The ROOT HAIRLESS 1 gene encodes
a nuclear protein required for root hair
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Katharina Schneider,>*®° Jaideep Mathur,?® Kurt Boudonck,* Brian Wells,* Liam Dolan,*

and Keith Roberts?

1Department of Cell Biology, John Innes Centre, Colney, Norwich, NR4 7UH, UK; 2Max-Planck-Institut

fur Zuchtungsforschung, D-50829 Kodln, Germany

The epidermis of Arabidopsis wild-type primary roots, in which some cells grow hairs and others remain
hairless in a position-dependent manner, has become an established model system to study cell
differentiation. Here we present a molecular analysis of the RHL1 (ROOT HAIRLESS 1) gene that, if mutated,
prevents the formation of hairs on primary roots and causes a seedling lethal phenotype. We have cloned the
RHL1 gene by use of a T-DNA-tagged mutant and found that it encodes a protein that appears to be plant
specific. The predicted RHL1 gene product is a small hydrophilic protein (38.9 kD) containing putative nuclear
localization signals and shows no significant homology to any known amino acid sequence. We demonstrate
that a 78-amino-acid sequence at its amino terminus is capable of directing an RHL1-GFP fusion protein to
the nucleus. The RHL1 transcript is present throughout the wild-type plant and in suspension culture cells,
but in very low amounts, suggesting a regulatory function for the RHL1 protein. Structural evidence suggests
a role for the RHL1 gene product in the nucleolus. We have examined the genetic relationship between RHL1
and GL2, an inhibitor of root hair initiation in non-hair cells. Our molecular and genetic data with double
mutants, together with the expression analysis of a GL2 promoter-GUS reporter gene construct, indicate that

the RHL1 gene acts independently of GL2.
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During plant development, cells born in the meristem
become progressively specified in relation to a particular
cell fate, and then finally undergo a series of morphoge-
netic changes that result in a fully differentiated cell,
such as a tracheid, a trichome, or a tapetal cell (Stewart
1978). An elegant model to study this sequence of events
is the primary root epidermis of Arabidopsis. This con-
sists only of two cell types, the trichoblasts, that go on to
make a root hair, and the atrichoblasts, that develop into
non-hair cells (Dolan et al. 1993, 1994). In the wild type,
epidermal cells will only form a root hair if they overlie
the cleft between two cortical cell files (Berger et al.
1998). As there is an invariant number of eight endoder-
mal and eight cortical cell files in the Arabidopsis pri-
mary root, the number of hair cell files is fixed to eight as
well. Sequential steps in time are spatially laid out in
cell files along the root axis, an early initial cytoplasmic
differentiation just above the meristematic zone, the vis-
ible onset of root hair formation at the end of the elon-
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gation zone and maturing root hairs up to the root-hy-
pocotyl junction.

Several genes involved in the pathway leading to root
hair initiation have been identified through their mutant
phenotypes. Only very few mutants show root-specific
phenotypes, and the erh 1 mutant that possesses ectopic
root hairs, but appears to be unaffected in shoot devel-
opment (Schneider et al. 1997) might be such a candi-
date. Most of the mutants with altered root hair pattern-
ing display pleiotropic phenotypes, indicating that the
affected gene products might play a role in several devel-
opmental pathways.

One of the best characterized genes in this respect is
GL2, which when mutated results in expanded leaf tri-
chomes, ectopic root hairs, and a lack of proper seed coat
mucilage (Koornneef 1981; Di Cristina et al. 1996; Ma-
succi et al. 1996). The GL2 gene has been cloned and
found to encode a homeodomain-containing protein (Re-
rie et al. 1994). In the primary root, the GL2 gene is
preferentially expressed in atrichoblasts and therefore is
thought to be either a negative regulator of root hair
formation or a positive regulator of non-hair cell fate
(Masucci et al. 1996). Another mutant, ttg, is character-
ized by ectopic root hairs, the lack of trichomes, and seed
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Figure 1. Arabidopsis wild-type and rhl1 mutant phenotypes.
(A) Three-day-old seedlings, with wild type at left and rhi1 mu-
tant at right; (B) 2-week-old wild type; (C) 2-week-old rhl1 mu-
tant seedling; photographs for B and C were taken at the same
magnification.

coat mucilage (Koornneef 1981, Galway et al. 1994). The
TTG gene is potentially a positive regulator of GL2 in the
wild-type (Di Cristina et al. 1996) and, therefore, is also
itself a positive regulator of the non-hair cell fate.

A group of genes involved in plant growth factor path-
ways also confer alterations in root hair patterning when
mutated. The auxin resistant mutant axr2 (Wilson et al.
1990) that displays a greatly reduced number of root
hairs belongs to this class, as does the ethylene signal
transduction mutant ctrl (Kieber et al. 1993) that pos-
sesses ectopic root hairs (Dolan et al. 1994). The CTR1
gene has been cloned and the gene product shows ho-
mology to members of the Raf family of protein kinases
(Kieber et al. 1993). Ethylene has been identified as a
positive regulator of root hair formation in a dosage-de-
pendent manner (Tanimoto et al. 1995). In all of these
cases, ectopic root hairs are only produced on epidermal
cells that have finished elongating, as in the wild-type
case (Masucci and Schiefelbein 1996). Therefore, other
events in cellular development like cell elongation, ex-
pansion, and morphogenesis may influence the morpho-
genetic process that is a consequence of progressive cell
fate specification. The identification of an allele of
pom1, a conditional root expansion mutant (Hauser et al.
1995), in a screen for ectopic root hair mutants
(Schneider et al. 1997) provides further evidence for this
assumption.

