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Microtubule organization in root hairs is disrupted by altera-
tions in a gene encoding an armadillo repeat-containing kinesin-
related protein, MORPHOGENESIS OF ROOT HAIR 2 (MRH2/
ARK1 At3954870). Null mutants of MRH2/ARK1 show an in-
creased amount of EMTs and root hairs are wavy and occasion-
ally branch, suggesting that MRH2/ARK1 regulates tip growth by
limiting the assembly and distribution of endoplasmic microtubules
(Jones et al., 2006; Sakai et al., 2008). Furthermore, the mrh2/ark1
mutations act as genetic enhancers of the CA-rop2 phenotype.
Interestingly, an armadillo repeat domain-containing MRH2/ARK1
fragment could bind to polymerized actin in vitro and the mrh2/ark1
mutant showed increased sensitivity to actin depolymerization.
Thus, MRH2/ARK1 not only controls MT organization in root hairs,
it may also be involved in the coordination of actin and microtubule
organization during root hair growth (Yang et al., 2007).

When Arabidopsis root hairs are treated with the microtubule
inhibitor oryzalin or microtubule stabilizer paclitaxel (taxol), their
growth velocity does not change, but their growth direction be-
comes wavy and occasionally root hairs branch (Bibikova et al.,
1999; Ketelaar et al., 2002; Preuss et al., 2004). This suggests
that microtubules help maintain a straight growth axis, but are not
directly involved in maintenance of tip-restricted expansion rates.
When root hair tip growth is transiently disrupted, the function of
microtubules in root hair growth becomes even more clear: in the
presence of microtubules, root hair growth recovers in the origi-
nal orientation, whereas if microtubules are non-functional, the
direction of hair growth recovery is random (Bibikova et al., 1999;
Ketelaar et al., 2002; Figure 15). Taken together, these observa-
tions suggest that the microtubule cytoskeletal network functions
only indirectly in controlling root-hair tip growth in Arabidopsis.
However, it likely plays a more prominent role when changes in
root hair growth direction are necessary, such as when root hairs
curl around nitrogen-fixing bacteria during the formation of root
nodules in legumes (Sieberer et al., 2005).

Polarized Membrane Trafficking in Root Hairs

Polarized expansion of root hairs is dependent upon the continuous
formation and delivery of newly-synthesized cell wall components
to the growing tips of these cells; as a result, the control of mem-
brane trafficking plays a critical role in root hair formation. Members
of the Rab GTPase family are important regulators of eukaryotic
membrane trafficking, and they carry out these regulatory functions
through their specific localization to distinct subcellular organelles
within these cells (Zerial and McBride, 2001; Vernoud et al., 2003;
Nielsen et al. 2008). During root hair tip growth, newly-synthesized
cell wall components are packaged into secretory vesicles that
emerge from plant trans-Golgi network (TGN) membranes, and are
subsequently targeted and delivered to the apical plasma mem-
brane region of growing root hairs. In Arabidopsis, formation and
delivery of at least one subpopulation of these secretory vesicles is
regulated by the specific recruitment of members of the RabA family
of plant Rab GTPases to these membrane compartments (Preuss
et al., 2004; Ovecka et al., 2010; Kang et al., 2011). In their active,
GTP-bound conformation, Rab GTPases function through the re-
cruitment of cytosolic “effector proteins” to their target membranes.
During tip-growth in Arabidopsis root hairs, RAB GTPASE HOMO-

Figure 15. The direction of tip growth is controlled by calcium and micro-
tubules.

(A, B) Cytoplasmic calcium and tip growth in untreated (A) and 10uM
taxol treated (B) root hairs after local photoactivation of caged calcium
ionophore. The ionophore was activated by illuminating the boxed regions
with a UV laser. The concentration of cytoplasmic free calcium ([Ca?'],)
was imaged using calcium green/rhodamine and pseudo-color coded ac-
cording to the inset scale.

(A) An untreated hair was unaffected by the ionophore.
(B) A taxol-treated hair grew towards the ionophore. Taxol promotes mi-
crotubule polymerisation.

(C) Diagram showing the percentage of untreated and taxol-treated root
hairs that reoriented their growth in response to locally activated calcium
ionophore

(adapted from Bibikova et al. 1999).

