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Abstract: Abiotic stresses are among the principal limiting factors for productivity in agriculture.
In the current era of continuous climate changes, the understanding of the molecular aspects involved
in abiotic stress response in plants is a priority. The rise of -omics approaches provides key strategies
to promote effective research in the field, facilitating the investigations from reference models to an
increasing number of species, tolerant and sensitive genotypes. Integrated multilevel approaches,
based on molecular investigations at genomics, transcriptomics, proteomics and metabolomics levels,
are now feasible, expanding the opportunities to clarify key molecular aspects involved in responses
to abiotic stresses. To this aim, bioinformatics has become fundamental for data production, mining
and integration, and necessary for extracting valuable information and for comparative efforts, paving
the way to the modeling of the involved processes. We provide here an overview of bioinformatics
resources for research on plant abiotic stresses, describing collections from -omics efforts in the field,
ranging from raw data to complete databases or platforms, highlighting opportunities and still open
challenges in abiotic stress research based on -omics technologies.
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1. Introduction

Plants display an amazing diversity and, owing to their sessile nature, they evolved a broad
range of molecular mechanisms to respond to complex network of environmental signals, which
activate multiple pathways, modulated by different responsive genes, in case conferring tolerance to
the pressure determined by stressor factors [1–3]. Abiotic stresses, such as heat and cold, drought,
salinity and flooding, [4–7], however, dramatically affect plant growth and crop yield [2,8–16], and
these are among the reasons why abiotic stress management is one of the most important challenges
in agriculture. In current climate change scenarios, exposure to abiotic stresses is more frequent
and the consequent effects are so relevant also considering the exponential increase of the world
food supply due to the rapid population growth [2,9,12,13,17–21], and the widespread attention to
promote a sustainable productivity. This is why extensive studies have been focused on understanding
the molecular basis of abiotic stress response and the research for improved, productive plants,
adapted for stress tolerance [10,13,20,22]. These activities were strongly favored by the evolving -omics
technologies, which provide key strategies to promote molecular investigations on plant organization
and functionality, also under stress conditions [23–26], and novel approaches for omics assisted crop
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improvement [27,28]. Since their initial introduction, they permitted unexpected views on different
levels of cell functionality, ranging from genome to transcriptome, to proteome and metabolome, and
more recently covering also investigation on chromatin organization by epigenome approaches [29–32].

These approaches, covering different levels of biological functionalities, enabled deeper
investigations at each level as well as integrated views [33–35] to study the complexity of the
molecular response of plants, and to abiotic stresses as well. Moreover, the technological evolution and
cheaper methodologies offered faster and more accessible approaches favoring researches considering
an increasing number of crops [36,37]. The so-called “Next Generation Sequencing” (NGS) technologies,
as one of the major examples, largely favored deeper insights on plant genome organization [38–43] and
on functional responses to variability of environmental parameters, elucidating the first level of gene
expression, i.e., the transcriptome analysis, by promoting the transition from expressed sequence tags
(ESTs) and microarray based techniques [44,45], to more powerful approaches such as RNA-seq [46–48]
and associated technologies [29,49,50].

Simultaneously, the development of proteomics procedures by 2D-Gels coupled to mass
spectrometry (MS) [51] or, more recently, via high-throughput shotgun approaches [52], and of robust
LC–MS (liquid chromatography-mass spectrometry) [53] and GC–MS (gas chromatography-mass
spectrometry) [54] metabolomics technologies, able to unravel fluctuations of non-volatile and volatile
metabolites, are paving the way to a better understanding of the effects of the biological processes under
investigation [33]. In this context, the integration of results from different levels of molecular information
favors holistic views to decipher key components that are playing roles in complex molecular processes
involved in plant responses to unfavorable or changing environmental conditions [55–57].

Bioinformatics is necessary for data production in support of the different omics technologies,
fundamental for data organization and for data mining. It favors the interpretation of the massive
amount of information provided by high throughput technologies, permitting the filtering of valuable
information for human driven interpretation and assisting single level approach and data integration
for comprehensive views on systems functionality [34,35,58].

Moreover, bioinformatics also provides overwhelming amount of accessible resources to
the scientific community, driving pioneering research based either on the exploitation of -omics
technologies [33,59–61] or of the manifold resources that may support specific subsequent analyses, such
as those based on sequence comparisons, gene family investigations and molecular modeling [62–64].

Bioinformatics resources implementation and maintenance were among the main drivers of the
success of this research field, and of the evolution of the omics technologies, since the data exploitation
revealed to be a very powerful approach to support the overall scientific community. One of the key
points to this aim remains the making of data accessible, reliable and suitable to be compared, touching
the new challenges in the field, which fall in the so called integrative bioinformatics [65]. However,
data exploitation is today still relying on scientist consciousness about the opportunities and limits
offered by the different data sources, about the sensitivity and specificity of the different technologies,
and about the quality of the organized results. Additionally, inexpert users must be aware of basics
from the field to profitable handle, analyze and compare data from the available resources, to obtain
novel insights into the organization and functionality of the biological systems.

To this aim, in this review, after a brief introduction of the main technologies that are accompanying
the production of massive molecular data, we provide an overview of major bioinformatics data
resources available in support of plant research, and specifically on abiotic stress responses, ranging from
raw collections, to complete databases or platforms. We describe their main features, their usefulness
and some of the bottlenecks that highlight the need of coordination in the efforts as well as
education in data and software handling, for a suitable exploitation, to support the detection of
key structure/functional features to interpret molecular processes involved in plant responses to abiotic
stress conditions [24,46,66–69]. We will also describe the open challenges to increase and improve the
opportunities offered by bioinformatics for innovative and effective research in the field.
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2. Genomics

Genome sequencing has dramatically evolved in the last years, moving from BAC-by-BAC (also
known as clone-by-clone shotgun strategy) [70] to whole genome shotgun (WGS) approaches [71],
favored by novel technologies and, in particular, by the introduction of the next generation sequencing
(NGS). The possibility of sequencing billions of fragments of DNA sequences in parallel, exploiting
cheap and fast high-throughput technologies in place of the well-established Sanger technique,
incredibly changed the scenario, making genome sequencing feasible and accessible even to not
experienced laboratories [72]. This favored the spreading of several genome-sequencing efforts [73]
moving from the sequencing of a limited number or reference model species [74–79] to the release of a
multitude of draft genome sequences from different species and genotypes [80–86], often associated
to preliminary gene annotations [87,88] of a variety of plant species and genotypes. These efforts
provided reference collections, expanding the number of available resources for the same species or for
representatives of under investigated clades [36,37,89–94]. These efforts are revealing fundamental
molecular information useful also in plant breeding practices. Consequently, web accessible reference
resources also flourished to collect the data and offer their value added information, as derived
from their processing, to all the interested community. Beyond the centralized support offered to
this aim by reference centers like the EMBL-EBI sequence collection [95], the DNA Data Bank of
Japan (DDBJ) [96] and the National Center for Biotechnology Information (NCBI) [97], which acts
as part of the International Nucleotide Sequence Database Collaboration (INSDC) [98] and collects
results from worldwide sequencing efforts, maintaining these huge amount of results in dedicated
partitions [99,100], several plant specific resources are also today available. In Table 1, some of the
main reference sites, together with their current content (updated on February 2019) in terms of
available gene annotation version for reference plant species, are reported. Among them, Ensembl
Plants [101] is an integrative European resource for mining, visualizing and analyzing genomics
data, currently collecting information for 44 plant species. Two additional interesting platforms are
PlantGDB [102], containing data and tools for plant genomics, and reporting genomes of 27 plant
species, and Phytozome [103], the plant comparative genomics portal of the Department of Energy’s
Joint Genome Institute, which includes information on 52 plant species. Other platforms with more
specific aims in terms of included species and offered services are also available. As examples,
Plaza [104] is a comparative genomics resource providing information useful to investigate gene
and genome evolution in plants, TreeGenes curates genomic and phenomic information for 1964
species [105], Gramene is a curated data resource for comparative functional genomics in crops and
model plant species [106]. A reference multi-integrated platform is The Arabidopsis Information
Resource (TAIR) [107], a representative example of a plant species-specific database that is proposed
as a multilevel platform, i.e., it contains data from different levels (i.e., transcriptomics, proteomics,
etc.) and methodological approaches (e.g., microarray, RNAseq, etc.) exclusively dedicated to the
model plant Arabidopsis thaliana. Other interesting examples of dedicated platforms are for Solanaceae,
one of the more investigated plant family, due to their relevance as crops (tomato, potato, eggplant,
and pepper), for basic research and for industrial interest (tobacco and petunia): for this reason,
massive achievements have been accomplished to improve their knowledge at molecular level in
these last years. In this context, The Sol Genomics Network (SGN) [108] is a clade-oriented database
dedicated to Solanaceae and closely related genomes. A similar effort is from Spud database [109],
which is considered a reference resource for potato genomic data, a member of the Solanaceae too.
Other examples of dedicated resources are: MaizeGDB [110], the Legume Information System [111]
and Soybase [112].
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Table 1. Gene annotation version of model plants or plants of agronomic interest as reported in public
web accessible platforms.

Species Ensembl Plants [101] NCBI [97] Phytozome [103] PlantGDB
[102] Plaza [104]

Amborella AMTR1.0 GCF_000471905.2 (AMTR1.0) Amborella trichopoda v1.0 NA JGI v1.0 [113]
Arabidopsis TAIR 10 [107] TAIR 10 [107] TAIR 10 [107] TAIR 10 [107] Araport11

Bread wheat IWGSC GCA_002220415.3
(Triticum_4) Triticum aestivum v2.2 NA IWGSC1.1

Banana
Musa acuminata
DH-Pahang v1
(ASM31385v1)

GCF_000313855.2
(ASM31385v2)

Musa acuminata
DH-Pahang v1 NA Musa acuminata DH-Pahang

v2

Clementine Citrus_clementina_v1.0 GCA_000493195.1
(Citrus_clementina_v1.0) Citrus_clementina_v1.0 NA Citrus_clementina_v1.0

Cocoa Criollo_cocoa_genome
V2.44

GCF_000208745.1
(Criollo_cocoa_genome_V2) C. Matina v1.1 NA GCF_000403535.1

Grapevine V1 Cribi [114] GCF_000003745.3 (12x) V2 Genoscope [115] V2 Genoscope
[115] V2 Genoscope [115]

Jojoba NA GCA_900322235.1
(ASM90032223v1) NA NA NA

Maize B73_RefGen_v4 GCF_000005005.2
(B73_RefGen_v4) B73_RefGen_v3 B73_RefGen_v2 B73_RefGen_v4

Oilseed rape AST_PRJEB5043_v1 GCA_000686985.2
(Bra_napus_v2.0) NA NA NA

Pepper NA GCF_000710875.1
(Pepper Zunla 1 Ref_v1.0) NA NA Pepper Genome v.2.0

Potato SolTub_3.0 GCF_000226075.1
(SolTub_3.0) PGSC v. 4.03 [109] PGSC v.3 2.1.10

[109] PGSC v. 4.03 [109]

Rice RGAP 7 GCF_001433935.1
(RGAP 7) RGAP 7 RGAP 7 RGAP 7

Sorghum Sbi3.1.1 GCF_000003195.3
(Sorghum_bicolor_NCBIv3) Sbi3.1.1 Sbi1.4 Sbi3.1.1

Soybean Wm82.a2.v1 GCF_000004515.5
(Glycine_max_v2.1) Wm82.a2.v1 Wm82.a2.v1 Wm82.a2.v1

Sweet orange NA GCF_000317415.1
(Csi_valencia_1.0) JGI v1 [113] NA NA

Thellungiella
halophila
(Eutrema

salsugineum)

NA GCA_000478725.1
(Eutsalg1_0) Eutrema salsugineum v1.0 NA NA

Thellungiella
parvula

(Eutrema
parvulum)

NA GCA_000218505.1
(Eutrema_parvulum_v01) NA NA TpV84

Tomato iTAG v.3.0 [108] GCF_000188115.4 (SL3.0) iTAG v. 2.4 [108] NA iTAG v. 2.4 [108]

Due to the spreading of these activities, parallel efforts are in progress to organize all related plant
genome resources, and differences in terms of data release versioning are evident even in reference
platforms such as Ensembl Plants [116] and NCBI [99] (Table 1). This heterogeneity, which often may
also refer to circulating genome assemblies and/or gene annotation versions, poses a relevant issue
in terms of the quality of the different resources and of reliability as well as comparability of the
results they may provide. Indeed, the lack of uniformity is a natural consequence of the fast evolving
performances of sequencing technologies, which are the core of the incredible acceleration of sequence
data production at affordable costs, but the fast production and release of novel genome assemblies
affects the establishment of good quality references [88]. Moreover, the constant release of novel or
updated sequenced genomes encounters the bottlenecks of the lower efficiency in performing the
consequent analyses, such as gene annotation, resource updating and curation, often affecting the
maintenance and the updating of accurate information even in reference platforms. Indeed, evolving
bioinformatics need to accompany the fast development of novel technologies and to constantly
adapt to larger data numbers of increasing complexity, to favor the sharing of reliable information
both for single species analyses and for comparative efforts. As an example, assembly quality needs
clear assessments, while annotation versions should be reconciled. Moreover, the poor quality of
protein coding regions predictions, especially in preliminary gene annotations, should require suitable
methods for gene based comparative analyses and to appropriately define orthologs or paralog
relationships [117,118].

Although novel strategies are being introduced to face the big data challenge in bioinformatics [73,119–123],
the information quality assessment and the spread of well-established references requires longer-term
efforts and validations to favor their dissemination to the scientific communities and fruitful subsequent
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exploitations. This is essential since reliable and stable references are also fundamental in order to
appropriately exploit the resources in associated efforts, such as those from transcriptomics, epigenomics,
proteomics and metabolomics [58,88].

Further challenges are determined by possible limits in data functional annotation. Although well-
known efforts are engaged to provide suitable description of gene functionalities, such as the one
sustained by the gene ontology consortium (GO) [124], or exploiting further appropriate information to
integrate the analysis [125–127] they need to evolve according to the knowledge acquired on a specific
species, since the available descriptions are limited by the available observations [128].

Knowledge-dependent collections may generate a further source of heterogeneity due to the
availability of different resources, although often related by similar content.

As an example, querying the NCBI Gene database, a collection of gene-specific information from
multiple data sources [129], by the simple “abiotic stress” keyword results in a large set of genes, which
contain the words “abiotic stress” in their functional annotation (Table 2). In the same table, we also
report the result of the same query made in the NCBI Refseq database, which provides integrated and
curated collections, with non-redundant and well-annotated sets of sequences [99]. Provided that
non-specific keywords could bias the search and it would be more appropriate to use more stringent
keywords, e.g., “salt stress” or “drought stress”, the different results show that the same reference site
can deliver different pieces of information. In fact, the same reference site can deliver different pieces
of information, and this holds even when using more specific keywords, like, as an example, “drought
stress” (Table 2). Of course, there are technical explanations that justify the discrepancies between
the two query results, which are mainly related to their specificities, which are also described and
well-known to experts. The ambiguous information from distinct resources can confuse non-experts,
compromising the subsequent analyses. Moreover, the heterogeneity in the results between different
plant species, e.g., the number of Arabidopsis thaliana abiotic stress-related genes compared to other
species (Table 2), proves that comparative efforts are still highly required to transfer the assessment of
gene roles from reference models to other species.

Table 2. Summary of genes including “abiotic stress” and “drought stress” in their functional annotation
in NCBI Gene and in RefSeq databases.

“Abiotic Stress” “Drought Stress”

Species NCBI Gene
Counts

NCBI RefSeq
Counts

NCBI Gene
Counts

NCBI RefSeq
Counts

Arabidopsis thaliana 132 63 102 52
Beta vulgaris 1 - - -

Brachypodium distachyon - - 1 186
Brassica napus - - 1 2

Capsicum annuum - 5 2 3
Chlamydomonas reinhardtii 1 2 - -

Cicer arietinum - 1 - 28
Cucumis melo 1 - - -

Cucumis sativus 1 2 - -
Elaeis guineensis 1 - - -

Eutrema salsugineum 1 - - -
Glycine max 3 76 7 34

Gossypium hirsutum 1 2 - 1
Hordeum vulgare 1 - - -
Jatropha curcas - 15 - 1

Malus domestica 2 1 - -
Manihot esculenta - 4 - -
Musa acuminata 1 - - -

Nicotiana tabacum 1 3 - -
Oryza sativa 9 - 2 -

Populus euphratica - 1 - -
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Table 2. Cont.

“Abiotic Stress” “Drought Stress”

Species NCBI Gene
Counts

NCBI RefSeq
Counts

NCBI Gene
Counts

NCBI RefSeq
Counts

Prunus avium - - 2 -
Prunus persica 1 1 - -

Ricinus communis - - 1 1
Solanum lycopersicum 11 16 6 13

Solanum tuberosum 1 6 - -
Triticum aestivum 6 - - -

Vigna radiata 1 - - -
Vitis vinifera 1 - 1 6

Zea mays 5 33 6 108
Total 182 231 141 435

Bioinformatics plays a crucial role also in supporting novel challenges for plant improvements.
As a recent example, the genome editing through the CRISPR/Cas9 approach [130], which can be also
exploited for applications in abiotic stresses [131], strongly relies on accessible genomics knowledge
and appropriate development of bioinformatics tools. In particular, several software have been
developed to predict and select CRISPR/Cas9 targets for genome editing, such as the web based tools
E-CRISP [132], TIDE [133], CHOPCHOP [134] and CCTop [135].

3. Transcriptomics

Comparison of transcriptome data is highly exploited to understand gene functionality and
expression mechanisms in different tissues in various conditions [136–138]. Due to the general
importance of transcriptomic data to depict gene expression patterns and to infer on gene control and
regulatory mechanisms of cell functionality, the processes involved in plant responses to abiotic stress
are being largely investigated at the transcriptome level through microarray and RNA sequencing
analyses, such as expressed sequence tags (ESTs) and RNA-seq [32,44,139–141].

Microarray technology has been one of the most used approaches to explore the transcriptional
landscape of a biological sample [142]. With the development of the GeneChip ATH1 Genome Array for
A. thaliana, probe sets for around 24,000 genes were designed [45], disseminating the use of microarray
analyses in plant sciences. This reference array facilitated the collection of results from multiple tissues
and conditions and, as a consequence, the organization of gene expression atlases for Arabidopsis,
which were also associated to useful computational strategies in resources that favor gene coexpression
analyses [143].

The ArrayExpress Archive [144] and the Gene Expression Omnibus (GEO) [145] are main public
collections of functional genomics data currently available. Querying the two platforms by the “abiotic
stress” keywords resulted in 436 and 157 array experiments in GEO and ArrayExpress databases,
respectively (Table 3).

Expressed sequence tags (ESTs) are sequences derived from randomly selected complementary
DNA (cDNA) libraries [146]. dbEST at the NCBI [147] is the specialized division of GenBank,
which contains all publically available EST collections from different organisms, currently delivering
221,400 ESTs referring to a total of 77 different libraries, when queried by the “abiotic stress” keywords
in viridiplantae (Figure 1 and Table 4). EST sequencing has been recently widely replaced by the
spread of cheaper and more powerful techniques based on NGS technologies, such as RNA-seq and
small RNA-seq [48], to define and quantify the RNA abundances in a cell [148], or in a specific tissue
and/or in specific conditions. Microarrays, the most widely used transcriptomics technology for many
years, are being replaced by RNA-seq too, which is becoming the dominant technology today [47,48],
due to the higher sensitivity and cost accessibility. Although RNA-seq analyses that rely on already
sequenced and assembled genomes provide robust results [47,48,149–155], RNA-seq suitably supports
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transcriptome-based analyses also of non-model species [156–168]. The knowledge of the analyzed
genome is not a prerequisite for the analyses, providing a consistent representation of the transcriptome
content in comparison to the microarray technology, thanks to its powerful throughput.

Table 3. Summary of all the “abiotic stress” microarray experiments available in Gene Expression
Omnibus (GEO) and Array Express databases.

Species GEO ArrayExpress

Arabidopsis thaliana 140 78
Brachypodium distachyon - 1

Brassica juncea - 1
Carica papaya - 1

Capsicum annum 4 -
Cicer arietinum 4 1

Ectocarpus siliculosus - 1
Euphorbia esula - 1

Glycine max 10 4
Gossypium hirsutum 4 3
Helianthus annuus 7 4
Hordeum vulgare 69 3
Ipomoea batatas - 1

Lotus sp. - 1
Malus domestica - 1

Medicago truncatula 5 1
Nicotiana tabacum 5 1
Orchesella cincta - 1

Oryza sativa 103 26
Panax ginseng - 1

Petunia × hybrida 6 1
Poncirus trifoliata - 1

Populus sp. 10 2
Populus tremula × Populus alba 4 1

Populus × canadensis 6 -
Pyrus pyrifolia - 1

Solanum lycopersicum 13 4
Solanum melongena 4 -
Solanum tuberosum 18 2

Sorghum bicolor - 1
Thellungiella - 1

Triticum aestivum 9 1
Vigna unguiculata - 1

Vitis vinifera 8 3
Zea mays 15 7

Total 444 157

The NCBI Sequence Read Archive (SRA) [100] is the reference resource established in order
to gather public collections from worldwide NGS efforts, including data from Illumina Genome
Analyzer [169], Applied Biosystems SOLiD System [170], Roche 454 GS System [171] and Helicos
Heliscope [172]. Currently, SRA reports 330 accessions from 26 plant species when querying for the
“abiotic stress” keywords in viridiplantae (Table 5).
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Figure 1. “Abiotic stress”-related expressed sequence tags per each plant species available in
dbEST database.

Table 4. “Abiotic stress”-related expressed sequence tag (EST) libraries per each plant species available
in dbEST.

Species N. of ESTs N. of EST Libraries

Agave sisalana 14 1
Arachis hypogaea 30 2

Brassica napus 5856 5
Catharanthus roseus 4 1

Cicer arietinum 1 1
Coffea arabica 41,985 28

Cucumis sativus 7 1
Fragaria vesca 41,430 5

Gossypium arboreum 778 1
Haberlea rhodopensis 34 1
Landoltia punctata 7 2

Opuntia streptacantha 329 1
Oryza sativa Indica Group 88 3

Oryza sativa Japonica Group 177 1
Persicaria minor 4 1
Pisum nigrum 1 1
Pisum sativum 10 2

Selaginella lepidophylla 1046 1
Solanum tuberosum 20,758 1
Triticum aestivum 81,086 13

Vitis vinifera 16,492 2
Withania somnifera 1 1

Total 210,138 75
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Table 5. “Abiotic stress”-related accessions per plant species/instrument available in sequence read
archive (SRA) database.

