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Abstract

Mechanical wounding occurs in plants during biotic or abiotic stresses and is associated with the activation of long-
distance signaling pathways that trigger wound responses in systemic tissues. Among the different systemic signals
activated by wounding are electric signals, calcium, hydraulic, and reactive oxygen species (ROS) waves. The release of
glutamate (Glu) from cells at the wounded tissues was recently proposed to trigger systemic signal transduction pathways
via GLU-LIKE RECEPTORs (GLRs). However, the role of another important compound released from cells during wounding
(extracellular ATP [eATP]) in triggering systemic responses is not clear. Here, we show in Arabidopsis (Arabidopsis thaliana)
that wounding results in the accumulation of nanomolar levels of eATP and that these levels are sufficient to trigger the
systemic ROS wave. We further show that the triggering of the ROS wave by eATP during wounding requires the
PURINORECEPTOR 2 KINASE (P2K) receptor. Application of eATP to unwounded leaves triggered the ROS wave, and the
activation of the ROS wave by wounding or eATP application was suppressed in mutants deficient in P2Ks (e.g. p2k1-3,
p2k2, and p2k1-3p2k2). In addition, expression of systemic wound response (SWR) transcripts was suppressed in mutants
deficient in P2Ks during wounding. Interestingly, the effect of Glu and eATP application on ROS wave activation was not
additive, suggesting that these two compounds function in the same pathway to trigger the ROS wave. Our findings reveal
that in addition to sensing Glu via GLRs, eATP sensed by P2Ks plays a key role in the triggering of SWRs in plants.

Introduction

Mechanical wounding is associated in plant cells with the
disruption of cellular integrity and the breakdown of differ-
ent membrane structures (Farmer et al., 2020; Ikeuchi et al.,
2020; Vega-Muroz et al., 2020). In many cases, this disrup-
tion results in the rapid and uncontrolled partitioning of cel-
lular compounds, membrane depolarization, altered pH
levels, and/or formation of reactive oxygen species (ROS;
Farmer and Goossens, 2019; Shao et al., 2020; Vega-Munoz

et al., 2020). Mechanical wounding can occur in plants dur-
ing herbivory, wind damage, pathogen infection, or even as
part of different abiotic stresses such as severe drought,
freezing, heat, or salt stresses that cause the collapse of dif-
ferent subcellular structures. In some cases, wounding is an
early response to stress (e.g. during herbivory), while in
others (e.g. following the activation of programmed cell
death in response to pathogen attack) it could be a late
event. One of the key processes associated with wounding is
the disruption of plasma membrane (PM) integrity and the
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release of different cellular compounds such as the amino
acid glutamate (Glu), or the nucleotide adenosine triphos-
phate (ATP) that becomes extracellular ATP (eATP; Roux,
2014; Toyota et al., 2018; Shao et al., 2020). Some of the
compounds released from cells during wounding are
thought to be sensed by different receptors (e.g. the
PURINORECEPTOR 2 KINASE [P2K] that senses eATP; Choi
et al., 2014; Chen et al., 2017; Pham et al., 2020), and/or
channels (e.g. the Glu-like channels GLU-LIKE RECEPTORs
GLR3.3 and GLR3.6 that sense Glu; Mousavi et al., 2013;
Toyota et al., 2018; Shao et al., 2020; Tian et al., 2020) and
trigger wound-induced signal transduction pathways
(Monshausen et al., 2009; Tian et al., 2020; Moore et al.,
2021). Wound-induced depolarization of the PM is also
thought to alter the activity of additional channels and trig-
ger further downstream signaling pathways (Nguyen et al.,
2018; Farmer et al., 2020; Vega-Muroz et al., 2020; Duong
et al., 2021). In addition, the plant hormone jasmonic acid
(JA) is produced at very high levels following the disruption
of membranes and the oxidation of different fatty acids
(Tripathi et al., 2017; Farmer and Goossens, 2019). JA, as well
as other plant hormones, such as ethylene and salicylic acid,
are also known to play a key role in the activation of
wound-induced signaling.

In addition to triggering transcriptomic, metabolic, physio-
logical, and/or proteomic responses at the tissues directly
subjected to wounding (i.e. the wounded cells themselves,
or cells neighboring the wounded cells; will be referred to
here as “local tissue”), wounding is also accompanied by the
triggering of systemic signal transduction pathways that acti-
vate wound-associated response mechanisms in tissues that
have not been directly subjected to wounding (will be re-
ferred to here as “systemic tissue”). This process is termed
systemic wound response (SWR) and is thought to enhance
the overall resistance of plants to herbivory attack or other
wound-related stresses (Walker-Simmons et al., 1984).
Systemic signals thought to be involved in SWR include
rapid changes in membrane potential (electric signals), cal-
cium waves, ROS waves, hydraulic waves, and hormones
such as JA (that can also function as volatiles; e.g. methyl
JA), as well as other hormones and metabolites (e.g. Farmer
et al., 2014, 2020; Tripathi et al., 2017; Nguyen et al., 2018;
Toyota et al., 2018; Fichman et al., 2019; Matthus et al.,
2020; Shao et al., 2020; Fichman and Mittler, 2021).

