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The tightly regulated expression patterns of structural cell wall
proteins in several plant species indicate that they play a crucial
role in determining the extracellular matrix structure for specific
cell types. We demonstrate that AtPRP3, a proline-rich cell wall
protein in Arabidopsis, is expressed in root-hair-bearing epidermal
cells at the root/shoot junction and within the root differentiation
zone of light-grown seedlings. Several lines of evidence support a
direct relationship between AtPRP3 expression and root hair devel-
opment. AtPRP3/b-glucuronidase (GUS) expression increased in
roots of transgenic seedlings treated with either 1-aminocyclo-
propane-1-carboxylic acid (ACC) or a-naphthaleneacetic acid (a-
NAA), compounds known to promote root hair formation. In the
presence of 1-a-(2-aminoethoxyvinyl)glycine (AVG), an inhibitor of
ethylene biosynthesis, AtPRP3/GUS expression was strongly re-
duced, but could be rescued by co-addition of ACC or a-NAA to the
growth medium. In addition, AtPRP3/GUS activity was enhanced in
ttg and gl2 mutant backgrounds that exhibit ectopic root hairs, but
was reduced in rhd6 and 35S-R root-hair-less mutant seedlings.
These results indicate that AtPRP3 is regulated by developmental
pathways involved in root hair formation, and are consistent with
AtPRP3’s contributing to cell wall structure in Arabidopsis root
hairs.

Structural cell wall proteins comprise only 10% of the
dry weight of plant cell walls, yet they are thought to play
an integral role in the extracellular matrix structure of
many plant cells (Varner and Lin, 1989). The plant cell wall,
a highly complex and dynamic structure, is crucial for
proper development in that it determines the size and
shape of cells and thus ultimately influences plant function.
Cell walls of different cell types vary in composition and
structure due to their functional specialization and are
often further modified as plants adapt to environmental
stresses such as wounding or pathogen infection.

The plant extracellular matrix is composed of cellulose
microfibrils coated with hemicellulose molecules that in-
teract extensively through hydrogen bonds and are embed-
ded in a matrix of Ca21-bridged pectin molecules (Varner
and Lin, 1989; Carpita and Gibeaut, 1993). Structural cell
wall proteins are thought to form an independent

structure-determining network within the extracellular
matrix that adds to the mechanical strength of the wall and
assists in proper wall assembly. These proteins are highly
repetitive in structure and are secreted into the wall as
monomers, where they eventually become insolubilized in
response to developmental or environmental signals
(Showalter, 1993; Cassab, 1998). The nature of these
crosslinks is still unknown, but there is increasing evidence
for the involvement of a peroxidase-mediated reaction,
possibly through the formation of intermolecular isodity-
rosine links (Bradley et al., 1992; Brisson et al., 1994; Schna-
belrauch et al., 1996).

Pro-rich proteins (PRPs) represent one family of Pro- and
Hyp-rich structural cell wall proteins that were initially
identified as wound-induced gene products in carrot stor-
age roots (Chen and Varner, 1985; Tierney et al., 1988).
These proteins have subsequently been shown to be ex-
pressed in many plant species in a manner that is tempo-
rally and spatially regulated during plant development.
For example, individual members of the PRP gene family
are expressed during soybean leaf, stem, root, and seed
coat development (Hong et al., 1989; Kleis-San Francisco
and Tierney, 1990; Lindstrom and Vodkin, 1991; Wyatt et
al., 1992), bean seedling growth (Sheng et al., 1991), early
stages of legume root nodule formation (Scheres et al.,
1990; van de Wiel et al., 1990; Wilson et al., 1994), in cell
types associated with lignification in several plant species
(Ye et al., 1991), in immature maize-embryos (Jose-Estanyol
et al., 1992), and in young tomato fruits (Salts et al., 1991;
Santino et al., 1997). The expression of PRPs is also influ-
enced by factors associated with pathogen infection or
environmental stresses such as elicitor treatment and
wounding, suggesting that the synthesis of these proteins
is sensitive to external stimuli (Tierney et al., 1988; Sheng et
al., 1991; Creelman et al., 1992; Ebener et al., 1993; Suzuki et
al., 1993).

