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Several studies have recently reported evidence for positive selection acting on the mitochondrial
genome (mitogenome), emphasizing its potential role in adaptive divergence and speciation. In this study
we searched 107 full mitogenomes of recently diverged species and lineages of whitefish (Coregonus ssp.)
for signals of positive selection. These salmonids show several distinct morphological and ecological dif-
ferences that may be associated with energetics and therefore potentially positive selection at the mito-
genome level. We found that purifying selection and genetic drift were the predominant evolutionary
forces acting on the analyzed mitogenomes. However, the NADH dehydrogenase 2 gene (ND2) showed
a highly elevated dN/dS ratio compared to the other mitochondrial genes, which was significantly higher
in whitefish compared to other salmonids. We therefore further examined nonsynonymous evolution in
ND2 by (i) mapping amino acid changes to a protein model structure which showed that they were
located away from key functional residues of the protein, (ii) locating them in the sequences of other
species of fish (Salmonidae, Anguillidae, Scombridae and Percidae) only to find pronounced overlap of
nonsynonymous regions. We thus conclude that relaxed purifying selection is driving the evolution of
ND2 by affecting mostly regions that have lower functional relevance.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The vertebrate mitochondrial genome (mitogenome) consists of
37 genes (Ballard and Whitlock, 2004). Of these, 13 encode sub-
units of protein complexes directly involved in the oxidative phos-
phorylation (OXPHOS) pathway responsible for most of the energy
(ATP) produced in the eukaryotic cell (Saraste, 1999). Despite the
important functions of its genes, the mitogenome has historically
been assumed to evolve neutrally (Ballard and Whitlock, 2004;
Galtier et al., 2009). However, several studies have shown discrep-
ancies from solely neutral evolution (Ballard and Whitlock, 2004;
Galtier et al., 2009). Analyses of dN/dS between the mitochondrial
coding genes normally demonstrate values �1 in e.g. fishes and
mammals (e.g. da Fonseca et al., 2008; Sun et al., 2011), which is
evidence for strong purifying (negative) selection. This is in line
with pathophysiology research showing associations between
amino acid changes in mitochondrial coding genes and disease
(Jonckheere et al., 2012; Smeitink et al., 2001). Given strong evolu-
tionary constraints, most amino acid (nonsynonymous) changes
are likely to be nearly neutral; i.e. slightly deleterious or situated
in regions of less overall importance for protein function.

Although purifying selection may be the predominant form of
selection acting at the mitogenome level it does not exclude the
possibility for positive selection acting on individual genes or sin-
gle codon positions (Ballard and Whitlock, 2004; Galtier et al.,
2009). However, the mitogenome has an effective size (Ne) four
times smaller compared to a diploid nuclear genome, due to a hap-
loid nature and maternal inheritance (Ballard and Whitlock, 2004;
Birky et al., 1983; Galtier et al., 2009). Thus, compared to its
nuclear counterparts, mitochondrial genes are likely to be more
influenced by genetic drift than selection. As a consequence some
studies have argued that positive selection should be more com-
mon in organisms showing high Ne, like many invertebrate species.
However, empirical studies find only limited support for this
(Bazin et al., 2006; Meiklejohn et al., 2007; Piganeau and Eyre-
Walker, 2009). Using different combinations of analyses, several
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studies have reported evidence for positive selection in the coding
genes of the mitogenome in vertebrate species with presumably
lower effective population sizes. As such, evidence for positive
selection has been found in mammals (da Fonseca et al., 2008;
Fontanillas et al., 2005; Foote et al., 2011), and fishes (Belanger-
Deschenes et al., 2013; Dalziel et al., 2006; Gagnaire et al., 2012;
Garvin et al., 2011; Jacobsen et al., 2014; Jacobsen et al., 2015)
probably relating to thermal adaption, or aerobic requirements
linked to migration behavior, swimming speed, size and diet. Also,
given the tight link between mitochondrial and nuclear genes in
the oxidative phosphorylation complex, possibilities for co-
evolution exist (Ballard and Whitlock, 2004; Gagnaire et al.,
2012; Galtier et al., 2009; Rand et al., 2004; Teacher et al., 2012),
and positive selection or fixation of deleterious mutations in either
genome can lead to subsequent selection acting on the other (Rand
et al., 2004).

In this study we investigate the evolutionary patterns at the
mitogenome level, across different species and ecotypes of white-
fish (Coregonus ssp.). Whitefish are salmonids, show enormous
phenotypic variation and are important models for studying the
genetics of speciation (e.g. Gagnaire et al., 2013; Jacobsen et al.,
2012; Østbye et al., 2006; Østbye et al., 2005; Pigeon et al., 1997;
Rogers and Bernatchez, 2005, 2007). Several distinct ecotypes (or
species) are known to occur both allo- and sympatrically. Among
these are the ‘Atlantic’ and the ‘Acadian’ mtDNA lineages of the
American lake whitefish (abbreviated ALW) (Coregonus clu-
peaformis) (Bernatchez and Dodson, 1990, 1994) that evolved in
allopatry during the last Glaciation >50 Kya (Jacobsen et al.,
2012). Both lineages can exhibit dwarf-sized pelagic or larger sized
benthic forms, however, when occurring in sympatry individuals
belonging to the Acadian lineage tend to have evolved toward
the dwarf phenotype (Bernatchez and Dodson, 1990; Lu et al.,
2001). Also in Europe several differentiated forms exist (Himberg
and Lehtonen, 1995; Kottelat and Freyhof, 2007; Østbye et al.,
2006; Østbye et al., 2005) like the North Sea houting (abbreviated
NSH) (Coregonus oxyrhynchus, sometimes referred to as C. oxy-
rhinchus), a recently diverged species or ecotype of the European
lake whitefish (abbreviated ELW) (Coregonus lavaretus) (Hansen
et al., 2008; Jacobsen et al., 2012).

