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Glutathione (GSH) and indole glucosinolates (IGs) exert key functions in the immune system of the model plant Arabidopsis
(Arabidopsis thaliana). Appropriate GSH levels are important for execution of both pre- and postinvasive disease resistance
mechanisms to invasive pathogens, whereas an intact PENETRATION2 (PEN2)-pathway for IG metabolism is essential for
preinvasive resistance in this species. Earlier indirect evidence suggested that the latter pathway involves conjugation of GSH
with unstable products of IG metabolism and further processing of the resulting adducts to biologically active molecules. Here
we describe the identification of Glutathione-S-Transferase class-tau member 13 (GSTU13) as an indispensable component of the
PEN2 immune pathway for IG metabolism. gstu13 mutant plants are defective in the pathogen-triggered biosynthesis of end
products of the PEN2 pathway, including 4-O-b-D-glucosyl-indol-3-yl formamide, indole-3-ylmethyl amine, and raphanusamic
acid. In line with this metabolic defect, lack of functional GSTU13 results in enhanced disease susceptibility toward several
fungal pathogens including Erysiphe pisi, Colletotrichum gloeosporioides, and Plectosphaerella cucumerina. Seedlings of gstu13 plants
fail also to deposit the (1,3)-b-glucan cell wall polymer, callose, after recognition of the bacterial flg22 epitope. We show that
GSTU13 mediates specifically the role of GSH in IG metabolism without noticeable impact on other immune functions of this
tripeptide. We postulate that GSTU13 connects GSH with the pathogen-triggered PEN2 pathway for IG metabolism to deliver
metabolites that may have numerous functions in the innate immune system of Arabidopsis.

Glutathione-S-transferases (GSTs) constitute a class
of versatile enzymes that are ubiquitous in all living
organisms and catalyze a wide range of reactions; pri-
marily conjugation of the tripeptide glutathione (GSH)

to electrophilic centers of low Mr compounds (Dixon
and Edwards, 2010; Labrou et al., 2015). They are im-
plicated in many physiological processes including
xenobiotic detoxification, stress tolerance, and secondary
metabolism. The latter function putatively includes the
biosynthesis of unique sulfur-containing phytochemi-
cals produced by plants belonging to the order Brassi-
cales (Dixon et al., 2010; Bednarek, 2012a, 2012b). These
compounds can be grouped into b-thioglucosides
known as glucosinolates, which are present in all plant
families representing this order, and sulfur-containing
phytoalexins reported so far in species representing the
Brassicaceae and Capparaceae plant families (Halkier
and Gershenzon, 2006; Zhou et al., 2010; Pedras et al.,
2011). One of the key questions related to the biosyn-
thesis of these phytochemicals is the origin andmode of
incorporation of the organic sulfur atom(s) present in
their molecules. Studies on the respective biosynthetic
pathways in the model plant Arabidopsis (Arabidopsis
thaliana) indicated GSH as the sulfur donor in the bio-
synthesis of glucosinolates and camalexin, phytoalexin
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produced in the response to microbial infection in
species representing the Camelineae tribe (Bednarek
et al., 2011). This biosynthetic linkwas inferred from the
reduced accumulation of these compounds in the phy-
toalexin deficient2 (pad2) line that is defective in GSH
biosynthesis aswell as from the presence of the predicted
biosynthetic intermediates in the g-glutamyl peptidase
mutants with a malfunction in the respective biosyn-
thetic steps downstream of GSH conjugation (Parisy
et al., 2007; Schlaeppi et al., 2008; Geu-Flores et al., 2011).
A contribution of GSH as sulfur donor raised the ques-
tionwhetherGST activity is required for the biosynthesis
of both compound classes. Gene coexpression and met-
abolic quantitative trait locus (QTL) analyses indicated
GSTF9 and GSTF10 as enzymes putatively involved in
the biosynthesis of Trp-derived indole glucosinolates
(IGs), whereas GSTF11 and GSTU20 have been pro-
posed to contribute to the formation of Met-derived al-
iphatic glucosinolates (AGs; Hirai et al., 2005; Wentzell
et al., 2007). Similarly, experimental evidence suggested
GSTF6 as one of GSTs contributing to camalexin bio-
synthesis (Su et al., 2011). However, despite these as-
signments it has not been unequivocally proven that
formation of the respective intermediates in glucosino-
late and camalexin biosynthesis requires activity of
strictly defined members of the Arabidopsis GST family
or that GST activity is required at all (Hirai et al., 2005;
Wentzell et al., 2007; Mikkelsen et al., 2010, 2012; Su
et al., 2011; Møldrup et al., 2013).
Sulfur-containing phytochemicals from Brassicales

exert numerous roles in interactions with the environ-
ment, including insect deterrence and plant innate
immunity (Hopkins et al., 2009; Pedras et al., 2011;
Pastorczyk and Bednarek, 2016). For glucosinolates,
these functions are dependent on the activity of the
specialized b-thioglucoside glucohydrolases, known as
myrosinases, which constitute a diverse subfamily of
b-glucosidases (Nakano et al., 2017). Formed during the
myrosinase-mediated glucosinolate hydrolysis, agly-
cones are chemically unstable and can spontaneously
decompose to a number of different products including
isothiocyanates (ITCs), nitriles, or thiocyanates (Wittstock
et al., 2016). Experimental evidence indicates thatdifferent
myrosinases can be activated in response to various
stimuli and function in different physiological processes.
For instance, the PENETRATION2 (PEN2) myrosinase
hydrolyzes IGs in the response to attempts of pathogenic
infection or recognition of microbe-associated molecu-
lar patterns (Bednarek et al., 2009; Clay et al., 2009). This
reaction is critical for extracellular resistance responses
against a number of filamentous plant pathogens, in-
cluding Blumeria graminis f. sp. hordei (Bgh), Erysiphe pisi,
Colletotrichum gloeosporioides, and Plectosphaerella cucu-
merina (Lipka et al., 2005; Hiruma et al., 2010; Sanchez-
Vallet et al., 2010). Genetic evidence suggested that this
function requires, before PEN2-catalyzed hydrolysis,
CYP81F2-mediated hydroxylation at the position 4 of
the indol-3-ylmethyl glucosinolate (I3G) core structure
(Bednarek et al., 2009). Therefore, 4-hydroxy-I3G and
4-methoxy-I3G (4MI3G), but not I3G itself, are considered

