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ABSTRACT

Invasive fungal infections affect millions of people around the world, and they are associ-
ated with high mortality rates, which in some cases can reach 9o%. These infections have
a high incidence in immunosuppressed patients. The most frequent pathogens that cause
this type of infections belong to the Candida genus. Most of them have the ability to de-
velop molecular mechanisms to fight antifungal treatment, which leads to the increase of
antifungal resistance.

The remarkable evolution in speed and cost of sequencing technologies, such as Next-
Generation Sequencing, allowed whole genomes to be sequenced in a single run, becoming
a solution with advantages over traditional methods. In the last years, the number of se-
quenced genomes increased dramatically. However, the number of bioinformatics systems
to treat and analyze these data did not follow this growth, especially in clinical mycology.

So, to address the lack of bioinformatics solutions applied to clinical mycology, a frame-
work has been developed to allow the identification and detection of antifungal resistance
in different species of the Candida genus. The framework is prepared to receive sequencing
files from Illumina platforms and has the ability to identify a high range of fungi species.
The detection of antifungal resistance is available for Candida albicans, Candida glabrata, Can-
dida parapsilosis and Candida tropicalis, regarding ERG11 and FKS1 genes. The framework
developed can be a great solution for any microbiology laboratory equipped with Next-
Generation Sequencing platforms.

Keywords: Antifungal resistance detection, Candida species, Fungi identification, Next-
Generation Sequencing
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RESUMO

Em todo o mundo milhares de pessoas sdo afetadas por infe¢des flingicas invasivas. Estas
infe¢Oes estdo associadas a altas taxas de mortalidade, que em alguns casos pode ultrapas-
sar 0s 90%. A maioria das pessoas infetadas sdo doentes imunodeprimidos. O patogéneo
mais frequente causador deste tipo de infegdes pertence as espécies do género Candida. A
maioria tem a capacidade de desenvolver mecanismos moleculares para o tratamento com
antifingicos, o que tem levado a um aumento da resisténcia aos antifingicos.

Com o crescimento das tecnologias de sequenciagdo, como é o caso de Next-Generation
Sequencing, permitiu a sequenciacdo do genoma inteiro numa tnica reac¢do, tornando-se
uma solugdo com grandes vantagens em relagdo aos métodos tradicionais. Nos tdltimos
anos, o niumero de genomas sequenciados aumentou exponencialmente. No entanto, o
nimero de sistemas bioinformaticos de tratamento e andlise deste tipo de dados ndo seguiu
a mesma tendéncia, especialmente em micologia clinica.

De forma a combater a auséncia de solugdes bioinformadticas aplicadas a micologia clinica,
foi desenvolvida uma framework que permite a identificacdo e a dete¢do de resisténcia aos
antifiingicos em espécies do género Candida. A framework recebe ficheiros de sequenciagdo
provenientes da plataforma Illumina e tem a capacidade de identificar um grande ntimero
de espécies de fungos. A detecdo de resisténcia aos antifiingicos estd disponivel para Can-
dida albicans, Candida glabrata, Candida parapsilosis e Candida tropicalis relativamente aos genes
ERG11 e FKS1. A framework desenvolvida podera ser uma boa solugdo para qualquer labo-
ratério de microbiologia equipado com plataformas de Next-Generation Sequencing.

Palavras-Chave: Espécies de Candida, Identificacao de fungos, Next-Generation Sequencing,

Resisténcia aos antiftingicos
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1

INTRODUCTION

The incidence of Invasive Fungal Infections (IFIs) in critically ill patients is increasing. The
use of antineoplasic and immunosuppressive drugs, empiric antifungal therapy or prophy-
laxis and indwelling medical devices are risk factors that contribute to this trend. The
increase of fungal infections is associated with the high rates of morbidity and mortality.
Patients with burns, neutropenia, Human Immunodeficiency Virus (HIV) infection and
pancreatitis are more prone to IFIs (Yapar, 2014; Enoch et al., 2006).

Candida species are commonly found as human commensals on the mucosal surfaces
of gastrointestinal and genitourinary tracts and skin. They are versatile organisms and
their success in the infection process is related with their pathogenicity and virulence
mechanisms, as well as the immunologic condition of the patient. They are opportunistic
pathogens, representing a serious health care problem with mortality rates ranging 50%-
75% (Enoch et al., 2006). More than 9o% of IFIs are caused by Candida albicans, Candida
glabrata, Candida parapsilosis and Candida tropicalis (Sardi et al., 2013).

The taxonomic identification and Antifungal Susceptibility Testing (AST) of the fungi
species involved on IFIs are crucial for the effectiveness of antifungal treatment. Thus, the
current work presents a solution for identification and detection of antifungal resistance in
species of the genus Candida, in order to help clinicians choose the most adequate treatment.

The current chapter addresses the context and motivations of the present work, the ob-

jectives defined, and the document organization.

1.1 CONTEXT AND MOTIVATION

The rapid and correct identification of Candida species can play an important role in infec-
tion management, decreasing mortality rates. There are a diversity of methods for identify-
ing yeast isolates from clinical samples. Conventional methods are based on morphological
and physiological attributes and are time-consuming. Thus, the development of new tech-
nologies for diagnosing Invasive Candidiasis (IC) is of foremost importance (Urban et al.,

2014).



1.2. Objectives

Antimicrobial susceptibility testing plays an important role in clinical microbiology to de-
tect antifungal resistance and to guide clinicians in therapy approaches. With the emergence
of antifungal resistance, methods to detect and quantify resistance of clinically important
yeasts are imperative. The gold standard antimicrobial susceptibility testing is mostly per-
formed using methods relying on microbial growth, which are long-lasting, hence more
concise alternatives have been actively sought for (Rex et al., 2001).

With the growth of molecular technologies and the emergence of new approaches of
functional genomics, such as Next Generation Sequencing (NGS), it has been possible to
get the sequencing of the whole genome of numerous pathogens in one sequence run. The
application of NGS has revealed several advantages compared with traditional methods,
such as the improvement of quality of the sequencing, reduced costs and a decreasing of
sequencing time. This technology has been proven to be useful in medical microbiology and
the next step will be the introduction of these new techniques into routine microbiological
diagnostics (Deurenberg et al., 2017; Zoll et al., 2016).

Due to the lack of bioinformatics solutions applied to clinical mycology, especially related
to the treatment and analysis of data produced by NGS assays, in this work, a framework
was developed with two main purposes: the identification and detection of antifungal
resistance in Candida species. The solution is intended to be user-friendly, and the goal is,

in the future, its use in any microbiology laboratory equipped with NGS platforms.

1.2 OBJECTIVES

The objective of this thesis is the development of an integrated solution for treatment and
analysis of data obtained from NGS assays. This solution is a framework that allows, si-
multaneously, the identification of the most important medical Candida species and the
detection of the antifungal resistance, for the main antifungal drugs.

Considering the development of the framework, the following scientific/technological
objectives were identified:

1. Review the relevant literature about IFIs caused by Candida species, the application of
the NGS to improve the identification and detection of antifungal resistance in clinical
mycology and the tools created for analysis of NGS data;

2. Study the available data sources of NGS data for Candida species;

3. Design, develop and validate the framework for the identification of Candida species,
through the conserved regions on the genome;

4. Design, develop and validate the framework for the detection of antifungal resistance
in Candida species, through the identification of mutations in genes associated with
antifungal resistance for the main antifungals.



1.3. Document Organization

1.3 DOCUMENT ORGANIZATION

This work is divided in the following chapters:

e The second chapter will address the Candida genus, presenting an overview about
the biology of its species, mechanisms of infection and epidemiology. It will also ad-
dress antifungal agents and the resistance mechanisms developed by Candida species.
Finally, it will cover methods for the identification and detection of antifungal resis-
tance, and biological databases;

The third chapter will aim to expose NGS, presenting an overview about the tech-
nologies, the steps and tools of bioinformatics for analysis of data generated by these
assays. Ultimately, it will discuss the applicability of NGS in clinical mycology and
the tools available for the identification of the main pathogenic Candida species and

detection of their antifungal resistance;

The fourth chapter will attend to the specifications of the solution, describing the
requirements, the domain involved, the architecture, the details of implementation
and the demonstration of the solution;

The fifth chapter will show the testing process of the framework, through the use of
example datasets and Deoxyribonucleic Acid (DNA) sequences;

The sixth chapter will present the final conclusions about the solution developed and

the future prospects.
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THE CANDIDA GENUS

This chapter addresses the Candida genus by describing its role in IFls, and presenting an
overview of the biology of its species, mechanisms of infection and epidemiology. It also
presents the antifungals agents and the mechanisms of resistance developed by Candida
species. Ultimately, methods for identification and detection of antifungal resistance, and
biological databases are exposed.

2.1 INVASIVE FUNGAL INFECTIONS

Fungi are the biggest lineage of eukaryotic organisms and include molds, yeasts, mush-
rooms, polypore’s, plant-parasitic rusts and smuts. Along the recent advances in sequenc-
ing methods, mycologists have predicted the existence of 5.1 million species of fungi. These
organisms can grow in almost all habitats on Earth and live in a wide range of abiotic
(temperature, pH, salinity, etc.) and biotic (interaction with all major groups of organisms)
factors (Blackwell, 2011). Among the estimated 5.1 million fungal species, only about 600
species can cause disease in humans and very few can affect healthy people (Ko et al.,
2015). There are four types of fungal infections: superficial and cutaneous infections (e.g.,
athlete’s foot, nail infections and ringworm), mucocutaneous infections (e.g., oral, vaginal
and esophagic), allergic infections (e.g., asthma and chronic sinusitis) and invasive infec-
tions (e.g., candidosis and aspergillosis) (Garber, 2001).

IFIs are the most serious clinical events regarding fungal infections. They have signif-
icantly increased in the last decades, especially due to the enlargement in the immuno-
compromised population, and they are associated with high morbidity and mortality rates
(Costa-De-Oliveira et al., 2008). Species of the genera Candida and Aspergillus are the main
organisms isolated in immunocompromised patients. The rate of mortality ranges 50% to
75% for Candida species (Costa-De-Oliveira et al., 2008). Although not so prevalent, the
IFI by Aspergillus species has a mortality rate of 60% to 90% (Alangaden, 2011; Garbee
and Manning, 2017; Paramythiotou et al., 2014; Pfaller et al., 2004; Costa-De-Oliveira et al.,

2008).



2.2. Overview of the Candida Genus

The immunosuppression and breakdown of anatomical barriers, especially due to gas-
trointestinal surgery, are the major risk factors for the development of IFls (Costa-De-
Oliveira et al., 2008). It includes patients with neutropenia, haematological malignancies,
bone marrow transplantation, solid organ transplantation, prolonged treatment with corti-
costeroids, prolonged stays in intensive care, chemotherapy, HIV infection, invasive medical
procedures, and the newer immune suppressive agents (Ko et al., 2015; Richardson, 2005;
Costa-De-Oliveira et al., 2008).

2.2 OVERVIEW OF THE CANDIDA GENUS

The species of the genus Candida are human commensal commonly found on the mucosal
surfaces and skin. However, these species become opportunistic pathogens in immuno-
compromised patients, causing cutaneous/mucosal infections to systemic infections (Miceli
et al., 2011; Negri et al., 2012; Sardi et al., 2013).

The genus contains over 150 heterogeneous species, but only 17 different Candida species
are known to be pathogenic. Nevertheless, more than 90% of invasive infections are caused
by Candida albicans, Candida glabrata, Candida parapsilosis and Candida tropicalis (Sardi et al.,
2013; Pfaller, 1996; Fridkin, 1996).

2.2.1 The Biology

The Candida genus contains an heterogeneous group of species that can all grow as yeast
morphology. Colonies of Candida species can grow in Sabouraud Dextrose Agar (SDA)
medium, after a 48-72 hours incubation at 35°C (Dadar et al., 2018; Pesti et al., 1999; Silva
et al., 2012).

Microscopically, under standard conditions with optimal nutrients, yeasts grow in log
phase as budding cells (blastoconidia), which are spherical to oval and have a size ranging
from 1 to 8 ym (Dadar et al., 2018; Silva et al., 2012).

Moreover, certain species, such as C. albicans and C. dubliniensis, can produce a filamen-
tous type of growth, such as true hyphae or more frequently, pseudohyphae (Dadar et al.,
2018; Silva et al., 2012).

There is a diversity of genome characteristics in Candida species and the main distinguish-
ing one is the haploid or diploid genome. C. albicans, C. tropicalis and C. parapsilosis have a
diploid genome, in contrast with C. glabrata that has a haploid genome (Silva et al., 2012).



