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Abstract: Leaf movement is a manifestation of plant response to the changing internal and external
environment, aiming to optimize plant growth and development. Leaf movement is usually driven
by a specialized motor organ, the pulvinus, and this movement is associated with different changes
in volume and expansion on the two sides of the pulvinus. Blue light, auxin, GA, H*-ATPase, K*,
Cl—, Ca?*, actin, and aquaporin collectively influence the changes in water flux in the tissue of the
extensor and flexor of the pulvinus to establish a turgor pressure difference, thereby controlling leaf
movement. However, how these factors regulate the multicellular motility of the pulvinus tissues
in a species remains obscure. In addition, model plants such as Medicago truncatula, Mimosa pudica,
and Samanea saman have been used to study pulvinus-driven leaf movement, showing a similarity in
their pulvinus movement mechanisms. In this review, we summarize past research findings from
the three model plants, and using Medicago truncatula as an example, suggest that genes regulating
pulvinus movement are also involved in regulating plant growth and development. We also propose
a model in which the variation of ion flux and water flux are critical steps to pulvinus movement and
highlight questions for future research.
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1. Introduction

Movement is an important basic physiological characteristic in the plant kingdom,
and it is evolved by plants to adapt to the changing environment and regulate their growth
and development [1]. For example, leaf movement, phototropic movement, circadian
movement, and stomatal movement in plants are driven by changes in turgor pressure in
certain tissues [1-3]. Leaf movement is a typical movement regulated by the pulvinus motor
organ [4]. Ever since the great botanist Charles Robert Darwin published his book “The
Power of Movement in Plants” in 1880, scientists from various disciplines have become
very interested in the movement of plants, triggering a research boom that has lasted
to this day [5]. Over the years, scientists have adopted numerous techniques of study
depending on pulvinus-driven leaf movements, such as patch-clamp techniques, isotope
tracers, nuclear magnetic resonance, scanning electron microscopy, flame photometry, and
pharmacology experiments [6].

At present, there are numerous model plants for studying pulvinus-driven leaf move-
ment, such as Medicago truncatula (M. truncatula) (Figure 1A,B), Mimosa pudica (M. pudica)
(Figure 1C,D), and Samanea saman (S. saman) (Figure 1E,F) [3,7,8]. According to the relation-
ship between movement direction and external stimulus, the movement of the above plants
is classified as nastic movement, which refers to the local movement of the plant body
caused by undirected external stimuli [9]. Importantly, these plants have a well-developed
motor organ (Figure 1G-I) called the pulvinus, also known as the osmotic motor [10,11].
The morphological structure changes from a liner structure to a curved structure after the
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pulvinus organ drives the leaf movement, and it is divided into the extensor side and the
flexor side [12,13] (Figure 2).

Figure 1. Leaf movement of Medicago truncatula, Mimosa pudica, and Samanea saman. (A,B) represent
the images of M. truncatula leaf opening in the daytime and the leaf closing at night, respectively.
Scale bars, 20 mm. (C) represents the open state of M. pudica leaves in the daytime or without external
stimulation. Scale bars, 20 mm. (D) represent the closed state of M. pudica when it is stimulated by
external stimulation. Scale bars, 20 mm. (E,F) represent the images of S. saman leaf opening in the
daytime and leaf closing at night, respectively. Scale bars, 20 mm. (G) Close-up of the motor organs
of M. truncatula; The yellow triangle points to the pulvinus. Scale bars, 4 mm. (H) Close-up of the
motor organs of M. pudica; the yellow triangle points to the pulvinus. Scale bars, 4 mm. (I) Close-up
of the motor organs of S. saman; the yellow triangle points to the pulvinus. Scale bars, 4 mm. The
yellow circle is where the motor organs are located. Generally, the leaf is open from 7:30 a.m. to
8:00 p.m. and closed at night.

Light can be used both as a source of energy and a signal factor for the change in
plant morphology and structure [7,14]. The research showed that blue-light (BL)-induced
single-leaf movement of S. saman by inducing the release of K* on the flexor side of the
pulvinus [7] (Figure 3). Furthermore, the characterization of K* channel function by a patch-
clamp technique under different light conditions confirmed that K* efflux, a determining
factor for the cell-volume decrease of flexor cells, is regulated by BL in a dual manner
via membrane potential and by an independent signaling pathway [7]. Phytohormones
coordinate the overall growth and development of plants and also participate in plant
movement physiological activities [15]. Application of IAA solutions at concentrations
greater than 30 pg/mL induced the opening of closed mimosa leaflets even in darkness [16].
Protoplasts isolated from the pulvinus and bathed in a medium containing KCl as the major
salt were found to swell in response to IAA and to shrink in response to ABA [17].
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Figure 2. Motor organs of Mimosa pudica, Samanea saman, and Vitis vinefera. (A) is the unbent primary
pulvinus of M. pudica. Scale bars, 4 mm. (B) is the unbent pulvinus of S. saman. Scale bars, 4 mm.
(C) is the unbent pulvinus of V. vinefera. Scale bars, 4 mm. (D) is the bent primary pulvinus of
M. pudica after external stimulation or circadian rhythm leaf movement. Scale bars, 4 mm. (E) is the
bent pulvinus of S. saman after circadian rhythm leaf movement. Scale bars, 4 mm. (F) is the bent
pulvinus of V. vinefera. Scale bars, 10 mm. The front side of grape leaves is fixed towards the ground;
about 5 h later, the leaf front faces up and the pulvinus is obviously bent. The red pentacle represents
extensor cells on one side, the yellow pentacle represents flexor cells on the other.

In addition, changes in tissue anion and cation flow signals, the osmotic potential
generated by the differential distribution of various ions such as K*, CI~, and Ca®* in
the tissue, and the water transport regulated by aquaporins are believed to regulate the
volume of moving cells in the pulvinus, thus determining leaf movement [8,18,19]. Light,
phytohormones, ions, and aquaporins are characterized by a complex network connected
together [20-22] (Figure 3). However, previous studies have only characterized how a
single factor affects the pulvinus movement and have not clearly analyzed how these
factors interact. Excavating the key genes regulating the pulvinus movement from the
transcriptional level is the focus of future research. Notably, studies have found that leaf-
movement traits of M. truncatula are closely related to a variety of agricultural traits through
gene-editing technology, and leaf-movement loss caused by the shortening of pulvinus
structure leads to the reduction of plant branching, plant dwarfing, and the occurrence
of leaf morphology [3,23-26]. This provides many unique perspectives for the study of
leaf movement, and it becomes vital to reveal the mechanism of leaf movement. However,
how light, phytohormones, and ions work together to regulate leaf movement, and how
they determine the angle of movement remain to be elucidated. Current studies on leaf
movement indicate that there may be a common underlying mechanism of leaf movement
in species with nastic movement. In this review, we conducted a detailed overview of
how light, endogenous hormones, ions, and aquaporins coordinate to further regulate the
regular volume changes within motor organs of the pulvinus and promote leaf movement.
This overview focused on M. truncatula, M. pudica, and S. saman, owing to the typical and
well-developed motility organs of these plants (Figure 1G-I).
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Figure 3. Movement mechanism of the pulvinus motor organ—a model. This model mainly represents
the movement mechanism of the pulvinus when the leaf is closed, but does not represent the
movement mechanism when the leaf is open. Left: schematic diagram of extensor cells swelling during
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pulvinus movement. Right: schematic diagram of flexor cell shrinking during pulvinus movement.
Below is the key for symbols and abbreviations. Prior to osmotic transport, a blue-light receiver, Phot,
senses changes in light, which generates activation of TRP, TAA1, IPA, and YUS auxin synthesis
pathway elements. Differential gradient auxin transport in flexor and extensor sides serves as an
early signal of cell volume change. Outward/inward-rectifier K™ channels are activated by blue-light
receptors, which regulate the distribution of K* in tissues. Aquaporins of the plasma-membrane
intrinsic protein (PIP) family increase the permeability of biological membranes to water and facilitate
the transverse and longitudinal transport of water on the extensor and flexor tissue sides. The actin
cytoskeleton consists of two forms of actin: globular actin (G-actin) and filamentous actin (F-actin),
where F-actin transitions from a loose state to a reorganized ordered phosphorylation state that
regulates calcium ion levels in the vacuole or cytoplasm. Calcium ion levels are also regulated by
phosphorylation of phosphatidylinositol (4,5) diphosphate. In the pulvinus, H*-ATPase activity
exists with a difference, whereas the activity of the extensor side was higher than that of the flexor
side. The dynamic transport of cation (H*) and anion (C1™) regulates the charge balance, and the
differential transport forms an electrochemical potential gradient to provide energy. The differential
transport regulation of hormones, ions, and water results in higher turgor pressure in the extensor
than the flexor, forming a certain pressure difference and providing a driving force for the movement
of the pulvinus. Notes: Cellular water content as well as cytoplasmic pH are very stable. Cells with
protein storage vacuoles and cells with solubilizing vacuoles have very similar water contents and
cytoplasmic volumes, but vacuole volume is different.

2. The Study Species

The species information of M. pudica, S. saman, and M. truncatula was obtained from
plant plus of China (https://www.iplant.cn) and accessed on 4 April 2024.

M. Pudica is a leguminous, mimosa genus, subshrub herb; the plant can grow up to
1 m in height. The stem is cylindrical and branched, with lanceolate stipules and opposite
linear-oblong leaves. M. pudica is native to tropical America and widely distributed in
tropical regions worldwide, born in the wilderness, shrubs, and perennial shrubs. When
touched, the pinnae and leaflets of the mimosa plant close and droop, serving as indicators
of changes in weather and rainfall.

S. saman is a large thornless tree of the rain tree genus in the family Leguminosae. The
crown is extremely spreading and very low-branched, there are often glands between the
pinnae and the leaf, and the oblique oblong leaves are gradually smaller from top to bottom.
The leaves are the opposite and feathery. The leaves have a circadian rhythm movement
phenomenon. At night, they are closed, and they are open in the morning and will be
wrapped in dew sprinkled down, like rain. So, it is also called a “rain tree”. Rain trees are
tropical and southern subtropical monsoon rainforest species. They prefer light, heat, and
humidity, have drought resistance, are barren and coarse, and are one of the fast-growing
tree species. Its propagation is generally seeding and cutting propagation.

M. Sativa is a legume of the medicago genus of perennial rooted herbs, with stems
that are erect, tufted, four-angled, and multi-branched. The stipules are larger and ovate
lanceolate, and the leaflets are obovate oblong. The leaves are pinnate ternate compound
leaves; there is a circadian rhythm movement phenomenon. The leaves open during the
day and are closed at night. It is widely grown in Eurasia and the world for fodder and
pasture and is a perennial herb. M. sativa has root nodules that provide nitrogen nutrition
to the roots, and nitrogen fertilizer is not advocated under general geotechnical conditions.

