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Coordinating the overall stomatal response of plants: 
Rapid leaf-to-leaf communication during light stress
Amith R. Devireddy,1 Sara I. Zandalinas,2 Aurelio Gómez-Cadenas,2 Eduardo Blumwald,3 Ron Mittler1*

The plant canopy functions as an aerial array of light-harvesting antennas. To achieve maximal yield, each leaf 
within this array and the array as a whole need to rapidly adjust to naturally occurring fluctuations in light inten-
sity and quality. Excessive light stress triggers the closing of pores in leaves called stomata to minimize moisture 
loss. We found that different leaves within the canopy of an Arabidopsis thaliana plant, including leaves not direct-
ly exposed to light, coordinated stomatal closure in response to light stress by sending and receiving rapid sys-
temic signals. This response required the plant hormones abscisic acid and jasmonic acid and was mediated by a 
rapid autopropagating wave of reactive oxygen species (ROS) production. Furthermore, this response depended 
on the function of genes encoding the ROS-generating NADPH oxidase RBOHD and various stomatal regulators, 
such as the anion channel SLAC1, GHR1 (guard cell hydrogen peroxide resistant 1), and lipoxygenase 1 (LOX1). 
Our findings reveal that plants function as highly dynamic and coordinated organisms, optimizing the overall re-
sponse of their canopies to fluctuating light intensities.

INTRODUCTION
Plants are the primary solar energy converter sustaining life on Earth. 
To achieve optimal photosynthetic productivity, the different leaves 
of a plant, and the plant as a whole, must rapidly acclimate to fluc-
tuating changes in ambient light intensity and quality (1–5). Because 
under natural conditions not all parts of the plant are subjected to 
the same light intensity or quality, an ability to rapidly transmit signals 
from one leaf to another is thought to play a key role in optimizing 
the plant’s overall photosynthetic activity (6–12). Such an ability is also 
thought to play a key role in the acclimation and survival of plants 
during different abiotic stresses (11, 12). Optimizing the overall re-
sponse of plants to abrupt changes in light conditions could require 
rapid changes in the size of stomatal aperture to manage the avail-
ability of CO2 for photosynthesis and match this availability to changes 
in light quality and intensity, individual leaf temperature, leaf-to-air 
vapor pressure deficit, and overall plant transpiration (13, 14). For a 
shade-adapted plant, for example, a sudden increase in light intensity 
caused by a light fleck (sun fleck) could result in enhanced photosynthesis 
or photoinhibition and induce rapid stomatal responses (3, 4, 13–15). 
Depending on the light intensity and relative humidity, sun flecks 
could induce rapid stomatal opening (to enhance photosynthesis and/
or photorespiration), or in extreme conditions, during photoinhibi-
tion, rapid stomatal closure to prevent catastrophic xylem failure by 
restricting transpiration (13, 15). Stomatal closure in response to light 
stress and changes in relative humidity is also found in field-grown 
plants during midday (also known as “midday stomatal closure”) 
(16–18). Because light stress is accompanied by an increase in the 
concentration of the plant hormone abscisic acid (ABA) in leaves, 
and ABA is required for the accumulation of transcripts encoding 
several light stress–response factors in plants, the light stress–induced 
stomatal closure response of plants could be mediated through the 
ABA canonical pathway (3, 4, 19). Nevertheless, how this acclimation 

response to light stress is coordinated between the different leaves 
of a plant is not clear. To address this question, we studied the local 
and systemic responses of low light–adapted Arabidopsis thaliana plants 
to light stress. We found that the application of light stress to a single 
Arabidopsis rosette leaf resulted in a plant-wide coordinated stomatal 
closure and acclimation responses to light stress. This response required 
ABA for its initiation and was mediated by a rapid autopropagating 
wave of reactive oxygen species (ROS) production (the ROS/Ca2+ wave) 
(11, 12), which depended on the function of the respiratory burst oxi-
dase homolog D (RBOHD). In addition, it required the function of 
slow anion channel–associated 1 (SLAC1), guard cell hydrogen per-
oxide resistant 1 (GHR1), and lipoxygenase 1 (LOX1) for regulating 
stomatal closure. Our findings reveal that plants function in a highly 
dynamic and coordinated manner, optimizing the overall response 
of their canopy to fluctuating light intensities.

