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Plants evolved multiple signaling pathways that transduce light-related signals between leaves. These are thought to improve
light stress acclimation in a process termed systemic acquired acclimation. Although responses to light stress have been studied
extensively in local leaves, and to a lesser degree in systemic leaves, little is known about the responses that occur in the different
tissues that connect the local to the systemic leaves. These could be important in defining the specificity of the systemic response
as well as in supporting the generation of different systemic signals. Here, we report that local application of light stress to one
rosette leaf of bolting Arabidopsis (Arabidopsis thaliana) plants resulted in a metabolic response that encompassed local, systemic
and transport tissues (stem tissues that connect the local to the systemic tissues), demonstrating a high degree of physical and
metabolic continuity between different tissues throughout the plant. Our results further indicate that the response of many of
the systemically altered metabolites is associated with the function of the reactive oxygen species wave and that the levels of
eight different metabolites are altered in a similar manner in all tissues tested (local, systemic, and transport). These compounds
could define a core metabolic signature for light stress that propagates from the local to the systemic leaves. Our findings suggest
that metabolic changes occurring in cells that connect the local and systemic tissues play an important role in systemic acquired

acclimation and could convey specificity to the rapid systemic response of plants to light stress.

Light regulates many different aspects of plant
development, growth, and responses to biotic and abi-
otic conditions. Because in nature not all leaves belong-
ing to the same plant are subjected to the same light
intensity or quality, plants evolved multiple signaling
pathways to transduce light-related signals between
different leaves (Karpinski et al., 1999; Rossel et al.,
2007; Kangasjérvi et al., 2009; Szechynska-Hebda et al.,
2010, 2017; Gorecka et al., 2014; Gilroy et al., 2016;
Devireddy et al., 2018). These are thought to improve light
stress acclimation in a process termed systemic acquired
acclimation (SAA; Karpinski et al., 1999). The process of
SAA is thought to optimize the overall light perception of
the plant and prevent photoinhibition in leaves that are
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not yet acclimated to high light (HL) intensities (Suzuki
et al.,, 2013; Devireddy et al., 2018). Therefore, a local leaf
that is subjected to an HL stress could send a systemic
signal(s) to a systemic leaf or the floral tissue that has not
yet been subjected to HL intensities, activating different
acclimation pathways in these systemic tissues and pre-
paring them for the possibility of being subjected to light
stress (Miller et al., 2009; Mittler et al., 2011; Gilroy et al.,
2014; Choi et al., 2017; Kollist et al., 2018).

Local responses to light stress have been stud-
ied at the physiological, transcriptional, proteomic/
phosphoproteomic, and metabolomic levels (Davis et al.,
2013; Suzuki etal., 2013, 2015; Chen and Hoehenwarter,
2015; Bodeetal., 2016; Crisp et al., 2017; du Plessis et al.,
2017; Miller et al., 2017). They were shown to include
the activation of photorespiration and different mech-
anisms to remove reactive oxygen species (ROS), such
as the ascorbate-glutathione cycle, the water-water cy-
cle, superoxide dismutases, 2-Cys peroxiredoxins, and
catalases (Mullineaux et al., 2000; Oelze et al., 2012; Cui
et al., 2016; Kerchev et al., 2016; Miiller et al., 2017);
mechanisms for singlet oxygen removal and nonpho-
tochemical quenching (Ramel et al., 2012; Kulasek
et al., 2016); retrograde signaling from the chloroplast
and mitochondria and the function of mitochondrial
alternative oxidases (Oelze et al., 2012; Gordon et al.,
2013; Karpiniski et al., 2013; Szechyrniska-Hebda and
Karpinski, 2013; Florez-Sarasa et al., 2016a); cyclic elec-
tron flow and the synthesis of different flavonoid com-
pounds (Florez-Sarasa et al., 2016b; Alric and Johnson,
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2017); abscisic acid (ABA), nitric oxide, and jasmonic
acid (JA)/12-oxophytodienoic acid signaling (Gorecka
et al., 2014; Trotta et al., 2014; Miiller et al., 2017;
Devireddy et al., 2018); stomatal responses (Devireddy
et al.,, 2018); and leaf morphological alterations
(Munekage et al., 2015). In addition, responses to light
stress at the local leaf level were divided into rapid and
long-term acclimation responses (Suzuki et al., 2015).

The different systemic signals activated in response
to the perception of light stress by a local leaf are
thought to include electric signals, systemic ROS and
calcium waves, systemic redox changes, volatile and
transported hormones such as JA, ABA, and auxin (indole-
3-acetic acid [IAA]), and hydraulic pressure waves
(Karpinski et al., 1999; Rossel et al., 2007; Kangasjdrvi
et al., 2009; Miller et al., 2009; Szechyriska-Hebda et al.,
2010, 2017; Mittler et al., 2011; Christmann et al., 2013;
Suzuki et al., 2013; Gilroy et al., 2014, 2016; Gorecka et
al., 2014; Matsuo and Oelmiiller, 2015; Guo et al., 2016;
Choi et al., 2017; Devireddy et al., 2018). The triggering
of these signals is thought to require the production of
singlet oxygen at the local leaf, the function of the PsbS
(PSIT 22-kD protein; CP22; NONPHOTOCHEMICAL
QUENCHING4) protein involved in nonphotochem-
ical quenching, alterations in calcium and ROS pro-
duction, and the function of the plant hormone ABA
(Miller et al., 2009; Ciszak et al., 2015; Carmody et al.,
2016; Devireddy et al., 2018). The transduction of the
systemic signal from the local to the systemic leaf is
thought to involve the function of the respiratory burst
oxidase homolog D (RBOHD) protein and the func-
tion of calcium channels and calcium-derived protein
kinases such as two-pore channel 1 and CDPKs that
drive the ROS/Ca* wave, the plant hormone IAA, and
electric and hydraulic signals mediated by yet unknown
proteins and channels (Miller et al., 2009; Drerup et al.,
2013; Dubiella et al., 2013; Choi et al., 2014, 2017; Guo
et al., 2016; Devireddy et al., 2018). In addition, the
transmission of the systemic signal was shown to be
most efficient among leaves that have a direct vascu-
lar connection between them, suggesting that at least
some of the components involved are transmitted
through the phloem or other vascular companion cells
such as bundle sheath cells (Fryer et al., 2003; Rossel
et al., 2007; Kangasjdrvi et al., 2009; Carmody et al.,
2016; Guo et al., 2016).

