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Selection-driven adaptation to the extreme Antarctic
environment in the Emperor penguin
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The eco-evolutionary history of penguins is characterised by shifting from temperate to cold environments. Breeding in Antarctica,
the Emperor penguin appears as an extreme outcome of this process, with unique features related to insulation, heat production
and energy management. However, whether this species actually diverged from a less cold-adapted ancestor, more ecologically
similar to its sister species, the King penguin, is still an open question. As the Antarctic colonisation likely resulted in vast changes in
selective pressure experienced by the Emperor penguin, the relative quantification of the genomic signatures of selection, unique
to each sister species, could answer this question. Applying phylogeny-based selection tests on 7651 orthologous genes, we
identified a more pervasive selection shift in the Emperor penguin than in the King penguin, supporting the hypothesis that its
extreme cold adaptation is a derived state. Furthermore, among candidate genes under selection, four (TRPM8, LEPR, CRB1, and
SFI1) were identified before in other cold-adapted homeotherms, like the woolly Mammoth, while other 161 genes can be assigned
to biological functions relevant to cold adaptation identified in previous studies. Location and structural effects of
TRPM8 substitutions in Emperor and King penguin lineages support their functional role with putative divergent effects on thermal
adaptation. We conclude that extreme cold adaptation in the Emperor penguin largely involved unique genetic options which,
however, affect metabolic and physiological traits common to other cold-adapted homeotherms.
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INTRODUCTION
Adaptation to severe Arctic and Antarctic temperatures is rare
among terrestrial vertebrates and restricted to warm-blooded
lineages (Storey and Storey 1992; Blix 2016). The main challenge
for adaptation to extreme cold is keeping adequately high core
body temperature, which in homeotherms can be obtained by the
combination of several physiological, morphological, and beha-
vioural responses (Allen 1877; Scholander 1955; Cannon and
Nedergaard 2010; Tattersall et al. 2012; Blix 2016; Roussel et al.
2020): i) Minimising heat dissipation from the body surface e.g., by
reducing the surface area-to-volume ratio, by raising insulating
hair or feathers, by decreasing peripheral circulation, and/or by
balling up or huddling; ii) Increasing heat production via shivering
and nonshivering thermogenesis through brown adipocytes; iii)
Temporarily hibernating (i.e., torpor in birds).
In contrast, the genetic basis of cold adaptation in home-

otherms is not well understood. Only few candidate genes were
found in common across cold-adapted mammals and birds (Yudin
et al. 2017; Wollenberg Valero et al. 2014), suggesting that cold
adaptation is likely the result of selection on different genes,
which are nevertheless relevant to the same set of physiological
and metabolic functions. For example, only four candidate genes,
which are related to cardiovascular function, were found in

common in three out of six mammals dwelling in/near the Arctic
or Antarctica (Yudin et al. 2017). However, different candidate
genes could be involved in heart and vascular development and
regulation (Liu et al. 2014; Vianna et al. 2020). Different genes
acting in fatty-acid metabolism have been identified to be under
positive selection in the polar bear and the Arctic fox (Liu et al.
2014; Castruita et al. 2020; Kumar et al. 2015). In mammals, the
molecular mechanisms underpinning heat production via non-
shivering thermogenesis have been extensively investigated and
have been mainly linked to UCP-1, a mitochondrial uncoupling
protein involved in the generation of heat in brown adipose tissue
(Lowell and Spiegelman 2000). Non-shivering thermogenesis is
instead not well understood in birds, where it is not clear whether
the avian homologue of UCP-1 (i.e., avian uncoupling protein,
avUCP) has a similar thermogenic role or is mainly required
against oxidative stress (Talbot et al. 2004). However, the same
non-shivering thermogenic pathways could be used in birds
(Tigano et al. 2018), and even in ectothermic vertebrates like
reptiles (Akashi et al. 2016).
Birds are known for their fast adaptation rate, which allowed the

colonisation of a huge diversity of environments, including polar
ones (Zhang et al. 2014). In particular, the clade of penguins,
which likely originated in temperate environments, successfully
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diversified in the cold Antarctic and sub-Antarctic ecosystems (Pan
et al. 2019; Vianna et al. 2020), featuring unique adaptations for
insulation, heat production and energy management (Scholander
1955; Rowland et al. 2015). Our understanding of the underlying
genetic determinants of such adaptations is still rather scarce.
Testing about one third of the total genes across all penguin
genomes, Vianna et al. (2020) identified blood pressure, cardio-
vascular regulation, and oxygen metabolism in muscles as
functions, potentially involved in thermoregulation, which have
been target of positive selection. Analyses of Spheniscus and
Pygoscelis mitochondrial genomes also revealed a correlation
between the pattern of diversity of the ND4 gene and sea surface
temperature, suggesting this gene is involved in environmental
temperature adaptation (Ramos et al. 2018). Moreover, Emperor
and Adelie penguin genomes show the highest rate of duplication
of β-keratin genes as compared to non-penguin birds, suggesting
important changes in feathers and skin structure during their
evolution to increase core body insulation (Li et al. 2014).
Alternative gene pathways related to lipid metabolism and
phototransduction appeared as under selection in these two
species (Li et al. 2014).
The Emperor penguin (Aptenodytes forsteri) is the only warm-

