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Abstract

Next-generation sequencing allows the discovery of large numbers of single nucleotide

polymorphisms (SNPs) in species where little genomic information was previously

available. Here, we assembled, de novo, over 130 mb of non-normalized cDNA using 454

pyrosequencing data from dwarf and normal lake whitefish and backcross hybrids. Our

main goals were to gather a large data set of SNP markers, document their distribution

within coding regions, evaluate the effect of species divergence on allele frequencies and

combine results with previous genomic studies to identify candidate genes underlying

the adaptive divergence of lake whitefish. We identified 6094 putative SNPs in 2674

contigs (mean size: 576 bp, range: 101–6116) and 1540 synonymous and 1734 non-

synonymous mutations for a genome-wide non-synonymous to synonymous substitution

rate ratio (pN ⁄ pS) of 0.37. As expected based on the young age (<15 000 years) of whitefish

species pair, the overall level of divergence between them was relatively weak. Yet, 89

SNPs showed pronounced allele frequency differences between sympatric normal and

dwarf whitefish. Among these, SNPs in genes annotated to energy metabolic functions

were the most abundant and this, in addition to previous experimental data at the gene

expression and phenotypic level, brings compelling evidence that genes involved in

energy metabolism are prime candidates explaining the adaptive divergence of lake

whitefish species pairs. Finally, we unexpectedly identified 44 contigs annotated to

transposable elements and these were predominantly composed of backcross hybrids

sequences. This indicates an elevated activity of transposable elements, which could

potentially contribute to the reduced fitness of hybrids previously documented.
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Introduction

Next-generation sequencing technologies are rapidly

transforming the field of ecology, evolution and genet-

ics (Rokas & Abbot 2009). This avalanche of data prom-

ises to answer experimental inquiries ranging from

ancient DNA sequencing (Miller et al. 2008), sequence

variants discovery (Vera et al. 2008), microbial ecology

(Dinsdale et al. 2008) as well as gene expression analy-
nce: Sébastien Renaut, Fax: +1 418 656 717;

tien.renaut.1@ulaval.ca

well Publishing Ltd
sis (Torres et al. 2007; Lipson et al. 2009). High through-

put pyrosequencing developed by 454 Life Sciences

(Margulies et al. 2005) is of particular interest in ecol-

ogy and evolution primarily because it yields longer

sequencing reads than any other method (up to 600 bp),

which allows more accurate de novo sequence assem-

blies often required for non-model organisms. The

recent explosion of second- and third-generation

sequencing (Branton et al. 2008; Shendure & Ji 2008;

Metzker 2009) has led some researchers to believe that

many technical approaches (e.g. Sanger sequencing,

DNA microarrays), which where themselves revolution-
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ary a decade or two ago, may already be obsolete today

(Ledford 2008). Nevertheless, in order to unleash its full

potential, these methods will require careful experimen-

tal design, consideration of the techniques’ limitations

and finally, innovative bioinformatics approaches to

process and extract relevant information (Ellegren 2008;

Rokas & Abbot 2009).

One of the primary goals of high throughput

sequencing projects is to reveal sequence variation such

as copy number variants, insertion-deletions (indels) or

single nucleotide polymorphisms (SNPs) by sequencing

pools of genetically heterogeneous individuals (Barb-

azuk et al. 2007; Vera et al. 2008; Wiedmann et al.

2008). SNPs are rapidly becoming popular genetic

markers in ecology and evolution (Schlötterer 2004;

Moen et al. 2008; Namroud et al. 2008). Their main

attraction is that, contrary to most amplified fragment

length polymorphisms (AFLP) markers, they can poten-

tially be directly linked to candidate genes of known

function and interest. Moreover, as opposed to micro-

satellites, which may have complex mutations patterns,

their genotyping can be highly automated at moderate

costs (Schlötterer 2004; Ehrich et al. 2005; Shen et al.

2005; Van Tassell et al. 2008). Lastly, unlike AFLP and

microsatellites, SNP data can also easily be standard-

ized across laboratories. Nevertheless, despite their

abundance and genotyping automation, SNP markers

development may involve several validation steps.

Problems with successful SNP locus amplification, low-

frequency polymorphisms or gene duplicates render the

identification of reliable markers a non-trivial, poten-

tially labour-intensive task (Fredman et al. 2004; Hayes

et al. 2007; Namroud et al. 2008).

Identifying sequence variants in transcribed regions

of the genome is of primary interest in an attempt to

characterize the effects of selection on protein evolution.

Sequence polymorphisms within a gene have different

impacts depending on their exact genomic location

(intron, exon, untranslated region). Mutations within

coding regions are especially insightful as their effect

on amino acid composition and therefore protein func-

tionality can be easily assessed. Similar to dn ⁄ ds ratios,

the rate of accumulation of non-synonymous polymor-

phism (pN) scaled by the rate of synonymous polymor-

phism (pS) provides a glimpse on the selective forces

driving the evolution of a protein-coding sequence.

