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Abstract
Gene expression divergence is one of the mechanisms thought to be involved in the
emergence of incipient species. Next-generation sequencing has become an extremely
valuable tool for the study of this process by allowing whole transcriptome sequencing, or
RNA-Seq. We have conducted a 454 GS-FLX pyrosequencing experiment to refine our
understanding of adaptive divergence between dwarf and normal lake whitefish species
(Coregonus clupeaformis spp.). The objectives were to: (i) investigate transcriptomic
divergence as measured by liver RNA-Seq; (ii) test the correlation between divergence in
expression and sequence polymorphism; and (iii) investigate the extent of allelic
imbalance. We also compared the results of RNA-seq with those of a previous microarray
study performed on the same fish. Following de novo assembly, results showed that
normal whitefish overexpressed more contigs associated with protein synthesis while
dwarf fish overexpressed more contigs related to energy metabolism, immunity and DNA
replication and repair. Moreover, 63 SNPs showed significant allelic imbalance, and this
phenomenon prevailed in the recently diverged dwarf whitefish. Results also showed an
absence of correlation between gene expression divergence as measured by RNA-Seq and
either polymorphism rate or sequence divergence between normal and dwarf whitefish.
This study reiterates an important role for gene expression divergence, and provides
evidence for allele-specific expression divergence as well as evolutionary decoupling of
regulatory and coding sequences in the adaptive divergence of normal and dwarf
whitefish. It also demonstrates how next-generation sequencing can lead to a more
comprehensive understanding of transcriptomic divergence in a young species pair.
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Introduction
Deciphering the molecular bases of population divergence and speciation is one of the main challenges of
evolutionary biology (Edmands 2002; Coyne & Orr
2004; de Queiroz 2005). During the past years, the identification of genes and genomic regions associated with
adaptive population divergence has become a highly
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productive research area (e.g. Hoekstra et al. 2006;
Joron et al. 2006; Schemske & Bierzychudek 2007;
Barrett et al. 2008). Gene expression divergence is one
of the mechanisms thought to underlie phenotypic
divergence. Indeed, transcription levels have a great
potential for evolutionary novelty, which can then be
harnessed by natural selection (Oleksiak et al. 2002;
Wray et al. 2003; Fay & Wittkopp 2008).
Molecular tools designed for the study of gene expression have flourished in the past 15–20 years (Kulesh
et al. 1987; Schena et al. 1995). Namely, microarray
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technologies allow the simultaneous detection of expression for thousands of genes, thus offering a powerful
means to investigate population and species divergence
on a transcriptome-wide scale (Ranz & Machado 2006).
Moreover, recent advances in sequencing technologies
now allow highly efficient whole transcriptome shotgun
sequencing (RNA-Seq), which holds the promise of a
more informative and accurate view of the transcriptome at lower costs compared with high throughput
Sanger sequencing (Wang et al. 2009). Given the growing amount of sequence data produced as a result of the
increasing accessibility of these new tools, the notion of
‘nonmodel organism’ is likely to change dramatically in
the years to come (Gilad et al. 2009; Bernatchez et al.
2010).
Lake whitefish (Coregonus clupeaformis), which comprises multiple pairs of sympatric forms (normal and
dwarf) engaged in the process of speciation, is a powerful system to investigate ecological speciation, according
to which phenotypic divergence and ultimately speciation are the outcomes of divergent natural selection
(Schluter 2000). Previous studies conducted at the genomic, transcriptomic, phenotypic and ecological levels
have yielded substantial insights into adaptive divergence and its genetic bases in the whitefish species
complex (reviewed in Bernatchez et al. 2010). The limnetic dwarf lake whitefish, despite its young origin
(15 000 YBP, Pigeon et al. 1997), strikingly differs from
the benthic normal whitefish in morphology, but more
so in life history traits, metabolism and behaviour.
Microarray experiments have led to the identification of
expression divergence for genes and key gene functions
potentially implicated in the adaptive divergence of
dwarf and normal lake whitefish (Derome et al. 2006;
St-Cyr et al. 2008; Nolte et al. 2009). A genetic basis has
also been demonstrated for traits that differ between
both species such as swimming behaviour (Rogers et al.
2002), growth (Rogers & Bernatchez 2005), morphology
and life history (Rogers & Bernatchez 2007). Moreover,
strong intrinsic and extrinsic post-zygotic reproductive
barriers have been identified between them (Lu & Bernatchez 1998; Rogers & Bernatchez 2006; Rogers et al.
2007; Whiteley et al. 2008; Renaut et al. 2009). Finally,
the integrated use of linkage, phenotypic and gene
expression mapping has provided insights into the
genetic architecture of adaptive traits differentiating
dwarf and normal whitefish, with the identification of
key genomic regions that appear to have high pleiotropic effects on gene expression (Derome et al. 2008;
Whiteley et al. 2008).
Next-generation sequencing technologies, especially
high throughput pyrosequencing (454 Life Sciences,
Margulies et al. 2005), have quickly become extremely

valuable tools for nonmodel species such as whitefish
by making genome sequencing, transcriptome sequencing and single nucleotide polymorphism (SNP) discovery efficient and accessible, even in the absence of a
reference genome (Quinn et al. 2008; Vera et al. 2008;
Kristiansson et al. 2009; Renaut et al. 2010). For instance,
454 pyrosequencing of cDNA allows a combined study
of both gene expression and polymorphism. While
divergence in expression was hypothesized to be correlated with nonsynonymous substitution rate (amino acid
replacement rate) because both should co-evolve when
under common selective pressures (Nuzhdin et al.
2004), both positive (Nuzhdin et al. 2004; Khaitovich
et al. 2005) and nonsignificant correlations (Kohn et al.
2008; Tirosh & Barkai 2008) have been found between
these two evolutionary modes. Nevertheless, this type of
comparison has rarely been attempted on species as evolutionarily young as dwarf and normal whitefish. Furthermore, measuring allele-specific expression rather
than total gene expression (as in the case of cDNA
microarrays) can offer even greater insight into regulatory variation by providing direct evidence of cis and
trans-regulatory differences (Wittkopp et al. 2004; Guo
et al. 2008; Serre et al. 2008; Graze et al. 2009).
Renaut et al. (2010) recently conducted a 454 pyrosequencing experiment allowing the assembly of over
130 megabases (Mb) of nonnormalized cDNA as well as
the identification of SNP markers for documenting the
extent of genetic divergence between dwarf and normal
whitefish. Using the same data set, the present study
focuses on the transcriptomic characterization of gene
expression divergence as seen by RNA-Seq. The objectives were to: (i) determine if phenotypic divergence
between dwarf and normal whitefish is associated with
transcriptomic divergence as measured by RNA-Seq in
the liver; (ii) test the hypothesis that divergence in
expression is correlated with nonsynonymous substitution rate; and (iii) investigate the extent of allelic imbalance (AI), defined as a difference in expression levels
between alleles of a given gene, within and among species of whitefish. We also used RNA-Seq data to validate a previous microarray study which used the exact
same biological samples (St-Cyr et al. 2008). In doing
so, we gained more refined insights towards a better
understanding of the role played by the transcriptome
in the adaptive divergence of this young species pair.

