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Modern Plant Metabolomics: Advanced Natural Product Gene 

Discoveries, Improved Technologies, and Future Prospects 

Lloyd W. Sumner a, Zhentian Lei a, Basil J. Nikolaub,c and Kazuki Saitod,e  

Plant metabolomics has matured and modern plant metabolomics has accelerated gene 
discoveries and the elucidation of a variety of plant natural product biosynthetic pathways.  
This review highlights specific examples of the discovery and characterization of novel 
genes and enzymes associated with the biosynthesis of natural products such as flavonoids, 
glucosinolates, terpenoids, and alkaloids.  Additional examples of the integration of 
metabolomics with genome-based functional characterizations of plant natural products that 
are important to modern pharmaceutical technology are also reviewed.  This article also 
provides a substantial review of recent technical advances in mass spectrometry imaging, 
nuclear magnetic resonance imaging, integrated LC-MS-SPE-NMR for metabolite 
identifications, and x-ray crystallography of microgram quantities for structural 
determinations.  The review closes with a discussion on the future prospects of 
metabolomics related to crop species and herbal medicine. 
 

 

1. Introduction 
 
Metabolite profiling of bacterial, mammalian, and plant 
metabolites has been an integral component of biological 
studies since the 1960s.  The continual refinement, increasing 
scope and larger-scale of plant metabolite profiling have led to 
the evolution of modern plant metabolomics, which has 
matured as a valuable tool for advancing our understanding of 
plant biology and physiology.  This review is not intended to be 
a comprehensive review of plant metabolomics, but instead will 
focus on some of the more recent advances that continue to 
propel the utility of plant metabolomics for the discovery and 
understanding of plant natural products or specialized 
metabolites. This includes examples of integrated 
metabolomics and genome-based functional characterizations 
of plant natural products that are important to modern 
pharmaceutical technology. The review further highlights a 
large number of specific examples illustrating the utility of 
metabolomics for the discovery and characterization of novel 
genes and enzymes responsible for the biosynthesis of natural 
products such as flavonoids, glucosinolates, terpenoids, and 
alkaloids. The review then summarizes recent technical 
advances in mass spectrometry imaging, nuclear magnetic 
resonance imaging, integrated LC-MS-SPE-NMR for 
metabolite identifications, and x-ray crystallography of 
microgram quantities for structural determinations.  The review 
closes with a summary on potential opportunities for 
metabolomics related to crops and herbal medicines. 
 

2.  Genomics and metabolomics mining of 

medicinal plants 

Medicinal plants have a long association with human history, being 
part of our folklore and the basis of natural medicines that have been 
discoursed under such topics as herbalism, phytotherapy, 
ethnobotany and ethnopharmacy.  History is replete with examples 
of plants being used to affect the human condition; maybe a famous 
example being that of hemlock, the fatal poison extract that the 
condemned Socrates was forced to drink.1 However, archaeological 
studies appear to provide evidence of medicinal plant use some 
50,000 years ago in the Paleolithic age, and written evidence can be 
traced to the Sumerians, about 5,000 years ago.2 At the start of the 
19th century, evidence based medical practices began to replace such 
traditional or alternative medicines, but the use of medicinal plants is 
still almost universal among non-industrialized societies,3 and plants 
still serve as the source of many nutraceuticals and pharmaceuticals. 

Plant-sourced biochemicals are an important part of our modern 
pharmaceutical technology. Examples of such current medicines 
with a long history are aspirin, the acetyl-ester of salicylic acid that 
was originally isolated from the bark of the willow tree;4 and the 
antimalarial alkaloid, quinine isolated in the 19th century from the 
bark of trees of the cinchona genus.5 More recent natural product 
based pharmaceuticals include paclitaxel (more commonly known as 
taxolTM), isolated from the bark of the Pacific yew tree, and used in 
cancer chemotherapy,6, 7 and artemisinin, isolated from sweet 
wormwood (Artemisia annua), and used as an anti-malarial drug.8 
Such bioactive compounds have been traditionally identified and 
characterized following the fractionation and purification of extracts, 
guided by bioactivity assays, a strategy that has been at the core of 
the field of natural product chemistry.9, 10 Many of these bioactive 
compounds are products of secondary or specialized metabolism, 
and as such their taxonomic distribution is in relatively narrow 
phylogenetic clades within Plantae. Because of the narrow 
phylogenetic distribution of these phytochemicals, the biochemical 

Page 1 of 15 Natural Product Reports



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

and genetic components that support their biosynthesis cannot be 
identified and characterized by homology to a model system, but 
have to be investigated directly by studying the organism that 
produces that phytochemical. The role of metabolomics in such 
studies is two-fold: 1) to identify the spatial and temporal 
distribution of the target phytochemical as influenced by plant 
development and environmental cues; and 2) identify related 
compounds, which may be considered as either intermediates of 
biosynthesis or alternative products of promiscuous enzymes that 
support the biosynthesis of the target phytochemical. Such data, 
when integrated with the generalizable principles of organic 
synthetic chemistry, can provide avenues to discovering  
biosynthetic pathways. Integrating metabolomics therefore with 
genome-based functional characterizations of gene products is 
providing an accelerated path to discovering novel biosynthetic 
pathways to specialized metabolites. 

With the advent of advanced genomics capabilities, associated 
with the ability to comprehensively and quickly determine and 
assemble the genomes of plants, there has been a logical need to 
understand how this genetic information is expressed in a 
comprehensive manner. This has led to the emergence of such fields 
as transcriptomics, proteomics and metabolomics. Although 
technical difficulties have been associated with implementing these 
global genome expression-profiling technologies, advances in 
nucleic acid sequencing has enabled the acquisition of near 
comprehensive transcriptomic datasets, for even the most complex 
genetic organisms. Moreover, as a consequence of the Central 
Dogma, and the near linear relationship between the genome, 
transcriptome and proteome, one is able to predicate the primary 
structures of these three levels of genetic expression from any one 
other. However, it is not possible to predict the chemical nature of 
the metabolome from genetic-based datasets because the relationship 
between the proteome and metabolome is not linear but redundant. 
Despite this limitation, the past decade has seen considerable efforts 
and successes in the integration of genomics and metabolomics 
datasets to uncover new knowledge concerning the biosynthesis of 
natural products that have bioactivity, and thus potential applications 
as templates for new pharmaceutical products. 

These advances span from the selection and breeding of elite 
germplasm for enhancing the production of the target 
phytochemical, to the recombinant production of the target 
phytochemical in a non-plant bioengineered host system. These are 
exemplified by the development of the artemisinin anti-malarial 
drug. Its productivity is being enhanced via traditional breeding 
approaches with new high-yielding hybrids to convert A. annua into 
a robust cropping system,11, 12 and by the reconstitution of the 
artemisinin biosynthetic pathway in a re-engineered microbial host.13 
These long-term efforts that have been supported by the Bill and 
Melinda Gates Foundation (http://www.gatesfoundation.org) and are 
providing opportunities for entrepreneurial development of a 
solution to a world-health issue based upon natural product 
chemistry. 