The release of Glu from wounded cells, as well as local
changes in pH, were recently proposed to play a key role in
triggering SWRs by activating GLRs and initiating the sys-
temic calcium wave (Toyota et al., 2018; Shao et al., 2020).
In addition to the calcium wave, GLRs were previously
shown to be required for the activation of systemic electric
waves during wounding (Mousavi et al., 2013; Nguyen et al.,
2018). A recent study showed that GLRs are also required
for triggering the ROS wave during wounding (Fichman and
Mittler, 2021). In contrast to Glu, the role of eATP in trigger-
ing systemic responses to wounding is not established. eATP
was shown to trigger local ROS production during wound-
ing following the sensing of eATP by the eATP receptor P2K
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that phosphorylates and activates the RESPIRATORY BURST
OXIDASE HOMOLOG D (RBOHD) protein (Chen et al.,
2017). A recent study has also shown that eATP is activating
calcium signaling in cells via CYCLIC NUCLEOTIDE GATED
ION CHANNEL2 (CNGC2) and CNGC2 (Duong et al., 2021,
Wang et al., 2022), and this process could also activate the
calcium and ROS waves (Matthus et al., 2020).

The ROS wave is an auto-propagating cell-to-cell systemic
signaling pathway triggered in plants in response to wound-
ing and many different biotic and abiotic stresses (e.g.
Fichman et al., 2019; Fichman and Mittler, 2020; Zandalinas
et al., 2020a, 2020b; Zandalinas and Mittler, 2021). It is de-
pendent on the function of RBOHD and can travel in a cell-
to-cell fashion over long distances from its site of initiation
to the entire plant within minutes (Miller et al., 2009;
Fichman et al., 2019; Fichman and Mittler, 2020). A recent
study showed that the activation of the ROS wave in plants
during wounding does not occur in mutants deficient in
GLR (i.e. the glr3.3gIr3.6 double mutant), RBOHD (rbohD), or
plasmodesmata (PD) functions (i.e. mutations in PD-
LOCALIZED PROTEIN 5; pdip5; Fichman and Mittler, 2021).
However, the role of eATP in triggering the ROS wave and
other systemic responses during wounding is not clear.

Because RBOHD plays a critical role in eATP-induced ROS
formation during wounding (Chen et al., 2017), as well as in
triggering and propagating the ROS wave (Miller et al., 2009;
Fichman and Mittler, 2020), we used the whole-plant imaging
method we developed (Fichman et al., 2019; Zandalinas et al.,
2020a, 2020b; Fichman and Mittler, 2021; Zandalinas and
Mittler, 2021) to elucidate the role of eATP in the wound-
induced ROS wave response. Here, we reveal that eATP that
accumulates in wounded leaves and is sensed by P2K is re-
quired for the activation of the ROS wave during wounding.
eATP application to unwounded leaves triggered the ROS
wave, and the activation of the ROS wave was suppressed in
mutants deficient in P2K (i.e. p2k1-3, p2k2, and p2k1-3p2k2).
In addition, the expression of several SWR transcripts was
suppressed in mutants deficient in P2K during wounding.
Our findings reveal that in addition to sensing Glu via GLRs,
eATP sensed by P2Ks is playing a key role in triggering the
SWR of plants.

Results and discussion

Whole-plant live imaging of eATP accumulation in
plants following wounding

eATP was previously imaged following wounding of plant
tissues using a combination of luciferase and luciferin that
produces light in the presence of ATP (e.g. Kim et al., 2006;
Roux, 2014). These measurements were, however, restricted
to cells and tissues and conducted using different micros-
copy platforms. To image eATP accumulation following
wounding in whole Arabidopsis (Arabidopsis thaliana) plants
grown in soil, we used the same imaging platform we previ-
ously used for live imaging of ROS in whole plants in re-
sponse to different stresses/treatments (i.e. the IVIS Lumina
S5 platform; Fichman et al., 2019). We applied a mixture of

