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Formation of root hairs involves the targeted recruitment of the
cellular growth machinery to the root hair initiation domain
(RHID), a specialized site at the plasma membrane (PM) of tri-
choblast cells. Early determinants in RHID establishment are
small GTPases of the Rho-of-plants (ROP) protein family, which
are required for polarization of downstream effectors, mem-
brane modification and targeted secretion during tip growth.
It remains, however, not fully understood how ROP GTPases
themselves are polarized. To investigate the mechanism un-
derlying ROP2 recruitment, we employed Variable Angle Epi-
fluorescence Microscopy (VAEM) and exploited mCitrine fluo-
rophore blinking for single molecule localization, particle track-
ing and super-resolved imaging of the trichoblast plasma mem-
brane. We observed the association of mCit-ROP2 within dis-
tinct membrane nanodomains, whose polar occurrence at the
RHID was dependent on the presence of the RopGEF GEF3,
and found a gradual, localized decrease of mCit-ROP2 protein
mobility that preceded polarization. We provide evidence for a
step-wise model of ROP2 polarization that involves (i) an initial
non-polar recruitment to the plasma membrane via interactions
with anionic phospholipids, (ii) ROP2 assembly into membrane
nanodomains independent of nucleotide-binding state and, sub-
sequently, (iii) lateral sorting into the RHID, driven by GEF3-
mediated localized reduction of ROP2 mobility.
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Introduction

Formation of functional cell shape involves the establishment
of one or multiple polarity axes. To this end, the underlying
growth machinery is recruited to a specific site within the
plasma membrane, resulting in locally restricted activation
and regulation of growth. The central questions regarding
the establishment of a polar domain are: How is the site for
polar growth determined, how are proteins of the growth ma-
chinery specifically recruited to this site and how is such a
polar domain maintained?
The formation of root hairs in Arabidopsis thaliana is well
suited to address these questions and to investigate the pro-
cesses underlying polar domain establishment and targeted
recruitment of the growth machinery. Root hairs are tip-

growing, tubular protrusions with a diameter of approxi-
mately 10 µm that emerge from specialized epidermal root
cells called trichoblasts, typically 10 µm away from the basal
(root meristem oriented) end of the cell (Grierson et al.,
2014). In Arabidopsis, trichoblasts are organized in cell files
in which development of individual root hair cells progresses
with increasing distance from the root meristem, thus depict-
ing a developmental time line. As a result, the future site of
hair outgrowth is predictable and can be investigated even be-
fore visible morphological changes occur (Denninger et al.,
2019).

Small Rho-type GTPases of the Rho of Plants (ROP) fam-
ily are key players in root hair growth, known to regulate
cytoskeletal dynamics and vesicle trafficking (Feiguelman
et al., 2018). Like all small GTPases, ROPs act as molecular
switches, that can be present in an active (GTP-bound) and an
inactive (GDP-bound) state (Zheng and Yang, 2000). Activa-
tion and inactivation of ROPs is facilitated by proteins of the
guanine nucleotide exchange factor (RopGEF) and GTPase
activating protein (RopGAP) families, respectively (Feiguel-
man et al., 2018), as well as the only known Arabidopsis
Rho GTPase GDP dissociation inhibitor (RopGDI) SUPER-
CENTIPEDE 1 (SCN1) (Carol et al., 2005).

The ROP family member ROP2 is a very early determinant
during Arabidopsis root hair development, polarly localizing
to the root hair initiation domain (RHID) within the plasma
membrane (PM) before root hair emergence is morphologi-
cally visible (Jones et al., 2002). ROP2 polarization at the
RHID can be detected as early as 4 cells before root hair
bulging (Fig.1) (Denninger et al., 2019). Even though the role
of ROP2 during root hair growth is well studied, the mecha-
nism leading to the accumulation of a sufficient number of
ROP2 molecules, resulting in hair outgrowth, remains not
fully understood. Two mechanisms seem possible: RHID-
directed, targeted secretion or untargeted attachment of ROP2
to the PM and subsequent, lateral sorting into the RHID.

Recently, we could show that the RopGEF GEF3 serves as
a landmark protein for the RHID and is necessary and suf-
ficient to polarize ROP2 (Denninger et al., 2019). In addi-
tion, we have provided evidence for protein-protein interac-
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tions between the N-terminus of ROP2 and GEF3. However,
whether GEF3-dependent polarization of ROP2 to the RHID
involves targeted secretion or lateral sorting into the RHID,
remains to be tested.
To investigate the mechanism underlying ROP2 polarization
at the RHID, we employed Variable Angle Epifluorescence
Microscopy (VAEM) Konopka and Bednarek (2008). Com-
pared to conventional confocal laser scanning microscopy,
VAEM increases the signal to background ratio by only il-
luminating fluorophores in a small sheet at the surface of the
specimen with a highly inclined incident laser beam (Fig.1E).
VAEM imaging can be performed in nearly real time, making
it a suitable method to study the dynamic behavior of proteins
in the PM of trichoblasts. In addition, we take advantage of
the intrinsic blinking behavior of mCitrine, to perform sin-
gle molecule localization microscopy. Time-integration of
localization events of single mCit-ROP2 molecules revealed
a sub-compartmentation of the RHID into GEF3-dependent
ROP2 nanodomains. Additionally, we performed particle
tracking of mCit-ROP2 molecules over short distances and
analyzed overall ROP2 protein mobility during RHID devel-
opment. We found that ROP2 mobility was reduced prior to
its polarization at the RHID in a GEF3-dependent manner.
We furthermore show, that differential activation of ROP2 is
necessary for its polarization at the RHID. In addition, we
show that electrostatic interactions between ROP2 and an-
ionic lipids in the PM are a prerequisite for targeting ROP2
to the PM, but are not sufficient for its polarization at the
RHID. Overall, we present evidence for a step-wise polariza-
tion mechanism that involves lateral sorting of ROP2 in the
PM to facilitate RHID set-up.

Results
Fluorophore blinking allows to improve the spa-
tio-temporal resolution at the plant plasma membrane.
Citrine and related fluorescent proteins (FPs) have been
reported to exhibit photochromic behavior, manifesting in
fluorescence intermittency, also called fluorophore blinking
(Dickson et al., 1997; Fölling et al., 2008). In this study we
exploited the intrinsic feature of mCitrine to undergo fluo-
rophore blinking, in order to characterize the dynamic pro-
cesses underlying ROP2 polarization at the RHID with a high
spatio-temporal resolution.
Fluorophore blinking is based on the stochastic process in
which electrons of a fluorophore transition into a transient,
non-emitting and non-excitable meta-state, also called the
dark state. The more energy is transferred to the fluorophore,
the higher the likelihood that its electrons undergo this tran-
sition (Vogelsang et al., 2010). With an increasing num-
ber of FPs entering the dark state, the density of excitable
FPs decreases and consequently the likelihood to detect sin-
gle FPs increases. To test for the ability of mCitrine to un-
dergo fluorophore blinking in plant cells, we investigated the
actin probe LifeAct (Riedl et al., 2008) fused to mCitrine
in comparison to a LifeAct-mNeonGreen fusion, both tran-
siently expressed in Nicotiana benthamiana leaves, by ap-
plying high excitation intensity. To minimize phototoxic ef-

fects and increase contrast, we employed Variable Angle Epi-
fluorescence Microscopy (VAEM) (Konopka and Bednarek,
2008), a technique involving highly inclined illumination of
the specimen. VAEM is typically performed on Total Inter-
nal Reflection Fluorescence (TIRF) microscopes, taking ad-
vantage of light refraction at the interface of two media with
different refractive indices (glass – water) but uses a sub-
critical illumination angle. In contrast to TIRF microscopy
(TIRFM), fluorophore excitation in VAEM is, therefore, not
based on an evanescence wave protruding up to 100 nm from
the interface into the specimen, but on direct excitation with a
variable shallow angle (Konopka and Bednarek, 2008). Thus,
VAEM is a suitable alternative to TIRFM for high contrast
imaging in plant cells, which are encapsulated with cell walls
and, at the same time, reaches the intensities required for dark
state transitions of fluorophores.

VAEM time-lapse stacks revealed, that with increasing
laser power, mCitrine-tagged LifeAct exhibited a punctate,
“pearls on a string”-like appearance (Fig.S1A-C, supplemen-
tal movie 1). This was not the case for LifeAct tagged with
mNeonGreen (Fig.S1D-F, supplemental movie 1), demon-
strating that, under our imaging conditions, mCitrine was
able to exhibit fluorophore blinking in plant cells and that
this phenomenon was fluorophore-specific.

