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Abstract
Plant height and tiller number are two major factors determining plant architecture and yield. However, in rice (Oryza sativa), the regulatory mechanism of plant architecture remains to be elucidated. Here, we reported a recessive rice mutant
presenting dwarf and reduced tillering phenotypes (drt1). Map-based cloning revealed that the phenotypes are caused by a
single point mutation in DRT1, which encodes the Class I formin protein O. sativa formin homolog 13 (OsFH13), binds
with F-actin, and promotes actin polymerization for microfilament organization. DRT1 protein localized on the plasma
membrane (PM) and chloroplast (CP) outer envelope. DRT1 interacted with rice phototropin 2 (OsPHOT2), and the interaction was interrupted in drt1. Upon blue light stimulus, PM localized DRT1 and OsPHOT2 were translocated onto the CP
membrane. Moreover, deficiency of DRT1 reduced OsPHOT2 internalization and OsPHOT2-mediated CP relocation. Our
study suggests that rice formin protein DRT1/OsFH13 is necessary for plant morphology and CP relocation by modulating
the actin-associated cytoskeleton network.
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Formin protein DRT1 affects gross morphology and
chloroplast relocation in rice
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Introduction

Wang et al., 2013). AtFH13 and OsFH5 are essential for the
spatial regulation of pollen tube growth (Li et al., 2018;
Kollarova et al., 2021). Despite recent substantial progress
toward understanding the cellular and molecular functions
of a subset of Arabidopsis and rice formins, it remains a major challenge to explore the other potential physiological
functions in plants, particularly in rice.
Light is essential for photosynthesis and plant growth (Liu
et al., 2019); however, plants frequently get exposed to excess light, which negatively impacts photosynthetic activity
and ultimately hampers plant growth and yield (Nishiyama
and Murata, 2014). Chloroplast (CP) avoidance movement is
evident in high light conditions where CPs move from the
cell surface to the sidewalls of the cell. This movement
reduces the amount of light absorbed, causing less photodamage (Kasahara et al., 2002). Although the phenomenon
is widely observed in various plant species (Wada, 2013;
Suetsugu et al., 2017), previous findings have suggested that
some plants, such as rice, might not exhibit CP movement
upon high light irradiation (Inoue and Shibata, 1973).
However, the investigations performed by Kihara and his
colleagues revealed that all examined Oryza species showed
the blue-light-induced CP movements (Kihara et al., 2020).
Arabidopsis phototropins (AtPHOT1 and AtPHOT2) are crucial in such CP movement, and their trafficking network
plays a role in this response (Jarillo et al., 2001; Kong et al.,
2013; Yang et al., 2019). Recently, the observations by Sakata
et al. in gemma cells of Marchantia polymorpha revealed
that relocation of MpPHOT to the CP periphery is critical
for the initiation of CP movement (Sakata et al., 2019). The
conserved ortholog of PHOTOTROPIN2 (PHOT2) has been
identified as a regulatory element for CP avoidance in cotton (Gossypium hirsutum) and was examined cytoplasmic
motility in the transient expression system upon high blue
light irradiation (Shang et al., 2019). Besides phototropins,
other factors that mediate CP mobility have also recently
been identified. The coiled-coil domain protein CP
UNUSUAL POSITIONING1 is targeted to the CP and bridges
the plasma membrane (PM) with CP actin filaments to regulate CP mobility (Schmidt von Braun and Schleiff, 2008).
Two kinesin-like proteins, KINESIN LIKE PROTEIN FOR
ACTIN BASED CP MOVEMENT 1 and 2 (KAC1 and KAC2),
exhibited actin-binding activity. KAC1 and KAC2-mediated
CP-actin filaments regulate CP relocation (Suetsugu et al.,
2010, 2012). The involvement of the actin cytoskeleton in
CP movement had already been inferred by the effects of
the anti-actin drugs cytochalasin B and D and latrunculin B
(Kong and Wada, 2011). In Arabidopsis, disruption of actin
filaments by Latrunculin B induced aberrant CP aggregation,
suggesting that rapid reorganization of actin filaments contributes to the intracellular positioning of CPs (Kandasamy
and Meagher, 1999). PSTAIRE-type cyclin-dependent kinase
CDKA in the moss Physcomitrium (Physcomitrella) patens
and its homolog in A. thaliana control light-induced tropisms and CP movements by probably influencing the cytoskeleton organization (Bao et al., 2022). Although the
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Plant architecture is a complex trait, controlled by plant
height, tiller number, tiller angle, etc. (Wang and Li, 2008).
Microfilament and microtubule-based cytoskeletal systems
affect the establishment of plant architecture (Wang et al.,
2012) via participating in many cellular processes, including
cell growth and polarity establishment (Xie and Miao, 2021),
cell division (Wang et al., 2012), cytoplasmic streaming
(Wang et al., 2020), organelle movement (Perico and
Sparkes, 2018), and cellular signaling (Lian et al., 2021).
Formins are cytoskeletal regulators with two conserved
formin homologous domains, FH1 (Pro-rich domain) and
FH2 (Goode and Eck, 2007). FH1 domain interacts with the
small protein profilin and other proteins containing SH3
and WWP/WW domains (Cvrckova, 2013). FH2 domain has
the actin-binding site that nucleates actin assembly and
binds to the barded end of the actin filament (Kovar and
Pollard, 2004). Plant formins are multigene families and can
be divided into two major groups: Classes I and II. Most
Class I formins contain a putative N-terminal signal peptide
and a transmembrane domain. There is a GOE domain between the transmembrane domain and the FH1 domain for
some formins. For example, there is a GOE domain in the
Arabidopsis (Arabidopsis thaliana) AtFH4 protein, which can
be connected directly with microtubules (Deeks et al., 2010).
Some Class II formins carry a PTEN (N-terminal phosphatase
and tensin) domain besides the conserved FH1 and FH2
domains (Grunt et al., 2008). Most of the studies focused on
their biochemical characteristics, which have shown that
plant formins have varying activities with respect to actin
nucleation, bundling, severing, and microtubule binding (Fu
et al., 2005). A number of Class I formins, including AtFH1,
AtFH3, AtFH5, and AtFH8, were reported to be microfilament regulators that affect the polarized growth of pollen
tubes or root cells (Ingouff et al., 2005; Michelot et al., 2005;
Yi et al., 2005; Michelot et al., 2006; Xue et al., 2011; Rosero
et al., 2017). Class I formins were also reported as microtubule regulators (Deeks et al., 2010; Rosero et al., 2016;
Cifrova et al., 2020). However, some different functions of
formins were gradually discovered, for example, AtFH1 in
endomembrane reorganization (Oulehlova et al., 2019);
AtFH4 can co-align membranes with actin and microtubule
(Deeks et al., 2005); AtFH6 was reported to be involved in
the isotropic growth of hypertrophied feeding cells via the
reorganization of the actin cytoskeleton (Favery et al., 2004).
Recent studies also found that AtFH6 was gradually
recruited and condensed by remorin upon pattern-triggered
immunity activation in lipid bilayers, consequently increasing
actin nucleation in a time-dependent manner postinfection
(Ma et al., 2021). Rice (Oryza sativa) formin proteins OsFH1
and OsFH15 play a substantial role in root hair elongation
and grain-size regulation, respectively (Huang et al., 2013;
Sun et al., 2017). Unlike most Class I formins, the Class II formins AtFH14, AtFH16, AtFH19, and OsFH5 are primarily involved in plant cell division and plant morphology (Li et al.,
2011; Yang et al., 2011; Zhang et al., 2011; Zheng et al., 2012;
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Results
The drt1 mutant displays pleiotropic phenotypes
To elucidate the molecular mechanism of rice development,
we screened the population of ethyl methanesulfonate
(EMS)-treated Indica variety SH527 to acquire mutants with
altered architecture. Compared with the wild-type (WT)
plant, the gross morphology of the drt1 mutant plant was
substantially changed, including reduced length of shoot,
root, panicle, and grain and decreased tiller number
(Figure 1, A–C and E). The mutant showed a dwarf phenotype in both vegetative and reproductive phases (Figure 1,
A–B). The number of rachis branches and spikelets was reduced compared with the WT plant. The seeds of drt1 were
smaller with irregular shapes and were not well filled
(Figure 1C). To determine whether the dwarfism phenotype
of drt1 was caused by cell division or cell elongation, we
measured the cell length and width of the epidermal cells
from drt1 and WT leaf sheath. As shown in Figure 1D, the
total number of cells in drt1 in the same given region was
increased, indicating that the length of cells in drt1 was
much shorter than that in WT. In contrast, the cells in drt1
were much wider than in WT (Figure 1, D, F, and G).
Measurements of root cells’ size were significantly shorter in
drt1 than in WT (Supplemental Figure S1, A–E). In addition,
the flower filaments were shorter than those of the WT
(Supplemental Figure S1F), and fertility of some pollen grains
was poorer in drt1 than in the WT (Supplemental Figure
S1G). In summary, DRT1 affects multiple developmental
aspects in rice, which suggest an important role of DRT1 in
development.