Recently, we have characterized four genes encoding
novel two-domain PRPs in Arabidopsis (AtPRPs) (Fowler
et al., 1999). The expression of each of these genes was
shown to be tightly regulated throughout plant develop-
ment. One of these genes, AtPRP3, was detected exclu-
sively in roots and localized to regions of the root active in
forming root hairs (Fowler et al., 1999).

Root hairs are long, tubular outgrowths of root epider-
mal cells that are involved in the uptake of nutrients and
water (Peterson and Farquhar, 1996). Each root hair is
formed by a single cell and in most plant species only
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certain epidermal cells (trichoblasts) actually develop into
root-hair-bearing cells. The regulation of root epidermal
cell differentiation in Arabidopsis has been studied exten-
sively, due in part to the simple and invariant cellular
organization of its primary root. The epidermis is formed
by a single layer of cells, and root hair- and non-root-hair-
bearing cells are arranged in organized files along the root
axis. Files of root hair cells are located over the clefts
between adjacent underlying cortical cells, and are sepa-
rated by one or more files of hairless cells located over
single underlying cortical cells (Dolan et al., 1993, 1994).

Several pharmacological studies have implicated the
hormones ethylene and auxin in the positive regulation of
root hair development. Exogenous application of the eth-
ylene precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) or the synthetic auxin 2,4-dichlorophenoxyacetic
acid (2,4-D) resulted in an increased length of root hairs
(Pitts et al., 1998). In addition, ACC treatment was shown
to induce the formation of ectopic root hairs (i.e. hair-
bearing cells in normally hairless cell files) in a
concentration-dependent manner, while inhibitors of eth-
ylene synthesis or ethylene perception reduced root hair
formation along the primary root (Masucci and Schiefel-
bein, 1994, 1996; Tanimoto et al., 1995). A variety of Ara-
bidopsis mutants have also been identified that are dis-
rupted in their normal root epidermal cell patterning
(Schiefelbein et al., 1997; Schneider et al., 1997; Wada et al.,
1997). For example, seedlings homozygous for recessive
mutations in TTG (TRANSPARENT TESTA GLABRA) and
GL2 (GLABRA) form root hairs on all epidermal cell files
independent of their position relative to the underlying
cortical cell walls (Galway et al., 1994; Masucci et al., 1996;
Hung et al., 1998). In contrast, Arabidopsis plants overex-
pressing the maize R(Lc) gene show a root-hair-less phe-
notype (Galway et al., 1994). The latter phenotype has also
been observed in seedlings carrying the root-hair-defective6
(rhd6) mutation, which affects a later stage in root epider-
mal development (Masucci and Schiefelbein, 1994).

In the present study we took advantage of these findings
to examine the relationship between AtPRP3 expression
and the process of root hair formation. We describe the
cell-specific expression pattern of AtPRP3 during root de-
velopment and characterize the influence of hormones and
genetically altered root epidermal cell patterning on its
expression. Our results indicate that AtPRP3 expression is
controlled by regulatory pathways specific for root hair
development, and support a role for the AtPRP3 protein
contributing to cell wall structure in Arabidopsis root-hair-
bearing epidermal cells.

MATERIALS AND METHODS

Genetic Stocks

In constructing AtPRP3 promoter/b-glucuronidase
(GUS) lines, a 1.5-kb 59-flanking sequence of AtPRP3 was
fused to the bacterial uid gene encoding GUS and trans-
formed into Arabidopsis ecotype Columbia, as described
previously (Fowler et al., 1999). 35S-R(Lc) lines (CS 8110
and CS 8111) were obtained from the Arabidopsis Biolog-

ical Resource Center (Ohio State University, Columbus).
The ttg (transparent testa glabrous), gl2 (glabra2), and rhd6
(root-hair-defective6) mutants were kindly provided by J.W.
Schiefelbein, University of Michigan.

Plant Growth Conditions

Arabidopsis seedlings were grown on full-strength Mu-
rashige and Skoog (MS) medium (Murashige and Skoog,
1962), pH 6.0, supplemented with 1% (w/v) Suc and 13
Gamborg’s vitamins. Seeds were surface-sterilized with a
20% (v/v) bleach solution, thoroughly washed with sterile
water, and placed on MS plates solidified with 0.8% (w/v)
agarose. Seedlings in the light/dark experiments were
grown on MS plates without Suc and solidified with 0.8%
(w/v) agar. After incubating the seeds for 2 d at 4°C in the
dark, seedlings were grown in a vertical orientation under
continuous cool-white light at room temperature. Seed-
lings to be grown in the dark were exposed to cool-white
light for 30 min, then wrapped in aluminum foil and incu-
bated vertically at the same location as the light-grown
seedlings.

