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Abstract 

Although the genome sequencing revolution is still in its infancy, 

we must acknowledge it as the major driver of biology since the 

beginning of the 21st century. The availability of a large collection 

of complete mammalian genomes due to high-throughput 

sequencing technologies allows us to begin the exploration of how 

the evolutionary diversification of gene content reflects the 

ecological adaptations of different taxa. Novelty arises in evolution 

through the transformation or combination of existing systems and, 

as shown recently, also from scratch. This thesis is centered around 

these different mechanisms of evolutionary innovation. It includes a 

common methodological part in which we propose a simple method 

to optimize multiple alignments and examine its effect in positive 

selection analyses, the exploration of the origin and evolution of 

mammalian-specific genes, and the study of gene regulation in 

mammalian adaptations (e.g. hibernation) using high-throughput 

technologies.  
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Resum 

Tot i que la denominada era de la genòmica es troba encara a la 

seva infància, ha estat un dels principals impulsors de la biologia 

des del començament del segle 21. L’accés a una creixent col·lecció 

de genomes complets de mamífers, gràcies a les tècniques de 

seqüenciació massiva, ens permet explorar com la diversificació 

evolutiva dels gens es tradueix en les diferents adaptacions 

ecològiques dels diferents tàxons. La innovació apareix a l’evolució 

a través de la transformació o la combinació de sistemes 

preexistents, fins i tot, nous gens poden aparèixer a partir de regions 

prèviament no codificants, com s’ha demostrat recentment. Aquesta 

tesi s’articula al voltant d’aquests mecanismes d’innovació 

evolutiva. Inclou una part metodològica comuna on es proposa un 

mètode simple per optimitzar alineaments múltiples i avaluar-ne 

l’efecte en anàlisis de selecció positiva, l’exploració de l’origen i 

evolució de gens específics de mamífers i l’estudi de la regulació 

gènica en una adaptació pròpia dels mamífers (hibernació) 

mitjançant tècniques de seqüenciació massiva. 
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“Homo sapiens [are] a tiny twig on an improbable branch of a 

contingent limb on a fortunate tree.”  

Stephen Jay Gould 

1. Mammals 

Mammals are widespread in our little blue planet, ironically called 

Earth. They have managed to conquer almost every ecosystem on 

land and even some in the sea. According to the last International 

Union for Conservation of Nature and Natural Resources (IUCN), 

there are 5,488 known species in the Mammalia class. This is a 

relatively low number of species for a class to have, especially 

when we take into account the huge diversity in morphology, size, 

distribution and the number of special adaptations we observe in 

mammals. 

The class Mammalia includes the biggest animals on both land 

(Loxodonta africana) and in water (Balaenoptera musculus). Their 

range in size spans several orders of magnitude, from the Kitti’s 

hognosed bat (Craseonycteris thonglongyai), weighing only 1.5 g, 

to the aforementioned species, which can get heavier than 120 tons. 

The term Mammalia was coined by Carl Linnaeus in the tenth 

edition of his Systema naturae, published in 1758 (Linné 1758). He 

took the word from Latin mamma, which means "breast", alluding 

to one of the synapomorphies of the group. 

Mammals are a vital economic resource for humans. We have 

hunted and bred many mammals throughout our history, leading to 

the extinction of some species along the way due to over 

exploitation, and strongly modifying some others as the result of 
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domestication. They’ve been an important source of meat and 

materials such as bone, hides, wool, and oil. We’ve used them as 

beasts of burden, assistance animals, and even in war (horses, dogs, 

elephants1…). Bats have important roles in the agricultural 

ecosystems; they act as insect pest control by eating thousands of 

insects every night. Also some species of mammals act as 

pollinators. 

Many mammals can transmit diseases to humans or livestock, 

increasing their morbidity and mortality. Rabies, which can infect 

through many different mammalian species, or plague, transmitted 

via fleas carried by rodents, are popular examples. The bubonic 

plague (Yersinia pestis) had several major outbreaks including the 

Plague of Justinian in the 6th century and the Black Death in the 14th 

century that wiped out a third of the human population in Europe.  

Mammals have always been at the center of research in almost all 

biological fields. Some species like Norway rats (Rattus 

norvegicus) and domestic mice (Mus musculus) are widely used as 

animal models in biomedical research.  

Homo sapiens and our close mammalian relatives are therefore 

entwined through economic, social, and evolutionary bonds. 

 

 

 

                                                 
1 One of the species/subspecies used in war in classical times is now extinct: The 

North African elephant (Loxodonta africana pharaoensis) used by Hannibal 

Barca. 
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1.1. Distribution 

Mammals are found in every corner of the Earth: from the jungles 

to the deserts, even in the oceans. One species has even begun to 

colonize local space off earth off of our planet. Mammals occupy 

very different ecological niches and are especially diverse in 

tropical and subtropical regions, following the patterns of many 

other groups of organisms.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1a. Map of (land) mammalian diversity generated at a spatial resolution 

of 10x10km and using the Eckert IV equal-area projection. (Jenkins et al. 2013) 

 

When we look at particular subgroups of mammals, we observe 

hotspots of diversity appearing in certain areas; however, the 

distribution of carnivores and rodents follows the general tropical 

enrichment pattern. We observe increased diversity in the islands of 

Sulawesi and Madagascar for small-ranged mammals, Oceania for 

Marsupials, South America for Chiropterans, and central Africa and 

the Amazon for Primates (Figure 1.1b). 
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Figure 1.1b. Global maps of mammalian diversity in different groups. Modified 

from Jenkins et al (Jenkins et al. 2013).2 

 

Since 1950 more than 914 new mammalian species have been 

discovered; most of them live in the tropics, where diversity was 

already very high (Figure 1.1a). In contrast, around 300 birds (3% 

of all known bird species) were discovered during the same period. 

Almost all of the newly discovered mammalian species belong to 

the most species-rich orders: Rodentia and Chiroptera.  

 

                                                 
2 Homo sapiens has been removed from the Primates distribution 
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1.2. Origin 

As skulls and teeth are the most abundant fossils, most of the 

taxonomy is based on them. The structure of the skull roof permits 

us to identify three major groups of amniotes that diverged in the 

Carboniferous period of the Paleozoic era: The synapsids (Greek, 

“fused arch”), anapsids, and diapsids (Greek, “two arches”). 

Diapsids eventually led to modern, snakes, lizards, crocodilians, 

birds, and their ancestors. Anapsids, in the traditional meaning of 

the word are not a clade, but rather a paraphyletic group composed 

of all the early reptiles retaining the primitive skull morphology, 

grouped together by the absence of temporal openings. It used to 

contain turtles as extant species, but recent molecular studies have 

placed turtles within diapsids (Crawford et al. 2012). 

Synapsids are characterized by lateral temporal openings in the 

skull. Around 360 Mya early synapsids radiated into diverse 

herbivorous and carnivorous forms, clustered together in a 

polyphyletic group formerly known as pelycosaurs. Therapsids 

(Greek, “beast-face”) arose from a group of synapsid carnivores and 

brought about morphological innovations such as an erect gait with 

upright limbs positioned beneath the body. The reduced stability 

had to be compensated with an expansion in the cerebellum and the 

brain to integrate the muscular coordination. Around 260 Mya, one 

group of therapsids, the cynodonts (Greek, “dog teeth”), diversified 

and gave rise to the common ancestor of all extant mammals 

(Figure 1.2).  
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Figure 1.2. Origin of modern mammals. Early synapsids radiated extensively and 

evolved changes in jaws, teeth, and body form that presaged several mammalian 

characteristics. These trends continued in their successors, the therapsids. One 

lineage of therapsids, the cynodonts, gave rise in the Triassic to therians 

(marsupial and placental mammals). Fossil evidence, as currently interpreted, 

indicates that all three groups of living mammals—monotremes, marsupials, and 

placentals—are derived from the same therian lineage. Modified from Integrated 

Principles of Zoology, 14/e (Hickman et al. 2001). 
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Timothy Rowe defined the Mammalia class phylogenetically as the 

crown group of mammals (Rowe 1988). In phylogenetics, a crown 

group is defined as a collection of living species together with their 

most recent common ancestor (Figure 1.3.), as well as all of that 

ancestor’s descendants (extant or not). 

 

Figure 1.3. The three major extant groups of mammals (in blue), connected with 

their common ancestor (red dot), together with all their descendants (extant or 

not) form the Class Mammalia. All mammalian species belong to the same crown 

group (lilac). Drawings from Roger Hall. 

 

There are three extant major groups in the Mammalia class, which 

are organized in two subclasses: Prototheria which includes 

monotremes (platypus and echidnas), and Theria which includes the 

infraclasses Methatheria (marsupials) and Eutheria (placental 

mammals). 
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Since the ancestor of these three extant groups lived in the Jurassic 

period, Rowe's definition excludes all animals from the earlier 

Triassic which are classified as nonmammalian synapsids, 

sometimes also (wrongly) called "mammal-like reptiles". 

The oldest known metatherian is Sinodelphys, found in China's 

northeastern Liaoning province and dated to 125M-years ago (early 

Cretaceous). The fossil is nearly complete and includes tufts of fur 

and imprints of soft tissues (Luo et al. 2003). The oldest known 

fossil attributable to the Eutheria infraclass is Juramaia sinensis, 

found also in China in deposits of western Liaoning and dated 

160M-years ago during the Jurassic period (Luo et al. 2011).  

There are around 4,000 fossil genera described (Luo 2007) and 

although there were not particularly abundant in the Mesozoic, they 

were already quite diverse. As Luo points out, compared to the 547 

known dinosaur genera, over 310 Mesozoic mammaliaform genera 

are now known to science. Two-thirds of them were discovered in 

the last 25 years (Luo 2007) including rather large animals that fed 

on dinosaurs (Hu et al. 2005). This new evidence has changed the 

classical idea proposed by George Gaylord Simpson in the 1950’s 

in which he stated that mammals were rat-like creatures with 

generalized feeding and terrestrial habits, living in the shadows of 

the dinosaurs. 

Extant groups 

According to Wilson and Reeder in 2005, there were 5,416 species 

of mammal classified in 1,229 genera, 153 families, and 29 orders 

(Wilson and Reeder 2005). A detailed graphical representation of 
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the distribution of species along the different orders, families, and 

genus can be found in Figure 1.4.  

Most mammalian species belong to the Eutheria group, including 

the most species-rich orders. The largest group in terms of raw 

number of species is Rodentia (which includes mice, rats, squirrels, 

and other gnawing mammals), followed by Chiroptera (bats) and 

Soricomorpha (shrews, moles and solenodons). Primates, 

Cetartiodactyla (including the even-toed hoofed mammals and the 

whales), and Carnivora (containing dogs, cats, bears, ferrets and 

their relatives) are next with more than 200 species in each order. 

While classification at the family level has been relatively stable, 

taxonomy at higher levels has recently been subject to substantial 

changes thanks to new molecular genetics analyses. For example, 

cetaceans are now grouped together with even-toed hoofed 

mammals creating the clade Cetartiodactyla (Montgelard et al. 

1997); similarly, other groups have been adopted and abandoned 

due to molecular evidence such as the Afrotheria (Tabuce et al. 

2007) and Insectivora (Wilson and Reeder 2005). 
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Monotremata 

Monotremata includes just five species which are all endemic to 

Australia and New Guinea: the platypus (Ornithorhynchus 

anatinus), and four species of echidna. These include the short-

beaked echidna (Tachyglossus aculeatus) and three species of long-

beaked echidna (Zaglossus bruijni, Z. bartoni and Z. 

attenboroughi). Echidnas were appropriately named after the 

mother of monsters in Greek mythology who was half-woman and 

half-snake; this is due to the echidna’s strange mixture of physical 

features. Monotremes retain ancestral amniote characteristics (or 

plesiomorphic features), including egg-laying and meroblastic 

cleavage of the embryo, and some derived (or apomorphic) 

mammalian characteristics like lactation and hair. Because they 

have retained traits from that distant time, they give us a remarkable 

insight into very early mammals. 

The platypus was first encountered by Europeans in 1798; only a 

pelt and a sketch were sent back to Great Britain as evidence of 

their discovery. Initially such a strange animal was considered to be 

a hoax constructed by a taxidermist. George Shaw, who produced 

the first description of the animal in 1799, stated it was impossible 

not to entertain doubts as to its genuine nature. 

The most controversial aspect of platypus biology was whether or 

not they laid eggs like birds and reptiles. Almost a century passed 

before the egg-laying was finally confirmed in 1884. William 

Caldwell was sent to Sidney to study Australian mammals and 

ceratodus fish the year before.  He sent a telegram to his friend 

professor Liversidge the 29th of August and asked him to forward it 
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to the British Association at Montreal. The concise telegram said: 

"Monotremes oviparous, ovum meroblastic", meaning that 

monotremes were indeed egg-laying and that their eggs were 

similar to those of reptiles in that only part of the egg divides as it 

develops (Caldwell 1887). 

Monotremes are known to be the only land mammals that evolved a 

sense of electroreception. The electroreceptors of monotremes 

consist of free nerve endings located in the mucous glands of the 

snout.  It is most highly developed in the platypus with more than 

40.000 receptors, compared to the 400-2000 receptors in echidnas 

(Pettigrew 1999). 

Although monotremes have mammary glands, they lack nipples; 

they nourish the newborns with milk coming from numerous 

abdominal pores in a depression on the mother’s belly, where is 

lapped by the neonates. Their urinary, defecatory, and reproductive 

system opens into a single duct, the cloaca, like in modern reptiles.  

 

Metatheria 

Marsupials are the only living group of metatheria and comprise 

seven extant marsupial orders; four are Australasian and three are 

South American. Nearly seventy percent of the 334 extant species 

occur in Oceania while the remaining 100 live in America (99 in 

South or Central America and 1 in North America). All 

Australasian marsupials arose from a single marsupial migration 

from South America to Australia about 50 Mya, shortly after 

Australia had split off (Nilsson et al. 2010). Marsupial orders and 

their phylogenetic arrangement are shown in figure 1.5. 
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Marsupials are characterized by being born at a very young stage of 

development and by lacking a complex or true placenta to protect 

the embryo from their mother’s immune system. Instead, they have 

developed a pouch that contains multiple nipples where the young 

are nourished and protected until they are fully developed. 

The gestation period is very short, typically between 4 to 5 weeks. 

After gestation, the newborns climb up to the pouch using their 

grasping front limbs which are comparatively more developed than 

the rest of the body. 

Marsupials have a single cloaca although they also have a separate 

genital tract, while most placental mammal females have separate 

openings for reproduction, urination, and defecation (the vagina, the 

urethra, and the anus). 

Other common structural features with monotremes (but not 

placental mammals) are the presence of epipubic bones and the lack 

of corpus callosum between the right and left brain hemispheres. 
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Figure 1.5. Phylogenetic tree of marsupials derived from retroposon data. The 
tree topology is based on presence/absence of retroposons. The names of the 
seven marsupial orders are shown in red. Phylogenetically informative retroposon 
insertions are shown as circles. Gray lines denote South American species 
distribution, and black lines Australasian marsupials. The cohort Australidelphia 
is indicated as well as the new name proposed for the four “true” Australasian 
orders (Euaustralidelphia). Modified from Nilsson et al 2010. 
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Eutheria 

The term Eutheria (Greek, “True Beasts”) was introduced by Tomas 

Henry Huxley in 1880 and includes extant and fossil species of 

placental mammals. They are the most numerous group in terms of 

species and orders among mammals. The main defining trait of 

placentals is the presence of a placenta that allows the mother to 

carry the fetus and nourish it until it has fully developed3. The lack 

of the epipubic bone is thought to be related with this feature, 

allowing space for the fetus. 

Other characteristics include the presence of a bony prominence on 

each side of the ankle known as malleolus (Latin, "small hammer") 

and various features of the jaw and teeth.  

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
3 With the notable exception of humans that are born before their bodies have 

developed enough to walk around 
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 “People talk about human intelligence as the greatest 

adaptation in the history of the planet. It is an amazing and 

marvelous thing, but in evolutionary terms, it is as likely to do us in 

as to help us along.”  

  Stephen Jay Gould 

1.3. Characteristics and Adaptations 

Mammals are homoeothermic and endothermic vertebrate animals 

which feed their young on milk produced by mammary glands. All 

have hair at some point in their lives, even if they have only a few 

sensory bristles on the snout like most whales.  They have three 

middle ear bones, the malleus, incus, and stapes (more commonly 

referred to as the hammer, anvil, and stirrup) which function in the 

transmission of vibrations from the tympanic membrane (eardrum) 

to the inner ear. A non-exhaustive list of mammalian characteristics 

is summarized in table 1.1. 

One of the most important defining traits of the class Mammalia is 

their skin structure; in particular their special modifications such as 

hair, glands, or horns and antlers (bovids and cervids). 

 

Skin 

In mammals, the skin is an organ of the integumentary system made 

up of multiple layers of ectodermal tissue, and it protects the 

underlying muscles, bones, ligaments, and internal organs. The skin 

is directly exposed to the environment and is the first line of defense 
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from external factors. It plays a crucial role in protecting the body 

against pathogens and excessive water loss. 

Mammalian skin is composed of two primary layers: 

1) Epidermis, which provides waterproofing and serves as the 

first barrier against infection. The epidermis contains no 

blood vessels, and cells in the deepest layers are nourished 

by diffusion from blood capillaries extending to the upper 

layers of the dermis. 

