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Calmodulin (CaM) regulates plant disease responses through its downstream calmodulin-binding proteins (CaMBPs) often
by affecting the biosynthesis or signaling of phytohormones, such as jasmonic acid (JA) and salicylic acid. However, how
these CaMBPs mediate plant hormones and other stress resistance-related signaling remains largely unknown. In this study,
we conducted analyses in Arabidopsis (Arabidopsis thaliana) on the functions of AtIQM1 (IQ-Motif Containing Protein1), a
Ca21-independent CaMBP, in JA biosynthesis and defense against the necrotrophic pathogen Botrytis cinerea using
molecular, biochemical, and genetic analyses. IQM1 directly interacted with and promoted CATALASE2 (CAT2) expression
and CAT2 enzyme activity and indirectly increased the activity of the JA biosynthetic enzymes ACX2 and ACX3 through
CAT2, thereby positively regulating JA content and B. cinerea resistance. In addition, in vitro assays showed that in the
presence of CaM5, IQM1 further enhanced the activity of CAT2, suggesting that CaM5 may affect the activity of CAT2 by
combining with IQM1 in the absence of Ca21. Our data indicate that IQM1 is a key regulatory factor in signaling of plant
disease responses mediated by JA. The study also provides new insights that CaMBP may play a critical role in the cross talk
of multiple signaling pathways in the context of plant defense processes.

Plant disease resistance involves a series of signaling
response pathways, including calcium (Ca21)/calmodulin
(CaM), reactive oxygen species (ROS), and phyto-
hormones. These factors interact with each other,
forming sophisticated positive or negative feedback
loops to coordinate the entire plant immune system
(Lecourieux et al., 2006; Ali et al., 2003; Fu and Dong.,
2013). Ca21/CaM is a common second messenger
that plays crucial roles in response to diverse signal-
ing cascades in all plant life processes. An individual
CaM usually has no biochemical or enzymatic activity

(Reddy et al., 2002; Kushwaha et al., 2008). However,
as pervasive and versatile Ca21 sensors, CaMs can in-
teract with a large variety of functional proteins and
modulate their structures or activities and are thus in-
volved in almost all aspects of plant growth and devel-
opment aswell as in responses to environmental stresses
(Zielinski, 1998; Bouché et al., 2005). Therefore, deter-
mining the target proteins of CaMs (CaM-binding pro-
teins [CaMBPs]) and understanding their biological
functions could help clarify the complex molecular
mechanisms of Ca21 signaling (Poovaiah et al., 2013;
Zeng et al., 2015). To date, at least 500 CaMBPs in plants
have been identified. These CaMBPs include ion chan-
nels and pumps, structural proteins, kinase/phospha-
tase proteins, metabolic enzymes, transcription factors,
chaperonins, and other proteins of unknown functions
(Reddy et al., 2002). A great deal of research has
shown that CaMBPs are closely related to plant de-
fense; for example, Calmodulin-Binding Transcrip-
tion Activator3 (Galon et al., 2008; Du et al., 2009),
IQ-Domain1 (Levy et al., 2005), Barley Mildew Re-
sistance Locus O (Jørgensen, 1992; Kim et al., 2002),
Cyclic Nucleotide Gated Channel2 (Chin et al., 2013;
Lu et al., 2016), and Calmodulin Binding Protein-
Like60g (Wang et al., 2009; Wan et al., 2012) participate in
plant disease resistance by affecting ROS or phytohormone
levels. However, the specific regulatorymechanism among
CaMBPs, ROS, and plant hormones remains vague.
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ROS are generated in various metabolic pathways of
plant growth and development as well as biotic and
abiotic stress responses. Appropriate control of ROS
production is essential for the maintenance of growth
balance when plants face external stress signals, and
moderate ROS levels can help plants resist stresses, but
failure to eliminate excess ROS in due time causes
damage to plant cells (Apel and Hirt, 2004). Hydrogen
peroxide (H2O2) is a main form of ROS that can accu-
mulate due to rapidly rising cytosolic Ca21 in plants
triggered by leaf senescence and pathogen infection
(Rentel and Knight, 2004). There are three catalases in
Arabidopsis (Arabidopsis thaliana), CAT1, CAT2, and
CAT3, that are located in the peroxisome lumen and
function as antioxidant enzymes to scavenge excess
H2O2 (Su et al., 2018). A series of reports have shown
that catalases are closely involved in plant stress resis-
tance. In Arabidopsis, the regulation of catalases occurs
at both the transcriptional and protein levels. The key
transcription factor of the abscisic acid (ABA) signaling
pathway, ABA-INSENSITIVE5, can bind to the pro-
moter of CAT1 and activate its expression to promote
seed germination (Bi et al., 2017). The zinc finger pro-
tein LESION SIMULATING DISEASE1 interacts with
all three catalases to regulate the cell death process of
plants by affecting their enzyme activity (Li et al., 2013).
The chaperone protein NO CATALASE ACTIVITY1
stimulates the activity of CAT2 to promote plant resis-
tance to multiple abiotic stresses (Li et al., 2015).
In addition, CAT3 activity can be modulated by
CALCIUM-DEPENDENT PROTEIN KINASE in re-
sponse to drought stress (Zou et al., 2015).
Both jasmonic acid (JA) and salicylic acid (SA) are

essential plant hormones that regulate plant growth and
developmental processes as well as disease resistance
signaling. In general, JA and SA act antagonistically in
the plant defense response. SA is considered to act
against biotrophic pathogens, while JA is involved in
resistance to wounding, insect damage, and necrotro-
phic pathogens (Spoel and Dong, 2008). Attack by the
necrotrophic pathogen Botrytis cinerea induces the accu-
mulation of JA and activates JA signaling molecules
(Song et al., 2013, 2014). The JA biosynthesis pathway is
initiated in chloroplasts, where a-linolenic acid (18:3) is
converted to 12-oxo-phytodienoic acid (12-OPDA) by
lipoxygenase (LOX), allene oxide synthase (AOS), and
allene oxide cyclase. 12-OPDA is then exported to the
peroxisome and reduced to 3-oxo-2-(29(Z)-pentenyl)-
cyclopentane-1-octanoic acid by OPDA Reductase3
(OPR3). Three cycles of b-oxidation catalyzed by acyl-
CoA oxidase (ACX) complete the biosynthesis of JA (Li
et al., 2017). Fluctuations in JA content lead to changes in
the expression of downstream transcription factors, such
as MYC2, ERF1, and PDF1.2, in the JA signaling path-
way (Wasternack and Hause, 2013).
Although some reports of CaMBPs affecting plant

defense have been published, the target proteins
downstream of most CaMBPs and the mechanisms by
which they regulate plant disease resistance are largely
unclear. Previously, we identified a family of proteins

in Arabidopsis that consists of six members, named IQ-
Motif Containing Protein1 (IQM1) to IQM6, that each
contains one copy of the IQ motif. Among them, IQM1
modulates stomatal movement by affecting the content
of ROS in plants (Zhou et al., 2010, 2012). Here, we
show a function of IQM1 in JA biosynthesis and defense
against the necrotrophic pathogen B. cinerea. Our re-
sults reveal that IQM1 is essential in the processes of
plant disease defense mediated by JA signaling.