RESULTS
Local application of light stress triggers a local and systemic 
stomatal response in Arabidopsis
Fully expanded rosette leaves of A. thaliana (Col) plants, grown under 
low-light conditions (50 mol m−2 s−1) and subjected to different light 
intensities (200, 500, 1000, and 2000 mol m−2 s−1) for 10 min, exhib-
ited a stomatal closure response that reached a maximum of about 
70 to 75% stomatal closure at 2000 mol m−2 s−1 (fig. S1). To study 
leaf-to-leaf communication during light stress, we subjected a single 
fully expanded rosette leaf of an Arabidopsis plant grown under low-
light conditions (50 mol m−2 s−1) to light stress (2000 mol m−2 s−1) 
and measured the stomatal closure response of the treated (local) leaf, 
as well as of a nontreated distant (systemic) leaf, over time (Fig. 1A). 
Local and distant (systemic) leaves that were 3 to 4 cm apart responded 
almost in unison, closing their stomata by about 70% after 1 min of 
light stress application (Fig. 1B). Because stomatal closure leads to 
an increase in leaf temperature due to suppressed transpiration (20, 21), 
we measured changes in leaf temperature of the local and systemic 
leaves of control- and light stress–treated plants using an infrared 
camera (fig. S2A). This method was chosen as opposed to gas exchange 
because clamping individual leaves, such as a local and/or a systemic 
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leaf within the same plant to measure local and systemic gas exchange, 
would induce mechanical pressure and injury responses that would 
affect rapid systemic signaling (12, 22, 23). In agreement with the light 
stress–induced changes in stomatal aperture measurements (Fig. 1B), 
leaf temperature increased in the local and systemic leaves of light 
stress–treated plants (fig. S2A). The rapid stomatal response of local 
and systemic leaves to light stress (Fig. 1B and fig. S2A) was accom-
panied by alterations in the steady-state level of Zat12, a key marker 
for rapid systemic signaling and the propagation of the ROS/Ca2+ wave 
(12, 22), demonstrating that this rapid physiological response is also 
accompanied by alterations in transcript expression (Fig. 1C).

Because stomatal responses and the propagation of the ROS/Ca2+ 
wave require the function of the RBOHD protein (12, 22–29), we 

tested the local and systemic responses of rbohD mu-
tants to light stress. In contrast to the rapid stomatal 
closure response of wild-type plants to light stress (Fig. 1B 
and fig. S2A), rbohD mutants failed to induce local or 
systemic stomatal responses to light stress (Fig. 1D and 
fig. S2B). This finding demonstrated that the local and 
systemic stomatal closure responses to light stress in 
Arabidopsis required the function of the ROS-producing 
protein RBOHD.

The rapid stomatal response shown in Fig. 1B was 
not restricted to a single systemic leaf and occurred 
simultaneously in many other leaves comprising the plant 
canopy (Fig. 1E). The rapid rate of this systemic re-
sponse (Fig. 1B and fig. S2A), its occurrence in almost 
all leaves of the plant canopy (Fig. 1F), and its suppres-
sion in rbohD mutants (Fig. 1D and fig. S2B) suggest 
that it is mediated by the autopropagating ROS/Ca2+ 
wave, which travels at a maximal rate of 8.4 cm min−1, 
depends on calcium signaling, and can potentially reach 
almost all parts of the plant (12, 22–28).

The ROS/Ca2+ wave is required to mediate the 
rapid systemic stomatal closure response of 
Arabidopsis plants to light stress
To test whether the ROS/Ca2+ wave is involved in 
mediating the rapid systemic signal that triggers stoma-
tal closure in distant leaves of light stress–treated plants, 
we used the ROS/Ca2+ wave inhibitor diphenyleneiodo-
nium (DPI) (12, 22). The application of DPI at the mid-
point between the local and the systemic leaf (Fig. 2A) 
prevented the closure of stomata in the systemic leaf with-
out affecting the stomatal closure response of the local 
leaf (Fig. 2B). The application of DPI also prevented 
the accumulation of H2O2 in the systemic leaf without 
affecting the accumulation of H2O2 in the local leaf 
(Fig. 2C). Because the ROS/Ca2+ wave depends on cal-
cium signaling (22–28), we also tested the effect of ap-
plying the calcium wave inhibitor LaCl3 (23–26) at the 
midpoint between the local and the systemic leaf (Fig. 2A). 
As with DPI, LaCl3 application prevented the closure 
of stomata in the systemic leaf without affecting the 
stomatal closure response of the local leaf (Fig. 2D). 
Measurements of the ROS/Ca2+ wave signal in local and 
systemic leaves using Zat12::Luciferase reporter plants 
(22) further supported the involvement of the ROS/Ca2+ 
wave in the systemic response of plants to light stress 

(Fig. 2E). Collectively, the findings shown in Figs. 1 and 2 and fig. S2 
support a model in which different leaves within the plant use the 
ROS/Ca2+ wave to coordinate their rapid stomatal responses follow-
ing a local application of light stress.

ABA is required to trigger the systemic stomatal closure 
response of Arabidopsis to local application of light stress
Stomatal closure in response to abiotic stress is thought to be primarily 
mediated by the plant hormone ABA (29–31). Moreover, ABA accumu-
lates in leaves in response to light stress (3) and could mediate the stoma-
tal closure response of plants to this stress (Fig. 1). To study the role of 
ABA in mediating the local and systemic stomatal closure responses of 
Arabidopsis to light stress, we tested whether ABA application to a 