Materials and methods
Unless specified otherwise, all data manipulations and
statistics were computed in R (v. 2.9.1 The R Foundation for Statistical Computing; scripts available upon
request).
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Sample preparation and sequencing
While all data analyses and interpretations are novel,
raw data analysed in this study have been previously
published (Renaut et al. 2010) and are accessible via the
Sequence Read Archive at NCBI [normal whitefish
(SRA:SRX010969), dwarf whitefish (SRA:SRX011025)].
The 16 samples used for sequencing were the same as
those of a previous study (St-Cyr et al. 2008). Briefly,
sympatric dwarf and normal whitefish were collected in
Cliff Lake (46"23¢59¢¢N, 69"15¢11¢¢W), located in the Allagash River basin, Maine, USA. Normal and dwarf fish
were concurrently caught in the same nets, during the
same time period, in June 2003. Nets were pulled every
30 min, ensuring that the fish were still alive prior to
tissue collection. Eight adult individuals, half males,
half females, were randomly collected from each population. Liver tissue samples were immediately frozen in
liquid nitrogen, and later stored at )80 "C. The liver
was selected for its role in growth regulation (Rise et al.
2006) and food consumption related functions (Trudel
et al. 2001; St-Cyr et al. 2008). Total RNA was extracted
using the TRIzol Reagent protocol (Invitrogen, Carlsbad, CA, USA). All RNA samples were cleaned by ultra
filtration using microcon spin columns (Millipore, Billerica, MA, USA). Sample quality and concentration
were assessed with the Experion# RNA StdSens Analysis kit (Bio-Rad, Hercules, CA, USA). Samples were
stored in RNase free water supplemented with Superase-In# RNase Inhibitor (Ambion, Austin, TX, USA) at
)80 "C.
All samples were subsequently enriched for polyA
mRNA using the MicroPoly(A)Purist# kit (Ambion).
Approximately 100 ng of complementary DNA (cDNA)
was synthesized from each polyA mRNA sample using
the SMART# PCR cDNA Synthesis kit (Clontech,
Mountain View, CA, USA). All cDNA samples (3–8 ng)
were PCR amplified using the Advantage 2 PCR kit
(Clontech) and modified SMART# primers (5¢-AAGCAGTGGTATCAACGCAGAGT-3¢), which comprised
an extra five nucleotides at the 5¢ end for individualspecific tagging. PCR conditions were as follows: initial
denaturation for 1 min at 95 "C; 17–20 cycles depending on the sample (15 s at 95 "C, 30 s at 65 "C, 6 min
at 68"C). Following amplification, all samples were
quantified using the Quant-iT Picogreen dsDNA Assay
kit (Invitrogen) and two separate pools with equal
cDNA quantities were prepared: one with the eight
normal samples and one with the eight dwarf samples.
Nonnormalized cDNA was used to enable gene dosage
(i.e. gene expression) in addition to gene discovery.
The two cDNA pools were sequenced on a Roche
GS-FLX DNA Sequencer using methods previously
described (Margulies et al. 2005) at the Genome
! 2010 Blackwell Publishing Ltd

Quebec Innovation Center (McGill University, Montreal, Canada). A first run was performed with a half
plate for each pool and a second run was performed
with a quarter plate for each pool.

Contig assembly
Initial quality filtering of 454 sequence data was performed using Roche proprietary analysis software Newbler (Margulies et al. 2005). Base calling was re-done
using PyroBayes, which produces more confident
results compared with the 454 program (Quinlan et al.
2008). Prior to assembly, primer and sample-specific tag
sequences were removed from the data set using a
custom made Perl script (available upon request). CLC
Genomics Workbench 3.1 (CLC Bio, Aarhus, Denmark)
was used to assemble all normal and dwarf sequences
into contigs (sets of overlapping DNA segments) de
novo (minimum match percentage 0.97, overlap 0.33,
global alignment). The choice of this specific minimum
match percentage was based on a compromise between
the risk of assembling many more potential paralogous
sequences using a smaller value and that of discarding
more sequence data using a higher value (see Renaut
et al. 2010). Contig consensus sequences were screened
for ribosomal RNA by local blast using all salmon putative 18S, 5S and 28S sequences available in GenBank.
Reads that did not assemble into contigs were discarded.
To assess transcriptome completeness, a rarefaction
curve was computed. This approach, normally used in
ecology to determine the expected number of species as
a function of the number of individuals sampled, was
recently applied to whole transcriptome sequencing
(Hale et al. 2009). Rarefaction curves generally grow
rapidly as the most common ‘species’ are found and
then plateau when only the rarest species remain to be
sampled. Here, we computed a curve of the number of
contigs detected as a function of the number of mapped
reads (i.e. assembled reads) randomly sampled.