RESULTS

IQM1 Positively Regulates JA Biosynthesis and Plant
Defense against B. cinerea

Our previous microarray data showed that numer-
ous chitin-responsive genes and pathogen-associated
genes are up-regulated in iqm1-1 (Zhou et al., 2012),
suggesting that IQM1 may be involved in plant disease
defense pathways. To verify this possibility, we
assessed the resistance of iqm1-1 to necrotrophic path-
ogens by challenging wild-type and iqm1-1 plants
with B. cinerea. We observed increased susceptibility to
B. cinerea in iqm1-1, which showed larger lesions than
the wild type; in addition, pIQM1::IQM1/iqm1-1 com-
plement strains exhibited attenuated susceptibility
compared with iqm1-1 (Fig. 1, A–C).
Plant resistance to the necrotrophic pathogen B. cinerea

requires JA and JA signaling (Song et al., 2013). Therefore,
we directly measured JA content in iqm1-1. The JA levels
in iqm1-1 were only approximately one-fifth of those in
wild-type plants under normal conditions without in-
fection. Although B. cinerea-infected iqm1-1 andwild-type
plants accumulated more JA than uninfected plants, the
JA content in infected iqm1-1wasmuch lower than that in
wild-type plants (Fig. 1D). This was consistent with the
visual observation that the iqm1-1 mutants were more
sensitive to B. cinerea. These results indicated that IQM1 is
involved in the JA biosynthetic pathway and that the
enhanced susceptibility of iqm1-1 to B. cinerea may have
resulted from the suppression of the JA-mediated disease
defense pathway due to deficiency of IQM1.
Plant resistance processes to biotrophic and necrotro-

phic pathogens are usually antagonistic (Thatcher et al.,
2009; Nie et al., 2012), so we also examined the resis-
tance of iqm1-1 to the biotrophic pathogen Pseudomonas
syringae pv tomato (Pst) DC3000. Upon infection, iqm1-
1 displayed higher resistance than wild-type plants
(Supplemental Fig. S1), consistent with previous reports
that coi1,myc2, and cat2mutants aremore resistant to the
biotrophic pathogenPstDC3000 andmore susceptible to
the necrotrophic pathogen B. cinerea than the wild type
(Laurie-Berry et al., 2006; Yuan et al., 2017).

IQM1 Directly Interacts with CAT2 in Planta

To further understand the mechanism by which
IQM1 regulates JA synthesis and disease defense, we
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carried out yeast two-hybrid screening to search for
proteins interactingwith IQM1. Sixty-eight positive yeast
(Saccharomyces cerevisiae) clones were screened on syn-
thetic dropout medium (SD)/-His-Trp-Leu-Ade plates.
Then, plasmids of yeast clones were extracted and
transformed into an Escherichia coli strain, and 18 frag-
ments (four genes)without frame shift were confirmed as
interacting with IQM1 through sequencing analysis. We
identified two catalases, CAT2 and CAT3, which are
predominant peroxisomal proteins that function as H2O2
scavengers (Su et al., 2018), thatmay be involved in plant
disease resistance response (Yuan et al., 2017). The in-
teraction between IQM1 and CAT2/3 was confirmed
upon cotransformation of AH109 yeast cells with
AD-CAT2/3 and BD-IQM1. On SD-Trp-Leu-His-Ade
medium with 5-bromo-4-chloro-3-indolyl-a-D-galacto-
pyranoside (x-a-gal), the clones grewwell and were blue
in color (Fig. 2A; Supplemental Fig. S2), indicating that
IQM1 and CAT2/3 interacted in yeast.

Furthermore, an enhanced yellow fluorescent pro-
tein (EYFP)-based bimolecular fluorescence comple-
mentation (BiFC) assay was performed. Plasmids
carrying nEYFP-IQM1 and cEYFP-CAT2/3 fused ex-
pression vectors were cotransformed into protoplasts
of Arabidopsis Col-0. Strong EYFP signals were yiel-
ded in peroxisomes, while the negative controls did
not fluoresce. AtKAT1 (AT1G04710), a peroxisome-
located gene, fused with red fluorescent protein
(RFP) was used as a colocalization marker protein
(Fig. 2B). Cotransforming nEYFP-IQM1 and cEYFP
empty vector or nEYFP empty vector and cEYFP-
CAT2/3 were set as negative controls.

We also conducted coimmunoprecipitation (Co-
IP) assays to examine the interaction between IQM1
and CAT2/3 in planta. IQM1-6HA and FLAG-
CAT2/3 plasmids were cointroduced into protoplasts,
and the total proteins were precipitated with agarose-
conjugated anti-FLAG antibody. The precipitated

Figure 1. IQM1 positively regulates plant defense against B. cinerea and the synthesis of JA. A, Photographs of rosette leaves cut
from 4-week-old wild-type (Columbia-0 [Col-0]), iqm1-1 mutant, and pIQM1::IQM1/iqm1-1 complement plants at 3 d after
infection with B. cinerea spores. B, Relative lesion sizes measured by ImageJ software at 3 d after inoculation with B. cinerea. The
experiments were repeated at least three times, and similar results were obtained. The data are means6 SD of 10 infected leaves.
C, Photographs of infected leaves with Trypan Blue staining at 3 d after inoculation with B. cinerea. D, JA levels of 4-week-old
wild-type (Col-0), iqm1-1mutant, and pIQM1::IQM1/iqm1-1 complement plants at 3 d after infectionwith B. cinerea. The results
were obtained from at least 30 independent plants for each genotype by mixed grinding. The data are means 6 SD of three
replicates. Asterisks in B and D represent significant differences compared with Col-0 (Student’s t test, **, P , 0.01).
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proteins were separated by SDS-PAGE for immuno-
blotting with an anti-HA antibody. Our results
showed that FLAG-CAT2/3 pulled down IQM1-6HA
from the plant total proteins, indicating that IQM1
indeed interacted with CAT2/3 in planta (Fig. 2C).
Additional evidence for a direct interaction between

IQM1 and CAT2/3 came from in vitro pull-down
assays. Purified His-IQM1 was added to agarose-
conjugated glutathione S-transferase (GST)-CAT2/3.

After incubation overnight, the total and immunopre-
cipitated proteins were analyzed by immunoblotting
using anti-His and anti-GST antibodies. The results
showed that GST-CAT2/3 resin could pull down His-
IQM1 (Fig. 2D), demonstrating that IQM1 directly in-
teracts with CAT2/3. Taken together, these data
strongly suggest that IQM1 can directly interact with
CAT2/3 in vivo and imply that this interaction has a
biological purpose.

