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MINIREVIEW

Recent applications of NMR spectroscopy in plant
metabolomics
Jane L. Ward, John M. Baker and Michael H. Beale

The National Centre for Plant and Microbial Metabolomics, Rothamsted Research, Harpenden, UK

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is

usually the method of choice for natural product struc-

ture determination and it is not surprising that this

powerful technique has come to the fore in plant meta-

bolomics. The data requirements for metabolomics are

the qualitative and quantitative analyses of the maxi-

mum number of metabolites in the highest achievable

throughput. Most metabolomics laboratories deploy a

range of spectroscopic technologies but use of NMR

spectroscopy, particularly as a first pass screen, has a

number of advantages over other analytical platforms

currently being used. Sample preparation is relatively

simple when compared to other analytical methods

and a high sample throughput with little instrument

drift is readily achieved. NMR is not discriminatory

unlike certain mass spectrometry methods that rely on

the prior derivatization of metabolites or the ability of

them to ionize. Metabolite screening requires maxi-

mum sensitivity with a broad compound coverage. For

NMR this usually means that only the most sensitive

and commonly occurring magnetic nucleus (i.e. 1H) is

observed. However, more information on topics such

as metabolite flux can be obtained with other nuclei,

particularly 13C and 15N. In this minireview we high-

light progress in plant metabolomics where 1H-NMR

has been used in substantial equivalence and functional

genomics studies. In addition, the recent use and pros-

pects for heteronuclear NMR, 2D NMR, liquid chro-

matography (LC)-NMR and stable isotope labelling

experiments are also described.

NMR fingerprinting

Fingerprinting techniques involve collecting spectra of

unpurified solvent extracts in standardized conditions

and ignore, initially, the problem of making individual
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assignments of peaks in the resulting complex NMR

spectra, which contain many overlapping peaks. Multi-

variate statistical methods such as principal component

analysis (PCA) are used to compare sets of spectra to

identify clusters of similarity or difference so that con-

clusions can be drawn about the classification of indi-

vidual plant samples. The identities of metabolites

responsible for differences between classes can be

investigated from loadings plots generated by PCA

and related techniques. The technique has been

recently reviewed by Krishnan et al. [1]. Here we dis-

cuss recent applications of the technique in a number

of key areas.

Substantial equivalence

Regulatory bodies are placing much emphasis on the

identification of unintended effects of genetic modifica-

tion (GM) and there has recently been a drive to

establish methods of analysis to screen for these.

NMR fingerprinting with multivariate analysis of the

data has been used to identify and classify maize seeds,

obtained from transgenic plants, into different classes

according to changes in metabolites [2]. Prediction to

latent structures-discriminant analysis (PLS-DA) meth-

ods were used to build a predictive model that could

identify GM material by virtue of only 13 variables

that were sufficient to explain 90% of the variability in

the entire dataset.

In a larger study the ‘substantial equivalence’ of

three transgenic wheats, grown in the field at two dif-

ferent sites for 3 years, has been examined using NMR

fingerprinting [3]. Multivariate analysis of the data col-

lected from extracts of flour, milled from the wheat

seeds, showed that there was a stronger influence of

site and year than there was due to genotype.

Although one transgenic line showed elevated levels of

carbohydrates, relative to its parent line, most changes

detected (e.g., in free amino acids) were due to envi-

ronment. It was concluded that the plant growth

environment has a very significant effect on the meta-

bolome, and that generally differences between control

and transgenic wheat lines were within the range of

those environmental differences.

Similar NMR fingerprinting studies, assessing the

compositional changes occurring in potato tubers after

trangenesis, concluded that environmental and cultivar

effect were on the whole greater than unintended

effects of GM [4]. Approximately 40 GM lines modified

in primary carbon metabolism, starch synthesis, glyco-

protein processing and polyamine ⁄ ethylene metabolism

were compared. The most obvious differences revealed

by PCA, were between varieties. There were however,

significant differences (in proline, trigonelline and

other phenolics) between parents and GM lines with

modified polyamine metabolism. Generally lines from

the other GM groups had altered levels of other com-

pounds relative to the controls, but the differences in

mean values amounted only to a two- to three-fold

change. It was suggested that, in the context of variab-

ility of the whole dataset, such changes did not appear

to be important.

