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Purifying selection and genetic drift shaped Pleistocene
evolution of the mitochondrial genome in an endangered
Australian freshwater fish

A Pavlova1, HM Gan2,3, YP Lee2,3, CM Austin2,3, DM Gilligan4, M Lintermans5 and P Sunnucks1

Genetic variation in mitochondrial genes could underlie metabolic adaptations because mitochondrially encoded proteins are
directly involved in a pathway supplying energy to metabolism. Macquarie perch from river basins exposed to different climates
differ in size and growth rate, suggesting potential presence of adaptive metabolic differences. We used complete mitochondrial
genome sequences to build a phylogeny, estimate lineage divergence times and identify signatures of purifying and positive
selection acting on mitochondrial genes for 25 Macquarie perch from three basins: Murray–Darling Basin (MDB), Hawkesbury–
Nepean Basin (HNB) and Shoalhaven Basin (SB). Phylogenetic analysis resolved basin-level clades, supporting incipient
speciation previously inferred from differentiation in allozymes, microsatellites and mitochondrial control region. The estimated
time of lineage divergence suggested an early- to mid-Pleistocene split between SB and the common ancestor of HNB+MDB,
followed by mid-to-late Pleistocene splitting between HNB and MDB. These divergence estimates are more recent than previous
ones. Our analyses suggested that evolutionary drivers differed between inland MDB and coastal HNB. In the cooler and more
climatically variable MDB, mitogenomes evolved under strong purifying selection, whereas in the warmer and more climatically
stable HNB, purifying selection was relaxed. Evidence for relaxed selection in the HNB includes elevated transfer RNA and 16S
ribosomal RNA polymorphism, presence of potentially mildly deleterious mutations and a codon (ATP6113) displaying signatures
of positive selection (ratio of nonsynonymous to synonymous substitution rates (dN/dS) 41, radical change of an amino-acid
property and phylogenetic conservation across the Percichthyidae). In addition, the difference could be because of stronger
genetic drift in the smaller and historically more subdivided HNB with low per-population effective population sizes.
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INTRODUCTION

Understanding the mechanisms of local adaptation is important for
sustainable management of populations facing rapidly changing
environments (Sgrò et al., 2011). Environmental gradients (for
example, temperature, oxygen content and food availability) can drive
ecophysiological adaptation at the cellular level, and the mitochondrial
genome (mitogenome) is a likely target for environmental selection
(Gershoni et al., 2009). In vertebrates, the mitogenome comprises 37
genes, of which 13 encode protein subunits of the oxidative
phosphorylation (OXPHOS) pathway, which produces cellular energy
(adenosine triphosphate (ATP)) and heat, and 24 genes encode genes
for the mitochondrial translational machinery, consisting of two
ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs; Ballard
and Whitlock, 2004). Four multi-subunit enzyme OXPHOS com-
plexes (I, III, IV and V) are co-encoded in the nuclear and
mitochondrial genomes and one (II) is encoded exclusively in the
nuclear genome (Rand et al., 2004). Fixation of beneficial or slightly
deleterious mutations in the mitochondrial or nuclear genomes can
drive co-evolution of genes from the other genome (Rand et al., 2004).

Although mitochondrial genes evolve under strong purifying
selection to maintain functionality of protein complexes (Ballard
and Whitlock, 2004), evidence is accumulating for positive selection
acting on mitochondrial gene products or particular amino acids,
associated with thermal adaptations, size, diet, migration behaviour
and swimming speed (Ballard et al., 2007; Jacobsen et al., 2015).
Mitochondrial genetic variation is shown to affect respiration, ATP
synthesis, mitochondrial content, longevity and disease resistance,
along with other functions (Latorre-Pellicer et al., 2016), suggesting its
strong potential role in adaptation. In fishes, adaptation to cold is
associated with higher mitochondrial densities in muscle, incurring
high energy demands for synthesis and maintenance of mitochondria
(Johnston et al., 1998; Pörtner, 2002). Thus, in populations exposed to
colder climates, selection may favour genotypes with high coupling
efficiency between the electron transport chain and the ATP synthase
activity (Gershoni et al., 2009). Mutations within the ATP6 gene have
been associated with metabolic differences and selection on energetics
(Kucharczyk et al., 2010; Jacobsen et al., 2015). Positively selected
nonsynonymous substitutions in ND2, ND4 and ND5 in Atlantic
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herring Clupea harengus (Teacher et al., 2012) and in cytochrome b
(Cytb) of European anchovy Engraulis encrasicolus (Silva et al., 2014)
have been found to be associated with different thermal and aerobic
conditions. Selection on the electrochemical gradient and proton
pump efficiency have also been inferred from signatures of positive
selection on ND2 and ND5 amino acids in Pacific salmon Oncor-
hynchus spp. (Garvin et al., 2011). Therefore, the mitochondrial
genome is a tractable system for investigating local adaptation in
organisms occurring across heterogeneous environments.
Eastern Australia represents an excellent region for such studies,

because it is large, environmentally variable and had only minor
glaciations despite significant climatic oscillations during the Pleisto-
cene that enabled persistence of local lineages and provided opportu-
nities for local adaptation (Hewitt, 2004; Byrne et al., 2011). Regional
climates of eastern Australia are influenced by the Great Dividing
Range, a mountain chain of modest elevation (up to 2228 m above sea
level) running for over 3500 km along the eastern coastline (Figure 1).
The rain-shadow effect of the Great Dividing Range results in a mesic
coastal climate, and an arid or semiarid inland climate characterized
by larger temperature fluctuations (Byrne et al., 2011). Phylogeo-
graphic studies using mitochondrial markers suggest that during the
Pleistocene the Great Dividing Range has acted as a barrier for aquatic
species, with rare opportunities for dispersal leading to the establish-
ment of divergent lineages or speciation in fish and frogs (Symula
et al., 2008; Faulks et al., 2015). Recent studies suggest that
mitochondrial divergences between populations separated by the Great
Dividing Range may be a result of not only isolation and genetic drift,

but also positive selection in response to different environmental
pressures (Morales et al., 2015; Harrisson et al., 2016). For example,
in Maccullochella cods, mitolineages of coastal Mary River cod
M. mariensis and the eastern freshwater cod M. ikei were inferred to
have evolved under relaxed purifying selection, in contrast to their
inland relatives, the Murray cod M. peelii and trout cod
M. macquariensis, that appear to be under strong purifying selection
(Harrisson et al., 2016). In addition, M. mariensis, from climatically
more stable and warm habitats, showed signatures of positive selection
on amino acids in six genes, ND1, ND5, ND6, CO1, CO2 and CO3
(Harrisson et al., 2016). Although a direct link between signatures of
positive selection detected by these studies and fitness of the organisms
has not been demonstrated, more cross-Great Dividing Range studies
would help assess whether environmentally driven selection on
mitochondrial genes is a general phenomenon, and whether there
are commonalities among candidate genes. However, such studies of
freshwater systems face an additional challenge: because of smaller
sizes of the coastal basins and limited extent of past connectivity
within them (Faulks et al., 2015), coastal populations are likely to have
had lower historical effective population sizes (Ne) and experienced
stronger genetic drift as compared with Murray–Darling Basin (MDB)
populations. Fixation of slightly deleterious mutations by drift can
leave similar signatures as relaxation of selective constraints, making it
challenging to distinguish evolutionary forces driving mitogenome
evolution (Wertheim et al., 2014).
Here we explore patterns of selection acting on a mitogenome of a

