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Establishment and maintenance of the polar site are important for root hair tip growth. We previously reported that Arabidopsis
(Arabidopsis thaliana) MICROTUBULE-ASSOCIATED PROTEIN18 (MAP18) functions in controlling the direction of pollen tube
growth and root hair elongation. Additionally, the Rop GTPase ROP2 was reported as a positive regulator of both root hair
initiation and tip growth in Arabidopsis. Both loss of function of ROP2 and knockdown of MAP18 lead to a decrease in root hair
length, whereas overexpression of either MAP18 or ROP2 causes multiple tips or a branching hair phenotype. However, it is
unclear whether MAP18 and ROP2 coordinately regulate root hair growth. In this study, we demonstrate that MAP18 and ROP2
interact genetically and functionally. MAP18 interacts physically with ROP2 in vitro and in vivo and preferentially binds to the
inactive form of the ROP2 protein. MAP18 promotes ROP2 activity during root hair tip growth. Further investigation revealed
that MAP18 competes with RhoGTPase GDP DISSOCIATION INHIBITOR1/SUPERCENTIPEDEI for binding to ROP2, in turn
affecting the localization of active ROP2 in the plasma membrane of the root hair tip. These results reveal a novel function of

MAP18 in the regulation of ROP2 activation during root hair growth.

Root hairs function in water and nutrient uptake,
interaction with microbes, and anchoring plants in the
soil (Dolan et al., 1994; Ketelaar and Emons, 2001, 2009;
Libault et al., 2010). Root hairs initiate at defined sites in
trichoblasts and root hair-forming cells in the root epi-
dermis, and their growth takes place exclusively at the
tip. Tip growth characteristics of root hairs are similar
to those of pollen tubes, fungal hyphae, moss proto-
nema, and neurites. Under laboratory conditions, root
hairs are dispensable for plant growth, enabling the
isolation and characterization of root hair mutants. The
availability of genetic analysis together with the rela-
tively simple methodology required to image root hair
development and intracellular components make root
hairs an attractive model system for studying tip
growth (Foreman and Dolan, 2001; Carol and Dolan,
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2002; Cole and Fowler, 2006; Lee and Yang, 2008).
Unidirectional root hair growth depends upon tip-
focused calcium and reactive oxygen species gradi-
ents, intracellular pH gradient, cytoskeleton dynamics,
and vesicle trafficking to deliver new membrane and
cell wall materials to the growing tip (Ketelaar and
Emons, 2001, 2009; Carol and Dolan, 2002; Carol et al.,
2005; Ovecka et al., 2005; Diet et al.,, 2006; Jones
et al., 2007; Takeda et al., 2008; Bloch et al., 2011; Pei
etal., 2012; Yoo et al., 2012). Accumulating evidence has
implicated Rho-related GTPases from plants (ROPs) in
regulating signaling networks in the orchestration of
ion gradients, cytoskeleton dynamics, and vesicle traf-
ficking during root hair growth and development
(Kost, 2008; Lee and Yang, 2008; Yalovsky et al., 2008).

Arabidopsis (Arabidopsis thaliana) ROPs include a
protein family of 11 members that have been divided
into either four subgroups named types I, II, II, and IV
by phylogenetic analysis (Yang, 2002) or into two sub-
groups called type I and type Il based on the amino acid
sequences of their C-terminal hypervariable domains
(Winge et al., 2000). Previous studies have shown that
several ROPs can affect root hair growth (Molendijk
et al., 2001; Jones et al., 2002; Bloch et al., 2005; Sorek
et al., 2010). ROP2, ROP4, and ROP6 were shown to
accumulate at the root hair initiation site (Molendijk
etal., 2001; Jones et al., 2002; Payne and Grierson, 2009).
Overexpression of constitutively active (CA) mutant
forms of ROP2, ROP4, ROP6, and ROP11 induced iso-
tropic growth, resulting in balloon-shaped root hairs
(Molendijk et al., 2001; Jones et al., 2002; Bloch et al.,
2005). Overexpression of ROP2 induced the formation
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of additional root hairs and root hair branching, im-
plicating ROP2 in root hair differentiation (Molendijk
et al., 2001; Jones et al., 2002). Overexpressing a domi-
nant negative (DN) mutant of ROP2 resulted in tip
growth inhibition (Jones et al., 2002). ROP2 expression
led to the activation of NADPH oxidases AtRbohC/
ROOT HAIR-DEFECTIVE? that generate reactive oxy-
gen species, which in turn stimulate calcium ion influx
into the cytoplasm and change calcium ion gradi-
ents. Changes in intracellular Ca®* levels have been
suggested to regulate actin dynamics (Molendijk et al.,
2001; Jones et al., 2002, 2007; Carol et al., 2005; Lee et al.,
2008; Takeda et al., 2008). ROP11 and ROP6 also were
shown to inhibit endocytosis in root hairs in an actin-
independent manner (Bloch et al., 2005; Sorek et al.,
2010).

As a binary molecular switch that transmits extra-
cellular signals to intracellular biological events, the
rapid conversion of ROPs between the GTP-bound
form (active) and the GDP-bound form (inactive) en-
ables a rapid response to cellular processes (Nibau et al.,
2006; Yang and Fu, 2007). Three major classes of regu-
latory proteins, guanine nucleotide exchange factors
(GEFs), GTPase-activating proteins (GAPs), and gua-
nine nucleotide dissociation inhibitors (GDIs), play
important roles in regulating the activities of the RHO
family of proteins in various cells (Gu et al.,, 2004;
Klahre and Kost, 2006; Fu et al., 2008; Kost, 2008;
Nagawa et al., 2010; Cherfils and Zeghouf, 2013).
RhoGDlIs have long been considered negative regula-
tors that function by sequestering inactive Rho proteins
within the cytoplasm. Recently, RhoGDIs also were
implicated in the recycling of inactive Rho protein from
the plasma membrane (PM) and providing protection
from degradation in the cytosol (Klahre et al., 2006; Fu
et al., 2008; Lee and Yang, 2008; Boulter et al., 2010;
Boulter and Garcia-Mata, 2010). Translocation and ac-
tivation of ROP2 could be inhibited by coexpression
with RhoGDI1 in guard cells (Jeon et al., 2008). Hwang
et al. (2010) demonstrated that the global inhibition of
ROP1 activity by RopGAP1 and RhoGDI1 could bal-
ance the lateral propagation of apical ROP1 activation
induced by overexpressing ROP1 in pollen tubes.
NtRhoGDI2 has a role in recycling NtRac5 to the apex
to maintain the polarity of ROP signaling and pollen
tube growth (Klahre et al., 2006). Three Arabidopsis
GDIs (RhoGDI1, RhoGDI2a, and RhoGDI2b) have
been suggested to antagonistically interact with phos-
phatidylinositol 4,5-bisphosphate in cellular homeo-
stasis and the maintenance of pollen tube growth
through ROP signaling (Feng et al., 2016). AtRhoGDI1/
SUPERCENTIPEDET1 (SCN1) mutants have trichoblasts
with multiple root hair initiation tips, indicating that
AtRhoGDI1/SCN1 spatially restricts the site of root
hair growth to a single spot (Carol et al., 2005). The
multiple root hair phenotype of scnl confirms the
role of RhoGDI-dependent Rho recycling in the main-
tenance of cell polarity (Marée et al, 2006; Jilkine
et al., 2007).
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MICROTUBULE-ASSOCIATED PROTEIN18 (MAP18),
also known as PLASMA MEMBRANE-ASSOCIATED
CA?" BINDING PROTEIN2 (PCaP2), was first identi-
fied as a microtubule-associated protein that con-
tributes to cortical microtubule organization and the
regulation of polarized diffuse growth in vegetative
tissues (Wang et al., 2007). MAP18 contains the de-
velopmentally regulated plasma membrane protein
(DREPP) domain and belongs to the DREPP family
(Logan et al., 1997). Recently, we found that MAP18
plays a key role in modulating actin filaments in
growing cells at the tip, thereby regulating pollen tube
growth direction (Zhu et al., 2013) as well as the proper
positioning of the nucleus in growing root hairs (Zhang
et al., 2015). Either down-regulation or overexpression
of MAP18 could lead to the disorganization of actin
filaments in the apex and subapical regions of root
hairs, resulting in aberrant root hair growth patterns
(Zhang et al., 2015). Similarly, MAP18/PCaP2 has been
shown to be expressed in root hairs and affects devel-
opment (Kato et al., 2010, 2013).

Genetic analyses have indicated that ROP2 and
MAP18 may function in the same pathway or coregulate
similar signaling processes. ROP2 loss-of-function
mutants and map18 knockdown mutants have shorter
root hairs (Jones et al., 2002; Zhang et al., 2015). Fur-
thermore, overexpression of MAP18 or ROP2 induced
the formation of multiple root hair tips or root hair
branching (Jones et al., 2002; Zhang et al., 2015). How-
ever, whether and how MAP18 and ROP2 coordinately
regulate root hair polarity and growth remain unclear.
In this study, we demonstrate that MAP18 and ROP2
genetically and functionally interact to affect root hair
development. Furthermore, we prove that MAP18
preferably binds to the inactive form of ROP2 via its
N-terminal end, leading to ROP2 activation. We fur-
ther demonstrate that MAP18 interferes in the inter-
action between inactive ROP2 and AtRhoGDI1/SCNI1.
Collectively, this study reveals a novel function of
MAP18 in the regulation of ROP2 activity and root hair
growth.

