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Tocopherols (vitamin E) are lipophilic antioxidants that are synthesized by all plants and are particularly abundant in seeds. Two
tocopherol-deficient mutant loci in Arabidopsis thaliana were used to examine the functions of tocopherols in seedlings:
vitamin e1 (vte1), which accumulates the pathway intermediate 2,3-dimethyl-5-phytyl-1,4-benzoquinone (DMPBQ); and
vte2, which lacks all tocopherols and pathway intermediates. Only vte2 displayed severe seedling growth defects, which
corresponded with massively increased levels of the major classes of nonenzymatic lipid peroxidation products: hydroxy fatty
acids, malondialdehyde, and phytoprostanes. In the absence of pathogens, the phytoalexin camalexin accumulated in vte2
seedlings to levels 100-fold higher than in wild-type or vte1 seedlings. Similarly, gene expression profiling in wild-type, vtet,
and vte2 seedlings indicated that increased levels of nonenzymatic lipid peroxidation in vie2 corresponded to increased
expression of many defense-related genes, which were not induced in vte1. Both biochemical and transcriptional analyses of
vte2 seedlings indicate that nonenzymatic lipid peroxidation plays a significant role in modulating plant defense responses.
Together, these results establish that tocopherols in wild-type plants or DMPBQ in vte1 plants limit nonenzymatic lipid
peroxidation during germination and early seedling development, thereby preventing the inappropriate activation of transcrip-

tional and biochemical defense responses.

INTRODUCTION

Tocopherols, which collectively constitute the essential dietary
micronutrient vitamin E, are lipophilic antioxidants synthesized
exclusively by plants, algae, and some cyanobacteria. There are
four naturally occurring forms of tocopherols, «, B, v, and 3,
which differ in the presence and position of methyl groups on the
chromanol ring. Because tocopherols are essential for human
nutrition, tocopherol functions and chemistry have been studied
most extensively in animal systems and in vitro. Although the
biological activities of tocopherols may differ between plants and
animals, the chemical properties of tocopherols are presumed
to be the same in both kingdoms. Tocopherols scavenge a vari-
ety of reactive oxygen species (ROS) and free radicals and can
quench singlet oxygen (Fukuzawa et al., 1982; Brigelius-Flohe
and Traber, 1999; Wang and Quinn, 2000). The chromanol ring
of tocopherol allows the donation of a hydrogen atom while
maintaining a resonance-stabilized configuration (Liebler, 1993;
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KamalEldin and Appelqgvist, 1996); other aromatic antioxidants
must donate two hydrogen atoms to attain a stable state (Liebler
and Burr, 2000). Donation of a hydrogen atom generates a tocoph-
erol radical, which can be recycled back to the original tocopherol
by direct interaction with ascorbate or another reductant (Liebler,
1993).

Although water-soluble antioxidants such as ascorbate and
glutathione also scavenge ROS, in vitro and animal studies have
established that tocopherols have the unique ability to protect
polyunsaturated fatty acid (PUFA) acyl chains from oxidative
damage because they are localized within membranes (reviewed
in Schneider, 2005). ROS-generated radicals readily attack the
double bonds of PUFAs, remove an electron, and create a lipid
radical, which reacts with oxygen to form a lipid peroxyl radical
(Figure 1A). In the densely packed environment of lipid bilayers or
other lipid aggregates, lipid peroxyl radicals will in turn attack
neighboring PUFAs, propagating a chain reaction of lipid perox-
idation through the membrane (Figure 1A). Tocopherols scav-
enge lipid peroxyl radicals by donating a hydrogen atom to these
radicals, converting them to lipid peroxides and thereby blocking
the propagation of lipid peroxidation in membranes (Figure 1A).
The lipid peroxides produced are either enzymatically or spon-
taneously converted to relatively inert hydroxy fatty acids or other
products in vivo.

Although a good deal is known about the chemistry and func-
tions of tocopherols in animal systems and in vitro, much less is
known about their functions in photosynthetic organisms (Fryer,
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Figure 1. Overview of Nonenzymatic Lipid Peroxidation and Tocopherol Scavenging.

(A) In step 1, free radicals attack the double bonds of PUFA acyl chains, creating a lipid radical that readily reacts with an oxygen molecule, forming a
lipid peroxyl radical. In step 2, in the absence of tocopherols or other lipid-soluble antioxidants, such as DMPBQ in vte1, the lipid peroxyl radical can
attack neighboring PUFAs, propagating a chain reaction. In step 3, tocopherols can scavenge lipid peroxyl radicals by donation of a hydrogen atom,
thereby reducing the radical and blocking further propagation. In step 4, a linolenic acid (18:3) peroxyl radical can also react internally, forming a cyclic
peroxyl radical, which spontaneously reacts with a second oxygen molecule and is subsequently reduced to phytoprostane G, (PPG;). In step 5, PPG4
either spontaneously decays, forming MDA and other alkanes and alkenes, or forms other phytoprostanes. In step 6, lipid peroxides are converted to
their corresponding hydroxy fatty acid either enzymatically or spontaneously.

(B) PPG4 spontaneously rearranges, forming PPD4, PPE,, and PPF;. PPD; and PPE; in turn rearrange to form dPPJ; and PPA;, respectively. PPA; can
further rearrange to form PPB;. There are multiple stereoisomers and enantiomers for each phytoprostane family (e.g., PPE, PPF;) that are not shown.
Note the structural similarity between dPPJ; and the enzymatically derived oxylipins jasmonic acid (JA) and its precursor 12-oxophytodienoic acid
(OPDA).

1992; Munne-Bosch and Alegre, 2002). Some important insights
have been made in recent years from the analysis of tocopherol
biosynthetic mutants in the cyanobacterium Synechocystis sp
PCC6803 (Maeda et al., 2005; Sakuragi et al., 2006) and from the
treatment of Chlamydomonas reinhardtii with an herbicide that
disrupts both tocopherol and plastoquinone synthesis (Trebst
et al., 2002, 2004). However, neither organism is multicellular, and
understanding tocopherol functions in plants has only been

possible with the isolation of mutants disrupting tocopherol
synthesis in Arabidopsis thaliana, including vitamin el (vteT,;
tocopherol cyclase) and vte2 (homogentisate phytyl transferase)
(Porfirova et al., 2002; Sattler et al., 2003, 2004; DellaPenna and
Pogson, 2006). vte1 and vte2 mutants both lack tocopherols, but
vte1 mutants accumulate the tocopherol pathway intermediate
2,3-dimethyl-5-phytyl-1,4-benzoquinone (DMPBQ), which lacks the
characteristic chromanol ring of tocopherols but is still redox-active
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(Sattler et al., 2003, 2004). DMPBQ levels in vte1 mutant tissues
are comparable to tocopherol levels in wild-type tissues, and
DMPBQ is below the limit of detection in all wild-type and vte2
tissues (Sattler et al., 2003, 2004).

The vte mutants have allowed several groups to initiate studies
of tocopherol functions in plants. Because tocopherols are only
synthesized by photosynthetic organisms, are localized in chlo-
roplasts, and accumulate during both abiotic and biotic stresses, it
has been assumed that tocopherols play a central role in protect-
ing chloroplast membranes from ROS generated by excessive
light energy (Fryer, 1992; Munne-Bosch and Alegre, 2002). Sur-
prisingly, mature vte7 and vte2 plants were indistinguishable from
wild-type plants both under normal growth conditions (Porfirova
et al., 2002; Sattler et al., 2003, 2004; Maeda et al., 2006) and
during high light stress (Porfirova et al., 2002; Havaux et al., 2005;
Maeda et al., 2006). It was only during extreme abiotic stress,
when low temperature was combined with high light, that mea-
surable physiological differences were observed between vte?
and wild-type plants (Havaux et al., 2005). Tocopherols have since
been shown to play essential roles in low-temperature adaptation
(Maeda et al., 2006), a response that is independent of light level.
Thus, many of the functions deduced for tocopherols by compar-
ing the responses of vte1 and wild-type plants with combined
high-light and low-temperature treatment (Havaux et al., 2005)
were likely attributable to the loss of low-temperature tocopherol
functions (Maeda et al., 2006). These combined data suggest that
the role of tocopherols in the response to high light is more limited
than has been assumed in mature leaves.

