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Positive selection 
over the mitochondrial genome 
and its role in the diversification 
of gentoo penguins in response 
to adaptation in isolation
D. Noll1,2,3, F. Leon1, D. Brandt4, P. Pistorius5, C. Le Bohec6,7, F. Bonadonna8, P. N. Trathan9, 
A. Barbosa10, A. Raya Rey11,12,13, G. P. M. Dantas14, R. C. K. Bowie15, E. Poulin2,3 & 
J. A. Vianna1,2,16*

Although mitochondrial DNA has been widely used in phylogeography, evidence has emerged that 
factors such as climate, food availability, and environmental pressures that produce high levels 
of stress can exert a strong influence on mitochondrial genomes, to the point of promoting the 
persistence of certain genotypes in order to compensate for the metabolic requirements of the local 
environment. As recently discovered, the gentoo penguins (Pygoscelis papua) comprise four highly 
divergent lineages across their distribution spanning the Antarctic and sub-Antarctic regions. Gentoo 
penguins therefore represent a suitable animal model to study adaptive processes across divergent 
environments. Based on 62 mitogenomes that we obtained from nine locations spanning all four 
gentoo penguin lineages, we demonstrated lineage-specific nucleotide substitutions for various 
genes, but only lineage-specific amino acid replacements for the ND1 and ND5 protein-coding genes. 
Purifying selection (dN/dS < 1) is the main driving force in the protein-coding genes that shape the 
diversity of mitogenomes in gentoo penguins. Positive selection (dN/dS > 1) was mostly present in 
codons of the Complex I (NADH genes), supported by two different codon-based methods at the 
ND1 and ND4 in the most divergent lineages, the eastern gentoo penguin from Crozet and Marion 
Islands and the southern gentoo penguin from Antarctica respectively. Additionally, ND5 and 
ATP6 were under selection in the branches of the phylogeny involving all gentoo penguins except 
the eastern lineage. Our study suggests that local adaptation of gentoo penguins has emerged as 
a response to environmental variability promoting the fixation of mitochondrial haplotypes in a 
non-random manner. Mitogenome adaptation is thus likely to have been associated with gentoo 
penguin diversification across the Southern Ocean and to have promoted their survival in extreme 
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environments such as Antarctica. Such selective processes on the mitochondrial genome may also be 
responsible for the discordance detected between nuclear- and mitochondrial-based phylogenies of 
gentoo penguin lineages.

Identifying the microevolutionary processes that underlie diversification of species is key to understanding the 
current distribution of genetic diversity and the possible future response of the biota to climate change. Natural 
selection should favor certain phenotypes and genotypes in a particular environment, leading to local adaptation1 
and, consequently, promote population divergence and over time speciation.

Although mitochondrial DNA has traditionally been used as a neutral marker in phylogeography, evidence 
has emerged that supports the idea that the environment can act as a selective force promoting haplotype varia-
tion and potentially altering mitochondrial function and heat production2–4. Mitochondria provide the chemi-
cal energy necessary for the maintenance of cellular processes through the oxidative phosphorylation pathway 
(OXPHOS), which operates in the mitochondrial inner membrane5, producing cellular ATP, heat, and reactive 
oxygen species (ROS). The OXPHOS system depends on the interaction of five protein complexes, which are com-
posed of subunits encoded by 13 mitochondrial protein-coding genes and ~ 80 nuclear-encoded genes (N-mt)6. 
Complexes I, III, and IV make up the respirasome, which drives proton-translocation to the intermembrane 
space, liberating energy (ATP) during electron transfer from NADH to O2 and thereby establishing a proton 
gradient across the inner mitochondrial membrane7,8. Complex V (ATP synthase) uses this proton-motive force 
to drive ATP synthesis. The nuclear-encoded proteins serve as electron carriers, alternative electron inputs, and 
assembly factors6, requiring close compatibility between mt and N-mt protein subunits. This is enabled through 
a strong selective pressure for N-mt compatibility and optimal performance that maintains a mito-nuclear 
interaction in the OXPHOS system9,10.

Different processes drive how selection acts on mitochondrial genes that may alter mitochondrial function. 
Organisms that inhabit environments differentiated that comprise different climates or different food availability 
regimes will have different metabolic requirements. These requirements favor nucleotide substitutions that pro-
duce amino acid replacements in the protein subunits encoded in mtDNA, allowing organisms to adapt to their 
local environment11–14. Organisms endotherms that inhabit areas with low temperatures (i.e., polar environments) 
will need to be efficient at producing heat, while organisms from regions with low food availability will require 
greater efficiency in the production of ATP15. Further, prolonged exposure to external stressors, like pathogenic 
agents, activates an immune response16 and the ROS synthesis pathways by genes of the mitochondrial Complex 
I17,18 resulting in high levels of oxidative stress19. This may also reflect a greater predominance of certain alleles 
over others, promoting a non-random distribution of genetic diversity in locally adapted populations.

Gentoo penguins (Pygoscelis papua) are widely distributed throughout the Southern Ocean. They mainly breed 
on sub-Antarctic Islands but are also found abundantly in the Antarctic Peninsula and maritime Antarctica20. 
Although they are treated as a single species, their taxonomy is still under review with recent studies having 
revealed the existence of at least four cryptic lineages: northern gentoo (from South America and Falkland/
Malvinas Is.), southern gentoo (Antarctica and maritime Antarctica), eastern gentoo (Crozet, Marion, and pos-
sibly Macquarie Is., to the north of the Antarctic Polar Front: AFP), and southeastern gentoo (from Kerguelen 
Is.)21–24. Divergence times have been estimated in past studies21–24, where analyses of ultraconserved elements 
(UCEs) distributed across the genome placed the split of the gentoo penguin lineages during the Pleistocene, 
between 0.47 and 1.26 Mya23 in response to the extension and retreat of the ice during this period which has 
been described as the main precursor of diversification of the marine fauna of the Southern Ocean25. Unlike most 
penguin species, gentoo penguins are inshore foragers, generally remaining resident year-round, with a generalist 
diet that is dependent on prey availability in their local environment26–28. Therefore, genetic drift could explain, 
in part, the high levels of genetic differentiation among gentoo lineages. The existence of several independent 
evolutionary lineages, with virtually no admixing (gene flow) across the Southern Ocean, is conductive for local 
adaptive processes to occur. This is particularly relevant when considering the wide range of environmental 
conditions to which different lineages are subjected, imposed by oceanographic barriers (oceanic fronts) that 
are important in structuring of penguin populations23,29–33. In the case of gentoo penguins, these environmental 
differences have been characterized, which highlighted important differences in the marine environment close 
to their breeding colonies21. In this sense, Vianna et al.23 suggested that the divergence of the four lineages of 
gentoo penguins occurs across thermal and salinity gradients. Additionally, using niche modeling, Pertierra 
et al.21 revealed that the colonies belonging to the eastern lineage, located north of the AFP, experience a very 
limited range of climatic variability in areas with low primary productivity marine environment. In contrast to 
the eastern lineage, the northern lineage occupies an environment with elevated levels of primary productivity; 
the southern lineage is strongly influenced by the formation of sea ice and seasonal melting that affects sea surface 
temperature and salinity, which in turn drives the absence (winter) or proliferation (summer) of primary pro-
ductivity. Although the southeastern lineage differs in characteristics of the terrestrial and marine environments, 
Pertierra et al.21 report a signal of niche overlap (6-7%) among this lineage with the northern and southern, but 
it is too small to homogenize the environments, suggesting ecological segregation. Therefore, it is possible that 
the divergence of the gentoo penguin lineages has been promoted local adaptive processes that were driven by 
the different environment induced metabolic requirements of each lineage.

To evaluate whether the diversification of gentoo penguins was accompanied by natural selection acting on 
mitochondrial function, we analyzed the mitogenomes of 62 gentoo penguins encompassing all four evolution-
ary lineages: eastern, southeastern, northern, and southern gentoos. We evaluated the divergence patterns in 
mitochondrial coding sequences and used different approaches to detect selection signals on mitogenomes and 
mutations that lead to functional diversification. This mitogenomic information will provide an important guide 
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for understanding the evolutionary consequences and adaptive mechanisms of widely distributed organisms in 
heterogeneous environments of the Southern Ocean.

