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ABSTRACT

Understanding the emergence of species through the process of ecological speciatoitré question

in evolutionary biology which also has implications for conservation and maeageimake Trout
(Salvelinus namaycush) is renowned for the occurrence of different ecotypes linked to resource and
habitat use_throughout North America. \&ienedto unravel the fine genetic structure of the four Lake
Trout ecotypes in Lake Superior. A total of 486 individuals from four sites were gedobtp6822
filtered SNPs=using RADseq technology. Our results revealed different extentrphatogical and
genetic differentiation within the different sites. Overall, gf@ndifferentiation was weak but significant
and was on average three times higher between sites (Mean@016) than between ecotypes within
sites (Mean Ep="0.005) indicating higher level of gene flow or a more recent shared ancesteehet
ecotyps'within each site than between populations of the same ecotype. Evidence of diveeginhsel
was also found between ecotypes and/or in association with morgtablegiiation. Outlier locfound in
genes related t6"lipid metabolism and visual acuity were of particularestan this context of ecotypic
divergencelHowever, we did not finatlear indication of parallelism at the genomic level, despite the
presence ofphenotypic parallelisnamongsome ecotpes from different sampling site®verall, the
occurrence of different levels of both genomic and phenotypic differentiation betwesmpes within
each site with several differentiated loci linked to relevant biological functionmsuihe presencef a
continuum of divergence in Lake Trout.

INTRODUCTION

The study of diversification and ultimately speciation is central to evalatim relevant for conservation
biology (Weissing et al. 2011). The most common and established mechanism of speadiiengénce

in allopatry, where spatial and geographical basriprevent gene flow, thus allowing genetic
incompatibilities to accumulate, subsequently resulting in reproductivetigsolfllowing secondary

contact (Coyne and Orr 2004; Tittes and Kane4208ome &amples of allopatric isolation mechanisms
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in fishes include the glacial cycles in North America responsible for the origiamf meshwater species
(April et al. 2013), the rise and fall of Lake Tanganyika, and the barrieredrbgthigh wadr flow in
large rivers such as the Amazon or Congo River (reviewed in Bernardi 2013). However, algeogra
barrier is not.always needed and speciation can emerge in sympatryparapatry despite high gene
flow, by divergent selection on ecologicaityiportant traits (Tittes and Kane 2014; Gavrilets et al. 2007).
Divergent selectionson ecological traits can be caused by biotic and abiotic influencesaddyatations

to different_environmestor ecological niches result in the emergence of reproduitto@mpatibilities
(Bernardi 2013; Nosil et al. 2009). The latter may create a continuum ofyeine® from continuous
variation within a single gene pool, to ecotype formation and finally to completreatiffation and
reproductive, iselation (Lu and Beatthez1999; Nosil et al. 2009; Hendry 200%agnaire et al. 20)3
Modelsand case studies have shown that sympatric speciation is possible under gene flow when few loci
underlying the“divergent trait undergo strong selection, whereas gene flow homogemisest of the
genome (Gawrilets et al. 2007; Franchini et al. 2013).

Ecological speciation has been extensively documentsevieral geologically young fish species
living in sympatry. For instance sympatric speciation has occurred in Midasdsi¢atnphilophus spp.)
(Franchini (et1al.},2013), Lake Victaricichlids (Wagneet al. 2013)but more commonly in several
temperate freshwater fishes such as stickleb@ektérosteus spp.), smelt Qsmerus spp.) andespecially
in salmonidsssuch as whitefis@dregonus spp.), trout §almo spp.), Pacific salmorQncorhynchus spp.)
and charrs#&alvelinus spp.) (Taylor 1999; Jonsson and Jonsson 2001). Sympatric speciation is usually
linked to trophic polymorphism in which intspecific ecotypes use different habitats and resources
(Blackie et'al. 2003; Hansen et al. 2012; Smith andaSkn 1996). Trophic polymorphism is common in
postglacial lakes where retreat of the ice sheet creates unoccupied niches and oppormuriities f
specific competition (Blackie et al. 2003; Zimmerman et al. 2009). These omsdéie believed to be
respnsiblesforsthe extensive radiation in North American freshwater fishes wheralsspecies are
adaptedsto-different ecologitniches (Schluter 2001). Parallel evolution of shared phenotypic traits linked
to trophic*resource use has been demonstiateeveral postglacial systemiheseshared morphological
traits between populations can be accompanied by shared genetic architecture untiezlgicologically
important traits or can arise from independent genetic processes (Ralph and Coopd2Gdmple, the
repeated.divergence of marine and freshwater stickleback exhibiting simitastypbie changes in body
armour have been described and the repeated reduction in armour plates was found to leel dyntinel
same set of loci (Colosimo et al. Z)@ones et al. 2012). On the other hand, convergent phenotypic traits
may not always be controlled by similar developmental pathways as is the case fahc@sbfanax

spp.), beach micePéromyscus polionotus), and fruit fly Orosophila spp.) (reviewedn Arendt and
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92  Reznick 2008Bernatche22016. For instance, the evolution of parallel phenotypic divergence between
93  benthic normal and limnetic dwarf whitefisBdregonus spp.) in several North American lakes was found
94  to be only partially associated with parallelism at the genome level (Gagnaire et3lLaporte et al.
95  2015).
96 Lake"Trout Galvelinus namaycush) arerenownedfor the occurrence of different ecotypes lidke
97  to resource and‘habitat usedughout North Americanl small lakes, Lake Trout diverge mainly into a
98 planktivorous and piscivorous ecotype (Vander Zander et al.; 2B&Mhatchez et al. 20L,6whereas
99 several largelakes harbor at least four ecotypescaged with differential resource partitioning (Muir et
100 al. 2015). For instancéur different ecotypeeccur in Great Bear Lake and Lake Superior, thregréat
101  Slave Lake and.two in Lake Mistassini and Rush Lake (Muir et al. 2015). In Lake @ufoeni distinct
102  ecotypes have been reported thatramgnized based on differences in morphology and coloration but
103  also in life history traits, physiology and ecology (Muir et al. 2015). For instaregediffer in traits such
104 as growth rategrasymptotlength and weightsize at sexual maturitgs well as developmental rate of
105 fertilized eggs or fry. They also differ in physiology such as buoyancy and swim bladeigtion (Muir
106 et al. 2015; Hansen et al. 2016). The ‘lean’ ecotype has a slendanlisteglabody with low body lipid
107  content, and occupies shallow waters where it preys ppltagic fishes (Bronte et al. 2003; Goetz et al.
108 2011; BurnhanCurtis and Smith 1994; Moore and Bronte 2001; Zimmerman et al. 2009). The ‘humper’
109 ecotype inhabits offeore, midwater shoals, feeds on small prey and is sexually mature at relatively
110  smaller sizes (< 500 mm) (Stafford et al. 2014; Burni@amtis and Smith 1994; Hansen et al. 2016). It
111  also has a small head with moderately large eyes dorsally positioneti@hpaired fins (Zimmerman et
112 al. 2009; Moore and Bronte 2001; Bronte et al. 2003). The ‘siscowet’ ecotype is recognitzesldyying
113 snout, moderately large eyes and high body fat content which may facilitate diehlvenigration to
114  follow the migation of ciscoes (Ahrenstorff et al. 2011; Hrabik et al. 2014; Bronte et al. 2003¢ Buoht
115  Sitar 2008;BurnhanCurtis and Smith 1994; Hansen et al. 2012). Lastly, the ‘redfin’ ecotype has a robust
116  body, a largeshead, a long deep peduncle and largéMinis et al. 2014). Several hypotheses have been
117  proposed-to“explain the origin of these ecotypes (Wilson and Mandrak 2004; Eshenroder 2008). These
118  could be theesult of developmental plasticity in which a single genotype exprdffa®nt phenotype
119  matching selectio optima or can be genetically based omax of both (Goetz et al. 2010). While this
120  does not.rule out a role for developmental plasticity, two lines of evidence suggestjsoetic basis for
121 the phenotypicudifferences observed betwten ecotypes. First, progeny from wild lean and siscowet
122  gametes have been raised in a common garden experiment and key phenotypic featuresahtaidiffe
123  wild leans and siscowets such as condition factor, morphology and lipid content wermadi@oetz

124 et al. 2010). Furthermore, the same study uncovered transcriptionaemiés in lipierelated genes
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between the two ecotypes (Goetz et al. 2010). Second, mogptadldifferences in the operculuamd
supraethmoid bones have been documented betlgaas, siscowe@mnd humpers. Cranial bones are of
taxonomic significance in salmonids and are unlikely affected by environmentaliocos@ihd ontogenic
shifts (BurnhamCurtis and Smith 1994).