Compared with the many studies conducted on local
leaves subjected to light stress, little is known about
the physiological, metabolic, and molecular alterations
that accompany SAA in systemic leaves. A recent study
has shown that systemic responses to light stress in-
volved rapid stomatal responses in leaves that were
not subjected directly to the HL stress (Devireddy etal.,
2018). In addition, certain stress-specific metabolic
and transcriptomic changes were shown to occur in
systemic leaves in response to HL stress of a local leaf
(Suzuki et al., 2013). These include metabolites involved
in photorespiration and certain HL-response tran-
scripts such as Zat10 and Zat12 (Davletova et al., 2005;
Rossel et al., 2007). In contrast to studies conducted on
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local or systemic tissues, less is known about the met-
abolic responses that occur in the tissues that transmit
different signals from the local to the systemic leaf.
Because, in addition to light stress, systemic signals
such as the ROS/Ca* /hydraulic/electric waves are
triggered by many other stimuli such as wounding,
salinity, or biotic stimuli, the exact metabolic chang-
es that occur in the tissues transporting the systemic
signal could be responsible for the specificity of the
transmitted response (Suzuki et al., 2013; Gilroy et al.,
2014; Choi et al., 2017). In addition, they could be re-
quired to support the active production of ROS during
the propagation of the ROS wave (Miller et al., 2009).
To begin addressing these important questions and
to identify key metabolites associated with the SAA
response of plants to light stress, we conducted time-
course metabolic profiling analyses of local leaves, sys-
temic tissues, and transport tissues (tissues connecting
the local and systemic leaves; Fig. 1A) in response to
light stress. We hypothesized that some of the meta-
bolic changes that occur in the local leaf in response
to light stress would be propagated or transported
throughout the plant, reaching all the way to the sys-
temic tissues, inducing in them a heightened state of
acclimation to light stress, and that the mediation of
this response would be dependent upon the function
of the RBOHD protein and the ROS wave. Here, we
report that the metabolic response of systemic tissues
is highly similar to that of local leaves subjected to
HL stress. In addition, we report that the responses
of many of the systemically altered metabolites are
dependent on the function of the RBOHD protein and
that the levels of eight different metabolites are altered
in a similar way in all tissues tested (local, systemic,
and stem tissues that connect the local and system-
ic tissues) in response to local HL application. These
compounds could define a core metabolic signature
that propagates from the local to the systemic leaves
during light stress. We further propose that NADPH
produced due to the function of cytosolic NADP-
dependent isocitrate dehydrogenase (cICDH) supports
the initiation/propagation of the systemic signal and
is linked to ROS production in systemic tissues. Taken
together, our findings suggest that rapid metabolic
changes occurring in cells that connect the local and
systemic tissues could play an important role in me-
diating the rapid systemic response of plants to light
stress. In addition, they demonstrate a high degree of
physical and metabolic continuity between different
tissues throughout the plant.

RESULTS

Rapid Metabolic Responses of Local, Connecting, and
Systemic Tissues to Locally Applied Light Stress

To study metabolic responses associated with light
stress-induced SAA, we subjected a single Arabidopsis
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Figure 1. Rapid metabolic responses of local, connecting, and systemic tissues to locally applied light stress. A, Outline of the
experimental procedure used to measure metabolic responses to locally applied light stress. GC-MS/MS, Gas chromatography-
tandem mass spectrometry. B, Bar graphs showing changes in the levels of different metabolites in response to light stress
applied to a local rosette leaf (segment 1 [Seg 11). Additional compounds are shown in Table 1, Supplemental Figures S1 to S3,
and Supplemental Table S1. Results are presented as means =+ st of three biological replicates each with 40 plants per time point.
Significant changes (P < 0.05) from time zero (0 min) in each segment were calculated using an ANOVA followed by Dunnett’s
test (indicated with letter a) or a two-tailed Student’s ¢ test (indicated with an asterisk).