Results
Sequences variation among gentoo penguin mitogenomes.  A total of 62 gentoo penguin indi-
viduals from nine breeding locations were analyzed (Fig. 1, Table S1). Recovered mitogenome sequences pre-
sented slight variations in their length (16,993–16,998 bp) attributed mainly to differences in the control region 
(Table S2). Gentoo penguin mitogenomes contained the 37 genes usually found in bird mitochondrial genomes34 
and rearrangements of genes and genomic regions were not observed since the same reference genome was used 
for all lineages. Very low levels of nucleotide diversity were found in all protein coding genes (Table 1), with 
ATP8 and COX3 having the lowest values (0.0046 and 0.0045 respectively). This result, together with the low 
number of haplotypes, suggests that these genes are highly conserved among lineages, and likely subject to puri-
fying selection. On the other hand, ATP6, CYTB, COX2, ND1, ND2, ND4, ND5 and ND6 contained haplotypes 
that are unique to each of the gentoo penguin lineages (Fig. 2a, S1). We found that ND2, ND4 and ND5 pro-
duced exclusive peptides for each lineage, while the different haplotypes detected in the other genes comprised 
synonymous substitutions that, in most cases, produced the same peptide (Fig. 2b). For all genes, the haplotypes 
from the eastern lineage were always the most differentiated, even within the most conserved loci such as ATP8 
and COX3 (Fig. S1). In these two genes, by translating the sequences into amino acids, it was possible to identify 
exclusive peptides of the eastern lineage for all protein coding genes (Fig. 2b), including the most conserved, 
ATP8 (Fig. S1). With respect to ribosomal genes, we identified five haplotypes for 12S gene, where the eastern 
and southeastern lineages were differentiated (Fig. S2a). In the case of the 16S gene, we recovered unique haplo-
types for each lineage, which also showed greater differentiation of the eastern and southeastern lineages, with 
13 and 5 mutational steps, respectively (Fig. S2b).
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Figure 1.   Distribution of gentoo penguins around the Southern Ocean. The figure shows the sample locations 
(colored circles): northern gentoo: Martillo and Falkland/Malvinas I.; southern gentoo: Signy Island, O’Higgins 
base, Stranger Point and Gabriel Gonzalez Videla base; southeastern gentoo: Courbet Peninsula, Kerguelen I.; 
eastern gentoo: Marion and Crozet I. and open circles represent areas with unsampled colonies. Map images 
provided by Shutterstock database and edited in Adobe Illustrator.
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We detected different levels of genetic divergence among the recovered mitogenomes (Fig. S3, Table S3). 
The lowest differentiation was between northern and southern gentoos (0.0022–0.0029), while eastern gentoos 
showed the highest levels of genetic differentiation (0.0223–0.0234 eastern/southeastern gentoos, 0.0209–0.0218 
eastern/northern gentoo and 0.0211–0.0220 eastern/southern gentoo). Intermediate levels of divergence were 
observed among southeastern with northern and southern gentoos, where the values of genetic distance were 
much lower than those detected for the eastern lineage (0.0077–0.0084 southeastern/northern and 0.0074–0.0083 
southeastern/southern gentoo), despite the greater geographical distance.

Phylogenetic reconstruction.  The concatenated protein coding genes resulted in a sequence of 11,170 bp. 
Since the sites within a codon can evolve at different rates, a partition scheme was established considering the 
position of the nucleotide within the codon. In this way, the best partition scheme produced 15 sub-sets, where 
its corresponding nucleotide substitution model was estimated (Table S4). Those positions within genes that 
presented the same evolutionary pattern were grouped within the same set. The partition scheme was considered 
for the reconstruction of the Bayesian phylogeny, in which the monophyly of each lineage was recovered (Fig. 3) 

Table 1.   Indices of diversity of mt-genes (N: number of sequences, H: number of haplotypes, S: number of 
polymorphic sites, π: nucleotide diversity, Np: number of peptides generated after translation of sequences, ω: 
dN/dS). *ω was not estimated for ATP8 because it only has 2 haplotypes.

mt-gen N Size (bp) H S π Np ω

ATP6 62 681 6 28 0.0127 3 0.038

ATP8 62 162 2 2 0.0046 2 –

CYTB 62 1137 10 30 0.0088 6 0.100

COX1 62 1533 7 33 0.0076 4 0.019

COX2 62 675 5 16 0.0084 3 0.021

COX3 62 783 3 11 0.0045 2 0.021

ND1 62 978 7 18 0.0065 4 0.075

ND2 62 1029 9 22 0.0071 8 0.179

ND3 62 348 5 11 0.0105 4 0.142

ND4 62 1368 10 35 0.0086 4 0.110

ND4L 62 294 6 7 0.0055 4 0.248

ND5 62 1803 7 41 0.0080 5 0.097

ND6 62 516 7 18 0.0109 2 0.048
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Figure 2.   (a) Haplotype distribution of gentoo penguin lineages around the Southern Ocean; (b) Distribution 
of haplotypes translated into amino acid sequences. Map images provided by Shutterstock database and edited 
in Adobe Illustrator.
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with high node support (Potential scale reduction factor (PSRF) = 1000; Effective Sample Size (ESS) = 8022). The 
phylogenetic reconstruction generated from the mitochondrial partitions recovered the same topology as those 
generated from the control region in previous studies21,24. It thus supported the finding that the eastern gentoo 
penguin clade was the first to diverge from the remaining clades, followed by the southeastern lineage as a sister 
clade of the southern and northern clade. However, the topology generated with mitochondrial markers differs 
from the reconstructions obtained by previous studies using nuclear DNA markers21, which places the eastern 
lineage as a sister clade to the southeastern lineage, and the other two lineages as sister groups on a separate 
branch (Fig. 4).

Evidence of selection signals in mitochondrial genes.  We implemented different methods to identify 
putative codons under selection in gentoo penguin mitochondrial genes. First, we used a codon-based approach 
to estimate the ratio of non-synonymous (dN) to synonymous (dS) nucleotide substitutions (ω = dN/dS) to 
detect putative codons under selection. FUBAR detects codons with signal of purifying or positive selection 
evaluating the posterior probability of each codon belonging to each class of ω, while codeml is a likelihood 
approach that suggests genes under positive selection through the contrast of a neutral model of evolution with 
a positive selection model. As expected, we found a large number of codons with a signal of purifying selection 
in all protein coding genes, but particularly ATP6, COX1 and ND6 (Table S5). Codons under positive selection 
were less prevalent than purifying selection and were principally present genes of Complex I of the mitochon-
drion. FUBAR identified two codons under positive selection in ND2 and one codon in ND5 (Table 2). The same 
genes showed a signal of selection when a codeml site-model was used, identifying an additional codon in ND5 
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(Tables 2 and 3), suggesting that 0.7% of the sites in ND2 and 0.5% of the sites in ND5 have evolved under posi-
tive selection (M2a, Table S6). With respect to ND1, Bayes Empirical Bayes (BEB) detected a signal of selection 
in one codon (Table 2), but this gene was not significant when estimating Δ LRT (Table 3).

To assess the existence of selection within a particular gentoo penguin lineage, each branch of the phylogeny 
was independently tested. All combinations showed strong evidence of purifying selection acting on mitochon-
drial protein coding genes (Table S7). Branch-site model A detected codons with evidence of positive selection 
in ND5 in the southeastern lineage (Table 4). When we evaluated the spatial distribution of peptides (Fig. 2), we 
observed sequences shared between lineages in most genes mainly between northern, southern, and southeastern 
gentoos, and the eastern lineage always had a different sequence. For this reason, we grouped the most related 
lineages to look for evidence of selection: (1) N + S and (2) N + S + SE gentoos. We found signals of positive 
selection in ATP6 when we tested the N + S + SE lineages, while in the N + S branches, selection was detected in 
ND5 (Table 4, Fig. 3). ND2 showed high levels of significance when evaluating selection with site models, but it 

SS
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Figure 4.   Mito-nuclear discordance between topologies of gentoo penguins. Left: Genomic phylogeny 
(SNAPP) generated using 4429 SNPs in Pertierra et al. (2020). Right: Bayesian phylogeny from 13 mitochondrial 
protein coding genes (11,170 bp).

Table 2.   Detection of positive selection in codons of OXPHOS mitochondrial genes using four methods: 
TreeSAAP, Fubar and codeml. Pα: α-helical tendencies; αm: Power to be at the middle of alpha-helix; EC 
equilibrium constant, E eastern gentoo, SE southeastern gentoo, N northern, S southern gentoo. Codeml BS 
(Branch-site model) and SM (site model). Posterior probability estimates by Bayes Empirical Bayes in site and 
branch-site models (PP: Posterior probability; *:PP > 0.7, **:PP > 0.8, ***: PP > 0.99).