Figure 2. IQM1 directly interacts with CAT2 in planta. A, IQM1 interacts with CAT2/3 in yeast cells. pGADT7-CAT2/3 and
pGBKT7-IQM1 were cotransformed into AH109 yeast cells, which were grown on SD/-Trp-Leu (i) and SD/-Trp-Leu-His-Ade
containing 20 mg mL21 x-a-gal (ii) for 3 d. B, BiFC assays to detect the interaction between IQM1 and CAT2/3. nEYFP-IQM1 and
cEYFP-CAT2/3 plasmids were cotransformed into protoplasts isolated from the leaves of 4-week-old Col-0 plants. After 16 h of
incubation, the EYFP signals were observed using a laser confocal microscope. RFP-AtKAT1 was used as a colocalization marker
protein. nEYFP-IQM1 and cEYFP empty vector or nEYFP empty vector and cEYFP-CAT2/3 were set as negative controls. C, Co-IP
assay to verify the interaction of IQM1 with CAT2/3 in planta. Flag-CAT2/3 and IQM1-HA plasmids were cointroduced into
protoplasts isolated from the leaves of 4-week-old Col-0 plants with polyethylene glycol (PEG)/CaCl2. Protein G Plus/Protein
A-Agarose and anti-Flag antibody were added to the plant protein, and the precipitated proteins were separated by 12% (w/v)
SDS-PAGE for immunoblotting with anti-Flag antibody and anti-HA antibody. Proteins mixed with beads and IgG were used as
negative controls. D, In vitro pull-down assay to verify the direct interaction of IQM1 with CAT2/3. His-IQM1 and GST-CAT2/3
plasmids were separately transformed into the E. coli strain Rosetta. The recombinant fusion proteins were purified with Ni-NTA
agarose and Glutathione Sepharose. Agarose-conjugated His-IQM1 was then washed with imidazole. All eluates were added to
agarose-conjugated GST-CAT2/3. The precipitated proteins were separated by 12% (w/v) SDS-PAGE for immunoblotting with
anti-His antibody and anti-GST antibody. His-IQM1 plus GST beads and purified GST were used as negative controls. All ex-
periments were repeated at least three times.
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IQM1 Regulates JA Biosynthesis and Plant Disease
Resistance through Interaction with CAT2

To determine whether IQM1 affects plant disease
resistance through CAT2 and CAT3, we assayed the
susceptibility of cat2-1 and cat3-1 mutants to B. cinerea.
The cat2-1mutant displayed greater susceptibility with
larger lesions than wild-type plants. In contrast, the
resistance of cat3-1 to B. cinereawas similar to that of the
wild type (Fig. 3, A and B). In agreement with the re-
sults of Yuan et al. (2017), the JA levels in cat2-1 were
much lower than those in the wild type without infec-
tion and under treatment with B. cinerea; however, the
JA content in cat3-1 was similar to that in the wild type
upon B. cinerea infection.

We further examined the expression patterns of
CAT2 and CAT3 in iqm1-1 under B. cinerea attack by
reverse transcription quantitative PCR (RT-qPCR). The
transcript levels of CAT3weremarkedly increasedwith
similar amplitudes in the wild type and iqm1-1 after 3 d
of infection (Fig. 3C); however, CAT2 could be induced
only in wild-type plants (Fig. 3D), indicating that the
absence of IQM1 results in inhibition of CAT2 expres-
sion during JA-mediated defense against B. cinerea.
Conversely, the expression levels of IQM1 were more
strongly up-regulated in cat2-1 than in the wild type
upon challenge with B. cinerea (Fig. 3E). This reciprocal
cross-regulation phenomenon may be due to plant self-
feedback regulation. When a gene is damaged, the
expression of upstream genes at the same pathway is
induced in large quantities to maintain the normal
growth and development as well as to make correct
responses to external stresses in mutant plants
(Schilmiller et al., 2007). These results demonstrated
that IQM1 could regulate JA synthesis and plant dis-
ease resistance to a necrotrophic pathogen mainly
through interactions with CAT2 rather than CAT3.

Next, the CRISPR-Cas9 system was used to mutate
CAT2 in the iqm1-1 mutant background to generate
cat2/iqm1-1 double mutants (Supplemental Fig. S3, A
and B). Compared with iqm1-1, the cat2-1 mutant was
slightly more sensitive to B. cinerea and demonstrated
larger lesions; in addition, the cat2/iqm1-1 double mu-
tant also displayed decreased resistance to B. cinerea,
similar to the cat2-1 mutant (Fig. 3, F and G), in accor-
dance with the content of JA in these mutants (Fig. 3H).
These data further confirmed that IQM1 and CAT2 are
in the same pathway associated with JA-mediated
pathogen defense.

The Expression of JA Biosynthesis and Signaling Genes Is
Consistent in iqm1 and cat2 Mutants

Because the JA levels in the iqm1-1 and cat2-1mutants
were much lower than those in wild-type plants, we
investigated the expression of genes related to JA bio-
synthesis, including LOX2, AOS, and OPR3, to further
identify the regulatory mechanisms of IQM1 and CAT2
in JA synthesis. The expression levels of LOX2 in iqm1-1,

cat2-1, and cat2/iqm1-1 double mutants were much
lower than those in the wild type regardless of whether
the plants were infected with B. cinerea (Fig. 4A). The
expression levels of AOS and OPR3, which are down-
stream of LOX2, were higher in these mutants than in
the wild-type plants under infection with B. cinerea
(Fig. 4, B and C). Interestingly, regardless of whether
the expression of LOX2, AOS, and OPR3 was higher or
lower than in wild-type plants after infection, the ex-
pression trends of each gene were always consistent in
iqm1-1, cat2-1, and cat2/iqm1-1 double mutants.

In addition, we also detected the expression of JA
signaling pathway-related genes in 12-d-old seedlings of
the iqm1-1, cat2-1, and cat2/iqm1-1 double mutants after
treatment with methyl jasmonate (MeJA). The results
showed that under normal conditions, the expression of
ERF1 and MYC2 in the three mutant strains was not
substantially different from that in thewild type (Fig. 4,D
and E), and the expression levels of PDF1.2a in the mu-
tants were markedly lower than those in the wild type
(Fig. 4F). Under MeJA treatment, the expression levels of
ERF1, MYC2, and PDF1.2a were rapidly induced, but
they were significantly lower in the mutants than in the
wild-type plants (Fig. 4, D–F). Overall, the findings that
the expression patterns of JA biosynthesis and signaling
genes were the same in the iqm1-1, cat2-1, and cat2/iqm1-
1 double mutants further confirmed that IQM1 plays a
key role in regulating JA biosynthesis and plant disease
resistance responses triggered by necrotrophic pathogens
through direct interaction with CAT2 in vivo.

Overexpression of CAT2 Can Restore the Increased
Sensitivity of iqm1 to B. cinerea

To further determine the regulatory relationship
between IQM1 and CAT2 in the plant disease re-
sponse, we overexpressed CAT2 in iqm1-1 using the
35S promoter. The results showed that p35S::CAT2/
iqm1-1 plants had almost a complete recovery of the
enhanced sensitivity to B. cinerea compared with iqm1-
1 plants, as the CAT2-overexpressing plants exhibited
disease lesions similar to those of the wild type
(Supplemental Figs. S3C and S4). This result indicated
that the susceptibility of the iqm1-1mutant to B. cinerea
may have been caused by the weakening of CAT2
function due to the deletion of IQM1. In addition, the
data also proved that CAT2 is not dependent only on
IQM1; when CAT2 is overexpressed, other proteins
that can regulate CAT2 play a greater role.

