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Summary

The current molecular understanding of the aging process derives
almost exclusively from the study of random or targeted
single-gene mutations in highly inbred laboratory species, mostly
invertebrates. Little information is available as to the genetic
mechanisms responsible for natural lifespan variation and the
evolution of lifespan, especially in vertebrates. Here, we investi-
gated the pattern of positive selection in annual (i.e., short-lived)
and nonannual (i.e., longer-lived) African killifishes to identify a
genomic substrate for evolution of annual life history (and reduced
lifespan). We identified genes under positive selection in all steps of
mitochondrial biogenesis: mitochondrial (mt) DNA replication,
transcription from mt promoters, processing and stabilization of
mt RNAs, mt translation, assembly of respiratory chain complexes,
and electron transport chain. Signs of paralleled evolution (i.e.,
evolution in more than one branch of Nothobranchius phylogeny)
are observed in four out of five steps. Moreover, some genes under
positive selection in Nothobranchius are under positive selection
alsoin long-lived mammals such as bats and mole-rats. Complexes of
the respiratory chain are formed in a coordinates multistep process
where nuclearly and mitochondrially encoded components are
assembled and inserted into the inner mitochondrial membrane.
The coordination of this process is named mitonuclear balance, and
experimental manipulations of mitonuclear balance can increase
longevity of laboratory species. Our data strongly indicate that these
genes are also casually linked to evolution lifespan in vertebrates.
Key words: evolution; gerontogenes; lifespan; longevity
regulation; longevity gene; molecular biology of aging;
mortality.

Introduction

The current molecular understanding of the aging process derives almost
exclusively from the study of random or targeted single-gene mutations
in highly inbred laboratory species, mostly invertebrates. Little informa-
tion is available as to the genetic mechanisms responsible for natural
lifespan variation and the evolution of longevity, especially in verte-
brates. Yet, natural variability in lifespan across vertebrate species greatly
exceeds the magnitude of life extension that has been obtained by
single-gene manipulations, and a comparative approach may reveal
novel genetic pathways that are responsible for evolution of lifespan.
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The increasing availability of sequenced genomes and transcriptomes
of related species with differing lifespans can facilitate the identification
of putative aging-related genes by analysis of positive selection. Positive
selection is the evolutionary process by which a mutation becomes fixed
in a population because it increases fitness. If two branches of an
evolutionary tree differ in a key phenotype (lifespan, in this case), the
genes under positive selection likely played a role in the evolution of
that phenotype. In interspecies comparisons, positive selection on
protein-coding sequences results in an increase in the rate of
non-synonymous substitutions as compared with random genetic drift.
Statistical models based on the ratio of non-synonymous to synony-
mous substitution rates (dy/ds) can identify specific amino acid codons
within a given gene that evolved due to positive selection and are
widely used in comparative genomics (Kosiol et al., 2008; Roux et al.,
2014; Davies et al., 2015).

One of the main limitations in applying this approach to the
investigation of the genetic basis for lifespan evolution is the lack of a
group of related species that are good laboratory organisms, are
genetically tractable, and at the same time show naturally evolved large-
scale differences in lifespan. Genome-wide scans for positive selection
were performed in several long-lived mammals (bats, the naked mole-
rat, the bowhead whale). However, it is not possible to establish a link
between positively selected genes (PSGs) and evolution of longevity
because the short-lived sister taxon (i.e., the most closely related species/
clade) may not be available for analysis, making it impossible to exclude
that of a codon change was selected before longevity evolved [for a
discussion see (Sahm et al., 2016a)] and it is very often impossible to
relate a codon change to one of the several traits that distinguish two
taxa (e.g., a PSG in H. sapiens may be related to longevity, bipedalism,
absence of fur, speech, relative brain size, or any other trait that
distinguish humans from apes).

Annual fishes of the genus Nothobranchius are small teleost fishes
from East Africa adapted to the alternation of wet and rainy season.
They inhabit ephemeral habitats that last a few months (Tozzini et al.,
2013). This short lifespan is retained under captive conditions and is
coupled to rapid expression of a host of conserved age-associated
phenotypes (Cellerino et al., 2016). In addition, a key adaptation of
annual fishes is the ability to enter diapause — a state when development
halts — at specific stages during embryonic life, that is necessary to
survive the dry season. The genus Nothobranchius evolved from a
non-annual (therefore longer-lived) ancestor, the non-annual sister
genus (Aphyosemion), is clearly identified (Furness et al., 2015), and
the two taxa provide a sharp phenotypic contrast. Duration of the
habitat (aridity) strictly limits natural lifespan of Nothobranchius fishes.

We specifically tested whether differences in habitat duration led to
the evolution of a different rate of senescence in Nothobranchius
populations from southern and central Mozambique, a region charac-
terized by a major gradient in aridity. Two independent evolutionary
lineages of Nothobranchius are found in this area: N. furzeri and
N. kuhntae belong to one lineage while N. rachovii and N. pienaari
belong to another lineage (Dorn et al., 2014). For each lineage, one
species originates from semi-arid habitat (N. furzeri and N. pienaari,
respectively) and another species from the humid habitat (N. kuhntae
and N. rachovii, respectively). In both species pairs, the species from
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more arid habitats showed shortened lifespan and accelerated expres-
sion of aging markers (Tozzini et al., 2013), thereby providing a clear
example of parallel evolution.

We previously sequenced and assembled the genome of N. furzeri as
well as the transcriptomes of N. kadleci (the sister species of N. furzeri),
N. pienaari, N. rachovii, and N. kuhntae together with N. korthause [a
long-lived Nothobranchius, lifespan 18 months (Baumgart et al., 2015)],
and Aphyosemion striatum (lifespan > 3 years) as a representative of the
non-annual sister genus (Reichwald et al., 2015). We found seven genes
under positive selection in N. furzeri and one in N. pienaari, another
very-short-lived species, using the other six species of Nothobranchiidae
as outgroups (Reichwald et al., 2015). Here, we use a different selection
of outgroups and analyze deeper branches of the N. furzeri phylogenetic
tree to identify PSGs: (i) in coincidence with the evolution of annual life
and (i) showing parallel evolution in the two clades that are found in
southern and central Mozambique.

Some results of this study were published in the form of preprint
(Sahm et al., 2016b).