native southeastern Australian freshwater fish, Macquarie perch

Figure 1 Geographic distribution of Macquarie perch samples across Murray–Darling Basin (MDB; Yarra Basin population (Yarra) was established by
translocations from the MDB), Hawkesbury–Nepean Basin (HNB) and Shoalhaven Basin (SB). Thin light grey lines show basin borders, shades of grey on top
two maps show elevation of the Great Dividing Range. The bottom left map shows samples mapped over temperature seasonality (WorldClim variable
BIO4/1000: s.d. of mean monthly temperatures). Cataract River contains native fish and fish translocated from the MDB; representative mitolineages of both
are analysed here.
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Macquaria australasica (Perciformes: Percichthyidae). The historical
range of Macquarie perch included three coastal basins, the Hawkes-
bury–Nepean (HNB), Shoalhaven (SB) and Georges, and one inland
basin, the Murray–Darling Basin (MDB; Figure 1), presumed to be
colonized from the HNB in the early Pleistocene (Lintermans, 2007;
Faulks et al., 2010; Knight and Bruce, 2010). MDB populations are
generally cooler and exposed to a wider range of air temperatures, as
demonstrated by variation in WorldClim 1.4 bioclimatic variables
(Hijmans et al., 2005): for the MDB vs HNB samples used here the
range of temperature seasonality (BIO4, s.d. of mean monthly
temperature) is 4.6 to 5.3 vs 3.9 to 4.9 °C, respectively (Figure 1),
mean temperatures of coldest quarter (BIO11) 4.9 to 8.2 vs 8.5 to
10.7 °C and mean temperature of warmest quarter (BIO10) 17.4 to
20.8 vs 20.4 to 22.5 °C. Size differences between MDB and coastal
individuals also suggest that fish in these basins may face different
metabolic demands (Dalziel et al., 2015): Macquarie perch from
coastal populations (HNB and SB) are smaller (25 vs 46 cm) and
mature at smaller sizes (Dufty, 1986; Knight and Bruce, 2010). Given
strong and numerous effects of mtDNA variation on metabolism
(Latorre-Pellicer et al., 2016), cross-basin variation in mitogenomes
might be adaptive.
Slightly deleterious mutations causing small defects of proteins

should have larger fitness effect in populations exposed to greater
climatic variation, and thus stronger functional constraints on protein-
coding mitochondrial genes could be expected in the more climatically
variable MDB as compared with the HNB where climates are milder
and less variable (Nabholz et al., 2013). On the other hand, genetic
drift might be stronger and purifying selection weaker in the HNB
because of lower historical Ne values of HNB populations compared
with MDB ones. Lower historical Nes for HNB vs MDB populations
are suggested by estimates of control region haplotype diversity (mean
0.285 (minimum 0–maximum 0.855) vs 0.432 (0–0.876)), nucleotide
diversity (0.0014 (0–0.0041) vs 0.0021 (0–0.0063)) and allelic richness
for 19 microsatellites (2.694 (1.368–0.4) vs 3.045 (1.662–4.04))
(Pavlova et al., submitted).
Dramatic population declines over the past century resulted in the

reduction of Macquarie perch to a few isolated headwater populations
in the MDB and HNB and presumed extinction in the SB, from which
the only known genetic sample was collected in 1998 (Faulks et al.,
2010). These declines were reflected in extremely low estimates of
contemporary per-population Ne (Pavlova et al., submitted). Given
these population declines, Macquarie perch is listed as endangered
under Australian federal legislation and three State/Territory Acts, and
as Data Deficient on the IUCN (International Union for Conservation
of Nature and Natural Resources) Red List. The species-level
taxonomy requires re-examination because significant differentiation
among Macquarie perch from the MDB, HNB and SB basins on the
basis of external phenotypes and nuclear genetic loci has led to
suggestions of the presence of cryptic species (Dufty, 1986; Faulks
et al., 2011). However, the only phylogenetic hypothesis available
(Faulks et al., 2010) is based on a fragment of mitochondrial control
region and does not resolve HNB and MDB samples as monophyletic
lineages. Testing for within-basin lineage monophyly and estimating
divergence times while incorporating rate uncertainty using complete
mitogenomes can improve our understanding of the evolutionary
history and taxonomy of this important species because of greatly
increased gene sampling compared with previous studies (DeFilippis
and Moore, 2000; Morin et al., 2010).
In this paper we analyse complete mitogenome sequences for 25

Macquarie perch individuals sampled across three basins: MDB
(N= 10), HNB (14) and SB (1). We aim to: (1) test for reciprocal

monophyly of mitolineages from the three basins, (2) improve
estimates of divergence times between them and (3) identify hypoth-
eses about possible role of purifying and positive selection on
mitogenome evolution in different basins. To do this, we build a
Bayesian phylogeny, estimate divergence times, explore mitochondrial
protein-coding regions for signatures of selection using gene-based
tests and codon-based models, quantify changes in amino-acid
physicochemical properties and examine polymorphism within
nonprotein-coding regions. To further investigate the nature of
selection on candidate codons in Macquarie perch, we explore the
evolution of candidate codons across the family Percichthyidae.

MATERIALS AND METHODS

Samples, mitogenome sequencing and annotations
Twenty-four new and one published mitogenome sequences (GenBank accession
HG799088; Gan et al., 2014) were analysed (Figure 1, Supplementary Appendix 1).
Individuals were chosen from 24 populations, found by Pavlova et al.
(submitted) to be currently geographically isolated and genetically differen-
tiated. A single known genetic sample was available from the SB (hence, this
basin was not suitable for analyses of within-lineage variation). MDB and HNB
individuals were selected to represent genetic and geographic diversity of
control region haplotypes from population studies by Faulks et al. (2010) and
Pavlova et al. (submitted; Supplementary Appendix 1). These studies inferred
that within the MDB, the Lachlan River was historically isolated from tributaries
of the Murrumbidgee and Murray rivers (Figure 1) that were connected by gene
flow before arrival of European people in Australia, and that the northern HNB
was historically isolated from the southern HNB. We refer to each individual by
the population from which it was sampled, but note that most MDB haplotypes
occur in multiple MDB populations, and some HNB haplotypes could be
shared among neighbouring water bodies (Supplementary Appendix 1). Two
individuals were sequenced from Cataract River: one of the endemic HNB
lineage, and one of the introduced MDB lineage. Mitogenomes were sequenced,
assembled and annotated as described in Supplementary Appendix 2.

