SOS4, A Pyridoxal Kinase Gene, Is Required for Root Hair
Development in Arabidopsis’
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Root hair development in plants is controlled by many genetic, hormonal, and environmental factors. A number of genes
have been shown to be important for root hair formation. Arabidopsis salt overly sensitive 4 mutants were originally identified
by screening for NaCl-hypersensitive growth. The SOS4 (Salt Overly Sensitive 4) gene was recently isolated by map-based
cloning and shown to encode a pyridoxal (PL) kinase involved in the production of PL-5-phosphate, which is an important
cofactor for various enzymes and a ligand for certain ion transporters. The root growth of sos4 mutants is slower than that
of the wild type. Microscopic observations revealed that sos4 mutants do not have root hairs in the maturation zone. The sos4
mutations block the initiation of most root hairs, and impair the tip growth of those that are initiated. The root hairless
phenotype of sos4 mutants was complemented by the wild-type SOS4 gene. SOS4 promoter-S-glucuronidase analysis
showed that SOS4 is expressed in the root hair and other hair-like structures. Consistent with SOS4 function as a PL kinase,
in vitro application of pyridoxine and pyridoxamine, but not PL, partially rescued the root hair defect in sos4 mutants.
1-Aminocyclopropane-1-carboxylic acid and 2,4-dichlorophenoxyacetic acid treatments promoted root hair formation in
both wild-type and sos4 plants, indicating that genetically SOS4 functions upstream of ethylene and auxin in root hair

development. The possible role of SOS4 in ethylene and auxin biosynthesis is discussed.

Root hairs have been employed as a useful model
to study the underlying mechanisms of cell pattern-
ing, cell differentiation, and cell growth in higher
plants (Schiefelbein, 2000). Root hairs form from sin-
gle root epidermal cells, are easy to observe, and
follow a precise morphogenetic pathway, providing
a simple tool to study the fundamental features of
development. Root hair development can be divided
into four stages: cell specification, root hair initiation,
tip growth, and maturation (Gilroy and Jones, 2000).
During root development in most plant species, root
hairs grow out of a specialized subset of epidermal
cells called trichoblasts (Peterson and Farquhar,
1996). In the trichoblast, root hair initiation becomes
evident by the formation of a highly localized bulge
in the cell wall. After initiation, the root hair extends
by tip growth, leading to an elongated hair-like
morphology.

Much progress has been made on the genetic anal-
ysis of root hair development in Arabidopsis.
Through mutational analysis, several genes have
been defined in Arabidopsis that function in the spec-
ification of root epidermal cell types. Among those,
the TTG and GL2 genes are the best characterized and
function in both the root and shoot as epidermal
developmental regulators. TTG encodes a small pro-
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tein with WD40 repeats and is likely to be an early
acting component in the cell specification process
because ttg mutations alter all aspects of hair cell
differentiation (Galway et al., 1994; Berger et al,,
1998; Walker et al., 1999). Both ttg and gI2 mutants
possess root hairs on nearly all root epidermal cells.
GL2 encodes a homeodomain transcription factor
that is preferentially expressed in the differentiating
non-hair epidermal cells (Rerie et al., 1994; Di Cris-
tina et al., 1996). TTG is one of the important activa-
tors of GL2 because the expression of GL2 is mark-
edly reduced in the ttg background (Hung et al.,
1998). WER 1is also a well-characterized gene that
functions in root hair specification. Mutations in the
WER gene cause nearly all root epidermal cells to
differentiate into root hair cells. WER encodes a
MYB-type transcription factor and was proposed to
directly regulate GL2 transcription (Hung et al., 1998;
Lee and Schiefelbein, 1999). Another MYB-like pro-
tein encoded by the CPC gene has been shown to be
a positive regulator of root hair cell specification
(Wada et al., 1997).

