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SUMMARY

The stoma is key to plant growth and development, with highly controlled functions. However, the regulatory
mechanisms of stomata remain largely unknown in monocot crop species. In this study, we reveal that guard
cell physiology is regulated by actin cytoskeleton-mediated changes to tonoplast-endoplasmic reticulum
(ER) contact sites in rice. This mechanism is mediated via the formin protein Rice Morphology Determinant
and the vesicle-associated membrane protein-associated protein VAP1 at intersections of the ER and actin
filaments. Notably, monocot (rice) guard cells contain two distinct types of vacuoles, where the central vac-
uole size and stomatal aperture are regulated by the actin cytoskeleton. Furthermore, VAP1 localized at both
the ER and central vacuole, which closely aligned with the ER and actin cytoskeleton. Genetic interactions of
vap1 and rmd-1 led to defects in rice stomatal aperture, which impacted light-induced stomatal opening. Our
results significantly extend our knowledge of crop stomatal regulation.

INTRODUCTION

Stomata act as gates in leaves and rapidly respond to environ-
mental cues, e.g., light conditions, water availability, and path-
ogen attacks, by regulating their pore size/aperture.1–4 This
process, also called stomatal movement, is driven by changes
in guard cell volume, which is directly linked to the volume of
their vacuoles.3,5 Fragmented or invaginated small vacuoles
are typically observed in closed stomata, while vacuole fusion
occurs during stomatal opening.6–9 During changes of stomatal
vacuolar morphology, the actin cytoskeleton also undergoes
reorganization.6,10 Actin filaments and bundles align radially in
the guard cells in open stomata but are typically arranged along
the guard cell main axis in closed stomata.11–13 Moreover, reor-
ganization of the actin cytoskeleton influences vacuole fusion
and fragmentation during stomatal changes.7,14,15 Nevertheless,
not much is known about the molecular mechanisms behind the
regulation of vacuole morphology by the actin cytoskeleton not
only in guard cells but also in other plant cells.16–19 In addition,

the vacuole and actin organization during stomatal movement
is not clarified in monocots with many important crop species,
such as rice (Oryza sativa), and only a few actin-associated
proteins have been implicated in rice stomatal function.20–22

For example, overexpression of rice actin depolymerizing
factor 2 (ADF2) compromised rice stomatal conductance under
drought stress.20 Two proteins of the suppressor of cAMP re-
ceptor/Wiskott-Aldrich syndrome protein family verprolin-
homologous complex (SCAR/WAVE), which play a vital role in
actin filament nucleation and polymerization, are involved in
the regulation of stomatal aperture and water loss in rice.21,22

However, mechanisms of how actin-associated proteins regu-
late stomatal function remain unexplored in monocots.
Rice Morphology Determinant (RMD) is a formin homology

5 protein that binds actin filaments and promotes actin nucle-
ation, polymerization, and bundling in vitro.23,24 Consequently,
mutations of RMD decreased actin bundling and changed actin
alignment in vivo. RMD therefore impacts rice growth (i.e., plant
height), organ morphology, pollen tube growth, root gravity
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sensing, shoot light responses, and auxin transport.23,25–27 In
this work, we show that RMD interacts with the vesicle-associ-
ated membrane protein (VAMP)-associated protein (VAP)1 at in-
tersections of the endoplasmic reticulum (ER) and actin bundles,
causing changes to the ER morphology. Interestingly, VAP1 and
ER structures associatedwith the central vacuoles in guard cells,
and these associations impacted stomatal function in rice.

RESULTS

RMD controls rice stomatal aperture by regulating
filamentous actin organization in guard cells
When assessing RMD expression across rice tissues, we found
relatively strong expression of the gene in stomatal guard cells us-

ingRMD promoter::GUS transgenic lines23 (Figure 1A). Therefore,
we set out to explore whether RMD regulates the development
and/or function of rice stomata. We previously reported on the
loss-of-function mutants of RMD rmd-1 and rmd-2 (obtained
from a 60Co irradiation23) that displayed dwarfed stature
(Figures 1B and S1A). The stomatal density and dimensions ap-
peared unaffected in rmd-1 (Figures S1B and S1C), indicating
that RMD does not affect stomatal development. We next inves-
tigated the stomatal aperture by scanning electron microscopy
(SEM), which is a commonway to explore rice stomatal character-
istics.28,29 To compare stomatal aperture differences, we classi-
fied the stoma into three types, i.e., open, partially open, and
closed (Figure 1C). We found that the numbers of open stomata
were dramatically decreased in both rmd-1 and rmd-2 compared

Figure 1. RMD controls rice stomatal aperture and influences plant biomass accumulation
(A) GUS staining images. The RMD promoter-driven GUS signal was observed in rice stomatal guard cells (indicated by the yellow arrows). Non-transgenic

wild-type plant was used as negative control. One-week-old rice seedlings were used. Scale bar, 30 μm.

(B) The plant phenotype of two RMD mutant alleles, rmd-1 and rmd-2, grown in a greenhouse for 2 months. Scale bar, 10 cm.

(C) Representative images of stomata with different apertures, observed by scanning electron microscope (SEM). Scale bar, 10 μm.

