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1 | INTRODUCTION

Understanding the evolutionary consequences of voluntary or in-
voluntary anthropogenic hybridization is of major concern for con-
servation biology (Allendorf, 2017; McFarlane & Pemberton, 2019;
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Abstract

Assessing the immediate and long-term evolutionary consequences of human-medi-
ated hybridization is of major concern for conservation biology. Several studies have
documented how selection in interaction with recombination modulates introgres-
sion at a genome-wide scale, but few have considered the dynamics of this process
within and among chromosomes. Here, we used an exploited freshwater fish, the
brook charr (Salvelinus fontinalis), for which decades of stocking practices have re-
sulted in admixture between wild populations and an introduced domestic strain,
to assess both the temporal dynamics and local chromosomal variation in domestic
ancestry. We provide a detailed picture of the domestic ancestry patterns across the
genome using about 33,000 mapped single nucleotide polymorphisms genotyped in
611 individuals from 24 supplemented populations. For each lake, we distinguished
early- and late-generation hybrids using information regarding admixture tracts. To
assess the selective outcomes following admixture we then evaluated the relation-
ship between recombination and admixture proportions at three different scales: the
whole genome, chromosomes and within 2-Mb windows. This allowed us to detect
a wide range of evolutionary mechanisms varying along the genome, as reflected by
the finding of favoured or disfavoured introgression of domestic haplotypes. Among
these, the main factor modulating local ancestry was probably the presence of del-
eterious recessive mutations in the wild populations, which can be efficiently hidden
to selection in the presence of long admixture tracts. Overall, our results emphasize
the relevance of taking into consideration local ancestry information to assess both
the temporal and the chromosomal variation in local admixture ancestry toward bet-

ter understanding post-hybridization evolutionary outcomes.
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Waples, 1991). Indeed, anthropogenic hybridization may affect fit-
ness components (survival, growth and reproduction), which may in
turn impact population dynamics, genetic diversity and long-term
viability (e.g., Allendorf, Hohenlohe, & Luikart, 2010; McFarlane &

Pemberton, 2019). However, the consequences of induced gene
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flow between foreign and local populations are not well understood
and have been considered as potentially either beneficial or harmful
to the local populations, depending on the context (e.g., McFarlane
& Pemberton, 2019; Todesco et al.,, 2016). On the positive side,
the introduction of foreign individuals may be used to rescue en-
dangered, inbred populations (i.e., genetic rescue) with the goal of
increasing the mean fitness of individuals in the local population
(Frankham, 2015; Harris, Zhang, & Nielsen, 2019). On the negative
side, outbreeding depression may occur when the extent of ge-
netic divergence between populations or species is sufficiently im-
portant to cause genetic incompatibilities (i.e., Dobzhansky-Muller
Incompatibilities; Orr, 1995; Turelli & Orr, 2000), which may lead
to a loss of local adaptation through the disruption of co-adapted
genes (Verhoeven, Macel, Wolfe, & Biere, 2011; Waples, 1991).
Additionally, while positive effects may be observed in the first hy-
brid generations by masking the effect of accumulated recessive del-
eterious alleles (i.e., associative overdominance) (Chen, 2010; Harris
et al., 2019; Kim, Huber, & Lohmueller, 2018; Lippman & Zamir,
2007), negative effects may arise in later generations of admixture
when maladapted recessive alleles are exposed to selection (Harris
& Nielsen, 2016; Harris et al., 2019; Racimo, Sankararaman, Nielsen,
& Huerta-Sanchez, 2015).

Therefore, considering both the time since hybridization has oc-
curred and the variation in recombination rate along the genome is
critical to distinguish between the immediate and long-term conse-
quences of admixture (Harris & Nielsen, 2016; Harris et al., 2019).
Because recombination is expected to progressively reduce the
length of introgressed haplotypes across generations following ini-
tial admixture (Racimo et al., 2015), the length of introgressed haplo-
types can be used as a proxy to estimate the time since hybridization
(Gravel, 2012; Racimo et al., 2015). Thus, longer admixture tracts
are expected in early hybrids while later hybrid generations tend
to display shorter tracts (Leitwein, Gagnaire, Desmarais, Berrebi, &
Guinand, 2018; Racimo et al., 2015). Additionally, the local variation
in the recombination rate is also expected to affect the introgressed
haplotype length with longer and shorter haplotypes expected in
lower and higher recombining regions, respectively (Martin & Jiggins,
2017; Racimo et al., 2015). As a consequence, the effects of selec-
tion in interaction with recombination should vary along the genome
between low- and high-recombination regions. Thus, in genomic
regions of low recombination, long introgressed haplotypes may
combine the individual effects of multiple selected mutations acting
collectively at a block scale (sensus Anderson & Stebbins, 1954), as
in early-generation hybrids (Leitwein et al., 2018). One could expect
such a block effect to generate a lower introgression rate in low re-
combining regions due to genetic barriers to introgression (Barton,
1983; Duranton et al., 2018; Martin, Davey, Salazar, & Jiggins, 2019;
Schumer et al., 2018). Such pattern was observed in swordtail fish
hybrid populations for which the introgressed ancestry was more
persistent in high-recombining regions where incompatibility alleles
uncoupled more quickly. Inversely, a higher introgression rate can
also be observed in low-recombining regions due to the presence
of recessive deleterious mutations (i.e., associative overdominance;

Harris et al., 2019; Kim et al., 2018). This is because longer haplo-
types will be more efficient in masking the effect of multiple reces-
sive deleterious alleles (Harris & Nielsen, 2016). In genomic regions
of high recombination rate but also in later hybrid generations, in-
trogressed haplotypes should be shorter and thus selective effects
would be more likely to be revealed locally, that is at the locus scale.
Therefore, both highly recombining regions and anciently intro-
gressed haplotypes could display either low or high introgression
rates depending on the adaptive or maladaptative nature of intro-
gressed alleles at specific loci and the mutation load of the recipient
populations (e.g., Harris & Nielsen, 2016; Harris et al., 2019; Racimo
etal., 2015).

Variable patterns of genome-wide admixture and introgression
may result from the interplay of multiple evolutionary processes
(e.g., drift, positive or negative selection for the introgressed alleles)
rather than a single, general mechanism. Moreover, antagonistic
evolutionary mechanisms (e.g., positive and negative selection) may
act differentially across the genome, especially if several pulses of
hybridization have occurred, resulting in both historical and con-
temporary gene flow within a population from an exogenous source
(Gravel, 2012; McFarlane & Pemberton, 2019). A few recent studies
have investigated how the interaction between recombination rate
and selection may modulate the genome-wide temporal dynamics
of introgression (e.g., Duranton et al., 2018; Harris et al., 2019; Kim
et al., 2018; Martin et al., 2019; Martin & Jiggins, 2017; Schumer et
al., 2018).

