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Genome-enabled discoveries are the hallmark of 21st century biology, including major discoveries in the biosynthesis and
regulation of plant metabolic pathways. Access to next generation sequencing technologies has enabled research on the
biosynthesis of diverse plant metabolites, especially secondary metabolites, resulting in a broader understanding of not only the
structural and regulatory genes involved in metabolite biosynthesis but also in the evolution of chemical diversity in the plant
kingdom. Several paradigms that govern secondary metabolism have emerged, including that (1) gene family expansion and
diversification contribute to the chemical diversity found in the plant kingdom, (2) genes encoding biochemical pathway
components are frequently transcriptionally coregulated, and (3) physical clustering of nonhomologous genes that encode
components of secondary metabolic pathways can occur. With an increasing knowledge base that is coupled with user-friendly
and inexpensive technologies, biochemists are poised to accelerate the annotation of biochemical pathways relevant to human
health, agriculture, and the environment.

Arabidopsis (Arabidopsis thaliana) has been in a post-
genomics era for 15 years; as a consequence, a substantial
portion of our knowledge of plantmetabolism is derived
from this model species, including both primary and
secondary metabolites. Primary metabolites are consid-
ered to be essential for plant growth and development,
whereas secondary metabolites (also known as special-
ized metabolites) were traditionally believed to improve
plant function, such as defense against abiotic and biotic
stress. However, a more recent definition to distinguish
between these groups of metabolites and their pathways
is based on their taxonomic distribution, with primary
metabolism referring to pathways universally distrib-
uted throughout the plant kingdom and secondary me-
tabolism referring to pathways and resultingmetabolites
that are taxa or species specific (Pichersky and Gang,
2000).

GENOME SEQUENCING AS A MAJOR CATALYST IN
UNDERSTANDING PLANT METABOLISM

The first 15 years of the 21st century have seen a rev-
olution in genomic technologies, with advances con-
tinuing to impact all areas of plant biology, including
plant metabolism, as access to the genome sequence
along with associated large-scale data sets, such as ex-
pression and metabolite profiles, can empower the
discovery of the biosynthetic and regulatory pathways
of not only discrete but also large classes of metabolites.
Indeed, generation of the genome sequence of Arabi-
dopsis in 2000 (Arabidopsis Genome Initiative, 2000)
was seminal in plant metabolism research, as not only

was the full genome sequence of a plant determined but
the development of accessible and robust functional
genomics resources, such as full-length complementary
DNA clone sets, tagged mutant lines, and a rapid and
facile transformation method, collectively enabled im-
provements in our understanding of plant metabolism
(Buell and Last, 2010). Another key attribute of com-
pleting the Arabidopsis genome was the high quality of
the underlying sequence and the investment in genome
annotation with publicly accessible and curated data-
bases, including a dedicated biochemical pathway
database (Mueller et al., 2003), thereby enabling broad
access to the wealth of data generated by the commu-
nity on this focal species.

The Arabidopsis genome was sequenced using
dideoxy chain termination chemistry with a bacterial
artificial chromosome (BAC)-by-BAC approach that is
now outdated (Arabidopsis Genome Initiative, 2000).
Current sequencing technologies utilize a sequencing-
by-synthesis approach that is ultra high throughput,
extremely inexpensive, and available to any researcher
in the world. Collectively, these technologies are
termed next generation sequencing (NGS) methods,
with the Illumina platform dominating the market
(http://www.illumina.com) and the Pacific Biosci-
ences and Ion Torrent platforms employed primarily
for long-read generation and amplicon sequencing,
respectively (http://www.pacificbiosciences.com and
https://www.lifetechnologies.com/us/en/home/brands/
ion-torrent.html). Due to the rapid evolution of se-
quencing technologies, the technical aspects of these
platforms are not discussed in this article, and the
reader is referred to a review article available on these
platforms (Mardis, 2013). One obvious application of
NGS is the generation of de novo genome and tran-
scriptome sequences, both of which have been highly

