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The systemic response of plants to pathogen infection
(systemic acquired resistance [SAR]), or wounding has
been extensively studied with a network of numerous
compounds and signals implicated (for review, see
Dempsey and Klessig, 2012; Shah and Zeier, 2013). In
recent years a new type of systemic response, termed
systemic acquired acclimation (SAA), has emerged as
an important acclimation response of plants to abiotic
stresses (e.g. Karpinski et al., 1999; Szechynska-Hebda
et al., 2010; Suzuki et al., 2013). This response is char-
acterized by a rapid spread of the systemic signal(s) that
can reach the systemic tissue within minutes from the
application of abiotic stress to a local tissue. A number
of different signaling mechanisms were implicated in
this response, including the reactive oxygen species
(ROS) wave (Miller et al., 2009), the calcium (Ca*") wave
(Choi et al., 2014), and electric signals (Szechynska-
Hebda et al., 2010). In this review we will focus on re-
cent findings regarding each of these signals, as well as
their integration, and attempt to propose a model for
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the propagation of rapid systemic signals during SAA
and SAR. Due to space limitations, we will not address
many other important aspects of ROS signaling that
have been covered by a number of recent excellent re-
views (for review, see Foyer and Noctor, 2013; Vaahtera
etal., 2014; Considine et al., 2015; Dietz, 2015; Mignolet-
Spruyt et al., 2016).

THE ROS WAVE

The ROS wave is an autopropagating wave of
ROS production mediated via RESPIRATORY BURST
OXIDASE HOMOLOG D (RBOHD) activation in each
cell along its systemic path (Fig. 1). It was initially dis-
covered by Miller et al. (2009), and was extensively
reviewed by Mittler et al. (2011), Gilroy et al. (2014), and
Mittler and Blumwald (2015). It can reach rates of up to
8.4 cm/min and is directly linked to the calcium wave
(for review, see Gilroy et al., 2014) and possibly to
electric signals (Suzuki et al., 2013; Fig. 2). It is required
for SAA, but by itself it likely does not convey speci-
ficity to the systemic response of plants to different
abiotic stresses (Suzuki et al.,, 2013; for review, see
Mittler et al., 2011). The ROS wave is currently thought
to be integrated with additional metabolic/signaling
pathways and to enable rapid SAA responses and ac-
climation of plants, improving their overall fitness
(Suzuki et al., 2013; for review, see Mittler et al., 2011;
Mittler and Blumwald, 2015). Activation of the ROS
wave by a local heat stress was shown, for example, to
enhance the acclimation of systemic tissues to heat
stress, and to be regulated by temporal and special in-
teractions with ABA signaling (Suzuki et al., 2013; for
review, see Mittler and Blumwald, 2015). In addition,
local application of high light resulted in the activation
of a ROS wave that enabled systemic tissues to with-
stand light stress, and was accompanied by the accu-
mulation of photorespiratory amino acids, including
Gly and Ser, in nonstressed systemic tissues (Suzuki
et al., 2013).
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Figure 1. Integration of the ROS, Ca’*, and electric waves in and be-
tween cells via the function of RBOH proteins and superoxide dismu-
tases (SODs; yellow), Ca?*-dependent protein kinases (CPK/CBL-CIPKs;
green), calcium channels such as TPC1 and H,O,-activated plasma
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LESSONS FROM SAR AND A POSSIBLE ROLE FOR
NITRIC OXIDE

The integration of different signaling pathways with
ROS-dependent systemic responses has been exten-
sively studied during pathogen-induced SAR, and re-
search focusing on phloem-mobile SAR signals have
identified several biologically active molecules, in-
cluding methyl salicylate, a glycerol-3-P (G3P) deriva-
tive, a lipid-transfer protein (DIR1), azelaic acid (AzA),
dehydroabietinal, jasmonic acid (JA), and pipecolic acid
(Navarova et al., 2012; for review, see Dempsey and
Klessig, 2012; Shah and Zeier, 2013). Among these,
methyl salicylate, AzA, dehydroabietinal, and G3P
were shown to induce SAR when applied to local tis-
sues (Kachroo and Robin, 2013), and JA was shown to
rapidly accumulate throughout the path of the systemic
signal (Glauser et al.,, 2009). Recent studies demon-
strated that the synthesis of these molecules could be
regulated by ROS. Therefore, Arabidopsis (Arabidopsis
thaliana) plants deficient in RBOHD or RBOHF showed
lower accumulation of AzA and G3P, and exogenous
application of G3P was able to rescue SAR in these
plants (for review, see Wang et al., 2014). These findings
could suggest that the ROS wave is also activated
during SAR.