(Arabidopsis thaliana) rosette leaf to HL stress (1,500 pmol
m™s™) and sampled the local (HL-treated) leaf, frag-
ments of the inflorescence stem (tissues connecting
the local to the systemic tissues; herein referred to as
transport tissues), and systemic tissues (the top 2-cm
part of the inflorescence with one cauline leaf) at 0,
1,2, 4, 8, and 12 min following HL stress application
(Fig. 1A; for a more detailed protocol, see “Materials
and Methods”; the total height of the inflorescence
stem of all plants used was about 12 cm). The rationale
for choosing this experimental system is that a stress-
induced signal or metabolic state originating in the
vegetative tissues of the plant (i.e. a local rosette leaf)
could be transmitted all the way to the systemic leaves
and/or floral tissues of the plant (i.e. the inflorescence
tip), inducing in them a state of heightened acclima-
tion to stress. This process would be especially import-
ant due to the high vulnerability of reproductive plant
tissues to stress (Gray and Brady, 2016) and in line with
the proposed role of SAA to facilitate the acclimation of
tissues that were not yet subjected to stress (Karpinski
et al., 1999; Rossel et al., 2007; Kangasjdrvi et al., 2009;
Szechyriska-Hebda et al., 2010, 2017; Gorecka et al,,
2014; Gilroy et al., 2016; Devireddy et al., 2018). All tis-
sues sampled were subjected to GC-MS/MS metabolic
profiling analysis using ribitol as an internal standard
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(Fig. 1; Table 1; Supplemental Figs. S1-53; Suzuki et al.,
2013; Dias et al., 2015). In total, we detected and mea-
sured relative changes in the levels of 60 different
compounds. Of these, 13 compounds were found to
respond in local leaves, 17 in tissues connecting the
local and systemic tissues (transport tissue), and 16 in sys-
temic tissues (Table 1). The earliest significant changes
we detected in almost all tissue types sampled initiated
at 1 or 2 min post HL stress application to the local
leaf (Fig. 1; Supplemental Figs. S1-S3). These could be
divided into five different types: (1) metabolites that
changed primarily in transport and systemic tissues
but not in local tissues (e.g. Glu and JA); (2) metab-
olites that responded primarily in local and systemic
tissues and to a lesser degree in transport tissues (Gly
and glycolic acid); (3) metabolites that altered primar-
ily in all tissues (e.g. 2-oxoglutaric acid, Suc, shikimic
acid, and malic acid); (4) metabolites that changed pri-
marily in transport tissues (e.g. aminoadipic acid); and
(5) metabolites that responded primarily in local and
transport tissues and not in systemic tissues (IAA). The
results are presented in Figure 1, Table 1, and Supple-
mental Figures S1 to S3 and demonstrate that systemic
metabolic responses to a local application of HL stress
are rapid and can be detected in local, transport, and
systemic tissues as early as 1 to 2 min. In addition, they
demonstrate that the responses of several different
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Table 1. Summary of metabolic changes occurring during light-induced rapid systemic signaling in Arabidopsis

Metabolites significantly altered at P < 0.05 (ANOVA followed by Dunnett’s test and/or Student’s ¢ test) are shown. The metabolic changes are
divided based on their overall response patterns. Response patterns in rbohD mutants are indicated in the right column.

Metabolite Name Response in Local Tissue

Response in Transport Tissue

Response in Systemic Tissue Response in rbohD

Metabolites that respond in transport and systemic tissue

Glu No change Increase Increase Delayed increase

JA No change Increase Increase No change

Trp No change Increase Increase No change

Glyceraldehyde-3-phosphate  No change Decrease Increase Increase
Metabolites that respond primarily in local and systemic tissue

Gly Increase No change Increase No change

Glycolic acid Increase Increase/decrease Increase Increase
Metabolites that respond in local, transport, and systemic tissue

Glc Increase Increase Increase Delayed increase

Suc Increase Increase Increase No change

Citric acid Increase Decrease Increase Decrease

Lactic acid Decrease Increase Increase No change

2-Oxoglutaric acid Increase Increase Increase Delayed increase

Shikimic acid Increase Increase Increase Increase

Maleic acid Increase Increase Increase No change

Fumaric acid Increase Increase Increase No change

Malic acid Increase Increase Increase No change

Inositol Increase Increase Increase Increase
Metabolites that respond in transport tissue only

Aminoadipic acid No change Increase No change No change

Linolenic acid No change Decrease No change No change
Metabolites that respond in local and transport tissue only

IAA Increase Increase No change Delayed increase

metabolites are similar in local, transport, and systemic
tissues, suggesting that these metabolites could be
associated with the transduction of systemic signals
and/or SAA.

Accumulation of Hydrogen Peroxide along the Path of the
Systemic Signal

The rate of the systemic metabolic response to local
application of HL stress was relatively rapid compared
with the rate of phloem transport in Arabidopsis (esti-
mated to be about 3 cm min~!; Ruan, 2017). Thus, the
levels of different compounds began to change in sys-
temic tissues that were 12 cm away from the local leaf
in about 1 to 2 min, suggesting a rate of about 6 cm
min™ or higher. Prior studies have shown that the ROS
wave autopropagates throughout the plant at about 8
cm min in Arabidopsis (Miller et al., 2009; Devireddy
et al., 2018). These studies prompted us to measure
hydrogen peroxide (H,0,) accumulation in the different
tissues shown in Figure 1A. The goal of this analysis
was to determine whether the initial changes in metab-
olite levels (Fig. 1; Supplemental Figs. S1-S3) coincided
with the activation of the ROS wave (Miller et al., 2009;
Suzuki et al., 2013; Devireddy et al., 2018). As shown
in Figure 2, H O, levels accumulated in local leaves at
1,2,4,8, and 12 min post HL application. This finding
was expected, since HL stress was shown previously to
induce H,O, accumulation (Szechyriska-Hebda et al.,
2010; Devireddy et al., 2018). Interestingly, the accu-
mulation of H,O, also was found at 1 and 2 min in seg-
ments 2, 3, and 5 of the transport tissues, and at 2 min
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in segment 4, post HL application to the local leaf (Fig.
2). In systemic tissues, significant H,O, accumulation
was detected at 4 min post HL application to the local
leaf. These findings suggest that, at least in transport
tissues, detectable H,O, accumulation coincides with
rapid change in metabolic levels (Fig. 1; Supplemen-
tal Figs. S1-S3). The results shown in Figure 2 also
demonstrate that the accumulation of detectable H,O,
levels by our assay is transient during the course of
the SAA to HL stress, suggesting that a single wave of
ROS production could potentially be triggered follow-
ing the local application of HL stress (Miller et al., 2009;
Mittler et al., 2011).