2.2. Overview of the Candida Genus
2.2.2  Mechanisms of Infection

Candida species are commonly found as human commensals in healthy patients. Yet, in
specific situations, such as immunosuppression and/or breakdown of anatomical barriers,
they can cause systemic infections denominated by IC (Enoch et al., 2006).

IC includes candidemia, disseminated haematogeneous infections, involvement of a sin-
gle deep organ site (e.g. peritonitis, other abdominal infections, meningitis and infective
endocarditis) and chronic hepatosplenic candidosis (Paramythiotou et al., 2014; Tragianni-
dis et al., 2013).

The source of Candida infections can be from endogenous origin, from gastrointestinal
flora or mucocutaneous colonization and exogenous, from the hands of health care workers,
use of the indwelling catheter devices or contaminated intravenous solutions (Erlendsdo
et al., 1999).

The success of the infection process of the Candida species is related with their pathogenic-
ity. These fungi have a wide range of virulence factors and an extraordinary ability to adapt
to many sites of the human body. The most important virulence factors are the morpholog-
ical transitions between yeast and hyphal forms, the adherence to host tissues and medical
devices, the biofilm formation, the phenotypic switching and the secretion of hydrolytic
enzymes (e.g. proteases, phospholipases and haemolysins) (Sardi et al., 2013; Mayer et al.,

2013).

2.2.3 Epidemiology

C. albicans is the most frequently strain isolated in patients with IC, followed by C. parap-
silosis, C. glabrata, and C. tropicalis (Paramythiotou et al., 2014; Sardi et al., 2013; Costa-De-
Oliveira et al., 2008). However, in the last decade, the isolation of the non-albicans Candida
species are increasing. This trend has been observed in the USA, Europe, Latin America and
Africa, and could be associated with severe immunosuppression, prematurity, exposure to
broad-spectrum antibiotics and older patients (Paramythiotou et al., 2014; Sardi et al., 2013;
Concia et al., 2009; Lamoth et al., 2018; Costa-De-Oliveira et al., 2008).

Candida species are the most frequent cause of infection in Intensive Care Units (ICUs)
worldwide. The main risk factors associated with the development of IC in patients in
ICUs are the presence of central venous catheters, the treatment with broad-spectrum an-
tibiotics, multifocal Candida colonization, gastrointestinal surgery, pancreatitis, parenteral
nutrition, hemodialysis, mechanical ventilation and the prolonged ICU stay (Lamoth et al.,
2018; Paramythiotou et al., 2014; Blumberg et al., 2001; Vincent et al., 2009).

IC is the second cause of IFIs in allogeneic haematopoietic stem cell transplant recipients

and patients with hematological malignancies. The most common species isolated are C.
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krusei and C. glabrata. The main risk factors for IC in patients with hematological malig-

nancies are the neutropenia, the corticosteroid therapy and the presence of central venous

catheters (Lamoth et al., 2018; Kontoyiannis et al., 2010; Pagano et al., 2006).

Table 1 summarizes the main risk factors for infection caused by Candida species.

C. albicans

Prolonged ICU stay
Treatment with corticosteroids
Diabetes mellitus

Advanced age

Central venous catheter
Gastrointestinal surgery
Total parental nutrition
Prolonged antimicrobial use
Pancreatitis
Immunosuppressive agents
Chemotherapy

Neutropenia

Renal replacement therapy
Malnutrition

Multiple site colonization
Burns over 50% of body sites
Major trauma

C. glabrata

Elderly patients

Patients with malignancies

Use of the specific antibiotics (piperacillin/tazobactam,
vancomycin)

Patients under total parenteral nutrition and with central
venous catheters

Solid organ transplantation

Fluconazole prophylaxis

C. parapsilosis

Nosocomial outbreaks

Formation of biofilms in central venous catheters
Implanted devices

Total parenteral nutrition

Less susceptible to echinocandins

C. tropicalis

Hematologial malignancies
Neutropenia

Table 1.: Main risk factors for infection caused by Candida species (Centonze et al., 2013; Concia et al.,
2009; Fridkin, 1996; Muskett et al., 2011; Pfaller and Diekema, 2007; Costa-De-Oliveira et al.,

2008).



2.3. Methods for Identification

2.3 METHODS FOR IDENTIFICATION

The identification of Candida species can play an important role in infection management,
decreasing mortality rates. There is a diversity of methods for identifying yeasts from
clinical samples (Urban et al., 2014).

The conventional methods are based on morphological and physiological attributes, for
example, the germ-tube test, morphology studies, carbohydrate utilization, enzymatic and
fluorogenic tests, and molecular typing techniques. These methods are time-consuming,
contributing to a delay in microbiology diagnostics (Urban et al., 2014).

Nowadays, there are advanced technologies that allow the correct and rapid identification
of fungal species, such as Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
spectrometry (MALDI-TOF MS), immunological identification, microarrays and molecular
fingerprinting by NGS (Lion, 2017).

For the last years, MALDI-TOF MS has become a widely used method for microbial
identification in clinical laboratories. This technology starts with the transfer of microbial
colonies from agar plate to a slide that will be soaked in a matrix solution. The matrix
solution is composed by a—cyano—4-hydroxycinnamic Acid (CHCA), the solvents acetoni-
trile, ethanol and methanol, an organic acid such as Trifluoroacetic Acid (TFA), and 2,5-
dihydroxybenzoic Acid (DHB). These compounds allow the extraction of proteins from
cells and the identification of differences in mass spectral patterns, through the variation of
relative intensities of individual peaks. Before matrix solution preparation, the laser focus
scans the sample in a predefined pattern and accumulates a mass spectrum from a defined
number of laser pulse cycles. The raw spectrum is processed to yield a mass fingerprinting
that contains information about peak apex m/z values. The last step of this procedure
is the comparison of the mass fingerprinting of the sample with a database that contains
reference mass fingerprints. The data acquisition from MALDI-TOF MS is performed in an
automated manner. The great success of this method is due to the simplicity of the sample
preparation, the accuracy and the speed in obtaining results (Lion, 2017; Welker, 2011).

Immunodetection is a technique that allows the detection of antigens using specific anti-
bodies. This technique uses the monoclonal antibodies that have an affinity with the specific
markers of fungal species or genera (Lion, 2017).

Microarrays are a set of probes that enable the parallel analysis of several compounds
such as nucleic acids, proteins, and carbohydrates. For identification of microbial species,
specific molecules are used to detect pathogens. The probes can be immobilized on a solid
support (glass, silicon or nylon), and the hybridization of the microarrays leads to a specific
molecular interaction, that can be detected through fluorescence. For fungal diagnostics ar-
rays, the 28S fungal Ribosomal Ribonucleic Acid (rRNA) gene or the Intergenic Transcribed
Spacer (ITS) are used (Lion, 2017).
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The advent of high-throughput sequencing technologies, such as NGS, allowed the in-
crease of the number of sequenced genomes. The general principle of the NGS technology
is the incorporation of fluorescently marked Deoxyribonucleotide Triphosphates (ANTPs)
through DNA polymerase, for each specific base in consecutive cycles. When incorporated
during each cycle, the nucleotides are identified by their specific fluorophore excitation.
The data resulting is submitted to adequate bioinformatics tools to obtain the genome as-
sembled. Using these workflows, the genomic content can be characterized and annotated,
and used for microbial identification through specific bioinformatics tools. The usage of
NGS for microbial identification has several advantages such as the reduced costs, the high
accuracy and quality of reads, and it is faster than other sequencing technologies (Lion,

2017).

2.4 ANTIFUNGAL AGENTS

Over the last decades, the incidence of fungal infections in critically ill patients increased.
The number of antifungal drugs available is limited, especially when compared with an-
tibacterial drugs. The antifungal agents can be divided in four groups (Kathiravan et al.,

2012; Perea and Patterson, 2002), based on their mode of action:
e group I: inhibition of Ribonucleic Acid (RNA) and/or DNA synthesis (pyrimidines);
e group II: alteration of the membrane permeability (polyenes);

e group III: alteration of cell wall biosynthesis by inhibition of f—(1,3)-glucan synthase

(echinocandins);

e group IV: inhibition of lanosterol demethylase in ergosterol biosynthesis (azoles).

2.4.1 Pyrimidines

The flucytosine (5—fluorocitosine) is a fluorinated derivative of the pyrimidine cytosine and
it is the only drug of the pyrimidine class used in treatment of candidosis. Flucytosine is
taken up by cytosine permease and transported into fungal cells. This compound is en-
zymatically transferred into 5-fluorouracil by cytosine deaminase. Additionally, the uracil
phosphoribosyltransferase transforms s5-fluorouracil into 5-fluorouridine monophosphate.
This compound changes protein synthesis by incorporating into RNA, which results in the
cell death (Bondaryk et al., 2013; Kathiravan et al., 2012).
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2.4.2 Polyenes

The polyenes are composed by a heterocyclic amphipathic molecule. Nystatin, natamycin,
and amphotericin B are the three polyene drugs used in candidosis treatment. The ring of
polyene molecules, resulting from the binding polyene-ergosterol, is interleaved with the
fungal membrane. The result of this is the formation of aqueous pores, through which
the cellular contents leak, that leads to the increase of permeability of the membrane and
oxidative damage (Bondaryk et al., 2013; Kathiravan et al., 2012; Peman et al., 2009).

2.4.3 Azoles

The azoles are a class of heterocyclic synthetic compounds and they include fluconazole,
itraconazole, voriconazole, and posaconazole. Azoles compounds act by blocking the er-
gosterol biosynthetic pathway, binding to 14-a-lanosterol demethylase, which leads to the
inhibition of the enzyme, therefore disturbing ergosterol biosynthesis. Due to accumulated
intermediates of ergosterol biosynthesis, a subsequent mechanism of sterol metabolism me-
diated by C5,6 desaturase enzyme is activated, which results in toxic methylated sterols
leading to growth inhibition (Bondaryk et al., 2013; Kathiravan et al., 2012; Peman et al,,

2009).

2.4.4 Echinocandins

The echinocandins are a class of semisynthetic lipopeptide antifungal compounds. They
are the first-line treatment of invasive infections caused by Candida species. This class of
antifungals is composed by caspofungin, micafungin and anidulafungin. The target of
echinocandins is the f—(1,3)-glucan synthase, that is responsible for synthesis of p—(1,3)-
glucan, which is a main component of the cell wall. So, through inhibition of synthesis of
glucan, the cell can not control the osmotic pressure, leading to cell lysis (Bondaryk et al.,
2013; Kathiravan et al., 2012; Pemdn et al., 2009).

2.5 ANTIFUNGAL RESISTANCE AND MECHANISMS

Antifungal resistance is becoming a serious problem in the management of IFls. The num-
ber of antifungals available is limited and patients with high risk often have co-occurrence
of two or more medical conditions, that affect the effectiveness of the therapy (Wiederhold,
2017). The main factors that influence antifungal resistance and consequently clinical resis-

tance are:
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¢ Antifungal susceptibility of the fungal isolate, that depends of the expression of their
virulence factors and its interaction with the host and the antifungal agents;

e Characteristics of antifungal agents like pharmacokinetic variability, dose regimen

and drug penetration, stability and interactions with other drug;

e Factors of the host such as immune response, severity and site of infection and under-
lying disease.

These factors taken together contribute to a poor outcome (Pemdn et al., 2009). Antifungal
resistance can be acquired, after exposure to antifungal drugs or intrinsic (innate) (Perea
and Patterson, 2002).

2.5.1 Against Pyrimidines

The prevalence of flucytosine resistance in Candida species is low, and the percentage of
resistant-species is less than 2% (Sanglard and Odds, 2002).

The flucytosine is a base pyrimidine analog that is incorporated during DNA and RNA
synthesis and results in cell death. The mechanisms of resistance are associated with
changes in the enzyme purine-cytosine permease, which is responsible for the uptake of the
drug into the cell; in the enzyme cytosine deaminase, that is responsible for the conversion
to 5—fluorouracil; or in the enzyme uracil phosphoribosyltransferase, which is responsible
for the conversion to 5—-fluorouracil (Pemaén et al., 2009; Espinel-Ingroff, 2008).

2.5.2  Against Polyenes

The occurrence of polyene resistance in Candida species is limited. C. lusitaniae shows in-
trinsic resistance to amphotericin B (Pfaller et al., 1994). C. glabrata and C. krusei are more
susceptible to amphotericin B than C. albicans (Pfaller et al., 2004; Canuto and Rodero, 2002).

