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Plasmodesmata-localized proteins and ROS orchestrate 
light-induced rapid systemic signaling in Arabidopsis
Yosef Fichman1, Ronald J. Myers Jr.1, DeAna G. Grant2, Ron Mittler1,3*

Systemic signaling and systemic acquired acclimation (SAA) are key to the survival of plants during episodes of 
abiotic stress. These processes depend on a continuous chain of cell-to-cell signaling events that extends from the 
initial tissue that senses the stress (the local tissue) to the entire plant (systemic tissues). Reactive oxygen species 
(ROS) and Ca2+ are key signaling molecules thought to be involved in this cell-to-cell mechanism. Here, we report 
that the systemic response of Arabidopsis thaliana to a local treatment of high light stress, which resulted in local 
ROS accumulation, required ROS generated by respiratory burst oxidase homolog D (RBOHD). ROS increased cell-to-
cell transport and plasmodesmata (PD) pore size in a manner dependent on PD-localized protein 1 (PDLP1) and 
PDLP5, and this process was required for the propagation of the systemic ROS signals and SAA. Furthermore, 
aquaporins and several Ca2+-permeable channels in the glutamate receptor–like (GLR), mechanosensitive small 
conductance–like (MSL), and cyclic nucleotide–gated (CNGC) families were involved in this systemic signaling 
process. However, we determined that these channels were required primarily to amplify the systemic signal in 
each cell along the path of the systemic ROS wave, as well as to establish local and systemic acclimation. Thus, PD and 
RBOHD-generated ROS orchestrate light stress–induced rapid cell-to-cell spread of systemic signals in Arabidopsis.

INTRODUCTION
Acclimation of plants to changes in their environment requires many 
different physiological, molecular, and metabolic responses. These 
are controlled by multiple signal transduction cascades, hormonal 
signaling pathways, and changes in steady-state concentrations of 
Ca2+ and reactive oxygen species (ROS) (1–4). In addition to acti-
vating acclimation mechanisms at the specific tissue(s) exposed to 
stress, different abiotic stresses, as well as mechanical injury, can 
trigger rapid systemic signaling pathways that result in systemic 
acquired acclimation (SAA) or systemic wound responses (SWRs) 
throughout the whole plant (5–18). In the case of abiotic stresses, 
such as high light (HL) or heat stresses, rapid systemic signaling and 
SAA protect the plant from a subsequent exposure to the same stress 
(9, 14, 19–22).

Among the many different systemic signaling pathways thought 
to mediate rapid systemic responses and SAA or SWR are electrical, 
Ca2+, hydraulic, and ROS waves (6–8, 10, 12, 13, 21–23). Electrical 
signals and Ca2+ waves occurring during SWR depend on the 
Ca2+-permeable glutamate receptor–like (GLR) channels GLR3.3 
and GLR3.6 (7, 10, 13, 23), and Ca2+ and ROS waves occurring 
during systemic responses to HL or salt stress are thought to be 
linked through the function of the respiratory burst oxidase homo-
log D (RBOHD) protein (6, 15, 17, 24, 25). RBOHD is also required 
for the propagation of electric signals in response to HL stress (14). 
Although it is not known how hydraulic waves are linked to electric, 
Ca2+, and ROS waves, it has been proposed that members of the 
mechanosensitive channels of small conductance–like [MSL; (26)] 
family, which are permeable to Ca2+ and/or other cations and anions, 

could sense systemic hydraulic waves at tissues distant from the site 
of stress and convert them into Ca2+ signals (4, 17, 24). Ca2+ signals 
can further affect ROS signals through the function of many differ-
ent Ca2+-binding proteins and/or Ca2+-dependent kinase and/or 
phosphatase switches or by directly binding to the EF-binding do-
mains of the RBOHD protein (1–4, 24, 25). Other Ca2+-permeable 
channels proposed to be involved in regulating local and/or systemic 
responses to stress include cyclic nucleotide–gated ion channels 
[CNGCs; (27)], annexins [ANNs; (28)], reduced hyperosmolality-
induced [Ca2+]i increase [OSCA; (29)], and two-pore channel 
[TPC; (30)].

The activation of RBOHD at the plasma membrane (PM) results 
in the generation of superoxide (O2

−) molecules that dismutate into 
hydrogen peroxide (H2O2) in the apoplast, the compartment between 
the plant PM and cell wall. Aquaporins such as PM-intrinsic pro-
tein channels [PIPs; (31, 32)] transport H2O2 across the PM from 
the apoplast into the cytosol. The translocation of H2O2 into the 
cytosol enables it to alter different redox-dependent reactions, kinase 
and/or phosphatase molecular switches, and/or Ca2+-permeable 
channels, further driving different local and systemic acclimation 
pathways (6, 8, 9, 19–22, 25, 31). This type of apoplast-to-cytosol 
translocation of signaling molecules such as H2O2 is also responsi-
ble for cell-to-cell communication of systemic signals during SAA 
(6, 8, 9, 18–22). Because the apoplastic space is continuous between 
neighboring plant cells, a signaling compound, such as H2O2, pro-
duced by one cell could enter a neighboring cell and trigger accli-
mation and defense mechanisms in it, resulting in the activation of 
its own RBOHD, and a chain of cell-to-cell transmission of this type 
of signal (the ROS wave) could mediate rapid systemic signaling 
(6, 8, 14, 19–22, 33–35). In addition to such an apoplastic route of 
H2O2-to-cytosol translocation among different cells during systemic 
signaling, a symplastic route of systemic signaling through plas-
modesmata (PD), structures that connect the cytoplasm of adjacent 
cells, could play a role in the translocation of systemic signals, me-
diating different Ca2+, redox, or kinase and/or phosphatase switch 
modes between cells (7, 17, 36–38). Proteins such as PD-localized 
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proteins 1 and 5 [PDLP1 and PDLP5; (39)], PM-localized leucine-
rich repeat receptor-like kinase 7 [KIN7; (40)], and green fluo-
rescent protein (GFP)–arrested trafficking 1 [GAT1; (41)] affect 
translocation through PDs. However, roles for these proteins in 
stimulating or repressing systemic responses at the rapid rate re-
quired for SAA to be effective (4) have not been demonstrated. In 
addition, although PD pore size has been proposed to be controlled 
by changes in redox levels (42–45), whether or not PD transport is 
affected by ROS during rapid systemic signaling and SAA to HL 
stress is currently unknown.