Analyses of genetic diversity within and genetic divergence between
lineages
Nucleotide diversity (π) and haplotype diversity (Hd) were calculated in DNASP

5.10.01 (Librado and Rozas, 2009) for each gene and complete mitogenome for
the MDB and HNB. Between-lineage p-distances were calculated in MEGA 6.06
(Tamura et al., 2011).

Transfer RNA analyses
The secondary structure of most mitochondrial tRNAs has a cloverleaf-shaped
base-pairing pattern with four stems (acceptor stem, D-stem, anticodon stem
and T-stem) and three loops (D-loop, anticodon loop and T-loop)
(Wittenhagen and Kelley, 2003). Because post-transcriptional modifications
of the anticodon stem and loop create the ‘wobble-base’ necessary to enable the
recognition of multiple codons (Agris et al., 2007), mutations in these regions
might be functionally important. Mutations within stems can be deleterious
when they disrupt Watson–Crick pairs and are not accompanied by a
compensating substitution (Kern and Kondrashov, 2004). Locations of muta-
tions within two-dimensional (2D) tRNA structures for polymorphic tRNA-
coding genes were inferred by mapping Macquarie perch sequences on 2D
tRNA models of Japanese Aucha perch Coreoperca kawamebari (Sinipercidae)
available from the mitotRNAdb mitochondrial transfer RNA database (Juhling
et al., 2009).

Phylogenetic analysis and estimation of time of lineage divergence
Bayesian phylogenetic analysis was performed on complete mitogenomes in
MrBayes 3.2.2 (Ronquist et al., 2012) using golden perchMacquaria ambigua as
an outgroup (GenBank accession AP014533; Lavoué et al., 2014). The best-fit
partitioning scheme and nucleotide substitution models were determined using
a heuristic search (greedy algorithm) under the Bayesian information criterion
in PartitionFinder (Lanfear et al., 2012); parameters for all partitions were
unlinked (Supplementary Appendix 3). Four replicate runs with four chains
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each were run for 2 million generations sampling every 1000 generations. Run
convergence was confirmed using TRACER 1.6.0 (Rambaut and Drummond,
2007). Trees were summarized on a 50% majority rule tree after discarding
25% of trees as burn-in, and visualized using FigTree 1.4.2 (Rambaut,
2006–2009).
Divergence times between major Macquarie perch lineages were estimated

from complete mitogenomes using BEAST 1.8.2 (Drummond et al., 2012). The
outgroup was not used, and hence a coalescent tree prior could be applied.
Analyses were run using nine partitions found by PartitionFinder with unlinked
substitution and clock models but linked tree topologies. Bayesian skyline plots
with 10 time intervals and a piecewise linear skyline model and uniform
(0–1000) prior for skyline PopSize were used as a population size prior. Because
preliminary analysis using an uncorrelated lognormal relaxed clock model
suggested lack of rate heterogeneity among lineages (95% highest posterior
density interval of ucld.sdev included zero; Supplementary Appendix 4), a strict
clock model was used. As fossil or geological calibrations were not available for
our species, we used lognormal clock rate priors that encompass a range of
mtDNA time-dependent rate calibrations for recent (o3 million years)
divergences of galaxiid and other fishes (Burridge et al., 2008). For partitions
involving the first and second codon positions, tRNAs and rRNAs, 95% of
clock rates were sampled between 0.1 and 3% substitutions/site/million years,
and for the third codon positions and the control region between 0.6 and
13.9% substitutions/site/million years (Supplementary Appendices 3 and 4). Six
replicates were run for 200 million generations and sampled every 10 000 steps
for the final analysis. Replicate runs were checked for convergence, combined
and analysed in TRACER, discarding the first 10% as burn-in.

Tests of selection
For all analyses of protein-coding variation, sequences of 13 protein-coding
genes were concatenated (ND6 sequence was reverse-complemented, as ND6 is
encoded on the light strand) and stop codons removed. Overlapping regions
(7 bp of ATP8/ATP6 and 4 bp of ND4L/ND4) were included in the alignment
twice so to enable analyses of all 3800 codons.

McDonald–Kreitman tests. DNASP was used to calculate McDonald–Kreitman
tests of directional or purifying selection (MK; McDonald and Kreitman, 1991)
for each gene and complete mitogenome for each basin.

Codon-based ω ratios. The ratio of nonsynonymous to synonymous substitu-
tion rates (ω=dN/dS) is often used to detect selection, when ω= 1 indicates
neutral evolution, ωo1 purifying selection and ω41 positive selection
(Yang, 2007). We used four models that estimate ω for each codon in the

data set based on a phylogeny, approximated here by the majority rule
consensus tree built by MrBayes (the outgroup was pruned from the tree). The
Fast Unconstrained Bayesian AppRoximation method (FUBAR; Murrell et al.,
2013) was used to detect codons under pervasive purifying or diversifying
selection under a model that evaluates the posterior probability (PP) that each
codon belongs to each of three classes of ω: ω0o1, ω1= 1 and ω241. Codons
with PP40.9 and ωo1 or ω41 were inferred to have evolved under purifying
and positive selection, respectively. A Mixed Effects Model of Evolution (meme;
Murrell et al., 2012) was used to identify pervasive and episodic (that is,
affecting only a subset of lineages) positive selection under a model that allows
ω at each codon to vary across branches. Codons with Po0.05 were inferred to
be under positive selection. FUBAR and MEME are implemented in the program
HyPhy and were run via the Datamonkey web server (Delport et al., 2010) using
the best-fit substitution models, also assessed using the web server.

Codeml, implemented in the software package PAML4.7 (Yang, 2007) and run
via GUI PAMLX (Xu and Yang, 2013), was used to fit site-, branch- and branch-
site models. Site models allow ω to vary among codons and assume one ω ratio
for all branches (Nielsen and Yang, 1998; Yang et al., 2000). Five different site
models were run using equal codon frequencies (results were the same for the
analyses using observed codon frequencies): M0 (one ω ratio), M1a (nearly
neutral; assumes two classes of codons, ω0o1 and ω1= 1), M2a (positive
selection; assumes three classes of codon, ω0o1, ω1= 1, ω241), M7 (β; sites
are evolving under 0⩽ω⩽ 1 drawn from a β distribution) and M8 (β and ω; as
M7, but some codons evolve under ω41; Table 1; Wong et al., 2004; Yang
et al., 2005). A likelihood-ratio test was used to compare fit of the nested
models: M0 vs M1a tested for a single ω ratio across codons, and M1a vs M2a
and M7 vs M8 for presence of positive selection.