To investigate the influence of calcium, hormones, and
hormone inhibitors on AtPRP3 expression, seedlings con-
taining the AtPRP3 promoter/GUS construct were first
grown on MS medium for 3 d, and then transferred to
effector-containing MS plates. As controls, some seedlings
were also transferred to unsupplemented plates. After an
additional growth period of 2 d, seedlings were scored for
root hair formation, harvested, and assayed histochemi-
cally and quantitatively for GUS activity as described be-
low. Agarose plates containing ACC, L-a-(2-aminoethoxy-
vinyl)Gly (AVG), or a-naphthaleneacetic acid (a-NAA) (all
from Sigma, St. Louis) were prepared by diluting 1,0003
stock solutions into the warm agarose mixture after auto-
claving. In the Ca21-depleted MS media, CaCl2 was re-
placed by an equal concentration of MgCl2. All experi-
ments were performed in duplicate with a minimum of
three independent AtPRP3 promoter/GUS transgenic
lines, using a minimum of 60 seedlings for each treatment.

To grow plants to maturity, seedlings were started in a
soil mixture (Promix:perlite:vermiculite, 3:1:1) at 20°C in an
8-h light/16-h dark photoperiod, which was changed to an
14-h light/10-h dark regime to induce flowering. For the in
vitro pollen tube assay, pollen was collected from mature
AtPRP3/GUS plants, and germinated as described previ-
ously (Schiefelbein et al., 1993). Pollen tubes were stained
for GUS activity as described below and were analyzed on
a microscope (Eclipse E-400, Nikon, Tokyo). Pollen ob-
tained from non-transformed ecotype Columbia plants was
also germinated in vitro and served as a control.

Histochemical GUS Assay

Histochemical staining of plant tissue for GUS activity
was performed according to the method of Jefferson et al.
(1987). Tissue samples were placed in substrate solution (50
mm sodium phosphate, pH 7.5, 15% [v/v] methanol, 2 mm
5-bromo-4-chloro-3-indolyl-glucuronide, 0.5 mm potas-
sium ferricyanide, 0.5 mm potassium ferrocyanide, and

706 Bernhardt and Tierney Plant Physiol. Vol. 122, 2000



0.05% [v/v] Tween 20), vacuum-infiltrated for 2 min at 85
kPa, and then incubated at room temperature for 1 to 4 h.
For increased sensitivity of the enzyme assay in the pollen
tube, hormone, calcium, and light/dark experiments, the
cyanide salts were omitted from the substrate solution and
incubation was carried out for 8 to 18 h at 37°C. Removal of
pigments was achieved by several washes in 50% to 70%
(v/v) ethanol. Stained tissue was analyzed with a stereomi-
croscope (model 2000, Zeiss, Jena, Germany) and pictures
were taken on 25 or 100 ASA film (Eastman Kodak, Roch-
ester, NY).

Quantitative Determination of GUS Activity

Quantitation of GUS activity was performed using the
fluorogenic substrate 4-methylumbelliferyl-b-d-glucuronide
(4-MUG). Seedlings were harvested, and after determining
their fresh weight, quick-frozen in liquid nitrogen and
stored at 280°C. Tissue was ground in MUG extraction
buffer (0.4 mL/100 mg tissue) composed of 50 mm sodium
phosphate, pH 7.0, 10 mm b-mercaptoethanol, 10 mm
EDTA, pH 8.0, 0.1% (w/v) SDS, and 0.1% (v/v) Triton
X-100 using micropestles (Kontes, Vineland, NJ) in Eppen-
dorf microfuge tubes. The extract was clarified by centrif-
ugation at room temperature for 15 min at 14,000 rpm, and
the protein concentration was determined according to the
method of Bradford (1976). Aliquots containing 20 mg of
protein were assayed at 37°C in 50 mL of GUS reaction

buffer (MUG extraction buffer with 2 mm 4-MUG) at 20-
min intervals over a 60-min time course. Reactions were
stopped with 950 mL of 200 mm Na2CO3 stop buffer and
fluorescence was determined using a fluorometer (model
450, Turner, Krackler Scientific, Albany, NY). Prior to mea-
suring the sample fluorescence, the fluorometer was cali-
brated with 50 mL of freshly prepared 1 mm 7-hydroxy-4-
methylcoumarin (MU) in the carbonate stop buffer.

