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Abstract

When attacked by herbivores, plants produce electrical signals which can activate the synthesis of the defense me-
diator jasmonate. These wound-induced membrane potential changes can occur in response to elicitors that are
released from damaged plant cells. We list plant-derived elicitors of membrane depolarization. These compounds
include the amino acid L-glutamate (Glu), a potential ligand for GLUTAMATE RECEPTOR-LIKE (GLR) proteins that play
roles in herbivore-activated electrical signaling. How are membrane depolarization elicitors dispersed in wounded
plants? In analogy with widespread turgor-driven cell and organ movements, we propose osmoelectric siphon mech-
anisms for elicitor transport. These mechanisms are based on membrane depolarization leading to cell water shed-
ding into the apoplast followed by membrane repolarization and water uptake. We discuss two related mechanisms
likely to occur in response to small wounds and large wounds that trigger leaf-to-leaf electrical signal propagation.
To reduce jasmonate pathway activation, a feeding insect must cut through tissues cleanly. If their mandibles become
worn, the herbivore is converted into a robust plant defense activator. Our models may therefore help to explain why
numerous plants produce abrasives which can blunt herbivore mouthparts. Finally, if verified, the models we propose
may be generalizable for cell to cell transport of water and pathogen-derived regulators.

Keywords: DAMP, drought, electrical signal, elicitor, insect, jasmonate, mandibles, PAMP, turgor, water potential.

Introduction

The vast majority of invertebrate folivores get their food from
the largest compartment in the leaf, the symplast. In order to
do so, these organisms must first penetrate the leaf’s second
largest compartment, the apoplast. Like breaking a window
to enter a house, damage to the plasma membrane interface
between the apoplast and the symplast can activate alarms.
The danger for chewing herbivores is that broken cells release
their contents into the apoplast. Some of these molecules act
as damage-associated molecular patterns (DAMPs) that elicit
immune responses in the host plant (Tanaka and Heil, 2021).

Since the perception of these compounds causes defense acti-
vation, it is in the interest of the herbivore to minimize their
release, propagation, and action. This is especially important for
a subset of DAMPs which can elicit the synthesis of the plant
defense modulator jasmonoyl-isoleucine (JA-Ile; Howe et al.,
2018; J. Wang et al., 2019) and its immediate precursor jas-
monic acid (JA). Importantly, in the case of wounding, current
evidence suggests that these elicitors act on jasmonate synthesis
indirectly by first triggering membrane depolarization. Indeed,
a genetic link between wound response membrane potential
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changes and the activation of JA-Ile synthesis has been estab-
lished (Mousavi et al., 2013). Here we focus principally on
events that take place upstream of wound-induced membrane
depolarization.

It is hard to imagine a plant in nature that completes its life
cycle without being wounded at least once. Chewing herbi-
vores damage plants in different ways. For example, leaf miners
typically tunnel through the mesophyll then emerge as adults
by breaking through the epidermis. Lepidopteran caterpillars
typically feed from the surfaces of plants. Depending on their
developmental stage, they may remove one or a few layers of
cells or they may sever large veins. In all cases, chewing her-
bivores cause mixing of fluids from the symplast and apoplast.
The leaf apoplast, comprised of cell walls, extracellular spaces,
and xylem vessels, is characterized by a relatively low water
potential and, in most cell walls, a surface tension component
(McClendon, 1981). Here we suggest that these properties,
coupled to the ability of cell membranes to depolarize and
repolarize, are likely to be key to plant defense induction by
feeding insects.

The majority of this review concentrates on apoplastic
dispersal of membrane-depolarizing elicitors derived from
the damaged symplasm. In this context, we summarize what
is known about the nature of elicitors of membrane de-
polarization and JA/JA-Ile synthesis. We distinguish short-
range events caused by the wounding of one or several cells
and long-range (organ to organ) signaling events caused by
extensive damage to plant tissues and in particular to veins.
The relationship between elicitor dispersion and apoplas-
tic water potential is discussed. We do not cover herbivore-
or pathogen-associated molecular patterns (HAMPs and
PAMPs) and effectors derived from the herbivores them-
selves (reviewed in Snoeck et al., 2022). Throughout the
review we use the general term ‘elicitor’: the mechanisms
we propose could, in theory, transport diverse pathogen-
and herbivore-derived molecules. Additionally, we do not
discuss cell wall integrity and its connection to jasmonate
pathway induction (reviewed in Vaahtera et al., 2019; Wolf,
2022) or touch response electrical signaling; the text is re-
stricted to invasive stimuli.

Small and large wounds and their
relationship to electrical signals

Large and small wounds to aerial tissues can lead to jasmonate
pathway activation. For example, small puncture wounds are
sufficient to activate jasmonate-dependent defense gene ex-
pression in Arabidopsis cotyledons (Acosta et al., 2013). Single
cell wounding in Arabidopsis roots causes membrane depolar-
ization which then activates ethylene signaling (Marhavy ef al.,
2019). In the same study, and although single cell damage-
associated electrical signaling in aerial organs was not studied,
ablation of single cotyledon cells activated jasmonate signaling.

However, membrane depolarization is linked strongly to the
activation of jasmonate synthesis (Farmer et al., 2020). Ev-
idence suggests that membrane depolarizations can spread
symplastically via plasmodesmata or along the plasma mem-
branes of sieve elements (Fromm and Lautner, 2007; Hedrich
et al., 2016). This might occur without the need for chemical
modulators of membrane potential. However, other mecha-
nisms to spread changes in membrane potential clearly exist.
These involve the chemical elicitation of membrane depolar-
ization by plant-derived elicitors generated or released upon
wounding. These compounds can, in theory, be released even
from wounds to single cells. Since small wounds trigger local-
ized jasmonate signaling (Acosta et al., 2013; Marhavy et al.,
2019), we assume that electrical signals originating from these
wounds can travel short distances to nearby undamaged cells.
We propose a mechanism that might determine the distance
these elicitors travel.