To address the challenge of imaging ROS in live plants growing 
in soil, we developed a method that delivers different ROS-sensitive 
dyes into plants through fumigation (8, 20–22, 46). After the appli-
cation of the dyes, the accumulation of ROS can be visualized in 
whole plants in response to different local stimuli using an imager 
similar to that used to image whole mice, such as an IVIS Lumina 5 
platform (8, 20–22, 46). Here, using this method, coupled with 
grafting and acclimation assays, we studied how systemic signaling 
is altered in wild type and many different Arabidopsis thaliana mu-
tants impaired in ROS, Ca2+, PD, and aquaporin functions (table S1), 
in response to a local application of HL stress. We found that the 
propagation of systemic ROS signals in response to a local treat-
ment of HL stress required the function of the ROS-generating en-
zyme RBOHD and two other proteins involved in regulating different 
PD functions (PDLP1 and PDLP5). In contrast, aquaporins and 
several Ca2+-permeable channels (GLRs, MSLs, and CNGC2) were 
primarily required for amplification of the systemic ROS signal in 
each cell along the path of the systemic signal, as well as for the es-
tablishment of local and systemic acclimation. ROS produced by 
RBOHD was further found to be required for opening of PD pores 
during rapid systemic signaling.

RESULTS
Ca2+-permeable channels regulate generation 
and propagation of rapid systemic ROS signals 
in Arabidopsis
Ca2+ and ROS signaling are thought to co-regulate many of the dif-
ferent responses of plants to changes in environmental conditions 
(1, 2, 4). The double-mutant glr3.3;glr3.6 is blocked in the propaga-
tion of systemic electric signals and Ca2+ waves in response to 
wounding (7, 10, 13, 23), highlighting the importance of GLR3.3 
and GLR3.6 for systemic signaling. In our hands, however, rapid 
systemic ROS signaling in response to a local HL stress treatment 
[not injury, as in (7, 10, 13, 23)], in the glr3.3;glr3.6 double mutant, 
was not blocked, but rather reduced (Fig. 1A and movie S1). More-
over, the single glr3.3 mutant displayed an enhanced rate of systemic 
ROS signal propagation, whereas the single glr3.6 mutant was simi-
lar to wild type in response to the local application of HL (fig. S1 
and table S1). Other Ca2+-permeable channels that could alter cyto-
solic Ca2+ concentrations and activate ROS production by RBOHD 
are CNGCs (27) and MSLs (26). In contrast to the double glr3.3;glr3.6 
mutant, two independent alleles, each of cngc2 (Fig. 1B and movie 
S2) and msl2 (Fig. 1C and movie S3), were completely deficient in 
the induction and/or propagation of the rapid systemic ROS signal 
in response to a local HL treatment. Although similar results were 
found with two independent alleles each of msl3 (fig. S2), two in-
dependent alleles, each of a large number of other mutants for 
Ca2+-permeable channels, including msl10, ann1, osca1, and tpc1, 

displayed an enhanced rate of systemic ROS signal propagation in 
response to a local application of HL stress (figs. S3 to S6 and 
table S1).

These results suggest that many different Ca2+-permeable chan-
nels are involved in regulating the formation and/or propagation of 
systemic ROS signals in plants. Some, such as glr3.3;glr3.6, msl2, 
msl3, and cngc2, are required, whereas others, for example, ann1, 
tpc1, msl10, and osca1, could play a repressive or inhibitory role. 
The differences observed between the single (fig. S1) and double 
(Fig. 1A) glr3.3 and glr3.6 mutants could reflect the interactions be-
tween ROS and Ca2+ signaling in the different cell layers of the vas-
cular system of plants. Whereas GLR3.3 is localized to the phloem 
and GLR3.6 to the xylem parenchyma, RBOHD is present in both 
layers (10, 13, 22, 24). The differential function of the two different 
GLRs in the two different cell layers, coupled with their possible 
interactions with RBOHD, could therefore result in the differences 
observed in our study between ROS signaling in the single and dou-
ble GLR mutants (Fig. 1A and fig. S1). The finding that at least three 
different types of Ca2+-permeable channels (GLR, CNGC, and MSL; 
Fig. 1, A to C) are required for mediating rapid systemic ROS sig-
naling in Arabidopsis underscores the tight level of regulation and 
coordination required for this process to occur.

PD and aquaporins play key roles in regulating rapid 
systemic ROS signals in Arabidopsis
Although much is known about Ca2+ and ROS integration during re-
sponses to changes in abiotic and biotic conditions (1–4, 6, 7, 10, 13, 15, 24), 
less is known about the role of PD and aquaporins in these respons-
es. To determine whether local HL stress–induced systemic signal-
ing in Arabidopsis uses an aquaporin-associated apoplastic route or 
a PD-dependent symplastic route for ROS wave initiation and/or 
propagation, we measured local HL stress–induced systemic ROS 
signals in different mutants impaired in aquaporin or PD functions. 
Mutants for pdlp1 or pdlp5 (two independent alleles of each) were 
impaired in mediating the rapid systemic ROS signal in response to 
a local application of HL stress (Fig. 2, A and B; movies S4 and S5; 
and table S1). In contrast, two other PD mutants, kin7 and gat1 (two 
independent alleles of each), displayed enhanced or wild-type–like 
rates of systemic ROS signal propagation, respectively (figs. S7 
and S8 and table S1). Two independent alleles of the aquaporin 
mutant pip1;2 had an enhanced rate of systemic ROS signal propa-
gation (Fig. 2C, movie S6, and table S1), whereas two independent 
alleles of the aquaporin pip2;1 were completely deficient in the ini-
tiation and propagation of the rapid systemic ROS signal (Fig. 2D, 
movie S7, and table S1). In contrast, pip1;4 (two independent al-
leles) displayed a wild-type–like systemic ROS response (fig. S9 and 
table S1).

