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A B S T R A C T

Vertebrate sensory systems play a major role in the survival of species, since their fitness
and reproduction success depends on their ability to adapt to the surrounding environ-
mental conditions. Consequently, the sub-genomes of protein-coding genes responsible for
stimulus perception, are constantly undergoing selective pressures and mutational changes.
Birds are a very diverse group of organisms, about which there is still little information
regarding the genetic and molecular mechanisms that gave rise to the enormous variability
of phenotypes existing among species. However, due to the knowledge that has been ac-
quired about their sensory systems, birds have been considered a good model of study in
this area.

The sequencing of genomes, presents a great contribution to this theme and to the under-
standing of the influence of selective pressure in the modification of sub-genomes. However,
a major restriction on this area is related to the quality of sequencing. There are several tech-
nologies that allow the sequencing of genomes, although they differ in the method used.
One main difference is the size of the DNA reads generated. Technologies that are not so
recent (Sanger, Solexa and Illumina), are based on short reads sequencing, on the other
hand, more recent technologies (ex: PacBio) are based on long reads. Recently it has been
proposed that the sequencing methodology may have a huge influence on the genome as-
sembly process and on the quality of the generated sequence.

Considering this importance, the main purpose of this work was to compare the sequenc-
ing efficiency and quality of different technologies and to assess if the PacBio technology
presents an “advantage” over the rest. Thus, we selected five species of birds with genomes
that have been sequenced through older technologies and with the PacBio technology. From
this, several sets of genes from six different sensory systems were extracted, in order to ob-
tain a good representation of each system. The results obtained revealed that in four of the
systems, there are significant differences in the quality of sequencing between the “older”
technologies and PacBio. Specifically, in PacBio genomes there is a higher quality of se-
quencing with regard to the fragmentation of genes along the genomes (less fragmented
genes) as well as a higher quality in gene integrity (more complete and contiguous genes).
In addition, allowed us to corroborate previously conclusions proposed by related studies
that suggest that PacBio, and in this way, long read assembly, provides great improvements
in genome assembly and gene completeness, as well as improvements in sequencing more
complex genome regions.

Keywords: Sequencing Technologies, Sensory Systems, Bird Species, Gene Extraction.
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R E S U M O

Os sistemas sensoriais dos vertebrados desempenham um papel fulcral para a sobre-
vivência das espécies, uma vez que o seu sucesso de fitness e reprodução depende da sua
capacidade de adaptação às condições ambientais envolventes. Assim, os sub-genomas
de genes codificantes de proteı́nas responsáveis por perceção de estı́mulos, estão constan-
temente a sofrer pressões seletivas e mutações. As aves, são um grupo de organismos
bastante diverso, sobre as quais ainda existe pouca informação relativamente aos mecan-
ismos genéticos e moleculares que deram origem à variabilidade de fenótipos existentes
entre as espécies. No entanto, devido ao conhecimento que se tem vindo a adquirir acerca
dos seus sistemas sensoriais, têm sido consideradas um bom modelo de estudo nesta área.

A sequenciação do genoma, apresenta-se um contributo para este tema e para a com-
preensão da influência da pressão seletiva na modificação dos sub-genomas. Porém, uma
grande restrição nesta área relaciona-se com a qualidade de sequenciação das várias tec-
nologias, que diferem no método utilizado. Uma das principais diferenas é o tamanho das
reads de DNA geradas. Tecnologias menos recentes (Sanger, Solexa e Illumina), baseiam a
sequenciação em short reads, por outro lado, tecnologias mais recentes (ex: PacBio) baseiam-
se nas long reads. Tem-se proposto que esta diferença poderá ter uma enorme influência no
processo de sequenciação dos genomas.

Considerando esta importância, o principal objetivo foi comparar a eficiência e qualidade
de sequenciação de diferentes tecnologias e perceber se a tecnologia PacBio apresenta van-
tagens perante as restantes. Assim, selecionaram-se cinco espécies de aves com genomas
que foram sequenciados através de tecnologias mais antigas e através da tecnologia PacBio.
Destes, extraı́ram-se vários conjuntos de genes pertencentes a seis sistemas sensoriais, com
o objetivo de obter uma boa representação de cada sistema. Os resultados revelaram que
em quatro dos sistemas, existem diferenças significativas na qualidade de sequenciação
entre tecnologias “mais antigas” e PacBio. Especificamente, nos genomas PacBio existe
uma maior qualidade em termos de fragmentação dos genes ao longo dos genomas (genes
menos fragmentados) assim como uma maior qualidade na integridade dos genes (genes
mais completos e contı́guos). Mais, permitiu-nos corroborar conclusões anteriormente re-
portadas por estudos relacionados, as quais sugeriam que PacBio, e assim, assemblies através
de long reads, providencia uma grande melhoria na montagem de genomas e na obtenção
de genes completos, assim como melhorias na sequenciação de regiões genómicas mais
complexas. Palavras-chave: Tecnologias de Sequenciação, Sistemas Sensoriais, Espécies de
Aves, Extração de Genes.
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1

I N T R O D U C T I O N

This dissertation describes the Master’s thesis work developed during graduation of Mas-
ter in Bioinformatics in University of Minho. The practical and experimental context of this
work was carried out by resorting the computational resources of FCUP and CIIMAR.

1.1 context and motivation

Across the world, animal species are exposed to a variety of ecological and physiological
challenges. The success of these organisms depends essentially on their ability to adapt to
the environment in which they inhabit, to promote advantageous reproductive strategies
and, also, to develop mechanisms that keep them healthy [1, 2].

Of the several processes of adaptation that organisms develop, those which contribute
to genetic fitness are essential to survival. Such processes are responsible for inducing the
molecular dynamic plasticity at the level of protein encoding genes (e.g. gene conversion,
gene duplication and positive selection). Genes influencing fitness are often associated with
positive selection, since the amino acid replacement mutations may promote the functional
improvement of several proteins, which could be involved in important biological mecha-
nisms. Thus, the genome modifications in a species can lead to the emergence of new gene
families, gene contraction/expansion and even the gene enhancement, promoting a greater
adaptive capacity [1, 2, 3].

Genes that encode proteins belonging to sensory systems are examples of genes that are
evolving dynamically, since they play a crucial role in the survival and adaptive capacity of
different species of organisms.

Examples of extremely important sensory systems include Chemoreception, namely the
Taste Receptor (TAR)s and the Trace Amine-Associated Receptor (TAAR)s families. TARs are
specialized in the detection of chemical components in food resources allowing, in this way,
the ingestion of nutrients crucial for survival, as well as the detection of poisonous sub-
stances [4]. On the other hand, TAARs are related to the recognition of social cues, since
they respond, in addition to trace amines, to biogenic amines, that are able to function as
pheromones. This function may have influence in the organisms’ behaviour, in what con-

1



1.1. Context and Motivation 2

cerns recognition and interaction between individuals and mate choice [5, 6]. In addition
to Chemoreception, Magnetoreception, Photoreception and Thermoreception are also sys-
tems with preponderant functions, namely: in the orientation and navigation relative to the
Earth’s magnetic field, having special importance in the survival of migratory birds [7, 8];
in colour vision, which has a great influence on the organisms social interactions, predator
avoidance, and even foraging [9]; and maintaining the homeostatic balance of individuals,
allowing them to sense, tolerate and adapt to temperature changes in their surroundings;
respectively [10]. Finally, but also of great importance are the auditory and tactile systems.
Both allow to perceive external stimuli, processing the stimuli received, whether auditory or
mechanical, respectively, and transmit them to the central nervous system. In this way it is
possible for organisms to successfully perceive the environment around them. They are also
fundamental in social interaction between species. Additionally, the auditory system plays
a very important role in competition between individuals, choice of partner and avoidance
of predators [11, 12]. Furthermore, these two systems are quite complex, and since their
receptor molecules participate in a number of biochemical pathways beyond these systems,
much remains to be clarified, and more studies are needed, including studies specifically
focusing on birds, since much of the work done is focused in mammals.

An important goal for evolutionary biologists is to understand the evolutionary mecha-
nisms by which all the phenotypic variation arose among different species. In fact, under-
standing how and why closely related organisms are so distinct in highly conserved genes
with critical functions is a biologically relevant approach. With enough knowledge in this
topic, it may be possible to unveil the evolutionary history of the phenotypic characteris-
tics, at molecular, cellular and even physiological level. In addition, it may also help to
understand the adaptability of different species to the environment [1].

Birds are recognized as one of the most diverse groups of all terrestrial vertebrates, and
there is already great information about the diversity of their sensory abilities. However,
little is known about their evolutionary history and the mechanisms that contribute for
their genome size equilibrium, since most evolutionary studies focus only on taxa with
high variety of genome sizes, such as, teleost fishes or insects. Thus, there is a need to
include birds in this type of studies, and due to the existing information on their sensory
capabilities, birds have recently been recognized as a very useful group for this area [13, 14,
15].

Since sensory protein-encoding genes play a central role in the organism’s fitness, under-
standing how ecological conditions have shaped patterns of diversification of, for instance,
olfactory and vision abilities, and how the genetic patterns correlate, will allow to under-
stand the evolution of these genes. In this way, these analyses may provide important clues
about molecular mechanisms involved in environment adaptation, the role of natural selec-
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tion [1], and even provide valuable insights about the evolution and functioning of our own
genome [16].

The possibility of characterizing and quantifying adaptation at the molecular level is,
thus, one of the main ambitions for evolutionary biology and genomic studies, considering
the great potential for revealing, at multiple scales, the evolutionary journey of phenotypic
traits. A key aspect to perform these studies is genome sequencing, since it provides even
more information in what concerns the adaptive genetic variation and influence of selective
pressures on shaping sub-genomes, in case of interest for this study, the sensory systems
sub-genomes [17]. Furthermore, in studies of population genetics, genetic data is very
valuable, since it will allow establishing phylogenetic relationships with greater precision,
understanding population structures, detecting variations among individuals, and even
detect signatures of selection [18].

Over the years, technologies for Deoxyribonucleic Acid (DNA) sequencing have been devel-
oped and, currently, they are grouped into 3 different categories: 1st generation sequencing
(Sanger sequencing), 2nd generation sequencing or Next-Generation Sequencing (NGS), and
3rd generation sequencing. These technologies differ in the process used to sequence the
DNA, thus directly influencing the speed of which reads are generated, the throughput
rate, the error rate, and the length of the generated reads, which in turn will have influence
in the sequencing quality. One of the latest technologies, belonging to the 3rd generation, is
Pacific Biosystems (PacBio) platform. This technology essentially differs from other sequenc-
ing technologies in what concerns the length of the generated reads, which are much longer
(up to 60 Kb) than the reads of other 1st and 2nd generation technologies. This brings with
it a number of advantages, such as, the possibility to locate repetitive sequences through a
single read, allows the sequencing of entire transcripts, and also, the real-time detection of
biological events [19, 20, 21, 22].

In this way, considering the importance and applications of DNA sequencing and the
differences among the sequencing technologies that have been developed, the main interest
of this work is to compare the PacBio sequencing against “older” technologies, namely
Sanger sequencing, Solexa and Illumina, in order to evaluate if, indeed, they vary in the
sequencing quality. For such, we selected a set of birds’ genomes, sequenced by 1st, 2nd

and 3rd technologies to evaluate the success to extract genes from these genomes, i.e., to
evaluate if the sequences were obtained in all their length, with no errors, depending on
the technology from each genome was generated.

The molecular markers selected for the extraction belong to six different sensory systems,
previously mentioned, since these systems are constantly under variation and adaptation.
In some of these systems, such as the chemoreception and the photoreception, the selected
genes are well reported and are directly involved in binding/recognition of a molecular
target while in others, such as the auditory system, tactile system, and thermoreception,



1.2. Main aims 4

they operate through complex molecular cascades of recognition, and the receptors also
have other molecular functions. The genes belonging to the latter systems mentioned, were
chosen based on literature research.

1.2 main aims

Since sensory systems are constantly under molecular changes that underlie the evolu-
tion of phenotypic traits, they possess an adaptive relevance to differential conditions of
environmental selective pressure. In addition, the currently DNA sequencing technolo-
gies vary in the sequencing quality, producing different results, that, consequently, have
a big impact in a great amount of studies that depend on genetic information. Having
this in mind, the main goal of this work is to develop genomic and statistical analyses to
understand whether the newer technologies, compared to the older ones, have improved
on issues that have been considered major constraints over the years. For such, a set of
different techniques will be performed, these being:

• Annotation of multi-gene families involved in sensory systems;

• Analyses of similarities among genes and proteins of different bird species;

• Multi-sequence alignments (all genomes with all genes);

• Gene extraction;

• Statistical analyses for comparison of sequencing technologies quality;

• Analyses of genome synteny of the multi-gene families under study;

• Write thesis with the obtained results from the precedent subjects.

1.3 thesis outline

This document includes four more important chapters: the State of the Art, the Materials
and Methods, the Results and Discussion, and the Conclusions and Further Work.

In the State of the Art chapter (2), is presented a brief review about molecular and adap-
tive evolution. Furthermore, in this chapter is presented an analysis in terms of function,
structure and protein-coding gene, of the six sensory systems selected for this work. Finally,
is presented a brief review about four sequencing technologies (Sanger, Solexa, Illumina
and PacBio).

In what concerns the Materials and Methods chapter (3), it is described a succinct analy-
sis of the tools that used during this work (Molecular Evolutionary Genetics Analysis (MEGA)
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software, Exonerate software, R, Python and Biological Databases). Also, the information
obtained and the tasks performed during this work, such as: All the genomes’ information
that were used (reference, length, number of contigs, sequencing technology, etc), infor-
mation about all the genes that were used, how the alignments and genes extraction were
performed and the statistical tests performed.

In the Results and Discussion chapter (4) we describe all the results of the genes ex-
tractions, i.e., all the recorded parameters respecting alignments of the whole set of genes
with all genomes. Also presented here are the results of the statistical tests: Normality
Tests (Shapiro-Wilk) and Hypothesis Tests (Mann-Whitney U Test). Moreover, we provide
hypothetical reasons and explanations for what we obtained. For that, we include a brief de-
scription of the main features of birds genomes, an extensive comparison among the results
obtained by sequencing based on short reads and long reads, including advantages and
disadvantages of the different methods,and finally, a section that presents quite relevant
related studies that confirm the conclusions that we achieved in this work.

Lastly, in the Conclusions and Further Work chapter (5), we present the main conclusions
achieved with this study, and we present some work that we intend to do, in order to further
explore this topic and better understand the reasons for our results.



2

S TAT E O F T H E A RT

2.1 molecular evolution and adaptation

Evolution, a concept that refers to changes within and among biological populations, is
a constant phenomenon that arises from several events in nature. These events can be at
the molecular level such as, gene flow, genetic drift, mutations, genetic conflicts, and, also,
natural and sexual selection [23].

Although it is known that different changes in the genome can generate identical pheno-
typic variations, it is also known that, with regard to the occurrence of mutations (which
may be deletion, insertion, substitution or inversion), those that cause changes at the expres-
sion and regulation of protein encoding genes, are more likely to generate phenotypic varia-
tions and contribute to evolution [24]. These mutations can be considered non-synonymous
mutations and synonymous mutations. Non-synonymous mutations are those that change
the amino acid sequence and can likely affect protein structure and activity. On the other
hand, synonymous mutations do not alter the amino acid sequence. In this way, these
mutations are generally detected at the protein level through amino acid substitutions [25].
Nonsynonymous substitutions are, therefore, more likely to participate on phenotypic evo-
lution than synonymous substitutions, as it was expected [24].