In addition to temperature adaptation, tocopherols have also
been show to play critical roles in seed and seedling physiology;
both vte1 and vte2 have significantly reduced seed longevity com-
pared with wild-type plants (Sattler et al., 2004). During germina-
tion, vte2 seedlings also displayed a range of defects, including
impaired root growth, cotyledon expansion defects, and slowed
storage lipid catabolism, all of which were correlated with dra-
matic increases in nonenzymatic lipid peroxides and the corre-
sponding hydroxy fatty acids (Sattler et al., 2004). The vte2
mutant clearly demonstrates that an essential function of tocoph-
erols is to control lipid peroxidation during germination and early
seedling development. The observation that germinating vte?
seedlings were nearly identical to wild-type seedlings suggested
that DMPBQ, which accumulates in vte1, can functionally replace
tocopherol in this regard (Sattler et al., 2004).

In living organisms, nonenzymatic lipid peroxidation is a nat-
ural, continually occurring process, but under oxidative stress
conditions, which enhance ROS and radical production, the lev-
els of nonenzymatic lipid peroxidation can increase dramatically.
In plants, nonenzymatic lipid peroxidation is known to increase
during many abiotic stresses (Baryla et al., 2000) and in response
to both bacterial and fungal pathogen attack (Muckenschnabel
etal.,2001; Thoma et al., 2003). Linoleic (18:2) and linolenic (18:3)
acids are highly abundant in plant membrane lipids and are the
main reactants in nonenzymatic lipid peroxidation (Berger et al.,
2001; Mueller, 2004; Weber et al., 2004). Peroxyl radicals, which
are unstable and highly reactive, are formed on PUFA acyl chains
and undergo a series of reactions resulting in at least three dis-
tinct classes of products (Figure 1) (Porter et al., 1995). The lipid
peroxyl radical can be reduced to the corresponding hydroxy

fatty acid, fragmented into a variety of reactive aldehydes in-
cluding malondialdehyde (MDA), nonenal, hexanal, and hexenal,
or cyclized to form a large class of compounds known as
isoprostanes (Figure 1; phytoprostanes in plants) (Mueller, 1998).
The initial phytoprostane formed in the membrane is PPG, but it
is highly unstable and either spontaneously rearranges to form
other phytoprostanes or fragments, releasing MDA (Figure 1A).
18:2 peroxyl radicals primarily form hydroxy fatty acids and fatty
acid fragments, whereas 18:3 peroxyl radicals form all three
classes of compounds (Mueller, 2004; Weber et al., 2004).

Nonenzymatic lipid peroxidation products can also be sepa-
rated into two groups based on chemical functionality: electro-
philes that contain highly reactive o/ unsaturated carbonyl
groups (Vollenweider et al., 2000; Stintzi et al., 2001; Almeras
etal.,, 2003; Weber et al., 2004), and less reactive classes lacking
o/B unsaturated carbonyl groups. Electrophiles, which include
MDA and some of the phytoprostanes, can have deleterious
effects on plant cells by covalently modifying thiol groups of
peptides as well as reacting with other cellular components. More-
over, most nonenzymatic lipid peroxidation products initially
accumulate within membranes and can disrupt the selective
permeability of the lipid bilayer (Mueller, 2004).

The ability of enzyme-derived lipid peroxidation products, the
oxylipins (JA and OPDA) in plants (Figure 1B) and the eicosanoids
(prostaglandins, leukotrienes, and thromboxanes) in animals, to
act as signals and to regulate gene expression is well established
(reviewed in Funk, 2001; Creelman and Mulpuri, 2002; Howe
and Schilmiller, 2002). There is a growing body of evidence that
certain nonenzymatic lipid peroxidation products can similarly
act as signals and regulate gene expression in both the plant and
animal kingdoms. In animals, nonenzymatic lipid peroxidation
products, including isoprostanes, have been shown to act at low
levels as signaling molecules that modulate the function of the
immune and vascular systems (Bochkov et al., 2002; Hazen and
Chisolm, 2002; Traidl-Hoffmann et al., 2005), whereas high levels
are clearly detrimental (Leitinger, 2003). In plants, externally ap-
plied MDA and specific phytoprostanes (PPB4, PPA;, dPPJ4,
and PPE;) have been shown to induce the expression of several
stress-related genes (Vollenweider et al., 2000; Almeras et al.,
2003; Thoma et al., 2003; Weber et al., 2004; Igbal et al., 2005;
Loeffler et al., 2005). To better understand the roles of tocoph-
erols in plants, we examined nonenzymatic lipid peroxidation
products in vte1 and vte2 and the effects of these mutations on
global gene expression. These two mutants allow us to delineate
the direct functions of tocopherols from those as a lipophilic
antioxidant and to address how the absence of the plant’s main
lipophilic antioxidant affects gene expression and stress responses
in Arabidopsis seedlings.

RESULTS

MDA Analysis

In a prior study, lipid-soluble peroxides and hydroxy octadeca-
dienoic fatty acids (9- and 13-HODEs derived from 18:2) were
found to be increased up to 5- and 100-fold, respectively, in
germinating vte2 seedlings compared with wild-type or vte7-1
seedlings (Sattler et al., 2004). The stereoisomeric and enantiomeric



compositions of the HODEs detected in vte2 seedlings were
indicative of high levels of nonenzymatic lipid peroxidation
(Sattler et al., 2004). However, hydroxy octadecatrienoic acids
(HOTEs; 18:3-derived hydroxy fatty acids) were ~20-fold less
abundant than HODEs in vte2 seedlings (Sattler et al., 2004),
even though 18:2 and 18:3 fatty acid levels in Arabidopsis seed
are nearly equal in abundance and 18:3 autooxidizes far more
readily than 18:2 in vitro and in vivo. Thus, the question remained,
is 18:3 not being oxidized in vte2 seedlings, or are products other
than HOTEs being formed?

To address this issue, we measured a broader spectrum of
nonenzymatic lipid peroxidation products in germinating seed-
lings. PUFA peroxyl radicals formed in the membrane during lipid
peroxidation can subsequently decompose, resulting in an in-
stantaneous release of MDA and other volatile alkane and alkene
compounds. In Arabidopsis leaves, ~75% of the MDA is formed
from 18:3 (Weber et al., 2004). Total MDA levels in 0-, 1-, 3-, and
6-d-old seedlings were measured using gas chromatography-
mass spectrometry (GC-MS) and found to be significantly in-
creased in vte2 seedlings at all time points relative to wild-type or
vte1 seedlings (Figure 2). In vte2 seedlings, MDA levels increased
dramatically at 1 d to levels 14-fold higher than in either wild-type
orvtel seedlings. MDA levels peaked at 3 d in vte2 at levels four-
fold higher than in either wild-type or vte7 seedlings. These data
underscore the importance of tocopherols (or DMPBQ in vteT) in
preventing the formation MDA during germination, an oxidatively
intense period of the plant life cycle.

Phytoprostane Analysis

Another major group of nonenzymatic lipid peroxidation prod-
ucts, the phytoprostanes, are formed from 18:3 when linolenic
peroxyl radicals cyclize to form PPG4. Spontaneous rearrange-
ments result in the numerous species of phytoprostanes found
in plant tissues (Figure 1B) (Mueller, 2004). We analyzed the
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Figure 2. MDA Levels in Germinating Seedlings.

Total (free and bound) MDA levels were measured by GC-MS (see
Methods) in 0-, 1-, 3-, and 6-d-old seedlings of wild-type Columbia (solid
black line), vte1-1 (solid gray line), and vte2-1 (dashed black line). Error
bars represent sSD (n = 6). DW, dry weight.
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formation of total F1-phytoprostanes (free and esterified PPF;) in
0-, 1-, 3-, and 6-d-old seedlings, because PPF; are a class of
nonreactive, chemically stable phytoprostane end products
that are excellent markers for nonenzymatic lipid peroxidation
(Imbusch and Mueller, 2000a). Similar to the results for MDA (Figure
2), lipid peroxides, and HODEs (Sattler et al., 2004), total PPF,
levels in wild-type and vte1 seedlings (Figure 3) were low and
comparable to levels observed in mature leaves (Imbusch and
Mueller, 2000a). By contrast, even in dry vte2 seeds collected
immediately from plants, PPF; levels were already increased
(4.78 nmol/g seed) compared with those in the wild type, which
were below the limit of detection (0.03 nmol/g seed). PPF; levels
in vte2 seeds increased almost ninefold after 5 d of imbibition at
6°C (42.5 nmol/g dry weight at 0 d of growth). At 1, 3, and 6 d of
growth, PPF4 levels were 100- to 200-fold higher in vte2 relative
to wild-type or vte1 seedlings, reaching a maximum level at 3 d
before beginning to decline. At later time points, 14 and 35 d, the
PPF, levels in mature vte2 plants were similar to those in wild-
type plants (Figure 3B), suggesting that PPF; is turned over or
that its production is limited by tocopherol-independent mech-
anisms in mature leaves. These data are consistent with a previ-
ous report showing that lipid peroxide levels in vte2 approached
wild-type and vteT levels by 18 d of growth (Sattler et al., 2004).