Next, we used VAEM on trichoblasts expressing ROP2
tagged with mCitrine at its N-terminus (mCit-ROP2, Fig.1A).
mCitrine molecules transitioning into the dark state mani-
fested as fast decrease of fluorescence intensity within the
first few seconds of recording (Fig.1C). In VAEM time-lapse
stacks of trichoblasts expressing mCit-ROP2, single puncta
became visible that showed appearance and disappearance
and little lateral movement (Fig.1B, supplemental movie 2).
A kymograph, drawn along the trichoblast surface, showed
the polarization of ROP2 molecules within the RHID, as in-
dicated by differential fluorescent intensity in- and outside
the RHID. In addition, mCit-ROP2 appeared as discontinu-
ous stripes, indicating a relatively high positional stability at
the PM. Outside the RHID, mCit-ROP2 appeared in a dot-
like manner in the kymograph, indicating a lower protein
amount and, thus, less frequent detection of individual, blink-
ing mCit-ROP2 molecules (Fig.1D).

Together, the ability to detect single molecules enables to
follow two distinct approaches (Fig.1E): On the one hand,
the detection of single blinking FPs allows to integrate their
position over time, allowing for the computation of a super-
resolved image. On the other hand, it is possible to perform
particle tracking of single blinking molecules, which, in com-
parison to methods analyzing a small number of single par-
ticles (e.g. single particle tracking) or bulk protein behavior
(e.g. Fluorescence Recovery After Photobleaching - FRAP),
provides a detailed picture of the diverse range of protein mo-
bilities at the plasma membrane. The resulting large numbers
that are obtained per cell and experiment offer the prospect of
revealing even subtle differences in lateral mobility in protein
subpopulations that may be sufficient to break symmetry and
mark the beginning of cell polarization.
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Fig. 1. Fluorophore blinking allows to improve the spatio-temporal resolution at the plant plasma membrane. (A) schematic representation of a root hair cell file,
which from root tip to shoot depicts a developmental timeline. Cell stage determination is performed by counting from the first visible bulge, which is named +1. Younger
cells are assigned to negative, older cells to positive numbers. Below, a trichoblast cell file of a mCitrine (mCit)-ROP2 expressing plant line is shown. Asterisk marks the first
polar accumulation of the fusion protein to the root hair initiation domain (RHID) at cell stage -3; the arrow indicates cell stage +1, where the first bulging root hair is visible.
Scale bar represents 20 µm. (B) VAEM micrograph of a -1 trichoblast expressing mCit-ROP2; dashed line indicates the line along which the kymograph in (D) is drawn; scale
bar represents 5 µm. (C) normalized fluorescence intensity at the RHID over the course of the time-lapse stack represented in (B). (D) kymograph of the VAEM time-lapse
stack represented in (B); for better visualization of the mCit-ROP2 protein, the contrast was maximized in each time frame. (E) graphical representation of epifluorescence
microscopy and VAEM; high laser power together with a highly inclined incident laser beam causes fluorophore blinking (represented by brown and yellow dots) leading to
single molecule detection, which can be used for time-integrated localization microscopy (left arrow) or tracking of blinking fluorophores (ToBF; right arrow).

ROP2 partitions in nanodomains within the RHID. To
investigate the process of ROP2 polarization during RHID
development, we next aimed to perform single molecule
localization (SML) in mCit-ROP2 expressing plants. For
the time-integrated localization of individual mCit-ROP2
molecules from VAEM data, we applied the Super Resolved
Radial Fluctuation (SRRF) algorithm (Gustafsson et al.,
2016). SRRF does not only allow to increase spatial reso-
lution by SML, but also emphasizes objects with high posi-
tional stability, which in our case reflects the re-occurrence
of blinking events at a specific location (the brighter the pixel
appears, the more often a blink event has been localized here
over time). Additionally, the SRRF algorithm performs sub-
pixel localization prior to time integration, decreasing the
impact of movement within the sample (Gustafsson et al.,
2016).
SRRF reconstructions of mCit-ROP2 showed, that the fu-
sion protein accumulated in dots with high positional stabil-
ity (representing a reduction in lateral mobility) evenly dis-
tributed across the cell surface in cell stage -4 (Fig.2A). We
were able to confirm similar sub-compartmentation of the
RHID into mCit-ROP2 nanodomains, using high-resolution
confocal laser scanning microscopy (CLSM) (Fig.S2A),
however, lateral resolution was low due to motion blur and
additionally, fast bleaching of the sample only allowed the

acquisition of a single time-point. Therefore, detailed analy-
sis of mCit-ROP2 nanodomains localization and protein mo-
bility, was performed using VAEM and SRRF.
Over the course of cell differentiation, ROP2 nanodomains
were observed predominantly at the RHID. Outside of the
RHID, the overall appearance of mCit-ROP2 was less posi-
tionally stable, indicated by comparably low pixel values de-
picted in the representation obtained by the SRRF analysis.
Overall, SRRF reconstructions of mCit-ROP2 revealed that
its distribution at the PM of the RHID was not homogenous
but compartmentalized into nanodomains. The density of im-
mobile nanodomains at the RHID remained constant within
the same developmental time frame, while the area of the
RHID minimally increased over time (Fig.2D).

The presence of ROP2 nanodomains at the RHID is de-
pendent on GEF3. To investigate whether the occurrence
of ROP2 in nanodomains at the RHID might be dependent
on GEF3, which we have shown earlier to be necessary and
sufficient to polarize ROP2 at the RHID (Denninger et al.,
2019), we next used VAEM on plant lines expressing mCit-
GEF3 in the Col-0 wildtype background as well as on plants
expressing mCit-ROP2 in the gef3-1 mutant background.
Similar to ROP2, we observed sub-compartmentalization
of GEF3 within nanodomains at the RHID using VAEM
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Fig. 2. ROP2 is recruited into stable nanodomains at the RHID in a GEF3-dependent manner. (A-C) Super Resolution Radial Fluctuation (SRRF) reconstructions of
VAEM micrographs of ROP2 (A), GEF3 (B) and ROP2 in the gef3-1 mutant background (C) in different developmental cell stages (-4 to -1). The root tip is always located to
the left side of the cells. Stability of the structures is false-colored as indicated; scale bars represent 5 µm. (D, E) Quantification of the density of nanodomains and the area
of the RHID for ROP2 (D) and GEF3 (E). Centre lines represent median values; gray boxes indicate the data range; n represents the number of cells measured. Red data
points represent the analysis of the above shown images.

(Fig.2B) and confocal laser scanning microscopy (Fig.S2B).
At cell stage -4, mCit-GEF3 nanodomains localized predom-
inantly to the basal (root-meristem-oriented) end of the cell,
but, to a lesser extent, were also found distributed across
the cell surface. In subsequent developmental stages, the
basal localization of GEF3 nanodomains was gradually lost
and GEF3 fully polarized at the RHID. This translocation of
mCit-GEF3 from the basal cell-cell contact to the RHID dur-
ing the earliest stages of root hair initiation has been reported
previously (Denninger et al., 2019). Similar to ROP2, the
area covered by the GEF3 patch reached its approximate fi-
nal scale in cell -3 and the density of GEF3 nanodomains re-
mained largely constant over the course of RHID formation.
The distinct localization of proteins within nanodomains at
the RHID shown for ROP2 in Col-0 background, was mostly
lost when looking at mCit-ROP2 in the gef3-1 mutant back-
ground. While ROP2 in the gef3-1 mutant still localized in
nanodomains, these clusters were evenly distributed through-
out the PM of the trichoblasts observed.

Taken together, our data suggest that while the localization of
ROP2 into nanodomains is independent of GEF3, the restric-

tion of these nanodomains to the RHID requires a direct or
indirect interaction between ROP2 and GEF3. Even though
the density of nanodomains in the RHID remained constant
for ROP2 as well as for GEF3, the area of the RHID increased
during cell stage -4 and -3. We therefore hypothesized, that
an increase in RHID area is mediated by new nanodomains,
which polarize at the RHID with a predefined spacing to al-
ready present nanodomains.

Association with the PM is a prerequisite for ROP2 po-
larization at the RHID. Electrostatic interactions between
polybasic regions of proteins and anionic lipids are known
to play a role in the correct targeting of these proteins to
their subcellular destination (Platre et al., 2018). It is fur-
ther known, that anionic lipids such as phosphatidylserine
and phosphatidyl-4,5-bisphosphate (PI(4,5)P2) in conjunc-
tion with proteins containing polybasic stretches can pro-
mote nanodomain formation in membranes (van den Bogaart
et al., 2011). In plants, PI(4,5)P2 fulfills important func-
tions in vesicle trafficking during tip growth in pollen tubes
and root hairs (Kost et al., 1999; Braun et al., 1999; Kusano
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et al., 2008; Mendrinna and Persson, 2015; Noack and Jail-
lais, 2020). Recently, Platre and co-workers have shown that
this mechanism is also involved in targeting of ROP6 into
phosphatidylserine-mediated membrane nanodomains (Pla-
tre et al., 2019). Since ROP2 contains a polybasic tail close to
its C-terminus (Fig.S2A), we tested whether interactions with
anionic lipids might be involved in ROP2 polarization at the
RHID. We hypothesized that, if ROP2-lipid interactions were
the driving force for ROP2 polarization, a change in the lo-
cal lipid composition within the RHID would precede ROP2
accumulation.