* Address correspondence to buell@msu.edu.
www.plantphysiol.org/cgi/doi/10.1104/pp.15.00976

1532 Plant Physiology�, November 2015, Vol. 169, pp. 1532–1539, www.plantphysiol.org � 2015 American Society of Plant Biologists. All Rights Reserved.

http://orcid.org/0000-0002-7102-6799
http://orcid.org/0000-0002-6727-4677
http://www.illumina.com
http://www.pacificbiosciences.com
https://www.lifetechnologies.com/us/en/home/brands/ion-torrent.html
https://www.lifetechnologies.com/us/en/home/brands/ion-torrent.html
mailto:buell@msu.edu
http://www.plantphysiol.org/cgi/doi/10.1104/pp.15.00976


informative across many species for understanding
plant metabolism. However, NGS technologies have
numerous applications outside de novo assemblies,
and some emerging examples of their use in revealing
complexities in plant metabolism are highlighted in this
Update article.
While Arabidopsis has and will continue to serve as a

model species for plant metabolism, it fails to capture
the full diversity of chemistry present within the plant
kingdom. In particular, given that secondarymetabolites
are taxa or even species specific, accessibility to the ge-
nomic resources of each target species is essential for
genome-enabled pathway discovery. Recent improve-
ments in assembly algorithms and annotation software,
coupled with access to increased computational power
and NGS technology, have enabled the generation of
genome sequences of a wide number of plant species
that can be used as a platform for secondary metabolite
pathway discovery (Fig. 1). While challenges still exist
in the assembly of large and/or repetitive genomes,
polyploid species, and heterozygosity, these barriers can
be addressed, in part, using approaches that bypass or
minimize these complexities in the genome assembly
process (Hirsch and Buell, 2013). Indeed, genome se-
quences are available for most crop species, albeit in
varying degrees of quality, including a wide set of spe-
cies with relevant secondary metabolism. The discovery
potential of NGS in plant metabolism is unlimited, and
below, we highlight how access to genome sequence(s)
enabled metabolite pathway discovery in species across
the plant kingdom and some interesting features in plant
metabolism discovered along the way. Due to the broad
application of genomics in secondary metabolism, this
Update article focuses on genome-enabled discoveries in
secondary rather than primary metabolism.

BASIC GENOMIC PRINCIPLES OF GENES INVOLVED
IN SECONDARY METABOLISM: DUPLICATION,
COEXPRESSION, AND PHYSICAL CLUSTERING

One complication in plant metabolism research,
especially that of secondary metabolism, is that all
angiosperms sequenced to date show evidence of
whole-genome duplication, which has resulted in
expansions of gene families leading to metabolic di-
versity over evolutionary time. Additional partial
genome duplications, known as segmental duplica-
tions, and tandem duplications further contribute to
the large gene family size observed in plant genomes.
Once duplicated, genes can evolve new functions (neo-
functionalization), partition function into the dupli-
cates (subfunctionalization), or become pseudogenes
(Conant et al., 2014). Examination of genome se-
quences for 16 species that span evolution from algae to
higher plants enabled the identification of genomic
signatures that distinguish plant secondarymetabolism
genes from primary metabolism genes (Chae et al.,
2014). Features of genes involved in secondary metab-
olism include a tendency to be retained after gene

duplication, lineage specificity, and physical clustering
within the genome comparedwith primarymetabolism
genes.

A correlative approach to annotating gene function is
the association of gene expression patterns and profiles
with phenotype, including metabolites. Access to NGS
permits the generation of rapid and inexpensive ex-
pression abundance data through RNA sequencing.
From an expression atlas, in which a wide range of
tissues and treatments are examined, coordinated ex-
pression analyses (coexpression) can reveal genes that
are within the same regulatory network (Fig. 2). This
guilt-by-association approach, when coupled with an
examination of the functional annotation of genes or
transcripts, has been highly successful in identifying a
subset of candidate biosynthetic pathway genes for
functional validation (Weber, 2015).

