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Abstract

We tested the hypothesis that phenotypic parallelism between dwarf and normal whitefish
ecotypes (

 

Coregonus clupeaformis,

 

 Salmonidae) is accompanied by parallelism in gene
transcription. The most striking phenotypic differences between these forms implied
energetic metabolism and swimming activity. Therefore, we predicted that genes showing
parallel expression should mainly belong to functional groups associated with these
phenotypes. Transcriptome profiles were obtained from white muscle by using a 3557 cDNA
gene microarray developed for the Atlantic salmon (

 

Salmo salar

 

). A total of 1181 genes
expressed in both lake populations hybridized on the array. Significant differential expression
between ecotypes was detected for 134 (11.3%) and 195 (16.5%) gene clones in Cliff Lake and
Indian Pond, respectively. Fifty-one genes (4.3%) showed parallel differential expression
between lakes, among which 35 were expressed in opposite directions. Sixteen genes
(1.35%) showed true parallelism of transcription, which mainly belonged to energetic
metabolism and regulation of muscle contraction functional groups. Variance in expression
was significantly reduced for these genes compared to those not showing directionality in
parallelism of expression. Candidate genes associated with parallelism in swimming activity
and energetic metabolism based on their level and variance in expression were identified.
These results add to the growing evidence that parallel phenotypic evolution also involves
parallelism at both the genotypic and regulatory level, which may at least partly be associated
with genetic constraints. It also provides further evidence for the determinant role of divergent
natural selection in driving phenotypic divergence, and perhaps reproductive isolation, in
the adaptive radiation of lake whitefish. This study adds to a nascent field employing
microarrays as powerful tools for investigating the evolutionary processes of adaptive
divergence among natural populations.
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Introduction

 

The independent evolution of adaptively divergent pheno-
types among closely related lineages is most likely the
consequence of natural selection (Harvey & Pagel 1991).
Thus, the study of parallel evolution has contributed
importantly towards understanding the role of natural
selection in speciation (Harvey & Pagel 1991; Schluter 2000).
Parallel evolution has traditionally been documented
employing morphology (Huey 

 

et al

 

. 2000; Rundle &
Bronmark 2001) whereas the underlying genetic architecture
has been elusive (Remington & Purugganan 2003). Because

selection ultimately acts on the genetic variation underlying
trait variation, identifying the genes associated with parallel
evolutionary changes among populations is essential to
identify candidate genes implicated in adaptive phenotypic
divergence. Competing hypotheses have been proposed
with respect to parallel genomic evolutionary changes. The
first posits that constraints incurred by negative pleiotropic
interactions may be considerable, thus the parallel expres-
sion of any given trait will likely involve the same genes
(Stern 2000). Conversely, in the absence of pleiotropy,
the parallel evolution of phenotypes may not necessarily
involve the same genes (Schluter 

 

et al

 

. 2004). While some
studies have supported the notion of parallel genotypic
evolution (Sucena & Stern 2000; Gompel & Carroll 2003;
Colosimo 

 

et al

 

. 2004; Cresko 

 

et al

 

. 2004), others have implicated
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differing genomic changes underlying parallel phenotypic
evolution (Hoekstra & Nachman 2003; Wittkopp 

 

et al

 

. 2003).
Moreover, these studies involved the analysis of a few
candidate genes only, and consequently, tests of these
alternate hypotheses have remained inconclusive.

Recent investigations of the simultaneous expression of
thousands of genes by means of microarrays revealed that
changes in key regulatory genes may have a greater effect
than changes in structural genes on phenotypic diversifi-
cation (Purugganan 1998)

 

.

 

 Furthermore, variation in gene
expression between natural populations has been reported
to underlie adaptation (Gibson 2002; Oleksiak 

 

et al

 

. 2002,
2005; Bochdanovits 

 

et al

 

. 2003). These studies have cumula-
tively demonstrated the potential of transcription profiling
towards identifying differential gene expression between
populations, and thus offer a tremendous opportunity to
investigate the genomic basis of parallel, phenotypic diver-
gence under natural environmental conditions. The utility
of genome-wide expression studying natural populations
allows one to (i) identify the genes implicated in adaptive
divergence and (ii) determine the direction of transcrip-
tional divergence using a comparative approach. Moreover,
evidence that the same subset of genes reveals parallel,
directional changes in expression among independently
evolving populations of similar phenotype (up- or down-
regulation occurring on the same genes in both allopatric
similar phenotypes) would provide strong empirical
support that adaptive genomic divergence responds iden-
tically to the selective pressures associated with common
environmental changes. Moreover, Fisher’s theorem
predicts that traits under strong selection are expected to
display lower variance than traits under weaker selection
(Fisher 1930). Since gene expression is a quantitative
trait (Cheung & Spielman 2002), it is thus relevant to test
whether directional changes show significantly reduced
variation compared to nondirectional changes, which would
further support the hypothesis that genes subject to
directional, parallel changes are under stronger selective
and/or genetic constraints. Finally, selection may not only
target individual genes, but the whole interacting gene
networks, as gene interactions play a central role in develop-
ment and metabolism (Johnson & Porter 2000; Cork &
Purugganan 2004). Therefore, differential regulation of
putative candidate genes interacting in the same network
may occur between independently evolved, homologous
phenotypes.