OXPHOS Complex Gene Codon

TreeSAAP codeml BS codeml SM

FubarFrom–to Branch Cat Prop Branch PP M2 M8

V ATP6

28 Ala–Thr SE + N + S 6 ↓Pα ns ns ns ns ns

60 Thr–Ala SE + N + S 6 ↑Pα ns ns ns 0.75* ns

181 Ala–Thr SE 6 ↓Pα ns ns ns ns ns

I ND1

22 Ile–Val E 8 ↑EC SE + N + S 0.75* ns ns ns

90 Ile–Leu N + S 8 ↑EC ns ns ns ns ns

137 Ile–Val E 8 ↑EC ns ns ns ns ns

I ND2
2 ns ns ns ns ns 1*** 1*** 0.921

321 ns ns ns ns ns 1*** 1*** 0.929

I ND3 105 Tyr–His E 7 ↑αm ns ns ns ns ns

I ND4

14 Thr–Ala E 6 ↑ Pα ns ns ns ns ns

15 Ala–Thr E 6 ↓ Pα ns ns ns ns ns

29 Thr–Ala S 6 ↑ Pα N + S 0.78* ns ns ns

191 Thr–Ala E 6 ↑ Pα ns ns ns ns ns

280 Thr–Ala E 6 ↑ Pα ns ns ns ns ns

418 ns ns ns ns ns 0.78* 0.81** ns

I ND5

22 Thr–Ala SE + N + S 6 ↑Pα ns ns ns ns ns

428 Thr–Ala N + S 6 ↑Pα ns ns 0.89** 0.89** 0.92

500 Ala–Thr SE + N + S 6 ↓Pα ns ns 0.79* 0.81** ns

518 ns ns ns N + S 0.96** ns ns ns
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was not detected at the branch level. In the #2ND2 (detected using site model), the eastern, southeastern, and 
southern lineages have the amino acid asparagine except for one individual from the southern lineage, which 
is the only individual that shares the amino acid serine with the northern lineage. This substitution could be a 
false positive, or it could reflect incomplete lineage sorting between sibling lineages.

We used the program TreeSAAP to evaluate if the amino acid substitutions generate a radical change in the 
physicochemical properties. Although in all genes a larger proportion of conservative amino acid changes were 
observed relative to radical changes, twelve sites in genes of Complex I, and three sites in ATP6 were identi-
fied as being under positive selection using TreeSAAP (Table 2, Fig. 3). This suggests the presence of amino 
acid replacement with different physicochemical properties. Signals of selection were recovered in the codon 
#137ND1 located in the conserved domain, which contains the ubiquinone binding site, a region that regulates 
the reduction of ubiquinone and the translocation of protons. Specifically, the eastern lineage presented an 
amino acid valine while all individuals from the other lineages exhibit isoleucine, a substitution categorized 
as a change in the constant equilibrium of ionization property. Signals of selection detected using at least two 
methods (TreeSAAP and one based on dN/dS) suggest selection in #22ND1, #29ND4 located in the N-terminal 
domain, and in the codons 428 and 500 of the C-terminal region of the ND5 gene (Table 2, Fig. 3). In addition, 
both methods detected a signal of selection at #60ATP6, a nucleotide substitution placed on the cytoplasmic 
domain of the subunit.

Table 3.   Estimation ΔLRT of M1a/M2a and M7/M8 nested codeml site models (*p < 0.05) to detect genes 
candidates of positive selection.

Gen Alternative model Null model ΔLRT DF p-value

ATP6 Model 2a Model 1a 0.0150 2 0.9920

ATP6 Model 8 Model 7 0.5650 2 0.7530

COX1 Model 2a Model 1a 0.0002 2 0.9998

COX1 Model 8 Model 7 0 2 1

COX2 Model 2a Model 1a 0.0001 2 0.9999

COX2 Model 8 Model 7 0 2 1

COX3 Model 2a Model 1a 0 2 1

COX3 Model 8 Model 7 0 2 1

CYTB Model 2a Model 1a 0.0002 2 0.9990

CYTB Model 8 Model 7 0 2 1

ND1 Model 2a Model 1a 0 2 1

ND1 Model 8 Model 7 0 2 1

ND2 Model 2a Model 1a 12.0300 2 0.0024*

ND2 Model 8 Model 7 12.4700 2 0.0020*

ND3 Model 2a Model 1a 0 2 1

ND3 Model 8 Model 7 0 2 1

ND4 Model 2a Model 1a 0.3390 2 0.8430

ND4 Model 8 Model 7 2.1970 2 0.3330

ND4L Model 2a Model 1a 0.0001 2 0.9990

ND4L Model 8 Model 7 0.0053 2 0.9990

ND5 Model 2a Model 1a 2.1680 2 0.3380

ND5 Model 8 Model 7 9.4800 2 0.0088*

ND6 Model 2a Model 1a 0 2 1

ND6 Model 8 Model 7 0 2 1

Table 4.   Estimation ΔLRT of nested codeml branch-site model A (*p < 0.05).

Branch Gen ΔLRT (Null) ΔLRT (M1a) df p-value (null) p-value (M1a)

SE + N + S ATP6 0.50 3.98 1 0.478 0.046*

SE + N + S ND1 2.55 2.01 1 0.110 0.150

N + S ND4 0.94 0.94 1 0.330 0.330

SE ND5 7.94 0.01 1 0.005* 0.931

N + S ND5 8.65 2.72 1 0.003* 0.099
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Discussion
We examined the divergence patterns of gentoo penguin mitogenomes around the Southern Ocean and evaluated 
the potential role of natural selection acting in different environments on mitochondrial DNA evolution. Gentoo 
penguins are broadly distributed around the Southern Ocean and show strong population genetic structuring 
due to their high residency patterns and foraging behavior close to the coast35–38. The levels of mitochondrial 
divergence observed are higher than those previously described in rockhopper penguins Eudyptes chrysocome, 
E. filholi and E. moseleyi32 and the two putative species of little penguins Eudyptula minor and Eudyptula novae-
hollandiae39,40. In other penguin species, such as chinstrap P. antarcticus41,42, macaroni/royal E. chrysolophus 
and E. schlegeli32 and king penguin Aptenodytes patagonicus43 very limited or no population structure is evident 
throughout their geographical distributions. Despite geographic isolation among gentoo lineages and the fact 
that mtDNA is inherited as a linked unit, we identified different patterns of genetic diversity among protein 
coding genes, suggesting that mitochondrial proteins are subject to different degrees of selection (evolutionary 
dynamics)44.

Species that inhabit high latitude environments with extreme climates such as the sub-Antarctic and Antarctic 
regions could be subject to unique selective pressures related to high energy demands45. Stressors associated with 
thermoregulation and seasonal food availability could lead to metabolic changes based on mitochondrial energy 
regulation mechanisms46–48. Mitochondrial function plays a leading role in the regulation of energy metabolism, 
and positive selection on mitochondrial protein coding genes can drive population divergence and speciation49.

We detected potentially relevant fixed amino acid differences across different mitochondrial genes and amino 
acid variations in functionally important regions of these genes. Such differences could have functional impli-
cations that can lead to local adaptation13. Although the effects of genetic drift should not be disregarded, our 
results suggest a non-random geographical pattern of selection acting on mitochondrial genes. Different levels 
of selective pressure appeared to act principally on genes of Complex I and on one gene of the Complex V, lead-
ing to changes the physicochemical properties of some amino acids and non-synonymous substitutions in the 
eastern, southern, and southeastern + northern + southern branches of the phylogeny (Fig. 3). Complex I (NADH: 
ubiquinone oxidoreductase) and Complex V (ATP synthase) play a central role in cellular energy production50 
and are the mitochondrial complexes that present the greatest evidence of selection in marine organisms51–55.

The relationship between mitochondrial genes under positive selection and climatic heterogeneity has been 
widely studied. In polar environments, signals of positive selection on mitochondrial genes could be associated 
with higher aerobic capacity to have a more efficient metabolism relative to the generation of heat in endothermic 
organisms4,15. In this sense, Complex I genes are largely involved in adaptation to cold regions, as observed in the 
Arctic environment, where polymorphisms under selection in ND4 in Atlantic salmon52 and ND5 in humans 
from Siberia4, are concordant with the ND4 and ND5 regions being under selection in southern gentoos (Fig. 3). 
In the case of sites from ND5, mutations placed in the piston arm of the protein have been observed to affect 
proton pumping, influencing fitness during the evolution of some species54, and consequently could improve 
ATP production and maintain aerobic scope in the cold. Surprisingly, we found evidence of positive selection 
acting only in genes of the eastern lineage, mainly in ND1 and ND4 genes, suggesting signals of sub-Antarctic 
adaptation. ND1 plays an essential role in the activity of Complex I, and mutations in the conserved domain can 
affect the ubiquinone-binding site56, and therefore the efficiency of proton translocation. Eastern gentoo pen-
guin lineage showed signals of selection in the physicochemical properties of the protein at position #137ND1, 
which is located in the cytoplasmic domain that contains that binding site. Changes in this region may influence 
metabolic efficiency in different species, including fishes52,57 and mammals58 and could be an indicator of adap-
tive evolution. Codons under selection in ND4 (#191ND4 and #280ND4) in the eastern lineage are placed in 
the Mrp antiporter membrane subunit, where the reduction of ubiquinone and the translocation of protons are 
regulated59,60. This region was previously found to be under selection in penguins from contrasting environments, 
particularly from the Galápagos Islands and Antarctica61. In this case, a strong correlation between ND4 and 
sea surface temperature was detected. Southeastern, northern and southern lineages showed a selection signal 
in #60ATP6, a mutation placed on the cytoplasmic domain of the protein. This gene participates directly in the 
proton flow in the Complex V, generating a potential gradient with the phosphorylation of ADP62. In this sense, 
selected amino acid substitutions could alter the efficiency of ATP synthesis between southeastern/northern/
southern and eastern gentoo penguin lineages.

