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A B S T R A C T

Dideoxy sequencing method developed by Sanger was the first sequencing method coming
into existence shortly after the report of the DNA structure by Watson and Crick in 1953.
DNA sequencing opened up a whole new world in Genomics research and soon whole
genomes started to be sequenced.

Among other subjects, comparative evolutionary studies, phylogenetic analyses, mutation
frequency assessments, can now be known from such genomic data. For this purpose,
researchers’ interest relies on having lower cost but highly reliable methods. Currently, there
are three generations of sequencing technologies.

Here, we considered two different groups of technologies such as PacBio and older
methods (like Illumina and Bac-by-Bac) and used fifty three immune-related genes to assess
the best quality of sequencing technologies on eight mammalian genomes (two for human
Homo sapiens − RBJD01 and DAAB01, two for domestic cat Felis catus − AANG04 and
ACBE01, two for two for greater horseshoe bat Rhinolophus ferrumequinum − RXPC01 and
AWHA01 and two for platypus Ornythorinchus anatinus − RZJT01 and AAPN01) and an
extra genome of the Canadian lynx Lynx canadensis for comparability purposes.

The election of the immune related genes relied on the importance of this system, since its
function is to protect organisms from external agents which would be seriously threatening
in the absence or malfunction of the previously mentioned system. Moreover, immune
related genes are often components of large gene-families and show increased levels of
genetic variation, which could complicate their proper identification depending on the
quality of the genome sequencing.

Quality parameters like number of fragments, integrity of gene and number of artifacts
were assessed when screening the selected markers. Although the number of artifacts
were not conclusive considering they were underrepresented, the number fragments is
lower in NOD-like receptors and Toll-like receptors genes and the integrity is higher in
Interferon receptors genes, C-type Lectin receptors genes, NOD-like receptors genes (sub-
family P included) and Toll-like receptors genes for the genomes of Homo sapiens,Felis catus,
Ornythorinchus anatinus and Rhinolophus ferrumequinum sequenced with newly methods.

We conclude that PacBio sequenced genomes showed higher contiguity and better quality
overall than the ones sequenced with the older methods.

Keywords: Genome, Third Generation Sequencing, Mammals, Immunity.
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R E S U M O

O método de sequenciação Dideoxy desenvolvido por Sanger foi o primeiro método de
sequenciação que existiu, aparecendo pouco depois da estrutura de DNA ser reportada por
Watson e Crick em 1953. A sequenciação de DNA deu origem a novas oportunidades na
investigação Genómica e rapidamente genomas completos começarem a ser sequenciados.

Entre outras disciplinas, estudos de comparação evolutiva, análises filogenéticas, avali-
ação da frequência de mutações podem ser obtidos através de dados genómicos. Para
este propósito, é do interesse do investigador fazer uso de métodos de baixo custo, mas
fidedignos.

Aqui, consideramos dois grupos diferentes de tecnologias, como PacBio e métodos
antigos (como Illumina e Bac-by-Bac), e usámos cinquenta e três genes relacionados com
o sistema imunológico para avaliar a qualidade das tecnologias de sequenciamento em
oito genomas de mamíferos (dois de humano Homo sapiens − RBJD01 e DAAB01, dois de
gato doméstico Felis catus − AANG04 e ACBE01, dois de morcego-de-ferradura-grande
Rhinolophus ferrumequinum − RXPC01 e AWHA01 e dois de Ornitorrinco Ornythorinchus
anatinus − RZJT01 e AAPN01) e um genoma extra de lince canadense Lynx canadensis com a
finalidade de métrica de comparação.

A eleição dos genes do sistema imunológico baseou-se na importância desse sistema, uma
vez que sua função é proteger os organismos de agentes externos que seriam seriamente
ameaçadores na ausência ou mau funcionamento do sistema mencionado anteriormente.
Ainda, genes relacionados com o sistema imunológico são frequentemente membros de
famílias de genes extensos e mostram grandes níveis de variação genética, o que pode com-
plicar sua identificação adequada, dependendo da qualidade da sequenciação do genoma.

Parâmetros de qualidade como número de fragmentos, integridade do gene e número
de artefatos foram avaliados ao analisar os marcadores selecionados. Embora o número de
artefatos não tenha sido conclusivo, o número de fragmentos é menor em genes das famílias
NOD-like receptors e Toll-like receptors e a integridade é maior em genes das famílias
Interferon receptors, C-type Lectin receptors, NOD-like receptors (subfamília P incluída) e
Toll-like receptors para os genomas de Homo sapiens, Felis catus, Ornythorinchus anatinus e
Rhinolophus ferrumequinum sequenciados com o método mais recente.

Concluímos que os genomas sequenciados com PacBio apresentaram maior contiguidade
e melhor qualidade no geral do que os sequenciados com os métodos mais antigos.

Palavras-chave: Genoma, Sequenciação de Terceira Geração, Mamíferos, Imunidade.
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I N T R O D U C T I O N

The amount of available data on biological sequences has greatly expanded recently due
to the increase molecular evolution and bioinformatics assessments. Bioinformatics may be
defined as the employment of computational tools and analyses’ techniques to collect and
interpret biological data. By combining disciplines as computer science, biology, physics and
mathematics, this specialty became essential to modern biology, medicine, and pharmacy
industry (Bayat, 2002).

The main applications of Bioinformatics consist, largely, in computer programs (software)
and on the internet platforms. To facilitate the access to biological information, computer
networks were developed, and data analyses was eased with the development of useful
software. A good example of easy access to information includes biological databases, but
because the information is so diverse it was not possible to develop only one database with
all the information. Instead, multiple and more specific databases emerged (Benton, 1996).

The genetic sequences are studied by a field designated Comparative Genomics (Krzywin-
ski et al., 2009).

Regarding this field of research, phylogenetic models, ecological interactions, interpreta-
tion of phenotypic traits related to the species’ ancestry and responses to nucleotide and/or
amino acid variation can be attained by studying molecular changes. These may appear in
the form of mutations and lead to adaptive significance by promoting changes at biochemical,
physiological and morphological levels. To unravel these complex mechanisms linked to
organisms’ adaptation based on their DNA and proteins changes, computational methods
became essential (Baxevanis and Ouellette, 2004).

Molecular evolution can thus be acute for the study of several relevant questions, such
as the evolution of sensory/defense mechanisms (Khan et al., 2015), the impact of certain
species in an ecosystem (Gomes et al., 2016), or even the origin and expression of human
morphological/physiologic developmental disorders related with genetic and environmental
diseases (Uhl et al., 2008).

1



1.1. Context and Motivation 2

1.1 context and motivation

The purpose of the immune system is to protect the organism against external agents like,
for instance, bacteria and viruses. On a daily basis, nearly every species faces threats by
exposure to the previously mentioned agents and, if it were not for their immunological
skills, they would be always fallen ill.

Infectious outbreaks are regulated by the genetics of host populations, as well as by the
interaction of the genetic structure of parasites, which changes to adapt and escape host
defenses. When a disease outbreak is violent, a population of many individuals may be
reduced to only a few, and whether these individuals survive because of isolation and
lack of exposure or they had resistance genes, the next generation may not reproduce just
because of chance, or predator success, or altered sex ratio, etc. Another problem that arises
is that, even though species instinctively avoid mating with close relatives, they see them in
a situation where they are forced to. (O’Brien and Evermann, 1988)

The numbers are unsure, but many species are currently extinct and several others have
small population sizes which put them at risk (Frankham et al., 2002). The immune system
evolves through creating diversity, but inbreeding and consequential loss of genetic diversity
are inevitable for species in this condition and therefore, the populations’ ability to face
environmental alterations is weakened. To ensure these species survival, human action
towards salvation is now needed (Frankham, 2003).

Thus, the motivation of this dissertation hangs in the importance of expanding the insight
on the immune system by inferring the huge genetic diversity of genes involved in immunity.
In order to do this, we assess distinct available strategies of genomes sequencing (old
strategies like Bac-by-Bac and Illumina vs the third-generation one PacBio) by conducting an
intense study of in-depth genome information and analysis with the objective of determining
the best approach to be used in further essays.