DRT1 encodes the Class I formin OsFH13
Our further genetic analysis showed that the drt1 phenotype
was controlled by a single recessive nuclear locus
(Supplemental Table S1). Map-based cloning narrowed the
mapping region to a 74.3-Kb DNA segment with 13 open
reading frames (ORFs; Figure 2A). After DNA sequencing of
these ORFs, the drt1 mutation was identified as a C/T missense mutation at 610 bp downstream of the start codon of
gene LOC_Os07g39920, which converted amino acid 204
from proline to serine (refer to as P204S thereafter; Figure 2,
B and C). Sequence comparison revealed that DRT1 had
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been referred to as OsFH13, a Class I formin (Cvrckova
et al., 2004; Grunt et al., 2008). The C-terminus of DRT1
contains two conserved domains, called FH1 and FH2, and
the P204 residue is in the FH1 domain, which is evolutionarily conserved among maize (Zea mays), Brachypodium distachyon, and rice species (Supplemental Figure S2). One
hypothesis is that the effect of the mutation is due to different effects of Pro and Ser on the protein backbone
conformation.
To verify that the phenotype is caused by DRT1, we conducted complementation analysis to introduce the fulllength genomic fragment of DRT1 from WT into drt1
(Figure 2D), and found that all phenotypes of drt1, including
dwarf, small panicle shape, and other agronomic characters,
were rescued in complementation plants (Figure 2E;
Supplemental Table S2). To further verify the deficiency of
DRT1 was responsible for the defective phenotypes, we also
generated two more drt1 alleles using the CRISPR/Cas9
method. drt1-2 and drt1-3 had deleted AT and GA nucleotides in the first exon, respectively (Supplemental Figure S3A).
To determine whether these alterations impaired protein
translation, we produced a DRT1-specific antibody and performed immunoblot analysis with total proteins from drt1-2
and drt1-3. The results revealed that DRT1 protein was depleted in drt1-2 and drt1-3 (Supplemental Figure S3B).
Concordantly, drt1-2 and drt1-3 exhibited more severe developmental defects than drt1, including a greater reduction in
plant height, tiller number (Supplemental Figure S3C;
Supplemental Table S3), and cell length (Supplemental
Figure S3, D–E). We, therefore, concluded that the mutation
in DRT1/OsFH13 was responsible for the drt1 phenotypes.

The expression pattern of DRT1
We examined the transcripts of DRT1 with reverse
transcription-quantitative PCR (RT-qPCR) and found that
gene DRT1 was transcribed in all the five organs tested from
vegetative to reproductive stages. The DRT1 showed maximal expression in leaf among all tested organs followed by
leaf sheath, stem, and root, and low expression in panicle
(Supplemental Figure S4A). We also checked the DRT1 protein abundance with multiple organs by immunoblot analysis. As shown in Supplemental Figure S4B, the content of
DRT1 protein was the highest in leaves, and the accumulation amount was slightly less in leaf sheath and stem, concordant with RT-qPCR results. To further examine the DRT1
expression pattern, the GUS reporter gene driven by the
DRT1 promoter was introduced into WT plant, and the histochemical staining of transgenic plants validated that the
DRT1 was universally expressed. In etiolated seedlings, DRT1
expression was detected in both roots and coleoptiles. In
root apexes, GUS signals were observed in root caps. A
cross-section of the leaves indicated that DRT1 was
expressed in the vascular bundles (Supplemental Figure S4,
C–E) and the mesophyll cells of expanded leaves
(Supplemental Figure S4, F–H).
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complement of photoreceptors and multiple downstream
signaling components have been uncovered, the molecular
mechanism of how actin filaments are involved in phototropin relocation is still obscure.
In this study, we reported the identification of a rice mutant presenting dwarf and reduced tillering phenotypes
(drt1). The drt1 phenotypes are caused by mutated DRT1
encoding a formin protein OsFH13. The deficiency of DRT1
impaired longitudinal actin filament organization. Further
analyses found that DRT1 interacted with OsPHOT2 in CP
relocation, which is affected by excessive light. Thus, DRT1
bridges the actin cytoskeleton and light signal transduction
in rice.
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DRT1 is required for microfilament organization
Considering that DRT1 encodes a putative formin protein
(Figure 2; Supplemental Figure S2), we hypothesized whether
DRT1 affects the organization of the cytoskeleton. We
stained F-actin with Alexa Fluor 488-phalloidin, a dye widely
used for detecting F-actin in pollen grains and root tips
(Zhang et al., 2011). Under the same staining and observation conditions with confocal laser microscopy, the average
fluorescence intensity in WT cells (Figure 3, A and E) was
significantly stronger than in drt1 mutant cells (Figure 3, B,
F, I, and J), indicating that F-actin abundance was reduced
in drt1. Second, in contrast to the precisely organized filaments longitudinally in the cortical cells of the root elongation region of WT (Figure 3C), only a few longitudinal actin
cables were detected in drt1 cells even when the signal detection settings had been improved considerably, and more

transverse filaments were shown in the cells (Figure 3D).
Thirdly, cortical cells in the root elongation zone of drt1
were short in length and had a deformed shape compared
to those in WT (Figure 3, C and D), which may explain the
short phenotype of roots. We found the filaments in root
hair in drt1 mutant displayed scattered and dispersed, rather
than fascicular and linear in the WT (Figure 3, G and H).
Moreover, drt1-2 and drt1-3 showed similar or even more
severe microfilament polymerization and organization
defects than drt1 mutant, such as discontinuous and dispersive actin filaments (Supplemental Figure S5, D and E). More
importantly, all these defects of filament organization in
drt1 were all rescued in complemented plants
(Supplemental Figure S5, A–C). These observations indicate
that DRT1 affects actin organization and filament network
formation in rice.
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Figure 1 Phenotypes of WT and drt1 mutant. A, 20-d-old seedlings of the WT (SH) and drt1. Scale bar = 5 cm. B, Rice plants at heading stage.
Scale bar = 10 cm. C, Panicle rachis and seeds of WT and drt1 plants. Scale bar = 10 cm for panicle, Scale bar = 1 cm for seeds. D, Cells of leaf
sheath from 12-d-old WT and drt1 seedlings. Scale bar = 20 lm. E, Tiller numbers of WT and drt1 mutant at heading stage. F, Cell length of WT
and drt1 mutant. G, Cell width of WT and drt1 mutant. Statistical analysis was performed by t test. Means ± SD were given in (E; n = 20), F
(n = 30), and G (n = 30). **P 5 0.01.

