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ABSTRACT Metabolic adjustments are a significant, but poorly understood, part of the response of plants to oxidative
stress. In a previous study (Baxter et al., 2007), the metabolic response of Arabidopsis cells in culture to induction of oxidative stress by menadione was characterized. An emergency survival strategy was uncovered in which anabolic primary
metabolism was largely down-regulated in favour of catabolic and antioxidant metabolism. The response in whole plant
tissues may be different and we have therefore investigated the response of Arabidopsis roots to menadione treatment,
analyzing the transcriptome, metabolome and key metabolic fluxes with focus on primary as well as secondary metabolism. Using a redox-sensitive GFP, it was also shown that menadione causes redox perturbation, not just in the mitochondrion, but also in the cytosol and plastids of roots. In the first 30 min of treatment, the response was similar to the cell
culture: there was a decrease in metabolites of the TCA cycle and amino acid biosynthesis and the transcriptomic response
was dominated by up-regulation of DNA regulatory proteins. After 2 and 6 h of treatment, the response of the roots was
different to the cell culture. Metabolite levels did not remain depressed, but instead recovered and, in the case of pyruvate,
some amino acids and aliphatic glucosinolates showed a steady increase above control levels. However, no major changes
in fluxes of central carbon metabolism were observed and metabolic transcripts changed largely independently of the
corresponding metabolites. Together, the results suggest that root tissues can recover metabolic activity after oxidative
inhibition and highlight potentially important roles for glycolysis and the oxidative pentose phosphate pathway.
Key words: Carbon metabolism; oxidative and photo; oxidative stress; secondary metabolism; phenylpropanoids and
phenolics; root biology; Arabidopsis.

INTRODUCTION
Oxidative stress is an unavoidable feature of aerobic metabolism (Halliwell, 2006) and is particularly problematic in sessile
organisms such as plants that are exposed to wide variations in
environmental conditions. Oxidative stress is an underlying
cause of cellular damage in abiotic stress conditions (Kotak
et al., 2007) and is a contributing factor to sub-optimal agricultural yields. To minimize the extent of oxidative stress,
organisms have evolved an efficient defense system consisting

of antioxidant enzymes and non-enzymatic thiol antioxidants
such as glutathione and ascorbate, which serve to detoxify
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reactive oxygen species (ROS) (Apel and Hirt, 2004; Shao et al.,
2007). These antioxidant systems have been the subject of intensive study and are increasingly well characterized (Lunde
et al., 2006; Mittler, 2002). However, there are additional metabolic components to the oxidative stress response that are
much less well understood in plants. For example, detoxifying
ROS is energetically expensive and requires considerable
amounts of reductant in the form of NADH or NADPH. The
metabolic sources of this reductant are not known, although
various candidate processes and enzymes have been proposed
(Møller and Rasmusson, 1998; Kruger and von Schaewen,
2003). It may also be necessary for considerable metabolic rearrangement to take place, both to accommodate the provision
of reductant but also to bypass enzymes that are oxidatively
inhibited (Baxter et al., 2007; Scarpeci and Valle, 2008).
In contrast to the situation for plants, in microorganisms
such as bacteria and yeast, the metabolic component of the
oxidative stress response is well recognized and understood.
For example, in yeast, a distinct set of proteins are induced
by hydrogen peroxide (Godon et al., 1998). These include antioxidant defense proteins and other stress-related proteins
such as heat shock proteins and chaperones. Several enzymes
of central carbon metabolism are also altered in abundance,
suggesting a rearrangement of carbon distribution. It has been
proposed that glucose is channeled towards the oxidative pentose phosphate pathway (OPPP) with simultaneous suppression of glycolysis and downstream pathways such as the
tricarboxylic acid (TCA) cycle. The stimulation of the OPPP
enhances the production of NADPH to support antioxidant enzyme activity. Mechanistically, it appears that inhibitory posttranslational modifications of the glycolytic enzymes glyceraldehyde 3-phosphate dehydrogenase and triosephosphate
isomerase are important in diverting the flow of carbon
(Shenton and Grant, 2003; Ralser et al., 2007). Thus, a combination of transcriptional changes (induction of antioxidant
enzymes and defenses) and post-translational control of carbon flow through central carbon metabolism are required
to cope with oxidative stress conditions.
A recent study of Arabidopsis cells in culture measured the
metabolic and transcriptomic response to an oxidative insult in
an attempt to provide a similarly integrated view of the coping
mechanisms for oxidative stress conditions in plants (Baxter
et al., 2007). Broadly speaking, the response was similar to that
observed in yeast, suggesting the potential existence of conserved elements in regulatory and signaling pathways across
the kingdoms. However, undifferentiated Arabidopsis cells
in culture are an artificial system and the response may be very
different from that in planta. In particular, cell culture imposes
considerable oxidative stress on cells (Halliwell, 2003), meaning that the basal condition is already one of oxidative stress.
There have been several studies of the transcriptomic response
of whole plants to oxidative stress but the metabolic aspects
have either not been considered (e.g. Gadjev et al., 2006) or
have not been analyzed in sufficient detail to draw general
conclusions (e.g. Scarpeci and Valle, 2008). The aim of this
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study was to provide an integrated view of metabolic aspects
of the response of Arabidopsis plants to oxidative stress
through metabolite profiling, flux analysis, and transcriptome
profiling. Plants were grown hydroponically and the response
of the roots to oxidative stress induced by addition of menadione to the growth medium was studied.

RESULTS
Menadione Causes Redox Perturbation and Oxidative
Stress in Arabidopsis Roots
To investigate the impact of oxidative stress on Arabidopsis
plants, a hydroponic growth system was used to allow easy
and homogenous application of stress-inducing agents to
the culture medium. To induce oxidative stress, the redoxactive quinone menadione was used as in previous studies
of Arabidopsis cell suspension cultures (Baxter et al., 2007).
In a first set of preliminary experiments, the menadione
treatment was optimized by measuring the activity of aconitase, which is known to be highly sensitive towards oxidative
stress (Verniquet et al., 1991). Similar to the conditions used for
the heterotrophic Arabidopsis cell suspension culture (Baxter
et al., 2007), a concentration of 60 lM menadione was chosen
for further experiments (Supplemental Figure 1). Within the
first 3 h, a concentration of 60 lM menadione caused a linear
decrease of aconitase activity in roots (Supplemental Figure
1A). No differences in aconitase activity were observed in
leaves in plants to which menadione had been added to the
growing solution (Supplemental Figure 1B), indicating that
menadione specifically led to the production of ROS in roots.
In order to confirm that menadione treatment leads to a redox perturbation, a redox-sensitive roGFP (roGFP2) was used,
which responds to the redox state of glutathione (Meyer et al.,
2007). Glutathione is the predominant non-proteinacious
thiol-containing molecule in plant cells and acts as a key redox
buffer. The pool is normally more than 95% reduced and maintained in this state by the activity of glutathione reductase
(Foyer et al., 2001; Foyer and Noctor, 2005). Thus, any increase
in the ratio of oxidized to reduced glutathione reflects oxidative stress conditions within the cell. Analysis of fluorescence
ratios of roGFP expressed in different sub-cellular compartments demonstrated that menadione treatment led to an
oxidation of the mitochondrial, plastidic, and cytosolic glutathione pools in Arabidopsis roots (Figure 1A and 1B). In all
three compartments, the roGFP2 was shown to be oxidized
to a degree of at least 80% within the first 0.5 h following
menadione application (Figure 1A and 1B). Moreover, realtime analysis of the fluorescence intensity ratio of roGFP2
revealed that the redox states of the different sub-cellular
compartments reacted extremely rapidly to the menadione application (Figure 1C). Initial response was seen within the first
20 s and the roGFP2 reached a new steady state of oxidation
within 1–2 min. While roGFP expressed in the mitochondria
reached a maximum degree of oxidation of 80%, the cytosol
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Figure 1. Redox State of roGFP2 in the Cytosol, Mitochondria, and Plastids of Arabidopsis Roots following Oxidative Stress.
(A) Degree of roGFP2 oxidation 0.5, 2, and 6 h after 60 uM menadione application (black bars, treatment; empty bars, control). The percentage of oxidized roGFP2 was calculated from the fluorescence ratio (488/405 nm) as described before (Schwarzländer et al., 2008) using
calibration to the fully oxidized (100 mM H2O2) and fully reduced (10 mM DTT) probe in vivo. Each value represents the mean of six individual replicates (6 SEM). The asterisk indicates significant differences to the control (t-test, p , 0.01).
(B) Ratiometric images of roGFP2 in control and treated roots (t = 0.5 h).
(C) Time series of the fluorescence intensity ratio of roGFP2. A representative measurement is shown for each sub-cellular compartment
(three replicates each). Black circles, cytosolic roGFP2; grey circles, plastidic roGFP2; open circles, mitochondrial roGFP2.