Branch model, which assumes different ω for different branches, was run to
test whether fish in different basins (MDB, HNB and SB) evolved under
different selective pressures. Three ω-values (MDB, HNB and SB) were
estimated. To test for rate heterogeneity across lineages, branch model was
compared with M0 (one ω ratio) using likelihood-ratio tests.

Branch-site model A modified (Zhang et al., 2005) was run to test for
positive selection affecting particular sites in the HNB, a foreground lineage.
This model assumes four categories of sites: sites under purifying selection
(0oω0o1); sites under neutrality (ω1= 1); sites under positive selection ω241
in the foreground lineage but under purifying selection (0oω0o1) in
background lineages; and sites under positive selection ω241 in the foreground
lineage but under neutrality (ω0= 1) in background lineages. This model was
compared with the null (fixed ω2= 1) to test for presence of positive selection
in the foreground lineage, and with model M1a (nearly neutral) to test whether

Table 1 Estimates of parameters of the six Codeml site models and P-values of likelihood-ratio tests (LRTs) comparing these models (P ΔLRT)

Model Model No. of p Log likelihood Parameter estimates Null model P ΔLRT

Site model M0 (one ratio) 1 −18 325 ω=0.13

M1a (nearly neutral) 2 −18 314 ω0=0, p0=0.87; ω1=1, p1=0.13 M0 o0.001

M2a (positive selection) 4 −18 313 ω0=0.00001, p0=0.90; ω1=1, p1=0.05;

ω2=1.61, p2=0.05

M1a NS

M7 (β) 2 −18 314 p=0.01142; q=0.07027 NS

M8 (β and ω41) 4 −18 313 p0=0.984, p=8.47, q=99.0; (p1=0.016),

ω=3.582

M7 NS

Branch model 2 Three ω (HNB, SB, MDB) 3 −18 319 ωHNB=0.23; ωSB=0.09; ωMDB=0.12 M0 Po0.01

Branch-site model A modified,

HNB as a foreground

Model A modified

(estimated ωHNB)

4 −18 309 p0=0.88, ωbackground=0, ωHNB=0;

p1=0.1, ωbackground=1, ωHNB=1;

Model A null NS

p2a=0.02, ωbackground=0, ωHNB=5.27;

p2b=0.002, ωbackground=1, ωHNB=5.27

M1a Po0.01

Model A null (assumed ωHNB=1) 3 −18 310 p0=0.80, ωbackground=0, ωHNB=0;

p1=0.09, ωbackground=1, ωHNB=1;

p2a=0.09, ωbackground=0, ωHNB=1;

p2b=0.01, ωbackground=1, ωHNB=1

Abbreviations: HNB, Hawkesbury–Nepean Basin; MDB, Murray–Darling Basin; No. of p, number of free parameters in the model; NS, not significant (P40.05); SB, Shoalhaven Basin.
Parameter estimates are estimates of ω=dN/dS ratios and proportion of codons that belong to each ω class (p and q for M7 and M8 are parameters of β distribution of ω under purifying selection).
The Null model is a model against which the model in the second column was compared using likelihood-ratio test (LRT) test.
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positive or relaxed purifying selection has affected some sites in the foreground
lineage (the third and/or fourth category have ω241 or ω2⩽ 1 in the
foreground lineage, respectively). To identify codons under positive selection,
posterior probabilities were calculated for models assuming positive selection
(M2a, M8 and the branch-site model A modified) using Bayes empirical Bayes
(Yang et al., 2005); codons with PP 40.7 were considered candidates for
selection.

Finally, to test whether purifying selection in the HNB is relaxed compared
with that in the MDB, we ran RELAX (Wertheim et al., 2014) via the Datamonkey
web server. The RELAX model uses the selection intensity parameter k, which
modulates the degree to which ω classes diverge from neutrality (ω= 1), to
determine whether the ω distribution inferred for the test set of branches
represents selective relaxation (ko1) or intensification (k41) relative to the
reference set. Significance of the model is tested against the null (k= 1) using
likelihood-ratio test. If purifying selection in the HNB (test branches) is relaxed
relative to that in the MDB (reference branches), we expect ko1 and ω in the
HNB to be shifted towards larger ωo1 values compared with the MDB.

Radical changes in physicochemical properties of amino acids. TREESAAP
(Woolley et al., 2003) was used to analyse the effect of amino-acid replacements
on 20 physicochemical properties (those with 485% accuracy of detecting
selection; McClellan and Ellison, 2010) over the evolutionary tree (as above)
and to detect directional positive selection for these properties. TREESAAP
should be more sensitive to detection of positive selection in recently diverged
taxa than are codon models because it compares the observed physicochemical
amino-acid changes inferred from a phylogenetic tree with the random
distribution of changes expected under selective neutrality, and does not
depend on sampling strategy or selection biases (Woolley et al., 2003). Only
amino-acid changes with radical effects on properties (categories 6, 7 and 8)
were considered. A global test was used to select properties under selection
across all coding regions, and a sliding-window approach (window sizes 10 and
20 codons with 1-codon increment) was used to detect DNA regions
(windows) affected by this selection. Significance, direction and amount of
selection at every sliding-window were evaluated using z-values: z40 indicate
positive selection, zo0 purifying selection. Windows with z-scores of 43.09
and z o− 3.09 (corresponding to Po0.001) were inferred to be significant.

Because only one individual from each location was sequenced, we could not
establish whether the amino-acid replacements observed in a single sequence
are unique to that sequence or fixed (potentially under selective pressure) in
one or more locations. Thus, only codons with amino-acid replacements
affecting two or more mitogenome sequences were considered candidates for
positive selection. In addition, congruence between methods with different
underlying assumptions (that is, codon models and TREESAAP) was assessed to
reduce false inferences.

Comparative analysis of candidate codons across Percichthyidae. Because relaxed
purifying selection and positive selection can have similar genomic signatures,
we tested whether the candidate codons experienced multiple nonsynonymous
substitutions over the phylogeny of the family Percichthyidae. Presence of
multiple nonsynonymous changes across Percichthyidae phylogeny in the
candidate codon was taken as evidence of relaxed functional constraint on
that codon (Jacobsen et al., 2016), whose evolution in Macquarie perch was
then interpreted as subject to relaxed purifying selection. For five genes
harbouring six candidate codons (ND2, ND4, ND5, ATP6 and CO2, see
Results), Percichthyidae sequences were downloaded from GenBank (one
individual per species, 14–15 species per gene; details in Supplementary
Appendix 5) and aligned in GENEIOUS. Number of nonsynonymous substitutions
for each codon of each gene was calculated using HyPhy implemented in
MEGA over the phylogenetic tree presented in Supplementary Appendix 5.