DRT1 affects chloroplast relocation in rice
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DRT1 directly binds to microfilaments and
promotes actin polymerization
Formins have been reported to regulate actin dynamics
(Goode and Eck, 2007; Chang et al., 2021). To test whether
DRT1 presented the actin-binding activity, we performed an
actin-binding assay with purified DRT1. Unfortunately, we
failed to purify the full length of DRT1 after several
attempts. The FH1FH2 fragment of formin was the essentially functional domain in bundling actin filaments (Zhang
et al., 2011; Wang et al., 2013); Thus, we then used the
FH1FH2 fragment to do an actin polymerization assay. We
mixed the GFP-HIS and FH1FH2-GFP-HIS proteins with rabbit muscle actin for in vitro binding assay, followed by protein gel blot analysis. HIS antibody was used to detect the
quality of the purified proteins. As shown in Figure 4A, actin

protein was detected with FH1FH2-GFP-HIS, whereas it was
not in GFP-HIS control, indicating that DRT1 bound to actin
in vitro. To visually detect whether FH1FH2 could bind to
actin filaments, the G-actin (Figure 4, B1–B4) and actin filaments (Figure 4, B5–B8) were incubated with FH1FH2 protein, respectively, and the results revealed that both of them
co-localized with FH1FH2. We further performed the ultraviolet spectrophotometer experiment following the instruction by Ren et al. (1997) to determine whether DRT1 could
regulate actin polymerization. As shown in Figure 4C, after
2 h of polymerization, the microfilaments and actin monomers in the system were stable; the polymerization and depolymerization reached a relatively dynamic balance (blue).
However, with FH1FH2-GFP-His added, the polymerization
was promoted in a concentration-dependent manner (gray
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Figure 2 Map-based cloning of DRT1 gene and complementation of the drt1 mutant. A, DRT1 was mapped primarily to the end of rice chromosome 7 between markers P1 and P2, and then narrowed to a 74.3 Kb region. B, Amplification of relevant DNA fragments and sequence comparison revealed that the drt1 alleles resulted from a single base substitution (C to T) in the first exon of the DRT1 gene. C, Change of amino acid
residue from Pro to Ser at residue 204 in drt1 mutant. D, Confirmation of the transgenic DRT1 construct into drt1 mutant background. The upper
panel indicated materials background confirmed by restriction enzyme (Hpy188I) digestion; the Lower panel indicated the confirmation of transgenic lines. E, Phenotypic complementation of the drt1 mutant by the introduction of the DRT1 gene. Scale bar = 10 cm. SH, wild-type; RE, complementation plant.
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and yellow). Together, these results suggested that DRT1
was involved in actin binding and polymerization.

DRT1 is positioned in the PM and CP membrane
To determine the subcellular localization of DRT1, the
construct pMDC83-35S:: DRT1-GFP was introduced into
rice protoplasts via polyethylene glycol (PEG)-mediated
transformation
and
Nicotiana
benthamiana
by
Agrobacterium tumefaciens-mediated injection. We found
that the free GFP signal was ubiquitously distributed in
cells with the 35S::GFP vector control (Supplemental

Figure S6, C and D). In contrast, the DRT1-GFP fluorescence is observed in the surface of the cells or the cytoplasm (Figure 5, A and B; Supplemental Figure S6, A and
B). Given that DRT1 has a typical transmembrane domain
(Supplemental Figure S2), and the cytoplasmic GFP fluorescence is overlapped with chlorophyll autofluorescence,
we assumed DRT1 protein is located on the PM or CP.
We then isolated proteins from the PM and CP to perform immunoblot with organelle-specific antibodies as a
control to validate that hypothesis. The results showed
that DRT1 appeared both in the PM and CP components
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Figure 3 drt1 mutant defective in actin microfilament networks. A–D, Actin filaments of cells from the root elongation zone of 4-d-old rice seedlings, stained by Alexa Fluor 488-phalloidin. A, WT cells. Scale bar = 10 lm. B, drt1 cells. Scale bar = 10 lm. C, A close-up of the boxed region in
(A). Scale bar = 2 lm. D, A close-up of the boxed region in (B). Red triangles indicate the organization in WT and drt1 mutant. Scale bar = 2 lm. E
and F, F-actin organization in pollen grains of WT and the drt1 mutant. Scale bar = 5 lm. G and H, F-actin organization in root hair of WT and
the drt1 mutant. Scale bar = 10 lm. I, The average fluorescence pixel intensity of WT and drt1 root cells. J, The average pixel intensities in each
pollen grain in the WT and drt1 mutant. Statistical analysis was performed by t test. Means ± SD were given in (I; n = 30) and (J; n = 20).
**P 5 0.01, ***P 5 0.001.

DRT1 affects chloroplast relocation in rice
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(Figure 5C). To further assess the sub-organelle localization of DRT1 within the CP, we separated the thylakoid
membrane, stroma, and envelope fractions using density
gradient ultra-centrifugation, followed by immunoblot
analysis. As shown in Figure 5D, DRT1 was detected in
the Tic110 fraction, a well-established envelope marker,
indicating the localization of DRT1 in the CP envelope.

Protease sensitivity assays were applied to detect the CP
protein position (Kong et al., 2013). While both the inner
envelope protein Tic110 and outer envelope protein Toc75
were resistant to protease, consistent with their deeply embedded positions in the membrane, DRT1 protein was sensitive to the protease thermolysin (Figure 5E), suggesting that
it is peripherally associated with the CP outer envelope.
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Figure 4 In vitro binding and actin polymerization effect of DRT1FH1FH2-GFP-HIS. A, In vitro binding of DRT1FH1FH2-GFP-HIS to actin. GFP-HIS
(lane 1) and DRT1FH1FH2-GFP-HIS (lane 2) were subjected to in vitro binding assay to actin and then analyzed by protein gel blotting using an
anti-Actin antibody. B, 3 lM G-actin incubated with 1 lM DRT1FH1FH2-GFP (1). (2–4) Enlarged view of the three regions marked in (1). The 3lM actin filament incubated with 1 lM DRT1FH1FH2-GFP (5). (6–8) Enlarged view of the three regions marked in (5). Scale bar in (1, 5) =5 lm;
Scale bar in (2, 3, 4, 6, 7, and 8) = 0.2 lm. C, Ultraviolet absorption spectra of actin polymerization. About 4 lmol/L actin only (third curve from
top to bottom); 4 lmol/L actin + 50 nmol/L GFP-HIS (fourth curve from top to bottom); 4 lmol/L actin + 50 nmol/L DRT1FH1FH2-GFP-HIS
(second curve from top to bottom); 4 lmol/L actin + 200 nmol/L DRT1FH1FH2-GFP-HIS (first curve from top to bottom).
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DRT1 physically interacts with OsPHOT2
To further explore the function of DRT1, a yeast two-hybrid
assay was utilized to isolate interactive proteins. OsPHOT2
(LOC_Os04g23890), a blue light receptor, was identified.
Further examination revealed that OsPHOT2 and DRT1
could interact directly and that the DRT1 P204S point mutation in the FH1 domain abolished their interaction
(Figure 6, A and B). The consistent result was acquired by
the firefly luciferase complementation imaging (LCI) assay
(Figure 6C). We tested their interaction using a coimmunoprecipitation approach to determine whether DRT1