and the plastids were found to be oxidized to nearly 100% after 6 h (Figure 1A).
A preliminary analysis of the metabolic response to this redox perturbation was made by measuring changes in abundances of the hexose phosphates glucose-6-phosphate (Glc
6-P) and fructose-6-phosphate (Fru 6-P) over a 6-h time course
(Supplemental Figure 2). Both Glc 6-P and Fru 6-P showed a significant decrease in abundance after 0.5 h compared to the
control that was maintained throughout the whole time
course of 6 h. Additionally, taking into consideration that most
metabolite abundance changes after application of menadione were shown to stabilize in Arabidopsis cells after 6 h
(Baxter et al., 2007), we have chosen 0.5, 2, and 6 h as those
time points for more detailed analyses.

As oxidative stress is often accompanied by membrane
injury followed by cell death, we quantified cell death in
Arabidopsis roots treated with menadione by monitoring
ion leakage, a measure of membrane damage (Supplemental
Figure 3). After an increase in ion leakage up to 12% after 3 h,
which presumably occurred as a consequence of the addition
of ethanol (the solvent carrier for menadione), cell death was
not further enhanced under control conditions. On the other
hand, in menadione-treated roots, the degree of ion leakage
increased steadily up to 30%, reflecting a 2.5-fold higher cell
death rate than the control after 6 h and, thus, indicating a severe oxidative stress.
In summary, menadione caused a long-lasting redox
imbalance in Arabidopsis roots, which explains the higher
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percentage of cell death being observed for menadione-treated roots (Supplemental Figure 3). The following sections describe the transcriptional and metabolic alterations that
accompany this oxidative stress.

Menadione Treatment Causes Major Changes in Primary
Metabolite Pools
A total of 56 polar metabolites were identified by gaschromatography mass spectrometry (GC–MS) covering the
metabolic pathways of starch degradation and synthesis,
the oxidative pentose phosphate pathway (OPPP), glycolysis,
the tricarboxylic acid (TCA) cycle, and amino acid synthesis
(the complete dataset is available as supplementary material;
Supplemental Figure 4 and Supplemental Table 1). Significance levels of metabolite changes between menadionetreated and control roots were evaluated by t-test (p , 0.05).
Thirty-three metabolites were significantly changed in their
abundance within the first 30 min and a total of 39 metabolites were significantly altered in at least two time points, indicating a fast and widespread perturbation of metabolism in
response to oxidative stress (Supplemental Figure 4).
Some of the fastest and most dramatic changes were the
decreases of the hexose phosphates Glc 6-P and Fru 6-P. Both
of these intermediates of glycolysis showed a strong decline in
abundance after 0.5 h and, in the case of Glc 6-P, down to levels below the detection limit (Supplemental Figure 4). With the
exception of glucose, upstream glycolytic sugars such as sucrose and fructose were generally unchanged compared to
the control, but increased by two-fold after 6 h. On the other
hand, the abundance of the OPPP intermediates ribulose 5phosphate and ribose 5-phosphate was increased up to
nine-fold throughout the entire experiment (Supplemental
Figure 4). This prominent increase of these metabolites in
the first 0.5 h following oxidative stress suggests a perturbation of the OPPP, although the abundance of 6-phosphogluconate (6-PG) was not significantly different between
treatments (Supplemental Figure 2C). There were also significant changes of TCA cycle intermediates. The abundance of
citrate was significantly lower after 0.5 h, but increased after
2 and 6 h. 2-oxoglutarate showed a different pattern. Following an increase after 0.5 h, the abundance dropped below control levels after 2 h and then increased to three-fold control
levels after 6 h. In contrast to citrate, which accumulated
steadily over 6 h, succinate, fumarate, and malate in the
non-decarboxylating part of the TCA cycle were decreased
up to two-fold. The general suppression of the TCA cycle is further supported by the fact that pyruvate accumulated steadily
over the whole time course (Supplemental Figure 4).
Consistent with the observation of abundance change of
TCA cycle intermediates, there was a decline in amino acids,
especially in those using 2-oxoglutarate (glutamate) and oxaloacetate (aspartate) as carbon skeletons during their synthesis. On the other hand, alanine and isoleucine (linked to
pyruvate) and the upstream product of serine, O-acetyl serine
(OAS) (linked to 3-phosphoglycerate), were strongly increased,
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in the case of alanine up to nine-fold throughout the whole
time course. OAS was initially detectable 0.5 h after menadione treatment and increased throughout the time course,
whereas neither serine nor O-acetyl serine could be detected
under control conditions. On the contrary, the sulfur-containing amino acid methionine was strongly decreased during the
entire time course compared to the control. O-acetyl serine is
formed from serine and acetyl-CoA by a reaction that is catalyzed by serine acetyltransferase (SAT) of which two minor isoforms in Arabidopsis were known to be induced under stress
conditions (Saito, 2004; Kawashima et al., 2005). Moreover, the
increase of OAS and decrease of methionine during the menadione treatment suggests an imbalance in sulfur metabolism.
The remaining amino acids isoleucine and valine (linked to
pyruvate), phenylalanine and tyrosine (linked to PEP), proline
(linked to 2-oxoglutarate) and asparagine, lysine and threonine (linked to oxaloacetate) showed a common pattern. All
of these amino acids showed a slight decrease in abundance
after 0.5 h, but were constantly increased to values between
1.7 and 5.2-fold over 6 h.
For a better overview of general changes in metabolic pathways, the qualitative metabolite abundance changes (relative
to the control) are given in a schematic metabolic network for
each time point (Figure 2). It is clear that the abundance of
intermediates in sugar metabolism did not change within
the first 0.5 h after menadione application, but hexose phosphates were rerouted into the OPPP. The pathways downstream of glycolysis, the TCA cycle and the synthesis of
amino acids, seemed to be suppressed as indicated by an overall decrease of organic and amino acids. Inhibition of the TCA
cycle remained after 2 h while the abundance of amino acids
linked to TCA cycle was partially recovered at that time point.
The abundance of amino acids linked to pyruvate (alanine, valine, and isoleucine), PEP (tryptophan and tyrosine), and 3-PGA
(serine) was generally enhanced between 2 and 6 h following
oxidative stress.