blooded vertebrate thriving and breeding during the harshest
Antarctic winter, facing profound seasonal changes in daylight
length as well as severe cold and wind conditions (Blix 2016;
Goldsmith and Sladen 1961). To withstand such hostile environ-
ment, the Emperor penguin shows multiple morphological,
physiological, behavioural adaptations, like improved thermore-
gulation systems in the head, wings, and legs (Frost et al. 1975;
Thomas and Fordyce 2008), and efficient energy storage manage-
ment system for long-term fasting (Groscolas 1990; Cherel et al.
1994; Groscolas and Robin 2001). Conversely, its sister species, the
King penguin (A. patagonicus), breeds exclusively in year-round
ice-free sub-Antarctic islands and in Tierra del Fuego. Extreme cold
adaptation in the Emperor penguin has been suggested to be a
derived feature from a less cold-adapted ancestor, likely more
ecologically similar to the King penguin (Vianna et al. 2020). Such
marked ecological transition should have left a clear signature of
selection change across the genome of the Emperor penguin, with
some genes becoming the novel targets of positive selection
while others getting released from previous selective pressures
associated with the ancestral habitat.
Here, we apply phylogeny-based tests to identify genes that

markedly changed in their selection regime during the evolu-
tionary history of the Emperor penguin, using its less cold-adapted
sister species, the King penguin, as a control. If the common
ancestor ecology was similar to the King penguin one, we expect a
more intense selection shift across the Emperor penguin genome,
with genes under positive selection related to adaptations to cold.
By using a phylogenetic framework including seven species of
penguins and 13 other birds, we compare the pattern of molecular
evolution (Yang 2007; Wertheim et al. 2015) between Emperor and
King penguins across 7651 orthologous genes and explore the
gene ontology (GO) terms to identify the molecular functions that
may have undergone positive selection in the Emperor penguin.
To allow for a broader comparison with other cold-adapted
vertebrates, we also investigated the overlap between the
biological functions of the candidate genes identified in the
Emperor penguin and the metabolic and physiological functions
related to cold adaptation found in previous studies.

METHODS
Orthologous coding sequences identification
In order to test for selective signatures in coding sequences of Emperor
and King penguins, we implemented a comparative phylogenomic
analysis. We selected at least one species for each extant penguin genus
based on the phylogeny of Pan et al. (2019), and other bird species to

evenly represent the clade of Core Waterbirds (which includes penguins),
the tropicbirds (one species only), and, less densely, the Core Landbirds
according to Jarvis et al. (2014). The resulting dataset included seven
penguin species (Eudyptula minor minor, Spheniscus magellanicus, Eudyptes
chrysolophus, Pygoscelis papua, Pygoscelis adeliae, Aptenodytes patagonicus
and Aptenodytes forsteri) and 13 additional bird species (Phaethon lepturus,
Eurypyga helias, Gavia stellata, Fulmarus glacialis, Phalacrocorax carbo,
Nipponia nippon, Egretta garzetta, Pelecanus crispus, Haliaeetus leucocepha-
lus, Tyto alba, Cariama cristata, Corvus brachyrhynchos and, as a more
distant outgroup, Opisthocomus hoazin). We reconstructed the topology of
the phylogenetic relationships among the selected species on the basis of
the high-quality whole-genome phylogenies in Jarvis et al. (2014) and Pan
et al. (2019). All coding sequences (CDS) of each of these twenty bird
species were downloaded from GigaDB and Genbank (Supplementary
Table S1).
One-to-one orthologs were identified by applying a reciprocal best-hit

