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Preface

Root hairs stand out from the root body, extending the surface area of the root to
facilitate anchoring in the soil and absorption of ions and water. They grow at their
tips, and are the first target cells in the symbiotic relations of seed plants with
micro-organisms. These properties make them an excellent model system for plant
cell elongation studies and many aspects of plant cell signaling to an increasingly
large number of plant biologists. In addition, root hairs are easy to observe in vivo
because the growth process takes place on the surface of the plant. Root hair
mutants are simple to distinguish and generally fertile, and drugs and signal mole-
cules can be easily applied, making them close to ideal cells for experimental
manipulation.

Due to the polarized nature of tip-growing root hairs, a polarized cyto-architecture
is required to supply the material for cell growth and cell wall production to the cell
tip. This cyto-architecture is characterized by a number of general features. The
central vacuole is absent from the apical region and the nucleus is at a constant dis-
tance from the tip. The actin cytoskeleton is organized such that exocytotic vesicles
reach the plasma membrane specifically at the site of cell expansion, whereas the
microtubule cytoskeleton determines and maintains growth direction. The vesicle
membranes fuse with the plasma membrane through exocytosis and deliver their
contents and membrane-embedded enzymes for cell wall production. The robust
intracellular organization employed in the growth process requires feedback regula-
tion with, amongst others, calcium ions, ROP proteins, and plant growth regulators
(auxin). Signal molecules from symbiotic microbes tap into these signaling cas-
cades, and redirect them to orchestrate plant cell processes for their own benefit.

Almost all life on earth needs nitrogen compounds to produce nucleic acids and
proteins, and most organisms, including plants, cannot use atmospheric nitrogen for
this purpose. Many plant species have set up symbioses of various sorts with nitrogen
fixing fungi and bacteria, which supply the useful nitrogen compounds and receive
energy compounds in return. The last chapters of this book cover recent advances in
research on these symbioses of plants with rhizobia and mycorrhizal fungi. The well-
studied interaction between legume plants and Rhizobium bacteria, particularly, has
provided insight into the early signaling events taking place in root hairs.

This book not only reviews recent advances in the molecular cell biology of root
hair research, but most chapters also contain detailed explanations of techniques

vii



viii Preface

that were successfully used to study several aspects of root hairs, making the book
useful in daily laboratory practice. Some chapters deal with these techniques in the
form of detailed comparative “Methods” sections, while other chapters give
straightforward protocols.

We enjoyed working on this book in collaboration with the contributing authors.
It was especially gratifying to see the clear progress that has been made since the
molecular cell biology book on root hairs, edited by Ridge and Emons, (Springer,
2000) appeared.

Wageningen, March 2008 Anne Mie C. Emons
Tijs Ketelaar
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Genetics of Root Hair Formation

C. Grierson and J. Schiefelbein (5=0)

Abstract There has been a great deal of recent progress in our understanding of the
genetic control of root hair development, particularly in Arabidopsis thaliana. This
chapter summarizes the genes and gene products that have been identified using forward
and reverse genetic approaches. The involvement of these genes at various stages of root
hair development is described, including the specification of the root hair cell type, the
initiation of the root hair outgrowth, and the elongation (tip growth) of the root hair.

1 Introduction

The formation of root hairs has been used for more than a century to study funda-
mental problems in plant biology, using physiological, cell biological, and develop-
mental approaches (Cormack 1935; Cutter 1978; Haberlandt 1887; Leavitt 1904;
Sinnot and Bloch 1939). In the past 20 years, a great deal of attention has been
devoted to using genetics to study root hair formation, particularly in the model
plant species Arabidopsis. Arabidopsis root hairs are amenable to genetic dissec-
tion because (1) they are easily visible on the root surface and appear rapidly
(within 3 days) after seed germination, making them one of the most convenient
postembryonic cells for phenotypic analysis; (2) the entire developmental history
of the Arabidopsis epidermis has been defined, from its embryonic origin through
its mature cell features (Dolan et al. 1993, 1994; Scheres et al. 1994); (3) the root
epidermal cells are generated and differentiate in a file-specific manner, which
enables all stages of development to be analyzed along the root at any time; (4) the
root hair cells are not required for plant viability or fertility, and so any type of
mutant can be isolated and analyzed; (5) large-scale genetic screens are feasible,
since large numbers of seedlings can be analyzed for their root hair phenotype; and

J. Schiefelbein

Department of Molecular, Cellular, and Developmental Biology,

University of Michigan, 830 North University Avenue, Natural Sciences Building,
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C. Grierson, J. Schiefelbein

(6) molecular and genomic resources are available in Arabidopsis for the rapid
analysis of new genes and proteins.

In this chapter, we describe the genetics of root hair cell specification, root hair
initiation, and root hair growth (elongation). A list of the genes identified from
Arabidopsis is presented in Table 1.

Table 1 Genes involved in root hair formation in Arabidopsis

Root hair mutant

Gene* phenotype Predicted product Reference
AGP30 None Arabinogalactan van Hengel et al. 2004
protein
AIP] Short root hairs Actin-interacting Ketelaar et al. 2007
protein
AKTI Long root hairs Potassium trans- Desbrosses et al. 2003
porter
ARA6 None Rab GTPase Grebe et al. 2003
ARF1I Dominant mutants have no ADP-ribosylation Xu and Scheres 2005
hairs, or have short or factor GTPases
double root hairs
AtEXO70A1 Reduced root hair length  Exocyst subunit Synek et al. 2006
Exo70
AtlPK2a Long root hairs Inositol polyphos-  Xu et al. 2005b
phate kinase
AUXI Short hairs Auxin transport Pitts et al. 1998
AXRI Bulges form but do not Subunit of RUB1- Cernac et al. 1997; del
elongate activating Pozo et al. 2002
enzyme
AXR2/IAA7 Dominant mutants are Repressor of auxin- Nagpal et al. 2000
hairless, except where responsive tran-
root meets hypocotyl scription
AXR3/IAA17 Dominant mutants are Repressor of Leyser et al. 1996
hairless, except where auxin-responsive
root meets hypocotyl transcription
BHLH32 High phosphate does not  bHLH transcription  Chen et al. 2007
suppress root hair factor
development
BIG Short hairs in high phos-  Calossin Lopez-Bucio et al. 2005
phate conditions
BRISTLED] Short hairs, sometimes Unknown Parker et al. 2000;
(BST1)/DER4 branched Ringli et al. 2005
CAPI Hairs short, bulbous, occa- Actin-binding pro-  Deeks et al. 2007
sionally branched tein
CEN3/DERI/ACT2 Short, wide hairs, some Vegetative actin Ringli et al. 2002
with wide bases, some
hairs curled and/or
branched
CENTIPEDE] Short, wide hairs, some- Unknown Parker et al. 2000
(CENI) times curled
CENTIPEDE? Short, wide hairs, some- Unknown Parker et al. 2000
(CEN2) times branched and/or

curled

(continued)



Genetics of Root Hair Formation

Table 1 (continued)

Root hair mutant

Gene* phenotype Predicted product Reference
COwWI1 Short, wide root hairs, Phosphatidylinositol Bohme et al. 2004;
often branched at the transfer protein Vincent et al. 2005
base
CPC Reduced root hair number R3 Myb transcrip-  Wada et al. 2002
tion factor
DER2 Hairs stop growing after ~ Unknown Ringli et al. 2005
bulge forms
DER3/ENL7 Hairs have wide bases and Unknown Ringli et al. 2005
sometimes branch
DERS Short, distorted hairs Unknown Ringli et al. 2005
DERG6 Very short hairs Unknown Ringli et al. 2005
DER7 Hairs often short, wide, Unknown Ringli et al. 2005
and bulbous
DERS Hairs often depolarized Unknown Ringli et al. 2005
EGL3 None bHLH transcription  Bernhardt et al. 2005
factor
EIN2 Root hairs form further Ethylene response  Fischer et al. 2006
from the end of the
epidermal cell
ENLI Wavy, branched hairs Unknown Diet et al. 2004
ENLS5 Short, wide, curved hairs  Unknown Diet et al. 2004
EPCI Short root hairs Glycosyltransferase  Bown et al. 2007
ETCI None R3 Myb transcrip-  Kirik et al. 2004a
tion factor
ETO1-4 Increased root hair length ~ Ethylene overpro- Cao et al. 1999
and density ducer
ETRI, ERSI, Reduced root hair length  Ethylene receptor Cho and Cosgrove 2002
ERS2, ETR2
EXPI8 - Expansin protein Cho and Cosgrove 2002
EXP7 None Expansin protein Cho and Cosgrove 2002
GL2 Excess root hairs Homeodomain-leu-  Masucci et al. 1996
cine-zipper tran-
scription factor
GL3 Increased root hair number bHLH transcription ~ Bernhardt et al. 2005
factor
1AA14 Dominant mutants are Repressor of auxin-  Fukaki et al. 2002
hairless, except where responsive tran-
root meets hypocotyl scription
ICRI In loss-of-function mutant Coiled-coil domain  Lavy et al. 2007
hairs form closer to scaffold protein
the root tip. Ectopic regulated by
expression produces ROPs
short, bulbous root
hairs
IRE Short root hairs Serine/threonine Oyama et al. 2002
kinase
KEULE Hairs absent or stunted Sec1 protein Assaad et al. 2001

and swollen

(continued)
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Root hair mutant

Gene* phenotype Predicted product Reference
KIP Wide hairs SABRE-like protein Procissi et al. 2003
KJK/SHV1/ Hairs burst after bulge ER-localized cell Favery et al. 2001
AtCSLD3 forms wall polysaccha-
ride synthase
LPII Root hair length and den- Unknown Sanchez-Calderon et al.
sity less affected by 2006
high phosphate
LPI2 Root hair length less Unknown Sanchez-Calderon et al.
affected by high phos- 2006
phate
LRX1 Hairs short, swollen, or Leucine-rich repeat Baumberger et al. 2001
branched (LRR)/extensin
LRX2 Some hairs short, swollen, LRR/extensin Baumberger et al. 2003
or branched
MRH1 Short hairs LRR class of recep- Jones et al. 2006
tor-like kinase
MRH?2 Wavy, branched hairs Armadillo repeat Jones et al. 2006
containing
kinesin-related
protein
MRH3 Hairs have wide bases Inositol 1,4,5-tri- Jones et al. 2006
phosphate 5-
phosphatase
Mpyosin XIK Hairs short and slow- Myosin XI Ojangu et al. 2007
growing
OXI11/AGC2 Variable root hair length ~ Oxidative-burst- Anthony et al. 2004;
inducible kinase Rentel et al. 2004
PAX1 Suppressor of dominant ~ Unknown Tanimoto et al. 2007
mutations in AXR3,
pax1 single mutant has
extra root hairs that are
sometimes branched
PFNI Overexpressing root hairs  Profilin Ramachandran et al.
twice as long as wild 2000
type
PGP4 Long hairs Auxin transport Santelia et al. 2005
PI-4Kf31 Double mutant with PI- Phosphatidylinositol Preuss et al. 2006
4Kp2 has branched, 4-OH kinase
wavy and bulged root
hairs
PIP5K3 Short, wide hairs. Phosphatidylinositol- Stenzel et al. 2008
Overexpressors have 4-phosphate 5-
fat, curled or bulbous kinase
hairs
PLD(1 None Phospholipase D Ohashi et al. 2003
PRP3 None Proline-rich cell wall Bernhardt and Tierney
protein 2000
RABA4b None Rab GTPase Preuss et al. 2004

(continued)
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Table 1 (continued)

Root hair mutant

Gene* phenotype Predicted product Reference
RHDI/UGE4 Wide swellings UDP-d-glucose 4-  Schiefelbein and
epimerase Somerville 1990;
Seifert et al. 2002
RHD2 Hairs stop growing after ~ NADPH oxidase Foreman et al. 2003
bulge forms
RHD3 Wavy, short hairs GTP-binding protein Wang et al. 1997; Zheng
involved in ER- et al. 2004
Golgi transport
RHD6 Hairless Unknown Menand et al. 2007
RHLI, RHL2, Reduced root hair density, Topoisomerase Sugimoto-Shirasu et al.
RHL3 dwarf subunits 2002, 2005
RHM1/ROLI Suppressor of Irx1 Pectic polysac- Diet et al. 2006
charide rham-
nogalacturonan
modifying
enzyme
RPA/A12G35210 Short, bulbous and ARF GTPase-acti-  Song et al. 2006
branched root hairs vating protein
SARI Suppressor of axrl Nucleoporin Cernac et al. 1997
SCN1 Short, wide, hairs, some- ROPGDP dissocia- Carol et al. 2005
times branched tion inhibitor
SHV2/COBLY/ Hairs stop growing after =~ COBRA-like protein Jones et al. 2006
DER9/MRH4 bulge forms
SHV3/MRHS5 Hairs stop growing after ~ Glycerophosphoryl  Jones et al. 2006
bulge forms diester phos-
phodiesterase
(GPDP)-like
protein
SIMK Overexpression increases ~ Mitogen-activated Samaj et al. 2002
root hair length protein kinase
SIZ1 Long root hairs very near SUMO E3 ligase Miura et al. 2005
root tip
SOS4 Bulges form but do not Pyridoxal kinase Shi and Zhu 2002
elongate
TIP1 Wide swellings; short, ANK protein S-acyl Hemsley et al. 2005
wide hairs, branched transferase
at base
TRH1 Hairs stop growing after ~ Potassium carrier Rigas et al. 2001
bulge forms. Some required for
cells with multiple auxin transport
bulges
TRY None R3 Myb transcrip-  Schellmann et al. 2002
tion factor
TG Excess root hairs WD-repeat protein ~ Galway et al. 1994
WER Excess root hairs R2R3 Myb transcrip- Lee and Schiefelbein
tion factor 1999
WRKY75 Increased root hair density Transcriptional Devaiah et al. 2007

repressor

“Multiple names for the same gene are given when these are used in the literature
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2 Genetics of Root Hair Cell Specification

2.1 Variation in Root Hair Pattern

The first stage in root hair formation is the specification of a newly formed epider-
mal cell to differentiate as a root-hair-bearing cell, rather than a non-hair-bearing
epidermal cell. Depending on the plant species, root hair cells are specified by an
asymmetric division mechanism, a random mechanism, or a position-dependent
mechanism (Clowes 2000). Many monocots use the asymmetric division mecha-
nism, whereby the smaller of the daughter cells from an epidermal cell precursor
adopts the hair cell fate. In the random mechanism, the fate of a given cell cannot
be predicted by its history and it adopts its fate at a relatively later stage.

The position-dependent mechanism is used by several plant families, including
the Brassicaceae (Bunning 1951; Cormack 1935), as represented by the well-char-
acterized Arabidopsis root hair pattern (Dolan et al. 1994; Galway et al. 1994). In
these plant species, root hair cells arise over the intercellular space between under-
lying cortical cells (the “H” cell position), whereas nonhair cells develop over a
single cortical cell (the “N” position). This implies that positional cues play an
important role in cell fate determination in this tissue. Prior to hair formation,
immature Arabidopsis epidermal cells in the H position can be distinguished from
those in the N position by a greater rate of cell division (Berger et al. 1998), reduced
cell length (Dolan et al. 1994; Masucci et al. 1996), enhanced cytoplasmic density
(Dolan et al. 1994; Galway et al. 1994), reduced vacuolation rate (Galway et al.
1994), cell surface features (Dolan et al. 1994; Freshour et al. 1996), and chromatin
organization (Costa and Shaw 2005; Xu et al. 2005a). Furthermore, the analysis of
reporter gene lines and in situ RNA hybridization show that cells in the two epider-
mal positions already exhibit differential gene expression during embryogenesis
(Berger et al. 1998; Costa and Dolan 2003; Lin and Schiefelbein 2001). These
observations indicate that epidermal cells begin to assess their position and adopt
their appropriate fate at an early stage, both during embryogenesis and postembry-
onic root development. However, despite early differential cellular activities in H
and N cells, a relatively late change in the position of an immature epidermal cell
can induce a change in its developmental fate (Berger et al. 1998). Together, these
results suggest that epidermal cell fate is not fixed at an early stage in Arabidopsis;
rather, positional signaling apparently acts continuously during postembryonic root
development to ensure appropriate cell-type patterning.

2.2 Arabidopsis Genes Controlling Root Hair Cell Specification

Forward and reverse genetic approaches have led to the identification of more than
eight Arabidopsis genes that influence early events in root hair specification (Grierson
and Schiefelbein 2002; Pesch and Hulskamp 2004; Xu et al. 2005a). Most of these
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encode transcription factors that influence the expression of cell-type-specific genes.
The emerging picture is that these act early in a complex regulatory network involv-
ing lateral inhibition with feedback (Larkin et al. 2003a; Lee and Schiefelbein 2002;
Schiefelbein 2003b). Four genes, TRANSPARENT TESTA GLABRA (TTG), GLABRA
3(GI3), ENHANCER OF GLABRA 3 (EGL3), and WEREWOLF (WER), are required
to specify the nonhair fate because mutations in these (alone or in combination) lead
to the formation of root hair cells in place of nonhair cells (“hairy” mutants)
(Bernhardt et al. 2003; Galway et al. 1994; Lee and Schiefelbein 1999; Masucci et al.
1996). Three genes, CAPRICE (CPC), TRIPTYCHON (TRY), AND ENHANCER OF
TRY AND CPC (etcl), help specify the hair cell fate, and mutations in them (alone or
in combination) cause nonhair cells to develop in place of hair cells (“bald” mutants)
(Kirik et al. 2004; Schellmann et al. 2002; Simon et al. 2007; Wada et al. 1997).
Current models suggest that TTG (a small protein with WD40 repeats (Walker et al.
1999)), GL3 and EGL3 (related bHLH transcription factors (Bernhardt et al. 2003)),
and WER (R2R3 MYB-domain transcription factor (Lee and Schiefelbein 1999)) act
in a central transcriptional complex in the N cells to promote the nonhair cell fate
(Pesch and Hulskamp 2004; Schiefelbein 2003a; Ueda et al. 2005). This complex
positively regulates the expression of GLABRA2 (GL2), which encodes a homeodo-
main-leucine-zipper transcription factor protein (Rerie et al. 1994) required for non-
hair-cell differentiation (Costa and Shaw 2005; Di Cristina et al. 1996; Masucci et al.
1996). The GL2 appears to negatively regulate root-hair-specific genes and positively
regulate non-hair-cell-specific genes (Lee and Schiefelbein 1999, 2002; Masucci
et al. 1996), as described later.

The TTG-GL3/EGL3-WER transcription complex also mediates lateral inhibi-
tion by positively regulating the transcription of CPC, TRY, and ETC] in the N cells
(Kirik et al. 2004; Koshino-Kimura et al. 2005; Lee and Schiefelbein 2002; Ryu
et al. 2005; Simon et al. 2007; Wada et al. 2002). These encode small one-repeat
MYB proteins that lack transcriptional activation domains and appear to move to
the adjacent H cells (possibly via plasmodesmata) and inhibit the ability of the
WER/MYB23 MYB proteins to participate in complex formation and/or promoter
binding (Esch et al. 2003; Kirik et al. 2004; Kurata et al. 2005; Ryu et al. 2005;
Schellmann et al. 2002; Wada et al. 1997, 2002). In addition, the central TTG-GL3/
EGL3-WER complex represses expression of the GL3/EGL3 bHLH genes, and as
a result, the bHLH genes are preferentially active in the H cells. This implies that
these bHLH proteins move from the H cell (where they are produced) to the N cell
(where they are required for non-hair-cell specification) to complete a regulatory
circuit involving two loops of communication between the N and H cells (Bernhardt
et al. 2005). It has been proposed that these intercellular events result in mutual
dependence of cell identities between neighboring cells, and thus help to ensure
that distinct cell fates arise (Schiefelbein and Lee 2006).

The preferential accumulation of the central transcription complex in the N posi-
tion has been proposed to result from the action of a positional signaling pathway
(Larkin et al. 2003b; Schiefelbein and Lee 2006). A central question revolves around
the molecular basis of this positional influence. A leucine-rich repeat receptor-like
kinase (LRR-RLK), named SCRAMBLED (SCM), is likely to mediate this process.
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Homozygous recessive scrm mutations cause the developing root epidermis to exhibit
a non-position-dependent distribution of GL2, CPC, and WER expression and epi-
dermal cell types. Detailed genetic and expression studies indicate that SCM likely
acts to inhibit WER transcription in the H cell position (Kwak and Schiefelbein
2006). The predicted SCM protein possesses the structural features of a typical
LRR-receptor-like protein kinase, of which there are more than 200 in Arabidopsis
(Initiative 2000; Shiu and Bleecker 2001, 2003; Torii 2004). It possesses a putative
extracellular domain with six tandem copies of a 24-residue LRR, a single predicted
transmembrane domain near its center, and a C-terminal putative intracellular kinase
domain. Taken together, these findings suggest that SCM enables immature epider-
mal cells to detect a positional signal and adopt an appropriate fate.

Recent studies indicate that the positional cue may influence epidermal cell type
differentiation by remodeling the chromatin around the transcription factor genes.
Three-dimensional fluorescence in situ hybridization was used to show that the
chromatin around the GL2 gene is “open” in the differentiating N cells, whereas it
is “closed” in the differentiating H cells (Costa and Shaw 2005). Further, the GL2
chromatin status appears to be reset during mitosis, which makes the epidermal
cells in the meristematic zone vulnerable to chromatin modification caused by a
change in cell position (Costa and Shaw 2005). Two studies suggest that histone
modification influences the cell fate decision. Inhibition of histone deacetylation,
using trichostatin A, increased the expression of CPC and GL2 genes, decreased the
expression of WER, and led to an increase in root hair cell formation (Xu et al.
2005a). A protein that interacts with the cell division machinery, GEM1, influences
histone H3 modifications at the GL2 and CPC promoters (Caro et al. 2007).
Together, these findings suggest a link between cell division, chromatin status, and
cell fate decisions in the root epidermis.

2.3 A Model for Arabidopsis Root Hair Patterning

The molecular genetic results to date suggest a possible model for specification of
root hair cells in Arabidopsis (Fig. 1). Essentially, this model proposes that SCM
signaling influences, in a position-dependent manner, the accumulation of the cen-
tral transcription factor complex (TTG-GL3/EGL3-WER) which promotes the non-
hair cell fate (via GL2) as well as the hair cell fate (by lateral inhibition via
CPC/TRY/ETC1). Specifically, the SCM pathway is proposed to negatively regulate
WER transcription in the H cells, which causes these cells to preferentially succumb
to the CPC/TRY/ETC1-dependent lateral inhibition and adopt the hair cell fate.
Several key aspects of this model are supported by experimental evidence. For
example, a functional WER-GFP fusion protein localizes to the N cell nucleus (Ryu
et al. 2005), whereas a CPC-GFP fusion protein accumulates in the nuclei of both
N and H cells (Wada et al. 2002). This supports the differential mobility of the
WER and CPC, which is crucial for the model’s mechanism. Also, WER has been
shown to directly regulate CPC expression, likely via distinct WER-binding sites
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Fig. 1 A potential model to explain cell-type patterning in the Arabidopsis root epidermis. The
figure illustrates a late stage after positional cues act through the SCM receptor

in the CPC promoter (Ryu et al. 2005), and the action of the WER-equivalent MYB
protein GL1 is disrupted by TRY in yeast (Esch et al. 2003).

Although this model is consistent with the data to date, there are several unclear
issues to resolve. For example, the precise way SCM alters the transcription factor
network is not known. Although WER seems to be its ultimate target, we do not know
the components or the action of the putative signal transduction chain. Also, other
mechanisms that influence position-dependent epidermal patterning are not known,
although they are likely to exist, because scrm mutants do not completely abolish the
cell pattern (Kwak and Schiefelbein 2006). Further, the putative SCM ligand that is
hypothesized to be asymmetrically distributed in the epidermis is not known.

It is noteworthy that some aspects of this patterning mechanism appear to be
present in the specification mechanisms for other epidermal cell types. Like the
root, the Arabidopsis hypocotyl epidermis possesses two distinct files of cell types
that arise in a position-dependent pattern (Berger et al. 1998; Gendreau et al. 1997,
Hung et al. 1998; Wei et al. 1994). Cells in one file preferentially adopt the stomatal
fate (located outside an anticlinal cortical cell wall, analogous to the H position of
the root), whereas cells in the other file adopt the nonstomatal fate (located outside
a periclinal cortical cell wall, analogous to the N position). With the notable excep-
tion of SCM, essentially all of the genes associated with root epidermal cell fate
affect the hypocotyl epidermis in an analogous manner (Berger et al. 1998; Hung
et al. 1998; Lee and Schiefelbein 1999). Considering that the root and hypocotyl
derive from the embryonic epidermis, it appears that the same patterning mecha-
nism is used throughout the embryonic axis to generate position-dependent
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specification of a common pattern of two different cell types. Further, some of the
root epidermal specification genes (including 77G and GL2) also affect trichome
(hair) formation in the shoot epidermis and seed coat mucilage production in the
developing seed (Galway et al. 1994; Koornneef 1981; Koornneef et al. 1982;
Larkin et al. 1997; Masucci et al. 1996; Schellmann and Hulskamp 2005). However,
the patterning of cell types in these tissues appears to be different from the one in
the root, as no cell-position-dependent pattern has been identified. Furthermore, the
common genes control hair formation in opposite ways in the root and leaf; they are
required to specify the nonhair cell type in the root and the hair-bearing (trichome) cell
type in the leaf. This may mean that these transcriptional regulators have been
recruited during angiosperm evolution to participate in a common mechanism that
is able to define distinct cell fates during epidermis development.

3 Genetics of Root Hair Initiation

The first outward sign of root hair formation is the emergence of a bulge on the
outside of an epidermal cell. This event, termed root hair initiation, is controlled by
several known genes (initiation genes). In Arabidopsis, these are likely to act down-
stream of GL2. Likely targets of GL2 include ROOTHAIRDEFECTIVE 6 (RHDG6,
required for hair initiation (Masucci and Schiefelbein 1994, 1996; Menand et al.
2007)) and PLD(1 (encoding a phospholipase D protein involved in hair outgrowth
and elongation). GL2 binds to the PLD(I promoter in gel shift assays and prevents
expression of PLD(1 in planta, supporting the idea that GL2 acts directly upstream
of this gene in nonhair cells (Ohashi et al. 2003).

Root hair initiation is also dependent on auxin and ethylene signaling (see also
Lee and Cho 2008). The relationship between auxin and ethylene signaling mecha-
nisms in roots is intricate. These hormones can regulate each other’s biosynthesis
and response pathways, and sometimes independently regulate the same target
genes (Stepanova et al. 2007). Ethylene acts, at least in part, through changes to
auxin biosynthesis and transport (Ruzicka et al. 2007; Swarup et al. 2007). The role
of auxin in root hair development is more clearly defined than that of ethylene.
Auxin acts downstream of GL2, probably by controlling the abundance of AUX/
TAA transcriptional repressors. The relative abundance of the AUX/TAA transcrip-
tion factors SUPPRESSOROFHY 2 (SHY2) and AUXINRESISTANT 3 (AXR3)
in a H cell controls whether or not initiation takes place. Mutant forms of
AUXINRESISTANT 2 (AXR2) (Nagpal et al. 2000), IAA14 (Fukaki et al. 2002),
and AXR3 (Leyser et al. 1996) that are poorly degraded in response to auxin pre-
vent root hair initiation altogether, whereas similar mutants of the AUX/IAA SHY?2
promote hair initiation closer to the root tip (Knox et al. 2003).

The first proteins to appear at a developing initiation site are Rho of plant (ROP)
small GTPases, which arrive in a patch at the plasma membrane before the bulge
starts to form (Jones et al. 2002; Molendijk et al. 2001). ROPs are unique to plants,
but are related to the Rac, Cdc42, and Rho small GTPases that control the morphogenesis
of animal and yeast cells. These proteins often act as intermediaries between
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receptors and downstream effects, such as cytoskeletal rearrangements, reactive oxy-
gen generation, and mitogen-activated protein kinase cascades. Applying the ADP-
ribosylation factor GTPase guanine-nucleotide exchange factor (ARF GEF) secretion
inhibitor brefeldin A prevents ROP localization at the root hair initiation site. This
suggests that either ROPs themselves or molecule(s) that localize ROPs are placed at
the future site of hair formation by a targeted secretion mechanism that involves one
or more ARF GTPases (Molendijk et al. 2001). However, although dominant mutants
of ARF1 affect root hair initiation and tip growth, as well as ROP2 polar localization,
they do so at a slower timescale than brefeldin A (Xu and Scheres 2005), suggesting
that brefeldin A treatment may be acting through other, as yet unidentified, ARFs.

The location of a patch of ROPs, and hence of the bulge on each hair cell, is con-
trolled by auxin. Externally applied or endogenously overproduced auxin or ethyl-
ene hyperpolarizes ROP localization and bulge formation so that it happens nearer
to the apical end of the cell (towards the root tip). The auxin concentration gradient
is virtually abolished in auxi;ein2;gnomeb triple mutant roots, and in these mutants
locally applied auxin can organize hair positioning. Under these circumstances, hairs
can even form at the basal (nearest the shoot) end of the cell (Fischer et al. 2006).

Within minutes of ROP localization, the root hair cell wall begins to bulge out.
The size of the bulge is affected by the ROOT HAIR DEFICIENT 1 (RHDI) and
TIP] genes. Genetic evidence suggests that RHDI may act downstream of TIP].
RHDI encodes an isoform of UDP-d-glucose 4-epimerase (UGE4) that is thought
to be involved in the biosynthesis of cell wall carbohydrates (Rosti et al. 2007;
Seifert et al. 2002). TIP1 encodes the first plant member of a class of transferases
that S-acylate specific proteins, affecting their targeting and retention at different
subcellular membrane domains (Hemsley et al. 2005). Target proteins that are
S-acylated by TIP1 are still being identified.

As the cell wall begins to bulge out, the pH of the wall falls. The mechanism
responsible for this pH change is uncertain; it may be due to local changes in wall
polymer structure and ion exchange capacity, or to local activation of a proton
ATPase or other proton transport activity (Bibikova et al. 1998). This pH change
may activate expansin proteins that catalyze wall loosening (Baluska et al. 2000;
Bibikova et al. 1998). Two root-hair-specific expansin genes have been identified
whose promoters are induced in hair cells shortly before the bulge forms (Cho and
Cosgrove 2002), and a cis-element responsible for this hair-cell-specific transcrip-
tional response has been defined (Kim et al. 2006).

4 Genetics of Root Hair Elongation

4.1 Establishment of Tip Growth

Following initiation, the growth of the root hair proceeds by a highly oriented cell
expansion mechanism known as tip growth. This type of growth is used by other
tubular, walled cells, including pollen tubes. Numerous genes have been identified
that are required for the correct direction and extent of root hair tip growth. These
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include genes involved in the mechanism of growth, as well as genes involved in
regulating the location and amount of growth.

Mutants in many root hair genes fail to establish normal tip growth. They either
fail to elongate a root hair from the bulge at all, or produce multiple hairs from each
bulge. These results suggest that tip growth involves processes and/or cellular proper-
ties that are not essential for bulge formation. Several genes with mutants in this class
encode actin or actin regulators. For example, capl arp2-1 double mutants make
bulges that fail to extend, implicating the actin regulators CYCLASE-ASSOCIATED
PROTEIN 1 (CAP1) and the ACTIN-RELATED PROTEINS 2/3 (ARP2/3) complex
in root hair tip-growth (Deeks et al. 2007). Loss-of-function mutants in the major
vegetative actin, ACTIN 2, also usually fail to establish tip growth (Gilliland et al.
2002; Ringli et al. 2002), and the expression of the N-terminus of class Ie formin
AtFHS in root hairs can suppress root hair elongation, and sometimes, bulge forma-
tion, suggesting that formins may also play a role (Deeks et al. 2005). A second group
of genes whose mutants fail to establish normal tip growth encodes proteins associ-
ated with cell wall properties, such as KJK, which contributes to cell wall synthesis
(Favery et al. 2001), and COBL9, a COBRA-like protein (Jones et al. 2006). Many
genes involved in intracellular signaling during tip growth also have mutants in this
phenotypic class (e.g. ROOTHAIR DEFECTIVE 2 (RHD2), MRH3, SUPERCENTI-
PEDEI1 (SCN1)), and are discussed in more detail what follows.

There is accumulating evidence that an adequate auxin supply is required for tip
growth. Mutants in some genes that affect auxin biosynthesis or transport, such as
SALT OVERLY SENSITIVE 4 (SOS4; Shi and Zhu 2002) and TINY ROOT HAIR 1
(TRHI; Rigas et al. 2001), fail to establish tip growth. SOS4 is a pyridoxal kinase
involved in the production of pyridoxal-5-phosphate. This probably acts via auxin
(or possibly ethylene) synthesis, which may involve enzymes that use pyridoxal-5-
phosphate as a cofactor (Shi and Zhu 2002). The TRH1 potassium carrier is essen-
tial for normal auxin transport, and Trh1— mutants make root hair bulges that do not
elongate (Vicente-Agullo et al. 2004). Similarly, mutants of AUXINRESISTANT 1
(AXRI) have root hairs that rarely elongate, so that most remain as small bumps on
the surface of the root (Cernac et al. 1997). AXRI encodes a subunit of an RUB1-
activating enzyme, which is required for auxin responses (del Pozo et al. 2002).
Taken together, these results suggest that auxin transport and signaling are essential
for root hair elongation. For the role of auxin in root hair elongation, see also
Aoyama (2008).

4.2 Maintenance of Tip Growth

Our current understanding of root hair tip growth is summarized in Fig. 2. The
transcription of at least 606 genes is upregulated during root hair tip growth (Jones
et al. 2006). These encode proteins with roles in cell wall synthesis, assembly, and
function, exocytosis and secretion, endocytosis, protein targeting, vesicle transport,
cytoskeletal rearrangements, and protein phosphorylation. Many well-characterized
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Fig.2 A potential model of mechanisms involved in root hair tip growth. UDP-Glu UDP glucose,
UDP-Gal UDP galactose, XG xylogucan, AGII arabinogalactan II, Man mannan, bXY b-xyloglu-
can backbone, PIP phosphatidylinositol monophosphate, PIP2 phosphatidylinositol (4,5)-
bisphosphate, IP, inositol triphosphate, PC phospholipase C, PLD phospholipase D {, PIPK
phosphatidylinositol monophosphate kinase, XET xyloglucan endotransglycosylases, EXP
expansins, ROS reactive oxygen species

examples of root hair genes are listed in Table 1. The resulting mRNAs are exported
and translated, some presumably on cytosolic ribozomes, and others presumably at
ribozomes on the surface of the endoplasmic reticulum (ER). In most cases the
precise subcellular locations of gene products, and the mechanisms of protein tar-
geting and movement within the hair cell are not known, but proteins probably
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either diffuse through the cytosol to their sites of action, move directly along micro-
tubules or actin filaments, become associated with membrane-bound vesicles that
bud from the ER, Golgi, and/or vacuole, or are produced on polysomes located in
the subapex of the hair (see Emons and Ketelaar 2008). Some proteins, or the prod-
ucts of protein activity, such as cell wall polysaccharides, are contained within vesi-
cles. Others are embedded in the inner or outer leaflet (e.g., GPI anchor proteins),
or through both leaflets (e.g., some ion channels and cellulose synthase complexes),
of vesicle membranes. Some proteins involved in intracellular signaling, such as
ROP small GTPases, are thought to be bound directly, for example via attached
lipids, or indirectly, for example via protein—protein interactions, to the outer sur-
faces of vesicles.

The vesicles are transported, probably along actin filaments, to specific des-
tinations, in most cases at the tip of the root hair. Here they fuse with the plasma
membrane such that the inner leaflet of each vesicle membrane becomes the
outer leaflet of the plasma membrane, the outer leaflet becomes the inner leaf-
let, and the vesicle contents are delivered to the outer surface of the cell.
Vesicle-associated proteins take part in growth and maturation processes,
including vesicle docking and fusion, and other aspects of trafficking, secre-
tion, membrane rearrangement, and cycling (e.g., RABA4b (Preuss et al. 2004),
RPA (Song et al. 2006), ARF1 (Xu and Scheres 2005), the predicted exocyst
component EXO70A1 (Synek et al. 2006; Zarsky and Fowler 2008), RHD3
(Zheng et al. 2004), KEULE (Assaad et al. 2001; Assaad 2008). Some protein
components of the cell wall, such as EXPANSIN 7 and EXPANSIN 18 (EXP7
and EXP18; Cho and Cosgrove 2002), PROLINE RICH PROTEIN 3 (PRP3;
Bernhardt and Tierney 2000), and ARABINOGALACTAN-PROTEIN 30
(AGP30; van Hengel et al. 2004), are probably also transported to the cell sur-
face in vesicles. For cell wall molecules, see Nielsen (2008). It is not clear to
what extent mechanisms involved in tip growth take place in the ER or Golgi,
in vesicles while in transit, or outside the cell after vesicle fusion events.

Throughout tip growth new material is repeatedly delivered to the growing tip
very precisely so that the root hair grows in a straight line, and with an almost con-
stant diameter. The direction of growth is controlled by microtubules (Ketelaar
et al. 2002; Sieberer et al. 2005; see Sieberer and Timmers 2008). These are influ-
enced by calcium, which possibly marks the location at the tip where growth most
recently took place (Bibikova et al. 1999, see Bibikova and Gilroy 2008). The
Armadillo repeat containing kinesin MRH?2 is somehow involved in setting up and/
or interpreting microtubule structures that guide growth, as demonstrated by mrh2
mutants, which have very wavy hairs (Jones et al. 2006). Growth itself depends on
actin dynamics (Ketelaar et al. 2002), and many of the actin regulators discussed
earlier contribute to the elongation mechanism, which is also affected by profilin
(Ramachandran et al. 2000). RNALI lines with reduced actin-interacting protein 1
(AIP1) levels have reduced turnover of F-actin, resulting in actin bundling near the
root hair tip, and short root hairs. Myosin XIK is also required for normal root hair
elongation (Ojangu et al. 2007).
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The production of a mature hair takes several hours and involves very many reit-
erations of the precise export of new lipids, polysaccharide, and protein, and the
import and recycling of used and left-over materials. A suite of signaling mechanisms
coordinate this complex, dynamic system. These involve recurring interactions
between small GTPase signaling, phosphoinositide signaling, calcium signaling, and
reactive oxygen signaling pathways. The nature and sequence of these interactions
are not yet clear, but components of the relevant pathways are being identified, and
in some cases functional links between components have been found.

The small GTPase RabA4b acts, probably through the phosphatidylinositol
4-OH kinase PI-4Kf31, to promote the organization of post-Golgi secretory com-
partments (Preuss et al. 2004, 2006). Other genes with roles in phosphoinositide
signaling during root hair tip growth include the inositol 1,4,5-triphosphate 5-phos-
phatase MRH3 (Jones et al. 2006), COW1 (CAN OF WORMS 1) — a phosphati-
dylinositol transfer protein (Bohme et al. 2004; Vincent et al. 2005), inositol
polyphosphate kinase (IPK2a; Xu et al. 2005b), and a phosphatidylinositol 4-phos-
phate 5-kinase (PIP5K3; Stenzel et al. 2008). An ARF GTPase-activating protein
(ARF GAP), ROOT AND POLLEN ARFGAP (RPA), has been identified that
plays an important role in maintaining tip growth. RPA loss-of-function mutants
have short, isodiametrically expanded root hairs that sometimes branch. RPA is
localized at the Golgi, and a possible target of RPA activity, ARF1, is seen at the
Golgi and endocytic organelles (Xu and Scheres 2005). RPA activates ARF1 and
the ARFI-like protein U5 in an in vitro assay, consistent with the idea that it acts
as a regulator of ARF activity (Song et al. 2006). ARF1 activity has been shown to
have a knock-on effect on ROP localization (Xu and Scheres 2005). ROPs are
present at the tips of growing hairs, disappearing when growth ends (Jones et al.
2002; Molendijk et al. 2001). ROP overexpression produces root hairs much longer
than normal (Jones et al. 2002), suggesting that ROP signaling can drive all of the
processes required for tip growth. Actin dynamics (Jones et al. 2002) and reactive
oxygen signaling via the NADPH oxidase RHD2 (Carol et al. 2005; Jones et al.
2007) are both regulated by ROP activity. RHD? is required for the establishment
of a calcium gradient (Foreman et al. 2003), and Ca?* in turn activates ROS produc-
tion by RHD?2, providing a feedback mechanism that helps to maintain an active
growth site (Takeda et al. 2008). ROP signaling also regulates /ICR (INTERACTOR
OF CONSTITUTIVE ACTIVE ROPS 1), which encodes a coiled-coil domain scaf-
fold protein that affects root hair growth, but it is not clear which proteins assemble
around ICR (Lavy et al. 2007). ROP2 is restricted to a single growth site by the
negative ROP regulator, SCN1 (Carol et al. 2005; Parker et al. 2000). Protein phos-
phorylation cascades are also important for root hair growth. The OXI11/AGC2 oxi-
dative-burst-inducible kinase affects root hair length (Anthony et al. 2004; Rentel
et al. 2004), as does the serine/threonine kinase IRE (Oyama et al. 2002). There is
also evidence from inhibitor and overexpression studies that mitogen-activated
protein kinases play a role in root hair elongation (Samaj et al. 2002).

An intriguing set of proteins, including LRR/EXTENSINI (LRX1), LRX2, and
COBLDY, has extracellular domains that probably reach out into the cell wall. These
are candidates for proteins involved in transducing signals between the intracellular
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and extracellular realms of the cell, but such a role is yet to be demonstrated experi-
mentally. LRX1 and LRX2 encode LRR-extensin proteins (Baumberger et al. 2001,
2003). Irxl and [rx2 mutant phenotypes are suppressed by mutations in the
RHAMNOSE BIOSYNTHESIS 1 (RHM1I) gene, which encodes a UDP-rhamnose
synthase, and affects pectin structure, suggesting that LRX proteins might function
in a pectin-related process (Diet et al. 2006).

The length of root hairs is affected by auxin and ethylene, and many mutants in
ethylene synthesis, perception, and response, and in auxin transport and response have
altered root hair length (Table 1). Root hair length is used by some authors as an assay
for auxin content (see Lee and Cho 2008), although the full complement of auxin
transport and auxin response genes in root hairs is not known, and the molecular
mechanism by which auxin regulates root hair length remains to be discovered.

5 Environmental Regulation of Root Hair Development

Root hairs are important for acquiring immobile nutrients such as phosphorous and
potassium (Bates and Lynch 2000a,b; Lynch 2007), and probably play significant
roles in the uptake of other nutrients, along with water. There is some evidence that
root hairs play a role in detecting nutrient conditions (Shin et al. 2005). Because
root hairs form most of the surface area of roots they provide a major interface
between plants and the underground environment, where they encounter soil micro-
and macrofauna, including root pathogens (such as club root) and symbionts
(including nitrogen-fixing bacteria), which in some cases enter roots through root
hairs. For Rhizobium-legume interaction, see Limpens and Bisseling (2008).

All of these environmental influences can affect root hair development (e.g.,
Bacillus megaterium can promote root hair elongation (Lopez-Bucio et al. 2007)),
and both root hair patterning and root hair growth can be affected. The best under-
stood effects of the environment on root hair development are responses to nutrient
concentration. When nutrients are sparse the density and length of root hairs both
increase. Hair development is regulated in response to many nutrients, including
phosphate (Bates and Lynch 1996), iron (Schmidt et al. 2000), manganese, and zinc
(Ma et al. 2001). Phosphate has the strongest and best characterized effect. Root
hair density on Columbia roots grown in low phosphorus (1 mmol =) is five times
greater than on roots grown in high phosphorus (1,000 mmol=). The number of
hair-forming files is increased in low phosphorus from 8 to 12 files, and more of
the cells in these files make hairs than on plants grown on high phosphorous (Ma
et al. 2001). Hairs are also three times longer on low phosphorus than on high
phosphorus (Bates and Lynch 1996). Different nutrients control root hair develop-
ment by different mechanisms. For example, auxin and ethylene signaling are
involved in some responses to iron deficiency but have little effect on responses to
low phosphorus (Schmidt and Schikora 2001).

Most nutrient responses involve specific signaling pathways (Lopez-Bucio et al.
2003; Muller and Schmidt 2004; Perry et al. 2007; Zhang et al. 2003). Several
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genes with roles in responses to phosphate have been identified in genetic screens
(e.g., LOW PHOSPHORUS INSENSITIVE (LPI); Sanchez-Calderon et al. 2006),
and a few have been characterized in detail. BHLH32 is a transcription factor that
negatively regulates phosphate-starvation-induced processes (Chen et al. 2007).
The protein directly interacts with TTG1 and GL3, suggesting possible mecha-
nisms for changes in root hair patterning.

We are beginning to understand how the genes that control epidermal patterning
and root hair growth of Arabidopsis might function. New frontiers are opening at the
interface between these genetic mechanisms and environmental factors. It is clear
that, while some environmental responses involve familiar physiological mecha-
nisms, such as auxin signaling, others use other pathways. It is likely to be some time
before the full network of influences on root hair development comes into view.

6 Protocol: Rapid Preparation of Transverse
Sections of Plant Roots

To analyze the pattern of root epidermal cells, it is typically necessary to obtain
transverse sections. Compared with conventional methods, the protocol here is
simple and rapid, and it enables one to determine the basic organization of root
cell types.