We therefore analyzed several reporters for anionic lipids
with respect to their localization in trichoblasts prior to and
shortly after bulging (cell stage -1 and +1, respectively). For
the reporters for phosphatidylinositol (4) phosphate (PI4P)
and phosphatidylserine (PS) (Simon et al., 2014, 2016) as
well as for a reporter for general membrane surface charge
(MSC) (Simon et al., 2016), we could not observe a polar
localization in cell stages -1 to +1 (Fig.S3). Recently, we
found the reporter for PI(4,5)P2 to polarizes at the RHID
in cell stage +1 (Denninger et al., 2019). Together, these
data indicate that PI(4)P and PS are not specifically enriched
at the RHID and PI(4,5)P2 is enriched only upon the onset
of bulging, following the targeted recruitment of its kinase
PIP5K3 in cell stage -1 (Denninger et al., 2019).

Since lipid reporters are only available for certain lipid
species and the localization of the specific lipid species in
question may thus remain elusive, we further investigated a
mutant of ROP2 that we predict would lose its affinity to an-
ionic lipids. We generated a rop2 mutant in which 7 lysines of
the C-terminal polybasic tail were substituted by 7 alanines
(rop2 7K-A, Fig.S4A). Similar to a rop2 mutant where the
C-terminal membrane anchor had been deleted (rop2∆C161,
Fig.S4A), rop2 7K-A showed a loss in polarity, and further-
more, a reduction in membrane attachment (Fig.S4B,C,D). In
addition, neither a ROP2 C-terminus including the polybasic
region (rop2∆N160), nor an artificial poly-lysine motive at-
tached to the PM via a farnesyl-anchor (8K-Farn, Simon et al.
(2016)) showed polar accumulation at the RHID, but both re-
tained PM association (Fig.S4B,C,D). Consequently, the re-
duction in membrane association after mutating the polybasic
tail of ROP2, which is in line with similar results obtained for
ROP6 (Platre et al., 2019), prevents us from testing whether
anionic lipids are directly involved in targeting ROP2 into
nanodomains.

Taken together, the data presented here suggest that the poly-
basic tail of ROP2 is involved in targeting ROP2 to the PM,
but is not sufficient for polarization at the RHID. These find-
ings do not exclude a role of anionic lipids in ROP2 polar-
ization but favor a hypothesis where lateral sorting is lipid-
independent. Nevertheless, anionic lipids clearly are of cen-
tral importance for ROP2 PM-recruitment and during tar-
geted secretion once growth is initiated. Furthermore, our
data can be interpreted as evidence that a non-polar associ-
ation with the PM is a prerequisite for lateral sorting in the
PM, potentially via GEF3.

ROP2 mobility is reduced inside the RHID. To test the
hypothesis that GTPase polarization at the RHID is achieved
by lateral sorting of ROP2 within the plasma membrane, we
measured ROP2 protein dynamics by particle tracking. Be-
ing based on the blinking of mCitrine, we termed this ap-
proach Tracking of Blinking Fluorophores (ToBF). To reduce
false allocation of two distinct proteins into the same track,
due to high protein density, we decided to link two particles
across two subsequent time-frames (interval: 60 ms) only
when their distance did not exceed half their diameter (deter-
mined as d = 0.5 µm), creating an upper limit of measurable
track velocities (of 0.3 µm/60 ms = 5µm/sec). Using ToBF,
we observed that a portion of the particles identified were
visible for only a single time frame (Fig.3B, purple circles),
which was in line with our previous observation of the oc-
currence of fluorophore blinking of mCitrine (Fig.1, Fig.S1).
Analyzing the dynamics of particles that were traceable for
longer than two time points, we found that tracks within the
RHID were in general slower compared to tracks outside the
RHID (Fig.3C).
To quantify this difference in mobility, we generated his-
tograms of all measured track velocities within a single cell,
inside and outside the RHID, and normalized the sample dis-
tribution, for better comparison between replicates, to the ve-
locity that occurred with the highest frequency. Data from
different biological replicates were integrated by applying
multi-gaussian fitting to the collectivity of all histograms.
The local maximum of the fitted curve, i.e. the mode of the
velocity distribution (or: modal velocity), indicates the ve-
locity with which the majority of particles moved within the
PM, and therefore serves as a single-value measure for over-
all protein mobility that can be used for comparison between
different conditions and/or proteins (Fig.3D, Fig.S5).
We determined mCit-ROP2 protein mobility by Fluorescence
Recovery After Photobleaching (FRAP) and found that the
mobility of ROP2 inside the RHID was significant lower
compared to outside the RHID (median t1/2 for ROP2 in the
RHID 40.27 sec, for ROP2 outside 5.75 sec; p-value 0.01),
whereas the immobile fraction at the RHID was slightly
higher, but was not statistically significant different (10.80%
for ROP2 at the RHID and 0% for ROP2 outside the RHID,
p-value 0.97) (Fig.S6A-B). In line with these results, ToBF
revealed that the modal velocities of mCit-ROP2 molecules
inside the RHID was lower (1.58 µm s−1) compared to out-
side the RHID (1.83 µm s−1) (Fig.3D).
Together, the data presented here indicates a local immobi-
lization of ROP2, specifically at the RHID.

Immobilization of ROP2 precedes its polarization. To
investigate to which extent this reduction in mobility of mCit-
ROP2 molecules at the RHID might correlate with RHID
development, we determined the earliest cell stage in which
ROP2 polarizes at the RHID using VAEM time-lapse stacks.
The local concentration of FPs (representing the concentra-
tion of the protein of interest, in this case ROP2) is positively
correlated with FP blinking, corresponding to the presence of
an FP in the “On” state. Therefore, we chose the density of
particles – which is equivalent to the density of blink events
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Fig. 3. GEF3-dependent reduction in protein mobility precedes ROP2 polarization at the RHID. (A) VAEM -micrograph of a trichoblast of stage -1, expressing mCit-
ROP2; the area in the dashed square is enlarged in panel B; scale bar represents 10 µm. (B) enlarged area of a VAEM time-lapse stack indicated by the dashed square in
panel A, particles detected with the Laplacian of Gaussian (LoG) detector are indicated by circles. Note: circles of the same color (except purple) were identified in several,
subsequent frames of the time lapse stack; purple circles were identified only in one frame; scale bar represents 5 µm (C) result of ToBF (tracking of blinking fluorophores)
detected in the in panel A shown VAEM time-lapse stack; tracks are color-coded by their mean velocity; scale bar represents 10 µm (D) normalized distribution of mCit-ROP2
particle velocities, inside (red) and outside (blue) the RHID in a -1 cell. Data was fitted by multi-gaussian fitting; local maxima (“modal velocities”) are depicted by lines and
indicated by numbers. (E) particle density determined by particle detection (in) and outside (out) the RHID for ROP2, GEF3 and ROP2 in the gef3-1 mutant background.
Center lines represent median values; gray boxes show the data range. Arrows indicate the first cell stage in which the protein was found to be polar; (F) modal velocities for
ROP2, GEF3 and ROP2 in the gef3-1 mutant background in the RHID of trichoblast cell stages -5 to -1. Arrows indicate the first cell stage in which the protein was found to
be polar; circles represent the modal velocity of the pooled data; squares represent the median of modal velocities of individual experiments; shadow represents the MAD
(median absolute deviation). (G) Ratio of modal velocities of ROP2 and gef3-1 ROP2, calculated per individual cell by dividing the modal velocity in the RHID by the modal
velocity outside the RHID. Gray boxes represent the data range; center line represents the mean. Asterisks indicate statistically significant differences; p-value determined by
Student’s t-test: n.s. = p-value >0.05; * = p-value < 0.05; ** = p-value < 0.01; *** = p-value < 0.001.
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– as a measure for relative local protein abundance. For the
analysis of polarity, a protein was then deemed polar when
the density of particles in the RHID was significantly higher
than the density of particles in the PM outside the RHID.
The earliest cell stage in which mCit-ROP2 polarization oc-
curred at the RHID was stage -3 (Fig.3E). During later de-
velopmental stages the density of particles at the RHID did
not increase further in a statistically significant manner (p-
values for particle density at the RHID: -5 vs -4, 0,47; -4 vs
-3, 0.003; -3 vs -2, 0,38; -2 vs -1, 0,1) but remained at a higher
level relative to outside the RHID. Recently, we were able to
report that GEF3 is necessary and sufficient to polarize ROP2
and precedes ROP2 polarization at the RHID (Denninger
et al., 2019). In line with this finding, mCit-GEF3 polariza-
tion at the RHID, as quantified by particle density, was de-
tected one cell stage earlier than mCit-ROP2, namely at cell
stage -4 (Fig.3E). In the gef3-1 mutant however, mCit-ROP2
did not show a polar accumulation at the RHID (Fig.3E).
With this information, we proceeded to analyzing the protein
mobility over the course of root hair development. We fitted
velocity histograms individually for each biological replicate,
which allowed us to compare median values of modal veloc-
ities (represented as squares in Fig.3F), inside the RHID and
for each cell stage. Furthermore, we calculated the ratio of
modal velocities between inside and outside the RHID for
each cell individually, allowing us to perform statistical anal-
yses and compare different plant cells and cell stages with
each other (Fig.3G). A ratio of 1 would mean that proteins
inside and outside the RHID moved with the same velocity.
Consequently, a ratio below 1 would indicate a reduction in
velocity at the RHID.
For mCit-GEF3, no particle could be detected outside the
RHID, thus no ratio of modal velocities was calculated. In
comparison to mCit-ROP2, the modal velocity of mCit-GEF3
was lower (ranging from 0.7 µm s−1 in cell -5 to 1 µm
s−1 in cell -1) and remained constant during root hair de-
velopment (Fig.3F). For mCit-ROP2, we found a reduction
of modal velocity at the RHID at cell stage -4 (Fig.3F,G),
preceding its polarization at cell stage -3 (indicated by the
arrow head in Fig.3F). During subsequent root hair devel-
opment ROP2 mobility inside the RHID increased slightly
while its modal velocity ratio remained constant, below 1 and
statistically unchanged (Fig.3G). Loss of GEF3 led to an in-
crease of mCit-ROP2 mobility in general (Fig.3F) and a loss
of differential immobilization at the RHID (Fig.3G, gef3-1
ROP2). These findings were consistent with FRAP measure-
ments performed in cell stage -1, which showed that the pro-
tein mobility of GEF3 is lower compared to ROP2 (median
t1/2 for ROP2 in the RHID 40.27 sec, for GEF3 104.87 sec;
p-value 0.01) and that the reduction in ROP2 protein mobil-
ity inside the RHID is dependent on the presence of GEF3
(Fig.S6).
Taken together, we show evidence, that the immobilization
of ROP2 in nanodomains at the RHID is dependent on the
immobile protein GEF3, whose polarization not only pre-
cedes but represents a precondition for ROP2 polarization.
Together these findings lead us to conclude that GEF3 facili-

