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Resumo

Neste trabalho de tese, integramos investigacdes sobre as adaptacdes evolutivas de
mamiferos aquaticos a hipoxia e a dindmica evolutiva do SARS-CoV-2, enfatizando a
natureza dindmica da exploracdo cientifica em meio a desafios globais urgentes. Apesar da
importancia estabelecida de HIFla e genes associados no mecanismo molecular de resposta a
hipoxia, seu papel na adaptacdo evolutiva de mamiferos aquaticos permanece
incompletamente compreendido. Nossa abordagem de genes candidatos analisou 11 genes
criticos na via de sinalizacdo de HIFla em mamiferos aquaticos, revelando evidéncias de
selecdo negativa e regimes seletivos relaxados em cetdceos, juntamente com a identificacdo
de uma variante Unica de glutamina 68 na proteina HIF3a exclusiva de cetaceos.
Concomitantemente, investigamos a historia evolutiva da cepa Gamma e suas linhagens
derivadas (P.1.1 e P.1.2) de SARS-CoV-2, detectando 194 locais sob selecdo positiva em 12
genes/ORFs. Notavelmente, alguns locais diagndsticos para Gamma careciam de uma
assinatura de sele¢do positiva, sugerindo evasdo da selecdo purificadora, enquanto analises de
redes revelaram haplotipos em expansao unicos para P.1.1 e P.1.2, incluindo o surgimento de
novidades adaptativas como o alelo 3509Y em ORFla. Discutimos como fendmenos como
epistasia e pleiotropia antagdnica podem limitar o surgimento de novos alelos em linhagens
de SARS-CoV-2, mantendo a infectividade em humanos e fornecendo capacidades de
resposta rapida contra as respostas imunes do hospedeiro. Esta abordagem interdisciplinar
destaca a interconex@o de estudos evolutivos em diversos contextos biologicos e destaca a
importancia da investigagdo cientifica dindmica no enfrentamento dos desafios globais

contemporaneos.
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Abstract

In this thesis, we integrate investigations into the evolutionary adaptations of aquatic
mammals to hypoxia and the evolutionary dynamics of SARS-CoV-2, emphasizing the
dynamic nature of scientific exploration amidst urgent global challenges. Despite the
established importance of HIFla and associated genes in the molecular mechanism of
hypoxia response, their role in the evolutionary adaptation of aquatic mammals remains
incompletely understood. Our candidate gene approach analyzed 11 critical genes in the
HIF1la signaling pathway in aquatic mammals, revealing evidence of negative selection and
relaxed selective regimes in cetaceans, along with the identification of a unique glutamine 68
variant in the HIF3a protein exclusive to cetaceans. Concurrently, we investigated the
evolutionary history of the Gamma strain and its derived lineages (P.1.1 and P.1.2) of
SARS-CoV-2, detecting 194 sites under positive selection across 12 genes/ORFs. Notably,
some diagnostic sites for Gamma lacked a signature of positive selection, suggesting evasion
of purifying selection, while network analyses unveiled expanding haplotypes unique to P.1.1
and P.1.2, including the emergence of adaptive novelties such as the 3509Y allele in ORF1a.
We discuss how phenomena like epistasis and antagonistic pleiotropy may limit the
emergence of new alleles in SARS-CoV-2 lineages, maintaining infectivity in humans while
providing rapid response capabilities against host immune responses. This interdisciplinary
approach underscores the interconnectedness of evolutionary studies in diverse biological
contexts and highlights the importance of dynamic scientific inquiry in addressing

contemporary global challenges.
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Chapter 1. Introduction

1.1. Aquatic mammals: a taxonomic diverse group

Marine mammals encompass a diverse array of species inhabiting oceanic
environments, with varying degrees of dependence on aquatic life. This classification is not
based on biological or taxonomic grouping. For instance, dolphins are fully reliant on aquatic
ecosystems, while sea lions forage underwater but engage in other activities like resting,
molting, and breeding on land. Additionally, animals like polar bears and hippopotamuses can
alternate between aquatic and terrestrial habitats in pursuit of food. Living marine mammals
include representatives from three mammalian orders: Cetacea (whales, dolphins, and
porpoises), Sirenia (manatees and dugongs), and some members of Carnivora, such as
pinnipeds (seals, sea lions, walruses) and mustelids (sea otters) (Berta et al., 2006; Jefferson et
al., 2011). These taxonomic groups (Cetacea, Sirenia, and Carnivora) also include species
inhabiting freshwater environments, allowing for a broader category of aquatic mammals that

inhabit both ocean and freshwater environments globally.

The large groups of aquatic mammals have independent evolutionary origins from
different terrestrial mammal groups (Figure 1). These animal groups share adaptations
extremely similar to the aquatic environment that they inhabit despite their separate
evolutionary origins. These characteristics include locomotion (such as the modification of
the limb shape or the absence of hind limbs in cetaceans and sirenians); the dive ability and
anaerobic conditions adaptation; heat exchange and thermal insulation systems; mechanisms
of water regulation and modifications of the renal system to conserve water; sensory
modifications associated with their ability to live in a variety of aquatic environments (salt,

brackish and freshwater; Berta et al., 2006; Foote et al., 2015).
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Figure 1. Phylogenetic relations of aquatic mammals within the eutherian group, with a marsupial as an
outgroup. Red colored branches representing the independent evolution of aquatic mammal lineages (From

Foote et al., 2015).

Specifically, many aquatic mammals are capable of prolonged and deep dives. The
capacity of breath-hold at depth depends on the gas exchange, both in the lungs and in the
peripheral tissues. Anatomical and physiological adaptations in the respiratory system,
cardiovascular system, blood, and peripheral tissues contribute to the remarkable diving
capacity of these mammals. For instance, some of these adaptations include slower heart
rates, reduced oxygen consumption, and supply of oxygenated blood only to essential organs
and tissues, as shown in Table 1. Furthermore, flexible ribs allow the lung to collapse, and
thickened tissue in the middle ear helps resist pressures at great depths in pinniped and
cetacean species. The final results of these adaptations involve efficient ventilation, better
oxygen storage, regulated transport, respiratory gas supply, and tolerance to tremendous
environmental pressures, ischemia and extreme tolerance to hypoxia (Berta et al., 2006;

Ponganis, 2011); the latter constitutes one of the central points in this thesis.

One interest of this thesis includes the elucidation of some molecular characteristics
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(coding portion of genes of interest) potentially involved in macroevolutionary mechanisms
that could explain the adaptations of these mammals to the aquatic environment. Specifically,
adaptive modifications at the amino acid level are involved in diving capacity and hypoxia

tolerance response.

15



Table 1. Several physiological characteristics of some aquatic mammals in present study. (1) Lung volumes: Total Lung Capacity (TLC); Diving Lung Volume (DLV); (2)
Hemoglobin (Hb) Concentrations and Blood Volumes (BV). (3) Myoglobin (Mb) Concentrations and Muscle Mass (% Body Mass). (4) Magnitude and Distribution of O,
body stores (Modified from Ponganis, 2011).

Soeci TLC DLV Hb BV Mb Muscle Mass Total O, ml Lungs % Blood %  Muscle %
pecies

ml kg™ mlkg? gdI’! mlkg' g100g" % kg kg™
Sei whale

61-126 - - - 0.9 - - - - - -
Balaenoptera borealis
Fin whale
Balaenoptera physalus 61-126 - - - 2.4 - - - - - -
Sperm whale
Physeter macrocephalus - 28° 22 200 - - 10000 68 4 38 58
Pygmy sperm whale
Kogia breviceps - - - - 43 - - - - - -
Harbor porpoise
Phocoena phocoena 80-130 - - - - - - - - - -
Bottlenose dolphin
Tursiops truncatus 50-91 40-50¢ 14 71 3.3 30 200 36 34 27 39
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Pacific white-sided dolphin
Lagenorhynchus

obliquidens

Beluga whale

Delphinapeterus leucas

Cuvier’s beaked whale

Ziphius cavirostris

Northern fur seal

Callorhinus ursinus

Steller sea lion

Eumetopias jubata

California sea lion

Zalophus californianus

Weddell seal
Leptonychotes weddellii

145

110

48

48

22£-27¢

17

21

17

18

108

128

109

120

96-120

3.5

34

43

3.5

2.7

2.7-54

54

30

30

37

35

1000

238

35-87

51 17 51
40 20 45
39-52 21-16 45-41

32

35

34-43
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Northern elephant seal

Mirounga angustirostris

Walrus

Odonbenus rosmarus

Weddell seal
Leptonychotes weddellii

Sea otter

Enhydra lutris

Manatee

Trichechus manutus

116

345

65

207

25

16

26

17

15

216

106

210

91

80

6.5

3.0

5.4

2.6

0.4

28

30

30

35

400

65

400

28

155

87

38

87

55

21

24

55

33

66

50

66

29

60

29

26

29

16
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1.1.1. Order Cetacea

Cetaceans are an order of existing mammals with a fully aquatic life form that
includes whales, dolphins, and porpoises. Unlike other groups of aquatic mammals, cetaceans
sleep, mate, give birth and breastfeed their young in the water. They are unable to move or
support their weight on land. There are approximately 85 living species characterized by
about 40 genera. This clade groups two existing suborders and an extinct suborder; the
existing suborders are Mysticeti and Odontoceti, with Archaoecete extinct approximately 25
million years ago. Both extant suborders differ in several characteristics associated with their
life habits. Odontoceti is a monophyletic group that includes all existing toothed whales; it is
the largest and most diverse suborder, with at least 70 species characterized by the presence of
teeth, including fish and cephalopod feeders. Mysticeti is also a monophyletic group that
includes the 15 species of existing bearded whales, which are fed by filtration of the
zooplankton. In some classifications, cetaceans are considered a suborder within a more
extensive Order Cetartiodactyla; the suborders Mysticeti and Odontoceti are denoted as

infraorders (Gingerich et al., 2001; Folkens & Randall, 2002; Jamieson, 2016).

In overall, cetacean species belong to three families: the rorquals (Balaenopteridae),
which represent about 60% of all living mysticetes; and oceanic dolphins (Delphinidae) and
beaked whale (Ziphiidae), which represent approximately 50% and 30% of all live
odontocetes, respectively (Marx et al., 2016).

Cetaceans vary in size from approximately Im to more than 30m and are
predominantly aquatic, inhabiting both coastal areas and open ocean, and being found in all
the world's oceans. Some species also inhabit rivers and freshwater lakes in Asia, South
America, and North America, while other species inhabit brackish waters of estuaries and
coastal marshes (Berta, 2006). They are an essential part of ocean ecosystems as distributors
of large-scale nutrients, top predators, and as a food source for many organisms of the ocean

floor (Marx et al., 2016).
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From an evolutionary point of view, cetaceans are a highly derived group, that is, they
share many derived characters that emerged after the separation of the most recent common
ancestor. The evolutionary adaptation to aquatic life led to major modifications in all body
parts and their functions such as the loss of hind limbs, profound changes of the skeleton and
head, evolution to a fusiform and aerodynamic body, the disappearance of the outer ear and

hair, among some of the most extreme modifications (Jamieson, 2016).

In addition to those mentioned above, all cetaceans share general characteristics that
are part of a similar body design: paddle-shaped fins (modified forelimbs) that are used to
direct, balance and stop, but not to move forward; telescoped skull, that is, the posterior
displacement of the facial bones respect the braincase; nasal openings in the upper part of the
head; soft and gummy skin; lack of glands and hairs, instead, rely on a thick layer of
insulating fat to maintain body temperature; absence of protruding ears; internal reproductive
organs; boneless structures in the form of horizontal tail flukes and dorsal fin (secondary loss
of the latter in some species), mainly composed of connective tissue (Jefferson et al., 2011;

Romero, 2009).

In spite of these shared traits, Mysticeti and Odontoceti species are considerably
different. In particular, odontocetes are recognizable by having conical teeth, a single
blowhole, and by the echolocation ability, that is, the use of sound to navigate and locate prey.
In contrast, mysticetes are often extremely large, have lost any sign of teeth in adulthood, and
instead of teeth, possess a series of keratinous, sieve-like baleen plates suspended in two rows

from their upper jaw (Marx et al., 2016).

Notwithstanding these modifications, the internal anatomy of cetaceans indicates the
ancestry of terrestrial mammals: it is surprisingly similar with some exceptions, such as the
presence of a four-chamber stomach and the cartilaginous reinforcement of the airways to the

alveolus (Jefferson et al., 2011).
Most morphological and molecular data generally affirm that artiodactyls, specifically

hippos (Hippopotamidae), are the closest relatives of cetaceans; these separated from the

artiodactyls about 50 million years ago during the Eocene (Graur & Higgins, 1994; Liu &
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Miyamoto, 1999; Arnason et al., 2000; Berta et al., 2006). The different synapomorphies and
related characteristics between Hippopotamidae and cetaceans have been useful to understand

the process of early evolution from a terrestrial environment to the aquatic environment

(McGowen et al., 2014).

On the other hand, it is remarkable, the wide range of immersion capacity among the
members of this clade. On one end, there are relatively poor divers such as the Yangtze finless
porpoises (Neophocaena asiaeorientalis) that live in low and middle sections of the Yangtze
River in China; this species has a maximum reported depth of 20m, with a maximum
immersion time of 2 minutes (Akamatsu et al., 2002). Unlike beaked whales and sperm
whales (Physeter macrocephalus), on the other hand, they are known as the most outstanding
divers in terms of both depth and duration. A sperm whale can dive as deep as 2,000m or
more; the most extended dive recording was the 2 hours and 18 minutes by five sperm
whales. Their sound clicking was recorded in November 1983, in the Caribbean (Romero,

2009).

Additionally, cetaceans include species that hold several world records, which are
often related to gigantic size. The blue whale (Balaenoptera musculus), with up to 190 tons, is
the most massive animal on Earth, and the largest animal that has ever existed; The sperm
whale has the largest brain, up to 8 kg; and the longest of all mammals, the bowhead whale
(Balaena mysticetus), which can reach an astonishing age of over 200 years (Marx et al.,

2016).

1.1.2. Order Sirenia

The sirenians (manatees and dugongs), as well as cetaceans, are fully adapted to
aquatic life and spend their entire lives in the water. They are the only fully aquatic mammals
that are herbivores. It is widely accepted that the living relatives, phylogenetically closest to
the sirenians, are the elephants. The members of the order Sirenia originated from the
diversification of Afrotheria, with a fossil record that corresponds to the early Eocene, around

50 million years ago (Berta et al., 2006). Fossil record deposits are found at scattered points
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in Europe, Africa, and western India. The fossils of the earliest sirenians indicate a large body
supported by four legs; they had four sacral vertebrae and probably were able to walk on land,
although due the position of the nasal openings and the large ribs it suggests an amphibious

life (Berta et al., 2006; Vaughan & Czaplewski, 2011).

