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HPCA1 is a plasma membrane-localized H,0, receptor that has been implicated in extracellular ROS perception
and calcium signaling, yet its role in systemic propagation of rapid signals and acclimation responses remains
unclear. Here, we investigated the role of HPCA1l in wound-induced systemic ROS signaling and stomatal
regulation in 7-day-old Arabidopsis thaliana seedlings. Using in vivo fluorescence imaging with the ROS-sensitive
probe CM-H2DCFDA, we show that mechanical injury applied to either cotyledons or roots triggers a rapid and
sustained systemic ROS accumulation in wild-type seedlings. In contrast, this response is impaired in hpcal,
indicating that HPCA1 is required to sustain wound-induced systemic ROS signaling in seedlings. Consistently,
loss of HPCA1 compromised ROS accumulation in guard cells following both wounding and exogenous H202
treatment. This deficiency is associated with the complete loss of local and distal stomatal closure, whereas wild-
type seedlings display consistent and coordinated stomatal responses. These results indicate that extracellular
ROS perception mediated by HPCA1 is essential for the transduction of systemic ROS signals into a functional
physiological acclimation response at the guard-cell level. Altogether, our findings support a model in which
HPCA1 acts as a key hub coupling extracellular ROS perception with signal propagation and intracellular
transduction pathways, thereby sustaining wound-induced systemic signaling and coordinating stomatal accli-
mation in Arabidopsis seedlings.

1. Introduction

Plants are sessile organisms exposed to highly dynamic environ-
ments and have therefore developed sophisticated strategies to rapidly
sense, integrate, and respond to external changes. Selective pressure
imposed by different biotic and abiotic stresses has shaped plant
signaling systems to perceive local stimuli and transmit signals
throughout the organism, ultimately coordinating systemic cellular,
physiological, and morphological responses (Paes de Melo et al., 2022).
These systemic signals promote recovery and survival through accli-
mation processes, which are reversible adjustments based on phenotypic
plasticity (Kouhen et al., 2023). A variety of signals travel within plants,
such as hormones, metabolites, and peptides. More recently, rapid
long-distance signals have been identified, including hydraulic waves,
electrical signals, calcium (Ca2+) waves, and reactive oxygen species
(ROS)-mediated signals (Johns et al., 2021; Peldez-Vico et al., 2022).

ROS have long been considered harmful byproducts of aerobic
metabolism; yet they play key physiological roles at low concentrations,
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such as defense against pathogens and systemic signaling in plants
(Mansoor et al., 2022; Wang et al., 2024). Compared to other ROS,
hydrogen peroxide (H20>) is well suited as a mobile signal, due to its
relatively long half-life (~1 ms), lower reactivity, and reduced toxicity
at low concentrations (Wang and Song, 2008). In plants, one of the main
sources of apoplastic ROS is the plasma membrane (PM)-localized
NADPH oxidases Respiratory Burst Oxidase Homologs (RBOHs).
Particularly, RBOHD and RBOHF isoforms have been identified as key
mediators in response to wounding (Morales et al., 2016; Zandalinas
et al., 2020; Fraudentali et al., 2023). Following stress perception,
RBOHs catalyze the oxidation of molecular oxygen to superoxide anion
(0%7), which is rapidly converted into H,O» spontaneously or by
extracellular superoxide dismutase (SOD; Pelaez-Vico et al., 2024).
Apoplastic ROS can either remain in the extracellular space or enter
plant cells, altering their redox state and reacting with numerous target
proteins (Mittler and Jones, 2024).

While long-distance ROS signaling has been extensively investigated
(Lew et al., 2020; Zandalinas et al., 2020; Terréon-Camero et al., 2022),
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less is known about the molecular components involved in decoding the
ROS burst, specifically proteins that perceive apoplastic ROS and
mediate cross-talk with other signaling pathways (Planas-Riverola et al.,
2021; Myers et al., 2024). In this context, the first PM-localized sensor
for apoplastic HyO,, the Hydrogen Peroxide-induced Ca?* increases 1
(HPCA1) receptor, has recently been characterized. This protein was
originally observed in Arabidopsis thaliana stomata guard cells, but ho-
mologs were recently reported also in Oryza sativa (Wu et al., 2020; Guo
et al., 2024). HPCA1 is a leucine-rich repeat receptor kinase (LRR-RK)
with an extracellular domain harboring two cysteine pairs, and an
intracellular kinase domain. Oxidation of the cysteines’ thiol groups by
apoplastic HyO converts Cys-S™ into sulfenic acid (Cys-SOH), inducing a
conformational change that promotes HPCA1 auto-phosphorylation and
the subsequent activation of its kinase activity (Wu et al., 2020; Pla-
nas-Riverola et al., 2021). In Arabidopsis seedlings, HPCA1 is widely
expressed across vegetative tissues, indicating that its role may extend
beyond guard-cell signaling (Wu et al., 2020). This broad expression
pattern prompts the question of whether HPCA1 contributes to systemic
ROS signals initiation and propagation.

