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Foraging disruption caused by human activities is emerging as a key issue in cetacean conservation because it can affect
nutrient levels and the amount of energy available to individuals to invest into reproduction. Our ability to predict how
anthropogenic stressors affect these ecological processes and ultimately population trajectory depends crucially on our
understanding of the complex physiological mechanisms that detect nutrient availability and regulate energy metabolism,
foraging behavior and life-history decisions. These physiological mechanisms are likely to differ considerably from terrestrial
mammalian model systems. Here, we examine nucleotide substitution rates in cetacean and other artiodactyl genomes to
identify signatures of selection in genes associated with nutrient sensing pathways. We also estimated the likely physiological
consequences of adaptive amino acid substitutions for pathway functions. Our results highlight that genes involved in
the insulin, mTOR and NF-kB pathways are subject to significant positive selection in cetaceans compared to terrestrial
artiodactyla. These genes may have been positively selected to enable cetaceans to adapt to a glucose-poor diet, to overcome
deleterious effects caused by hypoxia during diving (e.g. oxidative stress and inflammation) and to modify fat-depot signaling
functions in a manner different to terrestrial mammals. We thus show that adaptation in cetaceans to an aquatic lifestyle
significantly affected functions in nutrient sensing pathways. The use of fat stores as a condition index in cetaceans may be con-
founded by the multiple and critical roles fat has in regulating cetacean metabolism, foraging behavior and diving physiology.
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Introduction
Sub-lethal anthropogenic stressors (e.g. noise, contaminants
or prey limitation) are becoming a pervasive and prevalent
threat to many cetacean species and are a key priority in

cetacean conservation policy (e.g. National Academies of
Sciences, 2017). One important, though often overlooked,
issue is the extent to which anthropogenic disturbances
can perturb environmental nutrient levels and thus affect
cetacean foraging abilities. For example, anthropogenic noise
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caused by pinniped acoustic deterrent devices can indirectly
impact harbor porpoises (Phocoena phocoena) by causing
displacement from important habitat and feeding grounds
(Simonis et al., 2020). This will lead to disrupted foraging,
increased stress and impacts on the amount of energy invested
in reproduction, which will ultimately impact the population
trajectory (Simonis et al., 2020). In addition, sound produced
by naval activity and exercises can impact behavior of marine
species and mass strandings have occurred in coincident
with the presence of naval vessels (Bernaldo de Quirós
et al., 2019). Our ability to understand the effects of anthro-
pogenic stressors on cetacean ecology depends crucially on
our understanding of the complex physiological signaling
mechanisms that detect nutrient availability and regulate
energy metabolism, foraging behavior and life-history
decisions.

One significant barrier to achieving this understanding
is that these physiological mechanisms are likely to differ
considerably from those of terrestrial mammal model sys-
tems. Cetaceans evolved from terrestrial mammals approxi-
mately 53–56 million years ago and drastically adapted their
anatomy, physiology and metabolism during transition to an
aquatic lifestyle. In particular, the ability to maintain body
temperature and energy reserves required several critical mor-
phological and physiological adaptations (Scholander et al.,
1950). For example, a thickening of the blubber was essential
to provide thermal insulation and to store energy to compen-
sate for more sporadic foraging opportunities (Williams et al.,
1993, 2001; Vasseur and Yodzis, 2004). Blubber tissue also
produces the hormone leptin, which plays a crucial role in
signalling energy status to other organs involved in regulating
energy metabolism. In model organisms such as humans and
laboratory rodents, leptin secretion is proportional to the
amount of adipose tissue and also plays a role in mammalian
reproduction whereby both low and abnormally high energy
stores lead to reduced reproductive output (Caprio et al.,
2001). In cetaceans, leptin levels show unusually large sea-
sonal variation and are associated with physiological and
behavioral changes (e.g. the onset of migration) (Ball et al.,
2017). Therefore, leptin may not be a measure of total lipid
stores in cetaceans to the same degree as we would expect
in terrestrial mammals (Ball et al., 2017). This means that
regulation of energy metabolism in cetaceans may depart
from the classical mammalian model and temporary leptin
resistance during migration may be a mechanism to reduce
the anorexigenic effects of leptin (Ball et al., 2017).

An intriguing consequence of this is that increased adi-
posity in cetaceans is unlikely to have the same deleterious
health consequences (e.g. obesity) as in terrestrial mammals
such as humans and laboratory rodent models. In these
models, both reduced and increased fat mass (signaled by
leptin) lead to reduced reproductive success (Caprio et al.,
2001), while pregnancy rate in North Atlantic fin whales
(Balaenoptera physalus) is impacted by lower but not larger
than normal blubber thickness (Williams et al., 2013). Hence,

cetaceans may be less constrained on the amount of fat they
are able to store compared to humans and other terrestrial
mammals. However, there may be physiological constraints
imposed by the cost to overcome blubber buoyancy during
dives (Nowacek et al., 2001; Miller et al., 2004, 2012). In
fact, diving strategy is directly affected by blubber thickness
and is optimized to reduce energy expenditure. For example,
North Atlantic right whales (Eubalaena glacialis) with lower
amounts of blubber angle their body in such a way to reduce
the cost of transport when swimming against the force of
buoyancy (Nousek-McGregor et al., 2014). This may indicate
that during periods of nutritional stress (e.g. migration), the
energetic cost of swimming is too high and requires adjust-
ment in behavior to preserve energy.

These complex trade-offs between blubber thickness,
buoyancy, energy expenditure during diving, foraging and
migration behavior and reproductive investment are likely
to be influenced by nutrient availability, which in turn is
impacted by environmental pressures such as anthropogenic
stressors. We here take the view that the evolutionary
transition from a terrestrial to an aquatic lifestyle necessitated
complex cellular and physiological changes in nutrient sens-
ing mechanisms that catalysed downstream metabolic and
behavioral adaptations for resolving life-history trade-offs
based on energetic state. We test this view with a comparative
genomics approach to identifying signatures of natural selec-
tion in cetacean lineages contrasted with terrestrial mammals,
focusing specifically on nutrient signaling pathways. This
targeted approach allows us to examine how evolutionary
changes in these pathways affect energy metabolism and how
this may differ from the classic mammalian model. These
insights are important for understanding how conservation
efforts may have to be focused on managing environmental
stressors that impact nutrient availability.