Through the analysis of these mutations, the evolutionary pressure effect can be evalu-
ated by the ratio, ω , of non-synonymous substitutions (probably selected) to synonymous
substitutions (probably neutral and with no sequence change), ω = dN/dS. This ratio sug-
gests positive, neutral or negative pressures, if it presents a value greater, equal or less than
1, respectively [26].

Moreover, across the worldwide ecosystems, animal species are exposed to a variety of
ecological and physiological pressures. This leads to adaptive responses, which often have
a genetic basis, and the success of these organisms to survive depends essentially on it.
These changes frequently promote advantageous reproductive strategies and, also, favour
the development of mechanisms that keep the organisms healthy [1, 2, 23]. In fact, it is
noticeable, in animal genomes, the environmental niche specialization [16].

6



2.2. Sensory Systems 7

Thus, understanding the evolutionary mechanisms that led to the wide variety of eco-
physiological adaptations and phenotypic variation and also, how and why closely related
organisms are so distinct at the molecular level, is a biologically relevant approach. Spe-
cially in what concerns sensory systems, it allows to uncover the evolutionary history of
phenotypic characteristics and provides several clues about the adaptability of organisms
to the environment. Furthermore, these studies can promote the perception and knowledge
that we have about the evolution and functioning of our own genome [1, 16]. As mentioned
before, the DNA sequencing technologies that have been developed until now, are crucial
for these studies. The access to genomic information brings the possibility of studying these
mechanisms even further and with more accuracy. In this way, it is of extremely importance
that these technologies may provide the best results, i.e., genomes assembly of high quality
that are able to represent a species [27, 28].

Due to this importance, lately, several studies have been carried out on this subject. In the
present study, special attention will be given to differences of gene quality among genomes
of different birds species at the level of sensory systems. Since these systems are constantly
under environmental pressures experienced for multiple vertebrate species. In the next
subsections, we will report and analyse six different sensory systems, as well as a brief
description of a set of DNA sequencing technologies that were during the years and, are
currently quite resorted to allow these type of studies.

2.2 sensory systems

2.2.1 Chemoreception: TARs and TAARs

Chemoreception or chemosensation is a mechanism widely used by animal species, for
the detection of chemicals in the surrounding environment. This mechanism plays a criti-
cal role in the survival and fitness of the animal species, since it enables these organisms
to communicate with others of the same species, locate food or hosts, detect predators,
avoid eating toxic substances, and find fitting mating partners, which may contribute to
evolutionary processes like speciation and reproductive isolation [29, 30].

The chemosensory systems (including taste and smell) are responsible for the detection
of countless and diverse chemical molecules. Depending on the species, several small
molecules and proteins can be perceived through the sense of taste. Regarding smell, organ-
isms are able to detect countless volatile and non-volatile proteins as well as non-volatile
hydrocarbons. Consequently, these systems have developed complex and extensive reper-
tories of receptor genes, so that organisms can recognize this huge diversity of chemical
structures [29, 17].
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In this work, the olfactory perception will not be approached, due to the extensive ge-
netic repertoire and the large amount of gene paralogs. In this way, in what concerns
chemoreception, this works will focus on two different chemosensory receptors, the TARs
and the TAARs, both of them extremely important for the survival and adaptation of most
organism’s species.

Taste Receptors

Regarding TARs, these receptors are specialized in the detection of chemical components
in food resources, which, in turn will determine the organism’s choice of specific food as
well as its ingestion. As an example, there are chemical components that cause aversive
reactions while others cause appetite reactions, allowing, in this way, the ingestion of nutri-
ents necessary for survival, as well as the detection of poisonous substances, respectively
[4].

At the level of the sense of taste, there are five different modalities, being this sweet,
umami, bitter, salty and sour [31, 32].

The bitter sense of taste usually detects the presence of bitter-tasting chemicals in food,
and these are generally poisonous foods, such as insect defensive secretions [33]. It is, there-
fore, a defence that organisms possess, preventing them from ingesting harmful substances
[4].

Contrary to bitter taste, sweet and umami modalities are related to the detection of nu-
tritious foods [33]. More specifically, umami taste is involved in the detection of a few
L-amino acids and is therefore related to protein rich diets. On the other hand, sweet taste
is triggered by the presence of carbohydrates, which may be mono or disaccharide sugars.
Finally, salty and sour tastes detect the presence of sodium (Na) and acids H+ [34].

Regarding the structure and genetics of these receptors, in most vertebrates they are
conserved and are expressed in epithelial clusters of taste sensory cells, known has taste
buds [34]. Birds, compared to mammals, have a smaller number of these receptors due to
lower saliva secretion, smaller oral cavity and fewer taste buds.

Furthermore, these proteins, in terms of their structure, are G Protein-Coupled Receptors
(GPCRs) with seven α-helix transmembrane regions (Figure 1) [31].

Also concerning birds, and more specifically chicken (Gallus gallus), taste receptors are
presented in two families, the Taste Receptors family 1 (TAS1R) and the Taste Receptors family
a (TAS2R). Wihin the TAS1R there are only two members, TAS1R1 and TAS1R3, with the
absence of Homo sapiens ortholog TAS1R2. This family is responsible for umami and
sweet taste perception, whereas umami taste receptor is a heterodimer resulting from the
interaction of TAS1R1 and TAS1R3 [31, 34]. On the other hand, it is known that the TAS2R,
although with only a few genetic studies performed, presents in chicken three members,
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TAS2R1, TAS2R2 and TAS2R3, also known as TAS2R40, TAS2R4 and TAS2R7, respectively.
This family is responsible for bitter taste perception [34].

Trace Amine-Associated Receptors

Besides TARs, a new other family of GPCRs, belonging to the chemoreceptors group, are
the TAARs [35, 6].

Initially, these receptors were thought only to respond to trace amines in the vertebrate’s
nervous system. Trace amines are a group of endogenous amines with neurotransmitter
functions, found at low concentrations in the central nervous system, and this group in-
cludes β-phenylethylamine, tryptamine and p-tyramine [5, 36]. However, several recent
studies have shown that TAARs not only respond to trace amines but also to classical bio-
genic amines, due to the structural similarity between these two groups. Biogenic amines
such as adrenaline, dopamine, serotonin (5-hydroxytryptamine or 5-HT), noradrenaline,
and histamine, are a group of amines that are well known to have hormonal as well as
neurotransmitter functions in the central and peripheral nervous system [5]. Furthermore,
it has been observed that TAARs genes are selectively expressed in small amounts in Main
Olfactory Epithelium (MOE), suggesting that they are also involved in olfactory functions,
more specifically, in the detection of volatile biogenic amines [37].

Based on this knowledge, it is believed that TAARs are related to the recognition of social
cues, since biogenic amines are able to function as pheromones. This occurs when this
group of amines is handled as odorants, inducing as consequence, physiological changes
in the organisms [5]. This is a very relevant fact that may provide valuable insights into
the pheromone-based behaviour of several species, including the behaviour in terms of
recognition and interaction between individuals and mate choice [5, 6, 37].

In what concerns to the genomic field, TAARs genes are single-exon with coding chains
of about 1Kb in length (Figure 1). The repertoire of these genes and the number of copies
vary widely among vertebrate species [35]. In fact, the TAARs gene family in teleost fishes
is quite large and versatile (about 57 intact genes found in zebrafish) compared to tetrapods
(for instance, in humans only 5 genes were found intact) [38]. Moreover, regarding to the
latter group, the number of TAARs genes found in amphibians and birds is considerably
low, with low copy numbers. As for mammals, the number of copies varies widely among
species [35].

Concerning to birds, several indications have suggesting that they have a robust sense
of smell, and, as mentioned above, this may play a considerable role in the avian interac-
tion among individuals. In addition, considering the absence of the vomeronasal organ
in birds, as well as the absence of vomeronasal receptors (responsible for social mediation
and communication in mammals), TAARs receptors are of even greater significance for the
detection of social cues. In the genome Gallus gallus, up to now, three TAARs paralogues
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Figure 1.: Representation of TARs and TAARs. TR2 denotes the taste receptor type 2, and T1R
denotes the taste receptor type 1. Initially are presented the protein structures of the
receptors, in which is possible to understand the seven α-helix transmembrane regions.
Below are presented the exon-intron structures of the coding genes. Adapted from [36].

have been found, known as Taar1, Taar2, and Taar5, which are suggested to be orthologs of
three mammalian TAARs genes [6].

For the development of this work, all genes belonging to the two types of receptors
mentioned above (Tas1r1, Tas1r3, Tas2r40, Tas2r4 and Tas2r7; Taar1, Taar2 and Taar5), where
approached in order to have a good representation of the chemoreception group.

2.2.2 Magnetoreception

Another sensory system that is extremely important for the survival of several animal
species, and especially for birds, is magnetoreception. This sensory modality allows organ-
isms to recognize and sense the Earth’s magnetic field, that varies across the globe, which,
in turn, allows them to gather navigational information [8, 7, 39]. This information can be
used as a biological compass, in which the magnetic vector provides directional informa-
tion, but also acts as a component in the navigational ”map”, providing position references
[39].

In this way, magnetoreception is extremely used for orientation and navigation, having
special importance during migrations [7, 8]. Although organisms have other factors avail-
able that assist migrations, such as the flow of continental wind currents, the location of
rivers, seas and mountains, and even the position of the sun or the moon, magnetoreception
still presents a preponderant role [7]. The reason for this is because organisms can resort to
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this sensory system whenever such factors are in some way disturbed, i.e., when mechani-
cal, visual and thermal characteristics of the Earth’s surface are not propitious to navigation
and orientation (for instance, the occurrence of rain, clouds, fog and even changes in the
wind patterns) [7, 39].

As mentioned earlier, magnetoreception is widely used for orientation and navigation,
although these two terms correspond to two different tasks. Orientation corresponds to the
identification of the cardinal directions (North, South, East and West). On the other hand,
navigation involves the ability to measure the intensity of the magnetic field, as well as its
inclination [40]. As these two different tasks require the measurement of different types
of parameters and, although little is known about this sensory system (physiologically,
molecularly and genetically), it is expected that there is more than one magnetosensory
system for the performance of such tasks. Moreover, it is pointed out that in birds there are
about two different types of magnetosensory systems, the Radical Pair Model and the Iron
Based Magnetoreception [40, 7, 41].

Radical Pair Model

This model was first proposed by Ritz et al. (2000) [42] and suggests that the avian com-
pass is generated through chemical reactions that occur in the bird’s eye, more specifically
in the retina. In this way, it is assumed the existence of a Cryptochrome (CRY), a photo-
sensitive flavoprotein, which presents as a cofactor the Flavin Adenine Dinucleotide (FAD)
molecule. This cofactor molecule is responsible for the absorption of photons with certain
energy levels. Therefore, the molecule becomes photoreduced, which, in turn, is oxidized
in light independent reactions (FADox form), transferring an electron to a tryptophan (Trp)
located nearby. Thus, this molecule undergoes a redox cycle that leads to the generation
of a radical pair, a pair of molecules with uncoupled electrons. According to the spins of
the uncoupled electrons, this pair of radicals may remain in the singlet state or triplet state
(Figure 2) [40, 43].

This pair of radicals remains in interaction for some time, and the intensity and rate of
the interaction process is dependent on the orientation and intensity of the magnetic field.
The radicals eventually recombine or decay, forming more stable products [40].

From this point, much remains to be studied and the way this mechanism interacts with
the avian magnetic perception is still barely perceptible. However, it is anticipated that
the reaction that occurs in the retina, between the radical pairs, may have some effects on
the sensitivity of the light receptors in the eye. Thus, the effect of the magnetic field on
the interaction of the radical pairs may modulate the bird visual sense, producing a field of
vision with darker or lighter regions (Figure 3). Therefore, birds can use these light intensity
patterns to guide and orient themselves in relation to the magnetic field [42]. In addition, it
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Figure 2.: Schematic representation of the Radical Pair Model. On the left side is presented the
cryptochrome (existent in the bird’s eye retina) with the anchored FAD molecule. On the
right side are the reactions that occur through these molecules. The FAD molecule in
the absence of light exists in the oxidized state, however, in the presence of UV and blue
light, up to about 500 nm, FAD absorbs these photons and becomes photoreduced (upper
right corner scheme). This triggers an electron transfer between FAD and the nearby
tryptophan, forming a pair of radical molecules with uncoupled electrons (bottom right
corner scheme). This radical pair interacts and alternates between the singlet state and
the triplet state according to the surrounding magnetic field. “D” stands for “Electron
Donor”; “A” stands for ”Electron Acceptor”. The scheme in the bottom right corner was
based and adapted from [42].

was found that in the dark, birds do not exhibit activity of their magnetic compass, which
is a fact that contributes to the proposed model [43].

In what concerns to cryptochrome, a protein found in several animal species (which
includes all vertebrates) and in plants, it is suggested that, in addition to being involved
in magnetoreception (in light-dependent pathways such as the above example), it is also
involved in circadian clock [44, 45, 46, 47, 48, 49]. To date, four different cryptochromes
have been found in the birds’ eyes. These are CRY1a, CRY1b, CRY2 and CRY4 [44]. In
chicken, these proteins have an average size of about 580 amino acids [50].

CRY1 has two isoforms that only differ in the C-termini region, CRY1a and CRY1b. Both
isoforms are found in the bird’s retina, although in different locations. CRY1a is expressed
on the cell membrane of inner and outer segments of UV sensitive photoreceptor cells
[51, 52]. Additionally, CRY1a has been detected in its active form in the bird’s retina, which
meets the light conditions required to provide magnetosensivity [43, 52, 51]. On the other
hand, CRY1b shows a higher expression of its mRibonucleic Acid (RNA) in the ganglion cell
cytoplasm (cells that belong to the ganglion cell layer, a layer present in the retina), but
also, in some amount, in the inner segments of photoreceptors [53, 54]. Moreover, it was
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Figure 3.: Birds visual field based on the Radical Pair Model based on the Radical Pair Model. De-
pending on the inclination and position relative to the surrounding magnetic field, the
bird can see darker and lighter zones, allowing it to orient itself. Adapted from [7].

also observed that in night-migrating birds, a higher expression of CRY1b was presented at
exactly the time these birds were found active at night [44, 55, 56].

Based on the existing information of both types of CRY1, it is pointed out that, in fact,
they theoretically meet the requirements of the radical pair model and that they are indeed
magnetoreceptor molecules [45].

Regarding CRY2, this is presented in the retina of several bird species. Specifically, it is
expressed in the photoreceptor layer and, also, in small amounts, in the ganglion cell layer.
The localization of its expression points that this cryptochrome might perform magnetore-
ception functions. However, it is also found to be expressed in the nuclear inner membrane
of cells. This indicates that CRY2 is probably a clock protein and therefore its designation
as a magnetoreceptor still requires some studies [45, 44, 53, 47].