Recently, a new class of recessive mutants, the root
hairless (rhl) mutants, have been identified in a visual
screen for primary root phenotypes (Schneider et al.
1997). At the moment, three loci are known that cause
similar phenotypes when mutated. A single T-DNA-
tagged allele of rhll has been described earlier and the
mutation mapped to the central part of chromosome |
(Schneider et al. 1997). In this report we present the clon-
ing of the RHL1 gene, its molecular characterization, the
subcellular localization of the protein product, its ex-
pression pattern, its genetic relationship with GL2, and
its possible role as a positive regulator of root hair ini-
tiation.

Results

In a visual screen for root hair mutants, five rhl mutants
that lack root hairs almost completely were identified
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(Schneider et al. 1997; Fig. 1). They fall into three
complementation groups rhll, rhi2, and rhl3, but their
phenotypes are almost identical. Only occasionally are a
few root hairs found around the emergence sites of the
lateral roots. Ethylene treatment induces a very limited
number of hairs on primary rhl roots (Schneider et al.
1997). As there is no obvious early cytoplasmic differen-
tiation between hair and non-hair cell files in the root
epidermis of the rhl mutants, the RHL genes are likely to
act at early stages of cell specification as well as later in
hair initiation. There are also severe defects in the shoots
of rhl plants (Schneider et al. 1997; Fig. 1B,C). The rhl
leaf epidermis has only a few abnormally shaped and
spaced trichomes and rhl plants only form small rosettes
and die after (3 weeks.

Molecular cloning of the RHL1 gene

The rhll mutant was originally identified in a popula-
tion of Arabidopsis thaliana (WS ecotype), transformed
with the 3850:1003 T-DNA construct (Feldmann 1991).
As the rhll mutant is a seedling lethal, the mutation was
maintained in segregating populations. Seven lines with
single T-DNA insertions were generated (see Materials
and Methods).

A plasmid rescue experiment identified 2 kb of plant
genomic DNA adjacent to the left T-DNA border. In fur-
ther genomic Southern blots, this 2-kb plant DNA frag-
ment revealed a polymorphism between the DNA-band-
ing pattern of heterozygous and wild-type plants (Fig. 2).
Otherwise, under the stringent conditions chosen here,
RHL1 appears to be a single copy gene in wild-type Ara-
bidopsis.

The 2-kb plant genomic fragment from the plasmid
rescue experiment served as a probe to isolate four geno-
mic clones from a cosmid library prepared from Colum-
bia wild-type DNA (C. Lister and C. Dean, unpubl.). A
4-kb BamHI fragment and an overlapping 2.4-kb EcoRI
fragment, spanning 5.2 kb of genomic sequence around
the putative RHL1 locus, were subcloned for sequence
analysis. As the 2-kb plant genomic fragment identified
a transcript on a Northern blot, it was directly used for
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Figure 2. Genomic Southern analysis of T-DNA adjacent plant
DNA. Genomic DNA from plants heterozygous for rhil (lanes
1,4,7), from WS wild-type plants (lanes 2,5,8), and from Colum-
bia wild-type plants (lanes 3,6,9) was digested with Sall (lanes
1,2,3), Hindlll (lanes 4,5,6), and Pstl (lanes 7,8,9). The 2-kb insert
obtained in the left border plasmid rescue experiment was used
as a probe. A second band hybridizing in the DNA digests of the
heterozygote indicates the presence of the T-DNA disrupted
RHL1 allele.



the isolation of cDNA clones. Of four independent
clones, one cDNA insert appeared to be slightly shorter
than the other three, which all showed identical restric-
tion patterns. One of the latter was therefore chosen for
the nucleotide sequence analysis that allowed 1283 bp of
the putative RHL1 transcript, followed by a poly(A)* tail,
to be determined (Fig. 3).

The alignment of cDNA and genomic sequence re-
vealed that the RHL1 gene consists of five exons and four
introns and covers only 2 kb of the Arabidopsis genome.
The T-DNA integration disrupts the coding sequence in
the first exon (Fig. 4).

