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Abstract

Biphasic production of reactive oxygen species (ROS) has been observed in plants treated with avirulent bacterial strains. The
first transient peak corresponds to pattern-triggered immunity (PT1)-ROS, whereas the second long-lasting peak corresponds
to effector-triggered immunity (ETI)-ROS. PTI-ROS are produced in the apoplast by plasma membrane-localized NADPH oxi-
dases, and the recognition of an avirulent effector increases the PTI-ROS regulatory module, leading to ETI-ROS accumulation
in the apoplast. However, how apoplastic ETI-ROS signaling is relayed to the cytosol is still unknown. Here, we found that in the
absence of cytosolic ascorbate peroxidase 1 (APX1), the second phase of ETI-ROS accumulation was undetectable in
Arabidopsis (Arabidopsis thaliana) using luminol-based assays. In addition to being a scavenger of cytosolic H,O,, we discov-
ered that APX1 served as a catalyst in this chemiluminescence ROS assay by employing luminol as an electron donor. A horse-
radish peroxidase (HRP)-mimicking APX1 mutation (APX1"*'") further enhanced its catalytic activity toward luminol, whereas
an HRP-dead APX1 mutation (APX17*®") reduced its luminol oxidation activity. The cytosolic localization of APX1 implies that
ETI-ROS might accumulate in the cytosol. When ROS were detected using a fluorescent dye, green fluorescence was observed
in the cytosol 6 h after infiltration with an avirulent bacterial strain. Collectively, these results indicate that ETI-ROS eventually
accumulate in the cytosol, and cytosolic APX1 catalyzes luminol oxidation and allows monitoring of the kinetics of ETI-ROS in
the cytosol. Our study provides important insights into the spatial dynamics of ROS accumulation in plant immunity.

patterns (PAMPs), thereby activating PAMP-triggered immunity
(PTI) (Boller and Felix, 2009; Zipfel, 2014; Bigeard et al, 2015).

Introduction

Plants have evolved a sophisticated innate immune system as
a protection mechanism against pathogen attacks. When
pathogens reach the physical barriers on the plant surface,
immunity-related responses are initiated by the cell surface
receptor-mediated recognition of pathogen-associated molecular

Through long-term interactions with their hosts, pathogens
have evolved specific effector proteins. These are in turn recog-
nized by intracellular nucleotide-binding, leucine-rich repeat re-
ceptors in plants, activating effector-triggered immunity (ETI)
(Jones and Dangl, 2006; Wang et al, 2019; Ma et al, 2020).
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APX1 catalyzes luminol oxidation in cytosol

Although PTI and ETI are initiated by 2 classes of receptors, they
both use similar signals, including the influx of calcium, produc-
tion of reactive oxygen species (ROS), and activation of mitogen-
activated protein kinases (MAPKs) (Qi et al, 2011; Yuan et al,
2021b). Notably, PTI and ETI signals are mutually potentiated
to activate strong immune responses to arrest pathogens
(Ngou et al, 20271; Yuan et al, 2021a).

ROS are not only the by-products of normal metabolism
during plant growth and development but also act as signal-
ing molecules in response to many environmental stresses
(Mittler et al., 2011; Suzuki et al, 2012; Baxter et al., 2014;
Camejo et al, 2016; Mittler, 2017; Qi et al., 2017). Previous
studies have reported biphasic ROS production in plants in-
oculated with avirulent bacterial strains; however, the ki-
netics of the 2 ROS bursts are very different (Doke, 1983;
Baker and Orlandi, 1995; Lamb and Dixon, 1997; Mur et al.,
2009). The first ROS peak within 1h corresponds to
PTI-ROS, whereas the second instance of ROS accumulation
after approximately 8-24 h corresponds to ETI-ROS (Doke,
1983; Baker and Orlandi, 1995; Lamb and Dixon, 1997).
Unlike most typical PAMPs, lipopolysaccharides (LPS), abun-
dant in the outer cell envelope of gram-negative bacteria,
trigger a biphasic ROS burst (Shang-Guan et al,, 2018; Li
et al, 2019, 2021; Wu et al,, 2022). The transient first-phase
ROS peak at approximately 0.5 h is similar to the PTI-ROS
peak but much weaker than that induced by flg22 (a 22 ami-
no acid peptide derived from bacterial flagellin). The strong
second-phase ROS burst peaks at approximately 8 h and con-
tinues for several hours, a profile that bears an intense simi-
larity to previous observations during bacteria-triggered ETI
(Levine et al, 1994; Chandra et al,, 1996; Shang-Guan et al,
2018; Li et al, 2021; Wu et al, 2022). Similar patterns of
biphasic ROS production have been reported in plants
subjected to free medium-chain 3-hydroxy fatty acids
(e.g. 3-hydroxydecanoic acid, 3-OH-C10:0), identified as a
contaminant in LPS preparations; however, the second
peak occurs earlier and is lower than that induced by LPS
(Kutschera et al.,, 2019; Li et al,, 2021). Abiotic stresses, such
as ozone and mild salt concentrations, can also trigger a bi-
phasic ROS burst in Arabidopsis (Arabidopsis thaliana), in
which ROS production reaches the first and second peaks
at approximately 1 h and 6-18 h after treatment, respective-
ly. In these biphasic ROS production patterns, the first peak is
usually transient and rapid, whereas the second peak is slow
and prolonged (Joo et al, 2005 Xie et al, 2011). In
Arabidopsis, ROS production during an immune response
is mainly mediated by the respiratory burst oxidase homolog
D (RBOHD), a plasma membrane nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidase (Torres et al,
2002). During PTI-ROS, RBOHD is activated by phosphoryl-
ation and the binding of Ca®* and phosphatidic acid. This
leads to the reduction of oxygen to superoxide, which is rap-
idly dismutated into hydrogen peroxide (H,O,) by super-
oxide dismutase (SOD) in the apoplast (Brandes et al,
2014; Kadota et al,, 2014, 2015; Li et al,, 2014, 2021). The ec-
topic expression of an avirulent bacterial effector enhanced
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the activities of key regulatory components of PTI-ROS and
thus induced a long-lasting ETI-ROS burst in the apoplast
(Yuan et al,, 2021a).

Prolonged accumulation of H,0, is toxic to cells. To avoid
the toxic effects, all organisms contain a sophisticated sys-
tem to detoxify oxidative stress, including enzymes such
as ascorbate peroxidases (APX), catalases (CAT), and gluta-
thione peroxidases (GPX), as well as a nonenzyme
ascorbate-glutathione system (Apel and Hirt, 2004; Gest
et al, 2013; Shigeoka and Maruta, 2014). APXs are mostly
found in photosynthetic organisms, and different cellular
compartments in plants contain their own APX isoforms,
including cytosolic APX (cAPX), thylakoid membrane-
bound APX (tAPX) in chloroplasts, stromal APX (sAPX),
and microbody membrane-bound APX (mAPX) (Shigeoka
et al., 2002). The different APX isoforms respond differently
to metabolic and environmental signals (Caverzan et al,
2012). APX has a high specificity toward ascorbic acid as
an electron donor and reduces H,0, to water with the con-
comitant generation of monodehydroascorbate, a univalent
oxidant of ascorbate that spontaneously disproportionates
to ascorbic acid and dehydroascorbate (Smirnoff, 2000;
Smirnoff and Wheeler, 2000). Cytosolic APX1 has been char-
acterized as a central peroxidase that protects the chloro-
plast from oxidative stress (Davletova et al, 2005;
Koussevitzky et al., 2008; Pandey et al.,, 2017). Under normal
growth conditions, apx7 mutants show retarded growth
and reduced photosynthetic activity. Under high light,
drought, and cold conditions, the leaves of apx1 mutant
plants show increased H,0, accumulation, leading to re-
duced tolerance to these stresses (Davletova et al.,, 2005;
Koussevitzky et al., 2008).