In addition to the specific role of HPCA1 in long-distance signaling,
the molecular targets of its kinase activity also remain largely unknown.
To date, experimental evidence suggested that HPCA1 may interact with
Ca?*-permeable channels, among which is Mechanosensitive ion chan-
nel Like 3 (MSL3). Consistently, a lower increase in cytosolic calcium
concentrations ([Ca2+]cyt) has been observed in Arabidopsis hpcal lines
after exogenous HpO, treatment (Wu et al., 2020), and in response to
high light (HL) stress (Fichman et al., 2022). A similar phenotype was
also found in msl3 mutant lines, suggesting that the Ca%* channel MSL3
acts downstream of, and may be activated by, HPCA1. Moreover, it has
been shown that HPCAL1 is not essential for electrical signaling, as hpcal
mutants display unaltered PM depolarization upon stress. In detail,
under HL stress conditions, hpcal lines exhibited impaired ROS and
Ca?* accumulation, while electrical signals remained unaffected. These
findings indicate that HPCA1 functions as a specific hub coupling Ca®*-
and ROS-mediated systemic signals, operating independently from rapid
electrical signaling pathways (Fichman et al., 2022). In addition, in
adult Arabidopsis leaves, HPCA1 was shown to be required for systemic
ROS and Ca?" signaling in response to various abiotic and biotic stresses,
including HL and pathogen attack; however, wound-induced systemic
ROS signal propagation was reported to occur largely independently of
HPCA1 (Fichman et al., 2022).

ROS and Ca?* signals are functionally interconnected through an
auto-propagating feedback loop between apoplastic ROS production and
Ca2" influx, which enables cell-to-cell propagation of stress signals
(Miller et al., 2009). This tight coupling underlies the systemic coordi-
nation of acclimation responses, including hormone biosynthesis, de-
fense activation, and stomata regulation (Fichman and Mittler, 2020;
Pelaez-Vico et al., 2022, 2024).

Stomatal closure is one of the best-characterized acclimation re-
sponses to a plethora of stress (Lawson and Matthews, 2020; Rodrigues
and Shan, 2022). For instance, mechanical wounding induces a rapid
systemic stomatal acclimation response, detectable within minutes after
stress perception, helping to regulate transpiration rates and limit
pathogen entrance (Devireddy et al., 2020; Fraudentali et al., 2023).
Stress-induced stomatal closure is mediated by the phytohormones jas-
monic acid (JA) and abscisic acid (ABA), both triggering apoplastic ROS
production and accumulation, and subsequent increases in [Ca2+]cyt
leading to turgor loss in guard cells (Fraudentali et al., 2020; Liu et al.,
2022; Rodrigues and Shan, 2022; Ladeynova et al., 2023).

Considering that HPCAL1 is especially localized in guard cells (Wu
et al., 2020), and implicated in ROS-mediated signals (Fichman et al.,
2022), we investigated its potential role in systemic wound signaling
and in the implementation of stomata closure as part of the acclimation
response. To address this question, we analyzed systemic ROS accu-
mulation in Arabidopsis hpcal mutant seedling subjected to wounding.
ROS dynamics were monitored in vivo during signal propagation across
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cotyledons using fluorescence imaging, while ROS accumulation in
guard cells was independently quantified by confocal microscopy. Sto-
matal closure was evaluated as a physiological marker of the acclima-
tion response to wounding. Since HPCA1l appears dispensable for
wound-induced systemic ROS signaling in adult leaves (Fichman et al.,
2022), we focused on the cotyledonary stage to investigate whether
HPCA1 may play a distinct and potentially more central role during
early plant development.

2. Materials & methods
2.1. Plant materials, growth conditions and treatments

The Arabidopsis thaliana Columbia-0 (Col-0) ecotype was used as the
wild-type (WT). The Col-0 T-DNA insertion line for HPCA1 (At5g49760;
TAIR accession no. 2157041), referred to as hpcal (CS923304), was
generated by Prof. Zhen Ming Pei (Department of Biology, Duke Uni-
versity, Durham, NC, USA; Wu et al., 2020) and kindly provided to us by
Prof. Alex Costa (Department of Biosciences, University of Milan, Milan,
Italy). Plants were cultured in a growth chamber at 23 °C under long-day
conditions (16/8 h photoperiod; 150 pmol m 2 s~ and 55% relative
humidity). Prior to in vitro culture, seeds of both genotypes were
surface-sterilized and stratified in the dark at 4 °C for 48 h; subse-
quently, they were sown in ', Murashige and Skoog (MS) salt mixture
(pH 5.7) supplemented with 0.5% (w/v) sucrose, and 0.8% (w/v) agar
(only in solid medium; Murashige and Skoog, 1962). For all experi-
ments, after 6 days of growth, seedlings were transferred to multiwell
plates containing liquid medium and incubated for 24 h under
controlled conditions to allow acclimation. Subsequently, 7-day-old
seedlings were subjected to either leaf or root wounding, or treated
with 100 pM H0; by direct addition to the liquid medium, depending
on the experimental design. Control seedlings were maintained in liquid
medium. Whole-cotyledon ROS accumulation was analyzed upon leaf or
root wounding in 7-day-old WT and hpcal seedlings. Stomatal regula-
tion and ROS accumulation in guard cells were assessed in 7-day-old WT
and hpcal seedlings under control conditions, after leaf or root
wounding, and following exogenous treatment with 100 pM H30,. To
perform cotyledonary-leaf wounding for measurement of stomatal
closure and ROS detection in guard cells, one of two cotyledons was
wounded with sterilized scissors, reaching the midvein. For in vivo
wide-field stereomicroscopy analysis of ROS accumulation, wounding
was achieved by injuring one cotyledon with a clean cut, using sterilized
scissors. For all experiments, root wounding was performed by gently
squeezing the primary root with sterilized tweezers. Unwounded seed-
lings were used as controls. For exogenous Hy0, application, seedlings
were immersed in liquid medium supplemented with 100 pM H3O5.