(D) The percentage of different stomatal aperture types. Two-month-old plants were sampled after 3.5 h light-on under light condition of light/dark 12 h/12 h. 328,

481, and 473 stomata in total were counted for wild type (WT; 4 plants), the mutant rmd-1 (5 plants), and rmd-2 (5 plants), respectively. The data are shown as

mean � SD.

(E) Biomass measurement for different genotypes. The ground-up dry weight of 10 plants for each genotype was measured. The data are shown as mean ± SD.

***p < 0.001 by Tukey’s multiple comparisons test, n = 10 plants.

See also Figure S1.
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to wild type (Figure 1D). This stomatal phenotype, as well as the
plant dwarfed phenotype, was partially rescued by either an
endogenous promoter-driven genomic RMD or a 35S promoter-
driven RMD coding sequence construct (Figures S1D and S1E).
The rmd mutant plants had significantly reduced biomass
compared to wild type (Figures 1B and 1E), perhaps due to
changes in photosynthetic capacity linked to stomatal function.30

Since RMD is an actin-binding protein and regulates actin
properties both in vitro and in vivo,23,31 we speculated that the
stomatal aperture difference in the rmdmutants is due to altered
actin organization. While there are reports on actin organization
in Arabidopsis guard cells,15,32 the actin organization and its cor-
relation with stomatal aperture have not been explored in rice.
We therefore imaged the actin marker 35S::GFP-fABD31,33,34

in transgenic rice stomata. Different from Arabidopsis, the actin
cytoskeleton aligned either obliquely or parallel to the long axis of
the stomatal pore in mature stoma of rice cataphyll (Figure 2A).
To assess potential changes in actin organization in different
stomatal types, we next imaged the actin marker in the three
types described above, i.e., open, partially open, and closed,
based on stomatal aperture (Figure 2A). We employed the auto-
mated graph-based tool GraFT35 to detect, extract, and quantify
the actin cytoskeleton network in guard cells (Figure 2B) to mini-
mize human bias.36 When we compared the median value of
general actin density and network heterogeneity (assortativity),
only minor and statistically insignificant changes were found
among different stomatal groups (Figures S2A and S2B).
Different actin filaments may behave very differently from each
other, where long filaments tend to be parts of rigid bundles
and shorter filaments may be more flexible and exhibit rapid
movement.37 To distinguish the major functional actin filaments
in stomatal aperture regulation, we therefore divided the fila-
ments into short (<2.15 μm), medium (2.15–6.5 μm), and long
(>6.5 μm) groups (Figures 2C–2E, S2C, and S2D). Based on
these groups, we found that long filaments are more bundled
with a lower bendiness ratio (a measure of how bent a filament
is, with 1 denoting a straight line and 0 a closed circle) and pref-
erentially oriented parallel to the main cell axis (Figures 2C and
2D). Filaments of all groups appeared to be more parallel to
the main cell axis in closed stomata but more perpendicular in
open stomata (Figure 2C). The intensity per unit length indicated
reduced actin bundles in open stomata (Figure 2E). Overall, we
therefore conclude that organization of the actin cytoskeleton
correlates with the rice stomatal aperture.
We next assessed actin organization in the rmd mutant, where

we found modest changes in actin density (Figure S2E) and
heterogeneity (Figure S2F) compared to wild type. To put these
changes in the context of filament length, we again classified
the actin filaments into the same length groups as above
(Figures 2F–2H, S2G, and S2H). We observed significant differ-
ences in the bendiness ratio between long filaments in the rmd
mutant and wild-type guard cells (Figure 2G). The higher bendi-
ness ratio in rmd-1 indicates a decrease in actin bundling,
consistent with observations in rice coleoptile.31 As closed sto-
mata typically displayed a higher bendiness ratio of long filaments
(Figure 2D), our actin filament quantification aligns well with our
observation that the rmd-1 mutant contains a higher frequency
of closed stomata (Figure 1D).

RMD localizes to the ER and modifies ER morphology
The two formin homology domains FH1 and FH2 (Figure S1A) of
RMD bind to and bundle actin in in vitro experiments.23 To
corroborate the actin association of the full-length RMD protein
in plant cells, which has not been shown previously, we first
made many attempts to visualize fluorescently tagged RMD in
rice stomata without success. Instead, we used transiently
expressed GFP-RMD in tobacco leaves, in which the GFP-
RMD protein was expressed as an intact protein (Figure S3A).
The GFP-RMD signal displayed both dot-like and filament-like
patterns (Figure 3A), possibly linked to its expression levels
(Figure 3B). These filament-like patterns were reminiscent of
the actin cytoskeleton, and we therefore co-transformed GFP-
RMD with the actin marker mScarlet-fABD.31 We found that
both the dot-like and filament-like GFP-RMD fluorescence
coincided with mScarlet-fABD-labeled filamentous actin (trian-
gles in Figures S3B and S3C). We applied the actin depolymer-
ization drug latrunculin B (LatB) to the tobacco leaf sections to
partially depolymerize actin (Figure S3D). Under such conditions,
GFP-RMD localization patterns were partially maintained, but we
also observed a heterogeneous decrease in filamentous signal
(red triangles) and increased background fluorescence (yellow
triangles; Figures S3E and S3F), either when GFP-RMD was
transformed alone (Figure S3E) or when co-transformed with
mScarlet-fABD (Figure S3F). These results indicate that the actin
cytoskeleton supports GFP-RMD localization.
Interestingly, some of the patterns of singly transformed GFP-