LOG A4b (RAB-A4b: At4g39990) recruits the lipid kinases, PHO-
SPATIDYLINOSITOL 4-OH KINASE BETA1 (PI4KB1: At5g64070)
and PHOSPHATIDYLINOSITOL 4-OH KINASE BETA2 (PI4KB2:
At5g09350), which phosphorylate the inositol head group of phos-
phatidylinositol (Pl) to generate PI-4P (Mueller-Roeber and Pical,
2002). Regulation of PI-4P levels through the coordinated action of
these lipid kinases, as well as a PI-4P phosphatase, ROOT HAIR
DEFECTIVE4 (RHD4: At3g51460), play important roles in regula-
tion and delivery of secretory cargo to the tips of growing root hairs
(Preuss et al., 2004, 2006; Thole et al., 2008). Additionally, phos-
phorylation of PI-4P to PI-4,5P, by 1-PHOSPHATIDYLINOSITOL-
4-PHOSPHATE 5-KINASE3 (PIP5K3: At2926420) is required for
appropriate control of tip-growth in root hairs (Kusano et al., 2008;
Stenzel et al., 2008). Enrichment of PI-4P and PI-4,5P, likely par-
ticipate in organizing polarized membrane trafficking in root hair
cells by acting as targeting determinants that stimulate recruitment
of other proteins playing important roles in root hair tip-growth that
contain PI-4P or PI-4,5P, binding domains (Bubb et al., 1998; Yoo
etal.,, 2012).



Root Hair Cell Walls

Root hair cell walls are organized in two distinct layers that
appear to reflect when and where they are deposited during
root hair development. Initial cell wall deposition occurs at the
extreme apical 30-50 ym of the growing root hair (Newcomb
and Bonnett, 1965; Galway et al., 1997). Fibrillar elements that
may be cellulose microfibrils are observed in these apical root
hair cell walls, but unlike in cells undergoing diffuse expansion,
these elements appear to be shorter and randomly oriented
(Newcomb and Bonnett, 1965). Additional inner cell wall lay-
ers containing parallel arrays of cellulose microfibrils appear to
be deposited later, and these are often organized in a helical
orientation along the length of the root hair. Cellulose synthesis
is required for root hair tip growth (Park et al., 2011; Galway
et al.,, 2011), and while known components of the cellulose
synthase complexes CESA3 and CESAG6 are not observed in
apical plasma membranes in actively growing root hair cells,
a functional, fluorescently-tagged CELLULOSE SYNTHASE-
LIKE PROTEIN D3 (CSLD3/KJK/RHD7: At3g03050) was en-
riched at the tips of growing root hairs (Park et al., 2011). Both
CSLD2 (At5g16910) and CSLD3/KJUK/RHD7, members of the
Cellulose-Synthase-Like (CSL) super family, are required for
root hair growth (Wang et al., 2001; Bernal et al., 2008; Galway
et al., 2011; Yin et al., 2011; Yoo et al., 2012). While mannan
synthase activity has been detected for some CSLD proteins
(Yin et al., 2011), a CSLD3 chimera containing a CESAG6 cata-
lytic domain restored root hair growth in a c¢s/d3 null mutant
(Park et al., 2011), raising the intriguing possibility that CSLD
proteins may synthesize cellulose-like polysaccharides in tip-
growing root hair cells.

Xyloglucan and pectin cell wall polysaccharides are also re-
quired for tip-growth in root hair cells. Xyloglucan is a 3-1,4 linked
glucan polymer with extensive side chain modifications contain-
ing xylose, galactose, and fucose sugars. Members of the CSLC
family synthesize the glucan backbone of xyloglucan (Cocuron
et al., 2007), while xylosyl residues are attached to the glucan
backbone by a series of xylosyltranferases, encoded by XY-
LOGLUCAN XYLOSYL TRANSFERASE1 (XXT1: At3g62720),
XXT2 (At4902500), and others. Arabidopsis xxt1/xxt2 double mu-
tants grew normally, but root hairs in these mutants are shorter
and possess bulged bases (Cavalier et al., 2008). Recently, XY-
LOGLUCAN-SPECIFIC GALACURONOSYL TRANSFERASE1
(XUTT1: At1963450) was shown to be a galacturonosyltransferase
that incorporates galacturonic acid residues into root-hair-specific
xyloglucan polysaccharides (Won et al., 2009; Pefia et al., 2012).

