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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Polyunsaturated fatty acids (PUFAs) are powerful modulators of several animal ion channels. It is shown here that 
PUFAs strongly affect the activity of the Slow Vacuolar (SV) channel encoded by the plant TPC1 gene. The patch-
clamp technique was applied to isolated vacuoles from carrot taproots and Arabidopsis thaliana mesophyll cells 
and arachidonic acid (AA) was chosen as a model molecule for PUFAs. Our study was extended to different PUFAs 
including the endogenous alpha-linolenic acid (ALA). The addition of micromolar concentrations of AA reversibly 
inhibited the SV channel decreasing the maximum open probability and shifting the half activation voltage to positive 
values. Comparing the effects of different PUFAs, it was found that the length of the lipophilic acyl chain, the number 
of double bonds and the polar head were critical for channel modulation.The experimental data can be reproduced by 
a simple three-state model, in which PUFAs do not interact directly with the voltage sensors but affect the voltage-
independent transition that leads the channel from the open state to the closed configuration. The results indicate 
that lipids play an important role in co-ordinating ion channel activities similar to what is known from animal cells.

Key words: patch-clamp, plant vacuole, SV channel/TPC1, polyunsaturated fatty acids.

Introduction

Despite the fact that it was discovered in 1987 (Hedrich and 
Neher, 1987), the physiological role of the Slow Vacuolar (SV) 
channel is not yet clear (Bonaventure et al., 2007b; Ranf et al., 
2008).

The SV current, recorded in all species investigated so far from 
land (Pottosin and Schonknecht, 2007) to pond water (Paganetto 
et al., 2001) and marine plants (Carpaneto et al., 1997), is medi-
ated by a voltage-dependent (Gambale et al., 1993), non-selec-
tive cation channel (Gradogna et al., 2009) that is activated by 
cytoplasmic calcium (Hedrich and Neher, 1987; Rienmüller 
et al., 2010; Schulze et al., 2011). Peiter et al. (2005) identified 
AtTPC1 as the gene encoding the protein forming the SV channel. 
AtTPC1 belongs to the family of the so-called two-pore domain 

channels (Hedrich and Marten, 2011). Among the variety of fac-
tors modulating the SV channel, such as magnesium (Pei et al., 
1999; Carpaneto et al., 2001), sodium (Ivashikina and Hedrich, 
2005; Perez et al., 2008), and reducing agents (Carpaneto et al., 
1999; Scholz-Starke et al., 2004, 2005), the molecular mecha-
nism of regulation of AtTPC1 by vacuolar calcium was recently 
elucidated (Dadacz-Narloch et al., 2011); this was due to the dis-
covery that the point mutation D454N shifted the threshold of 
activation of TPC1 to more negative voltages with respect to the 
wild type (Bonaventure et al., 2007b) and this shift was associ-
ated with a reduced sensitivity to vacuolar calcium (Beyhl et al., 
2009). Interestingly, Arabidopsis plants expressing this modi-
fied channel, called fou2 (fatty acid oxygenation up-regulated 2) 
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mutants, present diverse phenotypes such as impaired potassium 
homeostasis, increased jasmonate levels, and a higher resistance 
to the pathogen Botrytis cinerea (Bonaventure et  al., 2007b). 
Jasmonates (JA) are plant hormones involved in a variety of pro-
cesses such as growth, photosynthesis, and plant defence against 
herbivory (Ballare, 2011). The biosynthesis of JA starts from the 
polyunsaturated fatty acid (PUFA) α-linolenic acid (ALA, 18:3) 
that is released from phospholipids by the action of phopholi-
pases A (Browse, 2009).

Despite the fact that PUFAs are well-known and powerful 
modulators of several voltage-gated ion channels inhibiting or 
enhancing the activity of calcium, sodium, and potassium chan-
nels (Boland and Drzewiecki, 2008), little is known about their 
effect on ion channels in plant cells. Only one study reported 
that both arachidonic acid and linolenic acid are modulators of 
inward and outward ionic currents in the plasma membrane of 
guard cells (Lee et al., 1994).

In this work, the question whether PUFAs influence the activ-
ity of ionic currents in plant cells was addressed. The focus was 
on the major cationic current present in the vacuolar membrane 
at elevated cytosolic calcium, namely the SV current. First, ara-
chidonic acid (AA) was tested, a widely used PUFA in the ani-
mal field, and a strong inhibition of the SV current was found in 
carrot vacuoles. Then our study was extended to further PUFAs 
(see Supplementary Fig. S1 at JXB online for a list of the fatty 
acids used in this work) and it was found that, among others, 
the endogenous linolenic, linoleic, and oleic acids, had similar 
inhibitory action.