Changes in Stress-Associated Metabolites
A wide range of both primary and secondary metabolites that
can prevent oxidative damage have been identified, including
the amino acid proline, polyamines, flavonoids, brassinosteroids, and glucosinolates. Accumulation of these metabolites
was correlated with improved stress-tolerance in plants. Our
data indicate increased proline abundance at 6 h, corresponding to the decreased abundance of its precursor, glutamate
(Figure 2). There was also evidence of changes in the polyamine pathways. Although we could not measure spermidine
and spermine, the slightly decreased level of the precursor putrescine at 6 h implies increased accumulation of both metabolites. The glucosinolate composition was analyzed by HPLC.
The abundances of some methionine-derived aliphatic glucosinolates were significantly increased after 2 h (Figure 3), corresponding to a decreased level of methionine. Some
tryptophan-derived indole glucosinolates showed decreased
abundances (Figure 3), which corresponded to an increased
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Figure 2. Scheme of Metabolite Abundance Changes after 0.5, 2, and 6 h of Menadione Treatment.
Solid arrows in the network diagram specify a single step connecting two metabolites; dashed arrows indicate at least two steps. The color
code designates changed and unchanged metabolite abundances (Figure 1) as follows: green, not significantly altered; red, significantly
decreased; blue, significantly increased; grey, not analyzed. Significant changes were evaluated using t-test (p , 0.05) (see Supplemental
Figure 4 and Supplemental Table 1).

accumulation of tryptophan. It is interesting to observe an increased metabolic flux towards aliphatic glucosinolates as an
early response to oxidative stress.
To gain an even broader view of metabolic changes following menadione treatment, metabolite profiling by LC–MS
analysis was carried out using extracts from Arabidopsis roots
enriched in either hydrophilic or lipophilic constituents. After
6 h menadione treatment, metAlign extracted a total of 521
and 1704 different mass signals (p , 0.05) from the extracts
of hydrophilic and lipophilic constituents, respectively. The
most dramatically changed and most abundant metabolites
at 6 h are listed in Table 3 and the chromatograms shown in
Supplemental Figure 10. Most of these metabolites were significantly changed as early as 0.5 h after menadione addition.
A lipophilic compound with m/z = 396 was tentatively identified as 5-dehydroepisterol by molecular mass search in the
public databases and based on its MS2 spectral pattern. This
compound is an intermediate leading to brassinosteroid biosynthesis. The additional significantly changed metabolites
listed in Table 3 currently remain unknown.

We did not observe any flavonoids in the hydroponically
grown control roots and no induced synthesis upon menadione treatment.

Effect of Menadione on Metabolic Fluxes
Changes in metabolite abundances are suggestive of changes in
flux, particularly in the respiratory pathways. The abundance of
metabolites depends on alterations in the influx and efflux
ratio to each pool. Thus, there is not a simple relationship
between pathway flux and the pool sizes of the relevant
intermediates. Moreover, flux through a pathway can change
without affecting metabolite abundances (Fell, 2005; Fernie
et al., 2005). To analyze the fluxes through the OPPP, glycolysis,
the TCA cycle, and amino acid biosynthetic pathways in more
detail, we measured the 14CO2 release of control and menadione-treated plants that were fed with 14C-glc labeled at C1,
C3:4, C6, and at all positions, respectively. While CO2 released
from the positions C1 and C2 of glucose is attributed to decarboxylation processes in the OPPP and the TCA cycle, CO2 that is
released from the positions C3:4 (pyruvate dehydrogenase) and
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Figure 3. Glucosinolate Content in Control and Menadione-Treated Arabidopsis Roots.
Open symbols, control; closed symbols, menadione-treated. Values shown are averages obtained by analysis of nine root samples; error bars
indicate S.D. Asterisks indicate significantly different from control (t-test, p , 0.05).

C6 (after two turns of the TCA cycle) is derived from the mitochondria (ap Rees and Beevers, 1960). Thus, any increase in the
C1/C6 ratio of released CO2 reflects an increased flux through
the OPPP. No significant difference in the C1/C6 ratio and total
CO2 evolution was observed for control and menadionetreated plants (Supplemental Figure 5). At first glance, these
results are in contrast to the observed metabolite pool size
changes (Supplemental Figure 4 and Figure 2). However, leaf
metabolism of the 14C-glc may be a complicating factor.
14
C-glc was added to the hydroponic growth medium of hydroponic plants in gas-tight chambers, and label in CO2 collected
from the gas phase analyzed. Thus, the 14CO2 labeling reflects
both root and leaf metabolism, but analyses of aconitase activity (Supplemental Figure 1) and metabolites (data not shown)
suggested that there was no major perturbation of metabolism
in leaves. To overcome this problem, a specific analysis of the
metabolism of 14C-glc in Arabidopsis roots was carried out.
[U-14C]-Glc was added to the hydroponic growth medium,
and harvested roots extracted and fractionated into soluble
(organic and amino acids, hexose phosphates and sugars) as
well as insoluble (cell wall, protein, and starch) metabolites,
which were analyzed for flux alterations. The 14C analysis of
the soluble and insoluble fractions revealed that there were
no significantly altered fluxes under oxidative stress conditions
in comparison to the control (Supplemental Figure 6). Further
sub-fractionation of the soluble fraction into organic and
amino acids suggested that neither the overall flux through
the TCA cycle nor amino acid biosynthetic pathways were significantly changed in response to oxidative stress (Figure 4).

Transcriptional Changes Following Oxidative Stress
To investigate whether the metabolic abundance changes can
be related to changes on the transcriptional level, mRNA tran-

script abundances of menadione-treated roots were compared
to control roots by microarray analysis (using a 29-K oligonucleotide microarray (http://ag.arizona.edu/microarray/)) at each
time point. In summary, a total of 20 008 transcripts passed
quality-control criteria. Over the three time points, a total of
12 394 individual transcripts were found to be significantly
changed using the SAM (significance analysis of microarrays)
algorithm (false discovery rate (FDR) , 0.1). The applied oxidative stress led to statistically significant changes in 1194
transcripts after 0.5 h, in 9745 transcripts after 2 h, and in
5565 transcripts after 6 h. The complete data set of significantly
altered transcripts is given in Supplementary Table 2.

Changes in Metabolic Transcripts after 0.5 h of
Oxidative Stress
Of the 1194 genes significantly regulated after 0.5 h, 1109
genes were found to be induced and 85 genes repressed.
When displaying these genes on a metabolic map using the
MapMan software (Thimm et al., 2004), it was apparent that
only 25 metabolic genes were altered (24 transcripts being upregulated) in sugar metabolism, glycolysis, and amino acids
synthesis and degradation (Supplemental Figure 7). Six genes
in glycolysis (At4g26270, At3g04120, At1g78050, At3g08590,
At2g36580, and At3g04530) were found to be slightly induced
by abundance ratios between 1.26 and 1.63 (Supplemental Table 2). The lack of altered transcripts in the TCA cycle and the
OPPP suggests that the observed metabolic changes in these
pathways are not transcriptionally regulated. Additionally,
transcripts encoding for antioxidant enzymes, a glutathione
peroxidase (GPx, At4g11600) and a dehydroascorbate reductase (DHA reductase, At1g75270), were enhanced as an early
response to oxidative stress. The corresponding enzymes
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Seven of the 20 genes encoded for RNA regulatory or
ethylene-responsive proteins. This group of proteins comprised members of the C2H2 zinc finger, the NAC domain
and MYB domain transcription factor families, and a PHD finger transcription factor. C2H2 zinc finger proteins contain the
ERF-associated amphiphilic repression (EAR) domain and are
thought to play an important role in regulating the defense
response of Arabidopsis to abiotic stress conditions (Kazan,
2006; Ohta et al., 2001). The expression of Zat7 was found
to be elevated in Arabidopsis plants that lack the cytosolic
ascorbate peroxidase 1 and in response to oxidative stress after
hydrogen peroxide or paraquat application in wild-type plants
(Rizhsky et al., 2004). The constitutive expression of Zat7 and
Zat10 resulted in growth suppression and enhanced tolerance
of plants to various stresses like drought stress, osmotic stress,
and salinity (Ciftci-Yilmaz et al., 2007; Sakamoto et al., 2004;
Mittler et al., 2006). In this context, Zat12 should be mentioned, which is known to be induced by a variety of stresses
(Davletova et al., 2005) and which was found to be induced by
an abundance ratio of 4.83 (Supplemental Table 2). NAC domain transcription factors are plant-specific (Hu et al., 2006)
and were found to be induced by drought, high salinity,
and abscisic acid (Tran et al., 2004). The superfamily of MYB
transcription factors is known to play regulatory roles in developmental processes and defense responses in plants (Chen
et al., 2006). The induction of transcripts encoding for regulatory proteins as an early response to oxidative stress in Arabidopsis roots is likely to be responsible for the genome-wide
changes of structural transcripts after 2 and 6 h.
Figure 4. Time Series of 14C Accumulation after [U-14C]Glc Incorporation in Control and Menadione-Treated Arabidopsis Roots.

