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Circumnutation as a visible plant action and reaction
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Circumnutation is a helical organ movement widespread
among plants. It is variable due to a different magnitude of
trajectory (amplitude) outlined by the organ tip, duration of
one cycle (period), circular, elliptical, pendulum-like or irregular
shape and clock- and counterclockwise direction of rotation.
Some of those movement parameters are regulated by circadian
clock and show daily and infradian rhythms. Circumnutation is
influenced by light, temperature, chemicals and can depend on
organ morphology. The diversity of this phenomenon is easier to
see now that the digital time-lapse video method is developing
fast. Whether circumnutation is an endogenous action, a reac-
tion to exogenous stimuli or has a combined character has been
discussed for a long time. Similarly, the relationship between
growth and circumnutation is still unclear. In the mechanism
of circumnutation, epidermal and endodermal cells as well as
plasmodesmata, plasma membrane, ions (Ca?t, K* and CI), ion
channels and the proton pump (H*ATPase) are engaged. Based
on these data, the hypothetical electrophysiological model of the
circumnutation mechanism has been proposed here. In the recent
circumnutation studies, gravitropic, auxin, clock and phyto-
chrome mutants are used and new functions of circumnutation
in plants’ life have been investigated and described.

Introduction

The sessile life-style, but not lack of movements, is a crucial
difference between plants and animals. When observed over a
sufficiently long period, i.e., from several minutes to many hours
(using time-lapse video method), plants appear to be vigorous and
sensitive organisms. They are capable of moving various organs:
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movements of leaves, shoots, tendrils, flower petals and roots
are widely known.!? Movements in plants are most frequently
regarded as a result of action of an environmental stimulus, e.g.,
light (phototropism, photonasties), temperature (thermonasties), or
gravity (gravitropism). However, besides these movements, plants
have a widespread ability of autonomous, endogenous movement
without apparent stimuli. Circumnutations are one type of such
movements, called nutations. Circumnutations (Latin czrcus for
“circle”, nutatio for “sway”) are independent, autonomous move-
ments of plant organs (e.g., the hypocotyl, coleoptile, epicotyl,
stem, shoot, tendril, petiole or root), the tip of which outlines a
circle, full ellipsis, pendulum-like shape or irregular zigzags within
a several minute- to several hour-long period. Due to elongation
of the organ, a series of single circumnutations produce a more or

less regular helix (Fig. 1).

Widespread Occurrence of Circumnutations

Circumnutations are widespread in the plant kingdom. Charles
Darwin was one of the first scientists who described circumnuta-
tion movements extensively. In his work The Power of Movement
in Plants,? Darwin presented circumnutations in numerous plant
species and claimed that all the other movements, i.e., geotropism
or sleep movements are a modification of the basic circumnuta-
tion movement. Descriptions of numerous species were included
in the studies of French physiologists: Arnal, Dutrochet and
Tronchet, and in the 50ies compiled by Baillaud,* who presented
circumnutations in many plant species and described their trajec-
tories (shapes and direction) and temporal characteristics. There
are well-known circumnutations of tendrils and roots in Pisum,
tendrils in Passiflora and Sicyos, coleoptiles of rye (Triticum) and
oats (Avena), shoots of beans (Phaseolus) and Cuscuta, Ipomoea,
Carthamus,”® hypocotyls in Helianthus annuus,” tulip (Tulipa)
petiole® and circumnutations in Arabidopsis thaliana.® Apart from
their prevalence, circumnutations are noteworthy for being typical
of young, growing parts of plant organs.

The widespread occurrence of circumnutations and their marked
differentiation indicate a variety of plants’ behavior in various envi-
ronmental conditions. The circumnutation parameters presented
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below demonstrate the complexity and variability of circumnuta-
tions depending on endogenous and exogenous factors.