2) Dermis, tightly connected to the epidermis through a 

basement membrane. It mostly consists of connective tissue 

and cushions the body from stress and strain. The dermis 

provides tensile strength and elasticity to the skin through an 

extracellular matrix composed of collagen fibrils, micro 

fibrils, and elastic fibers which are embedded in 

proteoglycans.  It also harbors hair follicles, glands, and 

blood and lymphatic vessels. 

When compared to our closest evolutionary relatives, birds and 

reptiles, the skin of mammals has many more glands and there is a 

clearer layer differentiation in the epidermis (Alibardi 2003). 

Mammals can also claim the thickest skin in the animal world. 

Steller’s sea cow (Hydrodamalis gigas) had the thickest known skin 

(up to 7.5 cm) which was even used to make boats (Anderson 

1995)4. 

 
                                                 
4 By 1768, 27 years after it had been discovered by Europeans, Steller's sea cow 

was extinct. The species was quickly wiped out by sailors, seal hunters and fur 

traders. 
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Glands 

Mammalian skin is filled with numerous skin glands and they have 

the greatest variety of integumentary glands within vertebrates. 

Most fall into one of four different classes:  

 

Sebaceous glands develop from the hair follicle canals and secrete 

a lipoidal fluid which in terrestrial mammals is water-soluble. Its 

main purpose seems to be to help keep the horny layer moist and 

pliable by admixture with absorbed sweat. 

 

Sweat glands are a trait which is exclusive to mammals. They are 

tubular, highly coiled glands, spread over the body surface of most 

mammals. There are two types of sweat glands:  

1) The eccrine glands, located in hairless regions like the 

footpads of most mammals. These secrete a watery fluid 

which helps in gripping the ground for walking and for 

grasping objects in primates. In higher primates, these 

glands have spread all over the body and are used to lower 

body temperature by sweat evaporation from the skin 

surface. They are either reduced or absent in rodents, 

rabbits, and whales.   

2) Apocrine glands are larger than eccrine glands, with 

longer and more convoluted ducts. Their secretory coil is in 

the dermis and extends deep into the hypodermis, opening 

into a hair follicle or where a hair once was. In contrast to 

watery secretions of eccrine glands, apocrine glands produce 

a much more viscous, milky fluids, whitish or yellow in 
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color, that dry on the skin to form a film. Their activity is 

correlated with reproductive function and signaling, for 

example cycle stage and receptivity in the female or degree 

of maturity and relatedness of individuals within a species. 

 

Scent glands have a very varied location and function. They are 

used for within species communication, warning, territorial marking 

or defense and can be found in interdigital regions (deers), anal 

regions (skunks), or the back of the head (dromedaries) among 

other locations.  

 
Sebaceous glands are intimately associated with hair follicles, 

although some are free and open directly onto the surface. The 

cellular lining of the gland is discharged in the secretory process 

and must be renewed for further secretion. These gland cells 

become distended with a fatty accumulation then die, and are 

expelled as a greasy mixture called sebum into the hair follicle. 

Called a “polite fat” because it does not turn rancid, it serves as a 

dressing to keep skin and hair pliable and glossy. Most mammals 

have sebaceous glands over their entire body; in humans they are 

most numerous in the scalp and on the face. 

 
Mammary glands, for which mammals are named, occur on all 

female mammals and in a rudimentary form on all male mammals. 

They develop by thickening the epidermis to form a milk line along 

each side of the abdomen in the embryo. On certain parts of these 

lines the mammae appear while the intervening parts of the ridge 

disappear. Mammary glands increase in size at maturity, becoming 
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considerably larger during pregnancy and subsequent nursing of 

young. In human females, adipose tissue begins to accumulate 

around the mammary glands at puberty to form the breast. In most 

mammals, milk is secreted from mammary glands via nipples or 

teats, with the exception of monotremes. Teats are also absent in 

male marsupials, mice, rats, and horses. 

 
Hair 

Hair is a protein filament (mostly composed by keratin) that grows 

from follicles found in the dermis. Thus, true hair (found only in 

mammals) is composed of dead keratin-packed epidermal cells. 

It has a very important role in protection, temperature regulation, 

and sensory perception. Although hair is reduced to only a few 

sensory bristles in cetaceans, mammals are generally very hairy 

creatures. The epidermis is thinner where it is well protected by 

hair, but in places that are subject to much contact and use, such as 

palms or soles, its outer layers become thick and cornified with 

keratin. Hairs grow from hair follicles that are sunk in the dermis 

and have attached a number of structures that include the cup in 

which the follicle grows known as the infundibulum, arrector pili 

muscles, sebaceous glands, and the apocrine sweat glands. Hair 

follicle receptors sense the position of the hair. 

There are two main kinds of hair in the pelage or fur coat: Dense 

and soft underhair which traps a layer of air for insulation, and 

coarse and longer guard hair for protection against wear and to 

provide coloration. In water, guard hairs become wet and adhere to 

each other, forming a protective blanket over the underhair. 
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The hair of mammals has become modified to serve many different 

purposes, including camouflage (with even multiple coats in arctic 

animals), sensory perception (vibrissae), or weapons (porcupines). 

 

Characteristics of Class Mammalia 

 Body mostly covered with hair, but reduced in some species 

 Integument with sweat, scent, sebaceous, and mammary glands, 

overlaying a thick layer of fat 

 Skull with two occipital condyles and secondary palate; turbinate bones 

in nasal cavity; jaw joint between squamosal and dentary bones, middle 

ear with three ossicles (malleus, incus, stapes); seven cervical vertebrae 

(except some xenarthrans [edentates] and manatees); pelvic bones fused 

 Mouth with diphyodont teeth (milk, or deciduous, teeth replaced by a 

permanent set); teeth heterodont in most (varying in structure and 

function); lower jaw a single enlarged bone (dentary) 

 Movable eyelids and fleshy external ears (pinnae) 

 Circulatory system of a four-chambered heart (two atria and two 

ventricles); persistent left aortic arch, and nonnucleated, biconcave red 

blood corpuscles 

 Respiratory system of lungs with alveoli, and larynx; secondary palate 

(anterior bony palate and posterior continuation of soft tissue, the soft 

palate) separates air and food passages; muscular diaphragm for air 

exchange separates thoracic and abdominal cavities; convoluted 

turbinate bones in the nasal cavity for warming and moistening inspired 

air 

 Excretory system of metanephric kidneys with ureters that usually open 

into a bladder 

 Brain highly developed, especially cerebral cortex; 12 pairs of cranial 

nerves; olfactory sense highly developed 

 Endothermic and homeothermic 
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 Cloaca present only in monotremes (present but shallow in marsupials) 

 Separate sexes; reproductive organs of a penis, testes (usually in a 

scrotum), ovaries, oviducts, and uterus; sex determination by 

chromosomes (males is heterogametic) 

 Internal fertilization; embryos develop in a uterus with placental 

attachment (except in monotremes); fetal membranes (amnion, chorion, 

allantois) 

 Young nourished by milk from mammary glands 

Table 1.1. Characteristics of Class Mammalia. Modified from Integrated 

Principles of Zoology, 14/e (Hickman et al. 2001) 

 

Mammals possess bigger brains than other vertebrates. On average, 

a mammal has a brain roughly twice as large as that of a bird of the 

same body size, and ten times as large as that of a reptile of the 

same body size (Northcutt 2002). 

Size, however, is not the only difference; there are also substantial 

structural differences. While the hindbrain (with the exception of 

the cerebellum) and midbrain are fairly similar in all vertebrates, the 

forebrain is greatly enlarged in mammals. The cerebral cortex is the 

part of the brain that is most distinguishable in mammals. In non-

mammalian vertebrates, the surface of the brain is lined with a 

comparatively simple three-layered structure called the pallium. In 

mammals, the pallium evolved into a complex six-layered structure. 
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In placental mammals, a corpus callosum also develops, further 

connecting the two hemispheres. The complex convolutions of the 

cerebral surface (gyrus) and furrows (sulci) which increase the 

surface area also found only in higher mammals. 

Figure 1.6. Brain weights plotted against body weights and expressed as minimal 
convex polygons in a double logarithmic graph for each of the major vertebrate 
groups. Each polygon encloses the available data for a given group. For most of 
these groups, there is a ten-fold range in brain size for any given body size. 
Furthermore, within each group, the largest brains are also generally the most 
complex brains. Redrawn from van Dongen (1998), taken from (Northcutt 2002). 

 

Mammals are also considered to be highly intelligent, especially 

Primates, and particularly great apes. There have been many 

measures that have tried to estimate (with a varying degree of 

success) the level of cognition or intelligence by relating it to the 

relative size of the brain. One of such measures is the 

encephalization quotient (EQ), designed for mammals and defined 

as the ratio between brain mass and predicted brain mass for an 

animal of a given size (Table 1.2). 
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Animal taxa 
Brain weight

 (in g) 
Encephalization 

quotient (EQ) 

Number of cortical 
neurons  

(in millions) 
Whales 2,600–9,000 1.8  
False killer whale 3,650 10,500 
African elephant 4,200 1.3 11,000 
Humans 1,250–1,450 7.4–7.8 11,500 
Bottlenose dolphin 1,350 5.3 5,800 
Walrus 1,130 1.2  
Camel 762 1.2  
Ox 490 0.5  
Horse 510 0.9 1,200 
Gorilla 430–570 1.5–1.8 4,300 
Chimpanzee 330–430 2.2–2.5 6,200 
Lion 260 0.6  
Sheep 140 0.8  
Old world monkeys 41–122 1.7–2.7  
Rhesus monkey 88 2.1 480 
Gibbon 88–105 1.9–2.7  
Capuchin monkeys 26–80 2.4–4.8  
White-fronted capuchin 57 4.8 610 
Dog 64 1.2 160 
Fox 53 1.6  
Cat 25 1 300 
Squirrel monkey 23 2.3 480 
Rabbit 11 0.4  
Marmoset 7 1.7  
Opossum 7.6 0.2 27 
Squirrel 7 1.1  
Hedgehog 3.3 0.3 24 
Rat 2 0.4 15 
Mouse 0.3 0.5 4 
Table 1.2. Brain weight, encephalization quotient and number of cortical neurons 

in selected mammals. Modified from Roth et al (Roth and Dicke 2005) 

 

In particular groups we can find a myriad of special adaptations 

such as echolocation in dolphins and some groups of bats, 

electroreception in monotremes (Pettigrew 1999), flight in bats, and 

hibernation in a wide variety of species (see section 3.1.1). 



25 

 

“Triumphs as well as failures of nature’s past experiments appear 

to be contained in our genome.” 

Susumu Ohno 

2. Genomics 

The first complete genome was sequenced in 1977 by double Nobel 

prizewinner Fred Sanger5. This honor was bestowed on the ΦX174 

bacteriophage, whose genome contains 5,386 nucleotides, and gave 

rise to the Sanger sequencing method.  

Other key historical moments include the sequencing of E. coli 

(4.6Mb) in 1997 after 14 years by Blattner et al. (Blattner 1997). S. 

cerevisiae was the first genome sequence obtained by an 

international consortium in 1996 (Goffeau et al. 1996). Many 

genomes followed the consortium approach, including the first 

animal genome (C. elegans, 97Mb) two years later (C. elegans 

sequencing consortium 1998)  and eventually bigger genomes like 

D. melanogaster (1.65 Gb) in 2000 (Adams 2000). Nevertheless, 

the species whose genome sequencing truly revolutionized the 

genomics field and allowed us to enter in the so-called ‘genomic 

era’ was our own genome, H. sapiens in 2001 (Lander et al. 2001).  

                                                 
5 The father of the genomic era described himself as “just a chap who messed 

about in his lab” 
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A myriad of technologies encompassed by the so called High-

Throughput Sequencing (HTS)6 technologies have fostered the 

genomics field since the year 2000, increasing the total output and 

decreasing the price (Figure 1.7). Carlson correctly predicted that 

the doubling time of DNA sequencing technologies (measured by 

cost and performance) would be at least as fast as the famous 

Moore's law  (Carlson 2003). 

 

Figure 1.7. Timeline and Comparison of Commercial HTS Instruments. 

Commercial release dates versus machine outputs per run are shown. Numbers 

inside data points denote current read lengths. Sequencing platforms are color 

coded. Modified from Reuter et al. (Reuter et al. 2015) 

 

                                                 
6 Also named Next-Generation Sequencing (NGS). Perhaps a name poorly chosen 

that will age badly as technology develops. 
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Sequencing consortiums are shrinking and some genomes 

(particularly small ones) will be able to be completed by a few 

researchers in the near future (Ekblom and Wolf 2014).  The 

increase in the number of available genomes has boosted 

comparative genomics and many other fields. Genomics is 

considered the major driver of biology since the start of the 21st 

century. 

When it comes to sequencing efforts, mammals are clearly 

overrepresented, despite their relatively low number of species and 

families when compared to other groups. For example at the family 

taxonomic category, 37.73% of the mammalian families (53.33% if 

we focus on primates) have at least one member sequenced, 

compared to only 4.51% in insects or 0.66% in gastropods. Figure 

1.8 shows a snapshot of the currently sequenced eukaryotic 

organisms. The wide availability of mammalian genomes is clearly 

an advantage for comparative genomics studies.  

The quality of reference genome assemblies is an important issue 

when interpreting differences between genomes. Coverage (read 

depth) is the average number of reads representing a given 

nucleotide in the reconstructed sequence; while a bunch of genomes 

like H. sapiens or M. musculus were sequenced using a hierarchical 

sequencing and very high coverage, other organisms remain 

sequenced at very low coverage (2x) and were obtained using 

shotgun sequencing strategies. 

Another major issue corresponds to the annotation of genomes. 

Gene identification relies on gene prediction programs like 

Augustus (Stanke et al. 2006) or GeneID (Alioto et al. 2013) that 
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use several parameters to identify putative genes and are also 

capable of using external information such as EST or protein 

evidence to refine their gene models. Although transcriptomics data 

is now available for a large number of mammals, in most cases this 

data was not used in the annotation of their reference genome. 

Recently sequenced mammals incorporate this information into 

their pipeline, which results in improved gene annotation. 

Homology is also very important in the annotation of genes that are 

shared across species. For example, according to Ensembl v80, 

17,948 out of 22,014 human protein-coding genes have a homolog 

in mouse (81.5%). Orthologs and paralogs are two types of 

homologous genes that evolved, respectively, by vertical descent 

from a single ancestral gene and by duplication, respectively (see 

Koonin 2005 for a thorough review of the subject). For most of the 

work in this thesis we have relied on Ensembl orthology 

predictions. It is far more difficult to identify and correctly annotate 

taxonomically restricted genes (TRG or lineage specific genes) than 

conserved genes. Homology is an important parameter in gene 

discovery programs and many TRGs may be missed. Specific 

pipelines need to be developed for the identification of such 

recently evolved genes. 

 

 

 

 

 



29 

 

Figure 1.8. Current genome sequences across the eukaryotes7. Numbers of 

eukaryotic taxonomic families represented with a reference genome assembly in 

NCBI. (A) Listed by phylum. (B) Breakouts for phyla with especially large 

numbers of taxa. The vast majority of these reference genomes are in draft status, 

as few large eukaryotic genomes have been finished. Modified from Richards et 

al (Richards 2015). 

                                                 
7 Already outdated, due to the high rate of genomes published monthly. 
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2.1. Sequence Alignments 

Multiple sequence alignment (MSA) is defined as a way of 

arranging multiple sequences of DNA, RNA, or protein to identify 

regions of similarity that may be a consequence of structural, 

functional, or evolutionary relationships among them (Needleman 

and Wunsch 1970). If two or more sequences share a common 

ancestor, mismatches can be interpreted as point mutations and gaps 

in one or more lineages as insertion or deletions (InDels). The 

absence of substitutions or InDels in a region between two distantly 

related species indicates that this region may have functional or 

structural importance. 

MSA are a fundamental and ubiquitous technique in bioinformatics; 

They are used for inferring phylogenies, identify homologous 

sequences, design PCR primers (for amplifying related genes), and 

assembling contigs in genome sequencing projects. Thus, alignment 

accuracy is crucial to a vast range of analyses and can be considered 

as one of the cornerstones in many biological fields. 

An MSA can be obtained by the Needleman and Wunsch dynamic 

programming algorithm executed in n dimensions (n = number of 

sequences to be aligned). However, to find the global optimum for n 

sequences is a NP-complete problem, as the computational 

complexity, and the time required, increases as O(lengthn)8. 

Therefore, MSAs are built using heuristic approaches; by far the 

                                                 
8 In mathematics, big O notation describes the limiting behavior of a function 

when the argument tends towards a particular value or infinity, usually in terms of 

simpler functions. 
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most used approaches are based on progressive alignments 

(Hogeweg and Hesper 1984; Feng and Doolittle 1987). The time to 

perform such progressive alignments is proportional to the number 

of sequences: O(n) and O(n*n) for the initial pairwise alignment. 

This is only problematic when trying to align a very large number 

of sequences (tens of thousands). 

In the articles presented in this thesis, two different programs have 

been used, depending on the objective of the study: MAFFT (Katoh 

et al. 2002) was used for its excellent quality/speed ratio,  and 

PRANK+F (Löytynoja and Goldman 2008) was used when a very 

high-quality alignment was required for subsequent analyses. 

