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Abstract
Chemical defense systems involving tryptophan-derived secondary metabolites (TDSMs) and salicylic acid (SA) are induced
by general nonself signals and pathogen signals, respectively, in Arabidopsis thaliana. Whether and how these chemical de-
fense systems are connected and balanced is largely unknown. In this study, we identified the AVRRPT2-INDUCED GENE2A
(AIG2A) and AIG2B genes as gatekeepers that prevent activation of SA defense systems by TDSMs. These genes also were
identified as important contributors to natural variation in disease resistance among A. thaliana natural accessions. The
loss of AIG2A and AIG2B function leads to upregulation of both SA and TDSM defense systems. Suppressor screens and
genetic analysis revealed that a functional TDSM system is required for the upregulation of the SA pathway in the absence
of AIG2A and AIG2B, but not vice versa. Furthermore, the AIG2A and AIG2B genes are co-induced with TDSM biosynthesis
genes by general pathogen elicitors and nonself signals, thereby functioning as a feedback control of the TDSM defense sys-
tem, as well as limiting activation of the SA defense system by TDSMs. Thus, this study uncovers an AIG2A- and AIG2B-
mediated mechanism that fine-tunes and balances SA and TDSM chemical defense systems in response to nonpathogenic
and pathogenic microbes.

Introduction
Plants in nature are exposed to a wide variety of pathogenic
and nonpathogenic microbes. Multiple chemical defense sys-
tems are regulated in plants to maintain microbiota homeo-
stasis and fend off pathogens (Aerts et al., 2021; Paasch and

He, 2021). A prominent chemical defense system involving
tryptophan (Trp)-derived secondary metabolites (TDSMs) is
broadly activated by the general recognition of both patho-
genic and nonpathogenic microbes, or nonself signals
(Rajniak et al., 2015; Stahl et al., 2016; Maier et al., 2021).
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Nonself-induced TDSMs confer resistance to current or sub-
sequent challenges from pathogens and maintain microbial
communities associated with plants (Maier et al., 2021;
Wolinska et al., 2021). In Arabidopsis thaliana (Arabidopsis),
TDSMs are channeled through four branches of a metabolic
pathway to produce camalexin, indole-3-carbonyl nitrile
(ICN), indole glucosinolates (IG), and indole-3-carboxylic acid
(ICA; Glawischnig, 2007; Rajniak et al., 2015). All four
branches of this pathway play a critical role in defense
against necrotrophic and hemibiotrophic fungal pathogens
(Thomma et al., 1999; Ferrari et al., 2003; Hiruma et al., 2013;
Pastorczyk and Bednarek, 2016; Müller et al., 2019; Pastorczyk
et al., 2020). In addition, ICN or its derivatives are critical for
defense against the hemibiotrophic bacterial pathogen
Pseudomonas syringae (Rajniak et al., 2015), whereas IG and
its derivates are involved in defense against herbivores
(Agerbirk et al., 2009). Another important chemical defense
system consists of salicylic acid (SA) and the mutually en-
hancing N-hydroxypipecolic acid (NHP; Huang et al., 2020).
SA is a strong chemical defense hormone that predominantly
stimulates resistance to biotrophic pathogens (Vlot et al.,
2009). Pathogen-induced SA is synthesized from chorismate
by ISOCHORISMATE SYNTHASE1 (ICS1), also known as
SALICYLIC ACID INDUCTION DEFICIENT2 (SID2), or from
phenylalanine via phenylalanine ammonia-lyases (PALs;
Wildermuth et al., 2001; Huang et al., 2010; Torrens-Spence
et al., 2019; Rekhter et al., 2019). NHP promotes SA biosyn-
thesis and is synthesized from lysine by a three-step bio-
chemical process involving AGD2-LIKE DEFENSE RESPONSE

PROTEIN1 (ALD1), SAR-DEFICIENT4 (SARD4) and FLAVIN-
DEPENDENT MONOOXYGENASE1 (FMO1; Ding et al., 2016;
Hartmann et al., 2017; Hartmann et al., 2018; Chen et al.,
2018; Liu et al., 2020). Biosynthesis of SA and NHP is induced
by pathogens via the upregulation of the biosynthesis genes
by two transcription factors, CALMODULIN BINDING
PROTEIN 60g (CBP60g) and SARD1 (Wang et al., 2011),
which are repressed by calmodulin-binding transcription fac-
tors (CAMTAs; Jing et al., 2011; Nie et al., 2012; Sun et al.,
2020). It is critical for plants to ensure immune systems are
activated only as needed because constitutive immune
responses are costly and usually inhibit growth (Hua 2013;
Wan et al., 2021). Despite the increasing efforts to elucidate
the biosynthetic pathways of individual chemical defense sys-
tems, how these systems are interconnected and balanced at
optimal levels is largely unknown.

More than 25 years ago, AVRRPT2-INDUCED GENE2
(AIG2) was identified as a gene that is induced early after in-
fection by Pseudomonas syringae pv. tomato (Pst) DC3000
carrying the avrRpt2 avirulence gene (Reuber and Ausubel,
1996). AIG2 has sometimes been used as a marker gene for
Arabidopsis responses to Pst DC3000, but its function has
been enigmatic. The encoded protein is in a plant-specific
c-glutamyl cyclotransferase (psGGCT) subfamily of the
GGCT-like superfamily (GGCT-like; Kumar et al., 2015).
GGCT-like proteins catalyze the production of 5-oxo-proline
from c-glutamyl-containing small molecules (Oakley et al.,
2008, 2010). In addition to the psGGCT subfamily,
Arabidopsis has two other GGCT-like subfamilies: ChaC and

IN A NUTSHELL
Background: Plants synthesize diverse, sometimes species-specific, defensive molecules, including tryptophan-de-
rived secondary metabolites (TDSMs) and/or salicylic acid (SA) to defend themselves. TDSMs are either toxic to
invading pathogens or are able to activate downstream immune responses. They are generally produced upon
recognition of nonself signals from both pathogenic and nonpathogenic microbes. By contrast, SA is induced by
pathogens and activates defense responses usually at the cost of plant growth. These two chemical defense sys-
tems are thought to be largely independent. Through a genome-wide association study, we identified AVRRPT2-
INDUCED GENE2A (AIG2A) and AIG2B as regulators of both TDSMs and SA chemical defense systems in
Arabidopsis thaliana.

Questions: What is the role of AIG2A and AIG2B in regulating TDSMs and SA-mediated defense responses? Is
there a connection between TDSMs and SA chemical defense systems?

Findings: In an AIG2A and AIG2B loss of function mutant (hereafter, aig2), the TDSMs and SA defense systems
are both upregulated. Genetic removal of the TDSM biosynthesis pathway abolishes the upregulation of SA de-
fense systems in the aig2 mutant, but not vice versa. Thereby, AIG2A and AIG2B function as gatekeepers that
prevent the activation of SA defense systems by the TDSM defense system. AIG2A and AIG2B are co-localized
with TDSM biosynthetic enzymes, and their gene expression is co-induced with TDSM genes by nonself signals,
suggesting a role for AIG2A and AIG2B in TDSM metabolism. In addition, putative c-glutamyl cyclotransferase
(GGCT) catalytic sites in AIG2 and AIG2 are essential for the function of these proteins in plant immunity, sug-
gesting that the substrate (or the product) of AIG2A and AIG2B functions as an immune signaling molecule.

Next steps: We are looking for the substrate(s) of AIG2A and AIG2B through multiple approaches, including
high-resolution nontargeted metabolite profiling and genetic dissections. Successful identification of these sub-
strates will generate new insights into the interaction of the SA and the TDSM defense systems.
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GGACT (Kumar et al., 2015). The well-characterized ChaC
proteins preferentially catalyze the breakdown of glutathione
(GSH). They function in sulfur starvation responses (Joshi
et al., 2019) and in detoxification of heavy metals and metal-
loids in Arabidopsis (Paulose et al., 2013). However, the
function of AIG2 or psGGCT subfamily proteins remains
unclear.

In this study, we identified AIG2 as an immunity regulator
in Arabidopsis through a genome-wide association study
(GWAS). The loss-of-function mutant of AIG2 (hereafter
AIG2A) and its close homologs, AIG2B and AIG2C, has en-
hanced resistance to Pst DC3000 but reduced resistance to
Penicillium. Biosynthesis of SA and NHP, as well as camalexin
and other TDSMs, is upregulated in the aig2a aig2b aig2c
(referred to as aig2abc) triple mutant. Interestingly, a func-
tional TDSM system is required for the upregulation of
SA-NHP in the aig2abc mutant, indicating an activation of
SA-NHP by TDSMs in the absence of AIG2A and AIG2B.
Furthermore, AIG2A and AIG2B proteins are co-localized
with TDSM biosynthetic enzymes, and the corresponding
gene expression is co-induced by general pathogen elicitors.
Therefore, our study uncovers a critical role for AIG2A and
AIG2B in preventing the activation of SA-NHP by TDSMs.
This could be a critical regulatory mechanism that modu-
lates SA-NHP immune response activation by nonself recog-
nition and signaling.

Results

Loss of AIG2A and AIG2B function leads to
enhanced resistance to Pst DC3000
To identify genes responsible for natural variation in resis-
tance to Pst DC3000, we performed a GWAS of Pst DC3000
growth in 100 Arabidopsis natural accessions (Supplemental
Data Set S1; Wang et al., 2019). One significant peak of asso-
ciated SNPs was found at 1,096 kbp on chromosome 3
(Supplemental Figure S1) in a gene cluster containing AIG2A
(AT3G28930), AIG2B (AT3G28940), and AIG2C (AT3G28950;

Supplemental Figure S1). Sequence searches with AIG2A,
AIG2B, and AIG2C revealed four other close homologs in
Arabidopsis (Figure 1A). Based on their protein sequences,
these genes can be divided into three groups, namely AIG2-I
(AIG2A, AIG2B, and AIG2C), AIG2-II (AIG2LA and AIG2LB),
and AIG2-III (AIG2LC and AIG2LD; Figure 1A).

To establish the function of the AIG2-I gene family, we
generated single and higher order mutants of these three
genes using CRISPR/Cas9 (Wang et al., 2015). These included
single-mutant alleles of AIG2A, AIG2B, and AIG2C; double
mutant combinations for AIG2A and AIG2B; and triple
mutants of all three genes (Supplemental Figure S2, A and
B). All of these mutations are likely knockouts, as indicated
by the predicted truncation of the proteins or the absence
of mRNA transcripts (Supplemental Figure S2, B and C).
None of the single mutants exhibited obvious defects in ro-
sette leaf growth compared to the wild-type Col-0 (hereafter
WT; Figure 1B). However, the aig2a aig2b (referred to as
aig2ab) double mutants and the aig2abc triple mutants
were smaller in rosette size than the WT and were similar
to one another (Figure 1B). When infected with Pst DC3000,
the aig2ab and aig2abc mutants had lower pathogen growth
compared to the WT, whereas the single mutants aig2a,
aig2b, and aig2c had comparable pathogen growth to the
WT (Figure 1C; Supplemental Figure S3A). In addition,
cloned AIG2A (pAIG2A:AIG2A) and AIG2B (pAIG2B:AIG2B),
but not AIG2C (pAIG2C:AIG2C), complemented the growth
and immunity phenotypes of the aig2abc-1 (hereafter
aig2abc) mutant (Supplemental Figure S3, B and C).
Together, these results demonstrate that AIG2A and AIG2B,
but not AIG2C, regulate plant growth and immunity.

