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Bl 1 MDP6OZHALIR ST H &M K. (a) 4RI AR B SR RN M R mdp60-2 . mdp60-3. OE#1. OE#2)MZEREN B{AJS, B A% K180 min
MIREDIERSER. LB, 1 em. (b) BFAR B S HERE A RL B MGE RE I 6 F 4530 mindl g —IR, 35453 h, T IR 1 ARG T, 925
B EAIAM R, RS R RO T 36 R Bl FRHEARER. (o) 4RI LHHMRIZIMRIE. (d) PR mdp603AEtk
Rt FEIRAR RN P ERBEGE T =S A, REAR A DT ISR ST, B 3R PR EEARER. #P<0.05,*%P<0.01(BUR-test)
Figure 1 MDP60 affects transpirational water loss. (a) The wilty phenotypes of the detached rosette leaves from 4-week-old WT, mdp60-2, mdp60-3,
OE#1, and OE#2. Scale bar, 1 cm. (b) Fresh weights of detached leaves for 180 min dehydration of seedlings from wild-type and transgenic materials
were measured every 30 min for a total of 3 h. The experiment was performed with at least three independent replicates, with a total of no fewer than 36
leaves analyzed; values represent mean+SEM. (c) Infrared thermography of 4-week-old soil-grown plants. (d) Leaf temperature from different seedlings
including WT, mdp60 mutants and overexpressing lines was quantified using infrared camera software. Three independent biological replicates were
performed, with a minimum of 15 pots of seedlings per replicate; the data represent mean+SEM. *P<0.05, **P<0.01 (two-tailed #-test)
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AL R HETHAN S X80 T13.6%, TS Fedeie s, EHX RS oo s R 225 W) SO W AN,
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Figure 2 GUS staining showed that the MDP60 transcript is clearly
expressed in guard cells in Proyppg:GUS transgenic seedlings. The
epidermal strips were peeled from the rosette leaves of WT and
Proyppsp: GUS transgenic plants after GUS staining and observed under
an inverted microscope. Scale bar, 20 um
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Figure 3 MDP60 is involved in ethylene-induced stomatal closure. (a)
Representative images of stomatal aperture in wild-type, mdp60 mutants,
and overexpression lines before and after ETH treatment. Scale bar,
20 um. (b) Measurement of stomatal aperture (a). A minimum of 60

stomatal pores were measured per assay. Different letters indicate
significant differences (P<0.05, one-way ANOVA)
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Figure 4 (Color online) Cortical microtubules are insensitive to microtubule-drug treatment in mdp60. (a) Pharmacological stomata bioassays with
microtubule-specific drugs (microtubule-stabilizing drug Taxol and microtubule-depolymerizing drug oryzalin) in ETH-induced stomatal movement.
Scale bar, 20 um. (b, ¢) Measurement of stomatal aperture corresponding to the Taxol plus ETH treatment (b) or the oryzalin plus ETH treatment (c)
shown in (a). A minimum of 60 stomatal pores was measured per assay. Different letters indicate significant differences (P<0.05, one-way ANOVA)
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Figure 5 (Color online) Ethylene-induced microtubule reorganization is enhanced in mdp60 guard cells. (a) Confocal images showing cortical
microtubule organization in guard cells of WT (pTUBG: : VisGreen-TUBG6) and mdp60-2 (pTUBG:: VisGreen-TUBG) plants before and after treatment with
0.04% ETH. Scale bar, 5 pm. (b) Quantitative analysis of different microtubule arrangement types in guard cells. Three independent biological replicates
were performed, and a minimum of 200 stomatal pores were measured per assay. Data represent mean+SEM values
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Figure 6 (Color online) MDP60 regulates microtubule organization and rearrangement in guard cells. (a) Distribution of GFP fluorescence signals of
radial microtubules in guard cells of WT and mdp60-2 plants. Black arcs indicate the selected regions used to analyze the continuous changes in GFP
fluorescence intensity, and representative peaks with fluorescence intensity values greater than 50 are shown. (b) Quantification of peaks with GFP-
tubulin intensity >50 in the microtubule bundles shown in (a). At least three independent biological replicates were performed, #=60. The data represent
mean+SD. *P<0.05 (two-tailed #-test). (c) Skeletonized images of microtubule networks in WT and mdp60-2 guard cells were generated using ImagelJ
software. (d, e) Changes in microtubule occupancy (density) in guard cells before or after 0.04% ETH treatment. Specifically, (d) shows the comparison
of the occupancy of three microtubule arrangement types (Type I/II/III), and (e) shows the overall microtubule occupancy in guard cells. At least three
independent biological replicates were performed, n=100. The data represent mean+SD. *P<0.05 (two-tailed #-test). (f, g) Changes in microtubule
bundling capacity in guard cells before or after ETH treatment. The bundling capacity was evaluated by skewness values of fluorescence intensity
distribution. Specifically, (f) shows the skewness values representing the bundling degree of the three microtubule arrangement types (Type I/II/III), and
(g) shows the overall skewness of microtubules in guard cells. At least three independent biological replicates were performed, n=100. The data
represent mean+SD. *P<0.05 (two-tailed ¢-test)
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Figure 7 (Color online) Accelerated microtubule dynamics in mdp60
mutant guard cells. (a) Representative time-lapse image showing
fluorescence recovery after photobleaching in guard cells. Scale bar,
5 um. (b) Quantitative analysis of fluorescence signal recovery rates in
bleached regions of guard cells. At least seven independent biological
replicates were performed, n=55, *P<0.05 (two-tailed #-test)
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Figure 8 (Color online) Function model of MDP60 mediating ethylene-induced stomatal closure
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The microtubule-associated protein MDP60 is involved in the
ethylene-induced stomatal movement
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Stomata are specialized pore structures surrounded by a pair of guard cells and exert considerable effects on global carbon
and water cycles by mediating gas exchange and water vapor between plants and the atmosphere. Therefore, to optimize
CO, assimilation for photosynthesis and minimize water losses through transpiration, the stomatal movement must be
tightly controlled in response to the changing climate. The underlying regulation of stomatal aperture involves a
sophisticated signaling network, with the cytoskeleton (including microtubules in guard cells) playing a pivotal role. The
dynamic reorganization of microtubules is orchestrated by various microtubule-associated proteins (MAPs). However, the
precise molecular mechanisms by which specific MAPs integrate upstream signals to modulate microtubule dynamics and
stomatal function remain an active area of investigation. Microtubule-Destabilizing Protein 60 (MDP60) is a previously
identified Arabidopsis MAP whose gene promoter is a direct target of Phytochrome-Interacting Factor 3 (PIF3), a key
transcription factor in ethylene signaling. This connection positions MDP60 as a potential link between ethylene perception
and cytoskeletal rearrangement in guard cells, since the gaseous hormone ethylene is also an important regulator of
stomatal physiology.

