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ABSTRACT 
Next-Generation Sequencing (NGS) is becoming a reality in the clinical microbiology laboratory because it can speed diagnosis when compared to 
traditional culture based-methods and moreover, to aid in unravelling key virulence traits of important pathogens. Nonetheless, there are many 
limitations for its wide application in routine testing, as the requirement of high performance hardware and software to support bioinformatics analysis, 
as well as the expertise in different programming languages to perform the analyses. In this context, this review was drawn to synthesize some basic 
concepts involved in NGS for Whole-Genome Sequencing (WGS), based on two international straightforward efforts to standardize WGS data 
acquisition and processing in the clinical routine, the PulseNet International and the ENGAGE project, allied with other tools available for WGS analysis, 
beginning from the available sequencing platforms to the main user-friendly pipelines dedicated for the pathogen identification, including the use of 
properly databases to search for virulence factors, resistance genes and software resources for molecular typing of isolates. 
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INTRODUCTION 

The diagnosis of bacterial pathogens of clinical importance is still very dependent on phenotypic techniques, which 
include plate culture for isolation of colonies, differential staining, morphological analysis and biochemical tests (1). A 
second important step is the typing of clinical isolates, which can be based on serological tests to check for the 
presence/absence of selected antigens, as toxins or serotypes, and may be necessary to perform the genetic screening 
to search for antibiotic resistance genes for instance (2). 

Nevertheless, culture-based diagnosis is laborious and time-consuming since it depends on multiple steps for 
isolation and identification of the target organism. There is a great deal of interest for alternative methods to replace or 
to complement the classic microbiological diagnostic tools, including tests based on polymerase chain reaction (PCR) 
and other technologies for detection of selected genes (3). 

In this context, the variables and hypervariables regions of the gene coding for the 16S rRNA fraction are excellent 
phylogenetic markers for the identification of a bacterial isolate given the universal distribution of this gene in all 
prokaryotic organisms (4). The 16S rRNA gene is composed of approximately 1500 bp coding for the catalytic subunit 
of 30S rRNA (4,5). The structure of this taxonomic gene marker is characterized by nine variable and hypervariable regions 
flanked by conserved regions that evolve at different proportions making possible identify basal taxonomic levels (i.e. 
domains) and more derivate levels (i.e. species) as well (6). Due to the occurrence of differential evolution rates among 
these variable and hypervariable regions, this gene can be used as a “biological clock”, for measurement of phylogenetic 
distances between groups and to generate hierarchical trees, evidencing the close relations among the isolates in the 
study (4).  

Nevertheless, this marker presents a cumbersome limitation on the species level identification, since in 65% to 83% 
of the cases the taxonomical identification is achieved, which implies that around 1% to 14% of the isolates are kept 
unidentified after Sanger DNA sequencing (7). Even all variable and hypervariable regions alone are not capable of 
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differentiate among all living bacteria, the V2, V3 and V6 regions are the three hypervariable regions characterized as 
the most heterogeneous, contributing for maximum differentiation of many similar bacterial groups (6). The major 
problem related to this limitation is the lower sufficient sequence evolution rate among bacterial species closely related 
that may not possess a significant evolutionary divergence in its 16S rRNA sequences to be properly distinguished (8).  

Thus, for molecular taxonomic identification of a pure bacterial isolate derived from a pure culture, a DNA extraction 
method is employed (i.e. mechanical lysis, enzymatic or phenol-chloroform extraction) followed by 16S rRNA gene PCR 
amplification. The PCR products are analysed on agarose gel for purity and taken for DNA Sanger sequencing. The 
sequences can be analysed and compared to databases for taxonomic identification purposes (9). 

However, the culture-based approach followed by the amplification of one specific piece of 16S rRNA (that may 
capture one or more variable and hypervariable regions for Sanger sequencing) may occur an underestimation of the 
microbial diversity in highly contaminated samples, such as faecal specimens, due to low resolution at species level (8). 
In addition, this method is useful if a particular feature of the pathogen is of interest, with amplification by PCR and 
sequencing of a target region of the genome (10). Because of these limitations and with the development and 
democratization of Next-Generation Sequencing (NGS) Technologies, some clinical laboratories are entering in the age 
of Whole-Genome Sequencing (WGS) (11). This technology allows the sequencing of multiple samples in a massive 
parallel way, resulting in a production of thousands of millions of DNA sequences at one single run, which after a 
bioinformatics downstream processing and analysis, may unravel the entire complete genome from various clinical 
isolates (11-13) without the need of prior knowledge of target conserved phylogenetic regions. At same time, it possesses 
high speed and throughput, while Sanger sequencing may took several years to close a single draft bacterial genome 
(14).  

In the context of assessing serial bacterial genomes, the NGS has been a widely application to detect and to identify 
pathogens not only in clinical isolates, but also in food matrices as performed by Macori et al. (15). These researches 
revealed the complete genomes of four Yersinia enterocolitica bacterial pathogens isolated at wild ungulate carcasses 
using the WGS approach in combination with phenotypic biochemical tests to determinate their virulence profile (high 
virulence or nonvirulent). Another very interestingly work dedicated to the elucidation of whole-genome of a bacterial 
pathogen in cattle was published by Stevens, Stephan and Johler (16). According to the findings of these authors, the 
entire genome of Staphylococcus aureus strain 1608 mastitis causative agent was useful to establish further research 
novel features that may contribute to identification of factors related to toxic mastitis development in cattle (16). 

