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Introduction

Plants have evolved robust, innate immune systems in response
to persistent colonization attempts by pathogenic microorgan-
isms, with some of the responses involving biosynthesis and tar-
geted secretion of antimicrobial secondary metabolites (Jones &
Dangl, 2006; Piasecka eral, 2015). In the model plant
Arabidopsis  thaliana (Arabidopsis), tryptophan (Trp)-derived
metabolites, including the indolic phytoalexin camalexin and
indolic glucosinolates (IGs), have been shown to be involved in
crucial processes of the plant’s innate immune system (Glawis-
chnig, 2007; Pastorczyk & Bednarek, 2016). In addition to such
metabolic compounds, indole-3-carboxylic acid (ICA) derivatives

Summary

o Effective defense of Arabidopsis against filamentous pathogens requires two mechanisms,
both of which involve biosynthesis of tryptophan (Trp)-derived metabolites. Extracellular
resistance involves products of PEN2-dependent metabolism of indole glucosinolates (IGs).
Restriction of further fungal growth requires PAD3-dependent camalexin and other, as yet
uncharacterized, indolics.

e This study focuses on the function of CYP71A12 monooxygenase in pathogen-triggered
Trp metabolism, including the biosynthesis of indole-3-carboxylic acid (ICA). Moreover, to
investigate the contribution of CYP71A12 and its products to Arabidopsis immunity, we ana-
lyzed infection phenotypes of multiple mutant lines combining pen2 with pad3, cyp71A12,
cyp71A13 or cyp82C2.

e Metabolite profiling of cyp77A72 lines revealed a reduction in ICA accumulation. Addition-
ally, analysis of mutant plants showed that low amounts of ICA can form during an immune
response by CYP71B6/AAO1-dependent metabolism of indole acetonitrile, but not via I1G
hydrolysis. Infection assays with Plectosphaerella cucumerina and Colletotrichum tropicale,
two pathogens with different lifestyles, revealed cyp71A12-, cyp71A13- and cyp82C2-associ-
ated defects associated with Arabidopsis immunity.

e Our results indicate that CYP71A12, but not CYP71A13, is the major enzyme responsible
for the accumulation of ICA in Arabidopsis in response to pathogen ingression. We also show
that both enzymes are key players in the resistance of Arabidopsis against selected filamen-
tous pathogens after they invade.

(ICAs) (Hagemeier ezal., 2001; Tan ez al., 2004; Bednarek ez al.,
2005; Forcat etal., 2010) and indole-3-carbonyl nitriles (ICNs)
(Rajniak eral, 2015) have been reported as end products of
microbe-induced metabolic pathways.

Not only do the above listed compounds share the same pre-
cursor, but they are also involved in the first biosynthetic step of
all Trp-derived specialized metabolites, the formation of indole-
3-acetaldoxime (IAOx) from Trp by two redundant P450
monooxygenases, CYP97B2 and CYP79B3 (Fig. 1) (Mikkelsen
et al., 20005 Zhao et al., 2002; Glawischnig ez al., 2004; Bottcher
etal., 2009). In Arabidopsis, this intermediate product represents
the metabolic branch point for IG biosynthesis, and pathways
leading to the synthesis of ICAs, ICNs and camalexin. On the IG
biosynthetic pathway, IAOx is metabolized by CYP83BI
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to indol-3-ylmethyl glucosinolate (I3G) in subsequent biosyn-
thetic steps (Fig. 1) (Sonderby ezal., 2010). I3G can be further
modified on the indole core, for instance by CYP81F2 monooxy-
genase that initiates formation of 4-methoxy-I13G (4MI3G)
(Pfalz etal, 2011). On the route to camalexin, IAOx can be
metabolized to indole-3-acetonitrile (IAN) and possibly further
to o-hydroxy-IAN and/or dehydro-IAN by CYP71A13 and its
close homolog, CYP71A12 (Fig. 1) (Nafisi eral, 2007; Klein
etal., 2013; Muller eral, 2015). In Arabidopsis, the enzymes
CYP71A13 and CYP71A12 show 89% similarity in their amino
acid sequences and their corresponding genes are located in
tandem on chromosome II. Metabolic phenotypes of single and
double ¢yp71al2 and c¢yp71al3 mutant lines reveal that both
monooxygenases contribute to camalexin biosynthesis when
infected by Pseudomonas syringae and Alternaria brassicicola and
in response to microbe-associated molecular pattern (MAMP)
fig22 (bacterial flagellin epitope), silver nitrate (AgNO3;) or UV
treatment (Nafisi ezal, 2007; Millet etal, 2010; Miiller et al.,
2015). The last two steps in the formation of camalexin are cat-
alyzed by the muldfunctional enzyme PHYTOALEXIN
DEFICIENT 3 (PAD3) CYP71B15 monooxygenase (Schuheg-
ger et al., 2006; Botecher ez al., 2009). Importantly, pad3 mutants
are completely lacking camalexin and so are frequently used when
validating the function of camalexin in Arabidopsis—microbe
interactions (Thomma ez al, 1999; Zhou et al, 1999). In addi-
tion to camalexin, IAN has also been postulated as being an inter-
mediary in ICA biosynthesis (Fig. 1) (Bottcher eral, 2014).
Accumulation of ICAs in single and double ¢yp71a12 and
¢yp71al3 mutant lines suggest that biosynthesis of these com-
pounds by Arabidopsis in response to AgNOj toxicity depends
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predominantly on CYP71A12 monooxygenase, whereas specific
ICAs are produced in response to UV treatment, with the contri-
bution of CYP71A13 (Miller ez al., 2015). The ¢yp71412 mutant
is also reported to accumulate reduced amounts of ICAs when
infected with A. brassicicola or Botrytis cinerea (Rajniak et al.,
2015). However, the double cyp/1A412 cyp71A13 (cyp71A12/
AI3) mutant line was not tested with these two necrotrophic
pathogens. The reduced accumulation of 6-O-glucoside of 6-hy-
droxy-ICA (60GIcICA) and ICA glucose ester (ICAGlc) in
leaves of ¢yp71B6 and arabidopsis aldehyde oxidase 1 (aaol)
mutants exposed to AgNOj suggest that CYP71B6 and AAO1
enzymes contribute to the conversion of IAN via indol-3-alde-
hyde to ICA (Botecher eral, 2014; Miiller et al., 2019). Finally,
experimental evidence indicates that CYP71A12 (but not
CYP71A13) is also involved in ICN biosynthesis (Fig. 1). It has
been proposed that o-hydroxy-IAN produced by CYP71A12
monooxygenase is metabolized by flavin-dependent oxidoreduc-
tase 1 (FOX1) to ICN, which can be further hydroxylated at the
C-4 position of the indole ring by another monooxygenase,
CYP82C2, to form 4-hydroxy-ICN (4OH-ICN) (Fig. 1) (Raj-
niak eral., 2015). ICNs have been shown to be highly unstable,
and in aqueous or methanolic solutions they hydrolyze to ICAs
with release of HCN. Consequently, it has been hypothesized
that a fraction of ICAs observed in plant extracts might be
derived from the degradation of ICNs (Fig. 1) (Rajniak eral,
2015).

In Arabidopsis, an effective defense against filamentous
pathogens requires two autonomous, but complementary, mech-
anisms acting before and after invasion of its epidermal cells
(Lipka eral, 2008). Pathogen-inducible IG metabolism was
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originally identified as a component of extracellular resistance
controlling entry of nonadapted powdery mildews into epidermal
cells (Lipka eral, 2005; Bednarek eral, 2009). This process
involves CYP81F2 monooxygenase, B-thioglucoside glucohydro-
lase (myrosinase) PENETRATION2 (PEN2), and glutathione $-
transferase U13 (GSTU13), all of which are required for generat-
ing end product(s) crucial for plant immunity against non-
adapted powdery mildew (Bednarek eral, 2009; Pislewska-
Bednarek ezal, 2018). As confirmed by numerous infection
assays, this pathway is essential not only for controlling powdery
mildew penetration, but also for extracellular resistance against
numerous filamentous plant pathogens and for MAMP-triggered
callose deposition (Clay eral, 2009; Pastorczyk & Bednarek,
2016). Microscopic observations of pern2 and pad3 single and
double knockout plants inoculated with conidiospores of the
nonadapted powdery mildew Erysiphe pisi or conidiospores of the
Colletotrichum  tropicale
(formerly known as Colletotrichum glocosporioides) has revealed