Dependency of the Systemic Metabolic Response on the
Function of the RBOHD Protein

The finding that H,O, accumulated in transport tis-
sues at 1 and/or 2 min post HL treatment of the local
leaf (Fig. 2) suggests that the ROS wave could be in-
volved in the initiation/propagation of at least some of
the systemic metabolic responses shown in Figure 1 and
Supplemental Figures S1 to S3. Because the ROS wave
is dependent on the function of the RBOHD protein
in Arabidopsis (Miller et al., 2009; Mittler et al., 2011;
Suzuki et al., 2013; Devireddy et al., 2018), we com-
pared the HL-induced systemic metabolic response of
wild-type plants with that of the rbohD mutant plants.
As shown in Figure 3 and Table 1, the accumulation
of 14 out of the 19 compounds that showed increases
in their relative concentrations in transport and/or
systemic tissues in response to local application of HL

Plant Physiol. Vol. 178, 2018
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Figure 2. Accumulation of H,O, along the path of the systemic signal. A, Outline of the experimental procedure used to mea-
sure the systemic accumulation of H,O, in response to locally applied light stress. B, Bar graph showing changes in the levels
of H,0, in response to light stress applied to a local rosette leaf (segment 1 [Seg 1]). Results are presented as means + st of three
biological replicates each with 40 plants per time point. Significant changes (P < 0.05) from time zero (0 min) in each segment
were calculated using an ANOVA followed by Dunnett’s test (indicated with letter a) or a two-tailed Student’s ¢ test (indicated

with an asterisk).

was suppressed in rbohD plants. Of particular interest
to this analysis is the fact that JA accumulation was
suppressed in rbohD plants, whereas the accumulation
of IAA was delayed. In addition, the enhanced accu-
mulation of aminoadipic acid, a marker for oxidative
stress (Requena et al., 2001), in transport tissues was
suppressed in rbohD plants. As expected (Miller et al.,
2009; Devireddy et al., 2018), compared with wild-type
plants (Fig. 2), transient accumulation in H,O, levels
in the different fragments was not found in rbohD
mutants (Supplemental Fig. S4). Taken together, these
findings (Figs. 1-3; Table 1; Supplemental Figs. 51-54;
Supplemental Tables S1 and S2) suggest that the sys-
temic metabolic response to light stress could involve
both ROS wave-dependent and ROS wave-independent
compounds, demonstrating that more than one type of
systemic signal is activated during SAA.

Propagation of the Metabolic Response Is Mediated
Primarily in the Upward Direction along the Stem of
Arabidopsis

To determine how similar is the locally applied HL-
induced metabolic response of systemic leaves (SAA)
to that of systemic leaves subjected directly to HL stress,
as well as to determine whether the systemic signal
could propagate in the downward direction along the
Arabidopsis inflorescence, we subjected the upper part
of the inflorescence having one cauline leaf (referred to
above as the systemic tissue) to HL stress and measured
changes in metabolic levels in the systemic, transport,
and local tissues (Fig. 4). The rationale for choosing
this experimental system was as follows. (1) The ROS
wave was shown to propagate in both the upward
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and downward directions along the Arabidopsis inflo-
rescence stem (Miller et al., 2009), and if this signal is
mediating the metabolic responses reported here, they
should be propagating in both directions. (2) Phloem
connections and mobility are directed primarily from
the vegetative to the reproductive tissues, and if the re-
sponses reported here are mediated through the phlo-
em, they should be moving primarily in the upward
direction. (3) Responses to light, temperature, wind,
and relative air content might be first sensed at the tip
of the plant and only then propagated in the down-
ward direction to induce a successful SAA of the entire
plant. Direct application of HL stress to the systemic
tissue resulted in the accumulation of eight different
compounds in systemic tissues (citric acid, lactic acid,
2-oxoglutaric acid, Gly, glycolic acid, maleic acid, malic
acid, and glyceraldehyde-3-phosphate; Supplemental
Table S1), all of which also accumulated in systemic tis-
sues in response to local application of HL stress (SAA;
Fig. 4; Table 1; Supplemental Table S1). Similarly, direct
application of HL stress to the systemic tissue resulted
in changes in the levels of six different compounds in
transport tissues (Glc, citric acid, lactic acid, 2-oxoglu-
taric acid, JA, and fumaric acid; Supplemental Table
S1), all of which also were altered in transport tissues
in response to local application of HL stress (SAA; Fig.
4; Table 1; Supplemental Table S1). In contrast, direct
application of HL stress to the systemic tissue resulted
in changes in the levels of only three different com-
pounds in local leaves (Glu, shikimic acid, and fumaric
acid; Supplemental Table S1), only two of which (shikimic
acid and fumaric acid) also were altered in local tis-
sues in response to the local application of HL stress
(Fig. 4; Table 1; Supplemental Table S1). These findings
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Figure 3. Dependency of the metabolic response on the function of the RBOHD protein. A, Outline of the experimental proce-
dure used to measure metabolic responses to locally applied light stress in wild-type (Columbia [Col]) and rbohD plants. B, Bar
graphs showing changes in the levels of different metabolites in response to light stress applied to a local rosette leaf (segment
1 [Seg 11) in wild-type (WT) and rbohD plants. Additional compounds are shown in Table 1 and Supplemental Table S1. Results
are presented as means + st of three biological replicates each with 40 plants per time point. Significant changes (P < 0.05)
from time zero (0 min) in each segment were calculated using an ANOVA followed by Dunnett’s test (indicated with letter a) or

a two-tailed Student’s t test (indicated with an asterisk).

reveal a high degree of overlap between the metabolic
response of systemic tissues to HL stress applied to the
local or the systemic tissues, demonstrating that the
metabolic SAA response is very similar to the real HL
stress response of the systemic tissue. In addition, the
findings presented in Figure 4 suggest that, although
the systemic metabolic response can travel in both the
upward and downward directions along the Arabi-
dopsis inflorescence, it propagates faster or more effi-
ciently in the upward direction.