RMD, especially at low expression levels, displayed reticulum-
like patterns (yellow triangles in Figure 3A), reminding us of the
ER. We therefore co-transformed GFP-RMD with the ER lumen
retention signal peptide HDEL-fused red fluorescent protein
dsRed in tobacco leaves. In dual-labeled cells, we found clear
co-localization of the two fluorescent markers (Figures 3C and
3D). Notably, the GFP-RMD levels appeared to drive changes
in the ER network, i.e., the characteristic net-like ER tubules
became stretched and largely linearized in cells with high GFP-
RMD fluorescence (triangles in Figure 3C). This ER morpholog-
ical change was not observed in free GFP-overexpressing cells
(Figure S3G).
The actin cytoskeleton may affect ER morphology,38 which

prompted us to consider whether actin is involved in RMD-
induced changes to ER morphology. When we partially depoly-
merized the actin network with LatB (Figure S3D), the DsRed-
HDEL-labeled ER tubules were fragmented and accumulated
as large clusters (yellow triangles in Figure S4A), also called ER
sheets, which were maintained within the reticular portion of the
ER. The resulting ER mesh was significantly sparser compared
to control cells (red stars in Figure S4A). Increased treatment
time exacerbated these phenomena. Here, the filamentous pat-
terns of the GFP-RMD fluorescence were gradually lost (2-h
LatB treatment; red triangles in Figure S4B) until they resembled
clustered ER sheets (treatment time of 4 h; yellow triangles in
Figure S4B). These results indicate that the actin cytoskeleton
supports ER morphology.
We next asked if the actin-interacting domains formin homol-

ogy 1 and 2 (FH domain) are sufficient for RMD localization and
its role in ER morphology. We therefore expressed the FH
domain (819–1627 AA) of RMD fused to an N-terminal GFP
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Figure 2. RMD lesion causes actin organization defects in rice guard cells
(A) Example images of the actin network in stomata with different apertures observed with eGFP-fABD line. z-stack images were projected by the standard

deviation method. Scale bar, 5 μm.

(B) Actin extraction by GraFT. The extracted actin filaments are indicated with different colors. Scale bar, 5 μm.

(C–E) The actin comparison among different actin length groups in stomata with different apertures. The filament numbers of each dataset from left to right were

1,213, 956, 787, 456, 349, 262, 225, 190, and 152, detected from 55 open, 54 partial, and 52 closed stomata. Dunn’s multiple comparisons tests were performed.

(F–H) Comparison between theWT and rmd-1mutant on actin properties in stomata across grouped actin lengths. The filament numbers of each dataset from left

to right were 1,947, 788, 682, 247, 377, and 169, detected from 105 wild-type stomata and 52 rmd-1 stomata. Two-tailed Mann-Whitney U tests were performed.

(C–H) All boxplots are shown with Tukey whiskers, and 95% confidence was taken for statistical significance tests. ns, p > 0.05; *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001.

See also Figure S2.
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(GFP-RMDFH) in tobacco leaf cells. Here, we observed only
uniform long filamentous fluorescence, while the dotted and
short filamentous signals disappeared (Figure 3E). In contrast
to the full-length RMD construct, GFP-RMDFH did not cause
the ER tubules to stretch (Figure 3F). Furthermore, we observed

significantly reduced co-localization between the ER (DsRed-
HDEL) and GFP-RMDFH compared to GFP-RMD (Figure 3D).
These results indicate that the N-terminal part of RMD, i.e., the
part that does not contain the FH domains, is crucial for RMD
localization and interactions with the ER network.

Figure 3. RMD colocalized with, and modified the morphology of, the endoplasmic reticulum
(A) Transient expression of GFP-RMD in tobacco leaf. The yellow triangles indicate reticulum-like signals. Scale bar, 10 μm.

(B) The correlation between RMD expression level and RMD filament length. The signal intensity (right axis) and filament length (left axis) of GFP-RMD were

measured in 25 ⇥ 25 μm zones from five cells.

(C) RMD expression altered ER morphology. GFP-RMD and the ER marker DsRed-HDEL (ER lumen retention signal HDEL C-terminally fused to red fluorescent

protein DsRed) were transiently co-expressed in tobacco leaf. The triangles indicate the linearized GFP-RMD and stretched ER structure, respectively. Scale bar,

10 μm.

(D) The Manders’ split coefficient analysis between the GFP-RMD/GFP-RMDFH and DsRed-HDEL channels. The GFP-RMD expression was distinguished

into low (dotted/short linear signal) and high (filamentous signal) groups. M1 indicates the proportion of GFP signals colocalized with DsRed signals, while M2

indicates the proportion of DsRed signals colocalized with GFP signals. For each analysis, five co-expressed cells were used. The data are shown as mean ± SD.

(E) The localization of the FH domain of RMD (GFP-RMDFH). The GFP-RMDFH was transiently expressed in tobacco leaf. Scale bar, 10 μm.