The SNPs associated with Pst DC3000 resistance in the
GWAS resided in the promoter region of AIG2A, as well as
the promoter, 30UTR, and coding regions of AIG2B
(Supplemental Figure S1), suggesting that natural variation
regulates the expression of these genes. Indeed, expression
variation in AIG2A and AIG2B was also observed in 665 nat-
ural accessions of Arabidopsis (Kawakatsu et al., 2016).

Figure 1 Loss of AIG2A and AIG2B function confers enhanced resistance to Pst DC3000. A, Phylogenetic tree of the Arabidopsis AIG2 family pro-
teins. The maximum likelihood tree generated from multiple sequence alignment of the amino acid sequences in seven Arabidopsis AIG2 family
proteins using Mega-X is shown. Tree branch lengths indicate the number of substitutions per site. Bootstrap supporting values (450, 1,000 boot-
straps) are shown next to the branches. B, Morphology of Col-0, aig2a-1 (aig2a), aig2b-1 (aig2b), aig2c-1 (aig2c), aig2ab-2 (aig2ab), and aig2abc-1
(aig2abc) plants grown under constant light for 3 weeks. Scale bar, 1 cm. C, Growth of the bacterial pathogen Pst DC3000 in plants shown in (B)
at 3 d post-infection. Error bars represent the SD of six biological replicates. Different letters indicate significant differences (P 5 0.05) tested by
one-way ANOVA with Duncan’s post hoc test.
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Expression GWAS (eGWAS) revealed that AIG2A expression
variation in natural Arabidopsis accessions was strongly asso-
ciated with the AIG2A locus itself, especially the promoter
region (Supplemental Figure S4A). Similarly, AIG2B expres-
sion was significantly associated with the AIG2B gene itself
(Supplemental Figure S4B). These data suggest that natural
polymorphisms in the AIG2 cluster contribute to expression
variation in the AIG2A and AIG2B genes and consequently
affect the disease resistance of Arabidopsis accessions.

It is also possible that structural variations that cannot be
detected by resequencing of natural accessions exist in the
AIG2 region, especially due to the presence of a retrotrans-
poson element. Some of these structural variations may gen-
erate natural loss of one or more AIG2 genes in this region.
Examination of these three genes in the eight Arabidopsis
accessions that have de novo sequenced genomes did not
identify any obvious loss of these genes. Comprehensive re-
sequencing of this region in additional accessions will be
needed to investigate this possibility.

AIG2A and AIG2B are induced by nonself signals and
are co-expressed with TDSM genes
To better understand the function of AIG2A and AIG2B, we
analyzed the expression regulation of AIG2-I genes in detail.

Genes co-expressed with AIG2-I genes under diverse growth
and environmental conditions were identified with an aver-
age logit score 53 using a web-based tool ATTED-II
(https://atted.jp/coexsearch/). The top 100 positively co-
expressed genes with AIG2A were enriched in GO terms re-
lated to Trp and TDSM biosynthetic pathways (Figure 2A;
Supplemental Data Set S2). AIG2B, but not AIG2C, was co-
expressed with genes enriched in the same GO terms as
AIG2A (Figure 2B). Closer examination of the transcriptome
database (Zhang et al., 2020) revealed that biotic stresses
were the most prominent factors that induced the expres-
sion of AIG2A and AIG2B. The transcripts of both AIG2A
and AIG2B were induced by the virulent strain Pst DC3000,
as well as the avirulent strains Pst DC3000 (avrRpm1) and
Pst DC3000 (avrRpt2; Figure 2C; Mine et al., 2018). A panel
of seven immune-triggering molecular patterns, including
flg22 (22-aa peptide derived from flagellin), elf18 (18-aa pep-
tide from EF-Tu), Pep1, nlp20, oligogalacturonides, chitooli-
gosaccharide 8 and 3-hydroxy fatty acids, also induced the
transcripts of these two genes, with AIG2A generally having
a greater induction (Figure 2C; Bjornson et al., 2021). In ad-
dition, SA induced the transcription of AIG2A, but not
AIG2B, at 1 h after treatment (Supplemental Figure S5A;
Ding et al., 2018). A similar expression induction pattern

Figure 2 AIG2-I genes are induced by biotic stresses and co-expressed with biosynthesis genes of Trp and TDSMs. A, GO analysis of the top 100
co-expressed genes of AIG2A extracted from ATTED-II version 11. B, Co-expressed genes of AIG2A, AIG2B, and AIG2C involved in biosynthetic
pathways of Trp and TDSMs. Shown are the average logit scores from ATTED-II version 11. C, RNA expression of AIG2 family genes in response to
elicitors in a time-course analysis extracted from two publicly available RNA-seq datasets. Shown are the log2 transformed fold changes at the indi-
cated time points. D, Immunoblot detecting an AIG2A-GFP fusion protein using anti-GFP antibodies in a pAIG2A:AIG2A-GFP transgenic line in
the aig2abc-1 mutant background after inoculation with a virulent strain (DC3000), an avirulent strain (avrRpt2), and a nonvirulent strain (hrcC)
of Pst DC3000 at 2 h, 9 h, and 24 h post-inoculation. CBB, Coomassie brilliant blue. E, Correlation of phyllosphere colonization of nonpathogenic
bacteria with RNA expression changes in AIG2A and AIG2B genes in response to these bacteria. Linear regressions of the bacterial growth against
expression changes in AIG2A and AIG2B genes are shown. Coefficients of variation from the linear regression value (R2) are provided. RNA-seq
data were retrieved from Maier et al. (2021).
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was also observed for the AIG2A. An AIG2A-GFP fusion pro-
tein, encoded by a transgene expressed under the native
AIG2A promoter, was induced by Pst DC3000 strains and
flg22 (Figure 2D; Supplemental Figure S5B). Among all AIG2-
like genes, strong induction by pathogens and molecular
patterns appeared to be specific for AIG2A and AIG2B
(Figure 2C).

RNA-seq experiments showed that TDSM biosynthesis
genes are enriched among genes induced by nonpathogenic
leaf colonizing bacteria (Maier et al., 2021). We, therefore,
used this dataset to analyze the expression of AIG2A and
AIG2B in response to infection by nonpathogenic bacteria
(Maier et al., 2021). AIG2A and AIG2B, respectively, were in-
duced by 11 and 9 out of 39 tested bacterial strains
(Figure 2E), which placed them among the top 300 and top
500 most frequently induced genes in these experiments
(Maier et al., 2021). Interestingly, the colonization ability of
the bacterial strains in the phyllosphere was positively corre-
lated with the expression induction of AIG2A (R2 = 0.25,
P = 0.00128) and AIG2B (R2 = 0.40, P = 0.00001; Figure 2E),
as well as the number of induced TDSM biosynthesis genes
(R2 = 0.2053, P = 0.00378). This suggests that bacteria with
higher colonization ability tend to induce expression of
AIG2A and AIG2B, as well as a greater number of TDSM bio-
synthesis genes.

Taken together, these results indicate that AIG2A and
AIG2B are induced by nonself signals associated with both
nonpathogenic and pathogenic microbes, and that the ex-
tent of AIG2A and AIG2B induction is likely proportional to
the level of nonself signals detected by the plant.

AIG2-I genes repress SA- and NHP-mediated defense
responses
To understand how AIG2-I genes regulate plant immunity,
we performed suppressor screens on the aig2abc mutant to
identify important genes mediating the defense responses.
Causal mutations for five suppressors were identified using a
mapping-by-sequencing method (Hua et al., 2017). Two sup-
pressors harbored mutations in genes (CAMTA3 and SID2)
that are involved in SA and NHP biosynthesis

(Supplemental Figure S6, A–C). These two mutants,
camta3D and sid2-6, rescued the growth and immunity phe-
notypes of the aig2abc mutant (Figure 3, A and B). A com-
monly used knockout allele sid2-1 (hereafter sid2; Nawrath
and Métraux, 1999) also led to a WT-like growth and resis-
tance phenotype when introduced into the aig2abc mutant
(Figure 3, C and D). In addition, a mutation in FMO1, which
blocks NHP biosynthesis, was able to revert the growth and
immunity phenotypes of the aig2abc mutant (Figure 3, C
and D). These results indicate that activation of SA-NHP
biosynthesis is likely the cause of the pathogen resistance
and growth phenotypes of the aig2abc mutant.

TDSM biosynthesis genes are required for enhanced
resistance to Pst DC3000 in the aig2abc mutant
The suppressor screen also revealed that a functional TDSM
system is essential for the enhanced resistance in the
aig2abc mutant. Mutations of two TDSM genes,
PHYTOCHELATIN SYNTHASE 1 (PCS1) and c-GLUTAMYL
PEPTIDASE 1 (GGP1), reverted the enhanced disease resis-
tance phenotype of aig2abc (Figure 4, A–C). PCS1 encodes a
bifunctional enzyme with GSH c-glutamyl-cysteinyl-transfer-
ase activity and glycine-cleaving peptidase activity on GSH
conjugates (Figure 4A; Hématy et al., 2020). The two inde-
pendent mutations (pcs1-3 and pcs1-4) resulted in prema-
ture stop codons at amino acids 80 and 399, respectively
(Supplemental Figure S6D). The identification of PCS1 as the
casual gene of the suppressors was further verified by a
complementation test where the wild-type genomic frag-
ment of PCS1 (pPCS1:PCS1) was able to revert the growth
and immunity phenotypes of both aig2abc pcs1-3
and aig2abc pcs1-4 mutants to that of aig2abc (Figure 4, B
and C).

