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Abstract Using a novel approach combining four

complementary metabolomic and mineral platforms with

genome-wide genotyping at 1536 single nucleotide poly-

morphism (SNP) loci, we have investigated the extent of

biochemical and genetic diversity in three commercially-

relevant waxy rice cultivars important to food production in

the Lao People’s Democratic Republic (PDR). Following

cultivation with different nitrogen fertiliser regimes, multi-

ple metabolomic data sets, including minerals, were pro-

duced and analysed using multivariate statistical methods to

reveal the degree of similarity between the genotypes and to

identify discriminatory compounds supported by multiple

technology platforms. Results revealed little effect of

nitrogen supply on metabolites related to quality, despite

known yield differences. All platforms revealed unique

metabolic signatures for each variety and many discrimi-

natory compounds could be identified as being relevant to

consumers in terms of nutritional value and taste or flavour.

For each platform, metabolomic diversity was highly asso-

ciated with genetic distance between the varieties. This study

demonstrates that multiple metabolomic platforms have

potential as phenotyping tools to assist breeders in their quest

to combine key yield and quality characteristics. This better

enables rice improvement programs to meet different
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consumer and farmer needs, and to address food security in

rice-consuming countries.

Keywords Rice � Volatile compounds � Primary polar

compounds � Minerals � Flavour � Nutrition

1 Introduction

Since the turn of the century, many rice-producing coun-

tries have gained access to export markets, bringing sig-

nificant income to their countries (Dodsworth 1997; Reyes

1997). This is due to both economic development and yield

benefits delivered by the Green Revolution. The rice of the

Green Revolution was of the non-waxy type, meaning that

it contains amylose. In the Lao People’s Democratic

Republic (PDR), waxy rices, which do not contain amy-

lose, are the staple food (Bounphanousay et al. 2000). As a

result, the Lao PDR gained no benefit from the Green

Revolution, and continuing to grow low-yielding tradi-

tional varieties significantly compromised food security

until the late 1990s. At this time, breeding programs tai-

lored to waxy rices led to the release of improved varieties

such as Thadokkham 1 (TDK1) and Thasano 1 (TSN1)

(Inthapanya et al. 2006). Despite higher yield and accept-

able quality, these cultivars do not have the same traits of

quality, or command the same price premium, as the two

most popular traditional varieties, Kai Noy Leuang (KNL)

and Hom Nang Nouane (HNN). As the Lao PDR negotiates

its entry into the World Trade Organisation, export

opportunities are emerging for its prized traditional waxy

varieties of rice. If the quality of the two traditional vari-

eties can be combined with the agronomic adaptation of

high-yielding improved varieties, such as TDK1 or TSN1,

this could have considerable positive economic and social

impact on poor Lao rice farmers.

In order to combine quality with yield, it is necessary to

understand important quality traits, be able to select for

them in a breeding program, and to find a suitable agro-

nomically adapted background. A previous study indicates

that TSN1, which is responsive to fertilisers, yields twice

as much as the traditional varieties, and has better milling

quality than TDK1 (Boualaphanh et al. 2011), is such a

suitable background. However, identifying quality traits is

complex. Current tools of quality evaluation have evolved

around the more commonly consumed non-waxy types of

rice, and particularly centre around the effects of amylose

(Fitzgerald et al. 2009). These tools, therefore, are poten-

tially inappropriate for waxy types.

Over the past few years, genotyping technology has

advanced rapidly, to the point where identification of

important loci has become significantly easier (Newton-

Cheh and Hirschhorn 2005; Shirasawa et al. 2006;

Raghavan et al. 2007; Hyten et al. 2009; Lee et al. 2009;

Wright et al. 2010) when an appropriate mapping popula-

tion and accurate phenotyping tools are available (Tarpley

and Roessner 2007). Aside from sensory panels, there is no

phenotyping tool that adequately describes the taste of rice

(Champagne et al. 2010). In the last decade, technologies

for the detection and identification of small molecules in

plant tissue has undergone rapid development (Hall 2006)

to the point where these ‘metabolomic’ tools could be

utilised to reveal biochemically important metabolites that

affect the taste and nutritional value of the foods we eat

(Hall et al. 2008).

The objectives of the present study are to develop a

unique multi-platform metabolomics and ionomics

approach to (i) identify differences in primary metabolites,

volatile compounds and mineral elements between the

grains of TSN1, KNL and HNN grown at four different N

fertiliser regimes; (ii) determine the effect of N on the

metabolic signature of each variety; and (iii) determine

whether differences in grain metabolites correlate with

genetic differences between the varieties and with known

differences in taste and flavour that Lao rice-consumers

prize. The over-arching objective is to explore the possi-

bility of developing a new generation of selection tools for

rice improvement programs, which could also have broader

application for all grain crop improvement programs.

