, our previous
work showed that selection against homozygosity was clearly active, especially in Val
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Travers—which had been founded by the progeny of only two individuals. This form of
selection was further confirmed in the present study, wherein we detected selection against
homozygotes during early life, in both populations. Given ecological differences between
their habitats and phenotypic divergence between the populations [55], LA was a logical
candidate contributing to such selection. Indeed, evidence for LA evolving on such time
scales has been reported for other salmonid systems [56–58].

Surprisingly, then, our experiment failed to observe clear footprints of LA that would
have reduced gene flow after the transplantation. In the Clarée population, despite observ-
ing the same recapture rates between local and introduced foreign individuals, the genetic
contribution of foreign individuals was potentially lower than that of local individuals.
However, that result hinged on assumptions regarding dispersal of individuals in the
system relative to our sampling efficiency. Additionally, although F1 hybrids were few in
Claree, they had higher than expected fitness, indicating—at the least—they suffered no se-
lective disadvantage overall. In Val Travers, we recaptured significantly fewer transplanted
foreign individuals that expected. This difference could reflect LA, adaptive plasticity
in the early stages of life (before the transplant took place), or a lack of local experience.
The low recaptures rate of these individuals also could be related to behavioral response to
transplantation, if transplanted individuals were more likely to disperse [35,59]. However,
beyond recaptures of the transplanted individuals, most of our data suggested a lack of LA.
In particular, transplanted foreign individuals seemingly had very high mating success,
and the fitness of F1 hybrids was similar to that of local individuals. For instance, we did
not find footprints of differential survival between local or hybrid individuals (a finding
also present in [32]).

How can we explain this weak (if any) LA between our study populations? One pos-
sible explanation is that the spatial and temporal scale of LA is larger than the contrast
examined in our experiment [22]. Indeed, the founding individuals all originated from
the Kerguelen islands where the species was introduced and first reproduced naturally
in 1962 (although they probably do not stem from the main strain in Europa though,
possibly boosting available genetic variation through admixture, see [36]). Thus, prior to
colonizing Val Travers and Claree, brown trout had been subject to about 10 generations of
selection in these sub-Antarctic environments. This strong selection for adaptation to the
overall Kerguelen conditions might have been the over-riding determinant of selection—as
opposed to the finer-scale adaptation to local (stream-specific) conditions [60]. Another
possible explanation is that the very low number of founders of the two study populations
did not contain sufficient genetic variation to enable rapid LA—at least not within the 4
generations that we studied following establishment. Indeed, the general literature often
points at reduced genetic variation as an obstacle for LA in small populations [10,61], which
naturally leads us now to the “genetic rescue” hypothesis.

4.2. Genetic Rescue

GR had the potential to contribute substantially to the results of our experiment be-
cause both populations were strongly inbred, a situation where outbred hybrid offspring
could be expected to have higher fitness than inbred resident offspring [10,61–64]. Al-
though both populations provided tests of GR, the Val Travers population was especially
informative due to substantial interbreeding that occurred between local and foreign in-
dividuals following the transplantation. Our assessment of GR combined three levels of
insight: fitness of hybrids, footprints of selection favoring hybrids, and increased genetic
variation in hybrids. Most importantly, the fitness of F1 hybrids was equal to the fitness of
pure residents in Val Travers, and only slightly higher than the fitness of pure residents
in Clarée, thus indicating weak (if any) footprints of GR. Additionally, we did not find
any evidence of increased offspring survival (as assessed via the size of hybrid families
relative to that of pure families). This absence of GR is not unprecedented in the literature
on salmonids. For instance, Robinson et al. [35] also failed to find significant benefits of
outbreeding for family size in brook trout (Salvelinus fontinalis). Interestingly, and like
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Robinson et al. [35], we found some evidence of increased genetic variation as would
be expected under GR, wherein individuals with intermediate hybrid index had lower
homozygosities. This pattern was especially obvious in Val Travers, possible due to the
higher sample size or perhaps because this population had initially very low effective size
(Ne = 12, [41]). These patterns of selection could signal ongoing purging of inbreeding load
in the population.

We emphasize that our study does not provide unequivocal evidence against the
action of GR. First, although we do have demographic data on these two populations,
they remain imprecise and it is too early to correctly assess a demographic change at the
population scale related to the transplantation. Second, it is also too early to fully assess
the fitness of the second generation of hybrid individuals (F2 and backcrosses) beyond
finding similar family sizes compared to other genotypic categories. Instead, the benefits of
increased genetic variation might become apparent later in the life cycle and might set the
stage for further selection and adaptation processes that will perhaps be visible in future
generations [10].

4.3. Other Drivers of Gene Flow

Having found only weak—if any—support for LA and GR as important drivers
shaping patterns of fitness variation in our populations, we are left to suggest additional
forces. We first note the different results obtained in the two populations. Clarée seems to
conform adequately to a neutral scenario with no evident LA and only weak GR. In Val
Travers, however, the fitness of foreign transplanted individuals was 2 to 20 times greater
than expected, with the magnitude of the effect depending on the dispersal scenario. This
pattern remained in the next generation where foreign individuals showed fitness five times
greater than expected. This fitness is the product of two components in our experimental
design: the mating success of a genotypic category, multiplied by the survival of the
progeny until sampling (6 months-old here). But we demonstrated that family sizes were
not different between the different genotypic categories, which implies equal offspring
survival between these categories. Variation in fitness can thus be largely attributed to
variation in mating success—that is, sexual selection.

These facts indicate that Clarée individuals introduced into the Val Travers may have
either superior competitive ability to access potential sexual partners, and/or may be more
attractive to local individuals. In general, it is often expected that mating preferences are
related to LA, with a preference for locally adapted phenotypes thereby reinforcing the
effect of LA on reproductive isolation [65–67]. However, this implies that local preference
evolved quickly when dealing with newly founded populations on colonization front,
a process possibly achieved by runaway selection, but often difficult to observe at the
micro-evolutionary scale [68–71]. Alternatively, and more often, preference for dissimilar
phenotype (i.e., inbreeding avoidance, MHC diversity, [72]) may offer a mating advantage
to migrants [73] and potentially counterbalance the expected effect of LA. The average body
size of introduced Claree individuals was also higher than the body size of Val Travers local
individuals among C0 individuals, which could confer a competitive advantage to access
sexual partners. However, such advantage should be limited, since they were introduced
in an already established population, facing local competitors of higher body size and older
ages that were not part of our C0 sampling.

Heterogamous sexual preference is certainly known in salmonids either related to
phenotype and origin [74] or to difference in MHC genotypic variation [75,76], but see [77]
for negative results in small Atlantic salmon populations. Paralleling that possibility,
the effective number of breeders prior to transplantation in Val Travers (Ne = 12) was
much lower than that in Clarée (Ne= 46, [41]). Although that difference might partly
originate from the founding conditions, the former value is closer to monogamous mating
systems expectation than the latter. Such potential difference in mating habits may possibly
result in a higher mating success for introduced individuals originating from Clarée.
Rare phenotypes can also be sexually favored over more common phenotypes (negative
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frequency dependent selection, [78,79]). The present nuance here is that it was observed
only in one population. Alternatively, the Clarée individuals may bear a trait that would be
attractive, notably for Val Travers individuals, but such a trait has to be non-plastic—since
the transplanted individuals spent two years in the Val Travers environment before their
first possible reproduction.

Finally, assortative mating is known to be context dependent in brown trout: Gauthey
et al. [80] have shown that assortative mating was strong when river discharge was not
predictable, whereas it could disappear (random mating) when river discharge became
very predictable. Whereas the Val Travers watershed features a classic landscape from
mountains brooks to a lowland plain, the Clarée system is under the strong influence of the
upstream Hermance lake: wind variation on the lake can change the discharge in the river
by a factor two or three in a matter of minutes. We correlatively observed that assortative
mating with respect to genetic origins was strong in Clarée, a possibly very unpredictable
system, whereas it did not occur in Val Travers, the most stable system.

In any case, mating success was probably the key component balancing the gene
flow in this experiment: such gene flow could potentially erase any—undetected here—
adaptation or founder effects in the next generations. Our finding adds to the growing
evidence that sexual selection may have a tremendous effect on evolution [66,81–83]. It can
possibly promote gene flow towards non-adaptive pathways [84–87], an outcome that we
will endeavor to monitor in the next generations. In particular, changes in conditions could
change the relative intensity of the two selection pressures, and upset the equilibrium
between the strength of sexual and viability selection [86], shaping patterns of diversity
along the colonization range.
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Appendix A. Model Code and Data for Density Estimation

(A) Model code

The present code describes a 2-pass depletion sampling method with constant sam-
pling effort to estimate local density, under OPENBUGS 3.X software. The model repro-
duces Carle and Strub’s approach [88]. # j: removals

# k: number of removals
# m: number of sites sampled
# C0/C1: number of caught fish
# mu: catchability
# n: population size
# area: area in square meters.
# lambda: abundance/area
# density: expressed in individuals per square meters
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model {
for(i in 1:m){

logit(mui[i])<-alpha[i]
density[i]<-N[i]/area[i]
N[i] ~ dpois( lambda[i])
log(lambda[i])<- beta[i] *log(area[i]/1000+1)
t[i,1] <- N[i]
for ( j in 1:k ) {

C1[i,j] ~ dbin(mui[i],t[i,j]) ## replace C1 by C2 to obtain estimates for fish > 2years
t[i,j + 1] <- N[i]—sum(C1[i,1:j]) ## same here

}
alpha[i] ~dnorm(a,b)
beta[i] ~dnorm(c,d)
}
a~dunif(–10,10)
b~dgamma(0.01,0.01)
c~dunif(0.1,100)
d~dgamma(0.01,0.01)

}

(A) Data for Clarée

#example of inits
list(N = c(24,13,19,41,22),a = 1.366,alpha = c(0.5,1.152,0.676,1.008,1.178),b = 0.137,c = 8,d =
1,beta =c( 6,8,9,10,11),meanN = 35.0)
#data
# sampled areas for each site/date
list(area = c(975.645,213.885,173.2,400.325,219.2),
## captures of fish between 1 and 2 years old
C1 = structure(.Data = c(16,7,9,0,14,2,30,4,15,3),.Dim = c(5,2)),
## captures of fish above 2 years old
C2 = structure(.Data = c(0,2,11,4,8,0,0,0,1,0),.Dim = c(5,2)),
m = 5,
k = 2)

(A) Data for Val Travers

#example of inits
list(N = c(24,13,49,71,22,39),a = 1.366,alpha = c(0.5,1.152,0.676,1.008,1.178,1),b = 0.137,c =
8,d = 1,beta =c( 6,8,9,10,11,10),meanN = 35.0)
#data
# sampled areas for each site/date
list(area = c(44.1,85.89,340.88,838.125,298.8,360.85),
## captures of fish between 1 and 2 years old
C1 = structure(.Data = c(10,0,5,1,30,8,47,14,11,2,27,9),.Dim = c(6,2)),
## captures of fish above 2 years old
C2 = structure(.Data = c(2,2,5,2,18,4,17,2,13,3,5,1),.Dim = c(6,2)),
m = 6,
k = 2)

Appendix B. Genotyping Protocols, Genotyping Errors Detection, and Sample Sizes

(A) Genotyping

Multiplexes A and B amplifications were prepared as follows:4 µL of PCR diluted at
1/50 were added to a mix of 4.8 µL formamide and 0.2 µL genescan 500 LIZ size standard.
C1 and C2 amplification were pool-plexed: 2 µL of each amplification diluted at 1/50
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were added to the mix formamide-genescan 500 LIZ size standard. Preparations were then
denatured at 95 ◦C during 5 min and put on ice during 5 min. Genotyping were realized
on a 3100-Avant capillary sequencor and on a 3730XL capillary sequencer (thermofisher)
respectively for 2003–2009 and 2012–2018 samples.

Alleles identification were realized with GENEMAPPER software for 2003 and 2009
samples and with STRAND 2.4.110 software for 2012 and 2018 samples. Binning was
carried out with GENEMAPPER for 2003–2009 samples and with MsatAllele package on R
3.5.3 for 2012–2018 samples. The data set was then harmonized on the excel file created by
R, throughout the time series, thanks to references samples which were analysed several
time on the two sequencers used.

A thousand and seven hundreds sventy-seven trout were genotyped. 77 individuals
were excluded of statistical analysis because they had more than 5 microsatellites not
genotyped: 9 in 2003, 3 in 2009, 51 in 2012 and 14 in 2018.

So 1700 trout were used to identify families and realize genetic assignation: 136 in
2003 (40 from the Clarée system and 96 for the Val Travers system), 185 in 2009 (94 in Clarée,
91 in Val Travers), 960 in 2012 (528 in Clarée, 432 in Val Travers), 419 in 2018 (183 in Clarée,
236 in Val Travers).

(A) Microsatellite Error Rates

Ninety-one samples were replicated to evaluate error rates due to laboratory and
genotyping errors.

Thirteen microsatellites had a low error rate between 0 and 2.78%. StrUBA and
Ssa121NVH had an error rate near 4% due to genotyping error (2nd allele undetected) or
to an unspecific amplification which blurs the real allele signal. SSOSL438 was excluded of
the analysis owing to a high error rate (7.83%). This marker had a high error rate due to an
offset caused by different amplification intensities. This caused difficulties in harmonizing
allele names during the time series of the data.

Table A1. Error rates for microsatellite markers arranged by multiplex (i.e., arrangement of markers in sets for simultaneous
PCR amplification).

multiplex A

microsatellite Ssa197 SsaD190 StrUBA T3-13 SSOSL438 Ssa179NVH
error rates (%) 0 1.26 4.04 2.78 7.83 2.27

multiplex B

microsatellite Str58 Ssa103NVH OmyRT5U Ss4
error rates (%) 0 0 0.76 0.51

multiplex C

microsatellite SSOSL85 SSOSL311 SsaT47Lee Ssa121NVH SSOSL417 Ssa159NVH
error rates (%) 0.51 0.51 1.01 4.29 1.26 0.51
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Appendix C. Density Estimates, and Estimates of the Proportion of Transplanted
Individuals

Table A2. Density Estimates for the Clarée population. The density estimates are provided as the
number of fish per hectare. Three different sites were selected and sampled in 2009, and two of them
were revisited for sampling in 2010. Fish older than 2 years old were too rare in 3 samplings to safely
estimate density, and were thus not accounted for.

Age Class Sampling Date 2.5%
Quantile

50%
Quantile

97.5%
Quantile

1< age < 2 years

27/12/2009 235.7 256.2 3659
27/12/2009 420.8 420.8 514.3
27/12/2009 923.8 923.8 1097
23/12/2010 849.3 874.3 974.2
23/12/2010 821.2 821.2 1049

Average 650.16

age > 2 years 27/12/2009 607.8 841.6 2010
27/12/2009 808.3 808.3 1212

Average 824.95
Total density per

hectare 1475.11

Table A3. Proportion of transplanted individuals in the Clarée population.

Dispersal Scenario Restricted Unrestricted

Area considered (in hectare) 1 18
Population size 1475.11 26551.98
Number of transplanted individuals 151 151
Proportion of transplanted individuals 0.10236525 0.00568696

Table A4. Density Estimates for the Val Travers population. The density estimates are provided as
the number of fish per hectare. Three different sites were selected and sampled in 2010, and were all
revisited for sampling in 2011 and 2012.

Age Class Sampling Date 2.5%
Quantile

50%
Quantile

97.5%
Quantile

1< age < 2 years

04/01/2010 2268 2268 2721
05/01/2010 698.6 698.6 1048
06/01/2010 1115 1203 1437
04/01/2011 727.8 787.5 918.7
16/01/2012 435.1 468.5 602.4
16/01/2012 997.6 1081 1358

Average 1084.43

age > 2 years

04/01/2010 2721 3628 10,430
05/01/2010 815 1514 7335
06/01/2010 1027 1349 3286
04/01/2011 584.6 680.1 1110
16/01/2012 468.5 870.1 3514
16/01/2012 775.9 969.9 8037

Average 1076.62
Total density per

hectare 2161.05
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Table A5. Proportion of transplanted individuals in the Val Travers population.

Dispersal Scenario Restricted Unrestricted

Area considered (in hectare) 1 9
Population size 2161.05 19,449.48

Number of transplanted individuals 151 151
Proportion of transplanted individuals 0.069873333 0.007763704
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Abstract: The interplay between recombination rate, genetic drift and selection modulates variation
in genome-wide ancestry. Understanding the selective processes at play is of prime importance
toward predicting potential beneficial or negative effects of supplementation with domestic strains
(i.e., human-introduced strains). In a system of lacustrine populations supplemented with a single
domestic strain, we documented how population genetic diversity and stocking intensity produced
lake-specific patterns of domestic ancestry by taking the species’ local recombination rate into
consideration. We used 552 Brook Charr (Salvelinus fontinalis) from 22 small lacustrine populations,
genotyped at ~32,400 mapped SNPs. We observed highly variable patterns of domestic ancestry
between each of the 22 populations without any consistency in introgression patterns of the domestic
ancestry. Our results suggest that such lake-specific ancestry patterns were mainly due to variable
associative overdominance (AOD) effects among populations (i.e., potential positive effects due to the
masking of possible deleterious alleles in low recombining regions). Signatures of AOD effects were
also emphasized by highly variable patterns of genetic diversity among and within lakes, potentially
driven by predominant genetic drift in those small isolated populations. Local negative effects such
as negative epistasis (i.e., potential genetic incompatibilities between the native and the introduced
population) potentially reflecting precursory signs of outbreeding depression were also observed at
a chromosomal scale. Consequently, in order to improve conservation practices and management
strategies, it became necessary to assess the consequences of supplementation at the population level
by taking into account both genetic diversity and stocking intensity when available.

Keywords: introgression; associative-overdominance (AOD); stocking; genomic landscape; evolu-
tionary mechanisms; salmonid

1. Introduction

Genetic admixture resulting from introgressive hybridization is a fundamental mecha-
nism influencing populations and species evolution [1–5]. This may result from natural
secondary contacts following an allopatric period of geographic isolation [3,6]. Genetic
admixture may also result from human activities, including biological invasions, human-
mediated translocation [7–10] or the supplementation of wild populations with non-local
sources [11–13]. Although most of the introgressed genetic variation is likely neutral,
admixture may introduce beneficial genetic variants improving the fitness of individuals in
the recipient population [5,14,15]. Conversely, introgressed alleles may be maladaptive and
have deleterious effects on fitness, for instance due to genomic incompatibilities [16–19].
Admixture from non-local populations may also have a dilution effect on locally adapted
populations [20]. Despite the plethora of studies addressing these issues, few have docu-
mented how the interplay between the introduction pressure of foreign alleles (e.g., supple-
mentation history), genetic drift and selection may produce complex admixture landscapes
along the genome [21,22].
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One important factor to consider for understanding the evolutionary outcomes of
admixture is the local variation in recombination rate [13]. In the first generations following
hybridization or in low recombining genomic regions, genetic drift and selection (either
positive or negative) will act on large genomic tracts [13,22,23]. Hence, two main outcomes
are expected: first, if the foreign population has a lower effective size (Ne) and a stronger
genetic load (i.e., accumulation of recessive deleterious alleles) than the recipient popula-
tion, outbreeding depression may occur due to genetic incompatibilities. Consequently,
in the case of negative epistasis (i.e., genetic incompatibilities between the recipient and
the foreign population), blocks of introgressed foreign ancestry are expected to be purged
more quickly in low recombining regions of the genome [24]. Alternatively, if the genetic
diversity of the foreign population is higher than that of the recipient population [11],
positive effects may occur in first hybrids generation by masking the effect of link recessive
deleterious alleles present in the recipient population (i.e., associative overdominance
(AOD), [25,26]). Over time, introgressed tracts will shorten more quickly in highly recom-
bining genomic regions [27]. Therefore, both beneficial or negative selective outcomes are
expected to occur following genetic admixture [13,23]. The interplay between variation in
recombination rate (which modulates the size of the introgressed tracts) and local genetic
diversity is also expected to result in a complex genome wide admixture landscape.

To date, the understanding of such processes shaping genome-wide admixture land-
scapes remain obscure due to limited number of empirical studies that specifically ad-
dressed this issue [13,23]. Consequently, predicting the evolutionary outcomes of biological
invasions or the supplementation practices (e.g., genetic rescue, stocking practices) remains
challenging and important to develop viable conservation practices. In this study, we
empirically investigate the evolutionary mechanisms shaping the genome-wide admixture
landscape in fish populations supplemented with a foreign hatchery strain. The Brook
Charr (S. fontinalis) is a socio-economically important fish species supporting a major
recreational fishing industry in eastern North America. Consequently, the species has a
long history of intense supplementation (i.e., stocking to supply to angling demand). In
Eastern Canada, the domestication of local strains and the development of hatcheries has
increased to supplement rivers and lakes over the last century [28–30]. Here and further
on, we will used the term “domestic” to refer to the hatchery stock that has been used to
supplement the populations we studied. Thus, population supplementation performed
over the last 50 years in the Province of Québec has led to introgressive hybridization
between stocked domestic strains and wild populations resulting in a complex admixture
landscape along the genome [31] with an increase in domestic ancestry associated with
the increase in stocking intensity [28,32]. Our research group previously evaluated the
relationship between the domestic ancestry and the intensity of stocking practices [28],
and we subsequently investigated the role of the local recombination rate in shaping the
genome-wide ancestry landscape [31]. We observed that the main mechanism determining
the domestic ancestry rate was associative overdominance (AOD), indicating that domestic
ancestry was mainly favored by masking the effect of linked recessive deleterious alle-
les [13,31,33]. However, the influence of the genetic diversity and the intensity of stocking
effort on the genome-wide landscape of ancestry remained to be investigated. Additionally,
the relative contribution of AOD and negative epistasis on the ancestry landscape of the
22 studied populations still remained to be documented at both an intrapopulation level
(i.e., among genomes) and an interpopulation level (i.e., similarities between populations).
Using an integrative approach, we thus investigated how local population genetic diversity
along the genome and the introduction pressure of domestic alleles (i.e., lakes stocking in-
tensity) interplays with AOD and negative epistasis to produce lake-specific genome-wide
ancestry patterns.