The extremely high phytoprostane levels in 3- and 6-d-old vte2
seedlings explain the relative differences in abundance between
HODEs (derived from 18:2) and HOTEs (derived from 18:3), be-
cause 18:3 and HOTEs are prone to undergo double oxygenation
as well as cyclization reactions after free radical attack. Therefore,
phytoprostanes, MDA, and other oxidized lipids are formed in-
stead of HOTEs in the absence of tocopherols (or DMPBQ in vte 1)
in vte2 seeds and seedlings.

JA, OPDA, and Oxylipin Analysis

Enzymatically driven oxidation of 18:3 can produce a number of
oxylipins, including the phytohormone JA and its precursor OPDA.
To determine the levels of JA or OPDA in vte seedlings, quan-
titative analysis of jasmonates was performed by GC-MS on 0-,
1-, 3-, and 6-d-old seedlings. Free OPDA levels were similar in
vte2 and wild-type seedlings at all time points but were twofold to
fourfold lower in vte1 than in the wild type at 3 and 6 d (Figure 4).
In the wild type, JA levels were near or below the detection limit
(2 to 4 pmol/g dry weight) for all time points (Figure 4), and they
were increased in both vte? and vte2 relative to the wild type at
3 and 6 d. Although these results suggest that tocopherol defi-
ciency modestly induces JA accumulation, the maximal JA level
in vte2 of 0.49 nmol/g dry weight (corresponding to ~38 pmol/g
fresh weight) is still severalfold lower than the 171 pmol/g fresh
weight in unwounded Arabidopsis leaf tissue and 200 times lower
than the 8570 pmol/g fresh weight induced by wounding Arabi-
dopsis leaf tissue (Weber et al., 1997).

An oxylipin profiling method (Weber et al., 1997) was also
applied to vte2-1 seedlings to assess the level of other known
enzymatically generated oxylipins and to survey for the presence
of potentially novel oxylipins in addition to JA and OPDA. This
method is able to detect >20 different oxylipins as well as other
stress-related compounds (Mueller et al., 2006). Only four com-
pounds, none of which is an oxylipin, were highly increased in
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Figure 3. Phytoprostane Levels in Germinating Seedlings.

(A) Total (free and esterified) phytoprostane F; (PPF,) levels were mea-
sured by GC-MS (see Methods) in 0-, 1-, 3-, and 6-d-old seedlings of wild-
type Columbia (solid black line), vte1-1 (solid gray line), and vte2-1 (dashed
black line). The vte7-1 and Columbia levels are indistinguishable.

(B) Total (free and esterified) PPF levels were also measured in leaves of
14- and 35-d-old Columbia wild-type (black bars) and vte2-1 (white bars)
plants.

Note that the y axis in (A) and (B) differs by 25-fold. Error bars represent
sD (n = 3). DW, dry weight.

vte2 relative to the wild type and vte1. These compounds were
two free fatty acids, oleic (18:1) and eicosenoic (20:1) acids, the
phytoalexin camalexin, and its putative biosynthetic precursor
indole 3-carboxylic acid. The levels of both 18:1 and 20:1 were
~20-fold higher in 3- and 6-d-old vte2 seedlings relative to wild-
type or vte1 seedlings.

Camalexin in vte2

Camalexin in seedlings was quantified using an HPLC-based
method. Camalexin was below the detection limit (0.5 nmol/g dry

weight) in wild-type and vte1 seedlings at all time points and at 0
and 1 dinvte2. Camalexin levels in vte2 increased to ~50 nmol/g
dry weight at 3 and 6 d, a >100-fold increase relative to the wild
type or vte1 (Figure 5A). Generally, camalexin is produced in re-
sponse to plant pathogen attack, but its synthesis can also be
induced by treating plants with redox-active heavy metals such
as silver, copper, or iron (Mert-Turk et al., 2003; Glawischnig
etal., 2004; Loeffler et al., 2005; Schuhegger et al., 2006). However,
all seedlings were grown on sterile Murashige and Skoog medium,
and pathogens or exogenous heavy metals were not present.

To further examine the basis of camalexin production in vte2
seedlings, double mutants between vte2 and two camalexin-
deficient mutants, phytoalexin-deficient3 (pad3) and pad4, were
isolated. PAD3 is a cytochrome P450 protein in the camalexin
biosynthetic pathway (Zhou et al., 1999; Schuhegger et al., 2006),
whereas PAD4 has similarity to triacylglycerol lipases and is
involved in defense signaling leading to camalexin biosynthesis
(Jirage et al., 1999). As expected, 3- and 6-d-old pad3, pad4, and
pad3 vte2 seedlings lacked camalexin (Figure 5B). However, pad4
vte2 seedlings contained camalexin at levels threefold higher than
vte2 seedlings at 3 d and at levels comparable to vte2 at 6 d (Figure
5B), indicating that the induction of camalexin synthesis is PAD4-
independent in vte2 seedlings. The presence of camalexin in vte2
seedlings inthe absence of pathogen attack suggests that the high
level of nonenzymatic lipid peroxidation in vte2 seedlings triggers a
PAD4-independent signaling pathway leading to camalexin syn-
thesis. This result suggests that tocopherols play a role in regulating
biotic stress responses, such as camalexin synthesis, by modu-
lating the level of nonenzymatic lipid peroxidation.

Expression Profiling in the vte Mutants

To gain further insight into how seedlings respond to the absence
of tocopherols and to increased levels of lipid peroxidation
products, we examined global gene expression profiles in 1- and
3-d-old vte1, vte2, and wild-type seedlings using an Affymetrix
ATH1 GeneChip. The chip contained 22,810 probe sets, repre-
senting nearly the entire Arabidopsis genome, and 15,293 probe
sets were called present for at least one of the conditions. As a
whole, the expression of relatively few genes was either signifi-
cantly increased or decreased (=2.5-fold) relative to the wild type
in either vte1 or vte2 at 1 or 3 d after imbibition. Our criteria for the
expression of a gene to be considered increased (or decreased)
relative to the wild type required that the probe set was called
present for all three chips of the mutant (or called present in the
wild type for decreased) and the signal log ratio was =1.3 (or
=-1.3 for decreased) for all three comparisons of the mutant
versus wild-type chips. In vte2 seedlings, the transcript levels for
21 and 160 probe sets were increased relative to the wild type at
1 and 3 d, respectively (see Supplemental Table 1 online). In vte?
seedlings, the transcript levels for 24 and 12 probe sets were
increased relative to the wild type at 1 and 3 d, respectively (see
Supplemental Table 1 online). In vie2, the transcript levels for 5
and 3 probe sets were decreased relative to the wild type at 1 and
3 d, respectively (see Supplemental Table 2 online). In vte1, the
transcript levels for 0 and 6 probe sets were decreased relative to
the wild type at 1 and 3 d, respectively (see Supplemental Table 2
online).
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Figure 4. JA and OPDA Levels in Germinating Seedlings.
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JA and OPDA levels were measured by GC-MS (see Methods) in 0-, 1-, 3-, and 6-d-old seedlings of wild-type Columbia (solid black lines), vte1-1 (solid
gray lines), and vte2-1 (dashed black lines). Error bars represent sb (n = 3). DW, dry weight.