Results

Genomewide scan strategy

In addition to sequence data presented previously (Reichwald et al.,
2015), we obtained from GenBank the RefSeq mRNA sequences of the
phylogenetically closest outgroups from Ovalentaria (Fig. 1) and ana-
lyzed the pattern of positive selection along three internal branches of
the tree: The first branch corresponds to the last common ancestor (LCA)
of all Nothobranchius spp. (N-branch) and it marks the transition to
annual life cycle. The other two branches correspond to the LCA of
N. pienaari and N. rachovii (PR-branch) and LCA of N. furzeri, N. kadleci
and N. kuhntae (FKK-branch), respectively. These two branches diverged
in the Pleistocene, share the same distribution, and species belonging to
the two clades can be found sympatric in the same pond (Dorn et al.,
2014). They represent therefore independent adaptations to the
paleoclimatic changes of that period that was characterized by long-
term progressive aridification of East Africa (Dorn et al., 2014) and likely
they were both subject to continued selection on adaptations linked to
annual life cycle.

In each calculation, the background was the union of all the branches
of the tree excluding the respective foreground branch, that is, when
studying the N-branch the FKK and PR (and their child branches) are
included in the background. In all comparisons, we defined PSGs based
on nominal significant P-values (i.e., < 0.05, not corrected for multiple
testing). This was a deliberate choice because of several reasons. First,
we aim primarily at identifying parallel evolution at the level of pathway
and not individual genes. Second, the number of genes strongly
influences the sensitivity of Fisher's exact test, and it is not meaningful to
perform GO analysis on lists containing few genes. Third, de novo
transcriptome assembly projects inevitably generate incomplete data and
a fraction of genes will show incomplete taxon coverage. We specifically
tested whether PSGs have higher taxon coverage than the whole set of
tested genes. However, this was not the case (Fig. 2) and only one PSG
has a taxon coverage smaller than five.

Positive selection acts on mitochondrial and mitonuclear
balance proteins

We found 75 PSGs in the N-branch, 106 in the PR-branch, and 88 in the
FKK-branch (P < 0.05, branch-site test; Tables S$1-S3, Supporting
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Fig. 1 Phylogeny of the analyzed species. Maximum-likelihood tree figure.
Phylogeny of the analyzed species and their life history. Maximum-likelihood
nucleotide-based phylogenetic tree of species that were used for genome-scale
scans for positively selected genes. Outgroups from Ovalentaria are indicated as
well as the three branches (N-, PR-, and FKK-branch) that are reported in the text.
The alignment is based on concatenation of 4865 genes. The represented tree is
the consensus of 1046 different trees created by splitting the alignment in
fragments of 15 knt and calculating a tree for each fragment. The calibration bar
refers to substitutions per nucleotidic site.

information). Among these, four code for components of the mito-
chondrial respiratory chain complex | in the N-branch (GO:0005747,
fold-enrichment = 14, P = 0.0002, Fisher's exact test; Fig. 3, Table S1,
Supporting information). Therefore, emergence of annual life cycle is
coincident with strong positive selection on mitochondrial respiration.
This is in line with the evidence that diapause is linked to profound
remodeling of mitochondrial physiology (Duerr & Podrabsky 2010).
Three further genes of complex | are under positive selection in the
PR-branch (fold-enrichment = 8.8, P = 0.005, Fisher’'s exact test) and
one further gene in the FKK-branch, indicating parallel and continued
positive selection on complex | during the evolutionary history of
Nothobranchius (Fig. 3, Tables S2 and S3, Supporting information).
Strikingly, other nine genes were under positive selection in both the
PR- and FKK-branches (Table 1). Among these, are TFB2M (transcription
factor B2, mitochondrial) and POLRMT (polymerase (RNA) mitochondrial)
that together with TFAM (transcription factor A, mitochondrial) form the
ternary complex that transcribes the entire mitochondrial genome
(Litonin et al. 2010) and FASTKD5 (fast kinase domain 5) that is
necessary for processing of mitochondrial mRNAs (Antonicka & Shou-
bridge 2015). Further signs of parallel positive selection were evident at
the level of functional gene groups. In addition to FASTKDS5, FASTKD1
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Fig. 2 Distribution of taxon coverage for all tested genes (blue bars) and the
positively selected genes (red bars). The X-axis reports number of taxa for which a
gene sequence is available, and the Y-axis reports the fraction of genes falling into
each coverage class.

and LRPPPC (leucine-rich pentatricopeptide repeat containing), that
control stability of mitochondrial RNAs (Sasarman et al. 2010), were
positively selected in PR-branch. Three mitochondrial ribosome proteins
(MRPs) were under positive selection in each of the two branches
(GO:0005761, fold-enrichment = 9.1 and 14.7, respectively, P = 0.02
and 0.01, Fisher's exact test for the PR- and FKK-branch, respectively). In
addition, two recently identified MRPs (Koc et al. 2013) were positively
selected in FKK-branch: PTCD3 (pentatricopeptide repeat-containing
protein 3) and CHCHD1 (coiled-coil-helix-coiled-coil-helix domain con-
taining protein 1). Two further genes important for translation of
mitochondrial RNAs were also positively selected: MTIF3 (mitochondrial
translation initiation factor 3) in FKK-branch and TACO7 (translational
activator of mitochondrially encoded cytochrome C oxidase 1) in
PR-branch (Fig. 3).

Respiratory chain complexes are large protein complexes that
undergo multistep assembly where nuclearly and mitochondrially
encoded components are combined and inserted into the mitochondrial
inner membrane (Ghezzi & Zeviani 2012). Several genes involved in this
process were positively selected: COX18 (cytochrome C oxidase assem-
bly factor) (Sacconi et al. 2009) in FKK-branch, OXATL (oxidase
(cytochrome ) assembly 1-like) (Stiburek et al. 2007; Haque et al.
2010) in PR-branch, FOXRED1 (FAD-dependent oxidoreductase domain
containing 1; Fassone et al. 2010) and LYRM?7 (LYR motif containing 7)
(Sanchez et al. 2013) in N-branch (Fig. 3). Therefore, proteins necessary
for mitochondrial biogenesis and more specifically for expression of
mitochondrially encoded genes and assembly of respiratory chain
complexes show signs of parallel evolution. Altogether, among the
observed 269 cases of positive selection along the three branches, 33
could be assigned to mitochondrial proteins and those involved in the
mitochondrial biogenesis and mitonuclear balance (Fig. 3 and Tables
S1-S3, Supporting information).