Thus, genes with a high pN ⁄ pS (i.e. >1) ratio are likely

to be evolving under the influence of positive selection

(McDonald & Kreitman 1991; Axelsson et al. 2008; Elle-

gren 2008). Furthermore, if this is associated with phe-

notypically distinct populations, either through de novo

mutations or sorting of standing genetic variation, such

genes may represent candidates potentially involved in

an adaptive divergence event.
Lake whitefish species pairs represent excellent model

species to study the early onset of reproductive isola-

tion and its effect on genomic divergence (Lu & Bernat-

chez 1998; Bernatchez 2004; Rogers & Bernatchez 2006;

Nolte et al. 2009; Renaut et al. 2009). Geographic isola-

tion during the Pleistocene caused genetic divergence

between whitefish populations inhabiting distinct gla-

cial refugia but without distinctive phenotypic diver-

gence between glacial races in allopatry (Bernatchez &

Dodson 1990, 1991). Secondary contact of these evolu-

tionary lineages subsequently occurred 12 000 years BP

and has led to the parallel evolution of two morpholog-

ically and ecologically divergent sympatric whitefish

species in several lakes of northeastern North America:

benthic Normal and limnetic Dwarf whitefish (Bernat-

chez & Dodson 1990, 1991; Pigeon et al. 1997). As

expected from a recent divergence event, the overall

level of genetic differentiation between species pairs is

relatively weak (Bernatchez et al. 1999; Campbell & Ber-

natchez 2004) and hybrids can be found in nature (Lu

et al. 2001; Falush et al. 2007). At the same time, it has

been shown that intrinsic (genetic) and extrinsic (eco-

logical) post-zygotic isolation mechanisms lead to a fit-

ness decrease in hybrids (Lu & Bernatchez 1998; Rogers

& Bernatchez 2006; Whiteley et al. 2009) and this is par-

tially caused by gene deregulation (Renaut et al. 2009).

Genome scan studies using anonymous AFLP mark-

ers as well as markers linked to qualitative trait loci

(QTLs) suggest that a small proportion of the whitefish

genome (�1–2%) might be under the effect of direc-

tional selection in the process of adaptive population

divergence (Campbell & Bernatchez 2004; Rogers & Ber-

natchez 2005, 2007). Identifying such key islands of

genomic divergence and isolation (sensu Wu 2001) and,

more specifically, candidate genes showing evidence of

reduced gene flow may represent a daunting task, yet it

offers priceless information to pinpoint the causative

variations responsible for reproductive isolation and

speciation (Wu & Ting 2004; Turner et al. 2005; Schluter

2009). Our ongoing research programme on the ecologi-

cal functional genomics of whitefish adaptive diver-

gence and speciation involves a combination of both

gene mapping and genome scan aiming at identifying

more precisely genomic region evolving under the

effect of divergent selection in dwarf and normal white-

fish. To this end, we herein sequenced the transcriptom-

e of two sympatric dwarf and normal species of lake

whitefish and backcross hybrids with four specific

objectives; to gather a large data set of candidate SNP

markers; secondly, to look at the distribution of these

markers within coding regions; thirdly to evaluate the

effect of species divergence on allele frequencies and

fourthly, as an a posteriori objective, to evaluate rates of

transposon activity among normal, dwarf and hybrid
� 2010 Blackwell Publishing Ltd
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whitefish. Our ultimate goal, linking all this information

to previous genomic studies in this system (QTL, eQTL,

genome scan and gene expression) as an attempt to

establish functional and causal links between genotype,

phenotype and natural selection, represents one of the

main challenges of the 21st century in evolutionary biol-

ogy (Schluter 2009).
Materials and methods

Sample preparation

RNA samples were isolated separately from 24 individ-

uals and three different tissue types (white muscle,

brain, liver), in order to get a diversified representation

of genotypes and expressed genes (Table 1). All RNA

samples came from previous gene expression studies

and had been kept at )80 �C until thawed for this

experiment. As such, fish rearing conditions, euthanasia

procedure and RNA extraction protocols are described

in details in St-Cyr et al. (2008) for pool D and N (liver

tissue), Derome et al. (2008) (Pool BC: muscle tissue)

and Whiteley et al. (2008) (Pool BC: brain tissue). Pool

D and N respectively represent sympatric dwarf and

normal whitefish from Cliff Lake. BC whitefish repre-

sent backcross hybrids involving dwarf whitefish from

Témiscouata Lake and normal whitefish from Aylmer

Lake that were previously used in gene and QTL map-

ping projects (Rogers & Bernatchez 2007; Rogers et al.

2007). In short, total RNA was extracted separately for

each individual using the TRIzol Reagent protocol (Invi-

trogen). Following extraction, all samples were further

cleaned by ultra filtration using microcon (Millipore)

spin columns. Samples were quantified using Experi-

on� RNA StdSens Analysis Kit (Bio-Rad). Total RNA

was stored in pure water supplemented with Superase-

In� RNase Inhibitor (Ambion) and kept at )80 �C.

Enrichment for polyA mRNA was conducted using

MicroPoly(A)Purist� Kit (Ambion). Approximately
Table 1 Samples used for sequencing and data obtained from 454 GS

Pool Lineage

Tissue

type

Num

indiv

D Cliff Lake Dwarf Liver† 8

N Cliff Lake Normal Liver† 8

BC [(Aylmer Lake normal ·
Témiscouata Lake dwarf) ·
Aylmer Lake normal ]

Muscle‡ 4

Brain§ 4

*Length in nucleotides of read after primers and sample-specific tags

†N and D samples originally used by St-Cyr et al. (2008).

‡Muscle tissue was previously used by Derome et al. (2008).

§Brain tissue was previously used by Whiteley et al. (2008).

� 2010 Blackwell Publishing Ltd
100 ng of full-length complementary DNA was synthe-

sized from each polyA mRNA sample following

SMART� PCR cDNA Synthesis Protocol (Clontech). All

cDNA samples (3–8 ng) were PCR amplified using

Advantage 2 PCR Kit (Invitrogen) and modified

SMART� primers (5¢-AAGCAGTGGTATCAACGCA-

GAGT-3¢), which comprised an extra five nucleotide at

the 5¢ end to serve as an individual specific tag. PCR

conditions were as follow: initial denaturation for 1 min

at 95 �C, followed by 17–20 cycles depending on sample

(1 cycle: 15 s at 95 �C, 30 s at 65 �C, 6 min at 68 �C).