Some of the most recent findings in SAR that may
shed more light on how the ROS wave is mediated
during SAA come from recent studies that focused on
the interdependence of ROS signaling on nitric oxide
(NO). The noal/nial double mutant, deficient in NO
accumulation, showed, for example, a fully compro-
mised SAR accompanied by lower ROS accumulation
in systemic tissues, that could be rescued by exogenous
application of H,O, (for review, see Wang et al., 2014).
In addition, RBOHD was shown to be up-regulated
through an NO-dependent process elicited by oligo-
galacturonides in response to pathogen attack (Rasul
etal., 2012). Although these findings indicated that ROS
could act downstream to NO in the SAR pathway,
Arabidopsis deficient in RBOHD or RBOHF were un-
able to accumulate NO in response to pathogen attack
(for review, see Wang et al., 2014; Wendehenne et al.,
2014), suggesting that NO and ROS could operate in a

membrane calcium channels (red), and GLRs and/or plasma membrane
H,0O, channels (blue). Activation of RBOHD is shown to be mediated
by CPK/CBL-CIPKs, Cys-rich receptor kinases (CRKs), or directly by Ca**.
Activation of Ca* channels is shown to be mediated by H,O, or by
calcium via calcium-induced calcium release. Activation of GLRs is
proposed to be mediated by H,0, and/or calcium levels via calcium-
induced calcium release. The level of ROS in cells is proposed to be
regulated by NO-ROS and NO-RBOH interactions, retrograde signal-
ing, and ROS removal/production in the chloroplast (Cp), mitochondria
(Mt), and peroxisomes (Px). The regulation of gene expression in the
nuclei is shown to be mediated via redox/ROS changes, LESION
SIMULATING DISEASET1 (LSD), ENHANCED DISEASE SUSCEPTIBILITY1
(EDS), MITOGEN-ACTIVATED PROTEIN KINASEs (MPKs), WRKY, and
RRTF1. The electric signal is depicted as a sinus-like wave that travels
along the plasma membrane and through the plasmodesmata (PD).
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Figure 2. Copropagation of the ROS, calcium,
hydraulic, and electric waves during rapid
systemic signaling. The ROS wave is shown as
a series of red arrows, the calcium wave is
shown as a dashed green arrow, the hydraulic
wave is shown as a dotted blue arrow, and the
electric wave is shown as a dotted black arrow.
Different sections along the path of the signal
(yellow arrows) are also shown to have alter-
nating levels of NPQ and ROS/APX1 levels,
and JA is shown to accumulate in cells along
the systemic path. The local tissue is shown to
have alterations in ROS, calcium, and mem-
brane depolarization potential, and the sys-
temic tissue is shown to have accumulation of
ROS and abscisic acid (ABA). Black arrows
indicate accumulation or suppression in the
level of a particular chemical or tran-
script/protein, and dashed, dotted, and wide
red arrows indicate direction of the signal.

feedback loop (Fig. 1). NO can react with reduced
glutathione, by an S-nitrosylation reaction, to form
S-nitrosoglutathione (GSNO; for review, see Considine
etal., 2015; Del Rio, 2015), and GSNO could function as a
pool of NO ready to be used in ROS-NO interactions
during SAR/SAA systemic signaling (Fig. 1). ROS, NO,
and GSNO function as master-switches regulating vari-
ous processes, including the SAR pathway and stomatal
responses (for review, see Wang et al., 2014; Mittler and
Blumwald, 2015; Considine et al., 2015). NO-dependent
redox-based posttranslational modifications, such as
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addition of a glutathione to a protein Cys thiol in a
glutathionylation reaction or a NO moiety to form a
S-nitrosothiol, were shown to act as regulators of dif-
ferent processes (for review, see Zaffagnini et al., 2012;
Considine et al., 2015), and these could also function
during SAR or SAA to amplify or dampen the signal. In
contrast to the up-regulation of RBOHD through an NO-
dependent process enhanced by oligogalacturonides
(Rasul et al., 2012), S-nitrosylation of RBOHD at Cys-890
was found to inhibit its enzymatic activity by impeding
FAD binding (Yun et al., 2011), indicating a possible dual
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role for NO in the regulation of RBOHD. NO-mediated
S-nitrosylation was also shown to inhibit ROS scaveng-
ing enzymes such as catalase and ascorbate peroxidase
(Ortega-Galisteo et al., 2012; de Pinto et al., 2013), sug-
gesting that NO could also promote an increase in H,O,
by reducing its decay (Suzuki et al., 2013). Moreover,
glutaredoxin S12 in the chloroplast and Gly decarboxyl-
ase in the mitochondria were shown to be targets of
glutathionylation, and these posttranslational modifica-
tions might also contribute to the regulation of ROS levels
in cells (Palmieri et al., 2010; for review, see Zaffa
etal, 2012). Although the involvement of NO in SAA has
not been thoroughly studied, the regulation of RBOHD
via NO signaling could implicate NO as a key player in
modulating the ROS wave (Fig. 1). Furthermore, perox-
isomes, mitochondria, and chloroplasts, known as sour-
ces of ROS, were also shown to generate NO that might
regulate signal transduction involved in various biolog-
ical processes (for review, see Del Rio, 2015).