Organism Name Instrument Library Strategy Counts

Arabidopsis thaliana Illumina HiSeq 2000 ncRNA-Seq 39
Arabidopsis thaliana Illumina HiSeq 2000 RNA-Seq 4
Arabidopsis thaliana Illumina HiSeq 2500 RNA-Seq 14
Arabidopsis thaliana NextSeq 500 RNA-Seq 33

Avicennia marina NextSeq 500 miRNA-Seq 3
Boechera gunnisoniana Illumina HiSeq 2000 RNA-Seq 1

Boechera stricta Illumina HiSeq 2000 RNA-Seq 1

Brassica juncea Illumina Genome
Analyzer IIx RNA-Seq 6

Brassica napus Illumina HiSeq 2000 RNA-Seq 12

Camellia sinensis var. sinensis Illumina Genome
Analyzer II miRNA-Seq 1

Capsicum annuum Illumina HiSeq 2500 RNA-Seq 78

Cicer arietinum Illumina Genome
Analyzer IIx RNA-Seq 8

Coffea canephora AB 3730xL Genetic
Analyzer CLONE 1

Cymodocea nodosa Illumina HiSeq 2500 RNA-Seq 12
Eleusine coracana Illumina HiSeq 2000 RNA-Seq 4

Glycine max Illumina HiSeq 2000 RNA-Seq 4
Helianthus annuus HiSeq X Ten RNA-Seq 1
Helianthus annuus Illumina HiSeq 4000 RNA-Seq 96

Hordeum vulgare subsp. vulgare Illumina HiSeq 4000 RNA-Seq 32
Hydrilla verticillata 454 GS FLX Titanium RNA-Seq 2

Ipomoea trifida Illumina HiSeq 2500 RNA-Seq 15
Ipomoea triloba Illumina HiSeq 2500 RNA-Seq 15

Medicago ruthenica Illumina Genome
Analyzer II RNA-Seq 1

Medicago sativa Illumina HiSeq 2000 RNA-Seq 1

Medicago truncatula Illumina Genome
Analyzer II RNA-Seq 6

Mesembryanthemum crystallinum 454 GS FLX Titanium RNA-Seq 2

Oryza sativa Japonica Group Illumina Genome
Analyzer IIx RNA-Seq 18

Oryza sativa Japonica Group Illumina Genome
Analyzer OTHER 9

Oryza sativa Japonica Group Illumina HiSeq 4000 RNA-Seq 66
Piper nigrum Illumina HiSeq 2000 RNA-Seq 1

Prunus armeniaca Illumina HiSeq 2500 RNA-Seq 60
Prunus armeniaca NextSeq 500 RNA-Seq 60

Prunus persica Illumina HiSeq 2500 RNA-Seq 138
Quercus suber 454 GS FLX Titanium OTHER 4

Solanum lycopersicum Illumina HiSeq 2000 ncRNA-Seq 2
Sorghum bicolor Illumina HiSeq 2500 RNA-Seq 24

Triticum aestivum 454 GS FLX Titanium RNA-Seq 2
Triticum aestivum Illumina HiSeq 2000 RNA-Seq 4
Triticum aestivum Illumina HiSeq 2500 RNA-Seq 4

Zea mays Illumina HiSeq 2000 RNA-Seq 32
Total 816

Beyond general reference resources, numerous efforts aimed to the set-up of species specific or
clade specific databases, over the years, moving from EST-based resources [173–176] to novel NGS
collections [106,108,110,177–180], which were implemented for collecting and disseminating expression
data and associated tools. However, although the widespread interest in the field, none of these public
resources is exclusively dedicated to plant responses to abiotic stress.
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Many transcriptomics efforts also focused on the detection of non-coding RNAs, mainly based
on high throughput sequencing technologies (see Ma et al. [181] as an example of review on this
topic), or even on more advanced approaches for their in situ localization (see Lu et al. [182],
Meng et al. [183] as non-exhaustive examples of opportunities in this field). This highlighted the active
role played by non-coding RNAs circulating in plant tissues in physiological, pathological or in stress
conditions [184–186] such as micro-RNAs [50], i.e., small non-coding RNAs of 19–23 nucleotide length,
under abiotic stresses in many plant species. Trindade et al. [187] reported about the up-regulation
in shoots and roots tissues of two conserved microRNAs, i.e., miR398 and miR404, in response to
water deficit in Medicago truncatula. In two other studies, Gao et al. [188] detected a salinity and
alkaline stress-related microRNA gene, i.e., osa-MIR393, whose over-expression can regulate rice
salt and alkaline stress tolerance; and Zhang et al. [189] identified in tomato a drought stress related
microRNA (Sly-miR169c), which, when overexpressed, produced transgenic plants with reduced
stomatal opening, decreased transpiration rate, lowered leaf water loss and enhanced drought tolerance.
Bokszczanin et al. [29] identified known and predicted novel miRNAs responsive or not to heat stress.
Curaba et al. [190], finally, investigated the general role of miRNAs in targeting stress signaling pathways
responsible for root development, leaf morphogenesis and stress response, reviewing about the role
played by miRNAs in the crosstalk between phytohormone [191] signaling pathways. Small RNA
collections are publicly available in RFAM [192] and miRbase [193] databases, while plant specific tools
to support these specific efforts are described in the work of Srivastava et al. [194]. Examples of other
plant dedicated platforms for related analyses are plantDARIO [195] and PsRobot [196]. Worthy to note,
specific collections of smallRNAs are also available which are focused exclusively on plant responses
to abiotic stresses (see paragraph “Dedicated web-based resources”).

4. Proteomics

Enzymes and, more in general, proteins are fundamental for cell functionality and, consequently,
plant responses to abiotic stresses may be triggered by protein contributions, since they play a key
role in the establishment of phenotypic traits or in the plasticity of cell changes [197]. In this context,
proteomics have become a powerful tool for the exploration of post-translational modifications of
proteins, protein–protein interactions and, overall, for unravel molecular effects of perturbation caused
in plant metabolism [32]. Proteomic studies, indeed, contribute to gain a deeper understanding of plant
cell operability by identifying proteins affected in their accumulation, structure and, therefore, action,
by abiotic stresses, or by related factors responsible for stress mitigation [198]. Thus, comparative
proteomics analyses in physiological and stressed plants can help to identify protein effectors, targets
and variability in interactive networks [199].

Historically, the first era of proteomics relied on the use of two-dimensional gel electrophoresis
(2D-gel) [200], which is able to separate the proteins based on the isoelectric point (first dimension)
and on the molecular mass (second dimension); subsequently, differentially accumulated proteins
were subjected to mass spectrometry (MS) analysis [201]. More recently, the exploitation of the
full potentialities offered by MS platforms originated the so called shotgun proteomics approach,
with protein mixtures digested in smaller peptides, which are then separated and analyzed, respectively,
by liquid chromatography (LC) and tandem mass spectrometry (MS/MS) for peptide identification [202]
through data analysis tools [199]. Finally, sequenced peptides are assembled in order to gain, potentially,
a whole proteome reconstruction using several bioinformatics tools such as IDPicker [203] and
PAnalyzer [204].

Proteomic studies for stress responses have been thoroughly conducted in several plants, including
Arabidopsis thaliana, Triticum aestivum (wheat), Zea mays (maize), Oryza sativa (rice), Glycine max (soybean),
Brassica napus (oilseed rape), Solanum tuberosum (potato), Solanum lycopersicum (tomato) [205–208]
and others (as also referred in [209]). These works highlighted the dynamic alterations in proteins
and their different isoforms involved in signaling and regulatory pathways, transcription factors
and protein–protein interactions; they clearly showed the importance of several factors including
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the genotype, the type and extent of the environmental stress, the protein subcellular localization,
protein post-translational modifications (PTMs), etc.; and, finally, they allowed the identification of a
series of proteins and enzymes putatively involved in the production of stress-related compounds and
processes [206].

The proteomics study of Chen et al. [210] revealed differences in cold acclimation mechanisms
in freezing-tolerant and freezing-sensitive cultivars of Medicago sativa. In particular, the results
revealed that many proteins involved in photosynthesis, protein metabolism, energy metabolism,
stress and redox were recruited for adaptation to cold stress. Ghabooli et al. [211] discussed molecular
mechanisms underlying water stress tolerance induced by a fungus in barley. Their proteomics
analysis resulted in the identification of 45 differentially accumulated proteins associated with
photosynthesis, signal transduction and plant defense responses. Balbuena et al. [212] investigated how
sunflower adjusts its metabolism during cold treatment through a comparative proteomic approach,
which characterized 14 different patterns of expression across different sunflower lines, highlighting
differential proteome responses to cold acclimation. The detected cold-responsive proteins were mostly
involved in protein synthesis, energy (glycolysis) and defense processes. Other proteome analyses also
hypothesized mechanisms for chilling attenuation in plants and cross-tolerance processes. More recently,
Parrine et al. described proteome alterations on Solanum lycopersicum under high light stress and
found a significant change in PSII complex proteins [213]; while a shotgun proteomic approach was
applied by Jozefovicz et al. [214] to understand plant responses to nitrogen deficiency in two different
varieties of Solanum tuberosum: in this work, differences between the two varieties were found to be
strongly associated with protein catabolism, defense mechanisms as well as protein and amino acid
synthesis metabolism.

Although their contribution in revealing biological mechanisms, as reported from the cited
examples, there is a general difficulty to collect massive proteome data and organize them in accessible
resources. Compared to other approaches, such as genomics or transcriptomics, public resources for
the storage and dissemination of proteomics data are still poor, due in particular to the variety of
different data types and experimental procedures that make the design of homogeneous collections very
hard [215,216]. Moreover, tools for data mining and interpretation in proteomics may be more complex
due to the great variety of signals, such as the possible number of targets for protein modifications
and changes in interactions or interactors [217], the variety of analytical approaches [218,219] and
of bioinformatics pipelines [220,221], and the associated statistical analyses [222,223], particularly
in relation to peptide assembly and subsequent proteome reconstruction. These aspects are crucial
to achieve informative and reliable findings, and also taking into account that a great number of
fragmentation spectra in a typical shot-gun proteomics experiment remain unidentified and that
this large portion of unidentified spectra could originate from unexpected modifications or natural
peptide variants [224]. Consequently, proteomics data sharing, starting from raw data to value
added information and associated mining tools, would require large investment, infrastructure and
coordination [216]. In this context, the PAPPSO proteomic facility [225] has greatly contributed to
the technological development to fill several gaps in the proteomics analysis pipeline: at this aim,
tools enabling LC–MS alignment, peak extraction and detection (MassChroQ; [226]), peptide filtering,
identification and grouping (X!TandemPipeline; [227]) and proteome data analysis (for instance,
to highlight different protein isoforms and post translational modifications (PTMs)) and storage
(PROTICdb; [228]) have been generated. Furthermore, a highly promising recent initiative aimed to
overcome these limits is represented by the Arabidopsis proteome draft, providing a comprehensive
and quantitative atlas on protein accumulation, modification (e.g., phosphorylation), regulation,
localization, etc. [229], as well on their thermal stability [230] thus representing a valuable resource for
the community.

Actually, the major public databases developed for proteomics data are The ProteomicsDB [231],
The PRoteomics IDEntifications (PRIDE) database [232], PeptideAtlas [233] and the Global Proteome
Machine Database (GPMDB) [234]. Unfortunately, PeptideAtlas does not contain experiments on plant
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species. On the contrary, PRIDE contains, up to now, 308 proteomics experiments on plant species,
72 of which are related to response to environmental stress. Although GPMDB contains proteomics
data from plant species too, the web interface does not allow querying for lists of data, therefore we
cannot refer on the current number of experiments related to abiotic stress. Two additional reference
resources, Peptidome [235] and Tranche [236], did not have continuity due to the lack of funding,
highlighting the difficulties in promoting and maintaining data sharing in proteomics field [216].
The Plant Proteomics Database (PPDB; [237]), although limited to Arabidopsis and maize studies,
contains a series of proteomics experiments and tools for comparative and subcellular proteomics,
biochemical pathways, etc. Interestingly, it allows the search and retrieve of specific proteins involved
in the specific abiotic stress type, e.g., ozone, cold and drought [237].

More specialized databases, mainly focused on specific protein classes, are publicly available.
Among them, ARAMEMNON [238] enables the identification of a series of stress-related integral
membrane proteins in both monocots (maize, banana, rice and brachypodium) and dicots (Arabidopsis,
poplar, grape, tomato and muskmelon). Finally, resources covering two important aspects in
proteome studies, related to subcellular localization and PTMs, have also been developed: within
the formers, plant subcellular proteome databases have also been generated at plastid (Plprot, [239];
AT_CHLORO, [240]) and cell wall (WallProtDB, [241]) levels, although they do not allow one to perform
ad hoc searches for abiotic stress-specific peptides; while PMTs alterations, which have been shown
to play a fundamental role in the abiotic stress-derived responses, can be investigated by a series
of ad hoc databases. The Plant Phosphorylation database (P3DB, [242]) enables the investigation of
changes in stress-induced phosphorylated proteins in six plant species (Arabidopsis, rapeseed, soybean,
barrelclover, rice and maize) [242]. NetPhos 3.1 and PhosPhat, firstly launched in 1999 and 2007, and
then further implemented in 2004 and 2010, respectively [243–245] allows predicting the pS, pT and
pY sites as well retrieving information about kinase substrates, and is connected with a series of
related databases (Pfam and MapMan) to infer information about the localization of experimental and
predicted phosphorylation sites to known domains.

Specific collections for proteomics data focused exclusively on plant responses to stress are all
described in the section “Dedicated web-based resources”.

5. Metabolomics

Besides the transcriptome and proteome responses, abiotic stresses dramatically affect plant
metabolic profiles [26,246,247]. The metabolome of a biological system, in fact, directly correlates with
gene expression and protein accumulation of functional pathways that, in turn, reflects the organism
responses to a vast range of status changes, such as the ones caused by an abiotic stress [32,248].
Moreover, the metabolic changes of an organism are those aspects of a stress response that are generally
the most interesting ones in terms of phenotypic effects of the response [249,250]. Indeed, plant cells
react to an adverse condition by remodeling their metabolism, finely tuning the presence/absence of
specific metabolites, which can potentially represent biochemical markers of a particular stress. Thus,
metabolomics, meant as the approaches to detect in a single analysis (“one shot”) the highest number
of primary and secondary metabolites, enable the detection of alterations within the metabolic pattern,
and to infer on associated variability in stress-inducible genes and proteins [32,251,252]. Currently,
metabolomics is widely used for generating novel insights into plant responses to abiotic stress [53,253].
Several advances in high throughput techniques, moreover, increased the number of metabolomics
studies [254].

Overall, plant metabolome is composed by two fractions: non-volatile metabolome, which includes
metabolites soluble in hydro alcoholic solutions (polar, semi-polar compounds; amino acids, sugars,
organic acids, phenylpropanoids, alkaloids, etc.) or in organic solvents (non-polar; lipids, isoprenoids,
etc.) [255,256]; volatile metabolome, comprising of semi-volatile (diterpenes) and volatile (alcohols,
ethers, esters, mono- and sesqui-terpenes, etc.) molecules [257,258]. Basically, in metabolomics two
approaches are used to achieve a global metabolic profiling: the “untargeted” and the “targeted”



Plants 2020, 9, 591 13 of 36

approaches [259–261]. In the former [262], all the mass chromatograms of an experiment are processed
by tools allowing comparisons and retrieving all the differentially accumulated ions (irrespectively
of their identity) in the samples under study, for instance stressed versus control, which are then
processed using bioinformatics approaches, such as PCA or other multivariate analyses, in order to
obtain a “metabolic finger-print”, which is characteristic of the biological process under investigation.
The “targeted” approach, based on the use of public, custom or ad hoc metabolomics databases, enables
the detection and quantification of known primary and secondary metabolites.

The first metabolomics studies of plant responses to cold stress were conducted in Arabidopsis [263,264],
revealing that its metabolome is extensively reconfigured in response to low temperature, particularly
at amino acid, organic acid and polyamine levels. Other later publications have been: the work
of Urano et al. [265], in which a metabolomics characterization was carried out under drought on
Arabidopsis leaves of wild type and a knockout mutant in the NCED3 gene, which plays a key role in the
dehydration-inducible biosynthesis of abscisic acid (ABA) in maize. Interestingly, this study allowed
unraveling a functional role for amino acids and raffinose in the stress acclimation. Skirycz et al. [266]
performed a metabolite profiling of Arabidopsis leaves under osmotic stress, showing that proliferation
and expansion were regulated by common regulatory circuits, involving ethylene and gibberellins,
but not ABA. Metabolomics studies on drought responses of leaf tissues were conducted also in
tomato [267], trying to assess the contribution of loci with over-dominant effect to the yield and
fitness; in wheat [268], identifying compounds (again, particularly amino acids and organic acids)
that differed in three distinct cultivars characterized by different levels of tolerance to drought;
and in maize [269], reporting on six different maize hybrids for their responses to drought stress,
mainly associated to changes in amino acids, sugars, sugar alcohols and intermediates of the TCA
cycle. In a different attempt, van Dongen et al. [270] described the metabolic responses under anoxic
conditions due to flooding stress in Arabidopsis roots. In particular, through a metabolite profiling
approach, the authors inferred that genes that were down-regulated mainly encoded proteins involved
in metabolic energy-consuming processes. Tohge et al. [271], finally, analyzed the transcriptional
and metabolic programs under light stress, characterizing the genes in the UV-B signaling cascade,
and reviewing also the pathways mainly responding to UV-B exposure.

Due to the importance of salinity stress in agriculture, there are a lot of metabolomics studies
on crop species, such as Arabidopsis [272–274], rice [275], tomato [276,277], grapevine [278], sea
lavender [279], poplar [280] and the legume genus Lotus [281,282], revealing the compounds involved
in resistance and tolerance to salt stress, thus assisting the identification of candidate genes associated
to abiotic stress responses. More in detail, these studies evidenced the involvement of a series of
sugars, chorismic acid derivatives, phenylpropanoids (phenolic acids as ferulic and vanillic acids) and
down-stream metabolic products. Additionally, investigations on effects of nutrient limitation on plants
often exploited metabolomics approaches, such as Arabidopsis [283–288], barley [289], tomato [290]
and the common bean [291,292], analyzing the effects of the lack, among others, of carbon, nitrogen,
sulfur, phosphate and carbohydrates, with the subsequent remetabolization of proteins and lipids as
alternative substrates in respiration and other cellular processes. Arabidopsis was the object also of
many metabolomics studies on responses to oxidative stress [293–297], in which specific inhibitions of
enzymes of the tricarboxylic acid (TCA) cycle (aconitase and isocitrate dehydrogenase) and inhibition
of glycolysis and TCA cycle flux emerged. Ishikawa et al. [298], moreover, analyzed the entire rice
metabolome in response to oxidative stress; their results indicated that tolerance to oxidative stress,
obtained by attenuation of cell death and growth inhibition processes, is due to an enhanced capacity of
metabolic acclimation. Frequently, the comparison between susceptible and tolerant genetic materials
is a useful tool to disclose the molecular/biochemical changes occurring as result of the abiotic stress:
for instance, the magnesium nutritional deficiency in grapevine rootstock, drastically affecting growth
and plant productivity, has been associated to dramatic changes at transcript and metabolite level,
mainly altering cell wall components, antioxidants and secondary metabolites as alkaloids, terpenoids
and phenylpropanoids [299].
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More recently, the effects of drought and high temperatures, alone or in combination, have been
investigated in a group of susceptible/tolerant potato cultivars [300], which allowed identifying a set of
mechanisms negatively affecting photosynthesis (with a simultaneous increase of the non-photochemical
quenching), and its compensation by a consequent reorganization of cell metabolism.

Despite the wide variety of approaches, some of which are here briefly depicted, it is not the purpose
of this review to present in detail different metabolomics efforts for plant abiotic stress, which range
from gas chromatography–mass spectrometry (GC–MS) and liquid chromatography coupled to high
resolution mass spectrometry (LC)–HRMS to capillary electrophoresis (CE)–MS and nuclear magnetic
resonance (NMR) spectroscopy [301]. Our main aim, instead, is to examine related bioinformatics
data resources in the field. Interestingly, only one web-based platform collecting metabolome data
related also to abiotic stress responses in plants is currently available: MetaboLights, a database for
metabolomics experiments and derived information [302]. Querying this resource with the “abiotic
stress” keyword determined 54 experiments on a wide variety of species ranging from prokaryotes
to mammals, 30 of which are on plants. In this frame, the other two metabolomics resources fully
dedicated to plants are the Plant Metabolome Database (PMD) [303] and PlantMetabolomics.org [304].
These two resources, however, appear out of service according to our attempt to access the data.
Although not specific for abiotic stress and the plant field, valuable and routinely updated resources
are the Human Metabolome Database (HMD, [305]), composed by four sections, DrugBank, T3DB,
SMPDB and FooDV, and including both polar and non-polar compounds, organized in metabocards,
which are hyperlinked to other databases (KEGG, PubChem, MetaCyc, ChEBI, PDB, UniProt and
GenBank); Metlin, computer and mobile-based platform developed in 2003, and now including either
small molecules, drugs and peptides, and provides experimental and in silico fragmentation as well as
an ID search based on an accurate precursor and fragment masses, and on MS/MS spectrum match;
similarly to HMD, it also includes links and information for any of their 960,000 compounds, with
systematic name, structure, elemental formula, mass, CAS number, other database link (KEGG, HMDB,
PubChem, etc.), commercial availability, etc. [306]; Massbank [307], database of mass spectra of known
and unknown compounds, which has been is the first public repository of mass spectral data, enabling
numerous search options based on compound name and/or exact mass and/or formula, and information
about the MS platform type, as well the MS filter type (MS, MS/MS, MS3, etc.) [307].

An interesting tool able to predict the relationships between gene expression and metabolite
levels, based on their contemporary responses to abiotic stresses, is represented by a command line
software [308]. The objective of this software is to predict pathways containing gene and metabolites,
which interact due to their coresponses to stress. In the same context, although not specifically related
to abiotic stress responses, is the Knapsack family database [309], in which metabolite data (search
according to the accurate mass, molecular formula, metabolite name or MS ionization mode) are
tightly interconnected to information about the species and the geographical area in which they have
been found, and their biological activities [310], an aspect of interest for the study of many biological
processes, including abiotic stress responses; as further implementation, the 3D structure for each
compound have been included in the Knapsack DB using the Merck Molecular Force Field (MMFF94),
providing novel opportunity for the identification of new and potentially unexpected binding sites for
target proteins by docking studies, or for the estimation of biological activities using 3D-QSAR [311].

Overall, metabolomics collections are characterized by a higher extent of constraints due mostly
to the limitations in terms of data uniformity, mainly attributed to the use of different technologies
and experimental conditions. In addition, metabolomics trust is negatively affected by the great
heterogeneity of plant molecules, particularly the secondary metabolites, which reduces the possibility
to unambiguously identify a target compound. In this context, relevant bottlenecks are represented by
the lack of orthology-based analyses, i.e., analyses based on sharable reference information, allowing,
as an example, the possibility to use an accurate molecular mass of a secondary metabolite to look
for and to confirm the presence of the same metabolite in other plant systems, which is a typical
comparative approach largely exploited in all the other omics [312,313].
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Thus, metabolite annotation represents a key step towards the ability to decipher the set of
compounds mostly associated to a specific process (e.g., an abiotic stress). This aspect is partially
addressed in the “targeted” approach, where metabolite identification is achieved by a series of
approaches including standard confirmation (if available, and representing the only unequivocal
approach to validate the identity of a molecule) and comparison between theoretical and experimental
MS/MS fragmentation; even more intricate is the “untargeted” metabolomics field, which requires
the availability of commercial (provided by any mass spectrometry company) or freeware tools, able
to extract the accumulated metabolites in a MS chromatogram, which are subsequently subjected to
an annotation pipeline to be identified. Within the latter, MZmine 2 is a tool comprised by a great
number of modules allowing MS data analysis from raw data processing and peak detection and
identification until visualization and bioinformatics/statistical analyses [314]; MetAlign and MSClust,
developed at WUR, are two freely available software performing GC– and LC–MS preprocessing by
isolating the detected ions in the MS run through a series of operations (accurate mass calculations,
baseline corrections, peak-picking, saturation and mass-peak artifact filtering); subsequently, they
are processed by an unsupervised clustering approach followed by extraction of putative metabolite
mass spectra [315]. More recently, MetFrag [316] is a powerful web-tool able to interrogate different
databases (as Chemspider, PubChem, KEGG, etc.), and to perform a sequential annotation pipeline
based on MS/MS fragmentation pattern.