Eastern gentoo penguins exhibited the greatest nucleotide and amino acid differentiation across all protein 
coding genes, even in the most conserved ones such as ATP8 and COX3. This contrasts with what is observed 
in southeastern, northern, and southern gentoos, which shared haplotypes, and where many of the substitu-
tions tend to be synonymous (Fig. 2). A possible explanation can be attributed a current, the Antarctic Polar 
Front (AFP) separating these populations, but the environments associated with these gentoo penguins breed-
ing localities on either side of the AFP not being sufficiently different to induce local adaption. In this way, it 
is possible that given the great environmental breadth among gentoo penguin lineages reported by Pertierra 
et al.21 in bioclimatic variables such as sea surface temperature, salinity and primary productivity, the observed 
mitochondrial genotypes allow for wide ranges of climatic tolerance of the individuals of these three lineages. 
Despite their current isolation, analyses of whole genomes have reported past introgression signals between 
the ancestral branch of northern/southern and the southeastern gentoos23, but with no sign of admixture at 
present21,24,29,31. In contrast, gentoos from the eastern lineage inhabit environments not only with reduced levels 
of primary productivity but also the greater amplitude of the maximum and minimum values in terms of salinity 
and sea surface temperature. This may have driven the observed signal of position selection, which is indicative 
of local adaptation that we detected.

Microevolutionary forces (drift, migration, mutation, and selection) play a central role in the differentiation 
of populations. Nuclear and mitochondrial genomes are subject to different tempos and modes of evolution5, 
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and therefore, the observed patterns of divergence among gentoo lineages may be associated with the different 
modes of inheritance and functional specialization of the genomes. This can lead to incipient speciation through 
mito-nuclear functional compensation63. It has been suggested that species showing discordance in the diver-
gence patterns between mtDNA and nDNA could be valuable models with which to investigate the relative roles 
of natural selection and neutrality acting over mitogenomes64. In gentoo penguins, mitochondrial DNA lineages 
are highly divergent consistent with results from genome-wide SNP analyses, the topologies of the resultant 
phylogenies generated from genomic data are discordant with the observed mitochondrial topologies (Fig. 4). 
Nuclear data group the eastern lineage as a sister clade to the southeastern lineage, and on another branch place 
the northern and southern gentoo as a sister group21,23. However, the topology obtained from mitochondrial 
information indicates that the eastern lineage is the first branching taxa to diverge from the remaining ones. 
This incongruence between mitochondrial and nuclear DNA is consistent with our results that selection has 
played a stronger role on the eastern lineage, which in a phylogenetic reconstruction would make it seem more 
divergent from other lineages than it really is.

Similar patterns of mito-nuclear discordance have been observed in birds64–66 and could occur as a conse-
quence of different selection regimes, incomplete lineage sorting, hybridization/introgression processes67, or dif-
ferent demographic dynamics68. What microevolutionary forces are operating on gentoo penguin mitogenomes 
that promote discordance between nuclear and mitochondrial phylogenetic hypotheses? Aspects as asymmetric 
gene flow are unlikely because nuclear and mitochondrial markers suggest complete isolation of the lineages. 
Further, the pool of samples used in this study contains a random mix of males and females used to perform 
mitochondrial24 and nuclear21 phylogenetic reconstructions. The high degree of conservatism in nucleotide and 
amino acid sequences among northern, southern, and southeastern lineages, can be attributed to incomplete line-
age sorting, but the effect of purifying selection acting on mitochondrial genes cannot be ignored, which would 
maintain a pool of genotypes to face metabolic requirements in these environments given the large amplitudes of 
interannual variability21. The mitochondrial control region was used in Vianna et al.24 to infer the demographic 
history, with a signal of population expansion detected only in the southern lineage. Therefore, it is possible to 
discard the effect of the historical demography acting over mitochondrial genes in the northern, eastern, and 
southeastern lineages and infer that the topology of the mitochondrial phylogeny would be influenced by strong 
positive selection pressure over the eastern lineage.

Some polymorphisms could be under co-evolution between nuclear and mitochondrial proteins due to envi-
ronmental and intergenomic interactions69. In this context, there is strong evidence that mitochondrial protein 
coding genes play a central role in the regulation of several cellular activities, acting in conjunction with the 
innate immune response, particularly with respect to antibacterial immunity16,70. OXPHOS is the main cellular 
source of ROS and, under specific metabolic or stress conditions, the process augments mitochondrial superoxide 
generation17,71, resulting in high levels of oxidative stress within the cell72. There are different factors that can 
promote the generation of mitochondrial ROS, and they are not only associated with climatic variation. Toll-like 
receptors (TLRs) are a family of pattern-recognition receptors in the vertebrate immune system that are key to 
pathogen detection73. Signaling via TLRs directly augments mitochondrial ROS generation in macrophages in 
response to bacteria by coupling TLRs signaling to mitochondrial Complex I16. Within the range of the gentoo 
penguin, there are diverse abiotic (pollution, climatic conditions) and biotic (pathogens, parasites) factors that 
exhibit spatial variation74–77 and affect the prevalence and transmission of pathogens and immune response of 
gentoos78,79. In this sense, local selection on TLR4 and TLR5 alleles of gentoo penguins suggests pathogen-driven 
adaptation22. Environmental heterogeneity may be related to the differential prevalence of pathogens among 
geographic regions, favoring the predominance of certain alleles over others in response to the selective pressure 
of pathogens from the local environment. Studies on the diversity of parasites associated with the different gentoo 
penguin lineages and their relationship to selection patterns on genes involved in the immune response on each 
lineage are needed. The eastern lineage showed the lowest levels of diversity in TLR522 and had a predominance 
of unique mitochondrial haplotypes (this study) with strong positive selection on conserved regions of genes. 
These attributes could be associated with high levels of mortality (32.6%) registered in this region over the last 
two decades80.

Results from this study highlights the importance of considering intraspecific diversity and cryptic speciation 
in biodiversity management and conservation. The case of the gentoo penguins clearly demonstrates this, since 
despite significant differences in terms of local adaptation and population dynamics that are indicative of four 
distinct evolutionary lineages, they are still managed as a single species.

Methods
Generation of mitogenome data set.  We made use of samples from 62 individual Gentoo penguins 
previously obtained for other projects21,24, which covered a large part of the geographic distribution of gentoo 
penguins around the Southern Ocean (Fig. 1, Table S1). This sampling included the genomes of four gentoo 
penguins sequenced by Vianna et al.23 to complement the number of individuals sampled per location (Crozet 
Is, Kerguelen Is, Falkland/Malvinas Is and Antarctica). For this study, DNA was isolated from 58 blood samples 
using a salt extraction protocol81 with modifications24. We performed whole genome resequencing from 100 ng 
of genomic DNA, which was fragmented (~ 350 bp) to construct pair-end libraries using the Illumina TruSeq 
Nano kit. A total of six cycles of PCR were run for enrichment and resultant libraries were sequenced at 15 × cov-
erage using an Illumina HiSeq X platform at MedGenome.

Read cleaning was performed using readCleaner (https://​github.​com/​tplin​deroth/​ngsQC/), resulting in the 
removal of PCR duplicates, adapters, low quality bases, low complexity reads and potential contaminant reads of 
the raw data obtained from NGS. We then extract the mitochondrial reads from the cleaned fastq files with blatq 
(https://​github.​com/​calac​ademy-​resea​rch/​BLATq) using a previously published gentoo penguin mitogenome as 

https://github.com/tplinderoth/ngsQC/
https://github.com/calacademy-research/BLATq
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reference (GenBank access: NC_037702.1). Mitochondrial reads were assembled using Geneious Prime 2020.2 
(https://​www.​genei​ous.​com). Annotation was performed on the MITOS web server82 and visually corroborated 
by comparing with the composition of the reference. Additionally, we included the mitogenomes of Adélie (P. 
adelie, GenBank access: MK761002.1) and chinstrap (P. antarcticus, GenBank access: MK761001.1) penguins61 
as outgroup and sister group for phylogenetic analysis.

Nucleotide sequences of coding regions were first aligned using MAFFT83. Nucleotide sequences were then 
translated into amino acids to determine if the haplotypes detected in each lineage produce proteins with dif-
ferent amino acid conformations. The sequences were translated into amino acids in Sequence Manipulation 
Suite SMS284 and aligned again using MAFFT. Mindell et al.85 reports that some reptile and bird species have 
an extra nucleotide in the ND3 gene, which is not translated. In this sense, the nucleotide at position 174 of the 
ND3 gene was removed for the selection analysis to maintain the reading frame61. In the case of the ND6 gene, 
we worked with the reverse complement because it is encoded on the light strand.

We explored the patterns of nucleotide diversity among lineages in DNAsp v6.12.0386. To evaluate the genea-
logical relationship among haplotypes, we performed a Median Joining Network for each gene using PopArt 
(http://​popart.​otago.​ac.​nz). The degree of divergence among lineages was estimated through mitogenome pair-
wise distance using Mega X87.

