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fInstituto Multidisciplinar em Saúde—IMS, Universidade Federal da Bahia (UFBA), Salvador, Brazil
gDepartment of Zoology, University of Oxford, Oxford, United Kingdom
1 Next-generation sequencing strategies

Exploring the genetic information of viruses has been made possible due to the technol-

ogy of DNA sequencing. Currently, there are 4958 described virus species, according to

the International Committee on Taxonomy of Viruses (ICTV, 2018). Although many

species still do not have their genomes sequenced, viral species with medical, biotechno-

logical, and environmental relevance usually have more than one complete or partial

publicly deposited genomes [1].

This large and diverse viral genetic information available in public databases allows us

to begin addressing the genetic complexity of viruses, which originates from several

molecular mechanisms, including insertion/deletion events, different rates of nucleotide

substitution, as well as intra- and inter-genotype recombination and reassortment events

[2]. These mechanisms directly affect the genetic repertoire of viral populations of dif-

ferent hosts and habitats, leading to important implications in molecular diagnosis, path-

ogenesis, and viral epidemiology [3].

Partial viral genomes sequencing has been used to: (i) detect drug resistance in both

DNA and RNA viruses [4, 5] and (ii) perform phylogenetic analyses for the assignment

of genotypes [6]. Despite the broad array of discoveries and advancements brought

by that approach, whole genome sequencing (WGS) consistently provides more infor-

mation than the sequencing of a reduced number of genes. Therefore, WGS allows

for: (i) the detection of all known drug-resistant variants and the identification of new
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ones; (ii) the identification of mutations associated with disease transmission or severity;

(iii) better phylogenetic resolution; and (iv) genomic surveillance [7–10].
Regarding the different methods of DNA sequencing, the first strategy applied was

that of chain termination with dideoxynucleotides (ddNTPs)—(Sanger sequencing) [11].

Commonly used for confirmation in some cases, given its high accuracy, it has an

extremely low throughput, as well as being laborious and time consuming. The scenario

started to change in 2004, with the emergence of the first DNA sequencing technologies

known as NGS (next-generation sequencing), allowing for a new approach of large-scale

sequencing (HTS—high-throughput sequencing) [12].

In the following years, several Second-Generation Sequencing platforms were developed,

based mainly on the following technologies: (i) sequencing by ligation (SOLiD), (ii) ion

sensing synthesis technology (IonTorrent), and (iii) sequencing by synthesis (Illumina)

[13]. Second-generation platforms allowed for a more in-depth characterization of the

genomic variability of viruses, while providing large amounts (millions of reads) of data

for each individual sequence for the same clone or amplicon. Despite this, its major lim-

itation is the size of each individual sequenced, not being possible to obtain complete viral

genomes in a single sequencing reaction.

Recently, the development of single-molecule third-generation sequencing

approaches is now providing the first promising results in the sequencing of complete

viral genomes [14,15]. Two platforms are currently available: Pacific Biosciences

(PacBio) RS and RS II systems, and the Oxford Nanopore Technologies (ONT) systems

(MinION, GridION, and PromethION). PacBio uses Single-Molecule, Real Time

Technology Sequencing (SMRT) (PacBio, http://www.pacb.com/).

Each SMRT cell of the PacBio RS II system has a typical throughput of 0.5–1GB,
with an average read length of 10kb. Despite this, PacBio reads still present a significantly

higher error rate when compared to second- and first-generation sequencing technolo-

gies (>10%–15%) [16].
In 2014, theMinION fromONTwas released to early access users [17], heralding the

potential for highly portable “lab-in-a-suitcase” sequencing, which is capable of sequenc-

ing DNA or RNA in a real-time scale, with ultra-long-reads. The MinION is pocket

sized and is controlled and powered through a laptop USB connection.

In this technology, the DNA or RNA strands passes through various nanopores,

which connect the two sides of a semiconductive layer, anchored by specialized proteins.

A voltage is applied between the surfaces of the layer and, as the DNA or RNA strands

move through the nanopores, each of its nucleotides creates a characteristic disruption in

the electrical current flowing through the pore. This nanopore signal, which is different

for each type of nucleotide, is used to determine the sequence of bases on the DNA or

RNA strand [18].

Ongoing improvements to the launched barcoding kits in the nanopore sequencing

technology had the potential to increase the number of generated genomes per

http://www.pacb.com/
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sequencing run from 12 to 96, which could also increase the number of genome

sequences available from affected regions and allow more detailed investigations of the

association between pathogens mutations and environmental context with less costs.