Mutants with altered root hair initiation are de-
fined by a cytologically normal pattern of epidermal
cells but abnormal number of root hairs. The mutants
identified to date indicate that root hair initiation is
regulated by hormones such as auxin and ethylene.
For example, auxin response mutants axr2 (Wilson
et al., 1990) and axr3 (Leyser et al., 1996) produce
very few root hairs, although early cell specification
is normal. The ethylene response mutant, ctrl, pos-
sesses ectopic root hairs. CTR1 encodes a Raf-like
protein kinase that negatively regulates ethylene
signaling (Kieber et al., 1993). The rhd6 root hair
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development mutant, which fails to initiate root
hairs correctly, can be rescued by application with
the ethylene precursor 1-aminocyclopropane-1-
carboxylic acid (ACC) and indole-3-acetic acid (IAA;
Masucci and Schiefelbein, 1994). Moreover, ACC
induces some ectopic root hair formation (Tanimoto
et al., 1995; Masucci and Schiefelbein, 1996; Pitts et
al.,, 1998), but aminoethoxyvinyl-Gly, an ethylene
biosynthesis inhibitor, abolishes root hair formation
in wild-type Arabidopsis (Masucci and Schiefelbein,
1994; Tanimoto et al., 1995). In Arabidopsis, root
hairs are always localized at the apical end of the
epidermal cells. However, the position of root hair
formation is shifted in axr2, etrl (ethylene resistant 1),
etol (ethylene overproducer 1), and rhd6 mutants (Ma-
succi and Schiefelbein, 1994), again suggesting that
these hormones are critical regulators of root hair
formation.

The tip growth right after initiation and bulge for-
mation of root hair is due to the deposition of cell
membranes and wall materials at a restricted tip area
of the plasma membrane (Schnepf, 1986). Many Ara-
bidopsis genes affecting this process have been iden-
tified through mutant analysis (Parker et al., 2000).
Among them, the RHD2 gene appears to be specifi-
cally required for the initiation of root hair tip growth
because rhd2 mutants possess bulges of the proper
size and location but lack subsequent hair elongation
(Schiefelbein and Somerville, 1990). The TRH1 (Tiny
Root Hair 1) gene is required for root tip growth and
was cloned recently and shown to encode a potas-
sium transporter (Rigas et al., 2001). The trh1 mutants
form initiation sites but fail to undergo tip growth,
implicating potassium-related turgor pressure in the
elongation of root hairs. Several other loci are re-
quired for root hair tip growth, including COWI,
RHD3, RHD4, TIP1, WAVY, KOJAK/AtCSLD3, and
LRX1. Mutations in these genes result in altered root
hair morphology, generating swollen, branched,
wavy, or other defective shapes. RHD3 encodes a
protein with GTP-binding motifs that may be re-
quired during vacuole enlargement, illustrating the
critical role of this process in root hair tip growth
(Wang et al., 1997). The recent isolation and func-
tional characterization of KOJAK/AtCSLD3, a cellu-
lose synthase-like protein (Favery et al., 2001; Wang
et al., 2001), and LRX1, a chimeric Leu-rich repeat/
extensin cell wall protein (Baumberger et al., 2001),
revealed the importance of cell wall components on
the regulation of root hair morphology and elonga-
tion. After the demonstration of the central role of
AtRopl and AtRac2 on pollen tube tip growth
(Zheng and Yang, 2000), the Rop GTPases, AtRop4
and AtRop6, were found to affect the tip growth of
root hairs (Molendijk et al., 2001).

Recently, we reported the characterization and iso-
lation of the Arabidopsis SOS4 (Salt Overly Sensitive
4) gene (Shi et al., 2002). sos4 mutants were recovered
based on their NaCl-hypersensitive phenotype. The
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growth of sos4 mutant plants showed enhanced sen-
sitivity to inhibition by high concentrations of NaCl.
Under NaCl stress, sos4 plants accumulate more Na™
and retain less K* compared with wild-type plants.
5054 encodes a pyridoxal (PL) kinase that is in-
volved in the biosynthesis of PL-5-phosphate (PLP),
an active form of vitamin B6 (Shi et al., 2002). Besides
being a cofactor for many cellular enzymes, PLP is
known to be a ligand that regulates the activity of
certain ion transporters in animal cells. This latter
property may be related to the salt tolerance function
of SOS4 (Shi et al., 2002).

