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ABSTRACT 

Systematic evaluation of phenotypic variations among 
cereal breeds based on metabolic profiling is an effective 
approach to holistic discovery of metabolic markers as 
well as nutrition targeted breeding. Furthermore, 
integrated analysis of metabolo-phenotype and genotype 
of natural variations or cultivars should be useful to find 
out metabolic markers in association with genotypes. 
We have applied NMR methods to perform metabolic 
profiling in Gramineae plants (wheat, barley and rice), in 
order to develop a novel metabolic-phenotyping 
procedure by global measurement of metabolite in 
various samples. Solution samples extracted from seed 
grains of 21 wheat, 21 barley and 18 rice strains were 
conducted for the metabolic profiling by 1D- 1H-NMR 
and 2D-1H-1H NMR spectra. The metabolic fingerprint 
of each of 60 strains by the 1D-1H-NMR were analysed 
using principal component analysis (PCA) and 
hierarchical clustering analysis (HCA) to compare 
metabolic profiling among species and to find out 
metabolic marker by chemical shift values 
corresponding to metabolite specifically abundant in 
each strain. Furthermore, 2D-1H-1H NMR spectral 
profiling was also applied to quantify major metabolites. 
In total, 22 metabolites were compared among strains by 
the 2D-NMR spectra. These major metabolite profiles 
allow us to evaluate nutritious balance in cereal grains. 
Furthermore, in order to compare genetic divergence and 
metabolo-phenotypic variations, we performed genome 
wide genotyping using AFLP analysis for comparison 
between genotype and metbolo-phenotype to discover 
metabolites in association with genetic polymorphisms. 
NMR based metabolic-phenotyping and that integration 
with genome wide genotyping should be mostly 
applicable to systematic exploration of cereal genetic 
resources as well as to metabolite based breeding for 
enhancement of cereal productivity. 
 

INTRODUCTION 

Metabolic profiling is becoming a quite useful technology for 
microscopic and comprehensive phenotyping and diagnostic 
analyses in plant as a key approach to annotate gene function and 
systematic evaluation of metabolite component (Schaurer and 
Fernie 2006, Saito et al .2006).  Metabolic phenotyping is 
applicable to holistic discovery of metabolite markers as well as 
nutrition targeted breeding based on high throughput profiling of 
metabolite contents as traits to screen genetic resources.  There are 
now several examples of metabolo-phenotype based breeding 

including carotenoids contents in tomato (Liu et al. 2003), protein 
and oil content in maize (Moose et al.  2004) and starch content of 
rice and potato (Ferine and Willmitzer 2004).  Metabolite profiling 
was applied to identify QTLs in association with metabolites 
accumulations to dissect the genetic basis of metabolic network in 
Arabidopsis, tomato, and poplar (Kliebenstein et al. 2001, 2002, 
Tieman et al. 2006).  Integrative analysis of metabolomics and 
genomics or transcriptomics should facilitate to elucidate plant 
metabolic systems as well as to explore key loci applicable for 
crop improvements.  

RIKEN Plant Science Center, we have established 
metabolomics platform including various types of mass 
spectrometry (MS) and NMRs as well as the informatics 
technologies namely PRIMe (http://prime.psc.riken.jp/), to 
boldly carry forward plant metabolomics and to understand  
metabolic systems for  plant productivity (Tian et al. 2007,  
Kusano et al, 2008,).   

NMR method is a spectroscopy allowing us to elucidate 3D 
structure and dynamics of biological molecules with high 
repeatability. Various NMR methods make it possible to gain 
holistic metabolic profile data not only from solution samples but 
also from insoluble and/or solid state samples (Kikuchi et al. 2004).  
Metabolic phenotyping using 1H-NMR is applicable to acquire 
holistic profile of metabolites in high throughput and to compare 
characteristic metabolites accumulating among varieties of species   

In this study, we have applied 1D-1H-NMR and 2D-1H-1H 
NMR methods to measure soluble metabolite of seed grains of 
wheat, barley and rice to acquire metabolo fingerprints of strains of 
those crops, and demonstrated effectiveness of NMR metabolic 
phenotyping for characterization of each strains based on 
metabolite components. Results of metabolic fingerprints of cereal 
grains have been conducted to principal coordinate analysis (PCA) 
and hierarchical clustering analysis (HCA) to compare metabolic 
profiling among species and varieties as well as to find out 
chemical shift values corresponding to metabolites specifically 
abundant in each strain.  Furthermore, in order to compare genetic 
divergence and metabolo-penotypic variations, distance matrix of 
genotype and those of metbolo-phenotype have been compared to 
discover metabolites in association with genetic polymorphisms.  
Herein, we have demonstrated NMR metabolic phenotyping that 
should become a powerful phenotyping procedure to explore and 
evaluate genetic resources for metabolite based crop breeding. 
 