interacted with OsPHOT2 in vivo. For this purpose, we transiently co-expressed DRT1 fused with a GFP tag (DRT1-GFP)
and OsPHOT2 fused with HA (OsPHOT2-HA) in N. benthamiana leaves. OsPHOT2-HA was co-immunoprecipitated
when DRT1-GFP was pulled down from leaf extracts with
an anti-GFP antibody and detected with an anti-OsPHOT2
antibody (Figure 6D). To further map the OsPHOT2-DRT1
interaction region, we tried to induce and purify various
truncated proteins of DRT1 and OsPHOT2 to do a pulldown assay (Supplemental Figure S7). The pull-down assay
revealed that the interaction happened between the DRT1
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Figure 5 DRT1 relocates from the PM to the CP membrane. A, DRT1-GFP fusion constructs were transiently expressed in rice protoplasts for subcellular localization analysis. Three patterns of DRT1-GFP signal were observed: at the PM, CPs, and in both locations. Green fluorescence shows
GFP; red fluorescence indicates CP autofluorescence, and yellow fluorescence indicates images merged with the two types of fluorescence. Scale
bar = 2 lm. B, Quantification of cells that contained PM-localized GFP signal, CP (CHL)-localized signal or signal in both locations (BOTH) in rice
protoplasts transfected with 35S::DRT1-GFP. Values are presented as means ± SD (n = 30). C, Subcellular localization of the DRT1 protein by immunoblot analysis. Total protein, PM protein, and CP protein were isolated from WT leaves. Immunoblot analysis was performed by using antibodies against Actin (total protein marker), RbcL (CP marker), H + -ATPase (PM marker), and DRT1. D, Sub-organelle localization of the DRT1
protein in the CP. Intact CPs were isolated from WT leaves and separated into envelope, thylakoid, and stroma fractions. Immunoblot analysis
was performed by using antibodies against D1 (thylakoid marker), RbcL (stroma marker), Tic110 (envelope marker), and DRT1. E, Intact CPs were
isolated from WT leaves and then treated with 0, 100, or 200 lg/mL thermolysin. Immunoblot analysis was performed using antibodies against
Tic110 (an inner envelope protein), Toc75 (an outer envelope protein deeply embedded in the membrane), and DRT1.

DRT1 affects chloroplast relocation in rice
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interacted with the OsPHOT2 LOV2 domain, and the P204
residue of DRT1 is critical for their interaction.

Figure 6 DRT1 physically interacts with OsPHOT2. A and B, Y2H
showing that OsPHOT2 interacts with DRT1FH1FH2 (4) but not
DRT1FH1FH2 (MT; 5). SD-L-T, SD medium without Leu and Trp; SDL-T-H, SD medium without Trp, Leu, and His. pGBKT7 + pGADT7 (1),
pGBKT7-DRT1FH1FH2 + pGADT7 (2) and pGBKT7 + pGADT7OsPHOT2 (3) were used as negative controls. C, LCI assay showing the
interaction between OsPHOT2 and DRT1FH1FH2. LUC image of N.
benthamiana leaves co-infiltrated with Agrobacterium strains containing plasmids. (a) DRT1FH1FH2-LUCN + LOV2-LUCC, (b) DRT11
FH1FH2-LUCN + LUCC, (c) LUCN + LOV2-LUCC, (d) DRT1FH1FH2
(MT)-LUCN + LOV2-LUCC. Scale bar = 1 cm. D, In vivo interaction between OsPHOT2-HA and DRT1-GFP, revealed by the co-immunoprecipitation assay. After immunoprecipitation with anti-GFP (a-GFP),
precipitated proteins were probed with an anti-OsPHOT2 antibody.
E, In vitro pull-down assay of truncated recombinant protein of
FH1FH2 and OsPHOT2. GST was used as a negative control.

FH1 domain and OsPHOT2 LOV2 domain, and the P204S
attenuated its interaction with OsPHOT2 (Figure 6E). These
results suggested that the DRT1 FH1 domain physically

In Arabidopsis, AtPHOT2 mediates stomatal opening, leaf
positioning and flattening, hypocotyl phototropism, and the
CP photorelocation movement (Huala et al., 1997; Kinoshita
et al., 2001). However, the physiological importance of
OsPHOT2 is still obscure. To explore the physiological importance of OsPHOT2 and its functional interaction with
DRT1, we generated Osphot2 mutant in the NIP background
using the CRISPR/Cas9 method, which inserted an additional
“A” nucleotide at the first exon of the OsPHOT2 CDS and
presumably to produce a premature stop codon
(Supplemental Figure S8, A and B). RT-qPCR analysis
revealed that the transcriptional level of OsPHOT2 was significantly decreased in the Osphot2 mutant (Supplemental
Figure S8C). Moreover, an immunoblot assay with a specific
OsPHOT2 antibody found that OsPHOT2 protein was fully
depleted in Osphot2 mutants (Supplemental Figure S8D).
However, unlike drt1, the Osphot2 mutant lacked obvious
developmental defects (Supplemental Figure S8E) and had
only weak pale green leaves phenotype (Supplemental
Figure S8F). That was consistent with the decreased chlorophyll content in the Osphot2 mutant (Supplemental Figure
S8G). We then determined the effect of light intensity on
CP positioning in mesophyll cells using a confocal microscope with 24 h dark-adapted WT and Osphot2 mutant
plants irradiated with a low-fluence light (LL) or highfluence light (HL) white light for 2 h. In cells of dark-adapted
WT and Osphot2 plants, most CPs were positioned at the
bottoms of cells (Supplemental Figure S9A). Upon LL condition, most CPs were observed at the upper sides of mesophyll cells in both WT and Osphot2 (Supplemental Figure
S9A). In contrast, the distribution of Osphot2 CPs was quite
different from that in the WT under the HL condition. In
WT, the CPs were along the anticlinal walls of mesophyll
cells with HL stimulus as a CP avoidance response (Wada,
2013). In contrast, the CPs in Osphot2 mutant still accumulated at the bottom of cells (Supplemental Figure S9A), indicating that the CPs in the mutant cells were less motivated
upon high light stimulation than the WT. Our leaf cross sections assay acquired concordant results with confocal microscope observation (Supplemental Figure S9B). We
performed a leaf transmittance assay to further detect precise distribution patterns of all CPs under different light conditions. In WT, weak blue light (50 lmol/m2/s) induced a
decrease in leaf transmittance, whereas intense blue light
(360 lmol/m2/s) induced an increase in leaf transmittance
substantially as a result of the avoidance response. However,
in the Osphot2 mutant, the avoidance response was severely
impaired, while the CP accumulation response was slightly
affected (Supplemental Figure S9C). These investigations
suggested that rice keeps the canonical OsPHOT2-mediated
CP relocation response.
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disappeared from PM nor appeared on CP with the same
light treatment, even though OsRAC and DRT1 initially
colocalized (Supplemental Figure S10B). Given that DRT1 is
positioned in PM (Figure 5C) and it colocalizes with OsRAC
(Supplemental Figure S10B), we hypothesized that the fluorescence of DRT1-GFP visualized on the margin of the cell is
from PM.
LatB is an actin polymerization inhibitor, which had been
applied to test the stability and/or turnover rate of actin filaments (Qu et al., 2020). We then pretreated protoplasts
with LatB to see whether it affects the DRT1-GFP fluorescence alteration. We found the fluorescence reduction from
the PM and increase on CPs by light stimulus had been
greatly prevented by the LatB treatment (Supplemental
Figure S10A). These data suggested that the diminished

