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Intrinsically disordered proteins function as flexible stress modulators in vivo through largely unknown mechanisms. Here, we
elucidated the mechanistic role of an intrinsically disordered protein, REPETITIVE PRO-RICH PROTEIN (RePRP), in regulating
rice (Oryza sativa) root growth under water deficit. With nearly 40% Pro, RePRP is induced by water deficit and abscisic acid
(ABA) in the root elongation zone. RePRP is sufficient and necessary for repression of root development by water deficit or ABA.
We showed that RePRP interacts with the highly ordered cytoskeleton components actin and tubulin both in vivo and in vitro.
Binding of RePRP reduces the abundance of actin filaments, thus diminishing noncellulosic polysaccharide transport to the cell wall
and increasing the enzyme activity of Suc synthase. RePRP also reorients the microtubule network, which leads to disordered
cellulose microfibril organization in the cell wall. The cell wall modification suppresses root cell elongation, thereby generating
short roots, whereas increased Suc synthase activity triggers starch accumulation in “heavy” roots. Intrinsically disordered proteins
control cell elongation and carbon reserves via an order-by-disorder mechanism, regulating the highly ordered cytoskeleton for
development of “short-but-heavy” roots as an adaptive response to water deficit in rice.

Intrinsically disordered proteins lack a defined three-
dimensional structure but often contain a simple amino
acid composition with repeated sequences that provide
the basis for multivalent intermolecular interactions
(Uversky, 2016). With their unique structural flexibility,
conformational adaptability, and ability to react quickly
in response to changing environments, intrinsically
disordered proteins are often functional as hubs of
protein-protein interaction networks in response to

environmental stresses (Uversky, 2011). Recently, the
crucial role of intrinsically disordered proteins in
stress-triggered phase transition has been addressed
(Ruff et al., 2018). As highlighted cases, tardigrade
disordered proteins are essential for their high level
of desiccation tolerance (Boothby et al., 2017), and
disordered LATE EMBRYOGENESIS ABUNDANT
(LEA) proteins often accumulate under dehydration
and osmotic stresses in plants (Giarola et al., 2017).

Water deficit, caused by global climate changes and
increasing world population, has been the most severe
environmental stress to crop plants, affecting agricul-
tural productivity and food security (Hu and Xiong,
2014). Water deficit triggers plants to produce abscisic
acid (ABA), which orchestrates stress-specific responses
and stress tolerance (Bray, 1997). The hormone ABA is
also involved in seed dormancy and desiccation toler-
ance during seed development (Finkelstein et al., 2002).
As a staple food feeding more than half of world pop-
ulations, rice (Oryza sativa) requires two to three times
more water than other dryland cereals do; hence, im-
proving the adaptation of rice towater-deficit conditions
is critical (Kadam et al., 2017). Because the root is one of
the organs perceiving water deficit, it is essential to un-
derstand the biological mechanism regulating rice root
growth under water deficit (Rellán-Álvarez et al., 2016;
Buckley, 2019).

As a physical barrier surrounding every plant cell,
the cell wall is inherently involved in regulating cell
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expansion (Bashline et al., 2014). The cell wall is com-
posed of cellulose, noncellulosic wall polysaccharide
polymers such as hemicellulose and pectin, and a small
amount of protein (Bashline et al., 2014). The complexity
of the cell wall is partially controlled by the dynamic
intracellular cytoskeleton (Szymanski and Cosgrove,
2009; Bashline et al., 2014). Microtubules guide
the orientation of cellulose synthase complexes at
the plasma membrane (Paredez et al., 2006; Crowell
et al., 2009). Noncellulosic polysaccharides are as-
sembled within the Golgi, secreted and transported
through Golgi-derived vesicles, and associated with
newly synthesized cellulose microfibrils in the cell
wall (Driouich et al., 1993). The transport of Golgi-
derived vesicles containing hemicellulose and pectin
is highly controlled by actin filaments (Baluska et al.,
2002; Kim et al., 2005).
In animal cells, microcompartmentation of glycolytic

enzymes with actin filaments generates metabolic
channeling to favor the maximal reaction rates of
carbohydrate metabolism (al-Habori, 1995; Real-Hohn
et al., 2010). In plants, several enzymes involved in
carbohydrate metabolism have been reported to inter-
act with cytoskeleton proteins (Chuong et al., 2004;
Balasubramanian et al., 2007; Garagounis et al., 2017).
Among them, Suc synthase (SUS) has been shown to
bind actin filaments both in vivo and in vitro (Winter
et al., 1998; Duncan and Huber, 2007), but the func-
tional significance of such binding has not been deter-
mined. SUS catalyzes the reversible conversion of Suc
to/fromNDP-Glc and Fru, playing an important role in
conserving the energy in the nucleotide sugar products,
which in turn are precursors for the synthesis of cellulose
or starch (Winter andHuber, 2000; Koch, 2004). SUS exists
ubiquitously in plants and is particularly active in plant
sink tissues, such as roots, developing seeds, young
leaves, or tubers (Winter and Huber, 2000; Koch, 2004).
Because of the versatility of intrinsically disordered

proteins, they are relevant for plant adaptation and
survival under changing environments (Covarrubias
et al., 2017). A case in point is the LEA proteins,
which are involved in water deficit responses (Candat
et al., 2014). However, because of technical and exper-
imental barriers, and lacking an in vivo mechanism and
interaction evidence, research regarding intrinsically
disordered proteins is limited to in vitro analyses
(Covarrubias et al., 2017). Prorich repeats/proteins of-
ten provide intrinsically disordered states and serve as
environmental modulators (Reiersen and Rees, 2001).
One superfamily of plant cell wall proteins, the
Hyp-rich glycoproteins (HRGPs), which are Prorich
and contain repeated sequence motifs and extensive
glycosylation, have been implicated in many bio-
logical functions in plants (Johnson et al., 2017). Both
Prorich proteins and HRGPs are considered to be in-
volved in the responses of plants to environmental
factors (Sugimoto‐Shirasu et al., 2004).
We have characterized an intrinsically disordered pro-

tein, rice REPETITIVE PRO-RICH PROTEIN (OsRePRP),
with extremely high Pro content (;40%), that is distinct

from the classical HRGPs (Tseng et al., 2013). OsRePRP
and its homologs are only identified in monocotyle-
donous plants that have an adventitious root system
(Tseng et al., 2013), whereas most of the other Prorich
proteins with less Pro content than OsRePRP and
different structural motifs are found in the dicotyle-
donous plants with a tap root system (Johnson et al.,
2017). All four genes (OsRePRP1.1, OsRePRP1.2,
OsRePRP2.1, and OsRePRP2.2) in the OsRePRP family
are upregulated in roots by ABA, salinity, and water
deficit (Tseng et al., 2013). OsRePRP2-overexpressing
(OsRePRP2-OX) transgenic rice featured a short root
and reduced cell length phenotype, resembling the re-
pressed root growth with water deficit or ABA in wild-
type rice (Tseng et al., 2013). Conversely, knockdown of
both OsRePRP1.1 and OsRePRP2.1 in OsRePRP RNA-
interference (OsRePRP-Ri) transgenic rice reduced the
repression effect on root growth, which indicates that
OsRePRPs play a necessary and sufficient role in water
deficit- or ABA-regulated root development (Tseng
et al., 2013).
Here we report that OsRePRPs interact with the cyto-

skeleton components actin and tubulin specifically, which
leads to a major reorientation of cellulose microfibrils in
the cell wall to inhibit the elongation of root cells but
promote more starch accumulation in the “short-but-
heavy” roots. Our results demonstrate a novel role of an
ABA/stress-induced intrinsically disordered protein in
regulating plant root growth under water deficit.

RESULTS

Recombinant OsRePRPs Bind to Actin and Tubulin
In Vitro

OsRePRP protein sequences are rich in the amino
acid Pro, which makes up ;40% of the total protein.
When OsRePRP sequences were assessed using four
different Predictor Of Natural Disordered Regions
predictors, VSL2, VL3, VL-XT, and XL1-XT (Xue et al.,
2010), both OsRePRP1.1 and OsRePRP2.1 showed high
disorder scores (.0.5) among the major protein se-
quences (Supplemental Fig. S1, A and B). The internal
duplication pattern was also observed in the repeti-
tive regions of both OsRePRP1.1 and OsRePRP2.1
(Supplemental Fig. S1, C and D). Segmental repeat or-
ganization of OsRePRPs includes main repeat regions
and nonrepeat regions near the termini (Supplemental
Fig. S2). Using RADAR software, we dissected the
repeat regions of OsRePRP1.1 and OsRePRP2.1 into
several superrepeat segments (Fig. 1A; Supplemental
Fig. S3A). In OsRePRP1.1, the segments are mainly
composed of PEPK repeats, whereas in OsRePRP2.1,
they are PQPN/PDPK repeats (Fig. 1A; Supplemental
Fig. S3A). The PEPKmotifs are very similar to the actin-
binding PEVK repeats in animal titin, which controls
the passive elasticity of the sarcomere in striatedmuscle
cells (Gutierrez-Cruz et al., 2001). The architecture,
composed of single repeats, super repeats, and nonrepeat
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Figure 1. In vitro interactions of rOsRePRP2.1 and actin/tubulin. A, Segmental repeat organization of OsRePRP2.1. The diagram
shows the full-length amino acid sequences analyzed by RADAR (http://www.ebi.ac.uk/Tools/pfa/radar/). The repeat modules of
OsRePRP2.1 are represented as blue and pink blocks and the nonrepeat regions as white blocks. The percentages of each amino
acid in the sequences are distinguished by color and letter codes: red for 100%, green for.75%, blue for.67%, black for.50%
and a dash for nonconsensus amino acids. B, Binding affinity of rOsRePRP2.1 with actin/tubulin. In vitro binding assays were
conducted with MST, and the binding affinity is indicated by Kd. Asterisks indicate the binding affinity with synthetic peptides. C
to F, Binding isotherms for rOsRePRP2.160–179 (C and D) and synthetic peptides OsRePRP2.160–87 (E and F) to rabbit muscle actin
(C and E) and porcine brain tubulin (D and F). Rabbit muscle actin and porcine brain tubulin were fluorescently labeled with
AlexaFluor 647 and kept at a constant concentration of 1.2 to 1.5 nM. The binding of OsRePRP2.1 alone to actin and tubulin is
represented as blue and green curves, respectively, and the binding of OsRePRP2.1 in the presence of AG is represented as pink-
dashed curves. Solid circles indicate rOsRePRP2.160–179 alone (C andD) and synthetic peptidesOsRePRP2.160–87 alone (E and F).
Open triangles represent rOsRePRP2.160–179 (C and D) and OsRePRP2.160–87 (E and F) in the presence of 250 mM AG. Solid
squares indicate rOsRePRP2.160–179 and synthetic peptides OsRePRP2.160–87 in the presence of 25 mM porcine brain tubulin (C
and E) or 57.5 mM rabbit muscle actin (D and F). Data are means6 SD of three technical repeats. G-actin and ab-tubulin dimers
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regions, bears a remarkable resemblance to nebulin
(Wang et al., 1996), a muscle actin thin filament “ruler.”
Therefore, we expressed recombinant OsRePRPs
(rOsRePRPs) and their serial segments in Pichia pastoris
and Escherichia coli to test the binding of actin and tu-
bulin using microscale thermophoresis (MST) tech-
nology (Wienken et al., 2010) and determine the
equilibrium dissociation constant (Kd).
MST assays showed that rOsRePRP1.1 and rOs-