The later uses an evolutionary framework to construct the MSA. It 

improves the accuracy of InDels while avoiding the alignment of 

non-homologous regions. PRANK+F require a phylogenetic tree in 

order to use the full potential from its algorithm. Although the 

newest versions are able to generate a tree using a fast MAFTT 

alignment, it is better to input the species’ phylogenetic 

relationships if known. 

A bad alignment can certainly bias or generate false positives in a 

wide variety of analyses, including positive selection detection 

(Fletcher and Yang 2010; Markova-Raina and Petrov 2011). 

Trimming, which consists in removing regions with low 

conservation after alignment, is usually applied to get rid of badly 

aligned regions (Castresana 2000; Capella-Gutiérrez et al. 2009) at 

the cost of losing part of the sequence.  
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Life… finds a way. 

Ian Malcolm 

 

3. Molecular Innovation 

The study of evolution becomes at some point the study of 

innovation; how novel adaptive traits arise and spread in biological 

organisms, endowing their bearers with qualitatively new abilities. 

Some of these major innovations become new material upon which 

other innovations can occur. Some well-studied examples are the 

epithelia in metazoans (Leys and Riesgo 2012), flowers in plants, 

and the development of lungs (Mess and Ferner 2010). As 

aforementioned we find many such innovations occurring in 

mammals such as homeothermy, hair or large brains.  Some authors 

define novelty as “a feature not homologous to a feature in an 

ancestral taxon” (Hall 2005), yet the most common understanding 

of novelty is more relaxed and based on phenotypic character traits 

(Peterson and Müller 2013). 

Most of the major evolutionary innovations are easy to distinguish 

at the phenotypic level, and much of the current Linnean taxonomy 

is, in fact, based upon them. However, our understanding of the 

mechanisms that underlie the genesis of novelty remains limited. 

The geneticist Hugo de Vries already pointed out this issue in 1905: 

‘natural selection may explain the survival of the fittest, but it 

cannot explain the arrival of the fittest’ (de Vries 1905). 
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A new phenotype can arise through many different mechanisms, 

including regulatory changes, through the acquisition of new genes 

or the modification of existing genes. The relative contribution of 

each of these three mechanisms in the origination of adaptive traits 

is unknown, and is likely to vary among different groups of 

organisms (Carroll 2005).  

In a recent study in threespine stickelbacks it was observed that 

regulatory changes were predominant in the adaptive evolution of 

this particular group (Jones et al. 2012). It has also been observed 

that mutations in genes can have pleiotropic effects, affecting 

fitness in an environment-dependent manner (Soskine and Tawfik 

2010). This is potentially very important in the origination of 

morphological variation. The pleiotropic effects of an adaptive 

single-base pair substitution have been characterized in the 

bacterium Pseudomonas fluorescens (Knight et al. 2006). However, 

which portion of point mutations has small pleiotropic effects and 

which one has no effects remains unclear (Stern 2000).  

The last major player in genetic novelty would be the origination of 

new genes. Traditionally, gene duplication was thought to be the 

only plausible mechanism of gene birth, but there is an 

accumulating amount of evidence that some genes can originate 

from scratch in previously non-coding regions (Tautz 2014; 

Schlötterer 2015). 

It is becoming increasingly clear that genomes are highly dynamic 

entities; however, the genetic and molecular bases of adaptive 

evolution are still largely unknown.  
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“It is not the strongest of the species that survives, not the most 

intelligent that survives. It is the one that is the most adaptable to 

change.”  

Charles R. Darwin 

 

3.1. Sequence change and positive selection 

A classical issue in evolutionary biology is to understand the forces 

that govern the evolution of species. Mutation9 is one of the four 

basic mechanisms (the others being genetic drift, selection, and 

migration) by which sequences evolve; generating the necessary 

standing variation upon which natural selection can act. Mutations 

can arise either from the misincorporation of nucleotides during 

DNA replication or from DNA lesions that remain unrepaired. Due 

to the redundancy of the genetic code, exhibited as the multiplicity 

of three-nucleotide combinations specifying an amino acid (codon), 

substitutions in coding sequences can be classified in two 

categories: synonymous substitutions and nonsynonymous 

substitutions. 

Synonymous or silent substitutions occur when the mutated triplet 

codes for the same amino acid. For the sake of simplicity, 

                                                 
9 Mutation and substitution are often used interchangeably but there is an 

important difference. Nucleotide mutations are base changes (synonymous or 

non-synonymous) where the mutant and wild-type forms coexist in a population. 

A nucleotide substitution is a fixed base change in a population or species. 
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synonymous substitutions are often assumed to be selectively 

neutral, although there is evidence that up to 40% might be under 

the action of selection, often because they affect splicing and/or 

mRNA stability (Chamary et al. 2006). Since mammalian species 

have relatively small population sizes, it can be assumed that 

synonymous substitutions are “effectively neutral” because 

purifying selection is less effective in smaller populations.  

Nonsynonymous substitutions can truncate proteins (through a stop 

codon) or modify them, often producing deleterious effects.  They 

can be further classified into conservative mutations or non-

conservative mutations, depending on whether the properties of the 

new amino acid are equivalent to its predecessor (e.g., 

hydrophobicity, polarity, etc.) or not. 

Deleterious mutations will not reach a high frequency in a 

population and will be purged by natural selection. Thus, the 

majority of observed substitutions are believed to be slightly 

deleterious or neutral, and rarely, advantageous (OHTA 1973; 

Akashi et al. 2012). The acquisition of new functions or the 

optimization of existing ones by sequence change may confer an 

advantage to an organism, increasing the associated allele frequency 

in a population through natural selection. 

The search for signs of positive or adaptive selection at the 

molecular level is a topic of great interest but also a difficult one, as 

most observed changes are neutral or (slightly) deleterious. There 

are two families of methods used to detect positive selection: 

population methods, based on analyzing allele frequencies within a 

species, and divergence methods, based on comparing patterns of 
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synonymous and nonsynonymous changes in protein coding 

sequences. Two interesting reviews with comparisons and 

limitations of the different methods are Biswas et al. (Biswas and 

Akey 2006) and Jensen et al. (Jensen et al. 2007). 

Remarkable examples of positively selected locus in humans are 

related with hypoxia at high altitude (Petousi and Robbins 2014) 

and skin pigmentation (Sturm 2009). Cetacean myoglobins, which 

are critical for increasing oxygen storage capacity and prolonging 

dive time, have been found to be under adaptive selection (Dasmeh 

et al. 2013). While polymorphism-based analyses are used to study 

selective events within populations, here we will focus on 

substitution-based methods, aimed at inferring species or lineage-

specific adaptations. 

The rate of evolution10 is a measurement of the change of a 

character in an evolutionary lineage over time. In protein sequences 

the non-synonymous substitution rate (dN) is the number of 

nonsynonymous substitutions per nonsynonymous site and the 

synonymous substitution rate (dS) is the number of synonymous 

substitutions per synonymous site.  

The ratio between the two can be used to infer general selection 

regimes. Under neutrality we expect a dN/dS of 1; while a dN/dS 

smaller than 1 indicates purifying selection, reflecting functional 

constraints. When dN/dS is higher than 1 positive selection may be 

acting. An important limitation is that adaptive selection is often 
                                                 
10 Haldane defined a 'darwin' as a unit to measure evolutionary rates, using 

quantitative characteristics; one darwin is a change in a character by a factor of e 

in one million years. 
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limited to one or a few sites, which get diluted when looking at 

general dN/dS values. 

One of the most popular packages for estimating dN/dS values in 

phylogenies is CodeML, which uses a maximum likelihood (ML) 

approach and it is included in the package PAML (Yang 2007). 

This method takes into account the fact that nonsynonymous 

mutations are thrice as likely to occur as synonymous mutations and 

that transitions (A to G or C to T) are more common than 

traversions. It also considers the possibility of recurrent changes in 

the same position, which are not observed in the extant species but 

can be inferred from ancestral reconstructions. The saturation of 

sequence changes over time decreases the accuracy of the 

substitution rate estimates at long phylogenetic distances. 

In the articles presented in this thesis we have used two different 

models included in CodeML:  

 Free-ratio models, that estimate the dN, dS, and dN/dS 

(sometimes called w) in a given phylogeny. 

 Branch-site models, where the dN/dS ratio is allowed to vary 

across branches and also among sites.  

The branch-site test (Zhang et al. 2005) has been designed to detect 

positive selection affecting a few sites in one or a few lineages. In 

this test the branch for which we want to detect positive selection is 

named foreground (labelled with ‘#’ in the tree), and the rest of 

branches are considered background branches. The alternative and 

null models are detailed in table 3.1. 
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Site Class Proportion Background Foreground

0 p0 0 < ω0 < 1 0 < ω0 < 1 

1 p1 ω1 = 1 ω1 = 1 

2a (1 − p0 − p1) p0/(p0 + p1) 0 < ω0 < 1 ω2 ≥ 1 

2b (1 − p0 − p1) p1/(p0 + p1) ω1 = 1 ω2 ≥ 1 
 

Table 3.1. Alternative hypothesis model for the branch-site test of positive 

selection. The null model is the same except ω2 = 1 is fixed. Taken from Yang et 

al. (Fletcher and Yang 2010). 

 

To determine the most likely model, a likelihood ratio test statistic 

is computed as twice the log likelihood difference between both 

models and then the result is compared with the χ2 distribution (one 

degree of freedom). Therefore, positive selection is inferred in the 

foreground branch if the likelihood of the alternative value is 

significantly higher than the one for the null model. In addition, 

when the null model is rejected, the test also indicates which 

specific amino acids (with a confidence value) are under positive 

selection, using a Bayes empirical Bayes (BEB) approach (Fletcher 

and Yang 2010). 
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3.2. Shifts in gene expression regulation 

While some phenotypes and adaptations can be explained by 

protein coding sequence changes, many others are likely to be due 

to changes in the regulation of gene expression (Carroll 2005).  

Some genes are constitutively expressed, regardless of the 

environmental conditions. Such genes usually control basic 

functions such as DNA replication or repair, or the organism's 

metabolism. In contrast, regulated or facultative genes are needed 

only occasionally and their expression is controlled or influenced by 

the environment or other genes. 

The importance of gene expression regulation in phenotypic change 

was postulated in 1975 after noting that, despite big anatomic and 

cognitive differences between human and chimpanzee, the majority 

of proteins were highly conserved between the two species (King 

and Wilson 1975). Even gradual change, like beak size and shape in 

birds is likely to be caused by changes in the timing and level of 

expression of major developmental switch genes (Abzhanov et al. 

2004; Wu et al. 2004). Other recent examples of differences 

between species governed by regulatory mutations are found in 

male wing pigmentation pattern in sibling Drosophila species 

(Prud’homme et al. 2006) or body pigmentation between D. yakuba 

and D. santomea (Jeong et al. 2008) 

These examples indicate that regulatory mutations play an 

important role in inter-species phenotypic differences. Moreover, it 

is increasingly realized, that purifying selection conserves much 

more than just the protein-coding part of the genome, providing 
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indirect support for gene regulation as a major innovation 

mechanism (Bernstein et al. 2012).  

Genes commonly function together; it is the concerted expression of 

distinct sets of genes that is often phenotypically relevant. One of 

the better studied pathways is the tricarboxylic acid (TCA) cycle 

(Krebs cycle) – present in all aerobic organisms. In this gene 

network, carbohydrates, lipids, and proteins are oxidized into 

carbon dioxide, obtaining energy in the form of adenosine 

triphosphate (ATP). In this example the cycle is tightly regulated by 

product inhibition, substrate availability and the enzyme interaction. 

The ‘rewiring’ of gene regulatory networks can enable changes at 

any scale – from subtle intra-specific morphological variations 

(Prud’homme et al. 2007) to the creation of novelty at phylum level 

(Shubin et al. 2009). 

Microarrays and RNAseq technologies have enabled the study of 

gene expression at large scale allowing us to compare different 

tissues and conditions. In this thesis we have studied the phenomena 

of hibernation, an extreme mammalian adaptation, in which gene 

regulation is thought to be a major player. 

 

 

 



41 

 

Swallows, for instance, have been often found in holes, quite 

denuded of their feathers, and the kite on its first emergence from 

torpidity has been seen to fly from out some such hiding-place.11 

 Aristotle 

3.2.1. Hibernation 

Endothermy is energetically expensive and sometimes the energy 

supply becomes scarce (e.g. winter, drought…). The animals 

usually insulate their bodies to minimize heat losses and maintain 

homeothermy in a constant high temperature, but this is usually not 

enough. Many animals have adopted migration (especially birds) as 

response to the lack of resources. As terrestrial locomotion is the 

most energetically expensive, is not surprising that very few 

terrestrial mammals have adopted this behavior. Those terrestrial 

mammals that migrate are usually large organisms like the reindeer 

(Rangifer tarandus), which migrates in Alaska, and several species 

which migrate in the Serengeti National Park such as the blue 

wildebeest (Connochaetes taurinus), African elephants (Loxodonta 

africana), and zebras (Equus quagga).  

Hibernation is a strategy adopted by mammals with a large surface-

to-volume ratio (small) and high mass-specific metabolic rate 

(Figure 3.1). Small mammals have higher heat loss than large 

mammals with a thicker insulation and require much more energy 

per Kg to maintain homeothermy. Heat loss is a function of the Tb-

                                                 
11 Aristotle deduced that swallows and other birds hibernated during winter. He 

considered migration an inconceivable idea because they were too small. His 

conclusion was accepted wisdom for over 2,000 years. 
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Ta differential, thermoregulatory costs at low Ta becomes 

prohibitory expensive for small mammals. Larger bodies can also 

store more relative fat, although they are also more energy-

expensive to reheat. These basic energetic reasons explain why 

hibernation and daily torpor are strategies adopted mostly by small 

animals (and not by large animals12), where the energy savings are 

much higher. Hibernation is a strategy adopted by many groups of 

the three deepest branches of the mammalian phylogeny and has 

been accounted for or studied in at least 93 different mammalian 

species (Ruf and Geiser 2014). 

It is important to differentiate between torpor and hibernation; the 

terms have been used interchangeably in the literature, but they are 

not entirely the same thing. Torpor is defined as a physiologically 

controlled depression of metabolic rate and activity. It starts with a 

regulated lowering of rate and depth of breathing and heart rate, 

diminishing metabolic rate as well as the Tb (Temperature of the 

body), which can approach ambient temperature. After a period of 

low, yet stable, metabolic activity (at low Tb), the animal elevates 

respiratory, heart, and metabolic rates to initiate rewarming. The 

rewarming is usually performed through non-shivering 

thermogenesis that occurs in brown adipose tissue (brown fat), 

where the uncoupling protein-1 (UCP1) allows the uncoupling of 

                                                 
12 Perhaps the exception to this rule are bears, such as the black bear 

(Ursus americanus), which also exhibits a form of hibernation, 

although at relatively high Tb of ∼30°C. 
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protons moving down their mitochondrial gradient from the 

synthesis of ATP and allowing energy to be dissipated as heat 

(Cannon and Nedergaard 2004). 

Figure 3.1. Relationship between mass-specific or relative metabolic rate and 

body weight for a range of 572 mammals. Smaller animals require much more 

energy per Kg to stay alive. Metabolic rate of a mammal varies in rough 

proportion (0.7) to the relative surface area rather than to body weight. Data 

obtained from PanTHERIA (Jones et al. 2009). 

 

Hibernation consists in a concatenation of multi-day bouts of torpor. 

Torpor bouts in deep hibernators have classically been defined as 

those lasting more than 1 day. During deep hibernation, the 
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multiday periods of torpor are punctuated periodically by arousals 

to euthermia, known as interbout arousals (IBA), giving rise to a 

pattern of heterothermy (Figure 3.2).  

Typically, hibernation is preceded by a hyperphagic stage where 

animals store all the necessary energy they will use during 

hibernation in the form of lipids in the white adipose tissue (WAT). 

The simplified basic stages of hibernation are 1) entering; 2) torpor; 

3) arousing from torpor (IBA); 4) interbout euthermia (IBE). 

 

Figure 3.2. Top: daily torpor in Glis glis showing body temperature (Tb), 

ambient temperature, and metabolic rate. Bottom: ground squirrel hibernation: 

Tb across 8 months illustrates the homeothermic and heterothermic (blue shadow) 

periods. Modified from Breukelen et al (van Breukelen and Martin 2015). 
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This seasonally expressed period of heterothermy represents a huge 

deviation from mammalian homeostasis and can save up to 90% of 

the energy required to remain euthermic during resource scarcity 

(Wang and Lee 2011). Most of the energy spent during the torpor 

bouts is used in the IBA, resuming euthermia through non-shivering 

thermogenesis. 

James E. Lovelock, best known for his Gaia theory, did some 

experiments in the 1950’s in a period where interest in space travel 

was fueled by the space race. He cooled hamsters and rats to 0ºC 

and successfully reanimated them using microwave diathermy or a 

hot metal spatula applied to the chest (SMITH et al. 1954; Andjus 

and Lovelock 1955). Indeed, much of the knowledge about torpor 

physiology in mammals was produced by research on rodents. Mice 

and other murid rodents have been used as models for daily torpor, 

whereas ground squirrels are commonly used for hibernation studies 

(Carey et al. 2003). Well studied hibernators are the arctic squirrel 

and several other squirrels from the same genus (Spermophilus), 

bats like Myotis lucifugus, and bears. Some authors do not consider 

bears true hibernators, since their Tb values during torpor remain 

only a few degrees below normal temperature values (30-34ºC) 

(Tøien et al. 2011). 

