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Cellular calcium elevation is an important signal used by plants for recognition and signaling of environmental stress.
Perception of the generalist insect, Spodoptera litura, by Arabidopsis (Arabidopsis thaliana) activates cytosolic Ca21

elevation, which triggers downstream defense. However, not all the Ca21 channels generating the signal have been identified,
nor are their modes of action known. We report on a rapidly activated, leaf vasculature- and plasma membrane-localized,
CYCLIC NUCLEOTIDE GATED CHANNEL19 (CNGC19), which activates herbivory-induced Ca21 flux and plant defense. Loss
of CNGC19 function results in decreased herbivory defense. The cngc19mutant shows aberrant and attenuated intravascular
Ca21 fluxes. CNGC19 is a Ca21-permeable channel, as hyperpolarization of CNGC19-expressing Xenopus oocytes in the
presence of both cyclic adenosine monophosphate and Ca21 results in Ca21 influx. Breakdown of Ca21-based defense in
cngc19 mutants leads to a decrease in herbivory-induced jasmonoyl-l-isoleucine biosynthesis and expression of JA
responsive genes. The cngc19 mutants are deficient in aliphatic glucosinolate accumulation and hyperaccumulate its
precursor, methionine. CNGC19 modulates aliphatic glucosinolate biosynthesis in tandem with BRANCHED-CHAIN AMINO
ACID TRANSAMINASE4, which is involved in the chain elongation pathway of Met-derived glucosinolates. Furthermore,
CNGC19 interacts with herbivory-induced CALMODULIN2 in planta. Together, our work reveals a key mechanistic role for the
Ca21 channel CNGC19 in the recognition of herbivory and the activation of defense signaling.

INTRODUCTION

The common cutworm, Spodoptera litura (Lepidoptera: Noctui-
dae), is a widespread and destructive agriculture pest, causing
defoliation and crop loss in economically important crops
throughout Asia, Australia, and the Pacific Islands (Fand et al.,
2015). Plants combat insect herbivory by constitutive defenses
likestructural barriers, and induceddefenses like theproductionof
phytohormones, secondary metabolites, and volatile organic
compounds (Mithöfer and Boland, 2012). Genome sequencing of
S. litura has identified massively expanded gene families that
encode receptors for toxic compounds and detoxification en-
zymes, counteracting the induced defense arsenal and posing
a great threat to agriculture (Cheng et al., 2017). Plant defense
against herbivores ismediated bya jasmonic acid (JA)-dependent
signaling cascade. Activation of the jasmonate pathway in Ara-
bidopsis (Arabidopsis thaliana) triggers the production of anti-
nutritive proteins, such as trypsin inhibitors and laccase-like
multicopper oxidase, and secondary metabolites, such as glu-
cosinolates (GSs;VanPoecke,2007;Lanetal., 2014). Theprocess

bywhich insect herbivore attack is rapidly detected, aswell as the
signal transduction pathway that triggers defense mechanisms,
are poorly understood. Plants sense herbivore insects by wound
recognition, self-damage cues (damage-associated molecular
patterns [DAMPs]), and insect elicitor cues (herbivore-associated
molecular patterns [HAMPs]). Recognition of HAMPs/DAMPs by
their cognate receptors triggers ion fluxes (Ca21) at the plasma
membrane, a rapid production of reactive oxygen species and
nitric oxide, phosphorylation events, and hormonal perturbations,
forming a signaling network that coordinately controls local and
systemic defense (Seybold et al., 2014; Zebelo andMaffei, 2015).
Plants respond to Spodoptera herbivory and wounding with

rapid activation of electrical signals and elevation of cytosolic
calcium (Ca21) in the wounded leaf (Maffei et al., 2004; Vadassery
et al., 2012; Mousavi et al., 2013). Arabidopsis transmits this in-
formation through a long-distance signaling system to rapidly
activate defense responses in unwounded systemic leaves
connected by vasculature (Mousavi et al., 2013; Kiep et al., 2015).
Systemic electrical signaling mediated by glutamate receptor
(GLR)-type cation channels leads to activation of jasmonate
biosynthesis in distal leaves (Mousavi et al., 2013). The glr3.3
glr3.6 double mutant attenuates both wound-activated electrical
and Ca21 signal propagation between leaves (Mousavi et al.,
2013; Nguyen et al., 2018; Toyota et al., 2018). GLR3.3 and
GLR3.6 and TWO-PORE CHANNEL1 (TPC1) ion channels have
been implicated in theelevationof localCa21on feedingbyaphids
(Vincent et al., 2017). Recent work has identified that the amino
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acid glutamate acts as a DAMP, and activates GLR ion channels
when the specialist herbivore Pieris rapae feeds on Arabidopsis
(Toyota et al., 2018). From all these reports it is clear that Ca21

elevation upon herbivory is a complex process and involves
multiple channels and pathways regulating local and long-
distance Ca21 signals.

Elevation of Ca21cyt upon stress perception requires Ca21 entry
either across the plasma membrane or from intracellular com-
partments. In Arabidopsis, ligand-gated channels like cyclic
nucleotide-gated channels (CNGCs), GLRs, stretch-activated
Ca21 channel OSCAs (reduced hyperosmolality-induced Ca21

increases), and MID1-complementing activity (MCA) families are
the four main plasma membrane Ca21-permeable channels,
whereas the TPC1 is the key vacuolar channel (Dodd et al., 2010).
CNGCsare a superfamily of cation channels that are permeable to
divalent andmonovalent cations, includingCa21andK1. Theyare
tetrameric proteins, each subunit having a cytosolic N- terminus,
six transmembrane helices (S1 to S6) with a pore-forming region
spanning S5 to S6, and a C-terminal cytosolic tail with binding
domains for cyclic nucleotides (CNBD), and calmodulin (CaM)
binding domains. Binding of cAMP and/or cGMP to the CNBD
results in opening of the channel. Ca21 binds to CaM on elevation
of cytosolicCa21 (Ca21cyt), andCa

21/CaMbinds to theCaMbinding
domains. The traditional model posits that binding of Ca21/CaM
prevents the binding of cNMPs to the channel, thereby closing
the channel (Kaplan et al., 2007; Swarbreck et al., 2013). However,
the current view is that CaM can both positively and negatively
regulate CNGC as shown in CNGC12 (DeFalco et al., 2016).
The Arabidopsis genome encodes 20 members of the CNGC
family known to be involved in the response to abiotic, biotic,

and developmental cues (Meena and Vadassery, 2015). Four
CNGC channels (CNGC2, CNGC4, CNGC11, and CNGC12)
have been well-studied for their role in DAMP-triggered and
R-gene–mediated immune responses. CNGC2 and the corre-
sponding null mutants dnd1 (defense, no death1 and cngc4/dnd2
exhibit a lesion-mimic phenotype, constitutive PR gene expres-
sion, high salicylic acid (SA) levels, and lack of hypersensitive
responseuponpathogen inoculation (Cloughet al., 2000;Balagué
et al., 2003; Jurkowski et al., 2004). CNGC2-dependent elevation
of Ca21

cyt upon perception of peptide DAMP, AtPeps by the Pep
receptor (PEPR) is known to mediate immune signal transduction
(Qi et al., 2010; Ma et al., 2012). Moreover, CNGC2 is involved in
jasmonate-induced Ca21 mobilization (Lu et al., 2016). Chimeric
CNGC11 and CNGC12 are responsible for the gain-of-function
mutant constitutively expressing PR-genes (cpr22). The mutant
displays autoimmune phenotypes with increased SA accumula-
tion (Yoshioka et al., 2001; Urquhart et al., 2007). Recently a gain-
of-function mutation (brush) in Lotus japonicus CNGC.IVA1 has
been identified that co-assembles with wild-type subunits to
form leaky channels and impairs infection by nitrogen-fixing
rhizobia. Phylogenetic and synteny analysis revealed that brush
(CNGC.IVA1) is orthologous to AtCNGC19 and AtCNGC20
(Chiasson et al., 2017).
We hypothesized that because there are rapid, spatially and

temporally regulated Ca21 elevations in local and systemic leaves
upon Spodoptera herbivory, a suite of ion channels must be in-
volved in generating these Ca21 fluxes and activating specific
downstream defenses. In this study, we elucidate the role of the
Ca21-permeablechannel,CNGC19, in theperceptionof herbivory
and downstream defense. No reports on the involvement of any
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CNGCs in plant-herbivore defense are currently available. We
establish a key functional role for the ion channel CNGC19 in
Arabidopsis defense againstS. litura, via Ca21-mediated defense
signaling that modulates phytohormones and secondary me-
tabolites.Our study alsopoints to the concerted action of different
Ca21 channels in the highly specific plant response to wounding
and herbivory apart from the well-studied GLRs.

RESULTS

CNGC19 Is Activated in Local and Systemic Leaves upon
Wounding and S. litura Herbivory

To identify the expression of early signaling genes involved in
the interaction between Arabidopsis and Spodoptera, gene
expression of mechanically wounded leaves (W) with or without
S. litura oral secretion (OS) treatment (W1OS, W1Water)
for 30 min each was compared using an Affymetrix array
(J. Vadassery and A. Mithöfer, unpublished data). Insect OS
application to artificial wounds can mimic herbivory (Maffei
et al., 2004; Vadassery et al., 2012). Microarray data revealed
that the gene encoding the cyclic nucleotide-gated channel,
CNGC19 (At3g17690), was highly upregulated. Using quanti-
tative real-time PCR we confirmed the data and found that both
wounding and application of S. litura OS elevated CNGC19
transcript levels, in as little as 15 min and peaked at 1 h. S. litura
OS amplified the CNGC19 expression over simple wounding
(30-fold and 12-fold, respectively, above control; Figure 1A).
Expression profiling of all 20 CNGCs upon simulated herbivory
revealed differential regulation of CNGCs (Supplemental
Figure 1A, Supplemental Table 1), with CNGC19 being one of
the highest expressed. We corroborated CNGC19 gene ex-
pression upon S. litura feeding and found a similar trend of
increase (Figure 1B). We looked at expression of CNGC19 in
systemic leaves as suggested by systemic Ca21 elevation
detected in Kiep et al. (2015). We found that CNGC19 was
upregulated in systemic leaves upon both W1W and W1OS
treatments after 30 min (Figure 1C). The Arabidopsis CNGC
gene family consists of 20 members divided into four main
groups, namely I, II, III, and IV (IVa and IVb) as per their phylo-
genetic relationship (Mäser et al., 2001). CNGC2 and CNGC4
(involved in DAMP and R gene-mediated defense) are grouped
to IVb, and CNGC19 and CNGC20 to IVa. Upon simulated
herbivory, we found that CNGC2 is upregulated in a delayed
manner (at 60 min) by wounding and downregulated by W1OS
treatment (Supplemental Figure 1B), CNGC4 is not affected by
either treatment and CNGC20 is less induced in comparison to
CNGC19 with maximum 4.5-fold expression after 30 min
(Supplemental Figures 1C and 1D). HenceCNGC19 is a specific
wound- and herbivory-activated gene in group IVa.