The formal proof for the cloning of the RHL1 gene
requires the molecular complementation of the rhl1 mu-
tant with the RHL1 wild-type gene. Therefore, the 4-kb
BamHI fragment of genomic DNA—comprising [2 kb of
the putative 5° RHL1 promoter region, the entire as-
sumed RHL1 coding region, and a small stretch of (200
bp of the 3’ genomic region of the RHL1 gene—was
cloned into a plant transformation vector conferring hy-
gromycin resistance. Difficulties were encountered with
complementing the rhll mutant directly, so heterozy-
gous plants were chosen for transformation instead. The
progeny of the primary transformants were germinated
on medium containing kanamycin and hygromycin.
Twelve plants were recovered that were resistant to both
antibiotics, and all had a fully restored wild-type pheno-
type. This result implies full functional complementa-
tion. Kanamycin- and hygromycin-resistant plants from

1 GACAAAGACATTTAAAAGAAGAATTTTCGAAGAAAAATTAGAGAGAGTAGAAGARGCAGA

61 AGCCAGTAATGGTACGAGCTTCATCGTCGAAGARAGEAGGATCAAAAGGAGGAGACAAAGE
M V R A S § 58 K XK & G & K 66 ¢ D K D 18

121 CGACGCAGAGTCAAAACAGAGGAAGAGATTAAAAACCCTAGCTCTCGATAACCAATTGCT
D A E S8 K QR KURILIEKTULA ATLTDNGQTL L 38

181 CTCTGATTCTCCGGCGAARATCTCATTCCTCTCTCARACCTTCARRGCAAGTTCTCAAACA
$ D S P A K S E S 8 L KP S K Q VL K H 58

241 CCATGGCACCGACATCATCCGCAAATCTCAGCGCAAGAATCGCTTTCTCTTCTCCTTCCC
H 6 T D I I R K § R K N R F L F 8 F P 78

301 TGGTCTTCTCGCTCCTATCTCCGCCGCTACCATCGGCGATCTCGATCGATTATCTACCAR
¢G L L AP I S8 A ATTIGDULUDU RTILST K 98

361 AAACCCTGTCCTCTACCTTAATTTCCCACAGGGTCGTATGAAACTTTTTCGAACGATTTT
N P VL YL NVFPOQGRMIEKTLT FGT I L 118

421 GTATCCGAAGAACAGATACTTGACTCTTCAATTCTCTAGAGGAGGCAAAAATGTCTTATG
Y P K NRYLTULIOGQU F S R GG X NV L C 138

481 TGATGATTATTTTGATAACATGATTGTGTTCTCTGAGTCATGGTGGATTGGGACAARAGA
D DY FDUNMTIVYVF S5 E S WW I G T K E 158

541 GGAGAATCCAGAAGAAGCTCGTCTTGATTTCCCTAAAGAACTAGCTCAGGCAGAGAATAC
E NP EE ARULUDUPFUPIXETLA ASO QA AENT 178

601 TGAGTTTGATTTCCAAGGCGGTGCTGGAGGAGCAGCTTCGGTGAAGAAGCTGGCCAGTCC
E F DVF Q G 66 A 6 ¢ A A S8 V K KL A S P 198

661 TGAARATTGGTAGCCAACCAACAGAGACAGACTCACCTGAAGTTGACAACGAGGATGTTTT
E I ¢ s Q P T E T D S P E V D N E D V L 218

721 GTCTGAGGATGGAGAATTCTTGGACGATAAGATCCAAGTAACACCACCAGTTCAATTAAC
s ED G E F L DD K I Q V TUPUPV Q L T 238

781 ACCACCAGTCCAAGTAACTCCGGTCCGACAGTCTCAGAGAAATTCTGGGAAGAAATTCAA
P PV QV TPV R QS Q RN S G K K F N 258

841 CTTTGCAGARACTTCCTCAGAGGCCTCCTCTGGTGARAGTGAAGGCAATACATCTGATGA
F A ET S S E AR S S GE S8 E G NT S D E 278

901 AGATGAGRAAACCTCTGTTGGAACCTGAATCTTCAACAAGARGTCGTGAGGAATCTCAAGA
D EXPULTILEUPZES S TR S RETE E S Q D 2098

961 TGGTAATGGTATTACTGCATCTGCAAGCAAGTTGCCTGAAGAACTTCCGGCTAAARGGGA
G N 6 I T A S8 A S8 KL P EEREEUL P A K R E 318

1021 AAAACTAAAGAGCAAAGACAGTAAGCTCGTTCAAGCTACTTTGTCTAACCTTTTCRAGAA
_K L K 8 KD $ KL V QATIULS N L F K K 338

1081 AGCTGAGGAGAAAACAGCTGGAACTTCCAAGGCTAAATCATCCTCAAARGCTTAAAGAAR
A E E KT A G T S KA K S 8 8 K A 355

1141 TCTTTTCCAGAAGAAAATAGAGGTCTGTTGTTTCTTTGCTGTGAGAATGAACAGTTTTTA

1201 GTTCTTTTAGGTATGTTTGTGTGAGAAATTGCTACAAGACTGATGTATTCATCATGCAGT

1261 TGGATAATGTATTCATTATGCTT

Figure 3. Nucleotide sequence of the RHL1 cDNA. The
nucleotide sequence of the RHL1 cDNA is shown with the pre-
dicted amino acid sequence of the longest ORF, assumed to
encode the RHL1 gene product (below). The nucleotide num-
bers are shown at the left; the amino acid numbers are given at
the right. Putative nuclear localization signals are underlined.
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Figure 4. Molecular organization of the RHL1 gene. (Top) The
genomic DNA at the RHL1 locus. A number of restriction sites
are indicated (B, BamHI; E, EcoRl; H, Hindlll; S, Sall; P, Pstl).
The integration site of the T-DNA is marked and the sequence
isolated by the left border plasmid rescue experiment is shown
in black. (Bottom) A schematic representation of the RHL1 tran-
script with its five exons shaded in gray.

the next generation of the complemented plants, that
again exhibited the wild-type phenotype, were taken for
genomic Southern analysis (Fig. 5). Those plants with
only the T-DNA-tagged mutant copy of the RHL1 gene,
together with one or more RHL1 transgenes that are dif-
ferent in restriction fragment size from the wild-type
RHL1 copy, are proof of successful complementation.