THE ROS WAVE, RETROGRADE SIGNALING, AND
TRANSCRIPTIONAL REGULATION

Recent studies uncovered a possible integration be-
tween a hub of regulatory genes involved in pro-
grammed cell death, retrograde signaling, and hormone
regulation, and ROS-dependent systemic responses
to high light stress. Thus, genes such as LESION
SIMULATING DISEASE1, ENHANCED DISEASE
SUSCEPTIBILITY1, PHYTOALEXIN DEFICIENT4,
ETHYLENE INSENSITIVE2, and MITOGEN-ACTIVATED
PROTEIN KINASE 4 were shown to play important
roles in the simultaneous regulation of SAA via ROS-
and salicylic acid-dependent pathways (Miihlenbock
et al., 2008; Szechynska-Hebda et al., 2010; Wituszynska
et al.,, 2013; Gawronski et al., 2014; for review, see
Karpinski et al., 2013; Mignolet-Spruyt et al., 2016). In
addition, PHOTOSYSTEM Il SUBUNIT S-dependent local
and systemic wave-like regulation of nonphotochemical
quenching (NPQ) and chlorophyll fluorescence decay
time, important dissipation and quenching mechanisms
of light absorbed in excess, were also proposed to be
dependent on ROS and salicylic acid signaling during
SAA (Szechynska-Hebda et al., 2010; Gawronski et al.,
2013, 2014; Ciszak et al., 2015; Fig. 2). Although a pos-
sible cross talk between ROS and retrograde signaling
involving some of the genes indicated above has been
proposed, and could explain how the systemic signal is
integrated with redox and photosynthesis/respiration
control, further studies are required to uncover how
these pathways and the RBOHD-dependent ROS wave
are coordinated during SAA and possibly SAR (for re-
view, see Mignolet-Spruyt et al., 2016). For example, it
is not clear if retrograde signaling functions down-
stream to rapid systemic signaling, or whether it is di-
rectly involved in attenuating or amplifying the signal.

A recent study demonstrated that REDOX RE-
SPONSIVE TRANSCRIPTION FACTORI1 (RRTF1)
might function as a key regulator of systemic ROS-
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dependent responses during high light stress (Matsuo
et al., 2015). RRTF1-dependent systemic signaling was
shown to be regulated by WRKY transcription factors
(Matsuo et al., 2015), whose expression is enhanced
during RBOHD-dependent SAA (Miller et al., 2009),
but its rate of systemic response is slower than that of
the ROS wave. RRTF1 could therefore play a role in the
regulation of gene expression downstream to the ROS
wave during SAA (Fig. 1).

Taken together, SAA might be regulated by a com-
plex network linking NO, retrograde signaling, and
RBOH-dependent ROS signaling that could function to
amplify or attenuate the systemic signal (Fig. 1). Further
studies are of course required to determine the mode of
integration of NO and ROS signals in SAA that could be
a key aspect of systemic signaling during abiotic stress.