In this study, we tested the general hypothesis that
parallel phenotypic evolution is associated with parallelism
in genomic expression by comparing transcription profiles
among two isolated, independently evolved population
pairs of sympatric ‘dwarf’ and ‘normal’ lake whitefish
(

 

Coregonus clupeaformis

 

, Salmonidae) ecotypes. These repro-
ductively isolated (Lu & Bernatchez 1999) forms diverged
12 000 years ago following the Wisconsinian glaciation,

and demonstrate differential trophic specialization (Lu &
Bernatchez 1999; Rogers 

 

et al

 

. 2002; Campbell & Bernatchez
2004; Rogers & Bernatchez 2005), life history traits (Fend-
erson 1964), morphology (Fenderson 1964; Bernatchez &
Dodson 1990) and behaviour (Bernatchez & Dodson 1990).
Thus, they represent populations in the early stages of the
speciation process (Lu & Bernatchez 1999). Of particular
interest is the observation that ecotypes differ mainly in
terms of bioenergetics (Trudel 

 

et al

 

. 2001) and growth
(Rogers & Bernatchez 2005), and that these differences have
evolved under divergent selection associated with specializa-
tion to limnetic and benthic trophic niches (Rogers &
Bernatchez 2005). This study therefore focuses on the white
muscle, a tissue highly implicated both in growth and
swimming activity (Mommsen 2001; Martinez 

 

et al

 

. 2004).

 

Materials and methods

 

Collection

 

Ten dwarf and normal sympatric whitefish ecotypes were
sampled in June 2003 using gillnets in two separate lakes
of the St John River drainage (Maine, USA): Cliff Lake
(46

 

°

 

23

 

′

 

51

 

′′

 

N, 69

 

°

 

15

 

′

 

05

 

′′

 

W) and Indian Pond (46

 

°

 

15

 

′

 

25

 

′′

 

N,
69

 

°

 

18

 

′

 

05

 

′′

 

W). Gillnets were inspected every 30 min to ensure
fish mortality did not occur before tissues were sampled
for RNA extractions. Collected white muscle (250–300 mg)
was immediately frozen in liquid nitrogen in the field, and
stored at 

 

−

 

80 

 

°

 

C in the laboratory until RNA extraction.
Particular care was given to minimize bias of size difference
between contrasted ecotypes because on one hand, metabolic
rate is expected to show negative allometry, typical of the
mass-specific basal metabolic rate of most animals (Somero
& Childress 1980); on the other, glycolytic-enzymes in
muscle were observed to increase in larger-size fish (Somero
& Childress 1980). In Cliff Lake, dwarf whitefish had a
mean fork length of 23.1 cm (SD = 6.15 cm), whereas normals
had a mean length of 35.4 cm (SD = 4.9 cm). In Indian Pond,
mean length was 22.4 cm (SD = 2.1 cm) for dwarf and 33.0 cm
(SD = 5.8 cm) for normal whitefish, respectively. Since
metabolic rate has been reported to differ between juvenile
and adult fish (Rowan 

 

et al

 

. 1997), only adult fish were
sampled. Because gene expression in white muscle was
reported to vary along body axis (Martinez 

 

et al

 

. 2004),
white muscle was systematically sampled from the same
body region, immediately below the dorsal fin, for all fish.

 

Microarrays

 

Extracted RNA was retrotranscribed following the Super-
Script™ II Reverse Transcriptase protocol (Invitrogen Life
Technologies). Transcriptome profiles were obtained by
using a 3557 cDNA gene microarray developed for the
Atlantic salmon (

 

Salmo salar

 

) by GRASP (Genomic Research
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on Atlantic Salmon Project) (Rise 

 

et al

 

. 2004), following the
Array 50 kit protocol (Genisphere). The transcript levels
were quantified using a ScanArray Express scanner (Packard
Bioscience). Only genes expressed in both lakes were con-
sidered for the data analysis (Tables S1 and S2, Supple-
mentary material).

Functional interpretations of transcriptional patterns
should be interpreted cautiously as transcription of a given
gene could lead to different protein products (alternative
splicing) and ultimately to different functions. Furthermore,
cross-hybridization can be a problem for spotted cDNA
microarrays because of sequence polymorphisms between
strains or paralogous genes that affect the signal for certain
genes. However, the 3557 cDNA gene microarray was
developed for the Atlantic salmon (

 

Salmo salar

 

). Given that
the genus 

 

Salmo

 

 and 

 

Coregonus

 

 diverged several million
years ago, recently diverged (less than 12 000 

 

bp

 

) whitefish
ecotype pairs should be equally affected by cross-
hybridization. Also, this study was not conducted in
controlled conditions and in principle, differential environ-
mental effects on gene expression should reduce the
capacity to detect parallelism of expression between lakes.
Yet, we were able to detect highly significant directional
parallel changes in expression between ecotypes (see
Results). Therefore, the number of genes showing parallelism
in levels and directionality of expression should be viewed
as conservative.

 

Statistical analyses

 

We used a paired design (Churchill 2002) whereby retro-
transcribed RNA from an individual of each ecotype of
a given lake was randomly chosen to be hybridized. Ten
biological replicates were used per analysis. Fluorescence
intensity values of duplicated EST (express sequence tags)
clone were averaged after correcting for local background
and divided the mean intensity for each channel (Draghici
2003). Potential biases in fluorophore intensity variation
were minimized by dye swapping (Churchill 2002)

 

.

