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Systemic acquired resistance (SAR) is an immune response induced in the distal parts of plants following defense activation
in local tissue. Pipecolic acid (Pip) accumulation orchestrates SAR and local resistance responses. Here, we report the
identification and characterization of SAR-DEFICIENT4 (SARD4), which encodes a critical enzyme for Pip biosynthesis in
Arabidopsis thaliana. Loss of function of SARD4 leads to reduced Pip levels and accumulation of a Pip precursor, A'-
piperideine-2-carboxylic acid (P2C). In Escherichia coli, expression of the aminotransferase ALD1 leads to production of P2C
and addition of SARD4 results in Pip production, suggesting that a Pip biosynthesis pathway can be reconstituted in bacteria
by coexpression of ALD1 and SARDA4. In vitro experiments showed that ALD1 can use L-lysine as a substrate to produce P2C
and P2C is converted to Pip by SARD4. Analysis of sard4 mutant plants showed that SARD4 is required for SAR as
well as enhanced pathogen resistance conditioned by overexpression of the SAR regulator FLAVIN-DEPENDENT
MONOOXYGENASE1. Compared with the wild type, pathogen-induced Pip accumulation is only modestly reduced in the local
tissue of sard4 mutant plants, but it is below detection in distal leaves, suggesting that Pip is synthesized in systemic tissue by

SARD4-mediated reduction of P2C and biosynthesis of Pip in systemic tissue contributes to SAR establishment.

INTRODUCTION

Systemic acquired resistance (SAR) is an evolutionarily conserved
defense mechanism induced in the distal parts of plants after
alocally restricted primary infection (Fu and Dong, 2013). Following
local infection, mobile signals are generated in inoculated leaves
and transported to other parts of the plant. Perception of the signals
in the systemic tissue leads to activation of long-lasting protection
againstabroad spectrum of microbial pathogens. Salicylic acid (SA)
is required for both SAR and local defense responses but is unlikely
to function as a critical long distance signal in SAR (Viot et al., 2009).
Several metabolites including methyl salicylate, azelaic acid, de-
hydroabietinal, and a molecule derived from glycerol-3-phosphate
have been shown to be involved in long distance signaling during
SAR (Park et al., 2007; Jung et al., 2009; Chanda et al., 2011;
Chaturvedi et al., 2012). The lipid transfer proteins DEFECTIVE IN
INDUCED RESISTANCE1 and AZELAIC ACID INDUCED1 play
critical roles in long-distance signaling mediated by some of these
metabolites (Maldonado et al., 2002; Jung et al., 2009; Champigny
etal, 2013; Yu et al., 2013).
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Several genes encoding putative enzymes that are mainly re-
lated to amino acid metabolism had been found to play important
roles in plant defense responses, suggesting that additional signal
molecules are required for plant defense against pathogens (Zeier,
2013). Among them, ALD1 encodes an aminotransferase and
FLAVIN-DEPENDENT MONOOXYGENASE1 (FMOT1) encodes
a putative flavin-dependent monooxygenase. ALD1 and FMO1
are required for SAR as well as local defense (Song et al., 2004a;
Bartsch et al., 2006; Koch et al., 2006; Mishina and Zeier, 2006;
Bernsdorff et al., 2016). Loss of function of ALD1 results in in-
creased susceptibility to both virulent and avirulent pathogens
and SAR deficiency. Overexpression of FMO1 leads to increased
resistance against virulent pathogens, whereas loss of function of
FMO1 leads to enhanced susceptibility to pathogens and com-
plete loss of SAR (Bartsch et al., 2006; Koch et al., 2006; Mishina
and Zeier, 2006). Pathogen resistance mediated by FMO1 had
been shown to be independent of SA (Bartsch et al., 2006;
Bernsdorff et al., 2016).

Analysis of amino acid metabolism following pathogen infection
showed that ALD1 is required for the biosynthesis of pipecolic acid
(Pip), which is an intermediate of lysine degradation (Navarova
et al., 2012). Infection by Pseudomonas syringae pv maculicola
(P.s.m.)ES4326 induces a strong increase in Pip accumulation in
the wild type, but not in ald7 mutant plants. Defects in basal
resistance and SAR in ald1, but not in fmo71 mutants, can be com-
plemented by exogenous application of Pip, suggesting that lack
of Pip production is responsible for the immune deficiency in ald7.
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Pretreatment with Pip leads to increased pathogen resistance and
induces SAR-related defense priming in wild-type plants, sug-
gesting that Pip functions as a critical regulator of inducible plant
immunity (Navarova et al., 2012). However, whether Pip moves
systemically during infection is unknown.

Previously we developed a high-throughput “brush and spray”
assay for SAR and used it to carry out a forward genetic screen to
search for SAR-deficient mutants (Jing et al., 2011). Among the
mutants with strong SAR deficiency phenotypes, six are alleles
of fmo1, four are alleles of ald7, and three are alleles of SA
INDUCTION DEFICIENT2, highlighting the importance of SA and
metabolites synthesized by FMO1 and ALD1 in SAR. Here, we
report the identification and characterization of SAR DEFICIENT4
(SARD4), which encodes an enzyme involved in the final step of
Pip biosynthesis.

RESULTS

Identification of sard4 Mutants

In a previously described forward genetic screen for SAR-
deficient mutants (Jing et al., 2011), two sard4 alleles were iden-
tified. As shown in Figure 1A, both sard4-1 and sard4-2 displayed
compromised SAR. The mock-treated sard4-1 and sard4-2 also
appeared to be more susceptible to Hyaloperonospora arabi-
dopsidis (H.a.) Noco2. In a separate genetic screen to identify
genes required for enhanced basal resistance conditioned by
overexpression of FMO1, FMO1-3D, an FMO1 overexpression
mutant identified by activation tagging (Koch et al., 2006), was
mutagenized with EMS. Screening ~45,000 M2 plants repre-
senting ~3000 M1 families forcompromised resistance against
H.a. Noco2 identified two mutants shown to be different alleles
of sard4. They were named sard4-3 and sard4-4. As shown in
Figure 1B, enhanced resistance against H.a. Noco2 in FMO17-3D
is largely suppressed by sard4-3 and sard4-4. In FMO1-3D, the
defense marker genes PR1 and PR2 are constitutively ex-
pressed. The elevated expression of PR7 and PR2 is largely
suppressed in sard4-3 FMO1-3D and sard4-4 FMO1-3D (Figures
1C and 1D).