220z 8unp 90 Uo Jasn eiquinjoD-LUnossI 1o AlisiaAiun Ag Z1055S9/8 | oeny/sAudid/s60 1L 0L /1op/alone-soueape/sAydid/woo dno-olwepeoe//:sdiy Wolj pepeojumod



eATP triggers the ROS wave PLANT PHYSIOLOGY 2022: 00; 1-12 | 3

luciferin and luciferase to plants and imaged light emission higher sensitivity of the equipment used in this study. Using
from plants following wounding. As shown in Figure 1, A the whole-plant ATP imaging method we developed
and B, we first generated a calibration curve for ATP and (Figure 1, A and B), we then determined for how long ATP
then used this curve to measure the levels of ATP released levels would persist on a leaf following wounding. As shown
from cells within the first 5 min following wounding. This in Figure 1C, wounding of a single leaf of Arabidopsis
analysis revealed that~35 nM of ATP can be detected on resulted in the rapid accumulation of eATP that began to
the surface of leaves 5 min following wounding (Figure 1, A subside at about 20 min following wounding. Systemic accu-
and B). This amount is much lower than previous findings mulation of eATP in nonwounded leaves of treated plants
(about 401M; Song et al., 2006), potentially due to the or in unwounded plants was not detected. The findings
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Figure 1 Whole-plant live imaging of eATP accumulation following wounding. A, A representative calibration curve generated to measure ATP
levels using the IVIS lllumina S5 platform. B, Quantification of ATP levels (indicated by luciferase activity) in a wounded Arabidopsis leaf 5 min
following wounding. C, Representative time-lapse images of whole plant eATP levels in Arabidopsis plants subjected to wounding on a single leaf
(local; L), along with statistical analysis of eATP levels in L and systemic (S) leaves of wounded (on leaf L) and unwounded plants at 5-, 15- and
20-min following wounding. D, Representative time-lapse images of luciferase activity following the application of 0, 300, or 600 IM of ATP to a
single leaf (L), along with statistical analysis of eATP levels in leaf L at 5-, 15-, and 30-min following ATP application. All experiments were repeated
at least three times with at least three treated and three untreated plants per repeat. Letters indicate statistical significance (P 5 0.05) by one-way
ANOVA (n=6). Bar = 1 cm. Each box plot consists of borders corresponding to the 25th and 75th percentiles of the data, with data values in-
cluded as points within the plot. The median is described by an inner, horizontal line and “X” corresponds to the mean. Whiskers describe the
1.5X interquartile range of the data. Total flux represents the bioluminescent signal intensity determined within the ROl and is correlated with
the amount of eATP present. L, local; S, systemic.
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presented in Figure 1 demonstrate that wounding is fol-
lowed by localized eATP accumulation, but that unlike ROS,
the levels of eATP in systemic tissues do not change follow-
ing wounding (at least within the time frame and detection
limits of our method). The finding that ATP levels subsided
at 20-30 min following wounding (Figure 1C) could suggest
that ATP at the leaf surface undergoes degradation, by for
example apyrases. To test whether ATP artificially applied to
the leaf surface undergoes degradation, we applied a drop of
300 or 600 1M ATP to the surface of unwounded plants,
waited 5 min, blotted the excess solution, and incubated the
leaf for 5, 15, or 30 min. As shown in Figure 1D, eATP at the
surface of unwounded leaves undergoes a time-dependent
degradation process. In contrast, the same ATP concentra-
tions kept in solution did not (Supplemental Figure S1).
Based on these findings, we continued our analysis of eATP
role in triggering systemic responses using stable ATP forms
such as ATPcS and bcmeATP (Supplemental Figure S2;
Chenetal., 2017; Pham et al., 2020; Duong et al., 2021).

Application of eATP to unwounded plants triggers
the ROS wave

Because wounding was previously shown to trigger the ROS
wave (Fichman et al., 2019), as well as to release ATP from
cells (that becomes eATP; Figure 1; Kim et al., 2006; Roux,
2014), and the sensing of eATP by P2K1 was shown to trig-
ger ROS production by RBOHD (Chen et al., 2017), we
tested whether application of a stable form of eATP
(bcmeATP; Chen et al., 2017; Pham et al., 2020; Duong
et al., 2021) at different concentrations can trigger the ROS
wave. As shown in Figure 2A, application of 0.1, 1, 50, or
300 1M bemeATP to a single leaf of unwounded plants trig-
gered the rapid accumulation of ROS in local and systemic
leaves. This finding suggested that similar to different biotic
and abiotic stresses such as heat, high light, or pathogen in-
fection, applied to a local leaf (e.g. Fichman et al., 2019;
Zandalinas et al., 2020a, 2020b), eATP application to a single
leaf can trigger the ROS wave. The activation and propaga-
tion of the ROS wave by different abiotic and biotic stimuli
is dependent on the function of RBOHD that is thought to
drive the accumulation of ROS at the apoplast (Miller et al.,
2009; Fichman et al., 2019). To test whether the local and
systemic accumulation of ROS by eATP is also dependent
on RBOHD, we applied 300 IM bcmeATP to wild-type
(WT) and rbohD plants. As shown in Figure 2B, application
of 300 IM bcmeATP to the rbohD mutant did not result in
local and systemic ROS accumulation. The findings pre-
sented in Figure 2 suggest that eATP application to plants
can trigger the ROS wave.