Parameters of Circumnutations—The Amplitude, Period,
Shape, Direction

The amplitude of circumnutations. The amplitude of circum-
nutations differs in various plant species and, in a particular
species, it does not depend on changes in the length of the
circumnutating organ, which was observed in Arabidopsis thali-
ana.? Changes in circumnutation amplitude have repeatedly been
shown to be evoked by various stimuli. In Phaseolus, the radius of
the shoot movement is approximately 10 c¢m; administration of
gibberellins increased the circumnutation amplitude noticeably,
whereas treatment with a growth inhibitor (e.g., AMO 1618) and
with Li* ions decreased it.!%!! Brown!? reports that the amplitude
of oscillations in 4—7-day-old sunflower hypocotyl is 7.36 mm and
may fall to 2.77 mm in the microgravity conditions of the circum-
terrestrial orbit. A change in the amplitude may also be evoked
by the action of gravity in the range 1-3 g.!3 Administration of
Li* ions affects the circumnutation of Helianthus

1/
=

cm

1cm
0

Figure 1. Example of circumnutations of Helianthus annuus stem tip during
one day in the diurnal (lower part) and nocturnal periods (upper part).

annuus hypocotyls.14 Figure 2 presents variability of
the circumnutation amplitude in the sunflower stem
induced by exogenous (light/dark transition) and
endogenous (circadian clock) factors.

The period of circumnutations—ultradian
rhythm. In various plant species, the period of
circumnutations may take from several minutes to
several hours. Variable period oscillations may occur
constitutively in the same plant. The period of oscil-

12:00 -
00:00 -

lations is variable and depends on morphological

!

\ |
s

ol i

\J‘\ ( }LN‘MFI |

|

00:00 +
12:00
00:00 -
12:00 -
12:00 -
00:00
12:00
00:00
12:00

o
e
]
i)

features in the plant (e.g., plant variety or type of
circumnutating organ) and also on environmental
conditions, i.e., temperature, light or gravity. It may
also change in response to gravitational, mechan-
ical or chemical stimuli (e.g., ethylene, lithium or
aluminium).

In Sicyos and Passiflora, a phenomenon called Fiinfphasen-
bewegungen can be observed.’> The same tendril displayed two
periods of movement (in a mutual ratio 1:5): one of the periods
when the movement occurred in the same plane, and the other
when the tendril moved in a plane that was perpendicular to
the first one. Phaseolus epicotyls® display short-period and
low-amplitude oscillations (27 min/15°C; 12 min/27°C) called
micronutations, which overlap circumnutations. This suggests
two separate oscillation mechanisms in Phaseolus. In decapitated

1516 there are circum-

maize roots (Zea mays L. cv. Aussie Gold),
nutations and micronutations correlated with H* fluxes exhibiting
oscillations with a period of approximately 90 min and 7 min in
the elongation zone. This confirms the existence of two oscillation
systems. The oscillation period of H* fluxes and root movements
is identically modified by external pH changes.!” The circumnuta-
tion period in Triticum coleoptiles® typically reaches 150 min, but
in a certain percentage of plants or in special conditions it may be
shorter by a half (approximately 70-80 min). A similar situation
is observed in Phaseolus.® Roblin® observed in Mimosa that the
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Figure 2. The amplitude and period of circumnutations in the stem of a three-week old
sunflower in the conditions of constant light. The circumnutation period is about 130 min.
The grey rectangle denotes darkness.

circumnutation period in the pulvinus increases alongside with the
amplitude increase. The period may be dependent on the length of
the circumnutating organ, which was observed in partially immo-
bilized Passiflora tendrils or shoots.® In numerous species, the
circumnutation period is 4-times longer than the lag phase time of
geotropic reaction.® The period in Helianthus and Phaseolus may
be dependent on the circumnutation direction.®

The period in tulip petioles reaches ca. 4 hours.® In Arabidopsis
thaliana seedlings,? nutation periods range from 15 min to ca. 24
hr. Two types of oscillations have been distinguished: SPN—shorz
period nutations (20—60 min long) and LPN—/ong period nutations
(1-8 hrs, with a maximum occurrence between 95-200 min).
SPN circumnutation period (in the range of 20°-30°C Q,, = 2)
becomes shorter as the temperature rises; it increases together with
plant’s age. Circumnutations were particularly slow in red light
and in Landsberg erecta race. In constant, bright, white light,
circumnutations changed accordingly to silence periods, which was
correlated with the growth rate, and had a circadian character.