We also compared expression levels of genes in mitochondrial
biogenesis and mitonuclear balance in two contrasts of a short- and a
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Fig. 3 Genes controlling mitochondrial biogenesis and mitonuclear balance under
selection in the three branches. Mitochondrial biogenesis was divided into the
following processes: mtDNA replication, transcription from mitochondrial
promoters, processing and stabilization of mitochondrial RNAs, translation,
assembly of respiratory chain complexes and electron transport chain. Genes in
black are classified based on their GO annotation genes in red genes are involved
in mitochondrial biogenesis based on literature but not annotated as such in GO
(see text for references). The term MRP indicates mitochondrial ribosomal proteins
(MRPL53, MRPS31, and MPRS26 in FKK-branch and MRPL23, MRPL3, and MTG2
in the RP-branch, respectively).

long-lived species: N. furzeri vs. A. striatum and mouse vs. naked mole-
rat (Yu et al., 2011). For the genes, 1-to-1 orthology relationships based
on ENSEMBL IDs could be established for 23. Of these, 12 (RARS2,
FASTKD5, POLRMT, OXATL, NDUFAF1, Cl12orf65, NDUFS2, MTG2,
PTCD3, MRPS31, NDUFS5, NDUFB5) have a lower expression in both
long-lived species (P-value = 0.005985, binomial test, 'i, Table S4,
Supporting information).

Gene enrichment is not due to expression bias or incomplete
lineage sorting

To ensure the statistical significance of our observation and exclude that
biases due to the transcriptome assembly process and sequencing biases
— in particular toward highly expressed genes — are responsible for the
enrichment of mitochondrial proteins, we performed a simulation where
we built two gene sets for each of three tested branches: an expression-
adjusted background gene set and a “mitochondrial biogenesis” gene
set. The later was derived from the union of the GO categories
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Table 1 Genes that are positively selected both in PR- and FKK-branch

Gene symbol Gene name Function
ETAAT Ewing tumor-associated DNA damage response
antigen 1
POLRMT Polymerase (RNA) Transcription of mtDNA
mitochondrial
(DNA directed)
PRRC2C Proline-rich coiled-coil 2C Poly-A RNA binding
APOAT Apolipoprotein A-l High-density lipoprotein
particle binding
FASTKD5 FAST kinase domains 5 Regulation of
mitochondrial
RNA stability
TAF1C TATA box-binding protein Transcription of
(TBP)-associated nuclear DNA
factor, RNA polymerase
I, C, 110 kDa
TFB2M Transcription factor B2, Transcription of mtDNA
mitochondrial
CLIPTA CAP-GLY domain containing Unknown

(Nfu_g_1_008997)
SI:DKEYP-77H1.4
(Nfu_g_1_001190)

linker protein 1a
Uncharacterized

mitochondrial RNA metabolic process (G0O:0000959), mitochondrial
translation (GO:0032543), cellular respiration (GO: 0045333), mito-
chondrial respiratory chain complex assembly (GO:0033108), mitochon-
drial morphogenesis (GO:0070584). Per simulation run, we then
randomly draw for each of the three branches from the background
set a number of genes that equals the number of PSGs that were
identified in the respective branch and calculated the sum of drawn
mitochondrial biogenesis genes. In none of 1.000.000 simulation runs, a
higher number than 21 was observed (95% quantile: 11). We concluded
that our finding of 33 cases of positive selection on mitochondrial
biogenesis genes is highly significant (simulated P < 107 and not
caused by an expression or sequencing bias. Analysis of GC content
demonstrated that PSGs did not differ from all analyzed genes (Fig. 4).

To exclude that enrichment was due to incomplete lineage sorting
(Mendes & Hahn, 2016), we tested all PSGs that were identified initially
based on a globally estimated tree again with a tree that was estimated
using only the individually tested gene. Among all PSGs, 91% (244/269)
were supported by this approach as well. Only one gene involved in
mitochondrial biogenesis, namely SDHB in the N-branch, was not
confirmed to be a PSG by this analysis.

Positively selected genes are enriched among annualism-
related genes

To derive independent evidence that the PSGs may be involved in the
evolution of annual life style, we compared the union of the PSGs with
two sets of differentially expressed genes (DEGs) in N. furzeri: (i) DEGs
detected during brain aging (Baumgart et al., 2014) and (ii) DEGs
detected during diapause (Reichwald et al., 2015). PSGs showed an
over-representation among upregulated DEGs during diapause
(P =0.023, respectively, Fisher's exact test, Fig. 5) and among these
17 genes, TFB2M (PSG in both PR- and FKK-branch) and the assembly
factor NDUFAT (PSG in the N-branch) are of relevance for mitonuclear
balance. Over-representation of PSGs among upregulated DEGs is
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Fig. 4 Distribution of GC content in all the tested transcripts and the positively
selected genes. Data from all species and tests are pooled. Box plots indicate 10%,
25%, median, 75% and 90% quantiles, and points represent outliers.

Diapause UP Aging UP

Diapause DOWN Aging DOWN

Fig. 5 Overlap of positively selected genes (PSGs) with genes regulated during
diapause or aging. Differentially expressed genes were obtained from Baumgart
et al. (2014) and Reichwald et al. (2015) for brain aging and diapause,
respectively. The arrowheads point to the intersection of the sets and indicate the
number of genes in the respective intersections. The numbers within the circles
indicate the number of genes in each set excluded from the intersections. The total
number of PSGs in 267 in both cases.

observed also during aging (P = 0.0093, respectively, Fisher's exact test,
Fig. 5), among these 47 genes, TFB2M is again present. PSGs upreg-
ulated during aging were also four genes of the cytokine—cytokine
receptor interaction pathway (CSFT1RA, FLT1, IL2RGA, IL2ST; dre04060
KEGG, P = 0.0001, Fisher’s exact test).

In addition, we compared PSGs with results of longitudinal gene
expression in N. furzeri. Gene co-expression network analysis revealed
that ETAAT, positively selected in both PR- and FKK-branch, and
APOATBP (apolipoprotein A1 binding protein), the binding partner of
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the PSG APOAT, are part of a module of co-regulated genes highly
enriched with MRPs and complex | components and negatively corre-
lated with longevity (Baumgart et al., 2016; Fig. 6).