3. Pulvinus: A Representative Motor Organ Composed of Many Cells

The pulvinus is located at the junction of the petiole and the stem (Figure 2A-C),
which is elastic and stretchy and can adjust the position of the leaf [1,4,13], and the pulvinus
morphology becomes a curved structure during leaf movement. The movement of the
pulvinus is mediated by the reversible shrinking and swelling of the flexor cells and
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extensor cells (Figure 2D-F) [12,13,27]. These two groups of cells, indistinguishable under
the microscope, behave in opposite ways and have the same morphological structure [28].
In addition, the cross-section of the S. saman pulvinus has a central U-shaped cluster of cells
as vascular tissue [28]. Observation of the longitudinal section of the M. fruncatula pulvinus
revealed that the tissue on both sides consisted of irregular polygonal single cells, and the
middle semi-circle or fan-shaped was vascular tissue [3,23]. The vascular tissue shape of
the pulvinus of M. pudica is oval [29]. There was only one central vacuole in the pulvinus
cells of S. saman and M. truncatula [23,30]. However, the pulvinus cells of M. pudica contain
two types of vacuoles: one tannin rich located near the nucleus and the other aqueous and
central, corresponding to the vacuole in most mesophyll cells [31].

The cell structure of both sides of the pulvinus tissues of M. pudica had obvious mor-
phological differences [32]. The extensor-side cells were arranged loosely and disordered,
while the flexor-side cells were arranged in an orderly and tight manner, containing a large
number of secretory cells [29,32]. The epidermal cells of the pulvinus organs of M. truncat-
ula are in the shape of folds or sweater patterns [3]. The epidermal cells of the pulvinus
organs of M. pudica and S. saman were smooth without protuberances and contained a large
number of trichomes [19,33].

M. pudica is known to have a unique seismonasty movement (Supplementary Videos
51 and S2) [34,35]. The exposure of M. pudica to a non-damaging stimulus, such as hand
touch and wind, generates a weak electric current known as an action potential, which is
considered to be the early signal of the leaf’s closing movement [36,37]. Then, the action
potential is rapidly transmitted to other tissues by elongated parenchyma cells that are
located in the protoxylem and phloem of the vascular bundle and stimulate ion transport in
the tissues of the pulvinus to regulate water migration and facilitate leaf movement [35,38].
The parenchyma cells make up the volumetric cortex, which itself is divided into two types
of parenchyma cells—flexor cells and extensor cells (Figure 2D) [10,39]. Interestingly, special
red cells were found on the adaxial surface of the primer pulvinus of M. pudica, and these
red cells were demonstrated to be mechanoreceptor cells using anatomies (scanning electron
and transmission electron microscopy) and electrophysiological techniques [40]. A similar
result was found in the study of the diurnal leaf movement of Marsilea quadrifolia, which
confirmed that the junction between the blade and petiole was responsible for the reception
of light signals and covering the junction with black belt-inhibited leaf movement [1]. In
addition, a report pointed out that Vitis vinefera (V. vinefera) leaves have sharp movement,
which is controlled by a unique structure located at the two ends of the petiole, identified
as a pulvinus [41] (Figure 2F).

IAA is a critical endogenous hormone that modulates proton extrusion by enhancing
the activity of H*-ATPase in cell membranes, which drives K* and C1~ fluxes and, conse-
quently, water across the pulvinus into respecifying cells and out of shrinking cells [31]
(Figure 3). This causes changes in cell turgor regulated by vacuolar properties, which drives
pulvinus movement [11,27]. Notably, there is a similar movement mechanism between the
pulvinus’s multicellular movement and the stomata’s unicellular movement, such as being
turgor-driven, coupled with bending deformation, and repeatable many times [42,43].

BL is directly sensed by guard-cell phototropin, which induces the phosphorylation of
plasma-membrane H*-ATPases, the degradation of starch and lipids, and the accumulation
of osmolytes within guard cells [44]. Osmosis-driven water uptake increases the volume
of guard cells, making them bend and leading to pore opening, whereas the release of
osmolyte and subsequent water efflux from guard cells cause the stomata to close. K*
and their counter-anions, such as C1~, NO3; ™, and malate, are the major osmolytes that
regulate the turgor pressure in guard cells [45,46]. The relative contributions of these ions
and non-ionic osmolytes, such as sucrose, change drastically depending on the time of
the day and environmental conditions [42,47]. Research on the mechanism of stomatal
movement has experienced significant progress in recent decades, which provides valuable
guidance for future research on pulvinus movement [48].
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4. Principle of Leaf Movement Based on the Pulvinus Structure

Lacking locomotion to seek out food and safety, plants instead rely on various re-
sponses that allow them to fulfill these needs and adapt to changes in their environ-
ment [49,50]. Plant responses to external stimuli can be divided into two categories. The
first category is rapid movement visible to the naked eye. For example, upon stimulation
(e.g., touched by hand), the petiole of the M. pudica immediately droops, and the leaf is
closed [35]. In the nyctinastic leaf closure of S. saman and M. truncatula, the leaves naturally
unfold during the day and close up at night [12,51,52]. The second category is the micro-
movement or slow movement of plant organs. For example, BL receptors are activated by
receiving BL, which regulates phototropic movement in Arabidopsis thaliana leaves [53] and
circumnutations in Arabidopsis stems [53,54].

The difference between the two types of movement Is worth noting. In species that
show rapid, reversible leaf movement, movement is mediated by turgor changes in spe-
cialized cells at the base of the petiole known as the pulvinus or other motor cells [55,56]
(Figure 2). In species that lack a pulvinus, like Arabidopsis, movement is thought to be due to
the differential enlargement of cells in the adaxial and abaxial regions of the petiole [57,58].
Since Darwin published the power of plant movement, scientists have studied it through
microscopy, pharmacology, electrophysiology, and histochemical techniques [35,55]. Stud-
ies have revealed that plant movement is a complex regulatory network regulated by
multiple factors, such as light, hormones, ions, and water transport [11,39].

When the M. pudica is exposed to external stimuli, such as hand touch, wind, and insect
feeding, it will trigger plants to generate a steep depolarization of the membrane potential
known as the action potential [59]. The action potential activates the corresponding ion
channel, triggering ion flow and plant movement [60,61]. Precise ion signal transmissions,
K*, C1™ channels, and aquaporin are thought to regulate the volume of the pulvinus motor
cells and, thus, determine leaf movement [18,19] (Figure 3).

Although the mechanism of pulvinus movement has been understood from a biochem-
ical perspective in previous studies, these cellular mechanisms should be supplemented
with interdisciplinary research to elucidate the motile mechanism further. A morpholog-
ical approach has been suggested to understand plant motile mechanisms, such as 2D
X-ray micro-imaging techniques and 3D X-ray tomography [4]. In addition, the pulvinus
movement can be considered a result of the differential expansive growth of multiple
single cells, and “The acid growth theory of auxin-induced cell elongation” to explain the
expansive growth of cells has been widely accepted by the plant science community [62,63].
Pietruszka (2021) investigated the problem of reversible interactions between structural
elements of the cell wall and established a mathematical model; such modeling could pro-
vide noteworthy predictions about the contribution of the so-called acid growth in diverse
plant systems, from the single cells level to whole-plant [63]. The “acid growth theory”
and “mathematical model” contribute to a deep understanding of a series of challenging
scientific questions, such as how ions and water regulate pulvinus movements controlled
by multiple cells and how the angle of pulvinus movement is determined.

5. Blue Light and Phytohormones Regulate Ion Channels to Promote Pulvinus Movement

As an important external environmental factor, BL acts as a light signal to activate
BL receptors, regulate phytohormone levels in tissues, and control plant growth and
development and organ movement [14]. Specifically, BL regulates numerous growth and
developmental processes during a plant’s life cycle, from seed germination through the
early seedling establishment, shade avoidance, establishment of the circadian rhythm,
flowering, and even phototropic movement [1,64,65]. Phot proteins (phototropins and
homologs) are BL photoreceptors that control mechanical processes like phototropism,
chloroplast relocation, or guard-cell opening in plants [66,67]. The changes in the cell-
membrane potential of S. saman pulvinus flexor-cell protoplasts were detected using the
patch-clamp technique during varying illumination, which showed that BL induces the
leaflet movement of S. saman by inducing K* release from the flexor motor cells [7] (Figure 3).
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Furthermore, the BL-induced shift of cell-membrane potential was not observed in cells
pretreated with a hydrogen-pump inhibitor, suggesting a contribution by the hydrogen
pump to the shift [7]. Another study also revealed that a pulse of BL induced both a
transient increase in activity of apoplastic K* and membrane depolarization in the laminar
pulvinus of Phaseolus vulgaris (P. vulgaris) [68].

Previous studies have provided substantial evidence confirming that the phototropic
bending growth of plant hypocotyls is caused by the asymmetric distribution of auxin in
the tissue [5,69-71]. A plant’s cell elongation during phototropism movement is considered
to be a result of a dynamic balance between water uptake (driven by salt concentration
gradients) and cell wall loosening according to the Lockhart equations [72,73]. The lateral
transport of auxin in plant cells can be quantitatively described by the physical model
established by Pietruszka and Lewicka [73].

It was also demonstrated that the pulvinus movement is likely to be controlled by
asymmetric IAA distribution and vacuolar ATPase/PPase activity [15-17] (Figure 3). Im-
munogold labeling of the pulvinus revealed that, in motor cells, those recognizing the
A-subunit of the vacuolar H"-ATPase were observed preferentially in the tonoplast of the
central vacuole [31].

The application of IAA to excise pinna rachises can induce leaf opening in M. pu-
dica [15]. Similar results were found for P. vulgaris using protoplasts isolated from laminar
pulvinus [17]. IAA acts by increasing the H"-ATPase activity of the plasma membrane of
the cell, decomposing ATP into ADP and inorganic phosphorus and providing energy for
the transport of ions through the K* and C1~ channels [21,74,75]. This process enables fast
ion transport through plasma membranes.