However, nanopore technology also has a lower accuracy when compared to older

technologies, with an error profile <10% insertion-deletion mutations (indels) rate [19].

For data analysis, most bioinformatics tools take FASTA or FASTQ files as input,

where base calling has already been done during the sequencing process or off line with

the sequencer. For new platforms in their early stages, however, original raw data files

may be useful for some applications. Currently, the MinION outputs one FAST5 file

per read. Much like the h5 file format adopted by PacBio, the FAST5 file format is

based on the hierarchical data format 5 (HDF5) standard (https://www.hdfgroup.

org). FAST5 files have a hierarchical structure, meaning that they can store both the

metadata associated with a read, along with the events (such as aggregated bulk current

measurements) preprocessed by the sequencing device [19]. Despite this, nanopore

long reads simplify assembly and sequencing of repetitive regions and speed up the

identification of new species and metagenomic experiments. For those reasons, the

MinION sequencer is getting much attention from the genomic community, mainly

for genomic viral surveillance and genomic epidemiology areas, as they can benefit

from the real-time nature of this sequencing platform. Importantly, the MinION

has been used in field situations, including in diagnostic tent laboratories during the

Ebola epidemic [20,21] and in a roving bus-based mobile laboratory in Brazil as part

of the ZIBRA project (http://www.zibraproject.org) [22]. Others have taken the

MinION to more extreme environments where even the smallest traditional benchtop

sequencer could not go, including the Arctic [23] and Antarctic [24], a deep mine [25],

and zero gravity aboard the reduced-gravity aircraft [26], and the International Space

Station [27].

The shortage of complete genomic sequences represents a limiting point for the study

of viral genetic divergence as well as of population dynamics (genotypes and subgeno-

types), pathogenesis and vectors associated with virus transmission among human popu-

lations [9, 28]. In this context, sequencing of viral genomes plays an important role in the

fight against emerging and reemerging epidemics, as well as in the early detection and/or

identification of new potential emerging pathogens through metagenomics approaches.

Metagenomics, in this sense, can be used as a tool to monitor, at an early stage, the intro-

duction of new pathogens in specific regions. It may have important applications for the

epidemiological surveillance, outbreak investigation, and diagnosis of infectious diseases

[29] of both known and unknown pathogens. NGS-based metagenomics, therefore, can

be used as a complementary tool to monitor the emergence and spread of new human

pathogens, a central concern in public health in tropical regions.

Therefore, as sequencing chemistry and technologies progress, such techniques are

likely to become key tools for the construction of viral pan-genomes. We expect that

https://www.hdfgroup.org
https://www.hdfgroup.org
http://www.zibraproject.org/
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computational pan-genomics will allow increased power and accuracy, for example, by

allowing the pan-genome structure of a viral population to be directly compared with

that of a susceptible host population. Portable genome sequencing technology and digital

epidemiology platforms form the foundation for both real-time pathogen and disease sur-

veillance systems and outbreak response efforts, all of which exist within the One Health

context, in which surveillance, outbreak detection, and response span the human, animal

and environmental health domains.
2 Genomic surveillance

Infectious diseases continue to be one of the leading causes of death worldwide [30] and

pathogens such as viruses can be considered notorious mutation machines. They can

evolve and spread rapidly, leading to the emergence of newly mutated human pathogens,

more virulent strains, as well as antibiotic- and drug-resistant organisms [31,32]. In this

context, genomic surveillance aims are: (i) to perform global surveillance of pathogens

using WGS; (ii) to understand drug resistance, emergence, and spread of viral pathogens;

and (iii) to provide actionable data.

Several approaches have been developed and are widely used for the quick detection

and identification of viral pathogens (i.e., diagnostics). Some of them are based on dif-

ferent serological and molecular strategies including, for example, assays based on real-

time polymerase chain reaction [33]. Even though these kinds of approaches present high

sensitivity and specificity for their purpose, they are more suitable for diagnostics only and

cannot provide detailed genomic information [34].

Bearing these limitations in mind, the main point of developing new genomic sur-

veillance tools is to answer the following inquiry: what sort of questions are important

for genomic surveillance that cannot be addressed by conventional RT-qPCR or serol-

ogy? (i) RT-qPCR assays do not allow genotype classification, neither does it help iden-

tify particular and/or characteristic transmission routes; (ii) RT-qPCR assays also do not

allow to determine how fast a viral pathogen is being transmitted and in what direction it

is spreading; (iii) serological and molecular assays also cannot help identify epidemiolog-

ically linked individuals, neither predict future outbreaks; and (iv) finally, serological and

some molecular approaches cannot help to identify novel pathogenic agents and are,

therefore, unsuitable for pathogen discovery [34].