2 Materials and methods

2.1 Plant materials

Three varieties of rice, Oryza sativa L., were used in this

study. TSN1 is in the indica germplasm class and is an

improved variety with valuable traits of agronomic adap-

tation, HNN is a traditional landrace and is also indica, and

KNL is a traditional landrace and in the tropical japonica

germplasm class. Both traditional varieties have valuable

traits of quality. Twenty five seedlings of TSN1, HNN and

KNL were planted as subplots in a split plot design

within four main plots at the Agriculture Research Centre,

Vientiane, Lao PDR. N was applied at either 0, 30, 60 or

90 kg/ha to each main plot, and 30 kg/ha each of P and K

were applied to the four main plots (Boualaphanh et al.

2011). Each variety was replicated three times in each main

plot. Grain from each subplot was harvested at maturity

and sun-dried. Paddy from each sample was dehulled

(Satake Rice Machine, Tokyo, Japan), brown grain was

polished (Grainman 60-230-60-2AT, Grain Machinery

Mfg. Corp., Miami, FL, USA), and the milled rice from

each subplot (three varieties and three replicates) was then

dispatched to collaborators for profiling of metabolites and

mineral elements.
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2.2 SNP genotyping

DNA was extracted from leaves of the three varieties

exactly as previously described (Cuevas et al. 2010). The

DNA extracts were quantified to 50 ng/ul prior to geno-

typing with Nanodrop 1000 (Thermo Scientific, Wilming-

ton, DE, USA). Single nucleotide polymorphism (SNP)

genotyping was carried out at 1536 loci (Zhao et al. 2010)

using a BeadXpress (Illumina, San Diego, CA, USA). SNP

calls were analysed using Alchemy software (Wright et al.

2010). SNP maps were generated and genetic distances

were calculated using the software GGT 2.0: Graphical

Genotyping (van Berloo 2008). Euclidean distance was

used as a similarity coefficient to determine the genetic

distance between each variety.

2.3 Metabolite and elemental profiling

Milled rice of each variety, replicate and N treatment was

ground in liquid nitrogen and stored at -80�C. Primary

metabolites in polar extracts were profiled by 1H-NMR and

GC-EI-TOF-MS. Volatile compounds were measured by

GC-MS of headspace sampled by SPME and mineral ele-

mental analysis was done by ICP-MS. The mineral data

were autoscaled with full cross validation, and the three

metabolite datasets were mean-centred and Pareto scaled

using either Amix software v. 3.5 (Bruker BioSpin GmbH,

Rheinstetten, Germany) or SIMCA-P 11.0 (Umetrics AB,

Umeå, Sweden) (Eriksson et al. 2006) for subsequent

analysis by PCA. The tendencies highlighted with PCA for

the discriminant compounds were verified using univariate

analyses (Analysis of Variance, ANOVA).

2.3.1 1H-NMR profiling of polar compounds

1H-NMR profiling was performed on ethanolic extracts

after precipitation of residual starch. Two replicates for

each ground rice flour sample were extracted as previously

described for fruit and Arabidopsis (Moing et al. 2004),

with modifications. Fifty mg of lyophilised powder were

extracted successively with 2 ml of ethanol/water mix-

tures: 80/20, 50/50 (v/v) and pure water (4 ml) for 15 min

at 80�C. After centrifugation, the supernatants were com-

bined, dried under vacuum and lyophilised. The lyophilised

extracts were mixed with 500 ll of 100 mM potassium

phosphate buffer pH 6.0, 1 mM ethylene diamine tetra-

acetic acid disodium salt (EDTA), in D2O, titrated with

KOD solution to pH 6 when necessary. In order to pre-

cipitate residual starch, nine volumes of absolute ethanol

(4.5 ml) were added to rice extracts (500 ll), which were

then mixed vigorously for 30 s. Samples were stored at 4�C

for 24 h and then centrifuged at 30,0009g for 20 min. The

supernatant was then collected and dried under vacuum.