We focus on six key metabolic pathways involved in
signaling nutrient availability in model organisms: leptin
signaling, insulin signaling, p53 signaling, mTOR signaling,
SIRT (Sirtuin) signaling and NF-kB signaling. Leptin and
insulin represent the classic model feedback system that can
lead to changes in behavioral and metabolic responses in
mammals (Obici and Rossetti, 2003). However, previous
work has not found any evidence that leptin signaling itself
is functionally different in cetaceans but speculated that its
downstream pathways might be (Ball et al., 2017). In response
to limited nutrient availability the p53 signaling pathway can
downregulate AKT/mTOR pathways (Puzio-Kuter, 2011),
which in turn allows for more nutrient transporters to be
expressed to the cell surface and increases uptake of nutrients
(e.g. glucose and amino acids). Sirtuin 1 can directly sense the
metabolic status of a cell and regulate metabolic processes
related to stress and energy metabolism (Li, 2013). Finally, as
cetaceans may not face the same metabolic pathologies asso-
ciated with obesity in humans and laboratory rodents, we also
targeted NF-kB signaling pathway. This pathway is one of the
key mechanisms to signal inflammation caused by increased
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adiposity, which is associated with metabolic diseases (Baker
et al., 2011). We hypothesized that, instead of altering
functionality of the signal (e.g. leptin), the target receptors and
downstream pathway may be altered, having implications on
how these signals may be transferred biologically.

Material and Methods
Focal pathways, genes and genomes
We identified 532 human reference genes involved in the lep-
tin, insulin, p53, mTOR, SIRT or NF-kB signaling pathways
using the Kyoto Encyclopedia of Genes and Genomes website
(http://www.genome.jp/kegg/) and the ingenuity pathway anal-
ysis (IPA) program (version 2000–2019, Ingenuity Systems,
www.ingenuity.com). We obtained reference genome assemblies
for human, mouse, 16 cetacean species and 37 artiodactyl
species from NCBI (Table S1). Since only 22 of these 55
genomes had protein annotations available, we identified gene
homologues in all genomes using the human genes as a refer-
ence. The full amino-acid sequences of the genes were aligned
to each genome using EXONERATE 2.2.0 (Slater and Birney,
2005) with the protein2genome model to obtain correct gene
models with spliced alignments across introns. The single best
alignment for each protein (maximum alignment score) was
retained and the nucleotide sequence of the aligned genomic
region was extracted.

Although this conservative approach potentially misses
information contained in alternative isoforms, paralogues
and pseudogenes, it provides a confident most representative
match most similar to the human reference protein. For most
proteins, the best match had a vastly higher alignment score
than other matches, leaving little doubt over its accuracy.
However, in other cases, we observed additional matches with
the same alignment length as the best match and slightly
worse alignment scores, suggesting the presence of alternative
gene copies with sequence polymorphisms. We identified 61
of 532 proteins where more than half of the cetacean genomes
were affected; we noted these proteins as potentially prob-
lematic throughout our analyses, but none of them showed
signatures of selection and thus they did not cause us to make
false positive conclusions.

Identification of positive selection on genes
and amino-acid substitutions
For each of the 532 genes, all homologues obtained from
the 55 genomes were codon-aligned with guidance from
translated amino-acid alignments and allowing for frame
shifts using MACSE 2.03 (Ranwez et al., 2018). Maximum-
likelihood gene trees were inferred from these alignments
using IQTREE 1.6.8 (Nguyen et al., 2015) with automatic
selection of nucleotide substitution models. A consensus
species tree was then constructed from all 532 gene trees
using ASTRAL-III 5.6.3 (Zhang et al., 2018) and rooted at
the two outgroups, human and mouse.

To identify signatures of positive selection, codon sequence
evolution was modelled in the codeml program of PAML 4.9f
(Yang, 2007), using the inferred species tree with a trifurcated
root (=derooted) as a reference. Briefly, this approach is based
on comparing the ratio of non-synonymous mutations (i.e.
mutations that cause a change in amino acid) and synony-
mous mutations (i.e. mutations that do not change the amino
acid) across genes, codons and tree branches. This dN:dS ratio
(ω) is expected to be 1 under neutral evolution (all mutations
are equally likely), smaller than 1 under purifying selection
(non-synonymous mutations are purged) and greater than 1
under positive selection (non-synonymous mutations are ben-
eficial) (Yang, 2007). By fitting a number of models that allow
ω to vary heterogeneously among codons and/or branches,
the most likely evolutionary model can be identified with
likelihood-ratio tests (e.g. Areal et al., 2011; Yao et al., 2019).

To minimize the impact of gaps in the alignment, all
codons with more than 20% missing data were removed
from the alignments using trimal 1.4 (Capella-Gutiérrez et al.,
2009). Three models were run per alignment. First, the null
model estimated a single dN:dS ratio (ω) for the entire align-
ment. Second, the branch model (model = 2; NSsites = 0) esti-
mated a single ω for all cetacean lineages (foreground) and a
different ω for all other lineages (background). This model
thus assumes evolutionary change occurring solely in the
cetacean phylogenetic group and across the entire protein.
Third, the branch-site model (model = 2; NSsites = 2) esti-
mated different ω ratios among codons within the fore-
ground and background branches. This most realistic model
thus assumes episodic evolutionary change in the cetacean
branch at a subset of codons across the protein (Gharib and
Robinson-Rechavi, 2013). The branch models and branch-
site models were each run twice, first estimating foreground
ω and second fixing ω at 1 (enforcing neutral evolution). The
statistical significance of the ω estimates was obtained via
likelihood-ratio tests carried out in R 3.4.0 (R Core Team,
2015). Both the free branch model and the positive branch-
site model were contrasted with their corresponding neutral
models (ω = 1) and with the null model by comparing twice
the difference in likelihood (2�L) of the models against a Chi-
square distribution with one degree of freedom. P values were
corrected for multiple testing across all genes within each type
of contrast using the false-discovery-rate method (Benjamini
and Hochberg, 1995).

For all genes where the positive branch-site model fitted
significantly better than the neutral branch-site model and the
null model (i.e. evidence of positive selection), we identified
the specific codons under positive selection in the cetacean
lineage using the Bayes Empirical Bayes (BEB) method (Yang,
2007). We then examined whether the observed amino-acid
substitutions in the cetacean lineage at these codons could
have impacts on the biological function of the protein, using
PROVEAN 1.1.5 (Choi et al., 2012). This method measures
the differences in sequence alignment score (from BLASTP)
of a query protein sequence to similar sequences on NCBI
before and after the amino-acid variant is introduced. If the
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variant reduces the alignment score consistently (�Q ≤ −2.5),
a functional change is inferred. Since PROVEAN is primarily
used to examine disease-causing variants in humans where
the reference variant is known to be beneficial, changes in
alignment score are usually interpreted as being deleterious
to the function of the protein (Choi et al., 2012). However,
the statistical analysis of alignment scores underlying �Q is
entirely generic and makes no assumptions of deleterious-
ness or benefit of variants (Choi et al., 2012). Therefore,
�Q ≤ −2.5 may equally be interpreted as a beneficial change
in protein function consistent with positive selection. For
each codon with BEB evidence of positive selection, we thus
queried the most frequently observed amino acid among the
16 cetacean genomes against the Homo sapiens reference
sequence; this design directly tests for functional changes in
cetacea compared to the human outgroup.