The PUFA’s structural requirements for inhibition of the SV 
current were identified by modifying the polar head, and the 
length and rigidity of the lipophilic acyl chain.

Materials and methods

Vacuole isolation and patch-clamp measurements
Vacuoles were isolated from carrot taproot parenchyma tissue or from 
Arabidopsis thaliana mesophyll protoplasts (Col-0 wild type). Details 
on plant culture, vacuole isolation and patch-clamp recordings are 
described elsewhere (Scholz-Starke et  al., 2004, 2006). Patch-clamp 
experiments were performed in excised-patch configuration with the 
cytosolic side exposed to the bath. Standard bath cytosolic solution was 
(in mM): 100 KCl, 1 CaCl2, 10 HEPES, 1 DTT, pH 7.5 (with TRISs). 
Standard pipette vacuolar solution contained (in mM): 200 KCl, 10 
MES, pH 5.5 (with TRIS). In both solutions D-sorbitol was added up 
to 600 mOsm. Data from Figs 1 and 2 were recorded in standard ionic 
solutions containing 2 mM MgCl2 in both the bath and pipette.

Fatty acids and methyl esters were dissolved at a concentration of 
100 mM in 99.5% ethanol. They were stored at –20 °C and diluted in 
control solution at the desired concentration just before use. Preparation 
and handling of fatty acids and methyl esters were done in glass reser-
voirs and capillaries to avoid adsorption processes. All chemicals were 
purchased from Sigma.

A Perspex recording chamber was designed to allow a delicate and fast 
change of the bath solution (1 ml min–1; complete exchange of solution 
in less than 30 s). Ionic solutions containing PUFAs were sucked in glass 
capillaries (1 mm diameter) connected to oil-filled syringes controlled by 
a stepping motor and the flow was regulated at a rate of 50 µl min–1. The 
capillary was then moved in the recording chamber and the tip of the patch 
pipette was placed inside the opening. This experimental design assured 
a good control of the PUFA concentration. For wash out, the glass pipette 
was removed and the excised patch was washed with fresh solution.

Data analysis
The polarity of current and voltage follow the convention proposed by 
Bertl et  al. (1992). Positive currents represent positive charge going 
from the cytosol to the vacuolar lumen.

Normalized conductance was calculated from instantaneous tail cur-
rents at the potential of –50 mV. The tail current was fitted with a single 
exponential function and the value at the beginning of the tail voltage 
step, corrected for a filter delay of 0.3 ms, was extrapolated. The fit 
was performed about 1 ms after the onset of the tail voltage in order to 
remove the capacitance artefact. For a single vacuole, data in the control 
were fitted with a Boltzmann equation; then both control and AA data 
were normalized to the maximum of the Boltzmann in control condi-
tion, indicated as Gnorm, and data from different vacuoles were averaged.

The dose–response of AA inhibition at each potential was obtained by 
plotting the normalized conductance (Gnorm) versus AA concentration. 
To fit the dependence of the residual current on the AA concentration, 
the Hill function Gnorm=Gmax/(1+([AA]/Kh)n) was used, where [AA] is the 
AA concentration, Kh and n are the Hill half-inhibition constant and the 
Hill coefficient, respectively.

For non-stationary noise analysis, the mean current and variance were 
calculated using 50 consecutive sweeps; the time interval between two 
consecutive sweeps was 2 s and the voltage and duration of the single 
sweep were –50 mV and 0.1 s, respectively. Every single sweep was 
preceded by a voltage pulse of +80 mV lasting 0.5 s. The holding volt-
age was –50 mV. To partially eliminate linear drifts usually present in 
patch-clamp recordings, the variance was calculated using the differ-
ence of all pairs of consecutive sweeps, as suggested by Heinemann and 
Conti (1992).

Data are presented as mean ±standard error, with n indicating the 
number of experiments. Statistical significance was determined using 
unpaired t tests, or ANOVA. Unless otherwise stated, the statistically 
significant difference was determined with ANOVA and a Tukey post 
hoc test was done to evaluate which data groups showed significant 
differences. P values <0.05 were considered significant, <0.01 highly 
significant.

Data analysis, figures and simulations were made with Igor software 
(Wavemetrics, Lake Oswego, OR, USA).