The general goal of this study was to investigate the level of het-
erogeneity of admixture along the genome, as well as the underlying
evolutionary mechanisms in a freshwater fish, the brook charr. In
Québec, Canada, this socio-economically important species has un-
dergone intense stocking from a domestic strain for many decades
(detailed in Létourneau et al., 2018). The history of each stocking
event with the captive bred fish has been recorded in provincial
wildlife reserves, which allows an assessment of the temporal dy-
namics of the domestic introgression in wild populations (Lamaze,
Sauvage, Marie, Garant, & Bernatchez, 2012; Létourneau et al.,
2018). In a recent study, Létourneau et al. (2018) documented a
negative relationship between the proportion of domestic ancestry
and the mean number of years since the most important stocking
event. However, they did not investigate the selective consequences
(positive or negative) of the introgressed domestic ancestry within
wild populations, which thus remains poorly understood. The recent
availability of a high-density linkage map developed for Salvelinus
fontinalis (Sutherland et al., 2016) and a reference genome for the
sister species the Arctic Charr (Salvelinus alpinus) (Christensen et al.,
2018) open new opportunities to investigate how selection in inter-
action with recombination modulates introgression at a genome-
wide scale, as well as within and among chromosomes following
human-mediated hybridization events.

More specifically, we used a restriction site-associated DNA
sequencing (RADseq) data set collected from 24 brook charr pop-
ulations that have been stocked with the aforementioned domestic
strain to assess genome-wide patterns of variation in local domestic
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ancestry for both early- and late-generation hybrids. Moreover, we
considered the local recombination rate to investigate which selec-
tive effects (positive, negative or neutral) may drive the genome-
wide domestic ancestry pattern at three different scales: whole
genome, chromosomes and sliding windows of 2 Mb. Finally, we
examined how the presence of putative deleterious mutations may
modulate genome-wide domestic ancestry, also taking recombina-

tion rate into account.

2 | MATERIALS AND METHODS

2.1 | Study system

As with many salmonids, the brook charr is a socio-economically im-
portant species that is highly valued for recreational fishing. As a
consequence, intensive stocking programmes have been developed
to support this industry. The domestic brook charr strain has been
reproduced and maintained in captivity for more than 100 years (i.e.,
around 33 generations considering an approximate mean age at ma-
turity of 3 years) to sustain supplementation programmes (Ministére
du Développement Durable, de I'Environnement, de la Faune et
des Parcs, 2013). On average, in the province of Québec, Canada,
more than 650 tons of brook charr are released annually into the
wild (Létourneau et al., 2018; Ministére du Développement Durable,
de I'Environnement, de la Faune et des Parcs, 2013), resulting in
frequent hybridization between wild and domestic populations
(Lamaze et al., 2012; Létourneau et al., 2018; Marie, Bernatchez, &
Garant, 2010).

2.2 | Sampling, sequencing and genotyping

The brook charr populations analysed on this study were sampled
in 2014 and 2015 (Létourneau et al., 2018) and consist of 611 indi-
viduals from 24 lakes located in two wildlife reserves (Mastigouche
and St-Maurice) in Québec, Canada (location map is given in Figure
S1 adapted from Létourneau et al., 2018). Additionally, 37 domes-
tic fish originating from the Truite de la Mauricie Aquaculture Center
broodstock were used as reference for domestic samples. Stocking
intensity was variable among lakes, as can be seen from the data
on the history of stocking, including the number of years since the
mean year of stocking (mean_year), the total number of stocking
events (nb_stock_ev), the mean number of fish stocked per stock-
ing event (mean_stock_fish) and the total number of fish stocked
per hectare (total_ha) as identified by Létourneau et al. (2018) and
reported in Table 1. Genotyping by sequencing (GBS) library prepa-
ration was performed as in Létourneau et al. (2018), after the ex-
traction of genomic DNA from fin clips. Libraries were amplified by
PCR and sequenced on the lon Torrent Proton P1v2 chip. Raw reads
were checked for quality and the presence of adapters with Fastac
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and
reads were then demultiplexed with stacks version 1.40 (Catchen,
Hohenlohe, Bassham, Amores, & Cresko, 2013) with the option pro-
cess_radtags as described by Létourneau et al. (2018). Demultiplexed
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reads were aligned to the Arctic charr (S. alpinus) reference genome
(Christensen et al., 2018) with Bwa _ MeMm version 0.7.9 (Li & Durbin,
2010) before calling of individual single nucleotide polymorphisms
(SNPs) with the pstacks module (using a minimum depth of coverage
m = 3 and the bounded error model with the chi-square significance
level a = .05). To build the catalogue in cstacks, we randomly used
10 individuals per population with a coverage depth of at least 10x
and a minimum of 500,000 reads. Each individual was then matched
against the catalogue with sstacks. The population module was then
run separately for each of the 24 lakes and the domestic strain, in
order to generate one VCF file per population with loci passing the
following filters: (a) a minimum depth of four reads per locus, (b) a
genotype call rate of at least 60% per population, (c) a minimum al-
lele frequency of 2% and (d) a maximum observed heterozygosity
of 80%. Individuals with a high percentage of missing data (>20%)
were removed, resulting in a final data set of 33 domestic individuals
and 603 wild caught individuals (Table 1). Finally, to avoid merging
paralogues, we removed for each individual loci with more than two

alleles with the r package stackr (Gosselin & Bernatchez, 2016).

2.3 | Inference of local ancestry

Local ancestry inference was performed following the same
methodology developed by Leitwein et al. (2018). First, we used
the program eLai version 1.01 (Guan, 2014) based on a two-layer
hidden Markov model to detect individual ancestry dosage from
the domestic strain along each individual linkage group (LG). The
program was run 20 times for each 42 brook charr LGs to assess
convergence. Prior to running eLAl, we retrieved the relative map-
ping positions of our markers along each chromosome after con-
trolling for synteny and collinearity between the Arctic charr and
the brook charr genomes. To identify blocks of conserved synteny
between the two species, we anchored both the brook charr and
the Artcic charr linkage maps (Nugent, Easton, Norman, Ferguson,
& Danzmann, 2017; Sutherland et al., 2016, respectively) to the
Arctic charr reference genome using mapcomp (Sutherland et al.,
2016). Results were visualized with the web-based vesc (Vector
Graph toolkit of genome Synteny and Collinearity: http://bio.njfu.
edu.cn/vgsc-web/). We were thus able to order RAD loci (that
were assembled against the Arctic charr reference genome) with
respect to their relative positions along each of the 42 brook charr
LGs before running eLal. We then performed local ancestry infer-
ence separately for each population, using the 33 domestic indi-
viduals as a source population and the wild caught individuals as
the admixed population. For each LG in each of the 24 populations,
20 replicate runs of eLal were performed with the number of upper
clusters (-C) 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.
Finally, the number of admixted generations (-mg) was estimated
using the mean year of stocking and the approximate mean age
at maturity of 3 years and ranged from three to 16 (Table 1). We
then generated individual domestic ancestry profiles by plotting


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://bio.njfu.edu.cn/vgsc-web/
http://bio.njfu.edu.cn/vgsc-web/

LEITWEIN ET AL.