Resistance to amphotericin B is quite rare. However, the resistance is related to muta-
tions in the ERG3 gene (which encodes a C-5 sterol desaturase, an enzyme involved in
ergosterol biosynthesis), which leads to low concentration of ergosterol in the fungal mem-
brane. Resistance to amphotericin B may also be mediated by increased catalase activity,
with decreasing susceptibility to oxidative damage. In polyene-resistant Candida species,
the cell membrane has low ergosterol content (Kanafani and Perfect, 2010; Pemén et al.,
2009).
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2.5.3 Against Azoles

In HIV infected patients with oropharyngeal and esophageal candidosis, the number of
fluconazole-resistant C. albicans is high. Nonetheless, the percentage of azole-resistant iso-
lates in the most invasive Candida infections is low, and represents 1.0%-2,1% in C. albicans,
0.4-4.2% in C. parapsilosis, 1.4-6.6% in C. tropicalis and 7-12% in C. glabrata (Ptaller et al., 2006).
C. krusei is intrinsically resistant to fluconazole, and several studies have associated the in-
nate azole resistance to a reduced drug accumulation (Katiyar and Edlind, 2001; Marichal
et al., 1995).

Candida species developed multiple mechanisms of antifungal tolerance to azoles, mainly
fluconazole. These mechanisms include alterations at molecular level such as changes
in ergosterol biosynthetic enzymes, drug uptake and efflux systems, chromosomal abnor-
malities, biofilms, and Messenger Ribonucleic Acid (mRNA) stability (Peman et al., 2009;
Sanglard et al., 2014).

In Candida species resistant to azoles, point mutations in the gene ERG11 (encodes the
14—-a—lanosterol demethylase) have been identified, that prevent binding of azoles to the
target site. These amino acid substitutions result in a decrease of susceptibility to azoles
and have been observed in three critical hot spot regions of ERG11 alleles (Marichal et al.,
1999). Another mechanism of azole resistance, also associated with the gene ERG11, is the
increase of its expression due to mutations in the gene encoding the zinc-cluster transcrip-
tional regulator Upc2p. The expression of UPCz2 alleles was found to be associated with
increased of ERG11 expression, increased ergosterol production, and decreased fluconazole
susceptibility (Peman et al., 2009; Whaley et al., 2017; MacPherson et al., 2005).

The activation of efflux pumps is another mechanism of azole-resistance and allows the
decrease of intracellular drug concentration. This mechanism is regulated by two specific
pumps: the ATP-Binding Cassette (ABC) transporters encoded by CDR genes and the ma-
jor facilitators encoded by MDR genes. CDR gene upregulation confers resistance to all
azoles and MDR-encoded efflux pumps are specific for fluconazole (Pemaén et al., 2009). An
additional mechanism of resistance is the CDR1 mRNA stability, where the polyA tail is
hyperadenylated in resistance isolates, and this is associated with the lifetime of mRNA,
where is threefold higher (Sanglard et al., 2014; Manoharlal et al., 2008).

Chromosomal abnormalities, including loss of heterozygosity of specific genomic regions,
an increase of chromosome copy number and segmental or chromosomal aneuploidies, are
associated with azole resistance. ERG11, CDR and MDR are related to chromosomes where
the alteration in copy number confers resistance (Sanglard et al., 2014; Coste et al., 2007).

Biofilms are an organized three-dimensional structure comprised of a dense network of
yeast and filamentous cells embedded in an exopolymeric matrix consisting of carbohy-
drates, proteins, and nucleic acids. The matrix production is highly regulated, and the
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key constituent is f—(1,3)-glucan, which is produced by glucan synthase. Candida biofilms
are intrinsically resistant to azoles, and the mechanisms of resistance are multifactorial, in-
volving induction of drug efflux transporters and drug sequestration within the extensive
matrix structure. The drug sequestration within the extracellular matrix is the largest deter-
minant of the multidrug-resistance phenotype (Fanning and Mitchell, 2012; Ramage et al.,

2005).

2.5.4 Against Echinocandins

Echinocandin-resistant Candida species are rare, and the percentage of resistant-species is
low. Considering C. albicans, the rates were found to be 0.0-0.4% to anidulafungin, o.2-
0.4% to caspofungin and 0.1-0.3% to micafungin, while for C. glabrata these values are
1.8-4.6% to anidulafungin, 1.6-2.5% to caspofungin and 0.9-1.2% to micafungin (Grossman
et al., 2014; Perlin, 2015). C. parapsilosis and C. guilliermondii are intrinsically resistant to
echinocandins and this resistance was associated with the natural occurrence of proline-
to-alanine substitution at amino acid position 660 (Cantén et al., 2006; Garcia-Effron et al.,
2008).

The mechanisms of echinocandin resistance include mutations in genes that encode
FKS subunits, biofilms, adaptive cellular factors and chitin synthesis (Peman et al., 2009;
Sanglard et al., 2014; Costa-De-Oliveira et al., 2011).

The target of echinocandin drugs is the p—(1,3)-glucan synthase, that is encoded by differ-
ent FKS genes (FKS1 and FKS2). The echinocandin-resistant Candida species exhibit point
mutations in highly conserved regions of FKS genes. These amino acid changes lead to the
decrease of echinocandin susceptibility (Pemdan et al., 2009; Sanglard et al., 2014, Wieder-
hold, 2016; Costa-De-Oliveira et al., 2011). For C. albicans, amino acid change at FKS1 Ser645
is the most common. In C. glabrata, mutations occur in both FKS1 and FKS2, and the amino
acid change at FKS2 Ser663 (equivalent to C. albicans Ser645) are the most frequent (Costa-
De-Oliveira et al., 2011). Moreover, amino acid substitutions at FKS1 Ser629 and at FKS2
Pher659 may also occur. However, the hot spot mutations that occur in FKS1 or FKS2 de-
pend on the relative expression of these genes (Garcia-Effron et al., 2009; Katiyar et al., 2012;
Perlin, 2015).

As it happens in azole resistance, the biofilms have an important role in echinocandin
resistance. These can sequester echinocandin agents, preventing them from reaching to the
cell membrane. Even so, the echinocandins change the synthesis of f—(1,3)-glucan, the key
constituent of biofilms, decreasing drug sequestration, which make biofilms susceptible to
antifungal agents. The protein Smi1 has been associated with the production of the glucan
in biofilms. The interaction between Smi1, RIm1 (transcription factor) and glucan synthase

FKS1 allow the production of drug-sequestering biofilm f-glucan (Desai et al., 2013).
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Candida species have adaptive cellular factors that confer protection against cellular stress,
like those caused by echinocandins. These mechanisms are associated with the activation
of pathways such as cell wall integrity, Protein Kinase C (PKC), Ca?+/Calcineurin/Crz1,
and High Osmolarity Glycerol (HOG) cascades. The activation of these pathways induces
over-expression of chitin synthase gene (Chs2 and Chs8), and leads to the increase of chitin
content, that is directly related with echinocandin resistance (Munro et al., 2007; Walker

et al., 2013, 2015).

2.6 METHODS FOR DETECTION OF ANTIFUNGAL RESISTANCE

Antimicrobial susceptibility testing plays an important role in clinical microbiology allow-
ing the detection of antifungal resistance and guide clinicians in therapy approach. With the
emergence of antifungal resistance, methods to detect and quantify resistance of clinically
important yeasts are imperative (Rex et al., 2001).

AST comprehends a set of methods that can be used for detection and evaluation of anti-
fungal resistance. They are based on the measurement of microbial growth resulting from
the exposure to an inhibitor. Various testing procedures include broth microdilution (gold
standard), agar and disk diffusion and Etest® (Rex et al., 2001; Sanguinetti and Posteraro,
2018).

The methods based on broth microdilution have two standard methods, the Clinical and
Laboratory Standards Institute (CLSI) (CLSI, 2012) and the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) (Arendrup et al., 2015). During 24 hours, the yeasts
are incubated in growth medium supplemented with different concentrations of antifungal
agents. At the end of the incubation time, the antifungal activity is measured through the
determination of the Minimum Inhibitory Concentration (MIC) of an antifungal drug, that
is the minimal drug concentration that inhibits fungal growth. Both CLSI and EUCAST
have different breakpoint values, that allow the classification of the isolate as susceptible,
susceptible dose-dependent or resistant (Sanguinetti and Posteraro, 2018).

In the Etest®), the MIC values are determined from the point of intersection of a growth
inhibition zone with a calibrated strip impregnated with a gradient of antifungal concentra-
tion, and placed on an agar plate lawned with the fungal isolate under test. This methodol-
ogy has the standard method and reference MIC values for classification of isolates adapted
to each antifungal agents (Rex et al., 2001; Song et al., 2015).

Flow cytometry has been pointed out as a promising technology to measure the effect
of the antifungal agents in the membrane, the alteration in metabolic activity resulting in
membrane damage and the uptake of DNA binding dye in the yeast cells. This method
uses sodium deoxycholate for permeability and propidium iodide to detect the increased

permeability of the cell membrane after antifungal treatment. The yeasts are incubated
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with growth medium and antifungal agent. After incubation, the dyes are applied in the
preparation and placed on the equipment of the flow cytometry. Flow cytometry antifungal
susceptibility testing allows to obtain results in a short time (2 to 6h) and reproducible
results (Rex et al., 2001; Ramani and Chaturvedi, 2000; Pina-Vaz et al., 2001, 2005).

The MALDI-TOF MS technology, as described above, can be used for identification of mi-
crobial species, but over the last years, its potential in testing resistance and susceptibility
of microorganisms to antimicrobial agents has also been unveiled. The MALDI Biotyper-
Antibiotic Susceptibility Test Rapid Assay (MBT ASTRA) is a MALDI-TOF MS-based semi-
quantitative technique designed for rapid antibiotic susceptibility testing in bacteria, which
has also been tested in C. albicans and C. glabrata. This method compares the growth of mi-
croorganisms after incubation in the absence or in the presence of different concentrations
of antimicrobial drugs. The cell growth is inferred from the comparison of the Area Under
Curve (AUC) of the MALDI-TOF MS spectra for the different incubation setup (with or
without antimicrobial drug). The Relative Growth (RG) is calculated for each concentration
of antimicrobial agent as the ratio of the AUC observed with or without drug exposure,
and a RG cutoff discriminating resistance from susceptibility is determined experimentally.
In case strains show RG above the cutoff, they are considered resistant, otherwise are con-
sidered susceptible. However, it is necessary to optimize MALDI-TOF MS-based assays to
obtain timely, accurate and reliable results (Florio et al., 2018).

Recent years have witnessed the growth of molecular biology technologies, ideally suited,
not only for fungal identification, but also for the assessment of drug resistance mechanisms.
Real-time Polymerase Chain Reaction (PCR) and sequencing techniques have been widely
used for the quantification of gene expression and search for transcriptional regulator muta-
tions involved in the evolution of antifungal drug resistance (Costa-De-Oliveira et al., 2011;
Castanheira et al., 2010; Walker et al., 2009).

New technologies such as NGS will integrate sequencing and data analysis in one effi-
cient workflow that will be crucial for routine microbiology laboratories. This technology
is extensively discussed in the next chapter.

2.7 BIOLOGICAL DATABASES

A database is a computational library for storage, searching, and representation of several
types of data. A database has the advantage to store a large amount of data with easy
access and handling. Biological databases store information about life sciences as a whole,
mainly from scientific research. They contain information from many research areas, such
as genomics, microarray gene expression, proteomics, phylogenetics, metabolomics, gene

function, structure, localization and similarities of biological sequences (Bhatt et al., 2018).
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In the context of this work is used three different biological databases, which are de-
scribed in the following sections.

2.7.1  GenBank

GenBank' is a public database that contains information about nucleotide sequences, sup-
porting bibliographic and biological annotation. GenBank is built and distributed by the
National Center for Biotechnology Information (NCBI). GenBank is part of the Interna-
tional Nucleotide Sequence Database Collaboration (INSDC), which comprises the DNA
DataBank of Japan (DDBJ), European Nucleotide Archive (ENA), and GenBank at NCBI.
The data are exchanged daily between these three organizations, which allows the central-

ization of the most recently available sequence data from all sources (Clark et al., 2016).

2.7.2  Sequence Read Archive

The Sequence Read Archive (SRA)? is a public database that stores NGS data established
under the guidance of the INSDC. The mission of this database is to preserve sequenc-
ing data and to provide free, unrestricted and permanent access to the data. Currently,
it supports a high range of sequencing platforms, such as Roche 454 GS System®), Illu-
mina Genome Analyzer®), Applied Biosystems SOLID System®) , Helicos Heliscope®) ,
Complete Genomics®) , and Pacific Biosciences SMRT®) (Leinonen et al., 2011).

2.7.3  Mycology Antifungal Resistance Database

The Mycology Antifungal Resistance Database (MARDY) 3 is a MySQL relational database,
that includes information about antifungal resistance mechanisms of human, animal and
plants, and associated drugs. The mechanisms of antifungal resistance that are stored
include amino acid substitution, tandem repeat sequences and genome ploidy with a
record to the corresponding literature. The classes of drugs comprise polyenes, azoles,
and echinocandins (Nash et al., 2018).