Fig. 1. Local application of light stress triggers a local and systemic stomatal closure response in 
Arabidopsis. (A) The experimental design used to measure stomatal responses and changes in steady-
state transcript levels in response to local application of light stress. Each sampled leaf was divided 
along its mid vain and used for stomatal aperture measurements and determination of Zat12 expression. 
(B) Local and systemic stomatal aperture response of Arabidopsis to local application of light stress (high 
light; HL). n = 500 stomata from 30 different plants for each group. (C) Changes in the steady-state 
levels of the rapid systemic response transcript Zat12 in local and systemic leaves after application of 
light stress to a local leaf. n = 30 plants for each group. (D) Local and systemic stomatal aperture response 
of Arabidopsis mutants lacking the respiratory burst oxidase homolog D enzyme (rbohD) to local appli-
cation of light stress (high light; HL). n = 500 stomata from 30 different plants for each group. (E) The 
experimental design used to measure canopy-wide systemic stomatal responses to local application 
of light stress (left) and bar graphs showing the systemic stomatal aperture response of six different 
systemic leaves (S1 to S6) in response to light stress application to a local leaf (local, right). n = 500 
stomata from 30 different plants for each group. Statistical significance was determined by a one- or 
two-tailed Student’s t test as described in (25). Results are presented as the means ± SE, ***P < 0.005, 
**P < 0.01, and *P < 0.05.
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local leaf would result in a systemic stomatal response, 
similar to that induced by light stress (Figs. 1 and 3A). As 
expected, application of ABA (50 M) to a local leaf 
resulted in a rapid stomatal closure response (Fig. 3B). 
Moreover, it also induced a rapid systemic stomatal re-
sponse (Fig. 3B). Similar to the application of light stress 
(Fig. 2B), the ABA-induced rapid systemic stomatal 
response was also blocked by the ROS/Ca2+ wave inhib-
itor DPI (Fig. 3C), suggesting that ABA did not relocate 
from the local to the systemic leaf per se but rather 
triggered the ROS/Ca2+ wave that induced stomatal clo-
sure in systemic leaves. The application of ABA (50 M) 
to a local leaf of Zat12::Luciferase (Fig. 3D and fig. S3A) 
(22) or WRKY40::Luciferase (fig. S3B) (32) ROS/Ca2+ 
wave reporter plants revealed that ABA triggered the 
ROS/Ca2+ wave in local and systemic leaves. No other plant 
hormone or treatment with H2O2 or calcium has been 
previously shown to trigger this signal (12, 22, 23).

To further study the role of ABA in local and sys-
temic leaves of plants subjected to light stress, we used 
high humidity to suppress ABA levels in wild-type plants. 
High humidity enhances ABA degradation through 
the activation of ABA 8′-hydroxylase (33). ABA con-
centrations in local or systemic leaves of Arabidopsis 
plants subjected to high humidity (80 to 85% relative 
humidity) decreased by about 65 to 70% (Fig. 4A). When 
plants were subjected to high humidity, local or sys-
temic stomatal closure (Fig. 4B) and H2O2 accumula-
tion (Fig. 4C) responses to a local application of light 
stress were suppressed. Because high humidity may also 
affect the stomatal closure response of plants through 
other routes that are unrelated to ABA, we measured 
stomatal aperture in response to the local application 
of light stress in wild-type Arabidopsis plants (Ler and 
Col) and mutants impaired in ABA biosynthesis (aba1-1, 
aba2-1, and aba3-1) (21) or ABA perception (abi1-1) 
(34, 35). Compared to wild-type plants (Fig. 4D), all 
mutants impaired in ABA biosynthesis failed to display 
a local or systemic stomatal closure response after the 
application of light stress to a local leaf (Fig. 4E). This 
finding supported the results obtained with high humid-
ity (Fig. 4, A to C). The abi1-1 mutant is impaired in 
ABA perception because of a constitutively active ABI1 
protein (which is a type 2C protein phosphatase) 
(34) that cannot interact with and be inhibited by the 
ABA receptor complex, which would lead to stomatal 
closure. In contrast to the mutants impaired in ABA 
biosynthesis (Fig. 4E), the abi1-1 mutant displayed 
stomatal aperture closure in local and systemic leaves 
in response to a local application of light stress (Fig. 4F). 
Similar findings were obtained when the stomatal 
closure response of wild-type (Ler; fig. S4A), aba1-1 
(fig. S4B), and abi1-1 (fig. S4C) mutants was studied 
using an infrared camera. These findings suggest that 
although ABA is required to trigger the local and 
systemic stomatal responses to light stress (Figs. 3 
and 4, A to E) and to trigger the ROS/Ca2+ wave that 
links between the local and systemic leaves (Fig. 3), 
other plant hormones involved in stomatal regulation, 

Fig. 2. Inhibition of reactive oxygen or calcium signaling blocks the signal that mediates the rapid 
systemic stomatal closure response in Arabidopsis. (A) The experimental procedure used to block 
the systemic signal using different inhibitors and to measure stomatal responses and reactive oxygen 
species (ROS) accumulation. (B) Effect of diphenyleneiodonium (DPI; 50 M) application on the sys-
temic stomatal aperture response to local application of light stress. n = 500 stomata from 30 different 
plants for each group. (C) Effect of DPI (50 M) application on the systemic H2O2 accumulation response 
of Arabidopsis to local application of light stress. n = 30 plants for each group. (D) Effect of LaCl3 
application on the systemic stomatal aperture response of Arabidopsis to local application of light stress. 
n = 500 stomata from 30 different plants for each group. (E) Response of Zat12::Luciferase reporter plants 
to local application of light stress. n = 30 plants for each group. Statistical significance was deter-
mined by a one- or two-tailed Student’s t test as described in (25). Results are presented as the 
means ± SE. ***P < 0.005, **P < 0.01, *P < 0.05.