Figure 7 DRT1 regulates the intracellular distribution of OsPHOT2. A, Cells of protoplasts co-transfected with 35S::DRT1-GFP and 35S::OsPHOT2CFP were visualized using a confocal laser scanning microscope after blue light stimulation for 0, 60, and 120 s. Scale bar = 2 lm. B, Transient expression using the DRT1-GFP fusion construct in WT, Osphot2, and drt1 protoplasts (left). GFP fluorescence images were captured with a confocal
laser scanning microscope after blue-light stimulation for 0, 30, and 60 s. Scale bar = 2 lm. Transient expression using the OsPHOT2-GFP fusion
construct in WT, Osphot2, and drt1 protoplasts (right). GFP fluorescence images were captured with a confocal laser scanning microscope after
blue-light stimulation for 0, 30, and 60 s. Scale bar = 2 lm. CHL, CP autofluorescence.
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Arabidopsis PHOT2 is localized in the PM and CP membrane, and the fine-tune regulation of its subcellular position
is crucial for its functions (Ishishita et al., 2020). We next investigated whether OsPHOT2 is an intracellular mobility
protein and whether its mobility is affected by DRT1. First,
we transiently co-expressed DRT1-GFP and OsPHOT2-CFP
fusion constructs in WT protoplasts and found that the fluorescences of DRT1-GFP and OsPHOT2-CFP were initially
close to the margin of the cell. Upon light treatment, they
gradually disappeared and there was an increased signal in
the cytosol (Figure 7A). More importantly, the GFP and CFP
signals overlapped and merged with CP auto-fluorescence
after the 120 s blue light stimulus (Figure 7A). However, the
PM-localized OsRAC protein (Ono et al., 2001) neither
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DRT1 participates in OsPHOT2-mediated CP
relocation
To test whether DRT1 involves OsPHOT2-mediated light response, we first crossed Osphot2 with drt1-2 to produce
Osphot2/drt1-2 double mutant and found the gross morphology of Osphot2/drt1-2 mimicked the drt1-2 mutant
(Figure 8A). For leaf transmittance assay, we irradiated WT,
drt1-2, Osphot2, and Osphot2/drt1-2 leaves with high or low
light. Compared with the substantial impairment in avoidance response of Osphot2 mutant, drt1-2 and Osphot2/drt12 plants were defective in both accumulation and avoidance
responses (Figure 8B). We further analyzed CP photorelocation movement by histosection and confocal microscopy assay with the above four plants and acquired consistent
results with the transmittance assay. The CPs in the drt1-2
and Osphot2/drt1-2 double mutant cells were less motivated
upon light stimulation than Osphot2 (Figure 8C;
Supplemental Figure S12). These results support the possibility that DRT1 and OsPHOT2 work in the same pathway in
mediating light response.

Discussion
DRT1 affects plant architecture
Plant architecture is important for crop yield improvement,
and the process is tightly controlled by complicated developmental and environmental signals (Wang and Li, 2008).
Previous research with QTL mapping and cloning has made
substantial progress in the identification of associated genes,
such as Semi-Dwarf1, Dwarf1, BRASSINOSTEROIDINSENSITIVE1, MONOCULM 1, Tillering and Dwarf 1 and
Ideal Plant Architecture 1, which regulate the plant height
and tiller number (Wang and Li, 2008; Xu et al., 2012; Zhang
et al., 2020). Recently, many plant structural cytoskeletal or
cytoskeleton-associated genes have been identified in regulating plant architecture (Wang et al., 2012); however, the
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detailed molecular mechanism needs to be elucidated. In
this study, we identified a dwarf and reduced tillering mutant drt1, which is determined by the deficiency of Class I
formin OsFH13. Our investigations establish that the Class I
formin can dramatically affect gross morphology in rice
(Figure 1).
Formins have been recognized as actin-nucleating proteins
that control the rate-limiting step of actin polymerization
(Goode and Eck, 2007); however, the biological importance
of formins in plant morphogenesis is relatively less investigated. In Arabidopsis and rice genomes, there are 21 and 16
putative formin genes, respectively, and most of them were
reported to show their roles in the polarized growth of pollen tubes or root cells (Cvrckova et al., 2004). The less impairment on gross morphology for a single formin mutant
happens due to overlapping expression patterns and functional redundancy among the formin isoforms (Zhang et al.,
2011). Until 2011, studies demonstrated that mutation of a
single type II formin (OsFH5) caused pleiotropic defects, including bent uppermost internode, dwarfism, wavy panicle
rachis, and enhanced gravitropic response (Yang et al., 2011;
Zhang et al., 2011). In addition, OsFH5 controls cell growth
through the auxin-actin regulatory loop (Li et al., 2018).
Recently, OsFH5 has been shown to control crown root angle in response to external phosphate and shoot gravitropism (Huang et al., 2018; Song et al., 2019). Another Class II
formin, OsFH3, functions partially redundantly with OsFH5
in rice morphogenesis (Chang et al., 2021). OsFH1 (type I
formin) was found to play a substantial role in root hair
elongation in a growth condition-dependent manner. The
Osfh1 mutant exhibited root hair defects when roots were
grown submerged in the solution, and the mutant produced
normal root hairs in the air (Huang et al., 2013). DRT1/
OsFH13 is a typical Class I formin containing an N-terminal
transmembrane domain (Favery et al., 2004). drt1 and Osfh5
mutant present similar developmental phenotypes, including
dwarf and reduced cell length (Figure 1). Osfh5 has a deficiency in microtubule arrays in root cortical cells and pollen
grains (Zhang et al., 2011). Our data showed that the reduced cell length of drt1 is caused by an impaired microfilament cytoskeleton (Figure 3). However, we could not
exclude the possibility that DRT1 affects cell expansion
through impaired microtubule organization, like Osfh5. In
addition, the Osfh5 mutant had curled flag leaves and
panicles, whereas these deficiencies did not present in drt1.
Therefore, exploring the temporal and spatial expression regulation of all formin genes is necessary, especially DRT1 and
OsFH5 in rice in the near future.

DRT1 is a putative traffic protein from the PM to
the CP membrane
As we mentioned above, plant formins are divided into two
different classes. Class I generally contains a transmembrane
domain. Most of the identified Class I formins are indeed
positioned on PM (Cheung and Wu, 2004; Favery et al.,
2004; Deeks et al., 2010; Huang et al., 2013; Diao et al., 2018).
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DRT1 and OsPHOT2 proteins on the PM were caused by
translocation, with no photobleaching. We then transformed
OsPHOT2-GFP or DRT1-GFP plasmids into WT, drt1, and
Osphot2 protoplasts to observe whether DRT1 deficiency
affects the relocation of OsPHOT2. The free GFP vector was
used as the blank control. We found the GFP fluorescence
from protoplasts expressing free GFP remained ubiquitously
in cells under light stimulation (Supplemental Figure S11A).
In contrast, DRT1-GFP and OsPHOT2-GFP presented a similar mobility feature in WT and Osphot2 (Figure 7B); however, light stimulation failed to induce the shift of
OsPHOT2-GFP signal from the PM to the CP in drt1 protoplasts with the OsPHOT2-GFP (Figure 7B). A similar phenomenon was observed in the drt1-2 mutant (Supplemental
Figure S11B). More importantly, the impairment of
OsPHOT2 shift in a mutant cell under blue light was rescued in represented RE#1 plant in the complementation
analysis (Supplemental Figure S11C). These results indicated
that DRT1 is required for OsPHOT2 internalization upon
blue-light irradiation.
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However, inconsistent results regarding formin localizations
also were reported. For example, as the first cloned Class I
formin in Arabidopsis, AtFH5 was initially found on cell
plate (Ingouff et al., 2005), but the recent results suggested
that it was localized on plasmodesmata (Diao et al., 2018) or
vesicle (Liu et al., 2018); Diao et al. also found, AtFH2,
AtFH9, OsFH8, OsFH11, OsFH15, and OsFH16 were
plasmodesmata-localized (Diao et al., 2018). Additionally, the
AtFH4 was reported to be accumulated within the ER by
transiently transformed N. benthamiana epidermal cells
(Deeks et al., 2010). AtFH1 was found to translocate between PM, plasmodesmata, endosomes, and the tonoplast
(Oulehlova et al., 2019). Here, we demonstrated that the
Class I formin DRT1/OsFH13 binds with the PM (Figure 5).

