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In higher plants, the circadian clock controls a wide range of cellular
processes such as photosynthesis and stress responses. Under-
standing metabolic changes in arrhythmic plants and determining
output-related function of clock genes would help in elucidating
circadian-clock mechanisms underlying plant growth and develop-
ment. In this work, we investigated physiological relevance of
PSEUDO-RESPONSE REGULATORS (PRR 9, 7, and 5) in Arabidopsis
thaliana by transcriptomic and metabolomic analyses. Metabolite
profiling using gas chromatography-time-of-flight mass spectrom-
etry demonstrated well-differentiated metabolite phenotypes of
seven mutants, including two arrhythmic plants with similar mor-
phology, a PRR 9, 7, and 5 triple mutant and a C/IRCADIAN CLOCK-
ASSOCIATED 1 (CCAT)-overexpressor line. Despite different light
and time conditions, the triple mutant exhibited a dramatic in-
crease in intermediates in the tricarboxylic acid cycle. This suggests
that proteins PRR 9, 7, and 5 are involved in maintaining mito-
chondrial homeostasis. Integrated analysis of transcriptomics and
metabolomics revealed that PRR 9, 7, and 5 negatively regulate the
biosynthetic pathways of chlorophyll, carotenoid and abscisic acid,
and a-tocopherol, highlighting them as additional outputs of
pseudo-response regulators. These findings indicated that mito-
chondrial functions are coupled with the circadian system in plants.
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In higher plants, the endogenous circadian clock controls
various cellular processes ranging from photosynthesis to stress
responses (1-3). The clock provides plants with the ability to
adapt to daily changes in environmental conditions, thereby
temporally organizing their physiological and metabolic pro-
cesses. Recent studies, using mainly Arabidopsis, have begun to
shed light on the mechanism of circadian clock at a molecular
level (4, 5). Three candidate genes, CCAIl (CIRCADIAN
CLOCK-ASSOCIATED 1), LHY (LATE ELONGATED HYPO-
COTYL), and TOC1 (TIMING OF CAB EXPRESSION 1), are
associated with the circadian oscillator. They form the first main
part of the interlocked transcriptional/translational feedback
loops in the model of circadian oscillation. Although this loop is
essential for clock function, the CCA1/LHY-TOC1 feedback
circuit alone is not sufficient to account for various aspects of
circadian behaviors (6, 7).

TOC1 is a member of the PSEUDO-RESPONSE REGULA-
TOR (PRR) family proteins, which include five elements
(PRRY, PRR7, PRR5, PRR3, and TOC1/PRR1) (8, 9). PRR9
and PRR7 are reported to be crucial components of a temper-
ature-sensitive circadian system (10), whereas triple-knockout
plants of PRRY, 7, and 5 (d975) show arrhythmic expression of
clock-associated genes under continuous light. Furthermore,
PRRY/7/5 repress the accumulation of CCAI/LHY mRNA (9),
whereas CCAl and LHY activate transcription of PRR9 and
PRR7 by binding with their promoter regions (11). 4975 has a
pleiotropic phenotype, including developmental abnormalities
such as late flowering, long hypocotyls under constant red light,
and dark green leaves (9, 12). These phenotypes are substantially
similar to those of arrhythmic plants overexpressing the CCAI
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gene (CCAI-ox) (13). Using transcriptome analysis, we clarified
that d975 is tolerant to abiotic stresses, such as cold and drought,
as a result of up-regulation of the dehydration-responsive ele-
ment-binding protein 1 (DREBI1) or C-repeat-binding factor
(CBF) gene (14). Other reports on the relationship between
circadian-clock regulation and abiotic stress responses (15, 16)
suggest that clock genes have unknown output in addition to
their clock-related output (17-19). Recent biochemical ap-
proaches demonstrated the importance of posttranscriptional
and posttranslational control for the circadian mechanism (20—
22). In the postgenomics era, metabolomics has been used not
only to dissect plant metabolism per se, but also to identify
unknown gene functions by comparing profiles of wild-type
(WT) and genetically altered plants or during developmental
changes (23) and diurnal changes (24). Therefore, characterizing
an arrhythmic mutant from the viewpoint of metabolomic
changes will help identify unknown output of clock genes.