Changes in Metabolic Transcripts after 2 h of
Oxidative Stress

The metabolites of the ethanol soluble fraction were sub-fractionated into organic acids (A) and amino acids (B) and the 14C content
of each fraction analyzed (closed symbol, treatment; open symbols,
control). Values are means of four replicates 6 SEM. Significance
levels were verified using t-test (p , 0.05).

After 2 h, the menadione-induced oxidative stress led to significant changes in a total of 9745 transcripts, of which
2959 were up- and 6786 were down-regulated. Once again,
major changes in transcript abundance were observed in
the regulation of transcription factors. Compared to the 0.5h time point, the number of regulated transcripts was further
enhanced by 5.25-fold (Supplemental Table 2). In contrast to
the situation after 0.5 h, there were also widespread changes
in metabolic transcripts (Supplemental Figure 7).
As described in the previous section of metabolic abundance
changes, the abundance of hexose phosphates and most of the
TCA cycle intermediates were found to be repressed 2 h after
oxidative stress (Supplemental Figure 4 and Figure 2). Relevant
metabolite and transcript data are summarized in Figure 5.
Consistent with the metabolite changes, there was a general
decrease of transcripts related to glycolysis and the TCA cycle
(Figure 5). Interestingly, these changes affected almost all individual enzymatic steps in the metabolic pathways and, in
most cases, more than one isoform of a multigene family.
For example, out of six significantly changed isoforms of pyruvate kinase, the transcript of one isoform was enhanced while
the remaining five were decreased. No significant change
in transcript abundance was observed for triose phosphate

function in the antioxidative system by detoxifying ROS either
directly (GPx) or indirectly (DHA reductase) (Mittler et al., 2004).
The early response of Arabidopsis roots to menadioneinduced oxidative stress was not only characterized by the relatively high number of significantly altered transcripts, but also by
their large changes in transcript abundance ratio (Supplemental
Table 2). As a representative set, Table 1 lists the 20 genes with the
highest induction of abundance ratio ranging between 6.97 and
13.02. The list includes ethylene- and jasmonate-responsive transcripts that are known to be induced following diverse stresses.
For example, ethylene-responsive element binding factors
(EREBF) are plant-specific and their transcripts are induced by
ethylene and by various abiotic stress conditions in Arabidopsis
(Fujimoto et al., 2000). Other enhanced transcripts encode for
a putative calmodulin-related protein, a putative protein kinase,
a N-hydroxycinnamoyl benzoyltransferase-like protein, and an
armadillo/beta-catenin repeat family protein.
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Table 1. List of the 20 Highest Induced Genes after 0.5 h of
Oxidative Stress.

Gene ID

Inductuion
factor
Annotation

At3g24500

13.02

Ethylene-responsive transcriptional coactivator

At1g76600

12.81

Expressed protein

At1g05575

11.80

Expressed protein

At3g02800

11.46

Unknown protein

At5g10695

10.35

At1g18020

9.84

12-oxophytodienoate reductase, putative

At4g27657

9.64

Expressed protein

At5g42380

9.45

Calmodulin-related protein, putative

At5g63900

9.34

PHD finger family protein

At1g27730

9.33

Zinc finger (C2H2 type) family protein (ZAT10)

At5g08790

9.32

No apical meristem (NAM) family protein

At1g01720

8.62

No apical meristem (NAM) family protein

At3g09350

7.80

Armadillo/beta-catenin repeat family protein

At5g07870

7.66

N-hydroxycinnamoyl benzoyltransferase - like
protein anthranilate N-benzoyltransferase

At3g46090

7.61

Zinc finger (C2H2 type) family protein (ZAT7)

At3g46080

7.57

Zinc finger (C2H2 type) family protein

At4g17785

7.33

Myb family transcription factor (MYB39)

At5g47230

7.22

Ethylene responsive element binding factor 5
(ATERF5)

At5g04340

7.01

Zinc finger (C2H2 type) family protein

At5g61600

6.97

DNA binding protein - like DNA binding protein
EREBP-4

Expressed protein

Significance levels of microarray data were analyzed by using the
software SAM. P-values were corrected for a false discovery rate (FDR)
of 10%. The induction factors reflect the ratio of transcript abundance
between menadione-treated and control roots (each n = 5; p , 0.05).

isomerase of glycolysis and fumarase of the TCA cycle. In accordance with this, the functional class sorting revealed a coordinated down-regulation of the TCA cycle (Supplemental Table
3). For the other main metabolic change in central metabolism,
the accumulation of the OPP pathway intermediates, Ribulose
5-P and Ribose 5-P, there was not a similar congruence between metabolite data and transcript data. In contrast to
the increase in metabolites, there was an overall decrease in
transcripts related to the OPPP (Figure 5 and Supplemental Table 3). In addition to the overall decrease in OPPP-related
genes presented in Figure 5, the abundance of transcripts
encoding for transketolase (At3g60750) and transaldolase
(At1g12230, At5g13420) were reduced (Supplemental Table 2).
The microarray data also showed that oxidative stress
affected mitochondrial respiratory chain organization. While
the ATP-coupling cytochrome pathway was mainly downregulated, the cyanide-resistant respiratory pathway was
strongly up-regulated, as indicated by the increase in the transcript encoding the isoform 1a (At3g22370) of the alternative
oxidase (AOX) by an induction factor of 13.89 (although the
transcript of a second isoform (At1g32350) was repressed by
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0.57) (Supplemental Table 2). AOX genes and AOX protein expression were found to be stress-inducible in several studies
and mainly play a role in preventing the overreduction of
the mitochondrial electron transport chain and, thus, the production of ROS (Maxwell et al., 1999; Vanlerberghe et al., 2002;
Clifton et al., 2006). Furthermore, the transcripts of the external NADH dehydrogenase isoforms At2g20800, At4g05020,
and At4g21490 were up-regulated.
The microarray data showed significant changes in transcripts associated with sulfur metabolism (Table 2 and Supplemental Table 2) consistent with the observed changes in serine,
O-acetyl serine, and methionine. The transcript abundance of
ATP-sulfurylase (ATPS; At4g14680) was strongly induced up to
26-fold through the entire time course. Genes encoding for
adenosine 5#-phosphosulfate reductase (APR; At1g62180,
At4g04610, At4g21990) and for the three major isoforms of
serine acetyl transferases (SAT; At1g55920, At3g13110,
At5g56760) were generally induced most strongly after 2 h
(transcript abundance ratio ranging from 2.7 to 11.5) and leveled off at the 6-h time point. In contrast, the five isoforms
of the OAS-(thiol-)lyase (OAS-TL; At3g59760, At3g61440,
At4g14880, At5g28020, At5g28030) were exclusively repressed
after 2 h of oxidative stress. APR is the key enzyme in the synthesis of cysteine and, therefore, glutathione (Bick et al., 2001).
Thus, the up-regulation of all three APR transcripts might be
directly linked to the highly oxidized glutathione pool (Figure
1) caused by the menadione treatment. The increase in genes
encoding for SAT with simultaneous repression of genes
encoding for OAS-TL (cysteine synthase) can be seen as a coordinated accumulation of OAS. The accumulation of OAS has
been reported to be a positive regulator for the expression
of sulfur metabolism related genes like APR, sulfite reductase,
and SAT (Koprivova et al., 2000; Kawashima et al., 2005). Taken
together, sulfur metabolism in Arabidopsis roots is activated in
a coordinated manner in response to oxidative stress.
There were several changes in stress-related metabolites,
but there was little correlation between these changes and
the abundance of relevant transcripts. For example, there
were no significant increases in transcripts encoding enzymes
of proline synthesis including D1-pyroline-5-carboxylate synthetase and D1-pyroline-5-carboxylate reductase, suggesting
that the metabolic changes in this pathway are not transcriptionally regulated (Supplemental Figure 8). Similarly, changes
in polyamine metabolites did not correlate with transcripts.
Despite the up-regulation of transcripts of upstream biosynthetic enzymes such as arginine decarboxylase and S-adenosylmethionine decarboxylase, both spermidine synthases and
spermine synthases were down-regulated (Supplemental Figure 9). Likewise, the increase in aliphatic glucosinolates was
accompanied by decreases in most transcripts encoding aliphatic glucosinolate biosynthetic enzymes. And the increase
in indole glucosinolates corresponded to an increased accumulation of tryptophan and down-regulation of the positive
transcriptional regulator MYB34 and biosynthetic genes
(Supplemental Table 2).
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Figure 5. Summary of Abundance Changes in Metabolites and Transcripts of Central Carbon Metabolism after 0.5, 2, and 6 h of Menadione
Treatment.
The color code is as follows: red, decrease; blue, increase; green, unchanged; grey, not measured/detected. Transcripts encoding enzymes
are indicated by chromosomal locus code. For clarity, only significantly altered transcripts are shown. Enzymes catalyzing each reaction are
indicated by circled numbers: 1: phosphoglucose isomerase, 2: pyrophosphate fructose 6-phosphate phosphotransferase, 3: phosphofructokinase, 4: aldolase, 5: triosephosphate isomerase, 6: NAD-dependent glyceraldehyde 3-phosphate dehydrogenase, 7: phosphoglycerate
kinase, 8: phosphoglycerate mutase, 9: enolase, 10: pyruvate kinase, 11: pyruvate dehydrogenase, 12: citrate synthase, 13: aconitase, 14:
isocitrate dehydrogenase, 15: 2-oxoglutarate dehydrogenase, 16: succinyl-CoA ligase, 17: succinate dehydrogenase, 18: fumarase, 19:
malate dehydrogenase, 20: phosphoenolpyruvate carboxylase, 21: glucose 6-phosphate dehydrogenase, 22: gluconolactonase, 23: 6phospho gluconate dehydrogenase, 24: ribulose 5-phosphate isomerase, 25: ribulose 5-phosphate 3-epimerase.