Seedlings are grown on nutrient medium in petri plates. The seedlings are
flooded with water, and then transferred to molten 3% agarose solution (made in
distilled water). After the agarose hardens, the agarose block is removed from the
mold and trimmed to a rectangular shape surrounding the root. A standard razor
blade is used to cut thin cross-sections perpendicular to the length of the root. It is
important to keep the agarose block wet throughout the procedure. The sections are
placed in water as they are cut, and then stained briefly (e.g., 0.05% Toludine blue,
pH 4.4). Following rinsing, the sections are mounted on glass slides under a cover
slip and viewed under a microscope.
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Intracellular Organization: A Prerequisite
for Root Hair Elongation and Cell Wall
Deposition

A.M.C. Emons(t«) and T. Ketelaar

Abstract Cell growth requires not only production of matter, but in addition, the
targeting, transport, and delivery of this matter to the site of cell expansion. Thus,
a proper organization of cell structure, the cytoarchitecture, is a necessity for cell
elongation. The actual process of cell growth in a cell under turgor pressure is Golgi
vesicle membrane insertion into the plasma membrane and, at the same time, dis-
charge of its contents into the existing cell wall at the site of wall expansion. If one
of these prerequisites is missing, growth will not occur. Thus, the Golgi vesicle is
the unit of cell growth. The tip-growing cell with robust cell expansion at a defined
site is a model system “par excellence” to study this process. In this chapter, we
discuss the so-called tip-growth unit, i.e., the assemblage of nucleus, endoplasmic
reticulum, polysomes, Golgi bodies, Golgi vesicles, exocytosis machinery, clathrin-
coated vesicles, endosomes, and mitochondria that specifically accumulate in the
(sub)apical region of tip-growing root hairs, all working in concert to enable apical
growth. The last paragraph of this chapter reviews methods used for the visualization
of cellulose microfibrils.

1 Introduction: The “Tip-Growth Unit” Concept

Root hairs have become model cells for (plant) cell growth studies since cell growth
occurs exclusively, rapidly, and robustly at one end of the cell, the tip. Virtually all
plant cells exhibit polar growth, with elongation in one orientation favored over
elongation in other orientations, but tip-growing cells show this phenomenon in
extremis. Since plant cells do not move within the plant body, cell division and cell
elongation determine the overall shape and structure of a plant. Knowledge about
localized growth, such as that occurring at root hair tips, can provide insight into
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the sophisticated mechanisms that multicellular organisms, plants, animals, and
fungi, employ to control growth direction.

Light microscopically visible root hair development starts with the bulging of
the outer wall of a predestined root epidermal cell, a trichoblast. Arabidopsis thal-
iana has cell files with trichoblasts and atrichoblasts (Dolan et al. 1993), but in leg-
umes studied so far all root epidermal cells appear to have the potential to form root
hairs, as observed for Vicia sativa (de Ruijter et al. 1998), Medicago truncatula
(Sieberer and Emons 2000), and Lotus japonicus (Sieberer et al. 2005). Thus all
root epidermal cells in these legumes are trichoblasts. The bulge emerges when root
epidermal cell elongation stops (Ketelaar and Emons 2001), and occurs at a spe-
cies-specific location, initially indicated by a movement of the nucleus towards this
site of emergence (Miller et al. 2000). Although the precise mechanism for this
process is currently unknown, the cytoskeleton is clearly involved. During bulge
formation the cell wall structure changes, although these changes have been poorly
studied (Miller et al. 2000). After bulge formation, exocytotic vesicles start accu-
mulating in the bulge, and this coincides with the stage at which the tip-growth unit
assembles and becomes functional (Miller et al. 1997). We define the “tip-growth
unit” as the combined structures localized in the apex and subapex of growing root
hairs and that function in the tip-growth process.

Polarization of the cytoplasm is essential for fast, local, tip-focused growth: a
tip-focused cellular organization directs, delivers, targets, and docks cell wall pro-
duction cargo to the hair tip, culminating in exocytosis. At the same time, lipids
and proteins are being supplied to the elongating plasma membrane, and polysac-
charides and glycoproteins to the new cell wall (see Nielsen 2008). If the cell is
under turgor pressure and takes up water, the existing cell wall extends. Before
exocytosis can take place, exocytotic vesicles need to be brought to, and main-
tained at, the right place in the cell. In both of these processes, actin filaments (see
Ketelaar and Emons 2008) and microtubules (see Sieberer and Timmers 2008)
play central roles. Some of the proteins embedded in the vesicle membrane are ion
channels that play important roles in the regulation of the exocytotic process (see
Zarsky and Fowler 2008). Calcium ions function in the insertion of the vesicular
membrane into the existing plasma membrane (see Bibikova and Gilroy 2008) and
probably also in targeting the actin cytoskeleton (see Ketelaar and Emons 2008)
as well as keeping the cell wall flexible at the site of cell extension (see de Keijzer
et al. 2008).

Plant cell growth is an example of a typical homeostatic process. The constant
renewal of the plasma membrane locally produces a membrane domain with spe-
cific proteins both within it and attached to it, such as the calcium ion channels (see
Bibikova and Gilroy 2008) needed for exocytosis to continue. This phenomenon
results in a specific local environment for the (actin) cytoskeleton and its binding
proteins that subsequently sustain the delivery of new vesicles (see Ketelaar and
Emons 2008). At the same time, the constant addition of new unbound cell wall
matrix polymers allows for an expandable wall structure at the cell tip, which sub-
sequently hardens in the subapex, a requirement for producing the tubular shape of
a root hair (see de Keijzer et al. 2008).
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Table 1 Cell structures involved in (root hair) elongation

Structure Function Dimensions
Vacuole Turgor pressure 10 pm x >1,000 pm
Nucleus Movement with speed of root hair growth 5 pm x 200 pm
Polysomes Production of cytoplasmic proteins 25 nm x 200 nm
Endoplasmic reticulum Production of membrane and wall proteins, 50 pm x 1,000 pm
reorients
Golgi bodies Production of Golgi vesicles and wall 20 nm x 500 nm
polysaccharides
Exocytotic (Golgi) Delivery of wall components and cellulose 100 nm diameter
vesicles synthases
Coated pits/vesicles Internalization of plasma membrane 60—120 nm
Endosome Recycling of membrane Unknown
Mitochondria Energy production 50 nm x 1 pm
Actin cytoskeleton Transportation of vehicles 7 nm x 7 pm
Fusion molecules, Exocytosis Up to 1,200 kD
including exocyst
Microtubules Determination of growth orientation 25 nm x >25 pm
Plasma membrane Enlargement 6 nm thick
Cell wall Production 100 nm thick

The whole production machinery of a cell that is involved in tip growth is listed
in Table 1. We will describe each part of this machinery, and will discuss the tip-
growth unit, which represents the structured, dynamic subapical cytoplasm posi-
tioned between the distal part of the vacuole and the root hair tip. Is this tip-growth
unit, i.e., the assemblage of nucleus, endoplasmic reticulum, polysomes, Golgi bod-
ies, Golgi vesicles, exocytosis machinery, clathrin-coated vesicles, endosomes, and
mitochondria, also needed in intercalary plant cell elongation in which only the
longitudinal walls elongate? Obviously, all of the components of the tip-growth unit
are indeed required for plant cell elongation irrespective of direction, but the rela-
tive positioning of these components in the case of other types of plant cell elonga-
tion has not yet been studied in the same detail.

2 The Vacuole

In a growing root hair, the vacuole occupies most of the root hair body, but is almost
absent from the subapex. It is a versatile structure, which is constantly changing
shape because of actin dynamics (van der Honing et al. 2007). The central vacuole
has thin extensions into the dense subapical cytoplasm, the area located between the
hair tip and the main part of the central vacuole (Sieberer and Emons 2000). These
extensions constantly change position, more or less extending into the dense sub-
apical cytoplasm (Fig. 1). In fact, this subapical cytoplasm does not have a constant
length. For example, the distance between the hair tip and the central vacuole in a
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Fig. 1 The cytoarchitecture of a growing root hair is not static. The vesicle-rich area and the
cytoplasmic dense area do not have a continuous straight border and this border undulates in time,
mostly together with the undulation of the tonoplast, which is the border between the subapical
and basal cytoplasm. (a, b) Two images from a movie of a growing Arabidopsis root hair under
the differential interference contrast microscope. Image (b) taken 15 s after image (a). (c, d)
Generalized images of the cytoarchitectures of growing root hairs. White, vacuole; grey, cytoplas-
mic dense area with organelles; dark grey, vesicle rich area in the hair tip

growing Arabidopsis thaliana root hair varies between a few micrometers and sev-
eral tens of micrometers. Turgor pressure is the force that leads to plant cell elonga-
tion, but this pressure does not have a favored direction. Therefore, tube shape
formation must derive from the localized addition of material, in combination with
cell wall hardening behind the extending hemispherical tip.

3 The Nucleus Must Be at a Certain Distance
from the Growing Root Hair Tip for Fast Tip Growth

We have studied nuclear positioning in A. thaliana root hairs, in which, as in all
other growing root hairs, the nucleus follows the growing tip at a fixed distance
from the apex (Ketelaar et al. 2002). The following observations showed that this
positioning is essential for root hair growth:

e The nucleus migrates to a random position when cell elongation ceases.

* The nucleus moves from branch to branch in bifurcated root hairs of the A. thal-
iana cow mutant, and it is the branch containing the nucleus that starts or con-
tinues to grow. However, tip growth continues as long as vesicles are present in
the branch tip from which the nucleus has moved away. Existing vesicles local-
ized in that tip do not move away and cell elongation continues until the surplus
of vesicles has been consumed.
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e More direct evidence for the hypothesis that nuclear positioning is a key feature
of root hair elongation was obtained by trapping the nucleus of growing root
hairs in optical tweezers, and thus increasing the distance between the nucleus
and the tip. This resulted in the arrest of cell elongation (Ketelaar et al. 2002).

e To determine the role of the actin and microtubular cytoskeleton, depolymeriz-
ing drugs were applied to growing root hairs. Actin visualization experiments
showed that fine filamentous actin (fine F-actin), present in the cell’s subapex,
is the most important structure for positioning the nucleus.

 Injection of the cell with an antibody against plant villin, an actin-bundling pro-
tein, led to actin unbundling and an initial increase in individual cytoplasmic
strands (Ketelaar et al. 2002), thus, of actin unbundling (van der Honing et al.
2007). Since this causes movement of the nucleus towards the hair tip, we con-
clude that bundled actin filaments at the tip side of the nucleus prevent the
nucleus from approaching the apex.

The basipetal movement of the nucleus during root hair growth arrest was shown to
require protein synthesis and a functional actin cytoskeleton in the root hair tube. In
A. thaliana root hairs, microtubules do not seem to influence nuclear location
(Ketelaar et al. 2003: 10), but experiments with root hairs of Medicago truncatula
have shown that actin is involved in keeping the nucleus moving at constant distance
from the hair tip, but that microtubules determine the distance, and that hair growth
becomes slower when this distance increases (Sieberer et al. 2002). Jones et al. (2002:
334) showed simultaneous tip growth of multiple tips of a single root hair cell of plants
overexpressing ROP2 GTPase. This is another example in which root hairs continue
to grow even when there is a large distance between the nucleus and the tip.

Why should the nucleus not be closer to the growing tip, and at the same time
not too far from it? In the following sections, we will discuss the requirement of the
localization of this assembly of cellular components in the subapical part of a grow-
ing root hair. Clearly, if the nucleus was closer to the growing tip it would obstruct
the transport of cargo to the tip where it is needed for growth. So why not further
away? The bulk of the ground substance for cell wall production is the polysaccharide
matrix contained in the exocytotic vesicles, and of course this material is needed for
cell elongation to occur. Although the cellulose synthases that produce the cellulose
microfibrils are embedded in the membrane of the exocytotic vesicles, the ground
substance that makes them, UDP-glucose, comes from the cytoplasm (Delmer
1999). The cytoplasmic part of the cellulose synthase complex may also be
recruited from the cytoplasm and presumably the origin of at least part of the
machinery needed for the docking and insertion of the exocytotic vesicles is cyto-
plasmic (see de Zarsky and Fowler 2008). Thus, a nucleus located reasonably close
to the site where these proteins are synthesized and required ensures that all of the
mRNA coding for these proteins does not require targeted transport as well. Indeed,
the subapex of root hairs, the area between the nucleus and the tip, is full of polys-
omes (transmission electron microscopy (TEM) data from Equisetum hyemale and
V. sativa; Emons, A.M.C. unpublished), showing that many proteins are being pro-
duced in this area.
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4 The Subapical Cytoplasmic Dense Area

4.1 Endoplasmic Reticulum

During bulge formation, which precedes actual tip growth, the endoplasmic reticu-
lum (ER) consists of cisternae longitudinally aligning the plasma membrane of the
root epidermal cell. When tip growth starts, cisternae are rearranged and new cis-
ternae must be produced perpendicular to their previous orientation. These cister-
nae are abundant in the subapical part of the root hair in line with the actin
cytoskeleton (Miller et al. 2000). The purpose of (R)ER location close to where cell
wall production is needed is self-evident.

4.2 The Membrane System of Golgi Bodies, Vesicles,
Coated Pits/Vesicles, and Endosomes

The subapical cytoplasm of growing root hairs has a high density of Golgi bodies
(Miller et al. 2000). A closer look at electron microscopy images seems to indicate
that only some of these are in close connection to the ER. This is coherent with the
fact that the bulk of the material produced for the cell wall matrix is polysaccharide,
and only a minor part is glycoprotein. However, all Golgi membranes possess mem-
brane proteins as seen in freeze fracture images, indicating that all plant Golgi
stacks originate from the ER.

In plant cells, all organelles move on (bundles) of actin filaments. Microtubules
are not found in cytoplasmic strands (Holweg 2007). Endoplasmic (but not cortical)
microtubules occur only at specific stages of plant cell development at specific loca-
tions. They can be found just before and after cell division (Vos et al. 2004), and in
the cytoplasmic dense area of the subapical part of growing root hairs. For example,
endoplasmic microtubules are abundant in growing M. truncatula root hairs
(Sieberer et al. 2002) but less present in growing A. thaliana root hairs (Van Bruaene
et al. 2004). In growing root hairs of the armadillo repeat-containing kinesin (ark1)
mutant endoplasmic microtubules are abnormally abundant, suggesting that this
kinesin acts by destabilizing endoplasmic, but not cortical, microtubules (Sakai et al.
2008). In the root hair tip subapex they are intermingled with the actin filaments, and
their function is discussed in this volume (see Sieberer and Timmers 2008). In grow-
ing root hairs, as in all other plant cells, it is the actin cytoskeleton, and not the
microtubules, that transports all organelles through the cell to the subapical area
where they accumulate. It is not known whether Golgi bodies discharge their vesi-
cles continuously during movement, or specifically when they arrive in the subapex,
from where they go to the plasma membrane of the root hair. However, it is clear that
the extreme tip of the hair contains only vesicles and not Golgi bodies. Indeed, an
interesting topic in root hair research that has not yet been addressed is where, when,
and how the vesicles are released from the bodies.
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Vesicles present in the tip of tip-growing plant cells are usually assumed to be
Golgi vesicles. A proportion of them must indeed be Golgi vesicles, while others are
likely to be endocytotic coated pit-derived vesicles. Coated pits are abundant in root
hairs (Emons and Traas 1986), particularly in the subapical shank of growing root
hairs. Unfortunately, our knowledge about the exact content of exocytotic and endo-
cytotic vesicles is extremely scarce. In TEM images of root hair tips, it is possible
to observe vesicles with light and dark contents (Emons 1987; Miller et al. 2000).
The dark vesicle contents resemble the color of the cell wall, when observed with
the standard EM technique of glutaraldehyde/osmium tetroxide fixation and uranyl
acetate/lead citrate staining of sections. However, it has not yet been determined
whether the light/dark color relates to the exo/endocytotic nature of the vesicles.

Just as the boundary between the vacuole and the cytoplasmic dense area is
dynamic and not a straight plane, the boundary between the cytoplasmic dense area
and the vesicle-rich region is also undulating and dynamic (Fig. 1). Therefore,
observation of cytoplasmic movement at a certain distance from the hair tip reveals
two different functional movements, faster organelle movement in the cytoplasmic
extensions functionally belonging to the subapical area and possibly slower vesicle
movement in the vesicle area right at the tip. This is indeed what Wang and cowork-
ers observed, using time-lapse evanescent wave imaging to visualize FM4-64-
labeled structures in an optical slice proximal to the plasma membrane of Picea
meyeri pollen tubes (Wang et al. 2006). The authors report that disruption of the
actin cytoskeleton has a pronounced effect on vesicle mobility. This is in agreement
with the fact that the observations were conducted not only on the functionally vesi-
cle-rich region, but also on extensions of the cytoplasmic dense area. This can be
seen when one uses differential interference contrast microscopy, a useful tech-
nique when working with fluorescently tagged proteins in living cells. In the work
of Wang and coworkers, it is not clear whether Golgi bodies were also tracked in
addition to vesicles. These authors refer to our unpublished work (a chapter in PhD
thesis of Dr. T. Ketelaar), in which we are meant to have reported that Brownian
motion is the source of vesicle movement in the vesicle-rich area of tip-growing
cells. However, research addressing this question has not yet been reported. Using
the best available methods, so that the cytoarchitecture of the labeled cell is closest
to that of the living cell, no filamentous actin has been observed in the vesicle-rich
area located at the extreme root hair tip (Miller et al. 1999). Unfortunately, no high-
resolution TEM images showing actin filaments are available, and anti-actin immu-
nogold electron microscopy has not yet been performed on root hairs. If the absence
of actin filaments in the vesicle-rich area is real, we suggest that vesicle delivery at
the base of this area, in combination with the consumption by exocytosis at the
plasma membrane, is enough to account for vesicle movement over this submi-
crometer distance (based on EM images), with Brownian motion as the underlying
mechanism of mobility.

The process of endocytosis retrieves vesicles from the plasma membrane
together with the cargo contained in them. Components of the endocytotic machin-
ery are present in the A. thaliana genome (Haas et al. 2007) and coated pits and
vesicles are abundantly present in growing root hairs (Emons and Traas 1986). An
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obvious function for these structures in growing root hairs would be the retrieval of
excess membrane brought to the plasma membrane by exocytosis. FM4-64 is an
endocytotic dye that rapidly labels the whole membrane cascade from endocytotic
vesicle to vacuole, but as expected, does not label the ER (van Gisbergen et al.
2008). What is internalized in these vesicles? Clathrin-mediated endocytosis
appears to be the mechanism of constitutive internalization of the auxin efflux car-
riers (Dhonukshe et al. 2007). The endosomal compartment has also been called the
prevacuolar system, and for a discussion on its many functions, see, for instance,
Haas et al. (2007). Endosomal compartments transport material from one compart-
ment to the other by budding and fusing, and clathrin is involved in this budding
process. For a discussion on membrane trafficking, see Assaad (2008).

4.3 Mitochondria (and Plastids)

Golgi bodies remain in the subapical cytoplasm of root hairs, probably in order to
deliver their vesicles with cell wall cargo to the vesicle-rich area for vesicle fusion
with the plasma membrane. However, mitochondria and even plastids are also more
abundant in this area than in the rest of the cell (Emons, A.M.C. and coworkers,
unpublished). The organelles that arrive inside the subapical area are all excluded
from entering the tip area where the vesicles accumulate. If these vesicles cannot
accumulate because the specific actin configuration is no longer present, then
growth stops. Thus, it is likely that Golgi bodies, mitochondria, and plastids are not
targeted to this area specifically, but that the configuration of the actin cytoskeleton
acts as a sieve preventing their passage.

5 The Cytoskeleton

5.1 The Actin Cytoskeleton is Necessary for Cell
Elongation to Occur

The actin cytoskeleton has been well studied for root hairs of A. thaliana (Ketelaar
et al. 2003). In legume root hairs the actin cytoskeleton has been studied during root
hair development (Miller et al. 1999) and in response to rhizobacteria for V. sativa
(de Ruijter et al. 1999), Phaseolus (Cardenas et al. 1998), and to a lesser extent in
developing M. truncatula and L. japonicus root hairs (Sieberer et al. 2005b). Initial
studies were earlier performed for E. hyemale (Emons and Derksen 1986). In the
absence of GFP-actin or GFP—actin-binding fusion proteins capable of labeling all
actin cytoskeleton configurations, the GFP:FABD2 fusion is the best currently
available (Ketelaar et al. 2004). In such studies the confocal laser scanning micro-
scope is a limiting factor in terms of sensitivity and speed of acquisition. Imaging
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of GFP:FABD?2 fluorescence in growing A. thaliana root hairs with a spinning disc
microscope, which is faster and more sensitive than a conventional point-scan con-
focal microscope, reveals a fine actin network that cannot be detected with conven-
tional confocal microscope (see Ketelaar and Emons 2008). Even though the
above-mentioned work has been carried out with conventional confocal micro-
scopes, we can conclude that growing hairs possess bundled actin filaments in
cytoplasmic strands in the nongrowing hair tube, just as in other mature plant cells.
In addition, a finer actin configuration is present in the subapical tip, first shown in
V. sativa (Miller et al. 1999) and later in A. thaliana (Ketelaar et al. 2003; Blancaflor
et al. 2006) and L. japonicus root hairs (Weerasinghe et al. 2005).

In fact, there appear to be at least three different actin configurations in growing
root hairs: bundles in the shank, fine bundles of actin filaments (fine F-actin) in the
subapex, which are more dynamic, and even finer and more dynamic filaments closer
to the tip. Not only the degree of bundling decreases, but also the dynamic activity
increases towards the hair tip. This has been determined based on the sensitivity to
the actin drugs cytochalasin and latrunculin. At low concentrations these drugs
broaden the exocytosis area (Ketelaar et al. 2003), and at higher concentrations the
fine F-actin of the subapical area depolymerizes, leading to an arrest of cell growth,
but without inhibiting cytoplasmic streaming and depolymerizing the actin filaments
in the cytoplasmic strands (Miller et al. 1999). These latter are only depolymerized at
still higher drug concentrations, resulting in the cytoplasmic strands becoming thin-
ner and eventually disappearing, but without killing the cell (Miller et al. 1999).

In the vesicle-rich apex of growing root hairs we have not observed filamentous
actin with any of the methods used, including staining with fluorescent phalloidin,
immunocytochemistry, and GFP:FABD?2 labeling. Naturally, we cannot exclude the
possibility that the binding sites for these probes of even finer actin bundles than
those present in the subapex, including single filaments, are not accessible, or that
the filaments are too dynamic for visualization with these approaches. For actin
visualization methods and the role of actin-binding proteins on actin organization
and dynamics, see Ketelaar and Emons (2008).

What is the function of the actin cytoskeleton in tip growth? A pushing activity
comparable with the action of the actin cytoskeleton during the formation of
membrane protrusions in fibroblasts (Giannone et al. 2007) is not a likely func-
tion for plant actin filaments since the force of actin filaments pushing against a
cell wall would certainly be insufficient to deform it. Footer and coworkers used
optical tweezers to measure forces required to stall small loose bundles of actin
filaments, containing on average eight filaments per bundle. The stall force of
such bundles of 1 pN is not more than that for a single filament (Footer et al.
2007). Although such actin bundles or networks, when connected in a framework,
can push a plasma membrane forward (Mogilner and Rubinstein 2005), such
forces by themselves are most unlikely to be enough to push a cell wall, although
precise measurements still have to be performed. On the other hand, it is clear
that actin bundles in cytoplasmic strands are involved in delivering the Golgi bod-
ies or vesicles to the cytoplasmic dense subapical area which contains the fine
F-actin. Whether organelles or vesicles move on this fine F-actin in a myosin
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motor-based process to the vesicle-rich area has not yet been demonstrated. The
fine F-actin configuration in the subapex of tip-growing cells could be the struc-
ture on which molecular motor-driven transport of vesicles takes place, but it
could also act as a sieve, as mentioned earlier. What is clear is that Golgi bodies
and other organelles reverse their directional movement in this area, returning to
the hair’s shank, and that the vesicles proceed towards the hair tip. Since actual
cell elongation is the result of exocytosis of the content of these vesicles into an
area with a flexible cell wall under turgor pressure, the number of accumulated
vesicles is not relevant to the speed of growth unless the stock of vesicles
becomes limiting. It is obvious that the system is more robust and less dependent
on environmental perturbations when a surplus of vesicles is constantly present
behind the plasma membrane of the growing tip.

5.2 Microtubules Determine Root Hair Growth Orientation

Recovery of A. thaliana root hairs after a pulse with a low concentration of the actin-
depolymerizing drugs cytochalasin or latrunculin leads to new growth in the original
growth direction, whereas in the presence of oryzalin, a specific microtubule-depo-
lymerizing drug (Anthony et al. 1999), this direction becomes random following a
pulse of actin drugs. However, oryzalin alone, at the same concentration, has no
influence on A. thaliana root hair elongation, but the hairs become wavy (Ketelaar
et al. 2003). These results show that although actin filaments are required for growth
per se, it is the microtubules that determine the orientation of cell elongation. The
action of the microtubules seems to be mediated by mechanisms involving calcium
ion distribution at the hair tip (Bibikova et al. 1999). These results provide an inter-
esting indication that microtubules may be involved in setting up the new direction
of legume root hair cell elongation after global application of rhizobial nodulation
factors (Sieberer et al. 2005a,b). Application of nodulation factors in the Fahreus
slide assay causes root hairs that are at the developmental stage of growth arrest to
swell and subsequently to re-initiate tip growth in a random orientation (Heidstra
et al. 1997). More details about the microtubular cytoskeleton can be found in
Sieberer and Timmers (2008), and their role in root hair curling around rhizobacteria
in Limpens and Bisseling (2008).

6 Plasma Membrane, Cellulose Synthase Complex,
Cellulose Microfibril

The ultimate purpose of the tip-growth unit is to produce cell wall material and
bring it to the apical growth site of the cell in the form of vesicles containing
biopolymers inside and callose and cellulose synthases in their membranes. The
whole plant cell growth process is steered towards production of the cell wall, an



Intracellular Organization: A Prerequisite for Root Hair Elongation 37

assemblage of polymers (see Nielsen 2008), consisting of a matrix of hemicellu-
loses, pectins, and glycoproteins within which cellulose microfibrils are embedded,
just as steel rods within reinforced concrete. All matrix molecules are delivered to
the existing cell wall as the contents of exocytotic (Golgi) vesicles. The cellulose
microfibrils are produced by cellulose synthase complexes which are initially
embedded inside the (Golgi) vesicle membrane and then inserted into the plasma
membrane by the process of exocytosis.

Cellulose microfibril production by these synthases is an active area of research
since new tools have recently become available: XFP:cellulose synthase constructs
now make it possible to directly visualize cellulose production in living cells under
certain experimental conditions (Paredez et al. 2006; reviewed in Somerville 2006).
Some of the questions that can now be answered using such and other methods, and
for which root hairs could be a useful experimental system, are as follows:

e Are cellulose microfibrils in all plant species produced by a single cellulose
synthase complex, or are there exceptions?

e How long are cellulose microfibrils?

* Do single cellulose microfibrils run within more than a single cell facet, moving
from a longitudinal facet, across a transverse facet, and then again along a lon-
gitudinal facet?

* Are cellulose microfibrils bundled?

*  Where in the plasma membrane does cellulose microfibril production start?

e What happens to cellulose microfibril production when root hair elongation has
ceased?

e What is the role of cortical microtubules in the production of helicoidal cell
walls in root hairs?

¢ Do the same enzymes, which normally make cellulose, switch to callose produc-
tion if cells are wounded?

7 Cell Wall Texture

Cell wall texture, the architecture of cellulose microfibrils in a cell wall, has been
studied in root hairs of a number of species in more depth than in other cell types.
This is because, in addition to their accessibility for fixation, visualization, drug
treatment, and signal molecule application, root hairs possess an interesting devel-
opmental feature. They grow at the cell tip where the primary cell wall is deposited,
corresponding to cell expansion, and at the same time a secondary wall is deposited
in the hair tube. Therefore, every stage of cell wall deposition can be observed in a
longitudinal section along the plasma membrane, from the youngest wall at the tip
to the fully mature wall at the root hair base (Fig. 2). In addition, because the sec-
ondary wall does not expand, the cellulose microfibrils remain in place and reveal
the history of wall deposition in transverse sections. In this section, we review our
knowledge about root hair cell wall texture, which has been instrumental in



38 AM.C. Emons, T. Ketelaar

N R et o

\ '\'\'\.‘
y
__

B

Fig.2 A helicoidal cell wall texture explaining how, in tip-growing cells with secondary wall depo-
sition, all developmental stages of wall deposition leading to different helicoidal orientations can be
observed in the hair tube at all times. The history of wall texture deposition is seen in sections
through the cell wall. Outside: drawing of a longitudinal section through a growing root hair with
helicoidal wall texture showing the cellulose microfibrils. Rectangles inside indicate the direction of
the cellulose microfibrils as seen in surface preparations of the cell wall at the plasma membrane

developing a more general model for texture formation (Emons 1994; Emons and
Mulder 1998, 2000; Mulder and Emons 2001; Emons et al. 2002), and discuss
methods for CMF visualization at the ultrastructural level.

7.1 Root Hair Cell Wall Texture

All root hairs studied until now have a so-called random primary cell wall which
is deposited at the cell tip and remains random after moving over the tip’s hemi-
sphere to the outside of the root hair tube. Mathematical modelling has shown
that this random wall texture could be helicoidal with widely spread cellulose
microfibrils (Mulder et al. 2004). Inside this primary cell wall deposited at the
cell tip, a secondary cell wall is deposited, which has an axial or helical texture,
in which all the lamellae of cellulose microfibrils are either longitudinal to the
cell axis or at the same angle to the cell axis. This wall texture has been observed
in root hairs of terrestrial plants only (Emons 1987). All aquatic plants studied
and all young growing root hairs of Equisetum species (Emons 1986) have a
helicoidal cell wall texture, which is composed of one-microfibril-thick lamellae
for which the microfibril angle with respect to a subsequent lamella is constant,
and turns in the same direction. This secondary cell wall initiates behind the cell’s
hemispheric tip and continues to be deposited during cell tip growth. Thus, this
secondary cell wall is thicker at the (older) base of the root hair than at the sub-
apical region. When tip growth stops, the inside of the tip is then also covered
with a secondary cell wall, for which EM data are available from E. hyemale
(Emons and Wolters Arts 1983).
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7.2  Comparison of Methods for Cell Wall Texture Evaluation

Artifact-free methods are rare, and one single method is not sufficient to reveal all
the desired features. To measure the above-mentioned parameters relating to cell
wall texture, a variety of methods need to be used. Here we discuss a number of
published methods, bearing in mind that new methods will soon become available
with electron tomography microscopy and liquid crystal polarization microscopy.
We discuss electron microscopy methods for cell wall texture determination in this
chapter because these are less well known than methods for cell structure and are
becoming more important in combination with the GFP-fusion probes related to
cell wall formation, such as GFP:cellulose synthase and GFP-tubulin. Elsewhere in
this book, methods for analysis of cellular components are addressed.

7.2.1 Freeze Fixation Followed by Freeze Fracturing

Freeze fixation followed by freeze etching (with a knife) or fracturing (by breaking
the material sandwiched between metal carriers) gives the most true-to-nature visu-
alization of cellulose microfibrils, but is not useful for measuring the fibril width
because a layer of platinum and carbon is sputtered onto the specimen. The biologi-
cal material is dissolved from this platinum and carbon layer, and the platinum and
carbon replica is analyzed in the TEM. Small-angle and wide-angle X-ray analyses
are the methods of choice for determination of fibril width (Sturcova et al. 2004).
The freeze etch or fracture procedure is also not helpful for determining the relation
between cell content, for example, cortical microtubule and cellulose microfibril
orientation, since the fracture direction cannot be controlled and, in addition, the
last deposited lamella is rarely exposed directly. The last deposited cellulose micro-
fibrils, but not the whole last deposited lamella, is seen when the extracytoplasmic
fracture face or the plasmatic fracture face of the plasma membrane is exposed as
protrusions in the extracytoplasmic fracture face or indentations in the plasmatic
fracture face, respectively. For a description of this procedure see Emons (1985).

7.2.2 Dry Cleaving and Critical Point Drying

A method that uncovers the last deposited lamella is the dry-cleaving method, in
which the material is fixed, cleaved, placed on an EM-grid, critical point dried,
shadowed with platinum and carbon, and examined under TEM (Emons 1989).
Generally, to observe individual cellulose microfibrils, the cell wall matrix must
first be dissolved. However, to our surprise, the microfibrils in V. sativa root hairs
can be seen after a simple water wash (Emons, unpublished data). A drawback of
the dry-cleaving method is that the material shrinks during the procedure, which
can be limited by using critical point drying. The dry-cleaving method has also
been valuable for visualization of the microtubule cytoskeleton (Traas et al. 1985)
and coated pits (Emons and Traas 1986).
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7.2.3 Shadow Casting

The oldest method for the visualization of cellulose microfibrils is shadow casting
(Frey-Wyssling 1949; Pluymakers 1982; Emons 1986). In this method, the cell con-
tent and cell wall matrix are extracted before or after breaking the cells open to
expose the inside of the cell wall apposed to the plasma membrane, coating the
specimen with platinum/carbon from one side or in a rotary shadowing procedure,
prior to analysis in the transmission or scanning electron microscope. A variety of
extraction methods have been used, including CDTA, NaZCO3, and KOH sequen-
tially (McCann et al. 1990), and hydrogen peroxide glacial acetic acid from 30 to
120 min at 100°C. Using pyrolysis mass spectrometry, we have shown that this last
extraction method leaves almost only crystalline cellulose (Wel et al. 1996). Critical
in all these extraction procedures is the length of the extraction period: too short does
not reveal the microfibrils, and too long causes bundling and wrinkling, as shown by
comparison with freeze fracture images. In all these sputtering/shadowing proce-
dures, the amount of platinum varies between 2 and 5 nm. Differential successive
extraction steps can give insight into the relationship between the cellulose microfi-
brils and the rest of the polymers in the cell wall (McCann et al. 1990), especially
when combined with Fourier transform infrared microscopy (McCann et al. 1993).

7.2.4 Thin Sectioning After Cell Wall Matrix Extraction

Generally, the regular TEM method of glutaraldehyde/osmium tetroxide fixation,
embedding, thin sectioning, and uranyl acetate, lead citrate staining of the sections
reveals stripes in the cell wall, but the stripes observed have never been proven to be
cellulose microfibrils. On the other hand, it has been shown that these stripes cannot
be cellulose microfibrils in E. hyemale root hairs (Emons 1988). Similarly, the stain-
ing methods with KMnO, or with PATAg are not specific. However, in these cases,
the biological material is first extracted almost completely with hydrogen peroxide/
glacial acetic acid at 100°C (Emons and Wolters Arts 1983), or partly with methyl-
amine (Roland et al. 1975; Refrégier 2004). This latter procedure gives a less dis-
tinctive image. Subsequent staining of the sections with KMnO, or periodic acid
thiocarbohydrazide—silver proteinate, respectively, reveals the cellulose microfibrils,
not because these stains are specific, but because the other polysaccharides have
been extracted. Thin sectioning after extraction and staining with KMnO, gives a
cellulose microfibril of diameter 3.6 (SD 1.9) nm (Emons 1988), the same as meas-
ured with SAXS (Kennedy et al. 2007). This measure is more than the estimated 2.4
nm determined by WAXS and 2.6 nm determined by NMR analysis (Kennedy et al.
2007). In the literature, it is sometimes stated that cellulose microfibrils of higher
plants are 10 nm in diameter, but this includes the platinum/carbon coat.

7.2.5 Atomic Force Microscopy

The method that theoretically gives the highest resolution is atomic force microscopy,
and indeed subunits of cellulose microfibrils of algae have been observed that could be
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individual glucose units (Baker 1998). We have made an attempt to visualize cellulose
microfibrils in root hairs of radish with this method (Wel et al. 1996), but the resolution
is better when the material is analyzed under TEM. A problem with this scanning
probe microscopy technique for biological application is convolution; unless the speci-
men is very flat so that the scanning tip can exactly follow the object, the measurement
of the object dimension will always be inaccurate and exaggerated. Since algae have
thick ribbons of cellulose microfibrils, it is possible to prepare a flat preparation, which
until now has not been possible with the thin higher plant cellulose microfibrils. As so
often with biological material, the limitation is not the microscope itself but the prepa-
ration methods that have to be carried out to reveal the required structures, and techni-
cal advances will allow more detailed observations in the future.
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Auxin and Root Hair Morphogenesis

S.H. Lee and H.-T. Cho(t)

Abstract Auxin is a potent hormonal effector of root hair development. A plethora
of genetic and pharmacological studies have revealed that aberrations in auxin
availability or signaling can cause defects in root hair growth and morphology.
Recently identified components of auxin signaling and auxin transport have been
implicated in root hair morphogenesis. The alteration of root hair morphogenesis
by auxin also enables this single cell system to serve as an in planta biological
marker through which the action mechanism of auxin can be examined.

1 Root Hairs Provide an Auxin-Responsive In Planta Single
Cell System

Root hair development can be divided into two main stages: fate determination of
hair or nonhair cells and hair morphogenesis (Grierson and Schiefelbein 2002). In
Arabidopsis, genetic interactions mediating position-dependent hair or nonhair cell
fate determination have been well characterized (for recent reviews, see Schiefelbein
and Lee 2006; Grierson and Schiefelbein 2008). Downstream of fate determination,
the hair-morphogenetic steps (hair initiation, bulge formation, and tip growth) are
modulated by hormonal and environmental cues, as well as by developmental cues
(Okada and Shimura 1994; Masucci and Schiefelbein 1994, 1996; Katsumi et al.
2000; Peterson and Stevens 2000; Schiefelbein 2000). In particular, auxin and eth-
ylene are potent effectors of root hair morphogenesis. In this chapter, we focus on
the role of auxin in root hair development.

Although the role of auxin during root hair development is likely to be universal
across diverse angiosperm species (Katsumi et al. 2000), most studies have been
conducted in Arabidopsis. Numerous studies with Arabidopsis roots have revealed
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that both exogenous and endogenous auxin sources can affect root hair develop-
ment. Exogenous auxin (2,4-dichlorophenoxyacetic acid) at concentrations as low
as 5 nM could enhance root hair elongation in wild-type Arabidopsis (Pitts et al.
1998), and 10 nM indole-3-acetic acid (IAA) restored root hairs in the root hair
defective 6 (rhd6) mutant, which has an impairment in hair initiation (Masucci and
Schiefelbein 1994). The phenotypes of two auxin-biosynthetic mutants also are
consistent with the hypothesis that increased endogenous auxin levels stimulate
root hair development. The auxin-overproducing Arabidopsis mutants surl (superroot 1)
and yucca develop longer root hairs and more plentiful root hairs, because of
reduced root epidermal cell length, than do wild-type plants (Boerjan et al. 1995;
Zhao et al. 2001). Overexpression of the rice YUCCAI gene also greatly enhanced
the root hair development in rice (Yamamoto et al. 2007).

Hormones such as auxin and ethylene do not appear to influence hair or nonhair
cell fate determination in the root epidermis, as observed by Masucci and
Schiefelbein (1996). Elevated auxin levels affect hair morphogenesis of epidermal
cells only in the hair cell (H) position. The dominant auxin-signaling mutant auxin
resistant 2 (axr2), which is defective in root hair initiation and tip growth, maintains
a normal atrichoblast-specific GL2 expression pattern and a normal cytoplasmic
staining pattern in which H-positioned cells are stained more densely by dyes than
are non-hair-cell (N)-positioned cells. Additionally, the auxin-insensitive mutant
axrl has a normal hair to nonhair cell ratio, although the root hairs are shorter (Pitts
et al. 1998). Furthermore, although a loss of function in CONSTITUTIVE TRIPLE
RESPONSE I (CTRI), as well as treatment with 1-aminocyclopropane-1-carboxylic
acid (the ethylene precursor), does elicit hair formation in the N position, the position-
dependent cytoplasmic density of root epidermal cells is normal. Collectively, these
data suggest that hair morphogenesis operates somewhat independently of the upstream
fate-determining processes and that hormones are likely to act directly on hair
morphogenesis rather than on fate determination.

Another question regarding the role of auxin in root hair development is whether
auxin acts hair-cell autonomously. The hair or nonhair cell fate is determined in a
noncell autonomous manner by lateral movement of the fate determinants
(Schiefelbein and Lee 2006). In the whole plant system, auxin flows from young
shoots through the stem and root down to the root tip and then upward to the zone
of root epidermal elongation (Lomax et al. 1995). Considering the fundamental
influences of auxin on diverse developmental processes and its mobile property, it
is conceivable that auxin might act in a noncell autonomous manner in hair mor-
phogenesis. In this regard, the biological properties of auxin have made it difficult
to determine the nature of hair-cell (or non-hair-cell) autonomy in auxin-mediated
hair morphogenesis, particularly when taking whole plant approaches using mutants
or exogenous supplements of auxin or inhibitors. However, a study using a root-
hair-cell-specific expression system has demonstrated that auxin mediates hair
morphogenesis in a hair-cell autonomous manner (Lee and Cho 2006).

Recent discoveries of auxin receptors and transporters have greatly accelerated
our understanding of the mechanism of auxin action (for a recent review, see Leyser
2006). Genetic studies have implicated many components for auxin signaling and
transport in root hair development (summarized in Table 1). In this chapter, we
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review the role of auxin signaling and transport in root hair morphogenesis and
discuss key issues in auxin-mediated root hair development as well as the use of the
root hair cell system to study the mechanism of auxin action.

2 Auxin Signaling and Root Hair Development

2.1 Auxin Receptors

Recently, two studies have demonstrated that TRANSPORT INHIBITOR
RESPONSE 1 (TIR1), an F-box protein, is an auxin receptor that directly modulates
the degradation of transcriptional repressors (Aux/IAAs, auxin/indole-3-acetic
acids), which results in the expression of auxin-responsive genes (Dharmasiri et al.
2005a; Kepinski and Leyser 2005). Overexpression of 7IR] under the control of the
glucocorticoid-inducible promoter mimicked the effects of exogenous auxin treat-
ment of wild-type Arabidopsis, including enhanced root hair growth (Gray et al.
1999). This result indicates that TIR1 serves as an auxin receptor mediating the
auxin signal for root hair development. Since TIRI is localized to the nucleus
(Dharmasiri et al. 2005b), the enhanced hair elongation in TIR1-overexpressing
transformants is attributable to an increased responsiveness to intracellular auxin.
However, the loss-of-function fir/-1 mutant shows only minor defects in root hair
elongation (our unpublished observations), suggesting that TIR1 is not the only
auxin receptor affecting root hair development.

The TIR 1-related F-box proteins AFB1, AFB2, and AFB3 (AUXIN SIGNALLING
F-BOX protein) also bind auxin and interact with Aux/IAAs in an auxin-dependent
manner (Dharmasiri et al. 2005b). Genetic analyses have further indicated that TIR1
and the AFBs function redundantly in auxin-mediated responses so that a subset (the
class III) of the quadruple tirl afbl afb2 afb3 mutants develop few root hairs
(Dharmasiri et al. 2005b). This study suggests that AFBs also mediate auxin signaling
in root hair development.

AUXIN-BINDING PROTEIN 1 (ABP1) has long been a candidate for an
auxin receptor and has been implicated in extracellular auxin-mediated responses
such as rapid ion (including H*) flux-linked cell elongation and protoplast swell-
ing (for reviews, see Napier et al. 2002; Badescu and Napier 2006). Because root
hair morphogenesis is accompanied by H* movement from cytosol to apoplast at
the point of the hair bulge emergence (Bibikova et al. 1998), it is conceivable
that the extracellular auxin-mediated ABP1 signaling pathway is involved in
root hair formation. However, a recent report implies that extracellular auxin is
unlikely to affect root hair elongation. Root-hair-cell-specific overexpression of
an auxin efflux carrier (PIN-FORMED 3, PIN3), which facilitates auxin trans-
port from cytosol to apoplast, greatly suppressed root hair elongation (Lee and
Cho 2006). This result indicates that intracellular auxin levels are critical for
root hair elongation.
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2.2 Activators of Auxin Receptors

The auxin receptor TIR1 is a component of SCF™ ! a ubiquitin protein ligase com-
plex which is required for auxin responses via Aux/[AA degradation (Ruegger et al.
1998; Gray et al. 2001; summarized in Fig. 1). Proper activation of SCF™! requires
several posttranslational modifications, including covalent modification by RUB1
(Related to Ubiquitin 1, also known as Nedd8 in some species) (del Pozo and Estelle
1999; Parry and Estelle 2004). The RUB1 protein is, in turn, activated by the AUXIN
RESISTANT 1 — E1 C-TERMINAL RELATED 1 (AXRI1-ECR1_16) enzyme com-
plex (del Pozo et al. 1998). A loss-of-function axrl mutant shows diverse defects in
auxin responses (Lincoln et al. 1990), including defects in root hair development
(Cernac et al. 1997; Pitts et al. 1998). Thus, a series of activating steps, AXR1-
ECR1— RUBI1 — SCF™!  appears to be required for auxin-mediated root hair
development. However, the observation that exogenous auxin could fully restore
root hair elongation in axr/ plants (Pitts et al. 1998) indicates that AXR1 function
could be redundant, most likely with its close paralog AXL1 (Hellmann and Estelle
2002). Although the loss of AXLI reveals no apparent phenotypic changes, the dou-
ble mutant for AXRI and AXLI is lethal (Hellmann and Estelle 2002). RUB1 function
also appears to overlap with its paralog RUB2 (Bostick et al. 2004).