Such study in Arabidopsis may help us understand the evolu-
tionary relationship between the clock function and metabolism
across biological kingdoms and help in development of treat-
ment methods for diseases caused by impaired biological clock
and metabolic disorders. For example, recent investigations in
mouse showed that clock genes are likely related to lifestyle
diseases such as obesity and metabolic syndrome (25, 26).
Peroxisome proliferator-activated receptor-y coactivator 1
(PGC-1), a key component in energy regulation in mammals,
integrates the circadian clock with energy or lipid metabolism
(27). This component enhances mitochondrial biogenesis and
mitochondrial remodeling (28), and although an involvement of
mitochondria in circadian rhythmicity in mammals and fungi has
been proposed (29, 30), the link between the clock function and
mitochondria in plants remains unclear.

In the present work, we investigated Arabidopsis thaliana with
abnormal rhythmicity and performed transcriptomic and
metabolomic analyses to gain insights into clock function and
metabolism. Comparative metabolomics revealed unique ele-
vated levels of tricarboxylic acid (TCA) cycle intermediates in
d975. Because the unique pattern remained unchanged under
different light conditions, a robust link between circadian-clock
function and metabolic homeostasis in the TCA cycle was
suggested. Integrated analysis of transcriptomics and metabolo-
mics further revealed outputs of PRR 9/7/5 related to central
metabolism, mainly in mitochondria.
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Fig. 1. Morphologic change and metabolite phenotyping of two arrhythmic
A. thaliana mutants. (A) Phenotypes of Arabidopsis WT, d975, and CCAT-ox
grown under long days (16-h light and 8-h dark). (B and C) Metabolite
phenotyping of the three genotypes under both LD (B) and LL (C). At each
time, samples (biological replicates, n = 5; see also Dataset S2) were harvested
from the whole plant of each plant both under LD (sample n values: WT, 39;
d975, 39; and CCAT-o0x, 39) and LL (sample n values: WT, 77; d975, 79; and
CCAT-ox, 80). Note that the numbers of symbols are equal to Ny * Ny, plot
points, where Ny represents the number of biological replicates for a genotype
and N; represents the number of times measured. LD data were sampled 8
times: ZT (0, 3, 6, 9, 12, 15, 18, and 21). LL data were sampled 16 times: ZT (1,
4,7,10,13, 16, 19, 22, 26, 29, 32, 35, 38, 41, 44, and 47). Circles, WT; triangles,
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Results

Comparative Genomics Suggests Structural and Functional Conserva-
tion of the Multigene Family of PRRs Among Plant Species. Genomic
analysis has shown that PRR genes in Arabidopsis are encoded
by a multigene family containing five members closely associated
with the clock oscillator (8). The sequence analyses based on
phylogenetic tree show high conservation of the PRR amino acid
sequence (e.g., pseudo-receiver domain and CCT motif) among
seven plant species [see also supporting information (SI) Meth-
ods]. By assessing syntenic relationships based on the Plant
Genome Duplication Database (PGDD) (31), phylogenetic
analysis demonstrated that PRR3 and PRR7 in Arabidopsis are
paralogous genes (Fig. S1A4, solid red arrow). Many cross-
genome syntenic relationships among the seven plant species
were also indicated (Fig. S14, black arrows). Expression patterns
using the DIURNAL database (see SI Methods) indicate similar
diurnal rhythms in the transcript level of the PRRs among three
plant species (A. thaliana, Oryza sativa, and Populus trichocarpa)
(Fig. S1B), although the function of PRR9/7/5 is largely unknown
in these species, except in A. thaliana and O. sativa (32). Thus,
our comparative genomics study suggests structural and func-
tional conservation of the multigene family of PRRs across a
variety of plant species.