Results

Arachidonic acid reversibly inhibits the Slow Vacuolar 
current in carrot root vacuoles

Macroscopic Slow Vacuolar (SV) currents were recorded in 
excised cytosolic side-out patches from vacuoles isolated from 
carrot roots. The outward rectifying currents were elicited by a 
series of voltage steps ranging from –80 to +120 mV in +10 mV 
steps, from a holding potential of –50 mV. Currents were inhib-
ited by 10 µM AA, as shown in Fig. 1A. The inhibition was fully 
reversible and concentration-dependent. Figure  1B shows the 
normalized conductances with respect to the maximum measured 
in control conditions, Gnorm (see also the Materials and methods), 
obtained from instantaneous tail currents and plotted as a func-
tion of the activating potential for different AA concentrations 
(1, 3, and 10  µM). Experimental data are well-described by a 
Boltzmann function (continuous lines) with parameters obtained 
from a simple three-state model (see below and the Appendix 
in the Supplementary data at JXB online): AA decreased the 
maximum value of the normalized conductance and shifted 
the half-activation voltage to more positive values. The dose 
dependence of AA inhibition of the SV current was analysed at 
different potentials by plotting Gnorm as a function of AA concen-
tration. The inset in Fig. 1C shows a plot of Gnorm versus the AA 

http://exbotj.oxfordjournals.org/lookup/suppl/doi:10.1093/exbotj/ers272/-/DC1


PUFAs modulation of plant TPC channels  |  6189

concentration at +90 mV and fitted with a Hill equation (continu-
ous line). Kh values, derived as for the example potential in the 
inset, were plotted versus the applied membrane voltage in the 
main panel of Fig. 1C. The Hill coefficient n=1.8 ± 0.1, obtained 
by a global fit of the data at all voltages, indicated that more than 
one fatty acid molecule interacted with the channel. Kh did not 
show any pronounced voltage dependence.

AA also affects the SV channel kinetics. Indeed, both activa-
tion and deactivation time courses were accelerated as shown on 
an expanded time-scale in the insets of Fig. 2A. To quantify the 
effect of AA on the activation kinetics, the time required for half 
activation (thalf) versus the applied membrane voltage in control 
conditions and 1  µM and 3  µM AA was plotted, as shown in 
Fig. 2B. The deactivation of the SV current could be fitted with 
a single exponential function and the resulting time constant, τ, 
is shown in Fig.  2C (continuous lines in the upper right inset 
of Fig. 2A represent the exponential fit of the tail current). This 
analysis showed that the effect of AA on deactivation is more 
pronounced than on activation kinetics.

Arachidonic acid does not affect single channel 
properties but decreases the maximum open 
probability

The analysis of macroscopic currents showed a marked decrease 
of maximum normalized conductance, Gnorm, upon AA applica-
tion, which may depend on a modification of channel conduct-
ance, number of channels, and maximal open probability or on a 
combination of these three factors.

It was first checked whether AA modified the SV single chan-
nel conductance. Single channels events could be measured dur-
ing the deactivation of the macroscopic current at a tail potential 
of –50 mV, as shown in Fig.  3A. Current step amplitude was 
not modified by the presence of 3 µM AA, while the duration of 
single events was much shorter, consistent with the faster deacti-
vation time course reported in Fig. 2A and 2C.

Single channel current–voltage relationships were obtained 
from the application of a fast voltage-ramp (3 V s–1) during the 
deactivation process (Pottosin et al., 2001; Scholz-Starke et al., 

Fig. 1.  Arachidonic acid reversibly inhibits the Slow Vacuolar 
current in excised patches from carrot root vacuoles. (A) 
Macroscopic SV currents elicited by a series of voltage steps 
ranging from –80 to +120 mV in +10 mV steps and recorded 
from a carrot root vacuole in control conditions, in the presence 
of arachidonic acid (10 µM AA) and after washout (recovery). 
For the sake of clarity, only traces from –80 to +100 in +20 mV 
step were shown. The holding potential was –50 mV. (B, C) 
Quantitative analysis of SV current inhibition by arachidonic acid. 
(B) Normalized instantaneous tail currents, Gnorm, plotted as a 
function of the activating potential for different AA concentrations, 
0 (n=5 experiments from independent vacuoles), 1 (3), 3 (3), and 
10 µM (3). Continuous lines represent the Boltzmann equation: 