Here, we describe a novel morphological pheno-
type of sos4. sos4 mutants are defective in root hair
initiation and tip growth. This root hair defect was
complemented by the wild-type SOS4 gene. In vitro
application of pyridoxine (PN) and pyridoxamine
(PM), but not PL, partially rescued the root hair
defect in sos4 mutants. This observation indicates
that impaired PL kinase activity is the cause of the
root hairless phenotype of sos4 mutants. ACC and
2,4-dichlorophenoxyacetic acid (2,4-D) also can par-
tially rescue the sos4 root hair phenotype, suggesting
that this function of SOS4 is related to auxin and
ethylene regulation of root hair development.

RESULTS
sos4 Mutants Are Defective in Root Hair Development

sos4 mutants were initially isolated by screening for
NaCl-hypersensitive growth, using a root-bending
assay (Shi et al., 2002). sos4 plants are hypersensitive
to Na®, Li", and K" treatments. Molecular cloning
revealed that SOS4 encodes a PL kinase, which is
involved in the biosynthesis of PLP (Shi et al., 2002).
Under normal growth conditions, the aerial parts of
sos4 mutants are indistinguishable from the wild type
but the roots of the mutants grow more slowly than
wild-type roots (Shi et al., 2002). sos4 mutant seed-
lings grew into normal fertile plants with normal
seed set. Figure 1 shows the root growth rates of sos4
mutants and wild-type seedlings. On Murashige and
Skoog nutrient medium, the root growth of both
sos4-1 and sos4-2 was reduced by about 60% com-
pared with that of wild type (Fig. 1).

Observations of the mutant roots under a micro-
scope revealed that sos4 mutants have a root hair
defect. Because sos4-1 and sos4-2 mutants show iden-
tical mutant phenotypes, only the sos4-1 phenotype is
shown (Fig. 2). sos4 mutants failed to form root hairs
at the maturation zone near the root tip and at the
older part of primary root with lateral roots (Fig. 2, B
and D), as compared with the normal root hair for-
mation in wild-type plants (Fig. 2, A and C). How-
ever, sos4 mutants show normal formation of root
hairs at the root-hypocotyl junction, as the wild type
does (Fig. 2, E and F). Because sos4 mutants are in the
Columbia gI/1 background that does not have
trichomes, the mutants were crossed with Columbia
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Figure 1. Elongation rates of primary roots in sos4 mutant and wild-
type plants. Four-day-old seedlings grown vertically on Murashige
and Skoog agar medium were marked at the root tips and the extent
of new root growth was measured 7 d later. Error bars represent sps
(n=15).

wild type (GL1) to determine whether the mutations
affect trichome development. Homozygous sos4-1
mutants with trichomes on their leaves were found in
the F, population derived from the crosses. There
were no changes in the shape and spacing of
trichomes in the leaf epidermis of sos4 mutants com-
pared with the GL1/SOS4 wild type (Fig. 2, G and H).
These results indicate that SOS4 is not required for
trichome development.

Backcrosses of sos4-1 plants to the wild type pro-
duced F; plants with a wild-type root hair pheno-
type. An approximately 3:1 segregation of wild-type
versus mutant root hair phenotypes was observed in
the F, population generated from the F; plants (data
not shown), indicating that the sos4-1 root hair mu-
tation is recessive and in a single nuclear locus.

To determine whether mutations in the SOS4 gene
are responsible for the sos4 root hairless phenotype,
complementation tests were performed. As shown in
Figure 3, transgenic plants harboring an approxi-
mately 7.0-kb genomic fragment spanning the entire
S0OS4 gene and transgenic plants overexpressing
5054 ¢cDNA show normal root hair formation. Co-
segregation of the transgenes and the root hair phe-
notype in the F, transgenic plants was confirmed by
PCR analysis of the transgenes (data not shown).
These results clearly demonstrate that the root hair-
defective phenotype in sos4 mutant plants is caused
by a mutation in the SOS4 gene.