Multivariate methods, such as PCA and PLS-DA,

build models from the datasets provided and when

developing conclusions from these models, the context

must be considered. The experimental design is of

utmost importance. When dealing with plants, the

major differences revealed in principal component 1

(PC1) can sometimes be due to environmental effects.

Use of different cultivars can also bias the model. The

biological differences (e.g., between GM and non-GM)

can be masked and will often only be revealed in the

lower PCs. These differences may therefore need to be

further studied in refined models where cultivar differ-

ences and environmental effects are excluded [3].

Food authenticity and quality control

NMR fingerprinting has been used for many years to

authenticate foodstuffs, especially in the beverage

industry. A recent study has employed the method to

investigate grape quality [5]. The aim was to investi-

gate the effect on grape berry skin metabolites of three

cultivars grown over three seasons at five different geo-

graphical locations. Using standard methods of NMR

data collection, followed by PCA and PLS methods,

the predictive modelling was able to pinpoint the spec-

tral areas responsible for a separation according to

vintage. No effects due to soil could be discerned and

it was concluded that the vintage effect on grape meta-

bolic profiles prevailed over any soil effect.

Quality control issues are becoming increasingly

important in the area of phytomedicinal preparations.

A recent study on chamomile flowers, employing

NMR and chemometrics addressed concerns about

variation in composition [6]. The study demonstrated

that NMR screening will play an important role in

standardization and quality control as legislation is

introduced into this area.

Functional genomics

In functional genomics, high-throughput methods that

are capable of screening large collections of plants are

extremely useful. Metabolomics information can not

only assist in a deeper understanding of the complex
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interactive nature of plant metabolic networks and

their responses to genetic change but also will provide

unique insights into the fundamental nature of plant

phenotypes in relation to development, physiology and

environment. Quantitative metabolite profiling by 1H

NMR has recently been used for a genetic study of

strawberry fruit quality, a functional study of tomato

transformants and a study of Arabidopsis thaliana

phosphoenolpyruvate transformants [7]. In the tomato

study, a comparison of the roots of transformants with

wildtypes showed that environmental factors signifi-

cantly modified the metabolic status of the plants,

masking the expression of a given genetic background.

Studies on the Arabidopsis transformants showed that

a decrease in phosphoenolpyruvate carboxylase activity

impacted on metabolic profile without compromising

the plant growth, supporting previous suggestions that

the enzyme had a low influence on the carbon flux

through the tricarboxylic acid (TCA) cycle.

Many laboratories are now collecting both meta-

bolomics and transcriptomic datasets from the same

tissues and are developing techniques for cross-correla-

tion of these information-rich matrices. No one has yet

published such studies with NMR, but a recent exam-

ple, using GC-MS [8] where the analysis of transcri-

ptome and metabolome datasets gathered in response

to sulphur starvation has been modelled, indicates

what may be done with such correlative datasets.

Two-dimensional NMR studies

Although 1D NMR studies are extremely useful in

classifying similar groups of samples, problems with

large numbers of overlapping peaks can make actual

identification of large numbers of metabolites difficult.

2D NMR studies can help to overcome these prob-

lems. The use of 2D NMR for metabolomics is usually

restricted to the characterization of unidentified com-

pounds from the 1D spectra. This can be carried out

on the isolated compound (see below). Alternatively,

the increased resolution provided by the second dimen-

sion can allow for the characterization of components

in an unfractionated or partially fractionated mixture.

Examples of this include the characterization of

tomato juice [9] and the identification of the phenyl-

propenoids produced by methyl jasmonate treated

Brassica rapa [10] and A. thaliana [11]. The only 2D

NMR method that is truly amenable for use as a

metabolomic fingerprinting technique is that of
1H J-Resolved (J-Res) NMR, due to its comparatively

short acquisition time, relative to other 2D techniques.