1.2 main goals

Genomics, proteomics and bioinformatics tools can reveal signatures of selection, genetic
variability and mutation, and then realize the molecular adaptations of the immune response
to infection.

The use of third-generation sequencing technology (e.g. PacBio) that produces several 100

fold better genome assemblies than current second-generation genome sequencing would
allow putatively to make much stronger statements on the molecular evolution of large gene
families, such as those of the Immunome, and better understand the role of the interplay
between single-site mutation and gene copy number variation.



1.3. Thesis Organization 3

The main goal here is to comparatively assess five immunological genes families (Inter-
feron receptors genes, C-type Lectin receptors genes, NOD-like receptors genes (subfamily P
belongs to a different group because it is a large subfamily with the total of fourteen genes)
and Toll-like receptors genes from eight mammals’ genomes obtained using third-generation
sequencing technologies relatively to others obtained with less advanced sequencing meth-
ods.

1.3 thesis organization

This document is organized into six chapters.
In the first chapter, the theme was introduced by giving a general contextualization of the

interest of this dissertation as well as the main goals to achieve.
The second chapter will address literature revision. This chapter has 8 sections that

harness Immunity (Adaptive and Innate), the Immunome, Immune receptors of interest such
as Interferon Receptors, C-type Lectin Receptors, NOD-like receptors, Toll-like receptors,
Killer Immunoglobulin Receptors, Sequencing Methods like BAC sequencing, Illumina and
PacBio and, last, Tools and Software.

The third chapter is Methods and it will clarify the steps made towards obtaining the
results and how these were treated.

The fourth chapter frames the Results and Discussion section that will report the outcomes
of this work and its contextualization.

The fifth chapter comprehends the Conclusions. Here, are state the final reviews and
further work will be exposed.

The last chapter is Appendix with other tables with results.
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S TAT E O F T H E A RT

2.1 immunity

2.1.1 Innate Immunity

Pattern-recognition receptors (PRRs) recognize preserved and largely invariable molecules
like nucleic acids or lipopolysaccharides, which are crucial for microbial physiology. That’s
on what innate immunity reckons. These essential molecules often go by the name of
Pathogen-Associated Molecular Patterns (PAMPs) (Akira et al., 2006; Janeway Jr and Medzhi-
tov, 2002).

When a PAMP is detected, PRR sets in motion diverse mechanisms that trigger the
inflammatory and immune responses, and, also, help to assemble an adaptive immune
response (Medzhitov, 2007). Examples of this are:

• Toll-Like Receptors (TLRs) are the best-defined class of PRRs. They sense viral nucleic
acids and other bacterial products. These can be expressed either on the cell surface or
in intracellular compartments (Kawai and Akira, 2006).

• C-type lectin receptors (CLRs), which are expressed at the cell surface, sense sugar
motifs of microbial components (Geijtenbeek et al., 2004).

• NOD-like receptors (NLRs) and RIG I-like receptors (RLRs) spot bacteria and viruses
that enter the cytoplasm, then promote the production of cytokine production and cell
activation (Fritz et al., 2006; Takeuchi and Akira, 2007). Additionally, to operate in
circulation, tissue fluids and take part in cell lysis or opsonization of microbes, PRRs
like collectins, ficolins and pentraxins are segregated (Medzhitov, 2007).

2.1.2 Adaptive Immunity

T cell receptors (TCRs) and B cell receptors (immunoglobulin receptors) mediate adaptive
immunity. Variable and constant fragments through the Recombination-Activating gene
(RAG) protein-mediated somatic recombination encodes the antigen receptors of T and B

4



2.2. Immunome 5

lymphocytes (Cooper and Alder, 2006; Flajnik and Du Pasquier, 2004). Because of this, there
is a big range of different antigen receptors, and to increase these diversity mechanisms like
non-templated nucleotide addition, gene conversion and somatic hypermutation (in B cells).
This concedes great variability in adaptive immune recognition (Schatz et al., 1992).

Lymphocytes that express antigen receptors can be divided into two different types:
conventional and innate-like. Related to conventional ones, they are put together randomly
and their characteristics are not predetermined (Bendelac et al., 2001). On the other hand,
the process of putting together an antigen of innate-like lymphocytes is restricted and their
specificities are biased towards a specific group of ligands. Cells with antigens, like dendritic
cells, phagocyte microbial antigens into antigenic peptides which meet regular T cells at
the cell’s top, by means of major histocompatibility complex (MHC) class I and/or class II
molecules (McDevitt, 2000).

External agents undergo phagocytosis by cells with antigens and the resulting product is
processed into antigenic peptides, which later meet the T cells through Major Histocompati-
bility Complex (MHC) molecules and, specifically, MHC class Ib which function as PRRs.
Conventional B cells bind to an epitope, which is a 3D structure and recognizes it. (McDevitt,
2000)

2.2 immunome

Similarly to genome, proteome and kinome representing the set of genes, proteins and
kinases, respectively, the immunome represents the set of genes and proteins involved in
immunological mechanisms (Ortutay et al., 2007). This word has also been used to describe
the totality of antibodies and antigen receptors (Pederson, 1999).

A total of 847 genes concerning functions such as cell surface recognition, DNA processing,
among others were reported in humans (Ortutay et al., 2007).

2.3 toll-like receptors

Toll-like receptors were the first family of PRRs to be discovered when researchers noticed
that Drosophila melanogaster embryos could not establish a proper dorsal-ventral axis if the
gene that encodes to Toll membrane proteins is mutated (Anderson et al., 1985).

Toll protein cytoplasmic domain is homologous to the vertebrate receptor of cytokine
IL-1 and by searching for homologous domains to those of Toll and IL-1R in humans, it
was discovered a gene that encodes for a similar protein and activates a signaling pathway
(Medzhitov et al., 1997). Soon, other relatives to Toll were discovered and they were named
Toll-Like Receptors.
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TLRs contribute to the normal operation of the immune system in mammals. Research
in mice showed that TLR4 mutant gene leads to a defective protein, and, even by being
altered in one amino acid only, it no longer recognizes LPS (endotoxin found in cell walls of
gram-negative bacteria) and the signaling cascade is compromised (Poltorak et al., 1998).

These membrane proteins can be found either on the plasma membrane or in the mem-
branes of lysosomes or endosomes, as shown in Figure 2. They share a common component
called leucine-rich repeats that combined, form a horseshoe-shaped domain. When this
domain binds to a PAMP (Figure 3), they are induced to dimerized as a homodimer or as a
heterodimer (Jin and Lee, 2008).

Figure 2: Toll-like receptor (TLR) structure. Structure of a TLR polypeptide chain. The ligand-binding
exterior domain of TLRs contains many leucine-rich repeats (LRRs), a transmembranar
domain, and an interior Toll/IL-1R (TIR) domain, which interacts with the TIR domains of
other members of the TLR signal transduction pathway.

After the PAMP binds to the TLR and dimerization occurred, the signal transduction
pathway is determined by the protein adapter. MyD88 (myeloid differentiation factor 88)
and TRIF (TIR domain-containing adapter-inducing IFN-b factor) are the two key adapters
that are recruited to TLR dimers. Almost every TLR uses MyD88, while TRIF uniquely
associates with TLR3 and TLR4 when they are localized in the endosomes (Kindt et al.,
2007).

After the dimmer and MyD88 are bind, this structure enrolls with IRAK1 and IRAK4 (IL-1
receptor-associated kinase 1 and 4). IRAK1 phosphorylates itself and TRAF6 (tumor necrosis
factor receptor-associated factor 6) activating it, and the latter serves as an organizing center
for subsequent signaling components. Proteins TAB1 and TAB2 (TAK1-binding proteins 1

and 2) that come attached to TAK1 (transforming growth factor-β-activated kinase 1) are put
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into proximity with IRAK1 that phosphorylates and, consequentially, activates it (Barton
and Medzhitov, 2003).