The study of ROS production is challenging because ROS
are highly reactive and extremely unstable molecules.
Therefore, the detection of ROS relies on measuring the
end products formed when ROS react with specific probes
(Zulfugarov et al., 2011; Griendling et al., 2016). Several colori-
metric, fluorescent, and chemiluminescent probes have been
developed to detect ROS production after treatment with
immune elicitors or pathogens (Zulfugarov et al, 2011).
3,3-diaminobenzidine (DAB), which reacts with H,O, to
form a reddish-brown polymer, is a colorimetric probe
typically used to detect H,O, especially after
infiltration with avirulent bacterial strains (Grof3kinsky
et al, 2012; Kadota et al, 2019). Membrane permeable
2,7-dichlorodihydrofluorescein diacetate (H,DCFDA) and
membrane impermeable Amplex Ultra Red (AUR) are
2 fluorescent probes that are widely used in combination
with confocal microscopy to visualize the spatial distribution
of ROS (Ashtamker et al., 2007; Tian et al., 2016). Compared
with colorimetric and fluorescent probes, chemiluminescent
probes can interact with ROS and emit photons that can be
detected by a luminometer or a sensitive CCD camera system
(Khan et al, 2014; Yang et al., 2020). Most available lumines-
cence detection systems are accompanied by a computerized
system that allows continuous monitoring of the lights
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emitted in response to various stimuli (Khan et al, 2014).
Although the chemiluminescence method is not suitable
for absolute quantitation of ROS production, it provides
several advantages, such as the monitoring of ROS kinetics,
imaging ROS production in vivo, and screening genetic
mutants on a large scale (Dikalov et al, 2007; Khan et al.,
2014; Smith and Heese, 2014; Griendling et al,, 2016).

The most commonly used chemiluminescent probe is lu-
minol (5-amino-2,3-dihydrophthalazine-1,4-dione), which
emits light at a maximum wavelength of 425 nm when oxi-
dized (Khan et al., 2014). Exogenous addition of peroxidases
such as the frequently used and commercially available
horseradish peroxidase (HRP) could enhance luminol oxida-
tion (Coyle et al,, 1986; Thorpe and Kricka, 1986). Luminol/
HRP-dependent chemiluminescence assays have been widely
used to study ROS kinetics in leaf disks after immune elicitor
treatment (Smith and Heese, 2014; Sang and Macho, 2017).
Although luminol is a small molecule that can cross plasma
membranes, HRP cannot penetrate cell membranes; there-
fore, the luminol/HRP-based assay is typically considered to
measure extracellular “oxidative bursts.” Recently, this ap-
proach has also been used to measure the biphasic ROS
burst (Shang-Guan et al, 2018; Ngou et al, 2021; Yuan
et al, 2021a).

In this study, we monitored ROS production using a luminol-
based chemiluminescence assay and found that Arabidopsis
apx1 mutants showed reduced long-lasting ROS accumulation
in response to LPS, 3-OH-C10:0, and Pseudomonas syringae pv.
tomato (Pst) DC3000 (avrRpt2). However, apx1 mutants dis-
played increased ROS production when it was measured using
DAB staining. Remarkably, we found that APX1 acts as a cata-
lyst in the luminol-H,O, reaction, and the W41F mutation in
APX1 that mimics the critical residue of HRP enhanced its cata-
lytic activity toward luminol. As APX1 is a cytosolic peroxidase,
these results imply that sustained ETI-ROS might accumulate
in the cytosol. Indeed, we did observe cytosolic accumulation
of ETI-ROS in the cytosol when ROS were measured using
DCF staining. Taken together, the in vivo catalytic activity of
APX1 in the luminol-based chemiluminescence system reveals
that ETI-ROS triggered by avirulent bacterial strains eventually
accumulate in the cytosol.

Results

Arabidopsis apx1 mutants show abolished
long-lasting ROS production after LPS treatment
The long-lasting ROS bursts triggered by LPS, 3-OH-C10:0,
and avirulent bacteria shared similar kinetics (Supplemental
Figure 1). To investigate the molecular mechanism underlying
the regulation of the long-lasting ROS burst, we first isolated
mutants defective in LPS-triggered ROS production (delt)
from ethylmethanesulfonate (EMS)-mutagenized Arabidopsis
plants. The delt4 mutants showed almost no long-lasting
ROS production after LPS treatment (Figure 1A), whereas
the transient ROS burst triggered by flg22 was slightly higher
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in delt4 mutants than that in the wild type (Figure 1B).
ROS production was monitored using a luminol-based
chemiluminescence assay, and we found that the addition
of HRP did not significantly promote chemiluminescent
signals when flg22- and LPS-induced ROS levels were high
enough to oxidize luminol to produce chemiluminescence
(Supplemental Figure 2). Therefore, we did not add HRP in
the following ROS measurement unless otherwise mentioned.
The delt4 mutant was backcrossed to the wild type, and the
LPS-triggered ROS burst was evaluated in the resulting
F; and F, populations. All tested F; plants (n =12) showed a
level of ROS similar to that of the wild type after LPS treatment.
Among the 365 tested F, plants, 70 showed no second ROS
burst after LPS treatment, whereas the others were like the
wild type (with ROS: without ROS=129570, x> =6.6, P>
0.01), indicating that the DELT4 mutation is recessive in a sin-
gle nuclear gene. The original delt4 mutants were backcrossed
with the wild type twice, and the homozygous progenies of
F; or subsequent generations were used in all the experiments
described below.

To genetically map DELT4, we generated an F, population
derived from the cross between delt4 mutants and the
Landsberg erecta (Ler) ecotype. We roughly mapped DELT4
to Chromosome 1 at a position between 2 molecular
markers—F10K1 and F22013—that are 0.57 Mb apart
(Supplemental Figure 3A). We also identified single nucleo-
tide polymorphisms (SNPs) in delt4 mutants compared
with the wild-type gene using bulked-segregant analysis.
The F, progenies generated from the backcross between
delt4 and Col-0 were divided into 2 pools according to the
mutant or wild-type ROS levels. Genomic DNA from 25 indi-
viduals was pooled and subjected to whole-genome sequen-
cing (Supplemental Figure 3B). After filtering for detected
SNPs, 2 nonsynonymous SNPs were found in the linkage re-
gion of the At1g07890 and At1g07700 genes (Supplemental
Figure 3C). To identify which mutation caused the delt4
phenotype, complementation tests were performed by trans-
ferring wild-type At1g07890 and At1g07700 to the delt4 mu-
tants. Accordingly, At1g07890 (encoding the APX1 protein)
complemented the ROS levels in delt4 mutants (Figure 1,
C-E), but At1g07700 did not (Supplemental Figure 3D).
The delt4 mutant harbors a G-to-A mutation at nucleotide
1083 of APX1, which is the splicing site of the fifth intron
(Figure 1C). To complement the delt4 mutants, the genomic
DNA of APX1 was expressed under the control of the APX1
native promoter in the delt4 mutants background (referred
to as pAPX1:APX1/delt4). In 4 independent transgenic lines,
the LPS-induced ROS levels were rescued in delt4 (Figure 1,
D and E). Moreover, similar to apx1-2 T-DNA insertion mu-
tants, delt4 showed significantly low levels of APX1 tran-
scripts and no detectable APX1 proteins (Supplemental
Figure 4). Allelic tests conducted by crossing delt4 to
apx1-2 indicated that they were allelic to each other
(Figure 1F). Together, these results indicate that the reduced
ROS levels in delt4 after LPS treatment are caused by the mu-
tation in APXT.
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Figure 1 The apx1 mutants show abolished long-lasting ROS signals after LPS treatment. A, The delt4 mutants showed abolished long-lasting ROS
signals after treatment with 50 pg mL™" LPS. The dynamics of ROS signals were monitored for 21 h using a chemiluminescence assay with luminol as
a substrate. Data are presented as the mean =+ SE (n = 16). B, The delt4 mutants showed increased ROS signals after treatment with fig22 (100 nM).
The dynamics of the ROS signals were monitored for 30 min using a chemiluminescence assay with luminol as a substrate. Data are shown as the
mean + SE (n = 6). C, Schematic representation of the APX1 gene. Mutations in the delt4 and T-DNA insertion sites in the apx1-2 are indicated. The
start codon (ATG) and stop codon (TAA) are indicated. D, APX1 protein levels in 4 independent pAPX1:APX1/delt4 transgenic lines. The genomic
DNA of APX1 was expressed under the control of the native APX1 promoter in the delt4 mutants background (referred to as pAPX1:APX1/delt4).
Total proteins were extracted from 8-day-old seedlings and detected by immunoblot analysis using an a-cAPX antibody, and Ponceau S staining of
the membrane served as a loading control. E, The APX1 transgene complemented the ROS signals in delt4 mutants. The bar graph indicates the total
integrated photon counts within 1-21 h after 50 pg mL™" LPS treatment. Data are presented as the mean + SE (n = 8). Different letters above the
bars indicate significant differences between the genotypes (P < 0.05, one-way ANOVA). F, delt4 is allelic to apx1-2. F; plants were generated by
crossing delt4 to apx1-2. The experimental conditions were similar to those used in (E). Data are presented as the mean +SE (n=28-12).
Different letters above the bars indicate significant differences between the genotypes (P < 0.05, one-way ANOVA). All experiments were repeated
3 times with similar results.
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APX1 is required for the production of long-lasting
ROS triggered by 3-OH-C10:0 and Pst (avrRpt2)