RePRP2.1 as well as their serial segmental recombi-
nant proteins/peptides bound to rabbit muscle actin
and porcine brain tubulin with various Kd (Fig. 1B;
Supplemental Fig. S3B). Recombinant OsRePRP2.1
bound to actin with Kd 1.41 mM and to tubulin with Kd
4.32 mM (Fig. 1B), whereas rOsRePRP1.1 bound to
actin with Kd 1.72 mM and to tubulin with Kd 6.54 mM

(Supplemental Fig. S3B). The Kd of serial segmental
rOsRePRP2.1 binding to actin/tubulin ranged from
0.174 to 4.56 mM and the synthetic one-superrepeat
peptides of OsRePRP2.1 bound to actin and tubu-
lin from 0.763 to 1.71 mM (Fig. 1B, asterisks). The Kd of
serial segmental rOsRePRP1.1 binding to actin/tubulin
ranged from 0.296 to 24.8 mM (Supplemental Fig. S3B).
Consistent with our previous report (Tseng et al., 2013),
rOsRePRP1.1 and rOsRePRP2.1 interacted with arabi-
nogalactan (AG) at Kd 52.1 and 74 mM, respectively, but
not with Suc (Supplemental Fig. S3, C and D). As con-
trol experiments, no binding was observed between the
negative bovine serum albumin (BSA) control and
rOsRePRP1.1 or rOsRePRP2.1 (Supplemental Fig. S3, E
and F). We also tested two other recombinant plant
proteins: recombinant RICE BIG GRAIN1 (rOsRBG1)
and one intrinsically disordered LEA protein from
barley, rHvHAV1. Neither showed binding to actin/
tubulin (Supplemental Fig. S3, G and H). The results
obtained from the control experiments suggested that
the binding of OsRePRPs to actin and tubulin is not due
to nonspecific interactions.
We used competition binding assays to verify seg-

mental rOsRePRP2.160–179 binding to AG, actin, and tu-
bulin (Fig. 1, C and D). Recombinant OsRePRP2.160–179
was first mixed with AG to measure the binding of
rOsRePRP2.160–179 to actin and tubulin. In the presence
of 250 mM AG, rOsRePRP2.160–179 retained the binding
affinity to actin and tubulin, with Kd 0.663 and 0.509 mM,
respectively (Fig. 1, C and D, pink-dashed curves). Thus,
the binding of rOsRePRP2.160–179 to actin and tubulin is
independent of its binding to AG in vitro. To further
verify the correlation between actin and tubulin binding,
rOsRePRP2.160–179 was mixed with tubulin to measure
the binding of rOsRePRP2.160–179 to actin and vice versa
(Fig. 1, C and D). In the presence of 25 mM tubulin,
binding of rOsRePRP2.160–179 to actin was greatly
reduced (Fig. 1C, solid squares), and in the presence of
57.5 mM actin, binding of rOsRePRP2.160–179 to tubulin

was barely detectable (Fig. 1D, solid squares). There-
fore, actin and tubulin competed with each other for
binding to rOsRePRP2.160–179. Similar competition be-
tween actin and tubulin was observed in the binding of
the one-superrepeat peptide OsRePRP2.160–87, and AG
did not seem to affect the peptide OsRePRP2.160–87
binding to actin or tubulin much (Fig. 1, E and F).
To confirm the binding of rOsRePRP to actin filaments

(F-actin) and microtubules, we used high-speed cosedi-
mentation assays with mixtures of rOsRePRP2.160–179
and F-actin and microtubules polymerized to a steady
state (Supplemental Fig. S3, I and J). High-speed cen-
trifugation separated F-actin and microtubules in the
pellet from G-actin and ab-tubulin dimers in the su-
pernatant. Besides binding to G-actin and ab-tubulin
dimers (Fig. 1, B–D), rOsRePRP2.160–179 also bound to
F-actin andmicrotubules (Supplemental Fig. S3, I and J).

Colocalization of OsRePRP2 and Cytoskeleton Markers in
Rice Protoplasts

The MST binding assays suggested that OsRePRPs
interact with the cytoskeleton proteins actin and tubu-
lin in vitro (Fig. 1; Supplemental Fig. S3), so we further
investigated whether OsRePRP2 interacts with the cy-
toskeleton proteins in vivo using the rice root proto-
plast transient-expression system. LifeAct has been
reported to bind eukaryotic actin filaments (Riedl et al.,
2008) and to be useful for studying the actin cytoskel-
eton in a wide range of plant lineages (Era et al., 2009).
A microtubule reporter gene created by fusing the mi-
crotubule binding domain (MBD) of the mammalian
microtubule-associated protein4 (MAP4) gene with the
GFP gene could be used to visualize microtubule ori-
entation in plants (Marc et al., 1998). Hence, we con-
structed the cytoskeleton marker LifeAct fused with
C-terminal GFP (LifeAct-GFP) and MBD fused with
N-terminal GFP (GFP-MBD) to verify the subcellular
colocalization with OsRePRP2 fused with C-terminal
DsRed (OsRePRP2-DsRed) in the rice root protoplast
transient-expression system (Fig. 2). The results sug-
gested that OsRePRP2-DsRed showed similar fila-
mentous expression patterns and colocalized with both
LifeAct-GFP and GFP-MBD in the rice root protoplasts
(Fig. 2, A–H). The negative control DsRed was distrib-
uted throughout the cytosol and did not show filamen-
tous patterns similar to those observed for LifeAct-GFP
or GFP-MBD (Fig. 2, I–P). As control experiments,
protoplasts expressing LifeAct-GFP and GFP-MBD
did not show any fluorescence signals in the DsRed
channel (Fig. 2, Q–T), excluding the possibility of channel
bleeding. Pearson correlation coefficient analysis was
used to quantify the colocalization (Fig. 2U): OsRePRP2-
DsRed colocalized with LifeAct-GFP (R5 0.81) and with

Figure 1. (Continued.)
were used, and at least two independent batches of recombinant proteins or synthetic peptides were subjected to the binding
assays.
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GFP-MBD (R 5 0.85; Fig. 2, C, G, and U), which was
distinct from the negative control DsRed correlated
with LifeAct-GFP (R 5 0.41) and GFP-MBD (R 5 0.33;
Fig. 2, K, O, and U).

OsRePRP Interacts with Actin and Tubulin In Vivo

To further investigate whether OsRePRP forms
complexes with actin and tubulin in planta, GFP,

OsRePRP1-GFP, and OsRePRP2-GFP transgenic rice
root cells were examined in coimmunoprecipitation
(co-IP) assays with anti-GFP antibodies immobilized
on magnetic beads. Actin and tubulin coimmuno-
precipitated with anti-GFP beads in OsRePRP1-GFP
and OsRePRP2-GFP but not in GFP root extracts
(Supplemental Fig. S4, A and B). Detection of ac-
tin and tubulin peptides by liquid chromatography
tandem mass spectrometry (LC-MS/MS) further sup-
ported that OsRePRPs may interact with actin and