MOLECULAR ECOLOGY

WILEY

"JUDAS SU}D03S Jad Pax203s Ysi} JO JaquINU B30} DY}
‘Y~ |e30} pue JUaAd Sulx203S Jad PIXI03S YSIy JO JaqUINU UBSW DY) :YSI HD0)S™UBSW (SIUIAS SUIXD03S JO JSGUINU |BI0} Y :AD 7 3D03S qU ‘SUIXD0)S JO JEDSA UBSW DY} DDUIS SIBDA JO JaqUINU dY3 1IedA”ueaw
‘SdNS paddew jo Jaquinu ayy :paddew SdNS N ‘Buldal|ly 1934 SGNS 4O JaquInu ay3 :SdNS N ‘Bulal|ly Jo3Je S|ENPIAIPUL JO JaqUINU :S13|1y~sajdwes N ‘aye| Jad s|enpiAlpul Jo Jaquinu :sajduwes™ N 230N

80¢ 65 @ 91 87 LyL'EE 616CS 9¢ 6¢ 3IA CEIEIVN

18T G89°T L 7T 1474 TvL1€ 19929 9¢ (01 ndL 3jini ey

¥8L°€ LS0°T €¢ 6 8¢ (AR A% L60°G9 LT 81 W3IL a1gdwa]

708°C 000°05L T €T 6€ 0s€‘og LITEL [44 [44 nos slonog

70T 1SV 19 (07 o€ STY've LTLY9 x4 L d0d a8ejlod

8v9'T (474 9 7T 134 00T°cE €26'89 9¢ 9¢ 30d 21d3-2404

€62°C L9T°E 9T 4% 9¢€ v8¥'ce ¥09°CL 14 ¥C d3d npiad

GLT'T TAS 9T 6 9¢ GE0'TY SYTLL S¢ S¢ 1IN PIOJIN

SS¥ 0007 © ST Sy 0zL'0€ 95209 9¢ x4 BEIR J0IYdI3IN

€L0°T 9Tv 9T A5 se [40] % 68Y'LS 9¢ 9¢ dVIN suinosulein

6S¢ 00S°T © ST Sy Y¥8've GE6'TY 8¢ 1€ SVO pledsen

9¢S 005°C @ ST 1% 1,08 STY'L9 €¢ €¢ 40D |12q40D

VA4 £L99 © ST 4% €91'sE 89€°8S i 14 ny4g joinig

141 €18L 14 ST Sy 9TL6C ¥L0°0L 8¢ 8¢ odyd umo.g ddlINEN-JulES

142 606C 9 [4% LE €5C°0¢ 85€'LE 8¢ 8¢ NI Aewa

956°€ 055°el 14 7 €€ Tv6'0€ [AZA1 9¢ LT a XnopaT

89 8€9'T 8 17 [4> €55°0¢ veLLE 9¢ 9¢ NOr sauor

9t8 980°C 11 S ST 86z'ce €S0°TY €¢ 14 149 uousuo

59T €€0°T 8 € ot LLE°TE 91/,'8¢ T4 T4 ER] SR D)

Ly9'E 6€0°C [44 L [44 085°ce 9080 8¢ 8¢ 13a sadejz-xnaQ

6991 56 14 ot (01 SSh'ee z19'0v 6C 6¢ nod Jenogno)

8G6 L16T 6 6 8¢ 062°'ce 06v'cy (014 (014 VHO ulepsquieys

08¢ LT€ 9 €1 8¢ €TL'TE 9L£°0S 8¢ 8¢ adv noqiy

G161 AT ot 8 14 62S°1€ 692°9% 174 174 igv spieusqy ayonosiisen
ey |ejo}  ysiydooisTuesaw  Ad)I03s qu uojjesauas u JeaA"ueaw  paddew sdNS™ N SANS N  s493j1) sajdwes™ N sajdwes™ N 1oqeq e EYSELE M

sa|geldeA SupD03s aY3 Y3m Suoje ‘epeuel) ©2agany Ul saxe| Jieyd 3oouq pajdwes 4 ay3 jo uonndudse T IT14VL



LEITWEIN ET AL.

the estimated number of domestic allele copies for each replicate
run and its median along each LG with r (R Core Team, 2015).
The pipeline we used is available on GitHub (https://github.com/
mleitwein/local_ancestry_inference_with_ELAIl). We then com-
pared the percentage of domestic ancestry computed here with
ELAI to the previous study from Létourneau et al. (2018) using a

Spearman's correlation.

2.4 | Estimation of length and number of domestic
ancestry tracts

The number and length of domestic tracts were determined based
on the positions of junctions retrieved from ELal ancestry dosage
output, following the method used and detailed by Leitwein et
al. (2018). When the eLal domestic ancestry dosage median value
was between [0.9 to 1.1] and [1.9 to 2], we considered the pres-
ence of one domestic tract (i.e., in heterozygous state) and two
domestic tracts (i.e., in homozygous state), respectively. Junction
positions within “uncertainty areas” (when the domestic ancestry
dosage was either between 0.1 and 0.9 or between 1.1 and 1.9)
were determined as the position where the domestic ancestry
dosage crossed the 0.5 or 1.5 value (for details see Leitwein et al.,
2018). Junction positions were used to estimate the number and
length of introgressed domestic tracts for each of the 42 LGs in

each population.

2.5 | Hybrid class determination

To define hybrid categories with respect to the number of genera-
tions of crossing in nature, we computed the chromosomal ances-
try imbalance (CAl) developed by Leitwein et al. (2018). Briefly, the
CAl represents the cumulated length differences of the domestic
ancestry between the two parental chromosome copies divided
by the respective LG length. Thus, pure domestic or pure wild in-
dividuals have a CAI of O whereas F, hybrids between wild and
domestic parents have a CAl of 1. Due to uncertainty concerning
individual haplotype structure (i.e., local ancestry profiles were
inferred from unphased domestic ancestry dosage), we could not
precisely determine the CAIl of admixed genotypes resulting from
several generations of admixture. Therefore, we conservatively
classified individuals as early-generation hybrids when their CAI
was 20.25, and as late-generation hybrids when their CAIl was
<0.125. Early-generation hybrids therefore correspond to F;, F,,
first-generation backcrosses and other types of crosses generated
among hybrids and parental pedigrees during the first generations
of admixture. By contrast, late-generation hybrids comprise geno-
types that mostly comprise wild-type ancestry, while being intro-
gressed by varied proportions of domestic alleles. In both hybrid
categories, we removed individuals with a genome-wide percent-
age of domestic ancestry equal to 0% (pure wild individual) and
higher than 60% (see Figure S2) in order to exclude individuals
with a mostly domestic ancestry. This should not impact the fol-
lowing analysis as these individuals are probably pure domestic
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individuals or hybrids between F, and domestic parents; this con-

cerns only six individuals (Figure S1).