Metabolite Phenotyping Differentiates d975 from CCA1-ox Exhibiting
Similar Morphology. We confirmed that d975 and CCAI-ox were
morphologically similar to each other under identical growth
conditions (Fig. 14 and Table S1). By partial least-squares
discriminate analysis (PLS-DA), a supervised multivariate-
regression technique involving a dummy variable for classifica-
tion, metabolite phenotypes were investigated for WT, d975, and
CCAI-ox under light/dark (LD) and continuous light (LL)
conditions (see Methods and Fig. S2). The results displayed clear
separations between genotypes under both conditions despite
the morphological similarity of 4975 and CCAI-ox (Fig. 1 B and
(). To identify the metabolites that contributed to these sepa-
rations, we examined the first principal component loadings
(Dataset S1) of each genotype in each PLS-DA model. The
number of metabolites that changed in d975 was larger than that
in CCAI-ox, suggesting more pronounced metabolic changes
induced by PRR9/7/5 mutation than by overexpression of CCAI.

d975 Exhibited the Most Pronounced Changes in Primary Metabolism
Among the Examined Mutants. To characterize d975 further, we
compared metabolite profiles among seven mutants: d975,
CCAI-ox, mtol (33), sngl (34), tt4, tt5 (35), and double mutant
serat2;1 serat2;2 (36). The mutants mrol, sngl, and serat2;l
serat2;2, possess mutations related to primary metabolism,
whereas mutants #t4 and #5 possess mutations related to fla-
vonoid metabolism. Profile clustering, using MDS (multidimen-
sional scaling), was based on 52 metabolites that were commonly
detected in the seven mutants. A 2D MDS plot (Fig. 1D),
representing similarity among the seven mutants in metabolite
profiles, clearly separated d975 from the other mutants in
coordinate 1. Thus, d975 showed the most pronounced and
distinct changes in the metabolite levels among the mutants
examined.

d975; stars, CCA7-ox. The PLS-DA model in both conditions showed three
significant components according to cross-validation (see Methods). The ar-
rhythmic mutants exhibited distinct metabolic constituents under both light
conditions. (D) MDS plot of seven mutants based on 52 commonly detected
metabolites at ZT 12 (see Methods). Genotypes of d975, CCAT-ox, mto1, sng1,
double mutant serat2;1 serat2;2, tt4, and tt5 were compared. Log2 ratio
values compared with the WT plants and Euclidean distance were used (see
Methods and S/ Methods). Note that d975 exhibited the greatest change in
primary metabolism among the mutants examined.
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Fig. 2. Changes in metabolite levels. (A and B) Lower-resolution time series experiments in d975 (A)and CCAT-ox plants (B) Changes in metabolite contents
were calculated by dividing metabolite level in the mutant with thatin WT. The level of significance was set at g < 0.05 (see also Dataset S3). Red and blue colors
indicate increased and decreased metabolite levels, respectively. The eight circles under each metabolite name indicate the corresponding ZT. The figure
indicates that d975 had a dramatic increase in TCA cycle intermediates (Fisher’s exact test, P = 0.002), whereas CCA7-ox exhibited less-pronounced changes in
primary metabolism. (C) Changes in metabolite levels in d975 created with the higher resolution time-series experiment (n = 15, at 2-h sampling period). In
addition to the change in TCA cycle intermediates, d975 exhibited remarkable increases in metabolite levels associated with antioxidant vitamins (e.g., ascorbate

and a-tocopherol). 3PGA, 3-phosphoglycerate; PEP, phosphoenolpyruvate; Fru6P, fructose 6-phosphate; Glc6P, glucose 6-phosphate. *, g = 0.05.