Dried extracts were solubilised with 500 ll of D2O and

5 ll of solution of sodium salt of deuterated trimethylsi-

lylpropionic acid (TSP-d4, 0.01% final concentration) were

added. The mixture was centrifuged at 10,0009g for 5 min

at room temperature. The supernatant was then transferred

into a 5 mm NMR tube for acquisition.
1H-NMR spectra were recorded on a Bruker

TM

Avance

Spectrometer (Bruker BioSpin, Wissembourg, France) at

500.162 MHz and 300 K using a 5 mm Broad Band Inverse

probe (BBI). Spectra were acquired using a classical mono-

dimensional liquid pulse sequence set with a 90� pulse,

32 K data points, a spectral width of 6000 Hz, 20 s relax-

ation delay and 64 scans. The acquired spectra were line

broadened (0.3 Hz), and manually phased using TOPSPIN

v1.3 software (Bruker BioSpin, Wissembourg, France) and

manually baseline corrected. They were then aligned with

the TSP-d4 signal at d 0.00 ppm. Before statistical analysis,

data reduction of the entire spectra (10–0.5 ppm with

exclusion of 4.9–4.5 ppm leading to 456 integrated buckets

of 0.02 ppm width) was done, followed by normalisation

against total intensity. Attribution of each significant bucket

to one compound, or a mixture of compounds, was per-

formed using comparison to a library of authentic standards

and standard spiking. The 1H-NMR spectra were converted

into JCAMP-DX (the Joint Committee on Atomic and

Molecular Physical data—Data Exchange format) standard

exchange format and have been deposited, with associated

metadata and compound list, into the Metabolomics

Repository of Bordeaux MeRy-B (http://www.cbib.u-bord

eaux2.fr/MERYB/projects/query_exp.php?project_id=37).

2.3.2 Derivatised GC-MS analysis of polar compounds

Metabolite profiling of polar compounds was performed as

detailed previously (Allwood et al. 2009) using gas chro-

matography coupled to electron impact ionization/time-

of-flight mass spectrometry (GC-EI/TOF-MS). An Agilent

6890N24 gas chromatograph (Agilent Technologies,

Böblingen, Germany) was equipped with a FactorFour

VF-5 ms capillary column, 30-m length, 0.25-mm inner

diameter, 0.25-lm film thickness (Varian-Agilent Tech-

nologies, Böblingen, Germany), which was connected to a

Pegasus III time-of-flight mass spectrometer (LECO, St.

Joseph, MI, USA). Fifty mg ground rice flour samples were

standardised by 30 ll of 0.02 mg ml-1 13C6-sorbitol in

water and subjected to a two-step methanol (15 min at

70�C) and chloroform (5 min at 37�C) extraction. The

polar metabolite fraction was obtained by liquid parti-

tioning into water/methanol using a final methanol/water/

chloroform solvent phase system (330:400:230, v/v/v).

80 ll aliquots of the polar metabolite fraction were dried

by vacuum concentration and chemically derivatised by

sequential methoxyamination and trimethylsilylation prior
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to GC-EI/TOF-MS analysis (Allwood et al. 2009). Reten-

tion indices (RIs) were calibrated by addition of a C10, C12,

C15, C18, C19, C22, C28, C32, and C36 n-alkane mixture to

each sample immediately prior to splitless GC injection.

GC-EI/TOF-MS chromatograms were acquired, visually

controlled, baseline corrected and exported in NetCDF file

format using ChromaTOF software (Version 4.22; LECO,

St. Joseph, USA). GC-MS chromatography data were

converted into a RI-aligned standardized numerical data

matrix using the TagFinder software (Luedemann et al.

2008; Allwood et al. 2009). Compounds were identified

within the TagFinder software by mass spectral and RI

matching to the reference collection of the Golm Metab-

olome Database (GMD, http://gmd.mpimpgolm.mpg.de/;

Hummel et al. 2010). Guidelines for this manually super-

vised metabolite identification process were the presence of

at least three specific mass fragments per compound and a

retention index deviation \1.0% (Strehmel et al., 2008).

All mass features of an experiment were normalised to

sample weight and to internal standard prior to statistical

analysis.

2.3.3 Headspace GC-MS analysis of volatile compounds

Headspace volatiles were collected by SPME using a

65-mm polydimethylsiloxane-divinylbenzene fibre (Supelco,

Bellefonte, USA) as described in detail (Verhoeven et al.

2011). The volatile compounds were thermally desorbed at

250�C by inserting the fiber for 1 min into the GC injection

port (GC 8000, Fisons Instruments, Cheshire, UK). The

released compounds were transferred onto the analyti-

cal column (HP-5, 30 m 9 0.25 mm ID, 1.05 lm – film

thickness) in splitless mode. The temperature program

started at 45�C (2-min hold) and rose 5�C min-1 to 250�C

(5-min hold). The column effluent was ionised by electron

impact (EI) ionisation at 70 eV (MD800 electron impact

MS, Fisons Instruments, Cheshire, UK). Mass scanning was

done from 35 to 400 m/z with a scan time of 2.8 scans s-1.

GC-MS raw data were processed by using MetAlign soft-

ware (Lommen 2009) to extract and align the mass signals

(s/n C 3). Mass signals that were below s/n of 3 were ran-

domized between 2.4 and 3 times the calculated noise value.

Mass signals that were present in B6 samples were dis-

carded. Signal redundancy per metabolite was removed by

means of clustering and mass spectra were recon-

structed (Tikunov et al. 2005). Metabolites were identified

by matching the mass spectra of obtained metabolites to

authentic reference standards and the NIST08, Wiley,

and Wageningen Natural compounds spectral library

and by comparison with RIs in the literature (Strehmel et al.

2008).