An exception with respect to the identification biases of LC–MS platforms is represented by nuclear
magnetic resonance (NMR) technology, which allows unequivocal metabolite identification, although
its typical lower sensitivity does not allow measuring a large number of compounds, compared
to LC–MS and GC–MS [317,318]. Moreover, the absence of an adequate biological knowledge on
the measured metabolites (for instance, the physiological processes in which they are accumulated)
makes the generation of functional resources that could specifically indicate the set of metabolites
accumulated hard. To date, in fact, all the metabolomics databases we could overview, display a
satisfying level of details in terms of chemical characteristics of the metabolites; furthermore, for some
of them, the specific association to the pathway in which they are synthesized is reported. Anyhow,
and unfortunately, they do not provide any information about the biological processes in which the
target metabolites are accumulated, for instance in response to a specific or more general stresses.

6. Data Integration and Mining

The generation of massive amounts of data from different -omics approaches results in an
ever-growing need of powerful and informative bioinformatics tools, able to provide easily accessible
and efficient integrative views to the enriched information that data can deliver. From this viewpoint,
it is remarkable to cite the major platforms or resources for investigating processes and components in
terms of genes, proteins and metabolites acting in specific processes and functional pathways.

Among reference resources providing metabolic and biological process information, we consider
three widely used databases, i.e., KEGG [319], Reactome [320] and MetaCyc [321]. Querying for
“abiotic stress” in the main page of the KEGG database resulted in only five Oryza sativa (rice) proteins
involved in responses to abiotic stress. However, querying for “abiotic stress” exclusively in the
pathways section of KEGG resulted in only one MAPK signaling pathway in plants (available at [322],
which includes, among others, responses to cold, salt, drought and osmotic stress. Querying for
“abiotic stress” in the main page of the Reactome database retrieved seven hits in both Arabidopsis
and rice species, including, among others, pathways related to cellular response to heat and oxidative
stress (available at [323]). A similar search in MetaCyc retrieved no results. A deeper manual search
within MetaCyc enabled to detect only single reactions involved in responses, among others, to heat,
cold, oxidative and starvation stresses (results available at [324]).

A fundamental resource for gene/protein studies and comprehension of their role in processes
and networks is represented by the gene ontology (GO) terms. One of the main uses of the GO is to
perform an enrichment analysis (GOEA) on a group of genes, transcripts and proteins. For example,
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given a set of genes that are up- or down- regulated under certain conditions, an enrichment analysis
will find which GO terms are over or under-represented with respect to a reference list (for instance
the whole transcriptome), using annotations for that gene set. AmiGO [325] is probably the most
used platform for searching and browsing the Gene Ontology database. A query like “abiotic stress”
in AmiGO resulted in five gene ontology terms, synonyms or definitions and 12,800 genes or gene
products associated with GO terms (results available at [326]). In particular, among the five detected
GO terms, two GOs are now obsolete (“abiotic stress sensitivity” and “abiotic stress sensitivity value”)
while three GOs, i.e., “response to stress”, the “cellular response to abiotic stimulus” and “response
to abiotic stimulus”, are each the subset of the other. These hierarchical annotations often may be
non-specific and cause redundancy that can lead to a misinterpretation of the enrichment results.
Thus, all the current limitations, which are also emerging by our overview, highlight that, despite the
relevance of these resources in molecular biology, focused and coordinated efforts are still required to
integrate and make more curated information available to the plant scientific community, to support
the appropriate mining of the effective information these systems may provide.

Another important resource for GO enrichment analysis studies is blast2GO [327], which allows
self-independent annotations of datasets by comparisons with data from InterPro, enzyme codes, KEGG
pathways, GO direct acyclic graphs (DAGs) and GOSlim. Blast2Go is a powerful tool in particular to
obtain information about neo-sequenced transcriptomes that still do not have a curated annotation and
need to be processed to support investigations on the biological information content they represent.
More recently, an integrated web-based GO analysis toolkit for the agricultural community named
AgriGO [328] was developed. AgriGO can perform GOEA on 45 species and 292 datatypes; additional
bioinformatics analyses include SEA (singular enrichment analysis), PAGE (parametric analysis of
gene set enrichment), BLAST4ID (transfer IDs by BLAST) and SEACOMPARE (cross comparison of
SEA) [328]. Subsequently, a new updated release of this tool, called AgriGO2.0 [329], has been made
publicly available. AgriGO2 is characterized by a series of implementation, including the number of
supporting species (394) and datatypes (865). Furthermore, an improved computational efficiency,
comprising the batch analysis and p-value distribution (PVD), as well tools like direct acyclic graph
(DAG) and scatter plots and a general higher user-friendliness of the web pages were achieved [329].

A great boost in the promotion of a better comprehension of multilevel variations of the biological
systems under investigation has been provided by the MapMan software [330], which allows one
to “map” transcripts, proteins and metabolites on cellular pathways and processes, which can be
directly downloaded by the software website, as well as being self-created by the users. One of the
main advantages of MapMan is its flexible and open nature, with the possibility, for any scientist,
to generate specific maps according to research interests, simply by uploading pathway images
and input data, as well as by modifying the usual input file containing all the information to plot
genes/proteins/metabolites. Historically, MapMan was originally developed for transcriptomics studies
but, more recently and due to its versatile nature, it was converted into a tool able to investigate proteins
and metabolites fluctuations [331]. With the aim to improve data elucidation, MapMan was strongly
improved at the gene functional annotation level by the generation of GOMapMan [332], which
provides a series of functionalities as gene annotations for plant species through the integration of
ortholog group information, increased knowledge about gene functions via literature interrogation, etc.
In this context, the simultaneous and combined use of this kind of tools can improve the characterization
of transcripts and proteins, which can be associated to abiotic stress responses. In relation to the topic
of this review, it is worth underlining that, to date, a series of preassembled maps are available for
some plant species in the MapMan website (available at [333]) covering biotic/abiotic stresses (named
“Biotic Stress”, “R_stress” and “R_nutrients”), although, a better extent of detail would be still needed.

Another powerful tool to elucidate and unravel molecular–biochemical mechanisms underlying
plant biological processes and, thus, abiotic stress responses too, is represented by the use of network
theory approaches [334] and mining tools exploiting mathematical indexes, such as correlation
coefficients (Pearson, Spearman, etc.). This tool permits to identify candidate elements (transcripts,
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proteins and metabolites) that are coexpressed/accumulated in specific functional events. In this
context, a useful and appealing way to visualize data is provided by the so-called correlation matrices
and by network graphs, which can be generated using several widespread tools. Cytoscape is the
most known software to investigate correlation networks [335]. It is an open source project, which can
support the understanding of complex -omics dataset by representing each element (transcript,
protein, metabolite, etc.) as a node, with edges connecting the nodes and representing correlative
relationships between them. Cytoscape is supported by an ever-growing community, working on
software implementation and improvement [336], and contributing several additional plugins [337]
to investigate different aspects as statistics, network topology, pathway annotation, etc. A coupled
transcriptomics/cytoscape-based approach, as an example, has been exploited, to study the origin and
the evolution of stress responses (more in the detail, to abscisic acid (ABA), cold, drought and salt
treatments) in Physcomitrella patens [338]. Overall, 9668 differential expressed genes in response to
stresses were identified in this work, and further comparison between P. patens and unicellular algae,
vascular and flowering plants evidenced a series of genetic changes associated with the evolutionary
movement to land. In a more recent work [339], proteomic data on soybean leaves subjected to drought
and heat stresses were analyzed using correlation networks, highlighting a series of protein interactions
involved in RuBisCO activity, electron transport and carbon fixation, as well as a group of EF-Tu
proteins, which could be directly related to heat stress tolerance mechanisms.

7. Dedicated Web Based Resources

Public web-based accessible databases and platforms dedicated to stress response in plants are
also available. They are essential to organize results and all the necessary information from different
levels of investigations, to make it available to all the interested scientific community.

In this context, Plantstress [340] is a general web-based resource of information, a consultation
facility and a source for professional update on the most important issues on plant environmental
abiotic stress.

The Plant Stress Gene Database [341] is a database of 259 genes from 11 plant species involved in
stress conditions. Through the web page, it is possible to search information querying by species, gene
ID or function. Moreover, it is also possible to obtain information about paralog or ortholog genes
among the species included in the database.

For the reference model in plant biology, The Arabidopsis thaliana Stress Responsive Gene Database
(ASRGD) is available [342]. It represents a public collection of genes related to stress responses, based
exclusively on manual curated stress tolerance genes associated with A. thaliana. This resource includes
637 genes related to about 50 different stress conditions, exploitable by keywords or by stress type
(i.e., osmotic, heat, etc.).

Similarly, at the protein level, The Plant Stress Protein Database (PSPDB) [343] is a public resource
that covers 2064 manually curated plant stress proteins from 134 plant species, highlighting their
functional roles under the pressure of 30 different types of biotic and abiotic stresses. It is possible to
retrieve information from the database searching by gene, species, keyword, citation, gene families
and taxonomic classification. Another resource in the field of proteomics for plant responses to general
stresses (biotic and abiotic) is PlantPReS [344], which comprises of more than 20,413 entries from
456 manually curated articles, and more than 10,600 unique stress responsive proteins. PlantPReS
represents a very valuable resource for the plant stress community, due to a user-friendly interface and
several analysis tools, as search engine, gene ontology, cross-referencing and expression patterns of
target proteins involved in a stress response.

Furthermore, ad hoc resources for specific stress types are also available. For instance,
the DroughtDB [345] is a public resource that includes manually curated genes involved in the
drought stress response, providing detailed information about computed ortholog genes in nine model
and crop plants.
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On the other side, specialized databases have also been generated on the basis of the molecular
and functional roles. For example, The Stress Responsive Transcription Factor Database (STIFDB
v.2) [346], useful for targeted as well as high-throughput experimental and computational studies
to investigate stress responses in A. thaliana and in O. sativa, currently, has more than 38 thousands
associations of stress signals, stress-responsive genes and transcription factor binding sites, predicted
using the stress-responsive transcription factor (STIF) algorithm based on an HMM model. The user
can interrogate the resource by gene name, chromosome, transcription factor and/or stress signal.
Although limited to users working in the rice–water stress community, the RiceSRTFDB [347] is a
database of rice transcription factors containing expression patterns, cis-regulatory element and mutant
information to facilitate gene function analysis during drought and salinity stress conditions obtained
from microarray experiments. The website page offers an Expression Viewer that allows one to check
the differential expression of the selected genes in salinity or drought stresses.

PASmiR [348] is a database collecting information on miRNA molecular regulation in plant abiotic
stress, including data from about 200 published studies, which represent 1038 regulatory relationships
between 682 miRNAs and 35 different type of abiotic stresses in 33 plant species. The query system
allows querying by miRNA name, species or/and type of abiotic stress and the user has the possibility
to download all the data included in the database.

To date, no metabolomics databases, specifically focused on abiotic stresses are available, although,
at least at the repository level, a series of data collected under different stress conditions in Arabidopsis,
Brachypodium distachyon and wheat are accessible at PRIME, the Platform for RIKEN Metabolomics,
which is a Web-based service for metabolomics and transcriptomics analyses [349,350]. An interesting
attempt to better integrate different metabolomics resources and studies, as well to connect metabolic
phenotypes to different genetic materials unraveling biological processes at both biochemical and
molecular levels, is represented by PhenoMeter (PM), which can use metabolite response patterns as
queries and searches the MetaPhen database for responses that are statistically significantly similar or
inverse, thus highlighting functional links [351]. The effectiveness of this approach was also confirmed
by using specific case studies and cross-matching different data based on the investigation of responses
of Lotus japonicus to salt stress [281] and of A. thaliana to sulfur deficiency [352] and cold and heat
stress [264].

The list of the resources here presented (Table 6), in comparison to the variety of studies on different
plants and stress types, and the limited number of integrated platforms dedicated to abiotic stresses,
highlights that, although the spreading of advanced molecular technologies and novel challenging
projects in the field (e.g., [353]), coordinated and completed efforts that could provide data and
information resources for further investigations and mining in the field are still strongly required [354].

Table 6. “Abiotic stress”-related databases and platforms publicly available.

Plant Stress Dedicated Resources Year

Arabidopsis thaliana Stress Responsive Gene Database (ASRGD) [342] 2013
DroughtDB [345] 2015

PASmiR [348] 2013
PlantPReS [344] 2016

Plantstress.com [340] 2007–2017
Plant Stress Gene Database [341] 2011

Plant Stress Protein Database (PSPDB) [343] 2014
RiceSRTFDB [347] 2013

Stress Responsive Transcription Factor Database (STIFDB v.2) [346] 2013

8. Conclusions

Research on abiotic stress responses covers a relevant field of interest in plant sciences since this
specific -omics knowledge is consequently essential to develop improved crop plants in terms of quality
and productivity, showing enhanced level of abiotic stress tolerance and possibly disease resistance.
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The bioinformatics in the post-genomics era is revolutionizing the way the molecular experiments
can be designed, thus favoring comprehensive views on different levels of biological functionalities, and
providing substantial contributions to increase the scientific knowledge while adding new perspectives
to programs for enhancing stress tolerance in crops.

The actual spreading of -omics technologies is driving the expansion of the available collections
also on abiotic stress in plants, although the intrinsic specificity and heterogeneity of such analyses.
However, we are still in an early stage. Our overview on the many different efforts that have been
undertaken worldwide was also aimed to highlight that, although the spreading of the activities in the
field, data from -omics technologies and bioinformatics efforts, as well as coordination in data providing
and maintenance are still highly required to organize useful data collections and to offer consistent
and comparable datasets, useful to suitable computational benchworks for appropriate investigations.
However, the numerous opportunities to answer to different scientific aims, focused on different samples
(e.g., species or genotypes), based on different experimental specificities, offer amounts of resulting
collections and resources, which are challenging the possibility to support useful integration and
appropriate comparative efforts, permitting appropriate, multilevel analyses, proper data organization,
annotation and integration in web accessible resources, as well as data curation and user-friendly
accessibility are indeed still highly demanded, opening the field to the new challenge of integrative
biology. There is need to cover coherent multilevel investigations, from genomics to metabolomics,
also considering epigenomics, in the same systems and under similar stimuli, favoring extensive
comparative analyses. As example comparisons among data in physiological conditions, or in different
tissues or genotypes, need appropriate platforms for flexible investigations, permitting holistic views or
insights into specific molecular processes even to non-expert users. The investigation of heterogeneous
stimuli on the same systems, if comparable, can also favor the detection of similarities and peculiarities
of the different responses and further highlight the complexity of plant molecular responses.

The general usefulness of bioinformatics web based resources to manage and decipher the
information hidden in the large amount of biological collections provided by current -omics
methodologies is strongly linked to data representativeness, consistency, quality and updating.
This affects the value added information that can be delivered, the opportunities of integration with
other resources and the user-friendly accessibility. Beyond a series of aspects including the variety of
scientific fields, the heterogeneous performances of different experimental approaches, the technical
and methodological specificities and the limits of the bioinformatics data processing overviewed in
this review, the availability of large amount of varied multifaceted data also requires the big challenge
of distribution, maintenance and coherent versioning [355].

Although many efforts are arising, the common framework that will support challenging scientific
applications is therefore coordination, accessibility and integration.

Author Contributions: Conceptualization, L.A. and M.L.C; resources, L.A., C.C., G.D., A.F. and M.L.C;
writing—original draft preparation, L.A., C.C., G.D., A.F. and M.L.C; writing—review and editing, L.A., C.C.,
G.D., A.F. and M.L.C; visualization, L.A. and C.C.; supervision, M.L.C.; project administration, M.L.C.; funding
acquisition, M.L.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work is in the frame of the Cost Action FA1106, CA15136 and CA18210, and of the
Genopom Pro (PON02_00395_3082360) and HORT (PON02_00395_3215002) Projects (Ministero dell’Istruzione,
dell’Università e della Ricerca (MIUR), Italy).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hirayama, T.; Shinozaki, K. Research on plant abiotic stress responses in the post-genome era: Past, present
and future. Plant J. 2010, 61, 1041–1052. [CrossRef]

2. You, J.; Chan, Z. ROS Regulation During Abiotic Stress Responses in Crop Plants. Front. Plant Sci. 2015, 6,
1092. [CrossRef]

http://dx.doi.org/10.1111/j.1365-313X.2010.04124.x
http://dx.doi.org/10.3389/fpls.2015.01092


Plants 2020, 9, 591 20 of 36

3. Potters, G.; Jansen, M.; Guisez, Y.; Pasternak, T. Stress Drives Plant Cells to Take the Road towards Embryogenesis;
Global Science Books Ltd.: London, UK, 2006; Vol. 2, pp. 289–294.

4. Cavanagh, C.; Morell, M.; Mackay, I.; Powell, W. From mutations to MAGIC: Resources for gene discovery,
validation and delivery in crop plants. Curr. Opin. Plant Biol. 2008, 11, 215–221. [CrossRef]

5. Chinnusamy, V.; Zhu, J.K. Epigenetic regulation of stress responses in plants. Curr. Opin. Plant Biol. 2009, 12,
133–139. [CrossRef]

6. Mittler, R.; Blumwald, E. Genetic engineering for modern agriculture: Challenges and perspectives. Annu. Rev.
Plant Biol. 2010, 61, 443–462. [CrossRef]

7. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
[PubMed]

8. Gall, H.L.; Philippe, F.; Domon, J.-M.; Gillet, F.; Pelloux, J.; Rayon, C. Cell Wall Metabolism in Response to
Abiotic Stress. Plants 2015, 4, 112–166. [CrossRef] [PubMed]

9. Kazan, K. Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends Plant Sci. 2015, 20,
219–229. [CrossRef] [PubMed]

10. Kumar, R. Role of MicroRNAs in Biotic and Abiotic Stress Responses in Crop Plants. Appl. Biochem. Biotechnol.
2014, 174, 93–115. [CrossRef] [PubMed]

11. Sanghera, S.G.; Wani, H.S.; Hussain, W.; Singh, B.N. Engineering cold stress tolerance in crop plants.
Curr. Genom. 2011, 12, 30. [CrossRef]

12. Tripathi, A.; Goswami, K.; Sanan-Mishra, N. Role of bioinformatics in establishing microRNAs as modulators
of abiotic stress responses: The new revolution. Front. Physiol. 2015, 6, 286. [CrossRef] [PubMed]

13. Zhu, J.-K. Abiotic Stress Signaling and Responses in Plants. Cell 2016, 167, 313–324. [CrossRef] [PubMed]
14. Dolferus, R. To grow or not to grow: A stressful decision for plants. Plant Sci. 2014, 229, 247–261. [CrossRef]

[PubMed]
15. Sehgal, A.; Sita, K.; Siddique, K.H.M.; Kumar, R.; Bhogireddy, S.; Varshney, R.K.; HanumanthaRao, B.;

Nair, R.M.; Prasad, P.V.V.; Nayyar, H. Drought or/and Heat-Stress Effects on Seed Filling in Food Crops:
Impacts on Functional Biochemistry, Seed Yields, and Nutritional Quality. Front. Plant Sci. 2018, 9, 1705.
[CrossRef]

16. Shameer, K.; Naika, M.B.N.; Shafi, K.M.; Sowdhamini, R. Decoding systems biology of plant stress for
sustainable agriculture development and optimized food production. Prog. Biophys. Mol. Biol. 2019, 145,
19–39. [CrossRef]

17. Shaik, R.; Ramakrishna, W. Machine learning approaches distinguish multiple stress conditions using
stress-responsive genes and identify candidate genes for broad resistance in rice. Plant Physiol. 2014, 164,
481–495. [CrossRef]

18. Cook, B.I.; Ault, T.R.; Smerdon, J.E. Unprecedented 21st century drought risk in the American Southwest
and Central Plains. Sci Adv. 2015, 1, e1400082. [CrossRef]

19. Gerland, P.; Raftery, A.E.; Sevcikova, H.; Li, N.; Gu, D.; Spoorenberg, T.; Alkema, L.; Fosdick, B.K.; Chunn, J.;
Lalic, N.; et al. World population stabilization unlikely this century. Science 2014, 346, 234–237. [CrossRef]

20. Grundy, J.; Stoker, C.; Carré, I.A. Circadian regulation of abiotic stress tolerance in plants. Front. Plant Sci.
2015, 6, 648. [CrossRef]

21. Lobell, D.B.; Gourdji, S.M. The influence of climate change on global crop productivity. Plant Physiol. 2012,
160, 1686–1697. [CrossRef]

22. Suzuki, N.; Rivero, R.M.; Shulaev, V.; Blumwald, E.; Mittler, R. Abiotic and biotic stress combinations.
New Phytol. 2014, 203, 32–43. [CrossRef] [PubMed]

23. Bokszczanin, K.; Fragkostefanakis, S.; Bostan, H.; Bovy, A.; Chaturvedi, P.; Chiusano, M.; Firon, N.;
Iannacone, R.; Jegadeesan, S.; Klaczynskid, K.; et al. Perspectives on deciphering mechanisms underlying
plant heat stress response and thermotolerance. Front. Plant Sci. 2013, 4. [CrossRef] [PubMed]

24. Jha, U.C.; Bohra, A.; Jha, R.; Parida, S.K. Salinity stress response and ‘omics’ approaches for improving
salinity stress tolerance in major grain legumes. Plant Cell Rep. 2019, 38, 255–277. [CrossRef] [PubMed]

25. Li, T.; Wang, Y.H.; Liu, J.X.; Feng, K.; Xu, Z.S.; Xiong, A.S. Advances in genomic, transcriptomic, proteomic,
and metabolomic approaches to study biotic stress in fruit crops. Crit. Rev. Biotechnol. 2019, 39, 680–692.
[CrossRef] [PubMed]