SARD4 Encodes a Protein Similar to Bacterial
Ornithine Cyclodeaminase

The sard4-3 and sard4-4 mutations were initially mapped to
aregion between marker K19E20 and MMN10 on chromosome 5.
Further mapping of sard4-3 narrowed the mutation to a region
between markers K10D11 and MYNS. In this region, At5g52810
encodes a protein with similarity to bacterial ornithine cyclo-
deaminase and it is induced by pathogen infection based on the
TAIR microarray database. Sequencing At5g52810 in sard4-3
identified a G-to-A mutation in the gene, which results in a Gly-89-
to-Glu amino acid substitution. Sequencing the At5g52810 locus
in the sard4-1, sard4-2, and sard4-4 mutants showed that they all
contain nonsynonymous mutations in the gene (Figure 2A),
suggesting that At59528710 is SARD4. Quantitative RT-PCR
analysis confirmed that At5g52810 is induced by P.s.m. ES4326
(Figure 2B).
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Figure 1. |dentification of sard4 Mutant Lines of Arabidopsis.

(A) Growth of H.a. Noco2 on the distal leaves of the wild type, sard4-1, and
sard4-2. Three-week-old plants were first infiltrated with P.s.m. ES4326
(ODggo =0.001) or 10 mM MgCl, (mock) on two primary leaves and sprayed
with H.a. Noco2 spores (5 X 10* spores/mL) 2 d later. Infections on
systemic leaves were scored 7 d after inoculation as described previously
(Zhang et al., 2010). A total of 15 plants were scored for each treatment.
Disease rating scores are as follows: 0, no conidiophores on the plants; 1,
one leaf was infected with no more than five conidiophores; 2, one leaf was
infected with more than five conidiophores; 3, two leaves were infected but
no more than five conidiophores on each infected leaf; 4, two leaves were
infected with more than five conidiophores on each infected leaf; 5 more
than two leaves were infected with more than five conidiophores. Similar
results were obtained in three independent experiments.

(B) Growth of H.a. Noco2 on the wild type, FMO1-3D, sard4-3 FMO1-3D,
and sard4-4 FMO1-3D. Three-week-old seedlings were sprayed with H.a.
Noco2 spores (5 X 10 spores/mL). Infection was scored 7 d after in-
oculation by counting the numbers of spores per gram of leaf samples.
Statistical differences between the samples are labeled with different
letters (P < 0.01, one-way ANOVA; n = 4). Similar results were obtained in
three independent experiments.

(C) and (D) Expression of PR1 (C) and PR2 (D) in the wild type, FMO1-3D,
sard4-3 FMO1-3D, and sard4-4 FMO1-3D. Two-week-old seedlings
grown on Murashige and Skoog plates were used for RT-qPCR analysis.
Values were obtained from abundances of PR7 and PR2 normalized
against that of ACTINT, respectively. Statistical differences among the
samples are labeled with different letters (P < 0.01, one-way ANOVA; n = 3).
Similar results were obtained in three independent experiments.
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Figure 2. Positional Cloning of SARD4, Expression of SARD4, and the
sard4 Phenotype.

(A) Positions of the sard4 mutations in the gene.

(B) Induction of SARD4 transcription by P.s.m. ES4326. Leaves of 3-week
old wild-type plants were infiltrated with P.s.m. ES4326 at a dose of ODg, =
0.01.Theinoculated leaves were collected 24 h later for RT-gPCR analysis.
Values were obtained from the abundance of SARD4 transcripts nor-
malized against that of ACTIN1. Statistical differences among the samples
are labeled with different letters (P < 0.01, one-way ANOVA; n = 3). Similar
results were obtained in three independent experiments.

(C) Growth of H.a. Noco2 on the wild type, FMO1-3D, and sard4-5 FMO1-
3D. Statistical differences between the samples are labeled with different

The P2C Pathway: Primed to Control 2605

We also obtained a T-DNA insertion mutant, sard4-5, from
ABRC (Figure 2A) and crossed it into FMO17-3D to test whether
At5g52810 is required for enhanced pathogen resistance in
FMO1-3D. As shown in Figure 2C, the enhanced resistance
against H.a. Noco2 in FMO1-3D is lost in the sard4-5 FMO1-3D
double mutant. In addition, SAR is also compromised in sard4-5
(Figure 2D). These data confirm that At5g52810 is indeed SARD4
anditis required for SAR as well as enhanced pathogen resistance
conferred by overexpression of FMOT1.

Systemic Defense Responses Are Compromised in
sard4 Plants

SA is an important signal molecule required for both local and
systemic acquired resistance. The loss of SAR phenotype in sard4
mutants prompted us to test whether SA accumulation is affected
in the mutant plants. As shown in Supplemental Figure 1, P.s.m.
ES4326-induced accumulation of SA in local leaves is similar in
sard4-5 and wild-type plants. However, induction of SA accu-
mulation in systemic leaves is considerably reduced in sard4-5
(Figure 3A). Consistent with this, induction of PR7 and PR2 ex-
pression is reduced in systemic (Figures 3B and 3C) but not local
leaves (Supplemental Figure 2).

To test whether SARD4 is required for resistance against
bacteria, we inoculated sard4-5 with P.s.m. ES4326 by infiltration.
The npr1-1 mutant was used as a positive control. Growth of
bacteria in the local leaves is much higher in npr1-1, but com-
parable between the wild-type and sard4-5 mutant plants
(Supplemental Figure 3). In the systemic leaves of plants pre-
treated with P.s.m. ES4326, sard4-5 supports significantly higher
bacterial growth than the wild type (Figure 3D). These data suggest
that SARDA4 is required for systemic but not local resistance to P.s.
m. ES4326.

SARD4 Is Involved in Biosynthesis of Pip

To identify the substrate for SARD4, we performed metabolite
fingerprinting analysis of the systemic tissue of the wild type and
sard4-5 after SAR induction. We hypothesized that the substrate
of SARD4 should accumulate in the mutant upon infection. The
accumulation of Pip was used as an indicator for the establish-
ment of SAR in wild-type plants, using the ald? (ald7-T2) mutant as
a negative control. In this setup, we found 1250 high quality
features (false discovery rate [FDR] < 10~2) that showed an altered
accumulation pattern. Interestingly, Pip was nearly absent not only
in ald1, but also in the sard4-5 mutant (Figure 4A). From these
1250 features, we detected only one that accumulated exclusively
in sard4-5 upon infection (Figure 4B). A database query (Kyoto
encyclopedia of genes and genomes [KEGG]) based on the ac-
curate mass information acquired by high-resolution mass
spectrometry (MS) suggested that the compound was most likely

letters (P < 0.01, one-way ANOVA; n = 4). The experiment was repeated
twice with similar results.

