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The role of selection
in the evolution of marine turtles
mitogenomes

Elisa Karen da Silva Ramos, Lucas Freitas & Mariana F. Nery™*

Sea turtles are the only extant chelonian representatives that inhabit the marine environment.

One key to successful colonization of this habitat is the adaptation to different energetic demands.
Such energetic requirement is intrinsically related to the mitochondrial ability to generate energy
through oxidative phosphorylation (OXPHOS) process. Here, we estimated Testudines phylogenetic
relationships from 90 complete chelonian mitochondrial genomes and tested the adaptive evolution
of 13 mitochondrial protein-coding genes of sea turtles to determine how natural selection shaped
mitochondrial genes of the Chelonioidea clade. Complete mitogenomes showed strong support and
resolution, differing at the position of the Chelonioidea clade in comparison to the turtle phylogeny
based on nuclear genomic data. Codon models retrieved a relatively increased dN/dS (w) on three
OXPHOS genes for sea turtle lineages. Also, we found evidence of positive selection on at least
three codon positions, encoded by NADH dehydrogenase genes (ND4 and ND5). The accelerated
evolutionary rates found for sea turtles on COX2, ND1 and CYTB and the molecular footprints of
positive selection found on ND4 and ND5 genes may be related to mitochondrial molecular adaptation
to stress likely resulted from a more active lifestyle in sea turtles. Our study provides insight into

the adaptive evolution of the mtDNA genome in sea turtles and its implications for the molecular
mechanism of oxidative phosphorylation.

How different environmental conditions shape mitochondrial DNA evolution has become a common ques-
tion in the field of evolutionary biology, revealing more about adaptive patterns in organisms facing ecological
changes than expected. Mitochondria is a cellular component directly involved in oxygen use, metabolism, and
energy production, and hence plays an important role in aerobic respiration through oxidative phosphorylation
(OXPHOS)". The mitogenome is composed of 13 genes encoding OXPHOS proteins, 2 rRNAs (12S rRNA and
16S rRNA), and 22 tRNAs*?, and is thought to evolve under continuous purifying selection for coding regions*>.
However, as mitochondrial genes respond to changes in energy requirements, extreme environments may favor
positive selection, driving adaptations in different mitogenome genes for some lineages®%.

Selection in mtDNA genes has been linked to environmental temperature, high demanding metabolism,
altitude and oxygen availability in several species”*~'2. Among extreme environmental conditions, research on
the molecular evolution of mtDNA related to high altitude has received special attention®'*-'¢, mainly because
evaluating selective pressures of environmental temperature and oxygen availability on mtDNA molecular
changes could provide key insights on mitogenome adaptive evolution'*. Aquatic environments present similar
challenging conditions (hypoxia and low temperatures), and accordingly, also demands mitogenome adaptations
in vertebrates, which were reported for killer whales', river dolphins'®, and penguins'!. Despite most researches
on the role of mtDNA selection in endothermic organisms evolution, recently there has been an increased interest
in ectothermic species which are highly dependent on environmental conditions. For instance, Escalona et al."’?
studied mitochondrial evolution on softshell turtles revealing positively selected sites in complex I genes for
Trionychidae clade and Carettochelys insculpta, suggesting convergent evolution of OXPHOS genes in response
to a long-lasting aquatic lifestyle in both lineages.

Chelonians are a group with more than 300 species distributed in diverse ecological niches around the world,
including rivers, lakes, forests, deserts and oceans?. Among chelonians, several lineages independently adapted to
the marine environment and only the representatives of the Chelonioidea clade (extant sea turtles) have survived
to the present (see Evers and Benson*!). Sea turtles comprise seven extant species grouped into two sister fami-
lies, Dermochelyidae (one species) and Cheloniidae (six species)?. These species present adaptations to marine
environmental challenges, such as flippers, high salt excretion by modified lachrymal glands?, hydrodynamic
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Gene Complex | bp S i

ATP6 \% 681 | 182 |0.113
ATPS \% 231 51 |0.156
COX1 v 1662 | 299 | 0.087
COX2 v 696 | 143 |0.089
COX3 v 807 | 150 | 0.085
CYTB I 1200 | 267 |0.097
NDI 981 | 226 |0.098

I
ND2 I 1086 | 248 |0.102
ND3 I 390 | 104 |0.129
ND4 I 1395 | 367 |0.110
I
I
I

ND4L 306 70 | 0.100
ND5 1914 | 455 |0.109
ND6 573 | 168 |0.133

Table 1. Interspecific diversity for all 13 protein-coding genes on sea turtles. Polymorphic sites (S), nucleotide
diversity ().

shells, and cardiorespiratory adaptations to deliver O, to tissues during dives*. In addition, sea turtles have an
active lifestyle, being diving organisms, highly migratory, and with high fecundity rates??. Marine turtles are
among the fastest moving extant reptiles and, since energy demand for locomotion is considered the primary
determinant of metabolic rate for marine organisms?, the active lifestyle of marine turtles is expected to affect
their energetic demands, resulting in larger metabolic rates compared to other reptiles®>??%. Therefore, it is
reasonable to hypothesize that mitochondrial gene adaptations may have had an important role in the adaptive
success of sea turtles lineages in the marine environment, leaving molecular footprints in their mitogenomes.

Despite previous works on the characterization of sea turtles mitogenomes, mainly used in phylogenetic
and phylogeographic approaches, only exploratory analysis has examined potential adaptations to the marine
environment in these species at the molecular level?’. Here we aimed to investigate the evolutionary patterns
of sea turtle mitogenomes and address the possible role of mtDNA evolution in the adaptation to metabolic
energetic high demands on these species. We provided a comprehensive phylogenetic analysis of mitogenome
evolution in Testudines and investigated the evolutionary rates and molecular signatures of natural selection for
all 13 mtDNA protein-coding genes for sea turtles, in a phylogenetic comparison against lineages of non-marine
turtles and other non-avian reptiles.

Results

mtDNA genomes of seaturtles. Assembly for the 90 mitogenomes yielded complete mitogenome lengths
between 16,386 and 21,933 bp. All 39 regions common to vertebrate mitogenomes were identified highlighting
the ND5 translocation in the Platysternidae family (Supplementary Fig. S1 online). Estimates of genetic diver-
sity from protein-coding genes (PCGs) retrieved ATPS8 as the most diverse gene among all species (1=0.156)
followed by NADH dehydrogenase genes with ND6 (=0.133) presenting higher diversity. The cytochrome ¢
oxidase genes (COX1, COX2, and COX3) were the least diverse among the mtDNA genes (Table 1).