approach using pairwise BLAST searches with an e-value cut off of 1e-15, a
nucleotide sequence identity of at least 70%, and a fraction of aligned CDS
of at least 60% (Savini et al. 2021). Only CDS longer than 150 bp that were a
reciprocal best-hit between the Emperor penguin and the other species
were retained. The orthologous gene sequences were then aligned with
MAFFT (Madeira et al. 2019) and the alignments trimmed to maintain the
open reading frame using a custom perl script. The resulting nucleotide
alignments were re-aligned using the PRANK algorithm (Löytynoja 2013) in
TranslatorX (Abascal et al. 2010), which aligns protein-coding sequences
based on their corresponding amino acid translations. Since the results of
dN/dS analysis could have been affected by poorly aligned regions or by
regions that were too different to be considered reliably as orthologous,
we removed CDS alignments that included internal stop codons and used
a custom perl script to remove problematic regions as in Han et al. (2009)
(see also Ramasamy et al. 2016). In fact, small inversions, especially when
considering many species spanning a broad phylogenetic space, or
sequencing artefacts could result in very “diverged” regions. Such
differences would then be interpreted by a phylogeny-based selection
test as the result of a high substitution rate (especially concerning dN),
when in fact they are not. Furthermore, as phylogenetic-based selection
tests are not able to properly deal with alignment gaps (Yang 2007), we
filtered all the alignments with a custom perl script and kept only sites that
were unambiguously present in at least 16 of the 20 sequences and always
present in both our species of interest (i.e., King and Emperor penguins).
The minimum length of an alignment for subsequent analyses was set to
150 bp (50 codons). Our full pipeline for one-to-one orthologs finding,
nucleotide and amino acid alignment, and gene alignments cleaning is
available at https://github.com/evolinus/penguins, with a step-by-step
tutorial.

Identification of selection regime shifts
We first used CODEML in the PAML package (Yang 2007) to estimate
synonymous (dS) and nonsynonymous (dN) substitution rates and to
identify genes which are characterised by lineage-specific ω values (i.e.,
dN/dS, which is a proxy for the level of past selective pressure in the
gene). In particular, we separately investigated the two scenarios of
different ω in the King or in the Emperor lineage. If one branch in the
phylogeny shows a value of ω (ωi) significantly larger than in the other
branches (i.e., ωb: background ω), such a foreground lineage may have
been targeted by positive (Darwinian) or relaxed selection (allowing the
accumulation of nonsynonymous substitutions), whereas when ωi is
lower than ωb, the foreground lineage may have evolved under stronger
selective constraints (e.g., purifying selection). To identify potential
signatures of selection started before the divergence of the Emperor and
the King lineages, we also tested their ancestral branch for lineage-
specific ω values.
We first ran the two-ratio branch model (one ω for the foreground

branch, another ω for the background branches; set parameters “model=
2, NSsites= 0, fix_omega= 0”) and the one-ratio branch model (one ω
estimate for all branches, as null model; set parameters “model= 0,
NSsites= 0, fix_omega= 0”) on the unrooted phylogenetic tree of the
species of interest. We determined the topology of such a tree (Fig. 1A) by
manually combining the total evidence nucleotide tree of the avian family
(Jarvis et al. 2014) and the phylogenomic reconstruction of penguins (Pan
et al. 2019). The two models (two-ratios vs. one-ratio) were compared by
likelihood ratio tests (LRTs). False discovery rates (FDR) were computed
using the qvalue package (Storey et al. 2017) and the p.adjust function in R
(R Core Team 2013) using the Benjamini-Hochberg procedure to adjust for
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multiple testing. An FDR or adjusted p-values significant threshold of 0.05
was used.
We then used a branch-site model to test for sites under selection in the

candidate genes from the previous test. The parameters for the null model
were set as “model= 2, NSsites= 2, fix_omega= 1”, while the parameters
for the alternative model were set as “model= 2, NSsites= 2, fix_omega=
0”. LRT and FDR were computed as for the branch model tests. To control
for misalignments that could have biassed the results, we visually checked
the sequence alignment of all candidate genes under selection using
MEGA7 (Kumar et al. 2016).
We also applied aBSREL (adaptive Branch-Site Random Effects Like-

lihood) from the HyPhy package to our set of orthologous coding
sequences. Jointly modelling site-level and branch-level ω heterogeneity,
aBSREL tests for a branch of interest in the phylogeny if a proportion of
sites evolved under positive selection, without testing for selection at
specific sites. (Smith et al. 2015; Pond et al. 2005). In contrast to the branch-
site test in CODEML, which assumes 4 ω rate classes for each branch and
assigns each site to one of these classes, the aBSREL test uses AICc (Akaike
Information Criterion with correction for small sample size) to infer the
optimal number of ω rate categories per branch, not making the
assumption that all branches exhibit the same degree of substitution rate
heterogeneity (Smith et al. 2015). Although we expect a broad overlap
between CODEML and aBSREL results, a higher sensitivity should
characterise the latter approach (Smith et al. 2015). Signatures of positive
selection were searched by setting a priori the King and the Emperor
penguin lineages as test branches in the phylogeny. LRT was performed by
comparing the full model to a null model where branches were not
allowed to have rate classes of ω > 1. A Benjamini-Hochberg correction was
used to control the probability of making false discoveries and only tests
with adjusted p-values < 0.05 were considered significant.
Beside presenting novel drivers of selection, the major ecological shift