Gnorm=Gmax/(1+exp(–(V–Vh)/s)). Data were normalized to 1 in the 
absence of AA (Gmax(0)=1); the other parameters, obtained by 
application of a three-state model to both stationary and non-
stationary data (see Appendix in the Supplementary data at JXB 
online), were (in parentheses we indicate the concentration of AA 
in µM): Vh(0)=47 mV, Gmax(1)=0.77, Vh(1)=55 mV, Gmax(3)=0.57, 
Vh(3)=60 mV, Gmax(10)=0.03, Vh(10)=70 mV. The slope factor (s) 
was 23 mV. (C) The inset shows an example of Gnorm at a test 
potential of +90 mV plotted as a function of AA concentration. 
The continuous line represents the fit with a Hill equation, with half 
inhibition constant Kh(+90 mV)=2.0 ± 0.2 µM. The Hill coefficient 
n=1.8 ± 0.1 was obtained by a global fit of the data at all voltages. 
In the main panel, Kh values are plotted against the applied 
membrane voltages. (This figure is available in colour at JXB 
online.)
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2004). If the ramp is sufficiently fast, it is possible to span the 
entire current–voltage characteristic of one single channel from 
–50 mV up to +100 mV before more events superimpose. The 
protocol was repeated several times and baseline traces with-
out channel openings were subtracted from traces containing 
a single opening. Single channel current–voltage relationships 
obtained with this procedure are shown in Fig. 3B and strongly 
suggest that the single channel conductance does not change in 
the presence of AA in the whole range of investigated voltages.

The smaller single channel conductance at positive voltages 
with respect to negative voltages is due to the working condi-
tions, i.e. low cytosolic (100 mM) and high vacuolar (200 mM) 
potassium concentrations, together with the presence of high 
cytosolic calcium (1 mM), which, competing with potassium, can 
reduce the single channel current at positive voltages. The arrow 
in Fig. 3B indicates the Nernst equilibrium voltage of potassium 
(15.9 mV), which is in agreement with a high selectivity of K+ 
through SV channels in these experimental conditions (for a 
detailed discussion of calcium/potassium selectivity/permeabil-
ity see Allen et al., 1998; Gradogna et al., 2009). Since the sin-
gle channel conductance was not affected by AA, the significant 
reduction of Gmax shown in Fig. 1B could be due to a decrease 
in the total number of channels (N) present in the patch and/or 
a decrease in maximum open probability (POmax). To discrimi-
nate between these two possibilities non-stationary noise analy-
sis was performed. The variance of the current was calculated 
(Heinemann and Conti, 1992; see also Materials and methods) 
and it was plotted against the mean of the deactivating current 
at –50 mV for the same patch in the control and in the presence 
of 3 µM AA as shown in Fig. 3C. The solid curve in Fig. 3C is 
the fit of the control data using the parabolic function σ2=iI–I2/N, 
where σ2 is the variance, i the single channel current at –50 mV, 
I the mean current, and N the total number of channels, yield-
ing N=42 channels and i=12 pA in the control (empty circles). 
Data in the presence of AA (filled circles) are not significantly 
displaced from control data, excluding a reduction of N due to 
AA action and pointing to a decrease in maximum open prob-
ability. Data points at low current amplitudes, corresponding to 
low open probabilities, can be fitted with a line whose slope is 
the single channels current, i; the overlap between data points in 

Fig. 2.  Arachidonic acid accelerates both activation and 
deactivation time course of Slow Vacuolar currents. (A) 
Macroscopic SV currents recorded at a voltage step of +80 mV in 
control conditions, in the presence of arachidonic acid (3 µM AA) 
and after washout (recovery). The holding potential was –50 mV. 

The insets show that both the activation (bottom inset) and the 
deactivation time-course (right side inset) are faster in the presence 
of AA. The time required for half-activation was 74.3 ms in the 
control and 47.9 ms in 3 µM AA. The tail voltage was of –40 mV. 
The deactivating current could be fitted with a single exponential, 
shown on the right side inset as continuous lines (with a τ of 6.3 
and 2.8 ms, respectively, in the control and in 3 µM AA). (B) The 
time required for half-activation of the current (thalf) is plotted against 
the applied membrane potential in control (open circles; n=5) 
and in the presence of 1 µM (closed circles; n=3) or 3 µM (filled 
triangles; n=3) AA. (C) Time constants of current deactivation, τ, 
in control (open circles; n=5) and in the presence of 1 µM (closed 
circles; n=3) or 3 µM (filled triangles; n=3) AA are plotted against 
the tail potential. (This figure is available in colour at JXB online.)
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control and 3 µM AA confirms that the single channel current is 
not affected by AA, as already shown in Fig. 3A and 3B.

Modulation of Slow Vacuolar current depends on 
PUFAs structural properties

From a chemical point of view, PUFAs are formed by a hydro-
phobic fatty acyl tail and a carboxylic polar head which are both 
important for the modulation of ionic channels (Borjesson et al., 
2008). The effects of the length of the acyl tails on the PUFA 
inhibition of the SV current was investigated. Twenty-two and 
18 carbon long PUFAs were used as well as docosahexaenoic 
acid (DHA) and alfa-linolenic acid (ALA) that have a longer and 
a shorter tail lengths compared with AA (20 carbons).