The finding that PIP2;1, which localizes to vascular bundles in 
Arabidopsis (31, 32), is essential for the initiation and/or propaga-
tion of the ROS wave (Fig. 2D, movie S7, and table 1) is in agree-
ment with our findings that rapid systemic ROS signaling occurs 
through phloem and xylem parenchyma cells during systemic re-
sponses to HL stress (22). Similar to Ca2+-permeable channels (Fig. 1, 
A to C), the function of different aquaporins, which could mediate 
ROS movement between the apoplast and the cytosol (31, 32), and 
PD-related proteins, which could regulate the movement of redox 
state, Ca2+, and/or other signals between cells (37–45), might be re-
quired within the same cell or in different cells for mediating rapid 
systemic signals in plants. Our findings indicate therefore that both 
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symplastic and apoplastic routes of intercellular exchange could be 
required for rapid systemic signaling in Arabidopsis.

Mutants deficient in Ca2+-permeable channels, PD, 
and aquaporin functions are also deficient in local HL 
stress–induced SAA
The triggering of SAA by systemic signals is thought to play a key role 
in plant survival during episodes of abiotic stress (1–4, 9, 14, 19–22). 
To determine whether the block or suppression in rapid systemic sig-
naling displayed in the different mutants described above (Figs. 1, A 
to C, and 2, B and D) affected acclimation to HL stress (9, 14, 19–22), 
we tested the systemic and local acclimation of glr3.3;glr3.6, cngc2, 
msl2, pip2;1, and pdlp5 mutants to an extended HL stress treatment 
after a short local treatment of HL stress. All mutants tested were 

impaired, albeit to various degrees, in systemic or local acclimation 
to HL stress (Fig. 3A). To further study acclimation in local and 
systemic tissues of these mutants, we measured the abundance of 
acclimation-associated transcripts ZAT10, ZAT12, and MYB30 
[previously found to respond to HL stress at the local and systemic 
leaves of wild-type plants; (6, 9, 20, 21)]. Expression of ZAT10 and 
ZAT12 was enhanced in the local leaves that were directly subjected 
to the HL treatment in all mutants (Fig. 3B). With the exception of 
glr3.3;glr3.6, which displayed suppressed expression of acclimation 
transcripts in systemic leaves, the expression of ZAT10 and ZAT12 
in systemic tissues of all other mutants was blocked (Fig. 3B). In 
addition, and in agreement with the lack of systemic tissue acclima-
tion to HL stress (Fig. 3A), the expression of MYB30, which is re-
quired for systemic, but not local, acclimation to HL stress (21), was 
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Fig. 1. Multiple types of Ca2+-permeable channels are required for light stress–induced rapid systemic ROS signaling in Arabidopsis. (A) Arabidopsis plants were 
subjected to a local high light (HL) stress treatment applied to leaf L only. Local (L) and systemic (S) ROS were measured in leaves L and S1 to S3, respectively. Represent­
ative time-lapse images of local and systemic ROS accumulation in wild-type (WT) and glr3.3;glr3.6 double mutants are shown alongside representative line graphs 
showing continuous measurements of local and systemic ROS in each leaf over the entire course of the experiment. Regions of interest (local and systemic leaves) are 
indicated by ovals in the images. The bar graph shows combined data from all plants used for the analysis at the 0- and 30-min time points. (B) Same as in (A) but for WT 
and two independent alleles of cngc2. (C) Same as in (A) but for WT and two independent alleles of msl2. All experiments were repeated at least three times with 10 plants 
of each genotype per experiment. Student’s t test, SE, N = 30 per genotype, ***P < 0.005. Scale bar, 1 cm.
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Fig. 2. PDLP1, PDLP5, and PIP2;1 are required for light stress–induced rapid systemic ROS signaling in Arabidopsis. (A) Arabidopsis plants were subjected to a local 
HL stress treatment applied to leaf L only. Local (L) and systemic (S) ROS were measured in leaves L and S1 to S3, respectively. Representative time-lapse images of sys­
temic ROS accumulation in WT and pdlp1 (two independent alleles) are shown alongside representative line graphs showing continuous measurements of local and 
systemic ROS levels in each leaf over the entire course of the experiment. Regions of interest (local and systemic leaves) are indicated by ovals in the images. The bar graph 
shows combined data of all plants used for the analysis at the 0- and 30-min time points. (B) Same as in (A) but for WT and two independent alleles of pdlp5. (C) Same as 
in (A) but for WT and two independent alleles of pip1;2. (D) Same as in (A) but for WT and two independent alleles of pip2;1. All experiments were repeated at least three 
times with 10 plants of each genotype per experiment. Student’s t test, means ± SE, N = 30 per genotype, ***P < 0.005 and **P < 0.01. Scale bar, 1 cm.
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Fig. 3. Acclimation of mutants impaired in light stress–induced systemic ROS signaling. (A) Representative leaf images and averaged measurements of leaf injury 
(increase in ion leakage) for wild-type and glr3.3;glr3.6, cngc2, msl2, pip2;1, and pdlp5 mutants. Measurements are shown for unstressed plants (control), local leaves sub­
jected to a pretreatment of HL stress before a long HL stress period (local acclimation), systemic leaves of plants subjected to local HL stress pretreatment before a long 
period of HL stress was applied to the systemic leaf (systemic acclimation), and systemic leaves of plants subjected to a long HL stress period without pretreatment 
(HL without acclimation). Results are presented as percentage of control (leaves not exposed to any HL stress). (B) Real-time qPCR analysis of ZAT12, ZAT10, and MYB30 
expression in local and systemic leaves of wild-type and the glr3.3;glr3.6, cngc2, msl2, pip2;1, and pdlp5 mutants subjected to a local HL treatment. Results are presented 
as relative quantity (RQ; 2−CT) compared to internal control [elongation factor 1 (EF-1)] and time 0. All experiments were repeated at least three times with at least 
10 plants of each genotype per experiment. Data represent means ± SE, *P < 0.05. Acclimation experiments were analyzed using a one-way ANOVA followed by a Tukey’s 
post hoc test, and transcript expression analysis was analyzed using a Student’s t test.
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repressed in the systemic tissues of all mutants (Fig. 3B). These re-
sults demonstrate that the different mutants tested were able to 
sense the stress at the local tissues that were exposed to the stress but 
were unable to transmit the systemic signal from the local stressed 
tissues to the systemic leaves or, in the case of glr3.3;glr3.6, had a 
reduced rate of systemic signal transmission. The disruption or 
suppression in systemic signaling, caused by mutations in the 
GLR3.3;GLR3.6, CNGC2, MSL2, PIP2;1, or PDLP5 genes (Figs. 1, 
A to C, and 2, B and D, and table S1), was therefore detrimental for 
plant acclimation to stress (Fig. 3A), underscoring the important 
biological roles these proteins play in this process.