RESULTS

Mitogenome annotations
A final alignment of Macquarie perch mitogenomes comprised 16 499
nucleotides. Length variation was present in 16S rRNA, tRNA-Lys and
control region. Several annotation discrepancies compared with the
published mitogenome were detected (Supplementary Appendix 6);

new annotations are used here because MitoFish produces accurate
predictions for fish mitogenomes (Iwasaki et al., 2013). Annotated
mitogenomes were submitted to GenBank (accession KR152233–
KR152256).

Phylogenetic analysis
Bayesian phylogenetic analysis of mitogenomes in MrBayes showed
three well-supported basin-based Macquarie perch lineages (Bayesian
PP= 1; Figure 2), monophyletic with respect to the outgroup: one
comprised the SB individual, which was the sister to a clade
comprising two sister clades, the MDB and the HNB. No phylogeo-
graphic structure was present in the MDB. In the HNB there were two
well-supported (PP= 1) clades, corresponding to the northern HNB
(Colo, Capetree, Wollemi, Wheeny and Wollangambe) and southern
HNB (remaining HNB samples).

Within-lineage genetic diversity and among-lineage divergence
Nucleotide diversity (π) and haplotype diversity (Hd) were lower in the
MDB than in the HNB for complete mitogenomes, but varied across
genes (Supplementary Appendix 7; note that the estimates for the
HNB are influenced by pooling individuals from historically isolated
northern and southern HNB). For complete mitogenomes and

Figure 2 MrBayes majority rule consensus tree built from complete
mitogenome sequences (rooted with golden perch Macquarie ambigua, not
shown). Numbers are Bayesian posterior probability 40.8 for each node.
Letters in italic are labels of amino-acid replacements inferred to be under
selection by TREESAAP, MEME, FUBAR and/or Codeml models (Table 2); letters
without numbers indicate replacements affecting a single lineage, and letters
with numbers indicate codons with replacements in multiple lineages across
the phylogeny. The branches over which the nonsynonymous replacements
occurred were inferred by TreeSAAP analysis based on ancestral sequence
reconstructed for each node. Numbers and letters in italic indicate BEAST

95% highest posterior density (HPD) estimates of time to most recent
common ancestor for major lineages and sublineages (nodes indicated by
black circles; KY, thousands of years).
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protein-coding regions respectively, average uncorrected between-
lineage p-distances were 0.60 and 0.63% for MDB vs HNB, 1.86
and 2.10% for MDB vs SB, and 1.90 and 2.15% for HNB vs SB.
The outgroup (golden perch) was411.9 and 413.8% divergent from
any Macquarie perch lineage. Between SB and MDB+HNB, 10
substitutions were fixed in 16S rRNA, 5 in 12S rRNA, 8 in tRNAs,
171 synonymous and 27 nonsynonymous in protein-coding genes and
25 in the control region. Between the MDB and HNB, 6 substitutions
were fixed in 16S rRNA, 1 in tRNA-Glu, 32 synonymous and 4
nonsynonymous in protein-coding genes and 6 in the control region
(Supplementary Appendix 7).

Time of lineage divergence
The time to the most recent common ancestor (tMRCA) of all
Macquarie perch lineages was estimated by BEAST from complete
mitogenomes at 812 (geometric mean; 95% highest posterior density
419–1332), of MDB+HNB lineages at 232 (119–385), of MDB at 79
(39–132) and of HNB at 113 (58–191) thousand years ago (KYA). The
tMRCA for the southern HNB (that is, Cataract, Coxs, Glenbrook,
Kedumba, Kanangra, Kowmung, Little, Wentworth and Wongawilli)
was estimated at 74 (37–124) and 27 (12–48) KYA for the northern
HNB (that is, Colo, Capertee, Wollemi, Wheeny and Wollangambe)
(Figure 2 and Supplementary Appendix 4).

Ribosomal RNA diversity and divergence
For 12S rRNA, four haplotypes were restricted to the MDB, four to the
HNB, one to the SB and one was shared between MDB and HNB
individuals. MDB vs HNB haplotypes differed by 0–4 nucleotides, the
SB haplotype was 6–8 nucleotides different from any other Macquarie
perch haplotype. For 16S rRNA, there were three haplotypes in the
MDB, eight in the HNB and one in the SB. Haplotypes were
phylogenetically clustered according to basins (Supplementary
Appendix 8). MDB vs HNB haplotypes differed by 7–12 nucleotides,
SB haplotype was 12–16 nucleotides different from any other
haplotype.

Transfer RNAs divergence and location of mutations within 2D
structures of tRNAs
Macquarie perch tRNA sequences closely matched Aucha perch 2D
tRNA models (Supplementary Appendix 9). The MDB and HNB
shared haplotypes for all tRNAs, except tRNA-Glu, for which different
haplotypes were fixed between basins. The SB lineage had unique
haplotypes not shared with the other basins for 9 of 22 tRNAs.
Within-lineage polymorphism was present in 9 of 22 tRNAs (4 in the
MDB and 6 in the HNB). Variable positions were spread through all
tRNA regions except the anticodon loop. Of the 11 substitutions
within the stem regions, 7 disrupted Watson–Crick pairings and thus
were putatively deleterious, whereas 4 restored Watson–Crick pairings,
indicating potentially advantageous effects. The latter were substitu-
tions in the anticodon stem of tRNA-Trp fixed in all MDB and HNB
individuals, acceptor stem of tRNA-Arg in Wheeny (HNB), acceptor
stem of tRNA-His fixed in the northern HNB (Colo, Capetree,
Wollemi, Wheeny and Wollangambe) and the anticodon stem of
tRNA-Thr in the SB lineage.

McDonald–Kreitman tests
An MK test of HNB vs MDB suggested that strong purifying selection
influenced divergence between these basins (4 nonsynonymous/32
synonymous substitutions fixed between, and 45 nonsynonymous/117
synonymous polymorphisms within lineages; Fisher’s test P= 0.035).
Similarly, an MK test of HNB vs SB was significant (29/191 vs 32/68;

Po0.001), but an MK test of MDB vs SB was not (33/189 vs 13/52;
P40.05). None of the MK tests performed on individual genes were
significant.

Selection on protein-coding variation across all 13 mitochondrial
protein-coding genes inferred by codon models
Evidence for pervasive purifying selection. FUBAR found 308 codons
spread across all 13 genes with evidence of pervasive purifying
selection (PP 40.9). The nearly neutral Codeml site model M1a best
described the data (M0 vs M1a: likelihood-ratio test Po0.001);
it estimated that 87% of all codons are under purifying selection,
whereas the remaining codons are evolving neutrally. Site-models
assuming positive selection (M2a and M8) were not significantly
favoured over the models assuming that sites are evolving neutrally or
under purifying selection (M1a and M7; both LR tests not significant;
Table 1).