The second gene encodes a c-glutamyl peptidase (GGP1)
that hydrolyzes the c-glutamyl bond of GSH conjugates
(Figure 4A; Geu-Flores et al., 2009). The suppressor muta-
tion, named ggp1-2, caused a premature stop codon at
amino acid 41 of GGP1 (Supplemental Figure S6D). The
identification of GGP1 as the suppressor gene was verified
by both a complementation test and second allele analysis

Figure 3 SA and NHP biosynthesis is critical for enhanced resistance to Pst DC3000 in the aig2abc mutant. A, Morphology of Col-0, aig2abc-1
(aig2abc), aig2abc camta3D (abc camta3D), and aig2abc sid2-6 (abc sid2-6) plants grown under constant light for 3 weeks. B, Growth of the bacte-
rial pathogen Pst DC3000 in plants shown in (A) at 3 d post-infection. C, Morphology of Col-0, aig2abc, sid2-1 (sid2), fmo1-1 (fmo1), pad4-1
(pad4), aig2abc sid2 (abc sid2), aig2abc fmo1 (abc fmo1), and aig2abc pad4 (abc pad4) plants grown under constant light for 3 weeks. D, Growth
of the bacterial pathogen Pst DC3000 in plants shown in (C) at 3 d post-infection. Scale bars, 1 cm. Error bars represent the SD of six biological
replicates. Different letters indicate significant differences (P 5 0.05) tested by one-way ANOVA with Duncan’s post hoc test.
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(Figure 4, D and E). The wild-type fragment of GGP1
(pGGP1:GGP1) fully reverted the growth and immunity phe-
notypes of the aig2abc ggp1-2 mutant to that of aig2abc
(Figure 4, D and E), and a T-DNA insertion loss-of-function
mutant allele ggp1-1 suppressed the growth defects and dis-
ease resistance phenotype of the aig2abc mutant (Figure 4,
D and E). These results demonstrate that PCS1 and GGP1
are both required for the enhanced defense response of the
aig2abc mutant against Pst DC3000.

Blocking the entry reaction of TDSM biosynthesis
compromises the enhanced resistance to Pst
DC3000 in the aig2abc mutant
GGP1 and PCS1 have been implicated in catabolism of GSH
conjugates in multiple TDSM biosynthetic pathways, includ-
ing camalexin, ICN, and IG (Figure 4A; Clay et al., 2009; Geu-
Flores et al., 2011; Møldrup et al., 2013; Hématy et al., 2020).
This suggests that one or multiple TDSMs might be involved

in the activation of SA-NHP defenses in the aig2abc mutant.
We tested whether blocking the entry reaction of the TDSM
biosynthetic pathways could inhibit the defense activation
in the aig2abc mutant. Mutations of CYP79B2 and CYP79B3,
which encode enzymes converting Trp to indole-3-
acetaldoxime (IAOx), the precursor for all TDSMs
(Figure 4A; Mikkelsen et al., 2000; Zhao et al., 2002), were si-
multaneously introduced into the aig2abc mutant. The
aig2abc cyp79b2 cyp79b3 quintuple mutant had a larger ro-
sette and was more susceptible to Pst DC3000 infection
than the aig2abc triple mutant (Figure 4, F and G), indicat-
ing that biosynthesis of IAOx is required for aig2abc-induced
immunity.

We further tested whether camalexin, a TDSM, is required
for aig2abc-induced immunity. Camalexin is essential for
defense against necrotrophic and hemibiotrophic fungi
(Thomma et al., 1999; Ferrari et al., 2003; Hiruma et al.,
2013; Pastorczyk et al., 2020), but has a minimal direct role

Figure 4 Biosynthetic enzymes for TDSMs are required for enhanced resistance to Pst DC3000 in the aig2abc mutant. A, Simplified scheme of bio-
synthetic pathways of TDSMs and the reported functions of CYP79B2, CYP79B3, CYP71A13, PCS1, GGP1, and PAD3 in these pathways. Dashed
arrows indicate multiple biochemical reaction steps and solid arrows indicate a single biochemical reaction step. IAA: indole-3-acetate; ICA: in-
dole-3-carboxylic acid; 4OH-ICN: 4-hydroxy-indole-3-carbonyl nitrile; 4MI3G: 4-methoxy-3-indolylmethyl-IG; IAN: indole-3-acetonitrile. B,
Morphology of Col-0, aig2abc-1 (aig2abc), pcs1-3, pcs1-4, aig2abc pcs1-3 (abc pcs1-3), and aig2abc pcs1-4 (abc pcs1-4) plants as well as plants from
three independent representative lines of pPCS1:PCS1 in abc pcs1-4 (#1, #2 and #3) and pPCS1:PCS1 in abc pcs1-3 (#4, #5, and #6) at 3 weeks old
grown under constant light. C, Growth of the bacterial pathogen Pst DC3000 in plants shown in (B) at 3 d post-infection. D, Morphology of Col-0,
aig2abc, ggp1-1, ggp1-2, aig2abc ggp1-1 (abc ggp1-1), and aig2abc ggp1-2 (abc ggp1-2) plants as well as plants from three independent representa-
tive lines of pGGP1:GGP1 in abc ggp1-2 (#7, #8, and #9) at 3 weeks old grown under constant light. E, Growth of the bacterial pathogen Pst
DC3000 in plants shown in (D) at 3 d post-infection. F, Morphology of Col-0, aig2abc, pad3, cyp71a13 (71a13), cyp79b2 cyp79b3 (79b2 79b3),
aig2abc pad3 (abc pad3), aig2abc 71a13 (abc 71a13), and aig2abc 79b2 79b3 (abc 79b2 79b3) plants at 3 weeks old grown under constant light. G,
Growth of the bacterial pathogen Pst DC3000 in plants shown in (F) at 3 d post-infection. Scale bars, 1 cm. Error bars represent the SD of six bio-
logical replicates. Different letters indicate significant differences (P 5 0.05) tested by one-way ANOVA with Duncan’s post hoc test.
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in defense against the bacterial pathogen Pseudomonas
syringae (Glazebrook et al., 1997; Zhou et al., 1999).
CYP71A13 and PAD3 mutations were introduced into the
aig2abc mutant to specifically block camalexin biosynthesis
(Figure 4A; Zhou et al., 1999; Nafisi et al., 2007). Neither mu-
tation altered the growth or immunity phenotypes of the
aig2abc mutant (Figure 4, F and G), indicating that cama-
lexin biosynthesis by itself is not required for the enhanced
Pst DC3000 resistance in the aig2abc mutant.

Biosynthesis of Trp and TDSMs as well as SA and
NHP is increased in the aig2abc mutant
To further elucidate how AIG2-I genes regulate plant immu-
nity, we performed RNA-sequencing (RNA-seq) analyses to

reveal transcriptome changes in the aig2abc triple mutant.
A total of 2,043 and 3,352 differentially expressed genes
(DEGs) were upregulated (up-DEGs) and downregulated
(down-DEGs), respectively, in the aig2abc mutant compared
to in the WT (Supplemental Data Set S3). Gene ontology
(GO) analysis revealed that up-DEGs were enriched in GO
terms related to metabolic processes and defense-related
processes and down-DEGs were enriched in GO terms re-
lated to photosynthesis (Supplemental Figure S7, A and B).

One of the top enriched GO terms for up-DEGs was
“indole-containing compound biosynthetic process” which is
associated with TDSM biosynthesis (Supplemental Figure
S7). We analyzed the expression of all genes known to func-
tion in the TDSM biosynthetic pathways (Figure 5A;

Figure 5 A functional TDSM system is required for SA-NHP biosynthesis but not vice versa in the aig2abc mutant. A, Expression levels of DEGs in
biosynthetic pathways of Trp, IAOx, camalexin (Cam), ICA and IAA, biosynthetic or catabolic pathways of indole IG, and biosynthesis of SA and
NHP in the aig2abc-1 (aig2abc) mutant and the aig2abc pad4 mutant. Expression levels were extracted from RNA-seq data, and genes with a nor-
malized read count 410 are shown. Colors represent Z-score normalized values. Each square indicates one biological replicate and values from
three biological replicates are shown. “*” indicates a significant difference in expression levels between aig2abc pad4 and aig2abc tested by
Student’s t test (P 5 0.05). B and C, Relative content of camalexin (B), free SA and NHP (C) in whole seedlings of Col-0, aig2abc, pad4, and aig2abc
pad4 (abc pad4) at 3 weeks old when grown under constant light. Shown are the peak areas captured by HPLC-MS. D, Expression of PAD3,
CYP71A13, CYP81F2, and FOX1 genes in wild-type Col-0, aig2abc, sid2, fmo1, pad4, abc sid2, abc fmo1, and abc pad4 plants at 4 weeks old when
grown under 12-h light/12-h dark conditions. Shown are relative expression levels analyzed by RT-qPCR using ACTIN2 as a reference gene; expres-
sion was normalized to that in wild-type Col-0. E, Relative content of camalexin in whole seedlings of Col-0, aig2abc, aig2ab1 pcs1-4 (abc pcs1),
and aig2abc ggp1-2 (abc ggp1) at 3 weeks old when grown under constant light. Shown are the peak areas captured by HPLC-MS. F, Expression of
SID2, SARD4, CBP60g, EDS1, PAD4, and PR1 genes in Col-0, aig2abc, pcs1, ggp1, 79b2 79b3, 71a13, abc pcs1, abc ggp1, abc 79b2 79b3, and abc 71a13
plants at 4 weeks old when grown under 12-h light/12-h dark conditions. Shown are relative expression levels analyzed by RT-qPCR using ACTIN2
as a reference gene; expression was normalized to that in wild-type Col-0. Error bars represent the SD of five biological replicates for (B and C),
four biological replicates for (E), and three biological replicates for (D and F). Different letters indicate significant differences (P 5 0.05) tested by
one-way ANOVA with Duncan’s post hoc test.
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Supplemental Figures S8 and S9) and found each of the four
pathways had genes upregulated in the aig2abc mutant, in-
cluding two out of six for camalexin, five out of twelve for
IG, one out of three for ICN, and one out of two for ICA
(Supplemental Figure S8A). Consistently, camalexin accumu-
lated to a high level in the aig2abc mutant compared to in
the WT (Figure 5B). Up-DEGs were also enriched in the GO
terms “toxin catabolic process” and “glutathione metabolic
process.” Closer examination of DEGs under these terms
revealed that they included multiple genes that encode GSH
S-transferases (Wagner et al., 2002), which are required for
biosynthesis of GSH conjugates in multiple TDSM biosyn-
thetic pathways (Supplemental Figure S8B). These data sug-
gest that loss of AIG2-I function upregulates the expression
of genes involved in TDSM biosynthetic pathways. In addi-
tion, 5 of the 13 genes in the Trp biosynthetic pathway, one
of the two homologous genes in IAOx biosynthesis, and two
out of the five genes in the IAOx-derived IAA biosynthetic
pathway were also upregulated in the aig2abc mutant
(Supplemental Figure S8A). These results indicate that the
loss of AIG2-I function also increases expression of biosyn-
thesis genes for Trp and IAOx, which are precursors of
TDSMs.

Up-DEGs in the aig2abc mutant were also enriched in
multiple defense-related GO terms (Supplemental Figure
S7A). Because SA and NHP biosynthesis was required for the
enhanced resistance to Pst DC3000 in the aig2abc mutant
(Figure 3), we examined the expression of SA and NHP bio-
synthesis genes and their regulators in the aig2abc mutant
in detail. Transcription factors that regulate SA-NHP biosyn-
thesis (CBP60g and SARD1), SA biosynthesis genes (SID2 and
PAL3), and an NHP biosynthesis gene (SARD4) were all upre-
gulated in the aig2abc mutant (Figure 5A; Supplemental
Figure S8A). Consistent with these gene expression changes,
free SA and NHP have higher accumulation in the aig2abc
mutant than in the WT (Figure 5C). Taken together, these
data indicate that the loss of AIG2-I function triggers biosyn-
thesis of SA and NHP, thereby activating SA-NHP-mediated
defenses.