There is an abundance of literature about physiological changes 

during hibernation but not much about how it evolved. In a seminal 

work Srere et al. proved that the torpor length was correlated with 

both the concentration of mRNA and protein of the alpha2 

macroglobulin gene. They were the first ones to hypothesize that 

the hibernation phenotype was manifested via a small number of 
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regulatory changes in existing mammalian genes and not through 

the acquisition of new genes (Srere et al. 1992). 

The hibernation phenotype has a patchwork distribution in the 

mammalian phylogeny; we find hibernators in at least fourteen 

orders of mammals with representatives in all three of the major 

branches of the Class Mammalia: Monotremata, Marsupialia, and 

Placentalia (Carey et al. 2003; Andrews 2007). However, it is 

unknown if distantly related species use the same key pathways for 

activating and maintaining the hibernation phenotype and what is 

the contribution of sequence change and positive selection in the 

appearance of the hibernation phenotype. 
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We have formerly seen that parts many times repeated are 

eminently liable to vary in number and structure; consequently it is 

quite probable that natural selection, during the long-continued 

course of modification, should have seized on a certain number of 

the primordially similar elements, many times repeated, and have 

adapted them to the most diverse purposes. 

     Charles R. Darwin 

3.3. Origin of New Genes 

The third pillar in the origination of new adaptive traits is the 

acquisition of new genes. But, what is exactly considered a gene in 

2015? Gerstein et al. offers an interesting review of what has been 

historically considered a gene and proposes a very relaxed 

definition: A gene is a union of genomic sequences encoding a 

coherent set of potentially overlapping functional products 

(Gerstein et al. 2007). Although in our work we have primarily 

focused on protein coding genes, it is important to bear in mind that 

some new genes may have non-coding functions, including 

regulatory roles performed by long non-coding RNAs (lncRNAs), 

microRNAs (miRNAs), Piwi-interacting RNAs (piRNAs), short 

interfering RNAs (siRNAs), small nucleolar RNAs (snoRNAs), and 

other short RNA. 

A  gene  duplication  is  an  event  in  which  one  gene  gives rise to 

two or more genes that are identical or very similar to each other. 

These genes are called paralogs. Haldane pointed out gene 

duplication as a mechanism for the generation of new genes, in 

which one of the copies can be altered without negative 
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consequences. He also argued that multiple copies would protect the 

bearer against harmful mutations (Haldane 1932). Susumu Ohno 

refined Haldane’s contributions and proposed a model (later named 

neofunctionalization by Force et al. 1999) where one copy retains 

the original (pre-duplication) function of the gene, while the second 

copy acquires a distinct function (Ohno 1970). Gene duplicates can 

arise by retrotranspositon of mRNAs back into the genome or 

unequal crossing over. Other genes with homology to preexisting 

functional elements are originated by horizontal gene transfer, gene 

fission/fusion and exaptation from mobile elements (Long et al. 

2003; Kaessmann 2010).  

Poliploidy, or whole genome duplications, can also be found in 

nature and are particularly common in plants (Masterson 1994). The 

2R hypothesis, suggesting that the genomes of the early vertebrate 

lineage underwent two complete genome duplications, was first 

proposed by Ohno (Ohno 1970) and further confirmed using 

genomic data (Kasahara 2007; Smith et al. 2013). 

An interesting example of adaptation linked to formation of a 

duplicated gene can be found in colobine monkeys of the genus 

Pygathrix (Douc langurs).  With a diet based on leaves with high 

fiber content, they rely on bacteria to break down the cellulose. 

Douc langurs (like ruminants) recover nutrients by breaking and 

digesting the bacteria with various enzymes, including pancreatic 

ribonuclease (RNASE1).  RNASE1B gene, which duplicated from 

RNASE1 gene around 4.2 Mya, acquired enhanced ribonucleolytic 

activity in a context of increased demands for digesting bacterial 
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RNA, so that nitrogen could be recycled efficiently (Zhang et al. 

2002).  

However, not all genes come from already existing genes. Some 

genes arise from previously non-coding sequences (de novo genes), 

which is a mechanism of new gene origination that was thought to 

be rare (Long et al. 2003). The contribution of duplicated genes to 

sequence and fold innovation is limited by the sequence similarity 

to other existing genes (Ohno 1982). In de novo gene evolution 

completely new sequences are expressed and can take new roles 

(see 3.3.1 TRGs and de novo genes). In a study in mammals, 

Meunier et al. found that in the origination of miRNA genes, de 

novo gene origination and duplication mechanisms showed similar 

frequencies (Meunier et al. 2013). In this thesis we have focused on 

young mammalian genes without homology to known proteins in 

other vertebrates. That is, genes that appeared at the root of 

mammals or more recently (<200Mya) and cannot be related to any 

existing proteins in other organisms through sequence similarity; 

therefore, many of these genes are likely to have originated de novo 

from previously non-coding parts of the genome. Many of these 

genes are probably related to key recent adaptive processes. 
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But naturalists are now beginning to look beyond this, and to see 

that there must be some other principle regulating the infinitely 

varied forms of animal life. 

Alfred Russel Wallace 

 

3.3.1. TRGs and de Novo Genes 

History and Nomenclature 

In 1996, when the complete genome of Saccharomyces cerevisiae 

was released it was found that many genes (30-35% of all ORFs) 

had no detectable homologues in other species. The term ‘orphan 

gene’13 was coined. It was hypothesized that many orphan genes 

would find homologues as more genomes were sequenced. It was 

also proposed that a irreducible fraction of them would be specific 

of each organism, possibly because they were fast evolving genes, 

making it hard to find any homologues (Dujon 1996). 

For a long time it had been considered impossible or extremely 

unlikely, that new genes could emerge out of scratch. In his rather 

general essay about evolution in 1977, François Jacob states: ‘The 

probability that a functional protein would appear de novo by 

random association of amino acids is practically zero14. In 

organisms as complex and integrated as those that were already 

living along time ago, creation of entirely new nucleotide sequences 

                                                 
13 Orphans were defined as genes without known function and without structural 

homologs of known function. 
14 The author does not offer a formal calculation of probability in this essay. 
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could not be of any importance in the production of new 

information’ (Jacob 1977). 

Much has happened since these ideas proposed by F. Jacob and 

Dujon. As the number of sequenced genomes increased and the 

taxonomic sampling became more complete the term ‘orphan’ lost 

precision. Some of the previously orphan genes could now be found 

in related species and were no longer ‘orphan’, however, homology 

could not still be found outside certain taxonomic rank (Genus, 

Family, Order, etc). Some of these taxonomically restricted genes 

(TRG) were found to be important for taxon-specific adaptations, 

such as the stinging cells in Cnidaria (Khalturin et al. 2009).  

 

Figure 3.3. Phylogenetic tree of primate species that have high quality genome 

sequences. Genome data from closely related species help identify new genes 

based on the synteny of orthologous genes. New genes that have no homology 

with any other gene are likely to have originated de novo. Taken from Wu et al. 

(Wu and Zhang 2013). 
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How do orphan genes arise? 

There are four different proposed mechanisms for orphan genes or 

TRGs: 

1) Horizontal gene transfer (HGT) or the acquisition of a gene 

from other non-sequenced organisms, such as bacteria or virus. 

2) Overprinting caused by frameshift mutations that could 

generate an entirely different protein with almost no change in 

the protein coding DNA sequence (CDS) (Okamura et al. 2006). 

3) Gene duplication followed by fast evolution (duplication-

divergence model), beyond the threshold of recognition of the 

parental gene through similarity (Tautz and Domazet-Lošo 

2011). 

4) De novo genes were defined as genes that originate from 

previously non-coding sequences.  

HGT is an important mechanism in prokaryotes but is possibly 

negligible in eukaryotes (Wissler et al. 2013). TRG within 

mammals arisen through the duplication-divergence model are 

unlikely to be found because a small conserved motif in a sequence 

is enough to detect homologues by Blast. Albà and Castresana 

showed through simulations that Blast, when applied within 

eukaryotes, only misses homologues of extremely fast-evolving 

sequences, which are rare in mammalian genomes, as well as 

sequences evolving homogeneously or pseudogenes (Albà and 

Castresana 2007). Overprinting is relatively easy to detect if we 

know the chromosomic position of the gene. Therefore we think 

that most mammalian-specific TRGs are likely to have been 
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originated de novo, especially when very conservative filters are 

applied. 

An enlightening model was proposed by Carvunis et al. where the 

birth and death of genes would form a continuum (Figure 3.3), 

instead of the traditional binary model (coding or not coding) where 

boundaries are applied in gene annotation (length, expression level, 

ORFs, conservation and sequence composition). In this continuum 

model we would have an intermediate proto-gene class, populated 

by potential ORFs that are not expressed, transcription without 

translation or different combinations of the different factors 

involved in gene annotation (Carvunis et al. 2012). This proto-gene 

class would be bidirectional, where canonical genes could become 

pseudogenes. This continuum would provide the reservoir from 

which de novo genes may evolve. It has also been proposed that 

orphan genes are often short-lived (Tautz and Domazet-Lošo 2011; 

Wissler et al. 2013; Palmieri et al. 2014). Whereas most de novo 

genes may become pseudogenes, others may not only become fixed 

(Zhao et al. 2014) but also expand to form novel gene families. 

 

 

 

 

 

 

 

 

 



54 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. The binary model of annotation (top) and the proposed continuum 

(bottom). Modified from Carvunis et al. 2012. 

 

For a de novo gene to arise we require both transcription of a new 

genomic segment and an ORF that can be translated into a protein. 

It is not clear which is the most common order of events 

transcription of a previously noncoding segment of DNA followed 

by the elongation of an ORF (Tautz and Domazet-Lošo 2011) or the 

appearance of a long ORF (Figure 3.5) and the subsequent 

appearance of a promoter (Kaessmann 2010). The two models are 

further discussed by Schlötterer (Schlötterer 2015). Divergent 

transcription, where a promoter becomes bidirectional through 

mutations might also contribute to the birth of new genes (Gotea et 

al. 2013; Wu and Sharp 2013). 
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Figure 3.5. Three possible mechanisms for the proto-gene to gene transition with 

real examples in yeast. (a) A deletion of one or two nucleotides determines a 

frame shift, causing the disappearance of a stop codon. (b) A stop codon mutates 

into a coding triplet. (c) A point mutation creates a new start codon. YAL056C-A, 

YBL071C-B and YDL247W-A are Saccharomyces cerevisiae genes; SPA-1 to 3 

are Saccharomyces paradoxus sequences with the following coordinates: SPA-1: 

AABY01000017.1:88566-88915, SPA-2: AABY01000058.1:43657-43755, SPA-

3: AABY01000011.1:3135-3209. Modified from Light et al. (Light et al. 2014). 

De novo genes in eukaryotes 

The formation of de novo genes is no longer considered impossible 

or very rare. Despite several technical challenges (Light et al. 

2014), many genes likely to have originated de novo have been 

described in recent years (Long et al. 2013; Arendsee et al. 2014; 

Schlötterer 2015). There are also several bona fide examples of 

protein coding genes, experimentally validated and with known 

function, which arose from previously non-coding sequences (de 

novo) in different species (Table 3.1). 

One of the most interesting recent examples is the gene Qua-Quine 

Starch (QQS), found in Arabidopsis (Li et al. 2009). QQS encodes a 

59 amino acid protein and its expression was confirmed by Western 

blot analysis. Transgenic RNA interference experiments (QQS 

expression was reduced) show excess leaf starch content at the end 
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of the illumination phase of a diurnal cycle. The modification of 

soybean lines to express QQS results in a marked decrease in leaf 

starch content and increase in leaf protein content  (Li and Wurtele 

2014). It is remarkable that a foreign gene can function in soybean, 

separated from Arabidopsis by about 100 My of evolution. In 

humans, the protein encoded by the NCYM gene, previously 

believed to be a long non-coding RNA (lncRNA), inhibits the 

activity of the GSK3b kinase and is  associated with poor prognosis 

in neuroblastoma (Suenaga et al. 2014).  

Orphan and de novo genes have been studied in a wide variety of 

animal groups and species. Estimates of de novo gene contribution 

in genomes vary depending on the stringency of the criteria used 

and the species being surveyed; in general, between 2-12% of all 

genes in a genome putatively originated de novo (Tautz and 

Domazet-Lošo 2011; Tautz 2014). 

Toll-Riera was one of the first to perform a systematic search and 

characterization of orphan genes in primates, also looking for the 

possible mechanisms of origination (Toll-Riera et al. 2009). These 

genes were also identified  in Hydra (Khalturin et al. 2008), fruit-fly 

(Domazet-Loso and Tautz 2003; Domazet-Loso et al. 2007), insects 

(Wissler et al. 2013a), Mus musculus (Neme and Tautz 2013), 

silkworm (Sun et al. 2015), and yeast (Carvunis et al. 2012). 

A recent study in Drosophila found  both segregating and fixed de 

novo genes (Zhao et al. 2014). The results indicated that at least a 

fraction of the genes had spread in the population by the effect of 

selection. 
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Characteristics of de novo genes 

De novo genes are typically short and encode small proteins, 

although they are longer than expected by chance (Zhao et al. 

2014). They are also expressed at low levels and are more tissue-

specific than older genes (Palmieri et al. 2014). They are enriched 

in testis, which led to the suggestion that many genes were “born” 

in this tissue and later gained roles in other tissues  – the “out of 

testis hypothesis” (Kaessmann 2010).  

De novo genes show a positive codon usage bias when compared to 

non-coding sequences, indicating that many are likely to produce 

proteins (Toll-Riera et al. 2009). They also tend to evolve more 

rapidly than other coding genes (Domazet-Loso and Tautz 2003; 

Toll-Riera et al. 2009). 

Although the functions of most de novo genes remain unknown, it 

has been shown that they can become functionally important in a 

relatively short span of time. Four out of five tested de novo genes 

in D. melanogaster, targeted with RNAi15, resulted in a lethal 

phenotype (Reinhardt et al. 2013). Tinkering through non-specific 

protein-protein interactions might be the basis to develop a function 

that can be later favored by natural selection (Wu and Zhang 2013). 

It seems likely that regulatory functions are favored over catalytic 

ones (Arendsee et al. 2014). 

                                                 
15 Also termed Short interfering RNA (siRNA): functional components of the 

RNAi-induced silencing complex. SiRNAs (21–23 nucleotides long) typically 

target and silence mRNAs by binding perfectly complementary sequences in the 

mRNA and causing their degradation and/or translation inhibition. 
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4. Results 

This chapter is divided in four sections. In the first published article 

we develop and asses a new method to construct MSA and evaluate 

the impact in genome-wide positive selection studies. The second 

part contains relevant sections of a large sequencing consortium 

submitted article, where we explore orphan genes in the Lynx 

pardinus and look for signatures of positive selection in its recently 

sequenced genome. The third published article explores the role of 

gene regulation and sequence change in a mammalian adaptation: 

hibernation. Finally in the last submitted article we perform the 

largest identification of unique de novo gene across the entire 

mammalian phylogeny to date. 
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4.1. Improving genome-wide scans of positive selection 

by using protein isoforms of similar length 

Villanueva-Cañas JL, Laurie S, Albà MM. 2013. Improving 
genome-wide scans of positive selection by using protein 

isoforms of similar length. Genome Biol. Evol. 5:457–467. 

Villanueva-Cañas JL, Laurie S, Albà MM. Improving genome-
wide scans of positive selection by using protein isoforms of 
similar length. Genome Biol Evol. 2013;5(2):457-67. 
doi: 10.1093/gbe/evt017

http://gbe.oxfordjournals.org/content/5/2/457.long
u16319
Rectángulo
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4.2. Signatures of adaptive evolution in the iberian lynx 

Introduction 

There are four extant lynx species: Eurasian lynx (Lynx lynx), 

Canada lynx (L. canadiensis), bobcat (L. rufus), and the Iberian 

lynx (L. pardinus), which is the only one classified as endangered 

by the IUCN. In 2012 we joined the Consortium to sequence and 

analyse the Iberian lynx genome. The main objectives were to gain 

insight into lynx demography and evolution, to better calibrate the 

population decline at a genome level, and to provide genomic 

resources to help in their conservation. 

With these objectives in mind one Iberian male (named Candiles) 

was sequenced to high coverage along with the transcriptome of 11 

lynx tissues. Additionally 10 Iberian and one Eurasian lynx 

genomes were re-sequenced. 

We contributed to several stages of the sequencing and analysis and 

include the most relevant sections for this thesis. This includes the 

identification and characterization of lynx-specific genes and the 

search for signatures of positive selection. The full paper current 

status is submitted. 