Both European and American whitefish forms show several
phenotypic differences likely linked to metabolism, which suggests
the possibility for positive selection to be acting at the mitogenome
level. ALW shows differences in both age at maturity and growth
rate (Trudel et al., 2001), with larger benthic forms maturing later
and growing slower. In Europe, the NSH shows older age at matu-
ration compared to Danish ELW (Hansen et al., 2008; Hansen et al.,
2006). Moreover, as the only representative within the ELW-
complex it migrates into high salinity seawater (>33‰) (Jensen
et al., 2003) which could affect energy requirements related to
osmoregulation and migration over longer distances in the marine
environment.

Phenotypic differences in whitefish have in several cases been
shown to have a genetic and possibly adaptive basis. QTL studies
show significant association between microsatellite markers and
e.g. growth rate, swimming behavior (habitat selection and preda-
tor avoidance), and life history (onset of maturity and fecundity) in
sympatric ‘Atlantic’ and ‘Acadian’ lineages of ALW (Rogers and
Bernatchez, 2007). Moreover, differences in gene expression have
been reported between different whitefish species and ecotypes
(Derome et al., 2006; Evans and Bernatchez, 2012; Jensen et al.,
2013). Many of these genes relate to metabolism and likely reflect
selection for optimal energy production. The genes include several
involved in OXPHOS like the mitochondrial NADH dehydrogenase
5 (ND5, complex I), Cytochrome b (CYTB, complex III) and ATPase
8 genes (ATP8, complex V), as well as the nuclear Cytochrome b-
c1 subunit 8 and Cytochrome c oxidase subunit 6A (complex IV)
that all are upregulated in dwarf compared to normal ALW
(Evans and Bernatchez, 2012). Also ATP synthase subunits g and
c (complex V) show divergent expression patterns between Danish
NSH vs. ELW (Jensen et al., 2013) and dwarf vs. normal ALW
(Derome et al., 2006). However, although adaptive divergence as
such seems evident at the regulatory level, no studies have so far
investigated the possibility for positive selection at the functional
level within the 13 mitochondrial genes.

Here we investigate potential selection at the mitogenome level
in different species and ecotypes of whitefish by analyzing 107
mitogenome sequences. The dataset includes several distinct spe-
cies and ecotypes that have diverged at different timescales; from
few thousands to more than one million years ago. As such, the
data constitute an interesting resource for elucidating evolution
and selection at the mitogenome level over time. Given the pheno-
typic differences related to metabolism we especially wanted to
test whether positive selection had occurred at the coding gene
level. First, we tested the overall hypothesis of neutral evolution
by comparing the number of mutations (total and synonymous)
with the length of the respective genes, as well as the number of
nonsynonymous change compared to the synonymous changes.
Second, we analyzed the direction of amino acid changes at the
phylogenetic level. We conducted codon-based analyses of diversi-
fying and episodic positive selection, in order to investigate if pos-
itive selection is acting in the coding genes. Finally, as the NADH
dehydrogenase 2 gene (ND2) showed exceptionally high dN/dS
we further evaluated the amino acid changes within this gene by
modeling the amino acid changes within the protein structure. In
order to further investigate whether these changes were adaptive,
we compared the observed patterns within the whitefishes with
the overall pattern across 15 salmonid species, as well as three
other families of fish (Scombridae, Percidae and Anguillidae). In
this comparison, overlap of nonsynonymous changes between taxa
was used as a proxy for regions likely under less conservative evo-
lutionary constraints.
2. Material and methods

2.1. Sampling and sequences

The main dataset consisted of 107 mitogenome sequences of
whitefish (Coregonus sp.) (Genbank accession No. NC_002646.1
and JQ661382–JQ661487) (Jacobsen et al., 2012; Miya and
Nishida, 2000) and have previously been used to analyze the evo-
lutionary history between European and American whitefish
(Jacobsen et al., 2012). These sequences represent a total of 12 pop-
ulations among which 6 populations (84 sequences) were derived
from the Jutland Peninsula, Denmark. Among the sequences, 21
represent NSH (C. oxyrhynchus) and 73 represent ELW (C. lavaretus)
from Denmark. A further 16 sequences of ELW are from the Baltic
Sea region, one is from a lake in the Czech Republic (Miya and
Nishida, 2000) and finally 6 sequences are from the closely related
ALW (C. clupeaformis) with 3 individuals representing dwarf Aca-
dian forms from Témiscouata lake and 3 representing the normal
form belonging to the Atlantic lineage from Aylmer lake and Ross
lake (Jacobsen et al., 2012) (for a overview over the phylogenetic
relationships see Fig. 2). In order to compare the patterns of
sequence evolution in whitefish, 15 salmonid mitogenome
sequences were downloaded from Genbank and analyzed. These
sequences belonged to different species or subspecies from four
different salmonid genera; Oncorhynchus (9 species), Salvelinus (2
species), Salmo (2 species) and Thymallus (2 species). One sequence
of northern pike (Esox lucius) were also downloaded and used as
outgroup. Furthermore, ND2 gene sequences were also
downloaded from Genbank from 18 species of freshwater eels
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(Anguillidae), 24 species of tuna and mackerels (Scombridae) and
46 species of perciform fishes (Percidae) for downstream analysis
(see Tables S1A–D for species and accession numbers for all down-
loaded sequences).

2.2. Rates of evolution

To compare the evolutionary rates between genes, the entire
whitefish dataset (N = 107) was split into each of 13 coding genes;
the two ribosomal RNAs; the control region and all the combined
tRNAs using GENEIOUS PRO 5.4.6 (BioMatters, 2012). Measure-
ments of the number of haplotypes (Nh), number of segregating
sites (S), theta (h) based on the finite sites model (Tajima, 1996)
and Tajima’s D (Tajima, 1989) were all calculated using the pro-
gramme DnaSP v5.1 (Librado and Rozas, 2009). Also the numbers
of nonsynonymous and synonymous substitutions for the coding
genes were calculated in DnaSP v5.1 and average pairwise dN/dS
calculated between the different haplotypes for each gene. As the
same individuals were used, and as recombination is almost non-
existent in the mitochondrial DNA, Ne (Ne = 4hl) should be similar
for the individual genes. Thus, the h-values were used to infer the
relative mutation rates (per-generation mutation rates) of the indi-
vidual genes relative to the whole mitogenome. This was con-
ducted using the equation lgene = ((lmitogenome � hmitogenome)/hgene).

