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Abstract Methionine (Met) is an essential amino acid for

all organisms. In plants, Met also functions as a precursor

of plant hormones, polyamines, and defense metabolites.

The regulatory mechanism of Met biosynthesis is highly

complex and, despite its great importance, remains unclear.

To investigate how accumulation of Met influences

metabolism as a whole in Arabidopsis, three methionine

over-accumulation (mto) mutants were examined using a

gas chromatography–mass spectrometry-based metabolo-

mics approach. Multivariate statistical analyses of the three

mto mutants (mto1, mto2, and mto3) revealed distinct

metabolomic phenotypes. Orthogonal projection to latent

structures–discriminant analysis highlighted discriminative

metabolites contributing to the separation of each mutant

and the corresponding control samples. Though Met

accumulation in mto1 had no dramatic effect on other

metabolic pathways except for the aspartate family,

metabolite profiles of mto2 and mto3 indicated that several

extensive pathways were affected in addition to over-

accumulation of Met. The pronounced changes in meta-

bolic pathways in both mto2 and mto3 were associated with

polyamines. The findings suggest that our metabolomics

approach not only can reveal the impact of Met over-

accumulation on metabolism, but also may provide clues to

identify crucial pathways for regulation of metabolism in

plants.

Keywords mto � Metabolite profiling � Polyamines �
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Introduction

Methionine (Met) is an essential amino acid in all organ-

isms. In plants, Met is catabolized as an important pre-

cursor for production of a variety of important metabolites,

including the plant hormone ethylene, polyamines, and one

of the groups of defense compounds, glucosinolates (Hesse

and Hoefgen 2003). Met belongs to the aspartate (Asp)

family, and the biosynthesis of Met is strictly regulated in

higher plants (Azevedo et al. 2006).

To elucidate how Met levels are maintained through

synthesis from the Asp family, three mutant methionine

over-accumulation (mto) loci (mto1, mto2, and mto3) have

been isolated in the model plant, Arabidopsis thaliana

(Goto et al. 2005). Each mutation disrupts different
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processes in the metabolic pathway (Fig. 1a), causing over-

accumulation of Met content. The mto1 plants have a

single functional mutation in the first exon of the gene

encoding cystathionine c-synthase (CGS) (Inaba et al.

1994; Chiba et al. 1999; Suzuki et al. 2001; Onouchi et al.

2005), which catalyzes the first committed step of the Met

biosynthetic pathway. The mutation in mto1 disrupts the

negative feedback regulation of the pathway, thereby

causing a 40-fold increase in the Met level. The mto2

mutant carries a mutation within the gene encoding thre-

onine synthase (TS), which catalyzes a reaction at the

branch point between Met and threonine (Thr) biosyntheses

(Bartlem et al. 2000). Because of reduced competition for

the common O-phosphohomoserine (OPH) substrate, Met

accumulation in young mto2 rosettes was 20-fold higher

than that of wild-type (WT) plants. The mto3 plant contains

a mutation in the gene encoding S-adenosyl-methionine

synthetase 3 (SAMS3), resulting in dramatic accumulation

of Met, over 200-fold that of the WT level, in young

rosettes (Shen et al. 2002).

Metabolomics is a useful tool for obtaining insights into

the complex regulation of metabolism in plants (Oksman-

Caldentey and Saito 2005; Hall 2006; Fukushima et al.

2009b). Recently, unbiased metabolite profiling using mass

spectrometry (MS) and nuclear magnetic resonance (NMR)

has been applied as a multipurpose tool, for example, for

genotype comparisons (Weckwerth et al. 2004; Kusano et al.

2007), characterization of unknown gene functions (Hirai

et al. 2007; Yonekura-Sakakibara et al. 2008; Fukushima

et al. 2009a; Okazaki et al. 2009), and evaluation of genet-

ically modified plants (Le Gall et al. 2003; Catchpole et al.

2005; Levandi et al. 2008). Gas chromatography connected

with MS (GC–MS) has been used for plant metabolite pro-

filing since the 1980s. In particular, GC–time-of-flight/MS

(GC–TOF/MS)-based metabolite profiling can detect sev-

eral hundred metabolites for each sample, including amino

acids, organic acids, sugars, and sugar alcohols. Using

GC–TOF/MS, we have previously characterized the geno-

type-dependent metabolomic phenotype (metabotype) of

mto1 and tt4 (lacking the chalcone synthase gene involved in

flavonoid biosynthesis) mutants (Kusano et al. 2007).