Finally, there was evidence for a transcriptomic response in
the antioxidant defense system. Although one would expect
an activation of defense mechanisms, the gene family of peroxidases was classified to be significantly down-regulated

(Supplemental Table 2). In particular, transcripts encoding
enzymes that function in the essential ascorbate-glutathione-cycle were found to be repressed (Supplemental Figure
7 and Supplemental Table 2). On the other hand, the gene
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Table 2. Significantly Changed Transcripts Encoding Enzymes Being Involved in Sulfur Metabolism after 0.5, 2, and 6 h of Oxidative Stress.
Transcript abudance ratio
Gene ID

0.5h

2h

6h

Annotation

At4g14680

2.39

13.92

26.41

At1g62180

2.22

10.01

4.81

5#-adenylylsulfate reductase 2, chloroplast (APR2) (APSR)

At4g04610

2.01

2.12

7.76

5#-adenylylsulfate reductase (APR1)/ PAPS reductase homolog (PRH19)

Sulfate adenylyltransferase 3 / ATP-sulfurylase 3 (APS3)

At4g21990

3.12

11.46

8.04

5#-adenylylsulfate reductase (APR3)/ PAPS reductase homolog (PRH26)

At1g55920

3.80

10.33

6.09

Serineacetyl transferase, SAT

At3g13110

2.16

8.77

2.84

Serine acetyl transferase 1, SAT1

At5g56760

NA

2.73

0.47

Serine acetyl transferase 52, SAT52

At3g59760

NA

0.62

NA

Cysteine synthase, mitochondrial, putative /O-acetylserine (thiol)-lyase, putative

At3g61440

NA

0.72

NA

Cysteine synthase, putative/O-acetylserine (thiol)-lyase, putative

At4g14880

NA

0.72

NA

O-acetylserine thiol lyase, OAS-TL

At5g28020

NA

0.65

NA

Cysteine synthase, putative/O-acetylserine (thiol)-lyase, putative

At5g28030

NA

0.56

NA

Cysteine synthase, putative/O-acetylserine (thiol)-lyase, putative

For significance levels and FDR parameters, refer to Table 1. The induction factors reflect the ratio of transcript abundance between menadionetreated and control roots (each n = 4–5; p , 0.05). NA, not analyzed.

Table 3. List of the Nine Most Dramatically Changed and Most Abundant Metabolites Analyzed by LC–MS Following 6 h of Oxidative
Stress.
Rt (min)

[M+Na]+ or [M+H]+

[M+Na]+

[M+H]+

M+

Concentration

polar

3.3

–

509

–

486

decrease

2

polar

15.7

595

–

–

572 or 594

decrease

3

polar

13.3

679

–

–

656 or 678

decrease

4

polar

3.9

933

–

–

910 or 932

decrease

5

polar

10.6

–

359

–

336

increase

6

polar

14.0

478

–

–

455 or 477

increase

7

polar

5.4

–

538

–

515

increase

8

non-polar

6.3

–

–

383

382

increase

9

non-polar

7.1

–

–

397

396

increase

No.

Metabolite

1

family of glutathione S-transferases was significantly up-regulated (Supplemental Table 3). Glutathione S-transferases are
known to be involved in the response towards oxidative stress
and detoxification (Dixon et al., 2002).

Changes in Metabolic Transcripts after 6 h of
Oxidative Stress
A total of 5565 genes were found to be significantly changed
after 6 h of oxidative stress. Out of these genes, 2177 were induced and 3388 were repressed. Compared to the 2-h time
point, transcriptional regulation had leveled off (Supplemental Table 2). The same was observed for metabolic transcripts
encoding enzymes in glycolysis, the TCA cycle, and the OPPP.
Figure 5 shows that the inhibition of TCA cycle metabolites
that predominantly occurred after 0.5 and 2 h of oxidative
stress was partially reversed, as indicated by the elevated
and stabilized abundance of 2-oxoglutarate and fumarate, respectively (Figure 2, Figure 5, and Supplemental Figure 4). At
the same time, the transcript abundance of only six genes

encoding for TCA cycle enzymes (two isoforms of both isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase as
well as one isoform of both succinate dehydrogenase and
malate dehydrogenase) were significantly changed (Figure
5). Interestingly, all altered transcripts that encode for glycolytic enzymes were induced, suggesting an activation of glycolysis. This is supported by the fact that functional sorting using
the MapMan software classified the bin of glycolysis to be significantly up-regulated (Supplemental Table 3) and is in striking contrast to the general down-regulation of glycolytic
transcripts seen at 2 h. Some transcripts of the OPPP pathway
were decreased, although there was no longer a significant decrease across the whole functional class as there had been at
2 h (Figure 5 and Supplemental Table 3).
In comparison to the inhibition of the ATP-coupling cytochrome pathway after 2 h of oxidative stress, a suppression
in this pathway was only apparent for transcripts encoding
complex IV subunits after 6 h (Supplemental Table 2). Conversely, the genes encoding for an alternative oxidase
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(At3g22370), a dicarboxylic acid transporter (At4g24570),
and various isoforms of external NADH dehydrogenases
(At2g20800, At4g05020, and At4g21490) were strongly enhanced (Supplemental Table 2).
Finally, proportionally more transcripts encoding enzymes
in the ascorbate-glutathione-cycle were enhanced than repressed, indicating an active antioxidative system that is aiming at defense towards ROS and the recovery of the oxidized
glutathione pool (Figure 1). For example, a glutathione peroxidase (At4g11600), a glutamate-cysteine ligase (At4g23100),
and a dehydroascorbate reductase (At1g75270) were induced
by factors of 6.16, 11.69, and 5.24, respectively.

