The Plant Cell, Vol. 14, 1359-1375, June 2002, www.plantcell.org © 2002 American Society of Plant Biologists

TRANSPARENT TESTA GLABRA2, a Trichome and Seed Coat
Development Gene of Arabidopsis, Encodes a WRKY
Transcription Factor

Cameron S. Johnson,! Ben Kolevski,2 and David R. Smyth3
School of Biological Sciences, P.O. Box 18, Clayton Campus, Monash University, Victoria 3800, Australia

Mutants of a new gene, TRANSPARENT TESTA GLABRA2 (TTG2), show disruptions to trichome development and to
tannin and mucilage production in the seed coat. The gene was tagged by the endogenous transposon Tag? and
shown to encode a WRKY transcription factor. It is the first member of this large, plant-specific family known to control
morphogenesis. The functions of all other WRKY genes revealed to date involve responses to pathogen attack, me-
chanical stress, and senescence. TTG2 is strongly expressed in trichomes throughout their development, in the endo-
thelium of developing seeds (in which tannin is later generated) and subsequently in other layers of the seed coat, and
in the atrichoblasts of developing roots. TTG2 acts downstream of the trichome initiation genes TTG7 and
GLABROUS1, although trichome expression of TTG2 continues to occur if they are inactivated. Later, TTG2 shares
functions with GLABRAZ2 in controlling trichome outgrowth. In the seed coat, TTG2 expression requires TTG1 function
in the production of tannin. Finally, TTG2 also may be involved in specifying atrichoblasts in roots redundantly with

other gene(s) but independently of TTG7 and GLABRA2.

INTRODUCTION

In many species, plant hairs (trichomes) are believed to pro-
vide physical protection from attack by predators. In Arabi-
dopsis, trichomes occur as large single cells that develop on
the upper surface of rosette leaves, the lower surface of
cauline leaves, the edges of leaves, stems, and sometimes
sepals (Hilskamp et al., 1994). Trichome development on
the leaf surface is first seen as the enlargement of a single
epidermal cell. Such cells are spaced relatively evenly, ap-
proximately three or four cells apart at this stage. As the tri-
chome increases in size and grows outward from the leaf
surface, its nucleus endoreduplicates several times, and
three branches arise in a stereotypic manner. The surface of
the trichome is glassy until it reaches the final stages of dif-
ferentiation, when it develops surface papillae. At maturity,
the trichome is surrounded by a ring of supporting epider-
mal cells.

Genes involved in controlling the initiation and early
stages of morphogenesis of trichomes are now being dis-
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covered in Arabidopsis through molecular genetic studies
(Hulskamp et al., 1999; Szymanski et al., 2000) (Table 1).
The first to be studied in detail was GLABROUS1 (GL1), mu-
tants of which lack hairs on the surface of their leaves
(Koornneef et al., 1982; Hilskamp et al., 1994). GL71 en-
codes a MYB family transcription factor that is expressed in
trichomes from their inception and during their early devel-
opment (Larkin et al., 1993). A second gene, TRANSPAR-
ENT TESTA GLABRAT1 (TTG1), also results in the loss of leaf
surface trichomes when its function is impaired (Koornneef
et al., 1982). This gene encodes a protein containing WD40
repeats (Walker et al., 1999), a domain generally believed to
promote interaction with other proteins. Genetic studies
have indicated that GL7 and TTG17 control the same process
in trichome initiation (Larkin et al., 1994, 1999).

Recently, evidence for a direct link between GL7 and
TTG1 function has come from characterization of the GL3
gene and its function (Koornneef et al., 1982; Payne et al.,
2000). Trichome morphogenesis is disrupted in g/3 mutants
such that most trichomes now have two instead of three
branches and they show one fewer round of endoreduplica-
tion on average (Hulskamp et al., 1994). In plants homozy-
gous for g/3-2 (a likely null mutant), trichome number is not
reduced significantly, but even so, overexpression of GL3
results in the production of additional leaf trichomes, sug-
gesting that GL3, like GL71 and TTG1, also plays a role in
their initiation (Payne et al., 2000). Consistent with this find-
ing, the GL3 protein is capable of interacting physically with
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Table 1. Pleiotropic Effects of Trichome Mutants on the Production
of Mucilage and Tannins in the Seed Coat, the Anthocyanin in
Vegetative Regions, and on Root Hair Development

Mutant
Plant Property ttg1 gl1 gl2 gl3 ttg2
Trichomes - - d d d
Seed coat mucilage — wt - wt -
Seed coat tannins - wt wt wt -
Anthocyanins - wt wt wt wt
Root hairs T wt T wt wt
Encoded protein wD40 MYB HD-Zip bHLH WRKY

wt, wild type; —, absent; |, reduced morphogenesis; T, present
on all epidermal cell files.

both the GL1 and TTG1 proteins in yeast cells, although the
latter do not interact (Payne et al., 2000).

GL3 encodes a transcription factor of the large bHLH
family (Payne et al., 2000). Significantly, a heterologous
bHLH protein encoded by the R gene of maize also can
stimulate an increase in the number of leaf trichomes in Ara-
bidopsis when overexpressed in either wild-type or ttg7 mu-
tant plants (Lloyd et al., 1992). Because GL3 is a bHLH
gene, it is a candidate ortholog of the maize R gene. They
are closely related in sequence, and genetic and molecular
evidence indicates that GL3 and R proteins can interact with
GL1 (Larkin et al., 1994; Szymanski et al., 1998; Schnittger
et al., 1999; Payne et al., 2000). However, overexpression of
GL3 is much less effective than overexpression of R in
boosting the number of trichomes in a ttg7 mutant back-
ground, either alone or combined with the overexpression of
GL1, so their functions are not mutually interchangeable
(Payne et al., 2000).