2.6 | Impact of stocking on domestic haplotype
number and length

We first assessed the relationships between domestic tract char-
acteristics and the four variables reflecting stocking history (i.e.,
mean_year, nb_stock_ev, mean_stock_fish and total_ha; Table 1)
using linear mixed models. The mean percentage of domestic an-
cestry, and the number and length of introgressed domestic tracts
were treated as dependent variables whereas the stocking vari-
ables were introduced in the model as explanatory terms in an
additive way, with no interaction to avoid model over-param-
eterization. The dependent variables were log-transformed and
the explanatory variables were scaled (i.e., centred and reduced).
Population (24 populations) and region (two regions, Mastigouche
and St-Maurice) were introduced as random effects in the model.
Normality of the residuals was examined graphically using a quan-
tile-quantile plot. We used a likelihood ratio test to assess the sig-
nificance of the tested relationship by comparing the models with
and without the explanatory term. We calculated marginal R? to
quantify the proportion of variance explained by the explanatory
variable only. All analyses were performed in R using the package
“LMe4” (Bates, Machler, Bolker, & Walker, 2015).

2.7 | Domestic ancestry profiles as a function of
hybrid classes

The fraction of domestic ancestry rate was estimated separately
for both hybrid classes, with the early-generation hybrids com-
prising 47 individuals from 17 populations and the late-generation
hybrids comprising 358 individuals from 24 populations. Local an-
cestry rate from the domestic strain was estimated at 11,803 SNP
positions distributed along the 42 LGs and common between all
individuals originating from different lakes and found in the two
hybrid categories. Estimates of genome-wide domestic ancestry
rate for each hybrid category were plotted with r (R Core Team,
2015)
with_ELAI). The mean domestic ancestry rate and its 95% confi-

(https://github.com/mleitwein/local_ancestry_inference_

dence interval (Cl) were reported along the 42 LGs. Then, genomic
regions exceeding the 95% Cl were considered as displaying an
excess or deficit of domestic ancestry.

Linear mixed models were used to investigate how domestic
ancestry profiles (i.e., mean number and length of domestic tracts)
differ between early and late hybrid classes. The domestic tract
characteristics were log-transformed and treated as dependent
variables whereas the hybrid class (discrete variable with two mo-
dalities) was introduced in the model as an explanatory term. The
population (24 populations) and region (two regions, Mastigouche
and St-Maurice) terms were introduced as random effects in the
model. All analyses were performed in r using the package “LMe4”
(Bates et al., 2015).
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2.8 | Local recombination rate estimation

To estimate genome-wide variation in recombination rate, we an-
chored the brook charr mapped RAD loci from Sutherland et al.
(2016) to the Arctic charr reference genome. The relative positions
of these loci were extracted from the swa _Mem alignment for each
collinearity block identified with mapcomp (Sutherland et al., 2016)
allowing the reconstruction of a brook charr collinear reference ge-
nome. The local variation in recombination rate was estimated across
the collinear reference genome by comparing the physical (bp) and
genetic position (cM) of each marker using MarReymaP (Rezvoy, Charif,
Guéguen, & Marais, 2007). The polynomial Loess regression method
was used to assess the recombination rate with a degree of smooth-
ing (span) set to 0.9. Finally, to estimate the recombination rate of
markers that were not included in the linkage map, we computed the
weighted mean recombination rate using the two closest markers

based on their relative physical positions.

2.9 | Relationships between domestic ancestry and
recombination rate

To investigate the selective forces shaping the domestic ancestry
pattern along the genome, we took in consideration the recombi-
nation rate. Indeed, a positive correlation between recombination
rate and domestic ancestry rate reflects selective forces against
domestic ancestry in low-recombining regions. Inversely, a nega-
tive correlation will reflect selective forces favouring domestic
ancestry in low-recombining regions. As the recombination rate is
highly variable along the genome, we investigated the relationship
between the local domestic ancestry rate and the recombination
rate at three different levels: (a) at the whole genome level, (b) at
the LG level and (c) within 2-Mb windows. For the three levels,
we used regression models in which the local domestic ancestry
rate was treated as a dependent variable and the recombination
rate was incorporated as an explanatory term. In all models, the
domestic ancestry rate was log-transformed and the recombina-
tion rate was centred-reduced. At the whole genome level, we
used a linear mixed model in which the LGs and the 2-Mb windows
were introduced as random effects. By doing so, we considered
the nonindependency of the domestic ancestry rate estimates by
specifying that the estimates belong to a given window within a
given LG. The hybrid class (early and late) was also added as an ex-
planatory term in an interactive way (recombination x class). The
marginal R? describing the proportion of variance explained by the
fixed factors (i.e., the recombination rate and the hybrids class)
was calculated and we assessed the significance of the hybrid class
effect using a likelihood ratio test. At the LG level, to avoid model
over-parameterization, the analyses were performed separately
for the early and late hybrids. A linear mixed model was built for
each of the 42 LGs and the 2-Mb sliding window was introduced as
a random effect in all models. The slope coefficient (and the 95%
Cl) of the relationship between domestic ancestry rate and recom-

bination rate was reported for the 42 LGs. To correct for multiple

testing, the conservative Bonferroni correction was applied such
that only values with p < .001 were considered significant (i.e.,
A orrected = -05/42 LGs) (Henry, 2015). At the 2-Mb window level,
generalized linear models were built for each window contain-
ing at least five positions with an estimated recombination and
introgression rate (resulting in 689 models) because a regression
analysis could not be performed with fewer values. The slope coef-
ficient and its 95% Cl were reported for each sliding window. In all
models, the significance of the effect of the explanatory terms was
assessed with a likelihood ratio test. All analyses were performed
in R using the package “LMe4” (R Core Team, 2015). To control for
serial correlation potentially that could affect the within-LG re-
gression analyses we performed a Mantel test in r using the pack-
age “ape4” (Dray & Dufour, 2007).

2.10 | Relationships between potentially deleterious
mutations and ancestry rate

All SNPs present in all populations were used for the identification
of potentially deleterious mutations. First, read sequences associated
with the SNPs were blasted against the Arctic charr proteome avail-
able on NCBI (https://www.ncbi.nlm.nih.gov/assembly/GCF_00291
0315.2). All hits with a minimum amino acid sequence length align-
ment of 25 and a similarity in protein sequence of 270% between
the sequences of interest and the reference proteome were retained
(those thresholds have been optimally chosen after running several
tests with different parameter combinations on the observed data).
Then, proveaN (Protein Variation Effect Analyzer; Choi, Sims, Murphy,
Miller, & Chan, 2012) was used to predict the deleterious effect of
nonsynonymous mutations. As in previous studies (e.g., Ferchaud,
Laporte, Perrier, & Bernatchez, 2018; Renaut & Rieseberg, 2015) a
threshold of - 2.5 in Provean score was applied to distinguish between
nonsynonymous mutations potentially deleterious (<-2.5) and neutral
(>=2.5). In provean, the deleteriousness of a variant can be predicted
based on its effect on gene functioning (such as protein changing,
stop-gain, stop-loss), for example by assessing the degree of conserva-
tion of an amino acid residue across species. The pipeline used for the
entire process is available on github (gbs_synonymy_genome: https://
github.com/QuentinRougemont/gbs_synonymy_with_genome).