Positively selected genes overlap with those in long-lived
mammals

Previous analysis of PSGs in the N. furzeri genome suggested that some
aging-relevant genes (e.g., the insulin like growth factor 1 receptor) can
be positively selected both in short- and long-lived species (Valenzano
et al., 2015). We therefore compared Nothobranchius PSGs with PSGs
detected by others in six species/clades of long-lived mammals (naked
mole-rat, mole-rat LCA, blind mole-rat, human, bowhead whale and
Brandt's bat). In all species, some PSGs overlap with those detected in
Nothobranchius (Table S13, Supporting information). Of particular
interest because under selection in more than two species/branches
are: (i) POLRMT, that is a PSG in PR- and FKK-branch as well as in the
Brandt's bat and the two extracellular matrix genes (i) tenascin (TNC), a
PSG in humans, mole-rats and in the FKK-branch regulated during both
aging and diapause and (jii) Collagen type IV alpha 2 (COL4A2), a PSG in
the naked mole-rat, the mole-rat LCA and in the FKK-branch also
regulated during aging.

Discussion

The coordinated synthesis and assembly of mitochondrially and nuclearly
encoded components of the respiratory chain (mitonuclear balance) is a
conserved longevity mechanism that is controlled by MRPs (Dillin et al.,
2002; Houtkooper et al., 2013). Knock-down of MRPs during early life in
C. elegans results in an impaired assembly of respiratory complexes and
life extension. Studies in the mouse and N. furzeri have shown that
MRPs and nuclearly encoded complex | components are tightly
co-regulated and expression of these genes during early adult life is
predictive of lifespan in vertebrates (Miwa et al., 2014; Baumgart et al.,
2016). Further, inhibition of complex | activity during adult life prolongs
lifespan and rejuvenates the transcriptome in N. furzeri (Baumgart et al.,
2016).

Here, we show that these same genes are under positive selection in
annual fish strongly suggesting that that evolution of the genes

the network of longevity-associated genes (2.0f 2)
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controlling mitonuclear balance is causally linked to evolution of short
lifespan and annual life cycle. This is supported by our findings that
several of these genes are positively selected along more than one
investigated branch and are differentially regulated during diapause and
aging of the shortest lived Nothobranchius species.

At the single-gene level, of particular interest are PSGs that are
detected both in the PR- and FKK-branch that represent examples of
parallel evolution. POLRMT and TFB2M are part of the ternary complex
that transcribes mitochondrial DNA (including mitochondrial rRNAs) and
TAF1C (TATA box-binding protein-associated factor RNA polymerase |
subunit C) that is part of the multisubunit SL1 complex, which is required
for RNA polymerase | to synthesize ribosomal RNA. Therefore, these
three genes are at the core of the process that controls the balance
between biogenesis of cytosolic and mitochondrial ribosomes. APOAT
(apolipoprotein A1) is a component of HDL particles that have an
obvious relevance for human age-related diseases. Polymorphisms of
APOAT are associated with coronary artery disease (Helgadottir et al.,
2016) and it is an interactor of the APOE, a well-described genetic risk
factor for Alzheimer’s and cardiovascular diseases (Mahley, 2016) and
the locus with the largest statistical support for an association with
extreme longevity (Broer et al., 2015). Interestingly, its expression in the
liver is correlated with body weight in mice (Pearson’s correlation
coefficient: —0.84 for females and —0.74 for males, http://phenome.jax.
org/). EAATT1 shows striking similarities with APOAT. Its expression in the
liver correlates with female body weight in mice (Pearson’s correlation
coefficient: +0.94). ETAAT and APOATBP have central positions in the
gene module of co-expressed genes whose expression is negatively
correlated with lifespan that also contains MRPs and complex | (Fig. 6),
strongly suggesting that they are involved in mitonuclear balance.
Interestingly, a function of ETAAT in DNA repair was recently demon-
strated (Lee et al., 2016) and the gene coding for another protein
important in DNA repair, XRCC5, was previously shown to be under
positive selection in N. furzeri (Valenzano et al., 2015; Sahm et al.,
2016a). However, it is not possible to determine in silico whether the
substitutions observed in the two lineages cause similar changes of
mitochondrial function and parallel selection on the same genes does
not represent a proof of functional convergence.

Are the genes under selection in short-lived species also involved in
evolution of longevity? Data supporting this notion come from different
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studies of positive selection in the genomes of long-lived species. Ant
workers can live on average ten times as long as their solitary ancestors
and queens with 10 years at average and nearly 30 years at maximum
even more than 100 times as long (Jemielity et al, 2005). In an
examination of seven ants genomes, highly significant enrichments of
PSGs were documented for a series of GO terms that are related to the
respiratory chain or mitochondrial biogenesis; especially mitochondrial
electron transport (GO:0006120), mitochondrial respiratory chain com-
plex I (GO:0005747), and mitochondrial large/small ribosomal subunit
(GO:0005762/G0:0005763) (Roux et al., 2014). The same study
reported based on expression data obtained in the fire ant S. invicata
that PSGs are highly expressed in queens, intermediately expressed in
workers and weakest expressed in males which are the shortest lived ant
caste. While the expression of PSGs correlates with lifespan of the
respective caste, there is no differential expression across mitochondrial
genes in general between queens and workers. This means that the
association between PSGs and caste biased gene expression cannot be
simply explained by higher overall levels of genes that are involved in
mitochondrial activity but suggests a relation between queen-specific
expression of PSGs and longer lifespan. Notably, consistent with the
results of our study, there was no evidence found for positive selection
on mitochondrial-encoded genes in ants. Furthermore, respiratory chain
genes were found to be under positive selection in the bats P. polio-
cephalus and M. lucifugus (Shen et al., 2010). Both are long-lived
mammals, while P. poliocephalus reaches a maximum age of 23.6 years
at a weight of 675 g resulting in a lifespan that is 1.7 times larger than
expected based on the body mass, M. lucifugus even reaches a
maximum age of 34 at a weight of only 10 g resulting in lifespan
almost five times longer than expected based on body mass (Tacutu
et al., 2013).

Overlaps with long-lived mammals are detectable also at the level of
single genes. Of particular interest is POLRMT this gene that codes for the
mitochondrial RNA polymerase is a PSG in the PR- and FKK-branch and also
in the Brandt's bat (Seim et al., 2013) and, as discussed above, it is of key
importance for mitonuclear balance. It is tempting to speculate that
positive selection in short- and long-lived species modulates mitochondrial
function in opposite directions. However, as discussed above, it is not
possible to predict the functional impact of molecular evolution and this
hypothesis will require experimental tests. Indirect evidence in favor comes
from the observation that a significant fraction of mitochondrial biogen-
esis and mitonuclear balance genes are lower expressed in the longer lived
element of two comparisons of long- and short-lived species: N. furzerivs.
A. striatum and mouse vs. naked mole-rat.

