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Abstract An effect of lithium (Li?) on growth, circum-

nutation, and glutamate-induced excitation in sunflower

(Helianthus annuus L.) seedlings was investigated using

time-lapse photography and extracellular electrical poten-

tial measurements. The seedlings were treated with a micro

and millimolar concentration of lithium chloride (LiCl)

both persistently in a hydroponic medium and acutely

through Li? injection. The length of hypocotyls, fresh

weight of seedlings, intensity and period of circumnutation,

and the number of action potentials (APs) after glutamate

(Glu) injection were determined. It was found that the

circumnutation intensity and period did not depend on

hypocotyl length and fresh weight of seedlings. Under

persistent Li? treatment, the circumnutation intensity was

constant at a concentration between 0.2 and 20 mM

although the hypocotyls were significantly shorter in rela-

tion to the control, whereas at a concentration of 40 mM

circumnutation intensity decreased without any changes in

the hypocotyl length. Under persistent treatment with 0.5

and 20 mM Li?, the period of circumnutation was sig-

nificantly prolonged. The number of APs in a Glu-induced

series significantly increased in the seedlings exhibiting an

Li?-induced decrease in circumnutation intensity (in 40

and 60 mM Li?). Additionally Li? injection before Glu

injection also augmented the series of APs in seedlings

growing without Li? in hydroponic medium. These Li?-

sensitive responses demonstrated that circumnutation and

growth are partly independent processes and reveal a re-

lationship between circumnutation intensity and ex-

citability in Helianthus annuus seedlings.
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Abbreviations

AP Action potential

Glu Glutamate

Li? Lithium

Introduction

Plant shoots, stem, leaves, and roots move in a broad

range of intensity and plants exhibit complex behaviour

due to action of endogenous and environmental factors

(Darwin and Darwin 1880). The plant endogenous

movement named circumnutation is commonly consid-

ered as an inevitable consequence of organ growth (En-

gelmann and Johnsson 1998), but its quantitative relation

to growth is still not well established (Johnsson 1997).

The complex relations between circumnutation and

growth have been reported for Oriza sativa (Hayashi et al.

2004; Yoshihara and Iino 2005), Arabidopsis thaliana

(Schuster and Engelmann 1997), Phaseolus vulgaris

(Millet and Badot 1996), Periploca graeca (Johnsson

1979), and Helianthus annuus (Zachariassen and Johns-

son 1988; Stolarz et al. 2008). It is known that plants can

grow without circumnutation but they can also grow and

circumnutate simultaneously. Another not well-estab-

lished process related to the movement is excitability. In

animals, the relationship between the movement and ex-

citability is apparent. In plants, a clear relation between
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rapid movement and action potential (AP) has been re-

ported in sensitive Mimosa pudica and Dionaea mus-

cipula. There are no reports concerning movement vs.

excitability in ordinary plants that do not show spec-

tacular rapid movements. In animals, both movements

such as exploratory activity, hyper- and hypolocomotion,

seizures (O’Donnell and Gould 2007; Ghasemi et al.

2010) and cortical excitability (Butler-Munro et al. 2010)

are modulated by lithium (Li?) treatment. Lithium is a

trace element naturally occurring in organisms. It occurs

in soil and water resources and is taken up by all plants. It

seems that Li? is not required for plants’ physiological

processes; however, the effect of Li? on some of them has

been reported (Aral and Vecchio-Sadus 2008). A micro-

molar Li? treatment induces hypersensitivity-like re-

sponse in Nicotiana tabacum (Naranjo et al. 2003) and

metabolome and transcriptome changes in Brassica car-

inata seedlings (Li et al. 2009). In Phaseolus and

Helianthus, circumnutation but not growth was affected

by persistent Li? application (Zachariassen and Johnsson

1988; Millet and Badot 1996). Lithium has also an effect

on movements of Cassia fasciculata leaves (Gaillochet

1981) and Desmodium motorium lateral leaflets (Weber

et al. 1992) and changes graviresponsiveness of roots in

Pisum sativum (Belyavskaya 2001). Currently, it is pos-

tulated that Li? acts via the inositol signalling pathway

also involved in glutamate-receptor-, gravity-, and Ca2?-

dependent plant responses (Stevenson et al. 2000). These

responses together with Ca2?, K? and Cl- ions and Ca2?,

K? and Cl- channels, and the H?ATP-ase actions are

involved in the mechanism of growth, circumnutation,

and excitability. The aim of our study was to characterise

the effect of Li? on growth, circumnutation, and series of

glutamate-induced action potentials using a time-lapse

photography method and extracellular electrical potential

measurements in Helianthus annuus seedlings. To our

knowledge, the influence of Li? on plant excitability and

its relation to plant endogenous movement have not been

described so far. We have shown for the first time glu-

tamate-induced plant excitability modulated by Li?—a

neuroprotective agent present in environment.