IQM1 Directly Promotes the Enzyme Activity of CAT2
through Its Interaction

CAT2 is an important member of the catalase group.
Its main function is to scavenge excess H2O2 in plants
(Mhamdi et al., 2010). To study the biological signifi-
cance of the interactions between IQM1 and CAT2, we
first detected the content of H2O2 in plant leaves with
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Figure 3. IQM1 regulates JA biosynthesis and plant disease resistance through interaction with CAT2. A, Photographs of rosette
leaves cut from 4-week-old wild-type, cat2-1, and cat3-1 plants at 3 d after infection with B. cinerea spores. B, Relative lesion
sizesmeasured by ImageJ software at 3 d after inoculationwithB. cinerea. The experimentswere repeated at least three times, and
similar results were obtained. The data are means6 SD of 10 infected leaves. C to E, Relative expression levels of CAT3 and CAT2
in iqm1-1 (C and D) and of IQM1 in cat2-1 (E) at 3 d after infection with B. cinerea. The differentially expressed genes were
examined in leaves of 4-week-old plants harvested for RT-qPCR.ACTIN2was used as the internal control. Independent biological
assays were repeated three times, and similar results were obtained. Data from one representative replicate are shown. Values are
means with SD from three technical measurements. F, Photographs of rosette leaves cut from 4-week-old wild-type, iqm1-1, cat2-
1, and cat2/iqm1-1 double mutant plants at 3 d after infection with B. cinerea spores. G, Relative lesion sizes at 3 d after in-
oculation with B. cinerea. H, JA content of 4-week-old wild-type, iqm1-1, cat2-1, and cat2/iqm1-1 double mutant plants. The
results were obtained from at least 30 independent plants for each genotype by mixed grinding. The data are means6 SD of three
replicates. Asterisks represent significant differences compared with Col-0 (Student’s t test, **, P , 0.01).
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3,39-diaminobenzidine (DAB) staining. The iqm1-1 mu-
tant strain accumulated more H2O2 than the wild type,
as indicated by denser staining (Fig. 5, A and B). This
observation suggests that catalase activity in the iqm1-
1 mutant may be reduced. Furthermore, the results of
the enzyme activity test showed that the catalase ac-
tivity of iqm1-1 was decreased by approximately 30%
compared with that of wild-type plants under normal
conditions. After B. cinerea treatment, the catalase ac-
tivity in wild-type plants increased significantly, while
the increase in activity in iqm1-1 was much smaller in
magnitude (Fig. 5C). Previous studies have revealed
that, among the three catalases, CAT2 is the key factor
affecting overall catalase activity (Mhamdi et al., 2010).
Therefore, these data demonstrate that the reduced
activity of catalase in iqm1-1 may be caused by de-
creases in CAT2 activity due to the deletion of IQM1.

To provide direct evidence that IQM1 affects the ac-
tivity of CAT2, we carried out an in vitro enzyme ac-
tivity test. The enzyme activity of CAT2 was
significantly improved after an equivalent amount of
IQM1 was added to the purified CAT2 protein. Con-
sistent with the in vivo data, the results further con-
firmed that the enzyme activity of CAT2 can be directly
activated by IQM1 in planta (Fig. 5D). Since IQM1 is a

Ca21-independent CaM-binding protein that interacts
with CaM5 in vivo (Zhou et al., 2012), the protein func-
tion of IQM1 may be affected by CaM5 in some cases.
Accordingly, we investigated whether CAM5 had an
effect on the function of IQM1 in activating CAT2. The
enzyme activity of CAT2 did not change after the addi-
tion of CaM5 alone. When both CaM5 and IQM1 were
added to CAT2, however, the activity of CAT2 increased
significantly to higher levels than those achieved after the
addition of IQM1 alone (Fig. 5D). This finding suggests
that CaM5 may indirectly affect the enzyme activity of
CAT2 through IQM1. To further prove this conclusion,
we performed in vitro assays to examine interaction be-
tween CAT2 and CaM5. The interaction of CAT2 with
CaM5 was Ca21 dependent and completely suppressed
by the Ca21 chelator EGTA (Fig. 5E). In conclusion, these
data suggest that IQM1 can directly activate CAT2 ac-
tivity and acts as a connector between CaM5 and CAT2.

The Expression of ACX2 and ACX3 Is Increased in iqm1
and cat2 Mutants

A recent report has shown that CAT2 can interact
with the JA synthetases ACX2 and ACX3 to enhance

Figure 4. The expression of JA biosyn-
thesis and signaling genes is consistent
in iqm1 and cat2 mutants. A to C, Rel-
ative expression of the JA biosynthesis
genes LOX2 (A), AOS (B), andOPR3 (C)
after 3 d of infection with B. cinerea.
Four-week-old leaves of wild-type,
iqm1-1, cat2-1, and cat2/iqm1-1 double
mutant plants were harvested for RT-
qPCR. D to F, Relative expression of
ERF1 (3-h treatment; D), MYC2 (1-h
treatment; E), and PDF1.2a (3-h treat-
ment; F) in 12-d-old seedlings after
treatment with 50 mM MeJA. Total RNA
was extracted at the indicated times. The
transcript levels were quantified by RT-
qPCR using ACTIN2 as a control. Inde-
pendent biological assayswere repeated
three times, and similar results were
obtained. Data from one representative
replicate are shown. Values are means
with SD from three technical measure-
ments. Asterisks represent significant
differences compared with Col-0 (Stu-
dent’s t test, **, P , 0.01).
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their activity and affect the synthesis of JA (Yuan et al.,
2017). To clarify whether IQM1 affects JA content
through ACX2/3, we first detected the expression of
ACX2 and ACX3 in iqm1-1 and cat2-1mutants using RT-
qPCR. We unexpectedly found that the expression of
ACX2/3 in two mutant strains was significantly higher
than that in wild-type plants after infection with B.
cinerea (Fig. 6, A and B). This result is in contrast to the
reduced JA content of iqm1-1 and cat2-1 mutants. How-
ever, this phenomenon is very common in the process of
JA synthesis regulation. For example, OPR3 is a JA bio-
synthetic enzyme that is upstream of ACXs in the JA
synthesis pathway. The wound-induced expression of
OPR3 is significantly higher in acx1 than in wild-type
plants, despite the fact that acx1 mutants have notably
lower JA content (Schilmiller et al., 2007). The increased
expression of ACX2/3 in iqm1-1 and cat2-1 mutants was
not caused by the direct regulation of IQM1 or CAT2 but
resulted from self-adjustmentwhen therewere problems
in some links of the JA synthesis pathway.

IQM1 Enhances the Enzyme Activity of ACX2/3 Indirectly
through CAT2

Since IQM1 does not directly regulate the expression
of ACX2/3, we tested ACX2/3 enzyme activity using

C14-CoA as a substrate. The activity of ACX2/3 in
iqm1-1 mutants was markedly lower than in the wild
type. This may, at least in part, explain why the JA
content of the iqm1-1 mutant was fivefold lower than
that of the wild type. Under B. cinerea treatment, the
ACX2/3 activity of the wild type was increased; al-
though the ACX2/3 enzyme activity of the iqm1-1 mu-
tant was also induced, it did not reach the same level as
that in the wild type (Fig. 6C). These data suggest that
even high levels of transcriptional expression cannot
maintain normal levels of JA if ACX2/3 protein activity
is not effectively activated.
To determine whether the change in ACX2/3 en-

zyme activity was directly caused by IQM1, we con-
ducted yeast two-hybrid assays upon cotransforming
AH109 yeast competent cells with AD-ACX2/3 and
BD-IQM1 plasmids. IQM1 and ACX2/3 could not in-
teract with each other (Supplemental Fig. S5), indicat-
ing that IQM1 does not directly affect the activity of
ACX2/3. To further prove that IQM1 and CAT2 affect
JA synthesis through ACXs, we also detected the con-
tents of OPDA in iqm1-1 and cat2-1 mutant plants.
OPDA is a precursor of JA upstream of ACXs in the JA
synthesis pathway. More OPDA accumulated in both
iqm1-1 and cat2-1 than in the wild type under infection
with B. cinerea (Fig. 7), suggesting that the decreased