Using data from all 13 coding genes, neutral evolution in white-
fish was assessed by conducting either linear regression or Spear-
man’s rank analysis (when normality of the data was not met) in
PAST (Hammer et al., 2001) between: (1) the number of mutations
vs. length in bases, (2) the number of synonymous mutations vs.
the length in bases and (3) the number of nonsynonymous changes
vs. synonymous changes.

To compare the pattern to sequence evolution between other
salmonids, linear regression and dN/dS analyses as described above
were also conducted using the 15 salmonid sequences.

2.3. Direction of nonsynonymous change

All amino acid changes were identified using DnaSP version 5.1.
Using the different whitefish mitogenome haplotypes (N = 53), a
maximum likelihood phylogeny was generated in the program
MEGA 5 (Tamura et al., 2011). The analysis was based on the
TrN + G substitution model with eight gamma categories
(Jacobsen et al., 2012). Subsequently the ancestral sequence of all
the whitefish sequences was analyzed using Ancestral Sequence
Reconstruction (ASR) software in HyPHY (Pond and Frost, 2005)
implemented in the DataMonkey server (http://www.datamon-
key.org/dataupload.php). The closely related European and Arctic
grayling Thymallus thymallus and Thymallus arcticus sequences
were used as outgroups (Genbank accession No. NC_012928 and
NC_012929) (Yasuike et al., 2010). The ancestral sequence was
then used to infer the direction of amino acid changes between
the European and the North American sequences.

2.4. Analyses of positive selection

To analyze the 13 coding genes of from the whitefish dataset for
positive selection, three codon-based selection tests were applied
to the data: TreeSAAP version 3.2 (Woolley et al., 2003), FUBAR
(Murrell et al., 2013) and MEME (Murrell et al., 2012). A phyloge-
netic tree identical to that in Jacobsen et al. (2012) was used in
all analyses and only different haplotypes were used.

TreeSAAP (Woolley et al., 2003) relies on the MM01 model
implemented in BASEML (part of the PAML package; Yang, 1997)
and uses a phylogeny to reconstruct the most likely ancestral
states for the gene sequences under investigation. It then assigns
weight values to the nonsynonymous codon changes, for which
overall physicochemical effects are assessed using a model with
31 physicochemical amino acid properties. The overall amino acid
replacements are given a score from 1 to 8, with eight as the most
significant change. Significant deviation from neutral evolution is
tested via a z-score and interpreted as a result of positive selection.
To ensure conservative calling of positive selected codon sites only
amino acid changes with a score between 6 and 8 and with a pos-
itive z-score < 0.001 was used (Woolley et al., 2003). Due to the
shallow divergence in the dataset, the phylogeny based on the
whole mitogenome sequences was used to infer the evolution of
the samples. Analyses were conducted for all the 13 coding genes.

FUBAR (Fast Unbiased Bayesian AppRoximation) is a codon-
based maximum likelihood method that allows dN/dS (x) to vary
over each codon across a gene according to a number of predefined
site classes given a priori. This allows for testing codons for positive
(dN/dS > 1) or purifying selection (dN/dS < 1) (Murrell et al., 2013).
While FUBAR posits that e.g. positive selection remains constant
throughout time (affects most lineages in a phylogenetic tree)
the MEME (Mixed Effects Model of Evolution) test allows the dis-
tribution of x to vary over sites and moreover from branch to
branch, which makes it possible to detect episodic selection
(Murrell et al., 2012). Both FUBAR and MEME were analyzed using
the HyPHY package as implemented on the DataMonkey server
(http://www.datamonkey.org/dataupload.php). Best-fit substitu-
tion models for each dataset were also assessed here and used in
the analyses. Significance was assessed by posterior probabil-
ity > 0.9 (FUBAR) and P-value < 0.05 (MEME).

The minimum age of each candidate amino acid change, corre-
sponding to the TMRCA of the specific clade from which individu-
als shared the same nonsynonymous substitution, was chosen
based on estimates by Jacobsen et al. (2012) using a mutation rate
of 1 ⁄ 10�8 sub/site/year.

2.5. Analysis of selection at the ND2 gene

As the only possible outlier in terms of dN/dS in whitefish, the
NADH dehydrogenase 2 gene (ND2) was examined in more detail.
In order to test whether the ND2 gene showed a significantly
higher dN/dS in whitefish compared to other salmonids we used
the program CODEML in PAML (Yang, 1997). We used a topology
identical to Yasuike et al. (2010) but grouped whitefish as a
sister-species to graylings following Campbell et al. (2013) that
used full mitochondrial genomes to evaluate the phylogenetic rela-
tionships of Esociformes and Salmoniformes. A total of 6 whitefish
sequences were used; one from each of the Acadian and Atlantic
lineages and one from each of the two Danish clades and Baltic
Sea clades. None of the sequences showed any unshared nonsyn-
onymous changes. Northern pike was used as an out-group. We
used likelihood ratio tests (LRT) to compare and test significance
between two different models of dN/dS: (1) one dN/dS ratio across
all branches (Single ratio), (2) one rate for all branches within the
whitefish and one for all other branches (Whitefish vs. other). As
higher dN/dS could be a result of higher genetic drift we conducted
a control by analyzing the concatenated alignment constituting all
other 12 mitochondrial genes (excluding ND2) and conducted LRTs
using the same models. The ND2 dataset was also analyzed in
HyPhy using the MEME and FUBAR test in order to test for episodic
and diversifying positive selection across the entire salmonid
phylogeny.