DISCUSSION
Menadione Causes Rapid and Lasting Redox Perturbation
across Multiple Sub-Cellular Compartments
Menadione is widely used to induce oxidative stress and, in
non-photosynthetic plant cells, is thought to act mainly in
mitochondria (Baxter et al., 2007). This is because, as a
membrane-permeable quinone, menadione competes with
ubiquinone in the mitochondrial electron transport chain. Using roGFP2, a redox-sensitive probe that is sensitive to the redox poise of the glutathione pool, we were able to confirm
that menadione leads to an in-vivo redox perturbation in mitochondria of Arabidopsis roots. The effect is extremely rapid,
the roGFP probe reaching a new more oxidized steady state
within 1 min of menadione application and persisting for at
least 6 h. A similar response of roGFP targeted to either the
cytosol or plastid was also observed. These changes were similarly rapid and long-lasting as those in the mitochondria.
Thus, the effects of menadione are not restricted to the
mitochondrion in Arabidopsis roots, but occur across multiple
cellular compartments. The exact mechanism by which menadione causes redox perturbation in the cytosol and plastid is
not known but is likely to be related to known electron transport processes in the plasma membrane (Rubinstein and Luster,
1993) and non-photosynthetic plastid (Suzuki et al., 1985).

Similarities and Differences in the Response of
Arabidopsis Cells in Culture and Roots to Menadione
The treatment of Arabidopsis cells in suspension culture
(Baxter et al., 2007) and roots of hydroponic plants with exactly the same concentration of menadione (60 lM) for the
same time period (6 h) provides an opportunity for a direct
comparison of the response of cells in culture and roots to oxidative stress to be made. Broadly speaking, many similarities
were observed, indicating some conservation of the basic regulatory mechanisms underpinning the response. In particular,
the early changes in metabolites followed a very similar pattern, with decreases in TCA cycle metabolites and associated
amino acids as well as an increase in the OPPP intermediates
Ribose 5-P and Ribulose 5-P and some glycolytic intermediates.
As before, these changes are suggestive of oxidative inhibition

of the TCA cycle and subsequent slowdown of linked amino
acid biosynthesis pathways, and may also suggest an increased
flux through the OPPP to provide reductant for antioxidant
activity. Also similar at the early time point (0.5 h) is a transcriptomic response dominated by transcription factors and other
DNA-regulatory transcripts.
However, as the time course progresses, the response of the
cell culture and roots become divergent. Of particular note is
the recovery of many of the metabolite pools in roots (including TCA cycle intermediates and amino acids) and then a sustained and steady increase in many of these metabolites. This
response is centred on pyruvate and PGA and affects amino
acids linked to these pools. This is in distinct contrast to the
response of the cell suspension culture in which most metabolites remained depressed throughout the time course. In fact,
the only metabolites that showed a sustained increase in the
cell cultures, Glc 6-P and Fru 6-P, showed an opposite response
in the roots. The transcriptomic responses in the latter stages
of the root time course were also somewhat different from
those of the cell culture. While there were some similarities
(e.g. decreases in TCA cycle and cytochrome pathway transcripts), there were also major differences (e.g. a coordinated
decrease in OPPP transcripts in the roots but not in the cell culture). The major switch between induction of catabolic transcripts and repression of anabolic transcripts observed in cell
cultures was also not seen in the roots. These major differences
in metabolite and metabolic transcript changes between roots
and cells in cultures indicate different strategies operating in
the two systems. This could be a result of the availability of
alternative strategies in a multicellular organism in which
not all cell types are affected by the stress or reflect the higher
basal level of oxidative stress in the cell cultures. Interestingly,
many of the metabolite changes observed in this study are opposite to those observed when Arabidopsis leaves were treated with DTT (Kolbe et al., 2006). For example, pyruvate levels
increased in menadione-treated roots and decreased in DTTtreated leaves. And the TCA cycle intermediates, succinate,
malate, and fumarate were decreased by menadione and increased by DTT treatment. Other metabolites such as aspartate
and glutamate were decreased in both treatments. This comparison may allow the identification of genuine redox-regulated pathways that respond differentially to oxidation and
reduction.

Glycolysis Shows a Distinctive Pattern of Response to
Menadione Treatment
One of the most pronounced differences in the response of
cells in culture and roots to menadione was in glycolysis.
Whereas the cell culture response was characterized by sustained increase in hexose phosphates and a transient increase
and recovery of 3-PGA, the root response consisted of a sustained decrease in hexose phosphates and a linear increase
in pyruvate. In addition, amino acids whose synthesis is linked
to pyruvate, PEP, and 3-PGA also showed a linear increase. This
suggests that there is a general increase in the metabolites at
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the lower end of glycolysis. This is consistent with a backing-up
of glycolysis due to inhibition of the TCA cycle. However, it is
not consistent with the subsequent recovery of the TCA cycle
or with the decrease in hexose phosphates. Moreover, while
there was little transcriptomic response relating to glycolysis
in the cell culture, there was a most unusual pattern of transcriptomic regulation of root glycolysis. After 2 h of menadione treatment, there was a general decrease in glycolytic
transcripts, while, after 6 h, the complete opposite was
true—all significantly altered glycolytic transcripts were increases in abundance (Figure 4).
One possible explanation for this distinctive pattern of glycolytic regulation in menadione-treated roots may be related
to cell death. In contrast to menadione treatment of cell cultures in which cell viability was not affected (Baxter et al.,
2007), significant cell death (ion leakage) was observed in
roots after 5 and 6 h of menadione treatment. Interestingly,
it has been observed that treatment of a human cell line with
hydrogen peroxide leads to a transient inactivation of glycolysis followed by reactivation (Colussi et al., 2000). Moreover, it
was suggested that the reactivation of glycolysis was necessary
for apoptosis to occur. The mechanistic link between glycolysis
and apoptosis is not clear, but could involve alternative ‘moonlighting’ functions of glycolytic enzymes (Moore, 2004) or involvement of glycolytic intermediates in apoptotic signaling.

Fast Induction of Additional Metabolites as Monitored by
LC–MS Analyses
A rapid change in the content of several hydrophilic and hydrophobic constituents was observed upon menadione treatment.
Partly because of the relatively low abundance of these constituents and because of the limited number of A. thaliana constituents listed in the LC–MS databases, we were not able to
identify the structures of these significantly changed molecules.
However, the rapid change in concentration of these constituents when the roots are subjected to oxidative stress implies an
importance of the compounds in the stress response. In parallel,
we observed up-regulated transcript levels of several secondary
product ‘decorating’ enzymes including glycosyltransferases
and acyltransferases, which might be responsible for the production of the unknown compounds. There are 107 members
of UDP-glycosyltransferase (UGT) in Arabidopsis (Paquette
et al., 2003). An intriguing finding was the early transcriptional
up-regulation of six UDP-sugar glycosyltransferases (UGTs),
At2g15480, At2g15490, At3g46680, At3g53160, At4g34131,
and At4g34135. At2g15480 and At4g34131 were reported to
be involved in pathogen responses, although their in-vivo substrates have not been identified (Langlois-Meurinne et al.,
2005). The analyses of acyltransferase transcript levels identified two BAHD acyltransferases, At5g07860 and At5g07870,
the expression levels of which were rapidly induced and among
those exhibiting the highest-fold induction at 0.5 h. The in-vivo
substrates of the enzymes encoded by these genes are unknown. Efforts to identify the precise function of these genes
are now in progress.
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Disconnection between Metabolic Transcripts,
Metabolites, and Flux
The general lack of correlation between metabolism and transcripts has been much discussed (Fernie et al., 2005). This dataset provides several further examples, particularly in the
response of secondary stress-metabolites such as proline, polyamine, and aliphatic glucosinolates. This further emphasizes
the importance of post-translational factors in regulation of
metabolism and suggests that post-translational should be
the focus of future study of the response to oxidative stress.
A selected number of enzymes involved in these pathways will
now be studied for post-translational modification and for
their incorporation into metabolons as possible means to explain the observed disconnection between metabolite, enzyme, and transcript levels (Jørgensen et al., 2005; Nielsen
et al., 2008).