Figure 4A shows the reversible inhibition of the SV currents 
induced by 3 µM and 10 µM DHA and ALA compared with AA. 
DHA and AA had a similar efficacy, while ALA was less effi-
cient in inhibiting the SV current both at 3 µM and 10 µM (P 
<0.01), as summarized in the histogram in Fig. 4B. As observed 
for AA, DHA and ALA also modify the current kinetics in a simi-
lar manner, as shown in Table 1. The effect of PUFAs on isolated 
vacuoles of mesophyll cells from the model plant Arabidopsis 
thaliana was also tested. At +80 mV, IPUFA/Icontrol was 0.64 ± 0.07 
for 10 µM ALA (four repetitions in two different vacuoles) and 
0.40 ± 0.05 for 10 µM AA (six different vacuoles), with AA sig-
nificantly more effective than ALA (unpaired t test, P <0.05). 
These data demontrate that PUFAs are also strong inhibitors of 
the Arabidopsis TPC1 channel (see alsoTable 1).

The number of double bonds in the acyl tail of PUFAs affects 
the tail flexibility and therefore may affect the insertion of the 
PUFA in the membrane and its motility. Therefore, the effect of 
PUFAs with the same number of carbons, but with a variable 
number of double bonds (Fig. 5A, 5B) was investigated in iso-
lated vacuoles of carrot roots: linolenic acid, ALA (C18:3) with 
three double bonds, linoleic acid LA (C18:2) with two double 
bonds, and oleic acid OA (C18:1) with a single double bond. 
Since stearic acid (C18:0) was not soluble in our conditions, 
other saturated PUFAs with shorter (palmitic acid, PA, 16 car-
bons) and longer chain lengths (arachidic acid, ARA, 20 carbons) 
were tested. Figure 5A shows the current traces in the control and 
in the presence of 100 µM of different PUFAs, except for ARA 
which was used at 10  µM due to its limited solubility in our 
experimental conditions. However, it is worth comparing ARA 
with AA at 10 µM (see Fig. 4 which has the same number of car-
bons at the tail but four double bonds). The efficacy of ALA, LA, 
and OA is very similar at 10 µM and 30 µM as summarized in the 
histogram in Fig. 5B. OA at 100 µM is less effective than ALA 
and LA (P <0.01), while the saturated PUFAs, PA and ARA, did 

Fig. 3.  Arachidonic acid does not change single channel 
conductance of Slow Vacuolar current in carrot roots but affects 
its maximum open probability. (A) Single channel events obtained 
during deactivation at a tail voltage of –50 mV in control conditions 
(black trace) and in 3 µM AA (grey trace). (B) Single channel 
current–voltage relationships obtained after the application of a 
fast voltage-ramp in control conditions (black trace) and in 3 µM 
AA (grey trace). No change in single channel conductance was 
apparent. The slope conductances at negative and positive 
voltages were 160 ± 12 pS and 54 ± 7 pS, respectively. (C) Non 

stationary noise analysis for the same patch in control (empty 
circles) and in presence of 3 µM AA (filled circles) at the potential 
of –50 mV. Variance is plotted against the mean current and the 
solid curve is the fit to the control data with a parabolic function 
(see text and Materials and methods). Data in the presence of 
AA are not significantly displaced from control data, excluding an 
effect of AA on single channel conductance and a reduction in the 
total number of channels.
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not change the current significantly. Our data suggest that the 
bending of the hydrophobic chain of the fatty acids, that requires 
at least a double bond (see Supplementary Fig. S2 at JXB online), 
is important for PUFA’s inhibition of TPC channel.

Figure  5C shows the time-course of the stationary current 
recorded at +80 mV upon application and removal of ALA and 
OA at 30 µM; maximal and minimal currents obtained, respec-
tively, in the absence and in the presence of PUFAs were set to 1 
and 0, respectively, and the other values were scaled accordingly. 
ALA at 30 µM inhibited the SV current in about 20 s, compara-
ble with the time necessary to exchange the solution, while in 
identical working conditions, a longer time was required for the 
inhibition of OA and for recovery. Since OA is supposed to parti-
tion in the membrane phase with high efficiency (Simard et al., 
2008), we can speculate that this result is in line with a direct 
interaction between PUFAs and the channel (see Discussion).

