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Tocopherols are lipid-soluble antioxidants synthesized in plastids of plants and other photosynthetic organisms. The four known
tocopherols, a-, 8-, y-, and 8-tocopherol, differ in number and position of methyl groups on their chromanol head group. In
unstressed Arabidopsis (Arabidopsis thaliana) leaves, a-tocopherol constitutes the main tocopherol form, whereas seeds
predominantly contain y-tocopherol. Here, we show that inoculation of Arabidopsis leaves with the bacterial pathogen
Pseudomonas syringae induces the expression of genes involved in early steps of tocopherol biosynthesis and triggers strong
accumulation of +y-tocopherol, moderate production of &-tocopherol, and generation of the benzoquinol precursors of
tocopherols. The pathogen-inducible biosynthesis of tocopherols is promoted by the immune regulators ENHANCED
DISEASE SUSCEPTIBILITY1 and PHYTOALEXIN-DEFICIENT4. In addition, tocopherols accumulate in response to bacterial
flagellin and reactive oxygen species. By quantifying tocopherol forms in inoculated wild-type plants and biosynthetic pathway
mutants, we provide biochemical insights into the pathogen-inducible tocopherol pathway. Notably, vitamin E deficient2 (vte2)
mutant plants, which are compromised in both tocopherol and benzoquinol precursor accumulation, exhibit increased
susceptibility toward compatible P. syringae and possess heightened levels of markers of lipid peroxidation after bacterial
infection. The deficiency of triunsaturated fatty acids in vte2-1 fatty acid desaturase3-2 (fad3-2) fad7-2 fad8 quadruple mutants
prevents increased lipid peroxidation in the vte2 background and restores pathogen resistance to wild-type levels. Therefore, the
tocopherol biosynthetic pathway positively influences salicylic acid accumulation and guarantees effective basal resistance of
Arabidopsis against compatible P. syringae, possibly by protecting leaves from the pathogen-induced oxidation of trienoic fatty

acid-containing lipids.

Upon inoculation with microbial pathogens,
plants activate a diverse array of metabolic pathways.
Thereby biosynthesized plant metabolites can posi-
tively or negatively influence plant pathogen resis-
tance (Zeier, 2013). For instance, the shikimate pathway
product salicylic acid (SA) accumulates in the leaves
of pathogen-inoculated plants and orchestrates the
induction of local resistance responses against bio-
trophic and hemibiotrophic pathogen attack, such as
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pattern-triggered immunity (PTL also referred to as
basal immunity) and effector-triggered immunity (ETI;
Wildermuth et al., 2001; Spoel and Dong, 2012; Cui
et al., 2015; Klessig et al., 2018). Plants can also extend
their defense efforts from inoculated to distal leaf tissue,
a phenomenon known as systemic acquired resistance
(SAR; Sticher et al., 1997). SAR confers broad-spectrum
immunity and is triggered by a pathogen-inducible
L-Lys catabolic pathway that produces the nonpro-
tein amino acid pipecolic acid (Pip) and its oxidized
derivative N-hydroxypipecolic acid (NHP). NHP ac-
cumulation is necessary for SAR and the associated
defense-priming phenomenon, and a positive interplay
between NHP and SA ensures the strong resistance
elevation of SAR-induced plants (Navarova et al,
2012; Bernsdorff et al., 2016; Hartmann et al., 2017,
2018). The defensive proteins ENHANCED DISEASE
SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN-DE-
FICIENT4 (PAD4) are important components of PTI,
ETI, and SAR, and they positively regulate the induc-
tion of both SA and NHP biosynthesis (Jirage et al.,
1999; Feys et al., 2001; Wiermer et al., 2005; Hartmann
et al., 2018; Hartmann and Zeier, 2019).

Constitutively synthesized phytoanticipins and/or
inducible phytoalexins represent another category of
plant defensive metabolites. They contribute to patho-
gen resistance by directly exerting antimicrobial activity
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on attacking microbes (Bednarek and Osbourn, 2009;
Ahuja et al., 2012). Arabidopsis (Arabidopsis thaliana)
possesses a comprehensive Trp-derived metabolism that
leads to the pathogen-inducible accumulation of sev-
eral indolic defense compounds with potential antimi-
crobial activity, such as camalexin, indole-3-carboxylic
acid (ICA), 4-hydroxyindole-3-carbonyl nitrile, and the
indole glucosinolate-hydrolysis product indole-3-ylme-
thylamine (Glawischnig, 2007; Bednarek et al., 2009;
Rajniak et al., 2015; Stahl et al., 2016).

Leaves of Arabidopsis inoculated with the hemi-
biotrophic bacterial pathogen Pseudomonas syringae and
other necrosis-inducing plant pathogens enzymati-
cally form oxylipins, such as jasmonic acid (JA) and
12-oxophytodienoic acid (OPDA; Block et al., 2005;
Grun et al., 2007; Mishina and Zeier, 2007). In concert
with ethylene (ET), JA activates a defense signaling
network that provides plant protection against patho-
gens with necrotrophic feeding mode (Thomma et al.,
2001). The trienoic fatty acids a-linolenic acid (18:3)
and hexadecatrienoic acid (16:3) constitute the biosyn-
thetic precursors of JA and related oxylipins (Vick and
Zimmerman, 1984, Weber et al., 1997). In Arabidopsis,
they are generated by the desaturation of fatty acids via
the combined action of FATTY ACID DESATURASE3
(FAD3), FAD?7, and FADS (McConn et al., 1997).

Terpenoids are considered to be the largest and most
versatile class of plant natural products (Bohlmann and
Keeling, 2008). Upon P. syringae attack, Arabidopsis
increases the generation of the volatile terpenoid (E,E)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene (Attaran et al.,
2008). In addition, Arabidopsis leaves synthesize the
unsaturated sterol stigmasterol from B-sitosterol upon
P. syringae inoculation. Stigmasterol integrates into
cell membranes and favors susceptibility to bacterial
infection (Griebel and Zeier, 2010). Furthermore, the
levels of the carotenoid-derived plant stress hormone
abscisic acid (ABA) rise in leaves infected with virulent
P. syringae (de Torres Zabala et al., 2009; Gruner et al.,
2013). ABA thereby favors postinvasive multiplication
of bacteria in leaves by interfering with the SA defense
pathway (de Torres Zabala et al., 2009; Ding et al.,
2016).

Specific branches of the shikimate and terpenoid
pathways converge for the biosynthesis of tocoph-
erols. Together with tocotrienols, tocomonoenols,
and plastochromanol-8 (PC-8), tocopherols belong to
a group of lipophilic hydroxychroman derivatives
termed tocochromanols (DellaPenna and Pogson,
2006; Dormann, 2007; Mene-Saffrané, 2017). Toco-
chromanols are almost exclusively synthesized
by photosynthetic organisms, possess antioxidant
capacity, and are essential for the human diet;
hence, they are paraphrased by the term vitamin E
(Schneider, 2005; Mene-Saffrané, 2017). They are
composed of a methylated chroman-6-ol head group
and a lipophilic polyprenyl side chain that varies in
different tocochromanol types. In tocopherols, the
most abundant tocochromanols in vascular plants
(Esteban et al., 2009; Falk and Munné-Bosch, 2010), the
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lipophilic chain is derived from phytyl-diphosphate
(phytyl-PP; Vom Dorp et al.,, 2015; Mene-Saffrané,
2017). The four naturally occurring tocopherol forms
are a-, 3-, y-, and 6-tocopherol, which differ in number
and position of methyl groups on their chromanol
group (DellaPenna and Pogson, 2006).

The endogenous levels of the different tocopherol
forms in plants vary between different tissues. Seeds
mainly produce y-tocopherol, whereas leaf chloroplast
membranes predominantly contain a-tocopherol. To-
copherols possess antioxidant properties, can chemi-
cally scavenge various types of reactive oxygen species
(ROS), and prevent the oxidation of polyunsaturated
lipids. By this means, they exert critical protective
functions in seeds and in the chloroplast membrane
(Dérmann, 2007; Maeda and DellaPenna, 2007; Falk
and Munné-Bosch, 2010). Studies on tocopherol-
deficient Arabidopsis mutants show that tocopherols
are vital for seed longevity, early seedling develop-
ment, and overall plant fitness (Sattler et al., 2004;
Meéne-Saffrané et al., 2010). Moreover, tocopherol levels
increase in plants in response to various abiotic
stressors, and mutant analyses suggest that they are
involved in plant tolerance to high light, cold, drought,
heavy metal, and salinity stress (Bergmiiller et al., 2003;
Collakova and DellaPenna, 2003b; Havaux et al., 2005;
Maeda et al., 2006; Collin et al., 2008; Ellouzi et al.,
2013).

In this study, we show that inoculation of Arabi-
dopsis leaves with P. syringae significantly activates
tocopherol biosynthesis, which results in a strong ac-
cumulation of y-tocopherol in infected leaves. We
provide biochemical and regulatory information on this
pathogen-inducible tocopherol response and show that
vitamin E deficient2 (vte2) mutant plants impaired in the
generation of both tocopherols and tocopherol precur-
sors exhibit increased pathogen-induced generation of
lipid peroxidation markers, attenuated SA biosynthe-
sis, and increased susceptibility to compatible P. syrin-
gae. Our data indicate that tocopherol biosynthesis is
subject to EDS1/PAD4 regulation and required for
proper basal immunity of Arabidopsis to compatible
bacterial pathogens.

RESULTS

Inoculation with P. syringae Induces Tocopherol
Biosynthesis in Arabidopsis Leaves and Results in a Strong
Accumulation of y-Tocopherol

Genome-wide expression analyses show that the in-
oculation of Arabidopsis leaves with P. syringae triggers
a large transcriptional response in both the locally in-
oculated and systemic leaf tissue (Gruner et al., 2013; de
Torres Zabala et al., 2015; Lewis et al., 2015; Bernsdorff
et al., 2016). Evaluation of two different sets of micro-
array data from leaf samples of Columbia-0 (Col-0) in-
oculated with compatible P. syringae pv maculicola
ES4326 (Psm), compatible P. syringae pv tomato DC3000

1009



Stahl et al.

(Pst), or incompatible Pst avrRpml suggested that
the expression levels of several tocopherol biosyn-
thetic genes are changed following bacterial attack
(Supplemental Table S1).