Following amplification, all samples were quantified

using Quant-iT Picogreen dsDNA Assay Kit (Invitro-

gen) and three separate pools with equal DNA quanti-

ties were prepared; Pool D and N consists of RNA

extracted from liver of eight individuals (St-Cyr et al.

2008) each whereas Pool BC consisted of four white

muscle (Derome et al. 2008) and four brain (Whiteley

et al. 2008) tissue of backcross hybrids. Approximately

5 lg of double-stranded cDNA from each of three

cDNA pools was sequenced (0.75 run per pool) on a

Roche GS-FLX DNA Sequencer using methods previ-

ously described (Margulies et al. 2005) at the Genome

Quebec Innovation Center (McGill University, Montreal,

Canada).
Contig assemblies

Initial quality filtering of whitefish 454 sequences was

performed using Roche proprietary analysis software

Newbler (Margulies et al. 2005). Base calling was per-

formed using PyroBayes, which produces more confi-

dent base calls than the native 454 base-calling

programme (Quinlan et al. 2008). Prior to assembling

all sequences, primers and sample specific tags

sequences were removed from the data set using a cus-

tom made Perl script. CLC Genomics Workbench 3.1

(CLC Bio) was used to assemble sequences de novo (sim-

ilarity 0.97, overlap 0.5). We performed several test
-FLX pyrosequencing runs

ber of

iduals

Quantity

sequenced

Number

of reads

Length

(mean ⁄ median)*

0.75 plate 183365 194 ⁄ 214

0.75 plate 210703 191 ⁄ 209

0.75 plate 238409 195 ⁄ 216

were removed.
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assemblies, based on parameters from recent transcrip-

tome-sequencing studies (Barbazuk et al. 2007, >0.95

similarity index; Vera et al. 2008, >0.80; Zhao et al.

2009, >0.96], and found that using a similarity criterion

too low (below 0.9) leads to the assembly of dissimilar

sequences, riddled with paralogous sequence variants

(PSVs) instead of true SNPs (data not shown). On the

other hand, a highly restrictive one (above 0.98) dis-

cards too many sequences from the assembly (data not

shown). Allowing for 3% mismatch was deemed a rea-

sonable estimate based on relatively low whitefish poly-

morphism previously observed (1.4 SNPs ⁄ kb, Whiteley

et al. 2008) and average pyrosequencing error (�0.5%,

Margulies et al. 2005). Note also that our threshold

should prevent the assembly of duplicated (paralogous)

regions that trace back to an ancient salmonid genome

duplication (25–100 Ma, Allendorf et al. 1975) as the lat-

ter would be expected to have 6–25% sequence diver-

gence, based on a conservative estimate of �0.25%

nuclear sequence divergence per million years.

Consensus sequences were Matched (BLAST, Altschul

et al. 1997) against a publicly available set of 32 000 sal-

monids cDNA (cGRASP database, http://web.uvic.ca/

grasp/microarray/array.html) in BioEdit (Hall 1999)

(BLASTN e-value <1e-50). This 32 000 cDNA database had

been previously assembled from more than 700 000 EST

(expressed sequence tags) sequences obtained from a

variety of cDNA libraries. Hence, it should comprise

the majority of all cDNA expressed at least in Atlantic

salmon, a salmonid closely related to lake whitefish

(von Schalburg et al. 2008). Mitochondrial genome from

the European lake whitefish (Coregonus lavaretus) (Miya

& Nishida 2000) was also used to verify the mitochon-

drial origin of candidate genes. Functional categories

(gene ontology biological functions) for genes of interest

were identified with either the information provided by

the cGRASP database or searches on http://amigo.

geneontology.org/ and http://www.uniprot.org
SNP discovery and functional characterization of
polymorphism

Assembled contigs were screened for SNPs using the

software CLC Genomics Workbench 3.1 under the fol-

lowing criteria; minimum coverage of SNP: 6X, and

minimum frequency of the least frequent allele: 20%,

whereas the remaining parameters were left as default.

The analysis of SNP frequencies between normal and

dwarf whitefish as well as other statistical tests were

calculated in R (v. 2.8.1; The R Foundation for Statistical

Computing�, 2009, 3-900051-07-0). Namely, allele fre-

quencies were analysed to identify SNPs that showed

significant divergent allelic frequencies between normal

and dwarf whitefish (minimum coverage of SNP of 4X
for normal and dwarf, Fisher’s exact test corrected for

multiple hypothesis testing by calculating Q-values

from P-values distribution, Storey 2002). Following this,

we arbitrarily defined strongly divergent SNPs as mark-

ers for which the frequency of an allele differed by

more than 0.5 between populations (this index has a

maximum value of 1) and Q-value <0.05.