Moreover, the PM-localized DRT1 seemed to move from the
PM onto the CP outer membrane peripherally upon light
stimulation (Figure 7). This is partly supported by a previous
investigation that OsFH5 is localized on the CP surface
(Zhang et al., 2011). Thus, our study reports that formin
protein can move upon light stimulus. These results suggested that the proper subcellular position of formins might
be affected by the surrounding environment and developmental stages. Of course, it is also possible that other
domains on formin may cooperate with the transmembrane
domain to govern the subcellular localization of formin.
However, it is still unknown whether OsFH5 is also a relocation protein. Therefore, it is interesting to explore whether
other formins also have the relocation feature.
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Figure 8 DRT1 is involved in OsPHOT2-mediated CP relocation. A, Gross morphology of WT, drt1-2, Osphot2, and drt1-2/Osphot2 plants. Scale
bar = 20 cm. B, Transmittance assay to detect the CP relocation response in WT, drt1-2, Osphot2, and Osphot2/drt1-2 plants. Values are presented
as means ± SD (n = 3). D, dark; 50, weak blue light (50 lmol/m2/s); 360, stronger blue light (360 lmol/m2/s). C, Sectioning of fixed WT, drt1-2,
Osphot2, and drt1-2/Osphot2 leaves. All the CPs in the four plants were mainly at the cell bottom after incubating for 24 h in the dark; When under low light, CP in WT and Osphot2 moved to both upper and lower cell surfaces while the CPs in drt1 and the double mutant remained at the
bottom; Most CPs were on both sides of the mesophyll cells under high light in WT, but CPs mostly stay at the bottom in drt1, Osphot2, and double mutant. Scale bar = 10 lm.

DRT1 affects chloroplast relocation in rice

DRT1 is required for OsPHOT2-mediated CP avoidance response
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(Supplemental Figure S13). The mechanisms underlying
DRT1-mediated CP relocation warrant further study and
may ultimately be an informative guide for breeding environmentally adapted high-yield crops.

Materials and methods
Plant materials and growth conditions
Seeds were sown after immersion for 2 d in darkness. The
uniformly germinated seeds were sown in bottomless 96well PCR plates with appropriate spacing in a nutrient solution. Rice (O. sativa) seedlings were grown at 30 C in a
growth chamber under white light at an 50 mmol m–2 s–1
(14 h)/dark (10 h) cycle (Chen et al., 2021). The mutant drt1
was identified from a mutagenized population of rice ssp.
Indica cv. Shuhui 527 (short to SH thereafter) mature seeds
treated with EMS. The mutant stably inherited for multiple
generations was applied for further experiments. Rice plants
were grown in an experimental field at the China National
Rice Research Institute, Hangzhou, under natural conditions.

Map-based cloning
To map the DRT1 locus, the drt1 mutant was crossed to
Nipponbare (Japonica, shortened to NIP). A total of 5,392
individual F2 mutant plants were used for genetic mapping.
To fine-map DRT1, four simple sequence repeat and eight
sequence tag site markers were generated. The DRT1 locus
was delimited to a 74.3-Kb DNA region. The drt1 mutation
was identified by PCR amplifying the DRT1 genomic region
from SH and drt1 mutant plants, followed by sequencing
(Supplemental Table S4). The drt1 mutant is also identified
by restriction enzyme Hpy188I after PCR amplification of
the DRT1 genomic region from SH and drt1 mutant plants
with primers YP4736 and YP4737 (Supplemental Table S4).
PCR products were digested or not with Hpy188I restriction
enzyme at the mutation site for mutant and WT.

Vector construction and mutant creation
The drt1-2 and drt1-3 plants were generated using CRISPR/
Cas9 as described previously (Wang et al., 2017) by the
Biogle Company (Hangzhou, China). The sgRNA of DRT1:
SG5789: 50 -CGAGAGTCCCTAGCGATGTCGGG-30 was selected as the target. The sgRNA was created in the BGK03
vector containing Cas9 and then introduced into
Nipponbare rice calli by Agrobacterium (EHA105)-mediated
transformation. Eight independent lines of SG5789 were
obtained. To examine the function of CRISPR/Cas9 in vivo,
genomic DNA was extracted from transgenic plants and amplified by PCR for sequencing analysis (Supplemental Table
S4) and used for further investigation.
Similarly, the Osphot2 mutant was obtained using the
CRISPR/Cas9 method, and the target sequence is 50 CTGCTCAACTACCGCAAGGA-30 . Ten independent lines
were obtained and were used in further investigation.
Genomic DNA was extracted from transgenic plants and
amplified by PCR for sequencing analysis (Supplemental
Table S4).
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In Arabidopsis, phototropins are associated with the PM in
the dark and relocated in a blue-light-dependent manner
(Sakamoto and Briggs, 2002; Kong et al., 2006). It has also
been reported that modified AtPHOT1, which is permanently bound to the PM, is fully functional in the AtPHOT1mediated physiological response, including CP relocation
(Preuten et al., 2015). Moreover, the internalization of
AtPHOT1 from the PM into the cytoplasm upon light stimulation may occur via clathrin-mediated endocytosis
(Sakamoto and Briggs, 2002; Kaiserli et al., 2009). Recently,
Ishishita et al. revealed that AtPHOT2 localized at the interface between the PM and the CPs is required for the CP
avoidance response and possibly for stomatal opening as
well (Ishishita et al., 2020). In contrast to the studies of phototropins in Arabidopsis, the knowledge about rice phototropins is limited. Here, we demonstrated that OsPHOT2
interacted with DRT1 (Figure 6). Moreover, we found that
DRT1 is required for OsPHOT2 internalization because, in
the drt1 cells, the OsPHOT2 internalization was attenuated
(Figure 7; Supplemental Figure S11). Previously, Kaiserli et al.
revealed that clathrin might function in AtPHOT1 endocytic
recruitment with pharmacological interference and coimmunoprecipitation assay (Kaiserli et al., 2009). Therefore, this
evidence presumed that AtPHOT1 is trafficked through the
endosomal recycling pathway. Similarly, Kong et al. found
that AtPHOT2 accumulated in the so-called “BFA
compartment” in the presence of BFA during the blue light
stimulus, indicating that AtPHOT2 internalized in the endosomal recycling pathway (Kong et al., 2006). In Arabidopsis,
cytoskeleton filament disassembly induced by drugs such as
latrunculin B fully blocks CP relocation (Kandasamy and
Meagher, 1999). Cp-actin filaments likely also play a pivotal
role in CP relocation (Kadota et al., 2009; Suetsugu et al.,
2010). In our study, we find the deficiency of DRT1 impaired
microfilament organization (Figure 3), OsPHOT2 internalization (Figure 7) as well as CP relocation (Figure 8), suggesting
that DRT1 cooperated with OsPHOT2 to regulate CP relocation. The heredity investigation assay further revealed that
the microfilament network established by DRT1 might contribute to OsPHOT2 internalization and OsPHOT2-mediated
CP relocation (Figures 7 and 8). Because OsPHOT2 is a kinase and one putative purpose of OsPHOT2 transporting is
to phosphorylate its substrates on specific subcellular organelles (Kong et al., 2006). An intriguing possibility is that
DRT1 might be a substrate of OsPHOT2, as it has several
potential phosphorylation sites predicted at NetPhos 3.1
Server (http://www.cbs.dtu.dk/services/NetPhos-3.1/; Blom
et al., 2004; Supplemental Figure S2).
Based on the present findings, we propose a model in
which DRT1 regulates plant growth and CP photorelocation
movement. On the one hand, DRT1 affects cell elongation,
branch number, and seed size by altering the cytoskeleton;
On the other hand, DRT1 interacts with OsPHOT2 to comigrate to CP to regulate CP movement under intense light,
so as to reduce the damage caused by strong light
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RNA extraction and RT-qPCR
Total RNA was extracted using TRIZOL reagent (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s
instructions. The first strand of cDNA was synthesized using
PrimeScriptTMRT reagent Kit with gDNA Eraser (TaKaRa,
Shiga, Japan), and RT-qPCR was performed using SYBR
Premix (TaKaRa). The relative expression level of a target
gene was normalized to that of rice ACTIN1
(LOC_Os03g50885). All primers used in RT-qPCR are listed
in Supplemental Table S4.