Figure2. InteractionsbetweenOsRePRP2
and actin and tubulin in rice root proto-
plasts. A to P, Five-day-old wild-type rice
root protoplasts coexpressing LifeAct-
GFP and OsRePRP2-DsRed (A–D),
GFP-MBD andOsRePRP2-DsRed (E–H),
LifeAct-GFP and DsRed (I–L), and GFP-
MBDandDsRed (M–P). GFPandDsRed
signals are shown in green (A, E, I,
and M) and magenta (B, F, J, and N),
respectively; overlays of green and
red channels (C, G, K, and O) and the
DIC channel indicating bright-field im-
ages (D, H, L, and P) are also shown. Q
to T, Five-day-old wild-type rice root
protoplasts expressing LifeAct-GFP
(Q and R) and GFP-MBD (S and T).
GFP signals are shown in green (Q and S),
whereas the DsRed signal in the respec-
tive control images is not visible (R and T).
Scale bars 5 2 mm. U, The Pearson’s
R correlation coefficients calculated
by Pearson coefficient analysis are
shown in a box plot. Pearson’s R coef-
ficients for LifeAct-GFP and OsRePRP2-
DsRed,GFP-MBDandOsRePRP2-DsRed,
LifeAct-GFP and DsRed, and GFP-MBD
and DsRed are shown in green, blue,
magenta, and black boxes, respectively.
The line inside the box indicates the me-
dian and the ex indicates the mean. Bot-
tom and top box edges are the 25th to
75th percentiles; whiskers indicate
the range, and an outlying data point
is shown as a circle. Significant dif-
ferences are indicated with asterisks
(P , 0.01, two-tailed Mann-Whitney
U test). Data are measured from 15 pro-
toplasts of three biological experiments.
The Pearson’s R correlation coefficient
for each comparison is shown in C, G,
K, and O.
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tubulin in planta (Supplemental Tables S1 and S2). The
in vivo interaction of OsRePRP-GFP and actin and tu-
bulin was further confirmed by immunogold-labeling
transmission electron microscopy (TEM), showing
OsRePRP-GFP immuno-labeled by 18-nm gold parti-
cles and actin and tubulin by 12-nm gold particles
(Fig. 3). In practice, 5- to 15-nm gold particles are sit-
uated at a distance of ;30 nm from the epitope
(Bergersen et al., 2008), so a distance of ,60 nm
between two sizes of gold particles was assumed to be
colocalization. Most of the closest distances between
OsRePRP-GFP and actin/tublin were ,40 nm (Fig. 3, C,

D, andH–I), butmost of the closest distances betweenGFP
and actin/tubulin were .100 nm (Supplemental Fig. S4,
C–F). These results also suggest that OsRePRPs interact
with both types of cytoskeleton filaments in vivo.

Overexpression of OsRePRP2 Causes Reduced Abundance
of Actin Filaments

OsRePRP2 expression was highly induced by ABA
(Supplemental Fig. S5), and OsRePRP2-OX transgenic
rice featured a short root and reduced cell length

Figure 3. Interactions between OsRePRP and ac-
tin and tubulin in planta. A, B, and E–G, Double
immunogold-labeling TEM of root elongation
zone cells of 3-d-old OsRePRP1-GFP (A and B)
and OsRePRP2-GFP (E–G) rice. The smaller
12-nm gold particles represent the distribution
of actin (A, E, and G) and tubulin (B and F), and
the larger 18-nm gold particles represent the dis-
tribution of OsRePRP1-GFP (A and B) and
OsRePRP2-GFP (E–G). Arrows indicate colocali-
zation of OsRePRP-GFPand actin (A, E, and G) or
tubulin (B and F). Scale bars 5 100 nm. C, D, H,
and I, Distances from each OsRePRP-GFP gold
particle to the closest actin or tubulin gold particle
were measured as described in "Materials and
Methods." The bars represent the distribution of
center-to-center distances between gold particles
in OsRePRP-GFP and actin or tubulin, ranging
from 0 to .100 nm. Ten images were measured,
and two biological replicates were performed.
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phenotype (Supplemental Fig. S6A; Tseng et al., 2013),
resembling the repression of root growth with water
deficit or ABA in wild-type rice. This phenotype was re-
duced inOsRePRP-Ri transgenic rice roots (Supplemental
Fig. S6A), which suggests that OsRePRP is necessary and
sufficient in stress/ABA repression of root elongation.

Cytoskeleton filaments play an important role in
the spatial control of cell expansion (Smith and
Oppenheimer, 2005). Because OsRePRPs bind to ac-
tin and tubulin in vitro (Fig. 1; Supplemental Fig. S3),
we wondered whether the short root and reduced
cell length phenotype of OsRePRP2-OX transgenic
rice was related to cytoskeleton filaments. Hence, we
examined the in vivo actin filament (F-actin) organi-
zation of wild-type, OsRePRP2-OX, and OsRePRP-Ri
transgenic rice roots by Alexa Fluor 488-phalloidin
staining.

Phalloidin specifically binds to F-actin (Wulf et al.,
1979), so the fluorescence intensity on staining is posi-
tively correlated with the abundance of F-actin within
cells. The overall fluorescence signal of F-actin in
elongation-zone cells was weaker in OsRePRP2-OX
than in wild-type or OsRePRP-Ri roots (Fig. 4, A–C;

Supplemental Video). The mean fluorescence intensity
of F-actin was reduced by nearly 5-fold for OsRePRP2-
OX, with no significant difference between wild-type
and OsRePRP-Ri roots (Fig. 4G). Under ABA treat-
ment, F-actin level was decreased in the wild type and
barely visible in OsRePRP2-OX, but this phenomenon
was less apparent in OsRePRP-Ri roots (Fig. 4, D–F;
Supplemental Video). The mean F-actin fluorescence
intensity was about 3-fold higher in OsRePRP-Ri than
in wild-type roots (Fig. 4G). The same patterns were
also observed in the root division and differentiation
zones (Supplemental Fig. S7), and OsRePRP showed
phenotypic changes with polyethylene glycol (PEG)
stress treatment similar to those observed with ABA
treatment (Supplemental Fig. S8). Thus, water deficit-
or ABA-induced OsRePRP may be involved in regu-
lating F-actin level primarily in the root elongation
zone, but also in division and differentiation zones.

The root protoplasts of the wild type, OsRePRP2-OX,
and OsRePRP-Ri were isolated and transfected with
LifeAct-GFP with the DsRed transfection control (Fig. 5).
In 5-d-old protoplasts, LifeAct-GFP showed filamentous
patterns in both wild-type and OsRePRP-Ri protoplasts

Figure 4. OsRePRP affects F-actin or-
ganization. A to F, F-actin organization
in wild-type (WT), OsRePRP2-OX, and
OsRePRP-Ri root cells visualized by
Alexa Fluor 488-phalloidin staining.
Epidermal cells of the root elongation
zones of 8-d-old seedlings (control; A–C)
and 7-d-old seedlings treated with 2 mM

ABA for 1 d (ABA; D–F) were observed.
Scale bars 5 10 mm. G, Quantitative
analysis of the F-actin level in wild-type,
OsRePRP2-OX (OX), and OsRePRP-Ri
(Ri) 8-d-old seedlings (control) and 7-d-
old seedlings under the ABA condition.
Significant differences are indicated with
asterisks (P , 0.01, two-tailed Mann-
Whitney U test). Data for fluorescence
intensity are expressed as means6 SD of
30 images. More than six biological
replicates were performed and at
least three independent transgenic
lines for each genotype were ob-
served (OsRePRP2-OX lines 2, 10,
19, and 24, and OsRePRP-Ri lines 5,
6, and 7).
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(Fig. 5, A and C), whereas LifeAct-GFP in OsRePRP2-OX
protoplasts showed cytosolic patterns but fewfilamentous
patterns (Fig. 5B). These results exclude the possibility that
the reduced F-actin level in OsRePRP2-OXwas an artifact
caused by the differential staining of phalloidin.

Microtubule Orientation Is Altered in OsRePRP2-OX

We also examined microtubule organization of wild-
type, OsRePRP2-OX, and OsRePRP-Ri rice root cells
under control and ABA treatment by immunofluores-
cence staining with anti-a-tubulin antibodies (Fig. 6,
A–F). The microtubule network was less organized in
OsRePRP2-OX than in wild-type or OsRePRP-Ri root
cells (Fig. 6, A–C). With ABA treatment, the disordered
microtubule phenotype was apparent in the wild type
but less so in OsRePRP-Ri cells (Fig. 6, D and F).
Further study in the rice root protoplast transient-

expression system indicated that GFP-MBD showed a
similar filamentous expression pattern in the wild type,
OsRePRP2-OX, and RePRP-Ri (Fig. 6, G–L). The mi-
crotubule organization in the rice root protoplast
transient-expression system did not show the trans-
verse arrangement seen in the whole-mount inmmu-
nostaining of rice roots (Fig. 6A). The results suggested
that without the cell wall, the microtubule orientation
of OsRePRP2-OX did not differ substantially from the
wild type and RePRP-Ri (Fig. 6, G–I).

OsRePRP Affects Trafficking of Noncellulosic
Polysaccharides and Cell Wall Cellulose
Microfibril Organization

The cytoskeleton is involved in plant cell shape de-
termination by affecting the patterns in which cell wall
materials are deposited (Smith and Oppenheimer,
2005). F-actin plays a role in vesicle trafficking of

noncellulosic polysaccharides (Baluska et al., 2002; Kim
et al., 2005). Microtubules maintain the cellulose syn-
thase complexes localized at the plasma membrane to
guide cellulose deposition on the cell wall (Paredez
et al., 2006; Crowell et al., 2009). Because OsRePRP
regulates actin filament distribution and microtubule
organization in vivo, we wondered whether it affects
noncellulosic polysaccharide secretion on the cell wall
and cell wall cellulose microfibril arrangement. By us-
ing metabolic click-labeling with Fuc alkyne (FucAl)
and Alexa Fluor 488-azide (Anderson et al., 2012), we
monitored FucAl incorporation into the cell wall by
confocal microscopy (Fig. 7, A–C). FucAl-associated
fluorescence was observed in the wild-type and
OsRePRP-Ri cell walls, but much less so in the
OsRePRP2-OX cell wall (Fig. 7, A–C). The quantitative
data indicate that the fluorescence signal in OsRePRP2-
OX was reduced ;15-fold compared with that in the
wild type or OsRePRP-Ri (Fig. 7D). Hence, the meta-
bolic process of FucAl incorporation in the cell wallmay
be blocked in OsRePRP2-OX.
Field emission scanning electron microscopy of cells

in the root elongation zone revealed a transverse cell
wall cellulose microfibril network in the wild type
(Fig. 7E), which agrees with the previous findings of a
transverse cellulose microfibril-aligned pattern per-
pendicular to the direction of cell elongation (Sugimoto
et al., 2000). OsRePRP2-OX showed a more disorga-
nized orientation of cellulose fibril network (Fig. 7F)
compared with the transverse pattern of wild-type and
OsRePRP-Ri networks (Fig. 7, E and G). Under ABA
treatment, the transversely ordered cellulose fibril net-
work of the wild type became disordered (Fig. 7H), and
some thick fibrils in a disarranged cellulose network
were observed in OsRePRP2-OX (Fig. 7I), whereas
OsRePRP-Ri still retained some of the transversely or-
dered cellulose fibril network (Fig. 7J). Quantitative
directionality (orientation in terms of angle) analysis
has been used in a study of collagen fibril alignment