2.2. In vivo wide-field stereomicroscopy analysis of ROS accumulation

ROS accumulation in whole-cotyledonary leaves was visualized in
vivo using the fluorescent probe 2',7-dichlorodihydrofluorescein diac-
etate (CM-H2DCFDA; Molecular Probes, Invitrogen). Following the
acclimation period of 24 h in liquid medium, 7-day-old WT and hpcal
seedlings were incubated with 10 pM CM-H,;DCFDA for 30 min at room
temperature (RT). After incubation, excess dye was removed by rinsing
twice with fresh liquid medium. Seedlings were then placed on a growth
plate containing solid medium and allowed to acclimate for 20 min.
Subsequently, seedlings were exposed to the filtered light of the fluo-
rescence stereomicroscope and left for 5 min for further acclimation.
After this period, seedlings were either left intact (control) or subjected
to leaf or root wounding. Time-lapse acquisition began immediately
before wounding and continued for 45 min, with one frame acquired
every 30 s. Imaging was performed using a Zeiss AXIO Zoom.V16 fluo-
rescence stereomicroscope equipped with a Zeiss Axiocam 305 color
digital camera. Excitation light was provided by a Zeiss HXP 120 V
mercury lamp using a Zeiss 38 HE filter cube [excitation: BP 470/40
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(HE); emission: BP 525/50 (HE)]. Each frame was analyzed with ImageJ
software by selecting a Region of Interest (ROI) around both cotyledons
and in the background. Mean gray values were extracted for each ROI,
and background fluorescence was subtracted from the corresponding
cotyledon values in every frame. Fluorescence emission intensity (F)
obtained over time was normalized to the mean gray value before
wounding (Fp) and to the total cotyledon area (A), according to the
following formula:

F—F,
A

Normalized Fluorescence (AF / A) =

Normalized fluorescence values were plotted over time. Statistical
analyses were performed to compare fluorescence values at 1 min, 30
min, and 45 min post-wounding within each genotype and treatment, as
well as among different genotypes.

2.3. Measurement of stomatal closure

Stomatal aperture levels were measured as previously described
(Shang et al., 2016), with slight modifications (Fraudentali et al., 2023).
Following the acclimation period of 24 h in liquid medium, to induce
stomatal opening 7-day-old WT and hpcal seedlings were incubated in
opening solution [30 mM KCI and 10 mM MES-Tris (pH 6.15)] for 3 h
under light conditions. Subsequently, the opening solution was replaced
with liquid medium containing the appropriate treatments, according to
the following experimental conditions: leaf wounding; root wounding;
100 pM H305. For leaf wounding, stomatal aperture was evaluated both
on the wounded cotyledon (local response) and on the unwounded
cotyledon (distal response). For time-course analysis, seedlings were
observed at 5 min, 15 min, 1 h, 3 h, and 24 h after treatment. At each
time point, samples were incubated in a fixing solution [1% (v/V)
glutaraldehyde, 10 mM NaPi (pH 7.0), 5 mM MgCl,, and 5 mM EDTA]
for 30 min under light conditions. Stomatal pore images were acquired
with a Zeiss Axiophot 2 microscope equipped with a Leica DFC450C
digital camera at 20x magnification. Stomatal width and length were
quantified using ImageJ software and the aperture levels were expressed
as width/length ratio. Importantly, stomatal aperture measurements
were performed exclusively on fully developed stomata, identified by
the presence of two clearly differentiated guard cells and a visible pore
(Fig. S2A). Although fully differentiated stomata at this developmental
stage may vary in size, all stomata included in the analysis were
considered mature and functionally competent. To further assess
whether stomatal size influenced the response, stomata were grouped
based on guard cell pair length into bigger (>11.5 pm) and smaller
(<11.5 pm), and stomatal aperture of each group was expressed as
width/length ratio in WT and hpcal seedlings in control condition and 1
h after 100 pM H30, treatment (Fig. S2C), selected as representative
conditions to illustrate this analysis.