Signatures of positive selection 

We looked for signatures of positive selection in the lynx lineage 

using a set of one-to-one orthologs generated in the phylogenomics 

analyses. We selected 8 different species: Panthera tigris, Felis 

catus, Lynx lynx, Lynx pardinus, Ailuropoda melanoleuca, Canis 
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lupus familiaris, Homo sapiens and Mus musculus. The set 

comprised 9,695 genes. We performed multiple sequence 

alignments with the software PRANK (Löytynoja and Goldman 

2008) which has been shown to be particularly accurate at handling 

insertions and deletions, resulting in a lower number of false 

positives in positive selection tests (Jordan and Goldman 2011; 

Villanueva-Cañas et al. 2013). We conducted a branch-site test of 

positive selection (PS) (Yang 2007) using information from 

Timetree (www.timetree.org) for the input tree. This test is based on 

the detection of codons with an excess of non-synonymous 

substitutions in particular branches. It has a reasonable statistical 

power and low false-positive rates but it is also extremely sensitive 

to alignment errors (Fletcher and Yang 2010). We filtered out cases 

with more than one site with a probability of being under positive 

selection higher than 0.99 by the Bayes empirical Bayes (BEB) 

approach, as they typically corresponded to non-homologous 

stretches (Villanueva-Cañas et al. 2013). Internal branches were 

barely affected by this filtering, since they are more resilient to this 

kind of errors. We manually validated 100 lynx positive selection 

candidates (96 for Lynx sp. and 4 for Lynx lynx)(Extended Data 

Table 2).  

We used Gitools (Perez-Llamas and Lopez-Bigas 2011) and 

annotations from Ensembl version 73 (Flicek et al. 2013) to perform 

an enrichment analysis in the set of positively selected genes, 

obtaining no significant results for either Gene Ontology terms or 

Kegg pathways (p-value > 0.05, False Discovery Rate correction 

BH (Benjamini and Hochberg 1995)). We also collected lists of 
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genes related to immune system or audition from NCBI genes but 

could see no general enrichment either.  

However, inspection of the list of 100 candidates revealed that 21 of 

the validated genes were related to known human phenotypes, 

mostly diseases or syndromes recorded in OMIM. We also found 

structures in Protein Data Bank (PDB) for another 22 of those 100 

cases. For example, the gene LYPA23A017274P1 (DARS) is an 

extremely conserved protein where we have a histidine (H) in the 

lynx lineage while all the felids present an arginine (R) and the rest 

of mammals a glutamine (Q).  

Sensory perception is thought to be particularly important for cats 

(Heffner and Heffner 2003) and indeed we found two genes related 

to hearing in the list of positive selection candidates for the lynx 

branches: CACNA1D (LYPA23A015140P1) or MYO1F 

(LYPA23A022113P1).  Mutations in these genes have been 

associated with deafness or hearing loss in humans (Zadro et al. 

2009; Satheesh et al. 2012). In addition, two vision-related genes 

were also under positive selection in lynxes: OPTC 

(LYPA23A008195P1) and GUCY2F (LYPA23A015393P1) (Hunt 

et al. 2010). 

Lynx orphan genes 

An orphan gene is defined as a gene that lacks homologues in other 

lineages. Depending on which taxonomic level we are interested in, 

taxon-specific orphan genes (TSOGs) or species-specific orphan 

genes (SSOGs) can be defined (Wissler et al. 2013). Orphan genes 

were first discussed within the yeast genome project (Dujon 1996) 
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and are thought to play an important role in adaptive processes 

(Khalturin et al. 2008; Toll-Riera et al. 2009). In this section we 

describe the identification and characterization of lynx orphan 

genes. 

We developed a pipeline to identify lynx orphan protein-coding 

genes. First, we discarded any proteins that had homologues in any 

of 23 non-mammalian eukaryotic species indicated in Figure 1, 

using gene protein coding annotations from Ensembl. To search for 

homologs we used BlastP (2.2.23+, (Altschul et al. 1990)) with an 

E-value threshold of 10-4 and the filter for low complexity regions 

activated. Second, we discarded any proteins for which we could 

indirectly trace homology to other species through a second protein 

in lynx. This could happen for example if the protein had evolved 

very rapidly after a gene duplication event (Toll-Riera et al. 2009). 

For these searches we used BlastP with the same parameters as 

previously except that we used a BLOSUM80 matrix instead of the 

default BLOSUM62, as we were searching for sequences that had 

diverged relatively recently. Third, we classified the remaining 

proteins as lynx-specific or mammalian-specific depending on the 

presence of homologues in the annotated genes from Felis catus, 

Canis lupus familiaris, Ailuropoda melanoleuca, Mustela putorius 

furo, Homo sapiens, Mus musculus, Bos taurus, Equus ferus 

caballus and Myotis lucifugus (Ensembl version 72). Fourth, we 

only selected those genes expressed in at least one tissue using a 

RPKM threshold of 0.3. This resulted in the identification of 323 

lynx-specific genes. 
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Figure 1. Tree showing the set of 23 non-mammalian species used to identify 

Iberian lynx orphan genes. Distances are in million years and were obtained from 

TimeTree.org. 

 

The current gene catalogs are likely to be incomplete and this 

means that some of these 323 putatively lynx-specific genes may 

correspond to genes not yet annotated in other mammals. We thus 

employed published RNAseq data for different tissues and 

mammalian species (Brawand et al. 2011) to have a more 

comprehensive set of transcripts to compare our genes with. We run 

Tophat2 v2.0.8 (Trapnell et al. 2010) for pooled-tissues reads from 

human, mouse, chimpanzee, macaque and orangutan. Next, all long 
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expressed transcripts (length > 200 nucleotides) were assembled 

using Cufflinks (v 2.0.2) (Trapnell et al. 2010) for each species and 

tissue separately, not using information from gene annotations (no 

reference GTF file). We used Cuffmerge to obtain a comprehensive 

set of transcripts for each species and Cuffcompare to classify the 

transcripts into already known transcripts (annotated, using GTF 

files corresponding to Ensembl v. 60) and novel transcripts (non-

annotated). The number of transcripts per species is displayed in 

Table 1. Finally, we run tBlastX with an E-value threshold of 10-6 to 

search for homologues of the 323 putative lynx orphan genes 

among these transcripts. After discarding any gene that had at least 

one match, the list of lynx orphan genes list was reduced to 204 

(206 transcripts). 

 

 Human Chimpanzee Macaque Orangutan Mouse 

Annotated 
transcripts 

77,597 44,067 23,414 17,156 15,876 

Novel 
transcripts 

67,573 98,979 138,240 111,858 99,315 

 

Table 1. Number of assembled transcripts (annotated and novel ones) per species 

using RNAseq data. 

 

Using the RNAseq Iberian lynx transcriptomics data we 

investigated if there were any biases in the tissues in which the lynx 

orphan genes were expressed. Brain stood out as the tissue most 

highly enriched in expressed orphan genes (Table 2). 
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Table 2. Summary of expression data for 206 lynx orphan transcripts. Mean, 

median and SD refer to RPKM values for Expressed genes (RPKM>0.3). 

 

In an attempt to further characterize the expression of these genes in 

related species and given the importance of testes in the birth of 

new genes (Kaessmann 2010) we reconstructed the transcriptome of 

cat testicle. We used Tophat to map the reads to the genome (v2.0.8, 

cat genome version 75 ENSEMBL), Cufflinks to reconstruct the 

transcripts and cuffcompare to determine which genes were novel 

and which were already annotated in the cat (Ensembl 75, v2.1.1). 

We generated a fasta file from the gtf file and performed sequence 

similarity searches against the 204 Lynx pardinus orphan genes, 

obtaining no significant hits. This means that, at least with the 

current data, the 74 orphan genes expressed in lynx testes would be 

exclusive of the lynx lineage. 

 

 

 

 

    RPKM   RPKM 

Tissue Orphan Genes Mean Median SD All genes Mean Median SD 

Brain 91 23.73 0.63 109.57 14,310 19.26 5.87 73.69 

Heart 57 7.75 0.75 25.80 11,748 25.13 4.45 231.23 

Kidney 71 11.74 0.74 41.53 13,720 20.34 6.36 128.88 

Liver 37 28.73 0.90 87.57 11,023 36 4.25 935.84 

Lung 54 15.96 0.95 57.21 13,453 23.81 7.05 146.28 

Muscle 39 148.60 1.03 772.29 11,202 32.77 4.88 350.26 

Pancreas 34 41.70 1.68 114.09 12,042 57.59 2.89 1370.74 

Spleen 55 13.07 1.08 47.67 13,551 23.55 6.78 161.93 

Stomach 50 38.92 1.45 170.69 12,679 34.25 6.06 694.37 

Testes 74 14.92 0.96 55.04 13,975 19.89 7.75 81.20 
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Number 

of proteins 
Length of proteins (aa) 

Low complexity regions 
(LCRs) 

  Mean Median SD 
% of proteins 

with LCRs 
Mean % 
covered 

ORPHAN 
GENES 

206 113.4 94 64.83 51.5 39.32 

REST OF 
PROTEINS 

31,818 537.2 383 581.99 73.11 9.22 

 

Table 3. Summary of properties for the set of 206 lynx-specific expressed 
proteins and the rest of expressed proteins (once we removed sequences with one 
or more ‘X’). 

 

Species or lineage-specific genes tend to be short and enriched in 

repetitive sequences (Toll-Riera et al. 2009; Tautz and Domazet-

Lošo 2011). We confirmed that lynx orphan genes are shorter than 

average, with a mean length of 112.3 amino acids compared to 

537.2 for the rest of genes (Table 3 and Figure 2). About half of the 

lynx orphan genes contain low-complexity sequences as measured 

with the program SEG (Wootton 1994), which is less than for the 

rest of genes (73.11 %), but these genes contain on average nearly 

40% of their sequence covered by repeats (LCRs), which is a very 

high portion when compared to the rest of genes (average 9.22 %) 

(Table 3). 
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Figure 2. Distribution of lengths for the set of lynx-specific proteins compared to 

the rest of expressed genes. 
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4.3.  Comparative genomics of mammalian hibernators 

using gene networks. 

Villanueva-Cañas JL, Faherty SL, Yoder AD, Albà MM. 

2014. Comparative genomics of mammalian hibernators 

using gene networks. Integr. Comp. Biol. 54:452–462. 

Villanueva-Cañas JL, Faherty SL, Yoder AD, Albà MM. 
Comparative genomics of mammalian hibernators using gene 
networks. Integr Comp Biol. 2014 Sep;54(3):452-62. doi: 
10.1093/icb/icu048.

http://icb.oxfordjournals.org/content/54/3/452.long
u16319
Rectángulo
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4.4. Birth of new genes and evolutionary innovation in 

mammals  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Villanueva-Cañas JL, Ruiz-Orera J, Albà MM. In preparation. 

Birth of new genes and evolutionary innovation in mammals.  
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ABSTRACT  

The birth of new genes de novo from previously non-genic genomic 

regions is increasingly being recognized as an important mechanism 

of evolutionary innovation. However, these genes, which do not 

have homologues outside the species or taxon, remain poorly 

characterized. Here we used 68 complete genome sequences from 

different mammalian species to obtain the first global census of 

gene families likely to have originated in the past 200 Million years 

of mammalian evolution. Using a combination of gene annotations 

and high throughput RNA sequencing (RNA-Seq) data we identify 

4,301 different mammalian-specific gene families present in more 

than one species, 1,863 of which probably appeared more than 65 

Million years ago. The proteins encoded by these genes tend to be 

shorter and more positively charged than proteins that are conserved 

in a wide range of eukaryotic organisms. Using human tissue 

expression data from GTEX we observe than nearly 40% of them 

show maximum expression in testis. The rest of genes are 

significantly overrepresented in the salivary and pituitary glands. 

Functional enrichment analysis reveals an overrepresentation of 

proteins involved in the defense to pathogens, including several 

antimicrobial peptides. We also identify a number of proteins that 

are important for the development of the specialized mammalian 

skin, such as corneodesmosin, which shows significant molecular 

signatures of positive selection in the Eutheria and Euarchontoglira 

branches. This study highlights important composition and 

functional biases in de novo genes and provides a basis for future 

research on adaptive processes driven by the birth of new genes. 
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Introduction 

Mammals are a widely diversified group that has managed to 

conquer almost every ecosystem available on earth. They have 

undergone numerous physiological and biochemical adaptations, 

including hair, a skin with integumentary glands, the placenta or a 

highly sophisticated immune system. Due to their economic and 

biomedical importance they have been a primary target for genome 

sequencing efforts (Genome 10K Community of Scientists 2009; 

Lindblad-Toh et al. 2011). This wealth of genomics data is very 

valuable to understand the molecular mechanisms behind the 

extraordinary range of adaptations observed in the group. 

The birth of new genes can trigger important phenotypic changes. 

New genes can arise by the duplication of already existing genes, 

evolving new or modified functions or resulting in a change in the 

concentration of the gene (Ohno 1970; Force et al. 1999). A well-

known example is RNASE1B in leaf-eating monkeys, which 

duplicated from RNASE1 and subsequently acquired enhanced 

ribonucleolytic activity for the digestion of bacterial RNA (Zhang et 

al. 2002). Another case involves a retrocopy of the fgf4 growth 

factor in dogs, which is responsible for short-legged phenotype in 

many breeds due to increased gene dosage (Parker et al. 2009).  

New genes can also arise de novo from non-genic regions of the 

genome (Milde et al. 2009; Tautz and Domazet-Lošo 2011; 

Schlötterer 2015). A large fraction of the genome is transcribed, 

including many regions that do not contain annotated genes, 

providing abundant material for de novo gene birth (Carvunis et al. 
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2012; Ruiz-Orera et al. 2014). Some of these genes may acquire a 

novel function and be preserved by natural selection. Over time 

these genes are going to be present in a reduced set of species, the 

node connecting them in the evolutionary tree indicating the 

approximate time of formation of the gene (Domazet-Loso et al. 

2007). Lineage-specific, or taxon-restricted, genes, which show no 

homology to genes outside the taxon, are believed to have 

originated primarily by this mechanism (Tautz and Domazet-Lošo 

2011; Wissler et al. 2013; Arendsee et al. 2014). These genes are 

likely to play an important role in adaptive processes (Khalturin et 

al. 2008; Li and Wurtele 2014), yet they remain poorly 

characterized. They’re usually short, tissue-specific and expressed 

at low levels (Toll-Riera et al. 2009; Palmieri et al. 2014).  

In mammals, de novo genes have primarily been described in 

humans (Knowles and McLysaght 2009; Toll-Riera et al. 2009) and 

mouse (Murphy and McLysaght 2012; Neme and Tautz 2013). Very 

few have been functionally characterized. One example is the 

NCYM gene, present in human and chimpanzee. This gene inhibits 

the activity of the GSK3β kinase, resulting in the stabilization of the 

antisense gene product MYCN in neuroblastomas (Suenaga et al. 

2014). In mouse, the gene Poldi, which arose in the past 2.5-3.5 

millions, has been shown to influence sperm motility (Heinen et al. 

2009). 

Here we use the protein-coding genes annotated in 68 mammalian 

species with complete genomes, together with de novo transcript 

reconstructions using RNAseq data from a subset of 28 species, to 

generate a comprehensive set of mammalian-specific genes grouped 
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into families. We identify thousands of mammalian-specific gene 

families, many of which are likely to have contributed to specific 

adaptations at different time-points in the mammalian phylogeny. 

We investigate gene expression patterns in different tissues, 

sequence and functional biases as well as the presence of signatures 

of positive selection. The study provides novel insights into the 

evolution of de novo genes and provides a rich resource for future 

investigations on the role of these genes in adaptive processes. 

 

Results 

Construction of mammalian-specific gene families 

With the aim of identifying genes originated in different 

mammalian lineages we selected 68 mammalian species that had 

their genome sequenced from a wide variety of orders (Figure 1). 

The nodes in the tree cover crucial evolutionary events such as the 

capacity to give birth to young without using a shelled egg (Theria), 

the appearance of the placenta (Eutheria) or synapomorphic 

characters of the different orders.  

For each of the 68 species we obtained gene and protein annotations 

from Ensembl or NCBI. In a subset of 28 species we perform de 

novo transcript assembly from available RNA-Seq data to account 

for genes missing from the annotations. Next we identified all the 

annotated proteins in each species that had no annotated 

homologues in any of 34 non-mammalian species, including 

vertebrates, insects, fungi or plants (supplementary file 1, Table 

S2), using BlastP (E-value <10-4).  
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Figure 1. Tree showing the sequenced species used. Colored names indicate that 

RNAseq reconstructions for that species were used to improve the dating. Blue 

spheres and numbers represent the number of gene birth events at each node. 
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Branch lengths are based on Meredith (Meredith et al. 2011) with additions from 

other sources and represent phylogenetic distance. Branches are painted 

according to orders and other higher groups. 

 

For comparison, we also collected the proteins for each species that 

had a significant BlastP hit in all of the 34 non-mammalian species 

considered and tagged them ‘ancestral’ proteins.  

Next we constructed the set of mammalian-specific gene families, 

using the genes that we had already identified as restricted to 

mammals in the 68 species. We performed sequence similarity 

searches of all the proteins in one species against all the proteins in 

the rest of species and recursively used the lists of homologues to 

recover all the members of a family. The time of origin of the gene 

was the node connecting the two more distant species in the gene 

family (supplementary file 2, Figure S1). Subsequently, we refined 

the dating of the genes by using sequence similarity searches 

against the de novo transcript assemblies generated from RNA-Seq 

data, successfully reclassifying 2,220 gene birth events that were 

previously species-specific. Our final dataset consisted of 13,063 

gene families or unique gene birth events in the past 200 Mya of 

mammalian history, of which 4,301 had members in several species 

(Figure 1). 

