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Summary

e Unknown mechanisms tightly regulate the basal activity of the wound-inducible defence
mediator jasmonate (JA) in undamaged tissues. However, the Arabidopsis fatty acid
oxygenation upregulated2 (fou2) mutant in vacuolar two-pore channel 1 (TPC1°%%*Y) dis-
plays high JA pathway activity in undamaged leaves. This mutant was used to explore mecha-
nisms controlling basal JA pathway regulation.

e fou2 was re-mutated to generate novel ‘ouf’ suppressor mutants. Patch-clamping was used
to examine TPC1 cation channel characteristics in the ouf suppressor mutants and in fou2.
Calcium (Ca®*) imaging was used to study the effects fou2 on cytosolic Ca>* concentrations.
¢ Six intragenic ouf suppressors with near wild-type (WT) JA pathway activity were recovered
and one mutant, ouf8, affected the channel pore. At low luminal calcium concentrations,
ouf8 had little detectable effect on fou2. However, increased vacuolar Ca®* concentrations
caused channel occlusion, selectively blocking K* fluxes towards the cytoplasm. Cytosolic
Ca?* concentrations in unwounded fou2 were found to be lower than in the unwounded WT,
but they increased in a similar manner in both genotypes following wounding.

¢ Basal JA pathway activity can be controlled solely by manipulating endomembrane cation flux
capacities. We suggest that changes in endomembrane potential affect JA pathway activity.

Introduction

Although they are wound-inducible, regulatory lipids called jas-
monates (JAs) are constantly produced in undamaged plants,
where their activity maintains constitutive anti-herbivore defence
barriers (Howe & Jander, 2008). To do this, JAs function as
potent ligands in the receptor-mediated de-repression of defence
and regulatory gene transcription (Browse, 2009; Wasternack &
Hause, 2013; Chini ez al,, 2016). For example, expression of the
defence gene VEGETATIVE STORAGE PROTEIN2 (VSP2) is
upregulated, as is the expression of regulatory JASMONATE
ZIM DOMAIN (JAZ) genes such as JAZI0. Together, these
genes provide robust markers for JA pathway activity (Acosta &
Farmer, 2010). While the canonical JA signalling mechanism is
increasingly well understood, there is only a rudimentary knowl-
edge of the mechanisms controlling base-level JA pathway activity
in unstimulated leaves. However, membrane depolarization fol-
lowing wounding has been causally linked to the activation of JA
signalling in Arabidopsis thaliana (Mousavi et al., 2013). More-
over, membrane potential changes induce JA biosynthesis and
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signalling necessary for prey digestion/recognition in carnivorous
plants (Bemm eral, 2016; Krausko eral, 2017). Clearly,
mutants affecting cellular ion homeostasis would be valuable
tools for the study of JA pathway activation.

One such mutant is fatty acid oxygenation upregulated? (fou2)
in the vacuolar cation channel two-pore channel 1 (TPC1) (Bon-
aventure et al., 2007a). While a null allele of TPCI1 had only a
slight negative impact on the expression of some JA- and
ethylene-regulated genes, the fou2 gain-of-function mutant
caused strong activation of the JA pathway in undamaged plants
(Bonaventure ez al., 2007b). Transcript, protein and metabolite
analyses revealed that fou2 strikingly mimics plants being
attacked by lepidopteran herbivores (Bonaventure ez al., 2007b).
Moreover, fou2 showed signs of potassium depletion (Bonaven-
ture et al., 2007b). Consistent with this, TPC1 is a nonselective
cation channel (Hedrich & Neher, 1987; Peiter etal, 2005;
Gradogna eral., 2009) that, when activated, provides high con-
ductance in the vacuolar membrane (Beyhl ezal, 2009; Guo
etal, 2017). The TPCI1°#*N mutation in fou2 affects an
inhibitory luminal calcium sensor producing a hyperactive ver-
sion of TPC1 that is less tightly voltage regulated as a result of its
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increased resistance to inhibition by vacuolar calcium (Dadacz-
Narloch ez al,, 2011).

