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Abstract
The sudden exponential increase of biological data 
concerning genome structure and functionalities, 
also fostered by the advent of next-generation 
sequencing technologies, while expanding the 
opportunity to highlight still uncovered molecu-
lar aspects, challenges bioinformatics in several 
respects. Data management, processing, updating, 
dissemination and integration are the major areas 
of concern.

The rapid increase in various omics technologies 
causes two major issues, which may even appear 
contrasting: the dissemination of poorly curated 
datasets, still in the form of raw collections or 
preliminary draft results, and the fast updating 
of information that, as a consequence, affects the 
establishment of stable reliable resources. These 
issues are mainly caused by the lower rate of bio-
informatics in extracting added value information 
from the large number of data, when compared to 
the faster technologies involved in data production.

This review describes main bioinformatics 
resources for plants genomics to underline the 
heterogeneity of the available collections, coherent 
with the multifaceted complexity of plant sciences. 
It aims to provide an in-depth report highlighting 
bottlenecks that may significantly affect a fluent 
progress in the field and attempts to suggest pos-
sible solutions to the various issues.

The impact of plant genomics

The deciphering of the molecular mechanisms 
which determine plant diversity and adaptation 
to different environments and the impact that this 
knowledge may provide for sustainable produc-
tivity in the food industry, energy production or 
biotechnological applications (Blanchfield, 2004; 
Ma et al., 2003; Wilson and Roberts, 2014; Yuan 
et al., 2008) can be strongly supported by struc-
tural and functional genomics. These are among 
the main reasons why the scientific community 
is increasingly demanding fully sequenced plant 
genomes with the aim to exploit the advantages and 
the opportunities that genomics may offer in plant 
sciences. The release of the genome of Arabidopsis 
thaliana (The Arabidopsis Genome Initiative, 
2000), represents a milestone in the field, making 
this relevant species in plant biology a model refer-
ence for plant genomics (Becker et al., 2011; Gan 
et al., 2011; Kim et al., 2007). Nevertheless, the 
expanding of genomics has further highlighted the 
multifaceted complexity of plants, where complex 
genomes, often larger than those of mammals 
(Mayer et al., 2012), present peculiar organizations 
and extensive duplications and reshuffling (Bowers 
et al., 2003; Cui et al., 2006; Flagel and Wendel, 
2009; Hughes, 2005; Jiao et al., 2012; Lynch and 
Conery, 2000; Maere et al., 2005; Magadum et al., 
2013), revealing complex evolutionary histories 
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often involving poliploidization events followed 
by diploidization and gene reduction (Blanc et al., 
2003; Jaillon et al., 2007; Jiao et al., 2011; Moniz de 
Sa and Drouin, 1996; Wolfe, 2001).

The recent establishment of novel, low-cost and 
easily accessible technologies is further encourag-
ing the increase in genome sequencing efforts. 
Indeed, the recent introduction of next-generation 
sequencing (NGS) technologies, which replaced 
the conventional Sanger strategy (Sanger et al., 
1977), deeply reshaped the omics research areas 
(Bateman and Quackenbush, 2009; Esposito et al., 
2016; Wang et al., 2015), contributing to several 
species-specific efforts usually curated by dedicated 
consortia (Fig. 4.1). The result is usually in the form 
of assembled draft genome sequences with quality 
levels established by the consortia requirements and 
by funding opportunities. It is common practice to 
accompany new genome assemblies with consor-
tium curated gene annotations, which benefit from 
specific competences from the interested scientific 
community that is contributing to the consortium. 
Moreover, dedicated web resources are usually 
made available to convey the Consortia efforts into 
a unified framework. These efforts are consistently 
contributing to the research of some of the most 
relevant crops (Brenchley et al., 2012; Choulet et 
al., 2010; Jia et al., 2013; Ling et al., 2013; Nystedt et 

al., 2013; Wang et al., 2011). Besides, the reference 
database for the model plant Arabidopsis thaliana 
represented by The Arabidopsis Information 
Resource (TAIR) (Lamesch et al., 2012), numer-
ous consortia gave rise to species-specific platforms 
including results from the genome sequencing and/
or gene annotations efforts. As an example, among 
the major efforts for relevant crops, the MSU Rice 
Genome Annotation Project (Kawahara et al., 
2013), funded by the National Science Founda-
tion, provides sequence and annotation data for the 
rice genome, which was released as a first version in 
2002 (Goff et al., 2002). The grapevine genome was 
released by an Italian-French consortium and made 
available through two main websites maintained by 
its members: the Genoscope Institute website ( Jail-
lon et al., 2007) (www.genoscope.cns.fr/spip/) and 
the CRIBI website (http://genomes.cribi.unipd.it/
grape/). CRIBI recently released an updated gene 
annotation (Vitulo et al., 2014) on the same genome 
version. Worthy to note that this novel annotation 
version is not reported in the Genoscope website. 
On the other hand, the genome analysis of a het-
erozygous grapevine variety was also published 
(Velasco et al., 2007), though the genome assembly 
was never publicly released. The Sorghum bicolor 
genome sequencing and annotation (Paterson 
et al., 2009) was released by the Joint Genome 
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Figure 4.1 Number of plant genomes sequenced from 2000 (publication year of Arabidopsis thaliana) until 
today. The sequencing strategy is also highlighted.
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Institute ( JGI), which maintains a protected web-
site. Thanks to the Maize Genome Sequencing 
Project, funded by the National Science Founda-
tion, the complete genome sequence of Zea mays 
cv. B73 (Schnable et al., 2009) was made available 
in MaizeGDB (Andorf et al., 2016), and included 
in the collection available in Gramene (Tello-Ruiz 
et al., 2016). The Potato Genome Sequencing Con-
sortium (PGSC) released the first draft of the potato 
genome (Xu et al., 2011), that was made available 
on the SpudDB website (Hirsch et al., 2014) and 
in the Solanaceae Genomics Network collection. 
The International Tomato Genome Sequencing 
Project and the International Tomato Annotation 
Group (ITAG) have defined the sequence and the 
annotation of the tomato genome (The Tomato 
Genome Consortium, 2012), respectively, both 
released and maintained by the leading website 
of the Solanaceae Genomics Networks (SGN) 
(Fernandez-Pozo et al., 2015), though offered also 
through several parallel dedicated platforms (Chiu-
sano et al., 2008; Hirsch et al., 2014). The same 
consortium also defined the genome of Solanum 
pimpinellifolium, a wild species of the domesticated 
tomato, available in the form of genome scaffolds 
in the SGN platform (https://solgenomics.net/
organism/Solanum_pimpinellifolium/genome). 
An international group of scientists from Korea, 
Israel and the USA sequenced and annotated the 
hot pepper genome (Kim et al., 2014), which is 
available in the Pepper Genome Database (http://
peppersequence.genomics.cn/page/species/index.
jsp) and also in the SGN platform.