Homogalacturonan (HG), rhamnogalacturonan | (RG-1) and
rhamnogalacturonan Il (RG-Il) are three major forms of pec-
tin and together these polysaccharides comprise ~35%-40%
of Arabidopsis primary cell walls. Disruption of genes encoding
UDP-4-KETO-6-DEOXY-D-GLUCOSE-3,5-EPIMERASE-4-RE-
DUCTASE1 (UERT1: At1g63000) or UDP-D-GLUCURONATE
4-EPIMERASE 6 (GAEG6: At3g23820), two enzymes required for
synthesis of pectin precursors, affected root hair length (Pang et
al., 2010). Furthermore, FucA1, a sugar analog fucose alkyne, is
selectively incorporated into cell walls in newly initiated root hair
bulges, suggesting a prominent role for these polysaccharides
during root hair initiation (Anderson et al., 2012).
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In addition to the major polysaccharide classes, numerous
classes of structural proteins are secreted and incorporated into
growing plant cell walls. In Arabidopsis, two members of the
expansin family of cell wall proteins, EXPANSIN A7 (EXPA7:
At1g12560) and EXPANSIN A18 (EXPA18: At1962980), exhibit
root-hair-specific expression (Cho and Cosgrove, 2002; Jones et
al., 2006; Won et al., 2009; Bruex et al., 2012), and altering their
levels by treatment with exogenous protein preparations or by
RNAi-based suppression, resulted in altered root hair tip growth
(Cosgrove et al., 2002; Lin et al., 2011). Many hydroxyproline-rich
glycoproteins (HRGPs) are found in cell walls (Velasquez et al.,
2011; Mohnen and Tierney, 2011). Proline residues in these pro-
teins are post-translationally modified to form hydroxyproline, in
a process catalyzed by a family of membrane-bound prolyl 4-hy-
droxylases (P4Hs) (Velasquez et al., 2011; Mohnen and Tierney,
2011). Elimination of the root-expressed PROLYL 4-HYDROXY-
LASE (P4H) genes, P4H2 (At3906300), P4H5 (At2g17720), or
P4H13 (At2g23096) resulted in shortened root hairs (Velasquez
et al., 2011), which indicate important roles for HRGPs during
deposition of plant cell walls in tip-growing root hair cells.

Walled cells require internal pressure, called turgor, to sustain
growth. If turgor is too low, the cytoplasm will not fit snugly against
the wall, and the intimate contact between the plasma membrane
and the wall is jeopardized. In addition, the growth of some plant
cells depends on ion channels that are activated when the cell
membrane is stretched. For these reasons it is important that
plant cells that are growing have mechanisms to keep themselves
turgid. At a typical growth rate of 1 uM min-' Arabidopsis root hairs
increase their volume by approximately 50 fL min-' (Lew, 2000).
To remain turgid whilst increasing in volume the total amount of
osmotic ions in the cell must increase. Arabidopsis root hairs ac-
tively accumulate several osmotically active ions including K* and
Cl-as they grow (Figure 13), but other, unidentified mechanisms
are also used to adjust turgor (Lew, 1991; 1998). Experiments us-
ing pressure probes and osmotica have been used to show that
turgor is regulated by sensing changes in osmolarity, not internal
pressure (Lew, 1996).

Cessation of Tip Growth

Root hair tip growth ceases when hairs reach a fairly predictable
length. Growth can be prolonged by increasing the expression of
the small GTPase ROP2 (Jones et al., 2002) or the transcription
factor ROOT HAIR SIX-LIKE4 (RSL4/bHLH54: At1g27740; Yi et
al., 2010). Growth is sustained by auxin (Lee and Cho 2006),
which is supplied by neighboring non-hair cells that transport
auxin through the epidermis from the root tip toward the shoot
(Jones et al., 2009). As the root tip grows away from young root
hair cells, they receive less and less auxin, until the auxin supply
is lost and growth ceases (Jones et al., 2009). The end of growth
is precisely controlled and coordinated, producing a symmetrical,
dome-shaped tip with the same diameter as the hair shaft. When
hairs stop growing, the cytoplasm at the tip disperses and the
vacuole enlarges into the dome (Figure 13C). Simultaneously,
Rop protein (Molendijk et al., 2001), the calcium gradient (Figure
13C; Wymer et al., 1997), and calcium channel activity (Schief-
elbein et al., 1992; Very and Davies, 2000) are lost from the tip.
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Molecular Genetics of Root Hair Formation

Supplemental Table 1 lists genes that affect root hair develop-
ment and Figure 16 shows the stage each gene is involved.
Genes are discussed here in the order in which they contribute.

Genes affecting the number of swellings on each hair cell.
Wild-type root hair cells produce a single swelling on their outer
wall, which develops into a hair. The RHD6 gene is required to
initiate this process: rhd6 mutants are nearly hairless, and among
the few cells that produce hairs, some of them initiate more than
one hair (Masucci and Schiefelbein, 1994). This suggests that
RHDE6 is involved in controlling the establishment and the num-
ber of swellings. Hair cells on roots mutated in the TINY ROOT
HAIR1 (TRH1: At4g23640) gene sometimes have extra swellings
(Rigas et al., 2001), implying that TRH1 prevents multiple swell-
ings from forming on wild type hair cells. TRH7 encodes a potas-
sium transporter (Rigas et al., 2001). Further research is required
to discover how this affects swelling number. Extra swellings are
also produced if there is excess ROP activity, for example on
plants with mutations in the RhoGDI1 negative regulator SUPER-
CENTIPEDE (SCN1: At3g07880) or plants overexpressing ROP2
(Carol et al., 2005; Jones and Smirnoff, 2006).