 

 We
conducted an 

 

anova

 

 using the 

 

r

 

/

 

maanova

 

 software
(Kerr 

 

et al

 

. 2000) under a mixed-effect model using a
permutation-based 

 

F

 

-test (

 

F3

 

, with 1000 sample permuta-
tions) to detect differentially expressed genes between dwarf
and normal ecotypes (Cui & Churchill 2003).

 

Determination of gene functional groups

 

Gene loci correspond to EST library annotations using
databases from GenBank (see Rise 

 

et al

 

. 2004 for details).
Significantly differentially expressed gene clones were
classified into functional groups using the 

 

amigo

 

 browser
of Geneontology (www.geneontology.org/), the 

 

go

 

 browser
of NCBI (www.ncbi.nlm.nih.gov/gquery/gquery.fcgi), the

 

kegg pathway

 

 database (www.genome.jp/kegg/pathway.

html) and completed with references from the literature.
Two main functional groups were defined: muscle contrac-
tion regulation (MCR) and energetic metabolism (EM), as
they are of particular interest given previous observation
that dwarf and normal whitefish ecotypes differ mainly in
terms of bioenergetics (Trudel 

 

et al

 

. 2001) and swimming
activity (Rogers 

 

et al

 

. 2002).

 

P

 

 value calculations over observed occurrence of parallel 
transcriptional changes

 

For genes showing significant differences in both lakes
(L1 and L2), and given some total number of genes K,
and Z1 or Z2, the number of significant genes in L1 or L2,
we computed the 

 

P

 

 value of the observed number of coin-
cidences against the probability of coincidences when
assuming stochastic independence between significance in
L1 and significance in L2. Using standard notation, the pro-
bability function for X coincidences can be expressed as:

However the occurrence of false positives had to be taken
into account and so the following corrections were made
on parameters K, Z1, Z2. Since the significance threshold
was set at 0.05 (5%), the observed numbers of significant
genes for L1, L2 were corrected to Z1

 

′

 

 = Z1 – (0.05 * K),
Z2

 

′

 

 = Z2 – (0.05 * K), respectively. The number of coincid-
ences also had to be corrected since false positives may
generate false coincidences in three different ways: a pair
of false positives, a false positive in L1 paired with a true
positive in L2 and, finally, a true positive in L1 paired with
a false positive in L2. These three events have respective
probabilities: 0.05 * 0.05, 0.05 * (Z2

 

′

 

/K) and (Z1

 

′

 

/K) *
0.05. Therefore the number of coincidences was corrected
to X

 

′

 

 = X – (0.05 * 0.05 + 0.05 * (Z2

 

′

 

/K) + (Z1

 

′

 

/K) * 0.05) *
K. The 

 

P

 

 value calculations over coincidences were carried
out with the corrected values of the parameters.

 

Variance in expression profiles

 

An unpaired one-tailed 

 

t

 

-test with homoscedasticity (Draghici
2003) was used to test the hypothesis that intrapopulation
variance differs between genes showing directional vs.
nondirectional parallel changes in expression.

 

Results

 

Differential expression associated with phenotypic 
divergence

 

A total of 1181 genes expressed in both lake populations
hybridized on the 3557 cDNA chip. Significant differential

P
C C

C
( )  X; K, Z1, Z2 X

Z1
Z2 X
K Z1

Z2
K

= −
−
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expression between dwarf and normal ecotypes was detected
for 134 (11.3%) and 195 (16.5%) gene clones in Cliff Lake and
Indian Pond, respectively. Of these, 51 gene clones (4.3%)
showed parallel differential expression between lakes
(Table 1). Such a level of parallelism is highly unlikely by
chance alone (

 

P =

 

 0.166 · 10

 

−

 

17

 

, see methods). However, 35 of
the common genes (3% of 1181) were differentially expressed
in opposite directions (nondirectional) between the two
lake populations (Fig. 1A). On average, the magnitude of
differential expression was 21% (SD = 0.23) higher for the
15 nondirectional gene clones up-regulated in the dwarf
ecotypes within Cliff Lake and 16% (SD = 0.08) higher for
the 20 gene clones up-regulated in the dwarf ecotypes of
Indian Pond. The remaining 16 gene clones (1.35% of
1181) showed parallel pattern of transcription in both lake
populations (Table 1). Among these, 10 genes [EST clone
‘nwh^7^14^[P]’ which assigned to gamma-crystallin gene
was spotted in two separate duplicate pairs, see Table 1 and
Rise 

 

et al

 

. (2004)] were overexpressed in the dwarf ecotype,
while five were overexpressed in the normal ecotype
(Fig. 1A). The level of differential expression between dwarf
and normal ecotypes was different when considering these
genes: on average, the level of up-regulation was 47%
(SD = 0.39) higher for the 10 genes up-regulated in the
dwarf ecotype, but only 17% (SD = 0.07) for the five up-
regulated genes in the normal ecotype (Fig. 1B). Moreover,
the variance in expression for directional parallel genes
(mean = 2.42) was significantly lower than that observed
for nondirectional parallel genes (mean = 22.08) (

 

P =

 

 0.006,
one-tailed 

 

t

 

-test). Finally, the number of genes that showed
lake-specific differential expression between forms was
significantly higher (

 

χ

 

2

 

 = 9.93. 