5054 Is Required for the Initiation and Tip Growth of
Root Hairs

Root hair development occurs in four phases: cell
fate specification, initiation, tip growth, and matura-
tion (Gilroy and Jones, 2000). To determine which
stage of root hair development is arrested in sos4
mutant plants, scanning microscopy was employed
to visualize the formation of root hairs. In wild-type
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plants, epidermal cells in the region of primary root
where lateral roots emerge produce many elongated
mature root hairs (Fig. 4A). However, sos4 mutant
roots have only a few occasional bulges on the epi-
dermal cells in this region (Fig. 4B). This indicates
that the sos4 mutation results in the reduction in root
hair initiation and arrest in tip growth. Pollen tube
growth is not defective in sos4 mutants, although this
cell type also undergoes tip growth (data not shown).
During normal root hair development, the trichoblast
produces highly localized expansion to form a bulge
at the apical end of the cell, from which a tip-growing
hair emerges. The site of root hair initiation on the
lateral wall of the trichoblast is precisely regulated in
Arabidopsis wild-type plants (Fig. 4C). Although the
root hair elongation is arrested in sos4 mutants once
root hair initiation is completed in some epidermal
cells, the initiation site of root hair is correctly local-
ized at the apical end (Fig. 4D).

In Arabidopsis, the number of cell files in each root
tissue layer is relatively constant (Schneider et al.,
1997). Because the mutations in SOS4 gene affect
both normal root growth and root hair development,
the structure of the primary root was investigated. In
both wild-type and sos4 mutant roots, there are eight
endodermal cells surrounding the stele, and eight

Figure 2. Phenotypes of wild-type and sos4 mutant visualized by a
stereomicroscope. A, C, E, and G, Wild type. B, D, F, and H, sos4-1
mutant. A and B, Primary root with root tip, showing a lack of root
hair formation in the maturation zone in sos4-1. C and D, Two-week-
old primary root with lateral roots. E and F, Root hair formation in the
root-hypocotyl junction region. G and H, Young leaves of 2-week-
old seedlings, showing trichome morphology.
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Figure 3. SOS4 complements the root hair-

defective phenotype of sos4 mutant. A, Wild-

type primary root with visible root hairs. B, WT
sos4-1 primary root showing no root hair forma-

tion. C, Root of a representative T, transgenic

sos4-1 mutant transformed with an approxi-

mately 7.0-kb genomic fragment containing the

wild-type SOS4 gene. D, T, transgenic line of

s0s4-1 mutant transformed with the short cDNA

(ScDNA) of SOS4 under the control of the cau-

liflower mosaic virus 35S promoter. E, T, trans-

genic line of sos4-1 mutant transformed with the

long cDNA (LcDNA) of SOS4 driven by the

cauliflower mosaic virus 35S promoter. Arrows

point to sos4 mutants segregated from the T, A
transgenic lines.

cortical cells outside the endodermis (Fig. 4, E and F).
There are also similar numbers of epidermal cells
surrounding the cortex in the wild type and sos4
mutant (Fig. 4, E and F).

5054 Is Expressed in Root Hairs and Other
Tip-Growing Cells

Analysis using SOS4 promoter-B-glucuronidase
(GUS) in transgenic Arabidopsis revealed that SOS4
is ubiquitously expressed in roots, stem, and leaves
(Shi et al., 2002). In this study, we performed detailed
microscopic observations to determine whether SO54
promoter-GUS is also expressed in root hairs and
other hair-like cells. As shown in Figure 5, GUS
expression was detected in the root hairs at the root-
hypocotyl junction, although sos4 mutations do not
have obvious effects on this type of root hair (Fig.
5A). As expected, GUS expression was also detected
in the root hairs near the root tip (Fig. 5, B and C).
Although the sos4 mutant is not defective in trichome
development or pollen tube growth, GUS staining
was detected in trichomes, pollens, and pollen tubes
(Fig. 5, D-F). GUS was also strongly expressed in the
papillar cells on the top of stigma (Fig. 5G). Never-
theless, our observations showed that the develop-
ment of stigmatic papilla is not defective in sos4
mutants (data not shown).