tates ROP2 polarization by reducing lateral mobility of ROP2
in the PM of the RHID.

Differential activation of ROP2 required for polariza-
tion, but not for nanodomain association. GTPases, like
ROP2, act as molecular switches that can be present in an
active (GTP-bound) and an inactive (GDP-bound) state. To
investigate whether the activity state of ROP2 plays a role in
its polarization at the RHID, we determined the polarity in-
dex of two ROP2 activity state mutants (rop2CA = constitu-
tive active, GTP-locked; rop2DN = dominant negative, GDP-
locked) in trichoblasts of cell stage -1. We found that neither
mCit-rop2CA nor mCit-rop2DN showed predominant accu-
mulation at the RHID, but that both had polarity indices sim-
ilar to the unpolar controls GFP-LTI6B (Cutler et al., 2000)
and freely soluble, cytosolic mCitrine (Fig.4A,B).
Since current models suggest that a cycling between the two
activity states would be accompanied by a shift in subcellu-
lar localization from the cytosol to the PM (Kawano et al.,
2014), we measured the degree of membrane association of
both activity state mutants of ROP2 (Fig.4C). In line with the
current model, we found the degree of membrane associa-
tion of mCit-rop2CA to be comparable to that of the integral
membrane protein LTI6B used as reference. In contrast, the
association of mCit-rop2DN with the PM resembled the de-
gree of membrane association of the cytosolic control mC-
itrine (Fig.4C), indicating a partial reduction in membrane
association for rop2DN. Interestingly, the membrane associa-
tion of wild type (wt) ROP2 (which represents a mix of ROP2
molecules in their GTP-bound and GDP-bound state) outside
the RHID was reduced by 14% compared to inside the RHID.
We conclude that the dynamic cycling of ROP2 between both
activity states is required to polarize the protein at the RHID.
To investigate the impact of the activity status on the local
immobilization of ROP2 at the RHID, we performed mo-
bility measurements of both activity state mutants. FRAP
experiments at cell stage -1 revealed a reduced mobility of
mCit-rop2CA compared to wt ROP2 with a larger immobile
fraction (10.80% for ROP2 and 44,20% for rop2CA, p-value
0.03) (Fig.S7A,C). mCit-rop2DN, on the other hand exhib-
ited higher mobility than wt ROP2, but also an increased im-
mobile fraction (48.40% for rop2DN, p-value for comparison
with ROP2 0.02) compared to wt ROP2 (Fig.S7B,C). Per-
forming ToBF on mCit-rop2CA at cell stage -1 confirmed its
reduced mobility compared to wt ROP2. Interestingly, we
were able to detect and track mCit-rop2DN using ToBF and
found that its modal velocity was reduced to a greater ex-
tend as mCit-rop2CA (Fig.4D), which was in line with the
relatively high immobile fraction measured in FRAP and in-
dicates a residual localization of rop2DN at the PM, that is
not reflected in the measurement of the membrane associa-
tion (Fig.S7B,C).
SRRF reconstructions revealed the presence of mCit-rop2CA
in distinct nanodomains, which however, in line with the po-
larity index measurements, did not show predominant ac-
cumulation at the RHID but were found evenly distributed
across the cell surface (Fig.4E). mCit-rop2DN similarly
localized into stable nanodomains across the cell surface
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Fig. 4. Differential activation is necessary for ROP2 polarity establishment. (A) Micrographs of trichoblasts of cell stage -1 expressing mCit tagged ROP2, mCit-ropCA
(CA), mCit-ropDN (DN) as well as GFP-LTI6B and cytosolic mCitrine (mCit). Scale bars represent 10 µm; the root tip is located to the left of the images. (B) Polarity index and
(C) association with the plasma membrane inside (in) and outside (out) of the RHID, of the plant lines depicted in panel A. Centre lines represent median values, gray boxes
represent the data range, n indicates the number of cells measured and letters represent the result of an ANOVA-Tukey test (significance value = 0.01; same letters indicate
no significant difference). Red data points indicate data derived from the individuals shown in panel A. (D) Quantification of the modal velocities in cells of stage -1 of mCit
tagged ROP2, mCit-ropCA (CA) and mCit-ropDN (DN) inside (in) and outside (out) of the RHID. Circles represent the median of the modal velocities; error bars represent the
MAD (median absolute deviation); letters represent the result of an ANOVA-Tukey test (significance value = 0.01; same letters indicate no significant difference). (E) SRRF
reconstructions of -1 trichoblasts expressing mCit tagged ropCA and ropDN; the root tip is located to the left of the images; scale bar represents 5 µm.

(Fig.4E), which further indicates the presence of a subpop-
ulation of rop2DN molecules residing at the PM.
Taken together, the data presented here shows that differen-
tial activation is required for ROP2 polarization at the RHID.
The association of ROP2 with nanodomains is, however, in-
dependent of its nucleotide state.

Discussion
Targeted recruitment of the underlying growth machinery to
the site of root hair emergence, the root hair initiation domain
(RHID), is an essential step in root hair development. The
small Rho-type GTPase ROP2 is a central player and early
determinant in root hair development (Jones et al., 2002;
Molendijk et al., 2001). Spatio-temporal control of its sub-
cellular localization to the RHID is key to ensure locally re-
stricted outgrowth of a root hair and to the robustness of hair
positioning. Even though much is known about the role of
ROPs in root hair development, we still do not fully under-
stand by which mechanism sufficient ROP molecules are de-
livered to the root hair during growth and how initial accumu-
lation of ROPs at the RHID is facilitated. Two mechanisms
seem conceivable: Targeted secretion to the RHID or inser-
tion of ROPs into the PM followed by lateral sorting into the
RHID.