The period of ultradian rhythm may undergo changes induced
by mechanical stress/stimulus, for instance, rubbing or touching,
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Figure 3. Examples of circumnutation shapes in a three-week old sun-
flower plant. The circumnutation trajectory of the tip organ most frequently
assumes the elliptical shape, although there are also circular, pendulum-
like and irregularly zigzag-shaped circumnutations.

as in the case of the shoots of pole bean Phaseolus vulgaris L. cv.
Kentucky Wonder.'® Short mechanical stress, e.g., 10-fold applica-
tion of rubbing, resulted in an increase of the mean period from 1.4
to 2.0 hr. A similar effect is observed at 5-minute-long application
of temperature stimuli of high (45°C) or low (0°C) temperature.
The period, however, returns to the initial value after one cycle. In
our laboratory, we have observed one lengthened circumnutation
cycle after harmful, burning stimulation of the leaf.!” In Phaseolus,
acupuncture insertion of two needles on the opposite sides of the
stem shortened the circumnutation period of one cycle.?”

Shape of circumnutations. The top-view circumnutations
trajectory of the tip organ most frequently assumes the elliptical
shape, although there are also circular, pendulum-like and irregu-
larly zigzag-shaped circumnutations (Fig. 3). In Phaseolus, circular
and elliptical circumnutations are predominant.'® In Arabidopsis
thaliana seedlings,’ the shape of circumnutations may vary from
circular to elliptical or pendulum-like. The pendulum-like (linear)
form of circumnutations may be a transient form accompanying
a change in the direction. Another characteristic rosette-like shape
of circumnutations (Fig. 4) was observed by Baillaud* in Ipomea,
Passiflora and Bryopsis and by Hejnowicz and Sievers® in Tulipa.

The direction of circumnutations. The direction of circumnu-
tations may be clockwise (cw) or counterclockwise (ccw) depending
on the species and moment of observation. Phaseolus shoots
display ccw movement,!” likewise the shoots of Glycine soya and
G. max.*" In Arabidopsis thaliana seedlings,’ the direction of SPN
circumnutations is usually of the cw type, possibly changeable,
whereas the LPN circumnutations are usually ccuw.

In a particular plant, the change from one direction into
another one may proceed spontaneously or be stimulus-evoked.
The change in the direction is induced by gravitational and touch
stimuli.?? In Arabidopsis thaliana, rotations of the root tip and
changes in the rotation direction caused by a touch stimulus were
observed.?> Changes in the direction may be induced by applying
an injurious stimulus, as in the case of burning of the leaf tip in
sunflower.? In Helianthus annuus, changes in the direction may
be evoked by a geotropic stimulus;® in the microgravity conditions
of the circumterrestial orbit, the direction of circumnutations
changes more frequently than on the earth.!? Johnsson?? shows
changes in the direction in the sunflower accompanied by a change
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Figure 4. Example of rosette-like shape of circumnutation trajectory in a
three-week old sunflower plant.

in the amplitude and frequency of circumnutations. The study of

Israelsson and Johnsson’

revealed that 60% of the sunflower popu-
lation studied circumnutated in the ccw direction, and 25%-cw;

the others displayed pendulum-like movement.

Daily, Circadian and Infradian Variability of Circumnutation
Parameters

Despite the great variability of the above mentioned circumnu-
tation parameters, certain regularity is manifested by their diurnal,
circadian and infradian rhythms. The length of the amplitude/
trajectory in Helianthus annuus plants exhibits diurnal (24 h) and
infradian (several and more days long) fluctuations. Also, changes
in the period length in the conditions of cyclic diurnal illumina-
tion display a diurnal rhythm.2425 Moreover, in sunflower plants,
changes of trajectory length, period and shape of circumnutations
have a circadian (close to 24 h) rhythm.2¢ The circadian character
of circumnutations was described in the hypocotyl of Arabidopsis
thaliana seedlings.” Based on a genetic analysis (using toc-1, elf3
mutants and the wild-type Arabidopsis plants) Niinuma et al.?’
revealed circadian regulation of circumnutation speed in inflores-
cence stems, with period length close to 24 h.