PN and PM, But Not PL, Can Partially Rescue the Root
Hair Defect of sos4

Three natural, free forms of vitamin B6, PN, PL,
and PM could be converted to the biologically active
PLP. PL can be converted to PLP by PL kinase
(5OS4). PN/PM can be converted to PNP/PMP by a
presumably nonspecific PN/PM kinase, which then
are turned into PLP by a PNP/PMP oxidase (McCor-
mick and Chen, 1999). Because SOS4 encodes a PL
kinase involved in the biosynthesis of active vitamin
B6, in vitro application of vitamin B6 might rescue
the mutant phenotypes (Shi et al., 2002). To test
which form of vitamin B6 could rescue the sos4 root
hair phenotype, feeding tests were carried out by
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adding 100 um PN, PM, PL, or PLP dissolved in
Murashige and Skoog nutrient solution directly
onto growing root tips. Seeds were first germinated
on Murashige and Skoog agar medium and 4-d-old
seedlings were subjected to the vitamin B6 treat-
ments. As shown in Figure 6, supplementation of
PN, PM, or PL has no significant impact on the root
hair growth of wild-type plants. However, 2 d after
being treated with 100 um PN or PM solution, sos4
roots exhibited growth of new root hairs, which is
very distinct from the hairless part grown before
treatment (Fig. 6, D and F). Quantitative measure-
ments of root hair length further support that the
PN and PM treatments did not significantly affect
root hair elongation in wild-type seedlings, but in-
duced root hair formation and elongation in sos4
mutant seedlings (Table I). No ectopic or multiple
root hairs were observed in wild-type roots after the
treatment with vitamins. These results suggest that
the induction of root hair formation and elongation
in sos4 mutant roots by PN and PM may due to
biochemical complementation for the mutation in
5054 gene rather than a general promotion of root
hair initiation and elongation. PL did not rescue the
root hair defect of sos4 mutant plants (Fig. 6H). PLP
also failed to restore root hair growth in sos4 (not
shown) because this compound is known to be
incapable of passing through the cell membrane
(Lam et al., 1992). These results are consistent with
5054 being a PL kinase (Shi et al., 2002), and suggest
that the root hair defect in sos4 is caused by a deficit
in PLP.

Ethylene and Auxin Induce Root Hair Growth in sos4

Both genetic and physiological studies have impli-
cated ethylene and auxin in promoting root hair de-
velopment (Schiefelbein, 2000). To examine the im-
pact of these hormones on root hair development in
sos4 mutants, we tested in vitro application of the
ethylene precursor, ACC, and synthetic auxin 2,4-D.
As expected, ACC promoted root hair growth in
wild-type seedlings (Fig. 7A; Table I). Interestingly,
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Figure 4. Root hair development is arrested at the stage of initiation
and tip growth in sos4-1 mutant. A, C, and E, Wild type. B, D, and F,
sos4-1 mutant. A and B, Primary root visualized by scanning electron
microscopy (SEM). C and D, Primary root visualized by confocal
microscopy after fluorescent brightener staining. E and F, Thin sec-
tion of primary root. Arrows point to root hairs or hair initials. Ep,
Epidermis; Co, cortex; En, endodermis.

ACC also induced root hair formation in sos4 mutant
seedlings, although the length of the induced root
hairs is still not as great as that of the wild type (Fig.
7B; Table I). The partial restoration of root hair
growth in sos4 mutants by ACC indicates that SOS4 is
possibly involved in ethylene biosynthesis in
Arabidopsis.

When 4-d-old seedlings were transferred to a me-
dium containing 0.05 um 2,4-D, the root hair growth
of both wild-type and sos4 mutant seedlings was
dramatically promoted (Fig. 7, C and D; Table I).
The promotion of sos4 root hair growth by 2,4-D
appeared to be greater than that by ACC (Fig. 7, B
and D; Table I). This observation suggests that SOS4
also acts upstream of auxin in the control of root
hair development.