Activation of TDSM biosynthesis in the aig2abc
mutant is largely independent of SA-NHP
As both the TDSM and SA-NHP chemical systems were
upregulated in the aig2abc mutant (Figure 5, A–C), we next
tested whether TDSM activation requires SA-NHP. We used
sid2 and fmo1 to block the biosynthesis of SA and NHP, re-
spectively, and compared expression of TDSM biosynthesis
genes in the aig2abc sid2 and aig2abc fmo1 mutants with
that in the aig2abc mutant. Camalexin biosynthesis genes
PAD3 and CYP71A13, IG biosynthesis gene CYP81F2, and
ICN biosynthesis gene FOX1 all had increased expression in
the aig2abc mutant compared to in the WT. Their expres-
sion in the aig2abc sid2 and aig2abc fmo1 mutants was re-
duced compared to that in the aig2abc mutant but was
much higher than that in the WT (Figure 5D). This indicates
that the SA-NHP system is not required for the upregulation

of TDSM biosynthesis genes in the aig2abc mutant, although
it enhances their expression.

We further used the pad4 mutation to block the SA-NHP
defense system, as PAD4 is required for SA-NHP biosynthesis
and signaling (Zhou et al., 1998; Jirage et al., 1999; Bauer
et al., 2021). The pad4 mutation resulted in a stronger sup-
pression of the defects in the aig2abc mutant than the sid2
or fmo1 mutations, fully alleviating the growth defects and
reverting the elevated Pst DC3000 resistance of the aig2abc
mutant (Figure 3, C and D). The high accumulation of both
free SA and NHP in the aig2abc mutant was also abolished
by the pad4 mutation (Figure 5C). RNA-seq analysis was car-
ried out on the aig2abc pad4 mutant to reveal transcrip-
tome changes in the aig2abc mutant in the absence of
SA-NHP defense activation. As expected, the pad4 mutation
greatly reduced the expression of SA and NHP biosynthesis
genes (SID2, PAL3, and SARD4), as well as biosynthesis-
regulating genes (CBP60g and SARD1), in the aig2abc mu-
tant (Figure 5A). We, therefore, tested whether the TDSM
biosynthetic pathways were activated in the aig2abc pad4
mutant, in which the SA-NHP pathway is blocked. Up-DEGs
of aig2abc pad4 compared to pad4 were enriched in GO
terms including “camalexin biosynthetic process,” “indole
glucosinolate metabolic process,” and “Trp biosynthetic
process” (Supplemental Figure S10; Supplemental Data Set
S4), indicating that TDSM pathways were activated even
with the removal of SA-NHP activation. Consistent with the
gene expression pattern, camalexin accumulated to a higher
level in the aig2abc pad4 mutant compared to in the WT
but to a lesser extent than that in the aig2abc mutant
(Figure 5B).

Taken together, these results indicate that upregulation of
TDSM biosynthetic pathways is not dependent on PAD4-
mediated SA and NHP activation, and that the upregulation
of Trp and TDSM biosynthesis in the aig2abc mutant is
largely independent of SA-NHP biosynthesis and signaling.

Blocking TDSM biosynthetic pathways inhibits the
activation of SA biosynthesis in the aig2abc mutant
Genetic data indicate that the upregulation of the SA-NHP
pathway in the aig2abc mutant is dependent on the TDSM
biosynthetic pathways. We further examined gene expres-
sion to gain a better understanding of which TDSMs might
be responsible for the upregulation of the SA-NHP pathway.
Four mutations in the TDSM pathways were used to block
the biosynthesis of all or specific pathways. They include the
cyp79b2 and cyp79b3 mutations (cyp79b2 79b3) to block
the IAOx biosynthesis in the entry reaction of TDSM biosyn-
thetic pathways, the pcs1-4 (hereafter pcs1) and ggp1-2
(hereafter ggp1) mutations to block the breakdown reac-
tions of GSH conjugates in multiple TDSM biosynthetic
pathways, and the cyp71a13 mutation to block the initial
steps of camalexin biosynthesis. Camalexin accumulation
was largely reduced in the aig2abc pcs1 and aig2abc ggp1
quadruple mutant compared to in the aig2abc triple mu-
tant, and the aig2abc pcs1 mutant had a comparable
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camalexin level to the WT (Figure 5E). Biosynthesis genes of
SA and NHP, as well as their regulators and reporters, in-
cluding SID2, SARD4, CBP60g, PAD4, EDS1, and PR1, all had
increased expression in the aig2abc mutant compared to in
the WT. Furthermore, the expression of all of these genes
was decreased in the aig2abc cyp79b2 cyp79b3, aig2abc pcs1,
and aig2abc ggp1 mutants compared to in the aig2abc mu-
tant to levels comparable to the WT expression levels
(Figure 5F). In contrast to mutations of cyp79b2 cyp79b3,
pcs1, and ggp1, mutation of cyp71a13, which affects cama-
lexin specifically, did not alter expression of PAD4 or EDS1
in the aig2abc mutant, and it reduced expression of SID2,
SARD4, CBP60g, and PR1 in the aig2abc mutant but not to
the WT level (Figure 5F). These data indicate that activation
of multiple TDSM biosynthetic pathways, including cama-
lexin, is required for the upregulation of SA-NHP biosynthe-
sis in the aig2abc mutant (Figure 6A).

AIG2A and AIG2B repress TDSM and SA pathways
in the presence of pathogens and nonpathogenic
microbes
Because AIG2-I genes are induced by both pathogenic and
nonpathogenic organisms, we investigated whether they
function in the presence of microbes but not under aseptic
conditions. Up to now, all experiments were done in lab
conditions where plants were not grown aseptically and
would have harbored nonpathogenic organisms. Under this
nonpathogen infection condition, AIG2A and AIG2B repress
biosynthesis of TDSM and SA-NHP, as shown by the auto-
immune phenotype in the aig2abc mutant (Figure 5). We
examined whether they influence the SA-NHP signaling and
TDSM biosynthetic pathways during pathogen infection.
Both pathways were upregulated in response to Pst DC3000,
as indicated by the increased expression of PR1 and PAD3 at
24 h after infection (Figure 6B). The aig2abc mutant had
higher expression of PR1 and PAD3 than the WT prior to in-
fection and continued to have a higher expression after
pathogen infection (Figure 6B). This suggests that AIG2-I

genes also repressed SA-NHP signaling and TDSM biosyn-
thetic pathways during pathogen infection. We further asked
whether AIG2-I genes influence SA-NHP and TDSM systems
under sterile conditions, where they do not have high ex-
pression levels (Maier et al., 2021). When grown on sterile
solid medium, the WT had very low PR1 and PAD3 expres-
sion levels and the aig2abc mutant had comparable expres-
sion of these two genes (Figure 6C). This suggests that
AIG2-I genes have a significant function in repressing defense
systems under nonsterile conditions, where they can be in-
duced by both pathogens and nonpathogens, together with
TDSM genes.

AIG2-I genes promote plant resistance to Penicillium
sp. by repressing the SA-NHP pathway
Because AIG2-I genes are upregulated by pathogens and
block activation of the SA-NHP pathway, we asked whether
they might promote resistance to pathogens with a chemi-
cal defense requirement that is different from the bacterial
pathogen Pst DC3000. The aig2abc mutant did not exhibit a
significantly different resistance level to Botrytis cinerea or
Alternaria brassicicola compared to the WT (Supplemental
Figure S11), but it exhibited strong necrotic lesions in re-
sponse to a natural infection that did not occur in the WT
(Figure 7, A and B). The causative pathogens were identified
as two species in the Penicillium genus. The resistance of the
aig2abc mutant against these two fungi species was verified
by drop inoculation and quantification of lesion size 7 d af-
ter inoculation. The aig2abc mutant had larger lesion sizes
and was more susceptible to these two Penicillium species
than the WT (Figure 7, A–C). RT-qPCR analysis revealed
that AIG2A but not AIG2B was induced at 1-d post-
inoculation (dpi) with Penicillium sp. pv. At1 (abbreviated as
PeAt1; Figure 7D). Interestingly, PAD3 expression was in-
duced 1.7-fold by PeAt1, whereas PR1 expression did not
change (Figure 7D), suggesting that the SA-NHP signaling
pathway is repressed in the WT after infection.

Figure 6 AIG2A and AIG2B repress TDSM and SA pathways in the presence of pathogens and nonpathogenic microbes. A, Working model for
the role of AIG2-I genes in regulating TDSM and SA-NHP defense systems. AIG2-I genes inhibit TDSM biosynthesis and the consequent SA-NHP
biosynthesis activated by TDSMs. B, Expression of PR1 and PAD3 genes in Col-0 and aig2abc plants at 24 h post-inoculation with Pst DC3000.
Shown are relative expression levels analyzed by RT-qPCR using ACTIN2 as a reference gene; expression was normalized to that in the wild-type
Col-0 with Mock treatment. C, Expression of PR1 and PAD3 genes in Col-0 and aig2abc plants under sterile conditions. Shown are relative expres-
sion levels analyzed by RT-qPCR using ACTIN2 as a reference gene; expression was normalized to that in the wild-type Col-0. Significant differences
were tested by Student’s t test: **P 5 0.01; *P 5 0.05; ns, not significant. Error bars represent the SD of three biological replicates for (B and C).
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We further examined the role of the SA-NHP and TDSM
defense systems in resistance to PeAt1. Mutants of pad4,
sid2, and fmo1 had smaller lesion sizes and were more resis-
tant to PeAt1 than the WT (Figure 7C), indicating negative
regulation by the SA-NHP system in defense against this
fungal pathogen. By contrast, the pcs1 mutant had a slightly
larger lesion size, and the ggp1 mutant had a slightly in-
creased but not significantly different lesion size compared
to the WT (Figure 7C). This suggests that TDSMs play a pos-
itive role in resistance to PeAt1, but their effect is less pro-
nounced compared to the negative effect of SA-NHP.

Consistent with this hypothesis, mutations in the SA-NHP
pathway, including pad4, sid2, and fmo1, reverted the sus-
ceptibility to PeAt1 in the aig2abc mutant (Figure 7C).
Mutations of pcs1 or ggp1 also reduced the susceptibility of
the aig2abc mutant (Figure 7C), which is consistent with
the suppression of the SA-NHP pathway by the TDSM
mutations in the aig2abc mutant. Therefore, in this interac-
tion with PeAt1, AIG2-I genes effectively block the upregula-
tion of the SA-NHP system to promote resistance to this
fungal pathogen.