occurring in the Emperor penguin lineage should have also released some
of the selective constraints characterising the ancestral ecological niche. As
a consequence, some genes could show a signature of relaxed selection in

this lineage, a higher number than in the King penguin. To test for
relaxation of selective constraints on a specific lineage we used RELAX
from the HyPhy package, a general hypothesis testing framework that
determines whether the strength of natural selection has been relaxed or
intensified along a set of test branches defined a priori in a phylogenetic
tree (Wertheim et al. 2015; Pond et al. 2005). It estimates a selection
intensity parameter K, in which a significant K > 1 indicates intensification
in the selection strength, whereas a significant K < 1 indicates relaxation in
the strength of selection in the test branches (Wertheim et al. 2015). We
tested whether selection pressure has increased or decreased in either the
King or in the Emperor penguin lineage as compared to the rest of the
phylogeny. In the null model, the selection intensity parameter K was set to
1 for all the branches of the phylogenetic tree, whereas in the alternative
model the parameter K was inferred for every tested branch. The increase
or relaxation of selection was validated by a LRT with 1 degree of freedom.
Again, the Benjamini-Hochberg procedure was used to adjust for multiple
testing with adjusted p-values < 0.05 considered significant.

Functional characterization of candidate genes under
selection
To test whether the set of candidate genes for positive selection in the
Emperor penguin lineage are functionally involved in cold adaptation, we
tested these genes for functional GO terms enrichment by using the
g:GOSt function in g:Profiler (Raudvere et al. 2019). GO terms were
assigned to candidate genes based on the Ensembl GO predictions for the
flycatcher (Ficedula albicollis). Significantly enriched categories included at
least two genes, and the Benjamini-Hochberg method was used for
multiple testing correction to estimate significance (at adjusted p-values
< 0.05). We used REVIGO (Supek et al. 2011) to summarise the resulting lists
of GO terms in order to obtain a non-redundant and more easily
interpretable set of GO terms. GO terms enrichment was performed on two
lists of genes: i) candidate genes supported by both CODEML and aBSREL
and ii) candidate genes supported by either CODEML or aBSREL.

Fig. 1 Selection regime shifts in Emperor and King penguins genomes. A Phylogenetic tree used in the selection tests based on Jarvis et al.
2014 and Pan et al. 2019 (refer to the original phylogenetic trees for nodes support). The Emperor and the King penguin are highlighted in
blue and yellow, respectively. Note that branch length is not to scale. B Comparison between Emperor and King penguins for genes with
FDR > 0.05 in each of the tests performed; bm: branch model; bsm: branch-site model; ωi: ω in the target species; ωb: background ω; For sake of
completeness, we also show the genes putatively under selection according to RELAX (with K > 1). Inset. Venn diagram showing the overlap
among CODEML (bm), aBSREL, and RELAX (K > 1). Note that the total number of genes is different between the Emperor and the King
penguins and the size of the circles scales to the maximum in each of the two graphs. The overlap between CODEML (bm) or/and aBSREL with
RELAX (K < 1) is 3, 1, and 1 gene, respectively (not shown).
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To compare our results with the recent literature on genetics of cold
adaptation, we compiled a list of biological/molecular functions character-
ising the candidate genes for cold adaptation retrieved in previous studies
in vertebrates (Table 1). The list included: cardiovascular activity and
regulation, skin thickness, immunity, lipid and fatty acid metabolism, glucose
(including insulin) metabolism, thyroid hormones, non-shivering thermogen-
esis, shivering thermogenesis, response to oxidative stress, stress response,
homeostasis, circadian rhythm, phototransduction, mitochondrial activity,
feathers development, temperature sensing. We checked whether any of the
GO terms enriched in candidate genes supported by either CODEML or
aBSREL could be assigned to any of the 15 biological/molecular functions
listed above. In addition, we assigned, whenever possible, genes from this
list to the same biological/molecular functions, using the gene function
description from the human gene database GeneCards (Stelzer et al. 2016).

