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Abstract 

The advances in omics fields and the growth of high-

throughput biological data required the use of 

bioinformatics tools to elaborate complex data, as well 

as the development of network resources, such as 

databases referred to specific biological fields and 

shared by the scientific community. This work mentions 

some of the main typologies of software tools used in 

the standard workflow of the NGS approach, focusing 

on the main problems associated with their use. Crucial 

applications in agri-food fields are also described. 

Particularly, in agricultural area it is highlighted how 

advanced bioinformatic tools made genome sequencing 

of key species possible, such as rice, grapevine, corn, 

tomato, potato, peach, barley, while numerous other 

sequencing projects are nearing completion. It is also 

shown how metagenomics approaches and complex 

software packages were applied to soil microbiome 

investigation. In the food microbiology area it is 

underlined how today the metagenomic techniques 

based on amplicon sequencing as well as on whole 

genome sequencing are widely used for analysing the 

microbial composition of products and for studying the 

microbiome and the mycobiome in the fermentative 

processes. Finally, some current needs are discussed. 

Among them relevant ones are those related to the 

elaboration of big amount of data provided by NGS data 

analysis, requiring new and more powerful 

bioinformatics resolutions to handle such large 

biological collections. Furthermore, specialized 

software tools and advanced computational resources 

for data integration are necessary. 
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Introduction 

Next Generation Sequencing (NGS) technologies, 

which offer high-throughput methods to investigate 

sequences of nucleotides within DNA/RNA molecules 

[1], have now become an essential tool in the 

applications of the biological sciences. Bioinformatics is 

fundamental to the interpretation of these type of data, 

in fact, mathematical and statistical methods 

implemented by using several programming paradigms 

and dedicated software tools are able to analyse and 

explain biological molecular, cellular or genomic 

information This interdisciplinary field significantly 

started growing since the mid-1990s, thanks to the 

Human Genome Project and the fast progress in DNA 

sequencing technology. It played and still plays today a 

main role in research projects about crucial topics, like 

sequence alignment, gene finding, genome assembly 

and prediction of gene expression. Particularly, 

bioinformatics, in its early years was mainly about 

biological data management and their broadcast on 

Internet. Then, it was proved to be suitable for data 

analysis and modelling, making it possible not only to 

detect added value information from NGS data, but also 

to support the prediction of relevant properties from 

large and often heterogeneous data sets [2]. The 

adoption of NGS technologies highlighted the need for 

bioinformatics to process and interpret the massive 

amount of data coming from the sequencing tasks. 

Particularly, the advances in omics fields and the growth 

of high-throughput biological data required the use of 

bioinformatics resources and software tools to elaborate 

complex “Big Data”, otherwise unusable in practice. It 

was also necessary to develop network resources, such 

as databases referred to specific biological fields, 

structured data collections and vocabularies accessible 

and shared by the scientific community. 

 

More in detail, referring to the application of a NGS-

based approach, that can be summarized in three distinct 

steps, each of which addresses the transformation of raw 

data into a specific type of biological knowledge [3], 

many software tools are necessary to support it. 

Understanding the basic concepts of these steps is 

important in assessing the informatics needs of a given 

omics research project. The first two steps consist of 

processing raw sequencing signals into nucleotide bases 

and reads, and in the alignment of these reads to 

reference sequences, respectively. In the third step, the 

obtained genomic/transcriptomic profile is associated to 

a descriptive annotation, in order to give a biological 

interpretation to the results. 

 

More specifically, the first step consists of a primary 

analysis in which the software tools are strictly 

interfaced with sequencing equipment, making it 

possible to convert the raw signal into nucleotides 

sequences. These tools are almost always installed on 

the hardware being part of the sequencing equipment. 

However, they can also be located separately, and may 

often be appropriate to improve the initial signal 

processing and consequently the overall data quality. 

Raw data are generally produced by sequencing centres, 

in form of fragmented sequences, to be pre-processed, 

i.e., by removing contaminations, or other specific 

sequences such as adaptors, barcodes, according to the 

specific technology used. 