AIG2A co-localizes and may interact with TDSM
biosynthetic enzymes
Because biosynthetic enzymes of camalexin and other
TDSMs were shown to form a metabolic complex in the en-
doplasmic reticulum (ER; Mucha et al., 2019), we tested
whether AIG2A co-localizes with enzymes in TDSM

biosynthetic pathways. GFP or mRFP fusions of AIG2A,
CYP71A13, GGP1, and PCS1 were transiently expressed in
Nicotiana benthamiana, and their subcellular localization
was examined under a confocal microscope. All of these
proteins had very similar localization patterns (Supplemental
Figure S12A), suggesting that AIG2A is ER localized. Indeed,
CYP71A13-GFP had an overlapping localization signal with
ER-mCherry when co-expressed in N. benthamiana, consis-
tent with previous findings (Supplemental Figure S12A;
Nelson et al., 2007). Interestingly, AIG2A-mRFP, GFP-PCS1,
and GGP1-GFP, but not CYP71A13-GFP had additional lo-
calization signals in the nucleus (Supplemental Figure S12A).
Because nuclear localization has not been reported for PCS1
or GGP1, the validity and function of this observation are
yet to be investigated.

We further tested the physical interaction of AIG2A with
CYP71A13 and GGP1 by bimolecular fluorescence comple-
mentation (BiFC), where proteins were fused to the N-ter-
minus (YFPN) or the C-terminus (YFPC) of the YFP protein.
When YFPN-GGP1 and YFPC-AIG2A or YFPN-CYP71A13 and
YFPC-AIG2A were co-expressed, positive GFP signals were
observed, whereas co-expression of YFPC-AIG2A with a fu-
sion protein of YFPN and a control protein did not generate
positive signals (Supplemental Figure S12B). However, we
did not observe positive interactions of AIG2A with
CYP71A13, GGP1, or PCS1 in co-IP assays where these pro-
teins tagged with either HA or GFP at their N-termini were
transiently co-expressed in N. benthamiana. These data

Figure 7 AIG2-I genes promote resistance to Penicillium sp. in Arabidopsis. A, Resistance phenotypes of Col-0, aig2abc, pad4, abc pad4, sid2, abc
sid2, fmo1, abc fmo1, pcs1, abc pcs1, ggp1, abc ggp1, 79b2 79b3, and abc 79b2 79b3 plants to Penicillium sp. pv. At1 (PeAt1). Shown are the necrotic
symptoms of the 5th or 6th true leaf of plants at 7 dpi with PeAt1. B, Resistance phenotypes of Col-0 and aig2abc to Penicillium sp. pv. At2
(PeAt2). Shown are the necrotic symptoms of the 5th or 6th true leaves of plants at 7 dpi with PeAt2. Scale bars in (A and B), 1 cm. C,
Quantification of lesion sizes induced by PeAt1 in the genotypes in (A). Error bars represent SD from 19 biological replicates. Different letters indi-
cate significant differences (P 5 0.05) tested by one-way ANOVA with Duncan’s post hoc test. D, Expression of AIG2A, AIG2B, PR1, and PAD3
genes in the wild-type Col-0 at 24 h post-inoculation with PeAt1. Shown are relative expression levels analyzed by RT-qPCR using ACTIN2 as a ref-
erence gene; expression was normalized to that in the mock treatment. Error bars represent the SD of three biological replicates. Significant differ-
ences were tested by Student’s t test: **P 5 0.01; *P 5 0.05; ns, not significant.
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indicate that AIG2A may have a transient or close but not
direct physical interaction with the TDSM biosynthetic
enzymes GGP1 and CYP71A13.

Putative catalytic residues of AIG2A and AIG2B are
required for resistance to Pst DC3000
Since AIG2A and AIG2B belong to the psGGCT subfamily of
the GGCT superfamily, we determined whether GGCT activ-
ity is critical for their function in plant immunity regulation.
To this end, we generated mutated forms of AIG2A and
AIG2B where the putative catalytic site glutamate at posi-
tion 83 (E83) was mutated to alanine. The E83 residue is
highly conserved in psGGCTs and in other GGCT-like subfa-
milies, and its corresponding residues E98 in the human
GGCT and E82 in the human GGACT have been shown to
be essential for their catalytic activities (Figure 8A; Oakley
et al., 2008; Oakley et al., 2010). All of the mutated genes
were expressed as GFP fusions under their respective native
promoters, and the resulting pAIG2A:AIG2A-E83A:GFP
(mAIG2A-GFP) and pAIG2B:AIG2B-E83A:GFP (mAIG2B-GFP)
were transformed into the aig2abc mutant (Figure 8, B and
C). Neither mAIG2A-GFP nor mAIG2B-GFP rescued the
growth and immunity phenotypes of the aig2abc mutant
(Figure 8, D and E), despite their proteins accumulating at a
similar or even higher level than the wild-type AIG2-GFP
proteins (Figure 8C). This suggests that AIG2A and AIG2B
likely have a GGCT activity or use the same catalytic site as
GGCT for their activity, and that this activity is critical for
regulation of disease resistance.

To determine whether AIG2 proteins have GGCT activities
toward c-glutamyl group-containing compounds, we per-
formed an in vitro enzymatic activity assay using recombi-
nant AIG2A-His and AIG2C-His proteins purified from
Escherichia coli (Supplemental Figure S13A). L-c-glutamyle-
thylamide (L-theanine) was used as a substrate in the enzy-
matic reaction because it was shown to be the substrate for
a rabbit GGACT (Fink et al, 1980) and it could fit in the
substrate pocket of the predicted structure of AIG2A. No
GGCT activity on L-theanine was observed for the AIG2A-
His protein (Supplemental Figure S13, B–D), but the AIG2C-
His protein exhibited some GGCT activity, converting L-the-
anine to 5-oxo-proline (5-OP) at a detectable amount
(Supplemental Figure S13E).

As proteins expressed in E. coli may have altered biochem-
ical activities due to the lack of posttranslational modifica-
tions that normally occur in plants, we examined the
biochemical activities of AIG2A-GFP and AIG2B-GFP fusion
proteins purified from transgenic Arabidopsis. With L-thea-
nine as the substrate, no 5-OP, the GGCT product, was
detected for AIG2A-GFP or AIG2B-GFP (Supplemental
Figure S13, F–G). Considering the possibility that the GGCT
activity of AIG2A and AIG2B may require interacting pro-
teins, we further examined the GGCT activity toward L-thea-
nine from the crude total protein extracts from the WT and
the aig2abc mutant. The abundance of L-theanine was not
significantly different between protein extracts from the WT

and the aig2abc mutant after L-theanine was added
(Supplemental Figure S13H). The 5-OP level was slightly
lower (but not significantly different) in the protein extracts
from the aig2abc mutant compared to in those from the
WT with added L-theanine (Supplemental Figure S13H).
These data indicate that AIG2A and AIG2B do not have a
measurable GGCT activity toward L-theanine, whereas
AIG2C might have some GGCT activity.

We also tested whether AIG2A and AIG2B have GGCT ac-
tivity toward c-glutamyl-e-lysine (c-Glu-e-Lys), a canonical
substrate for human GGACT (Oakley et al., 2010). AIG2A-
GFP and AIG2B-GFP proteins purified from transgenic plants
did not exhibit enzymatic activity toward this substrate, as
determined by the lack of 5-OP product (Supplemental
Figure S13I). We also tested GGCT activity using a yeast mu-
tant ABC1723 that is an organic sulfur auxotroph and defi-
cient in GSH utilization (Kumar et al., 2015). This yeast
mutant can only grow on medium supplemented with ei-
ther methionine or cysteine, and therefore a GGCT activity
using GSH, c-glutamyl-cysteine (c-Glu-Cys) and c-glutamyl-
methionine (c-Glu-Met) will allow it to grow. As previously
reported, the mutant yeast ABC1723 expressing GGCT2;1
was able to grow on medium supplemented with GSH and
c-Glu-Cys, but not with c-Glu-Met (Supplemental Figure
S14A). No growth was found on any of these substrates
when the mutant yeast expressed AIG2A, AIG2B, or AIG2C,
indicating that AIG2A, AIG2B, and AIG2C do not have a
GGCT activity toward these compounds (Supplemental
Figure S14A).

In addition, we searched for the AIG2 substrate(s) based
on the prediction that it has a glutamyl group and it accu-
mulates to a higher level in the aig2abc mutant than in the
WT. Glutamyl group-containing compounds characteristi-
cally produce m/z 84.04 and m/z 130.05 fragments when an-
alyzed by mass spectrometry (Ma et al., 2013). We applied
an untargeted screen for all c-glutamyl-containing com-
pounds with an MS2 product ion at m/z 84.04 in the WT
and the aig2abc mutant. Seven such compounds were iden-
tified (Supplemental Figure S14, B and C). However, all of
them had similar abundances in the aig2abc mutant and
WT (Supplemental Figure S14, B and C), suggesting that
they are not substrates of AIG2A and AIG2B. Therefore,
AIG2A and AIG2B may not act on canonical GGCT sub-
strates, and their substrate, as well as the compound that
activates the SA-NHP defense pathway, remains elusive.

Discussion
In this study, we established AIG2A and AIG2B as inhibitors
of two chemical defense systems in Arabidopsis, acting as
gatekeepers to prevent the activation of SA-NHP defense
signaling by TDSM defenses, and revealing their biological
functions for the first time since these proteins were identi-
fied 25 years ago through induction by Pst DC3000 (avrRpt2;
Reuber and Ausubel, 1996). The AIG2A and AIG2B proteins
inhibit SA-NHP defense responses and consequently inhibit
resistance to the bacterial pathogen Pst DC3000 but
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promote resistance to a fungal pathogen in the Penicillium
genus, where SA plays a negative role (Figures 3 and 7).