The analysis of bacterial genomes in animals related to human consumption is crucial to an effective public health 
surveillance system, since animal pathogens can be transmitted to humans that maintain close relations with the 
contaminated animals, as occurs with mastitis causative agent (S. aureus), in such a way that the methicillin-resistant S. 
aureus strains (MRSA) (17) may infect the tits of cattle and, furthermore, can be transmitted to humans by feeding, what 
is a very important to the public health authorities (18).  

Currently, the decreasing costs for WGS encourages its use in routine applications as well (11-13) but there are still 
many challenges related mainly to the need of technical expertise for choosing among the various NGS platforms 
available and for the analysis of the sequence data obtained (19). Therefore, in this review we will present relevant 
considerations on NGS, with emphasis on its use for identification of bacteria of clinical importance. 

WHOLE-GENOME SEQUENCING 

The authors of the present article define the WGS as an access of an individual DNA content present in a given 
organism through a chosen NGS technology that will generate a large amount of data which should be processed to 
unravel the entire genomic organisation of a targeted organism to achieve the taxonomy of the microbial isolate, as well 
as its knew and hidden functional properties (possibly). 

For WGS it is necessary to obtain a pure culture and to perform DNA extraction. The isolate of interest is cultured on 
agar plate and next, genomic DNA must be extracted, similar to other genomic-based methods. For DNA extraction, 
either in-house protocols (classical DNA extraction) or commercial kits can be used. Quality and quantitative analysis of 
DNA extract have to be performed either by colorimetric or fluorimetric methods, prior to library preparation for NGS 
(20). Some steps of library preparation vary with the choice of the platform for sequencing but, regardless the platform, 
there is a random fragmentation of the genomic DNA, which can be accomplished by physical (i.e., sonication), enzymatic 
(i.e., non-specific endonucleases and tagmentation reactions by means of transposases) or chemical methods (20,21).  

The next step involves the insertion of adapters to the DNA fragments, generating inserts. Adapters are 
oligonucleotide sequences complementary to sequences immobilized on commercial sequencing platforms and they 
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are needed for attachment of the inserts to a support where the DNA amplification and sequencing will be performed 
(22). Moreover, depending on the platform of choice, the adapters can be combined with indexes to speed up the library 
preparation process: by indexing the inserts, it is possible to process mixed samples and to keep track of each amplified 
fragment with regard to the original sample (23).   

A clean-up process to separate only inserts with suitable size must be performed and, possible dimers of adapters 
must be removed to avoid consuming useful spots in the platform support to generate useless sequencing data. For this 
step, methodologies employing magnetic beads technology largely used (24).  

Different companies offer commercially diverse sequencing platforms such as 454 (Roche), SOLiD (ThermoFisher), 
Illumina® (Illumina sequencers), PacBio (Pacific Biosciences) and MinION system (Oxford Nanopore Technologies) (25).  

The platforms of Roche, SOLID and Illumina® companies are classified as second-generation technologies since they 
were launched after Sanger’s sequencing technology and are characterized by different sequencing chemistries. In 
addition, second-generation sequencers are thus classified by their built-in nucleotide detection system, which is 
performed by optical sensors for light detection (26). 

The basis of the Roche-454 sequencer is the detection of the pyrophosphate (PPi) released during the incorporation 
of the nitrogen base by DNA polymerase in the synthesis of the nascent DNA chain. The resulting PPi is converted to 
ATP by the ATP sulfurylase enzyme, which provides energy for the luciferase enzyme to oxidize luciferin, resulting in light 
emission. Visible light detected is proportional to the number of nucleotides incorporated and each DNA base has their 
own light colour, which allows the base calling identification (27). Nevertheless, Roche-454 technology is currently out 
of date (20). 

The synthesis technology of the company Illumina® is the most used in the market due to the wide variety of 
sequencers available, including MiSeq, HiSeq, NextSeq and now NovaSeq. The generation of short-reads and the optical 
detection system for fluorophores-labeled dideoxinucleotides (dNTPs) are hallmarks of these platforms (20,28).  

The Ion Torrent (Thermo Fisher) sequencer has a dilemma in its classification, as some authors classify it as a 
generation 2.5th equipment, due to its chemistry of sequencing based on the measurement of pH change caused by the 
release of a proton during the synthesis of the chain of DNA, by means of a chemical sensor (29). 

According to Heather & Chain (30), third-generation sequencers are those capable of sequencing a single whole DNA 
molecule without the need for amplification of the fragments. The third generation sequencers are represented by PacBio 
(Pacific Biosciences) and minION (Oxford Nanopore) platforms (20,30).  

In the PacBio platform, sequencing is performed on a chip that contains several zero-mode waveguide detectors 
(ZMW). Each detector has an added DNA polymerase and, when the enzyme adds the phosphor-linked dye-labeled 
nucleotides, the incorporation is detected in real-time by an imaging system (30).  