2.3.4 ICP-MS analysis of mineral elements

The ground rice samples were digested in 100 ml closed

vessels in a microwave oven (Multiwave 3000, Anton Paar,

Graz, Austria) for 50 min at 210�C with a maximum

pressure of 40 bar. The digestion medium consisted of

250 mg dry sample, 5 ml 65% ultrapure HNO3 (J.T. Baker

Instra-Analysed Reagent) and 5 ml 15% H2O2 (30% Extra-

Pure, Riedel de Häen, Selze, Germany). After digestion,

the samples were diluted to 3.5% v/v HNO3 with ultrapure

water (Milli-Q Element, Millipore, Massachusetts, USA)

(Hansen et al. 2009). Multi-elemental analysis was per-

formed using ICP-MS (Agilent 7500ce, Agilent Technol-

ogies, Manchester, UK) tuned in standard mode. The

plasma power was operated at 1500 W and the argon

carrier and make-up gases were set at 0.82 and

0.17 l min-1, respectively. Sample uptake was maintained

at approximately 0.6 ml min-1 by a perfluoroalkoxy

micro-flow nebulizer. Elimination of spectral interferences

was obtained by the use of an octopole ion guide with the

cell gasses helium or hydrogen as described previously

(Laursen et al. 2009). Seven replicates of certified refer-

ence material NIST 8436 (durum wheat, particle size

\200 lm; National Institute of Standards and Technology,

Gaithersburgh, MD, USA) were included to validate

digestion efficiency and analytical accuracy. Only element

concentrations deviating less than ±10% from the certified

mean reference values were accepted. Limit of detection

(LOD) was determined as three times the standard devia-

tion of minimum 7 blanks and only data above LOD was

included for chemometrics.

2.4 Association analysis

In order to determine the extent that phenotypic divergence

reflects genetic divergence, the genetic distance between

each variety was compared to the distance between each

genotype cluster from each phenotyping platform. For each

set of metabolite or mineral element profiling data, mean

scores were calculated for each of the three varieties on the

first two principal components of the PCA. Genetic dis-

tances between varieties were determined as the Euclidean

distance calculated from 1536 SNPs assayed on one plant

per variety (GGT 2.0 software (van Berloo 2008), and

converted to principal coordinates. Procrustes Analysis was

used to rotate and scale the variety mean scores on the

metabolite principal components to give the best fit to the

genetic principal coordinates. The principal coordinates

were then used to generate triangles whereby each vertex

of the triangle is a variety, and the length of each side is

equal to the scaled Euclidean distance.
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3 Results

3.1 Genetic differences between varieties

The three varieties studied include an improved indica

variety, TSN1, a traditional indica variety, HNN, and KNL

which is a traditional variety from the tropical japonica

class. Genome-wide genotyping of SNPs at 1536 loci

(Fig. 1) shows that the genetic similarity between the tra-

ditional and improved indica is about 80%, whereas KNL

differs from both the indica varieties by about 50% at these

SNP loci. However, it can be seen in Fig. 1b that the dif-

ferences between KNL and HNN are not at the same loci as

the differences between KNL and TSN1. The Euclidean

distance between each genotype reflects the genetic simi-

larity and is shown in Table 3.

3.2 Discriminating between the quality of each variety

A set of standard quality evaluation data, usually obtained

to indicate cooking and sensory quality, was previously

determined for each of the three varieties grown in each N

treatment (Boualaphanh et al. 2011). The data include tests

of gelatinisation temperature; data derived from viscosity

curves, in this case breakdown, setback and retrogradation

(Fitzgerald et al. 2003); and hardness and stickiness of the

cooked grains. Principal Components Analysis (PCA) of

this dataset of six quality evaluation variables shows that

A

B

Fig. 1 Genetic differences between the rice varieties. a Genetic

variability between TSN1, KNL and HNN rice varieties at 1536 SNP

loci across all 12 chromosomes. Different shades of gray indicate

differences in nucleic acid. At these loci, the genetic similarity

between TSN1 and KNL is 53.2%, and between TSN1 and HNN is

80.7% and between KNL and HNN is 53.6%. b The number of SNP

loci on each chromosome (chrom) that are uniquely polymorphic to

one variety, when that same locus is monomorphic for the other two

varieties
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the first two principal components together explain 98% of

the variability. Examination of the score plot (Fig. 2)

shows two distinct clusters, but clustering is not on the

basis of either genotype or N treatment.

3.3 Discriminating between the grain metabolome

of each variety

Four metabolite or elemental profiling technologies were

applied to the analysis of polished grains from the three

varieties grown under different nitrogen fertiliser regimes in

order to try and separate the varieties, and find compounds and

minerals that could explain the known flavour differences.