 

In the secondary analysis, an assembly step is necessary 

in order to reconstruct as accurately as possible the 

original sequence, on the basis of the results of the 

sequence alignment process. This procedure can use a 
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guided approach if the alignment is performed by 

comparing already available reference sequences or a de 

novo approach if this comparison does not take place. 

Comparison with reference genomes/transcriptomes 

databases or other tailored data collections is very 

important in order to transfer information from already 

annotated molecules to others yet to be defined. This 

process also helps to detect peculiarities and provides 

hints for deeper investigations [4]. Once reads have 

been aligned to the reference genome/transcriptome, 

next steps are foreseen in order to filter duplicate reads, 

to realign and to minimize erroneous alignments. 

The analyses performed in the third step support 

different kinds of investigations such as those required 

for a better structure definition, feature identification 

and taxonomic assignment. 

Many bioinformatic tools and pipelines were developed 

in order to support the second and third step, as well as 

assembly tools, reference databases, annotations tools, 

genome browsers for data visualization, some of them 

are considered in the next section. 

Bioinformatics tools in NGS approach  

The standard workflow associated to the application of 

the NGS approach, related to the analysis of the omics 

data, is schematized in Fig 1. Data coming from 

biological samples (plant, soil, food) are sequenced by 

using a given omics kind of study (based on 

metagenomics, transcriptomics or genomics) and then 

processed by assembly or directly exposed to the 

prediction analyses carried out by using reference 

databases. The third step includes different 

investigations such as feature identification and 

taxonomic assignment. 

Figure 1: Standard workflow of omics data analysis 
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Some of the most common and used open-source 

software and reference databases in genomic, 

transcriptomic, and metagenomic studies are described 

below, making some relevant considerations from time 

to time and distinguishing them for each workflow 

phase. 

Gene Identification and Sequence Analyses phase: 

Sequence analyses refer to a proper understanding of 

different nucleic acid features and today are one of the 

most frequent applications of bioinformatics. Tools used 

for primary sequence analyses are widely described in 

scientific literature [5]. 

Reads pre-processing phase: 

Among the most used software, it is possible to find: 

 FastQC, for the quality check and report of NGS data 

[6] 

 FASTX-toolkit, a package for the manipulation of 

sequence data and their format conversion [7]. 

Assembly and Alignment phase: 

One of the most important steps in NGS analysis is de 

novo genome assembly and today advanced algorithms 

allow the assembly of complex eukaryotic genomes [8]. 

The assembly process is quite complicated and the 

understanding of the underlying methods is necessary in 

order to generate consistent and quality results. These 

algorithms are not described here also because there is a 

good number of investigations treating them [9]. 

In order to perform an accurate alignment of a big 

amount of sequences to a reference, many tools were 

implemented. The general principle behind these 

software packages is trying to detect the possible 

alignment locations and then actually carrying out the 

alignment. 

Below, some of the most used and traditional assembly 

and alignment algorithms are listed: 

 (META) VELVET/OASES, a De novo 

genomic/transcriptomic assembler [10]  

 SOAP DE NOVO, a De novo short-read assembler [11] 

 TRINITY, for a De novo assembly of RNA-seq data [12] 

 BLAT (a BLAST-like alignment tool), designed for the 

alignment of sequences to a reference genome [13]. 

 Bowtie, a programme for the alignment of short 

nucleotide sequences to genomic sequence [14] 

 Star, a RNA-seq to genome aligner [15] 

 Tophat/Cufflinks, a RNA-seq to genome aligner and 

quantification tools [16]. 

  

Gene prediction/annotation phase: 

High quality annotations optimize the effectiveness of 

using previously sequenced genomes. In fact, they make 

it possible to link genomic sequences to their biological 

function. Below, some of the most used and traditional 

annotation tools are shown: 

 Ensembl genome annotation, a Gene annotation pipeline 

[17] 

 Genemark, a Gene prediction software including 

unsupervised and semi-supervised training [18] 

 NCBI genome annotation, a Genome annotation 

pipeline released by NCBI (National Centre for 

Biotechnology Information) [19]. 

Visualization tools, such as Genome Browsers, were 

developed, in order to integrate genomic sequence and 

annotation data from different sources and to allow 

browsing, retrieving and analysis of these data sets. 