Light and Circumnutations

The influence of light on circumnutations is relatively little
known. In Arabidopsis thaliana,’
frequently in green light (only 1/3 of the plants circumnutated,

circumnutations occurred less

compared to as many as 3/4 of circumnutating plants in white
light); they were less regular and had a smaller amplitude. There
were mainly LPN1 recorded and more numerous ultrashort oscil-
lations (USPNs wltrashort SPNs) were observed. Their period
was by a half shorter than SPNs and they were ccw directed. In
constant red light, circumnutations were particularly short; mainly
LPNI of a ca. 200 min period were observed and their direction
was the same as in white light. It is plausible that the phytochrom
affects circumnutations and stimulates LPNs. In bright white light
(ca. 2,300 lux), almost all the Arabidopsis plants circumnutated
displaying a circadian character, which was less visible at the inten-
sities 160 and 10.5 lux. In Arabidopsis hypocotyl, the phototropic
response to unilateral blue light illumination overlapped nuta-
tions.”® The red light-induced inhibition of circumnutation was
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demonstrated in dark-grown Oryza sativa coleoptiles, and phyto-
chrome A null mutants were used to investigate the participation

of phythochromes in the circumnutation mechanism.??

Temperature and Circumnutations

The circumnutation period is strongly dependent on tempera-
ture. Between ca. 10°C to ca. 35°C, the period is shortened
together with the temperature rise in the hypocotyls of Helianthus,”
Phaseolus, Triticum, Pisum and Ipomoea.>

Organ Morphology and Circumnutations

Dependence between the tip and leaves of Pisum sativum
green seedlings and circumnutations®® has been determined. By
removing the shoot tip and leaves, inhibition of circumnutations
was obtained. In etiolated Pisum seedlings,?! dependence of nuta-
tions movements on the apical hook was observed; in Avena a
relation between the arrangement of the long axis of circumnuta-
tions and the coleoptile flattening axis was reported.”

Models of Circumnutation Mechanism

Since the end of the 18t century, there have been various
conflicting concepts of the nature of the mechanism that gener-
ates circumnutations. Three concepts can be distinguished:
one—circumnutations are of endogenous origin, the second—cir-
cumnutations are a result of earth gravity, thus they are exogenous,
and the third and most recent idea—circumnutations stem from
both endogenous and exogenous processes.®1222:32-34

Endogenous Nature of Circumnutations—An Inner Oscillator.
Charles Darwin,3 the author of the concept of endogenous character
of circumnutations, published already in 1880, described circum-
nutations in numerous plant species and claimed that they were
endogenous and other types of movement were their modification.
His view of the endogenous nature of circumnutations is still valid
nowadays. In this model, earth gravity does not play a crucial and
decisive role in generating circumnutations. Studies on sunflower
circumnutations in the circumterrestial orbit, which excluded the
significance of gravity in generating circumnutations, contributed to

1,12 in which the inner oscillator is an

the revival of Darwin’s mode
indispensable element in generating circumnutations.

Exogenous Nature of Circumnutations—The “Overshoot*
Theory. Circumnutations are generated by an external stimulus,
i.e., earth gravity. This theory, postulated by Baranetzky in 1883,
gave rise to long-standing experiments and discussion about the
significance of gravity in the generation of circumnutations.”
Theoretical divagations and calculations were undertaken in
an attempt to mathematically describe circumnutations of 4-5
day-old Helianthus annuus hypocotyl.”3>37 A key element in
this model is the constant ratio of circumnutation period to the
geotropic lag-phase, equalling 4, and the overshoot phenomenon
in the hypocotyl, facilitating constant gravitropic response and
gravitropic feedback-loop between the positions of the hypocotyl.
The gravity stimulus induces changes in the statolith position in
the cells of a circumnutating organ, and subsequently, in the auxin
gradient. This results in asymmetrical growth and bending of the
organ and in changes in the position of the statoliths in space,
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which evokes a new, subsequent geotropic stimulation and repeti-
tion of the cycle.” In experiments with the use of the clinostat and
centrifuge as well as the microgravity in the circumterrestial orbit,
it was repeatedly demonstrated that changes in gravity affected the
intensity, period and amplitude of circumnutations.”>!>13 Recent
investigations of Arabidopsis thaliana and Pharbitis nil mutants scr
i pgm (having defective differentiation of endodermal cells) reveal
that gravitropic response is an essential component in plant shoot
circumnutation.38-40