Pathway-level functional effects
We examined the identified signatures of positive selection
among the 532 individual genes on a pathway level using
IPA (version 2000–2019, Ingenuity Systems, www.ingenuity.
com). This software allows for visualizing and analysing pre-
built biological pathways using measured values at particular
genes. The links between the genes in IPA are knowledge
based and therefore represent regulatory roles with either
activator or inhibitor effects. This allows for predicting the
regulatory impact a gene may have on the pathway. We used
pre-build pathways for the p53 signaling pathway, the insulin
signaling pathway, the mTOR signaling pathway, the leptin
signaling pathway and the NF-kB signaling pathway. IPA did
not have a prebuilt sirtuin signaling pathway, so we manually
constructed this pathway based on the summarized data by
(Nakagawa and Guarente, 2011).

We first visualized the interactions of genes under positive
selection at a pathway level using IPA signaling pathways
for each of the target pathways. The value of statistically
significant likelihood-ratio test statistics (2�L) between the
positive and neutral branch-site models was used as a measure
for visualization. This allowed us to see how genes under
positive selection may interact with each other and what the
potential impact the gene may have on a pathway level.

We then assessed the pathway-level impacts of those genes
that were identified with a functionally relevant amino acid
substitution (PROVEAN score ≤ −2.5), using the molecule
activity predictor (MAP) function in IPA. This function can
predict the upstream (i.e. higher up in the signaling pathway)
or downstream (i.e. lower in the signaling pathway) effect
of a molecule in a pathway, allowing us to examine how
these genes may impact energy metabolism by simulating
directional consequences on downstream molecules and
inferred activity upstream from the gene. The algorithm of the
MAP function divides the molecules of the pathway into two
sets: known or unknown expression based on the uploaded
dataset. In our case, we used the PROVEAN score as a

measure of ‘expression’. The algorithm identifies the
unknown molecules that are connected to the known
molecules by directional relationships (i.e. activated or
inhibited) based on the underlying scientific knowledge (pre-
existing content in IPA). For each molecule, it will then
calculate a z-score using the findings between the unknown
molecules and its known neighbors. Once the value of a
molecule is known, it is moved to the ‘known set’ and
the algorithm is repeated until all molecules have been
evaluated. The result of the MAP function is the visualized
predicted regulation of the pathway based on the genes
affected by the functionally relevant amino acid substitution.
Although this approach assumes that the identified beneficial
amino-acid substitutions cause a concomitant change in
protein expression, it provides a reasonable functional
representation of those parts of the pathway that may be
affected downstream due to functionally relevant amino acid
substitution of any gene higher up in the signaling cascade.

Results
Signatures of selection in genes involved in
nutrient sensing pathways
The species tree among 16 cetacean species and 37 artiodactyl
species based on 532 gene trees placed the cetacean clade as
sister group to Hippopotamus amphibius (Fig. 1), consistent
with published cetartiodactylan phylogenies (Zurano et al.,
2019). Based on this tree, gene-level estimates of dN:dS ratio
(ω0) from the PAML null models were < 1 for all but one
genes (median ω0: 0.08; mean ω0: 0.12), consistent with an
expected baseline of strong purifying selection on protein
function across all taxa and all codons (Fig. 2A). Branch
models that contrasted the cetacean group with all other taxa
revealed that 224 of 532 genes (42.1%) departed significantly
(FDR-corrected q ≤ 0.05) from neutral codon evolution (ω �=
1), but all of these genes were under purifying selection
(ωf < 1) instead of positive selection (ωf > 1). Only 7 of
532 genes (1.3%) showed an indication of positive selection
(ωf > 1), but none of these estimates were significant (Fig. 2B).
In contrast, branch-site models revealed significant (q ≤ 0.05)
positive selection (median ω2: 9.67; mean ω2: 39.64) in the
cetacean group on a subset of codons in 133 of 532 genes
(25%) (Fig. 2C).

Functional effects of amino-acid
substitutions
Using the BEB method in PAML, a total of 1936 codons
among 133 genes (mean 14.78 codons per gene) were under
positive selection in the cetacean lineage. The vast majority
(91%) of amino-acid substitutions in cetacea were predicted
to have some functional effects (PROVEAN score < 0) and
56% of substitutions may have strong, biologically signifi-
cant, effects (PROVEAN scores ≤ −2.5; median score: −2.9).
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Figure 1: Species cladogram of the cetacea ingroup (blue) and
artiodactyla, human and mouse outgroups (black and red), derived
from 532 genes selected from six key nutrient-sensing pathways.
Branch labels display posterior branch probabilities.

Only 8.5% of substitutions had a positive PROVEAN score,
suggesting functional neutrality (Fig. 3).

Pathway-level interactions among genes
under positive selection
Using IPA to visualize genes under positive selection in
cetacea at the pathway level, we found evidence of selection
in insulin signaling (Fig. S1, Table S2), mTOR signaling
(Fig. S2, Table S3), NF-kB signaling (Fig. S3, Table S4) and
SIRT signaling (Fig. S4, Table S5). A large number of genes
under selection were related to glucose metabolism and
inflammation. We also highlight genes upstream from lipid

metabolism, cell growth and proliferation and apoptosis
functions to be under positive selection. In contrast, little
evidence of selection was found for p53 signaling (Fig. S5,
Table S6) and leptin signaling (Fig. S6, Table S7).

Using the MAP function in IPA to predict potential
pathway-level regulatory effects of functionally relevant
amino acid substitutions identified by PROVEAN, we found
several instances of directional consequences on downstream
molecules and inferred activity upstream of the gene in the
pathway. Unsurprisingly, glucose metabolism is expected
to be altered with changes in insulin signaling (Fig. 4),
SIRT3 signaling with downstream regulation of insulin
sensitivity, PPARA signaling with downstream regulation
of gluconeogenesis and oxidation of fatty acids based on
the predicted directional consequences of the genes (Fig. 5).
In addition, we expect changes in upstream signaling of
inflammation, hypoxia and cell survival via SIRT6, RB1,
NFKB and HIF1a (Figs 5 and 6). Most importantly, both
the mTOR complexes and their upstream and downstream
genes were identified to be differentially regulated (Fig. 7).
These regulatory changes are expected to have effects on
nutrient sensing and protein synthesis as well as key biological
decisions about energetic investment such as shift to glycolysis
and de novo lipid synthesis.