Interestingly, there was only a single probe set that was
upregulated at 1 d in both vte? and vte2 relative to the wild
type, At5g39410, an expressed gene. There was only a single
probe set that was downregulated in both vte7 and vte2 at 3 d,
At3962950, a glutaredoxin-like protein. At 3 d after imbibition, 6
of the 12 probe sets that were upregulated in vte? were also
upregulated in vte2. Genes for all six of these probe sets encode
heat shock proteins (HSPs) and correspond to four classes of
cytosolic HSPs (17, 70, 81, and 101). This set of six HSPs ap-
pears to represent the only genes whose regulation is similarly
affected in vte1 and vte2 (i.e., tocopherol deficiency-specific)
during early seedling growth and development (see Supplemental
Table 1 online).

Curiously, at 1 d, the vtel global expression pattern was
consistent with a transient delay in germination and subsequent
development, as had been reported previously in germinating
vte1 seedlings (Sattler et al., 2004). Eight of the 24 probe sets
upregulated at 1 d in vte are annotated as late embryogenesis
abundant proteins. This expression profile may indicate a tran-
sient delay in vte1 development at 1 d but does not suggest an
apparent cause for this delay. Evidence of a developmental delay
is no longer apparent by 3 d in vteT.

The most dramatic changes observed in vte2 seedlings were
at 3 d after the imbibition treatment. The majority of the 160
upregulated probe sets at day 3 were annotated as responsive to
either abiotic or biotic stress. These transcripts encode gene
products that are localized in nearly all subcellular compartments,
including the cytosol, chloroplast, mitochondria, cell wall, and
secretory pathway. Probe sets for 17 transcription factors were
upregulated in the 3-d-old vte2 seedlings, including many that are
stress-associated, such as NAMs, ZAT12, WRKYs, and DREB2-
like (Dong et al., 2003; Rizhsky et al., 2004; Davletova et al., 2005;
Vogel et al., 2005). Probe sets for nine HSPs were upregulated
(including the six heat shock probe sets also upregulated in vte7),
along with four probe sets related to proteolysis, which suggests
increased protein damage in vte2. Probe sets for eight glutathione
S-transferase (GST) genes, five cytochrome P450 genes, and
eight oxidoreductase genes were also upregulated.

Probe sets for three Trp biosynthetic genes were upregulated
in vte2 as well as the probe set for PAD3 (CYP71B15), which

catalyzes the final step in camalexin synthesis (Zhou et al., 1999;
Schuhegger et al., 2006) (Figure 6; see Supplemental Table
1 online). The probe sets for two additional cytochrome P450s,
CYP79B2 and CYP79B3, which convert Trp to indole-3-acetal-
doxime, an intermediate in the synthesis of camalexin, auxin, and
indole glucosinolates (Glawischnig et al., 2004), were called in-
creased for all three comparisons with the wild type, and the
P values were highly significant (P =2.5 X 10~ and 1.2 X 108,
respectively), but their signal:log ratios for at least one compar-
ison were slightly below our cutoff of 1.3. The Trp metabolic
pathway is upregulated specifically in vte2, evidently in response
to the absence of tocopherols or DMPBQ during germination.

The 20 most highly upregulated transcripts in 3-d vte2 seed-
lings relative to the wild type are indicative of responses to both
abiotic and biotic stresses (Table 1). These transcripts include
the pathogen-related genes AlG1 and Defensin1.4 (Reuber and
Ausubel, 1996) and a DREB2-like transcription factor. Members
of the DREB class of transcription factors have been shown to
activate transcriptional responses to abiotic stresses, including
drought, salinity, and temperature (Liu et al., 1998; Shinozaki and
Yamaguchi-Shinozaki, 2000). Two pEARLI genes, which encode
proteins with a putative lipid-transfer motif, were highly upregu-
lated in vte2 (Wilkosz and Schlappi, 2000). The pEARLI genes
were originally isolated for their cold-responsiveness, but they
have since been shown to be induced by a number of stresses
(Bubier and Schlappi, 2004; Vogel et al., 2005). SAG13, a
senescence-associated transcript (Lohman et al., 1994; Miller
et al., 1999), was also highly upregulated in vte2, as was an iron
deficiency-inducible metal transporter, IRT1 (Varotto et al.,
2002). Transcripts of stress-protective enzymes, GST5, a per-
oxidase, and Glu decarboxylase were also induced in vte2
(Watahiki et al., 1995; Turano and Fang, 1998; Bouche et al.,
2004).

To confirm the Affymetrix GeneChip results indicating that de-
fense/pathogen-responsive genes were induced in vte2 seedlings,
RNA gel blot analysis was performed on total RNA extracted
from 3-d-old seedlings with two defense- or pathogen-related
genes, OPR1 (At1g76680) and PAD3 (Figure 7A). These results
show that both transcripts were specifically induced in vte2
relative to the wild type or vte1. Expression of the jasmonate
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Figure 5. Camalexin Levels in Germinating Seedlings.

(A) Camalexin levels were measured by HPLC (see Methods) in 0-, 1-, 3-,
and 6-d-old seedlings of wild-type Columbia (solid black line), vte1-1
(solid gray line), and vte2-1 (dashed black line).

(B) Camalexin was measured in 3-d-old (white bars) and 6-d-old (black
bars) seedlings of vte2-1, pad3-1, pad4-1, and the pad3 vte2 and pad4
vte2 double mutants.

Error bars represent sb (n = 4). DW, dry weight.

biosynthetic gene AOS was not detectable in the wild type, vte,
or vte2 (Figure 7B) in the absence of exogenously administered
methyl jasmonate (MeJA). However, the jasmonate biosynthetic
gene OPR3 was detectable in all three genotypes and marginally
induced in vte2 seedlings relative to wild-type or vte1 seedlings
in the absence of exogenous MeJA (Figure 7B), which is consis-
tent with slightly increased levels of JA in vte2 (Figure 4B). The
expression of the JA-dependent gene VSP1 was also not detect-
ableinwild-type, vte1, and vte2 seedlings in the absence of exog-
enous MeJA treatment. The JA-inducible gene CORI1 was also
present in all three genotypes in the absence of exogenous MeJA
(Figure 7B). Upon exogenous MeJA treatment, the expression of
all four genes (AOS, CORI, OPR3, and VSP1) was strongly in-
duced (Figure 7B). Together, these RNA gel blot results suggest
that the levels of jasmonates in both vte7 and vte2 seedlings are
not sufficient to induce JA-responsive gene expression in the
seedlings, but that 3-d-old wild-type, vte1, and vte2 seedlings are
capable of mounting a transcriptional response when JA levels are
adequately increased.

DISCUSSION

Tocopherols and Germination

The phenotype conferred by vte2 clearly demonstrates that to-
copherols are irreplaceable antioxidants during germination and
early seedling growth that cannot be compensated for by other
mechanisms. Indeed, in this regard, it was quite surprising that
the expression of most genes involved in the biosynthesis and
recycling of ascorbate and glutathione was similar in the wild type
and vte2, expect for the induction in vte2 of 1 of 3 extracellular
ascorbate oxidase genes (At4g39830) and 8 of the 52 GST genes
in the genome. Likewise, genes encoding ascorbate peroxi-
dases (8 genes) and the ROS-scavenging enzymes catalase (3
genes) and superoxide dismutase (11 genes) are also not in-
duced in vte2 seedlings relative to wild-type seedlings. These re-
sults suggest either that the expression of genes encoding these
ROS-scavenging enzymes is already at nearly maximal levels
during germination and early seedling development or that young
seedlings are unable to increase the expression of these genes
in response to the compromised tocopherol antioxidant system
of vte2. Alternatively, the seedling response to tocopherol defi-
ciency may simply not include the induction of water-soluble
antioxidant or ROS-scavenging systems, because the oxidative
damage in vte2 is most likely confined to the lipid-soluble cellular
compartments.

In comparing the global transcriptional response of vte? and
vte2 seedlings at 1 and 3 d after imbibition, the increased or
decreased expression of only eight genes could be attributed
specifically to the absence of tocopherol in both genotypes. Six
genes are HSPs, some of which have been shown to act as
chaperones, and are upregulated in response to a variety of
abiotic stress conditions. These results suggest that as a whole,
the Arabidopsis transcriptome has relatively few genes that
respond directly to the presence of tocopherol at this stage of
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Figure 6. The Trp Metabolic Pathway.