Remarkable increases in metabolite levels, including Met

and S-adenosyl-methionine (SAM), were observed in mto1

together with other metabolite changes.

To investigate the extent that Met accumulation influ-

ences metabolism in different mutants of Arabidopsis, we

used the three mto mutants, mto1, mto2, and mto3 in this

study. These mutants, including five alleles mto1-1 and

mto1-4 for mto1, mto2-1 for mto2, mto3-1 and mto3-2 for

mto3, have served as a biological model system in the

elucidation of the regulatory mechanism of amino acid

biosynthesis and other primary metabolic processes asso-

ciated with over-accumulation of Met. We profiled

metabolite abundances in each of the mutants and com-

pared them with their WT counterparts. Each mutant plant

showed distinct and specific metabolite profiles, although

these mutants all over-accumulate Met. In particular, mto2,

which produces visibly dwarf phenotypes, exhibited the

most pronounced changes in metabolite profiles including

not only the Asp family, but also the glutamate (Glu)

family and polyamine biosynthetic pathway. This finding

suggests that TS has a critical role in normal growth by

maintaining appropriate levels of Met and metabolites

belonging to the Asp, Glu, and polyamine pathways in

Arabidopsis.

Materials and methods

Plant material and harvest

The Arabidopsis mto mutants, mto1-1 (in ecotype Colum-

bia), mto1-4 (in Columbia), mto2 [in ecotype Wassilewskija

(WS)], mto3-1 (in WS), and mto3-2 (in Columbia), have

been described previously (Goto et al. 2005). Seedlings

were grown on Murashige and Skoog medium (Wako,

Osaka, Japan, #392-00591) with 0.8% agar, 1% sucrose at

pH 5.8 under 16 h light/8 h dark cycles at 22�C for 18 days.

Aerial parts were harvested from 4 to 10 biological repli-

cates of each line (see Supplementary Data 1), 6 h after the

onset of the light phase. The mto mutants were backcrossed
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Fig. 1 An overview of the respective mutation in the aspartate-

family biosynthetic pathway in each Arabidopsis mto mutant (a) and

visible phenotypes of the mto mutants (b). Three mutant mto loci have

been identified to date. Each mutation disrupts different processes

within the pathway. mto2-1 showed dwarf phenotypes (18-day-old

plants). AS4P aspartyl-4-phosphate, ASA aspartate-semialdehyde,

OPH O-phosphohomoserine, Homo-cys homocysteine, SAM S-aden-

osyl-methionine, SAMS3 S-adenosyl-methionine synthetase 3, CGS
cystathionine c-synthase, TS threonine synthase, Asp aspartate, Cys
syteine, Ile isoleucine, Lys lysine, Met methionine, Thr threonine
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ten times for mto1-1 and mto1-4, seven times for mto2, four

times for mto3-1, and seven times for mto3-2 to the WT

accession (Col-0) before phenotypic and metabolite profil-

ing analysis. Two independent alleles (mto1-1 and mto1-4)

for mto1, one (mto2-1) for mto2, and two (mto3-1 and mto3-

2) for mto3 were used in this study. To minimize effects

derived from the different harvesting periods, we compared

mutants and the control plants that were harvested in the

same period [hereafter called Col0_H1 (mto1), Col0_H2

(mto2), and Col0_H3 (mto3), Supplementary Fig. 1]. For

metabolite profiling, these mutants and the corresponding

WT were grown under strictly controlled conditions (Kusano

et al. 2007). The mto2 plants exhibit dwarf phenotypes,

whereas there are no visible phenotypic changes in the mto1

and mto3 mutants when compared with the WT (Fig. 1b).