Figure 5. IQM1 directly promotes the enzyme activity of CAT2. A, DAB staining images of leaves from 4-week-old wild-type and
iqm1-1mutant plants. B, RelativeDAB staining intensity detected by Photoshop software. C, Catalase activity of 4-week-oldwild-
type and iqm1-1mutant plants after 3 d of inoculationwithB. cinerea. The catalase activity is presented as units per mg of protein.
D, In vitro assays of catalase activity. Tenmicrograms of purifiedHis-IQM1 or His-CaM5 protein was added to 10mg of His-CAT2.
The mixture was incubated at 4°C overnight, and then CAT2 enzyme activity was tested. All experiments were repeated at least
three times. The data are means6 SD of three biological replicates. Asterisks represent significant differences (Student’s t test, **,
P , 0.01). E, Pull-down assay confirming that CAT2 interacts with CaM5 in a Ca21-dependent manner. Immobilized GST-CAT2
was incubated with purified His-CaM5 in the presence of 1 mM Ca21 or 5 mM EGTA (a Ca21 chelator) and eluted for immunoblot
analysis with anti-His antibody (top) and anti-GST antibody (bottom).
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content of JA in iqm1-1 and cat2-1 mutants was indeed
caused by the weakening of ACX activity when they
challenged B. cinerea. Together, our results revealed
that the main biological function of IQM1 during the
plant defense response is to directly interact with and
activate CAT2 and then to indirectly promote ACX

activity, thus maintaining the normal JA content and
the ability of plants to resist necrotrophic pathogens.

DISCUSSION

Plant disease resistance involves a series of signaling
response pathways, including Ca21, ROS, and plant
hormone pathways. These factors act coordinately,
providing feedback to each other to resist external in-
vaders, but the specific regulatory mechanism among
them is still unclear (Ali et al., 2003; Lecourieux et al.,
2006). A recent study revealed that CAT2 plays an im-
portant role in regulating the balance of multiple phy-
tohormones in plants. SA inhibits the synthesis of JA
and auxin by restraining the activity of CAT2 and ul-
timately affects plant disease resistance (Yuan et al.,
2017). AtJAV1, which contains a VQ motif, interacts
with CaMs in a Ca21-dependent manner and is de-
graded by the RING-type E3 ubiquitin ligase JUL1 in
case of injury, thus destroying the complex of JAV1-
JAZ8-WRKY51 and activating JA synthesis (Yan et al.,
2018; Ali et al., 2019). The Arabidopsis calmodulin-like
protein AtCML37, as a potential Ca21 sensor, affects JA
synthesis and plant defense by positively regulating
JAR1 expression and enzyme activity (Scholz et al.,
2014). In this study, we determined that a calmodulin-
binding protein, IQM1, interacts with CAT2 and CaM5
in vivo. IQM1 directly stimulates activity and increases
the expression of CAT2, indirectly affecting the activity
of the JA synthase ACX2/3 and thus participating in the
biosynthesis of JA and in resistance to disease (Figs. 1, 2,
5, and 6). Moreover, in the presence of CaM5 and IQM1,
the enzyme activity of CAT2 increased to a higher level
than adding IQM1 alone; however, the addition of
CaM5 alone had no effect on CAT2 activity (Fig. 5D).
Previous studies have shown that AtCAT3 is a Ca21-
dependent CaM-binding protein and that Ca21/CaM
can stimulate the enzyme activity of AtCAT3 by di-
rectly binding in vitro in the presence of Ca21 (Yang
and Poovaiah., 2002). Using the binding site search
and analysis function of the Calmodulin Target

Figure 6. IQM1 indirectly enhances the enzyme activity of ACX2/3
through CAT2. A and B, Expression of ACX2 and ACX3 in iqm1-1 mu-
tants. The expression of the JA biosynthetic enzyme genes ACX2 and
ACX3was assayed in the leaves of wild-type, iqm1-1, and cat2-1 plants.
Four-week-old seedlingswere subjected to B. cinerea for 3 d. Total RNA
was extracted at the indicated times. The transcript levels were quan-
tified by RT-qPCR using ACTIN2 as a control. Independent biological
assays were repeated three times, and similar results were obtained.
Data from one representative replicate are shown. Values are means
with SD from three technical measurements. C, Relative ACX2/3 activity
in leaves of 4-week-old wild-type and iqm1-1mutant plants at 3 d after
infection with B. cinerea. All experiments were repeated at least three
times. The data shown are means 6 SD of three biological repeats. As-
terisks indicate significant differences compared with Col-0 (Student’s
t test, **, P , 0.01).

Figure 7. Accumulation ofOPDA in cat2 and iqm1mutants. TheOPDA
levels of 4-week-old wild-type, cat2-1, and iqm1-1mutant plants at 3 d
after infection with B. cinerea are shown. The results were obtained
from at least 30 independent plants for each genotype by mixed
grinding. The data are means 6 SD of three replicates. Asterisks repre-
sent significant differences compared with Col-0 (Student’s t test, **,
P , 0.01).
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Database (http://calcium.uhnres.utoronto.ca), we
found a potential IQ motif (LQxxxRxxxxK/R) near the
296th amino acid residue and a conserved sequence,
YWSQAD(K/R)SLGQK, at the C termini of both CAT2
and CAT3, which is the interaction site between CAT3
with CaMs (Yang and Poovaiah., 2002). Therefore, it is
possible that CaM5 directly binds to and activates
CAT2 in the presence of Ca21 while CaM5 stimulates
CAT2 by combining with IQM1 in the absence of Ca21,
and this combination is Ca21 independent. At this
point, IQM1 may act as a bridge between CaM5 and
CAT2 so the Ca21/CaM signal can be transduced
normally. We can speculate that IQM1 and other IQMs
may assist CaMs in transducing signals under Ca21-
deficient or low-Ca21 conditions. However, further re-
search should be conducted to confirm this possibility.
There are seven CaMs in Arabidopsis, the amino acid

sequences of which are highly similar (Supplemental
Fig. S6), suggesting functional redundancy amongCaM
proteins (Toutenhoofd and Strehler, 2000). Therefore, a
single mutant of CaMs may not have any distinct
phenotype. We used CaM5 as the representative of
CaMs to prove that CaMs or CMLs (CaM-like) can af-
fect the activity of CAT2 enzyme through IQM1 in vitro
(Fig. 5D). However, since these were in vitro experi-
ments, does IQM1 really mediate the processes of CaM
to disease resistance in planta when plants are chal-
lenged by pathogens? To this end, we generated the
transgenic lines pIQM1::IQM1ΔIQ/iqm1-1 with IQ motif
mutation. Because the IQ motif is the binding site be-
tween IQM1 and CaMs (Zhou et al., 2012), the binding
of IQM1 to all CaMswas blocked by IQmotif mutation.
Our results showed that pIQM1::IQM1ΔIQ cannot res-
cue the disease resistance defect of iqm1-1 to the wild-
type level (Supplemental Fig. S1), which was consistent
with the results of enzyme activity in vitro (Fig. 5D),
suggesting that IQM1 is the key factor connecting CaM
signal to CAT2. To sum up, our study gets through
several key regulatory factors of the plant disease re-
sistance pathway, in order CaM, CaMBP, ROS, and JA
biosynthesis, and provides new insights for further
understanding the mechanisms of plant defense
responses.
According to previous studies, some proteins can