Evidence for relaxed purifying selection in the HNB. Branch- and
branch-site Codeml models provided evidence for positive and/or
relaxed purifying selection in the coastal HNB. Branch model
assuming that ω for HNB was different than for MDB or SB
(Po0.01) explained the data significantly better than M0 (which
assumes a single ω for all branches) and estimated higher ω for HNB
than for other basins (Table 1). Branch-site models (with HNB as a
foreground clade) were the best models of all Codeml ones. The model
assuming positive selection (model A modified) did not differ
significantly from its null (that assumes relaxed purifying selection),
but it differed significantly from M1a (that assumes that some codons
evolve under purifying selection and some under neutrally; Po0.01)
and estimated that 2% of sites were under positive selection in HNB
and purifying selection in other basins, and 0.2% of sites were under
positive selection in HNB and evolving neutrally in other basins
(Table 1). Relaxed purifying selection in the HNB relative to MDB was
supported by a significant RELAX test (k= 0.71; P= 0.039; LR= 4.28).
The alternative model, which showed a shift towards larger ω o1
values in the HNB compared with the MDB, was preferred over the
null model that assumed that ω o1 values were the same in both
basins. The null RELAX model (logL=− 17533.9, 72 parameters)
estimated that in both basins 93% of sites had ω1= 0.119, 6.5% of
sites had ω2= 0.129 and 0.67% of sites had ω3= 1. The alternative
model (logL=− 17531.8, 73 parameters) estimated that 87% of sites
had ω1= 0.154 in HNB and 0.072 in MDB, 13% of sites had
ω2= 0.176 in HNB and 0.087 in the MDB and 0.85% of sites had
ω3= 1 in both basins.

Codons under positive selection. Five codons were inferred to have
evolved under positive selection by one of the codon models; all
involved amino-acid replacements in the HNB (Table 2 and Figure 2).
MEME analysis found two ND5 codons (labelled L and N in Table 2 and
Figure 2) with significant evidence of episodic positive selection in two
HNB tip lineages. FUBAR found a single codon in ATP6 (labelled F)
with evidence of pervasive diversifying selection; the same amino-acid
replacement evolved independently three times, in SB and two HNB
lineages. Bayes empirical Bayes analysis of the Codeml branch-site
model (model A modified) found two codons with evidence of
positive selection in the HNB (C in ND2 and F in ATP6; Figure 2).

Evolution of amino-acid physicochemical properties inferred by
TREESAAP
Global TREESAAP analysis detected two physicochemical properties
(Equilibrium constant (ionization of COOH) and α-helical
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tendencies) with significant (z43.09; Po0.001) radical changes,
indicative of positive diversifying selection. None of the properties
were inferred to be under significant negative selection (all z4− 3.09).
Sliding window analyses of these two properties with a 10-codon

window (Supplementary Appendix 10) showed that Equilibrium
constant (ionization of COOH) was affected by amino-acid replace-
ments in five genes (ND2, ND4, ND5, CO2 and Cytb) and α-helical
tendencies were affected by replacements in four genes (ND1, ND5,
CO1 and ATP6; Table 2). Close examination of significant windows
showed that 11 and 6 codons, respectively, were involved in a radical
shift in these properties (Table 2 and Supplementary Appendix 11).

Codon candidates for positive selection
Of 17 nonsynonymous codons inferred to be under positive selection
by at least one of the methods (Table 2 and Figure 2), 11 codons had a
replacement affecting a single tip lineage (replacements A, H, K, M, Q
in SB lineage; B, D, L, N, O in the HNB; and J in the MDB) and 6 had
replacements affecting more than one sequence (C, E, F, G, I and P;
shaded in Table 2). The former group likely represents mildly
deleterious mutations accumulated under relaxed purifying selection,
whereas the latter set represents potential candidates for positive
selection. Of the six candidates, three (C, G and F) were independently
detected by methods with different underlying assumptions (that is,

codon model and TREESAAP) and thus most likely were not false
positives.

Evolution of candidate codons in Percichthyidae
Five of the six codon candidates for positive selection, ND2299, CO2150,
ATP621, ND4186 and ND5511 (Macquarie perch codons C, E, F, I and P,
respectively) were codons experiencing nonsynonymous substitutions
on a Percichthyidae phylogeny (Supplementary Appendix 5), suggesting
that their evolution is not strongly constrained by function and is likely
subject to relaxed purifying selection in Macquarie perch. In contrast,
ATP6113 (Macquarie perch codon G) was located in a conserved region
of the ATP6 gene, and had zero nonsynonymous replacements across
Percichthyidae, suggesting that nonsynonymous mutations of this
codon could be functionally important. In Macquarie perch, an
ATP6113 replacement of ancestral threonine (shared by all Percichthyi-
dae) to alanine was fixed in the HNB clade, before being replaced back
to threonine in the westernmost HNB subclade (G1 at the root of the
HNB lineage, followed by G2 at the root of the clade Coxs+Kanangra
+Kowmung).

DISCUSSION

We used mitogenome data to investigate whether basin-based
differences could have affected the mitogenome evolution of

Table 2 List of 17 nonsynonymous codons encoding 22 amino acid replacements along Macquarie perch phylogeny inferred to be under

positive selection by TREESAAP, MEME (Po0.05), FUBAR (PP40.9) and/or Codeml BEB analysis under branch-site model with HNB in foreground

(PP 40.8); see the list of all replacements in Supplementary Appendix 11

Gene Codon position

in a gene

Amino acid

replacement

label (Figure 1)

From

codon

To

codon

From

amino acid

To amino

acid

TREESAAP Codon

models

Cat α-helical

tendencies

Amnt α-helical

tendencies

Cat Equilibrium

constant (ionization

of COOH)

Amnt Equilibrium

constant (ionization

of COOH)