The biosynthesis of tocopherols in plants involves a
two-step conversion of L-Tyr to homogentisic
acid (HGA), the precursor for the chromanol ring of
tocopherols (Fig. 1). L-Tyr is first deaminated to
p-hydroxyphenylpyruvate (HPP) by Tyr amino-
transferase. In Arabidopsis, TYROSINE AMINO-
TRANSFERASE1 (TAT1) takes over a significant
portion of this transamination reaction (Riewe et al.,
2012; Wang et al., 2019). In a second step, HPP is
oxygenated to HGA by p-hydroxyphenylpyruvate
dioxygenase (HPPD; DellaPenna and Pogson, 2006).
The lipophilic side chain of tocopherols originates
from phytyl-PP that is either synthesized de novo out
of geranylgeranyl diphosphate or arises from the
degradation of chlorophyll (Vom Dorp et al., 2015).
The HGA phytyltransferase VTE2 condenses phytyl
diphosphate and HGA to generate the benzoquinol
derivative 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ),
which can subsequently be methylated to 2,3-dimethyl-
6-phytyl-1,4-benzoquinol (DMPBQ) by the methyl-
transferase VTE3 (Fig. 1). The tocopherol cyclase VTE1
then catalyzes the intramolecular cyclization of MPBQ
and DMPBQ, respectively, to - and y-tocopherol. Fi-
nally, VIE4, another methyltransferase, methylates
the chromanol head groups of 6- and y-tocopherol to
generate B- and a-tocopherol, respectively (Fig. 1). We

Figure 1. The tocopherol biosynthetic pathway in
Arabidopsis and its P. syringae-triggered induction
in leaves. Tyr, L-Tyr. In Arabidopsis, TATT and
HPPD are localized in the cytosol, while other
tocopherol pathway enzymes are in the chloro-
plast (Mene-Saffrané, 2017). The coloring of the
tocopherol biosynthetic genes represents their
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examined the transcript levels of the tocopherol bio-
synthetic genes TAT1, HPPD, VTE1, VTE2, VTE3, and
VTE4 by reverse transcription quantitative PCR
(RT-qPCR) analysis in leaves of plants inoculated with
virulent Psm and avirulent, hypersensitive response
(HR)-inducing Psm avrRpm1 at 48 h post inoculation
(hpi). Notably, the leaf expression levels of the early
tocopherol biosynthetic genes TAT1, HPPD, and VTE2
significantly increased in response to inoculation with
Psm and Psm avrRpm1 (Fig. 2). By contrast, VTE3 and
VTE4 transcript levels decreased after bacterial inocu-
lation, and expression levels of VTEl remained un-
changed in response to Psm or Psm avrRpm1 inoculation
(Fig. 2). These observations were consistent with the
tendencies displayed by the public microarray data
(Supplemental Table S1).

To examine if the altered leaf expression levels of
tocopherol biosynthetic genes after bacterial attack
were associated with changes in tocopherol levels, we
conducted gas chromatography-mass spectrometry
(GC-MS)-based metabolite analysis of extracts from
Psm-, Psm avrRpm1-, and mock-infiltrated Col-0 leaves
(Supplemental Fig. S1). We thereby determined the
levels of the four different tocopherols in inoculated
leaves at 10, 24, and 48 hpi and compared them with the
accumulation of SA in the same time period (Fig. 3).
This analysis confirmed that a-tocopherol, which had
basal levels of about 15 ug g~ ! fresh weight in the
leaves of mock-control plants, constitutes the main leaf
tocopherol form in unstressed Arabidopsis Col-0 plants

COH P Ho.

— &P
At1g06570 OH
CH,CO,H

Phytyl-PP —~. HGA

VTE2) At2g18950

degree of regulation in response to P. syringae
inoculation (red, strongly up-regulated; orange, Ho

H HO. = H
moderately up-regulated; black, no significant 3 P 3
change; green, down-regulated). The coloring of OH MPBQ N 7:73/_’ H,C OH DMPBQ
the frames surrounding the metabolites indicates CH, At3g63410 CH,

the degree of pathogen-induced metabolite ac-

cumulation (red, strong; orange, moderate; gray, pryeN TN

no significant change), and the frame line widths (VIET) At4g32770 TED

illustrate the absolute levels of the metabolites in

3-tocopherol

inoculated leaves of wild-type plants. Ho A
6
7' 1
Y o
CH,
N

1
(VTE4) At1g64970

CH,

HO HO
H 4 H
o W H,C o "'/[/\)\43/

B-tocopherol 3 a-tocopherol

1010

Plant Physiol. Vol. 181, 2019


http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1

[Imgcl, M psm [ Psm avrRpm1

Tocopherols in Arabidopsis Immunity

Figure 2. Inoculation of Arabidopsis leaves with
compatible Psm or HR-inducing Psm avrRpm1
trigger transcriptional changes of genes involved
in tocopherol biosynthesis. Relative expression
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(DellaPenna, 2005). The levels of a-tocopherol did
not substantially alter in response to bacterial attack
in the majority of performed experiments (Fig. 3A;
Supplemental Figs. S2B and S3). With values around 0.2
ug g ! fresh weight, the basal levels of y-tocopherol
were markedly lower than those of a-tocopherol. No-
tably, y-tocopherol started to accumulate from 10 h
after inoculation upon attack by both the compatible
and the incompatible P. syringae strain and reached
high values of about 15 ug g~! fresh weight at 48 hpi
(Fig. 3B; Supplemental Fig. S2A). Moreover, the con-
tents of 8-tocopherol rose from barely detectable basal
levels to pathogen-induced levels between 0.2 and 0.5
ug g~ ! fresh weight (Fig. 3C; Supplemental Fig. S2C),
and the levels of B-tocopherol remained unchanged at
basal levels between 0.2 and 0.3 ug g ! fresh weight
after bacterial inoculation (Fig. 3D; Supplemental Fig.
52D). Comparatively, the phenolic defense hormone SA
accumulated strongly at 10 h after both Psm and Psm
avrRpm1 treatment (Fig. 3E), indicating that SA pro-
duction starts earlier than tocopherol biosynthesis in
response to bacterial inoculation. In accordance with
previous results (Attaran et al., 2009), SA also markedly
accumulated in systemic leaves distant from P. syringae
inoculation, while the levels of tocopherols hardly
changed in the systemic tissue (Fig. 3). Together, our
data indicate that early genes of the tocopherol bio-
synthetic pathway are transcriptionally activated

Plant Physiol. Vol. 181, 2019

following leaf attack by virulent and avirulent
P. syringae and that this culminates in a strong accu-
mulation of y-tocopherol and more moderate increases
in 6-tocopherol in the inoculated tissue.

y-Tocopherol Accumulates in Response to Exogenous
Flagellin or ROS Treatments, and Its Pathogen-Inducible
Biosynthesis Is Boosted by EDS1/PAD4 Signaling

To examine the regulatory principles of the
P. syringae-inducible activation of tocopherol biosyn-
thesis, we determined the levels of the most strongly
accumulating tocopherol variant, <y-tocopherol, in
Arabidopsis mutant plants that exhibit defects in de-
fense- or stress hormone-related signaling pathways
(Fig. 4). At 48 hpi, the accumulation of y-tocopherol
upon Psm inoculation was wild type like in the JA bi-
osynthetic mutant delayed dehiscence2 (dde2; von Malek
et al.,, 2002), the JA perception-defective mutant coro-
natine insensitivel (coil-35; Xie et al., 1998), the ET sig-
naling mutant ethylene responsel (etrl; Bleecker et al.,
1988), the ABA biosynthetic mutant ABA deficient2
(aba2-1; Léon-Kloosterziel et al., 1996), the Pip and NHP
biosynthetic mutant agd2-like defense response proteinl
(ald1; Navarova et al., 2012; Hartmann et al., 2018), the
SA biosynthetic mutant salicylic acid induction deficient2
(sid2-1; Wildermuth et al., 2001), the NahG transgenic
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Figure 3. Temporal accumulation of tocopherols and SA upon Psm and
Psm avrRpm1 inoculation. Endogenous levels of a-tocopherol (A),
y-tocopherol (B), 8-tocopherol (C), B-tocopherol (D), and SA (E) are
shown in treated (local) leaves of Arabidopsis Col-0 plants at 10, 24, and
48 h following MgCl, treatment, Psm inoculation, or Psm avrRpm1
inoculation (ODggo = 0.005 each) and in distant (systemic) leaves at
48 h post treatment. Values are given in ug g~ fresh weight (FW) and
represent means * sp of at least three biological replicates. Each rep-
licate sample consisted of tissue from different plants. Six leaves from
two plants were pooled for one replicate. Asterisks denote statisti-
cally significant differences between control (MgCl,) values and
values of Psm- or Psm avrRpm1-treated leaf samples: ***, P < 0.001;
** P <0.01; and *, P < 0.05 (two-tailed Student’s ¢ test).

line deficient in SA accumulation (Lawton et al., 1995),
and the SA perception-defective mutant nonexpressor of
pathogen-related genel (npr1-3; Fig. 4A; Cao et al., 1997).
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By contrast, y-tocopherol accumulation at 48 hpi was
greatly reduced in the eds1-2 and pad4-1 defense sig-
naling mutants (Fig. 4A; Jirage et al., 1999; Bartsch et al.,
2006). This compromised induction of tocopherol bio-
synthesis in eds1-2 and pad4-1 was associated with an
attenuated pathogen-induced accumulation of Tyr, the
tocopherol precursor amino acid, in these mutants
(Fig. 4B). In addition, Arabidopsis constitutive expression
of PR genes5 (cpr5-2; Bowling et al., 1997; Mateo et al.,
2006), which exhibits constitutively activated immune
signaling and ROS production, contained elevated
v-tocopherol levels in the absence of pathogen chal-
lenge (Fig. 4A). However, respiratory burst oxidase ho-
molog D (rbohD), which is compromised in the oxidative
burst that follows attack by avirulent P. syringae strains
such as Psm avrRpm1 or Pst avrRpm1 (Fig. 4A; Torres
et al., 2002; Griebel and Zeier, 2010), showed increases
in y-tocopherol levels similar to the wild type upon Psm
or Psm avrRpm1 inoculation (Fig. 4A).