Although there is a functional redundancy due to paralogous genes, the known
components of auxin signaling are clearly operative in auxin-mediated root hair
development.

2.3 Auxin/Indole-3-Acetic Acids

Aux/[AAs are early-auxin-response genes that encode short-lived nuclear proteins
with four conserved domains, referred to as I, I, III, and IV (Reed 2001). Aux/TAA
proteins act as transcriptional repressors of auxin-responsive reporter genes, as dem-
onstrated by protoplast transfection assays (Tiwari et al. 2001). ARFs (auxin response
factors) and Aux/IAAs form homo- and heterodimers both within and between fami-
lies (Kim et al. 1997). Auxin promotes the interaction of Aux/[AAs with TIR1, and
with AFBs, ultimately resulting in the degradation of the ubiquitinated Aux/IAAs by
the 26S proteasome (Gray et al. 2001; Dharmasiri et al. 2005a,b). Domain II of the
Aux/TAAs carries the amino acid residues required for destabilization of the Aux/
IAAs. Thus, mutations in these residues can stabilize Aux/IAA proteins and thereby
suppress auxin responses (Gray et al. 2001; Ramos et al. 2001).

Several studies have indicated that Aux/IAAs are involved in root hair develop-
ment (Table 1). For example, the axr2-1 mutant, a gain-of-function mutant in
domain IT of AXR2/IAA7, develops fewer and shorter root hairs than does the wild
type (Wilson et al. 1990; Masucci and Schiefelbein 1996). Among other gain-of-
function Aux/[AA mutants in which root hair development is inhibited are the
mutants for AXR3/IAAI7 (axr3-1 and axr3-3; Leyser et al. 1996), SLR/IAAI4
(slr-1; Fukaki et al. 2002), and IAA2S (iaa28; Rogg et al. 2001). All these dominant
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mutants develop fewer and shorter root hairs, indicating that they have overlapping
functions in root hair development.

A study examining ectopic expression of the dominant s/r-/ gene supports, in
part, the hair-cell autonomous nature of auxin-mediated root hair development. The
expression of slr-1 using stele (from the SHORT ROOT gene)- or endodermis (from
the SCARECROW gene)-specific promoters could not suppress root hair formation,
while the expression of the mutant gene in the root epidermis could (Fukaki et al.
2005). The result from a suppressor mutant of slr-/ implicated the molecular structure
of Aux/IAAs in the tissue specificity of Aux/IAA action (Fukaki et al. 2002). The
suppressor mutant slr-/R1I carries an additional amino acid substitution between
domains I and II of the s/r-1 mutant gene. This suppressor mutant restored root
hairs, but, intriguingly, not lateral roots, despite the presence of both defects in the
slr-1 mutant. This result suggests that cell-type-specific factors interact with different
structural features of SLR/IAA14, or of Aux/IAAs in general.

Another gain-of-function Aux/IAA mutant showing root hair phenotypes is the
shy2 mutant which also carries mutations in domain II (Soh et al. 1999; Tian and
Reed 1999). However, the dominant siy2-2 and shy2-3 mutants show normal, or even
longer, root hair phenotypes than does wild-type Arabidopsis (Nagpal et al. 2000;
Knox et al. 2003). The lack of inhibition of root hair development by these shy2 muta-
tions does not seem to be due to the lack of SHY2 expression in the root hair differ-
entiation zone. The expression of SHY?2 occurs mainly in the root tip but extends to
the hair differentiation zone (Knox et al. 2003). Furthermore, when shy2-6, which
includes a point mutation equivalent to that in axr3-1 rather than to that in shy2-2, was
expressed using a heat-shock-inducible promoter (HS:shy2-6), plants displayed more
elongation of root hairs than did wild-type plants, whereas hair elongation was
blocked by heat shock in the HS:axr3-1 transformants (Knox et al. 2003). Assuming
that shy2 acts hair-cell autonomously, this opposing phenotypic effect of shy2 muta-
tions to that of other Aux/IAA mutations suggests that some molecular cues of Aux/
IAAs are implicated in their action mechanism for root hair development.

Although the role of Aux/IAAs in root hair development has been shown by
their dominant mutations, the common phenotypic effect of at least five dominant
Aux/IAA mutants strongly supports the notion that Aux/IAA-mediated auxin signal-
ing is involved in root hair development.

In contrast to Aux/IAAs, the role of ARFs in root hair development is not char-
acterized. Molecular interactions between Aux/[AAs and ARFs have been reported
in yeast (Kim et al. 1997), but evidence of their in planta interactions is rare
(Hardtke et al. 2004). Several questions that need to be answered are, whether other
Aux/IAAs also function to inhibit or enhance root hair development?; which ARFs
are involved in root hair development?; and what interactions between Aux/[AAs
and ARFs are operative in root hair development? Because it would be difficult to
obtain ARF and additional Aux/I[AA mutants which are defective in root hair mor-
phogenesis, an alternative approach, such as root-hair-specific expression, needs to
be considered. Ectopic expression of the dominant mutant axr2-/ under a root-hair-
specific promoter completely inhibited root hair formation in Arabidopsis (Lee and
Cho 2006). Thus, root-hair-specific expression provides a reasonable bioassay
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system to assess the roles of those transcription regulators in root hair development
and also to identify their molecular partners.

Although we have a large amount of evidence demonstrating that Aux/IAAs
are involved in root hair development, their target genes functioning for hair
growth and morphogenesis, as well as how auxin interacts with other hair-stimu-
lating effectors, remain to be elucidated. On the other hand, the hierarchical
relationship between auxin and ethylene in root hair development has been
somewhat characterized. Several lines of evidence indicate that ethylene acts
downstream of auxin. Auxin-induced restoration of root hairs in the rAd6 mutant
was almost completely blocked by 1-methylcyclopropene, a specific inhibitor of
ethylene perception (Cho and Cosgrove 2002). The ethylene precursor 1-amino-
cyclopropane-1-carboxylic acid could restore root hairs in the auxin-resistant
and root-hair-defective s/r-I mutant (Fukaki et al. 2002). Auxin is known to
stimulate ethylene-synthetic genes (McKeon et al. 1995), and it may therefore
indirectly mediate root hair development through ethylene biosynthesis and
action. In contrast, the fact that ethylene induces auxin synthesis in the
Arabidopsis root (Stepanova et al. 2005) leaves the possibility that ethylene
works upstream of auxin in root hair development.

3 Auxin Transport and Root Hair Development

Current experimental evidence indicates that root hair development requires both
auxin movement from the source cells to the root hair cells and regulation of cellu-
lar auxin levels within the root hair cell.

The cell-to-cell movement of auxin is mediated by auxin-carrier (or -transporter)
proteins that are localized in the plasma membrane (for reviews, see Morris et al.
2004; Kerr and Bennett 2007). The bacterial amino acid permease-like AUX1
(AUXIN RESISTANT 1) and AUX1 homologs, the LAXs (LIKE AUX1s), are
auxin influx transporters, and PINs (PIN-FORMEDs) and p-glycoproteins (PGP1
and PGP19) are efflux transporters of auxin. In certain tissue types, the localiza-
tion of auxin carrier proteins, particularly AUX1 and PINSs, is asymmetrical in the
plasma membrane, leading to a directional flow of auxin. Consistent with the
asymmetrical subcellular localization of auxin carriers in the Arabidopsis root
tissues, auxin flows acropetally (from the root—hypocotyl junction to the root tip)
to the root tip columella through the root stele and stem cells, and then moves
upward (basipetally; from the root tip to the root—hypocotyl junction) to the elon-
gation zone via epidermal and lateral root cap cells (Blilou et al. 2005). AUX1
and PIN2 (/AGRI1/EIR1/WAV6) are localized to the bottom and the top, respec-
tively, of root epidermal and lateral root cap cell membranes, which entitles them
to be the corresponding auxin carriers for the basipetal flow (Miiller et al. 1998;
Swarup et al. 2005).

The basipetal flow of auxin from the root tip to the epidermal elongation zone is
likely to supply an amount of auxin sufficient for hair morphogenesis. The genetic



Auxin and Root Hair Morphogenesis 55

evidence from loss-of-function aux/ and eirl/pin2 mutants is consistent with this
hypothesis. The aux! mutant root develops fewer and shorter root hairs (Okada and
Shimura 1994; Pitts et al. 1998; Rahman et al. 2002), but the wild-type phenotype
can be restored by exposure to the diffusible auxin I-naphthaleneacetic acid
(Rahman et al. 2002). In addition to the probable role of AUX1 in the basipetal
movement of auxin to the differentiating root hair cells, other scenarios can be
implied. The lack of AUX1 could cause a depletion of auxin at the root tip because
AUX]1 is also responsible for acropetal auxin transport from the stem to the root tip
through the protophloem cells. Alternatively, the differentiating root hair cell may
require AUX1 function to take up apoplastic auxin.

The eirl/pin2 mutant also develops shorter root hairs than does wild type (Cho
et al. 2007). This defect in the eir/ root is most likely due to the reduced auxin
supply from the root tip to the root hair differentiation zone because PIN2 is the
major basipetal auxin efflux transporter in this region (Miiller et al. 1998).

A loss-of-function pgp4 mutant grows longer root hairs than does wild type
(Santelia et al. 2005; our observation). In the root epidermis, PIN2 is mainly
expressed in the root tip and elongation regions, whereas PGP4 expression extends
to the hair differentiation zone (Terasaka et al. 2005). This observation suggests
that PGP4 may be one of the major auxin efflux carriers in root hair cells. The
PGP4 defect may cause more retention of auxin in the hair cell, which in turn
enhances hair elongation. Although auxin transport assays using heterologous
systems such as HeLa and yeast cells found an influx activity of PGP4 (Santelia
et al. 2005; Terasaka et al. 2005), the activity of PGP4 in plant cells remains to be
demonstrated.

Another auxin-transporting protein, TRH1 (TINY ROOT HAIR 1, belonging to
the K*-transporter family), also influences root hair development. The loss of TRH
causes short and multiple root hair phenotypes (Rigas et al. 2001; Vicente-Agullo
et al. 2004). TRH1 was shown to facilitate auxin efflux in yeast. Because the
expression of TRH]I is confined to the root columella and lateral root cap cells,
TRHI1 may play a role in the early basipetal movement of auxin from the root tip
to the differentiating root hair cells, again suggesting that an auxin source in the
root tip is required for root hair development.

Root-hair-cell-specific expression of an auxin efflux carrier has revealed that a
particular level of intracellular auxin in the root hair cell is critical for root hair
development (Lee and Cho 2006). When the auxin efflux carrier PIN3 was ectopi-
cally expressed in a root-hair-cell-specific manner using the AtfEXPA7 promoter
(Cho and Cosgrove 2002; Kim et al. 2006), root hair elongation was greatly
reduced without any noticeable phenotypic effects on other root tissues or other
plant parts. PIN3 localized to the plasma membrane in both the Arabidopsis root
hair cells and tobacco suspension cells and revealed an auxin efflux activity in
tobacco suspension cells (Lee and Cho 2006). The shortened root hair phenotype
resulting from root-hair-specific overexpression of PIN3 is likely to be the conse-
quence of the high auxin efflux activity of PIN3, causing a reduction in the auxin
level in the root hair cell and thereby inhibiting root hair elongation (Fig. 2). The
hair elongation inhibited by PIN3 overexpression could be rescued not only by
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Fig. 2 The root hair cell system used to study auxin transport and its regulation. Auxin in the root
hair cell ebbs and flows, depending on the activity of auxin efflux (£) and influx (/) transporters,
or on the effect of regulatory molecules of auxin transport. Altered levels of auxin in the root hair
cell then affect root hair elongation

naphthylphthalamic acid (NPA, an inhibitor of auxin efflux) or brefeldin A (BFA,
an inhibitor of membrane trafficking of PINs) but also by staurosporine (a protein-kinase
inhibitor), implying that protein phosphorylation positively regulates PIN-mediated
auxin efflux activity.

4 Protein Phosphorylation, Auxin, and the Root Hair

Reversible phosphorylation of regulatory proteins is a key regulatory mechanism in
cellular signaling and metabolism. The Ser/Thr protein kinase PINOID (PID) has
been implicated in auxin transport (Benjamins et al. 2001; Friml et al. 2004; Lee
and Cho 2006). Cellular levels of PID are important for the subcellular polarity of
PIN localization and for PIN activity. High or low levels of PID, caused by overex-
pression or loss-of-function mutation, respectively, reversed the normal subcellular
localization of PINs in the auxin-conducting cells of Arabidopsis (Friml et al. 2004).
These data indicate that PID acts as a molecular switch controlling the subcellular
polarity of PIN proteins and, thus, determines the directionality of auxin flow. In
contrast, overexpression of PID using the root-hair-specific AfEXPA7 promoter in
Arabidopsis shortened root hair length; however, hair elongation could be restored
by exogenous IAA, staurosporine, or inhibitors of auxin efflux activity such as NPA
and BFA (Lee and Cho 2006). These results strongly suggest that the inhibition of
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root hair elongation by overexpression of PID was caused by PID activation of PIN
activity, which results in reduced auxin levels in the hair cell and a shorter root hair
(Fig. 2). The facilitation of auxin efflux activity by PID was further supported using
a direct cellular auxin-transport assay with tobacco suspension cells, in which over-
expression of PID increased auxin efflux from the cells. Although the role of PID
in wild-type root hair cells remains to be elucidated, this study demonstrates that
root hair cell development and the root-hair-cell-specific expression system can be
used to study the role of regulators for auxin transport.

PID belongs to the AGC (cAMP-dependent protein kinase A, cGMP-dependent
protein kinase G, and phospholipid-dependent protein kinase C) protein kinase
family (Bogre et al. 2003). Although single loss-of-function mutants of PID and its
closest homologs WAGI and WAG?2 in Arabidopsis do not show visible root hair
phenotypes (Santner and Watson 2006; our unpublished observations), probably
because of their overlapping functions, mutations of two other AGC kinase family
members revealed root hair defects. Plants carrying a loss of function in AGC2-
1/0X11, which belongs to the AGCVIII subfamily together with PID, develop short
root hairs (Anthony et al. 2004; Rentel et al. 2004). Plants with a knockout mutation
of INCOMPLETE ROOT HAIR ELONGATION (IRE), which belongs to a minor
AGC subfamily, also develop shorter root hairs than does wild type (Oyama et al.
2002). The regulation of AGC2-1/0OXI1 by auxin suggests that this protein kinase
probably mediates auxin-induced root hair development (Anthony et al. 2004).

5 Auxin and Polarity in Root Hair Morphogenesis

Another role of auxin in root hair morphogenesis is in determining the position of
the root hair outgrowth. The root hair in Arabidopsis normally emerges near the
apical (toward the root tip) end of a hair cell (Masucci and Schiefelbein 1994).
Auxin and ethylene have been implicated in this polar positioning of root hairs,
referred to as “planar polarity” (Grebe 2004; Fischer et al. 2007), and exogenous
auxin induces an apical shift in the root-hair-initiating position (Masucci and
Schiefelbein 1994; Grebe et al. 2002). In contrast, the auxin-insensitive axr2-1
dominant mutation guides the hair position toward a more basal (toward the root
base) location. In addition, the axr2-1 mutant root develops multiple root hairs aris-
ing from multiple foci in the same hair cell (Masucci and Schiefelbein 1994).
A similar phenotype is observed in mutant plants defective in auxin transport (aux/
and trhl) or ethylene perception (etrl), as well as in wild-type plants treated with
auxin transport inhibitors (NPA and BFA) (summarized by Fischer et al. 2007).
Recently, Fischer et al. (2006) reported that partially reduced GNOM activity in
weak gnom mutants caused a basal shift in the root hair position. GNOM is an
ADP-ribosylation factor (ARF)-GDP/GTP exchange factor (ARF-GEF) that plays
arole in trafficking of auxin carrier proteins such as PINs to the plasma membrane
(Geldner et al. 2001). BFA directly targets GNOM to inhibit PIN trafficking
(Steinmann et al. 1999; Geldner et al. 2003), supporting the phenotypic consistency
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between effects by BFA treatment and weak gnom mutations. Moreover, double or
triple mutants of gnom, auxl, and ein2 (ethylene insensitive 2) resulted in more
severe loss of the positional cue for hair initiation, suggesting that the combined
activities of AUX1, GNOM, and EIN2 are necessary for proper hair positioning
(Fischer et al. 2006). These results indicate that the auxin supply to the differentiating
hair cell provides a polarity cue for root hair morphogenesis.

The current model for the planar polarity of hair positioning is that the auxin
gradient, formed from the auxin maximum at the root tip, mediates the polarization
process. This model is supported by some experimental evidence (Fischer et al.
2006). First, the root tip of a gnom auxl ein2 triple mutant displays a significant
reduction in auxin concentration and DR5:GUS expression, indicating a weak
auxin gradient toward the hair-initiating region. Second, when a local auxin maxi-
mum was reestablished by pinpointing the application of exogenous auxin either to
the root tip or to the elongation zone of the triple mutant, the hair position shifted
toward this newly formed maximum. The use of Rop2 (rho-of-plant 2) small
GTPase as a marker for the root-hair-initiating site (Molendijk et al. 2001; Jones
et al. 2002) revealed that the localization of this marker was affected by the auxin
gradients, implying that auxin, ethylene, and GNOM affect the root hair planar
polarity by acting upstream of Rop (Fischer et al. 2006).

However, the underlying connection between all these components and the polar
morphogenesis of the root hair is yet to be elucidated. One hypothesis is that an
appropriate auxin gradient from root tip to hair differentiation zone is required for
hair planar polarity. To maintain the auxin maximum in the root tip and the normal
basipetal redistribution of auxin to the hair differentiation zone, the function of not
only AUXI1 but also multiple PINs is required (Blilou et al. 2005). However, muta-
tions in PINs do not cause significant changes in root hair positioning (Fischer
et al. 2006). A simpler alternative hypothesis is that a proper auxin level within the
differentiating root hair cell is important for hair positioning. AUX1 might be a
major contributor to auxin uptake by the hair cell, but PINs could function redundantly
in the hair cell, as indicated by an expression study with the root-hair-cell-specific
RNA pool (Lee and Cho 2006). To assess this latter hypothesis, root-hair-cell-specific
modulation of the molecular components mediating hair planar polarity would be useful.

6 The Root Hair Cell System to Study Auxin Transport

Root-hair-cell-specific gene manipulation in Arabidopsis can offer advantages, par-
ticularly in the study of auxin action, over whole-plant-level approaches, such as the
use of mutants, gene overexpression by universal promoters, and pharmacological
treatments. The effects of auxin on plant development are closely linked to move-
ment of auxin in the plant tissues. Therefore, a specific developmental consequence
after pharmacological or genetic alteration of auxin transport in a whole plant is often
arguable because of the likelihood of pleiotropic or noncell autonomous effects. Such
concerns can be alleviated by using a root-hair-cell-specific expression system combined
with a single-cell-level developmental marker, namely, the root hair (Fig. 2).



Auxin and Root Hair Morphogenesis 59

Several single cell systems have profoundly contributed to the characterization
of the components of auxin transport. These systems include plant cells such as
Arabidopsis protoplasts, Arabidopsis cultured cells, and tobacco BY-2 (Bright
Yellow 2) cells, as well as heterologous single cell systems such as yeast, HeLa
cells, and Xenopus oocytes (Chen et al. 1998; Luschnig et al. 1998; Geisler et al.
2005; Santelia et al. 2005; Terasaka et al. 2005; Lee and Cho 2006; Petrasek et al.
2006; Yang et al. 2006). These systems have been used to measure auxin transport
across the plasma membrane by auxin carrier proteins. In addition to these systems,
in planta systems such as the root hair cell can be used to further our understanding
of the role of auxin transporters and their regulators in the developmental context.
Furthermore, measurement of root hair length can be used to quantify auxin-trans-
porting activity, which is useful in comparing between transporters or in assessing
a single transporter under various conditions.

Another useful property of the root hair cell is the robustness of hair growth in
the presence of pharmacological agents. The membrane-trafficking inhibitor BFA
and the protein-kinase inhibitor staurosporine are generally toxic to cell metabo-
lism (Satiat-Jeunemaitre et al. 1996; Yamaki et al. 2002), but within a certain range
of concentrations, these inhibitors restored root hair growth in PID- or PIN3-over-
expressing transformant roots (Lee and Cho 2006). This result is surprising because
the hair growth in wild-type roots continuously decreased with increasing concen-
trations of these chemicals. These results are indicative of the target-specific
actions of these chemicals within a specific concentration range in root hair cells.

In spite of these advantages, when using the root hair system, caution should be
taken to the plasticity of root hair development. Root hair development can be
influenced by various environmental factors, including nutrients, pH, ions, light,
and separation from the medium (Schiefelbein et al. 1992; Okada and Shimura
1994; Herrmann and Felle 1995; Bibikova et al. 1998; Peterson and Stevens 2000;
Miiller and Schmidt 2004). For example, water stress causes the development of
aberrant root hairs in wild-type Arabidopsis which are reminiscent of root hair-
defective mutants that display arrest in hair initiation, branching, waving, and bulg-
ing hair tips (Bibikova and Gilroy 2003). Maintenance of constant growing
conditions and juxtaposition of control plants in the same agar plate are essential to
avoid false results when observing root hair phenotypes.

In addition to the study of auxin transport, the root hair cell system also can be
used to dissect the signaling mechanisms of auxin, ethylene, and other environmen-
tal stimuli that affect root hair development.

7 Measurement of Root Hair Length

Estimation of root hair length has been described in previous studies (Pitts et al.
1998; Santelia et al. 2005; Lee and Cho 2006). Arabidopsis seedlings are grown on
the agarose medium containing 0.5 x Murashige—Skoog nutrient mix, 1% sucrose,
0.5 g L' MES, pH 5.7 with KOH. Normally a 3-day cold treatment is conducted,
but longer vernalization periods (for example, 5 days) enhance seed germination
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rate and synchronization of root growth. Root hair length can normally be measured
from the third day after germination at 20-25°C with a 16-h light/8-h darkness
photoperiod. Because we have observed that older roots sometimes tend to develop
deformed root hairs, we suggest observation of root hairs on day 3 or 4. For treatment
with inhibitors and effectors, 3-day-old seedlings are transferred to the chemical-
containing medium, and root hairs are observed 24 h after the treatment. For large-
scale (many roots) estimation, 12 cm x 12 cm square plates with 20-30 mL medium
are used. However, in case of treatment with costly chemicals, 3-day-old seedlings
are transferred onto the slide glass (7.5 cm x 2.5 cm) spread with 1-2 mL medium
containing the chemicals. These slide glasses are sealed inside normal transparent
plates to prevent the seedlings from water stresses. Plates are vertically located
toward the gravity direction for the roots to grow along the medium surface. The
final root hair length is measured with fully elongated root hairs in the mature root
hair zone of the root. A low-magnification (20—-100x) stereomicroscope can be used
to take digital photographs of root hairs. Five consecutive hairs protruding perpen-
dicularly from each side of the root, for a total ten hairs from both sides of the root,
are measured from the photographs. Because root hair lengths of even the same
genotype are often variable, a high number of root hairs are desirable to be
observed; for example, more than a hundred root hairs.
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The Membrane Dynamics of Root Hair
Morphogenesis

F.F. Assaad

Abstract Root hair elongation requires the delivery of cell wall materials and
new membrane to the growing tip. This occurs via polarized secretion, a process
mediated by proteins called SNARES (soluble N-ethylmaleimide-sensitive factor
attachment protein receptors) on vesicle and target membranes. Although the
Arabidopsis genome encodes an unprecedented number of SNARES, none have
thus far been specifically implicated in root hair growth. Forward and reverse
genetic approaches, however, have identified a Secl protein and a Rab GTPase
implicated in root hair morphogenesis. Such proteins gate SNARE interactions and
ensure the specificity and fidelity of membrane fusion. ARF GTPases, involved in
the sorting of cargo upon vesicle formation, have also been implicated in root hair
morphogenesis. In addition to a role in tip growth, polarized secretion may play a
role in the establishment or maintenance of polarity, or both. Plasma membrane
microdomains enriched in sterols or phosphatidylinositol phosphates may act as
anchors for the polarization of the trafficking apparatus. In this chapter I discuss
models whereby plant homologues of RHO GTPases (ROPs), master choreogra-
phers of cellular polarity, target plasma membrane domains for vesicle delivery and
fusion, and how polarity, once established, is maintained.

1 Introduction

Root hair tip growth has been described as a process of polarized secretion. Rapid
growth at the tip of the root hair requires the addition of new membranes and cell
wall materials. Cellulose is synthesized at the plasma membrane, whereas the hemi-
celluloses (xyloglucan) and pectins, the bulk of the cell wall matrix, are synthesized
in the Golgi apparatus. Membranes and cell wall materials are thought to be delivered
to the root hair tip by Golgi-derived vesicles. I pose two questions in this chapter.
First, how are Golgi vesicles targeted to the plasma membrane, as opposed to being
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targeted to other cellular membranes such as the vacuolar membrane? Second, how
are these vesicles targeted to a specific, polarized site on the plasma membrane,
corresponding to the root hair tip? While discussing the second question, I discuss
models for the establishment and maintenance of polarity. To answer these two
questions, I draw upon a vast literature on membrane trafficking in yeast and mam-
malian cells, and on genome analyses that suggest conserved mechanisms in plants.
This is because there are too many gaps in our knowledge and too many missing
players if the plant literature is taken on its own. Nonetheless, I place special
emphasis on the players that have experimentally been shown to play a role in root
hair morphogenesis in plants.

2 The Secretory Pathway

A plant cell contains billions of proteins, each of which needs to be targeted to its
proper destination. There are a lot of destinations in a plant cell to which proteins can
be targeted. These include peroxisomes, mitochondria, plastids, nuclei, the endoplas-
mic reticulum (ER), the Golgi apparatus, vacuoles, cell wall, and the plasma mem-
brane. Proteins targeted towards the peroxisomes, mitochondria, plastids, and nucleus
are synthesized on free ribosomes in the cytosol, and targeted by means of specific
signal sequences that reside on the proteins themselves. Proteins destined for the vac-
uole, plasma membrane, cell wall, or apoplasm have a signal peptide at their N ter-
minus that targets them to ER, and they are synthesized on ribosomes that are bound
to the ER by virtue of this signal peptide during protein synthesis. ER studded with
such ribosomes is called the rough endoplasmic reticulum or RER. At the RER,
proteins are synthesized into the lumen of the ER or integrated into the ER membrane,
in the case of integral membrane proteins. From the ER, the proteins enter the secretory
pathway, an intracellular system of vesicles and cisternae that includes the ER, Golgi
stacks, the tonoplast, and the plasma membrane (see Fig. 1). Anterograde transport
through the secretory system moves newly synthesized proteins via vesicles from the
ER to the Golgi apparatus, which consists of the complement of the Golgi stacks and
the trans-Golgi network (TGN). From the frans-Golgi, proteins are packaged into
vesicles that are transported to the cell surface or to the vacuole.

During the process of root hair morphogenesis, a number of lipids, proteins, and
polysaccharides need to be delivered to the growing tip. This requires the coordinated
function of the ER and Golgi apparatus. In the ER, proteins that enter the secretory
pathway are synthesized, processed, and sorted. The synthesis of diverse lipid mole-
cules and the addition of glycans to proteins also take place in the ER. In the Golgi
apparatus, complex (branched) polysaccharides of the cell such as pectins and
xyloglucans are assembled. In addition, the oligosaccharide side chains of glycopro-
teins in the secretory pathway are synthesized, as are glycolipids for the plasma
membrane and tonoplast. An impairment of ER to Golgi traffic, as seen in the
Arabidopsis rhd3 mutant (Zheng et al. 2004), results in abnormal, crooked root hairs.
The secretory pathway, probed using a secreted form of GFP, the actin cytoskeleton,
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Fig. 1 The secretory pathway. This is an intracellular system of vesicles and cisternae that
includes the endoplasmic reticulum (ER), Golgi stacks, the tonoplast (vacuolar membrane), and
the plasma membrane (PM). Proteins that enter the secretory pathway are synthesized on ribos-
omes that are bound to the ER. ER studded with such ribosomes is called the rough endoplasmic
reticulum (RER). At the RER, proteins are synthesized into the lumen of the ER or integrated into
the ER membrane, in the case of integral membrane proteins. From the ER, the proteins enter the
secretory pathway. Anterograde transport through the secretory system moves newly synthesized
proteins via vesicles from the ER to the Golgi apparatus, which consists of the complement of the
Golgi stacks and the trans-Golgi network (TGN). From the frans-Golgi, proteins are packaged
into vesicles and transported to the cell surface or to the vacuole. The TGN is involved in early
endocytosis and membrane recycling, such that while it is in principle generated by the Golgi
stacks it can either function as or be mistaken for an early endosome

and endocytosis are impaired in rhd3 mutants (Zheng et al. 2004), and it is not
entirely clear which of these cellular defects are the primary consequences of muta-
tion at the RHD3 locus. In addition to ER and Golgi traffic, root hair morphogenesis
entails a considerable expansion of the vacuolar membrane, which would also require
the fusion of vesicles to the tonoplast. Because exocytosis adds more membrane than
what is required for growth, an extensive amount of endocytosis or membrane recy-
cling also occurs at the tip (Emons and Traas 1986; for a recent review, see Samaj
et al. 2006). Membrane recycling could play a role in conserving resources by main-
taining phospholipids and membrane-bound proteins at the growing tip.
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3 Membrane Traffic

The question I address in this section is, how vesicles are delivered to their target
membrane in a way that is both efficient and faithful. Unless otherwise specified,
the mechanisms discussed here are true for both yeast and animal cells.

3.1 Five Steps in Vesicle Trafficking

The issue of bringing a given molecule to its proper destination within a cell can be
thought of as a reliable postal service. Thus, the right cargo must be packaged into
a given vesicle, as a letter is stuffed into an envelope, and the vesicle must be deliv-
ered to the right address. The process requires a number of steps, as depicted
in Fig. 2. First, vesicles containing the right cargo must be formed, a process

Budding Delivery Tethering Docking Fusion
Tether
—> t » Em—
v
SNARE cis-SNARE
I pin I complex

Recycling
. - = —

Fig. 2 Six major steps in vesicle traffic. Budding: A vesicle buds off a donor membrane.
Delivery: The vesicle is delivered to a target membrane. Tethering: The vesicle is tethered to an
acceptor or target membrane by virtue of a tethering molecule or complex. These are typically
long molecules or multisubunit complexes that hold the vesicle in the vicinity of the target mem-
brane. Docking: the tethered vesicle becomes tightly docked when the v- and t-SNAREs zipper to
form a SNARE pin. This is referred to as a trans-SNARE complex, as the SNAREs are on differ-
ent membranes. Fusion: The vesicle and target membranes fuse, thereby delivering vesicle content
(cargo) to the target compartment. The SNARE complex is now called a cis-SNARE complex as
the vesicle membrane is now contiguous with the target membrane. Recycling: The t- and v-
SNARE:s are now recycled. This means that the tight complex needs to be disrupted, and this is
done by virtue of the NSF-ATPase/SNAP complex, where NSF stands for NEM-sensitive fusion
protein and is an AAA ATPase. Adapted from Mellman and Warren 2000
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described as budding from a donor membrane. Second, these vesicles must be
transported and delivered to their final destination. Third, vesicles are tethered and
subsequently docked at their target membrane. Fourth, the vesicle and target mem-
branes are fused to each other, such that the cargo is delivered to its destination
while the vesicle membranes become contiguous with the target membrane. Finally,
the machinery for membrane traffic is recycled, enabling new rounds of membrane
fusion (see Fig. 2; Mellman and Warren 2000).

3.1.1 Vesicle Formation

This entails the recruitment of cargo, and is intimately related to the recruitment of
coat proteins. The COPII coat complex is implicated in ER to Golgi traffic, and
COPI-coated vesicles mediate retrograde transport from the cis-Golgi to the ER as
well as traffic between the Golgi stacks. Clathrin-coated vesicles transport cargo
that exits the TGN. Key players in the formation of coated vesicles are ARF pro-
teins. ARF proteins are small GTP-binding proteins that regulate both membrane
traffic and actin remodeling (D’Souza-Schorey and Chavrier 2006; Randazzo and
Hirsch 2004). Similar to other Ras-related GTP-binding proteins, ARF proteins
cycle between their active GTP-bound and inactive GDP-bound states. The
exchange of GDP for triphosphate nucleotide is mediated by guanine nucleotide
exchange factors or GEFs. Conversely, the hydrolysis of bound GTP is mediated by
GTPase-activating proteins or GAPs (Randazzo and Hirsch 2004). Current models
based on the well characterized ARF1 protein postulate that ARF proteins in their
active GTP-bound state recruit coat proteins and subsequently trap cargo. Coat
proteins induce the local membrane deformations associated with vesicle budding;
ARF GTPases thereby play an important role both in the sorting of cargo and in
vesicle budding. They also help prevent the formation of vesicles that lack cargo
(Randazzo and Hirsch 2004).

The Arabidopsis genome encodes 21 ARF GTPases, compared with 6 in mam-
mals, and 6 of these are in the ARF1 family (Randazzo and Hirsch 2004; Vernoud
et al. 2003). The study of ARF1 proteins and their interactors or inhibitors has
highlighted the importance of vesicle trafficking for the establishment of polarity
as of the very onset of root hair initiation. ARF1 and ARF-GEF are the targets of
the vesicle transport inhibitor Brefeldin A, which inhibits the conformational
changes in ARF1 required for the dislodging of GDP, thereby affecting the protein’s
rate of guanine nucleotide exchange. Brefeldin A treatment randomizes the root
hair initiation site of Arabidopsis trichoblast cells and interferes with the localiza-
tion of auxin influx and efflux carriers (Geldner et al. 2001, 2003). A number of
ARF1 or ARFl1-related mutants have root hair phenotypes: GTP- or GDP-locked
mutants of ARF1, an ARF-GAP mutant called rpa, and the ARF-GEF mutant gnom
(Fischer et al. 2006; Song et al. 2006; Xu and Scheres 2005). As described in more
detail in Table 1, the root hair phenotypes in these mutants include an effect on the
planar polarity of root hair positioning along the trichoblast’s apical-basal axis, on
root hair initiation and tip growth. ARF1 in Arabidopsis localizes to the Golgi
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apparatus and, surprisingly, to endocytic organelles (Xu and Scheres 2005), showing
that Golgi function and/or endocytosis are required for all aspects of root hair
morphogenesis.

3.1.2 Transport or Delivery

Vesicles are often actively transported through the cytoplasm towards their target.
Although this has not been proven, it is thought that vesicles are transported by
using either actin-dependent motors (myosins) or microtubule-dependent motors
(kinesins or dyneins). For further details, please see the chapters on actin (Ketelaar
and Emons 2008) and tubulin (Sieberer and Timmers 2008).

3.1.3 Tethering

Tethering is a process that brings and holds vesicles in close proximity to their tar-
get membranes. There are two classes of tethering factors. The first class consists
of long coiled-coil proteins and includes p115, EEA1, and the Golgins (Grosshans
et al. 2006). The second class consists of large multisubunit complexes and includes
the exocyst, the TRAPP complexes, the Sec34/35p oligomeric Golgi complex, and
the VPS complex (Grosshans et al. 2006). Each of these tethering factors resides on
a specific cellular compartment and mediates a specific series of membrane fusion
events in the secretory pathway. Root hair morphogenesis in principle requires the
tethering of numerous types of vesicles to the entire complement of membrane
compartments of the secretory pathway. First, ER vesicles should tether to the
Golgi apparatus. Second, Golgi vesicles should tether to the different Golgi stacks.
Third, secretory vesicles should tether to polarized domains on the plasma mem-
brane. Fourth, a number of vesicles must fuse to the vacuolar membrane. Fifth,
endocytotic vesicles from the plasma membrane must fuse with the TGN and early
endosomal compartment. By analogy to animal systems, a number of tethering
molecules and complexes would be required, and the Arabidopsis genome harbors
possible homologues for the majority of such proteins (Latijnhouwers et al. 2005).
The only tethering complex that has, to date, been shown to be required in root hair
morphogenesis, however, is the exocyst. The exocyst is a large, multisubunit tether-
ing complex that resides on the plasma membrane and is required for polarized
exocytosis. Its role in root hair morphogenesis is discussed in Sect. 4.4.

To function as tethers, tethering factors need to be attached to donor and accep-
tor membranes. Rab GTPases play a critical role in the tethering reaction in that
they capture tethering factors when they are in their GTP- (but not GDP-)bound
forms (Fig. 3a). Rab proteins belong to a family of small GTP-binding proteins,
which function as molecular switches that cycle between “active” and “inactive”
states. This cycle is linked to the binding and hydrolysis of GTP. The Arabidopsis
genome encodes 57 Rab GTPases, and among these the RabA family is the most
expanded, with 26 members (Vernoud et al. 2003). RabAs are homologous to
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Fig. 3 From tethering to fusion. (a) Tethering: The vesicle is tethered to an acceptor or target
membrane by virtue of a tethering molecule or complex. In their GTP- (but not GDP-)bound
forms, Rab GTPases bound to the vesicle and target membranes capture the tethering molecules.
(b) Closed syntaxin on target membrane: Target SNAREs (t-SNARESs) are localized on the target
membrane and belong to two different families, the syntaxin-like family and the SNAP-25-like
family. The syntaxins are transmembrane proteins that contain several regions with coiled-coil
propensity in their cytosolic part, which form a bundle when the syntaxin is in its “closed” form.
(¢) From docking to fusion: A Secl or SM protein binds to the syntaxin in its closed form. The
Rab GTPase and Secl can interact through a Rab effector. The Secl causes conformational
changes in the syntaxin, causing it to open. The Sec1 is removed from the syntaxin and accelerates
SNARE-pin formation, but only for cognate SNAREs. Subsequently, a calcium signal triggers
membrane fusion. (d) The SNARE-pin or core complex: This is formed by four SNARE motifs
(two from SNAP25 and one each from a v-SNARE and a syntaxin) that are unstructured in isola-
tion but form a parallel four-helix bundle on assembly. SNAP-25 is a protein consisting of two
coiled-coil regions, which is associated with the membrane by lipid anchors
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mammalian Rab11 proteins and are thought to regulate post-Golgi traffic, occurring
on TGN and post-Golgi vesicles. A member of this expanded family, AtRabA4b,
has been implicated in root hair morphogenesis. RabA4b localizes to the tip of
growing, but not mature, root hairs (Fig. 4a, b). This localization is disrupted in a

Fig. 4 Rab and ROP GTPases and membrane traffic or recycling in root hairs. EYFP-RabA4b is
localized to the tips of growing root hairs. Images of Arabidopsis thaliana seedlings stably
expressing EYFP-RabA4b were collected by confocal microscopy with a 40 x DIC water lens on
a Zeiss LSM 510 microscope. (a) Medial section is shown. (b) Corresponding DIC image.
Courtesy of Julie Thole and Erik Nielsen, University of Michigan. Root hair cells of GFP-
Atracl0“* (ROP11) seedlings that have been shown to have a defect in membrane cycling. Cells
were visualized by DIC (¢) or GFP (d). Bar in (c¢) for (¢) and (d): 20 pum. Reproduced with permis-
sion from Bloch et al. 2005
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number of root hair mutants by collapsing the tip-focused calcium gradient (Preuss
et al. 2004, 2006). It is not entirely clear what membrane compartments RabA4b
marks at the root hair tip, but most likely these correspond to secretory compart-
ments budded off the TGN (Erik Nielsen, 2007, personal communication).

3.2 Membrane Fusion

Membranes are designed not to fuse but to remain separate, such that membrane-
bound cellular compartments remain distinct from each other in a cell. To achieve
membrane fusion, barriers to fusion must be overcome. Furthermore, vesicles and
target membranes must be matched. Early models of membrane fusion postulated
that a tag on the vesicle served as an address to be matched with the proper
address on the target membrane. The discovery of SNARE (soluble N-ethylmale-
imide-sensitive factor attachment protein receptor) proteins has endorsed this
model. SNARESs are coiled-coil membrane proteins with a highly conserved 60
amino acid SNARE motif next to the membrane anchor. The SNARE or cognate
pairing hypothesis suggests that pairs of SNAREs described as vesicle (v-)
SNARESs and target membrane (t-) SNAREs interact specifically to control and
mediate intracellular membrane fusion events, with a given v-SNARE being able
to form a complex only with a specific set of t-SNAREs (Mellman and Warren
2000). v-SNAREs have also been called VAMPs and a subset of t-SNAREs
syntaxins.

Very elegant experiments have shown that SNAREs are both necessary and
sufficient for membrane fusion. Animal cells expressing the interacting domains of
v- and t-SNARESs on the cell surface, for example, were found to fuse spontane-
ously (Hu et al. 2003). When SNARE molecules pair they form a four helix bundle
in which one helix is derived from a v-SNARE, one from a t-SNARE, and two
additional helices are provided by a protein referred to as SNAP25 (Fig. 3b, d).
Current models postulate that as unfolded SNARE proteins fold into a four helix
bundle, the free energy released is used to merge bilayers. In other words, protein
folding is thermodynamically coupled to membrane fusion (Hu et al. 2003).

The Arabidopsis genome encodes an unprecedented number of SNAREs
(Assaad 2001; Sanderfoot et al. 2000). It is therefore perhaps surprising that
none have thus far been shown to play a role in root hair morphogenesis. This
may be because the most expanded group of SNARES is in the plasma mem-
brane group, which would be the relevant group for the mediation of exocytosis
at the root hair tip. Phylogenetic analyses suggest that as a target membrane, the
plasma membrane is defined by at least five syntaxins, namely, SYP121,
SYP122, SYP123, SYP124, and SYP125, where SYP stands for syntaxin of
plants (Sanderfoot et al. 2000). SYP121 and SYP122 have been shown to reside
on the plasma membrane (Assaad et al. 2004; Collins et al. 2003), and the others
have as yet not been characterized. The syp/21 sypl22 double mutant is severely
dwarfed and necrotic (Assaad et al. 2004), showing that the two syntaxins are
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partially redundant. SYP122 plays a role in cell wall biogenesis, and the sypl21
sypl22 double mutant shows a complex change in cell wall composition, possi-
bly because of a defect in secretion, but a root hair defect has not been reported
(Assaad et al. 2004). Either the other plasma membrane syntaxins mediate exo-
cytosis at the root hair tip, or they are redundant with SYP121 and SYP122 in
this regard. It is also not clear which v-SNARES are required for root hair
morphogenesis, yet identifying such players would help us define the vesicles
involved in this process.

3.3 The Gating of Membrane Fusion

Although SNAREs are major determinants of specificity in membrane fusion
events, it is now recognized that SNARE interactions are promiscuous and cannot
alone account for the specificity we observe in membrane fusion events.
Furthermore, SNARE fusion is spontaneous, and one question is how fusion is
clamped until it is desirable. Recent studies have therefore focused on the regula-
tion and gating of SNARE interactions. Key regulators of membrane fusion include
Sec1/Muncl8, or SM proteins, discovered in both yeast and animal cells. X-ray
crystallography has shown that the larger Secl protein binds to syntaxins or t-
SNAREs and induces conformational changes in these proteins (Misura et al.
2000). In the case of mammalian cells, it is thought that the Secl binds to the syn-
taxin in its closed form and causes a conformational change to the open form. The
closed form being inaccessible for an interaction with a v-SNARE, the Secl plays
an important role in priming the SNARE interaction. Secl proteins are large, how-
ever, and in the tight complex they form with a syntaxin, they physically obstruct
contact with other SNARESs, thereby precluding membrane fusion (Fig. 3c). More
recent findings suggest that just as the Secl can bind the t-SNARE in its closed
form, so it can bind the SNARE pin, as these are both four helix bundles (see Fig.
3b, d). Current models suggest that the SM protein in fact accelerates SNARE-pin
assembly and membrane fusion but only for cognate SNARES, thereby enhancing
fusion specificity (Shen et al. 2007).

The Arabidopsis genome encodes six Secl proteins and one, KEULE, has been
shown to play a role in both root hair morphogenesis and cytokinesis (Assaad et al.
2001). Root hairs in keule mutants are severely stunted and branched. Compared to
root hair morphogenesis in other cytokinesis-defective seedlings, the phenotype of
keule root hairs is extreme, suggesting that it is not an indirect consequence of the
cytokinesis defect. By contrast, the reduced number and aberrant position of root
hairs at the basal end of keule seedlings are likely to be an indirect consequence of
the cytokinesis defect, as this defect impacts cell differentiation. KEULE has been
shown to have all the properties of a Secl protein, including syntaxin binding
(Assaad et al. 2001). The requirement of a Secl in root hair morphogenesis pro-
vides indirect evidence that SNARESs are involved, even though they have as yet not
been identified by mutation.
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3.4 The Role of Calcium in Membrane Fusion

As described by Bibikova and Gilroy (2008), calcium plays a critical role in root
hair morphogenesis. As regards membrane traffic, calcium may play an important
role in promoting membrane fusion at the root hair tip. Current models postulate
that docked vesicles fuse with their target membranes only if they are actively trig-
gered to do so. The trigger is widely accepted to be calcium (see Fig. 3c), and the
protein that transduces the calcium signal is likely to be synaptotagmin, which can
cause membrane curvature and thereby reduce the activation energy of membrane
fusion when triggered by a pulse of calcium (Martens et al. 2007). Although syn-
aptotagmin has homologues in Arabidopsis (Craxton 2001), their role in root hair
morphogenesis remains to be demonstrated.