Figure 3: Toll-like receptor 1 and 2 (TLR1 and TLR2) signaling pathway. Signaling pathways down-
stream of TLR2/1, which binds to a bacterial PAMP, as an example of cell membrane TLRs.
TLR undergoes dimerization after being induced by the PAMP. The MyD88 adapter initiates
the cascade by enrolling the IRAK1 and IRAK4 kinases. Additional proteins are recruited,
including TRAF6 and the TAK1 kinase complex, leading to phosphorylation of the later
and activation of MAP kinase pathways, which activate transcription factors such as AP-1,
and the IKK complex, leading to the activation of NF-KB.



2.4. C-type Lectin Receptors 8

TAK1 has a double-action in this cascade. On one hand, recruits the IKK (Inhibitor of KB
kinase) complex, that is comprised by IKKα, IKKβ and NF-KB Essential Modifier (NEMO),
and phosphorylates IKKβ which makes the IKK complex active and free to phosphorylate
the Inhibitor of NF-KB. This leads to the release of NF-KB that will enter the nucleus and
activate gene transcription. On the other hand, it activates the MAPK signaling pathway
which leads to AP-1 dimer formation and this will also activate gene transcription (Takeda
and Akira, 2004).

If the TLR dimer binds to TRIF, the cascade proceeds until Interferon Regulatory Factors
are activated and induce Interferon α and β genes transcription. This signaling cascade can
also lead to the activation of AP-1 or NF-KB (Kindt et al., 2007).

Related to innate and adaptive immune responses, Toll-like receptor family members have
been investigated in human disease context. Their function is related to diseases like sepsis,
asthma and atherosclerosis (Cook et al., 2004).

2.4 c-type lectin receptors

C-Type Lectin Receptors (CLRs) are located on the cell membrane of a variety of cells
related to the immune system, such as monocytes, macrophages, dendritic cells, neutrophils,
B cells, and T-cell subsets. These receptors are usually sensitive to carbohydrate components
of fungi, mycobacteria, viruses, parasites, and some allergens like peanut and dust mite
proteins (Kindt et al., 2007).

As the TLRs, CLRs activate a signaling cascade resulting in the transcription of genes.
Taking dectin-1 as an example (Figure 4), this one binds to the PAMP as a dimer and takes
place kinase-mediated phosphorylation of one residue of tyrosine in its cytoplasmic domain,
more specifically on a structure called half-ITAM (immunoreceptor tyrosine-based activation
motif). Next in the chain of events, phospholipase Cδ (PLCδ) is activated, followed by
activation of several CARD-containing complexes (Caspase Recruitment Domains-containing
complexes). In consequence, by an increase of Calcium concentration inside the cell, these
prompt NFAT, NF-KB and AP-1 activation through MAPK pathways.

These transcription factors enter the nucleus and promote gene transcription of proinflam-
matory cytokines (Gross et al., 2006; Dennehy and Brown, 2007). Dectin-1 also promotes the
production of INF-β by activating IRF5 (Kindt et al., 2007).
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Figure 4: C-type lectin receptor (Dectin-1) signaling pathway. Signaling pathways downstream of
the CLR dectin-1. Dectin-1 binds fungal PAMP as a dimer. The tyrosine in the half-ITAM
(immunoreceptor tyrosine-based activation motif), located in the cytoplasmic domain of
each dectin-1, is phosphorylated, initiating signaling pathways that activate transcription
factors NFAT, NF-B, IRF5, and AP-1.

2.5 nod-like receptors

Nucleotide Oligomerization Domain/Leucine-rich Repeat-containing receptors are more
commonly known as NOD-like receptors (NLRs). These large family of cytosolic proteins
activated by intracellular PAMPs are very important to immune and inflammatory responses,
but some of them also trigger inflammation, which can be injurious (Inohara and Nuñez,
2001).

Based on their structure, NLRs can be divided into three groups:

• NLRCs - They have CARDs;

• NRLBs - They have baculovirus inhibitory repeat (BIR) domains;

• NRLPs - They have pyrindomains (PYDs).
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Despite some NOD receptors are well characterized, like NOD1 and NOD2, for the
majority of them the available information is reduced. These two mentioned above, bind
to breakdown products of peptidoglycans found in bacterial cell wall, specifically, NOD1

binds to diaminopimelic acid (Chamaillard et al., 2003) and NOD2 to muramyl dipeptides
(Girardin et al., 2003).

These receptors associate with endosomal membrane, where their Leucine-Rich Repeats
(LRR) bind to PAMPs (Figure 5) and binding the CARD parts of the receptor to RIP2

(Receptor-Interacting Protein kinase 2). Next, TAK1/TAB complex gets attached to RIP2

and activates MAPK pathways and the IKK complex, the latter resulting in NF-KB pathway
activation. As seen before, the active transcription factors AP-1 and NF-KB induce the
transcription of inflammatory cytokines, antimicrobial and other mediators. Moreover, RIP2

can activate the TRAF3 complex which will lead to phosphorylation of IRF3 and IRF7 that
will promote the production of Type I interferons (Windheim et al., 2007).

NOD1 and NOD2 initiate autophagy to eliminate cytosolic bacteria. The bacteria is
surrounded by the membrane of endoplasmic reticulum which forms an autophagosome
that will merge with lysosomes killing the bacteria (Travassos et al., 2010).

Changing the subject to NLRPs, these contain PYD domains that connect and aggregate
with other proteins. When LPS is detected by the cell, a big complex containing NLRs
and mature caspase-1 cleaves pro-IL-1β turning it into its mature form, which is the major
cytokine produced during innate and inflammatory responses (Martinon et al., 2002). NLRP1,
NLRP3, and NLRC4 have been shown to form inflammasomes that cleave pro-IL-1β and
pro-IL-18 and turn them into their mature form (Vance, 2015; Chavarría-Smith and Vance,
2015).

Mutations in the NLRP3 gene are associated with auto-inflammatory diseases because
they stimulate excessively caspase-1 activity. This inflammasome consists of multiple copies
each of NLRP3, the adapter protein ASC (which binds to NLRP3 via homotypic PYD-PYD
interactions), and caspase-1 (which binds to ASC via homotypic CARD-CARD interactions),
thus forming a large complex (Martinon et al., 2002). The interest in this particular NOD-
like receptor doesn’t end here. In addition to components from bacteria, fungi and some
viruses, NLRP3 can be also activated by DAMPs (Danger-Associated Molecular Patterns)
like β-amyloid which is associated with Alzheimer’s plaques (Saresella et al., 2016).

2.6 ifn receptors family

Interferons (IFNs) are proteins that interact with external agents limiting cell proliferation
and with immunomodulating properties (Pestka et al., 1987). They are classified into 3 types
(I, II and III) depending on their receptors and response. Type I of IFN include IFN-α and I
IFN-β, whereas IFN-γ is a type II and IFN-λ, a type III. (Branca and Baglioni, 1981).
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Figure 5: NOD-like receptor 1 (NOD1) signaling pathway. NOD1 associates with endosomes, where
it binds to diaminopimelicacid from bacteria. After dimerization NOD1 dimers enroll with
RIP2 (receptor-interacting protein kinase 2), which then binds the TAK1/TAB complex,
activating MAPK pathways and also the NEMO/IKK complex. The later initiates the
NF-KB activation pathway. NOD1 binding of RIP2 can also activate TRAF3, leading to the
phosphorylation and activation of IRF3 and IRF7.

IFN I receptor encompasses two sub-units: IFNAR1 - the alpha sub-unit; and IFNAR2 -
the beta sub-unit (Fig.6). The association of these results in a site with high affinity for IFNs
type I (Uzé et al., 1990; Novick et al., 1994).