Figure 1A depicts the complex central region of the

conventional 1H-spectrum of a polar extract of

A. thaliana. The ‘skyline projection’ [12] (Fig. 1B) gen-

erated from the 2D J-Res spectrum (Fig. 1C), is effect-

ively a proton decoupled 1H spectrum. In the

projection, multiplets revealed in the 2D J-Resolved

plot, are coalesced into single peaks of increased inten-

sity at the chemical shift positions of the multiplet cen-

tres. As can be seen in Fig. 1 the result is a spectrum,

retaining all the chemical shift and relative intensity

data, but with a reduced degree of complexity com-

pared to the conventional 1H spectrum. Choi et al. [13]

used this technique to investigate the response of

tobacco to infection with the mosaic virus. They were

able to detect increases in a range of compounds,
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Fig. 1. Carbohydrate region from 1H NMR

spectra of an Arabidopsis thaliana

D2O-CD3OD (8 : 2) extract. The conventional

1D spectrum (A); the skyline projection from

2D-J-Res spectroscopy (B); the 2D J-Res

spectrum (C). The skyline projection is gen-

erated from the 2D plot. A representative

triplet at 4.035 p.p.m. (from sucrose) is

highlighted and demonstrates the coales-

cence of a multiplet in the conventional

spectrum to yield a single line with a

summed area in the skyline projection,

whilst singlets (e.g., 3.904 p.p.m.) remain

unchanged.
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including 5-caffeoylquinic acid, a-linolenic acid ana-

logues, sesquiterpenoids and diterpenoids, and have

suggested that these may have a role in systemic

acquired resistance.

Metabolite profiling using LC-NMR

Even with the added resolution of 2D NMR tech-

niques, the complete characterization of complex mix-

tures such as plant extracts by NMR is often

impossible. Hyphenating NMR to HPLC alleviates

some of the problem by allowing NMR data to be col-

lected on individual components of a mixture. Such

on-flow NMR has been used as a means of screening

the HPLC profiles of crude lipophilic extracts of aqua-

tic plants for potential algacides [14,15]. The com-

pounds of interest could not be completely identified

from the LC-NMR analysis. However, it did give good

clues as to the chemical nature of the constituents of

the extract, thereby allowing targeted isolation of the

most interesting compounds (labdane diterpenes) to be

carried out.

The routine use of on-flow LC-NMR for phyto-

chemical analysis is limited by its lack of sensitivity

(the previous examples used HPLC runs of >12 h).

The advent of automated solid phase extraction (SPE)

peak trapping [16] has removed this problem and

allowed LC-NMR to achieve its full potential. The

technique has been used to good effect to investigate

the composition of an African medicinal plant Kanahia

ianiflora [17]. Alcoholic extracts of the plant were

investigated by analytical scale LC-SPE-NMR using

multiple peak trapping, to give sufficient of each of the

major peaks to allow their complete characterization

using 1D and 2D NMR techniques. Four flavanol-

glycosides and three 5a-cardenolides were successfully

identified.

Flux analysis by stable isotope tracking

The ability to monitor flux through individual metabo-

lites over time has the potential to offer more to the

systems biologist than the single snapshot NMR finger-

printing that is widely used. There have, however, been

a growing number of applications in recent years using
31P and stable isotopes such as 13C and 15N to investi-

gate plant metabolism over time and the area has been

extensively reviewed [18–20].