d975 Exhibits Considerably Increased TCA Cycle Intermediates,
Whereas CCAT-ox Shows Less Change in Primary Metabolism. To
differentiate metabolite profiles of the two arrhythmic plants,
significant metabolite changes (FDR, g < 0.05) observed in d975
or CCAI-ox were compared against WT on a metabolic map
(Fig. 24 and B). A comprehensive list of all measured peaks and
level changes is shown in Dataset S2. We found that the increase
in TCA cycle intermediates in d975 was remarkable and signif-
icant (Fisher’s exact test, P = 0.002) under LD conditions.
Similar changes in d975 were also found under LL conditions
(Fig. S3), suggesting that overaccumulation of TCA cycle inter-
mediates occurred regardless of light condition. In particular,
elevated levels of citrate and malate were observed at all time
points (Fig. 24). The level of shikimate was significantly higher
in d975 than in WT, implying that the change in shikimate-
derived secondary metabolism may affect stress tolerance in the
triple mutant (14-16). In contrast, less pronounced changes were
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observed in CCAI-ox than in d975 (Fig. 2B). Taken together,
these results suggest the presence of a PRRY/7/5-dependent
control in the central metabolism (e.g., TCA cycle) of Arabi-
dopsis. Because the level of CCA1/LHY mRNA was increased in
both d975 and CCAI-ox (9), it is possible that a PRR/9/7/5-
specific regulatory mechanism independent of CCA1 exists.

In a higher-resolution time series experiment, we further
investigated the metabolite profiles of d975 from Zeitgeber time
(ZT) 710 19 (Fig. 2C and Fig. S2B). Fig. 2C shows the significant
increases observed in the levels of TCA cycle intermediates,
including 2-oxoglutarate, succinate, and fumarate in addition to
citrate and malate. The enhanced levels of glycine, glutamate,
and shikimate were consistent with the result of lower-resolution
experiments, but more accumulation occurred (compare Fig. 2
A and C). The levels of osmolytes (e.g., proline, galactinol, and
raffinose) increased as reported (14). However, arginine and
ornithine levels decreased significantly, suggesting a shift in the

PNAS | April 28,2009 | vol. 106 | no.17 | 7253
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Fig. 3. Schematic view integrating metabolite with transcript data. Path-
way-level changes in gene expression involved in biosynthetic pathway of
carotenoid and ABA for d975 are shown. To visualize the qualitative differ-
ences in transcript levels between d975 and WT, we used a hierarchical cluster
analysis with the “Euclidean distance’ and the "“average linkage' method (see
the boxes). ABA content in d975 increased significantly (t test, P < 0.05) (Left
Lower). Viewed as a whole, the figure suggests that the biosynthetic pathway
of carotenoid and ABA is under the control of PRR9/7/5.

glutamate-metabolic flux to proline production rather than to
ornithine production (Fig. 2C). Dramatic increases in antioxi-
dant vitamins (ascorbate and a-tocopherol) were also observed
in d975 (Fig. 2C and Dataset S3).

Transcriptomic and Metabolomic Changes Reveal PRR9/7/5 Function in
Regulation of Biosynthetic Pathways Associated with Chlorophyll,
Carotenoid and Abscisic Acid (ABA), and a-Tocopherol. Using Map-
Man (37), an ontology tool, we examined the patterns of
transcriptional change in genes involved in central metabolism
(Fig. S44). We observed the up-regulation of genes encoding
synthetic enzymes of osmolytes such as proline, galactinol, and
raffinose (e.g., AT2G39800, P5CSI) as reported (14). There
were general trends for induction of expression of genes that are
involved in starch synthesis and degradation, photorespiration,
tetrapyrrole metabolism, and terpene biosynthesis. Particularly,
to facilitate the integration of marked changes in gene expression
and metabolite accumulation in d975, we focused on TCA cycle
(Fig. S4B). The expressions of a gene encoding fumarase
(AT2G47510) and putative 2-oxoglutarate dehydrogenase
(AT5G65750) in the TCA cycle were down-regulated in d975.
These changes might suggest a reason for the overaccumulation
of TCA cycle intermediates in the triple mutant (see Discussion).