(D) Growth of H.a. Noco2 on the distal leaves of the wild type, fmo1, and
sard4-5 following mock or P.s.m. ES4326 treatment. The experiment was
repeated twice with similar results.
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Figure 3. SARD4 Is Required for Systemic Defense Responses.

(A) Free SAandtotal SA accumulationin the systemic leavesinthe wild type
and sard4-5 following local infection by P.s.m. ES4326. Three leaves of
4-week-old plants were infiltrated with P.s.m. ES4326 (ODg, = 0.005), and
the distal leaves were collected 48 h later for SA extraction and quantifi-
cation. Statistical differences between the samples are labeled with dif-
ferent letters (P < 0.01, one-way ANOVA; n = 4). The experiment was
repeated twice with similar results.

(B) and (C) Induction of systemic PR (B) and PR2 (C) expression in the wild
type and sard4-5 by P.s.m. ES4326. Three-week-old plants were infiltrated
with P.s.m. ES4326 (ODy, = 0.005) or 10 mM MgCl, (mock) on two primary
leaves, and distal leaves were collected 48 h later for RT-qgPCR analysis.
Values were obtained from abundances of PR7 and PR2 transcripts
normalized against that of ACTIN7. Statistical differences among the

A'-piperideine-2-carboxylic acid (P2C), a catabolite of lysine and
a precursor of Pip. The identity of both Pip and P2C were con-
firmed by MS/MS fragmentation (Figures 4C and 4D). However,
lysine may be converted into Pip via two different pathways that
can be distinguished by the structures of their intermediates
immediately upstream of Pip: A'-piperideine-6-carboxylic acid
(P6C) and P2C, respectively (Zeier, 2013). The specific formation
of P2C was confirmed by spectroscopic and spectrometric
methods (see below).

Next, we used gas chromatography-mass spectrometry (GC-
MS) to analyze Pip levels in systemic tissue of sard4-5 following
P.s.m. ES4326 infection. After bacterial treatment, Pip was below
detectable levels in ald1 and sard4 mutants, but accumulated in
substantial amounts in wild-type and fmo1 plants (Figure 5A).
Using the same analytical method, we also quantified Pip levelsin
local leaves of sard4-5 inoculated with P.s.m. ES4326. Strong
induction of Pip by P.s.m. ES4326 was observed in wild-type,
fmo1, and sard4 plants, with a small but significant reduction of Pip
induction in sard4-5 (Figure 5B). These data further support the
hypothesis that SARD4 is involved in the biosynthesis of Pip.

Reconstitution of the Pip Biosynthesis Pathway by
Heterologous Expression of ALD1 and SARD4 in
Escherichia coli

Tofurtheranalyze the enzymatic activities of SARD4 and ALD1, we
introduced Arabidopsis thaliana SARD4 and ALD1 separately and
both together into E. coli for in-cell activity assays. We hypoth-
esized that internal lysine could be used as a substrate for ALD1
and the resulting product will be further converted to Pip by
SARDA4. After induction of heterologous expression of both pro-
teins (Supplemental Figure 4), complete cultures were extracted
for analysis. In the E. coli culture that expressed ALD1 (Figure 6A),
we could detect P2C (dashed line, m/z 128.070, RT 0.98 min), but
no Pip (solid line). In the SARD4-expressing culture (Figure 6B),
neither Pip nor P2C could be detected. However, the E. coli culture
expressing both SARD4 and ALD1 in one strain yielded Pip (Figure
6C, solid line, m/z 130.086, RT 0.86 min), while in the control
containing the empty vectors, neither Pip nor P2C was detectable
(Figure 6D). Hence, we can exclude that P2C and Pip are E. coli-
derived metabolites. The structures of both P2C and Pip were
confirmed by high-resolution MS/MS analysis (Supplemental
Figure 5). The exact mass, retention time, and fragmentation
patterns were consistent with those of the compounds obtained
from the plant material (Figure 4). Interestingly, e-amino-a-keto

samples are labeled with different letters (P < 0.01, one-way ANOVA; n = 3).
Similar results were obtained in three independent experiments.

(D) Growth of P.s.m. ES4326 on the distal leaves of the wild type, fmo1, and
sard4-5.

Three-week-old plants were first infiltrated with P.s.m. ES4326 (ODg, =
0.005) or 10 mM MgCl, (mock) on two primary leaves, and two distal leaves
were infected with P.s.m. ES4326 (ODgy, = 0.0001) 2 d later. Bacterial
growth in distal leaves was determined 3 d after inoculation. Statistical
differences between the samples are labeled with different letters (P < 0.01,
one-way ANOVA; n = 6). The experiment was repeated twice with similar
results.
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Figure 4. SARD4 Is Involved in Biosynthesis of Pip.
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(A) and (B) Relative abundance of Pip and P2C in systemic leaves of Arabidopsis wild type, ald7, and sard4-5 48 h after P.s.m. ES4326 (ODg,, = 0.005)
infection. The relative intensities of Pip (A) and P2C (B) are shown. Three biological replicates were analyzed twice by liquid chromatography-mass
spectrometry. Statistical differences among the samples are labeled with different letters (P <0.01, one-way ANOVA; n = 6). The data were obtained from the
nontargeted metabolite fingerprint analysis. Similar results were obtained in two independent experiments.

(C) and (D) High-resolution MS/MS fragmentation patterns of Pip and P2C detected in the systemic leaves of P.s.m. ES4326-treated wild-type (C) or sard4-5
mutant plants (D). The fragmentation of Pip (C) and P2C (D) leads to a loss of the carboxyl group (m/z 84.080 and m/z 82.065, respectively). In Pip, the mass
signal of m/z 56.049 represents a C;HgN-fragment. In P2C, the C=N double bond stays intact so that the mass signal of m/z 55.054 represents a C,H,-

fragment.

caproic acid (Figure 6E), the proposed product of ALD1 (Zeier,
2013), was nearly undetectable in the samples from the in-cell
activity assay. Most likely, it was completely converted into P2C
under the applied conditions.

To summarize, we could identify P2C as a product of ALD1 and
a substrate of SARD4, and Pip as a product of SARD4. These
findings allow us to reconstruct one of the plant Pip biosynthesis
pathways in E. coli (Figure 6E). As we did not detect accumulation
of other metabolites in this in-cell assay upon expression of either
SARD4 or ALD1 alone or both together, the data suggest that the
proposed pathway may exclusively produce Pip using lysine as
substrate.