Analysis of AtPRP3 Expression in Arabidopsis
Mutant Backgrounds

Arabidopsis root hair mutants were grown in soil as
described above, and manually cross-pollinated to AtPRP3
promoter/GUS lines grown under the same conditions.
Each root hair mutant line was crossed to two independent
transgenic AtPRP3 promoter/GUS lines. F1 plants were
checked by PCR for seedlings carrying the promoter/GUS
construct, and PCR-verified lines were allowed to set seed.
F2 seedlings were grown on vertically oriented MS-agarose
plates containing 1% (w/v) Suc, scored for the root hair
mutant phenotype, and stained for GUS activity as de-
scribed above. For some of the lines, seedlings showing the
appropriate phenotype were transferred into soil and
allowed to set seed. Plants homozygous for both the
AtPRP3/GUS construct and the root hair mutation were
identified by analyzing F3 seedlings.

Figure 1. AtPRP3 expression is linked to root hair development in Arabidopsis. Transgenic seedlings containing an AtPRP3
promoter/GUS construct were grown under continuous white light for 1 d (a–c), 2 d (d), 3 d (e), and 4 d (f), and were
subsequently stained for GUS activity.
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RESULTS

AtPRP3 Is Expressed in a Cell-Type-Specific Manner during
Root Development

Previous studies have shown that AtPRP3 expression in
Arabidopsis is localized to regions of the root that form
root hairs (Fowler et al., 1999). We have further character-
ized the temporal and spatial pattern of AtPRP3 transcrip-
tion during root growth using transgenic Arabidopsis lines
expressing an AtPRP3 promoter/GUS construct (Fig. 1,
a–f). Shortly after germination, AtPRP3/GUS expression
was detected in the root epidermis at the hypocotyl/
primary root transition zone, where emerging root hairs
were visible as small bulges of the outer root epidermal cell
wall (Fig. 1a). Coinciding with the localization of the grow-
ing root hairs, AtPRP3/GUS expression was found in all
epidermal cell files within this region, and was intensified
with increasing elongation of the root hairs (Fig. 1, b and c).
In more developed seedlings, AtPRP3/GUS staining ap-
peared in the root-hair-bearing epidermal cell files along
the primary root, which alternated with unstained, root-
hair-less epidermal cell files (Fig. 1, d and e). No AtPRP3/
GUS expression was detected in the root tip and, as found
in the transition zone, AtPRP3 expression first appeared
with the onset of root hair outgrowth. With further root
growth, AtPRP3/GUS activity along the primary root was
strongest in the region behind the root tip, where new root

hairs developed, but decreased in the mature regions of the
root (Fig. 1f). This same pattern of AtPRP3/GUS expres-
sion was observed in lateral roots (data not shown).

Root hair elongation occurs through a mechanism of
polarized growth or tip growth (Miller et al., 1997). An-
other well-known example of this type of growth during
plant development is found in pollen tubes (Taylor and
Hepler, 1997). To determine whether AtPRP3 plays a gen-
eral role in determining cell wall structure of cells elongat-
ing by tip growth, we examined pollen tubes for AtPRP3
expression. Mature pollen was germinated in an in vitro
assay and stained for AtPRP3/GUS. No GUS activity was
detected in growing pollen tubes under these conditions.

These results indicated that AtPRP3 may function spe-
cifically in cell walls within Arabidopsis root hairs, and led
us to further investigate the relationship between AtPRP3
expression and root hair formation.