A large number of gene families, 1,213, mapped to the 

Laurasiatheria branch. However, we have to consider that improved 

annotation of the Afrotheria and Xenartha groups may reduce this 

number. Gene families present in these three main groups were 

classified as Placentalia (289) or Theria (245), the latter also found 

in the marsupials Monodelphis domestica and/or Macropus eugenii.  
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These genes, originated in ancestral mammalian branches, may 

have been important for the development of shared mammalian 

phenotypic traits. We also identified a large number of primate-

specific gene families, especially in branches predating the 

separation of macaques and great apes. A list of gene families with 

the estimated node of origin is available from supplementary file 3. 

The number of species-specific genes varied greatly depending on 

the organism (Figure 1). Different factors, such as the distance to 

the closest related organism with a sequenced genome or the gene 

annotation protocol, may explain most of these differences. Very 

strict conditions when performing gene annotation may lead to the 

elimination of the genes that do not have homologues in other 

species, recovering virtually no species-specific genes, whereas too 

relaxed conditions, such as annotations in the absence of expression 

evidence, may result in the inclusion of false positives. This implies 

that species-specific genes are more heterogeneous as a class than 

gene families with members from multiple species.  

 

Mammalian-specific genes are enriched in testis and salivary 

gland 

Taking advantage of the extensive tissue expression data for human 

(GTEX, (Lonsdale et al. 2013)) and mouse (Mouse ENCODE, 

(Pervouchine et al. 2015)) we investigated the levels of expression 

of mammalian-specific and ancestral genes in different adult 

tissues. The majority of the mammalian-specific genes, 672 out of 

834 in human and 806 out of 986 in mouse, were expressed in at 

least one tissue. We calculated their average expression levels in 
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each of the surveyed tissues, the tissue with the maximum gene 

expression level, and the preferentially tissue expression index 

(supplementary file S3 and S4). 

Mammalian-specific genes collectively showed significantly higher 

tissue specificity than ancestral genes in both human or mouse (KS 

test, p-value < 2.2e-16). This finding is in line with previous 

knowledge about the expression patterns of young human genes 

(Toll-Riera et al. 2009; Wu et al. 2011). In general, a large number 

of genes showed maximum expression in testis: 27.4% of the 

ancestral genes and 45.8% of the mammalian-specific genes in 

humans. It is unlikely that such a large number of ancestral genes 

perform a function in testis or spermatogenesis, as these genes are 

present in a wide variety of species, including fungi and plants that 

are lacking these structures. The results may thus reflect deregulated 

gene expression in this tissue and/or high power to detect genes 

with very low expression level that do not play any function in the 

tissue (Jongeneel et al. 2005; Martínez and Reyes-Valdés 2008).  

Considering genes that showed maximum expression in tissues 

other than testis revealed a significant enrichment of mammalian-

specific genes in salivary gland and pituitary (p-value=8.9x10-9 and 

p-value=0.005, respectively, Fisher test). The bulk of these genes 

were conserved in other primates or placental mammals. In contrast, 

muscle, heart or adrenal gland had significantly fewer mammalian-

specific genes than expected by chance (supplementary file 1, Table 

S1). In conclusion, evolutionary innovation related to the birth of 

new genes is highly biased towards certain tissues. 
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Functional characterization of mammalian-specific genes 

Whereas nearly 90% of genes in the ancestral class were 

functionally characterized, the majority of mammalian-specific 

genes were not. Using terms in the Description field of Ensembl 

gene entries for human genes we created word clouds and the term 

‘uncharacterized’ clearly stood among mammalian-specific genes, 

contrasting with more diverse words from ancestral genes (Fig. 2A 

and 2B). We also noted that the level of functional annotation 

gradually decreased for younger classes of genes (Fig. 2C). This 

highlights our current lack of knowledge on the roles of many of 

these genes.  

In order to gain further insight into the possible functions of 

mammalian-specific genes, we performed functional enrichment 

analysis with DAVID (Huang et al. 2009) for human and mouse 

genes. In both species we detected a significant enrichment in the 

Gene Ontology (GO) category “defense response to bacterium” (p-

value <10-15, supplementary file 1 tables S1 and S2). The terms 

“secreted” and “extracellular” were also significantly enriched in 

human and mouse, respectively (p-value <10-15). Additionally, the 

mouse young genes showed a modest enrichment in keratins (p-

value < 0.038). 

Below we present a more detailed analysis of two functional classes 

of genes for which we found numerous examples and which may 

have been of special relevance in adaptive processes in mammals: 

antimicrobial peptides and skin proteins.  
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Figure 2. A) Wordcloud using the descriptions of human ancestral genes. B) 

Wordcloud using the descriptions of all young proteins identified as mammalian 

specific present in humans. C) Percentage of human genes with known function 

in the different conservation levels. Red: Unknown, Green: Known. 
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Antimicrobial peptides 

Close examination of the groups “defense response to bacterium”, 

“secreted” and “extracellular” revealed the presence of numerous 

antimicrobial peptides (AMPs), including histatins (Tsai and Bobek 

1998), dermcidin (Schittek et al. 2001) or lacritin (McKown et al. 

2014). We also identified several alpha and beta defensins, such as 

DEFA6, that is only expressed in Paneth cells in the small intestine. 

These short proteins can acquire antimicrobial activity through a 

wide variety of mechanisms (Yeaman and Yount 2003). In de novo 

originated genes such activity may have been advantageous and led 

to their fixation in the population. 

 

Skin proteins 

The mammalian skin is adapted to have high sensitivity and allow 

muscles to produce a plastic deformation. The outermost layer of 

the skin known as stratum corneum (SC) is particularly dynamic in 

mammals as opposed to the stiff reptile skin, due to its heavy 

keratinization. This motivated us to investigate in more detail 

mammalian-specific genes with preferential tissue expression in the 

skin, most of which had appeared at the basis of all mammals. This 

includes proteins from the Late Cornified Envelope (LCE) such as 

LCE3B (deletion related to psoriasis (Bergboer et al. 2014)) and 

LCE6A.  LCE are small, proline-rich precursors of the cornified 

envelope of the SC. Dermokine, KRTDAP are proteins that are also 

involved in keratinocyte differentiation. 
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Another mammalian-specific protein, Corneodesmosin (CDSN) is a 

glycoprotein expressed during the late stages of epidermal 

differentiation, participating in the specialized junctions called 

corneodesmosomes that bridge together corneocytes in the lower 

part of the SC. Those junctions are degraded by certain serine 

proteases, such as kallikreins, as corneocytes migrate toward the 

surface of the skin and result in desquamation. When deleted, 

CDSN has been shown to cause lethal epidermal barrier disruption 

and hair follicle degeneration in mice (Jonca et al. 2011). 

Corneodesmosin was exclusively expressed in the skin and was 

found to be under positive selection at the Eutheria and 

Euarchontoglira branches (see section Signatures of natural 

selection). 

 

Sequence properties of mammalian-specific genes  

Different studies have reported biases in the sequence properties of 

recently evolved genes, including a shorter size and lower codon 

usage bias (Toll-Riera et al. 2009; Carvunis et al. 2012; Neme and 

Tautz 2013). In order to study the sequence properties of the 

mammalian-specific genes we subdivided them into four 

conservation levels (0 to 3), roughly reflecting different periods of 

formation during mammalian evolution (supplementary file 2, 

Figure S2). The most conserved genes were those of class 3, 

corresponding to the Mammalia or Theria branches (due to the 

scarcity of Monotremata genomes a reliable distinction between the 

two classes was not possible). Genes in class 2 corresponded to the 

common Marsupialia branch or to the main Placentalia groups. 
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Class 1 comprised genes families for more recently evolved groups, 

such a Rodentia, Primates or Carnivora. Finally, class 0 only 

contained species-specific genes. 

In agreement with previous reports we found that the proteins 

encoded by the mammalian-specific gene families were shorter than 

the proteins encoded by ancestral genes (Figure 3A). In addition the 

length of the protein tended to decrease as we considered younger 

evolutionary classes. The only exception was species-specific genes 

(class 0), which were slightly longer than those in class 1 (mean 

187.57 vs 163.06, respectively). The later result was not observed 

when restricting the analysis to human or mouse genes (Table 1; 

supplementary file 2, Figure S3) and thus it is possibly due to 

spurious annotations in some organisms. Overall, the results were 

consistent with the hypothesis that proteins tend to become longer 

over time (Albà and Castresana 2005), acquiring new domains 

through a wide variety of mechanisms such as expansion of short 

repetitive elements (Toll-Riera et al. 2012) or exon shuffling (Long 

et al. 2003). 

Mammalian-specific proteins from different conservation classes 

showed a consistent enrichment in proline, serine and arginine with 

respect to ancestral proteins (Figure 3B). This result was confirmed 

when we only used human or mouse proteins to perform the same 

analysis (supplementary file 2, Figure S4 and S5). We also found 

that proteins with a more recent evolutionary origin tended to show 

a higher isoelectric point (Table 1 and supplementary file 2, Figure 

S6; Kolmogorov-Smirnov (KS) test p-value < 0.05). The youngest 

proteins tended to be basic whereas the set of ancestral proteins 
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showed a bimodal distribution, with a large set of acidic proteins 

and other comparable set of basic proteins. These biases are 

consistent with the presence of AMPs among recently evolved 

proteins, as these proteins are particularly enriched in Arginine (R) 

and show a strong correlation between peptide cationicity and 

antimicrobial activity (Yeaman and Yount 2003). 

It has been proposed that proteins with a recent evolutionary origin 

are enriched in low-complexity sequences and may have 

accumulated amino acid repeats at an increased rate (Toll-Riera et 

al. 2012). We did not observe a clear trend in our dataset (Table 1; 

supplementary file 2, Figure S7), which may be partly due to the 

fact that we initially discarded sequences with high percentage of 

such regions to avoid false positives in homology searches. 

However, some proteins showed patterns reminiscent of amino acid 

repeat expansions. One example was Corneodesmosin (CDSN), 

which showed a strong enrichment in glycine and serine residues 

(27.5% and 16%, respectively), particularly at the N-terminus of the 

protein. It has been hypothesized that these glycine loops could 

mediate intermolecular adhesions (Steinert et al. 1991). This simple 

interaction mechanisms and the relative simplicity of such repetitive 

regions could explain why some novel genes can quickly become 

essential if recruited into existing pathways (Reinhardt et al. 2013). 

We also observed a decrease in aromaticity in mammalian-specific 

proteins when compared to ancestral genes, although there was not 

a clear correlation with age (Table 1; supplementary file 2 Figure 

S8).
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Figure 3. A) Violin plot showing length for all proteins classified into 

conservation classes. All distributions are significantly different among 

conservation classes (Kolmogorov-Smirnov, p-value<0.05). B) Amino acid 

composition (in frequency) for the concatenated sequences of all the proteins 

divided in conservation classes: A- red, 3- orange, 2- yellow, 1-green, 0- blue.  
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Signatures of natural selection 

We estimated the nonsynonymous and synonymous substitution 

rates (dN/dS) for all young genes present in human with orthology 

in mouse as well as in a random subset of ancestral genes using 

CodeML. After applying a number of filters to remove potential 

alignment problems (see Methods) we obtained 457 ancestral genes 

and 66 young genes respectively. The mammalian-specific genes 

showed dN/dS values clearly lower than 1 (supplementary file 2 

Figure S9), denoting that they are subject to purifying selection. 

However, dN/dS values were much higher in these genes than in the 

ancestral genes (KS test, p-value <2.2e-16), in agreement with 

previous findings (Albà and Castresana 2005; Toll-Riera et al. 

2008). 

In order to assess if the higher dN/dS were simply due to a 

relaxation of purifying selection or had instead been influenced by 

positive selection (PS) we applied the maximum-likelihood based 

branch-site test (Zhang et al. 2005) to mammalian-specific and 

ancestral gene families, using the same set of species to build the 

multiple alignment (see Methods). This method allows the 

identification of codons likely to have experienced positive 

selection in a particular branch of the tree and has been specifically 

designed to differentiate positive selection from relaxation of 

purifying selection. The requirement to have additional species for a 

correct inference of positive selection events reduced the set of 

mammalian-specific genes to 33 and the set of ancestral families to 

359. Nevertheless, we could observe a significant enrichment in 

positive selection signatures in the mammalian-specific gene 
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families with respect to the ancestral families (Fisher test p-value 

<0.05, Table 2). We detected it both at terminal and internal 

branches of the tree, reflecting possible adaptations both near the 

origin of the gene and at later periods.  Table 3 shows a selection of 

mammalian-specific genes with signatures of positive selection. 

This included four proteins preferentially expressed in testis and 

corneodesmosin (CDSN). Another interesting gene under PS was 

LAX1 that encodes a transmembrane adaptor protein involved in 

lymphocyte signaling (Zhu et al. 2002; Hrdinka et al. 2012). 

 

Discussion 

The birth of new genes has been related to evolutionary innovations 

such as the development of new structures and cell types (Khalturin 

et al. 2009), changes in diet (Zhang et al. 2002) or increased 

resistance to cold (Basu et al. 2015). In mammals, syncytins, which 

are important components of the syncytiotrophoblast layer located 

at the maternofetal interface of the placenta, evolved from 

endogenous retrovirus sequences (Cornelis et al. 2012). De novo 

genes may also be important in the response to environmental 

challenges. In plants and yeast they show increased expression in 

response to oxidative or osmotic stresses (Donoghue et al. 2011; 

Carvunis et al. 2012). 

Mammals are a highly diverse class of vertebrates, comprising more 

than 5,000 species. They underwent intense diversification in the so 

called Cretaceous Terrestrial Revolution (KTR), between 125 and 

80 Million years ago (Meredith et al. 2011; O’Leary et al. 2013; 
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Yoder 2013; dos Reis et al. 2014). Here we explore the wealth of 

genomics data available for mammals to build the first catalog of 

mammalian-specific gene families. These families are composed of 

genes that do not show homologues outside mammals and are thus 

very likely to have originated in this group. The large number of 

genomes employed (68), and the use of transcriptomics data in 

addition to gene annotations, provided increased power to correctly 

date the time of origin of the genes when compared to previous 

studies (Albà and Castresana 2005; Neme and Tautz 2013). For 

example for a gene to be annotated as originated in the common 

primate branch it had to be absent from 54 other non-primate 

mammalian species, including 15 for which we generated de novo 

transcript assemblies to compensate for possible incomplete 

annotations. There were 259 such gene families, with members in 

several primate species. Many of these genes remain 

uncharacterized but it seems likely that they substantially 

contributed to adaptive processes in the group. In other taxons, such 

as the Chiroptera or Perissodactyla, we recovered very few lineage-

specific gene families, probably owing to conservative criteria used 

in gene annotation.  

The number of species and lineage-specific genes was postulated to 

decrease with the number of genomes sequenced (Casari et al. 

1996). However, even within densely populated groups such as 

Primates, we observe a large number of genes that show a restricted 

phylogenetic distribution.  High throughput RNA sequencing 

techniques have revealed that a larger than expected portion of the 

genome can be transcribed (Derrien et al. 2012). Many of the newly 
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discovered genes in human and mouse are annotated as long non-

coding RNAs (lncRNAs) and are lineage-specific (Necsulea et al. 

2014; Ruiz-Orera et al. 2015). Ribosome profiling data indicates 

that despite their annotation, which is based on the lack of 

conserved long open reading frames in the transcript, many of them 

are likely to translate into short peptides (Ingolia 2014; Ruiz-Orera 

et al. 2015). Thus, it seems possible that the number of species- and 

lineage-specific genes will tend to increase in the next years. 

A large number of lineage-specific genes, but also of ancestral 

genes, are preferentially expressed in testis when different adult 

tissues are examined. Other authors have argued that testis-specific 

genes, particularly lncRNAs genes, are likely to play a role in 

spermatogenesis (Hezroni et al. 2015). New genes expressed in 

testis may have been subject to positive selection because they 

confer a selective advantage. An interesting example is the Poldi 

gene, which is specific of the Mus genus. A knockout of this gene 

results in reduced sperm motility and lower testis weight (Heinen et 

al. 2009), suggesting that it has evolved an adaptive function in 

testis. Another possible case is the primate-specific TDRG1 gene, 

which shows maximum expression in testis during post-puberty 

(Jiang et al. 2011). The expression in testis may also reflect 

pervasive transcription in this organ (Soumillon et al. 2013). Some 

of the genes we detect in testis may play a function in a narrow 

window of time in another organ, for example during development. 

The fact that a large number of ancestral genes, present in species 

such as plants or fungi, show maximum expression in testis when 

human and mouse tissues are analyzed supports that idea that 
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expression and function may be largely decoupled in this tissue. In 

any case, the increased power to detect expressed transcripts in 

testis makes it an excellent organ in which to detect new genes that 

have not been yet identified and study the mechanisms of de novo 

gene formation.  

The analysis of annotated mammalian-specific genes has offered 

new insights into the functional biases of these genes. We have 

identified a significant overrepresentation of genes involved in the 

defense against pathogens, including many AMPs. In general, these 

proteins are short and positively charged (Yeaman and Yount 

2003). These features are characteristic of mammalian-specific 

genes, perhaps indicating that many more AMPs await 

characterization. We also found a number of proteins involved in 

the formation of the stratum corneum of the mammalian skin. One 

such protein, Corneodesmosin, showed positive selection 

signatures. 