Figure 1. Secondary metabolites for which genome sequence access
facilitated gene discovery and the understanding of the evolution of
secondary metabolites. A, Madagascar periwinkle (Catharanthus roseus)
with the monoterpene indole alkaloid vinblastine (Kellner et al., 2015).
B, Arabidopsis with the amino acid-derived secondary metabolite glu-
cosinolate (Chan et al., 2010). C, E. grandis with the terpene 1,8-cineole
(Myburg et al., 2014). D, Coffea canephora with the alkaloid caffeine
(Denoeud et al., 2014). E, Maize (Zea mays) with the carotenoid b-
carotene (Fu et al., 2013). F, Marijuana (Cannabis sativa) with the can-
nabinoid tetrahydrocannabinol (van Bakel et al., 2011). G, Poppy (Papaver
somniferum) with the phthalide isoquinoline alkaloid noscapine (Winzer
et al., 2012). H, Grape (Vitis vinifera) with the polyphenol resveratrol
(Jaillon et al., 2007). I, Tomato with vitamin E (Quadrana et al., 2014).
J, Potato with the glycoalklaloid a-tomatine (Itkin et al., 2013).
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In bacterial genomes, genes involved inmetabolic and
regulatory pathways are frequently arranged in operons,
which are absent in plant genomes. However, one theme
that has emerged from genome analyses of secondary
metabolism is that genes within specialized metabolic
pathways can be physically clustered (for review, see
DellaPenna and O’Connor, 2012). This nonhomologous
gene clustering is hypothesized to be a consequence of
evolutionary pressure to retain all components of the
pathway in a discrete interval, thereby ensuring that the
multigenic trait is inherited as a single locus and avoid-
ing the buildup of toxic intermediates or an inability to

synthesize the final metabolite, whichmay have a role in
adaptation or survival. We highlight below three classes
of secondary metabolites that demonstrate the extent
to which gene/genome duplication and diversification,
coexpression, and/or physical clustering can facilitate
discovery and an improved understanding of secondary
metabolic pathways.

Terpenes

Terpenes, diverse compounds derived from five-
carbon isoprene units, are the largest class of plant sec-
ondary metabolites, are important in plant defense, and
have health benefits for humans (Tholl and Lee, 2011).
The chemical diversity of terpene metabolites is mainly
governed by terpene synthases (TSs) that generate the
scaffold, with structural diversity containing various
numbers of carbons and a multitude of cytochrome
P450-dependent monooxygenases (CYPs) that modify
the scaffold. From a comparative genome analysis, 113
TSs were identified in Eucalyptus grandis compared with
two in Physcomitrella patens, some of which were line-
age specific to E. grandis and contributed to the diver-
sity of terpene-derived molecules such as 1,8-cineole in
E. grandis (Myburg et al., 2014).

A recent study revealed terpene diversification and the
evolution of terpene biosynthetic genes in multiple plant
genomes (Boutanaev et al., 2015). That study analyzed 17
sequenced plant genomes, including 12 eudicot and five
monocot species, to determine the organization and evo-
lution of terpene pathway genes. By identifying TS and
CYP gene pairs and their physical location within the
genome, they observed frequencies of TS/CYP gene
pairs higher than that expected by chance, suggesting
nonrandom association of TS and CYP gene pairs in the
surveyed genomes. In addition, TSs were predominantly
paired with CYP71 family genes in both eudicots and
monocots, confirming previously identified TS/CYP
gene clusters in Ricinus communis known to be involved
in diterpene synthesis. Novel TS/CYP pairs were also
observed, such as three functional TS/CYP pairs in
R. communis, Arabidopsis, and Cucumis sativus. This
study also revealed different assembly patterns of TS/
CYP pairs in eudicots and monocots, suggesting di-
verged evolutionary mechanisms to assemble terpene
pathways in the two major divisions of angiosperms.
Based on the frequency of TS/CYP pairs and their cor-
relations, it was hypothesized that eudicot TS/CYP gene
pairs arose from a common ancestral gene pair by du-
plication, providing building blocks to diversify terpene
biosynthetic genes. On the contrary, no correlation was
observed for TS/CYP gene pairs inmonocots, suggesting
that they may have arisen independently as a conse-
quence of genome rearrangements.