3.5 Fidelity, Speed, and Efficiency in Membrane Fusion

The issue of fidelity in membrane fusion is one of how the right cargo is pack-
aged into the right vesicle and delivered to the right address. From vesicle budding
to membrane fusion, specificity is tightly regulated at each step. Key regulators
such as ARF and Rab GTPases and Secl proteins have all been shown to be
required for root hair morphogenesis. The missing players are the SNARESs them-
selves. Known players in membrane traffic during root hair tip growth tend to be
members of expanded families in plants, such as the ARFI or RabA/Rabl1 fami-
lies, implicated in Golgi body function or post-Golgi traffic. The plasma membrane
SNARE:s being the most expanded family of SNARES, it is likely that functional
redundancy has precluded their identification in the process of polarized exocytosis
during root hair tip growth.

As root hairs of Arabidopsis grow at a rate of 100 um h!, the issues of speed and
efficiency in membrane fusion are as important as the issue of fidelity. Speed in traf-
ficking is achieved by setting the process of vesicle fusion up until the docking stage,
and then triggering the fusion event at the right time at the right place. The tip-
focused calcium gradient may play an important role as a trigger for, and as a spatial
regulator of, membrane fusion. As regards efficiency, membrane recycling may play
an important role in conserving resources at the rapidly expanding tip.

4 The Establishment and Maintenance of Polarity

Having discussed the issues of fidelity and specificity in membrane fusion, I now
turn to polarity in exocytosis. In well-characterized models such as the yeast mating
cell, a hierarchy of steps is thought to be required for the establishment of polarity.
First, a site on the cell surface is selected by extrinsic or intrinsic cues. Second, this
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site is marked by the recruitment of lipid microdomains and the deposition of
landmark proteins. Third, cell polarity is established by the activation of small
GTPases, with Rho proteins being the major choreographers. Fourth, actin cables
are assembled in a polarized fashion, guiding post-Golgi vesicles to the site of cell
growth, and maintaining polarity (Bagnat and Simons 2002; Proszynski et al.
2006). The description of plasma membrane domains and their role in the establishment
of cellular polarity in plant systems is limited. One example that is well character-
ized at the cellular level, however, is the plant response to fungal infection. In this
instance, the fungal penetration peg provides a clear extrinsic cue that gives rise to
a cell wall domain, and subsequently to a plasma membrane domain characterized
by the localized expression of a plasma membrane t-SNARE and reminiscent of
lipid rafts (Assaad et al. 2004; Bhat et al. 2005; Bhat and Panstruga 2005). These
positional cues at the cell surface and plasma membrane orchestrate the polariza-
tion of the actin cytoskeleton and of the secretory apparatus that is required for the
plant’s defense response. A tentative flow chart of the events that might establish
and maintain polarity in root hair initiation and elongation is depicted in Fig. 5. 1
describe these steps here.

4.1 An Intrinsic Positional Cue

In contrast to straightforward examples of cellular polarity such as the yeast
mating cell or the plant response to fungal infection, in which the mating partner or
fungal pathogen provides a clear extrinsic cue at the cell surface, it is a priori not
intuitively clear how the root hair cell knows exactly where to position a hair along
its apical-basal axis. The hair cell’s ability to do so is referred to as the planar polar-
ity of root hair positioning. In the absence of an extrinsic cue, one needs to postu-
late the existence of an intrinsic one. The current model is that auxin levels in the
root hair cell might provide a positional cue (Fischer et al. 2006). The supporting
evidence, which is scant and indirect, is discussed by Lee and Cho (2008).

4.2 Lipid Rafts

Plasma membrane microdomains enriched in sterols or in phosphatidylinositol
phosphates may form in response to a positional cue and act as anchors that would
dock proteins to specific sites. In animal cells, such domains are referred to as lipid
rafts and are enriched in cholesterol (Bagnat and Simons 2002). A number of ster-
ols structurally related to cholesterol, the most abundant of which is sistosterol,
may form lipid rafts in plants. Lipid rafts form platforms for polarized protein
delivery and membrane compartmentalization. Different proteins such as GPI (gly-
cosylphosphatidylinositol)-anchored proteins specifically associate with lipid rafts
and are thus sorted or retained in a polarized fashion (Bagnat and Simons 2002;
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Intrinsic cue
Auxin?

v
Definition of a polarized plasma
membrane domain

v

ROP signaling
Polarization of Polarized secretion
actin cytoskeleton exocyst

i

Maintenance of polarity
PINs
ROPs

Rab GTPase and phosphatidylinositol signaling

Fig. 5 Tentative flow chart of the hierarchy of processes that establish and maintain polarity in
root hair initiation or tip growth. Dotted lines depict a process for which the evidence in the plant
literature on root hair morphogenesis is scant. It has been suggested that auxin acts as a potential
positional cue (Fischer et al. 2006). This would place auxin upstream of ROP signaling. How
auxin gradients could be translated into positional information is unclear. What is clear is that
positional information must be transmitted to a domain on the plasma membrane that recruits ROP
proteins in a polarized fashion. Whether auxin is the intrinsic positional cue, and whether it binds
unknown receptors that allow it to act at the plasma membrane is unclear. Evidence for a potential
action of auxin upstream of lipid signaling is indirect and is limited to the analysis of a sterol
mutant (Willemsen et al. 2003). For references and details see text

Wachtler and Balasubramanian 2006). An interesting mutant in this context is the
orc mutant, also called cephalopod or smt1°*. The orc mutation, identified as a sin-
gle recessive allele in a large-scale screen for root development mutants, represents
an allele of the STEROL METHYLTRANSFERASE] gene, which is required for
appropriate sterol levels and catalyzes an alkylation step during sterol biosynthesis
(Willemsen et al. 2003). The initiation of root hairs in sm¢/° mutants is rand-
omized over the apical-basal axis, showing that sterols contribute to positional
information during the determination of the root hair initiation site (Willemsen
et al. 2003).

Application of exogenous auxin to smt/°* mutants partially rescues the root hair
phenotype, and applying similar concentrations of auxin to wild-type trichoblasts
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shifts root hairs to the basal end of the cell. SMT1 has been shown to be required
for the polar localization of the putative auxin efflux carriers PIN1 and PIN3 at the
plasma membrane (Willemsen et al. 2003). These data are reminiscent of a muta-
tion in the yeast homolog ERG6, which enhances ergosterol levels and leads to the
mislocalization of proteins that normally are polarized (Bagnat and Simons 2002).
A careful analysis of smt/°* mutants with the help of double mutant analysis and
drug studies suggest that the primary defect in these mutants is one of cellular
polarity. The developmental defects of smz/° mutants could be a secondary conse-
quence of the mislocalization of PIN proteins (Willemsen et al. 2003). PIN proteins
mark polarity changes but do not necessarily cause them, such that the available
data are not inconsistent with a role for auxin as an intrinsic cue upstream of lipid
rafts. Sterols are not the only components of lipid rafts, nor the only lipids that dis-
tribute asymmetrically within the lipid bilayer of the plasma membrane. As dis-
cussed by Ayoma (2008), phospholipid signaling is also thought to convey
positional information in the context of root hair initiation and tip growth.

4.3 ROP Signaling

Plant Rho proteins are referred to as ROPs for RHO proteins of plants, and they
are the master choreographers of polarized growth throughout root hair morpho-
genesis. In plants, ROP proteins are sometimes referred to as RAC proteins. An
asymmetric distribution of ROP proteins at the sites of root hair initiation is one of
the first visualized landmarks of polarity in root hair morphogenesis. The
Arabidopsis genome encodes 11 ROP GTPases, of which four have been shown to
affect root hair initiation and tip growth, as discussed by Zarsky and Fowler (2008).
In the case of Rac10/Ropl1 (Table 1, Fig. 4c, d), a role in membrane recycling at
the root tip has been shown, and this may be independent of the well-documented
role of ROP GTPases on the actin cytoskeleton. In mammalian cells, sterol-enriched
microdomains target Rho GTPases to specific sites on the plasma membrane
(Palazzo et al. 2004). While the randomized position of root hairs in sm#/° mutants
is consistent with a role for microdomains enriched in sterols upstream of ROP sig-
naling, ROP localization has not been studied directly in these mutants, and the
evidence for this in plants is scant.

In Fig. 5 we suggest that auxin, as a potential positional cue, acts upstream of ROP
signaling. How this might happen, and how auxin gradients could be translated into
positional information are unclear. What is clear is that positional information must
be transmitted to a domain on the plasma membrane that recruits ROP proteins in a
polarized fashion. Whether auxin is the intrinsic positional cue, and whether it binds
unknown receptors that allow it to act at the plasma membrane are unclear. For details
on the role of auxin, see Lee and Cho (2008). The role of ROP proteins on the actin
cytoskeleton, tip-focused calcium gradient, reactive oxygen species, and phospholi-
pid signaling is reviewed by Zarsky and Fowler (2008). In what follows, I describe
how Rho/ROP proteins polarize the exocytotic apparatus.



80 FF. Assaad

4.4 The Exocyst

Root hair morphogenesis requires polarized exocytosis. This means that the
machinery for exocytosis needs to assemble at the tip of the root hair, as opposed
to being evenly distributed along the entire plasma membrane of the hair cell. How
does this occur? And how is polarity established? Experiments in animals and yeast
have shown that the exocyst complex mediates polarized exocytosis, in that it marks
designated sites on the plasma membrane and tethers vesicles to these sites. The
exocyst consists of eight components (Sec3, Sec5, Sec6, Sec8, Secl0, Secl5,
Ex070, and Exo84). The Sec3 subunit has been proposed to represent a spatial
landmark for polarized secretion in yeast (Guo et al. 2001). This is on the basis of
the observation that its localization to sites of exocytosis is independent of actin, of
membrane flux through the secretory pathway, and of the other exocyst subunits
(Guo et al. 2001). These data point to the existence of spatial landmarks at the
plasma membrane that are independent of, and that occur presumably prior to, the
polarization of exocytosis and of the actin cytoskeleton. This poses the question as
to what regulates the polarized localization of Sec3 at the plasma membrane. In
yeast, a screen for mutants in which Sec3 was mislocalized identified certain rhol
mutant alleles (Guo et al. 2001). Sec3 interacts directly with Rhol in its GTP-
bound form, and functional Rhol is needed both to establish and to maintain the
polarized localization of Sec3. Sec3 is not the only mediator of the effect of Rhol
on the exocyst, because some members of the complex are correctly targeted inde-
pendently of the interaction between Rhol and Sec3 (Guo et al. 2001). These
results reveal the action of parallel pathways for the polarized localization of the
exocytic machinery, and uncouple the role of Rho proteins on vesicle traffic from
their role on the actin cytoskeleton.

The importance of the exocyst in root hair morphogenesis can be seen in the
maize roothairless 1 (rthl) mutant, in which root hairs fail to elongate (Wen et al.
2005). The RTH1 gene encodes the exocyst subunit Sec3 (Wen et al. 2005). In plant
and animal cells, Sec3 homologues lack the Rho-interaction domain, and recent
experiments suggest that in plants Rho proteins recruit the Sec3 subunit through an
effector protein that acts as a scaffold (Lavy et al. 2007). In animal cells, Exo70
rather than Sec3 is thought to be responsible for the assembly of the exocyst at the
plasma membrane. It is interesting to note that there are at least 22 Exo70 subunits
in Arabidopsis, compared with 3 in humans (Lavy et al. 2007) and one, AtEXO70A1,
is required for root hair tip growth (Synek et al. 2006). For more details about the
exocyst, see Zarsky and Fowler (2008).

4.5 The Maintenance of Polarity

At each step in the establishment of polarity, it is easy to see how polarity, once
established, can perpetrate itself. Also, the trafficking apparatus is, at least as far as
maintenance is concerned, implicated in each step of the polarization process.
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4.5.1 Auxin

Trafficking mutants such as arfl, rpa, and gnom, all involved in vesicle budding
and cargo selection, impact auxin transport and have root hair phenotypes (for ref-
erences, see Table 1 and Sect. 3.1.1). This shows that membrane traffic is required
to maintain auxin levels in the root hair cell and at the growing tip. Either as a sec-
ondary consequence of a defect in auxin flux, or because vesicle budding is directly
required for the maintenance of polarity, ROP proteins are mislocalized in GTP- or
GDP-locked arfl mutants (Xu and Scheres 2005; see earlier text).

4.5.2 Lipid Rafts

In the example of lipid rafts, while I suggest that these act downstream of auxin,
I also cite evidence that they are required for the polarized localization of PIN pro-
teins, which would in turn help maintain auxin levels in the root hair. The compart-
mentalization of raft and nonraft membrane domains could start as early as the ER
because raft association starts there and, after exit from the Golgi body, sorts in a
polar fashion to the plasma membrane. In summary, whereas lipid rafts appear to
be required for the correct positioning of Rho proteins, thereby orchestrating polar-
ized exocytosis, their maintenance and dynamics might in turn depend on a certain
degree of polarity in post-Golgi traffic to the plasma membrane.

4.5.3 Rab GTPases

In addition to their prominent role in tethering, Rab GTPases have been implicated
in each step in membrane traffic, from vesicle formation to membrane fusion
(Grosshans et al. 2006). Rab proteins act by recruiting a large number of cytosolic
effector proteins. The exocyst, for example, is one of many Rab effectors in both
yeast and mammalian cells. The current view is that Rabs, in coordination with Rho
proteins (ROPs in plants), regulate vesicle tethering by promoting rearrangements
within, or assembly of, the exocyst complex (Grosshans et al. 2006). An important
example in the context of root hair morphogenesis is the recruitment of a phosphati-
dylinostol kinase by RabA4b (Preuss et al. 2006). A yeast two hybrid screen with
activated RabA4b has identified a phosphatidylinostol kinase (PI-4K[p1) and the
interaction has been confirmed and corroborated by colocalization studies (Preuss
et al. 2006). PI-4K[31 was also shown to interact with a calcium sensor by yeast two
hybrid analysis. It has therefore been postulated that Rab GTPases could integrate
membrane traffic, phosphatidylinostol signaling, and the perception of a tip-focused
calcium (Preuss et al. 2006). Although no mutant phenotype has been reported for
RabA4b insertion mutants, double mutants between PI-4KB1 and its close relative
PI-4KP2 have both defective root hair morphology and aberrant RabA4b-labeled
membrane compartments (Preuss et al. 2006). In the pi-4Kf1/32 double mutants,
root hairs are shorter than in the wild-type and often abnormal, but no reduction in
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root hair number has been reported (Preuss et al. 2006). This phenotype is consist-
ent with a defect in tip growth rather than root hair initiation, and would point to a
role for phosphatidylinostol signaling in the maintenance of rather than in the estab-
lishment of polarity. The delivery of phosphatidylinostol 4-OH kinase to the tip of
the root hair would lead to the enrichment of PI-4P at the tip and thus play a role
in the maintenance of polarity.

5 Open Questions and Conclusions

In conclusion, I have outlined in this chapter a series of steps in membrane traffic
that are based on a vast and sophisticated yeast and mammalian literature. Two
lines of evidence suggest that the fundamental mechanisms I describe are con-
served across kingdoms. First, all the players mentioned are found in the plant
genome. Second, molecular genetic, localization and protein interaction studies
have shown that the key regulators are required for root hair morphogenesis.

An important question remains the establishment and maintenance of polarity,
and the signaling upstream of ROP GTPases that determine how ROP action is
confined to a polarized region at the plasma membrane at the very onset of and
throughout root hair morphogenesis. What is the initial positional cue and how is it
encoded, interpreted, and transduced? With respect to trafficking, we also need to
define the potential role of calcium in promoting exocytosis at the root hair tip. The
nature of the vesicles and of their cargo needs to be addressed by identifying the v-
SNARESs and further Rab GTPases that ensure specificity in membrane traffic. We
also need to identify the t-SNARES that define the plasma membrane as the target
membrane in exocytosis. Although the predominant trafficking event in root hair
morphogenesis is polarized exocytosis, the importance of ER to Golgi traffic, of
endocytosis and of vacuolar enlargement should not be neglected. In spite of all the
gaps in our knowledge, the root hair is evolving as one of the best systems for our
understanding of polarized secretion in plants.
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Plant Cell Wall Biogenesis During Tip Growth
in Root Hair Cells

E. Nielsen

Abstract In plants, cells are surrounded by a rigid cell wall, which restricts
changes in cell shape and size; therefore, polarized secretion and deposition of
cell wall components take on a particular importance during plant growth and
development. In recent years, significant advances have been made in discovering
and characterizing enzymes and proteins involved in the synthesis of many of the
main cell wall polysaccharides. However, despite these advances little is known of
the membrane-trafficking pathways responsible for polarized secretion in plants,
and how the specific delivery of cell wall components to regions of cell expansion
is controlled. In root hair cells, the majority of new cell wall deposition occurs in
a highly polarized manner at the expanding tips of these cells. Additionally, rein-
forcement of the cell wall and deposition of secondary cell wall components occur
selectively in the more distal portions of the root hair cell. In this chapter we will
discuss some of the major classes of polysaccharides and structural proteins that
are found in plant cell walls and relevant evidence for their selective deposition and
function during plant cell wall biogenesis during root hair tip growth.

1 Introduction: Plant Cell Walls and Tip Growth

In plants, cell shape is defined by the cell wall, and changes in cell shape and size
are dictated by the ability to modify existing cell walls or deposit newly synthesized
cell wall material (reviewed in Cosgrove 2005). In root hair cells this cellular
expansion is highly unidirectional and restricted to the tip of the growing hair. This
specific type of cellular expansion is termed tip growth, and this process is shared
by root hairs, pollen tubes, fungal hyphae, and apical cells in filamentous algae and
lower plants. Tip growth differs from diffuse, also called intercalary, growth, a form
of cell expansion that occurs in most other plant tissues. In diffuse growth, cellular
expansion occurs along the entire face of one or more sides of the cell, whereas in
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tip growth expansion is limited to a single region of the cell wall. Additionally, in
diffuse growth expansion of the cell wall is often highly anisotropic, or directional,
and the axis of expansion is linked transversely to the orientation of cellulose
microfibrils deposited in the cell wall (reviewed in Baskin 2005). However, in tip-
growing root hairs, expansion at the tip of the root hair is isotropic and there is no
obvious directionality to the orientation of the cellulose microfibrils in this region
of the root hair cell (Emons 1989). As a result, the longitudinal expansion that
occurs at the tip of the root hair is a result of the shape of the dome and does not
appear to be limited by cellulose microfibril orientation in the cell wall (Dumais
et al. 2004; Shaw et al. 2000).

In Arabidopsis, once root-hair-forming epidermal cells cease expanding in the
direction of root growth, they initiate a bulge at the end of the cell nearest the root
meristem. The bulge transitions to tip-restricted expansion and a root hair of uni-
form diameter (~10 um) grows out to lengths of up to a millimeter (reviewed in
Carol and Dolan 2006). This transition to tip-restricted growth is accompanied by
a localized accumulation of ROP GTPases in the plasma membrane of the bulge
(Jones et al. 2002), and action of RHD2, an NADPH oxidase, results in a localized
reactive oxygen species accumulation (Foreman et al. 2003). The localized accu-
mulation of reactive oxygen species leads ultimately to activation of calcium chan-
nels and establishment of localized increase in cytosolic calcium concentration
[Ca®]_ (Schiefelbein et al. 1993; Wymer et al. 1997). During tip growth, localized
cell wall deposition occurs through an accumulation of secretory vesicles contain-
ing cell wall components in a vesicle-rich zone (VRZ) directly beneath the expand-
ing root hair tip (Dolan 2001). As the root hair grows, both the VRZ (Fig. 1) and
the increase in [Ca®*]_are maintained directly behind the growing tip (Dolan 2001).
Behind the VRZ is a subapical region rich in Golgi bodies, plastids, mitochondria,
and other organelles, which is maintained until growth ceases in the mature root
hair (Fig. 1). Once expansion has ceased, the tip-focused [Ca*]_gradient dissipates,
and the vacuole migrates into the tip, displacing the subapical cytoplasm-rich
region (Miller et al. 1997).

Plasma Subapical
Cell Wall Membrane Region Rich

Vacuole

Microtubules Actin Filaments Golgi Mito P1-4,5P2

Y

Increasing Ca?*

Fig. 1 A root hair cell
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During tip-restricted growth, accurate delivery of membranes and new cell wall
components is required for proper deposition of newly synthesized cellulose and
delivery of hemicellulose polysaccharides and cell wall proteins. This is accom-
plished by polarized accumulation and fusion of secretory vesicles in the VRZ.
While the nature of these secretory vesicles is still incompletely understood, they
have previously been shown to contain hemicellulosic polysaccharides destined for
the cell wall (Sherrier and VandenBosch 1994). More recently, RABA4B, a member
of the RabA subfamily of Rab GTPases, has been shown to localize to vesicles that
emerge from plant frans-Golgi network membranes and preferentially accumulate
in the VRZ in growing root hairs (Preuss et al. 2004, 2006). Further, by immunoe-
lectron microscopy, RabA4b-labeled vesicles from root meristem cells were labeled
with monoclonal antibodies that recognize xyloglucan (Fig.2), indicating that
RabA4b-labeled vesicles represent at least one population of secretory vesicles
involved in delivering newly synthesized cell wall materials to the growing plant
cell walls.

Fig. 2 Immunolocalization of RabA4b compartments xyloglucan polysaccharides. High-pressure
frozen/freeze-substituted root tip cells from wild-type A. thaliana stably expressing EYFP-
RabA4b were processed for immunoelectron microscopy analysis using affinity-purified anti-
RabA4b antibodies (15 nm gold particles) and monoclonal anti-CCRC-M1 antibodies (5 nm gold
particles). Anti-RabA4blabeled compartments specifically labeled tubular and vesicular elements
(arrows) that were often in proximity to the trans-side of Golgi profiles (G). CCRC-M1 antibodies
specifically label terminally fucosylated xyloglucan
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2 Synthesis and Delivery of Cell Wall Components in Plants

Plant cell walls are composed of cellulose microfibrils embedded in a matrix of hemi-
celluloses and pectin (Cosgrove 1999). Synthesis of cellulose occurs at the plasma
membrane of plant cells where microfibrils emerge from integral membrane complexes,
termed rosette terminal complexes (Emons and Mulder 2000). These “rosette com-
plexes” extrude the crystalline cellulose microfibril from the cell surface where they are
incorporated into the expanding cell wall. In cells undergoing polarized growth, these
“rosettes” were observed concentrated at the tips of Adiantum protonema filaments and
in root hairs of Equisetum hyemale, and upon cessation of growth they rapidly disap-
peared from that location (Emons 1985; Schnepf et al. 1985; Wada and Staehelin 1981).
These rosettes contain the catalytic subunit of cellulose synthase (Kimura et al. 1999),
and have also been observed in Golgi cisternae and secretory vesicles (Haigler and
Brown 1986). This distribution was interpreted as evidence that cellulose synthase
complexes were delivered to the plasma membrane via membrane-trafficking interme-
diates (Emons and Mulder 2000). Interestingly, even though cellulose synthases local-
ize to the plasma membrane, they do not have signal sequences characteristic of proteins
entering the secretory pathway (Richmond and Somerville 2001). At present the
membrane trafficking pathways responsible for the assembly and delivery of these
complexes to the plasma membrane remain uncharacterized.

On the other hand, pectins and hemicellulosic polysaccharides are synthesized
in the Golgi complex and then packaged into secretory vesicles for delivery to the
plasma membrane via membrane trafficking. Incompletely characterized families
of glycan synthases and glycosyltransferases synthesize noncellulosic polysaccha-
rides (e.g., xyloglucan and pectin) and modify the sugar side chains of plant glyco-
proteins in plant Golgi complexes (Perrin et al. 2001). These cell wall components
are then delivered via vesicle secretion to the plasma membrane for incorporation
into the cell wall. Once released into the extracellular space, these components are
incorporated into the cell wall by physical interactions or by cross-linking mecha-
nisms of either chemical or enzymatic nature. Clearly, control and organization of
plant membrane trafficking pathways must play critical roles during biogenesis and
delivery of both cellulosic and noncellulosic components of plant cell walls.
Additionally, cellulose synthases as well as several classes of cell wall proteins,
such as arabinoglycan proteins, enter into the secretory pathway and are modified
in the Golgi complex prior to delivery to the plasma membrane via membrane traf-
ficking. So while the site of synthesis of these two classes of cell wall polysaccha-
rides is distinct, both likely depend on proper sorting and targeting by
membrane-trafficking events in order for proper cell wall deposition to occur.

3 Tip Growth: Cell Wall Deposition vs. Cell Wall Expansion

An important distinction during the consideration of cell wall deposition during tip-
restricted growth in root hairs is that although cell wall deposition is clearly linked to
cell expansion in the tip of the cell, continued cell wall deposition occurs in the
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nonexpanding tube of the root hair as well. Typically, cell wall deposition that occurs
distal to the growing tip is considered secondary cell wall deposition (as these cell
walls are no longer expanding), and it is likely that the components targeted to this
region are distinct from those delivered to the expanding tip of the cell. Indeed, while
cellulose microfibrils are deposited with random orientation at the tips of root hairs
(Emons 1989), most studies indicated that microfibril deposition transitions from ran-
domly oriented to axially-, helically-, or helicoidally oriented microfibril arrays in the
more distal regions of the root hair tube (Emons and van Maaren 1987). Additionally,
when cell walls of root hair cells were examined with monoclonal antibodies, CCRC-
M1 antibodies, which recognized terminally fucosylated glycans (including xylo-
glucan and arabinogalactan), could be found throughout the cell wall, while
CCRC-M2, which recognizes rhamnogalacturonan I (RGI), was restricted to the inner
layers of the cell wall. CCRC-M7, which recognizes a arabinosyl (1 — 6)-linked
[B-galactan epitope, was observed only at the plasma membrane and the innermost
layer of the cell wall in root hair cells (Freshour et al. 1996). This implies that compo-
nents deposited in the primary cell wall differ from those incorporated at later periods
during secondary cell wall deposition. Alternatively, these differences may simply be
the result of masking of the reactive cell wall epitopes that these monoclonal antibod-
ies recognize. However, this would still imply differences in the successive layers of
the cell wall. Supporting evidence that cell wall components in tip-growing cells are
altered over time comes from observed changes in the pectic wall components in
Physcomitrella patens, in particular the monoclonal antibody LM6 specifically
labeled walls at the apex of the protonemal cell, a position at which tip-restricted
growth occurs (Lee et al. 2005). LM6 specifically recognizes arabinan side chains on
pectin, suggesting that either root hair cell wall pectin is modified in more distal
regions of the root hair tubes, or this epitope is masked by other cell wall components.
Although similar studies have not yet been published in higher plants, treatment of
tomato seedlings with B-Yariv’s reagent, which binds to and interferes with pectic cell
wall components and arabinoglycan proteins, results in reduced root hair initiation
(Lu et al. 2001). Taken together, these observations highlight the likelihood that
although cell wall deposition and the associated expansion in the root hair primarily
occurs in the expanding tip, the additional cell wall deposition and modification of cell
wall components occur at more distal regions of the root hair cell as well.

4 Cellulose Biosynthesis: Cellulose Synthases

In plants cellulose is the most abundant polymer in primary and secondary cell
walls. In root hairs, the apex of the root hair cell contains only a thin primary cellu-
lose cell wall for the first 20-30 um of the root hair, at which point secondary cellu-
lose layers are deposited (Galway et al. 1997; Newcomb and Bonnett 1965). In
plants, cellulose is extruded from a plasma-membrane-localized complex consist-
ing of at least three cellulose synthase subunits. Initially, cellulose synthase genes
(CesA) were identified in bacteria (Aloni et al. 1982; Matthysse et al. 1995; Saxena
et al. 1990), and then putative plant CesA genes were isolated from cotton fibers
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based on sequence similarity to the bacterial sequences and in vitro glycosyltrans-
ferase activity (Pear et al. 1996). In A. thaliana the mutant radial swollen 1 (RSW1)
was identified to be a CESA protein (CESA) by mutational analysis (Arioli et al.
1998). Subsequently, A. thaliana has been shown to contain ten CESA genes, of
which at least three — CESAI, CESA3, and CESAG, are required for formation of a
functional cellulose-synthesizing complex during primary cell wall formation
(Scheible and Pauly 2004). Further secondary cellulose cell wall synthesis utilizes
separate sets of genes, with CESA4, CESA7, and CESAS being required for second-
ary cell wall formation (Taylor et al. 2003). A single crystalline cellulose microfi-
bril itself consists of a number of individual (I — 4)-linked B-D-glucan polymers
associated with one another by hydrogen bond linkages. Therefore, current models
propose that the rosette complexes that produce cellulose microfibrils for primary
and secondary cell wall synthesis are composed of six hexameric CesA complexes
capable of synthesizing up to 36 individual (1 — 4)-linked -p-glucan polymers.

The requirement for cellulose synthesis during tip growth can be shown by treat-
ing root hair cells with 2,6-dichlorobenzonitrile, a cellulose synthesis inhibitor,
which causes elongating root hairs to burst rather than expand (Carol and Dolan
2002; Favery et al. 2001). Further, rsw/ mutants containing a temperature-sensitive
form of CESAI display radial swelling in all root tissues, including root hair epi-
dermal cells, at nonpermissive temperatures (Williamson et al. 2001). Alternatively,
in prcl mutants, which have defective CESAG6, root hairs elongated properly but
often displayed abnormal bulging at the base of the hair, suggesting that loss of this
cellulose synthase subunit did not markedly affect tip growth (Desnos et al. 1996;
Fagard et al. 2000). Together, these results indicate that the ability to deposit cellu-
lose is required for root hair growth, but that mutations in different subunits of the
cellulose synthase complex have different effects on tip expansion. Of particular
interest is the observation that CESAI (RSW1) appears absolutely necessary for root
hair tip growth, whereas CESA6 (PRCI) is dispensable. Recent findings have
shown that CESAI and CESA3 subunits are required for proper formation of higher
order cellulose synthase complexes, but that CesA6 is not and can be replaced with
either CesA2 or CesAS5 (Desprez et al. 2007). It is therefore possible that the lack
of root hair phenotype in prc/ mutants is simply due to redundancy with other
CesA subunits, although the presence of cellulose synthase complexes with distinct
subunit compositions also cannot be excluded. Clearly it will be interesting to
determine whether cellulose synthase complexes containing these subunits are
present in root hair cells and to what extent they participate in root hair tip growth
vs. secondary cell wall deposition in the distal portions of root hair tubes.

5 Cellulose-Synthase-Like Proteins

The CESA cellulose synthases belong to a larger superfamily of proteins called
cellulose-synthase-like (CSL) genes, which are in turn subdivided into eight
subfamilies CSLA-CSLH (Richmond and Somerville 2000). Because many of the
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hemicellulose and pectin polysaccharides also contain B-D-linked glycan polymers, it
is thought that members of the CSL gene families may provide the glycan synthase
activities necessary for the production of the glycan backbones of a number of these
cell wall polymers (e.g., xyloglucan, xylan, mannan, and glucomannan). Indeed,
recent studies have shown that members of the CSLA gene family are responsible for
synthesis of mannans and galactomannans (Dhugga et al. 2004; Liepman et al. 2005).
Additionally, members of the CSLF gene family are only found in cereals, and these
have been shown to be required for synthesis of the mixed linkage (1—3;1—4)--b-
glucan polymers characteristic of the cell walls of grasses (Burton et al. 2006).

Intriguingly, in A. thaliana the KJK mutant was discovered to encode a member
of the CSLD family (CSLD3; Favery et al. 2001; Wang et al. 2001). OSCSLDI was
also shown to be necessary for proper root hair elongation in rice. It was expressed
exclusively in root hairs, and in fact was the only member of four OSCSLD genes
to be expressed in roots (Kim et al. 2007). Because the CSLD subfamily is most
closely related to CESA, it was proposed that CSLD may participate in cellulose
synthesis in the root hair cell, which would be consistent as kjk mutant root hairs
often burst in a similar fashion as cells treated with the cellulose-synthase inhibitor
2,6-dichlorobenzonitrile (Carol and Dolan 2006). However, fluorescently tagged
CSLD3 was shown to reside on internal membranes, possibly the ER, a localization
that would not match with a cellulose synthase activity in root hair plasma mem-
branes. In addition, a recent study showed that ATCSLD5 knock-out plants had
lower accumulation of xylans in stems and reduced levels of xylan and homogalac-
turonan synthase activities (Bernal et al. 2007). Whether the CslD3 fluorescent
fusions would localize properly has been called into question as chimeric CesA
protein fusions have now been shown to only be functional when fusions are made
at the amino-terminal end of the CesA protein (Wang et al. 2006). Indeed, AtCsID5
and AtCslD3 were both shown to mislocalize to the ER when fused with YFP at its
carboxyl-terminal end. However, upon transferal of the fusion to the amino-termi-
nal end, these two proteins localized to Golgi compartments when transiently
expressed in Nicotiana benthamiana cells (Bernal et al. 2007). Clearly the question
of CSLD3 function in root hair cell wall biosynthesis cannot be answered until we
know more about the function of this class of proteins.

6 Xyloglucan Synthesis and Remodeling

A major hemicellulose polysaccharide in primary cell walls is xyloglucan, which is
thought to cross-link cellulose microfibrils either via direct linkage or indirectly
(reviewed in Cosgrove 2005). This cross-linking role during cell enlargement has
been confirmed by experiments in which plants are treated with auxin, which
results in rapid breakdown of xyloglucan and associated cellular expansion.
Further, when isolated plant cell walls were treated with an endoglucanase that
degrades xyloglucan, the cell walls could be induced to expand (Yuan et al. 2001).
As a result, regulation of xyloglucan deposition and control of its degradation or
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remodeling likely play important roles during the initial cell wall bulge formation
and in regulating the shape of the root hair during tip-restricted expansion.
Immunofluorescence labeling of A. thaliana seedlings with monoclonal CCRC-M1
antibodies that recognize terminally fucosylated xyloglucan normally labels both
root hair cells and non-root-hair epidermal cells. In murI mutants, initially isolated
by their lack of fucose accumulation in aerial tissues, root tissues contain only
~40% of the levels of fucose in wild-type roots (Reiter et al. 1993). In murl seed-
lings, only elongating root hair cells were strongly labeled with CCRC-M1, and not
the cell walls in the body of the root hair cell (Freshour et al. 2003).

First evidence for a direct role of xyloglucan in root hair growth was uncovered
by the cloning of the root hair defective mutant rhAdl. RHDI was identified as a
UDP-p-glucose 4-epimerase, which is responsible for conversion of UDP-D-glu-
cose into UDP-D-galactose. Loss of RHD] activity resulted in impaired accumula-
tion of galactosylated xyloglucan, as well as arabinosylated (1—6) -D-galactan
(Seifert et al. 2002). This in turn results in root epidermal cell bulging, including
root hair cells. Because impaired production of UDP-D-galactose may affect bio-
synthesis of multiple polysaccharides, as well as arabinogalactan proteins, it was
initially unclear which of these was ultimately responsible for root hair bulging
(Andeme-Onzighi et al. 2002). More recent work on REBI, which is allelic to
RHDI, has indicated that loss of REBI/RHD] function specifically alters the insol-
uble pool of xyloglucan and arabinoglycan proteins, but that the galactose-contain-
ing polysaccharides rhamnogalacturonan I and I remain unchanged (Nguema-Ona
et al. 2006). The authors speculate that different forms of UDP-D-glucose 4-epime-
rase may function to provide distinct UDP-D-galactose pools which are incorpo-
rated into separate classes of polysaccharides.

Additional evidence that biosynthesis of xyloglucan is required for proper root
hair expansion has recently been demonstrated in studies of two putative xyloglu-
can xylosyltransferase enzymes, AzXT1 and AtXT2 (Cavalier and Keegstra 2006;
Faik et al. 2002). When expressed in insect cells, these xylosyltransferases have
been shown to catalyze the addition of xylose to either cellopentaose or cellohexa-
ose to produce xyloglucan-like oligosaccharides. Interestingly, A. thaliana plants in
which both of these genes are knocked out lack detectable xyloglucan and display
shortened and bulged root hairs (Cavalier, Lerouxel, and Keegstra, personal
communication), further indicating the essential role of xyloglucan cell wall
components in root hair growth.

Control of xyloglucan remodeling also appears to play important roles in root hair
tip growth. Once newly synthesized xyloglucan polysaccharides are delivered to the
plasma membrane via secretion, they must be incorporated into the existing network
of cellulose cross-linked to xyloglucan. Integration into this network is thought to be
mediated by a family of xyloglucan endotransglycosylases (XTH). These enzymes
both hydrolyze xyloglucan 3-glucan backbone chains and then also rejoin free ends
of other xyloglucan chains (Nishitani and Tominaga 1992; Purugganan et al. 1997;
Steele et al. 2001). By using fluorescently labeled xyloglucan oligosaccharides, it is
possible to observe spatially where XTH activity is present in plant cell walls (Ito and
Nishitani 1999). In root hairs, initial bulge formation was shown to be associated with
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a localized increase in XTH activity (Vissenberg et al. 2001). Interestingly, while
bulge initiation required XTH activity, tip-restricted growth did not appear to require
its maintenance. Furthermore, while XTH activity was present in more distal portions
of the root hair tube, this did not appear to play a role in expansion but possibly in
cell wall reinforcement (Vissenberg et al. 2001). These results highlight the necessity
not only for the presence of xyloglucan but also for the proper control of xyloglucan
remodeling as well during root hair growth and expansion.

7 Pectins

Pectins generally refer to a collection of heterogeneous polysaccharides that are
easily extracted from cell wall preparations, and which are present in primary cell
walls but absent or significantly reduced in secondary cell walls (Mohnen 1999).
These complex polysaccharides may contain as many of 17 distinct monosaccha-
rides, but generally can be defined by a high content of galacturonic acid (Willats
et al. 2001). There are four main classes of pectic polysaccharides — homogalac-
turonan (HGA), rhamnogalacturonan I (RGI), rhamnogalacturonan II (RGII), and
xylogalacturonan (reviewed in Cosgrove 2005; Willats et al. 2001). These pectic
polysaccharides probably play distinct roles during primary plant cell wall deposi-
tion, and their modification likely alters cell wall characteristics. As a result
deposition and modification of pectic polysaccharides likely also play important
roles during tip growth in root hairs as well.

One of the major characteristics of HGA is its ability to form gels in complex
with calcium ions. This calcium cross-linking and gel formation is probably essen-
tial for determining cell wall integrity and its physical characteristics (Jarvis 1984,
1992). During its synthesis in the Golgi, HGA is methyl esterified and is delivered
to the plasma membrane in a highly (70-80%) methyl-esterified form. In this form
it is unable to bind calcium ions and therefore unable to integrate into a pectin gel
matrix. As a result, pectin deesterification is an important aspect determining cell
wall characteristics. In tip-growing cells, continuous delivery of new cell wall com-
ponents to the cell apex results in highly methyl-esterified HGA being localized to
the tips of these cells. Pectin methyl esterases (PME) then remove the methyl
groups, thus altering the physical characteristics of HGA. Although the actions of
PME:s have not been extensively studied in root hairs, actions of these PMEs are
known to be key regulators of pollen tip growth. Vanguard 1 (VGDI) is a PME-like
protein expressed specifically in pollen, and in vgd/ mutants pollen germinates
normally but grows much more slowly and bursts much more readily than wild-
type pollen (Jiang et al. 2005). Further, exogenous treatment of lily and tobacco
pollen tubes with purified PME preparations resulted in inhibition of pollen tube
elongation (Bosch et al. 2005). Interestingly, while overexpression of the PME
domain alone of NtPPME]I resulted in inhibition of tobacco pollen tube growth,
expression of the full NtPPME] gene did not (Bosch et al. 2005), and antisense
inhibition of NtPPME] accumulation also resulted in inhibition of tobacco pollen
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tube growth (Bosch and Hepler 2006). These results have been interpreted to indi-
cate that PME activity is tightly regulated by both intramolecular domains, as well
as being influenced by local pH and possibly by a class of small proteins termed
pectin methylesterase inhibitors, or PMEI proteins (Di Matteo et al. 2005; reviewed
in Bosch and Hepler 2005). Clearly, PMEs play important roles in pollen tube
elongation; whether they play similar roles in root hair elongation remains to be
determined.

Evidence for an important role of RGI and RGII in root hair expansion comes from
an analysis of suppressor mutants that restore normal root hair morphology in a root hair
developmental mutant /rx/. LRXI encodes an LRR (leucine-rich repeat)-extensin pro-
tein that is exclusively expressed in root hair epidermal cells, and /rx/ mutants have
short, irregular and sometimes branched root hair morphologies (Baumberger et al.
2001). Mutation of RHM 1, which converts UDP-D-glucose to UDP-L-rhamnose (Oka
et al. 2007; Reiter and Vanzin 2001), was sufficient to suppress the /rx/ phenotype (Diet
et al. 2006). In rhm1 mutants, levels of 2-O-methyl-L-fucose and 2-O-methyl-D-xylose,
which are specific markers for RGII, were reduced. Monoclonal antibodies specific to
RGI showed reduced levels of accumulation in the riml mutant as well (Diet et al.
2006). These results suggest that the /rx/ root hair defects are suppressed by alterations
in the rhamnogalacturonan pectic polysaccharides.

8 Structural Cell Wall Proteins

Expansin proteins were initially identified in studies of “acid-growth” during cell
wall expansion (Cosgrove and Li 1993; McQueen-Mason et al. 1992). Typically
expanding cells maintain a cell wall pH between 4.5 and 6, which activates expansin
activity. This rapid cell wall enlargement is mostly a result of the actions of wall-
loosening enzymes, of which expansins are probably the dominant form (reviewed
in Cosgrove et al. 2002). Expansins, which are subdivided into two subfamilies the
o~ and B-expansins, are 25-28-kDa proteins that contain two distinct conserved
domains. The amino-terminal domain displays some similarity to endoglucanases,
although no activity has been measured in vitro (McQueen-Mason and Cosgrove
1995). A second, carboxyl-terminal domain, which shows some similarity to pollen
allergen proteins, has conserved aromatic and polar residues and may bind polysac-
charides (Cosgrove 1997). The primary difference between the o- and B-expansin
families is the absence of glycosylation sites in the a-expansin family, but the sig-
nificance of this distinction remains unclear (Downes et al. 2001; Petersen et al.
1995; Pike et al. 1997). Expansins are thought to disrupt noncovalent binding of
cell wall polysaccharides to one another (e.g., cellulose and xyloglucan), thereby
allowing slippage and increase in cell size due to turgor pressure. It is likely that
the disruption of polysaccharide interactions occurs between cellulose and other
cell wall polysaccharides as artificial composites of cellulose and xyloglucan could
be weakened by expansin treatment, but artificial composites of cellulose and other
polysaccharides or of cellulose alone were not (Whitney et al. 2000).
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In A. thaliana, initiation of root hair bulge formation is tightly associated with
expression of two o-expansin genes, AtfEXP7 and AtEXPI8, in root hair cells (Cho
and Cosgrove 2002). Because specification of hair or non-hair cell fate occurs much
earlier than bulge initiation during root hair development (reviewed in Schiefelbein
2000), the observation that expression of ArEXP7 and AtEXPI8 occurs simultane-
ously with bulge initiation strongly suggests that the presence of these two
a-expansins is functionally linked to the hair bulge formation. Interestingly, treatment
of growing root hair cells with exogenously applied o-expansin protein resulted in
either root hair bursting at high concentrations, or formation of root hair bulges at the
growing tip of the cell at lower concentrations (Cosgrove et al. 2002). These results
indicated that o-expansins likely modulate cell wall expansion in the tip region, but
root hair cell walls are resistant to the cell wall loosening action of these proteins in
more distal regions of the root hair tube. Taken together, these results indicate that the
cell wall loosening properties of the a-expansin gene family play important roles
during bulge initiation and in the isotropic expansion that occurs in the tip region of
growing root hair cells. Whether these effects are required for root hair initiation and/
or tip growth remains to be determined, as does the question of whether -expansins
play similar or distinct roles during tip growth.

Using reverse genetics techniques, a novel class of cell wall proteins that play
important roles in root hair growth and development has been identified (Baumberger
et al. 2001). These proteins, termed LRX proteins, consist of an amino-terminal
signal peptide, followed by leucine-rich repeat domains, and a carboxyl terminal
region that shares some degree of sequence similarity to extensin proteins
(Baumberger et al. 2001). It should be noted, however, that the carboxyl-terminal
extensin-like domain is somewhat distantly related to the o- and B-expansins and
may perform distinct functions with regard to cell wall loosening or organization.
In A. thaliana, LRX1 was found to be exclusively expressed in root hair cells in the
differentiation zone, with levels of expression reduced upon cessation of root hair
elongation in more mature regions of the root, and in /rx/ T-DNA insertional
mutants root hairs failed to develop normally and often displayed branches or
bulges along the length of the root hair (Baumberger et al. 2001). Double mutants
of LRXI and a closely related LRX2 showed synergistic effects, with root hairs
often bursting early during tip growth of the cell (Baumberger et al. 2003). More
recent analysis of suppressor mutants that alleviate the Irx/ root hair phenotype has
identified elements involved in RGI and RGII biosynthesis, indicating a potential
role for this class of cell wall proteins in regulation or organization of pectic
polysaccharides in the root hair cell wall (Diet et al. 2006).