The literature is abundant with successes in deciphering new 
metabolic capabilities when this type of integrated metabolomics-
transcriptomics strategy has been used in the past.14-31 For example, 
the relative abundance of transcripts encoding the alkaloid 
biosynthetic enzymes correlates with the induction of 
benzylisoquinoline accumulation in Papaver somniferum.14, 27 
Comparison of transcriptomes and metabolomes (particularly fatty 
acids and lipids) of developing seeds that accumulate “unusual” fatty 
acids has led to the discovery of a series of FAD2-related enzymes 
16-21 that are responsible for the generation of hydroxy fatty acids,16 

epoxy-fatty acids,17, 18 conjugated fatty acids,19, 20 and acetylenic 
fatty acids.17, 21 Hence, comparing transcriptomics and metabolomics 
data is enabling the accurate annotation of a wide variety of genes in 
specialized metabolism. Due to continued technology advances, this 
strategy is much more readily applicable, even in the most 
recalcitrant systems. Database structures that enable the querying of 
both datasets and provide a means of generating a robust testable 
hypothesis concerning gene functions is important to the integration 
of metabolomics and transcriptomics datasets. 

At present, most metabolomics databases contain 
metabolomics–only datasets from carefully defined samples with a 
common biological theme. These “themed” metabolomics databases 
contain intriguing and useful data,32-40 and they make available the 
general framework for such databases, including the importance of 
data consistency and deposition of full metadata.41 However, 
databases that integrate metabolomics with other global–omics data 
are required to provide accurate predictions of gene functions in 
metabolic networks. A consortium of plant biochemists, supported 
by the National Institutes of Health has recently completed the 
transcriptome and metabolome evaluation of nearly 20 medicinal 
plant species. The resulting datasets are accessible in publically 
available databases (http://medicinalplantgenomics.msu.edu/ and 
http://metnetdb.org/PMR/), and each offers different functionalities 
for integrated querying of the data in order to create testable 
hypotheses concerning gene-functions.42, 43 

There is an increasing literature base that exemplifies the 
successful use of the Plant & Microbial Metabolomics Resource 
(PMR) structure and data to analyze combined transcriptomics-
metabolomics datasets to identify genetic elements that support the 
biosynthesis of novel metabolites in medicinal plants. For example, 
PMR-enabled analyses facilitated the identification of genes 
associated with: a) the Catharanthus roseus cytochrome P450 that 
catalyzes a reaction in the biosynthesis of the alkaloid 19-O-
acetylhorhammericine;44 b) three Digitalis purpurea genes coding 
enzymes of cardenolide biosynthesis: C4 sterol methyloxidase, 
progesterone 5b-reductase and cardenolide synthase;45 and c) 
identification of Valeriana officinalis genes encoding valerena-1,10-
diene synthase38 and its role in the synthesis of novel 
sesquiterpenes.46 Additional analogous data from other medicinal 
species, such as Echinacea purpurea and Hypericum perforatum are 
also being used to identify genes that encode functional enzymes in 
the biosynthesis of unique polyketides that occur in these species 
(e.g., alkamides, acylphloroglucinols and hypericin).47, 48   

 
3.  Metabolomics based discovery and 

characterization of novel genes and enzymes 

involved in the biosynthesis of natural products  

Through the correlation of gene expression and metabolite 
accumulation, one often obtains good hints for specific genes that 
are involved in the biosynthesis of related metabolites.49 This is 
based on the presupposition of the mode of co-response of the 
biosynthetic enzyme transcripts and metabolites formed by these 
enzymes.37, 50 In fact, this is a powerful strategy to identify novel 
genes committed in a specific biosynthetic pathway. The functions 
of numerous genes have been identified and characterized by 
metabolomics and often together with transcriptomics.51, 52 

3.a. Flavonoids and related compounds 
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 The genes involved in the biosynthesis and accumulation 
of flavonoids, some of the best known plant natural products, have 
been discovered with the aid of metabolomics. Naturally, the 
biosynthesis of specialized metabolites in Arabidopsis thaliana has 
been extensively investigated by means of integrated metabolomics 
and transcriptomics, because of the rich functional genomics 
resources available for this model plant. In A. thaliana, at least, 54 
flavonoid molecules (35 flavonols, 11 anthocyanins and 8 
proanthocyanidins) have been observed through extensive LC-MS 
metabolic profiling of a variety of tissues.53 The genes responsible 
for the formation of scaffold structures (kaempferol, quercetin and 
isorhamnetin for flavonols; cyanidin for anthocyanins; and 
epicatechin for proanthocyanidins) have been isolated mostly 
through the analyses of mutants which lack pigmentation.54, 55 
However, the genes responsible for the tailoring reactions, which 
modify these scaffolds by glycosylation, methylation and acylation 
and thus subsequently responsible for the enormous chemical 
diversity of flavonoids, have been isolated by reverse genetic 
approaches where metabolomics was incorporated. Metabolic 
profiling of flavonoids in a series of gene-insertion mutants56, 57 and 
transgenic plants overexpressing a transcription factor58 have been 
used to decipher the function of genes. Generally, the predicted 
catalytic activities were confirmed using recombinant proteins and in 

vitro biochemical assays. This ‘reverse genetics’ strategy for gene 
identification has been most powerful when bioinformatic prediction 
of candidate genes obtained through a co-expression networks 
preceded the experimental analysis of the gene knock-out mutants. 
Public transcriptome datasets for A. thaliana, e.g. AtGenExpress,40 
are particularly useful for co-expression analyses, and usually 
include ‘bait’ genes known to be involved in a particular pathway for 
the discovery of other novel genes in the same co-expression 
framework. Several tailoring enzymes, glycosyltransferases,59-62 
acyltransferases,63, 64 and methyltransferase57, 65 have been 
characterized by this or a similar approach. 

 The AtMetExpress database was developed by extending 
the integrated analyses of gene expression and metabolic profiling 
data from specific Arabidopsis tissues. AtMetExpress contains LC-
MS-based untargeted metabolomics data collected from a variety of 
A. thaliana tissues66 and ecotypes.67 Data were acquired from 
samples for which transcriptome and single nucleotide 
polymorphism data are available. From the integrated datasets, 
testable hypotheses could be generated. For example, the novel 
function of a dirigent protein was suggested to be responsible for the 
formation of a neolignan metabolite, and detailed experiments 
subsequently confirmed this function for this protein (Yonekura-
Sakakibara et al., in preparation).66  

Another database, Metabolite Profiling Database for 
Knock-Out Mutants in Arabidopsis (MeKO), provides information 
for 50 plant growth mutants, images of mutants, metabolite 
accumulation and interactive analysis tools.68 Non-processed data, 
including chromatograms, mass spectra, and experimental metadata 
that follow the guidelines set by Metabolomics Standards Initiative 
(MSI) are freely downloadable from http://prime.psc.riken.jp/meko/. 
Proof-of-concept analyses suggest that the MeKO database is highly 
useful for gene function hypothesis generation and for improving 
gene annotation. 