AtPRP3 Expression Is Hormonally Regulated

The plant hormones ethylene and auxin have both been
implicated as positive regulators in the process of root hair
formation in Arabidopsis roots (Masucci and Schiefelbein,
1994, 1996; Tanimoto et al., 1995; Pitts et al., 1998). To
investigate the role of these hormones in regulating
AtPRP3 expression, we characterized the effects of the
ethylene precursor ACC (1-aminocyclopropane-1-carboxylic

Figure 2. Ethylene and auxin are involved in the regulation of AtPRP3 expression in the primary root. Transgenic
AtPRP3/GUS seedlings were grown for 3 d and then transplanted onto medium containing no effectors (a), 5 mM ACC (b),
25 nM a-NAA (c), 20 mM AVG (d), 20 mM AVG 1 80 mM ACC (e), or 20 mM AVG 1 100 nM a-NAA (f). Seedlings were grown
for an additional 2 d before being stained for GUS activity.
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acid), the ethylene biosynthesis inhibitor l-a-(2-amino-
ethoxyvinyl)Gly (AVG), and the synthetic auxin a-NAA on
AtPRP3/GUS expression.

Seedlings were grown vertically on MS medium for 3 d
and subsequently transferred to effector-containing MS
medium for an additional 2 d of growth before being
analyzed for GUS activity with both a histochemical assay
(Fig. 2) and a quantitative assay (Fig. 3A). When Arabidop-
sis seedlings were grown in the presence of 5 mm ACC or
25 nm a-NAA, both the number and length of root hairs
increased and AtPRP3/GUS activity more than doubled
compared with the untreated control (Figs. 2, a–c, and 3A).
In contrast, AtPRP3/GUS expression decreased to less than
20% of the control activity when seedlings were treated
with 20 mm AVG (Fig. 3A), and this corresponded with a
dramatic decrease in both the number and length of root
hairs (Fig. 2d). The inhibition of both root hair formation
and AtPRP3 expression by AVG could be partially rescued
by the co-addition of either 80 mm ACC or 100 nm a-NAA
to the growth medium (Fig. 2, e and f). a-NAA proved to
be more effective than ACC in restoring root hair formation
and AtPRP3 expression in the presence of AVG (Figs. 2 and
3A). In some of the seedlings this resulted in root hair
lengths and GUS staining intensity that exceeded the un-
treated control (Fig. 1f). In experiments in which seedlings
were germinated directly on plates containing ACC,
a-NAA, or AVG, root hair formation and AtPRP3 expres-
sion in the hypocotyl/primary root transition zone was
largely unaffected (data not shown). These results demon-
strate that AtPRP3 expression in the differentiation zone of
the primary root, but not in the hypocotyl/root transition
zone, is controlled by a signal transduction pathway me-
diated by ethylene and auxin.

Environmental Factors That Influence Root Hair Formation
Modulate AtPRP3 Expression

Root hair development, especially the elongation process,
has been shown to be dependent on the presence of calcium
(Schiefelbein et al., 1992; Miller et al., 1997; Wymer et al.,
1997). Growth of AtPRP3/GUS seedlings in Ca21-depleted
media resulted in a decrease in the number and length of
root hairs compared with seedlings grown on Ca21-
containing media; AtPRP3/GUS expression was also mark-
edly decreased in these seedlings (Figs. 4, a and b, and 3B).

We also investigated the effect of light on AtPRP3 ex-
pression. Four-day-old dark-grown seedlings were shown
to develop fewer root hairs and have lower levels of
AtPRP3/GUS expression along their primary root than
those grown under continuous white light (Figs. 4, c and d,
and 3B). However, root hairs that formed in the hypocotyl/
root transition zone were largely unaffected by light and
stained positively for AtPRP3/GUS expression in both
light- and dark-grown seedlings. The addition of Suc or Glc
to the media enhanced both root hair development and
AtPRP3/GUS expression in both light- and dark-grown
seedlings (data not shown). These results demonstrate that
AtPRP3 expression in the root differentiation zone is mod-
ulated by environmental conditions that affect root hair
development, further strengthening a relationship between
AtPRP3 expression and root hair formation.

