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Being sessile organisms, plants evolved sophisticated acclimation mechanisms to cope with abiotic challenges in their
environment. These are activated at the initial site of exposure to stress, as well as in systemic tissues that have not been
subjected to stress (termed systemic acquired acclimation [SAA]). Although SAA is thought to play a key role in plant survival
during stress, little is known about the signaling mechanisms underlying it. Here, we report that SAA in plants requires at least
two different signals: an autopropagating wave of reactive oxygen species (ROS) that rapidly spreads from the initial site of
exposure to the entire plant and a stress-specific signal that conveys abiotic stress specificity. We further demonstrate that
SAA is stress specific and that a temporal–spatial interaction between ROS and abscisic acid regulates rapid SAA to heat
stress in plants. In addition, we demonstrate that the rapid ROS signal is associated with the propagation of electric signals in
Arabidopsis thaliana. Our findings unravel some of the basic signaling mechanisms underlying SAA in plants and reveal that
signaling events and transcriptome and metabolome reprogramming of systemic tissues in response to abiotic stress occur
at a much faster rate than previously envisioned.

INTRODUCTION

Plants play a principal role in sustaining life on Earth, converting
solar energy into bioavailable resources. Being sessile organ-
isms, plants evolved sophisticated acclimation and defense
mechanisms to cope with different challenges in their environ-
ment (Bray et al., 2000; Boyko and Kovalchuk, 2011; Reddy
et al., 2011). These can be activated in the initial tissue(s) ex-
posed to stress as well as in systemic tissues that have not yet
encountered stress. The activation of defense or acclimation
mechanisms in systemic nonchallenged tissues is often termed
systemic acquired resistance (SAR) or systemic acquired accli-
mation (SAA), respectively, and serves an important role in pre-
venting further infection or damage to the entire plant (Karpi�nski
et al., 1999; Rossel et al., 2007; Carr et al., 2010; Szechy�nska-
Hebda et al., 2010; Dempsey and Klessig, 2012; Spoel and Dong,
2012; Shah and Zeier, 2013).

Recent studies identified a number of different chemicals and
compounds involved in pathogen-induced SAR in plants. These
include methyl salicylate (Park et al., 2007), a glycerol-3-phosphate
derivative (Chanda et al., 2011), a lipid-transfer protein (DIR1)

(Maldonado et al., 2002), azelaic acid (Jung et al., 2009), de-
hydroabietinal (Chaturvedi et al., 2012), jasmonic acid (Truman
et al., 2007), and pipecolic acid (Dempsey and Klessig, 2012;
Shah and Zeier, 2013). Some of these signals were proposed to
function in a coordinated manner, generating a signaling net-
work that regulates the accumulation of salicylic acid (SA) and
the activation of defense mechanisms in systemic tissues. In
contrast with the many studies focusing on SAR in plants, little
is known about the different signals that control SAA in plants
in response to different abiotic stresses. Some of the mecha-
nisms and signals proposed to regulate SAA include alterations
in redox and reactive oxygen levels, electric signals, and SA
(Szechy�nska-Hebda et al., 2010). Recently, SAA and SAR were
proposed to be linked via a yet unknown genetic program
(Karpi�nski et al., 2013).
Reactive oxygen species (ROS) function as important signal-

ing molecules in bacteria, plants, animals, and humans (Bae
et al., 2011; Halliwell, 2012; Ray et al., 2012). In plant tissues,
a burst of ROS production, often occurring as two distinct
peaks, accompanies the onset of several different abiotic
stresses (Nishimura and Dangl, 2010; Mittler et al., 2011). Ex-
amples of localized alterations in ROS levels, as well as ROS
oscillation patterns, were also reported for root hairs, guard
cells, and pollen–stigma interactions (McInnis et al., 2006;
Monshausen et al., 2007; Jammes et al., 2009; Nishimura and
Dangl, 2010). We recently uncovered a new type of systemic
signal in plants that travels at a rate of 8.4 cm min21, is self-
propagating, dependent on the presence of the respiratory burst
oxidase homolog D (RBOHD) protein, but does not require
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RBOHF, results in rapid ROS accumulation in the apoplast, and
responds to a surprisingly broad array of stressors, including
wounding, cold, heat, high light (HL), and salinity. (Miller et al.,
2009). The identification of this rapid systemic signal, termed the
ROS wave (Mittler et al., 2011), demonstrated that the initial
abiotic stress–induced burst of ROS generated by a local group
of plant cells triggers a cascade of cell-to-cell communication
events that results in the formation of a wave of ROS production
that propagates throughout the different tissues of the plant and
carries a systemic signal over long distances. However, the
relevance of this signal to plant acclimation, its specificity and
mode of action, and its association with other signals, such as
different hormones or electric signals remained unknown (Mittler
et al., 2011).

Here, we report that the ROS wave is required for the SAA of
plants to heat or HL stresses, demonstrating an important bi-
ological function for this signal in the acclimation of plants to
abiotic stresses. We further show that the ROS wave functions
as a general priming mechanism in plants, alerting systemic
tissues to the occurrence of a localized abiotic stress stimuli,
and that a temporal–spatial interaction of the ROS wave with
abscisic acid (ABA) accumulation in systemic tissues mediates

the SAA of plants to heat stress (HS). We also show that SAA in
plants is stress specific and that the ROS wave is associated
with the production of systemic variation potentials, specifically
linking these electric signals with RBOHD function in Arabi-
dopsis thaliana. Our findings underline a role for ROS in plant
acclimation to abiotic stresses and reveal that signaling events
and transcriptome and metabolome reprogramming of systemic
tissues in response to abiotic stress occur at a much faster rate
than previously envisioned.

RESULTS

Biological Function and Regulation of the Rapid
Autopropagating ROS Signal

To examine the biological significance of the ROS wave to the
SAA of plants, we subjected a single rosette leaf of Arabidopsis
to a short period of HL or HS and then exposed a remote sys-
temic leaf to an extended period of the same stress. As shown in
Figure 1, systemic leaves of plants that were subjected to a prior
local treatment were protected against the subsequent stress,

Figure 1. Biological Function of the ROS Wave.

(A) Experimental design showing the application of stress to local leaves (arrow), the placement of water or DPI between the local and systemic tissue
(circle), and the subsequent application of stress to systemic leaves (jagged arrow).
(B) Images of systemic leaves (left) and graphs of chlorophyll content (right; n = 15) showing the protection of systemic leaves from HL in acclimated
plants and its inhibition by DPI.
(C) Same as (B), but for HS (n = 15).
In (B) and (C), error bars = SD. **Student’s t test significant at P < 0.01. See also Supplemental Figure 1 online.
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whereas those of control-treated plants were not. These findings
demonstrated that SAA was triggered in systemic tissues of
HL- or HS-treated plants. To examine whether the ROS wave
is required for this SAA response, we applied a drop of diphenylene
iodonium (DPI), which inhibits RBOHD and blocks the ROS wave
(Miller et al., 2009; Mittler et al., 2011), or a drop of catalase,
which scavenges hydrogen peroxide (H2O2) and blocks the ROS
wave (Miller et al., 2009), to the middle of the stem of plants

30 min prior to the local HL or HS treatment. As shown in
Figure 1 and Supplemental Figure 1 online, the application of
a drop of DPI or catalase at the midpoint between local and
systemic tissues prevented systemic tissues from acclimating,
demonstrating that the rapid ROS signal is required for the SAA
response of plants to HL or HS.
Because DPI has a broad function affecting not only RBOHD,

but also different peroxidases (Frahry and Schopfer, 1998), we

Figure 2. The Role of RBOHD in Mediating Rapid Systemic Signaling.