We predicted three alternative evolutionary scenarios considering the relationships
between genome-wide domestic ancestry rate variation and (i) local recombination rate,
(ii) local genetic diversity and (iii) lake-specific stocking history (Figure 1A–C). Scenario A
corresponds to patterns of associative overdominance, with higher domestic ancestry in
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low recombining regions and in low-diversity genomic regions [13,31]. We also predicted
more domestic ancestry for populations that have experienced higher stocking intensity,
given that the probability for hybridization events is expected to increase with the number
of fish stocked. Scenarios B and C correspond to negative epistasis predictions, where
reduced domestic ancestry is expected in low recombining regions. Scenario B implies
the introgression of potential beneficial domestic alleles, whereby we predict locally a
lower genetic diversity due to the fixation of the beneficial alleles and a higher intro-
gression rate of domestic ancestry. In Scenario C we predicted lower domestic ancestry
in low recombining regions and in genomic regions of lower diversity due to genomic
incompatibility. [13,34–36]. By taking advantage of a large dataset of 22 supplemented
lacustrine populations of Brook Charr in Québec (previously genotyped using Genotype-
By-Sequencing (GBS); [28]), we examined which evolutionary scenarios most probably
explain the genome-wide domestic ancestry patterns in those populations. We searched
for similarities in patterns of ancestry between populations that may reflect adaptive or
maladaptive introgression from the domestic strain. Then, we determined which one of
the aforementioned alternative scenarios (i.e., AOD vs. negative epistasis) best explained
the observed patterns of domestic ancestry across linkage groups.

Figure 1. Predicted relationships between domestic ancestry rate, local recombination rate, local genetic diversity and stock-
ing intensity. (A) Predicted relationship expected with associative overdominance (AOD), where more domestic ancestry
are observed in low-diversity genomic region by masking the effects of potentially recessive deleterious mutation [13].
(B,C) Predicted relationship with negative epistasis where loci of incompatibility results in lower domestic ancestry in
low recombining genomic regions. (B) Predicted relationship in presence of potential local beneficial alleles where lower
diversity is expected due to the fixation of the beneficial alleles and higher introgression of domestic ancestry. (C) Predicted
higher domestic ancestry in low-diversity genomic regions, namely due to the purge of incompatibility alleles [13,34]. X-axis
illustrates the range of variation for each of the three variables (i.e., from lower to higher).

2. Materials and Methods
2.1. Study System and Sampling

The dataset used here and produced by Létourneau et al. (2018) comprises the
genotypes of 553 Brook Charr collected from 22 isolated lakes from two wildlife reserves
(Mastigouche and St-Maurice) in Québec, Canada as well as 37 individuals from the Truite
de la Mauricie aquaculture domestic brood stock (Table 1, Figure S1). These lakes have
been supplemented with this domestic Brook Charr strain which historically originated
from crosses between two populations (Nashua and Baldwin) (details on supplementation
history can be found in [3]). The domestic strain has been maintained for more than
100 years, and an average of 6–7 million domestic Brook Charr are released each year into
the wild [28,37]. The history of stocking and the domestic strain used for supplementation
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has been rigorously recorded over time [28,37], and the number of fish stocked per hectare
is reported in Table 1. Additional information on the domestic history can be found in
Table S1.

Table 1. Description of the 22 sampled Brook Charr lakes in Québec.

Reserve Lake Label N_samples_filters N_late_hybrids N_SNPs_mapped lakes_size total_ha
Mean

Ancestry
Rate

Mean
Genetic

Diversity

Mastigouche

Abénakis ABE 21 16 31529 5 1915 0.0253 0.259
Arbout ARB 28 24 31713 5 380 0.0261 0.259

Chamberlain CHA 20 19 33290 18 958 0.0324 0.261
Cougouar COU 29 28 33455 8 1669 0.0426 0.252

Deux-Etapes DET 28 22 33580 12.3 3647 0.0282 0.246
Gélinotte GEL 25 18 31377 5 1652 0.0209 0.271
Grignon GRI 23 17 33298 29.6 846 0.0186 0.26

Jones JON 26 17 30553 28 468 0.0062 0.25
Ledoux LED 26 12 30941 13.7 3956 0.0663 0.236
Lemay LEM 28 19 30253 19.1 914 0.0538 0.23

Saint-
Maurice

Brul“o t BRU 25 17 35463 8.1 247 0.0557 0.166
Corbeil COR 23 16 28071 9.5 526 0.0491 0.261

Gaspard GAS 28 14 34844 11.6 259 0.0766 0.168
Maringouins MAR 26 17 31102 6.2 1073 0.0734 0.23

Melchior MEL 26 20 30720 4.4 455 0.038 0.212
Milord MIL 25 16 41035 46.7 1175 0.0843 0.158
Perdu PER 24 17 32484 22.1 2293 0.075 0.247

Porc-Epic POE 26 17 32100 2.7 1648 0.0829 0.247
Portage POR 27 12 34415 46.9 1044 0.0615 0.157
Temp“ete TEM 17 11 32852 12.5 3784 0.046 0.286

À la truite TRU 26 21 31741 6.5 1814 0.0597 0.26
Vierge VIE 26 12 33747 5.7 208 0.0052 0.176

N_samples_filters: Number of individuals after filtering; N_late_hybrids: Number of individuals identified as late hybrids;
N_SNPs_mapped: Number of mapped SNPs; lakes_size: Laked size in ha; total_ha: The total number of fish stocked/ha; Mean ancestry
rate: Mean ancestry rate (estimated from ELAI) per lakes; Mean genetic diversity: Mean genetic diversity based on SNPs within 2 Mb
sliding windows.

2.2. Genomic Data and Local Ancestry Inference

The SNP calling and ancestry inference of the 22 populations have been performed
in [4]. Briefly, after applying quality filters, raw reads were demultiplexed with STACKS
version 1.40 [38] and aligned to the closely related Arctic charr (S. alpinus) reference
genome [39] with BWA_MEM version 0.7.9 [40]. SNP calling was performed separately for
each population, and the domestic strain with STACKS version 1.40. Retained RAD loci
had a minimum depth of four reads per locus, present in at least 60% of the populations, a
minimum allele frequency of 2% and a maximum of 20% of missing data (see further details
in Leitwein et al. [4]). To avoid merging paralogs, each individual locus with more than two
alleles were removed with the R package STACKR [41]. The local ancestry inference was
performed according to Leitwein et al. [5]. RAD loci were mapped against the Artic charr
reference genome and ordered along each of the 42 Brook Charr linkage groups (LGs) by
applying the MapComp software to the Brook Charr linkage map used as a reference [42].
MapComp allowed retrieving the mapping position of each marker by controlling for
synteny and collinearity between the Artic Charr and the Brook Charr genomes [31]. The
local ancestry inference was performed with the program ELAI version 1.01 [43] using the
domestic strain as the foreign population and wild fish caught in each lake as the admixed
recipient populations. ELAI was run 20 times for each 42 linkage groups (LG) to assess
convergence. The number of upper clusters (−C) was set to 2 (i.e., assuming that each fish
was a mixture of domestic and wild populations), the number of lower clusters (−c) to 15
and the number of expectation-maximization steps (−s) to 20 [31].

2.3. Describing Genome-Wide Variation of Domestic Ancestry and Genetic Diversity

We used the ancestry estimates provided in Leitwein et al. [4] to perform subsequent
analyses. Briefly, the number and length of domestic tracts within each individual genome
was retrieved from ELAI [43] and used to assess hybrids classes. The late-generation
hybrids that mostly comprise wild-type ancestry and displayed a chromosomal ancestry
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imbalance (CAI) of < 0.125 [31,44] were retained for subsequent analyses (Table 1). We
chose to remove the early hybrids (e.g., F1, F2, BC1 and BC2) as they were not represented
by a sufficient number of fish to perform rigorous statistical analyses. For each population,
we then assessed the genome-wide domestic ancestry rate for those late hybrid individuals.

We identified regions presenting excess or deficit of domestic ancestry considering
local variation in recombination rate. To do so, we built a linear mixed model, where the
log-transformed domestic ancestry rate was introduced as the response variable and the
standardized (i.e., center-reduced) recombination rate was included as the explanatory
variable (details on the recombination rate estimation can be found in Leitwein et al. [4]).
The LGs and 2Mbp windows were incorporated as random effects in the model. We then
retrieved the model residuals to highlight genomic regions displaying excess or deficit
of domestic ancestry. Heatmaps of the domestic ancestry and the residuals of the model
were plotted in R with the package “ggplot2” [45]. In order to obtain unbiased estimates of
population genetic diversity, we removed all domestic ancestry tracts previously identified
in the ancestry inference step with ELAI [43] from individual genomic data. We quantified
the nucleotide diversity based on the population VCF (Variant Call Format) files. Then,
we estimated the average nucleotide diversity using the R package PopGenome [46] along
sliding windows of 2 Mb weighted by the number of observations (i.e., locus) within each
window. The genetic diversity heatmap was plotted in R with the package “ggplot2” [45].

2.4. Evaluating the Influence of Genetic Diversity, Stocking Intensity and Recombination Rate on
Genomewide Variation in Domestic Ancestry

We examined if and how local genetic diversity, stocking intensity (Table 1) and
recombination rate simultaneously affected domestic ancestry at both the genome and
linkage group (LG) levels. To estimate the genome-wide recombination rate, we gener-
ated a Brook Charr reference genome by anchoring the Brook Charr linkage map from
Sutherland et al. [42] to the Artic charr reference genome after controlling for collinearity
between those two sister species [31]. Then, MAREYMAP [47] was used to estimate the
recombination rate by comparing the physical (pb) and genetic position (cM); the weighted
mean recombination rate between the two closest markers was computed for the markers
not included in the map [31].

At the genome level, we used linear mixed models where the log-transformed local
domestic ancestry rate was included as the response variable. Recombination rate, genetic
diversity and stocking intensity were standardized and incorporated as explanatory terms
in the models. To consider the non-independency of ancestry estimates across windows,
the LGs and the 2-Mb windows were treated as random effects in the models. We used a
likelihood ratio test to assess the significance of the tested relationship by comparing the
models with and without the explanatory term. We calculated marginal R2 to quantify the
proportion of variance explained by the explanatory variables only.

We then investigated how domestic ancestry was influenced by local genetic diversity,
stocking intensity and recombination rate at the linkage group (LG) level. For this, linkage
groups were analyzed separately by building linear mixed models which included as fixed
effects the best-supported combination of variables (i.e., recombination, genetic diversity
and stocking intensity, see Results Section 3.2) evaluated at the genome level. The 2-Mb
sliding windows were incorporated as random effect. We evaluated the three possible
scenarios presented in Figure 1 across the 42 LG by reporting the slope coefficient of the
fixed effects and their 95% confidence intervals. We also calculated p-values to evaluate
the significance of the three explanatory variables across linkage groups. To correct for
multiple testing, we applied the conservative Bonferroni correction and only values with
p < 0.001 were considered significant (i.e., αcorrected = 0.05/42 LGs) [48]. All analyses were
performed using the R package “LME4” [45].
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3. Results
3.1. Genome-Wide Variation of Domestic Ancestry and Genetic Diversity

The genome-wide level of domestic ancestry rate was estimated for each population
using the 405 late-hybrid individuals and an average of 32,442 ± 1799 mapped SNPs
per population (Table 1). The domestic ancestry was highly variable among populations
with mean rate ranging from 0.0052 (VIE population) to 0.0843 (MIL population) (Table 1).
Domestic ancestry was also highly variable among individuals within population, ranging
from 0.0000 to 0.6000 (Figure 2). When controlling for recombination rate, we did not
observe any shared pattern of deficit or excess of introgression among populations. Con-
sequently, each population presented unique pattern of introgression. Our analyses also
showed that some genomic regions showed strong excess of domestic ancestry compared
to the rest of the genome and those regions varied among populations. For instance, the
GEL population displayed an excess of domestic ancestry for LG 40 and 42 whereas the
GRI population showed an ancestry excess in LG 41 and LG 42 (Figure S2).

Figure 2. Heatmap of the proportion of domestic ancestry rate along the 42 Brook Charr linkage groups (LGs) for each lake.
Lakes are ordered as a function of stocking intensity (less stocked lakes at the bottom). Labels are detailed in Table 1.

The level of genetic diversity estimated within 2MB sliding windows was highly
variable both among and within populations. The mean population genetic diversity
ranged from 0.157 (POR population) to 0.285 (TEM population). The MIL, BRU, GAS and
VIE populations also displayed relatively low genetic diversity, with a mean of 0.158, 0.166,
0.168 and 0.176, respectively (Table 1 and Figure S3). Within each population, genetic
diversity was also highly variable among individuals ranging from 0.0652 to 0.510 (Table 1
and Figure S3). While some genomic regions displayed particularly high level of genetic
diversity, we did not observe any linkage group with a mean diversity significantly lower
or higher in comparison to the whole genome (Table 1 and Figure S3).

3.2. Influence of Genetic Diversity, Stocking Intensity and Recombination Rate on
Domestic Ancestry

At the genome-wide level, we observed more domestic ancestry in low recombining
and low-diversity genomic regions (i.e., a pattern of associated overdominance (AOD)
Figure 1, scenario A). The global R2 and the marginal R2 of the full model (i.e., where the log-
transformed domestic ancestry rate was introduced as the response variable and the stan-
dardized (i.e., center reduced) recombination rate was included as the explanatory variable)
were 0.084 and 0.015, respectively (Figure 3). The likelihood ratio test was significant for
genetic diversity, which displayed the strongest effect (χ2

Diversity = 5020.6, p < 2.2 × 10−16,
coefficient slope =−4.95 × 10−3 (CI95%: −5.08 × 10−3, −4.8 × 10−3); Figure 3A), stock-
ing intensity (χ2

Stocking = 4143.9, p < 2.2 × 10−16; coefficient slope = 4.4 × 10−3; (CI95%:
4.3× 10−3, −4.57× 10−3); Figure 3B), as well as recombination rate (χ2

Recombination = 1797.7,
p < 2.2 × 10−16; coefficient slope = −3.41 × 10−3 (CI95%: −3.57 × 10−3, −3.26 × 10−3);
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Figure 3C). We also found that domestic ancestry was negatively correlated with genetic
diversity (slope coefficient βDiversity = −4.950 × 10−3, p < 2.2× 10−16; Figure 3A) and
recombination rate (βRecombination= −3.418× 10−3, p < 2.2 × 10−16; Figure 3C). The do-
mestic ancestry was positively associated with stocking intensity (βStocking= 4.441× 10−3,
p < 2.2 × 10−16) (i.e., Figure 3B).

Figure 3. Whole genome relationship between the domestic ancestry and (A) genetic diversity, (B) stocking intensity and (C)
local recombination rate, assessed with a generalized linear mixed model (GLM; R2c = 0.084, R2m = 0.015, AIC = −1952637,
χ2 = 4143.9, p < 2.2 × 10−16 (B); βRecombination= −3.418× 10−3, βDiversity = −4.950 × 10−3, βStocking = 4.441 × 10−3,
p < 2.2 × 10−16). Grey lines represent the 95% confidence interval.

At the linkage group level, we observed contrasted patterns of relationships between
domestic ancestry, local recombination rate, local genetic diversity and stocking intensity
among LGs (Figure 4). Ten LGs showed a pattern of associative overdominance with
a negative correlation between the domestic ancestry rate and recombination rate and
diversity. Among these, seven (LGs 8, 15, 18, 19, 22, 34 and 38; Figure 4) showed a positive
correlation with stocking intensity (i.e., Figure 1, scenario A), and three LGs (LGs 9, 11
and 24; Figure 4) showed a higher domestic ancestry for the lakes harboring the lowest
stocking intensity. Six LGs (LGs 1, 21, 25, 31, 36 and 39; Figure 4) displayed a pattern of
negative epistasis supported by a positive correlation between domestic ancestry rate and
recombination rate (Figure 1B,C). Among these, four LGs (LGs 1, 21, 31 and 39; Figure 4)
displayed a negative correlation between domestic ancestry rate and genetic diversity
(Figure 1, scenario B), and two LGs (LGs 25 and 36) displayed a positive correlation
between domestic ancestry rate and all three explanatory variables (Figure 1C). Two LGs
did not fit any of the three predicted scenarios (Figure 1), with LG16 displaying same
pattern as for negative epistasis associated with the occurrence of beneficial alleles but
with more domestic ancestry when the intensity of stocking was lower (Figure 4). LG 17
had more domestic ancestry within high genetic diversity and low recombining genomic
regions (Figure 4).
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Figure 4. Relationship between the domestic ancestry rate and (A) genetic diversity, (B) stocking intensity and (C) local
recombination rate for each linkage group. Slope coefficients of the GLM model are reported for each 42 Brook Charr
linkage group. Dots represent the significance of each model with circles and crosses representing p < 0.001 and p > 0.001,
along with the 95% confidence interval, respectively.

4. Discussion

Our study suggests that genetic admixture resulting from supplementation of Brook
Charr populations with a domestic strain during the last century produced a lake-specific
pattern of ancestry modulated by the interplay between local recombination rate, local ge-
netic diversity and stocking intensity. As previously shown by Létourneau et al. (2018) [28]
based on single SNP information, but here based on haplotype information, domestic
ancestry increased with stocking intensity. Based on a correlative approach using linear
mixed models, our results suggest that associative overdominance (AOD) is the main
evolutionary mechanism shaping the genome-wide ancestry landscape among the 22 lakes
analyzed. At the linkage group scale, however, our results suggest that negative epistasis
effects may also play a role in shaping the local pattern of domestic ancestry, with more
domestic ancestry in highly recombining regions. As such, our study suggest that supple-
mentation of small isolated lacustrine populations could result in some form of genetic
rescue [15], although potential negative effects possibly reflecting genetic incompatibilities
may also occur locally along the genome.
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4.1. Associative Overdominance as the Main Mechanism Shaping Domestic Ancestry Landscape

Evidence for associative overdominance was supported by prevailing domestic an-
cestry in low recombining and low diversity genomic regions which could result in the
masking of potentially deleterious alleles. AOD effects are particularly expected when
the foreign strain used for supplementation harbors a higher level of genetic diversity
than populations being supplemented [15,49]. In our study system, the domestic strain
does display higher genetic diversity than the wild lacustrine populations [50], which
could indeed favor AOD effects. Additionally, populations with small Ne such as wild
Brook Charr found in small isolated lakes tend to accumulate more deleterious alleles
and suffer from inbreeding depression [20,51]. The lacustrine Brook Charr populations
studied here are isolated, display small Ne [52] and tend to accumulate more deleterious
mutations compared to more connected populations [53]. An increasing number of stud-
ies has documented that in some circumstances, supplementation of wild populations
can result in genetic rescue which translated in an increase of both census and effective
population size by mitigating fitness loss associated with inbreeding and reduced genetic
polymorphism [20,54–56]. To our knowledge, however, only a few studies have provided
empirical evidence for the underlying role of associative overdominance [57] and/or the
variable consequences of admixture over time following the onset of supplementation [58].

Although AOD could be the main mechanism shaping domestic ancestry patterns at
the genome level, the strength of its effect was variable among LGs. The domestic ancestry
landscape was dominated by AOD in 10 LGs (Figure 4), where we observed more domestic
ancestry in genomic regions characterized by a relatively low recombining rate and low
diversity. As both local recombination rate and genetic diversity were variable along the
genome, it is not surprising that some linkage groups displayed more AOD signals than
others. Additionally, genomic regions tending to accumulate more recessive deleterious
mutations will be more subject to AOD effects [59]. To our knowledge, only a few studies
have attempted to document genome wide variation of AOD effects. In particular, chromo-
somal variation of AOD effects has been observed between autosomal and X-chromosomes
of Drosophila melanogaster [60], whereby autosomal chromosomes maintain higher genetic
diversity due to AOD. Variation in AOD effects was also documented in humans, whereby
22 genomic regions displayed unusual peaks of diversity in low recombining regions
associated with AOD effects [61].

Overall, while highly significant from a statistical standpoint, the effect size of the
correlations between foreign ancestry, recombination, diversity and stocking were small,
which can most likely be imputable to the diluting effect of the statistical signals caused
by the large amount of data. Given that the effective population sizes (Ne) of lacustrine
Brook Charr populations is generally very small (Median Ne of 35 CI 32:28 in [53] and 53.6
CI 5.8:1069.4 in [52]), genetic drift is expected to be pronounced. Consequently, it may
have contributed to increase the proportion of unexplained genetic variance. Moreover,
the relatively recent stocking history (a mean duration of stocking of 17 years over all 22
populations, Table S1) and the time at maturity of three years for the Brook Charr [31,37]
likely decreased our ability to detect a strong genomic signature of AOD and negative
epistasis. Indeed, it has been shown with simulated data that the ability to detect genetic
signals of adaptive and maladaptive introgression increases with the number of generations
after the introduction of the foreign genotypes [23].

4.2. Negative Epistasis also Contributes to the Dynamics of Domestic Ancestry Landscape

Negative epistasis also interplayed with AOD in modulating the dynamics of the
genome-wide variation in domestic ancestry rate, with more domestic ancestry observed
in high recombining regions of six LGs. In theory, hybridization between two species
and even divergent populations of the same species may lead to “Dobzhansky–Muller”
incompatibilities [16,19,62–64]. In particular, individuals bred in captivity may adapt to
captive conditions and can then develop genetic incompatibilities with their wild coun-
terparts, leading to outbreeding depression when they are released into the wild [65,66],

117



Genes 2021, 12, 524

in addition to potentially diluting local adaptation. Indeed, outbreeding depression has
previously been documented in wild populations following supplementation with captive
populations [67], and these cases have received considerable attention from conservation
biologists over the last three decades [20,68–72]. Here, it is therefore not surprising to detect
in some genomic regions the molecular signature of negative epistasis since the domestic
strain has been bred in captivity for more than 100 years (or at least 30 generations). Along
with signals of negative epistasic effects, we were also expecting to observe a higher level
of domestic ancestry in genomic regions harboring the highest level of genetic diversity,
given that regions with high recombination rate generally tend to show high genetic diver-
sity [73]. However, and contrary to expectations, we observed more domestic ancestry in
low diversity genomic regions for four LGs. This pattern could hypothetically be explained
by the presence of beneficial domestic alleles as in the case of fixation of a beneficial allele
through selective sweeps, which may result in locally reduced neutral variation around
such beneficial alleles [74].