This hypothesis is also supported by direct measurements of complex |
activity. Assays of mitochondrial physiology in the bivalve Arctica
islandica (the longest lived metazoan with maximum lifespan exceeding
500 years) and two taxonomically related species of comparable size
revealed lower activity of complex | resulting in reduced production of
reactive oxygen species (Munro et al., 2013). Similarly, low activity of
complex | and low production of reactive oxygen species were related to
longevity in homeotherm vertebrates (Brunet-Rossinni, 2004; Lambert
et al., 2010) and, finally, conditions that increase mouse longevity are
associated with reduced expression of complex | (Miwa et al., 2014).

Comparison of positive selection at the gene level between Notho-
branchius and long-living mammals identified TNC and COL4A2 as
particularly interesting candidates as they are PSGs in two mammalian
clades each and are also both differentially expressed in Nothobranchius
furzeri aging (Reichwald et al., 2015). These data lend further support to
the notion that extracellular matrix genes are regulators of lifespan that
derives from meta-analysis of genomewide transcript regulation (de

Magalhaes et al. 2009), positive selection analysis (Li & de Magalhaes,
2013), and experimental approaches (Ewald et al., 2015).

Finally, it should be noted that PSGs upregulated during aging were
enriched for terms related to inflammation that are also known to be a
highly conserved hallmark of aging at the transcriptome level (Baumgart
et al., 2014).

Experimental procedures

Genome-scale identification of positively selected genes

The basis for this work were protein-coding sequences (CDSs) of six
Nothobranchius species (N. furzeri, N. kadleci, N. kuhntae, N. pienaari,
N. rachovii, and N. korthausae) and A. striatum from transcriptome
catalogs that were recently assembled and annotated (Reichwald et al.,
2015) with FRAMA (Bens et al., 2016). The reads were adapter clipped
with seqprep (https://github.com/jstjiohn/SeqPrep) and quality trimmed
with sickle (Joshi & Fass, 2011) before assembly [for more information
about tissues, read numbers, filtered bases, etc., see Table S12
(Supporting information) or (Reichwald et al., 2015)]. CDSs from seven
additional outgroups (Xiphophorus maculatus, Poecilia formosa, Fundu-
lus heteroclitus, Maylandia zebra, Pundamilia nyererei, Stegastes parti-
tus, Oryzias latipes) were obtained from NCBI RefSeq (14.12.15) and
assigned to ortholog groups by the best bidirectional BLAST hit criterion
Camacho et al. (2009) against N. furzeri.

For each N. furzeri CDS isoform, the most similar isoform of each other
species was determined by pairwise comparison. To reduce the risk of
aligning nonhomologous codons, these sequences were required to have
additionally at least a similarity of 70% with N. furzeriand 50% with each
other species on protein level. The selected isoforms in each ortholog
group were aligned with PRANK (Loytynoja & Goldman, 2008), which is
the alignment software of choice for positive selection analysis (Fletcher &
Yang, 2010). The alignments were stringently filtered with GBLOCKS
(Talavera & Castresana, 2007) to remove gaps and unreliable alignment
columns around them that could produce false signals of positive selection
(—b2 = total number of sequences in the alignment, b4 = 30, t=c). Then,
for each alignment the branch-site test of positive selection (Yang &
Nielsen, 2002; Zhang et al., 2005) was applied: The respectively tested
branch (LCA, FKK, or PR) was marked as ‘foreground’, and all other
branches were marked as ‘background’. The program CODEML from the
PAML (Yang, 2007) package was called separately for models M2a0
(model =2, NSsites = 2; fix_omega=1, omega=1) and M2a
(model = 2, NSsites = 2; fix_omega = 0, omega = 1) as described in the
PAML User Guide (http://abacus.gene.ucl.ac.uk/software/pamIDOC.pdf).
To calculate a P-value, the chi-square distribution with one degree of
freedom was used to compare the likelihoods of both models: P = ¥ (2*
(In(likelihood(M2a))-In(likelihood(M2a0))), 1).

Sites under positive selection were inferred by the Bayes empirical
Bayes method (Yang et al., 2005) provided by CODEML. Sites that were
predicted in a two amino acid frame next to a block which was deleted
by GBLOCKS were removed and an adjusted P-value calculated. For
9017, 12028, and 10976 genes, P-values were calculated in the N-, FKK-
and PR-branches, respectively (Table S5, Supporting information). We
considered all genes with P-values < 0.05 as positively selected genes
(PSGs).

Since high rates of false positive were detected in some automated
genome-scale scans for PSGs in the past (Mallick et al., 2009; Markova-
Raina & Petrov, 2011), we demanded our candidates to fulfill further
strict filter criteria. Candidates were removed that had: (I) not at least
one species from the sister branch of the tested branch in the alignment,
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for example, for the N-branch the presence of A. striatum was
demanded, (Il) less than four species in the alignment, (lll) remained
only few columns (<60 or <66.67%) or N. furzeri codons (<60%) of the
alignment after GBLOCKS filtering, (IV) disproportional dN/dS ratios
(e.g., =100 in foreground branch, >1 in background branch, <0.85 in
foreground branch) were calculated by CODEML or (V) had an unreliably
high fraction of inferred positively selected sites (more than 20%).
Finally, we inspected all candidates on the FKK- and PR-branch manually
as well as roughly ten percent of those on the LCA-branch and removed
ten additional candidates (<5%) in total.

Phylogenetic tree

The phylogenetic tree that is needed for the analysis with CODEML was
calculated based on the concatenated alignment of CDS isoforms of
those 4865 genes with aligned isoforms from all species (Table S6,
Supporting information). The final tree was the consensus of 1046
different trees created by splitting the alignment in fragments of 15 knt
and calculating a tree for each fragment with DNAML from the PHYLIP
(Felsenstein, 2005) package. All PSGs that were predicted with this
globally estimated tree were again tested for positive selection with the
same methods described above but with a tree that was estimated on
the alignment of the respective gene. 65 of 75, 79 of 88, and 100 of 106
candidates were confirmed by this approach in the N-, FKK-, and
N-branch, respectively (candidates that could not be confirmed are
marked in Tables S1-S3, Supporting information).

Hypothesis-driven GO enrichments

We determined potential enrichments for the GO categories mitochon-
drial ribosome (GO:0005761) and mitochondrial respiratory chain
complex | (GO:0005747) with Fisher's exact test. The set of tested
genes that could be converted to entrez IDs served as background, that
is, 7523, 9416, and 8745 genes for the N-, FKK-, and PR-branch,
respectively (Table S7, Supporting information). As this was an hypoth-
esis-driven approach, the P-values were not corrected for multiple
testing.