LPS preparations may be contaminated with 3-OH-C10:0,
which also induces similar biphasic ROS production
(Kutschera et al., 2019). Although the first transient burst
triggered by 3-OH-C10:0 is stronger than that induced by
LPS, the second sustained ROS peak occurs earlier at approxi-
mately 3-6 h but is much weaker than that induced by LPS
(Supplemental Figure 1). Therefore, we also examined ROS
production in delt4 and apx1-2 plants after treatment with
3-OH-C10:0. Similar to the response to LPS, samples from
delt4 and apx1-2 plants showed reduced long-lasting ROS sig-
nals, but also showed an enhanced transient early ROS burst
(Figure 2, A and B). Furthermore, we also examined whether
APX1 is required for effector-triggered long-lasting ROS.
Avirulent Pst (avrRpt2) bacteria activate resistance to
P. syringae 2 (RPS2)-dependent ETI responses in Arabidopsis.
We monitored the ROS production in leaf disks after incuba-
tion with avirulent Pst (avrRpt2) bacteria using a luminol-
based chemiluminescence assay. The pattern of biphasic
ROS production triggered by avirulent Pst (avrRpt2) bacteria
is similar to that induced by LPS/3-OH-C10:0. The first ROS
peak occurring within approximately 0.5 h corresponds to
PTI-ROS, whereas the second kinetically slower ETI-ROS
peak at 3-6h after treatment lasts for several hours
(Supplemental Figure 1). We found that the ETI-ROS signals
were significantly reduced in delt4 and apx1-2 mutants com-
pared with those in the wild type (Figure 2, C and D,
Supplemental Figure 5, A-D). The rbohD and rps2 mutants
were used as negative controls for this experiment. High con-
centrations of bacteria (ODgoo = 0.3 or 0.03) induced a strong
early ROS burst, whereas the early transient ROS peak in delt4
and apx1-2 mutants was like that in the wild type (Figure 2C,
Supplemental Figure 5A). When low concentrations of bac-
teria (ODgyo=0.003) were used, the early transient ROS
peak was nearly undetectable while the long-lasting ROS
peak was slower than that triggered by high bacterial concen-
trations (Figure 2C, Supplemental Figure 5, A and C). However,
regardless of the bacterial concentration, the prolonged
ETI-ROS signals were significantly reduced in apx7 mutants
(Figure 2D, Supplemental Figure 5, B and D). The addition of
HRP slightly enhanced the luminescent signals in both wild
type and mutants, but the decrease of luminescent signals
in apx1 mutants was similar to that without HRP
(Supplemental Figure 6), suggesting that exogenous applica-
tion of HRP cannot rescue the reduced ETI-ROS signals in
apx1 mutants, as monitored by a luminol-based chemilumin-
escence assay.

We also crossed delt4 mutants with a transgenic line carry-
ing dexamethasone (Dex)-induced expression of the bacter-
ial effector gene, avrRpt2 (referred to as Col-Q°*@"RP12),
Consistent with previous results (Yuan et al,, 2021a), without
the activation of PTI, Dex only induced a weak ETI-ROS burst
(Supplemental Figure 5, E and F). Co-treatment with flg22

and Dex induced a strong ETI-ROS signal in Col-0**"*P*2,
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whereas delt4°*"*P"? showed almost no long-lasting

signals (Figure 2, E and F). Collectively, these results
suggest that apx1 mutants show reduced long-lasting ROS
signals triggered by 3-OH-C10:0 and an avirulent effector
AvrRpt2, as monitored by a luminol-based chemilumines-
cence assay.

Loss of APX1 does not substantially enhance the
expression of other H,0,-scavenging enzymes

As APX1 is an H,0,-scavenging enzyme, it is intriguing to ob-
serve a reduced long-lasting ROS burst in apx17 mutants.
However, the absence of APX1 has been reported to elevate
other H,0,-scavenging enzymes, such as CATs or GPXs (Jiang
et al, 2016). Therefore, we compared the expression of tran-
scripts encoding other cytosolic APX, CAT, and GPX enzymes
involved in stress responses between the wild type and apx1
mutants (Mittler, 2002). Our results indicated that these
genes were not substantially altered in apx1 mutants after
LPS treatment (Supplemental Figure 7). Furthermore, apx2,
cat2, and cat3 mutants did not show altered long-lasting
ROS production in response to LPS (Supplemental
Figure 8). These results suggest that the reduced long-lasting
ROS in apx1 mutants is not due to elevated H,0,-scavenging
enzymes. In addition, cytosolic APX1 is a central component
that regulates redox homeostasis by protecting chloroplasts
under abiotic stresses (Davletova et al., 2005). Therefore, we
collected 4-week-old mature leaves 4 h after LPS treatment
and compared the chloroplast structure between the wild
type and delt4 mutants under transmission electron micros-
copy. We found that the number and size of chloroplasts,
plastoglobules, and thylakoids in delt4 mutants were not
considerable different from those in the wild type
(Supplemental Figure 9A). In a previous study, we had found
that the addition of LPS impaired chloroplast function in
young seedlings, as evidenced by the release of green fluores-
cent protein (GFP)-tagged small subunit of ribulose-1.5-
bisphosphate carboxylase (SSU-GFP) from the chloroplasts
(Shang-Guan et al,, 2018). Here, as ROS production was mea-
sured in mature plants, we re-evaluated the SSU-GFP release
using 4-week-old leaves. We did not observe a substantial re-
lease of SSU-GFP from chloroplasts 4 h after LPS treatment,
likely because of the stronger stress tolerance in mature leaves.
Compared with the wild type, delt4 mutants showed no obvi-
ous release of SSU-GFP from the chloroplasts, suggesting that
delt4 mutants did not exhibit considerable chloroplast dysfunc-
tion after LPS treatment (Supplemental Figure 9B). Taken to-
gether, these results suggest that the loss of APX1 function
does not enhance the expression of other H,0O,-scavenging en-
zymes or cause the dysfunction of chloroplasts.

Loss of APX1 does not affect the abundance of
RBOHD

ROS production in plant immunity is mainly mediated by
RBOHD; therefore, we compared the RBOHD levels between
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Figure 2 APX1 is required for the long-lasting luminol-based light signals triggered by 3-OH-C10:0 and an avirulent effector AvrRpt2. A, The delt4 and
apx1-2 mutants showed reduced long-lasting ROS signals after treatment with 3-OH-C10:0 (5 uM). ROS signals were monitored for 21 h using a chemi-
luminescence assay with luminol as a substrate. Data are shown as the mean =+ SE (n = 16). B, Total ROS signals within 1-21 h from (A). Data are shown
as the mean =+ SE (n = 16). Different letters above the bars indicate significant differences (P < 0.05, one-way ANOVA). C, The delt4 and apx1-2 mutants
showed reduced long-lasting ROS signals after treatment with Pseudomonas syringae pv. tomato (Pst) DC3000 (avrRpt2). Signals were monitored in the
leaf disks for 10 h using a luminol-based chemiluminescent assay after treatment with bacteria (ODgoo = 0.03). The first peak within 1 h is magnified in
the upper right corner of the figure. The rps2 and rbohD mutants were used as negative controls. Data are shown as the mean =+ SE
(n=9). D, Total ROS signals within 1-10 h from (C). Data are shown as the mean = SE (n = 9). Different letters above the bars indicate significant
differences between different genotypes (P < 0.05, one-way ANOVA). E, The delt4°®“*"*P*? |eaves showed reduced long-lasting ROS signals after co-
treatment with dexamethasone (dex, 10 tM) and flg22 (200 nM). Signals were monitored using a luminol-based chemiluminescent assay in the leaf
disks of Col-0°*™"®P12 and delt4°““*"*P*2 transgenic plants. Data are shown as the mean =+ SE (n = 18). F, Total ROS signals after 1 h from (E). Data are
shown as the mean + SE (n =18, ****P < 0.0001, t test).
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the wild type and apx7 mutants 3 h after 3-OH-C10:0 treat-
ment. We found that RBOHD accumulation and the phosphor-
ylation of S343/S347 (2 main residues phosphorylated in
immunity) in the delt4 and apx1-2 mutants were not substan-
tially different from those in the wild type (Figure 3A). APX1
transcripts were significantly up-regulated at 4, 8, and 12 h after
3-OH-C10:0 treatment (Figure 3B). In Arabidopsis, 3-OH-C10:0
is sensed by LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED
ELICITATION (LORE), a lectin receptor-like kinase. Treatment
with 3-OH-C10:0 did not induce APX1 up-regulation in lore mu-
tants, suggesting that 3-OH-C10:0-triggered APX1 up-regulation
depends on its receptor (Figure 3C). We also examined whether
RBOHD is required for 3-OH-C10:0-triggered up-regulation of
APX1 and found that the induction of APXT transcripts was sig-
nificantly reduced in rbohD mutants when compared to that in
the wild type (Figure 3D). Furthermore, we measured the APX1
protein levels by immunoblotting with an a-cAPX antibody
after 3-OH-C10:0 treatment. We found that the APX1 proteins
were accumulated 8 and 12 h after treatment (Figure 3E), and
the accumulation was reduced in lore and rbohD mutants
(Figure 3, F and G). Notably, the second ROS peak (3-6 h) in
response to 3-OH-C10:0 treatment preceded APX1 up-
regulation, suggesting that rather than being a prerequisite
for ROS production, APX1 up-regulation may be a downstream
response to ROS accumulation. Collectively, these results sug-
gest that the reduced long-lasting chemiluminescent signals
in apx1 mutants are not due to the impairment of
RBOHD-mediated ROS production.