(F) Co-transformation of GFP-RMDFH and DsRed-HDEL in tobacco epidermal cells. Note that GFP-RMDFH did not cause any major stretch of ER, as indicated

by the DsRed-HDEL fluorescence. Scale bar, 10 μm.

See also Figures S3 and S4.
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Figure 4. RMD and VAP1 interact at ER and actin filaments
(A) Bimolecular fluorescence complementation (BiFC) experiment between full-length RMD and VAP1. Images were captured 38 h after agroinfiltration in tobacco

leaves using a 20⇥ objective to allow a larger view of the sample. The contrast was adjusted to enhance visibility of weak fluorescence background signals in the

control samples. Scale bar, 100 μm.

(B) Magnification to show the detail of the interacting BiFC signal. The corresponding region is indicated by the white dashed square in (A). Scale bar, 20 μm.

(C) Colocalization of the RMD-VAP1 BiFC signal with ER marker. The three constructs were transiently co-transformed into tobacco leaf. The yellow and cyan

triangles indicate dot-like and filament-like BiFC signals, which colocalized with reticulated ER. Scale bar, 10 μm.

(legend continued on next page)
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RMD interacts with the membrane-tethering protein
VAP1 at the ER and actin cytoskeleton
To explore potential links between RMD, the cytoskeleton,
and the ER, we employed a yeast two-hybrid (Y2H) screen to
identify putative RMD interactors. To address RMD’s function
in ER morphology regulation, we used the N-terminal domain
(1–824 AA) of RMD (nRMD), excluding the FH domain
(Figure S1A), as the bait against a cDNA library from rice
seedlings. In this screen, we identified a VAP, named VAP1
(Os02g0643000). Phylogenetic analysis includes VAP1 in the
plant protein family VAP27,39 with 10 members in the rice
genome (Figure S5A). VAP27 proteins in Arabidopsis are ER
localized, mediating ER interaction with other subcellular
compartments, including the plasma membrane, lipid droplets,
and the actin cytoskeleton.40,41 VAP1 contains a major sperm
protein domain, a coiled-coil domain, and a transmembrane
domain (Figure S5B). Similar to its Arabidopsis homologs,
VAP1 displayed a reticulate and tubular pattern when using
either an N-terminally or a C-terminally fused GFP to the
cDNA in transient tobacco assays (Figure S5C), which coin-
cided with the ER lumen marker DsRed-HDEL (Figures S5D
and S5E; Pearson correlation coefficient of 0.704 ± 0.036 [n =
5 cells]). The deletion of the transmembrane domain of VAP1
resulted in cytosolic localization of the protein (Figure S5F),
indicating that VAP1 is an integral ER membrane protein facing
the cytosol.
To further assess RMD association with VAP1 and ER, we

co-expressed GFP-RMD and mCherry (mCh)-VAP1 in tobacco
leaves. We observed that both the dot-like (yellow triangles)
and linear fluorescent patterns (cyan triangles) of GFP-RMD
co-localized with mCh-VAP1 (Figures S6A and S6B). Similar to
co-expression with the ER marker (Figure 3C), the expression
level of GFP-RMD modified the mCh-VAP1-labeled ER struc-
ture, i.e., highly expressed GFP-RMD stretched reticulate
mCh-VAP1 into linear structures (red triangles in Figure S6A).
Moreover, mCh-VAP1 enhanced GFP-nRMD recruitment to the
ER (Figures S6C and S6D), whereas GFP-RMDFH was not re-
cruited by VAP1 (Figures S6E and S6F), indicating that the ER
association of RMD is achieved via its N-terminal interactions
with VAP1 in planta.
We undertook both Y2H (Figure S7A) and bimolecular fluo-

rescence complementation (BiFC) assays to confirm the inter-
action of RMD with VAP1. For BiFC analysis, we used both
the traditional split YFP fragments in two individual vectors42

and the 2in1 ratio BiFC system.43 In both systems, we observed
stronger YFP fluorescence associated with reticulate struc-

tures in the VAP1+RMD experimental group compared to the
weak fluorescence in the negative control (Figures 4A, 4B,
S7B, and S7C). Closer observations revealed that the YFP
signals occurred as both dot-like (yellow triangle in Figure 4C)
and short linear patterns (cyan triangle in Figure 4C), which
coincided with the DsRed-HDEL marker (Figure 4C; Pearson
correlation coefficient of 0.685 ± 0.156, significantly higher
than randomization test [Figure 4D, n = 6 cells]), indicating
that RMD and VAP1 interact at the ER. As RMD can associate
with actin, we next explored whether the actin cytoskeleton
is associated with the RMD and VAP1 interaction sites. The
VAP1 and RMD BiFC constructs were therefore co-trans-
formed with the actin marker mScarlet-fABD in tobacco
(Figure 4E). We found that the interacting YFP signals were
preferentially distributed along thick and bright actin bundles
(triangles in Figure 4E). Co-localization tests confirmed this
observation (Figure 4F). Our results were further corroborated
by actin depolymerization experiments that led to clustering
of mCh-VAP1 fluorescence (red triangles in Figure 4G) and
a less stretched appearance of the mCh-VAP1 signal when
co-expressed with RMD (red triangles in Figure 4H).