MARDY is the first database for the fungi kingdom with information about resistance

mechanisms and their association with species, antifungal drugs, and genes.

1 www.ncbi.nlm.nih.gov/genbank
2 www.ncbi.nlm.nih.gov/sra
3 www.mardy.net/
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NEXT-GENERATION SEQUENCING

This chapter presents an overview of NGS, its technologies, technical procedures and steps,
and bioinformatics tools for data analysis. Lastly, it makes reference to the usage of NGS in
clinical mycology and the available tools for the identification and detection of antifungal

resistance in Candida species.

3.1 OVERVIEW OF NEXT-GENERATION SEQUENCING

In the 1970s, Sanger et al. (1977) and Maxam and Gilbert (1977) developed methods of se-
quencing DNA by chain termination (Sanger sequencing) and fragmentation techniques, re-
spectively. The advent of these sequencing techniques represented the creation of the First-
Generation Sequencing. Over 30 years later, the Sanger sequencing method has remained
the most commonly used DNA sequencing due to the absence of toxic and radioisotopes
chemicals. The creation of sequencing techniques allowed deciphering complete genes and
genomes, which revolutionized biology (Morozova and Marra, 2008; Thermes, 2014).

The emergence of the Human Genome Project stimulated the development of new se-
quencing methods with reduced costs, which took the name of NGS technologies (Collins
et al., 2004). These technologies have three improvements over Sanger sequencing. First,
the preparation of NGS libraries in a cell-free system, in contrast with Sanger sequencing
that required bacterial cloning DNA fragments. Second, thousands-to-many-millions of se-
quencing reactions are produced at the same time. Finally, the sequencing output is directly
detected without the use of electrophoresis (Thermes, 2014).

NGS is performed by repeated cycles of polymerase-mediated nucleotide extensions or
by iterative cycles of oligonucleotide ligation, i.e., Sequencing By Synthesis (SBS) or Se-
quencing By Ligation (SBL). In SBS approaches, a polymerase is used with a fluorophore
or a change in ionic concentration and the incorporation of a nucleotide into an elongation
strand is identified. In SBL approaches, a probe sequence is bound to a fluorophore that
hybridizes to a DNA fragment and to an adjacent oligonucleotide. The emission spectrum
of the fluorophore indicates the identity of the base or bases complementary in a specific
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position. In both approaches, DNA is clonally amplified on a solid surface (Goodwin et al.,
2016).

In 2005, the first NGS technology was created by 454 Life Sciences (now Roche), and
represented the emerging of the Second-Generation Sequencing. This technology was based
on pyrosequencing method, that uses the SBS approach, and can generate about 200000
reads (approximately 20 Megabyte (MB)) of 110 Base-Pairs (bp) (Margulies et al., 2005).
In 2006, the Solexa/Illumina sequencing platform was commercialized. In 2007, Applied
Biosystems (now Life Technologies) was created, with the Sequencing by Oligo Ligation
Detection (SOLiD), that also uses the SBL approach. Both Illumina and SOLiD sequencers
generated much larger numbers of reads than the first technology, but they were only 35
bp long (Valouev et al., 2008). In 2010, Ion Torrent (now Life Technologies) released the
Personal Genome Machine (PGM), developed by Jonathan Rothberg, the founder of 454.
The difference between technologies is that the PGM uses semiconductor technology and
does not rely on the optical detection of incorporated nucleotides using fluorescence and
camera scanning. This technology uses the SBS approach for sequencing. This resulted in
higher speed, lower cost, and smaller instrument size (Liu et al., 2014).

In 2010, the Third-Generation of Sequencing emerges through the creation of the PacBio
RD instrument by Pacific Biosciences. This technology generated several thousands of
up-to-several-kilobase-long reads. This method is based on the detection of natural DNA
synthesis by a single DNA polymerase. Incorporation of phosphate-labeled nucleotides
leads to base-specific fluorescence, which is detected in real time (Rank et al., 2009).

Nowadays, there are six next-generation technologies commercially available: Illumina,
PacBio SMRT systems, Heliscope, Solid, PGM and 454 systems. Each platform has different
protocols for DNA or RNA library preparation and different techniques to detect the signal
and read of the DNA or RNA sequences (Ansorge, 2010). Table 2 summarizes the main
characteristics of each sequencing platform.

NGS can be used for many applications, such as Whole Genome Sequencing (WGS),
whole-exome and targeted sequencing and RNA Sequencing (RNA-Seq). The WGS is the
sequencing of the entire genome without using methods for sequence selection. The whole-
exome and targeted sequencing is the sequencing of only exons or other selected regions. A
system of capture or amplification is used to isolate or enrich only exons or target regions.
This is done by designing probes or primers for the regions of interest. The RNA-Seq is
a method of sequencing Complementary DNA (cDNA) derived from RNA. This approach
can be used to sequence both coding and non-coding RNA (Goodwin et al., 2016).

Over the last years, the evolution of high-throughput sequencing platforms allowed the
increase of quality of sequencing, reduced costs and the decrease of sequencing time. There-
fore, NGS has become an important technology used in clinical laboratories (Thermes,
2014).
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Table 2.: Main characteristics of the sequencing platforms (Ansorge, 2010).
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3.2 TECHNICAL PROCEDURES

NGS allows sequencing of the whole or a specific part of the genome of several organisms
in one sequence run. The principle of NGS sequencing is the massively parallel sequencing
of clonally amplified or single DNA molecules, which are spatially separated in a flow cell
(Head et al., 2014; Voelkerding et al., 2009).

Before sequencing, it is necessary to prepare the DNA or RNA library. The library is
loaded into a flow cell and the fragments are hybridized to the flow cell surface. Each
bound fragment is amplified into a clonal cluster through bridge amplification.

Then, it follows the next step —base calling. In the medium is added sequencing reagents,
that include fluorescently labeled nucleotides. The flow cell is imaged and the emission
from each cluster is recorded. The emission wavelength and intensity are used to identify
the base. Each base is recorded and stored in sequencing files which are used for data
analysis (Hui, 2014). This entire process is exposed in Figure 1. The following sections
detail the most relevant steps: library preparation and base calling.
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Figure 1.: The technical procedures of NGS — library preparation and base-calling. Adapted from
Harvard Chan Bioinformatics Core (2019).
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3.2.1 Library Preparation

A library is a collection of randomly sized DNA or RNA fragments representing the sample
input. However, depending on the type of NGS applications, different steps of preparation
are taken (Head et al., 2014).

This work addresses the library construction using DNA applied in WGS. The NGS
library construction using DNA starts with the fragmentation of the target sequences in
the desired length, through physical, enzymatic or chemical techniques. The 3" ends of
the fragments are additionally adenylated with a single base, allowing hybridization to the
3’ thymine overhang of sequencing adapters. The resulting DNA fragments are ligated
to the adapters and amplified through PCR reactions. The adapters will enable the DNA
to hybridize with the surface of the sequencing reaction chip. The collection of adapter-
ligated fragments forms a library which must be validated before sequencing. The need for
validation is due to the fact that NGS libraries may contain errors, which decrease the data
quality, and this can change the data interpretation (Head et al., 2014).

To check for errors, it is necessary to evaluate the existence of bias, i.e., the systematic
distortion of data due to the experimental design, and the library complexity that can
be measured by the percentage of duplicate reads, which are present in the sequencing
data. The main sources of bias are the PCR amplification reactions and the steps that
involve enzymatic reactions. In PCR amplification, the Guanine-Cytosine (GC) content has
considerable impact on the efficiency of PCR reactions. In enzymatic steps, bias can be
reduced in purification steps by pooling barcoded samples before gel or bead purification
(Head et al., 2014).

3.2.2  Base Calling

Base calling is a process in which the signal intensities of nucleotides incorporated are
detected and converted into individual bases. Each NGS technology has its own technique
for base calling, and in this work, we will address the techniques used by Illumina and Ion
Torrent (Cliften, 2014; Ledergerber and Dessimoz, 2011).

On an Illumina instrument, the flow cell, that contains the incorporated nucleotides into
the elongating DNA chain, is scanned for each of the four bases, i.e., the Adenine (A),
Guanine (G), Cytosine (C) and Thymine (T), and the base with the highest intensity is
determined to be the incorporated nucleotide (Cliften, 2014).

A single flow cell contains over one billion DNA clusters that are firmly packed into a
small area. The first step is the template generation, i.e., the process of identifying the
location of each cluster on a flow cell. Illumina uses image data from the first four cycles

to identify the clusters. After nucleotide incorporation, two lasers are used to excite the
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fluorophores, one that excites the A and C fluorophores and one that excites the G and T
ones. The images from each of the four fluorophores are recorded (Cliften, 2014).

The second step is the alignment of each image of the flow cell to the previous template
obtained, and then to the image extraction, i.e., the process of assigning an intensity value
for each DNA clusters from an image. Finally, the intensity correction follows. Illumina
applies a color filter matrix (adaptive color matrix), which corrects the relative intensity
shifts of the four color channels over the course of the run or between different portions of
the flow cell (Cliften, 2014).

On an Ion Torrent instrument, the signal of nucleotide incorporation is detected by the
sensor at the bottom of the well, converted to voltage, and then digitized computationally
off the chip. The signal of nucleotides is subjected to noise or variation during generation
and detection. Thus, it is necessary to identify the background noise and subtract it from
each incorporation event (Cliften, 2014).

The Ion Torrent instrument has a program denominated by Solver, that uses a generative
model to create an artificial model of expected incorporation signals for each base. Each
signal is compared with the models, and the most likely sequence is determined. Solver
uses an iterative process to construct predicted signals for partial base sequences, and then
measures their fit to the observed signals generated by the run (Cliften, 2014).

3.3 SEQUENCE DATA FORMATS

The output of NGS experiments consists of billions of short reads, which are stored in
files with sizes that range from a few gigabytes to hundreds of gigabytes. To efficiently
store, view, and manipulate the information of the NGS files, several file formats have been
developed, including FASTQ, FASTA, SAM/BAM, GFF/GTE, BED, and VCE, typically used
in the analysis of NGS data (Zhang, 2016). Only FASTQ and FASTA format are addressed
in this section. Other file formats are described in Appendix A.

3.3.1 FASTQ

The FASTQ format stores simultaneously the nucleotide sequence and its corresponding
Phred quality scores. Phred scores assign, using American Standard Code for Information
Interchange (ASCII) characters, a score to each base call that indicates the quality or con-
fidence of the attribution. The scores are in the 1-40 range and are logarithmically related
to base calling error probabilities. The file extensions of the FASTQ are “.fq” or “.fastq”
(Zhang, 2016).

In a FASTQ file, each sequence (short read of NGS) is defined by four lines of text. The

tirst line starts with a “@” character and is followed by a sequence identifier and an optional
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description. The second line is the raw sequence letters: A, T, G, C, and N (unknown).
The third line begins with a “+” symbol and is optionally followed by the same sequence
identifier and a description. The “+” serves as a marker indicating the end of the sequence.
The fourth line keeps the quality values for the sequence and must contain the same number
of symbols as letters in the sequence (Zhang, 2016). Figure 2 shows an example of a single
sequence from the Illumina sequence system.

Due to the high number of short reads resulting from the NGS experiment, frequently
the FASTQ files are compressed to GNU zip format (.gz file extension) to reduce file size
(Zhang, 2016).

@HWI-ST193:542 :C2HOGACKXX:8:1101:4404:2179 1:¥:0: ACACGA
ATGCNTTTTATAATCAAAACCGAAGACCTAGCACGGAGGTTARAAACCTTT

<<<<HI<ERS5 : 9844 :@E74 (-8R (<IR<C<H5B.==5=0<>772777977

Figure 2.: Example of the FASTQ file. Adapted from Zhang (2016).

3.3.2 FASTA

The FASTA format has been the standard format for nucleotide sequence. In NGS, it is the
standard format for reference genome sequences used by mapping/alignment. The FASTA
file extensions are “.fa” or “.fasta” (Zhang, 2016).

A FASTA file starts with a header line followed by lines of sequence. The header line
begins with a > sign for sequence identifier and may contain optional description infor-
mation. Sequence lines consist of characters representing nucleotide bases in the sequence.
Each nucleotide base is encoded as a single character (A, T, G, C or N, if undetermined)
(Zhang, 2016). Figure 3 exhibits an example of the FASTA file.