Lake™Trout (Salvelinus namaycush) were once the dominantrguator in the Great Lakes. It
historically .supported one the most important freshwater commerciatiéisteefore being extirpated in
the 1950s |n all lakes except Lake Superior, where it is now considered restored aftlitcakevhere
recruitment~hasbeen increasing (Riley et al. 2007), but it remains at rglalbvel abundance
(Zimmerman andrueger 2009, Bronte et al. 2003). The collapse of Lake Trout populatienselen
associated with,anthropogenic factors, including habitat degradation, polintiooverfishing, as well as
predation by.invasiveea lamprey following the construction of navigation canals (Bamd&itar 2008;
Page et al."2003; Page et al. 20@¥yeview by Zimmerman and Krueger (20@)amined mpediments
to its recovery“or reeration and provided guidelines to maintain, increase or reintroduce Lake Trout
populatiors'in the Laurentian Great Lakeblere, understanding and evaluating genetic structure and
diversity of remaining Lake Trout populati@rasidentified as akey research topic.

The general goal of this study was to gain insight into the nature and origin of thenditfeke
Trout ecotypesn Lake Superiar More specifically, we aimed to; 1) investigate the extent of both
morphologicalvand genome wide genetic differentiation and connectivipn@rthe four Lake Trout
ecotypessfrom_different geographic locatiowghin the lake 2) identify possible adaptive genetic
differentiation among ecotypdsyy means of genome scans and geneptEnotype associationand 3)
examine the _degree of parallelism at the phenotypic and genotypic level amoymeedodm the four
sampling sitesTo, achieve this, we used RADseq to genotype Lake Trout from the four ecotypes and from
four sites from _Lake Superior. In parallel, geometric morphometric analyses weyeneetfon head and

body shape:

METHODS

Sampling

Fish from the dur Lake Trout ecotypes were sampled in 2€A(RL4 from four sites in Lake Superior; Big
Reef (2024), Stannard Rock (202814), Superior Shoals (2013) and IRleyale (2013)Kigure 1, Table

1). For the first three sites, a nylon gill net, 183 m Idmygl.8 m high, was used with 30.5 m long panels
of different mesh sizes (5018L4.3 mm). Nets werdeployed for 24 hours at different depth range5q0
m, 50100 mand >100 m) approximately representing preferred depths of the different ecétypeisire

of each fish was taken following the protocol in Muir et al. (2012) and a biopsyhef ¢ite adipose or
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pectoral fin was collected and preserved in 95% ethdhel fourth site, Isle Royale, was sampled in 2013
using overnight sets of 27823 m long gill nets with nine panels (91.4 m longlt88 m high) of single
mesh size (5.1 cm, 6.4 cm, 7.6 cm, 8.9 cm, 10.2 cm, 11.4 cm, 12.7 cm, 14.0ZomlLPictures we
taken using.the/same protocol (Muir et al. 2012) and liver or gonads were conserved in RNA Lat
Samples withoutypictures or genetic material were removed from subsequesesnkdformation about
total lengthx(mm)=wet weight (g) and sex, and depfthcapture were recorded for each sampled
individual.

Ecotype assignment

Consensus of bothmorphometric analys (body and head) and visual identification as visual
interpretation of fish pictureby Lake Trout experts (see Acknowledgements) was used to assign an
ecotype taeach fish per Muir et al. (2014). Fish less than 430 mm long with the exception of Hikaper
fish, that are"<t430 mm when sexually mature, were excluded toveetme confounding effect of
ontogenetiesshifts in morphology (Zimmermanaé 2009). Body and head were analysed separately to
distinguish/ locomotion (body) from feeding habit (head). In addition, morphometric sasalyere
conducted "separately for each site to investigate morphological variation amesng.andmarks and
sem-landmarks were digitized and analysed with the Thin Plate Spline suite (TPS; Statesitynofer
New York at Stony Brook; http://life.bio.sunysb.edhatp). First, for each fisla rectangular grid was
overlaid to identify belly curvature corresponding2030-40-50% of body length using the program
REVIT (Autodesk)(Figure S1a). Thebody grid was anchored at the tip of the snout and the midpoint of
the hypural plate. Secontis homologous landmarks and four seamdmarks were digitized on each fish
with the program TpsDR and semlandmarks were slidising TpsUtil(Figure S&). Semilandmarks
were used tosrepresent belly curvature which is known to be distinctive between the twecosjpes,
leans and siscowets (Muir et al. 2014). Similarly, a squared grid was dwarmlaach fish head dividing it
into 10 equallyspaced sections using the program RE¥Igure S1b). Thehead grid was anchored at the
tip of thesshout=and theosterior edge of the opercula. Eight homologous landmarks2@rsemi
landmarks® were“digitized on each fish head with the program TpsDig2 andasemirks were slid
using TpsUtil (Figure S1b). Distortionsfrom rotation and size were removed by the paiog TpsRelw
producing partial warps scores which are diee variables. A principal component analy$t€A) was
performedsto reduce the number of morphometric variables or scores and extragrdivesrphometric
patterns. Subseguently Je@ant axes were supplied to a Bayesian clustering analysis implemented in the
R package Mclust v.4. Mclust is a normal mixture modeling for mbdséd cluster analysis,
classification and density estimation that include the Bayesian Informatiteri@ri (BIC) for malel

selection and that do not requjéori information about groups such as discriminant function analysis
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(Fraley & Raftery 2012). Components accounting for more than 65% of the variaresupplied to the
Mclust algorithm.The best modelwith highes BIC) was the one able to separate leans from siscowets
since they are the most morphologicalljfetentiated ecotypes (Fraley amhftery 2012; Muir et al.
2014). Group,classification resulting from the chosen model was retrieved fomeaddual. Tte visual
identification"of‘each collected fish from Big Reef, Stannard Rock and Suférials wasonducted by
visual consensus:of; three trained biologists. Visual identification of Isle &fighl was provided by an
experienceddiologist. An ecotype was assigned to each fish based on the consensus fyostndywe]
head shape and visual identificatidiwo out of three similar ecotype assignments were needed to assign
to each fish a particular ecotype. In the case of different head, body andagisigaimentsthe fish were
assigned « _no.consensus» and removed from subseanedpses. Fish for subsequent genetic analyses
were chosen/as/follav (1) fish with 100% consensus having the lowest group uncertainty and (2) fish
with 2/3 consensus having the lowest group uncertainty. However, if no individual of aegotgpe was
identified based“on morphometric analysis, the visual identification only was usedkamndnta account

in subsequent analyssmce ecotypes differ in several life history traits (eg. size and age at maturity,
color) that are not taken into account in morphometric analbysethat are still used commonly by local
expert fishery biologists to distinguish ecotypes

Morphometric analysis

Two multivariateanalyses were used to test for morphological differences between the four ecotypes at
the four sites and to investigate among site differences for the same ecotstpa jpiimcipal component
analysis (PCA) was performed to reduce variable dimensionality, and componentsirexphaist of the
variance were selected based on the broken stick method. Then a multivariate analysianoé var
(MANOVA) .was, conducted in R (package “stats”) on the selected components. Since Juanés
derived from a _configuration that included sdaridmarks do not have the same number of free variables
as degreessofifreedom, a requisite of MANO\&etweergroup analysis (groupPQAmplemented in

the R package=“morphaoiias conducted on partialarps(Webster and Sheets 2010). Thisalysis takes

into account'aneven group size and does not require normality or homogeneity of vaviittieceecker
andBookstein 2011)The Ruclidean distance between group mean was tested usb@plflermutations

For both analyses, the effects of the sampling site, sex and ecotype were tested.