From genome structure to 

function

The rise of several independent projects for the 
sequencing of diverse plant genomes offers hints 
to understand their organization and functionality, 
revealing unknown molecular information and sup-
porting scientific knowledge and the technological 
transfer of useful information (Esposito et al., 2016). 
The understanding of genome functionalities, 
previously mainly supported by EST sequencing 
(Blair et al., 2011; Izzah et al., 2014; Wang et al., 
2005) and microarray technologies (Bülow et al., 
2007; Mukherjee et al., 2005; Page and Coulibaly, 
2008), is being unexpectedly favoured by the evo-
lution of parallel -omics efforts providing enriched 

information to support the definition of genome 
structure organization and the investigation on 
its functionality (Bateman and Quackenbush, 
2009). To this aim, advances in transcriptomics, 
epigenomics, proteomics and metabolomics, are 
consistently contributing novel data sources, useful 
to unravel hidden molecular aspects.

In particular, the amount of information pro-
vided by novel RNA sequencing technologies 
(RNA-seq), beyond contributing a deeper and 
expanded overview of gene expression levels, 
even for poorly expressed genes, supports their 
function profiling in different tissues and develop-
mental stages, as well as in stress and pathological 
conditions. This improves the gene annotation, 
the identification of variants and the definition of 
expression patterns, useful to highlight specificities 
and peculiarities of the control and regulation of 
gene expression, providing an enriched snapshot of 
the transcriptome plasticity. Moreover, novel appli-
cations from NGS technologies in plants support 
the characterization of small and microRNAs, of 
genome methylated regions or of chromatin organi-
zation, also depicting protein binding sites (Becker 
et al., 2003; Bokszczanin et al., 2015; Horner et al., 
2010; MacLean et al., 2009; Mardis, 2008a,b, 2009; 
Morozova and Marra, 2008a,b; Morrissy et al., 
2009; Schuster, 2008). These approaches (Adams et 
al., 1991; Brenner et al., 2000; Kodzius et al., 2006; 
Velculescu et al., 1995) generally accompanied 
the flourishing of genome sequencing projects of 
reference plant species, such as Arabidopsis thaliana 
(The Arabidopsis Genome Initiative, 2000). Simi-
lar efforts on other model or non-model species of 
agricultural interest soon followed. Some examples 
are rice (Goff et al., 2002), grapevine ( Jaillon et al., 
2007), maize (Schnable et al., 2009), potato (Xu et 
al., 2011), tomato (The Tomato Genome Consor-
tium, 2012) genome sequencing which expanded 
the number of plant genomes currently available 
to the scientific community with enriched infor-
mation favoured by alternative -omics approaches 
from transcriptomics, proteomics, epigenomics 
and metagenomics projects (Esposito et al., 2016).

Bioinformatics data resources 

for plant genomics

The -omics efforts must be necessarily accompanied 
by bioinformatics (Schatz et al., 2012) to translate 
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data into knowledge. However, bioinformatics, 
followed by human curated result interpretations, 
represent the slowest phases of -omics research, 
when compared to the fast sequencing rate. The 
management, the analysis, the integration and 
the comparison of the large data number under 
production are, indeed, a major challenge in bioin-
formatics and in plant genomics as well (De Luca 
et al., 2012). Computational methods and suitable 
bioinformatics are being evolving to accompany the 
evolution of the technologies and to face the need 
of added-value information, continuously improv-
ing and adapting to the increase of the amount of 
biological data. However, further novel solutions 
are still required (Esposito et al., 2016).