Among the main Genome Browsers, we mention 

Ensemble Genome Browser and NCBI's Genome 

Browser, associated with the aforementioned software. 
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Reference databases: 

The very same revolution in DNA-sequencing approach 

that has greatly reduced the overall sequencing cost has 

also resulted into a large increase in the volume of data 

generated. Furthermore, long reads produced by Sanger 

sequencing were replaced by short reads or their pairs. 

Sequence data management was thus affected by these 

new features, requiring new bioinformatics approaches, 

even in terms of storing data, viewing and using them 

[20]. New and more complex databases providing 

customized interfaces to process and query sequence 

data became necessary. 

Below, some of the most used and traditional databases 

are mentioned: 

 RDP/Silva/Greengenes are repositories of ribosomal 

RNA genes, used for supporting taxonomic annotation 

[21] 

 KEGG are integrated resources for functional 

annotation of genes [22] 

 UNIPROT, a database of functional annotated protein 

sequences [23] 

 GenBank, built by the NCBI, is a large collection of 

genome sequences of over 250,000 species. Data can be 

accessed through the NCBI’s retrieval system called 

Entrez. The collection includes coding and untranslated 

regions, promoters, terminators, exons, introns, repeat 

regions [24]. 

The workflow shown in the figure is still valid even 

when a metagenomic approach is adopted. Given the 

importance that metagenomic analysis has played in 

agri-food area, here we make some pertinent 

considerations. For carrying out this type of 

investigation, two methods can be adopted. 

Traditionally, microbiomes analyses were focused on 

profiling taxonomic abundance by using the amplicon 

sequencing of 16 rRNA genes approach. Instead, in the 

last few years, the shotgun metagenomics method, 

consisting in the sequencing of all sequences of the 

genome, proved to be predominant and more detailed 

than the previous approach [25]. Mothur [26] and 

QIIME [27] are among the most used software tools, 

based on 16S data clustering and classification. Instead, 

for supporting a shotgun metagenome analysis, Megan 

[28] and Metamos [29] pipelines are generally used. 

NGS and bioinformatics in agricultural field 

Omics sciences efforts have now spread to all fields 

including agricultural research area. These researches 

can be about a single species (a population), or multiple 

species (a community). In the first case, the 

functionality of organs, for instance roots and fruits, are 

investigated, in order to individuate their main 

characteristics and their behaviour with reference to 

stress resistance, diseases, senescence, and so on [32]. 

Instead, while adopting a metagenomic approach, the 

microbial community can include samples coming from 

soil, salty or not water, roots [33]. In both cases, a deep 

knowledge of underlying mechanisms, made possible 

thanks to these innovative approaches, allowed to 

highlight the functionality of biological systems, to trace 

molecular variability during their development, in 

different conditions, like those due to environmental 

changes [30] that is also known to influence gene 

expression [31]. 

Nucleic acid sequencing and NGS technologies have 

enormously contributed to the progress in these fields

[34;32]. Transcriptome and proteome sequencing were 

fundamental to obtain a deeper knowledge of the 

genome and of the main functionalities of many species 

in the agricultural area [32]. Moreover, detailed 

information about genetic maps were very useful to 
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obtain a better stamina and resistance of crops, 

increasing their productivity. Genomics researches also 

resulted into innovative solutions for their protection 

from diseases [35] and for a more sustainable 

agriculture, with an enormous impact on food industry. 

Soil biological and chemical properties affect plant 

quality features [36] and most studies about this 

research topic are now using whole DNA extraction and 

NGS-based metagenomic methods, making it possible 

to individuate the complicate interactions within soil 

microbiome and plant rhizosphere [37]. Metagenomics 

recently allowed to study the role of soil microbial 

community in plant nutrition [38], the changes in soil 

and in rhizosphere microbiome due to fertilization [39] 

and to organic farming [40], as well as to investigate 

bio-products [41] contributing to improve plant growth 

and to protect their health. 