Histochemical staining for GUS
To construct DRT1p::GUS, the 2,022 bp promoter was amplified by PCR using primer pair pGUS-F and pGUS-R and
inserted into the pCAMBIA1301 vector. The vector was
transformed into NIP rice. Samples were permeabilized in
90% (v/v) acetone for 1 h at –20 C and then washed twice
with 0.01M PBS buffer before keeping in a vacuum for
5 min. And lastly, the samples were incubated with X-gluc at
37 C for 3–5 h. The green tissues were then de-colored with
ethanol. For cross-sections, samples of leaves, roots, and
coleoptiles were fixed in FAA (Formalin-acetic acid-alcohol)
for 24 h at 4 C and cut into 8-lm-thick sections. The GUS
staining images were taken using a Leica Light microscope
(Liu et al., 2016).

Fusion protein purification and antibody
production
The GFP fragment was amplified from pGA3427 (Kim et al.,
2009), digested with EcoRV and BglII, and then inserted into
pET30a to generate a pET30a-GFP vector. The DRT1FH1FH2
and DRT1FH2 fragments were amplified from DRT1 cDNA.
EcoR V and BamH I were used to digest the fragments,
which were then inserted individually into pET30a-GFP expression vectors for protein expression in the Escherichia coli
BL21 (DE3) strain. Similarly, FH1, FH2, and FH1FH2 fragments
were inserted separately into pGEX-6P-1 (glutathione
S-transferase fusion vectors). LOV1, LOV2, and STK fragments were inserted individually into pET30a. Cells containing these vectors separately were grown to an OD600 of 0.6
at 37 C and induced with 0.2 mmol/L Isopropyl b-DThiogalactoside at 22 C overnight. Cultures were collected
by centrifugation and resuspended in binding buffer (40 mM
PBS, pH 7.4). HIS-tagged proteins were purified using a NiNTA His bind resin, and GST-tagged proteins were purified
using a GST-sefinose resin. Protein concentrations were determined using the Bradford reagent (Bio-Rad, Hercules, CA,
USA) and bovine serum albumin (BSA) as a standard
(Zhang et al., 2011).

A polyclonal antibody against DRT1 was raised in the rabbit at Hangzhou HuaAn Biotechnology Co., Ltd. Initial immunization was done with 500 mg of a polypeptide
(RQHRSPPPSSTASC), and subsequent three-boost injections
were done with 250 mg polypeptide for each injection.
Polyclonal antibody against OsPHOT2 was raised in the rabbit at Wuhan Genecreate Biological Engineering Co., Ltd.
The initial immunization was done with 200 mg of purified
LOV1-HIS protein, and 100 mg for subsequent injections.
The antibodies were used at a 1:300 dilution for western
blotting.

Immunoblot experiments
Rice seedlings of the indicated age were harvested and
ground to a fine powder in liquid nitrogen, followed by protein extraction in an extraction buffer containing 50 mM
Tris pH 6.8, 4% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 2mercaptoethanol, 20% (w/v) bromophenol blue, a complete
protease inhibitor (Sigma, St. Louis, MO, USA). Cellular debris was removed by centrifugation, and total protein concentration was quantified by Bradford assay and BSA as a
standard. Proteins were separated by 10% SDS-PAGE and
then transferred to nitrocellulose for immunoblotting experiments. Nitrocellulose membrane was blocked with 3% milk
in TBST (0.8% (w/v) NaCl, 0.02% (w/v) KCl, 0.3% (w/v) Tris,
pH 7.4, 0.05% (v/v) Tween20) for 30 min at room temperature. Excess milk was washed off with TBST. Blots were incubated in primary antibodies overnight at 4 C. Secondary
antibodies were then applied for 1 h at room temperature.
Blots were developed using the ECL solutions (Invitrogen).

Actin binding assay
The in vitro actin binding assay was performed according to
the previously described methods with minor modifications
(Barrero et al., 2002). GFP-HIS and FH1FH2-GFP-HIS
obtained previously were mixed with rabbit monomeric actin (Sigma), followed by absorption using Ni-NTA His bind
beads. After several washes of beads, the eluted protein samples were subjected to the protein gel blot analysis described
above.

Ultraviolet absorption spectra of actin
polymerization
The effects of DRT1FH1FH2 on rabbit muscle actin polymerization in vitro were analyzed by using ultraviolet absorption
spectrum measurement according to Ren et al. (1997). G-actin from rabbit was added to the incubation buffer (PBS,
pH = 7.5, 0.2 mmol/L ATP, 5 mmol/L MgCl2, 0.1 mol/L KCl)
to a concentration of 4 lmol/L and then incubated at 4 C
for 2 h. After incubation, GFP-HIS, FH1FH2-GFP-HIS (50 nm)
and FH1FH2-GFP-HIS (200 nm) were separately added. The
absorption of G-actin solution at 232 nm was measured every 10 s by spectrophotometer for 30 min.

Actin filament binding assay
G-actin and actin filaments (3 lM) were incubated with
1 lM FH1FH2-GFP at room temperature for 1 h, and then
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For complementation analysis of the drt1 mutant, a 10-Kb
genomic fragment was amplified from WT. The PCR
product was cloned into pCAMBIA1301 to generate the
pCAM-DRT1 construct and was verified by sequencing. The
resulting plasmid was transformed into calli derived from
the drt1 mutant using A. tumefaciens strain EHA105. Fifteen
independent lines were obtained.
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GFP fluorescence was observed after excitation using a 488nm laser and detected using the bandpass 505–530 nm
emission filter setting. CFP was observed after excitation using a 436-nm and detected using the bandpass 470-495 nm
emission filter setting. RFP was observed after excitation using a 561-nm and detected using the bandpass 605–630 nm
emission filter setting. For LatB treatment, the protoplasts
were treated with 100 nM LatB for 30 min before detection
(Qu et al., 2020). All images were analyzed with ImageJ
software.

Fluorescence microscopy of actin filaments and Factin quantification

CP and CP subfraction isolation

For observation of actin filaments, SH and drt1 rice grains
were germinated in a culture dish with distilled water for 4
d in darkness at 37 C. To avoid F-actin disruption in root
hairs, the whole seedlings were fixed and vacuum-infiltrated
for the first 5 min in a freshly prepared solution of 4% (w/v)
paraformaldehyde in PEM buffer (100 mM PIPES, 10 mM
EGTA, 0.3 M mannitol, 5 mM Mg2SO4, pH = 6.9), and then
maintained for 1 h at 4 C. After three washes with PEM
buffer, root hairs about 5 mm long were cut and incubated
in 60 lL of 5 lM Alexa Fluor 488-Phalloidin in PEM buffer,
then kept in the dark for 2 h at room temperature. After
three PEM washes, the samples were observed in 50% (v/v)
glycerol using a Zeiss LSM710 confocal laser scanning microscope. GFP fluorescence was observed after excitation using
a 488-nm laser and detected using the bandpass 505–
530 nm emission filter setting. F-actin was stained using the
glycerol method to label pollen grains and cells in the elongation zone. Briefly, roots from 7-d-old seedlings and fresh
mature pollen grains were incubated directly in PEM buffer
containing 2% (v/v) glycerol and 5 lM Alexa Fluor 488Phalloidin for 2 h, and then observed in 50% (v/v) glycerol
after three washes. All images were analyzed with ImageJ
software (Ye et al., 2009). The average pixel fluorescence intensity was obtained with ImageJ, then was plotted and analyzed in Microsoft Office Excel. Ten images for WT and drt1
each were observed (Sun et al., 2017).