Treatment with bacterial flagellin and exogenously
applied ROS can induce defense responses and meta-
bolic alterations, such as stigmasterol accumulation in
Arabidopsis leaves (Mishina and Zeier, 2007; Griebel
and Zeier, 2010). We therefore examined if flagellin
acts as a trigger for inducible y-tocopherol generation
by leaf-infiltrating Col-0 plants with a solution of
100 nM flg22, the elicitor-active 22-mer peptide corre-
sponding to the consensus sequence of bacterial fla-
gellin (Gomez-Gémez et al, 1999). y-Tocopherol
significantly accumulated in the flg22-treated leaves,
albeit to lower absolute levels than in P. syringae-
inoculated leaves (Fig. 4C). One of the earliest re-
sponses of plants after flagellin perception is O, pro-
duction (Qi et al., 2017). We thus tested whether an
enzyme/substrate mix of 0.5 units mL~! xanthine oxi-
dase (XO) and 0.5 mm xanthine (X), which generates O,-
in Arabidopsis leaves to stress-physiological levels
(Delledonne et al., 1998), would induce y-tocopherol
accumulation. Indeed, leaf infiltration with an XO/X
mixture caused a similar increase in y-tocopherol levels
compared with treatment with flg22 (Fig. 4D).

Together, these results indicate that the pathogen-
inducible biosynthesis of y-tocopherol and its precursor
amino acid Tyr in Arabidopsis is strongly promoted
by the EDS1/PAD4 defense signaling node. Moreover,
activation of tocopherol biosynthesis proved to be inde-
pendent of SA signaling and of the NHP-, JA-, ET-, and
ABA-associated defense pathways, and stimulation with
bacterial flagellin as well as exogenous treatment with O,"
was sulfficient to induce tocopherol biosynthesis.

Pathogen-Inducible Tocopherol Biosynthesis Requires
Intact VTE1 and VTE2 Genes, Largely Depends on TATI,
and Is Qualitatively Altered in Plants with Mutated VTE4
and VTE3 Alleles

To further characterize the biotic stress-inducible
generation of tocopherols in Arabidopsis leaves, we
took advantage of the availability of mutant plants

Plant Physiol. Vol. 181, 2019
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Figure 4. Regulatory aspects of inducible tocopherol biosynthesis. A, The Psm-triggered induction of y-tocopherol biosynthesis
in Arabidopsis leaves is dependent on EDST and PAD4 but independent of SA signaling. Accumulation of y-tocopherol is shown
in the leaves of wild-type Col-0 and different mutant plants impaired in defense- or stress hormone-related signaling at 48 h after
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biosynthesis), cpr5-2 (constitutive defense responses and ROS production), coiT-35 (JA insensitive), rbohD (deficient in oxida-
tive burst-associated O, production), ald1 (deficient in Pip and NHP biosynthesis), sid2-1 (deficient in SA biosynthesis), npri-3
(deficient in SA signal transduction), eds1-2 (defective in EDST), pad4-1 (defective in PAD4), and NahG (deficient in SA accu-
mulation). Different letters above the bars denote statistically significant differences (P < 0.05, ANOVA and posthoc Tukey’s
honestly significant difference [HSD] test). Other details are as described in Figure 3. B, Psm-inducible accumulation
of the tocopherol precursor amino acid Tyr is promoted by EDS1 and PAD4 signaling. Levels of Tyr are shown in control
(MgCl,-infiltrated) leaves and Psm-inoculated leaves of Col-0, eds7-2, and pad4-1 plants at 24 h post infiltration. Details are as
described in (A). C and D, Exogenous treatment with flagellin and generation of O,~ both trigger the induction of y-tocopherol
biosynthesis. C, Leaves of Col-0 plants were infiltrated with 100 nm flg22 peptide or water (mock). D, A mixture of 0.5 units mL~"
XO and 0.5 mm X or 0.5 mm X without enzyme (mock treatment) was infiltrated into leaves. Leaves were harvested 48 h post
treatment for analyses. Other details are as described in Figure 3. FW, Fresh weight.

impaired in the aforementioned steps of the tocopherol
biosynthetic pathway (Fig. 1). The employed mutants
included the gene knockout lines vtel and vte2-2 that
were previously obtained from ethyl methanesulfonate
mutagenesis (Porfirova et al., 2002; Havaux et al., 2005).
Former analyses of different vtel and vte2 mutants
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indicated that tocopherols are strongly reduced in their
leaves under stress-free conditions (Porfirova et al.,
2002; Sattler et al., 2003; Havaux et al., 2005). To ex-
amine a possible accumulation of tocopherols in the
leaves of vtel and vte2-2 mutant plants in response to
biotic stress, we compared the leaf tocopherol levels at
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48 h after Psm and mock treatments in the two mutants
with those of the wild-type Col-2 and Col-0 plants. Col-
2 and Col-0 plants both showed similar tocopherol ac-
cumulation patterns at 48 hpi (Fig. 5), just as described
in the previous experiments for Col-0 (Fig. 3). By con-
trast, the leaves of mock- and Psm-treated vtel plants
only contained faint levels of all four tocopherol
forms, indicating that both the basal and inducible bi-
osynthesis of tocopherols is virtually absent in vtel
(Fig. 5). Similar to wvtel, the leaves of vte2-2 control
plants exhibited strongly reduced basal levels of
a-tocopherol and only traces of the other tocopherols.
Moreover, upon Psm inoculation, vte2-2 lacked the
d-tocopherol accumulation observed in the wild type
and showed strongly diminished accumulation of
v- and a-tocopherol (Fig. 5). Thus, the P. syringae-
inducible tocopherol biosynthesis in Arabidopsis leaves
essentially requires both intact HGA phytyltransferase
VTE2 and tocopherol cyclase VTE1 genes (Fig. 1).

We also analyzed tat1-2 mutant plants (SALK_141402),
which harbor a T-DNA insertion in the Tyr aminotrans-
ferase gene TAT1 and exhibit reduced basal tocopherol
levels (Wang et al., 2019). Consistently, tat1-2 showed less
than half of the levels of a- and B-tocopherol than the Col-
0 wild type in mock-control plants. Moreover, the strong
and moderate accumulation of y- and §-tocopherol ob-
served for Col-0 plants, respectively, were both attenuated
by more than 50% in tat1-2 mutant plants (Fig. 5). This
indicates that a large part of inducible tocopherol bio-
synthesis proceeds via TATI.

In addition, we examined tocopherol levels in the
SALK_031151 line that carries a predicted T-DNA in-
sertion in the MPBQ methyltransferase gene VTES3. For
this line, however, we only identified plants heterozy-
gous for the T-DNA integration by PCR-based geno-
typing (Alonso et al., 2003), which might be related to
the previously described viability defects of homozy-
gous vte3 mutants (Cheng et al., 2003). We thus
employed heterozygous plants termed VTE3/vte3-3
for tocopherol analyses. The VTE3/vte3-3 plants
showed wild type-like levels of a-tocopherol but de-
creased accumulation of y-tocopherol. Conversely, 8-
and B-tocopherol moderately overaccumulated in
VTE3/vte3-3 after Psm inoculation. Finally, we exam-
ined vte4-2 mutant plants that carry a T-DNA insertion
in the coding sequence of the y-tocopherol methyl-
transferase gene VTE4 (Fig. 1; Bergmiiller et al., 2003).
Consistent with previous findings (Bergmdiller et al.,
2003), leaves of noninoculated vte4-2 plants lacked
basal levels of a- and B-tocopherol and contained
strongly and moderately elevated levels of y- and
o-tocopherol, respectively. Moreover, Psm inoculation
resulted in a strong overaccumulation of y-tocopherol
to levels of about 25 ug g~ ! fresh weight and a wild
type-like 8-tocopherol accumulation, while «- and
B-tocopherol remained undetectable. Together, the
qualitative changes of the individual tocopherol levels in
VTE3/vte3-3 and vte4-2 plants are consistent with the
functions of VTE3 and VTE4 as MPBQ methyltransferase
and y-/8-tocopherol methyltransferase, respectively.
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Figure 5. Psm-triggered tocopherol accumulation in leaves is quanti-
tatively and qualitatively altered in tocopherol biosynthetic mutants.
Endogenous levels of tocopherols are shown in leaves of different
Arabidopsis lines infiltrated with 10 mm MgCl, (mock treatment) or
inoculated with Psm at 48 h post treatment. Different letters above the
bars denote statistically significant differences of the values in each
section (P < 0.05, ANOVA and posthoc Tukey’s HSD test). Other details
are as described in Figure 3. The vte? mutant is in the Col-2 background;
all the other mutants are in the Col-0 background. A, Levels of
v-tocopherol. B, Levels of a-tocopherol. C, Levels of 8-tocopherol. D,
Levels of B-tocopherol. FW, Fresh weight.

Our analyses also demonstrate that the pathogen-
inducible tocopherol biosynthetic pathway is chan-
neled to predominantly produce tocopherols with a
methyl group at the 7-position of the chromanol ring
(mainly y-tocopherol and occasionally a-tocopherol;
Fig. 1).

vte2 Mutant Plants Exhibit Increased Susceptibility to
Virulent P. syringae

We next examined whether the observed accumula-
tion of tocopherols in P. syringae-inoculated leaves
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would be functionally relevant for immunity against
bacterial infection. To determine plant basal resistance
to P. syringae, we leaf inoculated the tocopherol bio-
synthetic mutants and the corresponding wild-type
accessions with a compatible Psm strain that expresses
the luxCDABE operon from Photorhabdus luminescens
(Psm lux) and assessed bacterial growth via the quan-
tification of bioluminescence (Fan et al., 2008; Gruner
et al., 2018; Hartmann et al., 2018). Bacterial growth in
the leaves of vtel, VTE3/vte3-3, vte4-2, and tatl-2 was
similar to the respective wild type, but the vte2-2 mu-
tant allowed significantly higher bacterial proliferation
than the wild-type Col-0 and the other lines under
investigation (Fig. 6A). In several independent experi-
ments, the average numbers of Psm [ux in the leaves
of vte2-2 were fourfold to eightfold higher than the
numbers in Col-0 leaves at 60 hpi (Fig. 6, A and C;
Supplemental Fig. S4), indicating that vte2-2 suffers
from impaired basal resistance to infection by the vir-
ulent P. syringae strain. Moreover, vte2-1, another VTE2
loss-of-function mutant, showed a similar deficiency
in basal resistance to vte2-2 (Fig. 6C). This impaired
basal immunity was also evident on the phenotypic
level, since leaves of vte2-2 plants showed more pro-
nounced disease symptoms in terms of leaf yellowing
and necrosis than the other lines under investigation
(Supplemental Fig. S5). Together, these results indicate
that the HGA phytyltransferase gene VTE2 is required

>
(o1}
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for a full basal immune response of Arabidopsis against
challenge by compatible P. syringae.