biologically relevant substrate(s) of thismyrosinase. PEN2
and CYP81F2 are also indispensable for the GLUCAN
SYNTHASE-LIKE5 (GSL5)-mediated flg22 (a 22-amino
acid epitope derived from bacterial flagellin)-triggered
callose deposition in Arabidopsis seedlings (Jacobs et al.,
2003; Nishimura et al., 2003; Clay et al., 2009). However,
leaves of pen2 plants deposited callose in response to in-
oculation with several fungal pathogens including
C. gloeosporioides, Magnaporthe oryzae, or Phytophthora
infestans, suggesting that penetration resistance and callose
deposition are not directly linked and can be controlled by
different end products of the PEN2 pathway (Lipka et al.,
2005; Maeda et al., 2009; Hiruma et al., 2010).

PEN2-mediated IG hydrolysis leads to the formation
of several end products including indol-3-yl methyl
amine (I3A), raphanusamic acid (RA), and 4-O-b-D-
glucosyl-indol-3-yl formamide (4OGlcI3F; Bednarek
et al., 2009, 2011; Lu et al., 2015). The chemical struc-
tures of RA and I3A, combined with reduced accumu-
lation of these metabolites in GSH-deficient plants,
suggested a contribution of this tripeptide to the PEN2
pathway. It was proposed that indol-3-ylmethyl-ITC,
formed after I3G hydrolysis, reacts with GSH to form
a dithiocarbamate-type adduct, which is subsequently
processed to I3A and RA (Fig. 1). The structure of this
intermediate suggested that it could also serve as an
intermediate in the biosynthesis of brassinin, the phy-
toalexin produced in Brassica rapa, and this biosynthetic
link has been confirmed recently (Fig. 1; Bednarek et al.,
2009; Klein and Sattely, 2017). Studies on the post-
ingestive metabolism of glucosinolates in humans in-
dicated that the formation of dithiocarbamate adducts
in a reaction between ITCs and GSH is spontaneous,
but its efficiency can be significantly enhanced by GSTs
(Kolm et al., 1995; Zhang et al., 1995). However, these
studies involved only aliphatic- and benzyl-ITCs. Once
generated upon IG hydrolysis, indol-3-ylmethyl-ITCs
are highly unstable and react easily with nucleophilic
centers, even with water, by the release of a thiocyanate
ion (SCN2; Agerbirk et al., 2009). In accordance with
this reaction, the postingestive breakdown of I3G in the
insect Myzus persicae lead to several end products in-
cluding indol-3-ylmethyl-GSH, but not dithiocarba-
mates (Kim et al., 2008), suggesting that the capture of
unstable indol-3-ylmethyl-ITCs by GSH might require
efficient enzymatic catalysis mediated by a specialized
GST (Fig. 1). Collectively, these findings raise questions
about the identity of the GST(s) involved in IG metab-
olism during Arabidopsis immune responses. Candi-
dates for such an enzyme(s) came from the studies of
Wagner et al. (2002) and Dixon et al. (2009), who tested
in vitro the activity of 10 and 35 Arabidopsis GSTs
against six and three model substrates, respectively.
According to these studies, GSTU4, GSTU5, GSTU6,
GSTU13, and GSTU17 revealed highest activity against
benzyl-ITC, which is routinely used as a model ITC in
GST enzymatic assays. Moreover, GSTU4, GSTU6, and
GSTU13 showed high specificity toward benzyl-ITC, as
compared to other tested substrates, pointing to these
enzymes as putative candidates for the GST(s) involved
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in IG metabolism during Arabidopsis immune responses
(Wagner et al., 2002; Dixon et al., 2009).

In this study we identified GSTU13 as the enzyme that
is essential for the proper function of the PEN2-dependent
immune response pathway. Lack of functional GSTU13
in Arabidopsis gstu13 mutants resulted not only in a de-
ficiency of the respectivemetabolic end products, but also
revealed pen2-like infection phenotypes in preinvasive
defense against tested nonadapted fungal pathogens. Fi-
nally, gstu13 plants were found to be impaired in callose
deposition induced by the bacterial flg22 epitope. We
postulate thatGSTU13 is the enzyme that conjugatesGSH
with unstable indol-3-ylmethyl-ITCs formed upon PEN2-
mediated IG hydrolysis, particularly in the branch of this
pathway in which 4-substituted IGs are processed.

RESULTS

Coexpression Analysis Reveals GSTU13 as a Candidate
GST Involved in the PEN2 Pathway

Metabolic phenotypes and entry rates of fungal path-
ogens observed in the GSH-deficient cadmium sensitive2
and pad2 lines suggested that GSH conjugation with the
chemically unstable indol-3-ylmethyl-ITCs constitutes a
crucial step in the pathogen-triggered IGmetabolism (Fig.

1; Bednarek et al., 2009). To select a candidate GST cata-
lyzing this putative reaction, we employed a targeted
gene coexpression analysis based on 15,275 public
microarray datasets (ATTED-II, v. Ath-m6.0; Nakano
et al., 2017). We performed a hierarchical clustering
based on genomewide and microarray-probewise
Mutual Ranks (MRs; Obayashi and Kinoshita, 2009;
Nakano et al., 2017) using entire Cytochrome P450
monooxygenase, b-glucosidase, and GST gene fami-
lies encoded in the Arabidopsis genome (350 genes in
total; Fig. 2 and Supplemental Fig. S1; Supplemental
Data S1). In the gene cluster containing PEN2 we
identified GSTU13, besides the genes encoding the
GSTs proposed for IG biosynthesis (GSTF9 and GSTF10;
Wentzell et al., 2007) as well as CYP79B2/B3 and
CYP83B1 (Fig. 2). GST genes linked with AG (GSTF11
and GSTU20; Hirai et al., 2005; Wentzell et al., 2007) and
camalexin biosynthesis (GSTF6; Su et al., 2011) coclus-
tered with those encoding the respective biosynthetic
enzymes (CYP79F1/F2 and CYP83A1 for AG, and
CYP71A13 and PAD3 for camalexin; Supplemental Fig.
S1), indicating the existence of potential Trp-derived
branch pathway-specific correlated gene expression
patterns.