(A) Experimental design showing the application of stress to local cotyledon tissue (top dashed box) and the sampling of systemic root tissue (bottom
dashed box).
(B) Experimental design showing the different grafting combinations used between wild-type (WT) and rbohD seedlings.
(C) Images of protein blot analysis showing the accumulation of MBF1c in local and systemic tissues of grafted seedlings (B) in response to HS (A).
(D) Quantification of protein expression in (C) (n = 3). Error bars = SD. **Student’s t test significant at P < 0.01.
See also Supplemental Figure 2 online.

Figure 3. Interplay between ROS Production and ROS Scavenging Modulates the ROS Wave in Response to HS.

(A) Experimental design showing the application of HS to local leaves (blue or red arrows) and the subsequent sampling of systemic tissue (black
arrows).
(B) Time-course protein blot analysis showing the accumulation of MBF1c in systemic tissue of wild-type, rbohD, and apx1 mutants in response to
a local HS stimulus.
(C) Quantification of protein expression in (B) (n = 3). Error bars = SD. **Student’s t test significant at P < 0.01.
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Figure 4. SAA in Plants Is Abiotic Stress Specific.

(A) Venn diagrams showing the accumulation of stress-specific transcripts and metabolites (in parentheses) in systemic tissues of wild-type plants
subjected to a local stimulus of HS, HL, or wounding (wound) for 15 or 45 min. Experimental design for stress application is similar to Figure 3A. See
also Supplemental Figures 3 to 5 and Supplemental Data Sets 1 to 22 online.
(B) Experimental design showing the application of HL, HS, or wounding to local leaves (wide arrow) and the subsequent application of HL or HS to
systemic leaves (jagged arrow).
(C) Images of systemic leaves (left) and graphs of chlorophyll content (right; n = 15) showing that local HL stimulus can only protect systemic leaves
against HL.
(D) Images of systemic leaves (left) and graphs of chlorophyll content (right; n = 15) showing that local HS stimulus can only protect systemic leaves against HS.
In (C) and (D), error bars = SD. Student’s t test significant at *P < 0.05 or **P < 0.01.
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performed grafting experiments between wild-type and rbohD
seedlings and followed, as a marker for HS-induced SAA, the
expression of the key HS response transcriptional regulator
multiprotein-bridging factor1c (MBF1c; Suzuki et al., 2008,
2011a) in systemic tissues in response to HS applied to local
tissues. As shown in Figure 2, local application of HS to the
cotyledons (local tissues) of control grafted seedlings resulted
in the enhanced expression of MBF1c in root tips (systemic
tissues). By contrast, the systemic expression of MBF1c was
attenuated in all of the grafting experiments that involved a
deficiency in RBOHD in the local or systemic tissues (Figure 2).
The presence of RBOHD in systemic (root tips) or local (coty-
ledons) tissues was therefore required for enhanced MBF1c
expression in systemic tissues in response to a local HS treat-
ment. As a control to test whether H2O2 produced in the local
cotyledon tissue can diffuse to the root tips, we applied 1 mM of
H2O2 (which does not activate the ROS wave; Miller et al., 2009)
to the cotyledons and imaged H2O2 in the root tips. As shown in
Supplemental Figure 2 online, enhanced levels of H2O2 were not
detected in root tips of plants treated with 1 mM H2O2 in their
cotyledons. Taken together, our results suggest that ROS pro-
duced by RBOHD are responsible for propagating the ROS
wave throughout the path of the systemic signal. The finding
that MBF1c accumulation was not completely abolished in root
tips of rbohD grafts in response to the local HS treatment (Figure
2) further suggests that additional signals that do not involve the
ROS wave might be involved in SAA to HS.

To further study how different ROS production and ROS
scavenging mechanisms regulate the ROS wave in plants, we
measured the accumulation of MBF1c in systemic tissues of the
wild type, the rbohD mutant (deficient in ROS production), and
a mutant deficient in the key H2O2-scavenging enzyme cyto-
solic ascorbate peroxidase1 (apx1) (Davletova et al., 2005a;
Vanderauwera et al., 2011) in response to local application of HS.
As shown in Figure 3, the accumulation of MBF1c was delayed in
the ROS-production rbohD mutant, but accelerated in the ROS-
scavenging apx1 mutant, demonstrating that interplay between
ROS production and ROS scavenging by these two enzymes

(RBOHD and APX1, respectively) functions to modulate the ROS
wave in response to HS.

Specificity in Rapid Systemic Acclimation

The ROS wave is triggered by different abiotic stimuli, such as
HL, HS, salinity, cold, and wounding (Miller et al., 2009), and is

Table 1. Representation of Hormone or ROS Response Transcripts among the Transcripts Elevated in Systemic Tissues of Plants in Response to
Local HS, HL, or Wounding Stimuli at 15 and 45 min

15 min 45 min

Hormone/ROS HS HL Wound HS HL Wound

Total 764 71 11 2297 637 64
ABA 141 (18.45) 6 (8.45) 1 (9.09) 325 (14.15) 82 (12.87) 10 (15.63)
ACC 10 (1.31) 2 (2.82) 0 (0.00) 34 (1.48) 5 (0.78) 2 (3.13)
Brassinolide 32 (4.19) 3 (4.23) 0 (0.00) 46 (2.00) 28 (4.40) 2 (3.13)
Cytokinin 6 (0.79) 5 (7.04) 0 (0.00) 24 (1.04) 40 (6.28) 1 (1.56)
Gibberellin 3 (0.39) 1 (1.41) 1 (9.09) 8 (0.35) 3 (0.47) 2 (3.13)
Indole-3-acetic acid 43 (5.63) 5 (7.04) 2 (18.18) 112 (4.88) 28 (4.40) 0 (0.00)
Methyl jasmonate 50 (6.45) 7 (9.86) 7 (63.64) 124 (5.40) 75 (11.77) 49 (75.56)
SA 13 (1.70) 0 (0.00) 0 (0.00) 27 (1.18) 9 (1.41) 2 (3.13)
H2O2 143 (18.72) 8 (11.27) 4 (36.36) 171 (7.44) 50 (7.85) 8 (12.50)
O2

2 68 (8.90) 2 (2.82) 0 (0.00) 91 (3.96) 25 (3.92) 5 (7.81)
1O2 50 (6.54) 4 (5.63) 2 (18.18) 67 (2.92) 20 (3.14) 13 (20.31)

Numbers in parentheses indicate percentage relative to the total. Bold indicates transcript representation >10%.

Figure 5. Involvement of ABA Signaling in the SAA Response of Plants
to HS.