Plant Physiol. Vol. 129, 2002
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DISCUSSION

In this study, we reported a defective root hair
development phenotype of sos4 mutants. In Arabi-
dopsis wild-type plants, the root epidermis is made
of alternate columns of hair cells and hairless cells.
Cell fate is determined by the relative location of
epidermal cells with respect to the cortex cell walls.
Epidermal cells will form hairs only if they are
present over the radial walls separating adjacent cor-
tical cells (Berger et al., 1998). Because there is a
constant number of eight cortical cell files in the
Arabidopsis primary root, the number of hair cell
files is fixed to eight as well. After cell specification,
hair cell initiation, and subsequent tip growth, visible
root hairs can be seen from the end of the elongation
zone up to the root-hypocotyl junction. Microscopic
observations revealed that sos4 roots fail to form root
hairs at the maturation zone and only have root hairs
at the crown (root-hypocotyl junction; Fig. 2, B, D,
and F). Although the cell files of s0s4 primary roots
are identical to those of wild-type roots (Fig. 4, E and
F), sos4 root epidermis only shows a few occasional
bulges (Fig. 4, A and B), indicating that the sos4
mutations not only arrest root hair tip growth, but
also diminish root hair initiation. sos4 mutations have
no effect on the location of root hair initiation sites
(Fig. 4, C and D). The normal root hair development
at the root-hypocotyl junction in sos4 mutants (Fig.
2F) suggests a distinct genetic control of root hair
formation in this region.

The SOS4 gene was isolated previously by posi-
tional cloning and shown to function as a PL kinase
that converts PL to the biologically active PLP (Shi et
al., 2002). Besides rescuing the salt hypersensitive
phenotype of sos4 mutant (Shi et al., 2002), PN and
PM, but not PL, can also partially rescue the root
hairless phenotype of sos4 (Fig. 6), further supporting
that SOS4 functions as a PL kinase in Arabidopsis.
Presumably due to salvage pathways of PLP biosyn-
thesis, sos4 mutant plants are not completely defi-
cient in PLP, as evidenced by the nonlethal nature of
the sos4 null mutations (Shi et al., 2002).

PLP is one of the most versatile enzyme cofactors in
nature. PLP-dependent enzymes play major roles
in the metabolism of amino acids, and are found in
various pathways ranging from the interconversion
of a-amino acids to the biosynthesis of antibiotic
compounds (Schneider et al., 2000). Among the su-
perfamily of PLP-dependent enzymes, ACC synthase
belongs to the a-family, shares a modest level of
sequence similarity with other members of this fam-
ily, and contains a PLP-binding site (Capitani et al.,
1999). In plants, ACC synthase catalyzes the commit-
ted step in ethylene biosynthesis, the conversion of
S-adenosyl-Met to ACC. ACC is converted to ethyl-
ene, which plays a critical role in root hair develop-
ment. Therefore, the control of root hair formation by
50654 is likely at least in part through the control of
ethylene biosynthesis in Arabidopsis, which is sup-
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Figure 5. Detection of SOS4 promoter-GUS activity in root hair and other hair-like structures. A, GUS staining in the crown
root hairs. B, Maturation zone of primary root, showing GUS expression in root hairs. C, Enlarged image of root hairs in B.
D, Strong GUS staining in trichomes. E, Pollens. F, Germinated pollens. G, Stigma with strong GUS staining in papillar cells.

ported by our finding that ACC could partially re-
store root hair formation in sos4 mutants.