Fig. 3. Application of ABA to a local leaf triggers local and systemic stomatal closure responses. 
(A) The experimental procedure used to measure local and systemic stomatal aperture responses to 
local application of abscisic acid (ABA) (50 M) in Arabidopsis. (B) Local and systemic stomatal aper-
ture response to local application of ABA. n = 500 stomata from 30 different plants for each group. 
(C) Bar graphs showing the effect of DPI (50 M) application (as in Fig. 2A) on the systemic stomatal 
aperture response of Arabidopsis to local application of ABA. n = 500 stomata from 30 different plants 
for each group. (D) The response of Zat12::Luciferase reporter plants to local application of ABA (50 M). 
n = 30 plants for each group. Statistical significance was determined by a one- or two-tailed Student’s 
t test as described in (25). Results are presented as the means ± SE, ***P < 0.005, **P < 0.01, and *P < 0.05.
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such as jasmonic acid (JA) (11, 31), may also be involved in this 
response.

An interplay between ABA and JA could mediate the rapid 
systemic stomatal response of Arabidopsis to light stress
The possibility that other plant hormones may be involved in the rapid 
stomatal closure response of Arabidopsis to light stress (Fig. 4F and 
fig. S4C) prompted us to measure the concentrations of H2O2, JA, 

and salicylic acid (SA), also thought to be in-
volved in stomatal regulation (11, 31, 35), 
in wild-type (Ler), aba1-1, and abi1-1 plants 
in response to light stress (application of light 
stress to local leaf for 10 min). The concen-
trations of ABA (Fig. 5A), H2O2 (Fig. 5B), JA 
(Fig. 5C), and SA (Fig. 5D) increased in local 
leaves of wild-type plants subjected to light 
stress. In contrast, the concentrations of H2O2 
(Fig. 5B), JA (Fig. 5C), and SA (Fig. 5D), but 
not ABA (Fig. 5A), increased in systemic 
leaves of wild-type plants subjected to the 
same local light stress treatment. The con
centrations of ABA (Fig. 5A), SA (Fig. 5D), 
and H2O2 (Fig. 5B) did not increase in the 
local or systemic leaves of aba1-1 plants sub-
jected to light stress. In contrast, the concen-
tration of JA (Fig. 5C) increased in local and 
systemic leaves of aba1-1 plants subjected to 
a local light stress, albeit to lower concentra-
tions than in wild-type plants. In the abi1-1 
mutant, SA (Fig. 5D) and JA (Fig. 5C) con-
centrations increased, but ABA (which was 
very high in the absence of any treatment; 
Fig. 5A) and ROS (Fig. 5B) did not signifi-
cantly change in local or systemic leaves in 
response to light stress. It should be noted 
that the abi1-1 mutant is tolerant to light 
stress and constitutively expresses transcripts 
encoding several light and oxidative stress 
response factors (32). This phenotype may 
explain why the light stress–induced changes 
in H2O2 levels in the local and systemic leaves 
of the abi1-1 mutant are attenuated (Fig. 5B). 
The results presented in Figs. 3 to 5 support a 
model in which ABA is required to trigger the 
rapid light stress–induced local and systemic 
stomatal closure responses of Arabidopsis, 
but that this response may involve the func-
tion of other plant hormones such as SA and 
JA (29–31). Nevertheless, the results shown in 
Fig. 5 represent a single time point (10 min) 
following light stress application and may not 
reveal transient changes in ABA, SA, and/or 
JA during earlier time points.

To further investigate the role of ABA, JA, 
and SA in mediating local and systemic sto-
matal responses to light stress in Arabidopsis, 
we measured the concentrations of ABA, JA, 
the JA precursor 12-oxophytodienoic acid 
(OPDA), and SA in local and systemic leaves 

of wild-type (Col) and rbohD plants subjected to local light stress treat-
ment for various time periods. In response to a local application of light 
stress in wild-type plants, ABA transiently accumulated in local leaves 
at 1 min and in systemic leaves at 4 min (Fig. 6A). This increase was 
attenuated in the rbohD mutant (Fig. 6A), suggesting that ABA synthe-
sis and/or release from its conjugated forms (12) is required for ROS 
production by RBOHD. OPDA transiently increased in local and sys-
temic leaves of wild-type plants between 1 and 8 min after local light 

Fig. 4. ABA is required to trigger the local and systemic 
stomatal closure response of Arabidopsis to local applica-
tion of light stress. (A) ABA concentrations in local and sys-
temic leaves of untreated Arabidopsis plants grown under 
control conditions (C) or subjected to high relative humidity 
(80 to 85%; HH). n = 30 plants for each group. (B) Local and 
systemic stomatal closure response of Arabidopsis plants sub
jected to light stress (applied to a local leaf) under conditions 
of high humidity. n = 500 stomata from 30 different plants for 
each group. (C) Local and systemic H2O2 accumulation re-
sponse of Arabidopsis plants subjected to light stress (applied 
to a local leaf) under conditions of high humidity. n = 30 plants 
for each group. (D) Local and systemic stomatal closure re-
sponse of wild-type Arabidopsis (Col or Ler) to local application 
of light stress. n = 500 stomata from 30 different plants for 
each group. (E) Local and systemic stomatal closure response 