26. Piasecka, A.; Kachlicki, P.; Stobiecki, M. Analytical Methods for Detection of Plant Metabolomes Changes in
Response to Biotic and Abiotic Stresses. Int. J. Mol. Sci. 2019, 20, 379. [CrossRef]

http://dx.doi.org/10.1016/j.pbi.2008.01.002
http://dx.doi.org/10.1016/j.pbi.2008.12.006
http://dx.doi.org/10.1146/annurev-arplant-042809-112116
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092911
http://www.ncbi.nlm.nih.gov/pubmed/18444910
http://dx.doi.org/10.3390/plants4010112
http://www.ncbi.nlm.nih.gov/pubmed/27135320
http://dx.doi.org/10.1016/j.tplants.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25731753
http://dx.doi.org/10.1007/s12010-014-0914-2
http://www.ncbi.nlm.nih.gov/pubmed/24869742
http://dx.doi.org/10.2174/138920211794520178
http://dx.doi.org/10.3389/fphys.2015.00286
http://www.ncbi.nlm.nih.gov/pubmed/26578966
http://dx.doi.org/10.1016/j.cell.2016.08.029
http://www.ncbi.nlm.nih.gov/pubmed/27716505
http://dx.doi.org/10.1016/j.plantsci.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25443851
http://dx.doi.org/10.3389/fpls.2018.01705
http://dx.doi.org/10.1016/j.pbiomolbio.2018.12.002
http://dx.doi.org/10.1104/pp.113.225862
http://dx.doi.org/10.1126/sciadv.1400082
http://dx.doi.org/10.1126/science.1257469
http://dx.doi.org/10.3389/fpls.2015.00648
http://dx.doi.org/10.1104/pp.112.208298
http://dx.doi.org/10.1111/nph.12797
http://www.ncbi.nlm.nih.gov/pubmed/24720847
http://dx.doi.org/10.3389/fpls.2013.00315
http://www.ncbi.nlm.nih.gov/pubmed/23986766
http://dx.doi.org/10.1007/s00299-019-02374-5
http://www.ncbi.nlm.nih.gov/pubmed/30637478
http://dx.doi.org/10.1080/07388551.2019.1608153
http://www.ncbi.nlm.nih.gov/pubmed/31068014
http://dx.doi.org/10.3390/ijms20020379


Plants 2020, 9, 591 21 of 36

27. Scossa, F.; Brotman, Y.; de Abreu, E.L.F.; Willmitzer, L.; Nikoloski, Z.; Tohge, T.; Fernie, A.R. Genomics-based
strategies for the use of natural variation in the improvement of crop metabolism. Plant Sci. 2016, 242, 47–64.
[CrossRef]

28. Shah, T.; Xu, J.; Zou, X.; Cheng, Y.; Nasir, M.; Zhang, X. Omics Approaches for Engineering Wheat Production
under Abiotic Stresses. Int. J. Mol. Sci. 2018, 19, 2390. [CrossRef]

29. Bokszczanin, K.; Krezdorn, N.; Fragkostefanakis, S.; Muller, S.; Rycak, L.; Chen, Y.; Hoffmeier, K.; Kreutz, J.;
Paupiere, M.; Chaturvedi, P.; et al. Identification of novel small ncRNAs in pollen of tomato. BMC Genom.
2015, 16, 714. [CrossRef]

30. Boyko, A.; Kovalchuk, I. Genome instability and epigenetic modification—Heritable responses to environmental
stress? Curr. Opin. Plant Biol. 2011, 14, 260–266. [CrossRef]

31. Matsui, A.; Seki, M. The Involvement of Long Noncoding RNAs in Response to Plant Stress. Methods Mol.
Biol. 2019, 1933, 151–171. [CrossRef]

32. Meena, K.K.; Sorty, A.M.; Bitla, U.M.; Choudhary, K.; Gupta, P.; Pareek, A.; Singh, D.P.; Prabha, R.; Sahu, P.K.;
Gupta, V.K.; et al. Abiotic Stress Responses and Microbe-Mediated Mitigation in Plants: The Omics Strategies.
Front. Plant Sci. 2017, 8, 172. [CrossRef] [PubMed]

33. Keller, M.; Simm, S.; SPOT-ITN_Consortium. The coupling of transcriptome and proteome adaptation during
development and heat stress response of tomato pollen. BMC Genom. 2018, 19, 447. [CrossRef] [PubMed]

34. Kumar, A.; Pathak, R.K.; Gupta, S.M.; Gaur, V.S.; Pandey, D. Systems Biology for Smart Crops and Agricultural
Innovation: Filling the Gaps between Genotype and Phenotype for Complex Traits Linked with Robust
Agricultural Productivity and Sustainability. OMICS 2015, 19, 581–601. [CrossRef] [PubMed]

35. Nakabayashi, R.; Saito, K. Integrated metabolomics for abiotic stress responses in plants. Curr. Opin. Plant
Biol. 2015, 24, 10–16. [CrossRef]

36. Ercolano, M.R.; Sacco, A.; Ferriello, F.; D’Alessandro, R.; Tononi, P.; Traini, A.; Barone, A.; Zago, E.;
Chiusano, M.L.; Buson, G.; et al. Patchwork sequencing of tomato San Marzano and Vesuviano varieties
highlights genome-wide variations. BMC Genom. 2014, 15, 138. [CrossRef]

37. Tranchida-Lombardo, V.; Aiese Cigliano, R.; Anzar, I.; Landi, S.; Palombieri, S.; Colantuono, C.; Bostan, H.;
Termolino, P.; Aversano, R.; Batelli, G.; et al. Whole-genome re-sequencing of two Italian tomato landraces
reveals sequence variations in genes associated with stress tolerance, fruit quality and long shelf-life traits.
DNA Res. 2018, 25, 149–160. [CrossRef]

38. 1001 Genomes Consortium. 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis
thaliana. Cell 2016, 166, 481–491. [CrossRef]

39. Aranzana, M.J.; Decroocq, V.; Dirlewanger, E.; Eduardo, I.; Gao, Z.S.; Gasic, K.; Iezzoni, A.; Jung, S.; Peace, C.;
Prieto, H.; et al. Prunus genetics and applications after de novo genome sequencing: Achievements and
prospects. Hortic. Res. 2019, 6, 58. [CrossRef]

40. Chang, Y.; Liu, H.; Liu, M.; Liao, X.; Sahu, S.K.; Fu, Y.; Song, B.; Cheng, S.; Kariba, R.; Muthemba, S.; et al.
The draft genomes of five agriculturally important African orphan crops. GigaScience 2018, 8. [CrossRef]

41. Li, Y.-h.; Zhou, G.; Ma, J.; Jiang, W.; Jin, L.-g.; Zhang, Z.; Guo, Y.; Zhang, J.; Sui, Y.; Zheng, L.; et al. De novo
assembly of soybean wild relatives for pan-genome analysis of diversity and agronomic traits. Nat. Biotechnol.
2014, 32, 1045. [CrossRef]

42. Peace, C.P.; Bianco, L.; Troggio, M.; van de Weg, E.; Howard, N.P.; Cornille, A.; Durel, C.-E.; Myles, S.;
Migicovsky, Z.; Schaffer, R.J.; et al. Apple whole genome sequences: Recent advances and new prospects.
Hortic. Res. 2019, 6, 59. [CrossRef] [PubMed]

43. Wickett, N.J.; Mirarab, S.; Nguyen, N.; Warnow, T.; Carpenter, E.; Matasci, N.; Ayyampalayam, S.; Barker, M.S.;
Burleigh, J.G.; Gitzendanner, M.A.; et al. Phylotranscriptomic analysis of the origin and early diversification
of land plants. Proc. Natl. Acad. Sci. USA 2014, 111, E4859–E4868. [CrossRef] [PubMed]

44. Ambrosone, A.; Batelli, G.; Bostan, H.; D’Agostino, N.; Chiusano, M.L.; Perrotta, G.; Leone, A.; Grillo, S.;
Costa, A. Distinct gene networks drive differential response to abrupt or gradual water deficit in potato.
Gene 2017, 597, 30–39. [CrossRef]

45. Redman, J.C.; Haas, B.J.; Tanimoto, G.; Town, C.D. Development and evaluation of an Arabidopsis whole
genome Affymetrix probe array. Plant J. 2004, 38, 545–561. [CrossRef]

46. Iovieno, P.; Punzo, P.; Guida, G.; Mistretta, C.; Van Oosten, M.J.; Nurcato, R.; Bostan, H.; Colantuono, C.;
Costa, A.; Bagnaresi, P.; et al. Transcriptomic Changes Drive Physiological Responses to Progressive Drought
Stress and Rehydration in Tomato. Front. Plant Sci. 2016, 7, 371. [CrossRef]

http://dx.doi.org/10.1016/j.plantsci.2015.05.021
http://dx.doi.org/10.3390/ijms19082390
http://dx.doi.org/10.1186/s12864-015-1901-x
http://dx.doi.org/10.1016/j.pbi.2011.03.003
http://dx.doi.org/10.1007/978-1-4939-9045-0_8
http://dx.doi.org/10.3389/fpls.2017.00172
http://www.ncbi.nlm.nih.gov/pubmed/28232845
http://dx.doi.org/10.1186/s12864-018-4824-5
http://www.ncbi.nlm.nih.gov/pubmed/29884134
http://dx.doi.org/10.1089/omi.2015.0106
http://www.ncbi.nlm.nih.gov/pubmed/26484978
http://dx.doi.org/10.1016/j.pbi.2015.01.003
http://dx.doi.org/10.1186/1471-2164-15-138
http://dx.doi.org/10.1093/dnares/dsx045
http://dx.doi.org/10.1016/j.cell.2016.05.063
http://dx.doi.org/10.1038/s41438-019-0140-8
http://dx.doi.org/10.1093/gigascience/giy152
http://dx.doi.org/10.1038/nbt.2979
http://dx.doi.org/10.1038/s41438-019-0141-7
http://www.ncbi.nlm.nih.gov/pubmed/30962944
http://dx.doi.org/10.1073/pnas.1323926111
http://www.ncbi.nlm.nih.gov/pubmed/25355905
http://dx.doi.org/10.1016/j.gene.2016.10.024
http://dx.doi.org/10.1111/j.1365-313X.2004.02061.x
http://dx.doi.org/10.3389/fpls.2016.00371


Plants 2020, 9, 591 22 of 36

47. Liu, Y.; Zhou, J.; White, K.P. RNA-seq differential expression studies: More sequence or more replication?
Bioinformatics 2014, 30, 301–304. [CrossRef] [PubMed]

48. Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009,
10, 57–63. [CrossRef]

49. Delanne, J.; Nambot, S.; Chassagne, A.; Putois, O.; Pelissier, A.; Peyron, C.; Gautier, E.; Thevenon, J.; Cretin, E.;
Bruel, A.L.; et al. Secondary findings from whole-exome/genome sequencing evaluating stakeholder
perspectives. A review of the literature. Eur. J. Med. Genet. 2019, 62, 103529. [CrossRef]

50. Liu, M.; Yu, H.; Zhao, G.; Huang, Q.; Lu, Y.; Ouyang, B. Profiling of drought-responsive microRNA and
mRNA in tomato using high-throughput sequencing. BMC Genom. 2017, 18, 481. [CrossRef]

51. Rabilloud, T. How to use 2D gel electrophoresis in plant proteomics. Methods Mol. Biol. 2014, 1072, 43–50.
[CrossRef]

52. Kwon, S.-W.; Kim, M.; Kim, H.; Lee, J. Shotgun Quantitative Proteomic Analysis of Proteins Responding to
Drought Stress in Brassica rapa L. (Inbred Line “Chiifu”). Int. J. Genomics 2016, 2016, 9. [CrossRef] [PubMed]

53. Jorge, T.F.; Rodrigues, J.A.; Caldana, C.; Schmidt, R.; van Dongen, J.T.; Thomas-Oates, J.; Antonio, C. Mass
spectrometry-based plant metabolomics: Metabolite responses to abiotic stress. Mass Spectrom. Rev. 2016, 35,
620–649. [CrossRef] [PubMed]

54. Tohge, T.; Fernie, A.R. Metabolomics-Inspired Insight into Developmental, Environmental and Genetic
Aspects of Tomato Fruit Chemical Composition and Quality. Plant Cell Physiol. 2015, 56, 1681–1696. [CrossRef]
[PubMed]

55. D’Alessandro, A.; Taamalli, M.; Gevi, F.; Timperio, A.M.; Zolla, L.; Ghnaya, T. Cadmium stress responses in
Brassica juncea: Hints from proteomics and metabolomics. J. Proteome Res. 2013, 12, 4979–4997. [CrossRef]

56. Komatsu, S.; Yamamoto, A.; Nakamura, T.; Nouri, M.Z.; Nanjo, Y.; Nishizawa, K.; Furukawa, K.
Comprehensive analysis of mitochondria in roots and hypocotyls of soybean under flooding stress using
proteomics and metabolomics techniques. J. Proteome Res. 2011, 10, 3993–4004. [CrossRef]

57. Michaletti, A.; Naghavi, M.R.; Toorchi, M.; Zolla, L.; Rinalducci, S. Metabolomics and proteomics reveal
drought-stress responses of leaf tissues from spring-wheat. Sci. Rep. 2018, 8, 5710. [CrossRef]

58. Chiusano, M.L.; D’Agostino, N.; Traini, A.; Licciardello, C.; Raimondo, E.; Aversano, M.; Frusciante, L.;
Monti, L. ISOL@: An Italian SOLAnaceae genomics resource. BMC Bioinform. 2008, 9 Suppl S2, S7. [CrossRef]

59. Choi, H.K. Translational genomics and multi-omics integrated approaches as a useful strategy for crop
breeding. Genes Genom. 2019, 41, 133–146. [CrossRef]

60. Gonzalez-Mula, A.; Torres, M.; Faure, D. Integrative and deconvolution omics approaches to uncover the
Agrobacterium tumefaciens lifestyle in plant tumors. Plant Signal Behav. 2019, 14, e1581562. [CrossRef]

61. Wong, D.C.J. Harnessing Integrated Omics Approaches for Plant Specialized Metabolism Research: New
Insights into Shikonin Biosynthesis. Plant Cell Physiol. 2019, 60, 4–6. [CrossRef]

62. Licciardello, C.; D’Agostino, N.; Traini, A.; Recupero, G.R.; Frusciante, L.; Chiusano, M.L. Characterization
of the glutathione S-transferase gene family through ESTs and expression analyses within common and
pigmented cultivars of Citrus sinensis (L.) Osbeck. BMC Plant Biol. 2014, 14, 39. [CrossRef] [PubMed]

63. Lopez de Maturana, E.; Alonso, L.; Alarcon, P.; Martin-Antoniano, I.A.; Pineda, S.; Piorno, L.; Calle, M.L.;
Malats, N. Challenges in the Integration of Omics and Non-Omics Data. Genes 2019, 10, 238. [CrossRef]
[PubMed]

64. Monticolo, F.; Colantuono, C.; Chiusano, M.L. Shaping the evolutionary tree of green plants: Evidence from
the GST family. Sci. Rep. 2017, 7, 14363. [CrossRef] [PubMed]

65. Goh, H.H. Integrative Multi-Omics Through Bioinformatics. Adv. Exp. Med. Biol. 2018, 1102, 69–80. [CrossRef]
[PubMed]

66. Matsui, A.; Nakaminami, K.; Seki, M. Biological Function of Changes in RNA Metabolism in Plant Adaptation
to Abiotic Stress. Plant Cell Physiol. 2019, 60, 1897–1905. [CrossRef] [PubMed]

67. Pinneh, E.C.; Stoppel, R.; Knight, H.; Knight, M.R.; Steel, P.G.; Denny, P.W. Expression levels of inositol
phosphorylceramide synthase modulate plant responses to biotic and abiotic stress in Arabidopsis thaliana.
PLoS ONE 2019, 14, e0217087. [CrossRef]

68. Pour-Aboughadareh, A.; Yousefian, M.; Moradkhani, H.; Moghaddam Vahed, M.; Poczai, P.; Siddique, K.H.M.
iPASTIC: An online toolkit to estimate plant abiotic stress indices. Appl. Plant Sci. 2019, 7, e11278. [CrossRef]

69. Sreenivasulu, N.; Sunkar, R.; Wobus, U.; Strickert, M. Array platforms and bioinformatics tools for the
analysis of plant transcriptome in response to abiotic stress. Methods Mol. Biol. 2010, 639, 71–93. [CrossRef]

http://dx.doi.org/10.1093/bioinformatics/btt688
http://www.ncbi.nlm.nih.gov/pubmed/24319002
http://dx.doi.org/10.1038/nrg2484
http://dx.doi.org/10.1016/j.ejmg.2018.08.010
http://dx.doi.org/10.1186/s12864-017-3869-1
http://dx.doi.org/10.1007/978-1-62703-631-3_4
http://dx.doi.org/10.1155/2016/4235808
http://www.ncbi.nlm.nih.gov/pubmed/27419125
http://dx.doi.org/10.1002/mas.21449
http://www.ncbi.nlm.nih.gov/pubmed/25589422
http://dx.doi.org/10.1093/pcp/pcv093
http://www.ncbi.nlm.nih.gov/pubmed/26228272
http://dx.doi.org/10.1021/pr400793e
http://dx.doi.org/10.1021/pr2001918
http://dx.doi.org/10.1038/s41598-018-24012-y
http://dx.doi.org/10.1186/1471-2105-9-S2-S7
http://dx.doi.org/10.1007/s13258-018-0751-8
http://dx.doi.org/10.1080/15592324.2019.1581562
http://dx.doi.org/10.1093/pcp/pcy230
http://dx.doi.org/10.1186/1471-2229-14-39
http://www.ncbi.nlm.nih.gov/pubmed/24490620
http://dx.doi.org/10.3390/genes10030238
http://www.ncbi.nlm.nih.gov/pubmed/30897838
http://dx.doi.org/10.1038/s41598-017-14316-w
http://www.ncbi.nlm.nih.gov/pubmed/29084977
http://dx.doi.org/10.1007/978-3-319-98758-3_5
http://www.ncbi.nlm.nih.gov/pubmed/30382569
http://dx.doi.org/10.1093/pcp/pcz068
http://www.ncbi.nlm.nih.gov/pubmed/31093678
http://dx.doi.org/10.1371/journal.pone.0217087
http://dx.doi.org/10.1002/aps3.11278
http://dx.doi.org/10.1007/978-1-60761-702-0_5


Plants 2020, 9, 591 23 of 36

70. Budiman, M.A.; Mao, L.; Wood, T.C.; Wing, R.A. A deep-coverage tomato BAC library and prospects toward
development of an STC framework for genome sequencing. Genome Res. 2000, 10, 129–136.

71. Saraswathy, N.; Ramalingam, P. 7–Genome sequencing methods. In Concepts and Techniques in Genomics and
Proteomics; Woodhead Publishing: Sawston, UK, 2011; pp. 95–107.

72. Mardis, E.R. The impact of next-generation sequencing technology on genetics. Trends Genet. 2008, 24,
133–141. [CrossRef]

73. Esposito, A.; Colantuono, C.; Ruggieri, V.; Chiusano, M.L. Bioinformatics for agriculture in the Next-Generation
sequencing era. Chem. Biol. Technol. Agric. 2016, 3, 1–12. [CrossRef]

74. Goff, S.A.; Ricke, D.; Lan, T.-H.; Presting, G.; Wang, R.; Dunn, M.; Glazebrook, J.; Sessions, A.; Oeller, P.;
Varma, H.; et al. A Draft Sequence of the Rice Genome (Oryza sativa L. ssp. japonica). Science 2002, 296,
92–100. [CrossRef] [PubMed]

75. Paterson, A.H.; Bowers, J.E.; Bruggmann, R.; Dubchak, I.; Grimwood, J.; Gundlach, H.; Haberer, G.;
Hellsten, U.; Mitros, T.; Poliakov, A.; et al. The Sorghum bicolor genome and the diversification of grasses.
Nature 2009, 457, 551–556. [CrossRef] [PubMed]

76. Schmutz, J.; Cannon, S.B.; Schlueter, J.; Ma, J.; Mitros, T.; Nelson, W.; Hyten, D.L.; Song, Q.; Thelen, J.J.;
Cheng, J.; et al. Genome sequence of the palaeopolyploid soybean. Nature 2010, 463, 178–183. [CrossRef]

77. Schnable, P.S.; Ware, D.; Fulton, R.S.; Stein, J.C.; Wei, F.; Pasternak, S.; Liang, C.; Zhang, J.; Fulton, L.;
Graves, T.A.; et al. The B73 Maize Genome: Complexity, Diversity, and Dynamics. Science 2009, 326, 1112–1115.
[CrossRef]

78. Tuskan, G.A.; DiFazio, S.; Jansson, S.; Bohlmann, J.; Grigoriev, I.; Hellsten, U.; Putnam, N.; Ralph, S.;
Rombauts, S.; Salamov, A.; et al. The Genome of Black Cottonwood, Populus trichocarpa (Torr. & Gray).
Science 2006, 313, 1596–1604. [CrossRef]

79. The_Arabidopsis_Genome_Initiative. Analysis of the genome sequence of the flowering plant Arabidopsis
thaliana. Nature 2000, 408, 796–815. [CrossRef]

80. Jaillon, O.; Aury, J.M.; Noel, B.; Policriti, A.; Clepet, C.; Casagrande, A.; Choisne, N.; Aubourg, S.; Vitulo, N.;
Jubin, C.; et al. The grapevine genome sequence suggests ancestral hexaploidization in major angiosperm
phyla. Nature 2007, 449, 463–467. [CrossRef]

81. Potter, S.C.; Clarke, L.; Curwen, V.; Keenan, S.; Mongin, E.; Searle, S.M.J.; Stabenau, A.; Storey, R.; Clamp, M.
The Ensembl Analysis Pipeline. Genome Res. 2004, 14, 934–941. [CrossRef]

82. Pruitt, K.D.; Tatusova, T.; Maglott, D.R. NCBI reference sequences (RefSeq): A curated non-redundant
sequence database of genomes, transcripts and proteins. Nucleic Acids Res. 2007, 35, D61–D65. [CrossRef]

83. Shu, S.; Rokhsar, D.; Goodstein, D.; Hayes, D.; Mitros, T. JGI Plant Genomics Gene Annotation Pipeline.
In Proceedings of the American Society of Plant Biologists Conference, Portland, OR, USA, 3 July 2014.