NGS technologies produce significantly more raw data than other molecular diagnos-

tic assays, including Sanger sequencing, and are also capable of informing not just path-

ogen diagnostics but also epidemiology [35]. This is whyWGS of viral genomes by using

new technologies plays an important role in the fight against emerging and reemerging

epidemics [36,37]. The availability of high-throughput sequencing has also provided
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immense insights into the ecology of health-care-associated pathogens [38]. Therefore,

real-time sequencing of entire pathogen genomes has become a standard and indispens-

able research tool for the critical role of genomic surveillance in the prevention and con-

trol of emerging infectious diseases [39], which justifies why NGS can be considered

a powerful strategy that also allows the discovery of novel potential viral pathogens

[34,40].

Considering pathogen surveillance in mind, bioinformatics tools and the combina-

tion of genomic and epidemiological data from viral infections can give essential infor-

mation for understanding the past and the future of an epidemic, because genomic data

generated by real-time sequencing can provide important information on how and

when viruses were introduced in a particular site, their pattern, and determinants of

dissemination in neighboring locations and the extent of genetic diversity, that is, its

dynamics, making it possible to establish an effective surveillance framework on track-

ing the spread of infections to other geographic regions [28,40]. In this context,

recently established international networks for real-time, portable genomic sequenc-

ing, genomic surveillance, and data analysis made it possible to monitor the evolution

of viral genomes, to understand the origins of outbreaks and epidemics, to predict

future outbreaks and to assist in the maintenance of updated diagnostic methods

[40–43]. In addition, genomic surveillance framework allows to determine, through

genome sequencing, the real-time molecular epidemiology of viruses circulating and

cocirculating in different regions in a specific area, and also to detect and characterize

the early emergence of new pathogens in large urban centers, generating data that can

inform outbreak control responses [28,43]. Generated data regarding the molecular,

epidemiological, phylogenetic, and geographical aspects of circulating viral pathogens

in a specific setting contribute to a better understanding of those viral infections in a

national and international context, assuming an important role in solving issues relevant

to Public Health [44]. As a result, studies involving more in-depth molecular and dis-

persion analysis of circulating pathogens may help the World Health Organization

appropriately adopt measures to control epidemics and to monitor the dynamics and

spreading of new viral strains. However, even though NGS has advantages over diag-

nostics routine, all of the different strategies and technologies, developed by Illumina,

Thermo Scientific, Oxford Nanopore, and others, are not yet considered a panacea.

Remaining challenges include dealing with high data throughput, which requires

sophisticated computational processing as well as the annotation of large amounts of

sequencing data, high DNA or RNA input sample requirements (in some cases hun-

dreds of nanograms), which often raises the need for previous PCR-based amplification

approaches. On top of all this, there are relatively few researchers in the area with suf-

ficient bioinformatics expertise and who are able to engage in near-patient or disease

surveillance activities [44].
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3 Genomic epidemiology

Genomic epidemiology has been applied to many outbreaks in the past few years and is

becoming a widely accepted method to investigate outbreaks [45]. The use of WGS to

understand infectious disease transmission and epidemiology is crucial to understanding

the direction of an outbreak both in national and international contexts. The character-

ization of the evolutionary history and the geographic and temporal dissemination of viral

pathogens could allow the identification of strains associated with a greater epidemic

potential, suggesting targets for the development of more effective therapeutic interven-

tions, and then allowing the establishment of an effective surveillance framework in the

tracking of the spread of these strains to other geographic regions [46]. The goal of this

kind of approach is to use the population structure of the pathogen to understand the

overall dynamics of the epidemic [47]. Moreover, with improvements in sequencing

technology and continuing optimization and standardization of bioinformatics algo-

rithms, genomic epidemiology investigations can now be conducted during the course

of an ongoing outbreak to provide real-time guidance for infection control

interventions [47].

In addition, the rapid development of sequencing technologies has led to an explosion

of pathogen sequencing data, which are increasingly collected as part of routine surveil-

lance or clinical diagnostics. While sequencing has become cheaper, the analysis of

sequence data has become a critical bottleneck.

