BIOLOGY
LETTERS

rshl.royalsocietypublishing.org

®

RESea rCh CrossMark

click for updates

Cite this article: Jacobsen MW, Pujolar JM,
Hansen MM. 2015 Relationship between amino
acid changes in mitochondrial ATP6 and
life-history variation in anguillid eels. Biol. Let.
11: 20150014.
http://dx.doi.org/10.1098/rsbl.2015.0014

Received: 9 January 2015
Accepted: 25 February 2015

Subject Areas:
evolution, molecular biology, ecology

Keywords:
anquillid eels, ATP6, positive selection

Author for correspondence:
Magnus W. Jacobsen
e-mail: magnus.jacobsen@bios.au.dk

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rsbl.2015.0014 or
via http://rshl.royalsocietypublishing.org.

THE ROYAL SOCIETY

PUBLISHING

Molecular evolution

Relationship between amino acid changes
in mitochondrial ATP6 and life-history
variation in anquillid eels

Magnus W. Jacobsen, José Martin Pujolar and Michael M. Hansen

Department of Bioscience, Aarhus University, Ny Munkegade 114, Aarhus C 8000, Denmark

Mitochondrial genes are part of the oxidative phosphorylation pathway and
important for energy production. Although evidence for positive selection at
the mitochondrial level exists, few studies have investigated the link between
amino acid changes and phenotype. Here we test the hypothesis that differ-
ences in two life-history related traits, migratory distance between spawning
and foraging areas and larval phase duration, are associated with divergent
selection within the mitochondrial ATP6 gene in anguillid eels. We compare
amino acid changes among 18 species with the sequence of the putative
ancestral species, believed to have shown short migratory distance and
larval phase duration. We find positive correlations between both life-history
related traits and (i) the number of amino acid changes and (ii) the strength
of the combined physico-chemical and structural changes at positions pre-
viously identified as candidates for positive selection. This supports a link
between genotype and phenotype driven by positive selection at ATP6.

1. Introduction

The mitochondrial genome (mitogenome) consists of 13 coding genes directly
involved in the oxidative phosphorylation pathway and the production of
energy (ATP) [1]. Although the mitogenome historically has been assumed to
evolve neutrally [2], multiple studies show evidence for positive selection
acting on mitochondrial genes in mammals [3,4] and fishes (e.g. [5]). So far,
however, few studies have provided solid evidence for positive selection by
demonstrating direct links between amino acid changes and phenotype.

Freshwater eels (Anguilla spp.) constitute excellent candidates for investi-
gating positive selection at mitogenomes and its effect on phenotype. The
genus encompasses several species [6], which furthermore show high effective
population sizes (e.g. [7,8]). Thus, selection is likely to be a stronger evolutionary
force than genetic drift in these species. Positive selection at the mitochondrial
ATP6 gene has been shown between the American (Anguilla rostrata) and
European eel (Anguilla anguilla) based on McDonald -Kreitman tests [8,9]. More-
over, evidence for positive diversifying selection has been reported at codon 52 in
ATP6 across all species of freshwater eels, whereas such consistent patterns of
selection are not present at other mitochondrial genes [8].

ATP6 is a subunit of the Fy-proton channel in ATP synthase, the fifth and
final complex of the oxidative phosphorylation chain which catalyses synthesis
of ATP from ADP [1]. Changes within ATP6 have been associated with differ-
ences in metabolism and selection linked to energetics [3,4,10]. In freshwater
eels, selection may be linked to their migratory loops [8,11]. These involve
spawning migration (from freshwater or coastal regions to the ocean) of
highly variable distances in different species and consequently also a highly
variable larval phase, as larvae rely on ocean currents for advection back to
the continental feeding grounds [6,11]. Thus, energy production linked to the
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spawning migration, or migration or metabolism during the
larval stage, may underlie selection at ATP6.