Possible Involvement of cICDH in Supporting the
Initiation/Propagation of Systemic Responses to HL Stress

The rapid rate of the systemic metabolic response
(Fig. 1), the systemic accumulation of H,0, (Fig. 2), the
dependency of many metabolites involved in this re-
sponse on the function of RBOHD (Table 1; Fig. 3), and
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the partial dual directionality of this response along the
inflorescence stem of Arabidopsis (Fig. 4) suggest that
the ROS wave could be involved in facilitating at least
some aspects of this response. Further supporting this
possibility are our previous studies showing that the
ROS wave is required for HL-induced SAA (Suzuki
et al.,, 2013; Devireddy et al., 2018). Producing a burst of
H,0O, via the function of the NADPH oxidase enzyme
RBOHD requires a supply of NADPH. Therefore, we
examined what pathways within the plant could pro-
vide this NADPH during the HL-induced metabolic
response. The changes in metabolite levels in the dif-
ferent tissues studied suggested a possible involvement
of at least two different pathways. An increase in Glc
coupled with an increase in lactic acid could suggest
the activation of anaerobic glycolysis in transport and
systemic tissues (Table 1). Although this pathway will
provide ATP and NADH, it does not directly produce
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Figure 4. Propagation of the metabolic response is mediated primarily in the upward direction along the stem of Arabidopsis.
A, Outline of the experimental procedure used to measure metabolic responses to light stress applied to a single rosette leaf
(local tissue). B, Venn diagrams showing the overlap between changes in the levels of different metabolites in response to light
stress applied to a single rosette leaf (local tissue) or to the top 2 cm of the inflorescence stem (systemic tissue). See text and
Supplemental Table S1 for the identities of the different compounds. C, Outline of the experimental procedure used to measure
metabolic responses to light stress applied to the top 2 cm of the inflorescence stem (systemic tissue). Results are presented for
three biological replicates each with 40 plants per time point. Significant changes (P < 0.05) from time zero (0 min) in each

segment were calculated using an ANOVA followed by Dunnett’s test or a two-tailed Student’s t test.

NADPH. In contrast, an increase in 2-oxoglutaric acid
coupled with a decrease in citric acid (Fig. 5A) could
suggest that citrate, potentially originating in the
mitochondria via the tricarboxylic acid cycle, could be
converted to isocitrate first via aconitase and then to
2-oxoglutaric acid via cICDH, directly yielding NA-
DPH that could be used for RBOHD function (Fig. 5B).
The increase in Glc also could support this possibility,
since it will feed sugars into the tricarboxylic acid
cycle. This possibility also is supported by previous
studies that suggested a role for cICDH in providing
NADPH for different reactions involved in ROS me-
tabolism in Arabidopsis (Mhamdi et al., 2010). To test
the possibility that cICDH is involved in generating
NADPH to support the HL-induced SAA process,
we tested the local and systemic acclimation of two
mutants impaired in cICDH function (SALK_056247C
and SALK_093522). As shown in Figure 5C, similar
to wild-type plants, the local leaves of the two cICDH
mutants could acclimate to HL stress following a brief
local HL stress treatment. In contrast, unlike wild-type
plants, the systemic leaves of the two cICDH mutants
failed to acclimate to HL stress following a brief local
application of HL stress (SAA; Fig. 5, C-F; enhanced ion
leakage from cells, measured as increased conductivity
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following light stress, is a measure of tissue injury).
Furthermore, the two cICDH mutants failed to accumu-
late H,O, in their local and systemic leaves in response
to the local application of light stress (Supplemental
Fig. S5), supporting our hypothesis that cICDH plays a
key role in supporting the production of H,O, during
the initiation/propagation of the ROS wave. The find-
ings shown in Figure 5 and Supplemental Figure S5
suggest that, although cICDH is not required for HL
stress acclimation per se, it could be required for H,0,
production that supports the systemic signal that medi-
ates SAA to light stress.

DISCUSSION

Our study unraveled several different metabolic
responses associated with HL-induced rapid systemic
signaling in Arabidopsis. These occurred in local, trans-
port, and systemic tissues and displayed a complex
pattern evident in the rate and overall accumulation
of the different metabolites in the different tissues. Of
particular interest are our findings that many of the
metabolic changes that occur in systemic tissues during
SAA also occur in systemic tissues directly subjected
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Figure 5. Possible involvement of cICDH in supporting the initiation/propagation of systemic signals during SAA to light
stress. A, Bar graphs showing changes in the levels of 2-oxoglutaric acid and citric acid in response to light stress applied to
a local rosette leaf. See Figure TA for the experimental design. Results are presented as means =+ st of three biological repli-
cates each with 40 plants per time point. Significant changes (P < 0.05) from time zero (0 min) in each segment (Seg) were
calculated using an ANOVA followed by Dunnett’s test (indicated with letter a) or a two-tailed Student’s ¢ test (indicated with
an asterisk). B, Hypothetical model showing the conversion of citrate to isocitrate first via aconitase and then to 2-oxoglutaric
acid via cICDH, directly yielding NADPH that could be used during systemic signaling (e.g. RBOHD function). TCA, Tri-
carboxylic acid. C to F, Local (Loc) and systemic (Sys) acclimation of wild-type (WT) plants and mutants deficient in clCDH
function (SALK_056247C and SALK_093522) to light stress. C, Conductivity measurements of local and systemic leaves in
the absence of any light stress or pretreatment of leaves with light stress (NT, nontreated). D, Conductivity measurements
of local and systemic leaves following the application of light stress (LS) to systemic leaves. E, Conductivity measurements
of local and systemic leaves following pretreatment of local leaves (PreT) and the application of light stress to local leaves
(+LS). F, Conductivity measurements of local and systemic leaves following pretreatment of local leaves and the application
of HL stress to systemic leaves. Results are presented as means =+ sk of three biological replicates each with 30 plants per time

point; **, P < 0.01 (Student’s two-tailed ¢ test).