Grafting experiments reveal differential roles for  
Ca2+-permeable channels, PD, and aquaporin in systemic 
ROS signaling after local HL stress
Because the suppressed ability of mutants impaired in GLR3.3; 
GLR3.6, CNGC2, MSL2, PIP2;1, or PDLP5 function to systemically 
acclimate to HL stress (Fig. 3A) could result from their inability to 
initiate and/or propagate the rapid systemic signal, we conducted 
grafting experiments (47) between wild-type plants and the glr3.3; 
glr3.6, cngc2, msl2, pip2;1, pdlp5, and pdlp1 mutants (Fig. 4A). As 
controls, we conducted grafting experiments between wild-type 
plants and between wild-type plants and rbohD mutants, which have 
reduced systemic apoplastic ROS accumulation in response to local 
HL stress treatment (6, 8), are unable to induce SAA in response to 
a local application of HL stress (9, 18), and are unable to transmit a 
heat stress–induced systemic signal generated in a wild-type stock 
to the mutant scion (14). In our grafting experiments, a donor branch 
from one plant (the scion) was grafted onto a recipient plant grown 
in soil (the stock). The scion graft was from either a wild-type plant 
or a mutant, and the stock plant was either a wild-type plant or a 
mutant; all possible combinations were performed for wild type and 
the different glr3.3;glr3.6, cngc2, msl2, pip2;1, pdlp5, and pdlp1 mu-
tants. Only grafts that remained green and maintained turgor for up 
to 10 or more days after the grafting procedure, an indication of 
successful grafting (47), were used for analysis, and multiple suc-
cessful grafting events were obtained for all mutants described 
above. In all experiments, the HL stress treatment was applied to 
one leaf belonging to the stock (the local leaf), and the entire plant 
(stock with the scion graft attached to it) was imaged to detect ROS 
accumulation at the local and systemic tissues.

Grafting experiments between rbohD and wild type demonstrated 
that the rbohD mutant was unable to mediate systemic ROS signal-
ing whether the mutant tissue was the scion or the stock, showing 
that RBOHD was absolutely required for both initiating and propa-
gating the systemic ROS signal in response to HL stress (Fig. 4, 
B and C, and fig. S10A). The systemic ROS signal did not therefore 
initiate in the rbohD stock, nor did it propagate through the rbohD 
scion, after a local HL stress treatment of the rbohD or wild-type 
stocks, respectively. The only other mutants that displayed a similar 
behavior were pdlp1 and pdlp5, indicating that PD function is also 
absolutely required along the entire path of the systemic signal 
(Fig. 4, B and C, and fig. S10, E and F). In contrast, the grafting re-
sults in which the glr3.3;glr3.6, cngc2, msl2, and pip2;1 mutants were 
used as scion or stock suggested that the protein products of these 
genes may have cell-autonomous functions (Fig. 4, A to C, and fig. 
S10, B to D). They may not be required for the initiation or the 
propagation of the systemic ROS signal, because the systemic signal 
could be initiated and propagated through a stock of these mutants, 

which do not show enhanced ROS accumulation, and proceed 
through this stock into a wild-type scion in which it caused systemic 
ROS accumulation (Fig. 4, A to C, and fig. S10, B to D). In contrast, 
however, once the systemic ROS signal was initiated in a wild-type 
stock, it did not further propagate through a scion derived from 
these mutants, and these scion sections did not display enhanced 
systemic ROS accumulation (Fig. 4, A to C, and fig. S10, B to D). 
RBOHD, PDLP5, and PDLP1 were therefore required for the initia-
tion and propagation of the rapid systemic ROS signal between 
cells, whereas GLR3.3;GLR3.6, CNGC2, MSL2, and PIP2;1 were re-
quired for the amplification and/or maintenance of the systemic 
ROS signal in each individual cell (Fig. 4, A to C, and fig. S10, A to G).

RBOHD and PDLP5 enable cell-to-cell spread 
of carboxyfluorescein and increase PD pore size during 
responses to local HL stress
The findings that RBOHD, PDLP1, and PDLP5 were required for 
the propagation of the rapid systemic ROS signal from local to sys-
temic tissues (Fig. 4, A to C, and fig. S10, A to G) could suggest that 
ROS and PD functions are interlinked during systemic signaling. 
Increased ROS concentrations are proposed to enhance transport 
through PD and tunneling nanotubes in plant and mammalian 
cells, respectively (45). If such a mechanism occurs in Arabidopsis 
in response to a local HL stress treatment, it could explain why 
RBOHD and PDLPs are both required for systemic ROS signaling 
in Arabidopsis (Figs. 2, A and B, 3, A and B, and 4, B and C). To test 
this possibility, we measured the cell-to-cell spread of the fluore
scent compound carboxyfluorescein (48) in local and systemic 
leaves of wild-type, rbohD, and pdlp5 plants that were untreated or 
treated with a 2-min HL stress. The spread of carboxyfluorescein 
was measured in vascular tissues and the parenchyma by using two 
different methods for loading the leaves with the fluorescent com-
pound (fig. S11A). Although carboxyfluorescein spread was facili-
tated in response to a local HL stress treatment in petioles and leaf 
cells of local and systemic leaves of wild-type plants, a similar re-
sponse was not observed in the petioles and leaf cells of local or 
systemic leaves of rbohD and pdlp5 plants (Fig. 5, A and B).