 Rice (Oryza sativa) is a major crop critical to sustaining 
the human population, and as a result, rich experimental resources 
have been generated by past breeding programs. Metabolomics 
analyses have also been performed on a series of genetically defined 
rice inter-crossed lines to identify metabolic quantitative trait loci 
(QTL). QTL analyses of 87 back-crossed, inbred lines of an indica 

and japonica rice led to the identification and characterization of the 
locus on chromosome 6, which is responsible for the biosynthesis of 
the flavone glycoside, apigenin-6,8-di-C-α-L-arabinoside.69 Using a 
denser genetic map including 210 recombinant inbred lines from two 
elite indica varieties, several gene candidates involved in the 
biosynthesis of flavone O- and C-glycosides were also 
characterized.70 Using this approach, candidate genes in the 
narrowed QTL region could be functionally verified through 
additional in vitro biochemical assays. In particular, the genes 
related to the biosynthesis of flavonoid C-glycosides, which are 
characteristic metabolites in rice, were of special interest.71  

 Proanthocyanidins, also known as condensed tannins, are 
flavanol polymers and synthesized from the monomeric building 
units, flavan-3-ols (i.e. cathechin or epicathechin).72 The molecular 
analyses and targeted metabolic profiling of Arabidopsis mutants 
exhibiting a pale yellow seed coat due to the lack of 
proanthocyanidins revealed the mechanism and genes involved in 
this biosynthetic pathway. A key enzyme, anthocyanidin reductase, 
catalyzes the reduction of cyanidin to epicatechin in the Arabidopsis 
cytosol.73 The epicatechin is then most likely glycosylated74 and 
transported into vacuole,75 where polymerization by a laccase-like 
protein(s) takes place to form insoluble proanthocyanidins.76 
However, many questions regarding this process still remain to be 
solved.77 

3.b. Glucosinolates 

 One of the first examples where metabolomics played a 
key role in the identification of biosynthestic genes related to plant 
natural products was for glucosinolate biosynthesis in Arabidopsis. 
Integration of A. thaliana transcriptome and metabolome analyses 
for plants subjected to sulfate-deficient stress and bioinformatic 
multivariate data-mining78 enabled the pin-pointing of genes 
encoding a sulfotransferase79 and a MYB transcription factor.80 
Batch-learning, self-organizing mapping (BL-SOM) analyses of 
concatenated matrices containing transcriptome and metabolome 
data was efficiently used for selecting candidate genes involved in 
the pathway. Co-expression network analyses with public DNA-chip 
microarray datasets have also been utilized as a key technology for 
selection of candidate genes.81 

 Genetic analysis of Arabidopsis combined with targeted 
analysis of glucosinolates enabled the identification of genes 
committed in their biosynthesis.82 Metabolic QTL83  and co-
expression network analyses led to the identification of a novel 
flavin-monooxygenase responsible for S-oxygenation in the aliphatic 
glucosinolate biosynthesis.84 Metabolic profiling of glucosinolates, 
camalexin and their glutathione (GSH)-conjugates in the 
Arabidopsis γ-glutamyl peptidase mutants resulted in the 
identification of two cytosolic plant γ-glutamyl peptidases involved 
in the processing of GSH conjugates in the glucosinolate and 
camalexin pathways.85 

3.c. Terpenoids 

Terpenoids are recognized as one of the most structurally-diverse 
classes of natural products, presumably because of the huge variation 
in the polymerization of isoprene units, referred as ‘scaffold 
formation’, and subsequent modification by oxygenation and 
glycosylation, referred to as ‘tailoring reactions’. Here we discuss 
and provide examples of how metabolomics-based gene discovery 
has been used to better understand the biosynthesis of triterpene 
saponins. For more comprehensive discussions, readers can refer to 
several excellent review articles.86-88  
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 β-amyrin is produced by cyclization of 2,3-oxidosqualene 
by specific oxidosqualene cyclases, and serves as the entry point into 
triterpene saponins biosynthesis. β-amyrin is then oxygenated at 
several carbon atoms by cytochrome P450s and these generally serve 
as the first ‘tailoring reactions’. An elegant investigation combining 
expressed sequence tag analyses, gene expression analyses and 
metabolic profiling led to the identification two P450s, CYP88D689 
and CYP72A15490, which catalyze oxidation of β-amyrin to 
glycyrrhetinic acid in Glycyrrhiza uralensis (licorice). CYP88D6 
catalyzes two sequential oxidations at the C-11 methylene to 
produce a keto-group, and CYP72A154 performs a three step 
oxidation at C-30 methyl to yield a carboxylic acid.  (See Figure 1). 
A sequence homolog of CYP72A154, CYP72A63 from Medicago 

truncatula, was also able to catalyse C-30 oxidation of β-amyrin 
even more efficiently than CYP72A154, suggesting a function for 
the CYP72A subfamily proteins as triterpene-oxidizing enzymes. M. 

truncatula CYP716A12 has been suggested to be a multifunctional 
P450 catalyzing the oxidation at C-28 positions of β-amyrin, α-
amyrin and lupeol.91, 92 Two homologs from grape (CYP716A15 and 
CYP716A17) also catalyze the oxidation at C-28 of triterpenes to 
produce oleanolic acid, ursolic acid and betulinic acid.92 

 Glycosyltransferases catalyzing the next ‘tailoring 
reaction’ of triterpene saponins have been identified with the aid of 
metabolomics. From a set of co-expressed genes in M. truncatula, 
UGT73F3 was identified as an enzyme that glucosylates hederagenin 
at the C-28 position.93 UGT73C10 and UGT73C11 from Barbarea 

vulgaris catalyze 3-O-glucosylation of the sapogenins, oleanolic acid 
and hederagenin.94 Biochemical analysis of soybean mutants led to 
the identification of two glycosyltransferases for C-22 position of the 
soyasapogenol A aglycone. UGT73F2 was identified as a 
glucosyltransferase and UGT73F4 as a xylosyltransferase, exhibiting 
a close similarity as allelic genes.95 

 There are increasing lines of evidence that genes involved 
in some plant secondary metabolic pathways are clustered in the 
genome.96, 97 The triterpenoid pathway is the best characterized. The 
sets of genes responsible for avenacin biosynthesis in oat (Avena 

strigosa)98, for the synthesis of thalianol99- and marneral100-derived 
triterpenes in A. thaliana, and biosynthesis of steroidal glyco-
alkaloids in tomato and potato101 have been identified as being 
clustered in their respective genomes. However, the recently 
identified sterol side chain reductase 2 genes from tomato and 
potato involved in steroidal glycoalkaloid  biosynthesis are located 
apart from these clusters.102  