The activation of the ROS wave following
application of eATP is dependent on the eATP
receptor P2K

eATP is sensed in plant cells via the eATP receptors P2K1
and P2K2 leading to the activation of different metabolic
and physiological responses (Choi et al., 2014; Chen et al.,
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2017; Pham et al., 2020). To test whether eATP application
is triggering the ROS wave through the P2K pathway, we ap-
plied 300 IM bcmeATP to a single leaf of WT and P2K
mutants (i.e. p2k1-3, p2k2, and p2k1-3p2k2; Choi et al., 2014;
Chen et al., 2017; Pham et al., 2020) and measured local and
systemic ROS accumulation. As shown in Figure 3, com-
pared with WT, the local and systemic accumulation of ROS
in response to 300 IM bcmeATP was completely blocked in
the p2k1-3, p2k2, and p2k1-3p2k2 mutants. This finding sug-
gests that eATP can trigger the ROS wave via the P2K recep-
tors, and that this response required both receptors to be
functional.

The activation of the ROS wave following wounding
is suppressed in mutants deficient in the eATP
receptor P2K

The sensing of eATP by the eATP receptor protein P2K1
was previously shown to trigger ROS production in cells via
phosphorylation of RBOHD (Chen et al., 2017). To test
whether P2K1 is also involved in the activation of the ROS
wave during wounding (Miller et al., 2009; Fichman et al.,
2019; Fichman and Mittler, 2021), we measured local and
systemic ROS accumulation in the p2k1-3, p2k2, and p2k1-
3p2k2 mutants. As shown in Figure 4, compared with WT,
the accumulation of local and systemic ROS in the P2K
mutants was suppressed following wounding of a local leaf.
These finding suggest that the sensing of eATP during
wounding plays an important role in triggering the ROS
wave. The finding that in contrast to eATP application
(Figure 3), the ROS wave was not completely suppressed in
the P2K mutants following wounding (Figure 4) suggests,
however, that additional wound-related signals, for example,
Glu (Mousavi et al., 2013; Toyota et al., 2018; Shao et al.,
2020), could also be involved in the triggering of the ROS
wave following mechanical wounding. Indeed, the ROS wave
was previously shown to be suppressed in the gir3.3g/r3.6
double mutant in response to wounding (Fichman and
Mittler, 2021). The findings presented in Figures 3 and 4 sug-
gest that both P2Ks are required for SWRs. One possible ex-
planation is that P2K1 and P2K2 have complemented
functions in different tissues, and that both are required for
mediating systemic signals during wounding (somewhat akin
to GLR3.3 and GLR3.6, or RBOHD and RBOHF, during
wounding or high light stress, respectively; Nguyen et al.,
2018; Zandalinas et al., 2020b).

The expression of wound- and ROS-response tran-
scripts is suppressed in systemic leaves of mutants
deficient in the eATP receptor P2K following local
wounding

The ROS wave was previously shown to be required for sys-
temic transcriptomic responses to local heat, high light, or
mechanical stress treatments (Suzuki et al., 2013; Fichman
and Mittler, 2020; Zandalinas et al., 2020a, 2020b; Fichman
and Mittler, 2021). However, the role of eATP, P2Ks, and the
ROS wave in triggering systemic transcriptomic responses to
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Figure 2 Application of eATP to unwounded plants triggers the ROS wave. A, Representative time-lapse images of whole-plant ROS levels
(indicated by DCF oxidation) in Arabidopsis plants following the application of 0 (mock), 0.1, 1, 50, or 300 mM bcmeATP to a single leaf (local; L),
along with statistical analysis of ROS levels in local and systemic (S) leaves of ATP or mock treated plants at 30-min following ATP application. B,
Same as in (A), but for WT (Col-0) and rbohD plants treated on their local leaf with 0 (mock) or 300 mM bcmeATP. All experiments were
repeated at least three times with at least three treated and three untreated plants per repeat. Letters indicate statistical significance (P5 0.05)
by one-way ANOVA (n=6). Bar = 1 cm. Each box plot consists of borders corresponding to the 25th and 75th percentiles of the data, with
data values included as points within the plot. The median is described by an inner, horizontal line and “X” corresponds to the mean.
Whiskers describe the 1.5 X interquartile range of the data. Letters represent a statistically significant difference corresponding to at least

P 50.05. L, local; S, systemic.