First, 14 mineral elements detected by Inductively

Coupled Plasma Mass Spectroscopy (ICP-MS) were

quantified in the polished grains of each variety from each

N treatment. Observation of the PCA scores plot shows that

all samples of KNL formed one distinct cluster, though

significant overlap was seen between HNN and TSN1

(Fig. 3a). PC1 explains 47% of the variation and PC2

explains 21%. No clustering or sub-clustering was seen on

the basis of N treatment. Several macro- and micronutrient

minerals differed significantly between genotypes, with

most significant differences between KNL and the other

two varieties (Table SI).

PCA analysis of proton Nuclear Magnetic Resonance

(1H-NMR) signatures of polar extracts showed that the

samples clustered on the basis of genotype (Fig. 3b). The

major metabolites contributing to separation of TSN1

along PC1 were sucrose and raffinose on the negative side

and mainly lipids, betaine and choline on the positive side

(Table 1). PC2, however, explaining 18% of the total

Table 1 Polar compounds discriminating HNN, KNL or TSN1

detected by 1H-NMRa or derivatised GC-EI-TOF-MSb of extracts of

polished grains

Compounds HNN KNL TSN1

Lipids

Lipids-1a ?? ? ?

Lipids-2a ??? ? ??

Linoleic acidb ?? ? ?

Sugars

Glucosea,b ? ? ??

Sucrosea ? ?? ?

Sucrose and raffinosea ?? ??? ?

Raffinoseb ?? ?? ?

Galactoseb ?? ? ?

Maltoseb ? ?? ?

Psicoseb ? ? ??

Trehaloseb ? ?? ?

Sugar alcohols

Glycerola,b ? ? ??

Tagatoseb ??? ? ???

Erythritolb ? ? ??

Mannitolb ? ? ??

Threitolb ? ?? ???

Galactitolb ?? ? ???

Inositolb ?? ?? ?

Xylitolb ? ??? ?

Ribitolb ? ?? ?

Organic acids

Malatea ?? ? ???

Fumaratea,b ?? ? ??

Succinate and unknowna ?? ? ???

Succinateb ?? ?? ??

Azelaic acidb ?? ? ?

Lyxonic acidb ? ?? ?

Butanoateb ? ??? ?

Butyrateb ? ??? ??

Benzoateb ? ?? ?

Gluconateb ? ? ??

Ribonateb ? ?? ?

Arabinonateb ?? ? ?

Amino compounds

Alanineb ? ?? ?

Alanine ? lipidsa ?? ? ??

Asparagineb ??? ? ??

Aspartateb ?? ? ??

Betaine ? unknowna ?? ? ???

Cholinea ?? ? ???

Choline-O-sulfatea ?? ? ???

Prolineb ?? ? ?

GABA ? valine ? unknowna ?? ? ??

Putrescineb ?? ??? ?

Table 1 continued

Compounds HNN KNL TSN1

Glutamateb ? ?? ?

Valine ? lipidsa ?? ? ??

Cysteineb ? ?? ?

Isoleucineb ? ? ?

Lysineb ? ? ???

Adenineb ? ?? ?

5-oxoprolineb ? ?? ?

Serineb ? ?? ?

Mannosamineb ?? ? ??

Phenylalanineb ?? ? ?

Tyrosineb ? ?? ?

Indoleb ?? ? ??

Allantoinb ??? ?? ?

Inorganic acid

Phosphoric acidb ?? ?? ?

?/?? Indicate the relative peak intensities between varieties
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variability, separated KNL and HNN from TSN1 (Fig. 3b).

The major metabolites contributing to this separation along

PC2 were choline on the negative side and lipids on the

positive side (Tables 1, SII). A clear separation between

the lowest and highest N levels in the PC1 9 PC2 plane

could be observed within the TSN1 cluster, but the effect

of N was not clearly seen for the other two genotype

clusters (Fig. 3b). The relative intensities of selected

spectra regions corresponding to the compounds discrimi-

nating the three varieties in Table 1 and their ANOVA data

are listed in Table SII.

Since detection of primary compounds is more sensitive

by gas chromatography-electro impact-time of flight mass

spectroscopy (GC-EI-TOF-MS) than 1H-NMR, the data in

Fig. 3b were complemented with GC-EI-TOF-MS of polar

extracts. PCA was performed using 43 variables, and

samples of each variety clustered together (Fig. 3c). PC1

accounted for 50% of the variation, and along that axis,

samples of KNL were separated from those of TSN1 and

HNN. The PC2 axis, accounting for 25% of the variation,

separated the TSN1 samples from the other two varieties

(Fig. 3c). ANOVA showed that the main compounds

driving the separation along PC1 were cysteine, 5-oxo-

proline, ribonic acid, glycerol, threonine, and putrescine,

tyrosine and trehalose (Table 1, SIII). The major metabo-

lites that separated TSN1 along the PC2 axis were threitol,

arabinonic acid, proline, azelaic acid, glycerol, fumarate,

and allantoin (Table 1, SIII). Many of the other compounds

leading to the separation along the PC axes were identified

as sugar alcohols and hexose sugars (Table 1). A selection

of the most discriminating compounds and the ANOVA

data are shown in Table SIII.
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Fig. 3 Phenotypic variability

between rice varieties.

a Mineral nutrients determined

by ICP-MS, (b) polar metabolite

profiling with 1H-NMR

fingerprints, (c) polar

metabolites determined by

GC-TOF-MS, (d) volatiles

determined by SPME GC-MS.