A fourth gene known to be involved in early trichome de-
velopment is GL2. Trichomes arise in g/2 mutants, but their
outgrowth is reduced and most are unbranched (Koornneef
et al., 1982; Hilskamp et al., 1994). GL2 encodes a tran-
scription factor that combines homeodomain and Leu zip-
per motifs (HD-ZIP), and it is expressed in trichome cells
throughout their development (Rerie et al., 1994). Pair-wise
epistatic interactions between g/2 and gl1, ttg1, or g/3 sug-
gest that GL2 trichome function lies downstream of the GL1
and TTG1 genes and that it shares functions with GL3
(Hulskamp et al., 1994), conclusions supported by the fact
that the expression of GL2 is reduced in each of the mutants
(Di Cristina et al., 1996; Szymanski et al., 1998).

All four of these genes regulate early trichome develop-
ment, but two of them, TTG7 and GL2, also are involved in
the development of other tissues (Table 1). In the wild type,
root hairs arise only from trichoblasts, which are files of epi-
dermal cells that overlie junctions between cortical cells
(Schiefelbein, 2000). The two epidermal cell files lying be-
tween them (atrichoblasts) usually do not generate root
hairs. In both ttg7 and g/2 mutants, however, root hairs arise

from both cell types (Galway et al., 1994; Di Cristina et al.,
1996; Masucci et al., 1996). Gene interaction and expres-
sion studies indicate that the function of GL2 is to inhibit
root hair development from atrichoblasts, whereas TTG1
apparently acts earlier to control GL2 function, probably
through the product of the ortholog of the maize R bHLH
gene (Galway et al., 1994; Di Cristina et al., 1996; Hung et
al., 1998). In roots, a partner of such a bHLH protein is likely
to be the product of the MYB gene WEREWOLF (WER) (Lee
and Schiefelbein, 1999), a situation that parallels the pro-
posed interaction between a predicted R-like bHLH protein
and the GL1 MYB protein in trichomes discussed above.
Furthermore, it was shown recently that GL1 and WER are
functionally interchangeable (Lee and Schiefelbein, 2001).
TTG1 and GL2 also are involved in the generation of mu-
cilage in the outer layer of the seed coat (Western et al.,
2000; Windsor et al., 2000) (Table 1). Mucilage is absent in
both ttg1 and g/2 mutants (Koornneef et al., 1982). GL2 nor-
mally is expressed specifically in this layer during develop-
ment, and its expression is dependent on TTG1 function,
although it may be restored in ttg7 mutants by overexpress-
ing the maize R gene (Szymanski et al., 1998). In fact, all dis-
ruptions seen in ttg? mutants are complemented by
overexpression of the maize R gene (Lloyd et al., 1992).
Finally, TTG1 also is involved in the regulation of flavonoid
production (although GL2 is not; Table 1). In ttg7 mutants,
the anthocyanins that give a reddish color to parts of seed-
lings, stems, and leaves, particularly under stress condi-
tions, are absent (Shirley et al., 1995). Also absent is the
dense brown tannin produced by the inner layer of the inner
integument of the seed coat (Debeaujon et al., 2000). As a
consequence, the testa of seeds appears transparent in ttg1
mutants. The TTG1 protein positively regulates synthesis of
the enzyme dihydroflavonol reductase, which generates leu-
coanthocyanidins, which are precursors of both anthocya-
nins and tannins (Nesi et al., 2000). In addition, TTG1 also
regulates a downstream step in each of the subsequent an-
thocyanin and tannin biosynthetic pathways, the latter likely
encoded by the BANYULS (BAN) gene (Devic et al., 1999).
Interestingly, TTG1 is joined in the regulation of two of these
steps (control of dihydroflavonol reductase synthesis and of
the first step in the tannin pathway) by bHLH and MYB pro-
teins encoded by TRANSPARENT TESTAS8 (TT8) (Nesi et al.,
2000) and TT2 (Nesi et al., 2001), respectively, and expres-
sion of each of these genes is dependent on TTG1 function.
In summary, it seems likely that several developmental
processes in Arabidopsis are regulated by the combinatorial
action of MYB and bHLH transcription factors in association
with the WD40 accessory protein TTG1. Later stages of sev-
eral of the same processes are controlled by the HD-ZIP
transcription factor GL2. Although much is known, a full un-
derstanding of the complex regulatory interplay involved in
trichome, seed coat, and root hair development requires the
identification of additional components.
In this study, we have identified a new gene, TTG2, that
also controls the early development of trichomes and the



production of mucilage and tannin in seed coats. Based on
epistatic interactions, the trichome function of TTG2 is likely
to lie downstream from that of TTG1 and GL1 but to overlap
that of GL2. The TTG2 gene encodes a member of the
plant-specific WRKY transcription factor family whose only
previously known functions are associated with their upreg-
ulation after pathogen attack, mechanical damage, and se-
nescence (Eulgem et al., 2000). The expression pattern of
TTG2 indicates that it plays a role not only in trichome and
seed coat development but redundantly in the specification
of atrichoblasts in the root epidermis.

