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Root hairs are single, tubular-shaped cells formed from specific 
root epidermal cells. They are exceptionally polarized structures 
whose morphogenesis is characterized by the localized growth in 
a small dome at the tip of the hair, a process called tip growth. 
The tip growth of root hairs resembles the neuronal outgrowth of 
neurons at both morphological and subcellular levels.1,2 Therefore 
root hairs are an attractive model system for studying the estab-
lishment and maintenance of localized cell growth in eukaryotes.

Studies on Arabidopsis root hairs have led to the identification 
of a plethora of cellular components and machineries important 
for root hair tip growth. Those include dynamic actin and micro-
tubule cytoskeleton,3-6 coordinated exocytic and endocytic vesi-
cle trafficking in the apical dome,7,8 properly modified cellular 
membranes and extracellular cell wall matrix.9-13 Furthermore, 
an elaborated network of signaling molecules, such as reactive 
oxygen species (ROS),14 calcium,15,16 and phosphoinositides17,18 is 
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Cell polarity is a fundamental aspect of eukaryotic cells. A 
central question for cell biologists is how the polarity of a cell 
is established and maintained. Root hairs are exceptionally 
polarized structures formed from specific root epidermal 
cells. The morphogenesis of root hairs is characterized by the 
localized cell growth in a small dome at the tip of the hair, a 
process called tip growth. Root hairs are thus an attractive 
model system to study the establishment and maintenance of 
cell polarity in eukaryotes. Research on Arabidopsis root hairs 
has identified a plethora of molecular and cellular components 
that are important for root hair tip growth. Recently, studies 
on RHD3 and Atlastin have revealed a surprising similarity with 
respect to the role of the tubular ER network in tip growth of 
root hairs in plants and the axonal outgrowth of corticospinal 
neurons in neurological disorders known as hereditary spastic 
paraplegia (HSP). In this review, we highlight recent progress 
in understanding of the function and regulation of RHD3 in 
the generation of the tubular ER network and discuss ways 
in which RHD3 could be involved in the establishment and 
maintenance of root hair tip growth.
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also implicated in root hair tip growth. It is clear that polarized 
cell growth in root hairs is tightly regulated.

RHD3 Regulates Homotypic Fusion of ER Tubules

RHD3 is a protein isolated in a genetic screen for mutants defec-
tive in root hair development.19 In rhd3 mutants, the root hairs 
are short and wavy.19 RHD3 is a plant member of dynamin-like 
atlastin GTPases.20 In humans, improper alterations in Atlastin-1 
frequently cause hereditary spastic paraplegia (HSP),21 a group 
of neurological disorders in which the development of the long 
axons of corticospinal neurons is affected.22 The morphology of 
the long axons of corticospinal neurons in HSPs is reminiscent 
of short and wavy root hairs in rhd3 mutants.19,22 Three recent 
studies revealed that both RHD3 and Atlastin-1 play a similar 
role in the generation of the interconnected ER tubules20,23,24 
in plants and animals, respectively. In Drosophila, overexpres-
sion of Atlastin induces the formation of aberrant ER sheets.24 It 
was proposed that atlastin proteins regulate homotypic fusion of 
ER tubules.24 Similarly, when transiently expressed with a high 
OD

600
 = 0.3, RHD3 was also able to induce aberrant ER sheets 

(Fig. 1). It seems that, similar to animal members of the atlas-
tin GTPase class, RHD3 also mediates homotypic fusion of ER 
tubules in plant cells.

All atlastin GTPases contain classic GTP signature motifs 
characteristic of dynamin GTPases.20 They also possess a con-
served coiled-coil middle domain and two transmembrane 
domains at the C-terminus.20 Recombinant Atlastin-1 molecules 
undergo a guanine-nucleotide-dependent oligomerization and 
dissociation25,26 and the oligomerization of Atlastin-1 requires 
the coiled-coil middle domain.27 The mode of the atlastin action 
in cells is, however, not known. In plant cells, RHD3 molecules 
undergo a homotypic interaction at discrete ER points on ER 
tubules.23 Although both GTP- and GDP-locked RHD3 has 
dominant negative effect,23 it is interesting to note that GTP-
locked RHD3 has an enhanced formation of RHD3 punc-
tae while GDP-locked RHD3 displays a reduced formation of 
RHD3 punctae.23 We therefore propose a dynamin-like work-
ing model for RHD3 in the fusion of ER tubules28 that, on the 
ER tubules, RHD3 can undergo a GTP-induced oligomeriza-
tion to form RHD compartments to squeeze ER tubules. Upon 
GTP hydrolysis, RHD3 undergoes a conformational change and 
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a defect in the ER impair polarized cell growth? The ER is the 
port of entry for all membrane proteins and secretory proteins, 
however, in cells expressing RHD3(S51N), general protein 
secretion is not prevented.23 Interestingly however, Golgi stacks 
tend to aggregate; many of them undergo slow wiggling motion 
along the unbranched ER tubules.23 In plant cells, individual 
Golgi stacks are singly distributed and closely associated with 
ER tubules.33,34 Similarly in neurons, in addition to a centralized 
Golgi compartment in the cell body, isolated Golgi outposts, 
which play an important role in polarized neuronal traffick-
ing, are also distributed along the ER throughout the dendritic 
arbor.35

It is known that agglomerated Golgi stacks affect the linear 
pattern of CESA6 (a subunit of the plasma membrane localized 
cellulose synthase) in the plasma membrane, but the trafficking 
of CESA6 to the plasma membrane is not prevented.36,37 The 
accumulation of celluloses in rhd3 is reduced,38 thus it would be 
interesting to examine the patterning of the CESA complex in 
the plasma membrane of rhd3. In plants, polarized tip growth 
requires localized modification of hemicelluloses and pectins.10,12 
Targeting of other cell wall modified enzymes to the growing 
dome10,12,13 of rhd3 root hairs could also be tested.