Alocalized leaf inoculation with Psm can induce SAR
in the entire Arabidopsis foliage (Mishina and Zeier,
2007). Since common regulatory principles of basal re-
sistance and SAR have been described previously (Shah
and Zeier, 2013), we tested whether the defect of vte2 in
basal immunity would be accompanied by compro-
mised SAR. To this end, Col-0 and vte2-2 plants were
either inoculated with Psm in three lower (1°) leaves or
mock treated in 1° leaves with 10 mm MgCl, (Mishina
and Zeier, 2007). Two days later, SAR establishment
was assessed by challenging upper (2°) leaves of the
differently pretreated plants with Psm [ux and deter-
mining bacterial growth in 2° leaves 2.5 d later. Bacte-
rial growth was decreased to a similar factor in Col-0
and vte2-2 plants as a consequence of the Psm pre-
inoculation, suggesting that VTE2 and an intact to-
copherol biosynthetic pathway are not necessary for
SAR activation (Fig. 6D). However, as with naive
or mock-pretreated control plants, SAR-induced
vte2-2 mutants allowed higher bacterial growth than
SAR-induced Col-0 plants (Fig. 6D), indicating that
tocopherols strengthen the levels of resistance to the
compatible Psm lux strain under both basal and SAR-
induced conditions.

Our finding that tocopherol levels also increased in
response to the incompatible Psm avrRpml strain

Figure 6. VTE2 contributes to basal resis-
tance against Psm infection. A to C, Basal

a resistance to Psm infection of different
Arabidopsis lines. Three leaves of naive
—I— plants were inoculated with biolumines-

cent Psm lux (ODggo = 0.001), and bac-
terial numbers in leaves were assessed 60 h
later. Data represent means = sp of growth
values from at least 10 replicate plants.
Different letters above the bars denote
statistically significant differences (P <
0.001, ANOVA and posthoc Tukey’s HSD
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test). The results were similar in three in-
dependent experiments (see Supplemental
Fig. S4). D, Systemic acquired resistance in

Col-0 and vte2-2 plants. Three lower (1°)
leaves of a given plant were infiltrated with

[] 1° leaves: MgCl,
Il 1° leaves: Psm
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100 -
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10 mm MgCl, or inoculated with Psm
5.5 (ODgoo = 0.005), and three upper (2°)

4.8 [ leaves were challenge inoculated 2 d later
[ 2 with Psm lux (ODgoo = 0.001). Growth of
b —I— Psm lux in 2° leaves was assessed 60 h post
b 2° challenge inoculation. Data represent

c means * sp of growth values from at least
nine replicate plants. Different letters
above the bars denote statistically signifi-
cant differences (P < 0.01, ANOVA and
posthoc Tukey’s HSD test). The numbers
above the brackets in D indicate the fold
growth reduction due to the SAR effect. The
results were similar in two independent

Col0 | vie22 experiments.
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prompted us to test whether specific resistance
against this avirulent, HR-inducing pathogen is al-
tered in tocopherol biosynthetic mutants. However,
resistance against Psm avrRpml was similar to the
wild type for all the tocopherol mutants under in-
vestigation (Supplemental Fig. 56).

vte2 Mutant Plants Are Impaired in Basal and P.
syringae-Induced (D)MPBQ Precursor Biosynthesis

The vte2-2 mutant is strongly deficient in basal and
Psm-inducible tocopherol biosynthesis and exhibits at-
tenuated basal resistance, which is in accordance with
the assumption that tocopherols could play a role in
basal immunity to bacterial infection. However, the
metabolic phenotype of the vtel mutant argued against
this hypothesis, because wvtel lacked basal and
pathogen-induced tocopherol accumulation and still
exhibited wild type-like basal resistance (Figs. 5 and 6).
A marked difference between vtel and vte2 mutant
plants concerns the basal levels of the benzoquinol
precursors MPBQ and DMPBQ, which are elevated in
vtel and diminished in vte2, respectively (Porfirova
et al., 2002; Sattler et al., 2003; Havaux et al., 2005).
We detected both tocopherol precursors with our GC-
MS-based method in the leaf extracts (Supplemental Fig.
S7;, Porfirova et al., 2002; Kobayashi and DellaPenna,
2008). Due to the unavailability of authentic stan-
dards, we could not determine absolute (D)MPBQ
amounts but were able to quantitatively assess the
treatment- and genotype-dependent relative levels of
the two tocopherol precursors in leaves. In the wild
type, the levels of both MPBQ and DMPBQ) started to
rise at 24 h post Psm or Psm avrRpm1 attack and were
strongly increased at 48 hpi in inoculated leaves
(Fig. 7A). This accumulation was significantly reduced
in tat1-2 and almost absent in vte2-2 (Fig. 7B). Consis-
tent with a role of VTE3 as an MPBQ methyltransferase,
MPBQ overaccumulated about fourfold in VTE3/vte3-3
(Fig. 7B). Moreover, the vtel mutant contained elevated
basal levels of DMPBQ and, compared with the Col-
2 wild type, overaccumulated this tocopherol precur-
sor to about 20-fold in response to Psm inoculation
(Fig. 7C). Due to the relative abundances of the MPBQ),
DMPBQ), and y-tocopherol peaks in the respective ion
chromatograms (Supplemental Fig. S7), we carefully
estimated the accumulation of MPBQ and DMPBQ at
48 h post Psm attack to be in the low ug/g range for
wild-type plants, suggesting that the pathogen-induced
DMPBQ levels in vtel are in a similar quantitative range
to the induced y-tocopherol levels of the wild type.
Together, the accumulation patterns of MPBQ and
DMPBQ upon bacterial inoculation are consistent with
the biosynthetic scenario depicted in Figure 1. More-
over, our analyses show that vte2 is the only tocopherol
biosynthetic mutant that is deficient in both tocopherol
and benzoquinol precursor accumulation, a character-
istic that is associated with enhanced susceptibility to
compatible P. syringae attack.
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The Enhanced Disease Susceptibility Phenotype of vte2 Is
Associated with Attenuated SA Biosynthesis and Increased
Production of Oxidation Markers for Triunsaturated Lipids
upon Bacterial Infection

We next examined whether the alleviated basal re-
sistance of vte2 was related to a compromised produc-
tion of defense-related metabolites in this mutant
(Fig. 8). At 24 h post Psm inoculation, the leaves of wild-
type Col-0 plants accumulated substantial amounts of
the pipecolate pathway products Pip and NHP, the
unsaturated sterol stigmasterol, the indolics camalexin
and ICA, the tocopherol precursor amino acid Tyr, SA,
and the glycosylated SA derivatives SA-B-glucoside
(SAG) and SA glucose ester (SGE). While Pip, cama-
lexin, ICA, and Tyr generation was similar in Col-0 and
vte2-2, NHP and stigmasterol production was moder-
ately more prominent in the mutant. Remarkably, the
pathogen-induced accumulation of SA, SAG, and SGE
was significantly lower in vte2-2 than in Col-0, so that
the total levels of SA (i.e. the sum of SA, SAG, and SGE)
were about 1.8-fold higher in wild-type than in vte2-2
leaves after Psm attack (Fig. 8). Therefore, the attenu-
ated resistance of vfe2 to Psm infection is accompanied
by a reduced biosynthesis of SA, a main determinant of
plant basal immunity.

Tocopherols, as well as their benzoquinol precursurs
MPBQ and DMPBQ), possess antioxidant activities and
can protect polyunsaturated lipids, such as trienoic
fatty acids, from oxidative damage (Schneider, 2005;
Sattler et al., 2006). For example, previous studies with
vte2 mutant plants indicated that tocopherols diminish
lipid peroxidation in Arabidopsis during seed and early
seedling development (Sattler et al., 2004, 2006). We
estimated the degree of lipid peroxidation using the
thiobarbituric acid (TBA) assay, which determines the
amounts of malondialdehyde and other aldehydic
products of the lipid peroxidation process (Hodges
et al., 1999; Yin et al., 2010; Ayala et al., 2014). The re-
sults of the TBA assay suggested that challenge of wild-
type Col-0 plants with Psm is accompanied by increased
lipid peroxidation in leaves (Fig. 9). The amount of lipid
peroxidation also increased in leaves inoculated with
the avirulent Psm avrRpm1 strain, but to a lower degree
than in leaves infected with compatible Psm (Fig. 9A).
Notably, the levels of estimated lipid peroxidation
products after Psm challenge were significantly higher
in both vte2-2 and vte2-1 compared with the wild type,
indicating increased pathogen-induced lipid perox-
idation in the vte2 plants (Fig. 9).

The biosynthesis of the plant trienoic fatty acids 18:3
and 16:3 in Arabidopsis is mediated by the three fatty
acid desaturases FAD3, FAD?7, and FADS, and a triple
mutant with defects in all three FAD genes (fad3-2 fad7-2
fad8) is deficient of trienoic fatty acid-containing leaf
lipids (McConn and Browse, 1996). Previous work has
employed a trienoic acid- and tocopherol-deficient fad3-
2 fad7-2 fad8 vte2-1 quadruple mutant to estimate the
degree of peroxidation of triunsaturated lipids in vte2
mutant plants (Méne-Saffrané et al., 2007). Notably, the

Plant Physiol. Vol. 181, 2019


http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00618/DC1

overproduction of lipid peroxidation products esti-
mated for vte2-1 in response to Psm attack was absent in
the fad3-2 fad7-2 fad8 vte2-1 mutant, and the quadru-
ple mutant plants showed similar Psm-induced per-
oxidation levels to wild-type and fad3-2 fad7-2 fad$8
triple mutant plants (Fig. 9B). This suggests that
the assessed overproduction of pathogen-induced

Tocopherols in Arabidopsis Immunity

TBA-reactive aldehydes in vte2? is due to the oxida-
tion of lipids composed of trienoic fatty acids. Inter-
estingly, the fad3-2 fad7-2 fad8 wvte2-1 quadruple
mutant exhibited similar resistance to Psm [ux infec-
tion than the wild type and the fad3-2 fad7-2 fad$ triple
mutant and higher basal resistance than vte2-1 and
vte2-2 plants (Fig. 6C). Therefore, the attenuated
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Figure 8. The vte2-2 mutant is not gener-
ally impaired in the production of defense-
related metabolites but exhibits attenuated
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basal resistance phenotype of Arabidopsis in the to-
copherol- and benzoquinol precursor-deficient vte2
background is related to the levels of trienoic fatty
acid-containing lipids in leaves and might be associ-
ated with decreased protection of these triunsatu-
rated lipids from peroxidation in the course of
bacterial pathogen attack.