regulate the function of CAT2 at the transcriptional and
protein levels. For example, G-Box-Binding Factor1
(GBF1) inhibits the expression of CAT2 by binding to
the G-box motif in the CAT2 promoter sequence in
Arabidopsis, resulting in activity loss of CAT2 in leaf
senescence. Overexpression of GBF1 results in the ac-
cumulation of H2O2 in plants, thus enhancing resis-
tance to bacterial pathogens (Giri et al., 2017). In our
research, IQM1 directly interacted with CAT2 in vivo.
The expression of CAT2 was inhibited in the iqm1-
1 mutant under B. cinerea infection (Fig. 3D), which
may have been associated with direct or indirect effects
of IQM1. On the other hand, IQM1 directly stimulated
the enzyme activity of CAT2 through its interaction
(Fig. 5, C and D). These results reveal that IQM1 can
regulate the functions of CAT2 at both the transcriptional

and protein levels, indicating the complexity of the JA
pathway in regulating the plant disease resistance
response.
Our previous study showed that IQM1 is located in

the nucleus and cytoplasm in onion (Allium cepa) epi-
dermal cells (Zhou et al., 2012). In this study, we found
that IQM1 interacts with CAT2/3 in the peroxisome
(Fig. 2B). It has been reported that CAT2 and CAT3 are
antioxidant enzymes located in the peroxisome lumen
and that catalase activity is regulated by environmental
stimuli (Li et al., 2015). Whether the interaction between
IQM1 and CAT2/3 was affected by abiotic stress and
whether CAT2/3 recruited IQM1 to the peroxisome
from the nucleus or cytoplasm remained unknown.
Considering that the previous subcellular localization
experiments were carried out in onion epidermal cells,
due to species differences, the findings of those ex-
periments may not reflect the true localization of the
AtIQM1 gene in the native species Arabidopsis.
Therefore, we again conducted a subcellular localiza-
tion assay with Arabidopsis protoplast cells to confirm
the localization of AtIQM1 and found that IQM1 was
located in the nucleus, cytoplasm, and peroxisome under
normal conditions (Supplemental Fig. S7), suggesting
that the interaction between IQM1 and CAT2/3 is not
induced by stress and that the role of IQM1 in promoting
CAT2 is widespread and fundamental.
To adapt to multiple environmental challenges,

plants have evolved a series of complex feedback reg-
ulation mechanisms to maintain the balance of growth
and development (Chung et al., 2008; Spoel and Dong,
2008).With regard to posttranslational regulation of the
JA biosynthetic pathway, it is hypothesized that after
wounding or pathogen infection, JA is produced very
rapidly in an almost instantaneous burst. However, JA
levels are very low in JA synthesis-deficient plants de-
spite the constitutive expression of JA biosynthetic
genes. These situations can be explained in two possible
ways. First, JA production may be limited by substrate
deficiency. Second, constitutively expressed enzymes
may be in an inactive state and may require post-
translational modification for activation (Schaller and
Stintzi, 2009; Wasternack and Hause, 2013). In this
study, the expression levels of AOS, OPR3, ACX2, and
ACX3 were much higher in the iqm1-1 and cat2-1 mu-
tants than in the wild-type plants, inconsistent with the
reduced JA content (Figs. 4, B and C, and 6, A and B).
This phenomenon might have been due to feedback
expression and posttranslational regulation mecha-
nisms in the plants that reinforced or amplified the ca-
pacity of the plants to synthesize JA in response to
pathogen attack and thus attempted to normalize the
JA content; however, such a mechanism was evidently
futile and did not alter the fact that JA synthesis was
blocked by the absence of IQM1 or CAT2.
Previous studies have proven that the absence of

CAT2 can cause catalase activity to decrease by up to
90% (Mhamdi et al., 2010), while deletion of IQM1 only
caused a 30% to 40% decrease in catalase activity in this
study (Fig. 5, C and D), indicating that the activity of
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CAT2 is not completely dependent upon regulation by
IQM1. In addition, 35S::CAT2/iqm1-1 transgenic plants
had almost completely restored the increased sensitivity
of the iqm1-1mutant to B. cinerea (Supplemental Figs. S4
and S8), proving that there are some unknown factors
that also affect CAT2 in response to B. cinerea. Genes of
the same family may have similar or complementary
functions, suggesting that other members of the IQM
family might also promote or inhibit the enzyme activity
of CAT2. At present, we are using the CRISPR-Cas9
gene-editing technique to construct multiple IQM fam-
ily mutants to analyze the function of the IQM family in
phytohormone synthesis and plant disease resistance.

Our previous microarray data showed that the ex-
pression of some pathogen-related genes is increased in
iqm1-1 mutants. These results are not inconsistent with
the reduced resistance of iqm1-1 to B. cinerea. First, the
resistance of a plant to biotrophic and necrotrophic
pathogens is usually antagonistic (Laurie-Berry et al.,
2006; Thatcher et al., 2009; Nie et al., 2012; Yuan et al.,
2017). In this study, the resistance of iqm1-1 mutant
plants to the necrotrophic pathogen B. cinerea was
weakened while that to the biotrophic pathogen Pst
DC3000 was enhanced (Fig. 1; Supplemental Figs. S1
and S8). Therefore, the changes of pathogen-associated
genes shown in the microarray data cannot be reflected
in the real responses of iqm1-1 to a certain pathogen.
Second, the microarray data were derived from direct
measurement in wild-type and mutant plants without
any treatment, which would not reflect the true ex-
pression of genes when plants are challenged by path-
ogens. Because plants have sophisticated feedback
regulation mechanisms, one gene mutation may lead to
the down-regulation of expression in related genes, but
when plants are subjected to certain stresses, the ex-
pression of these genes inmutants may be stronger than
that in the wild type (Chen et al., 2012; Piisilä et al.,
2015).

In summary, we show a function of IQM1 in regu-
lating JA biosynthesis and plant defense against the
necrotrophic pathogen B. cinerea. Whether other mem-
bers of the IQM family have the same function is still
unknown. Our recent research found that IQM4 is in-
volved with seed dormancy and germination in Ara-
bidopsis by regulating ABA content (Zhou et al., 2018).
Therefore, it is suggested that members of the IQM
family may participate in complex hormone signaling
pathways associated with plant growth and develop-
ment aswell as in responses to diverse biotic and abiotic
stresses, thus playing a variety of important roles.
Identification and characterization of more target pro-
teins of IQMs will help in understanding the mecha-
nisms by which IQMs regulate these diverse processes.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of different Arabidopsis (Arabidopsis thaliana) genotypes were grown
on one-half-strengthMurashige and Skoog (MS) plates (Sigma-Aldrich, M5519)

after sterilization with disinfectant (20% [v/v] bleach and 0.3% [w/v] SDS).
After 3 d of vernalization at 4°C, the plates were transferred to growth cham-
bers at 22°C under long-day conditions (16 h of light/8 h of dark) for 3 to 4 d.
Seedlings with similar growth were transplanted into soil and grown for ap-
proximately 25 d under same growth conditions.