Bioinformatics has been always fundamental 
also for the organization and the integration of 
molecular data collections, to offer access and 
suitable data views to all the interested scien-
tific community, even to non-experts in -omics 
data management. Indeed, the release of inte-
grated molecular information through dedicated 

web-based services or platforms has been always 
pushing the evolution of -omics research repre-
senting, since the beginning, an essential source 
of information in science. This is why general 
reference bioinformatics resources were attempted 
since the initial production of molecular informa-
tion (Dayhoff et al., 1965) and policies to unify 
and share the data were established to benefit the 
whole scientific community (Brunak et al., 2002). 
Since then, scientists have been well aware of the 
responsibility and the opportunities offered by 
the release of their published data in general ref-
erence databases (Cochrane et al., 2016; Brunak 
et al., 2002). Indeed, conveying comprehensive 
collections in a common computational platform 
establishes references for all scientists for a one-
stop shop, independently from the main scientific 
interests. Specialized, secondary resources, on 
the other hand, aim to offer curated (UniProt 
Consortium, 2015; Kanehisa and Goto, 2000) 
and dedicated collections (Goodstein et al., 2012; 
Dong et al., 2004). Table 4.1 summarizes some of 

Table 4.1 List of the major bioinformatics resources available for plant genomics. Description and website are 
specified. General databases include also collections from non-plant species
Database Description Website

General

INSDC Unified DDBJ, EMBL-EBI and NCBI 
repository

www.insdc.org/

UniProt Database of functional annotated protein 
sequences

www.uniprot.org/

Protein Data Bank 3D structure of proteins and nucleic acids www.rcsb.org/pdb/home/home.do
RFAM RNA family collections http://rfam.xfam.org/
Gene Ontology Database of ontologies and gene 

annotations
http://geneontology.org/page/go-database

KEGG Metabolic pathway database www.kegg.jp/
EggNOG Comparative genomics http://eggnog.embl.de/version_4.0.beta/
InParanoid Comparative genomics http://inparanoid.sbc.su.se/cgi-bin/index.cgi

Plant specific
Ensembl Plants Plant genomics database http://plants.ensembl.org/index.html
Phytozome Plant genomics database www.phytozome.net/
PlantGDB Plant genomics database www.plantgdb.org/
Plant Metabolic Network Plant metabolic pathway database www.plantcyc.org/
Plant Reactome Plant metabolic pathway database http://plantreactome.gramene.org/
GreenPhyl Plant comparative genomics www.greenphyl.org/cgi-bin/index.cgi
Plaza Plant comparative genomics http://bioinformatics.psb.ugent.be/plaza/
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the major resources, general or specialized, offer-
ing comprehensive collections for plant genomics.

The International Nucleotide Sequence Data-
base Collaboration (INSDC) holds raw sequence 
data, accommodating also experimental design 
details and NGS reads (Cochrane et al., 2016). 
Ensembl Plants is part of the Ensembl genome 
project, which includes genome sequences, protein 
annotations, transcriptional data, genetic variation 
and comparative results from different taxa (Kersey 
et al., 2016). It contains reference genome assem-
blies from 33 plant species (Bolser et al., 2016). 
Phytozome is a comparative platform for plants. 
It provides access to sequences and functional 
annotations of complete plant genomes (currently 
65), and a view of the evolutionary history of every 
plant gene (Goodstein et al., 2012). PlantGDB is a 
reference genomic database for plants (Dong et al., 
2004), including 50 plant species. The Universal 
Protein Resource (UniProt) is a general reference 
platform of protein sequences and their annotation. 
UniProt is divided in two sections: the Reviewed 
(Swiss-Prot) manually annotated database, in 
which proteins and their information are manu-
ally curated based also on literature data, and the 
Unreviewed (TrEMBL) computationally analysed 
database, containing automatically annotated pro-
teins from general nucleotide databases (UniProt 
Consortium, 2015). The Protein Data Bank (PDB) 
is a database of tridimensional structure data. This 
database stores X-ray crystal structures, nuclear 
magnetic resonance (NMR) structures, cryo-
electron microscopy and theoretical modelling 
(Berman et al., 2000). Rfam is a collection of non-
coding RNA families depicted by manually curated 
sequence alignments, annotation and consensus of 
secondary structures (Nawrocki et al., 2015). Gene 
Ontology Consortium (GOC) is a project dedi-
cated to the definition of consistent descriptions 
of gene products, incorporating many collections 
from plant, animal and microbial genomes (Ash-
burner et al., 2000). KEGG (Kyoto Encyclopaedia 
of Genes and Genomes) is a database for systematic 
analysis of biological systems (pathways included) 
(Kanehisa and Goto, 2000). Plant Metabolic Net-
work (PMN) is a database of metabolic pathways 
for plants (Dreher, 2014). PMN currently groups 
one multispecies reference database called Plant-
Cyc and 22 species/taxon-specific databases. Plant 
Reactome is a database of pathways and reactions 

from plants (Fabregat et al., 2016). It supplies 
molecular details of DNA replication, metabolism, 
signal transduction, gene expression, diseases, 
transmembrane transport of small molecules and 
vesicle-mediated transport. EggNOG is a database 
of orthologous groups of proteins from different 
taxonomic levels with functional annotations 
from 20 plant species. Furthermore, it provides 
scaffolds for quickly mapping novel sequences 
to orthologous groups based on HMM profiles 
(Huerta-Cepas et al., 2016). InParanoid is a col-
lection of pairwise orthologue groups including 20 
plant species (O’Brien et al., 2005). GreenPhyl is a 
web-based resource for comparative and functional 
genomics in plants (Rouard et al., 2011), contain-
ing a catalogue of gene families based on gene 
predictions, covering a broad taxonomy of green 
plants. Plaza is a public resource containing 37 plant 
species genomes (Proost et al., 2015), with the aim 
to facilitate inspection on structural and functional 
annotations, gene families, protein domains, and 
detailed information about genome organiza-
tion and phylogenetic trees. All these collections 
resemble the amount of resources and facilities 
today available for plant genomics. All of them are 
endowed with peculiarities and specificities that 
should be appropriately addressed by interested 
users for an appropriate exploitation.

