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Importance of Plant Secondary Metabolites
Plants synthesize an impressive number of different secondary 

metabolites involved directly in the interaction with other organisms 
and with environment or indirectly in the regulation of plant responses 
[1,2]. Moreover many secondary metabolites hold beneficial effects on 
human health and are used as bioactive components of drugs [3]. Plant 
nutraceuticals, natural plant food and use of nutritional therapies and 
phytotherapies have become progressively popular to improve health 
and to prevent and treat diseases. Improving the traits related to plant 
secondary metabolism (i.e. defense responses, fitness, stress tolerance, 
nutraceutical value, etc.) has become a main target of plant breeding 
and biotechnology industry [4].

Despite the importance of plant secondary metabolites there is 
a big gap of knowledge on the genes involved in their biosynthesis, 
accumulation, and degradation. A limited number of pathways have 
been completely clarified and in most of the cases the study was limited 
to model plants. Nevertheless, this scenario is rapidly changing as 
new tools for the identification of genes encoding for entire metabolic 
pathways and those involved in their regulation emerged.

Advances in Sequencing Technologies and Data Mining 
for the Prediction of Genes for Secondary Metabolite 
Pathways

The diffusion of new technologies have rapidly increased the release 
rate of sequence and expression data. The large amount of sequence 
information now available for plant genomes and transcriptomes, 
provides an opportunity to identify genes involved in secondary 
metabolic pathways in many plant species of agronomical interest.

The analysis of differential gene expression is the main approach in 
the identification of transcripts involved in particular plant traits. The 
approach is based on the individuation of two experimental conditions 
that possibly determine differences circumscribed to the investigated 
phenomenon (i.e. a mutant vs. wild type, presence or absence of an 
elicitor, different tissues or developmental stages etc.) [7]. 

An effective approach to predict genes involved in the same 
metabolic pathway is the co-expression analysis. A set of genes involved 
in a biological process can be co-regulated and thus co-expressed under 
the control of a shared regulatory system, therefore, if a gene with 
unknown function is co-expressed with known genes of a particular 
metabolic pathway, this gene has potentially a role in the same pathway 
[8]. Co-expression analysis can be conducted using datasets from 

RNA-seq or microarray obtained in expressly designed experiments or 
also by comparing already existing data publicly available [9]. Further 
functional characterization of the identified genes demonstrated the 
effectiveness of this approach [10]. 

Some mutations or stress conditions share a similar effect on 
particular metabolic pathways. Combining co-expression analysis and 
metabolic profiling in the appropriate conditions it is possible to realize 
a prioritization of the genes involved in such pathways [8,11].

Gene Clusters for Secondary Metabolites
Until recently, it was thought that genes for plant metabolic 

pathways were randomly spread along the genome, and this was 
certainly true in some cases; however it is now becoming increasingly 
clear that genes for the synthesis of many major classes of plant-derived 
secondary metabolites are organized into clusters, reminiscent of the 
operons and metabolic gene clusters found in microbes [12,13]. These 
clusters consist of groups of physically linked genes that are functionally 
related and co-regulated. Unlike operons, genes within these clusters 
are transcribed separately [13]. 

Operon-like gene clusters can be identified by integrating 
expression data and information about physical position of genes in 
the genome [14]. Recently, Field and Osbourn [15] have shown that 
computational approaches are effective to predict gene clusters in 
plants. Extensive gene expression data can be used to identify clusters of 
co-expressed genes with predicted functions in secondary metabolism. 
It can be evaluated whether physically linked genes show statistically 
significant co-expression compared to other randomly selected genes. 
A high number of candidate clusters have been recently predicted 
utilizing publicly available expression profile data jointly with genome 
assembly data [16].

Expression Quantitative Trait Locus (eQTL)
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The deep-sequencing technologies (NGS - Next generation 
sequencing), recently developed, allow to deliver large amount of 
fast and inexpensive sequence information [5], at the same time the 
progress in bioinformatic approaches, both as hardware and software 
for the analysis of data, permit an ever improving management and 
mining of such large datasets. RNA-Seq, a recently developed approach 
for transcriptome profiling by mean of deep-sequencing technologies, 
provides a far more precise measurement of the level of gene transcripts 
and their isoforms than other methods [6]. 

Phenotypic differences are both the result of sequence 
polymorphisms that produce altered (or absent) proteins and the 
result of qualitative and quantitative differences in gene expression that 
generate varying amounts of protein in a cell or tissue [17]. Up to know, 
the contribution of transcript abundance variation to the phenotypic 
diversity still remains under appreciated. Nevertheless, in the last years 
these studies are undergoing a strong impulse thanks to the availability 
of large scale mRNA profiling technologies [18,19].
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If transcript levels are measured across individuals of a genetic 
mapping population the recorded variation in mRNA transcript 
abundance for each gene may be treated as a heritable trait that can be 
subjected to statistical genetic analyses. These analyses allow identifying 
the chromosomal region that controls the observed variation (eQTLs) 
[20]. 