In Fig. 6, the role of the negative charge present at the polar head 
of the PUFAs was investigated. The SV current was challenged 

with neutral methyl esters of the PUFAs. Figure 6A shows that both 
Me-ALA and Me-DHA were, respectively, ineffective or slightly 
effective (P <0.01) in inhibiting the SV current at a concentration 
of 100 µM, while inhibition was complete when ALA was applied 
at the same concentration and DHA at 10 µM (Fig. 4A). Thus the 
negative charge of the polar head of the PUFAs is an essential 
structural characteristic for the modulation of SV current.

Modelling the PUFA effect

We propose a very simple model that can predict all our experi-
mental findings. The kinetic scheme is the following: scheme 1

According to this model the channel can be in three states: 
C0 and C1 are the closed states and O is the conductive open 

Fig. 4.  Modulation of Slow Vacuolar current by different PUFAs. (A) Macroscopic SV currents recorded at a voltage step of +80 mV in 
control conditions and after washout (black traces), in the presence of either DHA (C22), AA (C20) or ALA (C18) at 3 µM (upper panels, 
grey traces) or 10 µM (lower panels, grey traces) and after washout (recovery, blue). (B) Residual SV currents (IPUFA/Icontrol) obtained by 
dividing the current in the presence of PUFA at the indicated concentration by the current in control conditions for DHA (n=7), AA (10), 
and ALA (10) at 3 µM and for DHA (4), AA (7), and ALA (10) at 10 µM. DHA and AA had a similar efficacy while ALA was less efficient 
both at 3 µM and 10 µM (P <0.01). (This figure is available in colour at JXB online.)

Table 1.  Kinetics of SV currents in isolated vacuoles from carrot and Arabidopsis. Activation and deactivation kinetics are quantified, 
respectively, with the time required for half activation (thalf) and the time constant of the exponential fit, τ.

thalfPUFA/thalfcontrol
a τPUFA/τcontrol

a Number of vacuoles

Carrot

DHA 3 µM 0.84 ± 0.09 0.42 ± 0.07** 7

AA 3 µM 0.83 ± 0.06* 0.44 ± 0.07** 10

ALA 10 µM 1.07 ± 0.05 0.53 ± 0.06** 10

LA 10 µM 0.76 ± 0.07* 0.39 ± 0.03** 4

OA 10 µM 0.67 ± 0.07* 0.51 ± 0.16 4

Arabidopsis

AA 10 µM 1.05 ± 0.18 0.27 ± 0.08** 6

ALA 10 µM 1.34 ± 0.09 0.50 ± 0.06 2 (4)

a Asterisks (*) and (**) indicate, respectively, significant and highly significant statistical difference (t test). Data with ALA 10 µM in Arabidopsis 
were not tested for statistical significance; the number in parenthesis indicates the number of repetitions.
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state. The first step from C0 and C1 is voltage dependent and 
represents the movement of the four voltage sensors S4 due to 
the application of an electric field. For the sake of simplicity, the 
transition of the four S4 are grouped in a single step in which 
the rate constants α and β are voltage dependent. The step from 
C1 to O leading to the opening of the channel is assumed to be 
voltage-independent, therefore kO and kC are voltage-independ-
ent rate constants (Schmidt and MacKinnon, 2008; Borjesson 
and Elinder, 2011). It is worth noting that only kC, leading the 

channel from the open state O to the closed state C1, is PUFA-
dependent. The analytical resolution of the model is given in the 
Appendix of the Supplementary data at JXB online. The simula-
tion of the experimental data by the model is presented in Fig. 7.

Both stationary data of Fig. 7A and the relaxation time con-
stants of Fig. 7B are adequately described by the model as shown 
by the satisfactory overlap of the continuous theoretical lines 
and the experimental data points (for details see the Appendix 
section ‘Simulation of the model’ in the Supplementary data at 

Fig. 5.  Modulation of Slow Vacuolar current depends on the degree of fatty acid saturation. (A) SV currents recorded at +80 mV in 
control conditions (black traces), in the presence of either ALA (3 double bonds), LA (2 double bonds), OA (1 double bond), PA (no 
double bond), and ARA (no double bond) at 100 µM, except ARA at 10 µM (grey traces). (B) Residual SV currents at +80 mV normalized 
to control (IPUFA/Icontrol) for 10, 30, and 100 µM ALA (n=10, 3, and 4 different vacuoles), LA (n=4, 4, 3), and OA (n=4, 4, 3). PA (n=3) and 
ARA (n=4) were little or not effective, respectively, at 100 µM and 10 µM. The efficacy of ALA, LA, and OA was not significantly different 
at 10 µM and 30 µM, while OA at 100 µM was less effective than ALA and LA (P <0.01). (C) Time-course of the inhibition and recovery 
induced by 30 µM ALA (filled circles, n=3) and OA (filled squares, n=3). The average maximum and minimum values of the stationary 
currents recorded at +80 mV in the absence and in the presence of PUFAs were set to 1 and 0, respectively, and the other values 
scaled accordingly.