of Arabidopsis mutants deficient in ABA biosynthesis (aba1-1, Ler; aba2-1 and aba3-1, Col) to local application of light 
stress. n = 500 stomata from 30 different plants for each group. (F) Local and systemic stomatal closure response of 
Arabidopsis mutants deficient in ABA sensing (abi1-1, Ler) to local application of light stress. n = 500 stomata from 
30 different plants for each group. Statistical significance was determined by a one- or two-tailed Student’s t test 
as described in (25). Results are presented as the means ± SE, *P < 0.05, ***P < 0.001. dw, dry weight.
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stress application (Fig. 6B), an increase that was also at-
tenuated in the rbohD mutant (Fig. 6B). In contrast, in 
wild-type plants, the JA accumulation peaked in the lo-
cal leaves at 8 min and in the systemic leaves at 4 min 
(Fig. 6C), and the systemic, but not the local, accumula-
tion of JA was attenuated in the rbohD mutant (Fig. 6C). 
Similar to OPDA, JA, and ABA, SA transiently accu-
mulated in systemic leaves at 4 min (fig. S5), and this 
increase was attenuated in the rbohD mutant (fig. S5). 
However, in contrast to JA and ABA, SA steadily accu-
mulated in local leaves with a transient peak at 1 min that 
was not attenuated in rbohD plants (fig. S5). The findings 
shown in Fig. 6 (A to C) and fig. S5 support the possi-
bility that an interplay between ABA, JA, and ROS reg-
ulates stomatal responses in local and systemic leaves of 
Arabidopsis in response to light stress.

SLAC1, GHR1, and LOX1 are involved in the local 
and/or systemic stomatal responses of 
Arabidopsis to light stress
To further study the role of ABA, JA, and ROS in medi-
ating rapid stomatal regulation during light stress, we 
studied the local and systemic stomatal responses of 
slac1, ghr1, and lox1 mutants to local application of light 
stress in Arabidopsis. SLAC1 and GHR1 function in ABA-
dependent and ABA-independent stomatal closure path-
ways (36–39), whereas LOX1 (lipoxygenase 1) is involved 

Fig. 5. ABA is required for H2O2 and SA accumulation in local and systemic leaves of Arabidopsis 
plants subjected to local application of light stress. (A to D) Accumulation of ABA (A, n = 30 
plants for each group), H2O2 (B, n = 30 plants for each group), jasmonic acid (JA) (C, n = 30 
plants for each group), and salicylic acid (SA) (D, n = 30 plants for each group) in local and systemic 
leaves of wild-type Ler, aba1-1, and abi1-1 plants in response to local application of light stress. 
Statistical significance was determined by a one- or two-tailed Student’s t test as described in 
(25). Results are presented as the means ± SE, ***P < 0.001, **P < 0.01, *P < 0.05.

Fig. 6. Transient accumu-
lation of ABA, OPDA, and 
JA in local and system-
ic leaves of Arabidopsis 
plants subjected to lo-
cal application of light 
stress, and a role for 
SLAC1, LOX1, and GHR1 
in the local and/or sys-
temic stomatal closure 
response of Arabidopsis 
to light stress. (A) Changes 
in the level of ABA in local 
(left) and systemic (right) 
leaves of wild-type (Col; 
top) and rbohD mutants 
(rbohD; bottom). n = 20 
plants for each group (B) 
and (C), similar to (A), how
ever, showing changes in 
12-oxophytodienoic acid 
(OPDA) (B) and JA (C). n = 
20 plants for each group 
(D) and (E). Impaired lo-
cal and systemic stoma-
tal c l o sure response of 
Arabidopsis slac1 (D) and 
ghr1 (E) mutants (Col back-
ground) to local appli-
cation of light stress. n = 
500 stomata from 30 different plants in each group. (F) Impaired systemic, but not local, stomatal closure response of Arabidopsis lox1 mutants to local application of light 
stress. n = 500 stomata from 30 different plants for each group. Statistical significance was determined by a one- or two-tailed Student’s t test as described in (25). Results 
are presented as the means ± SE, ***P < 0.005, **P < 0.01, and *P < 0.05.
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in ABA-independent stomatal regulation pathways (37). slac1 (Fig. 6D) 
and ghr1 (Fig. 6E) mutants were impaired in their local and systemic 
stomatal closure response to light stress. In contrast, lox-1 (Fig. 6F) mu-
tants were impaired in their systemic, but not local, stomatal closure 
responses. These findings demonstrate a key role for GHR1 and SLAC1 
in regulating rapid local and systemic stomatal responses and highlight 
a possible involvement of JA in regulating systemic stomatal responses 
to light stress.

The rapid leaf-to-leaf signaling pathway promotes systemic 
acclimation to light stress
To determine the physiological importance of the systemic leaf-
to-leaf signal for plant acclimation to light stress, we tested light 
stress–induced injury in systemic leaves 10 min after the activation 
of the systemic signal by a local application of light stress. This assay 
was performed with plants that had water or DPI applied to the 
midpoint between the local and systemic leaves (similar to Fig. 2A). 
Ion leakage, which is a measure of leaf injury (32), was significantly 
higher in the systemic leaves of plants exposed to light stress than in 
those of plants in which the local leaves were not pretreated with 
light (Fig. 7A; compare the white bars). In contrast, no injury was 
detected in light-stressed systemic leaves of plants in which the lo-
cal leaf was pretreated with light stress for 10 min (Fig. 7A; com-
pare the black bars). The application of the ROS/Ca2+ wave inhibitor 
DPI at the midpoint between the local and systemic leaves (similar 
to Fig. 2A) suppressed this acclimation process, providing further 
evidence that it required a ROS wave–dependent systemic signal 
(Fig. 7B).