Interestingly, published results of in vitro enzymatic
assays suggested that GSTU13 is among the Arabidopsis

Figure 1. Putative function of aGlutathione-
S-transferase in the formation of PEN2
pathway end products.Metabolic scheme
summarizing proposed involvement of
GSH in the formation of different products
derived from indole glucosinolates (Kim
et al., 2008; Bednarek et al., 2009; Klein
and Sattely, 2017).
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GSTs that 1) preferentially use benzyl-ITC as a substrate,
and 2) have relatively high activity toward this com-
pound compared to the other tested GSTs (Wagner et al.,
2002; Dixon et al., 2009). These earlier findings, com-
bined with our coexpression analysis, suggested a pu-
tative contribution of GSTU13 to the PEN2 pathway.

GSTU13 Contributes Differentially to the Two Branches of
the Pathogen-triggered IG Metabolism

To address the assumed function of GSTU13 in IG
metabolism (Fig. 2) andArabidopsis immunity,we isolated
two homozygous T-DNA insertion lines: SALK_022297
(gstu13-1) and SALK_050148 (gstu13-2). These lines carry
independent insertions in the second exon of GSTU13,
which, according to the results of our quantitative real-time
PCR (qRT-PCR) analysis, compromise transcription of this
gene (Supplemental Fig. S2). We inoculated these mutants,
together with Col-0 and pen2-2 plants, with conidiospores
of the nonadapted powdery mildew Bgh and analyzed the
accumulation of I3A and RA, the two metabolic products
formed upon pathogen recognition from I3G in a PEN2-
dependent manner. We observed significantly reduced
levels of both compounds in Bgh-inoculated gstu13 plants
as compared to Col-0 (Fig. 3). However, accumulation of
I3A and RA in gstu13 leaves was still inducible during
attempted pathogen colonization to levels that were sig-
nificantly higher compared to pen2-2 plants (Fig. 3). This
suggested that GSTU13 might act in a partially redundant
manner with other GST(s) in the formation of I3A and RA.
We also quantified the accumulation of 4OGlcI3F, which is
produced in a PEN2-dependent manner from 4MI3G or
4OHI3G upon pathogen challenge (Lu et al., 2015). We
observed a strongly reduced 4OGlcI3F accumulation upon
Bgh inoculation in plants carrying the gstu13mutant alleles
with little, if at all, residual induction upon pathogen
challenge, reminiscent of pen2 plants (Fig. 3). This indicated
that, opposite to the formation of I3A, GSTU13 is themajor
GST mediating pathogen-triggered 4OGlcI3F biosynthe-
sis. Moreover, the engagement of GSTU13 in 4OGlcI3F
biosynthesis suggested that the formation of this me-
tabolite is GSH-dependent (Fig. 3). This biosynthetic link
was further supported by reduced 4OGlcI3F accumula-
tion in Bgh-inoculated leaves of GSH-deficient pad2
plants (Supplemental Fig. S3)

GSTU13 Involvement in the PEN2 Pathway Is
Independent from IG Biosynthesis

Besides GSH conjugation to ITCs, GST activity is also
postulated to be required for IG biosynthesis per se.
Metabolic QTL analysis proposed GSTF9 and GSTF10
to catalyze the respective reaction, although these as-
signments lack experimental validation (Wentzell et al.,
2007). As the GSTU13 expression pattern is similar to
CYP79B2, CYP79B3, and CYP83B1 (Fig. 2), we tested
the possibility that GSTU13 functions in IG biosynthesis,
which in turn would affect I3A, RA, and 4OGlcI3F ac-
cumulation. We analyzed IG accumulation in leaves of

Figure 2. GSTU13 is strongly coexpressed with PEN2 and genes en-
coding indole glucosinolate-biosynthetic enzymes. A, A coexpression
heatmap of GSTs, BGLUs, and CYPs. Genes in rows and columns are
aligned according to hierarchical clustering as indicated by a dendro-
gram. Colored clades are the clusters objectively determined for PEN2
(orange), CYP83A1 (blue), and PAD3 (cyan). B, Enlarged view of the
PEN2 cluster, showing Locus IDs and gene names. GSTs are indicated
by bold letters.
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naïve and Bgh-inoculated gstu13 single and pen2-2
gstu13-1 double knockouts and found that gstu13 plants
accumulated wild-type levels of I3G and 4MI3G. More-
over, pen2 gstu13 double knockout plants produced el-
evated amounts of 4MI3G in response to pathogen
inoculation, similar to pen2-2 mutant plants (Fig. 3).
These results clearly indicate that the requirement of
GSTU13 for I3A, RA, and 4OGlcI3F formation does not
result from its contribution to IG biosynthesis, but rather
from its function in IG metabolism, downstream of
PEN2 myrosinase (Fig. 1).

The PEN2 Pathway for Preinvasive Disease Resistance Is
Dependent on GSTU13 Activity

To examine whether the defects in IG metabolism
observed in gstu13 plants result in altered infection
phenotypes upon pathogen inoculation, we determined
fungal entry rates of the nonadapted powdery mildew
E. pisi on the aforementioned collection of Arabidopsis

mutants. Our analysis revealed a pen2-like defect in
preinvasive resistance of both tested gstu13mutant lines
(Fig. 4). We also inoculated these plants with a non-
adapted hemibiotrophic pathogen, C. gloeosporioides,
which revealed comparable elevated fungal entry rates
on gstu13 and pen2-2 plants (Fig. 4A). It has been
reported that in the presence of Glc, C. gloeosporioides
penetrates epidermal cells of pen2 leaves using an un-
usual hyphal tip entry mode (Hiruma et al., 2010). Our
microscopic analysis of plant-fungus contact sites
showed that the same entry mode is utilized by
C. gloeosporioides when penetrating into leaf epidermal
cells of gstu13 plants (Fig. 4). Overall, the experiments
with E. pisi and C. gloeosporioides indicated that the de-
fects in preinvasive resistance of pen2-2 and gstu13 lines
are indistinguishable. In addition, the entry rates of both
pathogenic fungi on pen2-2 gstu13-1 double mutant
plants did not differ significantly from those observed
for pen2-2 and gstu13 single mutants (Fig. 4), indicating
that GSTU13 and PEN2 act in the same preinvasive re-
sistance pathway.

