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Figure 1 Dynamics changes of the cytoskeleton in stomatal movement and molecular regulatory mechanisms. (a) Actin filaments rearrangement
during stomatal movement and its regulatory factors. (b) Microtubule dynamic during stomatal movement and its regulatory factors
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Figure 2 The functional mechanism of microtubule growth-mediated vesicle transport in stomatal movement. During stomatal movement, SYP121-
positive vesicles are recruited to the microtubule plus end by the microtubule plus-end tracking protein EB1 and transported toward the plasma
membrane along growing microtubules. This process facilitates the targeted secretion of SYP121. The accumulation of SYP121 at the plasma membrane
further enhances vesicle secretion mediated by the SYP121-VAMP complex, thereby regulating the dynamic distribution of the K channel protein
KATL1 in the plasma membrane of guard cells and promoting stomatal movement
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Stomata, specialized epidermal structures formed by a pair of guard cells, serve as critical gateways for gas exchange and
transpiration in plants. Their dynamic opening and closing, driven by turgor pressure changes in guard cells, are regulated
by complex networks involving ion fluxes, cytoskeletal remodeling, and cell wall dynamics. Recent advances have
highlighted the pivotal roles of the actin filament (AF) and microtubule (MT) cytoskeletons in these processes through
coordinating signaling pathways, membrane trafficking, and cell wall mechanics. This review synthesizes current
knowledge on the cytoskeletal regulation of stomatal movement and proposes future research directions.

In guard cells, AFs undergo dynamic reorganization during stomatal movement, transitioning between radial (type 1),
fragmented (type 2), and parallel-bundled (type 3) configurations. These rearrangements are tightly regulated by abscisic
acid (ABA), reactive oxygen species (ROS), calcium (Ca*"), and phospholipid signals. Actin-binding proteins (ABPs),
including actin-depolymerizing factors (ADFs), SCAB1, and ARP2/3 complexes, orchestrate AF dynamics. For instance,
ABA-activated CKL2 kinase phosphorylates ADF4 to stabilize AFs, promoting stomatal closure, while SCABI facilitates
AF bundling under drought stress. ARP2/3-mediated actin nucleation and the LINC complex further coordinate AF
reorganization with ROS signaling, forming a feedback loop that amplifies ABA responses.

Similarly, MTs exhibit circadian-aligned dynamics, with cortical MTs depolymerizing during stomatal closure and
repolymerizing during opening. ABA signaling triggers MT disassembly via phosphorylation of microtubule-associated
proteins (MAPs) such as SPR1 by OST1 kinase. E3 ubiquitin ligases (e.g., JUL1, MRELS57) regulate MT stability by
targeting MAPs like WDL7 for proteasomal degradation. Phospholipase D (PLD)-derived phosphatidic acid (PA) and
COPI1-mediated light signaling further modulate MT dynamics, underscoring the integration of multiple environmental
cues.

Cytoskeletal networks also intersect with membrane trafficking to regulate ion channel activity and vesicle transport. The
microtubule-end-binding protein EB1b directs SYP121-containing vesicles to the plasma membrane via microtubule
polymerization-driven transport, facilitating K" channel KAT1 redistribution during stomatal opening. Conversely, AP3M-
mediated actin severing ensures vacuolar morphogenesis and turgor regulation. Cellulose microfibril (CMF) deposition,
guided by MT-aligned cellulose synthase complexes (CSCs), influences cell wall mechanics, with COBL7 ensuring
localized cellulose reinforcement at the stomatal pore.

Despite progress, key questions remain unresolved. The crosstalk between AFs and MTs, their mechanical coupling to
ion channels (e.g., KAT1, SLAC1), and their role in cell wall-cytoskeleton feedback loops require elucidation. Signal
integration mechanisms, such as how ABA and light antagonistically regulate cytoskeletal effectors, and the
spatiotemporal specificity of stress responses, demand exploration. Evolutionary studies comparing cytoskeletal
regulation in dicot (e.g., Arabidopsis) and monocot (e.g., rice) guard cells could reveal adaptive strategies. Emerging
technologies, including super-resolution microscopy, single-cell sequencing technology, and Al-driven molecular
modeling, promise to unravel these complexities.

In conclusion, the guard cell cytoskeleton acts as a central hub integrating mechanical, biochemical, and environmental
signals to optimize stomatal function. Deciphering its regulatory networks will advance strategies to enhance crop water-
use efficiency and stress resilience, offering critical insights for sustainable agriculture under climate change. Future
research should prioritize interdisciplinary approaches to translate mechanistic discoveries into practical applications for
food security and ecosystem stability.

stomatal movement, guard cell, actin filament, microtubule, light, abscisic acid (ABA)
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