To evaluate the relationship between the presence of potentially
deleterious mutations and the domestic ancestry rate as a function of
recombination rate, a mean domestic ancestry and recombination rate
was estimated in a window size of 400 kb surrounding the position
of the potentially deleterious mutation (i.e., 200 kb before and after).
The analysis was performed at the genome-wide level and LG level. For
both levels, we first applied a regression model in which the mean 400-
kb window domestic ancestry rate was treated as a dependent variable
and the associated recombination rate window was incorporated as
an explanatory term. At the genome-wide scale, a linear mixed model
was performed and LGs were incorporated as a random effect and
the recombination rate as a control co-variable. We then performed
a linear model in which the residuals of the model (domestic ancestry
rate ~ recombination rate) were included as a dependent variable and
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FIGURE 1 Relationships between domestic tract features (number and the mean length) and stocking variables. (a) Positive correlation
between the number of domestic tracts (log scale) per individual as a function of the number of years since the mean year of stocking events
for each sampled lake (lakes labels are described in Table 1; R?=.08, p = .06). (b) Negative correlation between the mean length of domestic
tracts in base pair log scale per individual as a function of the number of years since the mean year of stocking events for each sampled lake

(lakes labels are described in Table 1; R? = .055, p <.01)

the presence of potentially deleterious alleles (Provean score < -2.5)
or neutral (Provean score > -2.5) as an explanatory term (i.e., discrete
variable with two modalities, “deleterious” vs. “neutral”). At the LG
level, similar linear models were built for each LG.

3 | RESULTS

3.1 | SNPcalling

Demultiplexed and cleaned raw reads resulted in an average of 2.38
million reads per individual. After filtering, 636 individuals were kept
for further analyses. On average, 1,225,704 + 285,583 reads were
properly mapped to the Arctic charr reference genome with an aver-
age depth of 11.5 + 2.4 x per individual. After applying population
filters, an average of 55,267 + 11,779 SNPs were kept per population
for subsequent analysis (Table 1).

3.2 | Domestic ancestry tracts detection and
hybrid classes

We performed local ancestry inference with ELal with an average
of 32,442 + 1,799 SNPs per population that were mapped to the
reconstructed brook charr reference genome (see Methods and
Table 1). Individual local ancestry was summarized across LGs
to determine the number and mean length of domestic ancestry
tracts at the individual level. Both domestic ancestry tract length
and abundance were highly variable among individuals, ranging
from 356 kb to 72 Mb in length and from one to 103 for the num-
ber of domestic ancestry tracts per individual (Tables S1 and S2).
A total of 47 individuals were assigned to the early hybrid-gen-
eration class (CAl > 0.25) and 358 to the late hybrid-generation
class (CAl < 0.125; Table 1). A total of 195 remaining fish where
unclassified and therefore considered as intermediate between
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a function of the hybrid categories; early (in pink) and late (in blue). Boxes indicate 95% Cl, horizontal line represents the mean and violins
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early- and late-generation hybrid categories based on these em-
pirical thresholds. The mean individual percentage of domes-
tic ancestry was significantly positively correlated (Spearman's
rho = 0.68, p < 10710, Figure S3) with the percentage of domes-
tic ancestry computed with AbmixTure by Létourneau et al. (2018)
although that was based on a much smaller number of markers
(~4,579 SNPs per population).

3.3 | Influence of stocking history on domestic tract
number and length

No significant relationship was found between the mean number
of years since stocking or the intensity of stocking and the mean
individual percentage of domestic ancestry within each population
(Table S1). However, the number of domestic tracts tended to be
higher for populations for which supplementation began more than
30 years ago. Indeed, a marginally significant positive relationship
was detected between the mean number of domestic tracts and the
number of years since the mean year of stocking (R? = .08, p = .06,
Figure 1a). Also, a significant negative correlation was observed
between the mean length of individual domestic tracts and the
number of years since the mean year of stocking (R? = .055, p<.01,
Figure 1b). Therefore, the length of the domestic ancestry tracts
tended to decrease over time, whereas it tended to increase with
the number of stocking events (Figure S4, R? = .055, p = .049). The
number of stocking events was also negatively correlated with the
mean year of stocking practices (Figure S5, Spearman's rho = -0.75,
p <.001).

3.4 | Domestic tract characteristics as a function of
hybrid classes

The mean number of domestic ancestry tracts was significantly
lower for the late hybrid individuals (mean_ ., ., = 8.01) compared to
=46.31; Figure 2a, R? = 22,

p < 2.2e-16). Moreover, the mean length of the introgressed domes-

the early hybrid individuals (mean, . ..
tic tracts was shorter for the late hybrid (meanIength = 14.6 Mb) com-
pared to early hybrid individuals (meanIength = 19.7 Mb; Figure 2b,
R? = .06, p < 3.9e-10).

3.5 | Domestic ancestry and recombination rates

The genome-wide level of domestic ancestry rate was estimated for
both early and late hybrid generations using 11,803 SNPs (i.e., corre-
sponding to common polymorphic sites shared among lakes and found
in the two hybrid categories) distributed along the 42 brook charr LGs.
The mean genome-wide domestic ancestry rate in early hybrid genera-
tions was 0.307 (95% CI 0.18-0.43; Figure Séa) and was highly variable
within and among LGs with several genomic regions displaying a local
excess (LGs 1, 9, 11 and 12, Figure Séa) or deficit of domestic ances-
try (LGs 14, 28, 30 and 40; Figure Séa). The mean domestic ancestry
rate of late hybrid generations was significantly lower with a mean of
0.042 (95% ClI 0.012-0.081; Figure Séa), and genomic regions display-
ing excess (LGs 9, 12, 20 and 41) or deficit (LG14) of domestic ancestry
were found (Figure Séb). Thus, two LGs displaying an excess (LGs 9 and
12) and one displaying a local deficit of domestic ancestry (LG14) were

found both in early and in late hybrid generations.



LEITWEIN ET AL.