Gene expression analyses
Consensus sequences of the contigs were used as a reference for the RNA-Seq analysis, performed with CLC
Genomics Workbench 3.1. This analysis was performed
separately for normal and dwarf whitefish data by reassembling the raw sequence data onto the reference consensus sequences and transforming sequence counts per
contig into reads per kilobase per million mapped reads
(RPKM, Mortazavi et al. 2008). RPKM values are used
to standardize sequence counts as a function of contig
length and absolute data set size (i.e. mapped reads:
assembled reads) and are calculated as follows: (number
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of reads per contig) · (1000 ⁄ length of contig) ·
(1 · 106 ⁄ total number of mapped reads in the assembly). Only for contigs represented by 10 or more reads
were differences in expression between dwarf and normal whitefish tested with a chi-square test (Eveland
et al. 2008) and corrected for multiple hypotheses testing with Qvalue (Storey 2002). GOanna was used for
automated contig annotation through blastx of consensus sequences (McCarthy et al. 2007). This online tool
transfers Gene Ontology (GO) annotations from annotated gene products in other species [including Atlantic
salmon (Salmo salar) and rainbow trout (Oncorhynchus
mykiss)] based on blast searches against databases that
contain GO annotated sequences and returns both blast
results and GO annotations. Through parsing of the
GOanna output, the GO ‘biological process’ term of the
best blast hit (E-value <1 · 10)5) was selected and classified into one of 16 functional categories according to
Table S1 (Supporting information). These categories
were subsequently used to identify overrepresentation
of gene functions between contigs overexpressed in
dwarf fish and contigs overexpressed in normal fish
using Fisher’s exact test.

Relationship between gene expression and
polymorphism
To assess whether polymorphism was related to gene
expression, we used stringent criteria to identify SNPs
and subsequently parsed them into different polymorphism types. First, all possible open reading frames
(ORF, minimum length of 30 codons) for each contig
were produced using CLC Genomics Workbench 3.1
and submitted to protein blast (blastp) searches with
GOanna. The sequence with the best blast hit (highest
score, E-value <1 · 10)5) was selected. As for contigs
with no blast hit, the longest possible ORF was kept as
the most probable translated region. Second, CLC
Genomics Workbench was used for SNP identification
(as described in Brockman et al. 2008) with the following parameters: window of 11 bp, maximum gap + mismatch of 2, minimum average quality of 20, minimum
SNP position quality of 25, minimum coverage of 10,
minimum SNP frequency of 33%. Third, SNPs were
classified as being inside (coding) or outside (noncoding) selected ORFs. Fourth, using all ORF sequences and
their coding SNPs, maximum likelihood estimates were
used to compute nonsynonymous and synonymous
substitution rates with PAML 4.2 (runmode = )2,
CodonFreq = 2, model = 2, Yang 2007). These actually
corresponded to polymorphism rates, pn and ps, because
SNPs were generally not fixed between normal and
dwarf whitefish. Therefore, we also computed a divergence index equal to absolute [frequency(allele1Dwarf)

)frequency(allele1Normal)] for each SNP (Renaut et al.
2010). Finally, Pearson’s coefficient correlation statistics
were calculated to test the correlation between gene
expression divergence and (i) noncoding SNPs per noncoding site; (ii) pn; (iii) ps; and (iv) the sequence divergence index.

Allelic imbalance
Because individuals possessed unique tags in our data
set (only at cDNA sequence extremities, see Sample
preparation and sequencing), we could also investigate
allelic imbalance (AI, e.g. Wittkopp et al. 2004; Graze
et al. 2009), defined as unequal expression levels
between alleles of a given gene in a cell (Yan et al.
2002). Thus, we first computed per individual allelespecific expression levels for each SNP and discarded
SNPs that did not have at least one individual expressing both alleles, which was the only way of ensuring
the presence of both alleles in a single genotype. AI
was then tested with a paired t-test (two-sided) for each
SNP and pool (dwarf or normal), which was subsequently corrected for multiple testing with Qvalue (Storey 2002). In other words, the number of reads for allele
1 was compared with the number of reads for allele 2
for each individual of a pool, thereby testing the null
hypothesis of per-individual equal expression of alleles
for each SNP. Then, because the t-test was expected to
be highly significant for SNPs with a majority of homozygous individuals, an AI index was calculated such
that each individual with imbalance in favour of allele
1 (where allele 2 „ 0) was given a score of +1 and each
individual with imbalance in favour of allele 2 (where
allele 1 „ 0) was given a score of )1. A score of 0 was
given for individuals expressing only one allele or equal
levels of the two alleles. The sum of these individual
scores was calculated separately for dwarf and normal
whitefish pools, with the resulting index ranging from
)8 to 8. Finally, for a given SNP to be considered a candidate case of AI, it needed a significant paired t-test
and an AI index „ 0 either in dwarf, normal or both
whitefish species.

Comparison with microarray results
We then compared RNA-Seq results with previous
microarray results (St-Cyr et al. 2008), which are available via the Gene Expression Omnibus [GEO:GSE21130].
First, sequences from the 16 K GRASP salmonid cDNA
microarray (Genomic research on Atlantic salmon project, Rise et al. 2004; von Schalburg et al. 2005) were
used as the reference transcriptome for RNA-Seq
analysis, which was performed as described above. As
such, this analysis imitated the previous microarray
! 2010 Blackwell Publishing Ltd
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experiment. Second, only genes that were (i) expressed
according to both methods; (ii) expressed in dwarf and
normal fish (because this was always the case in the
microarray data set); and (iii) represented by at least 10
sequencing reads were selected. Then, selected RPKM
values were log2-transformed and a dwarf ⁄ normal ratio
of expression was computed for each gene as was done
with the microarray data (normalized R ⁄ Lowess signal
intensity in log2, St-Cyr et al. 2008). The correlation
between both data sets was tested using Pearson’s coefficient correlation statistic. Finally, 34 candidate
expressed sequence tags (EST) that were identified as
differentially expressed in liver between dwarf and normal whitefish from two natural lakes and a controlled
environment by St-Cyr et al. (2008) were validated with
RNA-Seq results. This was performed by associating
each candidate microarray EST sequence to its corresponding de novo contig consensus sequence by local
blast. Results for both methods were then confronted.