Figure 5. OsRePRPaffects F-actin organization in
root protoplasts. Transient expression of LifeAct-
GFP in 5-d-old rice root protoplasts from the wild
type (A and D), OsRePRP2-OX (B and E), and
OsRePRP-Ri (C and F). GFP signals are shown in
green (A–C) and the DIC channel indicates bright-
field images (D–F). Images in A to C represent the
maximum intensity projection of 20 optical con-
focal images with identical settings. Three inde-
pendent transgenic lines for each genotype were
observed (OsRePRP2-OX lines 2, 10, and 24 and
OsRePRP-Ri lines 5–7). Scale bars 5 2 mm.
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(Grossman et al., 2016), and we applied it here in the
quantitative estimation of the orientation of cell wall
cellulosemicrofibrils. The analyses showed that cellulose
microfibrils of both the wild type and OsRePRP-Ri were
aligned in one dominant direction (nearly 0° of orienta-
tion), whereas those of OsRePRP2-OX were dispersed
and oriented in a multitude of directions (Fig. 7K). After
ABA treatment, the wild type and OsRePRP2-OX
showed dispersed directions, but OsRePRP-Ri retained
the dominant direction alignment (nearly 0° of orienta-
tion; Fig. 7L). Hence, OsRePRPs may affect root cell wall
cellulose microfibril formation in vivo.

Starch Accumulation in “Heavy” Roots under PEG Stress

Besides a short root phenotype (Supplemental Fig.
S6A), OsRePRP2-OX also displayed a “heavy” root
phenotype (Fig. 7, M and N). In distilled water, root-tip
segments of wild-type and OsRePRP-Ri plants floated
on the water surface, whereas OsRePRP2-OX segments
submerged beneath the surface of water, which suggests
that OsRePRP2-OX segments were heavy (Fig. 7M).
After ABA treatment, wild-type root-tip segments also
submerged, resembling the “heavy” root phenotype of
OsRePRP2-OX under the control condition (Fig. 7M).
However, after ABA treatment, the “heavy” root phe-
notype was less apparent in OsRePRP-Ri than in the
wild type (Fig. 7M). The quantification of dryweight per
root length per seedling also confirmed the heavy root
phenotype (Fig. 7N).

We wondered whether starch accumulation storage
contributed to the biomass accumulation in OsRePRP2-
OX, so we used iodine staining to address this question.
Rice roots accumulated starch under PEG stress, as
shown by the dark iodine-stained color (Fig. 8, A and
B). OsRePRP2-OX showed more dark-stained roots
than the wild type or OsRePRP-Ri after PEG treatment
(Fig. 8B). Sectioning was conducted to further ob-
serve the starch accumulation phenotype (Fig. 8, C–Q;
Supplemental Fig. S9). Under control conditions, some
starch granules were observed in endodermal cells of
OsRePRP2-OX (Fig. 8, D, G, and J; Supplemental Fig.
S9B), but not in the wild type or OsRePRP-Ri (Fig. 8, C,
E, F, H, I, and K; Supplemental Fig. S9, A and C). No
starch granules were observed in epidermal cells in the
wild type, OsRePRP2-OX, or OsRePRP-Ri (Supplemental
Fig. S9, D–F). Under PEG stress, starch granules accu-
mulated in endodermal and epidermal cells in the wild
type, OsRePRP2-OX, and OsRePRP-Ri (Fig. 8, L–Q;
Supplemental Fig. S9, G–I). OsRePRP2-OX showed the
most severe starch accumulation phenotype (Fig. 8P;
Supplemental Fig. S9H), with not much difference be-
tween the wild type and OsRePRP-Ri (Fig. 8, O and Q;
Supplemental Fig. S9, G and I). In starch-accumulating
cells, some very huge starch granules were observed in
OsRePRP2-OX (Supplemental Fig. S9H), but not in the
wild type or OsRePRP-Ri, which showed small and
uniformly sized starch granules (Supplemental Fig. S9,
G and I). Starch content measurements also showed
high starch accumulation in OsRePRP2-OX (Fig. 8R),
which suggests that OsRePRPs may play a role in
storage nutrient accumulation under PEG stress.

SUS Enzyme Activity Increased in OsRePRP2-OX

SUS is a key enzyme in cleaving Suc to provide NDP-
Glc for starch biosynthesis in vivo (Koch, 2004). From
the previous co-IP experiments using anti-GFP anti-
bodies, peptides of SUS were detected in OsRePRP1-
GFP and OsRePRP2-GFP, but not in GFP transgenic
plants, by LC-MS/MS analysis (Supplemental Table
S3). The co-IP of SUS in OsRePRP-GFP transgenic

Figure 6. OsRePRP affects microtubule organization. A to C, Micro-
graphs of microtubule staining in wild-type (WT; A), OsRePRP2-OX (B),
and OsRePRP-Ri (C) root cells of elongation zones. D to F, Micrographs
of microtubule staining in wild-type (D), OsRePRP2-OX (E), and
OsRePRP-Ri (F) root cells after 2 mM ABA treatment for 2 d. More than
three biological replicates were performed and three independent
transgenic lines for each genotype were observed (OsRePRP2-OX lines
10, 19, and 24 and OsRePRP-Ri lines 5–7). G to L, Transient expression
of GFP-MBD in 5-d-old rice root protoplasts from the wild type (G and
J), OsRePRP2-OX (H and K), and OsRePRP-Ri (I and L). GFP signals are
shown in green (G–I) and the DIC channel indicates bright-field images
(J–L). Four biological replicates were performed and three independent
transgenic lines for each genotype were observed (OsRePRP2-OX lines
2, 10, and 24 and OsRePRP-Ri lines 5–7). Scale bars 5 2 mm.
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Figure 7. OsRePRP affects noncellulosic polysaccharide secretion and cell wall cellulose microfibril network. A to C, Locali-
zation of FucAl incorporation in wild-type (WT; A), OsRePRP2-OX (B), and OsRePRP-Ri (C) root elongation zone cells. Images
were obtained using identical settings including laser power, pinhole, objective, zoom, and channel/filter wavelengths, as de-
scribed in Materials and Methods, with no image contrast or brightness corrections. D, Quantitative analysis of FucAl-associated
fluorescence signal in the wild type, OsRePRP2-OX (OX), and OsRePRP-Ri (Ri) are shown in a box plot. The line inside the box
indicates themedian, and the ex indicates themean. Bottom and top box edges are the 25th to 75th percentiles; whiskers indicate
the range. Significant differences are indicatedwith asterisks (P, 0.01, two-tailedMann-WhitneyU test). Data are mean/median
(Q1–Q3) fluorescence intensity of 30 images.More than four biological replicateswere performed, and at least three independent
transgenic lines for each genotype were observed (OsRePRP2-OX lines 2, 10, 19, and 24 andOsRePRP-Ri lines 5–7). E to J, Field-
emission scanning electron microscopy images are oriented to show cell wall cellulose microfibril alignment relative to the cell
and the root long axis. Micrographs are shown of the cell wall cellulosemicrofibril network under the control condition (E–G) and
the cell wall microfibril network after 2 mM ABA treatment for 4 d (H–J) in wild-type (E and H), OsRePRP2-OX (F and I), and
OsRePRP-Ri (G and J) root elongation zone cells. Three biological replicates were performed and at least two independent
transgenic lines for each genotype were observed (OsRePRP2-OX lines 10, 19, and 24 and OsRePRP-Ri lines 5 and 6). K and L,
Directionality histograms of the cell wall cellulose microfibril network under the control condition (K) or after ABA treatment (L).
Directionality of the wild type (black line), OsRePRP2-OX (magenta line), andOsRePRP-Ri (blue line) was analyzed using the Fiji
package (Schindelin et al., 2012) as described in Materials and Methods. Data are expressed as the mean frequency of fibers in
specific orientation analyzed from 15 images. M, Relative density of root segments in the wild type, OsRePRP2-OX, and
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plants was also confirmed by western blot analysis
(Fig. 9A), most likely due to SUS binding to actin fila-
ments in vivo (Winter et al., 1998). We wondered
whether OsRePRP could affect the enzyme activity of
SUS by reducing the number of actin filaments. Thus,
we examined the enzyme activity of SUS in both
cleavage and synthetic directions of the wild type,
OsRePRP2-OX, and OsRePRP-Ri (Fig. 9, B and C). The
SUS activity in the cleavage direction was 2-fold higher
in OsRePRP2-OX than in the wild type or OsRePRP-Ri,
whereas the activity in the synthetic direction was
lower in OsRePRP2-OX than in the wild type or
OsRePRP-Ri (Fig. 9, B and C). Because the enzyme ac-
tivity of SUS in maize (Zea mays) was associated with
its phosphorylation (Huber et al., 1996), we examined
the phosphorylation status of SUS in the wild type,
OsRePRP2-OX, and OsRePRP-Ri using PhosTag west-
ern blot analysis (Fig. 9D). Both nonphosphorylated
and phosphorylated forms of SUS were detected in the
wild type, OsRePRP2-OX, and OsRePRP-Ri, with no
differences in levels (Fig. 9D), which suggests that the
phosphorylation status of SUS was not affected by
OsRePRP. Thus, OsRePRP may affect SUS enzyme ac-
tivity by interacting with actin filaments, but it does not
affect SUS phosphorylation in planta.