Finally, CRY4 is likewise presented in the retina of several bird species. Its expression
was observed in chicken, namely in the cytoplasm of cells of the visual pigment layer, in
the ganglion cell layer and also in the inner nuclear layer [45]. Despite the lack of infor-
mation about CRY4 expression in the retina of migratory birds, it is suggested that this
cryptochrome may indeed be involved in magnetoreception due to several factors. One
is that this protein has been identified in animal species where magnetic orientation and
magnetism-based behaviour are well documented, such as birds, fish and amphibians [46].
In addition, CRY4 has been found to undergo structural modifications in the carboxyl-
terminal region in a light-dependent form, which is consistent with the light-dependent
magnetic orientation mechanism of birds and the radical pair model [46, 45, 57, 58]. How-
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ever, these are very recent observations and information about the behaviour of this cryp-
tochrome as a magnetoreceptor still remains not fully understood [44]. Overall, although
with the evidences obtained so far it is suggested that CRY1a is the cryptochrome that
best meets the requirements for being considered a magnetoreceptor molecule [44], we de-
cided to include the three genes, Cry1, Cry2 and Cry4 in the analyses, based on the existing
evidences mentioned earlier.

Iron Based Magnetoreception

In the Iron Based models, it is proposed that iron containing molecules play a fundamen-
tal role in sensing the surrounding magnetic field. These iron ”sensors” are suggested to be
composed of biogenic magnetite (Fe3O4, iron oxide), initially studied in bacteria, in which
the responsible genes for the extraction of iron from the environment and its conversion to
magnetite were deduced. However, no orthologs were found in animal species [7, 59].

Biogenic magnetite holds different magnetic properties based on the size of its particles.
In sufficiently small particles (between 0.04 µm and 0.12 µm) a permanent magnetic mo-
ment is observed. On the other hand, in larger particles the magnetic moments of the
domains tend to cancel each other out [7, 44].

It is suggested that the biogenic magnetite can be used in two forms. One of these
forms is based on a small piece of iron, with permanent magnetic momentum, that spins
in alignment with the Earth’s magnetic field (like a compass needle). An alternative form,
somewhat less intuitive, suggests the existence of superparamagnetic iron molecules with
no permanent magnetic moment that can become magnetized according to the properties
of the surrounding magnetic field. These iron molecules will, thus, be responsible for trans-
ducing information in respect to the magnetic field [7]. In both models, how this informa-
tion is transmitted, between specialized cells that carry magnetite particles and neurons, is
still poorly understood. These cells should “transform” the alteration in position of the iron
molecules and the alteration in magnetization into a change in the electrochemical signals,
that will lead to a change in the neuronal activity. It is proposed that, for this to happen,
iron particles may change the conformation of intracellular enzymes, of which the product
may indirectly induce changes in the neuronal activity. Another alternative is the tension
(magnetically generated) that magnetite may exert on the cell membrane, that will lead to
a change in the properties of the ion channels [7]. However, as mentioned earlier, a number
of studies are still needed to explore magnetite-based mechanisms of magnetoreception,
including the formation of iron clusters within cells [39, 44, 7, 60].

ISCA1 (Iron- Sulfur Cluster Assembly)

Although CRY is considered a good candidate to play a role as magnetoreceptor, and,
although the structures of some types of cryptochromes are well documented, it alone does
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not seem to meet all the requirements and does not explain some observations related to the
avian magnetoreception. It is thus proposed that, since the interior of the cell is filled with
several molecules, the cryptochrome interacts with other partners within the cell [61, 62].

A possible partner, initially proposed by Qin et al.(2016) [63], is an Iron-Sulfur-Cluster
Assembly Protein (ISCA1) complex. ISCA1 is considered to be a good candidate for an
interaction partner with several cryptochromes, as it has intrinsic magnetic properties, the
most important being the ability to bind to iron-sulfur clusters, Fe2S2. This may bring
several benefits since the magnetic iron atoms may further enhance the magnetic properties
at the ISCA1-CRY interface. Also, the Fe2S2 clusters, known for their participation in
electron transfer reactions, may be involved in electron transfer with the CRY. Thus, it
is considered that interaction with the ISCA1 complex may further enhance the magnetic
orientation and bird’s sensitivity to the magnetic field [61].

In a recent study, by Friis et al.(2017) [62], through computational modelling, the struc-
ture of ISCA1 was reconstructed and, stability and dynamics analyses of the ISCA1-CRY
complex were performed. In this study was found that, contrary to what was expected and
initially proposed by Qin et al.(2016) [63], it is unlikely that the interaction and connection
between these two protein polymers is essential and robust enough for the electron transfer
and, therefore, for improving the magnetic properties of CRY. However, this same study
states that the ISCA1-CRY binding was computationally verified and, therefore, do not ex-
clude the possibility that CRY is connected to isolated ISCA1 segments. Friis et al.(2017)
[62] also suggest that more studies need to be performed in other types of systems and in
several species that have a strong magnetoreception component, in order to verify if this
interaction really has advantages in the electron transfer.

In addition, more recently, studies by Kimø et al.(2018) [61] have focused their research on
the interaction between CRY4 and ISCA1 and found that, although bonding between these
two protein polymers is possible, it is insignificant to improve and facilitate the electron
transfer, which excludes the possibility of ISCA1 being a potential partner of CRY4 [61].

Despite these observations, and as much remains to be studied about this possible inter-
action, it was decided that in this work, the Isca1 gene would also be included for analysis.

2.2.3 Thermoreception

Thermoreception, the ability of organisms to estimate temperature, is a sensory modality
with extremely importance for their survival. Temperature is a crucial factor for organisms’
homeostasis. In addition, many biological processes are largely temperature dependent.
Thus, it has become necessary for organisms to adapt over the course of evolution, to
sense and tolerate possible temperature changes in their surrounding environment with-
out compromising their survival [10, 64]. An example of the importance of thermosensa-
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tion/thermoreception is the fact that noxious cold and heat trigger negative sensations in
the organisms, which causes them to act in a way to avoid such conditions. Thus, if this
sensory modality is “damaged” and fails to sense and detect such conditions, it may result
in damage of several types of tissues, or even death of the organism [65, 66, 67].

In this way, in order for thermosensation to activates in the organisms’ body, it is neces-
sary to initiate the transduction signal that allows thermosensation to occur, and for that
there is a set of temperature sensitive ion channels that are responsible for allowing this
to happen. These channels belong to the Transient Receptor Potential (TRP) channels super-
family, and the members of this family that are temperature sensitive and have functions
involved in thermoreception are known as thermoTRP channels. These channels are es-
sentially expressed in the plasma membranes of sensory neurons. They are also calcium
permeable and are able to behave as either physical or chemical receptors [10, 68]. More-
over, a major feature of these ion channels is that they are multimodal receptors, i.e., besides
being triggered by temperature, they are also activated by other types of physical and chem-
ical stimuli. This means that, consequently, TRP channels are also involved in other types
of biological processes. Since these channels are calcium permeable, whenever there is a
calcium influx into the cell, will trigger signalling cascades from several calcium dependent
reaction networks, and networks can be related to thermoreception or not [10]. In fact, it is
known that in addition to temperature, TRP channels can sense pressure, voltage and even
osmolarity [65].

As far as thermosensation is concerned, thermoTRP channels are spread over several
families of TRP channels. These families include TRP ankyrin (TRPA) channels, TRP vanil-
loid subtype (TRPV) channels, TRP-Canonical (TRPC) channels, and TRP melastatin subfamily
(TRPM) channels. For birds, regarding the thermoTRP channels repertoire within the sev-
eral channel families, they own the following: TRPA1, TRPV1, TRPV2, TRPV4, TRPC5,
TRPM2, TRPM3, TRPM5 and TRPM8 [65, 68].

In addition, these different channels are capable of sensing distinct temperature ranges,
some of which are specialized in sensing warm/hot temperatures, while others sense cold
temperatures. In this way, they are divided into two groups: The hot-sensitive TRP chan-
nels and the cold-sensitive TRP channels. Although it is a recent topic and only detailed
information for mice and human is known, the hot-sensitive TRP channels group includes
TRPV1, which is known to be reactive to hot-painful stimuli, TRPV2, and TRPV4 that re-
sponds to warm stimuli. In addition to these, it is believed that the hot-sensitive channels
group also includes some TRPM members. Although this group of TRPMs is less studied
than the TRPVs, it is known that, at least in a few mammal species, three channels respond
to hot and warm stimuli, which are TRPM2, that is non-sensitive to voltage; TRPM3 and
TRPM5. In what concerns the cold-sensitive TRP channels group, also a topic that needs to
be further studied, TRPM8, which is voltage-dependent is considered to be a member of this



2.2. Sensory Systems 17

group as well as TRPC5, that has been shown to be sensitive to mild cooling [65, 68, 64, 69].
As for TRPA1, its specificity varies greatly among species. Some studies state that TRPA1 is
sensitive to cold while others report that it is sensitive to heat, or even that it is not related to
thermoreception, suggesting that this channel would have undergone a number of changes
throughout evolution. However, more recent studies, through cloning and characterization,
have found that in the chicken system, this channel is heat sensitive. They also found that
TRPA1 is sensitive to noxious chemical stimuli [10, 70, 71].

Thus, as mentioned earlier, since thermoTRP channels present several functions beyond
thermoreception, many studies claim that in the several vertebrate species existing, they
have undergone several episodes of alteration and genetic adaptation throughout evolution.
Examples of these events are gene multiplication, gene duplication, gene deletion, and even
point mutations. This ensured new abilities to the vertebrate species, such as resistance to
acidic environments, resistance to noxious chemicals, etc., which in turn allowed species to
ensure their survival by supporting environmental changes that have taken place over time
[72].

Thus, given the importance that thermoTRP channels have at the thermoreception level,
these were included in this work. All members of the thermoTRP channels group, men-
tioned throughout the text, existing in birds, were included.

2.2.4 Photoreception

Photoreception is also a crucial sensory system for the survival of several species of
organisms, and, which consequently, is often influenced by ecological and environmental
conditions.

Colour vision, due to the crucial role it plays in organisms’ survival, essentially in social
interactions, partner choice, predator avoidance, and foraging, is constantly under strong
natural and sexual selections [9].

In addition, throughout evolution, so that organisms could assess better environmental
signals, for instance, different wavelengths of light, there was a need to improve visual
abilities, such as, increasing the capacity for capturing photons and the detection of contrast
between objects. These evolutionary advantages are observed specially in the opsin genes,
since a great amount of opsin proteins are directly connected with colour vision [73, 74].

In what concerns the avian system, unlike mammals, in which photoreception is hold
only by cons, rods and retinal ganglion cells, they also present several extraocular photore-
ceptors in several types of tissues, for instance in the cerebral tissue and in the pineal gland,
which plays a crucial role in the circadian cycle regulation [75, 76].It is important to note
that, all the photoreceptors belong to the opsins family.
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Opsins, receptor molecules of approximately 350 amino acids in length are the molecular
basis for colour vision and membrane-associated GPCRs [73, 9]. The way these proteins
function is based on the absorption of the captured photons, converting them into elec-
trochemical signals, which in turn triggers a cascade of visual translation, triggering a
neuronal response that will be perceived by the brain, and, therefore, result in perception
of light [9, 74].

Opsins can be characterized and phylogenetically divided into five subfamilies. One of
these subfamilies are the visual opsins, that includes the rhodopsin, RH1, and the conopsins,
responsible for the tetrachromatic vision in birds, RH2, OPN1SW1, OPN2SW (Short Wave
Sensitive opsins) and OPN1LW (Long Wave Sensitive opsin). A second subfamily are the
melanopsins, which includes two paralogous genes, OPN4m and OPN4x. The remaining
three subfamilies belong to the non-visual opsins group, since they are involved in non-
image forming reactions to the presence of light. A subfamily belonging to this group is the
vertebrate non-visual subfamily, which consists of two types of opsins, the encephalopsin,
OPN3, and the teleost multiple tissue opsins, TMT1 and TMT2. Also belonging to the
non-visual opsins, is the pineal subfamily which includes the parietopsin, PARE, the para-
pinopsin, PARA, the pinopsin also known as P-opsin, PIN, and the ancient opsin, VA or
OPNVA. Finally, the third subfamily is the photoisomerase group, containing the RGR,
RRH and the neuropsin OPN5 [73, 77].
In what concerns the size of the genetic repertoire, opsin genes present a great variation
among taxa, and, in addition, the state of conservation and selective pressures observed in
these genes also present great differences [9]. In fact, several studies have suggested that
multiple molecular processes contributed to the evolution of opsin genes, leading to the
development of new phenotypes and adaptation to different conditions. This evolution is
thus considered a rather rapid and dynamic process [9].

Studies developed by Escobar et al.(2017) [78] and studies by Steib et al.(2017) [79], in
which environmental influences on the evolution of opsins in fish species were studied,
revealed that the environment, in which the species inhabits, plays a crucial role in the evo-
lution of the visual system, being that the diversification of opsins would have arisen due
to occurrences of gene conversion, gene loss, gene duplication and mutation occurrences.

There are also studies conducted by Borges et al.(2015) [77] in which the selective forces
and rates of loss and gain of genes in multiple bird species are assessed. Since birds are
fairly visual animals with several adaptations to light conditions, that may give some clues
about the phylogenetic evolution of opsin genes [77]. From these studies it was possible
to infer that these genes would have been influenced by strong stabilizing selections. They
also concluded that the ω-ratio is lower in birds (0.16) than in mammals (0.21), suggesting
that the mechanisms of colour discrimination are more stringent in birds than in mammals.
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Thus, the fact that the connection between the opsin genotype and phenotype is so well
characterized, and since spectral sensitivity changes can be caused by changes in the protein
coding sequence and in the level of gene expression, makes opsins and opsin genes a
valuable object of study for sensory adaptation analyses [74].

For the development of this work, a set of opsin genes was selected, in order to repre-
sent photoreception. Since birds rely on a specialized visual system for their survival, the
subfamily of visual opsins (rhodopsin and conopsins) was included in this analysis. The
respective genes are Rh1, Rh2, Opn1sw1, Opn1sw2 and Opn1lw. As representation of the
pineal subfamily, we included the P-opsin or pinopsin (PIN or, also known as OPNP), since
there are only a few studies regarding this opsin. Also, the expression of OPNP is limited
to birds and it plays a crucial role in the circadian rhythm regulation [80, 76]. In the devel-
opment of this work, we refer to P-opsin as OPNP, and it respective gene, Opnp. Moreover,
we included the ancient opsin (Opnva), because studies suggest that this photoreceptor, is
located in bird’s hypothalamus and that could be involved/mediate the detection of light
and day length [81, 75].

2.2.5 Auditory system

The auditory system, as the systems previously analysed, is a fundamental system for
the survival of all organisms, and with special importance for birds. This system, through
vocalization, allows birds a variety of functions ranging from communication (through the
transmission of auditive signals that can be simple calls or even very complex sounds), part-
ner choice [82] competition between individuals, avoidance of predators and even foraging
[11].

Regarding the structure of the auditory system in birds, despite its small size, it is quite
complex and specialized, which allows it to accomplish good sound perception and good
auditive performance [83]. It is essentially constituted by three components: The tympanic
membrane, the outermost layer surrounding the ear, since there is no external structure
beyond this membrane, as observed in mammals; the middle ear and the inner ear. The
tympanic membrane is responsible for absorbing sound waves and transmitting them to the
fluids found in the membranous labyrinth of the inner ear (endolymph). This transmission
of sound waves from one layer to another is possible due to the middle ear which, through
the movement of the muscle that is presented there, touches the tympanic membrane and
allows it to be carried to the inner ear [84, 85].