Figure 3. Metabolic phenotypes of gstu13 mutant plants. A, Accumulation of indole glucosinolate metabolism products mea-
sured in leaves of Col-0 and indicated mutant plants 16 h after inoculation with conidiospores of the nonadapted powdery
mildew B. graminis f. sp. hordei. B, Proposed involvement of GSTU13 and GSH in the formation of 4OGlcI3F. C, Indole glu-
cosinolate accumulation in leaves of Col-0 and indicated mutant plants 16 h after inoculation with conidiospores of the non-
adapted powdery mildew B. graminis f. sp. hordei. Presented results (A and C) are means 6 SD from three independent
experiments with three biological replicates in each (n = 9). Significantly different statistical groups of genotypes indicated by the
analyses of variance (ANOVA; P , 0.05, Bonferroni’s test) are shown with lower case (control) and upper case (Bgh) letters.
Values marked with asterisks are significantly different from respective controls (Student’s t-test; P , 0.01). FW, fresh weight.
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GSTU13 Is Essential for flg22-triggered Callose Deposition
in Arabidopsis Seedlings

PEN2-mediated metabolism of 4-substituted IGs has
been also reported to be required for the GSL5/PMR4-

mediated callose deposition in Arabidopsis seedlings in
response to application of the bacterial flg22 epitope, a
microbe-associatedmolecular pattern that is perceived by
the Flagellin Sensing 2 immune receptor (Clay et al., 2009).
However, retained deposition of this cell-wall-associated

Figure 4. GSTU13 is essential for proper immune responses in Arabidopsis. A, Frequency of invasive growth at E. pisi and
C. gloeosporioides interaction sites on Arabidopsis genotypes scored 48 and 14 h, respectively, after inoculation with con-
idiospores. Presented results are means 6 SD from three independent experiments. Significantly different statistical groups of
genotypes indicated by ANOVA (P , 0.05, Bonferroni’s test) are shown with lower case (E. pisi) and upper case (C. gloeo-
sporioides) letters. B, Invasion manner of C. gloeosporioides into epidermal cells of indicated mutants. Class 1, melanized
appresorium; class 2, nonmelanized appresorium; class 3, hyphal tip entry. The percentage of successful invasion by each class
structure was based on the total number of each class structure. The means and SDs were calculated from three independent
experiments. C and D, Formation of invasive hyphae by aberrant fungal structures. Conidia of C. gloeosporioides expressing GFP
were inoculated on the gstu13-1 mutant, and inoculated plants were incubated for 14 h. C, Invasion via nonmelanized ap-
pressorium (class 2). D, Invasion via a tiny swollen structure (class 3). Bars = 10mm. E, gstu13mutations suppress flg22-dependent
callose deposition. 10-d-old seedlings were treated with flg22 for 24 h and subjected to callose staining. Bars = 1 mm.
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b-glucan polymer observed in pathogen-inoculated
leaves of adult pen2 plants suggested that penetration
resistance and callose deposition could be controlled by
different end products of the PEN2/CYP81F2 pathway
(Bednarek, 2012a, 2012b). To test if GSTU13 also con-
tributes to the formation of the IG-derived product(s)
required for callose deposition, we analyzed this
response in 10-d-old gstu13 seedlings. Aniline Blue
staining revealed that, similar to the pen2-2 mutant,
flg22-induced callose depositionwas strongly abrogated
in the gstu13 seedlings (Fig. 4). This result indicated that
GSTU13 is indispensable not only for preinvasive resis-
tance, but also for the flg22-induced callose deposition.
Overall, this suggests a tight functional link between
GSTU13 and PEN2 in cotyledons and adult leaves and in
response to both fungal and bacterial triggers of plant
innate immune responses.

Specific Role of GSTU13 in Preinvasive But Not
Postinvasive Disease Resistance

Apart from a function in preinvasive disease resis-
tance, GSH acts also in postinvasive immune responses
to hemibiotrophic and necrotrophic pathogens, as evi-
denced by sustained hyphal growth inside pad2mutant
leaves (Fig. 5), which is independent of the PEN2 path-
way (Sanchez-Vallet et al., 2010; Hiruma et al., 2013).We
dissected the functional relations among GSTU13, GSH,
and PEN2 by testing the potential contribution of
GSTU13 to postinvasive immunity. When gstu13 mu-
tants were inoculated with a suspension of C. gloeospor-
ioides conidia, the necrotic lesions on gstu13 leaves
did not spread beyond the margins of leaf-inoculated
conidia droplets (Fig. 5). Microscopic analysis of plant-
pathogen contact sites of leaves of this genotype con-
firmed a containment of fungal hyphae inside the first
penetrated epidermal cells (Fig. 5). In addition, when
gstu13 leaves were inoculated with a suspension of
P. cucumerina conidia, the fungal biomass was indistin-
guishable between pen2-2 and gstu13 single mutant
plants (Fig. 5). Consistent with this, gstu13 mutants did
not reveal any defects in the P. cucumerina-triggered

Figure 5. Opposite to glutathione GSTU13 is dispensable for post-
invasive immune responses. A, Lesions induced by C. gloeosporioides.
Conidia of C. gloeosporioides were drop-inoculated onto leaves of in-
dicated genotypes (4 week old), and the inoculated plants were incu-
bated for 6 d. Only in leaves of the glutathione-deficient pad2 plants,
lesions expanded from the inoculated areas. B, C. gloeosporioides

hyphal extension from the inoculated areas. At 4 dpi, inoculated leaves
were stainedwith Trypan Blue and used to determine the expansion rate
of invasive necrotrophic hyphae from the inoculated area by light mi-
croscopy. The means and SDs were calculated from three independent
experiments. C, Real-time PCR quantification of P. cucumerina DNA
(Pc b-tubulin) in leaves of inoculated plants at 5 dpi. Values (SDs) are
represented as the average of the n-fold fungal DNA levels, relative to
the wild-type (Col-0) plants. Letters indicate significantly different sta-
tistical groups of genotypes (ANOVA; P , 0.05, Bonferroni’s test). D,
Camalexin accumulation in leaves of Col-0 and indicatedmutant plants
48 h after inoculation with conidiospores of the adapted strain of
P. cucumerina. Presented results are means6 SD from two independent
experiments with four biological replicates in each (n = 8). Letters in-
dicate significantly different statistical groups of genotypes (ANOVA;
P , 0.05, Bonferroni’s test).
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accumulation of camalexin, which was shown to have a
function in postinvasive resistance (Fig. 5). These
findings indicated that GSTU13 is dispensable for
postinvasive immunity and utilizes GSH substrate
exclusively for PEN2-dependent preinvasive immune
responses. Overall, our results clearly demonstrated
that GSTU13 works together with PEN2 to confer
preinvasive immunity against a wide range of non-
adapted fungal pathogens.