Sample DNA"extraction and sequencing

Genomic DNA"was extracted from individuals representing each ecotype atuthsites using a salt
extractionprotocol adapted from lfanabi andMartinez (1997). Sample quality and concentration were
checked on 1% agarose gels and using the NanoDrop 2000 spectrophotometer (Themtific)SEach

individual's genomic DNA was normalized to 20 ng/ul of 10 ul (200ng total) using PicoGree
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224  (Fluoroskan Ascent FL, Thermo Labsystems) in 96 well plates.ddRAD libraries were constructed
225  and sequenced on the lon Torrent Proton platf@BhS, Laval University)following the protocol in

226  Mascher et al(2013. Briefly, restriction digest buffe(NEB4) and two restriction enzymeBs{l and

227  Mspl) were .added to each sample. Digestion was completed by incubatiofCato8%wo hours and
228  enzymes were inactivated by incubation &®for 20 minutes. Two adaptors (one unique to each sample
229  and thesecondscommon) were added to each sampikeligation was performed using a ligation master
230 mix followed by the addition of T4 ligase. The ligation reaction was completed®@t f22 2 hours

231  followed by"68Cfor 20 minutes to inactivate the enzymes. Sasplere pooled in 4Blex and cleaned

232 up using QIAquick PCR purification kits. The library was then amplified by P@Rsaquenced on the
233 lon Torrent Proton P1v2 chiffhe detailed methods for SNP identification, SNP filtering and genotyping
234  using STACKS v1.32 (Catchen et al. 2011) are presente&upplementary materialResulting VCF

235  was converted™to various formmnecessary for other programsing PGDSpider 2.0.7.2 (Lischer and
236  Excoffier 20&2)=and VCFtools (Danecek et al. 2011).

237  Genetic diversity and differentiation

238  We first estimatedpairwise population differentiation using Weir's and Cockerhare'stimator of
239  pairwise kst (Weir andCockerman 1984in GenoDive 2.0b23 (Meirmans ak@n Tienderen 2004) with
240 10 000 permutations. Similarly, measures of observed) @hd expectedcheterozygosity (k) and

241 inbreeding (Rs).were estimated using GenoDive 2.0b23b. Effective population sigeafdd number of
242 polymorphicloci (N) for eaclsamplingsite was estimated using the program NeEstimator v(20let

243 al. 2014). Briefly, the program was run with the linkage disequilibrium model, the ramzimg system

244  and a critical value of 0.05 (Pcrit) to exclude alleles that occur in only a singjeitdpe sample.
245  Genomewiderdiversity {r) and the increase in inddual homozygosity relative to mean Hafdieinberg

246  expected hemozygosity (Fwere estimated for each site with the dataset prior to filtration using the R

247  package stackr(https://githubcom/thierrygosselin/stackr Lastly, an analysis of molecular variance

248 (AMOVA)was=conducted to quantify the proportion of genetic variance explainedelsyrsiative to that

249  explained by variation among the four ecotypes (MeirmansvamdTienderen 2004). The AMOVA was

250 run with two different levels of hierarchical subdivision; first with sites nestéltirwecotypes and then

251  ecotypes nested within sites. A total of Q00 permutations were used to access significance and an
252  infinite allele model was chosen. Because AMOVA does not allow missing data, missing valees wer
253  replaced by randomly selecting alleles proportiaoabtal allele frequency in Genodive 2.0b23M antel

254  test between genetic divergencesy(Fnatrix) and phengpic divergence (head and bodydiidean

255  distancesnatrice$ was conducted using the R package “vegan” (Oksanen et al. t80&&ss theextent

256  of association/parallelism in morphology and genetic among ecotypes and sampling sites
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Population clustering

Populationclusteringand connectivity was estimated with the program ADMIXTURE 1Ai8xander et

al. 2009) This program estimates ancestry in a mdidesled manner where individuals are considered
unrelated,and,allows choosing the best number of pogggiletic groups present in the data based on a
crossvalidation procedure. The program was run with values of K ranging from 1 to 20. A population tree
was built usingsthe=program TreeHdglinowski 2009)and visualized with the program FigTree v1.4.2
(http://tree.bio.ed.ac.uk/software/figtrge/ Genetic distances were calculated usifig (Weir and
Cockerham 1984) between each pair of population and the neiglitiog (NJ) distancdased method

was used (for tree construction. Support for each branch ssessed by bootstrapping using 1000
permutations (Kalinowski 2009)

Population ‘assignment

Population 'assignment was conducted to investigate the powkrstifyan unknown individual to either

a sampling"site“or an ecotype. This analysis wasusimg Genodive 2.0b23with the home likelihood
criteria (the likelinood that an individual comes from the population evhavas sampledyvhich is more
appropriate when only part of all possible source population have da@epled (Meirmans andan
Tienderen (2004 ‘A significance threshold of 0.05 was applied and zero frequencies were replaced by
0.005 as suggested Meirmans and Van Tienderg€B004). To avoid bias due to the calculation of allele
frequencies from_the same individuals which smbsequently assigned, the program uses the leave one
out (LO@)*validation procedure in which a targeted individual is removed from itses@aipulation
before calculation of the allele frequency. For this analysis, missing values wiexeedepy randoiy
picking alleles from the global allele pool. All loci were usedtfos analysis such that no correction was
necessary teravoid high grading bias associated with using a subset of markers basedamkitigeinf

level of differentiation (Anderson 20}

Outlier detection‘and phenotype-genotype associations

We used=twordifferent types of approaches to detect o@h#s potentially under divergent selection
between '‘ecotypeand sites1) genome scangerformedamong the different ecotypesid/or sitg; and 2)
association testsibetween genotypes and continuous phenotypic values.

Forthe firstapproach, two different methods were used to detect outlier SNPs potentially under
divergentsselection (1) among the four sites (individuals from the diffecentymes were pooled), (2)
among the fourmecotypes (individuals from the different sites were pooled) and (3) amofogirthe
ecotypes within each site, independently. First, the program Bayescan vluaedato detect outliers
based on locuspecific kst with a prior odd of 1@00 and a false discovery rate (FDR) of 0.05. Bayescan

was run with 5000 iterations and a bimnlength of 100000 asrecommended byoll and Gaggiotti
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(2008). Second, the program LFMM (Latent Factor Mixed Models) from the R pack#ge/as used to
detect outliers based on allele frequencies exhibiting significant statistical associdtin selected
phenotypes. Categorical variables were coded as orthogonal matrices on which al pramsjnent
analysis was,applied and resulting scores were supplied to the LFMM analysis. LFMMnweith five
repetitions,«10000 cycles and 5000 buin asrecommendedyy Frichot and Francois (2015-values
were adjustedromstheir distribution and possible associations corrected for population structectedet
from the"admixture analysis as suggested by Frichot and Francois (2015).

For“the“second approach, phenotgesotype associations were analysed with LFMMis
technguecan uncover subtle changes in allele frequencies (suekpastedn polygenic selection) that
are not detected in traditional outlier analyses (Rellstab et al. 20EBMLwas run with the same
parameters stated in the previous paragraph with tetititeps including the ywalue adjustment, an FDR
of 0.05 and™a“correction for population structure based on the admixture analysgshehogypic
variables weresthe principal components scores for each individual that explaiofritestvariation for
head and body shape based on the broken stick method.

Gene ontology

Loci potentially under selection detected by either of the different approachges(@n andFMM)
were blasted against the Rainbowodt genome @ncorhynchus mykiss) (Berthelot et al. 204) to
determine possible functions with the following parameters:-aaue threshold of 16, a word size of
11 bp and+a max target of 100 bp. Resulting loci were filtered based upon three thiéeriamber of
similar hits, thebit-score and sequentength.First, loci with only one hit and havirg0 bp long were
kept. Second, loci with multiple hits having the first best bt bit -score higher than the second best hit
with sequeneceslength 50bp were kept.