RESULTS

ttg2 Mutant Phenotype

A new recessive trichome and seed coat mutant was ob-
tained during a transposon tagging screen. Genetic comple-
mentation tests revealed that it was not allelic with ttg7. The
new mutant was named transparent testa glabra2-1 (ttg2-1).
Mutants homozygous for a second independent allele,
ttg2-2, kindly provided by Alan Lloyd, showed the same de-
fects to trichome development, seed coat color, and muci-
lage production to the same degree, indicating that all
phenotypic changes arise from a single genetic defect in
each case.

A major effect of ttg2-1 on trichome development is to
reduce or eliminate branching (Figures 1A and 1B). Most
leaf surface trichomes in ttg2-1 mutants were unbranched
(>95%), whereas in the wild type, almost all showed three
branches (Figures 1D and 1E). The number of trichomes
formed per leaf also was reduced by approximately half.
By comparison, in ttg7-1 mutants, there were no tri-
chomes on the surfaces of leaves, although a few un-
branched trichomes arose around their edges (Figure 1F).
Trichome spacing also was disrupted slightly in ttg2-1
mutant plants. In two separate segregating F2 families,
10.1 and 13.2% of trichomes arose closely adjacent to an-
other trichome on the surfaces of the first four leaves of
ttg2-1 mutants, compared with 0 and 1.3%, respectively,
in wild-type controls.

The trichomes of ttg2-1 plants also showed a range of
other developmental defects (Figures 2B to 2D) compared
with those of the wild type (Figure 2A). ttg2-1 mutant tri-
chomes were variable in size, with relatively few reaching
the same height as wild-type trichomes. Larger mutant tri-
chomes had the normal raised socket of surrounding sup-
port cells, whereas shorter trichomes had correspondingly
reduced support cells (Figure 2B). Short rudimentary tri-
chomes lacking surface papillae also were observed. These
invariably appeared glassy rather than crystalline under nor-
mal light, and in some cases, even larger trichomes ap-
peared glassy (Figure 2C). Finally, some ttg2-1 trichomes
showed a range of distorted growth patterns, including
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forms that were bent or twisted (Figures 2C and 2D) and
sometimes blistered.

The mature seed coats of wild-type Arabidopsis were
brown (Figure 1G), resulting from the presence of tannins in
the endothelium, the inner layer of the inner integument. In
ttg2 mutants, pigmentation was reduced to a pale fawn,
whereas the seeds of ttg7 mutants were even lighter and
appeared pale lemon yellow as a result of the cotyledons
being visible through the transparent testa (Figure 1G). Tan-
nins are derived from the polymerization and oxidation of
flavanols late in seed development. Flavanols turn vanillin
dark red (Debeaujon et al., 2000), and the colorless flavanol
precursors could be seen earlier in the endothelial layer of
developing wild-type seeds after staining with acidic vanillin
(Figure 2J). No red staining was visible in the endothelium in
developing ttg7-1 mutant seeds, but faint staining was ap-
parent in ttg2-1 seeds, not only in the endothelium but also
in all other layers of the seed coat except the epidermis (Fig-
ure 2J).

The wild-type seed coat produces mucilage from the epi-
dermal layer of the outer integument. This was associated
with raised domes (columellae) within the center of the large
tessellated cells that cover the seed’s surface (Figure 1H).
Such tessellated cells also covered ttg2-1 seeds, but the in-
ternal domes of columellae and overlying mucilage were ab-
sent (Figure 1H). When wetted, ttg2-1 seeds did not exude
any mucilage, although their capacity for germination appar-
ently was unaffected.

Anthocyanins are produced normally in several parts of
Arabidopsis plants, including the base of the stem and the
hypocotyl. In ttg7-1 mutants, this pigmentation was absent,
but it was clearly present in ttg2-1 plants at levels compara-
ble to those in the wild type (Figure 1K).

In the wild-type root, hairs developed from individual files
of epidermal cells that usually alternated around the root’s
surface with pairs of cell files that did not develop hairs (Fig-
ure 1L). In ttg7-1 mutants, hairs arose from every cell file.
When ttg2-1 roots were examined, however, no differences
in root hair growth patterns were seen in comparison with
the wild type (Figure 1L). Also, the surface of those cells
without hairs often was covered with a waxy deposit in ttg2-1
mutant roots as in the wild type (data not shown).

Thus, of the disruptions seen in ttg7 mutants, ttg2 mu-
tants shared reduced trichome development, pale seed coat
color, and the lack of mucilage production, but they did not
demonstrate loss of anthocyanin pigmentation or increased
root hair formation.

Interactions between TTG2 and TTG1, GL1, and GL2

To determine if the functions of TTG2 overlap or interact
with those of other genes, double mutants were generated.
In ttg1-1 ttg2-1 double mutants, ttg7 was epistatic to ttg2 in
all shared phenotypic properties. There were no trichomes
on the surface of leaves, although the few trichomes that



1362 The Plant Cell

wt
K

Y ——

wt tig1 ttg2 \ ttg1 ttg2

Figure 1. Phenotype of ttg2-1 Mutant Plants.

(A) to (C) Characteristic appearance of trichomes on rosette leaves. On wild-type leaves, they are densely spaced and mostly three branched
(A), whereas on ttg2 leaves, they are sparser and mostly unbranched (B). Trichomes in a complemented ttg2 mutant plant are relatively dense,
and three branches are restored (C).