 
MATERIALS AND METHODS 
 
Plant materials 
Seed grains of 21 wheat strains were derived from National Bio 
Resource Project “KOMUGI”, those of 21 barley strains were 
selected from barley core collections derived from Okayama 
University, and 18 rice strains were selected from the world rice 
collection derived from NIAS (Table 1).  
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NMR-based metabolic profiling 
NMR samples were prepared essentially as described previously 
(Kikuchi and Hirayama  2007). Briefly, 10 mg of the milled seeds 
was extracted with 600 µl of 0.1 M-KPi buffer at 50 °C for 5 min 
with gentle vortexing. Aftercentrifugation, the extracted 
supernatant was transferred into a 5-mm Ø NMR tube for NMR 
measurements. One-dimensional 1H NMR spectra were acquired 
at 298 K on a Bruker DRX-500 NMR spectrometer equipped 
with a 1H inverse probe and a triple-axis gradient. The chemical 
shifts were determined using sodium 2,2'-di-methyl 2-silapentane 
5-sulfoxide as a reference. The one-dimensional NMR spectra 
were integrated between 0.5 and 10.5 ppm over a series of 0.04-
ppm integral regions using our custom integration software. After 
exclusion of the water resonance, each integral region was 
normalized to the total integral region. The data were analysed by 
partial least-squares projection based on the spectral bins obtained 
from one- and two-dimensional spectral analyses using the pls 
package (version 2.0) with the "simpls" method running on R 
software (Tian et al. 2007). 
 
Plant Genotyping 
Genomic DNAs of individual plant was extracted using DNeasy 
plant mini kits (QIAGEN), and those were conducted to AFLP 
analysis using AFLP Core Kit (Invitorogen).  AFLP fragment 
patterns were detected by using a capillary electrophoresis, eGene 
(eGene).  AFLP fragment patterns were scored and applied to 
calculate genetic distance among plant using restdist, and neighbor 
of PHYLIP package ver.3.67. 
 
 
RESULTS AND DISCUSSION 
 
1H-NMR metabolic phenotyping of cereal grains 
Seed soluble extracts of each strain were conducted by 1H-NMR 
experiments in order to acquire metabolic fingerprint to find 
metabolite candidates contributing to differentiate metabolic 
phenotypes. Spectral data were digitized and globally normalized 
to apply HCA and PCA analysis. Expanded region of 1H chemical 
shifts corresponding to metabolites of Organic acids or Lipids 
of wheat grains are shown in Fig1A. 
 
 

 
 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Cultivars and strains applied to this work. 

Fig.1 1H-NMR spectral 
phenotype of organic 
acids and lipid area of 
wheat seed soluble 
extract.  1H-NMR 
spectra obtained from 
the 21 wheat strains 
(A).  Hierarchical 
clustering of wheat 
strains based on 
metabolite profiles (B).  
Loading plots of PC1 
and PC2 of the PCA 
plot (C).  The arrows 
are indicating 
remarkable peaks for 
classification of strains 
in the PCA plot (D). 
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To classify wheat strains based on metabolic phenotype, 
HCA and PCA analyses were performed. Wheat strains 
were classified into 4 major clusters by the both 
clustering methods (Fig. 1B, 1C). Furthermore, the 
chemical shifts corresponding to metabolites contributed 
to the classification of wheat strains have been 
calculated by using loading plot of PCA. The PCA and 
the loading plot suggest that the seed metabolite 
allocated in the 1H chemical shift 2.660, 2.340 and 1.124 
(ppm) in contributions to the metabolophenotypic 
divergence shown in Fig.1D, and those classified pattern 
have been also supported by the hierarchical clusters 
illustrated in Fig.1B.  
 