Because ROS are proposed to increase PD pore size, facilitating 
PD transport by a factor of ~10 (45), we used transmission electron 
microscopy [TEM; (49)] to measure PD pore size in petioles of local 
leaves from wild-type, rbohD, and pdlp5 plants treated or untreated 
for 2 min with local HL stress, focusing on vascular bundle and pa-
renchyma cells (fig. S11B). The pore area of PD (categorized as ei-
ther H/M- or X/Y-shaped PDs) from wild-type plants increased in 
response to local HL stress treatment (Fig. 5, A and B), in agreement 
with the facilitated spread of carboxyfluorescein after local HL 
stress treatment. In contrast, the PD pore area in rbohD and pdlp5 
plants decreased (Fig. 5C), in agreement with the lack of local HL 
stress–driven facilitated carboxyfluorescein spread in these mutants 
(Fig. 5, A and B). These findings suggest that RBOHD-generated 
ROS promote cell-to-cell transport and PD pore area size in a 
PDLP5-dependent manner.

DISCUSSION
The findings presented here suggest that PD regulation (PDLP5 and 
PDLP1) and ROS production (RBOHD) are required along the en-
tire path of the HL stress–induced rapid systemic ROS signal (Figs. 2, 
A and B, 3, A and B, 4, B and C, and 5, A and B). In contrast, the 
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Ca2+-permeable channels GLR3.3 and GLR3.6 may 
only have a supportive role in mediating local HL 
stress–induced systemic ROS signals along the 
entire path (Figs. 1A, 3, A and B, and 4, B and C). 
It is further proposed that the function of two dif-
ferent pathways is required to mediate the rapid 
systemic ROS signal from its initiation site to the 
entire plant and induce SAA to a local HL stress 
treatment: (i) a cell-autonomous pathway that 
amplifies the systemic ROS signal, triggers accli-
mation responses, and requires RBOHD, GLR3.3, 
GLR3.6, PIP2;1, CNGC2, and MSL2 and (ii) a cell-
to-cell pathway that propagates the systemic signal 
and requires RBOHD, PDLP5, and PDLP1 (Fig. 6). 
Because mutants impaired in GLR3.3;GLR3.6, 
CNGC2, MSL2, or PIP2;1 were able to sense the 
HL stress at their local tissues but failed to en-
hance the expression of different acclimation 
transcripts at their systemic leaves, as well as 
failed to induce acclimation in their local or sys-
temic leaves (Fig. 3, A and B), and because stocks 
made from these mutants were able to transfer the 
systemic signal to a wild-type scion but did not 
accumulate high ROS amounts themselves (Fig. 4, 
A to C, and fig. S10), it is possible that the role of 
the cell-autonomous pathway is to enhance the 
ROS signal, activate the expression of acclimation 
transcripts, and induce acclimation, in each cell 
along the path of the HL-induced systemic signal 
(Fig. 6). In contrast, PDLP5, PDLP1, and RBOHD, 
which were essential for transferring the systemic 
signal from the stock to the scion, local and sys-
temic accumulation of ROS, the enhanced expres-
sion of acclimation transcripts in systemic tissues, 
and local and systemic acclimation (Figs. 2, A 
and B, 3, A and B, 4, B and C, and 5, A and B, and 
fig. S10), were required for both cell-to-cell sys-
temic signal propagation and activation of accli-
mation responses during the systemic response of 
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Fig. 4. The PD proteins PDLP1 and PDLP5, and RBOHD, are 
required for the initiation and propagation of the rapid 
systemic ROS signal. (A) Representative time-lapse images 
of systemic ROS accumulation and line graphs showing con­
tinuous measurements of ROS in the indicated grafting com­
binations between wild-type (black in line graphs) and the 
cngc2 mutant (red in line graphs). Representative examples 
of line graphs for all other grafting combinations are shown 
in the Supplementary Materials (fig. S10). The areas of local 
stock leaves subjected to an HL stress treatment are indicated 
by yellow circles, scions are indicated by solid white lines, and 
stocks are indicated by dashed white lines. Scale bar, 1 cm. 
(B) Bar graphs showing the combined data from the stock 
and scion of the indicated grafting combinations using WT 
and rbohD, glr3.3;glr3.6, cngc2, msl2, pip2;1, pdlp1, and pdlp5 
mutants at the 0- and 30-min time points. (C) Graphical sum­
mary of the results obtained from experiments with the indi­
cated grafting combinations. All experiments were repeated 
at least three times with 10 plants of each genotype per ex­
periment. Data represent means ± SE. *P < 0.05, Student’s t test.
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(C) TEM analysis of PD pore area in the petioles of local leaves of WT, rbohD, and pdlp5 plants subjected to a local HL stress treatment (applied to the leaf area only; fig. 
S11B). Representative images of PD and quantification of PD pore area (H/M- and X/Y-shaped PDs) are shown. Scale bar, 0.1 m. Experiments were repeated 6 to 10 times 
with 10 plants of each genotype per experiment. N = 60 to 100 per genotype. Data represent means ± SE. ***P < 0.005 and **P < 0.01, Student’s t test.
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Arabidopsis to a local treatment of HL stress (Fig. 6). Because RBOHD 
function (ROS production) was required for both pathways (Figs. 4, 
B and C, 5, A to C, and 6), it is likely that ROS propagate from cell 
to cell or that ROS produced in each cell along the path of the sys-
temic signal are required for propagating the systemic signal from 
cell to cell (Fig. 6). These functions could be mediated by low levels 
of ROS that are below the detection limit of the whole-plant ROS 
imaging method we used. In contrast, the activation of acclimation 
responses within each cell along the path of the signal (cell-autonomous 
pathway) could require high levels of ROS that are readily detected 
by the ROS imaging method we used (Fig. 4, A to C).

How could ROS be mobilized between cells or affect the trans-
port of the rapid systemic signal? RBOHD-produced ROS could 
accumulate at the apoplast and enter the cells that produced them, 
or neighboring cells, through the aquaporin PIP2;1, and/or they 
could be mobilized between cells through PD after entering the cyto
plasm through PIP2;1. Because PIP2;1 was not required for mobilizing 
the rapid systemic ROS signal through the stock to the scion in our 
grafting experiments, but PDLP5 and PDLP1 were (Fig. 4, B and C, 
and fig. S10), it is likely that ROS that enter cells through PIP2;1 are 
mobilized between cells through PD (Fig. 6). Alternatively, ROS 
could affect PD function from their cytosolic or apoplastic side (45) 
and/or affect the oxidation state and function of PDLPs (39, 42–44), 
thus enabling rapid transport of the systemic signal (Fig. 6). ROS 
could, of course, use another, yet unidentified, route to enter neigh-
boring cells. The proposed role for ROS in enhancing PD and tun-
neling nanotube transport in plant and mammalian cells (45), based 
in part on earlier studies in plants (42–44), could provide a key ex-
planation to the role for ROS in cell-to-cell communication. The 
RBOHD-mediated production of ROS along the path of the system-
ic signal could play an important role in opening PD and promoting 
the transport of the systemic signal from cell to cell (Fig. 5, A and B).