>gl|568815581:c7687550-T668402 Homo sapiens chromosome
17, GRChiB8 Primary Assembly

GATGEGATTGEGETTTTCCCCTC CCATEGTGCTCAAGACTGGCEGCTAAALSGT TTT
GAGCTTCTCAAAMG TC
TAGAGCCACCGTOCAGGGAGCAGGTAGCTGCTGGGCTCCGGEGACACTTTG CGT
TCGEECTEEEAGOETG

Figure 3.: Example of the FASTA file format. Adapted from Zhang (2016).
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3.4 DATA PREPROCESSING

The data produced by NGS assays are submitted to several steps before the mapping and
variant analysis of the reads, to ensure the veracity and quality of results. The main steps of
preprocessing include the quality check of FASTQ reads and the removal of the undesired
sequences such as reads of low quality, rRNA and host sequences. There are several bioin-
formatics tools for the different steps of preprocessing, integrated in pipelines that allow
easy workflows for data analysis. A brief overview of the main steps and most common

tools used in each step of NGS data preprocessing is given in the next sections.

3.4.1  Quality Analysis

NGS experiments can be influenced by several factors that happen during the library prepa-
ration and sequencing process, which can affect the data veracity. These factors include
platform specific error profiles, systematic variation in quality scores across the sequence
read, biases in sequence generation driven by base composition, departure from optimal
library fragment sizes, variation in the proportions of duplicate sequences introduced by
PCR amplification bias, and contamination from known and unknown species other than
the sequencing target (Endrullat et al., 2016; Trivedi et al., 2014).

Hence, the generated output from a sequencing run must be analyzed to control the
quality of data. For assessing the overall quality of a sequencing run, there are several
tools compatible with FASTQ format such as FASTQC", NGS QC Toolkit (Patel and Jain,
2012), QC-Chain (Zhou et al., 2013) and ChromaPipe (Otto et al., 2008). The FASTQC tool
is the most used due to the quality report of important characteristics of NGS data, which
includes boxplots, line plots, and a colored code indicating if there is any quality problem
at each level. Other tools have similar features, such as the mapping rate of the expected
target, levels of fragment or sequence duplication and estimates of the library insert sizes,
but the analysis produced by FASTQC is fast, easy to use and interpret, which leads to it
being the most used quality control tool (Andrews and al., 2010; Trivedi et al., 2014).

3.4.2 Undesired Sequences Removal

The generated output from a sequencing run can contain undesirable sequences, such as
reads with reduced dimensions, reads with a low confidence level, reads from species that
are not the focus of the study, sequences of RNA or artificial sequences from the experimen-
tal work. Trimming is the process where the sequences of less interest are removed (Fabbro
et al., 2013).

1 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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There are several tools available for removing undesired sequences such as Trimmomatic
(Bolger et al., 2014), SolexaQA (Cox et al.,, 2010) and FastX?. Trimmomatic is the most
popular toolbox for tailoring NGS data. An example of tool for removing human and other
hosts derived sequences is BMTagger (Rotmistrovsky and Agarwala, 2011).

3.5 DATA ANALYSIS

During the data analysis, the sequence reads are aligned to a reference genome using bioin-
formatics tools. This process is designated by read mapping. After alignment, differences
between the reference genome and the newly sequenced reads can be identified, through
the detection of Single-Nucleotide Polymorphisms (SNPs). The following sections explain
the steps and most common tools used during data analysis.

3.5.1 Read Mapping

NGS experiments can produce numerous sequence reads with biological meaning and con-
text. Consequently, the sequences need to be mapped into a reference genome. This is
achievable through sequence alignment, that makes possible the annotation of an unknown
sequence through known sequences and still to detect differences between sequences (Cliften,
2014). One of the most known alignment algorithm is the Basic Local Alignment Search
Tool (BLAST), which compares one or more unknown sequences to a large database of
annotated sequences (Altschul et al., 1990).

Due to the large amount of raw data produced by NGS experiments, robust and fast
algorithms are required for analysing NGS reads. The alignment algorithms are constructed
in auxiliary data structures, called indices and can be divided into two groups: algorithms
based on hash tables and algorithms based on the suffix/prefix trees. A hash table is a
data structure that can map keys to values and uses a hash function to compute an index
into an array, from which the desired value can be found. A suffix/prefix tree is a tree
data structure, in which each node has a key. In the prefix tree, all the descendants of a
node have a common prefix of the text associated with that node. Suffix trees contain all
the suffixes of the given text as their keys and positions in the text as their value (Li and
Homer, 2010).

Several algorithms that have been developed to map NGS data into a genome. Despite
that fact, in this work, is considered the following algorithms: MAQ, Bowtie, BWA and

Novoalign (Li and Homer, 2010).

2 http://hannonlab.cshl.edu/fastx_toolkit
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MAQ is categorized as an algorithm based on hash tables and uses the base quality
scores to improve the accuracy of the alignment. This algorithm can simultaneously make
alignments and variant detection (Cliften, 2014; Li and Homer, 2010; Li et al., 2008a).

Bowtie is an algorithm based on suffix trees and it is based on the Burrows-Wheeler
transform3. It can be used for quick alignment of NGS reads, however it has limitations in
the detection of variants (Cliften, 2014; Langmead et al., 2009; Li and Homer, 2010).

BWA, like Bowtie, is an algorithm-based on suffix trees and in the Burrow Wheeler trans-
form. This algorithm can produce very accurate alignments and it is suitable for down-
stream variant analysis (Cliften, 2014; Li and Durbin, 2009; Li and Homer, 2010).

Novoalign* is a commercial software package (Novocraft Technologies) based on suffix
trees and Burrows-Wheeler transform. In addition to making the alignment and variant
detection, the software also provides a number of useful features such as adapter and
primer trimming and the alignment of bisulfite treated DNA (mapped sites of methylation)
(Cliften, 2014; Li and Homer, 2010).

3.5.2 Detection of Single-Nucleotide Polymorphism

A SNP is a variation in a single nucleotide that occurs at a specific position in the genome
and affects at least 1% in a random set of individuals in a population. If it affects less than
1% of the population, it is considered a mutation. The polymorphisms have a great impor-
tance because they represent an important part of the genetic variation between individuals
in a population (Brookes, 1999).

The detection of SNPs in NGS data is divided into three phases: the data preparation,
the Bayesian approach and the annotation (Magi et al., 2010). In the first step, the data are
evaluated and filtered. In other words, the data are submitted for preprocessing, in which
the paralogs or repeated sequences are discarded or considered (if there is a supporting
evidence), and the quality values are reassigned (Magi et al., 2010). For the evaluation of
data, there are several tools, where the most frequently used are SAMtools (Li and Durbin,
2009), GATK (Mckenna et al., 2010), SOAPsnp (Li et al., 2009a), and Sniper (Simola and
Kim, 2011). For filtering, the main tools are SnpSift (Cingolani et al., 2012a) and VcfTools
(Danecek et al., 2011).

The second step is the application of the Bayesian approach in the filtered data. This ap-
proach consists of computing the conditional likelihood of the nucleotides at each position
by using the Bayes rule>. The tools that use a Bayesian approach are PolyBayes (Marth et al.,
1999), SOAPsnp (Li et al., 2009b) and MAQ (Li et al., 2008b).

It is an algorithm used for rearrangement of the string in similar characters in the form of compact data
structures.

http://www.novocraft.com/

Describes the probability of an event based on prior knowledge of conditions that might be related to the event.

26


http://www.novocraft.com/

3.6. Application in Clinical Mycology

The last step is the annotation of SNPs, that consists in giving a biological meaning to
polymorphisms. For this process, the tool most used is SnpEff (Cingolani et al., 2012b).
Other tools are ANNOVAR (Wang et al., 2010) and Vep (Mclaren et al., 2010).

36 APPLICATION IN CLINICAL MYCOLOGY

In the last years, NGS has been applied in several clinical microbiology laboratories, as a
complementary tool for conventional diagnostic testing. The capacity of NGS technology
in sequencing has been increasing. Combining that fact with low costs of its usage, it is
standing out as an important tool for microbiologists. The popularity of NGS assays is
associated with fast, reproducible and accurate results (Deurenberg et al., 2017; Zoll et al.,
2016).

In clinical microbiology, NGS is used for outbreak management, molecular case finding,
characterization and surveillance of pathogens, rapid identification of microbial strains,
taxonomy and metagenomics approaches on clinical samples (Deurenberg et al., 2017; Ko
et al., 2014).

However, in the case of fungal species, the platforms of sequencing require a capacity of
at least 10'? to 10 nucleotides per sequencing run per sample. The application of WGS
for the determination of mycobiomes for diagnostics in clinical samples is not possible for
currently available sequencers like Illumina NextSeq and HiSeq. Hence, the information
about mycobiomes is obtained by target sequencing of amplicons of the ITS region of the
fungal ribosomal genes (Zoll et al., 2016).

Bittinger et al. (2014) analyzed fungal and bacterial species present in the human airway,
through target sequencing of ribosomal RNA gene segments from fungi and bacteria. They
compared fungal and bacterial communities from healthy subjects, HIV+ subjects, and lung
transplant recipients. This work enabled the identification of fungal communities in the
human respiratory tract and their interactions with bacterial communities in health and
disease. Thus, it has been possible to trace a community pattern associated with pathogenic
polymicrobial biofilms.

Besides the taxonomic identification of fungal species, another potentiality of NGS in
mycology is the characterization of mechanisms of resistance, through the analysis of SNPs
or other mutations in genes commonly involved in antifungal resistance (Zoll et al., 2016).

Sertour et al. (2015) investigated echinocandin and azole resistance in clinical Candida
isolates using NGS approaches. For this, they analyzed six genes commonly involved in
antifungal resistance (ERG11, ERG3, TAC1, CgPDR1, FKS1 and FKS2) through target se-
quencing of amplicons. As a result, they obtained a total of 391 SNPs in several genes
associated with the antifungal resistance and new genetic alterations were detected. So, us-

ing NGS for detection of mechanisms of resistance in clinical strains allowed a directional
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search, avoiding the usage of extensive molecular techniques, that are time-consuming and
expensive comparing with the NGS assays.

In the work developed by Camps et al. (2012), four isogenic Aspergillus fumigatus isolates
were collected, in which two isolates were azole-resistant due to prolonged azole treatment.
The genomes of the resistant isolate and the wild-type cyp51A (related with lanosterol 14-«
-demethylase) were sequenced using NGS to identify the resistance-conferring mutation.
As a result, they identified several potential non-synonymous mutations in protein-coding
regions. As several mutations had emerged in the isogenic isolates, sexual crossing experi-
ments with a selection of the progeny on azole resistance phenotype were required to show
that azole resistance was associated with a P88L amino acid substitution in the CCAAT-
binding transcription factor complex subunit HapE. The HapE P88L mutation caused an
increasing of expression in CYP51A gene. The WGS approach made possible to follow the
genetic changes triggered in the Aspergillus genome.

NGS offers more tools for the study of genetic changes, aside from WGS or target se-
quencing of amplicons. An important tool is the analysis of epigenetic changes in the fungal
genome. Gene expression is regulated by epigenetic mechanisms like cytosine methylation
and hydroxylation. The study of the epigenetic changes can be a useful tool for the early
identification of molecular mechanisms of resistance and the analysis of gene expression
(Zoll et al., 2016).

Any diagnostic test in clinical laboratory requires analytical and clinical validation, as
well as the monitoring and documentation of quality control for regulatory purposes. Thus,
the sequencing methods used as diagnostic tools need the same requirements. Currently,
NGS technologies used for testing clinical infectious diseases are being performed as labo-
ratory developed tests, due to the absence of approval of any NGS test for clinical microbi-
ology, by the US Food and Drug Administration (FDA). However, the FDA is finalizing the
guidance for approving and validating NGS in clinical microbiology for microbial identifi-
cation and the detection of antimicrobial resistance markers. The approval of NGS by FDA
as a tool for diagnostic in clinical microbiology will aid the standardization of specimen
handling, library preparation and sequencing. Also, in bioinformatics analysis, it will help
in the data storage and interpretation, to ensure the accuracy and reproducibility of NGS-
derived genotypic results. The standardization and quality assurance may be important for
the implementation of NGS protocols used in research as a diagnostic test and turn NGS

assays into a routine tool in clinical laboratory (Lefterova et al., 2015; Luh and Yen, 2018).

3.7 BIOINFORMATICS TOOLS FOR CLINICAL MYCOLOGY

Bioinformatics tools applied to clinical mycology are scarce, whereby, during the search,

only tools for taxonomic identification of the fungi were found. However, bioinformatics

28



3.7. Bioinformatics Tools for Clinical Mycology

tools for detection of antifungal resistance were not discovered. The next sections explain

available tools for taxonomic identification of fungi.

3.7.1 ITSx

ITSx is a Perl-based software, that extracts the components of the ITS1, 5.85 and ITS2 re-
gions from Sanger and high-throughput sequencing datasets from fungi and nineteen other
groups of eukaryotes (Bengtsson-palme et al., 2013).