NGS-based resources
Next-generation sequencing, though fast and 
cheaper, is computationally expensive. Indeed, 
it requires suitable and dedicated software and 
platforms able to manage, organize, analyse and 
disseminate huge quantities of short nucleotide 
reads, reaching commonly at least one gigabase 
per analytical run (Bateman and Quackenbush, 
2009; Horner et al., 2010; Tang and Zhao, 2015; 
Yang et al., 2009). Data management and -omics 
data integration has always represented a challenge 
for bioinformatics (Benson et al., 2000; Bita et al., 
2011; Chiusano et al., 2008; Dong et al., 2004; 
Edgar et al., 2002; Flicek et al., 2013; Kodama et al., 
2012; Leinonen et al., 2011; O’Leary et al., 2015), 
and the spreading of NGS data made the challenge 
even harder, increasing the need for suitable stor-
age, methods for the processing and mining, and 
platforms for immediate access to results from 
novel massive data generated by these technologies 
(Magi et al., 2010; Wang et al., 2015).
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The Sequence Read Archive (SRA, available at 
www.ncbi.nlm.nih.gov/sra) (Kodama et al., 2012), 
for example, is a public resource established by the 
NCBI with the aim to gather raw collections from 
NGS efforts, including data from Roche 454 GS 
System (Droege and Hill, 2008), Illumina Genome 
Analyzer (Bennett, 2004), Applied Biosystems 
SOLiD System (Porreca et al., 2006) and Helicos 
Heliscope (Harris et al., 2008). Another resource 
at the NCBI, GEO (Gene Expression Omnibus) 
(Edgar et al., 2002), which was initially established 
to favour dissemination of microarray results, today 
also provides results from NGS-based collections, 
such as gene expression or methylation profiles. 
The ‘plant’ keyword was used in order to identify 
NGS data from plants from both resources (Table 
4.2), resulting in 131,207 matches in SRA and 1829 
matches in GEO. The table shows that the results 
in GEO are far distant from representing the whole 
NGS collections publicly available in SRA. This 
highlights the gap in general resources to access 
results from NGS approaches. Indeed, the inesti-
mable source of information that transcriptomics, 
epigenomics and metagenomics (Esposito et al., 
2016) may provide to elucidate genome organiza-
tion and functionalities still needs appropriate 
platforms to be made available to the scientific com-
munity, though results from dedicated efforts are 
somewhat made available. Table 4.3 lists general 
NGS resources and dedicated platforms that 
include plant RNA-seq collections.

Comparative genomics resources
A great opportunity for genomics is represented 
by comparative efforts. They drive investigations 
on differences and similarities among species, 
therefore contributing to the deciphering of the 
evolutionary forces that shaped genomic features, 
beyond supporting the transfer of information from 
model organisms to newly sequenced genomes. 
The detection of orthologue genes among different 
species is a key approach for comparative analyses 
(Altenhoff and Dessimoz, 2009, 2012; Altenhoff et 
al., 2011; Ambrosino and Chiusano, 2013; Dessi-
moz et al., 2012; Kristensen et al., 2011; Trachana et 
al., 2014). Collections of orthologues are organized 
in widely used comparative platforms that today 
include numerous plant species (Table 4.4).

It is evident from the overview provided here the 
high number of similar resources, including different 

collections and based on different approaches to 
define the respective results.

Table 4.2 Number of query matches (hits) per 
species searching for ‘plant’ keyword in NCBI’s SRA 
(www.ncbi.nlm.nih.gov/sra) and GEO (www.ncbi.
nlm.nih.gov/gds). In the case of GEO, a filter for 
high-throughput sequencing was applied. In both 
cases, hits associated to non-plant species were 
omitted
Database Species Number of hits

SRA Arabidopsis thaliana 9824
Soil metagenome 7918
Oryza sativa 3561
Manihot esculenta 3047
Zea mays 2448
Triticum aestivum 2334
Plant metagenome 2280
Hordeum vulgare 2138
Solanum lycopersicum 2025
Brassica napus 1931
Glycine max 1826
Root metagenome 1697
Solanum tuberosum 1650
Populus trichocarpa 1619
Erythranthe guttata 1549
Boechera stricta 1529
Miscanthus sinensis 1480
All other taxa 58,234

GEO Arabidopsis thaliana 508
Zea mays 98
Oryza sativa 88
Glycine max 68
Solanum lycopersicum 41
Chlamydomonas reinhardtii 35
Vitis vinifera 31
Gossypium hirsutum 25
Brassica rapa 22
Arabidopsis lyrata 21
Triticum aestivum 18
Brassica napus 17
Medicago truncatula 17
Manihot esculenta 15
Capsicum annuum 14

Physcomitrella patens 14
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Table 4.3 Summary of general and species-specific RNA-seq resources. Description of contents and links are 
also included
Database Description Website

General

SRA (Kodama et al., 2012) Sequence Read Archive; includes raw data reads www.ncbi.nlm.nih.gov/sra
ENA (Leinonen et al., 2011) European Nucleotide Archive; includes raw data, 

assembly and functional annotation
www.ebi.ac.uk/ena

GEO (Edgar et al., 2002) Gene Expression Omnibus; includes microarray and 
NGS data results

www.ncbi.nlm.nih.gov/gds

Expression Atlas (Petryszak et 
al., 2016)