In this study, we aimed to investigate the mechanism un-
derlying initial ROP2 polarization at the RHID. To this end
we employed Variable Angle Epifluorescence Microscopy
(VAEM) and took advantage of fluorophore blinking of mC-
itrine. We performed time-integrated localization of sin-
gle molecules and mobility analysis using particle tracking,
which we termed Tracking of Blinking Fluorophores (ToBF).
In general, the quality of single molecule tracking largely
depends on fluorophore density: The lower the fluorophore
density, the easier it is to follow a single molecule and thus
the more precise the measured velocity reflects actual protein
mobility. In methods using photoactivatable fluorescent pro-
teins (FPs), e.g. sptPALM (Manley et al., 2008; Bayle et al.,
2021), the density of fluorophores can be tuned by adjusting
the power of the activating laser and it is possible to obtain
relatively long tracks. In contrast, FP density in ToBF cannot
be tuned, is generally higher and varies over the course of a
time-lapse measurement, as well as between different sam-
ples. To still be able to track single molecules at a high par-
ticle density, we have allowed for a maximum travelling dis-
tance of 0.3 µm between single time frames, thus creating an
upper limit of measurable velocities (5 µm s−1). Moreover,
tracking of blinking FPs is only possible as long as the FP is
in the excitable and emitting “on” state, which is a stochas-
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tic process and generally leads to shorter tracks. While these
limitations results in a lower tracking resolution in compari-
son to sptPALM, our ToBF analysis allows for the qualitative
measurement of mobility on the scale of the whole protein
population, utilizing a standard fluorophore that is already
commonly used in many labs and existing reporter lines.

In addition to protein mobility, fluorophore blinking allows to
perform time-integrated single molecule localization, which
has led to techniques such as dSTORM (Heilemann et al.,
2008) or GSDIM (Fölling et al., 2008). Here, we subjected
our raw VAEM data of blinking fluorophores to the Super
Resolution Radial Fluctuation (SRRF) algorithm (Gustafsson
et al., 2016), which is suitable for the deconvolution of time-
lapse datasets based on fluorophore intensity fluctuations.
SRRF performs a time-integration of single molecule local-
ization events, where high positional stability (equal to local-
ization probability) is reflected by high pixel values, provid-
ing a visual representation of protein mobility. Since SRRF
can be applied on images of unfixed, living tissue, the re-
sulting increase in resolution is limited by protein movement
and the temporal resolution that can be achieved. The com-
bination of VAEM with SRRF allows for faster acquisition
of super-resolved images compared to other super-resolution
techniques: A single SRRF image is computed via the inte-
gration of 100 frames of a VAEM time-lapse stack, which,
at an exposure time of 60 msec per frame, represents a total
acquisition time of 6 seconds. However, the stochastic na-
ture of fluorophore blinking also limits the possibility of co-
localization studies on mobile proteins, as statistical analyses
depend on largely simultaneous emission of spatially corre-
lated fluorophores. However, the compatibility with standard
FPs and live imaging enables the visualization of dynamic,
cellular processes, e.g. during cell growth, over time. In
summary, the combination of VAEM with ToBF and SRRF
allows to investigate cellular processes at increased spatial
resolution without sacrificing temporal resolution and can be
used to analyze the dynamic behavior of a protein population
utilizing a commonly used standard FP.

Applying SRRF on trichoblasts expressing mCit-tagged
ROP2, we observed the localization of ROP2 into nan-
odomains localizing at the RHID after its polarization in cell
stage -3 (Fig.2 A,B). In line with previous findings (Den-
ninger et al., 2019), we found the polarization of ROP2 nan-
odomains at the RHID to be dependent on GEF3, while their
association with nanodomains per se was not (Fig.2C). At
the same time, by applying ToBF, we observed a GEF3-
dependent reduction in lateral mobility for ROP2 specifically
in the PM of the RHID, one cell stage prior to its polarization
(Fig.3F). Together, these data suggest a step-wise process for
ROP2 polarization at the RHID: First, ROP2 associates with
the PM, which involves interaction with anionic lipids, sec-
ond, ROP2 is sequestered into membrane nanodomains, and
third, ROP2 nanodomains are then laterally sorted into the
RHID. Such a three-step mechanism would allow for pre-
loading of ROP2 within the PM at a sub-critical concentration
before root hair initiation, enabling for the rapid formation of
root hairs in response to signaling or environmental cues.

The finding that GTPase polarization is initiated via lateral
sorting within the PM addresses a long-standing question in
cell morphogenesis: How are polar sites of growth estab-
lished? Current models, e.g. for PIN polarity, suggest that
polar protein accumulation can be maintained by polar secre-
tion, selective endocytosis and a reduction of lateral mobility
through association with nanodomains (Kleine-Vehn et al.,
2011). In 2019, Gendre et al. provided evidence that po-
lar secretion of ROP2 is required for the maintenance of the
ROP2 patch and for successful root hair outgrowth. The au-
thors demonstrated that the TGN-localized proteins YIP4a
and YIP4b are involved in the activation as well as the ac-
cumulation of ROPs at the PM of root hairs (Gendre et al.,
2019). Even though the amount of ROP2 at the RHID was re-
duced in the yip4ayip4b double mutant and root hair growth
was mostly abolished, ROP2 was still present at the RHID
in such mutant plants. This indicates that while targeted re-
cruitment may be involved in the maintenance of ROP2 po-
larization, it is unlikely to be the mechanism responsible for
the initial accumulation of ROP2 at the RHID.

Cytoskeletal organization and anionic lipids are both known
drivers for targeted secretion (Kost et al., 1999; Braun et al.,
1999; Kusano et al., 2008; Mendrinna and Persson, 2015;
Noack and Jaillais, 2020) and thus were also promising can-
didates to guide ROP2 polarization. In root hair development,
we have, however, no evidence that organizers and nucleators
of the actin cytoskeleton are accumulating at the RHID prior
to ROP2 (Denninger et al., 2019). Recent publications have
highlighted interactions between small GTPases and the an-
ionic lipids phosphatidylserine (PS) and phosphatidylinositol
4,5bisphosphate (PI4,5P2), both of which are also present in
nanodomains (Platre et al., 2019; Fratini et al., 2021). In ad-
dition, Platre and co-workers have demonstrated that the sta-
bility of ROP6 within nanodomains in the PM of root epider-
mal cells is dependent on the presence of PS, while Fratini
and co-workers found no interdependence of NtRac5 with
PI(4,5)P2. With the data presented in the present study, we
cannot fully exclude the possibility that the localization of
ROP2 into nanodomains similarly depends on electrostatic
interactions with anionic lipids. However, we could demon-
strate that: (i) reporters for the anionic lipids did not polarize
at the RHID prior to bulging (Fig.S4), suggesting that these
anionic lipids do not serve as landmarks for RHID formation;
(ii) a ROP2 mutant, which was impaired in its ability to inter-
act with anionic lipids exhibited a reduced PM-association in
general (Fig.S4), indicating that membrane association (sup-
ported by the interaction with anionic lipids) is a prerequi-
site for polarization. In addition, the polarization of ROP2
precedes the polar accumulation of PIP5K3, as well as of
PI(4,5)P2 (Denninger et al., 2019), further indicating that an-
ionic lipids play a role in root hair growth, downstream of
RHID set-up.

We further investigated whether ROP activation could dic-
tate the GTPase polarization. In root hairs, polar ROP2 lo-
calization is indeed coupled to its nucleotide-binding state,
however, rather in an indirect manner, as the following ob-
servations will demonstrate. Lack of the ROP inhibiting GDI
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SCN1 (Carol et al., 2005), as well as overexpression of the
RopGEF GEF3 (Denninger et al., 2019), both resulted in
multiple polarization events, leading to multiple bulges or
branched hairs. One could therefore expect that enhanced
ROP GTPase activation is the cause for the multiple polar-
ization events. However, neither ropCA (GTP-locked), nor
ropDN (GDP-locked) exhibited any detectable polar domain
formation, suggesting that not the nucleotide state itself, but
rather the ability to dynamically switch between both states
is necessary for ROP2 polarization. Our velocity analy-
sis revealed, that in comparison to wild type ROP2, mCit-
ropCA exhibited reduced mobility and was associated with
nanodomains evenly distributed in the PM in cell stage -1
(Fig.4D,E). To our surprise, we were able to also detect mCit-
ropDN both in the cytosol and in nanodomains at the PM and
found the protein mobility at the PM to be even lower than the
mobility of wt ROP2 and mCit-ropCA nanodomains. ropDN
is unable to release GDP from its binding pocket and is thus,
not activatable. It seems conceivable, that this results in con-
stant binding to the inhibiting, cytosolic GDI or its PM-bound
activators and thus causes their sequestration, leading to its
eponymous, dominant negative phenotype (Glotzer and Hy-
man, 1995; Berken and Wittinghofer, 2008). This gives rise
to an interesting hypothesis in which GEF3 and SCN1 have
to dynamically compete for an interaction with the GTPase,
where GEF3 serves as polar landmark at the PM while cy-
tosolic SCN1 counteracts an overloading of the RHID with
ROPs. On the one hand, rop2DN may be mostly unable to
dissociate from SCN1, thereby unable to follow GEF3 lo-
calization, while a subpopulation of ropDN being trapped
in static physical interactions at the PM. On the other hand,
ropCA localized to immobile PM nanodomains, and over all
showed a reduced mobility compared to wt ROP2, but an in-
creased mobility compared to ropDN (determined by ToBF,
Fig.4D).