Circumnutations as the Result of Actions of Endo- and
Exogenous Factors. A combined model. Nowadays circumnuta-
tions are more readily presumed to be induced by both the inner
oscillator and gravity.>?>32 Following experiments in the circum-
terrestial orbit, which excluded the indispensability of gravity
in generation of circumnutations, a growth-affected symplastic-
communication control model was elaborated.?> In this model,
distortions in plasmodesma development in the growing tissue lead
to asymmetry in the symplastic transport of growth substances,
thus producing organ bending and self-sustaining oscillations.??
Here, both endogenous factors and gravity play an important role
in the circumnutation mechanism. Gravitropism and nutations
may be controlled independently,?:?® which emphasizes the key
role of the inner oscillator, while gravity may merely modulate
circumnutations. According to Hejnowicz and Sievers,® the inner
oscillator may be entrained by the gravitropic feedback, which is
visible in the characteristic, predictable ratio between circumnuta-
tion period and the lag phase of the gravitropic response, equalling
5. In numerous plant species, the circumnutation period is 4-fold

longer than the lag phase of the gravitropic reaction.®

Circumnutations and the Growth Rate

The detailed relationship between circumnutations and growth
is still unclear.%?24! The dependence between growth rate and
circumnutations was studied in Periploca graeca shoots,® where
circumnutations took place above the threshold value of growth,
i.e., ca. 0.5 mm/h. In Arabidopsis thaliana seedlings’ SPN circum-
nutations require the minimal growth rate of 0.05 mm/h, whereas
LPNs occur when the growth rate is slow. This is a general
observation; however, in Arabidopsis thaliana there is no strict,
proportional dependence between changes in growth rate and
changes in circumnutation period.?? The circadian character of
circumnutations in the hypocotyl of Arabidopsis thaliana seedlings’
is strictly related to the circadian character of hypocotyl growth. In
constant white light, circumnutations occurred alternately with the
silent phases, which was correlated with changes in the growth rate.
During intensive growth periods, the greatest amplitude SPNs
were observed, while LPNs occurred at the time of a lower growth
rate. No circumnutations took place at low growth rate. The circa-
dian circumnutations had the period of 26.2 h.

Interesting observations of Helianthus hypocotyl growth were
obtained by Berg and Peacock.4? With the use of lanolin-coated
resin beads positioned along the hypocotyls and with a video
technique, they observed changes in the placement of the beads
on the hypocotyls surface accompanying the movements. These
observations indicated dependence between the growth zone and
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the bending zone. In circumnutating bean hypocotyls (Phaseolus
multiflorus), basipetal movement of the bending was observed,®
which testifies to movement of the zone of enhanced growth along
the organ. These observations indicate that growth has a local char-
acter, and zones of enhanced growth may move. Our experiments
in Helanthus annuus indicate that the disturbances of the growth
rate are accompanied by changes in circumnutation parameters
but we have also seen that there is no simple quantitative relation
between growth rate and circumnutation rate. 3

There is a possibility of separation of growth from circumnuta-
tions. In Phaseolus, after application of LiCl, growing, although
not circumnutating shoots were obtained.!® Removal of the wheat
coleoptile tip (7riticum vulgare) resulted in arrest of circumnutations,
which, however, resumed after its renewal or application of IAA.SIn
green pea seedlings (Pisum sativum),’® after removal of growth tip,
circumnutations were several-fold smaller; they increased when the
remaining shoot was treated with TAA. This indicates participation
of auxins in the circumnutation mechanism.

Changes in cell volume are undoubtedly fundamental in the
generation of circumnutations.