Provides information about gene expression 
patterns; includes both microarray and RNA-seq 
data

www.ebi.ac.uk/gxa/home

Next-Gen Sequence 
Databases (Nakano et al., 
2006) 

NGS databases of 19 plant species; selection of 
small-RNA, RNA-seq, MethylC-seq and Chip-seq 
for plant species are made available

https://mpss.danforthcenter.
org/index.php

MedPlant – RNAseq Database Sequence Read Archive; includes raw data reads www.medplantrnaseq.org/

Species specific
AGED (O’Rourke et al., 2015) Alfalfa expression atlas database; RNA-seq of 

two subspecies, Medicago sativa ssp. sativa and 
Medicago sativa ssp. falcate. Query per gene 
expression and per differentially expressed genes 
are allowed

http://plantgrn.noble.org/
AGED/index.jsp

Genome Database for 
Rosaceae (Jung et al., 2013) 

Database dedicated to Rosaceae family; provides 
links to SRA

www.rosaceae.org/

morexGenes Barley gene expression levels database; includes 
results from RNA-seq from different tissues and 
developmental stages includes also microarray data 

https://ics.hutton.ac.uk/
morexGenes/

MOROKOSHI (Makita et al., 
2015)

Sorghum transcriptome database; includes results 
from different tissues and developmental stages 
based on 26 RNA-seq samples. Links to the raw 
data used are also provided

http://sorghum.riken.jp/
morokoshi/Home.html

NexGenEx-Tom (Bostan and 
Chiusano, 2015)

Tomato gene expression atlas; includes RNA-seq 
results from different tissues and developmental 
stages. The platform offers expression matrix, 
profiles and correlations and reads mapping onto 
the tomato genome

http://cab.unina.it/
NexGenEx-Tom

PvGEA (O’Rourke et al., 2014) Bean database; includes gene expression profiles 
in different tissues and developmental stages based 
on 24 RNA-seq samples. Links to the raw data used 
are also provided

http://plantgrn.noble.org/
PvGEA/

Rice Gene Expression 
(Kawahara et al., 2013)

Rice database of gene expression profiles based on 
RNA-seq downloaded from SRA. Links to the raw 
data used are also provided

http://rice.plantbiology.msu.
edu/expression.shtml

SGN (Fernandez-Pozo et al., 
2015)

Solanaceae Genome Network; includes raw RNA-
seq data for tomato and mapping of reads on the 
tomato genome

https://solgenomics.net/

SoyBase (Severin et al., 2010) Soybean genomic database; includes RNA-seq 
from 14 tissues. The database offers the opportunity 
to query for differentially expressed genes between 
two tissues and to search for tissue-specific gene 
expression. Links to the raw data used are also 
provided

http://soybase.org/soyseq/

SpinachBase (Xu et al., 2015) Spinach genomic database; provides links to RNA-
seq data 

www.spinachbase.org/cgi-
bin/spinach/index.cgi

SpudDB (Hirsch et al., 2014) Potato genomic database; includes raw RNA-seq 
data and mapping of reads on the potato genome

http://solanaceae.
plantbiology.msu.edu/
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Database Description Website

TENOR (Kawahara et al., 
2016) 

Rice database of expression profiles; information of 
cis-regulatory elements in promoter regions and co-
expressed transcript based on RNA-seq data from 
140 environmental stress experiments and plant 
hormone treatments. Links to the raw data used are 
also provided

http://tenor.dna.affrc.go.jp/

TomExpress Tomato database of gene expression profiles per 
different tissues and developmental stages, based 
on RNA-seq data downloaded from ENA and SRA

http://gbf.toulouse.inra.
fr/tomexpress/www/
welcomeTomExpress.php

TRAVA (Klepikova et al., 2015) Arabidopsis thaliana database of gene expression 
profiles from different tissues and developmental 
stages based on 79 RNA-seq samples

http://travadb.org/

Vespucci (Moretto et al., 2015) Grapevine expression compendium obtained by 
publicly available transcriptome experiments from 
RNA-seq and microarray data

http://vespucci.colombos.
fmach.it/

WheatExp (Pearce et al., 
2015) 

Wheat database of gene expression profiles per 
different tissues and developmental stages, based 
on RNA-seq data downloaded from ENA, SRA and 
GEO. Links to the raw data used are also provided

http://wheat.pw.usda.gov/
WheatExp/

Table 4.3 Continued

Bottlenecks and challenges

Plant sciences are typically characterized by high 
heterogeneity, multiple different species, an incred-
ible amount of crops and variants, and distinct and 
widespread scientific communities. Therefore, the 
easy accessibility to sequencing technologies drove 
far beyond the sequencing of reference species 
(Goff et al., 2002; Jaillon et al., 2007; Schnable et al., 
2009; The Arabidopsis Genome Initiative, 2000; 
The Tomato Genome Consortium, 2012; Xu et 
al., 2011) and paved the way to the production of 
multiple genomes from variants, wild species and 
community-specific collections (Aflitos et al., 2014; 
Aversano et al., 2015; Ercolano et al., 2014; Lam et 
al., 2010; Weigel and Mott, 2009), giving rise to 
multifaceted genomics data sources.