4.3. Perspectives for Conservation

Assessing the evolutionary mechanisms at play and their consequences in the con-
text of population supplementation can help to better understand the tradeoff between
costs and benefits of human-driven hybridization that may result from supplementation
practices [13]. Stocking programs in a fishery context are conducted to increase the census
size of fish populations and the number of fish that can be harvested but often neglect
the evolutionary consequences of introducing foreign genotypes in the supplemented
populations. Ultimately, being able to more accurately predict whether the introduction of
foreign alleles will improve (i.e., genetic rescue) or decrease (i.e., outbreeding depression)
the mean fitness of the supplemented populations could inform management decisions and
assist in designing conservation programs [20,58,67,69]. Here, however, our results suggest
that the outcomes of supplementation are largely unpredictable as they showed that each
population displayed a unique pattern of ancestry landscape following stocking operations
using the same domestic strain. After controlling for local variation in recombination rate
along the genome, our analyses provided little evidence for shared patterns of domestic
ancestry among populations. Such population-specific ancestry patterns could be partly
explained by the highly variable pattern of genome-wide genetic diversity among popula-
tions, a likely consequence of pronounced genetic drift being enhanced by small effective
population sizes of these populations [52] and very limited gene flow between them [53].
Furthermore, local adaptation to contrasted environmental conditions prevailing in the
different lakes [53] likely modulates the variation in genetic diversity along the genome via
soft selective sweeps. This may favor or disfavor the foreign alleles introduced and could
therefore contribute to generate the population-specific ancestry landscape observed in
our study and in previous ones [32,50]. Admittedly, however, in the absence of phenotypic
and/or fitness information predating and postdating supplementation, the resulting de-
mographic consequences of the opposite effects of AOD and negative epistasis we have
documented here remain hypothetical and deserve further investigation. Nevertheless,
our results suggest that supplementation could possibly be acting as a form of genetic
rescue in those small isolated populations characterized by very small Ne and a low level
of genetic diversity. Yet, this potentially positive asset must be considered cautiously as the
use of the same domestic strain to supplement multiple populations can lead to an homog-
enization of the population genetic structure [50] and to the dilution of local adaptation
via the disruption of co-adapted gene networks [32,75]. Moreover, our results also suggest
that, alongside the main positive effects of AOD, negative epistasis may also determine
local variation of domestic ancestry, which may in turn be at the source of outbreeding
depression, ultimately impacting the outcomes of supplementations [76,77]. Finally, while
AOD effects decrease with time after hybridization, maladaptive effects could arise later
on, especially in populations with small Ne [78].
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5. Conclusions

To conclude, our study emphasizes the need for conservation biologists to examine
how the complex interplay between the introduction pressure of exogenic genetic makeup,
genetic diversity and recombination rate along the genome modulates introgression land-
scapes of recipient populations. As such, this study offers new avenues for the study of the
mechanisms shaping the evolution of exploited populations and regulating the dynamics
of hybridization, either occurring naturally (e.g., hybrid zones) or caused by humans.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/genes12040524/s1, Figure S1: Geographical localization of sampled lakes within two wildlife
reserves (Mastigouche and St Maurice) in the province of Quebec, Canada. Lakes labels are reported
in Table S1; Figure S2: Heatmap of the residuals of the linear mixed model of the domestic ancestry
rate controlled by the recombination controlled by the recombination models along the 42 Brook
Charr linkage groups (LGs) for each lake. Lakes are ordered as a function of stocking intensity
(less stocked at the bottom), labels are detailed in Table S1. Figure S3: Heatmap of the variation in
genetic diversity estimated on SNPs within 2Mb sliding windows along the 42 Brook Charr linkage
groups (LGs) for each lake. Lakes are ordered as a function of stocking intensity (less stocked at the
bottom), labels are described in Table S1; Table S1: Description of the 22 sampled Brook Charr lakes
in Québec, Canada along with the stocking variables: lakes_size: size of the lake in hectare; total_ha:
the total number of fish stocked per hectare; mean_year: the number of years since the mean year of
stocking; nb_stock_ev: The total number of stocking events; mean_stock_fish: The mean number of
fish stocked per stocking event; FIRST_STOCK: First year of stocking events; LAST_STOCK: Last
year of stocking events and DURATION: Number of years of stocking events.

Author Contributions: M.L., H.C. and L.B. conceived the study. M.L. and H.C. designed the analyses
and performed the analyses. M.L. wrote the manuscript. H.C. helped with the manuscript structure,
and all co-authors critically revised the manuscript and approved the final version to be published.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the MFFP, the SEPAQ, the Canadian Research Chair in
Genomics and Conservation of Aquatic Resources, Ressources Aquatiques Québec (RAQ), as well as
by a Strategic Project Grant from the Natural Science and Engineering Research Council of Canada
(NSERC) to L. Bernatchez, D. Garant and P. Sirois.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in Létourneau
et al. [3] at Dryad Digital Repository: https://doi.org/10.5061/dryad.s5qt3.

Acknowledgments: We thank Martin Laporte and Eric Normandeau for their advices and statistical
help. We thank the biologists and technicians of the Société d’Etablissement de Plain Air du Québec
(SEPAQ) and the Ministère des Forêts, de la Faune et des Parcs du Québec (MFFP), in particular
Amélie Gilbert and Isabel Thibault for their implication in the project and/or their field assistance
and sampling. We are also grateful to R. Waples and one anonymous reviewer for their constructive
comments on a previous version of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anderson, E. Introgressive Hybridization; John Wiley and Sons, Inc.: New York, NY, USA, 1949.
2. Dowling, T.E.; Secor, A.C.L. The role of hybridization and introgression in the diversification of animals. Annu. Rev. Ecol. Syst.

1997, 28, 593–619. [CrossRef]
3. Barton, N.H. The role of hybridization in evolution. Mol. Ecol. 2008, 10, 551–568. [CrossRef]
4. Harrison, R.G.; Larson, E.L. Hybridization, Introgression, and the Nature of Species Boundaries. J. Hered. 2014, 105, 795–809.

[CrossRef]
5. Racimo, F.; Sankararaman, S.; Nielsen, R.; Huerta-Sánchez, E. Evidence for archaic adaptive introgression in humans. Nat. Rev.

Genet. 2015, 16, 359–371. [CrossRef] [PubMed]
6. Lindtke, D.; Buerkle, C.A. The genetic architecture of hybrid incompatibilities and their effect on barriers to introgression in

secondary contact. Evol. 2015, 69, 1987–2004. [CrossRef] [PubMed]

119



Genes 2021, 12, 524

7. Rhymer, J.M.; Simberloff, D. Extinction by hybridization and introgression. Annu. Rev. Ecol. Syst. 1996, 27, 83–109. [CrossRef]
8. Currat, M.; Ruedi, M.; Petit, R.J.; Excoffier, L. The hidden side of invasions: Massive introgression by local genes. Evol. Int. J. Org.

Evol. 2008, 62, 1908–1920. [CrossRef]
9. Knytl, M.; Kalous, L.; Symonova, R.; Rylková, K.; Ráb, P. Chromosome Studies of European Cyprinid Fishes: Cross-Species

Painting Reveals Natural Allotetraploid Origin of a Carassius Female with 206 Chromosomes. Cytogenet. Genome Res. 2013, 139,
276–283. [CrossRef] [PubMed]

10. Knytl, M.; Kalous, L.; Rylková, K.; Choleva, L.; Merilä, J.; Ráb, P. Morphologically indistinguishable hybrid Carassius female with
156 chromosomes: A threat for the threatened crucian carp, C. carassius, L. PLoS ONE 2018, 13, e0190924. [CrossRef]

11. Laikre, L.; Schwartz, M.K.; Waples, R.S.; Ryman, N.; GeM Working Group. Compromising Genetic Diversity in the Wild:
Unmonitored Large-Scale Release of Plants and Animals. Trends Ecol. Evol. 2010, 25, 520–529. [CrossRef]

12. Hagen, I.J.; Jensen, A.J.; Bolstad, G.H.; Diserud, O.H.; Hindar, K.; Lo, H.; Karlsson, S. Supplementary stocking selects for
domesticated genotypes. Nat. Commun. 2019, 10, 199. [CrossRef]

13. Leitwein, M.; Duranton, M.; Rougemont, Q.; Gagnaire, P.-A.; Bernatchez, L. Using Haplotype Information for Conservation
Genomics. Trends Ecol. Evol. 2020, 35, 245–258. [CrossRef]

14. Hedrick, P.W. Adaptive introgression in animals: Examples and comparison to new mutation and standing variation as sources
of adaptive variation. Mol. Ecol. 2013, 22, 4606–4618. [CrossRef] [PubMed]

15. Frankham, R. Genetic rescue of small inbred populations: Meta-analysis reveals large and consistent benefits of gene flow. Mol.
Ecol. 2015, 24, 2610–2618. [CrossRef] [PubMed]

16. Orr, H.A. The population genetics of speciation: The evolution of hybrid incompatibilities. Genetics 1995, 139, 1805–1813.
[CrossRef] [PubMed]

17. Maheshwari, S.; Barbash, D.A. The Genetics of Hybrid Incompatibilities. Annu. Rev. Genet. 2011, 45, 331–355. [CrossRef]
[PubMed]

18. Dion-Côté, A.-M.; Renaut, S.; Normandeau, E.; Bernatchez, L. RNA-seq Reveals Transcriptomic Shock Involving Transposable
Elements Reactivation in Hybrids of Young Lake Whitefish Species. Mol. Biol. Evol. 2014, 31, 1188–1199. [CrossRef] [PubMed]

19. Laporte, M.; Le Luyer, J.; Rougeux, C.; Dion-Côté, A.-M.; Krick, M.; Bernatchez, L. DNA methylation reprogramming, TE
derepression, and postzygotic isolation of nascent animal species. Sci. Adv. 2019, 5, eaaw1644. [CrossRef]

20. Allendorf, F.W.; Hohenlohe, P.A.; Luikart, G. Genomics and the future of conservation genetics. Nat. Rev. Genet. 2010, 11, 697–709.
[CrossRef] [PubMed]

21. Sankararaman, S.; Mallick, S.; Dannemann, M.; Prüfer, K.; Kelso, J.; Pääbo, S.; Patterson, N.; Reich, D. The genomic landscape of
Neanderthal ancestry in present-day humans. Nat. Cell Biol. 2014, 507, 354–357. [CrossRef]

22. Schumer, M.; Xu, C.; Powell, D.L.; Durvasula, A.; Skov, L.; Holland, C.; Blazier, J.C.; Sankararaman, S.; Andolfatto, P.; Rosenthal,
G.G.; et al. Natural selection interacts with recombination to shape the evolution of hybrid genomes. Science 2018, 360, 656–660.
[CrossRef]

23. Martin, S.H.; Jiggins, C.D. Interpreting the genomic landscape of introgression. Curr. Opin. Genet. Dev. 2017, 47, 69–74. [CrossRef]
24. Veller, C.; Edelman, N.B.; Muralidhar, P.; Nowak, M.A. Recombination, Variance in Genetic Relatedness, and Selection against

Introgressed DNA. bioRxiv 2019, 846147. [CrossRef]
25. Lippman, Z.B.; Zamir, D. Heterosis: Revisiting the magic. Trends Genet. 2007, 23, 60–66. [CrossRef]
26. Chen, Z.J. Molecular mechanisms of polyploidy and hybrid vigor. Trends Plant Sci. 2010, 15, 57–71. [CrossRef]
27. Medina, P.; Thornlow, B.; Nielsen, R.; Corbett-Detig, R. Estimating the Timing of Multiple Admixture Pulses During Local

Ancestry Inference. Genetics 2018, 210, 1089–1107. [CrossRef]
28. Létourneau, J.; Ferchaud, A.; Le Luyer, J.; Laporte, M.; Garant, D.; Bernatchez, L. Predicting the genetic impact of stocking in

Brook Charr (Salvelinus fontinalis) by combining RAD sequencing and modeling of explanatory variables. Evol. Appl. 2017, 11,
577–592. [CrossRef]

29. White, S.L.; Miller, W.L.; Dowell, S.A.; Bartron, M.L.; Wagner, T. Limited hatchery introgression into wild brook trout (Salvelinus
fontinalis ) populations despite reoccurring stocking. Evol. Appl. 2018, 11, 1567–1581. [CrossRef] [PubMed]

30. Lehnert, S.J.; Baillie, S.M.; Macmillan, J.; Paterson, I.G.; Buhariwalla, C.F.; Bradbury, I.R.; Bentzen, P. Multiple decades of stocking
has resulted in limited hatchery introgression in wild brook trout (Salvelinus fontinalis) populations of Nova Scotia. Evol. Appl.
2020, 13, 1069–1089. [CrossRef] [PubMed]

31. Leitwein, M.; Cayuela, H.; Ferchaud, A.; Normandeau, É.; Gagnaire, P.; Bernatchez, L. The role of recombination on genome-wide
patterns of local ancestry exemplified by supplemented brook charr populations. Mol. Ecol. 2019, 28, 4755–4769. [CrossRef]
[PubMed]

32. Lamaze, F.C.; Sauvage, C.; Marie, A.; Garant, D.; Bernatchez, L. Dynamics of introgressive hybridization assessed by SNP
population genomics of coding genes in stocked brook charr (Salvelinus fontinalis). Mol. Ecol. 2012, 21, 2877–2895. [CrossRef]
[PubMed]

33. Kim, B.Y.; Huber, C.D.; Lohmueller, K.E. Deleterious variation shapes the genomic landscape of introgression. PLoS Genet. 2018,
14, e1007741. [CrossRef]

34. Schumer, M.; Rosenthal, G.G.; Andolfatto, P. How common is homoploid hybrid speciation? Evolution 2014, 68, 1553–1560.
[CrossRef]

120



Genes 2021, 12, 524

35. Duranton, M.; Allal, F.; Fraïsse, C.; Bierne, N.; Bonhomme, F.; Gagnaire, P.-A. The origin and remolding of genomic islands of
differentiation in the European sea bass. Nat. Commun. 2018, 9, 2518. [CrossRef] [PubMed]

36. Martin, S.H.; Davey, J.W.; Salazar, C.; Jiggins, C.D. Recombination rate variation shapes barriers to introgression across butterfly
genomes. PLoS Biol. 2019, 17, e2006288. [CrossRef] [PubMed]

37. Ministère du Développement Durable, de l’Environnement, de la Faune et des Parcs. Outil D’aide À L’ensemencement Des Plans
D’eau—Omble de Fontaine (Salvelinus Fontinalis). Direction de La Faune Aquatique: Québec, Canada; Direction de La Faune Aquatique:
Québec, Canada; Direction Générale de l’expertise Sur La Faune et Ses Habitats: Québec, Canada, 2013; pp. 1–12.

38. Catchen, J.; Hohenlohe, P.A.; Bassham, S.; Amores, A.; Cresko, W.A. Stacks: An analysis tool set for population genomics. Mol.
Ecol. 2013, 22, 3124–3140. [CrossRef]

39. Christensen, K.A.; Rondeau, E.B.; Minkley, D.R.; Leong, J.S.; Nugent, C.M.; Danzmann, R.G.; Ferguson, M.M.; Stadnik, A.; Devlin,
R.H.; Muzzerall, R.; et al. The Arctic charr (Salvelinus alpinus) genome and transcriptome assembly. PLoS ONE 2018, 13, e0204076.
[CrossRef]

40. Li, H.; Durbin, R. Fast and accurate long-read alignment with Burrows–Wheeler transform. Bioinform. 2010, 26, 589–595.
[CrossRef] [PubMed]

41. Gosselin, T.; Bernatchez, L. Stackr: GBS/RAD Data Exploration, Manipulation and Visualization Using R. 2016. Available online:
Https://Github.Com/Thierrygosselin/Stackr (accessed on 22 March 2021).

42. Sutherland, B.J.G.; Gosselin, T.; Normandeau, E.; Lamothe, M.; Isabel, N.; Audet, C.; Bernatchez, L. Salmonid chromosome
evolution as revealed by a novel method for comparing RADseq linkage maps. Genome Biol. Evol. 2016, 8, 3600–3617. [CrossRef]

43. Guan, Y. Detecting Structure of Haplotypes and Local Ancestry. Genetics 2014, 196, 625–642. [CrossRef]
44. Leitwein, M.; Gagnaire, P.-A.; Desmarais, E.; Berrebi, P.; Guinand, B. Genomic consequences of a recent three-way admixture

in supplemented wild brown trout populations revealed by local ancestry tracts. Mol. Ecol. 2018, 27, 3466–3483. [CrossRef]
[PubMed]

45. Brasil República. Decreto—Lei nº 227, de 28 de fevereiro de 1967. Dá nova redação ao Decreto-lei nº 1.985, de 29 de janeiro de
1940 (Código de Minas). 1967. Available online: http://www.planalto.gov.br/ccivil_03/Decreto-Lei/Del0227.htm (accessed on
19 October 2020).

46. Pfeifer, B.; Wittelsbürger, U.; Ramos-Onsins, S.E.; Lercher, M.J. PopGenome: An Efficient Swiss Army Knife for Population
Genomic Analyses in R. Mol. Biol. Evol. 2014, 31, 1929–1936. [CrossRef] [PubMed]

47. Rezvoy, C.; Charif, D.; Guéguen, L.; Marais, G.A. MareyMap: An R-based tool with graphical interface for estimating recombina-
tion rates. Bioinformatics 2007, 23, 2188–2189. [CrossRef] [PubMed]

48. Etymologia: Bonferroni Correction. Emerg. Infect. Dis. 2015, 21, 289. [CrossRef]
49. Todesco, M.; Pascual, M.A.; Owens, G.L.; Ostevik, K.L.; Moyers, B.T.; Hübner, S.; Heredia, S.M.; Hahn, M.A.; Caseys, C.; Bock,

D.G.; et al. Hybridization and extinction. Evol. Appl. 2016, 9, 892–908. [CrossRef]
50. Marie, A.D.; Bernatchez, L.; Garant, D. Loss of genetic integrity correlates with stocking intensity in brook charr (Salvelinus

fontinalis). Mol. Ecol. 2010, 19, 2025–2037. [CrossRef]
51. Luikart, G.; Ryman, N.; Tallmon, D.A.; Schwartz, M.K.; Allendorf, F.W. Estimation of census and effective population sizes: The

increasing usefulness of DNA-based approaches. Conserv. Genet. 2010, 11, 355–373. [CrossRef]
52. Gossieaux, P.; Bernatchez, L.; Sirois, P.; Garant, D. Impacts of stocking and its intensity on effective population size in Brook Charr

(Salvelinus fontinalis) populations. Conserv. Genet. 2019, 20, 729–742. [CrossRef]
53. Ferchaud, A.; Leitwein, M.; Laporte, M.; Boivin-Delisle, D.; Bougas, B.; Hernandez, C.; Normandeau, É.; Thibault, I.; Bernatchez,

L. Adaptive and maladaptive genetic diversity in small populations: Insights from the Brook Charr (Salvelinus fontinalis) case
study. Mol. Ecol. 2020, 29, 3429–3445. [CrossRef]

54. Richards, C.M. Inbreeding Depression and Genetic Rescue in a Plant Metapopulation. Am. Nat. 2000, 155, 383–394. [CrossRef]
55. Uller, T.; Leimu, R. Founder events predict changes in genetic diversity during human-mediated range expansions. Glob. Chang.

Biol. 2011, 17, 3478–3485. [CrossRef]
56. Hedrick, P.W.; Garcia-Dorado, A. Understanding Inbreeding Depression, Purging, and Genetic Rescue. Trends Ecol. Evol. 2016, 31,

940–952. [CrossRef] [PubMed]
57. Hedrick, P.W. What is the evidence for heterozygote advantage selection? Trends Ecol. Evol. 2012, 27, 698–704. [CrossRef]

[PubMed]
58. Harris, K.; Zhang, Y.; Nielsen, R. Genetic rescue and the maintenance of native ancestry. Conserv. Genet. 2019, 20, 59–64. [CrossRef]
59. Charlesworth, D.; Willis, J.H. The genetics of inbreeding depression. Nat. Rev. Genet. 2009, 10, 783–796. [CrossRef]
60. Schou, M.F.; Loeschcke, V.; Bechsgaard, J.; Schlötterer, C.; Kristensen, T.N. Unexpected high genetic diversity in small populations

suggests maintenance by associative overdominance. Mol. Ecol. 2017, 26, 6510–6523. [CrossRef] [PubMed]
61. Gilbert, K.J.; Pouyet, F.; Excoffier, L.; Peischl, S. Transition from Background Selection to Associative Overdominance Promotes

Diversity in Regions of Low Recombination. Curr. Biol. 2020, 30, 101–107. [CrossRef]
62. Turelli, M.; Orr, H.A. Dominance, epistasis and the genetics of postzygotic isolation. Genetics 2000, 154, 1663–1679.
63. Orr, H.A.; Turelli, M. The evolution of postzygotic isolation: Accumulating Dobzhansky-Muller incompatibilities. Evol. Int. J. Org.

Evol. 2001, 55, 1085–1094. [CrossRef]
64. Renaut, S.; Bernatchez, L. Transcriptome-wide signature of hybrid breakdown associated with intrinsic reproductive isolation in

lake whitefish species pairs (Coregonus spp. Salmonidae). Heredity 2010, 106, 1003–1011. [CrossRef]

121



Genes 2021, 12, 524

65. Frankham, R. Genetic adaptation to captivity in species conservation programs. Mol. Ecol. 2008, 17, 325–333. [CrossRef]
66. Bosse, M.; Megens, H.; Derks, M.F.L.; De Cara, M.; Ángeles, R.; Groenen, M.A.M. Deleterious alleles in the context of domestication,

inbreeding, and selection. Evol. Appl. 2018, 12, 6–17. [CrossRef]
67. Frankham, R.; Ballou, J.D.; Eldridge, M.D.B.; Lacy, R.C.; Ralls, K.; Dudash, M.R.; Fenster, C.B. Predicting the Probability of

Outbreeding Depression. Conserv. Biol. 2011, 25, 465–475. [CrossRef]
68. Marshall, T.C.; Spalton, J.A. Simultaneous inbreeding and outbreeding depression in reintroduced Arabian oryx. Anim. Conserv.

2000, 3, 241–248. [CrossRef]
69. Frankham, R. Where are we in conservation genetics and where do we need to go? Conserv. Genet. 2009, 11, 661–663. [CrossRef]
70. Huff, D.D.; Miller, L.M.; Chizinski, C.J.; Vondracek, B. Mixed-source reintroductions lead to outbreeding depression in second-

generation descendents of a native North American fish. Mol. Ecol. 2011, 20, 4246–4258. [CrossRef] [PubMed]
71. Kaulfuß, F.; Reisch, C. Reintroduction of the endangered and endemic plant species Cochlearia bavarica—Implications from

conservation genetics. Ecol. Evol. 2017, 7, 11100–11112. [CrossRef] [PubMed]
72. Mable, B.K. Conservation of adaptive potential and functional diversity: Integrating old and new approaches. Conserv. Genet.