Metabolite profiling

Plants may show differences in terms of metabolite profiles,

so-called ‘metabotypes’, even when no visible phenotypic

changes can be observed (Hall 2006). To achieve a broad

coverage of primary metabolites, GC-TOF/MS-based

metabolite profiling was used in this study. As described

previously (Kusano et al. 2007), each sample was extracted,

derivatized, and analyzed using GC-TOF/MS. Five milli-

grams fresh weight of plant tissues was used for GC-TOF/MS

analysis. The derivatized extracts, equivalent to 55.6 lg

fresh weight of plant material, were injected into the

GC-TOF/MS instrument. All raw data were pre-processed

using a MATLAB script (version 7.0.4, The MathWorks,

Natick, MA) implemented by Jonsson et al. (2005, 2006) to

perform baseline correction, alignment, and peak deconvo-

lution. Metabolite identifications were performed by com-

paring their mass spectra and retention time indices to those

generated for authentic compounds analyzed on our instru-

mentation as well as those in the mass spectra and retention

index libraries in the Golm Metabolome Database (Kopka

et al. 2005; Schauer et al. 2005). To correct the interference,

or cross-contribution, between the internal standards and

native metabolites because of problems such as insufficient

chromatographic resolution, the data were normalized using

cross-contribution compensating multiple standard normal-

ization (CCMN) (Redestig et al. 2009).

Statistical data analysis

Multivariate statistical analyses, comprising principal

component analysis (PCA) and orthogonal projections to

latent structures–discriminant analysis (OPLS-DA) (Bylesjo

et al. 2006; Trygg et al. 2007), were performed using

SIMCA-P 12.0 software (Umetrics AB, Umea, Sweden)

with log10 transformation and unit variance scaling. The

models were used to visualize the high-dimensional data and

determine the metabolomic variation between the control

WT and mto mutants. PCA captures the main sources of

variation in an unsupervised manner, whereas OPLS-DA

extracts as much of the class-separating (mutant vs. WT)

variation as possible. With OPLS-DA, the variance in X (the

MS profiles) is decomposed into three parts: Y-predictive,

Y-orthogonal and the unmodeled residual. The Y-predictive

components capture the class-separating variation (mutant

vs. WT) and can be used to interpret the differences between

the genotypes. The Y-orthogonal variation on the other hand

models variation that is strictly unrelated to genotypic dif-

ferences. With this distinction, OPLS-DA provides a con-

venient way to inspect the genotype-related differences

without confusing them with other systematic variance

coming from residual analytical bias, for example. All

OPLS-DA models were validated using leave-one-out cross-

validation and diagnosed using the prediction error-rate

defined as the number of inaccurate predictions of left-out

samples divided by the total number of samples, N. Since N

was fairly low, we also computed an empirical p value, pCV,

by randomizing the class labels 100 times and counting the

number of times we obtained a lower error-rate than with the

original labels.

Statistical tests were performed using the R statistical

environment (http://www.r-project.org/) on the basis of

log10-transformed data. The resulting p values were

adjusted for multiple testing using the false discovery rate

(FDR) procedure (Benjamini and Hochberg 1995).

To facilitate biological interpretation of the metabolite

profiles in mto mutants, we performed metabolite set

enrichment analysis (MSEA, Redestig et al. unpublished

method), which is similar to gene set enrichment analysis

(GSEA) (Mootha et al. 2003). The procedure of this

approach was as follows: first, unification of metabolite

identifiers was done using MetMask (http://metmask.

sourceforge.net, Redestig et al. submitted), which is a tool

for chemical identifier linking. Metabolites were then clas-

sified into 47 groups based on the classification scheme

provided by the PlantCyc compound classes database ver-

sion 3.0 (Zhang et al. 2005). Detected metabolites that were

not mentioned by PlantCyc were classified manually. The

groups of metabolites consist of metabolites that share bio-

logical function and/or biochemical pathways. Because of

the rather crude grouping, we refer to the groups as

‘‘metabolite bins’’, analogous to the widely used MapMan

gene bins (Thimm et al. 2004). Genotype differences were

estimated using the t-statistics obtained when comparing

mutants and the WT. For each metabolite class the t-statistic

distribution was compared with those of all other metabo-

lites using the Kolmogorov–Smirnov test. The analysis

identified classes of metabolites that were particularly

affected in the corresponding comparison. The p values were

FDR corrected to adjust for multiple testing.
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Results

Multivariate statistical analysis of metabolome data

reveals distinct metabotypes of mto mutants

Using the established metabolite profiling (Kusano et al.