Molecular epidemiological techniques can reconstruct the temporal and spatial

spread of an outbreak. Similarly, by linking samples that originate from different geo-

graphic locations, phylogeographic methods can reconstruct the geographic spread and

can differentiate distinct introductions. In this context, the use of powerful bioinfor-

matics tools in the field of phylodynamics, defined as the study of how epidemiological,

immunological, and evolutionary processes act and potentially interact to shape viral

phylogenies, can support genomic surveillance and epidemiology. Phylodynamic

models may aid in dating epidemic and pandemic origins and viral spread by mapping

the geographic movement of a particular pathogen population in a specific area. Phy-

lodynamic approaches have also been used to better understand viral transmission

dynamics and spread within infected hosts. Such approaches can also be useful in ascer-

taining the effectiveness of viral control efforts, particularly for diseases with low

reporting rates [48].

The potential exists to move from pathogen genomics, providing static “snapshots” of

epidemics, often months after the cases occurred, to a situation where data are produced

in real time, providing a detailed picture of the epidemic that is only a few days old. Such

rapid results are crucial if the intention is to intervene in an outbreak rather than simply

document it in retrospect.
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4 Bioinformatic tools

NGS techniques have transformed genomic studies from the analysis of single or few

genomes to an ever-increasing amount of genomic data, bringing with it the need to

develop novel techniques to efficiently treat, novel tools to assemble, analyze, and derive

useful information from overwhelmingly large datasets.

One of the ways to derive meaningful and useful information from a large genomic

dataset is through pan-genomics. According to Vernikos et al. [49], a pan-genome

defines the whole genetic repertoire of a phylogenetic clade and describes the set of

all sequence entities (ORFs, genes, etc.) belonging to the genomes of interest. The

union, intersection, and subsetting of units in the pan-genome can be classified as core

genes, dispensable genes, and strain-specific genes.

The analysis of pan-genomes can uncover significant information regarding the

genomes of interest. According to Carlos Guimaraes et al. [50], pan-genomic studies

can help understand pathogen evolution, niche adaptation, population structure, and

host interaction. Furthermore, it can help in vaccine and drug design, as well as in the

identification of virulence genes.

In the context of virus investigations, pan-genomics, and bioinformatics in general

face great challenges. Rapid extraction of genomic features with an evolutionary signal

will facilitate evolutionary analyses ranging from the reconstruction of species phyloge-

nies to tracing epidemic outbreaks.
4.1 Bioinformatic tools used in pan-genomic studies
According to Xiao et al. [51], Panseq [52], and PGAP (pan-genomes analysis pipeline)

[53] were ranked as the two top most popular packages based on cumulative citations

of peer-reviewed scientific publications at the end of 2014. Other tools applicable to virus

pan-genomics include: EDGAR, ITEP, GET_HOMOLOGUES, CASTOR, and

Genome Detective. Most pan-genome bioinformatic tools are based on orthologous

and paralogous gene identification [50], and the functions of these software packages

and tools usually include categorizing orthologous genes, calculating pan-genomic pro-

files, integrating gene annotations, and constructing phylogenies [51].
4.1.1 Panseq—Pan-genome sequence analysis program
As mentioned by Carlos Guimaraes et al. [50], Panseq is a freely available web-tool writ-

ten in BioPerl, which is available at http://76.70.11.198/panseq. Panseq defines the core

and accessory genome based on the sequence identity and segmentation length. The

NRF (novel region finder) module first splits the genome sequence into fragments with

predefined sizes, then theMUMmer alignment program [54] identifies the sequences and

contiguous regions that are present or absent in the database. Next, the CAGF module

(Core and Accessory Genome Finder) compares each individual fragment sequence to all

http://76.70.11.198/panseq
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sequences, adding single sequences that fit in with predefined parameters to the pan-

genome. Each newly added to fragment sequence is used for subsequent comparisons,

continuing this loop until all of the fragment sequences have been tested [53]. Panseq,

according to Laing et al. [52], is able to determine core and accessory regions of genome

assemblies and identify SNPs among the core genomic regions. In addition, it can select

the most discriminatory loci among the accessory loci or core gene SNPs. Panseq, how-

ever, is not able to provide pan-genomic profile and functional enrichment analysis that is

important for discriminating the functional relevance of the pan-genomic elements.