DISCUSSION

Herein, we presented the unique case of an intrinsi-
cally disordered protein specifically interacting with
the cytoskeleton proteins actin and tubulin to regulate
development and biochemistry in rice root cells under
water deficit. The studies of OsRePRP not only expand
our knowledge of the roles and diversity of plant in-
trinsically disordered proteins but also foster commu-
nication across fields of plant and animal biology.

OsRePRPs are composed of PEPK repeats in
OsRePRP1 and PQPN/PDPK repeats in OsRePRP2
(Fig. 1A; Supplemental Fig. S3A). OsRePRP1.1 and
OsRePRP1.2 share 84% sequence identity and
OsRePRP2.1 and OsRePRP2.2 share 94% sequence
identity (Tseng et al., 2013). OsRePRPs are highly
induced by ABA and water deficit, as shown by
in situ hybridization studies and transcriptional
analysis (Tseng et al., 2013; Supplemental Figs. S5
and S10). The induction of OsRePRP expression by
ABA was highly repressed in the double-gene
knockdown line OsRePRP-Ri as compared with the
wild type (Supplemental Fig. S10). Thus, OsRePRP1

and OsRePRP2 may share similar functions in re-
pression of root development by ABA/water deficit.
However, we did not observe any obvious pheno-
typic changes of OsRePRP1-OX compared with the
wild type (Supplemental Fig. S6B), and only the
double-gene knockdown line OsRePRP-Ri, and not
the single-gene knockdown lines OsRePRP1-Ri or
OsRePRP2-Ri, showed the reduced ABA effect
(Tseng et al., 2013; Supplemental Fig. S6A). Thus, we
cannot rule out that OsRePRP1 may play a role
similar to that of OsRePRP2, and we conclude that
OsRePRPs are sufficient and necessary for ABA/
water deficit repression of root development.

In the face of adversity and danger, animals can es-
cape by using their highly modulated skeletons and
muscles. Titin and nebulin rule myosin and actin con-
traction in muscle cells, thus controlling muscle con-
traction (Labeit and Kolmerer, 1995; Wang et al., 1996;
Gutierrez-Cruz et al., 2001; Ma andWang, 2002). PEVK
motifs of titin are repetitive and intrinsically disor-
dered, with highly charged residues (Labeit and
Kolmerer, 1995; Gutierrez-Cruz et al., 2001). Tandem
repeats of titin and nebulin provide binding sites for
actin and myosin and scaffolding/crosslinking to the
filamentous structures (Labeit and Kolmerer, 1995;
Wang et al., 1996; Gutierrez-Cruz et al., 2001; Ma and
Wang, 2002). OsRePRPs also showed repetitive (PEPK,
PQPN, and PDPK), intrinsically disordered, and inter-
nal duplication patterns (Fig. 1A; Supplemental Figs.
S1, S2, and S3A) similar to those of titin and nebulin.
Although rooted plants are sessile and do not have
muscle cells to escape from environmental stresses,
disordered OsRePRPs can function to regulate highly
organized cytoskeleton filaments (actin and tubulin)
to adapt plant growth under stress (Figs. 4–6;
Supplemental Figs. S6–S8). Similar to titin and nebulin
controlling the elasticity of mammal muscle cells (Ma
and Wang, 2002), OsRePRP regulates the adjustable
elasticity needed for cell expansion in rice by directly
binding to actin and tubulin (Fig. 1; Supplemental Fig.
S3). Other than the studies on the cytoskeleton reorga-
nization in response to abiotic and biotic stresses (Wang
et al., 2011; Fujita et al., 2013; Li et al., 2015), OsRePRP is
a novel case of an intrinsically disordered protein reg-
ulating the cytoskeleton in plants. Our findings suggest
that these highly ordered filamentous structures are
regulated by repetitive disordered proteins in both
plants and animals.

Our previous study mainly emphasized the plasma
membrane localization of OsRePRPs (Tseng et al.,

Figure 7. (Continued.)
OsRePRP-Ri. Two-centimeter root-tip segments from12-d-old seedlings (Control) and 8-d-old seedlings treatedwith 2mMABA for
4 d (ABA) were cut and immersed in the distilled water. Six biological replicates were performed and three independent trans-
genic lines for each genotype were observed (OsRePRP2-OX lines 10, 19, and 24 and OsRePRP-Ri lines 5–7). N, Quantitative
analysis of total root dry weight (DW; milligrams) divided by mean root length (centimeters) per seedling. Whole roots were
harvested from wild-type, OsRePRP2-OX (OX), and OsRePRP-Ri (Ri) 14-d-old seedlings (Control) and 8-d-old seedlings treated
with 2 mM ABA for 6 d (ABA). Significant differences are indicated with asterisks (P , 0.01, two-tailed Mann-Whitney U test).
Fluorescence intensity of 30 images was measured in three independent transgenic lines for each genotype (OsRePRP2-OX lines
2, 10, and 24 and OsRePRP-Ri lines 5–7). Scale bars 5 2 mm (A–C), 100 nm (E–J), and 1 cm (M).
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2013). However, cytosolic localization of OsRePRPs
was also evident in both cell fractionation and transient-
expression experiments (Tseng et al., 2013). Since
OsRePRPs contain signal peptides (Tseng et al., 2013),
there are two possible explanations for their dual lo-
calization. First, signal peptides may act cotranslation-
ally or posttranslationally (Panzner et al., 1995), leading
to the presence of a protein in both the cytosol and the
plasma membrane. Second, the primary amino acid
sequence prediction may not precisely reflect the pro-
tein localization affected by protein-protein interactions
(Koroleva et al., 2005). The immunogold-TEM obser-
vations presented here (Fig. 3; Supplemental Fig. S4G)
and our previous publication (Tseng et al., 2013) both
support the notion that OsRePRPs appear to be present
in both the plasma membrane and the cytosol.
In the rice root protoplast transient-expression sys-

tem, OsRePRP2-DsRed was primarily expressed in the
cytosol with some punctuated patterns (Supplemental
Fig. S11). While overexpressing the other cytoskeleton-
binding proteins, LifeAct-GFP and GFP-MBD, OsRePRP2-
DsRed showed more obvious filamentous patterns
colocalized with LifeAct-GFP and GFP-MBD (Fig. 2).

These results suggest that intrinsically disordered
OsRePRP may have multifaceted functions that are
affected by other cytoskeleton-binding proteins and
various environmental conditions; thus, OsRePRP2-
DsRed showed distinct colocalized patterns with both
LifeAct-GFP and GFP-MBD. Nevertheless, our co-IP
dataset did not reveal other cytoskeleton-binding pro-
teins that may interact with OsRePRPs. The rice ge-
nome may not have been fully annotated, and more
studies regarding this issue should be conducted in the
future.
The coupling between the cytoskeleton and extracel-

lular matrix in animals is well understood by the study
of integrin-adhesion-receptor signaling (Schwartz and
Ginsberg, 2002). However, in higher plants, critical
linker molecules between the cytoskeleton and extra-
cellular matrix (the cell wall in plants) are still missing
(Baluska et al., 2003). With a reduced F-actin amount
and disoriented microtubule organization (Figs. 4–6;
Supplemental Fig. S7), OsRePRP2-OX transgenic rice
showed impaired cell wall polysaccharide deposi-
tion and disordered cellulose microfibril organization
(Fig. 7, A–L). Thus, OsRePRPmay affect noncellulosic

Figure 8. Starch accumulation in rice
roots after PEG treatment. A and B,
Iodine-stained rice roots from 14-d-old
seedlings of the wild type (WT),
OsRePRP2-OX, andOsRePRP-Ri under
control (A) or PEG (B) treatments. Red
rectangles indicate root areas that were
sectioned for observation in C to. Four
biological replicates were performed
and at least two independent transgenic
plants for each genotypewere observed
(OsRePRP2-OX lines 2 and 24 and
OsRePRP-Ri lines 5–7). C to Q, Cross
and longitudinal iodine-stained root
sections of the wild type (C, F, I, L, and
O), OsRePRP2-OX (D, G, J, M, and P),
and OsRePRP-Ri (E, H, K, N, and Q)
under control (C–K) or PEG (L–Q)
treatments. Three biological replicates
were performed, and at least two in-
dependent transgenic lines for each
genotype were observed (OsRePRP2-
OX lines 10, 19, and 24 and OsRePRP-
Ri lines 5 and 7). R, Starch content
measurements in whole roots of the
wild type, OsRePRP2-OX (OX), and
OsRePRP-Ri (Ri) under control or PEG
treatments. Significant differences are
indicated with asterisks (P, 0.05, two-
tailed Mann-Whitney U test). Data are
means 6 SD of six technical repeats.
Three biological replicates were per-
formed and two independent trans-
genic lines for each genotype were
measured (OsRePRP2-OX lines 10 and
24 and OsRePRP-Ri lines 5 and 6).
Scale bars5 1 cm (A and B) and 50 mm
(C–Q).
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polysaccharide trafficking and cellulose patterning
by altering the F-actin network and microtubule
arrangement. From our results, we propose that
OsRePRP is a stress-induced cytoskeleton-cell wall
modulator. Unlike the transmembrane receptor in-
tegrins in animals (Schwartz and Ginsberg, 2002),
OsRePRP has a distinct role in regulating the very
dynamic interactions between the cytoskeleton and
cell wall in plants.