There are four live species in two genera (Dugong, Dugongidae; Trichechus,
Trichechidae). A fifth species, extinct in 1768, Steller’'s sea cow (Hydrodamalis gigas,
belonging to Dugongidae), was cold-adapted for life in the Bering Sea, in contrast to the other
members of Sirenia that are distributed in waters Tropical and subtropical. The dugong
(Dugong dugon) is distributed from tropical waters of East Africa, throughout the
Indo-Australian Archipelago, to the western Pacific and the Indian Ocean. The Amazonian
manatee (Trichechus inunguis) inhabits the Amazon and Orinoco rivers in South America.
Trichechus manatus, the western Indian manatee, inhabits the Caribbean and the Atlantic
coasts from Brazil to the United States, and the African manatee, Trichechus senagalensis,
inhabits tropical West Africa. Manatees are unified as a monophyletic clade by skull
characteristics, specifically, the ear region. Other derived traits include the reduction of neural
spines in the vertebrae, the possible tendency of enlargement of the body, and, at least in
Trichechus, anteroposterior elongation of thoracic vertebrae (Berta et al., 2006; Vaughan &

Czaplewski, 2011).

Sirenians are characterized by having a relatively large, robust body, reaching more
than 1500 kilograms. The shape is aerodynamic and almost hairless, except for the bristles in
the snout, which is downturned. The skin is thick, rough or finely wrinkled. Regarding their
closest terrestrial ancestor, the sirenians have extreme morphological modifications: the
forelimbs were modified in the form of fins, the hindlimbs are absent, the tail is a horizontal
fluke, the pelvis is vestigial and there is no clavicle. Bones are unusually dense, a condition
called pachyostosis. The lungs are unlobed, unusually long, horizontally oriented and
separated from the massive intestine by a horizontal diaphragm. The orientation of the lungs
and the density and weight of the bones allow the animal to make small adjustments in the
lung volume to maintain a horizontal attitude while feeding at various depths. Their nostrils
are located at the top of their snouts and are closed by valves (Romero, 2009; Marx et al.,

2016).
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As obligate herbivores, they feed on a variety of seaweeds and plants such as
seagrasses, water weeds, and other aquatic vegetation. The members of both families are
social, occur in large aggregations, and frequently interact with each other. Due to its
dependence on seagrasses, the sirenians do not need to dive to great depths. They typically
stay 1 to 3 meters below the surface and come to the surface to breathe every 2 to 5 minutes.
However, the deepest feeding dive recorded is 33 meters, made by dugongs. Also, manatee
immersion times greater than 16 minutes have been recorded (Scholander & Irving, 1941;

Chilvers et al., 2004; Marsh et al., 2012).

1.1.3. Order Carnivora: pinnipeds and mustelids

Both pinnipeds and mustelids are within the order Carnivora. Four families of this
order have members that inhabit the aquatic environment: Phocidae, Otariidae, Odobenidae
(all members of the suborder Pinnipedia), and Mustelidae (Romero, 2009). Like all typical
carnivores, they have well-developed claws and a pair of specialized teeth in the shape of
blades for cutting food; in pinnipeds, typical teeth called carnassials have been modified as

premolars.

1.1.3.1. Pinnipedia

Pinnipeds comprise a little more than a quarter (28%) of the diversity of aquatic
mammals. Approximately 34 species are distributed worldwide: 19 phocids, 14 to 15 otariids,
and the walrus. Around 90% of individuals are phocids, and the remaining 10% are otariids
and odobenids. The fossil record indicates that extant pinnipeds represent only a small
fraction of what was once a larger and more diverse group, dating back to an origin of 30.6-28

million years ago, in the mid-late Oligocene (Berta et al., 2006; Berta, 2018).
The name pinniped comes from the Latin "pinna" and "pedis", which means "feather

feet", referring to the paddle-like fore- and hind limbs. Pinnipeds, like cetaceans and

sirenians, have a radically modified body plan regarding terrestrial mammals. However,
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unlike those, they have an amphibious way of life and spend part of their life on land or ice, to

mate and give birth ((Berta et al., 2006).

Unlike for cetaceans, the early stages of pinniped evolution are not clear. Pinnipeds
monophyly is well supported by both morphological and molecular data. The closest relatives
of the pinnipeds are the arctoid carnivores, and most of the evidence supports a link between

the pinnipeds and the ursids or the pinnipeds and the mustelids (Berta et al., 2018).

Phocidae (true, "hair," and earless seals) is the morphologically most divergent
pinnipeds family. Most morphological and molecular data indicate phocid as a monophyletic
group and recognize two monophyletic subfamilies, Monachinae (Southern Hemisphere seals)
and Phocinae (Northern Hemisphere seals). They are distinguishable from otariids and
odobenids based on several features of the ear region. This family is characterized by a
fusiform and rotund body, with a short and thick neck; pinna or auricle absent; the rear fins
cannot turn forward, and body undulations allow the progression on land; fins with hair on
both surfaces; claws on fin tips; skulls almost or completely lack postorbital processes, and

the alisphenoid canal is also absent (Romero, 2009; Berta et al., 2018).

Compared to otariids, the phocids inhabit higher latitudes, spend more time in the
water, exhibit different locomotion patterns, and have more diverse cranial morphologies, as
well as dietary and reproductive strategies. They also have a larger body size compared to
otariids, with an average weight of two tons in the northern elephant seal. Additionally,
several phocids, especially the sea elephant and the Weddell seal, are spectacular divers that
feed on squid and pelagic fish at depths of 1000 meters or more. Most seals feed on fish,
squid, octopus, and shellfish, and one species (Hydrurga leptonyx) feeds on penguins and

other seals (Romero, 2009; Berta et al., 2018).

The Otariidae family (eared seals or fur seals and sea lions) is the second most diverse
clade of existing pinnipeds, and today they are represented by 14 to 15 species distributed in
cold temperate waters of the North Pacific and the Southern Hemisphere. They are divided
into two subfamilies, the Otariinae (sea lions) and the Arctocephalinae (fur seals). Several

intergeneric hybrids reveal the close relationship between sea lions and fur seals. For
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example, in the wild, Zalophus californianus has hybridized with Eumetopias jubatus and
Callorhinus ursinus, and there is information about hybrids between Arctocephalus townsendi
and Callorhinus ursinus; in captivity, the California sea lion Zalophus californianus has
hybridized with Arctocephalus pusillus and Otaria flavescens (Romero, 2009; Berta et al.,
2018).

Otariids, unlike the phocids or odobenids, are morphologically conserved and lack
certain ecological specializations present in the other families. They are more variable in size,
with species ranging from the Galapagos sea lion with 27 kg (Arctocephalus galapagoensis)
to the male Steller's sea lion of a ton. They feed on fish, cephalopods, and crustaceans.
General morphological characteristics of this group include the commonly thin body shape
with a long neck; pinna present; long, hairless front fins in most species, with rudimentary
fingertips nails; skulls bear-like, an alisphenoid canal is present, as are the postorbital and
supraorbital processes. In contrast to phocids, they can move their rear fins forward and use

them for walking (Romero, 2009; Berta et al., 2018).

Family Odobenidae has only one extant member, the walrus Odobenus rosmarus,
being the most distinctive member of the pinnipeds. The most characteristic feature of this
animal is a pair of elongated and constantly growing upper canine teeth (tusks) found in
adults of both sexes. The modern walrus is a shallow diver of a large body, between 800 to
1,200 kg, which feeds mainly on benthic invertebrates, especially mollusks. The fossil record
of walruses is considerably more diverse with at least 20 species described in 16 genera.
Fossil walruses first appear in the early Miocene. In contrast to the low diversity, ecological
specialization and Arctic distribution of Odobenidae at present, extinct walruses were quite
diverse, inhabited temperate and subtropical latitudes, showed a wide range of body sizes and

included many fish-eaters that lacked tusks (Berta et al., 2009; Berta et al., 2018).

1.1.3.2. Mustelidae: subfamily Lutrinae

On the other hand, Mustelidae is the largest family in the order Carnivora, including

70 species of otters, skunks, weasels, and badgers. Mustelidae is divided into different
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subfamilies: Lutrinae, Taxidiinae, Mellivorinae, Melinae, Helictidinae, Mustelinae,
Guloninae, and Ictonychinae (Kruuk, 2006). Otters are members of the subfamily Lutrinae, a
semiaquatic group that includes 13 currently recognized extant species (de Ferran et al.,
2022). They are the smallest aquatic mammals compared to cetaceans, pinnipeds, and

sirenians, and in a way, they are the least "aquatic" of aquatic mammals.

Lutrinae represent one of the mammal clades that most recently entered the aquatic
environment. Unlike cetaceans and pinnipeds that inhabit the aquatic environment around
30-50 million years ago, otters have been nearly fully aquatic for only 1 to 3 million years
(Berta et al., 2006). Due to these differences in evolutionary histories, otters lack certain
adaptations typical of the completely aquatic life form shared by cetaceans and pinnipeds.
Some of these physiological adaptations include thermal insulation by blubber, which also
acts as an energy reserve; a well-developed diving response that allows oxygen conservation
during submersion; and a counter-current heat exchange system to dissipate or maintain heat.
Thus, vestiges of a more terrestrial existence may have left the Lutriane members with a
narrow range of environmental tolerance. The aquatic lifestyle represents a more demanding
energy challenge compared to other aquatic mammals, which is compensated through
behaviors such as increased daily intake compared to body size (Romero, 2009; Berta et al.,

2018).

The two main branches on the otter tree are Lutra (Euroasian) with three species, and
Lontra (American) with four species, the three 4onyx as a more recent offshoot of Lutra, and
the three species odd ones out (the sea otter Enhydra lutris, the giant otter Pteronura
brasiliensis and the smooth-coated Lutrogale perspicillata) (Kruuk, 2006). Only two species
have a very different lifestyle than the rest, inhabit the sea: the marine otter, Lontra felina (the
only aquatic species of the genus) and the sea otter (also, only species of this genus) (Romero,

2009; Berta, 2018). The rest of the species inhabit freshwater habitats.

With respect to physical characteristics, the 13 species range in adult size from 0.6 to

1.8 m in length and 1 to 45 kg in weight. To exemplify on one side, Enhydra lutris are the
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heavier members of the family Mustelidae. Males have an average weight of 37 kg, and both
sexes can reach 1.4m length. Like the pinnipeds, the hind legs are webbed and adapted for
swimming. The front toes are short and stiff, with retractable claws for grooming and eating.
On land, their walk is clumsy and vulnerable and is probably the reason why they are rarely
found more than a few meters from the water. They have a very dense coat to trap the air and
maintain an insulating thermal layer. They are capable of submerging 60 meters to the sea
bottom, and generally, the dives last less than 1 minute, although some individuals can remain
submerged for 5 minutes or more. They inhabit shallow waters of the North Pacific (Romero,
2009). The marine otter is much smaller, with a maximum length of 1.15 m and an average
weight of 4 kg. The short legs are webbed and have strong nails and a dense coat. They are
submerged to feed a short distance from the coast, inhabiting different coastal regions of Chile

and Peru.

1.2. Evolution to aquatic life and tolerance to hypoxia

Aquatic mammals need to rise to the surface to breathe air and, therefore, are
subjected to hypoxia during the submersion time. This is much more noticeable in cetaceans
and sirenians, due to the exclusively aquatic life that characterizes them. Immersion behavior
is a specific characteristic of each species that varies both in the immersion time and in-depth
reach (Table 2). In the case of cetaceans, as Bi et al. (2015) indicate, the extremely wide range
of immersion capabilities suggests that the immersion behavior plays an indispensable role in
the evolutionary adaptation to aquatic environments. In turn, it can be thought that the
availability and regulation of oxygen, directly related to immersion behavior, is a critical

element of this evolutionary adaptation.

Table 2. Dive characteristics of some cetacean and pinniped species in this study: dive time and depth

reached (Modified from Ponganis, 2011).

Time (min) Depth (m)
Species
Common Maximum Common Maximum
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Harbor porpoise - Phocoena phocoena

Bottlenose dolphin - Tursiops truncatus

Humpback whale - Megaptera novaeanglieae

Fin whale - Balaenoptera physalus

Long-finned pilot whale - Globicephala melas

Cuvier’s beaked whale - Ziphius cavirostris

Sperm whale - Physeter macrocephalus

Antarctic fur seal - Arctocephalus gazella

Galapagos fur seal - Arctocephalus galapagoensis

Steller sea lion - Eumetopias jubata

Northern fur seal - Callorhinus ursinus

California sea lion - Zalophus californianus

New Zealand sea lion - Phocarctos hookeri

Weddell seal - Leptonychotes weddellii

Northern elephant seal - Mirounga angustirostris

1-4

3-5

5-15

58-70

40-60

<2

<2

<2

10-12

23

21

95

138

10

11

119

14-40

20

23-118

180-200

100-800

1070-1334

400-900

30

26

9-24

65

62

123

150-400

437

226

390

~160

1019

1888

2250

101

115

250

256

274

474

726

1581

Specifically, the response before hypoxia implies a molecular mechanism that leads to

the expression of genes that increase oxygen supply and regulate metabolic activity in the

body. In metazoans, this response is coordinated by a central signaling pathway (Semenza,

2007; Taylor & McElwain, 2010), that involves what has been termed as the "regular master"

of cellular oxygen homeostasis: a transcription factor known as hypoxia-induced factor (HIF),
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which plays a central role in the transcriptional response to changes in oxygen availability

(Taylor & McElwain, 2010).

1.3. Hypoxia signaling pathway

HIF is a basic helix-loop-helix (bHLH) protein heterodimer of the PAS (abbreviation
for "Per-Arnt-Sim", first coined in 1991) family. It consists of a stable and constitutive unit,
HIFIp (also called ARNTI) and an unstable a subunit inducible by hypoxia (Weidemann &
Johnson, 2008). There are three homologous HIFa proteins (HIF 1o, HIF2a, HIF3a) that form
dimers with the HIFB subunit, each encoded by different locus genes. The HIF3a protein

appears to be present only in mammals.

The underlying cellular mechanism under hypoxic conditions is determined by the
deregulation of HIFa, which accumulates and translocates to the cell nucleus, where it
dimerizes with HIFP. The HIFo/p heterodimer binds to a DNA motif (RCGTG, R = Purine) of
hypoxia-responsive elements (HRE) within the promoter region of HIF target genes. These
target genes are fundamentally involved in the hypoxia response system, such as
angiogenesis, erythropoiesis, and cellular responses such as impaired glucose energy

metabolism and response to oxidative stress (Schofield & Ratcliffe, 2004).