Detection of positive selection.  The geographical distribution of haplotypes and protein sequences were 
evaluated for all 13 mtDNA protein coding genes; however, selection analyses were performed using 12 genes 
with the stop codons removed. It was not possible to evaluate selection signals for ATP8 due to the low number 
of haplotypes (two haplotypes). We use a codon-based approach to estimate the ratio of non-synonymous to 
synonymous nucleotide substitutions (dN/dS; ω) for each codon based on a phylogeny to detect selection signals 
among gentoo penguin lineages. Estimation of ω is used to detect selection signals and to measure the magni-
tude and direction of selection. When ω < 1, it suggests negative purifying selection, ω = 1 neutral evolution, 
whereas values of ω > 1 are indicative of positive selection88. The Fast, Unconstrained Bayesian AppRoximation 
(FUBAR)89 was used to detect codons under pervasive purifying or diversifying selection, evaluating the poste-
rior probability (pp) of each codon belonging to each class of ω. In this case, codons with pp > 0.9 were assumed 
to be under selection. FUBAR is a package of the program HyPhy and was carried out on the Datamonkey plat-
form (https://​www.​datam​onkey.​org/).

We also estimated ω through a maximum likelihood approach using the codeml package implemented in 
PAML88. Since codeml likelihood analysis is sensitive to the topology of the tree, we used a Bayesian phylogenetic 
reconstruction from the 13 protein coding mtDNA genes generates using MrBayes v.3.2.790 via the CIPRES Sci-
ence Gateway91. The analysis was performed using four replicate runs with four chains, 30 million generations, 
sampling every 1000 generations, and 25% of burnin. Fifteen partitions were defined by PartitionFinder 2.1.192. 
The best scheme of partitions and the substitution models were obtained with Akaike Information Criterion 
(AICc) and a heuristic search was performed using the greedy algorithm93,94.

We ran a series of likelihood models to examine whether there was selection acting on particular codons 
independent of the phylogenetic branch. The site model assumes one ω ratio for all branches of the phylogeny 
and allows ω to vary among codons95,96: M1a (nearly neutral; two classes of ω ratios: ω0 < 1, ω1 = 1), M2a (positive 
selection; three site classes: ω0 < 1, ω1 = 1 and ω2 > 1), M7 (neutral model, ω varies according to the beta distribu-
tion), and M8 (positive selection; similar to M7 but with an additional codon class ωS > 1). We used likelihood 
ratio test (LRT) to search for evidence of non-neutrality and evidence of positive selection comparing and 
evaluating the significance of two nested models (M1a vs. M2a and M7 vs. M8).

To evaluate if gentoo penguin lineages evolved under different selective pressures, branch-site model A97 
was run in codeml. We tested all the branches and also grouped lineages that shared the same protein sequence 
(foreground: northern + southern (N + S) gentoo and northern + southern + southeastern (N + S + SE) gentoo). 
To test for the presence of positive selection in the foreground branch, we compared the alternative model to 
its respective null model (where ω2 is fixed assuming neutral evolution, i.e., ω2 = 1) and with the M1a (nearly 
neutral) model. For site and branch-site models, codons under positive selection were identified using the Bayes 
Empirical Bayes (BEB) method implemented in Codeml, and those who presented posterior probability (pp) > 0.7 
were considered candidates for positive selection.

Physicochemical changes in amino acids.  Because adaptive change is reflected at the protein level, 
we used TreeSAAP to detect pronounced changes in physicochemical properties of amino acids98 on particular 
branches of the penguin phylogeny. This method compares the distribution of amino acid replacements and 
changes in physicochemical properties by assigning a value among 8 magnitude categories, where 1 is the most 
conservative, while 8 is the most radical. Only those genes that presented: (1) magnitude categories between 6 
and 8; (2) amino acid changes with high support (p < 0.001); and (3) z-score above 3.09 were considered can-
didates of positive selection. In addition, we used the InterPro web server (https://​www.​ebi.​ac.​uk/​inter​pro/) to 
determine the domain of the protein where the amino acid replacements occur.

Data availability
Gentoo penguins mitogenomes were deposited into GenBank (GenBank accession numbers: MZ571411-
MZ571468). Penguin pictures were provided by the author Daly Noll.

Received: 12 August 2021; Accepted: 21 February 2022

https://www.geneious.com
http://popart.otago.ac.nz
https://www.datamonkey.org/
https://www.ebi.ac.uk/interpro/


11

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3767  | https://doi.org/10.1038/s41598-022-07562-0

www.nature.com/scientificreports/

References
	 1.	 Savolainen, O., Lascoux, M. & Merila, J. Ecological genomics of local adaptation. Nat. Rev. Genet. 14, 807–820. https://​doi.​org/​10.​

1038/​nrg35​22 (2013).
	 2.	 Ballard, J. W. O. & Pichaud, N. Mitochondrial DNA: More than an evolutionary bystander. Funct. Ecol. 28, 218–231. https://​doi.​

org/​10.​1111/​1365-​2435.​12177 (2014).
	 3.	 Shtolz, N. & Mishmar, D. The mitochondrial genome–on selective constraints and signatures at the organism, cell, and single 

mitochondrion levels. Front. Ecol. Evol. https://​doi.​org/​10.​3389/​fevo.​2019.​00342 (2019).
	 4.	 Ruiz-Pesini, E., Mishmar, D., Brandon, M., Procaccio, V. & Wallace, D. C. Effects of purifying and adaptive selection on regional 

variation in human mtDNA. Science 303, 223–226. https://​doi.​org/​10.​1126/​scien​ce.​10884​34 (2004).
	 5.	 Hill, G. E. Mitonuclear Ecology (Oxford University Press, 2019).
	 6.	 Nicholls, D. G. & Ferguson, S. J. Bioenergetics (Academic Press, 2013).
	 7.	 Gu, J. et al. The architecture of the mammalian respirasome. Nature 537, 639–643. https://​doi.​org/​10.​1038/​natur​e19359 (2016).
	 8.	 Letts, J. A., Fiedorczuk, K. & Sazanov, L. A. The architecture of respiratory supercomplexes. Nature 537, 644–648. https://​doi.​org/​

10.​1038/​natur​e19774 (2016).
	 9.	 Dowling, D. K., Friberg, U. & Lindell, J. Evolutionary implications of non-neutral mitochondrial genetic variation. Trends Ecol. 

Evol. 23, 546–554. https://​doi.​org/​10.​1016/j.​tree.​2008.​05.​011 (2008).
	10.	 Rand, D. M., Haney, R. A. & Fry, A. J. Cytonuclear coevolution: The genomics of cooperation. Trends Ecol. Evol. 19, 645–653. 

https://​doi.​org/​10.​1016/j.​tree.​2004.​10.​003 (2004).
	11.	 Morales, H. E. et al. Mitochondrial-nuclear interactions maintain geographic separation of deeply diverged mitochondrial lineages 

in the face of nuclear gene flow. BioRxiv https://​doi.​org/​10.​1101/​095596 (2017).
	12.	 Morales, H. E., Sunnucks, P., Joseph, L. & Pavlova, A. Perpendicular axes of differentiation generated by mitochondrial introgres-

sion. Mol. Ecol. 26, 3241–3255. https://​doi.​org/​10.​1111/​mec.​14114 (2017).
	13.	 Da Fonseca, R. R., Johnson, W. E., O’Brien, S. J., Ramos, M. & Antunes, A. The adaptive evolution of the mammalian mitochondrial 

genome. BMC Genom. 9, 119. https://​doi.​org/​10.​1186/​1471-​2164-9-​119 (2008).
	14.	 Stier, A., Massemin, S. & Criscuolo, F. Chronic mitochondrial uncoupling treatment prevents acute cold-induced oxidative stress 

in birds. J. Comp. Physiol. B. 184, 1021–1029. https://​doi.​org/​10.​1007/​s00360-​014-​0856-6 (2014).
	15.	 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. https://​doi.​org/​10.​3389/​fgene.​2017.​00025 (2017).
	16.	 West, A. P., Shadel, G. S. & Ghosh, S. Mitochondria in innate immune responses. Nat. Rev. Immunol. 11, 389–402. https://​doi.​org/​

10.​1038/​nri29​75 (2011).
	17.	 Orrenius, S., Gogvadze, V. & Zhivotovsky, B. Mitochondrial oxidative stress: Implications for cell death. Annu. Rev. Pharmacol. 

Toxicol. 47, 143–183. https://​doi.​org/​10.​1146/​annur​ev.​pharm​tox.​47.​120505.​105122 (2007).
	18.	 Andreyev, A. Y., Kushnareva, Y. E. & Starkov, A. A. Mitochondrial metabolism of reactive oxygen species. Biochem. Mosc. 70, 

200–214. https://​doi.​org/​10.​1007/​s10541-​005-​0102-7 (2005).
	19.	 Venditti, P., Di Stefano, L. & Di Meo, S. Mitochondrial metabolism of reactive oxygen species. Mitochondrion 13, 71–82. https://​

doi.​org/​10.​1016/j.​mito.​2013.​01.​008 (2013).
	20.	 Herman, R. et al. Update on the global abundance and distribution of breeding gentoo penguins (Pygoscelis papua). Polar Biol. 