To directly assess the levels of lipid-esterified trienoic
fatty acids, we performed lipid extraction from Psm-
inoculated and mock-control leaves according to Bligh
and Dyer (1959), transesterified extracted lipids with a
boron trifluoride/methanol solution, and analyzed
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the released methyl esters of 18:3 and 16:3 with GC-MS.
We observed the tendency that Psm inoculation causes
a decrease of lipid-bound 18:3 and 16:3 at 48 hpi and
that this tendency appeared more significant in the
vte2-2 mutant plants than in the Col-0 wild type
(Supplemental Fig. S8, A and B). In addition, we spot-
ted two substances in these analyses that markedly
increased upon Psm inoculation of leaves. The mass
spectrum of the compound with the higher retention
time was virtually identical to the published mass
spectrum of the methyl ester of iso-12-oxophytodienoic
acid (iso-OPDA; Supplemental Fig. S8, B and C;
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Figure 9. vte2 mutants exhibit increased oxida-
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Tukey’s HSD test). B, Assessment of lipid perox-
idation in leaves of mock-treated or Psm-
inoculated Col-0, vie2-1, vte2-2, and fad3-2

[ MgCl fad7-2 fad8 plants as well as in two different
S lines (59/60 and 63/64) of the quadruple mutant
B Psm fad3-2 fad7-2 fad8 vte2-1 at 48 h post treatment.

Details are as described in A.
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Dabrowska et al., 2011), an isomer of the 18:3-derived
oxylipin OPDA. The mass spectrum of the lower-mo-
lecular-weight compound differed in putative M* and
M*-OCHj3; ions by 28 mass units from the analogous
masses of the iso-OPDA spectrum but otherwise
exhibited a closely similar fragmentation pattern,
suggesting a putative iso-dinor-OPDA structure
for this compound (Supplemental Fig. S8, B and
D). Dinor-OPDA, the ET homolog of OPDA, was
reported as a 16:3-derived oxylipin (Weber et al.,
1997). The accumulation of both iso-OPDA and the
putative iso-dinor-OPDA upon Psm inoculation ten-
ded to be higher in samples from vte2-2 than Col-0
(Supplemental Fig. S8A), which is in line with our
assumption of heightened 18:3 and 16:3 oxidation in
the vte2 mutant.

DISCUSSION

Upon biotic stress exposure, plants induce the bio-
synthesis of a variety of metabolites that may activate
plant defense responses, possess antimicrobial activity,
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or otherwise exert influences on plant immunity.
Here, we report that leaf inoculation of Arabidopsis
plants with either a virulent or an HR-inducing
P. syringae strain results in a significant induction
of the tocopherol biosynthetic pathway (Fig. 1).
P. syringae challenge resulted in a massive accumu-
lation of y-tocopherol (up to ~15 pg g™ !) and a
moderate biosynthesis of &-tocopherol in leaves
(Figs. 3 and 5; Supplemental Fig. S2). The levels of
a-tocopherol, the dominant tocopherol form in un-
stressed Arabidopsis leaves (DellaPenna, 2005;
~12-15 ug g~ 1), remained unchanged in response to
bacterial attack in most of the performed experiments
(Figs. 3 and 5; Supplemental Fig. S2 and S3), and
B-tocopherol levels always were constant at low basal
levels (Figs. 3 and 5). Thus, at a stage of bacterial in-
fection that is characterized by the first appearance of
chlorotic disease symptoms (Supplemental Fig. S5),
Arabidopsis leaves possess about equal levels of
a- and y-tocopherol. In addition to tocopherols, P.
syringae inoculation of leaves triggers a significant
accumulation of MPBQ and DMPBQ, the direct bio-
synthetic precursors of tocopherols (Figs. 1 and 7).
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Biochemical and Regulatory Aspects of
Pathogen-Inducible Tocopherol Biosynthesis in
Arabidopsis Leaves

The pathogen-triggered activation of tocopherol bi-
osynthesis begins with an accumulation of the precur-
sor amino acid Tyr, which essentially provides the
phenolic ring of the chromanol head group (Fig. 1;
DellaPenna and Pogson, 2006). For instance, Tyr accu-
mulated in Arabidopsis leaves inoculated with the
compatible Psm strain or the HR-inducing P. syringae
pv tomato avrRpml strain sevenfold to 25-fold above
basal levels (Figs. 4B and 8F; Navarova et al., 2012;
Monteoliva et al., 2014). The increased availability of
Tyr is coupled with an enhanced expression of the early
tocopherol biosynthetic genes TAT1 and HPPD (Fig. 2;
Supplemental Table S1), which is supposed to direct the
metabolic flow toward the aromatic tocopherol pre-
cursor HGA (Fig. 1). The reduced tocopherol and (D)
MPBQ accumulation phenotype of the tat1-2 mutant
indicates that more than 50% of pathogen-inducible
tocopherol biosynthesis is mediated by the Tyr ami-
notransferase TAT1 (Figs. 5B and 7). To a similar ex-
tent, TAT1 is involved in basal tocopherol production
in unstressed leaves (Fig. 5B; Riewe et al., 2012;
Wang et al., 2019). Sequence comparisons suggest that
Arabidopsis possesses nine TAT1 homologs (Wang
et al., 2016), some of which might code for Tyr amino-
transferases that further contribute to basal and in-
ducible tocopherol biosynthesis. In Arabidopsis, TAT1
and HPPD are localized in the cytosol, while other to-
copherol pathway enzymes reside in the chloroplast.
Thus, transport processes such as export of plastid-
synthesized Tyr to the cytosol or plastidial import of
HGA might be involved in the regulation of tocopherol
biosynthesis (Bernsdorff et al., 2016, Meéne-Saffrané,
2017; Hartmann and Zeier, 2018).

In addition to TAT1 and HPPD, the HGA phytyl-
transferase gene VTE2 is significantly up-regulated in
response to bacterial attack (Fig. 2; Supplemental Table
S1). Besides HGA, VTE2-mediated MPBQ biosynthesis
requires phytyl-PP as a substrate (Méne-Saffrané, 2017).
Phytyl-PP for tocopherol biosynthesis mainly origi-
nates from the recycling of phytol moieties released in
the course of chlorophyll catabolism by two succes-
sive phosphorylation reactions catalyzed by the phytol
kinase VTE5 and the phytyl-phosphate kinase VTE6
(Ischebeck et al., 2006; Valentin et al., 2006; Vom Dorp
et al., 2015). Chlorophyll is markedly degraded in
Arabidopsis leaves suffering P. syringae infection
(Mecey et al., 2011; Supplemental Fig. S5), and this
might favor chlorophyll-derived phytyl-PP generation
for MPBQ and tocopherol biosynthesis. Therefore,
transcriptional activation of early pathway genes and
metabolic precursor availability supposedly represent a
main driving force for the P. syringae-induced accu-
mulation of tocopherols. This assumption is supported
by several previous studies. For example, feeding with
HGA and/or phytol was sufficient to trigger a signifi-
cant increase of tocopherol levels in plant cell cultures
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of different species (Furuya et al., 1987; Caretto et al,,
2004; Mene-Saffrané, 2017), and overexpression of the
VTE2 gene in transgenic Arabidopsis plants resulted in
a marked overaccumulation of tocopherols (Collakova
and DellaPenna, 2003a). Since only very small residual
tocopherol and (D)MPBQ levels were detected in vte2-2
mutant plants, the pathogen-inducible activation of
tocopherol biosynthesis proceeds almost exclusively
via the HGA phytyltransferase VTE2 (Figs. 5 and 7).

The expression levels of the (D)MPBQ cyclase gene
VTE1 did not alter in response to bacterial inoculation
(Fig. 2E). This suggests that the basal expression levels
of VTEI in wild-type plants are sufficient to effectively
cyclize the elevated amounts of benzoquinol substrates
generated upon P. syringae attack into tocopherols. In
spite of that, elevated VTEI transcription can promote
tocochromanol biosynthesis, as indicated previously
by the finding that VTEI-overexpressing Arabidopsis
lines showed increased tocopherol and PC-8 contents
(Kanwischer et al., 2005; Zbierzak et al., 2009). The
complete lack of tocopherols in P. syringae-inoculated
vtel mutants confirms that the pathogen-inducible
tocopherol biosynthesis entirely proceeds via VTE1
(Fig. 5), like the basal tocopherol production in un-
stressed plants (Porfirova et al., 2002). Consistently,
vtel strongly overaccumulated the direct y-tocopherol
precursor DMPBQ in response to Psm inoculation
(Fig. 7). By contrast, overaccumulation of the §- and
B-tocopherol precursor MPBQ was hardly observed in
vtel, suggesting that pathogen-inducible tocopherol
biosynthesis involves effective methylation of MPBQ
to DMPBQ and a subsequent VTEl-mediated cycli-
zation of DMPBQ to y-tocopherol. In this way, the
metabolic flow is directed toward generation of the 7-
methylated tocopherol variant y-tocopherol (Fig. 1),
which is, together with the constitutively synthe-
sized a-tocopherol, the predominant tocopherol form
in the P. syringae-inoculated wild-type leaf (Fig. 3;
Supplemental Fig. 52).

The methylation of MPBQ to DMPBQ in Arabidopsis
is catalyzed by the methyltransferase VIE3 (Cheng
et al., 2003). In line with the involvement of VTE3 in
the conversion of MPBQ to DMPBQ in P. syringae-
inoculated leaves, heterozygous VTE3/vte3-3 plants
overaccumulated MPBQ and é-tocopherol upon bac-
terial attack (Figs. 5 and 7). However, both our ex-
pression analyses and the evaluated microarray data
indicate that the VTE3 transcript levels in leaves be-
come significantly reduced following P. syringae inoc-
ulation (Figs. 1 and 2D; Supplemental Table S1). But the
microarray data also show that the absolute levels of
VTE3 transcription are high under basal and still no-
ticeable under biotic stress conditions (Supplemental
Table S1), which might explain that MPBQ-to-DMPBQ
conversion is not impaired in infected leaves. In addi-
tion to VTE3, the 6-/vy-tocopherol methyltransferase
gene VTE4 is down-regulated in response to bacterial
attack. This is in line with our findings that P. syringae
inoculation primarily results in the accumulation of
v- instead of a-tocopherol and that, on the level of the
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less prominent 7-unsubstituted tocopherols, 8- but not
B-tocopherol is increased upon inoculation (Figs. 1 and
3; Supplemental Fig. S2). Moreover, several studies
show that VTE4 activity may become limiting when the
metabolic flow through the tocopherol biosynthetic
pathway is high, as is the case in leaves challenged with
P. syringae. For example, transgenic Arabidopsis plants
expressing a bifunctional bacterial chorismate mutase/
prephenate dehydratase and thus overproducing HGA
exhibited increased y- but not a-tocopherol con-
tents (Tzin et al., 2009). In addition, tocopherol accu-
mulation in response to different abiotic stress stimuli
was invariably associated with significant increases
in y-tocopherol contents (Bergmiiller et al., 2003;
Collakova and DellaPenna, 2003b), and the induction
of leaf senescence was associated with a marked ac-
cumulation of vy-tocopherol (Mishina et al., 2007).
Arabidopsis seed tissue exhibits very low VTE4 tran-
script levels, and the seed oil contains y-tocopherol as
the major tocopherol form. However, when VTE4 was
overexpressed in Arabidopsis, the seed oil composi-
tion shifted in favor of a-tocopherol (Shintani and
DellaPenna, 1998; Mene-Saffrané, 2017). Together,
these findings indicate that vy-tocopherol methyl-
transferase activity is limiting in wild-type Arabi-
dopsis seeds and in leaves of plants that suffer from
biotic and abiotic stress conditions, which in either
case results in a strong production of y-tocopherol in
the respective tissue.