It is still not explicit if they are only:

* irreversible volume increase resulting in elongation growth

e cell shrink/swollen (contraction/relaxation) phenomena

* a combination of both phenomena

It should be stressed that in Phaseolus vulgaris,** epidermis
cells in the bending, mobile part of the shoot, the initial length of
which ranges from 60-120 pm, display partially reversible changes
in the length of the cells (by ca. 10 um) during shoot growth. The
ability of growing epidermal cells to contraction is transient and is
displayed in the motor zone of the shoot. The length changes are
of a rhythmical character and their period is equal to the period
of circular movement. This fact is worth emphasizing because it
indicates that apart from stomatal and pulvinal motor cells also
epidermal cells are capable of transient contraction.

Cellular and Molecular Basis for Circumnutations

To make circumnutations possible, the cells around the
circumnutating organ must create a highly coordinated and phase-
synchronised group, so to say “a motor tissue”. Which tissues are
involved in circumnutations? The epidermis is a tissue attributed
with the properties of releasing protons into the cell-external

matrix, 345

thus it has essential properties for the acid mechanism
of cell growth. Moreover, in sunflower, the epidermis is vital in the
hypocotyl growth control.4 In Phaseolus vulgarss, it is epidermal
cells that display partially reversible changes in the length of
the bending, mobile part of the shoot.** The endodermal cells
(statocytes with amyloplasts functioning as statoliths) also play
an important role in circumnutations, as revealed by scr mutants
of Arabidopsis and Pharbitis nil.383 Plasmodesmata, by which
cells create a continuous system (symplast) facilitating intercellular
communication, are equally important. Brown’ circumnutation
1 33 was based on symplastic communication. A great number
of plasmodesmata were present in the motor zone in Phaseolus

mode

shoot. Due to the parallel arrangement of cellulose fibrils and
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plication of the cell wall, the cells were to some extent flexible and
could contract and expand.!!

Nowadays, while constructing a model of the circumnutation
mechanism, one must take into account a number of physiological
aspects, for instance, turgor changes, ion content fluctuations or
the level of growth regulators.”> A wave of cell turgor changes
proceeding along the bean shoot was observed.!!

Ion channels, which facilitate ion and water fluxes, are an
important element in the circumnutation mechanism. Their
participation is confirmed in experiments on ion channel blockers
inducing changes in the amplitude and period. In Phaseolus, the
circumnutation period was extended after application of Gd* i La®*
ions, which are blockers of various types of Ca?* ion channels.!%47
The circumnutation period in Helianthus hypocotyl and Phaseolus
shoot was lengthened in the presence of Li* ions, which may indi-
rectly affect the concentration of cytoplasmatic Ca?*.10-14

Participation of K* channels in the circumnutations of Phaseolus
shoots is also plausible, since there is a relation between shoot
bending and varied content of K* ions in the concave and convex
sides of the organ.!%48 A strong correlation between H* and Ca?*
fluxes and circumnutations and micronutations was observed in
Zea mays roots.>16 In circumnutating tulip petioles, strand pH
changes related to a different growth intensity involved in circum-
nutation generation were observed.® The involvement of ions and
ion channels in circumnutations is indirectly visible in electrical
potential changes occurring in Ipomoea purpurea tendrils, where
the oscillation period overlaps the nutation period.?? Oscillations
of the electrical potential related to auxin oscillations in Zea mays
coleoptiles were also reported.?> The role of auxins in nutational
movements was studied in etiolated and green Pisum sativum
seedlings. 3031

Therefore, Ca?* and K* ion channels and H*-ATPase play a
vital role in circumnutations. Due to the character of circum-
nutations, these are probably voltage- gated K* channels, inward
(K*;,) channels activated with hyperpolarization, outward (K*_ )
channels activated with depolarization, stretch-activated K* and
Ca?* channels, ligand-gated K* channels, e.g., with auxins and
light-activated K* channels.#” Equally important, probably, are
anion channels, which participate in the hypocotyl elongation and
osmoregulation in stomatal cells, that is, processes controlled by
auxins and blue light.>