To gain insights into the mechanisms that lead to activation of
the JA pathway in undamaged plants, we used a forward genetic
screen in which fo#2 was re-mutated. When grown on soil under
short-day conditions, juvenile-phase WT and fox2 plants had
similar morphologies. However, during entry to the adult phase,
fou2 plants began to display a characteristic visual phenotype:
reduced rosette diameter, epinastic leaves and short petioles. This
last trait is strongly coupled to the activation of the JA pathway
(Bonaventure ez al., 2007a,b). Screening for reversion of fou2 to
near WT phenotypes yielded multiple ‘ouf mutants in which JA
signalling was similar to that of the WT. Unique features of one
of the ouf mutants show unequivocally that cation fluxes from
the vacuole act as a powerful trigger of JA pathway activation.
This finding was extended using reverse genetic approaches.

Materials and Methods

Plants, growth conditions and genetic screen

T-DNA insertion lines were obtained from the Nottingham
Arabidopsis Stock Center (NASC). Arabidopsis thaliana (L.)
Heynh Columbia (Col) was the WT and the background for
tpel-2 SALK_145413 (At4g03560 fou2 (TPC1°#*N); Bonaven-
ture  etal, 2007b). The fou2 mutant was ethyl
methanesulphonate-mutagenized and putative revertant mutants,
named ‘ouf, were scored visually. Selection and backcrossing of
the ouf mutants are described in Supporting Information Meth-
ods S1 and S2, Notes S1. Plants were grown on soil at 70%
humidity under light and temperature conditions depending on
the application. Plants illuminated with 100 pmol m s~ pho-
tosynthetically available radiation for 10 h at 21°C were used for
reverse transcriptase—quantitative polymerase chain reaction
(RT-qPCR), fatty acid oxygenation assay and phenotype charac-
terization (see Methods S3). For electrophysiological measure-
ments and determination of TPC1 transcripts (see Methods S$4),
plants were cultivated under a day : night regime of 8 h: 16 h with
a light intensity of 150 pmolm s~ ' and a temperature of
22°C:16°C. Long-day conditions (14h:10h, light: darkness;
21°C) or continuous day conditions (24 h light; 21°C) were used
to examine flowering phenotypes.

Electrophysiology

The patch-clamp technique was applied to vacuoles liberated from
mesophyll protoplasts of 4- to 5-wk-old plants essentially as
described previously (Beyhl ez al., 2009). Current recordings were
carried out with the cytoplasmic side of the vacuolar membrane
facing the bath medium. In whole-vacuole measurements, the
standard bath solution facing the cytosolic side of the vacuolar
membrane contained 150 mM KCl and 10 mM Hepes (pH 7.5/
Tris). Because of its stimulatory effect (Hedrich & Neher, 1987;
Beyhl ez al, 2009) the bath medium was loaded with high Ca**
(1 mM) to provide for high TPC1 channel activity and macro-

scopic current amplitudes for resolving potential effects of the
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different mutations on TPC1 channel features. The standard
pipette solution at the vacuolar side of the whole vacuole mem-
brane consisted of 150 mM KCl, 2 mM MgCl,, 10 mM Hepes
(pH 7.5/Tris) and 0.1 mM EGTA (no CaCl, added). In some
patch-clamp experiments (as indicated in the legends to Figs 2 and
3), the pipette solution contained 10 mM CaCl, instead of
0.1 mM EGTA. For single channel recordings, the bath medium
contained 100 mM KCl, 0.5 mM CaCl, and 10 mM Hepes (pH
7.5/Ttis) while the pipette medium was composed of 100 mM
KCl, 2mM MgCl, and 2 mM EGTA and adjusted to pH 5.5
with 10 mM MES/Tris. All patch-clamp solutions were adjusted
to an osmolality of 500 mOsmolkg ' using D-sorbitol. In
response to voltage pulses in the range of —80 to +110 mV applied
in 10-mV steps from a holding voltage of —60 mV, macroscopic
currents were usually recorded with a sampling rate of 100 pis at a
low-pass filter frequency of 2.9 kHz. Electrophysiology methods
and measurements are further described in Methods S5.

Insect bioassays

Insect assays are described in Methods S6.