Proline-rich proteins (PRP) were originally identified as proteins that accumulated
in cell walls in response to wounding (Chen and Varner 1985; Tierney et al. 1988).
More recently, this class of cell wall proteins has been shown to be expressed
differentially during development of various tissues (Franssen et al. 1987; Hong et al.
1989; Sheng et al. 1991) and specific cell and tissue types (Suzuki et al. 1993; Wyatt
etal. 1992). PRPs are thought to function in the cell wall by cross-linking to other cell
wall components, and members of this class of proteins rapidly become insoluble in
cell wall fractions upon initiation of defense responses (Bradley et al. 1992; Francisco
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and Tierney 1990). This has led to the notion that PRP proteins may be involved in
strengthening and reinforcement of cell walls via their cross-linking characteristics.
In A. thaliana two members of this class of proteins, AtPRPI and AtPRP3, are
expressed in a root-hair-specific fashion (Bernhardt and Tierney 2000; Fowler et al.
1999). Promotion of root hair development by modulation of ethylene and auxin hor-
mone levels resulted in higher levels of expression of these root-hair-specific PRP
genes, whereas PRP expression levels were reduced in A. thaliana root hair mutants
(Bernhardt and Tierney 2000). These results are consistent with AzPRPI and AtPRP3
playing direct roles in root hair growth. Owing to the polarized nature of cellular
expansion in tip-growing root hair cells, it would be interesting to determine whether
subcellular distributions of these PRPs would be restricted to regions more distal to
the expanding tips of the root hair cells where cell wall expansion is limited. Further
experiments are clearly necessary to determine the possible roles of this class of pro-
teins during root hair growth and development.

9 Conclusions and Directions

Over the last 10 years the integration of genetic techniques into the study of cell wall
biogenesis has resulted in the identification of a number of the enzymes involved in cell
wall biogenesis. This, combined with advanced microscopy and improved biochemical
methods, has allowed for a rapid increase in our understanding of the biosynthesis of
many of the main components of the cell walls of living cells. Although the machinery
for synthesis of several cell wall polysaccharides has been identified (e.g., cellulose
synthases), we still have a poor understanding of how others are made, and in general,
we still have incomplete knowledge of how these cell wall polysaccharides are inte-
grated into existing cell walls. Our understanding of the functions and roles of structural
cell wall proteins is even less well developed. Clearly, there is a great deal to be learned
about the basic mechanisms underlying plant cell wall synthesis and deposition. In addi-
tion, root hairs undergo a highly polarized type of expansion, which in a number of
ways is quite distinct from that which occurs in most other plant cells. Understanding
how synthesis and deposition of cell wall components in root hair cells differ from those
taking place in cells undergoing the more common diffuse expansion will aid greatly in
our knowledge of how these processes are integrated to allow for the changes in mor-
phology that occur with cell differentiation.

10 Root Hair Immunolocalization Protocol

1. Need twice the number of slides as you have samples. Clean slides well with
soap, rinse with DI water and then with ethanol, and air dry them.

2. Clean paintbrush with acetone, then make 0.5% PEI and brush it on slides (only
half of the slides). let it air dry.
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Make fixative — 4% paraformaldehyde, 0.1% glutaraldehyde, 0.5% Triton X-100,
and 1x PME. Add 1mL to each slide, then add the seedling(s). Leave in humid
chamber for 45 min.

. After 45 min, dissolve cellulase/pectinase with liquid nitrogen. C/P is 1.5% cel-

lulase, 0.15% pectinase, 1x PME (1 mL per slide) (0.06 and 0.006 for 4 mL).

. Tip slides and remove most liquid; cut off shoots.

. Place another slide on top at an angle (no PEI).

. Smush, freeze in liquid nitrogen, and while still frozen, break slides apart.

. Place PEI-coated slide (with roots) in humid chamber, thaw briefly, and cover

with 1x PME (add to the side, not directly to the tissue).

. Wash with 1x PME thrice, 5 min each. Definition of wash is to pick up the

slide, dump off liquid, add wash liquid, dump off, then put in chamber and add
1x PME and sit for 5 min.

Incubate with cellulase/pectinase for 30 min.

Wash thrice with 1x PME.

Incubate in 0.5% Triton X-100, 1x PME for 10 min.

Wash thrice with 1x PME

Place slides in methanol at —20°C for 10 min. Do this in the freezer.

Transfer slides quickly to 1x PBS at RT for 10 min.

Place slides back in humid chamber and cover them with Ab dilution solution.
Incubate for 10 min at RT.

Remove all excess liquid with a paper towel. Incubate in primary Ab for 1 h at
RT (used 1:100 dilution, made enough for 100 uL/slide).

Wash thrice in 1x PBS.

Remove all excess liquid with a paper towel. Incubate in secondary Ab for
45 min at RT under dark (used 1:200 dilution).

Wash thrice with 1x PBS — do these washes very well. Rinse twice in hand
before standing them for 5 min with the wash. Keep lid on chamber during
washes.

Remove all excess liquid and add 50-60 uL. MOVIOL (at —20°C).

Add cover slip slowly using forceps.

Seal the four corners with nail polish. Once that is dry seal all the way around.
Observe the same day.

2x PME

— 100 mM PIPES
-2 mM MgSO,
— 10 mM EGTA

Bring the pH to 6.9 with KOH.

Antibody dilution solution

- 3% BSA
—0.05% Tween 20
—0.02% NaN,

— 1x PBS
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Modeling Tip Growth: Pushing Ahead

M.N. de Keijzer(=J), A.M.C. Emons, and B.M. Mulder

Abstract Tip growth, the localized extension of a cell at one of its ends, is a beauti-
ful example of morphogenesis. Because of the highly localized nature of the growth
process, it is relatively amenable to analysis. Hence, it has attracted the attention of
experimentalists and theorists alike, who over the years, have sought to elucidate the
mechanisms underlying this form of development, the latter through explicit math-
ematical models. This review provides an overview of the modeling of tip-growing
cells in general, and that of plant root hairs in particular, as it has developed during the
last decades. Two main lines of modeling can be distinguished. In geometrical mod-
els, the focus is on the shape of the cells alone, while the aim of biomechanical mod-
els is to clarify the underlying physical mechanisms. So far, only a few attempts have
been made to combine these two approaches. Yet, the incorporation of the mechanical
properties of the nascent cell wall and the forces exerted on it is very likely needed
to fully understand and ultimately control tip growth. This synthesis would pave the
way to fully predictive models and hence could also guide new experiments to verify
them. We provide an outlook on possible routes towards this goal.

1 Introduction

Tip growth, the localized extension of a cell at one of its ends, has captured the
imagination of many scientists, experimentalists, and theoreticians alike. This is
because it provides a beautiful example of cell growth. Although tip growth at first
appears simple as it is highly localized, it is a complex phenomenon. Many different
and intertwined processes within the cell are involved in the construction of the cell
wall: the production of wall-building proteins and polymers at respectively
the endoplasmic reticulum and the Golgi system, their processing into vesicles by the
Golgi apparatus, the transport of these vesicles towards the plasma membrane,
the concomitant exocytosis of the Golgi vesicle content, incorporation of building
materials into the cell wall, and finally the expansion of the cell wall itself. However,
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in tip growth the product of all these processes is targeted to one specific area of the
cell, the tip. The question therefore arises as to how this mode of growth is control-
led. Is tip growth a self-regulated homeostatic process? In other words, is the growth
regulated by external controlling mechanisms such as morphogens or is the growth
stability determined by the dynamics themselves? Arguably, it is hard to draw defi-
nite conclusions from experiments about possible controlling mechanisms without
having a concrete conceptual framework in mind. This is exactly what a good model
can provide. That is, it can reveal the explicit dependencies between the controlling
parameters and the observed variables and can therefore make predictions amenable
to experimental verification or, equally important, falsification. It has been argued
that only fully quantitative models can both provide useful new information and be
falsifiable (Popper 1935). They allow us to test our hypotheses and their consequences,
and point to the design of effective new experiments. So far, only parts of the
tip-growth process have been investigated, and often not in the same species or even
the same developmental stage of a cell. The ultimate aim of modeling tip growth is
the full elucidation of the underlying physical mechanisms and the discovery of
probable self-regulating principles. However, since quite a few of the different processes
at work during tip growth are yet not fully understood, building a theoretical framework
for describing it remains a challenging problem.

Two main approaches to modeling tip growth can be distinguished. The first approach
has its focus on the geometry of the growth process, which is described using purely
geometrical concepts. The power of these geometrical models is their relative simplicity.
In this framework, it is also easier to take into account the complications of nonaxisym-
metric cells and time-dependent problems. Moreover, they can often be (at least partially)
solved analytically. This often provides insights that are more difficult to obtain by a
purely numerical way of tackling a problem. Especially, they can prove useful for point-
ing towards key ingredients of growth. By using such models, it is relatively easy to see
to which parameters the cell shape is most sensitive. However, it is unlikely that these
models can provide a true mechanistic explanation of the morphogenesis. For this, too
many underlying physical or biological mechanisms are neglected.

The other approach focuses on the biomechanical processes involved in tip
growth, in which specific mechanisms that contribute to cell growth are modeled in
detail. The aim is to provide a better understanding of the underlying principles
involved. This type of models is often called biomechanical for convenience.
However, only a few of such models have yet been created for tip growth. On topics
like cytoskeleton dynamics (e.g. Surrey et al. 2001; Kruse et al. 2005) and cell wall
ultrastructure production (e.g. Emons and Mulder 1998; Mulder and Emons 2001)
quite a few biomechanical models have been proposed, but in the context of
morphogenesis, and in particular, that of tip growth, they are nearly nonexistent.
In addition, no models have been proposed that really take into account the dependencies
between different parts of the growth process. Although current biomechanical
models do describe and explain some of the mechanics, they often do not yet provide
predictions of the shape and properties of the cell wall. Because of the complexity
involved, it is hard to tackle such models fully in three dimensions (3D) without
imposing constraints such as steady-state growth or axisymmetry of the cell.
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Moreover, even when making such assumptions, they pose significant technical
challenges. However, the “Holy Grail” of modeling in this field consists of a geometrical
description of the genesis of the shape of the cell, while simultaneously revealing
the ways in which the underlying biomechanical processes regulate and constrain
this geometry. In this way, a synthesis between the two modeling approaches is
created. To date, such a model has not yet been constructed.

Tip growth occurs not just in plants, but also in fungi, algae, and cells from the
animal kingdom, e.g. nerve cells. Accordingly, the modeling of tip growth has been
done from different perspectives, and frequently research groups were not even aware
of each other’s work. Nevertheless, many shared elements can be found, and therefore
the question arises whether a generic and unified theory for all kinds of tip-growing
cells with a cell wall is possible. Quite a few modelers have already focused on fungal
hyphae. It is probably easier to model the essential mechanisms underlying this type
of morphogenesis by studying these organisms instead of plants, because the geometry
of the mechanism of vesicles delivery to the growth zone is perhaps the simplest
(we return to this topic in the next section). Therefore, both as a source of inspiration,
because of the common feature of having a cell wall, and in view of the historical
development, we also address models of fungal hyphae in this review.

It was as early as 1892 that Reinhardt proposed the first “model” of tip growth
for walled cells (Reinhardt 1892). He came up with the hypothesis that tip-growing
cells have a “soft spot.” This means that the newly incorporated material at the tip
can flow and therefore easily deform. On the basis of chemical measurements this
hypothesis acquired an experimental basis (Sietsma and Wessels 1990), which pro-
voked new discussions (Koch 1994; Harold 1997). Furthermore, Reinhardt already
stated that the expansion of the cell wall has to be orthogonal to the tangent plane
of the cell wall. This seems like a natural assumption, as the turgor pressure exerts
a force perpendicular to the cell wall. Bartnicki-Garcia et al. (2000) claimed to have
corroborated this assumption for hyphae of Rhizoctonia solani by tracking marked
particles in the expanding cell wall in time. They reach this conclusion by compar-
ing the observed trajectories to three different growth scenarios, one of which (the
one corresponding to the hyphoid; see later) could have been rejected a priori, and
showing a good fit only with orthogonal expansion. However, it is unclear whether
the resolution of the experiment is enough to rule out small but systematic devia-
tions from true orthogonal expansion. Moreover, very close to the tip (the most
sensitive area) there are no observations. Thus, although the data seem to indicate
that the growth is to a large extent orthogonal, they may be insufficient to really
prove the assumption of completely orthogonal growth. In fact, it is quite unlikely
that fully orthogonal growth is the true expansion mode. As the mechanical proper-
ties of the cell wall, such as plasticity and rigidity, vary for different locations along
the cell wall (Sietsma and Wessels 1990), one expects inhomogeneities in the wall
stresses even upon loading by an orthogonal force. These inhomogeneities in turn
would cause, apart from the dominant orthogonal component, a small but significant
tangential component in the trajectories of material points. Dumais et al. (2004)
attempted to map the expansion mode for Medicago root hairs. Their data seem to
imply that fully orthogonal growth does not occur in plant root hairs.
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Money (2001) suggested that turgor pressure is not the only driving force in
the tip growth of the Oomycete Saprolegnia ferax. When during his experiments
the pressure was reduced to 0.1-0.2 MPa, the growth rate was higher than at nor-
mal pressure. He suggested that the growth was induced by wall-loosening sub-
stances, creating a very fluid cell wall structure. Even a small pressure could
inflate such a highly plastic tip (Money 1997). However, this observation could
also be explained by a cell, which in a reaction to the lower turgor pressure, starts
to overcompensate the expression of cell-wall-loosening proteins such as
expansins. In any case, turgor pressure was still needed for the inflation of the
Oomycetes cells. This is in line with earlier measurements of Money on the
Oomycete Achlya bisexualis (Money and Harold 1992). During plant cell growth,
new polymers not yet linked to each other are continually exocytosed at the site
of growth, and proton efflux acidifies this cell wall. This acidification induces
cell wall loosening (see, e.g., the reviews by Cosgrove, 1998, 2000). These data
from non-tip-growing plant cells imply that the cell wall at the tip is softer, more
expandable than the wall of the hair tube. For plants, Oomycetes, algae, and fungi
the consensus is that the driving force for cell growth, including tip growth, is
pressure, but that this pressure is only effective if the wall is, or is made, expandable.
Proseus and Boyer (2006) concluded from measurements on the alga Chara corallina
that the growth velocity and the rate of wall deposition actually do decrease when
the turgor pressure is lowered from 0.5 to 0.1 MPa.

Before we are ready for our exploration of existing tip-growth models, we
briefly summarize the many aspects involved in tip growth in root hairs. This is to
get a feeling of the scope that a proper model should have. The protein building
materials for the cell wall are produced at the endoplasmic reticulum. Subsequently,
they are transported to the Golgi apparatus. In the Golgi apparatus, polysaccharides
except cellulose and callose are produced. Furthermore, the cell-wall-building
materials are further processed and packaged into vesicles of the Golgi bodies. The
Golgi bodies are transported through the cytoplasm, including the subapical cyto-
plasm of root hairs, by motor proteins over bundles of actin filaments. Having
reached the vicinity of the tip, the Golgi bodies reverse direction and the vesicles
move towards the extreme tip of the cell. The exact whereabouts of the release of
vesicles from the Golgi bodies has not yet been shown. Since actin filaments have
not been observed in this extreme apex, the vesicles have been assumed to freely
diffuse towards the plasma membrane (Emons and Ketelaar 2008). Here building
materials are extruded from the vesicles by means of exocytosis while the vesicle
membrane with its associated proteins is inserted into the plasma membrane. This
process is regulated by calcium ions and hence by Ca*" channels brought into the
plasma membrane by the exocytosis process itself (Bibikova and Gilroy 2008).
Once arrived in the extracellular space, the building polymers are incorporated into
the cell wall. The wall has varying material properties depending, for example, on the
amount of cross-links between the polymers (Nielsen 2008). Combined, these
properties determine how a cell wall responds, by stretching and bending, to
exerted pressure. See Fig. 1 for a schematic overview of all the processes
involved.
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‘What sets the local rate of exocytosis and incorporation of cell wall material?
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Fig. 1 An impression of important concepts and questions for the process of tip growth in plant
cells. Motor proteins transport Golgi bodies over actin filaments. Once the released vesicles have
entered the cell apex, they move by an as-yet-unresolved mechanism, which does not exclude
diffusion (Tindemans et al. 2006) towards the cell membrane. By means of exocytosis, building
polymers are incorporated in the existing cell wall. Since new material is added constantly after
which polymers are linked up to each other, the material properties of the cell wall are not constant
from tip to base of the hair

The ultimate model of tip growth has to integrate all these ingredients, explaining
how they work together and how they are regulated.

2 The Delivery of the Vesicles

We now start our voyage through the root hair towards the tip, to try to follow the
various processes involved in delivering the growth vesicles to their proper destina-
tion. We do not look in detail into genetic networks regulating the production of
vesicles and building polymers. We therefore assume, as do all present models of
tip growth, that a steady amount of material is produced per unit time.

In light of modeling tip growth of root hairs, the transport of Golgi bodies by
motor proteins over actin filaments is an unexplored field. However, for fungal
hyphae, Sugden et al. (Sugden et al. 2007) have proposed a model that could be
useful as a source of inspiration. Within fungal hyphae motor proteins transport
Golgi bodies over microtubules (instead of over the actin filaments) from the pro-
duction site towards the Spitzenkorper. The Spitzenkorper is an accumulation of
vesicles and actin filaments, and is found close to the tip in many fungal hyphae.
It is assumed to release vesicles into the cytoplasm and to guide the direction of
the tip growth. See Fig. 2 for an illustration of the vesicle release from the
Spitzenkorper in a fungal hypha, contrasted to a more widely spread vesicle source
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Fig. 2 The upper electron microscopy micrograph shows a longitudinal section through a hyphal
tip of Sclerotium rolfsii (Roberson and Fuller 1988) with a Spitzenkorper. In the lower pictures,
the more widely-spread apical accumulation of vesicles (the Golgi vesicle, GV, area) in the plant
root hair cell of Vicia sativa can be seen [Miller et al. 2000 (lower left picture)]

in the subapex of a growing plant root hair. This wider vesicle “disc” in plants, root
hairs (e.g. Miller et al. 1999) and pollen tubes, has been compared to the
Spitzenkorper in fungi (de Ruijter et al. 2000).

Sugden et al. (2007) used a “modern” technique in statistical physics called the
“totally asymmetric simple exclusion process” to model transport of particles over
microtubules. They regard the microtubules as parallel lines extending from a “pro-
duction area” to the tip. To mimic the essentially one-dimensional nature of micro-
tubules, one-dimensional lattices were used, in which each site can be occupied by
at most one particle at a certain time. Far away from the tip, the system is fed with
vesicles seen as particles that enter the lattice at a certain rate o. On the tip end, two
things can happen: the particles can either leave the microtubule at a certain rate 3
or a new lattice site can be formed at rate y (growth). This assumption gives a
growth velocity that is a function of delivery rate (o) and the hyphal-extension efficiency
(y/(B +1v)). Two ways of solving the problem have been attempted: a mean-field and
a Monte Carlo approach. Although the results do not completely agree with each
other and § was mostly neglected, it was shown that a regime of parameters exists
where a high density of vesicles near the tip having a length-scale of the order of
that of the Spitzenkorper is established.

A similar approach could be useful for modeling the delivery of exocytotic vesicles
containing wall-building polymers in plant root hairs over actin filaments to the
vesicles-rich area. As long as the filaments are aligned among each other, this
approach is probably sufficient for mimicking the delivery of particles. However,
when describing asymmetrical dynamical processes such as curling (e.g. Esseling
et al. 2004; Sieberer et al. 2005) of root hairs, a 2D (two-dimensional) or even a full
3D approach is needed.

Once released, the vesicles have to find their way out to the plasma membrane.
Since the extreme tip of growing root hairs does not seem to have actin filaments
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(see Ketelaar et al. 2002; Ketelaar and Emons 2008; Emons and Ketelaar 2008;
though endoplasmic microtubules in Arabidopsis root hairs enter this region close
to the plasma membrane (Timmers et al. 2007; see Sieberer and Timmers 2008),
the mode of transport in this part of the process is still uncertain, but simple diffu-
sion, combined with delivery at one side and consumption at the other, could be a
plausible scenario. For fungi, several models have been developed with this concept
in mind. However, before we start investigating them, we dedicate a few words to
more straightforward completely geometrical models of tip growth. In such models
the cell boundary (the plasma membrane plus the cell wall) is described as a
mathematical surface, sometimes also called a shell. The expansion of the cell
boundary is, in these approaches, taken to be completely determined by the intrinsic
geometrical properties of the surface such as local curvature.

Obviously, cytoskeleton dynamics could also be a factor in a tip-growth model.
However, although the cytoskeleton in general has attracted many scientists, not
much modeling of it has been done in the light of tip growth. Regalado (1998)
proposed a model for fungi in which he built a microscopic fundament for the
model by Goodwin and Trainor (1985). He did this by describing the distribution
of wall-building vesicles by a viscoelastic cytoskeleton. The rheology (deformation
propensity) of the actin filaments is regulated by Ca?" gradients on which they
respond in a nonlinear way. The model also predicts an accumulation of vesicles
near the tip. Moreover, it provides a mechanism for osmotic pressure control.

Free cytoplasmic Ca?* gradients have been measured in root hair tips showing that
a Ca* gradient is required for tip growth (de Ruijter et al. 1998; Wymer et al. 1997;
Bibikova and Gilroy 2008). Apart from this gradient and the high vesicle concentra-
tion near the tip, not much experimental evidence has been given for Regalado’s
model except for several measurements by Yin and Gollnick (Yin 1980; Gollnick
et al. 1991): consider, for example, Regalado’s assumption of tip growth regulation by
osmotic-pressure variations caused by cytoskeleton contractions, which is unsupported
by measurements. The Ca?* gradient is ad hoc in this model: it is not self-regulating.
Furthermore, no connection has been made yet with the geometry of the cell.

Van Batenburg et al. (1986) performed tip-growth simulations of root hair cell
boundaries pushed ahead by the turgor pressure (modeled by orthogonal growing
shells with chosen growth-rate functions). They also described the curling of the
root hair in this way. However, not only were intracellular processes not considered,
but also the expansion rate at every distance from the tip was imposed in an ad hoc
way. Therefore, this model does not address possible self-regulating mechanisms.
Different points on the cell boundary are also not explicitly connected to each other
in this model; any point on the boundary can move without dragging the rest of the
boundary with it. However, as long as the growth proceeds smoothly, this defect
will implicitly be corrected. Yet, the growth process proves to be quite unstable in
this approach: even small fluctuations in the growth profile cause a completely different
evolution of the shape. Nevertheless, it does make a dynamic non-steady-state (2D)
description possible. Because of the many numerical and analytical problems
encountered when attempting to model a more realistic nonstationary (dynamical)
growth, modeling of tip-growth dynamics is still a relatively unexplored area.
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In his lecture notes, Todd (1986) proposed an approach to modeling tip growth
using differential geometry. Pelcé and Pocheau (1992) continued even further along
this line by creating a model of the growth of (the mainly circular cross-sections of)
algae inspired by a description of dendrites (see, for example, the book of Pelcé
(2004) for an overview). The evolution of the cell boundary is a function of the
local curvature, its second derivate and the tangential velocity of the wall “particles.”
When these particles are moving perpendicularly to the boundary, instabilities are
found analogous to those causing microstructure formation in crystal growth.
As with most geometrical models, only shapes are derived, without explaining the
underlying mechanics. Nevertheless, insight is provided into the possible shapes,
given several very general assumptions.

We now turn to a few attempts to combine modeling of the intracellular processes
with the boundary. In the so-called vesicle supply center (VSC) models an autono-
mously moving VSC is assumed releasing vesicles containing the wall-building
polymers. All existing VSC models have been developed for fungi: the VSC is a point-
like representation of the Spitzenkorper. In 1989 Bartnicki-Garcfa et al. (1989) proposed
the first VSC model for predicting the shape of fungal hyphae. Once released isotropi-
cally (equally in all directions) from the VSC, vesicles are assumed to be transported
ballistically (motion over straight lines) towards the cell boundary. The incorporation
rate into the cell wall and therefore its expansion rate are simply proportional to the
number of arriving vesicles. For a schematic picture of this model, see Fig. 3.

Stationary, or steady-state, growth is assumed by Bartnicki-Garcia et al. (1989).
This means that for every moment in time the shape of the tip looks the same.
Moreover, the tip moves with a constant velocity. An analytical description of the
shape of fungal hyphae is then derived: a so-called shape equation. Its solution
gives a shape, dubbed the hyphoid, which is given by the formula

ballistic
-~ motion
vesicles -VSC
. diffusive
motion

Fig. 3 A schematic picture of the vesicle supply center (VSC) model. Vesicles are delivered to a
VSC by motor proteins, moving over microtubules, from where they are released into the cyto-
plasm and head towards the cell wall. Bartnicki-Garcia et al. (Bartnicki-Garcia et al. 1989; Gierz
and Bartnicki-Garcia 2001) assume a ballistic motion of the vesicles from the VSC to the plasma
membrane, while Tindemans et al. (2006) assume a diffusive one
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where V is the velocity of the VSC moving along axis z, r the distance between cell
axis and cell boundary for a certain z perpendicular to the z-axis, and N the amount
of particles per unit time released from the VSC. We refer to Fig. 4 for a clarifica-
tion of the geometrical variables involved. Although the hyphoid shape has been
assumed again by other researchers as a valid description of hyphae, it is in part
artificial. This is because the actual growth calculated is that of thickening of the
cell wall (volume growth) instead of an expansion of its surface (Koch 1994). Such
an (artificial) expansion leads to the scenario that the inner side of the cell wall does
not move in space while the wall becomes thicker and thicker because the outer
boundary expands: in other words, massive cells (full of cell wall material) are
obtained. Furthermore, an additional sine term is involved when going from a 2D
model to a 3D one. We will come back to this transition later.

It is a valid question whether the proposed VSC model really describes a stable
growth process. In this light, Heath and van Rensburg (1996) investigated the sta-
bility of tip growth. They showed that for models in which vesicles are ballistically
transported from a VSC towards the cell boundary only the case with an isotropic
release of vesicles is stable. This opposed to the many stable shapes that they
obtained by just imposing a distribution of delivered vesicles at the cell boundary
without taking attention to the actual delivery mechanism. Therefore, it was con-
cluded that the VSC model was unlikely to be universally applicable. However, they
made the same assumptions as those in the just mentioned article of Bartnicki-Garcia
(Bartnicki-Garcia et al. 1989), and therefore implicitly only the case of volume
growth of the cell wall was considered. Furthermore, the conclusion also pointed
towards the need for a less-constrained 3D model.

The just mentioned models are all 2D. It was generally assumed that because tips
are nearly axisymmetric this was not a problematic simplification. In 2001 Bartnicki-
Garcia’s group finally broke with his tradition and assumed an axisymmetric 3D
steady-state model. They derived a shape equation from geometrical considerations

Fig. 4 A schematic overview of variables used in this review for describing tip growth, where x,
y, and z are the Cartesian coordinates, with z lying along the cell axis; s is the arc length in the
longitudinal direction; v is the angle between the z-axis and the line from the VSC to the associated
point on the cell wall; and ¢ is the angle in the meridional direction
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and they showed that 3D tip shapes are different from 2D ones because of an additional
sin O term (see Fig. 4 for a clarification of the variables used in this review). They
also showed that a VSC provides enough focusing towards the tip to let the tip
growth occur. Furthermore, the experimentally observable quantity of the distance
between VSC and apex (as a function of the ratio between the growth velocity and
the cell radius) changed significantly compared to the original 2D model. This consid-
erable change showed that a description in only 2D is inadequate for obtaining
realistic outcomes (Gierz and Bartnicki-Garcia 2001). The need for 3D models pro-
vided new challenges, because complexity levels are much higher when solving the
3D-shape equations. The requirement of 3D necessitates further research in which,
at least, the more realistic 3D axisymmetry is assumed.

An important mechanism missing in the 3D model of Bartnicki-Garcia’s group
(Gierz and Bartnicki-Garcia 2001) is the concept of diffusion: the spontaneous
spatial spreading of vesicles. The model assumes that particles are being shot in
completely straight lines in the direction of the cell boundary. Although little is
known about the precise delivery mechanism, it may be obvious that in a viscous,
crowded environment like a cell, ballistic transport of submicrometer-sized vesicles
is highly unrealistic. Even though one can argue about the magnitude of the actual
error introduced upon making this assumption, this defect provoked a new model
by Tindemans et al. (2006). They assume that vesicles diffuse freely from the VSC
before being absorbed at the cell boundary. The additional effect of drag exerted by
a possible flow in the cytoplasm (advection) is neglected. The local incorporation
rate into the cell wall is proportional to the amount of vesicles available, although
in reality saturation at high vesicle concentration occurs. The proportionality con-
stant, called the absorption propensity at the cell wall, compared to the diffusion
rate, is a free parameter in the model. The obtained absorption profile is put into the
same shape equation for orthogonal growth as derived by Gierz and Bartnicki-Garcia
(2001). However, this time the more convenient cylindrical coordinates are used
instead of Cartesian ones. For a clarification of this model, see Fig. 3.

A complicating factor for finding the ultimate tip theory for walled cells is that
solving diffusion equations can prove quite difficult. For 2D tips, diffusion equations
are still analytically solvable. However, as soon as 3Ds are considered, this is often
not the case anymore. For more involved shapes than idealized geometrical objects
such as a sphere, the diffusion equation can typically only be solved numerically.
Currently, this is very computer-time-consuming, and many numerical problems
arise as well. Therefore, many more or less advanced solving methods have been
developed in different fields of research, for example, fluid dynamics and electro-
dynamics. Nevertheless, solving 3D diffusion equations remains very demanding.
The method used by Tindemans et al. is called the fundamental solution method
and is often used in electrostatics.

The model of Tindemans et al. shows that by tuning the incorporation rate of the
material at the cell boundary, the cell can tune the sharpness of the tip shape.
Furthermore, the different apex-VSC distances can also be obtained. However, the
spectrum of different shapes that can be described this way cannot completely
explain all the observed ones. In particular, the sharper and the blunter ones are not
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addressed. It should also be pointed out that the shape per se is perhaps not the most
sensitive test for the success of a model, as potentially many models could lead to
the same shape, and the shapes found under different conditions are fairly similar.

Exocytosis is regulated by calcium and, hence, calcium channels. Until now, the
dependence of the exocytosis rate of vesicles at the plasma membrane on a Ca**
gradient has not been modeled explicitly in light of tip-growth morphogenesis. In
theory, such a gradient could regulate the incorporation rate of the vesicles. But,
since exocytosis is a fast process, and thus not rate-limiting for the whole process,
its rate is not deemed so important.

For all their success in unlocking parts of the tip-growth process to analysis, all
these models neglect one very important concept: the material properties of the cell
wall are not taken into account at all. A true model of the growth process has to
capture the viscoplastic properties of the polymer network of the cell wall, if its
ambition reaches farther than just geometrically describing the morphogenesis
process. Moreover, this has to be done in an a priori way instead of an a posteriori
way. Otherwise, it seems impossible to properly explain, let alone predict, how the
loosening of the cell wall could induce growth, bulging (e.g. Cosgrove 2000;
Foreman and Dolan 2001), and curling of root hairs.

3 The Biomechanics of the Cell Wall

The plant cell wall withstands the osmotic pressure of the cytoplasm, and therefore,
it is a mechanically strong and fairly rigid structure. It is permanently under high
tensile stress, and in order to let cells grow, it must also be able to expand. The plant
cell wall consists of long cellulose microfibrils embedded in a polysaccharide
matrix. The microscopic properties of these cell-wall polymers determine viscosity,
plasticity, and elasticity of the cell wall. Collectively these determine how much
stress it can bear, as well as how it deforms given a certain stress. A crucial role in
this is played by the number of physical and chemical contacts between the poly-
mers, which is the basis of the soft spot hypothesis. See, for example, the work of
Sietsma and Wessels for measurements of varying chemical structure over the cell
wall for fungal hyphae of Schizosaccharomyces pombe and Schizophyllum com-
mune (Sietsma and Wessels 1990; Sietsma et al. 1995).

Fungal cells contain cell-wall molecules that are different from those of plant cells.
The most striking difference is that fungal cell walls contain chitin molecules instead
of cellulose. When considered in detail, this inevitably leads to different parameter
values for cell-wall properties such as yield stress and extensibility. Nevertheless, it
is likely that the same type of formalism could still be used to describe both kinds of
walls. That is because macromolecular systems like this are often described by
coarse-grained models in which whole groups of molecules are lumped together into
effective “particles,” because only the mechanical properties on a macroscopic scale
matter. The differences between molecules then often only lead to an adjustment of
the parameters describing the macroscopic mechanical properties.
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A lot of modeling work has been done on systems similar to cell walls. In particular,
a lot can be learned from the field of viscoelasticity. This is an active field in poly-
mer physics, in which the relationships between imposed stress on a material and
its subsequent expansion, often called strain, are being studied. The corresponding
physics is described in many books about this topic. We refer the interested reader
to the textbook by Landau and Lifschitz (1986).

In 1970, Green et al. stated a relationship between expansion of the cell surface
and the stress that caused this deformation. They described this by assuming that
the extensibility of the cell wall was reciprocal to its viscosity after subtracting a
threshold value. This relationship is essentially what is now known as the Lockhart
equation (Lockhart 1965). In fact, both equations are nothing but the Bingham
equation originally proposed to describe materials such as paint (Bingham 1922).
Bingham’s law states that the plastic rate of deformation of this type of material is
proportional to the excess stress above a certain threshold.

Veytsman and Cosgrove (1998) constructed a model in which the extensibility
and the yield threshold in the Lockhart equation are derived from microscopic
properties and thermodynamical considerations. The model is roughly as follows.
The cell shape is modeled by a long cylinder length L and radius R. It is assumed
to expand in the longitudinal direction. Although thus not a tip-growth model, it is
still very illuminating for this more specialized case as well.

The internal wall stress s is defined as the derivative of the free energy of the wall G:
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where h is the cell wall thickness. By considering the mechanical work that is
performed by the turgor pressure P, the cell wall, and water absorption, a general
form of the Lockhart equation is derived.

dinL _ KK, (P_%G)’
di K +K, R

where K, is the hydraulic conductance (a measure of how easily water can flow
through pores) and K, is a wall-yield coefficient. These parameters themselves do
not follow from the formalism.

The formation of hydrogen bonds is the only interaction taken into account.
Furthermore, only those among the cellulose and the glucan chains and those
among the water molecules present are explicitly modeled. All the other interac-
tions are implicitly taken into account. Nevertheless, using more realistic reaction
potentials could change the outcome. The elastic free energy of the polymers is
calculated using a formula given by Doi and Edwards (1986). The interaction
energy is obtained by calculating the partition function of randomly oriented glu-
can- and cellulose segments each capable of forming one hydrogen bond. The sum
of both gives the total free energy.

It turns out that in such a model the yield threshold is mostly determined by the
cellulose and to a lesser extent by the concentration of glucan chains. Thus, a definite
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relationship is established between the microscopic properties involving constituent
molecules and the macroscopic behavior. As the authors have already mentioned,
this framework is far from finished. The assumption of orientational randomness of
polymers is an approximation as well as the assumption that water does not con-
tribute to wall stress. Moreover, the (small) flexibility of the cellulose fibrils is not
considered. Finally, using only hydrogen-bonding interaction potentials is quite a
simplification. Nevertheless, this model provides a first step in the right direction.

Tabor and Goriely then took up the gauntlet by producing a model of tip growth
in which the cell wall is described as a biomechanical shell (Goriely and Tabor
2003a,b; Goriely et al. 2005). The thickness of the cell wall is here assumed to be
very small, compared to the dimensions of the cell as a whole that it can be approxi-
mated by an infinitely thin shell. Indeed, the wall thickness of growing Arabidopsis
root hairs is only 85 + 16 nm, compared to a root hair diameter of around 7-8 pum,
and its variation is only small (Ketelaar et al. 2008). So the approximation of
assuming a constant wall thickness seems a reasonable one.

Goriely and Tabor employ a formalism for describing the dynamics of thin shells
that was developed earlier for biomembranes by Skalak et al. (1973). This is actu-
ally the same formalism as is often used to describe the inflation of a balloon. It
assumes that mechanical equilibrium is maintained throughout.

The main parameters in this model are the turgor pressure P, the principal local
curvatures in the s and the ¢ direction K, and K, and the local tensions in these
directions t and t . See Fig. 4 for a clarification of all the parameterizations used.

The equilibrium equations obtained from the biomembrane model read as
follows:

P=K1 +K,t,
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where the shear stress t_is assumed to be zero.

The tip is described as a shell with certain given elastic and plastic properties
that depend on the distance from the apex. These properties, together with the cur-
vature, determine the local expansion rate of the cell wall. Actually, the idea of
using curvature—stress relations for the cell wall is already quite old. Koch (1982),
for example, already suggested the use of the Young—Laplace law for the surface
tension in describing the evolution of the cell wall. The stretching of the wall,
strain, and stress are linked to each other using the theory of Evans and Skalak
(1980). The stress has to be in equilibrium with the turgor pressure. To model the
extensibility rate, a variable effective pressure is used. This is a function of the
elastic modulus and the turgor pressure. It is obtained by fitting the rate of incorpo-
rated building materials to experimental data.

Tabor and Goriely’s model provides a simple yet powerful formalism. Stresses
naturally follow from the deformation, thereby reducing the rate of deformation.
It can easily be expanded towards a model describing cell wall mechanics more
precisely. The formalism can describe a wide variety of possible cell shapes. For
example, it can recreate the bubble shape at the end of a swollen hyphal Streptomyces
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coelicolor tip after treatment with lysozymes. Perhaps its only weakness is the fact
that the important parameters of the model are not determined self-consistently by
the theory itself. The effective pressure, for example, is ad hoc and can only be
obtained by fitting to an experimentally determined shape. Nevertheless, this model
can point out which mechanisms may be dominant in tip growth.

It is clear that any degree of alignment of the wall polymers would significantly
influence the mechanical properties of the cell wall. However, in all the work dis-
cussed so far the cell wall material is assumed to have isotropic (the same in all
directions) mechanical properties. This implies that the wall-building polymers are
completely disordered, i.e., on average they are randomly orientated. Although the
cellulose microfibrils deposited in the tip are known to be randomly oriented within
the plane of the wall (Emons 1989), it is not clear whether the same holds for the
less rigid matrix polymers that are probably subjected to anisotropic longitudinal
stress during the growth process. In fact, one should distinguish different degrees
of wall anisotropy, as illustrated in Fig. 5.

The influence of anisotropic viscoplasticity of the cell wall on the shape of the
cell was addressed by Dumais et al. (2004, 2006), inspired by the work on (visco-)
plasticity by Prager and Hill (Prager 1937; Hill 1950). Similar to the models by
Tabor and Goriely (Goriely and Tabor 2003a; Goriely et al. 2005), the model of
Dumais et al. (2006) consists of a thin shell representing the cell wall. Every point
on the shell again has its local stress, curvature, and material properties that deter-
mine the deformation of the surface. However, in this case, emphasis is placed on
the fact that the material properties of the cell wall are anisotropic. This anisotropy
is needed to account for observed patterns of wall expansion.

Dumais et al. show that using shell theory without addressing anisotropy in the
material properties is not sufficient to account for the wall expansion profiles observed
in tip-growing cells such as the rhizoid of the alga Chara or Medicago truncatula root
hairs. By simply assuming at least transverse isotropy of the polymers, the fit with the
observed wall expansion already increases. So it seems that the final cell wall theory
should also take into account anisotropic properties of the cell wall or at least the
transverse part of it. One of the shortcomings of this model is that it is still in some
sense ad hoc. Given an imposed extensibility profile of the cell wall or a flow-
coupling profile the shape is determined. But this profile again does not follow from
the theory itself, as the combined mechanism of material delivery and the subsequent

Isotropy Transverse isotropy Anisotropy
(in every direction) (in a plane, not aligned) (in a plane, aligned)

Fig. 5 An illustration of different ways cell-wall polymers can be aligned. The left one is the
complete isotropic case, the middle one is the transversal one, and the right one is the completely
aligned case
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evolution of its mechanical properties is not included. As such, this approach is there-
fore still in the same category as that of Tabor and Goriely (Goriely et al. 2005).

Recently, Bernal et al. (2007) proposed a novel model, inspired by the work of
Hejnowicz et al. (1977). The latter had already pointed out that the inflation process of
cylindrical rubber balloons is very similar to the morphogenesis of tip-growing cells.
On the basis of quantitative observations on expanding balloons, Bernal et al. con-
structed a “simple” mechanical model to describe tip growth. The expansion profile of
the cell wall is determined by cell geometry alone and provides a good match to the
experimental data which also show that the point of biggest extensibility is located
slightly behind the tip. However, the local elastic compliance, i.e., the propensity of the
cell wall to expand as a reaction to stress, is again determined by fitting to the observed
shapes. As such, the role of the underlying dynamics of addition of new material
through vesicle content absorption and the concomitant change in material properties
through cross-linking of the wall-building polymers are not really addressed.

4 Outlook

We argue that a full understanding of steady-state tip growth as a self-organized
phenomenon requires the integration of all the relevant component processes: vesi-
cle delivery, incorporation of new wall material, evolution of the mechanical proper-
ties, and the resultant geometrical growth all dynamically coupled. Our group has
taken a first step in the direction for a simple model of tip growth in fungal hyphae
(Eggen et al., in preparation). The aim was to study the influence of the cross-linking
rate of the polymers, and the corresponding hardening rate of the cell wall, on the
shape of the tip. The hypothesis was that cell-wall hardening by cross-linking could
be a self-regulating principle underlying the stability of tip growth by influencing the
polymer incorporation rate. In the new model, we again start from a VSC from
where the vesicles diffuse towards the plasma membrane. However, the incorpora-
tion rate of the particles into the cell wall is now not only a function of local density
of available vesicles, but also a function of the local plasticity. This local plasticity
is determined by the “age” distribution of the wall material, determined by keeping
track of the time elapsed since the incorporation of the various polymer fractions of
which it is composed. As the polymers “age,” they become increasingly cross-linked
and this translates into an increased stiffness, or loss of plasticity of the wall mate-
rial. By letting the degree of cross-linking of the wall polymers feed back into the
incorporation rate, which determines the “rejuvenation” of the wall material, we obtain
a self-regulating mechanism for tip growth, which in a sense implements the classi-
cal soft spot hypothesis (Koch 1982). The sharpness of the tip turns out to be
strongly dependent on this cross-linking rate. In this way, a much wider family of
observed tip shapes can be described than was possible in the earlier VSC models.
The formalism of this model can also be used to describe the regulation of the
exocytosis rate by the presence of calcium ions. In this version of the model, slowly
decaying calcium channels are assumed to be incorporated into the plasma membrane
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at the same rate as the vesicles. The only extra postulate made is that the concentra-
tion of calcium channels is to first approximation linearly proportional to the cal-
cium density and hence to the exocytosis rate. So if new experimental data find
evidence that indeed the calcium-facilitated exocytosis rate turns out to be the rate-
limiting step in the whole growth process, the new formalism shows that this could
be self-regulated as well. We refer the interested reader for an overview of recent
experiments on this topic to the chapter of Bibikova and Gilroy (2008).

In spite of all the progress made towards explaining tip shapes, it should be pointed
out that most of the existing models start out by assuming the existence of steady-
state growth. To show that such a stable steady state exists requires some form of sta-
bility analysis. Here we should distinguish between the type of analysis as performed
by Heath and van Rensburg (Heath and van Rensburg 1996), which probes the stabil-
ity of the steady-state solutions of a model under variations of its parameters, and the
much more stringent, dynamical stability analysis, which shows whether the assumed
steady-state solutions are stable over time. To perform the latter type of analysis, one
needs a fully solvable model for the dynamical evolution of the tip shape from a wide
variety of initial conditions. So far, only the models proposed by Goriely and Tabor
(2003b) and Dumais et al. (2006) meet this requirement, and they were able to show
how the dynamics they assume leads by itself to steady state in which an invariantly
shaped tip evolves out of an initially planar configuration, reminiscent of the way a
root hair tip develops from an epidermis cell.

This brings us to more complicated growth phenomena such as bulging and curl-
ing of the root hair. To understand, for example, root hair curling, one would clearly
need a 3D model that allows the description of tip growth whose direction of
motion is no longer constrained to a straight line. In this way the implications of
various mechanistic scenarios could be worked out to understand the response of a
root hair upon exposure to nodulation factor excreted by Rhizobium bacteria lead-
ing up to the development of a “shepherd’s crook.” See, for example, Limpens and
Bisseling (2008), Hirsch et al. (2008), and Sieberer and Timmers (2008), for more
details. A number of questions come to mind. Do autolysins induced by the expres-
sion of early nodulation genes loosen the part of the cell wall opposite to the appli-
cation point of the nodulation factor? Alternatively, could a rotation of the whole
aligned subapical F-actin structure, which causes a nonsymmetrical release of vesi-
cles steering the growth in another direction, explain this? Measurements of
Esseling et al. (2003) seem to indicate this. These questions challenge us to sur-
mount the limitations of the current generation of models.