43, 1947–1956. https://​doi.​org/​10.​1007/​s00300-​020-​02759-3 (2020).
	21.	 Pertierra, L. R. et al. Cryptic speciation in gentoo penguins is driven by geographic isolation and regional marine conditions: 

Unforeseen vulnerabilities to global change. Divers. Distrib. 26, 958–975. https://​doi.​org/​10.​1111/​ddi.​13072 (2020).
	22.	 Levy, H. et al. Evidence of pathogen-induced immunogenetic selection across the large geographic range of a wild seabird. Mol. 

Biol. Evol. 37, 1708–1726. https://​doi.​org/​10.​1093/​molbev/​msaa0​40 (2020).
	23.	 Vianna, J. A. et al. Genome-wide analyses reveal drivers of penguin diversification. Proc. Natl. Acad. Sci. 117, 22303–22310. https://​

doi.​org/​10.​1073/​pnas.​20066​59117 (2020).
	24.	 Vianna, J. A. et al. Marked phylogeographic structure of Gentoo penguin reveals an ongoing diversification process along the 

Southern Ocean. Mol. Phylogenet. Evol. 107, 486–498. https://​doi.​org/​10.​1016/j.​ympev.​2016.​12.​003 (2017).
	25.	 Clarke, A. et al. The Southern Ocean benthic fauna and climate change: A historical perspective. Philosophical transactions of the 

royal society of London. Ser. B: Biol. Sci. 338, 299–309 (1992).
	26.	 Carpenter-Kling, T. et al. Gentoo penguins as sentinels of climate change at the sub-Antarctic Prince Edward Archipelago Southern 

Ocean. Ecol. Indic. 101, 163–172. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2019.​01.​008 (2019).
	27.	 Colominas-Ciuró, R. et al. Diet, antioxidants and oxidative status in pygoscelid penguins. Mar. Ecol. Prog. Ser. 665, 201–216 (2021).
	28	 Handley, J. M., Connan, M., Baylis, A. M. M., Brickle, P. & Pistorius, P. Jack of all prey, master of some: Influence of habitat on the 

feeding ecology of a diving marine predator. Mar. Biol. https://​doi.​org/​10.​1007/​s00227-​017-​3113-1 (2017).
	29.	 Clucas, G. V. et al. Comparative population genomics reveals key barriers to dispersal in Southern Ocean penguins. Mol. Ecol. 27, 

4680–4697. https://​doi.​org/​10.​1111/​mec.​14896 (2018).
	30.	 Levy, H. et al. Population structure and phylogeography of the gentoo penguin (Pygoscelis papua) across the Scotia Arc. Ecol. Evol. 

6, 1834–1853. https://​doi.​org/​10.​1002/​ece3.​1929 (2016).
	31.	 Clucas, G. V. et al. A reversal of fortunes: Climate change “winners” and “losers” in Antarctic Peninsula penguins. Sci. Rep. 4, 5024. 

https://​doi.​org/​10.​1038/​srep0​5024 (2014).
	32.	 Frugone, M. J. et al. Contrasting phylogeographic pattern among Eudyptes penguins around the Southern Ocean. Sci. Rep. 8, 

17481. https://​doi.​org/​10.​1038/​s41598-​018-​35975-3 (2018).
	33.	 Frugone, M. J. et al. More than the eye can see: Genomic insights into the drivers of genetic differentiation in Royal/Macaroni 

penguins across the Southern Ocean. Mol. Phylogenet. Evol. 139, 106563. https://​doi.​org/​10.​1016/j.​ympev.​2019.​106563 (2019).
	34.	 Mindell, D. P., Sorenson, M. D. & Dimcheff, D. E. Multiple independent origins of mitochondrial gene order in birds. Proc. Natl. 

Acad. Sci. 95, 10693–10697 (1998).
	35.	 Dimitrijević, D. et al. Isotopic niches of sympatric Gentoo and Chinstrap penguins: evidence of competition for Antarctic krill?. 

Polar Biol. 41, 1655–1669. https://​doi.​org/​10.​1007/​s00300-​018-​2306-5 (2018).
	36.	 Carpenter-Kling, T. et al. A novel foraging strategy in gentoo penguins breeding at sub-Antarctic marion Island. Mar. Biol. https://​

doi.​org/​10.​1007/​s00227-​016-​3066-9 (2017).
	37.	 Lescroël, A. & Bost, C. A. Foraging under contrasting oceanographic conditions: The gentoo penguin at Kerguelen Archipelago. 

Mar. Ecol. Prog. Ser. 302, 245–261 (2005).
	38.	 Lescroël, A., Ridoux, V. & Bost, C. A. Spatial and temporal variation in the diet of the gentoo penguin (Pygoscelis papua) at Ker-

guelen Islands. Polar Biol. 27, 206–216. https://​doi.​org/​10.​1007/​s00300-​003-​0571-3 (2004).
	39.	 Peucker, A. J., Dann, P. & Burridge, C. P. Range-wide phylogeography of the little penguin (Eudyptula minor): Evidence of long-

distance dispersal. Auk 126, 397–408. https://​doi.​org/​10.​1525/​auk.​2009.​08055 (2009).
	40.	 Grosser, S., Burridge, C. P., Peucker, A. J. & Waters, J. M. Coalescent modelling suggests recent secondary-contact of cryptic penguin 

species. PLoS One 10, e0144966. https://​doi.​org/​10.​1371/​journ​al.​pone.​01449​66 (2015).
	41.	 Mura-Jornet, I. et al. Chinstrap penguin population genetic structure: One or more populations along the Southern Ocean?. BMC 

Evol. Biol. 18, 90. https://​doi.​org/​10.​1186/​s12862-​018-​1207-0 (2018).

https://doi.org/10.1038/nrg3522
https://doi.org/10.1038/nrg3522
https://doi.org/10.1111/1365-2435.12177
https://doi.org/10.1111/1365-2435.12177
https://doi.org/10.3389/fevo.2019.00342
https://doi.org/10.1126/science.1088434
https://doi.org/10.1038/nature19359
https://doi.org/10.1038/nature19774
https://doi.org/10.1038/nature19774
https://doi.org/10.1016/j.tree.2008.05.011
https://doi.org/10.1016/j.tree.2004.10.003
https://doi.org/10.1101/095596
https://doi.org/10.1111/mec.14114
https://doi.org/10.1186/1471-2164-9-119
https://doi.org/10.1007/s00360-014-0856-6
https://doi.org/10.3389/fgene.2017.00025
https://doi.org/10.1038/nri2975
https://doi.org/10.1038/nri2975
https://doi.org/10.1146/annurev.pharmtox.47.120505.105122
https://doi.org/10.1007/s10541-005-0102-7
https://doi.org/10.1016/j.mito.2013.01.008
https://doi.org/10.1016/j.mito.2013.01.008
https://doi.org/10.1007/s00300-020-02759-3
https://doi.org/10.1111/ddi.13072
https://doi.org/10.1093/molbev/msaa040
https://doi.org/10.1073/pnas.2006659117
https://doi.org/10.1073/pnas.2006659117
https://doi.org/10.1016/j.ympev.2016.12.003
https://doi.org/10.1016/j.ecolind.2019.01.008
https://doi.org/10.1007/s00227-017-3113-1
https://doi.org/10.1111/mec.14896
https://doi.org/10.1002/ece3.1929
https://doi.org/10.1038/srep05024
https://doi.org/10.1038/s41598-018-35975-3
https://doi.org/10.1016/j.ympev.2019.106563
https://doi.org/10.1007/s00300-018-2306-5
https://doi.org/10.1007/s00227-016-3066-9
https://doi.org/10.1007/s00227-016-3066-9
https://doi.org/10.1007/s00300-003-0571-3
https://doi.org/10.1525/auk.2009.08055
https://doi.org/10.1371/journal.pone.0144966
https://doi.org/10.1186/s12862-018-1207-0


12

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3767  | https://doi.org/10.1038/s41598-022-07562-0

www.nature.com/scientificreports/

	42.	 Freer, J. J. et al. Limited genetic differentiation among chinstrap penguin (Pygoscelis antarctica) colonies in the Scotia Arc and 
Western Antarctic Peninsula. Polar Biol. 38, 1493–1502. https://​doi.​org/​10.​1007/​s00300-​015-​1711-2 (2015).

	43.	 Clucas, G. V. et al. Dispersal in the sub-Antarctic: King penguins show remarkably little population genetic differentiation across 
their range. BMC Evol. Biol. 16, 211. https://​doi.​org/​10.​1186/​s12862-​016-​0784-z (2016).

	44.	 Liò, P. Phylogenetic and structural analysis of mitochondrial complex I proteins. Gene 345, 55–64. https://​doi.​org/​10.​1016/j.​gene.​
2004.​11.​033 (2005).