Materials and methods

Experimental plants

Helianthus annuus L. seeds (PNOS, O _zarów Maz.,

Poland) were germinated on wet filter paper in a ther-

mostated (24 ± 1 �C) darkened chamber. After 4 days,

seedlings with 4.5 ± 0.5-cm-long hypocotyls were culti-

vated hydroponically (ten plants per pot) in aerated nu-

trient solution. The hydroponic culture was maintained for

3 days under constant illumination, 40 lmol m-2s-1

white light (Power Star HQT-T400 W/D OSRAM GmbH,

Munich, Germany), at a temperature of 24 ± 1 �C and

relative humidity 50–70 %. The seedlings were grown for

3 days in control medium or were treated with different

LiCl or KCl concentrations and simultaneously filmed for

circumnutation measurements. In seven-day-old seed-

lings, hypocotyl length and fresh weight of the seedlings

were measured; and, electrophysiological measurements

of the seedlings were performed. The growth rate

(cm h-1) was calculated for hypocotyl growth during the

3 days of the experiment (hypocotyl length minus 4.5 cm

divided by 72 h).

Circumnutation measurements

For circumnutation measurements, time-lapse photogra-

phy recordings were made from 09:00 a.m. on the fourth

day to 09:00 a.m. on the seventh day of seedling growth.

A monochromatic camera (Mintron MTV-1368CD, Min-

tron Enterprise Co. Ltd, Taipei, Taiwan) was used to

record the circumnutation trajectory of the hypocotyl

apex. The plants were filmed from the top. Time-lapse

images were recorded one frame per 5 min by Gotcha!

Multicam software (Prescient System Inc., West Chester,

PA, USA). The system was calibrated by a millimetre

scale. The time-lapse images were digitised using Tracer

(custom-made) and Microsoft Excel programs. Ex-

perimental points (coordinates x, y of the stem apex on the

horizontal plane) were determined at 5-min intervals. The

distance covered by the hypocotyls apex during 1 h was

used to calculate the circumnutation rate. Circumnutation

intensity was the rate of circumnutation divided by

hypocotyl length. The circumnutation period was the

duration of one circumnutation.

Electrophysiological measurements

The electrical measurements were carried out in a Faraday

cage on 7- to 8-day-old seedlings. The changes in the

electrical potential were measured with two extracellular

Ag/AgCl electrodes (a silver wire, 0.2 mm diameter,

World Precision Instruments, Sarasota, FL, USA) inserted

across hypocotyls (Fig. 1). The electrical potential was

recorded from tissues adjacent to the electrode, i.e. vas-

cular bundles, parenchyma and epidermis. The reference

electrode (Ag/AgCl) was placed in the hydroponic medi-

um. Electrodes were interfaced with a data acquisition

system Digidata 1322A (Axon Instruments, Foster City,

CA, USA). The frequency of sample recording was 1 Hz.

Electrophysiological experiments were carried out between

09:00 a.m. and 02:00 p.m. every day during the ex-

perimental time.
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Chemicals

The nutrient solution contained 4 mM Ca(NO3)2 9 4H2O,

5 mM KNO3, 1 mM NH4H2PO4, 2 mM MgSO4 9 7H2O;

microelements: 0.085 mM Fe(III)citrate, 0.046 mM H3BO3,

0.0009 mM MnCl2 9 4H2O, 0.0003 mM CuSO4 9 5H2O,

0.0008 mM ZnSO4 9 7H2O, 0.0001 mM H2MoO4 9 2H2-

O; (pH 6.0). Additionally, 0.2, 0.5, 1, 5, 10, 20, 40, 60,

80 mM lithium chloride (MP Biomedicals, France) or

40 mM potassium chloride (POCH, Poland) in nutrient so-

lution was used.