THE CA%* WAVE

Along with ROS, changes in cytosolic Ca** have
also been linked to rapid, systemic signaling activity
throughout the plant. Calcium is a ubiquitous cellular
regulator involved in a wide range of physiological
processes and responses to both biotic and abiotic
stresses (for review, see Dodd et al., 2010; Steinhorst
and Kudla, 2014). Direct Ca** movement through xy-
lem has been proposed as one component of this long-
range Ca’ —dependent response network (Tang et al.,
2007). However, i in addition to this apoplastic route for
a movement of Ca>* signals, there is now also evidence
for the systemlc spread of a cytosolic Ca** increase. This
Ca** “wave” appears to couple local sensing of stimuli
such as wounding or salt stress to plant-wide adaptive
responses (Figs. 1 and 2).

Thus, local salt stress has been shown to trigger a
cytosolic Ca®* increase that propagates from sites of
local perception in both root and shoot in Arab1d0p51s
(Choi et al., 2014; Xiong et al., 2014). This Ca*" elevation
spreads through the cortex and endodermal cell layers
in the root (Choi et al., 2014), but appears to spread
more broadly across the leaves (Xiong et al., 2014).
When directly challenged with NaCl, all root cell types
can respond, implying specialized molecular mecha-
nisms related to transmission in the cortical and endo-
dermal cell layers. Similarly, mechanical wounding and
insect damage trigger electrical signals (Mousavi et al.,
2013; Salvador-Recatala et al., 2014) that are likely
strongly coupled to a Ca** wave system (Kiep et al.,
2015) that propagates from wounded to unwounded
leaves, with phloem providing at least one of the tissues
used for transmission of the mobile signal (Salvador-
Recatala et al., 2014). Indeed, electrical signaling in the
phloem has been closely linked to wound responses (for
review, see Hedrich et al., 2016). Clustering of Ca**
channels at the sieve plates and plasmodesmal con-
nections to companion cells has also been proposed asa
key player in sustaining systemic propagation of Ca**
increases linked to these phloem responses (Furch et al.,
2009; also see discussion in van Bel et al., 2014).
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CA% CHANNELS AND THE CA* WAVE

Although identifying the channels involved in the
processes described above at the molecular level re-
mains a major challenge, recent insights into the role of
the vacuolar channel TWO PORE CHANNEL1 (TPC1)
and Glu Receptor-Like channels (GLRs) have begun to
shed some light on potential mechanisms (Fig. 1) Thus,
propagation of NaCl- and wound-induced Ca** waves
are dependent on the slow vacuolar ion channel enco-
ded by TPC1 (Choi et al., 2014 Kiep et al., 2015).
Mutation in the Vacuolar Ca”*-sensing domam of
this channel (Beyhl et al., 2009; Dadacz-Narloch et al.,
2011; Guo et al., 2016) also leads to up-regulation of
jasmonate production, a hormone intimately linked to
systemic wound responses (e.g. Bonaventure et al.,
2007), reinforcing the idea that the regulation of this
channel might be linked to these kinds of systemlc re-
sponse systems. The lack of a TPC1 mutant Ca**
sponse phenotype to a range of biotic and ab10t1c
stresses when monitored at the whole-plant level (Ranf
etal., 2008) is c0n51stent with a role for this channel as a
systemlc element of Ca** responses. Thus, the spread of
Ca® increase is suppressed in the tpc1-2 knockout in
response to both local NaCl and wound treatments,
whereas local/direct Ca®* elevations are either slightly
delayed (NaCl; Choi et al., 2014) or even extended
(wounding; Kiep et al., 2015).

TPC1 also serves as an example of the complex set of
potential interactions we can expect to contribute to
and/or accompany these systemic proEagation events.
Thus, in addition to 1ts vacuolar Ca** sensor, TPC1
contains two classic Ca**-binding EF-hand domains on
its cytosohc face (although only one may be functional
in Ca®* activation; Schulze et al., 2011; Guo et al., 2016;
Kintzer and Stroud, 2016), and both vacuolar and cy-
tosolic Ca®* levels are thought to modulate channel
activity through effects on the channel’s voltage-
sensitive gating mechanism (Guo et al., 2016; for re-
view, see Hedrich and Marten, 2011). In addition, roles
for a host of other regulatory activities likely impose
control on the channel ranging from phosphorylation
(e.g. Kintzer and Stroud, 2016; see also discussion in
Hedrich and Marten, 2011) and ROS (Pottosin et al.,
2009), to polyunsaturated fatty acids (Gutla et al., 2012),
14-3-3 proteins (Latz et al., 2007), and an array of ionic
interactions that modulate channel gating (for review,
see Hedrich and Marten, 2011). The combination of
these multiple regulatory mechanisms may help in
repressing channel activity until a cytosolic signal in-
crease switches it to respond, providing a way to rap-
idly amplify the initial triggering signal. However,
whether any of these other regulators plays an impor-
tant role in modulating the Ca** wave has yet to be
characterized. In addition, although TPCl is permeable
to a range of cations including Ca** (e.g. Ward and
Schroeder, 1994; for review, see Hedrich and Marten,
2011 Peiter, 2011), whether it directly releases vacuolar
Ca”" or acts indirectly by modulating other vacuolar
activities remains to be defined.
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A POSSIBLE ROLE FOR GLU RECEPTOR-LIKE
CHANNELS IN THE CALCIUM WAVE