More importantly, we revealed the ability of the TDSM
chemical defense system to activate the SA-NHP chemical
system when the activation is under control of the AIG2A
and AIG2B proteins (Figures 5 and 9). The two chemical de-
fense systems were thought to be largely independent, with
SA-NHP functioning in resistance to biotrophic pathogens
and TDSMs functioning in resistance to necrotrophic fungi,
hemibiotrophic fungi, and herbivores (Glazebrook et al.,
1997). The only known connection is that SA signaling is im-
portant for the biosynthesis of camalexin and indole-3-
methylamine (I3A), a breakdown product of IGs (Zhou
et al., 1998; Stahl et al., 2016). Here, we provide further evi-
dence that TDSM biosynthesis is largely independent of SA-
NHP activation (Figure 5). Neither SA-NHP biosynthesis nor
PAD4-mediated SA-NHP signaling is required for the induc-
tion of TDSM biosynthesis genes in the aig2abc mutant
(Figure 5). By contrast, genetic and molecular evidence
strongly supports that the SA-NHP defense system is acti-
vated in a TDSM-dependent manner when AIG2A and
AIG2B function is blocked (Figure 5). Knocking out IAOx
biosynthetic enzymes, CYP79B2 and CYP79B3, or the GSH
conjugate catabolic enzymes, PCS1 or GGP1, which act in

multiple TDSM biosynthetic pathways, inhibits the activa-
tion of the SA-NHP pathway in the aig2abc mutant
(Figure 5). Multiple branches of TDSM biosynthesis are likely
required for the full activation of SA-NHP biosynthesis in
the aig2abc mutant, as mutations in camalexin biosynthesis
alone reduced but did not abolish the full expression of
SA-NHP biosynthesis genes in the aig2abc mutant
(Figure 5). AIG2A and AIG2B prevent the activation of
SA-NHP chemical defenses by TDSMs. This is likely a critical
mechanism to prevent the activation of the SA-NHP path-
way when encountering nonpathogenic microbes. Without
this safe-guarding mechanism carried out by AIG2A and
AIG2B, recognition of nonself signals from nonpathogenic
microbes would induce TDSMs that subsequently induce
SA-NHP and compromise plant growth. In response to
pathogen infection, the AIG2A and AIG2B proteins function
to promote resistance when SA-NHP plays a negative role in
resistance, such as for the Penicillium species (Figure 7).
Meanwhile, they could also function as attenuators of de-
fense responses when the SA-NHP system is a key positive
player in resistance, as in the case of Pst DC3000, to prevent
over-activation of the SA-NHP pathway (Figure 6B), which
could result in excessive cell death and growth inhibition.
AIG2A and AIG2B proteins also function as inhibitors of the

Figure 8 Putative catalytic residues of GGCT are important for AIG2A and AIG2B function. A, Protein sequence alignment of AIG2 homologs in
Arabidopsis and human GGCT (hsGGCT) and GGACT (hsGGACT). The sequences near the putative catalytic residue were used. The catalytic res-
idues are indicated by triangles. The protein sequences of hsGGCT (A0A090N7V5) and hsGGACT (Q9BVM4) were retrieved from uniport
(https://www.uniprot.org/). B, Schematic diagrams of pAIG2A:AIG2A:GFP (AIG2A-GFP), pAIG2A:AIG2A-E83A:GFP (mAIG2A-GFP),
pAIG2B:AIG2B:GFP (AIG2B-GFP), and pAIG2B:AIG2B-E83A:GFP (mAIG2B-GFP). C, Immunoblot detecting AIG2A-GFP, mAIG2A-GFP, AIG2B-GFP,
and mAIG2B-GFP fusion proteins in the transgenic plants by anti-GFP antibodies. CBB, Coomassie brilliant blue. D, Morphology of Col-0, aig2abc
and three independent lines of AIG2A-GFP (#1, #2, and #3), mAIG2A-GFP (#4, #5, and #6), AIG2B-GFP (#7, #8, and #9), and mAIG2B-GFP (#10, #11,
and #12) in the aig2abc mutant background at 3 weeks old grown under constant light. Scale bar, 1 cm. E, Growth of the bacterial pathogen Pst
DC3000 in the above genotypes at 3 d post-infection. Error bars represent the SD of three biological replicates. Different letters indicate significant
differences (P 5 0.05) tested by one-way ANOVA with Duncan’s post hoc test.
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TDSM biosynthetic pathways and are themselves co-
induced with some TDSM biosynthesis genes (Figure 2, A
and B). These characteristics make AIG2A and AIG2B feed-
back inhibitors that control the extent of TDSM induction
by nonself signals (Figure 9). The loss of AIG2A and AIG2B
function causes upregulation of TDSM genes under generic
lab conditions and in response to pathogen infection but
not under sterile conditions (Figure 6, B and C). This sug-
gests that nonself signals induce both TDSM biosynthetic
pathways and the expression of AIG2A and AIG2B, which
feedback inhibits TDSM biosynthetic pathways. In addition,
induction of AIG2A and AIG2B by PAMPs and pathogen
strains is a potential strategy of virulence by Pst DC3000, es-
pecially because a nonvirulent strain had a minor capability
of inducing AIG2A (Supplemental Figure S5B).

The compound(s) from the TDSM biosynthetic pathways
that trigger SA and NHP biosynthesis is still unknown. The
camalexin pathway alone is not sufficient, as SA-NHP is still
upregulated in the pad3 mutant (Figure 4). Because both
PCS1 and GGP1 are required for SA-NHP activation, one or
multiple branches of the pathway, including camalexin, ICN,
and IG, must play an important role. The intermediates, final
products, or byproducts of these TDSM branches may act
as a trigger to activate the SA-NHP defense system.
Glutamate or glutamate derivates are byproducts of the
PCS1 and GGP1 enzymatic reactions, and these compounds
have been shown to trigger the immune responses via both
SA-dependent and SA-independent mechanisms (Goto
et al., 2020). Future studies on products or byproducts of
these TDSM pathways as well as a more refined metabolite
search may reveal the SA-NHP triggering compound(s).

Our study suggests that AIG2A and AIG2B regulate plant
immunity as GGCTs or by enzymatic activity similar to

GGCT. Mutating the putative GGCT catalytic residues abol-
ishes AIG2A and AIG2B functions in immunity (Figure 8).
Most GGCT proteins convert c-glutamyl conjugates into
free alkylamine and 5-oxo-L-proline. Therefore, AIG2A and
AIG2B might metabolize c-glutamyl conjugates in the
TDSM pathways. AIG2A is co-localized and physically inter-
acts with CYP71A13 and GGP1, which are part of a protein
complex (metabolon) for the biosynthesis of camalexin and
potentially other TDSMs (Supplemental Figure S12; Mucha
et al., 2019). It is possible that the AIG2A and AIG2B pro-
teins convert a c-glutamyl conjugate, which is able to in-
duce the SA pathway, to a compound that does not have
an SA pathway-inducing activity (Figure 9). It is also possible
that they may compete with other enzymes for binding to
the metabolon to inhibit TDSM biosynthesis. Successful
identification of the AIG2A and AIG2B substrates will gener-
ate new insights into the activities of both the SA-NHP and
the TDSM systems. However, the substrate and biochemical
activity of AIG2A and AIG2B remain elusive despite exten-
sive efforts (Supplemental Figures S13 and S14). These
Arabidopsis enzymes do not appear to utilize substrates
that are common for human GGCTs. Whether or not these
plant-specific GGCT members have evolved new enzymatic
activities will be interesting to investigate. High-resolution
nontargeted metabolomic analysis may be employed in the
future to uncover the substrates. This strategy most likely
has challenges given the complexity of the different meta-
bolic profiles and general difficulties with analyzing Trp-
derived metabolites.

The current study also suggests that expression variation
in the AIG2A and AIG2B genes contributes to variation in
resistance to Pst DC3000 (Supplemental Figure S1). Most of
the AIG2A and AIG2B polymorphisms that were associated

Figure 9 Working model for the role of AIG2A and AIG2B in plant immunity. The Arabidopsis AIG2A and AIG2B genes encode plant-specific
c-glutamyl cyclotransferases (psGGCT) and are induced by nonself signals and biosynthesis genes of TDSMs. They bind to the metabolon protein
complex for biosynthesis of camalexin and potentially other TDSMs to inhibit both TDSM biosynthesis and TDSM-activated SA-NHP biosynthesis.
This is likely through their enzymatic activity in converting defense-inducing c-glutamyl compound(s) to nondefense-inducing compound(s). In
the aig2abc mutant, the defense-inducing c-glutamyl compound(s) cannot be metabolized. Nonself signals triggering TDSM biosynthesis are over-
activated, resulting in subsequent activation of SA-NHP biosynthesis. The over-activation of SA-NHP biosynthesis represses plant growth and
enhances resistance to Pst DC3000 but compromises resistance to Penicillium pathogens. (GSH)Conj.: glutathione conjugates; (Cys)Conj.: cysteine
conjugates; Trp: tryptophan.
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with resistance to Pst DC3000 reside outside of the coding
regions, and these polymorphisms are also associated with
expression levels of the two genes (Supplemental Figure S4).
This genomic region may also have structural variations,
which could generate even greater functional variations
than gene expression variation. Gene expression variations
are known to have a critical role in phenotypic evolution
(Wang et al., 2021). It is conceivable that the expression lev-
els of AIG2A and AIG2B either reflect their inducibility by
nonself signals or their capacity to inhibit defense systems in
Arabidopsis natural accessions. AIG2A and AIG2B expression
in nature could be shaped by the local microbiome, thereby
allowing plants to balance the relative strengths of the
TDSM and SA-NHP systems for optimal defense and plant
growth. The induction pattern during pathogen infection,
which may vary among accessions, could also influence the
outcome of plant–pathogen interactions. Therefore, AIG2A
and AIG2B likely play a critical role in fine-tuning plant
chemical defense systems in a changing environment.

Materials and methods

Plant materials and growth condition
The 100 natural accessions of A. thaliana used for GWAS
were as described in Wang et al. (2019). Arabidopsis acces-
sion Col-0 was the wild type for all mutants in this study.
The pad3-1 and T-DNA insertion mutants SALK_007224
(aig2c-1), GABI_319F10 (ggp1-1), and SALK_105136
(cyp71a13) were obtained from the Arabidopsis Biological
Resource Center (ABRC; Alonso et al., 2003; Kleinboelting
et al., 2012). Plant materials used in this study are listed in
Supplemental Data Set S5. All plants were grown at 22�C
under constant light (�100 mmol m–2s–1 of cool white fluo-
rescent lamp) and 50% humidity conditions, unless other-
wise specified.

Ethyl methanesulfonate mutagenesis and mapping
by sequencing
Ethyl methanesulfonate (EMS) mutagenesis was performed
as described previously (Yang et al., 2020). In brief, M2 seeds
from 10 plants were pooled together, and approximately
800 pools of M2 seeds were screened with approximately
100 plants screened from each pool. Nine WT-like-looking
mutants were obtained. The mapping-by-sequencing was
carried out as described previously (Hua et al., 2017). Raw
sequence reads from Illumina sequencing were mapped to
the Arabidopsis TAIR10 genome (https://www.arabidopsis.
org/).

RNA-seq and reverse transcription quantitative PCR
(RT-qPCR)
For 30 RNA-seq, total RNAs were extracted from whole seed-
lings of 2-week-old plants using TRIzol reagent (Invitrogen,
Cat. No. 15596026) and were purified with the RNA Clean
and Concentrator-5 kit (Zymo Research, Cat. No. R1014).
Three individual plants were pooled as one biological repli-
cate and three biological replicates were performed. 30 RNA

libraries were prepared using a QuantSeq 30 mRNA-Seq
Library Prep Kit FWD for Illumina (Lexogen) and were then
sequenced on an Illumina NextSeq500 platform, both at the
Cornell Genomics Facility. Three biological replicates were
performed for each genotype. The raw reads were mapped
to the TAIR 10 transcriptome using STAR software (Dobin
et al., 2013), with the mismatch limitation set to 1.
Differentially expressed genes (DEGs) were identified using
the R/edgeR package with the false discovery rate set at
40.05 and absolute log base 2 value of fold change (FC) of
expression set at 51. GO analyses were performed with de-
fault settings on the TAIR website (https://www.arabidopsis.
org/tools/go_term_enrichment.jsp).