(A) Time-course protein blot analysis showing the accumulation of
MBF1c in systemic tissue of wild-type, aba1-1, and abi1-2 mutants in
response to a local HS stimulus. Ler, Landsberg erecta.
(B) Quantification of protein expression in (A) (n = 3).
(C) Survival of wild-type, aba1-1, and abi1-2 seedlings in response to HS
applied with (acquired) or without (basal) a HS pretreatment (n = 5).
In (B) and (C), error bars = SD. **Student’s t test significant at P < 0.01.
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required for SAA to HL or HS (Figure 1). However, the degree of
specificity it confers is unknown (Mittler et al., 2011). One pos-
sibility is that the ROS wave activates a general acclimation
response, regardless of the specific abiotic stimuli that is locally
applied. Such a general response will trigger a broad and gen-
eral reprogramming of the transcriptome and metabolome of
systemic tissues and render them tolerant to a variety of dif-
ferent stresses. Alternatively, the ROS wave could act as a trig-
gering signal, required but not sufficient, for SAA. In such a case,
the function of the ROS wave would be coordinated with abiotic
stress–specific signals and the reprogramming of the tran-
scriptome and metabolome in systemic tissues, as well as the
induced SAA tolerance, would be stress specific. Another pos-
sibility is that different abiotic stresses result in different oscil-
lation patterns of the ROS wave that convey specificity in SAA
(Mittler et al., 2011). However, so far, we were unable to detect
such a phenomenon in mature Arabidopsis plants.

To address the ROS wave specificity question, we examined
the degree of overlap between changes in the transcriptome and
metabolome in systemic tissues of plants 15 and 45 min fol-
lowing the application of HL, HS, or wounding to local leaves
(Figure 4A). In addition, we tested the potential of these three

different systemic responses to induce cross-protection against
each other (Figures 4B to 4D). Considerable specificity was
found in the expression of transcripts and the accumulation of
metabolites between the different systemic responses at 15 and
45 min following a local abiotic stress treatment (Figure 4A; see
Supplemental Figures 3 to 5 and Supplemental Data Sets 1 to
22 online). In addition, as shown in Figures 4B to 4D, no cross-
protection of systemic tissues was found between the different
treatments. Local HL treatment was therefore able to only in-
duce protection against HL, and local treatment of HS was able
to only induce protection against HS (Figures 4B to 4D). The
activation of the ROS wave by all three treatments (Miller et al.,
2009) was evident by the high proportion of H2O2 response
transcripts elevated at 15 min in all tissues (Table 1; see
Supplemental Figure 4 and Supplemental Data Set 21 online).
Because HL, HS, or wounding triggered the ROS wave (Miller
et al., 2009; Table 1; see Supplemental Figure 4 and
Supplemental Data Set 21 online), and acclimation to HL or HS
required it (Figure 1), our findings that each of the different
abiotic treatments induced a unique response that resulted in
a stress-specific SAA (Figure 4) indicate that the ROS wave
could function as a general priming signal required, but not

Figure 6. Accumulation of ABA, Survival, and ROS Signaling in Systemic Tissues of Plants Subjected to a Local HS Treatment for Different Durations.

(A)Measurements of plant diameter and survival of wild-type (WT) or rbohD plants subjected to a lethal HS treatment with or without a local HS stimulus
for different durations.
(B) Quantification of the rapid ROS signal using the Zat12:luc reporter in wild-type or rbohD plants subjected to a local HS stimulus for different
durations (n = 3).
(C) Measurements of ABA in systemic tissues of wild-type or rbohD plants subjected to a local HS stimulus for different durations (n = 5).
In (A) and (B), error bars = SD. In (C), error bars = SE. Student’s t test significant at *P < 0.05 or **P < 0.01.
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sufficient, for rapid SAA in plants. Specificity in SAA is therefore
likely to involve stress-specific signals that function in co-
ordination with the ROS wave.

Involvement of ABA in the SAA Response of Plants to HS

Meta-analysis of transcriptome reprogramming in systemic tis-
sues during SAA to different abiotic stimuli revealed that >18%
of the systemic transcripts elevated within 15 min of a local HS
stimulus are classified as ABA responsive (Table 1). A high
representation of ABA response transcripts (>12%) was also
found among transcripts elevated in systemic tissues of plants
subjected to all three stresses at 45 min (Table 1). The high
representation of ABA response transcripts in systemic tissues
of HS-treated plants at 15 and 45 min suggests that ABA could
play a role in HS-induced SAA. We therefore tested the ex-
pression of the HS-induced SAA marker MBF1c protein in
systemic tissues of mutants impaired in ABA signaling in re-
sponse to local HS treatment. As shown in Figures 5A and 5B,
the HS-induced expression of MBF1c in systemic tissues of
locally treated plants was attenuated in mutants deficient in ABA
biosynthesis (aba1-1) or ABA sensing (abi1-2), indicating that
ABA signaling could be required for HS-induced SAA. Accord-
ingly, and in agreement with previous studies (Larkindale et al.,
2005), mutants impaired in ABA signaling were found to have
a decreased survival rate following HS (Figure 5C).

To further test the link between HS-induced SAA and ABA, we
performed a time-course analysis comparing HS acclimation
time, activation of rapid ROS signaling (imaged indirectly with
the Zat12 promoter fused to luciferase; Miller et al., 2009), and
ABA accumulation in wild-type and rbohD plants subjected to
a local HS treatment for different time durations. As shown in
Figures 6A and 6B, enhanced tolerance of plants to HS was
correlated with the activation of the ROS wave and occurred as

early as 5 to 10 min following HS application. Interestingly, de-
tectable levels of free ABA transiently accumulated in systemic
tissues 10 min following HS application (Figure 6C). Moreover,
ABA accumulation in systemic tissues, rapid ROS signaling, and
plant survival were suppressed in rbohD mutants (Figures 6A to
6C) that did not accumulate ROS in their systemic tissues (Miller
et al., 2009). Although elevated levels of free ABA were only
found 10 min following the local HS treatment (Figure 6C), that is
5 min after SAA to HS was induced (Figure 6A), we could not rule
out the possibility that conjugated ABA plays a role during the
early stages of the SAA to HS. To further test the involvement of
ABA in the SAA of plants to heat, we subjected wild-type, aba1-1,
and abi1-2 plants to a lethal HS with or without prior acclimation
of a local leaf. As shown in Figure 7, the two ABA mutants failed
to induce a SAA in response to a local HS treatment. Interestingly,
application of ABA to systemic tissues of aba1-1 or abi1-2 prior
to HS was able to recover SAA only in plants subjected to the
local HS acclimation. This finding indicated that ABA as well as
the ROS wave and/or other systemic signals are required to
induce SAA in the ABA mutants. The findings that MBF1c ac-
cumulation and plant survival in response to HS require ABA
signaling (Figures 5 and 7), coupled with the findings that ABA
transiently accumulates in systemic tissues of plants subjected
to a local HS in an RBOHD-dependent manner (Figure 6C), in-
dicate that systemic acclimation to HS requires the coordinated
function of ABA as well as ROS signaling and that ABA accu-
mulation in systemic tissues is dependent on ROS production
by RBOHD during HS. The finding that ABA application to
systemic tissues (in the absence of acclimation) caused a re-
duction in plant growth and survival (Figure 7) is not surprising
because ABA application would result in closure of stomata
that would in turn result in higher leaf temperature during HS,
causing a decrease in growth and survival (Rizhsky et al.,
2004b).

Figure 7. Impaired SAA Response to HS in Mutants Deficient in ABA Signaling and Its Recovery by ABA Application.