Genotypes: HNN, squares;

KNL, circles; TSN1, triangles.

N regime: 0 kg N ha-1,

unfilled; 30 kg N ha-1, light
grey; 60 kg N ha-1, dark grey;

90 kg N ha-1, black

New traits of rice quality in traditional and improved varieties 777

123



Volatile compounds are also major determinants of taste

and flavour and these were determined for each variety

using GC-MS. The PCA scores plot shows that volatile

compounds determined by solid phase micro extraction

(SPME) GC-MS clearly separated the three varieties

(Fig. 3d). PC1 explained 34% of total variability, and

TSN1 was separated along the PC1 axis from HNN and

KNL. PC2 explained 19% of total variability and clearly

separated the samples of HNN from the other two varieties

(Fig. 3d). Four significant principal components were

extracted, cumulatively explaining 77% of variation. The

three varieties were separated by 54 compounds (Table 2),

though not all could be identified by the spectral libraries.

The major discriminating compound was 2 acetyl-1-pyr-

roline (2AP). TSN1 had undetectable levels of 2AP while

the other two varieties both contained 2AP. The elevated

concentration of 2AP in KNL contributed to the separation

of those samples from HNN. HNN grains are characterised

by ketones, KNL grains by 2AP and several alcohols, and

TSN1 grains, by only three volatiles compounds that could

be identified, such as butane 2,3 diol (Table 2) and twelve

that could not. Interestingly, several of the discriminating

volatile compounds unique to each variety have quite low

odour thresholds and unique flavour notes (Table 2), and

the relative importance of each is shown in Table SIV.

3.4 Relating the biochemical phenotype of the grain

with the genome

For each metabolite and mineral element profiling plat-

form, Euclidean distances between varieties were calcu-

lated from Fig. 3, using the first two principal components

(Table 3). Based on 1536 SNP loci of the three varieties,

the genetic distance between HNN and TSN1 was smallest,

and was similar between KNL and HNN and between KNL

and TSN1 (Table 3). The residual sum of squares from the

Procrustes rotation of the association between Euclidean

distances based on the genome and metabolome or ionome

shows that each biochemical profile associates with geno-

type (Table 3). Comparing the triangles generated from

each set of normalised coordinates shows that mineral

elements, polar metabolites and volatile compounds all

associate very well with the genetic distance between each

(Fig. 4). All platforms showed a smaller distance between

HNN and TSN1, and a larger distance between KNL and

the other two varieties.

4 Discussion

In many rice-consuming countries, flavour of the rice is

considered just as important as texture (Schiller et al.

2006). For example, the rices used in this study differ in

taste (Bounphanousay 2007), and the two traditional vari-

eties (HNN and KNL) command a 20% price premium in

Lao markets over TSN1. Standard tools used to measure

grain quality could not differentiate the three varieties

(Fig. 2), indicating a need to bring new science to rice

quality. In the present study, a unique combination of

analytical metabolomics and elemental profiling platforms

has been used to determine volatile and polar primary

metabolites and minerals in polished grains. The data

obtained were analysed to determine if (i) unique profiles

existed for each variety that might explain the differences

in flavour, (ii) N fertiliser affected these profiles, and (iii)

associations could be found between the metabolome of

each variety and genotype.

The three varieties were well separated by all metabolite

and elemental platforms (Fig. 3a–d), suggesting that each

variety has a unique metabolite signature. Most of the

detected primary polar metabolites were present in all three

varieties (Table 1), but at differing levels, so discrimina-

tion between the varieties from these platforms is mainly

quantitative, which is possibly expected with primary

metabolism. By contrast, Table 2 shows that particular

volatile compounds were often unique to each variety,

suggesting that these contribute more than the polar pri-

mary metabolites to the uniqueness of each metabolic

signature.

No consistent effect of N regime was seen for any of the

datasets (Figs. 2, 3a–d), and in all cases, clustering was

based on genotype. Some association with N was seen

within the TSN1 genotype cluster for volatile and primary

compounds, but not for the other two varieties. Previous

data on the same samples (Boualaphanh et al. 2011) are

consistent with these findings. The yield components

mostly affected by N were increased tiller number and

grain number per panicle, and no change in grain weight or

protein content (Boualaphanh et al. 2011). Traditional

varieties are not usually responsive to N, so it is therefore

unsurprising that N did not induce consistent variation in

metabolites.