The input of ITSx consists of sequences in FASTA format. The software examines the
sequences in the default and reverse orientation. Each sequence is analysed for matches
through Hidden Markov Models®. These models are applied in the recognition of the ITS
regions. ITSx also allows the elimination of non-ITS sequences, and this is particularly use-
tul for amplicon-based NGS datasets. The results obtained about ITS regions are provided
in FASTA and CSV file formats (Bengtsson-palme et al., 2013).

3.7.2 CLoVR-ITS

CLoVR-ITS is a Standard Operating Procedure (SOP)7 implemented in Cloud Virtual Re-
source (CLoVR) framework. It implements an automated pipeline for ITS sequence analysis
from metagenomics DNA isolates (White et al., 2013).

The CLoVR-ITS includes the preprocessing of the sequences, i.e., detection and removal
of chimera sequences, quality control of the sequences, clustering of sequences into Opera-
tional Taxonomic Unit (OTU)®, and uses Hidden Markov Models for identifying ITS regions
from GenBank sequence entries. CLoVR-ITS provides FASTA, FASTQC (quality report of
sequencing) and PDF formats as results of the comparative analysis of hundreds of samples
(White et al., 2013).

3.7.3 FHIiTINGS

FHIiTINGS is an open-source software, implemented using Python, that uses the output of
a BLAST Nucleotide (BLASTn) search to identify, classify, and parse ITS DNA sequences
obtained from NGS assays. This tool is appropriate for any sequencing platform and allows

BLAST searches against the indicated ITS sequences (Dannemiller et al., 2014).

6 Probabilistic models that capture the statistical regularities of the sequences, through the multiple alignments
or even in a single sequence.

7 Set of step-by-step instructions compiled by an organization to help workers carry out complex routine opera-
tions.

8 Refers to a cluster of organisms, grouped by DNA sequence similarity of a specific taxonomic marker gene.
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FHIiTINGS uses the Lowest Common Ancestor (LCA)? method as a sequence identifi-
cation method. Thus, it produces a single identification from BLAST output results and
the taxonomy is assigned based on the Index Fungorum database'. FHiTINGS allows the
simultaneous processing of many samples and the results are provided in a user-friendly

way (Dannemiller et al., 2014).

3.7.4 PIPITS

PIPITS is a Python open-source software for automated processing of Illumina MiSeq se-
quences, allowing the analysis of fungal ITS sequences (Gweon et al., 2015).

PIPITS proceeds to the sequence preparation before the extraction of the ITS sequences
and it includes the joining of the paired-end reads, a quality filter, and conversion of file
formats. The extraction of the ITS regions is performed by the ITSx tool (Bengtsson-palme
et al., 2013). The ITS sequences are taxonomically assigned with the Ribosomal Database
Project (RDP) Classifier'* (Wang et al., 2007) against the UNITE ** fungal ITS reference
dataset. As result, the PIPITS returns OTU tables taxonomically annotated in a classical
tabular and BIOM format (Mcdonald et al., 2012).

3.7.5 FindFungi

FindFungi is an open-source software, developed in Python, that can be used to identify
fungi from available metagenomics datasets (Donovan et al., 2018).

In this tool, the low-quality reads are removed and the remaining reads are converted
into FASTA format, which is analyzed afterwards by 32 implementations of Kraken'3. The
32 Kraken predictions for each fungal read are consolidated and a consensus prediction
is assigned. The best hit for each read is mapped to a pseudo-assembly of the relevant
genome using BLAST. After this, there is the implementation of statistical metrics such as
Pearson’s coefficient of skewness. Finally, the fungal predictions are written to PDF and
CSV files (Donovan et al., 2018).

In computer science and graph theory, the lowest common ancestor of two nodes v and w in a tree or directed
acyclic graph T is the lowest node that has both v and w as descendants.

http://www.indexfungorum.org/

Allows the classification of the sequences from bacteria and fungi sequences based on the Ribosomal Database
Project, using a naive Bayesian classifier.

https://unite.ut.ee/index.php

Sequence classification algorithm, where each k-mer of the sequence is mapped based on the lowest common
ancestor. Each root-to-leaf path in the classification tree is scored by adding all weights in the path, and the
maximal root-to-leaf path in the classification tree is the classification path. The leaf of this classification path
is the classification used for the query sequence.
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3.7.6  Comparison of Tools

After an extensive analysis of the main characteristics of the tools mentioned above, a sum-
mary of the differences and similarities between them was created, being presented in
Table 3.

As a result, it was possible to choose the most adequate tool to integrate into the frame-
work proposed. The choice was PIPITS due to the following characteristics:

1. Free access and available in the Bioconda package';

2. Does preprocessing of data before the taxonomic identification, which allows the
removal of noise of the sequencing, avoiding the errors in the classification of the

species;

3. Uses ITSx to extract ITS regions and it is presented as the ideal extractor of ITS regions
according to the specifications of the tool and the accuracy of the results (Gweon et al.,

2015);

4. Uses the RDP classifier to assign the taxonomy of the species, that has the particularity
of using a curated database with information of many fungi species;

5. Provides command-line manipulation, making it easy and intuitive to use.

However, this tool has one limitation: it only executes in the UNIX-based platform. This
is considered irrelevant for PIPITS use in the solution, since there are ways of making the
framework isolated from the underlying platform, e.g., by using containers®.

14 https://bioconda.github.io/recipes/pipits/README.html
15 A standard unit of software that contains all dependencies needed for the application to run successfully.
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Table 3.: Analysis of the available tools for taxonomic identification.

Tools

ITSx

FHiTINGS

FindFungi

PIPITS

CLoVR-ITS

Programming language

Perl

Python

Python

Python

Not specified

Operating system

UNIX-based plaform

UNIX-based platform

UNIX-based platform

UNIX-based platform

Cloud Virtual
Resource Framework

Type of system Software Software Script Script Software
Interface with user Command-line Graphical User Command-line Command-line Graphical User
Interface Interface
User guide Yes No No Yes Yes
Access Free Free Free Free Subject to payment
SFF file
FASTQ file
. . 3 FASTA file
I t FASTA fil BLAST output FASTQ fil FASTAQ filg
Py e outpu Qfile Qfile Nucleotide BLAST database file
Protein BLAST database file
Metagenomics mapping file
Type of sequencing supported Sla\lrggr NGS NGS NGS NGS

Taxonomic identification

Hidden Markov models

Lowest Common Ancestor

Lowest Common Ancestor

ITSx software
VSEARCH

Hidden Markov models

Krak
raken RDP Classifier
Join paired-end reads
Other functionalities Removal of non-ITS sequences - - Remoyal of chimera sequences Detection an.d removal of ch!mera.sequences
Quality control of sequencing Quality control of sequencing
Conversion of file formats
VSEARCH
RDP Classifier 2.10 VirtualBox
. Index Fungorum database 1TSx VMware Player
Dependencies HMMER 3 BLAST BLAST BIOM format v.1.3 DIAG
PEAR Amazon EC2
FASTX-toolkit
FASTA file
FASTQC file
FASTAVﬁ]e . ) PDF file FASTA file GenBank Flat hl‘e format
Output TXT file Taxonomic rank file X . Database file
. CSV file TXT file -
C8V file PDF file
BER file

SQL dump file
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This chapter addresses the specification and constraints associated to the development of
the solution, which includes the definition of the functional and non-functional require-
ments, the construction of the domain model, the design of the architecture of the frame-
work, the definition of conceptual classes through the use cases realization, and finally, the
description of the solution developed.

4.1 CONCEPTION

The conception phase deals with the gathering of requirements for the solution, associated
functionalities, constraints and the domain of the problem. In other words, this phase infers
upon what needs to be implemented.

4.1.1  Requirements

The requirements describe what the system should do, who is interacting with it, how it
should react and behave in specific situations.

The functional requirements are described through the use cases, represented by use case
diagrams, designed using Unified Modeling Language (UML). Using this approach makes
the requirements easily understandable. On the other hand, there are other requirements,
related to quality parameters of the solution, such as reliability, usability and storage —
non-functional requirements — which are also relevant for the scope of this work.

The framework has two identified actors: the user and the system. The user can execute
all functionalities of the system. The system executes all commands introduced by the user.
Regarding their actions, Figure 4 describes a set of actions, that the system can perform in
collaboration with the actors. These are the identified use cases.
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Figure 4.: Representation of the functional requirements using use case diagram. Designed in Enter-
prise Architecture.
UCo1 - Import Sequencing File

The user imports the file to the system. The system validates the file and verifies its format.

The system reads the file and informs the user of the success of the operation.

UCoz - Identify Specie

The user selects the functionality Identify specie. The system executes the functionality se-

lected and informs the user of the success of the operation.

UCo3 - Detect Antifungal Resistance

The user selects the functionality Detect antifungal resistance. The system executes the func-

tionality selected and informs the user of the success of the operation.

UCogq - Export Results

The user can select the option Export results to obtain a file with the results related with the
UCoz2 - file with the results of the specie identification - and UCo3 - file with the results of
the detection of antifungal resistance. The system executes the functionality selected and

informs the user of the success of the operation.
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Regarding the non-functional requirements, the ones identified and considered relevant
to the solution are presented over the next sections.

Functionality

It is necessary to ensure the uniformity of the language of the system. In the framework
proposed, it will be English.

Usability
Considering the diversity of users, it is imperative that the framework should have:
e Presentation of the system errors with succinct messages about the problem;

e Help button to clarify each functionality of the framework.

Interface

The interface with the user should be:
e Simple with smooth colors and enjoyable letter types;
e Easy access, intuitive and consistent during all execution;
e Guarantee the needs of the users;

e Show default options avoiding the user from introducing wrong choices.

Implementation

It should be considered the usage of design patterns to certify the:
e Development of a cohesive system with low coupling;
e Scalability of the system;

e Fast communication between different parts of the system.

4.1.2  Domain Model

The domain model is a visual representation of the conceptual classes or real objects of
the domain of the system, represented using UML diagrams. It allows the identification of
the main objects, their features, constraints and relationships. Figure 5 shows the domain
model of the solution.
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Figure 5.: Representation of the domain model. Designed in Enterprise Architecture.

The user imports a file into the system. The file has a specific format and originates a
dataset which contains information about DNA sequences resulting from DNA sequenc-
ing. The DNA sequences contain primers resulting from the sequencing assays. The DNA
sequences belong to species of the Fungi Kingdom, particularly to Candida species. The
species of Candida are Candida albicans, Candida glabrata, Candida parapsilosis and Candida
tropicalis.

By using this framework, the user can execute different processes. The process of the iden-
tification allows the identification of the specie belonging to Candida species. The process
of detection allows to detect mutations present in the DNA sequences and their association

with antifungal resistance. Finally, it is generated a report with the results of each process.

4.1.3 Architecture

In the design of the architecture, the organization of the system is established to satisfy
the functional and non-functional requirements. The architecture is based on architectural
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patterns, that are a reusable solution to a commonly occurring problem in software archi-
tectures, within a given context.

The architecture of the solution was designed using a layered architecture pattern, or-
ganizing the framework into layers, where each layer provides specific services. Figure 6
shows the logic view of the framework. The diagram is the mode of interaction of the dif-
ferent components. Each component represents a modular part of a system, with a specific

responsibility and logic.

cmyp Comiponent Model

User Interface %]

(el

Process Engine 3 |

(e}

———] o rpeine 8]

Figure 6.: Logic view. Designed in Enterprise Architecture.
So, it is possible to identify four components:

e User interface — displays and collects the data introduced by the user;

e Process engine — handles process management and distribution of the data to each

process;

e Process — encapsulates the logic of each process, one for each functionality of the

framework;

e Pipeline — represents the set of steps to perform a process.
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4.2 DEVELOPMENT

After the analysis of requirements and identification of conceptual classes of the system, it
is necessary to detail the implementation of the system, i.e., the definition of the classes/ob-
jects of the software and their methods, and description of the dynamic structure of the
system, which shows the interaction between objects.

The concepts mentioned previously are described in the next sections, through the usage
of sequence and class diagrams, designed in UML.

4.2.1  Package Structure

Figure 7 shows the packages view of the framework. The diagram represents the structure
of the solution at the level of packages and the interaction between them. Packages are
used to group elements that are related in terms of functionality.

cmp Component Model /I
Fesources

)

|

!
upses

i

v |

Presentation Application Daat
—————— "

Figure 7.: Packages view of the framework. Designed in Enterprise Architecture.
So, the description of each package is the following;:

e Presentation — includes modules with the user interface logic, responsible for interac-
tion with the user;
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e Application — responsible for the communication between the presentation and do-

main layers;

e Domain - represents all the classes with the domain logic. The interaction between
them allows the execution of each functionality. This package uses the resources

package to extract data;
e Common - includes modules that are common to all packages;

e Resources — behaves as a repository of data.