(D) to (F) Scanning electron microscopy of trichomes on the developing third and fourth leaves of wild-type (D), ttg2-1 (E), and ttg7-1 (F) plants.
In ttg1 leaves, only a few unbranched trichomes arise on the edges.

(G) Seed coat color of the wild type (top, fully pigmented), ttg7 (bottom left, no pigment), and ttg2 (bottom right, weak pigmentation).

(H) Scanning electron microscopy of seed coats. Raised domes (columellae) covered with dry mucilage occur in the center of each cell of the
wild type but not in the ttg2 mutant.

(I) Mucilage and columellae are partially restored in complemented ttg2 seeds.

(J) Seeds at the heart-shaped embryo stage treated with acidic vanillin. The endothelium (arrows) of wild-type seeds stains dark red as a result
of the presence of tannin precursors in vacuoles. There is no staining in ttg7 mutants, but in ttg2 mutants, the endothelium and outer layers of
the seed coat are palely stained.



arose from the leaf edges in ttg7 single mutants were still
present in the double mutants. Seed coat mucilage was ab-
sent. The other properties of the ttg7-1 mutant (absence of
anthocyanin and increased numbers of root hairs) also were
retained. It seems likely that TTG17 function precedes TTG2
function in trichome and seed coat tannin development and
that TTG2 does not share functions with TTG7 in anthocya-
nin or root hair development.

Another trichome mutant, g/7-1, also resulted in no tri-
chomes being produced on leaf surfaces. This, too, was
epistatic to ttg2-71 in double mutant plants, although scat-
tered trichomes arose on the edges of leaves in g/7-1 single
mutants and g/7-1 ttg2-1 double mutant plants.

A third mutant with defects in trichome development, g/2-1,
resembled ttg2-1 closely in that trichome development was
reduced but not abolished. The mean number of trichomes
on the first four leaves of g/2-1 single mutants was similar to
that seen in ttg2-1, approximately half the wild-type number
(Figure 3). This suggests that neither TTG2 nor GL2 plays an
essential role in the initiation of trichomes, although each
supports it. In the double mutant, the number was not
reduced further to a significant degree (Figure 3). Thus,
the reductions seen in each single mutant may be the
consequence of modification of a common initiation pro-
cess.

On the other hand, there is evidence that TTG2 and GL2
play overlapping roles in promoting trichome outgrowth. In
the g/l2-1 mutant, as in ttg2-1, trichomes reached a wide
range of end points in their development. Some were almost
as large as wild-type trichomes, with a covering of papillae
and a base of supporting cells (Figure 2E). Their branching
was reduced, although not as much as in ttg2-1, and
branches often occurred at abnormal positions. Many
smaller, apparently immature trichomes were present, the
smallest of which may have characteristic bulges, especially
where they join the leaf epidermis (Figure 2F). All of the
smaller trichomes, and some of the larger ones, lacked sur-
face papillae and thus appeared glassy. The proportion of
rudimentary trichomes in g/2-1 mutants was somewhat
higher than that in ttg2-1 (Figure 3), although they still ac-
counted for <20% of trichomes on later arising leaves.

Strikingly, when g/2-1 and ttg2-1 were combined, there
was a marked increase in the severity of defects in trichome
development. The number of rudimentary trichomes was in-
creased greatly such that three-quarters of all trichomes

Trichome and Seed Coat Gene of Arabidopsis 1363

were rudimentary (Figure 3). Some were detectable only as
small pointed outgrowths on epidermal pavement cells (Fig-
ure 2G). The largest were relatively short and always were
glassy and unbranched (Figure 2H), and they frequently had
a bulge at their base or tip. This synergistic effect indicates
that TTG2 and GL2 share functions in controlling trichome
outgrowth that are exposed only when both are in mutant
form.

Mutants of both g/2-1 and ttg2-1 resulted in the absence
of seed coat mucilage, and, as expected, this also was the
case in the double mutant. The ttg2-7 mutant alone affected
seed coat color, and this was disrupted similarly in the dou-
ble mutant. Root hairs arose from atrichoblasts as well as
trichoblasts in g/l2-7 mutants, and the same change was
seen in gl2-1 ttg2-1 double mutants. Thus, overlaps in seed
coat functions, or in root hair functions, were not detected
between these two genes.

In conclusion, double mutant studies indicate that the tri-
chome initiation functions of TTG1 and GL1 are necessary
for TTG2 function in trichomes of the leaf surfaces, whereas
the function of GL2 overlaps that of TTG2 in the control of
trichome outgrowth. In seed coat pigmentation, TTG1 func-
tion also is a prerequisite for TTG2 function. The functions of
TTG1, TTG2, and GL2 are required individually for mucilage
production. Finally, there is no genetic evidence that TTG2
has any function in controlling root hair development, either
alone or redundantly with TTG1 or GL2.