AtPRP3 Expression Is Altered in Root Hair
Mutant Backgrounds

Arabidopsis seedlings with recessive mutations at the
TTG or GL2 loci form root hairs in all cell files, including
those that are normally hairless, suggesting that both genes

Figure 3. The level of AtPRP3/GUS expression is modulated during Arabidopsis root development. AtPRP3/GUS seedlings
were grown as indicated below, and then harvested and whole seedling extracts analyzed fluorometrically for GUS activity.
A, Effect of ethylene and auxin on AtPRP3 expression. Transgenic AtPRP3/GUS seedlings were grown for 3 d and then
transplanted onto medium containing no effectors (control), 5 mM ACC, 25 nM a-NAA, 20 mM AVG, 20 mM AVG 1 80 mM

ACC, or 20 mM AVG 1 100 nM a-NAA for an additional 2 d of growth. The SD for AtPRP3/GUS expression in AVG-treated
seedlings was 66. B, Effect of Ca21 and light on AtPRP3 expression. Transgenic AtPRP3/GUS seedlings were grown for 3 d
before being transplanted onto medium with or without Ca21 for an additional 2 d of growth. Alternatively, seedlings were
grown for 3 d under continuous white light or in complete darkness. The control level of GUS activity represents that
measured in light-grown seedlings in the presence of Ca21. C, Influence of root hair mutant backgrounds on AtPRP3
expression. Transgenic lines of Columbia, ttg, and rhd6 seedlings expressing the AtPRP3/GUS construct were grown for 4 d
under continuous white light. The SD for AtPRP3/GUS expression in the rhd6 mutant background was 61.5.
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are involved in the negative regulation of root hair forma-
tion in atrichoblast cells (Galway et al., 1994; Masucci et al.,
1996). AtPRP3 promoter/GUS constructs were crossed into
these mutant backgrounds, and F2 seedlings homozygous
for the recessive root hair mutations were analyzed for
GUS activity. AtPRP3/GUS expression was enhanced in

both ttg and gl2 mutant seedlings, which is consistent with
the observed ectopic root hair development (Figs. 3C and 5,
c and e). AtPRP3/GUS expression in these seedlings was
equally detected in all epidermal cell files compared with
the wild-type-background seedlings, which showed alter-
nating cell file staining (Fig. 5, b and d).

Figure 4. Environmental factors that influence root hair formation modulate AtPRP3 expression. Transgenic AtPRP3/GUS
seedlings were grown for 3 d, transferred to medium with (a) or without (b) Ca21 for an additional 2 d of growth, and stained
for GUS activity. Alternatively, transgenic AtPRP3/GUS seedlings were grown horizontally on MS agar plates without Suc
for 4 d under continuous white light (c) or in complete darkness (d), and then stained for GUS activity.

Figure 5. AtPRP3 expression is altered in root hair mutant backgrounds. Seedlings containing an AtPRP3/GUS construct in
root hair mutant backgrounds were grown for 3 d and stained for GUS activity: a and b, Columbia; c and d, ttg; e, gl2; f,
rhd6; g and h, 35S-R. Cell-file-specific AtPRP3/GUS expression is shown in b, d, and h, with h representing an example of
leaky AtPRP3/GUS expression corresponding to the formation of a few root hairs.
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The maize R(Lc) gene encodes a myc-like transcription
factor (Ludwig et al., 1989) that can complement the ttg
mutation when expressed under the control of the cauli-
flower mosaic virus 35S promoter. In wild-type seedlings,
overexpression of the maize R gene results in a hairless
phenotype (Galway et al., 1994). A similar phenotype is
observed in seedlings with a defect in RHD6, a gene en-
coding a positive regulator of root hair formation involved
in root hair initiation (Masucci and Schiefelbein, 1994).
AtPRP3/GUS expression along the primary root was
strongly suppressed in the 35S-R and the rhd6 mutant
backgrounds (Figs. 3C and 5, f and g). In both root-hair-less
mutant backgrounds, occasional “leaks” occurred, with
some seedlings forming a few root hairs along the root.
AtPRP3 expression could be detected in these seedlings,
but was restricted to the areas of root hair outgrowth (Fig.
5h). In all four root hair mutant backgrounds AtPRP3/GUS
expression and root hair formation in the transition zone
between the hypocotyl and root was not significantly al-
tered compared with the wild-type background. These data
provide genetic evidence that AtPRP3 expression is con-
trolled by developmental pathways involved in root epi-
dermal cell differentiation.