Injection Twenty microliters of a 50 mM Glu (L-glutamic

acid, ICN Biomedicals, Germany) solution [pH adjusted to

7 by Tris/Mes buffer (Stolarz et al. 2010)], distilled water,

LiCl (MP Biomedicals, France) or KCl (POCH, Poland)

were injected with a syringe into the seedlings at the base

of the hypocotyls, 1 cm above the root collar (Fig. 1). The

injection of the solution lasted a few seconds.

Statistical analysis

The results obtained are presented as the mean ± SE in

each experimental group. The results were estimated for

significance by a t test at p \ 0.05 and p \ 0.01. The linear

correlation coefficient was determined.

Results

Effect of lithium on growth and intensity

of circumnutation of sunflower seedlings

The length of the hypocotyls of sunflower seedling growing

in the control nutrient solution ranged between 9 and

19 cm and the mean was 13.8 ± 0.6 cm (n = 20)

(Fig. 2a). The circumnutation rate of the hypocotyl was in

the range from 0.1 to 4 cm h-1 and the mean was

1.7 ± 0.2 cm h-1. The correlation coefficient between the

hypocotyl length and circumnutation rate was 0.73

(p \ 0.01), as shown in Fig. 2a. Seedlings with longer

hypocotyls exhibited a higher circumnutation rate, which

Fig. 1 Scheme of a circumnutating Helianthus annuus seedling and

electrode arrangement in extracellular electrical potential measure-

ments. Two Ag/Cl electrodes (1, 2) were inserted across the

hypocotyls. The reference electrode (ref) was placed in the hydro-

ponic medium. i—The site of glutamate and lithium solution injection

Fig. 2 The relationship between growth and circumnutation in one-

week-old Helianthus annuus seedlings. a The circumnutation rate was

the distance covered by the hypocotyl apex during 1 h; the mean

hypocotyl length was 13.8 ± 0.6 cm; the mean circumnutation rate

1.7 ± 0.2 cm h-1. b Circumnutation intensity was the rate of

circumnutation divided by the length of the hypocotyls; the mean

circumnutation intensity 0.12 ± 0.01 h-1. c The mean fresh weight

of the seedlings 1.16 ± 0.04 g. d The circumnutation period was the

time between two nearest maxima of amplitude; the mean circum-

nutation period 167 ± 8 min. e The relation between the fresh weight

of seedlings and the period of circumnutation; n = 20
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shows that the circumnutation rate depends on the hypo-

cotyl length. To distinguish the pure circumnutation vigour

against the background of hypocotyl length changes, the

circumnutation rate was divided by hypocotyl length and

named circumnutation intensity (Fig. 2b). The mean cir-

cumnutation intensity for control seedlings was

0.12 ± 0.01 h-1. Circumnutation intensity does not de-

pend in a statistically significant way either on hypocotyl

length (correlation coefficient 0.54, p [ 0.05) or fresh

weight of seedlings (correlation coefficient 0.16, p [ 0.05)

(Fig. 2b, c).

The effect of permanent lithium treatment—lithium in

the hydroponic nutrient solution—on hypocotyl length and

circumnutation intensity is presented in Fig. 3. The hypo-

cotyls were statistically significantly shorter in respect to

the control at the sub- and low millimolar concentrations of

LiCl (Fig. 3a). The hypocotyls were slightly shorter under

0.2, 0.5 (p \ 0.05) and 5 and 10 mM LiCl (p \ 0.01) in

relation to the control seedlings. At the 20 and 40 mM LiCl

concentrations, the hypocotyl length was similar to that in

the control [13.8 ± 0.6 cm (n = 20)], but at 60 and

80 mM LiCl it drastically decreased to 9.1 ± 0.88 cm

(n = 10) and 6.2 ± 0.22 cm (n = 10) (p \ 0.01), i.e. it

was reduced by 34 and 55 %, respectively (Fig. 3a). The

80 mM LiCl was highly toxic and caused withering of all

plants after 3 days. Circumnutation intensity was also af-

fected by Li? treatment (Fig. 3b). Under 0.2–20 mM, cir-

cumnutation intensity was maintained at a constant level

around 0.12 h-1, similar to the control experiment, and it

drastically decreased under 40 and 60 mM LiCl (p \ 0.05)