The compatible Psm and the HR-inducing Psm
avRpm1 strain triggered tocopherol accumulation,
suggesting that both PTI and ETI might be involved
in the activation of tocopherol biosynthesis (Fig. 3).
Analyses of Arabidopsis mutants impaired in biotic
stress-related hormonal pathways indicate that the
P. syringae-triggered induction of tocopherol bio-
synthesis largely proceeds independently of the SA-,
NHP-, JA-, and ET-induced defense pathways
(Fig. 4A), although JA and ET signaling have been
previously implicated in UV light- and drought
stress-induced tocopherol production, respectively
(Sandorf and Hollander-Czytko, 2002; Cela et al.,
2009). However, the pathogen-triggered production
of y-tocopherol and the precursor amino acid Tyr is
strongly potentiated by the immune regulators EDS1
and PAD4 (Fig. 4, A and B). The EDS1 and PAD4
proteins physically interact with each other and build
a signaling node essential for basal resistance to
(hemi)biotrophic pathogen attack (Wiermer et al.,
2005). Following pathogen inoculation, EDS1/
PAD4 positively regulates the expression of a battery
of defense-related genes, the biosynthesis of SA, and
the accumulation of the phytoalexin camalexin
(Jirage et al., 1999; Feys et al., 2001; Wang et al., 2008).
Moreover, the EDS1/PAD4 node boosts Pip and
NHP biosynthesis in the course of SAR induction
(Néavarova et al., 2012; Hartmann et al., 2018). Im-
mune responses activated by EDS1/PAD4 are sepa-
rable into SA-dependent and SA-independent
branches, and regulation of expression of the NHP
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biosynthesis gene FLAVIN-DEPENDENT MONO-
OXYGENASEI falls into the second, SA-independent
signaling sector (Bartsch et al., 2006; Mishina and
Zeier, 2006). Since the accumulation of y-tocopherol
is not compromised in the SA pathway mutants sid2
and nprl (Fig. 4A), an SA-independent branch of
EDS1/PAD4 signaling also seems to operate in the
regulation of pathogen-induced tocopherol biosyn-
thesis (Fig. 10).

v-Tocopherol also accumulated in leaves upon
treatment with the flagellin peptide flg22 (Fig. 4B),
whose perception is sufficient to trigger defense re-
sponses such as ROS production (Gémez-Gémez et al.,
1999). Likewise, exogenous O, generation induced
v-tocopherol accumulation in leaves, and the Arabi-
dopsis cpr5-2 mutant that exhibits constitutively
heightened ROS levels contained elevated basal con-
tents of y-tocopherol (Fig. 4, A and D). Together, these
findings indicate that ROS have a triggering function in
the pathogen-inducible biosynthesis of tocopherols.
Our mutant analyses show that y-tocopherol accumu-
lation is independent of RbohD (Fig. 4A), the Arabi-
dopsis NADPH oxidase isoform primarily responsible
for the early oxidative burst triggered by avirulent
bacterial pathogens (Torres et al., 2002). This and the
relatively slow kinetics of tocopherol accumulation
(Fig. 3) support a scenario in which bacteria proliferate
in the leaf apoplast in the course of a plant-bacterium
interaction, thereby exposing a rising number of
pathogen-associated molecular patterns, which results
in increased PTI signaling, ROS generation, and finally
tocopherol accumulation (Fig. 10). Overall, the regula-
tory pattern of tocopherol accumulation is reminiscent
of the regulation of stigmasterol biosynthesis in P.
syringae-challenged leaves (Griebel and Zeier, 2010).
Interestingly, stigmasterol also accumulated in Arabi-
dopsis plants that overproduced hydrogen peroxide
specifically in the chloroplast due to overexpression of a
glycolate oxidase, indicating that the redox status of the
chloroplast can control immune-related metabolic al-
terations (Sewelam et al., 2014).

Tocopherol Biosynthesis Is Required for Effective Basal
Resistance of Arabidopsis to P. syringae

ROS production is a common molecular re-
sponse of plants exposed to distinct biotic and abiotic
stressors (Hasanuzzaman et al., 2012; Camejo et al.,
2016). Consistent with our finding that elevated ROS
can trigger the accumulation of y-tocopherol (Fig. 4C),
previous studies have described several abiotic stress
situations that stimulate tocopherol biosynthesis in
Arabidopsis. For example, plants exposed to UV light,
high light, heat, or cold significantly accumulated both
a- and y-tocopherol in leaves (Sandorf and Holldnder-
Czytko, 2002; Bergmidiller et al., 2003), while combined
nutrient deficiency and high light exposure led to fo-
liar increases in all four tocopherol forms (Collakova
and DellaPenna, 2003b). In addition, accumulation of
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Figure 10. Proposed model for the role of tocopherols in Arabidopsis basal resistance against compatible P. syringae. Leaf in-
oculation with Psmtriggers strong generation of y-tocopherol in addition to the constitutively synthesized a-tocopherol homolog,
resulting in high levels of both a- and y-tocopherol in the course of infection. The pathogen-induced biosynthesis of tocopherols
proceeds essentially via the biosynthetic scheme established previously for uninfected conditions (Fig. 1), is promoted by the
EDS1/PAD4 signaling node, and is induced by flagellin perception and ROS generation. The elevated tocopherol levels in
infected leaves (presumably together with elevated levels of their benzoquinol precursors) protect from pathogen-induced per-
oxidation of triunsaturated fatty acid-containing lipids, ensure effective SA biosynthesis, and contribute to basal resistance against

P. syringae.

a-tocopherol was detected in heavy metal-treated
and drought-stressed plants (Collin et al., 2008; Cela
et al., 2009). Mutant analyses indicate that tocoph-
erols contribute to the tolerance of plants to at least
some of these abiotic stresses. For instance, vte2, and
to a lesser extend vtel, exhibited diminished growth,
reduced seed production, and increased anthocya-
nin accumulation under extended low-temperature
treatment (Maeda et al., 2006). In addition, oxidative
stress, lipid peroxidation, and deficiency symptoms
induced by exposure to Cu and Cd were higher in
tocopherol-deficient vtel than in wild-type plants
(Collin et al., 2008), and vtel also exhibited increased
sensitivity to salinity stress (Ellouzi et al., 2013).
Together with additional mechanisms such as zea-
xanthin biosynthesis and nonphotochemical energy
dissipation, tocopherols also contribute to the tol-
erance to long-term high-light exposure (Havaux
et al., 2005).

The results of this study show that tocopherol bio-
synthesis is not only required for abiotic stress toler-
ance but also for plant basal immunity to bacterial
pathogen infection, because Arabidopsis vte2 mutants
exhibited compromised resistance to infection by
compatible Psm (Fig. 6, A and C; Supplemental Fig.
S4). The decreased resistance phenotype of vte2? is
associated with a significantly attenuated pathogen-
inducible biosynthesis of SA and its direct deriva-
tives SAG and SGE, while other defense-related
metabolites are produced to at least wild type-like
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levels in vte2 (Fig. 8). SA accumulation is critical for
basal resistance against distinct biotrophic and hemi-
biotrophic pathogens, including P. syringae (Nawrath
and Métraux, 1999; Wildermuth et al., 2001; Bernsdorff
et al.,, 2016; Klessig et al., 2018). The partially com-
promised biosynthesis of SA might thus be causative
for the observed susceptibility phenotype of vte2.
The triunsaturated fatty acids 18:3 and 16:3, which
are both susceptible to nonenzymatic oxidation (Mene-
Saffrané et al., 2009), typically account for the majority
of chloroplast membrane-bound fatty acids and for
more than 90% of the fatty acids of the major thylakoid
lipid monogalactosyldiacylglycerol (Routaboul et al.,
2000). By GC-MS analyses of transesterified leaf lipid
extracts, we found that membrane-bound 18:3 and 16:3
tend to decrease after Psm inoculation. This was asso-
ciated with increases in presumable 18:3- and 16:3-de-
rived oxylipins, which were detected to a higher degree
in vte2 than in the Col-0 wild type (Supplemental Fig.
S8). Moreover, as estimated by the quantification of
TBA-reactive aldehydic products, we observed aug-
mented lipid peroxidation in leaves following Psm
challenge. Lipid peroxidation was significantly higher
in vte2 than in wild-type plants, indicating that to-
copherol biosynthesis attenuates the Psm-induced per-
oxidation of leaf lipids (Fig. 9). Trienoic acid- and
tocopherol-deficient fad3-2 fad7-2 fad8 vte2-1 quadruple
mutants showed similar Psm-induced lipid perox-
idation to fad3-2 fad7-2 fad8 and wild-type plants, sug-
gesting that the increased peroxidation levels observed
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in vte2 result from oxidation of lipids that contain tri-
unsaturated fatty acids (Fig. 9).

The vte2 mutant plants showed increased suscepti-
bility to Psm infection, while fad3-2 fad7-2 fad8 vte2-
1 and fad3-2 fad7-2 fad8 plants showed wild type-like
resistance (Fig. 6C). Taking these results together, we
propose a model in which tocopherols contribute to
basal immunity by protecting trienoic fatty acid-
containing chloroplast lipids from oxidative damage
in the course of a bacterial infection (Fig. 10). In this
way, they might support the integrity of chloroplast
membranes and of the entire organelle. Chloroplasts
represent important cellular sites of plant defense
(Serrano et al., 2016). For example, the key enzyme of
stress-inducible SA biosynthesis in Arabidopsis, ISO-
CHORISMATE SYNTHASE1 (ICS1), resides in the
chloroplast (Wildermuth et al.,, 2001). Protection of
chloroplasts from oxidative damage by tocopherols
might thus positively influence the generation of pro-
defense signals, as observed here for the immune-
regulatory metabolite SA (Fig. 8).