Similar efforts are even more widespread 
when considering transcriptomes or other -omics 
approaches: physiological, stress or pathologi-
cal conditions for all the possible variants enrich 
molecular databases of heterogeneous collec-
tions. However, these collections often need to 
be mapped on the genome sequences, and there-
fore they may suffer the drawback of not being 
appropriately exploitable by a reference genome 
sequence representing the genome of a distinct 
genotype. Moreover, the collections can derive 
from limited experimental design for contributing 
as suitable data sources for gene expression atlases 

and/or for gene co-expression analyses (Bostan 
and Chiusano, 2015; Di Salle et al., 2016; Schmid 
et al., 2005). These scientific trends, therefore, give 
rise to overwhelming data that need selection and 
reconciliation to contribute as consistent source of 
information in integrative analyses that could sup-
port structure and functional genomics.

The advent of revolutionary experimental tech-
nologies and novel computational approaches are 
evidently not accompanied by a comparable pro-
gress in genome characterizations of plant species. 
Indeed, although the attitude of the whole scientific 
community is being consistently affected by the 
interest for solving primary structures of genomes 
of different species, genotypes or cultivars (Aflitos 
et al., 2014; Lam et al., 2010; Weigel and Mott, 
2009), generally driven by international consorti-
ums and pushed by fast and low-cost technologies, 
only 10% of the genomes have been today con-
fidently deciphered. This highlights that, despite 
70 years having passed from the discovery of the 
DNA structure, the genomics era is still in its early 
stage, and extensive bioinformatics is still required 
in order to exploit molecular models of complex 
biological organisms (Esposito et al., 2016).

Indeed, genome sequencing efforts handed to 
the scientific community an increasing number of 
newly sequenced plant genomes. However, several 
of them are still in the form of drafts with a still 
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preliminary gene annotation. On the other hand, 
others among all may evolve faster, this depend-
ing on the quality of the first release and on the 
available opportunities in terms of support for 
dedicated efforts. Both aspects, however, affect the 
establishment of reliable reference resources that 
could drive associated -omics efforts (e.g. RNA-seq, 
proteomics, epigenomics) and their appropriate 
exploitation by non-expert users.

Main reasons for poorly annotated draft 
genomes are related to bottlenecks from bioinfor-
matics and human curation, when compared to 
the faster data production. In particular, correct 
assembling of large amount of complex, redundant 
sequence data and sufficient in-depth studies on 

multiple heterogeneous collections require time. 
This slows down the reasonable deciphering of the 
major information content that could enable the 
understanding of the intricate aspects of genome 
functionality. Moreover, publication of novel 
genome sequences is often more attractive than 
the care for updates of already published informa-
tion. Funding agencies may also consider more 
appealing the sequencing of a novel genome than 
the expansion and the integration of information 
contributing to the in-depth analyses of already 
sequenced ones, especially when they do not 
represent a reference international species. As a 
consequence, preliminary drafts often risk to remain 
in the preliminary status. On the counterpart, data 

Table 4.4 Summary of the major comparative genomics platform available for plants. The number of plant 
species out of total species and the methods for the detection of orthologues are included

Orthologues database
Plant 
species/total Methods

EggNog (Huerta-Cepas et 
al., 2016)

20/2031 Orthologous groups inferred by the SIMAP (Similarity MAtrix of Proteins) 
approach and processed by the EggNOG orthology prediction pipeline
Phylogenetic reconstruction for all groups was performed using the ETE 
toolkit

Ensembl Plants (Bolser et 
al., 2016)

44/44 Comparative genomics based on protein sequences providing gene 
trees and orthology information
Whole genome alignments between selected genomes (based on LastZ 
and translated BLAT)
Syntenies calculated from genome or peptide alignments

Gene families constructed from classification of proteins

GreenPhyl (Rouard et al., 
2011)

37/37 Clustering performed on the protein-coding gene using TribesMCL

Phylogenetic analyses and ortholog inference based on MAFFT, PhyML 
and RAPGreen v54

InParanoid (O’Brien et al., 
2005)

20/273 Homology detected by BLAST program

Phylogenetic tree generated by UPGMA clustering of pairwise species 
distances

OrthoMCL database 
(Chen et al., 2006)

11/150 All-versus-all BLASTp of the protein sequences

Putative inparalog, ortholog and co-ortholog pairs inferred using the 
OrthoMCL Pairs program
MCL program to cluster the protein sequences pairs into groups

Plaza (Proost et al., 2015) 64/64 Orthologous gene families (ORTHO) inferred using OrthoMCL

Tree-based orthologs (TROG) inferred using tree reconciliation of the 
phylogenetic tree of a gene family
Best-Hits-and-Inparalogs (BHI) inferred from Blast hits against the 
PLAZA protein database
Anchor points refer to gene-based colinearity between species
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production is also moving too fast, affecting the 
updating rate and the definition of stable reference 
resources that could support the whole interested 
community (Chiusano, 2015). Table 4.5 reports 
the genome annotation versions for different spe-
cies of agronomic interest, as they are available in 
some of the most popular public resources.