To detect the transcriptional coordination at the metabolic
pathway level further, the number of genes with significant
changes in expression in d975 at each time point was counted.
Within each AraCyc (38) pathway, we compared the proportion
of genes with significant changes in expressions (Dataset S4).
Marked induction was observed in the metabolic pathways
associated with (i) chlorophyll biosynthesis, (ii) carotenoid and
ABA, and (iii) a-tocopherol (Fig. 3 and Fig. S4C). Fig. 4C Upper
indicates that significant increases in the levels of glutamate (1.3-
to 4.7-fold) and phytol (1.2- to 1.4-fold) were associated with the
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up-regulation of gene expression in tetrapyrrole biosynthetic
pathway (Dataset S4). However, the expression of gene encoding
PHYTOCHROME-INTERACTING FACTOR 1 (PIF1),
which directly and indirectly regulates chlorophyll biosynthesis
pathways (39), showed no significant changes in d975 (Dataset
S5), suggesting that the regulation of this pathway by PRR9/7/5
is independent of PIF1 (see Discussion). The expression of genes
involved in the carotenoid and ABA biosynthetic pathways
increased in d975 (Fig. 3), and furthermore, the levels of ABA
increased in d975 (see Fig. 3, Left Bottom). Moreover, the
enhancement of a-tocopherol production was explained by both
the transcript and metabolite levels in a-tocopherol biosynthesis
(Fig. S4C and Dataset S4).

Discussion

A detailed metabolomic analysis using a triple mutant, d975, clearly
demonstrated that PRRY/7/5 is involved in maintaining mitochon-
drial homeostasis in Arabidopsis. Although it has been proposed
that abnormalities in mitochondrial function probably affect clock
functions in animals and fungi (29, 30), there were no reports
indicating such a relationship in plants. Here, a robust link between
the function of PRRY/7/5 and mitochondrial metabolism was
detected by transcriptomic and metabolomic analyses. First, despite
the morphological similarity between the two arrhythmic mutants
(d975 and CCAI-ox), we were able to distinguish clearly their
metabolite phenotypes under both LD and LL (Fig. 1 B and C). The
mutant d975 was characterized by a dramatic increase in TCA cycle
intermediates and antioxidant vitamins in addition to osmolytes
(14), whereas no drastic changes occurred in these metabolites in
CCAI-ox (Fig. 2). These results suggest the presence of a PRRY/
7/5-mediated mechanism for cooperative control, through which
appropriate metabolite levels may be maintained, especially those
in the TCA cycle.

Overaccumulation of TCA cycle intermediates in d975 may be
explained, at least partially, by the down-regulation of genes
encoding fumarase (AT2G47510) and putative 2-oxoglutarate
dehydrogenase (AT5G65750), which are supposed to be local-
ized in mitochondria (Fig. S4). Because of the reduction in
expression of these genes, the levels of malate, fumarate, and
amino acids, produced via 2-oxo-glutarate, increased in d975.
This is in accordance with a report that showed elevated levels
of malate, fumarate, and glycine in transgenic tomato with low
fumarase activity (40). Sweetlove et al. (41) have proposed an
interaction of ascorbate metabolism, respiration, and photosyn-
thesis, and it is known that ascorbate levels in higher plant leaves
show a diurnal rhythm (42). Both reactive oxygen species (ROS)
production and ROS defense in plants are likely controlled, in
part, by a functional circadian clock. Because the last enzyme in
the ascorbate biosynthesis pathway, L-galactono-1,4-lactone de-
hydrogenase (GLDH), is known as an integral membrane pro-
tein in mitochondria (43), the clock function involved in cellular
redox homeostasis and stress resistance may be closely related
with the mitochondrial function.