 

P

 

 = 0.002) in Indian Pond

(

 

n

 

 = 144) than in Cliff Lake (

 

n

 

 = 83), the latter being marginally
significantly different from the number of the 59 expected
false positives (

 

χ

 

2

 

 = 0.383, 

 

P

 

 = 0.05) (table of all significant
genes available upon request to the authors).

 

Functional groups: directional vs. nondirectional 
parallelism in expression

 

Among genes showing directional parallel changes (Table 1),
up-regulation was twice more common in the dwarf ecotype
than in the normal, and mainly involved both energetic
metabolism (3 distinct EST clones out of 10) and muscle
contraction regulation genes (six distinct EST clones out of
10). Gamma-crystallin was up-regulated by 109% in Cliff
Lake and 54% in Indian Lake; ATP synthase subunit c was
up-regulated by 10.4% in Cliff Lake and 17% in Indian
Pond. Up-regulation for six parvalbumin variants varied
between 14% and 135%. Up-regulated genes in the normal
ecotype concerned energetic metabolism, iron binding and
tissular differentiation. Nondirectional parallel changes
mainly involved functional groups associated with glycolysis/
ATP synthesis (20%), muscle contraction regulation (26%)
and protein synthesis (26%) (Table 2, Fig. 1C).

 

Population-specific differences of expression

 

Since the significance threshold was set at 0.05 (5%), the
observed numbers of significant genes for lake-specific
changes were 83 and 144 for Cliff Lake and Indian Pond,
respectively (tables available upon request to the authors).
The main functional groups involved in both lake were
protein synthesis (30.1% for Cliff Lake, 36.8% for Indian

Fig. 1 (A) Percentage of genes that are
differentially expressed in parallel between
dwarf and normal ecotypes. (B) Mean
differential gene expression (%) between
dwarf and normal ecotypes. (C) Breakdown
(%) of the main functional groups associ-
ated with directional and nondirectional
parallel differential expression between
dwarf and normal ecotypes. Error bars are
standard deviations. Directional change
refers to overexpression in the same ecotype
in the two lake populations, whereas non-
directional change refers to overexpression
in different ecotypes between the two lakes.
Black, energetic metabolism; vertically striped,
muscle contraction regulation; horizontally
striped, protein synthesis; and white, other
functional groups.
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Pond), energetic metabolism (16.9% for Cliff Lake, 9.7% for
Indian Pond), and muscle contraction (8.4% for Cliff
Lake, 7.6% for Indian Pond). The main difference between
two lakes was overexpression of several independent EST
clones of Ferritin H gene in Indian Pond normal pheno-
type. In Cliff Lake, several EST clones matching to the same
gene were overexpressed in dwarf ecotype: four other
parvalbumin variants, two cytochrome 

 

c

 

 oxidase poly-
peptide VIa precursor (lna^8^10^ and plnb^504^159^)
and two cytochrome 

 

c

 

 oxidase subunit II (shc^503^299^
and pitl^504^173^).

 

Discussion

 

Our main objective was to test the general hypothesis that
phenotypic parallelism between dwarf and normal whitefish
ecotypes is accompanied by parallelism in gene expression,
which would further support the role of divergent selection
in driving population divergence and ultimately reproduc-
tive isolation between whitefish ecotypes. Given that the
most striking phenotypic differences previously reported
between these forms implied energetic metabolism and

swimming activity (Trudel 

 

et al

 

. 2001; Rogers 

 

et al

 

. 2002),
we predicted that genes showing the clearest evidence
of parallel expression should belong to functional groups
associated with these phenotypes. Genes showing evidence
of parallelism are more likely to be under directional
selective constraints, which should in turn result in reduced
genetic variance. Therefore, such genes should also exhibit
lower variance in expression. Previous studies also showed
that both metabolism (Trudel 

 

et al

 

. 2001) and swimming
activity (Rogers 

 

et al

 

. 2002) are higher in dwarf relative to
normal phenotypes, genes associated with these traits
should be up-regulated in the dwarf whitefish. The results
obtained supported these predictions since we observed
directional parallelism for 16 genes (1.35% of the 1181
genes expressed in both lakes) and these mainly belong to
energetic metabolism and regulation of muscle contrac-
tion functional groups (Fig. 1C). Moreover, variance in
expression was significantly reduced for these genes com-
pared to those not showing directionality in parallelism of
expression. Finally, we observed a 47% increase of mean
expression for these genes in dwarf relative to normal
ecotypes, which contrasted with a mean difference of 18%

Table 1 Parallel directional changes in gene expression between dwarf and normal ecotypes

Function* EST clone† Gene‡

Fold change§ 

P-CL¶ P-IP¶Cliff Lake Indian Pond

MCR Nwh^20^43^[P] = (AF538283) parvalbumin beta 1.22 1.14 0.0010 0.0395
Nwh^10^49^[P] = (AF538283) parvalbumin beta 1.28 1.15 0.0004 0.0223
Nwh^18^44^[P] = (AF538283) parvalbumin beta 1.20 1.24 0.0017 0.0155
Nwh^11^85^[P] = (AF538283) parvalbumin beta 1.42 1.37 0.0005 0.0090
Nwh^6^27^ = (AF538283) parvalbumin beta 2.35 1.55 0.0000 0.0018
Nwh^11^21^[P] = (AF538283) parvalbumin beta 2.13 1.82 0.0000 0.0007