There is little information about the effect of ABA and GA on the osmoregulation of
pulvinus motor cells. Nevertheless, experiments with P. vulgaris showed that, contrary
to the results obtained with the application of IAA, the application of ABA gives rise to
cell shrinking, and its effect is suppressed by an anion-channel inhibitor, suggesting the
efflux of C1~ through the activated channels and thus, the charge-balanced efflux of K* [17].
Barley plants and grapes also have similar pulvinus structures [21]. Previous studies
have shown that IAA and GA are involved in the movement of the barley pulvinus, with
gravity-stimulated pulvinus during inflorescence divided into upper and lower halves,
resulting in more IAA in the lower half than in the upper half and higher GA content in
the upper half than in the lower half [21]. However, the changes in the two hormones
content in both showed a temporal sequence. Interestingly, the expression of Hv30x2,
which encodes a key enzyme for the conversion of GAy to GAj, was higher on the lower
side than on the upper side after 6 h [21]. Furthermore, Yang et al. (2021b) measured
the concentration of endogenous hormones in grape leaves and petioles before and after
movement, and the results showed that the concentration of IAA in grape leaves and
the pulvinus was significantly higher than that in controls but had the opposite effect on
GA [76]. After irradiating the abaxial side of treated leaves for 3 h, leaves were sampled
for RNA-sequencing analysis, which showed that a total of 44 genes were involved in the
hormone signaling pathways of IAA, BR, ABA, GA, ethylene (ETH), CTK, jasmonic acid
(JA), and salicylic acid (SA), including 32 up-regulated and 12 down-regulated genes [76].

This series of studies indicated that leaf movement is driven by the gradient distribu-
tion of auxin in the tissues on both sides of the pulvinus; that is, the content of IAA in the
extensor tissue is higher than that in the flexor tissue (Figure 3). In addition, one of the
most critical regulatory small molecules in plants is IAA, which is primarily synthesized
from tryptophan through the TAA1-YUC pathway [67,77] (Figure 3). The conservation of
this pathway in the plant kingdom has been functionally validated in many plant species.
Five TAA and 11 YUC gene members were identified in the Arabidopsis genome [78,79].
TAA proteins appear to be broadly and stably expressed in all organs, whereas YUC en-
zymes show more pronounced organ-specific expression [80]. BnaYUCCA®6, a homolog of
Arabidopsis YUCCAG in the oilseed rape (Brassica napus L.), was identified as affecting leaf
angle regulation [81]. YUC2, YUCS5, YUCS, and YUC9 are essential for induced hypocotyl
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bending growth and phototropism in Arabidopsis [82]. YUC2, YUCS5, YUC6, YUCS, and
YUC9 may also be involved in regulating pulvinus movement. In addition, the study
on how TAA and YUCCA members jointly regulate leaf movement and their specific
expression in the leaf and pulvinus has not been reported, so far. The above description of
YUCCA-related studies is only due to its regulation of similar morphogenesis (leaf angle,
hypocotyl bending) with pulvinus movement morphological changes, which can be used
as a further reference direction for further research.

IAA dynamic redistribution has a crucial role in almost every aspect of plant life,
ranging from cell shape or volume change and division to organogenesis and responses to
light and gravity [83]. However, owing to technical limitations, little is known about the
actual distribution of auxin in tissues at single-cell resolution. Currently, plant biologists
can only use markers to visualize growth-hormone distribution, such as the expression
of growth auxin-dependent reporter genes (e.g., using the systems DR5::GUS3; DR5: ER-
GFP; and DR5: NLS-3xGFP) [84]. A limitation of these methods is their irreversibility,
which precludes visualization of transient changes in auxin levels. Fortunately, a study
showed a genetically encoded biosensor for the quantitative in vivo visualization of auxin
distribution [84]. This sensor enables direct monitoring of auxin’s rapid uptake and the
clearance of auxin by individual cells and within cell compartments in the plant [84].
Altogether, BL and phytohormones influence K* channels to trigger leaf movement, and
the uneven distribution of auxin in the pulvinus tissue is the main factor of leaf movement.
However, the regulatory effects of other hormones need more scientific experiments.

6. Dynamic Balance of K* and Cl1~ Ions Determines the Pulvinus Osmotic Potential

As the motor organ of M. truncatula, M. pudica, and S. saman (Figure 1G-I), the ability
of the pulvinus to control the movement of the leaf and petiole is regulated by many factors.
The dynamic migration of K* and CI~ governs the changes of cell turgor and promotes
plant organ movement [11]. Multicellular pulvinus movement and stomatal guard-cell
morphological changes may exist in similar regulatory mechanisms [6]. In the vacuole, K*
ions and their counter anions, such as CI~, NO3 ™, and malate, are the main osmolytes that
regulate guard-cell swelling pressure [46]. Closure of the stomata involves the efflux of
anions, predominantly via SLOW ANION CHANNEL 1 (SLAC1)-type channels from the
SLACI/SLACI HOMOLOG (SLAH) family [46]. Ion transport regulates the acidity of the
vacuole, and osmotically driven water uptake increases the turgor pressure of guard cells,
causing them to bend and leading to stomatal opening [6].

K* is an essential monovalent cation for plant growth and development and a key ion
for regulating osmotic balance in cells [19,42]. Using energy-dispersive X-ray microanalysis,
the content of K* and C1™ in the primary pulvinus tissues of M. pudica were analyzed, and
the results showed that the concentration of K* in the apoplast of external extensor cells
decreased significantly, while changes in the C1~ content were less striking in the pulvi-
nus [6,85]. The accumulation of ions in the apoplast seems to be initiated by the decrease in
water potential triggered by an apoplastic accumulation of unloaded sucrose [32]. Likewise,
Toriyama revealed that K™ migrated from the intracellular to the extracellular space of the
motor cells after movement, indicating that water migration was osmotically driven by K*
migration, resulting in the loss of turgor of the pulvinus of M. pudica [86]. This conclusion
was confirmed by Allen using a *’K* efflux experiment, and it was also reported that the
Cl™ concentration of flexor cells of the pulvinus was significantly higher than that of the
extensor cells after stimulation, indicating that the dynamic balance of K* and Cl~ are
required for pulvinus movement [59]. In addition, following stimulation of the pulvinus,
unknown colloidal substances migrate from the central vacuole into the extracellular space
of the pulvinus motor cells, suggesting that these substances diffuse from the motor cells at
the same time as K* migration [86]. In addition, Samejima and Sibaoka (1980) suggested
that the efflux of fluid from the central vacuole reduces the volume of the motor cell,
resulting in rapid bending of the pulvinus. These studies suggest that efflux of vacuolar
material from motor cells may directly regulate the volume of motor cells [87].
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In addition, patch-clamp studies revealed that, in the whole-cell configuration, K*-
influx currents were observed in extensor cells from the pulvinus of S. saman [88]. For the
dark-promoted leaf closure of S. saman, the involvement of K* fluxes, driving the hydraulic
movement of water, was unequivocally also demonstrated using motor-cell protoplasts [18].
Furthermore, the specific K* channel blocker, TEA, completely inhibited the shrinking of
extensor-cell protoplasts, pointing to the involvement of potassium in induced protoplast
shrinking, resulting in the leaf movement of S. samman [51]. The ion uptake appears to be
coupled to the H* gradient produced by the activity of H*-ATPases [75] (Figure 3).

It is also possible that motor cells absorb apoplastic K* through inward-rectifier
K* channels, which are activated by H* pump-driven plasma-membrane hyperpolariza-
tion [28] or other mechanisms [12]. It was later confirmed that K* was transferred via the
SPICK2 K*-influx channel, SPICK2, a homolog of the weakly inward-rectifying Shaker-like
Arabidopsis K channel, AKT2, and is regulated in vivo directly by phosphorylation [89].
Nieves et al. reported a new grapevine Shaker-type K* channel, VvK3.1, and revealed
that VoK3.1 belongs to the AKT2 channel phylogenetic branch and is a weakly rectifying
channel, mediating both inward and outward K* currents [41]. Moreover, the high amount
of VvK3.1 transcripts detected in the pulvinus strongly suggests a role for this Shaker in the
swelling and shrinking of motor cells involved in leaf movement [41].

In addition, K* channel activity in the net steady-state outward K currents was in-
versely related to the plasma-membrane phosphatidylinositol (4,5) bisphosphate (PtdInsP;)
levels, short-term manipulations decreasing PtdInsP;, increased NtORK (outward-rectifying
K* channel) activity, increasing PtdInsP;, and decreasing NtORK activity [90] (Figure 3).
Despite these, studies can demonstrate that potassium ions are the key to pulvinus move-
ment; the potential coordinating transport mechanisms of potassium ions and other ions
need to be further clarified.

7. The Dynamic Changes of Actin and Ca?* Regulate Pulvinus Movement

Transient and spatial dynamic changes in Ca?" in plant tissues are critical for plant
growth and development, signal transduction, stomatal movement, salt or osmotic stress
response, the defensive behavior of plants, and circadian rhythm movement of leaves and
pulvinus [11,91,92].

In previous research, circadian rhythm movement or seismonasty movement in
legumes (e.g., M. pudica, and S. saman) has been described to be due to the active transport
of Ca?* ions in the intracellular and extracellular [11,35]. Scientists have used M. pudica as
a model organism for researching leaf or pulvinus movement because of its fast-moving
feature. Interestingly, compared with other model plants used to study leaf movement,
M. pudica contains two types of vacuoles in the motor organ [3,93], including the tannin
and central vacuoles. Tannin vacuoles contain great amounts of tannin, are located near the
nucleus, and are supposed to function as potential Ca?* stores [94]. The central vacuole
does not contain tannin, is much larger than the tannin vacuoles, and occupies a central
position in cells [27]. During shrinkage, both vacuoles change their shape [27]. Quantitative
data obtained by microspectrophotometry demonstrated calcium migration during the
bending movement of the primary pulvinus [95]. In the extensor motor cell, a small amount
of calcium migrates from the tannin vacuole, and calcium on the cell wall moves to the
central vacuole. In the flexor cell, a large amount of calcium from the tannin vacuole moves
to the central vacuole of the motor cell [95]. The recovery and maintenance of the tannin
vacuole may play a role in maintaining turgor in the motor cells of the flexor of the primary
pulvinus of Mimosa [95]. The central vacuole is the intracellular store of solutes and water,
suggesting that during contraction or swelling of a motor cell, the vacuole releases or
accumulates ions through channels and transporters, as in stomatal movements [35].

The actin cytoskeleton consists of two forms of actin, globular actin (G-actin) and
filamentous actin (F-actin) [96]. The two forms of actin are dynamically converted and
regulated by a plethora of actin-binding proteins (ABPs) [97,98]. This dynamic conversion
and regulation are essential for various plant physiological processes [99]. The functions
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of Ca%* and actin were described in more detail in another review [98]. The pulvinus of
M. pudica was treated with actin-affecting reagents and calcium channel inhibitors, which
confirmed that actin dynamics mediate the calcium level changes during the pulvinus
movement of M. pudica [100,101] (Figure 3).