Discussion
Sublethal stressors caused by anthropogenic disturbances can
trigger a stress response regulated via the hypothalamic–
pituitary–adrenal axis and signals to release energy in the
form of glucose from glycogen stores or amino acids (gluco-
neogenesis) and from fat stores to allow a rapid response to
optimize survival (i.e. fight and flight response) (Khani and
Tayek, 2001). Cetaceans have a typical mammalian response
to acute stress (Fair et al., 2014; Champagne et al., 2018);
however, they may have crucial evolutionary changes to its
energy metabolism, which may impact the detrimental effects
that these stressors could have. Anthropogenic sublethal stres-
sors can also reduce energy intake by changing motivational
states resulting in a deprioritization of foraging. Together,
these stressors may deplete the energy stores of affected
individuals to such a degree that the energetic cost of repro-
duction cannot be met and would lead to a decline in pop-
ulation growth rate and health (Deyarmin et al., 2019). We
therefore need to move towards a greater understanding of
how cetaceans signal energy status and regulate their energy
metabolism.

There are indications that cetaceans underwent evolution-
ary adaptation to key genes involved in energy metabolism
and this may impact the ways in which cetaceans cope
with varied environmental pressures (Wang et al., 2015;
Endo et al., 2018). Here, we took a targeted approach to
identify positive selected genes in six nutrient sensing path-
ways. This allowed us to better understand how combined
changes might be focused on particular functions within
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Figure 2: Ratios of non-synonymous versus synonymous nucleotide substitution rates (dN:dS ratios; ω) in 532 genes estimated from codon
evolution models in PAML. (A) baseline estimates for whole alignments from null models (ω0), estimates for foreground (cetacea; ωf) and
background (all others; ωb) branches from branch models, and estimates for codons under purifying (ω0) and positive (ω2) selection in
foreground branch (cetacea) from branch-site models. (B) Foreground dN:dS ratio (ωf) and statistical significance (P value) from likelihood-ratio
tests between free-ratio branch models and neutral branch models. Significant tests after FDR correction (q ≤ 0.05) are highlighted in blue. (C)
Foreground dN:dS ratio of positively selected codons (ω2) and statistical significance (P value) from likelihood-ratio tests between
positive-selection branch-site models and neutral branch-site models. Significant tests after FDR correction (q ≤ 0.05) are highlighted in orange.
The red solid lines in all plots represent neutral evolution (ω = 1).

these pathways and what the physiological consequences
of these changes might be for the way by which energy
metabolism in cetaceans may differ from their terrestrial
counterparts. These pathways have signaling cascades in
common with hormones such as insulin and are linked with
the release of hormones from adipose tissue (e.g. leptin). Our
results indicate that genes involved in the insulin signaling
pathway, the mTOR, SIRT and NF-kB signaling pathway
were significantly positively selected. These pathways have
profound effects on metabolism and the maintenance of

energy reserves. The positive selection of genes related to
glucose metabolism and inflammation suggests that these
genes may have been positively selected to adapt to a glucose-
poor diet and that fat deposits signaling may not be as
limited by inflammation and metabolic dysfunctions (e.g.
insulin resistance). Understanding these adaptations can help
us identify how wild cetaceans could metabolically respond
to multiple stressors and can help us manage conservation
threats that perturb the environmental nutrient levels of
cetaceans (National Academies of Sciences, 2017).
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Figure 3: Distribution of PROVEAN scores of 1936 amino-acid
substitutions under positive selection in cetacea. Functional effects
of substitutions are colour-coded according to standard PROVEAN
thresholds: positive scores indicate neutral effects and scores below
−2.5 indicate biologically significant functional changes.

Changes in glucose metabolism in response
to a glucose-poor heterogeneous prey field
Cetaceans have a diet with a high fat and protein content and
are almost devoid of carbohydrates (Wells et al., 2013). Hence
pathways regulating carbohydrate and glucose metabolism
would have been under selective pressure as these species
underwent a shift in substrate utilization. Genes related
to the control of food intake, glycerol uptake, glucose
metabolism and lipid metabolism were found to be under
positive selective pressure in dolphins (McGowen et al., 2012;
Wang et al., 2015). This is reflected in fasting studies with
bottlenose dolphins (Tursiops truncatus) where glucose levels
were significantly higher during starvation (Venn-Watson
and Ridgway, 2007). In addition, fed a big meal of fish,
bottlenose dolphins show an increase in insulin levels but
when fed just dextrose and water, no increase in circulating
insulin levels was observed (Venn-Watson et al., 2013).
This is surprising as insulin increases glucose transport
via a signaling cascade to insert more glucose transporters
(GLUT4) into the cell membrane, mainly in fat and muscle
(Stöckli et al., 2011). As glucose sources in cetaceans’ prey are
limited, glucose transport may be prioritized for erythrocytes
and specific brain regions under normal physiological or
stressful conditions (Craik et al., 1998). Hence, these studies

suggest selection for insulin resistance in cetaceans. We
found positive selections in the insulin signaling pathway,
which are consistent with this hypothesis. In our study, both
phosphatidylinositol 3-kinase (PI3K) and phosphorylated
insulin receptor substrate 1 (IRS1) genes were estimated to be
under positive selection but not GLUT4. We indeed identified
functionally relevant changes to the insulin signaling pathway,
including the Akt protein signaling kinase (Akt) and PI3K.
Damage to this pathway in various tissues has been linked to
insulin resistance in model organisms (Huang et al., 2018).
In fasted Northern elephant seals (Mirounga angustirostris),
components of the insulin signaling pathway were reduced
including PI3K and IRS1 (Viscarra et al., 2011). Elephant
seals are also insulin resistant (Viscarra et al., 2011) and
hence may share some common evolutionary selection of
those mechanisms with cetaceans. Interestingly, glycogen
made little contribution as an energy source during the
4-month fasting period in northern elephant seals but their
fat as a source does and indeed evidence suggests that these
animals differ from a ‘classic’ insulin response for substrate
metabolism (Houser et al., 2007; Champagne et al., 2012).
These fasted adapted animals may show some commonalities
with migratory cetaceans where feeding is very sporadic (i.e.
fasting state) and they rely on their lipid stores (George et al.,
1989; Ball et al., 2015). Hence, insulin resistance or changes to
the GLUT4-insulin cascade could potentially prevent glucose
uptake by those tissues that can utilize fat as a source to
prioritize the brain and red blood cells. Hence, in cetaceans,
insulin resistance may be an evolutionary advantage to cope
with the more sporadic feeding opportunities and migratory-
starvation period in some species. This shows similarities
with the results by Ball et al., 2017, where leptin and
its receptor were highly conserved and the difference in
leptin function might stem from changes to its regulatory
mechanism. Temporary leptin resistance in these animals
may be a mechanism to induce a physiological response
to change feeding habits or start migration (Ball et al.,
2017). This is in stark contrast with model organisms and
humans where leptin secretion is in proportion to the amount
of adipose tissue and serves as a signal for total lipids stores
to communicate energy status and is linked to reproduction
(Caprio et al., 2001; Friedman, 2019).