2019, 20, 89–100. [CrossRef]
73. Spencer, C.C.A.; Deloukas, P.; Hunt, S.; Mullikin, J.; Myers, S.; Silverman, B.; Donnelly, P.; Bentley, D.; McVean, G. The Influence

of Recombination on Human Genetic Diversity. PLoS Genet. 2006, 2, e148. [CrossRef]
74. Burke, M.K. How does adaptation sweep through the genome? Insights from long-term selection experiments. Proc. R. Soc. B

Biol. Sci. 2012, 279, 5029–5038.
75. Bougas, B.; Granier, S.; Audet, C.; Bernatchez, L. The Transcriptional Landscape of Cross-Specific Hybrids and Its Possible Link

with Growth in Brook Charr (Salvelinus fontinalis Mitchill). Genetics 2010, 186, 97–107. [CrossRef]
76. Frankham, R. Challenges and opportunities of genetic approaches to biological conservation. Biol. Conserv. 2010, 143, 1919–1927.

[CrossRef]
77. Cook, C.N.; Sgrò, C.M. Poor understanding of evolutionary theory is a barrier to effective conservation management. Conserv.

Lett. 2019, 12, 12619. [CrossRef]
78. Harris, K.; Nielsen, R. The Genetic Cost of Neanderthal Introgression. Genetics 2016, 203, 881–891. [CrossRef] [PubMed]

122



genes
G C A T

T A C G

G C A T

Article

Patterns of Epigenetic Diversity in Two Sympatric Fish Species:
Genetic vs. Environmental Determinants

Laura Fargeot 1,* , Géraldine Loot 2,3, Jérôme G. Prunier 1 , Olivier Rey 4 , Charlotte Veyssière 2 and
Simon Blanchet 1,2,*

����������
�������

Citation: Fargeot, L.; Loot, G.;

Prunier, J.G.; Rey, O.; Veyssière, C.;

Blanchet, S. Patterns of Epigenetic

Diversity in Two Sympatric Fish

Species: Genetic vs. Environmental

Determinants. Genes 2021, 12, 107.

https://doi.org/10.3390/

genes12010107

Received: 17 December 2020

Accepted: 13 January 2021

Published: 16 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centre National de la Recherche Scientifique (CNRS), Université Paul Sabatier (UPS), Station d’Ecologie
Théorique et Expérimentale, UMR 5321, F-09200 Moulis, France; jerome.prunier@gmail.com

2 CNRS, UPS, École Nationale de Formation Agronomique (ENFA), UMR 5174 EDB (Laboratoire Évolution &
Diversité Biologique), 118 route de Narbonne, F-31062 Toulouse CEDEX 4, France;
geraldine.loot@univ-tlse3.fr (G.L.); veyssiere.charlotte@gmail.com (C.V.)

3 Université Paul Sabatier (UPS), Institut Universitaire de France (IUF), F-75231 Paris CEDEX 05, France
4 CNRS, Interaction Hôtes-Parasites-Environnements (IHPE), UMR 5244, F-66860 Perpignan, France;

olivier.rey@univ-perp.fr
* Correspondence: laura.fargeot@sete.cnrs.fr (L.F.); simon.blanchet@sete.cnrs.fr (S.B.); Tel.: +33-561040361 (S.B.)

Abstract: Epigenetic components are hypothesized to be sensitive to the environment, which should
permit species to adapt to environmental changes. In wild populations, epigenetic variation should
therefore be mainly driven by environmental variation. Here, we tested whether epigenetic variation
(DNA methylation) observed in wild populations is related to their genetic background, and/or to the
local environment. Focusing on two sympatric freshwater fish species (Gobio occitaniae and Phoxinus
phoxinus), we tested the relationships between epigenetic differentiation, genetic differentiation (using
microsatellite and single nucleotide polymorphism (SNP) markers), and environmental distances
between sites. We identify positive relationships between pairwise genetic and epigenetic distances
in both species. Moreover, epigenetic marks better discriminated populations than genetic markers,
especially in G. occitaniae. In G. occitaniae, both pairwise epigenetic and genetic distances were
significantly associated to environmental distances between sites. Nonetheless, when controlling for
genetic differentiation, the link between epigenetic differentiation and environmental distances was
not significant anymore, indicating a noncausal relationship. Our results suggest that fish epigenetic
variation is mainly genetically determined and that the environment weakly contributed to epigenetic
variation. We advocate the need to control for the genetic background of populations when inferring
causal links between epigenetic variation and environmental heterogeneity in wild populations.

Keywords: genetic structure; empirical comparative study; DNA methylation; nongenetic heredity;
population genomics; freshwater

1. Introduction

Describing and understanding spatial patterns of intraspecific diversity in natural
populations constitutes the basis for predicting the evolutionary dynamics of populations.
So far, most studies have focused on spatial patterns of intraspecific genetic diversity [1,2],
using neutral and/or nonneutral (or adaptive) molecular markers. Neutral markers are
influenced by mutation, drift and gene flow, and are not directly associated to individual
fitness. Nonneutral markers are influenced not only by the same processes but also by
natural selection associated to the surrounding environment; they are hence associated to
the fitness and adaptation of organisms [3]. Recently, there has been an increasing interest
in documenting the distribution of intraspecific epigenetic diversity in wild populations
because it may also have a role in adaptive potential of organisms [4]. Epigenetic variation
is a major potential source of adaptive variation since it can be directly sensitive to the en-
vironment and transmitted across generations [5–7]. In particular, epigenetic variation may
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allow for the rapid adaptation of populations to changing environments, at a pace actually
higher than adaptation by natural selection on standing genetic variation [5,8–11]. In this
context, an important question concerns the spatial covariation that may exist between
genetic and epigenetic diversity patterns in natural populations, i.e., whether genetic and
epigenetic variants follow similar spatial patterns across landscapes or not. Answering
this question allows testing whether these two markers carry distinct/complementary
pieces of information, and speculating about their relative roles in the adaptive potential of
organisms across spatial scales. This question is not trivial, as the inherent characteristics
of genetic and epigenetic marks can lead to opposite predictions regarding the spatial
covariation of epigenetic and genetic diversity patterns.

On the one side, some epigenetic marks are directly sensitive to external environmental
cues (epimutations can be triggered by the surrounding environment at a lifetime scale),
which may lead to uncorrelated genetic and epigenetic diversity patterns since genetic
mutations are not directly sensitive to the environment. Indeed, environmental constraints
(e.g., contaminants, diet, social stimuli, etc.) experienced by individuals along their life
can alter the distribution of epigenetic marks across the whole genome [12–15]. Some of
these marks induced by the environment can be transmitted across generations (inherited),
and in that case, they are comparable to nonneutral genetic variance, except that (i) the
mutation rate of epigenetic markers is higher and (ii) these marks are less stable over the
long time [7,16–18]. Consequently, the epigenome (all of individual epigenetic marks on
the DNA sequence) could theoretically carry a footprint of the contemporary (biotic and
abiotic) environment in which the last few generations have lived. Epigenetic marks are
hence expected to transmit (environmental) information that is not necessarily transmitted
by (and that is hence complementary to) genetic marks [19]. In this situation, we can
predict that spatial patterns of epigenetic diversity should deviate from those documented
for neutral and nonneutral genetic markers. In particular, epigenetic diversity patterns
should be strongly linked to environmental heterogeneity, whereas this should be less
the case for nonneutral genetic diversity patterns, and obviously not the case for neutral
genetic diversity.

On the other side, there is mounting evidence that alternative mechanisms can gen-
erate correlated patterns of epigenetic and (neutral) genetic diversity across natural land-
scapes. A first alternative hypothesis rests upon the assumption that epigenetic marks
depend (either completely or partially) on genetic variation rather than on environmental
variation [20–22], since an individual transmitting a given genetic allele during mitosis also
transmits the epigenetic information carried by this allele, i.e., the epiallele [20]. Therefore,
there would be a physical link between alleles and epialleles. Moreover, different types of
genetically encoded molecules are required to modulate the expression of genes, such as
RNA or proteins [23,24]. These molecules are involved in the establishment and stability of
histone tail modifications or DNA methylation across generations [16,25]. Consequently,
the establishment and stability of epigenetic marks is allowed by genetic information.
A second alternative hypothesis hence states that the same neutral processes (drift, mu-
tation, and gene flow) can influence both genetic and epigenetic markers in a similar
direction [26–28]. Indeed, epi-mutations have been reported to occur naturally in wild
populations [29] and age-related methylation drift is known to reflect imperfect mainte-
nance of epigenetic marks through cell renewal [30]. These two hypotheses both suggest
that, under certain circumstances, epigenetic and neutral genetic diversity patterns could
actually strongly covary spatially across natural landscapes.

Documenting and understanding the joint distribution of genetic and epigenetic marks
in natural populations is essential to tease apart the potential role of epigenetic and genetic
backgrounds for the adaptive potential of populations, and a few studies have paved the
way toward such an objective [26]. Up to now, these studies have led to contrasting and
context-dependent results. For instance, a significant correlation was detected between
genetic and epigenetic differentiation among natural population pairs of Hordeum brevi-
subulatum [31], whereas it was not the case in Vitex negundo var. heterophylla [32]. These
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contrasted patterns have also been observed in animal species [33,34], although most
previous studies have focused on plant populations. At a first glance, it therefore seems
that no generalities can be drawn about the spatial covariation between epigenetic and
genetic diversity patterns in natural populations. We argue that an insightful way to tackle
this question is to study species living in sympatry within a single landscape. Indeed, by
“controlling” for the common environment, it would become possible to test whether the
epigenetic response of populations to the same local environment is species-dependent or
predictable across species, and to test the causal link between genetic and epigenetic marks.
To date, these kinds of empirical comparative study are scarce [35,36], while they may be
very helpful for generalizing findings across species.

The general objective of this study was to generate novel insights into the spatial
patterns of genetic and epigenetic diversity of wild populations, and to empirically test the
link between epigenetic population structure and the local environment. We conducted
an empirical “comparative” study involving two sympatric freshwater fish species (Gobio
occitaniae and Phoxinus phoxinus) in a common riverscape to gain insights into the links
between genetic diversity, epigenetic diversity, and the environment. By focusing on the
same set of sites for the two species, we tested the correlation between genetic and epige-
netic diversity structure within each species by controlling for environmental covariation,
and we compared this correlation between species. Furthermore, we used both supposedly
neutral (microsatellites) and nonneutral (single nucleotide polymorphism, SNP) genetic
markers, to gain further insights into the processes sustaining patterns of epigenetic diver-
sity in wild populations. Because the two fish species belong to the same trophic level and
display similar life history traits (similar generation time, for instance), we expected similar
patterns for the two species. In particular, assuming that epigenetic marks are under partial
genetic control [11,20,37], we predicted a positive and significant correlation between pair-
wise genetic and epigenetic differentiation for the two species, irrespectively of the type
(neutral or not) of genetic marker. An absence of significant correlation would indirectly
indicate that epigenetic diversity is controlled by other factors, i.e., the environment. We
further tested the correlation between pairwise epigenetic (and genetic) differentiation and
environmental distances between sites to quantify to which extent epigenetic diversity was
determined by the local environment. For the two species, we expected that populations
living in strongly distinct habitats would be highly differentiated epigenetically, which
should not be observed for neutral (microsatellite) genetic differentiation, and only partially
observed in nonneutral (SNP) markers. Given their different ecological requirements, we
finally expected that the environmental component of epigenetic differentiation, if any,
would not be driven by the same environmental factors in the two species.

2. Materials and Methods
2.1. Sampling and Site Selection
2.1.1. Biological Models

The two focal fish species belong to the cyprinidae family: Gobio occitaniae (the Occitan
gudgeon) and Phoxinus phoxinus (the European minnow). These two species are phyloge-
netically related, they belong to the same trophic level, they have a similar generation time
(2–3 years), and they face similar selective pressures as they coexist in sympatry in many
areas [38]. Nonetheless, they slightly differ ecologically since G. occitaniae is ubiquitous
over a large part of the whole upstream-downstream gradient in rivers, whereas P. phoxinus
is more specialized and lives preferentially in upstream areas. In addition, and despite
the fact that they are both insectivorous, G. occitaniae feeds preferentially on the bottom,
whereas P. phoxinus feeds mainly in the water column. Finally, G. occitaniae is larger in
body length than P. phoxinus (mean body length at adult size is ~80–150 and ~50–90 mm,
respectively).
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2.1.2. Study Area and Sampling

Based on a priori knowledge [39], we sampled the two fish species in 13 sites from
the Garonne River basin (South-Western France, Figure 1). Sites varied according to key
abiotic factors to optimize the likelihood of detecting unique epigenetic marks in these
populations. In particular, we selected sites varying according to two key environmental
variables directly affecting fish fitness and populations [39–41]: mean annual temperature
(ranging from 16.4 to 23.3 ◦C, Table A1, see also Figure 1) and oxygen saturation (ranging
from 77.5% to 114.7%, Table A1). Electric fishing was conducted during summer 2014 and
performed under the authorization of “Arrêté Préfectoraux” delivered by the “Direction
Départementale des Territoires” of each administrative department (Ariège, Aveyron,
Haute-Garonne, Hautes-Pyrénées, Lot and Tarn et Garonne). We sampled 24 fish per
species in each site, leading to a total of 312 individuals per species (n = 624). Fish were
treated in accordance to the European Communities Council Directive (2010/63/EU)
regarding the use of animals in Research, French Law for Animal Protection R214-87 to
R214-137. Although DNA methylation diversity can show tissue-specific differences within
an individual [42–44], we favored a non-lethal approach and hence a small piece of pelvic
fin was sampled on each individual. It is noteworthy that, in fish, the shape and color
of fins can be linked to abiotic environmental conditions [45,46]. All individuals were
anaesthetized using benzocaine before fin clips. Each fin tissue was preserved in 70%
ethanol for further genetic and epigenetic analyses. All individuals were released in their
respective sampling site.
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Figure 1. Distribution of the 13 sampling sites in the Garonne river basin. Names and localization are highlighted in bold.
Twenty-four individuals per site and per species (Gobio occitaniae and Phoxinus phoxinus) have been sampled. Color of circles
indicates mean water temperature (◦C).

2.2. Environmental Data

All sites were characterized for 14 variables related to physicochemical characteristics
(overall water quality) and river topography so as to test for association between epigenetic
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(and genetic) markers and environment (see Table A1). Topographical variables included
river flow (m3·s−1), river width (m), river slope (%), and altitude (m) and were retrieved
from the French Theoretical Hydrological Network (RHT) [47]. Physicochemical charac-
teristics included concentrations in nitrate, nitrite, orthophosphate, and oxygen (mg·L−1),
biological oxygen demand (BOD, mg·L−1), water conductivity (mS.cm−1), pH, suspended
matter (SM, mg·L−1), oxygen saturation (%), and temperature (◦C). They were obtained
from the databases of the Water Information System of the Adour Garonne basin (SIEAG
“Système d’Information sur l’Eau du Bassin Adour Garonne”; http://adour-garonne.
eaufrance.fr). Here, we used values measured in July from 2013 to 2015, to take into
account interannual variability and potential measurement errors. Values were averaged
(for each parameter) across this period. July was chosen as the reference month since this
is a period in which environmental constraints are likely to be strong on fish fauna (low
water level, hyperthermia, hypoxia, etc.) and because it is the most informed month in the
SIEAG database. All these variables are known to affect dynamics of fish populations and
properly characterize the environmental conditions encountered by fish [38,48].

A principal component analysis (PCA) was performed on the 14 environmental
variables using the R package “ade4” [49], to synthetize data into orthogonal variables.
The three first axes represented 71.96% of the total variance (Table 1 for details), and
were hence retained as synthetic environmental variables. The first axis, defined by a
strong contribution of (in decreasing order) oxygen concentration, water conductivity,
nitrite concentration, oxygen saturation, and nitrate concentration (Table 1), stands for a
eutrophication gradient. Sites with positive values along this axis were characterized by a
low concentration of oxygen, a high conductivity and high concentrations in nitrate and
nitrite (i.e., the more eutrophic sites). The second axis, defined by a strong contribution of
river flow, river width, and pH (Table 1), stands for an upstream–downstream gradient.
Sites with positive values along this axis were characterized by a large river bed (high
water flow) and high pH values. The third axis is defined by a strong contribution of
orthophosphate concentration, slope, altitude, and suspended matter (Table 1). Sites with
positive values along this axis were characterized by high altitude sites with a steep slope
and high values of nutrient and suspended matter.

Table 1. Characteristics of the three first principal components from the principal component analysis (PCA) ran on the 14
environmental variables and used to characterize each of the 13 sampling sites. The part of the total environmental variance
(%) and the contribution of each variable to each component are shown. The variables that contributed significantly to the
axis are shown in bold. BOD = biological oxygen demand; SM = suspended matter.

– Component 1 Component 2 Component 3

Part of total
variance (%) 37.03 20.87 14.06

River flow −0.273 0.888 −0.056
River width −0.295 0.864 0.037

Slope −0.434 −0.407 0.614
Altitude −0.538 −0.442 0.596

Conductivity 0.878 0.258 0.212
BOD 0.555 −0.020 0.045
MS 0.262 0.060 0.529

Nitrate 0.748 0.166 0.344
Nitrite 0.855 0.199 0.266

Orthophosphate 0.354 0.303 0.757
Oxygen −0.903 0.267 0.191

pH −0.341 0.719 0.075
Oxygen saturation −0.848 0.304 0.238

Temperature 0.577 0.339 −0.208

Global characteristic Oligotrophic water–
Eutrophic water Small river–Large river Low altitude and nutrient–

High altitude and nutrient
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2.3. Genetic and Epigenetic Data
2.3.1. Genetic Data

The DNA of all individuals (n = 624) was extracted using a salt-extraction protocol [50].
Individual genetic data consisted in both microsatellite (supposedly neutral) and SNP
markers (potentially nonneutral).

Microsatellites data (13 and 17 loci for G. occitaniae and P. phoxinus, respectively)
were obtained from a previous study [39]. Details on accession numbers, conditions for
polymerase chain reactions (PCRs), and preliminary analyses (e.g., search for null alleles or
possible linkage disequilibrium between loci) are provided in Fourtune et al. [39].

SNP markers (1892 and 1244 in G. occitaniae and P. phoxinus, respectively) were ob-
tained from the restriction site-associated DNA (RAD) sequencing of pooled DNAs at the
site and species levels [51], using laboratory and bioinformatic procedures described in
Prunier et al. [52]. As the DNA of individuals was pooled at the site level, we were unable
to retrieve individual genotypes (contrary to microsatellite markers) and we therefore used
the frequencies of alleles (from each SNP) at the population level as raw genomic data for
the SNPs.

2.3.2. Epigenetic Data

Individuals were then genotyped using Methylation-Sensitive-AFLP (MS-AFLP). MS-
AFLP allows identifying “genome-wide” methylation patterns. This is a modified version
of standard AFLP (Amplified Fragment Length Polymorphism) technique [53] that is well
suited for nonmodel species (without a reference genome) and useful to assess epigenetic
diversity for large sample sizes (>200) [37]. MS-AFLP relies on two separate double
digestions with EcoRI (rare cutter, on 5’G|AATTC restriction site) and either one of two
methylation-sensitive restriction enzymes (HpaII and MspI, frequent cutters, on 5’CC|GG
restriction site). Because HpaII and MspI have different cytosine methylation sensitivities,
comparison of the two digestion fragment profiles (EcoRI/MspI and EcoR1/HpaII) leads
to the distinction of four methylation conditions for each DNA fragment: Condition I
= fragments are present in both profiles, indicating an unmethylated state; Condition II
= fragments are present only in EcoRI/MspI profile indicating an hemimethylation of
internal cytosine (HMeCG-sites) or a full methylation of (both) internal cytosines (MeCG-
sites); Condition III = fragments are present only in EcoRI/HpaII profile indicating an
hemimethylation of external cytosine (HMeCCG-sites); Condition IV = fragments are absent
in both profiles, indicating an uninformative state [54]. This last case can have multiple
origins such as full methylation on external cytosine (MeCCG-), hemimethylation of both
cytosines (HMeCHMeCG-sites), full-methylation of both cytosines (MeCMeCG-sites), or more
rarely genetic mutation leading to polymorphism of the restriction site.

2.3.3. MS-AFLP Protocol

The first step consists in two separate double digest reactions of 3 µL of extraction
product (30–40 ng·µL−1) with 0.5 µL of FastDigest EcoRI (1 FDU·µL−1) and 0.5 µL of either
FastDigest MspI (1 FDU·µL−1) or FastDigest HpaII (1 FDU·µL−1) isoschizomers. DNA was
digested at 37 ◦C for 15 min. Double-stranded adaptors (see Table A2 for details) [32,55,56]
were then ligated onto the sticky end of all the digestion products (10 µL) with 0.3 µL of
a T4 DNA ligase (5 U/µL, Thermo Scientific) and 1 µL of each adaptor (EcoRI adaptors
2.5 µM; MspI/HpaII adaptor 0.25 µM) at 25 ◦C for 1 h. After a step of enzyme killing, the
product was subjected to two rounds of increasingly selective PCR amplification (PCR1
and PCR2). Preselective amplification (PCR1, see Appendix C for details) was performed
in a total volume of 25 µL using 5 µL of 5× buffer, 1.5 µL of dNTP (10 mM), 2 µL of each
preselective primer (10 µM, see Table A2 for sequences), 0.3 µL of Taq DNA polymerase
(5 U/µL Thermo Scientific®), and 2 µL of ligation product. Preamplified products were
then diluted to 1:50 in sterile water. Selective amplification (PCR2, see Appendix C for
details) was then performed under the same conditions (reagents and total volume) than
the preselective amplification, except that three specific selective primers couples were
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used (see Table A2 for sequences). Primers for selective PCRs were chosen among a set
of 24 and 23 primers for G. occitaniae and P. phoxinus, respectively, that we previously
tested for optimal conditions (number of loci amplified per primer, not shown). Amplified
products were then diluted to 1:15 in sterile water and 2.2 µL of this mix was added in
7.8 µL of a mix composed of 800 µL of Hi-Di formamide (Applied Biosystems®) and 15 µL
of ROX500 (Applied Biosystems®) prior to analyzing and sizing the fragments. Fragment
analysis was performed on an ABI PRISM 3730 capillary sequencer (Applied Biosystems®,
Foster City, CA, USA) at the Génopôle Toulouse Midi-Pyrénées.