Sequence analysis and subcellular localization
of the RHL1 gene product

The longest ORF identified in the RHL1 cDNA encodes
a polypeptide of 355 amino acids starting with the indi-
cated methionine residue (Fig. 3). The nearest in-frame
stop codon preceding the first ATG is 77 nucleotides
upstream of the start of the cDNA in the genomic se-
quence and there is no other methionine in between,
strongly suggesting that we have isolated the full coding
sequence of the RHL1 gene. In the databases, we found a
perfectly matching Arabidopsis EST (GenBank acces-
sion no. H37372) that is identical over the first 366
nucleotides in the 5’ region to the RHL1 cDNA. We per-
formed RT-PCR with 5’ primers annealing to the RHL1

Figure 5. Genomic Southern analysis of the RHL1 gene in
complemented plants. Genomic DNA from individual progeny
of complemented plants harboring only the T-DNA-disrupted
RHL1 allele and the RHL1 transgene (lanes 1-4,7-10), genomic
DNA of the heterozygote (lanes 5,11), and the WS wild type
(lanes 6,12) were digested with Hindlll (lanes 1-6) and Pstl (lanes
7-12). The RHL1 cDNA was used as a probe. (Asterisks) Bands
representing the T-DNA-disrupted rhil allele; (arrowheads)
bands resulting from the complementation construct.

GENES & DEVELOPMENT 2015



Schneider et al.

cDNA and to the genomic sequence 60 bp upstream of
the start site of the RHL1 cDNA. Whereas we got the
expected result with the internal 5’ primer, the 5’ primer
annealing upstream of the RHL1 cDNA failed to gener-
ate a product (Fig. 6) supporting our determined RHL1
transcription start site.

The sequence of the putative RHL1 gene product was
scanned for homologies, at both the DNA and the pro-
tein levels. However, there was no significant homology
to any other known gene product in the databases.
Therefore, it is likely that the RHL1 gene is both novel
and plant specific. In fact, a low stringency genomic
Southern with DNA samples from a range of monocoty-
ledonous and dicotyledonous plants indicated that even
within the plant kingdom, RHL1-related sequences may
rapidly diverge (data not shown).

From the primary sequence, we predict a molecular
weight of 38.9 kD and a pl of 7.5 for the putative RHL1
protein. Almost 31% of the amino acid residues of the
putative RHL1 protein are charged and an additional
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Figure 6. Analysis of RHL1 transcription. (A) RT-PCR. One
microgram of total RNA of the following genotypes was primed
with oligo(dT)-adaptor (B26/25); (lanes 1,2,7) rhll mutant;
(lanes 3,4,8) rhl1 heterozygote; (lanes 5,6,9) wild type. For PCR
amplification, gene-specific 5’ primers were used (see Materials
and Methods) (lanes 1,3,5) C3204 priming (60 nucleotides up-
stream of the RHL1 cDNA (see Materials and Methods) and
potentially generating a product of 1.35 kb; (lanes 2,4,6) C3004
priming the 5’ end of the RHL1 cDNA and generating a product
of 1.2 kb; (lanes 7,8,9) control with a primer against the 5’ end
of polyubiquitin cDNA generating a series of PCR products of
which the largest, a 1.2-kb fragment, was taken as a standard. (B)
Northern analysis. Five micrograms of poly(A)” RNA of 5-week-
old wild-type plants (lane 1) and two independent transformants
possessing only the T-DNA-interrupted allele of the RHL1 gene
and complemented with the RHL1 transgene (see text; lanes
2,3), Arabidopsis suspension culture cells (lane 4), and imma-
ture siliques (lane 5) was used for Northern blots and hybridized
with either the RHL1 cDNA or a conserved part of the tubulin
transcript as an internal loading standard. On a different blot, 4
Hg of poly(A)" RNA of 3-week-old wild-type seedlings (lane 6),
shoots (lane 7), roots (lane 8), 5-day-old seedlings (lane 9), and
flower buds (lane 10) was processed in the same way.

2016 GENES & DEVELOPMENT

L A

Figure 7. Subcellular localization of the RHL1 protein by bi-
olistic bombardment with GFP as a vital marker. Micrographs
of cells transiently transformed with GFP (A), an RHL1::GFP
fusion (B), and a magnification of the nucleus in B printed more
lightly (C). Scale bar, 10 pm.