RESULTS

MAP18 Genetically and Functionally Interacts with ROP2
in Root Hairs

To elucidate whether MAP18 and ROP2 coordinately
regulate root hair tip growth, we first compared the
root hair phenotypes of the map18 knockdown mutant
(SALK_021652; Zhu et al., 2013), the rop2-1 knockout
mutant (SALK_055328; Jeon et al., 2008), and the rop2-1
mapl8 double mutant. Consistent with our previous
report (Zhang et al., 2015), map18 seedlings exhibited
short root hairs, with an average length of about half of
the wild-type length (Fig. 1, A and C). Similarly, the
average length of rop2-1 root hairs was reduced sig-
nificantly (Fig. 1, A and C). Next, we generated a rop2-1
map18 double mutant to examine the genetic interaction
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Figure 1. MAP18 genetically interacts with ROP2. Representative images of root hair morphologies of various 5-d-old seedlings
are shown. A, The map18, rop2-1, and rop2-1 map18 mutants have obvious shorter root hairs compared with wild-type
Columbia-0 (Col) seedlings. The root hairs of GFP-ROP2 are longer than wild-type hairs, while MAP18-mCherry#1, map18/GFP-
ROP2, and MAP18-mCherry#1/GFP-ROP2 have shorter root hairs. Bar = 1 mm. B, The branching root hair phenotype in various
lines. White arrowheads indicate the branching tips. MAP18-mCherry#1, GFP-ROP2, MAP18-mCherry#1/GFP-ROP2, map18/
GFP-ROP2, and rop2-1/MAP18-mCherry#1 all exhibited obvious multiple tips or branching root hairs, and CA-rop2 had more
multiple tips or branching root hairs, whereas root hair branching was hardly detected in the wild type, map18, and DN-rop2.
Bar =200 um. C, Quantitative analysis of the average root hair length of various lines. The root hair length of the rop2-1 map18
double mutant was as short as that of the rop2-7 and map18 single mutants. Overexpression of GFP-ROP2 caused longer root
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between MAP18 and ROP2. The rop2-1 map18 double
mutant seedlings also exhibited short root hairs that
were significantly shorter than the wild-type hairs but
not significantly different from those of mapl8 and
rop2-1 single mutants (Fig. 1, A and C). The nonadditive
phenotype of the rop2-1 map18 double mutant suggests
that MAP18 and ROP2 might function in the same
pathway.

To further elucidate the functions of MAP18 and
ROP2 during root hair growth, we analyzed the effects
of GFP-ROP2 (Supplemental Fig. S1A) and MAPI18
(MAP18-mCherry#1) overexpression (Supplemental
Fig. S2) on root hair morphology. Consistent with
previously reported data on overexpressing ROP2
(Jones et al., 2002) and MAP18 (Zhang et al., 2015) lines,
GFP-ROP2 and MAP18-mCherry overexpression led to
the formation of multiple root hair tips and root hair
branching, respectively (Fig. 1B, white arrowheads).
The phenotypes induced by either ROP2 or MAP18
suggest that they both regulate root hair polarity
growth and elongation. Interestingly, the expression of
constitutively active ROP2 (CA-rop2) induced a higher
number of multiple root hair initiation tips or root
hair branches, whereas the expression of a dominant
negative ROP2 (DN-rop2) significantly inhibited root
hair elongation but did not cause root hair branching
(Fig. 1, B and D). This evidence indicates that ROP2
activity is critical for both root hair elongation and
polarity maintenance, which are two different (al-
though related) processes during root hair growth
and development.

We then introduced GFP-ROP2 into a map18 mutant
or MAP18-mCherry#1 plants by crossing (Fig. 1A).
While GFP-ROP2 root hairs were longer than wild-type
hairs (Fig. 1C), map18/GFP-ROP2 root hairs were sig-
nificantly shorter and displayed an average length that
was about half that of wild-type root hairs (Fig. 1, Band
Q). In addition, while map18/GFP-ROP2 seedlings still
developed branched root hairs, the percentage was
significantly lower compared with GFP-ROP2 (Fig. 1D).
MAP18-mCherry#1/GFP-ROP2 had more branched/
multiple root hairs at the tip than GFP-ROP2 plants
(Fig. 1D). These results indicate that MAP18 is involved
in ROP2 function in root hair growth, both in elonga-
tion and maintaining the growth point. We introduced
MAP18-mCherry#1 into a rop2-1 mutant by crossing
(Fig. 1B). The frequency of root hairs with branched/
multiple tips in rop2-1/MAP18-mCherry#1 was lower
than in MAP18-mCherry#1 seedlings but higher than in
rop2-1 and the wild type (Fig. 1D). These data suggest

MAP18 Regulates ROP2 Activity

that the effect of MAP18 on maintaining the growth
point may be partially dependent on ROP2. Interest-
ingly, overexpression of MAP18 in a wild-type back-
ground (MAP18-mCherry#1), in a ROP2 overexpression
background (MAP18-mCherry#1/GFP-ROP2), or in a
rop2-1 mutant (rop2-1/MAP18-mCherry#1) all led to
significantly shorter root hairs compared with wild-
type plants (Fig. 1, A-C), which suggests that a ROP2-
independent mechanism also was involved, and the
effect of MAP18 on root hair elongation was partially
dependent on ROP2 as well.

We next examined whether the genetic interactions
between MAP18 and ROP2 result from a physical in-
teraction between MAP18 and ROP2 proteins.

Physical Interaction between MAP18 and ROP2 in Vitro
and in Vivo

To study the mechanistic basis for the functional in-
teractions between MAP18 and ROP2, we examined
whether the proteins could interact physically with
each other. In vitro pull-down assays with Escherichia
coli expressing recombinant proteins demonstrated that
GST-MAP18 preferentially interacted with a poly-His-
tagged dominant negative ROP2 mutant harboring a
D121A mutation (DN-ROP2) compared with constitu-
tively active CA-ROP2 (G15V; Fig. 2A). Next, we per-
formed pull-down assays with total protein extracts
prepared from GFP-ROP2 plants (Fig. 2B). To further
examine the relationship between ROP2 activation
status and its interaction with MAP18, GDP or GTP-y-S
(a nonhydrolyzable analog of GTP) was included in the
pull-down reaction mixture. The interaction between
GST-MAP18 and GFP-ROP2 was stronger in the pres-
ence of GDP than in the presence of GTP-y-S (Fig. 2B),
which is in agreement with data showing that GST-
MAP18 had a stronger interaction with DN-ROP2
than with CA-ROP2 (Fig. 2A). Next, we performed
a coimmunoprecipitation (Co-IP) assay using an Ara-
bidopsis protoplast expressing MAP18-Myc and GFP-
ROP2, GFP-DN-ROP2, or GFP-CA-ROP2. MAP18-Myc
coimmunoprecipitated with the wild type and with
constitutively active and dominant negative ROP2
variants. In agreement with the data from the pull-
down assay (Fig. 2, A and B), the interaction with
DN-ROP2 was significantly stronger (Fig. 2C).

The interaction between MAP18 and ROP2 also was
confirmed in vivo by bimolecular fluorescence com-
plementation (BiFC). We fused the C-terminal half of
eYFP (YC) to the C terminus of MAP18 (MAP18-YC)

Figure 1. (Continued.)

hairs, but there were shorter root hairs in map18/GFP-ROP2. D, Quantitative analysis of multiple-tip root hairs in various lines.
The percentage of branched root hairs was higher in GFP-ROP2 than in the wild type. However, the frequency of branched root
hairs was decreased in map18/GFP-ROP2 and increased in MAP18-mCherry#1/GFP-ROP2 lines compared with GFP-ROP2
plants. The percentage of branched root hairs was higher in MAP18-mCherry#1 than in rop2-1/MAP18-mCherry#1. More than
150 root hairs from at least 20 growing roots for each line were measured. Data are presented as means = sp. Asterisks indicate

significant differences at P < 0.05, by ANOVA.
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Figure 2. Analysis of the interaction between MAP18 and ROP2. A, In vitro binding assays were performed using recombinant
E. coli-expressed GST-MAP18 and ROP2 variants. Pull down of His-CA-ROP2 or His-DN-ROP2 by GST-MAP18 was detected by
anti-His antibodies. The bottom gel shows that similar amounts of His-CA-ROP2 and His-DN-ROP2 were used in the binding
assays. Nonfused GST was used as a negative control. B, GFP-ROP2 proteins extracted from transgenic seedlings were pulled
down by GST-MAP18. Total protein extracted from GFP-ROP2 seedling roots were preloaded with GTP-y-S or GDP for pull-down
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and fused the N-terminal half of YFP (YN) to the N
terminus of ROP2, DN-ROP2, or CA-ROP2 (YN-ROP2,
YN-DN-ROP2, or YN-CA-ROP2). MAP18-YC was tran-
siently coexpressed with YN-ROP2, YN-DN-ROP2,
YN-CA-ROP2, or empty vector controls in Nicotiana
benthamiana leaf epidermis cells. Reconstituted YFP
fluorescence signals were detected in cells that coex-
pressed MAP18 with either ROP2 or DN-ROP2 but
were detected weakly in cells that coexpressed MAP18
and CA-ROP2. No YFP signal was detected in the
negative controls (Fig. 2D). Additionally, a lucifer-
ase complementation imaging (LCI) assay also was
performed by transient expression in N. benthamiana
leaves, revealing a stronger interaction between MAP18
and DN-ROP2 in vivo compared with ROP2 or
CA-ROP2 (Fig. 2E). In vitro and in vivo protein inter-
action assays indicate that MAP18 can interact physi-
cally with ROP2, preferentially with the inactive form
of the GTPase.

Preferential binding of MAP18 to the inactive form of
ROP2 suggests that it possibly functions as a regulator
rather than a downstream effector of ROP2.

MAP18 Activates ROP2 Function during Root Hair
Tip Growth

It has been shown that levels of activated Rho
GTPases can be estimated by comparing levels of the
GTPase that are pulled down with an effector-binding
domain fused to GST, such as GST-PBD (PAK-binding
domain), with their overall levels (Pellegrin and Mellor,
2008). We utilized a modification of this method using
the ROP effector RIC1 fused to maltose-binding protein
(MBP-RIC1) according to Lin et al. (2012) to examine
whether MAP18 regulates ROP2 activation status.
ROP2 activation assays were performed with plant
protein extracts from roots containing GFP-ROP2. The
amount of GFP-ROP2 that precipitated with MBP-RIC1
was lower when GFP-ROP2 was prepared from map18
mutants and was higher when protein extracts were
prepared from MAP18-mCherry-overexpressing plants
(MAP18-mCherry#1; Fig. 3, A and B). The MBP-RIC1

MAP18 Regulates ROP2 Activity

binding assays suggest that MAP18 is important for
ROP2 activation.