RESULTS

Ecotypeidentification and morphometric analyses

Based upoerconsensus analysis between head, body and visual identification, an ecotype was assigned to
each fish. First, the best model for each site that distinguished, at least, betweendesascoarets with

BIC values and mean uncertainties was used for ecatggignment (Tabl81). For each site, fish to be
genotypedwere chosen from the consensus identification (Tablelflsome ecotypes were not
distinguished by, the morphometric analysis from eittlee head or body shape, expert visual
identification fromthese fish was usdthsed upon the presence of life historytsrdivergence as stated in

the Methods section(Muir et al. 2015). Based on the broken stick method, the first four PCaeteaiteed

for body shape and the first six PCs were retained fait Bkape corresponding to 70% and 81% of total
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323  variance respectively to conduct the multivariate analysis of variance (MANOVA).tRagyverall shape

324  difference between ecotypes was assessed by pooling similar ecotypes from the fouorsiteshEad

325 shape, the ecotypes, the sites and the sex wereisagiy different (p < 0.001)lnteractions between

326  ecotypes,and,sex (p < 0.01) or sites (p < 0.001) were also significant. Similar resulthsesked for

327  body shapef(p <,0.001J gble2). The groupPCA revealed the same pattern for the head and body shape
328  except that-ne.difference between sexes was detéicabte 2, Supporting information)The first axes of

329 the groupPCA for head shape explained 56.2% of the variance and discriminated siscowets fegm lean
330 whereas the second axis explainittg9% of the variance discrimated humpers from redfins (Figuza).

331  For body shape, the first two axes of the gréPA explained 65.5% and 14.5% of the variance and
332  mainly distinguished leans from siscowéFigure 2b). In both head and body anedysthe third and

333  fourth axes discriminateLake Trout more bysampling siteghan ecotypes (Figur€c-2d). Ecotypes

334  were na significantly different within all sites, either based morphometric analyses ¢iead or body

335 shapebut yetscould be differentiated by visual inspectfbigure 2a-2h Figure3b, Table S3Supporting

336 information). Within Big Reef, only leans differed from siscowets and redfins in terms of bath drel

337  body shapes (p < 0.05). Within Isle Royale, head and body shape differed batvieanecotypes (p <

338  0.05) with twa exceptions; humpers did not differ from leans in body shape and leans did notadfiffer f
339 redfins in head shape. Within Stannard Rock, leans differed fraowsisés and redfins in both head and
340 body shape™(p.< 0.05). Finally, within Superior Shoals, siscowet body shape diff@medalf other

341  ecotypegp=< 0.05),except forhead shaperhichwas not different from humper’s. In addition, leans head
342  shape was different from redfin’'s (p < 0.05). In some cases, similar ecotypesifferand sites had

343  significant different head and/or body shagégyre2c-2d Figure3b, TableS3 Supporting informatiohn

344  Indeed,siscowets head shape differed among sites whereas body shape was not different between Big
345 Reef and Stannard Rock. Body shape of Sape3hoals leans differed from other leans except Isle
346 Royales whereas Isle Royale leans differed from Stannard Rock’s. On the other hand, Isle Royale lean
347  heads differedsfrom both Stannard Rock and Big Reef leans. Redfins from Isle Rofgakxldif head

348 and body*shape‘from all other redfins and lastly humpers nar different from site to site. Despite the
349 fact that not all ecotypes from all siteere morphologically differenbased on morphometric analyses
350 we conserved this grouping for the genetic analysis based on the visual inspection oditdherd size

351  of maturedfish, body or fin colours).

352  Sequencing and*SNP calling

353 Raw reads cleaning and demultiplexing resulted in a total obillién reads with an average of23

354  million reads per individuabhnd a relatively smalimean coefficient of variatioiCV) of 0.23. The

355 assembly radted in a catalog containing 1,0684 lociand a total of 212,804 SNPs (399 loci) after
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the population moduldifteen individuals having more than 40% missing genotype were removed from
the analysis. After custom filtrian 6822 high quality SNPs were retained for subsequent anélydhte

3).

Genetic diversity.and differentiation among sites and ecotypes

Genetic statistics revealedodestbut significant st amongsome ecotypesiithin each sampling site
(Mean Fst =:0:0055: (Figure 3a Table 8, Supporting information Mean kst among ecotypes ithin
sites were as follonBig Reef 0.00470.000;0.012] Isle Royale 0.00870.001;0.017] Stannard Rock
0.0053[0.002;0.012]and Superior Shoals 0.0082000;0.006] No trend in patterns of genetic diversity
was observed between ecotypes within each site (Babléat is, there was no evidence that diversity in
some ecotypes,tended to be higher than in others. On the othefFgaadiong sites were on average
three times, higher than observed among ecotypes withinMigan Fst = 0.016. For instancefst
between sites(all four ecotypes pooled) wadtesignificant:Big Reef« Isle Royale 0.017, Big Reeb
Stannard Rock™0.009, Big Ree$ Superor Shoals 0.022, Stannard Roek Isle Royale 0.02, Superior
Shoals«> Isle Royale 0.01 and Stannard RaekSuperior Shoals 0.02 lower value between Big Reef
<> Stannard Rock and Isle Royate Superior Shoals site paingas consistent with their closer
gearaphicpraximity Also genetiadiversity parameters tended to shgreaterdifferences between sites,
than between.ecotypes within sites (TadleNamely, genetic diversity, in terms of nucleotide diversity
(m) and heterozygosity (1 H.), was notably lower within Stannard Rock in comparison to the three other
sites (Tabled)=Overall, Superior Shoals ecotypes had the lowest effective population gjzes{iates
while having, with Isle Royale, the highest inbreeding coefficient, (&s) whereas ecotypes from Big
Reef had theshighest effective population size) @hd the lowest inbreeding coefficient{G,) while
Stannard Rock showed intermediate indiCEése more pronounced pattern of population differentiation
between sitessthan between ecotypes was also evidenced AMI@¢A which revealecho net genetic
variance explained by the ecotygeuping (Fcr = -0.002) compared to theetand significantgenetic
variance exfained by sites grouping=¢r = 0.011) (Tableb). Finally, no significant association was
obtained betweethe Fsr matix and either head (r =0.1025 Raue = 0.862) or body (r = 0.1032,fa =
0.115)shapeEuclidean distances matric@sgure 3)

Clustering analysis

The Admixture program identified two groups (best K) corresponding to pairs of BigRReef and
Stannard Rockss. Isle Royale and Superior ShoglBigure 43 No migrants from Isle Royale and
Superior Shoals were detected in the Big Reef/Stannard Rock cluster while resultsesugigest

occurrene of migrants and admixed individuals in the Isle Royale/Superior Shosterclith a tendency
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for a greater proportion of migrants in Superior Shoals (FigayeAt K3-K4 Big Reef individuals tended

to cluster separately from those of Stannard Rodloagh lean trout from Big Reef tended to be more
similar to Stannard Rock leans. At K5, Isle Royale could be discriminated froemni@uphoals. Lastly, at

K6 all four'sites, differed and some additional witlite distinctions began to appear. Within Blgef,
leans were distinct from other ecotypes, being more similar to the lean/redfin doste3thnnard Rock.
Within Isle ;Royalessiscowets were distinct from the other ecotypes while no obifieusrate emerged
between ecotypes within Superior Sho#tisaddition, some siscowets from Stannard Rock seemed to be
similar to Isle"Royale siscowets. The NJ population tree mainly grouped ecotypeslifferent sites
together with pair of sites closer geographically also clustering more closely ire¢h€itjure 4b). In
addition, as_observed in the Admixture analysis, leans from BigWRexef closer to leans from Stannard
Rock than'from./the other ecotypes within Big Reef. Admixture also showed tbatvets from Isle
Royale were'most distinct from the other three ecotypes within this site (Bigure