nonadapted  anthracnose  fungus
that camalexin is not required to control pathogen entry. How-
ever, the double pen2 pad3 mutant is not only deficient in pro-
viding resistance to powdery mildew penetration (as is pen2), but
the double mutant additionally supports extensive growth of sec-
ondary hyphae (Bednarek eal, 2009; Hiruma eral, 2010,
2013). These observations suggest that successful epidermis pene-
tration triggers immunity-contributing mechanisms at the post-
invasive infection stage, which involves antibiotic activity of
camalexin. Notably, the ¢yp79B2 ¢yp79B3 (¢yp79B2/B3) double
mutant line, which lacks all Trp-derived secondary metabolites,
supports even more massive growth of C. tropicale secondary
hyphae compared with pen2 pad3 (Hiruma et al., 2013). A simi-
larly clear difference in the susceptibility of pen2 pad3 and
¢cyp79B2/B3 lines has been observed when examining the differ-
ential response of those two lines to Phytophthora brassicae or to
adapted and nonadapted strains of the necrotrophic fungal
pathogen Plectosphaerella cucumerina (Sanchez-Vallet ez al., 20105
Schlaeppi eral, 2010). This striking susceptibility of the
¢yp79B2/B3 double mutant indicates that Arabidopsis immunity
at the post-invasive stage requires other indolic compounds in
addition to camalexin. Because IG-deficient myb34 myb51
myb122 (myb34/51/122) plants show the same susceptibility to
P. cucumerina infection as the pen2 mutant, it has been suggested
that such (as yet unknown) additionally required indolic metabo-
lites are not derived from any IGs (Frerigmann ezal, 2016).
ICAs, the biosynthesis of which is known to be induced by
pathogen infection in Arabidopsis and related Brassicaceae
species, are the main candidates for potential involvement in the
restriction of post-invasive pathogen growth (Bednarek eral.,
2011). However, the role of ICAs in plant immunity has not yet
been experimentally verified. In addition, it has been recently
reported that the ¢yp82C2 mutation increases Arabidopsis suscep-
tibility to P. syringae, A. brassicicola and B. cinerea, indicating a
possible role of 4OH-ICN in providing resistance against bacte-
rial and fungal pathogens (Rajniak ez 4/, 2015).

In this study we investigated the function of several enzymes in
the pathogen-triggered biosynthesis of ICAs. In addition, we used
combinations of pen2, pad3, cyp71A12, cyp71A13 and ¢yp82C2
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mutants to decipher the function of various IAN-derived com-
pounds in Arabidopsis immunity against P. cucumerina and
C. tropicale. Overall, our study revealed a major contribution of
CYP71A12 to the pathogen-triggered ICA biosynthesis and
important functions of this monooxygenase in the restriction of
post-invasive pathogen growth in Arabidopsis.

Materials and Methods

Plant material

Arabidopsis  thaliana  seeds of cyp71412 (GABI_414A10),
op71AI3 (SALK_105136), aaol (SALK_069221), cyp71B6
(GABI_305A04), foxI (GABI_813E08) and cp82C2
(GABI_183B09) T-DNA lines were obtained from Nottingham
Arabidopsis Stock Center. The isolation of homozygous mutant
lines was performed according to standard procedures. For
oligonucleotide sequences of the primers LP, RP and BP, see
Supporting Information Table S1. The pen 2-2, pen2 pad3 and
cyp79B2 cyp79B3 mutant lines were reported by Bednarek ez al.
(2009). The TALEN-generated ¢yp/I1A12 cyp71A13 was
described by Miller eral. (2015). The myb34/51/122 triple
mutant line was reported by Frerigmann ez al. (2016).

Generation and selection of multiple mutant lines

The pen2 cyp71A12 and pen2 cyp82C2 double mutant lines, pen2
pad3 cyp82C2 and pen2 cyp71A12 cyp71A13 triple mutant lines
as well as myb34/51/122 cyp71A12A/A13 quintuple mutant line
were generated by standard genetic crosses followed by identifica-
tion of the mutant alleles. For genotyping of pen2, cyp82C2,
cyp71A12 T-DNA lines, oligonucleotide sequences of primers are
listed in Table SI. Single nucleotide deletion in PAD3/
CYP71B15 (Zhou et al., 1999; Nafisi ez al., 2007) was confirmed
by digestion of 600bp PCR product obtained with LP 5'-
GTCGCGATCTCTTCGAAAGA-3 and RP 5-GAGAGCAT
CTCCATCGTTCTC-3" with Hindlll restriction enzyme (WT
digestion pattern 400 bp + 200 bp, pad3 mutation — no digestion
of the PCR product). The TALEN mutation in the ¢yp/1A12
cyp71A13 double mutant line was confirmed according to Miiller
etal. (2015). Mutations in the myb34/51/122 triple mutant line
were confirmed according to Frerigmann ez al. (2016).

HPLC analysis of specialized metabolites

Four-week-old plants of selected mutant lines were inoculated
with P. cucumerina spore suspension (isolate BMM (Brigitte
Mauch-Mani), 1.25 x 10® ml™"). Leaf samples for quantitative
analysis of soluble Trp derivatives were collected 48 h post-inocu-
lation and extracted in dimethyl sulfoxide as described by
Bednarek ez al. (2009). For the analysis of cell wall-bound ICA,
6-wk-old plants were inoculated as described above with
P. cucumerina spore suspension. Leaf samples (~2g) were col-
lected 48 h post-inoculation. Purification of cell walls and extrac-
tion of the cell wall-bound fraction of ICA was performed
according to Tan eral. (2004) with some modifications. Extracts

© 2019 The Authors
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of soluble and cell wall-bound compounds were subjected to
HPLC analysis on an Agilent 1100 HPLC system equipped with
diode array and fluorescence detectors. Samples were analyzed on
an Atlantis T3 C18 column (150 x 3 2.1 mm, 3 mm; Waters,
Millford, MA, USA) according to the same protocols as reported
earlier (Bednarek ez al., 2009).

RNA extraction and expression analysis by qRT-PCR

For gene expression analysis of CYP71A12/A13 in respective
mutant lines inoculated with 2ABMM, total RNA extraction and
cDNA synthesis were performed using a Qiagen RNeasy Plant
Mini Kit and Omniscript RT Kit, respectively, according to the
manufacturer’s instructions. Quantitative real-time PCR (qRT-
PCR) analysis was performed using iTag Universal SYBR Green
Supermix in a Bio-Rad CFX Connect Real-Time System. Rela-
tive quantification of expression levels of target genes was per-
formed using the comparative Ct method and normalized to
ACTIN2. For gene expression of CYP7IAI12, CYP82C2 and
PAD3/CYP71AI15 in C. tropicale-Arabidopsis interactions, total
RNA was extracted using PureLink (TRIzol plus RNA Purifica-
tion, Life Technologies) and treated with DNase (RQ1 RNase-
free DNase; Promega) to remove DNA contamination. qRT-
PCR analysis was performed using Takara TB Green Premix Ex
Taq and a Thermal Cycler Dice Real Time System TP800
(Takara,  Shiga, Japan).  Arabidopsis =~ UBIQUITIN-
CONJUGATING ENZYME 2 (At5g25760) was used as an
internal control for normalizing the level of cDNA. For amplifi-
cation of all analyzed genes, a standard qRT-PCR protocol was
applied with 1 min elongation time. Oligonucleotide sequences
used for qRT-PCR analysis are listed in Table S1.

Disease resistance analysis

Plectosphaerella cucumerina Three-week-old Arabidopsis plants
grown as previously described (Sanchez-Vallet ez al., 2010) were
inoculated with a spore suspension (4 x 10° spores ml™") of
adapted (BMM) and nonadapted (2127) strains of
P. cucumerina. Disease progression in the inoculated plants was
estimated by relative quantification of fungal DNA by means of
gRT-PCR as previously described by Sdnchez-Rodriguez ez .
(2009). The qRT-PCR results are mean values = SD from two
technical replicates.

Colletotrichum tropicale To investigate the entry trail of
C. tropicale (formerly Colletotrichum gloeosporioides) (Kosaka &
Takano, 2018) and the development of primary biotrophic
hyphae, 2 pl drops of a C. #ropicale conidial suspension (e
5 x 10° conidiaml™!) were drop inoculated with 0.05% (w/v)
glucose onto the cotyledon of each 12-d-old-plant, and the inoc-
ulated plants were subjected to microscopic analysis at 14 h post-
inoculation as described by Hiruma ezl (2010). To investigate
the expansion of necrotrophic hyphae at the post-entry and post-
invasive defence stages, 5 pl drops of C. #ropicale conidial suspen-
sion (c. 2.5 x 10° conidia mI™!) were inoculated with 0.1% (w/v)
glucose onto each of the leaves of 4-wk-old plants. After

© 2019 The Authors
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incubation, the inoculated plants were subjected to lesion devel-
opment analysis and Trypan Blue staining.