2.4. In situ detection of ROS in guard cells

ROS accumulation in guard cells was visualized in vivo using the
fluorescent probe CM-H;DCFDA (Molecular Probes, Invitrogen), as
previously reported (Fraudentali et al., 2023). Following the acclimation
period of 24 h in liquid medium, to induce stomatal opening 7-day-old
WT and hpcal seedlings were incubated in opening solution for 3 h
under light conditions. Subsequently, 10 pM CM-H;DCFDA was added to
the opening solution, and samples were incubated for 30 min at RT.
Afterwards, excess dye was removed by rinsing twice with fresh liquid
medium. Seedlings were then placed in liquid medium containing the
appropriate treatments, according to the following experimental con-
ditions: leaf wounding; root wounding; 100 uM HO,. Samples were
incubated under light conditions for 5 min or 1 h before visualization.
Images were captured using Laser Scanning Confocal Microscopy
(LSCM) on a Leica TCS-SP5 equipped with an Argon laser [Excitation:
492-495 nm; Emission: 517-527 nm (CM-H>;DCFDA), 650-700 nm
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(chlorophyll auto-fluorescence)] and the Leica Application Suite
Advanced Fluorescence (LAS-AF; Leica Microsystems, Weltzar, Ger-
many) software. Composite images were generated by merging
bright-field, CM-H3DCFDA, and chlorophyll fluorescence channels.
Relative fluorescence intensity of guard cells was quantified using
ImageJ software by selecting a ROI and measuring the mean pixel in-
tensity in the green fluorescence channel. Data were expressed as means
+ SEM of pixel intensities.

2.5. Statistics

Wide-field fluorescence stereomicroscopy analyses of CM-H;DCFDA
in cotyledons were performed on seedlings from three independent
experimental replicates for both leaf and root wounding in each geno-
type. For each experiment, four seedlings were observed for each ge-
notype and condition. Each of the four seedlings from the three
independent experiments was considered as an individual biological
replicate (n = 12). Images shown here were selected from a single
representative experiment.

Stomatal aperture measurements were performed in three indepen-
dent experimental replicates for each treatment and genotype. For every
treatment and time point, five leaves of comparable size were collected
from distinct seedlings of each genotype. Each of the five leaves from the
three independent experiments was considered as an individual bio-
logical replicate, resulting in a total of 15 biological replicates for each
genotype and treatment (n = 15). For each leaf, four random micro-
scopic fields (430 pm x 325 pm) were selected and at least 60 stomata
pores were measured. Mean stomatal aperture values were calculated
and used for statistical analysis.

In situ confocal microscopy analysis of CM-H;DCFDA fluorescence in
guard cells was performed on seedlings from three independent exper-
imental replicates for each treatment and genotype. For each experi-
ment, five leaves of comparable size were collected from distinct
seedlings for each genotype. Each of the five leaves from the three in-
dependent experiments was considered as an individual biological
replicate (n = 15). For each leaf, five random fields were selected and at
least 60 stomata were measured. The images shown here were selected
from a single representative experiment.

Statistical analyses were conducted using GraphPad Prism (Graph-
Pad Software) with one-way ANOVA followed by Dunnett's test for
comparisons within each genotype, and statistical significance from this
analysis is indicated by asterisks (*). Unpaired Student's t-tests were
used for comparisons between genotypes under the same conditions,
and these are indicated by open circles (°). Significance levels were
expressed using p levels as follows: *, ° p < 0.05; **, °p < 0.01; ***, °p <
0.001; **** °p < 0.0001; if not reported, differences were not statisti-
cally significant. Detailed statistical results for all analyzed comparisons
are reported in Supplementary materials (Table S1), including mean
differences, 95% confidence intervals, and exact p-values.

3. Results

3.1. HPCAI1 contributes to wound-induced systemic ROS accumulation in
Arabidopsis seedlings

Systemic ROS signals triggered by mechanical injury propagate
rapidly from the wounded site to distal tissues, contributing to the co-
ordination of whole-plant stress responses (Devireddy et al., 2020;
Fichman and Mittler, 2021; Fraudentali et al., 2023). Given that HPCA1
functions as a PM H30- sensor linking extracellular ROS perception to
intracellular Ca?* signaling, we investigated whether HPCA1 contrib-
utes to the initiation and/or maintenance of wound-induced systemic
ROS accumulation. To this end, ROS dynamics were monitored in vivo in
7-day-old WT and hpcal seedlings subjected to cotyledonary-leaf or root
wounding, using the fluorescent probe CM-HoDCFDA, while unwounded
seedlings served as controls (Figs. 1 and 2).
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Fig. 1. Systemic ROS accumulation in response to cotyledonary-leaf wounding (LW) in WT and hpcal Arabidopsis seedlings. (A) Seedlings were subjected to
cotyledonary-leaf wounding and ROS levels were imaged in vivo using CM-H>DCFDA probe and wide-field fluorescence stereomicroscopy. Representative false-color
images of control and wounded conditions are shown, at 0, 5, 15, 30 and 45 min after injury. Time-lapse acquisition was performed every 30 s for a total duration of
45 min. Arrows indicate wounded cotyledons. Scale bar = 1 mm. (B, C) Quantification of fluorescence levels, expressed as AF/mm?, over time in both wounded and
unwounded cotyledons of seedlings (B) and in control conditions (C). (D) Statistical analysis of ROS accumulation in wounded and unwounded cotyledons at 1, 30
and 45 min post-injury. Median values are reported in the boxplot, as well as minimum and maximum values (n = 12). Comparisons within each genotype versus 1
min baseline were performed by one-way ANOVA followed by Dunnett's test (indicated by *), while between-genotype comparisons at the same time point and
cotyledon were performed using unpaired t-test (indicated by °). Significant levels are reported: **p < 0.01; ***, °p < 0.001; ****p < 0.0001. Non-significant
differences are not shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

In WT seedlings, cotyledonary-leaf wounding induced a rapid in-
crease in ROS-associated fluorescence in the injured cotyledon, which
progressively extended to the distal, unwounded cotyledon, reaching
maximal levels within 45 min after injury (Fig. 1). A comparable sys-
temic pattern was observed following root wounding, with both coty-
ledons exhibiting a synchronous and sustained increase in fluorescence
over time (Fig. 2). These observations confirm that mechanical damage
triggers a robust and spatially coordinated ROS accumulation in Ara-
bidopsis seedlings, independently of the site of injury.