Large wounds inflicted by herbivores inevitably damage
veins. Herbivore damage to the primary leaf vasculature trig-
gers leaf-to-leaf electrical signaling. These events are detect-
able with non-invasive surface electrodes as high-amplitude,
long-duration slow-wave potentials (SWPs; Stahlberg et al.,
2006). An SWP is characterized by a rapid membrane de-
polarization phase followed by a slow repolarization phase.
Prescient work by Houwink (1935) on the sensitive plant
Mimosa pudica defined ‘two distinct ways of conduction’; that
is, the work hinted at electrical signaling in both the phloem
and xylem regions. Indeed, Fromm ef al. (2013) presented ev-
idence consistent with xylem to phloem electrical signaling
in maize. Current research is consistent with this. In Arabi-
dopsis, successful SWP propagation leading to the activation
of jasmonate (JA-Ile) synthesis depends on several clade 3
GLUTAMATE RECEPTOR-LIKE (GLR) ion channels
that act directly or indirectly as regulators of membrane de-
polarization. Among these genes are GLR3.3 and GLR3.6
(Mousavi et al., 2013). The main cellular localizations of
GLR3.3 and GLR3.6 in expanded Arabidopsis leaves support
roles for both the phloem and xylem in leat-to-leat wound
signalling (Nguyen et al., 2018; Toyota et al.,2018).The prin-
cipal vascular pools of GLR3.3 and GLR3.6 were found in
the phloem and xylem, respectively. GLR 3.3 protein was also
detected in the epidermis (Nguyen et al., 2018). Our know-
ledge of the subcellular distributions of the GLRs in these
cells is, however, still incomplete. At the subcellular level, the
major GLR3.3 pools localized to the endoplasmic reticulum
in phloem sieve elements. The major GLR3.6 pools were
found in the tonoplasts of xylem contact cells. Additional, as
yet undiscovered, localizations of these proteins in other vas-
cular and extravascular cells and in other membranes (e.g. the
plasma membrane) are likely to exist (Nguyen et al., 2018).
Nevertheless, the cellular localizations of the main GLR3.3
and GLR3.6 pools indicate that xylem—phloem interactions
must take place during SWP propagation (Nguyen ef al.,
2018).



Elicitors of membrane depolarization and
jasmonate synthesis

‘What are the plant-derived elicitors of membrane depolariza-
tion that might activate jasmonate production? Table 1 gives a
list of membrane-depolarizing elicitors from plants and from a
Charophyte alga. The simplest of all these agents is the K" ion.
The list includes the reactive oxygen species (ROS), hydrogen
peroxide, polycations such as spermine and spermidine, poly-
anions such as the cell wall component oligogalacturonic acid,
as well as DNA and a variety of nucleotides. From the list, it 1s
seen that various sugars and amino acids can trigger membrane
potential changes. There are also reports that the hormone in-
dole acetic acid (IAA) can cause membrane depolarization.
Table 1 also includes a number of specialized plant metabolites
such as phenolic acids and terpenes, as well as several green leaf
volatiles. Finally, among the peptides which can trigger mem-
brane depolarization are reduced and oxidized glutathione and
also systemin. There are likely to be other peptides that can
affect membrane potential leading to jasmonate synthesis. For
example, Vega-Muiloz et al. (2020) produced a valuable list of
molecules including peptides that can induce jasmonate syn-
thesis or signaling. We note that some of these molecules have
yet to be tested for their ability to trigger membrane potential
changes.

For the vast majority of the elicitors listed in Table 1, po-
tential links to the activation of jasmonate synthesis or sig-
naling have not been reported. However, several DAMPs that
can trigger jasmonate pathway activation are known. These in-
clude pectate/pectin-derived cell wall fragments (in particular
oligogalacturonides; Doares et al., 1995), the peptide systemin
(Moyen and Johannes, 1996), and more recently r-glutamic
acid (Glu) which stimulates the expression of jasmonate-
response genes (Toyota ef al.,2018).A common feature of these
diverse compounds is that they all trigger membrane depolar-
ization (Thain ef al., 1990; Moyen and Johannes, 1996; Den-
nison and Spalding, 2000; Shao et al., 2020). We are unaware of
reports of the long-distance transport of oligogalacturonides in
wounded plants. Concerning systemin, current evidence sug-
gests that this peptide is not necessary for damage-response
jasmonate pathway activation in leaves distal to wounds (Wang
et al.,2018). However, the amino acid Glu is of special interest
since it 1s a potential ligand for the clade 3 GLR proteins that
control membrane depolarization in tissues distal to wounds.

Glu is implicated in diverse signaling processes in plants and
has been studied as a potential signal molecule for decades
(Forde and Lea, 2007; Qiu et al., 2020; Liao ef al., 2022). In-
terest in the effects of Glu on ion fluxes was prompted by the
discovery of GLR genes in the Arabidopsis genome (Lam et al.,
1998). This helped to stimulate research on the effects of ex-
ogenous Glu on membrane potentials in plants. For example,
Dennison and Spalding (2000) showed that Glu triggered
membrane depolarization in Arabidopsis root tip cells and that
this was preceded by a spike-like increase in cytosolic Ca**
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levels. Glu was also shown to trigger membrane depolarization
in Arabidopsis mesophyll cells (Meyerhoft et al., 2005). Further
work showed that like Glu, the amino acids glycine, alanine,
asparagine, cysteine, and serine all triggered membrane depo-
larization in Arabidopsis hypocotyl cells (Stephens ef al., 2008).
In each case, these amino acids elicited membrane depolariza-
tions which were GLR3.3 dependent. Consistent with this,
Glu can bind directly to several clade 3 GLRs. In GLR3.3,
Glu is bound in the absence of water, whereas the smaller gly-
cine is bound in the presence of two water molecules (Alfieri
et al., 2020). A similar situation pertains for glycine binding
to GLR3.2 (Gangwar ef al., 2021) and for serine binding to
GLR3.4 (Green et al., 2021). Therefore, amino acid binding
to clade 3 GLRs might depend to some extent on water po-
tential.