18% are hydroxylated, indicating that the potential
RHL1 gene product is very hydrophilic. No transit or
signal sequences were identified, nor was there any fea-
ture of a membrane-associated domain. However, the se-
quence reveals a number of potential nuclear localiza-
tion signals (Raikhel 1992) as indicated in Figure 3. To
test their functionality, we performed transient expres-
sion assays using engineered green fluorescent protein
(GFP) as a vital marker (Chiu et al. 1996). We fused parts
of the RHL1 cDNA sequence and the total coding region
to the 5’ end of the GFP cDNA and expressed the con-
structs in the pRTL2 vector system (Carrington et al.
1991). Because the RHL1 protein might be specific to the
Brassicaceae, it might require the presence of species-
specific factors for its correct localization; therefore, we
chose the homologous system, the Arabidopsis seedling,
for our transformation experiments. Biolistic bombard-
ment was used to deliver the DNA to the plant cells.
Approximately 20 transformed cells, primarily located in
the epidermal layer of the hypocotyl and in the cortical
layer of the root, were identified per shot in three inde-
pendent series of experiments. All cells transformed
with the GFP control showed green fluorescence
throughout the cytoplasm and the nucleus (Fig. 7). How-
ever, in cells transformed with a fusion between the 300-
bp 5’ region of the RHL1 cDNA and GFP, the fluores-
cence was confined to the nucleus. Within the nucleus
we even detected structures that were more strongly
fluorescent, indicating an accumulation of the RHL1
protein. Among these structures, the nucleolus was
prominent (Fig. 7). Constructs containing parts of the
RHL1 3’ region and the total coding region fused to GFP
failed to provide detectable fluorescence (data not
shown). This negative result suggests that either high
concentrations of the 3’ region of the RHL1 encoding
sequence are unstable in the plant cell or the conforma-
tion of the fusion protein prevents fluorescence from
GFP. In an attempt to link the molecular data of the
RHL1 gene product with the phenotype of the rhl1 mu-
tant at the subcellular level, we compared electron mi-



crographs of wild-type and rhl1 nuclei in root epidermal
cells (Fig. 8A,B). In the wild type, the nucleolus often
contained large cavities typical of many plant cells
(Shaw 1996). We identified nucleolar cavities in 16 of 30
wild-type trichoblasts and in 4 of 9 wild-type atricho-
blasts. In the rhll root epidermal cells, there were no
nucleolar cavities in 56 trichoblasts and only a single
cavity was seen in 49 atrichoblasts. Two general aspects
of nuclear functional architecture were examined by
confocal microscopy of whole root preparations. The
general level and distribution of heterochromatin were
assessed by DAPI staining, and the number of coiled bod-
ies (Lamond and Carmo-Fonseca 1993) in each nucleus
was determined by immunofluorescence with an anti-
body against the splicing component U2B’’ snRNP
(small nuclear ribonucleoprotein). The resulting images
(Fig. 8C-F) show that for both nuclear features there is no
difference between wild type and rhll. In addition, the
difference in coiled body number between hair and non-
hair cell files (K. Boudonck, unpubl.) is preserved in rhl1.
The images also show that the cell size difference be-
tween the two cell types, seen in wild type, remains
unchanged in rhlil.

Figure 8. Cellular and nuclear architecture of wild-type (A) and
rhll (B) root epidermal cells. (A,C,E) Wild-type; (B,D,F) rhl1 mu-
tant. (A,B) Transmission electron micrographs of thin sections
of nuclei from cells in trichoblast positions. (c) Coiled body; (v)
nuclear vacuole. Scale bar for A and B, 1 um. (C,D) Projection of
a confocal image series of DAPI-stained cells in trichoblast (left
cell file) and atrichoblast position (right file). (E,F) Projection of
a confocal image series of cells, labeled with 4G3 antibody, in
trichoblast (left file) and atrichoblast position (right file). The
labeling is restricted to the nucleus with strongly labeled coiled
bodies. Scale bar for C-F, 5 um.

Molecular cloning of the RHL1 gene

Figure 9. rhll and gl2 single and double mutant phenotypes.
Three-day-old seedlings of rhll single mutant (A), gl2 single
mutant (B), and rhl1 gl2 double mutant (C). Scale bar, 500 um.

Transcription of the RHL1 gene in Arabidopsis

To assess transcription of the RHL1 gene, we performed
Northern analysis and RT-PCR. Steady-state RHL1 tran-
script levels throughout the plant were found to be ex-
tremely low. Routinely 4-7 ug of poly(A)* RNA was used
per sample in Northern analysis, and even then, long
exposure times were required to obtain reasonable sig-
nals.

The RHL1 transcript is not detectable in rhl1 mutants
by RT-PCR, but one product of the expected size is am-
plified in both heterozygous and wild-type plants (Fig. 6).
By Northern analysis, the RHL1 transcript size was de-
termined to be [11.4 kb. In the complemented plants, the
RHL1 transcript level is restored to the wild-type
amount. Higher molecular weight transcripts suggest
some incomplete processing of the transcript from the
transgene.

There appear to be equal levels of RHL1 transcript in
shoots and roots of 3-week-old seedlings as well as in
flower buds, but transcription is slightly lower in 5-day-
old seedlings and in immature siliques. The RHL1 tran-
script was also detected in Arabidopsis cell cultures.