As a consequence of the spreading of NGS approaches, 

bioinformatics has acquired a crucial role in agricultural 

research field. High-throughput technologies, supported 

by advanced bioinformatic tools, allowed the genome 

sequencing of key species, such as Arabidopsis thaliana 

(The Arabidopsis Genome Initiative 2000) and later of 

other relevant ones, such as rice, grapevine, corn, apple 

tree, tomato, potato, peach, barley. Meanwhile, 

numerous other sequencing projects are nearing 

completion [42]. These efforts were also accompanied 

by transcriptome sequencing research activities based 

on different bioinformatics technologies [43], often 

requiring appropriate software resources [44], as well as 

suitable pipelines able to move from raw to integrated 

biological data [45]. Specific big data collections, from 

transcriptomics and metagenomics projects using these 

new technologies, were created, and therefore dedicated 

storage system were used. Among them, a common one 

is the Sequence Read Archive (SRA) [46], which may 

be considered only a small part of the storage 

collections today available. Many bioinformatic efforts 

were also made in order to manage in optimal way these 

large datasets. 

On the other hand, the increasing number of reference 

genomes addressed research efforts towards the genome 

variation study, in order to obtain a dataset of mutations 

from individual genomes, like Single Nucleotide 

Polymorphisms (SNPs). SNPs are the most abundant 

type of DNA sequence variation in plants, and, due the 

importance of use these large data collections for the 

species of agricultural interest, several bioinformatics 

tools were developed to allow their browsing [47]. 

NGS and bioinformatics in food microbiology 

field 

In the last decades, food microbiology took advantage 

of the most recent advances in molecular biology and 

new techniques to detect and monitor microorganisms 

have been adopted [48]. This evolution went hand in 

hand with environmental microbiology, the field that 

first used them. More specifically, the introduction of 

high-throughput sequencing made possible more 

accurate and reliable studies of food microbial 

communities [49;50]. Compared to the traditional 

culture-dependent techniques, the number of nucleic 

acids sequenced with NGS techniques is far higher, 

making it easier to detail the composition of food 

bacterial population [51] and to monitor the changes 

that take place over time. Therefore, it is possible, for 

instance, to obtain more detailed information about the 

dynamics of fermentation processes and the growth of 

starter cultures [52]. As NGS technologies improved, 

the read length and the overall quality of the sequences 

have also improved, making possible to identify species 

with a greater resolution. Particularly, a study showed 
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how adopting the NGS metagenomic approach to 

characterize raw milk microbiota can highlight the 

changes that occur in the different stages of production 

and storage conditions [53]. Being generally a highly 

suitable tool for characterizing the genetic potential of 

many types of microbiota, culture-independent 

metagenomic approaches have been successfully 

applied to several fields, including food area. An 

analysis of accuracy and speed of some analytical 

metagenomics tools is found in a paper [54]. 

Amplicon sequencing is one of the most popular 

metagenomic techniques for analysing the microbial 

composition of the foods, as well as studying the 

microbiome and mycobiome in the fermentative process 

[55]. On the other side, in recent years, the 

metagenomic based on a whole genome sequencing has 

been applied to food microbiology and significant 

results have been achieved, allowing researchers to 

obtain profiles of species yet to be characterized [56].

However, other omics investigations can also be applied 

to the food field: metatranscriptomics techniques make 

it possible to study the functional aspects of the food 

microbiota, whereas metaproteomic approaches and the 

identification of protein profiles can be used to create 

classes of marker compounds of many food properties 

[57]. Furthermore, metabolomic methods are used to 

identify and quantify metabolites in food, as well as to 

monitor changes during dynamic processes such as 

fermentation, and finally to study and hypothesize the 

metabolic pathway behind their production. The 

application of omics methods goes beyond the 

identification of the microorganisms present in foods 

and focuses on their role in a more complex network 

[58]. An integrated approach which includes a proper 

combination of data coming from each omics field is 

able to provide promising insights for characterizing 

dynamic processes as well as to monitor the effects of 

starter cultures on food evolution. More recently, NGS 

based techniques were adopted for similar studies, 

showing promising results. An example of that can be 

found in an article [59], in which culture dependent 

techniques and metagenomics approaches are used for 

the characterization of spoilage organisms in vacuum-

packed cooked ham. 