In addition to TPC1, the plant GLRs have also
emerged as key players in systemic signaling mecha-
nisms. The GLRs are a 20-member family (in Arabi-
dopsis) of Ca**-permeable channels (Vincill et al., 2012,
2013; for review, see Dodd et al., 2010) that appear in-
timately linked to rapid long-range electrical signaling.
Thus, knockouts in GLR3.2, GLR3.3, and GLR3.6 at-
tenuate wound-induced systemic signaling (Mousavi
et al., 2013; Salvador-Recatala et al., 2014; Salvador-
Recatala, 2016). Conversely, GLR3.5 has been reported
to play a role in limiting the spread of the wound signal
(Salvador-Recatala, 2016), raising the intriguing possi-
bility that the same family of channels acts to both fa-
cilitate signal transmission to some organs and to define
boundaries to where the systemic signal can move.
Propagation of both the wound electrical and Ca**
signals does show distinct patterning, with preferential
coupling between subsets of leaves (Kiep et al., 2015).
Such patterning of connectivity likely partly reflects
anatomical linkages between organs, but it is capable of
being rerouted if necessary, for example, in response to
removal of a target leaf, indicating a more dynamic el—
ement in its regulation. Similarly, the spread of the Ca**
increase in the aerial parts of the plant induced by local
treatment of roots with NaCl shows distinct leaf-to-leaf
differences in the kinetics of propagation (Xiong et al.,
2014). Whether such patterns reflect differences in the
pathways of communication within the plant or re-
sponse capacities between different organs represents
an important question to be more fully addressed.

Further, although the glr3.3 glr3.6 double mutant
blocks electrical signaling from wounded to unwounded
leaves, it does not silence wound-triggered fast action
potentials (APs) in the phloem (Hedrich et al., 2016),
reinforcing the idea of the likely multifaceted nature of
the systemic signaling system. The GLRs have extra-
cellular ligand binding sites and are gated by a range of
amino acids (e.g. Stephens et al., 2008; Vincill et al.,
2012). However, whether such amino acid sensitivity
plays an important role in their action in propagation of
systemic signals remains to be defined. It is also im-
portant to note that the potential role for these channels
in processes such as developmental regulation (Singh
et al., 2016) and specific hormone signaling (Kong et al.,
2015) may be superimposed on their role(s) in systemic
signal propagation, and so defining functions in long-
range signaling will require careful evaluation of any
mutant phenotypes.

HYDRAULIC WAVES, MECHANO-SENSORS, AND
THE CALCIUM WAVE

The observation of vascular movement of Ca** and
other systemic signals has also suggested another
propagation mechanism whereby a hydraulic signal
moving through the vasculature could represent the
mobile signal (e.g. Farmer et al., 2014). In this model, a
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wave of altered pressure would trigger mechano-
sen51tlve elements that in turn act to trigger an initial
Ca”" influx to cells bordering xylem vessels or phloem
sieve tubes (Fig. 3). This influx would then prime the
cell for further amplification and propagation. Al-
though Ca*" increases are strongly linked to mechanical
signaling in plants (for review, see Toyota and Gilroy,
2013), and an array of likely plant mechano-sensitive
elements such as OSCA1 (Yuan et al., 2014), receptor-
like kinases (Shih et al., 2014), and the MSL, MCA, and
TPK channels (for review, see Hamilton et al., 2015)
have been identified, the possible roles of such me-
chanical sensors and channels in rapid systemic sig-
naling have yet to be fully explored.