In contrast to vte2, the tocopherol biosynthetic mu-
tants tat1-2, VTE3/vte3-3, vte4-2, and vtel exhibited wild
type-like basal resistance to Psm infection (Fig. 6, A and
B). The tat1-2 mutant contained decreased but still
substantial levels of tocopherols that might be sufficient
for a defense-related function (Fig. 5). Although the
tocopherol profiles of VTE3/vte3-3 and vte4-2 were
qualitatively different, the levels of total tocopherols in
these lines were similar to the total tocopherol content
in the wild type (Fig. 5). Thus, the qualitative nature of a
given tocopherol mixture present in attacked leaves
appears to be subordinate for the execution of basal
immunity, although specific physiological roles for
a- and y-tocopherol have been proposed previously
(Abbasi et al., 2007). While vtel and vte2 were both se-
verely compromised in basal and Psm-inducible to-
copherol biosynthesis (Fig. 5), only vte2 essentially
lacked accumulation of the benzoquinol precursors (D)
MPBQ. In fact, vtel even heavily overaccumulated
DMPBQ upon bacterial attack (Fig. 7). Thus, the failure
of both tocopherol and benzoquinol precursor accumu-
lation appears to determine the enhanced susceptibility
phenotype of vfe2. As suggested previously, the to-
copherol precursors (D)MPBQ might possess antioxi-
dant activity and functionally compensate for the
deficiency of tocopherols in vtel (Sattler et al., 2004). The
differences observed for vte2 and vtel in plant basal re-
sistance observed here are reminiscent of the phenotypic
differences reported by Sattler et al. (2004, 2006) in con-
text with early seedling development: vte2 but not vtel
plants exhibited marked seedling growth defects after
germination and contained strongly elevated levels of
lipid peroxidation products such as TBA-reactive alde-
hydes, hydroxy fatty acids, and phytoprostanes.

Arabidopsis is also able to produce PC-8, another type
of tocochromanol with a long, solanesyl diphosphate-
derived terpenoid side chain that is synthesized by
the VTEl-mediated cyclization of its benzoquinol pre-
cursor plastoquinol-9 (PQ-9; Méne-Saffrané, 2017). vtel
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mutants are thus impaired in PC-8 biosynthesis but not
in PQ-9 production. Since an HGA prenyltransferase
different from VTE2 is involved in the generation of PQ-
9, vte2 mutants can still synthesize the redox-active PQ-9
and PC-8 molecules. Due to their relatively high M., PQ-
9 and PC-8 are not amenable to our GC-MS analysis, and
we have therefore not determined whether these com-
pounds accumulate in response to bacterial infection.
The resistance phenotypes of the vtel and vte2 mutants,
however, do not necessarily support a role for PC-8 in
basal immunity. Seedlings of vtel vte2 double mutants
possess a severe growth inhibition phenotype, suggest-
ing that PC-8 functions as a lipid antioxidant in early
plant development (Méne-Saffrané et al., 2010).

While vte2 mutant plants show attenuated basal re-
sistance to the compatible Psm strain, they exhibit, as
all other examined tocopherol biosynthetic mutants,
wild type-like specific resistance to an avirulent,
HR-inducing Psm strain that expresses the avrRpml
avirulence gene (Supplemental Fig. S6). Consistently, a
recent study reported that vtel, vte4, and wild-type
plants exhibit similar resistance to avirulent P. syrin-
gae pv tomato avrRpm1 (Cela et al., 2018). We found that
Psm avrRpml inoculation caused markedly weaker
lipid peroxidation in Arabidopsis leaves than infection
by the compatible Psm strain. Moreover, the Psm
avrRpm1-triggered increase in leaf lipid peroxidation
was not significantly different between the wild type
and vte2-2 mutants (Fig. 9A). This suggests that to-
copherol biosynthesis is functionally irrelevant for the
studied incompatible plant-bacterium interaction that
is associated with an HR and an early distinct ROS
burst around 4 to 6 h after inoculation (Lamb and
Dixon, 1997; Zeier, 2005). By comparison, ROS pro-
duction in response to the compatible Psm strain starts
several hours later, essentially coinciding with the
onset of Psm-induced tocopherol accumulation (Fig. 3;
Hamdoun et al., 2013).

The vte2 mutant was not compromised in the Psm-
inducible activation of the pipecolate pathway that
produces the SAR-associated metabolites Pip and NHP
following Psm inoculation (Fig. 8, A and B). The accu-
mulation of NHP is necessary and sufficient for SAR
induction (Hartmann et al., 2018), and, congruently, the
degree of SAR induced in wild-type and vte2 plants was
similar (Fig. 6D). Thus, the biosynthesis of tocopherols
is not required to trigger SAR. However, just as in
noninduced plants, the SAR-induced vte2 displayed
significantly weaker resistance to Psm than the wild
type (Fig. 6D). We have previously proposed a model
for SAR establishment in which the pipecolate pathway
(i.e. NHP) acts as a switch that induces SAR and the
salicylate pathway (i.e. SA) influences the strength of
SAR (Bernsdorff et al., 2016; Hartmann and Zeier, 2018;
Hartmann et al., 2018). The observed metabolite pattern
and SAR phenotype of vte2 are consistent with this
model (Figs. 6D and 8).

In summary, we have shown that tocopherols and
their benzoquinol precursor are required to ensure
proper SA accumulation and basal resistance to
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infection by the hemibiotrophic bacterium P. syringae.
In addition, different disease susceptibility phenotypes
of Arabidopsis wild-type, vtel, and vte4 plants follow-
ing Botrytis cinerea inoculation indicate that the to-
copherol content and composition can influence plant
resistance to infection by necrotrophic pathogens (Cela
et al., 2018). We propose that the pathogen-inducible
tocopherol biosynthetic pathway protects Arabidopsis
plants from oxidation of triunsatured fatty acid-
containing lipids during bacterial leaf infection. Thus,
the antioxidant activity of tocopherols is necessary for
an optimal performance of plants in biotic, abiotic, and
developmental stress situations.

MATERIALS AND METHODS
Plant Material and Cultivation

Arabidopsis (Arabidopsis thaliana) plants were cultivated in pots containing a
mixture of soil (Klasmann-Deilmann, Substrat BP3), vermiculite, and sand
(8:1:1) in a controlled environmental chamber with a 10-h-day (9 am-7 pm;
photon flux density of 100 umol m~2 s~!)/14-h-night cycle and a relative hu-
midity of 60%. Temperatures during the day and night periods were 21°C and
18°C, respectively. Experiments were generally conducted with 5-week-old
plants.

The tocopherol biosynthetic mutants used in this study included wvtel
(Porfirova et al., 2002), vte2-1 (Mene-Saffrané et al., 2007), vte2-2 (Havaux et al.,
2005), vte4-2 (Bergmiiller et al., 2003), and fad3-2 fad7-2 fad8 vte2-1 (Méne-
Saffrané et al., 2007). The VTE3/vte3-3 and tat1-2 mutants, which correspond
to the SALK T-DNA insertion lines SALK_031151C and SALK_141402C (Wang
et al., 2019), respectively, were identified by the PCR-based protocol described
by Alonso et al. (2003). Other lines used in this study were etr1 (Bleecker et al.,
1988), dde2 (von Malek et al., 2002), sid2-1 (Nawrath and Métraux, 1999), npr1-3
(Caoetal., 1997 [Nottingham Arabidopsis Stock Centre identifier N3802]), eds1-
2 (Bartsch et al., 2006), pad4-1 (Jirage et al., 1999), aba2-1 (Léon-Kloosterziel et al.,
1996), cpr5-2 (Bowling et al., 1997), coil-35 (Staswick and Tiryaki, 2004), ald1
(Névarova et al., 2012), rbohD (Torres et al., 2002), fad3-2 fad7-2 fad8 (McConn
and Browse, 1996), and NahG (Lawton et al., 1995). All lines are in the Col-0
background except for vtel, which has a Col-2 background.

Cultivation and Inoculation of Bacteria

Pseudomonas syringae pv maculicola strain ES4326, Psm carrying the avrRpm1
avirulence gene (Psm avrRpm1), and Psm carrying the luxCDABE operon from
Photorhabdus luminescens under the control of a constitutive promoter (Psm [ux)
were cultivated in King’s B medium containing the appropriate antibiotics
(Zeier et al., 2004; Fan et al., 2008). Overnight cultures were grown at 28°C
under permanent shaking, washed three times with a 10 mm MgCl, solution,
and diluted to different ODggg values. The bacterial solutions were infiltrated,
between 10 and 12 aMm, from the abaxial side into the leaves with a needleless
syringe. For metabolite determination, RT-qPCR analysis, and the assessment
of lipid peroxidation, three leaves per plant were inoculated with a suspension
of Psm or Psm avrRpm at ODggy = 0.005. Control plants were mock infiltrated
with a 10 mm MgCl, solution. Leaves were harvested at different times after
treatment.

Determination of Local Resistance to P. syringae and
SAR Assays

To determine plant basal resistance to P. syringae, three leaves per plant were
infiltrated with a suspension of Psm lux at ODgop = 0.001 between 10 and 12 am.
Sixty hours later, leaf discs (10 mm in diameter) were punched out from inoc-
ulated leaves and bacterial numbers were assessed by determining relative light
units of the bioluminescent Psm lux strain with a Sirius luminometer (Berthold
Detection Systems). Colony-forming units, which linearly correlate with rela-
tive light unit values, were calculated by an experimentally determined cali-
bration line (Gruner et al., 2018).
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To assess SAR establishment, three lower (1°) leaves of a given plant were
either infiltrated with a suspension of Psm at ODggy = 0.005 (SAR induction) or
with a 10 mm MgCl, solution (mock treatment). Two days after the primary
treatment, three upper leaves (2°) of all plants were infiltrated with a suspen-
sion of Psm lux at ODggp = 0.001 and the growth of bacteria in 2° leaves was
estimated as described above.

The assessment of local resistance to the HR-inducing Psm avrRpm1 strain
was performed by bacterial plating assay following leaf tissue homogenization
in 10 mm MgCl, solution at 60 h post Psm avrRpm1 inoculation as described
previously (Zeier et al., 2004).