METHODS
Plant Material and Growth
Arabidopsis thaliana Col-0 plants were grown in a hydroponic
system under short-day conditions (light: 8 h, 20C; darkness:
16 h, 16C). Plant material for preliminary experiments was
grown under long-day conditions (light: 14 h, 21C; darkness:
10 h, 21C). Seeds were germinated on 0.5% agar/50% nutrient solution (Gibeaut et al., 1997) in 0.5 ml Eppendorf tubes.
After 1 week of germination, the tube bottom was cut off to
allow the roots to grow into 100% culture medium, which was
hence changed twice a week.

Oxidative Stress Conditions
Oxidative stress was applied to 6-week-old Arabidopsis plants
after 1.5 h light in the light/dark cycle to allow a functional
photosynthetic metabolism. Plants were treated with 60 or
125 lM menadione (dissolved in ethanol) by direct addition
to the nutrient solution. An equivalent volume of ethanol (final concentration 0.12%) was added to control plants. Leave
and root tissue was separately harvested 0, 0.5, 2, and 6 h after
the application of menadione, immediately frozen in liquid nitrogen and stored at –80C. In order to characterize the impact
of oxidative stress caused by menadione, preliminary experiments were performed over a time course of 6 h. In addition
to measuring the ROS-sensitive activity of aconitase (Verniquet
et al., 1991) as well as metabolite levels of hexose phosphates,
the cell integrity was determined as a function of ion leakage
and the redox state of the cell was visualized and quantified by
using the redox-sensitive roGFP2 (Schwarzländer et al., 2008).

GC–TOF–MS Analysis of Metabolite Abundance
Metabolites for GC–TOF–MS were extracted using a modified
method described in Roessner et al. (2001) and Lisec et al.
(2006). For the extraction 30 mg plant material (fresh weight)
was ground in 1.4 ml methanol containing 60 ll ribitol (stock
solution 0.2 mg ml 1 in water) (0.2 mg ml 1 in water), which
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were added as internal standards for the quantification of metabolite abundances. After incubation at 70C for 15 min, the
extract was centrifuged at 21 000 g for 10 min. To separate the
polar and non-polar metabolites, the supernatant was carefully mixed with 750 ll chloroform and 1.5 ml water. A centrifugation step of 3700 g separated the polar from the apolar
phase. For further analysis, 150 ll of the upper (polar) phase
were dried in vacuo.
The pellet was resuspend in 40 ll of methoxyaminhydrochlorid (20 mg ml 1 in pyridine) and derivatized for 2 h at
37C. After the addition of 1 ml of MSTFA (N-methyl-N-[trimethylsilyl] trifluoroacetamide) containing 20 ll retention time
standard mixture of fatty acid methylesters (methylcaprylate,
methyl pelargonate, methylcaprate, methyllaurate, methylmyristate, methylpalmitate, methylstearate, methyleicosanoate, methyldocosanoate, lignoceric acid methylester,
methylhexacosanoate, methyloctacosanoate, triacontanoic
acid methylester, d6-cholesterol), the mix was incubated at
37C for 30 min.
A volume of 1 ll of each sample was injected into a GC–TOF–
MS system (Pegasus III, Leco, St Joseph, USA). Samples were
injected by an autosampler system (PAL Agilent, Santa Clara,
USA). Helium acted as carrier gas at a constant flow rate of 2 ml
s 1. Gas chromatography was performed on a 30-m MDN-35
column. The injection temperature was 230C; the transfer line
and ion source were set at 250C. The initial oven temperature
(85C) was constantly increased to a final temperature of 360C
by 15C per minute. After a solvent delay of 180 s, mass spectra
were recorded at 20 scans per second with an m/z 70–600 scanning range. Chromatograms and mass spectra were evaluated
using Chroma TOF 1.6 and TagFinder 4.0 software (Luedemann
et al., 2008).
14

C Labeling and Flux Calculation

For the flux analysis, 1.5 kBq ml 1 [U-14C]-glucose (specific activity 300 mCi mmol 1) was added to the hydroponic medium
1 h before application of menadione. After fractionating the
root material into amino acids, organic acids, protein, cell wall,
starch, and hexose phosphates as described in, the flux of each
fraction was estimated according to Geigenberger et al.
(1997).

Fractionation of

14

C-Labelled Tissue Extracts

Collected root tissue was extracted successively in the following steps. Samples were boiled (80C) in 1 ml of 80% (v/v) ethanol, in 1 ml of 50% (v/v) ethanol, in 1 ml 20% (v/v) ethanol
and, finally, in 1 ml of ddH2O for 10 min each. Total supernatant of all extraction steps was dried under vacuum and the
pellet was re-suspended into 2 ml ddH2O. An aliquot of
750 ll of the resulting ethanol soluble fraction was split in
a neutral, acidic, and basic fraction on ion exchange resins similar to the procedure described in Quick et al. (1989). Thus, the
total ethanol soluble fraction passed the combined ion exchange columns. To obtain the neutral fraction, columns were
washed three times with 1 ml ddH2O. The cationic column was

washed three times with 1 ml of 1 M NH4OH and the anionic
column three times with 1 ml of 4 M formic acid. Hexosephosphates were analyzed by using an aliquot of 150 ll.
Therefore, the aliquot was treated with 20 U of acid phosphatase (37C overnight) followed by enzyme inhibition (95C for
5 min) and spinning down the insoluble part. The supernatant
was separated into a neutral, acidic, and basic fraction
(Geigenberger et al., 1997). The remaining ethanol-insoluble
pellet was re-suspended in 0.5 ml ddH2O. A volume of 200 ll
was treated with 10 U amyloglucosidase (37C overnight) followed by 20 U of pronase (37C overnight). After inactivation
of enzymes (95C for 5 min) and spinning down, the supernatant
was split into starch, cell wall compartments, and proteins by ion
exchange chromatography (Runquist and Kruger, 1999).

Determination of CO2 Evolution after

14

C Administration

For the determination of CO2 evolution, plants were fed with
differently labeled glucose types ([1-14C]-, [3,4-14C]-, [6-14C]and [U-14C]-glucose) 1 h before the addition of menadione.
The nutrient solution in this experiment contained 0.75 kBq
ml 1 radioactivity. CO2 was collected 1, 1.5, 3, and 7 h after
14
C feeding by using KOH traps containing 500 ml of 10%
KOH as described previously (ap Rees and Beevers, 1960;
Nunes-Nesi et al., 2005).