GSTU13 Deficiency Does Not Affect Accumulation of
Indole-3-Carboxylic Acids

A recent report indicated that IGs and PEN2 myro-
sinase are indispensable for the induced accumulation
of indole-3-carboxylic acid (I3CA) derivatives upon
flg22 treatment (Frerigmann et al., 2016). To test
whether this also requires GSTU13 activity, we moni-
tored the accumulation of I3CAGlc and 6OGlcI3CA in
leaves of gstu13 plants upon spray application of flg22
epitope. Our analysis revealed that, opposite to pen2-2
plants, gstu13 plants accumulated wild-type-like levels
of both I3CAderivatives (Fig. 6). Similarly, the cyp81F2-1
knockout line retained the capacity for the accumulation
of I3CAs (Fig. 6), indicating that flg22-triggered accu-
mulation of I3CAs correlates with the levels of I3G me-
tabolism products rather than metabolites derived from
the hydrolysis of 4-substituted IGs. In accordance with
this notion and similar to Bgh-inoculated plants, we ob-
served intermediate levels of I3A and RA in the flg22-
treated gstu13 plants as compared to wild-type Col-0
and pen2-2 plants (Supplemental Fig. S4). Collectively,
this suggests that the contribution of yet unknownGST(s)
to the formation of I3G-derivedmetabolites is sufficient to
trigger I3CA accumulation (Fig. 6). Alternatively, this
function of the PEN2 pathway might be uncoupled from
GSH and GST activity.

GSTU13 Represents a Brassicaceae-specific Innovation in
the GST Family

Our results indicated that a particular isoform of the
GST family is required for proper IG metabolism and
preinvasive disease resistance in Arabidopsis. This
raised the question whether AtGSTU13 represents a
GSTU subclade that evolved specifically in the Brassi-
caceae to act in the PEN2pathway,which is conserved in
this plant family (Bednarek et al., 2011). We collected
nucleic acid sequences of GSTs encoded in a wide range
of plant genomes, including green algae, and analyzed
their phylogenetic relationship (Fig. 7 and Supplemental
Fig. S5). The maximum-likelihood (ML) tree shown in
Figure 7 illustrates that GSTU13 belonged to a subclade
composed of GSTU11-18. Within this clade, GSTU15-18
formed a monophyletic group with GSTUs from non-
Brassicaceae plants, whereas GSTU11-14 members
were exclusively found in species belonging to Brassi-
caceae (Fig. 7). This supports our idea that GSTU13 is a

part of a lineage-specific functional module for immune
responses defined by the metabolic cascade comprising
PEN2, CYP81F2, and other enzymes. Finally, we asked
whether GSTU13 is also conserved in the genus Cap-
sella, in which the PEN2 pathway is functionally in-
active (Bednarek et al., 2011). Unexpectedly, Capsella
rubella and Capsella grandiflora both encode GSTs
showing highest similarity to Arabidopsis GSTU13,
GSTU14, and GSTU11 (Fig. 7), but not those to Arabi-
dopsis GSTU12. This suggests an additional role(s) of
GSTU13/14 isoforms in Brassicaceae that is maintained
in the genus Capsella or that the function of GSTU13/14
in this genus is allocated to GSTU12, perhaps via a
functional redundancy among these isoforms. Irre-
spective of this complication and in clear contrast to
GSTU15-18, GSTU11-14members represent a Brassicaceae-
specific innovation of GSTs that was necessary for the
evolution of a lineage-restricted functional module for
preinvasive immunity.

DISCUSSION

GSTU13 Is Strictly Necessary for the Immune Function of
IGs in Arabidopsis Leaves

Chemical structures of RA and I3A, combined with a
dependency of their formation onGSH supply, suggested
indol-3-ylmethyl-ITC-GSH conjugates as intermediates in
pathogen-triggered IGmetabolism in Brassicaceae (Fig. 1;
Bednarek et al., 2009). A possible formation of such con-
jugates in planta was further supported by the identifi-
cation of indolyl-dithiocarbamate glucoside during
engineering of brassinin biosynthesis in Nicotiana ben-
thamiana (Klein and Sattely, 2017). Here we identified
GSTU13 as the enzyme involved in the pathogen- and
flg22-triggered formation of RA and I3A, which suggests
that it catalyzes in planta conjugation of indol-3-ylmethyl-
ITCs with GSH. Consistent with our findings, GSTU13
was among few Arabidopsis GSTs that exhibited a rela-
tively high activity and preference against benzyl-ITC
over other substrates during in vitro enzymatic assays
(Wagner et al., 2002; Dixon et al., 2009). Only GSTU4,
GSTU5, GSTU6, and GSTU17 converted benzyl-ITCwith
similar rates as GSTU13, among which only GSTU4,
GSTU6, and GSTU13 showed specificity toward this
particular substrate. These earlier findings support the
putative function of GSTU13 in conjugating GSH to
indol-3-ylmethytl-ITC.