Several enzymes involved in auxin biosynthesis
may also be dependent on PLP. Evidence suggests
that plants can synthesize IAA from L-Trp (Bartel,
1997). Trp synthase is one of the PLP-dependent
enzymes (Schneider et al., 2000). The major pathway
from L-Trp to IAA is thought to proceed via indole-
3-pyruvic acid and indole-3-acetaldehyde. In this
pathway, Trp aminotransferase, which converts
L-Trp to indole-3-pyruvic acid, and indole-3-pyruvic
acid decarboxylase, which catalyzes the formation of
indole-3-acetaldehyde, are also presumably PLP-
dependent enzymes. Previous studies have shown
that treatment of Arabidopsis wild-type roots with
2,4-D promotes root hair elongation (Pitts et al,,
1998). The increased root hair length by 2,4-D treat-
ment in wild-type plants is possibly due to the in-
duction of ethylene biosynthesis in roots (Masucci
and Schiefelbein, 1996). Our results show that 2,4-D
induces root hair formation in sos4 mutant plants and
that the root hair length induced by 2,4-D appears to
be much greater than that induced by ACC. This
suggests that sos4 mutations disrupt root hair devel-
opment mainly by affecting the level of auxin in root
epidermal cells.

«

A

The sos4 mutant shows a very similar root hairless
phenotype as the rhd6 mutant. rhd6 also has normal
root hair development at the root-hypocotyl junction
but nearly no root hair formation at the elongated
zone of mature roots (Masucci and Schiefelbein,
1994). In vitro application of auxin and ethylene also
was shown to be able to rescue the rhd6 mutant
phenotype (Masucci and Schiefelbein, 1994). The
RHD6 gene was mapped to chromosome 1 of Arabi-
dopsis (Parker et al., 2000), indicating that it encodes
a protein distinct from SOS4. The phenotypic simi-
larities suggest that SOS4 and RHD6 may function in
the same pathway controlling root hair development.

Plant root hairs are thought to play critical roles in
the anchorage, nutrient uptake, and interaction with
microbes (Peterson and Farquhar, 1996). The tube-
like growth pattern of root hairs increases the root
surface area that contacts with soil to aid nutrient ion
uptake. Although the normal vegetative growth in
some root hair-defective mutants (Schiefelbein and
Somerville, 1990) indicates that root hairs are not
essential for growth, the involvement of root hairs in
the uptake of most major and micronutrients has
been documented (for review, see Gilroy and Jones,
2000). As the most abundant cellular cation, potas-
sium can be accumulated from soils to a cytoplasmic

Figure 6. PN, PM, but not PL can partially rescue the root hair defect of sos4 mutant. A, C, E, and G, Wild type. B, D, F,
and H, sos4-1. A and B, Primary root grown on Murashige and Skoog agar medium only. C and D, Primary root treated with
100 um PN. E and F, Primary root treated with 100 um PM. G and H, Primary root treated with 100 um PL. Arrows show

newly formed root hairs in sos4-1 mutant after treatments.
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Table I. Root hair length in response to vitamins and hormones®

Genotype Root Hair Length
Control PN PM ACC 2,4-D
M
Wild type 405 = 11.3 392 =135 398 = 10.4 830 £ 25.2 852 £ 34.4
sos4-1 0 185 = 25.2 226 = 43.8 103 = 4.2 335214

@ At least 50 root hairs were measured. = Represents sD.

level exceeding 100 mm. The preferential expression
of some K* channels in root hair cells suggests that
root hairs are involved in potassium uptake (Downey
et al., 2000; Hartje et al., 2000). The fact that sos4
mutant roots accumulated less potassium than the
wild-type roots (Shi et al., 2002) supports the notion
that root hairs play some role in K™ uptake.

The precise mechanism of SOS4 function in con-
trolling root hair development requires further inves-
tigation. The effect of sos4 mutations on the levels of
PLP and its intermediates in various plant tissues
needs to be determined. Quantitative measurements
of auxin and ethylene contents in sos4 mutant plants
could provide direct evidence to support our hy-
pothesis that the sos4 mutations disrupt root hair
development by reducing auxin and ethylene bio-
synthesis in some root cells. Generation and charac-
terization of double or triple mutants between sos4
and other root hair mutants would help to better
position SOS4 in the genetic network controlling
root hair development.