Yellow cameleon-Nano 65 (YCNano-65) Forster resonance
energy transfer (FRET) sensor, ratiometric Ca>* imaging
and statistics

In order to obtain the TPC1P4>4N (fou2) line expressing the
YCNano-65 FRET sensor, a plasmid containing the 35S::
YCNano-65 FRET sensor construct (Choi etal, 2014) was
introduced into fou2 using Agrobacterium tumefasciens floral dip.
The transformed plants were isolated by BASTA (Bayer Crop
Science, Monheim am Rhein, Germany) selection combined
with a PCR analysis (see Methods S7). Plants expressing the
YCNano-65 FRET sensor were imaged with a motorized fluores-
cence stereo microscope (SMZ-25; Nikon Instruments Inc.,
Melville, NY, USA) equipped with a x 1 objective lens (P2-SHR
PLAN APO; Nikon Instruments Inc.), image splitting optics
(W-VIEW GEMINI; Hamamatsu Corp., Bridgewater, NJ, USA)
and a sCMOS camera (ORCA-Flash4.0 V2; Hamamatsu Corp.).
YCNano-65 was excited using a mercury lamp (motorized Inten-
silight Hg Illuminator; Nikon Instruments Inc.), a 436/20-nm
excitation filter (ET436/20x; Chroma Technology Corp.,
Bellows Falls, VT, USA) and a 455-nm dichroic mirror (T455Ip;
Chroma Technology Corp.). The fluorescent signal was separated
by a 515-nm dichroic mirror (T515lp; Chroma Technology
Corp.) installed in the W-VIEW GEMINI and the resultant cyan
fluorescent protein (CFP) (460-500 nm) and FRET-dependent
cpVenus (520-540 nm) emission independently passed through
480/40-nm and 535/30-nm filters, respectively (ET480/40 m
and ET535/30 m; Chroma Technology Corp.). A pair of the
CFP and FRET images was simultaneously acquired every 4s
with the sSCMOS camera using the NIS-ELEMENTS imaging soft-
ware (Nikon Instruments Inc.). The FRET : CFP ratio was calcu-
lated using the 6D imaging and Ratio and FRET plug-in
modules (Nikon Instruments Inc.). Statistical methods are

described in Methods S8.
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Results

ouf mutants

fou2 was re-mutagenized and M2 plants were scored visually,
searching for restoration to near-WT phenotypes. Initially, eight
putative revertants were isolated and named ouf7 to ouf8. Two of
these mutants (oxf4 and 01f5) were eliminated after backcrossing,
as they were not fully penetrant. The remaining oxf mutants were
placed in three morphological classes where class I was the closest
to WT, and class III had the most divergent morphology
(Fig. S1). After reaching backcross 1 (BC1F2) and ensuring that
the ouf phenotypes were stable, we proceeded to characterize the
mutants. fou2 (Bonaventure et al., 2007a) was originally selected
with an assay for enhanced lipoxygenase activity (Caldelari &
Farmer, 1998). Using this assay, we found near-WT fatty acid
oxygenation activity in all o#f mutants (Fig. 1a). Furthermore,
fou2 shows high levels of activity of the JA pathway including
constitutively high expression of the JA-regulated VSP2 gene
(Bonaventure eral, 2007a). Basal and wound-induced VSP2
levels were assessed in the ouf mutants and were similar to those
of the WT (Fig. 1b). Similar results were obtained with the JA-
controlled JAZ10 gene (Fig. S2a,b). Additionally, 7PCI tran-
scripts were detected in the oufmutants (Fig. S2c¢).

As the null allele zpcl-2 displays a near-WT rosette phenotype
and does not strongly impact JA-regulated gene expression (Bon-
aventure etal., 2007a,b), we tested the possibility that the re-
mutagenesis of fox2 had introduced further mutations into the
TPCI gene. Fig. 1(c) shows the results of sequencing 7PCI in
the oufmutants. oufl and ouf3 displayed different single base pair
deletions (g1586— and g1587—, respectively) that both lead to
Trp529 being replaced by a stop codon (W529X). Of these two
mutants, only ouf] was further analysed. For ouf2, we found a
new allele (g1748a) predicted to change Gly583 to aspartate in
the luminal part of transmembrane domain S11, between the
voltage sensor (transmembrane domain 10; Dadacz-Narloch
etal., 2011; Guo etal., 2016; Kintzer & Stroud, 2016) and the
pore. ouft was a missense mutation of Ala669 to valine in trans-
membrane domain 12, close the C-terminal end of the TPC1
channel. ouf7 carried a non-sense mutation that introduces a stop
codon at amino acid position 492. In ouf8, a missense mutation
changed Met629 to isoleucine, potentially affecting the channel
pore.