Results
Contig assembly and differential gene expression
Table 1 presents a summary of the raw sequence data
set (Renaut et al. 2010) and its assembly into contigs
[see Table S2 (Supporting information) for a complete
list of de novo contigs with annotation and expression
data; Dryad Digital Repository: doi:10.5061/dryad.1924].
Three contigs (1318 reads) were identified as ribosomal
RNA and approximately 5% of contigs effectively annotated with GOanna were putative ribosomal proteins.
According to the rarefaction curve (Fig. 1), approximately half of all mapped reads, i.e. !100 000, was sufficient to detect 95% of all contigs assembled.
Of 1953 contigs assembled de novo, the normal whitefish transcriptome contained 1827 contigs, the dwarf
whitefish transcriptome contained 1794 contigs and 948
contigs were significantly differentially expressed (‡10
reads, v2 test q-value £0.01) between dwarf and normal
whitefish. This translated into differential representation
Table 1 Summary of pyrosequencing data and assembly

N pool + D pool*

Count

Average
length (bp)

Total reads
Assembled reads de novo
Contigs†
Contigs with number of reads ‡10†

395 950
225 881
1953
1198

209
218
459
597

*

Normal (N) and dwarf whitefish (D) pools: eight liver cDNA
samples for each species, 0.75 plate of 454 GS-FLX sequencing
each.
†
According to de novo assembly.
! 2010 Blackwell Publishing Ltd

Fig. 1 Rarefaction curve of the whitefish liver transcriptome.
Number of contigs detected as a function of the number of
reads randomly sampled from the 225 881 reads assembled de
novo; Grey: 1953 contigs in the complete data set.

of several functional categories of genes (Fig. 2,
Table S3 Supporting information). Namely, normal
whitefish showed significantly more overexpressed
genes associated with protein synthesis (116 contigs)
while dwarf fish significantly showed more overexpressed genes related to energy metabolism (51 contigs), immunity (22 contigs), as well as DNA replication
and repair (29 contigs). The proportion of unknown
contigs (i.e. with no GO biological process term) was
not significantly different between contigs overexpressed in normal whitefish and contigs overexpressed in
dwarf whitefish (P-value = 0.946, Table S3 Supporting
information).
Tables 2 and 3 present contigs with the highest levels
of expression divergence between dwarf and normal
whitefish. According to expression ratio (D ⁄ N, ratio of
dwarf and normal RPKM, Table 2), protein synthesis
was the most pervasive functional category among the
10 most overexpressed contigs in normal whitefish
while candidate contigs overexpressed in dwarf whitefish were associated with a more diverse array of functions, including DNA replication and repair for the
three most overexpressed contigs. As for candidate contigs based on absolute expression difference [abs(D-N),
absolute difference in RPKM, Table 3], functional categories were also very diverse, with no functional trend.

Relation between gene expression and polymorphism
Figure 3 presents scatter plots of gene expression divergence on the y axis, represented by D ⁄ N and abs(D-N),
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Fig. 2 Whitefish liver transcriptome divided into functional gene categories. Functional categories described in Table S1 (Supporting
information) (Unknown: no Gene Ontology (GO) biological process term). Between parentheses: number of contigs represented;
N > D: contigs significantly overexpressed in normal whitefish (v2 test, ‡10 reads, q-value £0.01); D > N: contigs significantly overexpressed in dwarf whitefish (v2 test, ‡10 reads, q-value £ 0.01); N > D and D > N: only nine major categories are represented, percentages are relative to the total number of overexpressed contigs; *P-value £0.05 (Fisher’s exact test between N > D and D > N); **Pvalue £0.01; ***P-value £0.001.

Table 2 Top 20 candidate contigs according to RNA-Seq (criterion 1)
Rank*

Contig no.†

D ⁄ N ratio‡

Putative gene name

Functional category§

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10

552
1217
824
1744
1736
102
1642
742
12
1310
1777
1849
1242
237
1600
9
1859
1453
1521
1434

4.75
3.90
3.24
3.04
3.04
2.78
2.72
2.68
2.60
2.56
0.16
0.21
0.23
0.23
0.26
0.26
0.26
0.29
0.29
0.35

Retrotransposable element Tf2 type 3
Uricase
Reverse transcriptase
Haemoglobin subunit alpha-4
Diablo homolog, mitochondrial
Retrotransposon-like protein 1
UPF0362 protein C20orf149 homolog 2
Myosin heavy chain, fast skeletal muscle
Growth arrest and DNA-damage-inducible protein
Apolipoprotein A-IV
60S ribosomal protein L36
Ribosomal protein S29
C-type lectin domain family four member E
60S ribosomal protein L30
60S ribosomal protein L36
Inositol oxygenase
Ribosomal protein, large P1, like 2
Ribosomal protein S16
Heat shock 90kDa protein 1 beta isoform a
40S ribosomal protein S28

DNA replication and repair
DNA replication and repair
DNA replication and repair
Blood and transport
Cell cycle regulation
Protein catabolism
Unknown
Other
Signal transduction
Lipid metabolism
Protein synthesis
Protein synthesis
Unknown
Protein synthesis
Protein synthesis
Signal transduction
Protein synthesis
Protein synthesis
Protein synthesis
Protein synthesis

*

Top 10 of contigs overexpressed in dwarf (D) whitefish liver and top 10 of contigs overexpressed in normal (N) whitefish liver. Both
D and N had to have at least 10 reads according to the RNA-Seq analysis. Unannotated contigs were excluded.
†
Numerical tag assigned by CLC Genomics Workbench during de novo assembly.
‡
Criterion: Ratio of standardized sequence counts (RPKM).
§
Described in Table S1 (Supporting information).
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Table 3 Top 20 candidate contigs according to RNA-Seq (criterion 2)
Rank*

Contig no.†

abs(D-N)‡

Putative gene name

Functional category§

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10

1624
1230
1647
1593
1845
1620
1285
43
1934
1819
1211
1391
1093
1486
1910
1760
1810
1890
1335
1630

7353
6365
4435
3551
3219
3077
2955
2724
1998
1812
23840
13513
6894
6125
5165
4988
4378
3880
3860
3505

Ribosomal protein S26
Cystein proteinase inhibitor protein
Ribosomal protein S6-2
Apolipoprotein C-I
Cystein proteinase inhibitor protein
RAB39B, member RAS oncogene family
Mid1-interacting protein 1
Complement C4
Complement factor H1 protein
Retinol dehydrogenase 3
Proteasome 26S subunit
Apolipoprotein A-I
Serum albumin 2
Vitellogenin
Serum albumin 2
Ribosomal protein L37a
Vitellogenin
Ribosomal protein S5-2
Vitellogenin
Ribosomal protein S2

Protein synthesis
Unknown
Protein synthesis
Lipid metabolism
Unknown
Signal transduction
Unknown
Immunity
Immunity
Other
Protein catabolism
Lipid metabolism
Blood and transport
Lipid metabolism
Blood and transport
Protein synthesis
Lipid metabolism
Protein synthesis
Lipid metabolism
Protein synthesis

*

Top 10 of contigs overexpressed in dwarf (D) whitefish liver and top 10 of contigs overexpressed in normal (N) whitefish liver. Both
D and N had to have at least 10 reads according to the RNA-Seq analysis. Unannotated contigs were excluded.
†
Numerical tag assigned by CLC Genomics Workbench during de novo assembly.
‡
Criterion: Absolute difference in standardized sequence counts (RPKM).
§
Described in Table S1 (Supporting information).