Trypan Blue Staining

Briefly, leaveswere submerged in lactophenol-Trypan Blue staining solution
(0.05% [w/v] Trypan Blue, 25% [v/v] lactic acid, 25% [v/v] water-saturated
phenol, and 50% [v/v] ethanol) at 37°C for 1 h. The samples were then washed
with 2.5 g mL21 chloral hydrate solution to reduce the background and were
observed with a microscope.

RNA Extraction and RT-qPCR Analyses

The RNA extraction and RT-qPCR assays were performed as previously
described (Bu et al., 2014). Briefly, total RNA was isolated from 4-week-old
leaves with or without infection using RNAiso plus (Takara, 9108), according to
the manufacturer’s protocol. First-strand complementary DNA (cDNA) syn-
thesis was carried out with the PrimeScript RT Reagent Kit (Takara, RR047A)
following the manufacturer’s instructions. The cDNAs were used as templates
in RT-qPCR with the gene-specific primers. The primer sequences are listed in
Supplemental Table S1. Then, RT-qPCRwas performed on 384-well plates with
SYBR Premix Ex Taq II (Takara, RR820A) using a Roche Light Cycler 480 Real-
Time PCR system. All experiments were repeated at least three times.

Pathogen Culture and Plant Inoculation

The Botrytis cinerea (B05.10) used in this study was maintained on 2xV8 agar
plates (36 mL of V8 juice, 0.2 g of CaCO3, 2 g of agar, up to 100 mL with double
distilled water) for 14 to 21 d at 22°C under dark conditions. The spores were
collected with Potato Dextrose Broth (Solarbio, P9240) liquid medium. The
concentration of spores was measured with a counting chamber using the mi-
croscope and adjusted to 1 3 105 mL21. The Potato Dextrose Broth without
spores was set as the control treatment. Four-week-old plants were selected for
the infection assay.

For the test ondetached leaves, rosette leaves at the sameposition and similar
growth were removed. The petiole was inserted into 0.6% (w/v) agar, and each
leaflet was infected with 5-mL spore suspensions on the right or left side of the
mainmidrib. The plates were then placed under same conditions for 3 d. For the
test on living plants, each leaflet was infected with 5-mL spore suspensions.
The tray holding the inoculated plants was covered by a plastic cover to
maintain 100% humidity. Pathogenic lesions were measured using ImageJ
software.

Pseudomonas syringae pv tomato DC3000 was propagated in King’s B me-
dium containing 50 mg mL21 rifampicin at 28°C for 1 d. The bacterial cells were
resuspended in one-tenth volumes of 10 mM MgCl2 and adjusted to a final
concentration to 0.001 at OD600. In the infection experiments, 4-week-old leaves
of Arabidopsis were selected and injected with bacterium suspension with a
disposable sterile syringe. Plants were covered with a plastic cover to provide
enough humidity for successful inoculation. To test bacterial growth, five
batches of seeds were sown at the same time, cultured under the same condi-
tions, and infected with the same concentration of bacterial suspension.
Statistical analysis of biomass was sampled at 0 and 3 d post inoculation. At
each time point, a 0.5-cm2 leaf disc from 10 leaves of each genotype was har-
vested, homogenate was spread on the tryptone Suc Glu acid plate containing
50 mg mL21 rifampicin at 28°C for 3 d, and bacterial growth was determined.

JA and OPDA Extraction, Purification, and Quantification

The extraction, purification, and quantification of JA and OPDA were per-
formed as described by Luo et al. (2019). Briefly, 200 mg of leaves from 4-week-
old seedlings was ground into fine powder in liquid nitrogen, and the powder
was homogenized and extracted for 24 h in methanol containing [2H5]JA as an
internal standard. Purification was conducted with an Oasis Max solid-phase
extract cartridge following centrifugation. Liquid chromatography-mass spec-
trometry analysis was performed on an ultra-performance liquid chromatog-
raphy system (Waters) coupled to a 5500 Q-Trap system (AB Sciex). Samples
were injected onto a BEH C18 column (1.7 mm, 2.1 3 150 mm; Waters) with a
mobile phase consisting of 0.05% (v/v) acetic acid (A) and 0.05% (v/v) acetic
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acid in acetonitrile (B). The multiple reaction monitoring mode was used for
quantification, and the selected multiple reaction monitoring transitions were
214. 59 for [2H5]JA, 209. 59 for JA, and 291. 165 for OPDA. Each samplewas
obtained from at least 30 independent plants by mixed grinding and quantified
three times.

Screening of Yeast cDNA Library and Yeast
Two-Hybrid Assays

For screening of the yeast (Saccharomyces cerevisiae) cDNA library, the full-
length coding sequence (CDS) of Arabidopsis IQM1 was cloned into pGBKT7
(Clontech) to perform a screening of the yeast cDNA library. The procedurewas
performed following the manufacturer’s protocols. Then, plasmids of yeast
clones were extracted and transformed into the Escherichia coli DH5a strain for
sequencing.

For yeast two-hybrid assays, the full-length CDSs of CAT2 and CAT3 were
separately cloned into pGADT7. The plasmids of AD-CAT2 or AD-CAT3 and
BD-IQM1 were cotransformed into AH109 yeast cells by the PEG/LiAC
method. Interactions in yeast were tested on SD/-His-Trp-Leu-Ade plates
containing 20 mg mL21 x-a-gal. Cotransforming with the AD empty vector and
BD-IQM1 was used as a control.

BiFC Assays

For the BiFC assays, the CDSs of IQM1 and CAT2/3 were cloned into the
binary pSAT1-nEYFP and pSAT1-cEYFP vectors, respectively. Then, high
concentrations (more than 1 mg mL21) of pSAT1-nEYFP-IQM1, pSAT1-cEYFP-
CAT2/3, and RFP-AtKAT1 plasmids were transformed into the protoplasts
isolated from the leaves of 4-week-old Col-0. After 16 h of incubation at 22°C,
the EYFP signal was observed using a Zeiss LSM800 confocal microscope at
488-nm absorption and 530-nm emission wavelength. Cotransforming with the
nEYFP-IQM1 and cEYFP empty vector or nEYFP empty vector and cEYFP-
CAT2/3 was used as negative controls.

Co-IP Assays

For Co-IP assays, the full-length CDSs of IQM1 and CAT2/3 were cloned
into the 35S-pGreen-6HA and 35S-pGreenII-FLAG plant expression vectors,
respectively, and then a high concentration of plasmids was cointroduced into
protoplasts isolated from the leaves of 4-week-old Col-0 by PEG/CaCl2. After
16 h of incubation at 22°C, the total proteins were extracted with IP buffer
(50mMHEPES, pH 7.5, 150mMKCl, 5mMMgCl2, 10mMZnSO4, 1% [v/v] Triton
X-100, 0.05% [w/v] SDS, 1 mM phenylmethylsulfonyl fluoride [PMSF], and
20 mM MG132 with Roche protease inhibitor cocktail). Protein G Plus/Protein
A-Aagrose (Millipore, 2735599) beads and anti-Flag antibody (Sigma-Aldrich,
F3165) were added into plant protein samples and incubated overnight at 4°C
to immunoprecipitate the protein complexes. The precipitants were separated
by 12% (w/v) SDS-PAGE for immunoblottingwith anti-Flag antibody and anti-
HA antibody (Sigma-Aldrich, H9658). The protein plus added beads and IgG
was used as a negative control.

