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a  b  s  t  r  a  c  t

Plants  produce  a vast  array  of specialized  metabolites,  many  of  which  are  used  as  pharmaceuticals,Q2
flavors,  fragrances,  and  other  high-value  fine  chemicals.  However,  most  of these  compounds  occur  in
non-model  plants  for which  genomic  sequence  information  is not  yet available.  The  production  of  a  large
amount  of  nucleotide  sequence  data  using  next-generation  technologies  is  now  relatively  fast  and  cost-
effective,  especially  when  using  the  latest  Roche-454  and  Illumina  sequencers  with  enhanced  base-calling
accuracy.  To  investigate  specialized  metabolite  biosynthesis  in  non-model  plants  we  have  established  a
data-mining  framework,  employing  next-generation  sequencing  and  computational  algorithms,  to con-
struct and  analyze  the  transcriptomes  of 75 non-model  plants  that  produce  compounds  of  interest  for
biotechnological  applications.  After  sequence  assembly  an  extensive  annotation  approach  was  applied
to  assign  functional  information  to over  800,000  putative  transcripts.  The  annotation  is based  on  direct
searches  against  public  databases,  including  RefSeq  and  InterPro.  Gene  Ontology  (GO),  Enzyme  Commis-
sion  (EC)  annotations  and  associated  Kyoto  Encyclopedia  of Genes  and  Genomes  (KEGG)  pathway  maps
are  also  collected.  As  a proof-of-concept,  the  selection  of  biosynthetic  gene  candidates  associated  with
six specialized  metabolic  pathways  is described.  A  web-based  BLAST  server  has  been  established  to allow
public  access  to  assembled  transcriptome  databases  for all  75  plant  species  of the  PhytoMetaSyn  Project
(www.phytometasyn.ca).

© 2013 Published by Elsevier B.V.

1. Introduction

Plant specialized metabolites have long been exploited through
their use as flavors, pigments, medicines and industrial raw materi-
als (Oksman-Caldentey and Saito, 2005; Fabricant and Farnsworth,
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2001). Different from the role of primary metabolites in basic
life functions, such as plant growth and development, special-
ized metabolites are mostly involved in mediating the interactions
of plants with their environment, including the attraction of
pollinators and defense against pathogens. These specialized com-
pounds are characterized by an enormous diversity of chemical
structures and can be categorized into several major groups
based on their biosynthesis: polyketides, terpenes (isoprenoids),
alkaloids, phenylpropanoids and flavonoids (Oksman-Caldentey
and Inzé, 2004). Generally, each of these categories contains
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thousands of known compounds with many more awaiting dis-
coveries.

Among the tens of thousands of plant specialized metabo-
lites, many display potent biological activities and have been
used extensively as pharmaceuticals (Rates, 2001). The de novo
chemical synthesis of many of these metabolites has had limited
success due to the typical occurrence of chiral centers; thus, natu-
rally occurring and semi-synthetic compounds remain the main
sources for commercial pharmaceutical applications. Neverthe-
less, the accumulation of many specialized metabolites in plants
is low and depends on physiological, developmental and envi-
ronmental factors (Oksman-Caldentey and Inzé, 2004). Access to
such compounds is often inadequate and a reliance on the produc-
tion of metabolites from naturally growing plants is not always
sustainable. Metabolic engineering approaches have been used
to increase specialized metabolite levels in plants (Dixon, 2005).
However, it is often difficult to obtain desired compounds owing
to the complexity of metabolic pathways and their regulation.
Recently, plant biosynthetic pathways have been assembled in
engineered microbial systems to produce targeted chemical com-
pounds. For example, yeast has been engineered to produce a
key precursor for the production of artemisinin (Ro et al., 2006)
and a pathway intermediate leading to compounds such as mor-
phine and codeine (Hawkins and Smolke, 2008). Although plant
based metabolic engineering remains promising (De Luca et al.,
2012), microbial production has several advantages over plant-
based methods including (i) the relative ease of purifying target
molecules using well established fermentation systems, (ii) the
rapid growth rate of microorganisms compared with plants, and
(iii) the improved optimization potential of microbial platforms
using molecular, genetic and process engineering approaches.

Understanding the biosynthetic pathways is fundamental for
the commercial production of specialized metabolites using these
alternative approaches. Specialized plant metabolites often have
long and complex biosynthetic pathways and it is generally chal-
lenging to identify all of the enzymes that catalyze the numerous
metabolic transformations (Oksman-Caldentey and Inzé, 2004).
Enzymes of plant specialized metabolic pathways are often
encoded by large gene families and, generally, the specific func-
tions of individual genes cannot be predicted strictly based on
sequence analysis (Keeling and Bohlmann, 2006; Schuler and
Werck-Reichhart, 2003; Nelson and Werck-Reichhart, 2011). The
discovery of biosynthetic genes involved in plant specialized
metabolism represents a unique challenge owing to the organiza-
tion of many pathways as complex enzymatic networks producing
several products, rather than simple linear schemes leading to
a single compound (Hall et al., 2013). Moreover, most valuable
specialized metabolites are derived from non-model plants, most
of which have limited genomics resources (Fields and Johnston,
2005). A data-mining framework that integrates metabolomics,
bioinformatics and functional genomics is essential to efficiently
investigate specialized metabolite pathways in non-model plants.