RESULTS
Signature of selection shift in the Emperor penguin lineage
We identified 7651 orthologous coding sequences across seven
penguin species and 13 other birds, corresponding to about
50% of the total number of genes in an avian genome (Zhang
et al. 2014). Across all of the tests, by applying a significance
threshold of FDR < 0.05, we consistently identified more
candidate genes which underwent a shift in their selection
regime (intensified or relaxed) in the Emperor penguin lineage
than in the King penguin one (Fig. 1B). Even though we found a
much larger number of genes putatively under selection using
the aBSREL model (Supplementary Tables S2, S3), the overlap
between the CODEML (with ωi > ωb) branch model (Supplemen-
tary Table S4) or RELAX (with K > 1; Supplementary Tables S5, S6)
with aBSREL was on average 80% of the former ones (Fig. 1B,
inset), which is significantly greater than expected by chance
(Supplementary Fig. S1).
Using the CODEML branch model, we found 59 candidate genes

with signals of positive or relaxed selection in the Emperor penguin,
showing a ω significantly greater than the background, and one
candidate gene under purifying selection showing a lower ω value
than the background. In comparison, only five genes, with ω greater
than the background, were retained as candidates of positive or
relaxed selection in the King penguin lineage. Although greater than
those of the background branches, the ω values of most of the
candidate genes in the Emperor or the King penguin, still remain
lower than one, making it difficult to distinguish between positive
selection and relaxation of purifying selection. The CODEML branch-
site test indicated a total of 104 sites in the 60 candidate genes in
the Emperor lineage, whereas 17 were suggested in the five genes
in the King lineage (Fig. 1B; Supplementary Table S7). Five
genes were identified as candidate under selection in the branch
ancestral to Emperor and King penguins, two of which appear as
candidate genes also in the Emperor lineage (Supplementary Table
S4). On the other hand, aBSREL identified a much larger number of
candidate genes under positive selection than CODEML branch
model (422 in the Emperor lineage and 199 in the King lineage).
Between 70 and 80% of the CODEML candidate genes (42 and 4
genes considering the Emperor and the King penguin lineage,
respectively) were also significant in aBSREL results (Fig. 1B).
According to RELAX, 17 genes in the Emperor penguin lineage
and four genes in the King penguin lineage bear a significant
signature of relaxed selection (K < 1; Fig. 1B; Supplementary Tables
S8, S9). Concerning the Emperor penguin lineage, five of the 17
genes (i.e., FLVCR1, ANKRD17, ASAP1, PAK1, PHLPP1) are also
candidates in either CODEML (branch model, ωi >ωb), aBSREL, or
both, further supporting the signal of relaxed purifying selection.
Observed overlap of candidate genes among different tests within
each species is greater than random expectation (Supplementary
Fig. S1). Considering the joint results from all selection tests, 16
genes showed signature of positive selection in both the Emperor
and the King lineage. In this case, however, the observed overlap is
within the 95% intervals of the null (random) distribution.

Biological functions enrichment in Emperor penguin
candidate genes
After correcting for multiple tests and using REVIGO’s redun-
dancy elimination algorithm, we found 16 enriched GO biological
process terms in the candidate genes for positive selection
suggested by both CODEML and aBSREL (Supplementary Table
S10) in the Emperor penguin lineage. Some of these GOs are
related to heart and muscle development (GO:0003306,
GO:1901863), and to metabolism of lipid (GO:0033993), glucose
(GO:0071333) and sphingolipid, like for example ceramide,
(GO:1905371). When considering all candidate genes supported
by either CODEML or aBSREL in the Emperor penguin lineage, we
retrieved 34 enriched GO biological process terms (Supplemen-
tary Table S11), 12 of which could be assigned to one of the
biological/molecular functions putatively related to cold adapta-
tion from previous studies (Table 1). In addition, manually
screening the biological functions of all candidate genes using
the human database GeneCards, we identified 161 genes which
could be assigned to the biological/molecular functions identi-
fied in previous studies (Table 1). Four genes identified as under
selection in the Emperor penguin were already found in previous
studies: TRPM8 (temperature sensing), indicated as under selec-
tion by both CODEML (branch and branch-site models) and
aBSREL; LEPR (lipid and fatty acid metabolism) and CRB1
(phototransduction) were suggested as candidate genes under
selection by aBSREL; SFI1 (glucose metabolism) which showed a
significant signal of intensified selection in the RELAX test (K > 1).
In addition, the sphingomyelin synthase2 (SGMS2), seems
markedly related to cold adaptation, as it regulates biological
membrane fluidity at low temperatures (Wang et al. 2014). We
propose to add this function (named e.g., as membrane fluidity) to
those already suggested as related to cold adaptation in
vertebrates (Table 1), in order to be considered for investigation
in other biological systems.