EM Nwh^7^14^[P] [JC2355] gamma-crystallin†† 2.16 1.59 0.0000 0.0004
Nwh^7^14^[P] [JC2355] gamma-crystallin 2.02 1.49 0.0000 0.0007
rbha^3^93^[P] [AAG16310] enolase-1 1.18 1.01 0.0121 0.0291
Rgb^515^50^[P] [P07926] ATP synthase (c) 1.10 1.17 0.0247 0.0343

OF Nwh^9^90^ unknown 1.36 1.33 0.0002 0.0219
IB Rgb^526^361^[P] [AAB34576] ferritin M 0.86 0.70 0.0049 0.0012
EM Rgb^507^246^[N] [BI468053] = triose P isomerase 0.81 0.86 0.0063 0.0205

Nwh^13^82^[P] [AAB82747] GAPDH 0.91 0.87 0.0272 0.0276
TD Rblb^3^48^[P] [AAC99813] SPARC 0.90 0.90 0.0231 0.0204

rgb^523^219^[P] [AAC99813] SPARC 0.90 0.91 0.0246 0.0381

*Functional classes are defined using amigo browser of Geneontology (www.geneontology.org/), the go browser of NCBI 
(www.ncbi.nlm.nih.gov/gquery/gquery.fcgi), the kegg pathway database (www.genome.jp/kegg/pathway.html) and completed with 
references from the literatu2e. EM, energetic metabolism; IB, iron binding; MCR, muscle contraction regulation; OF, other functions; 
TD, tissular differentiation.
†Each EST clone number corresponds to a single EST sequence.
‡Gene loci correspond to gene names assignation of each library’s EST using databases from GenBank see Rise et al. (2004) for details. 
‘=’ means unknown EST sequences resubmitted in this study to GenBank databases. Locus accession number are in brackets.
§Fold change correspond to a ratio of mean expression values of dwarf to normal ecotypes: > 1 implies up-regulated in dwarf; < 1 implies 
up-regulated in normal.
¶P-CL and P-IP correspond to permuted P values for Cliff Lake and Indian Pond, respectively (anova, F3 test with 1000 permutations).
††EST clone ‘nwh^7^14^[P]’ which assigned to gamma-crystallin gene was spotted in two separate duplicate pairs. See Rise et al. (2004).
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in levels of expression for other functional groups, or genes
not showing directional parallelism of expression.

We also identified potential candidate genes associated
with parallelism in swimming activity and energetic meta-
bolism based on their level and variance in expression. One
such candidate is the gamma-crystallin gene. The beta/
gamma-crystallin superfamily has evolved from pre-existing
proteins, and is closely related and highly homologous
to lactate dehydrogenase (Jones et al. 1999). Moreover, it
has been reported that vertebrate enzyme-crystallins have
retained enzymatic activities (Piatigorsky 2003). Therefore,
it appears more plausible that transcripts that hybridized
to the gamma-crystallin EST were lactate dehydrogenase
transcripts rather than genes with lens crystallin functions

expressed in muscles. Lactate dehydrogenase plays an
important role in glycolysis and swimming activity, and is
correlated with glycolytic capacity such that a more active
use of fast muscle fibres is expected to translate into higher
expression of glycolytic enzymes (Martinez et al. 2004).
Indeed, higher activity of lactate dehydrogenase was
reported in the cisco (Coregonus artedi) relative to normal
lake whitefish (Guderley et al. 1986), the former being a
pelagic whitefish species characterized by high swimming
activity (Bernatchez & Dodson 1985). Similarly, over-
expression of proteins which are highly homologous to
gamma-crystallins could also be associated with a geneti-
cally determined, increased swimming activity in dwarf
whitefish (Rogers et al. 2002). A second potential candidate

Table 2 Parallel nondirectional changes in gene expression between dwarf and normal ecotypes

Function* EST clone† Gene‡

Fold change§ 

P-CL¶ P-IP¶Cliff Lake Indian Pond

MCR nwh^1^27^[P] = (SSPRVB1) parvalbumin beta 1.20 0.86 0.0004 0.0196
nwh^19^62^[P] = (SSPRVB1) parvalbumin beta 1.19 0.83 0.0027 0.0091
nwh^11^86^[P] = (SSPRVB1) parvalbumin beta 1.19 0.82 0.0047 0.0050
nwh^10^26^[P] = (SSPRVB1) parvalbumin beta 1.15 0.87 0.0071 0.0139
nwh^20^13^[P] = (SSPRVB2) parvalbumin beta 1.28 0.42 0.0019 0.0000
nwh^8^70^[N] [AF330142] actin 1.11 0.76 0.0156 0.0112
rblb^3^3^[N] [L25609] tropomyosin 1.11 0.88 0.0259 0.0373
rbhb^2^80^[P] [NP_003794] myomesin 0.86 1.15 0.0096 0.0214
nwh^11^82^[P] [AAC96094] creatine kinase 0.97 1.24 0.0257 0.0054