In hpcal mutant seedlings, wound-induced ROS accumulation was
significantly compromised compared to WT following either
cotyledonary-leaf or root wounding, both at the local and systemic level
(Figs. 1 and 2). Quantitative analyses revealed that, following
cotyledonary-leaf wounding, ROS levels in hpcal seedlings showed a
detectable increase but remained significantly lower than those
observed in wounded WT seedlings throughout the entire time-course

(Fig. 1), whereas no detectable fluorescence was observed after root
wounding (Fig. 2), indicating a severe impairment in wound-induced
ROS accumulation. The altered ROS response observed in distal tissues
further supports the conclusion that HPCA1 is required for the proper
establishment and/or amplification of systemic ROS signals following
mechanical injury.

Taken together, these results demonstrate that HPCA1 plays a crucial
role in wound-induced systemic ROS accumulation in Arabidopsis
seedlings. Unlike components that modulate downstream Ca®* dy-
namics without affecting ROS levels, the loss of HPCA1 compromises the
ROS signal itself, supporting a model in which extracellular ROS
perception by HPCA1 is necessary to sustain the ROS amplification
processes underlying long-distance signaling after wounding.
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Fig. 2. Systemic ROS accumulation in response to root wounding (RW) in WT and hpcal Arabidopsis seedlings. (A) Seedlings were subjected to root wounding and
ROS levels were imaged in vivo using CM-H,DCFDA probe and wide-field fluorescence stereomicroscopy. Representative false-color images of control and wounded
conditions are shown, at 0, 5, 15, 30 and 45 min after injury. Time-lapse acquisition was performed every 30 s for a total duration of 45 min. Scale bar = 1 mm. (B, C)
Quantification of fluorescence levels, expressed as AF/mm?, over time in left and right cotyledons of wounded seedlings (B) and in control conditions (C). (D)
Statistical analysis of ROS accumulation in left and right cotyledons at 1, 30 and 45 min post-injury. Median values are reported in the boxplot, as well as minimum
and maximum values (n = 12). Comparisons within each genotype versus 1 min baseline were performed by one-way ANOVA followed by Dunnett's test (indicated by
*), while between-genotype comparisons at the same time point and cotyledon were performed using unpaired t-test (indicated by °). Significant levels are reported:
*,°p <0.05; **, ° p <0.01; ***, °p < 0.001. Non-significant differences are not shown. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

3.2. hpcal mutant seedlings exhibit impaired wounding- and H202-
triggered stomatal closure

Mechanical wounding is known to induce rapid local and systemic
stomatal closure in Arabidopsis seedlings, contributing to whole-plant
acclimation to stress (Devireddy et al., 2020; Fichman and Mittler,
2021; Fraudentali et al., 2023). Given the established role of HPCA1 as
an extracellular HyO2 sensor and its constitutive expression in guard
cells, we investigated whether HPCA1 participates in the systemic sto-
matal response to wounding. Accordingly, 7-day-old WT and hpcal
seedlings were subjected to cotyledonary-leaf or root wounding, or
treated with 100 pM H30», and stomatal aperture was quantified at 5,
15, 30 min and 1 h (Fig. 3). Additional 3 and 24 h time points for
cotyledonary-leaf and root wounding are provided in supplementary
data (Fig. S1).

Consistent with previous reports (Fraudentali et al., 2021, 2023), WT

seedlings exhibited time-dependent stomatal closure in response to both
cotyledonary-leaf and root wounding (Fig. 3A and B). Following leaf
injury, stomata in the wounded cotyledon (local response) started to
close within 5 min and reached approximately 70% closure by 1 h
(Fig. 3A). In the unwounded cotyledon (distal response), stomatal
closure was initiated 30 min after injury, peaking at approximately 65%
by 1 h (Fig. 3A). Following root wounding, WT stomata started to close
after 5 min and reached approximately 64% by 1 h (Fig. 3B). Similar to
wounding, H,0, treatment triggered time-dependent stomatal closure
in WT seedlings, starting at 5 min and peaking at approximately 40% by
1 h (Fig. 3C), confirming the ability of guard cells to respond directly to
extracellular ROS signals. In contrast, hpcal seedlings failed to close
their stomata in response to either wounding or HyO, treatment, with
stomatal aperture values remaining comparable to those measured
under control conditions throughout the time-course (Fig. 3). Together,
these findings identify HPCA1 as a key component of the molecular
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Fig. 3. Stomatal response of 7-day-old WT and hpcal seedlings to cotyledonary-leaf wounding (LW) or root wounding (RW) and H,0, treatments. Stomatal aperture
was assessed at 5, 15, 30 min and 1 h after wounding or treatment. (A) Following cotyledonary-leaf wounding, stomatal aperture was measured separately in
wounded cotyledons (local response) and unwounded cotyledons (distal response). (B) Following root wounding, and (C) 100 pM H,0, treatment, stomatal aperture
was quantified using stomata randomly chosen from both cotyledons of each seedling. Graphs show mean + SD (n = 15). Statistical significance was determined by
one-way ANOVA followed by Dunnett's test (indicated by *), comparing control -C- and wounded or treated samples within each genotype. For leaf wounding (local
and distal tissues), comparisons between cotyledons at the same time point were performed using unpaired Student's t-test (indicated by °). Significance levels: *, p <