3.d. Alkaloids 

The biosynthesis of morphine in opium poppy (Papaver 

somniferum) is one of the best characterized plant secondary 
metabolic pathways. Most genes involved in the pathway have now 
been identified103, 104 by taking advantage of omics technologies 
including targeted-metabolite profiling. There has also been a 
suggestion for the presence of a gene cluster in the genome of opium 
poppy that may encode these metabolic functions.105 Monoterpenoid 
indole alkaloids, represented by anti-neoplastic dimeric alkaloids in 
Catharanthus roseus, are formed from tryptamine and secologanin 
through the combination of the amino acid, tryptophan, and the 
monoterpenoid, iridoid, pathways. A NAD(P)H-dependent oxido-
reductase-like enzyme catalyzes the formation of the iridoid 
scaffold.106 A 7-deoxyleganetic acid glucosyltransferase contributes 
to the further steps of secolaganin biosynthesis in C. roseus.107 Very 
recently, identification of all genes for the seco-iridoid pathway in C. 

roseus has been completed by the combined efforts of transcriptome 
and metabolome followed by verification by heterologous 
expression of candidate genes.108, 109 

 

Figure 1– Proposed Pathway for Biosynthesis of Glycyrrhizin. The structures of possible biosynthetic intermediates between β-amyrin (1) and glycyrrhizin (8) 
are shown: (2), 11-oxo-β-amyrin; (3), 30-hydroxy-β-amyrin; (4a), 30-hydroxy-11-oxo-β-amyrin; (5), 11-deoxoglycyrrhetinic acid; (6), glycyrrhetaldehyde; 
and (7a), glycyrrhetinic acid. Solid black arrows indicate a dimerization reaction of two farnesyl diphosphate (FPP) molecules catalyzed by squalene synthase 
(SQS) originating squalene, oxidation by squalene epoxidase (SQE) to 2,3-oxidosqualene, or cyclization catalyzed by beta-amyrin synthase (bAS). A dashed 
arrow between mevalonic acid and farnesyl diphosphate indicates multiple enzyme reactions. The blue arrow indicates a single oxidation reaction catalyzed by 
the CYP88D6 enzyme (Seki et al., 2008); the red arrow indicates a single oxidation reaction catalyzed by the CYP72A154 enzyme, as described herein; the 
dotted arrows signify undefined oxidation and glycosylation steps. UGATs, UDP-glucuronosyl transferases. Figure from Seki H et al. Plant Cell 
2011;23:4112-4123;  www.plantcell.org; Copyright American Society of Plant Biologists.  

 An excellent example of integrated analyses of 
transcriptome and metabolome data for pathway elucidation of 

alkaloid biosynthesis is exhibited in the study of camptothecin 
synthesis in Ophiorrhiza pumila cell cultures. Differential analyses 
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of gene expression and metabolite accumulation between 
camptothecin-producing hairy roots and non-producing cell 
suspension cultures led to the identification of differentially 
accumulated metabolites and genes potentially involved in their 
biosynthesis.110 Metabolomics investigation of RNA interference 
lines, in which the genes encoding the enzymes that catalyse the first 
committed reactions in the biosynthetic pathways (tryptophan 
decarboxylase and secologanin synthase) are suppressed, delineated 
the intermediary metabolite candidates in the biosynthetic 
pathway.111 By taking the advantage of ultra-high resolution capacity 
of FT-ICR-MS, the chemical composition of the metabolomic peaks 
that were revealed in the LC-MS analyses were determined, and 
enabled the inference of the metabolite annotations following 
database queries.112 

 Lysine decarboxylase, which catalyzes the formation of 
cadaverine from lysine, is the first committed enzyme in the 
biosynthesis of the majority of lysine-derived alkaloids.113 Lysine 
decarboxylase cDNA was identified through the comprehensive 
differential gene expression analyses of an alkaloid-accumulating 
‘bitter’ variety of Lupinus angustifolius and an alkaloid-less ‘sweet‘ 
variety.114 The in vivo function of the isolated gene was confirmed 
by metabolomic profiling of transgenic A. thaliana and tobacco cells 
overexpressing lysine decarboxylase cDNA. Cadaverine and 
cadaverine-derived tobacco alkaloids were newly detected in 
transgenic Arabidopsis and tobacco, respectively.  

 
 

4. Recent technical advances in plant 

metabolomics   
 
4.a. Spatially Resolved Metabolomics 

Plants as multicellular organisms integrate numerous biochemical 
processes that are distributed among different cell-types and among 
different subcellular compartments that compose a cumulative and 
dynamic metabolic network. The structure of the distributed 
metabolic networks is usually inferred by the asymmetric 
distribution of enzymes (proteins) or mRNAs associated with the 
individual components within the network. Technologies are 
currently available that provide high spatial and temporal resolution 
images of the distribution of these macromolecules within individual 
cells and even subcellular compartments. These imaging 
technologies often utilize specific macromolecular interactions 
between the targeted molecule and a reporter-molecule (e.g., 
antibodies, nucleic acid hybridizations). 
 

Technologies that can locate the position of metabolites at 
such a high spatial resolution level could directly demonstrate the 
nature of the network and its regulation.  The utility of such data is 
illustrated with metabolites that interact with electromagnetic waves, 
and are thus visibly “colored”.  For example, it has been known for 
many years that many red and blue colored anthocyanins are located 
in epidermal cells using cytochemical or microspectrophotometric 
methods,115, 116 and this has enabled the deciphering of gene 
networks that program and integrate cellular differentiation, 
environmental cues and metabolism.117-119 More generalized 
techniques have been developed that combine micro-dissection with 
coupling reactions that amplify the development of metabolite-
dependent colored products.120 Other methods that utilize the 
isolation of protoplasts121, 122 or non-aqueous fractionation123 of 
subcellular compartments have also been used to determine levels of 

metabolites in different compartments. However, these protocols are 
somewhat difficult to recapitulate and it’s not always clear if these 
methods have “trapped”, in-place the intermediates of metabolism, 
and thus the location of metabolites has been difficult to corroborate. 
More recently laser-based microdissection techniques have been 
applied to plant systems to harvest populations of cells that 
morphologically appear an identical developmental state, but most of 
these techniques have been applied to evaluate the transcriptome and 
proteome of the isolated cell populations.124 Thus, faster and more 
efficient methods are needed to better analyze and understand 
dynamic and spatially resolved metabolism. 