Phylogenetic reconstruction. ML and Bayesian inferences recovered highly similar and well-resolved
topologies for an alignment of complete mitogenomes for the 110 species (dataset I) and an alignment of the 13
concatenated PCGs for the 110 species (dataset IT) with high bootstrap (BP>50%) and posterior probabilities
(PP >90%) support for most branches (Supplementary Fig. S2 online). Few differences in topologies of different
datasets (I x IT) obtained by different methods (Bayesian x ML) were found, focusing on the relationships among
few species of Trionychidae, Testudinidae, and Geoemydidae (especially Mauremis group) families (Supplemen-
tary Fig. S2 online). Because ML and Bayesian approaches for both datasets yielded highly similar topologies,
subsequent analyses were conducted using the Bayesian tree of dataset II (Fig. 1).

Selection analyses. Branch model. To test the role of selection on the Chelonioidea branch in the Tes-
tudines phylogenetic tree of the 13 PCGs we applied codeML branch model tests. The free-ratio model fit our
data significantly better than the null hypothesis (one-ratio model) for all 13 PCGs, suggesting different evolu-
tionary rates among lineages included in our dataset. Values of dN, dS and w for each branch are available on
Supplementary Data S1 online. The two-ratio model, used to calculate selective pressures acting on sea turtle
lineage, fitted better for genes COX2, NDI1 and CYTB when the sea turtle lineage was labeled as foreground
branch (Fig. 2). Also, the ATP8 gene showed the highest w values, both for the foreground and background
branches, when compared to other genes. However, the LRT was unable to indicate the two-ratio model as the
model with best fit to explain the differences in w values for this gene (p=0.09) (Supplementary Table S3 online).
Moreover, RELAX detected significant intensified selection (K> 1) in ATP8, COX1, COX2, COX3, CYTB, ND4,
ND4L, and ND5 genes for the sea turtle lineage (Fig. 2 and Supplementary Table S4 online) and no genes were
identified under relaxation.
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Figure 1. Bayesian tree (dataset II) for testudines mitogenomes and topology used to analyze the selective
pressures on Chelonioidea. Circles represent mitochondrial genes with higher dN/dS (w) for Chelonioidea
against other chelonian lineages identified by branch model on codeML. The number on nodes represent
Bayesian posterior probabilities.
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Figure 2. Natural selection strength and the ratio of non-synonymous to synonymous substitutions (w)
calculated with two-ratio model in codeML for the 13 protein-coding mitochondrial genes (dataset III) of
marine (Chelonioidea clade) and non-marine chelonians (all other chelonian clades). Genes in which the two-
model fits better to the data (p <0.05) are marked with an asterisk and were estimated with the two-ratio branch
model in the PAML program. Gene names in bold represent genes with significant intensified selection on
marine turtles detected by RELAX (p <0.05).

codeML FITMODEL aBSREL
Marker | Positive selected sites (PP) Positive selected sites | % of positive selected sites | Lineage
ATP6 7L (0.84) 0.0 0.0 -
ATP8 0.0 0.0 0.0 -
COX1 0.0 0.0 0.0 -
COX2 0.0 0.0 0.0 -
COX3 55 A (0.57) 0.0 0.0 Chelonioidea
CYTB 98 V (0.74) 0.0 0.0 Chelonioidea
ND1 0.0 0.0 0.0 -
ND2 0.0 0.0 0.0 -
ND3 0.0 0.0 0.0 -
ND4 169 Q (0.96*) 36 (>0.90%) 0.0 Chelonioidea
ND4L 0.0 0.0 0.0 -
ND5 (1(?2;“) (0.987), 511V (0.67), 596 L 0.0 4.2% Chelonioidea ancestral branch
ND6 19-(0.67), 247 S (0.74) 0.0 24% Eretmochelys imbricata

Table 2. Codon positions under positive selection detected by branch-site model using codeML, FITMODEL,
and aBSREL for dataset III. The Chelonioidea clade was selected as a foreground in all analyses. Significance
was assessed by BEB (Posterior probability (PP)>0.90) for codeML, PP >90 in FITMODEL, and p value <0.05
in aBSREL. Lineage column refers to the lineage where the respective site under selection was found under
selection. Bold numbers represent statistically significant results.

Branch-site models. To calculate selective pressures acting only on the sea turtle lineage from chelonian phy-
logeny we performed branch-site models using codeML, FITMODEL, and aBSREL. The branch-site tests carried
with codeML and FITMODEL detect significant signals of positive selection for a few proportions of the genes
tested in sea turtle lineage (Supplementary Table S5 online), corresponding for only three sites under selection
on ND4 and ND5 genes (Table 2). We applied four codon substitution models (M0, M3, M3 +S1, and M3 +S2)
in FITMODEL (Guindon et al. 2004). The LRT between nested models (M0 x M3; M3 x M3 +S1; M3+S1 x
M3 +8S2) suggested that the M3+ S2 model fits better for all 13 PCGs, considering switches between selection
patterns at individual sites in Testudines phylogeny (Supplementary Table S6 online). Moreover, this test indi-
cates the action of positive selection on codon 36 of ND4 gene in the sea turtle branch (Table 2 and Supplemen-
tary Figs. S3 and S4 online). aBSREL reports two branches under episodic diversifying selection pressure in the
Chelonioidea clade: positive selection on the ancestral branch of Chelonioidea lineages for 4.2% of sites on ND5
gene, and positive selection on Eretmochelys imbricata lineage for 24% of sites on ND6 gene (Table 2).

Site models. To further assess the sites under selection inside Chelonioidea we performed positive selection
analyes using site models on FITMODEL, SLAC, MEME, and FUBAR (Table 3). FITMODEL retrieved three
positively selected sites on ATP6 and ND4 genes (Table 3). SLAC returned many codons with high w values
(> 1), but with no significant signatures of positive selection. On SLAC results, the third position of the ND5 gene
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FUBAR MEME FITMODEL

Marker | Positive selected sites | Positive selected sites | Positive Lineage

Selected sites

ATP6 7L (0.84) 179 (>0.05) 7 (>0.9%) Chelonia mydas + Natator depressus
ATP8 0.0 47 (>0.05) 47 (>0.85) Cheloniidae

COX1 0.0 0.0 0.0 -

COX2 0.0 0.0 0.0 -

COX3 55 A (0.57) 0.0 0.0

CYTB 98 V (0.74) 0.0 19 (>0.85) Caretta caretta

ND1 0.0 0.0 0.0 -

ND2 0.0 0.0 131 (>0.76) Chelonia mydas

ND3 0.0 0.0 0.0 -

169 (>0.90%) | Cheloniidae

ND4 169 (0.95%) 181 (<0.05%) 181 (>0.76) Erytmochelys imbricata
ND4L 0.0 58 (<0.05%) 0.0 -