The pathway shows steps between the Trp precursor chorismate and the
Trp-derived phytoalexin camalexin. The names in gray denote genes
encoding pathway enzymes whose expression was called increased in
3-d-old vte2 seedlings relative to wild-type seedlings (expression data;
see Supplemental Table 1 online). The number of enzymatic steps
between indole-3-acetaldoxime and camalexin are not known. Enzymes
are phosphoribosylanthranilate transferase (PAT1, also known as TRP1;
At5g17990), indole-3-glycerol-phosphate synthase (IGPS; At2g04400),
Trp synthase, a subunit (TSA1, also known as TRP3; At3g54640),
CYP79B2 (At4g39950), CYP79B3 (At2g22330), and PAD3 (CYP71B15;
At3926830). CPADRP, 1-(o-carboxyphenylamino)-1’-deoxyribulose-5'-
phosphate; IAOx, indole-3-acetaldoxime; I3GP, indole-3-glycerol-phos-
phate; NPRA, N-(5-phosphoribosyl)-anthranilate.



development. These observations are in contrast with studies in
animal systems, in which direct, antioxidant-independent roles
for tocopherols in modulating signaling pathways by inhibiting
phospholipase A, and protein kinase C activity and activating
gene transcription have beenreported (Tran et al., 1996; Yamauchi
et al., 2001; Chandra et al., 2002; Clement et al., 2002). It is still
possible that tocopherols have analogous antioxidant-indepen-
dent functions at other stages of plant development, but this is
clearly not a major function for tocopherols in seedlings. How-
ever, the induction of six HSP genes in both vte7 and vte2 indi-
cates that there are biological consequences of tocopherol
deficiency and that there may be a group of proteins that are
specifically protected by tocopherols in germinating seedlings.
Increased nonenzymatic lipid peroxidation was not required to
trigger this HSP response, because vte? and the wild type had
nearly identical levels of lipid peroxides and lipid peroxidation
products: HODEs (Sattler et al., 2004), MDA (Figure 2), and PPF
(Figure 3). Based on these data, we can also conclude that the
DMPBQ accumulated in vte? can fully compensate for the ab-
sence of tocopherols in limiting the formation of nonenzymatic
lipid peroxidation during germination and early seedling devel-
opment. Whether DMPBQ plays a similar compensatory role in
mature vte1 leaf tissue remains to be determined.

Tocopherols, Nonenzymatic Lipid Peroxidation, and
the Control of Gene Expression

Although we find little evidence supporting a direct role for to-
copherols in the regulation of gene expression, our analysis clearly
indicates that, similar to in vitro and animal studies, tocopherols
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play a critical role in controlling nonenzymatic lipid peroxidation.
The products generated by this pathway most likely play a key
role in the global response observed in vte2 seedlings and likely
in selected biological responses of wild-type plants. We ob-
served high levels of lipid peroxidation products in vte2 seed-
lings, hydroxy fatty acids from 18:2 (Sattler et al., 2004) and 18:3
(MDA and PPF,), the predominant PUFAs in Arabidopsis seed-
lings (Figures 2 and 3). Hydroxy fatty acids and most phytopros-
tanes are relatively stable molecules, initially remaining esterified
in the membrane, and are indicative of the oxidative history of a
tissue. However, during membrane turnover and repair, phyto-
prostanes are released from membranes and rapidly metabo-
lized (Imbusch and Mueller, 2000a; Mueller, 2004). By contrast,
MDA is produced and released instantaneously by fragmentation
of oxidized membrane lipids and is a member of a group of short-
lived, lipid-derived reactive electrophile species (RES) produced
in response to stress. For these reasons, MDA and PPF; do not
reach similar levels or follow the same temporal patterns of ac-
cumulation in vte2 seedlings.

In vte2 seedlings, MDA levels peaked at 3 d and declined
rapidly to near wild-type and vte1 levels by 6 d. This rapid decline
is consistent with prior studies, suggesting that plants have
mechanisms to control the levels of MDA (Weber et al., 2004) and
indicating that these mechanisms are tocopherol-independent
in seedlings. RES, such as MDA, have strong biological activities
in plants and stimulate the expression of genes involved in cell
protection/detoxification (e.g., OPR1 [Almeras et al., 2003] and
GST1 [Vollenweider et al., 2000; Loeffler et al., 2005]) as well as
genes implicated in resistance to stresses such as heat shock
and dehydration (Weber et al., 2004). GST1 has been shown to

Table 1. The 20 Most Highly Upregulated Genes in vte2 Relative to the Wild Type

Arabidopsis Genome Fold

Initiative Number Description Localization Function Change P Value
At1g65500 Unknown protein Unknown Unknown 150 6.98 x 10-04
At4g12490 pPEARLI 1-like protein Chloroplast Lipid binding 102 2.87 X 10704
At2g18660 Expansin (EXPR3) Extracellular Cell wall 86 1.70 X 1093
At2g38340 DREB-like AP2 Nucleus Transcription factor 86 5.23 X 10708
At1g33960 AIG1 Chloroplast Response to pathogen 65 3.46 X 10-08
At1g19610 Defensin (PDF1.4) Endomembrane Defense response 47 2.00 X 10704
At1g56060 Expressed protein Unknown Unknown 46 3.58 x 10-04
At1g26380 FAD binding protein Endomembrane Oxidoreductase activity 44 1.66 X 1093
At1g26410 FAD binding protein Endomembrane Oxidoreductase activity 43 2.53 x 10-03
At5g05340 Peroxidase Endomembrane Response to stress 42 3.87 x 1008
At1926390 FAD binding protein Endomembrane Oxidoreductase activity 41 3.70 X 1008
At2g30750 Cytochrome P450 71A12 Endomembrane P450 35 2.35 X 10703
At1902940 Glutathione S-transferase, GST5 Mitochondrion Toxin catabolism 31 6.98 X 1004
At2g29350 SAG13 Membrane Senescence 29 5.24 x 1093
At2g02010 Putative Glu decarboxylase Unknown Glu metabolism 28 5.50 X 10-03
At4g19690 Iron-responsive transporter (IRT1) Membrane Transport 27 5.07 X 10708
At4g12480 pEARLI 1 Endomembrane Lipid binding 27 3.91 X 10-04
At1g13340 Expressed protein Mitochondrion Unknown 27 2.68 X 10708
At1926420 FAD binding protein Endomembrane Oxidoreductase activity 25 1.17 X 1093
At4g14365 C3HC4-type RING finger Unknown Protein ubiquitination 22 6.91 X 10704

The 20 most highly upregulated genes in 3-d-old vte2 seedlings relative to wild-type seedlings are listed with the fold increase relative to the wild-type
control and the P value calculated by the analysis of variance (see Methods). Localization and function were obtained from the Gene Ontology section

of The Arabidopsis Information Resource. FAD, flavin adenine dinucleotide.
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Figure 7. Expression of Defense-Related Transcripts in vte2 Seedlings.
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(A) Ten micrograms of total RNA was extracted from 3-d-old seedlings
(Columbia [Col], vte1-1, and vte2-1) and analyzed by RNA gel blot hybridi-
zation. PAD3 (At3g26830), OPR1 (At1g76680), and elF4A (At3g13920) were
detected using radiolabeled probes.

(B) Three-day-old seedlings (Columbia, vte7-1, and vte2-1) were treated
with an aqueous solution with or without 10 M MeJA (see Methods) and
incubated for 3 h. Ten micrograms of total RNA was extracted from these
seedlings and analyzed by RNA gel blot hybridization. The jasmonate-
responsive genes AOS (At5g42650), OPR3 (At2g06050), CORI1 (At1g19670),
and VSP1 (At5g24780) were detected using radiolabeled probes. elF4A was
used to determine equal loading.

be stress- and MDA-inducible and is strongly upregulated in
vte2. Likewise, OPR1, which is absent from the Affymetrix ATH1
GeneChip, is strongly upregulated in vte2 based on RNA gel blot
analysis (Figure 7) and in response to a number of abiotic and
biotic stress conditions (Biesgen and Weiler, 1999; Almeras et al.,
2003; Weber et al., 2004; Mezzari et al., 2005).