Statistical analysis

The statistical significance of observed differences was validated
with two-way or one-way analyses of variance (ANOVAs) fol-
lowed by post hoc Tukey’s honest significance test. These tests
were performed using XLSTAT software (Addinsoft).

Results

CYP71A12, but not CYP71A13, is required for pathogen-
triggered accumulation of ICAs

Metabolite profiling of ¢yp7 1412 knockout plants indicates the cru-
cial contribution of CYP71A12 monooxygenase to the AgNOs-,
UV- and pathogen-triggered accumulation of ICAs (Miiller ez 4,
2015; Rajniak eral, 2015). Analysis of the double ¢yp71A412/A13
mutant suggested that CYP71A13 provides an additional minor
contribution to the UV-induced accumulation of these compounds
(Muller ezal., 2015). To assess the role of both monooxygenases in
the pathogen-triggered biosynthesis of ICA derivatives, we inocu-
lated leaves of qp71A12, qp7AI3 and ¢yp71A12/A13 mutant lines
together with wild-type (WT) plants (Col-0 ecotype) with a spore
suspension of the host-adapted pathogenic strain of the necrotrophic
fungus Plectosphaerella cucumerina BMM (PcBMM), which is able
to colonize Col-0 plants (Ton & Mauch-Mani, 2004). We used
HPLC coupled with UV-detection (HPLC/UV) to analyze the
accumulation of 60GIcICA and ICAGIc in leaves of control and
PeBMM-inoculated plants (Fig. 2a). Our analysis revealed that the
pathogen triggered significantly lower accumulation of both ICA
derivatives in the ¢yp/1A412 single mutant line than in WT plants.
However, despite this deficiency observed in the infected leaves,
WT-like concentrations of both ICAs accumulated in the leaves of
control ¢yp/IA12 plants (Fig. 2a), suggesting that CYP71A12
monooxygenase is required for mediating pathogen-triggered, but
not for the constitutive biosynthesis of 60GIcICA and ICAGIc. In
contrast to the ¢yp/1A12 genotype, concentrations of both analyzed
ICAs in extracts obtained from leaves of the ¢yp71A413 genotype
inoculated with PeBMM were significantly higher than the respec-
tive concentrations in inoculated WT plants. Moreover, the double
knockout line ¢yp71A12/A13 retained the capacity to synthesize
oyp71A12-like amounts of 60GIcICA and ICAGlc, indicating that
the CYP71A13 monooxygenase does not significantly contribute to
the pathogen-triggered formation of ICA (Fig. 2a). This in turn sug-
gests that either CYP71A12 acts in a partially redundant manner
with a monooxygenase(s) other than CYP71A13 or that ICA might
be produced in an alternative metabolic pathway.

Because ICA has also been reported to occur in the fraction
comprising  cell-wall-bound metabolites, we analyzed the
amounts of ICA in the hydrolysates obtained from cell walls iso-
lated from leaves of naive and PcBMM-inoculated Col-0,
cyp71A12 and cyp71A12/A13 plants. Our HPLC/UV analysis
revealed that the ¢yp/1412 mutation reduced the pathogen-trig-
gered, but not constitutive, accumulation of cell-wall-bound
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ICA, whereas an additional mutation in CYP7I1AI3 did not
affect our measured ICA concentrations (Fig. S1). Overall, our
experiments reveal that CYP71A12, but not CYP71A13, con-
tributes to the biosynthesis of the soluble and cell-wall-bound
fractions of ICAs in Arabidopsis.

IG hydrolysis does not significantly contribute to pathogen-
triggered formation of ICAs

Conversion of IAOx by the enzymes CYP71A12 and CYP71A13
is not the only known source of IAN in Arabidopsis. This com-
pound can also form during myrosinase-mediated hydrolysis of
IGs (Fig. 1) (Miller etal., 2015). To address this proposed link
between IG metabolism and ICA biosynthesis, we generated a
quintuple ¢yp/71A12/A13 myb34/51/122 mutant to analyze the
accumulation of 60GIcICA and ICAGIc in leaves of this line.
The transcription factors MYB34, MYB51 and MYB122 control
IG biosynthesis, and consequently triple myb34/51/122 mutant
plants are depleted of these metabolites (Frerigmann & Gigo-
lashvili, 2014). As already reported, we had observed a lower con-
stitutive accumulation of 60GIcICA and ICAGlIc in leaves of the
myb34/51/122 control than in Col-0 (WT) plants (Fig. 2b),
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possibly in response to the impact of MYB34, MYB51, and
MYBI122 transcription factors on the constitutive expression of
monooxygenases CYP79B2 and CYP79B3 (Frerigmann etal.,
2016). However, we did not observe any significant difference in
the accumulation of either ICAs between PcBMM-inoculated
leaves of Col-0 and myb34/51/122 mutant, suggesting that after
inoculating Arabidopsis with a pathogen, expression of CYP79B2
and CYP79B3 is controlled by other transcription factors. Simi-
larly, we did not observe any significant reduction in 60GIcICA
and ICAGlIc concentrations in the ¢yp/1A12/A13 myb34/51/122
mutant relative to the ¢yp71A12/A13 double mutant (Fig. 2b).
Opverall, our results indicate that IG metabolism does not signifi-
cantly contribute to ICA accumulation, at least under our experi-
mental conditions.

CYP71B6 and AAO1, but not FOX1, have a minor
contribution to ICA-derivative accumulation in response to
P. cucumerina infection

Based on the reduced accumulation of some ICAs in the respec-
tive knockout lines, CYP71B6 monooxygenase and AAO1 have
been proposed as enzymes that convert IAN to indole-3-aldehyde
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Fig.2 CYP71A12, but not indole glucosinolates, contributes to the biosynthesis of indole-3-carboxylic acid derivatives in Arabidopsis thaliana. (a)
Accumulation of selected Trp derivatives in cyp77a12 and cyp77a73 mutant lines. (b) Accumulation of selected Trp derivatives in indole glucosinolate-
deficient mutant lines. Accumulation of respective metabolites in leaves of Col-0 and indicated mutant plants 48 h post-inoculation with spores of
Plectosphaerella cucumerina BMM. Results are means + SD from three independent experiments with tree biological replicates in each (n =9).
Significantly different statistical groups indicated by two-way ANOVA followed by post-hoc Tukey's honest significance test are shown with different
capital letters. For camalexin accumulation, a one-way ANOVA followed by Tukey post-hoc test was used. Values marked with asterisks are significantly

different from respective controls (***, P <0.0001). FW, fresh weight.
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and later to ICA as Arabidopsis responds to AgNOj toxicity
(Bottcher etal, 2014). To determine if these enzymes also con-
tribute to the pathogen-triggered biosynthesis of ICA, we ana-
lyzed the accumulation of 60GIcICA and ICAGlc in ¢yp/71B6
and aaol mutant plants. Our results revealed a slight, but signifi-
the accumulation of 60OGICICA in
P. cucumerina-inoculated leaves, indicating that CYP71B6 and
AAOI contribute to ICA biosynthesis during infection (Fig. S2).
It has been proposed that ICA can be produced in Arabidopsis,
or form artificially during sample preparation, via degradation of
ICN, whose formation is dependent on CYP71A12 and FOXI1
enzyme activity (Rajniak ez al., 2015). To test if such degradation
contributes to the pools of analyzed ICA derivatives, we exam-
ined concentrations of 60GIcICA and ICAGIc in samples pre-
pared from leaves of the fox/ mutant line. Our HPLC analysis
revealed that concentrations of both compounds in analyzed leaf

cant, reduction in

extracts are not compromised by a defect in the FOXI gene
(Fig. S3), clearly demonstrating that pathogen-triggered accumu-
lation of ICAs involves CYP71A12 moonooxygenase, but is inde-
pendent of FOX1 enzyme activity.