At the very least a proper way of describing the shape of the source from which
vesicles are released into the apical zone is needed to distinguish between plants and
hyphae. In plants and Oomycetes, the vesicles are not released from a pointlike
Spitzenkorper, as is the case for many fungi. Instead, they are released from the sub-
apically located spatially extended fine-bundled actin. So as an alternative to the
pointlike VSC a spatially extended source is needed, such as an annulus or a disc. The
measurements of Dumais et al. (2004) indicate that in Medicago root hairs the rate of
growth and the plasticity are at a maximum slightly behind the apex, an observation
recently corroborated by Zonia and Munnik (2008) in pollen tubes. This finding is
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indeed consistent with vesicle release from a structure slightly behind the apex whose
edges are closer to the cell boundary locations behind the tip. Our group is currently
working on this problem.

Finally, we believe that it is important to derive a model for the cell-wall
mechanics, starting from basic polymer physics. Plasticity and elasticity are then
no longer externally specified quantities, but follow self-consistently from the
evolution of the inserted material and the subsequent pattern of growth. Obviously
there is as yet a scarcity of reliable information on the actual physicochemical
processes taking place in the nascent cell wall. As already mentioned, classic
measurements on the cell wall by, for example, Sietsma and Wessels (Sietsma and
Wessels 1990; Sietsma et al. 1995) did show that the chemical structure of the
fungal cell wall varies over the cell boundary because of cross-linking of (1-6)
B-glucan. Near the tip the wall mainly contains chitin, (1-3) B-glucan, and no (1-
6) B-glucan, and far from the tip the chitin is embedded in a B-glucan matrix con-
taining (1-6) B-glucan cross-links. As a result, the cell wall is soft in the apex,
but hardens towards the subapex. We have tried to capture this aspect in our
upcoming model, but stress that the wall plasticity function we introduce is a
heuristic device and not properly derived using polymer physics. This remains a
challenge for the future.
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Root Hair Electrophysiology

R.R. Lew

Abstract In this review, the value of root hairs as a model system for a broad range
of electrophysiological experiments is highlighted by an introductory case study of
their use for in situ measurements of vacuolar electrophysiology. Then, the basic
tenets of electrophysiological measurements are presented: the electrical properties
of the cell and how they are measured. Recent research on ion transporters (pumps,
channels, and coupled transporters) is reviewed, followed by a discussion of the
role of ion transport in root hair morphogenesis.

1 Introduction

When roots grow into a soil substrate, root hairs often develop behind the expansion
zone of the root tip. They can serve a variety of roles. Structurally, they strengthen
the anchoring of the root in the soil. They also serve to increase the surface area of the
root, creating a three-dimensional network of tubular extensions that will ramify
through the soil and increase the soil volume in near contact with the plant. Thus,
they can increase the availability of ions and water for uptake by the growing root
and the aboveground shoots and leaves (Peterson and Stevens 2000). Although root
hairs are not an obligatory cell type, they are known to preferentially express ion
transporters in the plasma membrane, corroborating their expected role in ion
uptake by the plant (Lew 2000).

Root hairs are an excellent model cell for studies of ion transport in higher plant
roots. They are accessible, extending out from the surface of the cell, and so they
are easily impaled with the micropipette(s) necessary for electrophysiological char-
acterization of ionic currents. Imaging, including fluorescence microscopy, is
unimpeded by other cells, and external probes, such as ion-selective microelectrode
and oxygen electrodes, can be brought directly to the surface of the cell. After
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impalement, the micropipette tip location can be confidentially assigned to the
cytoplasm, especially in younger (10-100 um long) cytoplasm-rich root hairs,
based on injection of fluorescent molecules. Alternatively, the root hair can be
impaled in the vacuole by impaling at the vacuolated base of the root hair, as indi-
cated later. Root hair tip growth is relatively fast (in Arabidopsis thaliana, for
instance, about 1 um min™!), so that ion transport measurements can be made in the
context of a dynamic, physiologically competent, growing cell. Much of this chapter
will describe the electrophysiological properties of root hairs, and review studies on
ion transport in which root hairs played a crucial role. Much of this research
emphasizes the role of root hairs in ion uptake by the plant, and the interplay of ion
transport and cellular morphogenesis. However, to highlight the breadth of advan-
tages that root hairs confer as a model cell, a case study (electrical properties of in
situ vacuoles) will introduce the versatility of root hair research.

2 In Situ Vacuolar Electrophysiology Using Root Hairs

In plant cells, the vacuole often constitutes 80-90% of the cell volume. It must play
an important role in ionic homeostasis. Yet, much of our understanding of the
nature of ion fluxes across the vacuolar membrane relies on vacuoles isolated from
their normal milieu, the only way to access them for patch clamp (Sakmann and
Neher 1995) or other direct transport measurements. How transport properties
change as a consequence of removal from the cell is unknown, but vacuolar proper-
ties may change markedly. Growing root hairs are an ideal system for measuring
the electrical properties of the vacuole in situ, because of the accessibility of the
cytoplasmic and vacuolar compartments in a dynamic, growing cell.

The electrical network of the root hair shown in Fig. 1 indicates the complexity of
plasma membrane and vacuole electrical properties in series, and the technique that
allows the electrical properties of the vacuole to be measured in situ — voltage clamp-
ing while the cytoplasm is maintained at a virtual ground to isolate the electrical
responses of the vacuole from those of the cytoplasm. An example of the impale-
ments is shown in Fig. 2. The experiments uncovered an increased ionic conductance
in response to hyperosmotic stress in root hairs, presumably due to ion channel activa-
tion (Lew 2004). The results highlight the close coordination between plasma mem-
brane (Shabala and Lew 2002) and vacuolar membrane responses (Lew 2004) to
osmotic conditions in plant cells. Such in situ electrical measurements complement
analyses of ion tracer efflux, such as those performed by MacRobbie (2006) in turgor-
active guard cells responding to external changes in osmotic conditions.

In situ measurements could be taken in other cells, from other organisms. That
root hairs can be used is provident, since they are often an integral part of the root
system, and play a role in ion and water uptake during the growth and development
of the plant. Research on root hairs enlightens our understanding of diverse aspects
of plant physiology, and is relevant to the physiology of crop yield. They are acces-
sible to a broad array of techniques in support of scientific enquiry.
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Fig. 1 The electrical networks of the root hair. The plasma membrane and vacuolar membrane
network of resistances (R and R, respectively), capacitance (C and C), and potentials (E_ and
E) are shown to the left. The electrical circuits required to measure the electrical properties of the
vacuolar membrane in situ are shown to the right, overlaid on a diagram of the root hair

To undertake electrophysiological research on root hairs, understanding the
electrical properties of the root hair is important. These properties are directly

related to the net charge movements that can occur because of ion transport across
the membranes.

2.1 Electrical Model of the Root Hair

The electrical properties of cells, including root hairs, are normally described in the
same terms as those used in electronics: voltage, current, resistance, capacitance,
and impedance (which is related to both resistance and capacitance). The first three
electrical properties are related through Ohm’s law, which describes the voltage
created by a current passing through a resistance: E (voltage) = I (current) X R
(resistance). An equivalent electrical circuit for the root hair is shown in Fig. 1. The
voltage across the plasma membrane (E ) of A. thaliana root hairs is normally
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Fig. 2 An example of in situ measurement of the electrical properties of the vacuolar membrane.
(a) Impalements into the cytoplasm and vacuole, as marked. (b) The dual impalements. (¢) The
current—voltage relations for the vacuolar membrane before (circles) and after (squares) a hyper-
osmotic treatment. These were measured while the cytoplasm was maintained at a “virtual
ground” by the electrical circuitry shown in Fig. 1. Note that hyperosmotic treatment causes a
hyperpolarization of the plasma membrane, recorded by both the cytoplasmic and vacuolar micro-
electrodes (since the vacuolar membrane is in electrical series with the plasma membrane). Using
the virtual ground to isolate the vacuole from the plasma membrane, the vacuole membrane
response to hyperosmotic treatment is increased conductance without a change in the positive
electrical potential of the vacuole (c)

about —180 mV (negative inside), and the resistance (R ) is normally about 2040
M . The actual magnitude of the voltage varies depending on the state of the cell
and the composition of the extracellular medium. Some of the voltage difference is
caused by the asymmetric distribution of ions on either side of the plasma membrane.
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These ions will contribute to the voltage based on their relative permeability through
the plasma membrane. Permeability will be affected by ion transport through the
membrane. There is a relation between resistance (R) and ionic permeability (P), but
not a simple one, since resistance depends upon both the permeability and concentra-
tions of each of the contributing ions (Schultz 1980). In root hairs, K* permeability
dominates. If K* were the sole permeant ion (which it is not), the voltage at net zero
current would be described by the Nernst potential: £ = (RT/F)In(c /c,), where R
is the gas constant, 7 the temperature, F' the Faraday constant, and c, and c are the ion
concentrations outside and inside, respectively. At room temperature, the Nernst poten-
tial (in millivolts) can be simplified to £, = 55 log, (c /c,). In addition to asymmet-
ric distributions of ions, the plasma membrane H*-ATPase generates an outward H*
current which also contributes to the voltage (Felle 1982; Lew 1991). The relative
contributions in Arabidopsis root hairs can be estimated from the effect of metabolic
inhibitors which deplete cellular ATP (Lew and Spanswick 1984): The H*-ATPase
contributes about —135 mV, the Nernst potential about —45 mV (Lew 1991).

Capacitance, the fourth electrical property, is the ability of the root hair to hold
charge, just as a battery is capable of holding charge. Capacitance determines the net
imbalance of positive vs. negative ions in the cell required to generate a voltage dif-
ference (cf. Noble 1991). The net charge, QO (in coulombs), is related to capacitance
(C, in farads, for which the fundamental units are coulombs per volt) by Q = CAE,
where AFE is the voltage difference. The charge, O, depends upon the volume of the
cell: Q = V i CionF where Vi is the root hair volume, Con is the concentration
of ions resulting in the net charge imbalance, and F is the Faraday constant (96,480
C mol™', to convert concentration to charge). Assuming typical newly developing
Arabidopsis root hair dimensions (cylindrical) of 15 by 87.5 um for the epidermal
part and 10 by 75 um for the hair, the root hair area is 6.57 x 10~ cm?, and the vol-
ume is 21.35 x 1072 L. The root hair capacitance is about 66 pF (based on the spe-
cific capacitance for biological membranes, about 1 uF cm=, multiplied by the root
hair area). The net charge imbalance required to create a voltage difference of —180
mV would be ¢, = (66 x 107> C V™' x (=0.18 V))/(21.35 x 107> L x 96,480 C
mol™), or 5.8 uM, a very small ion concentration difference. This calculation does
not account for the larger effective volume (contributed by the volume of adjacent
cells due to plasmodesmatal connections of the interconnected cells; Sect. 2.3), but
even if the effective volume were tenfold larger, the net ion concentration difference
would remain low compared to typical ion concentrations in a root cell. Thus, very
small net charge movements across the membrane will have large effects on the volt-
age difference: A single ion channel with a flux of 1 x 10° molecules s~ (1 pA cur-
rent) would have to remain open only 12 s to cause this large a voltage difference in
the root hair. In a “real” root hair, there is an ensemble of transporters functioning
simultaneously; yet, the potential is remarkably constant.

Capacitance has another impact on the electrophysiological measurements. It
affects the time dependence of voltage changes in response to changes in ionic cur-
rent flow across the membrane. Formally, we first take the derivative with respect
to time of the basic equation, Q = CAE: dQ/dt = C(dE/dt). Since current (/, coulombs
per second) is equal to dQ/dt, then I = C(dE/d¢). Substituting Ohm’s law, E = IR (or
I = E/R), we obtain E/R = C(dE/d¢). This last equation can be solved to yield £ = A
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e VRC, where A is the voltage at time zero. The solution describes how a change in
voltage will occur, as an exponential change over time. The rapidity of the change
will depend upon the product of the resistance and capacitance of the cell (RC, with
units of time, often abbreviated as T = RC, the time constant). For the root hair, the
time constant, RC, is about 2-40 ms (Lew, unpublished). This becomes important
in some measurement techniques, such as the discontinuous voltage clamp, which
rely upon differences in time responses to separate the resistance of the cell from
the resistance of the microelectrode impaled into the cell. It can also be important
in instrumentation, because it places limits on the measurability of fast events. The
fifth electrical property is impedance, a measurement of resistance that accounts for
the effect of capacitance on time-varying changes. It is normally used in the context
of the frequency dependence of changes in voltage or current.

Ion transport across the membrane, as long as net charge movements are occurring,
is the fundamental act that can be explored in electrophysiological measurements.

2.2 Electrophysiological Measurements

Voltage differences and resistances are measured by inserting microelectrodes into
the cell. Microelectrode construction and use are described by Thomas (1978), Purves
(1981), and Blatt (1991). Ion-selective microelectrodes are described in detail by
Ammann (1986). The Plymouth Workshop Handbook (Ogden 1994) includes contrib-
uted chapters describing a variety of experimental techniques and analyses. Volkov
(20006) is a recent compilation of microelectrode (and other) techniques.
Impalements with a single microelectrode can be used to measure the root hair
voltage, but measurements of resistance and capacitance are complicated by the fact
that current injection occurs through the same micropipette as the measurement of
voltage. Since micropipette tips have high resistances (often 2040 MQ), the tip
resistance obscures any measurement of the resistance across the root hair plasma
membrane. Therefore, the “standard” for measurements of voltage and resistance is
impalements with two microelectrodes (Etherton et al. 1977). One microelectrode is
used to inject current, while the second one monitors voltage changes. This is a feasible
approach with root hairs (Lew 1994, 1996, 2004), but technically challenging. With
a single microelectrode, it is possible to use a technique called discontinuous voltage
clamp to obtain estimates of both voltage and resistance (Finkel and Redman 1984),
a technique used successfully in a characterization of Nod factor effects on multiple
ion transporters (H*-ATPase, K*, and anion channels) of clover root hairs (Kurkdjian
et al. 2000), part of the signaling pathway prior to root nodulation (Kurkdjian 1995),
which also involves intracellular Ca?* spiking (Kanamori et al. 2006; see Limpens and
Bisseling 2008). The discontinuous voltage-clamp technique relies upon the differ-
ences in the response times of the microelectrode and cell, which in turn depend upon
their resistance and capacitance (the time constant RC described earlier). In general,
it is difficult to assure that resistance and capacitance of the microelectrode would not
be changed during the impalement; this is not a problem with multiple impalements.
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Double-barrel micropipettes offer the ability to impale only once, yet be able to inject
current and monitor voltage in separate microelectrodes. Their fabrication and techni-
cal aspects of their use are described by Lew (2006). Current and voltage measure-
ments are normally taken using voltage clamp, to characterize the voltage dependence
of ion transport.

2.3 Cable Properties and Electrical Coupling

When current is injected into an Arabidopsis root hair, and the voltage deflection
measured in that root hair (root hair I) and the adjacent root hair (root hair II), the
voltage deflections in root hair II are quite large (ca. 50% of the deflection in root
hair I) (Lew 1994). This is direct evidence for electrical coupling between adjacent
root hairs, presumably due to ion flux through the plasmodesmata. The cells act like
an electrical cable, through which ionic currents flow freely from cell to cell.
Electrical signals will readily propagate cell-to-cell, but ionic compositions would
likely be heterogeneous, because of the time required for ion diffusion through the
relatively long distances of an interconnected network of multiple cells.

Technically, cell-to-cell electrical coupling causes problems with quantitation of
voltage clamping. Voltage clamping requires clamp fidelity, in which the voltage is
clamped to the same value throughout all regions of the cellular space. Because
ionic currents flow into adjacent cells, a complete space clamp cannot be achieved.
It is a technical drawback that must be acknowledged, and would not be solved until
a quantitative map of cable properties (including sub-epidermal cells) is created.
Such a quantitative map would enlighten our understanding of symplastic ion trans-
port through root cells.

2.4 Beyond Potential and Resistance

There are a number of electrophysiological techniques available beside intracellular
microelectrodes. These include electrophysiological techniques for the measure-
ment of cytoplasmic ion activities, for the measurement of diffusive ion gradients
extracellularly, which can be converted into ion fluxes, for direct measurements of
turgor with a pressure probe, and even for measurements of other molecules, such
as oxygen and metabolites such as auxin. These techniques will be described in the
following sections.

2.4.1 Ion-Selective Microelectrodes

Ton-selective microelectrodes are normally constructed by placing an ion-sensitive
liquid ion-exchanger (Ammann 1986; Thomas 1978) in the tip of the microelectrode.
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To avoid displacement due to turgor when the microelectrode is impaled into the cell,
poly(vinyl chloride) is often included with the ion-selective cocktail so that the ion-
exchanger is held firmly in place (Felle 1993). The resistance of the resulting mem-
brane is very high, and so a high input impedance electrometer (>10'5 ) must be
used for measurements. The ion-selective microelectrode usually exhibits a close to
Nernstian response to the ion it is specific for. When the ion-selective microelectrode
is impaled into a cell, it measures both the cell potential and the Nernst potential for
the ion. To separate the two voltages, the cell must be impaled with another microe-
lectrode to measure the cell potential. This may be a separate impalement, or a
double-barrel microelectrode can be used (Miller and Wells 2006). Root hairs are
very suitable for these types of measurements, since the cytoplasmic compartment
can be impaled with ease, obviating the need for any indirect assignment of tip
location, based, for example, on the measured activity of the selected ion.

2.4.2 Extracellular Measurements of Net Ion Fluxes

Not only can ion-selective electrodes be used to measure intracellular (and extracel-
lular) free ion concentrations, but with modifications to the measuring technique, they
can be used to measure ion fluxes. This is done by measuring the ion concentration
at two distances from the cell or tissue being examined. The fundamental basis for
inferring flux from two measurements of ion concentration (c, and ¢, measured Ax
distance apart) is that a diffusive gradient will be created, either inward or outward
depending on whether influx or efflux is occurring. This technique was one of the
methods used by Felle and Hepler (1997) to demonstrate a tip-localized Ca** influx
in growing root hairs. The method has been described in detail by Volkov (2006). The
general procedure of measuring diffusive gradients created by net fluxes across the
plasma membrane has been extended to include a wide variety of substances that can
be sampled using microelectrode technology, including oxygen.

2.4.3 Fluorescent Probes

An emerging technique is the use of fluorescent fusion proteins to explore gene expres-
sion, and cytological localization and trafficking dynamics. The use of GFP (green
fluorescent protein) constructs has been described by Goedhart and Gadella (2000).
With the development of relatively simple techniques to study the expression of fluo-
rescent protein constructs in root epidermis (Campanoni et al. 2007), researchers will
gain insight into cytological features of root hairs, to provide a better understanding
of expression and trafficking of transport proteins (Campanoni et al. 2007).

2.4.4 Measurements of Turgor

Measurements of the cell hydrostatic pressure (turgor) would not normally be con-
sidered an electrophysiological technique. However, the required micromanipulation
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methods used to impale the cell are the same, and turgor is closely allied with
transport of both water and ions across cellular membranes (both the plasma
membrane and vacuolar membrane). In this technique, micropipettes are pulled
to a coarser tip, to minimize the obstruction to mass flow through the tip. The
micropipette is filled with low-viscosity silicone oil, which improves the ease of
hydraulic flow and does not mix with the cell cytoplasm. Upon impalement, the
internal pressure of the cell pushes the oil/cytoplasm meniscus into the micropi-
pette. Pressure is applied to the micropipette via a piston: the pressure required
to “push” the meniscus back to the tip is the initial turgor of the cell. The pressure
is measured with a transducer in contact with the silicone oil. Typical turgor of
Arabidopsis root hairs is about 680 = 200 kPa (Lew 1996). Turgor is regulated
rapidly: within 40-50 min of a hyperosmotic treatment that causes a rapid
decrease in turgor, the turgor recovers close to its original level. At least in
Arabidopsis, turgor recovery occurs in concert with activation of the plasma
membrane H*-ATPase and uptake of osmotically active ions (mostly K* and CI")
(Shabala and Lew 2002).

3 Ion Transport in Root Hairs

Having summarized some of the cell biophysical techniques used to measure the
physiological dynamics of root hairs, what roles would ion transport play in the
growth and differentiation of the root hair?

Maintaining osmotic balance of the root hair during cellular expansion is
essential to maintain a constant turgor. With growth rates of 1 um min~!, a root
hair of 8 um diameter will increase its volume about 50 fLL min~'. If osmotic
balance is to be maintained by ion influx, the root hair must take up about 25
fmol min~'. Much of this uptake will be into the vacuole, which increases in
size as the cell expands. Root hairs may also be a pathway for ion uptake to
support the osmotic balance of other cells within the plant body. Thus ionic
balance is crucial to the root hair. In addition, it is common for plant cells to
accumulate ions selectively. That is, K* accumulation is preferred to Na*; Ca?*
is actively excluded from the cytoplasm; Cl~ is normally taken up as the
counterion.

Ions may also play a role in signaling. Ca** influx to maintain a tip-high Ca*
gradient during tip growth of the hair has already been noted (Sect. 2.4.2) (see
Bibikova and Gilroy 2008). Ca?* may act as a mediator of the vesicle fusion
required for continued cell expansion, and is known to activate both kinases and
phosphatases in the cytoplasm. Protons are crucial to the life of the cell, not only
in the context of cytoplasmic pH regulation, but modulation of extracellular pH,
and as a signaling molecule analogous to Ca?* during the onset of nodulation
(Felle and Herrmann 2000). The ubiquitous role of protons is further supported
by the central role of the H*-ATPase in nutrient transport (Palmgren 1998, 2001;
Sondergaard et al. 2004).
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3.1 The Plasma Membrane H*-ATPase

The plasma membrane H*-ATPase is a P-type active ion pump (Lauger 1991) com-
mon in walled cells of the plant and fungal kingdoms, and many of the algae.
Owing to the electrogenic nature of the ATP-dependent H* extrusion, the H*-
ATPase contributes significantly to the negative-inside potential of the cell, a driv-
ing force for uptake of a number of nutrients. In Arabidopsis root hairs, direct
evidence for the role of the H*-ATPase was based upon the depolarizing effects of
an inhibitor of P-type active pumps, vanadate, and cytoplasmic ATP depletion by
cyanide (Lew 1991). The magnitude of the depolarization, about 135 mV from an
initial value of about —180 mV, is evidence for its dominant role generating the
potential (Lew 1991). The gene(s) for the H*-ATPase have been cloned from a
number of species, and it is known to exist in various isoforms (Michelet and
Boutry 1995). A number of gene subfamilies (Arango et al. 2003) exhibit differen-
tial expression, which suggests different functional roles (Moriau et al. 1999;
Lefebvre et al. 2005). In Nicotiana plumbaginifolia, one of the genes (PMA4) of a
subfamily that appears to be expressed in tissues that have a role in ion uptake is
strongly expressed in root hairs of seedlings, implicating root hairs as a major site
of ion uptake for young roots (Moriau et al. 1999). The voltage-dependent conduct-
ance of the membrane before and after vanadate inhibition of the H*-ATPase is rela-
tively unchanged at voltages from —200 to 0 mV (Lew 1991). Thus, the pump
exhibits a voltage-independent “constant current” activity. Estimates of the current
density are problematic because of the problems discussed regarding the root hair
cable properties and cell-to-cell coupling, but it appears to be quite high, indicating
a high level of H*-ATPase activity in root hairs (Lew 1991).

It is unclear whether root hair H*-ATPase activity is regulated by intracellular
ions, such as calcium (known to activate the Neurospora crassa H*-ATPase [Lew
1989]) or protons, one of the substrates for the enzyme (although the H*-ATPase
does not appear to regulate cytosolic pH [Felle 1996]). Experiments ionophoresing
either Ca®* or H* ions directly into the root hair revealed no compelling evidence
for regulation by either ion. Increasing cytoplasmic [Ca®*] rapidly inhibits cytoplasmic
streaming; only at higher levels does Ca** depolarize the potential and inhibit
cell-to-cell coupling (Lew 1994). Increasing cytoplasmic [H*] causes a rapid
increase in vacuolar area (Lew, unpublished) but has no effect on the membrane
potential and minimal effects on cell-to-cell coupling (Lew 1994).

The plant hormones auxin (Tretyn et al. 1991; Ayling et al. 1994) and cytokinin
(Silverman et al. 1998) affect the membrane potential of root hairs. Exogenous, but
not intracellular injection of, cytokinin hyperpolarizes the potential, consistent with
H*-ATPase activation, and stimulates root hair growth (Silverman et al. 1998).
Auxin either depolarizes (Ayling et al. 1994; Tretyn et al. 1991) or hyperpolarizes
the potential, depending on the auxin concentration (Tretyn et al. 1991). In addition
to effects on the electrical properties, auxin is implicated in root hair initiation
(Masucci and Schiefelbein 1994). For information about the effects of auxin on root
hair cells, see Lee and Cho (2008).
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Because of the central role of the H*-ATPase in nutrient uptake, its regulation is
of considerable interest (Palmgren 2001). The fungal toxin fusicoccin is known to
activate the H*-ATPase and does so by activating an endogenous transduction path-
way of H*-ATPase phosphorylation to cause binding of a 14-3-3 protein
(cf. Kanczewska et al. 2005). Root hairs presumably contain the appropriate
signaling components, since fuscoccin hyperpolarizes the potential of Limnobium
stolonifera root hairs (Ullrich and Novacky 1990). There is a recent report on fusi-
coccin activation of an MAP kinase cascade in tomato leaves (Higgins et al. 2006).
An MAP kinase cascade directly activates the H*-ATPase in the fungus N. crassa
in a pathway separate from activation of gene expression (Lew et al. 2006). It is part
of a turgor-regulating system in the fungus; a similar system may exist in higher
plants (Shabala and Lew 2002). In plant root hairs, it is likely that continuing
research will reveal a web of pathways controlling H*-ATPase activity, either
directly or via regulation of H*-ATPase gene(s) expression.

As noted earlier, on the basis of inhibitor studies, the H*-ATPase is a major con-
tributor to the membrane potential of the cell. The potential is one component of
the proton motive force (pmf), which is the sum of the potential and pH differences
between the inside of the cell and the extracellular environment: pmf (mV) =
AVoltage + 5S5ApH. The potential or the pH difference, or both, can be used to drive
the uptake of other nutrients and ions into the cell. Of these ions, K* and CI are
accumulated in large amounts inside the cell.

3.2 K* Transport

K" is an essential nutrient, actively accumulated from the soil solution, which nor-
mally contains low concentrations (0.3-5 mM) compared to 100-200 mM in the
cell. Much of the identification of K* transporters has relied on functional comple-
mentation of yeast K* transport mutants using cDNA library screens (Fox and
Guerinot 1998). There are at least five K* transporter families that include K* chan-
nels, cotransporters, and antiporters (Maser et al. 2001; Ashley et al. 2006).
Uptake through channels would be energized by the negative-inside potential of
the cell (Gassmann and Schroeder 1994; Maathuis and Sanders 1993, 1995). If the
potential is about —170 mV and internal [K*] is 100 mM, then active accumulation
through the channel can occur at soil solution [K*] greater than about 0.1 mM. One
example of an inward channel is AKT1, known to be expressed in Arabidopsis
roots (Legarde et al. 1996). The akt! mutant exhibits reduced K* uptake (using Rb
as the radioactive tracer) and apparently lacks the inward K* channel (Hirsch et al.
1998; Ivashikina et al. 2001), as measured by patch clamp. Direct evidence for the
K* channel’s role in K* uptake in intact root hairs was obtained by using extracellu-
lar ion-selective microelectrodes to monitor K* sequestration after oligochitin-elici-
tor treatment. The elicitor first induced K* release, followed by reuptake in
wild-type root hairs, but reuptake was delayed in the akt/ mutant (Ivashikina et al.
2001). The kinetics of the inward K* channel (AKT1) are modulated by AtKCl1, a
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regulatory subunit (Reintanz et al. 2002); it is regulated by a Ca**-activated protein
kinase pathway (Xu et al. 2006; Li et al. 2006).

Outward K* channels (GORK) are also expressed in root hairs (Ivashikina et al.
2001). Because the voltage-sensitive gating of this outward K* channel is affected
by extracellular [K*] (activation shifts to more positive voltages at higher [K*]), it
is possible that the channel functions in K*-“sensing” and may have a role in the
polar growth of the cell (Ivashikina et al. 2001). Alternatively, the outward channel
may maintain the potential within well-defined limits: at low external [K*], the
potential will be more negative, hence the channel would activate at more negative
potentials should the potential depolarize; at high external [K*], when the potential
is more positive, activation at a more positive potential would avoid excessive K*
loss from the cell.

Another K* permease family plays a role in K* uptake: KT/KUP. In Arabidopsis,
10 of the 13 AtKT/KUP genes are expressed in root hairs (Ahn et al. 2004), which
is an indirect evidence for the role of root hairs in K* uptake. Functional comple-
mentation of the genes in an E. coli mutant deficient in K* uptake demonstrated the
protein products function in K* transport (Ahn et al. 2004). A knock-out mutant of
the AzKT3/KUP4 member (Ahn et al. 2004) of the K7/KUP family causes a “tiny
root hair” (trhl) phenotype, specifically the absence of root hair elongation after
initiation (Rigas et al. 2001). Whether the phenotype is caused by a disruption of
K* transport is unclear, since elevating extracellular [K*] did not rescue the pheno-
type. However, even in wild type, elevated [KCl] causes a decrease in root hair
length, a response also observed in the already short root hairs of the ¢4/ mutant
(Desbrosses et al. 2003).

Much of the above-mentioned research has relied upon characterization of the
ion channels with the patch clamp technique. Root hairs are special as a model sys-
tem for examining issues related to transport of K* and other osmotically active ions
because uptake can be examined in the context of cellular growth, in situ. Time-
dependent inward and outward currents, inhibitable by quaternary ammoniums
(tetraecthylammonium and tetrapentylammonium) and Cs* (“standard” K* channel
inhibitors, Hille 1984), have been measured in intact root hairs by using a discon-
tinuous single-electrode voltage clamp technique (Bouteau et al. 1999), vindicating
in vitro characterizations. The inward K* current does appear to have a role in cel-
lular expansion. To maintain turgor during growth, the root hair must accumulate
osmotically active substances. K* uptake plays a role: inhibition of the inward K*
channel with tetraethylammonium inhibits an inward K* current and Arabidopsis
root hair growth (Lew 1991). The inhibition of growth is transient (growth resumes
after about 4 min), and so K* uptake is not an obligatory mechanism for maintain-
ing the internal osmolarity at a level sufficient to “drive” cellular expansion.

Net K* influx was measured in growing Limnobium stoloniferum root hairs
using the vibrating ion-selective probe technique (Jones et al. 1995). The root hairs
have TEA-sensitive inward (and outward) K* currents (Grabov and Bottger 1994).
Root hair growth is inhibited by Al** (half-maximally at about 7 uM), but K* influx
continued after inhibition of growth by 20 uM AI* (Jones et al. 1995). Aluminum
does inhibit inward K* channels of wheat root hairs (half-maximally at about 8 uM;
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Gassmann and Schroeder 1994). So, AlI** levels sufficient to inhibit an inward K*
channel measured on root hair protoplasts with the patch clamp technique do not
affect K* influx in intact root hairs, even though growth inhibition is observed. The
conclusion is that there is no one-to-one correspondence between K* uptake and
growth. This may be unfortunate for scientists, but certainly beneficial for plants
subjected to diverse stresses during their growth and survival, such that multiple
mechanisms for maintaining growth are crucial.

Because of their large size, the electrical properties of Limnobium root hairs are
easily measured (cf. Ullrich and Novacky 1990) with a technique uncommon in
higher plant electrophysiology: the sucrose gap (Purves 1981). The sucrose gap
electrically isolates two regions of the root hair, so that the voltage dependence of
ionic currents can be measured by voltage clamping. With this technique, Grabov
and Bottger (1994) identified TEA-sensitive inward and outward K* channels that
were active at potentials more negative and more positive than the normal mem-
brane potential, respectively. Modifying the redox potential of the root hairs by
adding the electron acceptor hexacyanoferrate(Ill) to the external solution activated
the inward K* channels and inhibited the outward K* channels. The physiological
role of redox modulation is not known, but it may be related to a redox system
located on the plasma membrane that mediates iron uptake (Moog et al. 1995;
Robinson et al. 1999). Redox modification (with reductive agents) is known to
control root hair morphogenesis (Sanchez-Fernandez et al. 1997).

Other factors beside redox poise may regulate K* transport. Many K* channels
are regulated by ATP. It would not be surprising to uncover a linkage between
“energy charge” of the cell and ion transport, both direct effects (for example, the
ATP dependence of the H*-ATPase activity) and indirect effects (regulation of
channel activity). Such an energy charge linkage exists between the Na*/K*-ATPase
and K* channel activity in renal proximal tubules (Tsuchiya et al. 1992). In yeast,
Ramirez et al. (1989) reported altered K* channel activation by cytoplasmic ATP in
a H*-ATPase mutant (pmal—105). In higher plants, there is no direct biochemical
linkage between K* uptake and the H*-ATPase (Briskin and Gawienowski 1996),
but indirect linkages may eventually be discovered. Certainly, nutritional status
regulates K* transport (Ashley et al. 2006). Root hairs are a relatively “simple”
system in which to explore such regulation.

K* uptake alone cannot account for osmotic balance in growing cells; it must be
accompanied by a counterion to assure the maintenance of electrical balance. CI" is
the major anion actively accumulated in plant cells.

3.3 CI Transport

In growing Arabidopsis root hairs, CI” influx was measured directly with the ion-
selective vibrating probe (Lew 1998b). CI~ uptake cannot be passive through a CI-
channel, because the negative inside voltage of the cell would electrophoretically
“expel” the Cl™ anion from the cell. Instead, uptake relies upon an nH*/CI~ symport,
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so that CI- uptake is coupled to the proton motive force generated by the H*-
ATPase. Evidence for a symport mechanism is based upon measurements of the
electrical potential and pH, both cytoplasmic and extracellular, in Limnobium root
hairs (Ullrich and Novacky 1990). The extracellular addition of CI- causes a large
depolarization of the potential (about 60—100 mV) along with acidification of the
cytoplasm and alkalinization of the extracellular medium. This is consistent with
cotransport of more than one H* with each CI™ ion: the net positive charge influx
would cause the depolarization. The pH changes are consistent with the fact that
HCl is being transported. More extensive experiments supporting the presence of a
H*/CI” symport were performed by Felle (1994), who measured Cl- accumulation
directly with an intracellular CI-selective microelectrode in Sinapis alba root hairs.
Felle (1994) also measured pH with a H*-selective microelectrode, as well as the
potential and resistance of the root hair. A shift to an acidic extracellular pH (from
9.5 to 4.5) was sufficient to increase intracellular [CI] about 2.5-fold, even though
the membrane potential depolarizes under these conditions. This indicates a kinetic
dependence of H*/CI~ symport activity on the ApH component of the proton motive
force, separate from the AVoltage component.

Chloride channels would function in CI” efflux from the cell. Nod factor signal-
ing includes a transient depolarization of the potential which occurs concomitant
with the appearance of CI” in the extracellular medium and a decrease in cytoplas-
mic [CI7]. The CI- efflux is believed to be caused by a Ca**-activated CI- channel in
the root hair (Felle et al. 1998). Anion channels from root epidermal cells have been
characterized using patch clamp (Diatloff et al. 2004). The channels are permeable
to a wide range of anions (including citrate). Organic anion selective channels are
regulated by extracellular Al** and the phosphate nutritional status of the plant;
these and other physiological roles of anion channels in roots (e.g., osmoregulation)
have been recently reviewed by Roberts (2006).

3.4 Nitrogen (NH and NO;), Sulphate, and Phosphate Transport

Although they are not normally accumulated in large amounts in the plant, nitrogen
species (usually NH,* and NO,"), sulphate, and phosphate are essential ionic nutri-
ents and must be actively imported by the cell.

Ammonium uptake must involve multiple mechanisms that would depend upon
pH, and thus the relative contributions of the unprotonated ammonia (NH,) and
protonated NO,". The two forms are interconvertible by the following reactions:
NH,(aq)+H,0 <> NH,* +OH(pK,, 4.75) and NH,* <> NH, + H*(pK, 9.25). At
neutral pH, the dominant form would be the ammonium ion (NH s but NH, may
still play a role as a membrane-permeable form. However, the addition of NH*
extracellularly causes depolarization of the potential in barley and tomato root hairs
(Ayling 1993). This is consistent with positive charge entry into the cell and implies
that NH,* is the transported form. Because K* channels are often significantly per-
meable to NH W the ammonium ion could be transported by an inward K* channel,



Root Hair Electrophysiology 137

but ammonium transporters have been identified in root hairs (Lauter et al. 1996).
The LeAMTI was discovered by screening a root-hair-specific cDNA library of
tomato; its functional identification was based on rescue of a yeast mutant deficient
in ammonium transport (Lauter et al. 1996). Four AMT genes that are expressed in
roots have been identified in Arabidopsis (Loque et al. 2006), some are expressed
in response to nitrogen deficiency, and have been assigned a role in high-affinity
uptake by analyzing T-DNA insertion mutants. When the tomato genes LeAMT1I; 1
and LeAMT1;2 are expressed in oocytes, the addition of NH S caused inward cur-
rents, consistent with uptake of the positively charged ammonium ion (Ludewig
et al. 2003).

In general, NH," is a preferred nitrogen species, because NO,” must be reduced to
ammonium for production of amino acids, but NO; is more common in the soil solu-
tion. As an anion, it is expected that active accumulation would rely on an nH*/NO,~
symport. Using Limnobium root hairs, Ullrich and Novacky (1990) examined the
effect of NO,™ on the membrane potential and cytoplasmic pH. Nitrate addition depo-
larized the potential, but, unexpectedly, it caused an alkalinization of both the cyto-
plasm and extracellular solution. This is not consistent with an nH*/NO,~ symporter,
which should acidify the cytoplasm, but could be due to rapid reduction of NO,™ in
the cytoplasm, consuming the imported H*. Using Arabidopsis root hairs, Meharg
and Blatt (1995) voltage clamped to assess the voltage dependence of the ionic cur-
rents induced by NO,™ transport. They observed larger NO,-induced currents at volt-
ages more negative than the normal membrane potential and at acidic extracellular
pH, supporting the presence of a voltage-dependent nH*/NO,~ symporter. Nitrate
(NO,") transporters have been cloned (cf. Wang and Crawford 1996; Wang et al.
1998; Lauter et al. 1996), and some are preferentially expressed in root hairs (Lauter
et al. 1996). Heterologous expression of a nitrate transporter (CHL1) in Xenopus lae-
vis oocytes caused pH-dependent inward currents consistent with an nH*/NO,~ sym-
porter (Tsay et al. 1993). Mutations in both the Arabidopsis CHL1 (NRT1) and NRT2
nitrate transporters minimize the membrane potential changes observed after addi-
tions of low levels of NO,” (Wang and Crawford 1996; Wang et al. 1998).

The importance of urea uptake has been recently demonstrated. Urea is normally
broken down to ammonium relatively quickly. However, Kojima et al. (2007) iden-
tified a gene for high-affinity urea uptake, AtDUR3, and documented its expression
in the plasma membrane of Arabidopsis root hairs by immunocytochemistry, and
its expression under nitrogen-deficient conditions with a GFP (green fluorescent
protein) fusion construct.

As is true for other anions, phosphate appears to be taken up via an nH*/Pi sym-
porter (Ullrich and Novacky 1990). Phosphate transporters have been cloned, and
do appear to be expressed in root epidermal cells, including root hairs (Daram et al.
1998; Liu et al. 1998). The promoter for the phosphate transporter gene has been
proposed as a biotechnological tool since it causes induction of heterologous genes
in roots, including root hairs (Schunmann et al. 2004).

Sulfate is normally reduced in photosynthetic tissues, but must first be trans-
ported into the plant. A number of genes encoding sulfate transporters have been
cloned from a variety of plant species and their function has been established by
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heterologous expression in yeast (cf. Yoshimoto et al. 2002). The transporters are
expressed in root hairs, and are induced by sulfate deficiency (Maruyama-Nakashita
et al. 2004). Sulfate deficiency also induces the expression of enzymes responsible
for the reduction of SO N but since most reduction and assimilation occur in the
leaves, regulatory mechanisms are complex (Hopkins et al. 2005), and include sul-
fate transport into vacuoles as a mechanism controlling cytoplasmic concentrations
(Kataoka et al. 2004; the regulation of sulfate assimilation was recently reviewed
by Kopriva 2006). The transport mechanism is as yet uncharacterized in situ, but
since sulfate is taken up as the anion, a nH*/SO,” symport is very likely, and sup-
ported by the observation that uptake is stimulated by acidic pH when plant sulfate
transporters (SHST1 and SHST?2 from Stylosanthes hamata) are expressed in yeast
(Smith et al. 1995).

4 Ion Transport and Root Hair Morphogenesis

As a tip-growing cell, a root hair offers the ability to explore potential roles that ion
transport may have during root hair initiation and elongation. As osmotically active
agents accumulated in large amounts, K* and CI" may function to maintain intracel-
lular osmolarity during growth. In addition, transported ions may act as a second
messenger during signal transduction. Hormones and other intracellular compo-
nents of signal transduction may regulate ion transport as part of their regulation of
morphogenesis.

4.1 Ca** Transport and Root Hair Morphogenesis

Ca?* is very important to the physiological function of plant cells, primarily because
of its role as a second messenger. The importance of Ca** in signal transduction will
be detailed elsewhere in this book (see Bibikova and Gilroy 2008).

4.2 Control of Root Hair Morphogenesis by lonic Nutrients

Besides the signaling role of Ca*", other ions also affect morphogenesis, or more
accurately, root hair initiation and growth appear to be induced under conditions of
nutrient deficiency. The general role of root hairs is believed to be an increase in
the soil volume in near proximity to the root, increasing the effective zone of diffu-
sive supply of ions to the root (Jungk 2001). Root hair length and number are
increased by nutrient deficiencies (Peterson and Stevens 2000): for example, phos-
phorus (Bates and Lynch 1996), nitrate (Jungk 2001), potassium (Desbrosses et al.
2003), iron (Moog et al. 1995), and manganese (Konno et al. 2006). The regulation
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of root hair initiation and growth under nutrient deficiencies is unclear, and the
“sensing” of nutrient deficiency is unlikely to be localized specifically to root hairs.
However, Shin et al. (2005) suggest that reactive oxygen species may play a role in
response to nutrient deficiencies. H,0, is induced within 30 h of nutrient depriva-
tion in wild type, but not in Arabidopsis root hair mutants (for potassium and nitro-
gen, but not for phosphorus deprivation); so it is possible that root hairs have a role
in sensing potassium and nitrogen deficiencies. The hormone auxin may control
root hair formation in response to iron or phosphorus deficiency, since root hair and
transfer cell formation is inhibited in auxin mutants (axr2), completely for iron
deficiency and partially for phosphorus deficiency (Schikora and Schmidt 2001).

The concept that root hairs can play a role in nutrient uptake is supported by their
induction under deficient conditions, but they may not be obligatory for nutrient
uptake. Comparisons of rice mutants lacking root hairs or lateral roots revealed that
lateral roots are more important for silicon uptake (Ma et al. 2001). The density of
the root network ramifying through the soil would be expected to compensate for
the absence of root hairs.

5 Concluding Remarks

Even if root hairs are not crucial for the survival of the plant, they can play impor-
tant roles in nutrient uptake. They are a remarkable model system for intracellular
manipulations, electrophysiology, and cell imaging. It is probably fair to say that no
other cell type in the plant can be used with such remarkable experimental sophis-
tication in situ, intact and growing. They are an excellent single cell test tube; in
conjunction with molecular biological manipulations, they can be used to unravel
molecular mechanisms of ion transport that underpin the growth and development
of a plant cell. In fact, one could envision experiments modifying ion concentra-
tions inside the cell by ionophoresis, using ion-selective fluorescent probes to map
ion activity in the cell, while measuring ion transport across the cell with voltage
clamp, and, the concordant ion fluxes with an extracellular ion-selective electrode.
Such experiments could reveal not only the basic transport mechanisms (such as
stoichiometries and energetics), but how ion transporters act cooperatively in a
growing cell.
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Calcium in Root Hair Growth

T. Bibikova and S. Gilroy(t=)

Abstract The growth of cells as diverse as fungal hyphae, pollen tubes, algal
rhizoids, and root hairs is characterized by a highly localized control of cell expan-
sion confined to the growing tip. The cellular regulators that have been shown to
maintain this spatial localization of growth range from monomeric G-proteins and
the actin cytoskeleton to protein kinases and phospholipid-modulating enzymes.
A central theme in the proposed mode of action of most of these factors is either
regulation of, or response to, the concentration of cytoplasmic Ca*". For example, a
tip-focused Ca?* gradient is associated with the growing point of the root hair and
is thought to mediate spatial control of membrane trafficking and the cytoskeleton.
Key advances in our understanding of how Ca?* acts in this system have been the
recent identification of some of the Ca?* channels and transporters likely responsi-
ble for modulating this Ca** gradient and the likely central role for reactive oxygen
species (ROS) in regulating these events. Similarly, molecular identification of
Ca?*-responsive elements, such as Ca?*-dependent protein kinases, likely to interact
with the tip-focused gradient has begun. This Ca’*-signaling system appears to
interact with many of the other components of the tip growth system, including
monomeric G-proteins, phospholipases, and the cytoskeleton, helping integrate
these activities to facilitate the localization of growth.