Although the contribution of Ca?* and actin to pulvinus movement has been estab-
lished, the regulatory relationship between them is unclear [20,34,95,102]. Toriyama et al.
(1970) used the microscopic localization of Ca?* in the motor cell, and pulvinus obtained
before or after stimulation were fixed in Lillie’s neutral buffered formalin [95]. They found
that the effluent from stimulated pulvinus has significantly more Ca?* than that from
unstimulated controls [95]. Additionally, there is evidence that a low concentration of
EDTA (1 mM) retards the reopening process, while a higher EDTA (10 mM) concentra-
tion prevents the closing movement of the rapid leaf movements of M. pudica [102]. In
contrast, the rapid restoration of normal closure is attainable by transferring the samples
to CaCly, suggesting that EDTA removes Ca?* from a readily accessible site and causes
easily reversible, rather than profoundly disruptive, effects [102]. A study by Raeini-Sarjaz
et al. (2011) on the diurnal leaf movement of P. Vulgaris yielded similar results and further
confirmed that calcium ions are indispensable in leaf movement [22]. Kameyama et al.
(2000) found that actin filaments in the motor cells at the lower side of the pulvinus, but
not at the upper side, become more peripheral after bending. Therefore, the bending of
M. pudica is correlated with reduced actin phosphorylation in the pulvinus, indicating that
actin phosphorylation is essential for pulvinus bending resulting from actin cytoskeletal
alterations [34,103]. A similar interaction between actin dynamics and Ca?* influx was
observed on the plasma membranes of stomatal guard cells [104].

In addition, research on the labellum closure movement of the Venus flytrap (V. flytrap),
a type of plant with distinct motor characteristics but no typical motor organs, further
confirmed that Ca®* plays an indispensable role in regulating the movement of plant
organs [93]. Based on the aforementioned evidence, we can speculate that the interaction
between actin and Ca?" in the pulvinus tissue is indispensable for the pulvinus.

8. Aquaporins Mediate Water Transport to Facilitate Pulvinus Movement

Aquaporins (AQPs) are universal membrane channel proteins that selectively and
reversibly promote water movement across plasmalemma and organelle membranes in
plants and other organisms, resulting in the expansion or contraction of cell volume to
generate driving force and promote the movement of plant tissues and organs [38,105].
They belong to the membrane-integrated major intrinsic super-family proteins (MIPs) with
small molecule weights (about 26 to 34 kDa), and numerous members have been found in
all kingdoms from Archaea to animals [38,106]. Based on their sub-cellular locations and
sequence similarities, and compared with the mammalian aquaporins, plant aquaporins can
be further divided into five major groups [38,107]: the plasma-membrane intrinsic proteins
(PIPs); tonoplast intrinsic proteins (TIPs); nodulin 26-like intrinsic proteins (NIPs), (NIPs:
where NOD-26 is an aquaporin discovered in the peribacteroid membrane of nodulated
soybean roots); small basic intrinsic proteins (SIPs); and uncategorized intrinsic proteins
(XIPs) [38,106]. PIPs and TIPs are dominant and mainly mediate water flow across cells
and sub-cellular compartments in higher plants. PIPs can be further divided into PIP1 and
PIP2 subgroups [108]. For the fine classification and function of other aquaporins, please
refer to the article written by Wang [38].

PIPs represent the most abundant aquaporins in the plant plasma membrane and
display observably cell-specific expression patterns in the leaves or pulvinus of several
movement model plants [18,103,109]. Using patch-clamp functional analysis in Xenopus
oocytes showed that the production of PIP2 aquaporins increases the water permeability of
the oocyte membrane by about 10- to 20-fold [110]. In contrast, PIP1 aquaporins alone do
not evidently affect the membrane’s water permeability [18,111]. The rapid movement of
water through the biomembrane is crucial for the maintenance of cellular water homeostasis
and for the accomplishment of various metabolic activities under many circumstances, such
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as during cell elongation, root water absorption, stomatal opening and closure, flowering,
fertilization, and, especially, leaf movement [106,107,112]. Hence, aquaporins are greatly
essential for plant growth, development, and adaptation to changing environments. The
leaf movement of M. pudica is inseparable from aquaporins-facilitated water uptake and
transport in the pulvinus [11,31,33].

Using a nuclear magnetic resonance (NMR) imaging technique revealed that, after
stimulation of an M. pudica plant, water in the flexor half of the primary pulvinus dis-
appeared; the water previously contained in this area seemed to be transferred to the
upper half of the primary pulvinus [33]. During the pulvinus recovery phase, water was
transferred from the upper part to the lower part [33] (Figure 3). The hypothesis that water
flows from the flexor side to the extensor side needs more evidence because the possibility
of water transport on the same side cannot be ruled out. In addition, the abundance of
aquaporins in the vacuolar membrane of the pulvinus of mature motor cells of M. pudica
increased by more than 3-fold compared with the juvenile pulvinus [75]. cDNAs encod-
ing aquaporins, PIP1;1 and PIP2;1, were isolated from M. pudica seedlings’ cDNA library,
and in Xenopus oocyte, a function co-expression analysis showed that MpPIP1;1 itself dis-
played no water channel activity. It facilitated the water channel activity of MpPIP2;1 in a
phosphorylation-dependent manner [103]. Further immunoprecipitation analysis revealed
that phosphorylation of Ser-131 of MpPIP1;1 binds directly with MpPIP2;1 and is involved
in regulating the structure of the channel complex and affecting water channel activity [103].
Moreover, in the motor cells of S. saman, two plasma membrane intrinsic protein homolog
genes, SsSAQP1 and SsAQP2, were cloned from these organs and characterized as aqua-
porins in Xenopus laevis oocytes. The aquaporin mRNA levels differed in their spatial
distribution in the leaf and were regulated diurnally in phase with leaflet movement [18].
Additionally, SSAQP2 transcription was under circadian control, and these results link
AQP2 to the physiological function of circadian rhythmic cell movement [18].

The above results have revealed a hypothesis that AQP1 and AQP2 bind to form a
complex and interact with each other to enhance the abundance of AQP2, further regulating
water migration of the pulvinus extensor and flexor cells, thereby facilitating pulvinus
unite leaf movement.

9. Molecular Regulatory Network of Medicago truncatula Leaf Movement

M. truncatula is a model plant for studying legumes, with two typical features found
in its leaves, including diverse compound forms and the pulvinus-driven nyctinastic
movement [52] (Figure 4). In the last decade, scientists have carried out numerous stud-
ies on M. truncatula petal symmetry shape, leaf compound morphogenesis, motor or-
gans, plant height, plant branching through mutant screening, and functional analysis
strategies [3,23-26,113-115]. However, the underlying molecular mechanism of the ny-cti-
nastic leaf movement of M. truncatula is just beginning to be uncovered, providing new
insight for further exploring leaf movement [23,52].

Using a genetic approach, Chen et al. isolated a mutant designated elongated peti-
olulel (elp1) from M. truncatula that fails to fold its leaflets in the dark due to loss of motor
organs. Map-based cloning indicated that ELP1 encodes a putative plant-specific LOB
domain transcription factor, which is expressed in primordial cells that give rise to the
motor organ [23]. Identifying ELP1 orthologs from other legume species showed that motor
organ identity is regulated by a conserved molecular mechanism [23]. Furthermore, they
found that two allelic mutants of M. truncatula with unclosed leaflets at night were impaired
in MtDWARF4A (MtDWF4A), a gene encoding a cytochrome P450 protein orthologous to
Arabidopsis DWARF4 [52]. Surgical experiments and genetic function analysis of double
mutants revealed that the geometry of the compound leaf plays a significant role in the leaf
movement of M. truncatula modulated by MtDWARF4A [52]. In addition, Zhou et al. (2021)
revealed that MINI ORGAN1 (MIO1), a gene encoding an F-box protein SMALL LEAF
AND BUSHY1 (SLB1), not only regulates the organ size of M. truncatula but also controls
the development of pulvinus and leaf movement [52]. The mutant functional analysis also
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showed that the nodulation and nyctinastic leaf movement are controlled by the clock gene
MtLHY [116] (Figure 4). These results imply that a common signal pathway may regulate
organ development, leaf morphogenesis, and leaf nyctinastic movement. However, the
above speculations must be further justified.

MtELP1 MtDWARF4A
MtMIO1 \
1 Geometry of the
=gl compound leaf
(protein) MILHY
“~ (Circadian Clock)
Pulvinus Clock regulation of N-nutrient input
development N-assimilation
N-assimilation J
Pathway
N-fixation
Flavonoid
biosynthesis IR

Figure 4. Molecular regulation mechanism of nastic movement of Medicago truncatula leaves.
(A,B) represent the unfolding state of M. truncatula leaves during the day and the closing state
at night, respectively. Scale bars, 20 mm. MtMIO1 encodes F-box protein SLB1 regulates the develop-
ment of the pulvinus organs and controls the circadian movement of leaves; mutations in the MtELP1
gene lead to the loss of pulvinus, preventing the leaves from closing at night. MtDWARF4A can
regulate leaf movement and the geometry of the compound leaf. (C) represents the root structure of
M. truncatula, Scale bars. 100 mm. MtLHY controls the nodulation and nyctinastic leaf movement.
The yellow arrow indicates the regulatory function.

10. Conclusions and Perspectives

In this review, we have described the biomechanical and molecular aspects of pulvinus-
driven leaf movements. Over the past decades, much has been learned about single ion
function using special ion detection instruments that can only measure the final ion ac-
cumulation value or by using simplified experiment environments that treat with single
exogenous drugs, hormones, and light. However, how these ions coordinate their dynamic
transport with each other remains unclear. Much remains to be understood about ion trans-
portation or hormonal regulation at the tissue and cellular levels. The Figure 3 model only
reflects the movement mechanism of the pulvinus when the leaf is closed but does not rep-
resent the movement mechanism of the pulvinus when the leaf is opening. The mechanism
of pulvinus movement during leaf opening is the main direction of future research.

In addition, the current information nowadays enables researchers to explore more
realistic natural circumstances to investigate the mechanisms underlying the integration
of signals deriving from different ions, different hormones, and a complex light envi-
ronment [13,84,93,117]. For example, a genetically encoded biosensor for the quantitative
in vivo visualization of auxin distribution enables direct monitoring of auxin’s rapid uptake
and clearance by individual cells and within cell compartments in plants [84]. Recent ad-
vances in transgenic technologies [42,93,118] and whole-genome sequencing of fast-moving
plants [119], as well as the rapid development of genome editing technologies [120], will
lead to technological breakthroughs in this compelling and challenging area of research.



Int. J. Mol. Sci. 2024, 25, 4582 14 of 18

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25094582 /s1.

Author Contributions: F.Z. is responsible for the collection of the literature, the writing of papers,
the production of pictures, and the perfection of the details of papers. B.C. is responsible for the
guidance of the overall overview, the control of the writing framework the guidance of the drawing,
and the funding support. Z.M., M.S.,, Y.E, Y.L, HW.,, S.Y. and ].M. are responsible for the paper’s
format modification, grammatical modification, image beautification, and material supplement. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Key Project of the Natural Science Foundation of Gansu
Province (22JR5RA831) and the Education, Science, and Technology Innovation Project of Gansu
Province (GSSYLXM-02).