ND5 3(0.92%) 3 (0.05%) 0.0 -

ND6 0.0 0.0 7 (>0.76) Dermochelys coriacea

Table 3. Codon positions under positive selection detected by site model using FUBAR, MEME, and
FITMODEL for dataset IV. Significance was assessed by PP>90 in FITMODEL and FUBAR, and p value <0.05
in MEME. The lineage column refers to the lineage where the respective site was found under selection by
FITMODEL. Bold numbers represent sites recovered by more than one method. *Statistically significant
results.
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Figure 3. Signatures of selection for each codon for 13 mtDNA genes using SLAC method within the
Chelonioidea phylogeny (dataset IV). Positive (positive values) and negative selection (negative values) are
shown. ND6 is transcribed from the light strand. * is the third codon position of ND5 found under positive
selection by FUBAR and MEME.

stands out with high w value (w=4.06 and p=0.085) (Fig. 3). MEME revealed diversifying and episodic positive
selection for ND4, and ND4L on three codon positions on lineages inside the Chelonioidea branch (Table 3 and
Supplementary Table S7 online). As expected, the FUBAR test retrieved a general purifying selection pattern in
several codons for all PCGs. ND5 was the gene with the highest number of codons under purifying selection
(42.86%) while ND6 with the lowest number (10.92%). Only two positions were assigned with diversifying posi-
tive selection with FUBAR tests: the codon 3 from ND5 (PP =0.92) and the codon 169 from ND4 (PP =0.95)
(Table 3 and Supplementary Table S8 online).

Changes in amino acid physicochemical properties caused by replacements across the phylogeny estimated
using TreeSAAP suggested a prevalence of purifying selection for the three genes with a significant difference in
the rate of w between Chelonioidea clade and other chelonian branches identified on the two model ratio test with
codeML. Nevertheless, we found evidence for positive selection in four physicochemical properties, with global
z-scores>3.09 (p<0.001) for NDI gene [Solvent accessible reduction ratio; Surrounding hydrophobicity; Power
to be at the middle of alpha-helix, and Equilibrium constant (ionization of COOH)] and in one physicochemi-
cal property for CYTB gene (Alpha-helical tendencies) (Fig. 4). Functional analysis reveals that the positively
selected 36th codon position is located within the catalytic domain for oxidoreductase activity of ND4 subunit
gene (Supplementary Fig. S3 online).
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Figure 4. Detection of significant physicochemical amino acids changes using TreeSAAP within the
Chelonioidea phylogeny (dataset IV). This analysis was performed on the genes that present higher w values
identified by codeML analysis on the Chelonioidea clade. Regions above the z-score of 3.09 (yellow line) were
significantly different than assumed under neutrality. Respective property and category are shown above graphs.
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Figure 5. Mitochondrial and nuclear discordant phylogenies for Testudines families.

Discussion

In this study we present the most comprehensive analysis of mitogenome evolution in Testudines, including data
for 90 species, focusing on the molecular evolution of OXPHOS genes in sea turtles. As the data we compiled
is derived from publicly available sources, no representative of the Dermatemydidae family was included in the
phylogenetic analyses. Thus, the generation of the Dermatemys mawii mitogenome is important for achieving a
complete mitochondrial phylogeny. Besides the lack of this mitogenome, the phylogenetic relationships we recov-
ered were congruent with a recent chelonian phylogeny based on 57 complete mitochondrial turtle genomes'® but
with incongruences regarding the positions of Chelydridae + Dermatemyidae + Kinosternidae lineage and the sea
turtles lineage (Cheloniidae + Dermochelyidae) when compared to recent phylogenies using nuclear genes®®*!
(Fig. 5). Several reasons could explain divergences on lineage relationships in mtDNA and nuDNA phylogenies:
(1) incomplete lineage sorting, most common to nuDNA than for mtDNA due to the smaller effective population
size of mtDNA genome**>** (2) sex-biased disparities on dispersion and on differential introgression susceptibil-
ity of mitochondrial versus nuclear alleles, resulting in mitochondrial capture®-* and (3) selection, causing trait
convergence or diversifying adaptive sites”***”. The discordance between trees recovered from mitogenomes and
nuclear genes was already reported for other animal groups. For example, Li et al.*® recovered different topologies
using mtDNA and nuDNA markers in felid phylogeny and focused on the second hypotheses to explain that
difference, in which historical admixture and mitochondrial capture may have occurred between cat ancestor’s
lineages which had their divergences around 11 million years ago (MYA)***. Here we found widespread signa-
ture of purifying selection across chelonian mitogenomes, consistent with the previous statement that purifying
selection acts constraining the mitogenome evolution to conserve OXPHOS proteins functionality*’ but we
also found evidence for positive selection on OXPHOS genes, revealed by codon-based test when comparing
sea turtle lineages with other chelonian lineages. Moreover, some OXPHOS genes seem to be under intensified
selection based on RELAX results (K>1) and codeML results (w higher in relation to other genes due to less
conservative evolutionary constraints), suggesting that in sea turtles, these genes experienced an acceleration
on their evolution and that selection may be a factor that could explain discordance among mitochondrial and
nuclear gene trees. However, we cannot rule out possible ancient introgression and incomplete lineage sorting
(ILS) as plausible sources for this divergence. Although hybridization and ILS effects are known to be stronger
in the case of groups with considerably recent divergence times*, microevolutionary processes can also impact
deep divergences *! as the divergence of the ancestral lineage of sea turtles from their non-marine sister group*!,
which dates around 66 MYA (+30 MYA, 95% HPD) 33142, Moreover, ancient mitochondrial capture has already
been suggested as an explanation for conflicting topologies of the well supported nuclear and mitochondrial trees
for other groups of turtles**-** and the use of historical type specimens sequencing can be effective to highlight
this issue for sea turtles.

PAML analysis showed higher w on three OXPHOS genes (COX2, CYTB, and ND1I) specifically for the sea
turtles clade over other chelonian species, although there is no statistically significant evidence for positive
selection acting on a greater proportion of these genes. Also, our analysis showed a faster rate of evolution for
all turtles to the ATP8 gene, when compared to the other genes, evidenced by the analysis of genetic diversity
and the high estimated w values. PAML results, together with the selection intensification signals indicated by
the RELAX tests, suggest that marine lineages have accumulated a greater number of non-synonymous amino
acid changes than the other testudines lineages on these genes.
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The use of distinct methods and assumptions allowed us to better explore patterns of molecular evolution
in sea turtles. Taken together, all selection tests were able to identify 5 sites evolving under positive selection in
four genes (ATP6, ND4, ND4L and ND5) (Tables 2, 3). Moreover, aBSREL analysis found evidence of episodic
diversifying selection on 4.2% of sites on the ancestral branch of the Chelonioidea clade. However, only the
strongly supported sites, identified by more than one selection test, were considered under actual positive selec-
tion. These sites are 169 and 181 from ND4 gene and 3 from ND5 gene and were detected on lineages within the
Chelonioidea clade. One exception worth to be mentioned is the 36th site of ND4 gene, which was identified to
be evolving under positive selection by FITMODEL and the only positively selected site with amino acid substi-
tution shared by all sea turtles species. Also, this site is located within a functional region based on the domain
organization of the ND4 subunit of NADH dehydrogenase (ubiquinone), suggesting a physiological impact on
this gene in sea turtles.