wounding is not clear. Because the ROS wave is suppressed
following wounding in the P2K mutants (Figure 4), we
tested whether this suppression is also affecting the expres-
sion of several wound- and ROS-response systemic tran-
scripts (i.e. the zinc-finger proteins ZAT10and ZAT12, and
the transcriptional regulator WRKY40; Suzuki et al., 2013;
Zandalinas et al., 2019, 2020a, 2020b; Fichman and Mittler,
2021). As shown in Figure 5, compared with WT, the local
and systemic expression of ZAT10 and WRKY40, and the
systemic expression of ZAT12, were suppressed in the p2k1-
3, p2k2, and p2k1-3p2k2 mutants following a local wounding

treatment. This finding suggests that the sensing of eATP
plays an important role not only in the triggering of the
ROS wave following wounding, but also in the activation of
some transcriptomic responses in systemic leaves. Because
ZAT12 expression is regulated via multiple signaling path-
ways (Davletova et al.,, 2005), it is possible that other
wound-induced signal transduction pathways (e.g. redox,
Glu, pH, and hormones; Vega-Muroz et al., 2020) activate
its expression in local leaves during wounding. In contrast,
the systemic expression of ZAT12 (Figure 5) is strictly depen-
dent on the ROS wave (Miller et al., 2009).
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Figure 3 The activation of the ROS wave following application of eATP is dependent on the eATP receptors P2Ks. A, Representative time-lapse
images of whole plant ROS levels (indicated by DCF oxidation) in WT (Col-0) and p2k1-3, p2k2, and p2k1-3p2k2 plants following application of 0
(mock), or 300 mM bemeATP to a single leaf (local; L). B, Statistical analysis of L and systemic (S) ROS levels in leaves of treated or mock untreated
(on leaf L) WT and p2k1-3, p2k2, and p2k1-3p2k2 mutant plants at 20 min following buffer/eATP application. All experiments were repeated at
least three times with at least three treated and three untreated plants per repeat. Letters indicate statistical significance (P 5 0.05) by one-way
ANOVA (n=6). Bar =1 cm. Each box plot consists of borders corresponding to the 25th and 75th percentiles of the data, with data values in-
cluded as points within the plot. The median is described by an inner, horizontal line and “X” corresponds to the mean. Whiskers describe the

1.5X interquartile range of the data.

Application of Glu, eATP, or eATP + Glu to
unwounded plants triggers the ROS wave

Our findings that the ROS wave was not completely abol-
ished in the P2K mutants following wounding (Figure 4)
suggested that other wound-induced signals could be
involved in triggering the ROS wave during wounding. To
examine this question further, we first compared in side-by-
side experiments the intensity of the ROS wave triggered by
wounding to that triggered by the application of 300 IM
bcmeATP. As shown in Figure 6A, wounding or eATP appli-
cation induced comparable levels of the systemic ROS wave,
with the levels induced by eATP being slightly lower. This
finding suggested that eATP could be cooperating with
other wound-induced signals, for example, Glu to induce
the systemic ROS wave during wounding. To further test
whether eATP and Glu could have a synergistic effect on
the activation of the ROS wave, we applied eATP, Glu, or
eATP + Glu to a local leaf and measured the local and sys-
temic accumulation of ROS. As shown in Figure 6B, applica-
tion of Glu, eATP, or eATP + Glu resulted in a similar
systemic ROS accumulation response. Compared with eATP,

application of Glu to a local leaf generated, however, a lower
local ROS response. The findings presented in Figure 6 sug-
gest that Glu or eATP can trigger the ROS wave during
wounding, but that they likely trigger it via the same
pathway.

Conclusions

The local wound response is a complex response that
involves the activation of multiple signaling pathways. These
include pathways responding to membrane depolarization,
eATP, Glu, pH, ROS, and different plant hormones, including
JA (e.g. Mousavi et al., 2013; Tripathi et al., 2017; Nguyen
et al., 2018; Toyota et al., 2018; Farmer et al., 2020; lkeuchi
et al., 2020; Shao et al., 2020; Vega-Muroz et al., 2020;
Moore et al., 2021). While Glu, pH, and membrane depolari-
zation were recently shown to trigger the SWR via GLR-
triggered electric, calcium and ROS waves (Mousavi et al.,
2013; Nguyen et al., 2018; Toyota et al., 2018; Shao et al.,
2020; Fichman and Mittler, 2021; Figure 6B), the role of
eATP in triggering SWR is not established. Our study reveals
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Figure 4 The activation of the ROS wave following wounding is suppressed in mutants deficient in the eATP receptors P2Ks. A, Representative
time-lapse images of whole plant ROS levels (indicated by DCF oxidation) in WT (Col-0) and p2k1-3, p2k2, and p2k1-3p2k2 plants following
wounding of a single leaf (local; L). B, Statistical analysis of L and systemic (S) ROS levels in leaves of wounded or unwounded (on leaf L) WT and
p2k1-3, p2k2, and p2k1-3p2k2 mutant plants at 20 min following wounding. All experiments were repeated at least three times with at least three
treated and three untreated plants per repeat. Letters indicate statistical significance (P 5 0.05) by one-way ANOVA (n = 6). Bar = 1 cm. Each box
plot consists of borders corresponding to the 25th and 75th percentiles of the data, with data values included as points within the plot. The me-
dian is described by an inner, horizontal line and “X” corresponds to the mean. Whiskers describe the 1.5X interquartile range of the data.