to the HL stress (Fig. 4) and the finding that many of
these metabolic changes also occur in the transport
tissues that connect the local and the systemic tissues
(Figs. 1, 3, and 4; Table 1). These findings reveal that
the process of SAA is accompanied by rapid systemic
changes in the levels of many different metabolites,
relevant to light stress acclimation, and that some
of these changes occur in all tissues of the plant in
response to local application of HL stress, potentially
reflecting a high degree of physical and metabolic
continuity among different tissues. At least two of the
metabolites we identified as rapidly accumulating
during the SAA of Arabidopsis to light stress (Suc and
Gly; Table 1) were found previously to accumulate in
systemic tissues of Arabidopsis in response to light
stress, supporting the validity of our analysis (Suzuki
et al., 2013).
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Several different factors should be kept in mind
when considering the overall levels and rates of accu-
mulation of the different compounds measured (Figs.
1 and 3; Supplemental Figs. S1-S3), as well as ROS
accumulation (Fig. 2), in the different tissues sampled
in response to local application of HL stress. These in-
clude the different developmental programs occurring
in each tissue type (rosette leaf, inflorescence stem,
and systemic tissues) and the restrictions they could
impose on gene and metabolite accumulation; the dif-
ferent physiological state of each tissue (e.g. sink ver-
sus source versus transport tissue); the basal hormone
level in each fragment; and the ratio between different
cell types composing each of the different tissues (e.g.
the ratio between phloem, xylem vessels, companion
cells, and bundle sheath cells as well as the ratio be-
tween mesophyll and epidermal cells). These could
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affect the overall accumulation and/or rate of accumu-
lation of ROS and different metabolites and hormones
as well as the function of RBOHD. The complex overall
responses observed in our study in the different tissues
sampled, therefore, could be the result of integrating
many different signals and programs occurring within
these tissues.

The different systemic responses observed during
HL-induced SAA could be divided into RBOHD-
dependent and RBOHD-independent responses, sug-
gesting that at least some of the responses observed
are dependent on the function of the ROS wave. This
possibility was supported by measurements of H,O,
levels in the different tissues that suggested that a sin-
gle wave of ROS could potentially travel throughout
the plant in response to a local stimulus (Fig. 2; Sup-
plemental Fig. S4; Mittler et al., 2011). This finding is
important since prior studies of the ROS wave using
promoter-luciferase constructs (Zatl2 or WRKY40;
Miller et al., 2009; Mittler et al., 2011; Gilroy et al., 2014;
Devireddy et al., 2018) could not distinguish between
the occurrence of a single or multiple ROS waves, due
to the fact that the promoter-reporter constructs stayed
at the on position for a long time following their initial
activation. It is also possible, however, that more than
one ROS wave occurs and that many of the ROS waves
that occur are at levels that are below our detection
limit. The development of new and more sensitive and
dynamic imaging methods for H,O, should be able to
address the existence of these in future studies (Noctor
etal., 2016).

The ROS wave was shown to be activated in response
to many different stimuli, including HL, wounding,
heat stress, and salinity, suggesting that, although it is
required for SAA to some of these stresses, it does not
convey specificity to the systemic response itself (Miller
etal., 2009; Mittler et al., 2011; Suzuki et al., 2013). Thus,
other factors, such as calcium waves, electric signals,
hormones, and other metabolic responses, could be
involved in mediating specificity to the SAA response
(Gilroy et al., 2014; Choi et al., 2017). Our analysis here
of metabolic changes during HL-induced SAA provides
further support to this possibility, demonstrating that
the process of SAA to HL stress is complex and involves
ROS wave-dependent and ROS wave-independent
responses, hormones such as JA and IAA, and many
different metabolites with different accumulation pat-
terns. It would be interesting in future studies to study
how the systemic metabolic responses to HL stress,
analyzed in this study, are different from those to other
stresses such as heat or wounding (Suzuki et al., 2013).
Such studies could provide a more complete picture
of the signals involved in the SAA responses to differ-
ent abiotic stresses. In addition, a more careful analysis
of hormone levels, in particular ABA, which is absent
from our current analysis, should shed further light
on the complex relationships between the ROS/Ca*/
electric/hydraulic waves and hormones such as ABA
and JA (Devireddy et al., 2018).
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Because the rosette leaves subjected to HL stress in
our study are connected with the inflorescence stem
via vascular tissues such as phloem transport and com-
panion cells, it is possible that some of the systemic
metabolic changes observed in our study propagated
through these tissues. In this context, it is important
to note that bundle sheath cells of Arabidopsis were
proposed to be involved in mediating systemic signals
during HL-induced SAA (Kangasjarvi et al., 2009) and
were shown to play a key role in ABA signaling and
gene expression during this response (Fryer et al., 2003;
Gorecka et al., 2014). Although bundle sheath cells, as
well as phloem transport vessels, can be used to trans-
locate many of the metabolites studied in our experi-
ments from the local to the systemic tissues, the speed
of the metabolic response observed (about 6 cm min™
or more) appears to be too fast to be explained by such
transports. At least two different models could account
for such speed. The local application of HL stress could
have triggered a mechanism that facilitated phloem
and/or bundle sheath transport of metabolites from
the local to the systemic tissues. This mechanism could
be triggered by different components of the ROS/Ca*"/
electric/hydraulic wave (Mittler et al., 2011; Christmann
et al., 2013; Choi et al., 2017) that travel at a faster
rate than 6 cm min™ and could trigger faster translo-
cation of metabolites through these tissues. Another
possibility is that each cell along the path of the sys-
temic signal actively synthesizes the different metabo-
lites (similar to the manner in which it produces ROS
during the autopropagation of the ROS wave; Miller
et al., 2009; Mittler et al., 2011) and that this process
autopropagates a metabolic signature from the local to
the systemic tissue. Of course, further studies are needed
to address these and other mechanisms that could
mediate rapid changes in metabolic activity during SAA.
In particular, these should focus on comparing the dif-
ferent local and systemic metabolic responses of plants
to different stresses such as light, heat, and mechani-
cal injury (Suzuki et al., 2013) and on studying what
plant tissues mediate the different systemic signals (e.g.
epidermis, phloem, and companion cells; Kangasjarvi
et al., 2009). In addition, a better mechanistic under-
standing of how apoplastic changes in ROS levels are
translated into changes in different metabolic levels or
phloem transport is needed.