Open reading frames (ORF) for each assembled con-

tig were produced using the program getorf in EMBOSS

(European Molecular Biology Open Software Suite, Rice

et al. 2000). The longest open-ended ORF (minimum

length of 200 nucleotides) was kept as the most proba-

ble translated region of the gene. Lastly, maximum like-

lihood was used to estimate the ratio of synonymous

SNP per synonymous site against non-synonymous

SNP per non-synonymous site using PAML 4.2 (run-

mode = 0, CodonFreq = 2, model = 2; Yang 2007).
Comparison with previous gene expression, QTL an
eQTL studies

We used data from previous lake whitefish gene

expression (Derome et al. 2006; St-Cyr et al. 2008; Nolte

et al. 2009; Renaut et al. 2009), QTL and genome scans

(Rogers & Bernatchez 2007) as well as eQTL mapping

(Derome et al. 2008; Whiteley et al. 2008) studies to

match their gene annotation with genes identified in

this study. We provide a legend at the bottom of

Table 3 as a summary of the different studies and the

rationale for why they were considered as genes of par-

ticular interest.
SNP validation

A subset of polymorphic loci (31) were validated using

matrix-assisted laser desorption ⁄ ionization time-of-flight

mass spectroscopy (MALDI-TOF MS) assays (Seque-

nom) at Genome Quebec Innovation Center in order to

test whether these markers were likely to be true SNPs

rather than PSVs. Twenty-nine fish from a lake contain-

ing a single panmictic population of Normal whitefish,

Lake Aylmer (45�54¢N, 71�20¢W), were genotyped. Devi-

ation from Hardy–Weinberg equilibrium (chi-squared

test corrected for multiple hypothesis testing, Q-value;

Storey 2002) and expected heterozygosity [Fis = (He )
Ho) ⁄ He] were calculated in R.
Results

Sequencing, contig assembly and annotation

A total of 632 000 sequences with a median length of

212 nucleotides ⁄ sequence and totalizing �130 megabas-

es were obtained from sequencing the D, N and BC
� 2010 Blackwell Publishing Ltd



Fig. 1 Frequency distribution of the total number of reads

(blue) and assembled ones (yellow).
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separate pools of cDNA (0.75 GS-FLX sequencing run

per pool; Fig. 1, Table 2 NCBI sequence read archive

SRA 009800). By using a similarity criterion of 0.97, we

assembled, de novo, 428 068 sequences out of 632 000

(68%) into 2674 separate contigs (Table 2), meaning

that 32% of all sequences were left as unassembled sin-

gletons. Shorter reads were harder to assemble and usu-

ally discarded (Fig. 1). Mean contig length was 576 bp,

with the smallest contig having a length of 101 and the

longest 6116 bp. Coverage was also highly variable due
Table 2 Summary statistics of assembled contigs

Number of sequences assembled 428 068 (68% of total)

Number of contigs* 2674

Mean length 576

Number of SNPs 6042

Mean SNP ⁄ kb (min–max) 3.4 (0–44.8)

Mean coverage (min–max) 8.9X (1.3X–4140X)

Base substitutions

Transitions

A–G 1930 (31.7%)

C–T 1867 (30.6%)

Transversions

A–T 599 (9.8%)

A–C 658 10.8%)

C–G 344 (5.%)

T–G 696 (11.4%)

Number of ORFs† 1904

Mean length of ORF 482

Number of SNPs 3274

pN ⁄ pS 0.37 (0.0028 ⁄ 0.0075)

*Similarity criterion: 0.97. Minimum overlap: 0.5.

†Mininum length set for accepting open reading frame (ORF):

200 nucleotides.

pS, number of synonymous SNPs per synonymous sites; pN,

number of non-synonymous SNPs per non-synonymous sites.

� 2010 Blackwell Publishing Ltd
to the fact that the cDNA sequences were not normal-

ized (1.3X–4140X) as another goal of this research will

be to document differential gene transcription between

dwarf and normal whitefish from this same data set

(Jeukens, J., Bernatchez., in prep.) All consensus

sequences were matched to the list of 32 000 cDNA

from salmonids and good hits (BLASTN e-value <1e-50)

were obtained for 59% (1577) of them.
SNP discovery and functional characterization

Out of the 6042 putative SNPs, we identified among all

2674 contigs, the proportions of transition substitutions

were A ⁄ G, 31.7%, and C ⁄ T, 30.6%, compared to trans-

versions A ⁄ C, 10.8%: G ⁄ T, 11.4%: A ⁄ T, 9.8% and C ⁄ G,

5.6% (Table 2). This corresponds to a transition:trans-

version ratio of 1.65:1. Mean number of SNP per kilo-

base was 3.4. A total of 70 contigs out of 2674 (or 2.6%)

had a very high polymorphism rate (>20 SNPs ⁄ kb).

These were involved in several functional classes;

mostly mRNA translation and processing (11 hits),

DNA transposition (6 hits) and mitotic spindle organi-

zation and biogenesis (5 hits), yet only the last two cate-

gories were significantly overrepresented compared to

observed frequencies of represented functional groups

among all contigs assembled (Fishers’s exact test, P.

value < 0,05, table 3).

A total of 1904 predicted ORFs with a mean length of

482 bp was identified. These contained 3274 polymor-

phic sites of which 1734 were synonymous and 1540

non-synonymous. There were 2.8 SNPs per 1000 non-

synonymous sites and 7.5 SNPs per 1000 synonymous

sites, for a genome-wide non-synonymous to synony-

mous substitution rate ratio of 0.37 (pS = 0.0075,

pN = 0.0028; Fig. 2, Table 2). Twenty-nine contigs had a

pS ⁄ pN ratio >1, suggestive of positive selection, and

these were involved in several biological functions,

most notably, mRNA translation and processing (7 hits).