On the other hand, MinION (Oxford Nanopore) technology is based on the measurement of changes in electrical 
conductivity caused by the passage of single strand of DNA through a biological pore. The DNA passes through the pore 
after the application of a voltage, which generates a current of ions. The change in the pattern or magnitude of the 
electric current in the nanopore is captured by a sensor “several thousand times per second” and the electrical current 
measures are passed to an application-specific integrated circuit (ASIC) microchip. The data are processed and analyzed 
in the MinKNOW software available on the MinION platform (31). 

By having the ability to sequence single molecules without the amplification of DNA fragments, third-generation 
sequencing technology is characterized by the production of longer reads, which can include medium-sized reads of 
10,000 bp and some reads larger than 100,000 bp, which confers advantages related to the resolution of gaps in the 
genome and allows the construction of large contiguous regions of DNA, facilitating the genome assembly and 
annotation (32). 

In Table 1 is presented a brief comparison among the sequencing commercial platforms available focusing on its 
sequencing chemistries and the main pros and cons. 
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BIOINFORMATICS: DOWNSTREAM ANALYSIS 

One advantage of the WGS over the classical bacterial identification approaches is that one single protocol serves for 
all kinds of bacteria (10), although specific knowledge is required to analyse the sequences generated. Computer 
programming skills are needed to comprehend scripts written in different programming languages in order to 
reconstruct and annotate the genomes. Therefore, bioinformatics is an integral part of the analysis process. 

According to NIH Biomedical Information Science and Technology Initiative Consortium (BISTIC), bioinformatics can 
be defined as: “Research, development, or application of computational tools and approaches for expanding the use of 
biological, medical, behavioral or health data, including those to acquire, store, organize, archive, analyse, or visualize 
such data” (37). Therefore, bioinformatics is an important computational tool to organize, visualize and integrate data 
from sequencing. In addition, knowledge about the available public databases is fundamental to succeed with taxonomic 
and functional annotations. 

An interestingly report from the European Food Safety Authority (EFSA) showed that in the 2016 year all Europe 
reference laboratories (100%) employed WGS for pathogen identification, but there were discrepancies when compared 
the WGS employment among other specialized institutions as National Reference Laboratories (44%) and Official 
laboratories (7%). The main reasons for this reduced usage by non-reference laboratories can be summarized around 
two variables: the limitation in the budgets of the facilities and the absence of trained staff to conduct analysis of data 
using bioinformatics tools (38). 

In the context of standardize the WGS application in clinical laboratories, two major consortia must be highlighted, 
the PulseNet International and the ENGAGE project. The PulseNet International is a network of 86 countries distributed 
in regions from Africa, Asia, Canada, Europe, Latin America and Caribbean, the Middle East and the United States. The 
concept of this consortium is to exchange information regarding genomic data among the countries laboratories and to 
implement standard operational procedures (SOPs) for genotyping (39).  

The ENGAGE (Establishing Next Generation sequencing Ability for Genomic Analysis in Europe – www.engage-
europe.eu) project, composed by eight European institutions, published SOPs for genomic data collection from a pure 
culture isolate, WGS DNA sequencing and data analysis suggesting dedicated tools for quality control, genome assembly 
and annotation viewing to standardize pathogen identification in different laboratories across Europe. The project also 
makes available on-line learning material to update WGS and bioinformatics knowledge (40).  

So, due to the highly quality and the hot topics pointed out by both projects, this paper will discuss briefly some tools 
proposed in these projects guidelines, specifically those related to pathogen molecular typing, and the basic 
bioinformatics concepts dispersed in the current literature starting by the first steps required to genomic data analysis.  

Table 1: Main features of NGS sequencing platforms and its pros and cons 
Sequencing Platform Generation Sequencing Chemistry Read length 

(bp) 
Supports PE 
reads? Pros Cons 

Roche 454 GS Junior 1st Pyrosequencing 500 

Yes 

Long-reads technology allows an 
acurated mapping to reference 
genomes and makes easier De novo 
genome assembly 

High reagent costs 
 

Low-throughput 
 

High error rates in 
homopolymeric regions 

NextSeq 550(Illumina®) 
 
2nd 

Flourophores detection by 
an optical sensor 

150 
High-throughput per running 
 

Lowest base-sequencing costs 

Average error rate of 10-2 to 
10-3 due to in vitro serial 
amplification steps 

MiSeq (Illumina ®) 25-300¹ 
HiSeq 2500 (Illumina®) 50-250² 
NovaSeq 6000 (Illumina®) 50-1503 
Ion Torrent PGM (Thermo 
Fisher) 2nd/3rd Proton detection by 

semiconductor technology 200 Yes Fast running times (few hours) High error rates in 
homopolymeric regions 

PacBio (Pacific 
Biosciences) 

3rd 

Single Molecule Real Time 
technology 1500 No 

Long-reads technology facilitates the 
conclusion of a genome assembly 
and elucidation of a draft genome 

Lowest throughput among 
all the platforms 
 

High initial investment 
 

GC Bias 

MinION (Oxford 
Nanopore) 