VAP1 is localized to the ER and tonoplasts in rice
stomata
To explore if VAP1 might work together with RMD to regulate
stomatal function in rice, we first explored the expression pattern
of VAP1 using publicly available expression data. VAP1 is ex-
pressed ubiquitously across all rice tissues and at high levels in
leaves, supporting a role of VAP1 here (Figure S8A). To further
analyze VAP1 in the context of leaf development and stomatal
function, we generated an endogenous promoter-driven genomic
VAP1 construct fused with GFP at its C terminus (gVAP1-GFP
hereafter; Figure S8B). We observed clear fluorescent signal in
stomatal guard cells as well as other cell types (Figures S8C–
S8E and S8H). Consistent with our results in transiently expressed
tobacco cells, the gVAP1-GFP displayed typical ER-like reticulate
fluorescent patterns in most rice tissues and cell types, such as
cataphyll pavement cells, coleoptile, root epidermis, and tri-
chomes (Figures S8C). Here, we observed a range of typical
ER-related structures, such as ER sheets (yellow arrows), ER tu-
bules (yellow triangles), and bright fluorescent dots interspersing
the reticulate ER pattern (yellow empty triangles), perhaps signi-
fying ER-plasma membrane contact sites, as reported for the
VAP1 Arabidopsis homolog.39 Colocalization with the transgenic
ER marker line ZmUbi::DsRed-HDEL further confirmed ER locali-
zation (Figure S8D).

(D) The Pearson correlation coefficient analysis between the two channels as shown in (C). The data are shown as mean ± SD. **p < 0.01 by two-tailed Student’s t

test, n = 5 cells.

(E) Colocalization of the RMD-VAP1 BiFC signal with actin marker mScarlet-fABD. The yellow and cyan triangles indicate the colocalizing positions of the BiFC

signal with actin bundles. Scale bar, 10 μm.

(F) The Pearson correlation coefficient analysis between the two channels as shown in (E). The data are shown as mean ± SD. *p < 0.05 by two-tailed Student’s t

test, n = 5 cells.

(G) Actin depolymerization effect on mCh-VAP1-labeled ER in transiently transformed tobacco leaves. Tobacco leaf sections (⇠3 ⇥ 5 mm) were incubated in

liquid 1/2 MS medium containing DMSO (solvent control) or 1 μM actin inhibitor latrunculin B (LatB) for the indicated time. The red triangles indicate the

accumulated ER clusters/sheets. Scale bar, 5 μm.

(H) Actin depolymerization effect on VAP1 co-expressed with GFP-RMD. The red triangles indicate fragmented and non-stretched VAP1 tubules after LatB

treatment. Scale bar, 10 μm.

See also Figures S5–S7.
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Figure 5. VAP1 localizes to both ER and vacuole that coincide with actin filaments in rice guard cells
(A) Colocalization between VAP1 and vacuole in rice guard cell by dual-labeling line gVAP1-GFP mCh-TIP. Two focal planes are shown from a z-stack image

(Video S3). A line of genomic VAP1 sequence, including the promoter region with C-terminally fusedGFP (gVAP1-GFP), was crossed with the red vacuole marker

line ZmUbi::mCherry-OsTIP (mCh-TIP). Cataphyll of seedlings germinated for 5–6 days under light was used for observation. The yellow and cyan triangles

indicate free ER and vacuole-coinciding structures labeled by gVAP1-GFP, respectively, while the red and cyan arrows indicate small and central vacuoles

labeled by mCh-TIP, respectively. Scale bar, 10 μm.

(B) Enlargement of the cyan rectangular region in (A) to show the colocalization between VAP1 and the central vacuole, indicated by cyan triangles. Scale bar, 2 μm.

(C) A single image from a time series (Figure S7C; Video S5) to show the relationship between ER-like gVAP1-eGFP (yellow triangles) and small vacuoles. This

region corresponds to the yellow rectangle in (A). Scale bar, 2 μm.

(D) The coincidence of the ER and actin cytoskeleton at the central vacuole in dual-labeled DsRed-HDEL mNG-fABD lines. Scale bar, 5 μm.

(E) Line plot of yellow dashed line in (D). The vacuole membrane positions are indicated by yellow triangles.

(legend continued on next page)
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Interestingly, we observed a different fluorescent pattern of
gVAP1-GFP in guard cells. In addition to the ER-like fluorescent
patterns, i.e., ER sheets (yellow arrows) and ER tubules (yellow
triangles; Figures S8F and S8I) with variable moving features
(Figures S8G and S8J; Videos S1 and S2), we also observed
tonoplast-like fluorescence, i.e., large membrane-enclosed
compartments (red stars in Figures S8E and S8H). To confirm
possible vacuolar localization, we crossed the gVAP1-GFP line
with the vacuole marker line ZmUbi::mCherry-OsTIP1;1 (mCh-
TIP in short).44 As expected, the gVAP1-GFP and mCh-TIP
fluorescence coincided at the tonoplasts in guard cells (cyan
triangles in Figures 5A and 5B; Video S3), while the ER-like fluo-
rescence did not (yellow triangles in Figure 5C). We also found
that the coinciding gVAP-GFP and mCh-TIP moved together
(cyan triangles in Figures S9A and S9B; Video S4), while the
ER-like fluorescence typically encased the mCh-TIP fluores-
cence at the ends of the guard cells (yellow triangles in
Figures S9C and S9D; Video S5).
Notably, we observed two types of vacuoles in rice cataphyll