2007), we detected 214 metabolite peaks and their mass

spectra. A total of 87 peaks comprising amino acids,

organic acids, sugars, sugar alcohols, vitamins, and sec-

ondary metabolites were identified and annotated as known

metabolites. Among these, 27 peaks were annotated with

mass spectral tags (MSTs) (Kopka et al. 2005; Schauer

et al. 2005), which have been consistently observed among

several laboratories though not identified precisely. The

PCA scatter plot (Fig. 2) showed that the samples were

clustered with respect to their corresponding genotypes,

suggesting that each mto plant has distinct metabolite

profiles. Furthermore, mto2 exhibited the most pronounced

changes in metabolite profiles among the mutants exam-

ined. The distinction might reflect pleiotropic changes of

metabolite profiles associated with the dwarf phenotype of

mto2 mutant plants (Fig. 1b).

Discriminative metabolites between mto mutants and

WT plants were extracted using OPLS-DA

To identify the metabolites contributing to the separation

between the mutant profiles and those of the WT (so-called

‘discriminative metabolites’), OPLS-DA models for each

genotype were examined (Fig. 3). The OPLS-DA score

scatter plot of two mto1 alleles and WT plants showed clear

separation (Fig. 3a). The 34 discriminative metabolites

predicted by the OPLS-DA loadings in the first Y-predic-

tive component for mto1 and WT were amino acids and

organic acids including Met (Supplementary Table 1A).

The model of the differences between mto2 and WT indi-

cated 120 discriminative metabolite peaks involving Glu-

related metabolites, amino acids and sugars, polyamines,

and intermediates in the tricarboxylic acid (TCA) cycle

(Fig. 3b; Supplementary Table 1B). The score scatter plots

from the model of the two mto3 alleles and WT plants

demonstrated that the distribution of mto3-2 samples was

close to that of the WT. In terms of Met content, mto3-2

showed less accumulation than that of mto3-1 (Goto and

Naito 2002; Goto et al. 2002). This result suggests that the

similarity of the metabotype of mto3-2 and that of WT

samples and the observed accumulation of Met in mto3-2

were related. Similar to mto2, metabolites involved in

polyamine biosynthesis as well as the Met-related pathway

were identified among 90 discriminative metabolites in

mto3-1 mutant plants (Supplementary Table 1C).

Metabolite profiling of the three mto mutants provides

a clue to how central metabolism is affected

by Met accumulation

To visualize the differences between the three mto plants

we projected the significant metabolite changes

(FDR \ 0.05) between the mutants and WT on a metabolic

map (Fig. 4). The changes in metabolite levels were rep-

resented as the fold-change (FC) between the mutants and

WT and are listed in Supplementary Data 1. Dramatic

accumulation of Met content was observed in all mto

mutants, except for a weak allele of the mto3 mutant, mto3-

2. In addition, the increase in the level of methionine sul-

fone was over tenfold in mto1 and mto3, and 20-fold in

mto2, compared with the WT.

No obvious changes in the level of Thr in mto2 were

observed in this study, although a decrease in Thr content

was reported by Bartlem et al. (2000). Furthermore, the

level of upstream metabolites for Met production in the

Asp family increased significantly, including the accumu-

lation of homoserine in mto2. A significant increase of

metabolites in the Glu and polyamine biosynthetic path-

ways was also observed (Fig. 4). Among metabolites

belonging to the TCA cycle, the levels of malate and

succinate were increased in mto2. These results suggest

that the flux of Glu to succinate through the GABA shunt in

the mto2 mutant were intensified. The changes in the

metabolite profiles of mto3-1 overlapped partially with

those of mto2, as exemplified by increases in the levels of

Glu, ornithine, and putrescine. For other metabolites that
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accounting for a total of 33.2% of the variance. Each plot represents

an independent plant. The analysis was done using the SIMCA-P
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were changed significantly in content in mto3, the levels of

raffinose and dehydroascorbate were elevated in mto3-1,

whereas the levels of intermediates in the TCA cycle, cit-

rate (in mto3-1 and mto3-2) and isocitrate (in mto3-1), were

decreased.