1 Introduction

Root hairs are tubular extensions from the surface of root epidermal cells. This
hairlike morphology is essential for their role in nutrient uptake and anchoring the
plant in the soil and is the result of the integration of two growth control processes
acting in concert. Initially, the cellular growth machinery is centered around one
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point within the cell, leading to the secretion of new cell wall and insertion of
plasma membrane material being limited to the growing apex. Following initiation,
the young and flexible root hair cell wall yields to turgor pressure only in this tip
region, leading to expansion being limited to the extreme apex of the elongating cell
(see Emons and Ketelaar 2008). This spatial patterning of growth has led to root
hairs emerging as a model system for understanding how plant cell growth is local-
ized and controlled and for the identification of the molecular components that reg-
ulate this process. Myriad regulators have so far shown to be involved in driving tip
growth (for example, see Aoyoma 2008; Assaad 2008; Zarsky and Fowler 2008),
and of these, cytoplasmic Ca** has emerged as a key component controlling the
spatial dynamics of growth.

Ca?* is recognized as a ubiquitous regulator of plant growth and development,
with elevation of cytoplasmic Ca?* concentration being involved in developmental
and physiological pathways ranging from hormone signaling and pollination, to
leaf cell morphogenesis (Hetherington and Brownlee 2004). The calcium ion has
been shown to affect the activity of many plant proteins, from kinases and phos-
phatases, to cytoskeletal-associated proteins and ion transporters, providing a
wealth of potential cellular targets to control diverse plant processes. Elevated cyto-
plasmic Ca*" is also thought to play a critical role in maintaining and directing the
root hair growth machinery. For example, root hair elongation is always associated
with a gradient in cytoplasmic Ca** focused to the growing tip, and dissipation of
this gradient inhibits such polarized growth (see later).

In this chapter we will therefore review the role of Ca** in maintaining and
directing the apical growth machinery of the root hair. We will also discuss the
role of Ca?* transporters in maintaining the tip-focused Ca** gradient required for
apical growth and the cellular mechanisms that are likely involved in regulating
these transporters. Finally we will review the current evidence for the possible
targets of the elevated Ca’* concentration at the root hair tip. It is important to
note that while we will focus on the role of Ca?* in growth, this ion has key signal-
ing roles in the root hair, e.g., in the Nod factor response during the development
of rhizobial symbiosis. For discussions on such signaling activities, see Limpens
and Bisseling (2008).

2 Calcium Gradients in Root Hair Development
2.1 Root Hair Initiation

Root hair initiation is the process in which a localized bulge is formed on the outer
cell wall of the trichoblast, the epidermal cell destined to form a root hair. The rela-
tive position of this initiation site is highly regulated, ensuring a consistent distribu-
tion of root hairs on the root surface. For example, in Arabidopis thaliana the root
hair is always formed towards the apical end of the trichoblast, i.e., the end of the
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cell closest to the root apex (Dolan et al. 1994). In the main elongation zone of the
root, the trichoblast cell undergoes rapid but diffuse growth along its entire length
associated with elongation of the main root axis; however, upon entering a phase of
root hair initiation this cell switches its growth habit to highly polarized expansion
from one very localized site on the outer wall of the cell. This process is accompa-
nied with the polarization of the cytoplasm, preferential localization of the growth
machinery to the predefined future initiation site, and localized changes in the
properties of the lateral cell wall to support hair outgrowth (reviewed in Bibikova
and Gilroy 2002).

Intracellular Ca®* gradients are recognized as ubiquitous determinants of polarity
establishment and maintenance in many different eukaryotic organisms, including
animals, fungi, protists, and plants (e.g., Schwab et al. 1997; Hyde and Heath 1995;
Hurst and Kropf 1991; Watson and Barcroft 2001; Love et al. 1997; Malho 1998;
Campanoni and Blatt 2007), and so provide an obvious candidate for localizing the
cellular machinery required to initiate root hair formation. For example, the polariza-
tion of the mammalian epithelium is initiated by Ca**-dependent adhesion receptors
that orient the actin cytoskeleton and induce subsequent localized changes in intracel-
lular Ca** and H* concentrations (Drubin and Nelson 1996; Alattia et al. 1997).
Calcium also plays an important role in the process of polarity establishment in tip-
growing fungi. Thus, an external gradient of Ca?" ionophore can determine the site of
hyphal emergence from protoplasts and cysts of Saprolegnia ferax and stimulate for-
mation of a new hyphal tip in Neurospora crassa and Achlia bisexualis (Reissig and
Kinney 1983; Hyde and Heath 1995). There is also evidence suggesting a role for
Ca* in the process of axis specification and initial polarization during germination of
fucoid algal zygotes. In this case, an influx of Ca?* localized to the site of future rhiz-
oid formation can be detected prior to visible polarization of the cytoplasm in the
zygote (reviewed in Brownlee and Bouget 1998). Extracellular gradients of calcium
ionophore also induce formation of the rhizoid at the site of higher Ca?* concentra-
tion, and putative Ca®* channels have been shown to localize to the site of future rhiz-
oid emergence (Pu and Robinson 1998; Robinson and Jaffe 1973; Shaw and Quatrano
1996). In addition, the Ca®*-dependent regulatory protein calmodulin was seen to
localize to the future site of rhizoid emergence (Love et al. 1997). In the caulonemal
cells of the moss Funaria, reorganization of growth is also accompanied by localized
increase in cytoplasmic Ca?* (Hahm and Saunders 1991; Demkiv et al. 1994; Hepler
and Waayne 1985).

Despite this wealth of evidence supporting a role of localized cytoplasmic Ca**
gradients in signaling or initiating polarization of different eukaryotic cells, the ini-
tial polarization events in root hairs appear to be Ca*-independent. Thus, measure-
ment of cytoplasmic Ca*" levels in the trichoblast prior to and during root hair
initiation did not reveal elevation of Ca?* levels associated with this process (Fig. 1).
In addition, Ca?* channel blockers, such as verapamil or LaCls, have no effect on
the process of initiation. These data suggest that the signaling leading to the earliest
events of trichoblast polarization and root hair initiation is likely not directed by
Ca?* (Wymer et al. 1997). Such ideas are consistent with evidence from some other
organisms exhibiting polarized growth that Ca®* might not always be the primary
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Fig. 1 (a—g) Cytoplasmic [Ca®*] in initiating and tip-growing root hairs of Arabidopsis. The root
hairs were microinjected with the fluorescent Ca*-indicating dye Indo-1, and [Ca*] was moni-
tored by confocal ratio imaging. (a) Bright field and [Ca*] in an initiating root hair. [Ca*] (b) 5
min and (¢) 15 min after the start of wall bulging. (d, f) Bright field and (e, g) [Ca**] in a tip-growing
and nongrowing root hair. Note the development of a tip-focused gradient in [Ca*] when tip
growth commences and its loss as the hair stops growing. i initiation site, n nucleus, #r trichoblast.
Scale bar = 10 pm (Reproduced with permission from Bibikova and Gilroy 2000)

determinant of the cell polarization process. For example, the growth of the lobes
of the alga Microsterias has been shown to be likewise Ca**-independent (Holzinger
et al. 1995).

2.2 Root Hair Tip Growth

Following initiation, the root hair developmental program switches to apical
growth. This process is thought to be similar in all tip-growing cells, such as algal
rhizoids, fungal hyphae, pollen tubes, and root hairs. In these cells, deposition of
new plasma membrane and primary wall materials is limited to the expanding tip,
leading to an elongated, hairlike morphology. Such tip growth is driven by turgor
and maintained by directed exocytosis of secretory vesicles at the growing tip.
Ultrastructural analysis of root hairs and other tip-growing cells reveals that their
cellular structure is highly polarized (see Emons and Ketelaar 2008). The tips of these
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cells predominantly contain nonstreaming cytoplasm devoid of large organelles and
enriched with endocytotic and exocytotic vesicles (Emons 1987; Sieberer and Emons
2003). Cytoplasm further from the tip contains large organelles, including Golgi bod-
ies, mitochondria, endoplasmic reticulum, and plastids (Rosen
et al. 1964; Sievers and Schnepf 1981; Lancelle and Hepler 1992; Galway et al. 1997,
Miller et al. 2000). A tip-focused gradient of cytoplasmic Ca?* is associated with this
structural zonation. Both the polarized distribution of Ca** and zonation of the apical
cytoplasm disappear with the cessation of apical growth and are thought to be essen-
tial parts of the tip growth machinery (reviewed in Carol and Dolan 2002).

Thus, apical growth is widely recognized as a Ca**-dependent process, with a
tip-directed gradient in cytoplasmic Ca?* supporting elongation of fungal hyphae,
algal rhizoids, pollen tubes, and root hairs (reviewed in Brownlee et al. 1999;
Bibikova and Gilroy 2000). Pollen tubes represent perhaps the most extensively
studied plant system exhibiting apical growth. While it is clear that the maintenance
of a tip-focused gradient in Ca** is essential for tube elongation (e.g. Holdaway-
Clarke and Hepler 2003; Gu et al. 2005), interestingly, Ca** appears to be playing
a more complex role than simply facilitating localized exocytosis. Detailed meas-
urements of the kinetics of Ca?* influx and the intracellular Ca** gradient during
pulsatile growth of lily pollen tubes revealed that peaks of Ca?* influx actually lag
behind the peak of growth. However, the amplitudes of Ca?* fluxes were propor-
tional to the magnitude of the preceding growth pulses. Such a mismatch in timing
between extracellular Ca?* influx and growth might reflect refilling of an intracel-
lular Ca?* store or binding to Ca**-binding sites in the newly synthesized cell wall
(Holdaway-Clarke et al. 1997; Messerli et al. 1999). When cytoplasmic Ca** was
directly measured, the peaks of the increased tip-focused gradient were also seen to
lag growth by about 4 s, leading to a model where a growth increase may actually
give rise to subsequent Ca*-dependent secretion that is essential to prime the system
for the next growth oscillation (Messerli et al. 2000).

As with pollen tubes, root hair apical growth is also Ca*-dependent. Studies
with a self-referencing, Ca**-selective microelectrode revealed that Ca?* influx is
higher at the tip than at the base of the growing root hair, suggesting that a cyto-
plasmic Ca?* gradient is maintained by the influx of Ca?* through channels inserted
into the apical plasma membrane (Herrmann and Felle 1995; Jones et al. 1995;
Schiefelbein et al. 1992). This model of a tip-focused Ca** gradient was confirmed
by direct measurements of Ca?* levels at the root hair tip, showing they are elevated
to several micromolars, compared to ~100 nM elsewhere in the cell (Fig. 1). For
example, using either intracellular fluorescent probes or Ca?*-selective microelec-
trodes, a tip-focused gradient of cytoplasmic Ca** has been reported in root hairs of
A. thaliana (peak value of 1,500 nM; e.g. Wymer et al. 1997), Medicago sativa
(peak value of 967 nM; Felle et al. 1999), Sinapsis alba (peak value of 700 nM;
Herrmann and Felle 1995; Felle and Hepler 1997), and Vicia sativa (peak value of
2,000 nM; de Ruijter et al. 1998). In Arabidopsis root hairs, the steepness of the
Ca?* gradient correlates well with the rate of apical growth, being most pronounced
in rapidly growing root hairs, whereas nongrowing root hairs show a uniform Ca*
distribution of around 100 nM (Wymer et al. 1997). Further evidence for the important
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role Ca?* plays in root hair growth comes from numerous observations that altering
the gradient by buffering cytoplasmic Ca?* to low levels, applying Ca®* channel
antagonists, or treating with Ca**-ionophore inhibits root hair growth (Wymer et al.
1997; Clarkson et al 1988; Herrmann and Felle 1995; Miller et al. 1992).
Furthermore, when the direction of root hair growth is altered, for example, through
disrupting the microtubule cytoskeleton (Bibikova et al. 1999), application of a
touch stimulus (Bibikova et al. 1997), or addition of lipochito-oligosaccharide elici-
tor (Esseling et al. 2003), the new growth direction is always centered around the
highest cytoplasmic Ca?* concentration. Imposing an asymmetrical Ca** gradient
onto the apex of a growing root hair (Bibikova et al. 1997) or pollen tube (Malho
and Trewavas 1996) reorients growth in the direction of the new high Ca*', suggest-
ing that in each case the elevated Ca®* concentration at the tip does indeed somehow
direct the cellular growth machinery. In addition, when root hairs are forced to pro-
duce multiple tips, for example, by genetic or pharmacological disruption, elevated
Ca* is always associated with the new growth point (Bibikova et al. 1999;
Molendijk et al. 2001). Taken together, these observations suggest a central role for
the tip-focused Ca** gradient in regulating apical growth in the root hair.

3 Establishment of Tip-Focused Calcium Gradient

3.1 Calcium Channels and Their Regulation

Influx of Ca?* into the tips of growing root hairs implies clustering of Ca** channels or
localized activation of these channels at the root hair apical plasma membrane. Figure 2
summarizes the multitude of signals that have been proposed to regulate such channel
activity, and each of these is discussed in greater detail in the following sections.

Of the Ca*-permeable channels that have been identified in plants, the hyperpo-
larization-, depolarization-, and stretch-activated channels (Foreman et al. 2003;
Very and Davies 2000; Dutta and Robinson 2004; reviewed in White 1998) are all
potential candidates for generating the localized Ca?* influx supporting tip growth.
For example, the tip-focused Ca?* gradient in apically growing cells has been sug-
gested to be mediated by Ca?*-permeable channels that are sensitive to mechanical
stress (Derksen 1996; Feijo et al. 2001; Dutta and Robinson 2004). The turgor-
driven expansion at the apex of the tip-growing cell would lead to tension in the
membrane and channel gating. Indeed, such stretch-sensitive Ca?* channels have
been identified in the apical plasma membrane of Fucus rhizoids where their activa-
tion caused a cytoplasmic Ca?* increase (Taylor et al. 1996). Mechanosensitive Ca*
channel activity was also detected at the apex of lily pollen tubes (Dutta and
Robinson 2004) and S. ferax hyphae (Garril et al. 1993). Taken together, these
observations suggest that in many tip-growing systems such as pollen tubes, algal
rhizoids, and fungal hyphae, mechanical stress on the plasma membrane of the
growing apex may open mechanically sensitive Ca?* channels and thus determine
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Fig. 2 Factors that can actuate influx of Ca* into the apex of different tip-growing cells. RH root
hairs, PT pollen tubes, FH fungal hyphae, AR algal rhizoids. See text for details

the position and magnitude of the Ca?* gradient. Mechanically sensitive Ca*" chan-
nels have not been identified in root hairs; however, by analogy, it is likely that they
may be a part of the mechanism establishing a Ca** gradient.

Algal rhizoids are also characterized by a tip-focused gradient of reactive oxy-
gen species (ROS) production, which is required for rhizoid growth. These ROS
provide another potential element regulating Ca*" influx through channels in the
apical plasma membrane (Speksnijder et al. 1989; Coelho et al. 2002). For exam-
ple, a nonselective cation channel is thought to contribute to the establishment and
maintenance of the tip-focused Ca*" gradient in rhizoids. This conductance is acti-
vated by exogenous application of ROS (1 mM H,0,; Coelho et al. 2002). Inhibition
of ROS production using diphenyleneiodonium causes immediate cessation of
growth and dissipation of the Ca*" gradient. Although an equivalent nonselective
cation channel activity has not been identified in root hairs, evidence does suggest
a role for ROS in root hair apical growth and channel gating (see later).

Using patch-clamp techniques, hyperpolarization-activated inward Ca** currents
were identified in spheroplasts derived from the apical parts of Arabidopsis pollen
tubes. The activity of the channels mediating this conductance was dependent on the
dynamics of actin cytoskeleton (Wang et al. 2004), providing yet another possible regu-
lator maintaining the Ca?* gradient in tip-growing plant cells. Indeed, a likely candidate
for the channel maintaining Ca?* influx into the tips of growing root hairs is the hyper-
polarization-activated Ca?*-permeable channel identified in apical membranes from
Arabidopsis root hairs (Very and Davies 2000). This conductance was inhibited by the
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Ca? channel blockers La** and Gd** and activated by hyperpolarizing membrane poten-
tials and increased cytosolic Ca?* concentration. The characteristics of this conductance
indicate a possible key role in creating and maintaining the tip-focused Ca* gradient
(Very and Davies 2000). Activation of the channel by elevated cytosolic Ca** suggests
a positive feedback mechanism ensuring apical Ca** influx. Thus, once a tip-localized
Ca* influx is established, it may be self-sustaining, with high Ca?* at the tip activating
more Ca’*-permeable channels. Indeed, the fact that it is possible to experimentally
redirect root hair growth by imposing a transient change in the direction of the apical
Ca?* gradient suggests that localized influx of Ca** can recruit and then stabilize the Ca?*
gradient in the intact root hair (Bibikova et al. 1999).

There is also evidence that these root hair hyperpolarization-activated Ca** chan-
nels are regulated by ROS produced by NADPH oxidases. Exogenous application
of hydroxyl radicals to protoplasts derived from the apical parts of growing
Arabidopsis root hairs potentiated the hyperpolarization-activated Ca**-selective
conductance, suggesting a role for ROS in gating of the channel (Foreman et al.
2003). This idea is further supported by the phenotype of mutants with disrupted
ROS production. Thus, hairs formed on roots of the rhd2 mutant (loss-of-function
mutation in NADPH oxidase C gene, AtrbohC) fail to develop a tip-focused Ca*
gradient and are unable to successfully undergo the transition from root hair initia-
tion to tip growth. Exogenous application of ROS does not rescue the mutant phe-
notype, but induces formation of spherical root hair bulges (Foreman et al. 2003),
consistent with a role for the ROS produced by the NADPH oxidase in regulating
the localization of tip growth in these cells. The Rho GTPase GDP dissociation
inhibitor (RhoGDI) supercentipede (SCN1) appears important for regulating the
localization of the ROS produced by the NADPH oxidase C, hinting at a possible
G-protein-mediated system imposing order on the tip growth machinery in these
cells (Carol et al. 2005; see also Zarsky and Fowler 2008).

Indeed, the monomeric G-proteins have emerged as important regulators of tar-
geted secretion, tip growth, and maintenance of the tip-focused Ca?* gradient. For
example, injection of anti-Rop antibodies disrupts the Ca?* gradient and inhibits
apical growth in pollen tubes (Li et al. 1999). On their own, these data are difficult
to interpret since growth inhibition always correlates with the dissipation of Ca*
gradient (Lin and Yang 1997; Kost et al. 1999; Li et al. 1999; Fu et al. 2001).
However, the effects of manipulating ROP1 partners such as RIC3 (ROP-interactive
CRIB-containing protein; Wu et al. 2001) reinforce the link to Ca?*-dependent
growth. Thus, overexpression of RIC3 causes swelling of the pollen tube tip, pro-
trusion of actin cables to the extreme apex, and delocalization of the Ca** gradient,
all effects alleviated by the treatment with 100 uM of the Ca*" channel blocker La**
(higher La’* levels cause growth arrest). Furthermore, the cellular consequences of
RIC3 overexpression are dependent on the extracellular Ca** concentration. Growth
of wild-type Arabidopsis pollen is optimal at 5 mM extracellular Ca?*, whereas the
optimal concentration for apical growth of pollen tubes overexpressing RIC3 was
much lower (0.5 mM). Based on these data, it may be that RIC3 is acting to main-
tain an apical Ca** gradient by regulating influx of Ca?* via channels localized to
the apical membrane (Gu et al. 2005).
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As with pollen tubes, the monomeric G-proteins also seem to play important
roles in mediating tip growth in root hairs. Thus, genetic manipulation of the
expression of ROP6, ROP4, and ROP2 in Arabidopsis induces formation of
branching, swollen root hairs. Expression of constitutively active ArRop4 and
AtRop6 in root hairs of transgenic Arabidopsis plants abolished polarized
growth and delocalized the tip-focused Ca*" gradient. Interestingly, areas of
high concentration of ROP-GFP protein do not correlate with cellular regions
with higher Ca®* concentration, suggesting that ROP-dependent generation of
high Ca?* concentration requires some other, as yet unknown, cytoplasmic
factor(s) (Molendijk et al. 2001).

3.2 Membrane Trafficking and the Tip-Focused Ca** Gradient

Secl4p, the major yeast phosphatidylinositol transfer protein is involved in regu-
lation of protein transport from Golgi membranes to the cell surface (Bankaitis
et al. 1990). Recently, a family of Secl4p—nodulin proteins was described inAra-
bidopsis and evidence provided for the role of these proteins in the regulation of
membrane trafficking in plants. Genetic deletion of AtSthlp, a phosphatidylcho-
line- and phosphatidylinositol-binding/transfer protein, compromised polarized
membrane trafficking and disrupted apical growth, leading to short, branched
root hairs (Vincent et al. 2005). AtSthlp acts to focus vesicle delivery to the root
hair apical plasma membrane. Defects in polarized membrane trafficking in the
mutant root hairs caused a uniform increase in cytoplasmic Ca*" concentration
throughout the mutant root hairs. Therefore AtSfh/p may act as an important fac-
tor in maintaining the tip-focused Ca?" gradient by restricting the distribution of
functional Ca?* channels to the root hair apex, perhaps by their insertion via the
exocytotic machinery. Interestingly, root hair initiation is not affected in the
mutant, indicating that AtSthlp is not required for epidermal cell polarization
and selection of the initiation site, consistent with the Ca**-independent nature of
the initiation process.

3.3 Role of Intracellular Stores

In addition to influx across the plasma membrane, many Ca>*-dependent
responses in plant cells involve release of Ca?* from internal stores. TPC1 has
recently been identified as the plant slow vacuolar, Ca?*-permaeble conductance
suggested to mediate Ca?*-induced Ca** release from the vacuole (Peiter et al.
2005). Considering the self-reinforcing nature of the tip-focused Ca?* gradient of
the root hair noted earlier, Ca**-induced Ca*" release would provide an obvious
method to amplify the locally elevated Ca? levels through triggering Ca** release
from the vacuole. TPCI is encoded by a single copy gene in the Arabidposis
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genome, suggesting that a knockout mutant should likely reveal a functional phe-
notype. However, although Arabidopsis mutants with lesions in TPC1 show sto-
matal and germination phenotypes, they do not have obviously altered root hair
formation (Peiter et al. 2005). In addition, the vacuole does not protrude into the
cytoplasm-rich tip of growing root hairs, making it less likely to be contributing
to maintenance of the tip-focused Ca?* gradient.

Another attractive candidate for a site of internal Ca?* release in tip-growing
cells is an inositol-1,4,5-triphosphate (IP,) mobilizable pool. PI-phospholipase C
hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP,) into IP, and diacylglyc-
erol, two second-messengers that can modulate the activity of downstream proteins
during cellular signaling. In animal cells, IP, activates a Ca** release channel asso-
ciated with the endoplasmatic reticulum (Choe and Ehrlich 2006). Artificially
increasing the cytoplasmic IP, concentration does cause elevation of (subapical)
Ca?* and alteration of pollen tube growth (Franklin-Tong et al. 1996; Monteiro
et al. 2005), consistent with the presence of an IP,-responsive Ca*-release system
in the tube. Ca**-release channels have also been characterized in the endoplasmatic
reticulum (Klusener et al. 1995; Muir and Sanders 1997) and it is feasible that
release of Ca?* from such internal stores is involved in the control of apical Ca*
gradient in growing root hairs.

Thus, it has been proposed that PLC could regulate pollen tube growth by regu-
lating intracellular Ca?* dynamics (Trewavas and Malho 1997; Holdaway-Clarke
and Hepler 2003). Consistent with this idea, overexpression of wild-type (NtPLC3;
Helling et al. 2006) or a catalytically inactivated (PetPLCI; Dowd et al. 2006)
PLC disrupted pollen tube growth, and in the latter case caused elevated Ca** lev-
els in the swollen apex of the tube. However, both PetPLC1 and NtPLC3 are local-
ized to plasma membrane that is not undergoing rapid extension, whereas their
substrate, PIP,, is enriched in regions of the apical plasma membrane undergoing
rapid expansion. One model for the role of PLC is therefore that these enzymes
are regulating tip growth by ensuring polarized distribution of PIP, in the apical
plasma membrane rather than by generating IP, to directly alter Ca*" levels. It is
possible that disruption of actin dynamics caused by the inhibition of polarized
distribution of PIP, regulates plasma membrane Ca** channels and causes changes
in cytoplasmic Ca** concentration (Wang et al. 2004; Dowd et al. 2006). Monteiro
et al. (2005) have reported that artificially increasing PIP, levels in pollen tubes
causes transient growth arrest and Ca®* increases by producing phosphatidic acid
via coordinated PLC and diacylglycerol kinase action. Phosphatidic acid can also
be produced via phospholipase D, an element that may be critical for root hair
growth (Ohashi et al. 2003; but see also Li et al. 2006b). Such complex regulatory
networks based on the activity of phospholipases and their phospholipid products
are emerging as an important theme in plant responses and are discussed in detail
in Aoyoma (2008).

At present, the hyperpolarization/ROS-sensitive channel found in Arabidopsis
remains the best characterized candidate for a Ca?* conductance mediating forma-
tion and maintenance of the apical Ca*" gradient in the root hair. However, we are
still lacking molecular information as to its identity. In addition, as described earlier,
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various treatments can redirect the Ca?* gradient and apical growth, indicating that
there are mechanisms that act to quickly inactivate or relocate the channels
responsible for the gradient. Unfortunately, with the exception of a possible role for
SCNI1 in NADPH oxidase-C-dependent ROS production, we still lack molecular
evidence as to the possible mechanisms of maintaining channel localization and
down-regulating channel activity away from the apex.

3.4 Ca** Pumps and Tip Growth

To generate a tip-focused Ca?* gradient, localized channel gating must be coupled
to the activity of a Ca?* efflux/sequestration system to limit the extent of the ele-
vated Ca?* to the extreme apex of the cell. Plants use a combination of pumps and
cotransporters to control the cytoplasmic Ca®* concentration. Thus, Ca**-ATPases
and Ca?*/proton exchangers work to maintain low resting Ca?* in the unstimulated
cell and are likely to be an important part of cellular machinery shaping the apical
Ca?* gradient in tip-growing cells. Indeed, evidence from gene disruption studies
indicates that the plasma-membrane-localized Ca*-ATPase ACA9 is required for
normal growth and orientation of Arabidopsis pollen tubes (Schiott et al. 2004).
Disruption of this gene results in a semisterile phenotype. Mutant pollen is charac-
terized by significantly reduced growth rate and a high frequency of aborted fertili-
zations. These results provide some of the first genetic evidence for the role of a
defined Ca?* transporter in apical growth. aca9 mutants do not have an obvious root
hair phenotype and so at present the pumps required for setting up the apical Ca*
gradient remain to be defined.

In addition to Ca?*-transporting ATPases, high capacity Ca?/proton antiporters
use the energy of the transmembrane H* gradient to sequester Ca** and locally
decrease cytoplasmic Ca** concentration. In Arabidopsis the CaX (for Cation
eXchanger) family of calcium/cation antiporters are well-characterized as trans-
porting Ca?* across the tonoplast (Shigaki and Hirschi 2006). However, as for the
ACA pumps, a root hair phenotype for their Arabidopsis knockout mutants is yet
to be reported. In the growing root hair the vacuole is excluded from the area where
the Ca*" gradient is maintained and therefore a role for tonoplast transporters in
shaping the apical Ca?* gradient may be less likely.

4 Ca*-Dependent Regulation of Apical Growth

If the tip-directed Ca?* gradient is required to maintain and direct root hair elonga-
tion, Ca**-dependent processes and proteins must interpret the Ca** levels to medi-
ate apical growth. Evidence points to the cytoskeleton, phospholipids, and
Ca?*-regulated proteins, such as calmodulin and calmodulin-like domain protein
kinases (CDPKSs), as primary candidates for such Ca?*-responsive elements.
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4.1 Ca**-Dependent Regulation of the Cytoskeleton

The structure of the cytoskeleton at the growing apex appears crucial for normal
root hair development and is intimately linked to the Ca** gradient. For example,
artificial dissipation of the tip-focused Ca** gradient causes disruption of normal
actin dynamics and cessation of apical growth (Kohno and Shimmen 1987; Miller
et al. 1999). In 1987, Kohno and Shimmen predicted the existence of Ca**-regulated
actin filament severing proteins based on the observation that treatment with a Ca?*-
ionophore caused fragmentation of actin filaments in pollen tubes. In the last dec-
ade, biochemical evidence, such as isolation and characterization of Ca*-regulated
actin-binding proteins in plants, has validated this hypothesis. These proteins
include the villins, gelsolins, and actin-depolymerizing factors (ADFs). These
actin-binding proteins are likely candidates for severing and capping activities that,
upon stimulation by Ca*, alter the dynamics of the actin filaments at the root hair
tip (Yokota et al. 2005; see also Ketelaar and Emons 2008).

The villins are actin-binding proteins that exhibit Ca**/calmodulin-activated
actin bundling, severing, and capping activities (Tominaga et al. 2000; Yokota et al.
2005). Injection of antibodies raised against a villin homologue into growing root
hairs or pollen tubes causes disruption of the normal actin cytoskeleton (Fan et al.
2004; Ketelaar et al. 2003; Tominaga et al. 2000). A villin/gelsolin-related protein
was also isolated from lily and poppy pollen and shown to sever or cap actin fila-
ments in a Ca**-dependent manner (Yokota et al. 2005; Huang et al. 2005). We must
await identification of root-hair-specific villins, coupled with their functional anal-
ysis, to understand the role of these proteins in Ca’**-dependent regulation of the
root hair apical actin cytoskeleton.

Actin-depolymerizing factors increase actin dynamics by severing actin fila-
ments and increasing depolymerization from the pointed end (Carlier et al. 1997;
Gungabissoon et al. 1998; Blanchoin and Pollard 1999). The activity of the maize
ADF, ZmADF3, is regulated by phosphorylation by a CDPK (Smertenko et al.
1998; Allwood et al. 2001), providing one obvious mechanism to translate the Ca?*
gradient into regulation of cytoskeletal dynamics. In contrast, a pollen-specific
ADF, LIADFI, is not regulated by phosphorylation, but is sensitive to pH and
phosphoinositides (Allwood et al. 2002), suggesting regulatory mechanisms in par-
allel to the Ca®*-dependent system. Consistent with a general role of these proteins
in tip growth, altering ADF expression levels affects both the organization of actin
and morphology of Arabidopsis root hairs (Dong et al. 2001). Thus, root hairs of
AtADF1-overexpressing plants are shorter and have irregular F-actin organization.
Root hairs of AtADF1-underexpressing plants, on the contrary, are longer than wild
type and contain an increased number of longitudinally oriented actin cables.
However, the effect of genetic manipulations of AtADF1 on the relative size of
other cell types was similar to its effect on the length of root hairs, indicating that
the effect of genetic manipulation with the expression levels of AtADF1 on root
hair growth might be nonspecific (Dong et al. 2001).

In contrast to actin, an intact microtubule cytoskeleton is not required for the tip
growth machinery to operate, but it is involved in determining the direction of such
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growth (Bibikova et al. 1999). Thus, in plants treated with microtubule-disrupting
drugs, although the directionality of elongation is altered, an apical Ca*" gradient
was seen to form at each region of the hair undergoing tip growth (Bibikova et al.
1999). Calcium and calmodulin have been shown to affect the dynamics of the
microtubule cytoskeleton (Fisher et al. 1996), and microtubule-associated proteins
are known to induce Ca**-dependent changes in microtubule structure (Cyr 1994).
Similarly, in the Arabidopsis ton2 mutant, where microtubule orientation is dis-
rupted, calcium channel activity is also affected, with extended channel opening
(Thion et al. 1998). It seems likely that control of root hair growth direction
involves both stabilization of the Ca?* gradient by the microtubule cytoskeleton and
feedback control of this gradient on the microtubule dynamics themselves.

4.2 Ca’**-Dependent Regulation of Secretion

In animal cells, Ca?* is thought to be a key regulator of targeted exocytosis where
it facilitates membrane fusion (Oheim et al. 2006; Burgoyne and Clague 2003).
There is also a wealth of experimental evidence linking increases in cytoplasmic
Ca?* to secretion in plant cells (reviewed in Battey et al. 1999). For example, eleva-
tion in cytoplasmic Ca*" concentration significantly stimulated exocytosis in maize
root cap protoplasts (Carroll et al. 1998), maize coleoptile protoplasts (Thiel et al.
1994), and aleurone protoplasts (Zorec and Tester 1992, 1993; Homann and Tester
1997). This process was shown to be, at least partially, mediated by annexins
(Carroll et al. 1998). Annexins are Ca**-dependent phospholipids-binding proteins
that are involved in mediating secretion in animals (Gruenberg and Emans 1993)
and likely plants (Clark and Roux 1995; Delmer and Potikha 1997; Lee et al. 2004).
Accumulation of annexins in the apical cytoplasm of pollen tubes and fern rhizoids
has been reported (Blackbourn et al. 1992; Clark et al. 1992), tentatively placing
them in the apical sectretory machinery. The Ca* affinity of plant annexins ranges
from 60 to several hundred micromolars (Delmer and Potikha 1997), which may be
attained in the very highest region of the tip-focused Ca?* gradient. Interestingly,
animal annexins exhibit voltage-gated Ca?* channel activity (Gerke and Moss
2002). The similarity between animal and plant annexins suggests that the plant
proteins might also exhibit such an activity and so play a role in mediating exocy-
tosis-coupled Ca®* flux at the growing apex. Annexins also show Ca’*-dependent
actin binding (Ikebuchi and Wiseman 1990; Calvert et al. 1996), providing yet
another site where they could play a role in Ca**-dependent regulation of the tip
growth machinery. However, Ca**-dependent activation of plant annexins in the
growing root hair apex and/or a Ca** transporting function of plant annexins has yet
to be demonstrated.

Monomeric G-proteins have emerged as important regulators of polarized secre-
tion in plant cells and provide another possible mechanistic link between Ca*" and
the promotion of secretory vesicle fusion to the apical plasma membrane. Thus, the
Rab GTPase, RabA4b, is enriched in the vesicle-rich region of the Arabidopsis root
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hair apical cytoplasm, and RabA4b-labeled compartments are thought to deliver
new cell wall and plasma membrane material to the expanding root hair tip (Preuss
et al. 2004, 2006). RabA4b activates phosphtidylinositol 4-OH kinase (PI-4Kp1),
which acts to localize polarized vesicle trafficking required for normal root hair
growth. In the yeast two-hybrid system, PI-4K[1 interacts with Ca?* sensor CBLI1.
Based on analogy with animal systems, it is thought that the enzymatic activity of
PI-4Kp1 is stimulated upon binding to AtCBLI1. Thus, G-protein-dependent and
Ca?-dependent regulation of localized secretion may well become integrated
through coregulation of the phosphoinositide-derived signaling molecules required
for the organization of the secretory machinery at the apex (Preuss et al. 2006).

It is important to note that the timing of growth and Ca?* fluxes suggests a com-
plex role for Ca? in modulating exocytotic activity. Thus, the pulsatile growth of
pollen tubes is associated with oscillations in the tip-focused Ca?* gradient, and
with oscillations in the rate of membrane trafficking (Holdaway-Clarke et al. 1997,
Messerli and Robinson 1997; Feijo et al. 2001; Parton et al. 2001). The peak of the
Ca?* increase actually lags behind the peak of growth rate by about 4 s, rather than
being coincident with it as would be the case if Ca?* were simply driving exocyto-
sis. Indeed, Messerli et al. (2000) have argued that the Ca** gradient and secretion
are, in fact, uncoupled in pollen tubes. The relatively slower growth of root hairs
compared with pollen tubes has complicated such a detailed temporal analysis of
growth rate vs. Ca?* gradient dynamics in root hairs. However, preliminary analyses
suggest that a similar lag between increasing growth rate and elevation of apical
Ca?* exists in root hairs as well (Monshausen, Bibikova, Messerli, and Gilroy,
unpublished).

4.3 Ca’*-Dependent Regulation of Calmodulin and Protein
Kinases in Tip Growth

Calmodulin accumulates at the growing apex of pollen tubes, fungal hyphae, and
algal rhizoids (Hausser et al. 1984; Love et al. 1997; Wang et al. 2006) and shows
localized activation towards the tip in pollen tubes (Rato et al. 2004). Application
of calmodulin inhibitors also arrests tip growth (Hausser et al. 1984). Taken
together, these data suggest that calmodulin is likely to be a part of the Ca*-
dependent machinery mediating tip growth, although whether this role extends to
the root hair, and what proteins it in turn regulates to promote growth (Zielinski
1998) remain to be determined.

In pollen tubes, putative calcium-dependent protein kinase activity has also been
reported to be localized to the tip of the growing tube (Moutinho et al. 1998).
Consistent with a functional role for such localized kinase activity, two CDPKs,
PiCDPKI and PiCDPK2, have been identified in Petunia pollen tubes and demon-
strated to have distinct and important roles in maintaining and directing apical
growth (Yoon et al. 2006). Overexpression of PiCDPK]I disrupts pollen tube growth
polarity and causes an elevation of cytoplasmic Ca®* concentration throughout the
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bulging tip, suggesting that PICDPK1 participates in maintaining and directing the
Ca?* gradient, although its substrates remain to be determined. PICDPKI1 is local-
ized to the plasma membrane, most likely by acylation, and this localization is
essential for the biological activity of this kinase.

Evidence for a similar role of Ca?*-dependent protein kinase activity in root hair
growth is also emerging. An RNA-interference-based screen for gene function in
Medicago truncatula identified a gene encoding Ca?*-dependent protein kinase
(MrCDPK]1) as being required for normal root hair development (Ivashuta et al.
2005). In this study, silencing MrCDPK]I caused a reduction in root hair length;
however, these transgenic plants also exhibited significant changes in root cell
length and increased cell wall lignification. We must await further analysis to deter-
mine whether MrCDPK1 is part of root hair tip growth machinery, or whether the
RNA-interference-mediated root hair phenotype may be due to secondary effects of
suppressing MrCDPK1 expression on general root growth (Ivashuta et al. 2005).

4.4 Calcium-Regulated Transporters

In addition to the localized fluxes of Ca*" associated with generation of the tip-
focused Ca?* gradient, root hair apical growth is also associated with localized
fluxes in a range of other ions such as H* and K* (reviewed in Gilroy and Jones
2000). The Ca* gradient may well play a role in the spatial regulation of the
transporters responsible for these other fluxes. Thus, root hair growth is associ-
ated with influx of K* (Jones et al. 1998). On the basis of quantitative RT-PCR
analysis of the expression of shakerlike K* channels in Arabidopsis root hairs, the
inward rectifier AKT1 was shown to dominate this K* conductance. For example,
root hair protoplasts isolated from plants showing aktl loss of function lacked
inwardly rectifying K* currents (Reintanz et al. 2002). Activation of AKT1 chan-
nels in Arabidopsis root hairs in response to K* deprivation is Ca**-dependent.
Following an increase in Ca?*, the cytoplasmic Ca?* sensors CBL1 and CBL9 are
thought to activate the protein kinase CIPK23. CIPK23 in turn phosphorylates
and activates AKT1, enhancing K* uptake (Li et al. 2006a). It would follow logi-
cally that the tip-focused Ca** gradient would therefore impose spatial restrictions
on the activation of tip-localized AKT1. However, electrophysiological studies
indicate that K* current is not focused around the tip but is symmetrical around
the whole root hair surface (Jones et al. 1995), implying that Ca®* may be just one
of a range of regulators of these channels.

There is also an influx of protons into the apices of growing root hairs and pollen
tubes (Herrmann and Felle 1995; Messerli et al. 1999; Jones et al. 1995). The activ-
ity of the plasma membrane H*-ATPase has been shown to be inhibited by increas-
ing cytoplasmic Ca?* in stomatal guard cells (Kinoshita et al. 1995), suggesting a
possible link between H* flux and the Ca?* gradient. However, the transporters that
determine the H* fluxes in root hairs have not been identified, and so at present, we
can only speculate as to their possible link to Ca?* and the tip growth machinery.
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4.5 Calcium-Dependent Regulation of Apical
Cell Wall Extensibility

In addition to the integral role of the secretory machinery delivering new mem-
brane and wall material to the growing tip, apical growth is also driven by tur-
gor. Tip-growing cells must maintain a careful balance between loosening of
the cell wall at the tip to allow cell growth and maintaining sufficient rigidity
of the wall to withstand turgor pressure and prevent bursting. Calcium has been
linked to the regulation of the dynamic properties of the wall, primarily via
regulation of the degree of pectin cross-linking. Pectin is a major component of
pollen tube walls and is also present in the root hair cell wall. It is a polymer
consisting of polygalacturonic acids, and Ca** binds to the anionic moieties of
unesterified pectins, creating cross-links between pectin polymers and thus
increasing wall rigidity. Pectins are secreted as methylesters and subsequently
deesterified by the cell wall enzyme pectin methylesterase. Although the activity
of pectin methylesterases is crucial for the apical growth of pollen tubes (e.g.
Jiang et al. 2005), it is not clear to what degree the process of pectin cross-linking
is regulated by Ca** availability in the root hair apoplast. Both root hair and
pollen tube apical growth depends on the presence of extracellular Ca** (Picton
and Steer 1983; Wymer et al. 1997). For example, increasing the Ca®* concen-
tration in the media reduces the rate of growth of oscillating pollen tubes and
increases periods of growth oscillation (Holdaway-Clarke et al. 1997). An
attractive model is that Ca** binding affects the mechanical properties of the
wall, with optimal concentrations being high enough to rigidify the wall and
prevent bursting, but low enough to maintain growth.

5 Conclusions and Perspectives

In this chapter we have focused on the role of Ca** in the growth of root hairs.
Calcium has emerged as a central regulator of cell expansion in all tip-growing
cells, where it is clearly playing a role in coordinating the activity of the tip growth
machinery. The pronounced spatial and temporal patterning of Ca?* changes such
as the oscillating tip-focused gradient associated with growth hint at the complexity
of the regulatory roles and information encoding likely invested in Ca?* dynamics
within tip-growing cells. Many of the recent insights into these diverse regulatory
roles have come from molecular identification of the Ca**-responsive elements such
as kinases and Ca* sensors that decode/respond to the information in the Ca**
change. We can anticipate that similar insight will appear as the channels and trans-
porters generating the regulatory Ca** fluxes are identified. The cloning of these
channels and pumps remains a major challenge to our understanding of root hair
formation and function. It is also worth noting that although there is a wealth of
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data linking the Ca?* gradient to root hair elongation, observations such as the dif-
ference in timing between Ca** fluxes and growth maxima hint at a far more com-
plex role for Ca?* than the Ca** gradient simply “driving growth.” The challenge for
the future will undoubtedly be to place Ca**-dependent regulation within the con-
text of the other control and response elements. It is becoming increasingly clear
that it is the interactions between these systems that are required to robustly coor-
dinate the growth machinery at the root hair tip.

6 Methods: Ca* Imaging in Root Hairs

To visualize the dynamics of Ca?* in root hairs, a Ca?*-responsive fluorescent probe
is introduced into the cytoplasm of the trichoblast. Probes successfully used in root
hairs include the dyes Indo-1 (e.g., Wymer et al. 1997; de Ruijter et al. 1998), Fura-
2 (e.g., Ehrhardt et al. 1996), Oregon Green-BAPTA dextran (e.g., Kanamori et al.
2006), and the Ca**-responsive GFP-based sensors based on the cameleon construct
(Miwa et al. 2006; Sun et al. 2007). The use of these probes requires (1) growing
the plant in such a way that the root hairs are optically accessible on the microscope
stage, (2) introducing the probe into the cytoplasm of the cell, and (3) choosing the
appropriate imaging approach to visualize the Ca** dynamics. Each of these areas
is outlined in what follows.

6.1 Plant Cultivation for Root Hair Imaging

In general, seedlings have been used to monitor root hair Ca?* levels. The small size
of the seedling facilitates placing the intact plant on the microscope stage, circum-
venting the need to dissect away the root. To image Arabidopsis seedling roots,
place a sterile 40 x 22-mm? cover slip in a Petri dish and cover with 1 mL of 0.7%
(w/v) phytagel (Sigma) in either half-strength Murashige and Skoog medium or
half-strength Epstein’s growth medium (Wymer et al. 1997). Growing Arabidopsis
in full-strength Murashige and Skoog medium leads to severe disruption of root
hair development. Pipette the molten phytagel onto the surface of the cover slip and
ensure it flows to the edges. Once solidified, the 1-2-mm-thick layer is optically clear,
allowing for high-resolution imaging. Plant individual, surface-sterilized
(2 min in 70% (v/v) ethanol, rinse 3x in sterile distilled water) seeds at one end of
the gel, ensuring the seed is pushed into the phytagel (otherwise the root system
will not penetrate the gel). Place the Petri dish flat and wait for the seeds to just
germinate and then place the dish at 80° with the seedling at the top of the gel. The
root will now grow down onto, and then along, the cover slip under the gel. This
places the root or root hairs next to the cover slip and allows high-resolution imag-
ing of the root hairs using an inverted microscope.
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6.2 Introducing the Probe into the Cytoplasm

Three major approaches have been taken to loading the Ca?*-sensitive probes into
the cytoplasm of the root hair: microinjection, acid-loading, and expression of
transgenic reporters. Pressure microinjection has been successfully used to intro-
duce the fluorescent reporters Indo-1, Fura-2, and a Ca?**-sensitive version of
Oregon Green into root hairs of several genera such as Arabidopsis, Medicago, and
Lotus (Ehrhardt et al. 1996; Bibikova et al. 1997; Kanamori et al. 2006). The advan-
tage of the microinjection approach is that it delivers the indicators in a highly con-
trolled manner to the cytoplasm and it is compatible with use of dextran-coupled
reporters. Conjugating the Ca**-sensing dye to a large dextran helps maintain the
cytoplasmic locale of the probe, circumventing possible problems of compartmen-
talization of these small molecules that might otherwise occur. The disadvantage of
the technique is that it is highly technically demanding to impale the root hair with
the microinjection pipette, deliver the dye, and then remove the pipette while main-
taining cell viability and normal growth. Empirical observations suggest that most
damage to the root hair actually occurs during the removal of the pipette.