. D

Figure 7. ACC and 2,4-D promote root hair growth in sos4 mutant.
A and C, Wild type. B and D, sos4-1 mutant. A and B, Primary root
after ACC treatment. C and D, Primary root after 2,4-D treatment.
Arrows show newly formed root hairs in sos4-1 mutant after
treatments.
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MATERIALS AND METHODS
Plant Materials and Growth Conditions

The isolation of sos4 mutants and SOS4 gene cloning
have been described recently (Shi et al., 2002). Mutant and
wild-type Arabidopsis (ecotype Columbia) seeds were sur-
face sterilized and rinsed with sterile water. The seeds were
then suspended in sterile 0.3% (w/v) low-melting-point
agarose. After being treated at 4°C for 3 d, the seeds were
sown in rows onto Murashige and Skoog nutrients agar
media as previously described (Wu et al., 1996). The plates
were placed vertically in a growth chamber at 22°C, with a
daily cycle of 16 h of light and 8 h of dark.

Analysis of Root Morphology

Photographs of roots grown vertically on agar surface as
described above were taken under a stereomicroscope. For
SEM, the roots of 7-d-old seedlings were fixed in situ in the
agar plates by using 2.5% (w/v) glutaraldehyde in Murash-
ige and Skoog solution and post-fixed with 1% (w/v) os-
mium tetroxide in water. After dehydration and critical
point drying, the samples were attached to stubs, coated
with gold, and examined under SEM. For thin cross sec-
tion, the materials were infiltrated with LR White resin
after fixation and dehydration. Sections (1.0 um thick) were
collected and examined under a light microscope. Seven-
day-old seedlings were fixed with 4% (w/v) paraformal-
dehyde in phosphate-buffered saline (PBS) solution,
washed with PBS, and stained with 0.01% (w/v) fluores-
cent brightener 28 (Sigma, St. Louis) in PBS for 1 min.
Stained materials were washed with PBS, placed onto a
glass microscope slide under a coverslip, and visualized
using a 1024 Laser Scanning Confocal Microscope (Bio-Rad
Laboratories, Hercules, CA) attached to a Optiphot 2 mi-
croscope (Nikon, Tokyo).

Complementation Test

The construction of binary SOS4 gene constructs for
complementation and the plant transformation were de-
scribed previously (Shi et al., 2002). Two types of SOS4
cDNA, designated as ScDNA (short cDNA) and LcDNA
(long cDNA), were amplified by reverse transcriptase-PCR
and cloned into binary vector for complementation tests
(Shi et al., 2002). The two cDNAs arise from alternative
splicing and differ in the first exon; the LcDNA includes
approximately 100 bp that is spliced out in the SCDNA (Shi
et al., 2002). At least 10 independent transgenic lines in the
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T, generation for each construct were examined for the
complementation of root hair phenotype.

GUS Staining

An approximately 1.9-kb promoter region of the SOS4
gene was cloned into binary vector pCAMBIA 1391Z, re-
sulting in a transcriptional fusion of SOS4 promoter and
the GUS coding region (Shi et al., 2002). T, transgenic
seedlings grown vertically on agar surface were subjected
to GUS staining to visualize the GUS expression in root
hairs and leaf trichomes. Hygromycin-resistant T, trans-
genic plants were transferred to soil and grown to adult
plants for GUS staining of the stigma and pollens. Pollens
were germinated in a pollen germination medium contain-
ing 5 um CaCl,, 5 um Ca(NOj;),, 1 mm MgSO,, 0.01% (w/v)
H,;BO,, and 18% (w/v) Suc, pH 6.5, and the pollen tubes
were stained to visualize GUS expression.

Vitamin B6 and Hormone Treatments

Seedlings were grown in vertical agar plates as de-
scribed above for 4 d. For vitamin treatments, 100 um PN,
PL, pyridoxamine, or PLP in Murashige and Skoog solu-
tion was directly added to the root tip region. The plates
were then placed horizontally and the seedlings were cul-
tured for 2 to 4 d after adding the solution. For hormone
treatment, 4-d-old seedlings were transferred to Murashige
and Skoog agar medium containing 5 um ACC or 0.05 pum
2,4-D. The plates were placed vertically and seedlings were
grown for 4 more d before their photographs were taken.
Root hair length on newly grown root parts was measured
under a dissecting microscope using a micrometer.
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