Concerning the inner ear, in addition to the labyrinth and the endolymph secretory ep-
ithelium, there is also the basilar papilla which is composed of a set of sensory cells that
are the main receptors responsible for sensing and perceiving the auditive signals, the hair
cells. Each of these particular cells has specific responses and characteristics to different
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frequency ranges, and these cells are generally divided into two groups: short hair cells
and tall hair cells. Short hair cells are, as their name implies, hold shorter cilia and are
found in the thinnest area of the basilar membrane (abneural edge zone), responding to
higher frequencies. On the other hand, tall hair cells, which hold cilia with longer size,
are located in the thicker area of the membrane (on the neural side). They also respond
to low frequencies and appear to connect more closely among each other than short hair
cells [85, 86, 87]. Although these facts about the structure of the auditory system are found
throughout the several bird species, each species has its own pattern and distribution of
hair cells in the inner ear, and, as a result, the species differ in their sensitivity to ranges of
frequency [87].

Focusing now on the sounds that birds can perceive, it was found that sounds and vo-
calizations deriving from the same species (conspecific sounds) origin greater neuronal
activity when compared to heterospecific sounds. In addition, the perception of conspe-
cific vocalizations has had strong effects throughout evolution including in speciation, in
reproduction and in isolation [88, 89, 11]. Furthermore, studies have reported that the Zenk
gene is expressed in bird auditory regions and that the number of neurons expressing Zenk
selectively increases expression of this gene when exposed to conspecific auditory stimuli
[90]. Zenk is a transcription factor that regulates neuronal plasticity and belongs to the set
of genes that are induced in response to external stimuli, the Immediate Early Genes (IEGs)
[11]. In addition to the Zenk gene, it was also found that the Fos and Arc genes, also belong-
ing to the IEGs group, are expressed in larger amounts in the auditory forebrain of birds
when subjected to conspecific auditory stimuli [91, 92]. Although such genes are known
to influence species-specific vocalization and perception, the identity of many other genes
that are also responsible remains unknown [93].

One other gene known to be related to the auditory experience of heterospecific sounds
is the Chrna3 gene, the α-3 subunit of a member of the nicotinic cholinergic receptors. This
gene is related with sensory gating and was differentially expressed in a study, with Tae-
niopygia guttata, when exposed to sounds deriving from another species [94]. This may ex-
plain the reduction of birds’ neuronal activity when subjected to non-specie-specific sounds,
as sensory gating is activated and inhibits the sensory system [11].

Besides genes related to conspecific and heterospecific sounds, there is a set of other
genes that are extremely important for the correct functioning of the auditory system, hav-
ing an important role in the transportation of K+ ions in the inner ear. Potassium ion is
known to be the leading charge carrier in the inner ear of vertebrates. With regards to
the bird’s auditory system, hair cells depend on the use of this ion’s efflux systems since
the influx of K+ into the hair cells triggers a mechanoelectrical transduction in the inner
ear, thus activating the auditory system [95, 96]. Moreover, studies developed by Wilms et
al.(2016) [97] have shown that in mouse and in chicken, the secretory epithelium in the in-
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ner ear has a high conservation of the mechanism responsible for the K+ secretion into the
endolymph. However, although there are similarities about this mechanism between birds
and mammals, in what concerns genetic expression of K+ transporters, the situation is dif-
ferent. Thus, Wilms et al.(2017) [98] found that in birds, particularly in analyses developed
using chicken models, occurs the expression of several K+ efflux systems, which include
the Potassium Voltage-Gated Channel Subfamily Q (KCNQ)4, Potassium Calcium-Activated Chan-
nel Subfamily M alpha 1 (KCNMA1) and Potassium Calcium-Activated Channel Subfamily M
beta 1 (KCNMB1). Kcnq4 gene encodes the KCNQ4 channel and Kcnma1 and Kcnmb1 genes
encode the 1-α and 1-β subunits of the Ca+ activated potassium channel, respectively. Also,
there was an additional expression of the Kcnq1 gene, which also has efflux functions in the
avian hair cell, as well as the expression of the Nkcc1 gene in support cells, which has been
shown to have transportation functions of K+ and Na+ along membrane [98].

Thus, given the different sound perception mechanisms of birds, all the previously men-
tioned genes were used as representative molecular markers of the auditory system.

2.2.6 Tactile system

The Tactile System, the last system to be analysed and included in this study, as the other
sensory systems, plays a very important role in the survival and development of numerous
organisms. This sensory system allows the contact with external objects to be perceived,
and also, allows this information to be sent to the central nervous system, where the signal
is processed, and recognition of the surrounding environment is performed. Moreover, it is
also quite important in social contact among individuals. In this way, the sense of touch is
the perception of a variety of mechanical stimuli (from harmless stimuli to noxious chemical
stimuli) that come into contact with the skin [12]. Additionally, this is considered the least
vulnerable sense among the other sensory systems, however, naturally, it can be damaged
under several pathological conditions [99].

In the tactile system the main responsible molecules are the mechanoreceptor neurons,
and the vast majority of these cells are located along the several layers of the skin, feeling
several mechanical stimuli including vibration, pressure, acceleration and stretch. In addi-
tion to detecting these mechanical stimuli, they convert these stimuli into electrical signals
and transmit the pertinent information to the central nervous system [12, 100]. These neu-
rons are divided into two main groups: The Low-Threshold Mechanoreceptors (LTMRs) and
the High-Threshold Mechanoreceptors (HTMRs). The LTMRs are associated with the percep-
tion of benign pressure and touch, while HTMRs react to mechanical stimuli that hurt and
harm the organism [12, 101].

All of these mechanosensory neurons are known to depend on certain proteins and ion
channels to perform these functions, yet little is known about them. This is because these
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cells are widely dispersed throughout the skin, making them difficult to collect for molecu-
lar studies. In addition to this factor, it is estimated that the number of channel complexes
involved in mechanotransduction is low in each cell, which contributes to make their study
difficult [102]. Despite such difficulties, some families of channels and proteins that play
key roles in this sensory system are already known. The vast majority of these proteins
were initially identified in nematode C. elegans, and several studies have been conducted
with other organisms to corroborate these findings [100].

Currently, about six ion channel families are considered as potential candidates to molecules
responsible for mechanotransduction and mechanosensitivity, many of which are present
in mechanoreceptors and somatosensory neurons. These families are: Degenerin/Epithelial
Sodium Channels (DEG/ENaC), Acid-Sensing Ion Channel (ASIC), Piezo proteins, Transmem-
brane channel-like (TMC), K+ channel subfamily, and TRP. The last family mentioned will
not be analysed in this context as it shares functions with thermoreception and has already
been explored in that section [12, 102, 100]. As regards the first family mentioned herein, the
DEG/ENaC superfamily, this includes a set of membrane proteins composed of two trans-
membrane domains, and coupled to these domains a large extracellular domain. Already
known examples of these proteins, belonging to the group of Epithelial Sodium Channels
(ENaC) are α-ENaC, β-ENaC, and γ-ENaC [102, 100]. Within this superfamily there is a sub-
division, in vertebrates, that includes the ASIC. The ASIC subfamily is composed of three
members, ASIC1, ASIC2 and ASIC3, with chicken having only ASIC1 and ASIC2. Their
structure is very similar to the structure of DEG/ENaC channels and are cation permeable.
In addition, they are also sensitive to extracellular acidification and are thus activated by
this factor. The role of these three members was essentially studied in mice, where, it was
at least found that ASIC2 knockout caused a decrease in the sensitivity of the LTMRs neu-
rons [12, 100, 101]. Regarding the group of Piezo proteins, these, also membrane proteins,
have two members, Piezo 1 and Piezo 2, in vertebrates. They have been increasingly rec-
ognized as proteins with mechanoreceptor functions [103] as they are expressed in several
types of mechanosensitive cells [101]. Finally, the TMC and K+ channels subfamily groups,
besides tactile systems, are both associated with the auditory system, and are said to have
mechanotransduction functions. The TMC group has two members, TMC1 and TMC2, two
membrane proteins, which have been found to influence mechanotransduction in hair cells
[12, 104]. In the case of K+ channels, some subunits of the Potassium Channel Subfamily K
(KCNK) members (from K+ channel domain two-pore family, K2P) that are associated with
mechanical gating and expressed in somatosensory neurons are known: KCNK2, KCNK4

and KCNK10 [12].
Thus, given the variety of proteins and ion channels involved in the tactile system with

mechanoreceptor functions, all the genes responsible for coding the proteins mentioned
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above were included in this work. This way it is possible to obtain a good representation
of this system.

2.3 sequencing technologies

Nucleic acid (DNA or RNA) sequencing refers to a method for determining the specific
order and position of the nucleotides belonging to a given DNA or RNA molecule. The or-
der of the nucleotides that constitute these macromolecules is of utmost importance, since
it stores all the information that regulates the biochemical and hereditary properties nec-
essary for terrestrial life to be possible [105]. Thus, this allows us to answer fundamental
questions of biological research. As far as evolutionary biology is concerned, through analy-
ses of genetic variation of populations, it may be possible to understand several phenomena
that may have occurred throughout evolution, for instance, hybridization, adaptive genetic
variation, phenotype adaptation, among others [19].

The development of techniques to achieve DNA sequencing began in the year of 1950.
Frederick Sanger and colleagues succeeded in sequencing the first protein, the insulin. For
such, Sanger fragmented the two chains of the protein, analysed each fragment and over-
lapped the fragments in order to produce a complete sequence. With this possibility of
sequencing, until the year of 1960, numerous proteins have been sequenced, and this has
shown that proteins have specific amino acid patterns. It also became possible to under-
stand that each protein sequence varied among species and among individuals [106].

Based on this achievement, and based on the techniques developed so far, it became
possible to sequence the RNA molecule for the first time. Examples of sequenced RNA
molecules are microbial RNA, transfer RNA, and ribosomal RNA. The fact that RNA does
not have two complementary strands, and the fact that RNA molecules are usually smaller
than DNA molecules, makes RNA more reachable and easier to handle. And it was a factor
that facilitated the sequencing of this molecule [105].

2.3.1 1st Generation Sequencing

In 1975, Frederick Sanger developed the first fast DNA sequencing technology (first-
generation sequencing), known as Sanger sequencing (with chain-terminating inhibitors).
This sequencing technology is based on the principle and biochemistry of DNA replication
in vitro and involves the use of Dideoxynucleotides (ddNTPs). ddNTPs are chemical analogues
to Deoxyribonucleotides (dNTPs), DNA monomers, in which they simply differ in the 3’ posi-
tion carbon. ddNTPs lack the hydroxyl group, which is typically attached to the 3’ carbon.
This group is crucial for allowing the phosphodiester bonds to form between nucleotides of
the same chain (the 3’ carbon hydroxyl group of the first nucleotide binds to the 5’ carbon
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phosphate group of the next nucleotide), which, in turn, allows the DNA extension by the
DNA polymerase [107].

The process to make this sequencing possible is quite simple. Multiple copies of the DNA
template strand, in the 3 ’- 5’ direction, are used, as well as multiple copies of the comple-
mentary primer to this template strand (primers are short sequences of oligonucleotides
required for DNA polymerase to initiate the extension of the complementary strand). In
addition, all dNTPs (dATP, dCTP, dGTP, dTTP) are used, as well as the ddNTPs (ddATP,
ddCTP, ddGTP, ddTTP), but in smaller amounts. Thus, the process starts, in a very similar
way to the DNA replication process, in which DNA polymerase adds to the new strand
(which is in the 5’-3’ direction) the complementary nucleotides to those of the template
strand. Nucleotides chosen by DNA polymerase may be either dNTPs or ddNTPs. Once
a ddNTPs is incorporated into the new strand, the extension process stops. This is due,
as noted above, to the absence of the hydroxyl group that blocks DNA polymerase from
incorporating the next nucleotide into the strand. This process occurs several times and
by the end of the process fragments (multiple complementary copies to the template) of
several sizes are obtained. Finally, these fragments are placed in the electrophoresis poly-
acrylamide gel. An autoradiography of the same gel is obtained and the fragments are
ordered from the smallest (those that migrated the most into the gel) to the largest (those
that migrated less), so it is possible to understand the exact order of the nucleotides of
the sequence that is being analysed [107]. For a better understanding, a scheme of this
technology is presented in Figure 4.

This method allowed scientists to reach a high per-base accuracy, about 99.999%, and
allowed a sequence of approximately 1000 bases to be acquired in a single reading. Fur-
thermore, it was possible, through the Human Genom Project, to sequence the first human
genomic sequence [108, 109].

Thus, this sequencing method was widely used for decades, and still is today, in routine
sequencing applications, and to validate NGS data. However, with the vast increase of
DNA sequencing, there was a need to develop cheaper, faster, larger-scale and more accu-
rate sequencing methods. Moreover, Sanger sequencing presents some imperfections, such
as poor sequencing quality in the first 15/40 bases (where the primers bind), only small
fragments of DNA can be sequenced, and the sequencing quality starts to deteriorate from
the 700/900 bases. Thus, between the years of 2005 and 2010 the NGS methods, also known
as second-generation sequencing, started to emerge [105, 19].

2.3.2 2nd Generation Sequencing

NGS platforms are based on performing multiple parallel sequencing of small DNA frag-
ments from the same sample. As a result, they brought with them several advantages. Be-
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Figure 4.: Schematic representation of Sanger sequencing. This sequencing technology is based on
DNA replication in vitro. In this process, the DNA polymerase adds complementary nu-
cleotides to the template strand. The nucleotides are randomly chosen by polymerase
(it can incorporate either a dNTPs or a ddNTPs). As soon as a ddNTPs is incorporated
into the new strand, the extension process stops, forming a specific length fragment. This
process is repeated several times, obtaining several different size fragments. The frag-
ments are placed in an electrophoresis gel, and from an autoradiography analysis, these
are ordered from the smallest to the largest, allowing to understand the exact order of the
nucleotides.Adapted from Pearson Education, Inc., publishing as Benjamin Cummings.

cause they are more accurate, they allowed the data obtained to bring relevant information
related to variations in DNA. In addition, higher-throughput sequencing can be performed
at lower costs than Sanger sequencing. Furthermore, NGS made possible to completely
sequence small genomes in just one day, or even specific genome regions, such as coding
genes [109, 110].

Due to these characteristics, NGS methods have a great potential to be applied in several
areas. One of these areas is clinical genetics (in human health and disease), as they reveal
several types of mutations in the human genome (gene substitution, deletion, insertion,
inversion and translocation, deletion of exons or full genes), in contrast to Sanger sequenc-
ing that only detects point mutations and small deletions and insertions. In addition, NGS
technology can be used to perform de novo genome sequencing, i.e., to fully characterize the
entire genome of a given species. They may also be applied in the oncology area, assisting
in the treatment of several types of cancer due to the possibility of sequencing the cancer
subgenome; in microbiology; in expression analysis; in metagenomic; among other areas
[111, 110].
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In general, NGS are classified in several categories according to the technical details of
their sequencing method. These categories include microelectrophoretic methods, sequenc-
ing by hybridization, real-time observation of single molecules, and cyclic-array sequencing.
In the last category mentioned, there are several platforms available and widely used today,
such as 454 pyrosequencing (the first platform available as a commercial product), SOLiD
platform, Polonator, Helicos, Solexa, later acquired by Illumina, among others [112]. In this
work, the analysis will focus on the Solexa and Illumina platforms, due to their influence
on this work, which will be explained later.