that during mechanical wounding eATP plays an important
role in triggering the ROS wave and SWRs, and that eATP
triggers these responses via a P2K and RBOHD dependent
pathway (Chen et al., 2017; Figure 6C). However, because
the ROS wave and the SWR are not completely blocked in
the P2K mutants (Figures 4 and 5), it is likely that other
pathways involved in SWR (e.g. the Glu-GLR pathway;
Mousavi et al., 2013; Nguyen et al., 2018; Toyota et al., 2018;
Shao et al., 2020; Figure 6B) could be playing a role in this
response (Figure 6C). Further studies are therefore needed
to determine how eATP is integrated with other wound-
induced signal transduction pathways. For example, it would
be interesting to test whether eATP application would trig-
ger the ROS wave in the gIr3.3g/r3.6 double mutant. In addi-
tion, because systemic signaling is mediated via distinct
groups of cells in plants (e.g. phloem and xylem parenchyma
cells; Nguyen et al., 2018; Zandalinas et al., 2020b; Zandalinas
and Mittler, 2021), it would be interesting to examine
whether there is a link between the function of P2K1 and

P2K2 in inducing the ROS wave during wounding (Figure 4)
and their expression in different plant tissues (similar to the
studies described in Nguyen et al., 2018 and Zandalinas
et al., 2020b, for GLR3.3GLR3.6 and RBOHD, respectively).
When it comes to local and systemic ROS production dur-
ing wounding, our findings that RBOHD is essential for ROS
accumulation in response to eATP (Figure 2), as well as in
response to wounding (Fichman and Mittler, 2021), suggests
that RBOHD is a central integrator of wound-induced ROS
associated signals (Figure 6C). RBOHD could, therefore, inte-
grate eATP-activated P2K kinase activity, with GLR- and cy-
clic nucleotide-gated channel (CNGC)-driven calcium, and/
or GLR- and CNGC-driven calcium-dependent kinase (CPK)
activity (e.g. Dubiella et al., 2013) to trigger the ROS wave
(Figure 6C). In future studies it would be interesting to find
out whether the activation of the ROS wave during eATP
application or wounding (Figures 3 and 4) is mediated via
phosphorylation of RBOHD on amino acids S22 and T24 by
P2K1, similar to the pathway proposed for P2K1 and
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Figure 5 The expression of wound- and ROS-response transcripts is suppressed in systemic leaves of mutants deficient in the eATP receptors
P2Ks following local wounding. A, T-qPCR analysis for ZAT10, ZAT12, and WRKY40 steady-state transcript levels in local leaves of WT (Col-0) and
p2k1-3, p2k2, and p2k1-3p2k2 plants following wounding of a single leaf. B, Same as in (A), but for systemic leaves. Transcript expression is repre-
sented as the relative quantity (27PPCT) compared to an internal control (elongation factor 1a) in unwounded local tissue of WT (time 0). All
experiments were repeated at least three times with at least three treated and three untreated plants per repeat. Letters indicate statistical signifi-
cance (P 5 0.05) by two-way ANOVA (n = 6). Each box plot consists of borders corresponding to the 25th and 75th percentiles of the data, with
data values included as points within the plot. The median is described by an inner, horizontal line and “X” corresponds to the mean. Whiskers de-

scribe the 1.5X interquartile range of the data.

RBOHD function during stomatal regulation in response to
bacterial pathogen infection (Chen et al., 2017).

Materials and methods

Plant materials, growth conditions, and stress
treatments

Arabidopsis (A. thaliana) (Col-0) WT, rbohD (AT5G47910;
Torres et al.,, 2002), and aequorin-expressing WT and
p2k1-3 (Choi et al., 2014; Chen et al., 2017; SALK_042209),
p2k2 (GK-777H06; Pham et al., 2020), and p2k1p2k2
(SALK_042209/GK-777H06; Pham et al., 2020) plants were
grown on peat pellets (Jiffy 7; Jiffy International,
Kristiansand, Norway) for 4 weeks under controlled short-
day conditions of 10-h-light/14-h-dark, 50 mmol m=2s7%,
and 21°C ambient temperature. Wounding was applied to
a single leaf by puncturing with 18 dressmaker pins simul-
taneously as described in Fichman et al. (2019). eATP was
applied to a single leaf via submersion for 5 s in a dipping
solution of 0, 0.1, 1, 50, or 300 mM bcmeATP, 300 mM
ATP, or 300 mM ATPcS (Sigma-Aldrich Inc., St. Louis, MO,
USA), 50 mM H,DCFDA (Sigma-Aldrich Inc., St. Louis, MO,
USA), and 2.67 mM MgSO. (Thermo Fisher Scientific,

