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Root hair cells, pollen tubes, caulonema, and fungal hyphae 
are typical tip-growing cells. These cells exhibit highly polarized 
growth exclusively in the apical dome, which is enriched in 
cytoplasm and vesicles.1 The well-documented reverse fountain 
streaming of root hairs and pollen tubes relies on the actin 
cytoskeleton. Actin microfilaments have been visualized in root 
hair cells by microinjecting f luorescent phalloidin, a fungal 
toxin that binds to filamentous actin, or expressing actin-
binding proteins fused to GFP, and have been shown to form 
long cables that run from the base of the root hair cell to the tip.2,3 
It has been established that actin polymerization can generate 
a force able to sustain growth or intracellular movement such 
as that observed during Listeria infections.4-6 The presence of 
G-actin foci in the tips of root hairs and pollen tubes5,7 suggests 
that actin polymerization in the tip region is essential for polar 
growth. This dynamic pool of actin has also been implicated 
in endosome movement during polar growth.8 The increased 
concentration of G-actin in the tip could fuel continuous 
polymerization and facilitate the constant actin remodelling 
mediated by calcium- and pH-sensitive actin-binding proteins, 
such as ADF, gelsolin, and villin. Furthermore, using a low 
concentration of f luorescently labeled cytochalasin, we recently 
reported that free actin plus ends (i.e., growing or polymerizing 
ends) are located in the tip region of growing root hairs.9 Under 

such low, sublethal concentrations, the intensity of the actin 
polymerization signal in the tip increased in growing root hair 
cells treated with Rhizobium etli nodulation factors (NFs), 
declined during the swelling response, and was restored to 
normal levels when tip growth was reinitiated. This finding 
adds weight to the idea that actin polymerization plays a key 
role in the tip region of growing root hair cells. In this study, we 
further strengthened this idea by analyzing growing Arabidopsis 
root hairs treated with f luorescently labeled cytochalasin and 
visualized by confocal microscopy. This approach allowed the 
visualization of f luorescent foci that are distributed throughout 
the cytoplasm, but enriched in the subapical region. Importantly, 
we found that the signal was strongest in close proximity to the 
plasma membrane in the tip dome, and exhibited dynamics that 
seemed to be correlated with tip growth.

The visualization of actin plus ends using a sublethal 
concentration of fluorescently labeled cytochalasin

Arabidopsis root hairs were treated with a sublethal 
concentration of f luorescently labeled cytochalasin as reported9 
and observed at low magnification (objective10X) under a 
confocal microscope. As reported previously, most of the 
f luorescence signal was focused in the tip region, and the root 
hairs continued to grow normally, as judged by the continuation 
of cytoplasmic streaming and robust growth rate. The 
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in plants, the actin cytoskeleton is a prime regulator of cell polarity, growth, and cytoplasmic streaming. tip growth, as 
observed in root hairs, caulonema, and pollen tubes, is governed by many factors, including calcium gradients, exocytosis 
and endocytosis, reactive oxygen species, and the cytoskeleton. Several studies indicate that the polymerization of 
G-actin into F-actin also contributes to tip growth. the structure and function of F-actin within the apical dome is variable, 
ranging from a dense meshwork to sparse single filaments. the presence of multiple F-actin structures in the elongating 
apices of tip-growing cells suggests that this cytoskeletal array is tightly regulated. We recently reported that sublethal 
concentrations of fluorescently labeled cytochalasin could be used to visualize the distribution of microfilament plus 
ends using fluorescence microscopy, and found that the tip region of the growing root hair cells of a legume plant exhibits 
a clear response to the nodulation factors secreted by rhizobium.1 in this current work, we expanded our analysis using 
confocal microscopy and demonstrated the existence of highly dynamic fluorescent foci along arabidopsis root hair 
cells. Furthermore, we show that the strongest fluorescence signal accumulates in the tip dome of the growing root 
hair and seems to be in close proximity to the apical plasma membrane. Based on these findings, we propose that actin 
polymerization within the dome of growing root hair cells regulates polar growth.
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morphology of the root hairs and the f luorescence distribution 
can be observed in Figure 1, which shows a merged image of the 
transmitted light and confocal images. The asterisk illustrates 
a root hair cell that was initially growing (Fig. 1A and B), but 
then stopped growing and underwent tip swelling (Fig. 1C). 
The other root hairs in the image exhibited continuous growth 
throughout the observation period.

Confocal imaging reveals dynamic fluorescent foci in the 
cytoplasm and subapical region

As reported using regular f luorescence microscopy,9 the 
distribution of the signal indicating actin plus ends is highly 
dynamic, with clear f luctuations in intensity and distribution 
in the tip region (Fig. 2). Confocal imaging, with its 
improved signal-to-noise ratio, allows close observation of 

these f luctuations, as visualized in the pseudocolored image 
presented in Figure 2, where red indicates a strong signal and 
purple a weak signal. In this Figure 2 note that panel 5–8 
the f luorescent signal increase to the red level, indicating an 
increased accumulation of the plus en terminals, and then this 
level decrease to the initial values. Furthermore, we detected 
f luorescent foci throughout the cytoplasm. These foci were 
barely visible in the tip region, due to the high signal in 
this region. However, the images were subjected to low pass 
filtering using the macro option of Metamorph/Metafluor 
(Molecular Dynamics, USA) and the rendered images allowed 
the visualization of the f luorescent foci throughout the tip 
region, as depicted in Figure 3 (see arrow in panel 4 and 7). 
These f luorescent foci were highly dynamic, and frequently 