The polar accumulation of ROPs in trichoblasts is
correlated with local auxin gradients and precedes root
hair initiation (Fischer et al., 2006). Root hair tip PM
ROP2 localization persists throughout root hair tip
growth (Jones et al., 2002). To further substantiate the
relationship between ROP2 activation and MAP18, we
tracked the dynamics of PM-localized GFP-ROP2 in
growing root hairs of a mapl8 mutant or MAP18-
overexpressing plants using spinning-disk confocal
microscopy. In agreement with the published data
(Jones et al., 2002; Fischer et al., 2006), GFP-ROP2 was
associated with the apical PM in growing root hairs
(Fig. 3C) and absent from the tips of fully grown root
hairs (Supplemental Fig. S1B). In addition, the short
root hair phenotype of rop2-1 also was rescued by
the expression of ROP2pro::GFP-ROP2 (ROP2pro::GFP-
ROP2/rop2 #1 line, in which the relative expression level
of ROP2 was similar to that of the wild type), indicating
that ROP2 fused to GFP could functionally replace en-
dogenous ROP2 (Supplemental Fig. S1, C-E). Next, a
time series of GFP-ROP2 localization at the PM was
acquired. The fluorescence intensity of GFP-ROP2 at
the PM was lower in the map18 mutant and higher in
MAP18-mCherry-overexpressing plants (Fig. 3C). We
analyzed the plasma membrane/cytosol (PM/Cyt)
ratio of GFP-ROP2 fluorescence intensity at the apical
region of growing root hairs (schematic diagram shown
in Fig. 3D). Compared with control GFP-ROP?2 plants,
the average PM/Cyt ratio of GFP-ROP2 signals was
significantly higher in MAP18-mCherry#1/GFP-ROP2
root hairs, which suggests an increase of ROP2 activity
by overexpressing MAP18. This is consistent with the
phenotype shown in Figure 1: MAP18-mCherry#1/GFP-
ROP2 has more branched /multiple-tip root hairs than
GFP-ROP2 plants (Fig. 1, B and D). The average PM/
Cyt ratio of GFP-ROP2 signals was lower in map18/
GFP-ROP2 root hairs (Fig. 3E). This indicates a decrease
of ROP2 activity when MAP18 was down-regulated,
resulting in shorter root hairs and a lower frequency
of branched root hairs compared with control GFP-
ROP2 plants (Fig. 1). To further support this conclusion,

Figure 2. (Continued.)

assays. Anti-GFP antibody was used for detection. The bottom gel shows input bait proteins detected by anti-GST antibody, and
similar amounts of extracted proteins were used in the binding assays. Nonfused GST was used as a negative control. C, Co-IP
analysis shows that MAP18-Myc protein could interact with GFP-ROP2, GFP-DN-ROP2, or GFP-CA-ROP2 in vivo. Three bio-
logical repeats were performed, and one representative result is shown. The histogram indicates the ratios of GFP-DN-ROP2/
CA-ROP2/ROP2 proteins to MAP18-Myc protein levels. The interaction of MAP18-Myc with DN-ROP2 was significantly stronger
than that with GFP-ROP2 or GFP-CA-ROP2. Data are presented as mean values from three independent experiments * sp.
Asterisks indicate significant differences at P < 0.05, by ANOVA. D, Interaction between MAP18 and different forms of ROP2
tested using the BiFC assay. Images are from N. benthamiana leaves transformed with different combinations of pSPYCE and
PSPYNE constructs. Left to right columns show YFP (BiFC) fluorescence, corresponding bright-field images, and merged images.
Bar =10 um. E, Interaction between MAP18 and different forms of ROP2 tested using the LCl assay. Fluorescence and bright-field
images were collected from N. benthamiana leaves transformed with various combinations of vectors as indicated. nLuc+cLuc-
ROP2/CA-ROP2/DN-ROP2, MAP18-nLuc+cLuc, and nLuc+cLuc were used as negative controls. Relative fluorescence values
(bottom) show that the binding capacity of MAP18 with DN-ROP2 was more than that with ROP2 and CA-ROP2. Data are
presented as means * sb based on three independent experiments. Asterisks indicate significant differences at P < 0.05, by

ANOVA.
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Figure 3. MAP18 positively regulates ROP2 activity. A, Total GFP-ROP2 extracted from transgenic seedling roots and active
GFP-ROP2 pulled down by MBP-RIC1. Five independent experiments were performed and similar results were obtained; a
representative data set is shown. B, Quantitative analysis of data from A. ROP2 activity level was determined as the amount of
GTP-bound ROP2 versus the amount of total GFP-ROP2. ROP2 activity decreased significantly in map18/GFP-ROP2 and in-
creased in MAP18-mCherry#1/GFP-ROP2 lines. Data are mean values from five independent experiments * sp. Asterisks in-
dicate significant differences at P < 0.05, by ANOVA. C, Time-lapse images of growing root hairs expressing GFP-ROP2 in the
wild-type, map18, or MAP18-mCherry#1 background. PM-associated GFP-ROP2 at the growing root hair tip was weakened in
map18butenhanced in MAP18-mCherry#1. Bar =5 um. D, Cartoon depicting how the fluorescence intensity of the PM/Cyt ratio
was measured. A dashed line was drawn along the apical PM of the root hair (region 1), and a circle was drawn in the cytosol of the
root hair apex (region 2). E, Quantitative analysis of GFP-ROP2 fluorescence intensity (PM/Cyt ratio) in wild-type, map18 mutant,
and MAP18-mCherry#1 root hairs. Data were collected from 50 root hairs from 15 seedlings per data set. Data are presented as
box plots that reflect 25%, 50%, 75%, and the maximum/minimum of total values. Asterisks indicate significant differences at P <
0.05, by ANOVA. F, Representative result showing that the PM/Cyt ratio of GFP-ROP2 fluorescence intensity oscillated during
root hair growth. The PM/Cyt ratio of GFP-ROP2 signal was higher in MAP18-mCherry#1/GFP-ROP2 lines but lower in map18/
GFP-ROP2 lines compared with GFP-ROP2. a.u., Arbitrary units.
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we tracked 30 growing root hairs for a period of 10 min
each and observed that the GFP-ROP2 signal oscillated
over time in all root hairs. We analyzed the PM/Cyt
ratio of GFP-ROP2 signals at each time point, with a
representative result shown in Figure 3F. In general, the
PM/Cyt ratio was mostly higher in MAP18-mCherry#1/
GFP-ROP2 root hairs but lower in map18/GFP-ROP2
root hairs compared with control GFP-ROP2 root hairs.

A GFP-tagged deletion mutant of the ROP effector
RIC4 (RIC4AC-GFP) has been used to monitor ROP
activity in pollen tubes. RIC4AC-GFP expression did
not interfere with pollen tube growth, and membrane
localization was correlated with ROP activity (Hwang
et al., 2005). We adopted RIC4AC-GFP as a marker
for active ROP2 in growing root hairs by introducing
it into wild-type and mapl8 plants. As shown in
Supplemental Figure S3, similar to GFP-ROP2 distri-
bution, RIC4AC-GFP signals were stronger at the apical
PM in growing control RIC4AC-GFP root hairs com-
pared with map18/RIC4AC-GFP root hairs and dis-
appeared from the PM when root hairs stopped growing.
The average RIC4AC-GFP PM/Cyt ratio at the apex was
lower in map18/RIC4A C-GFP than in RIC4AC-GFP control
root hairs, while RIC4AC-GFP expression levels were
similar (Supplemental Fig. S3, A, C, and D). This obser-
vation was consistent with what we observed in root hairs
expressing GFP-ROP2 (Fig. 3, C and F).

The MBP-RIC1 binding assay and distribution of
GFP-ROP2 and RIC4AC-GFP in growing root hairs
(Fig. 3; Supplemental Fig. S3) strongly suggested that
MAP18 is important for ROP2 activities in the PM at the
root hair tip.

ROP2 Activation by MAP18 Is Independent of
Microtubules or Actin Filaments

Previous studies have demonstrated that MAP18 is
able to associate with both cortical microtubules and
F-actin. It has been demonstrated that MAP18 regulates
the polarized diffuse growth of vegetative tissue cells
by destabilizing microtubules (Wang et al., 2007) and
modulates apical fine F-actin dynamics in the tips of
growing pollen tubes and root hairs through calcium-
dependent F-actin-severing activity (Zhu et al., 2013;
Zhang et al., 2015). To investigate whether MAP18
regulates microtubule organization in growing root
hairs, we observed microtubule arrangement in root
hairs expressing GFP-MBD driven by the promoter
UBQ (Marc et al., 1998) in the wild type, the map18
mutant, and MAP18 overexpression lines. In wild-type
growing root hairs, microtubules were organized as
bundles along the longitudinal axis in the shank region.
Short microtubule fragments were observed at the
subapical region, and few microtubules were detected
in the apical domain (Supplemental Fig. S4A). These
findings are similar to our observations of map18§ and
MAP18 overexpression in root hairs (Supplemental Fig.
S4A). We then measured the skewness of the fluores-
cence intensity distribution in microtubules to evaluate
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the extent of microtubule bundling in the shank region
of root hairs. As shown in Supplemental Figure S4B,
microtubule bundling due to map18 and MAP18 over-
expression in root hairs was similar to that in wild-type
hairs. We measured the percentage of microtubule oc-
cupancy in root hairs, and no significant differences
were detected among wild-type, mapl8, and MAP1§
overexpression root hairs (Supplemental Fig. S4C).
Therefore, loss of function or overexpression of MAP18
did not significantly impact microtubule organization
in growing root hairs.

It was plausible that MAP18 might regulate ROP2
activity through its action on microfilaments. To test
this assumption, we conducted a pharmacological anal-
ysis to test whether microtubules and F-actin are involved
in MAP18-dependent ROP2 activation in growing root
hairs. No differences in GFP-ROP2 distribution in grow-
ing root hairs were observed following treatments
with the microtubules and the F-actin depolymerizing
drugs oryzalin and latrunculin B (LatB) for 10 min
(Fig. 4). Similarly, treatment with microtubules or
F-actin stabilizing drugs (taxol and phalloidin) for
60 min also did not affect the distribution of GFP-
ROP2 in growing root hairs (Fig. 4). The concentra-
tion and treatment duration of various drugs we
adopted were shown to be effective in stabilizing or
destabilizing microtubules or actin filaments, respec-
tively (Supplemental Fig. S5; Zhang et al., 2015) but
were not sufficient to cause the growth-defective
phenotype of root hairs.

One day of drug treatment with oryzalin, LatB, taxol,
or phalloidin caused short and branched root hairs
(Supplemental Fig. S6A), which is consistent with pre-
vious reports (Bibikova et al., 1999; Ketelaar et al., 2003),
and none of the drugs affected the pull down of GFP-
ROP2 by MBP-RIC1 in GFP-ROP2, map18/GFP-ROP2,
and MAP18-mCherry#1/GFP-ROP2 plants (Supplemental
Fig. S6, B and C), which is in agreement with the ob-
servations of GFP-ROP2 distribution. This evidence
suggests that root hair growth and the maintenance of
the growth point are precisely regulated by multiple
regulatory mechanisms and that MAP18-mediated
ROP2 activation is likely not dependent on microtu-
bules or F-actin.