4.1.2 PGAP—Pan-genome analysis pipeline
PGAP is a stand-alone tool available at http://pgap.sf.net developed by Laing et al. [52] to

perform pan-genome analysis, genetic variation, evolution, and function analysis of gene

clusters [50]. The software uses two methods to calculate all of the analyses: (i) the GF

method to detect homologous genes, and (ii) theMPmethod to detect orthologous genes.

The GF method is based on the protein BLAST and MCL (Markov clustering) algo-

rithms. All of the protein sequences are brought together, and protein BLAST is per-

formed; the results are filtered and clustered using the MCL algorithm [55,56]. The

MP method is based on two algorithms: (i) Inparanoid to search orthologous and para-

logous genes using BLAST. Then, the pairwise ortholog clusters are moved to

(ii) MultiParanoid, which was specifically developed to search for gene clusters among

multiple strains [50,55,57–59].

4.1.3 EDGAR (efficient database framework for comparative genome analyses
using BLAST score ratios)
EDGAR is a web-tool available at https://edgar.computational.bio.uni-giessen.de/ [50].

It is designed to automatically perform genome comparisons in a high-throughput

approach. It provides novel analysis features and significantly simplifies the comparative

analysis of related genomes. The software supports a quick survey of evolutionary rela-

tionships and simplifies the process of obtaining new biological insights into the differ-

ential gene content of kindred genomes. Visualization features, like synteny plots or Venn

diagrams, are offered to the scientific community through a web-based and therefore

platform-independent user interface, where the precomputed data sets can be browsed

[60]. According to Carlos Guimaraes et al. [50], this software performs homology analyses

based on a specific cutoff that is automatically adjusted to the query data. The orthology

analysis to calculate pan-genome, core-genome, and singletons is performed using

BLAST score ratio values.

4.1.4 ITEP—Integrated toolkit for the exploration of microbial pan-genomes
ITEP is a stand-alone toolkit that is available for download at https://price.

systemsbiology.net/itep [50]. It was developed to predict protein families, orthologous

http://pgap.sf.net
https://edgar.computational.bio.uni-giessen.de/
https://price.systemsbiology.net/itep
https://price.systemsbiology.net/itep
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genes, functional domains, pan-genome, and metabolic networks for related microbial

species [61]. Its workflow consists of a three-step process: data input, database building

(startup scripts), and database analysis [50]. ITEP receives three different types of data:

GenBank file format, organism file format, and groups file format, and all of the inputs

require preprocessing before running the ITPEP toolkit (for more details, see the ITEP

documentation). In database building, scripts are run to predict the gene locations,

BLAST results, and clustering results. Finally, the package can perform core and variable

genes analyses, phylogenies, metabolic reconstructions, and gene gain and loss

patterns [50].
4.1.5 GET_HOMOLOGUES
GET_HOMOLOGUES is a stand-alone and open-source toolkit that was written in

Perl and R that can be installed on personal machines. It was developed to perform

pan-genome and comparative-genomic analysis [50,62].
PanFunPro: PAN-genome analysis based on FUNctionalPROfiles
PanFunPro is a stand-alone tool for pan-genome analysis using functional domains from

HMM (hidden Markov models) to group homologous proteins into families based on

their functional domain content [50,63,64]. In addition to pan-genome analyses, the soft-

ware performs homology detection and genome annotation using HMM, genome and

proteome estimation as well as gene ontology (GO) information [65].
4.1.6 CASTOR
The classification and annotation of virus genomes constitute important assets in the dis-

covery of genomic variability, taxonomic characteristics, and disease mechanisms. Exist-

ing classification methods are often designed for specific well-studied families of viruses.

Thus, the viral comparative genomic studies could benefit from more generic, fast, and

accurate tools for classifying and typing newly sequenced strains of diverse virus

families [66].

According to Rose et al. [67], CASTOR is a virus classification platform based on

machine learning methods, inspired by a well-known technique in molecular biology:

restriction fragment length polymorphism. It simulates, in silico, the restriction digestion

of genomic material by different enzymes into fragments. It uses two metrics to construct

feature vectors for machine learning algorithms in the classification step. The perfor-

mance of CASTOR, its genericity, and robustness could permit performing novel

and accurate large-scale virus studies. The CASTOR web platform provides an open

access, collaborative, and reproducible machine learning classifiers. CASTOR can be

accessed at http://castor.bioinfo.uqam.ca.

http://castor.bioinfo.uqam.ca/
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4.1.7 Genome Detective
According to Vilsker et al. [68], the analysis of viral genomes is especially challenging

because of their high variability and deviation from reference genomes. This is aggravated

by the increasing speed of identification, the continuous emergence of new viruses, and

the relative rareness of viral fragments in metagenomic analyses.