Fragment profiles were analyzed with GENEMAPPER 5.0® and we scored fragments
(loci) between 150 and 500 bp to avoid homoplasy [57]. Binning of fragments was per-
formed using a peak height threshold at 750 Relative Fluorescence Units (RFU) to exclude
all ambiguous peaks. Manual verification permitted to eliminate false positive such as
peaks just above or below the threshold set, fluorescence blobs, or peaks too close one from
the other to be correctly resolved by automated analysis. Absence and presence of data at
each locus were then converted into Conditions I, II, II, or IV as explained above [54]. All
loci that contained Condition IV (i.e., uninformative state) for more than 95% of the individ-
uals were excluded from further analyses. This resulted in a total of 251 polymorphic loci
for G. occitaniae and 274 polymorphic loci for P. phoxinus, respectively (see the number of
loci per primer in Table A2). We considered each of the four conditions as carrying unique
information, and we therefore ran statistical analyses directly on a four-state data matrix,
which permitted us to keep all the information contained in the dataset.

2.4. Statistical Analyses

To test the part of the molecular variance that was explained by the between-population
component, an analysis of molecular variance (AMOVA; Excoffier et al. 1992) was performed
on either genetic or epigenetic markers and for each species separately (“poppr.amova”
function from the poppr R package). Regarding genetic markers, only microsatellites
markers were considered here, because we did not have the within-population component
(individual genotypes) in our SNPs dataset (see above). If epigenetic marks are more sensi-
tive to the environment, they should be more discriminant and the between-population
component should be higher for epigenetic markers than for genetic markers.

We then estimated measures of genetic (for both marker types separately) and epige-
netic differentiation (for each species separately) by calculating the Gst” index of differenti-
ation between each pair of populations. We preferred this metric of differentiation over
other metrics (e.g., Fst, Gst, Jost’s D, etc.) as it has been shown to be robust to variations in
mutation rates and sample sizes [58,59].

To test whether pairwise epigenetic differentiation was dependent upon genetic dif-
ferentiation (i.e., whether epigenetic differentiation was genetically determined), a simple
Mantel test was first performed between pairwise genetic and epigenetic distances for each
species separately and for each genetic marker type separately (“mantel.rtest” function
from the ade4 R package). Simple Mantel tests were also used to assess the significance of
the correlation between pairwise differentiation measured from microsatellite markers and
differentiation measured from SNP markers.

To test whether epigenetic differentiation between populations resulted from environ-
mental differences among sites (i.e., whether epigenetic differentiation was environmentally
determined), simple Mantel tests were also performed between either genetic or epige-
netic pairwise distances and each of the three environmental distance matrices computed
from retained principal components (Euclidian distances) and a geographical distance
matrix based on riparian distance between sites (to control for a potential confounding
spatial effect and to test for patterns of isolation-by-distance). To further investigate the
relationship between epigenetic pairwise differentiation and environmental or geographi-
cal distance matrices, multiple regressions on distance matrices (MRM, “MRM” function
from the ecodist R package) were then performed. MRM is an extension of partial Man-
tel test allowing to test the relationship between a response matrix and any number of
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explanatory matrices, where each matrix contains distance or similarities (Smouse et al.
1986). For each species, the pairwise matrix of epigenetic differentiation was the response
variable, and explanatory variables where the three environmental distance matrices, the
geographical distance matrix, and the pairwise matrix of genetic differentiation based on
SNP markers to account for a possible genetic determinism of epigenetic marks. For the
sake of simplicity, we did not include the pairwise matrix of genetic differentiation based
on microsatellites, although results were very similar whether we integrated it or not in the
models (not shown).

3. Results
3.1. Genetic and Epigenetic Discrimination

Molecular analysis of variance (AMOVA) revealed that a significant part of the genetic
(microsatellite markers) and epigenetic variance was attributed to the between-population
component, for both species (p-value < 0.001; permutation tests with 1000 repetitions). For
G. occitaniae, the part of the total variance explained by the between-population component
was twice as high for epigenetic markers as it was for genetic markers (20.15% and 10.34%,
respectively, see Table 2). For P. phoxinus, a similar trend was observed although less
pronounced (19.59% and 16.75%, respectively, see Table 2). This suggests that, in both
species, epigenetic markers were more powerful to discriminate among populations than
genetic markers.

Table 2. Outputs of analyses of molecular variance (AMOVA) aiming at testing the part of the molecular variance that
was explained by the between-population component (the within-population component is not shown here). Results are
presented for the two fish species (G. occitaniae and P. phoxinus) and the two molecular marker types (genetic and epigenetic
markers) separately. For the genetic marker, only microsatellite markers have been considered in this analysis (see the text
for details). The percentages of the total variance (“Variation”) explained by the between-population component (and the
associated Phi-st values) are presented, as well as the respective p-values based on permutation tests with 1000 repetitions.

Degrees of
Freedom Sum of Squares Variance

Components Variation (%) Phi-st p-value

G. occitaniae

Genetic markers 12 217.182 0.481 10.34 0.103 <0.001
Epigenetic markers 12 5726.943 17.210 20.15 0.202 <0.001

P. phoxinus
Genetic markers 12 484.297 1.160 16.75 0.168 <0.001

Epigenetic markers 12 6369.97 19.478 19.59 0.196 <0.001

3.2. Simple Associations between Epigenetic, Genetic, and Environmental Distances

Simple Mantel tests demonstrated that there was a significant correlation between
pairwise genetic and epigenetic distance matrices in G. occitaniae for both microsatellite
and SNP markers (r = 0.363, p-value < 0.05 and r = 0.531, p-value < 0.001, for microsatellites
and SNPs, respectively; Figure 2a and Table 3). In P. phoxinus, although the same tendency
was observed, the correlation was not significant (r = 0.287, p-value = 0.089 and r = 0.294,
p-value = 0.121 for microsatellites and SNPs, respectively; Figure 2b and Table 3). Moreover,
most Gst” values measured using epigenetic markers were above the 1:1 line, indicating that
the mean pairwise differentiation among populations was higher when using epigenetic
markers than when using genetic markers (Figure 2a,b). As expected, relationships between
pairwise genetic distances measured using microsatellites in the one hand and SNPs on the
other hand were strong and highly significant (Table 3).
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Figure 2. Biplots illustrating the relationships between pairwise genetic (based on SNP markers) and epigenetic differ-
entiation (based on MS-AFLP markers) in (a) G. occitaniae (the red line indicates a significant relationship based on a
simple Mantel test) and (b) P. phoxinus (no significant relationship was detected based on a simple Mantel test). Each dot
represents a pairwise distance between two sites. The dashed line indicates the 1:1 line. Similar trends were observed with
microsatellite markers but are not shown here.

Table 3. Summary of simple Mantel tests testing the relationships between genetic and epigenetic
differentiation between pairs of populations in G. occitaniae and P. Phoxinus. Results are presented
for both genetic (microsatellites and SNPs) and epigenetic (MS-AFLP) markers. Mantel statistics are
presented (above diagonal), as well as the associated p-values based on 1000 permutations (below
diagonal). Significant relationships are bolded.

Microsatellites SNP MS-AFLP

G. occitaniae
Microsatellites – 0.616 0.363

SNP 0.009 – 0.531
MS-AFLP 0.011 <0.001 –

P. phoxinus
Microsatellites – 0.894 0.287

SNP <0.001 – 0.294
MS-AFLP 0.089 0.121 –

In G. occitaniae, there was a significant relationship between epigenetic pairwise
distances and environmental distances computed from the first principal component
(Figure 3a and Table 4). A similar relationship was observed between pairwise genetic
differentiation measured using SNPs and distance between sites measured from the same
PCA axis, whereas such a relationship was not significant when considering microsatellite
markers (Figure 3b and Table 4). In G. occitaniae, environmental distances measured
from other PCA axes were not correlated to epigenetic or genetic pairwise matrices of
differentiation (Table 4). In P. phoxinus, none of the relationships between epigenetic or
genetic pairwise differentiation and environmental and geographic pairwise distances
were significant (Table 4).
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Figure 3. Biplot illustrating the relationship between (a) epigenetic differentiation between pairs of populations (based
on MS-AFLP) and (b) genetic differentiation between pairs of populations (based on SNPs markers) and environmental
distances (along a eutrophication gradient) between pairs of sites for G. occitaniae (the red line indicates a significant
relationship based on simple Mantel test). Each dot represents a pairwise distance between two sites.

Table 4. Summary of simple Mantel tests testing the relationships between epigenetic and genetic pairwise differentiation,
environmental (PCA components 1 to 3), and geographical (riparian) pairwise distances in G. occitaniae and P. phoxinus.
Results are presented for epigenetic (MS-AFLP) and two genetic (microsatellite and SNPs) markers. Mantel statistics (r) are
presented, as well as the associated p-values based on permutation tests with 1000 repetitions. Significant relationships
are bolded.

Component 1 Component 2 Component 3 Riparian Distance

r p-value r p-value r p-value r p-value

G. occitaniae
MS-AFLP 0.395 <0.01 0.033 0.397 −0.027 0.570 −0.060 0.670

SNP 0.562 <0.05 −0.142 0.670 −0.104 0.661 −0.117 0.666
Microsatellites 0.161 0.195 −0.066 0.538 −0.162 0.765 0.095 0.333

P. phoxinus
MS-AFLP −0.154 0.844 −0.114 0.669 −0.143 0.797 −0.080 0.639

SNP −0.217 0.872 −0.072 0.539 −0.035 0.479 0.107 0.328
Microsatellites −0.11 0.663 −0.180 0.747 −0.001 0.436 0.186 0.228

3.3. Multiple Associations between Epigenetic, Genetic, and Environmental Distances

Multiple regressions on distance matrices (MRM) revealed that, in both species, there
was no relationship between epigenetic pairwise differentiation and environmental and
geographic pairwise distances (Table 5). MRM showed that there was a significant rela-
tionship between genetic and epigenetic differentiation (Table 5) in G. occitaniae, but not in
P. phoxinus.
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Table 5. Summary of multiple regression on distance matrices (MRM) testing the relationships between epigenetic
differentiation, genetic differentiation (based on SNP markers), environmental (PCA components 1 to 3), and geographical
(riparian) distances between sites in G. occitaniae and P. phoxinus. Parameters associated to each explanatory variable are
shown, together with their p–values (1000 permutations). Significant relationships are bolded.

G. occitaniae P. phoxinus

Coefficients p-value Coefficients p-value

Intercept 0.197 0.945 0.312 0.362
Component 1 0.007 0.317 −0.008 0.370
Component 2 0.006 0.473 −0.006 0.672
Component 3 <0.001 0.925 −0.009 0.559
Riparian Dist. <0.001 0.817 −0.001 0.534

Genetics (SNP) 0.290 0.003 0.307 0.220

4. Discussion

Although patterns of genetic and epigenetic structure in natural populations have al-
ready been investigated in plants [26], the relative role of genetic and epigenetic variation in
driving the adaptive potential of animal populations remains unclear. Here, we compared
the epigenetic structure of two sympatric freshwater fish species along the same environ-
mental gradient, and tested the relationship between genetic diversity, epigenetic diversity,
and the environment. Our results suggest that epigenetic diversity is mostly influenced by
the genetic background of organisms and weakly influenced by environmental variation.

We found a tendency toward a positive correlation between pairwise genetic and
epigenetic distance matrices in both species, although the correlation was significant only in
one of the two species (G. occitaniae). This suggests that epigenetic diversity might be partly
genetically controlled and/or that similar processes operate in the same manner on these
two molecular markers (genetic and epigenetic). Indeed, consistent with our hypothesis,
there was spatial congruency between pairwise genetic and epigenetic differentiation in G.
occitaniae, irrespective of the type (microsatellites or SNP) of genetic marker used to assess
genetic differentiation. A similar tendency, yet not significant, was observed in P. phoxinus,
indicating that the strength of the positive association between genetic and epigenetic
differentiation might slightly differ among species from the same ecological guild. A very
few comparative studies in wild populations have been performed so far, and it is hence
extremely difficult to draw general conclusions. In two plants species (Spartina alterniflora
and Borrichia frutescens) sharing the same habitats, a positive correlation between pairwise
genetic and epigenetic differentiation have been highlighted in one species (S. alterniflora)
and not in the other (B. frutescens) [35]. This latter study and our findings suggest that
patterns of covariation between genetic and epigenetic diversity in wild populations is
likely to be species-dependent and hard to predict.

In G. occitaniae, the association between genetic and epigenetic differentiation was
particularly strong when genetic differentiation was calculated using SNP markers. SNP
markers (or some of them) are supposedly nonneutral and hence are significantly affected
by natural selection, whereas microsatellites are supposedly neutral and hence mainly
affected by drift and dispersal. Beyond these characteristics, epigenetic markers consid-
ered here, MS-AFLP, are likely to be more similar to SNP than to microsatellite markers
in terms of the amount of evolutionary information they reveal about wild populations
of fish species. Indeed, microsatellite markers are known to have a faster mutation rate
and thus a higher level of polymorphism [60] than MS-AFLP and SNP markers. Conse-
quently, the impact of neutral processes such as mutation, genetic drift, or gene flow are
probably more similar between MS-AFLP and SNP markers than between MS-AFLP and
microsatellite markers. In order to test the association between genetic and epigenetic
differentiation, comparison between different genetic markers have previously been done
in a few studies [26,31,61–65]. These studies also found different patterns according to the
type of genetic markers that was used to estimate genetic differentiation, which confirms
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that the different regions of the genome are not affected by neutral processes in the same
manner [66–68] and strongly suggests that estimating genetic differentiation based on a
single marker type can potentially lead to imprecise conclusions, especially, if this latter
differs in mutation rate and polymorphism level compared to epigenetic marks.

We found a significant link between epigenetic variation and environmental hetero-
geneity in G. occitaniae, but not in P. phoxinus. Nonetheless, when we controlled for the
underlying genetic structure of populations, this link was no longer significant, suggesting
a non-causal (spurious) association [69]. This indicates that, in G. occitaniae, the association
between epigenetic diversity and environment actually occurred because of an actual causal
relationship between genetic diversity and environment and a covariation at the genome
level between epigenetic and genetic marks. On the contrary in P. phoxinus, none of these
associations between environment, genetic diversity, and epigenetic diversity was uncovered.
The strong and significant association between the environment and genetic diversity ob-
served in G. occitaniae and the absence of such association in P. phoxinus is in agreement with
previous findings that phenotypic differentiation between sites is strongly associated with
the environment in G. occitaniae but not in P. phoxinus [39]. In particular, oxygen saturation
was strongly associated with phenotypic divergence among G. occitaniae, and complemen-
tary analyses (Commonality Analysis, not shown) also revealed that oxygen concentration
was the most impacting environmental variable associated to genetic (SNPs) differentiation.
Overall, these findings are consistent with the hypothesis of natural selection, triggered by
environmental stress—here oxygen—and modulated by genetic marks, resulting in a local
phenotypic adaptation of G. occitaniae [11,39,70]. To sum up, the epigenetic-environment
association found in G. occitaniae was actually spurious, which stresses the importance
of controlling for the genetic background of populations to infer the causal link between
epigenetic variations and environmental heterogeneity in wild populations.

In both species, our results highlighted that epigenetic marks were more powerful
to discriminate populations than the two genetic markers. Indeed, in both species, the
AMOVA revealed that the variance measured among populations was higher when using
epigenetic markers than when using microsatellite markers. Moreover, using the same
metric of differentiation (Gst”), we found that the mean pairwise differentiation among
populations was higher when using epigenetic markers than when using genetic markers
(either microsatellites or SNPs, see Figure 2; most Gst” values measured using epigenetic
marks are above the 1:1 line). In other words, environmentally -and geographically- distant
populations were more different epigenetically than genetically. This result suggests that
although a part of the epigenetic marks seems to be genetically controlled, epigenetic
diversity also contained information that seems independent from genetic variation and
that allows discriminating populations further. This strong discriminative power of epige-
netic marks is unlikely to be mainly driven by the sensitivity of epigenetic marks to the
environment as we found little evidence that, in these species, the epigenetic structure of
populations was causally linked to the environment (see above). Rather, we can speculate
that the inherent characteristics of epigenetic marks (in particular, higher mutation rates)
and their sensitivity to neutral processes (drift and dispersal) make them extremely rele-
vant as natural markers for population discrimination. This strong discriminative ability
might be highly relevant for species conservation, for instance, to identify ecologically
and evolutionary isolated populations (and hence Evolutionary Significant Units) [71–73]
and/or infer connectivity among populations [4].

Finally, we want to address some methodological limitations to our work. First, we
worked on fin tissue to favor a non-lethal approach, supported by the fact that the shape
of the fin and its coloration can be linked to abiotic environmental conditions [45,46].
In this context, the fin appears to be a good compromise between both scientific and
ethical concerns. However, given that DNA methylation diversity can show tissue-specific
differences within an individual [42–44], this choice is not trivial. The fin is likely not the
tissue that responds the most, at the molecular level, to environmental conditions, and is
consequently probably less linked to fitness than other tissues. Our results might have been
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different with other tissues like muscle [33,74–76], blood [34,77,78], liver [79,80], or gill
tissue [81]. Some authors made different choices to avoid tissue-specific differences such
as gonads [56] or even whole organism when it is relatively small in body size [36,82–84].
Second, we used a MS-AFLP protocol, which is currently the most widely used approach
for inferring epigenetic diversity in wild populations [37,78,81,85]. Although MS-AFLP has
several advantages, such as being efficient and economical to assess epigenetic diversity for
large sample sizes, this method only provides anonymous and dominant markers leading
to a fragment analysis that is subject to homoplasy (i.e., two fragments of the same size
but with different sequence) [57]. Consequently, DNA methylation marks are difficult to
link to the functional context or to compare directly with genetic data [78,86]. Promising
approaches based on reduced representation bisulfite sequencing (RRBS) approach and
next-generation sequencing (NGS) might partly solve these issues [87,88], particularly
by allowing the identification of the specific loci potentially implied in the response to
the environment. RRBS should be explicitly compared to MS-AFLP to isolate further the
potential limits of MS-AFLP approaches and to gain novel insights into the loci underlying
adaptation to the local environment [89].

5. Conclusions

To conclude, our study provided an attempt to link epigenetic variation in wild popu-
lations to the surrounding environment, a work that has been almost always carried out in
plants and much more rarely in animals [20,90]. In our empirical comparative study, we
showed that, contrary to expectations, there was no link between epigenetic variation and
environmental constraints in G. occitaniae and P. phoxinus. This suggests that epigenetic di-
versity might be poorly associated to adaptation in these two species. Nonetheless, in both
cases, epigenetic variation seems to be genetically determined, indicating a genetic control
of epigenetic variation, as suspected in previous works [20–22]. Interestingly, epigenetic
differentiation was linked (or show a tendency to be linked) to microsatellites (i.e., neutral)
genetic differentiation, reinforcing the idea of an impact of the same neutral processes
on genetic and epigenetic variation [26–28]. This implies that, in the species we inves-
tigated, epigenetic variation is more likely driven by neutral than nonneutral processes.
Nonetheless, epigenetic marks are still more efficient than genetic markers to discriminate
populations and can hence provide a tool to improve conservation strategies of endangered
populations [4]. Future works should hence consider the dual use of genetic and epigenetic
marks to inform conservation strategies, such as the delimitation of significant units of
conservation or the quantification of biological connectivity in fragmented landscapes.
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Appendix B

Table A2. Sequences of adaptors and primers used in the Methylation-Sensitive-Amplified Fragment
Length Polymorphism (MS-AFLP) protocol (and their dyes and the number of loci per primer).
Forward (F) and Reverse (R) strand. The same preselective primer was used for both species and
three different selective primers were used for each species.

Name Sequence (5’-3’) Dye Number of loci

EcoRI adaptors F: CTCGTAGACTGCGTACC
R: AATTGGTACGCAGTCTAC

– –

MspI/HpaII adaptors F: GATCATGAGTCCTGCT
R: CGAGCAGGACTCATGA

– –

Preselective primers F: GACTGCGTACCAATTC+A
R: ATCATGAGTCCTGCTCGG+A

– –

Selective primers
G. occitaniae

F: GACTGCGTACCAATTC+AGA
R: ATCATGAGTCCTGCTCGG+ATC HEX 66

F: GACTGCGTACCAATTC+AAT
R: ATCATGAGTCCTGCTCGG+AAT AT550 69

F: GACTGCGTACCAATTC+AAT
R: ATCATGAGTCCTGCTCGG+ATC AT550 116

Selective primers
P. phoxinus

F: GACTGCGTACCAATTC+AAC
R: ATCATGAGTCCTGCTCGG+AAA FAM 71

F: GACTGCGTACCAATTC+AAC
R: ATCATGAGTCCTGCTCGG+AAT FAM 105

F: GACTGCGTACCAATTC+AGA
R: ATCATGAGTCCTGCTCGG+ACT HEX 98

Appendix C. —PCR Conditions

PCR1: Reaction started with a first elongation step at 72 ◦C for 2 min (to ensure
that ligation will not vanish during the first denaturation step), followed by 25 cycles of
amplification: a denaturation step at 92 ◦C for 30 s, a hybridization step at 56 ◦C for 1 min,
and an elongation step at 72 ◦C for 1 min and finished with a final extension step at 72 ◦C
for 5 min.

