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HIGHLIGHTS
� Herbivory and mechanical wounding elicited

electrical signals.

� Petiole wounding elicited stronger electrical
signals than did leaflet wounding.

� Leaflet wounding elicited electrical signals and
JA signaling within a compound leaf.

� GLR3.3 and GLR3.5 mediated leaflet-to-leaflet
electrical signal transduction.

� JA synthesis and Helicoverpa armigera resistance
were reduced in glr3.3/3.5 plants.
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GRAPHICAL ABSTRACT

ABSTRACT

Electrical signals commonly occur in plants in response to various environmental

changes and have a dominant function in plant acclimation. The transduction of

wound-elicited electrical signals in the model plant species Arabidopsis has been

characterized but the characteristics of electrical signal transduction in response

to herbivory or wounding in crop species remain unknown. Here, the features of

electrical signals elicited by insect herbivory and wounding in tomato were

investigated. Unlike those in Arabidopsis, wounding tomato leaves did not cause

leaf-to-leaf electrical signal transduction. In contrast, electrical signals elicited in

response to petiole wounding were stronger and more strongly transduced.

Leaflet wounding also activated electrical signal transduction and jasmonic acid

(JA) signaling within the whole compound leaf. It was also demonstrated that

tomato glutamate receptor-like 3.3 (GLR3.3) and GLR3.5 mediated leaflet-to-
leaflet electrical signal transduction. Herbivory-induced JA accumulation and

Helicoverpa armigera resistance were reduced in glr3.3/3.5 plants. This work

reveals the nature of electrical signal transduction in tomato and emphasizes the

key roles of GLR3.3 and GLR3.5 in electrical signal transduction and JA signaling

activation.
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1 INTRODUCTION

Environmental changes such as fluctuations in temperature and
light, mechanical damage, drought, salinity, insect herbivory and
pathogens, directly impact plant growth. Unlike animals, plants
cannot escape. Plants must endure these changes and make
appropriate acclimation or defense responses in a fixed location
to survive. Signal transduction events generally occur during the
early growth of plants and in response to abiotic or biotic
environment interactions. Previous studies show a range of

signals in plants including reactive oxygen species signals, Ca2þ

fluxes, and electrical signals, all of which have essential functions
in plant responses to abiotic and biotic stresses[1–7].

The existence of electrical signals in plants was first demon-
strated by Burden-Sanderson[8] and Charles Darwin[9]. Since
then, electrical signals have generally been reported in plants in
response to various environmental changes and have been
shown to have biological function. For example, electrical signals
are induced by mechanical and flame-induced damage and are
involved in activating protease inhibitor genes in tomato[10].
Mousavi et al. reported that electrical signals could be detected
after insect herbivory, cold water stimuli and mechanical
wounding of Arabidopsis and after exogenous electric shock,
activating jasmonic acid (JA) signaling[6]. During the process of
systemic acquired resistance, electrical signals are integrated

together with reactive oxygen species and Ca2þ flux to
participate in the rapid propagation of systemic signals[3].
Rapid electrical signals generated in response to local heat
stimuli regulate systemic changes in nonphotochemical quench-
ing and photosystem II quantum efficiency in Arabidopsis and
dandelion[11]. In addition, previous work shows that electrical
signals are generated in response to nematode attack in tomato
roots, after which the signals are then propagated to the shoots to
activate JA accumulation[12].

Recent work has linked glutamate receptor-like (GLR) genes to
electrical signal transduction and JA signaling in Arabidopsis in
which GLR3.3 and GLR3.6 were shown to mediate leaf-to-leaf
wound signaling[6]. GLR proteins belong to a family of cation-
permeable ion channels that function in various plant processes
ranging from growth and development to stress response and

defense. GLR genes facilitate Ca2þ influx across the plasma

membrane to modulate the apical [Ca2þ]cyt gradient and
consequently affect pollen tube growth and morphogenesis[13].
In addition, GLR genes regulate lateral root initiation and root
development[14,15], and GLR genes have been reported to
participate in both the salt stress response in Arabidopsis and
cold tolerance in Arabidopsis and tomato[16–19]. In terms of
biotic stress responses, GLR genes are dominant in defense

against pathogens and herbivores. AtGLR3.3 is a key component
of resistance against Hyaloperonospora arabidopsidis, Pseudo-
monas syringae pv. tomato DC3000 and the herbivore
Spodoptera littoralis[20–22]. Also, earlier studies have character-
ized the role of GLR3.5 in the long-distance transduction of
electrical signals elicited by nematodes, leading to nematode
resistance[12]. The functions of GLR genes have mostly been
studied in the model plant species Arabidopsis but the possible
functions of GLR genes in crop plant species remain largely
unknown.

Tomato (Solanum lycopersicum) is an important crop species
worldwide and has been used as a model species to study
interactions between plants and herbivores. Here, the character-
istics of electrical signals induced by herbivory and mechanical
wounds in tomato were investigated. In addition, glr3.3 and
glr3.5 mutants and the glr3.3/3.5 double mutant were used to
examine the functions of GLR genes in electrical signal
transduction and JA signaling.

2 MATERIALS AND METHODS

2.1 Plant materials and growth conditions
Tomato (S. lycopersicum cv. Ailsa Craig) was used in all
experiments. The target sequence (TGAGTAGGAATGG-
CACTTCA) for GLR3.3 was designed using the web tool
CRISPR-P[23]. A GLR3.3 CRISPR/Cas9 vector was constructed
as described by Pan et al.[24] and then transformed into
Agrobacterium tumefaciens strain EHA105. The transformed
A. tumefaciens was then introduced into tomato Ailsa Craig
(AC) and glr3.5mutants for the generation of glr3.3mutants and
glr3.3/3.5 double mutants, respectively[25]. Mutations induced by
CRISPR/Cas9 were genotyped by DNA sequencing and homo-
zygous lines in the F2 generation were selected and used.
Seedlings were cultivated in a plant nursery and treated with
Hoagland’s nutrient solution. Plants were grown under a 12:12 h
L:D photoperiod at 25 and 20°C with a photosynthetic photon
flux density of 400 µmol$m–2$s–1.

2.2 Plant treatments
Tomato seedlings with three fully expanded leaves were used.
Cotton bollworm (Helicoverpa armigera) larvae were obtained
from Jiyuan Baiyun Industry Co., Ltd. (Jiyuan, Henan, China).
H. armigera larvae at the fourth-instar stage were starved for 1 d
and then used for herbivory treatments. Mechanical wounding
was conducted by crushing one-third of the terminal leaflet of
the second true compound leaf with plastic hemostatic forceps.
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Herbivory was simulated by crushing both sides of the leaflets of
plants with plastic hemostatic forceps followed by the immediate
application of 10 μL of 20% oral secretions (OS) from
H. armigera at each wound side (W + OS). In herbivory trials,
uniform H. armigera third-instar larvae (~ 5 mg) reared on an
artificial diet were starved for 1 d. After starvation three larvae
were placed on one tomato plant at the six-leaf stage, and there
were eight plants of each treatment. After the larvae fed on the
plants for 3 d the larval masses were determined.

2.3 Electrical signal recording
Electrical signals were detected as previously reported[6,12] with
minor modifications. Briefly, silver electrodes (0.5 mm in
diameter, World Precision Instruments, Sarasota, FL) were
connected to a drop (10 μL) of 10 mmol$L–1 KCl in 0.5% (w/v)
agar placed on the tomato leaf or petiole, and the ground
electrode was placed in the soil. Two dual-channel amplifiers
(FD 223 and Duo 773, World Precision Instruments) were used
to detect the signals. The amplitude was the potential difference
relative to the baseline before the changes, ‘n’ was the total
number of plants detected, and ‘x’ was the number of plants in
which changes in potential were detected. Each experiment
comprised at least five separate plants.

2.4 qRT-PCR analysis
Total RNA was extracted from leaf tissues using an RNA Prep
Pure Plant Kit (Tiangen, Beijing, China) and then reverse
transcribed to cDNA using a ReverTra Ace qPCR RT Kit
(Vazyme Biotech Co., Ltd., Nanjing, China) according to the
manufacturer’s instructions. The qRT-PCR experiments were
conducted on a Light Cycler 480 II Real-Time PCR detection
system (Roche, Mannheim, Germany). Each 20 μL reaction
system consisted of 10 μL of SYBR Green PCR Master Mix
(AceQ qPCR SYBR Green Master Mix Kit, Vazyme Biotech Co.,
Ltd., Nanjing, China), 1 μL of cDNA, and forward and reverse
primers (0.1 μmol$L–1 each), according to the manufacturer’s
instructions. The housekeeping genes ACTIN2 and UBI3 were
used as internal references to calculate the relative expression of
target genes[26]. The sequences of the primer pairs are listed in
supplemental materials (Table S1).

2.5 Determination of jasmonic acid, jasmonoyl-
isoleucine, salicylic acid and indole-3-acetic acid
concentrations
The concentrations of the phytohormones indole-3-acetic acid
(IAA), JA, salicylic acid (SA) and jasmonoyl-isoleucine (JA-Ile)

were determined by HPLC-MS/MS (Agilent 6460; Agilent
Technologies, Santa Clara, CA) with D5-IAA, D5-JA, D4-SA
(OlChemlm, Olomouc, Czechia) and D6-JA-Ile (Quality Control
Chemicals, Newark, DE) used as internal standards, as described
previously[27].

2.6 Statistical analysis
At least three independent biological replicates were included in
each experiment. The data were statistically analyzed by analysis
of variance using SAS software (version 8, SAS Institute, Cary,
NC). The significance of treatment differences was determined
using Student’s t-test or Tukey’s test as indicated in the Figure
legends.

3 RESULTS

3.1 Herbivory activated electrical signals in tomato
leaves
Three electrodes were placed, one on the terminal leaflet at the
midrib (P1), one on the petiole of the second true compound
foliage (P2) and the third on the petiole of the first leaf (P3) to
investigate whether insect chewing is associated with the
induction of electrical signals in tomato. After 1 d of starvation,
cotton bollworm (H. armigera) larvae at the fourth-instar stage
were placed on the second leaf at a position 1 cm away from P1
(Fig. 1(a)). No electrical activity was induced at P1, P2 or P3 but
the larvae were crawling or resting on the leaves. However, larval
herbivory on the lamina elicited significant changes in the
surface potential, with a reduction in amplitude of about
– 20 mV at P1. In contrast, no change was observed at P2 or P3
(Fig. 1(b)). However, H. armigera larvae feeding on the base of
the petiole elicited a surface potential with an amplitude of about
– 40 mV and both the frequency and duration were greater in
response to feeding on the base of the petiole than on the lamina
(Fig. 1(c,d)).

3.2 Characteristics of leaf/petiole wound-activated
surface potential changes
Insect chewing usually induces mechanical wounding with the
release of chemical elicitors. The effects of mechanical wounding
on electrical activity were investigated to gain insight into the
characteristics and propagation of the electrical signals. One-
third of the terminal leaflet of the second true compound leaf
was mechanically wounded by crushing the leaflet with plastic
forceps. Electrical signals were measured at 1 and 3 cm from the
wounding position, respectively (P1 and P2) and the junction of
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the terminal leaflet and petiole (P3) (Fig. 2(a)). After wounding,
changes in surface potential were soon detected thereafter at P1
in a total of 9 of 12 plants, with an amplitude of –26.3�10.8 mV
(Fig. 2(b) and Table 1). In addition, the surface potential varied
for several seconds to several minutes and failed to return to
normal levels in some leaves. Several seconds later a surface
potential with an amplitude of –14.8�7.48 and a frequency of 5
of 12 plants was observed at P2. Wounding elicited a potential
amplitude of about –15 mV at P3 in 3 of 12 observations
(Fig. 2(b) and Table 1). By determining the delay time between
P1 and P2 it was estimated that the rate of electrical signal
transduction within the leaflet was 6.91�2.52 cm$min–1

(Table 1).

We then determined the characteristics of petiole wound-elicited
surface potential changes. Petiole wound-elicited surface poten-
tial was first detected at P1, which was 1 cm from the wounding
site, and these electrical signals were transduced to the junction
of the petiole and terminal leaflet (P2) or the midrib of the

terminal leaflet (P3, Fig. 2(c,d)). The amplitude of the surface
potential decreased from –39.3 mV at P1 to –16.4 mV at P2 and
to –14.2 mV at P3. Also, the percentage of leaves with detectable
changes in surface potential (x/n) decreased from 100% at P1 to
25% at P3. The speed of signal propagation in the petiole from
P1 to P2 was estimated to be about 10 cm$min–1, greater than in
the leaves (Table 1).

We then examined whether the electrical signals could propagate
between leaflets. To this end, three electrodes (P1, P2 and P3)
were placed on the junction of the petiole and leaflet (three
leaflets: L1, L2 and L3). The middle of leaflet L1 was wounded
(Fig. 3(a)). After wounding, changes in the surface potentials
were detectable at P1 and P2 but very small changes were
detected at P3. Also, wound-induced changes in the surface
potential decreased from P1 to P3 (Fig. 3(b) and Table 2). When
L2 was wounded, substantial changes in the surface potential
were detected at P2 and P3, but few changes were detected at P1
(Fig. S1(a,b)).

Fig. 1 Insect herbivory induced changes in the surface potential of tomato leaves. (a) Experimental design for measuring electrical signals

elicited by herbivory on a leaf. Measuring electrodes: P1, midrib; P2, petiole; P3, petiole of the first leaf. Helicoverpa armigera larvae were

allowed to feed at a position about 1 cm from electrode P1. (b) Electrical signals measured at electrodes P1, P2 and P3 of (a). (c) Experimental

design for measuring electrical signals elicited by herbivory of the petiole. Measuring electrodes: P1, petiole (1 cm from the larval herbivory site);

P2, petiole (1 cm from P2); P3, midpoint of the midrib of the terminal leaflet. (d) Electrical signals measured at electrodes P1, P2 and P3 of (c). The

starting time of larval herbivory is indicated with a filled triangle. For (b) and (d), typical surface potential changes are shown (n = 6).
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3.3 GLR3.3 and GLR3.5 mediated electrical signal
transduction within a compound leaf

The role of tomato GLR3.3 and GLR3.5, which are homologs of
Arabidopsis GLR3.3 and GLR3.6[6], in electrical signal transduc-
tion was examined by generating glr3.3, glr3.5[12] and glr3.3/3.5
double mutants via CRISPR/Cas9 technology (Fig. S2). In

comparison with untransformed plants, the wound-elicited
surface potential at P1 was significantly reduced in the glr3.5
mutants and glr3.3/3.5 double mutants but not in the glr3.3
mutants. The propagation of the electrical signals was also
attenuated in all three mutants, with lower amplitude and
decreased frequency at P2 and P3. Notably, the transduction of
the electrical signal from P1 to P3 was totally abolished in all
glr3.3, glr3.5 and glr3.3/3.5 plants (Fig. 3 and Table 2).

Fig. 2 Electrical signals caused by leaf wounding and petiole wounding. (a) Experimental design for measuring electrical signals elicited by

mechanical wounding of a leaf. Measuring electrodes: P1, midrib 1 cm from the wounding position; P2, midrib 2 cm from electrode P1;

P3, junction of the terminal leaflet and petiole. Dashed line, position of the mechanical wounding of one-third of the terminal leaflet. (b) Electrical
signals measured at electrodes P1, P2 and P3 of (a). (c) Experimental design for measuring electrical signals activated by mechanical wounding of

the petiole. Measuring electrodes: P1 (petiole 1 cm from the wound position; P2, the junction of the terminal leaflet and petiole; P3, the midpoint

of the midrib of the terminal leaflet. Dashed line, position of the mechanical wound of the petiole. (d) Electrical signals measured at electrodes

P1, P2 and P3 of (c). For (b) and (d), typical surface potential changes are shown (n = 12).

Table 1 Amplitude and speed of leaf and petiole wound-elicited electrical signals

Position
P1 P2 P3

Speed (cm$min–1)
Amplitude (mV) x/n Amplitude (mV) x/n Amplitude (mV) x/n

Leaf wound –26.32�10.76 a 9/12 –14.78�7.48 a 5/12 –14.74�2.53 a 3/12 6.91�2.52

Petiole wound –39.33�9.31 a 12/12 –16.43�13.10 b 8/12 –14.17�5.22 b 3/12 10.05�4.14

Note: x, the number of plants in which changes in potential were detected; n, the total number of plants tested. The means denoted by the same letter do not significantly differ at P < 0.05
according to Tukey’s test among P1, P2 and P3.
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3.4 Herbivory-induced JA accumulation and
Helicoverpa armigera resistance were reduced
in glr3.3/3.5 plants
We next investigated how the transcription of JA biosynthesis-
and JA signaling-related genes was altered by wounding. The
transcript levels of the JA synthesis-related genes LOXD, AOC
and OPR3 and the JA signaling-related gene JAZ10 were
determined in L1, L2 and L3 45 min after L1 wounding
(Fig. 3(a)). Wounding caused 18, 15, 17 and 54 times increases in
transcript levels of LOXD, AOC, OPR3, and JAZ10, respectively,
in L1 leaves compared with undamaged L1 leaves (control). The
transcript levels of LOXD, OPR3 and JAZ10 also increased
significantly in L2 and L3 after L1 wounding (Fig. 4). Similarly,
L2 wounding greatly increased the transcription of these four
genes in L2. However, this wounding induced fewer but
significant increases in the transcript numbers of these genes
in L1 and L3 (Fig. S3). Using UPLC-MS/MS we compared the
accumulation of JA, JA-Ile, SA and IAA in the untransformed
plants and glr3.3/3.5 mutants in response to herbivory.
Herbivory was simulated by crushing both sides of the leaflets
followed by the immediate application of OS from H. armigera
at the wound sites (W + OS). There were no significant
differences in the accumulation of JA, JA-Ile, SA or IAA in the
control leaves between the untransformed plants and glr3.3/3.5
plants (Fig. 5(a) and Fig. S4). W + OS induced 20- and 88-times
increases in the accumulation of JA and JA-Ile, respectively, in
the leaves of the untransformed plants. However, these increases
were greatly attenuated in the glr3.3/3.5 mutants (Fig. 5(a)).
W +OS induced little change in the accumulation of SA but a
significant increase in the accumulation of IAA in the leaves.
However, no significant differences were found between the
glr3.3/3.5 mutants and untransformed plants (Fig. S4). Herbiv-
ory trials show that, compared with untransformed plants, glr3.5
single mutant and glr3.3/3.5 double mutant plants were less
resistant toH. armigera as indicated by the greater larval mass in
response to feeding on the mutant plants (Fig. 5(b)).

Fig. 3 GLR mutants present reduced amplitude and transduc-

tion of electrical signals. (a) Experimental design for measuring

electrical signals within a compound leaf. Measuring electrodes:

P1, junction of the petiole and leaflet 1; P2, junction of the

petiole and leaflet 2; P3, junction of the petiole and leaflet 3.
Dashed line, position of the mechanical wound at the center of

leaflet 1. L1, leaflet 1; L2, leaflet 2; L3, leaflet 3. (b) Electrical
signals measured at P1, P2 and P3 in untransformed plants.

(c) Electrical signals measured at P1, P2 and P3 in glr3.3mutants.

(d) Electrical signals measured at P1, P2 and P3 in glr3.5mutants.

(e) Electrical signals measured at P1, P2 and P3 in glr3.3/3.5

double mutants. For (b–e), typical surface potential changes are

shown (n = 10).

Table 2 Amplitude of electrical signals in GLR mutants

Position
P1 P2 P3

Amplitude (mV) x/n Amplitude (mV) x/n Amplitude (mV) x/n

WT –43.21�15.25 a 10/10 –36.94�18.67 5/10 –6.12�1.89 4/10

glr3.3 –38.37�18.13 a 10/10 –20.78�14.60 2/10 / 0/10

glr3.5 –17.10�3.64 b 10/10 / 0/10 / 0/10

glr3.3/3.5 –13.11�6.71 b 10/10 –8.26�2.08 2/10 / 0/10

Note: x, the number of plants in which changes in potential were detected; n, the total number of plants tested. The means denoted by the same letter do not significantly differ at P < 0.05
according to Tukey’s test.
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4 DISCUSSION

Electrical signals are universal signals in response to various
environmental changes in plants. A previous study in Arabi-
dopsis showed that wounding causes changes in surface
potential, with an amplitude close to –70 mV, in local rosette
leaves and unwounded systemic leaves. The speed of electrical
signal transduction in the lamina is approximately 2.6 cm$min–1

but reaches 9 cm$min–1 along the midrib[6]. Here, we show that
(1) herbivory and mechanical wounding induced electrical
signals; (2) the amplitude of herbivory- and mechanical
wounding-induced electrical signals was about –20 to –40 mV
and the rates of electrical signal transduction in the midrib and
petiole were about 7 cm$min–1 and 10 cm$min–1, respectively;
(3) electrical signals elicited by petiole wounds were stronger
than those caused by leaf wounds, with larger amplitude and
greater propagation; and (4) electrical signals were not
transduced from leaf to leaf in tomato but could propagate
from leaflet to leaflet within a compound leaf. The characteristics
of electrical signals shown in this study display some similarities
to and differences from those in Arabidopsis. First, the rates of
electrical signal transduction were similar to the signal

propagation speed in Arabidopsis. Second, the amplitude of
electrical signals in tomato was much lower than in Arabidopsis.
In addition, electrical signals caused by root knot nematode
infection were even weaker with an amplitude of about –5 mV
and a duration of about 30 s[12]. Third, electrical signal
transduction from leaf to leaf was not detected in the tomato
seedlings. Consistently, Wildon et al. reported that mechanical
damage of one cotyledon of tomato seedlings led to the
propagation of electrical activity to the petiole of the same leaf
and stem and systemic accumulation of protease inhibitor
activity at the one-expanded-leaf stage, but such induction was
not as reproducible at two-expanded-leaf stage. Much greater
reproducibility was observed when a heat stimulus was applied
to the leaf[10]. Thus, electrical signals in plants vary widely and
the strength and transduction of electrical signals depend on the
type of damage, wound position, plant species and plant growth
stage.

JA is crucial in plant defense against herbivores and
pathogens[28–30]. JA accumulates within minutes in both
wounded and intact tissues of Arabidopsis[31–33]. This may be
due to the fast systemic transduction of electrical signals which

Fig. 4 L1Wounding induced JA biosynthesis and signaling-related gene expression within compound leaves. (a) Transcript level of LOXD after L1

wounding. (b) Transcript level of AOC after L1 wounding. (c) Transcript level of OPR3 after L1 wounding. (d) Transcript level of JAZ10 after L1

wounding. Samples were collected 45 min after L1 wounding. Three biological samples were used for qRT-PCR determination. ACTIN2 and UBI3

were used as internal references to calculate the relative expression of the target genes, and the gene expression in L1/L2/L3 under control

conditions was defined as 1. The data represent the mean�SD (n = 3). L1, leaflet 1; L2, leaflet 2; L3, leaflet 3. Statistically significant differences
are indicated with asterisks (*, P < 0.05; **, P < 0.01) according to Student’s t-test.
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occurs upstream of JA signaling[6]. Here, we provide evidence
that JA signaling was activated within compound leaves, and the
intensity was consistent with the transduction of electrical
signals (Fig. 3, 4, S1, and S3). Leaf-to-leaf systemic propagation
of herbivore-induced electrical signals was not observed in
tomato, as it was in Arabidopsis. These findings are strongly
supported by evidence from Li et al.[34] who suggested that JA, or
a related compound derived from the octadecanoid pathway,
may act as a transmissible wound signal in tomato. Importantly,
we found that wounding of different organs caused different
levels of response. Petiole damage from wounding or herbivory
resulted in stronger electrical signals than leaf damage (Fig. 2 and
Table 1). Previous studies show that electrical signals can inhibit
photosynthesis[11,35], suggesting that electrical signals may
function as a potential regulator in balancing defense and
growth tradeoffs in plants in response to herbivory. However,
further research is needed to confirm this.

GLR genes have been reported to mediate electrical signals, Ca2þ

signals and JA signaling in Arabidopsis[5,6,22]. The roles of
tomato GLR3.3 or/and GLR3.5 in regulating electrical signals
and JA accumulation are demonstrated in the present study.
First, glr3.5 mutants and glr3.3/3.5 double mutants showed
reduced electrical signal intensity in response to mechanical
wounding, displaying lower amplitudes within the wounded
leaflets compared with those displayed by untransformed plants
(Fig. 3 and Table 2). Second, the propagation of electrical signals
from wounded leaflet 1 to undamaged leaflet 3 was abolished in
the glr3.3, glr3.5 and glr3.3/3.5 mutants (Fig. 3 and Table 2).
Third, the glr3.3/3.5 mutants accumulated reduced amounts of
JA and JA-Ile upon W + OS (Fig. 5(a)). Fourth, the glr3.5 and
glr3.3/3.5mutants presented significantly decreased resistance to
H. armigera (Fig. 5(b)). These results are consistent with those of
an earlier study that showed that GLR3.5-mediated nematodes
induced both systemic transduction of electrical signals and JA

Fig. 5 GLR mutants present reduced herbivory-induced JA and JA-Ile accumulation and Helicoverpa armigera resistance. (a) JA and JA-Ile

contents in WT plants and glr3.3/3.5 mutants upon W + OS. Samples were collected 1 h after W + OS. Three biological samples were used. The

data represent the mean�SD (n = 3). The means denoted by the same letter do not significantly differ at P < 0.05 according to Tukey’s test.
(b) Mean weight increase (upper panel) and representative images of larvae after 3 d of herbivory on glr3.3 and glr3.5 single mutants and on

glr3.3/3.5 double mutants (lower panel). The data represent the mean�SD (n = 24). Bar = 1 cm.
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accumulation[12]. Given that there were no differences in
electrical signal amplitude detected in the wounded leaflets
between the glr3.3 mutants and untransformed plants, we
suggest that GLR3.3 may function mainly in the propagation of
electrical signals rather than in the generation of these signals.

5 CONCLUSIONS

This study shows the characteristics of electrical signals in

tomato elicited by herbivory and wounding. Both herbivory and
mechanical wounding induced electrical signals. However,
petiole wounding produced stronger electrical signals than did
leaflet wounding. Wounding of a leaflet caused electrical signal
transduction and JA signaling within a whole compound leaf.
Further investigation revealed that GLR3.3- and GLR3.5-
mediated herbivory/wound-elicited the propagation of electrical
signals within a compound leaf, further activating JA
signaling.

Supplementary materials

The online version of this article at https://doi.org/10.15302/J-FASE-2021395 contains supplementary materials (Table S1; Figs. S1–S4).

Acknowledgements

This work was funded by the National Natural Science Foundation of China Projects of International Cooperation and Exchange
(32020103013) and the Modern Agro-industry Technology Research System of China (CARS-25-02A).

Compliance with ethics guidelines

Chaoyi Hu, Siqi Duan, Jie Zhou, and Jingquan Yu declare that they have no conflicts of interest or financial conflicts to disclose. This
article does not contain any studies with human or animal subjects performed by any of the authors.

REFERENCES
1. Choi W G, Miller G, Wallace I, Harper J, Mittler R, Gilroy S.

Orchestrating rapid long-distance signaling in plants with Ca2+,
ROS and electrical signals. Plant Journal, 2017, 90(4): 698–707

2. Miller G, Schlauch K, Tam R, Cortes D, Torres M A, Shulaev V,
Dangl J L, Mittler R. The plant NADPH oxidase RBOHD
mediates rapid systemic signaling in response to diverse stimuli.
Science Signaling, 2009, 2(84): ra45

3. Gilroy S, Suzuki N, Miller G, Choi W G, Toyota M, Devireddy A
R, Mittler R. A tidal wave of signals: calcium and ROS at the
forefront of rapid systemic signaling. Trends in Plant Science,
2014, 19(10): 623–630

4. Kiep V, Vadassery J, Lattke J, Maaß J P, Boland W, Peiter E,
Mithöfer A. Systemic cytosolic Ca2+ elevation is activated upon
wounding and herbivory in Arabidopsis. New Phytologist, 2015,
207(4): 996–1004

5. Toyota M, Spencer D, Sawai-Toyota S, Jiaqi W, Zhang T, Koo A
J, Howe G A, Gilroy S. Glutamate triggers long-distance,
calcium-based plant defense signaling. Science, 2018, 361(6407):
1112–1115

6. Mousavi S A R, Chauvin A, Pascaud F, Kellenberger S, Farmer E
E. GLUTAMATE RECEPTOR-LIKE genes mediate leaf-to-leaf
wound signalling. Nature, 2013, 500(7463): 422–426

7. Hedrich R, Salvador-Recatalà V, Dreyer I. Electrical wiring and
long-distance plant communication. Trends in Plant Science,
2016, 21(5): 376–387

8. Burdon-Sanderson J. Note on the electrical phenomena which
accompany irritation of the leaf of Dionaea muscipula.
Proceedings of the Royal Society of London, 1872, 21: 495–496

9. Darwin C R. Insectivorous plants. London: John Murray, 1875

10. Wildon D C, Thain J F, Minchin P E H, Gubb I R, Reilly A J,
Skipper Y D, Doherty H M, Odonnell P J, Bowles D J. Electrical
signaling and systemic proteinase-inhibitor induction in the
wounded plant. Nature, 1992, 360(6399): 62–65

11. Białasek M, Górecka M, Mittler R, Karpiński S. Evidence for the
involvement of electrical, calcium and ROS signaling in the
systemic regulation of non-photochemical quenching and
photosynthesis. Plant & Cell Physiology, 2017, 58(2): 207–215

12. Wang G, Hu C, Zhou J, Liu Y, Cai J, Pan C, Wang Y, Wu X, Shi
K, Xia X, Zhou Y, Foyer C H, Yu J. Systemic root-shoot signaling
drives jasmonate-based root defense against nematodes. Current
Biology, 2019, 29(20): 3430–3438.e4

13. Michard E, Lima P T, Borges F, Silva A C, Portes M T, Carvalho
J E, Gilliham M, Liu L H, Obermeyer G, Feijó J A. Glutamate
receptor-like genes form Ca2+ channels in pollen tubes and are
regulated by pistil D-serine. Science, 2011, 332(6028): 434–437

14. Vincill E D, Clarin A E, Molenda J N, Spalding E P. Interacting
glutamate receptor-like proteins in Phloem regulate lateral root
initiation in Arabidopsis. Plant Cell, 2013, 25(4): 1304–1313

15. Singh S K, Chien C T, Chang I F. The Arabidopsis glutamate
receptor-like gene GLR3.6 controls root development by

300 Front. Agr. Sci. Eng. 2021, 8(2): 292–301



repressing the Kip-related protein gene KRP4. Journal of
Experimental Botany, 2016, 67(6): 1853–1869

16. Cheng Y, Zhang X, Sun T, Tian Q, Zhang W H. Glutamate
receptor homolog3.4 is involved in regulation o seed germina-
tion under salt stress in Arabidopsis. Plant & Cell Physiology,
2018, 59(5): 978–988

17. Wang P H, Lee C E, Lin Y S, Lee M H, Chen P Y, Chang H C,
Chang I F. The glutamate receptor-like protein GLR3.7 interacts
with 14–3-3 omega and participates in salt stress response in
Arabidopsis thaliana. Frontiers in Plant Science, 2019, 10: 1169

18. Zheng Y, Luo L, Wei J, Chen Q, Yang Y, Hu X, Kong X. The
glutamate receptors AtGLR1.2 and AtGLR1.3 increase cold
tolerance by regulating jasmonate signaling in Arabidopsis
thaliana. Biochemical and Biophysical Research Communica-
tions, 2018, 506(4): 895–900

19. Li H, Jiang X, Lv X, Ahammed G J, Guo Z, Qi Z, Yu J, Zhou Y.
Tomato GLR3.3 and GLR3.5 mediate cold acclimation-induced
chilling tolerance by regulating apoplastic H2O2 production and
redox homeostasis. Plant, Cell & Environment, 2019, 42(12):
3326–3339

20. Manzoor H, Kelloniemi J, Chiltz A, Wendehenne D, Pugin A,
Poinssot B, Garcia-Brugger A. Involvement of the glutamate
receptor AtGLR3.3 in plant defense signaling and resistance to
Hyaloperonospora arabidopsidis. Plant Journal, 2013, 76(3):
466–480

21. Li F, Wang J, Ma C, Zhao Y, Wang Y, Hasi A, Qi Z. Glutamate
receptor-like channel3.3 is involved in mediating glutathione-
triggered cytosolic calcium transients, transcriptional changes,
and innate immunity responses in Arabidopsis. Plant Physiology,
2013, 162(3): 1497–1509

22. Nguyen C T, Kurenda A, Stolz S, Chételat A, Farmer E E.
Identification of cell populations necessary for leaf-to-leaf
electrical signaling in a wounded plant. Proceedings of the
National Academy of Sciences of the United States of America,
2018, 115(40): 10178–10183

23. Lei Y, Lu L, Liu H Y, Li S, Xing F, Chen L L. CRISPR-P: a web
tool for synthetic single-guide RNA design of CRISPR-system in
plants. Molecular Plant, 2014, 7(9): 1494–1496

24. Pan C, Ye L, Qin L, Liu X, He Y, Wang J, Chen L, Lu G. CRISPR/
Cas9-mediated efficient and heritable targeted mutagenesis in
tomato plants in the first and later generations. Scientific Reports,

2016, 6(1): 24765

25. Fillatti J, Kiser J, Rose R, Comai L. Efficient transfer of a
glyphosate tolerance gene into tomato using a binary Agrobac-
terium tumefaciens vector. Bio/Technology, 1987, 5: 726–730

26. Livak K J, Schmittgen T D. Analysis of relative gene expression
data using real-time quantitative PCR and the 2–ΔΔCT method.
Methods, 2001, 25(4): 402–408

27. Zhang H, Hu Z, Lei C, Zheng C, Wang J, Shao S, Li X, Xia X, Cai
X, Zhou J, Zhou Y, Yu J, Foyer C H, Shi K. A plant
phytosulfokine peptide initiates auxin-dependent immunity
through cytosolic Ca2+ signaling in tomato. Plant Cell, 2018,
30(3): 652–667

28. Browse J. Jasmonate passes muster: a receptor and targets for the
defense hormone. Annual Review of Plant Biology, 2009, 60(1):
183–205

29. Ballaré C L. Jasmonate-induced defenses: a tale of intelligence,
collaborators and rascals. Trends in Plant Science, 2011, 16(5):
249–257

30. Wasternack C, Hause B. Jasmonates: biosynthesis, perception,
signal transduction and action in plant stress response, growth
and development. An update to the 2007 review in Annals of
Botany. Annals of Botany, 2013, 111(6): 1021–1058

31. Glauser G, Grata E, Dubugnon L, Rudaz S, Farmer E E,
Wolfender J L. Spatial and temporal dynamics of jasmonate
synthesis and accumulation in Arabidopsis in response to
wounding. Journal of Biological Chemistry, 2008, 283(24):
16400–16407

32. Glauser G, Dubugnon L, Mousavi S A R, Rudaz S, Wolfender J L,
Farmer E E. Velocity estimates for signal propagation leading to
systemic jasmonic acid accumulation in wounded Arabidopsis.
Journal of Biological Chemistry, 2009, 284(50): 34506–34513

33. Koo A J K, Gao X, Daniel Jones A, Howe G A. A rapid wound
signal activates the systemic synthesis of bioactive jasmonates in
Arabidopsis. Plant Journal, 2009, 59(6): 974–986

34. Li L, Li C, Lee G I, Howe G A. Distinct roles for jasmonate
synthesis and action in the systemic wound response of tomato.
Proceedings of the National Academy of Sciences of the United
States of America, 2002, 99(9): 6416–6421

35. Koziolek C, Grams T E E, Schreiber U, Matyssek R, Fromm J.
Transient knockout of photosynthesis mediated by electrical
signals. New Phytologist, 2004, 161(3): 715–722

Chaoyi HU et al. Herbivory/wound-elicited electrical signal in tomato 301


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35