Monoterpene Indole Alkaloids

Madagascar periwinkle synthesizes an array of
monoterpene indole alkaloids with high structural

Figure 2. Schematic work flow of NGS-guided de novo genome as-
sembly and integrative genome analysis to understand plant metabo-
lism. The high accuracy and coverage of NGS-derived reads allow de
novo genome assembly and gene annotation. Integrative genome
analyses coupled with transcriptomic and metabolic data sets enable
the identification of biosynthetic and regulatory pathways controlling
plant metabolism. Commonly used approaches are shown with an
example of a study where these approaches were applied. A, Single-
nucleotide polymorphism (SNP) and insertion/deletion (InDel) discov-
ery (Chen et al., 2014). B, Structural variant discovery (Da Silva et al.,
2013). C, Phylogenetic analysis (Denoeud et al., 2014). D, Network
analysis (Itkin et al., 2013). E, Transcriptome analysis (Fu et al., 2013).
F, Physical cluster identification (Winzer et al., 2012).
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diversity, including the anticancer compounds vin-
cristine and vinblastine (O’Connor and Maresh, 2006).
Historical efforts to elucidate the pathway yielded some
of the genes in the pathway using an array of slow and
laborious processes. In 2010, large expression and me-
tabolite profiling data sets were generated that en-
abled the discovery of a large number of genes in the
vinblastine/vincristine pathway (Miettinen et al., 2014).
To further accelerate pathway discovery in Madagascar
periwinkle, a draft genome sequence was generated
(Kellner et al., 2015) that was used to refine the expression
atlas and coexpression networks and guide the dis-
covery of additional and novel candidate genes in-
volved in monoterpene indole alkaloid regulation,
biosynthesis, and transport. The Madagascar peri-
winkle genome sequence revealed evidence of gene
expansion coupled with the neofunctionalization of
genes that encode not only the biosynthetic pathway
but also regulatory components of monoterpene in-
dole alkaloids. Physical clustering of a subset of genes
involved in monoterpene indole alkaloid synthesis
was also observed, showing that even with a draft
genome sequence that has a limited scaffold length,
new discoveries in metabolism can be readily made.

Steroidal Glycoalkaloids

Solanum spp. such as potato (Solanum tuberosum) and
tomato (Solanum lycopersicum) produce steroidal gly-
coalkaloids (SGAs), including a-solanine, a-chaconine,
and a-tomatine. SGAs are derived from alkaloids
linked to a sugar moiety and are known to play crucial
roles in plant defense yet have toxicity in humans
(Friedman, 2006). Potato and tomato are agriculturally
valuable crop species and have served as model systems
for tuber and fruit development studies, respectively. De
novo genome sequences are available for both species,
with substantial synteny and conserved gene content
between the two genomes (Potato Genome Sequencing
Consortium, 2011; Tomato Genome Consortium, 2012).
It was previously known that the SGA pathway en-
tails the conversion of cholesterol to steroidal alka-
loids through a series of hydroxylation, oxidation, and
transamination reactions followed by decoration with
various sugar moieties using UDP-glycosyltransferases
such as SOLANIDINE GALACTOSYLTRANSFERASE
(SGT1) andGLYCOALKALOIDMETABOLISM1 (GAME1)
in potato and tomato, respectively. However, the
pathway still remained incomplete. To discover novel
genes in the SGA pathway, Itkin et al. (2013) investi-
gated genes that were coexpressed with GAME1/SGT1
and identified 16 genes in potato and tomato, including
GAME4, which encodes a cytochrome P450. They also
discovered that the SGA pathway genes were physi-
cally clustered and coexpressed with GAME1 on chro-
mosome 7 and with GAME4 on chromosome 12, with
conserved synteny between tomato and potato. With
functional validation of the newly identified genes, they
proposed an SGA pathway starting from cholesterol

and the decoration of up to four sugar moieties linked
to steroidal alkaloids.