Data Availability Statement: No new data were generated or analyzed in this study.
Acknowledgments: We are grateful for the suggestions of anonymous reviewers.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1.  Kao, W.Y,; Lin, B.L. Phototropic leaf movements and photosynthetic performance in an amphibious fern, Marsilea quadrifolia.
J. Plant Res. 2010, 123, 645-653. [CrossRef] [PubMed]

2. Busch, EA. Opinion: The red-light response of stomatal movement is sensed by the redox state of the photosynthetic electron
transport chain. Photosynth. Res. 2014, 119, 131-140. [CrossRef] [PubMed]

3. Zhou, S.; Yang, T.; Mao, Y,; Liu, Y.; Guo, S.; Wang, R; Fangyue, G.; He, L.; Zhao, B.; Bai, Q.; et al. The F-box protein MIO1/SLB1
regulates organ size and leaf movement in Medicago truncatula. J. Exp. Bot. 2021, 72, 2995-3011. [CrossRef] [PubMed]

4. Song, K, Yeom, E.; Lee, S.]. Real-time imaging of pulvinus bending in Mimosa pudica. Sci. Rep. 2014, 4, 6466. [CrossRef] [PubMed]

5. Holland, J.J.; Roberts, D.; Liscum, E. Understanding phototropism: From Darwin to today. J. Exp. Bot. 2009, 60, 1969-1978.
[CrossRef] [PubMed]

6. Mano, H.; Hasebe, M. Rapid movements in plants. J. Plant Res. 2021, 134, 3-17. [CrossRef] [PubMed]

7. Suh,SJ.; Moran, N.; Lee, Y. Blue Light Activates Potassium-Efflux Channels in Flexor Cells from Samanea saman Motor Organs
via Two Mechanisms. Plant Physiol. 2000, 123, 833-843. [CrossRef] [PubMed]

8.  Tran, D,; Petitjean, H.; Chebli, Y.; Geitmann, A.; Sharif-Naeini, R. Mechanosensitive ion channels contribute to mechanically
evoked rapid leaflet movement in Mimosa pudica. Plant Physiol. 2021, 187, 1704-1712. [CrossRef] [PubMed]

9. Park, Y], Lee, H],; Gil, KE.; Kim, ].Y,; Lee, ].H.; Lee, H.; Cho, H.T,; Vu, L.D.; De Smet, I.; Park, C.M. Developmental Programming
of Thermonastic Leaf Movement. Plant Physiol. 2019, 180, 1185-1197. [CrossRef]

10. Satter, R.L.; Galston, A.W. Mechanisms of Control of Leaf Movements. Plant Physiol. 1981, 32, 83-110. [CrossRef]

11.  Moran, N. Osmoregulation of leaf motor cells. FEBS Lett. 2007, 581, 2337-2347. [CrossRef] [PubMed]

12. Kim, H.Y.; Cote, G.G.; Crain, R.C. Potassium Channels in Samanea saman Protoplasts Controlled by Phytochrome and the
Biological Clock. Science 1993, 260, 960-962. [CrossRef] [PubMed]

13.  Hakme, L.; Wesley, M.G.; Joe, H.S.; Irwin, E; Savithiry, N. Differentially Expressed Proteins of Soybean (Glycine max) Pulvinus in
Light and Dark Conditions. . Basic Appl. Sci. 2013, 9, 157-171. [CrossRef]

14. Wu, S.H. Gene expression regulation in photomorphogenesis from the perspective of the central dogma. Annu. Rev. Plant Biol.
2014, 65, 311-333. [CrossRef] [PubMed]

15. Bonmort, J.; Roblin, G. Effect of 2,4-dichlorophenoxyacetic acid on the dark and light-induced pulvinar movements in Cassia
fasciculata Michx. Plant Growth Regul. 1996, 19, 61-65. [CrossRef]

16. Watanabe, S.; Sibaoka, T. Light-and Auxin-Induced Leaflet Opening in Detached Pinnae of Mimosa pudica. Plant Cell Physiol. 1983,
24, 641-647. [CrossRef]

17.  Tion, M.; Chen, L.; Wang, X.J. Auxin-and abscisic acid-dependent osmoregulation in protoplasts of Phaseolus vulgaris pulvini.
Plant Cell Physiol. 2001, 42, 1219-1227. [CrossRef] [PubMed]

18. Moshelion, M.; Becker, D.; Biela, A.; Uehlein, N.; Hedrich, R.; Otto, B.; Levi, H.; Moran, N.; Kaldenhoff, R. Plasma membrane
aquaporins in the motor cells of Samanea saman: Diurnal and circadian regulation. Plant Cell 2002, 14, 727-739. [CrossRef]

19. Oikawa, T.; Ishimaru, Y.; Munemasa, S.; Takeuchi, Y.; Washiyama, K.; Hamamoto, S.; Yoshikawa, N.; Mutara, Y.; Uozumi, N.;
Ueda, M. Ion Channels Regulate Nyctinastic Leaf Opening in Samanea saman. Curr. Biol. 2018, 28, 2230-2238.e2237. [CrossRef]

20. Shacklock, P.S.; Read, N.D.; Trewavas, A.J. Cytosolic free calcium mediates red light-induced photomorphogenesis. Nature 1992,
358, 753-755. [CrossRef]

21. Wolbang, C.M.; Davies, N.W.,; Taylor, S.A.; Ross, ].J. Gravistimulation leads to asymmetry of both auxin and gibberellin levels in
barley pulvini. Physiol. Plant. 2007, 131, 140-148. [CrossRef] [PubMed]

22. Raeini-Sarjaz, M. Circadian rhythm leaf movement of Phaseolus vulgaris and the role of calcium ions. Plant Signal. Behav. 2011, 6,

962-967. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25094582/s1
https://www.mdpi.com/article/10.3390/ijms25094582/s1
https://doi.org/10.1007/s10265-009-0300-2
https://www.ncbi.nlm.nih.gov/pubmed/20091204
https://doi.org/10.1007/s11120-013-9805-6
https://www.ncbi.nlm.nih.gov/pubmed/23483292
https://doi.org/10.1093/jxb/erab033
https://www.ncbi.nlm.nih.gov/pubmed/33506247
https://doi.org/10.1038/srep06466
https://www.ncbi.nlm.nih.gov/pubmed/25253083
https://doi.org/10.1093/jxb/erp113
https://www.ncbi.nlm.nih.gov/pubmed/19357428
https://doi.org/10.1007/s10265-020-01243-7
https://www.ncbi.nlm.nih.gov/pubmed/33415544
https://doi.org/10.1104/pp.123.3.833
https://www.ncbi.nlm.nih.gov/pubmed/10889233
https://doi.org/10.1093/plphys/kiab333
https://www.ncbi.nlm.nih.gov/pubmed/34734277
https://doi.org/10.1104/pp.19.00139
https://doi.org/10.1146/annurev.pp.32.060181.000503
https://doi.org/10.1016/j.febslet.2007.04.002
https://www.ncbi.nlm.nih.gov/pubmed/17434488
https://doi.org/10.1126/science.260.5110.960
https://www.ncbi.nlm.nih.gov/pubmed/17818385
https://doi.org/10.6000/1927-5129.2013.09.22
https://doi.org/10.1146/annurev-arplant-050213-040337
https://www.ncbi.nlm.nih.gov/pubmed/24779996
https://doi.org/10.1007/BF00024403
https://doi.org/10.1093/oxfordjournals.pcp.a076560
https://doi.org/10.1093/pcp/pce157
https://www.ncbi.nlm.nih.gov/pubmed/11726706
https://doi.org/10.1105/tpc.010351
https://doi.org/10.1016/j.cub.2018.05.042
https://doi.org/10.1038/358753a0
https://doi.org/10.1111/j.1399-3054.2007.00931.x
https://www.ncbi.nlm.nih.gov/pubmed/18251932
https://doi.org/10.4161/psb.6.7.15483

Int. J. Mol. Sci. 2024, 25, 4582 150f 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

Chen, J.; Moreau, C.; Liu, Y.; Kawaguchi, M.; Hofer, J.; Ellis, N.; Chen, R. Conserved genetic determinant of motor organ identity
in Medicago truncatula and related legumes. Proc. Natl. Acad. Sci. USA 2012, 109, 11723-11728. [CrossRef] [PubMed]

Guo, S.; Zhang, X; Bai, Q.; Zhao, W.; Fang, Y.; Zhou, S.; Zhao, B.; He, L.; Chen, J. Cloning and Functional Analysis of Dwarf Gene
Mini Plant 1 (MNP1) in Medicago truncatula. Int. J. Mol. Sci. 2020, 21, 4968. [CrossRef]

Zhang, X.; He, L.; Zhao, B.; Zhou, S.; Li, Y.; He, H.; Bai, Q.; Zhao, W.; Guo, S.; Liu, Y.; et al. Dwarf and Increased Branching 1
controls plant height and axillary bud outgrowth in Medicago truncatula. ]. Exp. Bot. 2020, 71, 6355-6365. [CrossRef]

Yang, T.; Li, Y; Liu, Y;; He, L.; Liu, A.; Wen, J.; Mysore, K.S.; Tadege, M.; Chen, J. The 3-ketoacyl-CoA synthase WFL is involved in
lateral organ development and cuticular wax synthesis in Medicago truncatula. Plant Mol. Biol. 2021, 105, 193-204. [CrossRef]
Scorza, L.C.; Dornelas, M.C. Plants on the move: Towards common mechanisms governing mechanically-induced plant move-
ments. Plant Signal. Behav. 2011, 6, 1979-1986. [CrossRef] [PubMed]

Cote, G.G. Signal Transduction in Leaf Movement. Plant Physiol. 1995, 109, 729-734. [CrossRef]

Fromm, J. Control of phloem unloading by action potentials in Mimosa. Physiol. Plant. 1991, 83, 529-533. [CrossRef]

Ueda, M.; Nakamura, Y. Chemical basis of plant leaf movement. Plant Cell Physiol. 2007, 48, 900-907. [CrossRef]
Fleurat-Lessard, P.; Frangne, N.; Maeshima, M.; Ratajczak, R.; Bonnemain, J.L.; Martinoia, E. Increased Expression of Vacuolar
Aquaporin and H*-ATPase Related to Motor Cell Function in Mimosa pudica L. Plant Physiol. 1997, 114, 827-834. [CrossRef]
[PubMed]

Fromm, J.; Eschrich, W. Transport processes in stimulated and non-stimulated leaves of Mimosa pudica-III. Displacement of ions
during seismonastic leaf movements. Trees 1988, 2, 65-72. [CrossRef]

Tamiya, T.; Miyazaki, T.; Ishikawa, H.; Iriguchi, N.; Maki, T.; Matsumoto, J.J.; Tsuchiya, T. Movement of Water in Conjunction
with Plant Movement Visualized by NMR Imaging. J. Biochern. 1988, 104, 5-8. [CrossRef] [PubMed]

Kameyama, K; Kishi, Y.; Yoshimura, M.; Kanzawa, N.; Sameshima, M.; Tsuchiya, T. Tyrosine phosphorylation in plant bending.
Nature 2000, 407, 37. [CrossRef] [PubMed]

Hagihara, T.; Toyota, M. Mechanical Signaling in the Sensitive Plant Mimosa pudica L. Plants 2020, 9, 587. [CrossRef] [PubMed]
Samejima, M.; Sibaoka, T. Identification of the excitable cells in the petiole of Mimosa pudica by intracellular injection of procion
yellow. Plant Cell Physiol. 1983, 24, 33-39. [CrossRef]

Lakshmipriya, S.; Imayathamizhan, N.; Swetha, P.; Suganthi, R.; Vignesh, R. Development of Mimosa pudica incorporated silk-PCL
nanofibrous mat for wound healing application. Indian. Chem. Soc. 2019, 96, 136-138.