MoLECULAR EcoLOGY IS TR SN

(a) 0 R'm = 904 (b) %
% ] p-value < 2e-16 ) . %
> 8 5
i : H bl '
Eg g 0.0 f% ¥ t gHé{h i} Jr UHH‘ H §‘;,} L3 :%f.
g8 g {X%M * ﬁ{ jr { ot
§¢ “ % * H
> { P }
® -02 * } %
0 5 10 15 {
Recombination rate (in cM/Mb) +
Hybrid class ~ p_value
® Early ® <0.001 L0 3 4 5 6 7 B 9101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 30 40 41 42
o Late x>0.001 I
()
0.15
_.2 0.10 }
.g , N| I | I o I | | |
= 0.05
(]
8 Hlm Ihﬂli A U M Hm l S hae | LA Ll luln \h
e T uy il 'ry r'wm
o
o -0.05
- b N miil
o -o.10
-0.15

1 2 3 4 5 6 7 8 9 10 11 12 13

15 16 17 18 19 20 21 22 23 24 25 2627 293031 33

35 37 3940 42

Linkage groups

FIGURE 3 Relationship between the domestic introgression rate and the recombination rate (cM/Mb) at different genomic scales.
(a) The whole genome scale; negative correlation between the log-transformed introgression rate (frequency among individuals) and the
recombination rate (cM/Mb) for both early (in pink) and late (in blue) hybrid categories assessed with a generalized linear mixed model (GLM;

-0.07, Blate = -0.09; R2 =.90, RZC_ 95; LRtest )(Recombmatlon

ﬂearly =

441. 7 }(Hybrlds 60 420 ZHYbI‘IdS interaction =177. 57 p< 2.2e- 16) (b) The

linkage group level; slope coefficient of the GLM of the introgression rate and recombination rate models for each 42 Brook charr linkage
group for both early (in pink) and late (in blue) hybrid categories. Dots represent the significance of each model with the dark circle and
cross representing p < .001 and p > .001, respectively. (c) The 2-Mb sliding windows level; slope coefficient of the GLM of the introgression
rate and recombination rate models of the late hybrids for each 2-Mb sliding window along the 42 brook charr linkage groups. Grey lines

represent the 95% confidence interval

The local recombination rate (r) was estimated at 10,740 SNPs
out of the 11,803 SNPs and was found to be highly variable within
and among LGs, with a mean value of 4.48 + 1.83 cM/Mb (Figure
Séc) over the 42 LGs. At the genome-wide scale, for both early-
and late-generation hybrids, a negative correlation was found
between the proportion of domestic ancestry and recombina-
tion rate (Figure 3a; slope coefficient feyy = =0.07, fiae = —0.09;
p < 2.2e-16). The marginal R? of the full model was equal to 0.90,

the likelihood ratio test was significant for recombination rate

(;(Ffemmbinaﬁon =441.7, p < 2.2e-16), hybrid class, which displayed the
strongest effect (X}iybrids = 60,420, p < 2.2e-16), and the interaction

between recombination and hybrid class (;(fi o . =177.57;
ybrids_interaction

p < 2.2e-16). Moreover, the interaction between recombination

rate and hybrid class was significant (feay.1ate = 2.8; p < 2.2€-16),

indicating a stronger negative correlation between introgression

and recombination rate in late- compared to early-generation
hybrids.

The results of the linear mixed model fitted at the LG level are pre-
sented in Figure 3b (mean and 95% Cl) for both hybrid classes. For the
late-generation hybrids, 10 LGs showed a significant positive correla-
tion and 14 LGs showed a significant negative correlation between
the domestic ancestry rate and recombination rate (Figure 3b). For
the early-generation hybrids, nine and 12 LGs respectively showed
a significant positive and a significant negative correlation between
the domestic ancestry rate and recombination rate (Figure 3b). Eight
LGs displayed significant negative correlations between domestic an-
cestry and recombination for both early- and late-generation hybrid
classes, whereas only three LG consistently showed positive correla-
tions. Conversely, three LGs presented opposite correlations between
the early- and the late-generation hybrid classes (LGs 7, 19 and 34).
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We then focused the window-scale analyses on late-genera-
tion hybrids only because the effect of selection needs more than
a few generations after hybridization to leave detectable foot-
prints at such a local scale. The estimated slopes of linear models
performed for each 2-Mb sliding window in late-generation hy-
brids were highly variable within and among LGs, and several ge-
nomic regions exceeded the 95% Cl of the estimated distribution
(grey lines; Figure 3c). For example, 12 genomic regions showed
a strong positive correlation (e.g., LGs 7, 8, 13, 16, 24, 40) and
15 genomic regions showed a strong negative correlation (e.g.,
LGs 2, 12, 22, 24, 29, 38, 40; Figure 3c) between local domes-
tic ancestry rate and recombination rate. No spatial autocorrela-
tions were observed between our 2-Mb windows within each LG
(Table S3).

3.6 | Potentially deleterious mutations

Among a total of 141,332 sequences that were blasted against the
Arctic charr reference proteome (Christensen et al., 2018), 36,743
loci had significant hits and were retrieved. Among these, 21,288
had more than 70% similarity between the sequences of interest and
the reference proteome and a mean length greater than 25 nucleo-
tides. Finally, 7,799 were nonsynonymous and among them 1,932
were potentially deleterious (Provean score < -2.5).

At the genome scale, we did not detect any significant correla-
tion between the residuals of the linear relationship between local
ancestry and recombination rate and the presence of deleterious
mutations, in both early- (fe,n, = -0.0015; p = .6137) and late-gen-
eration hybrids (f 4 = —0.0114; p = .0713; Figure S7). At the LG
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scale, two LGs (LGs 4 and 15) showed a negative relationship be-
tween the residuals and the presence of potentially deleterious
alleles for the early hybrids (Figure S7a,b; LG4: R? = 0.018, p = .04,
LG15: R? = 0.02, p = .028). For the late hybrids, two LGs showed
a significant negative correlation, LG7 (R? = 0.02, p = .045) and
LG41 (R? = 0.20, p = .01), and two LGs showed a marginally sig-
nificant positive correlation, LG20 (R? = 0.01, p =.059) and LG26
(R? = 0.033, p = .051), between the presence of potentially dele-
terious alleles and residuals of the linear mixed model of domestic

ancestry rate and the recombination rate (Figure 4).

4 | DISCUSSION

The main goal of this study was to document the genetic outcomes
of more than four decades of stocking domestic brook charr into
wild populations. To this end, we assessed genome-wide patterns
of domestic ancestry within 24 wild populations with different his-
tories of stocking. We more specifically considered the relationship
between recombination rate and domestic ancestry rate at differ-
ent scales: (a) the whole genome, (b) individual LGs and (c) within
2-Mb windows. This allowed us to detect a wide range of patterns
that can be attributed to different evolutionary processes acting
across the genome. Among these, the main factor modulating local
domestic ancestry was probably associative overdominance, leading
to an increased frequency of domestic ancestry within low-recom-
bining regions. This pattern might be explained by the presence of
mildly deleterious recessive mutations in the wild populations. At
the regional scale (i.e., chromosomes and 2-Mb windows), inversed
correlations were found, which suggested local selection against do-
mestic ancestry. Our results highlight the importance of taking into
consideration genome-wide variation in both recombination and an-
cestry rates to understand the evolutionary outcomes of human-in-

duced admixture.