Fig. 6.  Modulation of Slow Vacuolar current depends on the polar head of the PUFA. (A) Macroscopic SV currents elicited by a voltage 
step of +80 mV in control conditions (black traces) and in the presence of either ALA, Me-ALA, or Me-DHA at 100 µM (grey traces). (B) 
Residual SV currents at +80 mV normalized to controls (IPUFA/Icontrol) for ALA (n=4), Me-ALA (n=3), and Me-DHA (n=3) at 100 µM. Me-ALA 
and Me-DHA were, respectively, ineffective or only slightly effective (P <0.01).
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JXB online). The model has six independent parameters; how-
ever, the variation of only kC, is sufficient to predict both sta-
tionary and transient data in the presence of PUFA. An increase 
of kC generates the traces in the presence of increasing concen-
trations of AA; by contrast, the dotted traces in Fig.  7A and 
7B are obtained with decreasing kC up to 7 s–1 that provides a 
Boltzmann curve with a voltage of half activation of –20 mV 
and a maximum open probability near 1. Therefore, our model 
shows a shift of the voltage-dependency of the SV channel 
toward physiological voltages upon reduction of kC. To analyse 
the dose dependence of PUFA inhibition theoretical PO versus 
AA concentration at a fixed voltage was plotted, as shown in 
the inset of Fig. 7C (V= +90 mV). Data were fitted by the Hill 
equation; the continuous line in the inset and Kh values were 
plotted against the potential as shown by the continuous line of 

Fig. 7C; points in the same figure represent Kh obtained from 
experimental data (already plotted in Fig.  1C). In agreement 
with experimental findings, Kh derived by the model does not 
show a pronounced voltage dependence reflecting the fact that 
the binding of PUFAs with the channel is actually voltage inde-
pendent. In Fig. 7D, experimental traces in the absence (grey 
traces) and in the presence of 3 µM AA (red traces) were well 
reproduced by our model (black traces); small differences in 
activation between data and theory were due to the simplify-
ing hypothesis of a single voltage dependent step. In the deacti-
vation process, the agreement was very good as shown by the 
inset. There is a need to emphasize that the simulation of the 
experimental data in the presence of AA was obtained with the 
same parameters used to reproduce control data, except kc, the 
voltage-independent rate of deactivation.

Fig. 7.  The three state model: simulation of the PUFA effect and comparison with experimental results. (A) Open probability and (B) time 
constants of relaxations of the SV channels in the absence (open circles) and in the presence of 1 µM (closed circles) and 3 µM (closed 
triangles) AA versus applied potential. The continuous lines were obtained, respectively, using equations A.4 and A.14 (see the Appendix 
in the Supplementary data at JXB online for details). Dashed lines correspond to kC=7. (C) In the inset, the stationary open probability at 
+90 mV was obtained by equation A.4 versus AA concentration (see the Appendix in the Supplementary data at JXB online for details). 
The continuous line is the fit of the data points with the Hill equation: K/(1+([AA]/Kh)n), where K is a normalization factor. This operation 
was repeated for all voltages from +20 to +120 mV at a step of +0.5 mV. The average Hill coefficient n was 1.6 ± 0.2. In the main 
panel, Kh values were plotted versus the applied membrane voltage (black line) and overlapped to the same data points of Fig. 1C. (D) 
Overlapping between experimental and theoretical currents in the absence and presence of 3 µM AA. The imposed voltage protocol is 
shown in the upper part of the figure. The theoretical currents were obtained by equation A.16 (see the Appendix in the Supplementary 
data at JXB online for details). (This figure is available in colour at JXB online.)
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Discussion