PCR2: Reaction started with a first denaturation step at 94 ◦C for 30 s, followed by
15 cycles of a decreasingly selective amplification: a denaturation step at 94 ◦C for 30 s, a
decreasingly selective hybridization step from 65 to 56 ◦C (dropping the temperature at
each cycle), and an elongation step at 72 ◦C for 2 min. This is followed by 30 cycles of more
classic amplification: 94 ◦C for 30 s, 56 ◦C for 30 s, and 72 ◦C for 2 min and finished with a
final long extension step at 60 ◦C for 30 min.
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Abstract: The phenotypic plasticity of plants in response to change in their light environment, and in
particularly, to shade is a schoolbook example of ecologically relevant phenotypic plasticity with
evolutionary adaptive implications. Epigenetic variation is known to potentially underlie plant
phenotypic plasticity. Yet, little is known about its role in ecologically and evolutionary relevant
mechanisms shaping the diversity of plant populations in nature. Here we used a reference-free
reduced representation bisulfite sequencing method for non-model organisms (epiGBS) to investigate
changes in DNA methylation patterns across the genome in snapdragon plants (Antirrhinum majus L.).
We exposed plants to sunlight versus artificially induced shade in four highly inbred lines to exclude
genetic confounding effects. Our results showed that phenotypic plasticity in response to light versus
shade shaped vegetative traits. They also showed that DNA methylation patterns were modified
under light versus shade, with a trend towards global effects over the genome but with large effects
found on a restricted portion. We also detected the existence of a correlation between phenotypic
and epigenetic variation that neither supported nor rejected its potential role in plasticity. While our
findings imply epigenetic changes in response to light versus shade environments in snapdragon
plants, whether these changes are directly involved in the phenotypic plastic response of plants
remains to be investigated. Our approach contributed to this new finding but illustrates the limits
in terms of sample size and statistical power of population epigenetic approaches in non-model
organisms. Pushing this boundary will be necessary before the relationship between environmentally
induced epigenetic changes and phenotypic plasticity is clarified for ecologically relevant mechanisms
with evolutionary implications.

Keywords: phenotypic plasticity; epigenetics; epiGBS; stem elongation; shade avoidance

1. Introduction

Snapdragon plants (Antirrhinum majus L.) undergo developmental changes resulting
in different morphologies after exposure to shade [1]. This is one if not the most common
example of phenotypic plasticity in plants where changes in internode length (stem elon-
gation), apical dominance (reduced branching), and photosynthetic efficiency (increased
Specific Leaf Area or SLA) are observed following shade exposure [1–3]. When it allows
plants to avoid the presence of neighbouring vegetation, it is part of the widely documented
shade avoidance syndrome of plants [2]. This phenotypic plastic response can be adaptive
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in the presence of competition for light, e.g., by elongating its stem and reaching sunlight
and pollinators in a crowded ecosystem [4,5]. The ecological and adaptive significance and
the physiological and genetic mechanisms underlying the phenotypic response of plants
to shade are well documented [6,7]. However, little is known about the hypothesis that
molecular epigenetic variation might underlie this ecologically relevant plastic response of
natural populations (but see [8–10]).

1.1. Calling for Ecologically Relevant Tests of the Epigenetic Basis of Phenotypic Plasticity

Epigenetic changes can be involved with phenotypic plastic responses at the molecular
level [11,12]. For example, the chromatin organisation and structure can change in relation
to DNA methylation or histone post-translational modifications, which can affect gene
expression and release transposable elements (TE) [13]. There is growing evidence for epi-
genetic variation associated with trait variation and phenotypic plasticity [14]. For example,
phenotypic plasticity in response to temperature changes—either heat or cold treatments—
was found to be associated with epigenetic modifications [15,16]. The role of epigenetic
variation as an interface between ecological and genetic mechanisms is increasingly put
forward in evolutionary biology studies [17]. More empirical work is needed to assess the
ecological significance of epigenetic variation to understand its role in the evolution of nat-
ural populations. It is therefore necessary to test whether ecologically relevant phenotypic
plastic responses are associated with epigenetic changes. Here we tested the hypothesis
that the phenotypic plasticity in response to shade observed in snapdragon plants [1,8]
was associated with epigenetic modifications by using an epigenomic approach.

1.2. Separating Genetic and Epigenetic Effects

Ecological and evolutionary epigenetics is a young domain of research that is con-
stantly ongoing technical developments. One issue with epigenetic approaches of pheno-
typic variation is that the effect of DNA methylation changes can only be assessed in the
absence of confounded genetic variation. This constraint challenges the use of epigenetics
in studies at the scale of populations. Although statistical approaches are available to
estimate simultaneously the genetic and epigenetic variation of phenotypic traits [18,19],
they demand a quantity of data that is not adapted for small experiments on epigenomic
variation. We, therefore, chose to use a technical solution to this issue. We used highly
inbred lines of snapdragon plants in which genomes are nearly if not totally fixed in a
homozygous state by successive generations of self-fertilization. We submitted plants
from each snapdragon line to regular sunlight or shade, which allowed us to exclude or
extremely reduce confounded genetic effects within lines and replicate the experiment
across genetically different backgrounds.

1.3. Snapdragon Plants: The Road So Far

Previous work using High Performance Liquid Chromatography suggested that
global methylation contents might change under different light treatments, and called for
investigating DNA methylation patterns at the genomic level [8]. Several approaches can
be used to characterize DNA methylation, such as Whole-Genome Bisulfite Sequencing
(WGBS), Bisulfite converted restriction site associated DNA sequencing or bsRADseq,
Epi RADseq, methylated DNA Immuno Precipitation, or meDIP. We chose epiGenome
Bisulfite Sequencing or epiGBS [20]. This approach characterizes a reduced representation
of the genome and therefore aims at detecting global patterns of DNA methylation changes
spread across the genome. It is not aimed at identifying a specific gene or genomic
region. Although the use of epigenomic methods is still restricted to small sample sizes,
which impedes the study of multiple populations, the epiGBS approach allowed us to
study enough samples to estimate the effect of ecological factors in snapdragon plant
inbred lineages.

We aimed to assess whether the phenotypic response of snapdragon plants to light ver-
sus shade was associated with changes in DNA methylation patterns at the genomic level.
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We first assessed phenotypic differences associated with light versus shade by exposing
plants grown in experimental to regular sunlight or artificially generated shade. Second,
we tested whether the light versus shade treatment had an effect on global methylation
patterns across the genome by sampling regions of the genome. Finally, we tested whether
DNA methylation changes were consistently associated with phenotypic differences when
we had found a significant effect of the light treatment on DNA methylation patterns.

2. Materials and Methods
2.1. Study System

We used four inbred lines of Antirrhinum majus L. (snapdragon plants) that were
produced following successive generations of self-fertilisation. Snapdragon plants harbour
hermaphroditic flowers that are usually self-incompatible [21]. It is a short-lived perennial
plant characterized by zygomorphic flowers with genomic development and selection that
is widely documented [22]. Its natural populations are highly genetically diverse [23,24] and
geographically distributed across a large range of environmental conditions, in particular
in terms of vegetation cover [25]. Snapdragon plants are locally adapted to their abiotic
environment [26], and have been shown to react in terms of growth and development to
light quality and intensity [1,27,28]. It is therefore an ecologically relevant study system to
investigate the epigenomic basis of phenotypic plasticity in response to shade. Phenotypic
plasticity in response to shade was already shown in experiments based on natural popu-
lations [1]. Here we chose to study highly inbred lines of snapdragon plants to exclude
confounding genetic effects. We used lines from different origins to replicate our approach
in different genetic backgrounds. These lines were originally made for horticultural and
developmental genomics research programs. Three of them were provided by the John
Innes Centre (Norwich Research Park), namely Ji75, Ji98, and Si50. The fourth line, namely
E165, was obtained from the Technical University of Cartagena (Instituto de Biotecnología
Vegetal, Pr Marcos Egea Gutiérrez-Cortines).

2.2. Experiment

The plant experiment was conducted outside under semi-controlled environmen-
tal conditions in the experimental garden facility of the ENSFEA agronomic school of
Castanet-Tolosan, France (see photo in the supplementary materials). Seeds were sown
on 23 April 2018 in racks filled with mixture compost (50% BP2 Kompact 294, 50% TS3
Argile 404; Klasmann, Bourgoin Jallieu, France). Soon after germination when all seedlings
harboured their first two or four leaves (4 June 2018), seedlings were transplanted in
individual 9 × 9 cm pots filled with the same mixture compost. Every pot included one
plant and was randomly assigned a location in the experimental garden. Half of the plants
were randomly chosen and exposed to a shade treatment by using individual shading
cages covered with net producing 70% shade. Plants were watered manually with the
same amount of water twice a week. A total of 200 plants (50 per inbred line) were used
in this experiment. In each inbred line, 25 out of the 50 plants were exposed to shade.
The impact of shade nets on light intensity was characterized in a previous study by using
multiple spectrophotometer acquisitions. They let pass through around one third of the
photosynthetic active radiation (PAR) and two-thirds of the red to far-red ratio (R/FR) [1].

2.3. Adult Plant Phenotypic Measurements

One month after the young seedlings were exposed to shade (2 July 2018), adult plants
were measured to test for the effect of shade on phenotypic measurements. Phenotypic
measurements included height in cm, number of branches, presence or absence of floral
buds, number of internodes, and stem diameter in mm. Internode length was calculated
as the average stem length in cm per internode (plant height/number of internodes).
Five fully developed leaves were collected, scanned, dried (3 days at 45 ◦C), and weighed.
The area of leaves was measured using the ImageJ software [29] and the specific leaf area
(SLA) was calculated as leaves surface (m2)/leaves mass (kg).

143



Genes 2021, 12, 227

2.4. Second Round of Stem Growth for Plants Sampled for Tissue

After the first round of measurements presented above, stems of adult plants were
cut at the first internode level to allow the growth of a new stem, still under the same
light or shade treatment. This allowed us to sample tissue from meristems that were
young enough not to be close to the stage of producing terminal flowers but for plants
that had been exposed to shade or light for more than a month. Shoot apices were chosen
because it is the place where new tissues start their differentiated growth and development.
This is also where plants perceive external signals that drive phenotypic responses linked
to growth or development. The shoot apex and two leaves were harvested on 48 plants,
representing six plants by line and by treatment for each type of tissue. We also recorded
phenotypic measurements to allow their comparison between treatments to be directly
related to epigenetic data. These plants were measured on four different dates to allow their
comparisons at the same developmental stage rather than age: three to four developed
internodes (on 25 and 30 July and 1 and 6 August respectively 23, 28, 30, and 37 days after
cutting). The same phenotypic measurements were taken as for adult plants during the
first round of measurements, with an exception made for the presence or absence of a floral
bud (none were present). The six phenotypic traits that were analysed were therefore: plant
height, internode length, stem diameter, number of leaves, number of branches, and SLA.

2.5. Epigenetic Analysis

Tissue samples were frozen in liquid nitrogen at the moment of sampling and con-
served at −80 ◦C until epigenetic analyses. We chose to sample shoot apexes because it
is the part of the plant wherein all new tissues start their growth and develop. When an
external signal is perceived by a plant and transformed into a phenotypic response that will
drive the modification of the main stem and the organs located onto it (e.g., leaves), the per-
ception and initiation of the response are expected to take place in the stem apical meristem.
We also chose to sample leaves in order to explore the epigenetic variation expected to be
associated with SLA plasticity. We chose to collect these two tissues because methylation
was previously shown to be tissue-specific and so may vary differently between tissues
responding to the same environmental treatment [30,31].

Shoot apices and leaves were ground to powder by using Tissue Lyser II (Qiagen,
Hilden, Germany) which disrupts biological samples through high-speed shaking in plastic
tubes with stainless steels. Total DNA was extracted by using Biosprint 15 DNA Plant
kit (Qiagen, Hilden, Germany) which is a rapid and economical automated method that
allowed purification of total DNA from plant tissue.

DNA methylation was studied by using the epiGBS method as the Antirrhinum majus
reference genome was not available at the time [20]. In a nutshell, epiGBS is a reference-
free reduced representation bisulfite sequencing method. This method uses genotyping
by sequencing of bisulfite-converted DNA followed by reliable de novo reference con-
struction, mapping, variant calling, and distinction of single-nucleotide polymorphisms
(SNPs) versus methylation variation (protocol details can be found in the supplementary
materials). All library preparations have been realized by Niels Wagemaker (department of
Experimental Plant Ecology, Radboud University, Nijmegen) according to their published
protocol [20].

2.6. Bioinformatics

We used a bioinformatics pipeline integrated in the snake-make workflow called
epiGBS2 [32] to remove PCR duplicates and demultiplex samples. The pipeline is available
at: https://github.com/nioo-knaw/epiGBS2. The filtered and demultiplexed reads from
epiGBS2 pipeline were used in another pipeline adapted from previous work [33], using the
Galaxy project server as applied in [34]. Adapter removing was done using TrimGalore!
V06.5 [35]. Single-end reads were aligned to the snapdragon plant genome version 3.0 [36]
with BSMAP Mapper [37]. Mapped reads were merged and used as input in BSMAP
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Methylation Caller to get a tabular file with cytosine and thymine counts that were used as
input to calculate coverage and Frequency of C and T for subsequent analysis.

CpG methylated sites with coverage of at least eight reads per position found in all
samples were filtered with the package Methylkit [38]. After BSMAP methylation calling,
bedgraph files were used to filter the sites in a CHG and CHH methylation context where H
can be A, C, or T. Only the methylation sites covered by eight or more reads were retained
for the Principal Component Analysis.

2.7. Statistical Analysis

We summarized the epiGBS data on DNA methylation changes by using PCA for
each methylation protocol and line. PCA was conducted with the package factoextra,
FactoMineR, emmeans, and missMDA (scripts available at the end of the supplementary
materials). We retrieved PCA coordinates per individual, the relative and absolute con-
tributions of the components (also named dimensions) to the global variance, and the
contribution of variables (cytosines positions) to the components (also named dimensions)
by DNA methylation context (CpG, CHG, and CHH) and by tissue (apex and leaves) for the
subsequent analyses.

We assessed the effect of the light versus shade treatment on (1) the phenotypic
traits (plant height, internodes length, stem diameter, number of flowers, number of
ramifications, and SLA), and (2) methylation patterns summarised by PCA dimensions
with Mann–Whitney U-tests for each line, tissue, and methylation protocol. We extracted
the effect size and its 95% confidence interval for each test, which allowed us to assess and
compare the effect of the light versus shade treatment among lines, tissues, methylation
protocols, and PCA dimensions. Where methylation differences due to the light treatment
were found, we assessed the correlation between phenotypic trait values and variation in
the methylation patterns represented by PCA dimensions with a Spearman correlation test.
Each test was conducted on 12 individuals and replicated in the four snapdragon plant
inbred lines, 11 to 12 PCA dimensions, two tissues (apex and leaves), and three methylation
protocols (CHG, CHH, and CpG). Effect size estimates with confidence intervals that did
not include zero were considered as significantly different from zero.

We estimated effect sizes and their 95% confidence interval from Mann–Whitney tests
using the R packages “rcompanion” [39] and “coin” [40]. We estimated the Spearman corre-
lation coefficients and their 95% confidence interval using the R package “RVAideMemoire”.
All analyses were performed in R software version 3.6.3 [41].

We performed power analyses of the Mann–Whitney tests depending on the effect
size r and power analyses of the correlations depending on the Spearman correlation
coefficient rS (see ‘power analysis’ in the supplementary materials for more details and
Figures S1 and S2).

3. Results
3.1. Phenotypic Response to Light Versus Shade Treatment

Our analysis revealed a strong effect (effect size r > 0.5) of the light versus shade treat-
ment on all phenotypic traits considered except for height (Figure 1, Table S1). Snapdragon
plants exposed to regular natural light had more branches, shorter internodes, a larger
basal stem diameter, more leaves, and were shorter than their counterparts exposed to
shade. We found no difference between inbred lines in the strength of their response to the
light treatment, as illustrated by nearly complete overlap between the 95% CIs of the light
treatment effect between lines (Table S1). One must note that we had limited statistical
power to detect the significance of small size effects (Figure S1).
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Figure 1. Effect sizes of light treatment on phenotypic traits represented for each snapdragon inbred
line flanked by their 95% confidence interval. Line identities are noted in the column on the right
side of the graph. Dotted lines represent r = 0.3 and r = 0.5. Estimates for which the 95% CI does not
include zero are represented by black circles while others are represented by empty circles.

3.2. PCA Summary of DNA Methylation Data

The different PCA dimensions explained very similar percentages of DNA methylation
data variation for each PCA across the 11 dimensions summarizing the CHH and CHG data
variation, and across the 12 dimensions summarizing the CpG data variation, both for apex
and leaf tissue (Table S2). Caution must be taken when interpreting the 12th dimension
because it explained only c. 10 to the minus 29 power % of the variation. Since DNA
methylation data variation could not be summarized to a very low number of dimensions
(Table S2), we kept all the dimensions of each PCA and considered them equivalent in the
statistical analyses used to test for associations between phenotypic traits measurements
and DNA methylation changes.
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3.3. DNA Methylation Association with Light Versus Shade Treatment and Phenotypic Variation

The analysis of the effect of the light versus shade treatment on DNA methylation
revealed variation within lines between light and shade treatments. Caution must be
taken when considering this variation and one should not speculate as to its statistical
significance because 95% CI generally overlapped the zero. However, one to three PCA
dimensions reflected a large difference between light and shade treatments (r ≥ 0.5) that
can be unambiguously considered as significant in apex tissue (Figure 2, Table S3).
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Figure 2. Effect sizes of methylation differences between light versus shade treatments presented for each methylation
protocol (CHG, CHH, CpG) applied on apex tissue. Effect sizes are presented for each line and flanked by their 95%
confidence interval. Dotted lines represent r = 0.3 and r = 0.5. Estimates for which the 95% CI does not include zero
are represented by black circles while others are empty. Numbers on the right column show the PCA dimension of the
methylation protocol.

Equivalent results were found in leaf tissue (Figure 3, Table S4).
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Figure 3. Effect sizes of methylation differences between light versus shade treatments presented
for each methylation protocol (CHG, CHH, CpG) applied on leaf tissue. Effect sizes are presented
for each line and flanked by their 95% confidence interval. Dotted lines represent r = 0.3 and r = 0.5.
Estimates for which the 95% CI does not include zero are represented by black circles while others
are empty. Numbers on the right column show the PCA dimension of the methylation protocol.

3.4. Association between Phenotypic Differences and DNA Methylation Changes

Among the 11 cases presented above that showed wide and significant methylation
pattern differences associated with the light versus shade treatment, phenotypic variation
was not always found to correlate with DNA methylation variation represented by PCA
coordinates. Interestingly, no significant correlation was found between height and PCA
coordinates in apex tissue (Figure 4A, Table S5). In the analysis based on leaf tissue samples,
it was the number of leaves that did not show any link with DNA methylation variation
(Figure 4B, Table S6). Caution must be taken when interpreting these relationships as they
characterize the correlation between trait and epigenetic variations but do not take into
account the treatment effect.
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4. Discussion
4.1. Phenotypic Plasticity

Our results confirmed snapdragon plant phenotypic plasticity to light versus shade
in highly inbred lines. It is interesting to note that this finding on phenotypic plasticity
was replicated in a similar experimental setting for wild snapdragon plant populations [1].
Such phenotypic plastic response is typical of the response described in the presence of
shade avoidance syndrome [2,3]. For a similar height, snapdragon plants exposed to shade
had flatter or thinner leaves (increased SLA), which is usually associated with a higher
growth rate in favorable environments. They were also characterized by increased stem
elongation, which is an increase in the mean internode distance and one if not the most
documented example of plasticity in plants. Plants grew bigger under shade as illustrated
by their higher number of branches, larger basal stem diameter, and greater number of
leaves. Although increased internode length and SLA are commonly reported in response to
shade, branching is usually reduced because of apical dominance [2]. Our results, together
with results found in myrtle plants (Myrtus communis) are starting a pool of examples
of branching increased by shade [42]. Collectively, these findings and previous findings
in wild snapdragon populations and inbred lines support the hypothesis of a strong
phenotypic plasticity in response to shade in snapdragon plants. They also suggest that this
plasticity was conserved in snapdragon horticultural lines. Interestingly, the magnitude of
the plastic response was comparable between lines.

4.2. Epigenetic Response to Light Versus Shade

Previous studies on snapdragon plants found that their ~400 to 500 Mb genome largely
harbored methylations to a non-negligible extent (15%), which is comparable to several
plant species and seems to vary in relation to the genome size in Angiosperms [8,43].
Our results in highly inbred lines showed that methylation patterns on the snapdragon
genome can change in response to the modification of the light environment (sunlight
versus shade) of the plants. This result was found in different highly inbred lines that have
fully or nearly fixed genomic backgrounds. It connects indirectly epigenetic variation to
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the ecology of natural populations in different genomic backgrounds. Equivalent examples
of this biological link can be found in the literature [44,45]. Here we call for more studies in
non-model organisms. This will be necessary before we can obtain a clear picture of the
ecology and evolution of genetic and epigenetic variation at the level of populations [46].

Our results suggest that DNA methylation variation was spread across the genome
because the different dimensions of the PCA that summarized the variation of DNA
methylation patterns across the genome provided a balanced explanation of the variation.
Although the coordinates of most PCA dimensions varied between the light versus shade
environments, only a few of these dimensions underwent a strong significant effect: the oth-
ers were only indicative of trends in a low statistical power context. We therefore cannot
conclude to the presence of global epigenetic response to shade across the genome. Instead,
our results suggest that a limited number of epigenomic regions were involved in a strong
modification of DNA methylation patterns in response to light versus shade environments.
One could speculate about the interest of precisely identifying these regions but since the
epiGBS approach covers a small percentage of the genome, whole-genome approaches
would be more suitable for this aim. This limitation is inherent to reduced representation
sequencing methods. Our findings, therefore, imply some strong but regionally restricted
epigenomic changes in snapdragon plants in response to light versus shade environments.
Epigenetic variation in snapdragon plants therefore participates to the schoolbook example
of ecologically and evolutionary relevant examples of phenotypic plasticity in plants.

To date, our study is one of the very few that investigates the potential link be-
tween the phenotypic plasticity of plants in response to shade and epigenetic variation.
For example, clonal lines of longstalk starwort plants (Stellaria longipes) submitted to dif-
ferent light treatments showed that stem elongation correlated with reduced methylated
cytosine content measured by High Performance Liquid Chromatography (HPLC) [9].
In Arabidopsis thaliana, histone acetylation of H3/H4 and H3K4me3/H3K36me3 promoted
the expression of shade responsive genes in the Col-0 genotype [10]. Collectively, these find-
ings and ours suggest that beyond the widely documented genetic mechanisms underlying
the phenotypic plasticity of plants in response to shade [4,7], epigenetic variation might
potentially be involved. Further work is necessary before any finding can be generalized to
other plant species.