With the exception of Arabidopsis and rice, 
whose genomes were sequenced more than 10 years 
ago (Goff et al., 2002; The Arabidopsis Genome Ini-
tiative, 2000), there is an evident non-uniformity 
among the data included in public resources. This 
limit are related not only to recently sequenced 
genomes, such as tomato (The Tomato Genome 
Consortium, 2012) and potato (Xu et al., 2011), 
but also to older genomes releases, such as the 
ones of maize (Schnable et al., 2009) and grapevine 
( Jaillon et al., 2007) (Table 4.5). This may be due 
to slower update rates, but also to the fast release 
of novel versions. As an example, the tuber crop 
potato, published in 2011 and initially released in 
the form of scaffolds, has been already endowed of 
six different genome annotation versions related to 
five different genome assemblies (Table 4.6), each 
with a level of heterogeneity further highlighted 
when considering differences in the number of pre-
dicted genes and alternative transcripts from each 
version (Table 4.6).

In addition, the dissemination of genome 
sequencing results is strongly affected also by 
other aspects. As an example, sequenced plant 
genomes, such as coffee (Denoeud et al., 2014), 
available only in a dedicated resource (http://
coffee-genome.org/), tobacco (Sierro et al., 2014) 
or other genome releases (Ercolano et al., 2014; 
The Tomato Genome Consortium, 2012; Velasco 
et al., 2007) are not present in any of the reference 
databases here considered, NCBI and Ensembl 
Plants included. Undoubtedly, these limits and 
ambiguities do not support scientists, expert or 
non-expert users as well. The set-up of reference 
comprehensive public resources, supporting user 
friendly investigations for the whole scientific com-
munity, represents, indeed, the key strategy to make 
-omics really profitable. The recent story of molecu-
lar biology underlines that reference collections 
and data sharing thanks to bioinformatics resources 
have been fundamental, representing the backbone 
that moulded the progress in -omics sciences we 
are currently living. However, the flourishing of 

an increasing number of public databases with 
heterogeneous collections, providing different 
genome versions associated to varied independent 
annotations, as well as the lack of dissemination of 
published data, affect the establishment of well-
accepted references and undoubtedly limit scientific 
applications.

Different gene annotations of the same genome 
slow down the work of the end user, often forced to 
carefully investigate among the available resources 
to assess the reliability of a collection, this also 
requiring appropriate expertise. Moreover, this 
may compromise the reproducibility of results, 
since they are affected by the materials and the 
methodologies employed (Di Salle et al., 2016). As 
an example, well-known platforms for comparative 
genomics are based on different gene annotation 
versions from the same plant species (Fig. 4.2) 
and, as a consequence, on different results, com-
promising comparability among the different 
methodologies employed (as reported in Table 4.4) 
and reliability of analyses pending from the differ-
ent efforts. Moreover, the heterogeneity of data, the 
lack of coordination to fix methodologies and/or 
collections, as well as the not clearly declared obso-
lescence of published resources, result in diversified 
information that limit non-expert users and do 
not facilitate uniform and reproducible scientific 
approaches. As an example, the presence of too 
many resources available in support of gene expres-
sion analyses for the reference species A. thaliana 
misleads the users also with discordant results 
(as reviewed in Di Salle et al., 2016). Moreover, 
the establishment of platforms including species-
specific selected collections of expression data is 
spreading for several plant species (Table 4.3), but 
these independent efforts, not always accompanied 
by evident coordination and international support, 
will not produce, presumably, stable, long term 
impact in plant sciences.

One last dramatic trend to consider, moreover, 
is the poor crosslinking of plant genome results 
with general databases worldwide recognized as 
well established resources. Dedicated annotations 
from independent consortium are precious, since 
they benefit from specific knowledge that typically 
comes from the scientific community supporting 
the consortium. However, many of the consortia 
results are not cross-linked with the general efforts 
undertaken by reference databases. As an example, 
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Table 4.5 List of plant species of relevant agronomical interest, sorted by the year of publication of their genomes. The annotation version available for these species 
in different reference databases is also reported

Species
Year of 
publication

Annotation version

NCBI Ensembl Plants PlantGDB Phytozome Plaza Eggnog KEGG

Arabidopsis 2000 TAIR 10 TAIR 10 TAIR 10 TAIR 10 TAIR 10 TAIR 10 TAIR 10
Rice 2002 RGAP 7 RGAP 7 RGAP 7 RGAP 7 RGAP 7 RGAP 7 RGAP 7
Grapevine 2007 GCF_000003745.3 V1 Cribi V2 Genoscope V2 Genoscope V2 Genoscope V1 Cribi GCF_000003745.3
Maize 2009 B73_RefGen_v3 B73_RefGen_v4 B73_RefGen_v2 B73_RefGen_v3 B73_RefGen_v4 B73_RefGen_v4 B73_RefGen_v3
Potato 2011 GCF_000226075.1 GCF_000226075.1 PGSC v.3 2.1.10 PGSC v. 3.4 iTAG v. 1 GCF_000226075.1 GCF_000226075.1
Tomato 2012 GCF_000188115.3 iTAG v. 2.4 NA iTAG v. 2.3 iTAG v. 2.3 iTAG v. 2.3 GCF_000188115.3
Sweet orange 2013 GCF_000317415.1 NA NA JGI v1 JGI v1 NA GCF_000317415.1
Pepper 2014 GCF_000710875.1 NA NA NA NA NA NA
Amborella 2013 GCF_000471905.1 GCF_000471905.1 NA AmTr_v_0.10 AmTr_v_0.10 NA GCF_000471905.1
Soybean 2006 GCF_000004515.4 GCF_000004515.1 Wm82.a2.v1 Wm82.a2.v1 Wm82.a2.v1 GCF_000004515.1 GCF_000004515.4
Apple 2010 GCF_000148765.1 NA NA M. Domestica v1.0 M. Domestica v1.0 NA GCF_000148765.1
Sorghum 2009 GCF_000003195.2 GCF_000003195.2 Sbi1.4 Sbi3.1 NA GCF_000003195.2 GCF_000003195.2
Barrel medic 2011 GCF_000219495.2 Mt4.0 Mt3.5 Mt4.0 Mt4.0 NA GCF_000219495.2
Banana 2012 GCF_000313855.1 GCF_000313855.1 NA M. acuminata v 1 NA GCF_000313855.1 GCF_000313855.1
Cocoa 2011 GCF_000208745.1 GCF_000208745.1 NA C. Matina v1.1 C. Matina v1.1 NA GCF_000208745.1
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the RefSeq annotation (O’Leary et al., 2015) comes 
out from a unified gene annotation pipeline for all 
public sequenced genomes provided by the NCBI. 
Refseq annotations are cross-linked to relevant 
resources such as UniProt (UniProt Consortium, 
2015) and KEGG (Kanehisa and Goto, 2000). 
Very few genome platforms for plant species also 