Thermoregulatory needs for adiposity and
its implications for cellular hypoxia and
inflammation
A large volume of adipose tissue triggers inflammatory
responses in humans and laboratory rodents and can lead to
metabolic dysfunctions at a physiological level (e.g. insulin
resistance) (Mantovani et al., 2002). In these mammals,
adipose tissue can be categorized into two main types based
on the position: visceral and subcutaneous fat. Expansion of
visceral fat is associated with numerous metabolic disorders
including insulin resistance and cardiovascular diseases
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Figure 4: Functional interactions between genes under positive selection in the insulin signaling pathway (ingenuity pathway analysis, IPA).
Genes with functionally relevant amino-acid substitutions (PROVEAN score ≤ −2.5) coloured in yellow. Possible downstream effects of these
genes were visualized using the molecule activity predictor (MAP) tool in IPA (see prediction legend). The interactions highlight evolutionary
changes in glucose metabolism.

(Mathieu et al., 2010). NF-kB is involved in the molecular
signaling of this adipose tissue expansion and triggers inflam-
matory responses (Ye et al., 2007). As the inflammatory
function of NF-kB is linked to the amount of fat mass, the high
level of adiposity in cetaceans would in theory lead to chronic
inflammation. The thickened blubber of cetaceans is a result
of the secondary adaptation to life in water and hence selec-
tive pressure in this pathway may be a way to reduce intrinsic
tissue inflammation. Here, we found that key genes in the
NF-kB signaling pathway were positively selected inhibitor of
nuclear factor kappa B kinase subunit beta (IKKβ) and IKKα.
Mice that have the inflammatory pathway of NF-kB disabled
(IKKβ knockout) are more insulin sensitive and are partially
protected from high fat diet induced glucose intolerance and
hyperinsulinemia (Arkan et al., 2005). In addition, the gene
regulation of receptor interacting serine/threonine kinase 1
(RIPK1) was also positively selected and its associated amino
acid sequence changed drastically compared to the outgroups.
RIPK1 has a downstream effect on IKKα and IKKβ, and
hence may influence the signaling in this pathway. The IKK

complex has a NF-kB independent role in the protection
of cells from RIPK-dependent death downstream from the
tumor necrosis factor rector (TNFR1) (Dondelinger et al.,
2015). It has to be noted that the thick blubber layer in
cetaceans is classified as subcutaneous adipose fat and in
contrast to visceral fat, expansion of subcutaneous fat has
no detrimental effects on health (Kim et al., 2007). Blubber
is, however, metabolically active with expression of proteins
involved in metabolism, immune response, inflammation and
lipid metabolism (Kershaw et al., 2018). In murine starvation
studies where visceral fat is being used up as an energy
source, subcutaneous fat changed its morphological and
molecular characteristics to resemble visceral fat (Ding et al.,
2016). Hence, blubber may indeed have adapted those
characteristics to maintain the signaling role of adipose tissue
in whole body metabolism. However, it is unclear at this point
to what degree blubber shares characteristics with visceral fat
and if indeed selective pressure in NF-kB pathway may be
a way to reduce intrinsic tissue inflammation. In addition,
blubber can be divided in different layers and each layer
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Figure 5: Functional interactions between genes under positive selection in the SIRT signaling pathway (ingenuity pathway analysis, IPA).
Genes with functionally relevant amino-acid substitutions (PROVEAN score ≤ −2.5) coloured in yellow. Possible downstream damaging effects
of these genes were visualized using the molecule activity predictor (MAP) tool in IPA (see prediction legend). These highlight changes to
gluconeogenesis and fatty acid oxidation.

seems to serve a different function (Hashimoto et al., 2015).
Further research into the metabolic functioning of blubber is
needed to develop appropriate markers to assess nutritional
condition and health in free ranging cetaceans (Kershaw et al.,
2019; Derous et al., 2020).

In addition, NF-kB signaling is also linked to oxidative
stress-induced inflammation (Lingappan, 2018). During
dives, cetaceans experience a hypoxemia state (i.e. low
oxygen) (Allen and Vázquez-Medina, 2019). Acute hypoxia
can lead to a decrease in ATP synthesis via the mitochondrial
oxidative phosphorylation and this will increase the pro-
duction of reactive oxygen species (Coimbra-Costa et al.,
2017). Thus, frequent dives would lead to high levels of
oxidative stress, can induce inflammation in for example
the lungs and lead to compromised respiratory function.
However, cetaceans do not exhibit any of these hypoxic
effects (e.g. lung inflammation), suggesting an evolutionary
drive for ‘hypoxia resistance’. Indeed, cetaceans lost the
function of lung related genes involved in oxidative stress (e.g.
MAP3K19) (Huelsmann et al., 2019). The gene MAP3K19
can directly induce NF-kB transcription and lead to an
inflammatory response (Boehme et al., 2016). Therefore, the
evolutionary changes we observed in the NF-kB pathway
could also be linked to suppression of inflammation to cope
with generation of reactive oxygen species induced by diving.

Implications of energy metabolic
adaptations for life-history functions
Finally, most components in the mTOR pathway were
positively selected including both of its complexes (mTORC1
and mTORC2). mTORC1 regulates processes related to
growth and differentiation while mTORC2 plays a regulatory
role in the insulin cascade (Lamming et al., 2012). As we
observed changes in key genes involved in insulin signaling,
it is maybe not surprising that several components in the
mTOR pathway are significantly changed in cetaceans
as well. mTORC1 plays a key role in sensing glucose
to regulate glycolysis under nutrient-rich environments.
Interestingly, muscle specific knockout of mTOR in mice
showed a significantly decreased expression of the glucose
transporter GLUT4 (Zhang et al., 2014). Higher levels of
circulating factor 4E binding proteins E and A (eIF4E and
eIF4A) are associated with lowered risk of type-2 diabetes.
Their predicted inhibition would further support attempts
to maintain circulating glucose levels. Hence, similar to
the insulin cascade, this would also suggest evolutionary
adaptations related to prey with low glucose content.
In addition, mTORC1 is also regulated via the hypoxia-
inducible factor-1 (HIF-1), which is a transcription factor
responsive to low oxygen levels (Li et al., 2007). HIF-1
is also a regulator for oxygen independent glycolysis and
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Figure 6: Functional interactions between genes under positive selection in the NF-kB signaling pathway (ingenuity pathway analysis, IPA).
Genes with functionally relevant amino-acid substitutions (PROVEAN score ≤ −2.5) coloured in yellow. Possible downstream damaging effects
of these genes were visualized using the molecule activity predictor (MAP) tool in IPA (see prediction legend). These highlight changes in
responses to hypoxia and inflammation.