Applications using 13C-labelling

Two recent studies serve to illustrate the application

of 13C-NMR in flux analysis. Glawischnig et al. [21]

describe an investigation of carbon flow into starch

biosynthesis in maize kernals. Label from added

[U-13C6]glucose and [U-13C12]sucrose was tracked by
13C NMR measurements on glucose isolated from

de novo biosynthesized starch, after hydrolysis. 13C tra-

cer studies, using [1,2-13C2]acetate, have also been

employed to study the TCA cycle and interacting path-

ways, in an in vivo and in vitro metabolomic analysis

of rice coleoptiles during anaerbiosis [22]. Peak heights

of selected, resolved, 13C NMR signals were normal-

ized against those at time zero and plotted against

treatment time to determine the in vivo time courses

of labelled malate, glutamine, glutamate and c-amino-

butyrate. The study showed that the TCA cycle under-

went multiple cycles supporting a separate pool of

glutamate, which after decarboxylation yielded c-amino-

butyrate. Diverted carbon was replenished via the gly-

oxylate cycle reactions. The rice coleoptiles had the

ability to reduce the build up of glycolitic by-products

(e.g., NADH) by consuming them in various reactions

leading to the production of ethanol and amino acids.
13C analysis has also been supplemented by 31P

NMR in metabolite profiling studies of perchloric acid

extracts of cucumber radicles to reveal changes in

phospholipid metabolism in response to osmotic stress

and drought tolerance [23]. The radicles were rendered

tolerant to desiccation by the addition of polyethylene

glycol (PEG). NMR profiling showed increases in

sucrose and large decreases in glucose, fructose and

the hexose phosphate pool in response to PEG treat-

ment. In addition, three derivatives arising early during

phospholipids catabolism appeared in the PEG treated

radicles and the study concluded that the metabolic

response leading to the re-establishment of drought

tolerance was different to that of an osmotic response.

Applications using 15N-labelling

In vivo 15N and 31P NMR studies have also been used

to explore symbiotic nitrogen fixation in pea root nod-

ules [25]. The study involved exposing detached pea

nodules to 15N2 via a perfusion medium, while record-

ing spectra over a time course. After these initial flux

measurements, amino acids were extracted and identi-

fied by 15N NMR analysis. These studies were comple-

mented using LC-MS. In vivo 31P NMR spectroscopy

was used to monitor the physiological state of the meta-

bolically active nodules. The investigation also showed

(via an unusual 15N chemical shift) that a substantial

pool of free ammonium ion was present in active sym-

biosis. Similar 15N and 31P studies have been employed

to investigate primary metabolism in N2-fixing Alnus

incana-Frankia symbiotic root nodules [25].

J. L. Ward et al. NMR spectroscopy in plant metabolomics
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Heteronuclear 13C-15N 2D NMR

The above studies have used stable isotope-feeding

studies to answer specific biological problems using a

targeted approach. A recent paper demonstrating the

utility of stable isotope labelling and 2D heteronuclear

NMR for a true metabolomics approach has recently

been published [26]. The investigation centred on the

metabolic movement of carbon and nitrogen in

A. thaliana. Ethanol-stress responses were investigated

by comparing 13C-labelled wildtype and 13C-labelled

ethanol-hypersensitive mutant plants. In a separate

study, nitrogen fluxes in 15N-labelled seeds have been

analysed during the initiation of germination. Both

studies relied on 2D heteronuclear techniques. 13C

measurements were made by standard 1H-13C hetero-

nuclear single quantum correlation (HSQC) procedures

and the comparisons made by utilizing a spectral sub-

traction routine. The same principles were applied to

the analysis of the 15N nuclei where the authors repor-

ted the first 1H-15N HSQC-type NMR experiment to

track changes in N-containing metabolites during the

onset of germination.

Concluding remarks

NMR has a key role to play in the acquisition of qual-

ity assured metabolomic datasets for the systems biolo-

gist. It is clear that the now standard 1H-NMR

fingerprinting will continue to be the main provider of

large datasets for functional and environmental

genomics, and in substantial equivalence studies.

Hyphenated and 2D techniques play a key role in

compound identification and this will lead to more

annotation of the 1D fingerprints, as well as answering

specific questions by comparative analysis of individual

mutants, transgenics or treatments. Systems biology

researchers will require metabolomics data that pro-

vides information on how plants change over time,

whether that be by developmental programming, envi-

ronmental perturbations or after attack by predators.

There is no doubt that NMR fingerprinting and in

particular metabolite flux analysis by NMR are now

developing to an extent where they will become leading

providers of such data.
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