H*-ATPase and Ca?*, K* and CI" channels are a part of the oscil-
lation system in the contraction/expansion model in the motor cell
of the Desmodium motorium pulvinus, proposed by Engelmann.>1:52
The rhythmical cell volume changes are induced by contraction and
expansion processes in the motor cell. The proton pump constantly
works; K* ions passively enter the cell, water is taken up thanks to
the osmotic activity of the ions, the cell expands, the stretch-acti-
vated Ca®* channels cause depolarization, the small potential opens
the outward K* and CI" channels, the massive ion flux is accompa-
nied with loss of water and the cell contracts. Such a system, being
a feedback loop, may be treated as an inner oscillator indispensable
in the circumnutation mechanism.
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Hypothetical, Electrophysiological Model of Circumnutations

A model based on Engelman’s hypothesis’! for Desmodium
motorium pulvinus motor cells may be proposed as a model of an
ultradian oscillator involved in circumnutations. This could also
be a model explaining the mechanisms and ionic bases for elec-
trical potential changes accompanying circumnutations. Briefly,
the bending zone of the circumnutating organ may be regarded
as the motor tissue and its cells may be referred to as motor cells.
Circumnutations are most frequently ellipsoidal, so the cells on the
opposite side of the organ (along the circumnutation long axis on
the concave and convex sides), would display an analogous func-
tion as the flexor and extensor during the shrinkage and swelling
in pulvinus and undergo a transient depolarization and hyperpo-
larization. An oscillator composed of H*ATPase and ion channels
in the cell membrane is the main element in this model. Energy in
the form of ATP availability is necessary.

Electrical oscillations are driven by the negative feedback
loop between H*, K*, CI', Ca®* ion fluxes through the plasma
membrane, where voltage-gated ion channels, e.g., K*, play a key
role. In the feedback, where there is additional cell contraction and
extension, an essential role is undoubtedly played by ion channels
(for instance, Ca?* channels whose opening and closing is a turning
point of the loop) activated or de-activated by cell membrane
tension. Electrical oscillations may be identical with the oscilla-
tions of the cell volume, when ion (K*) fluxes are followed by water
or when Ca?* influx into the cell induces cytoskeletal filament
contraction, which results in water efflux.>3:54

Epidermal cells as well as parenchymal—subepidermal cells
are involved in generation of circumnutations.?24¢ Therefore,
epidermal and parenchymal cells might function as motor cells.
Figure 5 presents a scheme of a hypothetical cell, i.c., a part of the
stem motor tissue, with marked elements constituting the oscil-
lator and elements involved in circumnutations.

The sequence of events during circumnutations might be
as follows: H* ATPase continuously works and hyperpolarizes
the cell membrane, which results in opening inward, voltage
(hyperpolarization)—gated K* channels; next Cl ions are trans-
ported inwardly through a co-transport with H* ions. Influx
of K* and CI ions causes an increase in the osmotic potential,
which facilitates water influx into the cell, for instance, through
aquaporins. The water influx results in an enlarged cell and
stretched cell membrane, which may cause opening of mechano-
sensitive Ca?* channels and Ca?* ions influx, thus leading to cell
membrane depolarization. Depolarization may open outward K*
ion channels, which lowers the osmotic potential inside the cell
and induces water efflux. The increase in the cell volume will then
be inhibited. By releasing H* ions into the cell wall, the proton
pump acidifies the environment, thus activating expansins which
trigger off “crawling” of the cell wall. Moreover, the positive charge
outside the cell membrane enhances cellulose synthase activity,
which promotes cell wall growth.55 Increased turgor, in turn,
facilitates the exocytosis processes, namely, enlargement of the cell
membrane surface and externalization of hemicelluloses. Ca%* ion
influx at the maximal cell turgor may activate a number of cascades
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Figure 5. A scheme of a hypothetical cell that is a part of the stem motor tis-
sue with marked elements constituting the oscillator and elements involved
in circumnutations. It is constructed on the basis of the oscillator model in
Desmodium motorium (Engelmann 1996). The model contains numerous
elements of the oscillator, indispensable in generation of circumnuta-
tions; certain elements are responsible for cell growth and ability of the
electrical-hydraulic signal to propagate around the stem. Description of
co-operation of individual elements is found in the fext.