0.05; **** °p < 0.0001. Non-significant differences are not indicated.

pathway linking wound-induced and ROS-dependent signals to stomatal
closure. Moreover, analysis of stomatal size revealed no significant dif-
ferences between WT and hpcal seedlings (Fig. S2B), confirming that the
observed differences in stomatal closure are due to functional effects of
HPCA1 rather than inherent differences in stomatal characteristics be-
tween the genotypes. To further exclude a size-dependent bias, we
additionally analyzed the 1 h HyO, dataset by grouping stomata ac-
cording to guard cell pair length (>11.5 pm and <11.5 pm; Fig. S2C).
Both size groups of each genotype responded similarly to HyO, indi-
cating that the observed response to H2O» is independent of guard cell
pair length within the mature stomatal population.

3.3. Absence of HPCA1 impairs ROS accumulation in guard cells in
response to wounding and H20,

Once it was established that hpcal seedlings do not show a WT-like
systemic ROS burst in response to cotyledonary-leaf or root wounding,
and we observed that hpcal seedlings exhibited altered stomatal re-
sponses following both cotyledonary-leaf and root wounding, we next

examined whether HPCA1 contributes to ROS dynamics at the level of
guard cells. To this end, ROS accumulation was observed in vivo in 7-day
old WT and hpcal seedlings using LSCM and the fluorescent probe CM-
Hy;DCFDA, upon cotyledonary-leaf or root wounding, as well as after
100 pM H305. Quantification was performed at 5 min and 1 h (Fig. 4).

Consistent with previous reports (Fraudentali et al., 2023), in WT
seedlings, cotyledonary-leaf wounding induced a significant increase in
ROS-associated fluorescence in guard cells of the wounded cotyledon
within 5 min after injury, while no increase was yet detectable in the
distal cotyledon (Fig. 4A and B). At 1 h after wounding, ROS levels had
risen in both the wounded and distal cotyledons, reaching comparable
intensity (Fig. 4C and D). Following root wounding, ROS-associated
fluorescence in WT cotyledon guard cells increased rapidly by 5 min,
exceeding the early response observed after leaf wounding, and per-
sisted at high levels after 1 h (Fig. 4). Similarly, treatment with 100 pM
H50, triggered a time-dependent ROS accumulation in WT guard cells,
with fluorescence levels peaking at 1 h after application (Fig. 4). Guard
cells of hpcal seedlings displayed slightly higher basal ROS levels
compared to WT and failed to exhibit a significant increase in
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Fig. 4. ROS accumulation in stomata guard cells of 7-day-old WT and hpcal Arabidopsis seedlings, following cotyledonary-leaf or root wounding, and H0,
treatment. (A, C) Images of stomata guard cells of both seedlings were acquired using LSCM and CM-H,DCFDA staining 5 min (A) or 1 h (C) after wounding or
treatment. Representative images of stomata of control conditions (CNT), wounded cotyledons (LW local), unwounded cotyledons (LW distal), root wounded
seedlings (RW), and 100 pM H,0,-treated seedlings are reported. Scale bar = 10 pm. (B, D) Quantification of CM-H;DCFDA relative fluorescence intensity in guard
cells at 5 min (B) or 1 h (D) is shown in the graph, reporting means + SEM (n = 15). Comparisons within each genotype versus CNT were performed by one-way
ANOVA followed by Dunnett's test (indicated by *), while between-genotype comparisons were performed using unpaired t-test (indicated by °). Significant levels are

reported: *, ° p < 0.05; **, ° p < 0.01;

** °p <0.001; **** °p < 0.0001. Non-significant differences are not shown.

ROS-associated fluorescence in response to either wounding or HyO5
treatment, with ROS levels remaining comparable to control conditions
at most analyzed time points (Fig. 4). Exceptions included a transient
increase 5 min after root wounding (Fig. 4A and B), which quickly
returned to basal levels (Fig. 4C, D), and a low-level rise in fluorescence
in the distal cotyledon 1 h after cotyledonary-leaf wounding (Fig. 4C and
D), although levels remained substantially lower than those measured in
WT seedlings under the same conditions. Taken together, these findings
demonstrate that HPCA1 is fundamental for ROS accumulation in guard
cells in response to wounding and exogenous Hy0».