Redirection of IAOx between CYP71A12 and CYP71A13

Our metabolite profiling of ¢yp71412 and c¢yp71A13 single
mutant lines revealed that 60GIcICA and ICAGlIc, the biosyn-
thesis of which are dependent on the presence of the enzyme
CYP71A12, over-accumulate in the ¢yp71A13 line during its
immune response to PcBMM fungi. Conversely, we found that
under the same conditions, the accumulation of camalexin,
whose biosynthesis in leaves is mainly mediated by CYP71A13, is
significantly higher in the ¢yp71412 single knockout mutant than
in WT plants (Fig. 2). These differences in camalexin and ICA
accumulation suggest that a T-DNA insertion in one of the two
CYP71A genes leads to an elevated expression of the other
homolog during the immune response in Arabidopsis. To test
this hypothesis, we performed qRT-PCR analysis of CYP71A12
and CYP71AI3 expression in ¢yp/1A12 and cyp/1A13 mutant
lines after inoculating Arabidopsis with PcBMM fungi. We found
that the ¢)p71A12 mutant line overexpresses CYP71A13 relative
to WT plants, whereas disruption of CYP71A13 results in signifi-
cantly higher expression of CYP71A12 (Fig.3). Overall, our

Fig. 3 Mutations in CYP71A12 and
CYP71A13 induce expression of the
counterpart gene in Arabidopsis thaliana.
Relative expression of CYP771A12 and
CYP71A13 in leaves of Col-0 and respective
mutant lines 24 h after inoculation with
Plectosphaerella cucumerina BMM spores.
Data are means + SD from three
independent experiments each with four
biological replicates (n = 12). Significantly
different statistical groups indicated by two-
way ANOVA followed by post-hoc Tukey's A
honest significance test are shown by

Relative expression
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results reveal that the dysfunction of one of the analyzed
monooxygenases leads to the overexpression of its counterpart
enzyme. Consequently, the remaining biosynthetic intermediate
(IAOx) can be redirected into the other branch of the biosyn-
thetic pathway, resulting in the over-accumulation of its resulting
end product. By contrast, our HPLC analysis revealed that I1G
accumulation is not affected in the ¢yp71A12 and ¢yp/1A13 sin-
gle and double mutants (Fig. $4), suggesting that the IAOx pool
used for camalexin and ICA biosynthesis cannot be fed into the
IG branch of Trp metabolism.

CYP71A12 contributes to immunity to P. cucumerina
infection

Metabolic analysis indicated that ¢yp/1A412 plants are clearly
defective in the biosynthesis of 60GIcICA and ICAGIc triggered
by P. cucumerina, suggesting that this genotype could be used to
test the immune function of ICAs. Earlier infection assays with
B. cinerea and A. brassicicola did not reveal any enhanced suscep-
tibility of the ¢)p71A12 mutant to these two necrotrophic fungi
(Rajniak eral, 2015), suggesting that CYP71A12 and ICAs are
unnecessary for conferring Arabidopsis immunity toward fungal
pathogens. Our initial infection assays with PcBMM also did not
reveal enhanced susceptibility of ¢yp71A412 towards this pathogen
(Fig. S5). However, we assumed that as it was done with pad3,
penetration resistance has to be diminished first to observe effects
of the ¢yp71A12 mutation on pathogen development (Bednarek
etal., 2009; Hiruma ez al., 2010; Sanchez-Vallet ez al., 2010; Sch-
laeppi et al., 2010). To this end, we generated a set of double and
triple mutants by combining ¢yp71412 and cyp71A13 knockouts
with the pen2 line, which is impaired in its ability to control
pathogen entry. The ¢yp82C2 knockout line was included in this
experiment to differentiate the potential immune function of
ICA derivatives and 4OH-ICN, the biosynthesis of which was
reported to be dependent on CYP71A12 and CYP82C2. We
then inoculated the generated mutant lines with a spore suspen-
sion of adapted (PcBMM) and nonadapted (Pc2127) strains of
P. cucumerina. Opposite to PeBMM, the Pc2127 strain is not able
to colonize Col-0 plants (Sanchez-Vallet ez al., 2010). Our deter-
mination of fungal biomass with qRT-PCR of the fungal B-
tubulin gene did not reveal any higher susceptibility of pen2

CYP71413
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cyp71A12 or pen2 cyp82C2 mutants to PcBMM and Pc2127 fun-
gal strains as compared to the single pen2 mutant line (Fig. 4).
However, our analysis showed that the pen2 cyp71A412/13 triple
mutant was significantly more susceptible to Pc2127 compared
with the pen2 pad3 line. These results indicate that the products
of CYP71A12 activity in Arabidopsis are significant in resisting
nonadapted P. cucumerina strains, but only in the simultaneous
absence of PEN2-dependent products and camalexin. Despite
the enhanced susceptibility of the pen2 cyp71412/A13 mutant,
this genotype was still less susceptible to infection by the PeBMM
and Pc2127 fungal lines compared with the double ¢)p79B2/B3
line, indicating that apart from CYP71A12 and CYP71A13
monooxygenases other [AOx-converting enzymes are probably of
significance in the reaction of Arabidopsis to P. cucumerina.

To gain more insight into the nature of the CYP71A12-depen-
dent metabolites responsible for the infection phenotypes we
observed, we generated and tested the triple pen2 pad3 cyp82C2
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Fig. 4 CYP71A12 contributes to Arabidopsis thaliana resistance against
Plectosphaerella cucumerina. Real-time PCR quantification of

P. cucumerina DNA (Pc B-tubulin) in leaves of inoculated plants at 5 d
post-inoculation (dpi) (strain BMM) and 7 dpi (strain 2727). Values are
means + SD from two independent experiments with three biological
replicates in each (n = 6) and are presented as the average of the n-fold of
fungal DNA levels, relative to the wild-type (Col-0) plants. Capital letters
indicate significantly different statistical groups of genotypes (one-way
ANOVA, followed by Tukey's post-hoc test). An additional three
experiments were performed with similar results.
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line in our pathogen assays. Similar to the pen2 ¢yp71A12/A13
line, the pen2 pad3 cyp82C2 line was also more susceptible to
P. cucumerina infection compared with the pen2 pad3 line
(Fig. 5), suggesting that at least part of the susceptibility we
observed in the pen2 cyp71A12/A13 lines might result from a
4OH-ICN deficiency. By contrast, we found opposite differences
in the susceptibility of pen2 cyp71A12/A13 and pen2 pad3
cyp82C2 lines toward both tested P. cucumerina isolates (Fig. 5),
thus indicating a differential contribution of CYP82C2- and
CYP71A12-downstream products to the interactions with
PcBMM and Pc2127 strains.
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Fig. 5 Function of CYP82C2 in Arabidopsis thaliana resistance against
Plectosphaerella cucumerina depends on camalexin accumulation. Real-
time PCR quantification of P. cucumerina DNA (Pc -tubulin) in leaves of
inoculated plants at 5 d post-inoculation (dpi) (P. cucumerina BMM) and
7 dpi (P. cucumerina 2127). Values are means & SD from one experiment
with three biological replicates in each (n = 3) and are presented as the
average of the n-fold fungal DNA levels, relative to the wild-type (Col-0)
plants. Capital letters indicate significantly different statistical groups of
genotypes (one-way ANOVA, followed by Tukey's post-hoc test). An
additional two experiments with three biological replicates in each were
performed and gave similar results.
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Downstream products of CYP71A12 activity are
unnecessary for defensive mechanisms acting at the pre-
invasion stage of C. tropicale infection

We have shown that the enzymes CYP71A12 and CYP71A13
jointly contribute to the immunity of Arabidopsis against
P. cucumerina. However, the lifestyle and infection strategy of
this pathogen makes it difficult to distinguish defects in the pre-
and post-invasive stages of P. cucumerina growth. To gain the
information needed, we performed infection assays in Arabidop-
sis with the nonadapted hemibiotrophic ascomycete C. tropicale
(Kosaka & Takano, 2018). First, we determined if CYP71A12
and CYP71A13 contribute to the biosynthesis of ICAs and
camalexin when Arabidopsis is inoculated with C. zropicale, in a
manner similar to its reaction to the PcBMM. To do this, we per-
formed HPLC analysis of samples from C. tropiclae-inoculated
leaves of pen2, pen2 pad3 pen2, cyp71A12, and pen2 cyp71A12/
AI3 plants. Our analysis revealed that ¢yp71A12 and ¢yp71A13
gene mutations impact the accumulation of ICAs and camalexin
during the plant’s reaction to the hemibiotrophic pathogen in
manner similar to its reaction against the necrotrophic PcBMM
fungal strain (Fig. S6). We then tested the possible influence of
CYP71A12 in restricting pathogen penetration by drop-inoculat-
ing a conidiospore suspension of C. tropicale onto leaves of
cyp71AI12 cyp71A13, cyp82C2 and pad3 mutant lines together
with WT plants and two pen2 mutant alleles. Our macroscopic
examination revealed necrotic lesions only on the leaf surfaces of
the pen2 mutant alleles, which are impaired in restricting
pathogen growth at the pre-invasive stage of infection; no lesions
occurred on the ¢yp/1A12/A13, cyp82C2 or pad3 lines (Fig. 6a).
When we microscopically examined fungal entry rates of
C. tropicale into epidermal cells, we confirmed that only the pen2
Arabidopsis line showed fungal penetration (Fig. 6b). Overall,
our results indicate that end products of the CYP71A12- and
CYP71A13-dependent branch of Trp metabolism are not
involved in the control of pathogen entry in Arabidopsis.