4.3. The Epigenetic Basis of Phenotypic Variation or Lack Thereof

Although we found that phenotypic variation was often associated with variation in
DNA methylation patterns in different highly inbred lines, no clear relationship between
trait phenotypic plasticity and epigenetic change emerged. We found an epigenetic basis
for trait variation, and its absence, in many scenarios. For example, it was the case for traits
that did not change in response to shade, for traits that changed although no epigenetic
modification was found, when neither the trait nor DNA methylation patterns were modi-
fied by the light versus shade treatment, but also when both responded. Our analysis was
inconclusive and neither confirmed nor denied the hypothesis that epigenetic modifications
played a role in snapdragon trait phenotypic plasticity in response to shade.

A clear pattern of DNA methylation variation among snapdragon lines emerged
from the analysis of trait epigenetic variation. This finding confirms at the epigenomic
level the results found previously by using chemical analyses (8); there are differences in
the epigenetic variation of traits between genomic backgrounds. This is highly expected
because DNA methylation variation is linked to the DNA sequence. DNA sequence poly-
morphism at potentially methylated cytosine sites results in methylation variation [47].
Other mechanisms link DNA sequence polymorphism to methylation patterns, e.g., the mo-
bility of Transposable Elements (TEs) enabled by changes in DNA methylation [48] and
epigenetically facilitated DNA mutation [17]. Our study illustrates that methodological
developments are still necessary in non-model species to overcome limits in the study of
the ecological and evolutionary significance of epigenetic variation.
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5. Conclusions

Our findings and others suggest that epigenetic variation might be associated with the
phenotypic plasticity of plants in response to shade. This plasticity is likely influencing the
ability of most plant populations to adapt. Beyond its general ecological relevance in nature,
it has implications for the ongoing challenges linked to climate change. This is because con-
temporary changes of the vegetation cover can be observed in many ecosystems worldwide
because of fragmentation [49] and land-use changes [50]. Plant vegetative architecture and
photosynthetic related traits also play a key role in the evolution, adaptation, and plasticity
of crop plants (crop breeding and domestication [51–54]). We therefore call for more work
on the potential epigenetic variation associated with the phenotypic plasticity of plants in
response to shade because it would improve our understanding of the potential ecological
and evolutionary significance of epigenetic variation in natural populations.
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Abstract: Recently, it has been shown that the community of gut microorganisms plays a crucial role
in host performance with respect to parasite tolerance. Knowledge, however, is lacking on the role of
the gut microbiome in mediating host tolerance after parasite re-exposure, especially considering
multiple parasite infections. We here aimed to fill this knowledge gap by studying the role of the gut
microbiome on tolerance in Daphnia magna upon multiple parasite species re-exposure. Additionally,
we investigated the role of the host genotype in the interaction between the gut microbiome and the
host phenotypic performance. A microbiome transplant experiment was performed in which three
germ-free D. magna genotypes were exposed to a gut microbial inoculum and a parasite community
treatment. The gut microbiome inocula were pre-exposed to the same parasite communities or a
control treatment. Daphnia performance was monitored, and amplicon sequencing was performed to
characterize the gut microbial community. Our experimental results showed that the gut microbiome
plays no role in Daphnia tolerance upon parasite re-exposure. We did, however, find a main effect
of the gut microbiome on Daphnia body size reflecting parasite specific responses. Our results also
showed that it is rather the Daphnia genotype, and not the gut microbiome, that affected parasite-
induced host mortality. Additionally, we found a role of the genotype in structuring the gut microbial
community, both in alpha diversity as in the microbial composition.

Keywords: Daphnia magna; diversity; dysbiosis; genotype; gut microbiome; parasite re-exposure; tolerance

1. Introduction

Recently, it has been shown that the microbial community is involved in multiple
processes in host biology, such as food digestion, metabolic regulation, developmental
signaling, behavior, and social interactions [1–3]. A part of these microbiota resides in the
gut, where they are in direct and continuous contact with host tissues [4,5]. These gut
symbionts, composed of bacteria, archaea, anaerobic fungi, protozoa, and viruses, provide
nutrients, detoxify toxins, and contribute to the host’s development and growth [2,6–8].
The gut microbiome can also provide protection against parasites [9–11]. There is growing
recognition that the effects of the gut microbiota and parasites on the host are intertwined.
Infection with parasites, e.g., intestinal helminths, can significantly disrupt or restructure
the host’s microbial community, both in invertebrates [12–14] and in vertebrates [15,16].

The gut microbiome can shape and enhance the host’s immune system by up-regulation
of mucosal activity and induction of antimicrobial peptides [17–19]. Additionally, a sta-
ble and diverse gut microbiome can prevent colonization and limit detrimental effects
of invading parasites, which is generally associated with interactions between the gut
microbiome and the immune system [20,21]. An unbalanced or maladapted microbiome,
i.e., dysbiosis of the microbial community, may result in a microbial community which can

155



Genes 2021, 12, 70

be both in low-diversity and modified metabolic state [22]. This unbalanced microbiome
can increase susceptibility to parasites [23], and is set in motion by a number of direct or
indirect mechanisms in the gut [24], e.g., by subverting the immune system, leading to
further negative effects [25]. A lower microbial diversity has also been correlated with
either a higher abundance of, or an increased susceptibility to, low abundant, opportunistic
parasites [26–28]. Even though studies mostly focus on the beneficial effects of the gut
microbiota, particular commensal gut communities can also increase host susceptibility to
disease [29], and even turn harmful under certain conditions (i.e., pathobiont) [22,30].

The reciprocal role between parasites and the host’s microbiome has been studied
in multiple invertebrates (beetles [14], bumblebees [9,11,31], C. elegans [32], fruit flies [33],
oysters [34]). The honey bees are an especially well-studied group in that perspective;
a protective function of the gut microbiome against parasites has been shown through
controlled microbial inoculations [35,36]. However, only one study so far has been un-
dertaken on the experimental model system, the water flea Daphnia and its parasites [37].
Sison-Mangus et al. [38] found no evidence that a host’s microbiota regulated resistance
against the bacterial parasite Pasteuria ramosa, but did find significant differences between
microbial communities depending on the host’s genotype. Daphnia studies also showed
clear genotype-specific responses of the gut microbiome, mainly upon toxic cyanobacterial
exposure in Daphnia tolerance [39–41] or exposure to environmental microbial pools [42,43].

Studies have been undertaken on the reciprocal role between the host microbiome
and parasites. No studies, however, have looked into the mediating capacity of the mi-
crobiome in parasite tolerance after re-exposure to that same parasite community. Filling
this knowledge gap must be one of the next priorities in studying the complex interplay
between the gut microbiome and parasite infection, especially because organisms are often
infected by multiple parasites. To address this knowledge gap, we set up an experiment
to investigate the reciprocal role of the gut microbial community and parasite exposure
in host–multiple parasite interactions in Daphnia magna after parasite re-exposure. We
first performed a microbiome adaptation experiment in which we exposed Daphnia pop-
ulations to two parasite communities and one control treatment, assuming the host gut
microbiomes will adapt to the parasite communities. Additionally, we included three
Daphnia genotypes in our experimental design to reveal possible intraspecific responses
in Daphnia-microbiome-multiple parasite interactions, which could induce microbiome
mediated evolutionary responses linked to particular genotypes [2]. The gut microbial
community can drive eco-evolutionary dynamics through its host by impacting life history
traits. Combined with the important role of parasites and the genotype in regulating and
shaping individual responses and host populations, such population effects can mediate
changes up to community level and the whole ecosystem.

2. Materials and Methods
2.1. Microbiome Adaptation Experiment

We first performed a microbiome adaptation experiment in which we pre-exposed
Daphnia and their microbiomes to three types of parasite treatments. By doing so, we
obtain gut microbiomes which communities have been altered by exposure to a parasite
community. The gut microbiomes are then to be inoculated in fixed recipient genotypes
(see further below). The experimental design consisted of Daphnia populations crossed with
three parasite treatments (Figure 1), with three replicates per multifactorial combination.
The parasite treatments consisted out of two different parasite communities and one
control treatment. Parasite community 1 (further referred to as P1) consisted of a pool of
the iridovirus causing White Fat Cell Disease (further referred to as WFCD, Figure 2a, [44])
and Binucleata daphniae (Figure 2b, [45]). WFCD is an iridovirus which infects the adipose
tissue of Daphnia and is a highly virulent parasite, as it induces mortality in its host.
Infection by WFCD is visible as a greenish, iridescent shine from the fat cells in reflected
light. Binucleata daphniae is a microsporidian parasite known to infect the integument cells
lining the hemocoel of its D. magna host. Infection with B. daphniae results in a reduced
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reproduction and survival. Parasite community 2 (further referred to as P2) consisted
of a pool of Pasteuria ramosa (Figure 2c, [46,47]), Ordospora colligata (Figure 2d, [48]), and
Mitosporidium daphniae (Figure 2e, [49]). P. ramosa is an obligate endospore-forming bacterial
parasite in Daphnia, and it infects the hemocoel. Infection with P. ramosa often results in
castration of the host (partial or complete stop of reproduction), indirectly resulting in an
increase in Daphnia body size (i.e., gigantism). Infection with P. ramosa is also known to
be highly genotype-specific and has little to no impact on survival. O. colligata and M.
daphniae are both microsporidian parasites infecting the D. magna gut cells, with O. colligata
infecting the foregut and M. daphniae the hindgut. Both endo-parasites are avirulent, as
they induce small reductions in survival and reproduction success. Prevalence of these
avirulent endoparasites can reach up to 100% in natural populations. All parasites used
in this experiment (P1 and P2) are known to transmit horizontally, i.e., infection is not
passed down from mother to offspring, but originates from the environment. The P1
pool was sampled from infected D. magna individuals from Blauwe hoeve in Kortrijk
(50◦48′57.8” N 3◦16′19.6” E; WFCD and B. daphniae) and Muinkpark in Gent (51◦02′33.1”
N 3◦43′54.4” E; WFCD). The P2 pool was sampled from infected D. magna individuals
from Pottelberg pond in Aalbeke (50◦47′01.6” N 3◦14′13.7” E). The control treatment (PC)
was not exposed to any parasite community. Daphnia populations receiving P1 and P2
originated from two natural haphazardly chosen ponds (the Kennedy Pond in Kortrijk,
50◦48′05.9” N 3◦16′33.3” E and the Morinne Pond in Kortrijk, 50◦48′20.8” N 3◦18′45.2” E).
Daphnia populations receiving PC were pooled lab genotypes to avoid possible parasite
influx from natural populations. All populations, the natural populations as well as the
non-infected cultures in the laboratory, were exposed to a mixture of pond water from two
Daphnia-free ponds to attempt a similar bacterioplankton community for all populations.
Pond water was obtained from a mixture from the Kulak Pond (50◦48′30.2” N 3◦17′38.3” E)
and the Libel Pond (50◦47′44.3” N 3◦15′22.8” E), both located in Kortrijk, Belgium. Pond
water was subsequently filtered over 140 µm and 10 µm and pooled before exposing to the
Daphnia populations from the microbiome adaptation experiment. Guts from the infected
individuals in the microbiome adaptation experiment were dissected after infection reached
its peak (after two weeks). This time period was based on research by Macke et al. [39]
and Houwenhuyse et al. [50], which indicates a stable microbial gut community after
perturbation by the biotic antagonist Microcystis aeruginosa after 7 days. To additionally
ensure a stable community, we prolonged this period to the timepoint (2 weeks in this
experiment) where infection rates started to decrease after reaching its peak. Dissected
guts were utilized as microbial donor inocula for recipient Daphnia individuals in the
microbiome transplant experiment. Microbial inocula were pooled per parasite treatment
and per replicate vial. Each microbial pool inoculum was filtered over a sterile glass
microfiber filter (grade GF/C; mesh size 1.1 µm) utilizing vacuum filtration to remove
parasite spores from the microbial community.
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cleata daphniae. P2 consisted of a pool of Pasteuria ramosa, Ordospora colligata and Mitosporidium daphniae. PC is the control 
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sterile recipient individuals of three Daphnia genotypes (KNO, OM2, T8) were exposed to the donor microbiomes obtained 
from the adaptation experiment (M1, M2, or MC). Each of these microbiome treatments were crossed with the three par-
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Figure 1. Schematic representation of the experimental design. In the microbial adaptation experiment (left panel), all
donor populations received a parasite treatment (P1, P2, PC), after which the donor microbial inocula were obtained
(M1, M2, MC) for the transplant experiment (right panel). P1 consisted of a pool of White Fat Cell Disease (WFCD) and
Binucleata daphniae. P2 consisted of a pool of Pasteuria ramosa, Ordospora colligata and Mitosporidium daphniae. PC is the
control treatment and consisted of a pool of healthy squashed Daphnia individuals. In the transplant experiment (right
panel), sterile recipient individuals of three Daphnia genotypes (KNO, OM2, T8) were exposed to the donor microbiomes
obtained from the adaptation experiment (M1, M2, or MC). Each of these microbiome treatments were crossed with the
three parasite treatments (P1, P2, or PC; similar as in the microbiome adaptation experiment).

2.2. Microbiome Transplant Experiment

After obtaining the microbiome inocula, we performed the microbiome transplant
experiment to examine the role of the gut microbiome on host tolerance upon parasite
re-exposure. The experimental design consisted of three microbiome treatments × three
parasite treatments × three recipient genotypes (Figure 2). Each multifactorial combination
of microbiome treatment, parasite treatment, and genotype was replicated independently
three times (Daphnia individuals were isolated from independently cultured maternal
lines). Ultimately, six individuals per replicate were set up, which totals 486 Daphnia
individuals. All individuals were made germ-free (0 days old; axenity performed via
an adapted protocol of Callens et al. [8]; see Appendix A) and were individually placed
in 20 mL sterile filtered tap water in closed off sterile vials. Each germ-free Daphnia
individual (i.e., recipient) was inoculated with one of the microbial inocula (i.e., microbiome
treatment: M1, M2, or MC), receiving the equivalent of 0.75 gut per Daphnia individual.
As the experimental individuals displayed some mortality, we decided to further boost
survival of all individuals. At day 3, all individuals were given a broader microbiome pool
derived from non-infected whole-organism Daphnia individuals with the equivalent of 1
squashed Daphnia per 6 Daphnia individuals. By doing so, we expected to increase general
performance of our Daphnia as prior administration of bacterioplankton with a highly
diverse community to our stock Daphnia in the lab resulted in an increase in survival and
reproduction (personal observation). Adding additional microbial strains to our vials could
possibly interfere with our experimentally manipulated donor microbiome inocula. We do,
however, assume little impact by adding these additional microbial communities as the
community present in the donor microbial inocula already colonized the gut. Additionally,
the boosting communities were pooled and given in equal quantities to all experimental
individuals. In this manner, limited effects on the host microbiome are equal across all
treatments. Additionally, all recipient individuals received the same amount and same
composition of pooled microbiota.
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Figure 2. Overview of parasite species in the different parasite communities. (a) Daphnia magna individual
infected with the causative agent of WFCD: Infected fat cells display a greenish, iridescent shine in
reflected light, (b) heavily infected individual with Binucleata daphniae showing accumulated spores in
the hemocoele of the carapace with detail of spore cluster, (c) individual infected with Pasteuria ramosa
30 days after exposure displaying a reddish appearance and larger body size (adapted photograph by
Nina Schlotz, distributed under a Creative Commons Attribution 4.0 International license [51]), with detail
of the final spore stages (400×magnification), (d) infected foregut with Ordospora colligata, (photograph by
Dieter Ebert, distributed under a Creative Commons Attribution-Share Alike 4.0 International license) with
detail of spore cluster (400×magnification), (e) infected hindgut with Mitosporidium daphniae with detail
of spore cluster (100×magnification). Parasite treatment P1 consisted of a mixture of a and b, whereas
parasite treatment P2 was composed of c, d, and e.

At day 5 and 6, all individuals were exposed to their respective parasite treatment (i.e.,
re-exposure with P1, P2, or PC). 5.8 × 103 spores of B. daphniae for P1 and 1.4 × 103 spores
of P. ramosa for P2 were added per vial on the two consequent days. Spore solutions were
obtained by squashing infected Daphnia. Spore counts for WFCD were not possible, as it is
caused by an iridovirus [44], which cannot be routinely quantified under the microscope.
Spore count for P2 was based on P. ramosa concentrations as this ensured sufficient exposure
for infection, as spore counts for O. colligata and M. daphniae are generally higher compared
to P. ramosa [52].

Prior to the exposure in the microbial transplant experiment, each parasitic inoculum was
filtered over a sterile glass microfiber filter (grade GF/C according to the protocol as described
for the microbiome filtration) to remove dominant contaminating microbiota from the parasite
suspensions. In this manner, we want to examine the effect of the parasite community
without possible interfering effects of the associated microbial strains. Measurement of the
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P1 suspension through qPCR showed that the microbial load in the parasite treatments
was reduced to 19% due to the filtration. Although our parasite spore suspension were not
axenic, we expect little impact on the recipient gut community as administered volume is
low and prior to colonization from our microbiome inocula. Parasite spores were brought
in resuspension after filtration by placing the filter in 15 mL of sterile distilled water and
gently shaking the vial to optimize detachment of the spores from the filter. The obtained
spore-solution was then administered to the respective recipient Daphnia individuals. For
PC, a similar volume as the parasite treatments (P1 and P2) of filtered squashed non-infected
individuals was added per vial. The parasite inocula utilized in this experiment were derived
from the same parasite communities utilized in the microbiome adaptation experiment to
infect Daphnia. In this manner, we compared the same parasite communities in the microbiome
adaptation and microbiome transplant experiment.

Daphnia were given a relatively low daily amount of 0.5 mg C/L of axenic Chlorella
vulgaris between day 0 to day 6 to ensure high uptake of microbiota and parasite spores for
the microbiome exposure and parasite exposure, respectively. From day 7 onwards, Daphnia
individuals received 1 mg C/L of axenic C. vulgaris. C. vulgaris (strain SAG 211-11 B)
cultures were started from an axenic slent and cultured in sterile WC medium enriched
with NaNO3 (425.05 mg/L) and K2HPO4.3H2O (43.55 mg/L) (adapted from [53]). The
algae was cultured under sterile conditions in a climate chamber at 22 ◦C (±2 ◦C) and
under fluorescent light (120 µmol·m−2·s−1) at a 16:8 h light:dark cycle in 2 L glass bottles.
Algae cultures were maintained in batch cultures and were constantly stirred and aerated.
Filters (0.22 µm) were placed at the input and output of the aeration system to avoid
contamination. Algae were weekly harvested in stationary phase and checked for axenity
via DAPI staining and LB and R2A medium agar plates.

The amount of sterile filtered tap water in each vial was increased from day three
onwards on a daily base until 45 mL was reached. Daphnia individuals were monitored
for survival and reproduction on a daily base. On day 11, all individuals were measured
for their body size and their guts were dissected to analyse the microbial communities.
Body size was defined as the distance between the head and the base of the tail. Visual
screening for parasites or spores is generally possible two weeks after infection and not
incorporated in this experiment. We, nonetheless, opted to dissect at day 11 to obtain
sufficient gut microbial material as individuals were dying, and otherwise too little genetic
material would be available for amplicon sequencing.

2.3. Statistical Analysis of Body Size and Survival

To examine Daphnia performance, we analyzed differences in body size. Body size
was squared transformed. Normality of body size was tested for using a Shapiro–Wilk and
Bartlett test. Differences in body size were analyzed using a nested linear mixed-effects
model (LMER) with microbiome treatment, parasite treatment, and genotype as a fixed
effect and maternal line as a random effect (Satterthwaite’s method). A Tukey HSD test
was used to make post hoc pairwise comparisons. All statistical tests on body size were
performed in R 4.0.2 [54]. Analyses on reproduction were not possible due to few data
points, as the experiment ended at the age of maturation.

To examine Daphnia tolerance and performance, we analyzed differences in survival.
Survival was analyzed with a Cox proportional-hazards model regression using the SAS
9.4 software (PHREG procedure). Genotype, microbiome treatment, and parasite treatment
were specified as fixed factors. The survival times of individuals that were still alive at
the end of the experiment were coded as censored. As ties in survival were numerous, the
Efron approximate likelihood was applied. Pairwise comparisons were performed using
the CONTRAST statement, which provided both the hazard ratios (HR) between groups
for the variable of interest, and the associated p-values. Survival curves were obtained
with the ggsurvplot() function [Survminer package] in R 4.0.2 [54].
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2.4. MiSeq Library Preparation

To identify the bacterial composition present in the gut, the guts of the surviving
Daphnia per replicate were dissected under a stereo-microscope with sterile dissecting
needles at the end of the experiment and pooled per replicate (mean = 4.309 guts/sample;
sd = 1.357 guts/sample; Table S1). Pearson correlations were executed between the number
of sequenced guts and the alpha diversity-diversity variables to check for interdepen-
dence. Genotype, microbiome treatment, parasite treatment, all two-way interactions, and
the three-way interaction, all showed no significant correlation, dismissing the issue of
interdependence (Table S2).

Guts were transferred to 10 µl of sterile MilliQ water. Samples were stored under
−20 ◦C until further processing. DNA was extracted using a PowerSoil DNA isolation
kit (MO BIO laboratories, Carlsbad, CA, USA) and dissolved in 20 µL MilliQ water. The
total DNA yield was determined using a Qubit dsDNA HS assay (Invitrogen, Merelbeke,
Belgium) on 1 µL of sample. Because of initially low bacterial DNA concentrations, a nested
PCR was applied to increase specificity and amplicon. For the external amplification, a PCR
reaction was run using primers 27F and 1492R on all of the template (98 ◦C-30 s; 98 ◦C-10 s,
50 ◦C-45 s, and 72 ◦C-30 s; 30 cycles; 72 ◦C-5 min; 4 ◦C-hold) using the Platinum SuperFi
DNA polymerase (Thermofisher, Merelbeke, Belgium). PCR products were subsequently
purified using the QIAquick PCR purification kit (Qiagen, Antwerp, Belgium). To obtain
dual-index amplicons of the V4 region, an internal PCR was performed on 5 µL of PCR
product using a unique combination of a forward and revers primer per sample (Table S3;
98 ◦C-30 s; 98 ◦C-10 s, 55 ◦C-45 s and 72 ◦C-30 s; 30 cycles; 72 ◦C-5 min; 4 ◦C-hold). Both
primers contained an Illumina adapter and an 8-nucleotide (nt) barcode at the 5′-end.
For each sample, PCRs were performed in triplicate, pooled, and gel-purified using the
QIAquick gel extraction kit (Qiagen). An equimolar library was prepared by normalizing
amplicon concentrations with a SequalPrep Normalization Plate (Applied Biosystems, Geel,
Belgium) and subsequent pooling to standardize DNA concentrations. Amplicons were
sequenced using a v2 PE500 kit with custom primers on the Illumina Miseq platform (KU
Leuven Genomics Core, Leuven, Belgium), producing 2 × 250-nt paired-end reads.