The signal transduction pathway of IFN-α/β receptor happens when this one binds to a
type I IFN. Then, signal transducers and activators of transcription proteins (p84/p91 and
p113) suffer Tyrosin phosphorylation and combine with p48 to form the ISGF3 complex.
After entering the nucleus, ISGF3 binds to ISRE (cis-acting IFN-stimulated response elements)
that exist in IFN-induced genes and initiate their transcription. Tyk2 and JAK1 are the
enzymes that phosphorylate the ISGF3 (Müller et al., 1993) (Velazquez et al., 1992). This
receptor and Tyr kinase JAK1 are physically connected, which means that signals are directly
transduced across the cell membrane (Novick et al., 1994).
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Figure 6: Signaling pathways of IFN receptors. A-α/β receptor; B-γ receptor; C-λ receptor. (Thomas
et al., 2011)

IFN-γ receptor comprises two sub-units: the binding sub-unit (IFN-γR1), cell-surface
protein encoded on chromosome 6 in humans (Rashidbaigi et al., 1986); and the second
chain of the complex receptor (IFN-γR2), also known as Accessory Factor (AF-1) (Soh et al.,
1994) located on the human chromosome 21 (Jung et al., 1988).

The cascade of events begins when the IFN-γ binds to IFN-γR1 and then, IFN-γR2 attaches
too, forming the receptor complex (Hibino et al., 1992). Jak1 links to IFN-γR1 and Jak2

with IFN-γR2. The 2 chains undergo oligomerization and the kinases (Jak1 and Jak2) get
associated with the part of the receptor inside the cell. These two are brought together
and activated by phosphorylation. STAT1a enrolment with the receptor complex results
in Tyr-701 phosphorylation and, subsequently, in its homodimerization (Shuai et al., 1993).
After the STAT1a dimer is formed as a consequence of the IFN-γ binding, it translocates
itself to the nucleus, more specifically at the promoter regions of IFN-γ-inducible genes,
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where it interacts with the GAS element and the induction of this gene’s family begins
(Kotenko et al., 1995).

The IFN III receptor (IFNλR) consists of a unique IFN-λR1 chain and a shared IL-10R2

chain. When heterodimerization is induced by IFNλ, the signal transduction pathway
of JAK-STAT begins. This comprises the phosphorylation of STAT2 and ISFG3 complex
activation, with later up-regulation of MHC class I antigen expression (Kotenko et al., 2003).

2.7 killer cell immunoglobulin-like receptors

The Killer Cell Immunoglobulin-like Receptors (KIR) are one type of inhibitory Natural
Killer Cell receptors (NKRs) expressed at NK cells and a subset of T cells. Usually, they bind
to a protein called the Major Histocompatibility Complex (MHC) class I molecules expressed
in all cells carrying a nucleus (Marsh et al., 2003).

MHC class I molecules are glycoproteins located at the surface of the cell that function
as highly specialized antigen-presenting molecules as they display stable complexes with
peptide ligands for further T cell (Janeway Jr et al., 2001).

Consequent to KIR engagement to MHC class I molecules, the activation of NK cells is
blocked as well as their functions (Marsh et al., 2003). The expression of KIR in NK cells
is stochastic initially, but they undergo an educational process to find the perfect balance
between killing dangerous cells to the organism and defend healthy self-cells (Fauriat et al.,
2010).

2.8 sequencing methods

The First Generation Sequencing (FGS) methods accommodate Maxam and Gilbert’s
chemical chain termination (Maxam and Gilbert, 1977), Sanger’s sequencing (or dideoxy
method) (Sanger et al., 1977) and, for commercial use, Applied Biosystems was the first
corporation to present ABI Prism 3700. The latter was used in the Human Genome Project
(Venter et al., 2001).

The primary form of Next Generation Sequencing (NGS), also known as Second Gen-
eration Sequencing (SGS), was GS 20 by 454 Life Sciences, posteriorly acquired by Roche
which then gave origin to other platforms as GS FLX titanium, GS FLX Titanium+, GS FLX
Titanium XLR700 and GS Junior. Other platforms introduced Genome Analyzer, GA II,
HiSeq 2000, HiSeq 100, MiSeq (by Illumina), SOLiD 3, SOLiD4 (by Applied Biosystems)
and Polonator G.007 (by Dover and Harvard Med School (Schatz et al., 2010).Illumina and
Roche/454 are the most used platforms.

As for the Third Generation Sequencing techniques, they are also known by the name of
Next-’Next Generation Sequencing’ (Schadt et al., 2010). These technologies are based on
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single-molecule sequencing (SMS) generating long sequence reads. They can be divided into
three categories (Treffer and Deckert, 2010):

1. Fluorescence-based methods (ex: Single-Molecule Real-Time sequencing - SMRT)

2. Non-fluorescent systems (ex: Nano-edges)

3. Raman-based methods (ex: Surface-Enhanced Raman Spectroscopy - SERS)

BAC-by-BAC sequencing is based on breaking the genome into smaller fragments. These
fragments will be incorporated into Bacterial Artificial Chromosome (BAC). Bacteria will
multiply, generating a ton of copies. Since the plasmid sequence is known, only the
foreign DNA is sequenced. Later, the DNA is mixed with DNA polymerase, primers, free
nucleotides and terminator nucleotides labeled with fluorescence. The reaction suffers
variations on temperature to separate one chain from another, the primer binds to the
DNA, the polymerase binds to the primer and starts sequencing until a terminator base is
added. This process is repeated several times to achieve fragments of various lengths. These
fragments will go through electrophoresis which will separate the fragments by size. In
the end, the terminator base of each fragment will light color depending on if it is an A, T,
C or G. By converting this color pattern into letters, the genetic sequence can be obtained.
The information sequenced is then overlapped to obtain the correct order of the sequence
(Zhang and Wu, 2001).

Illumina’s methods also consist of getting random fragments of DNA succeeded by binding
of known adapters. Once these adapters are linked, additional motifs, like sequencing primer
binding sites, indexes and complementary sequence to the flow cell oligo, are added through
reduced cycle amplification. Next, comes the time for amplification. Across the lanes of
the flow cell there are two types of oligos. Here, the first type of oligos hybridizes with the
DNA fragment on one specific end and, then, a polymerase builds a complementary strand.
The double-stranded molecule is therefore denatured and the template fragment is washed
away. The new strand bents over and attaches to the second type of oligo forming a bridge
structure where next a complementary strand is built by a polymerase molecule. The process
is repeated and occurs in several clusters simultaneously, cloning every fragment of the
template. Coming next, the double chain bridges are denatured, separating the strands and
the reverse strands are discharged. The extension of the primer produces the first read where
nucleotides tagged with fluorescence are excited and emit colored light. The sequencing
product is washed away, and the same steps are repeated to the reverse strand. The DNA
is separated based on the indexes attached at the DNA preparation step and subsequently
clustered based on their stretches of base calls. By pairing forward and reverse readings,
contiguous sequences can be obtained (Srinivasan and Batra, 2014).

SMRT (Single Molecule Real Time) sequencer was introduced by Pacific Biosciences. It
promotes long sequence reads in real-time. A single polymerase molecule is attached to
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the bottom of each zero-mode waveguide (ZMW) (Eid et al., 2009). A ZMW is a hole of
nanometers of size that prevents the visible laser light from passing in its integrity. The
ZMW enables the observation of individual molecules against the free labeled nucleotides
maintaining a high signal-to-noise ratio. The illumination of this orifice is through its
glass support with a detection volume of 20 zeptoliters (20 x 10

−21 liters). Nucleotides
diffuse at microseconds through the hole, but when the correct nucleotide is attached to
the growing chain that takes milliseconds. During the incorporation, the fluorescent label
it is excited and, when the cleavage is finished, it diffuses away. The sequential bursts of
light are detected and recorded. Along with this sequencing technology, comes other PacBio
technique, phospholinked nucleotides. Unlike the other sequencing technologies, these free
nucleotides have the fluorophore linked to the terminal phosphate instead of the base. This
means that when the polymerase cleaves the phosphate group the complementary DNA
chain is completely natural, which enables the exploitation of the inherited properties of
the polymerase, such as, high speed, long reed length and high fidelity. A different color
can be visualized when the polymerase attaches one of these nucleotides to the DNA strand
(Schadt et al., 2010).

2.9 tools and software used

The growing information and the development of bioinformatics tools to access and assess
information promote new findings and deeper knowledge.