The apx1 mutants show increased ROS accumulation,
as detected by DAB staining

Avirulent bacteria-induced ROS accumulation could be vi-
sualized in leaves by DAB staining, and the presence of
H,O, is indicated by a dark-brown precipitate. To relate
with the timing of the kinetics of the luminol-emitted light
signals, we performed DAB staining 5 h after infiltration
with avirulent Pst (avrRpt2) bacteria. Unfortunately, we did
not observe a clear brown color 5 h after bacterial infiltration
at an ODg, of 0.003. However, a clear brown color was ob-
served 10 h after infiltration with avirulent Pst (avrRpt2) bac-
teria, whereas no visible brownness was observed after the
control treatment (Figure 4A). The sensitivity of DAB stain-
ing is probably weaker than luminol; therefore, we could
only detect the accumulated ROS at the end point of ROS
production using DAB staining. We then quantified the levels
of the brown precipitate using the ImageJ software and found
that the delt4 and apx1-2 mutants showed color intensity
higher than the wild type (Figure 4C). The rbohD mutants
were used as a negative control to confirm that this brown
color was derived from RBOHD-mediated ROS production.
The brown precipitates were microscopically observed in
the cytosol and associated with the chloroplasts, which
were more pronounced in the apx1 mutants than the wild
type (Figure 4B). Consistent with the function of increased
ROS levels, apx1 mutants conferred enhanced resistance to
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Pst (avrRpt2) compared with the wild type (Figure 4D).
Taken together, these results suggest that apx1 mutants
showed increased ROS accumulation when detected using
DAB staining.

APX1 catalyzes luminol oxidation in vitro

The contrasting results obtained between the luminol-based
chemiluminescence assay and the DAB staining assay led
us to hypothesize that APX1 might be a catalyst for
the luminol-H,O, reaction. Luminol reacts with H,O, in
the presence of HRP, helping to form 3-aminophthalate
(3-APA*), and light is emitted during the decay of the
excited-state 3-APA* (Figure 5, A and B). To analyze the cata-
lytic activity of APX1 in luminol-H,0, reaction, APX1 pro-
teins were fused to maltose-binding protein (MBP), and
the recombinant proteins were purified from Escherichia
coli. Compared with MBP alone, MBP-APX1 recombinant
proteins significantly enhanced the light emission of the
luminol-H,O, reaction (Figure 5B). We then evaluated the
enzyme kinetics of APX1 as a catalyst for the luminol-H,0,
reaction. Accordingly, in this study, the catalytic activity of
APX1 corresponded with the concentrations of luminol
(<15 mM) and H,0, (<10 mM) (Figure 5, C and D). High
concentrations of H,O, (>10 mM) may inhibit APX1 activity
(Figure 5D). Taken together, these results suggest that APX1
can catalyze the oxidation of luminol by H,O, in vitro.

The catalytic mechanism of HRP has been extensively stud-
ied using crystallography and site-directed mutagenesis
(Savenkova et al, 1998; Martell et al, 2012). Arg38, Phe41,
and His42 are critical catalytic residues of HRP that may be
involved in heme binding and coordination, and mutations
of these residues have a severe impact on peroxidase activity.
Compared to HRP, APX1 contains conserved Arg38 and
His42 residues, but not Phe41 residue (known as Trp41 in
APX1, Figure 5E, Supplemental Figure 10). Therefore, we mu-
tated the Trp41 residue of APX1 to Phe to mimic HRP (re-
ferred to as APX1V4'F). As expected, compared with the
wild-type APX1, APX1"*'F showed increased catalytic activ-
ity in the luminol-H,0, reaction (Figure 5F). However, the
R38H mutation of APX1 reduced the light emission of the
luminol-H,O, reaction (Figure 5F). Overall, these results sug-
gest that APX1 acts as a peroxidase similar to HRP to catalyze
the luminol-H,O, reaction in vitro.

APX1 catalyzes luminol oxidation in vivo

To evaluate whether APX1 acts as a catalyst of luminol in
vivo, we transformed APX1"“"Fand APX1%®" back to delt4
mutants under the control of the native promoter
(Figure 6, A and B). Compared with pAPXT1:APX1/delt4
plants, 4 independent transgenic lines of pAPX1:APX1"4'F/
delt4 displayed significantly increased light intensity in re-
sponse to Pst (avrRpt2) when using luminol as a substrate,
whereas transgene APX1***" failed to complement the light
intensity of delt4 (Figure 6, C and 6D). Similar results were ob-
served after LPS treatment (Supplemental Figure 11, A and B).
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Figure 3 Loss of APX1 does not affect the abundance of RBOHD. A, RBOHD accumulation and phosphorylation after treatment with 3-OH-C10:0
(5 uM). Proteins were detected by immunoblot analysis using a-RBOHD and a-pSer343/347 antibodies, with a-HSP90 used as a loading control.
B, APX1 transcript levels at different time points. Total RNA was prepared at the indicated time points after treatment with 3-OH-C10:0
(5 UM). APX1 transcript levels were determined using RT-qPCR. Data are shown as the mean + SE (n = 3—4). Different letters above the bars indicate
significant differences (P < 0.05, one-way ANOVA). C, LORE was required for 3-OH-C10:0-triggered up-regulation of APX1 transcripts. Total RNA was
prepared from wild type and lore mutants 8 h after treatment with 3-OH-C10:0 (5 tM). Detection of APXT transcript levels was similar to that used
in (B). Data are shown as the mean + SE (n = 3-4). Different letters above the bars indicate significant differences (P <0.05, one-way ANOVA).
D, RBOHD contributed to 3-OH-C10:0-triggered up-regulation of APXT transcripts. The experimental conditions were similar to those used in
(C). Data are shown as the mean £ SE (n =3-5). Different letters above the bars indicate significant differences (P <0.05, one-way ANOVA).
E, APX1 protein abundance at different time points. Total proteins were extracted at the indicated time points after treatment with
3-OH-C10:0 (5 pM). APX1 protein abundance was detected by immunoblot analysis using an a-cAPX antibody, with a-ACTIN used as a loading
control. F, LORE was required for 3-OH-C10:0-triggered APX1 protein accumulation. Total proteins were extracted from wild type and lore mutants
8 h after treatment with 3-OH-C10:0 (5 uM). Detection of APX1 protein abundance was similar to that used in (E). G, RBOHD contributed to
3-OH-C10:0-triggered APX1 protein accumulation. The experimental conditions were similar to those used in (F). Experiments for immunoblot
analysis in this figure were repeated at least twice with similar trends.
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Figure 4 The apx1 mutants show increased effector-triggered accumu-
lation of ROS, as detected by 3,3'-DAB. A, Images of representative
leaves after DAB staining. The seventh to ninth leaves of 4-week-old
Col-0, delt4, apx1-2, and rbohD plants were infiltrated with
Pseudomonas syringae pv. tomato (Pst) DC3000 (avrRpt2) at an
ODggo of 0.003, with MgCl, as the control. Bacterial suspensions were
infiltrated into the left side of the leaf and the mock control (MgCl,)
was into the right side. The leaves were collected 10 h after infiltration
and stained with DAB solution. ROS production was visualized as dark-
brown precipitates in the detached leaves. Scale bars, 100 um. B, The
subcellular distribution of effector-triggered ROS accumulation.
Images were taken from the left half of DAB-stained leaves in (A) under
microscopy. Scale bars, 10 um. C, The intensity of brownness from
DAB-stained leaves in (A). DAB staining per unit area of leaves was
quantified using the Image] software. Data are shown as the mean +
SE (n = 10). Different letters above the bars indicate significant differ-
ences (P <0.05, one-way ANOVA). The experiment was repeated 3
times with similar results. D, apx1 mutants showed enhanced resistance
against Pst (avrRpt2). Leaves derived from 5-week-old plants with the
indicated genotypes were inoculated with Pst (avrRpt2) at an ODgg
of 0.0001. The bacterial population in the leaf was determined 3 dpi
(day postinoculation). Data are presented as the mean +SE (n=9).
Different letters above the bars indicate significant differences between
different genotypes (P < 0.05, one-way ANOVA).
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Collectively, these results further demonstrate that APX1 can
catalyze the oxidation of luminol in vivo.