Besides the involvement in I3A and RA formation,
our analysis revealed a striking requirement of GSTU13
for 4OGlcI3F biosynthesis upon pathogen recognition
and immune response activation (Fig. 3). This finding,
combined with reduced 4OGlcI3F accumulation levels
in leaves of GSH-deficient plants, indicated that this
product is derived from the respective dithiocarbamate-
type intermediate formed in a GSTU13-dependent
manner upon PEN2-mediated hydrolysis of 4MI3G or
4OHI3G (Fig. 3). In addition, the phenotypes observed in
gstu13 mutants upon pathogen inoculation or flg22
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treatment revealed that this contribution of GSTU13 to
the pathogen-triggered metabolism of 4-substituted IGs
is indispensable for the proper function of the PEN2
immune pathway, including preinvasive disease resis-
tance and callose deposition (Fig. 4). Our findings

indicated that GSTU13 is not involved in other biosyn-
thetic pathways, including IG and camalexin formation
(Figs. 3 and 5), nor in a GSH function for postinvasive
immunity against necrotrophic and hemibiotrophic fun-
gal pathogens (Fig. 5).

Figure 6. GSTU13, unlike PEN2, is not required for
flg22-triggered accumulation of indole-3-carboxylic
acids. A, Accumulation of indole-3-carboxylic acids
measured in leaves of Col-0 and indicated mutant
plants 24 h after treatmentwith the bacterial flagellin
epitope flg22. Presented results are means6 SD from
three independent experiments with four biological
replicates in each (n = 12). Significantly different
statistical groups of genotypes indicated by ANOVA
(P , 0.05, Bonferroni’s test) are shown with lower-
case (control) and upper-case (flg22) letters. B,GSTU13
contributes differentially to the two branches of PEN2
pathway. GSTU13 is the major GST involved in the
pathogen-triggered conversion of 4MI3G to 4OGlcI3F.
Consequently,GSTU13 is indispensable for preinvasive
resistance against fungal pathogens and flg22-iduced
callose deposition. Metabolism of I3G is additionally
mediated by an unidentified GST, which is involved in
the formation of I3A and RA. This in turn, likely con-
tributes to the induction of I3CA biosynthesis. Alterna-
tively, induction of I3CAbiosynthesis could be completely
independent from GSTactivity. FW, fresh weight.
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Is GST-mediated GSH Conjugation Rare in the
Biosynthesis of Plant Secondary Metabolites?

Although GSTs are postulated to function in plant
primary and secondary metabolism, in addition to
many other roles such as redox regulation, genetic ev-
idence for such a contribution has been proven only for
a few representatives of this enzyme class (Dixon et al.,
2010). Moreover, the confirmed functions are fre-
quently not necessarily linked with GST catalytic ac-
tivity. For instance, BRONZE2, ANTHOCYANIN9,
and TRANSPARENT TESTA19 GSTs from maize (Zea
mays), petunia, and Arabidopsis, respectively, are re-
quired for proper sequestration of anthocyanins into
the vacuole without GSH conjugation being involved
(Marrs et al., 1995; Alfenito et al., 1998; Kitamura et al.,
2004). Experimental evidence suggests that these GSTs
cotransport anthocyanins together with GSH that is
required to facilitate vacuolar import of anthocyanins
by respective ATP-Binding Cassette transporters
(Mueller et al., 2000; Sun et al., 2012; Francisco et al.,
2013). Likewise, GSH conjugates and their derivatives
have been so far only identified as biosynthetic inter-
mediates of glucosinolate, camalexin, and brassinin
(Böttcher et al., 2009; Geu-Flores et al., 2011; Klein and

Sattely, 2017). This suggests that GST-mediated conju-
gation of GSH is rather rare in plant secondary metab-
olism and possibly unique for plant species producing
sulfur-containing secondary metabolites.

Specialized GSTs in the Biosynthesis of Sulfur-containing
Metabolites in Brassicales

The observed indispensability of GSTU13 for the
proper metabolism of IGs during immune responses is
in marked contrast to findings on GSTs that are puta-
tively involved in glucosinolate biosynthesis, but
whose function has not been supported by mutant
phenotypes. Moreover, metabolic engineering of glu-
coraphanin (AG) biosynthesis in N. benthamiana and
I3G biosynthesis in Saccharomyces cerevisiae indicated
that the expression of GSTF9 or GSTF11may eventually
increase glucosinolate accumulation levels, but this is
not essential for their production (Mikkelsen et al., 2010,
2012). Similarly, although the gstf6 mutant has been
shown to be partially deficient (approximately 20%
reduction, as compared to the wild-type plants) in
camalexin production in response to Botrytis cinerea (Su
et al., 2011), the efficiency of camalexin biosynthesis

Figure 7. GSTU13, together withGSTU11, GSTU12, andGSTU14, forms a Brassicaceae-specific GST subfamily. A, An ML tree
of GSTs encoded on a wide range of plant genome sequences. Colored nodes indicate a node specific to Brassicaceae (cyan), a
basal Brassicales Carica papaya (green), Malvales (light purple), other dicotyledonous plants (purple), monocotyledonous plants
(red), nonflowering land plants (a lycophyte and bryophytes; orange), and green algae (dark yellow). GST families are indicated by
bold letters and some representative Arabidopsis isoforms of GSTU and GSTF subfamilies are indicated by plain letters. Only key
bootstrap values from 100 replicates are indicated. The identical tree with all bootstrap values and gene names can be found in
Supplemental Figure S6. B, An enlarged view of GSTU11-14 subclade. Genes from Arabidopsis are indicated by blue nodes.
Black arrows indicate isoforms identified from theCapsella genus. Gene names are shownwith species names and PAC transcript
IDs. A corresponding gene table can be found in Supplemental Data S2.
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engineering in N. benthamiana was not dependent on
the presence of AtGSTF6 (Møldrup et al., 2013). These
findings suggested that nonspecific endogenous GSTs
from other organisms can efficiently catalyze the re-
spective steps in glucosinolate and camalexin biosyn-
thesis. Alternatively, it remains plausible that the
respective reactions are spontaneous, and their effi-
ciency can be onlymoderately, if at all, improved by the
presence of specialized GSTs. In contrast, unlike the
GSH acceptors in glucosinolate and camalexin biosyn-
thesis, the chemical instability of indol-3-ylmethyl-ITCs
rather excludes a spontaneous formation of the corre-
sponding dithiocarbamate-type adducts (Fig. 1; Kim
et al., 2008; Agerbirk et al., 2009). Moreover, significant
amounts of indole-3-carbinol, generated upon tran-
sient expression of brassinin biosynthetic enzymes in
N. benthamiana, suggested that although nonspecialized
GSTs from other speciesmight support the formation of
the dithiocarbamate-type adducts from indol-3-
ylmethyl-ITCs, they are not efficient enough to pre-
vent the release of undesired side products (Fig. 1; Klein
and Sattely, 2017). Collectively, these findings suggest
that specialized GSTs cannot be excluded for glucosi-
nolate and camalexin biosynthesis, and that these en-
zymes are indispensable for efficient function of the
PEN2 pathway and brassinin biosynthesis.