(Fig. 3b). In 80 mM LiCl, circumnutation stopped com-

pletely. The statistically significant (p \ 0.05) decrease in

the hypocotyl length under 0.2–10 mM LiCl did not affect

circumnutation intensity. Under 40 mM LiCl, circumnu-

tation intensity significantly decreased without significant

changes in hypocotyl length. LiCl at the concentration of

60 mM stopped circumnutation completely in 30 % of the

seedlings and led to significant reduction of circumnutation

intensity (p \ 0.05) in 70 % of the seedlings. In this group,

circumnutation was still maintained despite the strong de-

crease in growth. These results reveal that circumnutation

intensity changes are independent of hypocotyl length

changes under Li? treatment in hydroponic medium in

sunflower seedlings. The effect of Li? on growth and cir-

cumnutation was compared with the KCl treatment

(Fig. 3). In the 40 mM KCl solution, the hypocotyls were

significantly shorter (p \ 0.01) with respect to the control

and to the 40 mM LiCl solution, and the intensity of cir-

cumnutation was similar to that in the control. This con-

firms possibility of independent regulation of growth and

circumnutation by external factor.

Effect of lithium on the period of circumnutation

of sunflower seedlings

The mean circumnutation period in the control solution

was 167 ± 13 min (n = 20) and did not depend on

hypocotyl length and seedling fresh weight, as shown in

Fig. 2d, e. The circumnutation period was affected by the

Li? treatment (Fig. 3c). It lengthened at the 0.5 and 20 mM

LiCl concentrations in a statistically significant way

(p \ 0.05). At 0.5 mM, it was 192 ± 7 min (n = 10) and

at 20 mM LiCl 194 ± 12 min (n = 10); thus the period

was longer by approx. 30 min. At the higher concentration

(40 mM LiCl and 40 mM KCl), the period was similar to

that in the control. At 60 mM LiCl, the hypocotyl length

and circumnutation intensity decreased but the period was

still maintained around that of the control. This also con-

firms partial independence of the circumnutation mechan-

ism on the hypocotyl growth, since both long and short

hypocotyls exhibited the same period of circumnutation.

Fig. 3 Growth and circumnutation parameters of Helianthus annuus

seedlings under lithium treatments. The seedlings were grown for

3 days in a nutrient solution with a lithium concentration from 0.2 to

80 mM; Values are mean ± SE; *p \ 0.05; **p \ 0.01 when

compared with control. a Hypocotyl length changes. For the

experiments, 4.5 ± 0.5 cm (dotted line) long hypocotyls of the

seedlings were taken after 4 days germination. The hypocotyl growth

rate (cm h-1) is shown on the bars. x—cessation of circumnutation.

b Circumnutation intensity changes. c Circumnutation period changes
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Glu-induced series of APs in sunflower seedlings

Injection of glutamate (Glu) into the hypocotyls of the

sunflower seedlings growing in the control medium

(n = 16) evoked series of APs (Table 1). In 50 % of the

seedlings, the series were composed of 3.9 ± 0.6 APs and

lasted 10 ± 3 min, n = 8. A typical recording is shown in

Fig. 4a. The spikes were propagated, which is marked with

an asterisk. In the remaining 50 % of the seedlings, one AP

only or no APs were generated. To examine the effect of

Li? on Glu-induced excitation, Li? was applied persis-

tently through the hydroponic medium or acutely by in-

jection 20 min before Glu injection.

Persistent lithium treatment—lithium in the hydroponic

medium

The sunflower seedlings were growing at 5, 20, 40, and

60 mM LiCl concentrations for 3 days. In seedlings

growing at the 5 and 20 mM LiCl, Glu-induced series were

not significantly affected in relation to the control

(Table 1). The injection of Glu into seedlings growing at

the 40 and 60 mM LiCl concentrations evoked augmented

excitation in 63 and 50 % of the seedlings. The series were

composed of 11 ± 2 APs lasting 38 ± 6 min (n = 5), and

7.5 ± 1 APs lasting 24 ± 2 min (n = 4), respectively.

This increase in the number of APs was statistically

significant (p \ 0.05). A typical recording is shown in

Fig. 4b. The spike propagation is marked with an asterisk.

In the remaining 37 and 50 % of the seedlings, one AP only

or no APs were generated. Seedlings growing in 40 mM

KCl showed Glu-induced series of APs similar to the

control seedlings (Table 1).

Acute lithium treatment—lithium injection

To verify the effect of Li? on Glu-induced series of APs,

LiCl was injected 20 min before Glu injection (Table 1).