include the RefSeq annotations. On the other hand, 
RefSeq analyses does not appear to integrate the 
community related gene annotation for a species. 
This is quite common in plant genomics and deter-
mines two main limits: the presence of added-value 
information in specific websites not shared with 
general reference database, and limited information 

Table 4.6 List of different genome assemblies and annotation versions available for potato. Number of 
representative genes and alternative transcripts for each annotation version are also reported

Genome assembly version Annotation version
Year of 
release

Number of 
representative genes

Number of alternative 
transcripts

v3 superscaffold iTAG v.1 2011 35,004 NA
PGSC 3.4 2011 39,031 56,218
GCF_000226075.1 2011 33,608 37,885

v3 2.1.10 pseudomolecules PGSC v. 3 2.1.10 2012 NA 52,228
v3 2.1.11 pseudomolecules PGSC v. 3 2.1.11 2012 NA 52,228
v4.03 pseudomolecules PGSC v. 4.03 2013 39,146 56,980
v4.04 pseudomolecules NA 2016 NA NA

Figure 4.2 Pairs of orthologue genes stored in three widespread comparative genomics platforms. For each 
species (Arabidopsis, tomato, potato and grapevine), the annotation version and the number of genes that have 
an orthologue relationship with the compared counterpart is shown.
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access to non-plant users, that usually refer to gen-
eral databases. This is evidently against the basic 
concept of sharing and global exchange of informa-
tion established by the International Nucleotide 
Sequence Database Collaboration (INSDC) in 
2002 (Brunak et al., 2002) and definitely remarked 
in 2015 (Cochrane et al., 2016). On the other hand, 
this lack of direct links with well-established refer-
ence collections makes plant users isolated from 
the general trends in bioinformatics, which are fast 
expanding for reference animal species. Further-
more, because of the multifaceted efforts in plant 
genomics, driven by different communities focused 
on specific species and usually growing in specific 
and specialized context, crosslinks are usually hard 
and difficult to be exploited. While interconnec-
tions and comparative efforts would surely support 
profitable science.

However, although these limitations, -omics in 
the NGS era together with bioinformatics innova-
tions largely moulded the experimental design in 
plant molecular biology, consistently contributing 
to the scientific knowledge in plants molecular biol-
ogy and positively affecting many applications of 
agriculture sciences (Esposito et al., 2016). Diverse 
plants research fields, such as breeding, environ-
mental sciences and microbiology, are benefiting 
from the available knowledge and are contributing 
data, favouring scientific advances, improving sus-
tainability, products quality and strategies for stress 
or disease treatments (Deusch et al., 2015; Tringe 
and Coleman-Derr, 2014).

Undoubtedly, NGS approaches are driving more 
efficient solutions from bioinformatics, continu-
ously stimulating novel computational approaches. 
The need for innovative interfaces and even more 
intuitive tools to address the main biological ques-
tions emphasized by the novel technologies will 
not decline for many years to come (Horner et al., 
2010).

The most critical issues that bioinformatics 
should face to meet the major trends in plant 
biology and overcome some of the bottlenecks 
here highlighted are mainly related to a proper dis-
semination and stabilization of resources, favouring 
integration of information from different levels of 
the cell functionality and from different species. To 
this aim, the development of comprehensive col-
lections and the favouring of in-depth knowledge 
through education and training in omics-based 

technologies and in bioinformatics, opportunely 
integrating experimental and computational efforts, 
and possibly different scientific communities, are 
essential (Chiusano, 2015; Esposito et al., 2016).

Beyond all, coordinated efforts preserving data 
curation should be consistently supported, with 
the main purpose of avoiding that profitable -omics 
could be restricted to major experts and limited to 
major species.

The need for ‘tailoring’ bioinformatics to dedi-
cated efforts that could improve the quality of draft 
results and make them appropriately accessible, 
usable and reconciled with related resources, is 
fundamental to reducing the risk that fast data pro-
duction could compromise the sharing of reliable 
and updated information. Project reviewers and 
publication policies may also play a relevant role 
in facing the presented issues, since they can drive 
towards appropriate cross-referencing, data sharing 
and high quality standards in both software and 
resources.

The care for appropriate knowledge dis-
semination should remain the priority in Science. 
Enhanced bioinformatics is the strategy that can 
fulfil the scope.
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