MAP18 Regulates ROP2 Activity by Interfering with the
Interaction between AtRhoGDI1/SCN1 and ROP2

RhoGDI1 scnl mutant plants develop multiple short
root hairs (Carol et al., 2005) similar to MAP18-mCherry-
overexpressing plants (Fig. 1). This raises the possibility
that AtRhoGDI1/SCN1 might be involved in MAP18-
mediated ROP2 activation. To examine this hypothesis,
we analyzed the phenotypes of two T-DNA inser-
tion lines in AtRhoGDI1/SCN1 (SALK_129991 and
SALK_035400) that were designated as gdil-1 and gdil-
2, respectively (Supplemental Fig. S7A). Quantitative
reverse transcription (qRT)-PCR analysis showed re-
ductions in AtRhoGDI1/SCN1 expression levels by
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Figure 4. MAP18 regulation of ROP2 activity is likely independent of the cytoskeleton. A, PM-associated GFP-ROP2 at the tips of
different growing root hairs treated with or without microtubules and the F-actin depolymerizing drugs oryzalin and LatB for
10 min or microtubules and the F-actin stabilizing drugs taxol and phalloidin for 60 min. The PM distribution of GFP-ROP2 in the
wild-type, map18, or MAP18 overexpression background was not influenced by various drug treatments. B, Quantification of the
average PM/Cyt ratio of GFP-ROP2 fluorescence at the apex in growing root hairs shown in A. Data represent means = sp, and at
least 20 measurements from three independent experiments were included. Asterisks indicate significant differences at P < 0.05,

by ANOVA.

about 90% and 60% in gdil-1 and gdil-2, respectively
(Supplemental Fig. S7B).

Analysis revealed that gdil-1 root hairs exhibited
multiple tips and were shorter (Fig. 5C; Supplemental
Fig. 57C), similar to the phenotypes of scn1-1 and scnl-3
AtRhoGDI1/SCN1 mutant alleles (Carol et al., 2005). As
expected from higher AtRhoGDI1/SCN1 mRNA ex-
pression levels in gdi1-2 compared with gdil-1, the root
hair phenotype (average root hair length of 150 um and
only 35% developing multiple tips; Fig. 5, D and E) of
this allele was much weaker compared with the se-
verely distorted gdil-1 root hairs (average root hair
length of 43 um and 89% developing multiple tips; Fig.
5, D and E). Interestingly, the phenotype of gdi1-2 root
hairs resembles that of MAP18-mCherry-overexpressing
plants (Fig. 5, A and B). The short root hair phenotypes
of gdil-1 and gdil-2 were both rescued by expressing
an AtGDIIpromotor::GDI1 construct. Fifteen out of
18 transformed gdil-1 lines and 22 out of 25 gdil-2
transformed lines recovered the short root hair pheno-
type. Two of these lines (COM#3 for gdi1-1 and COM#7
for gdil-2) were selected for phenotypic analysis, and
representative images are shown in Supplemental
Figure S7, C to E. We concluded that the defects ob-
served in gdil-1 and gdil-2 root hairs resulted from
the down-regulation of AtRhoGDI1/SCN1 expression
and that AtRhoGDI1/SCNI1 is required for normal
root hair growth.

To learn more about the relationship between
MAP18 and AtRhoGDI1/SCNT1 in root hair growth, we
generated gdil-1 map18 double mutants, gdi1-1/MAP1§-
mCherry#1 and gdil-2 mapl8 double mutants, and
gdil-2/MAP18-mCherry#l plants (Fig. 5). As expected,
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the root hair phenotypes of gdil-1 map18 and gdil-1/
MAP18-mCherry#1 seedlings both resembled gdil-1,
but root hairs were obviously shorter than map18 or
MAP18-mCherry#1 seedlings and significantly different
from mapl8 root hairs, which hardly produced any
multiple tips (Fig. 5, C-E). In addition, gdi1-2 map18 and
gdil-2/ MAP18-mCherry#1 root hairs both displayed
branched and short root hairs, similar to the gdil-2
single mutant (Fig. 5, A, B, D, and E). Root hair phe-
notypes of gdil-2 or gdil-1 with map18 or MAPI18-
mCherry#1 double mutants suggest that AtRhoGDI1/
SCN1 may function together with MAP18 to regulate
ROP?2 activity during root hair development.

To study the molecular mechanisms that underlie the
interaction between AtRhoGDI1/SCN1 and MAPIS,
we next examined whether they could mutually affect
each other’s interaction with ROP2. It was reported
previously that AtRhoGDI1/SCNT1 interacts with ROP4
and ROPS in yeast (Bischoff et al., 2000). In vitro pull-
down assays demonstrated that recombinant E. coli
expressing GST-AtRhoGDI1/SCNI1 can interact with
His-DN-ROP2 and His-CA-ROP (Fig. 6A). Under
physiological conditions, the interaction between
RhoGDI and the RHO family of proteins was shown
to depend on geranylgeranylation of the GTPase
(Hoffman et al., 2000; Grizot et al., 2001; Garcia-Mata
etal., 2011). Since recombinant ROPs expressed in E. coli
are not geranylgeranylated (Sorek et al., 2010), it was
important to establish that RhoGDI1 interacts with
geranylgeranylated ROP2 purified from plants. To this
end, we prepared protein extracts from GFP-ROP2
seedlings and examined whether GFP-ROP2 could be
pulled down by GST-AtRhoGDI1/SCN1. Results of the
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Figure 5. MAP18-ROP2 functionally interacts with AtRhoGDI1/SCNT1 to regulate root hair growth and morphology. A, Repre-
sentative images of root hairs in Columbia-0 (Col), map18, MAP18-mCherry#1, gdi1-2, gdi1-2 map18 double mutant, and
gdi1-2/MAP18-mCherry#1 plants. Bar = T mm. B, The branching root hair phenotype in Columbia-0, map18, MAP18-
mCherry#1, gdi1-2, gdil-2 map18, and gdi1-2/MAP18-mCherry#1 plants. White arrowheads mark the branching root hairs.
Bar = 200 um. C, Representative images of root hairs in gdi7-1, gdi1-1 map18 double mutant, and MAP18-mCherry#1 crossed
with gdiT-1. Root hairs of gdi1-1 showed an obvious short and branching phenotype. The root hairs of various lines crossed with
the gdi7-1 mutant were similar to those of gdi7-T no matter whether there was a decrease or increase in the expression of MAPT8.
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pull-down assays demonstrated that GFP-ROP2 was
precipitated by GST-AtRhoGDI1/SCN1 in the presence
of GDP or GTP-y-S (Fig. 6B).

We next examined whether MAP18 affects the in-
teraction between AtRhoGDI1/SCN1 and ROP2. Con-
trol pull-down assays indicate that GST-MAP18 did not
interact with AtRhoGDI1/SCN1 (Supplemental Fig.
S8). However, the levels of GST-AtRhoGDI1/SCN1
precipitated by recombinant His-DN-ROP2 were re-
duced in the presence of MAP18 (Fig. 6C; Supplemental
Fig. S9). Interestingly, the addition of GST-MAP18 did
not affect the interaction between AtRhoGDI1/SCN1
and CA-ROP2 (Fig. 6D). These results suggest that
MAP18 competitively reduces the interaction between
AtRhoGDI1/SCNI1 and inactive ROP2 but not active
ROP2.

Moreover, GFP-ROP2 (extracted from GFP-ROP2
plants) precipitated by His-AtRhoGDI1/SCN1 also
was reduced when MAP18 was present (Fig. 6, Eand F).
Increased levels of GST-MAP18 in the pull-down re-
action mixture (0-3.5 um) were correlated with a cor-
responding reduction in the levels of GST-AtRhoGDI1/
SCNI1 that were precipitated by His-DN-ROP2 (Fig. 6,
G and H; Supplemental Fig. S10). To further substan-
tiate that MAP18 competes with AtRhoGDI1/SCN1 on
ROP2, GFP-DN-ROP2 and flag-tagged AtRhoGDI1/
SCN1 (SCN1-Flag) were coexpressed in Arabidopsis
protoplasts in the absence or presence of Myc-tagged
MAP18 (MAP18-Myc). In agreement with the results
presented in Figure 6, C, E, and G, GFP-DN-ROP2
levels precipitated by the flag-tagged AtRhoGDI1/
SCN1 were reduced when coexpressed with MAP18-
Myc (Fig. 6l). The data presented in Figure 6 and
Supplemental Figure S8 indicate that MAP18 competi-
tively reduces the interaction between AtRhoGDI1/
SCN1 and E. coli- or plant-expressed ROP2.

To examine whether MAP18-dependent ROP2 acti-
vation is associated with the competitive inhibition of
AtRhoGDI1/SCN1-ROP2 interaction by MAP18, we
determined the ROP2 activation status in gdil mutants
(all in a GFP-ROP2 background). First, we observed
and analyzed PM-associated GFP-ROP2 at the root hair
tip. Because of a strong defect phenotype in gdil-1, the
fluorescence signal of GFP-ROP2 was difficult to ob-
serve at the severely distorted root hair tips. Hence, we
chose the gdil-2 allele with a relatively weaker pheno-
type for further analyses.

PM-associated GFP-ROP2 levels at the root hair
growing tip were higher in gdil-2, gdil-2 map18, and
8di1-2/MAP18-mCherry#1 seedlings (Fig. 7, A and B). In

agreement with GFP-ROP2 distribution, higher GFP-
ROP2 levels were precipitated by MBP-RIC1 in gdil-2
compared with GFP-ROP2 control plants in ROP ac-
tivity detection assays (Fig. 7C). Remarkably, GFP-
ROP2 levels that were precipitated by MBP-RIC1 in
gdil-2 map18 and gdil-2/MAP18-mCherry#1 were simi-
lar to those of gdil-2 single mutants (Fig. 7, C and D),
while active ROP2 levels in map18 single mutants were
lower compared with the GFP-ROP2 control (Fig. 3, A
and B). The higher ROP2 activity in double mutants
was consistent with their root hair phenotypes: gdil-2
mapl8 and gdil-2/MAP18-mCherry#1 root hairs dis-
played branched and short root hairs similar to gdil-2
(Fig. 5, A and B). These results indicate that MAP18-
dependent ROP2 activation is associated with MAP18’s
competition with AtRhoGDI1/SCN1 for interaction
with ROP2 and suggest that MAP18 may counteract
with AtRhoGDI1/SCN1 to regulate ROP2 activity during
root hair development.

This evidence indicates that MAP18 regulates ROP2
activity through competition with AtRhoGDI1/SCN1
to bind the inactive form of ROP2.