suppresses the oxygen dependent oxidative phosphorylation
in the mitochondria (Semenza, 2007). This might reflect
the need to regulate glycolysis under hypoxic conditions,
but pyruvate kinase (rate limited and last step in anaerobic
glycolysis) does not seems to differ between marine and land
mammals (Castellini et al., 1981). The pentose phosphate
pathway (shuttles the first compound of the glycolysis
glucose-6-phosphate) may be of great importance to provide
cells with glucose under oxygen limited environments,
which is mediated by mTOR (Tsouko et al., 2014). Hence,
the observed changes to the mTOR complex do raise

the prospect that energy investment decisions into body
maintenance and growth, and therefore also reproduction,
under varying nutrient environments differ from terrestrial
counterparts (Papadopoli et al., 2019). Indeed, p70S6K,
which we found is significantly altered in cetaceans, is
involved in mediating the post-fertilization embryo invest-
ment effects of mTOR inhibition (Guo and Yu, 2019).
The potential interplay of these adaptations needs to be
further investigated to understand how these adaptations will
affect cetacean life history decisions under varying nutrient
landscapes.
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Figure 7: Functional interactions between genes under positive selection in the mTOR signaling pathway (ingenuity pathway analysis, IPA).
Genes with functionally relevant amino-acid substitutions (PROVEAN score ≤ −2.5) coloured in yellow. Possible downstream damaging effects
of these genes were visualized using the molecule activity predictor (MAP) tool in IPA (see prediction legend). These highlight important
changes to key biological decisions about energetic investment.

Conclusion
Taken together, our findings provide novel insights into the
role of the insulin, mTOR and NF-kB signaling pathways
in the adaptation of cetaceans to an aquatic life. Our focus
on biological pathway-level expected changes as adaptations
to an aquatic lifestyle across the whole cetacean group has
opened up novel and exciting research avenues into pheno-
typic and molecular evolution of particular cetacean taxa and
candidate genes. Population genomics studies will be required
to determine spatio-temporal structure of adaptive genetic
diversity at key genes in nutrient sensing pathways. Our work
has also provided a framework for examining physiological
trait evolution throughout cetartiodactyla.

These results mean that condition measures based on
adiposity must be used with caution. Blubber thickness alone
provides little insight into the health of cetaceans (Kershaw
et al., 2019; Derous et al., 2020). This is likely because blubber
is a subcutaneous layer of fat and the evolutionary adaptation
to marine life in these species lead to a thickening of that fat
layer.

Lower bounds of adiposity are influenced by thermoregu-
latory requirements and upper bounds of adiposity will not be
influenced by inflammatory response in the same way as it
is in terrestrial mammals. They also point to adaptations
to glucose-poor prey items that are distributed more
heterogeneously than on land. These two novel pressures
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(thermoregulatory needs for adiposity and a novel prey
field) have led to changes in energy metabolism, which may
also affect the way energy investment decisions are reached
in cetaceans. Blubber is a complex tissue (Kershaw et al.,
2018) and is significantly more metabolically active than
subcutaneous fats in terrestrial mammals. Further work
is needed to unravel the complex signaling mechanisms
of adipose tissue in cetacean energy metabolism and to
determine the effects of these signaling molecules on whole
body functioning including appetite regulation, energy
balance and inflammatory responses. Understanding these
evolutionary adaptations to cetacean metabolism can help
us move towards finding novel markers to assess the impact
of stressors on cetacean health. These novel health markers
can help us manage conservation threats that perturb the
environmental nutrient levels of cetaceans.

Authors’ contribution
D.L. and D.D. designed the study. D.D. and M.W. wrote the
manuscript, and D.D. performed the pathway level analyses
and interpretation with input from D.L. M.W. performed
the gene-level analyses with input from A.D. and J.S. D.D.,
M.W. and D.L. interpreted the data. All authors read and
commented on the manuscript.

Data accessibility
Data will become openly available after uploading on Dryad.

Acknowledgements
This work was supported by US Office of Naval Research
grant N000141512377.

Supplementary material
Supplementary material is available at Conservation Physiol-
ogy online.

References
Allen KN, Vázquez-Medina JP (2019) Natural tolerance to ischemia

and hypoxemia in diving mammals: a review. Front Physiol 10.
doi: 10.3389/fphys.2019.01199.

Areal H, Abrantes J, Esteves PJ (2011) Signatures of positive selection in
Toll-like receptor (TLR) genes in mammals. BMC Evol Biol 11: 368.

Arkan MC, Hevener AL, Greten FR, Maeda S, Li Z-W, Long JM, Wynshaw-
Boris A, Poli G, Olefsky J, Karin M (2005) IKK-beta links inflammation
to obesity-induced insulin resistance. Nat Med 11: 191–198.

Baker RG, Hayden MS, Ghosh S (2011) NF-κB, inflammation and
metabolic disease. Cell Metab 13: 11–22.

Ball HC, Londraville RL, Prokop JW, George JC, Suydam RS, Vinyard C,
Thewissen JGM, Duff RJ (2017) Beyond thermoregulation: metabolic
function of cetacean blubber in migrating bowhead and beluga
whales. J Comp Physiol B 187: 235–252.

Ball HC, Stavarz M, Oldaker J, Usip S, Londraville RL, George JC, Thewis-
sen JGM, Duff RJ (2015) Seasonal and ontogenetic variation in sub-
cutaneous adipose of the bowhead whale (Balaena mysticetus). Anat
Rec 298: 1416–1423.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc B
Methodol 57: 289–300.

Bernaldo, de Quirós Y et al. (2019) Advances in research on the impacts
of anti-submarine sonar on beaked whales. Proc Royal Soc B Biol Sci
286: 20182533.

Boehme SA, Franz-Bacon K, Ludka J, DiTirro DN, Ly TW, Bacon KB (2016)
MAP3K19 is overexpressed in COPD and is a central mediator of
cigarette smoke-induced pulmonary inflammation and lower airway
destruction. PLoS One 11: e0167169.

Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T (2009) trimAl: a tool
for automated alignment trimming in large-scale phylogenetic anal-
yses. Bioinformatics 25: 1972–1973.

Caprio M, Fabbrini E, Isidori AM, Aversa A, Fabbri A (2001) Leptin in
reproduction. Trends Endocrinol Metab 12: 65–72.

Castellini MA, Somero GN, Kooyman GL (1981) Glycolytic enzyme activ-
ities in tissues of marine and terrestrial mammals. Physiol Zool 54:
242–252.

Champagne CD, Houser DS, Fowler MA, Costa DP, Crocker DE (2012)
Gluconeogenesis is associated with high rates of tricarboxylic acid
and pyruvate cycling in fasting northern elephant seals. Am J Physiol
Regulatory Integrative Comparative Physiol 303: R340–R352.

Champagne CD, Kellar NM, Trego ML, Delehanty B, Boonstra R,
Wasser SK, Booth RK, Crocker DE, Houser DS (2018) Comprehensive
endocrine response to acute stress in the bottlenose dolphin from
serum, blubber, and feces. Gen Comp Endocrinol 266: 178–193.

Choi Y, Sims GE, Murphy S, Miller JR, Chan AP (2012) Predicting the
functional effect of amino acid substitutions and indels. PLoS One 7:
e46688.