In addition to MDA, the phytoprostanes, a second major class
of nonenzymatic lipid peroxidation products derived from 18:3,
were increased in vte2 seedlings to some of the highest levels

ever observed in plants (Imbusch and Mueller, 2000a). The
phytoprostane class measured, PPF4, has not been shown to
have biological activity when administered exogenously, possi-
bly because this class is polar and not readily taken up by cells,
as is the case for the analogous F-type of mammalian prosta-
glandins in cells lacking prostaglandin uptake transporters
(Schuster, 2002). However, the PPF, class is an excellent marker
for nonenzymatic lipid peroxidation and indicative that other
classes of more labile and reactive phytoprostanes (PPA;, PPB;,
PPD+, PPE+, PPG4, and dPPJ,) are likely to have been generated
also (Imbusch and Mueller, 2000a). Exogenously supplied PPA4
and PPB; have also been shown to trigger biological responses
in plants, including activating mitogen-activated protein kinase
kinase, inducing phytoalexin synthesis, and activating gene tran-
scription (Thoma et al., 2003; Loeffler et al., 2005), including 17
GST genes. Previous work has suggested that some of the GSTs
and P450s induced by phytoprostanes may function in detoxi-
fying potentially damaging products of nonenzymatic lipid per-
oxidation and electrophilic xenobiotics (Baerson et al., 2005;
Loeffler et al., 2005; Mezzari et al., 2005). In vte2 seedlings, 4 of
these 17 GST genes were also upregulated relative to the wild type.

Within the phytoprostane family of compounds as well as in
other lipid peroxidation products, there are several species that
contain o/f unsaturated carbonyl groups and, like MDA, are
electrophilic and reactive. There is substantial evidence that such
electrophiles, which include PPA;, dPPJ,, B-hydroxyacrolein (a
tautomeric form of MDA), and the JA biosynthetic intermediate
OPDA, have potent effects on gene expression, possibly attrib-
utable to their electrophilic properties (Vollenweider et al., 2000;
Stintzi et al., 2001; Almeras et al., 2003; Mueller, 2004; Weber
et al., 2004). PPA,, dPPJ4, and OPDA are all cyclopentenones
containing an unsaturated o/ carbonyl group within a five-
carbon ring. Expression profiling of Arabidopsis suspension cells
treated with either PPA, or PPE, affected the expression of ~800
genes (S. Berger and M.J. Mueller, unpublished data). The
expression of 59 of the 160 genes upregulated in vte2 seedlings
at 3 d is also induced by either PPA; or PPE; treatment of
Arabidopsis suspension cells. Together, these data indicate that
nonenzymatic lipid peroxidation products generated in vivo play
an important role in the transcriptional response observed in vte2
seedlings and provide further evidence that electrophilic lipid
peroxidation products play a significant role in modulating gene
expression and cellular responses in plants.

The 160 transcripts induced in 3-d-old vte2 seedlings relative
to wild-type seedlings (see Supplemental Table 1 online) were
examined for their responses to both abiotic and biotic condi-
tions using GENEVESTIGATOR (Zimmermann et al., 2004, 2005)
(Figure 8). Most of these genes were unchanged in expression in
3-d-old vte1 seedlings, which further highlights how dissimilar
the tocopherol-deficient vte? and vte2 transcription profiles are
to each other (Figure 8). Generally, many of the vte2-71-induced
genes were also induced in response to biotic stress (Pseudo-
monas, Alternaria, and Botrytis infection), but surprisingly few of
these genes were induced in response to abiotic stress treatments,
including drought, wounding, heat, or cold stress. In addition,
many of the 160 vte2-7-induced genes were also induced by
ozone, salt, and silver nitrate but not by MeJA treatment. Ozone
is itself a ROS and readily penetrates membranes, causing
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Figure 8. Expression of the Upregulated Genes in vte2 Seedlings under
Different Conditions.

Genes called increased in 3-d-old vte2 seedlings relative to wild-type
seedlings were examined using the Meta-Analyzer feature of GENEVES-
TIGATOR (Zimmermann et al.,, 2004) to assess their the response to
various conditions or treatments relative to each corresponding negative
control. Red indicates increased, blue indicates decreased, and yellow
indicates no change (see Methods). The genes were clustered using hier-
archical clustering based upon their response to the condition or treatment.

nonenzymatic lipid peroxidation of PUFAs (Pauls and Thompson,
1980; Pryor and Church, 1991), whereas exposure of plants to
heavy metals such as silver nitrate is also known to induce non-
enzymatic lipid peroxidation (Baryla et al., 2000; Imbusch and
Mueller, 2000b; Thoma et al., 2004).

The meta-analysis in Figure 8 suggests that from a biological
perspective, the transcriptome of vte2 seedlings responds as if
under pathogen attack and that the nonenzymatic lipid perox-
idation occurring in vte2 seedlings plays a role in triggering as-
pects of plant responses to pathogens. The fact that the majority
of the genes induced in both vte2 and during pathogen attack are
also not induced by MeJA treatment suggests that nonenzymatic
lipid peroxidation is a component of previously described JA-
independent responses of plants to pathogens (Kloek et al.,
2001; Roetschi et al., 2001; Almeras et al., 2003; Bohman et al.,
2004). Most surprisingly, this analysis also suggests that abiotic
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stresses such as drought, heat, wounding, or cold stress do not
have a strongly regulated nonenzymatic lipid peroxidation com-
ponent. Although tocopherols show increased accumulation
under drought and heat (Munne-Bosch and Alegre, 2002), to-
copherols may not play as crucial a role in protecting plants from
these abiotic stresses as has long been assumed. A plausible
alternative explanation is that increased tocopherol levels in
response to these abiotic stresses may limit nonenzymatic lipid
peroxidation and thereby prevent the inappropriate induction of
biotic stress responses. Further analysis of the response of
tocopherol-deficient plants to abiotic stresses is needed to test
this intriguing hypothesis.

Induction of Trp Metabolism

Trp provides the indole ring for the biosynthesis of a variety of
important plant compounds, including auxin, and the indole
glucosinolates and phytoalexins (Glawischnig et al., 2004), which
are important for defending plants against insect herbivory and
pathogens, respectively. In plants, Trp biosynthetic genes are
upregulated in response to a variety of biotic and xenobiotic
stresses as well as to amino acid starvation (Zhao and Last, 1996;
Zhao et al., 1998) and in response to electrophilic vinyl ketones
(Almeras et al., 2003). The expression of PAD3 (CYP71B15), a
P450 involved in camalexin biosynthesis, is upregulated in vte2

ozone
(729)

MeJA
(355)

vie2
(160)

Figure 9. Comparison of Upregulated Genes in MeJA, Ozone, and vte2
Data Sets.

Global expression profiles were obtained from public databases (NAS-
CArray Affywatch) for MeJA-treated 7-d-old seedlings and 2-week-old
ozone-treated plants and their corresponding negative controls. Genes
showing increased expression relative to their respective controls were
identified as described in Methods. The 355 genes called increased by
MeJA treatment and the 729 genes called increased by ozone treatment
were compared with the 160 genes called increased in 3-d-old vte2
seedlings relative to wild-type seedlings.
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seedlings (Figures 6 and 7) and in response to PPB; treatment
(Loeffler et al., 2005). PAD3 catalyzes the final step in camalexin
synthesis, acting downstream of CYP79B2 and CYP79B3
(Glawischnig et al., 2004; Schuhegger et al., 2006), whose
expression levels were likewise increased in vte2 relative to the
wild type, although slightly below our 1.3 signal:log ratio criterion.
Because several Trp biosynthetic genes are upregulated in vte2
seedlings (Figure 6), our data suggest that nonenzymatic lipid
peroxidation may be a key signal for the increase of Trp metab-
olism in response to biotic stress in the wild type. Interestingly,
the spontaneous lesion mutant acd2 also accumulates cama-
lexin in the absence of pathogens (Zhao and Last, 1996), although
any possible connection between nonenzymatic lipid peroxidation
and the acd2 mutant remains to be determined.