In this study, we focused on the coordination between MDP60 and microtubules during ethylene-induced stomatal
closure in Arabidopsis. Using mdp60 loss-of-function mutants, MDP60-overexpressing lines (MDP60 OFE), and a
Proyppsy:: GUS reporter line, we examined water loss rates of detached leaves from different seedlings, leaf temperatures,
stomatal apertures, and confocal laser scanning microscopy for microtubule configuration in guard cells. Our results show
that: (1) the mdp60 mutant exhibits reduced transpirational water loss, concomitant with a significant increase in leaf
temperature relative to the wild-type (WT). (2) Stomatal aperture assays revealed that the mdp60 mutant displayed
hypersensitivity to ethylene, closing more pronouncedly than WT. When co-treated with the microtubule-specific drugs
(stabilizing or destabilizing agents, such as Taxol or oryzalin), the mdp60 stomatal movement triggered by ethylene also
showed attenuated responses to pharmacological agents, indicating an altered intrinsic microtubule stability. (3) Confocal
microscopy revealed that ethylene treatment triggered more severe microtubule disassembly in mdp60 guard cells. The
proportion of mdp60 cells with radial microtubule arrays dropped dramatically from 76.2% to 16.7% (a 59.5% decrease), a
more substantial decline than that observed in WT controls (only from 76.9% to 30.7%). Consequently, the percentage of
cells with fragmented and disassembled microtubules increased markedly in the mutant. Quantitative imaging analysis
using Image] software confirmed that the overall microtubule density in mdp60 guard cells was lower than in WT after
ethylene application. (4) Fluorescence Recovery After Photobleaching (FRAP) experiments provided direct evidence for
altered microtubule dynamics in mdp60 with an enhanced recovery rate, indicating a higher depolymerization-
polymerization turnover rate and faster cytoskeletal rearrangement than in WT.

Collectively, our findings provide insights into the microtubule-associated protein MDP60 as a regulator in ethylene-
induced stomatal closure. It functions by modulating the dynamic assembly and stability of the microtubule cytoskeleton in
guard cells. This work establishes a connection between MDP60 and the ethylene signaling pathway during stomatal
movement and broadens our understanding of MDP60 function in plants beyond its established roles in hypocotyl cell
elongation.

microtubule-destabilizing protein MDP60, stomatal movement, ethylene, microtubule
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