Under normoxic conditions, protein degradation of the HIFa subunit occurs by
hydroxylation. This process involves two domains of oxygen-dependent degradation (ODD),
called NODD and CODD, which act independently and are located in the central region of the
protein. HIFa also has two transactivation domains: N-terminal transactivation domain or

NAD, and a C-terminal transactivation domain or CAD (Figure 2).
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Figure 2. The domain structure of HIFla and HIF1B. The oxygen responsiveness of HIFa is
transmitted by separate protein interactions with three regions of HIFa that transfer the ability to
respond to hypoxia (NODD, CODD, and CAD), and these interactions involve oxygen-dependent
enzymatic hydroxylation of residues specific in these regions. Basic helix—loop—helix (bHLH)
domains; PAS (PER (period circadian protein), the amino-terminal oxygen-dependent degradation
domain (NODD); the carboxy-terminal oxygen-dependent degradation domain (CODD); the
amino-terminal activation domain (NAD); and the carboxy-terminal activation domain (CAD) (From

Schofield & Ratcliffe 2004).

The oxygen-dependent hydroxylation of HIF is catalyzed by three
prolyl-4-hydroxylases, PHD1, PHD2, and PHD3 (also called EGLN2, EGLNI, and EGLN3,
respectively), of one or two highly conserved prolyl residues near NAD. The hydroxylation of
some, or both, of these prolyl residues, generates a binding site for the ubiquitin ligase known
as von Hippel-Lindau (pVHL), which is part (with elongin B and C, Cullin 2 and RING-box 1
proteins) of a ubiquitin ligase complex (Figure 3). As a consequence, the polyubiquitination
of HIFa is generated, and its consequent proteasomal degradation (Schofield & Ratcliffe,
2004; Kaelin & Ratcliffe 2008). Thus, under normoxic conditions, HIF is maintained in a

state of repression by the activity of the HIF hydroxylases.
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Figure 3. Schematic overview of the HIF regulation by prolyl hydroxylation and proteasomal
degradation under normoxia (left) and hypoxia (right). There are three hydroxylation sites in the
HIFla subunit: two prolyl residues (human HIFlo: Pro402 and 564; human HIF2a: Pro405 and
Pro531) in the oxygen-dependent degradation domain (ODD) and one asparaginyl residue (human:
Asn803) in the C-terminal transactivation domain (C-TAD). Under normoxia, prolyl hydroxylation is
catalyzed by hypoxia-inducible factor (HIF) prolyl hydroxylases (PHD1-3) use oxygen (O2), iron
(Fe2+), 2-oxoglutarate (2-OG) and ascorbic acid (vitamin C; not shown) as co-substrates, thus
triggering recognition by the von Hippel-Lindau tumor suppressor protein (pVHL), which, as part of a
E3 ubiquitin ligase complex (also containing elongin [Elo] C and B, cullin-2 [Cul-2] and RING-box
protein [Rbx] 1), induces proteasomal degradation. Asparaginyl hydroxylation (Asn803 in human
HIF1la; Asn851 in human HIF2a) is catalyzed by the factor-inhibiting HIF (FIH), additionally
preventing the binding of the transcriptional co-activator histone acetyltransferase
p300/CREB-binding protein (p300/CBP) (left). In contrast, under hypoxia PHDs and FIH are unable
to hydroxylate HIFa subunits which accumulate and translocate to the nucleus, heterodimerizes with
HIFp binds to hypoxia-response elements (HREs) in the regulatory regions of numerous HIF target
genes (From Strowitzki et al., 2019).
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Transactivation repression of HIFa is also carried out by another enzyme called
factor-inhibiting HIF or FIH (Mahon et al., 2001) (Figure 3). FIH under conditions of
normoxia hydroxylates an asparagine residue within CAD. This hydroxylation generates a
steric effect that prevents the binding of the transcriptional coactivators p300 and CBP with

HIFa. This mechanism inhibits the transactivation of HIF that escapes degradation.

Like prolyl-4-hydroxylases, FIH is a type of enzyme that metabolizes molecular
oxygen, called dioxygenase, characterized by incorporating both oxygen atoms into its
products. In turn, they belong to the superfamily of 2-oxoglutarate-dependent-oxygenase, a
large group of enzymes that use 2-oxoglutarate (an intermediate of the Krebs cycle) as a
co-substrate. During enzymatic catalysis, one oxygen atom is incorporated into the amino acid
residue of HIFa, and the other oxygen atom is incorporated into the oxidative decarboxylation
of 2-oxoglutarate producing succinate and carbon dioxide. This enzymatic reaction is also
dependent on iron (Fe+2) and ascorbic acid (Schofield & Ratcliffe, 2004; Kulshreshtha et al.,
2007).

Chordates possess the 3 PHD paralogous genes, while flies and worms possess only
one member of the PHD family, called Eg/9 (Kaelin & Ratcliffe, 2008). The three genes are
widely expressed in the former, and the cellular location varies from one another: PHD1 is
found exclusively in the nucleus, PHD2 is found mainly in the cytoplasm, and PHD3 is both
cytoplasmic and nuclear (Metzen et al., 2003). Among the three PHD enzymes, PHD2
(EGLNT1) appears to be the primary prolyl-hydroxylase of HIFa, contributing to the majority
of the HIF prolyl hydroxylase activity in cells with normal oxygen levels, and therefore,

establishing normoxic levels of HIF1a (Berra et al., 2003).

In addition to directly activating transcription through HREs in the target gene locus,
the HIF pathway is extended both by secondary transcription factors under HIF transcriptional
control, through non-coding microRNA activity (Kulshreshtha et al., 2007), and by the HIFs
interaction with other signaling pathways such as Notch, Myc, and Wnt pathways, through
different mechanisms not mediated by HRE (Koshiji et al., 2004; Gustafsson et al., 2005;
Kaidi et al., 2007). The conservation of the three HIFa paralogs, along with evidence in vivo

and in vitro, suggests that its gene products have essential non-redundant functions although
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with some functional overlap, which varies between cell types (Kaelin & Ratcliffe, 2008;

Weidemann & Johnson 2008).

1.4. Aquatic mammals HIF

The hypoxia signaling pathway is highly conserved among species with varying levels
of complexity; It is found both in mammals and more ancient taxa as insects, nematodes, and
corals (Hampton-Smith & Peet, 2009). The importance of this system is illustrated by
embryonic lethality in mice when generating homozygous knockout of any HIFla, HIF2a,
PHD?2, or VHL (Kaelin & Ratcliffe 2008).

On the other hand, the HIF response has been studied in the mammal's adaptation to
hypoxia, including humans, mainly in high-altitudes and fossorial animals (Shams et al.,
2004; Schmidt et al., 2017; Witt & Huerta-Sanchez, 2019). Multiple investigations, mainly
carried out in human populations, with a considerable amount of evidence, show that
tolerance and evolutionary adaptation to hypoxia are coordinated by the HIF system. Mainly
two genes, HIF2a and PHD?2 (also known as EPAS] and EGLNI, respectively), have been
identified in this regard (Peng et al., 2010;Yi et al., 2010; Simonson et al., 2010; Hanaoka et
al., 2012, Jeong et al., 2014; Witt & Huerta-Sanchez, 2019).

Positive selection signals and convergent substitutions in hypoxia pathway genes
across high-altitude, subterranean and aquatic mammals, including cetaceans, suggest a
critical role for HIF1a during mammalian adaptation to hypoxic conditions (Zhu et al., 2018).
Specifically, among cetaceans, single substitutions were found: 578T in HIFla and 4518 in
HIF20 were distributed within the ODDD/N-TAD domain, and 140S in PHD3 was within the
B2B3 loop, which participates in binding to target prolines (Zhu et al., 2018).

Another study in cetaceans, characterizes animal diving behaviors and molecular
functions of key factors of the hypoxia signaling pathway in three species: sperm whale,
beluga whale, and Yangtze finless porpoise. Based on HIFla amino acid sequence
differences, it is suggested that the response of sperm whale HIFla to different oxygen

tensions is more variable than that of the two other HIFla species. Thus, indicating that the
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rate of degradation of HIFla may be more variable in long-duration divers than in

short-duration diver cetaceans (Bi et al., 2015).

Regarding other aquatic mammals, studies indicate that seals possess a HIF'/a gene
similar in sequence to terrestrial mammal gene, but with several amino acid differences in the
oxygen-dependent degradation domain (Johnson et al., 2005); it is suggested that HIF
expression has a protective role against oxidative damage in seal tissues (Johnson et al.,
2004). Additionally, have been demonstrated the HIF1a activation in elephant seal muscle in
response to prolonged fasting and repetitive sleep apneas (Vazquez-Medina et al., 2011;

Sonanez-Organis et al., 2013).

Nevertheless, despite the efforts that resulted in the scientific papers cited above, there
is still a significant knowledge gap about the diversity of genes related to hypoxia tolerance in
cetaceans and other aquatic mammals. In part, this is because these studies involved a small
number of species and also a limited set of candidate genes. Here, we outline a study that
initially aims to investigate genes of the more restrict HIF signaling pathway and network
(e.g., HIFla, HIF20, PHD2, VHL EGLN2, EGLNI, and EGLN3, PHD2, PHD?3), for later
advances to investigations regarding genes from other networks and correlated pathways. In
other words, describing how a group of genes and its taxon-specific variants are connected

with hypoxia adaptation in cetaceans and other aquatic mammals.

1.5. SARS-COVID-2: an urgent demand of investigation

The global outbreak of COVID-19, which emerged in late 2019, had profound impacts
on societies and human health worldwide. In response to this crisis, the academic community
has rallied like never before to address the challenges posed by the virus and explore
potential solutions (Haghani & Bliemer, 2020; Fassin, 2021). This mobilization has included
an unprecedented effort in genomic surveillance, bolstered by advancements in sequencing
technology and the availability of research resources. Consequently, there has been a surge in
scientific publications covering various aspects of the virus, including its basic biology,
epidemiology, evolution, and clinical and public health implications. A similar surge in

research activity has been observed among groups involved in viral genomic surveillance in
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Brazil.

In this setting, while the primary focus of this thesis remains on the theoretical aspects
outlined regarding the Hypoxia signaling pathway and its potential implications in the
evolution and adaptation of aquatic mammals, the pressing needs of the COVID-19 pandemic
context prompted a parallel inquiry into the subject of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). This investigation unfolded concurrently with ongoing
research in an unrelated area, underscoring the dynamic nature of scientific exploration

amidst urgent global challenges.

1.6. COVID-19: introduction to the disease

COVID-19, stemming from SARS-CoV-2 infection, was first documented in
December 2019. By March 2020, the virus had reached 197 countries, prompting the World
Health Organization (WHO) to declare it a global pandemic. To date, the pandemic remains a
significant concern, with over 770 million reported COVID-19 cases and 7.0 million reported

deaths worldwide (WHO, 2024a).

The incubation period ranges from 2 to 14 days, during which asymptomatic
individuals can spread the virus to others. Symptoms typically manifest five days after
exposure. While most SARS-CoV-2 infections result in mild illness, affecting primarily
upper airway cells, some individuals develop severe pneumonia, driven by immunopathology
in the lower respiratory tract. Those with severe COVID-19 often exhibit predispositions
leading to inadequate immune responses, particularly in type I or type III interferon reactions.
Alveolar damage may occur directly from AT2 cell infection or indirectly from local
inflammation. This inflammation induces a 'leaky state' in both the epithelium and
endothelium, exacerbating inflammation and coagulation, with monocytes, macrophages, and
neutrophils playing pivotal roles in amplifying pro-inflammatory and/or profibrotic responses

(Lamers & Haagmans, 2022; WHO, 2024b).

Uncontrolled inflammation ultimately contributes to severe immunopathology

characteristic of COVID-19. Typically, individuals seek hospital care around the eleventh day
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of infection, experiencing symptoms such as fever, fatigue, muscle pain, nausea, diarrhea,
headache, weakness, nasal discharge, loss of smell, and taste. Pneumonia may develop,
leading to SARS and potentially requiring intubation, depending on disease severity. Severe
cases may also involve damage to the liver, kidneys, heart, and occasionally the nervous

system (Lamers & Haagmans, 2022; Menezes et al., 2022; WHO, 2024b).

1.7. SARS-CoV-2

SARS-CoV-2 is responsible for the COVID-19 pandemic. Belonging to the
Coronaviridae family, specifically as a sarbecovirus with an RNA genome, it can cause a
range of illnesses from mild cold-like symptoms to severe respiratory syndromes similar to
SARS and Middle East Respiratory Syndrome (Lamers & Haagmans, 2022; Tosta et al.,
2023). The virus is believed to have originated from bats and might have involved an

intermediary host in its zoonotic transmission (Benvenuto et al., 2020).

The SARS-CoV-2 RNA genome encodes various structural and non-structural
proteins, and mutations in these proteins result in diverse molecular alterations, leading to

differences among virus variants (Arya et al., 2021; Sun et al., 2022).

1.7.1. SARS-CoV-2 RNA genome and proteins

SARS-CoV-2 carries a single-stranded RNA genome spanning approximately 30
kilobases (kb), exhibiting around 80% sequence homology with its counterpart, SARS-CoV.
Among its genetic repertoire are structural proteins like the membrane, nucleocapsid,
envelope, and spike glycoproteins, alongside non-structural proteins, primarily involved in
viral replication and transcription, and accessory proteins. These structural components, in
conjunction with a host-derived lipid bilayer, compose the enveloped virion, facilitating the
transport of viral genomic RNA into host cells. While accessory proteins aren't vital for

replication, they contribute to other facets of the virus's lifecycle (Lamers & Haagmans,

2022).

SARS-CoV-2's genomic RNA encompasses 14 open reading frames (ORFs), with two
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major ORFs, ORFla and ORFl1b, overlapped by a (-1) ribosomal frame-shift mechanism.
These ORFs, constituting a significant portion of the genome, give rise to polyproteins ppla
and pplab, respectively. The subsequent cleavage of these polyproteins by viral proteases,
including the papain-like and main proteases, generates a range of non-structural proteins
(Nsps), from Nspl to Nspl6. Some of these Nsps, along with host factors, assemble into a
replication-transcription complex housed within double-membrane vesicles, serving as the
epicenter for viral genome replication and transcription. The remaining segment of the
genome harbors overlapping ORFs responsible for encoding essential structural proteins such
as spike (S), membrane (M), envelope (E), and nucleocapsid (N), as well as various accessory

proteins like ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF9, and ORF10 (Arya et al., 2021).
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Figure 4. Linear genome architecture of encoded viral protein and structural overview of

SARS-CoV-2 (From Sun et al., 2022).