Pull-Down Assays

For the pull-down assays, the full-length CDSs of IQM1 and CAT2/3 were
cloned into pDEST17 and pGEX-4T-1 to express 63His-IQM1 and GST-CAT2/
3 protein, respectively, in E. coli strain Rosetta. The total protein of E. coli was
homogenized in His-lysis buffer (10 mM imidazole, 50 mM mercaptoethanol, 1%
[v/v] Triton X-100, 1 mM PMSF, and 0.25 mg mL21 lysozyme, in pH
7.5 phosphate-buffered saline ) or GST-lysis buffer (50 mM Tris-HCl, pH 8,
150mMNaCl, 1mM EDTA, pH 8, 1% [v/v] Triton X-100, 5mMDTT, 1mMPMSF,
and 0.25 mg mL21 lysozyme). The recombinant fusion protein was purified
with Ni-NTA agarose (Qiagen, 30210) and Glutathione Sepharose 4B (GE
Healthcare, 17-0756-01). The agarose-conjugated His-IQM1 was then succes-
sively washed with 200, 300, and 500 mM imidazole. All elutions were added
into agarose-conjugated GST-CAT2/3 and incubated overnight at 4°C to im-
munoprecipitate the protein complexes. The precipitants were separated by
12% (w/v) SDS-PAGE for immunoblotting with anti-GST antibody (Sigma-
Aldrich, SAB4200237) and anti-His antibody (Sigma-Aldrich, H1029).

Generation of the cat2/iqm1-1 Double Mutant and CAT2
Overexpression Transgenic Lines

The generation of the cat2/iqm1-1doublemutant refers to amethod described
previously (Su et al., 2018). The sgRNA (CCCTTCTTCACCACCAACTC and
AGAAGCTTGCCAATTTCGAC) targets in the CAT2 gene were designed by
CRISPR-GE (Genome Editing)-Liu YG Lab (http://skl.scau.edu.cn) and cloned
into the pYLCRISPR/Cas9P35S-N vector (Ma and Liu, 2016) and then were
transformed into the iqm1-1mutant by floral dip. The transgenic T1 seeds were
screened on half-strength MS medium containing 50 mg mL21 kanamycin. The
fragments covering the mutation sites were amplified from the T1 transgenic
lines by PCR and sequenced to identify the successfully mutated lines. The
homozygous mutants were screened from the T2 generation, and the seeds
were harvested from individual lines to obtain T3 plants, of which the non-
kanamycin-resistant ones were obtained.

To generate the CAT2-overexpressed transgenic lines, the full-length CDS of
CAT2 was cloned into the pPZPY122-3Flag plant expression vector driven by
the 35S promoter and then transformed into Col-0 and the iqm1-1 mutant by
floral dip. The transgenic T1 seeds were selected and screened on half-strength
MS medium containing 100 mg mL21 gentamicin with a 3:1 separation ratio.
The homozygous mutants were screened from the T2 generation.

Detection of the H2O2 Concentration

The content of H2O2 was determined byDAB staining. The specific methods
are as follows. The leaves of 4-week-old wild-type and iqm1-1 mutant plants
were cut and placed on a 12-well cell culture plate. Two milliliters of DAB
staining solution (1 mg mL21 DAB [Sigma-Aldrich, D8001], 10 mM Na2HPO4,
and 0.05% [v/v] Tween 20, pH reduced to 3 with 0.2 M HCl) was added to each
well and then gently vacuum infiltrated for 5 min to ensure that the leaves were
completely immersed in liquid. The plates were then shaken 4 to 8 h at 80 to
100 rpm on a standard laboratory shaker. The DAB staining solution was then
replaced with bleaching solution (ethanol:acetic acid:glycerol 5 3:1:1), and the
leaves were boiled for 15 min to bleach out the chlorophyll.

Measurement of Catalase Activity

The activity of catalasewasmeasured aspreviously described (Su et al., 2018)
using a catalase assay kit (Beyotime, S0051) following the manufacturer’s
protocols. Four-week-old leaves with or without infection were collected and
ground with liquid nitrogen for sample preparation. All values were normal-
ized by the total protein concentration of the same sample. The activity of
catalase is shown as units per mg of protein. All results came from three in-
dependent plant materials. For the in vitro assay, the full-length CDSs of IQM1,
CAT2, and CaM5 were cloned into prokaryotic expression vector pET28a and
then transformed into E. coli BL21 (DE3) competent cells. The expression and
purification of proteins were performed according to a previous report (Yuan
et al., 2017).

Measurement of ACX2 and ACX3 Activity

Detection of ACX2/3 activity was performed as described previously (Khan
et al., 2012). Briefly, 4-week-old leaves with or without infection were ground
with liquid nitrogen and then resuspended in cold extraction buffer containing
50 mM FAD, 0.025% (v/v) Triton X-100, 13 protease inhibitor cocktail (Roche,
04693132001), and 50 mM KPO4, pH 7.6. After centrifugation at 13,200g at 4°C
for 15 min, the supernatant was used for assaying ACX activity. About 100 mL
of the supernatant was added into 100 mL of the reaction buffer containing
100 mM C14-CoA (Myristoyl Coenzyme A; Sigma-Aldrich), 50 mM FAD, 100 mg
mL21 BSA, 0.025% (v/v) Triton X-100, 110 units of horseradish peroxidase,
50 mM p-hydroxybenzoic acid, 2 mM 4-aminoantipyrine, and 50 mM KPO4, pH
7.6. The reaction was monitored spectrophotometrically at 500 nm at 25°C for
30 min to detect H2O2 production. An H2O2 standard curve was created to
calculate H2O2 concentrations (pmol H2O2 per mg of protein). All results came
from three independent plant materials.

Primers Used

All primers used in this study can be found in Supplemental Table S1.
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Accession Numbers

The Arabidopsis Information Resource locus identifiers for the genes men-
tioned in this study are as follows: AT4G33050 for IQM1, AT4G35090 for CAT2,
AT1G20620 forCAT3,AT5G65110 forACX2,AT1G06290 forACX3,AT2G27030
for CaM5, and AT1G04710 for KAT1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phenotypes of disease resistance in IQ motif de-
letion mutants.

Supplemental Figure S2. Differences in interactions between IQM1 with
CAT2 and CAT3.

Supplemental Figure S3. Identification of transgenic plants.

Supplemental Figure S4. Overexpression of CAT2 can restore the in-
creased sensitivity of iqm1 to B. cinerea.

Supplemental Figure S5. IQM1 does not interact with ACX2/3 in
yeast cells.

Supplemental Figure S6. Alignment of the Arabidopsis CaM family
protein.

Supplemental Figure S7. Subcellular localization of IQM1 in Arabidopsis
protoplast cells.

Supplemental Figure S8. Sensitivity of all genotypes to B. cinerea in
this study.

Supplemental Table S1. Primers used in this study.
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