The N23 Domain Is Necessary for MAP18 to Interact
with ROP2

To determine the ROP2-binding sites in MAP18, we
generated truncated or mutant proteins with site-
directed mutations. MAP18 has an N-terminal basic
domain composed of 23 amino acids (the N23 domain).
The N23 domain functions in binding to phosphatidyl-
phosphoinositide phosphates (PtdInsPs) and Ca®*/
calmodulin and is responsible for the localization
of MAP18 to the PM (Kato et al., 2013). The second Gly
residue (Gly-2) has been demonstrated as the site of
N-myristoylation, which also is required for membrane
anchoring. G-to-A mutation at this site abolished the
PM localization of MAP18 (Kato et al., 2010). To ex-
amine whether the N23 domain also is required for
the interaction between MAP18 and ROP2, we gener-
ated a truncated MAP18 mutant protein lacking the
N-terminal 23 amino acids (MAP18AN23) and a mutant
harboring a G2A point mutation (MAP18%*4).

Purified recombinant mutant proteins were used for
an in vitro pull-down assay. We found that non-PM-
localized GST-MAP18“** was still able to interact with
His-DN-ROP2, similar to GST-MAP18 (Fig. 8A). Con-
sistently, GST-MAP18“** interfered with the interac-
tion between AtRhoGDI1/SCN1 and DN-ROP2 (Fig.
8B). MAP18AN23-truncated mutants failed to interact

Figure 5. (Continued.)

Bar =200 um. D, Quantitative analysis of the average root hair length shown in A. The gdi7-2 root hairs were shorter than wild-
type hairs but similar to those of the gdi7-2 map18 double mutant and gdi7-2/MAP18-mCherry#1. The gdil-1 root hairs were
much shorter than gdi7-2 and wild-type hairs but similar to those of the gdi7-1 map18 double mutant and gdi1-1/MAP18-
mCherry#1. E, Developing multiple tips of gdiT-2 were weaker compared with those of gdi7-1 root hairs. However, a similar
percentage of branching root hairs was detected in gdi7-2 map18 and gdi1-2/MAP18-mCherry#1 compared with the gdi7-2
single mutant as well as in the gdi7-7 background. More than 150 root hairs from at least 20 growing roots for each line were

measured. Data are presented as means = sp.
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Figure 6. MAP18 competes with AtRhoGDI1/SCNT1 to bind ROP2. A, In vitro binding assays were performed using recombinant
E. coli-expressed GST-SCN1 and ROP2 variants. His-CA-ROP2 or His-DN-ROP2 pulled down by GST- SCNT was detected by
anti-His antibody. The bottom gel shows that similar amounts of His-CA-ROP2 and His-DN-ROP2 were used in the binding
assays. Nonfused GST was used as a negative control. B, Total proteins extracted from GFP-ROP2 seedling roots were preloaded
with GTP-y-S or GDP, and anti-GFP antibody was used for the detection of proteins pulled down by GST-SCN1. The bottom gel
shows input bait proteins detected by anti-GST antibody. Similar amounts of extracted proteins were used in the binding assays.
Nonfused GSTwas used as a negative control. C, Pull-down analysis shows that both GST-SCN1 and GST-MAP18 could bind with
His-DN-ROP2. The interaction of GST-SCN1 with His-DN-ROP2 was interfered with by the addition of GST-MAP18. His-AUG8
(Cao et al., 2013) was used as a negative control. Experiments were repeated at least three times, and a representative result is
shown. D, GST-MAP18 does not affect the interaction between AtRhoGDI1/SCN1 and CA-ROP2 in vitro. E, The capacity of His-
SCN1 pull-down GFP-ROP2 proteins extracted from transgenic seedlings is inhibited by GST-MAP18. The middle gel shows
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with His-DN-ROP2 (Fig. 8A), suggesting that the N23
domain of MAP18 is essential for the interaction of
MAP18 with ROP2 in vitro. Similarly, the interaction
between AtRhoGDI1/SCN1 and DN-ROP2 was not
affected by the addition of MAP18AN23 (Fig. 8B), in-
dicating a failure of MAP18AN23 to compete with
AtRhoGDI1/SCN1 for interaction with ROP2.

To examine whether MAP18 binds to ROP2 via the
N23 domain of MAP18 in vivo, we introduced GFP-
fused MAP18AN23 and MAP18“** into the map18
mutant. We first observed the localization pattern
of MAP18 in growing root hairs. In growing map18
root hairs stably expressing MAP18AN23-eGFP and
MAP18%**-eGFP, the fluorescence signal was localized
exclusively to the cytoplasm (Fig. 9A), which is differ-
ent from what was observed in MAP18-eGFP/map18
growing hairs (Supplemental Fig. S2D). Hence, in
agreement with previously published data, the
N-terminal N23 domain and Gly-2 are required for the
PM association of MAP18 (Kato et al., 2010, 2013).
In addition, PM-localized GFP-ROP?2 is decreased sig-
nificantly in MAP18AN23-overexpressing root hairs
compared with MAP18-mCherry#1 (overexpression of
full-length MAP18 with a similar expression level to
MAP18AN23; Fig. 9C; Supplemental Fig. S11), further
suggesting that the overexpression of MAP18AN23
could not promote ROP2 activity like full-length
MAP18 because the N23 domain is required for the
interaction with ROP2 (Fig. 8). Next, we examined the
root hair morphology of MAP18AN23/map18 #1 and
MAP18“**/map18 #1 seedlings, in which the relative
expression levels of mutant MAP18 proteins were
similar to MAP18 expression levels in the wild type
(Fig. 9C). As expected, the expression of MAP18AN23
did not fully recover the short root hair phenotype of
map18, indicating the importance of the N23 domain as
well as the MAP18-ROP2 interaction in the MAP18
regulation of root hair growth (Fig. 9, B and D). How-
ever, MAP18AN23/map18 #1 root hairs were still sig-
nificantly longer than map18 root hairs (Fig. 9, B and D),
suggesting that MAP18 regulation of root hair growth
also can be independent of ROP2. In agreement, we
demonstrated previously that MAP18 regulates the
organization and dynamics of apical F-actin during
root hair tip growth (Zhang et al., 2015).

Furthermore, we investigated the root hair mor-
phology of MAP18AN23/map18 #2 seedlings, in which
the relative expression level of the mutant MAP18 was
much higher than the expression level of MAP18 in the
wild type but was similar to the expression in MAP18-
mCherry#1 (Fig. 9C). Overexpression of MAP18AN23
also led to the short root hair and branched root hair
phenotype, similar to the overexpression of full-length
MAP18 (MAP18-mCherry#1; Fig. 9, B and D), although
the percentage of branched root hairs was signifi-
cantly lower compared with MAP18-mCherry#1 (Fig. 9E).
These results indicate that the maintenance of growth
point by MAP18 was at least partially dependent on the
interaction with ROP2.

However, 89% of root hairs from MAP18 GZA/maplB #1
seedlings had a similar length to that of the wild type
(Fig. 9, B and D). The percentage of multiple-tip root
hairs in MAP18“*}/map18 #1 was very close to that of
the wild type (Fig. 9E), indicating that MAP18%** res-
cues the root hair defect in the map18 mutant and that
the PM localization of MAP18 at the shank region is not
absolutely required for its function in root hair growth.

To summarize, these results suggest that interaction
with ROP2, but not PM binding, is important for
MAP18 function in ROP2 signaling during root hair
growth.

DISCUSSION

In this study, we showed that MAP18 genetically and
functionally interacts with ROP2 signaling in root hair
growth, both in maintaining growth polarity and sus-
taining root hair elongation. MAP18 preferably binds to
the inactive form of ROP2 and promotes the activation
of ROP2 in root hairs.

Further investigation elucidated that MAP18 inter-
feres with the interaction between the inactive form of
ROP2 and AtRhoGDI1/SCN1, which contributes to the
subcellular distribution of active ROP2. RhoGDIs have
been subjected to intensive studies in yeast and mam-
malian systems, and the availability of viable RhoGDI
null mutants in Arabidopsis has enabled ROP func-
tion to be studied in RhoGDI-deficient backgrounds. In
this study, we examined the function of MAP18 in the

Figure 6. (Continued.)

His-SCN1, and the bottom gel shows input bait proteins stained by Coomassie Brilliant Blue (CBB). Anti-GFP was used for the
detection of ROP2 protein pulled down by His-SCN1. Nonfused GST was used as a negative control. F, Quantification analysis of
the relative ROP2-binding capacity of His-SCN1. GFP-ROP2 pulled down by His-SCN1 was decreased by the addition of GST-
MAP18. Data represent means * sb from at least three repeats. Relative amounts of binding GFP-ROP2 protein were normalized
to input bait protein and were arbitrarily defined as 1. The asterisk indicates a significant difference at P < 0.05, by ANOVA. G,
His-DN-ROP2 was incubated with various concentrations of recombinant GST-MAP18. Lanes 1 to 8 show 0, 0.5, 1, 1.5,2, 2.5, 3,
and 3.5 um GST-MAP18, 2 um GST-SCNT, and 2 um His-DN-ROP2. Experiments were repeated at least three times, and a
representative result was shown. H, Quantification analysis of G. The amounts of GST-MAP18 or GST-SCN1 bound to His-DN-
ROP2 were determined by blots and scanning of stained gels. Binding to His-DN-ROP2 was saturated at a stoichiometry of
0.58 mol of GST-MAP18 per mol of His-DN-ROP2. The amount of GST-SCN1 binding to His-DN-ROP2 was decreased gradually
with the increase of GST-MAP18. |, GFP-DN-ROP2 and AtRhoGDI1/SCN1-Flag coexpressed in the protoplasts with or without
MAP18-Myc. Co-IP assay showed that MAP18 competes with AtRhoGDI1/SCN1 for binding to ROP2 in vivo. GFP-DN-ROP2
coprecipitated with AtRhoGDI1/SCN1-Flag by anti-GFP antibody was reduced in the presence of MAP18-Myc.
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Figure 7. MAP18 positively regulates ROP2 activity by interfering with the interaction between AtRhoGDIT/SCN1 and ROP2.
A, Time-lapse images of growing root hairs expressing GFP-ROP2 in the wild-type Columbia-0 (Col), gdi1-2, gdi1-2 map18, or
gdi1-2/MAP18-mCherry#1 background. PM-associated GFP-ROP2 at the tips of growing root hairs was enhanced in all gdi7-2,
gdi1-2 map18, and gdi1-2/MAP18-mCherry#1 plants. Bar = 5 um. B, Quantitative analysis of the PM/Cyt ratio of GFP-ROP2
fluorescence intensity at the apex of growing root hairs. The PM/Cyt ratio is higher in gdi7-2, gdi1-2 map18, and gdi1-2/MAP18-
mCherry#1. Data represent means = sp, and at least 20 root hairs from three independent experiments were measured for each
data set. Asterisks indicate significant differences at P < 0.05, by ANOVA. C, Total GFP-ROP2 and active GFP-ROP2 pulled down
by MBP-RICT were analyzed in control, gdi7-2, gdi1-2 map18 double mutant, and gdi7-2/MAP18-mCherry#1 plants (all
expressing GFP-ROP2). Five independent experiments were performed, and one representative result is shown. D, Quantitative
analysis of data from C. Relative ROP2 activity was determined as the amount of active ROP2 pulled down by MBP-RIC1 versus
the amount of total GFP-ROP2. The ROP2 activity increased significantly in the gdi7-2 mutant (asterisks indicate significant
differences at P < 0.05, by ANOVA), and neither knocking down nor overexpression of MAP18 could further affect the ROP2

activity in gdi7-2. Data are mean values from five independent experiments * sp.

regulation of ROP2 activity during root hair growth
using the gdil mutant background.