Although not all questions regarding the robust polarization
of ROP GTPases during root hair morphogenesis can be an-
swered at this point, our study provides new insights in the
protein dynamics of ROP2 and the involved classes of poten-
tial drivers and interaction partners. In summary, our find-
ings support a model in which ROPs are first associated with
the PM through the interaction with anionic lipids and inde-
pendent on the bound nucleotide. At the PM, GTPases are
locally immobilized in nanodomains and accumulate at the
RHID in a GEF3-dependent manner, leading to the establish-
ment of a new polarity axis. In a feed-forward loop, down-
stream effectors of ROP signaling are recruited, promoting
cytoskeletal reorganization, lipid modification and the estab-
lishment of targeted secretion that, further on, stabilizes cell
polarity and sustains the elongation of the growing root hair.
At this point, we can only speculate whether a similar se-
ries of events is at play during morphogenetic programs of
other eukaryotes with often way more sophisticated cellular
architectures. In baker’s yeast, mechanisms involving spon-
taneous accumulation of the small GTPase Cdc42 that lead
to local cytoskeletal reorganization and cell polarization have
been identified (Wedlich-Soldner and Li, 2003), highlight-

ing the need for landmarks guiding the formation of polarity
axes (Chiou et al., 2017). Also, the morphological robustness
of root trichoblasts likely involves preventing a spontaneous
polarization at random sites at the PM. As mentioned before,
root hairs emerge consistently at the basal (root-meristem-
oriented) end of the cell with a consistent diameter, despite
the absence of any apparent physical boundaries. Fischer and
colleagues identified a dependence of the positioning of the
polar domain on auxin signaling pathways (Fischer et al.,
2006) giving rise to a mathematical model that suggested
the presence of an intracellular auxin gradient that drives
ROP polarization through a Turing-like, reaction-diffusion
mechanism (Payne and Grierson, 2009). Indeed, in epider-
mal cells of the root elongation zone, ROP6 was shown to
be immobilized upon auxin treatment in PS-dependent nan-
odomains, which were required for inhibition of cell elonga-
tion and consequential gravitropic root bending (Platre et al.,
2019). In a recent study on the maintenance of ROP po-
larization during root hair growth, ARMADILLO REPEAT
ONLY (ARO) proteins were found to stabilize the interac-
tion between ROP1 and the ROP1 enhancer GAP (REN-
GAP) REN1 in PM nanodomains, thus confining ROP signal-
ing to the polar growth site (Kulich et al., 2020). Although
nanodomain association had not yet been considered in the
Turing-like model by Payne and Grierson 2009, our findings
are generally in line with a reaction-diffusion mechanism
as we demonstrate that a mobility-regulating nanodomain-
association plays a role already during the initial steps of
ROP polarization, driving the lateral sorting of GTPases and
thereby leading to the formation of the RHID.
Together, the various recent publications on nanodomains in
the plant PM highlight their roles in organizing membranes
into functionally distinct sub-compartments on the micro-
and nanoscale. Likely, a great diversity of nanodomains ex-
ists, whose composition, structure and dynamics remain to
be explored (Gronnier et al., 2018). Novel microscopic tech-
niques with super-resolving capacities, not only regarding the
spatial but also the temporal domain, will be needed to eluci-
date the molecular dynamics that organize biochemical func-
tions and drive signaling and cellular morphogenesis.
AUTHOR CONTRIBUTIONS
VAFF and GG conceived the project; VAFF, PD and GG planned the experiments;
VAFF and PD performed experiments; YJ provided the lipid reporter lines and sug-
gested experiments; UE provided advice on the imaging, data analysis and inter-
pretation; VAFF, MZ and GG analyzed data; VAFF prepared figures; VAFF and GG
wrote the manuscript with input from all co-authors; and all authors read and ap-
proved the final version of the manuscript.

ACKNOWLEDGEMENTS
We thank Karin Schumacher (Heidelberg) for mentorship, advice and access to
the Leica SP5, the Nikon Imaging Center at the Heidelberg University for provid-
ing the TIRF microscope and technical support, Jan Felix Evers for providing the
spinning disc microscope, technical support and advice on image acquisition and
analyses and all past and current members of the Grossmann lab for their support
and lively discussions. This work was supported by CellNetworks research group
funds, research grants by the Deutsche Forschungsgemeinschaft (DFG; GR4559-
3-1, GR4559-5-1), funds by the Center of Excellence on Plant Sciences (CEPLAS)
and a Heisenberg Professorship to G.G. (GR4559-4-1).

Materials and Methods
Plant growth and handling. Plants were either grown on
soil or on 1/2MS-plates (Murashige and Skoog Minimal Or-

10 | bioRχiv Fuchs et al. | GTPase polarization via lateral sorting

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 11, 2021. ; https://doi.org/10.1101/2021.09.10.459822doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.10.459822
http://creativecommons.org/licenses/by-nc-nd/4.0/


ganic Powder Medium (Serva), 0.1% MES, pH 5.7, 0.8%
plant agar (Duchefa)) under long day conditions (16h light/8h
dark) at 21°C.
Induction of the estradiol inducible (EstInd) promoter (de-
scribed in detail in Denninger et al. (2019) was performed
using small stripes of cellulose tissue, imbibed in 1/2MS con-
taining 20 µM ß-Estradiol (20 mM stock in absolute ethanol)
and 0.01% Silwet L77. To investigate the subcellular lo-
calization of proteins expressed under the control of an Es-
tInd promoter, induction was performed 3-6h prior to sample
preparation and for a duration of 30min. In order to get suf-
ficient fluorescence signal, the time between induction and
microscopy varied between plant lines, but was kept as short
as possible to minimize overexpression artefacts.

Plant material. In this study, Arabidopsis thaliana of the
ecotype Columbia (Col-0) was used as wildtype. Trans-
genic lines expressing pROP2::mCitrine-ROP2(ORF),
EstInd::mCitrine-ROP2(CDS), pGEF3::mCitrine-
GEF3 and pROP2::mCitrine-ROP2 in the gef3-1
background were obtained from Denninger et al.
(2019). Lipid reporters (PI(4,5)P2 reporter – P15Y,
PI(4)P-reporter (pUbi10::mCitrine-P4MSiDM ), PS-
reporter (pUbi10::mCitrine-C2Lact)) as well as 8K-
Farn (pUbi10::mCitrine-8K-Farn) and the MSC sensor
(pUbi10::mCitrine-KA1MARK1) (Simon et al., 2014,
2016) were kindly provided by Yon Jaillais (Lyon).
P35S::GFP-LTI6B (Cutler et al., 2000) was kindly
provided by David Ehrhardt (Carnegie Institution for
Science.). Plant lines expressing pUbi10::mCitrine,
EstInd::mCitrine-rop2-7K-A, EstInd::mCitrine-rop2∆C161,
EstInd::mCitrine-rop2∆N160, EstInd::mCitrine-rop2CA
and EstInd::mCitrine-rop2DN were generated in this work.

Molecular cloning. All expression vectors were cloned us-
ing the GreenGate system (Lampropoulos et al., 2013). The
estradiol inducible promoter, as well as the mCitrine module
was described in Denninger et al. (2019).
LifeAct (Riedl et al., 2008) was cloned into the Green-
Gate entry vector pGGC000 by amplifying LifeAct together
with a C-terminal GDPPVAT-Linker from the Addgene vec-
tor # 36201 using the forward primer aacaGGTCTCtGGC-
Tatgggcgtggccgacctgat and the reverse primer acaaGGTCT-
CaCTGAggtggcgaccggtggatc.
mNeonGreen (Shaner et al., 2013) was cloned into
the GreenGate entry vector pGGD000 by amplifying
mNeonGreen from the plasmid pGGD044 (kindly pro-
vided by Jan Lohmann, Heidelberg) using the for-
ward primer aaaaGGTCTCaTCAGGAGCAGGGGCGGGT-
GCCatggtgagcaagggcgag and the reverse primer aaaaG-
GTCTCaGCAGttacttgtacagctcgtcca, indroducing an N-
terminal SGAGAGA-linker.
The pUbi10::mCitrine plant expression vector was assem-
bled with the following GG-modules: pGGA6 (Ubip),
pPD160 (mCit), pPD37 (C-Decoy), pGGD2 (D-Decoy),
pPD59 (HSP18.2-T), pGGF1 (Basta) into pGGZ003. For
creation of the C-Decoy module (pPD37), the primer pair for-
ward: gtgaagcttGGTCTCaGGCTgtggatcc and reverse: GC-

GAgaattcGGTCTCaCTGAggtacca were used for PCR am-
plification from the pGGD2 vector. The resulting PCR prod-
uct was cloned into pGGC000.
ROP2 mutation constructs (rop2 7K-A, rop2∆C161,
rop2∆N160, rop2CA and rop2DN) were generated using the
CDS sequence of ROP2 as a template and were cloned into
pGGC000 using the listed primers (Table S1). For rop2DN
two PCR-fragments were fused and cloned into pGGC000 by
adding both digested PCR products into the ligation reaction.