(A) Measurements of plant diameter and survival of wild-type (WT) and aba1-1 plants subjected to a lethal HS treatment with or without a local HS
stimulus and/or ABA application.
(B) Measurements of plant diameter and survival of wild-type and abi1-2 plants subjected to a lethal HS treatment with or without a local HS stimulus
and/or ABA application.
Acclimation time in (A) and (B) was 45 min. Plant diameter is indicated in percentage relative to control (No stress) because plant diameter was different
between wild-type and the ABA mutants under controlled conditions. In (A) and (B), error bars = SD. **Student’s t test significant at P < 0.01.
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Subcellular Localization of MBF1c during Rapid
Systemic Acclimation

The function of certain regulatory proteins elevated in systemic
tissues in response to a local stress stimulus is dependent on
their ability to localize to their correct cellular compartment. The
HS-induced transcriptional regulator MBF1c was previously re-
ported to be transported from the cytosol to nuclei during HS
(Suzuki et al., 2008). The finding that the level of this key HS
response protein is elevated in systemic nonstressed tissues in
response to a local HS treatment (Figures 2 and 3) and that
these tissues are more tolerant to a subsequent HS treatment
(Figures 1C, 4D, and 6A) suggest that MBF1c could be localized
to the nuclei in systemic tissues in the absence of an apparent
HS treatment applied to this tissue. To test this possibility, we
used transgenic Arabidopsis plants constitutively expressing an
MBF1c-GFP (for green fluorescent protein) fusion protein under

the control of the cauliflower mosaic virus 35S promoter (Suzuki
et al., 2008).
As shown in Figure 8, the constitutively expressed MBF1c-

GFP protein was localized to the cytosol in control untreated
seedlings. Upon a HS treatment of transgenic seedlings, the
MBF1c-GFP protein was localized to the nuclei of cells. In-
terestingly, a local HS treatment of the cotyledons caused rapid
nuclear localization of the MBF1c-GFP protein in the systemic
nonstressed root tip tissue (Figure 8). The systemic nuclear lo-
calization of MBF1c could be suppressed by the application of
DPI or catalase (see Supplemental Figure 6 online), but ABA had
no apparent positive or negative effect on this process (Figure
8). These findings demonstrated that proper protein localization
is an important component of rapid systemic signaling and that
this ROS wave–dependent process could be induced in sys-
temic tissues in the absence of stress.

Figure 8. Nuclear Localization of MBF1c Is Induced in Systemic Tissues during SAA to HS.

(A) Experimental design showing the application of stress to local tissue (top dashed box) and the imaging of systemic tissue (bottom dashed box) of
transgenic seedlings expressing the MBF1c-GFP fusion protein under the control of the cauliflower mosaic virus 35S promoter.
(B) Images of root tips from control and HS-treated tissues showing that nuclear localization of the MBF1c-GFP protein can be induced in systemic
tissues of plants subjected to a local HS stimulus and that this process is inhibited by DPI. DIC, differential interference contrast; DAPI, 49,6-diamidino-
2-phenylindole.
(C) Quantification of MBF1c-GFP nuclear localization in control, local and systemic tissues of seedlings subjected to a local HS stimulus (n = 100) with
or without ABA or DPI application. Error bars = SD. **Student’s t test significant at P < 0.01.
See also Supplemental Figure 6 online.
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A Possible Role for the ROS Wave in Propagating
Electric Signals

The accumulation of ROS at the outer surface of the plasma
membrane (PM) during the progression of the ROS wave along
its systemic path could cause membrane depolarization and the
generation and/or propagation of electric signals (DeCoursey,
2003; Matoba and Shimokawa, 2003; Miller et al., 2010; Mittler
et al., 2011). The ROS wave may therefore directly promote
electric signals at the PM along its path (Mittler et al., 2011). In
support of this possibility, the velocity of at least one type of
electric signals (system potentials) (Zimmermann et al., 2009) is
very similar to the rate previously recorded for the ROS wave in
Arabidopsis (Miller et al., 2009). To test this possibility, we
measured extracellular potential variations in systemic leaves
(Fromm and Lautner, 2007; Volkov et al., 2010) of wild-type and
rbohD mutants in response to local application of HS or HL.
Compared with wild-type plants, a significant reduction was
found in the amplitude of HS- or HL-induced extracellular

systemic potential variations in the rbohD mutant (Figure 9),
supporting a possible link between the ROS wave and electric
signals.
To further examine the possibility that the ROS wave is as-

sociated with electric signals, we used a different measuring
method. Instead of using an extracellular method to measure
systemic potential variations, we used feeding aphids as a
measuring probe (see Supplemental Figure 7 online; Tjallingii,
2006; Louis et al., 2010). Aphid feeding from sieve elements
generates a unique waveform (periodic potential drops and in-
creases; type E2 waveform; Tjallingii, 2006; Louis et al., 2010)
that appears as a background noise in Supplemental Figure 7B
online. Upon HL treatment of a lower leaf (see Supplemental
Figure 7B online, top panels, yellow highlight), a systemic
HL-induced potential variation signal was recorded superimposed
on this insect feeding waveform (see Supplemental Figure 7B
online, bottom panels, gray highlight). Compared with the wild
type, and in agreement with the extracellular potential variations
measurements (Figure 9), the HL-stimulated superimposed

Figure 9. Possible Association between the ROS Wave and Systemic Potential Variations during SAA to HS or HL.

(A) Experimental design used to measure extracellular systemic potentials in wild-type and rbohD plants subjected to a local HS or HL stimulus.
(B) Representative extracellular systemic potential variation plots from wild-type (WT) and rbohD plants subjected to a local HL stimulus. The period of
HL stress is indicated in yellow.
(C) Quantification of changes in extracellular systemic variations in wild-type and rbohD plants subjected to a local HS stimulus (n = 30).
(D) Same as (C) but for HL.
In (C) and (D), error bars = SD. **Student’s t test significant at P < 0.01.
See also Supplemental Figure 7 online.
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Figure 10. Systemic and Local Metabolic Responses of Plants Subjected to Abiotic Stimuli.

(A) Top panels: Accumulation of Suc, Gly, Ser, and glycerate in systemic tissues of wild-type plants subjected to a local HL stimulus for 15 or 45 min.
Bottom panels: Suppression of Glc 6-phosphate or several amino acids (Met, Phe, and Gly) in systemic tissues of wild-type plants subjected to a local
HS or wound stimulus, respectively, for 15 or 45 min (n = 5). **Student’s t test significant at P < 0.01. See also Supplemental Figure 5 online.
(B) Accumulation of Suc, Gly, Ser, and glycerate in local tissues of wild-type (WT) or apx1 plants exposed to short-term HL stimuli (0, 10, 60, 300, and
600 s). Results are relative to internal control (ribitol) (n = 5).
In (A) and (B), error bars = SE.
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systemic signal was suppressed in the rbohD mutant. The re-
sults presented in Figure 9 and Supplemental Figure 7 online
could be very important to our understanding of electric signals
in plants and their relationship to other signaling pathways
(Fromm and Lautner, 2007) because they demonstrate that ROS
accumulation at the outer surface of the PM, regulated by the
calcium binding and/or phosphorylation of the RBOHD protein
(Kobayashi et al., 2007; Suzuki et al., 2011b; Dubiella et al.,
2013), during the progression of the ROS wave, could be re-
quired for systemic potential signals.