To identify selectively affected metabolite bins, we per-

formed MSEA using metabolite profiles of mto mutants (see

‘‘Materials and methods’’). The results of MSEA suggested

that there were many metabolite changes in metabolite bins

in mto2. As shown in Supplementary Table 2, three bins,

‘Synthesis (Syn)-Amines-Polyamines’, ‘Pyrimidines’, and

‘Nitrogen-Containing-Secondary-Products’, showed sig-

nificant changes in mto2 compared with the corresponding

WT. The levels of two bins (increased, ‘Minor-Carbohy-

drate (CHO)-Metabolism’; and decreased, ‘Central-Energy-

Metabolism’) changed in mto3-1. However, there were no

significant changes in metabolite bin level in mto1-1,

although mto1-1 over-accumulated Met content to the same

extent as the other two mto mutants. Taken together, these

results suggest that the over-accumulation of Met mediated

by the different mutations has extensive effects on metab-

olism, especially by mutation in TS and SAMS3.
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Fig. 3 OPLS-DA score scatter plot (left) and loading plot (right) of a
mto1, b mto2, and c mto3 samples. This analysis focused on the

differences in predictive component 1 among the three models, i.e.

mto1-1/WT, mto2-1/WT, and mto3-1/WT, according to the discrim-

inant scores. Each point represents an independent plant in the score

scatter plots and an individual metabolite in the loading plots. The

pink triangle in each loading plot represents Met, whereas the blue
dot symbols show amino acids except for Met. The number of each

component in the score plots (except for Ortho Comp 1 in the score

plot in b represents the sum of squares of all the x-varieties explained

by the extracted components. Number of biological replicates:

Col-0_H1, n = 5; Col-0_H2, n = 10; Col-0_H3, n = 5; mto1-1,

n = 4; mto1-4, n = 6; mto2-1, n = 8; mto3-1, n = 5; mto3-2, n = 5.

An associated error-rate: 2/15 = 0.13, pCV \ 0.01 for the model in a;

0/18 = 0, pCV \ 0.01 for the model in b; and 1/15 = 0.07,

pCV \ 0.01 for the model in c. Pred Comp predictive component,

Ortho Comp orthogonal component, beta-Ala b-alanine, GABA
c-aminobutyrate, Ala alanine, Asn asparagine, Arg arginine, Gln
glutamine, Gly glycine, His histidine, HS homoserine, Leu leucine,

Orn ornithine, Phe phenylalanine, Pro proline, Ser serine, Trp
tryptophan, Tyr tyrosine, and Val valine
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Discussion

Research on the regulatory mechanism of amino acid

production in the cell has a long history (Wu 2009) which

has led to the identification of several enzymatic genes. For

example, essential amino acids including Met, lysine, Thr,

and isoleucine can be synthesized by intricate regulation in

the Asp family in higher plants (Rinder et al. 2008). Met

has many vital functions in plant cellular metabolism such

as the production of SAM, ethylene, glucosinolate, and

polyamines. To address the question of how Met accu-

mulation influences metabolism in Arabidopsis, we used

mto mutants as a model system of metabolic perturbations

triggered by accumulation of Met. The advantages of our

approach are as follows: first, each mto mutant has been

relatively well-characterized in terms of the molecular

mechanism. Second, we have investigated mto1 mutant

plants as a representation of our metabolomics approach. In

our previous study, we found that the mutation of CGS and/

or over-accumulation of Met in mto1 also affected the

metabolite-to-metabolite correlation networks (Kusano

et al. 2007), suggesting that Met accumulation probably

affects metabolic regulations in other pathways in mto1.

The multivariate statistical methods PCA and OPLS-DA

were able to distinguish metabotypes (Figs. 2, 3). Met is an

Fig. 4 Changes in metabolite profiles of mto mutants (mto1-1, mto1-4,

mto2-1, mto3-1, and mto3-2; biological replicates, n = 4–8) compared

with those of WT (n = 5–10). The changes were represented as the

fold-change (FC) between the level of a metabolite in mto mutants and

that in WT and are listed in Supplementary Data 1. To visualize the

overall changes, significant increases or decreases are indicated in red
and blue, respectively (FDR \ 0.05). Solid arrows in the metabolic

pathway represent a single-step reaction between two metabolites,

dashed arrows indicate multiple steps. Metabolites in gray characters
were not detected using the metabolite profiling. b-Ala b-alanine,

AABA a-aminobutyrate, OAS O-acetyl serine, Dihydroxyacetone-P
dihydroxyacetone-phosphate, FatA C14:0 n-tetradecanoate, FatA
C16:0 n-hexadecanoate, FatA C18:0 stearate, FatA C18:2 linoleate,