4. Discussion

Rapid integration of locally perceived stimuli into systemic signaling
responses is central to plant acclimation under adverse environmental
conditions (Kollist et al., 2019; Myers et al., 2024). In this context, the
identification of HPCA1 as a PM H30» receptor advanced our under-
standing of ROS-triggered Ca* signaling (Wu et al., 2020). In this study,
we investigated the specific role of HPCA1 in stress perception, systemic
ROS accumulation, and the regulation of systemic stomatal closure in
response to wounding and exogenous HyO, application, using Arabi-
dopsis at the cotyledon stage. In vivo whole-seedling fluorescence ana-
lyses (Figs. 1 and 2) revealed that hpcal seedlings exhibited an altered
ROS accumulation both locally and distally following wounding, with
fluorescence levels strongly reduced compared with WT, indicating that
HPCAL1 plays a critical role for the establishment of wound-induced ROS
signals at the systemic level. Interestingly, while a low but detectable
ROS-associated fluorescence was still observed in hpcal seedlings
following cotyledonary-leaf wounding, no fluorescence increase was
detected after root wounding. A possible explanation for the different
responses observed after cotyledonary-leaf and root wounding is that
cotyledon excision generates a stronger local ROS burst that remains
partially detectable even in the absence of HPCA1-dependent amplifi-
cation, whereas root pinching likely produces a rapid but more transient
signal that quickly reaches the shoot along the root-shoot axis and may
therefore require HPCAl-mediated reinforcement to be sustained. This
result suggests that, in seedlings, HPCA1 is not merely involved in
downstream decoding of ROS signals, but is also required for sustaining
or amplifying ROS accumulation itself. Given the previously described
positive feedback loop between apoplastic ROS production and Ca®*
influx (Miller et al., 2009), the absence of HPCA1 may disrupt this
auto-propagating mechanism, preventing the reinforcement of RBOH
activity and thereby impairing the systemic ROS burst. In this scenario,
extracellular ROS perception by HPCA1 would be necessary to maintain
Ca?" influx, which in turn sustains NADPH oxidase-dependent ROS
production, enabling long-distance signal propagation. Our findings are
consistent with previous work which reported that HPCAL1 is required
for systemic ROS and Ca®" signaling in adult plants exposed to several
abiotic and biotic stresses, including HL, and pathogen attack (Fichman
et al., 2022). Notably, however, wound-induced systemic ROS signal
propagation in adult plants was shown to occur largely independently of
HPCA1 (Fichman et al., 2022). This apparent contrast, in light of our
findings in seedlings, may derive from differences in the architecture of
systemic signaling networks across developmental stages. Indeed, the
differential contribution of HPCA1l-dependent ROS signaling at the
cotyledon stage likely reflects distinct developmental contexts along the
seedling axis. Stress signaling pathways undergo substantial remodeling
during plant development, with younger tissues often displaying

reduced redundancy and a greater reliance on individual signaling
components (Rankenberg et al., 2021). Cotyledons, hypocotyl, and roots
originate from embryonic structures and retain specific anatomical,
physiological, and hormonal characteristics, whereas the shoot apex
undergoes post-embryonic organogenesis with dynamic meristematic
activity. These developmental differences likely influence both ROS
production and perception, explaining why HPCA1 plays a more central
role in the ROS-Ca?* signaling network of cotyledons, acting as a critical
hub for ROS burst amplification. As development progresses, it is
possible that additional signaling components and pathways in adult
leaves provide stress-specific and partially redundant mechanisms that
sustain ROS accumulation even in the absence of HPCAL.

The altered wound-induced systemic ROS accumulation observed in
hpcal seedlings raises the question of whether impaired ROS signaling
compromises downstream defense responses. Stomatal regulation is
among the most extensively studied systemic responses and provides a
rapid, quantifiable physiological output that integrates upstream ROS
and Ca* signaling pathways and is established within minutes of stress
perception (Suzuki and Mittler, 2012; Vega-Munoz et al., 2020). Sto-
matal modulation analyses in hpcal seedlings revealed that they failed
to respond to both wounding and H,0, treatment (Fig. 3). These results
indicate that HPCA1 represents a key component of the molecular
pathway leading to stomatal closure triggered by mechanical injury and
extracellular ROS accumulation, and are consistent with those reported
by Wu and colleagues (2020) in response to exogenous HOo.

In interpreting these results, it is important to consider the devel-
opmental context of the experimental system. Cotyledons provide a
relatively homogeneous and developmentally informative tissue for
stomatal analyses, as stomatal progression in this tissue is rapid and
more coordinated than in expanding true leaves (Geisler and Sack,
2002), where multiple developmental stages continuously coexist. At 7
days after germination, the cotyledon epidermis contains both devel-
oping and fully differentiated stomata; however, our analysis was
restricted to stomata with a clearly visible pore, thereby ensuring that
only mature, physiologically active stomata were quantified. Variability
in stomatal size within cotyledons at this stage likely reflects asyn-
chronous developmental timing rather than incomplete differentiation.
Combined with the lack of significant differences in stomatal size be-
tween WT and hpcal (Fig. S2B), this supports the conclusion that the
impaired stomatal closure observed in hpcal seedlings is due to the
functional absence of HPCA1 rather than differences in stomatal
development within or between genotypes. Importantly, the supple-
mentary analysis based on guard cell pair length in the 1 h H,O, dataset
(Fig. S2C) indicated that stomata from both size groups respond simi-
larly, supporting the conclusion that the phenotype is unlikely to be
explained by size-related heterogeneity within the mature stomatal
population.