Metabolic Responses Associated with Rapid SAA

A derivative of glycerol 3-phosphate was recently found to be
involved in SAR (Chanda et al., 2011), suggesting that specific
primary metabolites could play an important function in SAA.
Our metabolome analysis identified Gly, glycerate, Ser, and Suc
as putative compounds involved in rapid systemic acclimation
to HL (Figure 10A; see Supplemental Data Sets 15 to 20 online).
The rapid accumulation of Gly and glycerate in systemic tissues
of plants at 15 and 45 min following local HL treatment was
followed by accumulation of Ser at 45 min (Figure 10A), sug-
gesting that at least part of the photorespiratory pathway could
be activated in systemic nonstressed leaves of plants subjected
to a local treatment of HL. This finding could suggest a novel
mechanism for systemic HL acclimation.

In contrast with the accumulation of Gly, glycerate, and Ser
during HL stress, the level of Glc 6-phosphate and several
amino acids was found to be suppressed in systemic tissues in
response to HS or wounding, respectively (Figure 10A; see
Supplemental Figure 5 and Supplemental Data Sets 15 to 20
online). These findings could implicate additional primary me-
tabolites in systemic signaling in plants as well as uncover a type
of systemic response that decreases the availability of free
amino acids in systemic tissues in response to wounding.

The accumulation of Gly, glycerate, and Suc in systemic tis-
sues of plants subjected to a local HL treatment occurred as
early as 15 min following the application of stress (Figure 10A).
This finding prompted us to test how fast these responses
would occur in the local leaves that were directly subjected to
the HL treatment. As shown in Figure 10B, the accumulation of
Gly, glycerate, Ser, and Suc initiated within 60 s of HL appli-
cation to local leaves. This finding demonstrated that metab-
olome reprogramming of local tissues could be at least partially
similar to that of systemic tissues and that these responses
occur at a very rapid rate. Interestingly, some of the local re-
sponses to HL were altered in the apx1 mutant, demon-
strating that they could be associated with H2O2 scavenging
(Figure 10B).

DISCUSSION

Because not all plant tissues are likely to sense an external
threat simultaneously, mechanisms that rapidly transmit cellular
signals across long distances in plants could be viewed as an
evolutionary advantage enabling the plant to better prepare for,
and survive, different environmental stimuli or stresses. Trig-
gered by a wide range of abiotic stimuli (Miller et al., 2009), and

functioning as a priming signal required for rapid systemic ac-
climation (Figures 1 to 7), the ROS wave could be one such
mechanism.
Our study of the ROS wave suggests that sensing of changes

in environmental conditions by a group of cells in a particular
tissue of the plant could generate at least three different sys-
temic signals: a general priming signal in the form of the ROS
wave, a stress-specific signal that could be a plant hormone,
such as ABA, a basic plant metabolite, such as Gly, or any of the
previously proposed signals and chemicals involved in SAA or
SAR (Shah and Zeier, 2013) and electric signals (Szechy�nska-
Hebda et al., 2010). The recent finding that the activation of
RBOHD along the path of the rapid systemic signal requires
calcium-dependent protein kinase5 and that this process is
H2O2 dependent (Dubiella et al., 2013) strongly suggests that
a process of calcium-regulated ROS-induced ROS production is
involved in the propagation of the ROS wave. Calcium sig-
naling and the potential existence of a calcium ROS wave
could therefore add an additional dimension to this process
(Figure 11).
The autopropagating nature of the ROS wave signal indicates

that each cell along its path independently activates its own
RBOHD enzyme and generates ROS (Figure 2; Miller et al., 2009;

Figure 11. Suggested Model of the SAA Response of Plants to Abiotic
Stimuli.

Local stress treatment (wide blue arrows) is shown to result in local
calcium and ROS accumulation and the activation of a calcium-dependent
autopropagating wave of ROS production (red and gold arrows). The ROS
wave spreads to the entire plant and is required for SAA (wide green
arrows). It could be carrying with it a stress-specific signal (blue arrow)
that conveys abiotic stress specificity to the signal as well as a change in
membrane depolarization (electric signal).
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Mittler et al., 2011; Dubiella et al., 2013). This observation opens
the door to a very interesting possibility: In addition to activating
its own RBOHD, each cell along the systemic path of the ROS
wave could also activate different pathways that generate and
accumulate the stress-specific signal. The finding that ABA
accumulation in systemic tissues of plants subjected to a local
HS treatment is RBOHD dependent (Figure 6C) supports such
a possibility. The function of the ROS wave may therefore be to
carry with it a stress-specific signal or metabolic response all the
way from its initiation site to the systemic tissues, potentially
explaining why it is required for, but not sufficient, to induce
a stress-specific SAA (Figures 1 to 7 and 11).

Our findings that the ROS wave is associated with the gen-
eration and/or propagation of systemic potential variations
(Figure 9) may demonstrate a link between electric signals in
plants and the highly regulated process of ROS production.
Under certain conditions, activating ROS production by protein
phosphorylation or calcium signaling via RBOHD could therefore
amplify or attenuate electric signals. Although our findings
suggest a link between the ROS wave and a certain type of
electric signals, it should be noted that the velocity of many
electric signals recorded in plants is faster than that of the ROS
wave (Zimmermann et al., 2009; Oyarce and Gurovich, 2011).
Furthermore, the electric signals we recorded did not seem to be
specific to a particular stress and were induced by HS or HL
(Figure 9). Additional studies are required to address the in-
volvement of electric signals in SAA.

Our metabolome analysis of SAA in plants uncovered a num-
ber of possible acclimation strategies (Figures 4A and 10). The
rapid accumulation of Gly and glycerate that was followed by
accumulation of Ser during HL SAA (Figure 10) could suggest
that a portion of the photorespiratory machinery is activated as
part of the HL SAA process in systemic nonstressed tissues.
Such activation could facilitate Gly-to-Ser respiration in mito-
chondria of systemic leaves, increasing the level of CO2 and
priming cells to resist the HL stress via a faster activation of
photorespiration upon HL stress of the entire plant. The in-
creased levels of Suc also observed during HL SAA (Figure 10)
could provide further energy to drive mitochondrial respiration.
The net outcome of these processes would be an increase in
NAD(P)H levels that could be used to scavenge excess ROS
upon HL, a partially activated photorespiratory machinery
primed for HL stress, and a higher cellular level of CO2 to provide
a photosynthetic sink for the high photon flux induced by the HL
stress. In the case of mechanical wounding, frequently associ-
ated with insect feeding in plants, our observation that wound-
induced SAA results in a decrease in the free level of certain
amino acids (Figures 10A; see Supplemental Figure 5 online),
could indicate a metabolic response that would make plants less
nutritious for the insect and thus deter further feeding and in-
festation. Our findings that rbohD mutants are more susceptible
to aphid feeding (Miller et al., 2009) could support this possi-
bility, especially if these systemic alterations are blocked in the
rbohD mutant. Further studies are required to address some of
these tantalizing mechanisms potentially involved in SAA to HL,
HS, or wounding.