Wang, Y.; Zhao, Z.; Liu, E; Sun, L.; Hao, F. Versatile Roles of Aquaporins in Plant Growth and Development. Int. ]. Mol. Sci. 2020,
21, 9485. [CrossRef] [PubMed]

Ahmad, H.; Sehgal, S.; Mishra, A.; Gupta, R. Mimosa pudica L. (Laajvanti): An overview. Pharmacogn. Rev. 2012, 6, 115-124.
Visnovitz, T.; Vilagi, I.; Varro, P; Kristof, Z. Mechanoreceptor Cells on the Tertiary Pulvini of Mimosa pudica L. Plant Signal. Behav.
2007, 2, 462—466. [CrossRef]

Nieves-Cordones, M.; Andrianteranagna, M.; Cuellar, T.; Cherel, I.; Gibrat, R.; Boeglin, M.; Moreau, B.; Paris, N.; Verdeil, J.L.;
Zimmermann, S.; et al. Characterization of the grapevine Shaker K(+) channel VvK3.1 supports its function in massive potassium
fluxes necessary for berry potassium loading and pulvinus-actuated leaf movements. New Phytol. 2019, 222, 286-300. [CrossRef]
[PubMed]

Mano, H.; Fujii, T.; Sumikawa, N.; Hiwatashi, Y.; Hasebe, M. Development of an Agrobacterium-mediated stable transformation
method for the sensitive plant Mimosa pudica. PLoS ONE 2014, 9, e88611. [CrossRef]

Li, Q.; Hou, J.; He, N,; Xu, L.; Zhang, Z. Changes in leaf stomatal traits of different aged temperate forest stands. J. For. Res. 2020,
32,927-936. [CrossRef]

Lima, V.F; Anjos, L.D.; Medeiros, D.B.; Candido-Sobrinho, S.A.; Souza, L.P.; Gago, J.; Fernie, A.R.; Daloso, D.M. The sucrose-to-
malate ratio correlates with the faster CO, and light stomatal responses of angiosperms compared to ferns. New Phytol. 2019, 223,
1873-1887. [CrossRef] [PubMed]

Lawson, T.; Vialet-Chabrand, S. Speedy stomata, photosynthesis and plant water use efficiency. New Phytol. 2019, 221, 93-98.
[CrossRef] [PubMed]

Sussmilch, EC.; Roelfsema, M.R.G.; Hedrich, R. On the origins of osmotically driven stomatal movements. New Phytol. 2019, 222,
84-90. [CrossRef] [PubMed]

Talbott, L.D.; Zeiger, E. Central Roles for Potassium and Sucrose in Guard-Cell Osmoregulation. Plant Physiol. 1996, 111,
1051-1057. [CrossRef] [PubMed]

Jezek, M.; Blatt, M.R. The Membrane Transport System of the Guard Cell and Its Integration for Stomatal Dynamics. Plant Physiol.
2017, 174, 487-519. [CrossRef] [PubMed]

Wilkinson, R.E. Plant-environment interactions. Agr. Ecosyst. Environ. 2000, 77, 1065-1066.

Liscum, E.; Nittler, P.; Koskie, K. The continuing arc toward phototropic enlightenment. J. Exp. Bot. 2020, 71, 1652-1658. [CrossRef]
Nakamura, Y.; Mithofer, A.; Kombrink, E.; Boland, W.; Hamamoto, S.; Uozumi, N.; Tohma, K.; Ueda, M. 12-hydroxyjasmonic acid
glucoside is a COI1-JAZ-independent activator of leaf-closing movement in Samanea saman. Plant Physiol. 2011, 155, 1226-1236.
[CrossRef] [PubMed]

Zhao, W.; Bai, Q.; Zhao, B.; Wu, Q.; Wang, C.; Liu, Y; Yang, T,; Liu, Y.; He, H,; Du, S.; et al. The geometry of the compound leaf
plays a significant role in the leaf movement of Medicago truncatula modulated by mtdwarf4a. New Phytol. 2021, 230, 475-484.
[CrossRef] [PubMed]


https://doi.org/10.1073/pnas.1204566109
https://www.ncbi.nlm.nih.gov/pubmed/22689967
https://doi.org/10.3390/ijms21144968
https://doi.org/10.1093/jxb/eraa364
https://doi.org/10.1007/s11103-020-01080-1
https://doi.org/10.4161/psb.6.12.18192
https://www.ncbi.nlm.nih.gov/pubmed/22231201
https://doi.org/10.1104/pp.109.3.729
https://doi.org/10.1111/j.1399-3054.1991.tb00130.x
https://doi.org/10.1093/pcp/pcm060
https://doi.org/10.1104/pp.114.3.827
https://www.ncbi.nlm.nih.gov/pubmed/12223745
https://doi.org/10.1007/BF00196974
https://doi.org/10.1093/oxfordjournals.jbchem.a122421
https://www.ncbi.nlm.nih.gov/pubmed/3220831
https://doi.org/10.1038/35024149
https://www.ncbi.nlm.nih.gov/pubmed/10993062
https://doi.org/10.3390/plants9050587
https://www.ncbi.nlm.nih.gov/pubmed/32375332
https://doi.org/10.1093/oxfordjournals.pcp.a076511
https://doi.org/10.3390/ijms21249485
https://www.ncbi.nlm.nih.gov/pubmed/33322217
https://doi.org/10.4161/psb.2.6.4743
https://doi.org/10.1111/nph.15604
https://www.ncbi.nlm.nih.gov/pubmed/30735258
https://doi.org/10.1371/journal.pone.0088611
https://doi.org/10.1007/s11676-020-01135-5
https://doi.org/10.1111/nph.15927
https://www.ncbi.nlm.nih.gov/pubmed/31099898
https://doi.org/10.1111/nph.15330
https://www.ncbi.nlm.nih.gov/pubmed/29987878
https://doi.org/10.1111/nph.15593
https://www.ncbi.nlm.nih.gov/pubmed/30444541
https://doi.org/10.1104/pp.111.4.1051
https://www.ncbi.nlm.nih.gov/pubmed/12226347
https://doi.org/10.1104/pp.16.01949
https://www.ncbi.nlm.nih.gov/pubmed/28408539
https://doi.org/10.1093/jxb/eraa005
https://doi.org/10.1104/pp.110.168617
https://www.ncbi.nlm.nih.gov/pubmed/21228101
https://doi.org/10.1111/nph.17198
https://www.ncbi.nlm.nih.gov/pubmed/33458826

Int. J. Mol. Sci. 2024, 25, 4582 16 of 18

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Jenness, M.K.; Tayengwa, R.; Murphy, A.S. An ATP-Binding Cassette Transporter, ABCB19, Regulates Leaf Position and
Morphology during Phototropinl-Mediated Blue Light Responses. Plant Physiol. 2020, 184, 1601-1612. [CrossRef] [PubMed]
Wu, Y,; Xie, J.; Wang, L.; Zheng, H. Circumnutation and Growth of Inflorescence Stems of Arabidopsis thaliana in Response to
Microgravity under Different Photoperiod Conditions. Life 2020, 10, 26. [CrossRef]

Whippo, C.W.; Hangarter, R.P. The “sensational” power of movement in plants: A Darwinian system for studying the evolution
of behavior. Am. J. Bot. 2009, 96, 2115-2127. [CrossRef] [PubMed]

Apelt, E; Breuer, D.; Olas, ].J.; Annunziata, M.G.; Flis, A.; Nikoloski, Z.; Kragler, F; Stitt, M. Circadian, Carbon, and Light Control
of Expansion Growth and Leaf Movement. Plant Physiol. 2017, 174, 1949-1968. [CrossRef]

Polko, J.K.; van Zanten, M.; van Rooij, ].A.; Maree, A.E.; Voesenek, L.A.; Peeters, A.J.; Pierik, R. Ethylene-induced differential
petiole growth in Arabidopsis thaliana involves local microtubule reorientation and cell expansion. New Phytol. 2012, 193, 339-348.
[CrossRef]

Rauf, M.; Arif, M; Fisahn, ].; Xue, G.P.; Balazadeh, S.; Mueller-Roeber, B. NAC transcription factor speedy hyponastic growth
regulates flooding-induced leaf movement in Arabidopsis. Plant Cell 2013, 25, 4941-4955. [CrossRef] [PubMed]

Allen, R.D. Mechanism of the Seismonastic Reaction in Mimosa pudica. Plant Physiol. 1969, 44, 1101-1107. [CrossRef]

Luo, C.; Rudy, Y. A dynamic model of the cardiac ventricular action potential. I. Simulations of ionic currents and concentration
changes. Circ. Res. 1994, 74, 1071-1096. [CrossRef]

Shimmen, T. Involvement of receptor potentials and action potentials in mechano-perception in plants. Funct. Plant Biol. 2001, 28,
567-576. [CrossRef]

Rayle, D.L.; Cleland, R.E. The Acid Growth Theory of auxin-induced cell elongation is alive and well. Plant Physiol. 1992, 99,
1271-1274. [CrossRef] [PubMed]

Pietruszka, M.A. Expansive Growth vs. pH Reflects a Poisson Point Process of Binding/Unbinding Events in Plant Cell Walls.
J. Plant Growth Regul. 2021, 41, 2543-2554. [CrossRef]

Inoue, S.; Kinoshita, T.; Takemiya, A.; Doi, M.; Shimazaki, K. Leaf positioning of Arabidopsis in response to blue light. Mol. Plant
2008, 1, 15-26. [CrossRef] [PubMed]