To evaluate whether the APX activity of APX1 contributes
to its catalytic activity in the luminol-H,O, reaction, we mu-
tated the Cys32 residue, which is the target for
S-nitrosylation and S-sulfhydration and is important for the
APX activity (Aroca et al, 2015 Yang et al, 2015).
Consistent with previous studies, APX1*** abolished perox-
idase activity using ascorbate as a substrate in vitro
(Figure 6E). However, compared with the purified
MBP-APX1, MBP-APX13?* exhibited similar catalytic activity
in the in vitro luminol-H,0, system (Figure 6F). Consistently,
the transgene APX1%% complemented the long-lasting
luminol-emitted light signals of delt4 mutants in response
to Pst (avrRpt2) and LPS (Figure 6, G and H, Supplemental
Figure 11C). Therefore, these results suggest that APX1 acts
as a peroxidase to catalyze the luminol-ROS reaction in
vivo, which might be unrelated to its APX activity.

ETI-ROS were observed in the cytosol at later time
points, as detected by H,DCFDA staining

ETI-ROS are produced by RBOHD in the apoplast (Yuan et al.,
2021a), but APX1 is known in the cytosol (Panchuk et al,
2002), thus raising a possibility that effectors might also trig-
ger the accumulation of ROS in the cytosol where APX1 cat-
alyzes the luminol oxidation. To test this possibility, we
performed H,DCFDA and AUR staining to measure the
temporal and spatial accumulation of ROS in leaves after
infiltration with Pst (avrRpt2) bacteria. H,DCFDA is a cell-
permeable probe that can visualize the apoplastic and cyto-
solic ROS, while AUR is impermeable to membranes and thus
can only probe apoplastic ROS (Ashtamker et al., 2007; Tian
et al, 2016). Red and green fluorescent signals were observed
in the apoplastic spaces of wild type leaves 4 h after infiltra-
tion, as detected by the staining with AUR and H,DCFDA, re-
spectively (Figure 7A, Supplemental Figure 12). Interestingly,
green fluorescent signals in the cytosol began to appear at
6h and became obvious 8 h after infiltration of Pst
(avrRpt2), whereas fluorescent signals in apoplasts became
much weaker at later time points (Figure 7B, Supplemental
Figure 12). Furthermore, compared with the wild type, the
apx1 mutants showed stronger apoplastic and intracellular fluor-
escence signals (Figure 7, Supplemental Figures 12 and 13).
Likewise, green fluorescent signals were also observed in the cyto-
sol 4 h after LPS treatment and were largely associated with
chloroplasts (Supplemental Figure 14). Collectively, our findings
support the notion that ETI-ROS are eventually accumulated in
the cytosol.

Discussion

It has been known for a long time that avirulent bacteria trig-
ger a biphasic ROS burst; however, the molecular mechanism
underlying the regulation of ETI-ROS and the spatial distribu-
tion of ETI-ROS are still unclear. In this study, we found that


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac551#supplementary-data

APX1 catalyzes luminol oxidation in cytosol PLANT PHYSIOLOGY 2023: 0191; 1416-1434 1425

A .
NH, © NH, © NH, O
e . f
HOp + ’TH —_— D_ e O_ + hv
NH (@] o
o e}
Luminol [3-APA]* [3-APA]
Exicited state Ground state
B g Luminol c 3 APX1-H;0,
- c ©
o 6 Eog‘ 2—
2 44 §‘;
x 23
3 24 b Eg 1
§ 0.4
g 0 I | I 1 |
3 0 3 6 9 12 15
5 024 D Luminol (mM)
W G APX1-Luminol
3
& 4
25 4
3 x
-
HRP - + - - - + - - E 7 2
L
[
MBP - - + - - -+ -
0 I |
MBP-APX1 - - -+ - - -+ 0 6 12 100
Hz0; (mM)
E ( \\‘ ' F HpO-Luminol
\ Tt 6
h L\ =
XU A . :
=S . L(( w e}
! L @
3 (v ‘t QO .~
£ &S, o c4 24 i
o 4 ].ﬁ, 4 ) l\! ( J‘ §§
é‘,‘_\/“/ NAD W 224 b
b 1 r E =
olg bl ) 2
Q- SR ET 3% 05
':I £ @\ *‘WC?SSZ a
) N-f, > 00— -
CNV & § & F &
(v | ¢ ¥ £ £ 3
t‘ \ & P K
: § £ %
g &
< <

Figure 5 APX1 catalyzes the luminol-H,0O, reaction in vitro. A, HRP catalyzes the luminol-H,O, reaction. In the presence of HRP, luminol is oxidized
by H,0, to create an excited-state product, 3-aminophthalate (3-APA*), whose decay to the ground state results in photon emission. B, APX1 cat-
alyzed the chemiluminescence reaction of luminol. MBP-tagged APX1 recombinant proteins were purified from E. coli. Luminol (300 pM) and MBP,
MBP-APX1, or HRP (0.04 mg mL™") were added first, and light signals were recorded immediately after the addition of H,O, (10 mM). Values re-
present the total photon counts within 10 min. Data are shown as the mean = SE (n = 4). Different letters above the bars indicate significant differ-
ences (P < 0.05, one-way ANOVA). C, APX1 activity was corresponded with luminol concentrations below 15 mM. Data are shown as the mean + SE
(n=5). D, APX1 activity corresponded with H,0, concentrations below 10 mM. Data are represented as the mean + SE (n = 6). E, Homology mod-
eling of the structure of APX1 using the 3D coordination of the soybean cAPX1 (PDB-1VOH) as a template. The heme cofactor and substrate sal-
icylhydroxamic acid locate in the middle. The 3 important residues, Cys32, Arg38 and Trp41, are marked F, Catalytic abilities of APX1 variants,
APXT17%® and APX1Y4'F, Luminol (300 uM) and MBP, MBP-APX1, MBP-APX1%*®", or MBP-APX1"*'F (0.09 mg mL™") were added first, and light
signals were recorded immediately after the addition of H,O, (1 mM). Values represent the total photon counts within 10 min. Data are shown
as the mean + SE (n = 8). Different letters above the bars indicate significant differences (P < 0.05, one-way ANOVA). All experiments were repeated
3 times with similar results.
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Figure 6 APX1 catalyzes the luminol-H,0O, reaction in vivo. A, APX1 protein levels in the 4 independent pAPX1:APX1 delt4 transgenic lines.
Total proteins were extracted from 4-week-old leaves and detected by immunoblot analysis using an a-cAPX antibody, with a-ACTIN used as a
loading control. B, APX1 protein levels in the 4 independent pAPX1:APX1%**"/delt4 transgenic lines. The experimental conditions were similar
to those used in (A). C, Transformation of APX1"*'F rescued the luminol-emitted long-lasting light signals of delt4 mutants. Light signals were mea-
sured using a luminol-based assay after treatment with Pseudomonas syringae pv. tomato (Pst) DC3000 (avrRpt2). The bar graph indicates the total
integrated photon counts within 1-10 h after incubation with avirulent bacteria (ODggo = 0.03). D, Transformation APX1%**" fajled to complement
the luminol-emitted long-lasting light signals of delt4 mutants in response to Pst (avrRpt2). The experimental conditions were similar to those used
in (C). E, Analysis of the enzymatic activity of MBP-APX1 and MBP-APX1*?* recombinant proteins using ascorbate as a substrate. Data are shown as
the mean =+ SE (n =3, **P < 0.001, t test). F, Analysis of the enzymatic activity of MBP-APX1 and MBP-APX1*%* recombinant proteins using luminol
as a substrate. Values represent the total photon counts within 10 min. Data are shown as the mean + SE (n = 7). Ns stands for no significant differ-
ences (t test). G, APX1 protein levels in the 2 independent pAPX1:APX1%%5-GFP/delt4 transgenic lines. Total proteins were extracted from 4-week-
old leaves and detected by immunoblot analysis using an o-GFP antibody, with a-ACTIN used as a loading control. H, Transformation of APX1%%
complemented the luminol-emitted long-lasting light signals of delt4 mutants in response to Pst (avrRpt2). The experimental conditions were similar
to those used in (C). Data are presented as the mean + SE (n =7 in G; 10 in D, 8 in H). Different letters above the bars indicate significant differences
between different genotypes (P < 0.05, one-way ANOVA).
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Figure 7 Fluorescence imaging of ROS accumulation in response to avirulent bacteria. ROS accumulation was detected by AUR or H,DCFDA stain-
ing. The abaxial side of 4-week-old leaves from Col-0, apx1-2, delt4, and rbohD plants was infiltrated with Pst (avrRpt2) at an ODgq, of 0.03.
Fluorescence was observed at 4 (A) and 8 h (B) after bacterial infiltration. Before microscopic observation, leaves were infiltrated with a solution
of AUR or H,DCFDA and incubated for 15-30 min. At least 6 leaves were observed for each treatment, and representative images were shown.
Black arrowheads indicate the apoplast space, while white arrowheads indicate the cytoplasm. Scale bars, 15 um. Fluor, fluorescence; BF, bright field.