LC–MS Analyses of Secondary Metabolites
Root material (20 mg) was extracted according to Fiehn (2006)
with slight modifications. In brief, amygdalin, sinigrin, and
canthaxanthin were added as internal standards to the samples before extraction with dichloromethane/methanol/water
(2:5:2 (v/v/v)). The extracts were separated into polar and nonpolar phases. Polar fractions were taken to dryness under vacuum and the residue re-suspended in 100 lL of 10% methanol,
of which 50 lL were used for glucosinolate analysis. Non-polar
fractions were dried under nitrogen gas.
Analytical LC–MS of the polar fraction was carried out using
an Agilent 1200 SL series LC (Agilent Technologies, Germany)
coupled to a Bruker micrOTOF-Q mass spectrometer (Bruker
Daltonics, Bremen, Germany). An Xbridge C18 column
(Waters, Milford, MA; 3.5 lm, 2.1 3 150 mm) was used at
a flow rate of 0.2 mL min 1. The mobile phases were: A, water
with 0.1% (v/v) formic acid and 50 lM sodium chloride; B, acetonitrile with 0.1% (v/v) formic acid. The gradient program
was: 0–1 min, isocratic 10% B; 1–18 min, linear gradient 10–
35% B; 18–20 min, linear gradient 35–100% B; 20–23.5 min,
isocratic 100% B; 23.5–30 min equilibration. The mass spectrometer was run in electrospray mode, observing positive ions
over the range m/z 150–1350. UV–VIS spectra (200–700 nm)
were recorded in parallel. For calibration purposes, during
the first and last 3 min of each chromatogram, the LC flow
to the MS was replaced by a 15 uL min 1 flow of a 2 mM solution of sodium formate made by adding the appropriate
amount of 2 M sodium hydroxide to a 50-mM solution of formic acid in water-isopropanol (1:1 (v/v)). The LC–MS data were
converted to netCDF format for processing in metAlign.

Lehmann et al.

Analytical LC–MS of the non-polar fraction was carried out
using an Agilent 1100 Series LC (Agilent Technologies, Germany) coupled to a Bruker HCT-Ultra ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany). An Ascentis Express
C18 column (Supelco, Bellefonta PA, USA; 2.7 lm, 2.1 3 150
mm) was used with a water/acetone gradient (Miao et al.,
2006) at a flow rate of 0.2 mL min 1. The mobile phases were:
A, water with 0.1% (v/v) HCOOH; B, acetone. The gradient program was: 0–1 min, isocratic 78% B; 1–17 min, linear gradient
78–99.5% B; 17–23 min, isocratic 99.5% B; 23–30 min equilibration. The mass spectrometer was run in APCI mode, observing positive ions over the scan range m/z 100–1100. UV–VIS
spectra (330–700 nm) were recorded in parallel. Data were
converted to netCDF format for processing in metAlign.
MetAlign software (www.metalign.nl) was used for automated baseline correction, mass spectra extraction, and subsequent spectral alignment.
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immobilized by crosslinking at 80C for 45 min followed
by UV-cross-linking (2 3 300 mJ) and prehybridized in
50 ml prewarmed prehybridization solution (3.5 SSC, 0.1%
SDS, 1% BSA) at 65C for 20 min at the day of hybridization.
After washing steps of 2 min in water followed by ethanol
at RT, the microarray slide was dried by centrifugation at
950 rpm (Beckman CPKR centrifuge) for 2 min. Total RNA reverse transcription including Cy3 or Cy5 labeling, concentration of cDNA and 3DNA hybridization was performed as
described in the manufacturer’s protocol (3DNA Array 50
(Version 2), Expression Array Detection Kit for Microarrays,
Genisphere). Microarrays were scanned using an Affimetrix
428 array scanner (Affimetrix) and acquisition software
according to the manufacturer’s instruction. After scanning,
images were analyzed in GenePix Pro. 4.1 software (Axon
Instruments).

Statistical Analysis of Microarray Data
Glucosinolate Analysis
For analysis of glucosinolates as desulfoglucosinolates, 96-well
filter plates were charged with 45 ll DEAE Sephadex A25 and
300 ll of water per well and equilibrated at room temperature
for 2 h. The water was removed using a vacuum manifold
(Millipore). Allyl glucosinolate (10 nmol) was added to each
of the samples as an internal standard before the samples
(50 lL) were applied to the filter plates and absorbed on
the ion exchanger by vacuum filtration for 2–4 s. The Sephadex
material on each filter was washed with 2 3 100 ll 70% methanol (v/v) and 2 3 100 ll water and briefly centrifuged before
20 ll of sulfatase solution (1.25 mg ml 1, sulfatase type H1,
Sigma-Aldrich) were applied. After incubation at room temperature overnight, desulfated glucosinolates were eluted
with 100 ll water. Samples were analyzed by HPLC on an Agilent HP1200 Series instrument equipped with a C-18 reversed
phase column (Zorbax SB-Aq, 25 3 4.6 mm, 5-lm particle size,
Agilent) by using a water (solvent A)-acetonitrile (solvent B)
gradient at a flow rate of 1 ml min 1 at 25C (injection volume
80 or 100 ll). The gradient applied was as follows: 1.5–7% B
(5 min), 7–25% (6 min), 25–80% (4 min), 80% B (3 min), 80–
35% B (2 min), 35–1.5% B (2 min), and 1.5% B (3 min). The eluent was monitored by diode array detection between 200
and 400 nm (2-nm interval). Desulfoglucosinolates were identified based on comparison of retention times and UV absorption spectra with those of known standards (Reichelt et al.,
2002).

Microarray Analysis
For the microarray analysis, an experimental design was used in
which each menadione-treated sample was compared to its corresponding control after 0.5, 2, and 6 h. Four to five replicates
of each sample were analyzed, with two replicates being dye
swapped. Total RNA was isolated from 100 mg root tissue using
a TRIzol (Invitrogen) method according to the manufacturer’s
instruction. Elements of the Arabidopsis oligonucleotide microarrays version 3.0 (http://ag.arizona.edu/microarray/) were

The normalization of the raw microarray data was performed
using the LocFit algorithm of TIGR MIDAS (The Institute for Genomic Research). Only transcripts that passed the quality control (Baxter et al., 2005) and that were present in at least three
replicates were considered for statistical analysis. Significance
levels of altered transcript abundances were analyzed using
the SAM (significance analysis of microarrays) algorithm
(Tusher et al., 2001) with a false discovery rate of 10%. For
functional class sorting of significantly changed transcripts,
only genes with a coefficient of variation lower than 50% were
considered. The class-sorting analysis was performed using the
Wilcoxon Rank Sum Test and Hochberg correction in the MapMan software (Usadel et al., 2005).

CLSM Imaging and Image Analysis
Confocal microscopy was carried out using roots of Arabidopsis plants expressing cytosolic, mitochondrial, or plastidic
roGFP2 (Schwarzländer et al., 2008). Roots were cut off and incubated in hydroponic medium (Gibeaut et al., 1997) containing 0 and 60 lM menadione. Single images were collected
after 0.5, 2, and 6 h. For in-vivo calibration of roGFP2, roots
were incubated in 10 mM DTT and 100 mM H2O2 for 0.5 h, respectively. Time series were recorded using a time interval of
approximately 21 s. Roots were placed in a perfusion chamber
(RC-21BR, Warner Instruments LLC, Hamden, CT, USA), stabilized with glass wool and washed with hydroponic culture medium (containing 0.12% ethanol) for about 400 s before
perfusion was switched to hydroponic medium containing
60 lM menadione.
Imaging was carried out on a Zeiss confocal microscope
LSM510META equipped with lasers for 405 and 408 nm excitation using the imaging protocol described previously
(Schwarzländer et al., 2008). In an additional channel, fluorescence from 405 nm illumination was collected using a 435–
485-nm-emission band-pass filter to measure the autofluorescence signal that the root tissue exhibited under excitation
with 405 nm.
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Single roGFP images and time series were analyzed using
ratiometric software written in MatLab (The MathWorks, Nantick, MA) as described previously (Schwarzländer et al., 2008)
with additional modifications to account for autofluorescence
present in root tissue. Significant autofluorescence only occurred with excitation at 405 nm and was sufficiently broad
to obtain an independent estimate with emission at 435–
485 nm, where roGFP showed no fluorescence. Following
background subtraction, the 435–485-nm emission image
was scaled and subtracted from the 505–530-nm emission image to account for bleed-through into the roGFP channel. The
bleed-through factor was estimated from wild-type Arabidopsis seedlings lacking roGFP imaged under identical conditions
and was typically 0.56.
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