Here, we observed pathway-level changes in expression of
genes encoding enzymes associated with the chlorophyll biosyn-
thetic pathways (Fig. S4C Upper). However, no change in the
expression level of PIF1 (39), one of the regulators of chlorophyll
biosynthesis, was observed in d975. This implies that regulation
of PRR9/7/5 for chlorophyll biosynthetic pathway is independent
of PIF1-mediated regulation. It is possible that up-regulation of
gene expressions in the chlorophyll biosynthetic pathway re-
sulted in the mature, dark green leaves of d975 (9). This
hypothesis is further supported by the significant increase of
phytol in d975, as phytol is generated during chlorophyll catab-
olism by chlorophyllase.

As an output pathway regulated by PRR9/7/5, we also clarified
the biosynthesis of carotenoid and ABA (Fig. 3). ABA produc-
tion is presumably clock-regulated, thereby generating diurnal
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rhythms of ABA levels in Arabidopsis (44). This raises the
possibility that PRR9/7/5-mediated control of ABA may en-
hance fitness of plants to abiotic stresses.

The significance of ascorbate and a-tocopherol as protectants
against light-induced oxidative stress is well established (45, 46),
and a-tocopherol content follows a diurnal rhythm in leaves (47).
Significant increase of a-tocopherol level in d975, together with
up-regulation of gene expressions of the a-tocopherol biosyn-
thetic pathway (Fig. S4C Lower), suggests that PRR9/7/5 may
play a role in regulating the a-tocopherol level in the diurnal
cycle.

As a conclusion, the function of PRR9/7/5, as elucidated so far,
is summarized in Fig. 4. PRRY/7/5, together with CCA1/LHY
and TOC1 (PRR1), is integral to the generation of circadian
rhythm in Arabidopsis. PRR9/7/5 also plays crucial roles in stress
responses controlled by DREBI (14) and in activation of CO
(CONSTANS) expression during daytime (9, 12). The present
approach of integrated transcriptomics and metabolomics pro-
vided evidence of unique output of PRRY/7/5. Such output
coordinately maintains central metabolism, particularly the TCA
cycle. The biosynthetic pathways of chlorophyll, carotenoid and
ABA, and a-tocopherol were also indicated to be under the
control of PRRY/7/5. Our present findings suggest the possibility
of universal simultaneous control of clock and mitochondrial
function presence in all biological kingdoms as indicted in
mammals and fungi (29, 30). General application of such knowl-
edge is also expected to help solve problems related to efficient
plant biomass production and plant stress responses.

Methods

Plant Materials and Growth Conditions. A. thaliana accession Columbia (Col-0)
was used as a WT plant source. Triple-knockout Arabidopsis mutant prr9-10/
prr7-11/prr5-11 has been described in ref. 9. Seedling were grown on Murash-
ige and Skoog (392-00591;Wako) with 0.3% gellan gumand 2% sucrose at pH
5.7 under continuous light (LL) or 12-h light/12-h dark (LD) cycles at 22 °C for
18 days. Whole plants were sampled during days 18-19 to reduce possible
developmental effects.

Experimental Design. Two types of experiments were carried out. The lower
temporal resolution experiment (Design 1) was designed for metabolite phe-
notyping of WT, d975, and CCAT-ox (Fig. S2A), over 24 sampling times (3
genotypes were harvested at 3-h intervals). To facilitate LD metabolite phe-
notyping, we represent three successive sampling times as points ZT 3, 6, and
9 for LD1 and ZT 15, 18, and 21 for LD2 (Fig. S2A Top). Similarly, under LL
conditions, sampling times (ZT 4, 7, and 10) were designated as point LL1-1,
(ZT 16, 19, and 22) as LL1-2 (Fig. S2 A Middle), (ZT 26, 29, and 32) as LL2-1, and
(ZT 38, 41, and 44) as LL2-2 (Fig. S2 A Bottom). The second experiment (Design
2) was a higher-resolution time series intended to obtain insight into the
functional role of PRR 9/7/5 from ZT 7 to ZT 19 with respect to WT and d975
(Fig. S2B). This includes transcript profiling investigated previously (14). The
number of time points in transcript profiling was smaller (4 time points, ZT 8
to 14 with 2-h intervals) than that in metabolite profiling (7 time points, ZT 7
to 19 with 2-h intervals).