TTG2 Encodes a WRKY Transcription Factor

The ttg2 mutant phenotype cosegregated with a new inser-
tion of the endogenous transposon Tag1 (Tsay et al., 1993)
among descendants of plants regenerated from trans-
formed root tissue. Sequences adjacent to the new insert
were isolated by inverse PCR, and a 20.7-kb cosmid clone
that carried corresponding wild-type DNA was isolated from
a genomic library (Figure 4A). To determine if this cosmid
could complement the ttg2-7 mutant phenotype, it was
used to transform ttg2-1 mutant plants. Full restoration of
the wild-type phenotype for trichome development (Figure
1C) and of seed coat color and partial restoration of muci-
lage production (Figure 1l) were observed. These restora-
tions were dominant and cosegregated with transgenic
inserts in subsequent generations. Thus, a functional TTG2

Figure 1. (continued).

(K) Four-day-old seedlings of the wild type, ttg7, and ttg2 showing the lack of anthocyanin pigment in the hypocotyls of ttg7 but not ttg2 plants.
(The ttg1 plant also is mutant for the chlorophyll mutation yellow inflorescence that does not affect anthocyanin production.)
(L) Primary roots of 7-day-old seedlings of the wild type, ttg7, and ttg2 showing that root hairs arise only from nonadjacent cell files in the wild

type and the ttg2 mutant but from all cell files in ttg1.
wt, wild type. Bars = 100 wm in (D) to (F) and (H) and 20 pm in (l).
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Figure 2. Scanning Electron Microscopy Showing Trichome Structure in Wild-Type, ttg2-1 Single Mutant, g/2-1 Single Mutant, and ttg2-1 gl2-1

Double Mutant Plants.

(A) Wild-type (wt) trichome showing the three-branched structure with well-developed surface papillae surrounded by a socket of raised epider-

mal cells.

(B) Trichomes on the surface of a ttg2 mutant leaf, ranging in structure from rudimentary outgrowths to well-developed (although unbranched)

trichomes with surface papillae and peripheral epidermal cells.

(C) and (D) Higher magnification of other forms of ttg2 mutant trichomes showing the lack of surface papillae (glassy in visible light) (C) and dis-

torted growth (D).

(E) A g/l2 mutant trichome with two branches, surface papillae, and peripheral epidermal cells.

(F) A rudimentary g/2 trichome that is glassy and lacks raised epidermal support cells.

(G) and (H) Examples of ttg2 g/2-1 double mutant trichomes showing much reduced development. Some resemble an epidermal pavement cell
with a small raised point (G), and others may be larger, although they are always glassy and may have slight bulges, especially at their base or

tip (H).
Bars = 100 pm.

gene is present within this 20.7-kb cosmid. Confirmation
that the gene disrupted by Tag? in ttg2-1 mutants is TTG2
comes from the observed disruption of the same gene in a
second independently isolated mutant allele, ttg2-2 (see be-
low).

A cDNA clone corresponding to TTG2 was recovered
from a cDNA library made from Arabidopsis roots cultured
in vitro. This clone contained an insert of 1315 bp. Compari-
son with the cosmid genomic sequence indicated that the 5’
end of this cDNA lies within the first exon and 131 bp down-
stream of the likely translation start site (Figure 4A). The
TTG2 gene contains four exons, and the Tag? element is in-
serted in the second exon at codon 74. Genomic sequence
comparisons of ttg2-1 and the wild type revealed that an
8-bp duplication (GGCTGAAG) occurred upon Tag1 inser-
tion. No evidence of further movement of the transposon
was seen, although the sequences of its termini apparently
are intact.

The TTG2 locus was mapped to chromosome 2 between
DNA markers g17288 and um579B using recombinant in-

bred lines (Lister and Dean, 1993). It was not separated by
recombination from DNA marker m323 among the 28 lines
tested. Subsequent to this study, the full DNA sequence of
this genomic region was reported (Arabidopsis Genome Ini-
tiative, 2000). TTG2 corresponds to gene At2 g37260, or
gene 5 within BAC F3G5. The cDNA sequence obtained
here reveals that the gene has an additional exon upstream
of those predicted in the database.

The inferred polypeptide product of the TTG2 gene con-
tains a duplicated sequence of 65 or 66 amino acids (Figure
5, shaded) that is identical at 29 positions. This sequence
closely resembles a domain present in the WRKY family of
plant DNA binding proteins. It has two highly conserved se-
quence motifs, the WRKYGQK amino acid sequence near
the N-terminal region (Rushton et al., 1996), and a con-
served C-X,;5-C-Xpp.03-H-X4-H sequence that resembles
zinc finger motifs (de Pater et al., 1996; Rushton et al.,
1996). Together, these motifs are referred to as the WRKY
domain (Eulgem et al., 2000). In family members with two
such domains, the C-terminal domain has been shown to



bind to specific sequences of DNA (Ishiguro and Nakamura,
1994; de Pater et al., 1996; Eulgem et al., 1999) in a zinc-
dependent manner (Rushton et al., 1995; de Pater et al.,
1996; Hara et al., 2000). Other regions of TTG2 share little if
any sequence relatedness to known WRKY proteins (Eulgem
et al., 2000).

The ttg2-1 mutant seems likely to result in the loss of
functional TTG2 product because the 3.3-kb Tag? insert is
present upstream of the N-terminal WRKY domain and is
predicted to result in the early termination of translation (Fig-
ure 5). The ttg2-2 mutant allele is associated with the inser-
tion of eight nucleotides in the C-terminal WRKY domain
(Figure 5). This frameshift would result in the loss of the two
conserved His residues of the putative zinc finger and the
generation of a stop codon just downstream of the WRKY
domain. Thus, it seems likely that ttg2-2 also produces a
nonfunctional product.