Yet, none of the biological functions was significantly

overrepresented compared to all contigs assembled

(Fisher’s exact test, P > 0.05; Table 4).
SNP frequencies between dwarf and normal whitefish

We analysed a subset of 1504 SNPs that met our crite-

rion for inferring allele frequencies (see Materials and

methods). Although most SNPs showed little diver-

gence (Fig. 3), 190 SNPs had significant divergent allelic

frequencies (Q-value <0.05) and 89 of these were

strongly divergent between normal and dwarf whitefish

(above 0.5 in Fig. 3 & Table 5). These 89 SNPs repre-

sented 46 different contigs and several biological func-

tions. Of interest among these, seven mitochondrial

genes (e-value <1e-50: cytochrome C subunit 1, 2 and 3;
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Fig. 2 Non-synonymous mutations per non-synonymous sites

compared to synonymous mutations per synonymous sites.

Dashed line is the null expectation if mutations were randomly

distributed (pN = pS). Solid line is the slope of experimental

data (overall average pN for all contigs ⁄ overall average pS for

all contigs = 0.37).
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NADH-dehydrogenase 1, 4 and 5; and cytochrome B)

and seven nuclear genes (cytochrome b-c1 complex sub-

unit 6, ATP synthase subunit d, Malate dehydrogenase,

glyceraldehyde-3-phosphate dehydrogenase, creatine

kinase, Succinyl-CoA ligase and angiopoietin-related

protein 3 precursor) were all involved in energy meta-

bolic pathways.
Comparison with previous studies

Twelve contigs identified as highly polymorphic (i.e.

above 20 SNPs ⁄ kb, Table 3) matched to genes previ-

ously identified as candidates in different gene expres-

sion studies, and the expression of most of those genes

had been previously linked to a specific genomic region

(eQTL). Two of these (60S ribosomal protein L5, ubiqu-

itin) were also identified as differentially expressed

between normal and dwarf in several independent

studies (Table 3). Thirteen contigs with a high pN ⁄ pS

ratio matched to genes previously identified in different

gene expression studies, and again the expression of

those genes have been lined to an eQTL. Three of those

(60S ribosomal protein L5, ornithine decarboxylase anti-

zyme 1 and creatine kinase) were also identified as dif-

ferentially expressed between normal and dwarf in

several independent studies (Table 4).

Eighteen contigs, containing at least one SNP, which

showed highly divergent allelic frequencies between nor-

mal and dwarf, were annotated to genes previously iden-

tified as potential candidates based on expression studies

(Table 5). Among these, genes related to energy metabo-

lism (cytochrome C subunit 1, 2 and 3; NADH-dehydro-
genase 1, 4 and 5; cytochrome B; cytochrome b-c1

complex subunit 6; ATP synthase subunit d; Malate

dehydrogenase; glyceraldehyde-3-phosphate dehydroge-

nase; creatine kinase; Succinyl-CoA ligase and angiopoie-

tin-related protein 3 precursor) are of particular interest

as candidates underlying adaptive divergence between

dwarf and normal whitefish since they consistently

showed differential expression in independent studies.
High rate of transposition in hybrids

Given that we identified many highly polymorphic con-

tigs annotated to DNA transposition (Table 3), these

were further investigated. Forty-four contigs matching to

six different DNA transposons and retrotransposons ele-

ments (BLASTN e-value <1e-50, Table 6) were detected.

These contigs were also, on average, four times more

polymorphic than the rest of the assembly (10.8 SNPs ⁄ kb

compared to 3.4 overall, t-test, P < 0.0001). As sequenc-

ing was performed on non-normalized cDNA, the num-

ber of reads per population may be used as a proxy for

gene expression (Torres et al. 2007; Ledford 2008). A total

of 4600 sequences assembled into these 44 contigs and,

invariably, there was a strong bias such that 70% of the

sequences matching these came from backcross hybrids,

whereas the data set was composed of only 38% back-

cross sequences (chi-squared test, P < 1e-16).
SNP validation

Twenty-nine individual fish were genotyped for a sub-

set of 31 polymorphic SNPs within a single lake (Lake

Aylmer). Six markers deviated significantly from

expected Hardy–Weinberg frequencies due to heterozy-

gous excess (Q < 0.05, Fig. 4). SNPs genotyped came

from contigs with polymorphism ranging from 1.4 to 38

SNPs ⁄ kb and there was no apparent correlation

between amount of polymorphism and Fis estimates

(Pearson’s correlation coefficient = )0.08, P = 0.69).
Discussion

By sequencing a total of two and one-quarter runs on the

454 GS-FLX system, 632 000 reads with a mean length,

once primers and sample-specific tags were removed, of

193 nucleotides were obtained. The fact that we obtained

�30% fewer sequencing reads than what would be theo-

retically expected (400 000 sequences ⁄ run) is, at least in

part, due to the nature on the DNA itself. First, cDNA

sizes, which are quite variable, render the shearing pro-

cess prior to sequencing more difficult. Second, mature

cDNA usually contains large polyA stretches that are

harder to sequence and cause many reads to be rejected

due to poor quality or very short lengths (Gary Levesque,
� 2010 Blackwell Publishing Ltd
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Fig. 3 Frequency distribution of allelic frequency differences

between normal and dwarf whitefish. Allele divergence value

above one (yellow) and with a Q-value <0.05 were considered

as highly divergent single nucleotide polymorphism (SNP)

markers. Allele divergence value = absolute value of [fre-

quency(allele1Dwarf) ) frequency(allele1Normal)]. Note that 1504

SNPs from 387 different contigs were used to draw this distri-

bution.