1.7.2. SARS-CoV-2 infection mechanisms

During viral infection, SARS-CoV-2 introduces its genome into the host cell via either
endosomes or direct fusion of the viral envelope with the host cell membrane. This process is
facilitated by the binding of the spike (S) protein to the human angiotensin-converting
enzyme 2 (ACE2) on the cell surface (steps 1-2, Figure 5). Upon entry into the host cell, the
viral genomic RNA (gRNA) is released into the cytoplasm and translated by host ribosomes

(steps 3—4). Sixteen non-structural proteins (Nsps), derived from polyproteins ppla and
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pplab, are released through proteolytic cleavage by cysteine proteases located within Nsp3
(papain-like protease; PLpro) and Nsp5 (chymotrypsin-like protease) (step 5). Nsps, along
with other factors, assemble to form the replication-transcription complex (RTC) within the
infected host cell. While some Nsps play supportive roles, others provide essential enzymatic
functions for viral genome replication and transcription within the RTC. Initially, the positive
RNA strand is replicated to a negative strand, which is then utilized for either further
replication or transcription of sub-genomic mRNAs (steps 6—7). These sub-genomic mRNAs
encode structural proteins (S, M, E, N) and accessory proteins (step 8). The S, M, and E
proteins localize to the endoplasmic reticulum (ER), while the N protein binds to the genomic
RNA to form a nucleoprotein complex. This complex, along with structural proteins,
migrates to the ER-Golgi intermediate compartment (ERGIC) where virions assemble,
mature, and bud off from the Golgi in vesicles (steps 9-11). Subsequently, these vesicles
travel to the host cell membrane and are released into the extracellular region via exocytosis
(step 12, Figure 5). Released virions then infect new cells, perpetuating disease progression

(Arya et al., 2021; V’kovski et al., 2021).
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Figure 5. The infection cycle of SARS-CoV-2 inside the host cell. The sequence of events, from host
cell recognition through the release of new virion, is represented graphically as steps 1 to 12 (From

Arya et al. 2021).

1.7.2.1. Spike protein

The spike protein of SARS-CoV-2 plays a pivotal role in facilitating efficient
human-to-human transmission due to its essential properties. This major structural protein is
incorporated into the viral membrane in a homo-trimeric configuration. It comprises two
subunits: the S1 subunit, which binds to the host entry receptor angiotensin-converting
enzyme 2 (ACE2), and the S2 subunit, responsible for mediating membrane fusion. The
S1-S2 site, separating these subunits, contains a furin cleavage motif and undergoes cleavage

in the virus-producing cell (Sun et al., 2022; WHO, 2024b).

Upon binding to ACE2 on the target cell, the spike protein is cleaved at the S2' site by
the transmembrane serine protease TMPRSS2. This cleavage activates the S2 subunit trimers,
facilitating the fusion of viral and host lipid bilayers and releasing the viral ribonucleoprotein
complex into the cell. Alternatively, the virus may enter cells via endosomes, where
cathepsins can cleave the spike protein, although this pathway is less efficient in primary

epithelial cells (WHO, 2024b).

Critical regions within the distal S1 subunit include the receptor binding domain
(RBD) and the N-terminal domain (NTD). The RBD, specifically, serves as the binding site
for ACE2, making it a key determinant of virus-host interaction and a vulnerable target for
antibody neutralization. Most neutralizing antibodies or vaccines are designed to target the
RBD to prevent or inhibit viral infection. Additionally, the binding of RBD with ACE2
necessitates conformational changes, and a spike protein that readily transitions from a
"closed" to "open" conformation facilitates viral infection. Consequently, mutations in the
spike protein of SARS-CoV-2 variants can significantly impact the conformational structure
of the spike protein and alter its interaction with ACE2 or neutralizing antibodies (Sun et al.,

2022).
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1.7.2. SARS-CoV-2 variants and transmission

In late 2020, after circulating within the human population for nearly a year,
SARS-CoV-2 underwent a significant evolutionary shift, resulting in highly mutated forms
with increased transmission rates compared to earlier variants. These variants were identified
as 'variants of concern' (VOCs) (Sun et al., 2022). Phylogenetic classification serves as a
primary method for categorizing emergent SARS-CoV-2 strains, with systems such as the
clade-nomenclature system utilized by the Global Initiative of Sharing All Influenza Data
(GISAID; Hamed et al., 2021) or the Pango lineage system established by the Pango
Network (Rambaut et al., 2020; O’Tool et al., 2022). However, due to the exponential growth
in sequenced genomes and broader observation of variant distribution, a more concise
naming convention for critical variants was necessary to inform global anti-virus strategies.
Consequently, the World Health Organization and the Centers for Disease Control and
Prevention (CDC) proposed using the Greek alphabet to designate significant SARS-CoV-2
clades or Pango lineages and introduced the concept of Variant of Concern (VOC), Variant of
Interest (VOI), and Variant of High Consequence (VOHC) as part of a comprehensive
classification system (Sun et al., 2022). Designated as Alpha, Beta, Gamma, Delta, and
Omicron, these VOCs emerged independently and swiftly became dominant, either

regionally or globally, supplanting preceding variants (Carabelli et al., 2023).

Five major SARS-CoV-2 variants have been identified as variants of concern (VOCs)
by the World Health Organization and national public health agencies due to their
substantially altered transmissibility or immune evasion capabilities, necessitating close
monitoring. Each VOC demonstrated transmission advantages over earlier variants and
gained dominance either regionally, as observed in the cases of Alpha (PANGO lineagel0
B.1.1.7), Beta (B.1.351), and Gamma (P.1) originating from the UK, South Africa, and
Brazil, respectively, or globally, as seen in Delta (B.1.617.2/AY sublineages) and numerous
Omicron sublineages (B.1.1.529/BA sublineages, such as BA.1, BA.2, and BA.5) (Carabelli
et al., 2023).

These variants were characterized by an increased number of non-synonymous

mutations, primarily in the spike protein, along with distinct phenotypic properties such as
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altered transmissibility and antigenicity, enabling evasion of a primed immune response. This
dynamic interaction has driven evolutionary pressure, akin to the classic Red Queen
competition, where viruses and hosts engage in a continual struggle for survival, leading to
the emergence of variants with heightened transmissibility and/or reduced sensitivity to

neutralizing antibodies (Jacob et al., 2023).

1.7.2.1. VOC:s in Brazil

According to a recapitulation by Menezes et al. (2022), SARS-CoV-2 genomic
surveillance in Brazil began in Sdo Paulo in February 2020, following the return of
international travelers. However, a study detected SARS-CoV-2 mRNA sewage in Santa
Catarina in November 2019, indicating community transmission had already begun. Strains
from clade B.1, characterized by the D614G mutation in the Spike protein, dominated
prevalence studies during the first wave in 2020, notably B.1.1.28 and B.1.1.33. The earliest
re-infection cases were reported in Sdo Paulo and Rio de Janeiro, with co-infections
documented in Rio Grande do Sul in 2020. In Brazil, new linecages surged in
November-Dezember 2020, coinciding with the World Health Organization's identification of
Variants of Interest (VOIs) and Variants of Concern (VOCs). The VOI Zeta was first detected
in Rio de Janeiro in July 2020 and became the most prevalent variant until February 2021,
associated with co-infections in multiple states. The VOC gamma emerged in January 2021,
coinciding with a surge in COVID-19 mortality. VOC delta was first confirmed in Brazil in
August 2021, replacing Gamma and leading to a substantial decrease in cases and deaths
until December 2021. Other variants, including Mu, Lambda, Alpha, and Beta, were also
detected but did not circulate widely. Studies in 2021 focused on re-infections and vaccine
breakthrough infections, with reports linking them to specific variants. The emergence of
VOC Omicron was observed at the end of November 2021, with significant circulation
reported by December 2021. In 2022, Brazil experienced its third and fourth waves, with
daily reported cases exceeding 250,000 in January. Numerous studies characterized Omicron

circulation across various states.
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Chapter 2. Justificative and Objectives

Justificative and general objective

The groundbreaking discovery of the Hypoxia-Inducible Factor (HIF) and its
subsequent recognition with the 2019 Nobel Prize in Physiology marked a significant
advancement in our understanding of cellular responses to hypoxia. That work aims to delve
into the intricate molecular mechanisms governing how animal cells sense and respond to
fluctuations in oxygen levels, particularly within the context of hypoxia tolerance in
vertebrates. While hypoxia-tolerant species like aquatic mammals have emerged as valuable
models for studying adaptive responses to low oxygen levels, the era of genomics presents
unprecedented potential to uncover the genetic foundations of hypoxia tolerance. Therefore,
this study seeks to explore the molecular evolution of genes within the HIF signaling pathway,
focusing on aquatic mammals, to unravel their associations with hypoxia adaptation and
tolerance. Additionally, given the unique context of the global pandemic caused by the
SARS-CoV-2 virus, a portion of this thesis research will be allocated to examining variants or

lineages derived from the virus prevalent in Brazil during a specific time period.
Specific objectives

To examine genetic variability within the coding regions of the hypoxia signaling pathway
genes in cetaceans and other aquatic mammals.

To infer molecular evolutionary patterns of hypoxia signaling pathway genes in cetaceans and
other aquatic mammals.

To identify if there is molecular convergence between species from different taxa, related to
hypoxia tolerance in aquatic environments.

To identify the possible relationship between the functional variability of several gene groups
and adaptation to the aquatic environment.

To determine in greater detail as possible the evolutionary trajectory of SARS-CoV-2 VOC
Gamma (P.1) in Brazil and its derived sub-lineages, P.1.1, P.1.2.
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Abstract

Aquatic mammals (marine and freshwater species) share significant and similar
adaptations, enabling them to tolerate hypoxia during regular breath-hold diving. Despite the
established importance of HIF'1A, a master regulator in the molecular mechanism of hypoxia
response, and other associated genes, their role in the evolutionary adaptation of aquatic
mammals is not fully understood. In this study, we investigated this topic by employing a
candidate gene approach to analyze 11 critical genes involved in the HIFIA signaling
pathway in aquatic mammals. Our gene analyses included evaluating positive and negative
selection, relaxation or constriction of selection, and molecular convergence compared to
other terrestrial mammals, including subterranean mammals. Evidence of selection suggested

a significant role of negative selection, as well as relaxation of the selective regime in
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cetaceans for most of these genes. We found that the glutamine 68 variant in the HIF3a
protein is unique to cetaceans and initial evaluations indicated a destabilizing effect on protein
structure. However, further analyses are necessary to evaluate its functional impact and

adaptive relevance in this taxon.

Introduction

Aquatic mammals, including cetaceans, sirenians, and carnivores such as pinnipeds
and some mustelids, have developed significant and similar adaptations to live in aquatic
environments, despite their distinct evolutionary origins (Berta et al., 2015; Fordyce, 2018;
Berta et al., 2018). These adaptations, including anatomical, physiological, and biochemical
changes, allow them to tolerate low oxygen tension or hypoxia, which is necessary for regular
breath-hold diving, and permits them to withstand lower blood oxygen tension than most

terrestrial mammals (Ponganis, 2011).

The physiological and biochemical mechanisms underlying the immersion behavior of
aquatic mammals have been extensively explored in previous studies (Allen and
Véazquez-Medina, 2019; McKnight et al., 2019). Moreover, genomic investigations
encompassing individual species and cross-lineage comparisons among marine mammals
have unveiled various evolutionary adaptations to the aquatic environment. These adaptations
encompass hypoxia tolerance, specialized energy metabolism, responses to oxidative stress,
modifications in body plan, and anatomical changes (Yim et al., 2014; Fan et al., 2019; Foote

etal., 2015; Zhou et al., 2015; Chikina et al., 2016).

Despite these advancements, our comprehension of the genetic mechanisms governing
hypoxia tolerance in aquatic mammals remains incomplete. To shed light on this aspect, it is
essential to consider the role of the transcription factor HIF (Hypoxia Induced Factor), which
assumes a central position in the hypoxia response across metazoans (Schofield and Ratcliffe,
2004; Kaelin and Ratcliffe, 2008). HIF consists of one of three a subunits (HIF1a, HIF2a, and
HIF3a) and a common 3 subunit (HIF1p or ARNT), encoded by the genes HIFIA, HIF2A,
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HIF3A4, and ARNT, respectively. HIF's primary function is to activate the transcription of

genes that enhance oxygen delivery or facilitate metabolic adaptation to hypoxic conditions.

Under normal oxygen levels, specific prolyl residues and one asparaginyl residue
within HIFa undergo hydroxylation (Schofield and Ratcliffe, 2004; Kaelin and Ratcliffe,
2008). Three HIF prolyl-hydroxylases (PHDs 1-3), encoded by the genes EGLNI, EGLN2,
and EGLN3, hydroxylate the prolyl residues, while the factor inhibiting HIF (FIH1), encoded
by the HIFIAN gene, hydroxylates the asparaginyl residue. Hydroxylated prolyl residues
serve as binding sites recognized by the von Hippel-Lindau protein (encoded by VHL),
leading to the degradation of HIFs through the ubiquitin-proteasome pathway. The
hydroxylation of the asparaginyl residue causes steric hindrance, preventing the binding of
specific transcriptional co-activators. However, under hypoxic conditions, the hydroxylation
of HIFa by PHDs is inhibited, resulting in the accumulation of HIF. This accumulated HIF
translocates into the cell nucleus, where it forms dimers with HIF1B and binds to specific
DNA motifs of target genes. This binding activates the transcription of these target genes, like
VEGFA, which encodes a growth factor that plays a crucial role in promoting vascular

endothelial cell proliferation (see Figure S1 for a visual representation of this process).

Multiple studies in human populations, and high altitude plateau and fossorial
mammals have provided robust evidence that the hypoxia signaling pathway (also HIF
pathway) plays a crucial role in hypoxia tolerance in low oxygen environments (Xiao et al.,
2017; Witt and Huerta-Sanchez, 2019). As a result, it is not surprising that HIFs and other
proteins that interact with these transcription factors are involved in mammalian adaptation to
aquatic environments. Convergent evolution has been observed in three genes of HIF pathway
(HIF1A4, HIF24, and EGLN3), as demonstrated in a comparison between five cetacean species
and high-altitude mammals (Zhu et al., 2018).

Further insight into the functional adaptations of pathway proteins in cetacean species
has been gleaned from in vitro studies, revealing variable responses to different oxygen
tensions. For example, differences in HIF 1o were observed in three cetacean species (B et al.,

2015), and unique functions of VHL associated with HIF2a degradation were reported in
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beluga whales (Bi et al., 2017). In vivo studies in elephant seals (Mirounga angustirostris)
have shown HIF1a stabilization in response to fasting and sleep apneas, further supporting the

significance of the HIF pathway in hypoxia tolerance (Vazquez-Medina et al., 2011).