84. Sierro, N.; Battey, J.N.D.; Ouadi, S.; Bakaher, N.; Bovet, L.; Willig, A.; Goepfert, S.; Peitsch, M.C.; Ivanov, N.V.
The tobacco genome sequence and its comparison with those of tomato and potato. Nat. Commun. 2014, 5.
[CrossRef] [PubMed]

85. The Tomato Genome Consortium. The tomato genome sequence provides insights into fleshy fruit evolution.
Nature 2012, 485, 635–641. [CrossRef] [PubMed]

86. Xu, X.; Pan, S.; Cheng, S.; Zhang, B.; Mu, D.; Ni, P.; Zhang, G.; Yang, S.; Li, R.; Wang, J.; et al. Genome
sequence and analysis of the tuber crop potato. Nature 2011, 475, 189–195. [CrossRef] [PubMed]

87. Ambrosino, L.; Colantuono, C.; Monticolo, F.; Chiusano, M.L. Bioinformatics Resources for Plant Genomics:
Opportunities and Bottlenecks in The -omics Era. Curr. Issues Mol. Biol. 2017, 71–88. [CrossRef]

88. Chiusano, M.L. On the Multifaceted Aspects of Bioinformatics in the Next Generation Era: The Run that
must keep the Quality. Next Generat. Sequenc. Applic. 2015, 2, e106. [CrossRef]

89. Weigel, D.; Mott, R. The 1001 genomes project for Arabidopsis thaliana. Genome Biol. 2009, 10, 107. [CrossRef]
90. The 100 Tomato Genome Sequencing, C.; Aflitos, S.; Schijlen, E.; de Jong, H.; de Ridder, D.; Smit, S.; Finkers, R.;

Wang, J.; Zhang, G.; Li, N.; et al. Exploring genetic variation in the tomato (Solanum section Lycopersicon)
clade by whole-genome sequencing. Plant J. 2014, 80, 136–148. [CrossRef]

91. Lam, H.-M.; Xu, X.; Liu, X.; Chen, W.; Yang, G.; Wong, F.-L.; Li, M.-W.; He, W.; Qin, N.; Wang, B.; et al.
Resequencing of 31 wild and cultivated soybean genomes identifies patterns of genetic diversity and selection.
Nat. Genet. 2010, 42, 1053–1059. [CrossRef]

http://dx.doi.org/10.1016/j.tig.2007.12.007
http://dx.doi.org/10.1186/s40538-016-0054-8
http://dx.doi.org/10.1126/science.1068275
http://www.ncbi.nlm.nih.gov/pubmed/11935018
http://dx.doi.org/10.1038/nature07723
http://www.ncbi.nlm.nih.gov/pubmed/19189423
http://dx.doi.org/10.1038/nature08670
http://dx.doi.org/10.1126/science.1178534
http://dx.doi.org/10.1126/science.1128691
http://dx.doi.org/10.1038/35048692
http://dx.doi.org/10.1038/nature06148
http://dx.doi.org/10.1101/gr.1859804
http://dx.doi.org/10.1093/nar/gkl842
http://dx.doi.org/10.1038/ncomms4833
http://www.ncbi.nlm.nih.gov/pubmed/24807620
http://dx.doi.org/10.1038/nature11119
http://www.ncbi.nlm.nih.gov/pubmed/22660326
http://dx.doi.org/10.1038/nature10158
http://www.ncbi.nlm.nih.gov/pubmed/21743474
http://dx.doi.org/10.21775/9781910190654.05
http://dx.doi.org/10.4172/2469-9853.1000e106
http://dx.doi.org/10.1186/gb-2009-10-5-107
http://dx.doi.org/10.1111/tpj.12616
http://dx.doi.org/10.1038/ng.715


Plants 2020, 9, 591 24 of 36

92. Du, X.; Huang, G.; He, S.; Yang, Z.; Sun, G.; Ma, X.; Li, N.; Zhang, X.; Sun, J.; Liu, M.; et al. Resequencing of
243 diploid cotton accessions based on an updated A genome identifies the genetic basis of key agronomic
traits. Nat. Genet. 2018, 50, 796–802. [CrossRef]

93. Mansueto, L.; Fuentes, R.R.; Borja, F.N.; Detras, J.; Abriol-Santos, J.M.; Chebotarov, D.; Sanciangco, M.;
Palis, K.; Copetti, D.; Poliakov, A.; et al. Rice SNP-seek database update: New SNPs, indels, and queries.
Nucleic Acids Res. 2017, 45, D1075–D1081. [CrossRef]

94. Valliyodan, B.; Dan, Q.; Patil, G.; Zeng, P.; Huang, J.; Dai, L.; Chen, C.; Li, Y.; Joshi, T.; Song, L.; et al.
Landscape of genomic diversity and trait discovery in soybean. Sci. Rep. 2016, 6, 23598. [CrossRef] [PubMed]

95. Li, W.; Cowley, A.; Uludag, M.; Gur, T.; McWilliam, H.; Squizzato, S.; Park, Y.M.; Buso, N.; Lopez, R.
The EMBL-EBI bioinformatics web and programmatic tools framework. Nucleic Acids Res. 2015, 43, W580–W584.
[CrossRef] [PubMed]

96. Mashima, J.; Kodama, Y.; Kosuge, T.; Fujisawa, T.; Katayama, T.; Nagasaki, H.; Okuda, Y.; Kaminuma, E.;
Ogasawara, O.; Okubo, K.; et al. DNA data bank of Japan (DDBJ) progress report. Nucleic Acids Res. 2016, 44,
D51–D57. [CrossRef] [PubMed]

97. NCBI Resource Coordinators. Database resources of the National Center for Biotechnology Information.
Nucleic Acids Res. 2013. [CrossRef]

98. Cochrane, G.; Karsch-Mizrachi, I.; Takagi, T. The International Nucleotide Sequence Database Collaboration.
Nucleic Acids Res. 2016, 44, D48–D50. [CrossRef] [PubMed]

99. O’Leary, N.A.; Wright, M.W.; Brister, J.R.; Ciufo, S.; Haddad, D.; McVeigh, R.; Rajput, B.; Robbertse, B.;
Smith-White, B.; Ako-Adjei, D.; et al. Reference sequence (RefSeq) database at NCBI: Current status, taxonomic
expansion, and functional annotation. Nucleic Acids Res. 2016, 44, D733–D745. [CrossRef] [PubMed]

100. Kodama, Y.; Shumway, M.; Leinonen, R. The Sequence Read Archive: Explosive growth of sequencing data.
Nucleic Acids Res. 2012, 40, D54–D56. [CrossRef]

101. Bolser, D.; Staines, D.M.; Pritchard, E.; Kersey, P. Ensembl Plants: Integrating Tools for Visualizing, Mining,
and Analyzing Plant Genomics Data. Methods Mol. Biol. 2016, 1374, 115–140. [CrossRef]

102. Duvick, J.; Fu, A.; Muppirala, U.; Sabharwal, M.; Wilkerson, M.D.; Lawrence, C.J.; Lushbough, C.; Brendel, V.
PlantGDB: A resource for comparative plant genomics. Nucleic Acids Res. 2008, 36, D959–D965. [CrossRef]

103. Goodstein, D.M.; Shu, S.; Howson, R.; Neupane, R.; Hayes, R.D.; Fazo, J.; Mitros, T.; Dirks, W.; Hellsten, U.;
Putnam, N.; et al. Phytozome: A comparative platform for green plant genomics. Nucleic Acids Res. 2012, 40,
D1178–D1186. [CrossRef]

104. Proost, S.; Van Bel, M.; Sterck, L.; Billiau, K.; Van Parys, T.; Van de Peer, Y.; Vandepoele, K. PLAZA:
A comparative genomics resource to study gene and genome evolution in plants. Plant Cell 2009, 21, 3718–3731.
[CrossRef] [PubMed]

105. Wegrzyn, J.L.; Lee, J.M.; Tearse, B.R.; Neale, D.B. TreeGenes: A forest tree genome database. Int. J. Plant
Genom. 2008, 2008, 412875. [CrossRef] [PubMed]

106. Gupta, P.; Naithani, S.; Tello-Ruiz, M.K.; Chougule, K.; D’Eustachio, P.; Fabregat, A.; Jiao, Y.; Keays, M.;
Lee, Y.K.; Kumari, S.; et al. Gramene database: Navigating plant comparative genomics resources. Curr. Plant
Biol. 2016, 7–8, 10–15. [CrossRef] [PubMed]

107. Lamesch, P.; Berardini, T.Z.; Li, D.; Swarbreck, D.; Wilks, C.; Sasidharan, R.; Muller, R.; Dreher, K.;
Alexander, D.L.; Garcia-Hernandez, M.; et al. The Arabidopsis Information Resource (TAIR): Improved gene
annotation and new tools. Nucleic Acids Res. 2012, 40, D1202–D1210. [CrossRef]

108. Fernandez-Pozo, N.; Menda, N.; Edwards, J.D.; Saha, S.; Tecle, I.Y.; Strickler, S.R.; Bombarely, A.; Fisher-York, T.;
Pujar, A.; Foerster, H.; et al. The Sol Genomics Network (SGN)—From genotype to phenotype to breeding.
Nucleic Acids Res. 2015, 43, D1036–D1041. [CrossRef]

109. Hirsch, C.D.; Hamilton, J.P.; Childs, K.L.; Cepela, J.; Crisovan, E.; Vaillancourt, B.; Hirsch, C.N.; Habermann, M.;
Neal, B.; Buell, C.R. Spud DB: A Resource for Mining Sequences, Genotypes, and Phenotypes to Accelerate
Potato Breeding. The Plant Genome 2014, 7. [CrossRef]

110. Andorf, C.M.; Cannon, E.K.; Portwood, I.I.J.L.; Gardiner, J.M.; Harper, L.C.; Schaeffer, M.L.; Braun, B.L.;
Campbell, D.A.; Vinnakota, A.G.; Sribalusu, V.V.; et al. MaizeGDB update: New tools, data and interface for
the maize model organism database. Nucleic Acids Res. 2016, 44, D1195–D1201. [CrossRef]

111. Rice, A.G.; Umale, P.E.; Dash, S.; Farmer, A.D.; Cleary, A.M.; Wilkey, A.P.; Campbell, J.D.; Karingula, V.;
Huang, W.; Cannon, S.B.; et al. Legume information system (LegumeInfo.org): A key component of a set of
federated data resources for the legume family. Nucleic Acids Res. 2015, 44, D1181–D1188. [CrossRef]

http://dx.doi.org/10.1038/s41588-018-0116-x
http://dx.doi.org/10.1093/nar/gkw1135
http://dx.doi.org/10.1038/srep23598
http://www.ncbi.nlm.nih.gov/pubmed/27029319
http://dx.doi.org/10.1093/nar/gkv279
http://www.ncbi.nlm.nih.gov/pubmed/25845596
http://dx.doi.org/10.1093/nar/gkv1105
http://www.ncbi.nlm.nih.gov/pubmed/26578571
http://dx.doi.org/10.1093/nar/gkt1146
http://dx.doi.org/10.1093/nar/gkv1323
http://www.ncbi.nlm.nih.gov/pubmed/26657633
http://dx.doi.org/10.1093/nar/gkv1189
http://www.ncbi.nlm.nih.gov/pubmed/26553804
http://dx.doi.org/10.1093/nar/gkr854
http://dx.doi.org/10.1007/978-1-4939-3167-5_6
http://dx.doi.org/10.1093/nar/gkm1041
http://dx.doi.org/10.1093/nar/gkr944
http://dx.doi.org/10.1105/tpc.109.071506
http://www.ncbi.nlm.nih.gov/pubmed/20040540
http://dx.doi.org/10.1155/2008/412875
http://www.ncbi.nlm.nih.gov/pubmed/18725987
http://dx.doi.org/10.1016/j.cpb.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28713666
http://dx.doi.org/10.1093/nar/gkr1090
http://dx.doi.org/10.1093/nar/gku1195
http://dx.doi.org/10.3835/plantgenome2013.12.0042
http://dx.doi.org/10.1093/nar/gkv1007
http://dx.doi.org/10.1093/nar/gkv1159


Plants 2020, 9, 591 25 of 36

112. Grant, D.; Nelson, R.T.; Cannon, S.B.; Shoemaker, R.C. SoyBase, the USDA-ARS soybean genetics and
genomics database. Nucleic Acids Res. 2010, 38, D843–D846. [CrossRef]

113. JGI. Available online: ftp://ftp.jgi-psf.org/pub/JGI_data/Sorghum_bicolor/v1.0/Sbi/annotation/Sbi1.4/ (accessed
on 30 April 2020).

114. CRIBI database. Available online: https://www.cribi.unipd.it/ (accessed on 30 April 2020).
115. GENOSCOPE database. Available online: http://www.cea.fr/drf/ifrancoisjacob/Pages/Departements/Genoscope.

aspx (accessed on 30 April 2020).
116. Aken, B.L.; Achuthan, P.; Akanni, W.; Amode, M.R.; Bernsdorff, F.; Bhai, J.; Billis, K.; Carvalho-Silva, D.;

Cummins, C.; Clapham, P.; et al. Ensembl 2017. Nucleic Acids Res. 2017, 45, D635–D642. [CrossRef]
117. Ambrosino, L.; Chiusano, M.L. Transcriptologs: A Transcriptome-Based Approach to Predict Orthology

Relationships. Bioinform. Biol. Insights 2017, 11, 1–8. [CrossRef] [PubMed]
118. Ambrosino, L.; Ruggieri, V.; Bostan, H.; Miralto, M.; Vitulo, N.; Zouine, M.; Barone, A.; Bouzayen, M.;

Frusciante, L.; Pezzotti, M.; et al. Multilevel comparative bioinformatics to investigate evolutionary relationships
and specificities in gene annotations: An example for tomato and grapevine. BMC Bioinform. 2018, 19, 435.
[CrossRef] [PubMed]

119. Mardis, E.R. Next-generation DNA sequencing methods. Annu. Rev. Genom. Hum. Genet. 2008, 9, 387–402.
[CrossRef] [PubMed]

120. Metzker, M.L. Sequencing technologies—The next generation. Nat. Rev. Genet. 2010, 11, 31–46. [CrossRef]
[PubMed]

121. Quail, M.A.; Smith, M.; Coupland, P.; Otto, T.D.; Harris, S.R.; Connor, T.R.; Bertoni, A.; Swerdlow, H.P.; Gu, Y.
A tale of three next generation sequencing platforms: Comparison of Ion Torrent, Pacific Biosciences and
Illumina MiSeq sequencers. BMC Genom. 2012, 13, 341. [CrossRef]

122. Rhoads, A.; Au, K.F. PacBio Sequencing and Its Applications. Genom. Proteom. Bioinform. 2015, 13, 278–289.
[CrossRef]

123. Goodwin, S.; Gurtowski, J.; Ethe-Sayers, S.; Deshpande, P.; Schatz, M.C.; McCombie, W.R. Oxford Nanopore
sequencing, hybrid error correction, and de novo assembly of a eukaryotic genome. Genome Res. 2015, 25,
1750–1756. [CrossRef]

124. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.;
Eppig, J.T.; et al. Gene ontology: Tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet.
2000, 25, 25–29. [CrossRef]

125. Ding, Y.-D.; Chang, J.-W.; Guo, J.; Chen, D.; Li, S.; Xu, Q.; Deng, X.-X.; Cheng, Y.-J.; Chen, L.-L. Prediction and
functional analysis of the sweet orange protein-protein interaction network. BMC Plant Biol. 2014, 14, 213.
[CrossRef]

126. Mostafavi, S.; Ray, D.; Warde-Farley, D.; Grouios, C.; Morris, Q. GeneMANIA: A real-time multiple association
network integration algorithm for predicting gene function. Genome Biol. 2008, 9 (Suppl. S1), S4. [CrossRef]

127. Nguyen, N.D.; Wang, D. Multiview learning for understanding functional multiomics. PLoS Comp. Biol.
2020, 16, e1007677. [CrossRef] [PubMed]

128. Van Bel, M.; Bucchini, F.; Vandepoele, K. Gene space completeness in complex plant genomes. Curr. Opin.
Plant Biol. 2019, 48, 9–17. [CrossRef] [PubMed]

129. Brown, G.R.; Hem, V.; Katz, K.S.; Ovetsky, M.; Wallin, C.; Ermolaeva, O.; Tolstoy, I.; Tatusova, T.; Pruitt, K.D.;
Maglott, D.R.; et al. Gene: A gene-centered information resource at NCBI. Nucleic Acids Res. 2015, 43,
D36–D42. [CrossRef] [PubMed]

130. Doudna, J.A.; Charpentier, E. The new frontier of genome engineering with CRISPR-Cas9. Science 2014, 346,
1258096. [CrossRef]

131. Osakabe, Y.; Watanabe, T.; Sugano, S.S.; Ueta, R.; Ishihara, R.; Shinozaki, K.; Osakabe, K. Optimization of
CRISPR/Cas9 genome editing to modify abiotic stress responses in plants. Sci. Rep. 2016, 6, 26685. [CrossRef]

132. Heigwer, F.; Kerr, G.; Boutros, M. E-CRISP: Fast CRISPR target site identification. Nat. Methods 2014, 11, 122.
[CrossRef]

133. Brinkman, E.K.; Chen, T.; Amendola, M.; van Steensel, B. Easy quantitative assessment of genome editing by
sequence trace decomposition. Nucleic Acids Res. 2014, 42, e168. [CrossRef]

134. Montague, T.G.; Cruz, J.M.; Gagnon, J.A.; Church, G.M.; Valen, E. CHOPCHOP: A CRISPR/Cas9 and TALEN
web tool for genome editing. Nucleic Acids Res. 2014, 42, W401–W407. [CrossRef]

http://dx.doi.org/10.1093/nar/gkp798
ftp://ftp.jgi-psf.org/pub/JGI_data/Sorghum_bicolor/v1.0/Sbi/annotation/Sbi1.4/
https://www.cribi.unipd.it/
http://www.cea.fr/drf/ifrancoisjacob/Pages/Departements/Genoscope.aspx
http://www.cea.fr/drf/ifrancoisjacob/Pages/Departements/Genoscope.aspx
http://dx.doi.org/10.1093/nar/gkw1104
http://dx.doi.org/10.1177/1177932217690136
http://www.ncbi.nlm.nih.gov/pubmed/28469416
http://dx.doi.org/10.1186/s12859-018-2420-y
http://www.ncbi.nlm.nih.gov/pubmed/30497367
http://dx.doi.org/10.1146/annurev.genom.9.081307.164359
http://www.ncbi.nlm.nih.gov/pubmed/18576944
http://dx.doi.org/10.1038/nrg2626
http://www.ncbi.nlm.nih.gov/pubmed/19997069
http://dx.doi.org/10.1186/1471-2164-13-341
http://dx.doi.org/10.1016/j.gpb.2015.08.002
http://dx.doi.org/10.1101/gr.191395.115
http://dx.doi.org/10.1038/75556
http://dx.doi.org/10.1186/s12870-014-0213-7
http://dx.doi.org/10.1186/gb-2008-9-s1-s4
http://dx.doi.org/10.1371/journal.pcbi.1007677
http://www.ncbi.nlm.nih.gov/pubmed/32240163
http://dx.doi.org/10.1016/j.pbi.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30797187
http://dx.doi.org/10.1093/nar/gku1055
http://www.ncbi.nlm.nih.gov/pubmed/25355515
http://dx.doi.org/10.1126/science.1258096
http://dx.doi.org/10.1038/srep26685
http://dx.doi.org/10.1038/nmeth.2812
http://dx.doi.org/10.1093/nar/gku936
http://dx.doi.org/10.1093/nar/gku410


Plants 2020, 9, 591 26 of 36

135. Stemmer, M.; Thumberger, T.; del Sol Keyer, M.; Wittbrodt, J.; Mateo, J.L. CCTop: An Intuitive, Flexible and
Reliable CRISPR/Cas9 Target Prediction Tool. PLoS ONE 2015, 10, e0124633. [CrossRef]

136. Brautigam, A.; Gowik, U. What can next generation sequencing do for you? Next generation sequencing as a
valuable tool in plant research. Plant Biol. (Stuttg.) 2010, 12, 831–841. [CrossRef]

137. Mykles, D.L.; Burnett, K.G.; Durica, D.S.; Joyce, B.L.; McCarthy, F.M.; Schmidt, C.J.; Stillman, J.H. Resources
and Recommendations for Using Transcriptomics to Address Grand Challenges in Comparative Biology.
Integr. Comp. Biol. 2016, 56, 1183–1191. [CrossRef] [PubMed]

138. Roux, J.; Rosikiewicz, M.; Robinson-Rechavi, M. What to compare and how: Comparative transcriptomics
for Evo-Devo. J. Exp. Zool. B Mol. Dev. Evol. 2015, 324, 372–382. [CrossRef] [PubMed]

139. Akpinar, B.A.; Kantar, M.; Budak, H. Root precursors of microRNAs in wild emmer and modern wheats show
major differences in response to drought stress. Funct. Integr. Genom. 2015, 15, 587–598. [CrossRef] [PubMed]

140. Budak, H.; Akpinar, B.A. Plant miRNAs: Biogenesis, organization and origins. Funct. Integr. Genom. 2015,
15, 523–531. [CrossRef] [PubMed]

141. Malde, K.; Jonassen, I. Repeats and EST analysis for new organisms. BMC Genom. 2008, 9, 23. [CrossRef]
142. Schena, M.; Shalon, D.; Davis, R.W.; Brown, P.O. Quantitative monitoring of gene expression patterns with a

complementary DNA microarray. Science 1995, 270, 467–470. [CrossRef]
143. Di Salle, P.; Incerti, G.; Colantuono, C.; Chiusano, M.L. Gene co-expression analyses: An overview from

microarray collections in Arabidopsis thaliana. Brief. Bioinform. 2016, 18, 215–225. [CrossRef]
144. Kolesnikov, N.; Hastings, E.; Keays, M.; Melnichuk, O.; Tang, Y.A.; Williams, E.; Dylag, M.; Kurbatova, N.;

Brandizi, M.; Burdett, T.; et al. ArrayExpress update–simplifying data submissions. Nucleic Acids Res. 2015,
43, D1113–D1116. [CrossRef]

145. Edgar, R.; Domrachev, M.; Lash, A.E. Gene Expression Omnibus: NCBI gene expression and hybridization
array data repository. Nucleic Acids Res. 2002, 30, 207–210. [CrossRef]

146. Adams, M.D.; Kelley, J.M.; Gocayne, J.D.; Dubnick, M.; Polymeropoulos, M.H.; Xiao, H.; Merril, C.R.; Wu, A.;
Olde, B.; Moreno, R.F. Complementary DNA sequencing: Expressed sequence tags and human genome
project. Science 1991, 252, 1651–1656. [CrossRef]

147. Boguski, M.S.; Lowe, T.M.; Tolstoshev, C.M. dbEST–database for “expressed sequence tags”. Nat. Genet.
1993, 4, 332–333. [CrossRef] [PubMed]

148. Ramsköld, D.; Luo, S.; Wang, Y.-C.; Li, R.; Deng, Q.; Faridani, O.R.; Daniels, G.A.; Khrebtukova, I.; Loring, J.F.;
Laurent, L.C.; et al. Full-Length mRNA-Seq from single cell levels of RNA and individual circulating tumor
cells. Nat. Biotechnol. 2012, 30, 777–782. [CrossRef] [PubMed]

149. Costa, V.; Angelini, C.; De Feis, I.; Ciccodicola, A. Uncovering the complexity of transcriptomes with
RNA-Seq. J. Biomed. Biotechnol. 2010, 2010, 853916. [CrossRef] [PubMed]

150. Costa-Silva, J.; Domingues, D.; Lopes, F.M. RNA-Seq differential expression analysis: An extended review
and a software tool. PLoS ONE 2017, 12, e0190152. [CrossRef]

151. Hrdlickova, R.; Toloue, M.; Tian, B. RNA-Seq methods for transcriptome analysis. Wiley Interdiscip. Rev.
RNA 2017, 8, e1364. [CrossRef]

152. Marguerat, S.; Bahler, J. RNA-seq: From technology to biology. Cell. Mol. Life Sci. 2010, 67, 569–579. [CrossRef]
153. McGettigan, P.A. Transcriptomics in the RNA-seq era. Curr. Opin. Chem. Biol. 2013, 17, 4–11. [CrossRef]
154. Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian

transcriptomes by RNA-Seq. Nat. Methods 2008, 5, 621–628. [CrossRef]
155. Yalamanchili, H.K.; Wan, Y.W.; Liu, Z. Data Analysis Pipeline for RNA-seq Experiments: From Differential