The three genes that showed evidence of accelerated evolution encode subunits of three separate complexes of
the electron transport chain (COX2—complex IV, CYTB—complex III and NDI—complex I). This result reveals
that these genes have an excess of non-synonymous replacements than expected for the sea turtle lineage, dif-
ferentiating the evolution rate of these genes for the sea turtle lineage from the rest of the turtles. Many studies
have investigated the role of selection on mitochondrial genes in organisms that inhabit high altitudes®!%!41¢, but
few focused on organisms with a more active lifestyle. For instance, studies comparing flying versus non-flying
species in groups of bats*® and grasshoppers'” found seven positively selected genes (ATP8, COX3, ND2, ND4,
ND4L, ND5, and NDé) related to flight in grasshoppers, while ND2, ND3, ND4L, ND4, ND5, ND6, and COX2
genes were found to have higher values of w in bats*. Our results, combined with these studies, suggest that
complex I and IV genes may be important candidates to be impacted by the action of positive selection related
to a more active lifestyle. On the other hand, as with other studies, COXI and COX3 genes showed the lowest w
values and highest signs of purifying selection”.

TreeSaap analysis of these genes indicated that regions with non-synonymous substitutions correspond to
radical amino acid changes, although not showing significant positive selection signals. These radical changes
occur when the altered residue does not share similar physicochemical properties with the ancestral residue
indicating significant functional impact on the protein®. Several studies correlated variation in the properties
of amino acids at mitogenomic coding regions in several species with (a) more specialized metabolic require-
ments, such as elephants and their large body size*, dugong, sloth, and pangolin, and their low energy diet*, (b)
an increased tolerance in thermal range in cetaceans and penguins'""’, (c) flying in bats*®, and (d) living at high
altitudes in galliniform birds'® and alpine pheasants'®. Compared to these studies, the mitogenome of sea turtles
showed less evidence of the pervasive action of natural selection. This pattern was expected because, despite
the deep divergence among marine species (at least 30 MYA)%, previous studies support a slower evolutionary
ratio and a slower molecular clock for the chelonian mitogenome®*2. Moreover, sea turtles, as ectothermic
reptiles, are considered to have a low metabolic rate, using their energy reserves more slowly than endothermic
species®. Also, these poor thermogenic abilities generally confine sea turtles, except for D. coriacea, to shallow
tropical waters®, reducing the selective pressure of temperature change, one of the main hypotheses used to
explain their patterns of mitochondrial genome evolution'!. These characteristics may explain the fewer adaptive
molecular footprints in this chelonian system compared to the numerous molecular changes already described
for endothermic organisms.

OXPHOS genes comprise numerous subunits that are encoded by both the mitogenome and the nuclear
genome>**. Hence, research considering their nuclear components can contribute to fully understand the evolu-
tion of OXPHOS genes in sea turtles®*~>’. In this scenario, investigating all OXPHOS system in turtles is impor-
tant mainly due to the high incidence of hybridization among sea turtle species®*’. Compatibility between the
nuclear and mitochondrial components of the OXPHOS system is of utmost importance for metabolic and ener-
getic optimal fitness®***, and the impact of this phenomenon could be investigated on hybrid turtles. Moreover,
approaches integrating population genetic studies with biochemical and physiological experiments can represent
a next step”” to understand the evolution of the OXPHOS system in these organisms.

Conclusion

In summary, here we investigated evolutionary patterns and footprints of selection in sea turtles OXPHOS genes
under the hypothesis that the more active lifestyle of sea turtles could be exerting greater selective pressure on
these genes. We found evidence for positive selection at the coding level for several sites in ND4 and ND5 genes
for different sea turtles species, highlighting a site within a functional domain of the ND4 gene with selection
signal shared by all species of the Chelonioidea clade. Although the active lifestyle of sea turtles does not seem
to exert strong selective pressure on the mitochondrial genes of the OXPHOS system, the few genes with higher
w values compared with other chelonians and the greater fixation of non-synonymous mutations in these genes
found for the sea turtle lineage may be responsible for the incongruencies between mitochondrial or nuclear
marker inferred topologies. Our results emphasize the importance of using different analyses when assessing
selection at the mitogenome level. Also, our study provides first insights into the adaptive evolution of the mtDNA
genome in sea turtles, which may have facilitated the successful radiation and diversification of turtle species
into the marine environment.

Material and methods

Dataset. We retrieved the whole mtDNA genome sequences of 90 turtles from NCBI database, compris-
ing 13 of the 14 Testudines families (Supplementary Table S1 online). Only the Dermatemyididae family was
not included in our analyses due to the absence of Dermatemys mawii mitogenome on public databases, the
only living species in this family. We also retrieved 20 reptile mitogenomes encompassing Squamata, Aves, and
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Crocodylia orders to be used as outgroups (Supplementary Table S1 online). We generated multiple sequence
alignments using MAFFT version 7. Nucleotide sequences were first aligned, translated into amino acids,
aligned again, then converted into a codon alignment, using PAL2NAL tool”® and manually inspected. We
manually edited these sequences to preserve the expected reading frame (0-frame) prior to alignment, as some
species with frameshifting insertions and/or deletions (indels) of 1 or 2 bp in ND3 gene were observed by”".
Due to an extensive translocation of the gene cluster trnH/trnS1/trnL1/nad5 on Platysternon megacephalum’
and the usual overlapping sites between ATP8 and ATP6 genes found in turtles mitogenome'®, we extracted
individual genes and non-coding regions for all species, based on the genome annotations in GenBank and on
sequence alignments to keep the correct genes size and correctly infer substitution models. All sequences for
ND6 were reverse complemented due to their encoding by the reverse strand of the mitogenome. These regions
were aligned individually and then concatenated, resulting in 39 partitions. Four different datasets were used
in different analytical steps: (I) complete mitogenome for 110 species, (II) only protein-coding genes (PCGs)
aligned separately and then concatenated for 110 species, (III) PCGs aligned individually for 110 species, and
(IV) PCGs aligned individually only for the seven marine species.

To explore the patterns of diversity on mtDNA protein-coding genes for sea turtles we estimated the number
of polymorphic sites (S) and nucleotide diversity (1) using the DNAsp v. 6.12.037* for all 13 mitochondrial PCGs.

Phylogenetic reconstruction. We used IQ-TREE v. 1.6.8 software’ to reconstruct maximum likeli-
hood (ML) trees for all datasets, with 1000 ultrafast bootstrap replicates to assess nodal support”. Only nodes
with support values >80 were considered robust. We also estimated Bayesian trees for datasets I and II using
MRBAYES v. 3.2.67%, applying the partitioned models estimated with PARTITION FINDER v. 2.1.177 (Supple-
mentary Table S2 online), according to the Bayesian Information Criterion (BIC). Markov chain Monte Carlo
(MCMC) was run for 5,000,000 generations with four chains, and trees were sampled every 100 generations.
The convergence of parameters was assessed using TRACER v. 1.7.178, after excluding an initial 10% for each
run. Phylogenetic trees were constructed using dataset I and II to compare the efficiency of the presence of non-
coding regions on dataset I in topology resolution on Bayesian and ML approaches for both datasets.