2.5. Analysis of Microbial Communities

Sequence reads, statistical analyses, and plots were performed using R 4.0.2 [54]
following [55]. Sequences were trimmed (the first 10 nucleotides and all nucleotides
from position 190 onward were removed) and filtered (maximum two expected errors per
read) on paired ends jointly. Sequence variants were inferred using the high-resolution
DADA2 method [56,57], and chimeras were removed. Taxonomy was assigned with a
naive Bayesian classifier using the Silva v132 training set. Amplicon sequence variants
(ASVs, hereafter called OTUs) which had no taxonomic assignment at phylum level or were
assigned as “Chloroplast” or “Cyanobacteria” were removed from the dataset. The final
recipient dataset contained, after trimming, 2,295,594 reads with an average of 31,883,25
reads per sample (minimum = 1512 reads, maximum = 102,065 reads).

To examine differences in community composition within the different recipient sam-
ples and variables, alpha diversity was determined by calculating OTU richness and
Shannon diversity number using the vegan package in R [58] following [59]. OTU richness
was calculated as the sum of the present OTUs. Shannon diversity number was calculated
as the exponential function of Shannon entropy and will be further referred to in this
text as ‘Shannon entropy’. First, all samples were rarified to a depth of 10,000 reads. The
effect of genotype, microbiome treatment, and parasite treatment on OTU richness and
Shannon entropy’ was examined using a generalized linear model assuming a Poisson
distribution of the data and accounted for overdispersion, as the observed residual de-
viance was higher than the degrees of freedom. Pairwise comparisons among significant
variables and their interactions were performed by contrasting least-squares means with
Tukey adjustment. To examine differences in gut microbial community composition among
samples, a Bray–Curtis dissimilarity matrix was calculated. Differences between main

161



Genes 2021, 12, 70

effects and interaction were examined through a permutation MANOVA (Adonis function,
vegan package). Multivariate community responses to genotype and treatments were
investigated by means of Principal Coordinates Analysis. Obtained p-values were adjusted
for multiple comparisons through the control of the false discovery rate (FDR). To identify
which bacterial classes differed significantly between main and interaction effects, differen-
tial abundance analyses were performed (DESeq2 function) on the raw sequencing data
from which low data counts were removed (less than 1000). Additionally, donor samples
were analyzed to compare alpha diversity and overlap between donor and recipients and
within the donors. Due to loss of samples, only three samples from the donor P1 treatment
and one sample from the donor P2 treatment were recovered.

3. Results
3.1. Effect on Recipient Daphnia Tolerance and Performance in Terms of Body Size and Survival

The differences in body size were best explained by the microbiome inocula treatment
(Table 1). Within the microbiome inocula treatments, Daphnia exposed to microbiome
treatment 1 (M1, pre-exposure to WFCD + B. daphniae) were significantly smaller (Figure 3;
Table S4) than animals exposed to microbiome treatment 2 (M2, pre-exposure to P. ramosa +
O. colligata + M. daphniae). No significant differences between M1 and MC, and M2 and MC
treatments were observed (Table S4, Figure 3). There was no role of the microbiome upon
parasite re-exposure as no significant microbiome x parasite interaction was observed for
body size and survival (Table 1).

Table 1. Significant results of the statistical analysis on the effect of genotype, microbiome treatment, parasite community
treatment, and their interactions on body size, survival, and alpha diversity variables (OTU richness, Shannon entropy’).
Degree of freedom (DF) is indicated per main and interaction effect. Obtained p-values were adjusted for multiple
comparisons through the control of the false discovery rate (FDR).

Adjusted p-Value

DF Body Size Survival OTU
Richness

Shannon
Entropy’

Microbial
Community
Composition

Genotype 2 <0.001 <0.001 <0.001 0.014

Microbiome treatment 2 0.034

Parasite treatment 2 0.002

Genotype x Microbiome treatment 4 0.015 0.004

Genotype x Parasite treatment 4 0.003

Microbiome treatment x Parasite
treatment 4 0.047

Genotype x Microbiome treatment x
Parasite treatment 8

The differences in Daphnia survival were best explained by the genotype, parasite com-
munity treatment, and the Daphnia genotype × parasite community treatment interaction
(Table 1; Table S4). Within the KNO genotype, Daphnia receiving the P1 or P2 treatment
survived significantly shorter than Daphnia receiving the PC treatment (Figure 4; Table S4).
Within the OM2 and T8 genotypes, none of the parasite treatments induced a significant
reduction in Daphnia survival (Figure 4; Table S4). Within the P1 and P2 treatment, OM2
individuals survived significantly longer than the KNO and T8 individuals (Figure 4;
Table S4). Within the PC treatment, KNO individuals survived significantly longer than T8
individuals (Figure 4; Table S4). Within the main genotype effect, OM2 individuals had
a significantly higher survival compared with both T8 and KNO individuals (Table S4;
Figure 4). Within the main parasite effect, individuals receiving the control treatment had
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a significantly higher survival compared with individuals receiving a parasite treatment
(Table S4). There was no significant microbiome x parasite interaction (Table 1).
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3.2. Characterisation and Experimental Treatment Effects on Recipient Daphnia Gut
Microbial Communities

Composition of the gut microbiomes: Eleven days after the microbial inoculation in the
recipient Daphnia, the gut microbiomes were mainly dominated by Gammaproteobacteria
(mean = 61.91%; sd = 29.00%), followed by Alphaproteobacteria (mean = 15.13%; sd = 21.87%),
Bacteroidia (mean = 9.22%; sd = 12.55%), and Bacilli (mean = 8.40%; sd = 17.50%; Figure 5).
The most dominant OTUs in all samples were Burkholderiaceae sp. (mean = 29.94%;
sd = 28.01%; Gammaproteobacteria), Methylobacterium sp. (mean = 6.59%; sd = 15.64%; al-
phaproteobacteria), and Streptococcus sp. (mean = 6.09%; sd = 13.60%; Bacilli; Table S5).
Gammaproteobacteria, more in particular, the Burkholderiaceae sp., were the most abundant
taxa across all main treatments and two-way interactions. Interestingly, samples derived from
M2 exposed individuals contained all sequenced classes, whereas all other treatments lacked
one or more classes. Samples derived from OM2 individuals and P1 exposed individuals
contained all sequenced classes, except Babeliae, Fimbriimonadia, and Gemmatimonadetes.
Results of the Log2Fold test on the main effects on OTU level can be found in Table S6.

3.2.1. Alpha Diversity of Recipient Daphnia Gut Microbiomes

The differences in recipient OTU richness were best explained by Daphnia genotype
and the Daphnia genotype ×microbiome inoculum interaction (Figure 6; Table 1). Within
the OM2 genotype, the microbial alpha diversity in the M1 treatment was significantly
higher than the MC treatment (Table S4; Figure 6) before applying FDR correction. After
applying FDR correction, no significant differences within all three genotypes were ob-
served (Table S4). When examining the main genotype effect, OTU richness of the recipient
guts of the KNO genotype was significantly lower compared with the OM2 genotype. No
significant differences within the T8 genotype were observed: T8 showed a non-significant
intermediate OTU richness. The differences in Shannon entropy’ were best explained by
Daphnia genotype, Daphnia genotype × microbiome inoculum interaction, and microbiome
inoculum × parasite community interaction (Table 1). Within the OM2 genotype, the
M1 treatment was significantly higher compared than the MC treatment before correc-
tion (Table S4). After applying FDR correction, no significant differences within all three
genotypes were observed (Table S4). No significant differences were observed within
the microbiome inoculum × parasite community interaction for the Shannon entropy’.
When examining the main genotype effect, the Shannon entropy’ for the KNO genotype
was significantly lower compared with the OM2 genotype (Table S4). Results of analyses
including the donor samples can be found in Figure S2.
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3.2.2. Treatment Effects on Gut Microbial Community Composition

Variation in gut microbial community composition was mainly explained by Daphnia
genotype (Figure 7; Table 1). KNO differed significantly from OM2 and T8 (Table S4). Bray–
Curtis ordinations demonstrated a complete overlap between OM2 and T8 individuals,
indicating that the bacterial community of the OM2 and T8 genotype was similarly struc-
tured. KNO, on the other hand, showed complete overlap with OM2 and T8 individuals,
but grouped closer together, suggesting a more homogeneous community between the
different individuals in KNO than in OM2 and T8. Results of analyses including the donor
samples can be found in Figure S3.
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4. Discussion

We here investigated the role of the gut microbiome on host tolerance upon parasite
re-exposure through a microbiome adaptation and microbiome transplant experiment
in germ-free individuals. We compared a pool of an iridovirus and a microsporidian
parasite, and a pool of an endobacterium (P. ramosa, cfr. [38]) and two microsporidian
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parasites with a control. These gut microbiomes were obtained and used as microbial
inocula (donors) in the microbiome transplant experiment. Germ-free Daphnia in our
microbiome transplant experiment (recipients) received the gut microbiome inocula and
were then exposed to the same three parasite treatments. Additionally, we examined
intraspecific responses by including three Daphnia genotypes in our study. We here, thus,
focus on a broader pool of parasites and on parasite-induced virulence effects than in
Sison-Mangus et al. [38], who focused on parasite resistance for P. ramosa. Additionally,
we included parasite re-exposure, whereas Sison-Mangus et al. [38] focused on initial
parasite exposure. In conclusion, we aimed to examine the role of the gut microbiome
on host tolerance upon parasite re-exposure in our recipients. We expected that the gut
microbiome would affect Daphnia performance (survival and body size) in our recipients
upon re-exposure to these parasite communities and that parasite specific responses could
be detected. Three outcomes were thus possible upon re-exposure to the same parasite
community: (1) No role of the microbiome, (2) a negative role of the microbiome, reflected
in a reduced tolerance in case of parasite-mediated dysbiosis through the microbiome, or (3)
a positive role of the microbiome, reflected in an improved tolerance of the gut microbiomes
in case certain beneficial bacterial strains were selected for. Our results showed that (i)
the gut microbiome plays no role in mediating Daphnia tolerance towards certain parasite
communities upon re-exposure, (ii) the gut microbiome community affected Daphnia body
size in a parasite specific way, (iii) it is the genotype rather than the microbiome affecting
Daphnia survival, and (iv) Daphnia genotype plays an important role in shaping the gut
microbiome community, both in alpha diversity and in the composition.

No microbiome × parasite effect was found on Daphnia body size, which implies that
the gut microbiome has no substantial impact on body size upon parasite re-exposure. We
did find that variation in Daphnia body size was dependent on the main gut microbiome in-
oculum treatment reflecting parasite specific responses (of the donors). Individuals exposed
to gut microbiomes extracted from individuals exposed to the WFCD-B. daphniae pool (M1)
were significantly smaller compared with individuals exposed to the gut microbiomes
extracted from individuals exposed to the P. ramosa-O. colligata-M. daphniae pool (M2). This
was surprising at first, as we assumed body size to be different in the recipients receiving
the parasite pre-exposed gut microbiomes compared with the individuals receiving the
control gut microbiomes, which would reflect parasite induced dysbiosis. This difference
in body size between M1- and M2-exposed individuals could possibly be due to the pres-
ence of particular microbial communities (more or less diverse) or of particular bacterial
strains associated with these parasite communities. Interestingly, P. ramosa (present in
M2) is known to induce gigantism, i.e., an increased body size in infected Daphnia [37,60].
Alternatively, the presence of the less virulent (sometimes even mutualistic) microsporidian
gut parasites may have induced protection in the P2 and M2 treatments, an effect which
has been suggested in [61], especially in low food quality conditions. The amplicon se-
quencing results should reveal possible links between Daphnia body size and gut microbial
communities. Studies have shown that an increased diverse bacterial community in the gut
can be associated with a larger body size in Daphnia, e.g., [50,62]. Similarly, reduced growth
and metabolic capacities due to parasite-induced reduced gut bacterial diversity has been
observed in other species, such as mice [63]. The amplicon sequencing analysis reflected
a lower alpha diversity in the inocula, but did not show a significantly reduced alpha
diversity in the M1 treatment compared with the M2 and MC treatment in the recipients.
Our amplicon analysis did reveal that M1 exposed individuals had a significantly lower
proportion of, e.g., Methylobacterium sp. (Gammaproteobacteria) in their gut compared
with M2 and MC exposed individuals. These body size related results imply that the gut
microbiome plays an additional role in the already complex food web Daphnia is a part of
in freshwater populations, especially because multiple infections often occur [52]. Body
size is a critical trait in shaping consumer–prey interactions. A priori parasite exposure
will alter the gut microbial community, impacting Daphnia body size, and as such impact,
e.g., grazing and predation by zooplanktivorous fish.
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No microbiome × parasite effect was found on Daphnia survival, which implies the
gut microbiome has no substantial impact on survival size upon parasite re-exposure.
Additionally, no main microbiome effect was detected. Our results on Daphnia performance
thus suggest that the microbiome plays no role on Daphnia tolerance upon parasite re-
exposure. This is in contrast with studies on, e.g., bumblebees which show a reciprocal
role between the gut microbiome and parasite exposure [9,11,31]. The study by Sison-
Mangus et al. [38], however, also found no evidence on a gut microbial-mediated resistance
against the parasite P. ramosa. It appears that host regulated defense against parasites
in D. magna is mediated in lesser extent or even completely independent from the gut
microbial community. Interestingly, these results also suggest that exposure can alter
gut microbial communities, but not in a selective manner resulting in, e.g., an improved
tolerance towards certain parasites. Even though an increasing amount of studies hints at
a protective role of the gut microbiome when encountering parasite infection, our results
attenuate its assumed protective role. In our study, host tolerance is dependent on host
genotype [64], independent of the gut microbial community. We were also interested in
intraspecific differences, which is why we incorporated three genotypes in this study. We
found a strong Daphnia genotype effect on survival as the genotype × parasite community
interaction, as well as the main genotype effect significantly impacted Daphnia survival.
These results are in line with previous studies which report strong genotype × genotype
host–parasite [47,65,66] or Daphnia genotype × parasite species interactions [64]. It appears
that, in our study, the KNO genotype thrives best under control conditions, whereas
the OM2 genotype suffered the least from the exploitation by the parasite communities
compared with the KNO and T8 genotypes.

Host genotype does not only mediate host tolerance in terms of survival, but also
appears to be a strong determinant of the Daphnia recipient gut microbiome. Firstly, we
found a significant effect on alpha diversity (OTU richness in our study), both from the
genotype × microbiome interaction as the main genotype effect. Secondly, we found a
significant main genotype effect on the microbial community composition of the Daphnia
gut. These effects can be attributed to different immune system pathway expressions of
the Daphnia genotypes, e.g., innate immune system genes expression or the production of
antimicrobial peptides structuring the gut microbiome [67], or due to differences in molting
capacities affecting bacterial establishment [68], amongst others. The importance of the
host genotype in shaping the gut microbial composition has also been suggested by correla-
tional studies on humans and mice in which correlations between the gut microbiome and
genes associated with diet, innate immunity, vitamin D receptors, and metabolism were
revealed [69,70]. Host genotype can also reciprocally influence the microbial community
composition. Genotype-specific gut microbiomes can also be found in, e.g., sponges [71],
corals [72], and mice [73]. These studies also revealed a stronger role of host genotype com-
pared with the environment [72] and sex [73] in driving gut microbial variation. Further
investigations are necessary to get insights into the mechanisms behind these genotype-
specific gut microbiomes. Interestingly with this respect is that Daphnia genotypes can
display different grazing behavior, resulting in different feeding patterns and consumed
bacteria [42,43,74,75]. Our results suggest that the Daphnia genotype is a stronger deter-
minant of gut microbial alpha diversity than the pre-exposure of the microbial inocula.
The main genotype effect reveals that the gut microbial composition was structured by the
presence of particular OTUs. OM2 individuals differed significantly from both the KNO
and T8 individuals in relative abundance of the OTU Methylobacterium sp., which has the
highest abundance in the OM2 genotype. This increased proportion of the Methylobacterium
genus is also observed in M2 individuals, which had a higher body size compared with M1
individuals. Mono-association experiments with Methylobacterium sp. could give us more
insights in its role of this OTU in Daphnia functioning. The amplicon sequencing analyses
revealed an effect of the genotype on the gut microbial communities using Bray–Curtis
dissimilarity and weighted UniFrac distance.
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5. Conclusions

In conclusion, we can state that the microbiome plays no role in mediating Daphnia
tolerance upon parasite re-exposure in our study. Our study does suggest an impact of the
gut microbial community on body size, reflecting parasite specific responses. We found
that it was rather the Daphnia genotype which mediated Daphnia tolerance, as survival
upon re-exposure was mainly determined by the host genotype. Additionally, our study
suggests a host genotype-specific gut bacterial community on alpha diversity, microbial
community composition, and on the presence of specific strains.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/1/70/s1, Table S1: Overview of the number of pooled recipient guts per microbial sample,
Table S2: Overview results for Pearson correlation between the number of guts per sample and
OTU richness or Shannon entropy’. Raw and adjusted (adjusted for multiple comparisons through
the control of the false discovery rate (FDR)) p-values are given, Table S3: Overview forward and
reverse primers used for the internal PCR, Table S4: Results of post-hoc analyses on body size,
survival, OTU richness, Shannon entropy’, and microbial community composition for the significant
results of the statistical analysis (see Table 1). Raw and adjusted (adjusted for multiple comparisons
through the control of the false discovery rate (FDR)) p-values are given for the results on Daphnia
gut microbial communities, Table S5: Overview of relative abundances of the 40 most common
OTUs in Daphnia guts from the microbiome transplant experiment. Abundances were calculated on
rarefied data. Sd: Standard deviation, Table S6: Results Deseq analysis on class level and OTU level
between main effects, Table S7: Significant results of the statistical analysis on the effect of genotype,
microbiome treatment, parasite community treatment, and their interactions on body size, survival,
and alpha-diversity variables (OTU richness, Shannon entropy’). Obtained P-values were adjusted for
multiple comparisons through the control of the false discovery rate (FDR). Significant data (p < 0.05)
is indicated in bold. Highly significant data (p < 0.001) are underlined. Raw and adjusted (adjusted
for multiple comparisons through the control of the false discovery rate (FDR)) p-values are given
for the results on Daphnia gut microbial communities. Figure S1: Effect of the genotype x parasite
interaction on OTU richness. Colors indicate the different genotypes. Error bars indicate standard
error. Figure S2: Effect of microbiome (M1 and M2) for donor and recipient samples on OTU richness.
Error bars indicate standard error. Colors indicate the different microbiome treatments. OTU richness
in the M1 inoculum (mean = 38.333, sd = 13.051) was, on average, lower compared with the M2
inoculum (OTU richness = 47.000). Figure S3: PCA of the gut microbial communities of recipients
using weighted UniFrac distance for the donors (P1 and P2) and matching recipients (M1 x P1, M2
x P2) using weighted UniFrac distance for donor/recipient type and parasite treatment. Analyses
on donor (P1 and P2) and matching recipient (M1 x P1, M2 x P2) bacterial communities showed a
significant difference in structure for P1 (p = 0.005; R2 = 0.147), but not for P2 (p = 0.783; R2 = 0.330).
Bray–Curtis ordinations revealed that both P1 and P2 showed complete segregation between donors
and recipients (Figure 7b), indicating that the donors and recipients for both the P1 and P2 treatment
were differently structured (Figure 7b), however non-significant for P2.
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Appendix A

Appendix A.1. Daphnia Magna Genotypes

Three genotypes of D. magna were utilized in our transplant experiment: OM2
11.3; KNO 15.4; and T8 (further referred to as OM2, KNO and T8). The genotype OM2
was originally isolated from “Oude Meren, Abdij van‘t park” from Leuven in Belgium
(50◦51′47.82” N, 04◦43′05.16” E). The genotype KNO was originally isolated from a small
pond (350 m2) from Knokke in Belgium (51◦20′05.62” N, 03◦20′53.63” E). The genotype
T8 was originally isolated from a shallow manmade pond from Oud Heverlee in Belgium
(50◦50′ N, 4◦39′ E). All genotypes were maintained in the lab under standard stock condi-
tions for several years prior to the transplant experiment. All genotypes were cultured in
filtered tap water at a temperature of 19 ◦C (±1 ◦C) and under a 16:8 h light:dark cycle in 2L
jars. They were fed every other day with a saturating amount of Chlorella vulgaris. Medium
was refreshed every week. As all genotypes were hatched in the laboratory from resting
eggs, and maintained in the laboratory for several years, it is unlikely that the experimental
genotypes contain parasites and bacteria from the pond of origin.

Appendix A.2. Preparation Maternal Lines

For each genotype, three maternal lines were set up. Five individuals per maternal line
were transferred in 500 mL filtered tap water and fed every day with a saturating amount
of Chlorella vulgaris. Medium was refreshed every week. Juveniles from the first brood were
discarded. Twenty juveniles from the second brood per maternal line were transferred in
2l jars of filtered tap water. Maternal Daphnia were discarded after releasing their second
brood. This process was repeated for the every new batch of 2nd brood juveniles up to
seven generations.

Appendix A.3. Preparation Axenic Daphnia

Recipient Daphnia were obtained from the maternal lines of OM2, KNO, and T8. Females
carrying parthenogenetic eggs (second brood) were dissected under a stereomicroscope. Eggs
which were no longer than 24 h deposited in the brood chamber were collected in sterile
filtered tap water (n = 100 eggs per maternal line). These eggs were then disinfected under a
laminar flow hood following an adjusted protocol of Callens et al. [8]. Eggs were placed in
6 mL of a 0.10% gluteraldehyde solution and gently agitated for 10 min. After this disinfection
step, two washing steps were performed in which the eggs were transferred to sterile filtered
tap water for each 10 min. Eggs were then transferred to six-well (cell culture) sterile plates,
each well containing 6 mL of sterile filtered tap water, and incubated at 20± 0.5 ◦C. Eggs were
allowed to hatch during 72 h under sterile conditions, and the resulting germ-free juveniles
were used as recipients in the transplant experiment.
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