Boccaccini, A.; Legris, M.; Krahmer, J.; Allenbach-Petrolati, L.; Goyal, A.; Galvan-Ampudia, C.; Vernoux, T.; Karayekov, E.; Casal,
J.J.; Fankhauser, C. Low Blue Light Enhances Phototropism by Releasing Cryptochromel-Mediated Inhibition of PIF4 Expression.
Plant Physiol. 2020, 183, 1780-1793. [CrossRef] [PubMed]

Fedorov, R.; Schlichting, I.; Hartmann, E.; Domratcheva, T.; Fuhrmann, M.; Hegemann, P. Crystal structures and molecular
mechanism of a light-induced signaling switch: The Phot-LOV1 domain from Chlamydomonas reinhardtii. Biophys. ]. 2003, 84,
2474-2482. [CrossRef] [PubMed]

Fiorucci, A.S.; Fankhauser, C. Plant Strategies for Enhancing Access to Sunlight. Curr. Biol. 2017, 27, R931-R940. [CrossRef]
[PubMed]

Okazaki, Y.; Azuma, K.; Nishizaki, Y. A pulse of blue light induces a transient increase in activity of apoplastic K+ in laminar
pulvinus of Phaseolus vulgaris L. Plant Cell Physiol. 2000, 41, 230-233. [CrossRef] [PubMed]

Motchoulski, A.; Liscum, E. Arabidopsis NPH3 A NPH1 Photoreceptor-Interacting Protein Essential for Phototropism. Science
1999, 286, 961-964. [CrossRef]

Iino, M. Toward understanding the ecological functions of tropisms: Interactions among and effects of light on tropisms. Curr.
Opin. Plant Biol. 2006, 9, 89-93. [CrossRef]

Tsuchida-Mayama, T.; Sakai, T.; Hanada, A.; Uehara, Y.; Asami, T.; Yamaguchi, S. Role of the phytochrome and cryptochrome
signaling pathways in hypocotyl phototropism. Plant |. 2010, 62, 653-662. [CrossRef] [PubMed]

Passioura, J.B.; Fry, S.C. Turgor and Cell Expansion: Beyond the Lockhart Equation. Funct. Plant Biol. 1992, 19, 565-576. [CrossRef]
Pietruszka, M.; Lewicka, S. Anisotropic plant growth due to phototropism. J. Math. Biol. 2007, 54, 45-55. [CrossRef] [PubMed]
Cronlund, S.L.; Forseth, I.N. Heliotropic leaf movement response to H*-ATPase activation, H*-ATPase inhibition, and K* channel
inhibition in vivo. Am. J. Bot. 1995, 82, 1507-1513. [CrossRef]

Fleurat-Lessard, P.; Bouche-Pillon, S.; Leloup, C.; Bonnemain, J.L. Distribution and Activity of the Plasma Membrane H*-ATPase
in Mimosa pudica L. in Relation to Ionic Fluxes and Leaf Movements. Plant Physiol. 1997, 113, 747-754. [CrossRef] [PubMed]
Yang, S.-J.; Li, W.-E,; Chu, M.-Y.; Zuo, C.-W.; Ma, Z.-H.; Zhao, X.; Zhou, Q.; Chen, B.-H.; Mao, ]. Petiole hormones act as regulators
in the early phototropic leaf movements of grape (Vitis vinifera L.) revealed by comparative transcriptome profiling. Sci. Hortic.
2021, 283, 110049. [CrossRef]

Enders, T.A.; Strader, L.C. Auxin activity: Past, present, and future. Am. J. Bot. 2015, 102, 180-196. [CrossRef]

Zhao, R.; Dielen, V.; Kinet, J.-M.; Boutry, M. Cosuppression of a Plasma Membrane H*-ATPase Isoform Impairs Sucrose
Translocation, Stomatal Opening, Plant Growth, and Male Fertility. Plant Cell 2000, 12, 535-546. [PubMed]

Matthes, M.S.; Best, N.B.; Robil, ].M.; Malcomber, S.; Gallavotti, A.; McSteen, P. Auxin EvoDevo: Conservation and Diversification
of Genes Regulating Auxin Biosynthesis, Transport, and Signaling. Mol. Plant 2019, 12, 298-320. [CrossRef]

Cao, X,; Yang, H.; Shang, C.; Ma, S.; Liu, L.; Cheng, J. The Roles of Auxin Biosynthesis YUCCA Gene Family in Plants. Int. ]. Mol.
Sci. 2019, 20, 6343. [CrossRef]

Wang, H.; Cheng, H.; Wang, W.; Liu, J.; Hao, M.; Mei, D.; Zhou, R.; Fu, L.; Hu, Q. Identification of BnaYUCCAG®6 as a candidate
gene for branch angle in Brassica napus by QTL-seq. Sci. Rep. 2016, 6, 38493. [CrossRef] [PubMed]


https://doi.org/10.1104/pp.20.00223
https://www.ncbi.nlm.nih.gov/pubmed/32855213
https://doi.org/10.3390/life10030026
https://doi.org/10.3732/ajb.0900220
https://www.ncbi.nlm.nih.gov/pubmed/21622330
https://doi.org/10.1104/pp.17.00503
https://doi.org/10.1111/j.1469-8137.2011.03920.x
https://doi.org/10.1105/tpc.113.117861
https://www.ncbi.nlm.nih.gov/pubmed/24363315
https://doi.org/10.1104/pp.44.8.1101
https://doi.org/10.1161/01.RES.74.6.1071
https://doi.org/10.1071/PP01038
https://doi.org/10.1104/pp.99.4.1271
https://www.ncbi.nlm.nih.gov/pubmed/11537886
https://doi.org/10.1007/s00344-021-10459-3
https://doi.org/10.1093/mp/ssm001
https://www.ncbi.nlm.nih.gov/pubmed/20031912
https://doi.org/10.1104/pp.20.00243
https://www.ncbi.nlm.nih.gov/pubmed/32554507
https://doi.org/10.1016/S0006-3495(03)75052-8
https://www.ncbi.nlm.nih.gov/pubmed/12668455
https://doi.org/10.1016/j.cub.2017.05.085
https://www.ncbi.nlm.nih.gov/pubmed/28898666
https://doi.org/10.1093/pcp/41.2.230
https://www.ncbi.nlm.nih.gov/pubmed/10795319
https://doi.org/10.1126/science.286.5441.961
https://doi.org/10.1016/j.pbi.2005.11.012
https://doi.org/10.1111/j.1365-313X.2010.04180.x
https://www.ncbi.nlm.nih.gov/pubmed/20202166
https://doi.org/10.1071/PP9920565
https://doi.org/10.1007/s00285-006-0045-7
https://www.ncbi.nlm.nih.gov/pubmed/17106746
https://doi.org/10.1002/j.1537-2197.1995.tb13852.x
https://doi.org/10.1104/pp.113.3.747
https://www.ncbi.nlm.nih.gov/pubmed/12223640
https://doi.org/10.1016/j.scienta.2021.110049
https://doi.org/10.3732/ajb.1400285
https://www.ncbi.nlm.nih.gov/pubmed/10760242
https://doi.org/10.1016/j.molp.2018.12.012
https://doi.org/10.3390/ijms20246343
https://doi.org/10.1038/srep38493
https://www.ncbi.nlm.nih.gov/pubmed/27922076

Int. J. Mol. Sci. 2024, 25, 4582 17 of 18

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

Goyal, A.; Karayekov, E.; Galvao, V.C.; Ren, H,; Casal, ].J.; Fankhauser, C. Shade Promotes Phototropism through Phytochrome
B-Controlled Auxin Production. Curr. Biol. 2016, 26, 3280-3287. [CrossRef]

Paque, S.; Weijers, D. Q&A: Auxin: The plant molecule that influences almost anything. BMC Biol. 2016, 14, 67.

Herud-Sikimic, O; Stiel, A.C.; Kolb, M.; Shanmugaratnam, S.; Berendzen, K.W.; Feldhaus, C.; Hocker, B.; Jurgens, G. A biosensor
for the direct visualization of auxin. Nature 2021, 592, 768-772. [CrossRef] [PubMed]

Fromm, J.; Eschrich, W. Transport processes in stimulated and non-stimulated leaves of Mimosa pudica—II. Energesis and
transmission of seismic stimulations. Trees 1988, 2, 18-24. [CrossRef]

Toriyama, H. Observational and experimental studies of sensitive plants VI. The migration of potassium in the primary pulvinus.
Cytologia 1955, 20, 237-246. [CrossRef]

Samejima, M.; Sibaoka, T. Changes in the extracellular ion concentration in the main pulvinus of Mimosa pudica during rapid
movement and recovery. Plant Cell Physiol. 1980, 21, 467—479.

White, PJ.; Biskup, B.; Elzenga, ].T.M.; Homann, U.; Thiel, G.; Wissing, F.; Maathuis, F.J.M. Advanced patch-clamp techniques
and single-channel analysis. J. Exp. Bot. 1999, 50, 1037-1054. [CrossRef]

Yu, L.; Becker, D.; Levi, H.; Moshelion, M.; Hedrich, R; Lotan, I.; Moran, A.; Pick, U.; Naveh, L.; Libal, Y.; et al. Phosphorylation
of SPICK2, an AKT2 channel homologue from Samanea motor cells. J. Exp. Bot. 2006, 57, 3583-3594. [CrossRef]

Ma, X.H.; Shor, O.; Diminshtein, S.; Yu, L.; Im, Y.J.; Perera, I.; Lomax, A.; Boss, W.E; Moran, N. Phosphatidylinositol (4,5)
bisphosphate inhibits K+-efflux channel activity in NT1 tobacco cultured cells. Plant Physiol. 2009, 149, 1127-1140. [CrossRef]
Hepler, PK. Calcium a central regulator of plant growth and development. Plant Cell 2005, 17, 2142-2155. [CrossRef] [PubMed]
Zipfel, C.; Oldroyd, G.E. Plant signalling in symbiosis and immunity. Nature 2017, 543, 328-336. [CrossRef] [PubMed]

Suda, H.; Mano, H.; Toyota, M.; Fukushima, K.; Mimura, T.; Tsutsui, I.; Hedrich, R.; Tamada, Y.; Hasebe, M. Calcium dynamics
during trap closure visualized in transgenic Venus flytrap. Nat. Plants 2020, 6, 1219-1224. [CrossRef]

Turnquist, H.M.; Allen, N.S,; Jaffe, M.]. A pharmacological study of calcium flux mechanisms in the tannin vacuoles of Mimosa
pudica L. motor cells. Protoplasma 1993, 176, 91-99. [CrossRef]

Toriyama, H.; Jaffe, M.]. Migration of Calcium and Its Role in the Regulation of Seismonasty in the Motor Cell of Mimosa pudica L.
Plant Physiol. 1972, 49, 72-81. [CrossRef] [PubMed]