Subcellular localization
The coding sequences of DRT1 and OsPHOT2 were amplified
by PCR and separately inserted into the pENTR/D-Topo donor vector using Gateway expression vector pGWB405 and
pGWB541 (Nakagawa et al., 2007). The constructs were
transiently expressed in protoplasts from SH cell suspensions
by PEG-mediated transformation as described previously
(Chen et al., 2016). For N. benthamiana, the recombinant
vector and the control vector p35S-GFP were transformed
into Agrobacterium (GV3101), which were injected into the
N. benthamiana leaves. The leaves were then incubated in
the darkness for 2–3 d and in weak light for 6 h. Pieces were
cut and removed from some of the affected leaves and were
used to prepare slides (Wang et al., 2019).
For the light-dependent dissociation experiment, the protoplasts were kept in darkness before detection using a confocal laser scanning microscope (LSM 710, Zeiss, Germany).

Intact CPs were isolated and resuspended from 4-week-old
SH seedlings as described previously (Kong et al., 2013). The
resuspended CPs were used for CP subfraction isolation as
described previously (Chen et al., 2016). To determine the
DRT1 localization in CPs, immunoblot analysis was performed with isolated CPs treated with thermolysin (100 and
200 lg/mL) for 20 min on ice.

Yeast two-hybrid assay
The binding domain and activation domain plasmids containing the DRT1 and OsPHOT2 sequences were constructed by subcloning the coding sequences into the
pGBKT7 and pGADT7 vectors. The bait and prey plasmids
were transformed into the yeast strain AH109. To analyze
protein interaction, yeast colonies were patched in duplicate
onto SD-T-L, and SD-T-L-H plates, then incubated at 30 C
for 2–3 d.

LCI assay
The coding sequences of DRT1FH1FH2 and OsPHOT2 were
amplified and cloned into the pCAMBIA1300-nLUC and
pCAMBIA1300-cLUC vectors, respectively. Agrobacterium
tumefaciens (GV3101) bacteria containing the constructs
were grown in the YEB medium at 28 C overnight, pelleted,
and resuspended to OD600 = 0.3 in the induction medium.
The culture was grown in an induction medium for 8–12 h.
The bacteria were washed once with MS medium containing 10 mM MES, pH 5.6, and resuspended in Murashige and
Skoog (MS)-MES medium containing 150 lM acetosyringone
to a final concentration of OD600 = 0.5. The bacterial suspension was mixed and infiltrated into N. benthamiana
leaves, which were subsequently covered with plastic for 2 d
and recovered to light for 16 h. A low-light cooled CCD imaging apparatus (ROPER CA2048B; ROPER Scientific) was
used to capture the LUC images (Chen et al., 2008).

Co-immunoprecipitation assay
The co-immunoprecipitation assay was performed according
to previously described methods (Moffett et al., 2002). Fulllength DRT1 and OsPHOT2 were amplified and inserted into
pGWB405 and pGWB414 vectors, respectively. The resulting
transient expression constructs were transformed into
GV3101, and Agroinfiltrations were performed as described
above. After incubation for 2 d, proteins were extracted with
extraction buffer [25 mM Tris–HCl, pH 7.5, 1 mM EDTA,
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labeled with 3 lM Alexa Fluor 561-phalloidin (Invitrogen).
Actin filaments were subsequently diluted to a final concentration of 10 nM in fluorescence buffer (10 mM imidazole,
pH 7.0, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 100 mM
DTT, 100 lg/mL glucoxidase, 15 mg/mL glucose, 20 lg/mL
catalase and 0.5% (w/v) methylcellulose), modified from a
previous study. The diluted samples were visualized using a
Zeiss inverted fluorescence microscope (Axio Observer Z1)
with a Zeiss plan-Apochromat 100x oil immersion objective
(NA = 1.4; Tian et al., 2015).
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150 mM NaCl, 10% glycerol, 5 mM dithiothreitol] in the
presence of protease inhibitor cocktail (Sigma). Their interaction was detected by an anti-OsPHOT2 antibody.
For the pull-down assay, roughly equal amounts of purified
GST, GST-FH1, GST-FH2, GST-FH1FH2, and GST-FH1FH2
(MT) fusion proteins were affixed to GST-sefinose resin and
then incubated with LOV1-HIS, LOV2-HIS, or STK-HIS fusion
proteins separately at 4 C for 1 h. The bound proteins were
used for immunoblotting analysis using anti-His and antiGST antibodies.

Analysis of CP movement
Red-light transmittances were measured using an
ultraviolet-visible spectrometer according to a previously described protocol (Wen et al., 2012). Briefly, 8-week-old seedlings cultured in nutrient solution were dark-adapted for
about 3 d. The blade was punched into small discs, followed
by pouring 300 lL of 0.5% (w/v) gellan gum melted in 1/2
MS medium into each well of the 96-well enzyme label
plates. The discs were placed adaxial side up at the center
of the well. A transparent film was used to cover a hole on
each well. After keeping in the dark for 3 h, the transmittance changes were recorded under the different light conditions of red light (660 nm) every 2 or 5 min. We used weak
blue light (50 lmol/m2/s, 75 min) to measure the CP accumulation response (Ac) and stronger blue light (360 lmol/
m2/s, 215 min) for the avoidance response (Av). A blue
light-emitting diode illuminator (RBIRWG150; JIUPO) was
used to generate blue light. For confocal microscopy, 2week-old seedlings cultured in nutrient solution were darkadapted for about 24 h and then irradiated with white light
at 50 or 300 mmol/m2/s for 2 h. Leaves of dark-adapted and
white light-treated plants were cut and fixed with 2.5% glutaraldehyde. Specimens were observed and photographed
using the spontaneous fluorescence of CPs under a microscope at 568 nm, as described by Wada (2013). For cross
sections, 2-week-old seedlings cultured in nutrient solution
were dark-adapted for about 24 h, and then irradiated with
blue light at 50 or 300 mmol/m2/s for 2 h. Leaves of darkadapted and blue light-treated plants were cut and fixed
with 2.5% glutaraldehyde in fixation buffer (20 mM PIPES,
5 mM MgCl2, 5 mM EGTA, 0.5 mM phenylmethylsulfonyl
fluoride, 1% dimethyl sulfoxide, pH 7.0). Then embedded in
Spur’s resin and sectioned using a Reichert ultramicrotome.
The sections were stained with toluidine blue. Specimens
were observed and photographed under a microscope.

PM protein and organelle protein fractionation
PM protein and organelle protein fractionation were performed according to previously described methods (Shen
et al., 2017). They were extracted by a Minute PM Protein
Isolation Kit for Plants (Invent Biotechnologies).
Immunoblot analysis was performed using antibodies against
Actin (total protein marker), RbcL (chloroplast marker), H + ATPase (plasma membrane marker), OsPHOT2, and DRT1.

Sequences analysis
Sequences of DAA63388 (Z. mays), XP_003560022 (B. distachyon), and DRT1 were aligned by using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) and then the
Multiple-Alignment file was shaded by ExPASy (https://emb
net.vital-it.ch/software/BOX_form.html). The physicochemical properties and posttranslational modifications, such as
phosphorylation sites, were predicted at ExPASy Protein
(www.expasy.org).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
DRT1, LOC_Os07g39920; OsPHOT2, LOC_Os04g23890;
OsRAC, LOC_Os01g12900; Actin, LOC_Os03g50885.
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