Products of CYP71A12 activity, but not 4OH-ICN, are
required to terminate post-invasive growth of C. tropicale

Infection phenotypes of ¢yp79B2/B3 and pen2 pad3 double
knockout lines indicate that the termination of post-invasive
C. tropicale growth in Arabidopsis requires other Trp-derived
compounds in addition to camalexin (Hiruma ezal., 2013). To
determine if these Trp-derived metabolites include products
formed through the CYP71A12-dependent branch of Trp
metabolism, we examined the expansion of C. zropicale hyphae
from the initial site of infection to mesophyll cells in Arabidopsis
mutant lines we had already used in the assays with P. cucumerina
(Fig. 7). Our microscopic analysis of plant—pathogen contact sites
revealed significantly more frequent expansion of fungal hyphae
into leaves of the double pen2 cyp71A12 line than into leaves of
the pen2 mutant line. This confirms the important contribution
of CYP71A12-dependent compounds at the post-invasive stage
of C. tropicale infection. By contrast, necrotrophic hyphae expan-
sion was rarely observed in the pen2 cyp82C2 double mutant line,
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Fig. 6 CYP71A12, CYP71A13 and CYP82C2 are dispensable for the
penetration resistance of Arabidopsis thaliana to Colletotrichum tropicale.
(a) Leaves of indicated genotypes 4 d after inoculation with conidia of

C. tropicale. Colletotrichum tropicale (2.5 x 10° conidia ml~") was
inoculated onto 4-wk-old plant. The photograph was taken 4 d after the
inoculation. Necrotic lesions indicate defects in extracellular resistance. (b)
Entry rates of germinated C. tropicale conidiospores observed on the
indicated genotypes. At 14 h post-inoculation, the entry rate of fungal
hyphae was determined by using light microscopy. The results are

means + SD from three independent experiments, where at least 100
germinating conidia were counted in each experiment (n>300).
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which indicates that weakened resistance against secondary pene-
tration in the pen2 ¢yp71A12 genotype does not depend on
40H-ICN deficiency (Fig. 7). In addition, the pen2 cyp71A12/
Al13 wriple knockout experienced more intense hyphae prolifera-
tion than the pen2 pad3, pen2 cyp71A12 and pen2 pad3 cyp82C2
mutant lines. Collectively, our results suggest that compounds
formed via the CYP71A12-dependent branch of Trp metabolism
act in concert with camalexin to control further expansion of C.
tropicale hyphae from penetrated epidermal cells. However, sec-
ondary hyphae penetration into mesophyll cells of the pen2
cyp71A12/A13 triple knockout was significantly lower than in the
double ¢yp79B2/B3 mutant line (Fig. 7). This hindrance of sec-
ondary hyphae spread in the ¢yp71A12 mutant could be pro-
moted by ICAs cyp71A12  mutant.
Alternatively, resistance against C. rropicale might require addi-
tional Trp-derived compounds whose formation depends on
CYP79B2/3 enzyme activity and not on CYP71A12/13 enzyme
activity.

remaining in the

Expression of genes encoding monooxygenases involved in
IAOx metabolism is strongly induced in response to
pathogen penetration

Infection phenotypes of pen2 pad3 and pen2 cyp7IAI2
cyp71A13 mutant lines suggest that accumulation of camalexin
and ICAs is required to restrict the post-invasive growth of
C. tropicale successfully. To examine the transcriptional control
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Fig. 7 CYP71A12 and CYP71A13, but not CYP82C2, contribute independently to the post-invasive resistance of Arabidopsis thaliana towards
Colletotrichum tropicale. (a) Micrographs of hyphal extension of C. tropicale from inoculated areas to outside areas in each mutant line. Bars, 200 um. (b)
Determination of the expansion rate of invasive necrotrophic hyphae of C. tropicale from the inoculated area to outside areas. The results are means & SD
from three independent experiments, where in each at least 50 inoculated sites were investigated per genotype (n > 150) for the extension of invasive
hyphae to outside areas. Capital letters indicate significantly different statistical groups of genotypes (one-way ANOVA, followed by Tukey's post-hoc

test).

of genes involved in the biosynthesis of these compounds, we
performed a qRT-PCR analysis of CYP7IAI2 PAD3/
CYP71A15 and CYP82C2 expression in leaves of the pen2
mutant and WT plants, both inoculated with conidiospores of
C. tropicale. Our analyses revealed that expression of the tested
genes was only slightly induced in WT plants (Fig. 8), whereas
all three genes were transcribed with much higher efficiency in
the pen2 mutant plants, suggesting that successful penetration
into epidermal cells is necessary to trigger efficient biosynthesis
of the IAOx-derived metabolites required to terminate post-in-
vasive pathogen growth.

New Phytologist (2020) 225: 400—412
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Discussion

Biosynthetic pathway leading to ICA

In this study, we investigated biosynthetic pathways leading to
the pathogen-triggered biosynthesis of ICA derivatives and their
function in the immunity of the model plant Arabidopsis
(Fig. S7). Our results indicated that CYP71A12 monooxygenase
is essential in the pathogen-triggered accumulation of these com-
pounds (Fig. 2). CYP71A12 has been reported to convert IAOx
to IAN, which is then thought to be converted to ICA via indole-
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3-carbaldehyde (Bottcher eral, 2014; Miiller ez al., 2015). Can-
didate enzymes contributing to the relevant reactions, CYP71B6
and AAOI, have been identified based on an analysis of gene co-
expression and on the observed partial deficiency of the pertinent
mutants involved in the AgNOj-induced ICA biosynthetic path-
way (Botecher eral., 2014; Miller eral., 2019). Similar to Ara-
bidopsis’s response to AgNOj toxicity, our analysis revealed that
¢yp71B6 and aaol mutant plants are only minimally limited in
accumulating ICA  derivatives in response to P. cucumerina
(Fig. S2), suggesting that either other enzymes (redundant to
CYP71B6 and AAO1) provide a major contribution in ICA
biosynthesis or there exists an alternative biosynthetic route for
ICA accumulation. CYP71A12 together with CYP71A13 have
been reported to convert IAN to a-hydroxy-IAN in vitro, albeit
at different efficiencies, and to further convert a-hydroxy-IAN to
dehydro-IAN (Klein ezal, 2013). It is possible that ICA can be
derived from any of the alternative products of CYP71A12 activ-
ity without any contribution of CYP71B6 and/or AAOI
enzymes. Rajniak ez al. (2015) suggested that ICA can be formed
during cyanogenic hydrolysis of ICN, which is produced from o-
hydroxy-IAN by FOXI1 activity (Fig. 1). However, our HPLC
analysis of extracts from foxI mutant leaves did not reveal any
defects in constitutive or PcBMM-triggered ICA accumulation,
excluding a significant contribution of this alternative pathway to
the observed accumulation of ICAs (Fig. S3).