The identification of a core set of metabolites that
change in a similar manner in the local leaf, stem, and
systemic tissues in response to local application of light
stress could suggest that the rapid metabolic response
to HL stress links the local and systemic leaves and pre-
pares the systemic tissues for the possibility of being
subjected to HL stress. This response could be a result
of the active transport of metabolites from local to sys-
temic tissues (Shah et al., 2014) or a result of an auto-
propagating process (Mittler et al., 2011). Taken together,
our findings suggest that metabolic changes occurring
in cells that connect the local and systemic tissues play
an important role in SAA and could convey specificity
to the rapid systemic response of plants to light stress.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia wild-type, rbohD
knockout (Torres et al., 2002; Miller et al., 2009), and icdh-1 (SALK_093522)
and icdh-2 (SALK_056247C; Mhamdi et al., 2010) mutant plants (Arabidopsis
Biological Resource Center; Supplemental Fig. S6) were grown in peat pellets
(Jiffy-7; Jiffy) at 23°C. Plants were grown under constant low light (50 umol
m~2s7") for bolting and metabolic analysis or under an 8-h light period (short
day; low light, 50 pmol m2s™") for acclimation studies, as described previously
(Suzuki et al., 2013, 2015).

Light Stress Treatment

For metabolite profiling, 21- to 30-d-old approximately 12-cm-tall bolting
plants were used, and a single rosette leaf was exposed to a light intensity
of 1,500 umol m= s7! for periods of 0, 1, 2, 4, 8, and 12 min as described by
Devireddy et al. (2018). As a control, similar age and developmental plants
grown side by side with the plants used for the experiments were sampled
at 0, 6, and 12 min without being exposed to light stress. At each of the time
points indicated above, whole plants were immediately flash frozen in lig-
uid nitrogen and cut into six different segments: segment 1 being the treated
local rosette leaf, segments 2 to 5 being the inflorescence stem (without any
cauline leaves), and segment 6 being the top 2 cm of the inflorescence with
one cauline leaf (Fig. 1A). For the comparison between wild-type Columbia
and rbohD plants, a rosette leaf was treated with a similar light stress for 0,
2, and 4 min and plants were sampled and cut into four different segments:
segment 1 being the local leaf, segments 2 and 3 being the inflorescence stem
(without any cauline leaves), and the top 2 cm of the inflorescence with one
cauline leaf being segment 4 (Fig. 3A). To compare between light stress applied
to the local or the systemic tissue, light stress was applied to a local leaf as
described above (local tissue) or to the top 2 cm of the inflorescence stem with
one cauline leaf (systemic tissue) and the plant was cut into three segments:
rosette leaf, inflorescence stem without cauline leaves, and the top of the inflo-
rescence stem with one cauline leaf. Forty different plants were used for each
time point in each experiment, and each experiment was repeated in three
biological repeats. Steady-state transcript levels in response to light stress were
determined according to Devireddy et al. (2018).

Metabolome Analysis

Metabolite profiling was performed using GC-MS/MS. Metabolite extraction
and derivatization were performed as described previously with slight mod-
ifications (Shuman et al., 2011; Suzuki et al., 2013; Dias et al., 2015). In brief,
plant samples were ground in liquid nitrogen with mortar and pestle and ly-
ophilized for 72 h in a freeze drier (Labconco). Ten milligrams of lyophilized
samples was taken per replicate. For metabolite extraction, samples were
ground in an MM 300 mixer mill (Retsch) using 2.3-mm stainless steel beads.
Samples then were extracted with 250 pL of an ice-cold methanol:water (3:1,
v/v) solution containing ribitol internal standard at 12 pg mL?, ground again
in 250 pL of an ice-cold methanol:water (1:3, v/v) solution, and centrifuged
for 10 min at 13,000g at 4°C. The aqueous fraction was transferred to a
1.1-mL glass Chromacol vial and extracted again with 250 uL of chloro-
form. The upper aqueous fraction was transferred to a clean vial and dried
at room temperature in the Centrivap centrifugal concentrator (Labconco).
The dried polar phase was derivatized by adding 80 uL of methoxamine
reagent (Thermo Fisher Scientific) for 135 min at 45°C followed by 80 pL of
N-methyl-N-trimethylsilyltrifluoroacetamide + 1% (v/v) trimethylchlorosilane
silylation reagent (Thermo Fisher Scientific) for 30 min at 37°C.