FatA C18:3 linolenate, FatA C24:0 n-tetracosanoate, Fru-1,6-bisP
fructose-1,6-biphosphate, F6P fructose-6-phosphate, G6P glucose-6-

phosphate, Glycerol-3P glycerol-3-phosphate, IndACN 1H-indole-3-

acetonitrile, Inositol-1P inositol-1-phosphate, MetSulf methionine

sulfone, PEP phosphoenolpyruvate, 3PGA 3-phosphoglycerate, ribu-
lose-1,5-P ribulose-1,5-diphosphate

b

Fig. 5 Schematic overview of metabolic impacts associated with Met

accumulation in Arabidopsis. Thick arrows in black indicate a single

step linking two metabolites, whereas a dashed arrow represents

multiple steps. a The high metabolite accumulation affected by the

mto1 mutation is highlighted with the red box. b The affected

pathways in mto2 involving biosynthesis of Asp, Glu, and polyamines

are highlighted with the gray box. c The biosynthetic pathways of

polyamine from Glu as well as the Met-related pathway in mto3
plants are highlighted with the yellow box. OPH O-phosphohomo-

serine, dSAM decarboxylated S-adenosyl-methionine

c
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important precursor of SAM, which is a common precursor

for polyamine biosynthesis (Fig. 1). Subsequently, SAM is

decarboxylated in a reaction catalyzed by SAM decarbox-

ylase. The resulting dSAM is utilized as an aminopropyl

donor as illustrated in Fig. 5. Our metabolomics approach

using three mto plants clearly demonstrated that Met accu-

mulation affects a wide range of metabolic processes from

Met to metabolites in the Glu pathway and polyamine bio-

synthesis as well as the biosynthetic pathways associated

with the TCA cycle (Fig. 4). The metabolite profiles of the

three mto mutants showed the relationships among the origin

of the mutation of each mutants, Met accumulation, and

metabolite changes in the metabolic pathways (Fig. 5). The

induction of Met and methionine sulfone levels was

observed commonly in mto plants and accumulation of

metabolites in the Glu and polyamine biosynthetic pathways

overlapped in the mto2 and mto3 profiles.

The 20-fold accumulation of Met in mto2 showed good

agreement with previous results (Bartlem et al. 2000),

while the metabolite profiling presented here showed no

significant changes in Thr level (Fig. 4; Supplementary

Data 1). Bartlem and colleagues described that prominent

reduction in Thr content in mto2 rosettes has been observed

only in the young stages (until 15 day-after imbibition) of

their growth (Bartlem et al. 2000). In addition, we observed

accumulation of the upstream metabolites for Thr produc-

tion in the Asp family. Thus, the significantly increased

contents of homoserine and other metabolites belonging to

the Asp family provides support that a mutation in the gene

encoding TS in mto2 plants affects processes related to Thr

metabolism. Decreased TS activity or reduction in the

carbon/amino skeleton flux towards Thr provides the car-

bon skeleton for Asp to Met production rather than Asp to

Thr in Arabidopsis (Bartlem et al. 2000; Hesse and Hoef-

gen 2003). Furthermore, mto2 displayed a dramatic

increase in the metabolite bins related to polyamine and

two other pathways (pyrimidine and nitrogen-containing-

metabolite pathways) in addition to Met accumulation

(Fig. 4; Supplementary Table 2). This suggests that Met

accumulation in mto2 enhanced other biosynthetic path-

ways involving polyamines. The levels of ornithine and

putrescine increased in mto3, although intermediates in the

TCA cycle showed specific accumulation patterns com-

pared with the other mto mutants (Fig. 4). These results

indicate that Met flux may affect accumulation of metab-

olites in the Glu and polyamine pathways in different

manners regulated by TS and SAMS3.

Concluding remarks

The results of this study using three independent mto

mutants indicate that Met over-accumulation affected an

extensive range of pathways involved in not only Met

biosynthesis, but also Glu and polyamine biosynthesis as

well as metabolic pathways associated with the TCA cycle

and stress-responsive metabolites in Arabidopsis. The

metabotypes of each mto mutant exhibited a specific pat-

tern. Among the mto mutants examined, mto2 showed the

most pronounced changes in central metabolism. The

results presented here may provide a foundation for future

research on the interaction of the Asp family and other

metabolic pathways including the TCA cycle, GABA shunt

and polyamines through Met metabolism.
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