Because the ethylene/auxin-regulated pathways of root
hair formation are thought to act downstream of TTG, GL2,
and RHD6 (Masucci and Schiefelbein, 1994, 1996), we
examined the influence of AVG, ACC, and a-NAA on
AtPRP3 expression in these mutant backgrounds (Table I).
In both the ttg and gl2 mutant backgrounds, the addition of
20 mm AVG to the medium resulted in a strong decrease in
both root hair formation and AtPRP3/GUS expression.
This phenotype could be partially reversed when either 20
mm ACC or 100 nm a-NAA was added to the medium. In
the rhd6 mutant background, AtPRP3 expression was fully
rescued by the addition of 5 mm ACC or 25 nm a-NAA to
the medium. However, only a small increase in AtPRP3/
GUS activity could be detected in the 35S-R line when
exposed to ACC. In each case, the amount of AtPRP3/GUS
staining correlated well with the extent of root hair forma-
tion observed.

DISCUSSION

Structural cell wall proteins have been implicated in
modeling the extracellular matrix structure of specific cell

types. We have shown that AtPRP3 expression is associ-
ated with root epidermal cell differentiation in Arabidopsis
and is controlled by developmental pathways involved in
root hair formation. In the Arabidopsis root, trichoblasts
(cells that give rise to root hair cells) and atrichoblasts (cells
that develop into root-hair-less cells) can already be distin-
guished within the meristematic zone of the root using
characteristics such as cytoplasmic density and cell vacuo-
lation (Galway et al., 1994). Since AtPRP3/GUS expression
was never detected in the root tip but, rather, at the onset
of a root hair outgrowth, AtPRP3 is likely to function
primarily in determining cell wall structure during the late
stages of root hair cell differentiation.

Root hairs are highly specialized structures and have
been proposed to act in water and nutrient uptake as well
as anchoring the plant in the soil (Peterson and Farquhar,
1996). Therefore, the root hair cell wall represents a crucial
interface between the plant and its environment, and it is
likely that interactions between structural cell wall proteins
and other extracellular matrix components participate in
determining this unique wall structure. For example, two
extensin genes recently identified in tomato (Bucher et al.,
1997) and cowpea (Arsenijevic-Maksimovic et al., 1997) are
also uniquely expressed in root hairs. Root hair develop-
ment is positively regulated by both ethylene and auxin in
Arabidopsis (Masucci and Schiefelbein, 1994, 1996; Tani-
moto et al., 1995; Pitts et al., 1998). We have shown that
these hormones also play a positive role in the regulation of
AtPRP3 expression in the root differentiation zone. Ethyl-
ene has been implicated in the proliferation of root hairs,
which may aid the plant in absorption of nutrients or in
stabilization of the seedling in the soil when growing under
harsh environmental conditions (Ecker, 1995). Therefore,
the increased expression of AtPRP3 in response to exoge-
nous ethylene may reflect a role for AtPRP3 in strengthen-
ing the root hair cell wall under conditions of environmen-
tal stress.

Ethylene may also play a role in the stimulating effect of
auxin on AtPRP3 expression. Since auxin is known to en-
hance ethylene biosynthesis through positively regulating
individual members of the ACC synthase multigene family
(Kende 1993; Abel et al., 1995; Arteca and Arteca, 1999), it
may up-regulate AtPRP3 expression simply by efficiently
increasing ethylene production. On the other hand, Ma-
succi and Schiefelbein (1996) have demonstrated that in

Table I. Comparison of AtPRP3 expression and root hair formation in root hair mutant backgrounds in response to hormone treatments
Root hair mutant seedlings containing an AtPRP3/GUS construct were grown on MS media for 3 d, followed by an additional 2 d on media

containing effectors as indicated. The extent of root hair formation (symbols before slash) and the level of AtPRP3 expression estimated from
histochemical GUS analysis (symbols after slash) of each treatment were compared to those of an untreated Columbia wild-type background
control and are expressed as 2, No or very few root hairs and AtPRP3/GUS expression; 1, less root hair formation and AtPRP3/GUS expression
than control; 11, root hair formation and AtPRP3/GUS expression equal to control; 111, more root hair formation and AtPRP3 expression than
control; nd, not determined.

Background No Effectors 5 mM ACC 25 nM a-NAA 20 mM AVG
20 mM AVG

1 20 mM ACC
20 mM AVG

1 100 nM a-NAA

Columbia 11/11 111/111 111/111 2/2 1/1 11/11
ttg 111/111 nd nd 2/2 1/1 111/111
35S-R 2/2 1/1 2/2 nd nd nd
gl2 111/111 nd nd 2/2 1/1 11/11
rhd6 2/2 111/111 111/111 nd nd nd
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addition to an ethylene-promoted pathway, there is a sep-
arable auxin-regulated pathway involved in root epider-
mal cell differentiation that could contribute to the regula-
tion of AtPRP3 expression.