Genes affecting the location of hairs on the cell. Root
hairs of many species including Arabidopsis emerge at the root-
ward end of the cell (Leavitt, 1904; Masucci and Schiefelbein,
1994). The Arabidopsis RHD6 gene affects this positioning. Hairs
on rhd6 mutant roots emerge at a more shoot-ward position
(further away from the root tip; Figure 17), implicating RHD6 in
mechanisms that promote hair formation at the apical end of the
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Figure 16. Genetics of root hair morphogenesis.
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Diagram summarizing the stages of root hair development that contribute
to the shape of the hair cell, and the phenotypes of relevant mutants and
transgenic plants. Root hairs are reduced in length to fit into the figure.
The developmental stages of wild type hairs are shown on the left. The
defects of mutant or transgenic hairs are shown on the right alongside the
relevant stage of wild type development. Mutants appear more than once
when they affect more than one stage of development. OX-PFN indicates
over-expression of the PFN1 gene.

cell. The fact that RHD6 determines how many cells form hairs
as well as the position of the hair on the hair cell suggests that
RHDG6 links mechanisms that control whether a hair will form with
mechanisms controlling where on a cell the hair will emerge. The
location of hairs on the cell is also affected by auxin and ethylene
(hyperlink to the section “Auxin and ethylene regulate root hair
growth” below).

Genes restricting swelling size. As described above, each
swelling forms by cell wall loosening. In wild type Arabidopsis
the amount of loosening is highly reproducible, and swelling
diameter is consistently about 22 um (Parker et al., 2000, Fig-
ure 18). Mutations in the TIP GROWTH DEFECTIVE1 (TIP1:
At5g20350) and ROOT HAIR DEFECTIVE1 (RHD1: At19g64440)
genes generate mutant plants with large swellings (Figure 18).
In tip1 mutants, swelling diameter is increased by about a third.
The rhd1 mutants have huge swellings that take up most of the
outer surface of the hair cell (Figure 18). As tip7 and rhd1 are
both loss-of-function mutants these results suggest that the
RHD1 and TIP1 genes restrict swelling size, presumably by re-
stricting the area of wall that is loosened (Parker et al., 2000;
Ryan et al., 1998; Schiefelbein et al., 1993; Schiefelbein and
Somerville, 1990). The tip1 rhd1 double mutants have similar
swelling dimensions to rhd? single mutants, suggesting that
TIP1 cannot affect swelling size unless the RHD1 gene product
is present (Parker et al., 2000). RHD1 encodes a UDP-glucose
4-epimerase, which is involved in cell wall synthesis, suggesting
that swelling formation on rhd71 mutants is due to altered cell
wall properties (Seifert et al., 2002). TIP1 encodes a palmitoyl
(or S-acyl) transferase (Hemsley et al. 2005). Palmitoyl trans-
ferases regulate protein localization and activity at cell mem-
branes, so it is likely that the tip7 mutant phenotype is due to
the mislocalization or misregulation of one or more unidentified
proteins in root hair cells.

Genes establishing tip growth. Tip growth is established
by the time hairs reach 40 pm long (Dolan et al., 1994). Root
hairs without functional RHD2 (Figure 19), SHAVEN1 (SHV1: un-
known gene), SHV2/MRH4/COBL9 (At5g49270), SHV3/MRH5

Figure 17. Hairs on the rhd6 mutant emerge at a more basal position on
the hair cell than wild type hairs (wt). An asterisk (*) indicates the apical
wall of each cell.



(At4926690), TRH1, or KUK genes stop growing before this stage
(Figure 16, Parker et al., 2000; Schiefelbein and Somerville,
1990; Favery et al, 2001.; Rigas et al., 2001). Mutations affect-
ing the CENTIPEDE1 (CEN1: unknown gene), CEN2 (unknown
gene), CEN3 (unknown gene), SCN1, BRISTLED1 (BST1/MRH3:
At5g65090), and TIP1 genes can also stop hair growth before this
stage, but only in certain double mutant combinations (Parker et
al., 2000). These results suggest that all of these genes are im-
portant for tip growth to be successfully established.