The experiment was repeated 3 times with similar results.

ETI-ROS were produced in the apoplast at early time points
but later accumulated in the cytosol, as detected by
H,DCFDA staining. APX1, a cytosolic protein that normally
functions as a ROS scavenger, acts as a catalyst of the
luminol-ROS reaction in vitro and in vivo to allow the mon-
itoring of long-lasting ROS accumulation in the cytosol using
a luminol-based chemiluminescence assay (Figure 8). Our
study provides important insights into the spatial dynamics
of ROS accumulation in plant immunity and reveals an unex-
pected role of APX1 protein in catalyzing luminol-ROS reac-
tion, raising cautions in the detection and interpretation of
ROS production widely studied in diverse biological pro-
cesses of plants.

APXs are characterized by their high specificity to ascor-
bate, which provides an electron source for detoxifying

H,0, in the cytosol (Raven, 2003). However, previous studies
suggest that APXs may also play other roles besides scaven-
ging toxic H,0,. The APXs in Brachypodium distachyon
and Arabidopsis can serve as coumarate 3-hydroxylases
(C3H) involved in the early steps of lignin biosynthesis that
catalyzes the 3-hydroxylation of 4-coumarate to caffeate
(Barros et al, 2019). Rice (Oryza sativa) APX2 and
Arabidopsis APX1 proteins have been found to function as
chaperone molecules (Hong et al, 2018; Kaur et al., 2021).
Moreover, APX1 might show peroxidase activity toward
other aromatic electron donors, which is unrelated to its
physiological functions; for example, an engineered ascorbate
peroxidase (APEX2) has been successfully used for electron
microscopic imaging in mammalian cells (Lam et al, 2015;
Martell et al, 2017). This technique was developed based
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Figure 8 A schematic model illustrating APX1-mediated monitoring of the kinetics of long-lasting production of ROS in the cytosol. LPS,
3-OH-C10:0, or bacterial effectors trigger a long-lasting ROS burst in the cytosol. When ROS production is monitored by a luminol-based chemi-
luminescence assay, cytosolic APX1 serves as a catalyst for luminol oxidation. The model was created with BioRender.com.

on the function of HRP in catalyzing DAB and Amplex
UltraRed as substrates. However, HRP requires posttransla-
tional modification and is not active in the cytosol, thus lim-
iting its use in vivo (Porstmann et al, 1985). Unlike HRP,
APXT1 is naturally active in the cytosol; therefore, it was cho-
sen as an HRP mimic for labeling cytosolic proteins in mam-
malian cells (Lam et al,, 2015; Martell et al,, 2017). However, in
this study, the in vivo APX1 may not be required for DAB
staining in Arabidopsis when measuring H,0, production.
The apx1 mutants did not show a decrease in brown precipi-
tates after infiltration with Pst (avrRpt2) strain, suggesting
that Arabidopsis may contain other peroxidases that show
higher catalytic activity toward DAB than APX1 does.
Instead, in this study, APX1 showed catalytic activity toward
luminol and that APX1"*'F, the most HRP-like mutant that
can facilitate the incorporation of aromatic residues into the
active site, displayed higher catalytic activity toward the lu-
minol substrate than that displayed by wild-type APX1.
Likewise, APEX2, which contains a W41F mutation in
APX1, has been developed because of its high activity toward
the DAB substrate in mammalian cells (Lam et al, 2015;
Martell et al., 2017). Therefore, we believe that the catalytic
activity of APX1 toward luminol provides important infor-
mation that may help to engineer a cytosolic peroxidase
that allows real-time monitoring of intracellular ROS produc-
tion without interfering with the biological ROS levels in
mammalian cells.

Many methods have been developed for ROS detection, in-
cluding chemiluminescent probes, colorimetric dyes, fluores-
cent dyes, CeCl; staining, and genetically encoded biosensors.
Each has advantages and potential limitations (Dikalov et al.,,
2007; Griendling et al, 2016; Mamone et al,, 2016; Zhang
et al, 2018). Among these methods, fluorescent dyes, CeCl;
staining, and genetically encoded biosensors can measure
subcellular ROS production. However, the limitations include
nonspecific fluorescence, labor-intensive protocols, or the re-
quirement for transgenic plants (Zulfugarov et al, 2011).
Colorimetric dyes are relatively easier to use and do not re-
quire other instruments but show high levels of nonspecific
staining (as they react with any redox molecules). The
luminol-based chemiluminescence assay for detecting bio-
logical ROS production has several advantages. The biggest
advantage of this assay is the real-time detection of ROS ki-
netics, as the emission of light can be monitored every se-
cond by a photon detector or a CCD camera (Khan et al,
2014; Yang et al,, 2020). In addition, luminol-based chemilu-
minescence assays have higher sensitivity compared to other
probes and are less expensive than fluorescent probes and
CeCl; (Kim et al, 2019). This method is also suitable for
large-scale genetic mutant screens because it can be set up
in a 96-well plate (Smith and Heese, 2014). Luminol-based
chemiluminescence assays have been successfully used to iso-
late mutants defective in flg22-induced ROS bursts and to
identify several important signaling components in response
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to PAMPs (Boutrot et al., 2010; Macho et al., 2012; Li et al,
2019, 2021; Wu et al,, 2022). In this study, we found that
APX1 acts as an intracellular peroxidase that catalyzes the
oxidation of luminol and allows the use of a luminol-based
chemiluminescence assay to monitor intracellular ROS pro-
duction. However, more attention should be paid when
this method is used. Because APX1 is an H,0,-scavenging en-
zyme, a lack of APX1 would yield higher H,O, levels in the
cytosol. If APX1 is impaired during a luminol-based chemilu-
minescence assay to monitor intracellular ROS production,
researchers may draw wrong conclusions regarding the ac-
tual intracellular ROS levels. To avoid this, it is advisable to
use other methods to confirm the results of experiments
using this method.