ROS, RBOHS, AND THE CALCIUM WAVE

One further element of proposed models of the
molecular machinery behind Ca** wave propagation
comes from the finding of a parallel role for ROS and
the RBOHs in long-range signal transmission (as outlined
above). These observatlons suggest a mechanism for
propagation of a cellular Ca** increase where apoplastic
ROS produced by NADPH 0x1dase activation could
trigger channels allowing Ca®* mﬂux at the plasma
membrane. Indeed, ROS-activated Ca** channels and
transporters in the plasma membrane have been iden-
tified at the electrophysiological (e.g. Allen et al., 2000;
Foreman et al., 2003; Demldchlk et al., 2007) and mo-
lecular levels (e g. the Ca? -permeable Stelar K" Out-
ward Rectifier or Annexinl; Garcia-Mata et al., 2010;
Richards et al., 2014; Fig. 1), although to date the rele-
vant channels related to systemic signaling have not
been identified.

Once such an initial * prlmmg " Ca®" influx has occurred,
the resulting cytosolic Ca** mcrease could then be am-
plified, e.g. through a vacuolar Ca** release system, po-
tentially involving TPC1, and a feed-forward loop of
RBOH activation triggering further cycles of Ca** influx
and propagation to adjacent cells (Flg 1). Indeed, RBOHs
are known to be modulated by Ca**-dependent signaling
both directly through their EF-hand motifs (Takeda et al.,
2008; Kimura et al., 2012) and through posttranslational
modulation, such as Ca**-dependent protein kinase ac-
tivity (e.g. Kimura et al., 2012; Drerup et al., 2013;
Dubiella etal., 2013; Liet al., 2014; Monaghan etal., 2014).
In such a model where ROS and Ca?" interact to propa-
gate a cell-to-cell signal, whether Ca®* or ROS lies up-
stream of the other becomes somewhat of a moot point as
the response involves cycles of Ca**-triggered ROS pro-
duction that are themselves intimately linked to ROS-
dependent Ca?* fluxes (Fig. 1).

Such coupling to ROS-dependent events could even
provide a mechanism for termination of the cellular
amphflcatlon loop, leading to the wave-like progression
of the Ca®* changes from cell to cell. For example, after
the initial extracellular ROS production has elicited
rapid ion fluxes to the cytosol and the triggering of re-
sponses in adjacent cells, a slower entry of extracellular
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Figure 3. Integration of the different waves that mediate rapid sys-
temic signaling during SAA. Local stimuli are shown to trigger the
ROS/calcium/electric wave, as well as a hydraulic wave that in turn
triggers the calcium wave via mechano-sensors. The calcium and ROS
waves are shown to be linked (possibly via RBOH and TPC1/CPK
function), the ROS and electric waves are shown to be linked (possibly
through RBOHD and GLR function), and the calcium and electric
waves are shown to be linked (possibly via channels such as GLRs or
similar). The different waves are shown to mediate the propagation of
each other and to trigger a response in the systemic tissue.

ROS to the cell (e.g. through aquaporins; Hooijmaijers
et al., 2012) could lead to inactivation of important
amplification components (such as TPC1; Pottosin et al.,
2009) and so termination of the signal in that cell. The
prior propagation to adjacent cells would then lead to 2
wave-like rise-and-fall cell-to-cell progression of the Ca**

change. Further regulatory elements that could contrlb-
ute to this propagatmg increase and decrease in Ca* are
also hinted at in the literature. For example, cyclic nu-
cleotldes have been reported to attenuate ROS-related
Ca*" influx in the root in vivo (Ordofiez et al., 2014).
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Given the known relationships between cychc nucleoti-
des/cyclic nucleotlde—gated channels, Ca?*, stress re-
sponse, and NO (for review, see Jeandroz et al., 2013) and
the above discussion of potential relationships between
ROS, NO, and long-range signaling, continued dissection
of the interactions between these elements may be a very
fruitful avenue to help define the machinery behind
systemic signal propagation and response.

THE ELECTRIC WAVE

Electrical signals in plants are divided into: APs
(Dziubinska et al., 2001), evoked by nondamaging
stimuli (e.g. cold, mechanical stimuli) and spread rap-
idly (ranging in various plants from a few millimeters to
several centimeters per second); variation potentials
(VPs), induced by injury (e.g. heat, wounding), trans-
mitted through the xylem, and regulated by hydraulic
pressure (for review, see Fromm and Lautner, 2007);
and system potentials that depend on the apoplastic
ions pool and self-propagate (Zimmermann et al., 2009).