Compared with previous work on systemic signaling in plants
that described signaling and acclimation within 15 to 45 min

(SAA) or 6 to 48 h (SAR) (Karpi�nski et al., 1999; Rossel et al.,
2007; Carr et al., 2010; Szechy�nska-Hebda et al., 2010;
Dempsey and Klessig, 2012; Spoel and Dong, 2012; Shah and
Zeier, 2013), our findings uncover a much faster systemic and
local response and acclimation times in plants (e.g., a propaga-
tion rate of 8.4 cm min21 for the ROS wave [Figure 6B; Miller
et al., 2009], a 5-min SAA time for HS [Figure 6A], and a rapid
reprogramming of metabolome that occurs within seconds in
local or minutes in systemic tissues in response to HL [Figure
10]). Transcriptome, proteome, and metabolome reprogram-
ming of cells in local and systemic tissues of stress- or pathogen-
challenged cells may therefore occur faster than was previously
thought, suggesting that a gap in short-term biotic or abiotic
stress studies could exist in many of the currently available -omics
databases. Filling this gap could reveal early events in signaling
and acclimation that are unknown at present.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana cv Columbia-0, cv Wassilewskija-0, rbohD knockout
(Torres et al., 2002), Arabidopsis deficient in cytosolic APX1 (apx1;
SALK_000249 and KO-APX1; Davletova et al., 2005a), cv Landsberg
erecta-0, and aba1-1, abi1-1 (Assmann et al., 2000), and abi1-2 (Saez
et al., 2006) were grown on peat pellets (Jiffy-7) under controlled con-
ditions: 21°C, 16-h light cycle, 100 mmol m22 s21, and relative humidity of
70% (E-30 AR-66; Percival Scientific) as described by Rizhsky et al.
(2004a).

SAA Assays

Three different setups were used to study SAA in plants. Bolting plants
were used to study the role of the ROS wave in SAA because they could
be treated with a drop of DPI or catalase along the systemic path of the
signal (e.g., Figure 1). Rosette leaves were used to study the role of SAA in
whole-plant protection and signaling because the entire plant could be
treated following local application of a single leaf and the ROS signal
could be imaged (e.g., Figures 5 to 7). Seedlings were used to study SAA
because they could be used for grafting (Figure 2) and because their root
tips could be imaged for GFP localization (Figure 8).

One rosette leaf of each bolting plant with an inflorescence stem of
13 to 17 cm was exposed to abiotic stress. For HL stress, one rosette leaf
was exposed to 1500 mmol m22 s21 light using a gooseneck light source
(ACE I; Schott) for 45min. For HS, one rosette leaf was dipped into a water
bath (40 or 21°C) for 45 min. For wounding, one rosette leaf was pricked
10 times with the tip of a scalpel. Plants were then incubated for 45 min
under controlled conditions. Following this recovery period, one cauline
leaf located between 9 and 12 cm above the rosette leaves in each plant
was exposed to 1500 mmol m22 s21 light for 90 min or dipped into a 45 or
21°C water bath for 60min. Leaves were then photographed and sampled
for chlorophyll measurement immediately after HL stress or 7 d following
HS. Total chlorophyll concentration was determined according to Yalovsky
et al. (1992). To test the effect of DPI or catalase on the SAA response of
plants to abiotic stress, a 1-mLdrop of 0.1%agarose containing 50mMDPI
or 100 units/mL catalase was placed on the inflorescence stem at the
middle between the rosette and the cauline leaf for 30 min prior to the
local stress treatment of the rosette leaf.

To compare the effects of different HS acclimation times on SAA, two
leaves of 21- to 24-d-old plants were treated in a water bath at 40 or 21°C
for 0, 5, 10, 20, and 45 min, and the entire plant was then subjected to
a 50°C HS in a growth chamber for 4.5 h. Plants were then allowed to
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recover under controlled conditions for 5 d and scored for their diameter
and survival. To test the effect of ABA on the SAA response of plants to
HS, 1 mM ABA was applied to the entire plant 30 min prior to the local
stress treatment. Protein blot analysis was performed as previously
described (Suzuki et al., 2008), and quantification of protein level was
performed using Image J software (rsbweb.nih.gov/ij/). Acquired and
basal thermotolerance of seedlings was determined as previously de-
scribed (Suzuki et al., 2008).

For nuclear localization, seeds of transgenic plants expressingMBF1c-GFP
fusion protein (Suzuki et al., 2008) were surface sterilized and placed in
a row on 1% agar plates as previously described (Luhua et al., 2008).
Leaves of 7-d-old seedlings were subjected to 37 or 21°C using a heat
block for 30 min. Root tips were maintained under 21°C during exposure
of leaves to HS. Localization of MBF1c-GFP fusion protein was observed
in root tips using an Olympus confocal microscope (FV1000) (Suzuki et al.,
2008). To test the effect of ABA, DPI, or catalase on nuclear localization,
0.1% agarose containing 1 mMABA, 50 mMDPI, or 100 units/mL catalase
was placed on the root tip 30 min prior to the HS treatment.

Luciferase Imaging

The ROS was imaged indirectly with the Zat12 promoter fused to lucif-
erase as described by Miller et al. (2009). Two leaves of 21- to 24-d-old
plants were exposed to 40°C HS as described above. Plants were then
sprayed with 1 mM luciferin (GOLD Bio Technology) and imaged using
a NightOWL LB983 NC100 (Berthold) imager. Images were captured with
30 s of exposure time. Luminescence intensity wasmeasured with IndiGO
v2.0.3.0 (Berthold). Despite repeated attempts, we were unable to record
oscillations in the ROS wave signal.

Micrografting Assays

Single-hypocotyl grafts were constructed as previously described (Turnbull
et al., 2002; Nalam et al., 2012) with minor modifications. Columbia-0 and
rbohD were grown on 2% agar plates for 4 d as previously described
(Luhua et al., 2008). Prior to grafting, 4-d-old seedlings were moved to
27°C for 1 d. Scion and rootstock were then cut transversely and aligned
precisely under sterile conditions. Following grafting, the seedlings were
incubated at 27°C for two more days to promote graft union, transferred
to 21°C, and grown for an additional 7 d. The grafted seedlings were
monitored every day, and any adventitious roots were crushedwith forceps.
Leaves of grafted seedlings were then subjected to 37 or 21°C for 30 min.
Local and systemic tissues were sampled in parallel and analyzed by
protein blots.

Imaging of ROS in Root Tips of Seedlings Treated with H2O2

A 0.5-mL drop of water containing 1 mM H2O2 was placed on the co-
tyledons of 7-d-old seedlings grown on 1% agar plates as described
above and seedlings were incubated for 30 min at room temperature.
Following this incubation, H2O2 was removed by pipetting, and cotyle-
dons were washed with distilled water. Seedlings were then sprayed with
2 mM Amplex Red (Life Technologies) and incubated for 20 min at room
temperature under dark. H2O2 was observed under an E-VOS-fl micro-
scope (Advanced Microscopy Group).

Stress Treatments for Microarray and Metabolome Analyses

Two fully expanded leaves of nonbolting 21- to 24-d-old plants were
subjected to HS, HL, or wounding, and systemic tissues were sampled at
15 and 45 min. Samples were also collected in parallel from plants that
were exposed to control treatments corresponding to each stress. For
HS, two leaves were dipped into 40°C water. Two leaves of similar sizes
and developmental stages were also dipped into 21°C water as control.