The TTG2 protein contains several Ser- and Thr-rich re-
gions (Figure 5, dotted underline), including one near the N
terminus (13 of 27 residues), that are characteristic of acti-
vation domains in transcription factors. A potential nuclear
localization sequence of the SV40 type is present at codons
321 to 331 (Figure 5, double underline). Finally, in the 3’ un-
translated region, there are two large reverse repeats that
could form stem-loop structures (Figure 5, dashed under-
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Figure 3. Mean Number of Trichomes per Leaf on the First Four
Leaves of Wild-Type, ttg2, gl2, and ttg2 gl2 Mutant Plants.

Means and standard error values are shown for each genotype
grown together under very similar conditions. The number of rudi-
mentary trichomes also is shown (solid areas). wt, wild type.
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Figure 4. Structure of the TTG2 Gene.

(A) Cloning of TTG2. The map at top shows the genomic region cov-
ered by cosmid pCOS1 (Columbia ecotype; only P and E sites are
shown). The map at bottom shows the location of the TTG2 gene
within a 2.7-kb EcoRI-Hindlll fragment of this cosmid. The isolation
of cDNA pRRi1 allowed the limits of four exons (numbered) to be de-
duced, assuming that the cDNA sequence ends within exon 1 (verti-
cal line). The locations of two WRKY repeats are shown in black. The
site of insertion of the Tag1 transposon in the ttg2-1 mutant is indi-
cated, and the extent of the inverse PCR fragment derived from
Tag1 is shown with arrows.

(B) TTG2 promoter analysis. A translational fusion of TTG2 and the
GUS gene was made using the Hindlll site within TTG2. The con-
struct with the longest promoter (pXH2.2) extended 2.2 kb 5’ from
the start of translation into a Xhol site within the next deduced gene.
Three successive 5’ deletions were made (pHH1.0, pEHO0.7, and
pBHO.3). Asterisks indicate the sites of a 15-bp tandem repeat that
contains a putative regulatory element that may control root expres-
sion (ATATT).

B, BamHlI; Bs, BspDlI; E, EcoRl; H, Hindlll; P, Pstl; X, Xhol.

lines). Their role is unclear, but they may be involved in
mRNA stabilization or in defining the site of polyadenylation.

TTG2 Is Expressed in Trichomes, Seed Coats, and
Root Tips

To locate TTG2 mRNA in wild-type plants, tissue sections
were probed with labeled antisense RNA generated from the
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Figure 5. Sequence of the TTG2 Gene.
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cDNA insert in plasmid pRRi1. In addition, reporter gene
constructs were made in which the 5’ promoter and 383 bp
of the putative translated region of TTG2 were fused in
frame to the B-glucuronidase (GUS) reporter gene (Figure
4B). The longest promoter region used contained 2247 bp
upstream of the first ATG (pXH2.2), including the entire 5’
region up to and including some of the C-terminal region of
the next deduced gene. Expression patterns consistently
present in plants transformed with this promoter, and with
the shorter promoter construct pHH1.0, closely matched
those detected by in situ hybridization.

TTG2 mRNA was present in developing trichomes when
they were first seen as small outgrowths on the adaxial sur-
face of leaves (Figure 6A). As trichome growth and expan-
sion continued, label was detected throughout. Once they
were close to maturity, TTG2 mRNA apparently was more
abundant in the central region of the trichome, near the
branch points (Figure 6C). GUS staining patterns closely
matched these expression results (Figures 6B and 6D).
Thus, TTG2 transcripts apparently are present in trichomes
throughout their growth.

TTG2 transcription was detected first within ovules imme-
diately after their fertilization (Figure 6E). Unfertilized ovules
showed no expression (data not shown). Initially, heavy la-
beling was seen in the endothelium surrounding the fertil-
ized egg (Figures 6F to 6H). This was strongest at the
micropylar end and at the base of the embryo sac at the
chalazal end, where the cenocytic cyst occurs (Brown et al.,
1999). Expression in the endothelium ceased as soon as
densely staining material accumulated in these cells. Weaker
expression became detectable somewhat later in all other
cell layers of the seed coat (Figures 6F and 6l). Expression
continued in the two inner integument layers outside of the
endothelium until they were crushed. In the two outer integ-
ument layers, expression faded so that none was seen when
the outer layer accumulated mucilage.

In addition to trichomes and seed coats, TTG2 was ex-
pressed in other tissues. High levels of mRNA detected in

The genomic DNA sequence is shown (Columbia ecotype), with re-
gions corresponding to the cDNA recovered in pRRi1 underlined.
The deduced amino acid sequence of the TTG2 protein is indicated,
commencing at the first Met upstream of the 5’ end of the cDNA.
The two WRKY domains are shaded, with the conserved sequence
WRKYGQK and the CCHH zinc finger motif underlined in each
case. A possible nuclear localization signal (double underline) and
putative Ser/Thr-rich activation domains (dotted underline) are
highlighted. Also shown are a possible CAAT box and TATA boxes
(wavy underline) within the putative promoter and two reverse re-
peats (1 and 2) located in the 3’ untranslated region (dashed under-
line). Arrowheads show the sites of insertion of Tag7 in exon 2 in the
ttg2-1 mutant and of eight additional nucleotides in the C-terminal
WRKY domain in the ttg2-2 mutant. (The ttg2-2 mutant [in
Wassilewskija background] also differs from the Columbia genomic
sequence at nucleotide 387 in the first intron, in which a C is re-
placed by a G.)