Functional differentiation of CYP71A12 and CYP71A13

Despite a clear contribution of CYP71A12 to the pathogen-trig-
gered biosynthesis of ICAs, we did not detect any defects in the
constitutive accumulation of 60GIcICA and ICAGIc in
cyp71A12 mutants (Fig. 2a), suggesting the existence of an
enzyme(s) that is redundant with CYP71A12. An immediate can-
didate for such an enzyme is CYP71A13. This monooxygenase is
highly homologous with CYP71A12 and its close proximity on
the chromosome of the relevant genes suggests that the two
enzymes were formed in a gene duplication event. Moreover,
both enzymes have similar 77 vitro enzymatic activities and are
partially redundant (with some degree of tissue specificity) on the
biosynthetic pathway leading to camalexin (Fig. 2a) (Nafisi ez al.,
2007; Millet et al., 2010; Klein ez al, 2013; Muller et al., 2015).
In addition, experimental results have suggested that both these
monooxygenases contribute to the UV-induced accumulation of
ICAs, but that CYP71A13’s involvement is less pronounced
(Miller etal, 2015). Our analysis of the accumulation of
60GIcICA and ICAGIc in leaves of ¢yp/1A13 and cyp71A12/
Al3 mutants did not reveal any significant contribution of
CYP71A13 to the pathogen-triggered biosynthesis of these
metabolites (Fig.2a). A similar observation has been made
regarding ICN biosynthesis, but only single ¢p71412 and
¢yp71A13 mutants have been thoroughly investigated (Rajniak
etal., 2015). Overall, it appears that despite the high homology
and compensatory involvement of both monooxygenases in
camalexin production, CYP71A13 is the enzyme that is most
probably specialized in the biosynthesis of camalexin, whereas
CYP71A12 additionally contributes to the formation of a
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Fig. 8 Expression of genes linked to restriction of post-invasive fungal
growth in Arabidopsis thaliana is induced with successful pathogen
penetration. Relative expression of CYP71A12, PAD3/CYP71B15 and
CYP82C2 in Col-0 and pen2 lines 24 and 48 h after inoculation with
Colletotrichum tropicale conidiospores. Results are means + SD from
three independent experiments with three biological replicates in each
(n=9). Significantly different statistical groups of genotypes indicated by
ANOVA (Tukey's test) are indicated by capital letters. Values marked with
asterisks are significantly different from respective controls (Student's ¢-
test: *, P<0.05; **, P <0.01).

different set of IAOx-derived products. These differences in pro-
duced metabolites can result from the unique iz vivo enzymatic
activities of CYP71A12 and CYP71A13, their different cellular
or subcellular locations, or their different abilities to form com-
plexes with downstream enzymes involved in their distinctive
biosynthetic pathways. Regardless, the lack of a major contribu-
tion of CYP71A13 to ICA biosynthesis suggests that another
CYP71A12 homolog, for instance CYP71A18, might play a role
in synthesizing ICA.

Biosynthetic link between 1Gs and ICAs

Myrosinase-mediated hydrolysis of glucosinolates leads to the
formation of unstable aglycones that can decompose to a variety
of products, including nitriles whose formation is supported by
specifier proteins (Wittstock ez al., 2016). Consequently, hydrol-
ysis of I3G may lead to the formation of IAN, which is thought
to contribute to ICA biosynthesis (de Vos etal, 2008; Miiller
etal., 2015). Alternatively, in the absence of specifier protein
I3G, aglycone degrades to unstable indol-3-ylmethtyl isothio-
cyanate, which in turn decomposes to indole-3-carbinol (Witt-
stock etal, 2016). Indole-3-carbinol can be further oxidized to
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indole-3-aldehyde and then to ICA (Bednarek eral, 2005;
Miiller ez al., 2015). In line with the proposed contribution of IG
hydrolysis to ICA biosynthesis, we found that the IG-deficient
myb34/51/122 mutant constitutively accumulates very low con-
centrations of ICA derivatives (Fig. 2b). However, it is difficult to
determine if low accumulation of ICAs results directly from the
IG deficiency or from a very low constitutive expression of
CYP79B2 and CYP79B3 genes that were observed in myb34/51/
122 plants (Frerigmann & Gigolashvili, 2014). In contrast to
naive plants, the expression of both CYP79B genes is not con-
trolled by MYB34, MYB51 or MYB122 transcription factors in
pathogen-challenged plants (Frerigmann ez al., 2016). However,
we observed a lack of significant difference in the accumulation
of analyzed ICAs between leaves of ¢yp/1A12/A13 and cyp71A12/
Al13 myb34/51/122 plants inoculated with P. cucumerina, indicat-
ing that the input of IG hydrolysis into ICA biosynthesis is negli-
gible, at least under our experimental conditions.

Function of CYP71A12 and CYP82C2 in the restriction of
post-invasive fungal growth

Our pathogen assays indicate that similarly to PAD3/CYP71B15,
the effect of the mutation in CYP7IAI2 on plant immunity
becomes obvious in the pen2 background (Figs 6, 7) (Bednarek
etal., 2009; Sanchez-Vallet eral., 2010; Schlaeppi eral., 2010).
This mutation effect agrees with the observed impact of the pen2
mutation on the expression of CYP71A12 and PAD3/CYP71BI15
in C. tropicale-inoculated leaves (Fig.8) and explains the pro-
posed functioning of camalexin and ICAs in post-invasive immu-
nity. Notably, our results specified in detail the differential
contribution of CYP71A12-dependent products in Arabidopsis’s
defense against the specific pathogens we tested. During Ara-
bidopsis’s interaction with P. cucumerina, the functioning of
ICAs and ICNs could be revealed only in the absence of
camalexin (Fig. 4), whereas functioning of ICAs in resistance
against secondary hyphal penetration by C. tropicale was indepen-
dent of camalexin (Fig.7). In addition, our analysis of pen2
cp82C2, pen2 pad3 cyp82C2 and pen2 cyp71A12/A13 mutants
suggests that during Arabidopsis’s interaction with P. cucumerina,
4OH-ICN is the principal CYP71A12 downstream product con-
tributing to the observed infection phenotypes (Fig. 5), whereas
40OH-ICN seems to be unnecessary for restricting post-invasive
growth of C. mropicale (Fig.7). Interestingly, unlike ¢yp82C2
plants, ¢yp/1A12 mutants that are also 4OH-ICN-deficient did
not exhibit enhanced susceptibility against B. cinerea and
A. brassicicola (Rajniak et al., 2015), suggesting that 4OH-ICN
deficiency is not the only explanation for the infection phenotype
observed in ¢p82C2 mutants. Interestingly, in addition to the
function in Trp metabolism, CYP82C2 monooxygenase has also
been reported as JASMONIC ACID-HYPERSENSITIVE]
(JAH1) (Liu ez al, 2010). In line with this designation, ¢yp82C2
mutant plants show reduced expression of the plant defensin
PDFI1.2 gene in response to methyl jasmonate treatment, suggest-
ing that this mutant is defective in JA-dependent immune
responses (Liu ez al., 2010). As indicated by the infection pheno-
type of the JA-insensitive jarl mutant, JA-signaling is important
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for resistance against P. cucumerina, but not
Colletotrichum  higginsianum (Liu etal., 2007; Pétriacq et al.,
2016). These findings correlate with the enhanced susceptibility
we found in the pen2 pad3 cyp82C2 line to P. cucumerina, but
not to C. tropicale (Figs 5, 7), suggesting that a defect in JA-sig-
naling could have contributed to the phenotype we observed.

This could be further addressed by JA-pathway analysis and ICN

measurements in the generated mutant lines infected with

against

P. cucumerina and C. tropicale. However, direct quantitative anal-
ysis of ICNs in plant extracts is quite challenging, if possible at
all, due to the high instability of these compounds (Rajniak ez al.,
2015).

ICA metabolic network in Arabidopsis immunity

Our analysis of CYP71A12-deficient mutants proves that this
monooxygenase has an important function in Arabidopsis immu-
nity, particularly in the restriction of post-invasive fungal growth.
As discussed above, infection phenotypes observed in ¢yp82C2
lines during this and other studies indicate that biosynthesis of
40OH-ICN can only partally, if at all, explain susceptibility to
infection observed in ¢yp71A12 mutants. It is therefore very likely
that ICAs contribute to Arabidopsis immunity against selected
filamentous pathogens after they invade. However, the molecular
mechanism underlying this function remains obscure, especially
because ICA does not inhibit iz vitro growth of P. cucumerina
hyphae excluding direct antifungal activity of this com-
pound (Gamir ez al., 2014). Recently published results have indi-
cated that exogenously applied ICA induces ABA-dependent
callose deposition when P. cucumerina infects (Gamir etal.,
2018). It has therefore been postulated that ICAs might function
as regulatory or signaling molecules in Arabidopsis’s immune
response. However, even if true, the importance of the various
alternative substitutions observed within the many identified ICA
derivatives remains obscure (Bottcher ez al., 2014). For instance,
IG functioning in extracellular resistance and aphid deterrence
requires substitution at the C-4 position of the indole ring
(Bednarek ez al., 2009; Pfalz ez al., 2009), suggesting that particu-
lar substitution(s) of ICA could also be of functional significance.
Moreover, it is difficult to predict whether the role of ICAs is
linked to the soluble fraction or cell-wall-bound fraction of these
compounds (Hagemeier ezal, 2001; Tan eral, 2004; Forcat
etal, 2010). In this context, it is also of interest where the ICA
biosynthesis is taking place in relation to fungal colonization.
Such questions can be only answered when the enzymes involved
in ICA metabolism and extracellular transport are identified.