Transcriptomics data mining is an efficient way to dis-
cover genes or gene families encoding enzymes involved in
various metabolic pathways. High-throughput next-generation
sequencing (NGS) technologies have revolutionized transcrip-
tomics especially with the advent of RNA-sequencing (RNA-seq).
This technology can be used to obtain RNA sequences on a massive
scale with enormous sequencing depth. Despite these advantages,
the sequence reads obtained from NGS platforms, such as Illumina,
SOLiD and Roche-454, are often short (35–500 bp) compared with
traditional Sanger sequencing (>700 bp) (Metzker, 2010). Corre-
spondingly, a transcriptome must be reconstructed from raw reads
using sequence assembly tools based on a reference genome, de
novo assembly, or methods that combine both strategies (Martin
and Wang, 2011).

RNA-seq has been applied to hundreds of non-model plants
(Schliesky et al., 2012; Johnson et al., 2012). However, more com-
prehensive coverage of selected plant species is required to better
understand the biosynthesis of specific specialized metabolites.
The PhytoMetaSyn Project (www.phytometasyn.ca) has targeted
75 non-model plants that produce natural products belonging to
three general categories: terpenoids, alkaloids and polyketides
(Supplementary Table 1) (Facchini et al., 2012). Six subgroups
(i.e. sesquiterpenes, diterpenes, triterpenes, monoterpenoid indole
alkaloids, benzylisoquinoline alkaloids and polyketides) are the
focus of efforts to identify novel biosynthetic genes responsible for
the diversity of compounds produced in these 75 species. In this
paper, the Roche-454 and Illumina GA NGS platforms (Suzuki et al.,
2011) were used to sequence selected cDNA libraries. As a proof of
concept and to compare the output transcriptome databases from
two NGS technologies, we  report the sequencing results of the first
twenty plant species (Table 1). The bioinformatics pipeline devel-
oped to assemble and annotate the sequences is also described in
detail.

2. Materials and methods

2.1. RNA extraction

The Trizol method was used to extract total RNA from plant
organs and tissues (Chomczynski and Sacchi, 1987). When the
polysaccharide and polyphenolic content was high, such as in roots
or rhizomes, a modified CTAB method was  used (Desgagne-Penix
et al., 2010). The quality and quantity of isolated total RNA were
evaluated on the basis of UV absorption ratios (i.e. 260/280 nm
and 260/230 nm). All the samples showed a 260/280 nm ratio of
between 1.9 and 2.1, and a 260/230 nm ratio in the range of 2.0–2.5.
The 75 plant species used in this study are listed in Supplementary
Table 2.

2.2. Poly(A)+ RNA purification, cDNA library preparation and
next-generation sequencing

Poly(A)+ RNA purification, cDNA library preparation, emulsion-
based PCR (emPCR) and sequencing was  performed at the McGill
University and Génome Québec Innovation Center (Montréal,
Canada). The RNA content in all samples was  quantified using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific). RNA
samples were further analyzed using an RNA 6000 Nano chip on
a BioAnalyzer 2100 (Agilent Technologies) to validate RNA qual-
ity. Only samples with a BioAnalyzer RNA Integrity Number (RIN)
of 7.5 or greater were used for sequencing. Poly(A)+ RNA was
purified from 20 to 40 �g of total RNA by two rounds of selec-
tion using oligo (dT) attached to magnetic beads and a Dynabeads
mRNA Purification kit (Invitrogen). The cDNA libraries for Roche-
454 pyrosequencing were constructed from 200 ng of mRNA using
a cDNA Rapid Library kit (Roche) and subsequently amplified by
emPCR as per the manufacturer’s instructions. After amplification,
the DNA carrying beads for each library were loaded onto one-half
of a PicoTiterPlate and subjected to Roche-454 GS-FLX Titanium
pyrosequencing. Image and signal processing of the raw output
data was performed using GS Run Processor. Sequence reads with
high-quality scores were written into Standard Flowgram Format
(SFF) files.

The cDNA libraries for Illumina GA sequencing were constructed
from 10 �g of total RNA using the TruSeq Stranded mRNA Sample
Prep Kit (Illumina) according to the manufacturer’s instructions.
The quality and average length of cDNAs in each library were deter-
mined using a High Sensitivity DNA (Agilent Technologies) chip on
a 2100 Bioanalyzer. For Illumina GA sequencing, 7 pmol of each
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