 

4.b.  Mass Spectrometry Imaging 

 
 Chemical imaging is an important approach to visualizing 
localized metabolism.  Recent technical advances have enabled 
metabolite imaging using mass spectrometry (MS)125-128 and 
nuclear magnetic resonance (NMR).129-132 Mass spectrometry 
imaging tools have also been referred to as mass microscopes 
and similarly, NMR imaging as NMR Microscopes.129  
 
 Mass spectrometry imaging (MSI) is performed through the 
localized ionization of metabolites, peptides, and/or proteins 
from specific two-dimensional133 and more recently three-
dimensional134, 135 coordinates of a biological tissue. Thus, 
enabling the visualization of the spatial distribution of proteins 
and metabolites. A greater proportion of the current literature 
relates to imaging mass spectrometry of proteins, but imaging 
of plant small molecules and metabolites is gaining 
popularity136-138. 
 
 Various ionization techniques have been used in mass 
spectrometry imaging. The oldest is secondary ion mass 
spectrometry (SIMS)139 which was popularized for elemental 
and surface analyses.140 Secondary ionization is typically 
achieved using a high energy monoatomic (e.g. Ga+, Cs+) or 
polyatomic (e.g. C60

+) primary ion beams which are focused 
upon a surface, and upon impact, desorb and form secondary 
ions from that surface for mass analysis. The primary ions used 
in SIMS are typically high energy that results in substantial 
fragmentation of biological molecules. Thus, SIMS imaging 
has found the most utility in imaging of elemental/atomic 
species. SIMS imaging has been recently used to evaluate 
aluminium distribution in soybean roots,141 elemental nutrient 
distribution in Phaseolus,142 and Ar and Si in rice roots.143 Over  
time, SIMS imaging of metabolites such as flavonoids in Pisum 

sativum and A. thaliana has been achieved using polyatomic 
primary ion sources144 that distribute the energy over a broader 
surface and result in less damage. A primary advantage of 
SIMS is the ability to focus the primary ion beam either 
electrostatically or magnetically to achieve very high spatial 
resolutions. Currently nanoSIMS has been reported with a 
spatial resolution of 50 nanometers in plants.145 However, 
SIMS is plagued by very low ionization efficiencies. Thus, it 
has relatively low sensitivity for biological molecules and other 
methods have become more popular. 
 
 Laser desorption ionization (LDI) MSI techniques are 
currently the most widely used techniques. Laser desorption 
ionization can be performed directly or assisted with a matrix. 
Direct LDI-MSI requires metabolites with highly absorbing 
chromaphores which absorb sufficient energy from the laser 
source to enable direct desorption and ionization. Examples of 
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such molecules include phenolics, flavonoids, phloroglucinols, 
quinones and napthoanthrones. Hölscher and colleagues 
recently presented a report on the use of ultraviolet-LDI to 
study the distribution of secondary metabolites in Arabidopsis 
and Hypericum species.146  LDI using colloidal gold or silver to 
assist in the ionization process has also been recently reported 
to image epicuticular waxes from Arabidopsis leaves147 and 
other tissues.136  The Vertes group has further pioneered laser 
ablation electrospray ionization (LAESI),148-154 including the 
development of an etched tip optical fiber that can probe single 
cells.153, 154 
 
 Matrix assisted laser desorption ionization (MALDI) is 
currently the most popular MSI technique due to its generally 
better sensitivity. MALDI-MSI was first introduced for 
proteins,128 but has been rapidly adopted to small molecules155 
such as drugs125 and plant metabolites.138, 156 MALDI-MSI has 
been used in a vast number of plant applications.123, 157-159 It has 
been used to image agrochemicals in soy,160 carbohydrates in 
wheat,161 lipids,162 flavonols in apple,163 glycoalkaloids in 
potato,164 glucosinolates in Arabidopsis,165 anthocyanins in 
blueberry166 and rice,167 and a large array of organic acids, 
amino acids, sugars, lipids, flavonoids and their conjugates in 
M. truncatula root nodules.168  Although initial applications to 
plant systems were focused on metabolites that occur on the 
exterior surfaces of plants (i.e., epicuticular lipids)169-171, 
histological preparative methods are also being evaluated to 
image “interior” metabolites of plant tissues.136, 172 
 

Desorption electrospray ionization (DESI) is another 
ionization technique that is being developed173-176 and has found 
diverse applications in metabolite imaging.157, 177-184 DESI imaging 
is achieved by directing an electrospray aerosol onto an ambient 
surface. Secondary ions originating from the surface are then 
generated and used for mass spectral imaging.  Alternatively, plant 
metabolites can be transferred or imprinted onto a separate porous 
polytetrafluoroethylene (PTFE) surface and similarly imaged from 
the PTFE surface to enhance the signal intensity.157 DESI-MSI has 
been used to image diterpene glycosides in Stevia leaves185 and 
alkaloids in various tissues of poisonous hemlock (Conium 

maculatum), jimsonweed (Datura stramonium) and nightshade 
(Atropa belladonna).186 Laskin and colleagues dramatically 
improved the spatial resolution of DESI imaging, using a nanoDESI 
technique and achieved spatial resolution of about 12 µm.187  

 The spatial resolution of early MALDI-MSI was 
approximately 150 x 150 µm, which is multi-cellular for most 
organisms. The spatial resolution of MALDI-MSI is 
predominantly dictated by the laser optics and spot size. 
However, improvements in laser optics have resulted in 
improved spatial resolutions, and many commercial systems are 
now available with a resolution of approximately 10 x 10 µm. 
Thus, there has been an almost 10-fold increase in the spatial 
resolution to position imaged metabolites relative to known 
cellular structures, from approximately 100-µm resolution in 
2005,171 to approximately 10-µm resolution in 2010.169, 188 
Considering that plant cells are approximately 30-50 µm in 
size, this level of spatial resolution is enabling the localization 
of metabolites to the level of individual cellular structures and 
the spatial resolution continues to increase. An ultra-high 
spatial resolution version of matrix-assisted laser desorption 
ionization (MALDI) method, called scanning microprobe 
MALDI (SMALDI) has been developed, and it can determine 
the position of analytes to a resolution of few microns189, 190.  
Other custom MSI instruments with resolutions of 1 µm are 

also being built in research labs, but commercial systems with 
comparable high spatial resolutions are not yet readily 
available.  
 As the spatial resolution increases due to decreased laser 
spot size, the number of ‘pixels’ needed to image the same area 
increases and so does the imaging time. The increased imaging 
times have been mediated by additional 
improvements/increases in laser frequencies with 1 kHz lasers 
now being common. However, continual improvemetns in 
increased spatial resolution and imaging speeds are still desired 
to enable greater resolution of smaller cells and sub-cellular 
metabolites in shorter times. Unfortunately, we may be nearing 
the practical spatial limits of current MSI technology due to the 
reduced quantities of metabolites in smaller volumes (i.e., 
sensitivity), and the Rayliegh limits of the optical UV lasers, 
which are on the order of several hundred nanometers.  Current 
MSI also faces the challenges of competitive ionization and ion 
suppression making it more difficult.  
 