The pre-injections were done in seedlings growing in the

nutrient solution without Li?. Injection of 5, 10, 40 and

60 mM LiCl itself did not evoke series of APs. In the

control experiments, distilled water was injected 20 min

before Glu injection. Pre-injection of distilled water did not

evoke series of APs and did not affect the Glu-induced

series of APs (Table 1). In this experiment (n = 12), 58 %

seedlings exhibited series composed of 4.4 ± 0.6 APs

lasting 14 ± 2 min (n = 7), in the remaining 42 % of the

seedlings, one AP only or no APs were generated. In the

experiments with 5 and 10 mM LiCl pre-injection, no

statistically significant increase in the number of Glu-in-

duced APs was observed. In contrast, when 40 and 60 mM

LiCl was pre-injected, a statistically significant (p \ 0.01

and p \ 0.001) increase in the number of Glu-induced APs

was observed. In this case, the series were composed of

Table 1 Parameters of the series of APs evoked by injection of Glu solutions into the Helianthus annuus hypocotyl obtained in seedlings treated

with lithium persistently in a hydroponic medium and acutely by injection. The sunflower seedlings were growing at LiCl or KCl concentrations

for 3 days. LiCl injections were done in seedlings growing in a nutrient solution without lithium. The duration of the series is the time between

the first and the last AP in the series

Lithium concentration (mM) Number of

injected plants

Number of plants that

did not generate the

AP series after

Glu injection

Plants that generated

the AP series after

Glu injection (%)

n Number of

APs in the

series

Duration of

series (min)

LiCl in hydroponic medium

0 (control) 16 8 50 8 3.9 ± 0.6 10 ± 3

5 12 4 67 8 4.6 ± 0.6 12 ± 2

20 8 3 63 5 4.2 ± 0.8 28 ± 7

40 8 3 63 5 11 ± 2* 38 ± 6

60 8 4 50 4 7.5 ± 1* 24 ± 2

40 mM KCl 8 2 75 6 4.2 ± 0.8 12 ± 2

LiCl injection

0 (control) 12 5 58 7 4.4 ± 0.6 14 ± 2

5 12 7 42 5 6.2 ± 1.3 12 ± 1

10 8 3 63 5 5.8 ± 0.6 12 ± 1

40 10 4 60 6 8.2 ± 1.0** 26 ± 5

60 8 3 63 5 10.4 ± 0.9*** 22 ± 4

40 mM KCl 8 2 75 6 5.5 ± 0.8 11 ± 2

Values are mean ± SE

* p \ 0.05; ** p \ 0.01; *** p \ 0.001 when compared with the control
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8.2 ± 1 APs and lasted 26 ± 5 min (n = 6) and

10.4 ± 0.9 APs and lasted 22 ± 4 min (n = 5), respec-

tively. Pre-injection of 40 mM KCl into seedlings growing

in the control medium solution did not affect the Glu-in-

duced series of APs in a statistically significant way. In

58 % of the seedlings, they were composed of 5.5 ± 0.8

APs and lasted 11 ± 2 min (n = 6) in the remaining 42 %

of the seedlings, one AP only or no APs were generated.

Discussion

Distinguishing between growth and circumnutating

behaviour

Plant organs grow with a broad range of intensity. The

values of the growth rate reported for Pinus silvestris

hypocotyls were from 0.001 to 0.40 mm h-1 (Spurny

1975), for Helianthus annuus hypocotyls approx.

0.60 mm h-1 (Zachariassen and Johnsson 1988), and for

three-week-old stems 0.06–0.36 mm h-1 (Stolarz et al.

2008). For shoots of Periploca graeca (Johnsson 1979) and

hypocotyls of Arabidopsis thaliana (Schuster and

Engelmann 1997), the threshold for circumnutation oc-

currence was approximately 0.5 and 0.05 mm h-1, re-

spectively. The circumnutation vs. growth in one-week-old

seedlings of Helianthus annuus has been presented herein.