PDLPs are required for pathogen-induced PD closure responses 
that involve callose deposition (37–39, 42–44), in apparent conflict 
with the results presented here (Figs. 2, A and B, 3, A and B, 4, B 
and C, and 5, A and B). Because pathogen-induced PD closure 

responses, as well as callose deposition, 
could take hours to days after pathogen 
exposure to develop (37–39, 42–44), 
whereas the responses to HL stress re-
ported here occur within minutes (Figs. 1, 
A to C, 2, A to D, 3, A and B, 4, A to C, 
and 5, A and B), it is possible that PDLPs 
have multiple functions that may occur 
at different time scales or rates. They are 
involved in PD opening in response to a 
local HL stress–induced short burst of 
ROS (Fig. 5, A and B) but may induce 
PD closure over the long term in re-
sponse to prolonged ROS accumulation 
and/or other pathogen-derived signals 
(37–39, 42–44).

The finding that deletion of any 
one of several other Ca2+-permeable 
channels and PD and aquaporin pro-
teins (MSL10, ANN1, OSCA1, TPC1, 
KIN7, and PIP1;2) results in enhanced 
propagation rates of systemic ROS sig-
nals hints to the existence of additional, 

yet unknown, pathways that suppress systemic signals and/or alter 
their signatures. The remarkable differences observed between the 
spread of systemic ROS signals in the pip1;2 and pip2;1 mutants (Fig. 2, 
C and D), for example, could result from differential interaction of 
these two channels with other proteins in the cell, as well as their 
differential regulation by phosphorylation and/or acetylation (32, 50), 
the differential stability of these two water channels in the presence 
of ROS (51), and/or the differential permeability of these two channels 
for H2O2 (52). In addition, because PIP2;1 primarily localizes to the 
vascular tissues in Arabidopsis (31, 32), it could be directly required 
for mediating the propagation of the ROS wave through these same 
tissues (22). Systemic ROS signals could therefore be controlled by 
multiple different pathways, some promoting them and some sup-
pressing or altering their signature (3, 4, 8, 24). Supporting the existence 
of ROS wave–suppressing pathways is a study showing that the tran-
scription factor MYB30 suppresses systemic ROS signals in response 
to a local application of HL stress (21).

Although the Ca2+-permeable channels GLR3.3 and GLR3.6 are 
important for mediating SWRs (7, 10, 13, 23), our findings reveal 
that these channels may only have a supportive role in mediating 
systemic ROS signals in response to a local application of HL stress 
(Figs. 1A, 3, A and B, and 4, B and C). This discrepancy raises the 
possibility that different systemic signal transduction pathways are 
triggered by different stimuli. Whereas some systemic signaling 
pathways, triggered, for example, by wounding, absolutely depend 
on GLR3.3 and GLR3.6 (7, 10, 13, 23), others, such as those trig-
gered by a local application of HL stress, do not (Figs. 1A, 3, A and B, 
and 4, B and C). At least in our hands, both wounding- and HL-
triggered systemic signal transduction pathways require ROS pro-
duction by RBOHD (8). An alternative explanation is, of course, 
that during responses to a local application of HL stress the roles of 
GLR3.3 and GLR3.6 are replaced by other Ca2+-permeable channels 
such as CNGC2 or MSL2 (Figs. 1, B and C, 3, A and B, and 4, A to C).

Together, the findings presented here highlight a key role 
for PD and RBOHD-produced ROS in mediating systemic ROS 
signals and SAA to HL stress. In addition, they suggest that 

PDLP5
PDLP1

PDLP5
PDLP1

Ca2+
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(GLR3.3;GLR3.6, 
CNGC2, MSL2, 
PIP2, RBOHD).

Cell Cell Cell

PIP2 RBOHD RBOHD

PDLP5
PDLP1

PIP2

ROSCa2+

PIP2 RBOHD

ROS Ca2+ROS

(PDLP5, PDLP1, 
RBOHD).

ROS
?

ROS
?

ROS
?

PD             PD PDSignal Systemic signal Systemic signal
initiation i) Cell-to-cell

mobilization

ii) Cell amplification
loop and activation
of acclimation
mechanisms

Fig. 6. A hypothetical model for ROS and PD interactions during systemic signaling in Arabidopsis. A hypothet­
ical model for the regulation of rapid systemic ROS signaling by the different Ca2+-permeable channels, ROS pro­
duced by RBOHD, PD, and aquaporin functions. Two pathways are proposed to regulate rapid systemic ROS signaling 
in plants: (i) a cell-to-cell pathway that involves PDLP5, PDLP1, and RBOHD and (ii) a cell-autonomous pathway (cell 
amplification loop) that amplifies and regulates the ROS and Ca2+ signals in each cell and involves RBOHD, 
GLR3.3;GLR3.6, CNGC2, MSL2, and PIP2. ROS produced by each cell along the path of the signal are depicted as reg­
ulating PD function. More detailed discussion is provided in the text. CNGC, cyclic nucleotide–gated ion channel; 
GLR, glutamate receptor–like; MSL, mechanosensitive channel of small conductance–like; PD, plasmodesmata; PDLP, 
PD-localized protein; PIP, plasma membrane intrinsic protein; RBOHD, respiratory burst oxidase homolog D; ROS, 
reactive oxygen species.
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RBOHD-generated ROS could enhance cell-to-cell transport and 
PD pore size in a process that depends on the function of PDLPs. 
Such a mechanism could control the mobilization of many different 
systemic signals in plants, triggered by different abiotic, biotic, or 
developmental cues.