Genetic interaction between RHL1 and GL2

The GL2 gene is a well-characterized gene involved in
root epidermal cell differentiation both at the genetic
and the molecular level (see introductory section; Rerie
et al. 1994; Masucci et al. 1996), and its possible inter-
action with the RHL1 gene was therefore investigated.
When the double mutant between gl2 and rhll was
constructed, its roots had hardly any root hairs. It essen-
tially looks like the rhll single mutant in all aspects of
the plant, revealing formal epistasis of rhll to gl2 (Fig. 9).
To determine GL2 transcription in rhl1 mutant roots,
the expression of the GL2 promoter-GUS fusion was
monitored. In the wild type, GUS staining was predomi-
nantly detected in the atrichoblasts (Masucci et al. 1996;
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Fig. 10A). In rhl1 mutants, the GL2 promoter induced
GUS expression preferentially in atrichoblast cells (Fig.
10B) with [115% of stained cells in trichoblast cell files
which is comparable with the wild type. Therefore, in-
duction of GL2 transcription does not appear to require a
functional RHL1 gene product in Arabidopsis roots.

Discussion

In this report we show the cloning of the RHL1 gene that
is required for hair initiation on Arabidopsis primary
root epidermal cells, affects leaf epidermal patterning,
and causes a seedling lethal phenotype when mutated
(Schneider et al. 1997). It is the first member of the RHL
gene class, comprising at least three loci, that has been
characterized at the molecular level.

The RHL1 gene product is novel and may play
a regulatory role in different plant organs

At present, the databases contain no similar sequences
to the putative RHL1 gene product other than an EST
and it also appears to be plant specific. Therefore, we are
limited in our interpretation of possible functions to the
primary sequence, the expression pattern of the RHL1
gene, and the mutant phenotype.

The steady-state level of RHL1 transcript is very low.
Thus, a regulatory role of the RHL1 gene product is more
likely than an enzymatic or a structural function. We
detected the RHL1 transcript at all developmental stages
and in all organs tested so far. The RHL1 gene is even
transcribed in suspension culture cells. However, we
have no data on post-transcriptional control. The RHL1
gene product is likely to play an important role in most,
if not all, plant organs and the seedling lethal phenotype
of the rhl1 mutant supports this assumption.

The RHL1 gene product may be localized
in the nucleus

Using 300 bp of the RHL1 cDNA 5’ region in a transient
expression assay with GFP as a visual tag, we showed
that the RHL1 protein is located in the nucleus. Assum-

Figure 10. GL2 promoter-GUS expression in wild-type and
rhll primary roots. Transverse sections (10 um thick) of a GUS-
stained primary root of the wild type (A) or rhl1 mutant (B). (a)
atrichoblast; (t) trichoblast. Bar in B, 10 um.
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ing that translation starts with the first methionine resi-
due indicated in Figure 3, 78 amino acids of the RHL1
amino terminus corresponding to an 8.7-kD peptide are
sufficient for targeting. That implies that the selected
polypeptide contains a functional nuclear localization
site for nuclear import; potential candidates have already
been identified (Fig. 3). For the 8.7-kD RHL1 peptide, we
calculated an isoelectric point of pl 11.4. The extremely
basic nature of this protein fragment is in line with pos-
sible interactions with nucleic acids. By use of only this
small part of the RHL1 protein in the construct, the
RHL1-GFP fusion protein appears to accumulate in sub-
nuclear structures like the nucleolus. The 8.7-kD RHL1
peptide contains numerous serine residues (16.7%),
reminiscent of other proteins that accumulate in the
nucleolus (Shaw and Jordan 1995). In those cases, how-
ever, the serine residues appeared more clustered than in
the RHL1 peptide. Accumulation in the nucleolus is less
likely to involve a targeting sequence, but it is possibly
achieved by functional domains interacting with other
proteins or nucleic acids that direct the complexes to the
nucleolus, the site of ribosome assembly (Shaw and Jor-
dan 1995). The subnuclear localization of the wild-type
RHL1 protein could also be influenced by the other do-
mains not present in our translational fusion with GFP.
Functional assays with the entire RHL1 protein are
needed to elucidate its mode of action and its interacting
partners.

We have looked at various aspects of functional
nuclear architecture, and from Figure 8 we can conclude
that, at the structural level, chromatin condensation,
cell cycle and size regulation, and the formation of coiled
bodies appear to be unaffected in the rhll mutant. The
only clear structural alteration in the nuclei of rhll root
epidermal cells was the relative loss of nucleolar cavi-
ties. This loss suggests that the RHL1 protein may have
a role in normal nucleolar processes that may include
mMRNA export functions in addition to ribosome produc-
tion. The presence of nucleolar cavities has been corre-
lated with active RNA metabolism (Shaw 1996).

RHL1 acts independently of GL2 in Arabidopsis roots

To assess the genetic relationship between RHL1 and
GL2, we constructed the rhll gl2 double mutant that
revealed epistasis of rhll over gl2. The roots of the
double mutant had only very few root hairs.