Metabolite Profiling. Each sample was extracted, derivatized, and analyzed by
using gas chromatography-time-of-flight (GC-TOF/MS) as described in ref. 48.
See also S/ Methods.

Quantification of ABA. One hundred mg of 18-day-old plants grown under LD
conditions were harvested and ABA contents were measured as reported (49).
Three biological replicates were harvested for ABA measurement.

Transcript Profiling. The data were obtained from a previous study with the
permission of authors (14). All raw CEL files have been deposited in the
Nottingham Arabidopsis Stock Center microarray database (NASCArrays) un-
der accession number NASCARRAYS-421. Raw CEL files were normalized by
robust multiarray average (RMA) (50) with Bioconductor Simpleaffy package
(51). See also S/ Methods.

Comparative Metabolome Analysis. Metabolite profiles of d975 and CCAT-ox
in Design 1 (Fig. S2A) were compared with those of other metabolome
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Fig. 4. Proposed output functions of PRR9/7/5. The figure suggests that
PRR9/7/5, together with CCA1/LHY and TOC1 (PRR1), generates a normal
oscillation rhythm. Furthermore, it shows that PRR9/7/5 is involved in DREB1-
dependent regulation of stress-responsive gene expression and photoperi-
odic control of flowering time. The outputs of PRR9/7/5, such as maintaining
central metabolism including that of the TCA cycle and antioxidant vitamins,
are also shown. In addition, PRR9/7/5 negatively regulates the biosynthetic
pathways associated with chlorophyll, carotenoid-ABA, and a-tocopherol
biosynthesis in chloroplasts.

datasets: d975 (9) and CCAT-ox (13); mto1 (methionine-over accumulation 1)
(33), tt4 (transparent testa4) (35), and double mutant serat2;1 serat2;2 (36); tt5
(35) and sng1 (sinapoylglucose accumulator 1) (34). All mutants used are in the
Col-0 background. To cancel out the effect of different mass spectrometric
conditions (e.g., detector responses, detector sensitivity, and column perfor-
mance) among datasets the log2 ratio of the samples to the control samples
in each dataset was used. We used MDS with Euclidean distance as imple-
mented in the statistical R package.

Statistical Data Analysis. PLS-DA, which is a highly suited regression tech-
nique for the analysis of ““omics’’ data that contain typically many more
variables (e.g., metabolites) than observations (e.g., replicates), was cal-
culated by using SIMCA-P 11.0 software (Umetrics AB) with log10 trans-
formation and unit variance scaling. The PLS-DA models for Fig. 1 Band C
showed three significant components according to cross-validation, re-
spectively. In metabolite phenotyping for each genotype under LD (Fig.
1B), the explained variation in the X matrix (R2X) and the Y matrix (R2Y) is
0.36 and 0.78, and the predictive ability by means of cross-validation (Q2Y)
is 0.72. In LL (Fig. 1C), RZX, R2Y, and Q2Y are 0.35, 0.70, and 0.66, respec-
tively. Statistical analysis was performed for genes encoding enzymes
included in the TAIR AraCyc database (38). All genes were obtained from
AraCycversion 4.1 as text format dump file (aracyc_.dump.20071005). Genes
without a matching known AGI locus number or with a duplicate number
within a given pathway were deleted. Fisher’'s exact test was used to
compare the difference in metabolite levels of intermediates in TCA cycle
between d975 and CCA7-ox. The numbers of genes within each AraCyc
pathway that were up- or down-regulated significantly (g < 0.05) were
counted. Hierarchical cluster analyses, along with visualization for expres-
sion level (log2 ratio), were performed by using Cluster 3.0 (52) and Java
TreeView software. Heatmap representation and statistical testing were
performed by using logarithm transformation. False-discovery rate (FDR)
corrections for multiple testing across all transcripts and metabolites were
performed with the "“qvalue’’ package (53) in R (www.r-project.org).
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