Channel activity of tpc7 mutants

Mutants were analysed with the patch-clamp technique and com-
pared with fou2 and WT. When the whole-vacuole configuration
was established on mesophyll vacuoles under symmetrical
150 mM potassium, pronounced macroscopic time-dependent
outward currents from WT and fox2 vacuoles were evoked upon
depolarizing voltage pulses (Fig. 2a). By contrast, TPC1 outward
currents were not elicited upon depolarization in oufl, ouf2 and
ouf7 mutant lines as in the TPC1 loss-of-function mutant zpci-2
(Fig. §3). However, both the 0#f6 and 0#/8 mutant lines exhib-
ited fast current activation as for TPC1°#*N in fou2 (Figs S3,
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Fig. 1 Initial characterization of fou2 suppressor (ouf) mutants. (a) In vitro
fatty acid oxygenation catalysed by Arabidopsis thaliana leaf extracts.
Juice from leaf 8 (2 pl) of 4-wk-old plants was incubated in the presence of
1-["*C] a-linolenic acid (18:3) for 2 min. After extraction and thin-layer
chromatography, radioactivity in 18:3 oxidation products was quantified.
The 18:3 oxidation level catalysed by wild-type (WT) leaf juice was set at
100%. Mean =+ SD of three independent biological replicates are shown.
Letters indicate statistically significant differences as determined by
Tukey's honest significant difference (HSD) test at P=9.55°""",

(b) Quantitative RT-PCR of VEGETATIVE STORAGE PROTEIN2 (VSP2)
transcripts in unwounded (unw) plants (leaf 8) or 1 h after wounding leaf
8. VSP2 transcripts were normalized to those of UBIQUITIN-
CONJUGATING ENZYME21 (UBQ21) and are displayed relative to the
expression in the WT control. Mean + SEM of four combined experiment
with three biological replicates each are shown. Letters indicate statistically
significant differences with a P-value =1.4°~"° as determined by Tukey's
HSD test. (c) Localization and predicted amino acid modifications in the
ouf mutants are indicated on the two-pore channel 1 (TPC1) monomer by
the black stars. Red diamond, fou2 mutation; EF, cytosolic EF-hands;

+, voltage sensor. All mutations affect the C-half of the protein.

§4). TPC1 current density was strongly reduced in oufé com-
pared with fou2, for example at +110 mV by 80% (Fig. 2a,b).
Such a decrease in whole-vacuole current densities can be caused
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Fig.2 Voltage-dependent channel activity of two-pore channel 1 (TPC1)
mutants. Macroscopic current recordings (a, d), current-voltage curves (//
Crm in pA/pF; b, €), and macroscopic conductance—voltage curves (G/
Gmax; ¢, T) of wild-type (WT) Arabidopsis thaliana, fatty acid oxygenation
upregulated2 (fou2), oufé, and ouf8 in the absence (a—c) and presence (d—
f) of 10 mM luminal Ca%* are shown. In (b) and (e), data points are
connected for clarity. Macroscopic conductance—voltage curves (G/Gmax)
were estimated from tail current measurements in the absence (c) or
presence (f) of 10 mM luminal Ca®* except for ‘WT 0Ca’ (closed grey
circles) where the measurements were performed in the absence of
luminal Ca®*. Lines in (c) and (f) represent fits of the data points with a
double-Boltzmann distribution (Pottosin et al., 2004; Dadacz-Narloch
etal., 2011) with values for V4, V3, z4 and z,, as summarized in Supporting
Information Table S1. Data pointsin (b, c, e, f) are the mean & SEM of
three to five replicates.

by reduced channel density, a lower single-channel conductance
and/or fewer open channels. To resolve this, we determined nor-
malized conductance—voltage curves (G/ Gp,y) from tail current
experiments (Fig. 2c) as a measure of relative voltage-dependent
open-channel probability of TPC1 (Dadacz-Narloch ezal,