Further interest in Glu as a signaling mediator came from
the finding that several clade 3 GLR genes underlie electrical
signaling in the aerial tissues of wounded Arabidopsis (Mousavi
et al.,2013).Toyota et al. (2018) revealed that Glu could trigger
jasmonate-response gene expression in Arabidopsis leaves. Im-
portantly, the same study provided strong genetic evidence that
extracellular Glu levels increase after wounding. Interestingly,
the effect of exogenous Glu on membrane depolarization
appears to be both concentration and plant specific; that is, one
compound, Glu, can elicit at least three types of electrical sig-
nals in plants. For example, 1 mM Glu triggered action poten-
tials in barley leaves (Felle and Zimmermann, 2007). However,
Zimmermann et al. (2009) found that an initial treatment of a
barley leaf with 10 mM Glu triggered an action potential, but
a second treatment of the leaf with 10 mM Glu triggered a
hyperpolarization typical of a system potential. More recently,
treatment of the cut ends of Arabidopsis roots or hypocotyls
with 50-100 mM Glu was shown to trigger SWP-like mem-
brane depolarizations in Arabidopsis leaves (Shao ef al., 2020).
How can one compound stimulate the production of electrical
signals as diverse as action potentials and SWPs? We suggest
that this is due to the fact that Glu may act as an excitotoxin
in plants as is known for its effects on animal cells (Ankar-
crona et al., 1995). It is possible that, in the constant presence
of high Glu levels, cell membranes may remain depolarized
for too long, blocking physiological functions. This raises the
possibility that other endogenous SWP elicitors might be exci-
totoxins. Such molecules might act at the cell surface or, for
full activity, might need to be imported into cells. If so, their
action may lead to particularly efficient water shedding from
the elicited cell into the apoplast.

Elicitor dispersal and the apoplast

The thin, shell-like cell walls of the leat mesophyll have low
water potentials in the range of =0.3 MPa (Meinzer and Moore,
1988; Wright and Beattie, 2004). Interestingly, pathogens manip-
ulate the apoplast to increase water potential (Xin et al., 2016;
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Table 1. Examples of plant-derived membrane-depolarizing elicitors

Elicitor Plant Tissue/cell Electrode JAre- Reference
position sponse
K* Arabidopsis Leaf Extracellular NA Favre et al. (2001)
Chara corallina Internodal cell Extracellular NA Shimmen (2006)
Sucrose Soybean Cotyledon Intracellular NA Lichtner and Spanswick
(1981)
Arabidopsis Seedling - JA-lle content? Wingler et al. (2020)
Glucose, mannose, galactose Barley Leaf Extracellular NA Felle and Zimmermann
(2007)
Liverwort Thallus cell Intracellular NA Felle and Bentrup
(1980)
Amino acids (Glu, Ala, Asn, Cys, Gly, Arabidopsis Root Intracellular NA Qi et al. (2006)
Ser, Arg, etc,) and GABA Leaf Extracellular NA Shao et al. (2020)
Barley Leaf Extracellular NA Felle and Zimmermann
(2007)
Moss Protonema cell Intracellular NA Koselski et al. (2020)
Arabidopsis Leaf/seedling - JA response transcript Toyota et al. (2018);
induction Goto et al. (2020)
H,0, Lima bean Leaf Intracellular NA Maffei et al. (2006)
Arabidopsis Mesophyll cell Intracellular NA Nuhkat et al. (2021)
Phenolic acids: salicylic acid, Barley Root epidermal Intracellular NA Glass and Dunlop
benzoic acid, etc. cell (1974)
QOat Coleoptile cell Intracellular NA Bates and Goldsmith
(1983)
ABA Broad bean Guard cell Intracellular NA Roelfsema et al. (2004)
Arabidopsis Suspension cell Intracellular NA Brault et al. (2004)
Salvia miltiorrhiza Hairy root - MeJA contentf Yang et al. (2012)
IAA Wheat and maize Coleoptile Intracellular NA Goring et al. (1979)
Arabidopsis Root epidermal Intracellular NA Dindas et al. (2018)
cell
Nucleotides (ATP, GTP, etc.) Arabidopsis Root hair Intracellular NA Lew and Dearnaley
(2000)
Seedling - JA response transcript  Tripathi et al. (2018)
induction
Polyamines: spermine, spermidine,  Lima bean Leaf palisade Intracellular NA Ozawa et al. (2010)
etc. cells
Seedling - JA contentt Ozawa et al. (2009)
Pea Root mature Intracellular NA Pottosin et al. (2014)
zone cortical cell
GLVs: Tomato Leaf Intracellular NA Zebelo et al. (2012)
(E)-2-hexenal,
(2)-3-hexenal,
etc.
Monoterpenes Cucumber Root elongating Intracellular NA Maffei et al. (2001)
zone
esDNA Lima bean and maize Leaf Intracellular NA Barbero et al. (2016)
Oligogalacturonides Tomato Mesophyll cell Intracellular NA Thain et al. (1990)
Tomato Leaf JA contentt Doares et al. (1995)
Peptides and proteins
Systemin Tomato Mesophyll cell Intracellular NA Moyen and Johannes
(1996)
Leaf JA content? Doares et al. (1995)
GSH and GSSG Arabidopsis Root Intracellular NA Qi et al., (2006)
Leaf JA response transcript Han et al. (2013)
induction
ZmES4 (92 amino acids) Maize Pollen tube Intracellular NA Amien et al. (2010)
AtPep1/2/3 Arabidopsis Mesophyll cell Intracellular NA Krol et al. (2010)

GLVs, green leaf volatiles; esDNA, extracellular self-DNA; NA, not analysed. Only JA responses induced by exogenously applied elicitors were referred to

here.