In addition, ethylene may be involved in the regulation
of AtPRP3 expression by certain environmental stimuli.
AtPRP3 expression was shown to be down-regulated in
etiolated seedlings and in seedlings grown on Ca21-
depleted media. Arabidopsis seedlings have previously
been shown to form fewer root hairs on their primary root
when grown in the dark, and this effect was suggested to
be mediated by a decrease in ethylene sensitivity in the
roots of dark- versus light-grown seedlings (Dolan, 1997).
Supplementing the growth media with either Suc or Glc
increased both AtPRP3 expression and the number and
length of root hairs formed along the primary root in both
light- and dark-grown Arabidopsis seedlings. While this
effect may be solely due to the role these sugars play as
major energy sources, both Glc and Suc have recently been
shown to act as regulatory molecules in higher plants, and
interactions between sugar-, light-, and ethylene-signaling
pathways have been suggested (Koch, 1996; Mustilli and
Bowler, 1997; Sokolov et al., 1998; Zhou et al., 1998). Sim-
ilarly, the decrease in AtPRP3 expression observed in seed-
lings grown on Ca21-depleted medium could involve an
ethylene signaling pathway, since a variety of ethylene-
mediated processes have been demonstrated to require
Ca21 (Raz and Fluhr, 1992).

The ethylene/auxin-regulated pathways have been
shown to act at a late stage in root hair cell development
(Masucci and Schiefelbein, 1996). Therefore, several Arabi-
dopsis mutants that control root hair formation by regulat-
ing earlier stages of epidermal cell differentiation (Schief-
elbein et al., 1997) were used to further investigate the
regulation of AtPRP3 expression during root development.
Consistent with our model for AtPRP3 functioning in de-
termining root hair cell wall structure, AtPRP3 expression
was found to be increased in the root-hair-overproducing
ttg and gl2 mutant backgrounds, coinciding with the ec-
topic development of root hairs and the expression of
AtPRP3/GUS in all cell files within the root differentiation
zone. In addition, only low levels of expression were de-
tected in the hairless seedlings overexpressing the maize R
gene or carrying the rhd6 mutation. In both the ttg and gl2
mutants, AVG inhibited the expression of AtPRP3 and root
hair development, indicating that AtPRP3 expression and
root hair formation require an active ethylene biosynthetic
pathway even in the absence of TTG and GL2 function.
This was supported by the observation that ACC and auxin
were able to rescue the effects of AVG on AtPRP3 expres-
sion and root hair formation in the ttg and gl2 mutant
backgrounds. In contrast to the 35S-R seedling phenotype,
the addition of ACC or auxin to the growth medium was
also capable of reversing the hairless rhd6 phenotype (Ma-
succi and Schiefelbein, 1994), and both of these compounds
induced AtPRP3 expression in the rhd6 mutant background.

AtPRP3/GUS expression in the root hairs localized
within the transition zone was not significantly affected by

the hormonal and environmental factors tested or by de-
fects in the key regulatory proteins TTG, GL2, or RHD6.
This indicates that AtPRP3 expression may be controlled
by two different developmental pathways. It has been
shown previously that the formation of root hairs at the
root/shoot junction is regulated differently from those
formed along the primary root (Dolan et al., 1993). In
addition, examination of Arabidopsis root hair mutants has
led to the identification of genes that are involved in the
formation of root hairs at either one or both of these loca-
tions, supporting the existence of two developmental path-
ways (Masucci and Schiefelbein, 1994; Schneider et al.,
1997).

We have presented data demonstrating the close rela-
tionship between AtPRP3 expression and the developmen-
tal pathways leading to root hair formation in Arabidopsis.
To our knowledge, this is the first time the expression of a
root-hair-specific cell wall PRP has been described. Expres-
sion of AtPRP3 occurs during the later stages of root epi-
dermal cell differentiation and is regulated by develop-
mental pathways leading to root hair outgrowth. Future
analysis of the biochemical properties of this protein will
help us to determine the manner in which it may contribute
to root hair cell wall structure.
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