Based on the data presented, we propose the fol-
lowing model. MAP18 functions as a RhoGDI dis-
placement factor that competes with AtRhoGDI1/
SCNI1 for interaction with GDP-ROP2. MAP18 inter-
feres with the interaction between GDP-ROP2 and
AtRhoGDI1/SCN1, resulting in more activated GTP-
ROP2 on the apical PM. The apical polarized activated
ROP2 triggers downstream signaling to maintain root
hair polarity and elongation. Besides that, our genetic
analysis suggested that MAP18 also may regulate root
hair growth in a ROP2-independent manner, likely
through directly modulating microfilament organiza-
tion and dynamics at the root hair apex, as we dem-
onstrated in our previous report (Zhang et al., 2015; Fig.
10). This work demonstrates a novel function of MAP18
in maintaining the growth point and modulating root
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hair elongation by regulating ROP2 activity during root
hair tip growth.

Cooperation of MAP18 and ROP2 Signaling during Root
Hair Growth

Overexpression ROP2 or MAPIS8 leads to the for-
mation of multiple root hair tips and root hair branch-
ing, respectively. However, overexpression of MAP18
leads to the development of significantly shorter root
hairs compared with wild-type plants. In contrast, root
hairs due to the overexpression of ROP2 are longer than
wild-type root hairs. These root hair phenotypes sug-
gest that maintaining the root hair growth point and
sustaining root hair elongation are two different func-
tions in regulating root hair growth.

We propose a hypothesis that MAP18 has a dual
function in the regulation of root hair growth:
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Figure 8. The N23 domain is necessary for interaction between MAP18
and ROP2. A, An in vitro binding assay was performed to test the in-
teraction between GST-MAP18 variants and DN-ROP2. His-DN-ROP2
pulled down by GST-MAP18 and GST-MAP18%** was detected by anti-
His antibody. GST-MAP18AN23 failed to interact with His-DN-ROP2.
The bottom gels show input bait proteins, and similar amounts of
GST-MAP18, GST-MAP18AN23, and GST-MAP18%** were used in the
binding assay. Nonfused GST was used as a negative control. B, In
vitro pull-down assay showing that MAP18 and MAP18%**, but not
MAP18AN23, competed with AtRhoGDIT/SCN1 for ROP2 binding.
Anti-GST antibody was used for detection. Nonfused GST was used as
a negative control.

(1) maintaining the root hair growth point and sus-
taining elongation, through promoting ROP2 activity;
and (2) influencing actin organization in the apical and
subapical regions.

It has been proposed that the organization and dy-
namics of F-actin are able to affect the activity of ROP
GTPases by participating in vesicle trafficking during
pollen tube tip growth (Nagawa et al., 2010). In addi-
tion, well-ordered transverse microtubules seem to in-
hibit ROP2 activity at the neck of pavement cells (Fu
et al, 2005). We reported previously that MAP18
modulated the dynamics of microtubules and F-actin in
different cell types (Wang et al., 2007; Zhu et al., 2013;
Zhang et al., 2015). However, using pharmacological
analysis, we demonstrated that changes in ROP2 ac-
tivity in a map18 mutant or MAP18-overexpressing root
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hairs were not further affected by the stabilization or
disruption of either microtubules or F-actin. Further
analysis of ROP2-binding activity in various MAP18
mutant proteins with a mutation in VEEKK motifs
(MAP18 mutant proteins are described by Zhu et al.
[2013]) indicated that MAP18 binding to ROP2 was
unrelated to its Ca**-dependent F-actin-severing activ-
ity (Supplemental Fig. S12C). These results demon-
strate the existence of a MAP18-mediated activation of
ROP2 in root hairs that is independent of the cytoskel-
eton, although we did not completely exclude the
possibility that MAP18 also might indirectly affect
ROP2 activity through the regulation of F-actin orga-
nization and dynamics in the root hair tip.

ROP2 has been reported to regulate the formation of
fine F-actin at the root hair tips (Jones et al., 2002).
MAP18 also was found to be able to interact with
CA-ROP2 or GTP-ROP2 in vitro, with a much weaker
binding capability compared with its interaction with
inactive DN-ROP2 and GDP-ROP2. In addition, the
GDP-bound form of a small GTPase (Budlp) showed a
positive influence on cellular functions through asso-
ciations with Bem1 in determining budding yeast cell
polarity (Park et al., 1997). This raises the question of
whether MAP18 also can be a downstream effector of
ROP2 signaling to regulate apical F-actin during root
hair tip growth. Because loss of function of ROP2 did
not affect the localization pattern of MAP18 in root
hairs or alter the actin-severing activity of MAP18
in vitro (Supplemental Fig. 513), we suspect that active
ROP2 is not required for the MAP18 regulation of
F-actin in root hairs. During root hair growth, fine
F-actin dynamics and organization at the root hair apex
are regulated by MAP18 directly or modulated by ac-
tive ROP2, in which activation is promoted by MAP18.
Nevertheless, more direct evidence will be needed to
make a conclusion.

Nonconventional Mechanism for Regulating ROP2
Activity during Root Hair Growth

As a binary molecular switch, ROPs rapidly cycle
between GTP-bound (active) and GDP-bound (inac-
tive) forms. There are conserved positive and negative
regulatory proteins for small GTPases in eukaryotic
genomes that respond to different signals. Three major
classes of regulatory proteins, GEFs, GAPs, and GDlIs,
all play important roles in regulating ROP activities and
functions (Gu et al., 2004; Fu et al., 2008; Kost, 2008;
Nagawa et al., 2010; Cherfils and Zeghouf, 2013). In
Arabidopsis, ROPGEF4 and ROPGEF10 were shown to
function downstream of the receptor-like protein kinase
FERONIA in regulating root hair elongation and initi-
ation, respectively (Duan et al, 2010; Huang et al,
2013). AtRhoGDI1/SCN1 was shown to regulate root
hair growth through spatially restricting the site of root
hair growth to a single site (Carol et al., 2005). This
study shows that MAP18 regulates root hair develop-
ment by modulating the RhoGDI1-ROP2 interaction.
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Biochemical studies have shown PRENYLATED
RAB ACCEPTOR1 (PRA1) to be a RabGDI displace-
ment factor (GDF, Hutt et al, 2000; Seabra and
Wasmeier, 2004). Our studies provide a nonconven-
tional mechanism for regulating ROP2 activity through
competition with RhoGDI1, suggesting that MAP18
functions as a GDF of RhoGDI1 in Arabidopsis. This
provides new insights in understanding the mechanism
underlying the regulation of ROP GTPase activity. It
also brings up interesting questions regarding whether
there are other proteins involved in regulating ROP
signaling, through either competition with or modifi-
cation of well-known upstream regulators of ROPs,
including GEFs, GDIs, and GAPs. Answering these
questions will contribute to a better understanding of
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Figure 9. MAP18AN23 cannot fully rescue root
hair defects in a map18 mutant. A, MAP18AN23-
eGFP and MAP18“**-eGFP were localized ex-
clusively to the cytoplasm in MAP18AN23/map18
and MAP18%%"/map18 root hairs, respectively.
Bar = 10 um. B, Representative images of
MAP18AN23/map18 #1, MAP18AN23/map18
#2, and MAP18%*/map18 #1 root hairs. Expres-
sion of MAP18%** mostly rescued the elongation
defect of map18 root hairs. However, although
MAP18AN23/map18 #1 root hairs were longer
than map18 hairs, the expression of MAPT8AN23
could not fully rescue the short root hair pheno-
type of map18. MAP18AN23/map18 #2 seedlings
still developed short and branched root hairs.
Bar =200 um. C, The relative expression levels of
MAP18 variants in MAP18AN23/map18 #1 and
MAP18%**/map18 #1 were similar to the MAP18
level in wild-type Columbia-0 (Col), while that in
MAP18AN23/map18 #2 was higher than the
MAP18 level in the wild type but was similar to the
MAP18 level in MAP18-mCherry#1. D, Quanti-
tative analysis of the average root hair lengths of
different lines. MAP18AN23/map18 #1 root hairs
was shorter than wild-type hairs but longer
than map18 hairs. MAP18AN23/map18 #2 root
hairs were shorter than MAP18AN23/map18 #1
hairs but longer than MAP18-mCherry#1 hairs.
MAP18%*/map18 #1 mostly rescued the root hair
defects in the map78 mutant. E, Quantitative
analysis of multiple-tip root hairs in various lines.
The percentage of branched/multiple-tip root hairs
was higher in MAPT8AN23/map18 #2 than in the
wild type but lower than that of MAPI18-
mCherry#1. More than 150 root hairs from at least
20 growing roots for each line were measured.
Data are presented as means * sp. Asterisks indi-
cate significant differences at P < 0.05, by
ANOVA.
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the mechanisms in ROP signaling and plant cell polar
growth.