guard cells using the mCh-TIP line: (1) large vacuoles occupied
the central part of the guard cells (cyan arrows in Figures 5A
and S9A), whereas (2) smaller bright vacuoles appeared at the
ends of the guard cells (red arrows in Figures 5A and S9A). These
small and bright vacuoles changed their shape and position from
time to time (Figures S9C and S9D; Video S5) and contained
homogeneous mCh-TIP fluorescence in the lumen corroborated
by confocal z-stacks (Figures S10A and S10B; Video S6).
To distinguish the two types of vacuoles, we refer to them as
(1) central vacuoles and (2) small vacuoles, respectively. We
typically observed only one central vacuole and many small
vacuoles in each guard cell. However, only large vacuoles that
occupied most of the guard cell volume with occasional invagi-
nations (yellow arrows in Figure S10C) were observed in coleop-
tile stomata (kidney-like dicot shape), mimicking what has been
reported for Arabidopsis mature stomata using multiple tono-
plast markers.8,12,15,45 Moreover, gVAP1-GFP displayed only
typical ER-like fluorescence patterns in the coleoptile stomata
(Figure S11A). These results may suggest that vacuole organiza-
tion in monocot stomata is distinct from that in dicots and ferns.

The actin cytoskeleton and ER surround the central
vacuole in rice stomata
The ER function in stomatal movement is not well defined, though
ER and tonoplast connections have been sporadically reported in
plant cells.46,47 The dual localization of VAP1 to the ER and vacu-
ole in guard cells prompted us to assess how the vacuole and ER
contribute to stomatal function. Interestingly, VAP1-labeled ER
that surrounded the small vacuoles (yellow and red triangles in
Figures S11B–S11D) also appeared in close vicinity of the central
vacuole (cyan triangles in Figures S11C and S11D) from time to
time (Video S7). Furthermore, the central vacuole was continu-
ously outlined by the DsRed-HDEL ER marker (red triangles in
Figures S11E and S11F), suggesting that the ERmay differentially

engage with the different vacuolar compartments in rice leaf sto-
mata. By contrast, we did not observe a similar coincidence of the
ER and vacuole in coleoptile stomata (Figure S11G). Similar to the
results in tobacco leaves (Figures 4G and 4H), actin depolymer-
ization influenced ER morphology in rice cells, including guard
cells, resulting in sparser ER meshes and ER sheet formation
(red stars and yellow triangles in Figures S12A and S12B). To
investigate whether this actin-mediated regulation of the ER is
involved in stomatal function, we crossed the DsRed-HDEL line
with the actin marker line mNeonGreen (mNG)-fABD.31 In these
lines, we found that the actin cytoskeleton intimately surrounded
the vacuole as shown by DsRed-HDEL ER outlines (Figures 5D
and 5E). Consistently, we observed a similar actin-enclosed cen-
tral vacuole labeled by mCh-TIP (Figures 5F and 5G). We thus
conclude that the actin cytoskeleton aligns with the ER and sur-
rounds the central vacuoles in rice guard cells.

The VAP1-labeled central vacuole is crucial for stomatal
aperture
Changes in vacuole volume determine stomatal movement in
dicot species.6,45 To first investigate how the two vacuole types
behave during stomatal movement in rice leaves, we monitored
the mCh-TIP marker in open and closed stomata. Here, we
observed dynamic alterations of the two vacuolar types. As
shown in Figure 6A, large central vacuoles occupied the central
parts of the dumbbell guard cells when stomata were open (cyan
arrow in left panel). The central vacuole gradually shrank during
stomatal closure (cyan arrows and triangles in Figure 6A). In par-
allel, the small vacuoles (with luminal mCh-TIP signals) con-
tracted and were confined to the two distal ends of the guard
cells (red arrows in Figure 6A). The relative size of the VAP1-
labeled central vacuole area to stomatal length decreased in
the closing stomata (Figures 6B and S12C), indicating that larger
central vacuoles corresponded to increased stomatal aperture.
Particularly, central vacuole (represented by VAP1-GFP) size
measurements revealed a significant decrease in rmd-1 in com-
parison with wild type (Figure 6C).
If VAP1 is important for central vacuole function, disruption

of VAP1 should result in altered stomatal aperture. To test
this hypothesis, we generated knockout mutants of VAPs by
CRISPR-Cas9 technology (Table S1). Neither the single mutant
vap1-1, nor the doublemutant vap1-2vap2-1, nor the triplemutant
vap1-3vap2-2vap3 displayed obvious stomatal aperture defects
under normal conditions (Figures S13A–S13C), probably due to
genetic redundancy of some of the other nine family members
(Figure S5A). To link VAP1 to RMD and stomatal function, we
instead knocked out VAP1 in rmd-1 to generate rmd-1vap1-1
double mutant lines (Figure 6D). The resultant homozygous plants
were obviously shorter than the single mutant lines (Figure 6D).
Moreover, the stomatal aperture of the double mutant was further
reduced compared to the rmd-1 single mutant (Figure 6E).
The introduction of the genomic VAP1-GFP and RMD CDS
complemented the rmd-1vap1-1 phenotype (Figures S13D and

(F) The central vacuole was surrounded by the actin cytoskeleton in guard cell. The vacuole marker line (mCh-TIP) was crossed with themNG-fABD line to obtain

the dual-labeling line. Scale bar, 5 μm.