Genome Detective (http://www.genomedetective.com/app/typing tool/virus/)

was developed to address this problem [69]. It is an easy to use web-based software appli-

cation that assembles the genomes of viruses quickly and accurately, designed to generate

and analyze whole or partial viral genomes directly fromNGS reads within minutes. The

application gains accuracy by using a novel alignment method that uses a combination of

amino acids and nucleotide scores to construct genomes by the reference-based linking of

de novo contigs. Speed and accuracy were also gained by using DIAMONDwith a Uni-

Prot90 reference dataset to sort viral taxonomy units. The use of DIAMOND and Uni-

Ref90 allowed Genome Detective to identify viral short reads at least 1000 times faster

than if we used Blastn and the viral nt database of NCBI [70]. The software was optimized

using synthetic datasets to represent the great diversity of virus genomes. The application

was then validated with NGS data of hundreds of viruses. User time is minimal, and it is

limited to the time required to upload the data [69]. According to the authors [69],

Genome Detective accepts unprocessed paired-end or single reads generated by NGS

platforms in FASTQ format and/or processed FASTA sequences. Candidate viral reads

are identified using the protein-based alignment method, DIAMOND [70]. It uses the

viral subset of the Swiss-Prot UniRef90 protein database, which contains representative

clusters of proteins linked to taxonomy IDs, to improve sensitivity and speed, which was

also improved by first sorting short reads into groups, or buckets. The objective is to run a

separate metagenomic de novo assembly in each bucket; so, all reads of one virus species

have to be assigned to the same bucket. Each bucket is then identified using the taxon-

omy ID of the lowest common ancestor of the hits identified by DIAMOND.

Once all of the reads have been sorted in buckets; each bucket is then de novo assem-

bled separately using SPAdes [71] for single-ended reads or metaSPAdes [71] for paired-

end reads. Blastx and Blastn are used to search for candidate reference sequences against

the NCBI RefSeq virus database. Genome Detective combines the results for every

detected contig at the amino acid and nucleotide (nt) level by calculating a total score

that is a sum of the total nt score plus total amino acid score. It then chooses the five best

scoring references for each contig to be used during the alignment. The contigs for each

individual species are joined using Advanced Genome Aligner (AGA) [72]. AGA is

designed to compute the optimal global alignment considering simultaneously the align-

ment of all annotated coding sequences of a reference genome. This makes alignments

using Genome Detective more sensitive and accurate as both nt and protein scores are

taken into account in order to produce a consensus sequence from the de novo contigs.

A report is generated, referring to the final contigs and consensus sequences, available in

http://www.genomedetective.com/app/typing%20tool/virus/
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FASTA format. The report also contains detailed information on filtering, assembly, and

consensus sequence. Web-based graphics are also available. In addition, the user can pro-

duce a bam file with BWA [73] using the reference or de novo consensus sequence by

selecting the detailed report and access viral phylogenetic identification tools [74] directly

from the interface. The authors found that, for large NGS and metagenomic datasets,

Genome Detective substantially reduces computational cost without compromising

the quality of the result. However, the construction of de novo whole genomes from

metagenomic samples depends on the number of reads, the virus genome size, and read

length. Genome Detective is linked to popular virus-specific typing tools [74], which

allow phylogenetic classification below species level.
4.2 Future improvements
According to Xiao et al. [51], additional annotation information, such as that of epige-

netics, noncoding RNAs, insertion elements, conserved structural elements, and pseu-

dogenes remains to be implemented into the relevant software packages. The authors

highlight the transition from the representation of reference genomes as strings to rep-

resentations as graphs as a prominent example for a computational paradigm shift. In addi-

tion, improvements on genome assembly using machine learning techniques are

proposed by Padovani de Souza et al. [75]. Finally, in order to help better use all the infor-

mation acquired by high-throughput real-time sequencing and its analysis, text mining

and knowledge discovery techniques, integrated with medical and scientific literature

and gene family and metabolic pathway databases, could help generate new insights

and speed up discoveries.
5 Conclusions

High-throughput real-time NGS projects have transformed the field of bioinformatics

from single-genome studies to pan-genome analyses. The limiting factor now is no lon-

ger data rarity, but immense data availability and dimensionality. In this new context,

bottom-up analysis stemming from big data provides great challenges but also great

rewards.
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