Hernandez and Lindow, 2019). To what extent chewing insects
do this is unclear. However, sudden water fluxes into the apo-
plast caused by herbivore feeding should spread quickly; that is,
fluid released from the symplasm of herbivore-damaged cells is
expected to ‘wet’ the apoplast and, in doing so, carry with it
symplast-derived elicitors of membrane depolarization. This or
a similar process is likely to occur when one or a few cells are
wounded. Elicitor release from damaged cells would be of little
use to plants if the elicitor could not be dispersed effectively. Part
of the mechanism of elicitor dispersal will clearly depend on dif-
fusion. For example, the diffusion-driven spread of elicitors such
as amino acids through the apoplast is linked tightly to cytosolic
Ca®" waves (Bellandi ef al., 2022). Here, we propose additional
mechanisms which may explain apoplastic elicitor dispersal in
wounded plants. The models are based on mechanisms involving
tightly associated changes in membrane potential, cell volume,
and apoplastic water potential. Insights into the relationships of
these processes came, for example, from early work on Chara
corallina. Experiments with these giant algal cells revealed cell
length shortening during membrane depolarization (Oda and
Linstead, 1975). Osmoelectric motors involving transmembrane
water fluxes underlie the opening and closing of stomata (e.g.
Hill and Findlay, 1981; Roelfsema and Hedrich, 2005), a pro-
cess which can be surprisingly rapid in some ferns (Cardoso
et al., 2019). Closely related mechanisms can operate even more
rapidly, controlling fast movements associated with prey capture
by carnivorous plants (Hill and Findlay, 1981). Also, generally at
slower scales, osmotic mechanisms can explain reversible tur-
gor-driven diel movements of leaves and floral organs (Hill and
Findlay, 1981) and the cell swelling that underlies plant growth
(Forterre, 2013). Here, we add a new aspect; the involvement of
elicitor compounds that may drive rapid osmoelectric processes
by depolarizing membranes. We herein use the assumption that
plant cells in general lose water when their membranes depo-
larize. Moreover, we predict that osmoelectric siphon mecha-
nisms can help explain elicitor transport in wounded plants. In
summary, we propose ‘push—pull’ mechanisms in which cells first
shed water into the apoplast when their membranes depolarize
upon contact with elicitors. Critically, the same cells can take up
water again when their membranes repolarize (Fig. 1).

A cell-level osmoelectric siphon model for
elicitor dispersal from small wounds

A model for apoplastic elicitor dispersal from small wounds
(e.g. to one or a few cells in the epidermis or mesophyll) is
shown in Fig. 1. The model shows the release of membrane
depolarization elicitors from single cell wounds. The essence
of the model is that these compounds collapse membrane
potentials in surrounding undamaged cells, and that those cells
then release water into the apoplasm.The walls of neighboring
cells will then attract this water and, in the process, this will
carry elicitors further away from the wound. Added to this,
and not shown in the model, diffusion will also disperse signal
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radial water and elicitor
transport

Fig. 1. Model for radial elicitor dispersion from a small wound in a cell
layer. The fluid contents of broken cells disperse elicitors of membrane
depolarization (red Es) to neighboring cells. When these cells (red)
depolarize, they lose water. Cell walls adjacent to the wound suck up this
water and the elicitors in this fluid depolarize their cells (green), further
promoting elicitor distribution in the apoplast. The membranes will then
repolarize and their cells will take up water again. In this way, rings of
‘wet’ apoplasm will spread radially from small wounds. After dispersing,
the process will terminate when the elicitor concentration falls below a
critical level or when the elicitor decays. This process is linked to triggering
jasmonate (JA) synthesis. Dep = membrane depolarization; Rep =
membrane repolarization.

molecules until they are diluted out or they decay. In this way,
elicitors from wounds will radiate away from damaged cells.
This mechanism depends on low apoplastic water potentials
in the undamaged plant. However, apoplastic water potentials
are likely to vary depending on environmental conditions. A
prediction based on this model is that the lower the apoplastic
water potential, the better the spread of elicitors in the apo-
plast. This may also be the case for large wounds that rupture
the vasculature. Such wounds, unlike wounds to the epidermis
or mesophyll, cause direct damage to the phloem and xylem.

Elicitor transport in the xylem in relation to
electrical signaling

From the moment that a vein is severed by a feeding insect, and
in the seconds that follow, the water potentials of the xylem
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and phloem must change. Damage to the phloem must lead
to some loss of pressure, no matter how fast phloem occlusion
occurs. In parallel, fluid from damaged tissues is drawn from
the wound site into vessels as their tension is released suddenly
(Stahlberg and Cosgrove, 1992). This sap will essentially com-
pete with air to be sucked into the xylem. Importantly, the sap
carries with it membrane depolarization elicitors. The spread
of the SWP is driven by these elicitors of membrane depo-
larization as they travel through the xylem of the wounded
plant (e.g. Evans and Morris, 2017; Kurenda ef al., 2019). This
latter point links recent work on Arabidopsis with the histor-
ically important proposal for the existence of ‘Ricca’s factors’.
These xylem-mobile factors were proposed to control distal
wound-response leaf movements in the sensitive plants Mimosa
spegazzinii and M. pudica (Ricca, 1916, 1926). A brief history of
Ricca’s factors is given in Box 1.

In order to initiate SWPs that can travel from leaf to leaf,
herbivores must damage the basipetal primary veins (Kurenda
et al.,2019) in the region illustrated in red in Fig. 2A. Once ini-
tiated, SWPs travel to distal leaves that share vascular connec-
tions with the wounded leaf (Mousavi et al.,2013). SWPs travel
through the primary veins of Arabidopsis at apparent velocities
of 6=9 cm min~' (Mousavi ef al., 2013; Nguyen et al., 2018).
The elicitors of membrane depolarization that are transported
from leaf to leaf must travel at similar speeds to these electrical
signals. Membrane depolarization in leaves distal to wounds
takes place prior to peak cytosolic Ca®" transients (Nguyen
et al., 2018). Similarly, peak increases in cytosolic Ca*" levels
followed flagellin-induced membrane depolarization in Nico-
tiana benthamiana mesophyll cells (Li et al., 2021).

A likely driver of elicitor transport is transpiration, although
other mechanisms such as turbulent diffusion in the xylem have
been proposed (Vodeneev et al., 2012). In the case of Arabi-
dopsis, and as illustrated in Fig. 2B, electrical signals travel ba-
sipetally from sites of damage to the primary vein and then
disperse into leaves that share direct vascular connections with
the damaged leaf. We note that, in the damaged leaf, electrical
signals can travel towards the plant center. One explanation for
this is that all leaves essentially compete for water supplied by
the root. When the petiolar primary vein of one leaf is severed,
leaves sharing vascular connections with this leaf outcompete its
reduced transpiration, reversing xylem water flow in the severed
petiole. This might help to explain the fact that the apparent
velocity of the SWP in Arabidopsis is faster in the distal un-
wounded leaf than in the wounded leaf (Mousavi et al., 2013).

Here we consider transpiration as a primary driver of SWP
elicitor transport. SWP generation is extremely robust in wild-
type plants. When intact wild-type Arabidopsis plants were
placed in the dark for 3 d and then transferred to the light,
the plants displayed typical SWPs (Fotouhi et al., 2022). In the
same study, caterpillar-damaged wild-type plants that lacked
much if not most of their laminar tissues were still capable of
propagating SWPs. In this case, the SWP propagation velocity
was 2-fold slower in these damaged leaves relative to leaves

with intact laminas. While transpiration appears to play an im-
portant role in xylem elicitor dispersion, careful studies of the
link between transpiration and SWP propagation hint at addi-
tional mechanisms involved in elicitor transport. For example,
Stahlberg et al. (2005) concluded that transpiration rate was
unlikely to be the only determinant of SWP propagation in
sunflower leaves. Furthermore, SWP signaling needs to func-
tion at different times of the day and under different soil water
potentials. For this, a mechanism related to that proposed for
short-distance signaling in Fig. 1 may act together with tran-
spiration-driven elicitor transport.

An osmoelectric siphon model for elicitor
dispersal in the vasculature

The relative positions of the xylem and phloem in an Arabi-
dopsis primary vein are shown in Fig. 3A. In healthy plants
including trees, the xylem and phloem operate together under
diverse conditions (e.g. Spicer, 2014; Stroock ef al., 2014;Van
Bel, 1990; Zwieniecki et al., 2004; J. Knoblauch et al., 2016;
Konrad et al., 2019). We assume that this is also the case in the
wounded plant and that there is a coordinated function of the
phloem and xylem in leaf-to-leaf electrical signaling. Figure
3B illustrates the positions of fields of cells associated with the
xylem and phloem. The phloem field includes sieve elements,
companion cells, and the many associated cells which are
usually referred to as phloem parenchyma. The phloem elec-
trical field is embedded in a panvascular electrical field which
includes that of xylem contact cells. From an electrophysiology
perspective, we assume that cells in these two fields can be
depolarized in a coordinated manner upon attack. Herein, we
envisage that the vasculature, and in particular the phloem, acts
as a kind of capacitor (Fotouhi ef al., 2022). In this view, the
ability of the phloem to discharge (depolarize) and repolarize
rapidly and fully is vital for the electrical activities of other
vascular cells.

Both cell rupture and simply compressing cells without
breaking them may trigger electrical events. Regarding non-
damaging pressure changes, previous work led to the hypothesis
that compressive forces on xylem contact cells are associated
with SWP signaling (Farmer et al., 2014). Here, based on re-
cent experimental observations, we extend this ‘squeeze cell’
hypothesis to larger fields of vascular cells. Primary veins in
Arabidopsis leaves swell as wound-response electrical signals
travel from leaf to leaf (Kurenda et al., 2019). In parallel, defor-
mations of the petiole surfaces were detected (Fig. 3C). Both
of these observations are consistent with water fluxes in the tis-
sues of wounded plants. We speculate that increased axial water
fluxes through vessels in damaged plants may be coupled to
radial water shedding from the xylem into nearby cell walls.

In Fig. 3D we envisage an electrical field associated with
the phloem. Other vascular cells, including those in the xylem
region, form a second theoretical field. We speculate that these
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Box 1. Ricca’s factors in a nutshell

For decades, the touch- and wound-induced movements of Mimosa pudica have intrigued biologists. This plant (along
with related species such as M. spegazzinii) became ‘the’ model for touch-response signaling and for leaf-to-leaf wound
signaling. These plants attracted the attention of physiologists including Henri Dutrochet, Wilhelm Pfeffer, and Gottlieb
Haberlandt. Each of these scientists and some of their forerunners pondered possible mechanisms of signal propagation
within touch-stimulated or damaged Mimosa. Building on their work, Ricca (1916, 1926) showed that factors present
in extracts from M. pudica leaves could travel through dead tissues or even through glass tubes to elicit distal leaf
movements in this plant. This led to a sustained but ultimately unsuccessful effort to isolate these factors (e.g. Fitting,
1930, 1936; Van Sambeek et al., 1976). Meanwhile, Houwink (1935) made the connection between leaf movements in M.
pudica and electrical signals in this plant. Houwink’s work supported Ricca’s proposal that what are now called Ricca’s
factors (RFs) travel from wounds through the xylem to distal leaves. Moreover, Houwink specifically associated RFs
to damage-induced membrane depolarizations that he called ‘variations’ and that are now known as either ‘variation
potentials’ or ‘slow wave potentials’ (SWPs; as used herein). It is noteworthy that RFs were proposed to elicit the long-
duration depolarization phase of the SWP (Houwink, 1935).

For years, the RF concept remained Mimosa specific. However, Barbara Pickard broadened the definition of RFs to
xylem-mobile electrical signal-inducing substances from plants (Van Sambeek et al., 1976). At this point, the generality of
the RF concept became increasingly clear—all plants should have RFs. However, the roles of these putative substances in
plants other than M. pudica remained unclear. Pickard evoked a possible role for SWPs in plant defense (Van Sambeek et
al., 1976). This later turned out to be the case when electrical signals produced in response to wounding were genetically
linked to the activation of the synthesis of jasmonate in Arabidopsis (Mousavi et al., 2013). The current perspective is
that xylem-mobile substances underlie wound-response leaf-to-leaf electrical signaling in Arabidopsis (Evans and Morris,
2017). Indeed, evidence supports arole for xylem-mobile RFs in electrical signaling leading to both minute leaf movements
in wounded Arabidopsis and jasmonate signaling induction in this plant (Kurenda et al., 2019). GLR proteins appear to
act downstream of RFs to control leaf movements and jasmonate pathway activation in Arabidopsis. What, then, is the
chemical nature of RFs? Are they common and conserved molecules or are they plant specific? Sibaoka (1997) carried
out reciprocal treatments of different plants with leaf extracts and, failing to find strong evidence for interspecific RF
action, concluded that that these molecules might be ‘species specific’.

Ricca’s factors = E

A vein showing the regions of the xylem (X) and phloem (P) within a broken vein (green). Elicitors (E) are released from vascular
issues and are drawn into the xylem. The compounds are also known as Ricca’s factors after classic work by Ubaldo Ricca
(1916, 1926).

fieldsinteract and operate together in wound-response electrical  ture may provide clues. The Arabidopsis primary vein (Fig. 3A),
signaling. How this occurs is unknown. However, certain fea- unlike the mesophyll, lacks intercellular air spaces. This may
tures of the cell matrix that comprises the Arabidopsis vascula-  facilitate extensive radial interactions between vascular cells
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Fig. 2. Vein regions important in wound-response electrical signaling.
(A) The red highlight (‘excitation zone’) on the Arabidopsis leaf shows
regions which must be bitten by insects in order to trigger leaf-to-leaf
slow wave potential signaling (Kurenda et al., 2019). (B) The directions
of the transpiration streams of two neighboring leaves are indicated with
solid blue arrows. Insect damage triggers electrical signaling (dashed red
arrows) which travels in the directions indicated.

via plasmodesmata; such interactions may be important for
wound-response electrical signaling. To function effectively in
defense as activators of jasmonate synthesis, electrical signals
need to be propagated axially to distal leaves. This is facilitated
by xylem-borne membrane depolarization elicitors (‘Ricca’s
factors’) that essentially ‘bridge the gap’ between leaves.
Figure 2B illustrates that in order to elicit distal defense
signaling, elicitors from damaged leaves must be transported
basipetally from the damaged leaf before they can enter the
transpiration stream of an undamaged leaf. Plants that have
been badly damaged by herbivores may have a reduced ca-
pacity for transpiration. However, such plants still produce
SWPs, albeit of slower velocities than those of intact plants
(Fotouhi et al., 2022). In cases like these, we speculate that
osmoelectric siphons may help to facilitate basipetal elicitor
transport in damaged leaves so that elicitors can be chan-
neled towards transpiration streams in leaves distal to wounds.
Xylem contact cells are often found as stellate arrangements

organized around vessels. Such a cluster from the mid-region
of an Arabidopsis petiole is shown in Fig. 4A. However,
depending on their position in the primary vein, these elon-
gated cells can have variable diameters. At the base of the
Arabidopsis petiole, some contact cells that are adaxially posi-
tioned relative to vessels can be greatly enlarged (Fig. 4B).
These petiole—base contact cells should, in theory, have a
large capacity to shed water. In the model, the membranes
of vessel-associated cells in damaged leaves come into con-
tact with plant-derived elicitors. These cells then depolarize
and lose water which is drawn away into the apoplast (Fig.
4C).As the contact cells repolarize, they preferentially take up
water from vessels, thereby pulling water and elicitors along
the xylem (Fig. 4D).

The main assumption of the model is that xylem contact
cells and other core vascular cells release water when their
membranes depolarize. Much of this water may originate in
vacuoles. Indeed, changes in vacuole sizes have already been
linked strongly to electrical signaling. For example, electrical
signals in M. pudica trigger rapid pulvinar turgor changes,
water movements, and changes in vacuole size and shape (e.g.
Sibaoka, 1991). Could similar but more cryptic events take
place in Arabidopsis? Intriguingly, the vacuoles of Arabidop-
sis xylem contact cells show remarkably variable volumes
depending on whether or not vein samples are prepared in
the presence or absence of sorbitol (Nguyen ef al., 2018). It
will therefore be of interest to investigate contact cell vacuole
dynamics upon wounding. A further aspect that needs testing
is the possibility that the velocity and/or extent of leaf-to-leat
electrical signaling will depend in part on leaf water potentials.

Relationship of osmomelectric siphon
models and mechanohydraulic models

Our osmoelectric models differ from current mechanohy-
draulic models used in studies of cell growth (e.g. Long et al.,
2020). Mechanohydraulic models are generally used to ex-
plore irreversible cell growth trajectories. The osmoelectric
models herein are based on reversible transmembrane charge
redistribution and water fluxes leading to reversible (elastic)
changes in cell volume. We note that cells adjacent to wounds
divide in the hours that follow wounding (Hoermayer et al.,
2020).The osmoelectric mechanisms proposed herein should
work over shorter time frames (tens of seconds) and their
relationship to cell division, if any, is yet to be explored. Al-
though mechanohydraulic and osmoelectric models have dif-
ferent applications, they are united by hydraulics. Therefore,
interactions between the two types of model are possible.

Testing osmolectric siphon models

Followinggeneticteststoensure thebiologicalrelevance ofagiven
elicitor, the spatial extent of elicitation output (e.g. jasmonate
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Fig. 3. Two-field model for electrical signaling and elicitor dispersion leading to jasmonate synthesis. (A) Transversal view of a primary vein from an
Arabidopsis leaf. BS, bundle sheath; X, xylem; P, phloem. Xylem vessels are colored orange in the image. Phloem sieve elements and companion

cells are distributed in poles indicated as pink dots. (B) Hypothetical fields of cells involved in electrical signaling. One field (orange) is panvascular and
the other field (pink) is in the region of the phloem (P). It is of note that the phloem and xylem fields are separated by a cambial layer. The possible
consequences of electrical signaling across this developmentally important tissue have not, to our knowledge, been explored. (C) Putative pressure
increases within the vascular bundle and petiole surface deformation in relation to SWP electrical activity (based on results from Kurenda et al., 2019). (D)
Wounding triggers depolarization of the panvascular field (orange) and the phloem field (pink). Elicitors (red Es, otherwise termed ‘Ricca’s factors’) from
damaged cells spread along xylem vessels and depolarize cells in the xylem field. Membrane potential changes in the two fields of cells interact (blue
arrows). Elicitor movement in the xylem allows the SWP to travel from the wounded leaf to distal leaves.

signaling and electrical signaling) could be established with
reporter genes and, where possible, surface electrodes. Even
more challenging tests will involve measuring the degree of
water shedding from elicited cells. This may be problematic in
part due to the fact that cell-specific apoplastic water potentials
(matric potentials), apoplastic solute compositions, and con-
ductivities and ionic strengths are not yet measurable using
non-damaging methods in intact plants. Elicited cells should
lose turgor and this could be measured, for example with
atomic force microscopy. Force sensors such as those employed
in Kurenda ef al. (2019) may also be useful at the tissue level.
A potential caveat is that water influx into the apoplast might,
in addition to affecting turgor, alter cell wall properties, for ex-
ample causing wall swelling similar to that observed in brown
algae (M. Knoblauch et al., 2016). That possibility would need
to be taken into account. Pico gauges (Knoblauch et al., 2014)
could be used to probe intracellular pressures. However, the
possibility that puncturing cells might itself trigger membrane
depolarization will need consideration. Osmolyte treatments
may be considered. For example, the above wild-type level of
jasmonate signaling observed in Arabidopsis korrigan1 (korl)
cell wall mutants was suppressed by hyperosmotic treatments

(Mielke et al., 2021). However, we note that in the absence of
membrane depolarization elicitors, osmolytes alone may not
be sufficient to strongly depolarize the cell membranes. More-
over, key to the models we present are apoplastic water fluxes,
and these may be reduced or abolished if cells are partially
dehydrated in hyperosmotic conditions.

The elicitation of jasmonate synthesis after
wounding

Xylem contact cells are sites of wound-response jasmonate pre-
cursor synthesis in leaves distal to wounds (Chauvin ef al.,2013;
Gasperini ef al., 2015). Jasmonate precursor synthesis in these
cells follows SWP signaling; however, the key regulatory steps
that allow the initiation of jasmonate synthesis in these cells are
unknown. More is known about the synthesis of jasmonates
during reproductive development. Developmental jasmonate
production in flowers requires lipases (Ishiguro et al., 2001),
and these enzymes are also known to play roles in jasmonate
synthesis initiation in wounded leaves (Ellinger ef al., 2010).
The activity of such lipases may depend on wound-response
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Fig. 4. An osmoelectric siphon model for drawing water and elicitors into the vascular apoplasm in response to wounding. (A) Cryo-fracture electron
microscopy image of an array of contact cells surrounding a vessel in a primary vein from an Arabidopsis petiole. The image was from a region roughly

midway between the petiole base and the lamina. Orange XV, xylem vessel; purple CC, contact cell. Scale bar=10 pm. (B) Enlarged contact cells (purple
dots) at the base of an Arabidopsis petiole. These cells are of potential interest with respect to osmoelectrical models and possibly for diel leaf movements.
Brown dots are placed on several xylem vessels. Scale bar=10 um. (C) Model for a mechanism to draw water and elicitors along xylem vessels and into
the apoplasm in a wounded plant. Following damage to the vasculature, elicitors (red E) are released into xylem vessels and drawn along the transpiration
stream. These elicitors depolarize contact cell membranes which then shed water. Cells with depolarized membranes are indicated in red. (D) Upon
repolarization, water from vessels is preferentially reloaded from the xylem into contact cells. This mechanism is envisaged to operate in wounded leaves
and to allow elicitor transport to undamaged leaves distal to wounds. Repolarizing cells are indicated in green. The model assumes that there is a largely

one-way flow of water from vessels to contact cells. Jasmonate synthesis is not indicated. For (A) and (B) images were prepared using cryo-fracture
electron microscopy of leaves and petioles from 4.5-week-old Arabidopsis plants. Dep = membrane depolarization; Rep = membrane repolarization.

increases in cytosolic Ca®" which probably regulate post-
wounding jasmonate synthesis (X. Wang et al., 2019). Three
other factors might affect jasmonate synthesis in contact cells.
Each of these is related to the SWP: membrane depolarization,
changes in water potential, and changes in intra/intercellular
pressures. Genetic approaches have shown that intracellular
pressures can trigger jasmonate responses (Mielke et al., 2021).
Also concerning pressure, we note that mechanosensitive
ion channels are expressed in plastids which can deform in
their absence (Haswell and Meyerowitz, 2006). Alternatively,
it is possible that plasma membrane potential changes and/or
changes in water potential might affect endomembranes in-
cluding those of plastids. Such mechanisms could, in theory,
trigger galactolipid phase changes which then allow lipases to
generate jasmonate precursors. The potential contributions of

membrane depolarization, rapid cell water potential changes,
and tissue pressure changes to the wound-activated initiation
of jasmonate synthesis need investigation. In any case, feeding
herbivores need to minimize the activation of jasmonate syn-
thesis.