As we have access to an expanding list of aquatic mammal genomes, we can gain a
more comprehensive understanding of the genes that are involved in the adaptation to hypoxia
associated with an aquatic lifestyle in mammals. To this end, we propose a study that
examines the molecular evolutionary patterns of the coding region of 11 genes that encode
proteins of the HIF pathway, by comparing the aquatic mammal sequences (marine and
freshwater species) with those of terrestrial mammals, including hypoxia tolerant fossorial

species.

Materials and Methods

Hypoxia signaling pathway genes and genomic data collection

We searched for 11 genes involved in the evolutionarily conserved cellular signaling
pathway of responses to hypoxia, ARNT (also termed as HIF1f), ARNT2 (HIF2p), HIFIAN
(FIHI), HIF1A (HIF10), EPASI (HIF2a), HIF34 (HIF3a), EGLN1, EGLN2, EGLN3, VHL,
and VEGFA (Supplementary Table S1; Supplementary Figure S1). We gathered genetic and
functional information from the GeneCards Database (2023) and consulted the gene

interaction prediction program STRING v11.0 (2023) to analyze gene interactions.

We obtained the orthologous coding sequences (CDS) of 11 genes from the NCBI
Orthologs database. We utilized data from 21 NCBI annotated genomes and CDS from 35
terrestrial mammal species (Supplementary Table S2). Additionally, we incorporated
assembled genome data from 19 aquatic mammal species, which lacked annotation in the
NCBI database. To enhance our dataset, we included draft genome assemblies from 11
aquatic mammal species that were publicly available, as provided by the DNA ZOO
consortium (Dudchenko et al., 2017).
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To retrieve the orthologous CDS, we employed a BLAST-based approach.
Subsequently, we utilized the Geneious software (Kearse et al., 2012) to map the sequences
from these genomes with the CDS references (Supplementary Table S3), resulting in

COl’ltigUOUS consensus sequences.

Sequences alignments

We used GUIDANCE2 (Landan and Graur, 2008; Sela et al., 2015) with the PRANK
codon alignment algorithm to align the CDS of the genes. We eliminated any sequences or
columns with uncertain confidence scores (threshold <6) from the original dataset before

conducting further analyses.

Phylogenetic trees

We reconstructed phylogenetic trees from the 11 HIF pathway gene alignments using
Bayesian inference with BEAST v.1.10.4 (Suchard et al., 2018) for the subsequent selection

analyses.

Selection analyses

To identify natural selection signals, we employed several statistical tests based on ®
values. Site-level model analyses (M2 and M8 models) using PAML v.4.9 CODEML software
(Yang, 2007) were conducted, as well as the CODEML branch-site Test 2 to detect positive
selection along a specific branch of the tree. The study also used HyPhy 2.5.31 software
(Kosakovsky et al., 2020) with the RELAX method, FUBAR, MEME, and BUSTED to
identify positive selection in genes where neither the site nor the branch-site methods detected

positive selection signals.

Selection Pressure Analysis in Cetacean Clades with Contrasting Diving Abilities
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We analyzed selection pressure in cetacean clades with different diving abilities using
the nested branch model approach proposed by Tian et al. (2016). Species of cetacean and
pinnipeds were classified into deep-divers (>300m of common depth and ~40 minutes of
average dive time) and shallow-divers (common depth around 100m in shallow waters;

Supplementary Table S4).

Molecular convergent analysis

To identify convergent amino acid substitutions in aquatic mammals, we employed the
Profile Change with One Change (PCOC) method (Rey et al., 2018). This method employs a
criterion that characterizes convergent shifts as substitutions occurring on all branches where
a change in phenotype has occurred, and these substitutions align with a modification in the

preferred type of amino acid at that specific position.

Structural analyses

We accessed predicted three-dimensional protein structures of HIF pathway proteins
from the AlphaFold database (Varadi et al., 2022). To visualize and map positively selected
sites onto these three-dimensional protein structures, we employed the UCSF ChimeraX 1.5
software (Pettersen et al., 2021). Additionally, to predict the impact of specific variants on
protein stability, we conducted AAG (Gibbs free energy of unfolding) analyses using the
DDGun3D software (Montanucci et al., 2019).

Additional information

For a more comprehensive explanation of these and previous analyses, and detailed
information about genes and sequences, please refer to the Supplementary materials and
methods section. We also utilized OpenAl's GPT-3.5 model to proofread and enhance the

English phrasing and grammar in our manuscript.

48



Results

We conducted a candidate gene approach to analyze 11 HIF pathway genes CDS
across over 86 mammalian species in order to improve our understanding of their evolution.
Our analysis compared species with aquatic lifestyles, including 35 cetacean species, 10
pinniped species, 6 Lutrinae species, and one manatee species, with those with terrestrial

habits, such as subterranean species of rodents.

Relaxation analysis

To investigate the possible changes in selective pressures that occurred in HIF
pathway genes during the transition to an aquatic lifestyle, we used the HyPhy RELAX
method. Initially, we performed a joint analysis of the four aquatic mammal taxa, followed by
separate analyses of each taxa. Our results provide strong evidence of changes in selective
regimes, including both relaxation (K < 1) and intensification (K > 1) of selection. When
considering the set of aquatic lineages, we observed relaxation in four genes: ARNT, ARNT2,
EGLN2, and HIFIAN (Supplementary Table S5). Further analysis by taxa revealed relaxation
in six genes, including the four genes mentioned above, EPAS] and EGLNI, and evidence of
intensification in VEGFA, all in cetaceans. In the Pinnipedia clade, evidence of relaxation was
detected in one gene, HIFIAN. The Lutrinae group, on the other hand, exhibited an
intensification of the selective pressure in EGLN3. Interestingly, no evidence of change in

selective pressures was observed in any HIF pathway genes for Trichechus manatus.

Signatures of positive selection

To gain insight into the impact of selection on the evolution of HIF pathway genes in
aquatic mammal lineages, we utilized a gene-wide test for episodic diversification, BUSTED,
with aquatic taxa specified as foreground branches. Positive results from this test would
indicate that at least one site was positively selected in at least one period of time on the

specified branches. The BUSTED analysis revealed evidence of selection at low frequencies
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of sites (0.01% to 1.55%) in only three genes (ARNT, ARNT2, EPASI) among aquatic
mammals (see Supplementary Table S6).

Although BUSTED is technically a Branch-site test, it is not designed to detect
individual sites under selection. Therefore, we implement different methods based on codon
substitution to detect positive selection at the site level. Our analysis using CODEML models
M2 and M8 showed that most genes fit better with the null models M1a and M7, respectively.
However, positive selection was detected at seven sites in HIF'34 and VHL by the M2 model,
while the less conservative M8 model identified 21 sites with positive selection signature in
ARNT, HIFIAN, HIFI1A, and EPASI. The sites under positive selection as identified by the
BEB analysis are presented in Supplementary Table S7.

Using the MEME and FUBAR, we identified a total of 136 codons from 10 genes with
evidence of positive selection (Supplementary Table S8). Specifically, FUBAR identified 16
positively selected sites in 7 genes, while MEME detected 134 sites in 10 genes (except
HIFIAN). Notably, MEME is designed to detect both episodic and pervasive selection,
whereas FUBAR only identifies sites under pervasive positive selection (Berta et al., 2015).
Thus, the difference in the number of sites detected by each method is likely due to a large
proportion of sites detected by MEME being associated with episodic selection events. We
identified 24 sites from 7 genes (5 in HIF3A4, 7 in VHL, 3 in ARNT, 1 in HIF1A4, 3 in EPASI, 3
in EGLN2, 2 in VEGFA) as robustly under positive selection, as they were identified by at
least two methods at the site level (Table 1). We identified large portions of each gene under

negative selection using FUBAR, refer to Supplementary Table S9 for details.

To confirm positive selection and investigate specific signals in individual sites across
aquatic mammal taxa Cetacea (order Artiodactyla), Pinnipedia (order Carnivora), and
Lutrinae (Mustelidae; Carnivora) compared to their terrestrial counterparts, we employed a
Branch-site method known as Test 2 or the branch-site test of positive selection, implemented
in CODEML. Our analysis identified only one site, at position 68, of HIF3a protein under
episodic selection in the cetacean lineage (Table 1). This site was also detected by MEME,

with support from a branch, and it has an exclusive arginine residue in this group. No amino
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acid residues unique to aquatic mammal lineages were observed at sites with evidence of

positive selection found by more than one method, except for this case.

Additionally, we found two different sites, 437 and 195, in HIF3a and VHL,
respectively, that are unique to cetaceans and hippopotamuses, both of which are members of
the suborder Whippomorpha. These sites did not exhibit amino acid residues exclusive to
subterranean Rodentia species (e.g., Fukomys damarensis, Nannospalax galili, and
Heterocephalus glaber), or even of the other Artiodactyla species, such as Vicugna pacos
(family Camilidae) adapted to live in Andean high-altitude, where the hypoxic environment is

also well documented.

Branch models and diving contrasts

To investigate whether the selective pressures acting on HIF pathway genes differed
between cetaceans and pinnipeds with distinct abilities to dive and remain submerged, we
employed CODEML branch models using the nested design of Tian et al. (2016). In
cetaceans, we classified the species from the taxonomic families Balenopteridae, Balaenidae,
Eschrichtiidae, Lipotidae, Phocoenidae, Iniidae, Pontoporiidae, and three species from the
family Delphinidae as deep-divers, and species from the families Ziphiidae, Physeteridae,
Monodontidae, and three additional species from Delphinidae as shallow-divers. In pinnipeds,
we classified species from the family Phocidae as shallow-divers, and those from the

Otariidae and Odobenidae families as deep-divers (Supplementary Table S4).

The LRTs showed significant differences between the 1o vs. 20 models for four genes
in cetaceans and eight genes in pinnipeds, indicating that these two aquatic taxa have
experienced different selective pressures compared to their terrestrial counterparts.
Supplementary Table S10 provides the corresponding values. Notably, pinnipeds displayed
significant changes in selective pressures towards higher values of ® when compared to
terrestrial lineages and when comparing deep-diving and shallow-diving pinnipeds. The ART2
analysis revealed a o value of 0.0188 for deep-diving pinnipeds, which is considerably higher

than that of shallow-diving pinnipeds (Figure 1). However, there were no significant
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differences when considering ancestral and descendant branches (see Supplementary Table

S10).
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Figure 1. Positive selection and convergence patterns of HIF pathway genes have been
analyzed across the mammalian phylogeny. Aquatic mammal clades have been highlighted. A
Bayesian inferred phylogeny of concatenated loci is depicted, with changes across positively
selected sites confirmed by two or more natural selection inference analyses. Corresponding
amino acids for each species are listed on the right side of the figure. ARNT2 and HIF3A
genes have also been shown to exhibit signals of molecular convergence with the PCOC
method under two convergence scenarios: considering only aquatic mammals and including
aquatic mammals and subterranean rodent species. PCOC model posterior probability values
of convergent amino acids are indicated. Asterisks in the species names indicate their diving
capabilities classified as deep or shallow divers, for representative species and clades. The
blue vertical line indicates evidence of a positively selected branch on ARNT?2 detected using
the nested branch model implemented in CODEML, and the yellow circle indicates episodic
selection in the cetacean lineage in HIF3A detected using MEME and CODEML branch-site
Test 2.

Convergence analysis

We utilized the PCOC method to evaluate potential cases of adaptive convergent
amino acid evolution across the 11 HIF pathway proteins. This method calculates the
posterior probabilities of convergent evolution at each site under the “PCOC” model. We
considered two scenarios: the first encompassing general adaptations to an aquatic lifestyle
across all aquatic mammal groups, and the second scenario including subterranean rodent

species due to their shared phenotypes of hypoxia tolerance due their respective habitats.

In the first scenario, we detected two candidate sites for convergent substitutions in
two genes: site 485 in ARNT2 and site 356 in HIF3a (position 364 in human reference
sequence). Both sites had a posterior probability greater than 0.95 under the PCOC model
(Figure 1). Additionally, site 364 in HIF3a showed positive selection signals detected by three
methods. Most amino acids at this site had hydrophobic side chains. In the second scenario

that included subterranean rodent species (Fukomys damarensis, Heterocephalus glaber, and
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Nannospalax galili) with a similar phenotype of hypoxia tolerance, we found only one

significant convergent substitution, also at site 356 in HIF3a.

Protein structures

We proceeded with the mapping of amino acid changes indicated by positive selection
in the predicted 3D protein structures. When we marked putative selected sites detected by
more than one codon substitution method, we found that most of these sites were located in
disordered regions of the proteins. However, approximately 22% (5/23) of these sites were

within or close to domains of these proteins.

Based on the available protein structure and sequence information, we tested the effect
of three amino acid changes, R68Q and T437P in HIF3a and Q195W in VHL, on protein
stability (Table 2). R68Q, a change unique to cetaceans, occurs in the second alpha helix
motif of the bHLH domain of HIF3a (Supplementary Figure S2). This substitution replaces
an arginine (R) residue, which has a cationic side chain, with a glutamine (Q) residue, which
has a polar uncharged side chain, and was predicted to decrease protein stability (AAG =-0.1)
by both the sequence-based and structural-based methods DDGun and DDGun3D,
respectively. In contrast, we did not observe any specific changes in protein stability due to
the T437P substitution (Supplementary Figure S2). Finally, the Q195W substitution, which
changes a glutamine to a tryptophan (W) residue with a hydrophobic side chain in VHL, was
predicted to stabilize the protein (AAG = 0.1) by both methods (Supplementary Figure S3).

Discussion

Relaxed Selection signatures

Shifts in the distribution of selection pressure are often associated with large
biological transitions, such as the transition from land to water, which can lead to phenotypic

plasticity and adaptive changes (Lahti et al., 2009). In the case of lipid metabolism gene
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CYPS8BI, for example, signs of relaxation of selection pressure were observed in the common
ancestor of cetaceans (Shinde et al., 2019), while the MB gene showed relaxation of
constraints, reflected in the protein stability, in shallow-diving cetacean species (Holm et al.,
2016). The RAGI gene also showed a relaxation of selective pressure in cetaceans (Dias and

Nery, 2020).