This is consistent with the result from the analysis of
the rhl-like rhl erh double mutants that root hair initia-
tion requires the RHL genes (Schneider et al. 1997). How-
ever, this double-mutant result does not tell us whether
RHL1 and GL2 are interacting in one linear pathway and
if so, in which order they act. The possibility that RHL1
acts directly downstream of GL2 is unlikely, because
phenotypic defects are visible in rhl1 roots much earlier
than in gl2 roots (Masucci et al. 1996; Schneider et al.
1997), and RHL1 transcription appears to be unaffected
in the gl2 background (data not shown).

To determine whether RHL1 acts upstream of GL2, we
analyzed the transcription of the GL2 promoter at the



cellular level in rhl1 mutant roots. However, we do not
find any significant differences between the GL2 expres-
sion pattern in rhll and wild-type roots. Therefore, GL2
expression cannot depend on RHL1 gene activity. Thus,
at present, it is most likely that RHL1 acts in a pathway
required for root hair initiation and that GL2, induced by
TTG, may act separately as a negative regulator in at-
richoblasts.

In rhl1 mutant roots, cell specification events still re-
sultin cells in an appropriate epidermal position to make
hairs, but that now lack some general nuclear function
that helps to initiate a polar outgrowth or hair. The fact
that an occasional hair can be initiated in response to
excess ethylene suggests that the RHL1 protein is not
essential for the machinery of hair growth itself, but is
normally required to initiate it. Like the products of
many other genes that cause pleiotropic phenotypes
when mutated, the RHL1 gene product is a paradigm for
components that are part of normal cellular activity, but
can acquire a morphogenetic function within cells com-
mitted to a particular differentiation pathway.

Materials and methods

Plant material and growth conditions

The rhll, erhl, pom1-12, and erh3 mutants have been described
in detail recently (Schneider et al. 1997). The gl2 mutant and the
line transformed with the GL2 promoter—-GUS gene fusion have
been presented elsewhere (Masucci et al. 1996). After surface
sterilization, the seeds were vernalized and germinated on
plates containing MS medium (pH 5.8), 3% sucrose, and 1%
agarose. To select for transformed plants, the appropriate anti-
biotic was added to the autoclaved medium: 50 pg/ml of kana-
mycin and 15 pg/ml of hygromycin, respectively. The Arabi-
dopsis cell suspension culture was grown as described before
(May and Leaver 1993).

Genetic analysis

Potential heterozygotes that were selected for kanamycin resis-
tance, a codominant marker of the T-DNA insertion, were out-
crossed three times to the WS wild type. Thus, seven lines were
generated that segregated in the 3:1 ratio of kanamycin-resistant
to kanamycin-sensitive seedlings expected for a single T-DNA
insertion (data not shown). All of the >400 rhl1 mutants ana-
lyzed were kanamycin resistant, indicating very tight linkage
between the T-DNA insertion and the RHL1 gene. The fact that
the T-DNA insert at the mutant locus was not rearranged was
confirmed by genomic Southern analysis of heterozygous plant
material by use of border and internal fragments of the T-DNA
sequence as probes (data not shown). The rhil gl2 double mu-
tant was constructed as described recently for other double mu-
tants between root hairless and ectopic root hair mutants
(Schneider et al. 1997). The GL2 promoter-GUS construct (Ma-
succi et al. 1996) was introduced into the rhll mutant as fol-
lows. Plants heterozygous for rhll were fertilized with pollen
from plants homozygous for the GL2 promoter-GUS construct.
The F, generation was selected for kanamycin resistant plants
that were allowed to self-pollinate. Seedlings with the rhl1 phe-
notype in the F, generation were submitted to the GUS-staining
procedure.

Molecular cloning of the RHL1 gene

Molecular biology techniques

Routine molecular biology work was performed as described by
Sambrook et al. (1989).

Genomic plant DNA was extracted according to a slightly
modified Dellaporta protocol (Dellaporta et al. 1983). For geno-
mic Southern analysis, restriction fragments were separated in
0.7% agarose gels and transferred to nitrocellulose. Hybridiza-
tion was carried out in 3x SSC, 0.1% SDS, and 1x Denhardt’s
solution for 16 hr at 65°C. The filters were washed in 2x SSC,
0.1% SDS, and subsequently in 0.1x SSC, 1% SDS at 65°C for
high stringency hybridizations. For low stringency hybridiza-
tions, only two washes with 2x SSC, 0.1% SDS were performed
at 58°C.

For plasmid rescue experiments, genomic DNA from plants
heterozygous for rhll was digested with either EcoRI or Sall,
submitted to religation and transformed into Escherichia coli
bacteria by electroporation (Feldmann 1992).

The APRL-2 cDNA library, constructed from an amplified
pool of cDNA samples from different Arabidopsis thaliana tis-
sues, was prepared by T. Newman and associates (Michigan
State University, Lansing) and obtained under accession num-
ber CD4-7 from the Arabidopsis Biological Resource Center
(ABRC) at Ohio State University.