Although SUS interactingwith actin filaments in vivo
is assumed to be a control mechanism (Koch, 2004), we
lack direct evidence to support this idea. Herein, we
showed increased SUS enzyme activity in OsRePRP2-
OX (Fig. 9B), so reducing F-actin may affect the enzyme
activity of SUS in vivo. Phosphorylation of SUS in
maize has been reported to be associated with its en-
zyme activity (Huber et al., 1996). However, in our case,
the increase in SUS enzyme activity was not associated
with its phosphorylation (Fig. 9D), distinct from the
regulation explored in maize SUS (Huber et al., 1996).
In animals, cytoskeleton remodeling releases more free
forms of aldolase, thereby increasing the glycolysis
flux (Hu et al., 2016). Reducing the F-actin level in
OsRePRP2-OX may increase SUS activity by releasing
more free forms of SUS, similar to the case with animal
aldolase (Hu et al., 2016). However, whether OsRePRP
interacts with SUS directly or indirectly (through actin
filaments) remains to be investigated. Our observations
have to be interpreted with caution, because the cortex
cells in the cross sections of the wild type, OsRePRP2-
OX, and OsRePRP2-Ri look quite different in mor-
phology (Fig. 8) probably due to the effect of ReOsPRP2
on root elongation. Although the samples were sec-
tioned at the same distance from root tips, i.e. 0.5 cm,
they may reflect different root developmental stages
caused by the differential expression of OsRePRP2.
Nevertheless, the differences of SUS activities can at
least partially account for the different level of starch
accumulation in these samples. The interaction (direct
or indirect) of OsRePRPs with SUS may be related not
only to starch biosynthesis but also to cell wall metab-
olism by providing NDP-Glc as the substrate.

Our current study explains the reduced cell length
phenotype of OsRePRP2-OX found in our previous
study (Tseng et al., 2013) and supports that both
microtubules and actin filaments are critical for cell
expansion (Smith, 2003). Based on observations of dis-
organization of cell wall cellulose microfibrils and cor-
tical microtubules in OsRePRP2-OX (Figs. 6 and 7),
peoplemay expect to see a phenotype of anisotropic cell
expansion rather than just reduced cell elongation.
However, previous studies have shown that the degree

Figure 9. Enzyme activity of SUS was changed in OsRePRP2-OX. A,
Co-IP (IP) assays of GFP, OsRePRP1-GFP, and OsRePRP2-GFP trans-
genic rice. Total protein was extracted from whole roots of 4-d-old
seedlings treated with 2 mM ABA for 2 d. Western blot analysis involved
anti-SUS antibodies. The arrow indicates 93-kD SUS. Two biological
replicates were performed. B and C, Enzyme activity of SUS in the
cleavage (B) and synthetic (C) directions. Total protein extract from 14-
d-old whole roots of the wild type (WT), OsRePRP2-OX (OX), and
OsRePRP-Ri (Ri) is shown in box plots. The line inside the box indicates
the median, and the ex indicates the mean. Bottom and top box edges
are the 25th to 75th percentiles, respectively, and whiskers indicate the

range. Significant differences are indicated with asterisks (P , 0.01,
two-tailed Mann-WhitneyU test). Nine repeats from three independent
biological replicates were performed. D, PhosTag western blot (WB)
and WB analysis with anti-SUS antibodies. Total protein extract from
14-d-old whole roots of the wild type, OX, and Ri was assayed. Four
biological replicates were performed.
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of growth anisotropy was not correlated with the de-
gree of alignment of either microtubules or microfibrils
(Baskin et al., 1999), and cell expansion in longitudinal
and radial directions can be regulated independently in
roots (Liang et al., 1997; Baskin, 2005). Hence, the
phenotype of OsRePRP2-OX likely supports the no-
tion that anisotropic cell expansion and longitudinal
cell elongation are regulated independently in rice
roots. The ultimate goal of ABA/water deficit-induced
OsRePRP regulation for cytoskeleton dynamics and cell
wall organization is to aid plant survival under ad-
versity. Because ABA plays a role in seed dormancy
and desiccation tolerance during seed maturation, the
function of ABA-inducible OsRePRP is analogous to the
action of ABA in seeds, which halts root elongation and
allows more starch accumulation (Fig. 8; Supplemental
Figs.s S6A and S9), thus shifting the roots to a dormant
storage organ resembling seeds.
This “short-but-heavy root” strategy is similar to the

rice flooding-tolerance gene SUBMERGENCE-1, which
causes growth quiescence during flooding that is as-
sociated with the capacity for regrowth on desubmer-
gence (Fukao et al., 2006; Xu et al., 2006). Thus, the
“quiescence” concept may help plants overcome water
deficit and water stresses. Highly charged intrinsically
disordered proteins have high hydration capacities and
preference for absorption of charged solute ions such as
dehydrins to protect plants against water loss (Tompa
et al., 2006; Uversky, 2011). Of note, disordered
OsRePRP also functions in the water deficit response.
Overall, our study highlights the importance of

OsRePRP in cytoskeleton-cell wall regulation and
cytoskeleton-mediated cellular processes and suggests
a common “order by disorder” mechanism in both
plants and animals as well as a practical basis for crop
improvement designs.

MATERIALS AND METHODS

Protein Sequence Analysis

OsRePRP sequences were assessed using four different Predictor Of Natural
Disordered Regions predictors, VSL2, VL3, VL-XT, and XL1-XT (Xue et al.,
2010), and repeated regions were further analyzed by RADAR software to re-
veal superrepeat segments.

Recombinant Protein Purification

The sequences of OsRePRP1.1 from 23 to 360 amino acids and OsRePRP2.1
from 19 to 247 amino acids were amplifiedwith the primer pairs RE-OCP-GAP-
F/RE-OCP-GAP-F and OSR2.1-GAP-F/OSR2.1-GAP-R, respectively, and
cloned into the expression vector pGAPZaC using 59-EcoRI/NotI-39 sites. Re-
combinant OsRePRP1.1 and OsRePRP2.1 proteins were expressed in Pichia
pastoris SMD1168 according to the manufacturer’s manual (Invitrogen). The
serial segments OsRePRP1.151–159, OsRePRP1.151–131, OsRePRP1.151–105,
OsRePRP1.1106–131, OsRePRP2.160–179, OsRePRP2.160–132, OsRePRP2.188–132,
and OsRePRP2.160–87 were amplified with the primer pairs YSC5/YSC6,
YSC21/YSC22, YSC5/YSC9, YSC10/YSC11, YSC12/YSC13, YSC12/YSC15,
YSC17/YSC18, and YSC12/YSC16, respectively, and cloned into the expression
vector pET28a using 59-XhoI/EcoRI-39 sites. The segments OsRePRP1.151–131

and OsRePRP2.188–132 were cloned into the pET20b and pColdII vectors using
59-NdeI/XhoI-39 and 59-XhoI/EcoRI-39 sites, respectively. All rOsRePRP1.1 and
rOsRePRP2.1 segments were expressed with His-Tag in Escherichia coli and

purified using Ni Sepharose (GE Healthcare); the His-Tag was not removed.
The primer sequences for constructs and induction conditions for the recom-
binant protein expression in E. coli are listed in Supplemental Tables S4 and S5,
respectively. Full-length rOsRePRP1.1 and rOsRePRP2.1 used for AG binding
assays were constructed and purified as described (Tseng et al., 2013). Purified
recombinant proteins were dialyzed in 50mM of HEPES (pH 7.5) and quantified
by the standard Bradford assay (Bio-Rad).

MST Binding Assays

The binding affinity of purified rOsRePRPs to rabbit muscle actin (AKL-99,
Cytoskeleton), porcine brain tubulin (T240, Cytoskeleton) and AG (10830,
Sigma) was measured using MST with the Monolith NT.115 instrument
(Nanotemper Technologies). For actin and tubulin binding, a serial dilution of
rOsRePRPs was incubated with 1 to 2 nM of NT-647-labeled actin or tubulin for
10 min in the assay buffer (50 mM HEPES and 0.05% [v/v] Tween 20 [pH 7.5]).
For AG binding, a serial dilution of AG was incubated with 3 nM NT-647-la-
beled rOsRePRPs for 10 min in the assay buffer (50 mM HEPES, 150 mM NaCl,
5 mM CaCl2, 1 mM MgCl2, and 0.05% [v/v] Tween 20 [pH 7.5]). The sample was
loaded into the NanoTemper glass capillaries, and MST involved 20% light
emission diode and 20% MST power. Kd was calculated using the mass action
equation with the NanoTemper software in triplicate experiments.

Plant Materials and Growth Conditions

The rice (Oryza sativa) cultivar ‘Tainung 67’was used throughout this study.
Seeds of wild-type and transgenic rice were sterilized with 2% (v/v) sodium
hypochlorite for 20 min, washed thoroughly with distilled water, soaked in
distilled water at 28°C for 2 d in darkness, then germinated in petri dishes
containing water with or without hygromycin B (25 mg/mL) at 28°C for 3 d.
Three-day-old seedlings were transferred and cultivated in a beaker containing
one-half strength Kimura B solution (Baba and Takahashi, 1956). The hydro-
ponically cultivated seedlings were grown at 28°C and 90% relative humidity in
a 14-h-light/10-h-dark condition. Transgenic rice plants of OsRePRP2-OX,
OsRePRP-Ri, 35Spro::GFP, Ubipro::OsRePRP1-GFP, Ubipro::OsRePRP2-GFP,
andOsRePRP2.1pro::GUSwere generated as previously described (Tseng et al.,
2013).