4.2.2  Application Start

Figure 8 shows the interaction between objects during the application start. The user
initializes the system through the introduction of commands in the command line. The
commands are interpreted by a specific module of Python - argparse - and converted into
arguments that will be used in the next steps. At the same time, the system reads the con-
tiguration file using a specific module of Python - configparser - and the configurations are
transmitted during the execution of the system.

Figure 9 shows the structure of the application start at the level of classes, represented
in the form of a class diagram. The class Application has the logic of the initialization of
the framework and prepares the execution environment. This class aggregates the class

Configuration, that has the settings of the framework.
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Figure 8.: Sequence diagram of the application start. Designed in Enterprise Architecture.
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Figure g.: Class diagram of the application start. Designed in Enterprise Architecture.
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4.2.3  Application Run

Figure 10 shows the interaction between objects during the application run. The system
provides two modes of interaction with the user: Graphical User Interface (GUI) and con-
sole view. The options selected by the user are transformed into a dictionary with the
instructions to execute. The instructions are transmitted to the controller, which operates

as a mediator between the user and the system.
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Figure 10.: Sequence diagram of the application run. Designed in Enterprise Architecture.

Figure 11 shows the class diagram of the application run. The class Application besides
the responsibilities mentioned in the subsection Application Start, has the role of instanc-
ing the class RunProcessController, ConsoleView and GuiView. The class RunProcessController
represents the controllers of the framework. The class ConsoleView and GuiView have the
behavior of user interface, represented by the interface [UserInterface. PyQt5 module was
used to implement the class GuiView.
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dass dass diagramil )

RunProcessControfler

F————— - configuration

+  execute()

- remavalFolderContent()

sinterfares
IUserinterface

Figure 11.: Class diagram of the application run. Designed in Enterprise Architecture.

4.2.4 Process Run

Figure 12 shows the interaction between objects during the process run. The controller
sends the instructions for the process, which can be the specie identification or antifungal
resistance process. Each process adds the steps to execute according to the instructions.
The response of each step is returned for the referring process. The process sends the
response to the controller and this one sends it to the class GuiView or the class ConsoleView,
according to the mode of interaction selected. One of these classes will show the response
for the user.

Figure 13 shows the class diagram of the specie identification process. The class RunPro-
cessController instantiates the class IdentificationSpecieProcess, and this class adds the steps
that will allow the execution of the process. The steps are the class FileImported and the
class Taxonomy. The class Filelmported imports sequencing files for the framework. The
class Taxonomy allows the integration of pipelines to identify species. On the other hand,
the class Taxonomy aggregates the class PipitsPipeline, that integrates the PIPITS tool.

Figure 14 shows the class diagram of the antifungal resistance process. The class Run-
ProcessController instantiates the class DetectionResistanceProcess, and this adds the pipeline
that will allow the execution of the process. It was developed a new pipeline — class Anti-
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fungalResistancePipeline — for the analysis and treatment of mutations present in the ERG11
and FKS1 genes in Candida species. This pipeline is composed by seven steps. The steps are
implemented in the following classes:

e The class FileRead is responsible for reading files with the TXT, FASTA and CSV ex-

tension;

e The class InformationExtraction extracts the information from the Mycology Antifungal
Resistance Database;

e The class SequenceWithoutPrimer removes the primers from the DNA sequence;
e The class SequenceTrimmed trims the DNA sequences;

e The class Translation translates the DNA sequence to amino acid sequence;

e The class Mutation identifies the mutations present in the amino acid sequence;

e The class AntifungalResistance identifies if the species has antifungal resistance, through
the evaluation of the mutations identified in the class Mutation.
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Figure 12.: Sequence diagram of the process run. Designed in Enterprise Architecture.
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Figure 13.: Class diagram of the specie identification process. Designed in Enterprise Architecture.
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Figure 14.: Class diagram of the antifungal resistance detection process. Designed in Enterprise
Architecture.
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4.3 DEMONSTRATION

The framework - Identification and Detection - Candida sp - is a tool that allows the identifi-
cation of fungi species, and the detection of the antifungal resistance in Candida species. It
has two modes of interaction with the user: console and GUI. These modes are described
in the next sections.

For the Identify specie functionality, the PIPITS tool can identify a high range of fungi
species. This functionality only accepts sequencing files with FASTQ extension from the
[llumina sequencing platform.

For the Detect antifungal resistance functionality, the available species are: C. albicans, C.
glabrata, C. parapsilosis and C. tropicalis, and the genes are ERG11 and FKS1. So, the solution
presupposes that the user has knowledge about the species and the gene. This functionality
accepts files with FASTA and TXT extensions. The results of each functionality are exported
to the directory where the input data is kept.

After the execution of each functionality, the console and the GUI show the informa-
tion about the success or failure of the functionalities selected. In the case of success, the
framework displays the following messages:

e Specie identification was executed with success. Please check the results in the directory of the
input data.

o Antifungal resistance detection was executed with sucess. Please check the results in the
directory of the input data.

And in the case of failure, it displays the following messages:

o [t wasn't possible execute the specie identification.

e [t wasn't possible execute the detection of antifungal resistance.

Oliveira (2019) presents the source code of the framework resultant of the genesis process
exposed in this chapter.

4.3.1  Console Mode

Figure 15 shows an example of interaction with the console. The console provides the
options of each functionality, and the user chooses the options according his preferences.

In Figure 15, the user chooses Identify species option through typing of y, and thus gives
the directory of the files that he desires to identify. The Detect antifungal resistance option
follows the same logic, but the user needs to select the specie and the gene, through typing
of the corresponding number. Finally, he writes the forward and the reverse primers.
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If the user does not want to execute some functionality, he needs to write n and the
console does not exhibit the respective options.

Before the execution, the user is questioned about the continuation of the execution,
through the question Will you continue executing other pipelines?, and the user writes y or n,
according to his preference.

The console informs the user of success or failure of the functionalities selected through

the display of the message in the command-line.

% python -m framework -1 console

File dir Vi e apatricia\Documents\testing specie_identification‘data from pipits test
Detect ant tance? [¥|n]:

File directory: C e apatricia\Documents\testing_anmtifungal resistance\test ctropicalis ergll.twt
1 - Candida

2 - Candida

3 - Candida

Figure 15.: An example of interaction in console mode of the framework.

4.3.2  Graphical User Interface Mode

Figure 16 shows an example of interaction with the GUI. The GUI displays the functionali-
ties and options that are possible to choose from, and the user selects the options desired.

In Figure 16, the user selects the Identify species and Detect resistance options through a
mouse click on the specific fields. The user gives the directory of the file through the dialog
with the operating system. In the case of the Detect resistance option, the user needs to select
the species and the gene. Each button of the mentioned fields gives a list of valid options.
The Specie field is composed by the following options: Candida albicans, Candida glabrata,
Candida tropicalis and Candida parapsilosis. The Gene field is composed by ERG11 and FKS1
options. Finally, the user writes the forward and the reverse primers.

If the user does not click on the Identify species or Detect resistance options, the framework
does not execute this functionality.

Finally, the user has to click on Run button to execute the functionalities selected. The

Cancel button suspends the execution and closes the framework.
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The GUI informs the user of success or failure of the functionalities selected through the

messages written in the Results status field.

Select the steps to execute

Identify specie |jonfdata_fromjipits_test|

Detect resistance Ftest_ctopicalis_erg 1 1.txt|

Specie Candida tropicalis ~
Gene ERG11 w
Forward Primer |AAAAAT |

Reverse Primer |'I'I'I'I'I'A |

Results status

Cancel Run

Figure 16.: An example of interaction in GUI mode of the framework.



FRAMEWORK TESTING

This chapter exposes the testing process of the framework. The main functionalities — Iden-
tify specie and Detect antifungal resistance —, intrinsically related to the major necessities of a
solution, were tested and the results are provided in the next sections.

5.1 IDENTIFICATION OF SPECIE

During the search of datasets from NGS assays in the Sequence Read Archive database,
it was very hard to find complete ones from Candida species. The datasets selected were
tested in the PIPITS tool, but failed during the identification due to the absence of the
ITS1 and ITS2 regions. Probably, all the datasets tested do not have the ITS1 and ITS2
regions sequenced. Thus, it was used the test datasets from the PIPITS tool to validate its
incorporation in the framework.

Figure 17 shows the species identified from the test datasets. The output from the Identify
specie functionality is a file in tabular form and in TXT extension. It has two main columns:
phylotype and taxonomy; other columns refer to the names of datasets. The taxonomy of
each phylotype is classified from the kingdom to the specie.

In the test datasets, it was identified six different phylotypes: Lophodermium conigenum,
Xylodon raduloides and Lophodermium seditiosum; the remaining phylotypes were not possible
to identify at the level of species, only at the level of genus: Herpotrichiellaceae, Helotiales and
Verticillium.

[ phylotype:_table td E3 ‘
1 [phvlotype AOLE R02B
2  phylotype 1 8.0 0.0 0.

s , conigenum SH1588042.08FU
odon; s_ ¥ylodon_raduloides_SHIS17805.08FU

a
o
o ] i; phodermium; s_ Lophodermium seditiosum SHL5282037.08FU

.0
0
2.0
.0
0 __Verticillium

0
0o
oo
0 1s.
03

= phylotype - K

e € 0.0 5.

Figure 17.: An example of the species identification output.
In summary, the Identify specie functionality is capable of classifying fungi at different
levels of taxonomy, and making species distinctions of the same genus, as it can be seen

in Figure 17. But, due to the impossibility to test with data from Candida species, it was
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not possible to validate the framework with these species. However, PIPITS uses UNITE
database — mentioned in the section PIPITS — that stores information about ITS regions from
many fungi species, and includes C. albicans, C. glabrata, C. parapsilosis and C. tropicalis. So,
it is probable that PIPITS can identify Candida species in datasets from NGS assays.

5.2 DETECTION OF ANTIFUNGAL RESISTANCE

To test the Detect antifungal resistance functionality, data was selected from GenBank, refer-
ent to C. albicans, C. glabrata, C. parapsilosis and C. tropicalis, and ERG11 and FKS1 genes. All
selected DNA sequences are related to antifungal resistance, and have the following acces-
sion numbers in NCBI: KR998018.1 (C. tropicalis - ERG11), KF211452.1 (C. glabrata - FKS1)
and KM875725.1 (C. albicans - ERG11). To each DNA sequence, a mocking primer sequence
was added to imitate a real context of DNA sequencing.

The output of this functionality is a CSV file with three columns: Reference, Position and
Substitutions. The Reference column is the original amino acid sequence. The Position column
is the position of the mutation in the amino acid sequence. The Substitutions column is the
amino acid of the mutated amino acid sequence. After the mutations listing, it follows the
information about the antifungal resistance, with the description of the drugs to which the
specie is resistant.

If the framework does not identify mutations or antifungal resistance, the results file
will contain a line with the following information: No mutations identified and No antifungal
resistance detected, respectively.

Figure 18 shows snippets of the output for three Candida species and the corresponding
description of the result. In summary, the Detect antifungal resistance functionality has the
ability to verify if the Candida species are resistant or susceptible to antifungals, through the
analysis of mutations in the ERG11 and FKS1 genes.

51



| test_calbicans_erg11__results.cev E3

1 Reference Position Substitutions
V104D
FlO5&
N10EE
L107L
Kl0as
L10sD
51l1ow
Dllls
10 V1lzh
11 5113E
]2 B114D

] o s

Antifungal Resistance
Voriconazole
Fluconasole
Itraconazole

(a) C. albicans — KM875725.1.

The framework identifies mutations, and
these are associated with antifungal re-
sistance, i.e., the specie is resistant to
voriconazole, fluconazole and itracona-

zole.

5.2. Detection of Antifungal Resistance

|| test_ctropicalis_erg11__results.csv E3 ‘

[FE0 5]

[T

BReference Position Substitutinnﬁ
Q357L

K358P

P3e0V

L3g1N

VigzZN

N3&3T

Hig4I

T365K

I366E

K367T

E368L

Antifungal Resistance

No antifungal resistance detected.

(b) C. tropicalis — KR998018.1.
Mutations are identified, but these are not
associated with antifungal resistance.

[ test_calabrata_fks1__results.csv E3 ‘

1 Reference Position Substitutionﬂ

‘]

= L

2 HNo mutaticons identified.

Antifungal Resistance
No antifungal resistance detected.

(c) C. glabrata — KF211452.1.
Mutations were not identified, and conse-
quently, antifungal resistance was not de-

tected.

Figure 18.: Snippet of outputs generated by the framework.
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CONCLUSION

This chapter presents the final considerations about the framework developed, its contri-
bution in the context of clinical mycology and the main constraints occurred during its
development. And to conclude, it exposes future improvements and prospects.