ND1 159 A GCT ACT Ala Thr 6 −0.59

ND1 184 B GCC ACC Ala Thr 6 −0.59

ND2 299 C1 ATC ACC Ile Thr 6 0.74 Codeml

ND2 299 C2 ATC ACC Ile Thr 6 0.74 Codeml

CO1 71 D ATA ACA Met Thr 6 −0.62

CO2 150 E1 GTC ATC Val Ile 8 −0.96

CO2 150 E2 GTC ATC Val Ile 8 −0.96

ATP6 21 F1 GCC ACC Ala Thr 6 −0.59 FUBAR

ATP6 21 F2 GCC ACC Ala Thr 6 −0.59 FUBAR

ATP6 21 F3 GCC ACC Ala Thr 6 −0.59 FUBAR

ATP6 113 G1 ACC GCC Thr Ala 6 0.59 Codeml

ATP6 113 G2 GCC ACC Ala Thr 6 −0.59 Codeml

ND4 163 H GTT ATC Val Ile 8 −0.96

ND4 186 I ATC ACC Ile Thr 6 0.74

ND4 259 J AGC ATC Ser Ile 7 −0.85

ND4 439 K ACC ATC Thr Ile 6 −0.74

ND5 16 L TTC ATC Phe Ile MEME

ND5 45 M GTT ATT Val Ile 8 −0.96

ND5 178 N CTT ATT Leu Ile 8 −1 MEME

ND5 308 O GTT ATT Val Ile 8 −0.96

ND5 511 P GCA GGA Ala Gly 8 −0.85

Cytb 29 Q GTT ATT Val Ile 8 −0.96

Abbreviations: Amnt, amount; BEB, Bayes empirical Bayes; Cat, category; HNB, Hawkesbury–Nepean Basin; PP, posterior probability.
Codons are labelled by letters (A–Q), multiple replacements of the same codon are numbered (see Figure 1). Amino-acid replacements of six codons (C, E, F, G, I and P, shaded grey) affected two
or more sequences; these codons are candidates for positive selection. TreeSAAP: radical (categories 6–8) changes in amino-acid properties found to be significant by sliding window approach.
Category and amount of change is given (negative values indicate decrease, whereas positive values indicate increase in property). Changes in Shoalhaven Basin (SB) lineage are in italics, and those
basal to HNB lineage are in bold.
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Macquarie perch, to test for reciprocal monophyly of mitolineages and
estimate divergence times between them. Overall, our results show
that purifying selection and genetic drift were the most prominent
forces shaping the Pleistocene evolution of Macquarie perch mito-
genome. Purifying selection appears to have been relaxed in the coastal
HNB, putatively associated with milder climatic conditions and/or
smaller Ne. Fixation of a nonsynonymous substitution at ATP6113
codon in the HNB and/or its reversal in northern HNB could have
occurred under positive selection, although the effect of genetic drift
cannot be rejected. The pattern of relaxed purifying selection in coastal
but not inland basins strongly mirrors that found in Maccullochella
cods, another lineage of Percichthyidae with Pleistocene cross-Great-
Dividing-Range divergence (Harrisson et al., 2016), and suggests that
evolution of other similarly distributed aquatic species could be driven
by similar constraints on metabolism or effective population sizes.

Divergence of Macquarie perch lineages
Our phylogenetic analyses based on complete mitochondrial DNA
sequences of Macquarie perch found that basin-based lineages form
well-supported clades. This is a new result compared with the earlier
mitochondrial phylogeny (Faulks et al., 2010) that showed the MDB
clade embedded within the HNB clade. Although sequence divergence
among clades is low (o1% between the MDB and HNB and ~2%
between SB and either MDB or HNB), together with cross-basin
differentiation based on morphological phenotypes, allozymes and
microsatellites (Dufty, 1986; Faulks et al., 2011; Pavlova et al.,
submitted), reciprocal monophyly of mitolineages indicates that the
three basins harbour incipient or undescribed species. Analysis of
genome-wide markers of the Cataract River population, where the
endemic HNB and translocated MDB populations are known to
hybridize (Faulks et al., 2011; Pavlova et al., submitted), provides an
opportunity to test for the presence of reproductive isolation between
HNB and MDB.
According to our analyses of divergence time, the initial early- to

mid-Pleistocene (419–1331 KYA) split between the SB and the
ancestral MDB+HNB lineages was followed by the mid- to late-
Pleistocene divergence between the MDB and HNB (119–385 KYA),
and later by divergence of northern and southern HNB sublineages
(58–191 KYA). These estimates are more recent compared with those
based on partial control region (~2 MYA for SB vs rest, 657 KYA for
MDB vs HNB and 130 KYA for northern vs southern HNB) (Faulks
et al., 2010). The discrepancy is likely because of the contribution of
other loci to the estimate of splits (48 × more data were analysed here)
rather than difference in clock rates used: our clock rate estimate for
control region was 3–11.7%/MY (Supplementary Appendix 4) that
includes the 3.6%/MY rate used earlier. As Faulks et al. (2010), we
acknowledge the limitations of using clock rates calibrated for different
species. Faulks et al. (2010) hypothesized that the HNB-to-MDB
colonization by Macquarie perch occurred through topographically
low parts of the Great Dividing Range, such as Lake George and/or
Lake Bathurst and Breadalbane Plain area, that have numerous
relatively low relief borders with the Murrumbidgee, Lachlan,
Hawkesbury-Nepean and Shoalhaven catchments. Our estimate of
within-MDB lineage divergence (39–132 KYA) is consistent with
Macquarie perch lineage diversification before colonization of the
MDB during westward overflow of Lake George 21–27 KYA into a
tributary of the Murrumbidgee and/or Lachlan rivers (Coventry,
1976). Our estimate of divergence time between the inland MDB
and coastal HNB lineages of Macquarie perch (119–385 KYA) is also
consistent with cross-Great Dividing Range divergence of Maccullo-
chella species of freshwater cods (220–710 KY; Harrisson et al., 2016),

suggesting that geologic and climatic changes in the region may have
facilitated cross-basin colonization in different aquatic species (Faulks
et al., 2015).
Purifying selection acting across coding genes of Macquarie perch

violates a major assumption of the molecular clock (neutral evolu-
tion). Nevertheless, taxa for which mitochondrial clocks are calibrated
will generally be under similar functional constraints. Thus, as long as
a clock was calibrated on a similar scale of divergence, any biases
introduced by purifying selection on clock rate estimates should be
similar in related taxa, assuming their effective population sizes are
comparable (Ho and Larson, 2006; Burridge et al., 2008). Given that
signal of positive selection is low, it is unlikely that positive selection
had a strong impact on Macquarie perch divergence estimates, because
only a single codon may have been affected, rate heterogeneity across
lineages was rejected and strict as well as relaxed clock analyses yielded
very similar results (Supplementary Appendix 4). If ATP6113 was
indeed fixed in the HNB under positive selection, our tMRCA of HNB
could represent an underestimate, but other tMRCA estimates should
not be affected.