STRUCTURAL VARIATION AS A DRIVER OF
METABOLITE DIVERSITY

Early sequencing efforts in bacteria revealed sub-
stantial genome diversity among isolates, leading to the
concept of the core and dispensable genome, with the
collective genome sequence of a species termed the pan-
genome (Tettelin et al., 2005). This structural variation
is in the form of copy number variation and presence/
absence variation, in which genes are variable among
accessions of a single species (Fig. 2). In plants, copy
number variation and presence/absence variation have
been reported in several species, some of which are
associated with phenotypic diversity, including abiotic
and biotic stress, development, and secondary metab-
olites (Cook et al., 2012; Maron et al., 2013); below are
two examples in which structural variation is associ-
ated with the production of secondary metabolites of
importance to human health.

Polyphenols

Grapes are known for the production of resveratrol, a
natural polyphenol with health benefits on obesity and
aging-related diseases (Baur et al., 2006), while terpene-
derived metabolites in grapes contribute to the aro-
matic features of wine. The grapevine genome was
sequenced in 2007 using the inbred Pinot Noir variety
PN40024 (Jaillon et al., 2007), and access to the grape-
vine genome enabled the annotation of stilbene syn-
thases and TSs that led to the synthesis of resveratrol
and terpenoids, respectively. Both gene families were
highly expanded relative to other sequenced plant ge-
nomes, consistent with the hypothesis that gene du-
plication and diversification lead tometabolic diversity.
With access to NGS technologies, Da Silva et al. (2013)
generated sequence data for the Uruguayan Tannat
grapevine clone UY11, which accumulates high levels
of polyphenols in the berry skin and seed. Comparison
of the UY11 genome with the PN40024 reference ge-
nome revealed 1,873 genes that were not present in the
PN40024 genome. With respect to polyphenol biosyn-
thesis, 141 novel UY11 genes that encode 19 differ-
ent enzymes involved in polyphenol biosynthesis and
the expression of cultivar-specific genes associated
with altered polyphenol accumulation in UY11 were
identified.

Phthalide Isoquinoline Alkaloids

Poppy is well known for its production of opiates
that are used as pain suppressants. Noscapine, a phtha-
lide isoquinoline alkaloid, has cough suppressant and
antitumor activities. Poppy varieties exhibit differential
metabolite profiles with respect to the isoquinoline alka-
loids, including high- and null-noscapine-producing
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varieties. Through an integrated approach using an
F2 mapping population, sequencing of large insert
BAC clones, and virus-induced gene silencing, a 10-
gene cluster on a 221-kb segment novel to the high-
noscapine-producing variety was identified for nos-
capine biosynthesis (Winzer et al., 2012). Based on the
occurrence of small gene families (carboxylesterase,
CYP82 cytochrome P450, and O-methyltransferase)
and single-copy genes (short-chain dehydrogenase/
reductase, acetyltransferase, and CYP719A21 cyto-
chrome P450) in the cluster of 10 biosynthetic genes,
the authors hypothesized that genome reorganization
occurred before and after duplication, shaping the
physical cluster of noscapine biosynthetic genes.
They speculated that this cluster evolution might
benefit the coinheritance of a favorable combination
of alleles leading to the production of desired sec-
ondary metabolites.