Expression to Cryptic Splicing. Curr. Protoc. Bioinform. 2017, 59, 11–15. [CrossRef]
156. Ma, J.; Li, R.; Wang, H.; Li, D.; Wang, X.; Zhang, Y.; Zhen, W.; Duan, H.; Yan, G.; Li, Y. Transcriptomics

Analyses Reveal Wheat Responses to Drought Stress during Reproductive Stages under Field Conditions.
Front. Plant Sci. 2017, 8, 592. [CrossRef]

157. Vital, C.E.; Giordano, A.; de Almeida Soares, E.; Rhys Williams, T.C.; Mesquita, R.O.; Vidigal, P.M.P.;
de Santana Lopes, A.; Pacheco, T.G.; Rogalski, M.; de Oliveira Ramos, H.J.; et al. An integrative overview of
the molecular and physiological responses of sugarcane under drought conditions. Plant Mol. Biol. 2017,
1–18. [CrossRef] [PubMed]

158. Singh, D.; Singh, C.K.; Taunk, J.; Tomar, R.S.S.; Chaturvedi, A.K.; Gaikwad, K.; Pal, M. Transcriptome
analysis of lentil (Lens culinaris Medikus) in response to seedling drought stress. BMC Genom. 2017, 18, 206.
[CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0124633
http://dx.doi.org/10.1111/j.1438-8677.2010.00373.x
http://dx.doi.org/10.1093/icb/icw083
http://www.ncbi.nlm.nih.gov/pubmed/27639274
http://dx.doi.org/10.1002/jez.b.22618
http://www.ncbi.nlm.nih.gov/pubmed/25864439
http://dx.doi.org/10.1007/s10142-015-0453-0
http://www.ncbi.nlm.nih.gov/pubmed/26174050
http://dx.doi.org/10.1007/s10142-015-0451-2
http://www.ncbi.nlm.nih.gov/pubmed/26113396
http://dx.doi.org/10.1186/1471-2164-9-23
http://dx.doi.org/10.1126/science.270.5235.467
http://dx.doi.org/10.1093/bib/bbw002
http://dx.doi.org/10.1093/nar/gku1057
http://dx.doi.org/10.1093/nar/30.1.207
http://dx.doi.org/10.1126/science.2047873
http://dx.doi.org/10.1038/ng0893-332
http://www.ncbi.nlm.nih.gov/pubmed/8401577
http://dx.doi.org/10.1038/nbt.2282
http://www.ncbi.nlm.nih.gov/pubmed/22820318
http://dx.doi.org/10.1155/2010/853916
http://www.ncbi.nlm.nih.gov/pubmed/20625424
http://dx.doi.org/10.1371/journal.pone.0190152
http://dx.doi.org/10.1002/wrna.1364
http://dx.doi.org/10.1007/s00018-009-0180-6
http://dx.doi.org/10.1016/j.cbpa.2012.12.008
http://dx.doi.org/10.1038/nmeth.1226
http://dx.doi.org/10.1002/cpbi.33
http://dx.doi.org/10.3389/fpls.2017.00592
http://dx.doi.org/10.1007/s11103-017-0611-y
http://www.ncbi.nlm.nih.gov/pubmed/28409321
http://dx.doi.org/10.1186/s12864-017-3596-7
http://www.ncbi.nlm.nih.gov/pubmed/28241862


Plants 2020, 9, 591 27 of 36

159. Moliterni, V.M.C.; Paris, R.; Onofri, C.; Orrù, L.; Cattivelli, L.; Pacifico, D.; Avanzato, C.; Ferrarini, A.;
Delledonne, M.; Mandolino, G. Early transcriptional changes in Beta vulgaris in response to low temperature.
Planta 2015, 242, 187–201. [CrossRef] [PubMed]

160. Do Amaral, M.N.; Arge, L.W.P.; Benitez, L.C.; Danielowski, R.; Silveira, S.F.d.S.; Farias, D.d.R.; de Oliveira, A.C.;
da Maia, L.C.; Braga, E.J.B. Comparative transcriptomics of rice plants under cold, iron, and salt stresses.
Funct. Integr. Genom. 2016, 16, 567–579. [CrossRef]

161. Yoo, Y.-H.; Nalini Chandran, A.K.; Park, J.-C.; Gho, Y.-S.; Lee, S.-W.; An, G.; Jung, K.-H. OsPhyB-Mediating
Novel Regulatory Pathway for Drought Tolerance in Rice Root Identified by a Global RNA-Seq Transcriptome
Analysis of Rice Genes in Response to Water Deficiencies. Front. Plant Sci. 2017, 8, 580. [CrossRef]

162. Liu, J.; Wang, Y.; Li, Q. Analysis of differentially expressed genes and adaptive mechanisms of Prunus triloba
Lindl. under alkaline stress. Hereditas 2017, 154, 10. [CrossRef]

163. Hanhart, P.; Thiess, M.; Amari, K.; Bajdzienko, K. Bioinformatic and expression analysis of the Brassica
napus L. cyclophilins. Sci. Rep. 2017, 7, 1514. [CrossRef]

164. Chen, H.; Chen, X.; Chai, X.; Qiu, Y.; Gong, C.; Zhang, Z.; Wang, T.; Zhang, Y.; Li, J.; Wang, A. Effects of
low temperature on mRNA and small RNA transcriptomes in Solanum lycopersicoides leaf revealed by
RNA-Seq. Biochem. Biophys. Res. Commun. 2015, 464, 768–773. [CrossRef]

165. Li, C.-X.; Xu, Z.-G.; Dong, R.-Q.; Chang, S.-X.; Wang, L.-Z.; Khalil-Ur-Rehman, M.; Tao, J.-M. An RNA-Seq
Analysis of Grape Plantlets Grown in vitro Reveals Different Responses to Blue, Green, Red LED Light, and
White Fluorescent Light. Front. Plant Sci. 2017, 8, 78. [CrossRef]

166. Li, Y.; Huang, J.; Song, X.; Zhang, Z.; Jiang, Y.; Zhu, Y.; Zhao, H.; Ni, D. An RNA-Seq transcriptome analysis
revealing novel insights into aluminum tolerance and accumulation in tea plant. Planta 2017, 246, 1–13.
[CrossRef]

167. Alagna, F.; D’Agostino, N.; Torchia, L.; Servili, M.; Rao, R.; Pietrella, M.; Giuliano, G.; Chiusano, M.L.;
Baldoni, L.; Perrotta, G. Comparative 454 pyrosequencing of transcripts from two olive genotypes during
fruit development. BMC Genom. 2009, 10, 399. [CrossRef] [PubMed]

168. Zenoni, S.; D’Agostino, N.; Tornielli, G.B.; Quattrocchio, F.; Chiusano, M.L.; Koes, R.; Zethof, J.; Guzzo, F.;
Delledonne, M.; Frusciante, L.; et al. Revealing impaired pathways in the an11 mutant by high-throughput
characterization of Petunia axillaris and Petunia inflata transcriptomes. Plant J. 2011, 68, 11–27. [CrossRef]
[PubMed]

169. Bennett, S. Solexa Ltd. Pharmacogenomics 2004, 5, 433–438. [CrossRef] [PubMed]
170. Porreca, G.J.; Shendure, J.; Church, G.M. Polony DNA sequencing. Curr. Protoc. Mol. Biol. 2006, 76, 7–8.

[CrossRef] [PubMed]
171. Droege, M.; Hill, B. The Genome Sequencer FLX™ System—Longer reads, more applications, straight

forward bioinformatics and more complete data sets. J. Biotechnol. 2008, 136, 3–10. [CrossRef] [PubMed]
172. Harris, T.D.; Buzby, P.R.; Babcock, H.; Beer, E.; Bowers, J.; Braslavsky, I.; Causey, M.; Colonell, J.; DiMeo, J.;

Efcavitch, J.W.; et al. Single-Molecule DNA Sequencing of a Viral Genome. Science 2008, 320, 106. [CrossRef]
173. D’Agostino, N.; Aversano, M.; Frusciante, L.; Chiusano, M.L. TomatEST database: In silico exploitation of

EST data to explore expression patterns in tomato species. Nucleic Acids Res. 2007, 35, D901–D905. [CrossRef]
174. D’Agostino, N.; Pizzichini, D.; Chiusano, M.L.; Giuliano, G. An EST database from saffron stigmas. BMC Plant

Biol. 2007, 7, 53. [CrossRef]
175. D’Agostino, N.; Traini, A.; Frusciante, L.; Chiusano, M.L. SolEST database: A "one-stop shop" approach to

the study of Solanaceae transcriptomes. BMC Plant Biol. 2009, 9, 142. [CrossRef]
176. Antonescu, C.; Antonescu, V.; Sultana, R.; Quackenbush, J. Using the DFCI Gene Index Databases for

Biological Discovery. Curr. Protoc. Bioinform. 2010, 29, 1–6. [CrossRef]
177. Borrill, P.; Ramirez-Gonzalez, R.; Uauy, C. expVIP: A Customizable RNA-seq Data Analysis and Visualization

Platform. Plant Physiol. 2016, 170, 2172–2186. [CrossRef] [PubMed]
178. Bostan, H.; Chiusano, M.L. NexGenEx-Tom: A gene expression platform to investigate the functionalities of

the tomato genome. BMC Plant Biol. 2015, 15, 48. [CrossRef] [PubMed]
179. Kawahara, Y.; Oono, Y.; Wakimoto, H.; Ogata, J.; Kanamori, H.; Sasaki, H.; Mori, S.; Matsumoto, T.; Itoh, T.

TENOR: Database for Comprehensive mRNA-Seq Experiments in Rice. Plant Cell Physiol. 2016, 57, e7.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00425-015-2299-z
http://www.ncbi.nlm.nih.gov/pubmed/25893871
http://dx.doi.org/10.1007/s10142-016-0507-y
http://dx.doi.org/10.3389/fpls.2017.00580
http://dx.doi.org/10.1186/s41065-017-0031-7
http://dx.doi.org/10.1038/s41598-017-01596-5
http://dx.doi.org/10.1016/j.bbrc.2015.07.029
http://dx.doi.org/10.3389/fpls.2017.00078
http://dx.doi.org/10.1007/s00425-016-2607-2
http://dx.doi.org/10.1186/1471-2164-10-399
http://www.ncbi.nlm.nih.gov/pubmed/19709400
http://dx.doi.org/10.1111/j.1365-313X.2011.04661.x
http://www.ncbi.nlm.nih.gov/pubmed/21623977
http://dx.doi.org/10.1517/14622416.5.4.433
http://www.ncbi.nlm.nih.gov/pubmed/15165179
http://dx.doi.org/10.1002/0471142727.mb0708s76
http://www.ncbi.nlm.nih.gov/pubmed/18265387
http://dx.doi.org/10.1016/j.jbiotec.2008.03.021
http://www.ncbi.nlm.nih.gov/pubmed/18616967
http://dx.doi.org/10.1126/science.1150427
http://dx.doi.org/10.1093/nar/gkl921
http://dx.doi.org/10.1186/1471-2229-7-53
http://dx.doi.org/10.1186/1471-2229-9-142
http://dx.doi.org/10.1002/0471250953.bi0106s29
http://dx.doi.org/10.1104/pp.15.01667
http://www.ncbi.nlm.nih.gov/pubmed/26869702
http://dx.doi.org/10.1186/s12870-014-0412-2
http://www.ncbi.nlm.nih.gov/pubmed/25849067
http://dx.doi.org/10.1093/pcp/pcv179
http://www.ncbi.nlm.nih.gov/pubmed/26578693


Plants 2020, 9, 591 28 of 36

180. Moretto, M.; Sonego, P.; Pilati, S.; Malacarne, G.; Costantini, L.; Grzeskowiak, L.; Bagagli, G.; Grando, M.S.;
Moser, C.; Engelen, K. VESPUCCI: Exploring Patterns of Gene Expression in Grapevine. Front. Plant Sci.
2016, 7, 633. [CrossRef]

181. Ma, X.; Tang, Z.; Qin, J.; Meng, Y. The use of high-throughput sequencing methods for plant microRNA
research. RNA Biol. 2015, 12, 709–719. [CrossRef]

182. Lu, X.; Fan, W.; Feng, Q.; Qi, Y.; Liu, C.; Li, Z. A Versatile Dynamic Light Scattering Strategy for the Sensitive
Detection of Plant MicroRNAs Based on Click-Chemistry-Amplified Aggregation of Gold Nanoparticles.
Chemistry (Easton) 2019, 25, 1701–1705. [CrossRef]

183. Meng, X.; Zhang, P.; Chen, Q.; Wang, J.; Chen, M. Identification and characterization of ncRNA-associated
ceRNA networks in Arabidopsis leaf development. BMC Genom. 2018, 19, 607. [CrossRef]

184. Bonnet, E.; Van de Peer, Y.; Rouze, P. The small RNA world of plants. New Phytol. 2006, 171, 451–468. [CrossRef]
185. Calixto, C.P.G.; Tzioutziou, N.A.; James, A.B.; Hornyik, C.; Guo, W.; Zhang, R.; Nimmo, H.G.; Brown, J.W.S.

Cold-Dependent Expression and Alternative Splicing of Arabidopsis Long Non-coding RNAs. Front. Plant
Sci. 2019, 10, 235. [CrossRef]

186. Ramesh, S.V.; Govindasamy, V.; Rajesh, M.K.; Sabana, A.A.; Praveen, S. Stress-responsive miRNAome of
Glycine max (L.) Merrill: Molecular insights and way forward. Planta 2019, 249, 1267–1284. [CrossRef]

187. Trindade, I.; Capitao, C.; Dalmay, T.; Fevereiro, M.P.; Santos, D.M. miR398 and miR408 are up-regulated in
response to water deficit in Medicago truncatula. Planta 2010, 231, 705–716. [CrossRef] [PubMed]

188. Gao, P.; Bai, X.; Yang, L.; Lv, D.; Pan, X.; Li, Y.; Cai, H.; Ji, W.; Chen, Q.; Zhu, Y. osa-MIR393: A salinity- and
alkaline stress-related microRNA gene. Mol. Biol. Rep. 2011, 38, 237–242. [CrossRef] [PubMed]

189. Zhang, X.; Zou, Z.; Gong, P.; Zhang, J.; Ziaf, K.; Li, H.; Xiao, F.; Ye, Z. Over-expression of microRNA169
confers enhanced drought tolerance to tomato. Biotechnol. Lett. 2011, 33, 403–409. [CrossRef] [PubMed]

190. Curaba, J.; Singh, M.B.; Bhalla, P.L. miRNAs in the crosstalk between phytohormone signalling pathways.
J. Exp. Bot. 2014, 65, 1425–1438. [CrossRef]

191. Simm, S.; Scharf, K.-D.; Jegadeesan, S.; Chiusano, M.L.; Firon, N.; Schleiff, E. Survey of Genes Involved
in Biosynthesis, Transport, and Signaling of Phytohormones with Focus on Solanum lycopersicum.
Bioinform. Biol. Insights 2016, 10, 185–207. [CrossRef]

192. Griffiths-Jones, S.; Bateman, A.; Marshall, M.; Khanna, A.; Eddy, S.R. Rfam: An RNA family database.
Nucleic Acids Res. 2003, 31, 439–441. [CrossRef]

193. Kozomara, A.; Griffiths-Jones, S. miRBase: Annotating high confidence microRNAs using deep sequencing
data. Nucleic Acids Res. 2014, 42, D68–D73. [CrossRef]

194. Srivastava, P.K.; Moturu, T.R.; Pandey, P.; Baldwin, I.T.; Pandey, S.P. A comparison of performance of plant
miRNA target prediction tools and the characterization of features for genome-wide target prediction.
BMC Genom. 2014, 15, 348. [CrossRef]

195. Patra, D.; Fasold, M.; Langenberger, D.; Steger, G.; Grosse, I.; Stadler, P.F. plantDARIO: Web based quantitative
and qualitative analysis of small RNA-seq data in plants. Front. Plant Sci. 2014, 5, 708. [CrossRef]

196. Wu, H.-J.; Ma, Y.-K.; Chen, T.; Wang, M.; Wang, X.-J. PsRobot: A web-based plant small RNA meta-analysis
toolbox. Nucleic Acids Res. 2012, 40, W22–W28. [CrossRef]

197. Bludau, I.; Aebersold, R. Proteomic and interactomic insights into the molecular basis of cell functional
diversity. Nat. Rev. Mol. Cell Biol. 2020, 1–14. [CrossRef] [PubMed]

198. Silva-Sanchez, C.; Li, H.; Chen, S. Recent advances and challenges in plant phosphoproteomics. Proteomics
2015, 15, 1127–1141. [CrossRef] [PubMed]

199. Zhang, F.; Ge, W.; Ruan, G.; Cai, X.; Guo, T. Data-Independent Acquisition Mass Spectrometry-based
Proteomics and Software Tools: A Glimpse in 2020. Proteomics 2020, 1900276. [CrossRef] [PubMed]

200. Rabilloud, T.; Lelong, C. Two-dimensional gel electrophoresis in proteomics: A tutorial. J. Proteom. 2011, 74,
1829–1841. [CrossRef]

201. Aslam, B.; Basit, M.; Nisar, M.A.; Khurshid, M.; Rasool, M.H. Proteomics: Technologies and Their Applications.
J. Chromatogr. Sci. 2017, 55, 182–196. [CrossRef]

202. Domon, B.; Aebersold, R. Options and considerations when selecting a quantitative proteomics strategy.
Nat. Biotechnol. 2010, 28, 710–721. [CrossRef]

203. Ma, Z.Q.; Dasari, S.; Chambers, M.C.; Litton, M.D.; Sobecki, S.M.; Zimmerman, L.J.; Halvey, P.J.; Schilling, B.;
Drake, P.M.; Gibson, B.W.; et al. IDPicker 2.0: Improved protein assembly with high discrimination peptide
identification filtering. J. Proteome Res. 2009, 8, 3872–3881. [CrossRef]

http://dx.doi.org/10.3389/fpls.2016.00633
http://dx.doi.org/10.1080/15476286.2015.1053686
http://dx.doi.org/10.1002/chem.201805502
http://dx.doi.org/10.1186/s12864-018-4993-2
http://dx.doi.org/10.1111/j.1469-8137.2006.01806.x
http://dx.doi.org/10.3389/fpls.2019.00235
http://dx.doi.org/10.1007/s00425-019-03114-5
http://dx.doi.org/10.1007/s00425-009-1078-0
http://www.ncbi.nlm.nih.gov/pubmed/20012085
http://dx.doi.org/10.1007/s11033-010-0100-8
http://www.ncbi.nlm.nih.gov/pubmed/20336383
http://dx.doi.org/10.1007/s10529-010-0436-0
http://www.ncbi.nlm.nih.gov/pubmed/20960221
http://dx.doi.org/10.1093/jxb/eru002
http://dx.doi.org/10.4137/BBI.S38425
http://dx.doi.org/10.1093/nar/gkg006
http://dx.doi.org/10.1093/nar/gkt1181
http://dx.doi.org/10.1186/1471-2164-15-348
http://dx.doi.org/10.3389/fpls.2014.00708
http://dx.doi.org/10.1093/nar/gks554
http://dx.doi.org/10.1038/s41580-020-0231-2
http://www.ncbi.nlm.nih.gov/pubmed/32235894
http://dx.doi.org/10.1002/pmic.201400410
http://www.ncbi.nlm.nih.gov/pubmed/25429768
http://dx.doi.org/10.1002/pmic.201900276
http://www.ncbi.nlm.nih.gov/pubmed/32275110
http://dx.doi.org/10.1016/j.jprot.2011.05.040
http://dx.doi.org/10.1093/chromsci/bmw167
http://dx.doi.org/10.1038/nbt.1661
http://dx.doi.org/10.1021/pr900360j


Plants 2020, 9, 591 29 of 36

204. Prieto, G.; Aloria, K.; Osinalde, N.; Fullaondo, A.; Arizmendi, J.M.; Matthiesen, R. PAnalyzer: A software
tool for protein inference in shotgun proteomics. BMC Bioinform. 2012, 13, 288. [CrossRef]

205. Liu, Z.; Li, Y.; Cao, H.; Ren, D. Comparative phospho-proteomics analysis of salt-responsive phosphoproteins
regulated by the MKK9-MPK6 cascade in Arabidopsis. Plant Sci. 2015, 241, 138–150. [CrossRef]

206. Kosova, K.; Vitamvas, P.; Urban, M.O.; Klima, M.; Roy, A.; Prasil, I.T. Biological Networks Underlying
Abiotic Stress Tolerance in Temperate Crops–A Proteomic Perspective. Int. J. Mol. Sci. 2015, 16, 20913–20942.
[CrossRef]

207. Xu, J.; Lan, H.; Fang, H.; Huang, X.; Zhang, H.; Huang, J. Quantitative proteomic analysis of the rice
(Oryza sativa L.) salt response. PLoS ONE 2015, 10, e0120978. [CrossRef] [PubMed]

208. Wang, Y.; Hu, B.; Du, S.; Gao, S.; Chen, X.; Chen, D. Proteomic Analyses Reveal the Mechanism of Dunaliella
salina Ds-26-16 Gene Enhancing Salt Tolerance in Escherichia coli. PLoS ONE 2016, 11, e0153640. [CrossRef]
[PubMed]

209. Kosová, K.; Vítámvás, P.; Urban, M.O.; Prášil, I.T.; Renaut, J. Plant Abiotic Stress Proteomics: The Major
Factors Determining Alterations in Cellular Proteome. Front. Plant Sci. 2018, 9, 122. [CrossRef] [PubMed]

210. Chen, J.; Han, G.; Shang, C.; Li, J.; Zhang, H.; Liu, F.; Wang, J.; Liu, H.; Zhang, Y. Proteomic analyses reveal
differences in cold acclimation mechanisms in freezing-tolerant and freezing-sensitive cultivars of alfalfa.
Front. Plant Sci. 2015, 6, 105. [CrossRef]

211. Ghabooli, M.; Khatabi, B.; Ahmadi, F.S.; Sepehri, M.; Mirzaei, M.; Amirkhani, A.; Jorrin-Novo, J.V.;
Salekdeh, G.H. Proteomics study reveals the molecular mechanisms underlying water stress tolerance
induced by Piriformospora indica in barley. J. Proteom. 2013, 94, 289–301. [CrossRef]

212. Balbuena, T.S.; Salas, J.J.; Martinez-Force, E.; Garces, R.; Thelen, J.J. Proteome analysis of cold acclimation in
sunflower. J. Proteome Res. 2011, 10, 2330–2346. [CrossRef]

213. Parrine, D.; Wu, B.S.; Muhammad, B.; Rivera, K.; Pappin, D.; Zhao, X.; Lefsrud, M. Proteome modifications
on tomato under extreme high light induced-stress. Proteome Sci. 2018, 16, 20. [CrossRef]

214. Jozefowicz, A.M.; Hartmann, A.; Matros, A.; Schum, A.; Mock, H.-P. Nitrogen Deficiency Induced Alterations
in the Root Proteome of a Pair of Potato (Solanum tuberosum L.) Varieties Contrasting for their Response to
Low, N. Proteomics 2017, 17, 1700231. [CrossRef]

215. Nature Biotechnology Editorial. Credit where credit is overdue. Nat Biotech. 2009, 27, 579. [CrossRef]
216. Perez-Riverol, Y.; Alpi, E.; Wang, R.; Hermjakob, H.; Vizcaíno, J.A. Making proteomics data accessible and

reusable: Current state of proteomics databases and repositories. Proteomics 2015, 15, 930–950. [CrossRef]
217. Zhang, Y.; Beard, K.F.M.; Swart, C.; Bergmann, S.; Krahnert, I.; Nikoloski, Z.; Graf, A. Protein-protein

interactions and metabolite channelling in the plant tricarboxylic acid cycle. Nat. Commun. 2017, 8, 15212.
[CrossRef] [PubMed]

218. DeSouza, L.V.; Siu, K.W. Mass spectrometry-based quantification. Clin. Biochem. 2013, 46, 421–431. [CrossRef]
[PubMed]

219. Neilson, K.A.; Ali, N.A.; Muralidharan, S.; Mirzaei, M.; Mariani, M.; Assadourian, G.; Lee, A.; van Sluyter, S.C.;
Haynes, P.A. Less label, more free: Approaches in label-free quantitative mass spectrometry. Proteomics 2011,
11, 535–553. [CrossRef] [PubMed]

220. Allmer, J. Algorithms for the de novo sequencing of peptides from tandem mass spectra. Expert Rev. Proteom.
2011, 8, 645–657. [CrossRef] [PubMed]

221. Hoopmann, M.R.; Moritz, R.L. Current algorithmic solutions for peptide-based proteomics data generation
and identification. Curr. Opin. Biotechnol. 2013, 24, 31–38. [CrossRef] [PubMed]

222. Ezkurdia, I.; Vazquez, J.; Valencia, A.; Tress, M. Analyzing the first drafts of the human proteome. J. Proteome
Res. 2014, 13, 3854–3855. [CrossRef]

223. Gupta, N.; Pevzner, P.A. False discovery rates of protein identifications: A strike against the two-peptide
rule. J. Proteome Res. 2009, 8, 4173–4181. [CrossRef]

224. Den Ridder, M.; Daran-Lapujade, P.; Pabst, M. Shot-gun proteomics: Why thousands of unidentified signals
matter. FEMS Yeast Res. 2020, 20. [CrossRef]

225. Plateforme d’Analyse Protéomique de Paris Sud-Ouest. Available online: http://pappso.inrae.fr/en/ (accessed
on 30 April 2020).