Selection analyses. 1In order to test a possible effect of topology on the inference of sites under selection,
we also performed the selection analyses using the topology inferred with genomic data. Since there was no
difference, only the results with the topology inferred with the mitochondrial data are shown. We performed
selection analyses using an alignment of the aligned PCGs for the 110 species (dataset III) and an alignment of
the aligned PCGs only for the 7 species of the Chelonioidea clade (dataset IV) alignments after conversion into
codon alignments on PAL2NAL program®. To explore patterns of natural selection and identify sites targeted
by positive selection in each mitochondrial coding gene for sea turtle lineage, we explored variation in the w
ratio (dN/dS, where dN is the non-synonymous substitutions rate and dS is the synonymous substitutions), in a
Bayesian framework using FUBAR from HyPhy package v. 2.17°, a ML framework using codeML program from
PAML v. 4.9 h package®’, FITMODEL v. 0.5.3 software®!, MEME and RELAX from HyPhy package v. 2.1%? and
in a joint approach of ML and counting methods in SLAC, also from HyPhy package®. See Spielman et al.** for
a detailed comparison of HyPhy’s methods.

Branch model analysis.  To test if the w in sea turtles were different from the rest of the tree we used codeML
branch models on dataset III, which allows w to vary among branches in the phylogeny®. codeML groups several
different models, that vary in terms of their assumptions about how w varies across branches of the phylogeny
(branch models), across the sequence (site models), and across both (branch-site model)®. For branch models,
we first estimated a unique w value for all branches along the tree with the one-ratio model. Then, using the free-
ratio model, we assumed an independent w for each branch. Finally, we estimated one w for sea turtle lineage
and another for the rest of the phylogeny applying a two-ratio model. We labeled the superfamily Chelonioidea
(lineage of sea turtles) as the foreground branch in each phylogenetic tree generated for each PCG in separate
analyses, for two-ratio model and all branch-site models described below. The target clade for these analyses
is represented in bold clade in Fig. 1 (Chelonioidea clade). All remaining branches, which include terrestrial
and freshwater turtles, were not marked, being considered by the algorithm as background branches. The same
branch-label scheme was used in RELAX (dataset III) to infer if selection strength has been intensified (K> 1) or
it has been relaxed (K< 1) in the Chelonioidea superfamily.

Branch-site models analysis. Branch-site models were used to determine if some proportion of sites is subject
to positive selection along Chelonioidea lineage. Therefore, for branch-site analysis on codeML and FITMODEL
we also divided the tree inferred from dataset III into foreground branch (Chelonioidea clade), where sites may
be evolving under positive selection, and background branches (all remaining lineages or non-marine turtles),
where positive selection is absent®*#%7. On codeML we used model A versus their null model. ITMODEL is
well suited for exploratory analysis and we tested if our data fitted to the nested codon-substitution models M0
and M3%887 While model MO0 assumes that all sites in a sequence alignment are subject to the same selection
process, the M3 model assumes variation in selective constraint across sites and is modeled as three rate ratio
classes with w,, w,, and w;. FITMODEL allows site-specific switches between different values of the nonsynony-
mous/synonymous rate ratio® and we tested the switching models M3 +S1 and M3 +S2. Under the Switching
test on FITMODEL, a time-reversible Markov process with three additional parameters is modeled: the overall
rate of interchange among rate ratio classes (8), a coeflicient for shifts between w, and w; (a), and a coefficient for
shifts between w, and w; (B). The S1 model imposes equal switching rates among w,, w, and w; rate ratio classes
(a=P=1), while the S2 model allows a and P to vary freely accounting for unequal rates of switches between
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selection classes®’. Finally, we applied a third branch-site test using aBSREL (“adaptive branch-site random
effects likelihood”) from HyPhy®® using dataset III. Different from codeML and FITMODEL, rates are calculated
for every branch in aBSREL, allowing positive selection on background branches. To avoid overparameteriza-
tion aBSREL infers, using small-sample Akaike Information Criterion correction (AICc), the optimal number of
rate categories per branch, rather than assuming that each branch should be fitted with three rate classes. Also,
p values obtained from individual tests for multiple comparisons were corrected by aBSREL using the Bonfer-
roni-Holm procedure to control family-wise false-positive rates®%.

Site-models.  We also applied site-model analysis inside the Chelonioidea phylogeny using dataset IV. We used
Single-Likelihood Ancestor Counting (SLAC)* to get an overview of the 13 PCGs selection signatures for sea
turtles. SLAC infer dN and dS rates on a per-site basis using a combination of ML and counting approaches.
We used a mixed-effects model of evolution (MEME)® to detect sites evolving under positive selection inside
the Chelonioidea branch. Similar to FITMODEL, MEME applies a branch-site random effects phylogenetic
framework allowing the distribution of w to vary from site to site as well as from branch to branch, which allows
MEME to identify instances of both episodic and pervasive positive selection. We also used FUBAR software to
estimate the number of nonsynonymous and synonymous substitutions at each codon on 13 PCGs for sea turtles
phylogeny, providing the posterior probability of every codon belonging to a set of classes of w (w=1, w<1 or
w> 1), Significance was assessed by posterior probability (PP)>0.95.

For all selection analyses based on ML, nested models were compared using the likelihood ratio test (LRT)
and their results were evaluated against x2 distributions with different degrees of freedom according to each
test. CodeMULs branch-site and RELAX use a x2 distribution, MEME uses a 0.33:0.3:0.37 mixture of x2, xZ,
and XZZ, while FITMODEL uses a mixture of 0.5:0.5 and X22 distributions for M0 x M3, M3 x M3 +S1 and
M3 +S1 x M3+ S2 comparisons, respectively. The significance for all analyses was established at p <0.05.

Genes detected with higher w values in codeML tests were then analyzed in TreeSAAP v. 3.2°? inside the
Chelonioidea phylogeny (dataset IV). TreeSAAP relies on the MMO1 model implemented in baseML from
PAML package®® and uses a phylogeny to reconstruct the most likely ancestral states for the gene sequences
under investigation. This software assigns weight values to the nonsynonymous codon changes, for which overall
physicochemical effects are assessed using a model with 31 physicochemical amino acid properties. The magni-
tude of the change is rated from 1 (most conservative) to 8 (most radical). A significant deviation from neutral
evolution is tested via a z-score and interpreted as a result of positive selection. A highly significant z-score
calculated in TreeSAAP (z>3.09, p<0.01) indicates more non-synonymous substitutions than assumed under
the neutral model®>. To ensure conservative calling of positively selected codon sites only amino acid changes
with a score between 6 and 8 and with a positive z-score <0.001 were used®”. Finally, we employed functional
analysis of PCGs using InterPro 76.0 web resource®, to predict protein domains and investigate whether sites
identified under positive selection are present within or near functional regions.