Waltham, MA, USA) in 0.1 mM EDTA, 0.05 M phosphate
buffer, pH 7.4, 0.01% (v/v) Silwet L-77, as described in Kim
et al. (2006) and Fichman et al. (2019). Due to its high
stability, 300 mM bcmeATP was used for subsequent
analysis of the ROS wave in different mutants, and com-
parisons to wounding or Glu application. Glu was applied
to a single leaf via submersion for 5 s in a dipping solution
of 100 mM -Glutamic acid (Sigma-Aldrch, Inc., St. Louis,
MO, USA), 50 mM H2DCFDA (Sigma-Aldrich Inc., St.
Louis, MO, USA), 0.05 M phosphate buffer, pH 7.4, and
0.01% (v/v) Silwet L-77.

eATP imaging

To visualize eATP following wounding, plants were sprayed
until leaf saturation and runoff with 1 mM luciferin (sodium
salt; GOLD Biotechnology, Saint Louis, MO, USA; Miller
et al., 2009), 10 mg/mlL firefly luciferase (Promega, Madison,
WI, USA), and 5 mM MgCl; in 0.5 M Tris—HCI, pH 7.5. A lo-
cal leaf was then immediately wounded as described above.
After an initial 5 min incubation period in darkness (to elim-
inate light-induced bioluminescent background), images of
the resulting bioluminescence were acquired for 1h using
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Figure 6 Side-by-side comparison between wounding and eATP application, as well as between Glu, eATP, or eATP + Glu application, and a
model. A, Representative time-lapse images of whole-plant ROS levels (indicated by DCF oxidation) for a side-by-side comparison between the lo-
cal (L) and systemic (S) ROS response of Arabidopsis plants to wounding or the application of 300 mM bcmeATP, along with statistical analysis of
ROS levelsin Land S leaves 30 min following eATP application or wounding. B, Representative time-lapse images of whole-plant ROS levels in
Arabidopsis plants following the application of bcmeATP (300 mM), Glu (50 mM), or bcmeATP (300 mM) + Glu (50 mM) to a single leaf (L; buffer
without ATP or Glu was applied to leaf L of mock untreated plants), along with statistical analysis of L and S ROS levels in leaves of treated or
mock untreated (on leaf L) plants at 20 min following buffer/eATP/Glu/ATP + Glu application. All experiments were repeated at least three times
with at least three treated and three untreated plants per repeat. Letters indicate statistical significance (P 5 0.05) by one-way ANOVA (n= 6).
Bar =1 cm. Each box plot consists of borders corresponding to the 25th and 75th percentiles of the data, with data values included as points
within the plot. The median is described by an inner, horizontal line and “X” corresponds to the mean. Whiskers describe the 1.5 X interquartile
range of the data. C, A hypothetical model depicting the proposed role of eATP in triggering the ROS wave during wounding. The sensing of
eATP by P2Ks, as well as the sensing of Glu by GLRs is shown to trigger ROS production by RBOHD and initiate the ROS wave. ER, endoplasmic re-
ticulum; P, phosphate; S, systemic.

220z 8unp 90 Uo Jasn eiquinjoD-LUnossI 1o AlisiaAiun Ag Z1055S9/8 | oeny/sAudid/s60 1L 0L /1op/alone-soueape/sAydid/woo dno-olwepeoe//:sdiy Wolj pepeojumod



10 | PLANT PHYSIOLOGY 2022: Page 10 of 12

the IVIS Lumina S5 system (PerkinElmer, Waltham, MA,
USA) and analyzed using Living Image version 4.7.2 software
as described in Fichman et al. (2019) and Zandalinas et al.
(2020b). Quantification of bioluminescence in regions of in-
terest was calculated using counts (photons/second) as de-
scribed by Zandalinas et al. (2020b). Positive bioluminescent
controls were performed by the application of a drop
(10 IL) of ATP (10 mM; Sigma Aldrich Inc., St. Louis, M,
USA) to a single leaf with no wounding. To quantify ATP
levels following wounding, a standard curve for ATP levels
was generated using a dilution series of ATP (Sigma-Aldrich
Inc., St Louis, MO, USA) from 0 to 500 nM in a 96-well plate,
mixed with 1 mM luciferin, 10 mg/mlL firefly luciferase, 5 mM
MgCl,in 0.5 M Tris—HCI, pH 7.5. The plate was placed side-
by-side with wounded plants that were sprayed with 1 mM
luciferin, 10 mg/mL firefly luciferase, 5 mM MgCl,in 0.5 M
Tris—HCI, pH 7.5, and imaged for luciferase activity as de-
scribed above. To determine the degradation rate of eATP
applied to the leaf surface, a drop (10 1L) of ATP (0, 300, or
600 1M; Millipore-Sigma) was placed on a leaf. Following
5 min incubation the drop was blotted off the leaf surface
using a sterile 3MM Whatman paper and the leaf was incu-
bated for 5 more minutes. Plants were then sprayed with
1 mM luciferin, 10 mg/mL firefly luciferase, 5mM MgCl, in
0.5 M Tris—HCl, pH 7.5, and imaged for luciferase activity as
described above. All experiments were repeated at least
three times with at least three biological repeats per treat-
ment, each with 10-15 individual plants per genotype, per
treatment.