The involvement of HPCA1 in stomatal regulation is further sup-
ported by our analysis of ROS accumulation at the guard cells level
(Fig. 4). Using CM-H,DCFDA, we observed that wounding induces a
rapid and transient increase in ROS levels in guard cells of WT seedlings,
in line with the propagation of a systemic ROS burst (consistent with
previous findings, Fraudentali et al., 2023). Similarly, exogenous Hy02
application triggered a strong ROS accumulation in guard cells, sup-
porting the notion that extracellular ROS act as upstream signals for
stomatal responses in seedlings. To ensure comparable guard cell
opening before CM-H>DCFDA loading, stomata were pre-opened using a
standard opening solution applied uniformly across all samples, thereby
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minimizing any potential differential effects of the opening solution
among genotypes prior to treatment. In hpcal seedlings, ROS accumu-
lation in guard cells was strongly compromised at both early and late
time points following leaf wounding or H,O4 treatment, and at late time
points after root wounding, indicating that HPCA1 is a key mediator of
extracellular ROS perception and/or transduction in guard cells. None-
theless, after root wounding, a transient increase in guard-cell ROS was
detected in hpcal seedlings at early time points, but this signal was not
sustained and was not accompanied by stomatal closure. By contrast,
following cotyledonary-leaf wounding a low-level but significant rise in
distal-cotyledon guard-cell fluorescence was observed in hpcal only at
the 1 h time point. These observations are concordant with a model in
which root-derived systemic signaling reaches distal guard cells more
rapidly than cotyledon-derived signaling (see also the dynamics of sto-
matal responses, which show an earlier response after root wounding
and a slower distal response after cotyledon wounding in WT seedlings,
Fig. 3). This suggests that an initial systemic ROS signal can reach distal
guard cells independently of HPCA1, whereas signal maintenance and
functional decoding require HPCAl-dependent mechanisms. Further-
more, the transient but consistent ROS accumulation after root
wounding may also reflect the distinct nature of the stress applied: in
seedlings, roots must be pinched rather than cut, while cotyledons can
be partially excised to create a wound. Our results are consistent with
Fichman et al. (2022), who showed that mechanical pinching of adult
leaves triggers ROS accumulation even in hpcal mutants. In line with
this, we observed that pinching roots induces a transient ROS accumu-
lation in hpcal, while cutting cotyledons generates a stronger ROS burst
that can be sustained in WT seedlings through HPCAl-dependent
amplification but rapidly decays in the absence of HPCAL.

A possible interpretation for our results is that HPCA1 is dispensable
for the onset of the systemic ROS burst but is essential for local signal
reinforcement. Previous studies have shown that HPCA1 mediates Ca%*
influx in response to extracellular HoOy (Wu et al., 2020), a critical
process for sustaining the positive interaction between Ca®" signaling
and ROS production. In the absence of HPCA1, the transient ROS
accumulation observed shortly after root wounding may represent a
passive or diffusion-driven signal that fails to trigger sufficient Ca*
influx, preventing activation of downstream components required for
sustained ROS production and stomatal closure. As a result, guard cells
in hpcal seedlings appear unable to translate transient extracellular ROS
cues into stable intracellular transduction pathways and physiological
output. The failure of hpcal seedlings to close stomata despite transient
ROS presence further indicates that ROS accumulation alone is insuffi-
cient to induce stomata responses without proper signal amplification
and decoding. Notably, the slightly higher basal ROS levels observed in
hpcal guard cells indicate an altered redox homeostasis, which may
compromise the effective amplification and propagation of
wound-induced ROS signals. Together, these findings support a model in
which HPCAL acts as a critical hub linking extracellular ROS perception
to Ca2+—dependent signal reinforcement, enabling maintenance of
guard-cell ROS dynamics and the execution of systemic stomatal accli-
mation following stress perception.

Altogether, our results indicate that HPCA1 is essential for sustaining
ROS-dependent systemic signaling in Arabidopsis at the cotyledon stage.
Loss of HPCAL1 disrupts this cascade, impairing the persistence of sys-
temic ROS signals, guard-cell signal amplification and wound-induced
stomatal acclimation. In this framework, future work will be essential
to determine how HPCA1-dependent signaling interfaces with parallel
and partially redundant pathways and how these interactions evolve
across developmental stages and stress contexts.

5. Conclusions
Our results show that HPCA1 is essential for wound-induced sys-

temic ROS signaling in Arabidopsis seedlings. In hpcal, ROS accumu-
lation is compromised both at the site of wounding and in distal tissues,
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including guard cells, preventing the implementation of local and sys-
temic stomatal closure. These results indicate that extracellular ROS
perception by HPCA1 is required to maintain and propagate systemic
ROS signals. By enabling coordinated ROS dynamics across tissues,
HPCAL1 ensures rapid physiological acclimation to wounding. This study
highlights HPCA1 as a key mediator linking extracellular ROS percep-
tion to whole-seedling stress responses, providing new insights into the
mechanisms controlling systemic signaling and stomatal regulation in
early plant development.
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