At present it is not clear whether the specific contri-
bution of GSTU13 to the PEN2 pathway results pre-
dominantly from its substrate specificity, as suggested
by in vitro studies of Wagner et al. (2002) and Dixon
et al. (2009), or additionally from other factors such as a
unique subcellular localization. PEN2 is associatedwith
peroxisomal and mitochondrial membranes, and its
function in immunity is dependent on the relocalization
of mitochondria to sites of attempted pathogen entry
(Lipka et al., 2005; Fuchs et al., 2016). This suggests that
the metabolic processes responsible for preinvasive
disease resistance occur directly underneath pathogen
contact sites. Therefore, it is plausible that GSTU13
is also remobilized to these sites upon pathogen
challenge.

Functional Differentiation among Closely Related
GSTU11-14 Isoforms

Unlike the formation of 4OGlcI3F, the biosynthesis of
I3A and RA is only partially dependent on GSTU13
(Fig. 3). This raises the question of which additional
GST contributes to this branch of IG metabolism. Our
phylogenomic analysis suggested that GSTU13, to-
gether with GSTU11, GSTU12, and GSTU14, evolved in
Brassicaceae to function in metabolic processes unique
for this plant family (Fig. 7). However, GSTU11,
GSTU12, and GSTU14 are almost exclusively expressed
in roots (Dixon et al., 2010), which makes their putative
contribution to the formation of RA and I3A in the gstu13
mutant leaves rather unlikely. Moreover, GSTU14 lacks
the conserved Ser residue, which is considered critical
for GSH binding, and its catalytic activity remains to be

proven (Dixon et al., 2009; Krajewski et al., 2013). Het-
erologously expressed GSTU11 was not active toward
benzyl-ITC, whereas GSTU12 was shown to localize to
the nucleus, a different subcellular compartment com-
pared to mitochondria- and peroxisome-associated
PEN2 (Dixon et al., 2009; Fuchs et al., 2016). Thus, it re-
mains unclear which GST(s) are responsible for the re-
sidual I3A and RA biosynthesis in the gstu13 mutant
background.

Peptidases in Pathogen-triggered IG Metabolism

To generate I3A and RA from I3G and 4OGlcI3F from
4OH- or 4MI3G, our model predicts two types of pep-
tidases that cleave g-Glu andGly residues from indol-3-
ylmethyl-ITC-GSH (Figs. 1 and 3). In glucosinolate and
camalexin biosynthesis, g-Glutamyl Peptidase1 (GGP1)
and GGP3 have been identified as redundant enzymes
that remove g-Glu from the corresponding GSH con-
jugates (Geu-Flores et al., 2011). As indicated by tran-
sient gene expression in N. benthamiana, at least one
of these GGPs could be also involved in brassinin bio-
synthesis in B. rapa (Klein and Sattely, 2017). The
carboxypeptidase(s) cleaving Gly in glucosinolate or
phytoalexin biosynthesis so far has not been identified.
However, in the case of glucosinolate and brassinin
pathways, this step seems to be not essential, as the
subsequent enzyme, SUPERROOT1 C-S lyase, can ef-
ficiently metabolize biosynthetic intermediates with
retained Gly (Geu-Flores et al., 2011). The peptidase(s)
removing g-Glu from indol-3-ylmethyl-ITC-GSH has
not been reported, but PHYTOCHELATIN SYNTHASE1
has been proposed as the carboxypeptidase that may
contribute to the PEN2 pathway (Clay et al., 2009;
Kühnlenz et al., 2015). This suggests that gstu13 and pcs1
mutant plants may serve together as an important future
tool to develop a targetedmetabolic profiling protocol for
the characterization of the deduced biosynthetic inter-
mediates of the PEN2 pathway.

MATERIALS AND METHODS

Plant Material

Seeds of gstu13 lines T-DNA lines, SALK_022297 (gstu13-1) and

SALK_050148 (gstu13-2), have been obtained from theNottinghamArabidopsis

Stock Center (stocks N522297 and N550148, respectively). Oligonucleotide se-

quences used for isolation of homozygous mutants were: 59-CACTCATGCA-

TAGCGAAGAGG-39 (LP; gstu13-1), 59-GATCCGATTTACGGATATGGG-39

(RP; gstu13-1), 59-CGTTCCTTCAATCCTTCCTTC-39 (LP; gstu13-2), 59-GAAAGGT-

GAGGTTTCCTCCAG-39 (RP; gstu13-2), and 59-TGGTTCACGTAGTGGGCCATCG-

39 (LBa1 SALK primer). GSTU13 expression levels in leaves of the obtained

homozygous lines have been checked with qRT-PCR using the protocol de-

scribed earlier (Frerigmann et al., 2016) andnormalized toACTIN2. Primer sequences

were as follows: 59-TTTTGGGCTCAGTACATCGA-39 (LP, GSTU13), 59-ATTCG-

CAAAGCAAAAGTTCAA-39 (RP, GSTU13), 59-CCGGTATTGTGCTGGATTCT-39

(LP,ACTIN2), and 59-AATTTCCCGCTCTGCTGTTG-39 (RP, ACTIN2). The pen2-

2, cyp81F2-1, and pad2 lines have been reported earlier (Bednarek et al., 2009). The

pen2-2 gstu13-1 double knockout plants have been generated by crosses of the

respective single mutants. For inoculations with powdery mildews, flg22 spray-

inoculation plants were grown in growth chambers at 20°C to 23°C with a 10-h

photoperiod and a light intensity of approximately 150 mE m22 s21 for 4 weeks.
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HPLC Analysis of Secondary Metabolites

Four-week-old plants of selected genotypes were inoculated with Blumeria

graminis f. sp hordei (isolate K1) using a settling tower (Lipka et al., 2005), spray-

inoculated with Plectospaerella cucumerina (isolate BMM) spores (107 spores/

mL; Sanchez-Vallet et al., 2010) or spray-inoculated with flg22 (5 mM;