Sustained root hair tip growth involves oscillations of extra-
cellular pH, reactive oxygen species, and cytosolic calcium. In-
terfering with these oscillations can prevent root hair elongation
or induce bursting at the tip (Monshausen et al. 2007, 2008).
Hairs can also burst because wall loosening does not stop, or
the balance between wall deposition and protoplast growth fails.
For example, the hairs of kjk mutants burst after swelling forma-
tion, killing the cells (Favery et al., 2001; Wang et al., 2001). As
described earlier in this chapter, the KUK/CSLD3/RHD7 gene
encodes a cellulose synthase-related protein. Interestingly, cel-
lulose is formed at the plasma membrane whereas KJK is found
in the endoplasmic reticulum. KJK probably contributes to the
synthesis of polysaccharides such as beta-xylans, mannans or
xyloglucan (Favery et al., 2001). The kjk mutant hairs have weak
cell walls that cannot contain the growing protoplast and burst.
SHV2 and SHV3 also encode proteins that affect cell wall synthe-
sis. The SHV2/COBL9/MRH4 gene encodes a glucosylphospha-
tidylinositol (GPIl)-anchored protein related to COBRA, which af-
fects cellulose deposition (Parker et al. 2000; Jones et al., 2006).
SHV3 encodes a glycerophosphoryl diester phosphodiesterase-
like protein that affects cellulose content and pectin modification.
Adding borate to the growth medium of shv3 mutants prevents
the root hairs from bursting, possibly by altering the cross-linking
of pectic polysaccharides (Hayashi etl a. 2008).

Root hair growth may also stop if a crucial part of the machin-
ery supporting tip growth fails. The TRH1 potassium transporter
is required for tip growth, and supplementing trh1 mutant roots
with high levels of potassium does not restore tip growth (Rigas
et al., 2001). These results suggest that tip growth depends on
potassium transport that is precisely localized within the cell or
coordinated with other events. The expression pattern of the

Figure 18. Swellings are wider on tip7 and rhd1 roots. Wild type swellings
are about 22 ym across. Swellings on the rhd7 mutant encompass the
whole outer cell wall. The tip7-2 mutant has swellings that are about 27 pm
across. Asterisks (*) indicate the end walls of each cell (see Schiefelbein
and Somerville, 1990; Parker et al., 2000).
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DRb5::GUS auxin reporter and measurements of auxin concen-
tration in wild type and mutant roots reveal that trh7 mutant roots
have altered auxin distribution, further supporting the idea that
auxin is required for root hair growth (Rigas et al. 2013) (hyperlink
to “Auxin and ethylene regulate root hair growth” section below).

Genes that prevent branching. Wild-type root hairs rarely
branch. Plants with mutations in the SCN1, CAN OF WORMS1
(COW1: At4934580), TIP1, CEN1, CEN2, CEN3, BST1, ROOT
HAIR DEFECTIVE3 (RHD3: At3913870), or RHD4 genes have
more branched hairs than wild type plants. In all cases except
BST1, the hairs branch after swelling formation so that multiple
hairs grow from the same initiation site (Figures 16, 19). SCN1
has a particularly important role in preventing branching. Plants
homozygous for the loss-of-function scn7-1 allele exhibit a high
percentage of branched hairs, and, in some double mutant com-
binations that include scn1-1, every hair is branched (Parker et
al., 2000). SCN1 encodes a negative regulator of ROP small GT-
Pases, suggesting that the scn1 phenotype is due to ROP over-
activity. This is supported by observations of root hair branching
in ROP overexpression lines (Jones et al. 2002). As discussed
above (hyperlink to the “Genes restricting swelling size” section),

Figure 19. Phenotypes of wild type and mutant root hairs. Light mi-
crographs of single hairs of wild type (wt), rhd2, rhd3, and rhd4, and a
branched hair from a tip7 plant. Scanning electron micrographs of wild
type (wt) and Irx1 roots. Light micrograph of a keule root tip (keu) with no
root hairs. See Supplemental Table 1 for references.
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TIP1 probably regulates the localization or activity of one or more
unidentified proteins in root hair cells. Several genes that affect
branching encode proteins with roles in the secretory pathway.
COW1 is a phosphatidylinositol transfer protein that localizes to
the site of root hair growth (B6hme et al. 2004). The rhd3 mutants
have short and curled/wavy root hairs, as well as cell expansion
defects throughout the plant (Schiefelbein and Somerville, 1990;
Wang et al., 2002). RHD3 encodes a protein with GTP binding
domains (Wang et al., 1997) that contributes to the formation of
the tubular ER network (Chen et al. 2011), likely by mediating ER
fusion events (Zhang et al., 2013), and therefore affects traffick-
ing through the secretory network. RHD4 is a phosphatidylino-
sitol-4-phosphate phosphatase that regulates the accumulation
of PI(4)P on membrane compartments at growing root hair tips
(Thole et al. 2008).