Acknowledgements

This work was supported by the National Science Centre
SONATA BIS grant (UMO-2012/07/E/NZ2/04098) to PB and
PRELUDIUM grant (UMO-2013/09/N/NZ2/02080) to KK,
and Spanish Ministry of Economy and Competitiveness
(MINECO) grant BIO2015-64077-R to AM, and Grants-in-Aid
for Scientific Research (18H04780, 18K19212) (KAKENHI)
and the Asahi Glass Foundation to YT. EG has been supported

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust



New
Phytologist

by a Heisenberg Fellowship of the Deutsche Forschungsgemein-
schaft (GL346/5) and the TUM Junior Fellow Fund.

Author contributions

MP, AK, EG, AM, YT and PB conceived the project, designed
experiments and wrote the article. MP, AK, MP-B, G L, HF and
KK performed the experiments and analyzed the data with the
support and supervision of EG, AM, YT and PB. MP and AK
contributed equally to this work

ORCID

Pawetl Bednarek
Henning Frerigmann
2721

Erich Glawischnig

https://orcid.org/0000-0002-3064-7775
https://orcid.org/0000-0002-7067-

https://orcid.org/0000-0001-9280-5065
Antonio Molina (2} https://orcid.org/0000-0003-3137-7938
Marta Pastorczyk (2 https://orcid.org/0000-0002-9747-8283
Mariola Pislewska-Bednarek () https://orcid.org/0000-0001-
9241-3328

Yoshitaka Takano (12 hetps://orcid.org/0000-0003-1427-1322

References

Bednarek P, Pislewska-Bednarek M, Svatos A, Schneider B, Doubsky J,
Mansurova M, Humphry M, Consonni C, Panstruga R, Sanchez-Vallet A
et al. 2009. A glucosinolate metabolism pathway in living plant cells mediates
broad-spectrum antifungal defense. Science 323: 101-106.

Bednarek P, Pislewska-Bednarek M, Ver Loren van Themaat E, Maddula RK,
Svatos A, Schulze-Lefert P. 2011. Conservation and clade-specific
diversification of pathogen-inducible tryptophan and indole glucosinolate
metabolism in Arabidopsis thaliana relatives. New Phytologist 192: 713-726.

Bednarek P, Schneider B, Svatos A, Oldham NJ, Hahlbrock K. 2005. Structural
complexity, differential response to infection, and tissue specificity of indolic
and phenylpropanoid secondary metabolism in Arabidopsis roots. Plant
Physiology 138: 1058-1070.

Bottcher C, Chapman A, Fellermeier F, Choudhary M, Scheel D, Glawischnig
E. 2014. The biosynthetic pathway of indole-3-carbaldehyde and indole-3-
carboxylic acid derivatives in Arabidopsis. Plant Physiology 165: 841-853.

Bottcher C, Westphal L, Schmotz C, Prade E, Scheel D, Glawischnig E. 2009.
The multifunctional enzyme CYP71B15 (PHYTOALEXIN DEFICIENT3)
converts cysteine-indole-3-acetonitrile to camalexin in the Indole-3-acetonitrile
metabolic network of Arabidopsis thaliana. Plant Cell 21: 1830-1845.

Clay NK, Adio AM, Denoux C, Jander G, Ausubel FM. 2009. Glucosinolate
metabolites required for an Arabidopsis innate immune response. Science 323:
95-101.

Forcat S, Bennett M, Grant M, Mansfield JW. 2010. Rapid linkage of indole
carboxylic acid to the plant cell wall identified as a component of basal defence
in Arabidopsis against 47p mutant bacteria. Phytochemistry 71: 870-876.

Frerigmann H, Gigolashvili T. 2014. MYB34, MYB51, and MYB122 distinctly
regulate indolic glucosinolate biosynthesis in Arabidopsis thaliana. Molecular
Plant7: 814-828.

Frerigmann H, Pislewska-Bednarek M, Sdnchez-Vallet A, Molina A,
Glawischnig E, Gigolashvili T, Bednarek P. 2016. Regulation of pathogen-
triggered tryptophan metabolism in Arabidopsis thaliana by MYB transcription
factors and indole glucosinolate conversion products. Molecular Plant 9: 682—
695.

Gamir J, Pastor V, Kaever A, Cerezo M, Flors V. 2014. Targeting novel chemical
and constitutive primed metabolites against Plectosphaerella cucumerina. The
Plant Journal 78: 227-240.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust

Research™ 411

Gamir J, Pastor V, Sanchez-Bel P, Agut B, Mateu D, Garcia-Andrade J, Flors V.

2018. Starch degradation, abscisic acid and vesicular trafficking are important

elements in callose priming by indole-3-carboxylic acid in response to
Plectosphaerella cucumerina infection. The Plant Journal 96: 518-531.

Glawischnig E. 2007. Camalexin. Phytochemistry 68: 401-406.

Glawischnig E, Hansen BG, Olsen CE, Halkier BA. 2004. Camalexin is
synthesized from indole-3-acetaidoxime, a key branching point between
primary and secondary metabolism in Arabidopsis. Proceedings of the National
Academy of Sciences, USA 101: 8245-8250.

Hagemeier J, Schneider B, Oldham NJ, Hahlbrock K. 2001. Accumulation of
soluble and wall-bound indolic metabolites in Arabidopsis thaliana leaves
infected with virulent or avirulent Pseudomonas syringae pathovar tomato strains.
Proceedings of the National Academy of Sciences, USA 98: 753-758.

Hiruma K, Fukunaga S, Bednarek P, Pislewska-Bednarek M, Watanabe S,
Narusaka Y, Shirasu K, Takano Y. 2013. Glutathione and tryptophan
metabolism are required for Arabidopsisimmunity during the hypersensitive
response to hemibiotrophs. Proceedings of the National Academy of Sciences, USA
110: 9589-9594.

Hiruma K, Onozawa-Komori M, Takahashi F, Asakura M, Bednarek P, Okuno
T, Schulze-Lefert P, Takano Y. 2010. Entry mode-dependent function of an
indole glucosinolate pathway in Arabidopsis for nonhost resistance against
anthracnose pathogens. Plant Cell22: 2429-2443.

Jones JDG, Dangl JL. 2006. The plant immune system. Nazure 444: 323-329.

Klein AP, Anarat-Cappillino G, Sattely ES. 2013. Minimum set of cytochromes
P450 for reconstituting the biosynthesis of camalexin, a major Arabidopsis
antibiotic. Angewandte Chemie-International Edition 52: 13625-13628.

Kosaka A, Takano Y. 2018. Nonhost resistance of Arabidopsis thaliana against
Colletotrichum species. Journal of General Plant Pathology 84: 305-311.

Lipka V, Dittgen J, Bednarek P, Bhat R, Wiermer M, Stein M, Landtag J,
Brandt W, Rosahl S, Scheel D ez al. 2005. Pre- and postinvasion defenses both
contribute to nonhost resistance in Arabidopsis. Science 310: 1180-1183.

Lipka U, Fuchs R, Lipka V. 2008. Arabidopsis non-host resistance to powdery
mildews. Current Opinion in Plant Biology 11: 404—411.

Liu F, Jiang H, Ye S, Chen W-P, Liang W, Xu Y, Sun B, Sun ], Wang Q,
Cohen JD ez al. 2010. The Arabidopsis P450 protein CYP82C2 modulates
jasmonate-induced root growth inhibition, defense gene expression and indole
glucosinolate biosynthesis. Cell Research 20: 539.

Liu G, Kennedy R, Greenshields DL, Peng G, Forseille L, Selvaraj G, Wei Y.
2007. Detached and attached arabidopsis leaf assays reveal distinctive defense
responses against hemibiotrophic Colletotrichum spp. Molecular Plant-Microbe
Interactions 20: 1308-1319.

Mikkelsen MD, Hansen CH, Wittstock U, Halkier BA. 2000. Cytochrome
P450 CYP79B2 from Arabidopsis catalyzes the conversion of tryptophan to
indole-3-acetaldoxime, a precursor of indole glucosinolates and indole-3-acetic
acid. Journal of Biological Chemistry 275: 33712-33717.