Unequivocal Identification of P2C

To further study the reaction of ALD1, we followed a previously
published protocol to purify the heterologously expressed ALD1
(Sobolev et al., 2013). The homogenous enzyme (Supplemental
Figure 6) was first tested for its in vitro activity with L-lysine to

determine whether ALD1 produces P2C or P6C. These com-
pounds can be distinguished by their different absorbance
maxima when derivatized with o-aminobenzaldehyde (Soda et al.,
1968). We treated the product of the ALD1/L-lysine reaction with
o-aminobenzaldehyde and the formed reaction product showed
an absorbance maximum at 446 nm (Figure 7A). This maximum
corresponds with the reaction product of P2C (Soda et al., 1968)
and confirms P2C as the product of ALD1. Next, we incubated
ALD1 with L-lysine and L-lysine-6-13C,-15N separately and ana-
lyzed the products of the reactions by high resolution MS/MS. The
fragmentation pattern of the L-lysine-derived product was highly
similar to that of the compounds from both the leaf material (Figure
4) and the in-cell assay (Supplemental Figure 5). When we used
L-lysine-6-13C,-15N as the substrate for ALD1, we detected the
mass signal of m/z 130.0714 as base peak at 0.97 min, which rep-
resents the molecular ion of 6-13C-,'5N-labeled P2C in the positive
ionization mode (Figure 7B). The mass deviation between the cal-
culated exact mass of positively charged ion of 6-'3C-,'>N-labeled
P2C (m/z 130.0715) and the accurate mass of the molecular ion
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Figure 5. Pip Levels in Wild-Type, fmo1, ald1, and sard4-5 Plants.

(A) Pip levels in distal tissue of the wild type, fmo7, ald1, and sard4-5
following infection by P.s.m. ES4326. Primary leaves were infiltrated with
abacterial suspension of P.s.m. ES4326 at ODg, = 0.005. The distal leaves
were collected 48 h later for amino acid analysis.

(B) Pip levels in local tissue of the wild type, fmo1, ald1, and sard4-5
following infection by P.s.m. ES4326. The inoculated leaves were collected
for amino acid analysis 48 h after inoculation with the bacteria (ODgy, =
0.005).

Statistical differences between the samples are labeled with different
letters (P < 0.01, one-way ANOVA; n = 3). Similar results were obtained in
two independent experiments.

derived by our high-resolution MS analysis (see above) was
0.1 mD. The high-resolution MS/MS revealed the presence of
bothisotopesinthefragment of m/z84.0658 (loss of the carboxyl
group). The mass signal of m/z 56.0578 represents the C,'3CH,
fragment, containing only the labeled carbon. This fragmentation
pattern corresponds to fragmentation of the unlabeled P2C from
the leaf material (Figure 4D). As the photometric assay and the
high-resolution MS analysis confirmed P2C as the product of
ALD1, we concluded that ALD1 is an a-aminotransferase that
can use L-lysine for the formation of P2C.

SARD4 Converts P2C to Pip in Vitro

To assay the activity of SARD4, the protein was heterologously
expressed in E. coli and purified to homogeneity (Supplemental
Figure 7). As P2C is not commercially available, we used A20-
ALD1 (atruncated ALD1) to generate P2C from L-lysine and 6-3C-,'"N-
labeled P2C from L-lysine-6-13C,-'5N (see section above). Filter
centrifugation was employed to remove A20-ALD1 from the
product solution. As shown in Figure 8A, labeled P2C (dashed line,
m/z 130.072, RT 0.97 min) but no labeled Pip (solid line) was
present in the A20-ALD1-free product solution. The addition of
purified SARD4 protein to this solution led to a complete con-
version of labeled P2C to labeled Pip (Figure 8B, solid line; m/z
132.086, RT 0.87 min). To verify that the product was indeed Pip,
we compared the retention time and MS/MS fragmentation pat-
tern of commercial Pip standard with the SARD4 produced in vitro
product (Figures 8C and 8D). Analogous to the unlabeled Pip, the
fragmentation leads to a loss of the carboxyl group (m/z 86.082), in
which both isotopes are still present. The mass signal of m/z
58.050 represents a C,'™3CHg'SN fragment, which contains
both the '3C and the '®N isotope. The retention time and the

fragmentation pattern were identical for the SARD4-derived
invitro product, the compound identified in the leaf material (Figure
4), the in-cell assay (Figure 6; Supplemental Figure 5), and the
commercial Pip standard. Together, these data strongly suggest
that SARD4 catalyzes the reduction of P2C to Pip.

Pip Restores PR Gene Expression in sard4-4 FMO1-3D

Totest whether exogenous application of Pip can complement the
defects in sard4-4, we grew sard4-4 FMO1-3D on media con-
taining Pip and measured the expression levels of PR genes. As
shown in Figures 9A and 9B, the expression of PR7 and PR2 in
sard4-4 FMO1-3D seedlings was largely restored by Pip, in-
dicating that treatment with Pip complements the defects in Pip
biosynthesis in sard4 mutant plants.

ALD1 Is Required for Enhanced Defense Responses
in FMO1-3D

As Pip biosynthesis is blocked in ald7 mutant plants (Navarova
et al., 2012), we tested whether ALD1 is also required for
constitutive defense responses in FMO17-3D. We crossed ald1
into FMO17-3D and analyzed PR gene expression and re-
sistance to H.a. Noco2 in ald1 FMO1-3D double homozygous
plants. As shown in Figures 10A and 10B, constitutive ex-
pression of PR71 and PR2 in FMO1-3D is blocked in the double
mutant. In addition, enhanced resistance to H.a. Noco2 in
FMO1-3D is also abolished by ald? (Figure 10C), which is
consistent with loss of resistance to H.a. Noco2 in the sard4
FMO1-3D double mutant.

DISCUSSION

Pip has been shown to play important roles in orchestrating plant
defenseresponses (Navarovaet al., 2012) and SAR is abolished in
the Pip-deficient mutant ald7 (Song et al., 2004b). A recent study
had suggested that ALD1 is also involved in production of non-Pip
metabolites critical for the induction of plant immunity (Cecchini
et al., 2015). To what extent lack of Pip contributes to the SAR
deficiency in ald7 mutant plants is unclear. In this study, we
identified SARD4 as a critical enzyme involved in Pip biosynthesis.
Compromised SAR in the sard4 mutants provides clear evidence
that Pip is required for the establishment of SAR.