An alternative to microinjection that has been successfully applied to loading
Arabidopsis roots with Ca** indicator is acid-loading (Wymer et al. 1997; de Ruijter
et al. 1998). This approach takes advantage of the weak acid nature of the fluorescent
Ca* indicators such as Indo-1 by lowering the medium pH and so protonating the
negatively charged groups on the molecule. Once these charges are masked by the
proton, the dye is nonpolar, becomes more lipid permeable, and so more likely to dif-
fuse into the cell. The medium pH is buffered to 4.5 using 50 mM dimethyl glutaric
acid, and the roots are incubated for 30 min to several hours with 25 uM dye. The root
is then washed with normal growth medium. Careful monitoring of the buffer pH is
required as these indicators precipitate at pH < 4.0. This approach has the advantage
of loading the dye into the cytoplasm without the requirement for specialized equipment
or expertise. Furthermore, a whole population of root hairs is prepared for analysis,
making statistical analysis possible. However, the extended incubation at low pH can
affect normal root growth and the efficiency of loading is highly variable. In addition,
the approach is not applicable to dextran-conjugated dyes.

The development of genetically encoded Ca** sensors such as the cameleons
(Miyawaki et al. 1997) has opened the possibility of using transgenic approaches to
monitoring root hair Ca** dynamics. Stable expression using the CaMV35S pro-
moter drives expression in the root hair to levels suitable for imaging. Although the
YC2.1 cameleon sensor has been used successfully to monitor root hair Ca*, e.g.,
revealing the nuclear Ca?* spiking associated with Nod factor action in Medicago
root hairs (Miwa et al. 2006; Sun et al. 2007), newer generations of these sensors,
such as YC3.6 (Nagai et al. 2004), offer significantly increased dynamic range of
signal and should be highly suited to noninvasive measurement of cytoplasmic Ca?*
during root hair growth. The large size of these proteins also helps reduce the likeli-
hood of compartmentalization. The disadvantage of these genetically encoded sen-
sors is that they operate through monitoring changes in their fluorescence resonance
energy transfer (FRET) signal. FRET analysis requires very careful measurements
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of fluorescence intensity to avoid superimposing imaging artifacts on the Ca?*
measurements (Dixit et al. 2006).

6.3 Imaging Technologies for Ca** Determination

All the Ca’* measurement approaches described here require ratio analysis to cor-
rect for optical artifacts associated with measuring the fluorescence signals form
the Ca’*-sensitive probes (Gilroy 1997). Ratio analysis involves capturing an image
of the reporter at a non-Ca**-sensitive wavelength (a reference image) and a Ca**-
dependent signal from the sensor and dividing the two images pixel by pixel using
image analysis software to generate a ratio image. Such a ratio approach normalizes
the signal for differences in probe concentration and distribution within the sample.
Monitoring just the Ca**-dependent wavelength from these probes is highly sensi-
tive to artifacts such as dye bleaching or dye accumulation during the measurement,
which can easily be mistaken for changes in Ca*". The raw images for ratio analysis
can be collected using a standard epifluorescence microscope coupled to a filter
wheel system that changes between collecting the reference and Ca’*-sensitive
image. Alternatively, confocal microscopes with dual detector systems or two-
photon microscopy can be used to obtain a clearer optical section of the root hair
(Blancaflor and Gilroy 2000).

6.4 Common Problems Associated with Ca** Imaging

There are several very common problems that occur when imaging Ca** dynamics
in root hairs. First, it is important to define whether the root hair being studied is
growing. This determination is easily made by performing a time-lapse analysis of
the hair. The development of root hairs is remarkably sensitive to the growth envi-
ronment (Bibikova and Gilroy 2002) and so it is critical to know that the hair being
imaged is in fact developing as expected. The disruption can be as subtle as a slight
slowing of the growth rate when the microscope is collecting fluorescence images,
an effect not easily noted without time-lapse analysis but that may have a large
impact on the Ca’* dynamics being observed. Indeed, one component of the micro-
scope environment that is often overlooked but that can have profound effects on
hair growth is the illumination itself. This is particularly noticeable with two-
photon microscopy, where even brief laser illumination used to generate the fluo-
rescence image can arrest hair elongation. However, growth inhibition triggered by
illumination can also occur in both confocal and standard epifluorescence imaging.
It is probable that intense illumination of the sample generates ROS, which then
disrupt the growth. The approaches to avoid these problems are outlined in Dixit et al.
(2006). One other extremely common artifact arises from imaging root hairs that
are growing at an angle to the plane of focus of the microscope. When observing
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the tip, this orientation of the hair leads to the subapical regions being less in focus
and so generates the appearance of an apical gradient in signal when a true mid-
plane image would reveal none. Thus, it is possible to generate an artifactual appar-
ent tip-focused Ca?" gradient purely from choosing an inappropriate root hair for
imaging. For a more in-depth discussion of Ca*" imaging and potential artifacts, see
Fricker et al. (2001).
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Phospholipid Signaling in Root Hair
Development

T. Aoyama

Abstract Phospholipids, which are major components of the eukaryotic plasma
membrane, play crucial roles in signal transduction, leading to not only total cel-
lular responses via transcriptional regulation but also localized intracellular events
such as membrane traffic and cytoskeletal reorganization, both of which underlie
polarized cell morphogenesis. Although studies of phospholipid signaling have
focused mainly on animals and fungi, evidence for its involvement in plant cell
morphogenesis has also been accumulating. Because phospholipids function as
site-specific signals on membranes, they likely play pivotal roles in localizing
exocytosis and the fine F-actin configuration to regions of cell expansion, such
as the tips of growing root hairs. In this chapter, evidence for the involvement of
phospholipids in the regulation of root hair tip growth is described, with an empha-
sis on major signaling phospholipids, phosphoinositides and phosphatidic acid; in
addition, a model signal transduction network for root hair tip growth, involving
phospholipids, their metabolic enzymes, and their effector proteins is proposed.

1 Introduction

Root hair morphogenesis has been intensively studied as a model system for the
molecular processes involved in shaping plant cells, because of the dispensability
under laboratory conditions and accessibility for experimental observation of root
hairs (Peterson and Farquhar 1996; see Grierson and Schiefelbein 2008). Root hairs
are cellular protuberances resulting from the polar outgrowth of specific root epi-
dermal cells called trichoblasts. During root hair morphogenesis in Arabidopsis, a
bulge is initially formed at the distal end on the outer trichoblast surface; subse-
quently, the bulge protrudes further, perpendicular to the root surface, by highly
polarized cell expansion, resulting in a thin cylindrical structure (Gilroy and Jones
2000; Ryan et al. 2001). This type of cell expansion is called tip growth, because
all of the events involved in the growth, including cell wall deposition and plasma
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membrane expansion, are limited to the tip (see Emons and Ketelaar 2008; de Keijzer
et al. 2008; Nielsen 2008).

In growing root hairs, cytoskeletal reorganization and membrane traffic, both of
which are involved in the deposition of materials for new plasma membranes and
cell walls, are restricted to the apical region (see Assaad 2008; Ketelaar and Emons
2008), and a tip-focused cytoplasmic calcium ion gradient is known to ensure their
proper localization (Hepler et al. 2001; Smith and Oppenheimer 2005; Cole and
Fowler 2006; see Bibikova and Gilroy 2008). Recently, forward and reverse genetic
studies of Arabidopsis thaliana have helped elucidate the molecular basis of
sustained polar tip growth. Establishment of the calcium gradient has been shown
to require reactive oxygen species (ROS) generated by the NADPH oxidase RHD2
(Foreman et al. 2003), and the RhoGDP dissociation inhibitor (GDI) SCN1 acts as
an upstream regulatory component of the ROS accumulation (Carol et al. 2005).
Moreover, Rho-related GTPases of plants (ROPs) have been shown to localize to
the apical region of growing root hair tips, and the expression of their constitutively
active forms disrupts polar growth (Molendijk et al. 2001; Jones et al. 2002). Such
data suggest that ROP signaling leads to a calcium ion gradient via ROS accumula-
tion (Carol and Dolan 2006; see Zarsky and Fowler 2008).

Phospholipids that function as site-specific signals on membranes are also
important regulators of root hair tip growth. In fact, accumulating evidence sug-
gests the involvement of phosphoinositides and phosphatidic acid (PA), major sig-
naling phospholipids known in animal and fungal systems, in plant cell tip growth
(Fischer et al. 2004). The Arabidopsis phosphatidylinositol (PI) transfer protein
COW 1/AtSFH1 and phosphatidylinositol 4-kinases (PI4Ks) PI-4K[1 and PI-4K[32
have been shown to regulate root hair morphogenesis (Bohme et al. 2004; Vincent
et al. 2005; Preuss et al. 2006). It has also been found in Arabidopsis that the phos-
pholipase D (PLD) PLDC(]1 acts as a positive regulator of root hair development
(Ohashi et al. 2003), and that the protein kinase AGC2-1 functions downstream of
PA in root hair tip growth (Anthony et al. 2004). In the following sections, an over-
view of recent information regarding the function of phospholipids as site-specific
signals in animals and fungi, which is mostly applicable to plants, will be pre-
sented. Then, the involvement of phosphoinositides, PA, and other phospholipid-
related signals in root hair development will be described. Finally, a model signal
transduction network for root hair tip growth, including phospholipid signaling,
will be proposed.

2 Overview of Phospholipids as Site-Specific Signals

Phospholipids are major components of the plasma membrane in eukaryotic cells.
In addition to their structural role, some phospholipids act as signals to recruit and
regulate proteins with varied molecular functions. Phospholipid signals, like those
of other signaling substances, induce total cellular responses (e.g., transcriptional
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responses to extracellular stimuli). However, in contrast to such soluble signaling
substances as cAMP and calcium ions, phospholipids can act as site-specific sig-
nals on membranes. This distinctive character allows them to regulate spatially
restricted cellular events, including localized cytoskeletal reorganization and mem-
brane traffic, both of which are essential for polarized cell expansion (Martin 1998;
Liscovitch et al. 2000).

Over the past decade, phosphoinositides have been most intensively studied as
local intracellular signals (Di Paolo and De Camilli 2006; Gamper and Shapiro
2007; Krauss and Haucke 2007). PI, the precursor of phosphoinositides, is synthe-
sized primarily in the endoplasmic reticulum and then delivered to other membrane
compartments by vesicular transport or PI transfer proteins. The inositol head
group of PI can be phosphorylated by phosphoinositide kinases at positions 3, 4,
and 5, resulting in seven phosphoinositide species (Fig. 1; Fruman et al. 1998;
Anderson et al. 1999; Rameh and Cantley 1999). Among them, phosphatidylinosi-
tol 4,5-bisphosphate (PI(4,5)P,) has been historically associated with the generation
of two second messengers, diacylglycerol (DAG) and inositol 1,4,5-triphosphate
(IP,), via phospholipase C (PLC)-mediated hydrolysis (Berridge and Irvine 1984).
However, PI(4,5)P2, as well as other phosphoinositides, is now known to function
by itself in various types of intracellular signaling, especially those involved in cell
polarization (Niggli 2005; Santarius et al. 2006). PI(4,5)P, is thought to be a key
regulator of actin cytoskeletal reorganization, because it directly binds to and mod-
erates the function of many actin regulatory proteins, including gelsolin, profilin,
ADF/cofilin, and WASP (Yin and Janmey 2003; Logan and Mandato 2006).

PI(3)P > PI(3 4)P2

PigK I Ptase SHIP
Inspp 5P'tase Il
Pl4K PIPK 1

N SYN PI3K |
Inspp 5P'tase Il
PIPK | PTEN

A
[PIGP | [ PI45)P2 | I [ pAG |+[1Ps]
PLC

PI(4,5)P2 4P'tase

Fig. 1 Phosphoinositide metabolism. Enzymes catalyzing major reactions in animals and their
metabolites (boxed) are schematically shown. Thick arrows and boxes indicate pathways and
metabolites present in both plants and animals, respectively. Inspp 4P’ tase inositol polyphosphate
4-phosphatase, Inspp 5P’tase II inositol polyphosphate 5-phosphatase II, MTM myotubularin,
PI3K I class I PI3K, PI3K I class Il PI3K, PIPK I type I PIPK, PIPK II type 11 PIPK, PI(4,5)P,
4P’tase PI(4,5)P -inositol 4-phosphatase, SYNJ synaptojanin (Martin 1998; Takenawa and Itoh
2001; Mueller-Roeber and Pical 2002; Ercetin and Gillaspy 2004; Hawkins et al. 2006)
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PI(4,5)P, plays a crucial role also in membrane traffic by binding to regulatory
proteins of SNARE complexes, CAPS, and clathrin-associated proteins (Itoh et al.
2001; Olsen et al. 2003; Grishanin et al. 2004; Li et al. 2006a). In addition,
PI(4,5)P, interacts with regulatory proteins of small GTPases (e.g., GEFs and
GAPs; Paris et al. 1997; Das et al. 2000; Kam et al. 2000; Russo et al. 2001; Nie
et al. 2002), leading to the regulation of the actin cytoskeleton and membrane traffic.
Another widely studied role of PI(4,5)P, is the direct interaction with plasma-membrane-
integrated proteins that may help establish cell polarity (Suh and Hille 2005). These
proteins include voltage-gated potassium and calcium channels and sensory trans-
duction channels (Runnels et al. 2002; Wu et al. 2002; Gamper et al. 2004; Oliver
et al. 2004).

Phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,) and phosphatidylinositol
3.,4,5-trisphosphate (PI(3,4,5)P3) are known as second messengers for responses to
extracellular signals (Di Paolo and De Camilli 2006; Hawkins et al. 2006), and
promote cell growth and survival via direct interaction with such protein kinases as
Akt/PKB, PDK, and SGK (Alessi et al. 1997; Stokoe et al. 1997; Stephens et al.
1998; Chan et al. 1999; Pao et al. 2007). In addition, PI(3,4,5)P3 regulates the actin
cytoskeleton and membrane traffic through binding to GEFs and GAPs for small
GTPases belonging to Rho and Arf families (Klarlund et al. 1998; Das et al. 2000;
Macia et al. 2000; Russo et al. 2001; Mertens et al. 2003; Cote et al. 2005).
Recently, the interconversion between PI(4,5)P2 and PI(3,4,5)P3 by phosphoi-
nositide 3-kinase (PI3K) and 3-phosphatase (PTEN) was shown to regulate cell
polarity in several systems (Comer and Parent 2007). In animal epithelial cells, for
example, PI(4,5)P2 and PI(3,4,5)P3 are localized to the apical and basolateral
plasma membrane, respectively, where they recruit proteins necessary for the iden-
tity of each membrane (Gassama-Diagne et al. 2006; Martin-Belmonte et al. 2006).
Contrary to PTEN, 5-phosphatases such as SHIP may function to prolong the
PI(3,4,5)P, signaling since the metabolite PI(3,4)P,, which is not dephosphorylated
by PTEN, has a same function as PI(3,4,5)P, in many cases (Majerus et al. 1999).
Phosphoinositides other than PI(3,4)P2, PI(4,5)P2, and PI(3,4,5)P3 also act as signal-
ing molecules via their specific binding proteins (Di Paolo and De Camilli 2006;
Hawkins et al. 2006). Especially, some phosphoinositides are known to contribute
to the generation of organelle identity: phosphatidylinositol 3-phosphate (PI(3)P)
for early endosomes, phosphatidylinositol 3,5-bisphosphate (PI(3,5)P,) for late
endosomes, and phosphatidylinositol 4-phosphate (P1(4)P) for the Golgi apparatus
(Behnia and Munro 2005).

PA, another signaling phospholipid important in cell polarization, is produced
mainly from phosphatidylcholine (PC) by phospholipase D (PLD) or from DAG
by DAG kinase (DGK) (Fig. 2; Liscovitch et al. 2000; Cockcroft 2001; Testerink
and Munnik 2005; Wang et al. 2006; Topham 2006; Oude Weernink et al. 2007).
PA is involved in the signal transduction pathways of a vast number of phenom-
ena, including responses to extracellular stimuli, mitogenesis, and cell survival
through direct interactions with its effector proteins (e.g., protein kinases mTOR
and Rafl, and NADPH oxidase; Ghosh et al. 1996; Rizzo et al. 1999; Fang et al.
2001; Palicz et al. 2001; Chen and Fang 2002). Also in cell morphogenesis, PA
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Fig. 2 Phospholipid metabolism around PA signaling. Enzymes catalyzing reactions in plants and
their metabolites (boxed) are schematically shown. Bold arrows and boxes indicate pathways and
metabolites present in both plants and animals, respectively. DAG-PPi diacylglycerol pyrophosphate,
DPP diacylglycerol pyrophosphate phosphatase, LysoPA lysophosphatidic acid, PAK phosphatidic
acid kinase, PAP phosphatidic acid phosphatase, PC-PLC phosphatidylcholine-hydorolyzing
phospholipase C, PI-PLC phosphoinositide-specific phospholipase C, PLA phospholipase A (Testerink
and Munnik 2005; Wang et al. 2006)

enhances actin cytoskeletal reorganization and membrane traffic mainly through
the activation of type I phosphatidylinositol phosphate kinase (PIPK), a key
enzyme in the production of PI(4,5)P, (Moritz et al. 1992; Jenkins et al. 1994;
Ishihara et al. 1998; Kam and Exton 2001), and modulation of the small GTPase
signaling (Manifava et al. 2001; Nie et al. 2002; Lindsay and McCaffrey 2004).
In addition to its signaling function, PA is thought to function as a fusogenic lipid
during vesicle fission and fusion because of its small anionic head group and its
association with divalent cations, which are thought to lower the activation
energy required for negative membrane curvature (Scales and Scheller 1999;
Kozlovsky et al. 2002).

The signal transduction pathways involving phospholipids are connected to
diverse upstream factors via the enzymes producing or consuming them. Both
PLD and type I PIPK are directly activated by small GTPases, including Rho and
Arf, which are, in turn, regulated by PI(4,5)P, via their GEFs and GAPs (Oude
Weernink et al. 2004; Jenkins and Frohman 2005; Santarius et al. 2006). In addi-
tion, type I PIPK and PLD are mutually activated via their respective products,
PI(4,5)P, and PA (Oude Weernink et al. 2007). As for the downstream factors of
the phospholipid signaling, phospholipid-binding proteins with various molecu-
lar functions have been identified (Table 1). Together, these data indicate that
phospholipid signaling pathways are tightly interconnected and that they consti-
tute a broad network together with other signaling pathways, especially those of
the small GTPases. A much more complicated feature of phospholipid signaling
is that the consumption of a signal leads to the production of another signal, and
vice versa. For example, PI(4,5)P, is not only a signaling molecule by itself but
also the precursor of IP,, DAG, and PI(3,4,5)P3, and it may lead to PA (see Figs. 1
and 2). Owing to these features, phospholipids are thought to cooperatively
endow the intracellular signal transduction network with complicated spatial
codes on membranes.
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Table 1 Phospholipids-binding proteins

T. Aoyama

Binding
Phospholipid  modules Binding proteins Protein functions
PI(3)P FYVE EEA1 Early endosomal antigen
FYVE SARA Smad anchor for receptor activation,
endosomal protein
FYVE PIKfyve Type 111 PIPK
PX SNX Sorting nexin, membrane traffic regulation
PX P40phox NADPH oxidase regulatory subunit
- Pfl PHD-containing transcription factor
PI(4)P A/ENTH EpsinR Clathrin-interacting protein
PH FAPP TGN-associated 4-phosphate-adaptor protein
PI(5)P PHD ING2 Chromatin regulatory protein
PI(3.4)P, PH TAPP1 Tandem PH-domain-containing protein, protein
recruitment
PH AKT/PKB Serine/threonine kinase
PH DAPPI1 PH-SH2 domain protein, protein recruitment
PX P47phox NADPH oxidase regulatory subunit
PI(3,5)P, A/ENTH Ent3p, Ent5p Clathrin-interacting protein
GRAM Myotubularin Phosphoinositide 3-phosphatase
- SVP1 Swollen vacuole phenotype 1, membrane
recycling
PI(4,5)P, A/ENTH AP180 Clathrin-interacting protein
A/ENTH Epsin Clathrin-interacting protein
A/ENTH HIP1 Huntingtin-interacting protein,
clathrin interaction
C2 Synaptotagmin ~ Regulator of SNARE
FERM Ezrin Actin-interacting protein,
actin—plasma-membrane linkage
FERM Talin Actin-interacting protein, actin—integrin
linkage
MORN PIP5K1 Type I PIPK
PDZ Syntenin Component of signal transduction complex
PH VAV, SOS RhoGEF
PH ARNO ArfGEF
PH ASAP1 ArtfGAP
PH PLCdI PLC
PH Dynamin GTPase, endocytosis
PTB SHC Component of signal transduction complex
PX PI3K II Class II PI3K
- Tubby Component of signal transduction complex
- AtCP Heterodimeric capping protein,
actin binding
- Gelsolin Actin-capping protein
- Profilin Actin nucleotide exchanging protein
- ADF/cofilin Actin-severing protein
- WASP Actin polymerization activator
- CAPS Ca?*-dependent activator protein for secretion

(continued)
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Table 1 (continued)

Binding
Phospholipid modules Binding proteins Protein functions
PI(3,4,5)P, Cc2 Rabl11-FIP I Class I Rabl11 family interacting protein
PH BTK Protein tyrosine kinase
PH AKT/PKB Serine/threonine kinase
PH PDK1 3'-Phosphoinositide-dependent kinase,
serine/threonine
PH DAPP1 PH-SH2 domain protein, protein recruitment
PH VAV, SOS RhoGEF
PH ARNO ArfGEF
PH GRP1 ArfGEF
PTB SHC Component of signal transduction complex
PX PLD1 PLD
PX CISK SGK, protein serine/threonine kinase
- DOCK180 RhoGEF
PA C2 PKCe Protein kinase C, serine/threonine kinase
C2 Rabl11-FIP I Class I Rab11 family interacting protein
FRB mTOR Serine/threonine kinase
MORN PIP5K1 Type I PIPK
PH AtPDK1 PDK1 homolog
PX P47phox NADPH oxidase regulatory subunit
PX PLDI1 PLD
Q2 Opil Transcription factor, repressor
TAPAS PDE4A1 cAMP phosphodiesterase
- PIPK I Type I PIPK
- Rafl MAPKKK, serine/threonine kinase
- PP1Cg Protein phosphatase
- AGAP1 ArfGAP
- ARF Small GTPase
- SK1 Sphingosin kinase
- NSF N-ethylmaleimide-sensitive factor
- ABI1 Protein phosphatase
- PEPC Phosphoenolpyruvate carboxylase
- AtCP Heterodimeric capping protein,

actin binding

Proteins that bind to phosphoinositides or PA, their binding modules, and their functions are listed.
Proteins originated from plants are indicated by bold characters (Suh and Hille 2005; Testerink
and Munnik 2005; Di Paolo and De Camilli 2006; Hawkins et al. 2006; Wang et al. 2006)

3 Phosphoinositide Signaling in Root Hair Development

Most of the phosphoinositides and the enzymatic activities shown in Fig. 1 have
been detected in plants, suggesting that the knowledge about phosphoinositide sig-
naling pathways in animals are basically applicable to plants, although existence
of PI(3,4,5)P, signaling pathways is unclear in plants (Mueller-Roeber and Pical
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2002; Zonia and Munnik 2006). The first evidence for phosphoinositide involve-
ment in root hair development was provided by the observation that PI(4,5)P, is
specifically localized to root hair bulges and elongating root hairs in maize (Braun
et al. 1999). Also, in elongating root hairs of Arabidopsis, strong PI(4,5)P, signals
were detected at the plasma membrane and the apical cytoplasmic space using
PH,, .;,-YFP, a chimeric fluorescence protein that specifically binds PI(4,5)P, in
vivo (Vincent et al. 2005).

As for protein factors, genetic studies have revealed that defects in PI transfer
protein COW 1/AtSFH1 cause short and distorted root hairs (Bohme et al. 2004;
Vincent et al. 2005). COW1/AtSFHI1 contains an N-terminal lipid-binding domain
similar to the yeast PI transfer protein Sec14 and a C-terminal domain similar to the
Lotus japonicus nodulin Nijl16. Its GFP fusion protein showed the same localiza-
tion pattern as PI(4,5)P, in elongating root hairs (i.e., the plasma membrane and
apical cytoplasmic space; Vincent et al. 2005). The loss of proper PI(4,5)P, locali-
zation in a T-DNA insertion mutant is closely linked to degeneration of the fine
F-actin configuration at the tip. This fact, together with the expected function of
PI(4,5)P,, strongly suggests that COW1/AtSFH1 generates phosphoinositide land-
marks that are coupled to components of the F-actin cytoskeleton via the produc-
tion of PI(4,5)P2. Interestingly, in Lotus nodulogenesis, LjPLP-1V, the AtSFHI
ortholog, is transcriptionally downregulated, and Nijl6 nodulin, the C-terminal
portion of LiPLP-IV, is highly expressed, through the activation of a bidirectional
promoter located in an intron of the LjPLP-IV gene (Kapranov et al. 2001). This
suggests that the COW1/AtSFHI class PI transfer proteins can act as a master
switch that controls polarization and depolarization in root hair development.

The Arabidopsis PI4K PI-4KB1 binds the GTP form of RabA4b in yeast and in
vitro, and they colocalize to the membrane fraction of growing root hair tips (Preuss
et al. 2006). PI-4KB1 physically interacts also with the calcium ion sensor protein
AtCBLI1, suggesting that the ability of PI-4Kp1 to produce PI4P is regulated by
calcium ion concentration. Mutant plants in which both PI-4KpI and its closest
relative PI-4Kp2 are disrupted exhibit aberrant root hair morphologies. Since
RabAd4b-labeled trans-Golgi network (TGN) compartments are morphologically
altered in the mutant root hair cells, it is thought that PI-4Kf1/B2 activity and hence
PI4P production in these compartments is necessary for proper TGN organization
and post-Golgi secretion (Preuss et al. 2006).

In addition to cowl/atsfhl mutations, a pi-4kf31 pi-4kf32 double mutation may
affect root hair morphogenesis by altering the level of PI(4,5)P, in the root hair apex.
Because the involvement of PI(4,5)P, in actin cytoskeletal reorganization and mem-
brane traffic has been demonstrated in animals and fungi, and because many effector
proteins are conserved in plants, it is reasonable to assume that PI(4,5)P2 is an indis-
pensable regulatory factor for root hair tip growth. Supporting this, mutations in the
Arabidopsis PIP5K3 gene, which encodes PI(4)P 5-kinase (PIP5K) and is expressed
preferentially in root hair cells, cause significantly shorter root hairs when compared
with wild-type root hairs (Kusano and Aoyama, unpublished data).

PI(4,5)P, has been observed also in the apical plasma membrane of growing
pollen tubes, another tip-growing cellular structure in plants (Kost et al. 1999).
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Tobacco and petunia PLCs accumulate laterally on the plasma membrane at the
growing pollen tube tip, and suppression of PLC activity leads to PI(4,5)P, delo-
calization at the tip and pollen tube growth depolarization, while its overexpression
moderately reduces the growth rate (Dowd et al. 2006; Helling et al. 2006). Based
on these results, it has been suggested that PLC restricts PI(4,5)P, to the pollen tube
apex by digesting PI(4,5)P, in the lateral region (Dowd et al. 2006; Helling et al.
2006), although its products, DAG and IP,, may act as signals during tip growth.

4 Phosphatidic Acid Signaling in Root Hair Development

Plants have two types of PLDs, a C2-domain-containing type that is unique to
plants and a PX-PH-domain-containing type that is common to most eukaryotes
(Qin and Wang 2002). Studies of PLD-mediated signal transduction in plants have
mainly focused on the C2-type PLDs in response to varied environmental stimuli,
including wound, cold, and drought stresses (Testerink and Munnik 2005; Wang
2005; Wang et al. 2006). On the other hand, PLD{1, an Arabidopsis PX-PH-type
PLD, is involved in root hair cell patterning and morphogenesis (Ohashi et al.
2003). The transcription factor GL2 negatively regulates the PLD{I gene in atri-
choblasts during root hair cell pattern formation. Ectopic overexpression of PLD{1
causes root hair bulges in both atrichoblasts and trichoblasts. Hence, PLD(]1 is
thought to be a positive regulator of root hair initiation. PLD{1 overexpression
causes branched root hairs at a high frequency, while reduced PLD{1 expression
disrupts the bulge positioning on a trichoblast and the polarity of root hair expan-
sion. A PLD{1-GFP fusion protein localized to the apical region of elongating root
hairs as well as to vesicle-like compartments in the cortical regions. These findings
indicate the involvement of PLD{]1 in regulating the initiation and maintenance of
root hair tip growth. T-DNA insertion mutants of the PLD{I gene, however, do not
exhibit obvious changes in root hair morphology, suggesting that other PLD genes
can compensate for the mutant defects (Li et al. 2006b).

The Arabidopsis 3'-phosphoinositide-dependent kinase PDKI1 is involved in PA
signaling in root hair cells (Anthony et al. 2004). Animal PDK1 acts downstream
in PI3K signaling via the binding to 3'-phosphoinositide such as PI(3,4,5)P, (Alessi
et al. 1997; Stephens et al. 1998; Currie et al. 1999). Arabidopsis PDK1, however,
preferentially binds PA in vitro, and is activated by PA and PI(4,5)P, in Arabidopsis
protoplasts (Anthony et al. 2004). Moreover, PA-dependent, but not PI(4,5)P,-
dependent, activity leads to the activation of the Arabidopsis AGC kinase AGC2-1
(Anthony et al. 2004). A loss of AGC2-1 function results in reduced root hair
length, and a GFP-AGC?2-1 fusion protein showed a dynamic localization pattern
during root hair development with localization in the apical region at some stages
(Anthony et al. 2004). Interestingly, OXI1, a protein kinase mediating oxidative
stress responses, is identical to AGC2-1 (Rentel et al. 2004). These findings indi-
cate that this protein kinase cascade (PKD1-AGC2-1/0XI1) mediates the PA signal
and possibly the ROS signal during root hair development. In addition, mutations
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in the Arabidopsis IRE gene, which encodes another member of the AGC kinase
family, cause a short root hair phenotype similar to that of the agc2-/ mutant
(Oyama et al. 2002). This suggests that these kinases share a downstream target for
regulating root hair elongation while their upstream regulators are likely different
from each other.

Pharmacological evidence has also shown that the PA produced by the PLD and
PLC-DGK pathways is involved in plant cell morphogenesis. Experiments with
1-butanol and neomycin, which are specific inhibitors of PLD and PLC, respectively,
revealed the involvement of both PLD and PLC in root hair deformation during
nodule development (den Hartog et al. 2001; Charron et al. 2004). Both pollen ger-
mination and tube growth were arrested in the presence of 1-butanol. The inhibition
was overcome by addition of exogenous PA-containing liposomes, and partially
overcome by addition of taxol, a microtubule-stabilizing agent, indicating that the
PA produced by PLD regulates pollen tube development partly via microtubule
reorganization (Potocky et al. 2003). Supporting this, PLD , one of C2-type PLDs,
binds to microtubules and is involved in cortical microtubule organization (Gardiner
et al. 2001, 2003).

5 Other Lipid-Related Signals in Root Hair Development

DAG and IP,, both of which are crucial second messengers in animals, may also act
in intracellular signaling in plants. So far, however, orthologs of the effector pro-
teins found in animals, such as PKC and IP, receptors, have not been identified in
plants (Meijer and Munnik 2003); hence, their involvement in root hair develop-
ment remains unclear. Since DAG is rapidly converted to PA by DGK, PA likely
acts as a second messenger downstream of PLC rather than DAG (Munnik 2001).
As for IP,, high-affinity IP.-binding sites have been detected in internal membranes,
and IP, can trigger the release of calcium ions from internal stores (Alexandre et al.
1990; Meijer and Munnik 2003). In an experiment using caged probes, IP, release,
as well as that of PI(4,5)P2, resulted in an increase of pollen tube cytosolic-free
calcium and reorientation of pollen tube growth (Monteiro et al. 2005).

The mechanisms by which proteins are targeted to and anchored at the plasma
membrane in the root hair apical region involve posttranslational modifications,
such as § acylation and the addition of glycosylophosphatidylinositol (GPI)
anchors. The Arabidopsis TIP1 gene, mutations of which affect tip growth in both
root hairs and pollen tubes, encodes an S-acyl transferase (Hemsley et al. 2005).
Acylation has been implicated in protein sorting into lipid rafts at the plasma mem-
brane, and is known to be involved in determining cell polarity (Bagnat and Simons
2002) and signal transduction (Lai 2003). Proteins modified by acylation include
type-II ROP GTPases (Lavy et al. 2002), suggesting that acylation by TIP1 may
help recruit these regulatory proteins to the tip. GPI anchor modification takes place
in the endoplasmic reticulum, and GPI-anchored proteins are transported via the
TGN to the outer leaflet of the plasma membrane (Ikezawa 2002). Arabidopsis
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SETHI and SETH? encode different putative subunits of the enzyme complex
involved in GPI biosynthesis, and mutations in either gene cause defects in pollen
germination and pollen tube growth (Lalanne et al. 2004), suggesting that the GPI
anchor modification is also critical for polarized cell growth.

6 A Hypothesis of the Signaling Network Sustaining
Root Hair Tip Growth

Once root hair tip growth begins, the polarity is strictly sustained, resulting in
straight root hairs without branches. The mechanism for sustaining this highly
polarized growth, called tip-growth LENS (localization-enhancing network, self-
sustaining; Cole and Fowler 2006), has been hypothesized not only to localize
events underlying cell expansion, for example, membrane traffic and cytoskeletal
reorganization, to the tip continuously, but also to maintain its own localization at
the tip against the diffusion concomitant with cell expansion. In this section,
I present a hypothesis of the signaling network sustaining root hair tip growth,
focusing on the roles of phospholipid signaling.

The tip growth LENS is assumed to use positive feedback loop(s) for self-sustenance,
to which phospholipid signaling may contribute significantly. Phospholipid signal-
ing can provide a robust positive feedback loop consisting of two major second
messengers, PI(4,5)P2 and PA, and the enzymes that produce them, PIPSK and
PLD (Fig. 3). In animal systems, this phospholipid signaling loops have been
assumed to regulate actin cytoskeletal reorganization and membrane trafficking
(Oude Weernink et al. 2007). Many Arabidopsis PLDs, including PLD(1, are
activated by PI(4,5)P, (Qin and Wang 2002). Since PA activates PIP5K1 through
interaction with the MORN domain (Im et al. 2007), PA likely activates also other
MORN-containing PIP5Ks, including PIP5K3, which is involved in root hair
development (Kusano and Aoyama, unpublished data). Hence, a phospholipid
signaling loop likely functions in root hair cells. The loop critically helps to sus-
tain not only the level of signaling via reciprocal activation, but also the peaky
spatial pattern of signaling via reciprocal recruitment between PLD and PIP5K at
the root hair tip.

The regulatory factors that interact with the phospholipid signaling loop most
likely include small GTPases. By analogy with animal and fungal systems, both
plant PLDs and PIP5Ks are possibly activated by ROPs and Arfs; in turn, PA and
PI(4,5)P, may regulate GEFs and GAPs (Oude Weernink et al. 2004; Jenkins and
Frohman 2005; Santarius et al. 2006). Hence, another signaling loop is expected to
occur between phospholipids and small GTPases. Although direct evidence for
these interactions has not been obtained, this idea is supported by evidence
indicating that the Arabidopsis ROP7/Rac2 physically interacts with PIPSK activity
in tobacco pollen tubes (Kost et al. 1999) and that plants have small GTPase regula-
tory proteins with phospholipid-binding domains (e.g., the Arabidopsis DOCK180
homolog SPIKEI; Qiu et al. 2002; van Leeuwen et al. 2004).
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Fig. 3 A schematic representation of a hypothesis of the phospholipid signaling loop sustaining
root hair tip growth. A positive feedback loop consisting of PI(4,5)P,, PA, PIP5K, and PLD, and its
upstream and downstream pathways are schematically shown. Other possible regulators and effec-
tors of the signaling loop (e.g., reactive oxygen species and Ca**) are omitted for simplification

In pathways downstream of the signaling loops, effector proteins of PI(4,5)P,
PA, and small GTPases are thought to be involved in root hair tip growth. By
analogy with animal and fungal systems, effectors of PI(4,5)P, likely include
several actin-regulatory proteins such as gelsolin, profilin, ADF/cofilin, and
WASP for F-actin formation (Yin and Janmey 2003; Logan and Mandato 2006);
SNARE and SNARE-regulating proteins such as synaptotagmins for exocytosis (Li
et al. 2006a; Nakanishi et al. 2004); and clathrin-associated proteins with the
ENTH domain for endocytosis (Grishanin et al. 2004) in membrane recycling
between the apical and subapical plasma membrane. In addition, PI(4,5)P, might
recruit a calcium channel to the root tip plasma membrane by direct interaction.
Downstream pathways of ROPs and Arfs are also expected to involve cytoskel-
etal reorganization and membrane trafficking, respectively, via a wide variety
of their effectors (D’Souza-Schorey and Chavrier 2006; Ridley 2006; Santarius
et al. 2006; see Zarsky and Fowler 2008).

PA may also recruit and regulate proteins with varied functions required for tip
growth. Evidence obtained from Arabidopsis and rice indicates that PA produced
by PLD increases both NADPH oxidase activity and ROS levels (Sang et al. 2001;
Park et al. 2004; Yamaguchi et al. 2004); however, factors mediating these proc-
esses are unknown. In animal phagocytic cells, PA binds to the p47°h* regulatory
subunit of NADPH oxidase and activates the p91°™* catalytic subunit (Palicz et al.
2001; Karathanassis et al. 2002). RHD2 is an Arabidopsis homolog of the p91phex
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catalytic subunit (Foreman et al. 2003). Although a plant homolog of p47°* is not
known, PA may activate NADPH oxidase through the interaction with its regulatory
subunit to activate the signaling pathway via the ROS production to the calcium ion
gradient at root hair apices (Foreman et al. 2003).

7 Conclusion

Phospholipid signals are distinct from other second messengers in that they act as
site-specific signals on membranes to regulate localized intracellular events. In
addition, the production and consumption of one signal can lead to changes in the
levels of other signals, indicating that phospholipids are contextual signals.
Moreover, their signaling pathways are connected not only to each other (e.g.,
between PI(4,5)P, and PA), but also to those of other signaling systems (e.g., small
GTPases), constituting a complex signaling network. These features likely allow
the robust and sophisticated regulation of root hair tip growth, but hinder a simple
understanding of the controlling mechanism. Although information on the molecu-
lar basis of the mechanism is still fragmented at present, PI(4,5)P2 and PA most
likely play pivotal roles in regulating the highly polarized cell expansion, together
with other signaling factors, including small GTPases. For a further clarification of
the mechanism regulating root hair tip growth, it will be important to identify pro-
tein factors working at the root hair tip, and investigate their interactions with
phospholipids, phospholipid-metabolizing enzymes, and other signaling factors in
living root hairs.
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ROP (Rho-Related Protein from Plants)
GTPases for Spatial Control of Root Hair
Morphogenesis

V. Zarsky (=) and J. Fowler

Abstract Cell polarity control is inherently a complex process based on the
feedback loops where it is difficult to distinguish cause—effect relationships and
identify “master regulators.” However, small GTPases from the Rac/Rho family are
certainly an important part of polar growth core regulatory circuit/network also in
plants. ROPs (Rac/Rho of plant) involvement in root hair polar tip-growth is best
documented by the loss of polarity in plants overexpressing specific ROP GTPases,
loss of polarized cell expansion in root hairs of RopGDI mutant and root hair tip
localization of ROP-GFP fusions. Rho/Rac GTPases switch directs cell growth via
a plethora of regulatory and effector proteins known from Opisthokonts, and only
recently some of them have been identified also in plant cells. We will review and
discuss their root hair function in relation to the cytoskeleton dynamics, Ca** gradi-
ent, NADPH oxidase activity/ROS (reactive oxygen species), cell wall dynamics,
phospholipid signaling, auxin signaling, and polarized/targeted secretory vesicle
transport and fusion.

1 Introduction

Tip growth of plant cells relies upon an intricate and dynamic network of processes
connecting cell wall dynamics/mechanics with signal transduction, membrane lipid
modifications, changes in ion transport, and regulation of the secretory pathway and
actin cytoskeleton (recently termed the LENS for Localization Enhancing Network,
Self-sustaining; Cole and Fowler 2006). Current data suggest that the LENS func-
tions at the growing tip in both root hairs and pollen tubes, and comprises many
homologous components in the two cell types. For this chapter it is necessary to
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separate out one of the LENS components — ROP GTPase signalling — from the
totality of this system; it makes sense partly because of the relatively central position
the ROPs (Rho-related protein from plants) occupy in functioning of the LENS.

The evolution of regulatory circuits in eukaryotic cells selected the GTP nucle-
otide to participate in a mechanistically distinct fashion from the closely related ATP
nucleotide. Whereas ATP is involved in signal transduction pathways by covalent
modification of target substrates (i.e., phosphorylation), noncovalent binding of GTP
to a great array of small GTPase proteins imposes conformational changes to those
proteins, making such GTPases ideal molecular switches for a plethora of regulatory
and signal transduction pathways. Low intrinsic GTPase activity (explaining why
these proteins are also called GTP-binding proteins) allows a relatively long life time
for their active (GTP-bound) conformation. Generally, only after the intervention of
a GTPase-activating protein (GAP) is the y-phosphate of GTP molecule hydrolyzed,
returning the GTPase to the inactive, GDP-bound state.

Along with the founding member of the superfamily, the Ras proto-oncogene,
most small GTPases are posttranslationally modified at their C-terminus by the
addition of hydrophobic prenyl (farnesylation or geranylgeranylation) or acyl moei-
ties (palmitoylation), thus functioning as peripheral membrane proteins that cycle
between membranes and cytoplasm. This cycling is regulated by GDP dissociation
inhibitors (GDIs), which are thought to extract GDP-bound GTPases from the tar-
get membranes for possible recycling through GDP/GTP exchange and reactiva-
tion. This exchange is catalyzed by guanine nucleotide exchange factors (GEFs; for
a review on small GTPases, see e.g. Molendijk et al. 2004). The specificity with
which these proteins can be localized to particular membranes, and their ability for
local activation/deactivation make small GTPases an ideal device to define specific
membrane domains, helping to initiate and maintain vectorial/targeted processes of
cell morphogenesis and signalling within the cell (e.g., Zerial and McBride 2001).

Over the last years it has become obvious that small GTPases are crucial com-
ponents of the eukaryotic cell morphogenetic machinery not only in animals and
fungi, but also in plants. They are divided into several well-defined (and some less-
defined) families or subfamilies, and for our perspective on the functions of plant
Rho-related GTPases (ROPs) in root hair initiation and polar growth, it is necessary
to mention small GTPases of the Arf and Rab families, in addition to the hetero-
trimeric GTPases (see other chapters of this volume). Current data and models
suggest that they are collectively involved in the regulation of the secretory path-
way (e.g., the identity of endomembrane compartments, formation and transport of
vesicles and fusion with the target membrane, and membrane recycling), actin
cytoskeleton dynamics, cell wall synthesis, activity of membrane-bound enzymes
and transporters (e.g., ion channels and NADPH oxidases), signal transduction
pathways, and possibly some metabolic pathways. All of these activities also bear
on the development of root hairs in Angiosperm plants.

In this chapter we will focus on the ROP GTPase family (also sometimes called
RACQ), as it is more and more obvious from several model eukaryotes that Rho-type
GTPases play particularly important roles in the molecular machines and networks
orchestrating cytoskeletal, secretory, and signal transduction pathways from within
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the cell to achieve morphogenetic processes. In case of root hairs, we are challenged
with the problem to understand polarized cell morphogenesis that occurs in two
steps: (1) growth site selection and bulge formation (planar polarization) in trichob-
last cells and (2) initiation and maintenance of tip growth. We will first summarize
current understanding of the mechanisms of ROP regulation by GEFs, GAPs, and
GDlIs (Fig. 1), as well as our fragmentary knowledge of ROP downstream effectors.
However, our main focus will be on ROP functions in the two major phases of root
hair ontogenesis defined in this paragraph.

2 The ROP GTPase Family

The ROP group of plant-specific GTPases diverged from the closely related Rac
GTPases, the most basal subgroup of Rho-type GTPases, most probably in algal pred-
ecessors before plants conquered the land (Brembu et al. 2006). Phylogenetic analysis
suggests that the plant ROP genes underwent rapid evolution prior to the emergence
of the embryophyta, creating a group that is distinct from the Rac genes in other
eukaryotes. In embryophyta, ROP genes have undergone an expansion through gene
duplic