Received: 3 March 2020; Accepted: 11 September 2020
Published online: 12 October 2020

References
1. Saraste, M. Oxidative phosphorylation at the fin de siécle. Science 283, 1488-1493 (1999).
2. Anderson, S. et al. Sequence and organization of the human mitochondrial genome. Nature 290, 457-465 (1981).
3. Melo-Ferreira, J. et al. The elusive nature of adaptive mitochondrial DNA evolution of an arctic lineage prone to frequent introgres-
sion. Genome Biol. Evol. 6, 886-896 (2014).
4. Ballard, J. W. O. & Whitlock, M. C. The incomplete natural history of mitochondria. Mol. Ecol. 13, 729-744 (2004).
5. Pavlova, A. et al. Purifying selection and genetic drift shaped Pleistocene evolution of the mitochondrial genome in an endangered
Australian freshwater fish. Heredity 118, 466-476 (2017).
6. Yu, L., Wang, X,, Ting, N. & Zhang, Y. Mitogenomic analysis of Chinese snub-nosed monkeys: Evidence of positive selection in
NADH dehydrogenase genes in high-altitude adaptation. Mitochondrion 11, 497-503 (2011).
7. Morales, H. E., Pavlova, A., Joseph, L. & Sunnucks, P. Positive and purifying selection in mitochondrial genomes of a bird with
mitonuclear discordance. Mol. Ecol. 24, 2820-2837 (2015).
8. Jin, Y. et al. Evolutionary analysis of mitochondrially encoded proteins of toad-headed lizards, Phrynocephalus, along an altitudinal
gradient. BMC Genomics 19, 185 (2018).
9. Balloux, F, Handley, L.-].L., Jombart, T., Liu, H. & Manica, A. Climate shaped the worldwide distribution of human mitochondrial
DNA sequence variation. Proc. R. Soc. B Biol. Sci. 276, 3447-3455 (2009).
10. Xu, S. et al. High altitude adaptation and phylogenetic analysis of Tibetan horse based on the mitochondrial genome. J. Genet.
Genomics 34, 720-729 (2007).
11. Ramos, B. et al. Landscape genomics: Natural selection drives the evolution of mitogenome in penguins. BMC Genomics 19, 53
(2018).
12. Mori, S. & Matsunami, M. Signature of positive selection in mitochondrial DNA in Cetartiodactyla. Genes Genet. Syst. 93, 65-73
(2018).
13. Li, X.-D. et al. Positive selection drove the adaptation of mitochondrial genes to the demands of flight and high-altitude environ-
ments in grasshoppers. Front. Genet. 9, 605 (2018).
14. Luo, Y., Yang, X. & Gao, Y. Mitochondrial DNA response to high altitude: A new perspective on high-altitude adaptation. Mito-
chondrial DNA 24, 313-319 (2013).
15. Gu, P. et al. Evidence of adaptive evolution of alpine pheasants to high-altitude environment from mitogenomic perspective.
Mitochondrial DNA A DNA Mapp. Seq. Anal. 27, 455-462 (2016).
16. Zhou, T, Shen, X., Irwin, D. M., Shen, Y. & Zhang, Y. Mitogenomic analyses propose positive selection in mitochondrial genes for
high-altitude adaptation in galliform birds. Mitochondrion 18, 70-75 (2014).
17. Foote, A. D. et al. Positive selection on the killer whale mitogenome. Biol. Lett. 7, 116-118 (2011).
18. Caballero, S., Duchéne, S., Garavito, M. E, Slikas, B. & Baker, C. S. Initial evidence for adaptive selection on the NADH subunit
two of freshwater dolphins by analyses of mitochondrial genomes. PLoS ONE 10, e0123543 (2015).

Scientific Reports |

(2020) 10:16953 | https://doi.org/10.1038/s41598-020-73874-8 nature research



www.nature.com/scientificreports/

19. Escalona, T., Weadick, C. J. & Antunes, A. Adaptive patterns of mitogenome evolution are associated with the loss of shell scutes
in turtles. Mol. Biol. Evol. 34, 2522-2536 (2017).

20. Vitt, L. J. & Caldwell, J. P. Herpetology: An Introductory Biology of Amphibians and Reptiles (Academic Press, New York, 2013).

21. Evers, S. W. & Benson, R. B.]. A new phylogenetic hypothesis of turtles with implications for the timing and number of evolution-
ary transitions to marine lifestyles in the group. Palaeontology 62, 93-134 (2019).

22. Lutz, P. L., Musick, J. A. & Wyneken, J. The Biology of Sea Turtles Vol. 2 (CRC Press, Boca Raton, 2002).

23. Schmidt-Nielsen, K. & Fange, R. Salt glands in marine reptiles. Nature 182, 783-785 (1958).

24. Lutz, P. L. & Lutcavage, M. E. Diving physiology. In The Biology of Sea Turtles Vol. 1 (eds Lutz, P. L. & Musick, J. A.) 291-310 (CRC
Press, Boca Raton, 2017).

25. Wallace, B. P. & Jones, T. T. What makes marine turtles go: A review of metabolic rates and their consequences. J. Exp. Mar. Biol.
Ecol. 356, 8-24 (2008).

26. Wyneken, J., Lohmann, K. J. & Musick, J. A. The Biology of Sea Turtles Vol. 3 (CRC Press, Boca Raton, 2013).

27. Seibel, B. A. & Drazen, J. C. The rate of metabolism in marine animals: Environmental constraints, ecological demands and ener-
getic opportunities. Philos. Trans. R. Soc. Lond. BBiol. Sci. 362, 2061-2078 (2007).

28. Davenport, J., Munks Sarah, A., Oxford, P.]. & Fogg, G. E. A comparison of the swimming of marine and freshwater turtles. Proc.
R. Soc. Lond. Ser. BBiol. Sci. 220, 447-475 (1984).

29. Duchene, S. et al. Marine turtle mitogenome phylogenetics and evolution. Mol. Phylogenet. Evol. 65, 241-250 (2012).

30. Crawford, N. G. et al. A phylogenomic analysis of turtles. Mol. Phylogenet. Evol. 83, 250-257 (2015).

31. Shaffer, H. B., McCartney-Melstad, E., Near, T. J., Mount, G. G. & Spinks, P. Q. Phylogenomic analyses of 539 highly informative
loci dates a fully resolved time tree for the major clades of living turtles (Testudines). Mol. Phylogenet. Evol. 115, 7-15 (2017).

32. Pamilo, P. & Nei, M. Relationships between gene trees and species trees. Mol. Biol. Evol. 5, 568-583 (1988).

33. Funk, D. J. & Omland, K. E. Species-level paraphyly and polyphyly: Frequency, causes, and consequences, with Insights from
animal mitochondrial DNA. Annu. Rev. Ecol. Evol. Syst. 34, 397-423 (2003).

34. Sang, T. & Zhong, Y. Testing hybridization hypotheses based on incongruent gene trees. Syst. Biol. 49, 422-434 (2000).

35. Rheindt, E E. & Edwards, S. V. Genetic introgression: An integral but neglected component of speciation in birds. Auk 128, 620-632
(2011).

36. Cheviron, Z. A. & Brumfield, R. T. Migration-selection balance and local adaptation of mitochondrial haplotypes in rufous-collared
sparrows (Zonotrichia capensis) along an elevational gradient. Evolution 63, 1593-1605 (2009).

37. Gompert, Z., Forister, M. L., Fordyce, J. A. & Nice, C. C. Widespread mito-nuclear discordance with evidence for introgressive
hybridization and selective sweeps in Lycaeides. Mol. Ecol. 17, 5231-5244 (2008).

38. Li, G., Davis, B. W,, Eizirik, E. & Murphy, W. J. Phylogenomic evidence for ancient hybridization in the genomes of living cats
(Felidae). Genome Res. 26, 1-11 (2016).

39. Johnson, W. E. et al. The late miocene radiation of modern felidae: A genetic assessment. Science 311, 73-77 (2006).

40. Rand, D. M. & Kann, L. M. Excess amino acid polymorphism in mitochondrial DNA: Contrasts among genes from Drosophila,
mice, and humans. Mol. Biol. Evol. 13, 735-748 (1996).

41. Oliver, J. C. Microevolutionary processes generate phylogenomic discordance at ancient divergences. Evolution 67, 1823-1830
(2013).

42. Joyce, W. G., Parham, J. E, Lyson, T. R., Warnock, R. C. M. & Donoghue, P. C. J. A divergence dating analysis of turtles using fossil
calibrations: An example of best practices. J. Paleontol. 87, 612-634 (2013).

43. Kehlmaier, C. et al. Mitogenomics of historical type specimens of Australasian turtles: Clarification of taxonomic confusion and
old mitochondrial introgression. Sci. Rep. 9, 1-12 (2019).

44. Vamberger, M. et al. The leaf turtle population of Phnom Kulen National Park (northwestern Cambodia) has genetic and mor-
phological signatures of hybridization. J. Zool. Syst. Evol. Res. 55, 167-174 (2017).

45. Spinks, P. Q. & Shaffer, H. B. Conflicting mitochondrial and nuclear phylogenies for the widely disjunct Emys (Testudines:
Emydidae) species complex, and what they tell us about biogeography and hybridization. Syst. Biol. 58, 1-20 (2009).

46. Shen, Y.-Y. et al. Adaptive evolution of energy metabolism genes and the origin of flight in bats. Proc. Natl. Acad. Sci. USA 107,
8666-8671 (2010).

47. Bernardo, P. H. et al. Extreme mito-nuclear discordance in a peninsular lizard: The role of drift, selection, and climate. Heredity
123, 359-370 (2019).

48. Betts, M. J. & Russell, R. B. Amino acid properties and consequences of substitutions. In Bioinformatics for Geneticists (eds Barnes,
M. R. & Gray, I. C.) 289-316 (Wiley, New York, 2003).

49. Finch, T. M., Zhao, N., Korkin, D., Frederick, K. H. & Eggert, L. S. Evidence of positive selection in mitochondrial complexes I
and V of the African elephant. PLoS ONE 9, €92587 (2014).

50. da Fonseca, R. R., Johnson, W. E., O’Brien, S. J., Ramos, M. ]. & Antunes, A. The adaptive evolution of the mammalian mitochon-
drial genome. BMC Genomics 9, 119 (2008).

51. Eo,S. H. & DeWoody, J. A. Evolutionary rates of mitochondrial genomes correspond to diversification rates and to contemporary
species richness in birds and reptiles. Proc. Biol. Sci. 277, 3587-3592 (2010).

52. Avise, J. C., Bowen, B. W,, Lamb, T., Meylan, A. B. & Bermingham, E. Mitochondrial DNA evolution at a turtle’s pace: Evidence
for low genetic variability and reduced microevolutionary rate in the Testudines. Mol. Biol. Evol. 9, 457-473 (1992).

53. Hays, G. C. Sea turtles: A review of some key recent discoveries and remaining questions. J. Exp. Mar. Bio. Ecol. 356, 1-7 (2008).

54. Hatefi, Y. The mitochondrial electron transport and oxidative phosphorylation system. Annu. Rev. Biochem. 54, 1015-1069 (1985).

55. Rand, D. M., Haney, R. A. & Fry, A. J. Cytonuclear coevolution: The genomics of cooperation. Trends Ecol. Evol. 19, 645-653 (2004).

56. Popadin, K. Y., Nikolaev, S. I, Junier, T., Baranova, M. & Antonarakis, S. E. Purifying selection in mammalian mitochondrial
protein-coding genes is highly effective and congruent with evolution of nuclear genes. Mol. Biol. Evol. 30, 347-355 (2013).

57. Sunnucks, P, Morales, H. E., Lamb, A. M., Pavlova, A. & Greening, C. Integrative approaches for studying mitochondrial and
nuclear genome co-evolution in oxidative phosphorylation. Front. Genet. 8, 25 (2017).

58. Levin, L., Blumberg, A., Barshad, G. & Mishmar, D. Mito-nuclear co-evolution: The positive and negative sides of functional
ancient mutations. Front. Genet. 5, 448 (2014).

59. Gershoni, M. et al. Disrupting mitochondrial-nuclear coevolution affects OXPHOS complex I integrity and impacts human health.
Genome Biol. Evol. 6, 2665-2680 (2014).

60. James, M. C., Martin, K. & Dutton, P. H. Hybridization between a green turtle, Chelonia mydas, and loggerhead turtle, Caretta
caretta, and the first record of a green turtle in atlantic canada. Can. Field-Nat. 118, 579-582 (2004).

61. Karl, S. A, Bowen, B. W. & Avise, J. C. Hybridization among the ancient mariners: Characterization of marine turtle hybrids with
molecular genetic assays. J. Hered. 86, 262-268 (1995).

62. Lara-Ruiz, P, Lopez, G. G., Santos, E. R. & Soares, L. S. Extensive hybridization in hawksbill turtles (Eretmochelys imbricata) nesting
in Brazil revealed by mtDNA analyses. Conserv. Genet. 7, 773-781 (2006).

63. Kelez, S., Velez-Zuazo, X. & Pacheco, A. S. First record of hybridization between green Chelonia mydas and hawksbill Eretmochelys
imbricata sea turtles in the Southeast Pacific. Peer] 4, €1712 (2016).