Analysis of local defense responses against P.s.m. ES4326
showed that there is no significant difference in PR gene ex-
pression and SA accumulation between wild-type and sard4
mutant plants, suggesting that Pip produced by SARD4 has little
contribution to local resistance against P.s.m. ES4326. This is
consistent with the relatively small effect of the sard4-5 mutation
on pathogen-induced Pip accumulation in local tissue. In-
terestingly, mock-treated sard4-1 and sard4-2 mutants displayed
enhanced susceptibility to H.a. Noco2, suggesting that SARD4
may play a role in basal resistance against the oomycete path-
ogen.

SARD4 shares sequence similarity with bacterial ornithine
cyclodeaminases, but it does not show the corresponding enzyme
activity, consistent with the observation that the three residues
critical for activity of bacterial ornithine cyclodeaminases are not
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Figure 6. Analysis of the Enzymatic Activity of ALD1 and SARD4 in E. coli.

(A) to (D) Extracted ion chromatograms for P2C (m/z 128.070, dotted lines) and Pip (m/z 130.086, solid lines). For the analysis, E. coli cultures expressing
ALD1 (A), SARD4 (B), ALD1 and SARD4 together (C), or the two corresponding empty vectors (D) were used. Similar results were obtained in two in-

dependent experiments.
(E) Proposed scheme for the Pip biosynthesis pathway from lysine.

conserved in SARD4 (Sharma et al., 2013). Multiple lines of evi-
dence suggest that SARD4 functions as areductase that converts
P2C to Pip. sard4 mutant plants not only have reduced Pip levels,
they also accumulate P2C, a proposed Pip precursor, in distal
leaves following infection with P.s.m. ES4326 (Figure 4). In ad-
dition, P2C is converted to Pip in E. coliwhen SARD4 is expressed
and it can also be converted to Pip in vitro by purified SARD4
protein (Figures 6 and 8).

ALD1 was predicted to use lysine as a substrate and catalyze its
conversion to g-amino-a-keto caproic acid, which then could
spontaneously cyclize to form P2C (Song et al., 2004a; Zeier,
2013). In E. coli expressing ALD1, we detected high levels of P2C
but no e-amino-a-keto caproic acid, suggesting that e-amino-
a-keto caproic acid does indeed spontaneously cyclize to form
P2C. We further tested whether addition of lysine to the media leads
to increased production of P2C. Interestingly, supplementation of
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(A) Absorption spectrum (background corrected) of the ALD1 reaction product after treatment with 0-AB. To remove ALD1 from the solution, filter
centrifugation was used. One hundred microliters of the sample was incubated with 890 pL sodium acetate buffer (0.2 M, pH5)and 10 wLo-AB (0.4 M)for 1 h

at 37°C. Similar results were obtained in two independent experiments.

(B) MS/MS fragmentation pattern of 6-3C-,'5N-labeled P2C (m/z 130.070) from the A20-ALD1 reaction with L-lysine-6-13C,-3N as substrate. Analogous to
the unlabeled P2C, fragmentation leads to aloss of the carboxyl group. In the corresponding fragment (m/z 84.066) both isotopes are still present. The mass
signal of m/z 56.058 represents a C,'3CH, fragment, containing the labeled carbon only. Consistent fragmentation pattern of the MS/MS spectra was

obtained with 6-13C-,75N-labeled P2C as well as with unlabeled P2C.

lysine did not affect P2C levels (data not shown), suggesting that
lysine abundance did not limit P2C production in the bacterial
cells. When ALD1 and SARD4 are coexpressed in E. coli, Pip
accumulates to high levels and almost no P2C was detected,
suggesting that P2C is an intermediate in Pip biosynthesis and
that it was entirely converted into Pip by SARDA4 in the bacterial
culture. Reconstitution of the Pip biosynthesis pathway in E. coli
strongly supports the hypothesis that Pip is synthesized through
reduction of P2C by SARDA4.

Inlocal tissue, a small reduction of the Pip level was observed in
sard4 compared with wild-type plants and there is still high level of
Pip accumulation following infection by P.s.m. ES4326, sug-
gesting that loss of function of SARD4 does not completely block
Pip synthesisinlocal tissue. Because SARD4 is a single copy gene
in Arabidopsis, this is probably not caused by simple functional
redundancy. ltis likely that P2C can be converted to Pip by another
unrelated dehydrogenase, which is only induced in local tissue.
However, we cannot rule out the possibility that Pip is also syn-
thesized in local tissue through an intermediate other than P2C. It
will be interesting to determine whether ALD1 is involved in
production of metabolites otherthan P2C and whether SARD4 can
use other metabolites as substrates in Arabidopsis.

Despite that Pip accumulates to very high level in the local
leaves of sard4 following P.s.m. ES4326 infection, very little Pip is
present in systemic leaves, suggesting that there is no significant
amount of Pip transported from local leaves to the distal leaves in
the mutant. Lack of Pip accumulation in systemic leaves of sard4
indicates that Pip biosynthesis in systemic tissue is SARD4-
dependent and proceeds primarily via P2C. It also suggests that
SARD4-mediated Pip biosynthesis in systemic tissue plays a critical
role in establishing SAR.

In plants, pathogen-induced SA synthesis occurs in plastids
(Garcion et al., 2008), but where Pip is made in the plant cell is

unclear. ALD1 was predicted to be a plastid-localized protein and
had been shown to localize to the chloroplast (Cecchini et al.,
2015). Similarly, SARD4 was also shown to be a chloroplast-
localized protein (Sharmaet al., 2013). The localization of ALD1
and SARD4 suggests that Pip is also synthesized in the plastids.
Whether Pip exerts its function in the plastids or is translocated
to other parts of the cell to promote plant immunity remains to be
determined.

FMO1 encodes a monooxygenase that is required for both local
resistance and SAR (Bartsch et al., 2006; Koch et al., 2006;
Mishina and Zeier, 2006). The mechanism by which FMO1 reg-
ulates plant immunity is unknown. Our study provided clear ge-
netic evidence that Pip is required for activation of defense
responses by FMO1. Not only constitutive defense responses in
plants overexpressing FMO1 require both ALD1 and SARDA4,
treatment of Pip also restores PR gene expression in the sard4-4
FMO1-3D double mutant. Previously it was shown that fmo1
mutant plants accumulate higher levels of Pip than the wild type
(Navarov4 et al., 2012). It is likely that FMO1 is involved in the
synthesis of a defense signal molecule derived from Pip. Identi-
fication of the metabolite produced by FMO1 will further advance
our understanding of how SAR is established.