PAD4 has similarity to triacylglycerol lipases (Jirage et al.,
1999) and has been shown to be a member of a defense signaling
complex together with EDS1 and SAG101 (Feys et al., 2001,
2005). pad4 mutants are unable to fully induce several defense
responses, including camalexin synthesis in response to specific
pathogens (Glazebrook et al., 1997). Interestingly, the camalexin
level in the pad4 vte2 double mutant was significantly higher than
thatin vte2 at 3 d and nearly equal to that in vte2 at 6 d, indicating
that camalexin synthesis in the vte2 mutant is either independent
of or repressed by PAD4. These data support the model that both
PAD4-dependent and -independent pathways lead to camalexin
synthesis (Glazebrook et al., 1997). Our data further define an
important role for nonenzymatic lipid peroxidation in inducing the
PAD4-independent pathway, but they do not exclude the pos-
sibility that nonenzymatic lipid peroxidation might also be in-
volved in the PAD4-dependent pathway. The oxidative burst
associated with incompatible host-pathogen interactions would
create the biochemical environment necessary to form a variety of
nonenzymatic lipid peroxidation products and trigger downstream
defense responses such as camalexin synthesis. Our data suggest
that tocopherols play a role in modulating such defense signals in
seedlings under normal conditions or in locations removed from
the site of pathogen attack. Whether such biotic interactions are
also affected in mature vte2 leaves remains to be determined.

Nonenzymatic versus Enzymatic Lipid
Peroxidation Pathways

Both plants and animals have evolved enzymatic pathways for
the production of lipid peroxidation products (octadecanoids in
plants and eicosanoids in animals), and the molecular, genetic,
and biochemical roles of these compounds in mediating/modu-
lating biological responses, including defense responses, have
been well studied. In plants, the best-described oxylipin is JA,
which affects a wide range of signal transduction pathways,
including reproductive development, pathogen defense, and
insect defense (Howe and Schilmiller, 2002). However, there
has been comparably little analysis of the products of nonenzy-
matic lipid peroxidation as signaling compounds, probably be-
cause the production of these compounds occurs independently
of enzymatic control and leads to a wider range of products.
Undoubtedly, nonenzymatic lipid peroxidation occurs ubiqui-
tously in organisms because it requires only PUFAs, oxygen, and
free radicals. In plants, these nonenzymatic and enzymatic path-

ways appear to have diverged, and vte2 seedlings are strong ge-
netic evidence that the two pathways have separate roles.

The potential of RES to act as regulators of gene expression in
plants has, until now, lacked genetic validation (Farmer et al.,
2003). The data presented here provide a strong genetic dem-
onstration of RES activity in vivo and underscore the potential of
nonenzymatic lipid peroxidation products to act as signals. In
addition, these data provide clear genetic evidence separating
enzymatically derived oxylipins and nonenzymatic lipid peroxi-
dation products in signaling pathways. The levels of JA were
increased slightly in both vte? and vte2, and the levels of OPDA
were similar in vte2 and wild-type seedlings, which suggests that
JA and OPDA are not major factors contributing to the vte2
seedling phenotype. The observation that well-characterized JA-
inducible genes (AOS, CORI1, and VSP1) were not altered in ex-
pression in vte2, vte1, and wild-type seedlings but were similarly
induced upon exogenous MeJA treatment in 3-d-old seedlings of
all genotypes supports this conclusion. These genes were clearly
responsive to JA at this stage of development, but the endog-
enous JA levels in all three genotypes were insufficient for their
induction (Figure 7B). vte2 was crossed to the JA signaling mu-
tant coi1, and the progeny of vte2 coi1/+ (heterozygous for coi7)
were not altered in their development compared with vte2 seed-
lings alone, indicating that JA signaling is not a key factor in the
vte2 seedling phenotype (S.E. Sattler, unpublished data). Finally,
analysis of public GeneChip data for MeJA and ozone-induced
transcripts (=2.5-fold relative to their respective controls; see
Methods) showed substantial overlap (61%) between vte2 and
ozone-induced genes, but only a small number (7.5%) of vte2-
induced genes were in common with MeJA-induced genes (Figure
9). It should also be stressed that the MeJA-treated tissue (7-d-old
seedlings) were developmentally more similar to 3-d-old vte2
seedlings than were the 2-week-old plants used for ozone treat-
ment. Together, these results suggest that enzymatic oxylipins,
including JA and ODPA, play at best a minor role in the vte2 seedling
phenotype and that the major responses of vte2 seedlings are
mediated by various products of nonenzymatic lipid peroxidation.

METHODS

Plants and Growth Conditions

vte1-1 and vte2-1 were isolated and described previously (Sattler et al.,
2003, 2004). pad3-1 and pad4-1 were obtained from the ABRC. Arabi-
dopsis thaliana plants were grown at 22°C under a 16-h photoperiod
(120 wmol photons-m~2.s~ or wE) in a vermiculite and potting soil mixture
and fertilized with 1 X Hoagland solution. Alternatively, seedlings were grown
on Petri plates containing 0.5X Murashige and Skoog basal medium
(Sigma-Aldrich) and 1.0% phytoagar under a 12-h photoperiod (120 pwmol
photons-m—2.s~1) after 5 d of imbibition at 6°C to break dormancy, as
described previously (Sattler et al., 2004). For the MeJA treatment, 3-d-
old seedlings were sprayed with 10 .M MeJA (Sigma-Aldrich) in 0.05%
Tween 20 and incubated for 3 h. For the negative control, 3-d-old
seedlings were sprayed with 0.05% Tween 20 and incubated for 3 h.

Oxylipin Profiling

Seedlings were harvested from plates, weighed, and immediately frozen
inliquid nitrogen. A total of 500 mg of frozen tissue was ground in a mortar
to a fine powder and added to 3.5 mL of ice-cold methanol containing



100 ng of tetrahydro-12-OPDA and 100 ng of dihydrojasmonic acid as
internal standards and 12.5 pL of trimethyl phosphite (Fluka). The solution
was immediately homogenized with a Polytron (Kinematica) for 1 minonice.
Extraction of fatty acids was continued by rotating the samples in tubes
for 2 h at 4°C. Ice-cold water (1.5 mL) was added. After centrifugation,
80 pL of 1 M NH,OH was added, and the supernatant was passed
through an 8-mL C4g-SPE column (JT Baker; Bakerbond 8ml 500 mg spe
Glass Octadecyl), which had been prewashed with methanol followed by
methanol:water (70:30, v/v). The column was washed with an additional
7 mL of methanol:water (75:25, v/v), both eluates were combined and
acidified with 120 wL of 10% formic acid, and the volume was adjusted to
50 mL using water. The column was reconditioned with 6 mL of methanol
containing 40 p.L of 10% formic acid, followed by 5 mL of methanol, 6 mL
of diethyl ether, 5 mL of methanol, and finally twice with 7 mL of water.
Elute was loaded on the column and washed with ethanol:water (15:85,
v/v). The oxylipins were eluted with 10 mL of diethyl ether, dried over
anhydrous MgSO,, and evaporated under a stream of N, at 35°C.
Oxylipins were resusupended in 60 wL of methanol and methylated
with 450 pL of diazomethane in ether, dried under No, and redissolved
in 120 pL of acetonitrile. Samples were derivatized with 60 pL of
N,O-bis(trimethylsilyl)trifluoroacetamide (Pierce) for 30 min at 60°C, dried
under Ny, and redissolved in 500 pL of hexane. The samples were loaded
onto an 8-mL Florisil-SPE column (JT Baker; Bakerbond 8ml 500 mg spe
Glass Florisil), which had been prewashed first with diethyl ether (3 mL)
and then with hexane (10 mL). The loaded column was washed with 4 mL
of hexane, and the oxylipins were eluted with 7 mL of ethyl acetate:diethyl
ether (1:1, v/v). After evaporation of the solvent under N,, the samples
were taken up in 10 pL of hexane and stored at —80°C. Oxylipins were
analyzed by GC-MS (Hewlett-Packard 5890 gas chromatograph linked to
a Hewlett-Packard 5927 mass spectrometer, electron ionization mode,
70-eV electron potential, 11-p.s.i. column head pressure, HP-5MS column
30 m X 0.25 mm). The temperature gradient was 100°C for 1 min, 100 to
160°C at 20°C/min, 160 to 238°C at 3°C/min, and 238 to 300°C at 30°C/
min, as described previously (Weber et al., 1997). Camalexin was iden-
tified in oxylipin profiles by its characteristic retention time (23.70 min) and
mass spectrum: m/z (%) = 200 (M*, 100), 173 (4), 142 (30), 115 (17), 83
(25), 58 (50). Similarly, for indole 3-carboxylic acid, retention time = 14.41
min, m/z (%) = 175 (M, 53), 144 (100), 116 (22), 89 (21), 63 (9).