New Phytologist (2017)
www.newphytologist.com

New
Phytologist

2011). As reported earlier (Bonaventure ez al., 2007a; Beyhl ez al.,
2009), fou2 channels exhibit conductance—voltage curves that
are shifted to negative membrane voltages compared with WT.
In comparison, the ox#f6 mutation shifted the conductance—volt-
age curves to the positive voltage range (Fig. 2¢c; Table S1), and
therefore TPC1 channel activity was strongly reduced in oufG.
Surprisingly, given the near-WT JA responses seen in ouf3,
whole-vacuole outward current densities of this mutant and fou2
were comparable (Fig.2b). Conductance—voltage curves
deduced from tail current experiments revealed that ouf8 voltage
dependence was shifted in a fou2-like fashion towards negative
membrane potentials (Fig. 2¢; Table S1).

ouf8 pore occlusion by vacuolar Ca**

Patch-clamp results presented so far were obtained in the absence
of vacuolar Ca®* because, in contrast to WT, fou2 has been
shown to be largely insensitive to vacuolar Ca** (Dadacz-Narloch
etal, 2011; Guo eral, 2017), and the reverting mutations
A669V in ouf6 and M6291 in ouf8 are not expected to affect the
luminal calcium sensor because of their distant locations from
the sensor. Nevertheless, we could not exclude the possibility that
luminal Ca** might affect the revertants. To explore this, we
studied the response of 0uf8, oufb, fou2 and WT to 10 mM lumi-
nal Ca**. At high luminal Ca®*, outward currents for WT and
ouft largely disappeared (Fig. 2d,e). By contrast, fox2 and ouf8
still displayed substantial voltage-dependent outward currents
(Fig. 2d,e). With 10 mM vacuolar Ca®*, whole-vacuole currents
for fou2 were about twice as large as ouf8 currents. For fou2,
where conductance—voltage curves could be estimated in the
presence of 10 mM vacuolar Ca**, voltage-dependent open prob-
abilities were comparable to WT open probabilities in the
absence of vacuolar Ca** (Fig. 2f).

As an estimate of channel density, we calculated the maximum
possible current densities that would be expected if all TPC1
channels were open (Fig. 3a). Comparable current densities were
obtained for WT and fou2. By contrast, oufé and 0uf8 vacuoles
displayed lower current densities. While ouf6 current densities
saturated at positive voltages, WT, fou2, and ouf8 current densi-
ties displayed a linear (ohmic) current—voltage relationship
(Fig. 3a). To determine whether smaller possible maximum cur-
rents for 0uf6 and 0uf8 reflect reduced single channel conduc-
tance, or reduced channel density, single channel conductance
was determined (Fig. 3b,c). Single TPC1 channel fluctuations
were recorded from WT, fou2, oufb and ouf8 in membrane
patches with the cytoplasmic side of the vacuole membrane ori-
entated to the bath medium (Fig. 3b). These fluctuations were
not observed with the zpc/-2 DNA insertion mutant. TPC1
channels from WT and fox2 lines had comparable single channel
conductance at positive membrane potentials (Fig. 3b,c), as pre-
viously shown at negative voltages (Dadacz-Narloch ez al., 2011).
By contrast, TPC1 channels in 0#/6 and 0#/8 had smaller single
channel current amplitudes (Fig. 3b), and thus lower ion trans-
port capacities. A plot of single-channel current amplitudes
against applied voltages revealed a single channel conductance for
both revertants that was only about half that of WT and fou2

© 2017 The Authors
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Fig. 3 Current density, single-channel conductance and effect of luminal Ca%* on two-pore channel 1 (TPC1) tail currents from wild-type (WT) Arabidopsis
thaliana, fatty acid oxygenation upregulated2 (fou2), oufé, and ouf8 vacuoles. (a) To compare TPC1 current densities for different mutant lines, we
estimated current amplitudes that would be expected if all TPC1 channels were open. Recorded whole-vacuole current densities (//C,, in pA/pF) were
divided by relative open channel probability (P,) derived from normalized conductance—voltage curves (G/Gmayx) to calculate maximum possible current
densities (I/(C-Po) in pA/pF). These estimated maximum possible current densities are shown as the mean + SEM of three to five replicates. Data sets
from WT, fou2 and ouf8 were fitted by linear regression, to emphasize the expected linear (i.e. ohmic) current-voltage relationship. (b) Single channel
fluctuations monitored at +45 mV from excised membrane patches of WT, fou2, oufé, ouf8 and tpc1-2 vacuoles. The current level C indicates where all

channels are closed, while O4, O,, O3, ...