Solexa, after platform 454, was one of the first platforms to be commercialised, with
which it was possible to sequence the whole Bacteriophage phiX-174 Genome (in the year
of 2005), previously also sequenced by Sanger sequencing. With Solexa, it was possible to
obtain more sequence data, and a delivering of over 3 million bases from a single run was
achieved [113]. Later, in 2007, it was acquired by Illumina, and therefore both have the same
sequencing process. Since 2012, Illumina became one of the most widely used sequencing
platforms [106].

The sequencing technique of Illumina consists of four basic steps: Sample Preparation,
Cluster Generation, Sequencing and Data Analysis (Figure 5). In the Sample Preparation
step, the DNA molecule is cleaved into several fragments. These fragments are denatured to
produce single stranded fragments, and, at both ends, the adapters are attached. Adapters
are chemically synthesized oligonucleotides that can bind to the ends of DNA and RNA
molecules, allowing template fragments to remain immobilized on the surface of a flow
cell (this is possible since the flow cell already has an amount of oligonucleotides that are
complementary to adapters).

This proceeds to the Cluster Generation step. At this stage, DNA polymerase gener-
ates, for each immobilized fragment, the complementary strand. The double stranded
newly formed is then denatured and the original template is washed away. The remaining
immobilized strand folds over, and the adapter region hybridizes to the complementary
oligonucleotide present in the flow cell. The polymerase thus generates the complementary
strand, and, again, the double strands are denatured. Thus, strands are clonally amplified
in a process known as Bridge Amplification. This process occurs simultaneously in several
clusters of strands and is repeated over and over again, resulting in a clonal amplification
of all fragments, yielding several million dense clusters. The next step comprises deleting
all reverse fragments, leaving only the forward fragments bound to the flow cell.

After this stage is completed, the Sequencing step follows. In it, dNTPs labelled with
different fluorescence tones are added, which complementarily bind to the nucleotides of
each strand in each cluster. However, in each cycle, only one nucleotide is incorporated,
and after this addition, the clusters are excited by laser, allowing each cluster to emit fluo-
rescence, and thus allowing the identification of the nucleotide that was incorporated. This
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process is known as Sequencing by Synthesis (SBS). This cycle is repeated several times, all
clusters being sequenced in a massively parallel process, until the entire sequence is known.

Figure 5.: Schematic representation of Illumina sequencing technology. This NGS sequencing plat-
form includes four main steps, known as “Sample preparation”, in which the template
DNA is cleaved in several fragments and these are immobilized in the flow cell; the “Clus-
ter generation” in which occurs a clonal amplifications of all the fragments; the “Sequenc-
ing” step, in which the clusters of fragments are sequenced in a massive parallel process.
This cycle is repeated several times until all the sequence is known. The nucleotides are
identified due to the fluorescence emitted when they are incorporated into the new strand
of DNA. Finally, the last step, not shown in this figure that corresponds to the data anal-
yses that includes bioinformatic analyses necessary for the alignment and comparison of
the fragments. Adapted from [106].

Finally, in the last step, Data Analysis, the obtained reads, each representing each frag-
ment, are clustered based on similarity, and, ultimately, aligned and compared using bioin-
formatic software [114].

Despite the numerous advantages that 2nd generation platforms have brought, and de-
spite their high throughput, they still present some disadvantages compared to Sanger
sequencing. Examples of such disadvantages are the production of smaller sequences (for
instance, 70-300 bp in Illumina), some copying errors during amplification, loss of infor-
mation, and a higher error rate (accuracy >99,5%, while Sanger sequencing presents an
accuracy of about 99,99%) [19, 106]. In this way, as an attempt to combine the 2nd genera-
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tion speed and high throughput with 1st generation accuracy, and to produce longer reads,
the 3rd generation sequencing technologies were developed.

2.3.3 3rd Generation Sequencing

Approximately between the years of 2011 and 2014 the 3rd generation technologies came
up. In contrast to the previously developed techniques, these allowed to produce reads of
unprecedent length, an average of 20 kb. This factor played a key role in increasing the ease
of genome assembly, especially of unknown genomes (de novo assembly). This was indeed
important in the oncology area, specifically on the cancer behaviour studies, since possible
new structural rearrangements in the genome may be related to this disease. Thus, this is
now possible to analyse due to the de novo assembly [19, 115, 108].

Currently, there are two main methods used by 3rd generation technologies. These are,
Single Molecule Real-Time sequencing, Single Molecule Real-Time (SMRT)-seq, which is used
by PacBio and Oxford Nanopore Technology (ONT); and Synthetic Long-Read sequencing (SLR-
seq), used by Illumina synthetic long reads and 10x Genomics. Apart from these two meth-
ods differing in the throughput, the error rates and also the cost, the main difference be-
tween them is based on how the long reads are produced. In SMRT-seq methods long reads
are produced from single DNA molecules. In SLR-seq methods, long reads are computa-
tionally assembled from small reads obtained from the same molecule [19, 116, 115]. Since
in this work, regarding third generation technologies, only genomes obtained through the
PacBio technique were analysed, and since this is currently the most widely used long reads
platform, only this technique will be explored in here.

The procedure of this sequencing technique is based on the use of the DNA template,
known as SMRTbell, which, by attaching the adapter to the ends of the DNA molecule,
produces a single stranded circular DNA molecule. This DNA is placed on a SMRT cell
that has arrays of nanophotonic chambers (small wells), known as Zero Mode Waveguides
(ZMWs), in which DNA polymerase is ready to initiate polymerization. In addition to DNA
polymerase, phospholinked nucleotides, which are fluorescently labelled on the terminal
phosphate, are also present. Each nucleotide (dATP, dTTP, dCTP or dGTP) is labelled with
different colour. In this way, the DNA migrates to the ZMWs and the sequencing process
begins. During this process, whenever DNA polymerase adds a new nucleotide to the
growing chain, the fluorescent label goes into an excited state, thus emitting a pulse of
light that is captured by a sensitive detector. After/during this nucleotide incorporation,
the phosphate bond is broken, and therefore the fluorescent label is cleaved, leaving behind
a completely natural chain (Figure 6). This process is repeated countless times, while the
emitted signals are being recorded, which allows, in the end, to reconstruct the whole
sequence. Since DNA polymerase is able to incorporate 10 or more bases per second,
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and since hundreds of ZMWs can be working at the same time, thousands of continuous
incorporations occur simultaneously, resulting in a high speed (the all process takes less
than one day) and in longer reads (from 10 kb to a maximum of 60 kb) [21, 117, 118].

Thus, PacBio platform presents several advantages in the DNA sequencing area. The
generated long reads allow to locate repetitive sequences through a single read, which in
turn allows to exclude particular ambiguities in what concerns to genomic element sizes
and even their positions. Likewise, they allow the sequencing of entire transcripts, which
in turn improves metagenomic studies, and, as mentioned earlier, play a key role in de
novo sequencing and de novo assembly. Furthermore, PacBio shows an absence of GC bias
(extreme tolerance to GC content) and also allows real-time detection of biological events.
Since it is possible to observe the polymerase activity in real time, any modification in the
DNA causes a change in the enzyme kinetics, i.e., slowing or increasing speed. Kinetic
patterns are specific to each modification, thus, it is possible to understand what specific
modification is being detected [115, 111, 108].

Figure 6.: Schematic representation of PacBio technology. This SMRT DNA sequencing technol-
ogy is based on small wells, ZMWs, in which the DNA is immobilized and repli-
cated by DNA polymerase. The nucleotides used to produce the new strand are la-
belled with different fluorescent colours, and each time a new nucleotide is incorpo-
rated, a specific peak of fluorescence is detected, and, in this way, the sequence is re-
vealed. This can be monitored in real time, and when the polymerase finds a DNA
modification, in this case 6mA, this can be noticed immediately (through measuring
the time variation between base incorporations). Adapted from Pacific Biosciences [117],
https://s3.amazonaws.com/files.pacb.com/png/basemod_benefits_lg.png.

https://s3.amazonaws.com/files.pacb.com/png/basemod_benefits_lg.png


2.3. Sequencing Technologies 30

Despite all the promising features, PacBio sequencing has some imperfections when com-
pared to the other existing techniques. In spite of the quickness of this technique to se-
quence complete genomes, when compared to NGS methods, it still cannot provide the
distinctive high throughput of these methods. For instance, of 150,000 ZMWs wells, only
from 35,000 to 70,000 can produce successful reads. One reason for this is due to possible
polymerase anchorage errors into the well. In this way, one SMRT cell will be able to gen-
erate between 0.5 to 1 billion bases, whereas, the Illumina HiSeq 2500 method can generate
up to 167 billion bases per day. Moreover, the PacBio technique presents a higher cost than
other techniques and its error rate is much higher than any 2nd generation technique, from
15% to 20%. However, as the errors are randomly distributed in the continuous long reads,
this error rate could be reduced, and 99.99% accuracy could be achieved with 50x cover-
age [19, 20, 21]. Thus, despite the disadvantages, all the PacBio features have numerous
applications and no other platform is capable of produce this type of results.

Based on the differences among all the sequencing technologies that have been developed
to date, in this work, some of these technologies will be compared, in order to evaluate their
quality in selected analysis, such as, gene extraction. The bird species were selected based
on the available genomes sequenced to date (Table 1, in the chapter 3 of Materials and
Methods). In this way, for each species a genome sequenced using 1st or 2nd generation
techniques and also a genome sequenced via PacBio were obtained. Additionally, in order
to evaluate the sequencing quality and the success to extract genes from this genomes, six
types of molecular biomarkers from different sensory systems were selected. This informa-
tion can be found in Table 2 in the chapter 3 of Materials and Methods.



3

M AT E R I A L S A N D M E T H O D S

3.1 tools and software used

According to the objectives proposed for this work, to compare and evaluate the qual-
ity of different DNA sequencing technologies, bioinformatics and statistical analyses were
performed. These included sequence analyses, similarity searches of genes, alignments ex-
ecution and searches of gene families among genomes of different species. As a more final
analysis, statistical analyses were conducted, in order to understand if there are significant
differences in the quality of extraction of different genes from different genomes (sequenced
from different technologies).Thus, during this work, to execute this set of analyses with sig-
nificant biological meaning, several software tools were used.

Information contained in biological databases was crucial for this work. It was assessed
considering the following web sites and services: Ensemble [119], National Center for Biotech-
nology Information (NCBI) [120],GenBank [121] and UniProt [50].

To perform the alignments, the sequences analyses, and to proceed with the quality
evaluation of the different technologies, a set of tools were of great convenience for this
study. These tools include the Exonerate software [122], the MEGA software [123], the
R software [124] and Python programming language [125]. All the databases, tools and
services are summarized in the diagram presented in Figure 7 and will be described below.
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Figure 7.: Representation of the several databases, programs and programming language explored
during the development of this work. In this diagram, with the colors light purple, blue
and dark purple are represented the tools that were used. In black color is presented, in
general, the applicability that these tools had for carrying out the work. In addition, spe-
cific and important tasks performed in this work are in light gray, for which the tools were
a great advantage. Noted that, with regard to Basic Local Alignment Search Tool (BLAST), in
light purple, this tool was widely used throughout the work, through the NCBI computa-
tional resources.

3.1.1 Genome browsers and Biological Databases

To access the diverse genomic information across the several existent species, the Ensem-
ble project provides a genome browser (http://www.ensembl.org) with distinct genome
resources and information [119]. It includes comprehensive information for the most ac-
cessed genomes: mouse, rat, zebrafish, chicken and human [119]. The resources available
in Ensemble include gene annotations, comparative genomics, including alignments and
homology, and also gene-level phylogenetic trees [126]. This project collaborates directly
with several bioinformatics databases, including Universal Protein resource (UniProt) [50] and
NCBI [126].

The NCBI web site and available services and databases will also be crucial for the devel-
opment of this work. This site provides multiple computational resources for the analysis
of biological data, for instance, BLAST [127] sequence analysis, and it also provides access
to several types of biological data, such as taxonomy, protein structure and domain infor-
mation and genomes. In addition, it provides access to scientific publications and data from

http://www.ensembl.org
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NCBI’s databases such as PubMed and GenBank. All resources are available at the NCBI
home page, www.ncbi.nlm.nih.gov [120].

Regarding GenBank, this is a publicly available database, built by NCBI, that provides
access to several nucleotide sequences of approximately 300,000 described species. This
comprehensive database provides up-to-date DNA sequence information, in which all se-
quences are obtained by individual laboratories and submitted to this database. It also has
the advantage of ensuring worldwide coverage since it exchanges data daily with the DNA
Data Bank of Japan (DBBJ) and European Nucleotide Archive (ENA) [121].

Finally, UniProt, also a publicly available database, that collaborates with other databases,
such as European Bioinformatics Institute (EMBL-EBI), Swiss Institute of Bioinformatics (SIB)
and Protein Information Resource (PIR) provides several types of information regarding pro-
teins. UniProt is divided into three databases: UniProt Knowledgebase (UniProtKB), UniProt
Reference Clusters (UniRef), UniProt Archive (UniParc), of which UniProtKB was of special
importance. This database includes information of numerous annotated proteins, from nu-
merous different species, and it is possible to access a wide range of information about
them, including the description, function, structure, amino acid sequence, taxonomy and
related publications [50]. Of all this information, the proteins description and the sequence
of amino acids was what really helped a lot in the execution of this work.

3.1.2 Genome Search and Phylogenetic Analyses: Exonerate and MEGA

One program that proved to be extremely important in the development of this work was
the Exonerate software. This program, which can be used on the command line in Linux, is
well known for performing alignments, allowing the execution of spliced alignments and
performing several types of genome search. Spliced alignment is an alignment method that
allows, in addition to finding exonic regions in the genome, to also detect introns that exist
between those regions, that is, it allows to find multiexonic genes [128].

When performing alignments, exonerate can execute and produce gapped or ungapped
alignments, and accepts both nucleotide and protein sequences as queries, however, the
most used approach is based on the use of protein sequences as queries, as it was per-
formed in this work. This is due to the fact that the alignment between a DNA sequence
and a protein sequence includes some advantages in obtaining sequence information. It
allows, through the use of a homologous protein sequence of that specific region of DNA,
to detect possible errors in the DNA sequence, since protein sequences are generally more
conserved than nucleotide sequences. In addition, it brings the possibility of quickly locat-
ing protein-coding genes and detecting the exon-intron organization of these same genes,
through spliced alignment, with a very reliable prediction of its structure [129]. Addi-
tionally, exonerate incorporates a Bounded Sparse Dynamic Programming (BSDP), a heuristic

www.ncbi.nlm.nih.gov
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approach. Unlike the exhaustive alignment algorithms, which are much slower, but guar-
antee an optimal solution to the problem, the heuristic method is much faster, but does
not guarantee the best solution (the best optimal alignment). However, in the case of this
software, BSDP allows a novel, fast and more accurate heuristic for aligning sequences.
Furthermore, this program, although by default performs the heuristic approach, it allows
the execution of exhaustive alignments (Smith-Whaterman local alignment), if the user
wants to achieve a maximum sensitivity [122]. Exonerate is freely available for download
at https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate.