 
4.c. NMR Imaging 

 
 Nuclear magnetic resonance imaging, or often referred to as 
simply magnetic resonance imaging (MRI), is another 
chemically specific, spatial imaging technology which 
measures the resonance intensity of paramagnetic nuclei found 
in many biological metabolites to generate images.191 See 
Ishida et al.129 and Kockenberger et al.130 for earlier reviews of 
MRI. One of the major benefits of MRI is that it is non-
destructive and can image intact, living plant tissues. MRI is 
achieved by measuring the resonance intensity while varying a 
magnetic gradient along the x and y axes at spatially fixed 
values.129-131 During this process, the resonance signal is 
recorded for only a small spatially distinct part of the sample 
and sensitivity can be a significant challenge. As the desired 
spatial resolution increases, the signal to noise ratio is further 
decreased. Thus, many MRI experiments utilize the 1H 
resonance signal from water due to its relatively high 
abundance resulting in high sensitivity. As a result, MRI has 
been extensively used to study water content and 
movement/transport throughout plants.192-196 The abundant 1H 
resonance signal from water is also preferred and necessary to 
obtain the highest resolution images. Theoretical resolutions of 
up to 1 µm have been predicted for MRI with realistic three 
dimensional resolutions of 3.7 x 3.3  x 3.3 µm3 achieved.197  It 
is likewise possible to image 1H signals originating from 
metabolites such as sugars and amino acids,198, 199 as well as to 
image other paramagnetic nuclei such 13C, 15N, 17O, 19F, 23Na, 
31P, and 39K.200, 201 Some of the most impressive recent MRI of 
plants has been focused on imaging lipid distribution in 
seeds.202, 203 
 
 MRI is a well-developed technology that continues to 
improve with the improved sensitivities enabled through 
higher-field magnets and cryogenically cooled probes. 
However, its current resolution is on the order of 1-10 µm in 
the x, y and z planes and varies dependent upon the relative 
sensitivity of the selected nuclear resonance signal. Similar to 
mass spectrometry imaging, the primary limitation to MRI 
resolution is the low concentration of metabolites localized 
within smaller spatial regions. Both MSI and MRI can achieve 
approximate cellular resolution for many plants, but their 
spatial resolutions ultimately fall short of most optical imaging 
technologies. However, both MSI and MRI provide chemically 
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specific spatial details that simply cannot be achieved with 
optical techniques. Thus, both MSI and MRI are contributing to 
our understanding of the differential and dynamic metabolism 
that is occurring throughout plants at an ever growing rate, and 
are destined to be key metabolomics technologies in the future. 
MSI has the current advantage that it can differentially profile 
and image a larger number of m/z values or potentially different 
metabolites simultaneously relative to MRI, but MRI has the 
predominant advantage that it is non-destructive and can image 
intact, living organisms. 
    
 
4.d. LC-MS-SPE-NMR 

 
 The large-scale profiling of plant metabolites (i.e. 
metabolomics) is advancing our fundamental understanding of 
plant biochemistry, yielding discovery of novel metabolites and 
gene functions, and providing an advanced mechanistic 
understanding of plant responses to biotic, abiotic, and 
environmental stimuli. See Section 3 for details. However, the 
current depth-of-coverage is still limiting and chemical 
annotation is the number one challenge for the Metabolomics 
Community.204-206 Thus, there is a critical need to identify more 
metabolites both systematically (i.e. logical progression 
towards identification of all metabolites) and in a biologically 
directed manner (i.e. those observed to be differentially 
accumulated during comparative experiments) so as to increase 
our depth-of-coverage and to enhance the biological context 
and content of metabolomics experiments.  
 
 The Metabolomics Community has come to a general 
consensus that a minimum of two orthogonal analytical data are 
necessary for confident identification relative to an authentic 
standard.207 In the absence of authentic standards, it is 
necessary to return to the traditional standards of the organic 
chemistry journals that include NMR and accurate mass 
measurements for elemental analyses. Historically, mass 
spectrometry and NMR workflows have been segregated, and 
the identification of metabolites by NMR has been a lengthy 
process. However, MS and NMR methods are now being 
brought together in a more integrated manner.   
 

 One approach is to couple HPLC directly to NMR by 
transferring the HPLC eluent to a NMR flow-probe that can be 
operated in continuous-flow or stopped-flow manner.208 
However, the practical implementation and utility of these 
approaches is challenging due to low sensitivities, reduced time 
for NMR spectral acquisition, and high costs of deuterated 
HPLC solvents. These limitations can be circumvented through 
the automated purification and concentration of one or many 
HPLC separated metabolites via post-column, solid-phase 
extraction (SPE).  HPLC is often coupled to parallel or in-line 
detectors such as UV and MS resulting in a complex 
instrumental ensemble, i.e. HPLC-UV-MS-SPE (Figure 2).  
Purified samples collected from repetitive HPLC-UV-MS-SPE 
separations can then be eluted with deuterated solvents into 
traditional NMR tubes or into a flow-probe for NMR 
analyses.209-211   
 
 The authors of this article are convinced that such integrated 
MS and NMR techniques are necessary for ‘higher’ through-put 
metabolite identifications and large-scale plant metabolomics. 
Thus, the authors are advocating this concept by integrating 
ultra-high pressure liquid chromatography (UHPLC, 18,000 
psi) with high resolution quadrupole time-of-flight mass 
spectrometry (QTofMs, resolution ~ 40,000) and SPE for the 
automated and higher through-put purification and 
concentration of chemically undefined plant metabolites. 
Specific metabolites targeted for annotation are repetitively 
collected from multiple UHPLC-UV-MS separations onto the 
same SPE cartridge which allows for the recovery of larger 
quantities necessary for NMR analyses. This system enables 
high resolution separations of metabolites that can then be 
further isolated using a combination of mass, retention time, 
and UV signals to initiate SPE purification and concentration. 
Purified and concentrated target metabolites isolated on SPE 
cartridges are dried to remove protonated solvents and eluted 
with deuterated solvents for further NMR analyses. Structural 
identifications are then made from the combination of UHPLC 
retention, UV, MS, MS/MS, and NMR data. Targeted recovery 
amounts of 1-5 µg are typically sufficient for 1D and 2D NMR 
using a Bruker 600 MHz NMR with a 1.7 mm TCI cryoprobe. 
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Figure 2 – Schematic of an integrated UHPLC-UV-MS-SPE-NMR system.  Comparative metabolomics is performed using large-scale 
metabolite profiling by UHPLC-UV-MS.  Differentially accumulated metabolites or otherwise targeted metabolites are then purified and 
concentrated by solid-phase extraction (SPE) from multiple UHPLC-UV-MS separations. The UHPLC-UV-MS peaks of interest can be targeted 
for SPE purification based upon retention time, m/z, and UV absorbance.  One or many targeted metabolite/peaks can be repetitively isolated on 
different SPE columns (up to 2 x 96 using a Bruker/Spark Holland Prospekt 2).  SPE purified and concentrated metabolites are then dried to 
remove protonated solvents and eluted using deuterated solvents into traditional tubes or into a flow-probe for NMR analyses.  Metabolites are then 
ultimately identified based upon retention, UV absorbance, accurate mass, tandem mass, 1D and/or 2D 1H/13C NMR spectra.   
 