On average, the hypocotyl length was 6–14 cm, which

corresponded to approximately 0.21–1.32 mm h-1 growth

rate (Fig. 3a). First, we showed that the circumnutation rate

in the control seedlings was correlated with the hypocotyl

length in a linear way (Fig. 2a). This evidently supports the

opinion that circumnutation is a growth-dependent move-

ment. To analyse the pure circumnutation vigour, circum-

nutation intensity was calculated as the rate of

circumnutation divided by hypocotyl length. The circum-

nutation intensity was the same in seedlings with long

hypocotyls characterised by a high circumnutation rate and

in seedlings with short hypocotyls with a lower circum-

nutation rate. The seedlings with equal-length hypocotyls

exhibiting different circumnutation rates have different

circumnutation intensities, therefore, this parameter char-

acterises pure circumnutation vigour. Circumnutation in-

tensity does not depend on the hypocotyl length, as it has

been shown herein (Fig. 2b). Furthermore, it has also been

shown that the Li? persistent treatment modulates the

Fig. 4 Glutamate-induced

excitation in Helianthus annuus

seedlings. Example traces of a

series of action potentials

induced by 50 mM glutamate

injection in the control

experiment (a) and augmented

series after lithium treatment

(b). Propagation of action

potentials is marked by asterisk.

Electrode arrangement as in

Fig. 1
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hypocotyl length and circumnutation intensity but the cir-

cumnutation changes do not directly correspond to the

changes in the hypocotyl length (Fig. 3a, b). Especially

interesting was the application of 40 mM Li? when the

hypocotyl length did not change but circumnutation in-

tensity decreased by half in respect to the control (Fig. 3a,

b). A similar effect was observed in sunflower seedlings

growing in red light in 20 mM Li? (Zachariassen and

Johnsson 1988). The other growth parameter assessed, i.e.

the seedling fresh weight, was between 0.75 and 1.75 g

(Fig. 2c). Our results showed that even a twofold increase

in the seedling fresh weight did not influence circumnuta-

tion intensity so the latter does not depend on the seedling

fresh weight. Zachariassen and Johnsson (1988) showed

that circumnutation, but not growth, was inhibited by Li?

treatment in sunflower seedlings grown in red light. The

same effect of Li? was observed in circumnutating shoots

of Phaseolus vulgaris (Millet and Badot 1996). Similar

non-proportional changes in growth and circumnutation

were observed in rice roots after aluminium treatment

(Hayashi et al. 2004), in rice coleoptiles in a red light-

induced response (Yoshihara and Iino 2005), and after

ethylene stimulation in etiolated Col-0 Arabidopsis thali-

ana seedlings (Binder et al. 2006). Additionally, in Pisum

sativum roots large circumnutations stopped completely

although the growth was not stopped after the apex was

removed (Spurny 1968). Our previous study of three-week-

old sunflower showed a complex quantitative relation be-

tween the growth rate and the circumnutation rate in light–

dark conditions (Stolarz et al. 2008). In the present study, a

similar complex relationship has been shown in constant

light under Li? treatment of sunflower seedlings. Those

literature examples together with our results presented

above confirm the decoupling phenomenon between

growth and circumnutation.

Lithium influences the biological clock in humans, ro-

dents, unicellular organisms, and also in plants (Zachari-

assen and Johnsson 1988; Yin et al. 2006; O’Donnell and

Gould 2007; Zarse et al. 2011; Hinrichsen et al. 2012).

Here, we have shown that only 0.5 and 20 mM Li? ex-

tended the circumnutation period by approx. 18 %

(30 min). At higher concentrations, the circumnutation

intensity and hypocotyl length decreased but the period

was similar to that in the control experiments (Fig. 3d).

Therefore, it is evident that the ultradian oscillator of cir-

cumnutation is independent of seedling growth but it is Li?

sensitive.

Based on the presented results, we postulate that cir-

cumnutation is partially independent of growth. There is

evident autonomy of circumnutation in relation to elon-

gation. The intensity and period of circumnutation were

regulated without simple correspondence to hypocotyl

length and fresh weight changes. Following Hayashi et al.

(2004), we assume that circumnutation changes without

growth inhibition, or growth inhibition without inhibition

of circumnutation should be a part of early reaction to

changes in the environmental conditions. Circumnutation

can be disturbed until growth is disturbed, or growth can be

disturbed without significant disturbance in the circumnu-

tation intensity and period. The hypothesis about the partial

autonomy of circumnutation in relation to growth con-

tributes to explanation of a special ecological and physio-

logical function of circumnutation being not only the way

of growth (Darwin and Darwin 1880; Inoue et al. 1999;

Larson 2000; Kosuge et al. 2013; Migliaccio et al. 2013).

Lithium augments glutamate-induced excitation

of Helianthus annuus seedlings

Sunflowers with decreased intensity of circumnutation are

more excitable (Fig. 3b; Table 1), as we have shown here.