ROS imaging

Whole-plant ROS accumulation was imaged and analyzed as
described in Fichman et al. (2019). Plants were fumigated for
30 min with 50 mM H;DCFDA (SigmaAldrich Inc., St. Louis,
MO, USA) in 0.05 M phosphate buffer, pH 7.4, 0.01% (v/v)
Silwet L-77 using a nebulizer (Punasi Direct, Hong Kong,
China) within a glass enclosure to allow for uptake of the
vaporized solution into the plants. Following fumigation, a
single leaf was wounded or treated with eATP as described
above and images of the resulting ROS wave were captured
over 30 min using the IVIS Lumina S5 system (PerkinElmer,
Waltham, MA, USA). Images were analyzed using Living
Image version 4.7.2 and data analysis was performed by
measuring radiant efficiency in regions of interest as de-
scribed in Fichman et al. (2019). Accumulation of ROS com-
pared to the 0-min time point was determined by
subtracting the fluorescent signal of the initial time point
(0-min) from the time point of interest. The 0-min time
point was the initial image, which results in no signal being
visualized due to fluorescence subtraction (Fichman et al.,
2019). To ensure penetration of the H,DCFDA dye into
plants, controls were performed by fumigation with 0.3% (v/
v) H,0; for 10 min after 50 mM H,DCFDA fumigation for
30 min and image acquisition in the IVIS Lumina S5 system
(Fichman et al., 2019; Fichman and Mittler, 2020; Zandalinas
et al., 2020b). All experiments were repeated at least three
times with at least three biological repeats per treatment,

Myers et al.

each with 10-15 individual plants per genotype, per
treatment.

Transcript expression analysis

Transcriptional responses of local and systemic leaves follow-
ing wounding were analyzed at 0- and 30-min following
wounding. Young systemic leaves located approximately
137.5° away from the sampled local leaf within the rosette
were chosen for sampling. Plants wounded at a single leaf
were allowed to incubate for 30 min following wounding
prior to sampling of the local and systemic leaf. Four biologi-
cal repeats for each treatment were used each with 12 tech-
nical repeats. RNA extraction was performed using Plant
RNeasy kit (Qiagen, Hilden, Germany) as described by the
manufacturer. Complementary DNA was synthesized from
the quantified extracted RNA template (Primescript RT
Reagent Kit; Takara Bio, Shiga, Japan). Reverse transcription-
quantitative polymerase chain reaction (RT-gPCR) analysis
of transcript expression was performed for genes ZAT10
(AT5G59820), ZAT12 (AT1G27730), and WRKY40
(AT1G80840) using iQ SYBR Green supermix (Bio-Rad,
Hercules, CA, USA) in the CFX Connect Real-Time PCR
Detection System (Bio-Rad) as described in Fichman and
Mittler (2021). ELONGATION FACTOR 1A served as the in-
ternal control to normalize relative gene expression across
samples. Primer sequences used for each transcript are
shown in Supplemental Table S1. Quantification of normal-
ized relative gene expression (27PPT) is presented as per-
cent of control (with the unwounded local sample acting as
the control).

Statistical analysis

Statistical analysis for all ROS and ATP imaging was per-
formed with one-way analysis of Variance (ANOVA) fol-
lowed by a Tukey post-hoc test. Two-way ANOVA followed
by a Bonferroni test was performed for analysis of RT-qgPCR
experiments. Results are shown as box-and-whisker plots
with borders corresponding to the 25th and 75th percentiles
of the data. All data values are included as points within the
plot, with a horizontal line corresponding to the median
and “X” corresponding to the mean. Letters represent a sta-
tistically significant difference corresponding to at least
P 5 0.05.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers GLR
3.3 - NM_103438.3; GLR 3.6 - NM_115007.4; CNGC2 -
NM_121545.5; CNGC6 - NM_001335878.1; P2K1 -
NM_001085304.1; P2K2 - NM_114412.3; RBOHD -
NM_124165.3; Zat10 - NM_102538.3; Zat12 - NM_125374.3;
WRKY40 - NM_106732.4.

Supplemental data

The following materials are available in the online version of
this article.
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Supplemental Figure S1. Stability of ATP in solution.

Supplemental Figure S2. A comparison between the
effects of ATP, ATPcS, and bcmeATP on the activation of
the ROS wave.

Supplemental Table S1. Primers for transcript expression
analysis via RT-qPCR.
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