METHODS

Plant Material and Growth Conditions

sard4-1 and sard4-2 were identified from a previously described forward
genetic screen for SAR-deficient mutants (Jing et al., 2011). The FMO1-
overexpressing mutant FMO7-3D in Arabidopsis thaliana Col-0 back-
ground (Koch et al., 2006) and rpp5 mutant in Landsberg erecta (Ler)
background were described previously (Parker et al., 1997). sard4-3 FMO1-
3D and sard4-4 FMO1-3D were identified from an EMS-mutagenized
population of FMO1-3D by looking for plants that are susceptible to
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Figure 8. SARD4 Can Convert P2C into Pip in Vitro.
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(A) to (C) UHPLC-QTOF-MS analyses of substrates and products of the SARD4 catalyzed reaction. Extracted ion chromatograms of 6-'3C-,>N-labeled A'-
piperideine-2-carboxylic (labeled P2C, m/z 130.070, dotted lines) (A), 6-'3C-,'5N-labeled pipecolic acid (labeled Pip, m/z 132.086, solid lines) (B), and
pipecolic acid standard (Pip, m/z 130.086, dashed line) (C). 6-3C-,'5N-labeled Pip and commercial Pip standard show the same retention time.

(D) MS/MS fragmentation pattern of 6-'3C-, >N-labeled Pip from the SARD4 reaction. 6-13C-,'>N-labeled P2C was used as the substrate, which was
produced from -lysine-6-13C,-'5N by the A20-ALD1 reaction. Analogous to the unlabeled Pip, fragmentation leads to a loss of the carboxyl group. In the
corresponding fragment (m/z 86.082), the '3C as well as the 1N isotopes are still present. The mass signal of m/z 58.050 represents a C,'3CHg'®N fragment,
still containing both isotopes. Consistent results were obtained with 6-13C-,5N-labeled P2C as well as with unlabeled P2C.

H.a. Noco2. sard4-5 (GABI_428E01) was obtained from the ABRC.
ald1-T2 (SALK_007673) was described previously (Song et al.,
2004a). PCR primers used for genotyping sard4-5 and ald1-T2
mutants are listed in Supplemental Table 1. Plants were grown under
16 h white light (Sylvania Octron® 4100K, FO32/741/ECO bulbs) at
23°C/8 h dark at 19°C in a plant growth room unless specified.

Mutant Characterization

Analysis of resistance to H.a. Noco2 in FMO1-3D was performed by
spraying 2-week-old seedlings with H.a. Noco2 spores at a concentration
of 5 X 10% spores/mL. Growth of H.a. Noco2 was quantified 7 d later as
previously described (Bi et al., 2010). Bacterial infection assays for testing
local resistance were performed by infiltrating two full-grown leaves of
4-week-old plants grown under short-day conditions (12 h light at 23°C/
12 h dark at 19°C). Bacterial growth was assessed 3 d after inoculation.

Induction of SAR against H.a. Noco2 was performed as previously
described (Zhang et al., 2010) by infiltrating two primary leaves of 3-week-
old plants with P.s.m. ES4326 (ODg, = 0.001). The plants were sprayed
with H.a. Noco2 spores at a concentration of 5 X 104 spores/mL 2 d later.

Induction of SAR against P.s.m. ES4326 was performed by infiltrating two
primary leaves of 4-week-old plants with P.s.m. ES4326 (ODg, = 0.005).
Two distal leaves were infiltrated with the same bacteria (ODg,, = 0.0001)
2 d later to assess SAR.

Absolute quantification of Pip was done using the EZ:faast free amino
acid analysis kit for GC-MS (Phenomenex), which is based on GC sepa-
ration and mass spectrometric identification and quantification of propyl
chloroformate-derivatized amino acids. Each GC sample was prepared by
extracting 50 mg leaf tissue and analyzed following a procedure described
previously (Navarovaetal.,2012).Three biological replicates were analyzed
in each experiment. SA was extracted from four biological replicates with
each consisting of ~100 mg of tissue in each experiment and quantified by
HPLC as previously described (Sun et al., 2015).

For gene expression analysis, RNA was isolated from three biological
replicates and used for subsequent RT-gPCR analysis. Briefly, RNA was
extracted using the EZ-10 Spin Column Plant RNA Mini-Preps Kit from
Biobasic (Canada) and treated with RQ1 RNase-Free DNase (Promega) to
remove the genomic DNA contamination. Reverse transcription was
performed using the EasyScript Reverse Transcriptase (ABM). gPCR was
performed using the Takara SYBR Premix Ex (Clontech). Primers for gPCR


http://www.plantcell.org/cgi/content/full/tpc.16.00486/DC1

2612 The Plant Cell

A, . B o6
35 a 0.14
s 3 = 012
E 25 ;{; 0.1
< 2 Soo08
E 15 gC_ 0.06
a1 0.04
0.5 0.02
0
Pip - - - + + Pip - - - + +
/\
P, & P F & o9
W © WP
< u? % b3 %
‘6&’ :f}’ (bb)‘ bb"
= 3 = 5_;2‘5

Figure 9. Pip Restores PR7 and PR2 Expression in sard4-4 FMO1-3D.

Two-week old seedlings of the wild type, FMO1-3D, and sard4-4 FMO1-3D
grown on Murashige and Skoog plates with or without Pip (5 uM) were used
for RT-gPCR analysis. Values were obtained from the abundance of PR1
and PR2 transcripts normalized against that of ACTINT, respectively.
Statistical differences among the samples are labeled with different letters
(P < 0.01, one-way ANOVA; n = 3). Similar results were obtained in three
independent experiments.

analysis of SARD4 are listed in Supplemental Table 1. Primers for g°PCR
analysis of PR1, PR2,and ACTIN1 were described previously (Zhang et al.,
2003).

Genetic Mapping of sard4 Mutants

To map the sard4-3 and sard4-4 mutations, sard4-3 FMO1-3D and sard4-4
FMO1-3D in Col-0 ecotype background was crossed with an rpp5 mutant
in the Ler background to generate segregating mapping populations. The
rpp5 mutant was used because RPP5 confers resistance against H.a.
Noco2 in Ler. In the F2 population, plants containing the FMO7-3D mu-
tation were selected by their resistance to Bastaand assayed for resistance
against H.a. Noco2. Plants susceptible to H.a. Noco2 were used for
subsequent mapping analysis, which was performed as previously de-
scribed (Zhang et al., 2007). The primer sequences of the Indel markers are
listed in Supplemental Table 1.