The ancestor of all current eel species presumably lived in
southeast Asia or Africa [6,11] around 14-18 Ma [8,12]. As
most of the species found there show a short migratory loop,
thisis believed to be the ancestral state [11,13]. If length of spawn-
ing migration and larval phase duration underlie directional
selection at ATP6, this should be reflected in more fixed non-
synonymous changes and changes of stronger physico-chemical
and structural importance at key positions in species with longer
migratory loops. We test this by assessing the correlation of
amino acid changes from the putative ancestral sequence with
migratory distance or larval phase duration of species.

2. Material and methods

Twenty-one mitogenome sequences were downloaded from
GenBank: 18 species of freshwater eels (GenBank accession nos
NC_002707, NC_006531-NC_006547) and three species of Serrivo-
meridae, the family most closely related to Anguillidae [14]
(NC_013436, NC_013627-NC_013628). Sequences were aligned
in GENEIOUS PRO V. 5.4.6 [15] and the 13 coding genes were extracted
and concatenated. The ancestral sequence of all freshwater eels was
reconstructed using the Ancestral State Reconstruction software
(ASR) [16] implemented in the HypPHY package on the DataMonkey
server (http://www.datamonkey.org/dataupload.php) (electronic
supplementary material, note S1). Synonymous and non-synon-
ymous changes and dN/dS between the putative ancestral
sequence and each species were calculated using DnaSP v. 5.1 [17].

Larval phase duration (estimated by age at metamorphosis of
larvae based on Sr/Ca ratio increments in otoliths) and migratory
distance to the spawning ground were obtained from the literature
(electronic supplementary material, table S1). Mean migratory dis-
tances were based on estimates from Aoyama [11] or estimated in
the case of the New Zealand eel (Anguilla differenbachii) (electronic
supplementary material, note S2). When several estimates were
available, the average among studies was used (see electronic sup-
plementary material, note S2 and table S1). For the European and
American eels, significant discrepancies exist between studies [18].
Hence, the mean estimates from Wang & Tzeng [19] were chosen,
as those estimates were derived from the largest sample sizes to
date and accord well with studies that have estimated larval
phase duration based on ocean current transportation [20].

Correlations between genotype and either migratory distance
or larval phase duration were tested using linear regression
or Spearman rank analysis in past [21]. All data were checked
for normality prior to parametric statistical analysis and a
logarithmic transformation was conducted if necessary (elec-
tronic supplementary material, table S2). A possible correlation
between migratory distance and larval phase duration was
tested to avoid pseudoreplication using both the extant species’
trait values and an analysis of independent contrasts (CAIC) cor-
recting for phylogenetic relatedness (electronic supplementary
material, note S3) [22].

Genotype was represented by different datasets: (i) total non-
synonymous (amino acid changing) and synonymous changes and
dN/dS considering all 13 genes, (ii) total amino acid changes at
ATP6 and (iii) within five amino acid positions fixed between the
American and European eels possibly under positive selection
[8,9]. Differences in properties of amino acid replacements between
the ancestral and species sequences were assessed using 11 phy-
sico-chemical and four structural properties [23]. The numerical
differences of properties were summed to produce an overall score.
This was conducted for datasets 2 and 3 and for codon position 52,
which shows evidence for diversifying selection across the entire
phylogeny of freshwater eels [8].

3. Results and discussion

Larval phase duration and migratory distance were highly
correlated even when correcting for phylogenetic relation-
ships (figure 1ab), making us unable to make reliable
inferences about which of these two traits selection is
acting upon.