Mitochondrial biogenesis enrichment simulation

For each of three tested branches, we built two gene sets, a background
gene set and a mitochondrial biogenesis gene set. The background gene
sets consisted of the tested genes of the respective branch that could be
converted to Entrez IDs (https://www.ncbi.nlm.nih.gov/Entrez), that is,
7523, 9416, and 8745 genes for the N-, FKK-, and PR-branch,
respectively (Table S7, Supporting information). To avoid biases due to
expression differences between gene sets, we reduced the background
sets to those genes within the 5-95% expression quantile of the union
of PSGs across the three branches. This resulted in 6803, 8336, and
7882 genes, respectively (Tables S8 and S11, Supporting information).
For the mitochondrial biogenesis gene sets, a union was built from the
genes enlisted in the following five mitochondrial-related GO terms
(GO:0000959, 0032543, 0045333, 0033108, 0070584). This union
encompassed 331 genes (Table S9, Supporting information). For each
branch, the mitochondrial biogenesis gene set consisted of the genes
from this union that were also present in the background of the
respective branch, resulting in 221, 250, and 245 genes, respectively
(Table S9, Supporting information). In each simulation, round drawings
were done for each branch from the respective background set and as
often as PSGs were identified in that branch and could be converted to
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Entrez IDs, that is, 65, 73, 89 times (Table S10, Supporting information),
respectively. Our simulation was conservative in the way that we did not
reduce the number of drawings in each branch to the 5-95% expression
quantile of the PSGs, giving the simulation a higher chance to draw
genes from mitochondrial biogenesis set than we had in reality. At the
end of each simulation round, it was counted how many drawn genes
were in the mitochondrial biogenesis gene set for each branch and,
finally, the sum across the three branches was calculated. One million
simulation rounds were done.

Author’s contributions

AS and MB performed the analysis; MP and AC supervised the work; and
AS, MP, and AC wrote the manuscript.

Funding

This work was supported by the Leibniz Association (SAW-2012-FLI) and
the German Research Foundation (DFG: PL 173/8-1) and a grant from
Scuola Normale Superiore (CELLSNS2015).

Conflict of interest

None declared.

References

Antonicka H, Shoubridge EA (2015) Mitochondrial RNA granules are centers for
posttranscriptional RNA processing and ribosome biogenesis. Cell Rep. doi:10.
1016/j.celrep.2015.01.030.

Baumgart M, Groth M, Priebe S, Savino A, Testa G, Dix A, Ripa R, Spallotta F,
Gaetano C, Ori M, Terzibasi Tozzini E, Guthke R, Platzer M, Cellerino A (2014)
RNA-seq of the aging brain in the short-lived fish N. furzeri — conserved
pathways and novel genes associated with neurogenesis. Aging Cell 13,
965-974.

Baumgart M, Di Cicco E, Rossi G, Cellerino A, Tozzini ET (2015) Comparison of
captive lifespan, age-associated liver neoplasias and age-dependent gene
expression between two annual fish species: Nothobranchius furzeri and
Nothobranchius korthause. Biogerontology 16, 63-69.

Baumgart M, Priebe S, Groth M, Hartmann N, Menzel U, Pandolfini L, Koch P,
Felder M, Ristow M, Englert C, Guthke R, Platzer M, Cellerino A (2016)
Longitudinal RNA-Seq analysis of vertebrate aging identifies mitochondrial
complex | as a small-molecule-sensitive modifier of lifespan. Cell Syst. 2, 122—
132.

Bens M, Sahm A, Groth M, Jahn N, Morhart M, Holtze S, Hildebrandt TB, Platzer
M, Szafranski K (2016) FRAMA: from RNA-seq data to annotated mRNA
assemblies. BMC Genom. 17, 54.

Broer L, Buchman AS, Deelen J, Evans DS, Faul JD, Lunetta KL, Sebastiani P, Smith
JA, Smith AV, Tanaka T, Yu L, Arnold AM, Aspelund T, Benjamin EJ, De Jager PL,
Eirkisdottir G, Evans DA, Garcia ME, Hofman A, Kaplan RC, Kardia SL, Kiel DP,
Oostra BA, Orwoll ES, Parimi N, Psaty BM, Rivadeneira F, Rotter JI, Seshadri S,
Singleton A, Tiemeier H, Uitterlinden AG, Zhao W, Bandinelli S, Bennett DA,
Ferrucci L, Gudnason V, Harris TB, Karasik D, Launer LJ, Perls TT, Slagboom PE,
Tranah GJ, Weir DR, Newman AB, van Duijn CM, Murabito JM (2015) GWAS of
longevity in CHARGE consortium confirms APOE and FOXO3 candidacy. J.
Gerontol. A Biol. Sci. Med. Sci. 70, 110-118.

Brunet-Rossinni AK (2004) Reduced free-radical production and extreme longevity
in the little brown bat (Myotis lucifugus) versus two non-flying mammals. Mech.
Ageing Dev. 125, 11-20.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL
(2009) BLAST+: architecture and applications. BMC Bioinformatics 10, 421.

Cellerino A, Valenzano DR, Reichard M (2016) From the bush to the bench: the
annual Nothobranchius fishes as a new model system in biology. Biol. Rev.
Camb. Philos. Soc. 91, 511-533.

de Magalhaes JP, Curado J, Church GM (2009) Meta-analysis of age-related gene
expression profiles identifies common signatures of aging. Bioinformatics 25,
875-881.

© 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

7


https://www.ncbi.nlm.nih.gov/Entrez
https://doi.org/10.1016/j.celrep.2015.01.030
https://doi.org/10.1016/j.celrep.2015.01.030

8 Parallel evolution of mitonuclear balance, A. Sahm et al.

Davies KT, Bennett NC, Tsagkogeorga G, Rossiter SJ, Faulkes CG (2015) Family
wide molecular adaptations to underground life in African mole-rats revealed by
phylogenomic analysis. Mol. Biol. Evol. 32, 3089-3107.

Dillin A, Hsu AL, Arantes-Oliveira N, Lehrer-Graiwer J, Hsin H, Fraser AG, Kamath
RS, Ahringer J, Kenyon C (2002) Rates of behavior and aging specified by
mitochondrial function during development. Science 298, 2398-2401.