MATERIALS AND METHODS
Plant material, growth conditions, and stress treatments
Homozygous A. thaliana knockout lines (table S1) and wild-type 
plants were germinated and grown on peat pellets (Jiffy 7; Jiffy Inter-
national) under controlled conditions of 10-hour/14-hour light/dark 
regime, 50 mol photons s−1 m−2, and 21°C for 4 weeks. Plants were 
subjected to a local HL stress treatment by illuminating a single leaf 
with 1700 mol photons s−1 m−2 using a ColdVision fiber optic 
LED light source (Schott), as described earlier (8, 9, 18, 22).

Grafting
Adding a scion to a seedling stock was performed according to pub-
lished literature (47). Briefly, seeds were germinated on 0.5× Murashige 
and Skoog (MS) media plates. An incision was made in 7-day-old 
stock seedlings to insert a rosette scion into the cut while keeping 
the rosette of the stock plant intact. MS plates were incubated for 
5 days in a growth chamber at 20°C under constant light (50 mol 
photons s−1 m−2; 20°C). Surviving grafted plants were transplanted to 
peat pellets and grown as described above for five more days before 
stress treatments. For each knockout line, four combinations were 
constructed and tested: wild type as the scion and the stock, the mutant 
line as the scion and the stock, mutant scion on wild-type stock, and 
wild-type scion on a mutant stock. Grafting was repeated 40 times 
for each combination of each line with about 40% yield.

ROS imaging
Plants were fumigated for 30 min with 50 M 2′,7′-dichlorofluorescein 
diacetate (H2DCFDA; Millipore-Sigma) in a glass container using a 
nebulizer (Punasi Direct) as previously reported (8, 20–22). After 
fumigation, a local HL stress treatment was applied to a single leaf 
for 2 min. Images of dichlorofluorescein fluorescence were acquired 
using an IVIS Lumina 5 apparatus (Perkin Elmer) for 30 min. ROS 
accumulation was analyzed using Living Image 4.7.2 software 
(Perkin Elmer) using the math tools. Time-course images were 
generated, and radiant efficiency of regions of interest (ROIs) was 
calculated. Radiant efficiency is defined as fluorescence emission 
radiance per incident excitation and is expressed as (photons/s)/
(W/cm2) (8, 20–22). In each experiment, wild type was compared 
as control to one set of mutants representing a gene of interest. Be-
cause the initial intensity of the ROS signal was sometimes different 
between different experiments, depending on the physiological 
state of plants, time of day, and the phenotype of the mutants, the 
visualization range scale was set for each experiment separately 
(8, 20–22). Visualization range scale was first set automatically by 
the computer based on the peak intensity of the entire experiment 
and then corrected manually so that the progression rate will be vi-
sualized and not saturated (8, 20–22). This resulted in line graphs 
that were sometimes different in their initial start point between 
different experiments. All readings were therefore standardized to 
the same start point in all line graphs, and all bar graphs are ex-
pressed as percentage of control (wild type at 0 min). Each dataset 
includes SE of 8 to 12 technical repeats and a Student’s t test score 

(8, 20–22). Dye penetration controls (fig. S12) were performed by 
fumigation of plants with 0.3% (v/v) hydrogen peroxide (Fisher 
Scientific) for 10 min after the H2DCFDA fumigation and acquisi-
tion of images in the IVIS Lumina S5 (8, 20–22).

SAA assays
Leaf injury after light stress was measured using the electrolyte leak-
age assay, as described previously (9, 14, 18, 20–22). Briefly, systemic 
acclimation to HL stress was tested by exposing a local leaf to HL 
stress (1700 mol photons s−1 m−2) for 10 min, incubating the plant 
under controlled conditions for 50 min, and then exposing the same 
leaf (local) or another younger leaf (systemic) to HL stress (1700 mol 
photons s−1 m−2) for 45 min. Electrolyte leakage was measured by 
immersing the sampled leaf in distilled water for 1 hour and mea-
suring water conductivity with an Oakton CON 700 conductivity 
meter (Thermo Fisher Scientific). Samples were then boiled, cooled 
down to room temperature, and measured again for conductivity 
(total leakage). The electrolyte leakage was calculated as percentage 
of the conductivity before heating the samples over that of the boiled 
sample conductivity. Results are presented as percentage of control 
(electrolyte leakage from leaves not exposed to the light stress treat-
ment). Experiments consisted of five repeats for each condition in 
each line. SE was calculated using Microsoft Excel; one-way analysis 
of variance (ANOVA) (confidence interval = 0.05) and Tukey post 
hoc test were performed with IBM SPSS 25.

Real-time quantitative polymerase chain reaction
To measure the transcriptional response of local and systemic leaves 
to a local HL stress treatment in 4-week-old plants, HL (1700 mol 
photons s−1 m−2) was applied to a single leaf for 2 or 10 min. Ex-
posed leaf (local) and unexposed fully developed younger leaf (sys-
temic) were collected for RNA extraction. RNA was extracted using 
a Plant RNeasy kit (Qiagen) according to the manufacturer’s in-
structions. Quantified total RNA was used for complementary DNA 
synthesis (PrimeScript RT Reagent Kit, Takara Bio). Transcript ex-
pression was quantified by real-time quantitative polymerase chain 
reaction (qPCR) using iQ SYBR Green supermix (Bio-Rad Labora-
tories), as described in (6, 9, 14, 18, 21), with specific primers for the 
following: ZAT12 (AT5G59820), 5′-TGGGAAGAGAGTG-
GCTTGTTT-3′ and 5′-TAAACTGTTCTTCCAAGCTCCA-3′; 
ZAT10 (AT1G27730), 5′-ACTAGCCACGTTAGCAGTAGC-3′ 
and 5′-GTTGAAGTTTGACCGGAAGTC-3′; and MYB30 
(AT3G28910), 5′-CCACTTGGCGAAAAAGGCTC-3′ and 5′-AC-
CCGCTAGCTGAGGAAGTA-3′. Elongation factor 1 (5′-GAGC-
CCAAGTTTTTGAAGA-3′ and 5′-TAAACTGTTCTTCCAAGC 
TCCA-3′) was used for normalization of relative transcript levels. 
Results, expressed in relative quantity (2−CT), were obtained by 
normalizing relative transcript expression (CT) and comparing it 
to control wild type from local leaf (CT). The data represent 
15 biological repeats and 3 technical repeats for each reaction. SE 
and Student’s t test were calculated with Microsoft Excel.