For wounding, two leaves were pricked 10 times as described above.
Unwounded plants were used as control. For HL, plants were covered
with foil, exposing only two leaves to 1500mmol m22 s21 light. Two leaves
of plants covered with foil were also exposed to 100mmol m22 s21 light as
control. For microarray analysis, three independent biological replicates,
each composed of leaves pooled from at least 28 different plants, were
used per experimental condition. For metabolome analysis, five in-
dependent biological replicates, each containing at least 100 mg of fresh
weight from a pool of at least 15 different plants were used for each
experimental condition.

For short-term HL exposure, 15 to 20 wild-type or apx1- plants were
grown in 93 93 6-cm3 pots covered with a fiberglass screen net at 23°C
under constant low light conditions (50 µmol m22 s21) for 3 weeks. HL
stress was applied in a growth chamber at a light intensity of 1000 µmol
m22 s21 at 20°C for periods of 0, 0.25, 1, 5, and 15 min. Samples were
collected by immediately dipping the pots in liquid nitrogen. Frozen
shoots were then cut onto aluminum foil, ground, and transferred into
1.5-mL tubes (;300 to 350 mg/tube). Samples were kept frozen during
the entire collecting process and stored at280°C. For ABAmeasurement,
two fully expanded leaves of nonbolting 21- to 24-d-old plants were
subjected to HS as described above, andmeristemswere sampled at 0, 5,
10, 15, and 45 min.

Microarray, Quantitative RT-PCR, and Meta-Analyses

RNA samples for microarray analysis were processed at the Nevada
Genomics Center of the University of Nevada, Reno as previously de-
scribed (Davletova et al., 2005a, 2005b; Miller et al., 2009; Suzuki et al.,
2011a). Array data were analyzed as previously described (Irizarry
et al., 2003; Gautier et al., 2004; Davletova et al., 2005a, 2005b; Miller
et al., 2009; Suzuki et al., 2011a) and deposited in Array Express
(E-MEXP-3754).

The expression of several transcripts detected by the array analysis
was confirmed by quantitative real-time PCR (Miller et al., 2009; see
Supplemental Figure 1 online) using the StepOnePlus real-time PCR
system (Applied Biosystems). The quantitative PCR data were analyzed
with StepOnePlus software v2.0.1 (Applied Biosystems). Threshold cycle
values for glutaredoxin, HSFA2, CRF2, GPT2, JAS1, JAZ6, AOC3, and
PBP1, were calculated with the cycle threshold of EF1-a as an internal
control. Primer pairs used for amplifications are shown in Supplemental
Table 1 online.

The overlap between transcripts upregulated in systemic tissues in
response to each of the different stresses and transcripts upregulated in
response to ABA, ethylene (1-aminocyclopropane-1-carboxylic acid -
ACC), brassinolide, cytokinin, gibberellin, auxin (indole-3-acetic acid),
methyl jasmonate (Nemhauser et al., 2006), SA (Blanco et al., 2009), H2O2

(Davletova et al., 2005b), O2
2 (Scarpeci et al., 2008), or 1O2 (Gadjev et al.,

2006) was determined as described by Miller et al. (2009). Venn diagrams
were generated according to Davletova et al. (2005b) and Rizhsky et al.
(2004b).

Metabolome Analysis

To examine the accumulation of stress-associated metabolites in systemic
and local leaves of Arabidopsis, we performed gas chromatography–mass
spectrometry (Fiehn et al., 2000; Roessner et al., 2000; Shuman et al., 2011)
and liquid chromatography–mass spectrometry (Armenta et al., 2010;
Salazar et al., 2012) analyses and expressed the level of individual com-
pounds as relative to an internal control (e.g., ribitol; Rizhsky et al., 2004b).
For gas chromatography–mass spectrometry analysis, extraction and
derivatization were performed as described previously (Fiehn et al., 2000;
Roessner et al., 2000; Shuman et al., 2011). Amino acids were extracted
and quantified by liquid chromatography–mass spectrometry analysis as
previously described (Armenta et al., 2010; Salazar et al., 2012). ABA was
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extracted as previously described (Pan et al., 2010). Leaf material (15 mg)
in a 1.5-mL microcentrifuge tube was flash frozen in liquid nitrogen and
ground in a reciprocating ball mill (Mixer Mill MM 300 and Mixer Mill
adapter set from Qiagen) at 30 cycles/s using 2.3-mm stainless steel
balls. The sample was soaked with 50 mL of the internal standard solution
(1 ng/mL ABA-d6 in methanol) and 300 mL of extraction solvent (2:1:0.002
isopropanol/water/hydrochloric acid [v/v/v]). After 24 h extraction at 4°C
with 200 rpm using an orbital shaker (Multi Purpose Rotator Model 2314;
Thermo Scientific), the sample was spun at 13,000g for 10 min in a bench
top refrigerated (4°C) microcentrifuge (Beckman Coulter) and the su-
pernatant was transferred to a clean tube. Dichloromethane (0.6 mL) was
added to the supernatant followed by centrifugation for 5 min at 4°C. The
lower phase was transferred into a clean screw-cap glass vial using
a Pasteur pipette. The extract was concentrated (but not completely dry) in
a nitrogen evaporator (Organomation Associates) and then redissolved in
100 mL of 100%methanol. Complete dissolution was ensured by vortexing
and sonicating the extract, which was transferred to a reduced volume
liquid chromatography vial.

ABA was analyzed by ultraperformance liquid chromatography–
electrospray ionization–tandem mass spectrometry using a Waters
Acquity UPLC system interfaced to a Waters Xevo TQ mass spectrom-
eter. The chromatographic separation of ABA and its internal standard
from the plant extracts was performed on an Acquity UPLC BEH C18
column (2.1 mm i.d. 3 50 mm, 1.7-mm particles) at 40°C using a binary
solvent system comprising 0.1% formic acid in water (Solvent A) and
0.1% formic acid in methanol (Solvent B) at a flow rate of 0.5 mL/min. The
solvent gradient used was as follows: 0 min (99.9% A, held for 0.5 min),
1.0 min (80.0% A), 1.5 min (40.0% A, held for 0.5 min), 2.5 min (35.0% A,
held for 0.5 min), and 4 min (99.9% A, held for 1.8 min). Analysis of the
compounds was based on multiple reaction monitoring using their most
sensitive parent-daughter ion transitions (ABA, mass-to-charge ratio
263.16 > 153.05; d6-ABA, mass-to-charge ratio 269.20 > 159.10) at the
optimal collision energy (CE) and cone voltage (CV) values determined
with IntelliStart software (ABA, CV = 22 V, CE = 12 eV; ABA-d6, CV = 22 V,
CE = 10 eV). The response of the mass spectrometer was calibrated by
triplicate analysis of standard solutions of known concentration of ABA
(ranging from 0.24 to 31.25 ng/mL) with a constant concentration of
50 ng/mL internal standard. The mass spectrometer was operated in the
negative mode using the following source settings: capillary voltage,
3.5 kV (ESI); desolvation temperature, 600°C; desolvation gas flow rate,
1000 liters/h; and source temperature, 150°C. Argon was used as the
collision gas at a flow rate of 0.15 mL/min. The autosampler was kept at
4°C during the analysis. The ultraperformance liquid chromatography–
electrospray ionization–tandem mass spectrometry system control and
data acquisition were performed with Waters MassLynx software. Data
analysis was conducted with TargetLynx software (Waters).