Figure 6. TTG2 Expression Patterns.

Expression was localized by in situ hybridization of 35S-labeled antisense TTG2 RNA to mRNA ([A], [C], and [G]) or by expression of the GUS re-
porter gene fused translationally to TTG2 and either 1.0 or 2.2 kb of upstream genomic sequence ([B], [D] to [F], and [H] to [M]). All plants
shown are wild type except for those in (L) and (M).

(A) In situ hybridization of antisense TTG2 to transverse sections of developing third, fourth, and fifth leaves. Newly arising trichomes on the
adaxial surface of leaves 4 and 5 are heavily labeled (arrows).

(B) GUS staining of a developing leaf (whole mount). Emerging trichomes are strongly stained, and there is patchy internal staining.

(C) Longitudinal section of a vegetative shoot apex of a 7-day-old seedling showing heavy labeling in almost fully mature trichomes (arrows).
(D) Developing leaf (whole mount) showing GUS staining of maturing trichomes in apical regions, newly arising trichomes in basal regions, and
internal staining in the pedicel and midrib regions.

(E) Developing silique of a flower soon after fertilization (whole mount) showing heavy GUS staining in developing seeds.

(F) Two developing seeds (whole mount, same scale) with heavy GUS staining seen in the endothelium soon after fertilization (top seed) and later
in the other layers of the inner and outer integuments (bottom seed).

(G) Longitudinal section of a developing seed soon after fertilization showing heavy labeling of the endothelium (the innermost layer of the inner
integument [arrow]).

(H) Longitudinal section of a developing seed with the embryo at the octant stage showing heavy GUS staining (pink under dark-field conditions)
in the endothelium and weaker staining in the embryo and in the endosperm below it.

() Longitudinal section of a developing seed at a later stage showing weaker staining in all layers of the seed coat (arrow) except for the now-
refringent endothelium.

(J) Root tip (whole mount) showing strong GUS staining in paired files of atrichoblasts from their first appearance and through the cell division
and cell elongation zones. Weak staining is still visible in the cell differentiation zone, where root hairs are arising on the intervening files of tri-
choblasts.

(K) Ten-day-old wild type (wt) seedling (whole mount) showing strong GUS staining in trichomes and in basal regions of younger leaves.

(L) Ten-day-old ttg7 mutant seedling (whole mount) from same family as that shown in (K) showing no GUS staining in leaves. The inset shows
GUS staining of the few edge trichomes that have arisen from leaf 5 of the same plant (arrow).

(M) Developing g/2 mutant leaf (whole mount) showing heavy GUS staining in developing trichomes and in the basal regions of the leaf.

Bars = 100 pm.
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situ, and of GUS reporter gene product, were observed in
the cell division and cell elongation zones of developing
roots (Figure 6J). Specifically, the double files of epidermal
cells that do not develop root hairs (atrichoblasts) rapidly
accumulated GUS product. Staining levels decreased as the
adjacent cell files began to develop root hairs in the cell dif-
ferentiation zone. In 5-day-old seedlings, very weak staining
also was seen in files of hypocotyl epidermis cells that are
related by lineage to root atrichoblasts.

Other vegetative tissues also showed significant TTG2 ex-
pression. Leaf primordia were labeled with antisense TTG2
RNA and showed uniform and intense GUS expression. As
they developed, GUS staining became progressively weaker,
at first showing a patchy distribution within the developing
mesophyll, and remaining last near the base of the lamina
and in the petiole (especially the abaxial epidermis) and in
the main vascular bundle (Figure 6D). The shoot apical mer-
istem itself was unstained, but cortical cells below it often
were stained at first, as was the developing vasculature.
Similar staining was seen in inflorescence shoots. In some
transformants, developing sepals were stained in medial
abaxial regions. Finally, weak, uniformly distributed expression
was seen by in situ hybridization and GUS accumulation in
the developing embryo from at least the octant stage to the
walking stick stage. The developing endosperm was labeled
to a similar degree through the same stages (Figure 6H).

A preliminary investigation of subregions of the TTG2 pro-
moter was performed by generating three 5’ deletions of the
GUS reporter construct pXH2.2 (Figure 4B). No elements
upstream of 1003 bp from the putative start of translation
were detected; GUS patterns in the pHH1.0 construct
closely matched those of the longer pXH2.2 construct in in-
tensity and localization. One or more cis-acting elements re-
quired to drive intense expression in the root epidermal
atrichoblasts was detected within the region 703 to 1003 bp
upstream. The construct pEHO0.7 generated only very weak
staining in these cells even after 24 h of staining. Other
staining patterns were unaffected. It is of interest that two
direct repeats of 15 bp (separated by 2 bp) occur within the
—703 to —1003 region, and these contain the sequence
ATATT. This motif also occurs as a tandem duplication in a
region of the ro/lD promoter of the Agrobacterium rhizogenes
Ri plasmid that controls root expression (Elmayan and
Tepfer, 1995).

No detectable GUS staining was seen in any region when
expression was driven using 300 bp upstream of the puta-
tive translation start site (pBHO0.3). Thus, expression in tri-
chomes, seed coats, and other tissues is controlled by
element(s) localized within the —300 to —703 region, whereas
root expression elements occur within the —703 to —1003
upstream region.