6.1 FINAL CONSIDERATIONS

The framework developed is the first bioinformatic tool that identifies and detects antifun-
gal resistance in Candida species, by using NGS data. It is a user-friendly tool, which does
not require programming or bioinformatics skills.

The framework was developed in Python according to the principles of the software en-
gineering and object-oriented paradigm. The solution aggregates two main functionalities:
Identify specie and Detect antifungal resistance. The Identify specie functionality allows the
identification of a high range of fungi species, and generates a file with the description of
the taxonomy of each phylotype identified. On the other hand, the Detect antifungal resis-
tance functionality detects the presence of antifungal resistance in FKS1 and ERG11 genes
tor C. albicans, C. parapsilosis, C. glabrata and C. tropicalis, and produces a file with the list of
mutations and drugs which the specie is resistant.

The main constraint during the development was the limited access to sequencing data
of the Candida species, that may have compromised the validation of the results. However,
the functionalities and the results are promising, and in the future, this solution can be used
as a substitute to conventional laboratory techniques, because the usage of the framework
will avoid the cultivation of the species and the search of the mechanisms of resistance in
vivo, which are time-consuming and expensive.

So, the improvement of the process of identifying species and detecting antifungal re-
sistance in Candida species, through the employment of bioinformatics tools, such as the
framework developed, will guide clinicians to choose the best therapy to apply, and conse-
quently, reduce the number of deaths caused by IFIs.
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6.2 FUTURE PROSPECTS

In terms of future improvements and suggestions, it would be interesting to extend the
framework in order to support new genes related to antifungal resistance in Candida species,
such as ERG3 and FKS2. For this, a new database would be created with information about
mutations of the mentioned genes. The framework would use the new database, alongside
with the current one (Mycology Antifungal Resistance Database), to access and extract
information about mutations and antifungal resistance.

The expansion of the Detect antifungal resistance functionality for other pathogenic fungi
species, such as Aspergillus species. Indeed, the species of the genus Aspergillus cause IFIs
with a high mortality rate. So, the incorporation of Aspergillus species in the mentioned
functionality will allow rapid detection of antifungal resistance, that will improve the clini-
cal interventions and treatments.

And finally, the development of a web platform that allows the execution of the frame-
work. Therefore, open access would be guaranteed and usability of the solution would be
improved, e.g., by providing a smartphone application.
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SEQUENCING DATA FORMATS

SAM/BAM

SAM/BAM (Sequence Alignment Map/Binary Alignment Map) files have an important
role in NGS due to their structure, which allows the data representation obtained from the
mapping/alignment of sequence reads. SAM is a file that stores the alignments against
reference sequences and has the file extension “.sam”. BAM is the binary version of a SAM
file and has the file extension “.bam” (Zhang, 2016). In Figure 19, an example of a SAM file
(Zhang, 2016) is provided.

QHD VN:1.6 S50:coordinate
950 SN:ref LN:47

ref 516 ref 1 O 14M2D3IM = 0 0 AGCATGTTAGATAAGATAGCTGTGCTAGTAGGCAGTCAGCGCCAT =
01 99 ref T 30 14M1D3M = 39 41 TTAGATAAAGGATACTG =

. TEE ref B 30 1M = 0 0= « CT:Z:.;Warning;Note=Ref wrong?
002 0 ref 9 30 3SEMIDEM = 0 0 ARAAGATAAGGATA ® PT:Z:1;4;+;hoaopoly=er

03 0 ref 9 30 SHEM = 0 0 AGCTAA * NM:i:1

o4 0 ref 1B 30 GM14NSM = 0 0 ATAGCTTCAGC *

003 2064 ref 31 30 GHEM = 0 0 TAGGC = NM:i:0

001 147 ref 39 30 M = T -41 CAGCGGCAT = NM:i:1

Figure 19.: Example of SAM file format with the header and alignment sections. Adapted from
Zhang (2016).

BAM/SAM files can be divided in two sections: header and alignment. The header
section is optional and if present, can have multiple lines and each line must start with a
“@” symbol. The information can be divided into four types: @HD, @SQ, @RG and @PG.
An optional comment line starting with @CO may exist at the end of the header (Zhang,
2016).

If the header section exists in a BAM/SAM file, the first line must start with @HD fol-
lowed by required and optional field(s) including:

e VN: format version. This field is required.
e SO: sorting order of alignments. Valid values are: unknown, unsorted, queryname,
and coordinate.
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GO: group order. Valid values are: none, query, or reference.

@SQ line serves as reference sequence dictionary. A BAM/SAM file has multiple @5Q

lines and the order of these lines defines the alignment sorting order. @SQ line has follow-

ing fields:

SN: reference sequence name.

LN: reference sequence length. This is a required field.

AS: genome assembly identifier.

Ms5: checksum of the sequence in the uppercase.

SP: species.

UR: URI of the sequence. This value may start with one of the standard protocols,
e.g., http: or ftp:.

Read group information is listed in @RG line(s). An @RG line has also required and

optional fields:

ID: read group identifier. This is a required field.

CN: name of sequencing center production the read.

DS: description.

DT: the data the run was produced, using ISO8601 data or date/time format.
FO: flow order.

KS: the array of nucleotide bases that correspond to the key sequence of each read.
LB: library.

PG: programs used for processing the read group.

PI: predicted median insert size.

PL: platform/technology used to produce the reads.

PM: platform model.

PU: platform unit. It must be a unique identifier.

SM: samples name.

@PG line(s) describe the program used to generate BAM/SAM file with following fields:

ID: program record identifier. Each @PG line must have a unique ID.
PN: program name.

CL: command line.

PP: previous @PG-ID. It must match another @PG header’s ID tag.
DS: description of the program.

VN: program version.

In the alignment section, the SAM/BAM file contains sequences with genomic position

and other descriptive information. Each single sequence and its associated information are



72

presented as one-line text and each line consists of multiple tab-delimited text fields (Zhang,
2016). For each line, there are eleven required fields:

e QNAME: query name (sequence identifier in FASTQ file).

e FLAG: bitwise flag of two bytes length to indicate the read property (mapped or
unmapped, passed or not passed in quality controls).

e RNAME: reference sequence name.

e POS: the leftmost position of the first matching base in reference sequence.

e MAPQ: mapping quality.

o CIGAR: character string indication the match status of bases in the short read.

e RNEXT: reference name of next aligned read.

e PNEXT: position of the primary alignment of the next read.

e TLEN: signed observed template length.

e SEQ: sequence of the short read.

QUAL: quality scores for each base in the short read.

GFF/GTF

The GFF/GTF (General Feature Format/General Transfer Format) file formats are used
as data formats to provide genomic annotation information for NGS data analysis. The
GFF/GTF file extensions are “.gft” and “.gtt”, respectively. Each feature is represented
with one-line text and each line has nine fields. Data fields must be tab-separated, and each
field must contain a value. Empty fields should be denoted with a “.” (Zhang, 2016).The

nine fields are:

e SEQNAME: the name of the sequence. Normally, it is the identifier of the sequence
in the FASTA format file.

e SOURCE: name of the program that generated this feature.

e FEATURE: feature type name, e.g., gene, exon, transcript.

e START: start position of the feature, with sequence numbering starting at 1.

e END: end position of the feature, with sequence numbering starting at 1.

e SCORE: floating point value.

e STRAND: defined as “+” (forward) or “~ “(reverse).

e FRAME: “0” indicates that the specified region is in frame, i.e., that its first base

“"_r
1

corresponds to the first base of a codon. indicates that there is one extra base, i.e.,
that the second base of region corresponds to the first base of a codon. “2” indicates
that the third base of the region is the first base of a codon.

e ATTRIBUTE: a semicolon-separated list of tag-value pairs, providing additional infor-

mation about each feature.



GFF/GTF files may contain comment lines at the beginning which must start with “#”.
Figure 20 represents an example of the GFF/GTF file format (Zhang, 2016).

f 'genome-build GRCh3ig

# !genome-date 2013-12

#!genome-build-accession NCBI :GCA_000001405.15
#!genebuild-last-updated 2014-08

1 havana gene 11869 14409 . <+ . gene_id "ENSGO00002Z3972"
1 havana exon 11869 14409 . + . gene_id "ENSGO0000223972"
1l havana exon 11869 12227 . + . gene_id "ENSG00000223972"
1 havana exon 12613 12721 . + . gene_id "ENSG00000223972*

Figure 20.: Example of the GFF/GTF file format. Adapted from Zhang (2016).

BED

The BED (Browser Extensible Data) format is another file format to store the features of
genome annotations. The BED format is a tab-delimited text file and each line represents
one feature. The BED format has the file extension “.bed”. A basic BED file has only three
required fields in each line, i.e., chrom to define the chromosome name, chromStart and
chromEnd to define the start and end position of the feature on the chromosome (Zhang,
2016). The optional fields are:

e NAME: defines the name of the BED line.

e SCORE: a score between o and 1000.

e STRAND: defined as “+” (forward) or “-“ (reverse).

e THICKSTART: the starting position.

e THICKEND: the ending position.

e ITEMRGB: if “On”, the RBG value will determine the display color of the data con-
tained in the BED line.

e BLOCKCOUNT: the number of blocks (exons) in the BED line.

e BLOCKSIZES: a comma-separated list of the block sizes. The number of items in this
list should correspond to BLOCKCOUNT.

e BLOCKSTARTS: a comma-separated list of blocks starts. All the BLOCKSTART posi-
tions should be calculated relative to CHROMSTART. The number of items in this list
should correspond to BLOCKCOUNT.

A BED file can also contain track line definition to configure the display further, e.g., by
grouping features into separate tracks. These lines should be placed at the beginning of the

list of features that they are to affect. They start with the word “track” followed by space-
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separated key=value pairs (Zhang, 2016). Figure 21 represents an example of the BED file
format (Zhang, 2016) with a track line.

track name="ItemRGEDemo® description="Item RGE demonstration® itemRgh="0n"

chr? 127471196 127472363 Posl 0 + 127471196 127472363 255,0,0
chrT 127472363 127473530 Pogd O + 127472363 127473530 255,0,0
chrT 127473530 127474697 Posd O + 127473530 127474697 255,0,0

Figure 21.: Example of the BED file format with the track line. Adapted from Zhang (2016).

VCF

The VCF (Variant Call Format) format stores the most prevalent types of genomic sequences
variation, such as SNPs and small INDELS (insertions/deletions), enriched by annotations.
The VCF format has the file extension “.vcf”. A VCEF file contains header and data lines. The
header lines start with “##” and have a field in the format of “ID=value”. The first header
line is always the VCF format version followed by lines starting with ##INFO=, ##FILTER=,
and #FORMAT, which define the name, length, value types, and description of each item
of each data line. Data lines in VCEF files are tab-delimited text lines and each line contains
nine fixed fields followed by one or more sample column(s) (Zhang, 2016). The nine fields

are:

e CHROM: chromosome name.

e POS: the leftmost position of the variant in the sequence.

e ID: variant identifier such as SNP id.

o REF: reference base for SNP or sequence for INDEL.

e ALT: alternate base or bases.

e QUAL: Phred-scaled quality score.

o FILTER: PASS for passed all filters or a semicolon-separated list of code for filters that
fail.

e INFO: additional information.

e FORMAT: colon separated key and value.

e Sample(s): one or more sample columns may exist in a VCF file.
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Figure 22 represents an example of the VCF file format (Zhang, 2016).

#xfileformat=ViFvd. 2

#xfilebate=20151082

##source=cal lMoaVi. 2

#F#reference=gi | 251831186 |ref [NC_2129298.1) Homo sapiens mitochondrion, complete genome

#rcont ig=<ID=MT, length=16569, assenbly=b37»

#FINFO=<I0=VT , Nusber=. , Type=String, Description="Alternate allele type. 5=5NP, MsMNP, I=Indel"»
#FINFO=<I0=AL ,Nunber=. , Type=Integer, Description="Alternate allele counts, comma delimited when multiple®s
#FFILTER=<ID=fa,Description="Genotypes called from fasta file"s

FEFORMAT=<I0=GT , Nunber=1, Type=5String,Description="Genotype"»

SCHAOM  POS 1o REF ALT QuAL FILTER INFD FORMAT MGRRRGE HGRBRST HERAAGH

MT 18 s T [ 108 fa WT=5;ACKY GT & L L]
MT 16 - A T 109 fa WTmS;ACED GT [ [ [
MT 26 . C T 100 fa WT=S5;AC=3 GT ] L] L]
MT 35 . G & 180 fa WT=S;ACED GT ] L] L]
MT 48 . TC €T 100 fa WT=M;AC=] GT ] L] ]

Figure 22.: Example of the VCF file format. Adapted from Zhang (2016).
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