Measurement of an ion 
current flow through a 
nanopore and the 
characterization of pattern 
or magnitude of the 
current generated 

5.000 No 

Portable sequencer (USB-like) makes 
easy the sampling in a field and the 
fast taxonomic identification. It is 
ideal for mobile labs 
 

No PCR biases (no need for DNA 
amplification) 
 

Lower initial investiment 

Low numbers of generated 
reads 
 

High DNA input 
requirements (1 μg) 
 

GC Bias 

Legend: ¹,²Varies according to the run mode chosen and running kits employed. These values ranging are regarding to PE reads; 3Depends on the flowcell type. Source 
from: van Dijik et al. (22); Goodwin et al. (28). Kircher & Kelso (33); Quail et al (34); Mikheyev & Tin (35) and Illumina® (36) 
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The basic in silico steps for processing NGS data prior to taxonomic and functional analyses include: (i) the quality 
control of the sequences, (ii) the removal of the adapters inserted in the stage of preparation of the library, (iii) the 
assembly of the genomes guided by reference or the De novo assembly (20). 

Regarding the quality control of sequences, the base calling quality measure reflects the probability of a given base 
being randomly or incorrectly mismatched, and is commonly calculated on the basis of the Phred score (also entitled Q 
score) (20-21, 41). The Q score value is a logarithmic representation of the error probability and its calculation varies 
according to the sequencing platform used. The data generated in the sequencing are commonly addressed in FASTQ 
files, an ASCII-format file format, in which the DNA sequences present the ASCII coded quality score (Q score) for each 
identified nitrogen base (20). The use of ASCII coding is not only justified by adjusting the logarithmic-scale probabilities 
to their nearest integer value, but also by saving space in the file and optimizing computational resources (42). The 
quality control of the base calls is fundamental to avoid misinterpretations during the assembly of the genomes (20). 

The Centers for Disease Control and Prevention (USA), one of the countries that integrates the PulseNet International 
(38), establishes standard protocols for WGS-based diagnosis by addressing the stage of preparation of libraries for the 
MiSeq platform of the company Illumina® and standard operating procedures for the quality control of generated 
sequences in sequencing using User-friendly tools like FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (43). The same tool is recommended for QC of reads by the 
ENGAGE project (40). 

However, if the analyst possesses bioinformatics background it is possible to opt by other tools for QC of sequences. 
These tools are not user-friendly and require programming expertise. One of the most used pipelines to processing 
reads is the NGS QC Toolkit (available in http://www.nipgr.res.in/ngsqctoolkit.html). This pipeline is divided in two major 
workflows: one dedicated to guarantee the reads quality control for illumina® sequencing platforms (IlluQC) and other 
specific for Roche-454 sequencing platform (454QC). This tool includes trimming of adapters, quality control of 
sequences, trimming of homopolymeric regions, statistics for average quality of each read by FASTA file and FASTQ to 
FASTA format conversion (44). Nevertheless, there is no mentation to the use of this software in any SOP from PulseNet 
International or the ENGAGE project.  

The ENGAGE project, recommends a specifically developed tool for illumina® sequencing platforms, the 
Trimmomatic software (available in http://www.usadellab.org/cms/?page=trimmomatic) may be employed to QC of 
paired-end and single-end sequence reads that are filtered based on their Phred score values (+30 or +64 depending 
on Illumina® pipeline chosen) and the pipeline also supports adapter trimming. The software was written in java 
language and uses FASTQ files as an input (45). 

Alternatively, if the analyst opts for other tool to adapter trimming it is possible to employ the Cutadapt (available in 
https://cutadapt.readthedocs.io/en/stable/), a standalone software projected for adapter removal that supports FASTQ, 
FASTA and SOLID .csfasta/.qual as inputs. The rational of this tool is looking for multiple adapters in a one single run of 
the program based on previous alignment among the reads and adapters sequences. The algorithm removes the 
sequences with the best matching and, optionally, may search for an adapter and remove it multiple times, what is useful 
when a problem related to library preparation results in an insertion of the same adapter multiple times. Although this 
software is designed for command line interface, it offers an easy-to-use command line interface (46). However, this 
famous algorithm is not in the list of recommended tools for adapter trimming in clinical diagnosis from any SOPs of 
the PulseNet International and the ENGAGE project.  

Several softwares available from the commercial platforms are available for sequence preprocessing and downstream 
analysis, such as BaseSpace (Illumina®) (47), NextGENeTM (Ion Torrent) (48) and SMRT Analysis Software (PacBio) for 
instance (49), but they are limited to a default established by the companies, which may limit the data analysis if the 
analyst is searching for specific features in a given pathogen.  

The QC of sequences is an important step for all WGS downstream analysis because low quality base calls dispersed 
in the dataset could add useless and misinterpreted information due to the presence of random reads. It becomes clearer 
during the genome assembly step, in which these low-quality reads may generate false k-mers (substrings of sequences 
with a determined size), that may increase the complexity of genome assembly phase (50).  