To study the phylogenetic relationships among different species and to search through
DNA and protein sequences, the MEGA software was used, a user-friendly bioinformat-
ics tool, which allows to understand and infer evolutionary relationships and patterns of
evolution. This is a desktop application designed to perform comparative analyses of ho-
mologous nucleotide or amino acid sequences, among several species, or even sequences
of multigenic families [123]. To do so, it applies statistical methods in the course of phy-
logenetic analyses, which include Maximum Likelihood (ML) methods [130], to estimate the
selective divergences among sequences.

Of the several methods available in this tool, which the user can choose based on those
that will be most appropriate to the study, these include sequence alignment, evolutionary
hypothesis testing, estimation of sequence divergence rate, phylogenetic tree reconstruc-
tions, and web-based collection of sequence data.

The user is able to explore input data through modules that allow to edit and calculate
statistical metrics. In addition, it also integrates functions, with which, it is possible to select
specific species, genes, codon positions and even domains, for the analyses execution [123].

In what concerns the results obtained from the evolutionary analyses can also be explored
in several ways, since MEGA contains visual explorers, which may be quite relevant for the
results preparation for scientific publications. These are the Tree Explorer and the Distance
Matrix Explorer. The Tree Explorer provides multiple representations of the generated
phylogenetic tree. It also presents sub-trees, for a better analysis of relationships between
sequences to be possible. Likewise, it builds consensus trees, estimates ancestral states of
nucleotide or protein sequences, in each node of the tree, and it allows these trees to be
exported in formats compatible with the Newick format [131], which in turn can be used
in other evolutionary programs [123].

The second one, the Distance Matrix Explorer, presents standard error estimates of the
respective pairwise distances calculated between sequences, and has the ability to identify
pairs of sequences for which pairwise distances could not be calculated (due to the absence
of common positions along the alignment). The latter fact is advantageous for the analysis
process of phylogenetically fairly distanced sequences, since in this way these are easily
identified [123].

https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate
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Lastly, this software was quite relevant in the development of this work, considering all
the properties previously mentioned. It is freely available in http://www.megasoftware.

net (in several versions).

3.1.3 Statistical analysis tool: R

For the development of statistical analysis in this work, a well-known tool had a special
use, the R software. This program is very useful since it allows the user to manipulate and
visualize the data. In terms of data manipulation, R provides tools to perform statistical
computation, including a wide variety of statistical tests, linear and non-linear modelling,
analysis of several metrics, clustering and, also very important when it comes to visualizing
results, high-quality graphical representations. In addition, it is constantly updated and
enriched with a huge variety of packages, allowing the user to perform numerous functions
of their choice. This program is available for download at https://www.r-project.org/
and can be run on all different operating systems [132, 133].

3.1.4 Programming language: Python

Python is a high-level programming language, with a very simple, easily readable and
very flexible syntax. This programming language is known to be a very productive lan-
guage, as it has the advantage of being quite useful for scripting and for the rapid devel-
opment of programs and applications. Its interpreter, as well as its vast library are freely
available on the Python Web site, https://www.python.org/. The applicability and util-
ity that this programming language presents in different areas extends, in addition to the
development of web tools, to the scientific area where it has become especially popular,
namely in the field of Bioinformatics [cite https://docs.python.org/3/tutorial/index.html;
[134].

In bioinformatics, a particular package that Python presents is of special importance, the
Biopython package. This package, available at http://www.biopython.org, was specially
developed to ease the use of Python for bioinformatics, by generating high-quality, reusable
modules and classes. Biopython provides a programmatic interface for sequence manipu-
lation and includes many others important features. It has the skill to parse several file
formats (FASTA, GenBank, Blast output, SwissProt and others) into usable Python struc-
tures, it has access to online services, like NCBI, and interfaces with programs (ClustalW
and Standalone Blast). In addition, it presents several tools to handle biological sequences,
including tools for transcription, translation and weight calculations [135].

Thus, presenting these great advantages for bioinformatics studies, and to ease some
tasks throughout the work, python was considered a quite useful tool.

http://www.megasoftware.net
http://www.megasoftware.net
https://www.r-project.org/
https://www.python.org/
http://www.biopython.org
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3.2 genome compilation

For the development of this work, as previously mentioned in section 2.3, genomes of six
different bird species were selected, being these species Anas platyrhynchos (Mallard), Ca-
lypte anna (Anna’s Hummingbird), Gallus gallus (Chicken), Taeniopygia guttata (Zebra finch)
and Strigops habroptila (Kakapo, a parrot).

For each species, a genome sequenced through older technologies, 1st or 2nd generations,
(Sanger sequencing, Illumina or Solexa) and a genome sequenced through a 3rd generation
technology (PacBio) were obtained. The goal of this task was to allow the comparison of
the quality of sequencing between the different technologies, i.e., to understand if, indeed,
the PacBio technique (since it produces long reads) presents advantages in what concerns
the extraction of specific genes.

All genomes were obtained from the NCBI Sequence Set Browser, https://www.ncbi.
nlm.nih.gov/Traces/wgs/, in the FASTA format [136]. All the available information re-
garding each of these genomes was also analysed and recorded (Table 1).

3.3 molecular markers selection and query sequences obtaining

Once the genomes were selected and obtained, a collection of molecular markers be-
longing to several sensory systems was selected. These systems include Chemoreception,
Magnetoreception, Photoreception, Thermoreception, Auditory system and Tactile system.
The representative genes of each sensory system are presented in Table 2. In some of these
systems, such as the chemoreception and the photoreception, selected genes are directly
involved in binding/recognition of a molecular target while in others, such as the audi-
tory system, tactile system, and thermoreception, they operate through complex molecular
cascades of recognition and the receptors also have other molecular functions.

For each set of genes previously chosen the procedure was the same. Initially, it was
extracted from UniProt [50] (UniProtKB) database all the annotated amino acidic sequences
of interest from Gallus gallus (since this is a model organism, representative of birds). There-
fore, in order to ensure that we had obtained all available paralog in Gallus gallus, a web
tBLASTn [127, 137] was performed in this species, in the NCBI database. New nucleotide
sequences (only concerning the Coding Sequence (CDS) region) of paralogs available in NCBI
databases were collected and translated to protein sequences throughout MEGA software
version 5.2. All the obtained sequences where renamed as “query sequences”.

https://www.ncbi.nlm.nih.gov/Traces/wgs/
https://www.ncbi.nlm.nih.gov/Traces/wgs/
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Table 2.: Set of selected genes for analysis, from each sensory system. Abreviattions: In CHEMORE-
CEPTION: TASR: Taste Receptors, TAAR: Trace Amine-Associated Receptors; In MAGNE-
TORECEPTION: CRY: Cryptochrome, ISCA: Iron-sulfur Cluster Assembly; In PHOTORE-
CEPTION: RH: Rhodopsin, LW: Long Wave Sensitive opsin, SWS: Short WaveSensitive
opsin; In THERMORECEPTION: TRPV: TRP vanilloid subtype, TRPM: TRP melastatin sub-
family, TRPA: TRP ankyrin, TRPC: TRP-Canonical; In AUDITORY SYSTEM: KCNQ: Potas-
sium Voltage-Gated Channel Subfamily Q, KCNM: Potassium Calcium-Activated Channel
Subfamily M; In TACTILE SYSTEM: ASIC: Acid-Sensing Ion Channel, KCNK: Potassium
Channel Subfamily K, DEG/ENaC: Degenerin/Epithelial Sodium Channels, TMC: Trans-
membrane channel-like.

Sensory System Genes

Chemoreceptors
TASR: TAS1R1, TAS1R3; TAS2R4, TAS2R40, TAS2R7;

TAAR: TAAR1, TAAR2, TAAR5

Magnetoreceptors
CRY: CRY1, CRY2, CRY4

ISCA1

Thermoreceptors

TRPV: TRPV1, TRPV2, TRPV4

TRPM: TRPM2,TRPM3, TRPM5, TRPM8

TRPA1

TRPC5

Photoreceptors

SWS: OPN1SW, OPN2SW

RH: RH1, RH2

OPNVA, OPNP, OPN1LW

Auditory System

ZENK

FOS

ARC

CHRNA3

K+ channels: KCNQ4, KCNQ1, KCNMB1, KCNMA1, NKCC1

Tactile System

ASIC: ASIC1, ASIC2

K+ channels: KCNK2, KCNK4, KCNK10

PIEZO: PIEZO1, PIEZO2

DEG/ENaC: SCNN1A, SCNN1B, SCNN1G

TMC: TMC1, TMC2
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3.4 genome and sequences alignment

Once the previous steps completed, the queries were aligned with the several genomes.
To execute this task, the Exonerate software was used, a generic tool that allows alignment
and comparison of sequences [122]. This tool is only available for the Unix/Linux operating
system, with a command line interface. The command used to perform the alignments is
as follows:

exonerate –model protein2genome -q query.fas -t 1.fsa nt –showcigar yes –showquerygff
yes –ryo ”>%ti(%tab-%tae)\n%tas\n”>2.out

As mentioned previously, the query sequences were aligned with the genomes, hence the
existence of the terms “model protein2genome” in the command used. The term “query.fas”
corresponds to each set of amino acid sequences from each sensory system. In addition, the
term ”1.fsa” represents the genome file, with which sequences were aligned. Finally, the
term ”2.out” corresponds to the name that would be assigned to the output file. Due to the
large amount of data in genome files, this alignment process was a very time-consuming
step.

3.5 output analysis

Once the alignments were performed, we proceeded to the analysis of the output ob-
tained and then, for the extraction of the sequences. The output files contain all the pos-
sible alignment results, and it is up to the user to select those with the best values (good
values of raw score), in order to extract the gene sequences (belonging to the genome under
analysis), that are more similar, or that present a higher homology, to the query sequences.
For a better understanding, an example of an alignment result obtained in an output file is
shown in Figure 8.

To extract the sequences that presented the best alignment result, it was crucial to con-
sider several parameters, which are presented in Table 3, with their respective meaning and
relevance to the analysis. In addition to this parameters, Exonerate software also provides
graphical information through particular symbols found between the aligned sequences, as
it is also shown in Figure 8. These symbols ”|”, ”!”, ”:”, ”.” and ” ” (blank space), inform
about the degree of homology between the query and target sequences. For instance, the
more homologous, the greater the number of symbols ”|” found throughout the alignment.

After the output analysis was completed, the nucleotide sequences from the best align-
ment results were selected. Each of these sequences was saved in a correspondent file. Since
Exonerate software generates output files with some difficulty to handle and manipulate se-
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Figure 8.: Output example of the Exonerate software. “Query: TAAR2 Gallus gallus” means
that the alignment corresponds to the specific receptor TAAR2. The name underlined,
“AADN05000003.1”, denotes for the contig in which the alignment was executed. The
“Model: protein2genome” means that the alignment was produced between a protein se-
quence and a DNA sequence. The “Raw score” corresponds to the alignment score, the
“Query range” corresponds to the query segment that aligned with the genome, and the
“Target range” corresponds to the genome segment that aligned with the query sequence.
The symbol ”|” that is found between the aligned sequences determines a high degree of
homology. The blue arrow represents the direction of the alignment, and the suspension
points represent the remainder alignment.

quences (as it is shown in Figure 8), to optimize the sequence extraction a small and simple
Python [125] script was developed (this script is presented in the Listings section A, Figure
12). In this simple program, the aim was to remove everything that did not correspond to
the nucleotide sequence, i.e., symbols, extra spaces, numbers, and amino acid abbreviations
were deleted. What this program does is, initially, starting at the line corresponding to the
alignment, it reads the first 4 lines of the file and records the 4th line, since, as can be seen
in Figure 8, the 4th line contains the characters corresponding to the nucleotide sequence.
After this first registration, instead of reading the 4th line, the program reads the file every
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Table 3.: Parameters used to evaluate the alignment results quality, produced by the Exonerate soft-
ware. Also, is presented the meaning and relevance of each parameter.

Parameter Meaning/ Relevance

Raw score
Alignment Score. It is influenced by the homology between the genome

and the query sequence and also by the size of the sequences.

Query range Query sequence length that was engaged in the alignment.

Target range
Genome region in which the query sequence was aligned with success

(i.e., in which homology was found between the genome and the query).

Contig Number or reference of the contig in which alignment was performed.

“***” or “#” presence
*** represents the presence of a STOP codon. # represents the insertion

of a nucleotide (when present means sequence pseudogenization).

5 lines, because, it is in these lines that the characters corresponding to the nucleotide se-
quence are found. After the entire file has been processed, that is, after all lines with the
characters corresponding to the nucleotides have been collected, it is necessary to remove
everything that is not a nucleotide character. In this step, the program saves only uppercase
characters, and thus numbers, spaces and other symbols are excluded. Finally, it creates a
new file with all nucleotide characters, sorted in the same way as in the original file, with
the original file name and ending with “.fas”, allowing it to be used in several programs,
namely in this work, in MEGA software version 5.2

Finally, having the sequences files ready and analysed, it was recorded the number of
fragments with which each sequence was extracted. The number of nucleotides of each
sequence as well the number of artefacts present (presence of “***” or “#” in the middle of
the sequence) were also recorded using MEGA software.

3.6 statistical analysis

The statistical analysis was performed to determine if there are significant differences be-
tween the different sequencing methods, regarding the quality of gene extraction. For this,
in each sensory system, sequence data obtained from the “oldest” genomes (sequenced
through Solexa, Illumina or Sanger) were compared with sequence data obtained from the
“most recent” genomes (PacBio) in three variables: Number of fragments, gene integrity
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percentage, and number of artefacts (Figure 9). Each gene sequence was used as if it was a
replica of a sample, in this case the sample corresponds to the group of genes of a given sen-
sory system, belonging to several different bird genomes, sequenced by a given sequencing
technology.

Figure 9.: Schematic representation of the statistical analysis. In each of the six sensory systems, the
quality differences between the sequencing technologies, always comparing a more recent
technology (PacBio) against an older technology (Sanger, Solexa or Illumina), were evalu-
ated in 3 components: “Number of fragments”, “Gene Integrity”, “Number of Artefacts”.
For each component/variable we searched for significant differences, using nonparametric
tests.

In this analysis, the number of fragments corresponds to the number of segments in
which the gene was fragmented throughout the genome (i.e., number of fragments with
which each sequence was extracted), whereas only 1 fragment means that the gene was
found all at once, indicating a possible good result.

The integrity percentage of each gene corresponds to the ratio between nucleotide num-
ber of the obtained sequence and the nucleotide number of the query sequence.

Finally, the number of artefacts corresponds to the number of “#” (insertions) or “***”
present throughout the sequences. If there are no such occurrences in the sequences ob-
tained, it is a promising hint, meaning that the sequence has been extracted from a good
alignment.

Thus, we resorted to the R software [124] in order to perform several hypothesis tests.
Before the tests were performed, all data was filtered, and normality tests were performed
(Shapiro-Wilks Test). In all cases, the normality tests confirmed that the samples did not
have a normal distribution and nonparametric statistical tests (Mann-Whitney U Test) were
performed to compare two independent groups (a 95% confidence interval was defined for
these tests).