Although data from the mammary gland was not available from the 

sources we employed, we detected milk casein proteins in other 

tissues. We also identified a possible precursor of some of these 

proteins, ODAM, to be mammalian-specific. This protein has been 

recently reported to be present in frog (Kawasaki et al. 2011) 

although we could not find it performing sequence similarity 

searches against the western clawed frog genome (Xenopus 

tropicalis), probably reflecting incompleteness of the genome 

sequence. The large number of mammalian-specific proteins with 

no known function, together with the incompleteness of the gene 

annotation for both mammalian and non-mammalian genomes, 
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highlights the need to prioritize annotation over the sequencing of 

new species. 

 

Methods 

 

Datasets 

A total of 40 proteomes were downloaded from Ensembl v.75 

(Flicek et al. 2014), 27 downloaded from NCBI (version available 

on March 2014) and one from a consortium in which we participate 

(Lynx pardinus). For the species downloaded from Ensembl and the 

Lynx pardinus we also obtained the cDNA files. 

RNAseq data from 28 different species was downloaded from 

public repositories (supplementary file 1, Figure S1). For most of 

them we had samples for several tissues including testis, heart, 

muscle and brain. 

 

Identification of mammalian genes 

We run BlastP searches (e-value <10-4) for each of the 68 

proteomes, including all isoforms described in a gene, against a set 

of 34 non-mammalian proteomes (Supplementary file 1). All BlastP 

(Altschul et al. 1990) searches were run with version 2.2.28+ using 

a threshold of 10-4 and the filter for low complexity regions 

activated (seg = ‘yes’). We discarded any gene family which could 

be linked to non-mammalian proteins directly or by the existence of 

paralogues that had hits in species other than mammals. The search 
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for paralogues within each species was done with BlastP using a 

BLOSUM80 matrix, since we are looking for similar sequences. 

Novel genes are enriched in low complexity regions (LCR) (Toll-

Riera et al. 2012), as such regions need to be filtered out in BlastP 

searches due to spurious hits, we only kept proteins with at least 20 

contiguous amino acids without LCRs (Fig. S10). For the 

identification of low complexity regions (LCR) in protein sequences 

we used the software SEG (Wootton and Federhen 1993) with 

default parameters and calculated the length of windows without 

LCR with an in-house python script. 

We also generated an “ancestral” dataset with conserved proteins 

for comparisons. For each species we selected proteins that had a 

BlastP match against all the 34 non-mammalian genomes used to 

identify mammalian-specific proteins. 

 

Construction and dating of gene families  

The first step was to run a series of BlastP searches for every set of 

mammalian-specific candidates in each species against the 

remaining 67 mammalian species. With that information we were 

able to assign every protein to a node. Next we run BlastP searches 

inside all the members of the 67 nodes, so we could create gene 

families and group together genes from different species through 

homology. We also substituted every protein in every branch for all 

the proteins that had a homology relation in any mammalian 

species. This way we could rule out some proteins connected to old 

genomes through other species with a more complete fragment of 

the protein (discard some groups) and we were also able to connect 
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branches that lacked annotation in a middle node, due to the loss of 

that gene family in a particular lineage or perhaps an incomplete 

annotation. The group then was assigned to the oldest node 

containing a species with a protein belonging to that group. 

 

Transcript reconstructions from RNAseq 

RNAseq sequencing reads from the 28 species underwent quality 

filtering using ConDeTri (v.2.2) (Smeds and Künstner 2011) with 

the following settings (-hq=30 -lq=10). Adaptors were trimmed 

from filtered reads if at least 5 nucleotides of the adaptor sequence 

matched the end of each read. In all paired-end experiments, reads 

below 50 nucleotides or with a single pair were not considered. We 

aligned the reads to the correspondent reference species genome 

with Tophat (v. 2.0.8) (Kim et al. 2013) with parameters –N 3, -a 5 

and –m 1, and including the correspondent parameters for paired-

end and stranded reads if necessary. Multiple mapping to several 

locations in the genome was allowed unless otherwise stated. We 

performed gene and transcript assembly with Cufflinks (v 2.2.0) 

(Trapnell et al. 2010) for each individual tissue. We only considered 

assembled transcripts that met the following requirements: a) the 

transcript was covered by at least 4 reads. b) Abundance was higher 

than 1% of the most abundant isoform of the gene. c) <20% of reads 

were mapped to multiple locations in the genome. d) The 

reconstructed transcripts were at least 300nt. Subsequently, we used 

Cuffmerge to build a simple set of assembled transcripts per each 

species. We use Cuffcompare to compare the coordinates of our set 

of assembled transcripts with gene annotation files from Ensembl 
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(gtf format, v.75) or NCBI (gff format, December 2014) to identify 

annotated transcripts and generate a novel set of reconstructed 

transcripts. 

 

Sequence analyses of different conservation groups 

For the amino acid analysis we concatenated all the sequences by 

class and calculated the relative amino acid frequency by counting 

the frequency of each amino acid and dividing by the total length of 

the sequences. The software Simple (Alba et al. 2002) was run with 

default parameters to calculate a relative measure of the simplicity 

of the sequence compositions. The remaining properties (IP, 

aromaticity, etc) were calculated using Biopython. 

 

Positive selection  

We grouped together genes born at conservation levels 3 (60) and 2 

(259) groups (Young) and compared against the Ancestral group 

(5.359 genes). We used a subset of species including: Homo 

sapiens, Macaca mulatta, Mus musculus, Rattus norvegicus, Canis 

lupus familiaris, Bos taurus, Loxodonta africana, Monodelphis 

domestica and Ornithorhynchus anatinus. One to one orthologs 

were fetched from Ensembl v75 and we kept the genes that had an 

ortholog in all the detailed species and the ones that only lacked 

platypus. 

To build the multiple sequence alignment we kept the combination 

of isoforms that was more similar in length using PALO 

(Villanueva-Cañas et al. 2013) and employed Prank+F (Löytynoja 

and Goldman 2005). For the input tree we downloaded the 
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nucleotide tree from Meredith et al (Meredith et al. 2011) and 

included the rat using the distances as calculated in Laurie et al 

(Laurie et al. 2011). In the end we obtained 22 genes out of 319 for 

the young group and 2,565 for ancestral that fulfilled the requests. 

To localize events of positive selection (PS) we applied the branch-

site test included in the package PAML (Yang 2007) to all the 

branches in all alignments (22 for young, 359 for ancestral).  We 

calculated differences between young and ancestral groups looking 

at terminal and internal branches in separate contingency tables and 

applying a Fisher test using the R software (R Development Core 

Team 2010). 

Pairwise dN/dS values were calculated for all the young genes 

present in human with an orthology in mouse using the package 

PAML from alignments built using Prank+F. We removed cases 

with branches showing dS<0.01, as such low dS values may result 

in inaccurate dN/dS estimates, and branches showing dS or dN>2 

indicating saturation of substitutions. Finally, we also discarded a 

few outlier genes showing abnormally high dN/dS values 

(dN/dS>10). 

 

Expression analyses 

First we computed the median for each gene and tissue available in 

GTEX (release 2014, Ensembl v.74) using the ~4500 available 

human samples, then we calculated the tissue preferential 

expression index (Yanai et al. 2005) and the tissue with the highest 

expression value (max_t). A gene was considered tissue specific 

with a preferential expression index higher than 0.85. For Mouse 
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ENCODE, which was based on Ensembl v.65 (mm9), we computed 

the mean for each gene and for tissues with 2 replicas we only used 

the data if reproducibility indexes were lower than 0.1. 

 

Statistical Data Analyses 

We used Python to code the different analysis pipelines. Analysis of 

data, including generation of plots and statistical tests, was done 

with R (R Development Core Team 2010). 

 

Supplementary material 

Supplementary files are available from our web server 

evolutionarygenomics.imim.es (Publications, Datasets). 
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5. Discussion 

5.1. Sequence change and positive selection 

Multiple sequences alignments 

Natural selection is one of the main players in evolution, acting on 

existent phenotypic variation. If a phenotype confers a higher 

fitness, their genotype will be positively selected, meaning that their 

allele frequencies will increase and its fixation will be favored. 

Positive selection can be subdivided into directional selection when 

it favors the fixation of an advantageous allele, and balancing 

selection, when it acts toward maintaining the polymorphism. If a 

mutation generates a phenotype with low fitness, it will be 

eliminated by purifying selection. 

We have searched for signatures of positive selection in the 

different studies presented here using the branch-site test of positive 

selection implemented in the CodeML package (Yang 2007). A 

good quality alignment is a prerequisite to carry out any 

evolutionary analysis, including the branch-site test.  

Alignment quality can be difficult to evaluate, since we do not 

usually know the “true” alignment. The proxy used to evaluate 

multiple alignments is the maximization of one or more criteria 

(such as percentage of identity) but this may not correspond to the 

real evolutionary path. Besides, progressive methods use heuristics 

and do not guarantee to converge to a global optimum. 

The most used multiple sequence alignment (MSA) programs 

(Clustal, Mafft, T-Coffee, Muscle) show similar accuracy but vary 

in computation time (Thompson et al. 2011). This is not surprising, 
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since all of them belong to the family of progressive alignments and 

their differences are mostly due to the specific implementation. 

There have been attempts to amend this problem by constructing 

alignments with different programs and keeping the consensus 

(Wallace et al. 2006) or combining them (Thompson et al. 2011). 

Another method named head or tails (HoT) was suggested to 

evaluate consistency of alignment programs (Landan and Graur 

2007). The HoT score is the proportion of columns shared between 

the “Heads” alignment, generated from the original sequences, and 

the “Tails” alignment, generated from the reversed sequences. It 

was observed that this score favors algorithms that resolved ties 

consistently (most algorithms break ties at random) and its use as a 

measure of alignment quality was discouraged (Fletcher and Yang 

2010). Another possibility is the trimming of poorly aligned regions 

(Castresana 2000; Capella-Gutiérrez et al. 2009), but at the cost of 

losing some of the information. 

One of the many sources of errors is the alignment of non-

homologous regions, yielding unrealistic alignments from a 

biological point of view and seriously affecting posterior analyses 

such as positive selection tests, that are particularly sensitive to 

alignment errors (Fletcher and Yang 2010). Another disadvantage 

of progressive alignments is that they are based on a greedy 

algorithm. This means that any mistake made early on, is 

propagated through all the rest of the progressive alignments. 

Stretches of non-homologous sequences in orthologous proteins are 

common. This is due to annotation mistakes or the use of different 

isoforms. Most MSA methods are programmed to minimize the 
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number of insertions or deletions (gaps) producing very compact 

alignments. As a result, non-homologous positions are often 

erroneously aligned. Although reducing the gap penalty may help 

ameliorate this problem, the best is to use programs that do not 

systematically underestimate insertions. One such program is 

PRANK. This program uses graph-based algorithms to improve the 

recognition of non-homologous regions and infer gaps along the 

phylogeny (Löytynoja and Goldman 2008). Several studies have 

shown it is more accurate than other widely used programs 

(Fletcher and Yang 2010; Markova-Raina and Petrov 2011; Laurie 

et al. 2012; Villanueva-Cañas et al. 2013). 

The correct placement of insertions in a MSA is of fundamental 

importance for the estimation of substitution rates. Misaligned 

positions are interpreted as nonsynonymous substitutions by 

CodeML, affecting the correct inference of positive selection. Thus, 

it is better to have gaps in regions where we lack complete 

information for one or more species used in the study than 

misaligned positions. Although we may miss some true events of 

positive selection, this greatly reduces the number of false positives.  

In this thesis we have developed a method to improve the quality of 

the MSAs not by improving the alignment program but by 

optimizing the set of sequences to be aligned. PALO assumes that 

length is a good indicator of different isoforms and, by aligning 

sequences of similar length, reduces the problem of  dN, dS, or 

dN/dS overestimation (Villanueva-Cañas et al. 2013). The fraction 

of positively selected genes increased gradually following the order 

Cons (alignment with highest conservation score), PALO, Longest 
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(alignment with longest isoform per gene), and Random (alignment 

with random isoform per gene); indicating a reduction in the 

number of false positives in the detection of positive selection (due 

to the alignment of non-homologous regions) with a negligible 

computational cost. With the future improvement of annotations 

and the characterization of new isoforms in the different species this 

problem will grow in importance.  

In general, when performing genome-wide studies, methods and 

algorithms that were designed for single or carefully selected genes 

with a well-constructed alignment should not be directly applied 

without carefully analyzing their flaws and limitations first.  

 

Methodological and functional limitations 

Several limitations in the inference of positive selection events are 

pointed by Hughes (Hughes 2007). For example, he states that 

codons predicted to be positively selected could be explained by a 

relaxation or reduced efficiency (i.e. bottleneck in the population) 

of purifying selection or simply by the absence of synonymous 

substitutions. Differentiating between a true event of positive 

selection and relaxation of purifying selection is not trivial and 

opposite interpretations could arise from the same data. Relaxation 

of purifying selection can be interpreted as a reduction in the 

importance of a gene, while positive selection involves that a gene 

was important in a particular adaptation. 

In our work we have used the branch-site test of positive selection, 

which has been designed to differentiate between relaxation of 

purifying selection and positive selection (Yang and dos Reis 2011). 
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Moreover we have used filters for dN, dS, and dN/dS to discard 

situations in which there is saturation of substitutions (dN or dS > 

2), absence of synonymous substitutions (dS<0.01) or abnormal 

dN/dS values (>10). 

Hughes is also right when he points out that most of the search for 

positive selection is usually applied without a priori biological 

hypothesis. Many works have been centered on the “blind” 

identification of genes that may have undergone episodes of 

adaptive selection in different species or lineages using divergence 

data (Clark et al. 2003; Arbiza et al. 2006; Bakewell et al. 2007; 

Gibbs et al. 2007; Kosiol et al. 2008; Vilella et al. 2009; Carneiro et 

al. 2012), often with little agreement between them, even if some of 

them have analyzed the same species. Some of the positively 

selected genes are probably explained by alignment errors, 

inadequate filters, and the selection of non-homologous isoforms 

when selecting a representative isoform for each gene. Moreover 

experimental verification is always needed to confirm the candidate 

cases identified by these studies. In the work presented in this thesis 

we have tried to focus on biological hypotheses, such as whether 

hibernation-related genes were enriched in positive selection 

signatures with respect to other types of genes.  

However, even when we tried to be as careful as possible in the 

different steps of the process leading to positive selection inference 

(alignment, filtering, multiple test corrections, hypothesis 

testing…), we still found that manual inspection for the alignments 

of the candidate genes alignments was necessary. In the analysis of 

Lynx genes this resulted in 100 final candidates (96 for Lynx sp. and 
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4 for Lynx lynx) out of 487 total genes that were initially positive in 

the branch-site test. Statistical significance alone cannot be used as 

proof of adaptive evolution and caution should be taken when 

making such claims. In most cases, the most reliable explanation is 

a methodological issue, usually the alignment. 

Another limitation of positive selection studies is the fact that one 

single amino acid replacement can be responsible for a new 

phenotype, and these events are hard to detect, One example is the 

melanocrotin-1 receptor (MC1R) in the Florida's Gulf Coast beach 

mice (Peromyscus polionotus): a single amino-acid change 

produces a new coat color, providing concealment in the beach 

environment (Hoekstra et al. 2006). Moreover, experimental 

validation of the effect of the nonsynonymous substitutions may be 

difficult or even impossible to be performed. Finally, as we are 

using a reference genome, some of the substitutions may not be 

fixed in the populations but correspond to polymorphic sites. In 

conclusion, caution should be taken when extracting conclusions 

from genome-wide scans for positive selection. 
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5.2. Gene expression regulation: Hibernation  

One of the biggest endeavors in the so called postgenomic era is the 

integration of (functionally) relevant genomic data to help 

understand the physiology of complex traits and how novel 

adaptations arise. One of the approaches used is the analysis of 

large genomic data sets in the search for genes associated with 

structural or functional phenotypes. A common technique is the 

quantification of gene expression through RNAseq (Wang et al. 

2009) and the posterior identification of differentially expressed 

(DE) genes comparing samples from different conditions. 

A harsh critic to these approaches was Sidney Brenner with his 

famous statement ‘low input, high throughput, no output’, referring 

to the use of high throughput experiments to biological problem 

solving (Brenner 2010). RNAseq studies are in some sense 

reductionist since only RNA abundance measurements are taken 

into account. This approach ignores all modulations that happen 

post-transcriptionally (i.e. phosphorylation, ligand binding…) and 

which cannot be detected through DE. Another problem is that 

when we sequence a tissue we are in fact analyzing many different 

cell types, especially in tissues with wide cell diversity, such as the 

brain. This increases background noise and makes it difficult to 

localize real changes in expression between conditions. Single-cell 

sequencing is becoming more popular (and cheap) and therefore, 

this might become a lesser issue in the near future. Another evident 

drawback of DE is that biological interpretations are based on what 

is already known, has been correctly entered into a database, and 

has adequate search and retrieval facilities (Hudson et al. 2012). 
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Therefore, the amount of knowledge that we can extract is limited 

in non-model species, where most of the functions are obtained by 

homology to known genes in model species (mostly human or 

mouse). 

Despite these limitations RNAseq and related techniques are being 

continuously improved and have proven useful in many fields, 

providing a comprehensive view of the shifts in gene expression 

that occur in different tissues and at different times. For example, 

we have used this technique to pinpoint to physiological pathways 

involved in hibernation, as discussed earlier (Villanueva-Cañas et 

al. 2014). 