4.e. Tandem Mass Spectral Database and Computational 

MS  
 
As noted above, the major challenge in plant metabolomics is 
metabolite annotation. Typically thousands of metabolites (or 
mass features) can be detected in an untargeted metabolomics 
experiment. Identification of those metabolites is very 
challenging because (1) many natural products have a 
substantial number of isomers which cannot be differentiated 
solely based upon their m/z values, and (2) for each single mass 

feature, multiple empirical formulas can often be generated 
within a small m/z variance window, i.e., < 5 ppm. Tandem 
mass spectrometry is therefore often employed to provide 
additional structural information that can be used to annotate 
metabolites by matching tandem spectra of experimental 
samples to those of authentic compounds within a database. 
Over the past years, a number of online public tandem mass 
spectral databases have been developed. These include 
MassBank,212 HMDB,213 Metlin,214, 215 Golm Metabolome 
Database (GMD),216 the Platform for RIKEN Metabolomics 
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(PRIMe),217, 218 MeltDB,219 and Madison Metabolomics 
Consortium Database (MMCD).220 Many of these databases 
focus upon specific organisms. For example, the PRIMe 
database focuses primarily on plant metabolomes, the HMDB is 
dedicated more towards the human metabolome, and Metlin is 
directed more towards pharmaceutical research and biomarker 
discovery. Among these public databases, MassBank is unique 
in that it also serves as a public repository for the metabolomics 
and the natural product research communities. It currently has 
more than 40,000 spectra contributed by 28 different institutes 
worldwide. It is also one of the first public mass spectral data 
repositories that allow users to share their spectral data. This is 
very important as many “unknowns” encountered in untargeted 
metabolomics are often “known unknowns”. Identification of 
these “known unknowns” can be difficult as their structural 
information is often scattered throughout the literature and 
various databases, some of which may be difficult to assess. 
Providing a public platform for researchers to deposit and share 
their mass spectral data can significantly improve metabolite 
annotation within the plant metabolomics community. In 
addition to public databases, commercial databases are also 
available such as the Agilent Fiehn GC-MS Metabolomics 
Library, Agilent Metlin Personal Metabolite Database and 
Wiley Registry/NIST Mass Spectral Library that now contains 
both electron ionization (EI) and tandem MS/MS spectra. 
Unlike EI spectra, electrospray ionization MS/MS spectra are 
historically less reproducible. Different instrument types (or 
even the same instrument type but from different vendors), 
different ion optics and different collision energies can produce 
substantial variations within the MS/MS spectra.221 This often 
leads to unsuccessful identifications and even 
misidentifications. In addition, the overall metabolome 
coverage of the available MS/MS databases is still very limited 
due to the lack of authentic standards and the complexity of the 
metabolomes. Thus, the identification of metabolites not 
included in the databases is challenging and typically requires 
additional computational MS (or MS informatics) or empirical 
methods, ie NMR.  
 
 Computational annotation tools based upon MS data have 
become an important part of the metabolomics workflow owing 
to their rapid developments over the past decade.222  In silico 
generated MS/MS databases are expected to significantly 
improve the success of metabolite annotation when 
experimental MS/MS training data of authentic standards 
become available. Several public or commercial software 
packages and websites are now available, including MetFrag 
and Metfusion,223, 224 Fragment Identificator (FiD),225 
lipidblast,226 SIRIUS,227 MS interpreter (NIST),228 MS 
fragmenter (ACD lab) and Mass Frontier (HighChem).  In 

silico fragmentation is predicted based upon fragmentation 
rules generalized from literature data229, 230 or combinatorial 
approaches that use bond energies to predict fragmentation 
chemistries.223-225 While rule-based approaches can be highly 
specific, especially for the same class of metabolites, they 
typically cannot correctly predict fragments for metabolites for 
which fragmentation rules are absent. Combinatorial methods 
require extensive computation when the candidate metabolite 
has a large number of chemical bonds and functional groups, 
and they lack the specificity of the rule-based approaches.  
Some software, such as Mass Frontier, contain manually 
curated fragmentation patterns from several thousand 
publications. In silico fragmentation prediction has been 
successfully used with compounds consisting of similar 

repeating units such as peptides,231 lipids,226, 232 and glucans.233, 

234 However, its use on arbitrary small molecules is still very 
challenging due to the structural diversity of small molecules 
and their complex fragmentation patterns. For example, we 
observed that hydroxylation position renders fragmentation of 
structurally similar flavonoids completely different. Thus an 
algorithm that combines rule-based approaches, combinatorial 
methods, published fragmentation mechanisms and machine 
learning are likely to be more successful in predicting 
fragmentation of small molecules. 
 

4.f. Large-scale targeted metabolomics via MRM  
 
Large-scale targeted metabolomics aims to detect and quantify 
dozens to hundreds of known compounds in a complex sample 
mixture. It can be used to assess metabolic changes resulting 
from genetic manipulation and/or environmental perturbation 
by selectively monitoring a subset of metabolites associated 
with certain specific pathways.  Ultrahigh performance liquid 
chromatography coupled to a triple quadrupole MS (UPLC-
QqQ-MS) is ideal for targeted metabolomics due to its good 
sensitivity, reproducibility, robust quantification and broad 
dynamic range. It is typically operated in MRM (Multiple 
Reaction Monitoring) mode in which collision energies and 
other parameters for each individual target compounds have 
been pre-optimized with authentic standards to enhance 
sensitivity and selectivity.235 During a MRM experiment, a 
metabolite precursor is first resolved and isolated by the first 
quadrupole (Q1) and fragmented in the second quadrupole (Q2) 
which functions as a collision cell. The third quadrupole (Q3) 
serves as a final mass filter to monitor specific product ions. 
The identity of metabolites can be ensured when combined with 
known chromatographic retention times because individual 
metabolites have specific precursor/product ions, which are also 
known as a transition pair. Quantification is performed using 
the more specific and abundant transition pair for each targeted 
metabolite.  
 