4.1 | History of supplementation impacts
domestic ancestry

No significant relationship was observed between the mean individ-
ual proportion of domestic ancestry and the main stocking variables
previously identified as having an impact on the levels of domes-
tic introgression (i.e., mean year since stocking, number of stocking
event, number of fish stocked per hectare and the number of stock-
ing events; Létourneau et al., 2018). This discrepancy could be ex-
plained by different sensitivities of the methods. Indeed, although
the correlation between individual domestic ancestry proportions
estimated here and in Létourneau et al. (2018) was good (Spearman's
rho = 0.68, p < 10719, low proportions of domestic ancestry were
not detected in the previous study, which resulted in considering
weakly introgressed individuals as pure wild genotypes (Figure S2).
Moreover, thanks to the higher number of markers and their posi-
tions we were able to retrieve the approximate length and number of
domestic tracts within each population. Consistent with theoretical
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predictions (Racimo et al., 2015), we observed an increase in the
number of domestic ancestry haplotypes and a decrease in the mean
domestic haplotype length as a function of the number of years since
the main stocking event. This corroborates findings by Leitwein et al.
(2018) who suggested that the mean length of foreign ancestry could
be used as a proxy to retrieve the history of stocking practice. We
indeed observed a higher number of smaller introgressed domestic
haplotypes for the lakes where stocking has stopped earlier in the
past. We also observed longer domestic haplotypes for the lakes dis-
playing a higher number of stocking events, as well as more recent
stocking events (Figure S4). Additionally, the length and the number
of domestic tracts also allowed us to distinguish among early- and
late-generation-hybrids within populations, which is important as
the lakes have undergone several successive events of supplemen-
tation. The presence of early hybrids (i.e., F,, F, and backcrosses of
first hybrid generations) is not surprising considering the relatively
recent events of stocking practices and the presence of pure domes-
tic individuals remaining in some lakes (Figure S2, Table 1 and see
Létourneau et al., 2018 for more details). The time since hybridiza-
tion, by between distinguishing early- and late-generation hybrids
(i.e., individuals with a small number of short domestic haplotypes),
is also important to assess the potential evolutionary outcomes of
supplementation. Indeed, selection is expected to be more efficient
at a locus scale in later hybrid generations when introduced domes-
tic haplotypes have been sufficiently shortened by recombination.
We note that because more individuals were available for the late
hybrids than for the early hybrids, this could result in slight differ-

ences in analysis power.

4.2 | General tendency of selective effects and
putative deleterious mutations

Both the time since hybridization and the genomic scales (i.e., global
vs. local) were important to assess the selective outcomes of gene
flow between wild and domestic individuals. At the genome-wide
scale, we observed a negative correlation between domestic ances-
try and recombination rate for both early- and late-generation hy-
brids. While we detected highly variable selective effects along the
genome, this negative correlation was also predominant at the LG
and at the local scales (i.e., more genomic regions exceeding the 95%
Cl for negative slope at the 2-Mb window scale) for the late hybrid
generations. Such a negative correlation could be the result of differ-
ent evolutionary mechanisms. First, the presence of beneficial muta-
tions under positive selection may locally increase the introgression
of foreign alleles in low recombining regions where hitchhiking of
neutral foreign alleles could occur (Charlesworth, 2009; Fay & Wu,
2000; Felsenstein, 1974). For example, adaptive introgression of
Neanderthal ancestry has been reported in modern humans and in-
terpreted as an adaptation to high altitude in Tibetan populations
(Huerta-Sanchez et al., 2014) and the immune response (Dannemann
& Racimo, 2018; Racimo et al., 2015). However, this mechanism is
more likely to explain local-scale correlations than genome-wide
patterns. Second, given the generally small effective population size
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of these brook charr lacustrine populations (Gossieux, Bernatchez,
Sirois, & Garant, 2019), random drift may also be responsible for
variable ancestry locally along the genome (Martin & Jiggins, 2017)
and is not expected to produce consistent patterns across lakes.
Third, the most likely evolutionary mechanism that could explain
the general negative correlation would be a dominant effect of asso-
ciative overdominance (Kim et al., 2018). Indeed, favoured domestic
ancestry within regions of low recombination rate is likely to reflect
the action of associative-overdominance, especially if the recipient
population tends to accumulate recessive deleterious alleles prefer-
entially in low-recombining regions (Charlesworth & Willis, 2009).
Consequently, long introgressed foreign haplotypes of domestic ori-
gin would be favoured by masking the effect of linked recessive del-
eterious mutations present in the small local populations (i.e., local
heterosis effect; Charlesworth & Willis, 2009; Kim et al., 2018). Kim
et al. (2018) suggested that the presence of slightly deleterious re-
cessive mutations might modulate the genome-wide introgression
rate in hybrid populations. More specifically, if the mutation load of
receiving (wild) populations is higher than in the introduced domes-
tic strain, a negative correlation between domestic ancestry rate and
recombination rate is expected (Schumer et al., 2018). Here, when
considering the genome-wide scale, we did not observe any rela-
tionship between the presence of putative deleterious mutations
and the residuals of the linear model relating introgression to recom-
bination rate. Although the domestic strain is genetically more di-
versified than the wild populations (Létourneau et al., 2018; Martin,
Savaria, Audet, & Bernatchez, 1997), we could not determine if the
potential deleterious mutations were originating from the domestic
strain or the wild populations. However, we were able to detect an
increase of domestic ancestry in the presence of deleterious muta-
tions for some of the chromosomes (LGs 26 and 20). This may reflect
a positive effect (i.e., associative over-dominance) of the presence of
domestic ancestry in these regions. This interpretation is congruent
with the hypothesis of temporarily reduced genetic load, caused by
the masking of deleterious mutations, and resulting in an increase of
introgressed ancestry as observed in a simulation study (Kim et al.,
2018). This is also consistent with the expected higher accumulation
of deleterious mutations in small lacustrine brook charr populations
as observed by Ferchaud et al. (2019) as well as with the higher allelic
richness observed in the domestic strain compared to these small la-
custrine populations (Martin et al., 1997). Finally, this is also consist-
ent with the fact that the domestic strain and the wild populations
are not highly divergent as the domestic strain has been created only
~33 generations ago (Létourneau et al., 2018). Therefore, genetic
incompatibilities are, if any, not expected to be frequent between

domestic and wild brook char.