Relaxation of selection pressure can lead to gene pseudogenization by allowing the
accumulation of stop codons or other changes in the nucleotide sequence that disrupt the
reading frame, leading to gene loss events that may constitute an evolutionary mechanism of
adaptation to different niches (Sharma et al., 2018). In cetaceans, gene loss in ancestral
species may indeed have contributed to adaptation to the aquatic environment (Huelsmann et
al., 2019; Espregueira et al., 2020). Besides, relaxation of selective pressure is also a finding
compatible with a scenario of conditional neutrality, a way for changes to accumulate and
escape the action of purifying selection, resulting in variability (Raman et al., 2016).
Furthermore, there are various ways that selection can be relaxed, including the removal of
the a functional constraint, and reduction in efficiency of selection (e.g., increased relevance
of genetic drift due to a reduction in effective population size; Charlesworth and Charlesworth

2010, Wertheim et al. 2015).

We found that cetaceans are the representative group of aquatic mammals with the
largest number of genes under a relaxation regime (6 of 11 HIF pathway genes studied).
Interestingly, when considering all aquatic mammals in relation to their terrestrial relatives,
fewer genes with relaxation or constriction signals were evident, and these signals were

mainly observed in cetaceans.

One of the genes that exhibits relaxed selection in pinnipeds is HIF AN, also known
as FIHI. This gene plays a crucial role in directly regulating HIFa, adding an additional layer
of control to the HIF response (Baik and Jain, 2020). It complements the function of PHD
proteins, which regulate HIFa levels through prolyl hydroxylation. This observation suggests
that there might be a less stringent control mechanism in place for regulating HIF1A in

cetaceans and pinnipeds.
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In a broader context, these findings indicate that the proteins in cetaceans may have
initially evolved under different functional constraints compared to those in pinnipeds and
Lutrinae. This implies that relaxed selection could have played a significant role in shaping

the evolutionary path of HIF pathway genes in cetaceans, particularly.

Adaptive evolution

While several studies have explored various aspects of the evolution of marine
mammals, including their genetic and physiological adaptations to aquatic life (Chikina et al.,
2016; Yuan et al., 2021), they have typically focused on marine species, leaving freshwater
species understudied. Overall, aquatic mammals have evolved a range of adaptations to suit
their lifestyles in different environments (Berta et al., 2015). Cetaceans, such as whales and
dolphins, are fully aquatic and have streamlined bodies and flippers or flukes for propulsion.
Depending on the species, they feed on a variety of organisms like fish, plankton, and other
mammals. Sirenians, such as manatees, are also fully aquatic and have large, rounded bodies
adapted for buoyancy. They feed on seagrasses and other aquatic plants and are found in
shallow coastal waters and rivers. Pinnipeds, including seals and sea lions, are semi-aquatic
and divide their time between land and sea, using their four flippers to swim and dive.
Lutrinae, such as otters, are semi-aquatic and live in both freshwater and marine
environments, using their streamlined bodies and webbed feet for swimming. The last two

clades are carnivores and feeding on fish, crustaceans, and mollusks.

Adaptations to their environments have shaped the different lifestyles of aquatic
mammals, and identifying the common genetic elements that underlie these adaptations is a
major challenge. Coping with hypoxic environments is a crucial adaptation that all aquatic
mammals have evolved, enabling them to thrive in their marine habitats. For instance,
cetaceans and sirenians experience hypoxia regularly throughout their lives, which has led
many cetacean species to develop the ability to hold their breath for extended periods. This
adaptation allows them to explore the depths of the ocean and remain submerged for extended

periods (Ponganis, 2011).
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Similar selective pressures could potentially give rise to comparable molecular
patterns at the molecular level. Therefore, the investigation of the HIF pathway genes in
aquatic mammals holds significant importance in understanding their evolutionary
adaptations and survival strategies in challenging environments. This is due to the pathway's
previously established significance at the cellular level. Our analysis of the natural selection
regime revealed predominantly purifying selection on the coding regions that characterize
these proteins, particularly as transcription factors, which correspond to highly conserved
domains within these genes. Among all HIFa proteins, a common feature is the presence of an
N-terminal bHLH (basic helix-loop-helix) domain located upstream of two PAS
(Per-Arnt-Sim) domains. Mutations occurring in the bHLH and PAS domains are typically
disruptive, leading to loss of function (Pamenter et al., 2020). Thus, our findings of the
pervasive effect of purifying selection on the HIF pathway genes align with prior research

(Rytkonen et al., 2011).

On the other hand, our analysis revealed that most of the sites detected under a
positive selection regime suggest probable episodic selection events in different clades across
the mammalian phylogeny. Notably, we found evidence pointing to a significant episodic
event of positive selection in HIF3A4, specifically a Glutamine residue at site 68, which is
present in all cetaceans, differing from the Arginine present in the rest of the phylogeny.
While this represents a conservative replacement, whose effect is predicted to be neutral (Li et
al., 1984), our initial approximation approach to assess the structural effect of this variant and
its potential impact on HIF3a folding and function using AAG protein analysis, predicted a

decrease in the stability of the HIF3a structure due to the Arg68Gln change.

HIF3a position 68 is located within the bHLH domain, composed mainly of basic
amino acid residues, such as Arginine, that facilitate binding to the DNA phosphate backbone.
The change to glutamine, which is a charge-neutral amino acid, may alter the electrostatic
potential of the bHLH domain, likely decreasing the affinity to DNA. HIF3a is a transcription
factor involved in the cellular response to hypoxia or low oxygen levels, although its precise
role is not yet fully understood. Some studies have suggested that HIF3a may act as a
negative regulator of the HIF1A pathway (Suzuki et al., 2017; Cai et al., 2020), which is

critical for oxygen homeostasis in cells. Based on the above, we cannot predict or propose the
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effect of this variant on the cetacean clade. Thus, further functional studies in silico or in vitro
will be necessary to evaluate in detail the structural role of this change and its adaptive effect

in cetaceans to hypoxic environments.

On the other hand, our study differs from Zhu et al. (2018) in several aspects, such as
the number and selection of specific sequences used, as well as the number of genes analyzed.
Despite these discrepancies, both studies reached a similar conclusion that positively selected
sites are located in the same regions within the proteins and that purifying selection had a
significant role in the evolution of HIF pathway genes. We confirm that the 140S amino acid
of EGLN3 is exclusive to cetaceans, although the protein stability analysis based on AAG did
not predict any stability changes.

Deep-diving species

The depth and duration of immersion attained by aquatic mammals are closely linked
to their diving capacity (Panneton, 2013). Previous research has shown that positive selection
in certain genes is linked to diving abilities in cetaceans (Tian et al., 2016; Tian et al., 2021).
We proposed that this hypothesis can be extended to other genes and taxonomic clades. For
instance, certain representatives of Ziphiidae and Monodontidae (both cetacean families) and
the genus Mirounga sp. (Pinnipeda) included in this study exhibit extreme deep-diving
foraging behaviors, reaching depths of over 1000 m. The most extreme deep-diver is the
beaked whale Ziphius cavirostris, which holds the record among mammals, reaching a depth
of at least 2992 m and lasting 137.5 minutes (Schorr et al., 2014). Yuan et al. (2021) found
evidence of multiple genes related to HIFa were under positive selection or had unique amino
acid substitutions in cetacean deep-diving species. Refining our analysis of the HIF pathway
genes, we did not find any associations of deep diving in cetaceans. However, we did observe
statistically significant dN/dS values on the ARNT2 gene in pinnipeds, particularly in the
deep-diving Phocidae branch, as compared to shallow-diving species. These findings suggest
that the common ancestor of Phocidae species may have already possessed this selective trait,

possibly indicating their ability for deep-diving.
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Phenotypic pattern convergence

The emergence of similar phenotypes in different species may suggest shared
evolutionary paths, however, these similarities may also occur in phylogenetically distant
species through convergent evolution, as seen in the emergence of hypoxia tolerance in
aquatic and subterranean mammals. At the molecular level, parallel molecular evolution refers
to independent substitutions at a site resulting in the same derived amino acid in different
species, while convergent substitutions refer to independent changes resulting in the same

derived amino acid from different ancestral amino acids (Zhang and Kumar, 1997; Sackton

and Clark, 2019).

There are various strategies for investigating convergent evolution, and we utilized the
"Profile Change with One Change" (PCOC) method proposed by Rey et al. (2018). This
method compares species with a convergent phenotype to closely related species with a
different ancestral phenotype to identify genetic signatures responsible for convergent
evolution. The method analyzes changes in nucleotide or amino acid positions specifically in
the branches where the convergent phenotype emerged. The same amino acid does not need to
be present in species with similar adaptive traits, as the convergent evolution responsible for

genetic changes may involve different amino acids that perform a similar functional role.

Using the PCOC method, we identified two convergent sites: site 485 in ARNT2 and
site 364 in HIF3a. Analysis of ARNT2 amino acids in branches corresponding to Pinnipeda,
Trichechus manatus, and Cetacea revealed the presence of threonine and serine, both having
uncharged polar side chains, unlike the hydrophobic alanine present in the remaining
phylogeny. Meanwhile, the side chains of amino acids at site 364 in HIF3a were classified as
hydrophobic, with the valine amino acid (V) found in most aquatic mammals, isoleucine (I) in
otariids (Pinnipedia), and leucine (L) in Heterocephalus glaber. The positive selection
detected at the HIF3a 364 site by three methods further supports its possible role in
convergence among aquatic mammalian lineages and this subterranean rodent species under

hypoxia tolerance scenarios.
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It should be noted that the inclusion of a broad range of genomes allows for a more
comprehensive analysis of the HIF pathway genes involved in hypoxia tolerance. A larger
number of species analyzed reduces the probability of inferring molecular convergence
between species of aquatic mammals (Thomas et al., 2017). This is because changes or alleles
that are observed in only a few species within small datasets may not be exclusive to these
groups, creating a sampling issue. Such variants may be present in a larger number of samples
or species, making it, at least, uncertain to associate specific variants with adaptive
phenotypes. By expanding the range of genomes analyzed, this study aimed to enhance its
power to analyze and interpret data from aquatic mammals species. The inclusion of a broad
range of genomes enables a more robust analysis of the HIF pathway genes underlying
hypoxia tolerance. As an example, the functional characterization of HIF'1A variants by Bi et
al. (2015) was claimed to be exclusive to three cetacean species. However, a broader
comparison of this site that includes a greater number of mammal species is enough to

disprove this claim.

Regulation mechanisms and hypoxia tolerance

The HIF pathway genes may be involved in various levels of cellular regulation
related to hypoxia control. Our study focused solely on analyzing their respective coding
sequences and examining how they exhibit selective regimes associated with different
capacities for hypoxia tolerance. However, the cellular control of hypoxia may also involve
the participation of these genes at other levels of regulation. Hindle (2020) has pointed out
that gene regulatory mechanisms affecting the abundance or timing of gene expression could
be responsible for physiological differences observed in marine mammal species. This is
consistent with various previous studies that indicate that the HIF gene pathway is not
"enriched" at the genome level in analyses of convergent phenotypes among marine mammals

(Chikina et al., 2016; Yuan et al., 2021).

Therefore, it is possible that regulatory elements of gene expression at the cis or trans
level, such as miRNAs, play a crucial role in the precise and fine-tune regulation of the

hypoxic response in aquatic mammals. Several studies have highlighted the importance of
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"master controllers" of miRNAs in physiological regulation and adaptation to hypoxia
(Hadj-Moussa et al., 2022). For instance, miR-204 was found to downregulate the VEGF in
Nile tilapia, a fish species, by directly acting on its 3'-UTR (Zhao et al., 2014). Another
research demonstrated that during hypoxic events, the upregulation of miR-24, which inhibits
apoptosis, combined with the downregulation of miR-210, an indirect stabilizer of HIFI,
could potentially promote neuronal preservation and trigger an adaptive hypoxic response in
naked mole rats (Logan et al. 2020). In the case of aquatic mammals, Penso-Dolfin et al.
(2020) investigated the role of miRNAs in the adaptive evolution of diving capacities in
Weddell seals (Leptonychotes weddelli). Through differential expression analysis, they
identified potential protective mechanisms in individual tissues, particularly relevant to
hypoxia tolerance and anti-apoptotic pathways. Further studies are required to comprehend

the role of these molecules in the overall adaptation of mammals to the aquatic environment.

Conclusions

Our investigation of the HIF pathway genes in aquatic mammals attempted to shed
light on the molecular adaptations that these animals have undergone to survive in hypoxic
environments. The analysis of the natural selection regime revealed predominantly purifying
selection on the coding regions that characterize these proteins, which correspond to highly
conserved domains within these genes. However, we also found evidence of positive selection
events in different clades across the mammalian phylogeny. We suggest that relaxed selection
could have played a significant role in the evolutionary trajectory of HIF pathway genes in
cetaceans. Notably, we identified an important episodic event of positive selection in HIF34,
which is present in all cetaceans. Further studies are needed to better understand the
functional implications of these genetic changes and their role in the adaptation of aquatic
mammals to their environment. We conclude that there is no unique "adaptive signature" in
the evolution of diverse mammalian groups facing comparable selective pressures and that
analyzing coding sequences alone may not fully elucidate the complex molecular scenario of
adaptive processes, but our research adds a valuable piece to this puzzle. We can illustrate this
concept, comparing different genetic elements such as coding changes, gene regulation and

other factors to chess pieces. So, the infinite combinations of pieces movements on the chess
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board would resemble the multitude of possible combinations of the elements that can arise in

the evolution of various mammalian taxa under comparable selective pressures.
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Supplementary Information

Material and methods

Hypoxia signaling pathway genes

We searched for 11 genes involved in the evolutionarily conserved cellular signaling
pathway of responses to hypoxia (Kegg: ko04066), ARNT (also termed as HIF1p), ARNT?2
(HIF2p), HIFIAN (FIHI1), HIFIA (HIFla), EPASI (HIF2a), HIF34A (HIF3a), EGLNI,
EGLN2, EGLN3, VHL, and VEGFA (Supplementary Table S1; Supplementary Figure S1).
EGLN2, EGLNI, and EGLN3 encode the proline hydroxylases PHD1, PHD2, and PHD3,

respectively. ARNT2 encodes a transcription factor that forms heterodimers with HIFa in the

nucleus of the cell and belongs to the basic helix-loop-helix (bHLH)/PAS (bHLH-PAS)

protein superfamily (O'Leary et al., 2016). To better understand the role of hypoxia in vessel

growth and the control over angiogenic pathways, we also screened the Vascular endothelial

growth factor-A gene (VEGFA), a growth factor involved in vascular endothelial cell

proliferation and migration that binds to heparin (O'Leary et al., 2016).
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Genomic data collection

We downloaded the orthologous coding sequences (CDS) of 11 genes from the
hypoxia signaling pathway available from the NCBI Orthologs database. We used the
sequences of 21 annotated genomes, including species such as Baiji (Lipotes vexillifer),
California sea lion (Zalophus californianus), and Florida manatee (Trichechus manatus
latirostris), among others. We also included CDS from 35 species of terrestrial mammals,
such as mole rats (Heterocephalus glaber) and Middle East blind mole-rat (Nannospalax
galili), which are known for their tolerance to hypoxic environments. A detailed list of the
species names and NCBI accession numbers for each sequence can be found in

Supplementary Table S2.