DISCUSSION
Our study uncovered a rapid signaling pathway that co
ordinated the response of different leaves within the same 
plant to light stress. Thus, each leaf within the plant could 
act as an autonomous unit that sends and/or receives a 
light stress–induced signal that affects its acclimation, as 
well as that of other nonstressed leaves. A sudden increase 
in light intensity perceived by a particular leaf could 
therefore mediate a canopy-wide stomatal response that 
will prepare distant leaves for the possibility of being sub-
jected to an intense light stress event (Fig. 1). Our study 
further demonstrated that the rapid systemic signal that 
mediates this leaf-to-leaf communication response de-
pended on RBOHD and the ROS/Ca2+ wave (Fig. 2), and 
on the presence of the plant hormone ABA in the local leaf 
for its initiation (Figs. 3 to 6). Although the role of ABA in 
triggering this response was not entirely clear, ABA ap-
peared to be required for H2O2 accumulation and the ini-
tiation of the ROS/Ca2+ wave in the local leaf (Figs. 3 to 6). 
This role of ABA is in agreement with previous studies 
that showed enhanced ABA accumulation during light 
stress in Arabidopsis (3) and a requirement for ABA in 
triggering the accumulation of different light stress re-
sponse transcripts (4, 19).

Although ABA appears to play a key role in triggering 
the light stress–induced rapid systemic stomatal closure 
response (Figs. 3 to 6), it may not be directly involved in 
signaling for stomatal closure in systemic leaves (Figs. 4F, 
5, and 6F, and fig. S4). Thus, additional hormones such as 
JA and/or H2O2 may be involved in mediating systemic 
stomatal responses (Figs. 5 and 6). Some stomatal closure 

pathways are activated in response to biotic stimuli to prevent bacterial 
pathogens from entering the leaf (36, 37). Many of these pathways de-
pend on H2O2 and converge with the canonical ABA stomatal closure 
pathway upstream of SLAC1 (36–39). The rapid local and systemic sto-
matal responses of Arabidopsis to light stress described in this work 
(Fig. 1) depended on SLAC1 (Fig. 6D) and GHR1 (Fig. 6E). The stoma-
tal closure responses in the local or systemic leaves of Arabidopsis dif-
fered in their dependency on LOX1, which is involved in JA signaling 
(Fig. 6F) (37). This finding could indicate that two different pathways 
are involved in the stomatal closure responses described in this work: 
one in local leaves, which is JA-independent, and the other in systemic 
leaves, which is JA-dependent (Fig. 6F). This finding highlights the 
complex spatial and temporal hormonal signaling networks that are 
likely to mediate local and systemic stomatal responses in plants.

We propose that ROS accumulation and the activation of the 
RBOHD-dependent ROS/Ca2+ wave in local leaves in response to 
light stress are ABA-dependent (Fig. 7C). The accumulation of ROS 
in local leaves could subsequently trigger a SLAC1-dependent sto-
matal closure through GHR1. Alternatively, the accumulation of ABA 
in the local leaf could trigger stomatal closure through ABI2 and GHR1 
(38). We further propose that once the RBOHD-dependent ROS/Ca2+ 
wave reaches the systemic leaf, it triggers ABA and JA accumulation 
and SLAC1-dependent stomatal closure through the function of GHR1 
and, potentially, JA (Fig. 7C). Further studies are needed to examine 
this model and the role of ABI2, SA, and other plant hormones such 
as nitric oxide and auxin in these pathways. In addition, because al-
terations in ABA biosynthesis are also linked to nonphotochemical 
quenching and antioxidant processes (40), the light stress systemic 

Fig. 7. Enhanced acclimation of systemic leaves is dependent on leaf-to-leaf rapid signaling, 
and a model for the interplay between ABA, ROS, and JA during rapid systemic stomatal re-
sponses of Arabidopsis to light stress. (A and B) Enhanced acclimation of systemic leaves to light 
stress. Plants were pretreated for 10 min with light stress on a local leaf (pretreated). Control plants 
were untreated (control). After 15 min, the systemic leaves of the treated or untreated plants were 
subjected to light stress (light stress) for 60 min and sampled for ion leakage measurements and 
imaging. Control plants were not given the 60-min light stress (no stress). Water (A) or DPI (50 M) 
(B) was applied in agar at the midpoint between the local and systemic leaves (as in Fig. 2A). Statis-
tical significance was determined by a one- or two-tailed Student’s t test as described in (25). Re-
sults are presented as the means ± SE (for each time point n = 30 different plants in each group), 
**P < 0.01, *P < 0.05. (C) A proposed model for the rapid systemic stomatal closure response of 
Arabidopsis to local application of light stress. The triggering of stomatal responses, accumulation 
of SA and H2O2, and the initiation of the ROS/Ca2+ wave in local leaves requires ABA. The closure of 
stomata in systemic leaves requires the ROS/Ca2+ wave and an interplay between JA, ABA, and 
ROS. The stomatal responses of both systemic and local leaves require GHR1 and SLAC1. Solid 
arrows represent tested interactions, and dashed arrows represent hypothetical interactions that 
require further studies.
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signal may also be initiated in response to changes in nonphotochemical 
quenching. Because both biotic (flagellin 22–induced) and abiotic (light 
stress–induced) systemic signaling pathways require the ROS/Ca2+ 
wave (Fig. 2) (12, 22, 26) and involve JA and SA signaling (Figs. 5 and 
6 and fig. S5) (36–39), it is possible that the ROS/Ca2+ wave is a func-
tional linkage used by the plant in different biotic-abiotic interactions 
or overlapping signal transduction pathways.