Furthermore, the codons subjected to amino acid changes in
whitefish were compared to the sites showing change across the
salmonid alignment. To test if replacements occurred randomly
compared to the other salmonid species a chi square test (v2) were
performed between the numbers of shared codon positions show-
ing nonsynonymous changes, compared to the numbers of shared
changes expected by chance alone (frequency of codon showing
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nonsynonymous sites). The same test was also conducted for the
three other alignments of freshwater eels (family; Anguillidae),
tuna and mackerels (family; Scombridae) and perciform fishes
(family; Percidae). The number of nonsynonymous changes occur-
ring over each codon position in each of the four alignments (Sal-
monidae, Anguillidae, Scombridae and Percidae) was assessed
using HyPhy, as implemented in MEGA 5, to account for unob-
served changes. All alignments were aligned to the whitefish
ND2 gene using GENEIOUS PRO 5.4.6.

A model of the ND2 subunit was built with SwissModel
(Schwede et al., 2003) using the D chain of the PDB entry 3RKO cor-
responding to NADH-Quinone oxidoreductase subunit N (NuoN)
(Efremov and Sazanov, 2011). Subsequently the amino acid resi-
dues fixed in whitefish were compared to the residues suggested
to participate in proton translocation (E133, K217, K247 and
K395 in NuoN).
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Fig. 1. Correlation analyses. The dots denote the individual values for the 13
different mitochondrial genes in whitefish and the line the best-fitted line. (A)
Correlation between total number of mutations and length in bases of the genes. (B)
Correlation between synonymous mutations and length in bases of the genes. (C)
Correlation between nonsynonymous and synonymous mutations. The correlation
coefficient ‘r’ and P-values are shown in the lower right corner for linear regression
(A + B) and Spearman rank test (C). The position of the ND2 gene is shown.
3. Results

3.1. Rates of evolution

The relative evolutionary rate (lRelative) differed across regions
(Table 1). Overall, ND genes, CYT B and the control region evolved
faster than the other regions, with ND1 and ND2 evolving the fast-
est, even faster than the control region. COX genes and tRNAs
evolved ca. 2–3 times slower than the ND genes. The slowest
evolving regions were the ribosomal genes and the ATP8 gene
(Table 1). No nonsynonymous substitutions were observed in the
ATP8 and COX1 genes. Tajimas D revealed little evidence for devi-
ations from neutrality for all examined regions, with 12S rRNA as
the only exception (P < 0.05) (Table 1). The number of nonsynony-
mous changes was highest for the ND2 gene, which showed a
higher average pairwise dN/dS than for the other genes (0.352 vs.
0–0.139, Table 1). This was also found in the salmonid dataset,
although less pronounced (0.052 vs. 0.039–0.008, Table 1).

Normality was met for gene length, total and synonymous
mutations but not for the nonsynonymous mutations. Thus, the
correlation between synonymous and nonsynonymous mutations
was analyzed via Spearman rank analysis. Both the overall number
of mutations (Fig. 1(A)) and the number of synonymous changes
(Fig. 1(B)) showed significant linear relationships with the length
of the genes. The number of nonsynonymous changes was also
Table 1
Summary statistics for the whitefish mitogenome sequences and regions. The dN/dS is the

Gene Length Nh S h lRelative Tajima’s

ATP6 681 12 17 0.00504 1.11 �1.73
ATP8 165 2 1 0.00116 0.25 �1.02
CYTB 1140 21 40 0.00675 1.48 �1.20
COX1 1548 14 24 0.00297 0.65 �0.90
COX2 690 9 11 0.00305 0.67 �1.20
COX3 783 7 13 0.00318 0.70 �0.48
ND1 972 13 36 0.00752 1.65 �0.64
ND2 1047 19 41 0.00772 1.69 �0.89
ND3 348 6 11 0.00607 1.33 �0.19
ND4 1380 19 41 0.00570 1.25 �1.05
ND4L 294 8 10 0.00654 1.43 �1.34
ND5 1836 20 60 0.00628 1.38 �0.63
ND6 519 7 14 0.00518 1.14 0.43
12S rRNA 947 8 7 0.00141 0.31 �1.84*

16S rRNA 1687 8 14 0.00159 0.35 �1.32
tRNAs 1555 15 19 0.00234 0.51 �1.09
Control region 1077 19 34 0.00628 1.38 �1.00
Mitogenome 16738 53 393 0.00456 1.00 �1.03

* Denotes significant Tajima’s D.
significantly correlated with the number of synonymous changes
(Fig. 1(C)) although not as pronounced. In this analysis ND2
showed an exceptionally high relative proportion of nonsynony-
mous changes compared to the other genes (Fig. 1(C), Table 1).
The salmonid dataset showed the same overall patterns (Fig. S1).
average values of all pairwise comparisons.

D Non-synonymous Synonymous dN/dSWhitefish dN/dSSalmonids

4 14 0.139 0.010
0 1 NA 0.021
6 34 0.066 0.012
0 24 0.000 0.008
1 10 0.028 0.019
1 12 0.013 0.020
3 35 0.012 0.018
15 28 0.352 0.052
2 9 0.081 0.035
3 38 0.025 0.024
2 8 0.109 0.011
10 50 0.056 0.039
1 13 0.013 0.036
– – – –
– – – –
– – – –
– – – –
– – – –
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3.2. Direction of nonsynonymous change

Overall ND2 contained a high number amino acid changes com-
pared to the other genes. As such ND2 accounted for 50% (5/10) of
all nonsynonymous changes fixed between American and Euro-
pean whitefish and 55.4% (11/21) when considering all changes
supported in different mitogenome haplotypes (Fig. 2). Five of
these were found in the terminal part of the ND2 gene (positions
328–348).
3.3. Analysis of positive selection

The results from TreeSAAP indicated that several significant
physicochemical changes had occurred. The ND2 and ND5 genes
showed the most significant changes (Table 2). Most of these were
based upon recently derived mutations, which were only found
within single individual sequences, with ND2 being the only
exception.