. O, identify the current levels where 1, 2, 3, ..., n channels are open, respectively. (c) Single-channel current

amplitudes (i in pA) determined from all-point histograms are plotted against the corresponding membrane voltages. Data points derived from four to six
replicates (n) for each mutant were fitted on linear regression lines. From the slope of the lines, the following single-channel conductance y values were
deduced: yywr=81pS (N=6); Yrou> =82 PS (N =4); Yours =43 pS (n=4) and o5 =40 pS (n=5). Experiments were performed with 0.5 mM Ca** at the
cytosolic side of the vacuole membrane in the absence of Ca®* in the vacuole lumen. (d, e) Tail current analysis for fou2 and ouf8 vacuoles at high temporal
resolution. Jumping from different clamp voltages (—80 to +110 mV in 10-mV increments) to —60 mV evoked instantaneous inward tail currents, which
relaxed within 10-20 ms. Capacitive transients were compensated by comparing transient currents at the onset and the end of each voltage pulse.
Compared with fou2, in ouf8 tail currents are largely absent in the presence of 10 mM luminal Ca®*. Note that the scaling of current densities (y-axis)
differs by a factor of 2, to compensate for different single-channel conductance. (f) Tail current densities (//C,, in pA/pF) of fou2 (circles) and ouf8
(triangles) vacuoles in the absence (grey symbols) and presence of 10 mM luminal Ca®*. The mean & SEM for four to seven replicates is shown.

(Fig. 3¢). This substantiates the conclusion that TPC1 channel
densities were comparable in vacuolar membranes from WT,
Jfou2, oufb, and 0uf8. Finally, tail currents were measured at nega-
tive membrane potentials to gain insights into the effect of lumi-
nal Ca®* on cation release by TPC1 from the vacuole into the
cytosol. This experiment yielded striking results. While fou2
displayed tail currents in the presence or absence of 10 mM Ca®",
tail currents for ouf8 were largely reduced at high luminal Ca®*,
in particular in the negative voltage range (Figs 3d—f, S5). Never-
theless, fou2 and ouf8 tail currents exhibited a similar outward-
rectifying voltage dependence under high luminal Ca®* (Fig. S5).
Thus, while TPCl-mediated cation import into the vacuole
seems to be comparable for fox2 and 04/8, cation release from the

© 2017 The Authors
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vacuole into the cytosol was strongly reduced in 0uf8. The unique
features of 0xf8 then led us to explore its defence capacity.

ouf8 reduces the elevated defence capacity of fou2

In comparison to fou2, ouf8 restored near-WT JA-regulated
VSP2 defence gene expression (Fig. 1b). How does this relate to
defence? We examined the ability of fou2 and ouf8 to restrict
the growth of lepidopteran larvae. The assays (Fig. 4) revealed
that fou2 had a high defence capacity, whereas insects gained
similar weight on #pcl-2, ouf8 and the WT. Additionally, larval
survival was lower on fou2 than on the three other genotypes
tested.
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Fig. 4 Spodoptera littoralis weight gain on ouf8 versus fatty acid
oxygenation upregulated2 (fou2). Neonate S. littoralis larvae were placed
on 5-wk-old Arabidopsis thaliana plants (six larvae per plant; 11 plants)
and allowed to feed for 11 d. (a) Rosette and insect morphology after
feeding. Bars: plants (1 cm); insects (0.5 cm). (b) Spodoptera littoralis mass
after feeding. Error bars, 4= SEM. Letters indicate significant differences at
P=1.03°""3 as determined by Tukey's honest significant difference (HSD)
test. Numbers within boxes indicate how many larvae survived. Similar
results were obtained in three independent experiments.

Cytosolic calcium measurement in fou2

Previous work (Bonaventure ez /., 2007b; Beyhl ez al., 2009) and
the present patch-clamp data are consistent with a role of potas-
sium (K*) fluxes in basal JA pathway activicy. However, fluxes of
protons or cations such as Ca®* might also affect this process.
Indeed, fou2 has a vacuolar Ca** content approx. 1.6-fold higher
than the WT (Beyhl ezal, 2009) and the possibility that high
cytosolic Ca®" activates JA synthesis has been proposed (Beyhl
etal., 2009). To test this, we analysed cytosolic Ca®* concentra-
tions using the FRET-based Ca”®* indicator YCNano-65 (Choi
etal, 2014). This revealed that cytoplasmic Ca** was actually
lower in unwounded fo#2 than in the unwounded WT (Fig. 5a),
but Ca®* concentrations increased with similar kinetics in

response to wounding in both genotypes (Figs 5b, S6).