Different Domain of MAP18 Contributes to Its Distinct
Function in Plant Cell Polar Growth

Promoter GUS expression analysis and data from
the Genevestigator database (https://genevestigator.
com/gv/) indicate that MAP18 is widely expressed in
the root, hypocotyl, and cotyledon. Notably, it is highly
expressed in rapidly elongating cells, such as root hairs
and pollen tubes. In pollen tubes, it may serve as a
GDF of RhoGDI1, RhoGDI2a, and RhoGDI2b. MAP18
was identified previously as a microtubule-associated
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Figure 10. A working model depicting how MAP18 regulates ROP2
activity in root hair growth. MAP18 and ROP2 cooperate during root
hair growth, both in maintaining the growth point and sustaining
elongation. MAP18 functions as a RhoGDI displacement factor that
competes with AtRhoGDIT/SCN1 for interaction with GDP-ROP2.
MAP18 interferes with the interaction between GDP-ROP2 and
AtRhoGDI1/SCN1, promoting the redistribution of activated GTP-
ROP2 on the apical PM. Active ROP2 triggers downstream signaling to
maintain the root hair growth point. In addition, MAP18 may regulate
the maintenance of the root hair growth point by modulating F-actin
dynamics and organization. During root hair elongation, MAP18 di-
rectly regulates fine F-actin dynamics and organization at the root hair
apex. MAP18 also promotes ROP2 activity, which triggers downstream
signaling to regulate root hair growth. MF: microfilaments.

protein involved in the regulation of anisotropic
growth and cortical microtubule organization in vege-
tative tissues by destabilizing microtubules (Wang
et al., 2007). Recently, we reported that MAP18 also
possesses calcium-dependent actin filament-severing
activity and regulates F-actin dynamics in tip-growing
cells. It is involved in regulating pollen tube directional
growth (Zhu et al., 2013) and in proper nuclear posi-
tioning during root hair elongation (Zhang et al., 2015).
In this study, we revealed a novel function of MAP18 in
the regulation of ROP2 activity in the root hair that is
independent of the cytoskeleton. These findings sug-
gest that MAP18 plays different roles in different cell
types. The multifunctional MAP18 is likely able to have
distinct functions by interacting with various partners.

According to analyses of amino acid sequences
from MAP18/PCaP2 and its homolog PCaP1/MDP25,
MAP18 could be divided into highly conserved
N-terminal (N23 domain) and C-terminal regions con-
taining seven repeats of a VEEKK motif (Wang et al.,
2007; Kato et al., 2010; Li et al., 2011; Zhu et al., 2013). It
was reported that the N23 domain of MAP18 is re-
sponsible for its binding to PtdInsPs and is necessary
for localization to the PM. Additionally, the N23
domain also is sufficient for MAP18 binding to the
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Ca**-calmodulin complex (Kato et al., 2013). However,
the interaction of MAP18 with the Ca**-calmodulin
complex weakened the interaction between MAP18
and PtdInsPs (Kato et al., 2010). Previously published
data have implicated the N23 domain of MAP18 in the
regulation of root hair tip growth. It was reported that
overexpression of the N23 domain created multiple
bulges from single root epidermal cells and inhibited
root hair elongation. The severity of the root hair phe-
notype was correlated with N23 expression levels (Kato
et al., 2013). In this study, we revealed that MAP18
binds to ROP2 through its N23 domain. Therefore, the
N23 domain of MAP18 is required not only to bind to
PtdInsPs and the Ca**-calmodulin complex but also to
interact with ROP GTPases. Our findings show that
expression of the MAP18AN23 mutant protein did not
fully recover the short root hair phenotype of map18,
further indicating the importance of the N23 domain in
the MAP18 regulation of root hair growth. However,
how exactly this domain integrates the Ca**-calmodulin
complex, PtdInsPs, and ROP signaling for the proper
functioning of MAP18 is still unknown and will require
further investigation.

Notably, the N23 domain does not participate in
MAP18 binding to cytoskeletal elements (Supplemental
Fig. S14). The truncated MAP18 protein without an
N-terminal domain is still able to bind microtubules
and sever actin filaments, suggesting that the residual C
terminus of MAP18 is responsible for binding to cyto-
skeletal elements (Supplemental Fig. S12, A and B). In
the C-terminal domain of MAP18, there are seven re-
peats of the VEEKK motif (Wang et al., 2007), which
are conserved in SB401 from Solanum berthaultii and
in MAP1B from mouse. Both of these proteins have
been reported to be able to bind to microtubules and
F-actin (Gordon-Weeks and Fischer, 2000; Mack et al.,
2000; Huang et al.,, 2007; Riederer, 2007). Hence, the
C-terminal region with VEEKK motifs may play a key
role in functioning on microtubules and actin filaments.
It has been reported that mutations in any one of the
first two VEEKK motifs (M1 or M2) abolishes the
F-actin-severing activity of MAP18 in the presence of
Ca" (Zhu et al., 2013). However, mutations in a single
VEEKK motif did not affect the interaction between
MAP18 and microtubules or F-actin. It is possible that
several VEEKK motifs contribute to the interaction be-
tween MAP18 and cytoskeletal elements, and mutation
in a single individual VEEKK motif may not affect
MAP18 binding to microtubules or F-actin (Zhu et al,,
2013). These data do not exclude interactions between
MAP18 and microtubules and F-actin via a VEEKK-
independent mechanism.

In summary, these results indicate that different
MAP18 domains contribute in different ways to MAP18
physiological functions in plant cell growth. Our pre-
vious studies along with this study reveal that the N23
domain of MAP18 is crucial for MAP18 in regulating
ROP2 activity and that the C terminus of MAP18 par-
ticipates in modulating actin filaments in the presence
of Ca** in root hair development.
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Further investigation will be needed to elucidate the
roles of different MAP18 domain functions in the reg-
ulation of pollen tube tip growth and polarized diffuse
growth in vegetative tissues.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used for all wild-
type and mutant background tissue in this study.

Arabidopsis lines with T-DNA insertions were obtained from the Arabidopsis
Biological Resource Center. The map18 knockdown mutant (SALK_021652)
has been characterized previously (Zhu et al., 2013), and the rop2-1 knockout
mutant (SALK_055328) was reported previously (Jeon et al., 2008). The gdi1-1
knockout mutant (SALK_129991) and the gdil-2 knockdown mutant
(SALK_035400) were identified. A PCR-based approach was used to identify
homozygous lines. qRT-PCR analysis was performed to test whether gdil
homozygous plants generated AtRhoGDI1/SCN1 transcripts. Total RNA
was extracted from 10-d-old-seedlings using the RNAprep pure Plant Kit
(Tiangen) according to the manufacturer’s instructions. SYBR Premix Ex
Taq (Takara Bio) was used for amplification. The primer sets for PCR and
qRT-PCR analysis are listed in Supplemental Table S1.

MAP18pro:MAP18-eGFP transgenic plants has been described previously (Zhu
et al, 2013). MAPI18pro:MAP18-mCherry, MAP18pro:MAP18AN23-eGFP, and
MAP18pro:MAP18“**eGFP were generated (see below) and transformed into
map18 mutant plants. MAPI8pro:MAPIS8AN23 was generated (see below) and
transformed into GFP-ROP2 plants. GDI1pro::GDI1 was generated (see below) and
transformed into gdi1-1 or gdil-2 mutant plants for complemented lines. ROP2pro::
GFP-ROP2 was generated (see below) and transformed into rop2-1 mutant plants for
complemented lines. 355::GFP-ROP2, 355:CA-rop2, and 35S:DN-rop2 seedlings,
which have been described previously (Jones et al., 2002), were obtained from
Zhenbiao Yang. 355:GFPfABD2-GFP, an F-actin reporter described by Wang et al.
(2008), was obtained from Xuechen Wang, and GFP-MBD driven by the promoter
UBQ (Marc et al., 1998) was obtained from Geoffrey O. Wasteneys. Super:RIC4AC-
GFP was constructed (see below) and transformed into wild-type and map18 mutant
plants to generate transgenic lines expressing RIC4AC-GFP.

Plants were grown in soil at 22°C with a photoperiod of 16 h of light/8 h of dark.
Seeds were sterilized for 15 min in 5% (v/v) sodium hypochlorite and treated in
growth medium at 4°C in the dark for 2 d before transferring to the growth room.
Growth medium contained one-half-strength Murashige and Skoog salts with
0.9% (w/v) plant tissue culture (TC) agar (PhytoTechnology Laboratories). The 4-d-
old seedlings were then transferred to different plates for various treatments.

Measurement of Root Hair Length

Root hairs were observed in 5-d-old seedlings grown on one-half-strength
Murashige and Skoog agar medium. The region from tip to 4 mm of each primary
root tip was examined as described by Zhang et al. (2015). Statistics were per-
formed with SPSS statistics software (version 17.0) using one-way ANOVA
followed by Lsp and Student-Newman-Keuls posthoc analysis (*, P < 0.05).

Plasmid Construction and Protein Purification

The CA-ROP2 and DN-ROP2 site-directed mutagenesis coding sequence (Li
et al., 2001) was amplified by PCR and cloned into the BamHI and Sall sites of
vector pET30a+ (Novagen) to generate His-tagged recombinant His-CA-ROP2
and His-DN-ROP2, respectively. The cDNA sequence of SCN1 was obtained
from The Arabidopsis Information Resource (SCN1, AT3G07880.1; http:/ /www.
arabidopsis.org) and then constructed into the pGEX-4T vector (Amersham Bio-
sciences) for the preparation of recombinant GST-SCN1 protein or constructed
into the pET30a+ vector for the preparation of recombinant His-SCN1. The re-
combinant proteins were transformed into Escherichia coli strain BL21 (DE3) and
induced to express and then purified according to Cao et al. (2013) for His tag and
Wang et al. (2007) for GST tag. The recombinant truncated protein MAP18AN23
and a G2A point mutation (MAP18%?*) were amplified by PCR and then con-
structed into the pGEX-4T vector for the preparation of GST-MAP18AN23 and
GST-MAP18“** proteins. PCR-based site-directed mutagenesis was performed
according to the method described by Zhu et al. (2013). The coding sequence of
mCherry was amplified by PCR and cloned into the BarmHI and Smal sites of vector
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pCAMBIA1300 (Cambia) to generate MAP18-mCherry reporter constructs driven
by the MAP18 promoter. The AtRhoGDI1/SCN1 promoter gene and the cod-
ing sequence of AtRhoGDI1/SCN1 were amplified by PCR and cloned into
pGoldenGate-MCY?2 vector (Emami et al., 2013) to generate GDI1pro::GDII.
The coding sequence and promoter gene of ROP2 and the GFP coding sequence
were amplified by PCR and cloned into the vector pCAMBIA1300 (Cambia) to
generate GFP-tagged recombinant ROP2pro::GFP-ROP2. RIC4AC was am-
plified by PCR according to Hwang et al. (2005) and cloned into the vector
Super::pCAMBIA1300 (Cambia) to generate GFP-tagged recombinant RIC4AC-GFP.