124 S . RENAUT, A. W. NOLTE and L. BE RNATCHEZ
McGill University, pers. comm.). Nevertheless, we

obtained over 130 mb of sequencing reads, which, com-

pared to Sanger sequencing technology, required several

orders of magnitude less time and money. As expected,

the amount of sequences assembled is strongly depen-

dent not only on the read length (i.e. shorter reads are

harder to assemble, Fig. 1) but also on the stringency of

the assembly performed. Here, by using a similarity crite-

rion of 0.97 (see Materials and methods for rationale

behind using 0.97), 68% of all reads were assembled into

2674 different contigs.
SNP discovery, validation and functional
characterization

We identified over 6000 putative SNPs. If all substitu-

tions were equally likely, a 1:2 transition (ts) to trans-

version (tv) ratio would be expected, as there are twice

as many possible transversions than transitions. In real-

ity, a biased ts:tv ratio is thought to be a universal char-

acteristic of the nucleotide composition landscape

(Lynch 2007). At the same time, some authors (e.g. Kel-

ler et al. 2007) have recently suggested that biased ts:tv

ratio may be a sampling artefact as conclusions are

based upon experimental data from a few model spe-

cies (Lynch 2007). Here, in lake whitefish, a strongly

biased ratio towards transitions (1.65:1) was identified,

supporting the view that this trend is ubiquitous at

least among vertebrates.

Determining an exact number of sequence polymor-

phisms largely depends on the stringency of the assem-

bly and the criteria used to define a true SNP (i.e.
coverage and minimum frequency of SNP). Using fairly

stringent criteria (minimum similarity: 0.97; minimum

coverage of SNP: 6X; and minimum frequency of the

least frequent allele: 20%) reduced the amount of false

positives. Nevertheless, as salmonids underwent an

ancient whole genome duplication event and given that

over 50% of their genome is still considered duplicated

(Allendorf et al. 1975), we cannot refute the possibility

that a significant proportion of putative SNPs may actu-

ally be PSVs. For example, in Atlantic salmon, 19% of

polymorphic SNPs predicted to be of high quality

showed heterozygous excess most likely due to genome

duplication (Hayes et al. 2007). This is a problem inher-

ent to SNP markers even in well-characterized species,

including humans. Fredman et al. (2004) showed, using

fully homozygous cell masses, that only 50% of

sequence variants (i.e. putative SNPs) in duplicated

regions of the human genome are true SNPs. In fact,

our own SNP validation assay revealed that 19% (6 ⁄ 31)

of the genotyped loci significantly deviated from

expected Hardy–Weinberg frequencies because of het-

erozygous excess (Fig. 4), a tell-tale sign that these

SNPs may be variants between duplicated regions of

the genome (Fredman et al. 2004). Although this may

be true, several alternative explanations may also be

responsible for this pattern: small sample size, heterozy-

gote advantage, frequency-dependent selection or pres-

ence of null alleles. Finally, as we address in the last

section of the Discussion and Conclusion, although a

single SNP only provides circumstantial evidence of its

importance in the adaptive divergence of lake whitefish,

we strongly emphasize (as suggested by others; cf. Vas-

emagi & Primmer 2005; Stinchcombe & Hoekstra 2008)

that combining experimental evidence targeting differ-

ent biological levels (e.g. variation at the DNA, gene

expression and phenotypic levels) represents the best

strategy towards deciphering the genetic basis of evolu-

tionary change. Nonetheless, we recognize that a large

data set of SNP markers identified using high-through-

put methods probably needs to be validated by alterna-

tive methods before being used in further studies as

true, experimentally confirmed, genetic markers. Until

fully homozygous lines or haploid individuals can be

produced, it will be difficult to truly disentangle the

effect of gene duplication and genomic divergence.

Several functional categories were identified among

the list of highly polymorphic contigs. Namely, ribo-

somal proteins (mRNA translation), tubulin (mitotic

spindle organization) and transposable elements (DNA

transposition) are all part of multigenic families found

in numerous copies throughout the genome. Such genes

are probably particularly prone to biases due to PSVs

and therefore putative SNPs for these should be used

with vigilance. At the same time, based on our genotyp-
� 2010 Blackwell Publishing Ltd
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ing results, we did not find any significant correlation

between Fis (as a potential indication of PSVs) and poly-

morphism rate (P = 0.69).
Nucleotide substitution effect on predicted ORFs

By identifying 1904 predicted ORFs, this permitted to

estimate a transcriptome-wide non-synonymous to syn-

onymous substitution rate ratio (pN ⁄ pS) of 0.37. As such,

on average, the pN ⁄ pS ratio per gene is much lower than

a ratio of one expected if mutations were randomly dis-

tributed (Fig. 2). This is generally interpreted as indica-

tive of the effect of purifying selection against

deleterious amino acid altering changes. Alternatively,

ORFs with an elevated pN ⁄ pS ratio (e.g. above 1) may

indicate genes evolving under the effect of positive

selection. Here, 29 contigs had a pN ⁄ pS ratio above 1

and were involved in several biological functions. These

may constitute candidates under the effect of natural

selection responsible for the adaptive divergence of lake

whitefish. However, three caveats must be mentioned

from such an analytical approach. First, by definition,

ORFs represent ‘potential’ region of the genome trans-

lated into a protein and therefore do not necessarily

code for the actual polypeptide chain. Second, as the

number of polymorphic site per base pair is relatively

low, only 13% of all contigs detected had an ORF and a

pN and pS value above zero. Lastly, with few mutations

per gene, ratios can vary drastically if one or a few

polymorphic sites are misidentified. As such, although

this type of information may be useful to look at gen-

eral transcriptome-wide trends or in combination with

other experimental evidence, inferring the effect of

selection on single candidate genes, solely looking at

the distribution of synonymous and non-synonymous

mutations, must be done with caution.
Differences between normal and dwarf whitefish

As expected based on the young age (<15 000 years) of

whitefish species pair, the overall level of divergence

between them was relatively weak. In fact, out of 1504

SNPs, only 89, coming from a maximum of 45 different

genes (Table 5), had significant highly divergent allelic

frequencies between normal and dwarf populations.