Population assignment

Assignment succese sampling sites, based on the 6822 SNPs, was high, being 85% on average and up to
95% for Isle"Royale and 93% for Stannard Rock (Figie Missassignedndividualsfrom Big Reef

were only [assiged to Stannard Rock and vieersa. Superior Shoals had a lower assignment success
(78%) and had misassigned individuals to the three other si@s.the contrary, assignment success to
ecotypes was:low, beind % on average, ranging from 12% for humpers up to 61% for siscowets (Figure
5b). Ecotype assignment success within each sampling site was highly varialiehigbiest on average
within Isle Royale (55%) and lowest within Superior Shoals (21%) and insfagtar to random
expectation, while Big Reef (33%) and Stannard Rock (40%) showed intermediats (datdt not
shown). Assignment success within Isle Royale was #8%iscowets, 62% for leans, 52% for humpers
and 33% for redfins, whereas assignment success within Superior Shoals was 46e6vaetsj 23% for
redfins, 18%=for: leans and 0% for humpers. Within Big Reef, individuals were absaiher to
siscowetssorleans whatever their current ecotype was. For instance, assignment success fersscowet
82%, 51% for"leans and 0% for humpers or redfins. Stannard Rock showed a similar, pdtee
assignment success for siscowets was the highest (76%) followed by leans (74%)endsEghment for
humpers (10%) and redfins (0%) was low

Outlier detection and phenotype-genotype associations

Bayescan identified a total of 52 outliers from which 49 occurred between thetésuarsil three between
the four ecotypedHigure6a-6b).No outliers were detected between ecotypes within each site. In addition,

no outliers were common between sites and ecatgpgarisonskor LFMM, the pvalues were adjusted
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using a lambda of 0.55)(and population structure/as correctedor each analys usingthe number of

ancestral groups (K) identified by Admixture for the overall dataset or within eazhsegiiarately
According to the Admixture results, a K of five was used for between sites and betwéssh qumiype
comparisons while for within site comparisons, a K of two was used for Big Reef and SGhedads and

a K of three was used for Isle Royale and Stannard Rock. LFMM identified a t6f&D einique outliers:
554 between sites, and 116 between ecotypes in which 20 were common to both comparisor@a¢Figure
6b). Thus, the number of outliers between ecotypes was lower than that observed betsudeor sitighin
site comparisons between ecotypes, 359 outliers were detected within Big Reef, 1831sldtRioyale,
360 within“Stannard Rock and 120 within Superior Shoals. Overall, up to 27 outliers wear®@rom
between seme sites but none were common to all sites (Fegurblo outliers detected among ecotypes
were common between LFMM and BAYESCAN but eight were common among sites.

Based on the broken stick method, the first four principal components were setectpdesent head

shape and the first six principal components were selected to represent body shapéglfof AGshape

variables. Briefly, the walues were adjusted usinglaanbda of 0.55X) and population structure was

corrected using'a K of five. A total of 915 unique associations were detected wkiDRaof 0.05 in
which severalswere common between variables (Talde SBipporting information). Four of these
associated.SNPs were common with BAYESCAN outliers (one with the between ecotype comparison and
three with thesbetween site comparison) (Figbmedo). In addition, 349 of these associated SNPs were
common with the previous LFMM analysis. Briefly, 71 were in commoh Wwétween site comparison,

20 with between ecotypes comparison, 85 with within Big Reef comparison, 48 with withiRdyale
comparison, 91 with within Stannard Rock and 34 with within Superior Shoals comparisons.

Annotation

A total of 2056 loci detected either by BAYESCAN or LFMM between sites, between ecotypes or in
association, with phenotypic variation were blasted against the Rainbowt genome. After quality
filtering, 258 _locisthat had an annotation in gemese retainedTable S6). From those with a known
biological funetion, markers linked to lipid transport and metabolism as welisaal development and
perception ,were of particular interest given previously documented phenotf@racteristics

differentiatingslfake Trout extypes(see Discussion)
DISCUSSION

This is the first study to combine genomic and morpétric analyses from all four Lakeolt ecotypes

from several different locations in Lake Superior. This provided the unigque opportanityestigate
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452  among and within site variation and the extent of parallelism, both at the phenotypicmandogievel.

453  Both morphometric and genomic analyses revealed wditénmorphological and genetic differences
454  between ecotypes, but in general, genetic differences were nawreupced among sites than among
455  ecotypesg€ven.when comparing populations of the same ecotype. Similarly, weedlibatwalues of
456  demographic and genetic diversity parameters generallgdvauore by site than by ecotype. Moreover,
457  the extent efibeth-morphological and genetic differences among ecotypes observed wittairiegit from

458  one location to the other, thus creating a continuum of differentiatioaddition, genome scans and
459  association”tests identified several loci potentiahyplicated in local adaptation and phenotypic
460  divergence among ecotypes, among which loci linked to lipid metabolidntransport as well as visual
461  acuity and development are of particular interest BBieeussion below). The relatively large number of
462  outlier loci'idantified, which globally showed relatively modest levels of genetic differemtiaimong

463  sites or ecotypes, suggests a polygenic origin of both local adaptation between siteotapid e
464  differentiation==We discuss the implications of these results feruthderstanding of the biological
465  processes (responsible for the emergence of the different ecotypes of Lakeagnoatl as for their
466  management.

467  Paralld evolutioniof Lake Trout ecotypes?

468  Parallel evolution, the repeated evolution of similar phenotyits, has beemlocumentedn many

469  populations*within the same species (reviewed in EImer and Meyer 2011). Sharetymbdnraits that

470 evolved independently are generally believed to indicate parallel eelatblution in the facef shared

471  environmendl pressures between locations driving changes to similar optimum (Butlin et.3). ZOe

472  evolution of these similar traits can be unde#ddiby similar or different genome architect&imer and

473  Meyer 2011 Ralph and Coop 2Q0Bernatche2016. Here, similar ecotypes corresponding to previously
474  published ‘descriptions were identifiemmong all sampling sites.That is, a greater proportion of
475  morphological*variancesxplaining 14.%6 to 65.8%, clustered individual by ecotypes (first and second
476  componentfithe: PCAs, Figure 2ab) thus revealing parallelism in morphology between ecotypes from
477  the four sampling sites. It is noteworthy that head shape better discriminatepesctbtgn body shape
478  (Figure 2a, Figure 3b), as reported previously ireottake Trout studies both from the Great lakes and
479  elsewhere "(Chavarie et al. 2013; Moore and Bronte 2001; Alfonso 2004; Moore and Bronte 2007,
480 Magalhaeset al. 200loreover, agreater proportion of markers identified as outliers or associated with
481  pheotypic differentiation was found for head shape compared to whole body shaggepronounced
482  ecotypic differentiation of head shape could suggest a predominaridrééedingecologycompared to

483  other factors (e.glocomotion) as the main driver for these morphological differences (Chavarie et al.
484 2013; Magalhaes et al. 2009; Jonsson and Jonsson 2001).
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The fact thatdifferent ecotypes within sites were generally genetically more similar than different
populations of thesame ecotype among sites suggebat parallel evolution is implicated in the origin
and maintenance of ecotypes. Moreover, while both explanations are not exclusiamneerefute the
possibility,that.more pronounced genetic similarity within sites might akbect higher gene fls among
ecotypes within'sites than among population of a same ecotype among sites. Thialsomuddlect less
pronouncedreproductive isolation among ecotypes within sites than among populations of atgee ec
among sitg. It is also noteworthy thatalthough to a lesser extent some morphological components
(explaining™3% to 11.5% of variancepuld discriminate Lake Trout by sampling sites (third and fourth
componentof the PCAs, Figure 22d). In some cases, such as siscowets, leans, and redferemlif
populations_of.a same ecotype from particular sites were morphologically ditenggicating some
dissimilarity.in morphologySuch intersite differences within ecotype have previously been reported by
Bronte and*Meare (2007) for siscowet andsthavereinterpreted as either the presence of different
reproductivespopulations and/or a plastic response to different environmental coraditiomg sites.