Metabolite Fingerprinting

For the nontargeted metabolite analysis, 100 mg leaf material (three bi-
ological replicates per condition) was extracted using two-phase extraction
with methy-tert-butylether (Bruckhoff et al., 2016). The polar phase was
evaporated, mixed with 100 pL methanol, shaken for 5 min, and then
centrifuged for 5 min at 16,0009 at room temperature. Samples were dried
carefully under a nitrogen stream and resuspended in 15 pL methanol and
shaken for 10 min. Fifteen microliters of acetonitrile was added followed by
10 min of shaking. Lastly, 100 pL of deionized water was added and shaken
for 10 min. The samples were centrifuged for 10 min at 16,0009 at room
temperature and transferred into glass vials. All samples were stored at 4°C.

Metabolic fingerprinting was performed by UPLC coupled to a time-of-
flight mass spectrometer (TOF-MS) and a photodiode array as previously
described with minor modifications (Kénig et al., 2012). The samples of the
polar extraction phase were separated with an Acquity UPLC HSS T3
column (1.0 X 100 mm, 1.8-m particle size; Waters) at 40°C and a flow rate
of 0.2 mL/min. The binary gradient consisted of solvent A (ultrapure water)
and solvent B (acetonitrile), each with 0.1% (v/v) formic acid. The gradient

setup for the polar phase samples was as follows: 0t0 0.5 min 99% A, 0.5 to
3min80% A, 3to 8 minfrom20% to 100% B, 10t0 10.1min 100% B, 10.1 to
14 min 99% A.

All samples were measured twice by TOF-MS in both positive and
negative electrospray ionization (ESI) mode with dynamic range en-
hancement. In the positive ESI mode, mass range from m/z 85.00 to m/z
1200 was detected, whereas in the negative ESI mode, mass range from
m/z 50.00 to m/z 1200 was used. MS setup was described earlier (Kénig
et al., 2012). For the analysis of the raw mass data, the samples were
processed (peak picking and peak alignment) using the MarkerLynx Ap-
plication Manager 4.1 for MassLynx software, which resulted in two data
matrixes. For further data processing, ranking, filtering, adduct correction,
clustering, and database analysis, MarVis software (MarkerVisualization)
(Kaever et al., 2015) was used. For ranking and filtering of the data sets in
MarVis Filter, an ANOVA test combined with adjustment for multiple testing
by Benjamini-Hochberg algorithm (FDR) was applied. The threshold was
set at FDR < 0.01. The subsets of high-quality features were adduct-
corrected according to the following rules: [M+H]*, [M+Na]*, [M+NH,]* (for
data of the positive ESI mode); [M-H]~, [M+CH,0,-H]~, [M+CH,O,+Na-
2H]" (for data of the negative ESI mode) and subsequently combined. The
resulting 1250 features were clustered according to similarities in the in-
tensity profiles by means of one-dimensional self-organizing maps and
visualized as heat map representation (MarVis Cluster). The accurate mass
information of features of interest was used to search databases MetaCyc
(http://www.arabidopsis.org/biocyc/) and KEGG (http://www.genome.jp/
kegg/) for putative identities (MarVis Pathway). A mass window of 0.007 D
was applied.

High-Resolution MS/MS Analysis (UHPLC-Q-TOF-MS)

To confirm the chemical structure of marker metabolites, exact mass
fragment information of these markers were obtained by UHPLC-Q-TOF-MS
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Figure 10. ALD1 Is Required for Constitutive Defense Responses in
FMO1-3D.

(A) and (B) PR1 (A) and PR2 (B) expression in 2-week-old seedlings of the
wild type, FMO1-3D, and ald7 FMO1-3D determined by RT-gPCR. Values
were obtained from abundances of PR71 and PR2 transcripts normalized
against that of ACTIN1, respectively. Statistical differences among the
samples are labeled with different letters (P < 0.01, one-way ANOVA; n = 3).
Similar results were obtained in three independent experiments.

(C) Growth of H.a. Noco2 on the wild type, FMO1-3D, and ald1 FMO1-3D.
Three-week-old seedlings were sprayed with H.a. Noco?2 spores (5 X 104
spores/mL). Infection was scored 7 d after inoculation by counting the
numbers of spores per gram of leaf samples. Statistical differences be-
tween the samples are labeled with different letters (P < 0.01, one-way
ANOVA; n = 4). Similar results were obtained in three independent ex-
periments.
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analyses. For the separation, an Agilent 1290 Infinity UHPLC system was
used with an Acquity UPLC HSS T3 column (2.1 X 100 mm, 1.8-um
particle size; Waters) at 40°C and a flow rate of 0.5 mL/min. The solvent
system and gradients were used as described for metabolite finger-
printing. Mass detection was performed with Agilent 6540 UH Accurate-
Mass-Q-TOF-MS. The MS was operated in positive and negative mode
with Agilent Dual Jet Stream Technology (Agilent Technologies) as ESI
source. Following ionization parameters were set: gas temperature,
300°C; gas flow, 8 L/min; nebulizer pressure, 35 p.s.i.; sheath gas tem-
perature, 350°C; sheath gas flow, 11 L/min; Vcap, 3.5 kV; nozzle voltage,
100 V. For isolation of precursor ions in the quadrupole, a mass window
of 1.3 D was used. For data acquisition, Mass Hunter Workstation Ac-
quisition software B.05.01 was used. Mass Hunter Qualitative Analysis
software B.05.01 was used as analysis tool. Fragmentation of Pip
(m/z130.086), P2C (m/z 128.07), and 5N, 3C-labeled P2C (m/z 130.070)
and Pip (m/z 132.086) were analyzed in positive ionization mode with
acollisionenergy of 10eV. Pipand L-lysine-6-13C, >N hydrochloride were
ordered from Sigma-Aldrich.

Cloning and Expression of Arabidopsis ALD1 and SARD4

For cloning of ALD1 and SARDA4, the coding sequences for both genes
were amplified from Arabidopsis total cDNA using the primers ALD1-F1
and ALD1-R1 (for full-length ALD7) and SARD4-F and SARD4-R (for
SARD4). ALD1 was inserted into the pCDFDuet-1 vector (Novagen),
whereas SARD4 was inserted into the pET24a vector (Novagen) utilizing
EcoRI/Xhol restriction sites in both cases.