Fig. 3 Scatter plots of gene expression
divergence measured with RNA-Seq and
polymorphism rate. All contigs represented have a mean coverage ‡10. D ⁄ N:
ratio of dwarf (D) and normal (N) standardized (RPKM) sequence counts, logscale; Abs(D-N): absolute difference in
standardized (RPKM) sequence counts,
log-scale; Noncoding SNP rate: number
of SNPs per noncoding site [not inside an
open reading frame (ORF)]; pn: number
of nonsynonymous SNPs per nonsynonymous site; ps: number of synonymous
SNPs per synonymous site.

and three measures of polymorphism on the x axis:
noncoding SNPs per noncoding site, nonsynonymous
SNPs per nonsynonymous site (pn) and synonymous
SNPs per synonymous site (ps). Only contigs with a
mean coverage ‡10 were plotted, as most contigs under
this threshold did not meet SNP detection criteria.
Results showed neither positive nor negative trends but
instead a cone-shaped pattern, wherein genes that are
! 2010 Blackwell Publishing Ltd

the most extreme in terms of gene expression divergence show no or little polymorphism. This pattern did
not seem to be influenced by polymorphism type and
was even observed on scatter plots of gene expression
divergence as measured by microarray and polymorphism rates, either calculated from SNPs among whitefish samples or between whitefish and other salmonid
sequences spotted on the array (results not shown).
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Fig. 5 Candidate SNPs for allelic imbalance. All SNPs represented have a coverage ‡10. AI: allelic imbalance, i.e. unequal
expression levels between alleles of a SNP; N: normal whitefish; D: dwarf whitefish; N››D: overrepresentation of the same
allele in N and D; N›flD: overrepresentation of different alleles
in N and D; overrepresentation of an allele: m (grey): minor
candidate, £4 individuals with AI, q-value £0.1 (paired t-test);
M (black): major candidate, >4 individuals with AI, q-value
£0.05 (paired t-test).

Fig. 4 Scatter plots of gene expression divergence measured
with RNA-Seq and sequence divergence. All contigs represented
have a mean coverage ‡10 and at least one SNP. D ⁄ N: ratio of
dwarf (D) and normal (N) standardized (RPKM) sequence
counts, log-scale; Abs(D-N): absolute difference in standardized
(RPKM) sequence counts, log-scale; Divergence index: mean of
absolute[frequency(allele1Dwarf) ) frequency(allele1Normal)] for
all SNPs in a contig.

In contrast, Fig. 4 presents scatter plots of gene
expression divergence [represented by D ⁄ N and abs
(D-N)] and mean sequence divergence between dwarf
and normal whitefish. It also differs from Fig. 3 in that
only contigs with at least one SNP are represented.
These results clearly show the absence of correlation
between the amount of sequence divergence at polymorphic sites and gene expression divergence.

Allelic imbalance
Following de novo assembly, 46% of mapped reads were
tagged (cDNA sequence extremities, see Sample preparation and sequencing). Tagged reads parsing revealed
that the proportion of tagged over total mapped reads
was the same for normal and dwarf pools and that the
variance of the number of reads per individual fish was

also the same between normal and dwarf pools
(CV = 0.25).
Tagged reads were used to investigate per individual allele-specific expression levels. Of 685 SNPs that
were polymorphic in the transcriptome of at least one
individual, 63 (9.2%) showed significant allelic imbalance (AI, Fig. 5). These were classified according to
the presence of AI in a minority (£4, q-value £0.1) or a
majority (>4, q-value £0.05) of individuals and if this
was in dwarf, normal or both whitefish species. Dwarf
whitefish clearly had the highest number of AI cases,
with 38 SNPs (30 minor, eight major) showing significant AI in dwarf whitefish only, as opposed to 8 SNPs
for normal whitefish (seven minor and one major).
The second most common type of AI was overrepresentation of the same allele in both normal and dwarf
whitefish, with a total of 16 SNPs (11 minor and five
major). The 63 candidate SNPs corresponded to 43
contigs (Table S4 Supporting information), almost half
of which were implicated in protein synthesis (19 contigs). Among other contigs with candidates SNPs for
AI, five were implicated in transport functions, three
had immunity related functions, two were implicated
in energy metabolism, two were related to signal
transduction, one was implicated in DNA replication
and repair and one was implicated in transcription.
While the abovementioned functional categories were
evenly distributed across contigs showing AI in dwarf,
normal and both forms of whitefish, the overall proportions of contigs related to protein synthesis and
immunity were significantly higher among these 43
contigs than in all differentially expressed contigs
! 2010 Blackwell Publishing Ltd
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(Fisher’s exact test, P-value = 0.0001 and P-value = 0.04
respectively).

Comparison with microarray results
The correlation between dwarf to normal (D ⁄ N) ratios
of gene expression for common genes between RNASeq and a previous microarray data set (St-Cyr et al.
2008) was positive and highly significant, but modest
(r = 0.38, P-value = 2.2 e)16, Fig. S1 supporting information). Table 4 shows 34 candidate ESTs for differential expression between dwarf and normal whitefish
according to the previous microarray study. Differential
expression for half of the candidates was confirmed
when using a criterion of q-value <0.01, while the use
of a more stringent criterion of q-value <0.0001 (and
D ⁄ N > 1.25) led to the confirmation of about 25% of
candidate ESTs.

Discussion
Contig assembly and differential gene expression
RNA-Seq is assumed to provide a reliable estimate of
absolute gene expression levels (Fu et al. 2009). However, while sources of bias in gene expression estimates
based on next-generation sequencing data are not yet
fully understood, it is becoming clear that base composition, library preparation and transcript length all have
an impact on RNA-Seq data (Marioni et al. 2008; Gilad
et al. 2009; Oshlack & Wakefield 2009). Recent technological advances already offer promising solutions to
overcome at least some of these issues, namely through
direct single molecule RNA sequencing (Ozsolak et al.
2009). Here, samples were prepared and sequenced in
parallel and our data suggest that efforts to reduce
sources of bias were successful. Namely, analysis of
tagged reads revealed that normal and dwarf pools had
equal proportions of tagged reads and equal relative
variance in per-individual sequence number. The
RPKM method was used to normalize for the difference
in data set size between normal and dwarf pools (Mortazavi et al. 2008). This method is appropriate only if the
overall composition of the RNA population is equivalent between samples (Robinson & Oshlack 2010).
Indeed, if one of two conditions has a large number of
uniquely or highly expressed genes, the expression of
the other genes, i.e. common genes between both conditions, is expected to be low for a given sequencing
effort. Here, all samples came from whitefish adult livers and among contigs with 10 or more reads, the
dwarf and normal pools only had four and 11 uniquely
expressed contigs respectively. Moreover, all uniquely
expressed contigs were lowly expressed (£20 reads).
! 2010 Blackwell Publishing Ltd

Although the starting material was nonnormalized
cDNA, the rarefaction analysis clearly demonstrated
that our sampling of the whitefish liver transcriptome
was sufficient to reliably represent contig diversity. This
is consistent with a previous RNA-Seq study in lake
sturgeon gonads where comparative rarefaction computation for normalized and nonnormalized cDNA demonstrated that gene discovery was equivalent with 5000
or more reads (Hale et al. 2009). In total, we identified
1953 contigs, with a mean length of 459 bp. A comparable study of lake trout (Salvelinus namaycush) liver
cDNA using the same sequencing technology, similar
sequencing effort and CLC Genomics Workbench for
contig assembly (Goetz et al. 2010) yielded highly similar results, i.e. 2276 contigs from 425 821 reads. However, it is difficult to compare our results with other
studies that used programs that were not specifically
created for 454 data, CAP3 for instance, as they typically lead to the assembly of at least 10 times as many
contigs with very few reads per contig on average (e.g.
Kristiansson et al. 2009).
Figure 2 clearly demonstrated transcriptomic divergence between dwarf and normal whitefish. Like the
previous microarray experiment (St-Cyr et al. 2008),
these results are consistent with the observed trade-off
in life history traits among whitefish species pairs,
wherein dwarfs have a higher metabolic rate, necessary
for increased foraging and predator avoidance in the
limnetic niche, while normal whitefish allocate a much
larger fraction of their energy budget to growth (Trudel
et al. 2001). Dwarf whitefish also overexpressed more
genes related to immunity, which is widely recognized
as a potent feature of local adaptation that can underlie
population divergence (e.g. Dionne et al. 2007) and
speciation (Turelli et al. 2001; Buckling & Rainey 2002;
Eizaguirre et al. 2009). Goetz et al. (2010) observed
significant overexpression of genes associated with the
immune function in limnetic (vs. benthic) lake trout and
suggested that it could be related the increased temperature variation and pathogen exposure experienced by
these fish. DNA replication and repair related functions
were also overrepresented in dwarf compared with normal whitefish, and it could be argued that the higher
metabolic rate of the former (Trudel et al. 2001) induces
more DNA damage and therefore more active DNA
repair pathways. This idea has received a reasonable
amount of support in mammals (Adelman et al. 1988;
Foksinski et al. 2004), but it remains hypothetical for
whitefish species pairs until further investigation is performed. Nevertheless, as the number of differentially
expressed genes between normal and dwarf whitefish
was relatively large, mainly because RPKM normalization automatically increased all numerical values, it
should be noted that results at the level of functional
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Table 4 RNA-Seq validation of previous microarray results

Functional
group
Cell cycle
regulation
Detoxification

Energy
metabolism

Germ-line
formation
Immunity
Iron homeostasis
Lipid metabolism
Protein synthesis

Unknown

Microarray

RNA-Seq4

EST clone number and putative gene name1

Ratio2

Contig5

Ratio6 Abs(D-N)7 q-value8 Validation9

CB517934 ARF GTPase-activating protein GIT2
CB492176 Polyposis locus protein 1 homolog
CA057214 Liver carboxylesterase 22 precursor
CB496876 Liver carboxylesterase 22 precursor
CB496493 Glutathione S-transferase Mu 5
CB497579 Glutathione S-transferase Mu 5
CB516178 Anionic trypsin II precursor
CB515463 Elastase 2 precursor
CA045033 Anionic trypsin II precursor
CA062911 Fructose-bisphosphate aldolase A
CB502483 Fructose-bisphosphate aldolase B
CB497681 Glyceraldehyde-3-phosphate
dehydrogenase
CA768062 Glyceraldehyde-3-phosphate
dehydrogenase
CB493574 Glyceraldehyde-3-phosphate
dehydrogenase
BU965756 Glyceraldehyde-3-phosphate
dehydrogenase
CB498361 Glyceraldehyde-3-phosphate
dehydrogenase
CB514460 Glyceraldehyde-3-phosphate
dehydrogenase
CB491826 Glyceraldehyde-3-phosphate
dehydrogenase
CA055883 Homogentisate 1,2-dioxygenase
CB493498 Malate dehydrogenase, cytoplasmic
CB518115 Malate dehydrogenase, cytoplasmic
CA062141 Cytochrome c oxidase polypeptide
VIa-heart
CA062348 Estradiol 17-beta-dehydrogenase 2
CB496948 Prostaglandin-H2 D-isomerase
precursor
CA037686 C1q-like adipose specific protein
CB515893 Heme oxygenase
CK990220 Adipocyte Fatty acid-binding protein
CA063352 Peptidyl-prolyl cis-trans isomerase B
precursor
CA048973 Protein disulfide-isomerase A4
precursor
CA063623 Unknown
CB509889 Unknown
CB498458 Unknown
CK990521 Unknown
CA045102 Unknown

1.37
0.86
1.35
1.33
1.13
1.10
1.55
1.23
1.24
1.21
1.19
1.13

0.0038
0.0220
0.0019
0.0030
0.0258
0.0347
0.0096
0.0208
0.0271
0.0151
0.0094
0.0459

na
na
194
194
1507
1507
na
na
na
na
1208
1661

na
na
1.12
1.12
1.17
1.17
na
na
na
na
1.41
1.02

na
na
106.0
106.0
24.5
24.5
na
na
na
na
139.8
550.3

na
na
0.0026
0.0026
0.0291
0.0291
na
na
na
na
<0.0001
0.0050

1.16

0.0080

1661

1.02

550.3

0.0050

p

1.23

0.0081

1661

1.02

550.3

0.0050

p

1.31

0.0076

1322

1.16

135.7

0.0003

p

1.23

0.0072

1322

1.16

135.7

0.0003

p

1.26

0.0073

1322

1.16

135.7

0.0003

p

1.18

0.0345

1322

1.16

135.7

0.0003

p

1.28
1.34
1.25
0.87

0.0051
0.0013
0.0074
0.0339

1284
1928
1928
na

1.86
2.37
2.37
na

156.8
418.1
418.1
na

<0.0001
<0.0001
<0.0001
na

1.12
1.20

0.0256
0.0132

1819
681

1.69
1.46

1811.7
449.2

<0.0001
<0.0001

1.40
1.83
1.28
0.84

0.0011
0.0001
0.0032
0.0244

na
na
na
67

na
na
na
0.92

na
na
na
14.4

na
na
na
0.0690

0.75

0.0036

na

na

na

na

1.83
1.23
1.28
0.79
0.80

<0.0001
0.0190
0.0072
0.0047
0.0073

na
681
1593
na
na

na
1.46
1.54
na
na

na
449.2
3551.0
na
na

na
<0.0001
<0.0001
na
na

P-value3

p
*
p
*

*
*
p
p

p
p
p
p
p

p
p

All expressed sequence tags (EST) represented showed parallel changes in expression between dwarf and normal whitefish from two
natural lakes and controlled environmental conditions according to a previous microarray study (modified from St-Cyr et al. 2008).
Microarray and RNA-Seq data represented are for the same eight normal and eight dwarf whitefish from Cliff Lake, MA, USA.
1

EST clone number represents a single expressed sequence tags (EST) sequence on the microarray.
Mean dwarf expression level divided by mean normal expression level (D ⁄ N; normalised R ⁄ Lowess signal intensity in log2).
3
Permutated P-values (ANOVA, F3 test, 1000 permutations).
4
na: insufficient data (<10 reads) or no data; bold characters: q-value <0.0001 (and ratio >1.25).
5
Identified by local blast.
6
Ratio of dwarf (D) and normal (N) standardized (RPKM) sequence counts.
7
Absolute difference in standardized (RPKM) sequence counts.
8 2
v test (N, D) and correction with Qvalue software (Storey 2002).
p
9
A check mark ( ) corresponds to a q-value <0.01, *the expression difference was validated by real-time PCR in a previous study (Jeukens
et al. 2009).
2
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categories were the same when read counts were only
normalized to 200 000 total reads for each pool and
only 332 contigs were significant for differential expression using the same statistical approach.
Another way of extracting ecologically relevant information from transcriptome-wide expression data is
through a candidate gene approach, as was shown in
Tables 2 and 3. In addition to the functional categories
identified in Fig. 2, these results revealed candidate
genes associated with blood and transport, cell cycle
regulation, protein catabolism, signal transduction and
lipid metabolism. A noteworthy example is putative
haemoglobin subunit alpha-4 (rank D4, Table 2), as
haemoglobin subunits are the object of ongoing research
in whitefish, both at the transcriptional and sequence
levels (Evans ML & Bernatchez L, unpublished data).
Tetrameric haemoglobin mediates oxygen transport in
the blood and the study of its genes in vertebrates has
lead to the elucidation of molecular and structural bases
for physiological adaptation to temperature and altitude
variations (e.g. Storz et al. 2009; Campbell et al. 2010).
Likewise, elevated haemoglobin transcription in dwarf
compared with normal whitefish could be related to
their divergent metabolic rates thought to be directly
associated with the bioenergetic cost incurred by habitat
selection in the limnetic environment (Trudel et al.
2001; Rogers et al. 2002; Rise et al. 2006).

Relation between gene expression and polymorphism
The interpretation of our SNP data should always consider potential paralogy (Renaut et al. 2010), especially
given that salmonids have pseudo-tetraploid genomes
due to recent whole genome duplication (Allendorf &
Thorgaard 1984). Indeed, according to direct validation
approaches and model fitting in salmon, 8–20% of putative polymorphic contigs were expected to be paralogous or multiple sequence variants (PSVs or MSVs,
Hayes et al. 2007; Moen et al. 2008). Moreover, according to model fitting, the average SNP density (SNPs ⁄ bp)
in duplicated regions was about three times that of
unduplicated regions. By applying these results to our
data, it could be reasonable to assume that about 80%
of polymorphic contigs are true variants of a single
gene and that their frequency distribution is skewed
towards the lower range of observed polymorphism
rates.
Phenotypes evolve through changes in both protein
structure and gene expression. However, the relationship and relative importance of both mechanisms is
poorly understood (Hoekstra & Coyne 2007). Although
some studies have reported significant positive correlations between both modes of evolution (e.g. Nuzhdin
et al. 2004; Khaitovich et al. 2005), Tirosh & Barkai
! 2010 Blackwell Publishing Ltd

(2008), after observing no such correlation in yeast, suggested that the strength of negative selection can vary
between them, such that certain genes are more sensitive to changes in coding sequences, whereas others are
more sensitive to changes in expression. Comparing
results obtained here with those of previous studies is
not straightforward, as in comparison with other systems investigated thus far (but see below), dwarf and
normal whitefish divergence is still in progress and
nearly no fixed genetic differences exist between them
(only two fixed SNPs identified in this study). Moreover, allele frequencies are actually allele-specific
expression frequencies and therefore, an imperfect representation of true genomic frequencies in the population. However, our results showed a complete absence
of correlation between gene expression divergence and
any polymorphism rate. They rather showed a seemingly cone-shaped trend, where the genes that are the
most extreme in gene expression divergence showed no
or little polymorphism. While few data points exceeded
25% of the range of any polymorphism rate, this idiosyncratic pattern remained pervasive across panels of
Fig. 3. Gene expression divergence and the sequence
divergence index were also uncorrelated. Such results
could be consistent with the aforementioned idea of Tirosh & Barkai (2008): as a whole, coding-sequence divergence and gene expression divergence are uncorrelated
because each one is correlated with different properties
of genes, that is, protein structure vs. expression regulation.
Our results are also in line with what was observed
among evolutionarily young strains of Drosophila melanogaster, where differentiation of gene expression and of
coding sequences were also uncorrelated (Kohn et al.
2008). Moreover, divergence in the five prime sequences
of genes appeared to be correlated with expression
divergence, hence supporting evolutionary decoupling
of cis-regulatory and coding regions of genes (Kohn
et al. 2008). Ongoing BAC library screening and
sequencing for specific candidate genes should allow
the study of five prime sequence divergence in relation
to gene expression in whitefish (Jeukens et al. in prep.).
Of course, trans-regulation of genes is likely implicated
as well, especially considering the previous identification in whitefish of key genomic regions with apparent
pleiotropic effects on gene expression (Derome et al.
2008; Whiteley et al. 2008).

Allelic imbalance
While cis-regulatory changes affect transcription in an
allele-specific manner, trans-regulatory changes modify
the expression of factors that interact with cis-regulatory
sequences of both alleles in a diploid cell (Davidson
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2001). Accordingly, AI in a single individual or species
provides evidence of cis-regulatory differences, as both
alleles are assumed to be in the same trans-regulatory
background. The prevalence of AI in dwarf whitefish
could be consistent with harnessing of ancestral alleles
for rapid adaptive change (e.g. Colosimo et al. 2005).
Indeed, in most cases, both alleles were also present in
normal whitefish. Moreover, this trend was observed
despite the fact that we had 15% more data for the normal pool compared with the dwarf pool. It should also
be noted that existing data on both neutral and coding
polymorphism do not reveal any significant difference
in overall homozygosity levels between normal and
dwarf whitefish (Lu & Bernatchez 1999; Campbell &
Bernatchez 2004; Renaut et al. 2010), thus bias in genotypic composition alone cannot explain the observed
prevalence of AI in dwarf whitefish. Protein synthesis
and immunity functional annotations were significantly
overrepresented among candidate contigs for AI, hence
further supporting previous identifications of these
functions as potential targets of divergent selection in
whitefish species pairs (St-Cyr et al. 2008). Indeed, evolutionary changes in the expression of key gene functions could occur at both the gene-specific and the
allele-specific levels (von Korff et al. 2009). For instance,
allele-specific underexpression of protein synthesis
genes in dwarf fish could hypothetically be related to
their reduced growth rate.

Comparison between RNA-Seq and microarray results
Previous studies comparing independent microarray
and RNA-Seq experiments in model organisms have
reported correlations varying between 46% and 75% (‘t
Hoen et al. 2008; Marioni et al. 2008). Similar results
were obtained when the microarray was constructed
with consensus sequences from a prior RNA-Seq experiment in a nonmodel organism (62%, Kristiansson et al.
2009). Here, RNA-Seq and microarray data were significantly correlated but only modestly (38%). This is not
surprising given that a previous quantitative real-time
PCR study has shed reasonable doubt on the hybridization specificity of the salmonid cDNA microarray used
by St-Cyr et al. (2008), especially in the face of multigene family expression (Jeukens et al. 2009). Nevertheless, the comparison between RNA-Seq and microarray
results with a sequence-specific validation approach
confirmed differential expression for 25–50% of ESTs,
depending on the stringency of the criterion. Moreover,
in accordance with EST annotation, the association
between multiple ESTs and a single RNA-Seq contig
clearly suggests that they represent a single gene. These
results also revealed that all microarray candidates had
relatively small absolute differences in expression

between dwarf and normal whitefish (14-3500 RPKM).
For candidate gene selection among RNA-Seq results,
Goetz et al. (2010) found that selecting contigs with the
highest absolute differences in expression (approximately 3000–20 000 in our data, see Table 3) increased
the success rate of real-time PCR validation compared
with selecting contigs only according to fold differences
in expression levels.
Real-time PCR was previously performed for two
candidate genes on the same samples that where used
for the experiment presented here and the microarray
experiment (Jeukens et al. 2009). The first gene, carboxylesterase, was significantly overexpressed in dwarf whitefish according to all three methods. However, the
second gene, anionic trypsin, was significantly overexpressed in dwarf whitefish according to microarray and
real-time PCR, but it was absent from the RNA-Seq de
novo contigs. Upon closer inspection, a few reads actually corresponded to this gene, but where not assembled de novo because of a lack of overlapping sequences.
This highlights the limitations of de novo assembly and
the fact that corroborating results from any one of these
methods may improve the search for candidate genes
based on their level of expression.
To summarize, the main goal of this study was to
characterize transcriptomic divergence between incipient species of lake whitefish by means of RNA-Seq. De
novo contig assembly and gene expression analysis led
to the identification of 948 differentially expressed contigs between dwarf and normal whitefish. The former
showed more overexpressed genes related to energy
metabolism, immunity as well as DNA replication and
repair, whereas the latter showed more overexpressed
genes associated with growth (protein synthesis).
RNA-Seq allowed SNP discovery, which combined
with gene expression data permitted to uncover the
relationship between expression and sequence evolution in a young species pair. As a result, we observed
no correlation between gene expression divergence
and any measure of polymorphism, regardless of it
being a general measure of the complete data set or
an index of divergence between dwarf and normal
whitefish. However, 9.2% of tested SNPs showed significant AI, and this phenomenon was significantly
more common in the recently diverged dwarf form.
Furthermore, protein synthesis and immunity functions
were overrepresented among candidate contigs for AI.
These results support evolutionary decoupling of regulatory and coding regions of genes, at least for very
young species pairs (Kohn et al. 2008). They also
emphasize the role of gene expression divergence and
the potential of allele-specific expression divergence in
the process of speciation. This study, together with the
companion study of Renaut et al. (2010), shows how
! 2010 Blackwell Publishing Ltd
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next-generation sequencing technologies can be harnessed to reach a much more comprehensive understanding of genomic and transcriptomic divergence in
a young species pair.
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