	45.	 Pörtner, H. Climate variability and the energetic pathways of evolution: The origin of endothermy in mammals and birds. Physiol. 
Biochem. Zool. 77, 959–981. https://​doi.​org/​10.​1086/​423742 (2004).

	46.	 Ballard, J. W. & Melvin, R. G. Linking the mitochondrial genotype to the organismal phenotype. Mol. Ecol. 19, 1523–1539. https://​
doi.​org/​10.​1111/j.​1365-​294X.​2010.​04594.x (2010).

	47	 Stier, A. et al. Oxidative stress and mitochondrial responses to stress exposure suggest that king penguins are naturally equipped 
to resist stress. Sci. Rep. https://​doi.​org/​10.​1038/​s41598-​019-​44990-x (2019).

	48.	 Hunter-Manseau, F. et al. From Africa to Antarctica: Exploring the metabolism of fish heart mitochondria across a wide thermal 
range. Front. Physiol. 10, 1220 (2019).

	49.	 Tieleman, B. I. et al. Genetic modulation of energy metabolism in birds through mitochondrial function. Proc. Royal Soc. B: Biol. 
Sci. 276, 1685–1693. https://​doi.​org/​10.​1098/​rspb.​2008.​1946 (2009).

	50.	 Efremov, R. G. & Sazanov, L. A. Respiratory complex I: ‘steam engine’ of the cell?. Curr. Opin. Struct. Biol. 21, 532–540. https://​
doi.​org/​10.​1016/j.​sbi.​2011.​07.​002 (2011).

	51	 Carapelli, A., Fanciulli, P. P., Frati, F. & Leo, C. Mitogenomic data to study the taxonomy of Antarctic springtail species (Hexapoda: 
Collembola) and their adaptation to extreme environments. Polar Biol. 42, 715–732. https://​doi.​org/​10.​1007/​s00300-​019-​02466-8 
(2019).

	52.	 Consuegra, S., John, E., Verspoor, E. & de Leaniz, C. G. Patterns of natural selection acting on the mitochondrial genome of a 
locally adapted fish species. Genet. Sel. Evol. 47, 58. https://​doi.​org/​10.​1186/​s12711-​015-​0138-0 (2015).

	53	 De Souza, É. M. S. et al. The evolutionary history of manatees told by their mitogenomes. Sci. Rep. https://​doi.​org/​10.​1038/​s41598-​
021-​82390-2 (2021).

	54.	 Garvin, M. R., Bielawski, J. P. & Gharrett, A. J. Positive Darwinian selection in the piston that powers proton pumps in complex I 
of the mitochondria of Pacific Salmon. PLoS One 6, e24127. https://​doi.​org/​10.​1371/​journ​al.​pone.​00241​27 (2011).

	55	 Ramos, E. K. D. S., Freitas, L. & Nery, M. F. The role of selection in the evolution of marine turtles mitogenomes. Sci. Rep. https://​
doi.​org/​10.​1038/​s41598-​020-​73874-8 (2020).

	56	 Cardol, P., Matagne, R. F. & Remacle, C. Impact of mutations affecting ND mitochondria-encoded subunits on the activity and 
assembly of complex I in chlamydomonas. Implication for the structural organization of the enzyme. J. Mol. Biol. 319, 1211–1221. 
https://​doi.​org/​10.​1016/​S0022-​2836(02)​00407-2 (2002).

	57	 Sebastian, W. et al. Signals of selection in the mitogenome provide insights into adaptation mechanisms in heterogeneous habitats 
in a widely distributed pelagic fish. Sci. Rep. https://​doi.​org/​10.​1038/​s41598-​020-​65905-1 (2020).

	58.	 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, e92587. https://​doi.​org/​10.​1371/​journ​al.​pone.​00925​87 (2014).

	59.	 Efremov, R. G. & Sazanov, L. A. Structure of the membrane domain of respiratory complex I. Nature 476, 414–420. https://​doi.​
org/​10.​1038/​natur​e10330 (2011).

	60	 Wirth, C., Brandt, U., Hunte, C. & Zickermann, V. Structure and function of mitochondrial complex I. Biochim. et Biophys. Acta 
(BBA): Bioenerg. 902–914, 2016. https://​doi.​org/​10.​1016/j.​bbabio.​2016.​02.​013 (1857).

	61.	 Ramos, B. et al. Landscape genomics: Natural selection drives the evolution of mitogenome in penguins. BMC Genom. 19, 53. 
https://​doi.​org/​10.​1186/​s12864-​017-​4424-9 (2018).

	62.	 Arsenieva, D., Symersky, J., Wang, Y., Pagadala, V. & Mueller, D. M. Crystal structures of mutant forms of the yeast F1 ATPase 
reveal two modes of uncoupling. J. Biol. Chem. 285, 36561–36569. https://​doi.​org/​10.​1074/​jbc.​m110.​174383 (2010).

	63.	 Hill, G. E. Mitonuclear ecology. Mol. Biol. Evol. 32, 1917–1927. https://​doi.​org/​10.​1093/​molbev/​msv104 (2015).
	64.	 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. https://​doi.​org/​10.​1111/​mec.​13203 (2015).
	65.	 Campillo, L. C., Burns, K. J., Moyle, R. G. & Manthey, J. D. Mitochondrial genomes of the bird genus Piranga: Rates of sequence 

evolution, and discordance between mitochondrial and nuclear markers. Mitochondrial DNA Part B 4, 2566–2569. https://​doi.​
org/​10.​1080/​23802​359.​2019.​16372​86 (2019).

	66.	 Pavlova, A. et al. Perched at the mito-nuclear crossroads: divergent mitochondrial lineages correlate with environment in the face 
of ongoing nuclear gene flow in an australian bird. Evolution 67, 3412–3428. https://​doi.​org/​10.​1111/​evo.​12107 (2013).

	67	 Wang, K. et al. Incomplete lineage sorting rather than hybridization explains the inconsistent phylogeny of the wisent. Commun. 
Biol. https://​doi.​org/​10.​1038/​s42003-​018-​0176-6 (2018).

	68.	 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. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​34.​011802.​132421 (2003).

	69.	 Blier, P. U., Dufresne, F. & Burton, R. S. Natural selection and the evolution of mtDNA-encoded peptides: Evidence for intergenomic 
co-adaptation. Trends Genet. 17, 400–406. https://​doi.​org/​10.​1016/​S0168-​9525(01)​02338-1 (2001).

	70.	 Kausar, S. et al. Mitochondrial DNA: A Key regulator of anti-microbial innate immunity. Genes 11, 86. https://​doi.​org/​10.​3390/​
genes​11010​086 (2020).

	71.	 Koopman, W. J. H. et al. Mammalian mitochondrial complex I: biogenesis, regulation, and reactive oxygen species generation. 
Antioxid. Redox Signal. 12, 1431–1470. https://​doi.​org/​10.​1089/​ars.​2009.​2743 (2010).

	72.	 Indo, H. P. et al. A mitochondrial superoxide theory for oxidative stress diseases and aging. J. Clin. Biochem. Nutr. 56, 1–7. https://​
doi.​org/​10.​3164/​jcbn.​14-​42 (2015).

	73.	 Kawai, T. & Akira, S. TLR signaling. Cell Death Differ. 13, 816–825. https://​doi.​org/​10.​1038/​sj.​cdd.​44018​50 (2006).
	74.	 Trathan, P. N., Forcada, J. & Murphy, E. J. Environmental forcing and Southern Ocean marine predator populations: Effects of 

climate change and variability. Philos. Trans. Royal Soc. B: Biol. Sci. 362, 2351–2365. https://​doi.​org/​10.​1098/​rstb.​2006.​1953 (2007).
	75.	 Jerez, S. et al. Concentration of trace elements in feathers of three Antarctic penguins: Geographical and interspecific differences. 

Environ. Pollut. 159, 2412–2419. https://​doi.​org/​10.​1016/j.​envpol.​2011.​06.​036 (2011).
	76.	 Barbosa, A. et al. Pollution and physiological variability in gentoo penguins at two rookeries with different levels of human visita-

tion. Antarct. Sci. 25, 329–338. https://​doi.​org/​10.​1017/​s0954​10201​20007​39 (2013).
	77.	 Barbosa, A. & Palacios, M. J. Health of Antarctic birds: A review of their parasites, pathogens and diseases. Polar Biol. 32, 1095–

1115. https://​doi.​org/​10.​1007/​s00300-​009-​0640-3 (2009).
	78.	 Barbosa, A., Merino, S., Benzal, J., Martinez, J. & García-Fraile, S. Geographic variation in the immunoglobulin levels in pygoscelid 

penguins. Polar Biol. 30, 219–225. https://​doi.​org/​10.​1007/​s00300-​006-​0175-9 (2006).
	79.	 D’Amico, V. L. et al. Leukocyte counts in different populations of Antarctic Pygoscelid penguins along the Antarctic peninsula. 