Coimbra-Costa D, Alva N, Duran M, Carbonell T, Rama R (2017) Oxidative
stress and apoptosis after acute respiratory hypoxia and reoxygena-
tion in rat brain. Redox Biol 12: 216–225.

Craik JD, Young JD, Cheeseman CI (1998) GLUT-1 mediation of rapid
glucose transport in dolphin (Tursiops truncatus) red blood cells. Am
J Physiol 274: R112–R119.

Derous D, Ten Doeschate M, Brownlow AC, Davison NJ, Lusseau D (2020)
Towards new ecologically relevant markers of health for cetaceans.
Front Mar Sci 7. doi: 10.3389/fmars.2020.00367.

..........................................................................................................................................................

12

https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coaa136#supplementary-data
https://doi.org/10.3389/fphys.2019.01199
https://doi.org/10.3389/fmars.2020.00367


..........................................................................................................................................................
Conservation Physiology • Volume 00 2021 Research Article

Deyarmin JS, McCormley MC, Champagne CD, Stephan AP, Busqueta LP,
Crocker DE, Houser DS, Khudyakov JI (2019) Blubber transcriptome
responses to repeated ACTH administration in a marine mammal. Sci
Rep 9: 2718.

Ding H et al. (2016) Fasting induces a subcutaneous-to-visceral fat switch
mediated by microRNA-149-3p and suppression of PRDM16. Nat
Commun 7: 11533.

Dondelinger Y et al. (2015) NF-κB-independent role of IKKα/IKKβ in
preventing RIPK1 kinase-dependent apoptotic and necroptotic cell
death during TNF signaling. Mol Cell 60: 63–76.

Endo Y, Kamei K, Inoue-Murayama M (2018) Genetic signatures of lipid
metabolism evolution in Cetacea since the divergence from terres-
trial ancestor. J Evol Biol 31: 1655–1665.

Fair PA, Schaefer AM, Romano TA, Bossart GD, Lamb SV, Reif JS (2014)
Stress response of wild bottlenose dolphins (Tursiops truncatus) dur-
ing capture-release health assessment studies. Gen Comp Endocrinol
206: 203–212.

Friedman JM (2019) Leptin and the endocrine control of energy balance.
Nat Metab 1: 754–764.

George JC, Clark C, Carroll GM, Ellison WT (1989) Observations on the ice-
breaking and ice navigation behavior of migrating bowhead whales
(Balaena mysticetus) near Point Barrow, Alaska, Spring 1985. Arctic 42:
24–30.

Gharib WH, Robinson-Rechavi M (2013) The branch-site test of posi-
tive selection is surprisingly robust but lacks power under synony-
mous substitution saturation and variation in GC. Mol Biol Evol 30:
1675–1686.

Guo Z, Yu Q (2019) Role of mTOR signaling in female reproduction. Front
Endocrinol (Lausanne) 10. doi: 10.3389/fendo.2019.00692.

Hashimoto O et al. (2015) Brown adipose tissue in cetacean blubber. PLoS
One 10: e0116734.

Houser DS, Champagne CD, Crocker DE (2007) Lipolysis and glycerol
gluconeogenesis in simultaneously fasting and lactating northern
elephant seals. Am J Physiol Regulatory Integrative Comparative Phys-
iol 293: R2376–R2381.

Huang X, Liu G, Guo J, Su Z (2018) The PI3K/AKT pathway in obesity and
type 2 diabetes. Int J Biol Sci 14: 1483–1496.

Huelsmann M, Hecker N, Springer MS, Gatesy J, Sharma V, Hiller M (2019)
Genes lost during the transition from land to water in cetaceans
highlight genomic changes associated with aquatic adaptations. Sci
Adv 5. doi: 10.1126/sciadv.aaw6671.

Kershaw JL, Botting CH, Brownlow A, Hall AJ (2018) Not just fat: inves-
tigating the proteome of cetacean blubber tissue. Conserv Physiol 6.
doi: 10.1093/conphys/coy003.

Kershaw JL, Brownlow A, Ramp CA, Miller PJO, Hall AJ (2019) Assessing
cetacean body condition: Is total lipid content in blubber biopsies a
useful monitoring tool? Aquat Conserv Marine Freshwater Ecosyst 29:
271–282.

Khani S, Tayek JA (2001) Cortisol increases gluconeogenesis in humans:
its role in the metabolic syndrome. Clin Sci 101: 739–747.

Kim J-Y et al. (2007) Obesity-associated improvements in metabolic pro-
file through expansion of adipose tissue. J Clin Invest 117: 2621–2637.

Lamming DW et al. (2012) Rapamycin-induced insulin resistance is medi-
ated by mTORC2 loss and uncoupled from longevity. Science 335:
1638–1643.

Li X (2013) SIRT1 and energy metabolism. Acta Biochim Biophys Sin
(Shanghai) 45: 51–60.

Li Y, Wang Y, Kim E, Beemiller P, Wang C-Y, Swanson J, You M, Guan
K-L (2007) Bnip3 mediates the hypoxia-induced inhibition on mam-
malian target of rapamycin by interacting with Rheb. J Biol Chem 282:
35803–35813.

Lingappan K (2018) NF-κB in oxidative stress. Curr Opin Toxicol 7: 81–86.

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A (2002) Macrophage
polarization: tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends Immunol 23:
549–555.

Mathieu P, Lemieux I, Després J-P (2010) Obesity, inflammation, and
cardiovascular risk. Clin Pharmacol Therapeut 87: 407–416.

McGowen MR, Grossman LI, Wildman DE (2012) Dolphin genome pro-
vides evidence for adaptive evolution of nervous system genes and
a molecular rate slowdown. Proc Royal Soc B Biol Sci 279: 3643–3651.

Miller PJO, Biuw M, Watanabe YY, Thompson D, Fedak MA (2012)
Sink fast and swim harder! Round-trip cost-of-transport for buoyant
divers. J Exp Biol 215: 3622–3630.

Miller PJO, Johnson MP, Tyack PL, Terray EA (2004) Swimming gaits,
passive drag and buoyancy of diving sperm whales Physeter macro-
cephalus. J Exp Biol 207: 1953–1967.

Nakagawa T, Guarente L (2011) Sirtuins at a glance. J Cell Sci 124:
833–838.

National Academies of Sciences (2017) Approaches to Understanding
the Cumulative Effects of Stressors on Marine Mammals. National
Academies of Sciences.

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ (2015) IQ-TREE: a
fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol Biol Evol 32: 268–274.

Nousek-McGregor AE, Miller CA, Moore MJ, Nowacek DP (2014)
Effects of body condition on buoyancy in endangered North
Atlantic right whales. Physiol Biochem Zool Ecol Evol Approach 87:
160–171.

Nowacek DP, Johnson MP, Tyack PL, Shorter KA, McLellan WA, Pabst DA
(2001) Buoyant balaenids: the ups and downs of buoyancy in right
whales. Proc Biol Sci 268: 1811–1816.