Both outlier detection methods (Bayescan and LFMM) differentiated more routbekers among
sampling sites than amongecotypes, again supporting the view that spatial variables (e.g. different
environmental conditions or random genetic changes) may be more important tharcetfigrentiation

in explaining the observed pattern of population structure in Lake Superior. Moreol#y] ufrcovered
markers potentially under selection among ecotypes within all four samplingnsitessbeing common to

all sites. These results also suggest that phenotypic parallelism in Lake Trout ecotypesd®mpanied

by parallelism at the genome level, as reflected by the lack of association betwegendtic and
phenotypic'divergence matrices, whereby the expression of a given ecotype in dsiteseigt controlled

by a different=geneti@architecture Hypothetically there may have been random genetic differentiation
(drift, founder effects in different parts of the lakes such that subsequedticseldriving adaptie
changes may~have been acting on somewhat different gene pools in different parts of th&hlakes
would leadte=apparent non parallelism at the genome |dVe. absence of parallelism between
phenotypic and“genotypic differentiation has been repant@shny speciesncluding mice Peromyscus
maniculatus), cichlids, cavefishAstyanax mexicanus), stickleback Gasterosteus spp.), as well as ciscoes
and whitefish Coregonus spp.) (reviewed in Elmer and Meyer 20 Bernatche22016. For instance,
ciscoes ingzake Nipigon exhibit four morphological and ecological diffesp@cieswvithout evidence of
corresponding neutral genetic differentiation (Turgeon et al. 1999). Similatypes from several inland
lakes showedariablelevels ofphenotypicdifferentiation which was not correlated to genetiedjence
(Turgeon et al. 2016). AlsoLaporte et al. (2015)ecently documenteda clear pattern of phenotypic

parallelism in body shape between dwarf and normal sympatric pairs of lake whitefisliniar
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genomic architecture underlying these traits being observed between some paiffetarit djenome
architecture in others.

Genetic origin of ecotypes

Generally,Speaking, we found very limited support for a shared genetic origimygmopulations ofhe
same ecotype. That is, we generally obsefeegr genetic differences among ecotypes within sites than
among populationss(sites) for the same ecotjlje exception to this general pattern was for the lean
ecotype for which we observed magenetic snilarity between populations from Big Reef and Stannard
Rock than between leans and other ecotypes from these locations. Similar resufieewieusly reported

by Ihssen (1988) and Dehring et al. (1981) who showed based on allozymes that Lalad fredean
ecotype from four different locations differed in allele frequendderent markersidentified as being
underselection @among sites provide further support for the independent origin of ecotypes within ea
site Alternatively, we cannot rule out that this may also reflect ttesgmce of different genetic
architecturesunderlying phenotypic variation within sites, or that markader parallel selection were not
detected because of insufficient coverage of the gendalen together, the comlgid results obtained

for “neutral™ and potentially “adaptive” markers highlight the contribution of both apatlation and
local adaptation in shaping ecotypic variation within each sampling site.

Here, relatively large geographic distances between these sites, known for the relalvelgchirrence

of the fourecetypes separated by ranges of much lower abundance, may have contribederte
genetic exchange between spatially isolated populations. Thus, localized m®/kavenbeen reported

for Lake Trout based on tagging studies where an average movement of approximately 40 kem has be
reported (Kapuscinski et al. 2005; Eschmeyer 1955). Considering that the sltessedh this study are
separated hy-about 69 km (Big Reef/Stannard Rock) torB{isle Royale/Superior Shoals) and that sites
that are the farthest are separated by 98 km (Superior Shoals/Stannard Rock) to(&1& Royale/Big
Reef), the presence of spatially genetically differentiated stocks is consisterttisvithgervationSpatial
isolationseould-also have been exacerbated by historical water level fluctuations.upakmiShas a very
diverse bathymetric habitat covered by peaks and valleys, thus creating geographéral feticularly
when water levels fluctuated. Bhsituation is thought to have occurred 8000 years ago, which could have
triggered the spatial pattern of genetic divergence seen today (Bronte and20@oye

Our dataalso revealed a continuum in the extent of both genetic and phenotypic divergence underlying the
observed ecotypes ranging from inprapulation polymorphism to clear genetically distinct populations
within asamplinglocation. The extent of morphological differentiation in both head and buapyeswas
also variable depending on the slieing examined. Although the explanations for this pattern of

continuum in morphological divergence are only hypothetical at this time, this colddt réifferent
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levels of trophic polymorphism associated with different selective pressurgs dempetitve
interactions), as reported for other species, including Lake Whit&mtegonus clupeaformis) (Lu and
Bernatchez 1999Gagnaire et al 2013), Arctic Chaf®. @lpinus) (Gislason et al. 1999), or Threpined
Stickleback Gastérosteus aculeatus) (Hendry et al. 2009). The extent of genetic divergence between
ecotypes was also variable depending on the site examined suggesting that diffdeeat tepeoductive
isolation accompany different levels of phenotypic divergence (see refermmee, also reviewed by
Hendry 2009).

In contrastto our general observation bighergeneticdifferentiation among sites than among ecotypes
within site (@ recent study conducted in Great Bear Lake, found more pronounced genetic diffamentiat
among Lake Trout ecot@s than among sampling sites (Harris et al. 2014). These authors hypothesized
that stronger/genetic and morphological differentiation in Great Beke could be due tdts more
pristine environment andhhited human impactompared to Lake Superior where these factors may have
altered theworiginal pattern of population structuring. For instance, considetabléng and fishery
harvest has occurred in Lake Superior, which could certainly have had an impact on tiheoexte
population ‘admixture (Guinand &t 2003) compared to Great Bear Lake, which has not been stocked and
has only been subject to minor fishery harvest. However, it is ndtgwtrtat stocking has been done
essentially for the lean ecotype (Page et al. 2@Ddhsequentlyit seems unlikely that this could explain

the general“pattern of structurimge documented for other ecotypes, although it could possibly explain
why leanssfrom different locations were more similar in some cases, as explained abov

In sum, the combinegenomic and morphological data support the hypothesis that ecotypic differentiation
among Lake Trout ecotypes from different geographic locations within Lake Supanidsecarrayed
along a continuum from quaganmixia to relatively pronounced reproduetiisolation, mimicking the
inter-specific_pattern described by Hendey al. (2009) among lacustrine north temperate freshwater
fishes Consequently, variation along this continuum might profitably be used for studyingsfactor
outlined sby-Hendret al.(2009),which can promote or constrain progress toward ecological speciation,
including"plasticity, natural selection, mate choice, geography, or hidtodotingency. ldwever, the
present study cannot rule out the possibilitat different anthropogenimpacst amongsites could have

also contributedo the observed pattern of genomic and phenotypic variation. Indeed, a recent study
conductedrby Baillie et al. (2016) highlighted substantive losses of genetic gieardigenetic distances

in lean, siscavetvand humper trout from pesbllapse recovery (1995999) compared to contemporary
period (20042013). This homogenisation could be the result of overexploitation, intensive stocking and
invasions of nomative species which could have led to the oyeitabreeding or foraging area thus

increasing hybridisation. Biodiversity losses and speciation reversal causedhlypagenic activities
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584  have been recorded in several freshwater species such as Lake Victoria cichlids (Seehausen et al. 2008)
585  Great Lakes ciscoeC@regonus spp.) (Todd and Stedmarl989) aswell as the European whitefish
586  (Coregonus spp.) (Bhat et al. 2014; Hudson et al. 2013).

587  Evidenceoflocal.adaptation and functional annotation

588 In both spatial“and ecotypic differentiation however, a much larger proportion of markensigtigte
589 under selectionswere detected by the LFMM method compared to Bayescan, the faowretd be more

590 sensitive to polygenic effects, suggesting that weakotygenic selection might be responsible for the
591  observed pattern oatlaptive differentiatich both spatially and between ecotypes (Rellstab et al. 2015).
592  Of the 258(loci for which successful annotation could be retrieved, several weagicidlpr inteest and

593 linked to ecotypic differences observed in the present system. Two loci were linkedabdgvelopment
594  and acuity'of/the retina; retinal guanylyl cyclase 2 eetthitis pigmentosa-like 1 protein, and one to
595  visual perception; peripherizHike. Both markers linked to visual development and acuity were found in
596  significant massociation with the second component of the head shape analysis fronthehidghest

597 loading was for the eye position (landmark number 26). Changes in size, locatioenaitidity of the

598 eyes have'been associated to adaptation to low light environment (Von der Emde et)allnzieed,

599 larger eyes with ‘a predominance of rods are known to increase visugl (&@n der Emde et al. 2004).
600 Large eyes, close to the snoutvbabeen reported in other deepwater, salmonid morphs similar to the
601  siscowet andshumper ecotypes in Lake Superior, potentially reflecting adaptatiow light condition

602  (Eshenroder 2008; Skoglund et al. 2015; MooreBwahte 2001).