DISCUSSION
Signature of major novel genetic changes in the Emperor
penguin adaptation to Antarctica
A larger fraction of the genes tested in our analyses shows
signatures of novel selection regimes in the Emperor penguin as
compared to the King penguin, either as intensification or
relaxation of selection pressure (Fig. 1B). One possible explanation
of this pattern is that the ancestor of both species had ecological
preferences which were more similar to the King penguin, while
the Antarctic ecology of the Emperor penguin is a derived, though
rather recent (ca. 1-2 Mya; Gavryushkina et al. 2017), adaptation.
Interestingly, two of the five genes identified as under selection in
the ancestral lineage of Emperor and King penguins also showed a
significant signature of selection in the Emperor penguin lineage
and one of the two (TRPM8) appear as related to cold adaptation,
opening further questions on the ecological pressure that led to
the following species divergence. A general shift from warmer to
colder habitats has been suggested for penguins in general
(Vianna et al. 2020). Rapid adaptation to polar lifestyle is not new
in homeotherms, as suggested for the recent divergence (less
than 0.5 Mya) of polar bear from brown bear (Liu et al. 2014;
Castruita et al. 2020), or of Arctic fox from its common ancestor
with red fox (ca. 2.9 Mya; Kumar et al. 2015). King and Emperor
penguins critically differ in their breeding range, as they
reproduce in temperate-cold sub-Antarctic islands with average
winter temperature of ca. 3 °C, or on the Antarctic sea-ice featuring
average winter temperature of −25 °C, respectively. Upon
colonisation of Antarctica, novel selective pressures are expected
to have appeared while others, characterising the former ecology,
should have relaxed. Relaxed purifying selection can in fact be an
additional source of evolutionary novelties (Hunt et al. 2011), as it
can have non-linear consequences on a trait, including stabilising
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or balancing selection, pseudogenization or, on the contrary,
recruitment for a different function (Lahti et al. 2009). An
alternative explanation for the observed pattern is that selection
was more efficient along the Emperor penguin lineage due to its
larger and constant population size through time, as revealed in
previous studies (Cristofari et al. 2016), when compared to the
King penguin markedly oscillating demographic trajectory (Truc-
chi et al. 2014; Cristofari et al. 2018; Trucchi et al. 2019). In fact, at
low population size genetic drift overwhelms selection, leading to
fixation of both synonymous and nonsynonymous variants, and
potentially blurring the dN/dS ratios. However, the higher
signature of relaxed purifying selection in the Emperor penguin
contrasts with such an alternative explanation, thus leaning
towards extreme cold adaptation as a derived ecology in this
species.

Looking for a common genetic basis of cold adaptation in
homeotherms
Many of the candidate genes under selection in the Emperor
penguin are involved in functional pathways relevant to cold
adaptation identified in previous studies (Table 1). Nonetheless,
we discovered only four genes in common with those previously
identified in other cold-adapted vertebrates (notably, two of
which were found in the woolly mammoth). We found no overlap
between our set of candidate genes under selection and those
discovered in previous studies on penguins (Li et al. 2014; Vianna
et al. 2020). Unlike our test which explicitly focuses on the contrast
between the two sister Aptenodytes species, previous studies were
either testing the differentiation between one penguin species (A.
forsteri or Pygoscelis papua) and 48 other bird species (Li et al.
2014) or the general signal of adaptation in all of the penguin
species (Vianna et al. 2020). Such lack of overlap is not surprising
given the suggested polygenic basis of most phenotypic traits
(Barghi et al. 2020) shaped by the contribution of many genes
(Boyle et al. 2017). As also emerged in other vertebrates (see
references in Table 1), traits related to cardiovascular function,
lipid and fatty acid metabolism, glucose metabolism, oxidative
stress and stress response, insulation (including skin thickness and
feathers development), phototransduction and mitochondrial
activity show several candidate genes under selection in the
Emperor penguin (Table 1).
Genes involved in fatty-acid metabolism have been identified to