The rate of the stomata and acclimation responses to light stress 
described in this work (Figs. 1 and 7A) is much faster than many pre-
viously reported systemic responses to pathogens or abiotic stresses 
(6–10, 41–43). Our results showing that plants can rapidly coordinate the 
stomatal responses of different leaves within their canopy and accli-
mate to light stress (Figs. 1 and 7A) therefore shed new light on plants 
as being highly coordinated and dynamic multicellular organisms.

MATERIALS AND METHODS
Plant material and growth conditions
A. thaliana Col-0 (cv. Columbia-0), rbohD, aba2-1, aba3-1, slac1 
(slac1-3, SALK_099139; slac1-4, SALK_137265), ghr1 (ghr1-1, SALK_​
031493C; ghr1-2, SALK_033702C), and lox1 (lox1-1, SALK_059431C; 
lox1-2, SALK_000058C) mutants (12, 21, 22, 36, 38), and Ler-0 (cv. 
Landsberg erecta), aba1-1, and abi1-1 mutants (35) were grown in peat 
pellets (Jiffy-7, Jiffy; http://jiffygroup.com/en/) at 23°C under short 
day growth conditions (8-hour light/16-hour dark; 50 mol m−2 s−1). 
Col plants expressing the Zat12:: or WRKY40::Luciferase reporter con-
struct were grown and imaged with a NightOWL LB983 NC100 (Berthold, 
https://berthold.com/) imager as described in (22, 32). All plants were 
grown under highly controlled conditions without the application 
of any chemical or treatment that could induce a stress or pathogen 
response before conducting the experiments. All experiments were 
conducted with a minimum of 6 to 10 different plants per techni-
cal repeat, time point, treatment, or genetic background. Because of 
the use of half a leaf for metabolic analyses, many more plants were 
used per technical repeat in experiments involving measurements 
of hormones or H2O2. All experiments were conducted in three 
biological repeats, each with three technical repeats (for a minimal 
total of 24 to 30 different plants per time point). All plants used for 
this study were grown in a random mixed-plot design to prevent po-
sition effects and other growth and sample size effects. Data acqui-
sition and data analysis were separated and conducted by different 
individuals to prevent bias.

Light stress and ABA application
Plants were grown in cookies for 30 to 45 days under short day 
conditions (50 mol m−2 s−1). Local leaves were exposed to light 
stress (2000 mol m−2 s−1) at 21°C for periods of 0, 1, 5, and 10 min 
using a fiber-optic light source (ACE I; Schott) as described in (12) or 
sprayed with ABA (50 M) as described in (35). Light stress was 
applied to a circular area (about 0.75 cm in diameter) located at the 
tip of a mature fully expanded rosette leaf. Leaves were immediate-
ly sampled and divided along their mid vain. Half of each leaf was 
used for measuring stomatal aperture as described below (35, 44), 
and the other half was flash-frozen in liquid nitrogen and used for 
H2O2, quantitative real-time polymerase chain reaction (qRT-PCR), 
ABA, SA, and JA analysis as described in (12, 22, 32, 35). The entire 
sampling process (from leaf detachment to initial stomata imprint 
and frozen material) was conducted within 10 to 15 s. For humidi-
ty experiments, plants were placed in a closed chamber (51 cm × 

25 cm × 11 cm; length × width × height, respectively) connected to 
a cool mist humidifier (GUL540D1V1) for 30 min. This treatment 
kept the plants at a relative humidity of 80 to 85% for the entire 
incubation time.

Stomatal aperture
Stomatal aperture was measured as described in (35, 44). Briefly, lo-
cal and systemic leaves were cut, and their lower surface was immedi-
ately stuck to a microspore slide with a medical adhesive (Hollister). 
After 1 to 2 min, the leaf was peeled away under distilled water. The 
lower epidermis imprint stuck to the glass was then visualized un-
der the microscope, and stomatal images were recorded. Mea-
surements of stomatal aperture were performed using the imaging 
software ImageJ, version 6. At least 500 different stomata were mea-
sured from 10 different plants for each time point, treatment, or genetic 
background.

Leaf thermal imaging
Thermal imaging of plants was performed as described in (21), with 
a few modifications. In brief, 4- to 5-week-old plants growing under 
short day conditions in low light (50 mol m−2 s−1) were placed under 
the thermal imaging camera at a distance of about 30 cm. After an 
equilibration period of 20 to 30 min, light stress was applied to a local 
leaf as described above, and thermal images were captured using a 
FLIR A655SC infrared camera (FLIR Systems), from local and sys-
temic leaves with a defined region of interest (that did not overlap 
with the lighted area on the treated leaf), at various time points. Images 
were saved on a computer and were analyzed using ResearchIR soft-
ware. One image was captured every 10 s, and a mean of six images 
from six different leaves was calculated for each experimental time 
point per technical repeat.