Frerigmann et al., 2016). Leaf samples for quantitative analysis of IGs and their

metabolism products in selected Arabidopsis genotypes were collected 16 h

postinoculation with B. graminis conidiospores, 48 h after inoculation with

P. cucumerina conidiospores, or 24 h after flg22 treatment and extracted in di-

methyl sulfoxide as described by Bednarek et al. (2009). Extracts were subjected

to HPLC on an Agilent 1200 HPLC System equipped with diode array and

fluorescence detectors. Samples were analyzed on an Atlantis T3 C18 column

(150 3 2.1 mm, 3 mm; Waters) according to the same protocols as reported

earlier (Bednarek et al., 2009; Lu et al., 2015)

Disease Resistance Analyses

Erysiphe pisi

Arabidopsis (Arabidopsis thaliana and A. lyrata) plants were inoculated with

conidiospores of E. pisi (Birmingham Isolate) using a settling tower (Lipka et al.,

2005). Leaves were fixed, cleared, entry rates were scored, and secondary hy-

phae were visualized, as described earlier (Lipka et al., 2005).

Colletotrichum gloeosporioides

To investigate the trail of C. gloeosporioides and the development of primary

biotrophic hyphae, 2 mL drops of C. gloeosporioides conidial suspension (ap-

proximately 5 3 105 conidia per mL) were drop-inoculated with 0.06% (w/v)

Glc onto the cotyledon of each 12-d-old plant, and the inoculated plants were

subjected to microscopic analysis at 14 h postinoculation. The method to count

the types of C. gloeosporioides entry was described in Hiruma et al. (2010). To

investigate the expansion of necrotrophic hyphae at the postentry and post-

invasive defense stages, 5 mL drops of C. gloeosporioides conidial suspension

(approximately 5 3 105 conidia per mL) were inoculated with 0.1% (w/v) Glc

onto each of the leaves of 4-week-old plants. After incubation, the inoculated

plants were subjected to lesion development analysis and Trypan Blue staining.

Plectospaerella cucumerina

Three-week-oldArabidopsisplantsgrownaspreviouslydescribed (Sanchez-

Vallet et al., 2010) were inoculatedwith a spore suspension (43 106 spores/mL)

of the adapted P. cucumerina BMM isolate (Ramos et al., 2013). Disease progres-

sion in the inoculated plants was estimated by determination of fungal DNA by

means of qRT-PCR as described (Sánchez-Rodríguez et al., 2009). The qRT-PCR

results are mean values 6 SD from two technical replicates. At least three inde-

pendent experiments (n . 10) were performed that gave similar results.

Callose Deposition Assay

Callose deposition in response to flg22 has been tested as described previ-

ously using 10-d-old Arabidopsis seedlings (Fukunaga et al., 2017). Treated

seedlings were stained with Aniline Blue solution containing 0.005% Aniline

Blue (Sigma-Aldrich) in 0.07 M sodium P buffer (pH 9) for 30 min (Adam and

Somerville, 1996). The stained leaves were mounted on a slide in 50% glycerol

and examined with a DAPI filter on an Olympus BX53 fluorescence microscope

equipped with an Olympus DP72 camera and the Olympus cellSens program.

Comprehensive Targeted Coexpressions Analysis

Coexpression analysis was performed essentially as described previously

(Nakano et al., 2017) using R software (http://www.r-project.org). CYPs,

BGLUs, and GSTs were retrieved from The Arabidopsis Information Resources

using PFAM annotation IDs (350 genes). To incorporate multiple genes assigned

to single probes due to cross hybridization, probewise MR matrix was used as a

distance matrix (311 probes). Coexpressed gene clusters were objectively deter-

mined by silhouette analysis.A table of genes andprobes used in the analysiswith

the results from hierarchical clustering can be found in Supplemental Data S1. All

scripts used for the analysis are available at http://www.mpipz.mpg.de/

R_scripts.

Phylogenetic Analysis of GSTs

GSTs encoded on genome sequences of A. lyrata, A. thaliana, Boechera stricta,

Brassica rapa FPsc, Capsella grandiflora, Capsella rubella, Carica papaya, Chlamy-

domonas reinhardtii, Eutrema salsugineum,Gossypium raimondii,Manihot esculenta,

Marchantia polymorpha (v3.1 early release), Medicago truncatula, Oryza sativa,

Physcomitrella patens, Selaginella moellendorffii, Sorghum bicolor, Theobroma cacao,

and Volvox carteri were collected from the Phytozome database (v.12) using the

KEGG annotation term 2.5.1.189. Resulting 1551 sequences were filtered based on

sequence length (Supplemental Fig. S5), followed by multiple alignment using

Muscle algorithm on MEGA7 software (http://www.megasoftware.net/). Out of

1073 sequences aligned, 325 gappy sequences were excluded by the MaxAlign

on-line tool (http://www.cbs.dtu.dk/services/MaxAlign/) to ensure sufficient

number of common sites. Aligned 748 sequences were subjected to ML analysis

using the RAxML on-line tool (http://embnet.vital-it.ch/raxml-bb/), applying the

GTR+G+I model. Bootstrap values were estimated by 1003 replications. Phylo-

genetic trees were visualized using the iTOL on-line tool (http://itol.embl.de/). A

list of genes thatwas included and excluded can be found in SupplementalData S2.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Silhouette analysis from coexpression matrix of

GSTs, CYPs, and BGLUs.

Supplemental Figure S2. SALK_022297 and SALK_050148 lines are defi-

cient in GSTU13 transcript.

Supplemental Figure S3. GSH is required for the formation of 4OGlcI3F.

Supplemental Figure S4. Accumulation of I3A is induced in gstu13 plants

after flg22 treatment.

Supplemental Figure S5. Size-based filter of GSTs for phylogenetic

analysis.

Supplemental Figure S6. ML tree of GSTs with full information.

Supplemental Data S1. Coexpression clustering table of GSTs, BGLUs, and

CYPs, associated with Figure 2.

Supplemental Data S2. A summary table of genes used for the phyloge-

netic analysis, associated with Figure 7.
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