Dorn A, Musilova Z, Platzer M, Reichwald K, Cellerino A (2014) The strange case of
East African annual fishes: aridification correlates with diversification for a
savannah aquatic group? BMC Evol. Biol. 14, 210.

Duerr JM, Podrabsky JE (2010) Mitochondrial physiology of diapausing and
developing embryos of the annual killifish Austrofundulus limnaeus: implications
for extreme anoxia tolerance. J. Comp. Physiol. B. 180, 991-1003.

Ewald CY, Landis JN, Porter Abate J, Murphy CT, Blackwell TK (2015) Dauer-
independent insulin/IGF-1-signalling implicates collagen remodelling in long-
evity. Nature 519, 97-101.

Fassone E, Duncan AJ, Taanman JW, Pagnamenta AT, Sadowski MI, Holand T,
Qasim W, Rutland P, Calvo SE, Mootha VK, Bitner-Glindzicz M, Rahman S (2010)
FOXRED1, encoding an FAD-dependent oxidoreductase complex-I-specific
molecular chaperone, is mutated in infantile-onset mitochondrial encephalopa-
thy. Hum. Mol. Genet. 19, 4837-4847.

Felsenstein J (2005) PHYLIP (Phylogeny Inference Package) version 3.6. Distributed
by the author. Department of Genome Sciences, University of Washington,
Seattle.

Fletcher W, Yang Z (2010) The effect of insertions, deletions, and alignment errors
on the branch-site test of positive selection. Mol. Biol. Evol. 27, 2257-2267.
Furness Al, Reznick DN, Springer MS, Meredith RW (2015) Convergent evolution of
alternative developmental trajectories associated with diapause in African and

South American killifish. Proc. Biol. Sci. 282, 20142189.

Ghezzi D, Zeviani M (2012) Assembly factors of human mitochondrial respiratory
chain complexes: physiology and pathophysiology. Adv. Exp. Med. Biol. 748,
65-106.

Haque ME, Elmore KB, Tripathy A, Koc H, Koc EC, Spremulli LL (2010) Properties of
the C-terminal tail of human mitochondrial inner membrane protein Oxall and
its interactions with mammalian mitochondrial ribosomes. J. Biol. Chem. 285,
28353-28362.

Helgadottir A, Gretarsdottir S, Thorleifsson G, Hjartarson E, Sigurdsson A,
Magnusdottir A, Jonasdottir A, Kristiansson H, Sulem P, Oddsson A, Svein-
bjornsson G, Steinthorsdottir V, Rafnar T, Masson G, Jonsdottir I, Olafsson |,
Eyjolfsson GI, Sigurdardottir O, Daneshpour MS, Khalili D, Azizi F, Swinkels DW,
Kiemeney L, Quyyumi AA, Levey Al, Patel RS, Hayek SS, Gudmundsdottir 1,
Thorgeirsson G, Thorsteinsdottir U, Gudbjartsson DF, Holm H, Stefansson K
(2016) Variants with large effects on blood lipids and the role of cholesterol and
triglycerides in coronary disease. Nat. Genet. 48, 634-639.

Houtkooper RH, Mouchiroud L, Ryu D, Moullan N, Katsyuba E, Knott G, Williams
RW, Auwerx J (2013) Mitonuclear protein imbalance as a conserved longevity
mechanism. Nature 497, 451-457.

Jemielity S, Chapuisat M, Parker JD, Keller L (2005) Long live the queen: studying
aging in social insects. Age 27, 241-248.

Joshi NA, Fass JN (2011) Sickle: A sliding-window, adaptive, quality-based
trimming tool for FastQ files.

Koc EC, Cimen H, Kumcuoglu B, Abu N, Akpinar G, Haque ME, Spremulli LL, Koc H
(2013) Identification and characterization of CHCHD1, AURKAIP1, and CRIF1
as new members of the mammalian mitochondrial ribosome. Front. Physiol. 4,
183.

Kosiol C, Vinar T, da Fonseca RR, Hubisz MJ, Bustamante CD, Nielsen R, Siepel A
(2008) Patterns of positive selection in six Mammalian genomes. PLoS Genet. 4,
1000144,

Lambert AJ, Buckingham JA, Boysen HM, Brand MD (2010) Low complex | content
explains the low hydrogen peroxide production rate of heart mitochondria from
the long-lived pigeon, Columba livia. Aging Cell 9, 78-91.

Lee YC, Zhou Q, Chen J, Yuan J (2016) RPA-binding protein ETAA1 is an ATR
activator involved in DNA replication stress response. Curr. Biol. 26, 3257-3268.

Li Y, de Magalhaes JP (2013) Accelerated protein evolution analysis reveals genes
and pathways associated with the evolution of mammalian longevity. Age 35,
301-314.

Litonin D, Sologub M, Shi Y, Savkina M, Anikin M, Falkenberg M, Gustafsson CM,
Temiakov D (2010) Human mitochondrial transcription revisited: only TFAM and
TFB2M are required for transcription of the mitochondrial genes in vitro. J. Biol.
Chem. 285, 18129-18133.

Loytynoja A, Goldman N (2008) Phylogeny-aware gap placement prevents errors in
sequence alignment and evolutionary analysis. Science 320, 1632-1635.

Mahley RW (2016) Apolipoprotein E: from cardiovascular disease to neurodegen-
erative disorders. J. Mol. Med. 94, 739-746.

Mallick S, Gnerre S, Muller P, Reich D (2009) The difficulty of avoiding false
positives in genome scans for natural selection. Genome Res. 19, 922-933.
Markova-Raina P, Petrov D (2011) High sensitivity to aligner and high rate of false
positives in the estimates of positive selection in the 12 Drosophila genomes.

Genome Res. 21, 863-874.

Mendes FK, Hahn MW (2016) Gene tree discordance causes apparent substitution
rate variation. Syst. Biol. 65, 711-721.

Miwa S, Jow H, Baty K, Johnson A, Czapiewski R, Saretzki G, Treumann A, von
Zglinicki T (2014) Low abundance of the matrix arm of complex | in mitochondria
predicts longevity in mice. Nat. Commun. 5, 3837.

Munro D, Pichaud N, Paquin F, Kemeid V, Blier PU (2013) Low hydrogen peroxide
production in mitochondria of the long-lived Arctica islandica: underlying
mechanisms for slow aging. Aging Cell 12, 584-592.