Inhibitor studies
To inhibit the propagation of the ROS/Ca2+ wave from the local to the 
systemic leaf, a drop of 0.3% agarose-containing water, 50 M DPI, or 
2 mM lanthanum chloride (LaCl3) was placed at the midpoint between 
the local and systemic leaf for 15 min. Local tissue was then subjected 
to light stress or ABA application, and stomatal responses and H2O2 
accumulation were measured in the local and systemic leaves.

Electrolyte leakage, qRT-PCR, SA, ABA, JA,  
and H2O2 measurements
Electrolyte leakage was measured as described in (32). qRT-PCR was 
performed and quantified as described in (12) using a StepOnePlus Real-
Time PCR System (Applied Biosystems, http://appliedbiosystems.com/). 
The following primers were used: Zat12, TGGGAAGAGAGTG-
GCTTGTTT (forward) and TAAACTGTTCTTCCAAGCTCCA (reverse); 
and EF1-, GAGCCCAAGTTTTTGAAGA (forward) and CTAA-
CAGCGAAACGTCCCA (reverse). Concentrations of ABA, SA, 
and JA in local and systemic leaves were measured using ultraper-
formance liquid chromatography as described in (35). The accumu-
lation of H2O2 in local and systemic tissues was measured using 
Amplex Red (Molecular Probes, Invitrogen, http://invitrogen.com/) 
as described in (32).

Statistical analysis
Statistical significance was determined by a one- or two-tailed Student’s 
t test as described in (25). Results are presented as the means ± SE 
(***P < 0.001, **P < 0.01, *P < 0.05).
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SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/518/eaam9514/DC1
Fig. S1. The light stress–induced stomatal closure response of Arabidopsis.
Fig. S2. An increase in leaf temperature accompanies the stomatal closure response of local 
and systemic leaves to light stress applied to the local leaf.
Fig. S3. ABA application to a local leaf triggers the ROS wave in local and systemic leaves.
Fig. S4. Leaf temperature measurements of wild-type Ler and aba1-1 and abi1-1 mutants 
subjected to light stress applied to the local leaf.
Fig. S5. Transient accumulation of SA in local and systemic leaves of Arabidopsis plants 
subjected to local application of light stress.
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Fig. S1. The light stress–induced stomatal closure response of Arabidopsis. Stomatal aperture 

was measured in similar age and developmental stage Arabidopsis leaves grown under controlled 

conditions and subjected to different light intensities for 10 min. Plants were grown under short 

day conditions at 50 µmol m-2 sec-1. Statistical significance was discriminated by a one- or two-

tailed Student’s t-test as described in (25). Results are presented as the mean ± SE (for each time 

point N=500 stomata from 30 different plants for each group). ***P < 0.005, **P < 0.01. 

 

  



 

 

 
 

Fig. S2. An increase in leaf temperature accompanies the stomatal closure response of local 

and systemic leaves to light stress applied to the local leaf. (A) Leaf temperature of local and 

systemic leaves of wild type Arabidopsis plants (Col) subjected to a local light stress treatment. 

Left panel shows control plants and right panel shown plants subjected to a local light stress. 

N=18 different plants. (B) Leaf temperature of local and systemic leaves of Arabidopsis mutants 

lacking the respiratory burst oxidase homolog D enzyme (rbohD) subjected to a local light stress 

treatment. Left panel shows control plants and right panel shows plants subjected to a local light 

stress. N=18 different plants for each group. Statistical significance was determined by a one- or 

two-tailed Student’s t-test as described in (25). Results are presented as the mean ± SE, ***P < 

0.005, **P < 0.01, *P < 0.05. 

 

  



 

 

 
 

Fig. S3. ABA application to a local leaf triggers the ROS wave in local and systemic leaves. 
(A) Time-laps imaging of the Zat12::Luciferase reporter response in Arabidopsis plants 

following ABA (50 μM) application to a local leaf. (B) The response of WRKY40::Luciferase 

reporter plants to local application of ABA. Statistical significance was discriminated by a one- 

or two-tailed Student’s t-test as described in (25). Results are presented as the mean ± SE (for 

each time point N=30 plants). **P < 0.01, *P < 0.05. 
 

  



 

 

 
Fig. S4. Leaf temperature measurements of wild-type Ler and aba1-1 and abi1-1 mutants 

subjected to light stress applied to the local leaf. Leaf temperature of local and systemic leaves 

of wild type Arabidopsis (Ler) plants (A, N=18 different plants for each group), aba1-1 (B, 

N=18 different plants for each group) and abi1-1 (C, N=18 different plants for each group) 

mutants subjected to a local light stress treatment. Left panel shows control plants and right panel 

shows plants subjected to light stress. Statistical significance was determined by a one- or two-

tailed Student’s t-test as described in (25). Results are presented as the mean ± SE. ***P < 0.005. 

 

 

 

  



 

 

 
Fig. S5. Transient accumulation of SA in local and systemic leaves of Arabidopsis plants 

subjected to local application of light stress. Changes in the level of SA in local (left panels) 

and systemic (right panels) leaves of wild type (Col; top panels) and rbohD mutants (rbohD; 

bottom panels). Statistical significance was determined by a one- or two-tailed Student’s t-test as 

described in (25). Results are presented as the mean ± SD (for each time point N=20 different 

plants), ***P < 0.005, **P < 0.01, *P < 0.05. 
 