EM ela^2^71^[P] [AAF61384] cytochrome c oxidase (III) 1.15 0.90 0.0302 0.0210
rgb^525^81^[P] [AAF61384] cytochrome c oxidase (III) 1.20 0.78 0.0040 0.0010
lna^7^82^[P] [T09959] cytochrome c reductase 1.09 0.81 0.0250 0.0065
lna^13^27^[N] [AY024367] glycerol3PDH 1.08 0.86 0.0445 0.0261
plnb^504^321^[P] [BAA88482] alpha 1 enolase 0.81 1.21 0.0013 0.0061
nwh^19^56^[P] [NP_036627] aldolase 0.84 1.17 0.0028 0.0088
lna^2^51^[N] [AF360980] GAPDH 0.85 1.20 0.0044 0.0083

PS nwh^6^94^[P] [JC1235] transcription factor BTF3a 0.87 1.12 0.0116 0.0415
rgb^526^260^[P] [AAK09383] ribosomal protein S3a 0.88 1.25 0.0131 0.0080
pha^501^321^[P] [P27952] ribosomal protein S2 0.86 1.14 0.0142 0.0073
rgb^514^102^[P] [NP_065625] ribosomal protein S14 0.90 1.09 0.0342 0.0338
rgb^523^34^[P] [AAD26692] ribosomal protein S13 0.92 1.14 0.0349 0.0418
rgb^534^122^[P] [XP_049354] = ribosomal protein L9 0.91 1.11 0.0221 0.0354
lna^17^71^[P] [1909362 A] ribosomal protein L27 0.94 1.28 0.0430 0.0051
rgb^522^123^[N] [BG934793] = ribosomal protein L37A 0.84 1.23 0.0064 0.0078
rgb^531^17^[P] [BAB27309] = ribosomal protein L13 0.87 1.16 0.0184 0.0121
lna^13^72^[N] [BG935658] = (AF503957) ribosomal protein 0.90 1.39 0.0202 0.0102

OF rbha^4^69^[N] [BI468155] = (AF452171) lysozyme type II 0.95 1.07 0.0210 0.0489
rgb^510^358^[P] [NP_035159] laminin receptor 0.91 1.14 0.0154 0.0273
plnb^506^166^[P] [BAA88568] ubiquitin 0.87 1.26 0.0157 0.0037
lna^16^10^[P] [BAA88568] ubiquitin 0.92 1.33 0.0396 0.0036
nwh^3^95^[P] [AAG12164] ornithine aminotransferase 1.32 0.80 0.0008 0.0282
rblb^2^45^[P] [AAG30028] prostaglandine D synthase 1.14 0.83 0.0115 0.0296
rbhb^3^59^[P] [AAF73200] methyltransferase 1.06 0.98 0.0167 0.0433
plnb^503^306^[P] [CAC19682] NTT4 1.11 0.97 0.0324 0.0427
rblb^2^22^[P] [BAA91208] unknown protein 0.92 1.12 0.0410 0.0321

*, †, ‡, § and ¶: see Table 1.
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gene was the mitochondrial ATP synthase, a key enzyme
in oxidative phosphorylation, which produces energy
for the cell. The c subunits form oligomeric rings in the
membrane domain of ATP synthase, and are believed to
play a central role in providing the energy for the synthesis
of ATP (Medeiros & Jennings 2002). Thus, higher expression
of ATP synthase observed in both dwarf populations is con-
sistent with the more elevated energy demands associated
with increased swimming activity in this ecotype.

The parvalbumin genes showed the most pronounced
pattern of differential expression as a group, with six
variants being overexpressed in both dwarf populations,
and exhibiting significantly reduced variance in expression
(mean = 1.15) relative to nondirectional parvalbumin
variants (mean = 30.26) (P = 9 · 10−5, unpaired one-tailed t-
test) (Fig. 3). In addition, a resubmission of the 11 distinct
parvalbumin EST clones to sequence databases showed
that the six variants overexpressed in both dwarf popula-
tions matched to one parvalbumin gene (AF538283) with
87–98% of sequence homology. It thus appears likely that
the six parvalbumin transcripts that were overexpressed in
the dwarf ecotype and hybridized to the six parvalbumin
EST clones may belong to the same gene region. Among
the five nondirectional parvalbumin variants, four showed
little sequence homology with (AF538283), but rather
matched to (SSPRVB1) with 98–99% of sequence homology.
Although one-third of the sequence of the other nondirec-
tional parvalbumin variant aligned with (AF538283), its
entire sequence length matched to (SSPRVB2) with 98%
of sequence homology. In addition, directional and non-
directional parvalbumin EST sequences form two clusters
(directional vs. nondirectional). These clusters do not align
over the first 400 sites, but do align over the last 193 sites,
where they are differentiated by 25 fixed substitutions
(data not shown). Together, it appears very likely that four
of five nondirectional parvalbumin transcripts would
belong to the same gene, whereas the fifth would belong
to another parvalbumin variant, all of them being distinct
from the directional parvalbumin (AF538283) locus.
Parvalbumins are intracellular calcium-binding proteins
that play a major role in the regulation of muscle contrac-
tion regulation (Rall 1996). Namely, they accelerate muscle
relaxation between brief contractions by calcium seques-
tration, such that a higher concentration of parvalbumins is
expected to translate into more muscle contractions per
unit of time (Rall 1996). Moreover, these genes have been
shown to increase the hyperexcitability of fast muscle in
mutant mice (Schleef et al. 1994). Thus, parallelism in over-
expression of one parvalbumin variant is also congruent
with the higher swimming activity observed in dwarf
whitefish.