Cell-to-cell spread of carboxyfluorescein
A PD permeability assay was carried out on the basis of (48), using 
two different experimental settings (fig. S11A). In the first experi-
mental design, a single local leaf was subjected to a local HL stress 
treatment for 2 min, and plants were then incubated under normal 
conditions for 30 min to allow the systemic signal to spread. The 
local leaf and a systemic leaf from the same plant were then cut, and 
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their petioles were dipped in 1 mM 5(6)-carboxyfluorescein diace-
tate (CFDA; excitation/emission 492/517 nm, Millipore-Sigma) for 
5 min. CFDA is a membrane-permeable dye, which, upon cell en-
try, hydrolyzes to the fluorescent carboxyfluorescein compound. 
Leaves were then imaged using a Lionheart FX (BioTek) fluorescent 
microscope at ×10 magnification using the GFP filter settings. Fluo
rescence intensity was measured at the vascular bundles of leaves 
5 mm from the detachment site using the Lionheart FX Gen5 image 
analysis mode (BioTek). Untreated plants were used as controls with 
six biological repeats. In the second experimental design (fig. S11A), 
after the local 2-min application of HL stress, a drop of 5 l of CFDA 
was placed on the adaxial surfaces of the local and systemic leaves 
(48). After 30 min of incubation, Z-scan of the epidermis tissues 
was obtained with a confocal laser scanning microscope (Leica TCS 
SP8, Leica Microsystems), and the rate of flow was calculated on the 
basis of the increase in the number of fluorescent layers as the CFDA 
spread in the z axis between cells (48), comparing treated and un-
treated plants. Confocal images were acquired at the University of 
Missouri Molecular Cytology Core facility. No published work we 
are aware of suggests that any artifacts using this reporter would 
influence the work reported here.

Transmission electron microscopy
Local leaves of 4-week-old plants were subjected to a 2-min local 
HL stress treatment and processed for TEM as described in (49). 
Briefly, leaves were sampled and their petioles were sectioned and 
fixed in 2% paraformaldehyde and 2% glutaraldehyde in 100 mM 
sodium cacodylate buffer (pH 7.35) (fig. S11B). Samples were incu-
bated at 4°C for 1 hour, rinsed with cacodylate buffer, and followed 
by distilled water. En bloc staining was performed using 1% aque-
ous uranyl acetate at 4°C overnight. Samples were then rinsed with 
distilled water. A graded dehydration series was performed using 
ethanol and transitioned into acetone, and dehydrated tissues were 
then infiltrated with a 1v/1v of Epon and Spurr resin for 24 hours at 
room temperature and polymerized at 60°C overnight. Sections were 
cut to a thickness of 80 nm using an ultramicrotome (Ultracut UCT, 
Leica Microsystems) and a diamond knife (Diatome). Images were 
acquired with a JEOL JEM 1400 transmission electron microscope 
(JEOL) at 80 kV on a Gatan Ultrascan 1000 charge-coupled device 
camera (Gatan, Inc.). The size of PDs in different vascular bundle 
and parenchyma cells was analyzed using ImageJ. Each experiment 
included 10 technical repeats and 20 biological repeats. Preparation 
of the samples and imaging were performed at the Electron Micros-
copy Core facility at the University of Missouri.

Statistical analysis
Statistical analysis for ROS accumulation (total radiant efficiency), 
real-time qPCR transcript expression, carboxyfluorescein fluores-
cence, and PD pore area size measurements was performed by two-
sided Student’s t test, and results are presented as means ± SE. 
*P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analysis for accli-
mation studies was performed by a one-way ANOVA followed by a 
Tukey post hoc test, and results are presented as means ± SE. Dif-
ferent letters denote statistical significance at P < 0.05.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/14/671/eabf0322/DC1
Fig. S1. Local and systemic ROS accumulation in the glr3.3 or glr3.6 mutants in response to a 
local application of HL stress.

Fig. S2. Local and systemic ROS accumulation in msl3 mutants in response to a local application 
of HL stress.
Fig. S3. Local and systemic ROS accumulation in msl10 mutants in response to a local application 
of HL stress.
Fig. S4. Local and systemic ROS accumulation in ann1 mutants in response to a local application 
of HL stress.
Fig. S5. Local and systemic ROS accumulation in osca1 mutants in response to a local application 
of HL stress.
Fig. S6. Local and systemic ROS accumulation in tpc1 mutants in response to a local application 
of HL stress.
Fig. S7. Local and systemic ROS accumulation in kin7 mutants in response to a local application 
of HL stress.
Fig. S8. Local and systemic ROS accumulation in gat1 mutants in response to a local application 
of HL stress.
Fig. S9. Local and systemic ROS accumulation in pip1;4 mutants in response to a local application 
of HL stress.
Fig. S10. ROS accumulation in local and systemic leaves of representative wild-type and 
mutant plants used to generate Fig. 4.
Fig. S11. The experimental setups used for the analyses shown in Fig. 5.
Fig. S12. Whole-plant ROS imaging after H2O2 fumigation into the different mutants.
Table S1. Detailed description of the different alleles used in this study.
Movie S1. ROS accumulation in wild-type and glr3.3;glr3.6 plants subjected to a local treatment 
of HL stress.
Movie S2. ROS accumulation in wild-type and cngc2 plants subjected to a local treatment of 
HL stress.
Movie S3. ROS accumulation in wild-type and msl2 plants subjected to a local treatment of HL 
stress.
Movie S4. ROS accumulation in wild-type and pdlp1 plants subjected to a local treatment of HL 
stress.
Movie S5. ROS accumulation in wild-type and pdlp5 plants subjected to a local treatment of HL 
stress.
Movie S6. ROS accumulation in wild-type and pip1;2 plants subjected to local treatment of HL 
stress.
Movie S7. ROS accumulation in wild-type and pip2;1 plants subjected to a local treatment of 
HL stress.

View/request a protocol for this paper from Bio-protocol.
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