related to Ca?*-dependent protein kinases; it may also stimulate the
activity of cytoskeleton elements. The cytoskeleton dynamics may
contribute to the perpendicular arrangement of cellulose fibrils
against the cell long axis, as in the case of fast growing cells, and
may be essential in the polar auxin transport. The effect of gravity
on circumnutations may proceed through a system of gravipercep-
tion, based both on the statoliths-cytoskeleton model of Sievers
et al.>® and on the tension- and pressure-sensitive cell membrane-
extracellular matrix model proposed by Wayne and Staves.” Both
models take into account the possibility of opening of ion channels
induced by directional changes related to gravity changes. The

hypothetical, electrophysiological model of the circumnutation
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mechanism is an attempt to include the biggest number of factors
participating in circumnutations, known from literature.

Mutants in Research on the Circumnutation Mechanism

Recently, there appeared reports on circumnutation distor-
tions in mutants defective in graviresponse (pgm1, scr2-1), auxin
response pathways (axr2-1), circadian clock (focl and e/f3) and
red light reception (phyA). Gravitropic mutants (pgml, scr2-1) of
Arabidopsis thaliana and Pharbitis nil were defective in circum-
nutations so there was a link between circumnutation and
gravitropism.38’40 Investigations of auxin-resistant zx72-1 mutant
of Arabidopsis supported the notion that auxin participates in
circumnutation.?? In Oryza sativa coleoptiles, phy A mutants that
cannot express phyA were investigated to clarify the involvement
of phytochromes in red light induced circumnutation inhibition.??
In Arabidopsis inflorescence stem investigations of e/f3 and roc!
mutants demonstrated that circumnutation is one of the outputs

controlled by circadian clock.?”58

Function of Circumnutation Movement in Plant’s Life

In climbing plants, the function of nutation movements is
obvious and consists in seeking mechanical support by nutating
shoots and tendrils, as elaborated by Darwin.> Recent studies
are carried out on variation in circumnutation of twining vine to
examine how different circumnutation behaviors influence the
vines’ exploration and exploitation of support host.” Yet, there are
plants which do not need a support but their organs do circum-
nutate. A prevailing hypothesis of the functions of circumnutation
movements proposed by Schuster and Engelman® suggests that
circumnutations protect stability of the hypocotyl during elonga-
tion growth, otherwise, the growth-related, simultaneous loosening
of the cell wall in all the cells surrounding the organ destabilize it.
Studies demonstrating circumnutation inhibition without suppres-
sion of growth after administration of aluminum are noteworthy,
00.9° The inhibition and disturbances of circumnutations could
probably be an early phase of response to stress, prior to inhibition
of the elongation of the plant. In Oryza sativa, root circumnuta-
tion plays an important role in establishment of seedlings on
flooded and soft soil.®12 Therefore, there is mounting evidence
that circumnutations have specific ecological functions and are not
merely a way of growth.

Conclusions and Perspectives

Circumnutations are a complex phenomenon, a compilation of
growth processes and intercellular communication involving the
biological clock. Circumnutations are controlled by an ultradian
oscillator of a broad period range (from a few minutes to several
hours) as well as by a circadian oscillator. Probably, it is the mecha-
nism of growth and cell volume changes that is the site of clock
regulations. Due to their endogenous character, circumnutations
may be modified by internal and external factors and may serve
as markers of plant behavior. In animals, the main parameter
that defines behavior is motor activity. Circumnutations may
be regarded as its analogue and, thus, as manifestation of plant
behavior. Endogenous circumnutation movements are an indi-
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cation of the action of an inner hydraulic system and may be a
good model for future studies on the electro-hydraulic signalling
mechanism, which seems to be a plant integrating system. It may
be expected that, thanks to the fast developing time-lapse video
method, numerous well-known mutants related to the above-
mentioned circumnutation factors will prove helpful in further
research on the circumnutation mechanism. Besides study on the
molecular mechanism, future investigation should also concern the
wide description of the variable circumnutation parameters which
reflect the inner mechanism.
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