The results of the MEME test found no positions involved in
episodic selection (Table 2). The FUBAR test showed one position
involved in diversifying positive selection (codon 331; empirical
Bayes factor of 16.6). This position was located within the ND2
gene (Table 2) and showed as the only position two independent
nonsynonymous mutations (Fig. 2) with one only observed in
one sequence. Reducing the number of sequences in all three
analyses to one from each evolutionary lineage or ecotype yielded
similar results, showing no positive selected sites (data not
shown).
Fig. 2. Maximum-likelihood phylogeny of whitefish built using the whole mitogenome
different symbols at the tips. The direction of nonsynonymous change is visualized along
codon positions. The total number of nonsynonymous changes is shown within the legen
Geographic localities are indicated as R = Ringkøbing fjord, N = Nissum fjord, V = Vidaa riv
AT = Témiscouata lake, AA = Aylmer lake, AR = Ross lake. Values after the letters denote
Table S2.
3.4. Analysis of selection at the ND2 gene

For the ND2 dataset the Whitefish vs. other model showed a sig-
nificantly better fit compared to the Single ratio model (P > 0.001)
with a higher estimated dN/dS within the whitefish compared to
the other salmonids (0.1919 vs. 0.0472; Table 3). For the other
dataset constitution the 12 other mitochondrial genes the two
models were not significantly different thus supporting an overall
uniform dN/dS of 0.0233 for all branches (P > 0.5) (for phylogenetic
tree see Fig. S2, supplemental material). MEME and FUBAR test
using the entire salmonid phylogeny did not reveal any codons
under episodic or diversifying positive selection in ND2.

Eight out of the 14 codon positions that showed amino acid
change within the whitefish overlapped with positions showing
nonsynonymous changes within the salmonid alignment (Fig. 3).
This was significantly different from random expectations
(v2 = 11.40, P < 0.01). Of the last six positions four were only one
codon position adjacent to a replaced codon positions in the salmo-
nid alignment whereas position 24 and 247 were further apart
(three and seven codons, respectively).

The other alignments also showed a significant overlap of
amino acid changing positions with Scombridae overlapping at 7
positions (v2 = 4.39, P < 0.01), Percidae at 12 positions (v2 = 7.14,
P < 0.01) and Anguillidae at 11 (v2 = 8.86, P < 0.01). Simulation
tests showed similar results (Note S1, supplemental material).

In total the whitefish ND2 gene showed 21% sequence identity
to NuoN. The amino acid residues that have been suggested to par-
ticipate in proton translocation (E133, K217, and K247 in NuoN)
were conserved (Fig. 3). Most of the replaced changes were located
haplotype dataset. The different species and evolutionary lineages are denoted by
the respective branches by colored squares with the adjacent numbers denoting the
d on the right. ‘⁄’ denotes the position under possible diversifying positive selection.
er, K = Kilen, F = Flynder lake, T = Tange lake, AW = Achterwasser, EC = Estonia coast,
the number of identical haplotypes. For information on the amino acid changes see



Table 2
Codons that candidates for being under positive selection, based on three selection tests.

Gene Codon TreeSAAPa HyPhy Minimum age (kyr)b

AA-scored P-value Significant properties (P < 0.001) FUBAR MEME

CYTB 223 7 <0.001 Power to be at the middle of alpha-helix – n.s. 0
ND2 53 8 <0.001 Equilibrium constant (ionization of COOH) – n.s. –

85 6 <0.001 Power to be at the C-terminal – n.s. ffi40
328 8 <0.001 Equilibrium constant (ionization of COOH) – n.s ffi40
331 8 <0.001 Equilibrium constant (ionization of COOH) 16.6 n.s. ffi132/ffi16c

348 6 <0.001 Power to be at the C-terminal – n.s. ffi40
ND3 80 6 <0.001 Power to be at the C-terminal – n.s. –
ND4 252 6 <0.001 Power to be at the C-terminal – n.s. –
ND5 32 7 <0.001 Isoelectric point – n.s. –

93 8 <0.001 Equilibrium constant (ionization of COOH) – n.s. 0
134 8 <0.001 Equilibrium constant (ionization of COOH) – n.s. –
308 8 <0.001 Equilibrium constant (ionization of COOH) – n.s. –
460 8 <0.001 Equilibrium constant (ionization of COOH) – n.s. –

a Results of TreeSAAP analyses. Only strong candidates for directional selection are shown (overall P < 0.001 and amino acid property score 6–8).
b Minimum ages of amino acid changes estimated from Jacobsen et al. (2012). Ages of 0 denotes cases where the nonsynonymous mutation is supported only by multiple

identical haplotypes and ‘–’ denotes cases where the nonsynonymous mutation is only found in a single individual sequence.
c This position shows two independent amino acid changes over time.
d Amino acid property score from TreeSAAP.

Table 3
CODEML analyses of dN/dS in whitefish compared to other salmonids for ND2 and the other 12 mitochondrial genes. Log-likelihoods, dN/dS and degrees of freedom (d.f.) are
shown for all models together with results of the likelihood ratio tests.

Dataset Models LnL dN/dS estimates d.f. v2 (2DL) P-value

ND2 Single ratio �6680.34 0.0498 1
Whitefish vs. others �6675.10 0.1919/0.0472 2 10.48 <0.001

12 other mitochondrial genes Single ratio �54700.90 0.0233 1
Whitefish vs. others �54700.28 0.0156/0.0234 2 1.23 0.5 < P < 0.75
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outside or in the peripheral part of the transmembrane areas
except for codons 247, 328 and 331 that clustered in buried
domains. None were adjacent to the predicted proton translocation
channels (Fig. 3). As a consequence of the low sequence identity,
sites 343 and 348 could not be included in the model. Due to
the low sequence identity, combined with low resolution of the
X-ray structure used as a template for the whitefish ND2 model,
it was not possible to assess the impact of the observed muta-
tions on the function of ND2. No interactions were observed
between the nonsynonymous changes and the ND5 homologue
(subunits B and L of 3RKO) in the model (a Discovery Studio 4.1
Visualizer file of the ND2 model can be found in Supplemental
material).