For RT-qPCR, total RNA was extracted from whole seed-
lings of 2-week-old plants using TRIzol reagent. cDNA was
synthesized from 0.5 mg RNA using a PrimeScript RT
Reagent Kit with gDNA Eraser (Takara, Cat. No. RR047A).
RT-qPCR was performed on a QuantStudio 7 Pro instru-
ment (ThermoFisher Scientific) using iQ SYBR Green super-
mix (Bio-Rad, Cat. No. 1708880). Three individual plants
from one pot were pooled as one biological replicate. At
least three biological replicates from different pots were per-
formed. Primers used for RT-qPCR were listed in
Supplemental Data Set S6.

Pathogen growth assay
For the Pst DC3000 pathogen growth assay, a bacterial sus-
pension (OD600 of 0.05 with 10 mM MgCl2 and 0.02%
Silwet L-77) was dip-inoculated on the shoots of 14-d-old
plants grown under constant light. Bacterial growth was an-
alyzed at 1 h (0 d) post-inoculation and 3 dpi. The whole
shoots of plants were weighed and homogenized in 10 mM
MgCl2, and bacteria were counted by plating serial dilutions
as described earlier (Yang et al., 2020). Three individual
plants from one pot were pooled as one biological replicate.
At least three biological replicates from different pots were
performed.

Penicillium sp. pv. At1 (PeAt1) and PeAt2 were isolated
and purified from infected leaves of the aig2abc mutant and
were identified at the Cornell Plant Disease Diagnostic Clinic
(plantclinic.cornell.edu). For the PeAt1 infection assay, 5 mL
of spore suspension (5 � 106/mL in 0.5 � potato dextrose
broth with 0.05% Tween-20) was drop-inoculated on the
third pair of true leaves of 4-week-old plants grown under
12-h light/12-h dark conditions. The inoculated plants were
covered with a clear plastic dome to keep the humidity
high, and disease resistance phenotypes were assayed at 7
dpi. One individual leaf was considered as one biological
replicate. Nineteen biological replicates were performed.

Quantification of defense-related metabolites
Quantification of SA was performed exactly as described ear-
lier (Yang et al., 2021). Fifty milligrams of homogenized tis-
sues from 18-d-old seedlings were used. Five biological
replicates were performed for each genotype.

For quantification of NHP and camalexin, 18-d-old seed-
lings were collected and homogenized in liquid nitrogen. To
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50 mg homogenized tissues, 2.5 mL of 1 mM [15N]L-glutamic
acid (Sigma-Aldrich, Cat. No. 332143-100mg) was added as
the internal standard and 250 mL 80% methanol was added
to the sample. The mixtures were vortexed and sonicated
twice and were then centrifuged at 16,000 � g for 10 mins
at room temperature to remove debris. The supernatant
was filtered using a 0.22-mM nylon spin filter (Corning, Cat.
No. 8169). To 200 mL filtered supernatant, 4 mL of 5.1% for-
mic acid was added and the resulting 10 mL sample was
injected into an ExionLC-X500B Q-TOF system for quantifi-
cation analysis. The LC-MS/MS was operated using the
High-Resolution Multiple Reaction Monitoring (MRM-HR)
method with a C18 column (Luna C18(2), Phenomenex, 100
mm � 2 mm, i.d. 3 mm). Five biological replicates were per-
formed for each genotype. NHP (MedChemExpress, Cat. No.
HY-N7378) and camalexin (Sigma-Aldrich, Cat. No.
SML1016) were used as standards for optimization of the
MRM method using the guided MRM-HR module in Sciex
OS 2.0. The raw data were acquired and processed using
Sciex OS 2.0 software and the relative quantitation of NHP
and camalexin was carried out by integrating the peak areas
of each analyte using MRM-HR transitions after normaliza-
tion against the internal standard. Six individual plants from
one pot were pooled as one biological replicate. At least
four biological replicates from different pots were
performed.

GWAS
Four-week-old plants grown under 12-h light/12-h dark con-
ditions were spray-inoculated with a Pst DC3000 (OD600 of
0.05) bacteria suspension. Bacterial growth was analyzed at 1
h post-inoculation (0 dpi) and 3 dpi. Three biological repli-
cates for each accession were performed. The difference be-
tween 3 dpi and 0 dpi of each accession was used as disease
resistance phenotype input. GWAS was performed on
GWAPP (https://gwapp.gmi.oeaw.ac.at/index.html) with a
250 K single-nucleotide polymorphism (SNP) dataset (Seren
et al., 2012). The accelerated mixed model method was
used, and the minor allele count (MAC) was set to 15 to re-
move minor SNPs for the GWA result.

The eGWAS of 665 natural accessions was performed on
the GWA-Portal website with 10 M SNPs from the 1,135
SNP dataset (Alonso-Blanco et al., 2016). The read counts of
genes extracted from the processed RNA-Seq count data
(Kawakatsu et al., 2016) were used for eGWAS without
transformation. The accelerated mixed model method was
used, and MAC was set to 34.

Phylogenetic analysis
For the Arabidopsis homolog search, the AIG2A protein se-
quence was used as a query in a BLASTp search (https://
blast.ncbi.nlm.nih.gov/) against the Arabidopsis UniProtKB/
Swiss-Prot (swissprot) protein database, with expected
threshold set at 1E-15. The resulting sequences were aligned
using the MUSCLE algorithm with default parameters (Gap
Open, –2.90; Gap Extend, 0.00; Hydrophobicity Multiplier,
1.20) and were subsequently used for phylogenetic analysis

(Supplemental File S1). An unrooted maximum likelihood
tree was built with all amino acid sequences using MEGA-X
software (Supplemental File S2; Kumar et al., 2018).

Plasmid construction and transgenic plant
generation
For genome editing, the target sequences in AIG2 family
genes were identified using CRISPR-P 2.0 (http://crispr.hzau.
edu.cn/CRISPR2/). CRISPR/Cas9 constructs were generated
in the pHEE401E vector (Wang et al., 2015).

For complementation analyses, a genomic fragment of
AIG2A (from 1.8 kb 50 of translation initiation site [TIS] to
300 bp 30 to translation termination site [TTS]), a genomic
fragment of AIG2B (from 1 kb 50 TIS to 800 bp 30 TTS), a ge-
nomic fragment of AIG2C (from 700 bp TIS to 400 bp 30

TTS), a genomic fragment of GGP1 (from 2 kb 50 TIS to 1
kb 30 TTS), and a genomic fragment of PCS1 (from 1.4 kb 50

TIS to 1.1 kb 30 TTS) were amplified by PCR and were
cloned into the pCR8/GW/TOPO vector (Invitrogen, Cat.
No. K250020). These fragments were recombined into the
binary vector pMDC99 (Curtis and Grossniklaus, 2003) using
Gateway LR Clonase (Invitrogen, Cat. No. 11791-020).

For pAIG2A:AIG2A:GFP and pAIG2B:AIG2B:GFP construc-
tion, genomic fragments of AIG2A (from 1 kb 50 TIS to TTS,
without TTS) and AIG2B (from 1 kb 50 TIS to TTS, without
TTS) were amplified by PCR and were cloned into the
pDONOR222 entry vector using Gateway BP Clonase
(Invitrogen, Cat. No. 11789020). For pAIG2A:AIG2A-E83A:GFP
and pAIG2B:AIG2B-E83A:GFP construction, the mutations
were introduced into pAIG2A:AIG2A:GFP and
pAIG2B:AIG2B:GFP entry vectors by PCR amplification and
the ClonExpress II One Step Cloning kit (Vazyme, Cat. No.
C112), respectively. These fragments were then recombined
into the binary vector pGWB540 (Nakagawa et al., 2007).

For generating constructs for co-localization and bimolec-
ular fluorescence complementation (BiFC) assays, the geno-
mic fragments of CYP71A13 (from TIS to TSS, without TSS)
and GGP1 (from TIS to TSS, without TSS) were amplified by
PCR and were cloned into the pDONOR222 entry vector.
These fragments were then recombined into the binary vec-
tor pGWB551 to generate 35S:CYP71A13:GFP and
35S:GGP1:GFP constructs or into pSPYNE-35SGW and
pSPYCE-35SGW (Walter et al., 2004) to generate
35S:CYP71A13:YFPN, 35S:CYP71A13:YFPC, 35S:GGP1:YFPN and
35S:GGP1:YFPC constructs. The genomic fragment of AIG2A
(from TIS to TSS, without TSS) was amplified by PCR and
was cloned into pCR8/GW/TOPO and was then recombined
into pSPYCE-35SGW to generate the 35S:AIG2A:YFPC con-
struct. The genomic fragment of PCS1 (from TIS to TSS) was
introduced into pCR8/GW/TOPO and was then recombined
into the pMDC43 vector to generate the 35S:GFP:PCS1 con-
struct. The genomic fragment of AIG2A (from TIS to TSS,
without TSS) and coding sequence of mRFP amplified from
the pGWB553 vector were fused by PCR, and the resulting
fragment was cloned into pDNOR222 and was then
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recombined into the pGWB402 vector to generate
35S:AIG2A:mRFP construct.

For AIG2A-His, AIG2C-His construction, the cDNA frag-
ments of AIG2A and AIG2C were PCR amplified from a Col-
0 cDNA library. The fragments were digested with NheI and
BamHI restriction enzymes and ligated into the pKS-His vec-
tor using T4 DNA ligase (NEB, Cat. No. M0202L). Escherichia
coli strain BL21(DE3) was used for expressing the recom-
bined proteins.

For generating constructs for the enzymatic activity assay
in Saccharomyces cerevisiae, the cDNA fragments of AIG2A,
AIG2B, AIG2C, and GGCT2;1 were PCR amplified from a Col-
0 cDNA library. The fragments were digested with BamHI
and XhoI restriction enzymes and ligated into the p416TEF
vector using T4 DNA ligase. Saccharomyces cerevisiae strain
ABC1723 (MATa his3D1 leu2D0 lys2D0 met15D0 ura3D0
ecm38D::KanMX4 dug3) was used for the in vivo enzymatic
activity assay.

Primers used for plasmid construction are listed in
Supplemental Data Set S6. Agrobacterium tumefaciens strain
GV3101 (pMP90) carrying the desired construct was used
for floral dipping to generate transgenic plants or for tran-
sient expression in N. benthamiana.

Immunoblotting
Total protein was extracted from 2-week-old plants grown
under 12-h light/12-h dark conditions. The GFP fusion pro-
teins were detected with anti-GFP antibody (Takara, Cat.
No. 632381, at a 1:3,000 dilution) and an HRP-linked second-
ary antibody (Cell Signaling, Cat. No. 7076, at a 1:5,000 dilu-
tion). Membranes were photographed with the Bio-Rad
ChemiDoc imaging system.