be under positive selection both in polar bear and Arctic fox,
indicating similar evolutionary constraints on fat metabolism in
these two cold-adapted mammals (Liu et al. 2014; Kumar et al.
2015). The storage of subcutaneous fat is also crucial in the
Emperor penguin, both because it represents the main source of
energy during the long fasting periods (Blem 1990; Cherel et al.
1994; Groscolas 1990) and because it provides thermal insulation
(Kooyman et al. 1976). Moreover, fatty-acids can stimulate muscle
thermogenic processes in birds and therefore may be a very
important component of the adaptive response to cold tempera-
tures in penguins (Duchamp et al. 1999; Toyomizu et al. 2002;
Talbot et al. 2004; Rey et al. 2010). Accordingly, our results
revealed candidate genes under selection in the Emperor penguin
such as PPARa, regulating eating behaviour (Fu et al. 2003),
controlling lipid absorption in the intestine (Poirier et al. 2001) and
fatty-acid oxidation (Lemberger et al. 1996), ADCY5, associated
with body weight (Li and Li 2019), and LEPR, the leptin receptor,
involved in fat and glucose metabolism, in appetite regulation
through its effects on food intake and energy consumption
(Zhang et al. 1994; Halaas et al. 1995; Pelleymounter et al. 1995),
and in adaptive thermogenesis (Yang et al. 2011).
While shivering thermogenesis might be the main thermogenic

mechanism in birds following short-term cold exposure (Teulier
et al. 2010), cold acclimated birds show non-shivering thermogen-
esis mediated by avUCP expression within skeletal muscles (Talbot
et al. 2004). According to our analyses, some candidate genes could

be assigned to the non-shivering thermogenesis category (Table 1),
but none of them could be unambiguously associated with
shivering thermogenesis. Among the former, Na,K-ATPase (ATP1A1)
is a membrane enzyme that utilises energy derived from the
hydrolysis of ATP to pump Na+, wasting energy as heat, thus
playing a significant role in thermal tolerance and energy balance
(Geering et al. 1987; Iannello et al. 2007). It was demonstrated that
its expression is affected by heat stress (Sonna et al. 2002) and
consistently increases during mammal hibernation (Vermillion et al.
2015). L2HGDH was found to be associated with the TCA cycle,
electron transport and glycolysis (Oldham et al. 2006) and it was
identified as one of the candidate genes under positive selection in
three high-altitude passerine birds (Hao et al. 2019). PRDM16 is a
zinc-finger protein that activates brown fat-selective genes
responsible for mitochondrial biogenesis and oxidative metabolism,
while repressing the expression of a wide range of genes in white
fat cells (Seale et al. 2007; Kajimura et al. 2015). This protein appears
to play a role also in the development and function of beige cells
(Ohno et al. 2012; Seale et al. 2011). Retinoic acid and thyroid
hormones, whose candidate binding sites have been found in a
mammal UCP-1 enhancer (Lowell and Spiegelman 2000), and the
nuclear receptor (NR1D2) have been suggested to be involved in
thermal adaptation in birds (Tigano et al. 2018). NR1D2 as well as
MARCH6 and NCOA3, also involved in thyroid hormone regulation
and action (Zelcer et al. 2014; Ishii et al. 2021), influencing baseline
temperature (Elliott et al. 2013) and thermoregulation in response
to cold stimuli in birds
(Vézina et al. 2015), were also present among Emperor penguin
candidate genes.
One of the most promising candidate genes under selection is