ETI-ROS were also found to be accumulated in the cyto-
sol by CeCl; staining (Hamdoun et al.,, 2013). We monitored
the temporal and spatial accumulation of ROS by
H,DCFDA staining after infiltration with an avirulent bac-
terial strain and found that ROS were produced in the apo-
plast, but accumulated in the cytosol at later time points.
The accumulation of ETI-ROS in the cytosol could be par-
tially due to the translocation of H,O, from the apoplast
into the cytosol. It has been suggested that biomembrane
channels (aquaporins) could mediate the transmembrane
diffusion of H,0O, during immune signaling (Bienert and
Chaumont, 2014; Tian et al,, 2016; Rodrigues et al.,, 2017).
However, we could not rule out the possibility that
RBOHD-mediated early ROS signaling may be conveyed
to the intracellular environment, which is a prerequisite
for inducing other ROS sources, such as chloroplasts, mito-
chondria, and peroxisomes, which then release ROS into
the cytosol (Asada, 2006; de Torres Zabala et al, 2015;
Mignolet-Spruyt et al, 2016; Sun et al, 2018). Moreover,
apoplastic ROS might induce a secondary signal, such as
calcium influx into the cells, and thus induce a second long-
lasting ROS burst (Ogasawara et al., 2008; Kimura et al,
2012; Gilroy et al., 2016). In addition, RBOHD is prone to
be endocytosed and the endocytosed RBOHD may still
function in producing superoxide in the cytosol. Indeed,
this mechanism has been found in mammals. For example,
the NADPH oxidase NOX1 is endocytosed to generate
ROS within smooth muscle cells in response to TNF-a
(Miller et al, 2010). Recently, in Arabidopsis, endocytosis
of RBOHD was also found to be necessary for salt-induced
ROS production in roots (Lee et al,, 2022), and salt stress
could trigger intracellular ROS accumulation (Lin et al,
2006; Xie et al, 2011; Ben Rejeb et al,, 2015; Petrov et al,
2015; Mao et al, 2018; Jin et al, 2021), suggesting that
RBOHD might be endocytosed to produce ROS in the cyto-
sol after salt treatment. Nevertheless, how the ETI-ROS were
accumulated into the cytosol require further investigation.

In conclusion, ETI-ROS were accumulated in the cytosol,
and APX1 catalyzes the luminol-ROS reaction, allowing the
measurement of the kinetics of intracellular ROS production
using a luminol-based approach.
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Materials and methods

Plant materials and growth conditions

Seeds of the Arabidopsis (Arabidopsis thaliana) rbohD
(CS9555), lore (Sail_857_E06), cat2-2 (Salk_057998), cat3
(Salk_092911), and rps2 (101C) mutants were obtained
from the Arabidopsis Biological Resource Center (Ohio
State University, USA). Seeds of the Arabidopsis apx1-2
(Salk_000249), apx2-1  (Salk_091880), and apx2-2
(Salk_057686) mutants were obtained from the Non-Profit
Arabidopsis Share Center (https://www.arashare.cn/). The
Arabidopsis rps2°“"*P*2 transgenic plants were kindly pro-
vided by Prof. Jun Liu at the China Agricultural University.
The Arabidopsis Col-0°**"®? and delt4°***"*P*? transgenic
plants were obtained from F, segregating progenies by cross-
ing rps2P®“@RP2 plants with Col-0 and delt4 plants, respect-
ively. For young seedling assays, the seeds were sterilized with
10% (v/v) sodium hypochlorite and grown on half-strength
Murashige-Skoog agar plates in a growth chamber (model
A1000AR, Conviron, Manitoba, Canada) under a 16 h photo-
period, 75% humidity, and 22°C. For mature plant assays,
10-day-old seedlings were transferred to pots containing a
peat-based compost (Sun Gro Horticulture, Agawam, MA,
USA) and grown under a 14-h photoperiod for ROS assays
or a 8-h photoperiod for bacterial growth assays.

Map-based cloning of the DELT4 gene

The delt4 mutant in the Col-0 background was isolated, as
previously described (Li et al., 2021). To generate a mapping
population, the delt4 mutant was crossed with the Landsberg
erecta (Ler) ecotype, and individuals with reduced ROS pro-
duction after LPS treatment were isolated from the F, gener-
ation. Genomic DNA was extracted from each individual for
linkage analysis. The PCR markers were developed using the
Arabidopsis Mapping Platform (https://www.arabidopsis.
org/browse/Cereon/help.jsp), and the primers used are listed
in Supplemental Table 1.

Next-generation sequencing from bulked-segregant
analysis

The delt4 mutant was backcrossed to Col-0, and the gener-
ated F, progeny was self-pollinated to produce F, seeds.
Individuals with or without ROS production after LPS treat-
ment were pooled separately and subjected to whole-
genome sequencing using the lllumina X-ten system (Gene
Denovo Biotechnology, Guangzhou, China). lllumina short
reads generated from the bulked DNA samples were cleaned
and filtered according to their Phred quality score and
aligned against the public wild-type reference genome using
the Burrows-Wheeler Aligner software (Li and Durbin, 2009).
Alignment files were converted to sequence alignment
map/binary alignment map files using SAMtools (Li
et al,, 2009). A sliding window analysis was applied to
the frequency distribution of SNPs (SNP-index) in the
population of bulked individuals. The A(SNP-index) values
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were calculated by subtracting the SNP-index values be-
tween the 2 bulk pools.

Plasmid construction and generation of transgenic
plants

All the primers used for gene cloning in this study are listed in
Supplemental Table 1. The coding or genomic sequences of
the indicated genes were amplified and cloned into a
pDONR-Zeo plasmid via BP cloning (Thermo Fisher
Scientific, Waltham, MA, USA). The inserts were verified by
sequencing and cloned into the destination plasmids via LR
cloning (Thermo Fisher Scientific). PCR-based site-directed
mutagenesis was used to construct plasmids with point mu-
tations in a gene of interest. All constructs used for the gen-
eration of transgenic plants were verified by sequencing and
are listed in Supplemental Table 2. Each resulting construct
was introduced into Agrobacterium tumefaciens strain
GV3101, and the Agrobacterium-mediated floral dip method
was used to generate transgenic Arabidopsis plants.

RNA isolation and reverse transcription quantitative
PCR (RT-qPCR)

Total RNA was extracted from 8-day-old seedlings using an
Easy Plant RNA kit (Easy-Do, Hangzhou, China) according
to the manufacturer’s instructions. First-strand complemen-
tary DNA (cDNA) was synthesized from 1 pg of isolated RNA
using HiScript Il reverse transcriptase (Vazyme Biotech,
Nanjing, China). RT-qPCR reactions were performed using
an SYBR Green Master Mix (Vazyme Biotech). The relative le-
vels of gene expression were calculated using the 2724
method with ELONGATION FACTOR1a (EF1a) as an internal
control. All primers used for the RT-gPCR are listed in
Supplemental Table 1.

Expression and purification of recombinant proteins
The recombinant proteins were expressed and purified as
previously described (Li et al., 2021). APX7 cDNA was cloned
into pMAL-c2x-GW (gateway) vectors, and the resulting
plasmid was transformed into E. coli BL21. All constructs
used for prokaryotic expression were verified by sequencing
and are listed in Supplemental Table 2. The bacterial cultures
were grown in liquid Luria-Bertani medium at 37°C for ap-
proximately 3 h. When the optical density at 600 nm
(ODggo) reached approximately 0.8-1.0, 02 mM of
isopropyl-p-p-thiogalactoside was added to induce the ex-
pression of MBP-tagged APX1. The cultures were collected
6 h after induction, and MBP-tagged recombinant proteins
were purified using amylose resin (New England Biolabs,
Ipswich, MA, USA) following the manufacturer’s instructions.

Protein extraction and immunoblot analysis

Detection of RBOHD using immunoblot analysis was per-
formed as previously described (Li et al, 2021). To detect
APX1, total proteins were extracted with a buffer containing
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50 mM Tris—HCI (pH 8.0), 150 mM NacCl, 1% Triton X-100 (v/
v), and 1X protease inhibitor cocktail (Merck KGaA,
Darmstadt, Germany). The extracted proteins were sepa-
rated by 12% SDS-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes
(Merck KGaA). Proteins were detected with an a-cAPX anti-
body (Agrisera, Vannis, Sweden) and an a-ACTIN antibody
(ABclonal, Wuhan, China).

ROS detection by luminol-based chemiluminescent
assay

ROS detection by luminol-based chemiluminescence assay
was performed as previously described, with some modifica-
tions (Liang et al,, 2013). Leaf disks (0.2 cm?) were obtained
from the seventh to ninth leaves of 4-week-old plants and in-
cubated overnight with water in a 96-well plate. The follow-
ing day, 600 uM luminol (Merck KGaA) was added along
with the indicated elicitors, including LPS (L9143, Merck
KGaA), fig22 (GenScript, Nanjing, China), 3-OH-C10:0 (Bide
Pharmatech Ltd, Shanghai, China), and dexamethasone
(MedChemExpress, Monmouth Junction, NJ, USA). The
chemiluminescent signal was immediately recorded using a
Photek camera (HRPCS5, Photek, East Sussex, UK). When
bacteria were used for the luminol-based assay, the bacterial
cells were freshly diluted to the desired concentration as pre-
viously described (Smith and Heese, 2014). HRP (Merck
KGaA) was exogenously applied for the luminol-based assay
at 20 mg L' (w/v).

ROS detection by histochemical DAB staining

DAB staining was performed as described previously, with
some modifications (Shang-Guan et al, 2018). The seventh
to ninth leaves of 4-week-old plants were infiltrated with
Pst (avrRpt2) at an ODgq of 0.003. The leaves were detached
10 h post infiltration, vacuum-infiltrated with DAB staining
solution (1 mg mL™", pH 6.0), and incubated at 24°C room
temperature for 2 h. Chlorophyll was removed by incubation
with glacial acetic acid/glycerol/ethanol (1:1:3), and the dark-
brown colored leaves (visualizing the generation of H,0,)
were observed under a light microscope (Nikon, Japan).
The intensity of DAB staining per unit area of leaves was
quantified using the Image) software (https://imagej.nih.
gov/ij/).

ROS detection by fluorescent staining

AUR and H,DCFDA staining were performed as described
previously, with some modifications (Tian et al,, 2016; Yuan
et al, 2021a). The seventh to ninth leaves of 4-week-old
plants were infiltrated with Pst (avrRpt2) (ODgoo = 0.03) or
LPS (100 pg mL™"). For bacterial infiltration, leaves were dir-
ectly infiltrated with a solution of 10 pM AUR (Merck KGaA)
or 10 uM H,DCFDA (MedChemExpress) and incubated for
10-30 min; for LPS treatment, leaves were detached and in-
cubated with an H,DCFDA solution (10 pM) for 30 min.
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Images were captured under an Olympus FV3000 confocal la-
ser scanning microscope with the following setting of laser/
detection wavelength: oxidized H,DCFDA (488/500-540),
oxidized AUR (561/565-620), and chlorophyll autofluores-
cence (640/650-750). The laser transmissivity was set as
0.2% in all fluorescence detection.

Bacterial growth assay

For disease assay, Pst (avrRpt2) was cultured in a selective
King's B (KB) medium overnight at 28°C to an ODgq, of
0.8-1.0. Bacteria were collected by centrifugation and resus-
pended with 10 mM MgCl, and the concentration was ad-
justed to an ODgyq of 0.0001. Using a needleless syringe,
the resuspended bacterial solution was infiltrated into the
abaxial surfaces of 5-week-old Arabidopsis leaves. After being
air-dried in the plant growth room, the inoculated plants
were covered with a transparent plastic dome for at least
6 h to maintain a high humidity for disease to develop. For
quantification at 3 dpi, 3 leaf discs from 3 different leaves
were collected with an 8-mm-diameter cork borer (with
disc area of 0.502 cm’®) as 1 biological repeat, and 9 repeats
were taken for each genotype. Samples were ground and di-
luted in 10 mM MgCl,, and the extraction solutions were
then plated on selective KB medium plates (100 pL per
plate). The number of colonies was counted 36 h after
incubation at 28°C, and bacterial growth was represented
as CFU/cm’ of leaf tissue.

Measurement of APX activity

APX activity was measured as previously described with
some modifications (Nakano and Asada, 1981). Briefly, the
reaction mixture contained 25 mM PBS (pH=7.0) with
0.1 mM EDTA, 0.5 mM ascorbate, 2 mM H,O,, and 100 pg
purified proteins (MBP-APX1 and MBP-APX1<3%). After
the initiation of the reaction by adding H,O,. the samples
were immediately analyzed with Tecan Spark Multimode
Microplate Reader by measuring the absorbance at A,q
every 5 s for a 2-min recording time. Protein concentration
was determined with Coomassie Brilliant Blue G-250 accord-
ing to the method of Bradford using bovine serum albumin
as the standard.

Examination of the ultrastructure of leaf chloroplasts
by transmission electron microscopy

Small fragments (approximately 3 mm?) were excised from
freshly harvested leaves of 4-week-old mature plants with a
razor blade, and then immediately transferred to a cold fix-
ation buffer [2.5% glutaraldehyde (v/v) in 0.1 M phosphate
buffer, pH 7.0]. After incubation with the fixation buffer for
at least 4 h, the samples were washed 3 times for 15 min in
phosphate buffer (0.1 M, pH 7.0), postfixed for 1-2 h with
1% osmium tetroxide (w/v) in phosphate buffer, and washed
again 3 times with phosphate buffer. The doubled-fixed
samples were then dehydrated, infiltrated, embedded, sec-
tioned, and stained for observation as described previously
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(Bestwick et al,, 1995). The sections were examined using a
transmission electron microscope (H7650, Hitachi, Tokyo,
Japan) at an accelerating voltage of 75 kV.

Confocal microscopy observation of SSU-GFP
Transgenic plants expressing SSU-GFP were used as previous-
ly described (Shang-Guan et al., 2018). The GFP signals were
detected under a confocal microscope (FV3000, Olympus,
Tokyo, Japan) with the same parameters as oxidized
H,DCFDA.

Modeling the structure of APX1

Sequences were aligned using the freely available web server,
ESPript 3.0 (http://espript.ibcp.fr; Robert and Gouet, 2014).
Homology modeling of the structure of the APX1 molecule
was performed using the 3D coordination of the soybean
(Glycine max) cAPX1 (PDB-1VOH) as the template. The
images were generated using PyMol (http://pymol.
sourceforge.net).

Statistical analysis

The statistical analyses were performed by 2-tailed Student’s t
test with Office Excel software for paired comparison or by
one-way analysis of variance (ANOVA) with SPSS software
for multiple comparisons. Groups or samples with statistically
significant differences are marked with asterisk(s) (*P < 0.05;
**P <0.01; ***P <0.001, ***P <0.0001, Student’s t test) or dif-
ferent letters (P <0.05, one-way ANOVA, lowercase letters).
Each experiment was repeated at least 3 times and data
were represented as the mean + SE as indicated.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers_:
APX1 (At1g07890), RBOHD (At5g47910), LORE (At1g61380),
RPS2 (At4g26090), APX2 (At3g09640), APX6 (At4g32320),
CATT (At1g20630), CAT2 (At4g35090), CAT3 (At1g20620),
GPX1 (At2g25080), GPX2 (At2g31570), GPX3 (At2g43350),
GPX7 (At4g31870) and avrRpt2 from P. syringae (Q6LADG).

Supplemental data

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

Supplemental Figure S1. The kinetics of ROS burst trig-
gered by LPS/3-OH-C10:0/Pst (avrRpt2).

Supplemental Figure S2. HRP is not indispensable when
ROS level is high enough to oxidize luminol.

Supplemental Figure S3. Molecular characterization of
the DELT4 gene.

Supplemental Figure S4. APX1 transcripts and protein
abundance in apx1 mutants.

Supplemental Figure S5. The apx1 mutants show reduced
effector-triggered long-lasting luminescent signals.

Supplemental Figure S6. The exogenous addition of HRP
cannot restore the reduced ETI-ROS signals in apx1 mutants.
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Supplemental Figure S7. Expression of genes involved in
ROS scavenging.

Supplemental Figure S8. apx2, cat2, and cat3 mutants are
not impaired in LPS-triggered long-lasting ROS accumulation.

Supplemental Figure S9. Chloroplasts of delt4 mutants
are not impaired after LPS treatment.

Supplemental Figure S10. Sequence alignment of APX1
with horseradish peroxidase (HRP) and soybean peroxidase
(SBP).

Supplemental Figure S11. Effect of APXT mutation on
luminol-based light signals triggered by LPS.

Supplemental Figure S12. The temporal and spatial
ETI-ROS detected by H,DCFDA staining.

Supplemental Figure S13. Detection of ROS accumula-
tion in leaves infiltrated with MgCl, by AUR and H,DCFDA
staining.

Supplemental Figure S14. apx1 mutants show increased
cytosolic ROS accumulation after LPS treatment, as detected
by H,DCFDA staining.

Supplemental Table S1. Primers used in this study.

Supplemental Table S2. Constructs used in this study.
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