(G) The line plot of yellow dashed line in (F). The yellow triangles indicate the positions of actin and central vacuole membrane associations.

See also Figures S8–S11.
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S13E). Another independent VAP1 mutation in the rmd-1 back-
ground, rmd-1vap1-2, showed similar results as rmd-1vap1-1
(Figure S13D). In addition, the stomatal aperture of vap1-1 was
more restricted by moderate LatB treatment (50 nM) than in wild
type (Figure S13F). In summary, we hypothesize that VAP1 might
contribute to rice stomatal aperture together with RMD, possibly
through its role in central vacuole size regulation.

RMD functions in light-induced stomatal opening in rice
To explore the physiological role of RMD and VAP1 in the context
of stomatal function, we treated the mutant plants with chemicals
or exposed the plants to different conditions that affect stomatal
movement. Drought hormone abscisic acid (ABA) is commonly
used to induce stomatal closure14,48 and impacts a range of
gas exchange parameters (including stomatal conductance, tran-
spiration rate, and net photosynthesis rate). These parameters
quickly decreased both in the wild-type and rmd-2 mutant upon
ABA application (Figure S14A), indicating that the rmd mutant

responded to ABA-induced stomatal closure in the same way as
wild type. In addition, rmd-2 stomata acted similarly to wild type
in response to both elevated CO2 concentration (Figure S14B)
and different light intensities (Figure S14C).49,50 Given that stoma-
tal closure does not appear to be affected in the rmd mutant, we
instead tested stomatal opening. Once dark-conditioned rice
plantswere exposed to light, stomatal conductance, transpiration,
and photosynthesis efficiency gradually increased in wild type
(Figure7A), indicativeof stomatal opening.However, theseparam-
eters were significantly suppressed in the rmd-2 mutant
(Figure 7A), indicating that RMD facilitates light-induced stomatal
opening.
To investigate whether VAP1 is also involved in light-induced

stomatal opening, we compared the size of the central vacuole
(labeled by gVAP1-GFP) before and after light exposure.
We found that the vacuole size was significantly increased by
light exposure (Figure 7B). However, if the actin cytoskeleton
was depolymerized by LatB before light exposure, the vacuole

Figure 6. VAP1 regulates rice stomatal aperture through its central vacuole association
(A) Association of VAP1 with the central vacuole during stomatal movement. The red and cyan arrows follow the small and central vacuole changes. The cyan

triangles indicate the VAP1-labeled central vacuoles. Scale bar, 10 μm.

(B) Quantification of the VAP1-labeled central vacuole size. The gVAP1-GFP-associated vacuole area was normalized by corresponding stomatal length. 225

stomata were measured and classified into open (n = 92), partial (n = 78), and closed (n = 55) groups according to their opening extent. **p < 0.01, ****p < 0.0001;

ns, p > 0.5 by Tukey’s multiple comparisons test.

(C) Central vacuole sizewas reduced byRMD lesion. The gVAP1-GFP-labeled vacuole areawasmeasured in bothWT and rmd-1mutant background. 73 stomata

from five WT seedlings and 88 stomata from three rmd-1 seedlings were observed. **p < 0.01 by two-tailed Student’s t test.

(D) The plant phenotype of the double mutant rmd-1vap1-1 at heading stage grown in paddy field. Scale bar, 15 cm.

(E) Stomatal aperture type count of different genotypes as shown in (C). 687, 552, and 638 stomata in total from 5 to 6 plants were observed for WT, rmd-1, and

rmd-1vap1-1, respectively. The data are shown as mean � SD.

See also Figures S12 and S13.
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increase was significantly restricted (Figure 7C). These results
indicate that the VAP1-associated central vacuole size is
involved in light-induced stomatal opening, a process modu-
lated by the actin cytoskeleton.
Plants experience diurnal changes, i.e., day and night tran-

sitions. To link the physiological observations above to such
environmental conditions, we analyzed plants for stomatal re-
sponses to diurnal changes. Here, stomatal aperture gradually
increased, peaking after 4 h of light in wild type (under the condi-
tion of 12-h light [9 a.m.–7 p.m.]/12-h dark [7 p.m.– 9 a.m.]), while
stomatal opening was slower in rmd-1, reaching its peak at 6 h
(Figure 7D). Moreover, the stomatal aperture never reached
wild-type levels in rmd-1 at any time of the day (Figure 7D).
Considering the importance of stomatal function in transpiration
and photosynthesis, the reduced stomatal aperture is consistent
with the reduced biomass accumulation in the rmd mutants
(Figure 1E). To sum up, we propose that RMD-mediated changes
to the actin cytoskeleton modulate ER morphology and central
vacuole size, which adjust stomatal opening during the day.