4. Discussion

In this study we present a comprehensive comparative analysis
of mitogenome evolution in whitefish. Overall the synonymous
substitutions in the mitochondrial coding genes evolve in a near
neutral manner whereas the pattern for nonsynonymous substitu-
tions is mostly consistent with strong purifying selection. The only
gene showing possible evidence for positive selection is ND2. ND2
harbors an exceptionally high percentage of the total amino acid
changes and shows higher dN/dS compared to the other genes
and higher overall dN/dS in whitefish compared to the other salmo-
nids. The result could underlie positive selection at some codon
positions leading to a higher dN/dS in ND2 compared to the other
genes. However, the physicochemical changes are overall of small
effect and most changes fall within areas of the gene that are likely
under less conservative evolutionary constraints. Moreover,
codon-based test for positive selection revealed little evidence
for positive selection. Thus we conclude that ND2 most likely is
under relaxed purifying selection (here defined by dN/dS below
one but higher compared to other genes due to less conservative
evolutionary constraints).
4.1. Evolution of the mitochondrial regions in whitefish

Although recombination does not normally occur within the
mitochondrial genome (Ballard and Whitlock 2004), different
regions evolve at different rates (e.g. Doiron et al., 2002;
Marshall et al., 2009; Whitehead, 2009). This is also observed in
whitefish were the NADH genes, CYTB and control region evolve
the fastest and the COX genes and RNAs the slowest (Table 1). This
is the same overall pattern as observed in other fishes like Atlantic
cod (Gadus morhua) (Marshall et al., 2009), killifish (Fundulus hete-
roclitus) (Whitehead, 2009) and chars (Salvelinus fontinalis and S.
alpinus) (Doiron et al., 2002) and may be associated with the posi-
tion of the genes in the mitogenome. CYTB, ND6, ND5, ND4 are
found immediately downstream from the origin of H-strand repli-
cation (OriH) and ND1 and ND2 immediately upstream the origin
of L-strand replication (OriL) (Nedbal and Flynn, 1998; Tanaka
and Ozawa, 1994). Thus, during replication these genes will stay
single stranded for longer time compared to the other genes ren-
dering them more likely to accumulate mutations in the highly
mutagenic environment of the mitochondrion (Marshall et al.,
2009; Nedbal and Flynn, 1998).

Selection is likely also of importance, especially for understand-
ing the differences in nonsynonymous rates observed between the
mitochondrial genes (Meiklejohn et al., 2007; Mindell and Thacker,
1996). These rates vary as a likely consequence of differences in the
strength of purifying selection due to functional constraints (e.g.
Doiron et al., 2002; Meiklejohn et al., 2007). This is also evident
from this study; although the numbers of neutrally evolving syn-
onymous mutations are highly correlated with the length of the
respective genes (Fig. 1(B)), reflecting overall neutral evolution,
differences in the relative rates of nonsynonymous mutations exist
between genes (Table 1, Fig. 1(C)). This is observed for both white-
fish and other salmonids (Table 2) that overall show the same pat-
tern, consistent with gene-specific differences in purifying
selection.



Fig. 3. Amino acid changes within the ND2 gene in whitefish. (A) The protein structure. ND2 is presented in blue, superimposed on chain D of PDB structure 3RKO. Gray
structures correspond to the adjacent bacterial chains. Amino acids in red are the predicted proton translocation residues. Amino acids in black correspond to
nonsynonymous sites observed in P2 sequences. (B) Amino acid change along the gene. The black line shows the total number of estimated nonsynonymous changes within
the salmonid alignment while the black symbols represent the positions of amino acid changes in whitefish. Dots denote amino acid changes supported by >2 sequences
while the triangles denote unshared changes only found in a single sequence. Codon positions found to be under positive selection are shown by different symbols and
correspond to the tests presented in the top of the figure. The blue squares denote the transmembrane domains predicted from the protein modeling and the red line the
amino acid residues that have been suggested to participate in proton translocation. (C) Number of estimated amino acid changes within the ND2 gene in Scombridae,
Percidae and Anguillidae.
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4.2. Investigation of positive selection in the mitochondrial genes in
whitefish

Given the phenotypic and physiological differences relating to
energetics observed among several of the whitefish species and lin-
eages analyzed here, positive selection within the mitochondrial
genes seems likely. This finds further support as several studies
have reported possible adaptive selection at the regulatory level
in genes involved in the OXPHOS pathway (Derome et al., 2006;
Evans and Bernatchez, 2012; Jensen et al., 2013). For example,
ND5, CYTB and ATP8 show significant upregulation in dwarf com-
pared to normal ALW (Evans and Bernatchez, 2012). Also between
the Danish NSH and ELW differences in gene expression has been
observed in the nuclear ATP synthase subunit g (Jensen et al.,
2013), which together with e.g. the mitochondrial ATP6 and
ATP8 genes constitutes ATP synthase (complex V) of the OXPHOS
pathway (Saraste, 1999). Another gene involved in ATP synthase,
the ATP synthase subunit c shows significant upregulation in dwarf
versus normal ALW forms (Derome et al., 2006). However,
although these studies support the possibility for co-adaptations
and positive selection occurring at the functional level within the
mitochondrial coding genes in whitefish, little evidence for posi-
tive selection was found (Table 2). As for most studied species
(e.g. da Fonseca et al., 2008; Sun et al., 2011), analyses of gene
specific dN/dS all showed values <1 consistent with purifying selec-
tion (Table 1). Furthermore, tests for episodic and diversifying
selection showed no codons under positive selection; the only
exception was ND2, which is discussed below. TreeSAAP analyses
for overall significant physicochemical changes showed some sig-
nificant amino acid changes. However, most of them concerned
changes in the terminal branches (Table 2, Fig. 2) and were often
only found within single individual sequences. Thus although these
changes may be adaptive, the pattern is more consistent with
relaxed purifying selection, as supported by slightly elevated
dN/dS in the terminal branches (Jacobsen et al., 2012).