Discussion

The precise regulation of defence pathway activity throughout
the plant life-cycle is essential, as investment in defence can
strongly impact plant growth (Huot eral, 2014). To investigate
how basal JA pathway activity is regulated, we previously
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Fig. 5 Cytoplasmic calcium (Ca®*) concentrations in wild-type (WT) and
fatty acid oxygenation upregulated? (fou2). (a) Basal Ca®>* concentration
(Forster resonance energy transfer (FRET) : cyan fluorescent protein (CFP)
ratio) in WT Arabidopsis thaliana and fou2 lamina (upper panel) and
petiole (lower panel). Basal FRET:CFP ratios were calculated before cutting
the leaf tip. The mean + SEM of 20 biological replicates are shown.
Statistical analysis (¢-test): *, P<0.05. (b) Wound-induced cytoplasmic
Ca®* changes in WT and fou2 lamina (upper panel) and petiole (lower
panel). Black line, WT; red line, fou2. Arrows, 40% of the leaf tip was cut
with scissors at c. 40's. FRET:CFP images were acquired every 4s.

Mean + SEM of 20 biological replicates are shown.

performed a genetic screen for mutants with highly active JA
pathways in undamaged plants. The screen identified fou2, a
gain-of-function mutant in the voltage-gated cation channel
TPC1 (Bonaventure e al., 2007a). The TPC1°%*N mutation in
Jou2 creates a hyperactive channel that activates JA signalling in
undamaged plants (Bonaventure ez al., 2007a). A remarkable fea-
ture of this mutant is that basal activity of the JA pathway is high
and yet fou2 still responds to wounding (Bonaventure ezal.,
2007a,b and Figs 1b, S2a,b). The fou2 mutant therefore provides
a unique tool with which to study JA activation in unwounded
plants using an ion channel with an unequivocal intracellular
localization. Furthermore, the electrophysiological properties of
TPC1 can be studied in its native membrane environment.

To gain further insights into base-level JA pathway regulation,
we focussed further effort on fou2. Using forward genetics, novel
suppressors of fou2 were isolated. From the outset, ouf8 proved
to be the most interesting because it affected the channel pore
region and could therefore provide insights into how the fou2
mutation activates JA signalling. This novel mutant reduced the
unitary conductance of fox2 and also gave rise to an enhanced
voltage-dependent blockade of the ion pathway when luminal
Ca®* concentrations were high. This observation further confirms
that Ca®" can enter the TPCI pore region and hinder K* perme-
ation (Pottosin ez al., 2004; Gradogna et al., 2009). As a result of
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this Ca”* block, the oxf8 mutation strongly impaired inward
(vacuole-to-cytosol) K" currents in patch-clamp experiments and
rescued the WT phenotype in the living plant. These findings
provide evidence that the cation transport capacity of
TPC1P®™N ctivates JA synthesis. When cation release from the
vacuole is strongly reduced in the 0#f8 mutant, JA pathway activ-
ity is similar to that of the WT and the #pc/-2 null mutant. Con-
sistent with this, we found that the level of anti-lepidopteran
defence in fou2 was high, but that of ouf8 was similar to that of
tpcl-2. These results suggest that the selective modulation of
endomembrane jon flux capacities can be used to manipulate a
plant’s investment in defence before attack.

How might 08 affect the TPC1 pore? In the crystal structure
of AtTPC1 (Guo etal, 2016; Kintzer & Stroud, 2016), which
reflects the closed conformation, the rectangular-shaped pore
opening measures 7.7 by 9.1 A at the cytoplasmic entry (distance
between the CO atoms of Met629 and Thr264, respectively).
This large opening, and the fact that the side chain of Met629
does not occlude the pore, suggests that the altered ion conduc-
tivity in ouf8 is probably not attributable to an altered pore size.
Met629 was recently found to be part of selectivity filter II in
TPC1 (Guo ez al., 2017). The Met6291le mutation in oxf8 might
alter the arrangement of the carbonyl groups, thereby affecting
ion dehydration/rehydration. Indeed, the arrangement of back-
bone carbonyl groups lining the pore somewhat resembles the
selectivity filters of cation channels, for example of the K*
channel from Strepromyces lividans and high-affinity potassium
transporter family, in which the carbonyl groups facilitate ion
selectivity by mimicking the hydration shell for the transported
ions (Zhou et al, 2001; Dudev & Lim, 2010).