CNGC19 Is Expressed in Leaf Vasculature and
Loss-of-Function Results in Increased S. litura Feeding

Because CNGC19 is rapidly activated upon S. litura herbivory,
weexamined its site of expression in the leaf.CNGC19promoter
activity was detected in primary, secondary, and tertiary veins

and on wounding and S. litura herbivory, it also spread to leaf
lamina (Figure 1D). We also detected its expression in trichome
base cells (Figure 1D). To test the functional role ofCNGC19, we
compared the growth of S. litura larvae on wild type, CNGC19
loss-of-function T-DNA lines (Supplemental Figures 2A and 2B)
and coi1-16 (positive control-JA receptor mutant). None of the
plants tested had any developmental or growth defect phe-
notype. We observed that S. litura larvae feed on a larger leaf
area and gain significantly more weight on themutant cngc19-2
(SALK_129200) and cngc19-1 (SALK_027306) lines as com-
pared with the wild type after 8 d (Figures 1E and 1F). The
experiment was repeated three times showing significant dif-
ferences by one-way ANOVA. Larvae feeding on coi1-16 lines
gain the most weight as the JA pathway is affected. The weight
gain of S. litura larvae on cngc19 mutants is due to decreased
plant defense in the lines. By contrast, S. litura feeding on the
closely related cngc20 mutant did not alter leaf area eaten and
weight of larvae over the wild-type control (Supplemental
Figures 3A to 3C). Because cyclic nucleotides (cAMP/cGMP)
are ligands that activate CNGCs, wemeasured their levels upon
S. lituraOS application and found that cAMP levels are elevated
(Supplemental Figure 4A), which coincides with CNGC19 ex-
pression at 2.5 min (Supplemental Figure 4B).

CNGC19 Is Crucial for Ca21 Signal Propagation through
the Vasculature

Because CNGC19 is activated very rapidly upon herbivory, we
wanted to understand its role in wound-induced Ca21 signal
generation in the local leaf. We employed the transgenic Ca21

reporter, GCaMP3 (Toyota et al., 2018), and generated cngc19-
mutant–expressingGCaMP3 by crossing cngc19*GCaMP3 lines.
In this study, a single leaf in a rosette was mechanically wounded
and imaged. We used the whole local leaf for quantification
(Supplemental Figure 5A) and both wild type and cngc19 were
selected forequalfluorescence levels (SupplementalFigure5B). In
wild type, the Ca21 signals start near the wound site, move to
vasculature, and then spread to the entire leaf lamina within 60 s
(Figure 2A; Supplemental Movies 1 and 3). In cngc19, there is
aberrant, misregulated, and reduced Ca21 signal propagation
through the vasculature. The Ca21 signals do not spread to the
entire leaf and are often found on one side of the leaf and with an
irregular vascular route of propagation (Figure 2A; Supplemental
Movies 2 and 4). The cngc19 mutants have reduced Ca21 ele-
vation compared with the wild type upon wounding (Figure 2B).
Hence, CNGC19 channel is crucial for wound-induced Ca21

signal generation and propagation.

CNGC19 Is a Plasma Membrane-Localized
Ca21-Permeable Channel

Several plant CNGCs have been shown to represent Ca21-per-
meable channels, but CNGC19 has not been characterized so far.
AC-terminalYFP-taggedversionofCNGC19 (CNGC19-YFP)was
expressed in Xenopus oocytes and cAMP-induced currents re-
corded under a two-electrode voltage clamp (TEVC). CNGC19-
YFP injectedoocytes exhibited strongyellow fluorescence at their
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Figure 1. Spodoptera Herbivory-Induced CNGC19 Transcript Elicitation in Local and Systemic Leaves and its Functional Role in Herbivory.

(A)CNGC19 transcript levels in 6-week–oldwild type Arabidopsis leaves treatedwithwounding1water (W1W) andwounding1S. lituraOS (W1OS) for 15,
30, 60, and 90 min. Leaves were wounded with a pattern wheel and subsequently 20 mL of water or 1:1 diluted OS per leaf was applied. Gene transcript
abundance was determined by real-time PCR; samples were normalized by plant RPS18mRNA. The graphs show fold change of mRNA level relative to
untreated control. Fold change is themean6 SE (n54) and experimentswere duplicatedwith similar results. Different letters indicate statistically significant
differences among samples, calculated by one-way ANOVA with a posthoc SNK test (P # 0.05). WT, wild type.
(B)CNGC19 transcript levels in 6-week–old Arabidopsis local leaves after 0.5, 1, 6, and 24 h ofS. litura feeding. Unfed plants were used as a control for the
calculation. Plotted values are the mean6 SE (n5 4). Different letters indicate statistically significant differences among samples, calculated by one-way
ANOVA with a posthoc SNK test (P # 0.05).
(C) CNGC19 transcript levels in 6-week–old Arabidopsis systemic leaves after 30 and 60 min of W1W and W1OS application. Local leaf is leaf 8, while
systemic leavesareapoolofvascular-connected leaf5,11,13,and16.Locally treatedW1OS(30min)was includedas thepositivecontrol fromthesameset
of plants. Plotted values 5 mean 6 SE (n 5 4) and are repeated twice independently. Different letters indicate statistically significant differences among
samples, calculated by one-way ANOVA with a posthoc SNK test (P # 0.05).
(D)CNGC19promoter activity in leaf vasculatureuponwoundingandSpodoptera feeding.ProCNGC19:GUS-expressing transgenicplantsweremechanically
woundedbyneedleor fedonbySpodoptera (fourth-instar larvae).After5minoftreatments, leaf tissueswerecollectedandincubated inGUSstainingsolution for
1 h. Upper,panel indicates promoter activity in leaf and lower panel indicates, promoter activity in trichome base cells (Scale bar 5 100 mm).
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periphery, whereas water-injected oocytes did not show any
fluorescence (Supplemental Figures 6A to 6C). A line scan shows
that fluorescence is restricted to the boundary of the oocyte
(Supplemental Figures 6B and 6D). TEVC experiments were
performed on CNGC19-YFP-expressing oocytes, subjecting
them to pulses ranging from 2130 mV to 140 mV. Large inward
currents were observed in CNGC19-YFP–expressing oocytes
upon the addition of external CaCl2 and dibutyryl cAMP (300 mM)
on hyperpolarizing <290 mV (Figures 3A iv and 3B). Addition of
cAMP alone or CaCl2 alone did not elicit currents, nor were cur-
rents seen in water-injected oocytes subject to both cAMP and
Ca21 (Figure 3A i, vi, and viii). The cyclic nucleotide gating of the
channel is confirmed, as CaCl2 alone does not produce inward
current (Figure 3Avi), but subsequent addition of cAMP resulted in
large inward currents (Figure 3A vii). Xenopus oocytes express
a Ca21-activated chloride current that is activated on elevation of
Ca21cyt. Treatment with the Ca21-activated chloride current in-
hibitor, 4, 49-diisothiocyanatostilbene-2, 29-disulfonic acid diso-
dium (DIDS; 300 mM), results in reduction of the Ca21-activated
inward current (Figures 3A v to 3C). We also tested the ion se-
lectivity of the channel usingmonovalent cationsK1andNa1, and
near-background currents were observed upon their addition in
the presence of cAMP (Figures 3A ii and iii to 3C). These data
establish that CNGC19 is a Ca21-permeable channel.

Most CNGCs are reported to be plasma membrane proteins.
However, vacuolar localization has been reported for CNGC19 in
Arabidopsis protoplasts (YuenandChristopher, 2013). To confirm
the subcellular localization, we did a co-localization experiment
using Nicotiana benthamiana transiently cotransformed with
CNGC19-YFP and vacuolar andplasmamembranemarkers. InN.
benthamiana, CNGC19 localized to the plasma membrane and
overlays with PM-mCherry marker, but not with TP-mCherry
(Figure 3D). According to Nelson et al. (2007) and Zhang et al.
(2017a), one of the clear features of vacuolar localization is the
presence of transvacuolar strands and separation of tonoplast
from neighboring cells, which we see in TP-mCherry (arrow,
Supplemental Figure 7A). We found that CNGC19 does not
overlay with any of these features using TP-mCherry (arrows in
Figure 3D and Supplemental Figure 7A). It also does not overlay
with chlorophyll markers (Supplemental Figure 7B). Using protein
gel blot, we detected full-lengthCNGC19-YFPprotein expression
(Supplemental Figure 7C). Hence, we conclude that CNGC19 is
plasma membrane localized Ca21 channel.

The CNGC19 Channel Is Involved in AtPep Perception

The herbivory-induced immune system is not exclusively based
on detection of S. litura OS, but also on damaged self-damage/
DAMPs that are releaseduponwounding (Boller andFelix, 2009;

Albert, 2013). In Arabidopsis, a family of endogenous elicitor
peptides referred toas “AtPeps”acts asDAMPandamplifies the
herbivory defense response (Huffaker and Ryan, 2007; Bartels
et al., 2013). TheArabidopsisplasmamembranePep-receptors,
PEPR1 and PEPR2, perceive proteinaceous Peps (Yamaguchi
et al., 2006, 2010; Krol et al., 2010). The Arabidopsis Pep-PEPR
system is induced bySpodoptera feeding and is crucial for plant
defense against herbivory (Klauser et al., 2015). UsingATTED-II,
a plant coexpression database (http://atted.jp), we found that
CNGC19 coexpresses with PEPR2 and PEPR1 on the gene
network (Figure 4A).CNGC19 is wound- andOS-inducible upon
simulated herbivory (Figure 1A) and we found that PEPR1 and
PEPR2 coexpresses at similar time points (Figure 4B). CNGC19
(Figure 1D) andPEPRs (Bartels et al., 2013) are expressed in leaf
vasculature. To assess the possible contribution of the PEPR
pathway to herbivory-inducedCNGC19 induction, we analyzed
CNGC19 expression upon simulated herbivory in a pepr1 pepr2
double mutant, which cannot sense Peps. We found that
CNGC19 is significantly downregulated in the absence of
PEPRs upon both wounding and OS application at 30 min
(Figure 4C), indicating it might be regulated/act downstream of
PEPRs. At 60 min this effect is lost, suggesting that only at early
time points CNGC19 expression is PEPR-regulated. Because
OS is a complex mixture of many HAMPs and DAMPs, its effect
on cAMP levels in PEPR-receptor mutants remains similar
(Supplemental Figure 8). Hence, we examined whether Pep-
induced Ca21elevation was altered in cngc19. Ca21 elevation
with Pep1 treatmentwas reduced in cngc19 comparedwithwild
type at all time points (Figure 4D), indicating a role for CNGC19
channel in generating the Pep-induced Ca21 elevation. It was
previously known that Pep1 application induced cytosolic Ca21

elevation in Arabidopsis via CNGC2 (Ma et al., 2012). We further
hypothesized that CNGC19 might interact with PEPR and the
coreceptor BAK1 on the plasma membrane. To test this hy-
pothesis, we performed a split-ubiquitin assay as all of these
proteins are plasma-membrane associated. Full-length
CNGC19 and PEPR1, and PEPR2 and BAK1 proteins, were
expressed as C-terminal ubiquitin (Cub) or N-terminal ubiquitin
(Nub) fusions in yeast, respectively. After mating, the presence
of the plasmids was verified by growth of yeast cells on synthetic
complete medium containing Ade and His (SC1AH). CNGC19-
Cub fusions showed no complementation with PEPR1-Nub,
PEPR2-Nub, or BAK1-Nub (Figure 4E), indicating lack of pair-
wise interactions. CNGC19-Nub wild type interaction with
CNGC19-Cub was used as a positive control due to the fact that
NubWt spontaneously reassembles with Cub. We also con-
firmed the data with BiFC that CNGC19 does not interact with
PEPR1, PEPR2, and BAK1 proteins in planta (Supplemental
Figure 9). CNGC19 is thus an important Ca21 channel involved

Figure 1. (continued).

(E)and (F)Larvalweight after feedingonCol-0,coi1-16and twodifferentcngc19 lines,cngc19-2 (SALK_129200) andcngc19-1 (SALK_027306).Phenotype
and leafareaeatenupon feedingofS. litura larvaeonCol-0andcngc19mutant lines.Forall experiments,S. liturafirst-instar larvaegrowing in light for3dafter
hatchingwerepreweighed and three larvaewereplacedonplants of eachgenotype. The larvalweight (mean6 SE)wasmeasuredafter 8dof feeding. Values
are the mean of three independent experiments (n 5 85). Statistically significant differences between larvae fed on Col-0 and cngc19 mutant lines were
analyzed by one-way ANOVA with a post-hoc SNK test (P # 0.001). WT, wild type.
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in perception of DAMP (Pep) and is regulated byPEPRduring the
early stages of herbivory.

CNGC19 Is Jasmonate-Regulated and Loss-of-Function
Affects Jasmonate Signaling upon Herbivory

The plant hormone JA and its derivatives are key players in the
regulation of induced plant defense against a wide range of

herbivorous insects (Gfeller et al., 2011). Because the kinetics of
CNGC19 expression (at 30 to 60 min) overlaps with herbivory-
induced jasmonate biosynthesis (Vadassery et al., 2012), we
hypothesized that CNGC19 upregulation might be regulated via
phytohormones. To answer this question, CNGC19 expression
under JA-Ile (bioactive form of jasmonate) treatment was studied.
CNGC19 expression was transiently induced with a maximum of
ninefold after 30 min of JA-Ile treatment; LOX2 upregulation was

Figure 2. Wound-Induced Cytosolic Ca21 Levels in Local Leaves of Wild Type and cngc19 Mutant.

(A1) and (A2)Representative stereomicroscope images showing fluorescence uponwounding at 10-s intervals in wild type and cngc19-2. Cutting leaf 5 in
a 4-week–old plant caused a local Ca21cyt increase that propagated within the leaf. Frame A1 is from Supplemental Movie 1 (wild type) and Supplemental
Movie 2 (cngc19); frameA2 is fromSupplementalMovie 3 (wild type) andSupplementalMovie 4 (cngc19) with linear brightness-contrast correction. n> 7 in
independent experiments. Scale bar 5 5 mm.
(B) Mean of normalized fluorescence intensity DF/F of wild type (black) and cngc19-2 (red) at 10-s intervals after wounding the leaf with fine scissors. F,
average fluorescence intensity before wounding (baseline);DF, difference betweenmeasured fluorescence and baseline fluorescence (DF5 fluorescence
after wounding2 baseline fluorescence). The entire leaf area was selected for calculating DF/F (Supplemental Figure 5). Error bars represent the SE of the
mean (n 5 8). Gray shading indicates a significant difference using 2-tailed Student’s t-test at P # 0.05. WT, wild type.
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Figure 3. CNGC19 Is a Plasma-Membrane–Localized Ca21-Permeable Channel.

(A)CNGC19-YFP–expressing Xenopus oocytes show inward rectifying currents. Oocytes were held at260 mV and stepped to a range of potentials from
2120mV to140mV. Traces (i) to (v) were acquired sequentially on one oocyte and nowashoutwas performed for recordings. Currentswere recorded after
the addition of (i) 300-mMdibutyryl-cAMP and incubation for 15min; followed by (ii) 10-mMNaCl, (iii) 10-mMKCl, (iv) 15-mMCaCl2, and (v) 300-mMDIDS. A
separate oocytewassubjected to the samevoltagepulseprotocolwith the followingadditions sequentially (andnowashoutwasperformed for recordings):
(vi) CaCl2 alone; (vii) after a further addition of 300-mMdibutyryl cAMP and incubation for 15min (CaCl21cAMP). (viii) A water-injected oocyte to which 300-
mMdibutyryl cAMPhasbeenadded, incubated for15minand then15-mMCaCl2added (negative control).Currentsat2120mV in theseoocyteswereof the
order of 10 nA, whereas those in the corresponding CNGC19-expressing oocytes ranged from2400 to21,400 nA. Note that traces (i) to (v) are from one
oocyte, with salt solutions and DIDS being added in the presence of cAMP. Traces (vi) and (vii) are from a second oocyte, both expressing CNGC19-YFP.
Traces in (viii) are from a third oocyte not expressing CNGC19-YFP, which was instead injected with water.
(B) Plot of currents recorded from CNGC19-YFP-injected oocytes incubated with 300-mM dibutyryl cAMP in the presence of 0 mM (- ), 2 mM (C) or
15 mM (▲) CaCl2 over a range of potentials from 2120 mV to140 mV. All data for an oocyte were normalized to the current recorded from that oocyte
at 2120 mV in the presence of Ca21. Data 5 mean 6 SE for six oocytes.
(C) Plot of currents recorded from CNGC19-YFP injected oocytes at potentials ranging from 2130 mV to 140 mV. Oocytes in recording buffer (-); with
300-mM dibutyryl cAMP (C); 10-mM KCl (▲); 10 mM NaCl (▼); 15-mM CaCl2 (◆); 300-mM DIDS (◇). All data for an oocyte were normalized to the
current recorded from that oocyte at 2130 mV in the presence of Ca21. Data 5 mean 6 SE for six oocytes.
(D) Visualization of CNGC19-YFP full-length fusion protein in transiently transformed N. benthamiana using confocal laser scanning microscopy. Plasma
membrane marker PM-mCherry and tonoplast marker TP-mCherry were coinfiltrated to facilitate CNGC19-YFP subcellular localization. White arrows
indicate transvacuolar strands in TP-mCherry. Scale bar 5 40 mm.
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used as a marker for treatment (Figure 5A). To establish whether
CNGC19 expression is dependent on the JA-Ile receptor, COI1,
after herbivory, we analyzed its expression in wild-type and ho-
mozygous coi1-1 plants after simulated herbivory. CNGC19 ex-
pression was less upregulated upon both W1W and W1OS
treatments in thecoi1-1mutant at all timepoints, suggestinga role
in regulating CNGC19 transcription (Figure 5B). To determine
whether the increased insect performance on cngc19 is due to
altered phytohormone levels, both wild type and cngc19-2 were
challenged with Spodoptera larvae and phytohormones were
measured at different time points. The levels of JA and JA-Ile
increased in wild type upon Spodoptera feeding. By contrast, the
cngc19-2 mutant showed a reduced level of JA and JA-Ile when
compared with the wild type after herbivory (Figures 5C and 5D).
We found similar results with cngc19-1 line (Supplemental
Figure 10A). Both mutants, cngc19-1 and cngc19-2, also show
significantly reduced expression of the JA-responsive genes
VEGETATIVE STORAGE PROTEIN2, THIONIN2.1, PLANT DE-
FENSIN1.2, and LOX2 compared with wild type upon herbivory
(Figure 5E). SA content was similar in both wild type and cngc19
mutants (Supplemental Figures 10B and 10C). In conclusion, the
loss-of-function of CNGC19 affects the jasmonate accumulation
upon herbivory, contributing to reduced defense.

Aliphatic GS Levels Are Constitutively Downregulated in
cngc19 Mutants with Overaccumulation of the Biosynthetic
Precursor Methionine

Downstream of jasmonate signaling, secondary metabolites play
a key role in Arabidopsis-induced defense against herbivory. GSs
are important secondary metabolites involved in resistance to
generalist insects (Müller et al., 2010). We wanted to evaluate the
influence of loss-of-function of CNGC19 on GS accumulation to
see if this could further explain increased S. litura herbivory. We
analyzed the basal GS content of cngc19 mutants and wild-type
rosettes. The cngc19mutants havegreatly reducedaccumulation
of total GS when compared with wild type. The decrease in total
GSs was due to a drastic reduction of aliphatic rather than indolic
GS content in cngc19mutants (Figure 6A; Supplemental Table 2).
We further wanted to investigate the effects of S. litura feeding for
24 h on GS levels of wild type and cngc19mutants. The total GS
levels increased upon Spodoptera feeding in the wild type and
mutant; however, the GS levels in cngc19 mutants were always
lower than inwild type (Figure6B).Asseen inuninducedplants,we
found that aliphatic GS levels remained lower in cngc19mutants
than thewild type upon herbivory (Figure 6C). Spodoptera feeding
resulted in anequal increaseof indolicGS inboth thewild typeand
cngc19-2 line, and in the cngc19-1 line, herbivory did not induce
indolic GS (Figure 6D). Thus, in cngc19 mutants, aliphatic GS
levels are reduced under both basal and herbivory-induced
conditions, hinting at perturbations in its biosynthesis.

To determine if metabolites other than GSs were altered upon
CNGC19 loss-of-function, we compared alterations in metabo-
lites between cngc19 and the wild type. However, we did not
detect any metabolite changes apart from Met alterations. Ali-
phatic GS are derived from Met (Kliebenstein et al., 2001), and
indeed, inwhole rosette leaves, comparedwithwild type, the level
of free Met was increased in cngc19 mutants (Figure 7A). To

identify if the excessMet is transported out in the form of S-methyl
Met (SMM, the main transport form of Met), its levels were also
measured. The SMM levels were higher in cngc19 mutants
compared with wild type, confirming transport of excess Met
(Figure 7B). This elevation in free Met and its transport derivative,
SMM, support the conclusion that cngc19mutants are defective
in the conversion of Met to aliphatic GS. We looked at the ex-
pression profiles of all genes involved in aliphatic GSbiosynthesis
(Burow et al., 2015) in wild type and cngc19 mutants, and found
that BCAT4 was highly reduced in both mutants (Figure 7C). The
first process of Met chain elongation in the biosynthesis of ali-
phatic GSs is the deamination of Met to the corresponding 2-oxo
acids by a branched-chain amino acid aminotransferase (BCAT).
BCAT4 showed high efficiency to Met, and is involved in the first
part of the biosynthesis of Met-derived aliphatic GSs (Schuster
et al., 2006). A. thaliana possesses six branched-chain trans-
aminase (BCAT1 to 6). An expression profiling in wild type and
cngc19mutants revealed that the expression ofBCAT4wasmost
highly reduced in cngc19mutants (Figure 7D).BCAT2 andBCAT1
expression was also downregulated; however, neither of these
genes are not involved in GS biosynthesis (Figure 7D). We further
wanted to confirm that BCAT4 has a functional role in S. litura
herbivory, and therefore a feeding assay with loss-of-function
mutant bcat4 was done. We found that the bcat4 mutant with
highly reduced aliphatic GS shows decreased defense as insects
gain more weight and eat a larger leaf area, similar to cngc19
(Figure 7E). Interestingly, ProBCAT4:GUS lines show increased
activity in primary, secondary, and tertiary veins upon wounding
and S. litura herbivory, similar to CNGC19 (Figure 7F).

CNGC19 Regulates Defense, Transport, Hormone, and
Biotic Stress Genes upon Herbivory

To identify which other signaling pathways are regulated by
CNGC19 upon herbivory, global transcript profiling was done
usingmicroarray incngc19andwild-typeplantsafter1dofS. litura
feeding. Microarray indicated that 339 genes were upregulated
and 347 genes were downregulated in cngc19 compared with
wild-type plants after 1 d of S. litura feeding (Supplemental Data
Set). Gene ontology (GO) classification of the 686 up- or down-
regulated genes revealed that they are mostly stress-regulated
with fivemajor functional categories of response to stimuli (18%),
chemical stimuli (10%), transport (9.32%), light (3.54%), and
wounding (1.49%), being highly enriched in the microarray
(Figure 8A). The most differentially regulated 80 genes and
GO-enriched gene list are depicted by heat map (Figure 8B;
Supplemental Figure 11). We further tried to functionally annotate
the genes using MapMan (v3.5.1; https://mapman.gabipd.org/)
categorization and the selected genes were phytohormone-
regulated genes (LOX, SnRK2.7, PP2A, and ERF), transporters
of amino acids and nutrients (AMT1.5, PHT1.7, and AAP),
defense-regulated genes (RIN4-like protein, defensins, MOS7,
and RRS1), receptor kinases (LRR1, CRK/DUF27, BSK9), MAPK
pathway genes (MPK12, MEKK1, WRKY55, and MKK8), and
glutamate receptors (GLR2, GLR3.5, and GLR3.6; Figure 8C;
Supplemental Data Set). Thus, loss-of-function of CNGC19 de-
regulates early signaling pathway related to plant defense.
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Figure 4. CNGC19 Expression Is PEPR-Regulated upon S. litura Herbivory and Is Involved in the Generation of Ca21 Signatures upon Pep1 Perception.

(A) CNGC19 coexpression network according to ATTED-II, a plant coexpression database (http://atted.jp).
(B) PEPR2 and PEPR1 transcript levels in 6-week–old Arabidopsis leaves treated with S. litura OS for 15, 30, 60, and 90 min. Leaves were wounded with
a pattern wheel and subsequently 20mL of water or 1:1 dilutedOS per leaf was applied. Gene transcript abundancewas determined by real-time PCR, and
sampleswerenormalizedbyplantRPS18mRNA.ThegraphsshowfoldchangeofmRNA level relative tountreatedcontrol. Foldchange is themean6 SE (n5
4) and experiments were duplicated with similar results.
(C)CNGC19 transcript levels in 6-week–old wild-type and pepr1 pepr2 leaves treatedwithW1WandW1OS. Gene transcript abundancewas determined
by real-time PCR, and samples were normalized by plant RPS18 mRNA. The graphs show mean 6 SE (n 5 4) fold change of mRNA level relative to the
respective untreated control. Statistically significant differences between wild-type and pepr1 pepr2 plants were analyzed by one-way ANOVA with
a posthoc SNK test (P # 0.05).
(D)Elevation in cytosolic Ca21 concentration (Ca21cyt) in 10-day–oldwild type (Aeq) and cngc19-2-pMAQ2 seedlings (n5 5), by treatmentwith 20-nM
Pep1. Arrow indicates stimulation by Pep1 treatment. Water was used as a control and gave background readings (light and dark gray lines). The
experiment was repeated three times with similar results and the figures are representative data from one experiment. Three random sets of five data
points were analyzed for statistically significant differences between wild type (Aeq) and cngc19-2-pMAQ2 by one-way ANOVA with a posthoc SNK
test (P # 0.05).
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CNGC19 Interacts with S. litura-Induced CaM2 In Planta

The carboxyl tail of several plant CNGCs has been shown to bind
toCaM in aCa21-dependentmanner and regulate the closing and
opening of the channel. CNGC20, a Group IVa member, is known
to interact with CaMs rather than with CaM-like proteins
(CMLs; Fischer et al., 2013). The Arabidopsis genome contains
seven CaM genes encoding four different isoforms that are
highlyconserved—CaM1/CaM4,CaM2/CaM3/CaM5,CaM6,and
CaM7 (McCormack and Braam, 2003). Hence, to identify the
downstream interaction partner of CNGC19, the CNGC19 C
terminus was tested for interaction with each of the four Arabi-
dopsis CaM isoforms by yeast two hybrid (Y2H). Fischer et al.
(2017) had shown with Y2H that CNGC19 interacts with CaM2,
CaM4, CaM6, and CaM7. We were able to show that CNGC19
interacts with CaM2, CaM3, CaM6, and CaM7 in SD-Leu/-Trp/-
His (TDO) and QDO plates (Figure 9A; Supplemental Figure 12A).
The presence of the inhibitor of the HIS reporter gene, 3-amino-1,
2, 4-triazole (3-AT), reduced yeast growth to differing extents,
revealing strong CaM–CNGC19 interaction (Supplemental
Figure 12A). We also tested in planta interaction of CaMs with
CNGC19 using BiFC and found that CaM2, CaM3, CaM6, and
CaM7 interact with CNGC19, confirming the Y2H (Figure 9B;
Supplemental Figure12B). Asanegativecontrol,weusedCML42,
whichwaspreviously shown tobe involved in herbivory but shows
no interaction with CNGC19 in Y2H or in BiFC (Supplemental
Figures 12A and 12B). To identify which interacting CaMs are
regulated upon herbivory and hence crucial, we conducted an
expression analysis using simulated herbivory. We found that
CaM2 was most highly upregulated by wounding and OS appli-
cation (Figure 9C; Supplemental Figure 13). Because CNGC19
interacts with CaM2, we tested loss-of-function of CaM2 for
a functional role in herbivory. The cam2mutant shows increased
S. litura feeding, indicating a breakdown of plant defense (Fig-
ure9D).We thusshowthatherbivory-inducedCNGC19andCaM2
interact in planta and this activates downstream defense
signaling.

DISCUSSION

The Ca21-Permeable Channel CNGC19 Is Integral for
Herbivory-Activated Ca21 Signaling

In this study, we uncovered the role of a novel calcium channel,
CNGC19, in plant perception of herbivory. Upon S. litura her-
bivory, unknown receptors perceive wounding and HAMPs/
DAMPs and activate a plasma membrane-localized, cyclic
nucleotide-gated, Ca21-permeable channel, CNGC19. Ca21 in-
flux into the local attacked leaf activates downstream defense
signaling. Loss of CNGC19 results in increased S. litura herbivory

and breakdown of plant defense (Figure 10). Wound-induced
intravascular Ca21 fluxes in the attacked leaf require CNGC19
function.CNGC19 isa late-activatedsalt-responsivegene,known
to be expressed constitutively in root phloem and shoot vascu-
lature; however, no functional role of cngc19 upon salt stress has
been reported in Kugler et al. (2009). The observation that Ca21

signals are not completely abolished in cngc19 leads us to
conclude that wound-induced Ca21 signal generation might be
controlled by additional genetic interactions betweenCNGCsand
unknown transporters (Figure 10).
Plants respond rapidly to insect herbivorywith electrical signals

and elevation of Ca21cyt in the cytosol near the damage site or
distal/systemic to it (Mousavi et al., 2013; Kiep et al., 2015).
CNGC19 is needed for optimal vasculature-based spread ofCa21

signals in the local leaf. We have previously shown that the
vacuolar ion channel, TPC1, is important for the generation of
a systemic Ca21 response, but not for local elevation of Ca21cyt

upon herbivory (Kiep et al., 2015). Mutations in the GLR proteins
(GLRs 3.1, 3.3, and 3.6) strongly reduced wound-induced elec-
trical andCa21signaling (Mousavi etal., 2013;Nguyenetal., 2018;
Toyota et al., 2018). The axial and radial distributions of systemic
Ca21cyt fluxes are differentially affected in each glr mutant, with
glr3.6 exhibiting severe reduction. The systemic Ca21cyt signal
propagation, which is completely inhibited in the glr3.3 glr3.6
double mutant, is restored to nearly wild-type levels by driving
GLR3.6 expression in the double mutant line (Toyota et al., 2018).
In glr3.3, the systemic Ca21 signal is weaker, and exclusively
vascular, compared with the signal from the wild type, glr3.1, and
glr3.6, in which some perivascular Ca21cyt signals are present
(Nguyenet al., 2018).GLR3.3 andGLR3.6havenot experimentally
beenshownto formCa21-permeablechannels.Moreover, the role
of GLRs in local leaf Ca21cyt elevation has not been studied in-
tensively, in part due to wounding methods aimed at addressing
systemic Ca21 signal generation after petiole clipping (Toyota
et al., 2018) and crush wounding of half the leaf (Mousavi et al.,
2013). Upon crush wounding, single mutant glr3.3 and double
mutant glr3.3 glr3.6 displayed a generalized reduction in Ca21

signals in the local leaf (Nguyen et al., 2018), but no aberrant
distributionofCa21signal through thevasculatureas in thecaseof
cngc19. Surprisingly, systemic Ca21cyt signals and a functional
role against herbivory appear to be regulateddifferentially. Among
the single mutants of glr3.1, glr3.3, and glr3.6, the insects gained
weight only on glr3.3, indicating a major role for this gene among
the GLRs. Among the double mutants tested, insects gain more
weight onglr3.1glr3.3 thanon thewell-characterizedglr3.3glr3.6,
indicating that final defense output is much more complex than
loss of systemic Ca21 elevation (Nguyen et al., 2018). CNGC19
had both altered local Ca21 elevation and a functional phenotype
upon herbivory. Phloem sieve elements (GLR3.3 expression) and
xylemcontact cells (GLR3.6expression) function together for leaf-

Figure 4. (continued).

(E)CNGC19 full-lengthproteinwas fusedwithCubandotherproteins (PEPR1,PEPR2,andBAK1)were fusedwithNub.CNGC19andother constructswere
transformed in mating yeast strains THY.AP4 and THY.AP5, respectively. Both strains were mated in Yeast extract-Peptone-Dextrose medium and then
plated on SC1AH- and SC-medium–containing plates to assess the interaction. EmptyNub vector andCNGC19 fusedwith NubWt served as the negative
and positive controls for the experiment, respectively.
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Figure 5. CNGC19 Loss-of-Function Affects Jasmonate-Based Plant Defense.

(A) CNGC19 transcript accumulation in 14-day–old Arabidopsis seedlings treated with 500-mM JA-Ile. The LOX2 transcript was evaluated as a positive
control for JA treatment. Values are mean 6 SE (n 5 4).
(B)CNGC19 transcript accumulation in 6-week–oldwild type (black) plant and JAperceptionmutant, coi1-1 (gray) uponW1WandW1OS treatment. Gene
transcript abundancewasdeterminedby real-timePCR,sampleswerenormalizedbyplantRPS18mRNA.Thegraphsshowmean6 SE (n54) foldchangeof
mRNA level relative to respective untreated control. WT, wild type.
(C)and (D)JA (C)andJA-Ile (D)phytohormoneelevationuponherbivory incngc19-2mutant plants.Mean6 SE (n518) values are shown for JA, its bioactive
form (1)-JA-Ile inArabidopsiswild-type (black) andcngc19-2 (gray) plants fedonbySpodoptera (fourth-instar larvae) for 6, 12, and24h. Thephytohormone
levels weremeasured from local wounded leaves in the plant rosette. Values aremeans of six independent experiments. Statistically significant differences
between wild-type and cngc19-2 plants were analyzed by one-way ANOVA with a posthoc SNK test (P # 0.05). WT, wild type.
(E)Mean6 SE (n5 4) relative mRNA levels of defense-related genes VEGETATIVE STORAGE PROTEIN2 (VSP2), THIONIN2.1 (Thi2.1), LOX2, and PLANT
DEFENSIN1.2 (PDF1.2), inSpodoptera-infested leavesofwild-type (white),cngc19-2 (darkgray), andcngc19-1 (lightgray)plants.Spodoptera (fourth-instar
larvae) fed on wild-type and both cngc19 lines for 6 h. Undamaged plants served as controls. Statistically significant differences between plants were
analyzed by unpaired t test: *P # 0.05; **P # 0.001. WT, wild type.
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to-leaf electrical signaling inawoundedplant (Nguyenetal., 2018).
TheCNGC19expressionpattern isverysimilar toGLR3.3,which is
also expressed in leaf vasculature (phloem sieve elements) and
trichome base cells (Nguyen et al., 2018). It is tempting to
speculate that GLR3.3 might form protein complexes with
CNGC19 for Ca21 signal generation in the local leaf. From our
study and other reports, it is clear that local and systemic Ca21cyt

elevations in response to wounding have different mechanistic
bases and could involve parallel pathways involving multiple ion
channels, consistent with the diversity of DAMPs/HAMPs gen-
erated uponherbivory. Our observation thatCNGC19 is critical for
wound-induced Ca21 signal generation introduces a novel ion
channel in defense activation.

Plantgenomesdonotencodecanonical ionchannelswithCa21

-selective filters as found in the case of animals, but they do
express ion channels that are permeable to Ca21 and conduct
currents (Demidchik et al., 2018). Cyclic nucleotide-gated chan-
nels, including CNGC 7 to 10, and CNGC14 and 16, have pre-
viously been shown to pass Ca21 as part of a cation-selective
current when expressed in heterologous cells (Zhou et al., 2014;
Gao et al., 2016; Zhang et al., 2017b). Ca21-activated inward
currents were activated upon hyperpolarization of CNGC19-
expressing Xenopus oocytes in the presence of both cAMP and
high external Ca21. Na1 and K1 did not show inward currents in
the presence of cAMP in Xenopus oocytes expressing CNGC19-
YFP. In the absence of a plot of reversal potential against the
concentration of external cations, it is not possible to make
adefinitive statement about the selectivity of thechannel. The very
rapid deactivation of DIDS-insensitive tail currents (Figure 3A v)
precluded attempts to measure reversal potentials accurately.
TheabsenceofK1- orNa1-induced inwardcurrentsand thesteep
dependence of this on external Ca21 concentration is thus con-
sistent with CNGC19 encoding a cyclic-nucleotide gated ion
channel that is permeable to Ca21. Interestingly, the CNGC19
activation upon hyperpolarization strongly suggests the in-
volvement, in planta, of an electrical long-distance signal, the so-
called “system potential,” which is initiated by wounding and
herbivory (Zimmermann et al., 2009, 2016). CNGC19 might thus
represent the first identified channel that responds to feeding-
induced system potential. We report that CNGC19 is localized in
planta to the plasma membrane and not to vacuoles, in contrast
with the findings of Yuen and Christopher (2013), who reported
CNGC19 and CNGC20 to be vacuolar-localized. Intriguingly,
CNGC20 has also been shown to be localized to the plasma
membrane (Fischer et al., 2013). However, our study does not rule
out the possibility of sortingCNGC19 along with other interacting
proteins to internal Ca21 reservoirs (ER, vacuole, and mito-
chondria) upon herbivory. GLRs interact with CORNICHON HO-
MOLOG proteins and are redistributed to other Ca21 storing
compartments inside plant cells that regulate Ca21 signaling in
pollen tube Ca21 homeostasis (Wudick et al., 2018).

The Pep-PEPR pathway serves to intensify and/or propagate
defense signaling after HAMP perception. The Arabidopsis
Pep–PEPR system is induced by herbivore feeding and contrib-
utes to JA-mediated plant defense against herbivory (Klauser
et al., 2015). PEPRs are localized to leaf vasculature, like CNGC19
(Klauser et al., 2015), and regulate CNGC19 expression upon
herbivory. The channel is also involved in generating the Pep-

induced Ca21 signature. The putative guanylyl cyclase (GC) do-
mainwithin thePEPR1 receptor is suggested toprovide thecGMP
that stimulates CNGC2 channel opening upon Pep perception (Qi
et al., 2010). However, we found that Spodoptera OS activates
cNMP production to similar levels in wild-type and pepr1 pepr2
mutants.Wounding, HAMPs, DAMPs, and unidentified elicitors in
OS, might activate distinct receptors that could directly (via the
presence of GC/AC domains) or indirectly (via posttranslational
modifications) activate CNGCs (Figure 10). Hence PEPRs might
only be involved in sensing the AtPeps present in the crude OS or
could interact with unknown receptors/phosphorylate targets.
The role of CNGC19 in Pep-induced Ca21 elevation hints at the
formation of multiprotein complexes with CNGC2 to sense Peps.

CNGC19-Mediated Plant Defense upon Herbivory Is
Controlled via JA-Ile Signaling

Plants rapidly activate biosynthesis of JA and JA-Ile to high levels
on sensing herbivore attack. JA-Ile facilitates JAZ repressor
binding to the COI1 jasmonate receptor and their subsequent
ubiquitination, thereby activating jasmonate signaling (Sheard
et al., 2010). Ca21 is involved in the regulation of JA biosynthesis
and signaling (Vadassery et al., 2012, 2014; Wasternack and
Hause, 2013; Scholz et al., 2014). Herbivory-induced expression
of CNGC19 is COI1-dependent and feedback through the JA-Ile
pathwaymight regulate it. Thecngc19mutantshad reduced levels
of JA and JA-Ile after S. litura feeding. Downregulation of specific
JA-responsive genes was observed in cngc19 mutants. Thus,
reduced activation of the jasmonate pathway contributes to de-
creased defense in cngc19. CNGCs have not previously been
shown to have a role in jasmonate signaling except in dnd mu-
tants/CNGC2 and 4. Here the response is preferentially trans-
duced through SA-mediated pathways but is directed to JA/
ethylene pathways if the SA pathway is disrupted (Genger et al.,
2008). JA is made in the vasculature (xylem contact cells and
phloem) and exported radially (cell-to-cell) in the leaf into different
cell layers (Nguyen et al., 2017). Hence localization to the vas-
culature might be crucial in connecting CNGC19 with herbivory-
induced jasmonates. We identified that CNGC19 interacts
strongly with herbivory-activated CaM2 in planta. Recently,
amechanistic link betweenCa21 and jasmonate biosynthesis has
beenshownvia theJAV1–JAZ8–WRKY51complex that represses
expression of JA biosynthesis genes in healthy plants. Upon
wounding, CaM1, CaM4, and CaM7 sense Ca21 elevation and
interact with JAV1, which results in its phosphorylation, and
subsequent de-repression of JA biosynthesis and rapid burst of
JA for plant defense (Yan et al., 2018). It is possible that CNGC19
with a C-terminal CaM binding site could be upstream to this
process, and loss-of-function affects the JAburst uponherbivory;
however, this hypothesis warrants further study.

CNGC19 Modulates Aliphatic GS Biosynthesis via
Regulating BCAT4 Expression

GSs act as a feeding deterrent against generalist herbivores via
their toxic breakdown products (isothiocyanates, nitriles, and
epithionitriles; Textor andGershenzon, 2009). Aliphatic and indole
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GShave an additive negative effect onSpodoptera exigua growth
(Müller et al., 2010). The cngc19 lines constitutively and upon
herbivory have reduced aliphatic GS content compared with wild
type. Reduced aliphatic GS correlates with an increase in its
precursor, Met, suggesting that cngc19 is defective in conversion
of Met to aliphatic GS. Branched-chain aminotransferases
BCAT4, BCAT3, and BCAT6 are involved in the biosynthesis of
aliphaticGS.Among them,BCAT4 is themajorgene thatcatalyzes
the first part of the biosynthesis of Met-derived aliphatic GSs,
which is the transamination of Met to 4-methylthio-2-
oxobutanoate (Schuster et al., 2006; Lächler et al., 2015). Ex-
pression of the branched-chain aminotransferaseBCAT4 is greatly
reduced in both cngc19 mutants. BCAT3 and BCAT6 transcript

levels are unaltered in cngc19, and this could account for the slight
increase in aliphatic GS content in cngc19 upon S. litura herbivory.
cngc19 also showed downregulation ofBCAT1 andBCAT2, which
are not involved in aliphatic GS biosynthesis (Angelovici et al.,
2013). In Arabidopsis, GTR1 and GTR2 are involved in bi-
directional long-distance transport of aliphatic GSs from shoot to
root (Andersen et al., 2013). The minor downregulation of GTR1
and GTR2 expression in cngc19 rosettes might be a secondary
effect of reduced biosynthesis of aliphatic GS and hence reduced
transport. The excess of Met in cngc19 leads to an increase of its
transport compound, SMM. Plant SMM transporters are not
known, but expression of a yeast SMM transporter in pea resulted
in improved sulfur and nitrogen content of the seeds (Tan et al.,

Figure 6. GS Levels Are Modulated in cngc19 Mutants.

(A)Mean6 SE (n58) Total, aliphatic, and indoleGS levels in rosette leaves of 5-week–old untreatedArabidopsiswild-type (white bars), cngc19-2 (dark gray
bars), and cngc19-1 (light gray bars) plants. Statistically significant differences betweenplantswere analyzedbyunpaired t test: *P#0.05; **P#0.001.DW,
dry weight; WT, wild type.
(B) to (D)Total, aliphatic, and indoleGSs levels in rosette leavesof 5-week–oldArabidopsiswild-type (white),cngc19-2 (darkgray), andcngc19-1 (light gray)
plants fed on by Spodoptera larvae (fourth-instar) for 1 d. Statistically significant differences among treatments were analyzed by one-way ANOVA with
a posthocSNK test (P#0.05). Values aremeans of two independent experiments (n5 8). Two-wayANOVAcombining the two cngc19 alleles is depicted in
Supplemental Table 3. DW, dry weight; WT, wild type.
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Figure 7. SMM Contents in cngc19 Mutants.

(A) and (B) SMM levels in rosette leaves of 5-week-old Arabidopsis wild-type (white), cngc19-2 (dark gray), and cngc19-1 (light gray) plants in control
conditions.Statistically significantdifferencesamonggenotypeswereanalyzedbyone-wayANOVAwithaposthocSNKtest (P#0.05).Valuesaremeansof
two independent experiments (n 5 8). WT, wild type.
(C) Heat map represents expression of aliphatic GS pathway genes analyzed in 6-week–old wild type and cngc19 mutants leaves. Gene transcript
abundance was determined by real-time PCR, and samples were normalized by plant RPS18 mRNA. Fold change is the mean 6 SE (n 5 4). Statistically
significant differences between plants were analyzed by unpaired t test: P # 0.05. Red and yellow circles represent statistically significant differences
between wild type with cngc19-2 and cngc19-1, respectively. WT, wild type.
(D) Normalized fold expression of all six members of BCAT gene family analyzed in 6-week–old wild-type and cngc19 mutants’ leaves. Gene transcript
abundance was determined by real-time PCR, and samples were normalized by plant RPS18 mRNA. Fold change is the mean 6 SE (n 5 4). Statistically
significant differences between Col-0 and cngc19 mutant lines were analyzed by unpaired t test: *P # 0.05; **P # 0.001. WT, wild type.
(E)Mean (mean6 SE) larvalweight after feedingonwild-type (Col-0) andbcat4mutant. The larvalweightwasmeasuredafter 8dof feeding. The total number
of larvae weighed (N ) is indicated in the bars. Statistically significant difference between wild-type and bcat4 was analyzed by one-way ANOVA with
a posthoc SNK test (**P # 0.001). WT, wild type.
(F) BCAT4 promoter early activated upon 5 min of mechanical wounding and Spodoptera herbivory. After treatments, leaf tissues were collected from the
ProBCAT4:GUS-expressing transgenic line and incubated in GUS staining solution for 1 h.
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Figure 8. Global Expression Profiling of Genes in cngc19-2 and Wild Type after 24 h of Spodoptera Herbivory.

(A)Highly enriched GO terms for the differentially expressed transcripts after Spodoptera herbivory for 24 h in cngc19-2mutant plants. All the differentially
expressed transcripts (>1.5 fold)weresubjected toGOenrichmentanalysis. Importantbiological processeswithPvalueand%geneenrichment are shown.
For the enrichment, the P-value cutoff was < 0.05.
(B)Heatmapdepicting theexpressionprofileof the80highestup-ordownregulatedgenes inmicroarraycomparing thecngc19-2mutantwithwild typeafter
24 h of Spodoptera herbivory (fourth-instar larvae). Color scale represents average intensity values in log2. WT, wild type.
(C) List of selected genes altered in microarray. Fold change is calculated by cngc19-21Spodoptera/wild-type1Spodoptera.
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Figure 9. CNGC19 Interacts with Herbivory-Induced CaM2 In Planta.

(A)Y2H interactionstudyofCNGC19andCaMs.Y2Hgoldyeastcells cotransformedwithpGBKT7-CNGC19C-terminal andpGADT7-CaM1,CaM2,CaM3,
CaM4,CaM6,andCaM7weregrown innonselectiveSD-Leu/-Trp (DDO)medium toOD60051. TenmL froma10-timedilution serieswerespottedoncontrol
nonselectiveDDOand selective TDOmediumcontaining 2.5-mM3-AT andX-agal. Diminution of cell density in the dilution series is indicated by narrowing
triangles. SV40 large T-antigen and p53 interaction was used as a positive control whereas T-antigen with lamin (Lam) DNA served as a negative control.
(B)Protein–protein interactionsbetweenCNGC19andCaMs. ABiFCassaywas performedusingCNGC19 fusedwith theN-terminal part of YFP andCaMs
(CaM1, 2, 3, 4, 6, and 7) fusedwith the C-terminal part of YFP and transiently expressed inN. benthamiana by Agrobacterium-mediated infiltration. Images
show YFP-mediated fluorescence derived from the protein–protein interaction; the brightfield image shows the plasmamembrane and the superimposed
images are of brightfield andYFP (Merge). Scale bar5 100 mm. Interaction of CNGC19with CML42 is shown as a negative control, as these proteins do not
interact even in Y2H.
(C) CaM2 transcript levels in Arabidopsis leaves treated with Spodoptera OS for 30, 60, 90, and 120 min. Leaves were wounded with a pattern wheel and
subsequently 20 mL of water or 1:1 diluted OS per leaf was applied. Gene transcript abundance was determined by real-time PCR and samples were
normalized by plant RPS18 mRNA. The graphs show fold change of mRNA level relative to the untreated control. Fold change is the mean 6 SE (n 5 4).
(D)Mean (mean6 SE) larval weight after feeding on the wild-type (Col-0) and cam2 (SALK_114166C) mutant. The larval weight was measured after 8 d of
feeding. The total number of larvaeweighed (N ) is indicated in thebars. Statistically significant differences betweenwild typeandcam2after a feedingassay
were analyzed by one-way ANOVA with a posthoc SNK test (*P # 0.05).
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2010) and consistent with these data, we see the expression of
many nutrient uptake genes and amino acid transporters (AMT1,
AAP) in our microarray with cngc19 and wild type, indicating that
excess Met is rerouted for nutrient mobilization. In leaves, consti-
tutive BCAT4 promoter activity was found in veins (Schuster et al.,
2006). We found that upon Spodoptera feeding BCAT4 is also
exclusively expressed in vasculature. Interestingly, both BCAT4
and CNGC19 are phloem-expressed and wound-inducible genes

(Schuster et al., 2006; Kugler et al., 2009). HowCNGC19 regulates
cytosolicBCAT4isunknown.GSsaremoreabundant in themidvein
and the periphery of the leaf than the inner lamina. So, some
chewing insects avoid themidvein and leaf peripherywhen feeding
on Arabidopsis leaves (Shroff et al., 2008). Hence, vasculature lo-
calization of BCAT4 and CNGC19 might be important for their
coregulation and to influence GS biosynthesis. They might also be
part of protein complexes in native uninduced stages that regulate

Figure 10. Model for a Role of Arabidopsis CNGC19 in Plant Defense against S. litura Herbivory.

Upon S. litura herbivory, unknown receptors and PEPR perceive wounding and HAMPs/DAMPs, and activate a plasma-membrane–localized, CNGC19.
This generates cytosolicCa21elevation,which activates downstreamdefense signaling.CNGC19 is expressed in leaf vasculature and is crucial forwound-
induced intravascular Ca21 fluxes within a leaf. CNGC19 positively regulates Arabidopsis defense, as loss-of-function of CNGC19 results in increased S.
litura herbivory andbreakdownof plant defense.CNGC19 interactswith theCa21-sensorCaM2 inplanta and thismight regulate the channel andcontribute
to plant defense. Loss-of-function of CNGC19 also results in alteration in the Pep-induced Ca21 signature. CNGC19 acts as positive regulator of plant
defense by theaction on JA-Ile biosynthesis and its expressiondependson the JA receptorCOI. Loss-of-function ofCNGC19 results in thedownregulation
of aliphatic GS levels and hyperaccumulation of their precursor, Met. CNGC19 modulates aliphatic GS biosynthesis by regulating BCAT4 expression.
Arrows imply activation in all cases and broken lines indicate a possible role in a process. T-bars indicate inhibition of a process.
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each other’s expression. Other Ca21-regulated genes known to
influence GS biosynthesis are Ca21/CaM-related IQ-DOMAIN1
(Levy et al., 2005), CML42 (Vadassery et al., 2012), and CAL-
MODULIN BINDING TRANSCRIPTION ACTIVATOR3 (Laluk et al.,
2012). None of these are in the biosynthetic pathway for GS. From
multiple reports and our work, it is clear that GS biosynthesis is
intricately linked toCa21 signaling. CNGCchannels and interacting
CaMs might be key regulatory players.

PlantCNGCsarebothpositivelyandnegatively regulatedby the
Ca21 sensor CaM by apoCaM binding to an isoleucine glutamine
motif in the C terminus of CNGCs and/or Ca21/CaM binding both
N- and C-terminal motifs with different affinities (Fischer et al.,
2013; DeFalco et al., 2016). We show that CNGC19 interacts with
herbivory-specific CaM2 in planta. We found that CaM2 is
a positive regulator of herbivore defense and insects feedmore on
cam2 mutants than on wild-type plants. From the literature it is
known that CaM2 (TCH1) is upregulated by both touch and
darkness (Lee et al., 2005; McCormack et al., 2005). In vegetative
organs, theCaM2 genewas specifically expressed in the vascular
tissue and involved in pollen germination (Landoni et al., 2010).
TheCa21 sensor CaM2can act to both regulateCNGC19 channel
activity and downstream plant defense (e.g. jasmonate bio-
synthesis). CaM2could be apotential target for generatingdouble
mutants with CNGC19, to elucidate its role in plant defense to
herbivores.

Our data demonstrate that CNGC19 is crucial in the perception
of herbivory by regulating the Ca21 fluxes and coupling it to
downstreamdefensesignaling (Figure10). Thevasculature seems
to be an important hub for plant defense against herbivory where
CNGC19 and all associated proteins reported in the study (CaM2,
BCAT4, PEPRs, jasmonate, and GS biosynthesis) are localized
(Figure 10). The mechanisms by which plants couple CNGC19
channel activation to induced defenses vis-à-vis JA-Ile and ali-
phatic GS biosynthesis, form an interesting area for future re-
search. Future biochemical studies on single and multiple CNGC
mutants will be necessary to elucidate their role in the generation
of both local and systemicCa21 elevation uponS. litura herbivory.
Subunit composition affects the functional properties of a chan-
nel, and it is possible that a combinatorial code of channel tet-
rameric composition determines the specificity of stress
perception. Identification of protein complexes of CNGC19 with
other CNGCs, and other putative subunits expressed in the
vasculature, would be an exciting area of research.

METHODS

Plant and Insect Materials

Arabidopsis (Arabidopsis thaliana) seeds (ecotype Columbia; Col-0) and
mutant lineswith a T-DNA insertion in the exon ofAtCNGC19 (At3g17690),
namely SALK_129200C and SALK_027306 (provided by TAIR; Alonso
et al., 2003)wereused.TheabsenceofCNGC19mRNA in thehomozygous
SALK_ 129200C and SALK_27306 were checked by RT-PCR using
CNGC19 gene-specific primers. The cngc19-1 (SALK_27306) line has
been characterized for its involvement in salt stress in Kugler et al. (2009).
AtCNGC20 (SALK_0129133C) and AtCaM2 (SALK_114166C) were also
obtained from TAIR. The cam2 line was previously characterized by Zhang
et al. (2009). The bcat4 (AT3G19710) mutant line SALK_013627was kindly
provided byStefanBinder (University of Ulm). pepr1 pepr2doublemutants

were provided by Gerald Berkowitz (University of Connecticut). GCaMP3
lines were gifted by Dale Sanders (John Innes Centre). Seeds were sown in
10-cmpotsandstratified for2dat4°C indarkness.Afterwards, plantswere
moved to ventilatedgrowth roomswith constant air flowand60%humidity
at 22°C.Plantsweregrownata10-h light/14-hdarkphotoperiodanda light
intensity of 150 mmol m22 s21. Larvae of Spodoptera litura were hatched
from eggs and reared on an agar-based optimal diet (Bergomaz and
Boppré, 1986). The insect biomass assaywasdoneusing first-instar larvae
(freshlyhatched larvaegrown for3d in light),whichwerepreweighedbefore
the experiment and selected to have equal weights. Three larvae were
placed on a single plant and covered with perforated plastic covers. After
8 d of feeding, all larvae were removed and weighed individually. Each
experiment had 10 plants and the experiments were repeated three to four
times independently. For phytohormone and GS estimation, 1-d feeding
was performed with fourth-instar S. litura larvae which were starved 12 h
before plant feeding.

Plant Treatments

All simulated herbivory experiments were performed 6 weeks post-
germinationat avegetative (prebolting) growth stage. For experimentswith
insect OSs, the adaxial (upper) side of the leaf was woundedwith a pattern
wheel (six vertical motions). Fourth-instar S. litura larvae were reared on an
artificial diet of Arabidopsis leaves for 24 h before collectingOS on ice. The
OS was centrifuged at 13,000 rpm for 2 min and diluted 1:1 with water. A
total of 20mLof freshdilutedOSwas spread across all the holes on a single
leaf (W 1 OS). In control plants, water was added (W1Water). coi1-1
homozygous plants were selected by CAPS marker (Xie et al., 1998). This
method for simulated herbivory was also used for CNGC19 expression in
the coi1-1 andpepr1 pepr2mutant lines. ForCNGC19 expression analysis
in systemic leaves upon simulated herbivory, leaves were numbered, leaf
number 8 was wounded with a pattern wheel, and water/OS was applied.
Systemic leaves 5, 11, 13, and 16 are known to have vascular connection
with leaf number 8 (Mousavi et al., 2013; Kiep et al., 2015), and were
harvested after 30 min and 60 min for gene expression studies. For
CNGC19 expression inSpodoptera-fedplants, fourth-instarS. litura larvae
were transferred to wild-type plants and allowed to feed for the indicated
time intervals. Chemically synthesized JA-Ile (Walter et al., 2007; Scholz
et al., 2014) was dissolved in 100% ethanol to make 300-mM stock, which
was thendiluted inwater toafinalconcentrationof500mM.Fourteen-d–old
seedlings were treated with 500-mMJA-Ile for the indicated time intervals.

CNGC19 and BCAT4 Promoter Reporter Assays

For the promoter b-glucuronidase (GUS) fusion construct, a 2.6-kb frag-
ment upstream of the translation start codon ofCNGC19 including the first
exonwasamplified (;3-kb fragment) fromgenomicDNAandwascloned in
the pBI101.2 vector at theSalI/BamHI sites. An;2.2-kb genomic fragment
upstreamof the translation start codonofBCAT4wasamplifiedandcloned
in thepBI101.2vectorat theSalI/BamHIsites for theBCAT4promoter-GUS
fusion construct. For GUS reporter staining, Arabidopsis leaves from
ProCNGC19:GUS- and ProBCAT4:GUS-expressing transgenic plants (T3

generation) were vacuum-infiltrated with GUS staining solution (50 mM of
sodium phosphate buffer at pH 7.0, 2 mM of EDTA (w/v), 0.12% Triton,
0.4mMof ferrocyanide, 0.4mMof ferricyanide, and 1.0mMof 5-bromo-4-
chloro-3-indolyl-b-D-glucuronide cyclohexylammonium salt) for 5–15min
and incubated in the dark at 37°C for 1 h. Tissues were cleared of chlo-
rophyll by treatment with 70%ethanol at 65°C for 1 h and analyzed by light
microscopy. ProCNGC19:GUS and ProBCAT4:GUS expressing trans-
genic plants were wounded by needle or fed by Spodoptera (fourth-instar
larvae). After 5min of treatments leaf tissueswere collected and incubated
in GUS staining solution for 1 h. List of primer pairs used in this study are in
Supplemental Table 1
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Ca21 Measurements

GCaMP3 reporters: Transgenic Arabidopsis (Col) expressing GCaMP3,
and a cngc19-2 mutant crossed with GCaMP3 (T2), selected to ensure
equal background fluorescence, were used forCa21measurements. Four-
week–old plants under short-day conditions on soil were used for the
experiments.Bothwild-typeandcngc19-2GCaMP3-expressing leafdiscs
were also tested for their similar response to 2-M CaCl2 with 20% ethanol
after each experiment to ensure equal basal fluorescence (Supplemental
Figure 5B). This ensured that the differences in background intensity of
GCaMP3 do not account for varying signal intensity/spread in different
plants. We only used local leaf (leaf 5) for wounding and imaging in all
experiments. A stereomicroscope (Nikon) was used to visualize the fluo-
rescence, with GFP excitation at 470 nm and emission at 500 to 550 nm.
Basal fluorescence level of unwounded leaf was captured by a camera
(Nikon) with 43 gain and 5-s exposure time. In leaf 5 of wild type and
cngc19, leaf lamella including midrib was wounded using sharp scissors
and fluorescence was captured at every 5-s interval for 5 min. Mean
fluorescence of images were calculated using the software ImageJ 1.52a
(U.S. National Institutes of Health). TIFF fileswere used for data processing
and whole-leaf mean fluorescence, excluding the cut region, was cal-
culated by selecting the leaf area using a freehand selection tool
(Supplemental Figure 5). Normalized fluorescence intensity (DF/F ) was
calculated according to DF/F5 F2F0/F0 (F, fluorescence after wounding;
F0, basalfluorescence intensity) andwasperformedasdescribed in Toyota
et al. (2018). Spodoptera feeding and visualization of signals in the same
leaf is technically challenging and was not done, unlike in Toyota et al.
(2018), where systemic signals upon feeding were probed.

Aequorin (Aeq) reporters: Transgenic Arabidopsis (Col-0)-expressing
cytosolic apoaequorin (Knight et al., 1997) and cngc19-2mutant seedlings
transformed with pMAQ2 vector (T2) with good discharge were used for
Ca21 measurements. Aeq and cngc19-pMAQ2 seedlings were grown in
liquid MS medium and 12-d–old seedlings were transferred into a 96-well
white plate (ThermoFisherScientific) containing5-mMcoelenterazine (PJK
International) in the dark overnight at 21°C. Bioluminescence counts in
seedlings were recorded as relative light units per s with a microplate
luminometer (Luminoskan Ascent, v2.6; Thermo Fisher Scientific). After
102-s background reading, 20-nM Pep1 (GenScript) was added manually
to the well and readings in relative light units per s were taken for 900-s
Calibrationswere performed by estimating the amount of Aeq remaining at
the end of experiment by discharging all remaining Aeq with 2 M of CaCl2
with 20% ethanol, and the counts were recorded for 360 s. The lumi-
nescence counts obtained were calibrated using the equation from Rentel
and Knight (2004).

cAMP Quantification

For cAMP quantification, leaves of 6-week–old wild-type plants and pepr1
pepr2 mutants were treated with S. litura OS for 2.5 and 5 min. Samples
were ground in liquid N2 to form fine powder and cAMP was extracted by
homogenizing in 500-mL lysis buffer (50mMof Tris-HCl at pH 7.5, 100mM
of NaCl, 0.1% Triton, 1 mM of DTT, 2 mM of EDTA, and protease inhibi-
tor cocktail [Roche]). After 30 min of incubation on ice, samples were
centrifuged at 13,000 rpm for 5min at 4°C. Supernatant was collected and
protein amountwasquantified. cAMPwasmeasured according to the user
manual provided with the cAMP ELISA Kit (Cayman Chemical).

TEVC in Xenopus Oocytes

The CNGC19-YFP fragment was amplified from the pEG101-
CNGC19:YFP construct and subcloned into vector pGEMHE in BamHI/
EcoRI restriction sites (Liu and Luan, 2001). Oocyteswere isolated bymini-
laparotomy from adult female Xenopus laevis. Surgical procedures for
oocyte collection were approved by the Institutional Animal Ethics

Committee,which reports to theCommittee for thePurpose ofControl and
Supervision of Experiments on Animals, Government of India. Clusters of
oocytes were broken down with collagenase and individual oocytes de-
folliculated manually. Oocytes at stages V to VI were selected and in-
cubated inND-96solution (96mMofNaCl, 2mMofKCl, 1mMofMgCl2, 1.8
ofmMCaCl2, and 5mMofHEPES at pH 7.5, supplementedwith 2.5mMof
sodiumpyruvate andenrichedwithHorse serum)with 50-mg/mLpenicillin/
streptomycin at 18°C overnight before injections. Capped RNA was
prepared from the linearized plasmid DNA templates using the Ampli-Cap
Max T7 Message Maker kit (CellScript), following the manufacturer’s in-
structions. Approximately 10 ng of each cRNA was injected into each
oocyte. Electrophysiological experiments were performed 48 to 96 h after
injection using a TEC-10CX TEVC Amplifier (NPI Electronic) to maintain
holdingpotentials and recordmembranecurrents. Theanalogoutput of the
amplifier was sampled at 10 kHz and filtered at 3 kHz, digitized, and stored
for further analysis. The software package pCLAMP v10.2 (Molecular
Devices) was used to generate voltage clamp commands, acquire
membrane currents, and analyze digitized data. All experiments were
performed at room temperature. All experimental data were first analyzed
with Clampfit v10.2 (pCLAMP; Molecular Devices) and exported to the
software Origin v8.0 (OriginLabs) for subsequent analysis and display. The
bath solution was 200-mM–mannitol buffered with MES-Tris to pH 7.4.
Additions made were: 300 mmof dibutyryl cAMPwith a 15-min incubation
period, followedbyCaCl2 (15mM), and finallyDIDS (300mM).NaCl (10mM)
and KCl (10 mM) were added before CaCl2 on some runs to check for the
selectivity of the channel. DIDS was used to inhibit Ca21-activated Cl2

channels. Oocytes were held at 280 mV, stepped to potentials ranging
from2130 mV to140 mV, and finally brought to260 mV. Tail currents at
260mVwereanalyzedasameasureofchannelsopenat theendof thestep
episode.

Confocal Microscopy to Detect Expression and Localization of
CNGC19-YFP in Oocytes

Xenopus oocytes injected with either water or CNGC19-YFP and were
imaged in bright field and in fluorescence confocal mode. Oocytes were
imaged with a 103 Plan Apochromat objective on a LSM-780 Confocal
Microscope (Zeiss)36 to48hpostinjection.YFPwasexcitedusing the514-
nm line of a multi-line Argon laser while the emission was recorded using
a spectral detector over 523 to 675 nm. Line scans were performed on
fluorescence images of both CNGC19-YFP and water-injected oocytes.

Vector Construction and Expression of YFP Fusion Protein

Gateway Technology (Invitrogen) was used for the generation of pEG101
transformationconstructs,whichconsistedof a targetgene (CNGC19ORF
cDNA) bearing aC-terminal fusion toYFPunder thecontrol of an enhanced
Cauliflower Mosaic Virus 35S promoter for plant transformations (Earley
et al., 2006). The attB adaptor-bearing PCR primers were designed for the
generation of attB PCR products for recombination with the donor vector
pDONR207 via BP Clonase reactions (Invitrogen). Fully sequenced entry
clones were recombined in LR Clonase (Invitrogen) reactions with the
pEG101 destination vector. The binary constructs were introduced into
Agrobacterium tumefaciens (GV3101) and used for transient expression of
CNGC19 in N. benthamiana leaves. Overnight grown cell cultures were
collected and resuspended in 1 mL of infiltration buffer (10 mM of MES-
KOH at pH 5.6, 10mMofMgCl2, and 150mMof acetosyringone) to optical
density at 600 nm (OD600) to 0.8. The working suspensions were prepared
by mixing Agrobacterium harboring CNGC19-YFP construct, organelle
markers for plasma membrane (PM-mCherry) or tonoplast (TP-mCherry;
Nelson et al., 2007), andp19silencing suppressor in (1:1:1) ratio, incubated
at room temperature for 3 h and infiltrated into the abaxial surface of fully
developed leaves. Plants were cultivated for 3 d under growth-room
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conditions (28°C temperature, 16-h light/8-h dark photoperiod with one
bulbofcoolwhiteandfivebulbsofwidespectrum lightswitha light intensity
of 150mmolm22 s21) and the infiltrated leaf areawas analyzed by confocal
laser scanning microscopy using a TCS SP5 (Leica Microsystems)
equippedwith appropriate lasers (514 to527nmand587 to610nm forYFP
and mCherry, respectively). Autofluorescence of chloroplasts was de-
tected at 650 to 700 nm. For stable line preparation, Arabidopsis flowering
plants were transformed by floral dip method, as described in Clough and
Bent (1998).

Protein Extraction and Immunoblot

Microsomes were prepared from CNGC19-YFP transiently expressed in
N. benthamiana leaves by homogenizing in grinding buffer (50 mM of
HEPES-KOH at pH 7.5, 10 mM of EDTA, 330 mM of Suc, 0.6% poly-
vinylpolypyrrolidone, 1 mM of DTT, 1 mM of PMSF, and 1% protease
inhibitor cocktail). Theextractwascentrifugedat18,000g for10minand the
supernatant was further centrifuged at 100,000g for 1 h. The microsome
pellet was then resuspended in resuspension buffer (20 mM of HEPES-
KOH at pH 7.5, 1 mM of EDTA, 330 mM of Suc, 1 mM of PMSF, and 1%
protease inhibitor cocktail). Crude microsome fraction was separated by
SDS-PAGE and transferred onto a nitrocellulose membrane. The mem-
brane was incubated first with rabbit anti-GFP antibody (AS15 2987;
Agrisera Antibodies) and then with goat-anti rabbit IgG-HRP conjugates
(Merck) followed by chemiluminescence with Clarity Western ECL sub-
strate (Bio-Rad).

Expression Analysis by Real-Time PCR

Leaf material was ground to a fine powder in liquid N2, and total RNA was
isolated using TRIzol Reagent (Invitrogen) according to themanufacturers’
protocol. An additional DNase (Turbo DNase; Ambion) treatment was in-
cluded to eliminate any contaminatingDNA. RNAquantitywas determined
using Nanodrop (Thermo Fisher Scientific). DNA-free total RNA (1 mg) was
converted into single-stranded cDNA using a mix of oligo-dT18 primers
from the Omniscript cDNA Synthesis Kit (QIAGEN). Gene-specific primers
(placed at the exon–exon junction for specific amplification of cDNA,
whenever possible) were designed using the NCBIprimer design tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast). For real-time PCR, pri-
mers producing 120- to 170-bp ampliconswere used. RT-qPCRwas done
inoptical 96-well platesonaCFX96Real-TimePCRDetectionSystem (Bio-
Rad) using the iTaq universal SYBR green Mix (Bio-Rad). Previously op-
timized endogenous control RPS18 for herbivory experiments (Vadassery
et al., 2012)wasused for normalizationof transcripts. Fold induction values
of target genes were calculated with the DDCT equation (Rao et al., 2013)
and related to themRNA level of target genes in thecontrol leaf,whichwere
definedas1.0. All of the assayswere run in duplicate or triplicate (biological
replicates) tocontrol foroverall variability.Theprimerpairsusedare listed in
Supplemental Table 1.

Quantification of Phytohormones in Arabidopsis Leaves

Plantmaterialwasweighed (250mg) for thewild typeandcngc19-2mutant
line and frozen with liquid N and samples were kept at 280°C until used.
Wild-type and cngc19-1 samples were lyophilized in another set of ex-
periments and 10-mg fine powdered lyophilized tissue was used. For
phytohormone analysis, finely ground leaf material was extracted with
1.5 mL of methanol containing 60 ng of d6-JA (HPC Standards), 60 ng of
salicylic acid-d4 (Santa Cruz Biotechnology), 60 ng of abscisic acid-d6

(Toronto Research Chemicals), and 12 ng of d6-JA-Ile conjugate (HPC
Standards) as internal standards. Phytohormones were quantified on an
API 5000 LC-MS/MS system (Applied Biosystems) as described in
Vadassery et al. (2012) and Scholz et al. (2017). Because it was observed

that both the D6-labeled JA and D6-labeled JA-Ile contained 40% of the
corresponding D5-labeled compounds, the sum of the peak areas of D5-
and D6-compound was used for quantification.

GS Analysis

Whole plantswere used forGS analysis as opposed to single leaves due to
vast leaf to leaf variation (Brown et al., 2003). Samples were freeze-dried
until constant weight and ground to a fine powder. Twenty-five mg of
freeze-driedandpulverizedmaterial perplantwasused forGSanalysis.GS
were extracted with 1 mL of 80% methanol solution containing 0.05-mM
intact 4-hydroxybenzylglucosinolate as the internal standard. After cen-
trifugation at 12,000 rpm for 10min at4°C, extractswere loadedontoDEAE
Sephadex A-25 columns (flowthrough was collected for further metabolite
analysis) and treatedwith arylsulfatase for desulfation (Sigma-Aldrich). The
eluted desulfoglucosinolates were separated using high performance
liquid chromatography (Agilent 1100 HPLC system; Agilent Technologies)
on a reversed phase C-18 column (Nucleodur Sphinx RP; 2503 4.6 mm,
5-mm particle size; Macherey-Nagel) with a water-acetonitrile gradient
(1.5% acetonitrile for 1min, 1.5% to 5%acetonitrile from 1 to 6min, 5% to
7%acetonitrile from6 to8min, 7%to21%acetonitrile from8 to18min, and
21% to 29% acetonitrile from 18 to 23 min, followed by a washing cycle;
flow 1.0 mL min21). Detection was performed with a photodiode array
detector and peaks were integrated at 229 nm. We used the response-
factors aliphatic GS 2.0 and indole GS 0.5 (Burow et al., 2006) for quan-
tification of individual GSs.

Amino Acid Analysis

Amino acids were analyzed in the flowthrough from the DEAE Sephadex A
25 columns used in GS analysis. Plant extracts were diluted with 1:10 (v/v)
in water containing the 13C-, 15N-labeled algal amino acid mix (Isotec).
Aminoacids in thedilutedextractsweredirectly analyzedbyLC–MS/MSas
described before in “Quantification of Phytohormones in Arabidopsis
Leaves,” with the modification that an API5000 Mass Spectrometer (Ap-
plied Biosystems) was used and the chromatographic gradient was
modified as follows: 0–1 min, 3% B in A; 1–2.7 min, 3–100% B in A;
2.7–3 min 100% B, 3.1–6 min 3%B in A (A: 0.05% formic acid in water; B:
acetonitrile). The mobile phase flow rate was 1.1 mL/min (Crocoll et al.,
2016).

Y2H

The CNGC19 C-terminal was fused to the GAL4 DNA binding domain in
pGBKT7-BD vector (Clontech Laboratories). CaM1, CaM2, CaM3, CaM4,
CaM6, CaM7, and CML 42 were cloned into the pGADT7-AD vector
(Clontech Laboratories) containing the GAL4 activation domain. All con-
structs were made using the restriction-based cloning. The pGBKT7-BD
and PGADT7-AD constructs were cotransformed into the Y2H Gold strain
of yeast (Saccharomyces cerevisiae) using aMatchmakerGoldYeast Two-
Hybrid System Kit (Clontech Laboratories), and selected for transformed
cells on SD-Leu/-Trp (DDO) plates lacking Leu and Trp (2LT) and were
confirmed by colony PCR. pGBKT7-T antigen was cotransformed with
pGADT7-p53 or pGADT7-Lam as a positive and negative control, re-
spectively. Y2H Gold strain cotransformed with the empty vectors,
pGBKT7-BD and pGADT7-AD, was also used as a negative control.
Transformedcellsweregrown in liquiddouble-dropoutmedia (2LT) for 2d,
and adjusted to an OD600 of 1, 0.1, 0.01, and 10 mL. Each dilution was
spotted on selection plates: DDO (2LT) and TDO (2LTH)1 2.5 mM 3-AT.
For additional verification of the interaction, X a-gal, a substrate for
a-galactosidase (MEL1 reporter), was added to the TDO plates. Plates
were grown at 30°C for 3 d.
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Split Ubiquitin Assay

For protein–protein interaction studies between CNGC19 and PEPR1/
PEPR2/BAK1, pDONR207clonesweregeneratedbyBPClonase reaction.
For split ubiquitin assay, CNGC19 was subcloned into pMETYC vector
(Grefen et al., 2009) using LR Clonase to generate the CNGC19:Cub
construct, while PEPR1/PEPR2/BAK1 were cloned similarly into pXN22
vector to generate Nub constructs. CNGC19 and other constructs
including empty vectors were transformed in mating yeast strains
THY.AP4 and THY.AP5, respectively, and plated on appropriate dropout-
media–containingplates.Forprotein–protein interactionstudies, THY.AP4
harboring CNGC19:Cub and THY.AP5 with other constructs was allowed
for mating in Yeast extract-Peptone-Dextrose medium and then plated on
synthetic complete (SC) medium (lacking 2Ade, 2His, 2Trp, and 2Leu)
and SC1AH containing plates to check the interaction. Empty Nub vector
and CNGC19 fused with NubWt served as the negative and positive
controls for the experiment.

BiFC Assay

The full-lengthcDNAfragments (withoutstopcodon)ofPEPRs (PEPR1and
PEPR2),BAK1,CaMs (CaM1,CaM2,CaM3,CaM4,CaM6, andCaM7), and
CML42wereamplifiedusing theattBadaptor-bearingPCRprimers listed in
Supplemental Table 1 and cloned into the Gateway entry vector pDONR
207 by BP Clonase reaction (Invitrogen). For BiFC experiments, CNGC19
was cloned into pSITE-nEYFP-N1 (CD3-1650;Martin et al., 2009) using LR
Clonase to generate the CNGC19:nEYFP construct, while CaMs and
CML42, respectively, were cloned similarly into pSITE-cEYFP-C1 (CD3-
1649) to generate cEYFP constructs. For CNGC19 and PEPRs interaction
studies, PEPR1, PEPR2, BAK1, and CaM2, respectively, were cloned into
pSITE-cEYFP-N1 (CD3-1651) to generate cEYFP constructs. All BIFC
constructs and empty vectors were transformed in Agrobacterium strain
GV3101. For N. benthamiana transient expression, overnight grown cell
cultures were harvested and resuspended in the above-mentioned in-
filtration buffer to optical density (OD600) 0.8. The working suspensions
were prepared by mixing appropriate clones containing the BiFC con-
structs and the gene-silencing inhibitor p19 at 1:1:1 ratio and incubated for
3 h at room temperature. The A. tumefaciens suspensions were then
coinfiltrated into the abaxial surface of N. benthamiana leaves. Infiltrated
leaf areas were examined using a SP5 Confocal Microscope (Leica) at 3 d
postinoculation. For fluorescence quantification, 6-mm leaf discs were cut
out of the infiltrated areas andplaced in ablack 96-well plate. Fluorescence
intensities of leaf discs weremeasured in a FLUOstar Omega Plate Reader
(BMG LABTECH) using a 485-6 12-nm excitation and a 520-nm emission
filter.

Microarray

Total RNAwas isolated from 24 hS. litura larvae fed onCol-0 wild type and
cngc19-2 leaf tissues using an RNeasy Plant Mini Kit (QIAGEN) from three
independent biological replicate pools. RNA samples were checked and
quantifiedbyagarosegel, nanodrop (ThermoFisherScientific), andAgilent
2100 Bioanalyzer (Agilent Technologies). Bioanalyzer quality-test–passed
RNA samples (RIN > 7) were used for microarray experiment. GeneChips
were scanned using a GeneChip Scanner 3000 7G (Affymetrix) and
GeneChipCommandConsole Software (AGCCv3.2.4; Affymetrix), and six
CEL files were generated. All six CEL files were normalized in freely
available Expression Console software v.1.3.1 (Affymetrix) using the Ro-
bust Multi-array Average algorithm, and probe-set summarization files
(CHP files) were generated for genes. The normalized CHP files were
processed using the freely available secondary analysis tool, Tran-
scriptomeAnalysisConsole software v.3.1.0.5 (Affymetrix), to generate the
.csv files containing differentially expressed genes using the combined
criteria of >1.5-fold change with ANOVA P value of <0.05. GO enrichment

for various differentially expressed transcripts was performed using the
BiNGO plug-in (v3.0.3) on the Cytoscape platform (v3.2.1; http://www.
cytoscape.org/). Arabidopsis GO information for biological process and
molecular function was used for GO enrichment analysis. We considered
aP value cutoff of#0.05 as significant and applied the hypergeometric test
to identify enriched GO terms in BiNGO. The software MapMan (v3.5.1;
https://mapman.gabipd.org/) was used for functional annotation of dif-
ferentially expressed transcripts. Heat maps were generated by the
software MeV_4_9_0 (https://sourceforge.net/projects/mev-tm4/files/
mev-tm4/MeV%204.9.0/).

Statistical Analysis

Statistical differences betweendifferent groupsweredetected byone-way
ANOVA and a posthoc Student-Newman-Keuls-(SNK) test or Student’s
t test in the software SigmaStat 2.03 (Systat Software). Different letters
indicate significant difference between treatments.

Accession Numbers

TheTAIRaccessionnumbers ofmajor genesmentioned in this studyare as
follows: CNGC19 (At3g17690), CNGC20 (At3g17700), BCAT4
(AT3g19710), PEPR1 (At1g73080), PEPR2 (At1g17750), and CaM2
(AT2g41110).

Supplemental Data

Supplemental Figure 1. Arabidopsis CNGC expression analysis upon
simulated herbivory.

Supplemental Figure 2. Verification of cngc19 T-DNA insertion lines.

Supplemental Figure 3. CNGC20 has no functional role in S. litura
herbivory.

Supplemental Figure 4. CNGC19 expression coincides with cAMP
production in Arabidopsis.

Supplemental Figure 5. Measuring wound-induced cytosolic Ca21

levels in local leaves of the wild type and cngc19-2 mutant.

Supplemental Figure 6. CNGC19 is expressed in the Xenopus
oocyte.

Supplemental Figure 7. Subcellular localization of CNGC19 at the
plasma membrane.

Supplemental Figure 8. cAMP levels were unaltered in pepr1 pepr2
mutants upon simulated herbivory.

Supplemental Figure 9. CNGC19 does not interact with PEPRs and
BAK1 in planta.

Supplemental Figure 10. Defense-related phytohormone levels upon
herbivory in cngc19 mutants.

Supplemental Figure 11. Functional categorization of differentially
expressed genes in microarray.

Supplemental Figure 12. Analysis of CNGC19-CaMs interaction
strength on quadruple dropout medium and BiFC.

Supplemental Figure 13. Expression profile of CaMs upon simulated
herbivory.

Supplemental Table 1. List of primer pairs used in this study.

Supplemental Table 2. GS content in rosette leaves of cngc19
mutant lines.

Supplemental Table 3. 2-way ANOVA on GS content of cngc19
mutant lines upon herbivory.
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Supplemental Data Set. List of genes up- and downregulated in the
microarray of cngc19 1S. litura/wild type 1 S. litura with functional
annotation by the software MapMan.

Supplemental Movie S1. Mechanical wounding in wild-type plant.

Supplemental Movie S2. Mechanical wounding in cngc19
mutant plant.

Supplemental Movie S3. Mechanical wounding in wild-type plant.

Supplemental Movie S4. Mechanical wounding in cngc19
mutant plant.
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