Millet YA, Danna CH, Clay NK, Songnuan W, Simon MD, Werck-Reichhart
D, Ausubel FM. 2010. Innate immune responses activated in Arabidopsis roots
by microbe-associated molecular patterns. Plant Cell22: 973-990.

Miiller TM, Bottcher C, Glawischnig E. 2019. Dissection of the network of
indolic defence compounds in Arabidopsis thaliana by multiple mutant analysis.
Phytochemistry 161: 11-20.

Miiller TM, Bottcher C, Morbitzer R, Gotz CC, Lehmann J, Lahaye T,
Glawischnig E. 2015. TRANSCRIPTION ACTIVATOR-LIKE EFFECTOR
NUCLEASE-mediated generation and metabolic analysis of camalexin-deficient
cyp71al2 cyp71al3 double knockout lines. Plant Physiology 168: 849-858.

Nafisi M, Goregaoker S, Botanga CJ, Glawischnig E, Olsen CE, Halkier BA,
Glazebrook J. 2007. Arabidopsis cytochrome P450 monooxygenase 71A13
catalyzes the conversion of indole-3-acetaldoxime in camalexin synthesis. Plant
Cell19: 2039-2052.

Pastorczyk M, Bednarek P. 2016. The function of glucosinolates and related
metabolites in plant innate immunity. In: Kopriva S, ed. Glucosinolates.
London, UK: Academic Press/Elsevier Science, 171-198.

Pétriacq P, Stassen JHM, Ton J. 2016. Spore density determines infection
strategy by the plant pathogenic fungus Plectosphaerella cucumerina. Plant
Physiology 170: 2325-2339.

Pfalz M, Mikkelsen MD, Bednarek P, Olsen CE, Halkier BA, Kroymann J.

2011. Metabolic engineering in Nicotiana benthamiana reveals key enzyme

New Phytologist (2020) 225: 400-412
www.newphytologist.com


https://orcid.org/0000-0002-3064-7775
https://orcid.org/0000-0002-3064-7775
https://orcid.org/0000-0002-3064-7775
https://orcid.org/0000-0002-7067-2721
https://orcid.org/0000-0002-7067-2721
https://orcid.org/0000-0002-7067-2721
https://orcid.org/0000-0001-9280-5065
https://orcid.org/0000-0001-9280-5065
https://orcid.org/0000-0001-9280-5065
https://orcid.org/0000-0003-3137-7938
https://orcid.org/0000-0003-3137-7938
https://orcid.org/0000-0003-3137-7938
https://orcid.org/0000-0002-9747-8283
https://orcid.org/0000-0002-9747-8283
https://orcid.org/0000-0002-9747-8283
https://orcid.org/0000-0001-9241-3328
https://orcid.org/0000-0001-9241-3328
https://orcid.org/0000-0001-9241-3328
https://orcid.org/0000-0003-1427-1322
https://orcid.org/0000-0003-1427-1322
https://orcid.org/0000-0003-1427-1322

412 Research

functions in Arabidopsis indole glucosinolate modification. Plant Cel[23: 716~
729.

Pfalz M, Vogel H, Kroymann J. 2009. The gene controlling the indole
glucosinolate modifier] quantitative trait locus alters indole glucosinolate
structures and aphid resistance in Arabidopsis. Plant Cell 21: 985-999.

Piasecka A, Jedrzejczak-Rey N, Bednarek P. 2015. Secondary metabolites in
plant innate immunity: conserved function of divergent chemicals. New
Phytologist 206: 948-964.

Pislewska-Bednarek M, Nakano RT, Hiruma K, Pastorczyk M, Sanchez-Vallet
A, Singkaravanit-Ogawa S, Ciesiotka D, Takano Y, Molina A, Schulze-Lefert
P et al. 2018. Glutathione transferase U13 functions in pathogen-triggered
glucosinolate metabolism. Plant Physiology 176: 538-551.

Rajniak J, Barco B, Clay NK, Sattely ES. 2015. A new cyanogenic metabolite in
Arabidopsis required for inducible pathogen defence. Nature 525: 376-379.

Sanchez-Rodriguez C, Estévez JM, Llorente F, Hernandez-Blanco C, Jordd L,
Pagan I, Berrocal M, Marco Y, Somerville S, Molina A. 2009. The ERECTA
Receptor-Like Kinase Regulates Cell Wall-Mediated Resistance to Pathogens in
Arabidopsis thaliana. Molecular Plant-Microbe Interactions 22: 953-963.

Sanchez-Vallet A, Ramos B, Bednarek P, Lopez G, Pislewska-Bednarek M,
Schulze-Lefert P, Molina A. 2010. Tryptophan-derived secondary metabolites
in Arabidopsis thaliana confer non-host resistance to necrotrophic
Plectosphaerella cucumerina fungi. The Plant Journal 63: 115-127.

Schlaeppi K, Abou-Mansour E, Buchala A, Mauch F. 2010. Disease resistance of
Arabidopsis to Phytophthora brassicae is established by the sequential action of
indole glucosinolates and camalexin. 7he Plant Journal 62: 840-851.

Schuhegger R, Nafisi M, Mansourova M, Petersen BL, Olsen CE, Svatos A,
Halkier BA, Glawischnig E. 2006. CYP71B15 (PAD3) catalyzes the final step
in camalexin biosynthesis. Plant Physiology 141: 1248—1254.

Sonderby IE, Geu-Flores F, Halkier BA. 2010. Biosynthesis of glucosinolates —
gene discovery and beyond. Trends in Plant Science 15: 283-290.

Tan J, Bednarek P, Liu J, Schneider B, Svatos A, Hahlbrock K. 2004.
Universally occurring phenylpropanoid and species-specific indolic metabolites
in infected and uninfected Arabidopsis thaliana roots and leaves. Phytochemistry
65: 691-699.

Thomma BPHJ, Nelissen I, Eggermont K, Broekaert WF. 1999. Deficiency in
phytoalexin production causes enhanced susceptibility of Arabidopsis thaliana
to the fungus Alternaria brassicicola. The Plant Journal19: 163-171.

Ton J, Mauch-Mani B. 2004. 3-Amino-butyric acid-induced resistance against
necrotrophic pathogens is based on ABA-dependent priming for callose. The
Plant Journal 38: 119-130.

de Vos M, Kriksunov KL, Jander G. 2008. Indole-3-acetonitrile production from
indole glucosinolates deters oviposition by Pieris rapae. Plant Physiology 146:
916-926.

Wittstock U, Kurzbach E, Herfurth AM, Stauber EJ. 2016. Glucosinolate
breakdown. In: Kopriva S, ed. Glucosinolates. London, UK: Academic Press/
Elsevier Science, 125-169.

Zhao Y, Hull AK, Gupta NR, Goss KA, Alonso J, Ecker JR, Normanly J, Chory
J; Celenza JL. 2002. Trp-dependent auxin biosynthesis in Arabidopsis:

New Phytologist (2020) 225: 400—412
www.newphytologist.com

New
Phytologist

involvement of cytochrome P450s CYP79B2 and CYP79B3. Genes &
Development 16: 3100-3112.

Zhou N, Tootle TL, Glazebrook J. 1999. Arabidopsis PAD3, a gene required for
camalexin biosynthesis, encodes a putative cytochrome P450 monooxygenase.

Plant Cell11: 2419-2428.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 CYPO71A12 is involved in the biosynthesis of the cell-
wall-bound fraction of indole-3-carboxylic acid.

Fig. §2 CYP71B6 and AAOL1 contribute to Plectosphaerella
cucumerina-triggered accumulation of indole-3-carboxylic acid
derivatives.

Fig. 83 FOXI is dispensable for the accumulation of indole-3-

carboxylic acid derivatives in Arabidopsis leaves.

Fig. S4 Constitutive and pathogen-inducible biosynthesis of
independent of CYP71A12 and

indole glucosinolate s

CYP71A13.

Fig. S5 The ¢yp71A12 mutant is not affected in its immunity
against Plectosphaerella cucumerina BMM.

Fig. 6 CYP71A12 and CYP71A13 contribute differentially to
the biosynthesis of indole-3-carboxylic acid derivatives and
camalexin.

Fig. S7 Biosynthesis of indole-3-carboxylic acid within the net-
work of pathogen-triggered tryptophan metabolism.

Table S1 Sequences of oligonucleotides used for PCRs.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust



