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of wound-induced systemic electrical signals
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ABSTRACT

Wounding induces systemic potentials in Arabidopsis thaliana that can be abolished by concomitant
suppression of the GLUTAMATE RECEPTOR-LIKE GLR3.3 and GLR3.6 genes. However, the roles of specific
GLR channels to these potentials remain unclear. Here | applied the Electrical Penetration Graph (EPG) to
study the contribution of three GLR channels to wound-induced, systemically propagated electrical
potentials in Arabidopsis thaliana. In contrast to recordings made with conventional rigs for whole-plant
electrophysiology, the EPG allows for the unambiguous distinction of the phloem-propagated action
potential (AP) from the electrical activity outside of the phloem. The data reported here suggest that: (a)
the transmission of wound-induced, phloem-propagated AP to neighbor leaves, requires expression of
GLR3.3 or GLR3.6, whereas GLR3.5 prevents its transmission to non-neighbor leaves; (b) the generation of
wound-induced electrical signals outside the phloem network depends on GLR3.6 expression; and (c)
wound-induced systemic potentials initiated in the shoot are transmitted to the root in the adult plant,
which suggests a role for these electrical signals in coordinating the plant defenses in the shoot and in the
root. Here, | propose a model for wound-induced systemic electrical signals at the molecular, cellular and
anatomical level. In this model, GLR3.3 and GLR3.6 function as on switches for the propagation of wound-
induced potentials beyond the wounded leaf, while GLR3.5 functions as an off switch that prevents the
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propagation of wound-induced electrical potentials to distal, non-neighbor leaves.
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Introduction

Plants have evolved sophisticated biochemical, genetic and
physiological adaptations to environmental stresses. Insect her-
bivory is a major threat in a plant’s life. Insect-made wounds
are potentially lethal, because they represent points through
which a plant quickly loses water pressure,' and through which
infectious organisms may enter.” The removal of plant tissue in
this manner is also detrimental to plant health. Recently it has
been shown that small wounds induce the expression of the
jasmonate-dependent defense genes in unwounded regions, in
a manner that depends on the propagation of electrical signals
from the wounded area.’ Likely, systemically propagated elec-
trical signals in plants were selected for during evolution
because they significantly increased the plant’s likelihood of
survival and reproduction in the context of herbivory. There-
fore, unveiling the genetic underpinnings for the systemic elec-
trical transmission in plants is essential to understanding the
plant-insect co-evolution.

Electrical signals are generated by a variety of voltage and
ligand-dependent ion channels and transporters. These are
complex multi-subunit proteins, expressed at the plasma mem-
brane, which harbor multiple motifs that determine their ion
selectivity, conduction properties, and modulation by second

messengers.” The genome of Arabidopsis thaliana contains over
70 genes for ion channels and transporters.” Twenty of these
genes belong to the glutamate receptor-like (GLR) family of ion
channels, which is related to the ionotropic glutamate receptor
(iGluR) gene family in animals® that mediate most excitatory
transmission in the brain.” In the animal nervous system, GLR
channels assemble as tetramers that contain two types of subu-
nits, 2 that bind glutamate and 2 that bind glycine.® The subunit
composition of native plant GLRs remains elusive, although it is
known that single cells express 4 to 6 different GLR subunits.’
Interestingly, Taniura et al.'’ (2006) have noted that the plant
GLR3.5 channel is the only of the 20 plant GLRs whose N-termi-
nal LIVBP domain contains the same 5 key amino acid residues
that in mammalian iGluRs are required for binding to the «-car-
boxylic and a-amino groups of glutamate."'

A survey of T-DNA Arabidopsis mutants with surface elec-
trodes identified the GLR3.3 and the GLR3.6 channels as key
mediators of wound-induced potentials propagated between
leaves.” Another study that used an alternative rig for whole-
plant electrophysiology, namely the Electrical Penetration
Graph (EPG), showed that the phloem of the glr3.3 glr3.6 dou-
ble mutant does not propagate wound induced electrical signals
beyond the wounded leaf.'* The consistency between these two
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studies™? suggests that the wound-induced potentials mea-