Over short distances (from cell to cell) electrical sig-
nals can propagate along the cell membrane likely via
plasmodesmata (Fig. 1). Electrical coupling between
adjacent cells via plasmodesmata has been shown in
species like Elodea, Avena, and Arabidopsis (Lew, 1994).
However, very little is known about the properties of
plasmodesmata that would regulate electrical signals
transduction. Another possibility is that the generation
of a local current on one cell membrane could lead to
depolarization of the cell membrane of an adjacent cell
without direct connection (Ping et al., 1990). In both
cases resistance would be too high for electrical signals
to travel over distances larger than few neighboring
cells. For signal transmission throughout the whole
plant, the vascular bundles are more suitable.

Sieve tubes create a low-resistance pathway due to
their plate pores and plasma membrane continuity. In
addition, Ca**-permeable channels that are located in
the plasma membrane of the sieve tubes are associated
with propagation of electrical potentials induced by
biotic and abiotic stresses (for review, see van Bel et al.,
2014). As noted above, xylem may also be involved in
systemic signal propagation, for example, in VP gen-
eration. Following wounding the hydrostatic pressure
in xylem vessels changes, leading to turgor changes in
the adjacent parenchyma cells that cause membrane
potential changes potentially via mechano-sensors
(Stahlberg et al., 2006; for review, see Farmer et al.,
2014; van Bel et al., 2014). Transmission of the signal
between mesophyll and phloem is thought to be me-
diated by bundle-sheath cells (Szechynska-Hebda
et al., 2010; Fromm et al., 2013). Such electrical sig-
nal propagation along the vascular tissue in the leaves of
Helianthus annuus was recently shown by spatio-temporal
surface recording (Zhao et al., 2014). Nevertheless, the
identity of the specific ion channels mediating various
types of long-distance electrical signals is currently
unknown. Recently it was reported that GLR genes
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encoding putative cation channels could mediate
wound-stimulated electrical signals (Mousavi et al.,
2013; Fig. 1).

SYSTEMIC EFFECT OF ELECTRICAL SIGNALS ON
PLANT PHYSIOLOGY

To date, numerous studies have shown a systemic
effect of electrical signals on various physiological
processes in higher plants. The most apparent examples
are fast leaf movements in Mimosa pudica and Venus
flytrap (Dionea muscipula) upon mechanical stimula-
tion. These movements depend on generation of APs
(Volkov et al., 2010). To shut the Dionea trap, two APs
elicited by touch are needed, and recently it was dis-
covered that five APs are required for digestive glands
to be activated, which suggests that Venus flytrap plant
is able to count (B6hm et al., 2016). An additional effect
of mechanically triggered APs in Dionea is photosyn-
thesis inhibition via regulation of the dark reaction and
CO, assimilation (Pavlovic et al., 2011). Heat stimula-
tion of a Mimosa leaf was shown to trigger VPs that
cause a transient decrease of quantum yield of photo-
system II and CO, net uptake (Lautner et al., 2014).
Similar effects of VPs on photosynthesis were found in
other species such as Populus trichocarpa and soybean
(Glycine max; Gallé et al., 2013). In addition, studies of
plant defense against herbivory or pathogen attack in-
dicated that electrical signaling plays an important role
in the initiation of systemic reactions such as the acti-
vation of various genes (for review, see Davies and
Stankovic, 2006; Howe and Jander, 2008), including JA
biosynthesis (Mousavi et al., 2013), and sieve tube oc-
clusion (Furch et al., 2010). Recently 1t was demon-
strated that bundle-sheath cells, Ca**-permeable
channels, chloroplast ROS, photosynthetic electron
transport, and NPQ play an important role in long-
distance electrical signaling in plants (Figs. 1 and 2;
Szechynska-Hebda et al., 2010). Electrical signaling was
also shown to generate a wave-like systemic change in
ROS, APX expression, and NPQ, and systemic waves-
like changes in ROS and APX gene expression were
found to be present in a contrast phase to the waves of
NPQ changes (Fig. 2; Szechynska-Hebda et al., 2010).

Although changes in light intensity or switching from
light to dark conditions was recently found to induce
systemic electrical signals that were influenced by cyto-
solic Ca** and were light wavelength-specific (Szechyrnska-
Hebda et al., 2010; for review, see Marten et al., 2010),
questions about the molecular components involved in
mediating and regulating these electrical waves during
SAA remain at present unresolved (Fig. 1).