From students, passing through science investigators to health-related workers, the range
of people using these assets is incredibly wide. This happens because a significant part of
what is created is open source and easy to work with, but it does not mean that handling
raw data and use complex software can be performed by all.

In this section, a description on what tools and software were used will be provided.

2.9.1 Biological Databases and Accessing Genomes

To conduct this study, it was necessary to resort on Biological Databases (DB). Examples
of this include:

• Ensembl (Hunt et al., 2018) that processes genomic data of model organisms and
Chordata. In this database, there is the alignment of protein and mRNA sequences to
the DNA sequence in order to annotate the genes and transcripts. It has tools such as
VEP, BLAST or BLATsequence search and assembly converter. The jobs can be saved
as long as the user is logged into their system (Cunningham et al., 2014).



2.9. Tools and Software Used 16

• Biogrid (Oughtred et al., 2018) (Biological General Repository for Interaction Datasets)
which is an open-access DB where chemical, genetic and protein interactions are
annotated for humans and the principal model organisms. The interface is user-
friendly and allows a dynamic interaction network view. The user can apply filters to
the genetic or protein data, bioactive compounds or targets. Data can be downloaded
without restrictions (Chatr-Aryamontri et al., 2017).

• UniProt (uni, 2016) is a protein knowledge resource created by combining the Swiss-
Prot, TrEMBL and PIR-PSD databases. It is open access and Advanced search, BLAST,
ClustalO, bulk retrieval/download, ID mapping are some of its tools.

• NCBI (https://www.ncbi.nlm.nih.gov/) (Coordinators, 2017) is part of the National
Institutes of Health (NIH). It combines several databases. GenBank (https://www.
ncbi.nlm.nih.gov/genbank/) which is a genomic DB of annotated sequences that has
no restrictions on the usage of data. It is part of the International Nucleotide Sequence
Database Collaboration, where the exchange of genomic information happens on a
daily basis. Other databases included are Protein (DB for records of protein sequences),
PubMed (DB of biomedical literature), and so on.

2.9.2 Sequences Extraction and Alignment Tools

One tool of major importance was MEGA - Molecular Evolutionary Genetics Analysis v5.2
(Tamura et al., 2011). Its use relied on sequences alignment, data view, data exportation in
fasta format as also for molecular evolution or phylogenetic analyses. This software includes
alignment software such as MUSCLE (MUltiple Sequence Comparison by Log-Expectation)
(Edgar, 2004a) (Edgar, 2004b) and ClustalW (Coordinators, 2017).

Another important tool was Exonerate v2.2 software (Slater and Birney, 2005). Exonerate
is a tool that enables pairwise sequence comparison by sequence alignment using a variety
of alignment models. These models can be either exhaustive dynamic programming or a
variety of heuristics. This tool also provides visual information of the alignment (Figure 7)
by creating a template of amino acid sequence query, symbols representing how identical
are the query and the target (”|”, ”!”, ”:”, ”.” and white space, from the most to the least
identical), the target in amino acids and, finally, the target in nucleotides. It also provides a
quality metric, the "Raw score", which is a value indicative of the quality of the alignment
considering the query coverage, the higher the score, better is the match.

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
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Figure 7: Example of Exonerate v2.2 (Slater and Birney, 2005) output file.

2.9.3 Programming Languages and Statistical Analysis

Processes Optimization

Python (van Rossum, 1995) is a programming language that focuses on code readability,
its syntax is concise and relies on libraries, modules and frameworks. When compared
to other programming languages, one same program developed previously developed in
another language, in Python requires fewer lines of code. This language is used for Web
and Internet Development, for Scientific and Numeric computing, for Educational purposes,
Software Development and Business Applications. Here, this resource was used to create
scripts for process optimization.

Statistical Analysis

R (R Core Team, 2013) is a Free Software for graphical and statistical development. Similar
to S language, it was developed by John Chamber and colleagues at Bell Laboratories.
Among the main reasons to use R are its publication-quality plots, along with the fact that it
provides a wide range of graphical and statistical analyses techniques (linear and nonlinear
modelling, classical statistical tests, clustering, classification, ...).

R software effectively handles data and has a collection of intermediate tools for data
analysis. Its language includes conditionals, loops, recursive functions defined by the user
and input/output facilities, which make it a simple but efficient programming language.
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M E T H O D S

The question here is to determine whether, PacBio or other technology that emerged before,
produces higher quality information, i.e. which one is more reliable. To comparatively
assess immunological genes families from mammals’ genomes obtained with different
methodologies, we went through a four-stage process.

First, we selected the information to work on, the species and genomes and genes’ families.
Second, we extracted the previously mentioned data. At UniProt, we obtained the amino

acid sequence of the proteins from the selected families of the Homo sapiens species. Then, a
tblastn was performed for every sequence from UniProt and we saved the coding region.
The genomes were downloaded mostly from NCBI and the Lynx canadensis’ from GitHub.

At the third stage, we produced new data. On MEGA software, we built the queries in
amino acids. By that time, we were able to run Exonerate v2.2 software and align those
amino acid queries to the selected genomes. Then, the aligned sequences were extracted as
well as complementary information provided by Exonerate with a Python developed tool.

Finally, the information on the picked parameters were organized in tables and, then the
appropriated statistical analysis were performed using R statistical software. These steps are
demonstrated in Figure 8 and will be described in detail bellow.

Figure 8: Scheme of the Methodology Process.
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1. We selected families of genes involved in immunity due to their importance. In this
case, the selected families were INFR, CLR, KIR, NLR and TLR. The NLR family was
divided in NOD and NLRP (NOD Like Receptors P). As we worked with mammalian
genomes, the model organism for query construction was Homo sapiens.

2. From UniProt database, protein sequences of genes from the families mentioned above
were downloaded.

3. At NCBI, tblastn (protein to nucleotide) run for each gene retrieved from UniProt. The
objective was guarantee that we obtained all available paralogs for each gene family.
The choice of the target was the one with the higher “max score”, “query coverage”
and “par identity” and lower “E-value” the CDS (coding region) of the gene were
downloaded in the fasta format.

4. From https://www.ncbi.nlm.nih.gov/Traces/wgs/ we downloaded genomes of in-
terest. The exception was the genome of Lynx canadensis that was retrieved from
https://vgp.github.io/genomeark/Lynx_canadensis/. In this case, except for the
Lynx Canadensis, 2 different genomes of the same organism were used. For each species,
one of them is sequenced with PacBio and the other one is sequenced by a previous
method, as can be seen in Table1.

Table 1: Sequencing method for each genome.

Species Genome ID Assembly method

Homo sapiens RBJD01 PACBIO

DAAB01 Illumina

Felis catus AANG04 PACBIO

ACBE01 Illumina

Ornithorhynchus
anatinus

RZJT01 PACBIO

AAPN01 Shotgun plasmid, fosmid end and BAC

Rhinolophus
ferrumrquinum

RXPC01 PACBIO

AWHA01 Illumina

Lyxn canadensis primary PACBIO

5. Later, at MEGA v5.2 (Tamura et al., 2011), the query was constructed with the amino
acidic sequence of receptors’ genes of Homo sapiens.

6. For every genome, Exonerate v2.2 software (Slater and Birney, 2005) was run against
the query. The output files contain the regions of the genome were the sequences on
the query align. These sequences with good raw scores were extracted to a fasta file
with a Python developed tool named cut.py (See Appendix− Listing 3.1).

https://www.ncbi.nlm.nih.gov/Traces/wgs/
https://vgp.github.io/genomeark/Lynx_canadensis/
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7. Next, these extracted sequences were carefully analyzed to construct a table with
parameters that are useful to conclude about the quality of the genome. Those
parameters were fragments (in how many fragments were the gene), gene integrity
(number of nucleotides extracted/number of nucleotides of the gene in the query),
number of ambiguities (number of ’N’ in the extracted sequence) and number of
artifacts (number of ’#’ or ’*’ that may represent a pseudogene).