Measurements of Systemic Potential Variations

Systemic potential variations were recorded extracellularly in 21- to 24-d-
old plants as previously described (Tjallingii, 2006; Pegadaraju et al.,
2007; Louis et al., 2010; Volkov et al., 2010) with the following mod-
ifications. A 10-mm gold wire was directly attached to the conductive
surface of the leaf using water-based colloidal silver glue (Ted Pella). An
output wire from the monitor was inserted into the soil in which the plant
was rooted. A fully expanded leaf older than the leaf connected to the
electrode was exposed to 1500 mmol m22 s21 light with a gooseneck light
source for 5 min or 40°C HS by placing a heat block at close proximity to
the leaf for 10 min. Leaf temperature was monitored with an infrared
thermometer as described (Miller et al., 2009). Systemic extracellular
potential differences were continuously recorded with a Giga-4/8 EPG
system for 10min prior to stress treatment, for 5 or 10min during the HL or
HS treatment, respectively, and for an additional 45 min following the HL
or HS treatments. Plants were held inside a Faraday cage during the

stress and recording periods at an ambient temperature of 22°C. Thirty
replications were performed, and waveform recordings obtained were
analyzed using stylet +a software (W.F. Tjallingii, Wageningen University,
Wageningen, The Netherlands). The EPG system (Tjallingii, 2006) was also
used to record systemic potential variations using feeding green peach
aphids (Myzus persicae) on a systemic leaf of wild-type and rbohD plants
subjected to a local HL stimulus. An aphid attached to a 10-mm gold wire
using water-based colloidal silver glue was released on a leaf, and its
behavior was electrically monitored as previously described (Tjallingii, 2006;
Pegadaraju et al., 2007; Louis et al., 2010). Once phloem feeding in the form
of typeE2waveform (Tjallingii, 2006)was initiated andmaintained for several
minutes, HL stress was applied to a fully expanded leaf older than the one
used for recording, and electric signals were recorded for 10 min.

Statistical Analysis

Analysis of variance was performed on microarray data as previously
described (Davletova et al., 2005a, 2005b; Miller et al., 2009; Suzuki et al.,
2011a). Other statistical analyses were performed by one-tailed Student’s
t test as described by Davletova et al. (2005a). Results are presented as
mean 6 SD or SE (*P < 0.05; **P < 0.01).

Accession Numbers

Arabidopsis Genome Initiative locus identifiers for genesmentioned in this
article are as follows: RbohD (At5g47910), APX1 (At1g07890), MBF1c
(At3g24500), glutaredoxin (At4g15680), HSFA2 (At2g26150), CRF2
(At4g23750), GPT2 (At1g61800), JAS1 (At5g13220), JAZ6 (At1g72450),
AOC3 (At3g25780), PBP1 (At5g54490), and EF1-a (At5g60390). Micro-
array data were deposited in Array Express (E-MEXP-3754).
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The following materials are available in the online version of this article.

Supplemental Figure 1. Inhibition of SAA to HL or HS by Catalase.

Supplemental Figure 2. Detection of H2O2 in Local (Cotyledons) and
Systemic (Root Tip) Tissues in Wild-Type and rbohD Seedlings in
Response to Local Application of 1 mM H2O2.

Supplemental Figure 3. Expression of Stress Response Transcripts in
Systemic Tissues.

Supplemental Figure 4. Categorization of Expression Patterns of the
Transcripts Elevated by Heat Stress, High Light Stress, or Wounding in
Systemic Tissues.

Supplemental Figure 5. Suppression of Metabolites in Systemic
Tissues of Plants Subjected to a Local Wound Stimulus.

Supplemental Figure 6. Nuclear Localization of MBF1c in Systemic
Tissues during SAA to HS Is Attenuated by Catalase.

Supplemental Figure 7. Association between the ROS Wave and
Systemic Potential Variations during the SAA Response of Plants to
HL Stress.

Supplemental Table 1. Primer Pairs Used for qRT-PCR.

Supplemental Data Set 1. Transcripts Specifically Upregulated in
Systemic Tissues 15 min Following Local Heat Stress Application.

Supplemental Data Set 2. Transcripts Specifically Upregulated in
Systemic Tissues 15 min Following Local High Light Stress Application.

Supplemental Data Set 3. Transcripts Specifically Upregulated in
Systemic Tissues 15 min Following Wounding of Local Tissue.

Supplemental Data Set 4. Transcripts Specifically Upregulated in
Systemic Tissues 45 min Following Local Heat Stress Application.
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Supplemental Data Set 5. Transcripts Specifically Upregulated in
Systemic Tissues 45 min Following Local High Light Stress Application.

Supplemental Data Set 6. Transcripts Specifically Upregulated in
Systemic Tissues 45 min Following Wounding of Local Tissue.

Supplemental Data Set 7. Transcripts Upregulated in Systemic
Tissues 15 min Following Local Heat Stress or High Light Stress
Application.

Supplemental Data Set 8. Transcripts Upregulated in Systemic
Tissues 15 min Following Local Heat Stress or Wounding Application.

Supplemental Data Set 9. Transcripts Upregulated in Systemic
Tissues 15 min Following High Light Stress or Wounding Application.

Supplemental Data Set 10. Transcripts Upregulated in Systemic
Tissues 15 min Following Local Heat Stress, High Light Stress, or
Wounding Application.

Supplemental Data Set 11. Transcripts Upregulated in Systemic
Tissues 45 min Following Local Heat Stress or High Light Stress
Application.

Supplemental Data Set 12. Transcripts Upregulated in Systemic
Tissues 45 min Following Local Heat Stress or Wounding Application.

Supplemental Data Set 13. Transcripts Upregulated in Systemic
Tissues 45 min Following Local High Light Stress or Wounding
Application.

Supplemental Data Set 14. Transcripts Upregulated in Systemic
Tissues 45 min Following Local Heat Stress, High Light Stress, or
Wounding Application.

Supplemental Data Set 15. Amino Acids Significantly Upregulated in
Systemic Tissues 15 or 45 min Following Local Abiotic Stress or
Wounding Treatment.

Supplemental Data Set 16. Amino Acids Significantly Downregulated
in Systemic Tissues 15 or 45 min Following Local Abiotic Stress or
Wounding Treatment.

Supplemental Data Set 17. Sugars Significantly Upregulated in
Systemic Tissues 15 or 45 min Following Local Abiotic Stress or
Wounding Treatment.

Supplemental Data Set 18. Sugars Significantly Downregulated in
Systemic Tissues 15 or 45 min Following Local Abiotic Stress or
Wounding Treatment.

Supplemental Data Set 19. Organic Acids Significantly Upregulated
in Systemic Tissues 15 or 45 min Following Local Abiotic Stress or
Wounding Treatment.

Supplemental Data Set 20. Organic Acids Significantly Downregu-
lated in Systemic Tissues 15 or 45 min Following Local Abiotic Stress
or Wounding Treatment.

Supplemental Data Set 21. Proportion of Hormone or ROS Response
Transcripts among the Transcripts Elevated in Systemic Tissues in
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Supplemental Data Set 22. Putative Pathways Identified among the
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