The three varieties show distinct genetic differences

(Fig. 1a). The two indica varieties share the most genetic

similarity, but both indica varieties share only about 50%

homology with the tropical japonica variety, though the

differences are not at the same loci (Fig. 1b). These

genetic differences are consistent with known groupings

within domesticated rice (Garris et al. 2005). Table 3 and

Fig. 4 show that metabolomes and the ionome associ-

ated excellently with genetic distances, indicating that

(i) discriminating compounds follow genetic differences

between germplasm classes, (ii) sufficient polymorphic

loci existed to associate with metabolites, and (iii)

metabolite data from each platform can be associated with

mapping populations, using discriminating SNPs to find
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candidate loci. In the future, this will enable discovery of

the genes responsible for the synthesis of important taste,

flavour and nutritional compounds, such as those detected

in the present paper.

4.1 Nutritionally valuable compounds

Many of the metabolites that were detected in the milled

grains have attributed nutritional benefits (Table 1).

Table 2 Volatile compounds, determined by SPME GC-MS, that discriminated each variety, their odour thresholds and flavour

Compounds Odour Threshold HNN KNL TSN1

Ketones

2-Acetyl-1-pyrroline Popcorn 0.1 ? ??

2-Heptanone Fruity 140 ??

2-Octanone Herbal 50 ??

2-Hexanone ??

2,3 Heptadione Cheese* ??

3-Octen-2-one Berry* ??

2,3-Octanedione Dill* ??

3,5-Octadiene-2-one Herby ??

Aldehydes

Hexanal Grassy 5 ??

Pentanal Floral 12 ??

2-Heptenal Fatty 13 ??

2-Octenal Herby 3 ??

2-Hexenal Fruity 17 ??

2-Butyl 2-octenal Green tea 2 ??

Benzaldehyde Almond 350 ??

Alcohols

1-Octen-3-ol Mushroom 1 ??

1-Pentanol Plastic 4000 ??

1-Heptanol Citrus* ??

1-Hexanol Grassy* 2500 ??

Ethanol ??

1-Octanol Citrus 110 ??

2,3-Butanediol Creamy* ??

2-Ethyl-1-hexanol Rose ??

Hydrocarbons

Pentadecane Waxy* ??

Undecane Herbal* ??

Longicyclene Floral ??

DL-Limonene Citrus 10 ??

1-Ethyl-3-methyl benzene ??

Furans

2-Propylfuran Fruity 6000 ??

2-Butylfuran Wine 10000 ??

2-Pentylfuran Beany 2000 ??

Carboxylic acids

Nonanoic acid Rancid 3000 ??

Esters

Ethyl benzoate Cherry 60 ??

The odour/flavour of each compound and its threshold (ppb) in water is also shown

* Indicate compounds that are used commercially at 5 ppm or less to add flavour or fragrance to manufactured foods or perfumes

?/?? Indicate the tendencies between varieties based
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Examples are GABA, found in all varieties, which is

involved in a host of cortical functions in mammals

(Sanacora et al. 1999), and is involved in signalling and

osmotic regulation in plants (Bouché and Fromm 2004).

Choline was detected in all three varieties, and is a methyl

donor involved in brain health and liver function (Zeisel

et al. 1991). Glucosamine was found in HNN and is known

to contribute to the formation of cartilage and is used to

alleviate and prevent pain due to arthritis and bone stress

(Hughes and Carr 2002). Azelaic acid, found in HNN, is an

organic compound that contributes to the health of hair and

skin (Nguyen and Bui 1995). A significant amount of

lysine was detected in extracts of TSN1, and none in the

other two (Table 1, SIII). Lysine, an essential amino acid,

has multiple physiological functions (Baker 2005). Cereal

proteins are low in lysine, and efforts to increase lysine

centre around altering the balance of storage proteins that

accumulate (Shih 2004) but perhaps non-protein lysine,

such as that found in TSN1, reveals an additional mecha-

nism for increasing lysine in cereals.

Improving the amount of Zn in polished rice is the

subject of a large international effort under Harvestplus

(www.harvestplus.com) to address hidden hunger. In the

present study, the higher concentration of Zn in KNL dis-

criminated it from the other two varieties (Table SI).

Consistent with this, KNL was found to have high Zn

content in a study using 56 Lao varieties (Bounphanousay

2007). The concentration of Zn in KNL approaches the

ambitious targets set by Harvestplus. Consequently, KNL

would be a useful starting point for further varietal

improvement where sensory properties are to be combined

with enhanced nutritional properties.

All three varieties contain hexose sugars such as tagatose

and psicose, and sugar alcohols such as xylitol and eryth-

ritol (Table 1). These sweeteners do not induce a blood

sugar response, which could explain some of the variability

found in the glycaemic index of different rices (Wheeler

and Pi-Sunyer 2008) and be useful in the management of

diseases like Type 2 diabetes (Association 2004).