Rice Root Protoplast Transfection

The expression vectors of pSAT6-EGFP-C1/N1 and pSAT6-DsRed-C1/N1
were used in the rice root protoplast transient-expression system (Tzfira et al.,
2005). Plasmids containing LifeAct-GFP with OsRePRP2-DsRed or DsRed and
GFP-MBDwith OsRePRP2-DsRed or DsRedwere generated. The 51-bp LifeAct
with the GGSG linker was produced by mixing the primer pair HAS106/
HAS107 at room temperature for 30 min. LifeAct was further PCR-amplified
with the primer pair HAS108/HAS109 and cloned into pSAT6-EGFP-N1 with
restriction enzymes NcoI and BamHI. The 1,254-bp MBD (2048–3661 bp in
mouse MAP4 complementary DNA) was amplified with the primer pair
HAS140/HAS141 from the complementary DNA of C57BL/6 mice, which was
a gift from Dr. Ya-Lin Lin (Institute of Biomedical Sciences, Academia Sinica),
and cloned into pSAT6-EGFP-C1 with restriction enzymes HindIII and EcoRI.
The 741-bp OsRePRP2 amplified by the primer pair HAS126/HAS127 was
cloned into pSAT6-DsRed-N1. The 35Spro::OsRePRP2-DsRed and
35Spro::DsRed fragments amplified with the primer pair HAS142/HAS137
were further cloned into plasmids containing LifeAct-GFP andGFP-MBDusing
NdeI. Primer sequences are given in Supplemental Table S4. The isolation of rice
root protoplasts followed the published protocol with slight modifications
(Evrard et al., 2012). Whole roots harvested from 5-d-old rice seedlings were
chopped in digestion buffer (400mMmannitol, 20mMMES hydrate, 20 mMKCl,
1.1% [v/v] cellulase R10, 0.9% cellulase RS, 0.3% [v/v] macerozyme R10, 0.12%
[v/v] pectolyase Y-23, 10 mM CaCl2, 0.1% [v/v] BSA, and 2.5 mM

b-mercapoethanol [pH 5.7]), vacuumed for 7 min, then incubated for 4 h with
80-rpm shaking at room temperature. The solution was filtered through a 40-
mm cell strainer and protoplasts were harvested by centrifugation at 500g for
5 min. Protoplasts were washed and resuspended in WI buffer (400 mM man-
nitol, 20 mM MES hydrate, and 20 mM KCl [pH 5.7]). The concentration of
protoplasts was adjusted to 800,000 protoplasts/mL using a hemocytometer.
The transfection of rice root protoplasts involved the PEG-mediated method
(Yoo et al., 2007): ;15 mg plasmid DNA in 10 mL was mixed with 100 mL
protoplasts and 110 mL PEG solution (40% [v/v] PEG 4000, 0.2 M mannitol, and
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0.1 M CaCl2) and incubated at room temperature for 15 min. The transformed
protoplasts were incubated in WI buffer for 16 to 24 h in the dark before
observation.

Fluorescence Imaging in Rice Root Protoplasts
and Analysis

The 3.5-mL protoplast suspension was placed in a well created by a 6-mm
hollow circle tap pasted on slides and observed under a Zeiss LSM 880 confocal
laser scanningmicroscopewith a 403water objective (numerical aperture [NA]
1.2). Fluorescence images were taken in the Airyscan superresolutionmode and
differential interference contrast (DIC) images were taken in the standard
confocal mode. Samples were excited using an argon ion laser at wavelength
488 nm for GFP and a HeNe ion laser at 561 nm for DsRed. A 488/561/633
dichroic beam splitter was used to detect fluorescence; GFP fluorescence was
detected with a 495- to 550-nm bandpass filter and DsRed fluorescence was
detected with a 570- to 620-nm bandpass filter. The laser power for colocali-
zation assays was 5% for GFP 488 nm and 40% for DsRed 561 nm. Image
analysis was undertaken using ImageJ and the Coloc 2 plugin (Arena et al.,
2017) to calculate Pearson’s R correlation values. All the Pearson’s R correlation
values were measured over the entire protoplast and involved no region of
interest selection by hand or thresholding. For observation of the LifeAct-GFP
with DsRed transfection control in wild-type, OsRePRP2-OX, and OsRePRP-Ri
protoplasts, images were taken under identical settings: 2% GFP 488-nm laser
power, 10% DsRed 561-nm laser power, stack scanning mode, zoom 6, and
image sizes 34.23 mm for x,, 34.23 mm for y, and, 5.00 mm for z, with 20 sections
of 0.25-mmZ scaling. For observation of the GFP-MBDwith DsRed transfection
control in wild-type, OsRePRP2-OX, and OsRePRP-Ri protoplasts, the laser
power was 3% for GFP 488 nm and 40% for DsRed 561 nm. Z-scaling data sets
are shown in Supplemental Figures S12–S14.

Actin Filament Phalloidin Staining and
F-actin Quantification

F-actin staining was performed as described (Yang et al., 2011). For F-actin
observation, we used 8-d-old seedlings (control) and 7-d-old seedlings treated
with 2 mM ABA for 1 d. Root tips of 1-cm segments were cut and incubated in
PME buffer (100mMPIPES, 10mMEGTA, and 5mMMgSO4 [pH 6.8]) containing
300 mM m-maleimidobenzoyl-N-hydroxysuccinimide ester, 1.5% (v/v) glycerol,
and 0.1% (v/v) Triton X-100 with gentle shaking for 30 min. Samples were
washed twice with PME buffer, then fixed in PME buffer containing 2% para-
formaldehyde for 30 min. After rising thoroughly in PME buffer, samples were
stained with actin-staining buffer (PME, 1.5% [v/v] glycerol, 0.1% [v/v] Triton
X-100, and 66 nM Alexa Fluor 488-phalloidin; A12379, Thermo Fischer Scien-
tific) at 4°C in the dark overnight, then washed three times in PME buffer before
confocal laser microscopy observation. Images were obtained with a 633water
objective (NA 1.2) using a Zeiss LSM 880 confocal laser scanning microscope.
Fluorescence was excited at 488 nm and collected with a 492- to 560-nm filter.
The overall fluorescence signal of each genotype was obtained under identical
staining conditions, with confocal settings 3% 488-nm laser power, 54-mm
pinhole, stack scanning mode, zoom 3, and image sizes of 45 mm for x and
45 mm for y, with 10 to 40 sections of 0.42-mmZ scaling. Thirty images of at least
three independent transgenic lines for each genotype were processed to de-
termine average fluorescence intensity with ImageJ.

Immunofluorescence Staining of Microtubules

We used 6-d-old seedlings (control) and 4-d-old seedlings treated with 2 mM

ABA for 2 d for microtubule assays, as described in Deng et al. (2015). Root tips
of 1-cm segments were cut and fixed in 4% (v/v) paraformaldehyde in PME
buffer 1 (50 mM PIPES, 2 mM MgSO4, and 2 mM EGTA [pH 6.9]) containing
0.05% (v/v) Triton X-100 for 30 min. After washing thoroughly with PME
buffer 1, samples were digested with 2% (v/v) cellulase R-10 and 1% (v/v)
pectolyase Y-23 (both from Yakult Pharmaceutical Industry) in PME buffer 1 at
37°C for 30 min to 1 h The softened root tips were washed gently with PME
buffer 1 and frozen and thawed twice in liquid nitrogen. Samples were treated
with the blocking buffer (3% [v/v] BSA in phosphate-buffered saline with
Tween 20 [PBST; 137 mMNaCl, 2.7 mM KCl, 10 mMNa2HPO4, 1.76 mMKH2PO4,
and 0.05% Triton X-100]) for 1 h at room temperature, then incubated with 1:50
diluted primary antibodies anti-a-tubulin (T9026, Sigma) in the blocking buffer
at 4°C overnight. After washing with PBST five times, samples were incubated

with 1:800-diluted secondary antibodies Alexa Fluor 488 goat antimouse IgG
(A-11001, Thermo Fischer Scientific) in PBST at 37°C for 3 h. After washing four
times with PBST and once with PBS, samples were mounted with PBS con-
taining 50% (v/v) glycerol and 0.1% (v/v) o-phenylenediamine. Images were
obtained with a 633 water objective (NA 1.2) under a Zeiss LSM 880 confocal
laser scanning microscope. Fluorescence was excited at 488 nm and collected
with a 492- to 560-nm filter. The overall fluorescence signal of each genotype
was obtained under identical staining conditions and confocal settings 8% 488-
nm laser power, 58-mm pinhole, and stack scanning mode.

Immunogold Electron Microscopy

Segments of 3-d-old root tips were cut and frozen in a high-pressure freezer
(Leica EM PACT2) at 200 to 205 MPa. Freeze substitution was conducted in
anhydrous acetone solution containing 0.1% uranyl acetate and 0.2% glutar-
aldehyde with an automatized Leica EM AFS2 system. Samples were succes-
sively kept at 285°C for 3 d, 260°C for 1 d, 220°C for 1 d, 0°C for 1 d, and at
room temperature. After two acetone changes, root segments were infiltrated
and embedded in LR Gold Resin. Ultrathin sections of 90 to 120 nm were cut
using a Reichert Ultracut S or Leica EM UC6 microtome and collected on 100-
mesh nickel grids, which were floated on PBS for 15 min, then on PBS and 1%
(v/v) BSA for 15 min. The grids were incubated with the primary antibodies
1:50-diluted rabbit anti-GFP (ab6556, Abcam) and 1:20-diluted mouse anti-
a-tubulin (T9026, Sigma) or mouse antiactin (A0480, Sigma) for 1 h at room
temperature. After fourwasheswith PBS, gridswere incubatedwith 12-nm/18-
nm Colloidal Gold Donkey antirabbit/antimouse IgG (Jackson ImmunoR-
esearch) at room temperature for 1 h, then washed four times with PBS and
three times with distilled water. After immunogold labeling, sections were
stained with 5% (v/v) uranyl acetate for 10 min and 0.5% (v/v) lead citrate for
4 min. Sections were observed under a Tecnai G2 Spirit transmission electron
microscope (FEI, Hillsboro) at 80 KV, and images were obtained with a Gatan
Orius CCD camera. The distance from the 18-nm gold particle to the closest 12-
nm gold particle was calculated using ImageJ, and quantification of the
immunogold TEM data was performed as described (Bergersen et al., 2008).