Consequently, bioinformatics is increasingly used in 

many applications of food microbiology, such as food 

fermentation and safety. Generally, it could be desirable 

to have databases using controlled vocabularies to 

integrate data from genomics, systems biology, 

phenotypes, and that are designed on the basis of the 

FAIR (findable, accessible, interoperable, re-usable) 

approach in storing and managing data [60]. Today, a 

large variety of databases storing data on food, their 

constituents and nutritive values are available [61]. 

Particularly, about food fermentation, innovative 

datasets related to genotype/phenotype/transcriptome 

such as those available for L. lactis and L. plantarum

could help make new sequence-based functional 

prediction strategies to select, for instance, carbohydrate 

active enzymes [62]. In food safety area, projects are 

now focusing on the pathogens and innovative ways to 

detect the source of the food borne illnesses [63]. Both 

in food safety and fermentation, the function prediction 

from sequence data is fundamental and in order to reach 

this goal, bioinformatics plays a crucial role and only 

advanced algorithms can led to reliable results. 

Conclusions 

The high-throughput methods make it possible to 

massively output data very quickly, but such results are 

not immediately available for biological aims, and must 

necessarily be subjected to bioinformatics analysis.  
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Thus, bioinformatics tools work on datasets that are 

usually very large and consequently a strong calculation 

power and a large storage space are often required. The 

big amount of data provided by NGS data analysis 

needs new and more powerful bioinformatics solutions 

able to manage large biological collections, and also 

specialized software tools and advanced computational 

resources for their analysis and integration.  

This is particularly true when such data come from a 

multi-omics integrated approach, that is now known to 

be powerful enough to elucidate the ecologic role of 

microbiomes in agri-food contexts [66]. 

In this case, a detailed data requirements analysis is very 

important, in order to develop a computational pipeline 

able to integrate data generated generally from different 

platforms. Therefore, it is clear that specific 

bioinformatic approaches are necessary to appropriately 

support the analysis of complex biological information 

and their integration, like that produced while merging 

transcriptomic, proteomics or metabolomics results. 

In the agri-food field, at the moment, several tools are 

available to investigate the microbial community, but, 

according to many recent studies, a system level 

approach is still lacking [67]. Only few researches try to 

adopt this approach in multi-omics applications. Among 

them, an example is a research work about biological 

wastewater treatment [68], but also extensible to other 

areas. Its aim is to define a computational framework 

able to individuate a large microbial community by the 

integration of multi-omics data. 

It is also necessary to have integrated software network 

resources, accessible and shared to the whole scientific 

community. Continuous concerning genome sequences 

updates, as well as the introduction of new annotations 

or RNAseq data sets, highlight the need for databases 

associated to different data collections, but at the same 

time “open” (constantly update and accessible) and as 

close to standard as possible [64]. The aim is to avoid, 

for instance, different gene annotations for the same 

genome as well as misalignments between data and the 

content of the used reference database. 

Organizing, sharing and integrating biological data is 

contributing to spread new kinds of resources and 

common methods. This resulted into a revolution of 

agri-food practice and production processes, offering 

knowledge and tools to improve quality. Furthermore, 

agricultural strategies of protection against 

environmental stress, diseases, and parasites can be 

better designed and developed. The different 

applications based on this innovative scientific 

knowledge are also essential for providing novel 

products and applications for crop management. 

Moreover, novel bioinformatics tools making it possible 

to integrate data from different software environments 

are also required, especially when used in the de novo 

assembly process [65]. In fact, even though several 

assembly tools have been implemented and customized 

for the reconstruction of genomes/transcriptomes from 

short reads, further efforts are necessary to improve the 

performance of assembly algorithms. 

In the light of this, specific and tailored bioinformatics 

and biostatistics skills for NGS data analysis and for 

computational pipelines development are necessary, 

particularly when multi-omics approaches are 

implemented. At the same time, in order to make the 

best use of the obtained data, it is important to rely on 

bioinformatic analysts, able to appropriately use the 
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available resources and, if necessary, to develop new 

software tools, with the aim to produce quality and 

standardized results. They must be able of using 

advanced software, algorithms, of managing databases 

and networking technologies, to analyse and explain 

high-throughput complex biological data, sharing 

vocabularies as well as research results. 
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