This represents 6% of all SNPs for which we had

enough sequence information to perform this analysis

and good candidates for genomic islands of early diver-

gence. In fact, 6% is comparable to what genome scan

studies of young species pairs have found looking for

genetic loci with divergent allele frequency (5–10%,

reviewed in Nosil et al. 2009). For example, Turner

et al. (2005) have identified only three genomic regions,

encompassing a maximum of 67 genes, showing evi-
� 2010 Blackwell Publishing Ltd



Table 6 Expression (total number of sequences) annotated to transposon elements in normal and dwarf whitefish as well as back-

cross hybrids

Gene product No. contigs†

Total number of sequences

Normal Backcross Dwarf

Transposable element Tc1 transposase 16 133 584** 157

Transposable element Tcb1 transposase 12 231 1142** 298

Transposable element Tcb2 transposase 6 96 740** 151

Non-LTR retrotransposon 4 52 320** 104

PREDICTED: similar to transposase (Strongylocentrotus purpuratus) 1 1 9* 2

Probable RNA-directed DNA polymerase from transposon BS 6 68 394** 90

†Several assembled contigs were annotated (e-value <1e-50) to the same gene product.

*P = 0.08, **P < 1e-16. Chi-squared tests based on the expected proportion of sequences (in whole assembly, 62% of all sequences are

either normal or dwarf, 38% are backcross).

Fig. 4 Single nucleotide polymorphism

(SNP) validation for 29 individuals orig-

inating from a single lake (Lake Ayl-

mer) and genotyped for 31 polymorphic

markers. SNPs were ranked according

to Fis values (y-axis, left side). Deviation

from expected Hardy–Weinberg fre-

quencies (chi-square test, 1 d.f., Q-value

<0.05) were included on the y-axis (right

side).
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dence of reduced gene flow in African malaria mosqui-

toes (Anopheles gambiae), a system characterized by

strong assortative mating. In lake whitefish, using anon-

ymous AFLP markers, previous genome scan studies

have suggested that as little as 1.2% of the genome

(which may still represent several hundred genes)

might be under the effect of directional selection during

the adaptive divergence of lake whitefish (Campbell &

Bernatchez 2004; Rogers & Bernatchez 2005).

Furthermore, the proportion of divergent SNPs identi-

fied in this study may represent an overestimate due to

several factors. First, SNP frequencies were estimated

from sequences from a maximum of eight dwarf and

eight normal individuals that were available. Given the

relatively small number of individuals and allele copies,

depicted differences should thus be interpreted with cau-

tion. Nevertheless, this analytical approach represents a

necessary preliminary step towards identifying potential
� 2010 Blackwell Publishing Ltd
candidate SNPs. Second, as transcribed cDNA was

sequenced, it is conceivable that normal and dwarf het-

erozygous individuals may overexpress a different allele

and thus show divergent cDNA allelic patterns despite

sharing a common genotype. At this point, it is difficult

to clearly distinguish the two alternatives. Yet, both

mechanisms point out relevant genetic differences

between populations (i.e. differential allele specific

expression or true genotypic differences) and we are cur-

rently conducting experiments to investigate how these

transcriptome allelic frequencies are correlated to geno-

typic frequencies (Renaut S., Bernatchez L. unpublished).
Increased rate of transposition in hybrids

Aside from sequence or gene expression divergence, a

broad variety of mechanisms related to the maintenance

of chromatin integrity may be involved in causing hybrid
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dysfunctions and possibly reproductive isolation (Font-

devila 2005; Michalak 2009). In fact, during her pioneer

work on transposable elements, Barbara McClintock was

the first to suggest that hybridization in plants might acti-

vate dormant transposons and result in genome restruc-

turing (McClintock 1984). Since then, several studies

have shown that transposition rates in plant hybrids can

increase by several orders of magnitudes (Shan et al.