Altogether, the above results support the hypothesis
that parallel phenotypic evolution in energetic metabolism
and swimming activity at least partly involves directional

changes in expression at the same genes. This, in turn,
brings further support to the hypothesis that directional
selection has played a determinant role in the rapid adaptive
radiation of whitefish in recent evolutionary times. Parallel
evolution and reduced variance at the genome level may
also partly result from the same genetic constraints being
shared by closely related species or populations (Haldane
1932). Genetic constraints depend both on gene position
in metabolic networks, as well as network functions them-
selves (Johnson & Porter 2000; Cork & Purugganan 2004).
For instance, genes acting at branch points of metabolic
pathways are potentially more constrained because of their
more important impact on pleiotropic interactions (Cork &
Purugganan 2004). Conversely, more external genes are
expected to be less constrained since they have one or few
functions, and similar genes are often available for doing
the same task (Cork & Purugganan 2004). Thus, under the
hypothesis that genes showing directional parallelism are
the most likely targets of selection, the genetic constraint
hypothesis would predict that such genes should also
be more likely to play a central role in their metabolic
network. Our results partly support this hypothesis. For
instance, parvalbumins are at the basis of gene interactions
controlling muscle contraction regulation (Rall 1996).
Similarly, the putative LDH-like crystalline enzyme that
hybridized on the gamma-crystallin EST would have a
central role in muscle energetics, as LDH activity was
reported to be an indicator for glycolytic ATP needs in
fast-twitch (i.e. white) muscle (Odell et al. 2003).

An alternative, nonexclusive hypothesis is that differences
in expression between more vs. less constrained genes
could also reflect the sequential chronology of adaptive
genomic response. Orr (2000) hypothesized that large effect
mutations are selected first, and because they often have
negative pleiotropic interactions, small effect compensatory
mutations are recruited secondarily in order to canalize
adaptive response (Gibson & Wagner 2000). Under this
framework, directional parallel genes, also showing the
most pronounced pattern of differential expression, may
have been recruited first during the process of population
divergence, later accompanied by recruitment of different
(i.e those showing no directional parallelism) genes to
compensate for possible deleterious effects of major ones.
Thus, transcriptional regulation changes would have
occurred first on genes of larger effects such as parval-
bumin beta, ATP-synthase and LDH-like crystalline enzyme,
followed by compensatory mutations modulating expres-
sion of genes in the same interacting networks (e.g. actin,
tropomyosin, myomesin and creatine kinase in muscle
contraction; glycolytic enzymes such as aldolase, triose
phosphate isomerase, GAPDH, enolase, as well as cyto-
chrome c oxidases in the ATP synthesis network). Further
indication for the role of genetic constraints on the associ-
ation between gene expression and phenotypic divergence
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comes from the results obtained for the 35 genes that
showed significant changes in expression in both lakes
but in opposite directions. It is plausible that genetic bias
resulting in parallelism of metabolic networks associated
with differential phenotypic expression does not necessarily
involve similar changes in expression of the same genes, but
rather different combinations of up- and down-regulations
that may result in similar phenotypic expression. Thus,
parallel, nonrandom, transcriptional changes were observed
in both lake populations, suggesting they too may have
played an important, functional role in the phenotypic
divergence of lake whitefish ecotypes. The three main
functional groups of these nondirectional parallel genes
were glycolysis/ATP synthesis, muscle contraction regula-
tion and protein synthesis. Interestingly, these three
functional groups presented an amount of differential
expression, although opposed, that was not significantly
different between the two lake population pairs (glycolysis/
ATP synthesis: P = 0.48; muscle contraction regulation: P =
0.26; and protein synthesis: (P = 0.17). This raises the hypo-
thesis that different balances between up- and down-
regulated genes in a given pathway could potentially
lead to the same large-scale effect (Johnson & Porter 2000).
The most striking case concerns glycolysis/ATP synthesis
genes (Fig. 2), wherein nondirectional, parallel changes
typically belong to the two stages of the glucose catabolism
pathway: in one stage, aldolase, glyceraldehyde 3-phosphate
deshydrogenase and enolase, operate in the glycolysis
pathway leading to the formation of pyruvate (stage 1); in
the other, cytochrome c oxidases, cytochrome c reductase
and glycerol 3 phosphate dehydrogenase are involved
in the tricarboxylic acid cycle, which occurs within the
mitochondria (stage 2). Thus, when stage 1 genes are up-
regulated, stage 2 genes are down-regulated. Conversely,
when stage 2 genes are up-regulated, genes from stage 1
are down-regulated. Therefore, these two different settings
of gene regulation could potentially lead to comparable
amounts of ATP production in different populations of the
same ecotype. Similarly, such a phenomenon might also
have occurred in muscle contraction regulation, wherein
parvalbumins, actin, myomesin, tropomyosins and creatine
kinase interact in the same network (Fig. 3). It is also
noteworthy that two different EST clones of both glyceral-
dehyde 3-phosphate deshydrogenase and enolase genes
showed dissimilar results. This is not surprising as there is
a nearly 50% sequence divergence between glyceraldehyde
3-phosphate deshydrogenase ESTs, and that enolase ESTs
differed by two insertions/deletions of 3 and 35 nucle-
otides, respectively. This raises the hypothesis that the dif-
ferent EST of these two genes may have distinct functions.
Altogether, these observations corroborate the hypothesis
that different regulation settings in a given pathway or
interaction network could lead to a similar expression of
physiological phenotypes (Johnson & Porter 2000).