The essential role of K?, Cl- and Ca2? in the mechanism

of circumnutation is known; simultaneously, it is known

that K?, Cl- and Ca2? fluxes are essential for membrane

potential maintenance and thus plant excitability. Ex-

citability is an ability of an organism to generate sponta-

neous or stimulus-induced APs. Here, the ability to

generate Glu-induced APs has been shown in one-week-old

sunflower seedlings. In our previous study, we have

demonstrated that injection of Glu induces series of APs

and decreases circumnutation in three-week-old sunflower

plants (Stolarz et al. 2010). In 75 % of plants, the series

consisted of 6.9 ± 0.7 APs and lasted 15 ± 2 min. Here,

in 58 % of the seedlings, Glu-induced series of APs were

composed of 4.4 ± 0.6 APs and lasted 14 ± 2 min

(Fig. 4a; Table 1). It is evident that seedlings exhibited a

lower number of APs in relation to older plants; therefore,

they were less excitable. We assume that this is connected

with better vascular bundle maturation in older plants. This

is the first time that we have shown that plant excitability is

related to age. Similarly, Favre et al. (2011) have shown

different excitability in different Arabidopsis thaliana ac-

cessions. Here, we found that persistent Li? treatment (40

and 60 mM LiCl) augmented Glu-induced series of APs

and decreased circumnutation intensity. The slowly cir-

cumnutating, smaller seedlings generated an augmented

series composed even of 11 APs lasting about 30 min

(Fig. 4b; Table 1), thus they had higher excitability than

the control plants. The Li? pre-injection confirmed this

effect (Table 1). Here, we have shown lower and higher

excitability in phenotypically different sunflower plants. A

comparable approach was also presented by Ślesak (1996)

when iron deficiency affected the motor and electrical ac-

tivity of mimosa. To our knowledge, this is the first report

showing Li?-modulated plant excitability. Micromolar to

100 mM LiCl concentrations were used in investigations
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with Li? in plants (Gillaspy et al. 1995; Belyavskaya 2001;

Bueso et al. 2007; Hawrylak-Nowak et al. 2012; Kali-

nowska et al. 2013). The micromolar Li? concentration can

affect biomass, leaf area, photosynthetic pigment accu-

mulation, lipid peroxidation, and K? content in sunflower

and maize (Hawrylak-Nowak et al. 2012). Zachariassen

and Johnsson (1988) and Millet and Badot (1996) showed

that a micromolar LiCl concentration penetrated the root

system of sunflower and the Li? concentration inside of

hypocotyls was tens of micromoles. Therefore, we assume

that the active concentration of Li? inside the hypocotyls in

our study was micromolar as well. We assume that Li?

could act via signalling pathways. It is probable that Li?

acts by inhibition of inositol monophosphatase (Gillaspy

et al. 1995) and disturbs the inositol triphosphate (IP3) level

and thus deregulates the intracellular calcium levels [Ca2?]

(Krol and Trebacz 2000; Stevenson et al. 2000; Krinke

et al. 2007). Changes in the intracellular calcium concen-

tration might affect the mechanism of circumnutation and

action potential triggering. Another possible scenario is

that Li? (millimolar concentration) directly modulates

transmembrane transport and thus affects the K? status in

plants (Gaillochet 1981; Millet and Badot 1996; Naranjo

et al. 2003; Hawrylak-Nowak et al. 2012) as well as ex-

citability and circumnutation behaviour. It is probable that

the mechanism of Li? and Glu action in plants shares some

similarity with the Li? and Glu action in animal cells (Lam

et al. 1998; Davenport 2002; Forde and Lea 2007; Baluska

2010; Quiroz et al. 2010; Gardiner and Marc 2011).

In the present work, it has been shown that circumnu-

tation and growth are partly independent. It was found that

in sunflower seedlings that micro- and millimolar concen-

trations of Li? decreased the growth and circumnutation

but in a different way; furthermore, Li? treatment aug-

mented Glu-induced excitation. The persistent application

and injections of neuroactive substances are standard

methods in animal electrophysiology; here, the method has

been successfully applied in vivo in a whole plant to study

of plant behaviour. We are planning future behavioural,

pharmacological, and electrophysiological investigations

based on these Li?-dependent responses to understand

better the role of the endogenous movement and ex-

citability in plant growth.
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