Kadzik, R.S.; Homa, K.E.; Kovar, D.R. F-Actin Cytoskeleton Network Self-Organization Through Competition and Cooperation.
Annu. Rev. Cell Dev. Biol. 2020, 36, 35-60. [CrossRef] [PubMed]

Kanzawa, N.; Hoshino, Y.; Chiba, M.; Hoshino, D.; Kobayashi, H.; Kamasawa, N.; Kishi, Y.; Osumi, M.; Sameshima, M.; Tsuchiya,
T. Change in the actin cytoskeleton during seismonastic movement of Mimosa pudica. Plant Cell Physiol. 2006, 47, 531-539.
[CrossRef] [PubMed]

Qian, D.; Xiang, Y. Actin Cytoskeleton as Actor in Upstream and Downstream of Calcium Signaling in Plant Cells. Int. J. Mol. Sci.
2019, 20, 1403. [CrossRef] [PubMed]

Li, J.; Blanchoin, L.; Staiger, C.J. Signaling to actin stochastic dynamics. Annu. Rev. Plant Biol. 2015, 66, 415-440. [CrossRef]

Yao, H.; Xu, Q.; Yuan, M. Actin dynamics mediates the changes of calcium level during the pulvinus movement of Mimosa pudica.
Plant Signal. Behav. 2008, 3, 954-960. [CrossRef]

Pinto-Costa, R.; Sousa, M.M. Profilin as a dual regulator of actin and microtubule dynamics. Cytoskeleton 2020, 77, 76-83.
[CrossRef] [PubMed]

Campbell, N.A.; Thomson, W.W. Effects of Lanthanum and Ethylenediaminetetraacetate on Leaf Movements of Mimosa. Plant
Physiol. 1977, 60, 635-639. [CrossRef]

Temmei, Y.; Uchida, S.; Hoshino, D.; Kanzawa, N.; Kuwahara, M.; Sasaki, S.; Tsuchiya, T. Water channel activities of Mimosa
pudica plasma membrane intrinsic proteins are regulated by direct interaction and phosphorylation. FEBS Lett. 2005, 579,
4417-4422. [CrossRef]

Zhang, W.; Fan, L.M.; Wu, WH. Osmo-sensitive and stretch-activated calcium-permeable channels in Vicia faba guard cells are
regulated by actin dynamics. Plant Physiol. 2007, 143, 1140-1151. [CrossRef]

Maurel, C.; Boursiac, Y.; Luu, D.T.; Santoni, V.; Shahzad, Z.; Verdoucq, L. Aquaporins in Plants. Physiol. Rev. 2015, 95, 1321-1358.
[CrossRef]

Uehlein, N.; Kaldenhoff, R. Aquaporins and plant leaf movements. Ann. Bot. 2008, 101, 1-4. [CrossRef] [PubMed]

Deshmukh, R.; Bélanger, R.R.; Hartley, S. Molecular evolution of aquaporins and silicon influx in plants. Funct. Ecol. 2015, 30,
1277-1285. [CrossRef]

Deshmukh, R.K.; Nguyen, H.T.; Belanger, R.R. Aquaporins: Dynamic Role and Regulation. Front. Plant Sci. 2017, 8, 1420.
[CrossRef] [PubMed]

Chaumont, F.; Tyerman, S.D. Aquaporins: Highly regulated channels controlling plant water relations. Plant Physiol. 2014, 164,
1600-1618. [CrossRef]

Furuichi, T.; Iida, H.; Sokabe, M.; Tatsumi, H. Expression of Arabidopsis MCA1 enhanced mechanosensitive channel activity in
the Xenopus laevis oocyte plasma membrane. Plant Signal. Behav. 2012, 7, 1022-1026. [CrossRef]

Fetter, K.; Van Wilder, V.; Moshelion, M.; Chaumont, F. Interactions between plasma membrane aquaporins modulate their water
channel activity. Plant Cell 2004, 16, 215-228. [CrossRef] [PubMed]

Pawlowicz, I.; Masajada, K. Aquaporins as a link between water relations and photosynthetic pathway in abiotic stress tolerance
in plants. Gene 2019, 687, 166-172. [CrossRef] [PubMed]


https://doi.org/10.1016/j.cub.2016.10.001
https://doi.org/10.1038/s41586-021-03425-2
https://www.ncbi.nlm.nih.gov/pubmed/33828298
https://doi.org/10.1007/BF00196975
https://doi.org/10.1508/cytologia.20.237
https://doi.org/10.1093/jxb/50.Special_Issue.1037
https://doi.org/10.1093/jxb/erl104
https://doi.org/10.1104/pp.108.129007
https://doi.org/10.1105/tpc.105.032508
https://www.ncbi.nlm.nih.gov/pubmed/16061961
https://doi.org/10.1038/nature22009
https://www.ncbi.nlm.nih.gov/pubmed/28300100
https://doi.org/10.1038/s41477-020-00773-1
https://doi.org/10.1007/BF01378944
https://doi.org/10.1104/pp.49.1.72
https://www.ncbi.nlm.nih.gov/pubmed/16657899
https://doi.org/10.1146/annurev-cellbio-032320-094706
https://www.ncbi.nlm.nih.gov/pubmed/33021819
https://doi.org/10.1093/pcp/pcj022
https://www.ncbi.nlm.nih.gov/pubmed/16489209
https://doi.org/10.3390/ijms20061403
https://www.ncbi.nlm.nih.gov/pubmed/30897737
https://doi.org/10.1146/annurev-arplant-050213-040327
https://doi.org/10.4161/psb.6709
https://doi.org/10.1002/cm.21586
https://www.ncbi.nlm.nih.gov/pubmed/31811707
https://doi.org/10.1104/pp.60.4.635
https://doi.org/10.1016/j.febslet.2005.06.082
https://doi.org/10.1104/pp.106.091405
https://doi.org/10.1152/physrev.00008.2015
https://doi.org/10.1093/aob/mcm278
https://www.ncbi.nlm.nih.gov/pubmed/18024416
https://doi.org/10.1111/1365-2435.12570
https://doi.org/10.3389/fpls.2017.01420
https://www.ncbi.nlm.nih.gov/pubmed/28861100
https://doi.org/10.1104/pp.113.233791
https://doi.org/10.4161/psb.20783
https://doi.org/10.1105/tpc.017194
https://www.ncbi.nlm.nih.gov/pubmed/14671024
https://doi.org/10.1016/j.gene.2018.11.031
https://www.ncbi.nlm.nih.gov/pubmed/30445023

Int. J. Mol. Sci. 2024, 25, 4582 18 of 18

113.

114.

115.

116.

117.

118.

119.

120.

Wang, H.; Chen, J.; Wen, J.; Tadege, M.; Li, G.; Liu, Y.; Mysore, K.S.; Ratet, P.; Chen, R. Control of compound leaf development
by FLORICAULA /LEAFY ortholog SINGLE LEAFLET1 in Medicago truncatula. Plant Physiol. 2008, 146, 1759-1772. [CrossRef]
[PubMed]

Chen, J.; Yu, J.; Ge, L.; Wang, H.; Berbel, A,; Liu, Y.; Chen, Y.; Li, G.; Tadege, M.; Wen, ] ; et al. Control of dissected leaf morphology
by a Cys(2)His(2) zinc finger transcription factor in the model legume Medicago truncatula. Proc. Natl. Acad. Sci. USA 2010, 107,
10754-10759. [CrossRef] [PubMed]

Ge, L.; Chen, J.; Chen, R. Palmate-like pentafoliatal encodes a novel Cys(2)His(2) zinc finger transcription factor essential for
compound leaf morphogenesis in Medicago truncatula. Plant Signal. Behav. 2010, 5, 1134-1137. [CrossRef] [PubMed]

Kong, Y,; Han, L.; Liu, X.; Wang, H.; Wen, L.; Yu, X,; Xu, X,; Kong, F; Fu, C.; Mysore, K.S.; et al. The nodulation and nyctinastic
leaf movement is orchestrated by clock gene LHY in Medicago truncatula. ]. Integr. Plant Biol. 2020, 62, 1880-1895. [CrossRef]
[PubMed]

de Wit, M.; Keuskamp, D.H.; Bongers, E]J.; Hornitschek, P.; Gommers, C.M.M.; Reinen, E.; Martinez-Ceron, C.; Fankhauser, C.;
Pierik, R. Integration of Phytochrome and Cryptochrome Signals Determines Plant Growth during Competition for Light. Curr.
Biol. 2016, 26, 3320-3326. [CrossRef] [PubMed]

Lee, K.J.I; Bushell, C.; Koide, Y.; Fozard, J.A.; Piao, C.; Yu, M.; Newman, J.; Whitewoods, C.; Avondo, J.; Kennaway, R,;
et al. Shaping of a three-dimensional carnivorous trap through modulation of a planar growth mechanism. PLoS Biol. 2019,
17, €3000427. [CrossRef] [PubMed]

Palfalvi, G.; Hackl, T.; Terhoeven, N.; Shibata, T.F,; Nishiyama, T.; Ankenbrand, M.; Becker, D.; Forster, F.; Freund, M.; Iosip, A;
et al. Genomes of the Venus Flytrap and Close Relatives Unveil the Roots of Plant Carnivory. Curr. Biol. 2020, 30, 2312-2320.e2315.
[CrossRef]

Yin, K.; Gao, C.; Qiu, J.L. Progress and prospects in plant genome editing. Nat. Plants 2017, 3, 17107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1104/pp.108.117044
https://www.ncbi.nlm.nih.gov/pubmed/18287485
https://doi.org/10.1073/pnas.1003954107
https://www.ncbi.nlm.nih.gov/pubmed/20498057
https://doi.org/10.4161/psb.5.9.12640
https://www.ncbi.nlm.nih.gov/pubmed/20724826
https://doi.org/10.1111/jipb.12999
https://www.ncbi.nlm.nih.gov/pubmed/33405366
https://doi.org/10.1016/j.cub.2016.10.031
https://www.ncbi.nlm.nih.gov/pubmed/27889265
https://doi.org/10.1371/journal.pbio.3000427
https://www.ncbi.nlm.nih.gov/pubmed/31600203
https://doi.org/10.1016/j.cub.2020.04.051
https://doi.org/10.1038/nplants.2017.107

	Introduction 
	The Study Species 
	Pulvinus: A Representative Motor Organ Composed of Many Cells 
	Principle of Leaf Movement Based on the Pulvinus Structure 
	Blue Light and Phytohormones Regulate Ion Channels to Promote Pulvinus Movement 
	Dynamic Balance of K+ and Cl- Ions Determines the Pulvinus Osmotic Potential 
	The Dynamic Changes of Actin and Ca2+ Regulate Pulvinus Movement 
	Aquaporins Mediate Water Transport to Facilitate Pulvinus Movement 
	Molecular Regulatory Network of Medicago truncatula Leaf Movement 
	Conclusions and Perspectives 
	References