Genes that sustain and direct tip growth. Many genes that
affect tip growth have been identified. The molecular contribu-
tions of some of these genes are beginning to be understood.

The LEUCINE-RICH REPEAT/EXTENSIN 1 (LRX1:At1912040)
encodes a cell wall protein with leucine-rich repeats and homology
to extensins (Baumberger et al., 2001). LRX1 might regulate cell
wall expansion. It is expressed in root hairs and localizes to the cell
wall at the tip of elongating hairs. LRX1 loss-of-function mutants
have stunted and branched root hairs (Figure 19) showing that
LRX1 affects the amount and location of tip growth.

Potential regulators of root hair tip growth include INCOMPLETE
ROOT HAIR ELONGATION1 (IRE1: At5g62310) and ROOT HAIR
DEFECTIVEG-LIKE2 (RSL2: At4933880). Mutations in either of
these genes lead to short root hairs and each gene is preferentially
expressed in growing root hairs (Oyama et al., 2002; Yi et al., 2010),
which implies that the IRE7-encoded AGC kinase and the RSL2-
encoded bHLH transcription factor regulate tip growth activities.

Consistent with the important role of actin in tip growth, muta-
tions in the ACTIN2 (ACT2: At3g18780) gene exhibit defects in
root hair initiation and tip growth, with the severity dependent on
the nature of the mutation and double-mutant partner genes (Gil-
liland et al., 2002; Ringli et al., 2002).

PFN1 encodes one of four Arabidopsis profilin actin-binding
proteins, and is expressed in Arabidopsis root hairs (Huang et al.,
1996). Transgenic plants overexpressing PFN1 have root hairs
that are twice as long as wild type hairs, suggesting that profilin
forms part of the mechanism that controls the amount of root hair
tip growth that takes place (Ramachandran et al., 2000).

The GLOVEN (GLV) family of small modified peptides in-
cludes two members (GLV4: At3g02240 and GLVS8: At3902242)
that are required for complete root hair elongation (Fernandez et
al., 2013). Although their precise biochemical role is not clear, it is
possible that the GLV4 and GLV8 peptides participate in signaling
events during root hair tip growth.

Plants carrying loss-of-function mutations in the RHD2, SHV1,
SHV2, SHV3, and KUK genes occasionally make tip-growing hairs.
In all of these cases, the hairs are short and deformed showing
that all of these genes are required for normal tip growth (Parker et
al., 2000; Favery et al., 2001). The bst1, cen1, cen2, cen3, cow1,
rhd3, scnt, tip1, and rhd4, mutants also have short root hairs so
these genes are also required for hairs to achieve their usual length
(Parker et al., 2000). See above for information about the proteins
encoded by many of these genes (hyperlink to “Genes establishing
tip growth” and “Genes that prevent branching”.)

The Sec1 protein KEULE (KEU: At1g12360) is involved in se-
cretory trafficking at the growing root hair tip. Loss of function
keule mutants have absent or stunted, radially swollen root hairs
(Figure 19). It is not clear whether KEULE affects root hair initia-
tion and/or tip growth, but it is likely that KEULE contributes to
root hair development by facilitating targeted vesicle fusion (As-
saad et al., 2001; Karnik et al. 2013). Several other genes affect
the shape of hairs in a way that suggests that they might also
control the number or location of vesicles that fuse at the grow-
ing tip. The scn1, cent, cen2, and cen3 mutant hairs are often
curved, showing that these genes are required to keep the elon-
gating tube straight (Parker et al., 2000). The rhd2-2, scn1, tip1
and cow? mutants all have wide hairs (Schiefelbein and Somer-
ville, 1990; Parker et al., 2000), suggesting that the RHD2, SCN1,
TIP1 and COWT1 genes restrict the area at the tip of the hair
where vesicles can fuse. The rhd3 mutant hairs are corkscrew
shaped (Figure 19) because vesicle fusion apparently occurs at a
point that rotates around the edges of the growing tip rather than
being focused in the center (Schiefelbein and Somerville, 1990;
Galway et al., 1997). The rhd4 mutant hairs have inconsistent di-
ameters (Figure 19) and patches of thick cell wall, suggesting that
the amount of material that is deposited varies as the tube grows,
producing local constrictions and expansions along the length of
the hair (Schiefelbein and Somerville, 1990; Galway et al., 1999).

Perhaps surprisingly, light signaling can influence root hair
length. Mutations in either the PHYTOCHROME A (PHYA:
At19g09570) or PHYB (At2g18790) genes affect the length of root
hairs grown in the light, showing that phytochrome signaling can
influence the amount of tip growth that takes place (Reed et al.,
1993; DeSimone et al., 2000).