Polar Biol. 39, 199–206. https://​doi.​org/​10.​1007/​s00300-​015-​1771-3 (2016).
	80.	 Barbraud, C. et al. Population trends of penguins in the French Southern territories. Polar Biol. 43, 835–850. https://​doi.​org/​10.​

1007/​s00300-​020-​02691-6 (2020).
	81.	 Aljanabi, S. & Martinez, I. Universal and rapid salt-extraction of high quality genomic DNA for PCR- based techniques. Nucl. 

Acids Res. 25, 4692–4693. https://​doi.​org/​10.​1093/​nar/​25.​22.​4692 (1997).

https://doi.org/10.1007/s00300-015-1711-2
https://doi.org/10.1186/s12862-016-0784-z
https://doi.org/10.1016/j.gene.2004.11.033
https://doi.org/10.1016/j.gene.2004.11.033
https://doi.org/10.1086/423742
https://doi.org/10.1111/j.1365-294X.2010.04594.x
https://doi.org/10.1111/j.1365-294X.2010.04594.x
https://doi.org/10.1038/s41598-019-44990-x
https://doi.org/10.1098/rspb.2008.1946
https://doi.org/10.1016/j.sbi.2011.07.002
https://doi.org/10.1016/j.sbi.2011.07.002
https://doi.org/10.1007/s00300-019-02466-8
https://doi.org/10.1186/s12711-015-0138-0
https://doi.org/10.1038/s41598-021-82390-2
https://doi.org/10.1038/s41598-021-82390-2
https://doi.org/10.1371/journal.pone.0024127
https://doi.org/10.1038/s41598-020-73874-8
https://doi.org/10.1038/s41598-020-73874-8
https://doi.org/10.1016/S0022-2836(02)00407-2
https://doi.org/10.1038/s41598-020-65905-1
https://doi.org/10.1371/journal.pone.0092587
https://doi.org/10.1038/nature10330
https://doi.org/10.1038/nature10330
https://doi.org/10.1016/j.bbabio.2016.02.013
https://doi.org/10.1186/s12864-017-4424-9
https://doi.org/10.1074/jbc.m110.174383
https://doi.org/10.1093/molbev/msv104
https://doi.org/10.1111/mec.13203
https://doi.org/10.1080/23802359.2019.1637286
https://doi.org/10.1080/23802359.2019.1637286
https://doi.org/10.1111/evo.12107
https://doi.org/10.1038/s42003-018-0176-6
https://doi.org/10.1146/annurev.ecolsys.34.011802.132421
https://doi.org/10.1016/S0168-9525(01)02338-1
https://doi.org/10.3390/genes11010086
https://doi.org/10.3390/genes11010086
https://doi.org/10.1089/ars.2009.2743
https://doi.org/10.3164/jcbn.14-42
https://doi.org/10.3164/jcbn.14-42
https://doi.org/10.1038/sj.cdd.4401850
https://doi.org/10.1098/rstb.2006.1953
https://doi.org/10.1016/j.envpol.2011.06.036
https://doi.org/10.1017/s0954102012000739
https://doi.org/10.1007/s00300-009-0640-3
https://doi.org/10.1007/s00300-006-0175-9
https://doi.org/10.1007/s00300-015-1771-3
https://doi.org/10.1007/s00300-020-02691-6
https://doi.org/10.1007/s00300-020-02691-6
https://doi.org/10.1093/nar/25.22.4692


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3767  | https://doi.org/10.1038/s41598-022-07562-0

www.nature.com/scientificreports/

	82.	 Bernt, M. et al. MITOS: Improved de novo metazoan mitochondrial genome annotation. Mol. Phylogenet. Evol. 69, 313–319. 
https://​doi.​org/​10.​1016/j.​ympev.​2012.​08.​023 (2013).

	83.	 Katoh, K., Rozewicki, J. & Yamada, K. D. MAFFT online service: multiple sequence alignment, interactive sequence choice and 
visualization. Brief. Bioinform. 20, 1160–1166. https://​doi.​org/​10.​1093/​bib/​bbx108 (2019).

	84.	 Stothard, P. The sequence manipulation suite: JavaScript programs for analyzing and formatting protein and DNA sequences. 
Biotechniques 28, 1102–1104. https://​doi.​org/​10.​2144/​00286​ir01 (2000).

	85.	 Mindell, D. P., Sorenson, M. D. & Dimcheff, D. E. An extra nucleotide is not translated in mitochondrial ND3 of some birds and 
turtles. Mol. Biol. Evol. 15, 1568–1571. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​molbev.​a0258​84 (1998).

	86.	 Rozas, J. et al. DnaSP 6: DNA sequence polymorphism analysis of large data sets. Mol. Biol. Evol. 34, 3299–3302. https://​doi.​org/​
10.​1093/​molbev/​msx248 (2017).

	87.	 Stecher, G., Tamura, K. & Kumar, S. Molecular evolutionary genetics analysis (MEGA) for macOS. Mol. Biol. Evol. 37, 1237–1239. 
https://​doi.​org/​10.​1093/​molbev/​msz312 (2020).

	88.	 Yang, Z. PAML 4: Phylogenetic analysis by maximum likelihood. Mol Biol Evol 24, 1586–1591. https://​doi.​org/​10.​1093/​molbev/​
msm088 (2007).

	89.	 Murrell, B. et al. FUBAR: a fast, unconstrained Bayesian AppRoximation for inferring selection. Mol. Biol. Evol. 30, 1196–1205. 
https://​doi.​org/​10.​1093/​molbev/​mst030 (2013).

	90	 Ronquist, F. et al. MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 
61, 539–542. https://​doi.​org/​10.​1093/​sysbio/​sys029 (2012).

	91.	 Miller, M., Pfeiffer, W. T. & Schwartz, T. Creating the CIPRES Science Gateway for Inference of Large Phylogenetic Trees. Vol. 14 
(2010).

	92.	 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. https://​doi.​org/​10.​1093/​
molbev/​msw260 (2017).

	93	 Guindon, S. et al. New algorithms and methods to estimate maximum-likelihood phylogenies: Assessing the performance of 
PhyML 3.0. Syst. Biol. 59, 307–321. https://​doi.​org/​10.​1093/​sysbio/​syq010 (2010).

	94.	 Lanfear, R., Calcott, B., Ho, S. Y. W. & Guindon, S. PartitionFinder: Combined selection of partitioning schemes and substitution 
models for phylogenetic analyses. Mol. Biol. Evol. 29, 1695–1701. https://​doi.​org/​10.​1093/​molbev/​mss020 (2012).

	95.	 Yang, Z., Nielsen, R., Goldman, N. & Krabbe, P.A.-M. Codon-substitution models for heterogeneous selection pressure at amino 
acid sites. Genetics 155, 431–449 (2000).

	96.	 Nielsen, R. & Yang, Z. Likelihood models for detecting positively selected amino acid sites and applications to the HIV-1 envelope 
gene. Genetics 148, 929–936 (1998).

	97.	 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. https://​doi.​org/​10.​1093/​molbev/​msi237 (2005).

	98.	 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. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btg043 (2003).

Acknowledgements
Financial support for this study was provided by Beca ANID Doctorado Nacional (Folio: 21171214), Millennium 
Institute Biodiversity of Antarctic and Subantarctic Ecosystems (BASE) ANID—Millennium Science Initiative 
Program—ICN2021_002, Inach RT_12-14, Fondecyt 1150517, PIA ACT172065 GAB, Center of genome regula-
tion (CRG) ANID/FONDAP/15200002, the CNPq (431463/2016-6) and the PROANTAR, IPEV programs 137 
ANTAVIA-ECOPHY and 354 ETHOTAAF and by the Spanish Research Agency (CGL2004-01348, CGL2007-
60369, POL2006-06635 and CTM2015-64720-R). We thank Sarah Crofts, Micky Reeves and Jonathan Handley 
from Falklands Conservation for their contribution to the sampling.

Author contributions
D.N. performed analytical work, wrote the manuscript and figure design, J.V., E.P. and R.C.K.B. contributed to 
the structuring and writing of the manuscript. F.L and D.B. and contributed with the processing of genomic data 
and editing the manuscript, P.P., C.LB., F.B., P.N.T., A.B., A.R.R., G.P.M.D., performed the sample collection, 
provide the samples and edition of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​07562-0.

Correspondence and requests for materials should be addressed to J.A.V.

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.

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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.2144/00286ir01
https://doi.org/10.1093/oxfordjournals.molbev.a025884
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1093/molbev/mst030
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/molbev/mss020
https://doi.org/10.1093/molbev/msi237
https://doi.org/10.1093/bioinformatics/btg043
https://doi.org/10.1038/s41598-022-07562-0
https://doi.org/10.1038/s41598-022-07562-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Positive selection over the mitochondrial genome and its role in the diversification of gentoo penguins in response to adaptation in isolation
	Results
	Sequences variation among gentoo penguin mitogenomes. 
	Phylogenetic reconstruction. 
	Evidence of selection signals in mitochondrial genes. 

	Discussion
	Methods
	Generation of mitogenome data set. 
	Detection of positive selection. 
	Physicochemical changes in amino acids. 

	References
	Acknowledgements