According to Miller, Koren and Sutton (51), a genome assembly is a hierarchical data structure that maps the data 
sequence into a putative reconstruction of the target. In other words, it is the grouping of reads into contigs (contiguous 
DNA sequences) and contigs into scaffolds. The contigs provide for multiple sequence alignment and also the generation 
of a consensus sequence, whereas the scaffolds define the order of the contigs and their orientation (51). 

http://www.ejgm.co.uk/
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The assembly of genomes can be based on two approaches: guided by reference or De novo assembly. The assembly 
guided by a reference depends on the construction of overlapping contigs and the alignment of these sequences against 
sequences belonging to reference genomes available in the databases, which corroborates the assembly of the scaffolds 
and the resolution of the draft genome (Figure 1 shows a brief overview on reference-guided genome assembly for 

 
Figure 1: General overview regarding NGS approach for Whole-Genome Sequencing. After a bacterial colony selection, 
follows the genomic DNA extraction and the library preparation steps to prepare the sample for NGS sequencing. The 
analysis of the sequenced genome is performed with bioinformatics pipelines that must ensure the quality control of reads 
and adapters trimming. If the researcher or analyst is using short-reads sequencing technologies, such as those based on 
the second generation technologies, the total genome assembly may be hard, but possible. By the other hand, if the analyst 
chooses to employ a third-generation sequencer, like SMRT technology, the genome assembly step can be easier due to 
long-reads generation. At the end, the analyst should compare the genomes against a reference to identify and to 
characterize the isolate (not shown in the figure).  
Source: Elaborated by the authors 
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WGS). On the other hand, De novo assembly refers to the reconstruction of contiguous DNA sequences without using 
any reference sequences (52), i.e. sequences of sequenced microorganisms deposited in databases are not available to 
guide this step (for further study on the art of genome assembly, see references: 41, 42, 51 and 52).  

One of the adequate tools recommended by the ENGAGE project for genome assembly procedure is SPAdes 
(http://bioinf.spbau.ru/spades), an open source software that uses the mathematical concept of de Bruijn graph 
variations (multisized de Bruijn graph and paired assembly graph) for a genome assembly which makes possible identify 
insert size variation, chimeric reads (reads formed by the union of distant substrings of the genome) and sequencing 
errors (53). This assembler is recommended because it achieved, during a standardized benchmarking exercise among 
the EU laboratories, the longer contigs generation and high accuracy to predict correctly (100%) Multi-locus Sequencing 
Type (MLST) of Salmonella genomes in comparison with the Velvet assembler (40).  

Nevertheless, the bacterial genomes structure is not only marked by the presence of a single double-stranded DNA 
(dsDNA) molecule arranged in a nucleoid configuration at the central part of the bacterial cell (54), but many of them 
may also possess an extra genetic material characterized by a circular dsDNA that confers fitness advantages in a specific 
environment. The acquisition of antibiotic resistance genes (ARGs) is an example of the plasticity of bacterial cells in a 
stressful condition (55).  

 Many ARGs are carried by plasmids. Notwithstanding, some of them may be intrinsic to the bacterial chromosome 
structure. So, search for ARGs using WGS from bacterial isolates offer an interestingly approach because it makes possible 
to trace the localization of the resistance gene if in plasmid or in chromosome and allows to analyse the genetic context 
of the acquired gene, via bacterial transformation or conjugation for example (56). Although with the WGS technology 
it is now a reality to sequence entire plasmids from bacterial cultures, it is still a hardworking task, since the data 
generated by short-reads sequencing platforms may limits the analysis of plasmids DNA sequences in a sample due to 
the presence of repetitive sequences that may be shared by plasmid or the chromosome (56) and the high presence of 
several elements as transposons that could be a result of multiple insertion processes. One advantage of search for 
plasmid sequences in a WGS data is to detect plasmids with new functions not annotated in the databases (55). Thus, 
the development of softwares with the ability to unravel the plasmids sequences dispersed in whole bacterial genomes 
is extremely necessary.  

To fill up this gap and allow capture the whole plasmid sequences in a given genome, the tool plasmidSPAdes was 
developed by Antipov et al. (56). This software uses the genome assembly method performed by SPAdes tool and 
computes the median coverage of the assembly graph that will be useful to identify short dead-end and long 
chromosomal edges in the assembly graph for cut them off during the analysis. So, after computing the median is 
possible to find a subgraph in an assembly graph that is referred as plasmid graph. Further, an exSPAnder function is 
recruited to search for repetitive regions in the plasmid graph, which results in the generation of plasmidic contigs. With 
this rational, is feasible to recover plasmid sequences for WGS data (57). 

PIPELINES FOR PATHOGENS IDENTIFICATION 

Although the aim of this manuscript is to address the application of WGS for molecular identification of bacterial 
isolates, we must also point out that through the NGS technology it is possible to perform analyses of clinical samples 
by independent culture methods such as metagenomics and metataxonomics, where the first is based on the sequencing 
of the genomes of all the microorganisms present in the sample, returning a set of annotated theoretical genomes, while 
the second one refers to the sequencing of specific regions of the 16S rRNA gene present in the microbial genomes of 
a given sample (58). 

Such analyses are culture-independent and allow the study of complex samples, with high microbial diversity. 
However, metagenomics requires extensively high computational resources (processing, memory and storage), and the 
user’s need to have programming skills. In this paper we also discuss on the use of WGS for lab analysts and clinicians 
with a focus on metagenomics. 