Obici S, Rossetti L (2003) Minireview: nutrient sensing and the regulation
of insulin action and energy balance. Endocrinology 144: 5172–5178.

..........................................................................................................................................................

13

https://doi.org/10.3389/fendo.2019.00692
https://doi.org/10.1126/sciadv.aaw6671
https://doi.org/10.1093/conphys/coy003


..........................................................................................................................................................
Research Article Conservation Physiology • Volume 00 2021

Papadopoli D, Boulay K, Kazak L, Pollak M, Mallette FA, Topisirovic I,
Hulea L (2019) mTOR as a central regulator of lifespan and aging.
F1000Res 8. doi: 10.12688/f1000research.17196.1.

Puzio-Kuter AM (2011) The role of p53 in metabolic regulation. Genes
Cancer 2: 385–391.

R Core Team (2015) R: a language and environment for statistical com-
puting. Vienna, Austria.

Ranwez V, Douzery EJP, Cambon C, Chantret N, Delsuc F (2018) MACSE
v2: toolkit for the alignment of coding sequences accounting for
frameshifts and stop codons. Mol Biol Evol 35: 2582–2584.

Scholander PF, Walters V, Hock R, Irving L (1950) Body insulation of some
arctic and tropical mammals and birds. Biol Bull 99: 225–236.

Semenza GL (2007) Oxygen-dependent regulation of mitochondrial res-
piration by hypoxia-inducible factor 1. Biochem J 405: 1–9.

Simonis AE, Forney KA, Rankin S, Ryan J, Zhang Y, DeVogelaere A, Joseph
J, Margolina T, Krumpel A, Baumann-Pickering S (2020) Seal bomb
noise as a potential threat to Monterey Bay Harbor Porpoise. Front
Mar Sci 7. doi: 10.3389/fmars.2020.00142.

Slater GSC, Birney E (2005) Automated generation of heuristics for bio-
logical sequence comparison. BMC Bioinform 6: 31.

Stöckli J, Fazakerley DJ, James DE (2011) GLUT4 exocytosis. J Cell Sci 124:
4147–4159.

Tsouko E, Khan AS, White MA, Han JJ, Shi Y, Merchant FA, Sharpe MA,
Xin L, Frigo DE (2014) Regulation of the pentose phosphate pathway
by an androgen receptor–mTOR-mediated mechanism and its role in
prostate cancer cell growth. Oncogenesis 3: e103.

Vasseur DA, Yodzis P (2004) The color of environmental noise. Ecology
85: 1146–1152.

Venn-Watson S, Ridgway S (2007) Big brains and blood glucose: com-
mon ground for diabetes mellitus in humans and healthy dolphins.
Comp Med 57: 390–395.

Venn-Watson S et al. (2013) Blood-based indicators of insulin resistance
and metabolic syndrome in bottlenose dolphins (Tursiops truncatus).
Front Endocrinol 4. doi: 10.3389/fendo.2013.00136.

Viscarra JA, Vázquez-Medina JP, Crocker DE, Ortiz RM (2011) Glut4 is
upregulated despite decreased insulin signaling during prolonged
fasting in northern elephant seal pups. Am J Physiol Regul Integr Comp
Physiol 300: R150–R154.

Wang Z, Chen Z, Xu S, Ren W, Zhou K, Yang G (2015) Obe-
sity’ is healthy for cetaceans? Evidence from pervasive positive
selection in genes related to triacylglycerol metabolism. Sci Rep
5: 1–12.

Wells R, McHugh KA, Douglas DC, Shippee S, Berens McCabe EJ, Barros
NBD, Phillips GT (2013) Evaluation of potential protective factors
against metabolic syndrome in bottlenose dolphins: feeding and
activity patterns of dolphins in Sarasota Bay, Florida. Front Endocrinol
4. doi: 10.3389/fendo.2013.00139.

Williams R, Vikingsson GA, Gislason A, Lockyer C, New L, Thomas L,
Hammond PS (2013) Evidence for density-dependent changes in
body condition and pregnancy rate of North Atlantic fin whales over
four decades of varying environmental conditions. ICES J Mar Sci 70:
1273–1280.

Williams TM, Friedl WA, Haun JE (1993) The physiology of bot-
tlenose dolphins (Tursiops truncatus): heart rate, metabolic rate
and plasma lactate concentration during exercise. J Exp Biol 179:
31–46.

Williams TM, Haun J, Davis RW, Fuiman LA, Kohin S (2001) A killer
appetite: metabolic consequences of carnivory in marine mammals.
Comp Biochem Physiol A Mol Integr Physiol 129: 785–796.

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

Yao X, Tan Y, Yang J, Wang Y, Corlett RT, Manen J-F (2019) Exceptionally
high rates of positive selection on the rbcL gene in the genus Ilex
(Aquifoliaceae). BMC Evol Biol 19: 192.

Ye J, Gao Z, Yin J, He Q (2007) Hypoxia is a potential risk factor for
chronic inflammation and adiponectin reduction in adipose tissue
of ob/ob and dietary obese mice. Am J Physiol Endocrinol Metab 293:
E1118–E1128.

Zhang C, Rabiee M, Sayyari E, Mirarab S (2018) ASTRAL-III: polynomial
time species tree reconstruction from partially resolved gene trees.
BMC Bioinform 19: 153.

Zhang P, Shan T, Liang X, Deng C, Kuang S (2014) Mammalian target of
rapamycin is essential for cardiomyocyte survival and heart develop-
ment in mice. Biochem Biophys Res Commun 452: 53–59.

Zurano P, Magalhaes F, Asato A, Silva G, Bidau C, Costa G (2019) Cetar-
tiodactyla: Updating a time-calibrated molecular phylogeny. Mol
Phylogenet Evol 133: 256–262.

..........................................................................................................................................................

14

https://doi.org/10.12688/f1000research.17196.1
https://doi.org/10.3389/fmars.2020.00142
https://doi.org/10.3389/fendo.2013.00136
https://doi.org/10.3389/fendo.2013.00139

	Comparative genomics of cetartiodactyla: energy metabolism underpins the transition to an aquatic lifestyle
	Introduction 
	Material and Methods
	Focal pathways, genes and genomes
	Identification of positive selection on genes and amino-acid substitutions
	Pathway-level functional effects

	Results
	Signatures of selection in genes involved in nutrient sensing pathways
	Functional effects of amino-acid substitutions
	Pathway-level interactions among genes under positive selection

	Discussion
	Changes in glucose metabolism in response to a glucose-poor heterogeneous prey field
	Thermoregulatory needs for adiposity and its implications for cellular hypoxia and inflammation 
	Implications of energy metabolic adaptations for life-history functions 

	Conclusion
	Authors' contribution
	Data accessibility
	Supplementary material