226. Valot, B.; Langella, O.; Nano, E.; Zivy, M. MassChroQ: A versatile tool for mass spectrometry quantification.
Proteomics 2011, 11, 3572–3577. [CrossRef]

http://dx.doi.org/10.1186/1471-2105-13-288
http://dx.doi.org/10.1016/j.plantsci.2015.10.005
http://dx.doi.org/10.3390/ijms160920913
http://dx.doi.org/10.1371/journal.pone.0120978
http://www.ncbi.nlm.nih.gov/pubmed/25793471
http://dx.doi.org/10.1371/journal.pone.0153640
http://www.ncbi.nlm.nih.gov/pubmed/27135411
http://dx.doi.org/10.3389/fpls.2018.00122
http://www.ncbi.nlm.nih.gov/pubmed/29472941
http://dx.doi.org/10.3389/fpls.2015.00105
http://dx.doi.org/10.1016/j.jprot.2013.09.017
http://dx.doi.org/10.1021/pr101137q
http://dx.doi.org/10.1186/s12953-018-0148-2
http://dx.doi.org/10.1002/pmic.201700231
http://dx.doi.org/10.1038/nbt0709-579
http://dx.doi.org/10.1002/pmic.201400302
http://dx.doi.org/10.1038/ncomms15212
http://www.ncbi.nlm.nih.gov/pubmed/28508886
http://dx.doi.org/10.1016/j.clinbiochem.2012.10.025
http://www.ncbi.nlm.nih.gov/pubmed/23103704
http://dx.doi.org/10.1002/pmic.201000553
http://www.ncbi.nlm.nih.gov/pubmed/21243637
http://dx.doi.org/10.1586/epr.11.54
http://www.ncbi.nlm.nih.gov/pubmed/21999834
http://dx.doi.org/10.1016/j.copbio.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23142544
http://dx.doi.org/10.1021/pr500572z
http://dx.doi.org/10.1021/pr9004794
http://dx.doi.org/10.1093/femsyr/foz088
http://pappso.inrae.fr/en/
http://dx.doi.org/10.1002/pmic.201100120


Plants 2020, 9, 591 30 of 36

227. Langella, O.; Valot, B.; Balliau, T.; Blein-Nicolas, M.; Bonhomme, L.; Zivy, M. X!TandemPipeline: A Tool to
Manage Sequence Redundancy for Protein Inference and Phosphosite Identification. J. Proteome Res. 2017,
16, 494–503. [CrossRef]

228. Ferry-Dumazet, H.; Houel, G.; Montalent, P.; Moreau, L.; Langella, O.; Negroni, L.; Vincent, D.; Lalanne, C.;
de Daruvar, A.; Plomion, C.; et al. PROTICdb: A web-based application to store, track, query, and compare
plant proteome data. Proteomics 2005, 5, 2069–2081. [CrossRef] [PubMed]

229. Mergner, J.; Frejno, M.; List, M.; Papacek, M.; Chen, X.; Chaudhary, A.; Samaras, P.; Richter, S.; Shikata, H.;
Messerer, M.; et al. Mass-spectrometry-based draft of the Arabidopsis proteome. Nature 2020, 579, 409–414.
[CrossRef] [PubMed]

230. Jarzab, A.; Kurzawa, N.; Hopf, T.; Moerch, M.; Zecha, J.; Leijten, N.; Bian, Y.; Musiol, E.; Maschberger, M.;
Stoehr, G.; et al. Meltome atlas—thermal proteome stability across the tree of life. Nat. Methods 2020, 1–9.
[CrossRef] [PubMed]

231. Samaras, P.; Schmidt, T.; Frejno, M.; Gessulat, S.; Reinecke, M.; Jarzab, A.; Zecha, J.; Mergner, J.; Giansanti, P.;
Ehrlich, H.-C.; et al. ProteomicsDB: A multi-omics and multi-organism resource for life science research.
Nucleic Acids Res. 2020, 48, D1153–D1163. [CrossRef] [PubMed]

232. Vizcaino, J.A.; Cote, R.G.; Csordas, A.; Dianes, J.A.; Fabregat, A.; Foster, J.M.; Griss, J.; Alpi, E.; Birim, M.;
Contell, J.; et al. The PRoteomics IDEntifications (PRIDE) database and associated tools: Status in 2013.
Nucleic Acids Res. 2013, 41, D1063–D1069. [CrossRef] [PubMed]

233. Farrah, T.; Deutsch, E.W.; Omenn, G.S.; Sun, Z.; Watts, J.D.; Yamamoto, T.; Shteynberg, D.; Harris, M.M.;
Moritz, R.L. State of the human proteome in 2013 as viewed through PeptideAtlas: Comparing the kidney,
urine, and plasma proteomes for the biology- and disease-driven Human Proteome Project. J. Proteome Res.
2014, 13, 60–75. [CrossRef]

234. Craig, R.; Cortens, J.P.; Beavis, R.C. Open source system for analyzing, validating, and storing protein
identification data. J. Proteome Res. 2004, 3, 1234–1242. [CrossRef]

235. Slotta, D.J.; Barrett, T.; Edgar, R. NCBI Peptidome: A new public repository for mass spectrometry peptide
identifications. Nat. Biotechnol. 2009, 27, 600–601. [CrossRef]

236. Smith, B.E.; Hill, J.A.; Gjukich, M.A.; Andrews, P.C. Tranche distributed repository and Proteome
Commons.org. Methods Mol. Biol. 2011, 696, 123–145. [CrossRef]

237. Sun, Q.; Zybailov, B.; Majeran, W.; Friso, G.; Olinares, P.D.B.; van Wijk, K.J. PPDB, the Plant Proteomics
Database at Cornell. Nucleic Acids Res. 2009, 37, D969–D974. [CrossRef]

238. Schwacke, R.; Schneider, A.; van der Graaff, E.; Fischer, K.; Catoni, E.; Desimone, M.; Frommer, W.B.;
Flügge, U.-I.; Kunze, R. ARAMEMNON, a Novel Database for Arabidopsis Integral Membrane Proteins.
Plant Physiol. 2003, 131, 16–26. [CrossRef] [PubMed]

239. Kleffmann, T.; Hirsch-Hoffmann, M.; Gruissem, W.; Baginsky, S. plprot: A comprehensive proteome database
for different plastid types. Plant Cell Physiol. 2006, 47, 432–436. [CrossRef] [PubMed]

240. Ferro, M.; Brugiere, S.; Salvi, D.; Seigneurin-Berny, D.; Court, M.; Moyet, L.; Ramus, C.; Miras, S.; Mellal, M.; Le
Gall, S.; et al. AT_CHLORO, a comprehensive chloroplast proteome database with subplastidial localization
and curated information on envelope proteins. Mol. Cell. Proteomics 2010, 9, 1063–1084. [CrossRef] [PubMed]

241. San Clemente, H.; Jamet, E. WallProtDB, a database resource for plant cell wall proteomics. Plant Methods
2015, 11, 2. [CrossRef]

242. Yao, Q.; Bollinger, C.; Gao, J.; Xu, D.; Thelen, J. P3DB: An Integrated Database for Plant Protein Phosphorylation.
Front. Plant Sci. 2012, 3. [CrossRef]

243. Blom, N.; Sicheritz-Ponten, T.; Gupta, R.; Gammeltoft, S.; Brunak, S. Prediction of post-translational
glycosylation and phosphorylation of proteins from the amino acid sequence. Proteomics 2004, 4, 1633–1649.
[CrossRef]

244. Durek, P.; Schmidt, R.; Heazlewood, J.L.; Jones, A.; MacLean, D.; Nagel, A.; Kersten, B.; Schulze, W.X.
PhosPhAt: The Arabidopsis thaliana phosphorylation site database. An update. Nucleic Acids Res. 2010, 38,
D828–D834. [CrossRef]

245. Zulawski, M.; Braginets, R.; Schulze, W.X. PhosPhAt goes kinases–searchable protein kinase target information
in the plant phosphorylation site database PhosPhAt. Nucleic Acids Res. 2013, 41, D1176–D1184. [CrossRef]

246. Sun, C.X.; Li, M.Q.; Gao, X.X.; Liu, L.N.; Wu, X.F.; Zhou, J.H. Metabolic response of maize plants to
multi-factorial abiotic stresses. Plant Biol. 2016, 18 Suppl S1, 120–129. [CrossRef]

http://dx.doi.org/10.1021/acs.jproteome.6b00632
http://dx.doi.org/10.1002/pmic.200401111
http://www.ncbi.nlm.nih.gov/pubmed/15846840
http://dx.doi.org/10.1038/s41586-020-2094-2
http://www.ncbi.nlm.nih.gov/pubmed/32188942
http://dx.doi.org/10.1038/s41592-020-0801-4
http://www.ncbi.nlm.nih.gov/pubmed/32284610
http://dx.doi.org/10.1093/nar/gkz974
http://www.ncbi.nlm.nih.gov/pubmed/31665479
http://dx.doi.org/10.1093/nar/gks1262
http://www.ncbi.nlm.nih.gov/pubmed/23203882
http://dx.doi.org/10.1021/pr4010037
http://dx.doi.org/10.1021/pr049882h
http://dx.doi.org/10.1038/nbt0709-600
http://dx.doi.org/10.1007/978-1-60761-987-1_8
http://dx.doi.org/10.1093/nar/gkn654
http://dx.doi.org/10.1104/pp.011577
http://www.ncbi.nlm.nih.gov/pubmed/12529511
http://dx.doi.org/10.1093/pcp/pcj005
http://www.ncbi.nlm.nih.gov/pubmed/16418230
http://dx.doi.org/10.1074/mcp.M900325-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/20061580
http://dx.doi.org/10.1186/s13007-015-0045-y
http://dx.doi.org/10.3389/fpls.2012.00206
http://dx.doi.org/10.1002/pmic.200300771
http://dx.doi.org/10.1093/nar/gkp810
http://dx.doi.org/10.1093/nar/gks1081
http://dx.doi.org/10.1111/plb.12305


Plants 2020, 9, 591 31 of 36

247. Yang, Y.; Guo, Y. Elucidating the molecular mechanisms mediating plant salt-stress responses. N. Phytol.
2018, 217, 523–539. [CrossRef]

248. Bundy, J.G.; Willey, T.L.; Castell, R.S.; Ellar, D.J.; Brindle, K.M. Discrimination of pathogenic clinical isolates
and laboratory strains of Bacillus cereus by NMR-based metabolomic profiling. FEMS Microbiol. Lett. 2005,
242, 127–136. [CrossRef] [PubMed]

249. Muscolo, A.; Junker, A.; Klukas, C.; Weigelt-Fischer, K.; Riewe, D.; Altmann, T. Phenotypic and metabolic
responses to drought and salinity of four contrasting lentil accessions. J. Exp. Bot. 2015, 66, 5467–5480. [CrossRef]
[PubMed]

250. Shaar-Moshe, L.; Hayouka, R.; Roessner, U.; Peleg, Z. Phenotypic and metabolic plasticity shapes life-history
strategies under combinations of abiotic stresses. Plant Direct. 2019, 3, e00113. [CrossRef] [PubMed]

251. He, L.; Xu, X.Q.; Wang, Y.; Chen, W.K.; Sun, R.Z.; Cheng, G.; Liu, B.; Chen, W.; Duan, C.Q.; Wang, J.; et al.
Modulation of volatile compound metabolome and transcriptome in grape berries exposed to sunlight under
dry-hot climate. BMC Plant Biol. 2020, 20, 59. [CrossRef] [PubMed]

252. Wang, W.W.; Zheng, C.; Hao, W.J.; Ma, C.L.; Ma, J.Q.; Ni, D.J.; Chen, L. Transcriptome and metabolome
analysis reveal candidate genes and biochemicals involved in tea geometrid defense in Camellia sinensis.
PLoS ONE 2018, 13, e0201670. [CrossRef] [PubMed]

253. Jia, X.; Sun, C.; Zuo, Y.; Li, G.; Li, G.; Ren, L.; Chen, G. Integrating transcriptomics and metabolomics to
characterise the response of Astragalus membranaceus Bge. var. mongolicus (Bge.) to progressive drought
stress. BMC Genom. 2016, 17, 188. [CrossRef]

254. Hollywood, K.; Brison, D.R.; Goodacre, R. Metabolomics: Current technologies and future trends. Proteomics
2006, 6, 4716–4723. [CrossRef]

255. Chen, S.; Liu, H.; Zhao, X.; Li, X.; Shan, W.; Wang, X.; Wang, S.; Yu, W.; Yang, Z.; Yu, X. Non-targeted
metabolomics analysis reveals dynamic changes of volatile and non-volatile metabolites during oolong tea
manufacture. Food Res. Int. 2020, 128, 108778. [CrossRef]

256. Spring, O.; Pfannstiel, J.; Klaiber, I.; Conrad, J.; Beifuss, U.; Apel, L.; Aschenbrenner, A.K.; Zipper, R. The
nonvolatile metabolome of sunflower linear glandular trichomes. Phytochemistry 2015, 119, 83–89. [CrossRef]

257. Bertoli, A.; Ruffoni, B.; Pistelli, L.; Pistelli, L. Analytical methods for the extraction and identification of
secondary metabolite production in ’in vitro’ plant cell cultures. Adv. Exp. Med. Biol. 2010, 698, 250–266.

258. Jorge, T.F.; Mata, A.T.; António, C. Mass spectrometry as a quantitative tool in plant metabolomics. Philos.
Transact. A Math. Phys. Eng. Sci. 2016, 374, 20150370. [CrossRef] [PubMed]

259. Ribbenstedt, A.; Ziarrusta, H.; Benskin, J.P. Development, characterization and comparisons of targeted and
non-targeted metabolomics methods. PLoS ONE 2018, 13, e0207082. [CrossRef] [PubMed]

260. Gorrochategui, E.; Jaumot, J.; Lacorte, S.; Tauler, R. Data analysis strategies for targeted and untargeted
LC-MS metabolomic studies: Overview and workflow. Trends Analyt. Chem. 2016, 82, 425–442. [CrossRef]

261. Roberts, L.D.; Souza, A.L.; Gerszten, R.E.; Clish, C.B. Targeted metabolomics. Curr. Protoc. Mol. Biol. 2012,
98, 30.2.1–30.2.24. [CrossRef] [PubMed]

262. Mizuno, H.; Ueda, K.; Kobayashi, Y.; Tsuyama, N.; Todoroki, K.; Min, J.Z.; Toyo’oka, T. The great importance
of normalization of LC–MS data for highly-accurate non-targeted metabolomics. Biomed. Chromatogr. 2017,
31, e3864. [CrossRef] [PubMed]

263. Cook, D.; Fowler, S.; Fiehn, O.; Thomashow, M.F. A prominent role for the CBF cold response pathway
in configuring the low-temperature metabolome of Arabidopsis. Proc. Natl. Acad. Sci. USA 2004, 101,
15243–15248. [CrossRef]

264. Kaplan, F.; Kopka, J.; Haskell, D.W.; Zhao, W.; Schiller, K.C.; Gatzke, N.; Sung, D.Y.; Guy, C.L. Exploring the
temperature-stress metabolome of Arabidopsis. Plant Physiol. 2004, 136, 4159–4168. [CrossRef]

265. Urano, K.; Maruyama, K.; Ogata, Y.; Morishita, Y.; Takeda, M.; Sakurai, N.; Suzuki, H.; Saito, K.; Shibata, D.;
Kobayashi, M.; et al. Characterization of the ABA-regulated global responses to dehydration in Arabidopsis
by metabolomics. Plant J. 2009, 57, 1065–1078. [CrossRef]

266. Skirycz, A.; De Bodt, S.; Obata, T.; De Clercq, I.; Claeys, H.; De Rycke, R.; Andriankaja, M.; Van Aken, O.; Van
Breusegem, F.; Fernie, A.R.; et al. Developmental stage specificity and the role of mitochondrial metabolism
in the response of Arabidopsis leaves to prolonged mild osmotic stress. Plant Physiol. 2010, 152, 226–244.
[CrossRef]

http://dx.doi.org/10.1111/nph.14920
http://dx.doi.org/10.1016/j.femsle.2004.10.048
http://www.ncbi.nlm.nih.gov/pubmed/15621429
http://dx.doi.org/10.1093/jxb/erv208
http://www.ncbi.nlm.nih.gov/pubmed/25969553
http://dx.doi.org/10.1002/pld3.113
http://www.ncbi.nlm.nih.gov/pubmed/31245755
http://dx.doi.org/10.1186/s12870-020-2268-y
http://www.ncbi.nlm.nih.gov/pubmed/32019505
http://dx.doi.org/10.1371/journal.pone.0201670
http://www.ncbi.nlm.nih.gov/pubmed/30067831
http://dx.doi.org/10.1186/s12864-016-2554-0
http://dx.doi.org/10.1002/pmic.200600106
http://dx.doi.org/10.1016/j.foodres.2019.108778
http://dx.doi.org/10.1016/j.phytochem.2015.09.007
http://dx.doi.org/10.1098/rsta.2015.0370
http://www.ncbi.nlm.nih.gov/pubmed/27644967
http://dx.doi.org/10.1371/journal.pone.0207082
http://www.ncbi.nlm.nih.gov/pubmed/30439966
http://dx.doi.org/10.1016/j.trac.2016.07.004
http://dx.doi.org/10.1002/0471142727.mb3002s98
http://www.ncbi.nlm.nih.gov/pubmed/22470063
http://dx.doi.org/10.1002/bmc.3864
http://www.ncbi.nlm.nih.gov/pubmed/27718276
http://dx.doi.org/10.1073/pnas.0406069101
http://dx.doi.org/10.1104/pp.104.052142
http://dx.doi.org/10.1111/j.1365-313X.2008.03748.x
http://dx.doi.org/10.1104/pp.109.148965


Plants 2020, 9, 591 32 of 36

267. Semel, Y.; Nissenbaum, J.; Menda, N.; Zinder, M.; Krieger, U.; Issman, N.; Pleban, T.; Lippman, Z.; Gur, A.;
Zamir, D. Overdominant quantitative trait loci for yield and fitness in tomato. Proc. Natl. Acad. Sci. USA
2006, 103, 12981–12986. [CrossRef]

268. Bowne, J.B.; Erwin, T.A.; Juttner, J.; Schnurbusch, T.; Langridge, P.; Bacic, A.; Roessner, U. Drought responses
of leaf tissues from wheat cultivars of differing drought tolerance at the metabolite level. Mol Plant 2012, 5,
418–429. [CrossRef] [PubMed]

269. Witt, S.; Galicia, L.; Lisec, J.; Cairns, J.; Tiessen, A.; Araus, J.L.; Palacios-Rojas, N.; Fernie, A.R. Metabolic
and phenotypic responses of greenhouse-grown maize hybrids to experimentally controlled drought stress.
Mol. Plant 2012, 5, 401–417. [CrossRef] [PubMed]

270. Van Dongen, J.T.; Frohlich, A.; Ramirez-Aguilar, S.J.; Schauer, N.; Fernie, A.R.; Erban, A.; Kopka, J.; Clark, J.;
Langer, A.; Geigenberger, P. Transcript and metabolite profiling of the adaptive response to mild decreases in
oxygen concentration in the roots of arabidopsis plants. Ann. Bot. 2009, 103, 269–280. [CrossRef] [PubMed]

271. Tohge, T.; Kusano, M.; Fukushima, A.; Saito, K.; Fernie, A.R. Transcriptional and metabolic programs
following exposure of plants to UV-B irradiation. Plant Signal Behav. 2011, 6, 1987–1992. [CrossRef]

272. Kim, J.K.; Bamba, T.; Harada, K.; Fukusaki, E.; Kobayashi, A. Time-course metabolic profiling in Arabidopsis
thaliana cell cultures after salt stress treatment. J. Exp. Bot. 2007, 58, 415–424. [CrossRef]

273. Tester, M.; Davenport, R. Na+ tolerance and Na+ transport in higher plants. Ann. Bot. 2003, 91, 503–527.
[CrossRef]

274. Gong, Q.; Li, P.; Ma, S.; Indu Rupassara, S.; Bohnert, H.J. Salinity stress adaptation competence in the
extremophile Thellungiella halophila in comparison with its relative Arabidopsis thaliana. Plant J. 2005, 44,
826–839. [CrossRef]

275. Zuther, E.; Koehl, K.; Kopka, J. Comparative Metabolome Analysis of the Salt Response in Breeding Cultivars
of Rice. In Advances in Molecular Breeding Toward Drought and Salt Tolerant Crops; Jenks, M.A., Hasegawa, P.M.,
Jain, S.M., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 285–315.