Number of amino acid changes and their overall difference
in physico-chemical and structural properties within ATP6 did
not correlate with either trait (figure 1f,g). However, when ana-
lysing the positions previously found to be involved in positive
selection between A. anguilla and A. rostrata [8,9], significant
positive correlations were observed. Currently, there is no
high-resolution three-dimensional structure for ATP synthase
available, which precludes prediction of the exact functional
importance of the five positions. However, the positions are
likely to cover important roles for protein function in the
ATP6 gene in freshwater eels. Three of the positions (83, 105
and 195) are situated in transmembrane domains (electronic
supplementary material, figure S1) that are highly conserved
in mammals [3], and are thus likely to cover important regions.
Position 195 is located in the last transmembrane domain,
where mutation is associated with severe decrease in the rate
of ATP production in humans [10]. Finally, positions 43 and
52 are found in a region likely to be under positive selection
in mammals [3].

A significant correlation was found between the amino
acid property score and duration of larval phase at codon
52. However, the association was mainly driven by A. anguilla
(figure 1j, table 1). This position has been shown to be under
positive diversifying selection across the 18 freshwater eels [8]
and may represent an important site for protein function.
However, it seems likely that positive selection involves mul-
tiple sites. This is further supported by results at the five
candidate positions in ATP6 [8,9]. Within these sites, both
the number and property score of derived amino acids
show significant positive correlations with the examined
traits (figure 14,i). Interestingly, at these positions the derived
amino acids relative to the ancestral reconstructed sequence
are highly polymorphic between species with long migratory
loops. This is also the case between long-looped Atlantic and
Oceanian species that are sister clades (e.g. [8,12]; figure 2).
This suggests that evolution at these sites is not related to
the phylogenetic relationship and that the observed changes
may be adaptive, occurring after species divergence. More-
over, the immediate ancestral nodes of the current long-
looped Atlantic and Oceanian species also show multiple
changes within the five candidate positions (figure 2). As
these ancestors likely showed long migratory loops this
result further supports positive selection within ATP6.

The pattern shown here could also be the outcome of
relaxed purifying selection in long-looped species if they
have experienced higher genetic drift. As such, evolution in
the candidate positions would be slightly deleterious instead
of adaptive. However, this is not supported here, as analyses
of dN/dS do not show significant correlations with the
length of the migratory loop (figure 1e). Moreover, the results
are not related to substitution rate. In fact, species with smal-
ler migratory loops show the highest number of substitutions
from the ancestral sequence, supporting a higher substitution
rate (figure 1c,d). This may reflect the fact that generation
time is positively associated with food availability in eels
[24], potentially leading to faster generation time and thereby
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A. bicolor pacifica I N T F T

A. interioris I NM F T

A. marmorata I NM F T

A. japonica V N T F T X

A. reinhardtii T N M F T

A. rostrata T N T F V X -— Atlantic

A. anguilla I G M L 1 X species

A. australis australis I S M F M X n

A. australis schmidtii I S M F M X - Oceanian
species

A. dieffenbachii I S M F A X

A. malgumora vV S M F T

A. mossambica I NM F T

change from the reconstructed ancestral
sequence of all species

Figure 2. Amino acid evolution in freshwater eels within the five candidate positions investigated. Ancestral changes are shown along the respective phylogenetic
branches while current genotypes are shown in the table. The phylogeny is identical to that of Jacobsen et al. [8] using a posterior threshold of 0.90 to determine

phylogenetic relationships.

substitution rate in highly productive tropical areas (e.g. [25]),
such as those inhabited by most short-looped species (see
electronic supplementary material, note S2 for discussion of
other possible biases).

Overall, the pattern found in this study is in accordance
with the hypothesis that positive selection at a few key pos-
itions drove divergence from an ancestral species with a
short migratory loop [11]. According to this scenario, species
with longer migratory loops show more amino acid changes
and higher overall physico-chemical and structural change at
ATP6 relative to the putative ancestral sequence. As changes
in the migratory loop are likely crucial for understanding spe-
ciation in freshwater eels [8,11,13], selection at ATP6 may be
particularly important for understanding their evolution.
Selection may further lead to cytonuclear incompatibilities,
as proposed for Atlantic eels [9], which could lead to repro-
ductive isolation. Consequently, ATP6 may be a key gene
underlying speciation in freshwater eels. This suggests that
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