Potential relevance in biotic and abiotic
stress

The mandibles of herbivorous insects have forms that are
adapted to their host plants (Bernays, 1991). Chewing insects
generally cut plant tissues using sharp mandibles, avoiding
crushing of cells surrounding the sites they feed on.There are
exceptions to this. For example, some insect larvae tear leaf



tissues (Bernays and Janzen, 1988) and some lepidopterans use
their mandibles to generate sounds (Brown et al., 2007). How-
ever, all these herbivores have developed feeding strategies that
allow the rapid procurement and digestion of food, thereby
ensuring their fast growth (Bernays and Janzen, 1988). This is
facilitated by having sharp mandibles. Here, we propose an-
other potential effect of mandible wear—this time on the plant
itself.

If osmoelectric siphons function in plant defense, the de-
gree to which a feeding insect activates the jasmonate pathway
will depend in part on its mandibles. As a widespread anti-
herbivore defense mechanism, plants commonly deploy vit-
reous, silicon-based abrasives (Debona et al., 2017; Coskun
et al.,2019; Johnson et al.,2021) or crystalline deposits such as
calcium oxalate (Nakata, 2003) that can blunt insect mandibles
(Korth et al.,2006; Massey and Hartley, 2009; Park et al., 2009).
This is thought to reduce the ability of herbivores to digest
plant tissues efficiently, therefore retarding herbivore develop-
ment (Bernays, 1991). In some cases, defense chemicals gener-
ated upon wounding are thought to occlude the mouthparts
of insects that feed by sucking rather than chewing (Bai ef al.,
2022). What are the consequences of insect mandible/mouth-
part blunting for the plant? For example, is it the same to be
clipped by razor-sharp mouthparts or by mandibles that have
been blunted and worn? Based on our models for elicitor dis-
persal, we propose that mandible wear will affect plant defense
response induction. With relevance to the feeding mode of the
herbivore, it is likely that, when vascular tissues are crushed
rather than severed cleanly, elicitor-rich fluids enter the xylem
more efficiently than does air. Clearly, the herbivore must
minimize the release of symplast-derived elicitors of mem-
brane depolarization into the apoplast. Herbivores can do so
by severing tissues with sharp mandibles. Finally, the models
presented could be of interest in terms of drought stress. For
example, the model in Fig. 1 emphasizes the fact that a dying
cell sheds its water into the apoplast. Under severe drought
stress, living cells will start to lose their membrane potentials
and will shed water. Nearby cells will attract and gather this
water from the dying cell, thereby minimizing rapid evapora-
tive water loss from the tissue.

Conclusion

We present models for the transport of water, elicitors, and
effectors in herbivore- (or pathogen) attacked plants. In the
models we develop, chemical elicitors trigger membrane po-
tential changes and water fluxes that are associated with the
activation of the jasmonate pathway. These osmoelectric si-
phon models involve elicitor-induced exchange of water be-
tween the symplast and the apoplast correlated with changes in
membrane potential. At more negative membrane potentials,
cell turgor is maintained; however, turgor is lost when mem-
brane potentials collapse. We speculate that electrical signaling
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in attacked plants may, in addition to other mechanisms, ex-
ploit the fluid continuum of the apoplast to actively disperse
elicitors. This would allow plants to couple and coordinate
membrane depolarizations within and between cell layers. A
prediction is that the more turgid a cell is, the greater its re-
sponse to elicitation. Throughout the text, we assume that the
same elicitor triggers both membrane depolarization and sub-
sequent water shedding. However, the possibility that multiple
elicitors are involved in one of these two processes needs con-
sideration.

For small (non-vascular) wounds, we propose a mechanism
in which elicitors may be dispersed efficiently over short dis-
tances in the apoplasm so that even small quantities of these
molecules are carried away from the wound site. We distin-
guish this first model from a second model for elicitor dis-
persion within the vasculature of severely wounded tissues.
Leaf-to-leaf electrical signaling must be robust enough to
function day and night and under constantly varying envi-
ronmental conditions. To explain this robustness, mechanisms
going beyond transpiration have been evoked herein. This
second model involves the xylem and the phloem. Decades
of research indicate that the phloem is of vital importance
in axial electrical signaling through veins. Phloem electrical
signals triggered by non-damaging stimuli are generally re-
stricted to the stimulated organ and these signals can be
relatively fast depending on the plant species (Fromm and
Lautner, 2007). It is not yet known whether phloem elec-
trical signaling in response to non-damaging stimuli requires
phloem-borne chemical mediators of membrane potential
change. However, severe wounding of aerial tissues trig-
gers leat-to-leaf electrical signaling in a process that clearly
requires the long-distance transport of membrane depolariza-
tion elicitors through the xylem.Viewed simply, the phloem
in the wounded plant offers a fast route for electrical signal-
ing while the xylem offers a slower route. Elicitors which
travel through the xylem are likely to stimulate electrical
signaling in the phloem. That is, in the presence of plant-
derived xylem-borne elicitors, the phloem electrical signal
which would otherwise be restricted to the damaged leaf can
overcome an effective barrier to reach distal leaves. If verified,
the models developed herein may also help to explain the
movement of herbivore- and pathogen-derived effectors. In
the future, it will be interesting to verify the relationships (if
any) between osmoelectric siphon models and mechanohy-
draulic models. Lastly, some aspects of the models we present
may be relevant to the study of cell-to-cell water transport in
drought-stressed plants.
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