Profiling of major metabolite using 2D-NMR  
Major metabolites accumulating in soluble seed extracts 
of cereal grains can be annotated by using 2D-1H-1H 
NMR method to acquire major metabolite profile and 
that relative abundance to be compared among strains 
(Fig. 2). In total, 22 compounds have been annotated and 
profiled. Example of comparison of major metabolites is 
shown in Fig.2 (B-D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genetic diversity vs. Metbolophenotypic diversity in 
cereals  
Genetic diversities based on the genetic distance among 
strains calculated by scored polymorphisms have been 
compared with metabolophenotypic diversities in each 
cereal; wheat, barley and rice.  Overall comparison 
between the matrix of genetic distance and those of 
metabolo profile has not showed significant correlations 
in each cereal species.  To discover chemical shift region 
of metabolites whose profiles were correlating to genetic 
distance matrix, we calculated correlation coefficient 
between each distance matrix of metabolite profile in a 
sliding region within a various window size of chemical 
shift range and those of genetic distance.  Several 
candidate regions of 1H chemical shift have been 

detected, which have been showing correlation between 
metabolic profile and genetic distance matrix. 
 
In this study, we have demonstrated metabolic 
phenotyping using NMR spectroscopy to evaluate 
genetic resources of cereals. Our results could suggest 
NMR methods are applicable to evaluate metabolite 
components of seed grains of cereals.  Because the 1H-
NMR method is high throughput and holistically 
covering metabolite, it should be a novel method as a 
microscopic phenotyping based on metabolome for 
cereal phenotyping. We also have demonstrated a novel 
trial to discover metabolites whose profiles are 
correlating with genetic relationships. This combination 
approach between loading plot of metabolite profiles and 
genetic distance matrix might allow us to find 
anonymous metabolite which should be allocated onto 
the chromosome region by association mapping by using 
natural accessions by population analysis. NMR 
metabolic phenotyping therefore should be an effective 
phenotyping method and applicable to metabolite 
targeted breeding of cereals.        
 
REFERENCES 
Schauer N, Fernie AR., Plant metabolomics: towards 

biological function and mechanism. Trends Plant Sci. 
2006 Oct;11(10):508-16. 

K. Saito et al., Plant Metabolomics, Springer Verlag 2006. 
Liu YS et al. There is more to tomato fruit colour than 

candidate carotenoid genes. Plant Biotechnol J. 2003 
May;1(3):195-207. 

Moose SP et al., Maize selection passes the century mark: a 
unique resource for 21st century genomics. Trends Plant 
Sci. 2004 Jul;9(7):358-64. 

Fernie AR, Willmitzer L., Carbohydrate metabolism. In: P. 
Christou and H.K. Klee, Editors, The Handbook of Plant 
Biotechnology, Wiley 2004. 

Kliebenstein DJ et al., Genetic control of natural variation in 
Arabidopsis glucosinolate accumulation. Plant Physiol. 
2001 Jun;126(2):811-25. 

Kliebenstein D et al., Comparative analysis of quantitative trait 
loci controlling glucosinolates, myrosinase and insect 
resistance in Arabidopsis thaliana. Genetics. 2002 
May;161(1):325-32. 

Tieman D et al., Tomato aromatic amino acid decarboxylases 
participate in synthesis of the flavor volatiles 2-
phenylethanol and 2-phenylacetaldehyde. Proc Natl 
Acad Sci U S A. 2006 May 23;103(21):8287-92. 

Tian C et al., Top-down phenomics of Arabidopsis thaliana: 
metabolic profiling by one- and two-dimensional nuclear 
magnetic resonance spectroscopy and transcriptome 
analysis of albino mutants. J Biol Chem. 2007 Jun 
22;282(25):18532-41. 

Kusano M et al., Unbiased characterization of genotype-
dependent metabolic regulations by metabolomic 
approach in Arabidopsis thaliana. BMC Syst Biol. 2007 
Nov 21;1:53. 

Kikuchi J et al., Stable isotope labeling of Arabidopsis thaliana 
for an NMR-based metabolomics approach. Plant Cell 
Physiol. 2004 Aug;45(8):1099-104. 

Kikuchi J, Hirayama T. Practical aspects of uniform stable 
isotope labeling of higher plants for heteronuclear NMR-
based metabolomics. 

Methods Mol Biol. 2007;358:273-86. 
 

Fig. 2. Major metabolite profiling by using 2D 1H NMR 
method. An entire region of 2D NMR spectrum of seed 
soluble metabolite in wheat (A). The expanded aliphatic 
regions of Fig2A, each of which are derived from  3 wheat 
strains, Chinese Spring (B), Chihoku-komugi (C), and 
Zenkoji-komugi (D). 