In total the lack of clear evidence for positive selection at the cod-
ing level is in contrast to the studies reporting adaptive selection at
the regulatory level of mitochondrial or nuclear interactor genes
(Derome et al., 2006; Evans and Bernatchez, 2012; Jensen et al.,
2013). This fact indicates an important role of regulatory differences
in explaining the ecological and biological differences among the
newly evolved whitefish species and ecotypes examined here.
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4.3. Distinguishing between relaxed purifying selection and positive
selection in ND2 whitefish

The NADH dehydrogenase complex is the first and largest of the
five enzyme complexes that constitute the oxidative phosphoryla-
tion pathway (Ballard and Whitlock, 2004). It receives electrons
from the oxidation of NADH and provides electrons for reduction
of quinone to quinol, which leads to the translocation of four pro-
tons across the inner membrane. This generates an electrochemical
proton gradient that drives the later stages of energy production
(Ballard and Whitlock, 2004; da Fonseca et al., 2008). ND2, ND4
and ND5 are suggested to be the actual proton pumping devices
(Brandt 2006) and amino acid changes here may therefore poten-
tially be adaptive. Positive selection at ND2 has been suggested
in several organisms by e.g. conducting TreeSAAP analyses of rad-
ical amino acid property changes in Atlantic herring (Clupea haren-
gus) and Pacific salmon (Oncorhynchus sp.) (Garvin et al., 2011;
Teacher et al., 2012) and branch-site likelihood ratio tests for sig-
nificantly elevated codon-specific dN/dS in Chinese snub-nosed
monkeys (Rhinopithecus sp.) (Yu et al., 2011). Moreover outlier
testing and logistic regression between metal contamination level
and alleles showed a link between nonsynonymous change in ND2
and cobber contamination in yellow perch (Perca flavescens)
(Belanger-Deschenes et al., 2013).

In whitefish, ND2 shows several patterns compatible with
positive selection. A much higher dN/dS ratio is observed compared
to the other genes and compared to other salmonids (Tables 1 and
3, Figs. 1(C) and 3(A) and (B)) and over 50% of all amino acid
differences found in more than one haplotype in whitefish are
found in ND2 (Fig. 2). Moreover, as the only gene, TreeSAAP
analysis demonstrates significant changes of four replacement
mutations of older (non-terminal) nature. Finally, ND2 shows one
codon position under possible diversifying positive selection.
However, although these results could reflect positive selection it
may not be the most parsimonious explanation. If positive selec-
tion had occurred within specific lineages we would expect them
to show elevated nonsynonymous rates (Murrell et al., 2012).
Although PAML analysis showed higher dN/dS within the whitefish
there is no evidence for episodic selection acting on the single
codon positions (Table 2). Moreover, in codon 331 showing poten-
tial diversifying positive selection, one of the two amino acid
changes is only observed in one sequence (Fig. 2), which could
potential relate to relaxed purifying selection (Jacobsen et al.,
2012). More importantly, most of the amino acid changes in white-
fish are situated outside the transmembrane areas and none
include the residues suggested to participate in proton transloca-
tion (Fig. 3). In a mammal study, TreeSAAP analyses showed that
ND2 loop areas in general harbor more radical amino acid changes
than transmembrane domains, which suggests lower functional
constraints of these areas (da Fonseca et al., 2008). A similar
finding is also reported for killifish (Whitehead, 2009) and is
consistent with the putative proton-pumping function of the
transmembrane domains (Brandt, 2006; Efremov and Sazanov,
2011). It is therefore likely that these regions are under relaxed
functional constraints. This is further supported by the significant
overlap observed between regions of nonsynonymous change in
whitefish and other salmonids, as well as the three other groups
of fish investigated (Fig. 3). These changes are in most cases located
outside transmembrane areas. The only major exception is within
the last predicted transmembrane domain. However, this part of
ND2 shows extensive nonsynonymous change in all investigated
fishes, which again suggests relaxed constraints in this region.