Auxin and ethylene related genes. The plant hormones
auxin and ethylene act in overlapping and independent ways to
influence many aspects of root hair development, as outlined in
Supplemental Table 1 and Figure 16.

AXR2 (Nagpal et al., 2000) and AXR3 (Leyser et al., 1996) are
transcriptional regulators of auxin-responsive genes that affect
root hair initiation. The degradation of AXR2 and AXR3 proteins
is stimulated by auxin (Gray et al. 2001). Mutations in AXR2 and
AXR3 that reduce auxin-responsive degradation reduce root hair
production, suggesting that auxin-responsive changes in gene
expression are required for root hair initiation. As well as permit-
ting root hair initiation, auxin regulates cell and tissue polarity, and
hence the locations of root hairs on cells. This was first noted in
axr2-1 and rhd6 mutants, in which both the number and location
of root hairs is altered (Masucci and Schiefelbein, 1994). The nor-
mal site of hair emergence is restored to rhd6 mutants by treat-
ment with auxin (Masucci and Schiefelbein, 1994). Treating rhd6
mutants with an ethylene precursor also restores the position of
hair emergence, implicating ethylene in this process. This is sup-
ported by the mutant phenotypes of the ETHYLENE RESPONSE
1 (ETR1: At1966340) and ETHYLENE OVERPRODUCER 1
(ETO1: At3g51770) mutants. The efr1 mutants perceive eth-
ylene poorly because they have a damaged ethylene receptor.
Like rhd6 hairs, etr1 hairs emerge nearer to the basal end of the
hair cell. The eto? plants produce more ethylene than wild type
and root hairs form closer to the apical end of the cell (Masucci
and Schiefelbein, 1996). Genes affecting auxin transport, such as
AUXINT (AUX1: At2g38120), which encodes an auxin influx car-
rier, and GNOM (GN: At1g13980), which affects PIN auxin efflux



carriers, also alter the locations of root hairs on cells, with root
hairs forming towards the end of the cell where the auxin concen-
tration is likely to be highest (Fischer et al., 2006). This suggests
that auxin gradients govern where on each cell a root hair forms.
The formation of these auxin gradients is regulated by ethylene
(Ikeda et al., 2009), A computational model that assumes ROP
activation is increased by intracellular auxin can account for the
location of ROP patches and hence root hair initiation in various
wild-type and mutant plants (Payne and Grierson, 2009).

Auxin and ethylene continue to contribute to root hair develop-
ment after the initiation site has been selected. The phenotype
of rhd1 mutants is suppressed by ethylene, implicating ethylene
in the regulation of root hair cell wall synthesis (Seifert et al.,
2004). Evidence for a role for auxin in the establishment of tip
growth comes from mutants of the AUXIN RESISTANT 1 (AXR1:
At1g05180) gene, which produce some root hairs that stop grow-
ing after elongation begins (Pitts et al., 1998). AXR1 encodes a
subunit of the RUB1-activating enzyme that is necessary for pro-
tein degradation required for responses to auxin. Similarly, the
putative ethylene signal transduction component ETHYLENE
INSENSITIVEZ2 (EIN2: At5g03280) is required for full-length root
hairs (Pitts et al., 1998).

Plants with mutations in the AXR1, AXR2, and AUX1 genes
have more branched hairs than wild type plants, suggesting that
auxin signaling is involved in mechanisms that maintain unidirec-
tional tip growth and prevent branching.

Mutations in the AXR1, ETR1, and AUX1 genes have short root
hairs, so these genes are required for root hairs to achieve wild-
type length (Pitts et al., 1998). As discussed above ETR1 encodes
an ethylene receptor, AXR1 encodes a component of the auxin sig-
naling machinery, and AUX1 encodes an auxin influx carrier, so the
short hairs on etr1, axr1, and aux? mutant plants suggest that eth-
ylene and auxin stimulate elongation (Pitts et al., 1998). In the case
of ethylene this is supported by the phenotype of eto1 mutants,
which synthesize more ethylene and have longer root hairs than
wild-type plants (Pitts et al., 1998). Overexpressing a PIN auxin ef-
flux carrier or the PIN regulator PINOID (PID: At2g34650) reduces
root hair growth (Lee and Cho 2006; Cho et al., 2007), consistent
with the idea that intracellular auxin sustains growth. Auxin levels
may be influenced by strigolactone, to alter root hair length (Kapul-
nik et al., 2011). Computation of auxin flow based on amounts and
locations of auxin carrier proteins suggests that auxin is supplied
to developing root hair cells by neighboring non-hair cells, and that
aux1 and wer mutants have short root hairs because the auxin
supply to developing root hairs fails prematurely, curtailing root hair
growth (Jones et al., 2009).