Metabolic Click Labeling

Fuc alkyne incorporation and fluorescent labeling were performed as de-
scribed, with slight modifications (Anderson et al., 2012). Seven-day-old
seedlings were transferred to one-half strength Kimura B solution containing
10 mM Fuc alkyne (C10264, Thermo Fischer Scientific) and incubated for 24 h
under the growth conditions described previously, then washed three times
and transferred to labeling solution (one-half strength Kimura B solution con-
taining 1 mM CuSO4, 1 mM ascorbic acid, and 0.4 mM Alexa Fluor 488-azide
[A10266, Thermo Fischer Scientific]) for labeling at 28°C in the dark for 2 h.
Confocal laser microscopy was performed with a 403water objective (NA 1.2)
using a Zeiss LSM 880 confocal laser scanning microscope. Fluorescence was
excited at 488 nm and collected with a 492- to 560-nm filter. The overall fluo-
rescence signal of each genotype was obtained under identical staining condi-
tions, with confocal settings 3% 488-nm laser power, 58-mm pinhole, stack
scanningmode, zoom 3, and image sizes of 45 mm for x and 45mm for y, with 30
sections of 0.45-mm Z scaling. Thirty images of at least three independent
transgenic lines for each genotype were processed to determine average fluo-
rescence intensity with ImageJ.

Cell Wall Texture Observation

For cell wall cellulosemicrofibril observation, 8-d-old seedlings (control) and
4-d-old seedlings treated with 2 mM ABA for 4 d were used. Cell wall prepa-
ration was as described (Sugimoto et al., 2000), with slight modifications. The
whole roots were cryoprotected in PME buffer 2 (25 mM PIPES, 0.5 mM MgSO4,
and 2.5 mM EGTA [pH 7.2]) containing 25% and 50% (v/v) dimethyl sulfoxide
for 10 min for each step. Root tips were excised, placed on sample carriers, and
cut using a glass knife on a Leica Ultracut UCT ultramicrotome equipped with
the Leica EM FCS cryo-chamber attachment at 2120°C. The remaining root
strips were thawed in PME buffer 2 containing 50% (v/v) dimethyl sulfoxide,
then transferred to PME buffer 2. Samples were treated with acetic acid, nitric
acid, and distilled water (8:1:2) for 1 h at 95°C. After a thorough washing in
distilled water, samples were dehydrated with an ethanol series (30%, 50%,
70%, 95%, and 100% [v/v] three times, 30 min for each step), critical-point dried
with CO2 and further mounted on carbon tape-covered stubs with the cut
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surface facing upward, and coatedwith carbon after platinum at 20mA for 80 s.
The cell wall fine structure was examined with a field-emission scanning elec-
tron microscope (JSM-7100F, JEOL) fitted with an accelerated voltage 5 kV,
probe current 0.1 nA, and working distance 5 to 6 mm. The quantitative di-
rectionality analysis involved using the Fiji package (Schindelin et al., 2012).
The Fourier component method was used, and orientation from 290° to 90°
was analyzed using the Fiji plug-in “Directionality” according to the manu-
facturer’s instructions.

Starch Staining and Quantification

For starch staining, 14-d-old control seedlings and 14-d-old seedlings treated
with 20% (v/v) PEG6000 for 1 h (PEG) were used. Rice roots were stained in
1:10 diluted 5% (v/v) Lugol’s iodine solution for 10 min, destained with dis-
tilled water for 30 min, and scanned (Epson) for root architecture images. For
sectioning, 1-cm root segments were embedded in 5% agar and cut into 100- to
120-mm sections using a DTK-100 microslicer (Dosaka EM). The sections were
stainedwith iodine and observed under a Zeiss Axio Imager Z1microscope. For
starch quantification, 14-d-old control seedlings and 14-d-old seedlings treated
with 20% (v/v) PEG6000 for 5 h were used. Whole roots of 10 to 20 seedlings
were ground in liquid nitrogen with a pestle andmortar and dried at 65°C, then
dry weight was measured. A starch colorimetric/fluorometric assay kit (K647,
Biovision) was used to determine the level of starch.

Enzyme Activity Assays and PhosTag Western
Blot Analysis

Whole roots of 10 to 20 14-d-old seedlings were ground into a fine powder in
liquid nitrogen using a pestle and mortar, mixed with 1 mL ice-cold extraction
buffer (100 mM HEPES-KOH [pH 7.5], 5 mM MgCl2, and 5 mM dithiothreitol),
and centrifuged at 11,000g for 15min at 4°C. The supernatant was then collected
and used for the measuring SUS enzyme activity in the cleavage direction
according to Sun et al. (1992). The protein extract was quantified using the Bio-
Rad Protein Assay Reagent, adjusted to 1 mg mL21, mixed with the reaction
mixture (50 mM HEPES-KOH [pH 7], 2 mM MgCl2, 15 mM KCl, 50 mM Suc, 5 mM

UDP, 0.5 mMNADP, 1mM PPi, 1 U/mL phosphoglucomutase [P3397, Sigma], 2
U/mL Glc-6-P dehydrogenase [G8404, Sigma], and 0.5 U/mL UDP-Glc pyro-
phosphorylase [U8501, Sigma]), and incubated at 30°C for 30 min. All control
reactions lacked Suc and UDP. The reaction was terminated by heating for
5 min in a boiling water bath. NADPH production was monitored at 340 nm
with a SYNERY H1 microplate reader (BioTek). SUS enzyme activity in the
synthetic direction was assayed using the Suc Synthase Microplate Assay Kit
(MBS8243224, MyBioSource). The formation of UDP-Glc-dependent Suc was
monitored at 480 nm with a SYNERY H1 microplate reader (BioTek).

For anti-SUS western blot analysis with/without PhosTag, whole roots of
14-d-old seedlings were ground, mixed with the extraction buffer (20 mM

sodium phosphate [pH 7.4], 50 mM b-glycerophosphate, 100 mM Na3VO4, 1 mM

phenylmethylsulfonyl fluoride, and 13 protease inhibitor cocktail) and
centrifuged at 12,000g for 1 h at 4°C. The protein extract supernatant was
quantified using Bio-Rad Protein Assay Reagent, and 2.5 mg of protein was
separated in 6% (v/v) polyacrylamide gels. For PhosTag western blot analysis,
the separating gel contained 50 mM Zn(NO3)2 and 50 mM PhosTag and the
running buffer consisted of 100 mM Tris, 100 mM MOPS, 0.1% (v/v) SDS, and
5 mM NaHSO3 (pH 7.8). The electrophoresis was performed at constant 10 mA
at 4°C for 10 h. After a washing in the transfer buffer (25 mM Tris-HCl [pH 7.4]
and 192 mM Gly) containing 10 mM EDTA, the gel was transferred to the pol-
yvinylidene difluoride membrane with the transfer buffer containing 5% (v/v)
methanol and 1 mM EDTA at 24 V overnight. Immunoblot analysis was per-
formed with 1:25,000-diluted anti-SUS antibodies (AS152830, Agrisera) and
ECL Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences).
The experimental procedures of supplemental data are shown in Supplemental
Methods.

Accession Numbers

Sequence data from this article can be found in the Rice Genome Annotation
Project database (http://rice.plantbiology.msu.edu/) with the following acces-
sion numbers: LOC_Os05g13900 (OsRePRP1.1), LOC_Os05g13940 (OsRePRP1.2),
LOC_Os07g23660 (OsRePRP2.1), LOC_Os07g23640 (OsRePRP2.2), LOC_Os03g28330
(OsSUS1), LOC_Os06g09450 (OsSUS2), LOC_Os07g42490 (OsSUS3),
LOC_Os03g22120 (OsSUS4), LOC_Os04g24430 (OsSUS5), LOC_Os02g58480

(OsSUS6), LOC_Os11g30430 (OsRBG1), LOC_Os03g08020 (OsEF1a),
LOC_Os04g40950 (OsGADPH), and LOC_Os01g22490 (OsUBQ5), and in
GenBank with the accession number X78205 (HvHVA1).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Disorder prediction and internal duplication of
OsRePRPs.

Supplemental Figure S2. Segmental repeat organization of OsRePRPs.

Supplemental Figure S3. In vitro binding assays of OsRePRPs.

Supplemental Figure S4. Co-IP assays and immunogold TEM of GFP,
actin, and tubulin.

Supplemental Figure S5. Expression of OsRePRP2 in rice roots under con-
trol and ABA treatments.

Supplemental Figure S6. OsRePRP is necessary and sufficient in ABA
repression of root elongation, affecting F-actin organization.

Supplemental Figure S7. OsRePRP affects F-actin organization in division
and differentiation zones.

Supplemental Figure S8. OsRePRP affects F-actin organization under PEG
treatment.

Supplemental Figure S9. Starch accumulation in rice roots after PEG
treatment.

Supplemental Figure S10. Quantitative PCR analysis of OsRePRP
expression.

Supplemental Figure S11. Subcellular localization of OsRePRP2 in rice
root protoplasts.

Supplemental Figure S12. Rice root protoplasts coexpressing LifeAct-GFP
and OsRePRP2-DsRed.

Supplemental Figure S13. Rice root protoplasts coexpressing GFP-MBD
and OsRePRP2-DsRed.

Supplemental Figure S14. Rice root protoplasts expressing LifeAct-GFP.

Supplemental Table S1. Amino acid sequences of actin peptide hits by LC-
MS/MS.

Supplemental Table S2. Amino acid sequences of tubulin peptide hits by
LC-MS/MS.

Supplemental Table S3. Amino acid sequences of SUS peptide hits by LC-
MS/MS.

Supplemental Table S4. Primer sequences used in plasmid construction.

Supplemental Table S5. Induction conditions of recombinant protein ex-
pression in E. coli.

Supplemental Table S6. Primer sequences used in reverse-transcription
quantitative PCR analysis.

Supplemental Video. F-actin in rice root cortical cells viewed under con-
focal microscope from the peripheral region toward the center of
the root.

Supplemental Methods. The experimental procedures of supplemental
data.
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