Differences between basin-based mitolineages
During the divergence of HNB and MDB lineages, three nonsynon-
ymous mutations became fixed in each, and those fixed in the HNB
(E2, G1 and I) were inferred to change amino-acid properties radically
(Table 2 and Supplementary Appendix 11), suggesting potential
differences in protein function between basins. In addition, differences
in gene expression among the basins are possible given the presence of
fixed differences in tRNA-Glu and 16S rRNA between the MDB and
HNB and substitutions restoring Watson–Crick pairings in tRNA-Trp
anticodon stem of the MDB+HNB lineage that could influence tRNA
stability and efficiency of post-transcriptional modifications
(Wittenhagen and Kelley, 2003; Agris et al., 2007). Fixed differences
between MDB and HNB lineages were also observed in the control
region, containing the main regulatory elements for mtDNA tran-
scription and replication (Fernández-Silva et al., 2003). Neither the
origin of heavy-strand replication located in the conserved sequence
block II, which in Macquarie perch was identical to that of salmonids
(Shedlock et al., 1992) and some other fish (Lee et al., 1995), nor
transcriptional promoters (light-strand promoter and heavy-strand
promoter 1) located upstream of conserved sequence block II in the
domain III of the control region had any sequence variation within or
between Macquarie perch lineages, implying that RNA synthesis and
ability to modify mtDNA replication in response to physiological
demands are unaffected by lineage divergence (Fish et al., 2004;
Bonawitz et al., 2006). Similarly, tRNA-Phe, where the transcriptional
promoter heavy-strand promoter 2 is located, had no sequence
variation (except a single substitution in the Wollangambe sequence).
Determining whether the between-basin differences are linked to
metabolic differences could be achieved by comparing metabolic
performance of HNB and MDB Macquarie perch in common and
different environments. The Cataract River population, containing
endemic HNB as well as translocated MDB lineages and their hybrids,
is an excellent study system for doing this. Evaluating fitness of pure
forms (that is, HNB or MDB mitolineages in pure HNB and pure
MDB nuclear backgrounds, respectively) and mitolineages in opposite
or hybrid nuclear backgrounds in the Cataract River will also reveal
whether hybridization of HNB and MDB fish results in outbreeding
depression and whether mitochondrial-associated selection plays
a role.
Because the SB was represented by a single individual, whether the

diverged haplotypes for both rRNAs, nine tRNAs and control region
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found in the SB lineage were fixed in the now-extinct population will
remain unknown unless other samples are discovered, hence infer-
ences are unwarranted.

Contribution of selection and drift to inland–coast divergence of
Macquarie perch mitogenomes
Purifying selection appears to be the main evolutionary force affecting
Macquarie perch mitogenome evolution: 87% of codons were inferred
to be under strong purifying selection, and 13% either under moderate
purifying selection (RELAX results) or neutrality (nearly neutral site
model; Table 1). Strong purifying selection to preserve functionality of
mitochondrial proteins is expected, and was previously inferred for
many organisms (Nabholz et al., 2013) including Maccullochella cods
in the region of the present study (Harrisson et al., 2016). Never-
theless, several candidates for positive selection were detected by
various analyses of selection (Table 2). Signatures of positive selection
can resemble relaxed purifying selection, and the test designed to
distinguish them (Wertheim et al., 2014) supported relaxed purifying
selection in HNB Macquarie perch. This suggests that the majority of
amino-acid replacements shown in Table 2 were likely slightly
deleterious mutations fixed by drift (Hughes, 2007). These results
support our expectations that purifying selection was relaxed in the
HNB, because functional constraints were ameliorated in the HNB
owing to milder and less variable climates, and/or because HNB
populations had lower historical effective population sizes (Pavlova
et al., submitted) and hence were more affected by genetic drift. Less
stringent selective pressures and/or stronger drift in the coastal HNB
was supported by higher within-lineage polymorphism for tRNA and
16S rRNA genes in the HNB. The latter suggests that higher variation
in efficiency of mitochondrial gene expression might be tolerated in
the HNB (Montooth et al., 2009). Therefore, genetic drift was also a
prominent driver of Macquarie perch mitogenome evolution. Studies
of domesticated animals suggest that relaxation of selection or
reduction in population size, operating over a short timescale, can
cause significant changes to the patterns of mitochondrial molecular
evolution, including higher ratios of nonsynonymous to synonymous
changes (Cruz et al., 2008; Moray et al., 2014). Distinguishing whether
milder selective pressures or smaller Ne facilitated drift is challenging,
particularly given that they are not mutually exclusive. Estimates of
past population dynamics from nuclear sequence data may help
resolve this: times of fixation of mutations in particular clades
corresponding to temporary population bottlenecks would support
lower Ne as major reason for fixation of mildly deleterious mutations
(Drummond et al., 2005).
Codon models could produce false positive and negative results

when used on closely related taxa because of increased stochastic
effects (Mugal et al., 2013), and performing several tests of selection on
the same data could multiply this effect. Our inference of prevalence of
relaxed purifying selection in the HNB compared with the MDB,
supported by a statistical test (RELAX), was robust to the exclusion of
codons supported by a single methodological approach or occurring in
a single sequence (Table 2 and Figure 2).

Codon candidates for positive selection in the HNB
Overall, support for positive selection in Macquarie perch was limited.
Results of our analyses of positive selection on Macquarie perch
mitogenomes showed little congruence across different approaches
(Table 2), suggesting the possibility of false positive results. Across six
candidate codons with replacements in two or more lineages, only
three (C, F and G) were detected by TreeSAAP plus one of the

codon models, and only one (G: ATP6113) passed a phylogenetic
conservation test.
Given the conservation of ATP6113 amino acid across the Per-

cichthyidae, its forward and reversed replacements in Macquarie perch
have likely affected protein function. It is possible that the forward
ATP6113 replacement was originally fixed in the HNB because it
imparted higher fitness at the time of fixation. Previous inferences of
population expansion after colonization of the HNB (Faulks et al.,
2010) suggest that at the time colonization Ne might have been low,
thus positive selection for the original ATP6113 replacements would
have to be strong to overcome the effect of drift. However, the reverse
replacement of ATP6113 in the western part of the southern HNB
supports the alternative explanation, where the original slightly
deleterious replacement has been fixed by drift in the ancestral HNB
population, and the reverse ATP6113 replacement to the ancestral state
was favoured by positive selection. Demonstrations of fitness effects
incurred by nonsynonymous changes in mitochondrial genes are rare
and often limited to lab experiments (Dowling et al., 2008). Never-
theless, links between metabolism-related phenotypes and positive
selection at ATP6 were previously suggested for various taxa (Garvin
et al., 2015). In freshwater eels, number of amino-acid changes at five
positively selected ATP6 codons and their differences in physicochem-
ical properties were positively correlated with larval phase duration
and migratory distance (Jacobsen et al., 2015), although ATP6113 did
not feature among those selected codons (ATP6 positions 43, 52, 83,
105 and 195). Because non-mammalian vertebrates possess nucleated
red blood cells that retain functional mitochondria (Stier et al., 2015),
metabolic functioning of Macquarie perch with different ATP6113
variants could be measured with low-impact blood sampling. Fish
with a positively selected variant would be expected to have better
metabolic performance in local environments.

Management considerations
Current management of the endangered Macquarie perch precludes
mixing of the MDB and HNB lineages; however, our data suggest only
limited evidence of non-neutrality of mitolineage divergence across
basins. Nevertheless, relaxed purifying selection in the HNB indicates
presence of deleterious mutations that could contribute to genetic load
and lower fitness in small populations (Gemmell et al., 2004). Our
data suggest that fish translocations for genetic supplementation
within the MDB need not account for the presence of mitochondrial
adaptation. A potential candidate for positive selection in the HNB
warrants investigation and caution while designing translocations
among southern HNB populations.
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