To carry on with the statistical tests, for each variable, the null hypothesis and alternative
hypothesis were formulated:

H0: There are no significant differences in the number of fragments, integrity of genes or
number of artefacts, between PacBio and Solexa/Illumina/Sanger.
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H1: There are significant differences in the number of fragments, integrity of genes or
number of artefacts between PacBio and Solexa/Illumina/Sanger.

After performing the statistical tests, in order to obtain a better visualization of the data,
again using the R software [124], boxplot graphics were developed for each sensory sys-
tem. The graphics were developed for each variable under analysis, which allowed a more
intuitive observation of the differences among the sequencing technologies.



4

R E S U LT S A N D D I S C U S S I O N

In this work, different sequencing technologies were compared in terms of sequencing
quality. A 3rd generation technology, PacBio, known by its advantage in genome sequencing,
due to the assembly efficiency produced by its long-reads, was compared with 1st and
2nd technologies, such as Sanger sequencing, Illumina and Solexa, which use a short-read
approach. For such, we extracted a set of several genes, belonging to six sensory systems,
from five different bird species genomes. For each species a genome sequenced by a 1st

or 2nd generation technique was used, as well as a genome sequenced via PacBio, and the
quality of the genes sequences was assessed. In the next sections the main results and
differences in the sequencing quality among technologies are presented and discussed.

4.1 exonerate output analysis : impact on gene extraction

Through the Exonerate software it was possible to generate the alignments, in a protein
to genome model, between the collected genomes and all the query sequences (protein
sequences) of the several sensory systems initially defined. Thus, in order to extract those
sequences from the genomes, it was necessary to analyse the match with the best alignment
score. In this analysis it was necessary to consider several parameters, all of them with
great importance and influence on the obtained results. As mentioned in the chapter 3,
of Materials and Methods, in section 3.5, these parameters include “Raw score”, “Query
range”, “Target range”, “Contig” and “presence of ”***” and ”#””.

In this way, one of the first parameters to consider is the “Raw score”. This parameter
corresponds to the alignment score and its value is directly influenced by the homology
between the genome and the query sequence, and by the length of the query sequence. In
this way, it is expected that, the larger the sequence size, the greater the raw score value.
Normally, good (or even great) alignments, in which query sequences of about 300 amino
acids are used, display a raw score value of approximately 1000. On the other hand, with
larger queries, about 800 amino acids, the raw score presents a value of 3000. For instance,
it is expected that a query sequence belonging to the Gallus gallus species, when aligned
against the Gallus gallus genome, to present a raw score value very close to the “optimal”

44
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value, as mentioned earlier. It should also be noted that since all the query sequences
obtained belong to the species Gallus gallus, when we performed the alignments in other
bird species genomes, the raw score values slightly decreased, due to the phylogenetic
distance effect.

Besides the “Raw score”, the “Query range” parameter is also of great importance. Since
the size of all query sequences is already known from the beginning, it is possible to under-
stand with this parameter whether if the complete sequence was found in the genome or
not. That is, the value of “Query range” that is presented as in the example of Figure 8, in
section 3.5 of Materials and Methods (chapter 3), (0 ->343, for protein sequence of Gallus
gallus, TAAR2), it means that the complete sequence was found, from the beginning, start-
ing at position 0, until its last amino acid, at position 343. Thus, considering this important
feature, the main goal was always to select the most complete sequences.

Additionally, the parameters “Target range” and “Contig” also present a great influence
in sequences selection and extraction. Each contig is a contiguous segment of the genome
that resulted from the assembly of overlapping reads at the time of the genome sequencing.
When the contigs are ordered and linked with other contigs it is produced, a representa-
tion of the genome [27]. Thus, it is important to know in which section of the genome the
alignment occurred, and for that purpose, the Exonerate software presents, in each output,
the “name” and number of the contig in which the alignment occurred. The ”Target range”
also represents the section of the genome, in a specific contig, where the alignment was
found. In addition, what makes these two parameters quite important is that the Exonerate
software may produces several alignments, with good scores, for the same region if it were
given similar query sequences (for example, different paralogs of the same gene family).
In these specific cases, since query sequences belong to the same family, is expected that
they share high homology, so the region of the genome where the best alignment was found
may be quite similar for these sequences. Thus, during this work, whenever a possible good
alignment was found, it became necessary to pay attention to the contig where the align-
ment was performed, as well as the target range, in order to avoid extraction of duplicated
regions.

Finally, the presence of ”***” and ”#” was also of great importance in the choice of the
alignment and, consequently, the extraction of the gene’s sequences. In what concerns the
presence of “***”, if it is presented at the end of the sequence it is a good indicator as it
represents a STOP codon and, in this way, the sequence is completed until its last residue.
On the other hand, the presence of this same symbol in the middle of the sequence indicates
that the sequence is interrupted by a STOP codon. Therefore, the resulting protein will be
early truncated and not functional. As for the presence of “#”, this indicates nucleotide
insertions that disrupt the reading frame as originate the pseudogenization of the sequence.
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Another occurrence that was occasionally detected was the fragmentation of genes through-
out the genomes. In some cases, only part of the gene sequence could be found, meaning
that the remaining sequence was present in another region. This made the extraction of
some genes a little more time consuming and difficult, and, once again, it was necessary to
pay special attention to the Contig number and the “Target range” parameters.

Taking all these parameters into account, the sequences were extracted. The data was
collected, and some important characteristics of every single gene, found in each genome,
were recorded. One of these characteristics include the number of fragments in which the
gene was found throughout the genome. It is expected that the higher the quality of the
genome produced by the sequencing technology, less fragmented will be the genes found.
It is, therefore, supposed and expected that in a reference quality assembly, capable of a
good representation of an entire genome of a given species, it is possible to find a complete
gene in only one fragment. Another very important feature recorded here includes the
integrity of the gene (ratio between nucleotide number of the obtained gene sequence and
the nucleotide number of the query sequence). As well as the number of fragments with
which the gene is found, the integrity of the gene (its contiguity and completeness) is of
great importance in determining the sequencing quality of the several technologies. In
addition, the phylogenetic distance between the genome of the species from which query
sequences have been collected and the genome of the species with which these sequences
are being aligned, is a factor likely to have some influence. For instance, in the case of this
study, sequences that present a high homology with the query sequence are expected to
have quite high percentages of integrity since its length in bp should not differ much from
the query length. On the other hand, in species that are phylogenetically distant from the
Gallus gallus species, the gene sequences obtained may have differences in the number of
bp.

Lastly, we recorded the number of ambiguities, i.e., the existence of “N”, which means
the absence of nucleotides to align with that specific region, and the number of artefacts
(presence of “***” and “#”), as explained before. All the data is shown in Table 4.

4.2 evaluation of extracted genes : general analysis

Generally, it is observable (Table 4) that in each of the several bird species, the results of
gene extraction were somewhat consistent between both genomes sequencing techniques
(PacBio and Sanger/ Solexa/Illumina).

Regarding the presence or absence of genes, in some species, it was not possible to find
certain genes. For example, searches inside TAS2R of Calypte anna did not reveal the Tas2r40
and Tas2r7 genes. The absence of these two genes was found in both Calypte anna genomes
MUGM01 (sequenced via PacBio technology) and JJRV0 (sequenced via Illumina technol-
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ogy), and similar situations are also found in other species genomes and other sensory
systems (e.g.: In photoreceptors of Anas platyrhynchos and in TAARs family of Taeniopygia
guttata). These facts allow us to propose/assume that genomes, regardless of the tech-
nology with which they were sequenced, are relatively in agreement with the biological
information they present.

Additionally, there are, however, punctual cases that genomes of the same species differ
in the number of genes found. One such case is the Calypte anna species, in three sensory
systems: magnetoreception, photoreception and tactile system. In terms of magnetorecep-
tion and photoreception, it is observed that the PacBio genome, MUGM01, is at a ”disad-
vantage” with Illumina’s JJRV01 genome, since the Cry4 and Opn1lw genes could not be
found and extracted in the MUGM01 genome. On the other hand, in the tactile system, the
situation is reversed, in which the Asic2 and Tmc1 genes are missing in the JJRV01 genome.
Also, in Anas platyrhynchos there are differences in the thermoreception, where there is the
absence of the Trpv4 gene in the PacBio genome, RHJV01. In this species, there are also
differences in the tactile system, in which the Tmc1 gene is absent in the genome obtained
by Solexa technology, ADON01. Apart from these, another case is the Taeniopygia guttata
species, in the photoreception, in which the genes Opn1lw and Opn2sw were not found in
the genome generated by Sanger sequencing, ABQF01.

Despite such occurrences, it appears that these genomes seem to share some common fea-
tures. In both Calypte anna and Anas platyrhynchos, in the tactile system it was not found the
same gene, Tmc1, which may be related to a phylogenetic approach, due to the evolutionary
proximity of these species (Figure 10).

Moreover, this absence is only found in genomes sequenced by 2nd generation technolo-
gies, Illumina and Solexa, respectively, which is a fact that demonstrates the advantage of
PacBio sequencing.

Calypte anna and Taeniopygia guttata are also found to share a similarity in the photore-
ception system, although they are phylogenetically distant. These do not have the Opn1lw
gene, however, as mentioned earlier, this gene was not found in the more recent C. anna
genome, whereas in T. guttata the gene was not found in the older genome, which seems
not be related either to the phylogenetic level or to the sequencing technology.

With regard the sensory systems, a fact also more noticeable than in other sensory sys-
tems is concerned with the auditory and tactile systems. It is observed in the genomes
sequenced by Sanger, Solexa and Illumina, a greater tendency for the genes of these two
systems to be much more fragmented and, although not so evident, the integrity of the
obtained genes is lower than in the genomes obtained by PacBio. These facts, especially
with regard to the number of fragments, may be essentially related to the genome sequenc-
ing technology. Sanger, Solexa, and Illumina technologies base their sequencing process on
short reads, which leads to difficulties during genome assembly. An example of one prob-
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Figure 10.: Phylogenetic representation of birds species by its order. Surrounded in red are the or-
ders to which the species used in this work belong: Anas platyrhynchos species belongs
to the Anseriformes order; Calypte anna species belongs to Apodiformes order; Taeniopy-
gia guttata belongs to Passeriformes order; Gallus gallus belongs to Galliformes order;
Strigops habroptila belongs to Psittaciformes order. This image was adapted from [138]

lem concerns the existence of repetitive regions in the genome, which through short reads
is very difficult to reconstruct them correctly, which creates ambiguities in the alignment
and in the genome assembly, leading to rather fragmented assemblies. Sequencing using
short reads is also associated with a higher number of substitution errors across sequences
[116, 139, 140].

Another important and somewhat controversial fact observed here is in the Gallus gal-
lus species as regards the sensory system of photoreception. It would be expected in this
species that, regardless of sequencing technology and sensory system, since the query se-
quence and the genomes with which the alignments were produced both belong to Gallus
gallus species, in principle, all genes would be fully extracted and with a relatively good
quality. However, what happens in photoreception is the absence of certain genes. In the
PDMY01 genome obtained by Illumina, it was not possible to extract three ospins genes:
Opn1lw, Opn1sw and Opn2sw. In the other hand, in the AADN05 genome only Opn2sw
could not be obtained, however, it appears that Opn1sw has some ”flaws”: It is fragmented
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and quite incomplete. There are, thus, three reasons why this might have happened. The
first reason concerns the whole process of genome sequencing. It is known that generally
there may be errors throughout the process, either during the library preparation process
or during assembly itself, which may lead to certain sequences not being reported in the
genome. Also, possible contamination of the assembly with foreign species contigs, can
inducing false positives due to horizontal gene transfer events [141]. In addition, as already
mentioned in section 2.3 of Sequencing Technologies, older sequencing technologies gener-
ally generate more sequencing flaws, and this is confirmed in this example because, despite
the flaws, PacBio produces better results since it was possible to extract two genes unlike
through Illumina. This fact confirms, once again, the advantage that long reads assemblies
have in genome sequencing over short reads. The second reason comprises the process of
assembling these genomes, in which reference genomes may have been used. These ref-
erence genomes could already have intrinsic flaws in the region where the sequences are
concerned. Consequently, genomes sequenced based on this reference inevitably acquired
the same flaw [142]. Finally, a third reason concerns the process of query sequences obtain-
ing. These sequences used as query may be reported because of work done that specifically
aimed to amplify a particular region, or even through sequencing of transcriptome regions,
which greatly simplifies the process of sequences obtaining [141].Thus they might have
been successful in obtaining those specific gene sequences, however, when talking about
sequencing a complete genome, these sequences may eventually get lost. Still related to
photoreception, it was found that in all species, it was not possible to extract some of these
same genes that were not also found in Gallus gallus. This is especially true in the Sanger/Il-
lumina/Solexa (S./I./S.) genomes, once again highlighting the advantage of long reads based
sequencing.

With regard to the presence of artefacts and ambiguities, another important general ob-
servation is that there does not appear to be a tendency for the Sanger, Solexa or Illumina
genomes to include more artefacts than the PacBio genomes, as would be expected at first
view. It is observed throughout Table 4 that the presence of artefacts is in a homogeneous
distribution. Additionally, all extracted genes, regardless of genomes and species, present
no ambiguities in their sequences, with the exception of Strigops habroptila, which, in the
Tas2r4 gene (in the chemoreceptors group), presents an ambiguity after its STOP codon.
However, since it is after the STOP codon, it does not seem to have much influence on the
rest of the sequence.

Thus, although we were able at first glance to notice several differences and particularities
between genomes and sensory systems, in order to understand if there really are significant
differences among all data and to discuss the results accurately, statistical analyses were
performed.
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A final point that should be mentioned is the presence of the Strigops habroptila genome.
This was not included in the statistical analysis as only one genome of this species could be
obtained (through PacBio technology). This genome was incorporated in this work with the
objective of “validation” of the sequencing technology. In fact, the results in this genome
were found to be quite similar to the PacBio results of the remaining species, which allows
us to “conclude” a homogeneity of methodology/results.

4.3 statistical analysis : significant differences between pacbio and

sanger/illumina/solexa

Before proceeding with any specific test, the normality tests were performed, in order to
understand if it would be necessary to use parametric or nonparametric tests. Thus, the
Shapiro-Wilk normality test was used to assess whether the various sets of samples had a
normal distribution of data. The null and alternative hypotheses are, respectively, to the
following:

-Data follows a normal distribution.
-Data does not follow a normal distribution.

The normality test was applied to all data sets of all sensory systems. In addition, a 95%
confidence interval was defined for this test, which means a significance level (α) of 0.05.
The normality test results are shown in Table 5.

Thus, according to the results obtained in the normality tests, it was found that in all cases
the p-value was lower than 0.05, or even in some cases, due to the great similarity between
the data, it was not possible to perform the Shapiro-Wilk test and, therefore, rejected the
null hypothesis. Thus, a non-normal distribution of data was assumed. However, in an
attempt to approximate the distribution of data to a normal distribution, we resorted to
the linearization of the data, however, this had no influence on its distribution. This was
probably due to the size of the samples (some samples with less than 30 replicas, other just
slightly larger than 30), since the sample size has a big influence on its own distribution.
Generally, small samples are associated with non-normal distributions, because it does not
allow the frequency distribution to result in a normal curve [143].