Large scale mRNA profiling technologies allow the genome-wide 
mapping of thousands of eQTLs in a single experiment. A single gene 
can have one or multiple eQTLs. When combined with classical or 
trait QTLs, correlation analyses can directly suggest candidates for 
genes underlying these traits [17]. The mRNA profiling data sets can 
also be used to infer the chromosomal positions of thousands of genes, 
an outcome that is particularly valuable for species with unsequenced 
genomes where the chromosomal location of the majority of genes 
remains unknown. 

As plant genotypes strongly differ for the content of specific 
secondary metabolites and a transcriptional regulation of the pathways 
has been observed in some cases, the eQTL analyses can contribute to 
clarify the genetic regulatory networks which control these traits.

In the next years, improved eQTL mapping strategies will 
strongly increase the knowledge of the contribution of non-coding 
polymorphisms to gene expression regulation providing new tools to 
determine the genetic variants underpinnig the broad diversity of the 
plants.

Integration of Transcriptomics, Proteomics and 
Metabolomics Data

As it was discussed in the previous paragraphs, the transcriptomics 
is a powerful tool for the identification of the genes involved in plant 
secondary metabolism, however the integration of transcriptomics 
with proteomics or metabolomics can strongly increase the quantity of 
information that can be obtained and offer new possibilities to explore 
the extraordinary complexity of plant biochemical capacity. 

One important aspect regards the identification of variably spliced 
transcripts and the discrete proteins they encode. The integration of 
next-generation gene expression data with proteomics data provides 
information on the functional significance of these isoforms clarifying 
which is the percentage expressed as proteins. Proteomic data can also be 
used to inform genome annotation and characterize post-translational 
modification as has been demonstrated in a number of recent studies 
[21,22]. These studies will lead to novel testable hypotheses regarding 
the connection between genotype and phenotype.

In recent years, technologies for the analysis of metabolites have 
made spectacular advances both in terms of the number of metabolites 
that are identified and of throughput. Recent developments allow the 
construction of metabolic networks and study of the role of these 
networks in the plant biological processes. Metabolite data sets in 
combination with other types of data, such as expression profiles or 
proteomics data can be used to generate hypotheses about functional 
relationships [23,24]. At the simplest level, correlation networks can 
be used to identify which components might be functionally related 
based on the “guilt by association” principle. As discussed below, the 
integration of transcriptomics and metabolomics have been successfully 
used to identify many genes regulating the metabolic pathways as 
those involved in glucosynolate and flavonoid biosynthesis [23,25,26]. 
Moreover, correlating mass peaks with transcripts could be a powerful 
strategy for identifying metabolites in complex extracts [27].

Much effort to create bioinformatics tools able to combine data 
coming from different sources are on-going. It is expected that these 
tools will strongly increase the level of comprehension of the plant 
system.

Closing Remarks and Future Perspectives
In the last years, thanks to the next generation sequencing 

methodologies, a huge amount of sequence data on plant genomes and 
transcriptomes has been released and much more will be made available 
in the coming years. The availability of these resources makes the use 
of genome mining and other computational approaches powerful tools 
for the study of genes involved in secondary metabolite pathways. Now 
more than ever this kind of studies can have a strong impulse and can 
be extended to a large number of plant species.

Co-expression analysis and genome mining approaches based on 
these data sets have become a powerful tool to elucidate gene function. 
They can be used to find effective candidate genes for entire secondary 
metabolic pathways. This is particularly useful in those species where 
finding the genes of a pathway is particularly difficult by traditional 
functional genomic techniques (e.g. gene silencing, overexpression), 
due to the long time required for the regeneration and growth of plants 
and the lack of effective mutagenesis populations.

The discovery that genes for plant secondary metabolic pathways are 
organized in clusters has open unprecedented opportunities to discover 
entirely new metabolic pathways and chemistries of agronomical 
and pharmaceutical importance, an approach that has been highly 
successful in microbes. As the volume of available genome sequence 
information for different plant species is continuously increasing, it will 
be possible to determine how common secondary metabolic clusters 
are organized in plant genomes and what kind of compounds these 
clusters may produce.

Reduced sequencing costs will also increase the number of studies 
that use RNA sequencing data to perform eQTL mapping, which will 
increase our knowledge of how gene expression variation contributes to 
phenotypic variation. 

Finally, the combination and the integration of different –omics 
data will contribute, in the near future, to a comprehensive systems-
level understanding of plants.
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