Confocal laser scanning microscopy and FRAP mea-
surements. For laser scanning microscopy a Leica SPII sys-
tem was used, equipped with a 63x water immersion objec-
tive (N.A. 1.2, Leica), an argon laser and hybrid-detectors.
mCitrine tagged proteins were excited at 514 nm and emis-
sion was detected between 520 and 550 nm.
High-resolution surface views of trichoblasts were recorded
using the resonant scanner. Images were acquired with a 4x
zoom, a pinhole of 1 AU, scan speed of 8000 Hz, 256x line
average and a 512x512 px scan field. These settings were
kept constant between experiments.
For FRAP the “zoom-in”-modus with 30 frames pre-bleach,
20 frames bleach (100% relative laser power, ROI of 10x30
µm), 200 frames post-bleach (each at 0.265 sec per frame)
was chosen. Images were acquired with a 3x zoom, a
pinhole of 2.5 AU, at 1000 Hz bidirectional scan speed,
2x line averaging and a 256x256 px scan field. The set-
tings were kept constant between experiments, except for
the power of the excitation laser, which was adjusted ac-
cording to the expression strength of the sample. Analy-
sis of FRAP data was performed by measuring the fluores-
cence intensity within three ROIs in each time-lapse stack:
one ROI at the bleached region, one ROI outside of the bio-
logical sample (background) and one ROI at a non-bleached
region of the plasma membrane. In each ROI, the fluo-
rescent intensities were normalized to the average fluores-
cent intensity prior to bleaching. The resulting data set
was analyzed using the web-based application “EasyFRAP-
web” (https://easyfrap.vmnet.upatras.gr) as
described in (Koulouras et al., 2018).

Sample preparation for VAEM-imaging. Comparison of
the blinking behavior of different fluorescent proteins was
analyzed in transfected Nicotiana benthamiana leaves 2 days
after infiltration. Agrobacterium-mediated transfection was
performed as has been described in Mehlhorn et al. (2018).
To remove air from the intracellular space, tobacco leaves
were infiltrated with water shortly before sample preparation
and imaging. Small pieces were cut out with a scalpel and
placed on a microscopy slide, with the abaxial side facing
upwards. A drop of water was added on top and a cover slip
(thickness 170 +/− 5 µm; No. 1.5H) was gently pressed onto
the sample, using a soft piece of rubber.
Imaging of Arabidopsis thaliana root cells was performed
5-7 days after germination. For sample preparation whole
seedlings were placed on a cover slide with the root residing
in a drop of medium (approximately 20 µL). For imaging, the
roots were then carefully covered by a 22x22 mm cover slip
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(thickness 170 +/− 5 µm; No. 1.5H), whereat the cotyledons
were not covered to prevent tilting of the cover slip.

Variable Angle Epifluorescence Microscopy (VAEM)
imaging. For VAEM, a Nikon TIRF microscope was used
with a single mode laser fiber coupled into the TIRF illu-
minator on a Nikon eclipse Ti2 stand to focus the laser on
the back focal plane of 100x DIC Plan Apo objective (NA
1.45; Nikon). Only trichoblasts close (few µm) to the cover-
slip–medium interface where used (as detected by the hard-
ware perfect focus system (PFS) of the Ti2). Detection was
performed on an EMCCD camera (Andor iXON Ultra, Andor
Technology) with 60 ms exposure time. Continuous record-
ing was performed for 1 min. During acquisition, the hard-
ware focus PFS was enabled. Microscope hardware was con-
trolled by NIS-Elements (version 5.1, Nikon).
Excitation of mNeonGreen and mCitrine tagged proteins was
performed using a 515 nm laser and a 542/27 bandpass fil-
ter. For excitation the 515 line of an Andor Light Combiner
(ALC, Andor Belfast) was used. Fluorophores were driven
into the dark state by setting the laser power to 40% (corre-
sponding to 10.7 mW, measured at the objective plane) of the
515 nm laser line. We estimate that this corresponds to ap-
proximately 100-150 W/cm2 (given the illumination area of
the laser through the 100x objective).

SRRF reconstructions and measurement of nan-
odomain dimensions. Single-molecule localization was
performed by applying the SRRF algorithm (Gustafsson
et al., 2016) on VAEM time-lapse stacks. The build in “Es-
timate Drift”-tool was used with a time-averaging of 100 to
estimate the drift prior to SRRF. SRRF reconstruction was
performed using the following parameters: ring radius of 0.5,
radial magnification of 5, axis ring of 8, 100 frames per time-
point and temporal radiality average (TRA). Additionally, in-
tensity weighing was enabled.
Nanodomain density were measured using Fiji (Schindelin
et al., 2012). To this end, a region of interest (e.g. the RHID)
in the original SRRF image was thresholded (with the build-
in threshold presetting “moments”) and used to create a mask.
This mask was processed to a binary image and then multi-
plied with the original SRRF image. In the resulting image
(called “SRRFmasked”), individual nanodomains were iden-
tified using the “find maxima” function of Fiji. The output
type was chosen as “segmented particles” and the noise tol-
erance was adjusted manually by verifying the selection in
the original SRRF image. The resulting image was converted
into a binary image and multiplied with “SRRFmasked”, re-
sulting in the separation of the individual nanodomains. The
threshold was adjusted (using the presetting “moments”) and
the function “analyze particles” was applied, resulting a table
containing the spatial information of each nanodomain. The
density of nanodomains was obtained by dividing the number
of clusters by the total area of the RHID.

Tracking of Blinking Fluorophores (ToBF). For particle
tracking a rolling ball background subtraction (radius = 5 px)
was performed on the original VAEM image stack, followed

by three iterations of a gaussian blur filter (sigma = 0.5). The
gray value of each pixel of the resulting image was divided
by the maximum gray value of the overall image. This image
stack was then multiplied by the original, unprocessed time
lapse stack and converted to a 16-bit image while retaining
the full gray scale range.
Particle tracking was performed using the Fiji-plugin Track-
Mate (Tinevez et al., 2017). Particle detection was performed
with the Laplacian of Gaussian (LoG) detector, using an es-
timated blob diameter of 0.5 µm (sub-pixel localization was
enabled). To prevent splitting and merging of tracks, the sim-
ple linear assignment problem (LAP) tracker was used. The
maximum linking, as well as the maximum gap-closing dis-
tance were set to 0.3 µm. Gap-closing was prevented by using
no frame gap.
To determine the velocity of proteins, the “mean speed” pa-
rameter of the particle tracking was used for further analy-
sis. A histogram of velocities (bins: 0.05µm/sec) was gen-
erated and subjected to non-linear least-square fitting using
the Gauss-Newton algorithm. Fitting was done with the nls()
function, while predicted fittings with corresponding local
peak maxima’s were plotted with the ggplot2 and ggthemes
packages (Wickham, 2016; Arnold, 2019). To test the dif-
ferences between the RHID and the PM region outside the
RHID, the raw data for each region was used to fit the lin-
ear model with the lm() function. Further comparison of
fitted models for the different regions was performed with
the Anova() function from the car package (Fox and Weis-
berg, 2019). All analyses were done with R Studio version
1.3.1093 (RStudio Team, 2020).