However, once the actors have been identified it is sometimes 

difficult to assess their causality, unless we have detailed 

knowledge of how molecular pathways work. Sometimes, a few 

genes can generate a cascade of events and the use of interaction 

networks can help us identify the different gene modules involved 

in a process. 

Hibernation is a crucial adaptation for the survival of the species 

populations in periods of resource scarcity. Improvements in the 

hibernation mechanism should be subject to natural selection and 

we should be able to trace the underlying mutations.  

A long standing question in mammalian hibernation is whether the 

ancestral mammal was capable of hibernation and thus the required 

gene set was present in all mammals, or whether the hibernation 

phenotype appeared several times during evolution in different 

lineages, perhaps through the acquisition of new genes. 
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In our work we have seen that proteins involved in hibernation are 

not being positively selected, nor do we observe similar 

independent amino acid changes in hibernation-related proteins 

among different hibernating species. Previous work in mammalian 

hibernators hypothesized that hibernation is activated not by a set of 

genes unique to hibernators, but by selective expression of genes 

that are present in all mammals (Srere et al. 1992). Here we made 

use of all the current data and tried to reconcile different studies to 

validate this hypothesis; whereas only a few DE genes are shared 

between the different hibernating species, the number of shared 

genes increases when we focus on interaction networks and 

biological processes, pointing to the common use of different 

physiological “modules” such as the circadian clock or the beta-

oxidation pathway. Nevertheless, more research is required to 

determine which genes trigger the hibernation process and identify 

if indeed they are the same genes in the different species. 

The question of whether there are universal genetic mechanisms 

behind the hibernation adaptation requires further scrutiny and can 

only be tested through additional investigations of phylogenetically 

distant species. Currently, experiments about hibernation have only 

been carried out in a small set of species (bears, several squirrels, 

hamsters…) and mostly in laboratory conditions. It has been 

suggested that physiology and behavior of hibernating animals is 

strongly affected by acclimation to captivity. Indeed, much of the 

new recent discoveries in the field of hibernation come from work 

on wild animals (Geiser 2013). 
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Following this line of research we are using RNAseq to investigate 

gene expression dynamics during hibernation in the only known 

primate hibernators—Madagascar’s dwarf lemurs (genus 

Cheirogaleus). To this aim, we are comparing the varying 

physiological states experienced throughout the year in, both 

captive and wild animals.  
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5.3. Taxonomically restricted genes in mammals 

Identification and classification 

The discovery of orphan genes is relatively recent (Dujon 1996). 

The sequencing of an ever increasing number of genomes has 

shown that these genes cannot be explained by lack of information 

from related species but that they are truly species or lineage-

specific. Most of the articles in this field have been published in the 

last few years and our research group has been one of its pioneers in 

the detection and characterization of TRGs (Albà and Castresana 

2007; Toll-Riera et al. 2009). 

Phylostratigraphy, which is a common strategy to detect and 

classify Taxonomically Restricted Genes (TRGs), was initially 

carried out by Albà and Castresana (Albà and Castresana 2005) and 

further developed (and named) by Domazet-Loso (Domazet-Loso et 

al. 2007). It is based on sequence similarity searches (Blast) and it 

assigns the age of a gene from a focal species on the basis of the 

most distant species to which we obtain a sequence similarity match 

(Figure 5.1). 

The main issue with this approach is that only reflects one species 

evolutionary history, rather than the history of the whole group, 

heavily relying on annotations. For example in a study performed in 

Drosophila melanogaster, the Diptera and Insecta taxonomic 

categories are only backed up by two species: Anopheles gambiae 

(mosquito) and Apis mellifera (honey bee), respectively (Domazet-

Loso et al. 2007). With such a limited number of genomes, any 

gene present but not annotated in A. gambiae would be classified as 

Insecta specific or older if it was neither found in the bee genome. 
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We would be also missing Diptera or Insecta specific genes not 

annotated in the fruit fly genome or that were loss in its lineage.  

Furthermore, genes are annotated using criteria that usually include 

the presence of a homolog in other genomes, leading to TRG 

depletion in branches close to the leaves. 

Figure 5.1. Phylostratigraphy in mouse: genes are identified in one focal species 

(here Mus musculus) and their age is determined by the presence of homologues 

in other taxa. Modified from (Neme and Tautz 2013). 

 

To overcome the limitations of phylostratigraphy we have 

developed a novel method. Although it is based also on Blast, it 

introduces several innovations in relation to the traditional 

methodology.  

The first important novelty is the use of reconciled gene family’s 

histories; using the single evolutionary histories from each of the 

species included in the analysis in a single tree we are able to 

reliably identify gene birth events in the different lineages and also 

compensate for incomplete annotations. However, reconcile gene 



184 

 

families from different species and assign them a unique common 

origin to a particular branch of the tree is not a trivial problem from 

the computational point of view. We have developed an efficient 

algorithm that navigates the tree and incorporates in each step all 

the sequence similarity searches information. It discards any genes 

with indirect relations to older genes and removes redundancy at 

every step. 

The second improvement is the incorporation of RNAseq data from 

the different species and the reconstruction of novel transcripts. 

Using sequence similarity searches against our RNAseq 

reconstructions we were able to refine the age of the TRGs we 

found. This often led to the detection of an older time of birth for a 

gene (Villanueva et al. Submitted, chapter 4.4), reflecting the 

incompleteness of annotations.  

Another major concern in the search for de novo genes is that they 

can sometimes be confounded with duplicated genes that evolve 

rapidly, beyond the threshold of detection of Blast similarity 

searches (Domazet-Loso and Tautz 2003). Some young genes might 

also arise from Lazarus or resurrected DNA (Graur et al. 2015): 

sequences that became pseudogenized and subsequently gained a 

new function. Although this problem only becomes apparent for 

genes older than mammals (Albà and Castresana 2007), we applied 

an additional step in our pipeline: We discarded any gene family 

with at least one mammalian protein with indirect sequence 

similarity (through their paralogs or sibling proteins) to sequences 

older than mammals. 
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Recently emerged proteins contain more low-complexity regions 

(LCR) in their sequences than older proteins (Toll-Riera et al. 

2009). It has been argued that LCRs  might play a role in the 

emergence of novel genes (Toll-Riera et al. 2012). However, 

sequences with a high percentage of repetitive regions cannot be 

used to perform Blast similarity searches, because they give too 

many spurious results, and they are filtered out. Because of this, we 

discarded sequences with a very high percentage of repetitive 

regions, lacking enough sequence length usable by Blast (<20 

amino acids in a row). 

 

Gene expression 

When compared to microarrays, RNAseq experiments are more 

sensitive in the detection of lowly expressed genes (Wang et al. 

2014), more reproducible (Zhao et al. 2014), and expression values 

from RNAseq correlate better with protein levels (Fu et al. 2009). 

This technology is therefore better suited to help in the detection 

and characterization of the transcriptome.  

It is known that ubiquitous expression is a good indicator of 

housekeeping functions (Ramsköld et al. 2009). On the contrary, 

genes expressed in only one tissue are more likely to endure 

regulatory or context-dependent tasks. Many researchers have 

observed that young genes are more tissue-specific than older 

genes, pinpointing that they tend to be born in one tissue and 

perform a specific task (Palmieri et al. 2014; Ruiz-Orera et al. 2014; 

Tautz 2014). The patterns of gene expression in different 

mammalian tissues have been thoroughly characterized (Martínez 
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and Reyes-Valdés 2008; Ramsköld et al. 2009; Ardlie et al. 2015; 

Pervouchine et al. 2015). All the studies observed a higher diversity 

of expression in testis. Martinez et al. was the first one to realize 

that there were no abundant tissue-specific transcripts dominating 

the transcriptomic landscape in testis, therefore, more reads were 

available to allow the detection of less abundant transcripts 

(Martínez and Reyes-Valdés 2008). 

 

The birth of new genes 

In this thesis we have studied annotated protein coding genes that 

originated very recently, but we are, in fact just looking at the tip of 

the iceberg.  The presence of such young genes points to a 

fundamental question: where are these genes coming from? 

There is growing evidence that a large portion of a genome is being 

transcribed in one or more tissues at any given moment (Bernstein 

et al. 2012). Pervasive transcription is a steadily source of material 

for the generation of new genes and it is a feasible assumption that 

most of the transcripts expressed at low levels can be considered as 

selectively neutral. Consequently, regions of the genome with a 

high transcriptional activity would be more prone to the generation 

of new genes, as it was proposed for testis (Kaessmann 2010). 

Polev et al. suggested that transcriptional noise provides continuous 

scanning of the genome for those genes that can be adopted for 

concurrent cellular processes (Polev 2012). Although he does not 

mention directly de novo gene birth, he proposes that transcriptional 

noise would serve as a playground for testing existing genes in 

other tissues, where they could gain a novel function. 
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The use of deep transcriptomic sequencing has revealed the 

existence of many transcripts without long or conserved open 

reading frames (ORFs): they were termed long non-coding RNAs 

(lncRNAs). Most of lncRNAs are species or lineage-specific, poorly 

conserved and do not have a known function (Necsulea et al. 2014). 

In a recent study from our group, using ribosome profiling16 data we 

observed that a large fraction of the so called lncRNAs were 

scanned by ribosomes, suggesting that they are translated and 

produce short peptides in small quantities (Ruiz-Orera et al. 2014). 

These peptides become visible to natural selection. Interestingly 

lncRNAs show similar coding potential and sequence constraints 

than evolutionary young protein coding sequences –they are short, 

lineage-specific, and tissue specific– indicating that they might be a 

pool of proto-genes where new genes (and novel functions) can 

arise (Ruiz-Orera et al. 2014).  

Despite this continuous flow of novel material, only a very small 

portion of it probably evolves under selection. This is consistent 

with the fact that the number of conserved protein-coding genes in a 

species is more or less constant, while lncRNAs are poorly 

conserved and very abundant. Genes that have acquired a function 

will tend to be conserved across species. We present many 

                                                 
16 Ribosome profiling is a technique based on the isolation of 

mRNA within a ribosome through the use of nucleases that degrade 

unprotected mRNA regions (Ingolia et al. 2009). This technique 

analyzes the regions of mRNAs being converted to protein, as well 

as the levels of translation of each region. 
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examples in chapter 4.4. Many studies, including ours, have 

detected a bias in codon usage in young versus old genes (Toll-

Riera et al. 2009; Palmieri et al. 2014). It has been suggested that 

the preferred usage of optimal codons might facilitate the 

emergence of de novo genes, specifically their translation. There 

has also been observed that some lncRNAs genes are under 

selective constrains. Many of the peptides encoded by lncRNAs 

may not yet have been found by proteomics, which shows important 

limitations for short proteins. Additionally, in this continuum of 

gene birth some RNAs may function both as coding and non-coding 

elements (Dinger et al. 2008). This may be a relatively widespread 

phenomenon and is in agreement with our model of de novo gene 

origination. 

Taking all the evidence together, far from being non-coding ‘junk’ 

DNA, these transcripts with taxonomic restriction may be the 

source material for the birth of protein coding genes that play an 

important role in innovation and adaptation (Carvunis et al. 2012; 

Ruiz-Orera et al. 2014; Tautz 2014). It has been proven that genes 

can originate de novo (Tautz 2014; Schlötterer 2015) and some of 

them may even acquire essential functions (Reinhardt et al. 2013). 

This process, as well as the functional characterization of recently 

evolved genes, will be an active future of research. 
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6. Conclusions 

 

1. We have shown that the use of the longest isoform in multiple 

sequence alignments (MSA) leads to an important 

overestimation of the fraction of positively selected sites, due to 

a higher fraction of misaligned positions in indel-rich 

alignments. 

 

2. We have developed a method that selects the protein isoforms 

that are most similar in length for MSAs. This significantly 

improves the quality of the alignments generated and reduces 

the likelihood of wrongly identifying positively selected sites in 

genome-wide studies. 

 

3. We have contributed to the assembly and annotation of the Lynx 

pardinus genome. We have identified 204 putative lynx-specific 

genes and detected several genes with signatures of positive 

selection. 

 

4. We do not detect a significant increase in the number of 

hibernation-related genes with signatures of positive selection in 

hibernating species when compared with non-hibernating 

species, suggesting that species-specific changes in amino acids 

have not played a predominant role in this physiological 

adaptation. 
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5. There is a significant overlap in the molecular pathways 

involved in the hibernation adaptation in different mammalian 

species. 

 

6. We have developed a novel methodology that allows the 

identification of de novo gene birth events along a phylogeny 

using genome and RNAseq data from all the species 

simultaneously. 

 

7. We have conducted the largest search to date for taxonomically 

restricted genes (TRGs) in mammals. We have found that some 

mammalian-specific proteins are related to specific adaptations 

such as the formation of the skin or the defense against 

pathogens. 

 

8. Young mammalian genes are short, tissue-specific, fast 

evolving, and positively charged when compared to older genes. 
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7. Future research 

The promise of almost perfect assembled genomes based on Ion 

Torrent™ long reads (E. Myers in Brown and Morgenstern 2014) 

represents a huge opportunity for comparative genomics. It will 

allow answering many evolutionary questions that remain 

unanswered due to a lack of good assemblies and annotation. With 

this technology, the next generation of improved reference genome 

assemblies is almost within our reach. However, an assembly 

without a proper annotation has very little value, and, although the 

prediction of function through homology has proven very valuable 

we still need a lot of low-output experiments to unravel the 

functions and mechanisms of individual genes and pathways. This 

is especially relevant for orphan genes or TRGs, the vast majority of 

which remain functionally uncharacterized. 

One of the most interesting questions is resolving the topology of 

the mammalian tree. Although genomic approaches have been 

performed extensively (Meredith et al. 2011), when contrasted with 

data from the fossil record, the correct relation between Xenathra, 

Afrotheria, and Laurasiatheria is currently unknown, with several 

competing hypotheses (Teeling and Hedges 2013). It is known that 

several genes tell different evolutionary stories and convergent 

evolution or gene duplication might affect such analyses. De novo 

gene origination is thought to be a rare event, thus genes that are 

lineage-specific should be key in resolving the tree topology, as it is 

unlikely that they appeared independently in several lineages. Better 

annotation of these genomes will allow the identification of many 

more TRGs. 
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Most of the studies that have been performed so far were done at 

the species level, looking for de novo genes that are already (or 

almost) fixed in the population. An area of research that will prove 

key to fully understand the dynamics of de novo gene birth and 

death will be population genetics, where we can explore all the 

regions that started to be transcribed (and/or translated) only 

recently and quantify their frequencies within populations. This will 

allow us to observe the whole spectrum of proto-genes, as described 

by Carvunis et al., and detect which ones are selected and spread 

throughout a population, perhaps due to a slight advantage being 

positively selected. 
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8. Annex 

List of papers and other contributions associated with this thesis 

 

Journal Articles  

Villanueva-Cañas JL, Ruiz-Orera J., Albà MM. In preparation. 

Birth of new genes and evolutionary innovation in mammals. 

 

Salla Vartia, Villanueva-Cañas JL et al. Submitted. A novel 

method of microsatellite genotyping-by-sequencing using 

individual combinatorial barcoding. 

 

Lynx consortium, including Villanueva-Cañas JL. Submitted. 

Extreme genomic erosion in the highly endangered Iberian lynx. 

 

Faherty SL*, Villanueva-Cañas JL*, Peter H. Klopfer, Albà MM, 

Yoder AD. Submitted. Primate hibernators demonstrate universality 

in genetic regulation of mammalian hibernation. 

 

Villanueva-Cañas JL, Faherty SL, Yoder AD, Albà MM. 2014. 

Comparative genomics of mammalian hibernators using gene 

networks. Integr. Comp. Biol. 54:452–462. 

 

Villanueva-Cañas JL, Laurie S, Albà MM. 2013. Improving 

genome-wide scans of positive selection by using protein isoforms 

of similar length. Genome Biol. Evol. 5:457–467. 
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Oral communications 

Ciència i ficció. L’exploració creativa dels mons reals i dels irreals. 

Barcelona, 2015. 

Title: Hibernació humana: ciencia i ficció 

 

XII symposium on bioinformatics. Sevilla, 2014 

Title: Exploring hibernation in mammals through transcriptomics: 

the case of the hibernating lemur 

 

XIV Jornada de Biologia Evolutiva. Barcelona, 2014 

Title: Exploring hibernation in mammals through transcriptomics: 

the case of the hibernating lemur 

 

UCD Earth Institute, Dublin 2013 

Title: Insights into mammalian adaptation through genome-wide 

analysis  

 

XIII Jornada de Biologia Evolutiva. Barcelona, 2013 

Title: Incorporating protein isoform information into genome-wide 

studies: Impact on positive selection 

 

 

Poster presentations 

Annual meeting of the Society for Molecular Biology and 

Evolution. Vienna, 2015 

Title: Characterization of de novo gene evolution across the 

mammalian phylogeny 
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Annual meeting of the Society for Molecular Biology and 

Evolution. Dublin, 2012 

Title: Not another alignment program paper: How to improve 

multiple alignments by selecting the appropriate isoform 

combination. 

 

Tercer Congreso de la Sociedad Española de Biología Evolutiva 

(SESBE), Madrid, 2011. 

Title: Which protein isoform to use when making multiple 

alignments of orthologous genes? An empirical approach 

 

Other 

 

Dia de la Ciència a les Escoles, 2014. 

Title: Històries de la genòmica 
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