sured with conventional surface electrodes and the potentials
measured with the EPG share cellular and molecular origins.
The recordings made with coarse surface electrodes are low sig-
nal-to-noise ratio recordings in which the different electrical
signals are difficult or impossible to distinguish from each
other. Surface electrode recordings of single GLR mutants
showed that suppression of only GLR3.3 or GLR3.6 does not
abolish the propagation of wound-induced electrical signals
between neighbor leaves, although these signals are markedly
shorter than in the wild type, in both mutants.” However, these
data did not clarify the contribution of each these channels to
specific signals. For instance, the shortening of the electrical
signal could be due to elimination of the function of an entire
population of contributing cells, or to a modification of the bio-
physics of the ion currents that underlie these potentials, or to
both. The EPG, in contrast, yields high signal-to-noise ratio
recordings of the phloem-transmitted AP; however, single GLR
mutants have not yet been examined with the EPG technique.
Here I investigated the individual contributions of GLR3.3.
GLR3.5 and GLR3.6 to the different wound-induced electrical
signals with the EPG technique, as illustrated in Fig. 1. The
results of these experiments suggest that GLR3.3 or GLR3.6 are
required to send the phloem-propagated AP beyond the
wounded leaf, that GLR3.6 is necessary for the occurrence of
the electrical potential outside of the phloem, and that GLR3.5
prevents the entry of the phloem-propagated AP into leaves
that are not neighbor to the wounded ones. In summary, this
study suggests that GLR channels switch on and off the propa-
gation of the phloem AP to unwounded leaves, and perhaps
contribute electrical currents underlying wound-induced elec-
trical signals outside of the phloem network.

Results

Wounding induces long and transient potentials between
the root and the SE/CC complexes in unwounded leaves

Cutting a leaf at the petiole/lamina junction induced long, sus-
tained potentials, as well as short potentials referred to as action
potentials (APs), between the root and SE/CCs in unwounded
neighbor leaves (Fig. 2A). When the EPG-recorded aphid (i.e.
the SE/CC electrode) was placed on a non-neighbor leaf, only
the long potential was recorded (Fig. 4A). The leaf pairs 5-8 and
5-3 were used to test electrical transmission between neighbor
leaves, and the pair 8-9 was used for examining electrical trans-
mission between non-neighbor leaves (Fig. S1). The long poten-
tial rises slowly, reaching peak amplitude within 15s, and has
variable durations between 1 and 3 minutes. In contrast, the AP
rises quickly, reaching peak amplitude within a second, and
appears invariably superimposed over the long potential in the
EPG recordings (Fig. 2A). The average amplitudes of the AP
and the long potential were c. 75 mV and c. 37 mV respectively
(Figs. 3A and 5A). The average duration of the entire wound-
induced potential was c. 150s if the SE/CC electrode was in a
neighbor leaf (Fig. 3B), and c. 130s if the SE/CC electrode was in
a non-neighbor leaf (Fig. 5B). Note that in the latter case there is
no contribution of the AP to the total duration of the electrical
signal. These results are consistent with a previous study.'”

SE/CC electrode

Computer

Ground
electrode

Figure 1. The Electrical Penetration Graph (EPG) re-purposed for whole-plant
electrophysiology. (A) Diagram of the general configuration of the EPG rig,
which records potential differences between a coarse copper electrode placed
within the root medium, and a SE/CC electrode, represented by the stylet
bundle of an aphid or other phloem-feeding insect. The insect is integrated
into the EPG via an ultra-thin (¢ = 18 um) gold wire immersed into a dried
up droplet of silver glue on the aphid’s abdomen. Both electrodes feed into
a differential amplifier with an inverting input and a non-inverting input. The
input resistance (Ri = 1 GQ) lies between the ground electrode and the
point of measurement. (B) Electron micrograph of a transversal section of the
stylet bundle of Nasonovia ribisnigri in between cells of Lactuca sativa. Abbre-
viations used are: fc = food canal, sc = salivary canal, mx = maxillar stylet,
md = mandibular stylet, nc = neural canal, ss = salivary sheath. Image cour-
tesy of Freddy Tjallingii.

Suppressing GLR3.3 expression shortens the duration of
the wound-induced long potential between the root and
the SE/CC complex in unwounded leaves

The general waveforms of wound-induced potentials
between the root and the SE/CC in unwounded leaves of
glr3.3 and wild type plants were similar (Figs. 2B and 4B),
and the amplitudes of the AP and the long potential in
both genotypes were not significantly different (Figs. 3A
and 5A). However, the average total duration of the
wound-induced potentials in glr3.3 plants was c. 60%
shorter than that of the wild type (Figs. 3B and 5B). These
results are consistent with the previous study that showed a
significant reduction in the duration of potentials transmit-
ted between neighbor leaves in the gIr3.3 mutant with
respect to the wild type.” The new EPG data here addition-
ally shows that the glr3.3 mutation affects the duration of
the long potential, but not that of the AP.
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Figure 2. Wound-induced systemic potentials between the root and SE/CCs in neighbor leaves of Arabidopsis thaliana wild type and GLR mutants. Typical wound-induced
potentials of a wild type plant (A), as well as of the single mutants glr3.3a (B), gIr3.6b (C), and glr3.5a (D) are shown. The inset illustrates the design for these experiments.
In all cases except in the glr3.6 mutant, the recordings show unambiguously 2 potentials, a long potential and a superimposed action potential, annotated as LP and AP

in (A). The time of wounding is indicated with arrows.

Suppressing GLR3.6 expression abolishes the wound-
induced long potentials between the root and the SE/CC
complex in unwounded leaves

In contrast to wild type plants, which invariably produce long
potentials between the root and SE/CCs in unwounded leaves,
the glr3.6 mutant appeared to be unable to produce these long

potentials in response to wounding, although it still propagated
APs between neighbor leaves (Figs. 2C and 4C). Here it is
important to note that, in the EPG recordings, the remotely
induced AP in the glr3.6 mutant rises from the absolute base-
line, whereas in the wild type, it rises from the depolarized
steady-state of the long potential (compare Figs. 2A and 2C).
Interestingly, the amplitudes of the remotely induced APs in wt
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Figure 3. Amplitudes and durations of wound-induced systemic potentials
between the root and SE/CCs in neighbor leaves of Arabidopsis thaliana wild type
and single GLR mutants. (A) Average maximal (peak) amplitudes of action poten-
tials and long potentials produced by wild type (WT), glr3.3, glr3.6, and gir3.5
plants, recorded by EPG in the configuration shown in the inset of Fig. 2. (B) Aver-
age durations of the total systemic potentials in wild type (WT), and in each of the
mutant plants. Bars represent mean =+ s.e.m. The number of plants is indicated in
parentheses. Statistical differences between the mean amplitudes and durations of
the potentials in wild type and each of the mutants were assessed with Student’s t
tests.

and gIr3.6 plants were not significantly different (Fig. 3A). In
other words, the occurrence of the long potential did not affect
the maximum level reached by the AP that is apparently super-
imposed on it. Consistently, the surface potentials transmitted
between neighbor leaves in the glr3.6 mutant were much
shorter than those in wild type plants, as if a large component
of the signal had been eliminated.” The new EPG data shown
here demonstrates that the dramatic shortening in the wound-
induced systemic potential in the glr3.6 mutant results from the
suppression of the long potential.

Suppressing GLR3.5 expression creates wound-induced
APs between the root and SS/CC complexes in unwounded
non-neighbor leaves

Next, I examined the wound-induced systemic potentials in
glr3.5 plants. The motivation for examining the contribution of
GLR3.5 was that this is the only GLR channel in Arabidopsis
with a complete binding site for glutamate, which may confer an
important role in the wound-induced systemic electrical sig-
nal.'' The data show that the potentials between the root and
the SE/CCs in neighbor leaves were similar in waveform to those
of the wild type (Fig. 2D), although the amplitude of the AP in
this mutant was markedly shorter than in the wild type
(Fig. 3A). In addition, the duration of the entire wound-induced
systemic potential in glr3.5 was slightly reduced with respect to

the wild type, but not significantly so (Fig. 3B). However, the
most surprising phenotype of the glr3.5 mutant was that it gen-
erated wound-induced APs in SE/CCs of non-neighbor leaves in
all plants tested (Fig. 4D). This is an all-or-nothing, gain-of-
function phenotype, because none of the wild type plants exam-
ined in this study or in the previous study'* transmitted wound-
induced APs between non-neighbor leaves. Additionally, this
new AP in the glr3.5 mutant was doubled in size compared to
the AP transmitted between neighboring leaves of the same
mutant, and of similar size as the AP transmitted between neigh-
boring leaves in wild type plants (compare Figs. 3A and 5A). A
comparison of these data with those in the previous study using
surface electrodes® is not possible, because in that study wound-
induced electrical signals between non-neighbor leaves were not
reported for any single GLR mutant, including GLR3.5.

Concomitant suppression of GLR3.3 and GLR3.6
expression abolishes the wound-induced AP in unwounded
leaves but not in wounded leaves

Fig. 6A shows the absence of wound-induced potentials
between the root and a SE/CC in an unwounded neighbor leaf
of the double mutant glr3.3 glr3.6, corroborating the results
from the previous study.'”> However, the same double mutant
consistently generated and propagated wound-induced APs
along the SE/CC network of the wounded leaf (Fig. 6B-D).
Average amplitudes of the locally propagated AP were 77 +
12 mV (n = 6) for wild type, and 85 & 14 mV (n = 4) for the
double mutant glr3.3 glr3.6. The average durations of these
potentials were: 3 & 0.5s for the wild type, and 4 £ 0.5s for
glr3.3 glr3.6. Thus, the double glr3.3 glr3.6 mutation does not
affect the generation and propagation of the wound-induced
AP in the wounded leaf. This result is consistent to the previous
study with surface electrodes, which shows the transmission of
the wound-induced signal within the wounded leaf in the dou-
ble glr3.3 glr3.6 mutant.’

Discussion

Alternative mechanisms for electrical transmission in
multicellular organisms

Until recently, long-distance electrical transmission in plants
was generally regarded as a simplified version of long-distance
electrical transmission in animals. However, if multicellularity
evolved independently in plants and animals,"” then the mech-
anisms for propagating electrical signals in these two groups
evolved independently as well. It is thus fundamentally incor-
rect to regard one system for electrical transmission as a simpli-
fied or imperfect version of the other, given that they fulfill
completely different requirements. The results presented here
highlight the different utilization of a common, primitive build-
ing block of excitability by plants and animals. The GLR gene is
ancient, since phylogenetic analyses suggest that it was present
in the common unicellular ancestor of plants and animals.'*
Animals express GLR channel genes at the synaptic junction,
where they generate ionic currents that directly mediate the
transmission of electrical signals between neurons.” In contrast,
the data provided here, together with previous experimental
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Figure 4. Wound-induced systemic potentials between the root and SE/CCs in non-neighbor leaves of Arabidopsis thaliana wild type and single GLR mutants. Typical
wound- induced potentials of a wild type plant (A), as well as of the single mutants gir3.3a (B), glr3.6b (C), and glr3.5-a (D), recorded by EPG in the configuration illustrated
in the inset are shown. Panel C shows a long, continuous EPG recording from a glr3.6b mutant that is broken into 3 segments. Arrows indicate the time of wounding. The
results from both T-DNA alleles of GLR3.5 were similar. Results from glr3.5-b are shown in Fig. S2. The time of wounding is indicated with arrows.

studies™'? suggest that in plants, GLR channels play a key role
in determining the electrical connections between the phloem
vasculature of leaves. Therefore, it appears that plants and ani-
mals have deconstructed the GLR gene from its original unicel-
lular context to re-frame it in the context of multicellularity in
completely different ways.

Re-interpretation of the EPG data on whole-plant
electrophysiology

The waveform of the wound-induced systemic potentials
acquired with the EPG is peculiar, as it contains an AP appar-
ently superimposed onto the steady state of a low amplitude,
long-lasting depolarization (Fig. 2A). In the previous study
describing the use of the EPG as a method for plant electro-
physiology,'” both the AP and the long potential were
assumed to originate from ionic currents across the SE/CC
complex probed by the stylet of the EPG-recorded aphid.
Here I contend that this notion is incorrect. Whereas the high
resolution with which the AP is recorded by the EPG is

consistent with its being produced by a single SE/CC complex,
it seems unlikely that the same SE/CC complex generates the
long potential as well. Prolonged depolarizations are detri-
mental to cell health, and are a sign of defective repolarizing
K* channels, as in the case of the long QT2 syndrome.'® One
could argue that the membrane potential of the SE/CC com-
plex is forced into a depolarized state by an ephaptic effect,'
in which ionic currents flowing through cells - in this case
cells surrounding the SE/CCs - affect the gating of ion chan-
nels in nearby cells, in this case the SE/CC. If the long poten-
tial origin were the SE/CC complex, regardless of whether it is
primary excitation or secondary (ephaptic) excitation, this
first long depolarization would diminish the electrical driving
force for the ion currents underlying the AP. However, the
new data on the glr3.6 mutant presented here, provides evi-
dence against this hypothesis. In the gir3.6 mutant, the
remotely induced AP, which occurs in the absence of the long
potential, has similar amplitude to that of the remotely
induced AP in the wild type, which appears on top of the long
potential (compare Figs. 2A and 2C). Therefore, it is unlikely
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Figure 5. Amplitudes and durations of wound-induced systemic potentials
between the root and SE/CCs in non-neighbor leaves of Arabidopsis thaliana wild
type and single GLR mutants. (A) Average maximal (peak) amplitudes of transient
potentials and long potentials produced by wild type (WT), and glr3.3, glr3.6, and
glr3.5 single mutant plants, recorded with the EPG in the configuration shown in
the inset of Fig. 4. (B) Average durations of the total systemic potentials in wild
type (WT) and each of the mutant plants. Bars represent mean =+ s.e.m. The num-
ber of plants is indicated in parentheses. Statistical differences between the mean
amplitudes and durations of the potentials in wild type and each of the mutants
were assessed with Student’s t tests.

that the long potential is generated in the SE/CC complex or
in its vicinity.

Where is then the long potential generated? The two major
possibilities are: within the recording horizon of the

50 mV

‘l 10s

glr3.3 gir3.6

wild type

unwounded leaf

intracellular SE/CC electrode (i.e. the aphid’s stylet), or within
the recording horizon of the root electrode. An electrode’s
recording horizon is positively correlated with its tip diameter;
thin titanium nitride electrodes (¥ ~10 um) used in multi-
electrode arrays (MEA) capture signals within a radius within
30 um around the electrode.'” Extrapolating the recording
horizons for the MEA electrodes to the special EPG intracellu-
lar bio-electrode is not straightforward. Nevertheless, since the
inner ¢ of the food and salivary canals are, respectively, 1 and
0.5 um (Fig. 1B), it is reasonable to assume that the radius of
the stylet’s recording horizon is only a few um in magnitude,
and it does not significantly extend beyond the SE/CC complex
into which it is inserted. Therefore, the most likely origin of the
long potential is within the recording horizon of the large EPG
soil electrode (¥ ~1.5 mm). The roots of 4-5 week old A. thali-
ana plants were profusely ramified through the small soil pots
used here. The variations in root architecture and exact posi-
tion of the root electrode between experiments likely account
for the variability in the waveform and the duration of the long
potentials. Fig. 7 illustrates the proposed contributions of the
SE/CC complex and the root to the different phases of a typical
EPG recording. Although EPG can only record the long poten-
tials originated in the root area, it is likely that these are also
produced in leaves (see next section), but outside of the record-
ing horizon of the SE/CC electrode. The plant root contains
excitable tissue that expresses a wide variety of voltage- and
ligand-gated ion channels that support the generation of elec-
trical potentials.”'®'". Interestingly, spontaneous small depola-
rizations propagating over short distances in the root apical
meristem have been recorded with micro-electrode arrays.***!
This spontaneous electrical activity in the root could underlie
spontaneous, more or less regular fluctuations of the EPG base-
line during the stable feeding phase (E2 waveform) that are
occasionally observed by myself and other EPG users. Because
of this evidence indicating that the root is an electrically excitable
area, caution should be exerted when interpreting data acquired by
whole-plant electrophysiology rigs that, like the EPG, use a fixed
soil/root electrode. For instance, if increasing the distance between
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Figure 6. Wound-induced systemic potentials between the root and SE/CCs wounded and unwounded leaves of Arabidopsis thaliana wild type and glr3.3 glr3.6 mutant.
(A) EPG recording of the potential between the soil electrode and a SE/CC electrode in an unwounded neighbor leaf in a gl/r3.3 g/r3.6 mutant. Small wounds produced
with tweezers in the middle of the leaf, on the midvein (B), induced transient potentials that propagated basipetally in the wounded leaf via the SE/CC network, both in
the wild type (C) and in the double glr3.3 glr3.6 mutant (D). Arrows indicate the moment a leaf was cut (A), or wounded with tweezers (C,D).
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induced EPG-recorded systemic potential. The potential difference (PD) between the root and the SE/CC electrode is plotted as a function of time. In a typical EPG-
recorded systemic signal there are 3 potential levels. (B) At rest (PD,) only the resting membrane potential of the SE/CC contributes to the PD. By convention, the extracel-
lular or external resting potential (in this case external to the root) is regarded as negligible (Vs— 0), although there are always background ionic currents. In the given
example, the intracellular potential of the SE/CC has an arbitrary value of —100 mV. (C) The first potential level of a typical EPG-recorded signal (PD) is generated by elec-
trical activity in the root. At this point, the SE/CC is still unexcited. Intracellular depolarizations in root cells are recorded as a compound extracellular hyperpolarization by
the root electrode. The size of the recorded extracellular hyperpolarization will be reduced proportionally with the distance between the root and the electrode. In the
given example, the excitation (depolarization) of a root area is recorded externally as a +30 mV hyperpolarization (these are arbitrary values). Since the EPG uses a differ-
ential amplifier with an inverting input and a non-inverting input, the polarity of the root potential is reversed before calculating the PD. (D) The second potential level of
a typical EPG-recorded signal (PD,) is generated by the still ongoing electrical activity in the root and a maximally excited SE/CC. In the given example, the maximal depo-
larization in the SE/CC is —50 mV. Abbreviations used are: SE = sieve element; CC = companion cell, Vse = membrane potential of the sieve element; Vs = extracellular
potential of the root, in the vicinity of the soil electrode. The excited depolarized membrane potential is shown with an asterisk (e.g. V).
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the point of stimulus and the recording site is not accompanied by
an increased latency of the electrophysiological response, it may
not be because an instantaneous hydraulic pressure wave causes
the electrophysiological response’, but because the response origi-
nates in the root, recorded by an electrode that has remained in the
same position.

A new model of the molecular, cellular and anatomical
substrates for plant electrical transmission

The new data acquired with the EPG technique, and inter-
preted as explained above and illustrated in Fig. 7 supports the
following conclusions:

1. The long potential that is generated outside of the SE/CC
complex depends on GLR3.6 expression. However, the
precise mode in which GLR3.6 contributes to the long
potential is not clear yet. GLR3.6 mediates inward Ca®*
currents in the root,”> which could underlie the long
potential. How would the GLR3.6 channel become acti-
vated? An ephaptic mechanism'® by which the electrical
field associated with the SE/CC-propagated AP activates
Ca®*" currents in non-phloem cells is not far-fetched
since of a new study shows that relatively weak electric
fields of only 2-5 mV/mm are sufficient to allow the
transverse propagation of action potentials, inducing
electrical currents in nearby cells.”

2. The duration of the long potential, but not of the AP, is sig-
nificantly affected by GLR3.3 expression. Two explanations
are: (i) Ionic currents through GLR3.3 channels affect the
duration of the electrical signals in cells other than SE/
CCs, and (ii)) GLR3.3 channels switch on the wound-
induced electrical potentials in one or more, but not all,
participating cell populations outside of the SE/CC
network.

3. Expression of GLR3.3 or GLR3.6 is necessary for the exit of
the AP beyond the wounded leaf via the SE/CC network.
GLR3.3 and GLR3.6 are functionally redundant in this
context.

4. Expression of GLR3.5 blocks the entry of the AP into the
SE/CC network of unwounded non-neighbor leaves, pre-
venting the wound-induced electrical signal from being
fully systemic. This is one of the most interesting result
of this study, because it suggests that the plant actively
regulates the spatial distribution of systemic electrical
signals. By restricting the electrical signal to the leaves
that are closer to the wounded one, where it is more rele-
vant, the plant avoids investing excessive energy in
defense. In addition, this result opens the question of
whether the spatial regulation of systemic electrical sig-
nals in plants is plastic, even subject to epigenetic
regulation.

Fig. 8 shows a model for the molecular mechanisms govern-
ing the spatial distribution of the wound-induced long-distance
electrical signal, in which the GLR3.3, GLR3.5, and GLR3.6
channels function as digital switches that allow or block the
transmission of the AP between leaves. The precise mecha-
nisms by which these channels determine the 3D spatial distri-
bution of the wound-induced AP remain to be determined. A
possibility is that GLR channels are expressed at early stages of
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Figure 8. Model for the molecular, cellular, and anatomical bases of the systemi-
cally transmitted wound-induced electrical potentials in Arabidopsis thaliana. Wild
type A. thaliana plants generate 2 major types of electrical signals upon wounding
that can be recorded in unwounded leaves, namely an action potential (AP) in the
SE/CC network of the phloem, and a long potential (LP) in unknown cell popula-
tions, outside of the SE/CC network. The model proposes that GLR3.3 and GLR3.6
have a redundant function in sending the AP to unwounded leaves via the SE/CC
network. GLR3.5 functions as an off-switch that blocks the transmission of the AP
to non-neighbor leaves. However, the AP sent to the neighbor leaf in this mutant
is significantly small, compared with that of wild type plants (c. 30 mV), and there-
fore, it may act as a partial on-switch for the transmission of the AP between
neighbor leaves. This is not shown in the model, as it emphasizes “all or none”
phenotypes. GLR3.6 is essential for the occurrence of the wound-induced long
potential. The model proposes that the GLR3.6-dependent LP is not independently
propagated between leaves, but induced locally by the phloem-propagated AP.
Therefore, the AP represents primary excitation, and the LP represents secondary
excitation. This model suggests that the fine coordination of the expression of
these GLR channels results in a highly regulated spatial distribution of stimulus-
induced electrical signals in plants.

development to carry important Ca®" signals that regulate the
formation of electrical bridges and barriers between the vascu-
latures of neighbor and non-neighbor leaves. The recent find-
ings that GLR3.5 plays an important role in signaling during
development,®* and that the phloem-expressed GLR3.2 and
GLR3.4 interact with each other to modulate the root architec-
ture,”” are consistent with this hypothesis. If GLR channels do
not carry the ionic currents that underlie the phloem propa-
gated AP, which ion channels or transporters are responsible?
Future studies with forward genetic approaches will provide
unbiased information on the molecular effectors and regulators
of this poorly understood phenomenon. Studying electrical
transmission in plants with modern tools and techniques is
necessary for building an alternative model of electrical trans-
mission in multi-cellular organisms.

Materials and methods
Plants and growth conditions

Wild type Arabidopsis thaliana L. plants, Columbia-0 accession,
were used. The T-DNA single mutants glr3.3a (Atlg42540,
salk_099757) and glr3.6b (At3g51480, salk_035353), as well as
the double mutant glr3.3a glr3.36a were donated by Ted Farmer.’
Two T-DNA alleles of the GLR3.5 gene were purchased from the



Nottingham Arabidopsis Stock Center: glr3.5-a (At2g32390,
salk_035264) and glr3.5-b (At2g32390, salk_111204). All mutant
plants are in Columbia-0 background. All plants were soil grown
in small plastic soil pots of 6 cm in diameter, growth chambers at
23° C in 70% humidity, with a light intensity of 100 uE m™*s™"
in a 9:15 h Light: Dark [L: D] photoperiod. Plants between 4 and
5 weeks of age were used in the experiments.

Aphids

Clones of the cabbage aphid Brevicoryne brassicae L. originated
from single virginiparous females collected in Villa del Prado,
Madrid (Spain). Aphids were greenhouse reared on cabbage,
Brassica oleracea L., without supplemental lighting, and within
temperature ranges of 20:18° C [L:D].

Genotyping of T-DNA insertion lines

The two T-DNA alleles of the GLR3.5 gene were genotyped to
ensure that they were homozygous. For this purpose, small fresh
leaf samples were placed into Eppendorf tubes and ground with a
Quiagen TissueLyser II (Retsch Technology). Then, 60 uL of
extraction buffer (200 mM Tris HCl pH 7.5, 250 mM NaCl,
25 mM Na,EDTA, 0.5% SDS) was added to each tube, and these
were centrifuged at 4,000g for 10 min. The supernatants were
transferred into new Eppendorf tubes, to which 50 uL isopropa-
nol was added. Tubes were then centrifuged at 4,000 for 5 min.
The pellets were washed with 70% ethanol (500 L) and centri-
fuged at 4,000g for 5 min. The DNA pellets were re-suspended in
50 1L de-ionized water. Two L of this extracted DNA was used
for genotyping of T-DNA insertion lines: glr3.5-a (At2g32390,
salk_035264) forward, 5-TGAAGTTGCTGCAAATGTGAG-
3’; reverse, 5-TGTCGACATGTCCACAGCTAG-3'. glr3.5-b
(At2g32390, salk_111204) forward, 5'~ACCCATCTCATGTA-

GGGGAAG-3'; reverse, 5- TTCAGAAAAAGCAATCCA-
TGC-3'.
Electrophysiology

The Electrical Penetration Graph (EPG) technique was re-pur-
posed as a method for recording systemic electrical signals in
plants, as described previously.'>*® Probing by B. brassicae
aphids was recorded with a Giga-8 Amplifier (8-channel DC
system; EPG Systems, Netherlands). Signals were acquired at a
sampling rate of 100 Hz, digitized with a built-in converter,
and analyzed using Stylet+ software (EPG Systems, Nether-
lands) on a PC. Since the input resistance (Ri) of the DC-EPG
amplifier was 1G(), the measured voltage differences were cali-
brated with a pulse of known voltage (in this case, 50 mV), in
order to compensate for the attenuation of the membrane
potential changes due to the relatively low Ri.

The aphid, the plant, and the EPG pre-amplifier were set
inside a Faraday cage. Aphids for EPG recording were attached
to a gold wire (¢18 um) by means of a water-based glue droplet
that contains silver particles, as originally described.””** Aphids
were placed on the adaxial side of Arabidopsis leaves of potted
plants; the EPG external copper electrode was inserted in the
soil. These aphids inserted their stylets into the plant just a few
seconds after being placed on the leaves thus closing the EPG
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circuit; a preliminary starvation period was not necessary. Fol-
lowing a several hour- long pathway phase, aphids entered into
the phloem phase, characterized by an abrupt voltage drop due
to the penetration of the stylet into a sieve element (SE). The
phloem phase contains two EPG waveforms with low ampli-
tude rhythmic fluctuations that correspond to streaming poten-
tials: the El1 and the E2 waveforms. The El1 waveform
corresponds to an initial period, c. 1 minute-long, of salivation
into the SE. During this initial period, there are small fluctua-
tions of the EPG baseline,'> probably corresponding to small
disturbances in the membrane potential induced by the stylet
puncture. The E2 waveform corresponds to sap ingestion, last-
ing from several minutes to several hours. All experiments
were performed during the E2 waveform. In these experiments,
only one aphid per plant was used, and plants where exposed
to single aphids for less than 12 hours. Although aphids are
known to induce the expression of plant defenses, it is unlikely
that a single aphid would induce a significant response from
the plant that would affect the phenotypes of the AP and the
long potentials. Most studies on the defense response of plants
to aphids test the effect of aphid infestations.*

Wounding experiments were only performed after the
aphid had been in the stable feeding phase, i.e. in E2 wave-
form, for at least 10 min. During this period, there were no
APs or other variations in the EPG baseline indicative of
changes in the membrane potential of the aphid-probed SE/
CC complex that could have been induced by the stylet’s
puncture. Wounding was inflicted by cutting a leaf at the leaf/
petiole junction, since these type of wounds induce identical
electrical signals as those produced by feeding caterpillars
(Pieris brassicae).'> In some experiments, the cut leaf was
neighbor to the EPG-recorded leaf, and in other experiments,
the cut leaf was non-neighbor to the EPG-recorded one. The
EPG-recorded leaves, i.e. leaves analyzed for electrophysiologi-
cal responses, were unwounded leaves in most cases. For the
experiments shown in Fig. 6, the EPG-recorded leaves were
also the wounded ones. Wild type plants were examined con-
comitantly with mutant plants, i.e. control and test experi-
ments were performed in parallel. On several occasions, the
same aphid used to record from a mutant was re-used to
record from a wild type plant, and vice versa.

Note that whereas other conventional electrophysiological
rigs for whole-plant electrophysiology measure potential differ-
ences (PDs) between two shoot electrodes,®*°** EPG measures
PDs between a fine intracellular electrode specific for the SE/
CC complex (represented by the aphid), and a coarse external
copper electrode inserted into the root medium. Fig. 1 shows
the general configuration of the EPG rig, and illustrates the
localization and recording horizons of its two measuring
electrodes.

Data analyses

Statistical analyses were performed with SPSS software v. 22
(IBM Corporation, Armonk, NY). Data are given as mean =+ s.
e.m. Statistical differences between means of wild type and
each of the mutants were determined with the Student ¢ test for
independent samples. The level of statistical significance was
setat P < 0.05.
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