Proteins were expressed individually or jointly in Escherichia coli BL21*
(DE3) cells. The bacterial cultures were incubated at 37°C untilan ODg,, 0f 0.6
t0 0.8 AU was reached. IPTG (0.1 mM) was added for protein expression and
the cultures continued to grow for additional 18 h at 16°C. The expression of
the heterologous proteins was verified by SDS-PAGE and immunoblot
analysis. Samples (V=0.5 mL/ODg,) were harvested by centrifugation (4 min,
8,0009). The pellets were dissolved in 50 pL water and mixed with 50 pL 2 X
Laemmli buffer. Ten microliters of this solution were loaded on the SDS-
PAGE. The proteins were either visualized by Coomassie Brilliant Blue
staining or blotted onto a nitrocellulose membrane. Tetra-His antibody
(Qiagen; 0.1 pg/mL) was used to detect the His-tagged proteins. A secondary
anti-mouse antibody (Sigma-Aldrich) was used to visualize the proteins.

In-Cell Activity Assay

For the analysis of substrates and/or products of ALD1 (full length) and/or
SARD4 catalyzed reactions, 900 pL of the particular E. coli culture was
mixed with 150 pL methanol and 500 pL methyl tert-butyl ether. After
45 min of shaking in the darkness at 4°C, 120 pL water was added. The
mixtures were centrifuged for 10 min at 16,000g at 4°C for phase sepa-
ration. Both phases were combined in one tube, whereby the interphase
was discarded. The solvents were evaporated under a stream of nitrogen
and the pellet subsequently resuspended in 30 pL methanol/acetonitrile
(1:1, v/v). After vigorous shaking, 100 pL water was added. Insoluble
residues were removed by 10 min centrifugation at 16,000g. The super-
natant was transferred into glass vials for UPLC-Q-TOF-MS analyses.

Purification and Activity Assay of Arabidopsis ALD1

For the protein purification, we followed the protocol of Sobolev et al.
(2013). Atruncated version of ALD1 (A20-ALD1, amino acids 21 to 456) was
cloned into pET28 vector (Novagen) from the earlier mentioned pCDF-
ALD1 plasmid using the primers ALD1-F2 and ALD1-R2. Expression was
performed as described before. The cells were disrupted with pulsed ul-
trasonic waves (Branson Sonifier Cell Disruptor B15; Branson Ultrasonics)
inasolution containing 50 mM Tris, pH 7.2, 500 mM NaCl, 1 mM PMSF, and
1 mM DTT. Cell debris was removed by centrifugation (50,000g, 4°C,
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30 min). The supernatant was subsequently applied onto a HisTrap column
(GE Healthcare) equilibrated with 50 mM Tris, pH 7.5, 200 mM NaCl, 5 mM
imidazole, and 1 mM DTT. For the elution, 30% elution buffer (50 mM Tris,
pH 7.5, 200 mM NaCl, 500 mM imidazole, and 1 mM DTT) was used.

For the activity assay, 20 ug A20-ALD1 was added to 250 p.L of reaction
buffer which contained 50 mM Tris, pH 7.2, 100 mM NaCl, 50 mM lysine,
50 uM lysine-6-13C,-15N, 50 mM pyruvate, and 2 uM pyridoxal phosphate.
The reaction was performed for 3 h at 30°C, shaking at 150 rpm. To remove
the protein from the solution, we used filter centrifugation (4°C, 4000g) with
a SpinX UF concentrator (10,000 MWCO; Corning). The product was then
analyzed with either high-resolution MS/MS or used for the colorimetric
analysis. Treatment with o-aminobenzaldehyde (0-AB; Sigma-Aldrich) was
used to distinguish between P6C and P2C (Soda et al., 1968). One hundred
microliters of the sample was incubated with 890 uL sodium acetate buffer
(0.2 M, pH 5) and 10 pL 0-AB (0.4 M) for 1 h at 37°C. The absorbance was
measured with a Carry 100 UV-Vis spectrophotometer (Agilent) in a range
of 350 to 600 nm. Reaction buffer alone was used as the control.

Purification and Activity Assay of Arabidopsis SARD4

SARD4 was expressed as described above. For the protein purification,
the same protocol as for the A20-ALD1 purification was used. For the
activity assay of SARD4, the substrate P2C was generated by the A20-
ALD1 reaction using either lysine or lysine-6-'3C,-1°N as substrate.
A20-ALD1 was removed from the reaction solution by filter centrifu-
gation as described above. The presence of P2C in the solution was
confirmed by UPLC-Q-TOF-MS analyses. Purified SARD4 was added
to 250 uL of the reaction buffer containing 50 mM Tris, pH 7.2, 100 mM
NaCl, and 2 uM NADPH. The reaction was started by adding 100 pL of
the protein-free P2C solution from the activity assay of A20-ALD1. The
reaction was performed for 3 h at 30°C, shaking at 150 rpm. Sub-
sequently, the reaction solution was centrifuged for 10 min (16,0009,
4°C) and the product solution was examined by UPLC-Q-TOF-MS
analyses. The identity of Pip as the product of the SARD4-catalyzed
reaction was confirmed by MS/MS fragmentation analyses and com-
parison of its retention time with the commercial Pip. Pip standard
solution (1 uM) was used in the analysis.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: AT1G19250 (FMOT), AT5G52810 (SARD4), AT2G13810 (ALD1),
AAF08790 (RPP5), AT1G64280 (NPRT), At2g14610 (PRT), At3g57260
(PR2), and At2g37620 (ACTINT).

Supplemental Data

Supplemental Figure 1. SARD4 is not required for local SA accumu-
lation induced by P.s.m. ES4326.

Supplemental Figure 2. SARD4 is not required for local PR gene
expression induced by P.s.m. ES4326.

Supplemental Figure 3. SARD4 is not required for local resistance
against P.s.m. ES4326.

Supplemental Figure 4. Heterologous expression of pCDF-ALD1 and
pPET-SARD4 in a single E. coli liquid culture for the in-cell activity
assay.

Supplemental Figure 5. MS/MS fragmentation patterns of Pip and
P2C from in-cell assay.

Supplemental Figure 6. SDS-PAGE analysis of heterologous ex-
pressed 6xHis-tagged A20ALD1 protein (~50 kD) purified by affinity
chromatography.
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Supplemental Figure 7. SDS-PAGE analysis of heterologous ex-
pressed 6XxHis-tagged SARD4 protein (~36.4 kD) purified by affinity
chromatography.

Supplemental Table 1. Primers used in this study.

Supplemental Table 2. ANOVA tables for statistical analysis.
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