How do PUFAs interact with the TPC channels? PUFAs have 
the ability to form micelles that, by fusing with the lipid bilayer, 
can affect cell membrane organization and alter channel func-
tion. However, the concentration range used in this study is low 
enough to exclude this possibility (Linden and Routtenberg, 
1989; Borjesson et al., 2008), hence fatty acids should act as 
monomers. The following lines of evidence suggest that the 
interaction between PUFA and the channel is direct and not 
mediated by a modification on the vacuolar membrane due to 
PUFA incorporation. PUFAs are known to increase membrane 
fluidity (Anel et  al., 1993), however, in this case, a similar 
effect should be obtained by the application of the methyl-
ester forms of PUFAs, which in our case were either ineffec-
tive (Me-ALA, Fig.  6) or only slightly effective (Me-DHA, 
Fig. 6). In addition, the time-course of application of OA was 
slower compared with the other PUFAs even though the parti-
tion coefficient of OA in the membrane phase is comparable 
(Anel et al., 1993; Simard et al., 2008), again in contrast with 
an effect of PUFA on membrane fluidity. PUFAs are known to 
modify the membrane curvature, but in this case the effect of 
DHA is expected to be greater than the effect of AA, as shown 
for TRAAK channels (Patel et al., 2001). On the contrary, our 
data show that the inhibition of SV by PUFAs is maximal when 
the channel is exposed to AA (Fig. 4). Indeed, the finding of an 
optimal length of the acyl chain/number of double bonds of the 
PUFA is clearly not indicative of an unspecific change of the 
membrane properties.

Another well-known effect of PUFAs on biological mem-
branes is the screening of surface charges (Borjesson et  al., 
2008) resulting in a shift of the voltage-dependence of the chan-
nel. However, charge screening cannot induce a reduction of the 
maximal open probability, which was observed in our data. The 
kinetic properties of the channel are also in contrast with that 
mechanism: a faster time-course of deactivation at negative volt-
ages would correspond to a slower time-course of channel acti-
vation at positive voltages. Nevertheless, the charge of the PUFA 
head seems to play an important role in channel inhibition, since 
neutralization largely reduced or eliminated the inhibitory effect. 
As suggested by the voltage-independent apparent binding con-
stant of PUFA, we can hypothesize that the interaction between 
the PUFA head and the channel is very likely of electrostatic 
nature, but located outside the electric field. The hydrophobic 
moiety appears to be an important factor for the PUFAs’ efficacy. 
The higher the number of cis double bonds in the PUFA, the 
more hooked will be its conformation. Notably, the bending of 
the hydrophobic tail correlates well with the inhibitory power, 
with the curved ones being the most potent (see Supplementary 
Fig. S2 at JXB online). This observation suggests that the inter-
action between the PUFA and the channel and the efficacy of the 
inhibition depend on the specific geometry of the PUFA.

An important finding of our work is that free PUFAs can inter-
act with and modulate the activity of TPC1. In the present study, 
it was found that the most effective PUFA in inhibiting the SV 
current is arachidonic acid, effective at low micromolar con-
centrations, in the physiological range reported for animal cells 
(Meves, 1994, 2008). Although plant do not synthesize this fatty 

acid (Singh et al., 2005), it has been shown that some pathogens, 
such as Phytophthora infestans, harbour arachidonic acid in their 
membranes and that this molecule is an elicitor of plant defence 
responses (Yoshioka et al., 2001). However, it is unlikely that an 
elicitor of the pathogen defence response acts directly on a vacu-
olar ion channel.

One of the most important endogenous PUFAs is alpha-lino-
lenic acid (ALA) which, in our experiments, was found to inhibit 
the SV/TPC1 currents when applied in the micromolar range 
(Fig. 4). ALA is the most abundant fatty acid in leaves and mostly 
present in esterified glycerolipid form (Browse and Somerville, 
1991). From data in the literature (see Supplementary Table S1 
at JXB online), a basal ALA concentration can be estimated of 
about 1 µM increasing up to 10 µM during physiological pro-
cesses such as pathogen elicitation and wounding. According 
to our data, such an increase in ALA concentration should sig-
nificantly inhibit the activity of the TPC1 channel, therefore 
making it unlikely that the channel plays an active role in the 
plant response to these kinds of stresses. In agreement with this 
hypothesis, experiments performed in tpc1-2 knock-out plants 
showed no significant involvement of TPC1 in the jasmonate 
pathway (Bonaventure et al., 2007a).

In conclusion, it is shown that the activity of the SV/TPC1 
channel is strongly affected by polyunsaturated fatty acids in 
vacuoles of carrot roots and in Arabidopsis thaliana. Since the 
modulation of membrane proteins by lipids is a poorly explored 
topic in plants we think that our data open new perspectives in 
the field of ion channels and lipid-mediated interaction in plants.

Supplementary data

Supplementary data can be found at JXB online.
Supplementary Fig. 1. List of fatty acids used in this study.
Supplementary Fig. 2. Three-dimensional conformation of the 

different fatty acids used in the experiments.
Supplementary Table S1. Free fatty acids(FFA) in differ-

ent plant preparations in control conditions and after different 
treatments.
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