For the processing of NGS data files suitable pipelines should be employed. A pipeline is a series of transformations 
by which an input file is processed (59). In other words, a pipeline is a set of scripts, which can be written in various 
programming languages and its function is to contain tasks that modify the input file. There are pipelines dedicated to 
pathogen detection and identification in WGS data that will be summarized below.  

In this context, SUPRI (sequence-based ultrarapid pathogen identification- http://chiulab.ucsf.edu/surpi/) is a 
complete pipeline composed of a series of scritps encoded in the languages, shell, Python and Perl coded on the Linux 
operating system, including also open-source tools such as SNAP and RAPSearch aligners. The pipeline recognizes 
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FASTQ files as inputs and removes (trimming) low quality reads and adapter sequences. Subsequently, the user can 
choose to run the software in fast or comprehensive modes, which are characterized by extensive classification of reads 
in virus and bacterial databases in the prior parameter and by comparison against the entire NCBI nucleotide sequence 
database in the second one. These analyses are carried out by means of external software fixed to the pipeline, such as 
those related to the trimming of adapters and low-quality reads, for example. The output of the pipeline is characterized 
by a list of all taxonomically ranked reads and a set of coverage maps for detected microbial genomes, which reflect the 
highest percentage of coverage value generated by the reads alignment against the most likely reference genomes (60). 

Pathosphere (https://www.pathosphere.org/) is another free open source software with the ability to process NGS 
data generated on the 454, Ion Torrent and Illumina platforms. Its analytical capabilities include taxonomic analysis of 
sequence files, sequence assembly, and pathogen identification using a variety of databases, including NCBI. The 
software allows automating the work, being only necessary to upload the FASTQ files (or other formats) in the user 
interface, then select the identification pipeline and, finally, wait for the report generation (61). 

One critical comment is that while both pipelines described above are designed for application of data files from 
metagenomic sequences, the two pipelines employ assembles dedicated to single genomes. In SUPRI, the software 
ABySS and Minimus are used to assemble the metagenomes, but as they are appropriate also to assembly unique 
genomes and, to use them for WGS analysis is also feasible. As in Pathosphere the assemblers used are Velvet and GS 
Newbler (Roche) also applied to unique genomes, the ECBC pipeline would be useful for WGS data analysis, whereas for 
the metagenomic analysis the USAMRIID-WRAIR pipeline would be more appropriate since it employs a specific 
metagenomic assembler, the Ray Meta. 

Moreover, in the case of diagnostic metagenomics applications, another very useful user-friendly software designed 
for the clinical routine is the PathoScope (http://sourceforge.net/projects/pathoscope/), characterized as an accurate 
pipeline for identification of virus and bacteria in clinical samples. The algorithm is able to discriminate among multiple 
pathogens in the sample, as well as to differentiate new strains and also those with high mutation rates. The concept of 
the software is to employ a Bayesian method of statistical inference to process sequence alignment and return the 
probability of the profiles of the organisms present, based on the NCBI database, although custom databases can be 
incorporated as user needs. Since PathoScope relies on sequence alignment without prior assembly stage, which would 
delay the analysis, its results are generated in a shorter time interval (62).  

A complete pipeline for diverse purposes is supplied by the Galaxy software (http://galaxy.project.org) that processes 
the sequences of the user by its own defaults, but it results in hiding the computational details from the analyst. The 
software is available as a web-based service, in which is possible to access several pipelines for genomic and functional 
analysis, or it can be downloaded as a package in a laboratory informatics dedicated server (63).  

The WGS approach in clinical microbiology leads to a deep analysis for variant discovery in bacterial isolates which is 
important for the management of antibiotic resistance genes due to the possibility of evaluate a single nucleotide 
mutation (SNP) and/or indel variants in a given bacterial genome to identify know/unknown ARGs or pathogenic islands 
by comparison of the input sequences with sequences deposited in public databases (12). 

For this purpose, a GATK pipeline (64) was drawn for variant discovery analysis in High-Throughput sequencing (HTS) 
data. This software is open source and is available in https://software.broadinstitute.org/gatk/download/. The pipeline 
consists in three steps for data processing: (i) Pre-processing of raw sequence data to produce a BAM file (a file derivate 
from the sequence alignment against a reference database); (ii) production of a VCF file (variant calling format file) which 
presents the variant genomic information and; (iii) additional steps for genomic annotation and downstream analysis. 
This pipeline supports data from WGS, exomes, gene panels and RNA-seq 
(https://software.broadinstitute.org/gatk/best-practices/). 

The Galaxy cloud-based service and GATK pipeline are recommended by the ENGAGE project. The former is useful 
when there is no infrastructure for bioinformatics server implementation (40). 