Root hair tip growth requires a localized production of ROS 
mediated by RHD2,14 whose localization requires a coordinated 
post-Golgi vesicle trafficking at the tip region.17,39 Perhaps it is 
also worth examining the cellular distribution of RHD2 in rhd3. 
In the apical dome of root hairs, tip focused cytoplasmic cal-
cium is oscillating in response to tip growth15 and there is a local 
positive feedback between RHD2 and Ca2+.39 The ER plays an 
important role in regulating cytoplasmic Ca2+ distribution,40 thus 
it is possible that the Ca2+ gradient at the tip of the rhd3 root hairs 
is perturbed. Considering the possibility that RHD3 is under the 
regulation of RHD2,32 perhaps RHD3 is an important compo-
nent in the RHD2-Ca2+ regulation loop.

Atlastin in animal cells is known to inhibit BMP signaling by 
affecting either endocytic trafficking of the BMP receptor and/
or secretion of BMP antagonists.41,42 Although receptor-mediated 
endocytosis in root hairs has not been demonstrated, endocytosis 
is active in root hairs.8 In rhd3-1, internalization of FM4–64 is 
less active.43 It is not known if in plants there are analogous BMP 
receptors in operation, but glutamate receptors, an important type 
of neuronal receptors are present in plants44 and neuronal-like 
activity of glutamate signaling is involved in cell development45 
and ligand-gated calcium fluxes.46 Thus it may be interesting to 
examine the subcellular distribution of some glutamate receptors 
in rhd3 root hairs.

Concluding Remarks

With the role of RHD3 in ER network formation and organiza-
tion revealed, the stage is set for us to understand how RHD3 
works inside root hairs and to investigate how the ER partici-
pates in polarized cell growth. Arabidopsis can be manipulated 
genetically and the development of root hairs can be easily moni-
tored. Therefore a powerful approach will be the identification 
and characterization of suppressors and enhancers of rhd3-1. 

dissociation at discrete ER points to stretch ER tubules so that 
fusion of ER tubules becomes possible. GTP-dependent oligo-
merization and GTP hydrolysis induced dissociation in the gen-
eration of interconnected ER tubules should be tightly coupled. 
In support of this view, we recently found that the homotypic 
interaction of RHD3 can be enhanced by RHD3(T75A) but 
reduced by RHD3(S51N) (Fig. 2). In addition, RHD3-1 is an 
allele with an A575V mutation in the conserved coiled-coil mid-
dle domain of RHD3,19 the homotypic interaction of RHD3 is 
also reduced in RHD3-1 (Fig. 2).

As an extended network of interconnected tubules stretching 
throughout the cytoplasm, the shape of the ER often undergoes 
drastic changes in response to both developmental cues and out-
side influences.29-31 Are there any factors regulating the function 
of RHD3? In this regard, it is interesting to note that rhd3-1 
is epistatic to rhd2-1.32 RHD2 is an NADPH oxidase respon-
sible for localized production of ROS.14 RHD2-derived ROS is 
known to stimulate Ca2+ influx into the cytoplasm.14 It is not 
known if ER organization in plants is under the regulation of 
Ca2+, but application of Ca2+ in mammalian cells induces ER 
restructuring.31

How Could a Defect in Tubular ER Network Impair 
Polarized Cell Growth?

Clearly, short and wavy rhd3 root hairs of Arabidopsis and 
Atlastin-1 defective HSPs are remarkable examples of the impor-
tance of ER organization in polarized cell growth. How could 

Figure 1. Transient expression of GFP-RHD3 with a high optical density 
of agrobacterium (OD600 = 0.3) induces aberrant ER sheets. (A) A confo-
cal microscopy of a tobacco epidermal cell expressing YFP-HDEL alone 
(OD600 = 0.01). Note a fine polygonal network of the ER is highlighted. 
Scale bar = 10 μm. (B–D) A confocal microscopy of a tobacco epidermal 
cell co-expressing YFP-HDEL (OD600 = 0.01) (B) and GFP-RHD3 (OD = 0.3) 
(C). Note aberrant ER sheets are highlighted by YFP-HDEL and GFP-
RHD3 (arrows). (D) is a merged image of (B and C). Scale bar in (D) for 
(B–D) = 10 μm. Transient expression was conducted according to Chen 
et al. (2011).23
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Considering the remarkable functional similarity between RHD3 
and Atlsatin-1,20,23 further research on RHD3 in root hairs will 
also provide valuable therapeutic insights into HSP.
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Figure 2. Homotypic interaction of RHD3 is altered by mutant forms 
of RHD3. Split ubiquitin-based interaction assay of wild-type RHD3 
(#2) and mutant forms of RHD3 (#4, #5 and #6) on synthetic complete 
medium SC-Leu-Trp-His (right plate). The interaction was confirmed 
by a β-galactosidase activity assay (right plate). The left plate was cells 
growing on synthetic complete medium SC-Leu-Trp as mating controls. 
KAT1-KAT1 (#1) 47 and RHD3-P24σ1d (#3) are used as controls. Note the 
altered RHD3 interaction by S51N (#4), RHD3-1(A575V) (#5) and T75A 
(#6) mutations. The number of “+” indicates the intensity of interactions 
evaluated by colony growth on SC-Leu-Trp-His vs. SC-Leu-Trp. The posi-
tive control KAT1-KAT1 was scored as ++++. The assay was conducted 
according to Chen et al.23
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