TPCls are complex, dimeric ion channels that are conserved in
plants and animals. How human TPC1 (hTPC1) functions is a
subject of controversy (Morgan & Galione, 2014), but similarities
between AtTPC1 and hTPC1 are such that the plant channel has
been used as a scaffold for the production of hybrid TPCI chan-
nels to investigate channel selectivity (Guo ez al., 2017). Perme-
able to monovalent and divalent cations such as K* and Ca**
(Pottosin eral., 2001; Guo ez al., 2017), AtTPC1 is regulated by
luminal Ca** (inhibitory), cytosolic Ca** (activating) and luminal
pH (Peiter et al., 2005; Beyhl ez al., 2009; Dadacz-Narloch ez al.,
2011). How does the action of TPC1P44N (fou2) lead to JA path-
way activation? Here we consider two nonexclusive scenarios; they
involve Ca** and membrane potential. Cytosolic Ca>* increases
are characteristic of wounded plants (Kiep ez /., 2015) and impact
JA signalling (Yang ez al., 2012; Matschi ez al., 2013; Scholz ez al.,
2014). Additionally, previous pharmacological studies of cytosolic
Ca?* increases in tomato (Solanum lycopersicum) cells treated with
the peptide elicitor systemin provided evidence for Ca®" release
from both extracellular and intracellular stores (Moyen ezal.,
1998). We found that, while vacuoles in fox2 have higher-than-
WT luminal Ca®* concentrations (Beyhl et al., 2009), this mutant
has slightly lower basal cytosolic Ca** than the WT. Cytosolic
Ca®* increases after wounding were similar in the two plants
(Fig. 5b). At this point, our results provide no evidence that global
increases in cytosolic Ca®* concentration in resting (unwounded)
fou2 underlie the increased basal activity of the JA pathway in this
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plant. We leave open the possibilities that either highly localized
Ca®" signatures or endomembrane Ca”* uptake leads (indirectly)
to activation of the JA pathway.

A related possibility is that TPC1P**N may affect leaf cell
endomembrane potentials through its high, inwardly rectifying
(luminal to cytosol) K™ and Ca** permeability. This hypothesis is
attractive as hTPCI is a Ca”*- and proton-regulated cation chan-
nel (Lagostena ez al., 2017) that acts to control membrane poten-
tdal in endolysosomal compartments (Cang eral, 2014).
AtTPC1 is regulated in a similar manner (Peiter ezal., 2005;
Beyhl eral, 2009; Dadacz-Narloch eral, 2011; Guo etal,
2017), and therefore a similar function is plausible. Strikingly,
several published studies are consistent with a link between mem-
brane potential and activation of JA synthesis. For example,
strong membrane depolarizations that powerfully activate the JA
pathway are triggered by current injection into healthy Arabidop-
sis leaves (Mousavi ez al., 2013). Also in Arabidopsis, the reduced
activity of a Golgi-expressed V-H"-ATPase that may contribute
to maintaining membrane potential caused the accumulation of
12-oxophytodienoic acid (OPDA), a precursor of JA (Briix ez al.,
2008). Finally, nigericin and gramicidin, agents that dissipate H"
and monovalent ion gradients, strongly stimulated the expression
of JA-regulated genes in tomato (Schaller & Frasson, 2001).

A parsimonious interpretation of our results is that the fou2
channel variant (TPC1P**™) depolarizes endomembranes by
increasing cation fluxes towards the cytosol. When elevated
cation release into the cytosol in fou2 is blocked by the secondary
ouf8 mutation, then the activation of the JA pathway seen in fou2
is suppressed as well. What does this tell us about the control of
JA pathway activity in the WT plant? Our results provide rigor-
ous genetic and biophysical evidence that cation fluxes across
endomembranes help to control basal JA pathway activity in
undamaged vegetative tissues. Furthermore, it is likely that the
mechanisms controlling JA pathway activity in undamaged plants
converge with those that control its activity upon wounding. It is
therefore possible that endomembrane-associated ion fluxes also
participate centrally to control JA pathway activity in leaves distal
to severe wounds.
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