Camalexin Analysis

For quantitative camalexin analysis, seedlings were harvested and im-
mediately frozen in liquid nitrogen. A total of 500 mg of frozen seedlings
was ground in a mortar to a fine powder, added to 3.5 mL of 80%
methanol, and incubated at 80°C for 20 min. After centrifugation, the
supernatant was removed, the volume was reduced to 1 mL by drying with
N> gas, and 0.5 mL of water was added. The solution was extracted twice
with 1.5 mL of chloroform, and samples were vacuum-dried and resus-
pended in 100 uL of hexane:isopropanol (93:7, v/v). HPLC analysis was
performed using an Agilent 1100 series HPLC apparatus on a ReliaSil
Silica 5-pm, 250 X 4.6-mm normal phase column (Column Engineering) at
30°C with a flow rate of 1 mL/min and hexane:isopropanol (93:7, v/v).
Camalexin was detected with an excitation wavelength of 318 nm and
an emission wavelength of 385 nm using a fluorescence detector. A
camalexin standard (a gift from Ray Hammerschmidt, Michigan State
University) was used to identify the compound based on HPLC retention
time and to construct standard curves for quantification.

MDA Analysis

Approximately 200 mg of seedlings was harvested and stored in liquid
nitrogen until MDA quantification. Total MDA levels were determined by
GC-MS according to a protocol modified from Weber et al. (2004).
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Tissues were ground in liquid nitrogen and resuspended in 0.4 mL of PBS
containing 1 mM deferoxamine mesylate (Sigma-Aldrich), 0.08 mM bu-
tylated hydroxytoluene (Sigma-Aldrich), and 0.5 nmol of the internal
standard [?H,]MDA. After rapid vortexing, 15 p.L of 6.6 N sulfuric acid was
immediately added and the sample was incubated for 10 min on ice. After
hydrolysis of the bound MDA pool, proteins were precipitated with 112 uL
of 0.3 M sodium tungstate (Fluka) and the samples were centrifuged. The
supernatant was combined with 450 pL of buffer containing 0.58 M
sodium phosphate, 0.21 M sodium citrate, and 75 pL of pentafluorophe-
nylhydrazine (5 mg/mL; Fluka) in a new Eppendorf tube and incubated for
30 min at room temperature while shaking. The reaction was stopped by
adding 15 pL of 9 N sulfuric acid, and the MDA-pentafluorophenyl-
hydrazine products were extracted with 125 L of isooctane (Fluka).
Preparation of the internal standard [?Hp]JMDA from [?H,]1,1,3,3-tetrae-
thoxypropane (CDN Isotopes) and GC-MS analyses were performed as
described previously (Weber et al., 2004).

PPF, and Jasmonate Analysis

Total levels of PPF4 (free and esterified) were determined after alkaline
hydrolysis of plant extracts containing ['803]PPF, as an internal standard.
Extraction, saponification, derivatization, and quantitation of PPF; by
GC-MS in negative ion chemical ionization mode were performed as de-
scribed (Imbusch and Mueller, 2000a, 2000b). Levels of free OPDA and
JA were determined as described (Parchmann et al., 1997).

RNA Extraction and Affymetrix GeneChip

Approximately 100 mg of seedlings was frozen in liquid nitrogen, and total
RNA was isolated using the RNAqueous RNA extraction kit and the Plant
RNA Isolation Aid (Ambion) according to the manufacturer’s protocol.
Biotinylated target RNA (copy RNA) was prepared from 15 g of total RNA
using the Affymetrix GeneChip One-Cycle Target Labeling kit (Affymetrix)
according to the manufacturer’s protocols. The three biological replicates
for each time point and genotype were hybridized to the Affymetrix
Arabidopsis ATH1 GeneChip (Affymetrix) and analyzed as described pre-
viously (Fowler and Thomashow, 2002).

Affymetrix GeneChip Data Analysis

The Affymetrix Microarray Suite 5.0 was used to analyze the microarray
data. Output from all GeneChip hybridizations was scaled globally such that
its average intensity was equal to an arbitrary target intensity of 500, allowing
comparisons between GeneChips. Signal (gene expression) values and
signal:log ratios were calculated from the GeneChip fluorescence intensity
data. The software was also used to determine whether each gene was
present, marginal, or absent (Detection) and whether the signal:log ratio
represented a genuine change in mRNA accumulation (Change; no change,
increased, or decreased). Signal:log ratios and change calls were deter-
mined for vte1 and vte2 compared with the corresponding wild-type sample
of the same age. Microsoft Access was used as the database management
software and to filter and query the data. Probe sets that met the following
criteria were selected for further analysis. Those determined to be upregu-
lated in the vte mutants were selected as having, at any time point, an
absolute call of presentin all three samples, difference calls of increase for all
three Change comparisons, and signal:log ratios of at least 1.3 for all three
Change comparisons. Those determined to be downregulated in the vte
mutants were selected as having, at any time point, an absolute call of
present in all three wild-type samples, difference calls of decrease for all
three Change comparisons, and signal:log ratios of at least —1.3 for all three
Change comparisons. Statistically significant changes in mRNA abundance
were determined using the statistical package with GeneSpring 7.2 (Silicon
Genetics). The GeneChip data were imported into GeneSpring and
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normalized to respective control samples as specified by the manufac-
turer for single-color array data. Statistical significance was determined
by analysis of variance using a P value of 0.05 as the cutoff. The Benjamini
and Hochberg false-discovery rate was used as the multiple comparison
correction for type | family-wise error.

The expression data for the 160 induced genes in vte2 under different
stress conditions and treatments (Figure 8) were obtained from the meta-
analyzer feature of GENEVESTIGATOR (https://www.genevestigator.
ethz.ch), which was imported into GeneSpring 7.2 to perform hierarchical
clustering (standard correlation) including vte? and vte2 3-d data sets.
For Figure 9, the Affymetrix ATH1 data for MeJA-treated seedlings
(NASCARRAYS-174) and ozone-treated plants (NASCARRAYS-26) were
obtained from the public database (NASCArray Affywatch; http://affymetrix.
Arabidopsis.info/AffyWatch.html). The GeneChips were analyzed as de-
scribed above. The lists of induced genes for MeJA and ozone treatments
were determined by the following criteria: the probe set were called present
in all replicates of the treatment (ozone or MeJA), called increased for all
replicates relative the untreated controls, and the signal-log ratio was =1.3
(2.5-fold) for all replicates relative to untreated controls. The statistical
analysis was performed as described above.

RNA Gel Blot Analysis

RNA gel blots with 10 g of total RNA per lane were prepared, transferred,
and hybridized as described previously (Eccles et al., 1992). Probes were
prepared from PCR products: for PAD3, forward (5'-CCGGTGAATCTTGA-
GAGAGCC-3’) and reverse (5'-GATCAGCTCGGTCATTCCCC-3') (Zhou
etal., 1999); for OPR1, forward (5'-TACAGCTCAAGGATATCAAGA-3') and
reverse (5'-GAAACTTATTACATCTTATATAA-3') (He and Gan, 2001); for
AOS, forward (5'-GGGAGCGATTGAGAAAATGG-3') and reverse (5'-CGA-
CGAGAAATTAACGGAGC-3'); for CORI, forward (5'-GCCGCCGGG-
AGGGCAAGTGG-3') and reverse (5'-CACATGCAACTTAGGACATG-3');
for OPR3, forward (5'-GGGCTCGAGATGACGGCGGCACAAGGGAA-3’)
and reverse (5'-CCCACTAGTTCAGAGGCGGGAAAAAGGAG-3'); and for
AtVSP1, forward (5'-GTTGGTGTGACAAAATGG-3') and reverse (5'-GCG-
GTGAAGATATATGC-3') (Berger et al., 1995). Probes were randomly
labeled with [x-32P]JdCTP according to the manufacturer’s protocol (Invi-
trogen), and detection of radioisotope-labeled probes was as described
previously (Vogel et al., 2005). Blots were stripped and probed with elF4A to
assess equal loading of RNA samples (Taylor et al., 1993).

Accession Numbers

The Affymetrix GeneChip data were deposited at Gene Expression
Omnibus (accession number GSE4847; http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE4847) in compliance with MIAME standards.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table 1. Genes Increased in Expression in the vte
Mutants Relative to the Wild Type.

Supplemental Table 2. Genes Decreased in Expression in the vte
Mutants Relative to the Wild Type.
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