Protein concentrations were determined by the Bio-Rad Protein Assay Kit I
(5000002). The list of primer sets used in this work is included in Supplemental
Table S1.

Pull-Down Assays

For in vitro pull-down assays, GST (10 ug; used as a negative control for GST-
MAP18), GST-MAP18 (10 ug), or GST-SCN1 (10 ug) was preincubated with
glutathione-Sepharose 4B resin (Amersham Pharmacia) in 200 uL of phosphate-
buffered saline (PBS; 10 mm Na,HPO,, 1.8 mm KH,PO,, 140 mm NaCl, and 2.7 mm
KCl, pH 7 .4) for 30 min at 4°C and mixed with 10 ug of His-CA-ROP2 or His-DN-
ROP2. After 1 h of incubation at 4°C, the pellet was washed three times with PBS.
Protein concentrations were determined by a Bio-Rad protein assay kit. Proteins
in the pellet were separated by 12% (w/v) SDS-PAGE and transferred to a
nitrocellulose membrane. Protein gel blotting was performed using anti-His
antibody (1:5,000 dilution; monoclonal anti-polyhistidine [Sigma-Aldrich; H1029-
0.2ML]), and anti-mouse antibodies conjugated with horseradish peroxidase
were used to detect anti-His antibodies (1:10,000 dilution; Abmart).

For semi-in vivo pull-down assay, GST-MAP18 or GST-SCN1 was used to
pull down GFP-ROP2 from seedlings. The protein extracts were prepared from
10-d-old seedling roots expressing GFP-ROP2 as described previously (Lin et al.,
2012) with minor modifications. Briefly, total protein was extracted using ex-
traction buffer (100 mm HEPES, 10 mm MgCl,, 10 mm EDTA, 5% (v /v) glycerol,
protease inhibitor [Complete Tablets EDTA-free, EASYpacy, 4693132001;
Roche], 1 mm phenylmethylsulfonyl fluoride, 10 mm DTT, and 0.5% (v/v) Trion
X-100, pH 7.4). Then, protein extracts were pretreated with 100 um GTP-y-S
(G8634; Sigma-Aldrich) or 1 mm GDP (G7127; Sigma-Aldrich) for 15 min at
22°C. MgCl, was then added to the mixture at a final concentration of 60 mm.
GST, GST-MAP18, or GST-SCN1 was preincubated with glutathione-Sepharose
4B resin for 30 min at 4°C and then incubated with extract proteins for another
2hat4°C, and the pellet was washed three times with PBS. Proteins in the pellet
were separated by 12% SDS-PAGE and transferred to a nitrocellulose mem-
brane. Protein gel blotting was performed using anti-GFP antibody (1:3,000
dilution; GFP tag [7G9] mouse monoclonal antibody [M20004M; Abmart]).

For the interference assay, His-DN-ROP2 was preincubated with Ni-NTA
agarose (30210; Qiagen) in 200 uL of PBS for 30 min at 4°C and mixed with 10 ug
of GST-MAP18 and/or GST-SCNT1 for 1 h. Proteins in the pellet were washed by
1 mL of PBS three to five times, separated by 12% SDS-PAGE, and transferred to
a nitrocellulose membrane. Protein gel blotting was performed using anti-GST
antibody (1:50,000 dilution; monoclonal anti-GST [Sigma-Aldrich; G1160-
0.2ML]) to detect the binding amount of GST-MAP18 or GST-SCN1.

BiFC Assay

For BiFC analysis, ROP2, CA-ROP2, or DN-ROP2 was tagged with nYFP in
the vector pSPYNE(R)173 and MAP18 was fused with cYFP in the pSPYCE (M)
vector as described previously (Waadt et al., 2008). These constructs were driven
by the 355 promoter and transiently expressed in Nicotiana benthamiana leaves
using Agrobacterium tumefaciens strain GV3101 according to Waadt et al. (2008).

Co-IP Assay

For the MAP18 and ROP2 interaction assay, total proteins were extracted
from Arabidopsis protoplasts coexpressing Super::MAP18-Myc and 355::GFP-
ROP2, Super:MAP18-Myc and 35S5::GFP-DN-ROP2, Super:MAP18-Myc and
355::GFP-CA-ROP2, or Super:MAP18-Myc alone. The protein extracts were
incubated with anti-Myc agarose beads (anti-c-Myc agarose affinity gel anti-
body produced in rabbit [Sigma-Aldrich; A7470-1MLY]). Proteins bound to the
beads were detected with anti-GFP antibody.

For the interference assay, total proteins were extracted from Arabidopsis
protoplasts coexpressing Super::SCN1-Flag and 355::GFP-DN-ROP2, Super::
MAP18-Myc and 35S::GFP-DN-ROP2 with Super::SCN1-Flag, or 355::GFP-DN-ROP2
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alone. The protein extracts were incubated with anti-Flag agarose beads (anti-
Flag M2-agarose from mouse [Sigma-Aldrich; A2220-5ML]) and detected with
anti-Myc (monoclonal anti-c-Myc antibody produced in mouse [Sigma-Aldrich;
M4439-100UL]), anti-Flag (monoclonal anti-Flag antibody produced in mouse
[Sigma-Aldrich; F3165-1MG]), or anti-GFP antibody.

LCI Assay

ROP2, CA-ROP2, or DN-ROP2 was cloned into 35S::cLuc vector and MAP18
was cloned into 35S::nLuc vector for LCI assay. A. tumefaciens strain GV3101
containing various pairs of constructs was infiltrated into N. benthamiana leaves
according to the protocol described previously (Walter et al., 2004). Firefly LCI
assay was performed as described (Chen et al., 2008).

Biochemical Assay of ROP2 Activity

GFP-tagged active ROP2 was pulled down by the use of MBP-RIC1 according
to Lin et al. (2012). The protein extracts were prepared from root tissue of 10-d-
old 355::GFP-ROP2 transgenic Arabidopsis seedlings and analyzed by immu-
noblot assay with anti-GFP antibody.

Allblots and stained gels were scanned at 1,200-dpi (dots per inch) resolution,
and band intensities were quantified using Image]J to obtain the ratios of the
amount of GTP-bound ROP2 relative to the amount of total GFP-ROP2 (GDP-
bound and GTP-bound forms). Each assay was repeated five times.

Microtubule Binding and F-Actin-Severing Assays

To analyze the binding activity of various recombinant mutant proteins of
MAP18 with microtubules, the preparation of purified porcine brain tubulin and
cosedimentation experiments were performed as described previously (Mao
et al., 2005; Wang et al., 2007).

To visualize the F-actin-severing activity of various recombinant mutant proteins
of MAP18, Alexa 488-phalloidin-labeled F-actin was prepared, and experiments were
performed according to previously published protocols (Zhu et al., 2013).

Spinning-Disk Confocal Microscopy and
Quantitative Analyses

Seedlings expressing MAP18-mCherry/-eGFP or GFP-ROP2 were observed
on a spinning-disk confocal microscope as described by Zhang et al. (2015).

Images were acquired using iQ software (Andor Technology). GFP
was excited using 488-nm argon lasers, and emission was collected through
525- * 5.5-nm filters. mCherry was excited using 561-nm argon lasers, and
emission was collected through 593- + 7-nm filters.

To quantify the localization of GFP-ROP2, mean fluorescence intensity of
GFP signal at the apical PM (along the PM with length of 30 um) and cytosol
(area of 40 um?) was measured using Image] software.

Drug Treatment

Oryzalin (3,5-dinitro-N4,N4-dipropylsulfanilamide; Sigma-Aldrich; 36182),
a microtubule-specific depolymerized drug; taxol (paclitaxel [taxol equivalent];
Invitrogen; P3456), a microtubule polymerization stabilizer; LatB (Sigma-
Aldrich; L5288), an actin polymerization inhibitor; and phalloidin (Invi-
trogen; P3457), an actin polymerization promoter, were used. Stocks were made
in dimethyl sulfoxide and diluted at least 1,000-fold in our study.

For short-time treatment, 5-d-old seedlings were transferred to liquid one-
half-strength Murashige and Skoog medium containing 500 nm oryzalin or
100 nm LatB for 10 min or containing 7 um taxol or 3 um phalloidin for 60 min.

For long-time treatment, 4-d-old seedlings were transferred to one-half-strength
Murashige and Skoog medium containing oryzalin, LatB, taxol, or phalloidin at final
concentrations of 150 nM, 50 nm, 5 uM, or 200 num for 1 d, respectively.

Accession Numbers

Sequence data from this article can be found in Arabidopsis Genome Initiative
database under the following accession numbers: MAP18 (Arabidopsis MAP18,
At5g44610), ROP2 (Arabidopsis ROP2, Rac-like GTP-binding protein ARAC4,
At1g20090), SCN1 (Arabidopsis SCN1, AtRhoGDI1/SCN1, At3g07880), and RIC4
(Arabidopsis RIC4, ROP-interactive CRIB motif-containing protein4, At5g16490).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression level, root hair phenotype, and local-
ization pattern of GFP-ROP2.

Supplemental Figure S2. Expression level, root hair phenotype, and local-
ization pattern of MAP18-mCherry.

Supplemental Figure S3. PM-localized RIC4AC-GFP is decreased signifi-
cantly in map18 root hairs.

Supplemental Figure S4. Microtubule organization in map18 mutant and
MAP18 overexpression growing root hairs.

Supplemental Figure S5. Short-time treatment with taxol or phalloidin,
which cause microtubules or F-actin bundling but do not induce pheno-
typic changes of root hairs.

Supplemental Figure S6. MAP18 regulation of ROP2 activity is likely in-
dependent of microtubules or F-actin.

Supplemental Figure S7. Isolation of gdil knockdown and knockout
mutants.

Supplemental Figure S8. MAP18 does not interact with AtRhoGDI1/
SCNT1 in vitro.

Supplemental Figure S9. The original full size image of Figure 6C.
Supplemental Figure S10. The original full size image of Figure 6G.

Supplemental Figure S11. PM-localized GFP-ROP2 is decreased signifi-
cantly in MAP18AN23-overexpressing root hairs.

Supplemental Figure S12. N23 does not influence F-actin-severing activity
and microtubule binding capacity of MAP18.

Supplemental Figure S13. The subcellular localization and F-actin-
severing activity of MAP18 are not affected by loss of function of ROP2.

Supplemental Figure S14. The N23 fragment does not bind to microtu-
bules in vitro.

Supplemental Table S1. List of primers used in this study.
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