TRPM8, which encodes the sensor for noxious cold temperature
(Yin et al. 2018), showing signatures of selection in both the
ancestral and the Emperor lineages characterised by different
codons (Fig. 2; Supplementary Information S1). Setting the
physiological range of temperature tolerance (Matos-Cruz et al.
2017), any biological thermosensory apparatus should be under
strong evolutionary pressures to noxious high or low temperatures
(Myers et al. 2009). Indeed, evolutionary tuning of five
temperature-sensitive transient receptor potential channels,
including TRPM8, has been likely key in the adaptation of the
woolly mammoth to the Arctic (Lynch et al. 2015). A previous study
demonstrated the crucial role of a single-point mutation located at
site 906 (as per Gallus gallus coordinates in Yin et al. 2018; 919 as
per coordinates in Yang et al. 2020) for the activation of TRPM8
pore domain channel in the Emperor penguin (Yang et al. 2020).
Interestingly, our comparative selection scan suggested, instead,
positive selection at two other sites (i.e., I1058T, M1069Y;
Supplementary Table S7) in Aptenodytes lineages. After aligning
541 vertebrates TRPM8 ortholog sequences available in GenBank
(accessed on 22/11/2021), we found that the substitution at site
906 is not unique to Emperor penguins but it is instead widespread
in birds with different ecology and habitat preference, including
warm tropical regions (see Supplementary Information S1). Our
candidate substitution M1069Y is also common in penguins and
other birds, where methionine likely represents the ancestral
amino acid state whereas tyrosine, found in the King penguin
lineage, is the derived one. Conversely, the substitution I1058T (as
per Gallus gallus coordinates in Yin et al. 2018), which characterises
the Emperor lenguin sequence, is extremely rare in birds, being
present in one other species only (Sitta europea). This substitution
is also rare in mammals and reptiles where it has been detected so
far in seven (only bats) and one species only, respectively. Both
mutations are exposed toward the receptor channel in the distal
carboxyl terminus domain (Fig. 2; Supplementary Information S1), a
key structural element of TRPM8 whose cold-induced folding
determines cold-driven gating of the sensor channel (Díaz-Franulic
et al. 2020): I1058T is located just after the last ultra-conserved
residue present in the CTDH2 domain (Yin et al. 2018) in the helices
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delimiting the channel, whereas M1069Y is right at the entrance of
the coiled coil domain. Both amino acid changes (I1058T, M1069Y)
alter the hydrophobic profile of the receptor channel (Fig. 2). Yang
et al. (2020) suggests that decreased TRPM8 sensitivity (i.e.,
activation at lower temperature) correlates with lower total
hydrophobicity of the channel side chains, hypothesizing this
could be a fine-tuning molecular mechanism for thermal adapta-
tion in vertebrates. According to this model, substitution I1058T,
found almost uniquely in the Emperor penguin, has a strong
impact on noxious cold temperature sensing in this species as it
represents a change from very high (isoleucine hydrophobicity
score is 99, with the score ranging from 0 to 100; Monera et al.
1995) to almost neutral (threonine hydrophobicity score is 13)
hydrophobicity. The substitution M1069Y, found in the King
penguin lineage, causes only a slight decrease in the hydro-
phobicity score (from 74 of the methionine to 63 of the tyrosine). In
addition, preliminary estimates applying FoldX approach (Schym-
kowitz et al. 2005), suggest that substitution M1069Y results in a
very intense structural destabilization (ΔΔG of +24.28 ± 5.83 Kcal/
mol; Supplementary Information S1) of the receptor while in the
closed state, potentially increasing its temperature of activation. Of
note, I1058T has a lower predicted destabilizing effect (ΔΔG of
6.29 ± 0.10 Kcal/mol). As it appeared multiple times during TRPM8
evolution across distantly related bird lineages, M1069Y seems like
a common (although rather coarse as compared to the total
channel hydrophobicity fine regulation mentioned above) switch
for adaptation to (likely higher) temperature. All considered, we
speculate that King and Emperor penguins adaptively moved in
different directions from the thermal niche occupied by their
common ancestor. Further molecular dynamics analyses, also
comparing the effects of these mutations on different background
sequences of TRPM8 from different species with different thermal
niches, could help testing our evolutionary hypothesis and, more

generally, help understanding the mechanism of fine and coarse
regulation of this fundamental noxious cold receptor.

CONCLUSION
The genetic basis of extreme cold adaptation in homeotherm
vertebrates belongs to that subset of the evolutionary diversity of
life which is both very rare (Blix 2016) and currently the most
challenged by climate change (Gilg et al. 2012; Descamps et al.
2017). Beside a few target genes in common across species (Table
1), most of the molecular pathways at the basis of colonisation of
Arctic and Antarctic environments appear as species-specific so
that losing each of these uniquely adapted organisms corresponds
to the loss of a whole evolutionary trajectory. Ecological
specialisation, in particular for extreme environments, could be a
higher risk condition for extinction (Colles et al. 2009) when
environmental changes are as fast as in the case of the current
global warming. Examples from the past are not encouraging. In
fact, none of the extant rhino species, which are all adapted to
warm climate, descends from any of the three extinct cold-adapted
rhino species (Liu et al. 2021). A similar evolutionary endpoint
could have characterized the diversification of elephants, with the
extinction of the cold-adapted mammoths after the last glaciation
(Lynch et al. 2015). Extreme cold adaptation in the Emperor
penguin appears to be a derived trait based on a large set of
unique genetic changes making this species a candidate evolu-
tionary cul-de-sac in the contemporary climate change scenario.

DATA AVAILABILITY
All genomic data and protein structure used in this work were publicly available.
Novel custom bioinformatic scripts used in this work are made publicly available at
https://github.com/evolinus/penguins.

Fig. 2 Ligand-free TRPM8 structure obtained by comparative modelling (four subunits in total, only two shown for clarity). Carboxyl
terminus domain, including the coiled coil, is shown in dark grey, while part of the rest of the protein is in light grey (MHR1/2/3 domains are
not shown; see Supplementary Fig. S2 for completeness). Location of the substitutions found in Emperor (blue) and King (yellow) penguin
lineages are also shown. H-score: hydrophobicity score (Monera et al. 1995); ΔΔG: free energy difference as estimated by FoldX (Schymkowitz
et al. 2005).
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