It has generally been assumed that polished rice pro-

vides mostly calories, and that the bran layer contains all

the compounds with potential nutritional benefit (Butsat

and Siriamornpun 2010; Shen et al. 2009; Heinemann et al.

2008; Yu et al. 2007; Sakamoto et al. 2007; Sharif and Butt

2006; Yokoyama 2004). This is the first demonstration of

the extensive biochemical diversity that occurs in polished

rice grains (Tables 1, 2), many of which have a role in

human physiology and health.

4.2 Compounds of taste and flavour

Consumers have difficulty describing the taste of rice, so

testing for taste is generally not part of rice quality

Table 3 Procrustes rotation of correspondence between Euclidean distances between varieties from each analytical platform, based on principal

components 1 and 2, and Euclidean genetic distance between each variety

Pairs Primary polar metabolites Volatiles Minerals Genes

GC-EI-TOF-MS 1H-NMR SPME GC-MS ICP-MS SNPs

Euclidean distance

TSN1–HNN 2.67 1.29 8.06 4.13 12.1

HNN–KNL 2.87 2.56 7.35 5.96 18.1

TSN1–KNL 2.82 2.94 9.14 4.21 18.4

Procrustes rotation

0.04 0.02 0.06 0.06

Procrustes rotation is calculated as the residual sum of squares scaled so that the total sum of squares is 1

HNN 

-0.6

-0.4

-0.2

-1E-15

0.2

0.4

0.6

-0.8 -0.3 0.2

Genetic

1H-NMR

GC-TOF-MS

Volatiles

Minerals

KNL 

TSN1 

HNN 

Fig. 4 Association between genetic and phenotypic differences

between rice varieties. Comparison of standardised coordinates of

the Procrustes rotation (Table 3) of Euclidean distances separating

genotypes in Fig. 1a and the metabolomic and elemental data from

Fig. 3, plotted as triangles showing excellent agreement between

genotype and all metabolic profiles of each variety
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programs (Fitzgerald et al. 2009; Champagne et al. 2010).

However, a recent sensory study, using popular varieties

grown throughout South and Southeast Asia, revealed a

characteristic flavour profile for those varieties commonly

grown and consumed in Southeast Asia consisting of sweet,

floral, grassy and dairy notes (Champagne et al. 2010). KNL

and HNN were found to contain polar and volatile com-

pounds that give sweet, floral, fruity and grassy flavours

(Tables 1, 2). HNN contained a number of ketones, many of

which are used commercially in low concentrations to

impart fruity, nutty, floral and butter/dairy aromas and fla-

vours in foods. KNL contained compounds that are com-

mercially used in low concentrations to impart grassy fresh

aroma notes. Several of the volatile compounds detected

have an odour threshold detectable by humans (Table 2),

based on the detection limit of the GC-MS. The strongest of

these is 2AP, but some of the other compounds also have

low odour thresholds (Table 2). KNL and HNN can be

differentiated by consumers in taste trials (Bounphanousay

2007), and the data presented here suggest that each has

different compounds that could contribute to flavours that

humans can detect. They both also contain unpleasant

compounds (off-flavours) such as putrescine, which was

first found in putrefying flesh (Olle 1986), but which is

considered to be a precursor in the pathway of aroma in rice

(Bradbury et al. 2008). Putrescine was not found in TSN1

(Table 1), consistent with a possible role in 2AP synthesis

in the two fragrant rices (Bradbury et al. 2008). However

TSN1 contained the highest levels of succinate, fumarate

and malate (Table 1), which could indicate oxidation of

lipids, leading to aromas of rancidity.

Further analyses are required to correlate the current

findings with the quality of cooked rice. The presence of

amino acids and reducing sugars among the primary

metabolites in the raw grains of each variety leads to the

possibility that Maillard reaction products may also be

produced during cooking (De Kimpe and Keppens 1996)

leading to additional contributions to flavour. Cysteine was

found in KNL (Table 1), and this amino acid is an efficient

precursor of a-acetyl N heterocycles, which have a very

low odour threshold and contribute to the roasted aroma of

cooked rice (Kerler et al. 1997).

Three volatile compounds found in TSN1 could be

identified (Table 2), and another 12 could not, and this was

also found for the other two varieties. Therefore more

research is needed in order to build a more complete picture

of flavour and fragrance of rice. Nevertheless, this study is

the first to show that metabolomic profiling can be a valuable

new tool which leads to unique signatures. The generic

nature of the approaches also means that such knowledge is

not just restricted to the varieties used here. Instead our study

shows feasibility and benefit of metabolomic analyses from

which all rice and crop improvement programs should profit.

The identification of important compounds in rice should be

the subject of further work tuned to find genes that lead to

their synthesis and accumulation. An expanded palette of

both DNA and chemical markers for such compounds would

greatly enhance the capacity of rice improvement programs

to select actively for delicious and nutritious rice.
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