Differences of transcription regulation between dwarf
and normal could potentially be partly affected by size
differences. For instance, glycolytic enzyme activities in
white muscle are positively correlated with body size
(Somero & Childress 1990). However, no systematic bias in
levels of expression between the two forms was detected.
It thus seems unlikely that allometry significantly affected
differences of transcriptional patterns observed.

To date, very few studies have investigated parallelism
in gene expression in the context of adaptive radiation or
other rapid evolutionary processes in natural environments
(but see Cooper et al. 2003; Zhong et al. 2004). In a study on
Escherichia coli performed in a controlled experiment, the
proportion of directional, parallel changes observed in
the Cooper et al. (2003) study was very similar to that we
observed in this study (1.40% vs. 1.35%). Our results are also
congruent with previous studies that addressed patterns
of parallel evolution at the genome level in whitefish.
For instance, Campbell & Bernatchez (2004) compared
the pattern of genetic differentiation obtained using 440
amplified fragment length polymorphism (AFLP) loci
with that expected under neutrality in four sympatric pairs
of lake whitefish ecotypes. Among loci that were most
likely under directional selection, only six (1.3%) exhibited

Fig. 2 Differential gene expression in energetic metabolism
network (simplified). Arrows represent gene regulation changes:
diagonally striped for directional parallel changes, white for Cliff
Lake population (left) and black for Indian Pond population
(right). ‘=’ means no differential expression. EST clones are
indicated in parentheses when different (see Tables 1 and 2).
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parallel patterns of divergence, indicating that only a small
proportion of scored AFLP loci might be linked to genes
implicated in the adaptive divergence of lake whitefish. More
recently, Rogers & Bernatchez (2005) integrated adaptive
quantitative trait loci (QTL) mapping and genome scans
among the same four sympatric pairs to test the hypothesis
that differentiation between dwarf and normal ecotypes at
growth-associated QTLs was maintained by directional
selection. Among the 27 growth-related QTLs that were
analysed, only two exhibited parallel reductions of gene
flow. Altogether, these studies are consistent with the
hypothesis that adaptive phenotypic divergence between
closely related populations is accompanied by relatively
few genetic changes, either in the form of structural or
regulatory genes (Purugganan 1998).

To conclude, this study adds to the growing evidence that
parallel phenotypic evolution also involves parallelism at
both the genotypic and regulatory level, which may at least
partly be associated with genetic constraints as envisioned
by Haldane (1932). It also provides further evidence for the
determinant role of divergent natural selection in driving
phenotypic divergence, and perhaps reproductive isolation
in the adaptive radiation of lake whitefish. Finally, this study
adds to a nascent field employing microarrays as powerful
tools to investigate the evolutionary processes of adaptive
divergence among natural populations.
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Table S1 and Table S2 
Column A: ‘ID’ corresponds to the spot number on the GRASP
3557 gene chip (see Rise et al. (2004) for details).
Column B: ‘Name’ includes EST clone number (Each EST clone
number corresponds to a single EST sequence), Genbank acces-
sion number of the best blast query, and its gene name (see Rise et
al. (2004) for details).
Column C: ‘Pvalperm’ corresponds to permuted P-values for Cliff
Lake and Indian Pond respectively (anova, F3 test with 1000
permutations).

Fig. 3 Differential gene expression in muscle contraction regulation network. During relaxation phase, Ca2+ is bound to parvalbumin (PV).
Ca2+ returns to the sarcoplasmic reticulum (SR) via a Ca2+ pump activated by ATP modulated by creatine kinase. This establishes the next
contraction phase wherein Ca2+ is released from the SR, thereby removing contraction inhibition of tropomyosin. This allows interaction
between actin and myosin, leading to muscle contraction. Arrows represent gene regulation changes: diagonally striped for directional
parallel changes, white for Cliff Lake population (left) and black for Indian Pond population (right). EST clones are indicated in parentheses
when different (see Tables 1 and 2). (1): nwh^20^43^[P], nwh^10^49^[P], nwh^18^44^[P], nwh^11^85^[P], nwh^6^27^ matched to
(AF538283) parvalbumin beta variant, up-regulated in both dwarf populations. (2): nwh^1^27^[P], nwh^19^62^[P], nwh^11^86^[P] and
nwh^10^26^[P] matched to (SSPRVB1) parvalbumin beta variant, and nwh^20^13^[P] matched to (SSPRVB2) parvalbumin beta variant,
both of them are up-regulated in Cliff Lake dwarf population and down-regulated in Indian Pond dwarf population. ‘Var’ indicates mean
variance of gene expression among dwarf and normal ecotypes in both lake populations.
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Column D: ‘Fold change’ corresponds to a ratio of mean expres-
sion values of dwarf to normal ecotypes: > 1 implies up-regulated
in dwarf; < 1 implies up-regulated in normal.
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