A 1-uL derivatized sample was injected into the GC-MS/MS system
consisting of Triplus RSH autosampler, Trace 1300 gas chromatograph, and
TSQB8000 electron ionization triple quadrupole mass spectrometer (Thermo
Fisher Scientific). Chromatography was performed using a 30-m x 0.25-mm
Rxi-55il MS column with film thickness of 0.25 pm (Restek). Samples were run
in both split (10:1) and splitless mode, and the injector temperature was 230°C.
The oven temperature program was 5 min isothermal at 70°C followed by a
5°C min™! ramp to 310°C and hold for 1 min at 310°C. Carrier gas was helium
at a constant flow of 1 mL min'. To monitor instrument sensitivity, 1 pg pL
octafluoronaphthalene was injected after every batch of 20 samples. The trans-
fer line and ion source were kept at 250°C. An in-house MS/MS compound
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database was built using AutoSRM software (Thermo Fisher Scientific). Pure
standard compound (50 pg) was derivatized as described above and run in
full scan mode. The retention time was recorded, and three to four precur-
sor ions were chosen and run in selected ion monitoring mode for product
ion screening. Most abundant product ions were selected for collision ener-
gy optimization. After applying a range of collision energy from 0 to 50 V,
the optimized collision energy for each precursor-to-product ion transition
was then exported into the compound database. The compound database
was created using Trace Finder software (Thermo Fisher Scientific) with the
retention time and unique transitions with optimized collision energy for
each compound. The compound database was used to create a multiple reac-
tion monitoring method targeting 60 Arabidopsis metabolites. The samples
were run using targeted multiple reaction monitoring. Data analysis was
performed using Trace Finder software (Thermo Fisher Scientific). Peak area
was integrated using the Genesis algorithm with constrained peak width,
and the level of each metabolite was expressed relative to the internal stan-
dard ribitol (Rizhsky et al., 2004).

Acclimation Assays

Acclimation assays were performed as described previously by Suzuki
et al. (2013) with a few modifications. For local acclimation, 40- to 45-d-old
plants grown in short days were used. A single fully expanded leaf was pre-
treated for 10 min with 1,500 pmol m~ s, and plants were incubated for 50
min under controlled conditions. After the recovery period, the same leaf
was exposed again to 1,500 pmol m= s~! for 45 min. For systemic acclima-
tion, pretreatment was applied to a local leaf for 10 min at 1,500 pmol m~2 s/,
and plants were incubated for 50 min under controlled conditions. After the
recovery period, a systemic leaf was exposed to 1,500 pmol m=2 s for 45
min. For controls, plants were untreated and not subjected to any light stress
treatment (untreated local or systemic tissues) or subjected to the light stress
treatment (1,500 pmol m~2 s™ for 50 min) on their local or systemic tissues
without being pretreated (nonacclimated local and systemic leaves subjected
to light stress). In all cases, electrolyte leakage was assayed for local and sys-
temic tissues as described by Suzuki et al. (2015). Briefly, leaves were immersed
in 10 mL of distilled, deionized water in a 50-mL Falcon tube. Samples were
shaken for 1 h at room temperature, and the conductivity of the water was
measured using a conductivity meter. Leaves were then returned to the incu-
bation water and heated to 95°C for 20 min using a heat block, shaken for 1 h
at room temperature, and the conductivity of the water was measured again.
The electrolyte leakage was calculated as the percentage of the conductivity
before heating (stress-induced ion leaking) over that after heating (total ion
leakage).

H,0, Assay

The accumulation of H,O, in the different samples was measured using
Amplex Red (Molecular Probes, Invitrogen) according to the protocol de-
scribed by Suzuki et al. (2015). Briefly, 500 uL of 50 mm sodium phosphate
buffer (pH 7.4) containing 50 um Amplex Red and 0.05 units mL~" horseradish
peroxidase was mixed with ground tissues, and samples were centrifuged at
12,000¢ for 12 min at 4°C. Following centrifugation, 450 uL of supernatant was
transferred into fresh tubes and incubated for 30 min at room temperature in
the dark. Absorbance at 560 nm was then measured, and the concentration of
H,0, in each sample was determined from a standard curve consisting of 0,
05,1,3,6,9,12, and 15 um H,O,. Following the measurement of absorbance,
tissue samples were dried completely using a speed vacuum concentrator at
30°C, and H,0, accumulation per mg dry weight of tissue was calculated.

Statistical Analysis

An ANOVA followed by Dunnett’s posthoc test was performed to compare
metabolic changes at different time points and time 0 min within each seg-
ment using SPSS software (Hughes et al., 2017). The significance of differences
between mean values of two experimental groups was assessed by Student’s
two-tailed t test (Suzuki et al., 2015). P < 0.05 was considered significant.

Supplemental Data

The following supplemental materials are available.
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Supplemental Figure S1. Bar graphs showing changes in the levels of dif-
ferent metabolites in response to light stress applied to a local rosette
leaf.

Supplemental Figure S2. Bar graphs showing changes in the levels of dif-
ferent metabolites in response to light stress applied to a local rosette
leaf.

Supplemental Figure S3. Bar graphs showing changes in the levels of dif-
ferent metabolites in response to light stress applied to a local rosette
leaf.

Supplemental Figure S4. Accumulation of H,0, along the path of the sys-
temic signal in rbohD plants.

Supplemental Figure S5. Accumulation of H,0, in local and systemic
leaves of the wild type and two independent cICDH mutants in re-
sponse to local application of light stress.

Supplemental Figure S6. PCR analysis of the two cICDH mutants.

Supplemental Table S1. Fold change in the levels of the different metab-
olites detected.

Supplemental Table S2. Fold change in the levels of the different metab-
olites detected.
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