603  Annotatedmarkersof interest were also linked to lipid binding, transport, regulation and metab@ism
604  total of three annotated markers were linked to lipid binding; the spectrin betrytbrocytic 4like

605 isoform x1 and,dike isoform x2 (SPTBN4, SPTBN1) and the cafoidependant secretion activator 1
606 (CADPS), and one markewas linked to transport; the lipid phosphate phosphatdated protein type-4

607 like (LPPR4)=http://genecards.org). SPTBN4 was found in significant association with the first
608 componentofithe bodshape analysis which was linked to belly curvature whereas SPTBN1 and CADPS
609  were found in"significant association with among ecotype analyses and LPPRA4 fisagigmaissociation

610  with head depthHigh lipid levels in the muscle of the deepwater siscowetyge have long been
611 described and suggested to facilitate vertingration in the water column by providj hydrostatic lift

612  (Henderson andnderson 2002Eschmeyer an@hillips 1965.

613  Also, Goetz etala (2010) showed that differences in lipid levels between the |ethe astoweecotype

614  persist when reared under identical conditions. They also found severalntiffiéyeexpressed genes in
615  controlled conditions between these two ecotypes linked to lipid metabdtimmestingly, ébur of the

616  anndated markers in the present study walso found to be differentially expressed by Goetz et al.
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(2010), further suggesting that our study identifisdmecandidate genes involved in the differentiation
between these ecotypes. The four markers in commerthe alphdectorinlike protein, the k506
binding protein Sike isoform x3, thegalactosamine ¢acetyl}6-sulfate sulfatase and the Peroxisome
proliferator activated receptor. Functional descriptions of most of thess gee still lacking, therefer
mechanistierlinks, between these markers and Lake Trout ecotypic adaptations namkaimwnln sum,

the hypothesis«ofsgenetically basadgtation in Lake Trout is supported by at least a few divergent
annotated gendbat are linked to biological functions (e.g., vision, lipid metabgliSthesesame genes
are believed to play roles in the local adaptation to different water depths dnid tegpurce us@soetz

et al.2010).

Limitations

Admittedly; we must also ceider the possibility that several alternative factors could explain the pattern
of continuum®“intecotypic divergence observed here. Namely, sample sizes were smalk inases,
especially forsthe humper ecotype, which could have limited our power tot dgtretic divergence,
namely between humper and redéinotypes Also, our capability of assigning Lake Trout to different
ecotypes based on their morphology varied among sites, which may have crefitgalharddmixed
groups of individuals resulting in lower level of differentiation amongnthie such a case however, the
clustering analysis performed with Admixture should have detected such groups of adrdixiials
from differentepopulations, which was not the case here. Instead, Admixtureece@hogeneous
groups ofs=individuals, independent of theitotype in locations where we observed very weak or no
genetic differentiationArguably, our results do not rule out a role for phenotypic plasticity induced by
exposure to.different environmentainditions, which will require further common garden studies of other
ecotypegdhumper and redfinecotype}from other locations, as performed by Goetz et al. (2010). In fact,
phenotypic plasticity may have played an important role in the diversificafidrake trout ecotypes
within LakerSuperior. Indeed, the presence of environmentally induced (plasyo)gophism within
populatienshas=been hypothesized to facilitate the process of divergence (Adams and ¢idr2iDgd;
Pfennig et al™2010). Thus, phenotypic plasticity can promote the emergence of rdiydrgeotypes on
which selection ¢an act (Pfennig et al. 2010). In addition, trophic pophiszn may be an effective way
to promotespeciation by resource use because it may trigger reproductisgasdlPfennig et al. 2010;
Smith andsSkulason 1996). Finally, studies on sympatric ecotypes such adscisflitefish and arctic
charr have shown, using commgarden experiments, that some morphological characters were plastic
and others heritable, thus demonstrating the role of phenotypic plasticity in shapingrtigefdams
and Huntingford 2004; Magalhaes et al. 2009; LundsgHlartsen et al. 2013¥Finally, when using

methods of reduced genome representation such as RADseq, it is important to keep intnoinig tha
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small subsample of the whole genome variation has been screened. Consequently, ecam tagets

of selection are most likely missed in such studies and results must be interpretedsiyaand
accordingly. Here, this means that the interpretations of observed differencea mitluced genome
representation.aré conservative.

M anagementimplications

The maintenance=of genetic disity, and thus the potential of a species to evolve in the face of a
changing environment is central in conservation genomics and fishery management (TGabaltero
2005). Improper management may lead to depletion of the resource amg@ared resience by
decreasing genetic diversity or eroding local adaptations (Laikre et al. 2008teftiman et al. 2009
Management units are groups of conspecific individuals among which connectiviffidestly low so

that each group_should be managed seglgréPalsboll et al. 2007). The delineation of these management
units is still"debated and has usually been based upon the rejection of panmixia @dp&aggiotti
2006) or themabsolute amount of population divergence between populdialsboll et al 2007).
Thresholds above which populations should be considered distinct management andchplgoadiyr
independentnits do not exist, but a dispersal level < 10% has been suggested (Palsboll et al. 2007).
Based on ouriresultthe primary basis to deBrmanagement units in Lake Trout of Lake Superior should
be the sampling sites rather than ecotypes since we observed pronounced levels of net genetic
differentiationsand high assignment success (varying betweed5%} among sites compared to net
geneticdifferentiation and very low assignment success (varying betwe€éi%2 among ecotypes. Yet,
depending on locations, ecotypic differentiation must also be considered singpescutere also
genetically'distinct in some cases, such as Isle Royale in particular. Also, eviderzzd atlaptation was
uncovered andstherefore, caution must be taken within sites to avoid depletion ofddeaitgd traits by
stocking or,exploitation. Since the extirpation of Lake Trout from most of the Gadats other than
Superior, stocking programs have been developed in some lakes without success (Pageo8).al
Matching=stocking sites with proper ecotype could increase reintroduction sucgessefhan et al.
2009). Based"on this study, we would advocate for reintti@h and translocation of Lake Trout from
the least genetically differentiated site, namely Superior Shoals sineeathlid provide the full range of
ecotypic differentiation within a quapanmictic gene pool, a situation that would be reminiscertieof t
early stageof ecological speciation (Smith and Skdlason 1996; Hendry 2009). Mommlelintra
population polymorphism may increase survival in a new environment while maintaimetgcgdiversity

and potential for local adaptation (Wennersten and Forsman 2012). In additionesults provided
limited evidence for local adaptation associated with ecotypic differentiatithisdocation, which could

improve survival in a different lake environment given that local adaptation is typassociaté with
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tradeoffs wherein locally adapted individuals exhibit higher fitness in their locat@mwent compared
with individuals from a different population and environment (Kawecki and Ebert 20@4)e\dr,
further studies on the extent of population differentiation throughout Lake Superitrewiktcessary not
only to better,define boundaries to gene flow but also characterise potentiallyw@dsgts in other
localities.
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Figures

Figure 1. Map of Lake Superior sampling sites; Isle Royale, Superior Shoals, StannreriRioBig

Reef. Circlés,correspond to sampling locations for each site.

Figure 2. Betweengroup PCA on partial warps of 501 Lake Trdia). First and second principal

components for head shape representing 56.2% and 15.9% of the variance respectivelisdisgribe

four ecotypes(b) First and second principal components for body shape representing 65.5% and 14.5% of
the variance respectively that distinguish leimos siscowets based mainly on belly curvatgcgThird

and fourth principal component for head shape representing 11.5% and 7.2% of the vani@ctieals
distinguishing the four sitegd) Third and fourth principal components for body shape reptesy 8.8%

and 3.0% of‘the'variance respectively distinguishing the four sites. The colored gf@nts the mean

scores for each=ecotype in each site. The sites are: Big Reef (black), Isle Royale @tnaydSRock

(red) and Superior Shoals (greeByotypes are: Siscowet (FT), Humper (HT), Lean (LT) and Redfin

(RF). Undereach ecotype are drawn the consensus shapes of all four ecotypes (gray) withetloé out

the ecotype in question (black). The shaded ellipses have been drawn for clarity.