Reichwald K, Petzold A, Koch P, Downie BR, Hartmann N, Pietsch S, Baumgart M,
Chalopin D, Felder M, Bens M, Sahm A, Szafranski K, Taudien S, Groth M, Arisi |,
Weise A, Bhatt SS, Sharma V, Kraus JM, Schmid F, Priebe S, Liehr T, Gorlach M,
Than ME, Hiller M, Kestler HA, Volff JN, Schartl M, Cellerino A, Englert C, Platzer
M (2015) Insights into sex chromosome evolution and aging from the genome of
a short-lived fish. Cell 163, 1527-1538.

Roux J, Privman E, Moretti S, Daub JT, Robinson-Rechavi M, Keller L (2014)
Patterns of positive selection in seven ant genomes. Mol. Biol. Evol. 31, 1661—
1685.

Sacconi S, Salviati L, Trevisson E (2009) Mutation analysis of COX18 in 29 patients
with isolated cytochrome c oxidase deficiency. J. Hum. Genet. 54, 419-421.
Sahm A, Platzer M, Cellerino A (2016a) Outgroups and positive selection: the

Nothobranchius furzeri case. Trends Genet. 32, 523-525.

Sahm A, Bens M, Platzer M, Cellerino A (2016b) Convergent evolution of genes
controlling mitonuclear balance in annual fishes. bioRxiv. doi: https://doi.org/10.
1101/055780

Sanchez E, Lobo T, Fox JL, Zeviani M, Winge DR, Fernandez-Vizarra E (2013)
LYRM7/MZM1L is a UQCRFS1 chaperone involved in the last steps of
mitochondrial Complex Il assembly in human cells. Biochim. Biophys. Acta
1827, 285-293.

Sasarman F, Brunel-Guitton C, Antonicka H, Wai T, Shoubridge EA, Consortium L
(2010) LRPPRC and SLIRP interact in a ribonucleoprotein complex that regulates
posttranscriptional gene expression in mitochondria. Mol. Biol. Cell 21, 1315-
1323.

Seim |, Fang X, Xiong Z, Lobanov AV, Huang Z, Ma S, Feng Y, Turanov AA, Zhu Y,
Lenz TL, Gerashchenko, MV, Hee Fan, D, Yim, S, Yao, X, Jordan, D, Xiong, Y,
Ma, Y, Lyapunov, AN, Chen, G, Kulakova, Ol, Sun, Y, Lee, SG, Bronson, RT,
Moskalev, AA, Sunyaev, SR, Zhang, G, Krogh, A, Wang, J and Gladyshev, VN
(2013) Genome analysis reveals insights into physiology and longevity of the
Brandt's bat Myotis brandtii. Nat. Commun. 4, 2212.

Shen YY, Liang L, Zhu ZH, Zhou WP, Irwin DM, Zhang YP (2010) Adaptive
evolution of energy metabolism genes and the origin of flight in bats. Proc. Nat/
Acad. Sci. USA 107, 8666-8671.

Stiburek L, Fornuskova D, Wenchich L, Pejznochova M, Hansikova H, Zeman J
(2007) Knockdown of human Oxa1l impairs the biogenesis of F1Fo-ATP synthase
and NADH:ubiquinone oxidoreductase. J. Mol. Biol. 374, 506-516.

Tacutu R, Craig T, Budovsky A, Wuttke D, Lehmann G, Taranukha D, Costa J,
Fraifeld VE, de Magalhaes JP (2013) Human ageing genomic resources:
integrated databases and tools for the biology and genetics of ageing. Nucleic
Acids Res. 41, D1027-D1033.

Talavera G, Castresana J (2007) Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence alignments.
Syst. Biol. 56, 564-577.

Tozzini ET, Dorn A, Ng'oma E, Polacik M, Blazek R, Reichwald K, Petzold A,
Watters B, Reichard M, Cellerino A (2013) Parallel evolution of senescence in
annual fishes in response to extrinsic mortality. BMC Evol. Biol. 13, 77.

Valenzano DR, Benayoun BA, Singh PP, Zhang E, Etter PD, Hu CK, Clement-Ziza M,
Willemsen D, Cui R, Harel I, Machado BE, Yee MC, Sharp SC, Bustamante CD,
Beyer A, Johnson EA, Brunet A (2015) The African turquoise killifish genome
provides insights into evolution and genetic architecture of lifespan. Cell 163,
1539-1554.

Yang Z (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol. Biol.
Evol. 24, 1586-1591.

Yang Z, Nielsen R (2002) Codon-substitution models for detecting molecular
adaptation at individual sites along specific lineages. Mol. Biol. Evol. 19, 908-
917.

Yang Z, Wong WS, Nielsen R (2005) Bayes empirical bayes inference of amino acid
sites under positive selection. Mol. Biol. Evol. 22, 1107-1118.

Yu C, Li Y, Holmes A, Szafranski K, Faulkes CG, Coen CW, Buffenstein R, Platzer
M, de Magalhaes JP, Church GM (2011) RNA sequencing reveals differential

© 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.


https://doi.org/10.1101/055780
https://doi.org/10.1101/055780

expression of mitochondrial and oxidation reduction genes in the long-lived
naked mole-rat when compared to mice. PLoS ONE 6, €26729.

Zhang J, Nielsen R, Yang Z (2005) Evaluation of an improved branch-site likelihood
method for detecting positive selection at the molecular level. Mol. Biol. Evol. 22,
2472-2479.

Supporting Information

Additional Supporting Information may be found online in the supporting
information tab for this article.

Table S1 Results of positive selection analysis in the N-branch, ranked by
P-value.

Table S2 Results of positive selection analysis in the PR-branch, ranked by
P-value.

Table S3 Results of positive selection analysis in the FKK-branch, ranked by
P-value.

Table S4 Comparison of fold-changes in expression of mitonuclear and

Parallel evolution of mitonuclear balance, A. Sahm et al.

mitochondrial biogenesis gene sets.

Table S5 Overview of the tested genes.

Table S6 List of genes used to construct the tree in Fig. 1.
Table S7 List of background genes used for GO analysis.

Table S8 List of genes used as background for the simulation experiment
(5-95% expression quantile of the PSGs).

Table S9 List of mitochondrial biogenesis genes within the background
genes list (Table S7).

Table S10 Entrez orthologs of PSGs.
Table S11 Expression levels of all tested genes.
Table S12 Statistics of read data for each library.

Table S13 Complete list of Nothobranchius PSGs overlapping with PSGs in
long-lived mammals.

© 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

9