DISCUSSION

In this study, we showed that RMD modified the ER morphology
via cytoskeletal changes, as RMD did not change ER shape
when the FH domains were missing. Another formin protein,
Arabidopsis FH4 (AtFH4), alsomodified the ER shape.51 These re-
sults indicate multiple associations of the ER with the cytoskel-
eton. It is, however, important to note that these experiments
were done by transient expression in the tobacco system inwhich
the protein might be highly expressed, with potential side effects.
The coincidence of ER structures with the central vacuole in

guard cells indicated that the ER network may participate in
stomatal function via the regulation of vacuole function. The ER
morphology and distribution in guard cells can differ in open
and closed stomata of Arabidopsis.52 Direct associations be-
tween the ER and vacuole can offer a fast transition of proteins
and lipids between the organelles, e.g., independent of COPII-
mediated vesicle transport and the Golgi apparatus.46,47,53

VAP proteins, which are conserved ER-tethering proteins

Figure 7. RMD is involved in light-induced stomatal opening in rice
(A) The gas exchange parameters response during dark-light transition. Themeasurements were done after 15-min dark stabilization (time 0min) and every 5min

after 1,500 PAR light supplement. Please refer to the STAR Methods section for detailed treatment procedure. The data are shown as mean ± SD. ns, p > 0.05;

*p < 0.05 and **p < 0.01 by two-tailed Student’s t test. n = 4 for WT and 3 for rmd-2.

(B) The central vacuole size changes due to light treatment. Dark-stabilized cataphyll sections of the gVAP1-eGFP line were exposed to light for 1.5 h. 80 and 66

vacuoles from two seedlings were measured with and without light exposure, respectively. ***p < 0.001 by two-tailed Student’s t test.

(C) Actin’s effect on the VAP1-associated central vacuole area during light response. Dark-stabilized cataphyll sections were treated with 1 μMLatB for 1 h before

exposure to light. 175 and 166 vacuoles from four seedlings were measured with and without LatB application. ****p < 0.0001 by two-tailed Student’s t test.

(D) Stomatal aperture monitoring over daytime. One-month-old seedlings were grown in Percival under light condition of 12-h light/12-h dark (9 a.m.–7 p.m./7

p.m.–9 a.m.). Sampling was done at just before (circadian time [CT] 9) and every 2 h after the light was turned on. 222 to 277 stomata from three seedlings were

counted for each sample. The data are shown as mean � SD.

See also Figure S14.
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facing the cytoplasm, are ideal contact points between the ER
and other membrane-enclosed organelles.54 Within the VAP in-
teractome, many lipids were identified, as well as membrane-
trafficking and cytoskeleton proteins.54 Notably, Dictyostelium
discoideum amoeba VAP, located at the interface of the host
ER and the Legionella-containing vacuole (LCV) membrane,
was responsible for the flux of lipids between these organelles.55

Similarly, AtVAP27-1 interacted with the ER–lipid droplet junc-
tion protein SEIPINs and helped with lipid droplet formation in
Arabidopsis.40 Disruption of SEIPIN2/3 resulted in aberrantly
large lipid droplets and defects in guard cell vacuole morphology
and stomatal function.56

Using mCh-TIP as the tonoplast marker, we found two types of
vacuoles, i.e., small vacuoles and a central vacuole, in a typical
rice guard cell. Based on the morphological changes during
stomatal movement, the different labeling of mCh-TIP, and the
dissimilar association with the ER, we propose that the two vacu-
ole types have different functions in stomatal physiology. Related
observations, i.e., multiple types of vacuole present in a single cell,
have been reported in Arabidopsis.57 For example, storage and
lytic vacuoles can occupy Arabidopsis leaf cells simultaneously.58

Furthermore, the storage vacuole can convert into a lytic vacuole
in embryogenic roots during seed germination.59 The small
vacuoles we observed, with bright homogeneous mCh-TIP fluo-
rescent signal from the vacuole lumen, mimic the storage vacuole
observed in Arabidopsis-germinating seeds and root tips.57 It
would be interesting to study possible inter-conversion between
the two vacuole types in rice stomata and whether such changes
would coincide with stomatal movement.

Limitations of this study
While our live-cell imaging demonstrates a clear association
between the ER and central vacuole in guard cells and indicates
that the actin cytoskeleton impacts ERmorphology, several limita-
tions should be considered. First, although we hypothesize that
RMD might regulate vacuole volume through its role in actin
cytoskeleton organization and ER function, we cannot exclude
the possibility that the actin cytoskeleton directly affects the tono-
plasts through pathways independent of the ER. Second,whilewe
showed that the stomatal defect in rmd-1 restricted stomatal
opening under light, potentially limiting photosynthesis and
growth, this defect is probably not the only cause of the dwarf
phenotypeof the rmdmutants, sinceRMDalsoaffects auxin trans-
portation. One way to investigate this would be to use a stomata-
specific promoter to drive RMD expression in the rmd-1 mutant,
whichwould help to clarify the exact contribution of stomatal func-
tion to overall plant growth. Finally, the findings presented here
may be limited to stomatal function inmonocot crops, since vacu-
ole and ER organization likely differ between rice and Arabidopsis.
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