Figure 3. Heatmaps of(a) calculated &t values, and (b) calculatéfiiclidean distances between groups
averages fobody (below diagonal) and head (above diagonal) shape for the four ecotypes and four

sampling sites. Ecotypes afiscowet (FT), Humper (HT)ean(LT) and Redfin (RF).

Figure 4. Population sucture analysis of Lake Trow) Admixture plot based on 486 individuals and
6822 SNPs(including outliers) for different values of K. Individuals are shown by sitescatypesh)
Neighbour joining tree based on 486 individuals and 6822 SNPs including outliers. Yellow circle
represent'Big'Reef, orange circles Stannard Rock, blue circles Isle Royale and gregiSuajetior
Shoals. Bootstrapping support is indicated on each branch. The four earypegresented for each site;
Lean (LT), Humper (HT), Redfin (RF) and Siscowet (FT).

Figure 5#Assignment success of individuals to their sampling ¢ifesr ecotypegb). Percentage
assignment is written below circles with the exact numberdividuals assigned within brackets.
Percentage of correct assignment to either sampling sites or ecotypes is intbsldreSiBig Reef (BR),
Isle Royale (IR), Stannard Rock (SR), Superior Shoals (SS). Ecotypes arpeHHT), Siscowet (FT),
Lean (LT) and Redfin (RF).

This article is protected by copyright. All rights reserved



1074
1075
1076
1077
1078
1079
1080

1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103

Figure 6. Venn diagrams of outliers detected by LFMM and BAYESCAN among sites, ecotypes or
among ecotypes within sites) Outliers detected among the four sites by BAYESCAN and LFMM
includingoutliers’'detected by LFMM using morpholagiPC scored) Outliers detected among the four
pooled ecotypesiby BAYESCAN and LFMM including outliers detected by LFMM using morphological

PC scoresc) Outliers among ecotypes within each site detected by LFMM.

Tables

Table 1. Sampling site information and consensus analysis of body shape, head shape and visual
identification. Number of fish sampled per sampling site (N), year of callednd coordinates is
provided. Ecotypes were identified by consensus analysis of body @apnd/or head shape (H) and/or
visual identification (V). Fish for subsequent genetic analysis were chosen based pe eoosensus.

Fish less than 430 mm long were removed prior to the analysis.

Table 2. MANOVA on body and head shape to investigate the effect of the ecotype, the site oftheigiex and

all interactions. Significant variables are in bold.

Table 3.'Number of SNPs remaining after each filtration step. Allelic imbalaocesponds to the ratio

of the number of sequences for thajon allele on the number of sequences for the minor allele.

Table 4. Populationstatistics estimated with 6822 SNPs: the observed heterozygosity (Ho), the expected
heterozygosity (He), the inbreeding coefficient (Gis), the effective populsitie (N) and confidence

interval in brackets, and the number of polymorphic loci (N). Genwrde diversity ) and the increase

in individual homezygosity relative to mean Haidieinberg expected homozygosity,fRvas calculated

on the dataset-prior fdtration. Effective population size for ecotypes with sample size < 15 ingalsd

were not calculated (NAEcotypes are: Siscowet (FT), Humper (HT), Lean (LT) and Redfin (RF).

Table5. Analysis of molecular variance (AMOVA) on 486 individuals and 68RPs. Missing data has

been replaced by random picking in the overall pool of allele frequency.
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Lean- Siscowet- Humper-  Redfin- no

Sites Year Coordinates N like like like like COnSensus Total

] \ T T T T T T 1
46°46,545°N Consensus ~ 39%™V 46>V gY 17Y 13 123

Big Reef 2014 L3
86°28,378°W Chosen 39 40 8 17 104

T T T T onyv | A W T 1
47911,450°N Consensus 637 66" 24 24v 40 217

Stannard 2013- B0
Rock 2014 STELL531°W Chosen 40 40 24 24 128

\ | T T \ T T T

47°01,550°N Consensus  558.nv  37B.HYV 35uv 33u.v 42 202

Isle Royale 2013 2
88°30,497°W Chosen 40 37 34 33 144

T | T R I W v ] T 1
48°02,464°N Consensus 357 133%™ 11 62> 74 315

Superior 2013 394
Shoals 87°07,536°W Chosen 31 41 11 42 125
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Body Head

Variables Df Pillai Approx F Num Df  Den Df Pr>F) Df  Pillai Approx F Num Df  Den Df Pr(>F)
Ecotype 3 0.59616,  28.7686 12 1392 <22el16 3 0.79729 27.871 18 1386 <2.2e-16
Site 3 0.43694 19.7752 12 1392 <22e16 3 0.90345 33.181 18 1386 <2.2e-16
Sex 1 0.10732 13.8857 4 462 1.052¢-10 1 0.10040 8.556 6 460 7.883 e-09
Ecotype: Site 9 0.47419 6.9486 36 1860 <22e16 9 0.52612 4.966 54 2790 <2.2e-16
Ecotype: Sex 3 0.05388 2.1214 12 1392 0.01339 3 0.11061 2.948 18 1386 3.28 e-05
Site : Sex 3 0.04189 1.6427 12 1392 0.07412 3 0.04268 1.111 18 1386 0.3344
Ecotype: Site : Sex 9 0:07982 1.0520 36 1860 0.38565 9 0.12499 1.099 54 2790 0.2891
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Before filtration: Count

Catalog 1,052,664 loci

After population module (>

70% individuals in > 2 sites ) 212,804 SNP

Filters:

Genotype quality:

Genotype likelihood (> 6)

Allelic imbalance (< 5) 193,678 SNP
Hardy-Weinberg:

Heterozygosity (< 0.6)

Fis [-0.3; 0.3] 185,445 SNP
MAF:

Global (> 0.01)
and/or 17,812 SNP
Local (site) (= 0.05)

Locus:
Maximum number of SNP

per locus (< 8) 13,984 SNP
Position:
1th SNP per locus kept 6822 SNP
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Ho He T N. Gis Fu N

~ LT 0.067  0.067  0.000319  415[356;498] 0007 -1.O4E-07 4132
S FT #0074 0072 0000353  925[698;1365]  -0.027  -129E-07 4564
2 RF 00073 0071 0000337 1341[646;infinite] 003 -144E-07 3238
HT 4 0072 0069  0.000334 NA 0.034  -1.84E-07 2022
TR 0075  0.077 0000393  181[171;194] 0.027  -558E-08 4904
Z  FT ,.0074 0075 0000358  122[116; 128] 0.012  -552E-08 4751
T RF 0079 0080 0000387  124[118;131] 0.015  -541E-08 4663
2 HT 0074 0075 0000366 192 [178;209] 0.017  -536E-08 4510
- 15 0.062 0061 0000284  487[408;603] - 0011 -9.50E-08 3649
¥ FT 0062 0061 0000285  159[149; 171] -0.007  -9.18E-08 3638
S& RF 0062 0061 0000281 250 [213;301] 0018 -1.03E-07 2923
“ HT % 0061 0060 0000276 199 [174; 230] 0016  -1.05E-07 2920
L LT g 0:081 0082 0000385  146[137;155] 0.0l  -630E-08 4538
£3 FT 0078 0080 0000378  133[127; 139] 0.021  -5.14E-08 5022
EZ  RF =007 0077 0000367 94 [91; 97] 0.007  -7.57E-08 5227
HT 0073 0074  0.000367 NA 0.012  -7.57E-08 2727
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Source of variation % Variance  F-stat  F-value  Std.Dev. ci1.2.5% ¢.i.97.5% p-value

Sites as group

Among sites 0.011 Fer 0.011 0.000 0.01 0.012 <0.001

Among ecotypes 0.004 Fsc 0.004 0.000 0.004 0.005 <0.001
within sites

Ecotypes as group

Among ecotypes -0.002 Fer -0.002 0.000 -0.002 -0.002 0.95
Among siteswithin 0.015 Fsc 0.015 0.000 0.014 0.016 <0.001
ecotypes
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