8. In R software (R Core Team, 2013), each family were analyzed. The data were organized
in dataframes. One for Number of Fragments and other for the Integrity of genes of
each family. The normality of the data was tested and then the data was tested with
the test fitted for the results of the normality. Boxplots were also made to a quick and
easy view of data.

Exonerate v2.2 software (Slater and Birney, 2005) was executed through the command
exonerate -model protein2genome -q query.fas -t 1.fsa_nt -showcigar yes -

showquerygff yes >2.out.
The -model protein2genome means that we aligned a protein to genomic sequence. The

-q query.fas was the query file name and -t 1.fsa_nt was target file, this meant that every
directory had files with these names. -showcigar yes is a way of displaying genomic features
in 9 fields, these being query identifier, query position at alignment start, query position
alignment end, strand of query matched, target identifier, target position at alignment start,
target position at alignment end, strand of the target matched and the raw alignment score,
as we can see at the bottom of Figure 7. The part >2.out is where we put the information
into a file, in this case, it was the file "2.out" but the number changes according the directory.
For each species genome there are 1 or more fragments, all the fragments were put in a
folder number from 1 to the total number of fragments, so the file "2.out" corresponds to the
results of the screening where the target file is the second fragment of that genome.

To extract the information from these output files we created a tool named cut.py (Listing
3.1) in Python (van Rossum, 1995). An output file consists in a template of aminoacid
sequence query, simbols ("|", "!", ":", "." and white space) representing how identic are the
query and the target, the target in aminoacids and, finaly, the target in nucleotides. Basically,
this is very similar to what is represented in Figure 7 but without the header. Below, is
represented the implementation of cut.py.

import os

path = os.getcwd() #save the directory

for filename in os.listdir(path): #for every file in that directory

if filename.endswith("cut.txt"):#if it is a file text

name = filename #save the file name

f = open(name, ’r’, newline = ’\n’) #open that file
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i = 0

j = 4

inf = []

for line in f: #go through every line of the file

i += 1

if i == j : #when it gets to line with the DNA sequence

inf.append(line) #that line is saved

j += 5 #jump to the next line containing DNA information

f.close() #close the file

upper=[] #empty list to save all the uppercase letters

for el in inf: #for each element at the inf list (strings of DNA)

for i in el: #parse through every character

if i.isupper(): #if it is an uppercase character

upper.append(i) #it is saved on this list

result = ’’.join(upper) #join every element on the upper list on a single string

num = name.count(’_’) #counts the number of "_" on the origin file

final_name= name.split(’_’) #variable that holds the name of the original file in

parts

title = ’’

for i in range(0, num): #creates a variable to name the new fasta file

title += final_name[i]

if i < num-1:

title+=’_’

title1 = title + ’.fas’ #the name is given by the name of the mother file, without

the "cut.txt" part and adding the fasta file extension

j = open(title1, ’w’) #New file with a title created previously

j.write(’>’ + title + ’\n’) #the first line is a fasta header characterized by ">"

and followed of the title of the new file

j.write(result) #inserts the string holding the DNA sequence

j.close() #the file is closed

Listing 3.1: Implementation of cut.py

After we got the genes sequences extracted, we collect the information about the selected
parameters and went testing to see if there were significant differences between the two
groups. To perform that, the data collected were organized by family, as mentioned before.
We use Shapiro-Wilk test to test data for normality of distribution and, due to results, use
a non-parametric test, which is compared to the equivalent of the independent t-test, the
Mann-Whitney U test. All the tests were performed for a confidence level of 95%.



4

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

For the present work, it was evaluated whether two different genome sequencing
technologies such as PacBio and older methods, like Illumina and Bac-by-Bac, produce
sequence quality differences. For that it was performed a screening of immunological
markers that were the basis to evaluate some quality parameters like quantity of fragments,
wholeness of gene and quantity of artifacts.

The Number of Fragments, Genes Integrity and Artifacts were organized in tables as the
one represented in Table 2 for IFNR family. The tables of other families can be consulted in
Tables 7 to 11.

The immunological markers we selected for this analysis were found in all species with
exception of the KIR family that were only found on the human genome sequenced with
PacBio (Table 11). For this reason, these results were not accounted.

Other exception was Ornythorinchus anatinus. We verify that this species lacks a lot of
the selected immunological markers present in other mammals, like Homo sapiens, and
we were only able to find genes of CLR soluble and CLR type I subfamilies (only in the
genome sequenced with PacBio), 2 genes out of 14 in NLRP subfamily (again, only in the
one sequenced PacBio) and NOD and TLR families (in both analyzed genomes). IFNR, CLR
type II and KIR were not found. This might be explained by the fact that this species is
a very basal mammal. The pool of immunity related molecules reveals major differences,
although the major organs of this species are identical to other mammals (Diener and Ealey,
1965). The O. anatinus belongs to a taxon called Monotremata that belongs to the subclass
Prototheria. Prototherians and Therians divergence occurred around 166 million years ago
(Bininda-Emonds et al., 2007).

The phylogenetic distance between O. anatinus and other considering mammals in this
study is so high that even if this monotreme could present the immunological markers, they
might be so distinct that would not align with the query sequence. One example of this
unexpected result is that none of the searched KIR genes were found despite it was reported
at least 214 genes in Wynne and Tachedjian (2015) (human only present 15 KIR genes (Kelley
et al., 2005)).

22



23

Despite the limited amount of data retrieved from O. anatinus species, most of the genes
found were retrieved from PacBio genomes.

Within primates KIR genes have impressively diverge at fast rate with species-specific
expansion (Sambrook et al., 2005). For example, gorilla has 11 identified KIR genes, of which
only two being human orthologs (Rajalingam et al., 2004); The rhesus macaque solely has
five of these genes identified (Hershberger et al., 2001; LaBonte et al., 2001); Chimpanzee
has three human orthologs of the seven identified KIR genes (Khakoo et al., 2000). If there
are so many differences between primates that are more closely related, it is normal that
the differences between humans and the other species are enough to not find genes of this
family in the remaining species. Thus, in the human species KIR genes were found just in
the PacBio sequenced genome which supports the preposition that this sequencing method
is superior in quality.

Table 2: Results of genomes comparisons of Inteferon Receptors. For each genome, it is represented
the number of fragments how many different parts the gene is divided; The integrity of the
gene ratio between the number of nucleotides extracted from Exonerate and the number
of nucleotides from the original query; The number of artifacts either "#" or "*" and they
represent insertions and stop codons respectively.

Genome Sequencing IFNR

species Prefix Method IFNAR1 IFNAR2 IFNGR1 IFNGR2 IFNLR1

Homo sapiens

RBJD01 PacBio
Number of fragments 1 1 1 1 1

Integrity of gene 1671/1674 1542/1548 1467/1470 1011/1014 1557/1563

Artifacts 0 0 0 0 0

DAAB01 Illumina
Number of fragments 6 6 5 3 6

Integrity of gene 1470/1674 1449/1548 1386/1470 507/1014 1401/1563

Artifacts 0 0 0 0 0

Felis catus

AANG04 PacBio
Number of fragments 1 1 1 1 1

Integrity of gene 1656/1674 1461/1548 1116/1470 981/1014 1539/1563

Artifacts 0 0 0 0 0

ACBE01 Illumina
Number of fragments 4 4 5 4 3

Integrity of gene 1286/1674 1296/1548 1284/1470 762/1014 1347/1563

Artifacts 0 0 0 0 0

Ornithorhynchus
anatinus

RZJT01 PacBio
Number of fragments 0 0 0 0 0

Integrity of gene 0/1674 0/1548 0/1470 0/1014 0/1563

Artifacts - - - - -

AAPN01

Shotgun plasmid,
fosmid end
and BAC

Number of fragments 0 0 0 0 0

Integrity of gene 0/1674 0/1548 0/1470 0/1014 0/1563

Artifacts - - - - -

Rhinolophus
ferrumequinum

RXPC01 PacBio
Number of fragments 1 1 2 1 2

Integrity of gene 1662/1674 1503/1548 1389/1470 944/1014 1491/1563

Artifacts 0 0 0 0 0

AWHA01 Illumina
Number of fragments 1 2 0 1 1

Integrity of gene 1590/1674 987/1548 0/1470 483/1014 495/1563

Artifacts 0 0 - 0 0
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The number of fragments, gene integrity and artifacts, were subjected to Shapiro-Wilk
normality test. The results are shown in Table 3 - 5. For a confidence level of 95%, most of
the results have p-values inferior to 0.05 which means that the data do not follow a Gaussian
distribution. The exceptions were found at NLRP genes sequenced with the older methods
(in genes integrity data frames). In these cases, where only one variable passes the normality
test, it was likewise used non-parametric tests in order to ensure the reliability of the results.