64. Soares, L. S. et al. Comparison of reproductive output of hybrid sea turtles and parental species. Mar. Biol. 164, 9 (2016).

65. Reis, E. C,, Soares, L. S. & Lobo-Hajdu, G. Evidence of olive ridley mitochondrial genome introgression into loggerhead turtle
rookeries of Sergipe, Brazil. Conserv. Genet. 11, 1587-1591 (2010).

Scientific Reports|  (2020) 10:16953 | https://doi.org/10.1038/s41598-020-73874-8 nature research



www.nature.com/scientificreports/

66.
67.

68.
69.
70.
71.
72.

73.
. Nguyen, L.-T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-TREE: A fast and effective stochastic algorithm for estimating

75.
76.
77.
78.
79.
. Yang, Z. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 24, 1586-1591 (2007).
81.
82.
83.
84.
85.
86.
87.
88.
89.

90.
91.

92.

93.

Bowen, B. W. & Karl, S. A. Population genetics and phylogeography of sea turtles. Mol. Ecol. 16, 4886-4907 (2007).

Vilaga, S. T, Lara-Ruiz, P., Marcovaldi, M. A., Soares, L. S. & Santos, E. R. Population origin and historical demography in hawksbill
(Eretmochelys imbricata) feeding and nesting aggregates from Brazil. . Exp. Mar. Biol. Ecol. 446, 334-344 (2013).

Katoh, K., Misawa, K., Kuma, K.-I. & Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast
Fourier transform. Nucleic Acids Res. 30, 3059-3066 (2002).

Katoh, K., Rozewicki, J. & Yamada, K. D. MAFFT online service: Multiple sequence alignment, interactive sequence choice and
visualization. Brief. Bioinform. https://doi.org/10.1093/bib/bbx108 (2017).

Suyama, M., Torrents, D. & Bork, P. PAL2NAL: Robust conversion of protein sequence alignments into the corresponding codon
alignments. Nucleic Acids Res. 34, W609-W612 (2006).

Russell, R. D. & Beckenbach, A. T. Recoding of translation in turtle mitochondrial genomes: Programmed frameshift mutations
and evidence of a modified genetic code. J. Mol. Evol. 67, 682-695 (2008).

Luo, H. et al. The complete mitochondrial genome of Platysternon megacephalum peguense and molecular phylogenetic analysis.
Genes 10, 487 (2019).

Rozas, J. et al. DnaSP 6: DNA sequence polymorphism analysis of large data Sets. Mol. Biol. Evol. 34, 3299-3302 (2017).

maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268-274 (2015).

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q. & Vinh, L. S. UFBoot2: Improving the ultrafast bootstrap approxima-
tion. Mol. Biol. Evol. 35, 518-522 (2018).

Ronquist, E. et al. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol.
61, 539-542 (2012).

Lanfear, R., Frandsen, P. B., Wright, A. M., Senfeld, T. & Calcott, B. PartitionFinder 2: New methods for selecting partitioned
models of evolution for molecular and morphological phylogenetic analyses. Mol. Biol. Evol. 34, 772-773 (2017).

Rambaut, A., Drummond, A. ], Xie, D., Baele, G. & Suchard, M. A. Posterior summarization in bayesian phylogenetics using
tracer 1.7. Syst. Biol. 67, 901-904 (2018).

Pond, S. L. K., Frost, S. D. W. & Muse, S. V. HyPhy: Hypothesis testing using phylogenies. Bioinformatics 21, 676-679 (2005).

Guindon, S., Rodrigo, A. G., Dyer, K. A. & Huelsenbeck, J. P. Modeling the site-specific variation of selection patterns along line-
ages. Proc. Natl. Acad. Sci. USA 101, 12957-12962 (2004).

Wertheim, J. O., Murrell, B., Smith, M. D., Kosakovsky Pond, S. L. & Scheffler, K. RELAX: Detecting relaxed selection in a phylo-
genetic framework. Mol. Biol. Evol. 32, 820-832 (2015).

Kosakovsky Pond, S. L. & Frost, S. D. W. Not so different after all: A comparison of methods for detecting amino acid sites under
selection. Mol. Biol. Evol. 22, 1208-1222 (2005).

Spielman, S. J. et al. Evolution of viral genomes: Interplay between selection, recombination, and other forces. Methods Mol. Biol.
1910, 427-468 (2019).

Yang, Z. Likelihood ratio tests for detecting positive selection and application to primate lysozyme evolution. Mol. Biol. Evol. 15,
568-573 (1998).

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

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

Smith, M. D. et al. Less is more: An adaptive branch-site random effects model for efficient detection of episodic diversifying
selection. Mol. Biol. Evol. 32, 1342-1353 (2015).

Pond, S. L. K. & Frost, S. D. W. Datamonkey: Rapid detection of selective pressure on individual sites of codon alignments. Bioin-
formatics 21, 2531-2533 (2005).

Murrell, B. et al. Detecting individual sites subject to episodic diversifying selection. PLoS Genet. 8, 1002764 (2012).

Murrell, B. et al. FUBAR: A fast, unconstrained bayesian approximation for inferring selection. Mol. Biol. Evol. 30, 1196-1205
(2013).

Woolley, S., Johnson, J., Smith, M. J., Crandall, K. A. & McClellan, D. A. TreeSAAP: Selection on amino acid properties using
phylogenetic trees. Bioinformatics 19, 671-672 (2003).

Mitchell, A. L. et al. InterPro in 2019: Improving coverage, classification and access to protein sequence annotations. Nucleic Acids
Res. 47, D351-D360 (2019).

Acknowledgements

This study was partially funded by the Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior—Bra-
sil (CAPES)—Finance Code 001 and FAPESP (2015/18269-1 and 2018/01236-1). LF was funded by FAPESP
postdoctoral scholarship (2017/25058-2). We are grateful for the scientists that made available the mitogenome
sequences used in this study.

Author contributions
E.K.S.R. and M.EN. conceived the research hypothesis; E.K.S.R. and L.F. analyzed the data and drafted the
manuscript; all authors contributed equally in the final version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73874-8.

Correspondence and requests for materials should be addressed to M.EN.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2020) 10:16953 | https://doi.org/10.1038/s41598-020-73874-8 nature research


https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1038/s41598-020-73874-8
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:16953 | https://doi.org/10.1038/s41598-020-73874-8 natureresearch


http://creativecommons.org/licenses/by/4.0/

	The role of selection in the evolution of marine turtles mitogenomes
	Results
	mtDNA genomes of sea turtles. 
	Phylogenetic reconstruction. 
	Selection analyses. 
	Branch model. 
	Branch-site models. 
	Site models. 


	Discussion
	Conclusion
	Material and methods
	Dataset. 
	Phylogenetic reconstruction. 
	Selection analyses. 
	Branch model analysis. 
	Branch-site models analysis. 
	Site-models. 


	References
	Acknowledgements