Purification of recombinant protein from E. coli and
Arabidopsis
To produce AIG2A-His and AIG2C-His in E. coli, the corre-
sponding BL21 strains were inoculated into 5 mL liquid LB
medium supplemented with 100 mg/mL carbenicillin and
grown overnight at 37�C. A 500-mL aliquot from each cul-
ture was used to inoculate 50 mL of LB medium supple-
mented with 100 mg/mL carbenicillin at 37�C. Once the
OD600 reached 0.8, 0.25 mM isopropyl b-D-1-thiogalacto-
pyranoside (IPTG) was added into the media, and the media
were shaken at 20�C for another 3 h. The cells were pelleted
and collected by centrifuging at 6,000 � g for 10 min at
4�C. The His-tagged proteins were purified using Ni-NTA
agarose (Qiagen, Cat. No. 30210) according to the manufac-
turer’s instruction. The concentration of purified proteins
was quantified with a Bradford assay.

To isolate recombinant proteins from Arabidopsis, pro-
teins were extracted with 4 mL Tris-buffered saline (TBS; 50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.25% Triton-X100, 1 mM PMSF, 1% protease inhibitor
cocktail, Sigma, Cat. No. P9599) from 1 g tissues of
pAIG2A:AIG2A:GFP and pAIG2B:AIG2B:GFP transgenic plants.
The AIG2A-GFP and AIG2B-GFP proteins were purified with

GFP-Trap Magnetic Agarose (Chromotek, Cat. No. gtma-10)
according to the manufacturer’s instructions.

In vitro enzymatic activity assay
The AIG2A-His and AIG2C-His proteins were dialyzed in 20
mM Tris-HCl (pH 8.0) and 0.1 mM dithiothreitol (DTT) at
4�C for 1 h and concentrated to �2.5 mg/mL prior to use.
A 200-mL standard enzyme reaction mixture contained 20
mL of 1 M Tris-HCl (pH 8.0), 20 mL 2 mM c-Glu-e-Lys or 20
mL 150 mM L-theanine, 5 mL enzymes, and 15 mL AIG2A-
GFP or AIG2B-GFP bound beads. The reactions were initi-
ated by adding the enzymes, incubated at room tempera-
ture for 1 h, and then quenched by adding 200 mL 10%
acetic acid. For in vitro enzymatic activity assays with crude
protein extracts, crude proteins were extracted with 100
mM Tris-HCl (pH 8.0) from Col-0 or the aig2abc mutant
plants. L-theanine (10 mL, 150 mM) was mixed with 90 mL
crude protein extracts, incubated at room temperature for 1
h, and then quenched by adding 100 mL 10% acetic acid.

Quenched reactions were centrifuged at 14,000 � g for 2
min at 4�C to remove protein or beads. L-glutamic acid-15N
(200 mL, 0.25 mM) in 100% methanol was added to 50 mL
of supernatant. The mixtures were vortexed and sonicated
twice and were then centrifuged at 16,000 � g for 10 min at
22�C to remove the debris. To 200 mL filtered supernatant,
4 mL of 5.1% formic acid was added and the resulting 10 mL
of sample was injected into the ExionLC-X500B Q-TOF Sciex
system for targeted quantification analysis. The LC-MS/MS
was operated on a positive ionization mode using a High-
Resolution Multiple Reaction Monitoring (MRM-HR)
method with a C18 column (Luna C18(2), Phenomenex, 100
mm � 2 mm, i.d. 3 mm) for gradient elution using buffer
A (0.1% formic acid in water) and buffer B (0.1% formic
acid and 95% acetonitrile in water). c-Glu-e-Lys
(MedChemExpress, Cat. No. HY-113089), L-theanine
(Cayman, Cat. No. 20832), and 5-oxo-proline (Sigma-Aldrich,
Cat. No. 83160) were used as standards for optimization of
the MRM method using the guided MRM-HR module in
Sciex OS 2.0. The raw data were acquired and processed us-
ing Sciex OS 2.0 software and the relative quantitation of c-
Glu-e-Lys, L-theanine, and 5-oxo-proline was carried out by
integrating the peak areas of each analyte using MRM-HR
transitions after normalization against the internal standard.

Screening for compounds containing a glutamyl
group
To 50 mg homogenized tissues, 2.5 mL of 1 mM L-glutamic
acid-15N was added as the internal standard and 250 mL of
80% methanol was added to the sample. The mixtures were
vortexed and sonicated twice and were then centrifuged at
16,000 � g for 10 min at room temperature to remove the
debris. The supernatant was filtered using a 0.22-mM nylon
spin filter. To 200 mL of filtered supernatant, 4 mL of 5.1%
formic acid was added and the resulting 10 mL of sample
was injected into an Orbitrap Fusion mass spectrometer
coupled with a UHPLC Ultimate 3000 system with the same
C18 column (Luna C18(2), Phenomenex, 100 mm � 2 mm,
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i.d. 3 mm) as that used for gradient elution, using buffer A
(0.1% formic acid in water) and buffer B (0.1% formic acid
and 95% acetonitrile in water). For mass analysis, the analy-
tes with a product ion at m/z 84.0444 triggered additional
MS/MS2 DDA for the targeted precursor ions, intending to
identify only the compounds having a glutamyl group as
one of the major fragments. Six individual plants from one
pot were pooled as one biological replicate. Three biological
replicates were performed for each genotype. The raw data
were acquired and processed using Xcalibur 3.3 software
and the peak area of each of the ions was measured.

Statistical analysis
Student’s t tests were performed using Excel. One-way analy-
sis of variation (ANOVA) followed by Duncan’s new multi-
ple range tests was performed using R 3.6.3 with the
“agricolae” package (https://cran.r-project.org/web/packages/
agricolae/). Statistical tests and biological replicate numbers
are described in the figure legends or methods. Detailed sta-
tistical results are provided in Supplemental Data Set S7.

Accession numbers
DNA sequences of all genes in this study were extracted
from The Arabidopsis Information Resource (TAIR, https://
www.arabidopsis.org/) with the following gene IDs: AIG2A
(AT3G28930); AIG2B (AT3G28940); AIG2C (AT3G28950);
AIG2LA (AT5G39720); AIG2LB (AT5G39730); AIG2LC
(AT4G31310); AIG2LD (AT2G24390); SID2 (AT1G74710);
CAMTA3 (AT2G22300); PCS1 (AT5G44070); GGP1
(AT4G30530); ACTIN2 (AT3G18780); PAD3 (AT3G26830);
CYP71A13 (AT2G30770); CBP60g (AT5G26920); SARD1
(AT1G73805); SARD4 (AT5G52810); FMO1 (AT1G19250);
PAD4 (AT3G52430); EDS1 (AT3G48090); PR1 (AT2G14610);
FOX1 (AT1G26380); CYP81F2 (AT5G57220); CYP79B2
(AT4G39950); CYP79B3 (AT2G22330).

RNA-seq data of this study can be found at NCBI GEO
under the accession number GSE196599.

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

Supplemental Figure S1. GWAS of resistance to Pst
DC3000 in Arabidopsis natural accessions (supports
Figure 1).

Supplemental Figure S2. Characterization of mutants
generated in the AIG2 genes (supports Figure 1).

Supplemental Figure S3. Loss of AIG2A and AIG2B func-
tion confers enhanced resistance to Pst DC3000 (supports
Figure 1).

Supplemental Figure S4. Expression GWAS of AIG2A and
AIG2B expression in Arabidopsis (supports Figure 1).

Supplemental Figure S5. AIG2-I genes are induced by bi-
otic stresses (supports Figure 2).

Supplemental Figure S6. Characterization of mutants
identified from suppressor screens (supports Figures 3 and
4).

Supplemental Figure S7. GO analysis of DEGs in the
aig2abc mutant versus the wild type (supports Figure 5).

Supplemental Figure S8. AIG2-I genes repressed expres-
sion of biosynthesis genes in SA-NHP and TDSM systems
(supports Figure 5).

Supplemental Figure S9. AIG2-I genes are co-expressed
with Trp and TDSM biosynthesis genes (supports Figure 5).

Supplemental Figure S10. GO analysis of upregulated
DEGs in the aig2abc pad4 mutant versus the pad4 mutant
(supports Figure 5).

Supplemental Figure S11. The aig2abc mutant did not
exhibit a different level of resistance to Botrytis cinerea or
Alternaria brassicicola compared to the wild type (supports
Figure 7).

Supplemental Figure S12. AIG2A co-localizes and physi-
cally interacts with TDSM biosynthetic enzymes (supports
Figure 5).

Supplemental Figure S13. AIG2A and AIG2B do not ex-
hibit GGCT activity toward L-theanine and c-glutamyl-e-
Lysine (c-Glu-e-Lys; supports Figure 8).

Supplemental Figure S14. AIG2A and AIG2B do not
exhibit GGCT activity toward GSH, c-glutamyl-cysteine
(c-Glu-Cys), and c-glutamyl-methionine (c-Glu-Met; sup-
ports Figure 8).

Supplemental Data Set S1. Analysis of resistance to
Pseudomonas syringae pv. tomato (Pst) DC3000 in
Arabidopsis natural accessions.

Supplemental Data Set S2. Co-expressed genes of AIG2A.
Supplemental Data Set S3. DEGs in the aig2abc mutant

compared to the wild-type Col-0.
Supplemental Data Set S4. DEGs in the aig2abc pad4

mutant compared to the pad4 mutant.
Supplemental Data Set S5. Plant materials used in this

study.
Supplemental Data Set S6. Primers used in this study.
Supplemental Data Set S7. Summary of statistical

analyses.
Supplemental File S1. Sequence alignment file for

Figure 1A.
Supplemental File S2. Tree file for Figure 1A.
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Nelson BK, Cai X, Nebenführ A (2007) A multicolored set of in vivo
organelle markers for co-localization studies in Arabidopsis and
other plants. Plant J 51: 1126–1136

Nie H, Zhao C, Wu G, Wu Y, Chen Y, Tang D (2012) SR1, a
calmodulin-binding transcription factor, modulates plant defense
and ethylene-induced senescence by directly regulating NDR1 and
EIN3. Plant Physiol 158: 1847–1859

Oakley AJ, Coggan M, Board PG (2010) Identification and charac-
terization of c-glutamylamine cyclotransferase, an enzyme respon-
sible for c-glutamyl-�-lysine catabolism. J Biol Chem 285:
9642–9648

Oakley AJ, Yamada T, Liu D, Coggan M, Clark AG, Board PG
(2008) The identification and structural characterization of
C7orf24 as c-glutamyl cyclotransferase: an essential enzyme in the
c-glutamyl cycle. J Biol Chem 283: 22031–22042

Pastorczyk M, Bednarek P (2016) The function of glucosinolates
and related metabolites in plant innate immunity. Adv Bot Res 80:
171–198

Pastorczyk M, Kosaka A, Pi�slewska-Bednarek M, López G,
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