4.3 | Variability of selective effects revealed at
local scales

At local genomic scales, molecular signatures suggesting the action
of variable selective effects were observed along the genome. In
contrast to the general tendency, some LGs displayed strong positive

associations between the recombination rate and the domestic an-
cestry rate, which might be explained by several mechanisms. (a) Local
variation could reflect the stochastic outcomes of genetic drift (Martin
& Jiggins, 2017). (b) The presence of hybrid incompatibilities (i.e., se-
lection against introgressed alleles) may also result in lower foreign
ancestry in low recombining regions (Schumer et al., 2018). Such a pat-
tern has been observed in swordtail fish species where the retention of
minor parent ancestry was more pronounced in highly recombining re-
gions (Schumer et al., 2018), as well as in European sea bass (Duranton
et al., 2018). Similarly, Martin et al. (2019) observed stronger barriers
to introgression within longer chromosomes displaying lower average
recombination rate on average. However, the occurrence of multiple
hybrid incompatibilities seems unlikely here as the domestic stain is not
highly divergent from the wild populations. Finally, (c) in the situation of
selection against domestic haplotypes due to unconditionally deleteri-
ous introgression (or hybridization load), foreign loci of small individual
effect are expected to be removed more quickly within low-recombin-
ing regions because selection is more effective in removing linked del-
eterious mutations (Kim et al., 2018; Martin & Jiggins, 2017; Schumer et
al., 2018). We observed such a pattern for two LGs (7 and 41) displaying
a deficit of domestic introgression in the presence of potentially delete-
rious mutations. Moreover, LG7 broadly displayed lower domestic in-
trogression within low-recombining regions. Together, these combined
pieces of information suggest that selection has been acting against the

domestic haplotypes potentially carrying deleterious alleles.

4.4 | Importance of the time since hybridization

The time since hybridization seems to be an important parameter that
determines the fate of admixture tracts, as different ancestry patterns
were observed as a function of the hybrids category considered. Late-
generation hybrids displayed a stronger negative correlation between
domestic ancestry and recombination rate and even reversed pattern
for three LGs (7, 19 and 34) compared to the early hybrid generations.
These discrepancies between the early- and late-generation hybrids
could be caused by a time-specific effect of selection mediated by
recombination. Indeed, the outcomes of hybridization are expected
to vary with the number of generations elapsed since the introduc-
tion of foreign alleles into the population. If the hybridization event
is recent, long introgressed haplotypes are expected because it takes
time for recombination to break down domestic tracts across genera-
tions (Racimo et al., 2015). Thus, the selective effects in recent hybrid
generations are expected to act at the scale of large haplotype blocks,
as in low-recombining regions. Inversely, smaller introgressed haplo-
types are expected for older hybridization events (Racimo et al., 2015)
and thus selective effects would act at a more localized (i.e., small
blocks or locus) scale, as for high-recombining regions (see above)
(McFarlane & Pemberton, 2019). Here, we suspect that for the early
hybrid individuals, the admixture events were too recent for selec-
tion to efficiently occur and be detectable. Continuously, in our late
hybrid individuals, although the introgressed haplotypes are smaller
than the early hybrid individuals they are still long (~15 Mb) and selec-
tion would tend to act at the block scale, explaining the predominance
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of the associative overdominance effects. As a consequence, the
hybridization events studied here are still too recent to fully assess
the long-term selective outcomes of supplementation. Indeed, while
positive effects of associative overdominance are predominant in our
study, it is possible that later on maladaptative introgressed domestic
alleles reveal their individual effects, which could become detrimen-
tal for the supplemented populations over the long term (Harris &
Nielsen, 2016).

4.5 | Implications for conservation biology

Understanding the evolutionary outcomes of anthropogenic hybridi-
zation is of major concern for conservation biology and management
(Allendorf, 2017; McFarlane & Pemberton, 2019). Indeed, supple-
mentation with a foreign population could either be beneficial for the
recipient population (i.e., genetic rescue; Aitken & Whitlock, 2013;
Allendorf et al., 2010; Goedbloed et al., 2013; Uller & Leimu, 2011),
or could induce outbreeding depression because of maladaptation,
loss of local adaption or hybrid incompatibilities (Orr, 1995; Randi,
2008; Verhoeven et al., 2011; Waples, 1991). This is especially true
when stocking is done with highly differentiated captive breeds, as is
widely the case in salmonid species (Araki, Berejikian, Ford, & Blouin,
2008; Hansen, Fraser, Meier, & Mensberg, 2009; Naish et al., 2007;
Waples, 1991). Here, quantifying the relationship between introgres-
sion and recombination rates allowed us to reveal complex patterns of
selective effects acting along the genome. Such patterns showed that
interpreting the consequences of anthropogenic hybridization is not
straightforward, because several antagonistic mechanisms may cause
both positive and negative effects of domestic ancestry to co-occur
along the genome. From a conservation point of view, it is important
to weigh the pros and cons of those different outcomes and evalu-
ate the main conservation focus (i.e., the species, the population or
the local genetic inheritance). Our method may help to consider the
potential evolutionary consequences of hybridization in the short and
possibly long terms in order to take sound management decisions.
Moreover, evaluating the length and distribution of introgressed hap-
lotypes allows determination of the approximate time since hybridiza-
tion (Duranton, Bonhomme, & Gagnaire, 2019; Leitwein et al., 2018)
and hybrid categories, which can influence management practices and
conservation decisions (Allendorf, Leary, Spruell, & Wenburg, 2001).
Indeed, a population carrying a small proportion of domestic ances-
try might be of more interest from a conservation standpoint than a
population carrying a stronger one. This seems particularly important
when the history of supplementation is unknown, for instance due to
illicit stocking (Johnson, Arlinghaus, & Martinez, 2009). Moreover, the
selective forces modulating the introgression rate along the genome
will be influenced by the length of introgressed haplotypes, which is
dependent on both the number of generations since hybridization and
the recombination rate. As a result, both the time and the recombi-
nation rate variation are important to understand the consequences
(positive or negative) of hybridization with a foreign population and to
better orientate management decisions. Finally, applying such meth-
ods to nonmodel species is becoming more and more accessible and
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thus may be helpful in conservation for a wide range of natural hybridi-

zation contexts.

5 | CONCLUSIONS

It has recently been recognized that consideration of the recombina-
tion rate is of prime importance to interpret how natural selection
shapes the genomic landscape of introgression in admixed popula-
tions (Duranton et al., 2018; Martin et al., 2019; Martin & Jiggins, 2017;
Schumer et al., 2018). In our study we highlight the importance of the
temporal dynamics of hybridization and the genome-wide variation of
the recombination rates, both of which results in a complex interplay of
multiple evolutionary processes occurring along the genome. By assess-
ing the pattern of introgression and recombination at three different
scales (i.e., global, LG and 2-Mb windows size) we were able to provide
a detailed picture of these antagonistic evolutionary mechanisms (e.g.,
positive and negative selection) occurring along the genome. In particu-
lar, our results show that the interplay between the recombination rate
and the presence of potentially deleterious recessive mutations may
be responsible for these variable selective patterns along the genome.
Such variability of both selective forces and recombination rate along
the genome reflect the complexity of genome evolution and need to be
considered before drawing conclusions regarding the beneficial and/or
negative effects of hybridization. In particular, an apparent beneficial
outcome of hybridization during early generations could be detrimental
in later hybrid generations when the individual effects of maladaptative
loci are being exposed (Harris & Nielsen, 2016). In the same way, the
whole genome could display a general beneficial outcome of hybridi-
zation while analyses at the local scale could reveal strong selection

against maladaptative introgressed alleles.
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