We used nucleotide sequences that were comparable in length and had the highest
protein domain conservation to the corresponding human canonical sequences reported in
Uniprot among the gene sequences corresponding to the alternative transcripts. We performed
an initial comparison by aligning the amino acid sequences using COBALT (Papadopoulos

and Agarwala, 2007).

To retrieve orthologous sequences for aquatic mammals with assembled genomes
lacking NCBI annotation, we used the BLAST server. BLASTN and TBLASTX were
employed to search for sequences in the phylogenetically closest organisms, and we selected
sequences with alignment scores of at least 200, percent identity greater than 95%, and
statistically significant e-values. We obtained gene sequences for 19 mostly cetacean species,
including fin whale (Balaenoptera physalus), Antarctic minke whale (Balaenoptera
bonaerensis), humpback whale (Megaptera novaeangliae), gray whale (Eschrichtius
robustus), North Pacific right whale (Eubalaena japonica), pygmy sperm whale (Kogia
breviceps), Northern elephant seal (Mirounga angustirostris), sea otter (Enhydra lutris
nereis), Boutu (Inia geoffrensis), Franciscana (Pontoporia blainvillei), Indus river dolphin
(Platanista minor), Indo-Pacific bottlenose dolphin (Tursiops aduncus), Cuvier's beaked
whale (Ziphius cavirostris), Sowerby's beaked whale (Mesoplodon bidens), Indo-Pacific
humpbacked dolphin (Sousa chinensis), Harbour porpoise (Phocoena phocoena), Eurasian

river otter (Lutra lutra), the giant otter (Pteronura brasiliensis), and hippopotamus
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(Hippopotamus amphibius), which is the phylogenetically closest terrestrial relative to

cetaceans.

In addition, we included draft genome assemblies of 11 aquatic mammal species
generated by the DNA ZOO consortium and publicly available (Dudchenko et al., 2017).
These species are Blainville's beaked whale (Mesoplodon densirostris), Gervais' beaked whale
(Mesoplodon europaeus), Stejneger's beaked whale (Mesoplodon stejnegeri), Commerson's
dolphin (Cephalorhynchus commersonii), melon-headed whale (Peponocephala electra),
rough-toothed dolphin (Steno bredanensis), Risso's dolphin (Grampus griseus), Bryde's whale
(Balaenoptera edeni), North Atlantic right whale (Eubalaena glacialis), bearded seal
(Erignathus barbatus), and Asian small-clawed otter (Aonyx cinereus). We downloaded these
genomic sequences and added them to our database. We then used the BLAST+ 2.2.29 tool
(Camacho et al., 2009) to run MEGABLAST and TBLASTX on a local server and search for

orthologous sequences of HIF genes in these species.

To visualize the aligned sequences obtained from the BLAST search, we used
Geneious v.7.1.3 (Kearse et al., 2012). Geneious was used to map the sequences to reference
sequences, using default parameters. The coding sequences of closely related species were

used as reference sequences, which are listed in Supplementary Table S3.

Sequences alignments

To align the CDS of the hypoxia signaling pathway genes, we utilized GUIDANCE2
(Landan and Graur, 2008; Sela et al., 2015). This software provided a measure of confidence
for the alignments to ensure that they were reliable for phylogenetic analysis and identifying
positive selection signals. We used the PRANK codon alignment algorithm and obtained

alignment confidence scores, which helped us identify and remove ambiguous regions.

Phvlogenetic trees

We reconstructed phylogenetic trees from the 11 HIF signaling pathway genes using
both Bayesian inference with BEAST v.1.10.4 (Suchard et al., 2018) and maximum likelihood
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with RAXML 8.2.12 (Stamatakis, 2014). To determine the best-fitting nucleotide substitution
models for each dataset, we used Jmodeltest v.2.1.10 (Darriba et al., 2012) with the Akaike
information criterion (AIC). For the Bayesian analysis, we used the Birth and Death model as
the tree prior (Gernhard, 2008) and ran 20,000,000 generations with the Markov Chain Monte
Carlo (MCMC) algorithm (Brooks et al., 2011). We discarded the first 2,000,000 trees as the
burn-in and generated a "Maximum clade credibility" tree (MCC tree) using TreeAnnotator,
which is part of the BEAST package. We visualized and analyzed the MCMC outputs using
Tracer v.1.7.1 (Rambaut et al., 2018b). For the maximum likelihood analysis, we used
RAxXML with default parameters (GTR+GAMMA) and 1000 bootstraps, which were
performed using the CIPRES Science Gateway (Miller et al, 2010). Finally, we viewed and
edited the resulting trees using FigTree v1.4.4 (Rambaut and Drummond, 2018a).

The two methods used to reconstruct gene trees, Bayesian inference and Maximum
likelihood, largely produced congruent topological relationships between species for most
genes. However, the Bayesian inference method was found to produce more phylogenetically
consistent topology for the HIF pathway genes when compared to the species tree obtained
from TimeTree (Kumar et al., 2017). It should be noted that some of the species analyzed in
this study were not included in the TimeTree available species phylogeny. Therefore, the
concatenated gene tree generated by Bayesian inference was utilized for the selection

analyses.

Selection analyses

To identify natural selection signals in the protein-coding sequences of HIF pathway
genes in marine mammals, we employed several statistical tests based on ® values. ®
represents the ratio of the rate of non-synonymous substitutions (dN) to the rate of
synonymous substitutions (dS), providing a measure of the intensity and direction of natural
selection. A value of o < 1 indicates purifying selection, where natural selection reduces the
fixation of deleterious mutations, ® = 1 indicates neutral evolution, where nonsynonymous
substitutions are neutral, and ® > 1 indicates positive selection, where advantageous

mutations become fixed.
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Selection analyses were conducted using the PALM v.4.9 (Yang, 2007) CODEML
program with the PAMLX graphical interface (Xu and Yang, 2013), as well as four statistical
methods from the HyPhy 2.5.31 software (Weaver et al., 2018; Kosakovsky et al., 2020):
RELAX to detect relaxed selection in a codon-based phylogenetic framework (Wertheim et
al., 2015), FUBAR (Fast, Unconstrained Bayesian AppRoximation for Inferring Selection)
(Murrell et al., 2013), MEME for detection of individual sites subject to episodic diversifying
selection (Murrel et al., 2012), and BUSTED (Branch-site Unrestricted Statistical Test of
Episodic Diversification (Murrel et al., 2015).

First, a site-level model analysis was conducted using the CODEML program. This
involved comparing neutral models with alternative models that allow positive selection and
performing a pairwise comparison of two likelihood ratio tests (LRTs) with a chi-square
distribution. Specifically, the M1 (nearly neutral) vs M2 (positive selection) and M7 (beta
distribution, ® > 1 disallowed) vs M8 (beta distribution, ® > 1 allowed) models were
compared at a significance level of p-value 0.05. The Bayes empirical Bayes (BEB) approach
was used to test the posterior probability of each site in the alternative model and to select
potentially positively selected sites. Sites with posterior probabilities greater than 90% were

considered to be under positive selection.

In addition to the site-level models, we utilized the CODEML branch-site Test 2 to
identify instances of positive selection along specific branches of the phylogenetic tree. This
analysis involved comparing Model A (model = 2, Nsites = 2, fix_omega = 0, and omega = 0)
with the null model (model = 2, Nsites = 2, fix omega = 1, and omega = 1) to ascertain
whether positive selection was occurring along a particular branch. For each individual test,
we assigned Cetacea, Pinnipedia, and Lutrinae as the foreground branches, respectively, and
contrasted them with terrestrial lineages. To assess the statistical significance, we applied

Likelihood Ratio Test (LRT).

Using Hyphy, various statistical approaches were employed to assess selection
hypotheses. The first method utilized was the RELAX method, which aimed to evaluate
selective pressure and detect signals of relaxation or intensification of selection strength in
HIF signaling pathway genes. Since it focused on testing those branches corresponding to

aquatic species, the following lineages were defined as test branches: Cetacea, Pinnipedia,
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Lutrinae, and the only studied member of Sirenia, Trichechus manatus. The set of branches
corresponding to the species of terrestrial mammals was established as reference branches.
We use Phylotree to label the test and reference branches in the phylogeny. The K statistic
was used to measure the strength of selection in each tested branch. A K value less than 1
indicated a relaxation of selective pressure, where the test ® values trend towards neutrality
compared to the reference branches, while a K value greater than 1 indicated intensification of
natural selection along the tested branches. Statistical significance was assessed using the

LRTs.

Additionally, we implemented two HyPhy site-level methods: FUBAR and MEME.
FUBAR is a Bayesian method that detects pervasive selection at the site-level, assuming that
the selection pressure for each site is constant along the entire phylogeny. It uses a large
number of predefined dN and dS values, which cover the range of negative, neutral, and
positive selection scenarios, and which are applied across sites. FUBAR identifies sites that
are positively or negatively selected if the posterior probabilities are high enough (> 0.9). On
the other hand, MEME uses a mixed-effects maximum likelihood approach to calculate, for
each site, two o rate classes and corresponding weights that represent the probability that the
site evolves under each rate class at a given branch. Statistical significance between null and
alternative model fits is obtained using LRTs. MEME is designed to detect not only pervasive
selection but also transient or episodic selection signals. BUSTED, a gene-wide method, was
also used to detect some evidence of positive selection in genes where neither the site nor the

branch-site methods detected signals, likely because the signals, although present, were weak.

It is worth noting that the choice of the appropriate method for each analysis should
depend on the study's specific research question and data set. While HyPhy offers a wide
range of methods, the simultaneous use of all available methods is not always advisable.
Although a consensus between different methods can help to reduce the likelihood of false
positives, using less sensitive methods can reduce statistical power. In this study, we aimed to
provide a comprehensive list of sites that may be under positive selection, and differences in
the sites detected between FUBAR and MEME could indicate sites that may be subject to

episodic selection. Overall, the application of multiple complementary methods can provide a
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more reliable assessment of selective pressures acting on a gene or genes associated with a

specific cellular pathway.

Selection Pressure Analysis in Cetacean Clades with Contrasting Diving Abilities

We built upon the nested branch model approach proposed by Tian et al. (2016) to
analyze selection pressure in cetacean clades with different diving abilities. We extended the
study to include a larger number of cetacean species as well as pinnipeds. Our methodology
involved employing variable model 2 of CODEML branch models, which allows for multiple
o ratios. This enabled us to create distinct branch groups with different ® values, leading to
the "2 ratio,' '3m ratio,' and 'Sw ratio.' For investigations focused specifically on clades with
contrasting diving abilities, we employed two separate trees for each analysis. These trees
excluded branches corresponding to Lutrinae and Sirenia. In one tree, cetaceans were
designated as the foreground lineage, while in the other, pinnipeds took on this role.

Terrestrial relatives were considered background lineages in both trees.

Our analyses entailed comparing several models: one ratio model, which enforces the
same o ratio for all lineages; 2w model, allowing one ® ratio for all terrestrial mammal
branches and another for all branches of aquatic families; 3® model, assuming independent
rates for ancestral and descendant branches of long-diving and short-diving aquatic clades,
with a third o value for all terrestrial mammal branches; 5® model, estimating independent
rates for descendant branches from their ancestral branches in long-diving and short-diving
families, compared with the 20 model. Positive selection inference was carried out through

Likelihood Ratio Tests (LRT), where we compared two pairs of models.

Our classification of species was based on their diving abilities, with deep-divers
defined as those capable of reaching depths of nearly 300m or more, with an average dive
time of 40 minutes, and shallow-divers as those that stay in shallow waters and typically dive
to depths of around 100m. The classification can be located within the Supplementary Table
S4, where we have documented four parameters for each species: common immersion time,
maximum immersion time, common depth, and maximum depth. Based on the lack of

information to support differential classification of species into two categories of diving
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ability, the taxonomic group Lutrinae and Trichechus manatus were not included in the

analysis, as all members were classified as shallow-divers.

Molecular convergent analysis

To identify convergent amino acid substitutions in aquatic mammals, we employed the
Profile Change with One Change (PCOC) (Rey et al., 2018) Bayesian approach. Unlike
methods that look for independent substitutions for the same amino acid, PCOC is more
permissive and considers similar amino acids as convergent. This method defines convergent
shifts based on amino acid profiles. Besides, PCOC compares species with a convergent
phenotype to closely related species with a different phenotype, analyzing changes in
nucleotide or amino acid positions specifically in the branches where the convergent
phenotype emerged (Rey et al., 2018). We assessed whether an amino acid site evolved

convergently by evaluating the posterior probabilities.

Structural analysis

We utilized the AlphaFold database (Varadi et al., 2022) to access predicted
three-dimensional protein structures of HIF pathway proteins with sites detected on positive
selection by at least 2 methods of natural selection and with residues unique to aquatic
mammal taxonomic clades. In order to assess the potential functional significance of the
selected sites, we mapped them onto the three-dimensional protein structures and visualized

them using UCSF ChimeraX software (Pettersen et al., 2021).

The impact of amino acid sequence variations on protein stability is typically
quantified by the Gibbs free energy of unfolding (AAG). This measure is obtained by
calculating the difference between the free energy of the mutated protein structure and that of
its wild-type form (AAG = AGy - AGy). We used AAG analyses to predict the effect of
presumably unique residues of aquatic mammalian taxonomic clades at sites indicated with
positive selection. We employed the DDGun3D software (Montanucci et al., 2019) to perform

the predictions, using human canonical sequences as wild-type and mutated sequences with
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the respective changes noted above. To check the Uniprot accession numbers referred to using

the AlphaFold database, see Table S1.