Auxin and ethylene likely act through transcription factors to
control root hair length. ACC does not increase root hair length
in loss-of-function mutants of the C2H2 zinc-finger protein ZINC
FINGER PROTEIN 5 (ZPF5: At1g10480), suggesting that eth-
ylene may stimulate root hair growth by activating transcription
through ZPF5 (An et al., 2012). Manipulating the levels and sta-
bility of the AUX/IAA transcription factors AXR3 and SHY?2 alters
root hair initiation and root hair length (Knox et al. 2003). Further
evidence that auxin acts on root hair growth via a transcriptional
mechanism comes from mutants lacking the basic helix-loop-he-
lix transcription factor RSL4, in which auxin cannot stimulate root
hair growth (Yi et al. 2010). Figure 20 summarizes the effects of
auxin and ethylene signaling on root hair phenotypes.
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Figure 20. Roles of auxin and ethylene signaling in root hair growth.

Increased auxin or ethylene signaling moves the intiation site to a more
apical position and increases the amount of elongation during tip growth.
Decreased auxin or ethylene signaling has the opposite effect.

Genes affecting coordination of tip growth cessation. One
mutant affects coordination of events at the end of tip growth (hy-
perlink to section on the end of tip growth above). Mutations in
SUPPRESSOR OF AUXIN RESISTANCE1 (SAR1: At1933410)
cause expanded (fat) tips to form at the end of root hairs (Figure
16). SAR1 acts downstream of AXR1 in the auxin response, sug-
gesting that auxin signaling plays a coordinating role at the end of
root hair growth (Cernac et al., 1997).

ROOT HAIRS AND NUTRIENT ACQUISITION

Effect of Root Hairs on Nutrient Uptake

A major function of root hairs is to increase root surface area
and hence facilitate the uptake of nutrients from the soil. Plants
with more or longer root hairs have an advantage at low nutrient
concentrations. For example, the Arabidopsis accessions Co and
C24 have high densities of long root hairs and are more efficient
at acquiring phosphate (Narang et al., 2000). Similarly, at low
phosphorous concentrations wild-type plants are more efficient at
taking up phosphorous than the mutants rhd6 (almost bald) and
rhd2 (hairs stop growing at the swelling stage; Bates and Lynch,
2000a, b). Root hairs contain enzymes and nutrient transporters
involved in nutrient uptake. An example is ferric chelate reductase
(FCR); wild-type plants have twice the FCR activity of a hairless
mutant (RM57/rhd7), suggesting that root hairs are an important
location for this enzyme (Moog et al., 1995).

Effect of Nutrients on Root Hair Development

Root hair development is strongly regulated by nutrient concentra-
tion. When nutrients are sparse the density and the length of root
hairs generally 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). Phos-
phate has the strongest and best characterized effect. Root hair
density on Columbia roots grown in low phosphorous (1 uM) is up
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to five times greater than on roots grown in high phosphorous (1000
MM) (Bates and Lynch, 1996; Savage et al., 2013). The number of
hair-forming files is increased in low phosphorous 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 phosphorous than on high phosphorous (Bates and
Lynch, 1996). The basic helix-loop-helix transcription factor RSL4
is required for the increase in root hair growth that occurs when
roots are grown in low phosphate conditions (Yi et al. 2010). Iron
deficiency also increases hair density and length; iron-deficient roots
produce ectopic hairs and hair length doubles (Schmidt et al., 2000).
Different nutrients control root hair development by different
mechanisms. For example, auxin and ethylene signaling are cru-
cial for responses to iron deficiency but have little effect on re-
sponses to low phosphorous (Schmidt and Schikora 2001).

CONCLUDING REMARKS

In addition to understanding the development and function of an
important cell type, the studies of root hairs in Arabidopsis have pro-
vided a useful and simple model to uncover new insights into gen-
eral principles of plant biology. One of these is the inherent plasticity
or flexibility in the development of plant cells. Several examples are
now known whereby root epidermal cells that embark on one differ-
entiation program may be caused to switch to the alternate program
upon a change in their position or in response to external factors.
This includes the effect of laser ablation (Berger et al., 1998a) or
ACC treatment (Tanimoto et al., 1995; Masucci and Schiefelbein,
1996) on root epidermal cell differentiation. Increasing evidence
supports the idea that plasticity of this sort is important for plants to
adequately respond to their environment. Hair density and length
are strongly influenced by environmental factors including nutrients
and light. Further, patterning can be overridden in response to nutri-
ent deficiency to produce ectopic hairs. These mechanisms may
ensure proper root-hair cell production in the event of extreme envi-
ronmental conditions or rare abnormal cell divisions.
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