The non-parametric test used was the U Test from Mann-Whitney and the results can be
consulted in Table 3 - 5. The values signed with ”*” are the ones where the p-value is less
than the significance value, and we can reject the null hypothesis and accept the alternative
one, where we assume that there are significant differences between the samples. Contrary to
the ones not signed with "*" where we fail to reject the null hypotheses and accept that there
are no significant changes. Moreover, where the U-Test didn’t show significant differences,
by looking at the mean and median, we see that those values are always favorable to PacBio
group, i.e. in the number of fragments resume table, the mean for the IFNR, CLR and NLRP
families is always closer to 1 and the median is exactly 1. When it comes to Old Methods
group, although the median for CLR and NLRP is 1, it is 2.5 for IFNR family, and the average
of the results ranges from 1.857 to 3.821.

Table 3: Summary results of the fragments number data set. Represented are the mean, median,
standard deviation and p-value for Shapiro-Wilk normality test for PacBio and for Old
Methods, as well as the p-value for U-test of Mann-Whitney of PacBio against the Old
Methods. The p-values in U-Test that are inferior than the significance level are signed with
"*".

Mean Median Standard Deviation Shapiro Wilk Test U-Test Mann Whitney

PacBio Old Methods PacBio Old Methods PacBio Old Methods PacBio Old Methods p-value

IFNR 0.850 2.550 1.00 2.50 0.5871 2.3050 0.0002 0.0093 0.0544

CLR 0.821 3.821 1.00 1.00 0.0395 0.0863 5.39e-09 0.0005 0.3149

NLRP 0.714 1.857 1.00 1.00 0.5943 3.1009 2.048e-08 2.413e-10 0.7278

NOD 0.969 5.562 1.00 3.00 0.3095 7.9350 3.59e-10 5.83e-08 2.95e-07*
TLR 1.050 2.425 1.00 1.00 0.3889 2.9603 3.4e-12 4.04e-09 0.0006*

Table 4: Summary results of the genes integrity data set. Represented are the mean, median, standard
deviation and p-value for Shapiro-Wilk normality test for PacBio and for Old Methods, as
well as the p-value for U-test of Mann-Whitney of PacBio against the Old Methods. The
p-values in U-Test that are inferior than the significance level are signed with "*".

Mean Median Standard Deviation Shapiro Wilk Test U-Test Mann Whitney

PacBio Old Methods PacBio Old Methods PacBio Old Methods PacBio Old Methods p-value

IFNR 0.9697 0.7590 0.9846 0.8495 0.0728 0.2004 0.0018 0.0205 1.31e-05*
CLR 0.9824 0.8300 0.9993 0.8635 0.0371 0.1516 2.86e-07 0.0118 5.644e-05*
NLRP 0.9408 0.6745 0.9986 0.6642 0.1057 0.1506 3.057e-08 0.2716 1.272e-08*
NOD 0.9025 0.8017 0.9967 0.8574 0.2160 0.1812 8.064e-09 0.0072 0.0002*
TLR 0.9834 0.9338 0.9969 0.9746 0.0395 0.0863 8.52e-11 2.432e-06 0.0014*

From the previous tables, the information was reorganized to create boxplots (Figures
9 and 10). Based on Figure 9, which correspond to boxplots of the Number of Fragments,
we verify that the median of fragments in PacBio sequencing method rounds 1 and it is
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Table 5: Summary results of the artifacts data set. Represented are the mean, median, standard
deviation and p-value for Shapiro-Wilk normality test for PacBio and for Old Methods, as
well as the p-value for U-test of Mann-Whitney of PacBio against the Old Methods. The
p-values in U-Test that are inferior than the significance level are signed with "*". NA - Not
Applicable since there are no results.

Mean Median Standard Deviation Shapiro Wilk Test U-Test Mann Whitney

PacBio Old Methods PacBio Old Methods PacBio Old Methods PacBio Old Methods p-value

IFNR NA NA NA NA NA NA NA NA NA

CLR 0.565 0.526 0 0 1.9028 1.2188 3.28e-09 5.62e-07 0.5371

NLRP 0.194 0.276 0 0 0.5767 0.5914 3.91e-11 1.41e-08 0.4661

NOD 0.133 0.345 0 0 0.4342 0.8140 1.93e-10 5.05e-09 0.2541

TLR 0.075 0.359 0 0 0.3499 0.8107 3.04e-13 2.94e-10 0.0391*

always inferior of the Old Methods. Contrarily in Figure 10, the median of gene integrity in
PacBio is globally higher than the older methods. Other aspect that can be observed in these
graphics is that the standard deviation is always higher in the older methods.

(a) 1a (b) 1b (c) 1c

(d) 1d (e) 1e

Figure 9: Boxplots of the Fragments Number of CLR, IFNR, NLRP, NOD and TLR genes.

The "Number of Fragments" reflects the number of pieces extracted to assemble the gene.
The number of fragments is not directly correlated with the gene coverage, but the higher
the number of fragments, the higher the possibility of assembly errors as also more chances
of loss of nucleotides. Looking at the same gene within the same species, where there
are less fragments the coverage is usually higher, as well as the fragments from a lower
fragmented gene holds more base pairs when compared to the its more fragmented version.
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(a) 1a (b) 1b (c) 1c

(d) 1d (e) 1d

Figure 10: Boxplots of Genes Integrity of CLR, IFNR, NLRP, NOD and TLR genes.

. We detected significant differences at number of fragments between PacBio and older
methods only in the NOD and TLR genes families. This might be explained by the size of
the sample, as these data sets have more genes as the others. It is easier to obtain lower
p-values with bigger size data, which is true for these two. Still on this subject, although
these two families shown significant differences, the NOD family is, in fact, the one where
the number of fragments is higher in the Old methods group, reaching the 38 fragments
in NOD4 gene at the Illumina’s genome of Homo sapiens species, while in TLR family the
maximum number of fragments is 16 in TLR9 on the same genome. The size of genes in
those families might be the reason for this discrepancy of NOD genes comparably to other
families, once NOD genes size ranges from 2862-5601 base pairs (bp) and, for example TLR
genes vary from 2355bp to 3150bp.

The "Integrity of Gene" parameter measures how many nucleotides of the sequence were
extracted comparatively to the number of nucleotides exists in the query. The closer the value
is to 1, the similar size are shared between extracted sequences and query and, consequently,
more integer is the gene. The human genome sequenced with PacBio is the one where
the integrity is closer to one. This fact also could be related to the used queries belong to
Homo sapiens and in remaining species it has the phylogenetic distance effect. In cases where
the integrity is higher than one, that is explained by higher size of extracted sequences,
comparing with used query, it might occurred nucleotide or codon insertions. Relatively to
the integrity between the two sequencing systems in other species, the pattern is sustained,
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as the integrity is consistently higher in PacBio. By testing these samples, we get that there
are significant differences for all the families, and this is the primary source of evidence that
PacBio is a better sequencing technology than the previously existing methods. More than
extracting genes in 1 fragment, the important part is to extract the genomic information as
complete and intact as possible.