2005; Ungerer et al. 2006). In animals however, contrast-

ing results and limited direct evidence have casted

doubts on the role of transposable elements in speciation

processes (Coyne 1989; Labrador et al. 1999; Coyne &

Orr 2004). Here, extensive sequencing data provide com-

pelling evidence of an important increase in transposon

activity in hybrids, which may be a consequence of par-

tial incompatibility of normal and dwarf genomes

reported in previous studies (Rogers & Bernatchez 2006,

2007). Contigs annotated to transposable elements were

also, on average, four times more polymorphic than the

rest of the assembly. Transposons are, by nature, highly

duplicated, and therefore the high polymorphism rate

probably reflects the fact that several duplicated copies

are activated. Lastly, as cDNA from liver tissue in normal

and dwarf and white muscle and brain in the backcross

was sequenced, elevated activity of transposon could also

be a tissue-specific effect. Nonetheless, it would be pecu-

liar and unheard of in the literature that transposable ele-

ments would be more active in muscle and brain than in

liver tissues.
Comparison with previous studies

The integration of results from this study with previous

analyses of gene expression, QTL and genome scans in

whitefish significantly adds to our understanding of the

genetic basis of the adaptive divergence of sympatric

dwarf and normal whitefish in several ways. First, pre-

vious gene expression studies (Derome et al. 2006; St-

Cyr et al. 2008; Jeukens et al. 2009; Nolte et al. 2009; Re-

naut et al. 2009) combined with physiological data (Tru-

del et al. 2001) have provided ample evidence that

changes in the expression of genes involved in energetic

metabolism pathways are largely responsible for the

adaptation to distinct whitefish benthic (normal) and

limnetic (dwarf) niches. Nevertheless, these studies

lacked the empirical evidence linking expression differ-

ences to actual genotypic divergence for the same

genes. Whiteley et al. (2008) addressed this question by

combining eQTL information with Fst outlier loci

obtained from genome scan studies (Campbell & Ber-

natchez 2004; Rogers & Bernatchez 2007) to identify

genes under the influence of divergent selection. How-

ever, they provided only indirect evidence as eQTLs

may correspond to the location of the gene itself (cis),
or the location of another gene regulating its expression

(trans). Our study brings a more direct link between

genetic divergence (reduced gene flow) and gene

expression divergence. The most salient finding is that

14 genes involved in energy metabolism (both mito-

chondrial and nuclear) showed pronounced allele fre-

quency differences in this study and were also

identified in several previous gene expression studies

as differentially expressed in parallel between normal

and dwarf whitefish. Namely, very similar allele fre-

quencies observed for mitochondrial SNPs provide con-

fidence that this signal is not a sampling or statistical

artefact given that all mitochondrial genes are in full

linkage disequilibrium. In addition, previous studies

investigating mitochondrial divergence between lake

whitefish populations showed that normal and dwarf

from the same lake (Cliff Lake) are predominantly asso-

ciated with distinct mitochondrial lineages from inde-

pendent glacial refuge origins (Bernatchez & Dodson

1990; Lu et al. 2001). Consequently, although genetic

variation and differentiation may have arisen in allopa-

try during the Pleistocene glaciation, its sorting and

maintenance in sympatry during the last 15 000 years

appears to be promoted by natural selection. Corrobo-

rating this claim is the fact that, in the absence of selec-

tion against hybrids, gene flow has been shown to

homogenize recently diverged limnetic and benthic

three-spined stickleback species pairs in <10 years (Tay-

lor et al. 2006). Therefore, the whole mitochondrial gen-

ome, due to its non-recombining nature, is probably

under strong selective constraints and we hypothesize

that, in conjunction with the maintenance of pro-

nounced allelic divergence at nuclear genes also

involved in energy metabolism, it may confer different

metabolic efficiencies involved in the adaptive diver-

gence of dwarf and normal whitefish. Consequently,

breakdown or mis-regulation of mitochondrial bioener-

getics functions in hybrids could play an important role

in the speciation process of dwarf and normal white-

fish, as revealed recently in other systems (Ellison &

Burton 2008; Gershoni et al. 2009).

That metabolic genes associated with the mitochon-

drion machinery are the underlying targets of selection

leading to the adaptive divergence of lake whitefish is

further supported by one of the main findings from

Whiteley et al. (2008). Namely, their combined eQTL–

Fst outlier approach indicated that an eQTL for cyto-

chrome c oxidase (subunit VI) was linked to an Fst out-

lier locus in three independent lakes inhabited by

sympatric normal and dwarf whitefish populations.

Hopefully, through ongoing candidate gene mapping

efforts, SNP markers will also permit to elucidate the

genomic architecture of expression regulation (cis vs.

trans regulation) for such candidate genes and
� 2010 Blackwell Publishing Ltd
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strengthen the association between genotype (SNPs

from candidate genes) and phenotype (QTLs).

In addition, several contigs with functions unrelated to

energy metabolism were matched to previous findings.

For example, the 60S ribosomal L5 gene involved in

mRNA translation, which was identified as highly poly-

morphic and potentially evolving under the effect of

positive selection (pN ⁄ pS ratio = 2.06), had been previ-

ously linked to parallel gene expression differences

between both wild normal and dwarf adult (Derome

et al. 2008) and juvenile whitefish reared in the labora-

tory (Nolte et al. 2009). Also, ubiquitin, a conserved regu-

latory protein, was highly polymorphic, previously

showed parallel gene expression differences between

normal and dwarf in wild adult whitefish (Derome et al.

2006; St-Cyr et al. 2008), laboratory-reared juveniles (Nol-

te et al. 2009) and associated with an eQTL in white mus-

cle (Derome et al. 2008) and brain tissue (Whiteley et al.

2008). These genes represent examples of additional can-

didates for divergent selection, which could be either

physically linked to other candidate genes or be selected

due to strong epistatic interactions with metabolic genes.
Conclusion

Next-generation sequencing technologies are already

revolutionizing the way science is done in ecology and

evolution. Here, sequencing the transcriptome of two

incipient species of lake whitefish and backcross

hybrids allowed to gather a large data set of putative

SNP markers, analyse their distribution among genes,

highlight an apparent increased activity of transposons

in hybrids and identify potential targets of divergent

selection. Mitochondrial and nuclear genes involved in

energy metabolism emerge as prime candidates under-

lying the adaptive divergence of sympatric species of

lake whitefish. Thorough investigations using genome

scan in natural population as well as candidate gene

mapping will permit to confirm this hypothesis. The

rationale of our research programme on the adaptive

divergence of lake whitefish is that integrating results

targeting different functional and biological levels (e.g.

variation at the DNA, gene expression and phenotypic

levels) represents the best strategy towards deciphering

the genetic basis of evolutionary change and diversifica-

tion driven by natural selection.
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