INTEGRATION OF THE WAVES

A number of different waves are proposed to be in-
volved in rapid systemic signaling during SAA and
SAR (Fig. 2), and there are now some indications of the
molecular mechanisms whereby these waves could be
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interlinked and regulate each other (Fig. 3). The inte-
gration of the Ca>" wave with the ROS wave could be
mediated via the interaction of elements such as
TPC1, Ca2+—regu1ated kinases (CPK/CBL-CIPKs), and
RBOHD (Fig. 1). The recent identification of GLRs
as potential mediators of systemic electric signals
(Mousavi et al., 2013; Salvador-Recatala et al., 2014;
Salvador-Recatala, 2016) and the findings that in the
absence of RBOHD electric signaling is attenuated
(Suzuki et al., 2013) could point to a link between ROS
signaling and electric signaling (potentially mediated
via GLRs and RBOHD; Fig. 1). GLRs could therefore be
regulated by ROS-NO-RBOHD interactions and regu-
late Ca** or electric signals. In addition, hydraulic
waves that could initiate at the local tissue due to
wounding (for review, see Farmer et al., 2014), rapid
changes in stomatal responses, and/or local stress
perception (for review, see Mittler and Blumwald,
2015), could also be translated into, or integrated with,
Ca®" and ROS waves by triggering mechanical sensors
that affect Ca®* fluxes and/or ROS production (e.g.
Monshausen et al., 2009).

A general model could therefore emerge integrating
the different waves (Fig. 3). As shown in Figure 3, local
stimuli could directly affect Ca®* fluxes or trigger a
hydraulic wave that would be converted into a Ca**
signal via mechanical sensors. The Ca** wave would in
turn be integrated with the ROS wave via the activa-
tion of RBOH proteins by direct Ca®* binding or Ca**-
derived CPK/CBL-CIPK RBOH phosphorylation that
would trigger enhanced ROS production (which in turn
will further activate or inhibit Ca** channels such as
TPC1 and/or plasma membrane channels). The ROS
wave could be integrated with the electric wave via
ROS-induced activation of GLRs or other ion channels
that will depolarize membrane potential and regulate
electric signals (these could of course further activate
RBOHs via Ca”* signaling). The Ca®" wave could ad-
ditionally be integrated with the electric wave via GLRs
and TPC1 in a calcium-induced calcium release-like
process. The three waves could therefore amplify and
regulate each other and carry the systemic signal all the
way to the systemic tissue (Fig. 3).

It should be emphasized that the different waves
described here involve the transmission of an activated
state between cells, and not necessarily the transmis-
sion of a particular systemic compound from one cell to
the other. The ROS wave is mediated by the transmis-
sion of an RBOH activation state between cells, the Ca**
wave by the transmission of a Ca* release activation
state (such as through regulation of GLRs or TPC1), and
the electric signal is similarly mediated by the trans-
mission of an ion transport activation state (GLRs or
equivalent). As described above, each of these pro-
cesses likely involves a complex interplay of cellular
regulators that fine-tune each other’s outcome, the ac-
tivated state. Each cell along the path of the signal turns
on therefore a particular set of proteins/enzymes in
response to a signal that is transmitted to it by the cells
preceding it, resulting in the production of a signal that
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is transferred to the cells proceeding it in the pathway
(Fig. 1). The transmitted signal need not always be the
same, and triggering one element of the wave system
could feedback or initiate the others. Of course once a
new activated state is established within the different
cells along the pathway, each of these cells could be
synthesizing a particular compound or hormone (e.g.
JA or ABA; Glauser et al., 2009; Suzuki et al., 2013), or
activating a particular genetic or metabolic program
that would make them more resistant to abiotic stress
(e.g. the accumulation of Gly and Ser; Suzuki et al.,
2013). This autopropagating wave signal should
therefore be viewed more like a line of domino pieces
tripping each other until the “fall” state reaches the
systemic tissue (as opposed to a particular compound
that is transferred from cell to cell until it reaches the
systemic tissue). It is possible that the integration of the
different signals with respect to their timing and in-
tensity conveys specificity to the signal, or that an ad-
ditional, yet unknown compound or signal is responsible
for triggering a stress-specific response in the systemic
tissue (Suzuki et al., 2013; for review, see Mittler et al.,
2011). Further studies are of course needed to answer this
important question.
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