Figure 1. the fluorescently labeled growing root hairs exhibit an apical distribution of the florescence signal. root hairs from Arabidopsis were 
treated with fluorescently labeled cytochalasin and visualized under confocal microscopy. A, B, and C correspond to the same root hairs and the 
images were taken at 20 min intervals. note that the root hair marked with an asterisk in panel A was still growing well after 20 min (panel B) in a 
similar way to the other root hairs; however, in panel C, growth of this root hair stopped and this non-growing stage was characterized by the loss of 
fluorescence signal. the root hair cell pointed with an arrow maintained tip growth throughout the observation period.

Figure 2. the fluorescently labeled growing root hairs exhibit a clear oscillation in the intensity of the intracellular fluorescence signal at the tip region. 
Fluorescently labeled growing root hairs were imaged at 10 s intervals. note the increase in the fluorescence signal in panel 5–8 which return to the 
initial values in panel 9–12. the intensity of the fluorescence signal oscillated in rapidly growing root hairs, but not in non-growing root hair cells.
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disappeared and reappeared in another location (Movie SV1). 
However, the f luorescence signal remained closely associated 
with the tip region.

Actin plus ends are closely associated with the tip dome
We subjected the time-lapse images of Arabidopsis root hairs 

treated with the f luorescent probe to Metamorph/Metafluor 
deconvolution analysis using the near neighbor application 
(Metamorph, Molecular Dynamics). With this approach, we 
were able to filter the image and visualize the f luorescent actin 
foci in greater detail. We found that the f luorescence signal was 
clearly localized to the tip dome, as depicted in Figure 4 and 
Movie SV2. The signal in the apex was very dynamic, exhibiting 
cycles of increased and decreased intensity as depicted in 
Figure 4, panel 2 and 4 (see asterisks). This f luorescent signal 
disappeared when the root hairs stopped growing.

Using sublethal concentrations of f luorescent cytochalasin 
D (Fl-Cyt), we previously showed that the plus end terminals 
of actin filaments and thus actin polymerization support 
tip growth in P. vulgaris root hairs and are involved in the 
interaction with Rhizobium etli and specific NFs.9 In this 
work, we examined the distribution of polymerizing actin 
using confocal microscopy. Although the f luorescently tagged 
plus ends were mainly localized in the tip region, some actin 
foci were distributed in the cytoplasm. Time-lapse imaging 
demonstrated that these actin foci were highly dynamic and 
continuously generated. This result suggests that new plus 
ends are constantly generated in the tip region. Furthermore, 
the finding that the signal was appressed against the plasma 
membrane in the tip dome indicates that actin polymerization 
has a pivotal role in regulating and supporting polar growth.

Figure 3. the fluorescently labeled root hairs exhibit highly dynamic and abundant fluorescent foci. Low pass filtering using the macro option of 
metamorph/metafluor (molecular Dynamics, uSa) revealed fluorescent foci in the fluorescently labeled root hairs as indicated by arrows. these 
fluorescent foci are more abundantly located in the apical region and are highly dynamic as depicted in the movie (Movie SV2).

Figure 4. the fluorescence signal is strong and highly dynamic in the apical dome of fluorescently labeled root hairs. Fluorescence images were sub-
jected to deconvolution analysis using the near neighbor application (metamorph, molecular Dynamics). this processing revealed that the fluores-
cence signal was strongest in the apical dome in close proximity to the plasma membrane, that the signal was highly dynamic, and that the intensity 
of the signal oscillated as indicated by asterisks indicating when the signal is higher.
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Root hairs are highly polarized cellular structures resulting 
from the tip growth of specific root epidermal cells. The 
morphogenesis of these cells involves the interaction of many 
processes, including vesicle exocytosis, calcium homeostasis, 
and activation of reactive oxygen species (ROS), and the activity 
of several cell structures, such as (GPI)-anchored proteins 
with their associated lipid rafts and the cytoskeleton.10-14 The 
presence of a well-documented apical G-actin pool in root hairs 
and pollen tubes suggests that actin polymerization supports 
tip growth and is an important factor in this region.5,7 Actin 
organization in tip-growing cells is controlled by the tip-focused 
calcium gradient, pH, and ROS. These factors could have a 
significant role on the activity of several actin-binding proteins 
that mediate actin reorganization. Polar growth is characterized 
by the sustained transport of Golgi-derived vesicles carrying 
precursors for cell wall synthesis, which must be delivered to 
the apical region in a regulated fashion, and actin plays an 
important role in facilitating this transport, as demonstrated by 
studies that analyzed the effects of actin disrupting drugs.3-5,15,16 

Our finding that actin plus ends are highly enriched in the 
apical dome suggests that actin polymerization is an important 
regulator of polar growth.

The tip-focused distribution of actin plus ends at the 
extreme apex suggests that actin polymerization contributes 
to key processes, such as endocytosis and exocytosis, and 
modulates calcium channel activity or even the activity of 
NADPH oxidases,17 which seem to be localized to membrane 
microdomains or lipid rafts in the apex of tip growing cells.18
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