DATABASES FOR MAIN APPLICATIONS 

Virulence Factors 

Several pipelines may be customized by the user due to the possibility of change defaults and to choose a specific 
database to improve the analysis. In the clinical microbiology field it is crucial to search for virulence factors in a bacterial 
isolate since, bacteria use many strategies to cause infections and diseases. This is due to the fact that these 
microorganisms present structures and metabolic networks related to their virulence, with a focus on adhesion and host 
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invasion. Many structures and metabolites may be considered as virulence factors, for example, the presence of 
polysaccharide capsule, cell wall, toxin production and expression of microbial adhesins, as well as the expression of 
enzymes and proteins that contribute to antimicrobial resistance mechanisms (65). 

The virulence factor (VF) database (VFDB- http://www.mgc.ac.cn/VFs/), released in 2005, presents information on the 
principal VFs related to bacterial pathogens, emphasizing aspects of structural and functional biology. The database is 
user-friendly and the search for VFs can be performed simply by text query or by selecting the function category under 
consideration. The software also supports BLAST, which compares its sequences with the entire VFs database (66). 

In 2012, this database was updated to an advanced user interface and also with new contents related to the 
comparative analysis of VFs between intergenera that are related to host adhesion and invasion, bacterial secretion 
systems and its effectors, secretion of toxins and ion capture systems (67).  

Antibiotic Resistance 

Three major databases stand out in the search for resistance genes in bacterial genomes derived from WGS: ResFinder 
(https://cge.cbs.dtu.dk/services/ResFinder/), ARG-ANNOT (http://www.mediterranee-
infection.com/article.php?laref=282&titer=arg-annot) and CARD (https://card.mcmaster.ca/) for being constantly 
updated and revised. 

The ResFinder server came from an effort by The Center for Genomic Epidemiology (Denmark) to provide researchers 
with poor knowledge in bioinformatics a user-friendly interface, which allows analysis of WGS data for outbreak 
investigation, laboratory diagnosis and also epidemiological surveillance. The construction of this database was carried 
out on the basis of information deposited with other databases, as well as information available in review articles. 
Sequences related to resistance genes were taken from the NCBI database and used for the assembly of ResFinder (68). 

The user has different possibilities with ResFinder, such as insert as input unassembled sequences files, that can be 
assembled by the server’s own algorithm or even complete or partially assembled genome sequences. The server 
supports sequences files from the 454, Illumina, Ion Torrent and SOLiD platforms. By means of the BLAST algorithm, the 
server aligns the user sequences with the resistance gene sequences available in the database, returning as output the 
gene sequences with the highest match (68). 

The ARG-ANNOT server is another valuable tool available for the analysis of the presence/absence of antibiotic 
resistance genes (AR). This server was designed for the analysis of genomic and metagenomic data, to serve as a tool 
for quick identification and prediction of the presence of existing, putative or new AR genes as well as point mutations 
in chromosomes that contain the sequences of interest. This database was created based on the classification of 
databases for resistance genes and previous publications available in PubMed (69). The highlight of this tool is that it is 
able to identify AR genes not only in complete gene sequences, but also in partially assembled sequences and in those 
with low levels of similarity to the sequences of the databases. According Gupta et al. (69), when compared to ResFinder, 
ARG-ANNOT demonstrated greater ability to detect resistance genes because ResFinder only detects genes with high 
similarity (≥50%) and high sequencing coverage, predicting only known resistance genes, which limits the application 
from this server for the prediction of unknown AR genes (69). 

In response to the findings of Gupta et al. (69), Zankari (70) reported that the first version of the ResFinder was 
compared by the former author. Currently, ResFinder allows the user to choose to reduce the identity to 20% and 
coverage size to 30%, also allowing the detection of AR genes with low similarities. However, with that choice, specificity 
for hits with resistance genes may decrease and consequently, may leads to increase the number of false-positive results 
for AR genes. The ResFinder, according to Zankari (70), has 99.74% agreement between AR prediction data and the 
results of in vitro antimicrobial susceptibility assays due to its high specificity. Therefore, to choose between these tools 
it is necessary to compare novel WGS bioinformatics pipelines with the conventional methods.  

Finally, CARD is a user-friendly database of gene sequences data from antimicrobial resistance (AMR) genotypes 
obtained from genomic data. The deposited data includes information on mechanisms of intrinsic resistance, resistance 
genes and acquisition of resistance by mutations at target sites of antibiotics and associated elements. The CARD server 
core consists of a new database titled Antibiotic Resistance Ontology (ARO), which describes the targets of antimicrobial 
molecules, resistance mechanisms, genes and mutations and their interactions. In addition, CARD includes a software 
called Resistance Gene Identifier (RGI), capable of predicting resistance genes from sequenced genomes and contigs. 
The advantage of this server is that it allows carrying out integrated epidemiological surveillance with data from health 
institutions, agricultural regions and the environment to track an outbreak (71). 
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The databases for AR gene detection differ according to the degree of update and the definitions of resistance 
adopted (69,71). Therefore, the choice of the database or more than one of them must be performed according to the 
purpose and need of the work. The ENGAGE project report presents a list of databases dedicated to pathogen 
identification and characterization, which is available from Hendriksen et al. (40). 