Non-functional copies of genes where the frame is disrupted are called pseudogenes.
These can be a pool of diversity (by recombining with their functional paralogous) or even
regulate the gene expression. Some genes diversity occurs by conversion of the gene derived
from alleles or paralogous genes. This conversion can also occur from pseudogenes, so
the sequence, as well as other functions, may be conserved. They could be very conserved
and even be active as they can lose some specific functions, retain others or even gain
new ones (Ortutay et al., 2007) (Balakirev and Ayala, 2003). Here, they are detected by the
emergence of "#" or "***", what we called artifacts, in the middle of the sequence, where the
first represents one insertion and the second a stop codon. TLR was the only family where
we found significant differences for the different technologies. In IFNR they were not found
at all. As the number of artifacts found for the selected immunological markers is reduced,
and this is why this is not considered a good parameter for reliable information.

The actual available version of Lynx canadensis genome was sequenced with PacBio
technology. Here, this genome acts as a comparison metric. It is a very recent genome, that
dates of 10/01/2019. Some genes were not found in this species, but the ones we found are
discriminated in Table 6. All detected genes were extracted in a single fragment, with NOD4

that is the larger gene in this screening being extracted in two fragments, and the integrity
of the genes is also high, generally, with the exception of IFNGR1 which is about half. The
missing genes and the lower integrity of IFNGR1 can be explained with loss of information
during sequencing, or even loss of certain functions. This comparison metric, produced
quality results and supports the premise that the third generation of sequencing methods
has higher reliability, which is in accordance to the other information presented here.
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Table 6: Results of gene extraction for Lynx canadensis genome. For each family of genes, it is
represented the number of fragments how many different parts the gene is divided; The
integrity of the gene ratio between the number of nucleotides extracted from Exonerate and
the number of nucleotides from the original query; The number of artifacts either "#" or "*"
and they represent insertions and stop codons respectively.

CRL soluble CLR I CLR II
MBL2 MRC1 MRC2 CLEC4E CLEC6A CLEC7A CLEC9A

L
y
n
x

c
a
n
a
d
e
n
s
i
s

Number of fragments 1 1 1 1 1 1 1

Integrity of gene 608/747 4368/4371 4449/4440 618/660 606/630 741/744 726/726

Artifacts 2 0 0 0 0 3 1

IFNR
IFNAR1 IFNAR2 IFNGR1 IFNGR2 IFNLR1

Number of fragments 1 1 1 1 1

Integrity of gene 1653/1674 1500/1548 678/1470 1116/1014 1536/1563

Artifacts 0 0 0 0 0

NLRP
NLRP1 NLRP2 NLRP3 NLRP4 NLRP5 NLRP6 NLRP7

Number of fragments 0 0 1 1 1 1 0

Integrity of gene - - 3120/3111 2952/2985 2985/3603 2598/2679 -
Artifacts - - 0 0 0 0 -

NLRP
NLRP8 NLRP9 NLRP10 NLRP11 NLRP12 NLRP13 NLRP14

Number of fragments 0 1 1 0 1 1 1

Integrity of gene - 2976/2976 1854/1968 - 3186/3186 2661/3132 2916/3282

Artifacts - 0 0 - 0 0 0

TLR
TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7

Number of fragments 1 1 1 1 0 1 1

Integrity of gene 2352/2361 2354/2355 2715/2715 2478/2520 - 2388/2391 3153/2150

Artifacts 0 1 0 0 - 0 0

TLR NOD
TLR8 TLR9 TLR10 CIITA NOD1 NOD2 NOD3

Number of fragments 1 1 1 1 1 1 1

Integrity of gene 3126/3126 3084/3099 2428/2436 3381/3393 2862/2862 3084/3123 3183/3198

Artifacts 0 0 1 0 0 0 0

NOD
NOD4 NOD5 IPAF NAIP

Number of fragments 2 1 1 1

Integrity of gene 2802/5601 2932/2928 3066/3075 4148/4212

Artifacts 0 13 0 5
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C O N C L U S I O N S

5.1 conclusions

In this work, we used several immunological markers to compare PacBio sequencing
technology against older methods (like Illumina and Bac-by-Bac). The parameters proposed
for comparison proposed were the Number of Fragments, Integrity of Gene and Artifacts.

We conclude that in PacBio genomes, the number of fragments is lower and comes with
more genetic information than a fragment of a highly fragmented gene and that prevents
the loss of information in the assembly stage.

The independent analysis of Lynx canadensis genome, which is a recent genome sequenced
with PacBio technology, exhibits good results (genes in single fragments and higher integrity).
This also enforces the importance of PacBio sequencing technology when compared with
older methods.

We also verify that some immunological markers are highly variable across species and the
Ornythorinchus anatinus lacks a lot of immunological markers present in humans and other
mammals. Despite the limited data obtained in this species, it was easily to find information
on PacBio sequenced genome.

But the result which supports that PacBio is best preforming of the methods surveyed
is without a doubt the gene integrity, that was always closer to one (and, for that reason,
better) in this method comparatively to the old methods group.

5.2 prospect for future work

Genomics, proteomics and bioinformatics tools can reveal signatures of selection, genetic
variability and mutation, and then realize the molecular adaptations. Moreover, regarding
these fields of research, phylogenetic models, ecological interactions, interpretation of
phenotypic traits related to the species’ ancestry and responses to nucleotide and/or amino
acid variation can be attained by studying molecular changes which allows the scientific
community to unravel complex mechanisms linked to organisms adaptation based on their

29
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DNA and proteins changes. This may provide new solutions for diseases, prevent species
extinction and, this way, contribute to a more balanced ecosystem.

There is much other aspects in immune field that can be explored because, for example,
humans comprise a total of 847 genes and there are a lot more systems to be studied. It is
indispensable to extend the set of genes undergoing the screening process. The same goes
to other species like birds where genomes present high G+C content which often leads to
genome sequencing mistakes or missing information (Hron et al., 2015). This highlights the
need to further test if there are differences between distinct sequencing methods in recording
high G+C content sites.
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a.1 genomes comparisons tables

Table 7: Results of genomes comparisons of C-type Lectin Receptors. For each genome, it is repre-
sented the number of fragments how many different parts the gene is divided; The integrity
of the gene ratio between the number of nucleotides extracted from Exonerate and the
number of nucleotides from the original query; The number of artifacts either "#" or "*" and
they represent insertions and stop codons respectively.

Genome Sequencing CLR soluble CLR I CLR II

species Prefix Method MBL2 MRC1 MRC2 CLEC4E CLEC6A CLEC7A CLEC9A

Homo sapiens

RBJD01 PacBio
Number of fragments 1 1 1 1 1 1 1

Integrity of gene 747/747 4371/4371 4440/4440 660/660 630/630 744/744 726/726

Artifacts 0 0 0 0 0 0 0

DAAB01 Illumina
Number of fragments 4 23 27 4 0 5 5

Integrity of gene 684/747 3687/4371 2850/4440 612/660 - 744/744 726/726

Artifacts 0 5 1 0 - 0 0

Felis catus

AANG04 PacBio
Number of fragments 1 1 1 1 1 1 1

Integrity of gene 729/747 4368/4371 4449/4440 618/660 606/630 741/744 726/726

Artifacts 1 0 0 0 0 0 1

ACBE01 Illumina
Number of fragments 2 15 6 1 2 4 2

Integrity of gene 645/747 3748/4371 4356/4440 617/660 399/660 483/744 417/726

Artifacts 0 2 0 0 0 0 1

Ornithorhynchus
anatinus

RZJT01 PacBio
Number of fragments 1 1 1 0 0 0 0

Integrity of gene 624/747 4314/4371 4430/4440 - - - -

Artifacts 2 0 9 - - - -

AAPN01

Shotgun plasmid,
fosmid end and BAC

Number of fragments 2 0 0 0 0 0 0

Integrity of gene 477/747 - - - - - -

Artifacts 1 - - - - - -

Rhinolophus
ferrumequinum

RXPC01 PacBio
Number of fragments 1 1 1 1 0 1 1

Integrity of gene 744/747 4311/4371 4440/4440 621/660 - 729/744 726/726

Artifacts 0 0 0 0 - 0 0

AWHA01 Illumina
Number of fragments 1 0 1 1 0 1 1

Integrity of gene 744/747 - 4329/4440 588/660 - 489/744 594/726

Artifacts 0 - 0 0 - 0 0
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