DNA sequencing was performed with the Prism Ready Reac-
tion DyeDeoxy Terminator Cycle Sequencing Kit (Perkin
Elmer) on an ABI model 373A DNA sequencer (Applied Biosys-
tems). DNA sequence analyses and searches were done with the
software package of the University of Wisconsin Genetics Com-
puter Group, version 8 (Devereux et al. 1984). The RHL1 cDNA
sequence including the deduced amino acid sequence is avail-
able under GenBank accession number AF062371, and the DNA
sequence of the RHL1 genomic clone has been published under
GenBank accession number AF062372 in the databases.

To characterize transcription, Northern analysis was done ac-
cording to Bartels et al. (1990) and RT-PCR was performed as
described in Metzlaff et al. (1997). For RT-PCR all RNA samples
were primed with the oligo(dT) adaptor (B26-B25). The follow-
ing sequence specific 5’ primers were used: C3004, 5'-TCGTC-
GAAGAAAGGAGG-3', annealing from nucleotides 83 to 99 of
the RHL1 cDNA just one nucleotide upstream of the T-DNA
insertion in the rhll mutant; C3204, 5-TCCGTT-
GTTCTTCTTCC-3', spanning nucleotides -70 to -54 on the
genomic sequence just upstream of the start site of the RHL1
cDNA, and a primer annealing to the polyubiquitin cDNA
(K.M. Davies et al., unpubl., GenBank accession no. X67957).

Complementation

For genetic complementation of the rhl1l mutant, a 4-kb BamHI
fragment of genomic DNA comprising 2 kb upstream of the
predicted RHL1 transcription start site, the entire coding region
of the RHL1 gene, and 200 bp of 3’ genomic sequence was
cloned into the pGDW31 plant expression vector (Wing et al.
1989) conferring hygromycin resistance to transformed plants.
The construct was conjugated from E. coli to Agrobacterium
and transformed into root explants from seedlings heterozygous
for rhll by Agrobacterium-mediated Arabidopsis transforma-
tion as described (Koncz et al. 1994). Seeds of primary transfor-
mants were germinated on medium containing both kanamycin
and hygromycin as selectable markers.

GUS staining of Arabidopsis thaliana roots, fixation,
and embedding

Three-day-old seedlings were stained for 5 hr at 37°C in 0.2 mm
5-bromo-4-chloro-3-indolyl-B-p-glucuronide, 1 mm potassium

GENES & DEVELOPMENT 2019



Schneider et al.

ferricyanide, 1 mm potassium ferrocyanide, 10 mm EDTA, and
0.1 m sodium phosphate buffer (pH 7). After three washes in the
phosphate buffer, seedlings were prefixed in 1% glutaraldehyde
for 1 hr and then embedded in a very thin layer of 1% agarose.
A further fixation, the infiltration with Historesin (Leica), and
the sectioning were essentially performed as described before
(Schneider et al. 1997).

Plasmid constructs for transient assays and biolistic
bombardment

A 300-bp fragment of the 5’ region of the RHL1 cDNA was
PCR-amplified with specific primers introducing a Hindlll, an
Xhol, and an Ncol site at the termini for further cloning steps.
5" primer, 5’-AAAAAACTCGAGCCATTGACAAAGACATT-
TAAAAG-3' and 3' primer, 5'-AAAAAAAGCTTAGGGAAG-
GAGAAGAGAAAGCG-3'. The 300-bp fragment was fused in-
frame to the amino terminus of sGFPS65T (Chiu et al. 1996) by
use of the Hindlll site. The RHL1—GFP cassette was cut out
and inserted into the pRTL2 vector (Carrington et al. 1991) cre-
ating the pRTL2::RHL1::GFP construct. As a control, the con-
struct pRTL2::GFP was used.

Ten micrograms of Qiagen-purified plasmid DNA was pre-
cipitated onto 2.5 mg of gold containing a mixture of 0.7- and
0.95-pm big particles. An equal volume of 0.1 m spermidine was
added. The volume was doubled by adding 2.5 m CaCl,. After
vigorous mixing, the coating assay was incubated for 10 min at
room temperature. The coated gold particles were washed with
ice-cold ethanol and resuspended in a final volume of 2.5 ml
ethanol by sonification. For each shot, 163 ul of the gold sus-
pension was delivered to 3-day-old Arabidopsis seedlings by
electric discharge particle acceleration (Christou et al. 1991).
After 20-30 hr, the seedlings were viewed under an epifluores-
cence microscope (Nikon) at a wavelength of 488 nm.

Electron microscopy

Three-day-old seedlings were fixed in 2.5% glutaraldehyde in
0.05 M sodium cacodylate (pH 7.2) and treated with 1% osmium
prior to dehydration and infiltration with LR White resin (Agar
Scientific, Stansted, Essex, UK). Sections (0.1 pm thick) were
collected onto carbon-coated copper grids and stained with ura-
nyl acetate and lead citrate. The sections were examined in a
JEOL 1200 EX electron microscope (JEOL, Tokyo, Japan).

Whole-mount immunofluorescence

Whole-mount immunofluorescence labeling was performed as
described by Wymer et al. (1998). The 4G3 antibody (Habets et
al. 1989) against the U2B’' snRNP was used to visualize splicing
components, and the cells were counterstained for total DNA
content with DAPI.
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