GENOTYPING 

One of the most widely used methods for identifying pathogenic strains from bacterial isolates is the Multilocus 
Sequence Typing (MLST), which is of crucial importance for outbreak tracking and public health decision-making to 
design control strategies (72). The classic MLST analyses were developed to be compatible with the Sanger sequencing 
platform, based on PCR amplification of nucleotide sequences ranging from 400-500 bp of seven housekeeping genes 
(72,73). The amplified gene regions are sequenced and those that are present only within a given species receive an 
allele number. Thus, each isolate is characterized according to its alleles at each of the seven loci, constituting its allelic 
profile or Sequence Type (ST) (72).  

The MLST was developed to overcome the limitation of the precursor’s molecular techniques to typing 
microorganisms and the lack of reproducibility around laboratories based on these methods (74). The first bacterial 
specie tested with the MLST approach was Neisseria meningitides in 1998. On that occasion, this approach showed a 
powerful discriminatory power to differentiate clonal lineages with distinct rates of recombination. The highly clonal 
species may be discriminated by the phylogenetic relationships between isolates in dendograms built from the pairwise 
distances between STs and independently from a consensus tree assembled from the gene sequences, while weakly 
clonal lineages the dendograms exhibits clusters of isolates with identical or very similar STs (75).  

After the N. meningitides MLST scheme others authors proposed for bacteria and fungi novel schemes and the MLST 
configured as the “gold standard” for pathogen typing. However, the time-consuming and the costly procedures make 
the WGS technology attractive, since with the NGS technologies advancement and their cost-decreasing price of the 
DNA sequencing it was more feasible a clinical laboratory to apply this methodology in routine (74).  

With WGS it is possible to access all the genes of a bacterial genus or species, including those housekeeping genes 
used for MLST. These data can be used to perform whole-genome MLST (wgMLST). Another approach for analysis of 
WGS is focused on the whole set of genes universally present in a particular genus or species, which is defined as core 
genome MLST (cgMLST). In both approaches, the genome sequences of the isolates are compared against an appropriate 
database containing sequences of all deposited allelic variants, which allows tracing the relationships among the isolates 
and the reference species (76).   

For genotyping using WGS data, it is possible to use the BacWGSTdb (Bacterial Whole Genome Sequence Database 
- http://bacdb.org/BacWGSTdb), which allows the extraction of MLST information in sequenced bacterial genomes. What 
stands out in this database is the possibility of relating data from the clinical isolate under study with phylogenetically 
related isolates in the database (77). To use this database, it is necessary simply to upload the query genome, which will 
be aligned against a user-selected reference genome, generating a Variant Call Format (VCF) standard extension file. In 
this file there is the SNP data generated in the alignment. In the next step, the SNP data are compared with the repository 
in the database and the most closely related isolates are listed in a phylogenetic tree. This tool is very useful for outbreak 
tracking (77). 

Considering that for epidemiological surveillance the analysis of generated wgMLST data by different laboratories 
should be standardized and comparable, the authors Liu, Chiou and Chen (78) developed a WEB-based computational 
tool to create a pan-genome allele database (PGAdb - http://wgmlstdb.imst.nsysu.edu.tw/), to enable the comparison 
of data among laboratories and to establish a repository containing information on the allelic variants of the populations 
of a given bacterial organism (77). 

The software works through two modules: in the first, called “Build_PGAdb”, the contigs of the file uploaded by the 
user are functionally annotated by using the software Prokka and later the module extracts the information from the 
identified alleles based on orthologous genes, producing a pan-genomic database. In the second module, entitled 
“Build_wgMLSTtree”, the contigs of the uploaded genomes are compared to the PGAdb database generated through 
the BLASTN between the contigs and the PGAdb for the construction of phylogenetic trees (78). 
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CONCLUSIONS 

Even with so many different applications of the WGS for diagnostic microbiology, barriers related to the interpretation 
of data by microbiologists, which rely on bioinformaticians for data analysis, creates a major limitation for NGS 
technology to be incorporated into routine laboratories. Therefore, the development of user-friendly software is very 
important to facilitate the work of the laboratory analyst unfamiliar with advanced bioinformatics tools. On the other 
hand, in reference laboratories, the WGS may be more plausible to use focusing on confirmation of suspicious pathogens 
and/or on molecular typing of bacterial isolates important for public health (25).  

Although many refinements must be made for the insertion of NGS technology into the diagnostic routine in 
microbiology laboratories, WGS-based diagnosis is a potential tool that can be made a reality, at any time, in the clinical 
microbiology field, since some research groups are using this technology to solve outbreaks, as those caused by 
Salmonella Typhimurium S. Enteritidis (79,80) and to identify pathogens and their virulence factors, as Verotoxigenic 
Escherichia coli (81). 

In addition, the prepare of human resources to handle with NGS technology can be achieved employing dedicated 
educational resources that are proposed using practical simulations of NGS data acquisition and bioinformatics analysis 
as suggested by Macori et al. (82). This approach may be useful to microbiology and life sciences students interested to 
learn NGS applications in different fields.  

Allied with the educational resources, it is expected that standardized pipelines for the analysis of genomic data will 
be improved and/or developed and, in the case of reference laboratories carrying out epidemiological surveillance, these 
pipelines must allow the comparison of data among laboratories regarding to clinical isolates and must be evaluated by 
certified institutions around the world to ensure a high-quality diagnostic protocol.  
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