 Large-scale MRM has become a workhorse for targeted 
metabolomics due to its high sensitivity and selectivity. The 
utility of MRM in targeted plant metabolomics has been well 
demonstrated.236-238 Typically, two MRM transitions, i.e., a 
quantitative transition and a qualitative transition, are 
monitored to increase the confidence in compound annotation. 
However, due to the complexity of the metabolomes, some 
isomeric metabolites might not be adequately separated by LC 
and they might produce the same product ions that are used for 
monitoring the target compounds.235 This can lead to false 
positive results.239, 240 Some solutions, ranging from the use of 
probability-based computational approaches to a different 
instrument setup, have been proposed to minimize reporting of 
false positive results and confirmation of identities.241, 242  
Triggered MRM or MRM-EPI (MRM-triggered enhanced 
product ion scan) that initiate the acquisition of a product ion 
spectrum when the signal of the MRM transition exceeds a pre-
set threshold can be very useful in confirming the identity of 
the metabolites.243 However, if a product ion spectrum is 
acquired for every target metabolite, the total number of 
transitions can increase substantially. This can lead to poor 
quantification accuracy and low sensitivity due to compressed 
acquisition/dwell times for the individual MS/MS transitions. 
Another challenge in MRM targeted metabolomics is that the 
product ion spectra can be dominated by one major fragment 
for some metabolites. Other fragments have very low signal 
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intensities and thus are less selective and sensitive if used as 
MRM transitions. In addition, for some metabolites, neutral 
losses of H2O, CO2, methyl or glycosyl groups are the major 
fragment ions. Ions resulting from these neutral losses are less 
selective and commonly give rise to matrix interferences.  
 
4.g. X-ray using porous complexes 
 
 The use of X-ray crystallography in structural 
determinations has a long history, and the first crystallographic 
structural elucidation of a small organic molecule was 
performed in 1923.244 Early use of X-ray crystallography 
focused on inorganic compounds and minerals. However, it’s 
utility  in the determination of organic and biological relevant 
molecules eventually evolved, and the Noble Prize in 
Chemistry was awarded to Dorothy C. Hodgkin in 1964 for 
solving the structures of important biological molecules such as 
cholesterol, penicillin and vitamin B12.245 However, over the 
past 20 years or so, crystallography has fallen from favour as a 
structural determination tool for small molecules. This has been 
primarily due to the lengthy time needed to generate relatively 
large quantities of the analyte required for the often numerous 
trial-and-error attempts to produce quality crystals relative to 
other technologies such as MS and NMR. In addition, not all 
molecules can form the crystalline structures necessary for X-
ray analysis. 
 
 Fortunately, transformative new technology is now making 
X-ray structural determination of µg to ng quantities of 
biomolecules a reality.246, 247 Inokuma and colleagues have 
developed a method that removes the bottleneck needed to 
produce relatively large single crystals for single-crystal X-ray 
diffraction (SCD) analyses and allows for the structural 
determination of non-crystalline materials. Their method 
instead dissolves targeted analytes in a solvent that is then 
slowly infused into a porous, crystalline host complex. As the 
analyte infuses into the host structure it absorbs onto the pore 
surfaces via noncovalent chemical interactions. This produces 
an ordered structure of the analyte within the ordered host 
crystal as the solvent is slowly evaporated. The structure of the 
analyte is then solved within the structure of the crystalline host 
matrix using traditional instrumentation. The authors report that 
their standard protocol utilizes approximately 5 µg of analyte, 
but further demonstrate their approach by solving the crystal 
structure from as little as 80 ng of guaiazulene using standard 
laboratory instrumentation; i.e., Bruker APEX-II CCD with a 
Mo radiation source or Rigaku VariMax with a Cu radiation 
source. The authors further propose that structures could be 
determined from as little as 10ng or less using a synchrotron 
radiation source.     
 
 Inokuma and colleagues additionally demonstrated that their 
method was compatible with HPLC purified natural products 
from orange peel (Citrus unshiu).246 In this approach, host 
crystal ‘sponges’ were added directly to HPLC fractions 
collected in vials followed by subsequent X-ray 
crystallography. Using their HPLC-SCD approach, they 
determined the structures of three polymethoxyflavones and 
concluded that ‘LC–SCD analysis will be a powerful tool for 

the rapid characterization of multiple components with much 

higher structural reliability than liquid chromatography mass 

spectrometry and LC–NMR techniques’. 
 

 Overall, the sensitivity of the reported HPLC-SCD 
technique rivals that of mass spectrometry and surpasses that of 
NMR.  Thus, it is very conceivable that HPLC-SCD could be a 
powerful and realistic alternative for higher through-put 
metabolite identifications. Integration of SCD with HPLC-MS-
SPE-SCD is also easily visualized.   
 
 
5. Future prospects for crop breeding and 

herbal medicine 
 
 A large proportion of the success of plant metabolomics has 
been obtained using model species. However, there are great 
needs, opportunities and challenges associated with expanding 
the utility of metabolomics in crop species. A major challenge 
is the complex genetics generally associated with crops.  
However, metabolomics has successfully used for enhanced 
breeding of important crops.248 As a basis for future breeding 
programs, the identification of genomic regions and genes 
associated with metabolic quantitative loci (mQTL) or 
production of specialized metabolites has been performed with 
major crops taking advantage of available genetic resources. 
Extensive mQTL69, 249, phenotypic/genetic250, 251 analyses and 
genome wide association study (GWAS)252 of rice populations 
have been reported, noting that rice is a primary crop feeding 
the majority of the world’s population. In these studies, the 
mQTL regions69, 249 and related single-nucleotide 
polymorphism (SNP) markers252 for a variety of flavonoid 
molecules have been identified. These metabolomic 
investigations were based on the large-scale identification of 
rice metabolites using a solid strategy of structure 
determination by natural product chemistry.253 Besides the 
direct relation of genomic regions or genes with metabolites, 
investigation of metabolic signatures representing the responses 
to abiotic stresses is also an important issue being addressed 
through metabolomics. For example, metabolomics studies 
revealed characteristic metabolic changes associated with the 
stresses of draught, UV and nitrogen deficiency in wheat254, 255 
and maize.256, 257 
  
 The application to herbal medicines and crude drugs is also 
expected to benefit from metabolomics analyses.258, 259 
Metabolomics can depict not only large numbers of chemical 
components found in mixtures of herbal medicines,260 but can 
also correlate those chemical components from plants with the 
chemical markers of patients who intake these herbal 
medicines. If one can systematize all correlations of chemical 
components both from herbal medicines and body fluids of 
patients, such as blood and urine with diagnostic indices, new 
prescriptions of herbal medicine mixtures could be developed 
to maximize the therapeutic effects.261 
 

6. Conclusions 

 Metabolomics has significantly advanced our understanding 
of plant specialized metabolism and natural product 
biosynthesis at the molecular and biochemical levels with 
numerous examples provided here within. Metabolomics is also 
enabling the better understanding of medicinal plants and the 
identification of important metabolic QTLs for enhanced 
breeding. Although metabolomics has proven its value, it still 
faces substantial challenges including large-scale metabolite 
identifications. As improved technologies continue their 
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progressive march forward, the field of metabolomics can only 
get better. A large number of advancing technologies were 
reviewed within this article and provide a perspective on the 
exciting and growing potential of metabolomics in the future! 
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