Therefore, taking on a non-normal distribution of data, nonparametric hypothesis tests
were performed. Thus, in each sensory system, PacBio technology was compared with
the other technologies, S./I./S. at three different levels (or variables) by the nonparametric
Mann-Whitney U test. With this test two independent samples are compared, and it is
verified whether there are significant differences between the distributions of the two sam-
ples. Note that the samples are considered independent since the genes (here considered as
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sample replicas) from PacBio and S./I./S. genomes were obviously extracted from genomes
generated from different sequencing technologies. As performed in the normality tests, a
95% confidence interval (α of 0.05) was also defined here and the null and alternative hy-
potheses were formulated, respectively, at each level:

- There are no significant differences in the number of fragments / integrity of genes /
number of artefacts between PacBio and S./I./S..

- There are significant differences in the number of fragments / integrity of genes / num-
ber of artefacts between PacBio and S./I./S..

The results obtained are presented in Table 6. In addition to obtaining these data, boxplot
graphs were also generated for each system, in order to ease the visualization of the results
(Figure 11).

From the p-values obtained (Table 6), it is observable that not all sensory systems present
significant differences in the quality of gene extraction between sequencing technologies
(p-values lower than 0.05). Moreover, none of the sensory systems analysed here show
significant differences regarding the number of artefacts present in the sequences, which is
in agreement with the general analysis previously performed.

It is, however, important to mention and remember that, although there are no significant
differences in some sensory systems, by analysing Table 4, as described above, it is notewor-
thy that, despite not having statistical significance, in most of the genes PacBio technology
has produced better quality sequences (more complete and less fragmented sequences), as
expected. It is also observable from Figure 11-d that only the photoreception system has
remained fairly consistent and homogeneous across different types of sequencing technolo-
gies. On the other hand, although there is no significant differences in the chemoreception
sensory system, there is a slight difference between PacBio and S./I./S. data in gene in-
tegrity, in which S./I./S. data present greater variability among itself, with values from
0.507 to 1.000.

Regarding the existence of significant differences, these are present in four sensory sys-
tems, in magnetoreception, at the gene integrity level, and in thermoreception, in the audi-
tory system and in the tactile system, all in the same type of variables: number of fragments
and gene integrity. It is also observed that in these same cases, observing the boxplots of
Figure 11-c, Figure 11-e, Figure 11-f, all S./I./S. results vary considerably more than the
PacBio values.

Concerning, specifically the number of fragments with which the genes were obtained,
in all systems that showed significant differences, it is observed that the PacBio results
essentially are around the value 1. On the other hand, in the results of S./I./S., the values
vary and deviate greatly from 1, reaching, in the case of the tactile system, to 15 fragments
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Figure 11.: Boxplots representing data variation of the six sensory systems studied: Chemoreception,
Magnetoreception, Thermoreception, Photoreception, Auditory System and Tactile Sys-
tem; in the three different variables: Number of Fragments, Gene Integrity, Number of
Artefacts. Each boxplot presents data from PacBio technology and S./I./S. technologies.
The set of boxplots from each sensory system has a corresponding letter, and therefore,
the sensory systems are organized from “a” to “f”.
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in a single gene. This fact is quite important to confirm the significant improvement that
PacBio sequencing technique brings to the extraction of complete genes. Due to the large
size of the reads, from the average value of 10 Kbp to 60 Kbp, the assembly process becomes
much more effective. The approach commonly used for assembling long reads is known as
overlap-layout-consensus assembly, which consists of aligning all reads, and recording this
information in graphs (overlap-graphs). In these graphs the nodes correspond to the reads
sequences, while the edges correspond to the connection between the sequences, due to
alignment (overlap). This information is organized, with which the position of all sequences
is determined according to the alignments. Finally, the resulting alignments generate the
consensus sequences that will give rise to contigs [116, 144].

On the other hand, in 1st and 2nd generation technologies, the length of reads is consid-
erably smaller, which in turn makes assembly difficult. In addition, these short-read based
technologies typically use a different approach, the k-mers assembly. K-mers are produced
by fragmenting the sequence reads, which makes them even smaller in length. The assem-
bly process of these sequences is also based on graphs that record overlap of reads, in this
case, de Brujin graphs, and contigs are formed by reading the graph. The problem with
this type of approach is that genomes can include many repetitive sequences, and if these
sequences are larger than the produced k-mers, it will become very difficult to reconstruct
all fragments, which leads to generation of highly fragmented assemblies. In addition, the
situation becomes even more complex, when repetitive sequences align in more than one re-
gion of the genome (known as multi-reads). This may negatively influence the execution of
analyses that depend on regions next to the multi-reads, since these regions were probably
misassembled [140].

The case of Sanger sequencing differs slightly from Solexa and Illumina, as the reads
produced are slightly larger than those produced by Illumina and Solexa and are considered
of intermediate size. In addition, Sanger sequencing uses the overlap-layout-consensus
assembly approach and, therefore, is not so prone to errors.

Additionally, another short-read consequence may be related to low rates of assembly
contiguity, and thus the number of disconnected contigs. In this way, several genes, which
may even be longer than the length of one contig, may be fragmented into different un-
ordered contigs, and therefore the orientation and order of these genes will remain un-
known and may even, for example, induce wrong counting of the number of genes in that
specific genome. This becomes even more difficult in eukaryotic genomes, as is the case,
where genes are more spaced apart and include introns in their structure [141, 28].

Thus, long read sequences, as already confirmed in several studies, allow complete genes
to be obtained, rather than just fragmented sequences with little biological information
[116, 145].
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As for the other component that showed significant differences, gene integrity, this shows
to be quite similar to the number of fragments. It also has values very close to 1.0 in the
PacBio genomes, that is, the sequences of the obtained genes are quite complete, and their
length does not differ much from the query length. In the case of S./I./S. values, quite
variable values are observed, and in the case of magnetoreception this variation is more
noticeable. It is important to note that although the results of fragment number and gene
integrity are inevitably related, in the case of this sensory system, there is a difference.
Although the number of fragments is similar between PacBio and S./I./S., with relatively
“good” values, the gene integrity values do not show the same in the S./I./S. technologies.
This indicates, once again, the improvement that PacBio brings, not only for annotation
of complete genes, but also for reducing the number of errors during sequencing. Since
PacBio uses SMRT sequencing, it does not resort to the process of DNA amplification when
preparing the library, which, in the case of 2nd generation technologies, namely Illumina,
proves to induce substitution errors [139]. In fact, short reads assemblers can sometimes in-
troduce errors in gene sequences, namely erroneous repetitive sequences, into regions that
are not really repetitive. This fact, together with other types of errors already mentioned,
may lead to erroneous predictions about the sequences of the genes and proteins encoded
by them [146]. Additionally, still regarding errors, PacBio provides uniform coverage of the
entire genome, which does not induce GC bias unlike other technologies [117].

Besides all that was described above, there are several characteristics that eukaryotic
genomes have that make the sequencing process difficult, regardless of the technology
used. In addition to the well-known ones, such as repetitive sequences and Transposable
Elements (TEs), other variants such as deletions, insertions, GC-rich regions (which are a
challenge in avian genomes due to the high amount of existing GC-rich genes), duplicated
genes (paralogs), polymorphic genes and rearrangements in the genome (inversions and
translocations), including structural variations in large chromosome regions, lead to in-
creased difficulty when assembling the genome [147, 140, 148]. However, through long
reads assembling, this type of more complex regions of the genome and gene sequences,
can be more easily resolved. In addition, the fact that the genome comes from a long reads’
assembly may contain less gaps. It also allows contigs to be more easily sorted and, in turn,
genes to be more easily annotated, with complete sequences sorted in the correct form,
which was corroborated with this study.

Moreover, this work has proven that despite the characteristics that define birds genomes,
PacBio still presents advantages over 1st and 2nd generation technologies. Bird genomes are
known to be smaller than the other amniota genomes and less complex compared to other
vertebrates. They also present a more conserved genetic structure (including chromosome
level, with a high degree of synteny across several divergent species), fewer repetitive ele-
ments and less abundance of TEs than other vertebrates [149, 142]. Furthermore, as far as
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protein-coding genes are concerned, they are smaller than most mammalian genes, due to
the shorter length of introns and intergenic regions they present [149].

For these reasons, we could be led to deduce that the type of technology would not
have much influence on the quality of sequencing, but the fact is that despite being more
accessible genomes, they still present challenges in the world of DNA sequencing. Indeed,
bird microsomes and macrosomes continue to present challenges as long reads are unable
to cover these regions, longer than 3Mb in length and between 30 to 250Mb in length,
respectively [149]. Moreover, regions close to centromeres and telemores (heterochromatic
regions) remain difficult to sequence and assemble correctly due to the high percentage of
repetitive elements (almost exclusively by tandem repeats) that is found in those regions
[150].

4.4 related evidences from other studies

There are published studies that confirm what was developed and stated in this paper.
One of these studies by Korlach et al.(2017) [146], investigated the quality of the PacBio
genomes of Taenipygia guttata, zebra finch, and Calypte anna, Anna’s hummingbird.

In the study, in short, they searched for a set of genes of interest in order to assess their
completeness and contiguity in relation to genomes of these species sequenced by older
technologies. In the set of genes was included the Egr1 gene, also used in this work as
representative of the tactile system (referred in this work as Zenk gene).

With regard specifically to the Egr1 gene, they found that in the two species, in the
“oldest” genome, there was no promoter region of that gene, and in addition, the promoter
region was located in a GC rich region. They also found in these genomes that the gene
included some gaps in its structure. After analysis of the PacBio genomes, they concluded
that long reads allowed assembly gaps to be eliminated, and found that the gap in Anna’s
hummingbird’s oldest genome encompassed the first full exon, two thirds of the first intron,
and the promoter region.

Moreover, through further analysis, they concluded, as in this study, that the long-read
assembly has proven to provide several improvements in genome and gene completeness
and contiguity, solving the problems associated with the genes of interest.

They also concluded that PacBio long reads are capable of filling gaps in particularly
problematic regions (high GC content), are able to overcome and eliminate erroneous tan-
dem duplications near gaps, eliminate poor quality sequences and thus prevent incorrect
gene annotations and predictions to be made.

Another study by Beauclair et al.(2019) [151] investigated the difficulty of sequencing
genes with high GC content (typical characteristic of the avian genome) and for such, they
used GC rich genes with quite long introns. Additionally, the non-coding regions of these
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genes also had some complexity, such as repetitive sequences, both tandem and inverted,
as well as motifs capable of altering the conformation of their structure (non-B DNA).

In the study, the main objective was to compare Illumina and PacBio technology. What
they found from results was that PacBio was far more effective in sequencing and that
Illumina could not even represent the non-coding regions. They concluded that PacBio
was even able to sequence the regions with high GC content, above 60%, however, with
some difficulty, due, according to what they point out, to the G4 structures found in these
GC-rich regions. They also pointed out that this kind of structures will be one of the main
reasons for the absence of certain structures when sequencing.



5

C O N C L U S I O N S A N D F U RT H E R W O R K

Birds are a model organism of great importance in a wide range of investigations, with
a strong impact on genetic studies, due to the characteristics that their genomes present.
The information obtained from genetic studies will allow to answer about the evolutionary
history of these organisms, establishing genotype-phenotype relationships more easily, un-
derstanding regulatory mechanisms at the molecular level, how natural selection works at
the level of several regions of the genome, comprehend the changes that can occur in the
genome throughout evolution and adaptation, and promoting the study of gene families
[142, 149].

As already mentioned, the development of sequencing technologies has a strong role in
enabling such studies to happen. The development of new techniques and algorithms that
are more efficient, less expensive, and allow the sequencing and assembly of genomes, is
an area in constant update, which will allow to solve in the future many of the restrictions
that we face today [19].

In this work, we focused on comparing the quality of sequencing between 1st and 2nd gen-
eration technologies, which include an approach based on the production of short reads,
with a 3rd generation technology, which is based on the production of long reads, PacBio.
This evaluation was carried out using a set of genes belonging to several sensory systems.
Since these types of genes are subject to constant environmental pressures, adaptation and
evolution, they become a very interesting group to test the quality of the sequencing pro-
duced by these varied sequencing technologies. What we concluded with the development
of this work was that PacBio presented better results in most of the sensory systems anal-
ysed, essentially at the level of the fragmentation of genes along the genomes, as well as at
the level of their integrity. Even though a higher error rate is related with this technology,
reported up to 20% [116], what was observed here was that, in fact, PacBio presented better
quality of sequencing, in what concerns to the parameters evaluated in this work, when
compared to Sanger, Illumina and Solexa.

Furthermore, we realized that during the development of this work, a new genome with
strong interest in this study was made available in the Sequence Set Browser of the NCBI.
The genome belongs to the zebra finch Taeniopygia guttata (reference: VOHI01), also se-
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quenced using PacBio technology and, as expected, the sequencing parameters are even
better, since the bases are practically the same (1,115,340,858 bp), but have less contigs/-
less fragments (204 contigs). However, unlike both T. guttata genomes used here, this new
genome corresponds to a female, which is the heterogametic sex. This fact may be of great
interest for work in the future, since we have the possibility to compare and understand
whether PacBio can detect differences in the sequences of several genes in organisms of the
same species, but of different sex. Also, it is important to mention that birds are different
from mammals in what concerns the sex chromosomes. While mammals possess the XY
system, in birds the heterogametic sex (ZW) belongs to females while the homogametic
(ZZ) sex belongs to males [152].

In addition to the inclusion of this new genome, in the future we may also include
genomes of more bird species, include new sets of genes from other sensory systems in
the search and observe whether the “behaviour” of PacBio remains.

Additionally, in order to deepen this research and better understand the reasons for cer-
tain results, in the future we will be able to develop synteny analyses. Through these analy-
ses we will be able to look for genes that may be flanking genes of interest, to understand if
a particular gene is conserved over a group of species, to understand the orientation of the
genes and to conclude several modification events that may have occurred during evolution
(for example insertions of other genes and inversions).
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[69] Miriam Garcı́a-Ávila and León D Islas. What is new about mild temperature sensing?
a review of recent findings. Temperature, 6(2):132–141, 2019.

[70] Shigeru Saito, Nagako Banzawa, Naomi Fukuta, Claire T Saito, Kenji Takahashi,
Toshiaki Imagawa, Toshio Ohta, and Makoto Tominaga. Heat and noxious chemical
sensor, chicken trpa1, as a target of bird repellents and identification of its structural
determinants by multispecies functional comparison. Molecular biology and evolution,
31(3):708–722, 2014.

[71] Yuji Karashima, Karel Talavera, Wouter Everaerts, Annelies Janssens, Kelvin Y Kwan,
Rudi Vennekens, Bernd Nilius, and Thomas Voets. Trpa1 acts as a cold sensor in vitro
and in vivo. Proceedings of the National Academy of Sciences, 106(4):1273–1278, 2009.

[72] Arijit Ghosh, Navneet Kaur, Abhishek Kumar, and Chandan Goswami. Why indi-
vidual thermo sensation and pain perception varies? clue of disruptive mutations in
trpvs from 2504 human genome data. Channels, 10(5):339–345, 2016.
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A
L I S T I N G S

Figure 12.: Script developed in Python programming language to extract, from the Exonerate soft-
ware output files, only what corresponded to the DNA sequences. With this script we
were able to rapidly creating a new file for each gene, with its nucleotide sequence, in
FASTA format.
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