Flg22 and X/XO Treatments

Three leaves of a given plant were infiltrated with flg22 peptide at a con-
centration of 100 nm or with deionized water as a control treatment. The flg22
peptide was synthesized by Mimotopes. To investigate the effect of superoxide,
the O, -producing combination of X and XO was applied as described previ-
ously (Griebel and Zeier, 2010). X and XO were applied at concentrations of
0.5 mm X and 0.5 units mL~! XO in 20 mM sodium phosphate buffer (pH 6.5). X
and XO were obtained from Sigma-Aldrich. Control infiltration was performed
with 0.5 mum X in 20 mm sodium phosphate buffer without XO.

RT-qPCR Analysis

RNA isolation, cDNA synthesis, and RT-qPCR analysis were performed as
described previously (Navarova et al., 2012). The POLYPYRIMIDINE TRACT-
BINDING PROTEIN1 (PTB1) gene (At3g01150), which is nonresponsive to P.
syringae infection, was used as a reference gene (Czechowski et al., 2005). The
gene-specific primers used in this study are listed in Supplemental Table 52. The
expression levels were normalized to those of the reference gene and were
expressed relative to the value of the gene in MgCl,-infiltrated leaves.

GC-MS Analyses of Tocopherols, (D)MPBQ,
Defense-Related Metabolites, and Lipid-Bound Fatty Acids

Five-week-old Arabidopsis plants treated in three full-grown leaves as de-
scribed above (see “Cultivation and Inoculation of Bacteria”) were used for
metabolite analyses. At least six plants per treatment and plant genotype were
analyzed, whereby individual replicate leaf samples (n = 3) were pooled from
two plants. The experiments depicted in the figures were repeated at least three
times with similar results.

The determination of endogenous levels of tocopherols and their biosynthetic
precursors MPBQ and DMPBQ in Arabidopsis leaves was performed according
to a GC-MS-based analytical procedure described previously by Hartmann
et al. (2018). Minor modifications to this procedure concerned the use of the
extraction buffer and the internal standardization. In brief, 50 mg of freshly
pulverized, frozen leaf tissue was extracted twice with 1 mL of CHCl;:MeOH/
H,O (1:2.5:1, v/v/v). Tocol (1,000 ng) was used as an internal standard (IST).
Six hundred microliters of the extract was evaporated to dryness using a
ScanSpeed vacuum centrifuge (Labogene). To convert free hydroxyl groups of
the analytes into their trimethylsilyl derivatives, 20 uL of pyridine, 20 uL of
N-methyl-N-trimethylsilyltrifluoroacetamide containing 1% (v/v) trimethyl-
chlorosilane, and 60 uL of hexane were added and the reaction mixture was
incubated at 70°C for 30 min. An aliquot of the cooled sample was transferred to
a GC vial and diluted fivefold with hexane. Two microliters of the sample
mixture was separated on a gas chromatograph (GC 7890A; Agilent Technol-
ogies) equipped with a fused silica capillary column (Phenomenex ZB-35; 30 m
X 0.25 mm X 0.25 um). Mass spectra were recorded in the range between mass-
to-charge ratio (m/z) 50 and 750 with a 5975C mass spectrometric detector
(Agilent Technologies) in the electron ionization mode. The following tem-
perature program was used for GC separation: 70°C for 2 min, with 10°C min~!
to 320°C, and 320°C for 5 min. For quantification of metabolites, peaks ema-
nating from selected ion chromatograms were integrated using MSD Chem-
Station software version E.02.01.1177 (Agilent Technologies): m/z 502 for
a-tocopherol, m/z 488 for B- and <y-tocopherol, m/z 474 for 8-tocopherol, m/z
546 for MPBQ, and m/z 560 for DMPBQ (Supplemental Figs. S1 and S7). The
corresponding peak areas were related to the peak area of the IST tocol (m/z
460). The absolute contents of the four tocopherols were calculated by consid-
ering correction factors experimentally determined using authentic substances
(Supelco; catalog nos. 47783 [a-tocopherol], 46401 [B-tocopherol], 47785 [vy-
tocopherol], and 47784 [6-tocopherol]) and are generally given in pg g!
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fresh weight. Due to the unavailability of authentic MPBQ and DMPBQ stan-
dards, the relative endogenous contents of (D)MPBQ were given. To relate
tocopherol contents to leaf dry weight (Supplemental Fig. S3C), frozen and
homogenized plant samples were freeze dried (Alpha 1-2 LD plus; CHRIST),
followed by extraction, derivatization, and GC-MS analysis as described above.

For the analysis of other defense-related metabolites, the protocol of
Hartmann et al. (2018) was followed as described. SA (selected ion chromato-
gram m/z 267) was determined relative to D,-SA as IST (in/z 271), Pip (m/z 156)
relative to Do-Pip as IST (m/z 165), NHP (1m1/z 172) relative to Do-NHP as IST (im1/z
181), camalexin (m/z 272) and ICA (m/z 246) relative to indole-3-propionic acid
(m/z 202) as IST, Tyr (m/z 218) relative to nor-Val (in/z 144) as IST, stigmasterol
(m/z 484) relative to tocol (m/z 460) as IST, and both SAG (m/z 267) and SGE (m/z
193) relative to salicin (m/z 268) as IST. Authentic SAG and SGE standards for
the determination of analytical correction factors were kindly provided by
Patrick Saindrenan (Paris-Sud University; Chong et al., 2002).

For the analysis of lipid-bound fatty acids (Supplemental Fig. S8), 50 mg of
pulverized, frozen leaf tissue was extracted with 1 mL of CHCl3:MeOH:H,O
(2:2:1, v/v/v) according to Bligh and Dyer (1959) using added tetracosane (3
ng) as an IST. After centrifugation and phase separation, the organic phase was
removed and the solvent was evaporated in a stream of nitrogen. Fatty acids
were released as methyl esters from the extracted lipids by transesterification
with a solution of 10% (w/w) boron trifluoride in methanol (Fluka) at 70°C
overnight (Zeier, 1998). Two milliliters of CHCl; was added, and the solution
was washed twice with 1 mL of a saturated sodium chloride solution. The or-
ganic phase was separated, dried over Na,SO,, and evaporated to dryness. The
residue was redissolved in 300 uL of CH,Cl,, and fatty acid methyl esters were
analyzed by GC-MS as described above for tocopherol analysis. The following
ion chromatograms were used for the relative quantification of compounds: m/z
292 (18:3), m/z 264 (16:3), m/z 177 (iso-OPDA and putative iso-dnOPDA), and m/
z 338 (tetracosane, IST).

Assessment of Lipid Peroxidation

The degree of lipid peroxidation was estimated by assessing the amount of
TBA-reactive aldehydes according to a previously published protocol (Hodges
et al., 1999). The plant treatments were performed as described under “Culti-
vation and Inoculation of Bacteria” and “GC-MS Analyses of Tocopherols, (D)
MPBQ, Defense-Related Metabolites, and Lipid-Bound Fatty Acids.” The fro-
zen leaf material was homogenized, mixed with 2 mL of 0.1% (w/v) TCA, and
centrifuged at 10,000¢ for 15 min. One milliliter of the supernatant was sup-
plemented with 2 mL of 20% (w/v) TCA and 2 mL of 0.5% (w/v) TBA, and the
mixture was incubated at 95°C for 30 min. Thereby, TBA-aldehyde complexes
with a specific Asz, were formed. The specific Asz, and a nonspecific Aggp were
measured with a UV-VIS spectrophotometer (UVmini-1240; Shimadzu), and
the nonspecific absorbance was subtracted from the specific absorbance. The
concentrations of TBA-reactive aldehydes were calculated using Beer-
Lambert’s equation with an extinction coefficient of 155 mm~! em™! (Heath
and Packer, 1968) and related to the sample fresh weight. The aldehyde
levels estimated for the different samples were expressed relative to the means
of the samples for untreated Col-0 leaves.

Reproducibility of Experiments and Statistical Analyses

The results presented are generally derived from one representative ex-
periment. Given data points show means * sp of values from multiple biological
replicates, each replicate consisting of samples from different plants. Bacterial
growth values originated from nine or more biological replicates. Each replicate
value was determined from three leaf discs of one given plant. For metabolite,
gene expression, and TBA analyses, three to four biological replicates were
used. Each replicate sample was derived from six leaves harvested from two
plants. For the statistical evaluation of the data, ANOVA or Student’s ¢ test was
used as described (Bernsdorff et al., 2016). For ANOVA, log;o-transformed
values were analyzed. Student’s f test was applied to data values without prior
log transformation. The reported tendencies were generally observed in at least
three independent experiments. The tendencies for the fatty acid analysis
depicted in Supplemental Figure S8 were only observed twice.

Accession Numbers

Sequence data from genes described in this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases under the
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following accession numbers: TAT1 (At5g53970), HPPD (Atlg06570), VTE1
(At4g32770), VTE2 (At2g18950), VTE3 (At3g63410), VTE4 (Atlg64970), ETR1
(At1g66340), DDE2 (At5g42650), SID2/ICS1 (Atlg74710), ABA2 (At1g52340),
CPR5 (At5g64930), COI1 (At2g39940), ALD1 (At2g13810), RBOHD
(At5g47910), FAD3 (At2g29980), FAD7 (At3g11170), FADS (At5g05580), and
PTB (At3g01150).

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. GC-MS-based analysis of tocopherols.

Supplemental Figure S2. Time-dependent accumulation of tocopherols
upon Psm inoculation.

Supplemental Figure S3. Levels of a-tocopherol in Psm-inoculated leaves.

Supplemental Figure S4. vte2 mutant plants are compromised in basal
resistance to P. syringae.

Supplemental Figure S5. Disease symptoms of leaves of Col-0, vte2-2,
VTE3/vte3-3, vte4-2, and tat1-2 plants inoculated with compatible Psm.

Supplemental Figure S6. Resistance against avirulent Psm avrRpm1 of to-
copherol biosynthetic mutants is similar to the wild type.

Supplemental Figure S7. GC-MS-based analysis of MPBQ and DMPBQ.

Supplemental Figure S8. Levels of lipid-esterified triunsaturated fatty
acids and related oxylipins in the leaves of Psm-inoculated and control
plants.

Supplemental Table S1. Expression patterns of tocopherol biosynthetic
genes in P. syringae-inoculated Arabidopsis leaves according to publicly
available microarray data sets.

Supplemental Table S2. List of primers used in this study.
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