GENOMICS-FACILITATED GENETIC APPROACHES
FOR METABOLITE PATHWAY DISCOVERY

Classical genetic approaches to identify causal genes
within a biosynthetic pathway have included forward
and reverse genetic screens, positional cloning, and
quantitative trait locus mapping. These classical
approaches can be accelerated and performed with in-
creased efficiency through NGS methodologies. Not
only can NGS be used to readily identify sequence
variants (SNPs and insertions/deletions) between ac-
cessions (Fig. 2), it can be further applied in approaches
such as whole-genome resequencing in bulk segre-
gant analyses (James et al., 2013) and k-mer-based
approaches to find causal mutations (Nordström
et al., 2013). Indeed, due to low cost, high coverage,
and accuracy, as well as user-friendly bioinformatics
pipelines, a single laboratory can now utilize NGS
methods combined with genetics approaches for gene
discovery. For example, access to genome sequences
for multiple accessions permits association studies to
link phenotype (e.g. metabolite) with genotype using
either linkage mapping or a genome-wide association
approach. With access to large transcriptome data sets,
transcript levels can be linked with sequence variants
to identify expression quantitative trait loci (eQTLs)
associated with the synthesis, regulation, or transport
of metabolites.

Genome-Wide Association Studies

NGS methods can enable the discovery of large
numbers of SNPs for use in a genome-wide association
analysis of metabolism. In rice (Oryza sativa), Chen et al.
(2014) resequenced 529 diverse accessions generating
6.4 million SNPs. When combined with metabolite
profiling of 840 metabolites, including amino acids,
flavonoids, and terpenoids, they revealed the genetic
and biochemical basis of metabolic diversity in rice by

associating casual SNPs and genes with metabolite
profiles. For example, an SNP located in a methyltrans-
ferase genewas associatedwith the levels of trigonelline,
the N-methyl conjugate of nicotinic acid. In vitro assays
revealed its enzymatic activity as a nicotinic acid:N-
methyltransferase, and overexpression of the methyl-
transferase increased trigonelline accumulation in
transgenic lines, showing that it is a functional enzyme
in trigonelline biosynthesis. For flavonoid biosynthesis,
an SNP located in a putative UDP-glucosyltransferase
gene was associated with the production of a number
of flavonoids and chlorogenic acid. In this study, the
candidate gene was functionally annotated as a fla-
vone 5-O-glucosyltransferase, and based on metabo-
lite profiles of transgenic lines that overexpressed this
gene, it was shown to regulate the level of flavone 5-O-
glucosyltransferase.

Arabidopsis and other Brassicaceae species produce
glucosinolates, which are amino acid-derived second-
ary metabolites known to have roles in plant defense
against insects and pathogens. Glucosinolates can be
categorized into three groups, aliphatic, aromatic, and
indole glucosinolates, depending on the types of amino
acids from which they are derived. Chan et al. (2010)
performed a genome-wide association study with 96
Arabidopsis accessions, assessing the natural diversity
of 43 glucosinolate phenotypes using approximately
230,000 SNPs. They identified 172 genes containing
SNPs associated with glucosinolate profiles and dis-
covered two 2-oxoglutarate-dependent dioxygenase
genes ALKENYL HYDROXALKYL PRODUCING2
(AOP2) and AOP3 andMETHYLTHIOALKYLMALATE
SYNTHASE1 (MAM1) that control two previously
known glucosinolate-related quantitative trait loci.
They also detected extended linkage disequilib-
rium surrounding AOP2, AOP3, andMAM1 genes as
a haplotype that was associated with glucosinolate
chemotypes in the 96 Arabidopsis accessions, suggest-
ing selection during evolution of the pathway. In ad-
dition to the genes directly affecting glucosinolate
biosynthesis, transcriptional variation of a GluCys li-
gase involved in glutathione metabolism, which had
been hypothesized to indirectly control glucosinolate
accumulation via a regulatory and/or biosynthetic
linkage, was observed to alter glucosinolate production
in that study.