Although the patterns in whitefish appear to be best explained
by relaxed purifying selection, one question remains. Why is the
nonsynonymous substitution rate so much higher for the ND2 gene
compared to the other mitochondrial coding genes in whitefish?
We propose four possibilities. (1) ND2 simply has fewer constraints
compared to the other mitochondrial genes. This finds some sup-
port, as several studies report ND2 to contain some of the highest
proportions of radical physicochemical amino acid changes (da
Fonseca et al., 2008; Teacher et al., 2012; Whitehead, 2009) and
generally shows high rates of nonsynonymous changes (Doiron
et al., 2002). A higher nonsynonymous rate of ND2 is supported in
this study as PAML analyses showed higher dN/dS for the ND2 gene
compared to the other genes (Tables 1 and 3). However, not all
studies identify ND2 as a distinct outlier and other mechanisms
may be acting. (2) It is possible that the timescale investigated in
this study leads to stochasticity in rates compared to studies con-
ducted over longer timespans of evolution. The estimated time of
the most recent common ancestor (TMRCA) of all whitefish
sequences examined here, is between 1.33 (95%HPD: 1.14–1.50)
and 0.43 Myr (95%HPD: 0.37–0.49), depending on the substitution
rate used (Jacobsen et al., 2012). This could explain the lower
dN/dS observed for the other salmonids (Table 2, Fig. 3) that covers
much deeper evolutionary histories with a TMRCA of 59.1 Myr
(CI: 58.1–63.2 Myr) (Crete-Lafreniere et al., 2012). Here purifying
selectionmay have hadmore time to act against slightly deleterious
mutation fixed by genetic drift, which would lead to a lower dN/dS.
However, given dN/dS estimated for the 12 other genes in whitefish
is not significantly higher compared to the other salmonids, purify-
ing selection seems inadequate for explaining the higher dN/dS
within ND2 in whitefish. Another possibility (3) is that drift com-
bined with selection has shaped the pattern observed at ND2,
according to the compensatory-draft model presented by Oliveira
et al. (2008). The model states that mild-deleterious replacement
mutations fixed by e.g. genetic drift will lead to positive selection
for compensatory mutations. Given the non-recombining nature
of the mitogenome this will lead to genetic sweeps and thus possi-
ble fixation of additional deleterious mutations, which again will
allow for additional sweeps of compensatory changes. Over time
this may result in high relative rates of nonsynonymous substitu-
tions in affected genes, as proposed for ATP6 and ATP8 in parasitic
wasps (Nasonia sp.) (Oliveira et al., 2008). However, if such a mech-
anism were at work in whitefish ND2, we would expect to find evi-
dence of episodic selection at closely situated codons. However,
MEME tests using the whitefish and salmonids datasets did not
reveal any sites under episodic selection. Nonetheless, we observed
a high number of nonsynonymous substitutions in whitefish in the
terminal part of the ND2 gene, which harbors 5 of the 11 nonsyn-
onymous substitutions found in P2 sequences (Fig. 2). Four of
these occur along the brancheswithin the Europeanwhitefish clade
and thus match expectations according to the compensatory-draft
model. However, this region shows high numbers of nonsynony-
mous changes in all investigated taxa and the nonsynonymous
positions observed in whitefish, overlaps with positions in salmo-
nids. As such this favors relaxed purifying selection. A final possibil-
ity (4) is that ND2 serves other functions outside the oxidative
phosphorylation chain. This has been demonstrated by Gingrich
et al. (2004) whom showed ND2 to be present in the brain. Specif-
ically, ND2 served as an adaptor anchoring Src to the N-methyl-
D-aspartate receptor (NMDAR) in the brain synapses. Regulation
of NDMAR by Src-ND2 is thought to be essential to long-term
potential (LTP) (Gingrich et al., 2004), themainmechanism explain-
ing learning and memory in animals (Kandel, 2001). The anchoring
domain belongs to the 239–321 codon in human ND2, a region that
also shows change in whitefish (position 239, 247 and 277, Fig. 2,
Table S2). In a recent study, Belanger-Deschenes et al. (2013)
demonstrated that cobber-contaminated Canadian populations of
Yellow Perch (Perca flavescens) show amino acid change at codon
position 278 in ND2. This position shows a radical change in amino
acid property from threonine (slightly hydrophilic and polar) to
alanine (hydrophilic and non-polar). As cobber is known to block
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NMDAR, which may lead to inhibition of LTP, they suggested that
the amino acid change could be adaptive in cobber-contaminated
populations. However, this additional function of ND2 cannot
explain the higher rate of ND2 in whitefish. The adaptor region only
covers three of the 15 nonsynonymous sites in ND2 (Fig. 2). Of
these, position 247 is only found within one sequence and position
277 is the only one located well within the region. Moreover, the
haplotypes with this mutation are not associated to known differ-
ences in habitat, contamination level or biology that could other-
wise be associated with learning. In fact, the mutation is found in
one evolutionary lineage representing four different populations
inhabiting either brackish (Achterwasser in the German part of
the Baltic Sea and Nissum and Ringkøbing fjord on the west coast
of Denmark) or marine environments (Vidaa river) with none
showing a record of severe pollution. Furthermore, in all popula-
tions the mutation is only found in low frequency (ranging from
12.5% [1/8] to 5% [1/20] in the Rostock population and the Ring-
købing and Nissum fjord population respectively, data not shown),
which favors genetic drift over positive selection. Lastly, ND5 inter-
acts extensively with ND2 (e.g. Garvin et al., 2011), which could
promote selection within ND2. However, in our model we found
no interactions between the nonsynonymous sites in ND2 and the
ND5 homologue (subunits B and L of 3RKO in the model; Supple-
mental material). Although this could underlie uncertainties in
the model we find no evidence for positive selection and the possi-
bility for co-adaptation between the two subunits seems unlikely.

Given the potential explanations discussed above we find that
the high non-synonymous rate observed in ND2 in whitefish is
most parsimonious with relaxed purifying selection, relating to
regions under less conservative evolutionary constraints, com-
bined with an overall high mutation rate of ND2. However, given
possible unknown functions of ND2, positive selection cannot be
ruled out entirely.
5. Conclusion

We investigated the evolutionary patterns and especially the
possibility for positive selection in mitochondrial genes of 107
whitefish. Although the dataset compromised several unique spe-
cies and evolutionary lineages that show distinct phenotypic differ-
ences relating to metabolism we found no strong support for
positive selection at the coding level. The most likely candidate
for positive selection was the ND2 gene that showed highly ele-
vated dN/dS compared to the other genes. Although dN/dS was
below 1, in favor of purifying selection, the result could underlie
positive selection acting at the few codon positions leading to a
higher dN/dS compared to the other genes. However, evidence for
codon-specific positive selection in ND2 was weak. Furthermore,
the positions of amino acid change in ND2 in whitefish overlapped
significantly with nonsynonymous positions in other salmonids, as
well as three other groups of fish (Scombridae, Percidae and Anguil-
lidae) and were not associated with changes in three key positions
responsible for proton translocation. The changes were generally
found within the loop regions, which have been suggested to be
under relaxed constraints in mammals and thus the pattern found
in ND2 seems best explained by relaxed purifying selection.

In total, our study emphasizes the challenges when distinguish-
ing between positive and relaxed selection and highlights the
importance of using different analyses when assessing selection
at the mitogenome level.
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