Finally, we utilized OpenAl's GPT-3.5 model (OpenAl, 2021) to proofread and

enhance the English phrasing and grammar in our manuscript.
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Abstract

Our goal was to describe in more detail the evolutionary history of Gamma and two derived lineages (P.1.1 and P.1.2),
which are part of the arms race that SARS-CoV-2 wages with its host. A total of 4,977 sequences of the Gamma
strain of SARS-CoV-2 from Brazil were analyzed. We detected 194 sites under positive selection in 12 genes/ORFs:
Spike, N, M, E, ORF1a, ORF1b, ORF3,0RF6, ORF7a, ORF7b, ORF8, and ORF10. Some diagnostic sites for Gamma
lacked a signature of positive selection in our study, but these were not fixed, apparently escaping the action of
purifying selection. Our network analyses revealed branches leading to expanding haplotypes with sites under
selection only detected when P.1.1 and P.1.2 were considered. The P.1.2 exclusive haplotype H_5 originated from a
non-synonymous mutational step (H3509Y) in H_1 of ORF7a. The selected allele, 3509Y, represents an adaptive
novelty involving ORF1a of P.1. Finally, we discuss how phenomena such as epistasis and antagonistic pleiotropy
could limit the emergence of new alleles (and combinations thereof) in SARS-COV-2 lineages, maintaining infectivity
in humans, while providing rapid response capabilities to face the arms race triggered by host immuneresponses.
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Introduction

According to the World Health Organization (WHO)
and multiple researchers, the estimated average mortality
rate, considering detectable/reported cases, for COVID-19 is
lower (2.72%) than the disease caused by MERS-CoV (34.4%)
and SARS-CoV (9.6%) (Xiao et al., 2020; ECDC, 2021a,b;
Krishnamoorthy et al., 2021; Awadasseid et al., 2021). This
number remains low even considering that the number of deaths
caused by COVID-19 may be underestimated by 50%, as seen
in Wuhan, China (Liu, J. etal., 2021). Despite this relatively low
mortality rate, SARS-CoV-2 infection has led to the deaths of
4,219,578 people (WHO, 2021a). Over the past 18 months since
the first reported COVID-19 case, the WHO still recognizes
that the global public health risks associated with COVID-19
remain very high (WHO, 2021b). Comparatively, SARS-CoV
and MERS-CoV infected 8,098 and 2,566 people and killed
774 and 866 people, respectively (WHO, 2003; Alfaraj et al.,
2019; WHO, 2020; Petersen et al., 2020).

SARS-CoV, MERS-CoV, and SARS-Cov-2 have high
mutation rates (0.80-2.38 x 10~ substitutions per site per year
(Zhao et al.,2004; Cotten et al., 2014; LiR et al., 2020). These
mutation rates are of the same order of magnitude as other RNA
viruses, and can lead to the acquisition of enhanced virulence
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and high evolvability, favoring changes in the host and rapid
dispersion. A successful zoonotic spillover also depends on
the vulnerability of the new host’s defenses, and ecological
and climatic conditions. Human populations also have cultural
habits, with some of them facilitating the transmission of
pathogens, i.e., hugs, kisses, sharing food (Olival et al.,2017;
Dufty, 2018). Thus, Homo sapiens has become a potentially
easy target of new pathogens in modern times because of its
large population size, urbanization, ease of mobility of people
between cities, countries, and continents, and close contact with
wild, semi-wild, and domesticated animals. These conditions
were in place for SARS-CoV, MERS-CoV, and SARS-CoV-2
so that the interspecific barriers were overcome, and related
diseases have been reported (Kan et al., 2005; Zaki et al.,
2012; Hedman et al., 2021).

However, there is a notable difference in the outbreak
trajectories associated with these B-COVs, specializing in
infecting humans and causing severe respiratory syndrome
symptoms, as mentioned above. No complete scenario
explaining such differences is well understood. However, it
is possible to suggest that certain potential drivers, shaped
by microevolutionary phenomena, can turn a local epidemic
into a global pandemic, as found with SARS-CoV-2: stronger
tropism involving host cells, high transmissibility, elevated
transmission rates from asymptomatic individuals, substantial
viral load, and relatively low lethality all powerful triggers for
the emergence of evolutionarily successful viral lineages. All
these conditions/factors together represent a “perfect storm”.



Chapter 5. Final conclusions

In the genomics era, we have unprecedented opportunities to delve into the refined
details of genetic foundations and patterns underlying many biological processes. This
includes elucidating elements, from an evolutionary perspective, that support the adaptation of
species from diverse taxonomic groups living in various environments, thus subject to varied
selective pressures. In this context, it is intriguing, for instance, to contemplate the essential
role of evolution in shaping the mechanisms governing the sensing and adaptation to

variations in oxygen levels.

Animals encounter environments with varying levels of oxygen, resulting in spatial
and temporal fluctuations in tissue oxygen levels. These variations, including those triggered
by normal physiological events like physical exertion-induced drops in oxygen levels in
skeletal muscle, regulate important adaptive responses in cells and tissues by modulating gene
transcription. The 2019 Nobel Prize-winning research in physiology elucidated the molecular
mechanisms through which animal cells adjust to fluctuations in oxygen supply, emphasizing
the pivotal role of the Hypoxia Inducible Factor (HIF) in governing oxygen-dependent
responses (Kaelin & Ratcliffe, 2008). These mechanisms modulate cellular metabolism and
control fundamental processes related to development, regeneration, and defense, highlighting
the critical significance of animal cells' capability to detect oxygen levels and modify their
gene expression patterns. The Oxygen-activated signaling pathway (also named in our work
as the HIF signaling pathway) which regulates approximately 300 genes across different

genetic networks, impacts a wide range of physiological processes.

It was biological evolution, through its intricate mechanisms and processes, that
shaped the ability of animals to sense and respond to different oxygen levels in diverse ways.
For instance, over time, natural selection favored genetic variations that confer advantages in
oxygen sensing and adaptation to hypoxic environments (Sackton and Clark, 2019).
Organisms inhabiting high-altitude regions, for example, underwent adaptive changes in
oxygen sensing mechanisms to cope with lower oxygen levels (Graham and McCracken,

2019; Witt and Huerta-Sanchez, 2019). This indicates that variants in these genes may be
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involved not only in microevolutionary processes within populations of the same species but
also in macroevolutionary processes across different species and taxonomic groups,
particularly in adapting to environments with lower oxygen levels. Thus, we hypothesized
testing genetic variation that could be selected for by evolution in specific taxonomic groups,
which could indicate evolutionary adaptability. Aquatic mammals, a polyphyletic group, were
chosen for their lifestyle characterized by the dive response capacity and their potential as a
model for understanding evolutionary adaptability, despite some of them not being

phylogenetically close.

The title of the thesis, "Evolutionary forces shaping genomes: from whales to viruses"
accurately reflects the broad scope of the study, which utilizes genomics to explore various
evolutionary processes across species of vastly different order of sizes. From massive
creatures like whales to biological entities at the scale of viruses, these researches aim to
illuminate the diverse mechanisms driving evolution. This breadth of inquiry is further
exemplified in another study conducted and published during this PhD (Landau et al., 2021,
Annex I).

Amidst investigations into unrelated topics in aquatic animal evolution, the emergence
of research on SARS-CoV-2 was prompted by the urgent demands of the COVID-19
pandemic. This unexpected shift underscores the adaptability and multidisciplinary nature of
research, demonstrating the capacity to address pressing global challenges even in the face of

unforeseen circumstances.

We capitalized on the increasing availability of genomes, examining, on the one hand,
a significant number of aquatic mammal species and, on the other hand, genomes of
SARS-CoV-2 Gamma variant, a virus variant of particular importance in Brazil, that emerged
towards the end of 2020. This enabled us to conduct genome comparisons and pinpoint
genetic variations contributing to evolutionary shifts. The data analysis methods showed
similarity up to a certain point. In this manner, our analysis involved assessing evolutionary
rates at the molecular level, considering both macroevolutionary changes within mammalian
phylogeny and microevolutionary dynamics, particularly relevant for viruses given their rapid

replication rates and short generation times. Additionally, we explored phenomena such as
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amino acid convergence in mammals, potentially linked to adaptation to diverse low-oxygen

environments or lifestyles, and reconstructed the spatial trajectories of virus variants.

In this context, the present Thesis aimed to address issues within the genomic
approaches that ended in the published works titled: "Adaptive Strategies of Aquatic
Mammals: Exploring the Role of the HIF Pathway and Hypoxia Tolerance" (Chapter 3), and
"Evolutionary History of the SARS-CoV-2 Gamma variant of concern (P.1)" (Chapter 4).

Chapter 3 delves into the primary topic of this thesis, examining the molecular-level
evolution of genes within the HIF signaling pathway. Within this chapter, the objectives
outlined as 1 through 4 of the Thesis were addressed. For objective 1 and 2, we examined
genetic variability within the coding regions of the hypoxia signaling pathway genes. Unlike
our work, several studies have explored the different aspects of marine mammal evolution,
focusing mainly on marine species and leaving freshwater species understudied. Coping with
hypoxic environments is a crucial adaptation shared by all aquatic mammals, enabling them to
thrive in their habitats. Our results revealed relaxed selection patterns in six out of the eleven
genes associated with the HIF pathway in aquatic mammals, particularly cetaceans,
suggesting that HIF pathway proteins in cetaceans may have initially evolved under different
functional constraints compared to those in pinnipeds and Lutrinae, highlighting the role of
relaxed selection in shaping the evolutionary trajectory of HIF pathway genes in aquatic

mammals.

Our analysis revealed predominantly purifying selection, indicating highly conserved
domains within these genes, as we expected. However, we also detected episodic positive
selection events in different aquatic clades, particularly in HIF3a, where a Glutamine residue
at site 68 was found exclusively in cetaceans. This residue change may affect HIF3a structure
and function, potentially influencing its role as a regulator of the HIF1a pathway. Our study
differs from previous research in sequence selection and gene analysis, but confirms similar
conclusions regarding the role of purifying selection in HIF pathway gene evolution. Also, we
did not find any accelerated evolutionary rates in deep diving species except on the ARN7T2 in

pinnipeds, particularly in the deep-diving Phocidae branch suggesting a possible deep-diving
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association in their common ancestor. Finally, we identified a cetacean-exclusive amino acid

in EGLN3, although structural stability analysis did not predict significant stability changes.

In Objective 3 our aim was to investigate molecular pattern convergence behind a
shared phenotype of hypoxia tolerance in mammals. We identified two convergent sites: site
485 in ARNT2 and site 364 in HIF3a. Positive selection detected at the HIF3a 364 site
supports its role in convergence among aquatic mammalian lineages and a subterranean

rodent species under hypoxia tolerance scenarios.

Regarding Objective 4, the preceding results have contributed to highlighting the
potential relationship between genetic variability and adaptation. Specifically, we successfully
calculated the effect of certain variants exhibiting positive selection signals on the stability of
their respective proteins. However, further investigations focusing on functional analysis are
needed to comprehensively understand the effect and contribution of these variants to the

adaptation of aquatic mammals to their environment.

In Chapter 4, responding to Objective 5, our study presents insightful findings
regarding the evolutionary dynamics and adaptive novelties of SARS-CoV-2 Gamma variants.
Thus, we identified 213 positively selected sites, with a notable proportion located within the
Spike protein, consistent with prior observations. Notably, ancestral alleles were detected at
specific sites, albeit in varying combinations, suggesting the potential for evolvability in the
viral Spike protein modulated by factors such as epistasis and pleiotropy. Our investigation
also revealed the presence of potentially advantageous alleles, exemplified by the
identification of allele 3509Y in ORF1la among P.1.2 sub-lineage sequences, emphasizing the
importance of further functional studies to ascertain their fitness implications. Furthermore,
our study sheds light on the stochastic nature of lineage expansion and the interplay between
positive selection and purifying selection across different genomic sites. However, it's
imperative to acknowledge the limitations of our study, including the possibility of
false-positive results and the inherent complexity of analyzing positive selection regimes
using then-available population genomic data. Overall, our findings have contributed to a

slightly deeper understanding of the evolutionary mechanisms driving the emergence and
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spread of SARS-CoV-2 variants. We hope that they have provided valuable information for

surveillance, prevention, or control efforts carried out during the COVID-19 pandemic.

In conclusion, present Thesis has explored the intricate interplay between genetic
evolution and environmental adaptation, spanning from the molecular mechanisms of oxygen
sensing in aquatic mammals to the evolutionary dynamics of SARS-CoV-2 variants. Through
the utilization of genomic approaches, we believe we have elucidated important details of the
genetic foundations governing diverse biological processes and shed light on the adaptive

strategies employed by organisms to thrive in their respective environments.
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ARTICLE INFO ABSTRACT

Keywords: STAT2 plays a strategic role in defending viral infection through the signaling cascade invelving the immune
STAT2 system initiated after type I interferon release. Many flaviviruses target the inactivation or degradation of STAT2
SH2 domain . as a strategy to impair this host's line of defense. Primates are natural reservoirs for a range of disease-causing
lrlr ;l:;uism evolution flaviviruses (e.g., Zika, Dengue, and Yellow Fever virus), while rodents appear less susceptible. We analyzed the
Flavivirus infection STAT2 coding sequence of 28 Rodentia species and 49 Primates species. Original data from 19 Platyrthini species
Rodentia were sequenced for the SH2 domain of STAT2 and included in the analysis. STAT2 has many sites whose vari-
Krms, race ation can be explained by positive selection, measurement by two methods (PALM indicated 12, MEME 61). Both

evolutionary tests significantly marked sites 127, 731, 739, 766, and 780. SH2 is under evolutionary constraint
but presents episodic positive selection events within Rodentia: in one of them, a moderately radical change
(serine > arginine) at position 638 is found in Peromyscus species, and can be implicated in the difference in
susceptibility to flaviviruses within Rodentia. Some other positively selected sites are functional such as 5, 95,
203, 251, 782, and 829. Sites 251 and 287 regulate the signaling mediated by the JAK-STAT2 pathway, while
782 and 829 create a stable tertiary structure of STAT2, facilitating its connection with transcriptional co-
activators. Only three positively selected sites, 5, 95, and 203, are recognized members who act on the inter-
face between STATZ2 and flaviviruses NS5 protein. We suggested that due to the higher evolutionary rate, rodents
are, at this moment, taking some advantage in the battle against infections for some well-known Flaviviridae, in
particular when compared to primates. Our results point to dynamics that fit with a molecular evolutionary
scenario shaped by a thought-provoking virus-host arms race.

1. Introduction

1.1. The first line of defense against viral infection and the mammalian
STATZ role

During the animals’ evolutionary trajectory, efficient strategies to
combat a large diversity of pathogens have evolved. For instance, upon
virus infection, type I interferons (IFNs) are expressed in the vertebrate
hosts, triggering a complex signaling molecular cascade that inhibits
viral replication, containing the disease associated with it (Xu et al,

2013; Jennings and Sang, 2019; Wang. B et al., 2020; Boudinot et al.,
2021).

In mammals, in addition to IFNs such as [FNu, aw, B, §, €, §, k, T, o,
many other gene products are involved in the sophisticated activation of
the host antiviral defense program, among which members of the signal
transducer and activator of transcription (STAT) protein family (Jen-
nings and Sang, 2019; Boudinot et al., 2021). Based on in silico, in vitro,
and in vivo studies with humans and animal models, once released on
extracellular space, type I IFNs bind to their membrane receptors
(IFNAR), leading to the receptors’ oligomerization. Posteriorly, Janus
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