eQTLs

In maize, Fu et al. (2013) integrated transcriptome
and metabolite profiling to identify genes involved in
kernel development, including carotenoid levels. RNA
sequencingwas used to generate transcript abundances
and SNPs from developing kernels of 368 maize inbred
lines, which yielded 16,408 eQTLs for 14,375 genes.
Of the 20 genes in the carotenoid metabolic path-
way whose expression was associated with carote-
noid levels, six genes were associated with an eQTL,
including LYCOPENE EPSILON CYCLASE1 and
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b-CAROTENE HYDROXYLASE1. In addition, 55 genes
were correlated with carotenoid production, of which
19 genes were associated with an eQTL. Coexpression
analyses of genes associated with eQTLs revealed three
clusters of genes that were coexpressed with known
carotenoid pathway genes, providing a list of candidate
genes in the pathway. This study demonstrates how an
eQTL study, when combined with metabolite profiling,
can discover novel genes even in well-studied biosyn-
thetic pathways.

COMPARATIVE AND PHYLOGENETIC
APPROACHES LEVERAGE EVOLUTIONARY EVENTS
ACROSS TAXA TO REVEAL GENES INVOLVED IN
SECONDARY METABOLISM

With the increasing number of genome sequences
available, the power of comparative and phylogenetic
approaches to gene discovery can be harnessed. Tra-
ditionally, phylogenetic relationships of key metabolic
enzymes were performed at the single gene level with
limited sequence information from a small number of
species. However, with advances in NGS technology,
whole-genome sequences and annotation are available
not only for multiple species within a taxonomic family
but also for basal angiosperm genera such as Amborella,
gymnosperms, lycopods, and mosses that permit more
robust queries into the mechanisms bywhichmetabolic
pathways evolved. With the availability of multiple
genomes from a single or related taxonomic group,
synteny (shared gene order), which reflects shared evo-
lution and enables the prediction of the emergence of a
trait and orthologous genes in a pathway between
species and taxa, can be identified. With the abundance
of genome sequences within some clades as well as
the breadth of genome sequences across the plant
kingdom, comparative analyses not only between
species but also within species can be a powerful
approach to reveal the evolutionary origins of bio-
chemical pathways.

Purine Alkaloids

Caffeine belongs to a class of purine alkaloid me-
tabolites whose synthesis is derived from purine nu-
cleotides followed by multiple steps of N-methylation
(Ziegler and Facchini, 2008). The coffee (Coffea spp.)
genome, an important beverage crop with stimulating
effects due to the production of caffeine, was sequenced
in 2014 using a doubled haploid accession of C. cane-
phora (Denoeud et al., 2014). Analyses of the genome
revealed that N-methyltransferases (NMTs), including
xanthosine methyltrasferase, theobromine synthase,
and caffeine synthase, that catalyze later steps in caf-
feine biosynthesis were enriched in a C. canephora
lineage-specific ortholog group. Phylogenetic analysis
with genes from the ortholog group containing known
caffeine biosynthetic genes and NMTs from tea
(Camellia sinensis) and cacao (Theobroma cacao) revealed

a cluster of C. canephora NMTs distinct from tea and
cacao NMTs. The species-specific expansion of NMT
gene families in the C. canephora genome, coupled with
the convergent evolution of caffeine biosynthesis genes
in coffee, cacao, and tea, highlight the power of com-
parative genomics in understanding the evolution of
secondary metabolite pathways in plants.

Cannabinoids

The marijuana genome is an example of the suc-
cessful application of NGS for metabolism study in a
nonmodel system (van Bakel et al., 2011). Marijuana
produces cannabinoids, a class of prenylated poly-
ketides that are synthesized from the short-chain fatty
acid hexanoate and geranyl diphosphate. To under-
stand cannabinoid biosynthesis, the authors generated
a draft genome of the marijuana-producing strain
Purple Kush and identified cannabinoid biosynthetic
genes such as tetrahydrocannabinol acid synthase. By
resequencing a nonmarijuana strain (Finola) and com-
paring it with the Purple Kush sequence, they revealed
a large expansion of anACYLACTIVATING ENZYME3
gene encoding an enzyme that may be involved in the
synthesis of hexanoate, a precursor of tetrahydro-
cannabinol acid, in the marijuana-producing strain
but not in the non-marijuana-producing strain. They
extended their comparative analysis by resequencing
two additional strains, USO-31 (nonmarijuana strain)
and Chemdawg (marijuana strain), and generating a
phylogenetic tree that revealed closer relationships
within marijuana strains and nonmarijuana strains
than between the two chemotypes. This approach
expanded our understanding of the metabolic path-
way for the production of alkaloids and revealed ge-
netic variation associated with chemical variation
within the species.