276. Shulaev, V.; Cortes, D.; Miller, G.; Mittler, R. Metabolomics for plant stress response. Physiol Plant 2008, 132,
199–208. [CrossRef]

277. Johnson, H.E.; Broadhurst, D.; Goodacre, R.; Smith, A.R. Metabolic fingerprinting of salt-stressed tomatoes.
Phytochemistry 2003, 62, 919–928. [CrossRef]

278. Cramer, G.R.; Ergul, A.; Grimplet, J.; Tillett, R.L.; Tattersall, E.A.; Bohlman, M.C.; Vincent, D.; Sonderegger, J.;
Evans, J.; Osborne, C.; et al. Water and salinity stress in grapevines: Early and late changes in transcript and
metabolite profiles. Funct. Integr. Genomics 2007, 7, 111–134. [CrossRef]

279. Gagneul, D.; Ainouche, A.; Duhaze, C.; Lugan, R.; Larher, F.R.; Bouchereau, A. A reassessment of the function
of the so-called compatible solutes in the halophytic plumbaginaceae Limonium latifolium. Plant Physiol.
2007, 144, 1598–1611. [CrossRef] [PubMed]

280. Brosche, M.; Vinocur, B.; Alatalo, E.R.; Lamminmaki, A.; Teichmann, T.; Ottow, E.A.; Djilianov, D.; Afif, D.;
Bogeat-Triboulot, M.B.; Altman, A.; et al. Gene expression and metabolite profiling of Populus euphratica
growing in the Negev desert. Genome Biol. 2005, 6, R101. [CrossRef] [PubMed]

281. Sanchez, D.H.; Lippold, F.; Redestig, H.; Hannah, M.A.; Erban, A.; Kramer, U.; Kopka, J.; Udvardi, M.K.
Integrative functional genomics of salt acclimatization in the model legume Lotus japonicus. Plant J. 2008,
53, 973–987. [CrossRef] [PubMed]

282. Sanchez, D.H.; Pieckenstain, F.L.; Escaray, F.; Erban, A.; Kraemer, U.; Udvardi, M.K.; Kopka, J. Comparative
ionomics and metabolomics in extremophile and glycophytic Lotus species under salt stress challenge the
metabolic pre-adaptation hypothesis. Plant Cell Environ. 2011, 34, 605–617. [CrossRef]

283. Osuna, D.; Usadel, B.; Morcuende, R.; Gibon, Y.; Blasing, O.E.; Hohne, M.; Gunter, M.; Kamlage, B.;
Trethewey, R.; Scheible, W.R.; et al. Temporal responses of transcripts, enzyme activities and metabolites
after adding sucrose to carbon-deprived Arabidopsis seedlings. Plant J. 2007, 49, 463–491. [CrossRef]

284. Usadel, B.; Blasing, O.E.; Gibon, Y.; Retzlaff, K.; Hohne, M.; Gunther, M.; Stitt, M. Global transcript levels
respond to small changes of the carbon status during progressive exhaustion of carbohydrates in Arabidopsis
rosettes. Plant Physiol. 2008, 146, 1834–1861. [CrossRef]

285. Araujo, W.L.; Ishizaki, K.; Nunes-Nesi, A.; Tohge, T.; Larson, T.R.; Krahnert, I.; Balbo, I.; Witt, S.; Dormann, P.;
Graham, I.A.; et al. Analysis of a range of catabolic mutants provides evidence that phytanoyl-coenzyme A
does not act as a substrate of the electron-transfer flavoprotein/electron-transfer flavoprotein:ubiquinone

http://dx.doi.org/10.1073/pnas.0604635103
http://dx.doi.org/10.1093/mp/ssr114
http://www.ncbi.nlm.nih.gov/pubmed/22207720
http://dx.doi.org/10.1093/mp/ssr102
http://www.ncbi.nlm.nih.gov/pubmed/22180467
http://dx.doi.org/10.1093/aob/mcn126
http://www.ncbi.nlm.nih.gov/pubmed/18660497
http://dx.doi.org/10.4161/psb.6.12.18240
http://dx.doi.org/10.1093/jxb/erl216
http://dx.doi.org/10.1093/aob/mcg058
http://dx.doi.org/10.1111/j.1365-313X.2005.02587.x
http://dx.doi.org/10.1111/j.1399-3054.2007.01025.x
http://dx.doi.org/10.1016/S0031-9422(02)00722-7
http://dx.doi.org/10.1007/s10142-006-0039-y
http://dx.doi.org/10.1104/pp.107.099820
http://www.ncbi.nlm.nih.gov/pubmed/17468212
http://dx.doi.org/10.1186/gb-2005-6-12-r101
http://www.ncbi.nlm.nih.gov/pubmed/16356264
http://dx.doi.org/10.1111/j.1365-313X.2007.03381.x
http://www.ncbi.nlm.nih.gov/pubmed/18047558
http://dx.doi.org/10.1111/j.1365-3040.2010.02266.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02979.x
http://dx.doi.org/10.1104/pp.107.115592


Plants 2020, 9, 591 33 of 36

oxidoreductase complex in Arabidopsis during dark-induced senescence. Plant Physiol. 2011, 157, 55–69.
[CrossRef]

286. Araujo, W.L.; Ishizaki, K.; Nunes-Nesi, A.; Larson, T.R.; Tohge, T.; Krahnert, I.; Witt, S.; Obata, T.; Schauer, N.;
Graham, I.A.; et al. Identification of the 2-hydroxyglutarate and isovaleryl-CoA dehydrogenases as alternative
electron donors linking lysine catabolism to the electron transport chain of Arabidopsis mitochondria.
Plant Cell 2010, 22, 1549–1563. [CrossRef]

287. Morcuende, R.; Bari, R.; Gibon, Y.; Zheng, W.; Pant, B.D.; Blasing, O.; Usadel, B.; Czechowski, T.; Udvardi, M.K.;
Stitt, M.; et al. Genome-wide reprogramming of metabolism and regulatory networks of Arabidopsis in
response to phosphorus. Plant Cell Environ. 2007, 30, 85–112. [CrossRef]

288. Hubberten, H.M.; Klie, S.; Caldana, C.; Degenkolbe, T.; Willmitzer, L.; Hoefgen, R. Additional role of
O-acetylserine as a sulfur status-independent regulator during plant growth. Plant J. 2012, 70, 666–677.
[CrossRef]

289. Huang, C.Y.; Roessner, U.; Eickmeier, I.; Genc, Y.; Callahan, D.L.; Shirley, N.; Langridge, P.; Bacic, A.
Metabolite profiling reveals distinct changes in carbon and nitrogen metabolism in phosphate-deficient
barley plants (Hordeum vulgare L.). Plant Cell Physiol. 2008, 49, 691–703. [CrossRef] [PubMed]

290. Urbanczyk-Wochniak, E.; Fernie, A.R. Metabolic profiling reveals altered nitrogen nutrient regimes have
diverse effects on the metabolism of hydroponically-grown tomato (Solanum lycopersicum) plants. J. Exp.
Bot. 2005, 56, 309–321. [CrossRef] [PubMed]

291. Hernandez, G.; Ramirez, M.; Valdes-Lopez, O.; Tesfaye, M.; Graham, M.A.; Czechowski, T.; Schlereth, A.;
Wandrey, M.; Erban, A.; Cheung, F.; et al. Phosphorus stress in common bean: Root transcript and metabolic
responses. Plant Physiol. 2007, 144, 752–767. [CrossRef] [PubMed]

292. Hernandez, G.; Valdes-Lopez, O.; Ramirez, M.; Goffard, N.; Weiller, G.; Aparicio-Fabre, R.; Fuentes, S.I.;
Erban, A.; Kopka, J.; Udvardi, M.K.; et al. Global changes in the transcript and metabolic profiles during
symbiotic nitrogen fixation in phosphorus-stressed common bean plants. Plant Physiol. 2009, 151, 1221–1238.
[CrossRef]

293. Baxter, C.J.; Redestig, H.; Schauer, N.; Repsilber, D.; Patil, K.R.; Nielsen, J.; Selbig, J.; Liu, J.; Fernie, A.R.;
Sweetlove, L.J. The metabolic response of heterotrophic Arabidopsis cells to oxidative stress. Plant Physiol.
2007, 143, 312–325. [CrossRef]

294. Lehmann, M.; Schwarzlander, M.; Obata, T.; Sirikantaramas, S.; Burow, M.; Olsen, C.E.; Tohge, T.; Fricker, M.D.;
Moller, B.L.; Fernie, A.R.; et al. The metabolic response of Arabidopsis roots to oxidative stress is distinct from
that of heterotrophic cells in culture and highlights a complex relationship between the levels of transcripts,
metabolites, and flux. Mol Plant 2009, 2, 390–406. [CrossRef]

295. Lehmann, M.; Laxa, M.; Sweetlove, L.J.; Fernie, A.R.; Obata, T. Metabolic recovery of Arabidopsis thaliana
roots following cessation of oxidative stress. Metabolomics 2012, 8, 143–153. [CrossRef]

296. Obata, T.; Matthes, A.; Koszior, S.; Lehmann, M.; Araujo, W.L.; Bock, R.; Sweetlove, L.J.; Fernie, A.R.
Alteration of mitochondrial protein complexes in relation to metabolic regulation under short-term oxidative
stress in Arabidopsis seedlings. Phytochemistry 2011, 72, 1081–1091. [CrossRef]

297. Morgan, M.J.; Lehmann, M.; Schwarzlander, M.; Baxter, C.J.; Sienkiewicz-Porzucek, A.; Williams, T.C.;
Schauer, N.; Fernie, A.R.; Fricker, M.D.; Ratcliffe, R.G.; et al. Decrease in manganese superoxide dismutase
leads to reduced root growth and affects tricarboxylic acid cycle flux and mitochondrial redox homeostasis.
Plant Physiol. 2008, 147, 101–114. [CrossRef]

298. Ishikawa, T.; Takahara, K.; Hirabayashi, T.; Matsumura, H.; Fujisawa, S.; Terauchi, R.; Uchimiya, H.;
Kawai-Yamada, M. Metabolome analysis of response to oxidative stress in rice suspension cells overexpressing
cell death suppressor Bax inhibitor-1. Plant Cell Physiol. 2010, 51, 9–20. [CrossRef]

299. Livigni, S.; Lucini, L.; Sega, D.; Navacchi, O.; Pandolfini, T.; Zamboni, A.; Varanini, Z. The different tolerance
to magnesium deficiency of two grapevine rootstocks relies on the ability to cope with oxidative stress.
BMC Plant Biol. 2019, 19, 148. [CrossRef] [PubMed]

300. Demirel, U.; Morris, W.L.; Ducreux, L.J.M.; Yavuz, C.; Asim, A.; Tindas, I.; Campbell, R.; Morris, J.A.;
Verrall, S.R.; Hedley, P.E.; et al. Physiological, Biochemical, and Transcriptional Responses to Single and
Combined Abiotic Stress in Stress-Tolerant and Stress-Sensitive Potato Genotypes. Front. Plant Sci. 2020, 11,
169. [CrossRef] [PubMed]

301. Obata, T.; Fernie, A.R. The use of metabolomics to dissect plant responses to abiotic stresses. Cell. Mol. Life
Sci. 2012, 69, 3225–3243. [CrossRef] [PubMed]

http://dx.doi.org/10.1104/pp.111.182188
http://dx.doi.org/10.1105/tpc.110.075630
http://dx.doi.org/10.1111/j.1365-3040.2006.01608.x
http://dx.doi.org/10.1111/j.1365-313X.2012.04905.x
http://dx.doi.org/10.1093/pcp/pcn044
http://www.ncbi.nlm.nih.gov/pubmed/18344526
http://dx.doi.org/10.1093/jxb/eri059
http://www.ncbi.nlm.nih.gov/pubmed/15596475
http://dx.doi.org/10.1104/pp.107.096958
http://www.ncbi.nlm.nih.gov/pubmed/17449651
http://dx.doi.org/10.1104/pp.109.143842
http://dx.doi.org/10.1104/pp.106.090431
http://dx.doi.org/10.1093/mp/ssn080
http://dx.doi.org/10.1007/s11306-011-0296-1
http://dx.doi.org/10.1016/j.phytochem.2010.11.003
http://dx.doi.org/10.1104/pp.107.113613
http://dx.doi.org/10.1093/pcp/pcp162
http://dx.doi.org/10.1186/s12870-019-1726-x
http://www.ncbi.nlm.nih.gov/pubmed/30991946
http://dx.doi.org/10.3389/fpls.2020.00169
http://www.ncbi.nlm.nih.gov/pubmed/32184796
http://dx.doi.org/10.1007/s00018-012-1091-5
http://www.ncbi.nlm.nih.gov/pubmed/22885821


Plants 2020, 9, 591 34 of 36

302. Haug, K.; Salek, R.M.; Conesa, P.; Hastings, J.; de Matos, P.; Rijnbeek, M.; Mahendraker, T.; Williams, M.;
Neumann, S.; Rocca-Serra, P.; et al. MetaboLights—an open-access general-purpose repository for
metabolomics studies and associated meta-data. Nucleic Acids Res. 2013, 41, D781–D786. [CrossRef]

303. Udayakumar, M.; Prem Chandar, D.; Arun, N.; Mathangi, J.; Hemavathi, K.; Seenivasagam, R. PMDB: Plant
Metabolome Database—A Metabolomic Approach. Med. Chem. Res. 2012, 21, 47–52. [CrossRef]

304. Bais, P.; Moon, S.M.; He, K.; Leitao, R.; Dreher, K.; Walk, T.; Sucaet, Y.; Barkan, L.; Wohlgemuth, G.; Roth, M.R.;
et al. PlantMetabolomics.org: A Web Portal for Plant Metabolomics Experiments. Plant Physiol. 2010, 152,
1807–1816. [CrossRef]

305. Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vazquez-Fresno, R.; Sajed, T.; Johnson, D.;
Li, C.; Karu, N.; et al. HMDB 4.0: The human metabolome database for 2018. Nucleic Acids Res. 2018, 46,
D608–D617. [CrossRef]

306. Guijas, C.; Montenegro-Burke, J.R.; Domingo-Almenara, X.; Palermo, A.; Warth, B.; Hermann, G.; Koellensperger, G.;
Huan, T.; Uritboonthai, W.; Aisporna, A.E.; et al. METLIN: A Technology Platform for Identifying Knowns
and Unknowns. Anal. Chem. 2018, 90, 3156–3164. [CrossRef]

307. Horai, H.; Arita, M.; Kanaya, S.; Nihei, Y.; Ikeda, T.; Suwa, K.; Ojima, Y.; Tanaka, K.; Tanaka, S.; Aoshima, K.;
et al. MassBank: A public repository for sharing mass spectral data for life sciences. J. Mass Spectrom. 2010,
45, 703–714. [CrossRef]

308. Redestig, H.; Costa, I.G. Detection and interpretation of metabolite–transcript coresponses using combined
profiling data. Bioinformatics 2011, 27, i357–i365. [CrossRef]

309. Afendi, F.M.; Okada, T.; Yamazaki, M.; Hirai-Morita, A.; Nakamura, Y.; Nakamura, K.; Ikeda, S.; Takahashi, H.;
Altaf-Ul-Amin, M.; Darusman, L.K.; et al. KNApSAcK family databases: Integrated metabolite-plant species
databases for multifaceted plant research. Plant Cell Physiol. 2012, 53, e1. [CrossRef] [PubMed]

310. Nakamura, Y.; Afendi, F.M.; Parvin, A.K.; Ono, N.; Tanaka, K.; Hirai Morita, A.; Sato, T.; Sugiura, T.;
Altaf-Ul-Amin, M.; Kanaya, S. KNApSAcK Metabolite Activity Database for retrieving the relationships
between metabolites and biological activities. Plant Cell Physiol. 2014, 55, e7. [CrossRef] [PubMed]

311. Nakamura, K.; Shimura, N.; Otabe, Y.; Hirai-Morita, A.; Nakamura, Y.; Ono, N.; Ul-Amin, M.A.; Kanaya, S.
KNApSAcK-3D: A three-dimensional structure database of plant metabolites. Plant Cell Physiol. 2013, 54, e4.
[CrossRef]

312. Scalbert, A.; Brennan, L.; Fiehn, O.; Hankemeier, T.; Kristal, B.S.; van Ommen, B.; Pujos-Guillot, E.; Verheij, E.;
Wishart, D.; Wopereis, S. Mass-spectrometry-based metabolomics: Limitations and recommendations for
future progress with particular focus on nutrition research. Metabolomics 2009, 5, 435–458. [CrossRef] [PubMed]

313. Watson, D.G. A rough guide to metabolite identification using high resolution liquid chromatography mass
spectrometry in metabolomic profiling in metazoans. Comput. Struct. Biotechnol. J. 2013, 4, e201301005. [CrossRef]
[PubMed]

314. Tikunov, Y.M.; Laptenok, S.; Hall, R.D.; Bovy, A.; de Vos, R.C. MSClust: A tool for unsupervised mass spectra
extraction of chromatography-mass spectrometry ion-wise aligned data. Metabolomics 2012, 8, 714–718.
[CrossRef]

315. Lommen, A.; Kools, H.J. MetAlign 3.0: Performance enhancement by efficient use of advances in computer
hardware. Metabolomics 2012, 8, 719–726. [CrossRef]

316. Ruttkies, C.; Schymanski, E.L.; Wolf, S.; Hollender, J.; Neumann, S. MetFrag relaunched: Incorporating
strategies beyond in silico fragmentation. J. Cheminform. 2016, 8, 3. [CrossRef]

317. Bingol, K.; Bruschweiler-Li, L.; Li, D.; Zhang, B.; Xie, M.; Brüschweiler, R. Emerging new strategies for
successful metabolite identification in metabolomics. Bioanalysis 2016, 8, 557–573. [CrossRef]

318. Markley, J.L.; Brüschweiler, R.; Edison, A.S.; Eghbalnia, H.R.; Powers, R.; Raftery, D.; Wishart, D.S. The future
of NMR-based metabolomics. Curr. Opin. Biotechnol. 2017, 43, 34–40. [CrossRef]

319. Moriya, Y.; Itoh, M.; Okuda, S.; Yoshizawa, A.C.; Kanehisa, M. KAAS: An automatic genome annotation and
pathway reconstruction server. Nucleic Acids Res. 2007, 35, W182–W185. [CrossRef] [PubMed]

320. Fabregat, A.; Sidiropoulos, K.; Garapati, P.; Gillespie, M.; Hausmann, K.; Haw, R.; Jassal, B.; Jupe, S.;
Korninger, F.; McKay, S.; et al. The Reactome pathway Knowledgebase. Nucleic Acids Res. 2016, 44, D481–D487.
[CrossRef] [PubMed]

321. Caspi, R.; Altman, T.; Billington, R.; Dreher, K.; Foerster, H.; Fulcher, C.A.; Holland, T.A.; Keseler, I.M.;
Kothari, A.; Kubo, A.; et al. The MetaCyc database of metabolic pathways and enzymes and the BioCyc
collection of Pathway/Genome Databases. Nucleic Acids Res. 2014, 42, D459–D471. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gks1004
http://dx.doi.org/10.1007/s00044-010-9506-z
http://dx.doi.org/10.1104/pp.109.151027
http://dx.doi.org/10.1093/nar/gkx1089
http://dx.doi.org/10.1021/acs.analchem.7b04424
http://dx.doi.org/10.1002/jms.1777
http://dx.doi.org/10.1093/bioinformatics/btr231
http://dx.doi.org/10.1093/pcp/pcr165
http://www.ncbi.nlm.nih.gov/pubmed/22123792
http://dx.doi.org/10.1093/pcp/pct176
http://www.ncbi.nlm.nih.gov/pubmed/24285751
http://dx.doi.org/10.1093/pcp/pcs186
http://dx.doi.org/10.1007/s11306-009-0168-0
http://www.ncbi.nlm.nih.gov/pubmed/20046865
http://dx.doi.org/10.5936/csbj.201301005
http://www.ncbi.nlm.nih.gov/pubmed/24688687
http://dx.doi.org/10.1007/s11306-011-0368-2
http://dx.doi.org/10.1007/s11306-011-0369-1
http://dx.doi.org/10.1186/s13321-016-0115-9
http://dx.doi.org/10.4155/bio-2015-0004
http://dx.doi.org/10.1016/j.copbio.2016.08.001
http://dx.doi.org/10.1093/nar/gkm321
http://www.ncbi.nlm.nih.gov/pubmed/17526522
http://dx.doi.org/10.1093/nar/gkv1351
http://www.ncbi.nlm.nih.gov/pubmed/26656494
http://dx.doi.org/10.1093/nar/gkt1103
http://www.ncbi.nlm.nih.gov/pubmed/24225315


Plants 2020, 9, 591 35 of 36

322. Results of the “Abiotic Stress” Query Exclusively in the Pathways Section of KEGG. Available online: https://
www.kegg.jp/kegg-bin/highlight_pathway?scale=1.0&map=map04016&keyword=abiotic%20stress (accessed
on 30 April 2020).

323. Results of the “Abiotic Stress” Query in the Main Page of the Reactome Database. Available online:
https://reactome.org/content/query?q=abiotic+stress&species=Arabidopsis+thaliana&species=Oryza+

sativa&cluster=true (accessed on 30 April 2020).
324. Results of the “Abiotic Stress” Query in the MetaCyc Database. Available online: http://metacyc.ai.sri.com/

META/NEW-IMAGE?type=NIL&object=GO:0006950 (accessed on 30 April 2020).
325. Carbon, S.; Ireland, A.; Mungall, C.J.; Shu, S.; Marshall, B.; Lewis, S. AmiGO: Online access to ontology and

annotation data. Bioinformatics 2009, 25, 288–289. [CrossRef] [PubMed]
326. Results of the “Abiotic Stress” Query in the AmiGO Platform. Available online: http://amigo.geneontology.

org/amigo/medial_search?q=abiotic+stress (accessed on 30 April 2020).
327. Conesa, A.; Gotz, S. Blast2GO: A comprehensive suite for functional analysis in plant genomics. Int. J. Plant

Genom. 2008, 2008, 619832. [CrossRef] [PubMed]
328. Du, Z.; Zhou, X.; Ling, Y.; Zhang, Z.; Su, Z. agriGO: A GO analysis toolkit for the agricultural community.

Nucleic Acids Res. 2010, 38, W64–W70. [CrossRef] [PubMed]
329. Tian, T.; Liu, Y.; Yan, H.; You, Q.; Yi, X.; Du, Z.; Xu, W.; Su, Z. agriGO v2.0: A GO analysis toolkit for the

agricultural community, 2017 update. Nucleic Acids Res. 2017, 45, W122–W129. [CrossRef]
330. Thimm, O.; Blasing, O.; Gibon, Y.; Nagel, A.; Meyer, S.; Kruger, P.; Selbig, J.; Muller, L.A.; Rhee, S.Y.; Stitt, M.

MAPMAN: A user-driven tool to display genomics data sets onto diagrams of metabolic pathways and other
biological processes. Plant J. 2004, 37, 914–939. [CrossRef]

331. Usadel, B.; Poree, F.; Nagel, A.; Lohse, M.; Czedik-Eysenberg, A.; Stitt, M. A guide to using MapMan to
visualize and compare Omics data in plants: A case study in the crop species, Maize. Plant Cell Environ.
2009, 32, 1211–1229. [CrossRef]

332. Ramšak, Ž.; Baebler, Š.; Rotter, A.; Korbar, M.; Mozetič, I.; Usadel, B.; Gruden, K. GoMapMan: Integration,
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