Polarity-index and membrane association measure-
ments. Live-cell imaging of transgenic Arabidopsis roots
was performed using a custom-built spinning disc confocal
microscope (as described in Denninger et al., 2019). mC-
itrine tagged proteins were excited with a 515 nm laser and
emission was detected using a 542/27 (central wavelength/
band width in nm) bandpass filter (Semrock). GFP-tagged
proteins were excited with 488 nm and emission was detected
using a 525/45 band width filter (Semrock).
Polarity indices were measured and calculated as previously
described in Denninger et al., 2019. In brief, the polarity in-
dex is the quotient of the background subtracted fluorescent
intensity in a 3x15 pixel ROI at the plasma membrane (PM)
and the background subtracted fluorescent intensity at the PM
outside the RHID [(IntP M−RHID-IntBkgd)/(IntP M−out-
IntBkgd)].
The degree of membrane association of fusion proteins was
analyzed by measuring the mean fluorescence intensity in a
region of 3x15 pixel at the PM. From this, a background
value measured outside the biological sample was subtracted.
Next, the mean fluorescence intensity in a region directly un-
derneath the PM-region, in the cytosol, was measured. Back-
ground subtraction was performed with the same mean flu-
orescence intensity as for the PM-ROI. Membrane associa-
tion was determined by dividing the value of the PM-ROI
by the value of the cytosol-ROI [(IntP M -IntBkgd)/(IntCyt-
IntBkgd)].
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Supplemental Material
Table S1. primers used for cloning ROP2 mutant constructs. BsaI/Eco31I recognition and overhang are underlined, mutated triplets are bold and altered bases are in
lower case.

Constrcut Forward primer sequence Reverse primer sequence

rop2CA
aac a GG TCT Ct G GCT ATG GCG TCA AGG
TTT ATA AAG TGT GTG ACC GTC GGA GAT
GtT GCC GTC GG

aaa a GG TCT Ct C TGA TCA CAA GAA CGC
GCA ACG GT

rop2DN
aaa a GG TCT Ca G GCT ATG GCG TCA AGG
TTT ATA AAG TGT G

aac a GG TCT Ct T GTC CCA ACA AGG ATA
ATG GGA A

aac a GG TCT Cg G ACA AAA CTC GcT CTT
CGA GAT

aaa a GG TCT Ct C TGA TCA CAA GAA CGC
GCA ACG GT

rop2∆N160 aac a GG TCT Ct G GCT ACA CAG CAG AAC
GTG AAG GC

aaa aGG TCT Ct C TGA TCA CAA GAA CGC
GCA ACG GT

rop2∆C161 aaa a GG TCT Ca G GCT ATG GCG TCA AGG
TTT ATA AAG TGT G

aac a GG TCT Ct C TGA tca CTT TGA ACT
ACA TTC AAT GTA GAC AGC A

rop2 7K-A aaa a GG TCT Ca G GCT ATG GCG TCA AGG
TTT ATA AAG TGT G

aac a GG TCT C t C TGA TCA CAA GAA TGC
ACA TCG ATT ggc gtt tgc ggc agc cgc tgc ttg
tgc TGG TGG CTG AAG CAC CAC
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Fig. S1. mCitrine exhibits fluorophore blinking, allowing for time-integrated localization microscopy. VAEM-micrographs of the actin probe LifeAct tagged with mCitrine
(A-C) and mNeonGreen (D-F). Single images from a time laps stack acquired with the indicated laser powers. Kymographs drawn along the red, dashed lines are depicted
next to the corresponding image. Panel (C) and (F) show sum projections of the time laps stacks of (B) and (E), respectively. Scale bars represent 5 µm. (G) schematic
representation of the principle of single molecule localization microscopy: the detection and integration of distinct blinking events over time allows for the reconstruction of a
super-resolved image (H) Sum intensity projection (upper panel) and a Super-resolution radial fluctuations (SRRF) reconstruction (lower panel) of a time-laps VAEM movie
of an Arabidopsis trichoblast stably expressing LifeAct-mCitrine under the control of the Ubiquitin10 promoter. The scale bar represents 5 µm.

16 | bioRχiv Fuchs et al. | GTPase polarization via lateral sorting

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 11, 2021. ; https://doi.org/10.1101/2021.09.10.459822doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.10.459822
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. S2. High-resolution laser scanning confocal microscopy confirms sub-compartmentation of the RHID. Micrographs of mCit-tagged ROP2 (A) and GEF3 (B) in
surface-view of trichoblasts of cell stage -1. Scale bar represents 5 µm, the scanning direction was from left to right; the root tip was located to the bottom of the images.

Fig. S3. Anionic lipids do not polarize at the RHID prior to bulging. Micrographs of trichoblast cells of stage -1 (A) and of cell stage +1 (D) from plants expressing different
markers for anionic lipids – phosphatidylinositol 4-phosphate (PI4P), phosphatidylserine (PS) and mCit-MARK1 (sensor for Membrane surface charge (MSC)=anionic lipids
in general). Scale bar represents 10 µm. Quantification of polarity index (B, E) and membrane association (C,F) of the respective markers for anionic lipids in stage -1 (B,C)
and in cell stage +1 (E,F). Data for ROP2, mCit and LTI6B are the same as presented in Fig.4, but are shown for comparability. Centre lines represent median values, gray
boxes represent the data range, n indicates the number of cells measured and letters represent the result of an ANOVA-Tukey test (significance value = 0.01; same letters
indicate no significant difference). Red data points indicate data derived from the individuals shown in panel A and D.
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Fig. S4. Association with the membrane involving electrostatic interactions with anionic lipids is a prerequisite for ROP2 polarization. (A) schematic representation
of the primary protein structure of ROP2 depicting different functional and structural domains (B) Micrographs of trichoblast of cell stage -1 from plants expressing different
ROP2 truncation constructs - ROP2 with a mutated polybasic tail (rop2 7K-A), ROP2 without the first 160 amino acids (rop2∆N160), ROP2 without the C-terminal anchor
(rop2∆C161) and a farnesylated poly-lysine membrane anchor (8K-Farn) Scale bars represent 10 µm. (C) Polarity index and (D) membrane association of the in (B) depicted
ROP2 truncation variants as well as ROP2, the 8K-Farn membrane anchor, GFP-LTI6B and mCit, measured inside (in) and outside (out) of the RHID of trichoblasts of cell
stage -1. Note that the data for ROP2, LTI6B and mCit is the same as in Fig.4 and is shown for comparability. Centre lines represent median values, gray boxes represent the
data range, n indicates the number of cells measured and letters represent the result of an ANOVA-Tukey test (significance value = 0.01; same letters indicate no significant
difference). Red data points indicate data derived from the individuals shown in panel B.
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Fig. S5. Protein mobility over the course of RHID development. Normalized distribution of particle velocities determined by ToBF for mCit-ROP2(A), mCit-GEF3 (B)
and for mCit-ROP2 in the gef3-1 mutant background (C) for the cell stages -5 to -1, measured inside (red) and outside (blue) of the RHID. p-values indicate the statistical
difference between the distribution of velocities in- and outside the RHID determined by two-way ANOVA: n.s. = p-value >0.05; * = p-value < 0.05; ** = p-value < 0.01; *** =
p-value < 0.001. Curves represent multi-gaussian fits of the pooled data sets, local maxima are indicated by vertical lines; n represents the number of biological replicates
and is indicated for inside/outside the RHID in panel (A) and (C).
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Fig. S6. Immobilization of ROP2 in the RHID is dependent on the presence of GEF3. Fluorescent recovery after photobleaching (FRAP) measurements of ROP2 inside
(A) and outside (A’) the RHID, of GEF3 (C) and of ROP2 in the gef3-1 mutant background (E). Mean recovery-curve of the respective experiments for: ROP2 in- and outside
the RHID (B) of GEF3 at the RHID (D) and of ROP2 in the gef3-1 mutant background (F); dashed lines indicate the mean half time recovery (t1/2) value; data for ROP2 in D
and F resemble the data in panel B and are shown for comparability. (G) Quantification of the half time recovery (t1/2) of ROP2, GEF3 and gef3-1 ROP2 in- and outside the
RHID; Centre lines represent median values, gray boxes represent the data range, n indicates the number of cells measured; p-value determined by Student’s t-test: n.s. =
p-value >0.05; * = p-value < 0.05. All measurements were performed in cell stage -1. For each protein micrographs of single time points prior to (-5 sec), directly after (0 sec)
and in the middle of the recorded time (65 sec), as well as a kymograph drawn along a line spanning the bleached region are shown; scale bars represent 10 µm.

Fig. S7. The activity state of ROP2 impacts on ROP2 protein mobility. Fluorescent recovery after photobleaching (FRAP) measurements of rop2CA (A) and rop2DN (B).
(C) Mean recovery-curve of the respective experiments; dashed lines indicate the mean half time recovery (t1/2) value; data for ROP2 resembles the data in Fig.S6 and are
shown for comparability. All measurements were performed in cell stage -1. For each protein micrographs of single time points prior to (-5 sec), directly after (0 sec) and in
the middle of the recorded time (65 sec), as well as a kymograph drawn along a line spanning the bleached region are shown; scale bars represent 10 µm.
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