IT IS NOT JUST THE DNA SEQUENCE PER SE:
EPIGENETIC MODIFICATION OF DNA LEADS TO
NEW PHENOTYPES

The application of NGS technologies extends past
that of determining the primary sequence of DNA
and RNAmolecules, and a wide range of applications
permit the assessment of other features of the genome
and transcriptome, including that of the epigenome.
In tomato, Quadrana et al. (2014) identified epialleles
that regulate vitamin E accumulation. Through pro-
moter sequence analyses, differential methylation
of a retrotransposon located in the promoter of
2-methyl-6-phytylquinol methyltransferase (VITAMIN
E DEFECTIVE3 [VTE3]), which encodes the final step
in the biosynthesis of g- and a-tocopherols, was dis-
covered. Using a combination of genomic, tran-
scriptomic, and metabolomic approaches in different
tomato genetic backgrounds, it was shown that dif-
ferent epialleles lead to differential expression of the
VTE3 gene, causing diverse accumulation of vitamin E
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content in tomato fruit. This study shows the example of
how advances in NGS technologies (i.e. epigenome
profiling), when coupled with genetics and metabolite
profiling, can enable new discoveries on the regulation
of metabolism.

CONCLUSION AND FUTURE PROSPECTS

In less than a decade since the emergence of the first
NGS platform, the incorporation of this technology
into plant metabolism has been astounding. Certainly,
improvements in the read length, quality, through-
put, and cost will further integrate NGS methods into
metabolic pathway discovery and reconstruction.
Having complete and high-quality draft genomes with
limited expenditure of effort will facilitate the discov-
ery of physically clustered pathway components and
the dissection of gene duplications associated with
biochemical diversity within or between species. How-
ever, one challenge in employing a genomics approach
to understand plant metabolism is that the majority of
functional annotation is automated and derived from
transitive annotation from other genomes or via se-
quence similarity. The circular nature of functional
annotation leads to, at best, vague and, at worst, in-
correct annotation. Coupled with the high frequency of
whole-genome duplication and the resulting large gene
family content in most plant genomes, the lack of high-
quality functional annotation presents a challenge in
accelerating plant metabolism research. Thus, the need
for paradigm-changing methods to sift through a set of
candidate genes with improved efficiency and effort is
great, and the development of methods for high-
throughput functional screening will enable more ro-
bust data mining of biochemical pathways across the
plant kingdom. Another challenge is how to select an
optimal computational pipeline and validate its per-
formance and how to interpret the results properly. The
application of different algorithms with arbitrary as-
sumptions or cutoffs may lead to substantial differences
in the output and affect biological interpretations;
thus, knowledge of the underlying principles of the
employed algorithms and associated software as well
as the biology is imperative (Omranian et al., 2015).
Lastly, higher spatial resolution transcriptomic and
metabolomics methods need to be incorporated into
genome-guided pathway discovery approaches to en-
able the annotation of tissue- and organelle-specific
enzymatic reactions and/or intercellular or intracellu-
lar transportation of intermediates and final products,
thereby minimizing the errors generated from auto-
mated genome prediction and whole-tissue expression
and metabolite data (Ziegler and Facchini, 2008; Dixon
and Pasinetti, 2010). Regardless of these challenges, the
era of genome-enabled pathway discovery is upon us
now, and the eventual rewards of this knowledge to
agriculture, human health, and the environment will be
many.
Received June 30, 2015; accepted July 27, 2015; published July 29, 2015.
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