Generally, TTG2 expression patterns were independent of
plant growth conditions. Other known WRKY family genes
are expressed relatively rapidly in response to pathogen in-
fection, treatment with salicylate, jasmonic acid, or ethylene,
and mechanical wounding (Eulgem et al., 1999; Hara et al.,

2000; Robatzek and Somssich, 2001; Yu et al., 2001). To
determine if TTG2 expression is induced by salicylate or
wounding, plants carrying the GUS reporter construct pXH2.2
were wetted with 2 mM potassium salicylate (pH 6.5) or
wounded by compressing leaf tissues with forceps. Com-
pared with controls, no detectable changes in GUS staining
were seen anywhere in such plants up to 4 h later (data not
shown).

TTG2 Expression Is Supported by TTG1 Function but Is
Independent of GL1, GL2, and TTG2 Function

To determine if TTG2 expression requires the function of
TTG1, GL1, GL2, or TTG2, representative pTTG2::GUS lines
carrying pXH2.2 were crossed to mutants of each gene, and
GUS staining patterns were observed in mutant F2 progeny.
The most striking effects were seen in ttg7-1 mutants. Stain-
ing of leaf primordia was very weak or absent, and no stain-
ing was seen in surface regions where trichomes normally
develop, although the few trichomes that arose on the
edges of leaves were GUS stained (Figures 6K and 6L).
Seed coats, too, were very weakly stained in ttg7 mutants.
No staining was detected in the young endothelium, where
normally it is very strong, although the outer layers were
stained during later stages. In roots of ttg7-7 mutants, stain-
ing was seen in files of cells in the cell division and cell ex-
pansion zones in a pattern similar to that seen in the wild
type. Even so, staining was more irregular and patchy, and it
was not seen in the cell differentiation zone at the stage
when root hairs arose from all cell files. Thus, in general, it
seems that TTG2 expression requires TTG1 function in leaf
primordia and the endothelium of seed coats, but not in tri-
chomes once they have arisen, in other cells of the seed
coat, or in root tip cells.

The other trichome initiation gene, GL1, does not seem to
be required for TTG2 expression to occur in leaf primordia,
because the levels of GUS staining seen in g/7-1 mutants
were close to normal. No trichomes arose on the leaf sur-
face of g/71-1 mutants, and no pTTG2::GUS staining was
seen, although the few leaf edge trichomes that arose in
g/1-1 mutants were stained just as they were in ttg7 mu-
tants. As expected, TTG2 expression in g/7-1 mutants was
normal in both seed coats and root primordia.

The function of the GL2 gene, which genetic evidence
suggests shares functions with TTG2 in early trichome out-
growth, is not required for TTG2 expression. In g/2-1 mu-
tants, pTTG2::GUS staining was not detectably different
from wild-type staining in leaf primordia or in trichomes,
given that the latter do not usually develop to maturity (Fig-
ure 6M). pTTG2::GUS staining also apparently was unaf-
fected in gl2-1 seed coats. The pattern in developing g/l2-1
roots was similar to that seen in t{g7-17 mutants, revealing
that the early localization of TTG2 expression to cells equiv-
alent to atrichoblasts is independent of both GL2 and TTG1
function (although its later expression in the cell differentia-



tion zone is not maintained if GL2 or TTG1 function is com-
promised).

Finally, we found no evidence that TTG2 regulates its own
expression. pTTG2:GUS staining in ttg2-1 mutant plants
was indistinguishable from that in the wild type in leaf pri-
mordia, trichomes, seed coats, or roots in both pattern and
intensity (data not shown).

DISCUSSION

WRKY Genes Have Functions in Morphogenesis as Well
as in Stress Response

We have discovered that TTG2 encodes a zinc finger-like
transcription factor of the plant-specific WRKY gene family.
The best known property of WRKY genes is their rapid ex-
pression after pathogen infection (Eulgem et al., 2000). W
boxes [(T)(T)TGAC(C/T)] were identified in regulatory regions
upstream of genes encoding pathogenesis-related proteins
in parsley, and three WRKY proteins were discovered that
bound specifically to such regions (Rushton et al., 1996).
Later studies showed that expression of these and other
WRKY genes is activated rapidly by fungal elicitors or by
salicylate and that WRKY proteins interact specifically with
W boxes and induce the expression of target genes in vivo
(Eulgem et al., 1999; Yu et al., 2001). WRKY gene expres-
sion also is associated with the related processes of me-
chanical wounding (Hara et al., 2000) and senescence (Kim et
al., 1997; Eulgem et al., 2000; Robatzek and Somssich, 2001).
Historically, WRKY proteins were identified first through
their binding to W box-like sequences in promoters of
genes encoding the storage protein sporamin and the meta-
bolic enzymes B-amylase in sweet potato (Ishiguro and
Nakamura, 1994) and a-amylases in oat (Rushton et al., 1995),
but it is not known if this binding has significance in vivo.
TTG2 is the first WRKY gene to be associated with a mu-
tant phenotype. Surprisingly, this phenotype, together with
its expression pattern and interaction with other regulatory
genes, establishes that TTG2 plays a role unrelated to rapid
stress response. Rather, it regulates at least three separate
morphogenetic processes in L1-derived cells: trichome de-
velopment and the production of mucilage and tannin in
seed coats. Since the completion of the Arabidopsis genome
project, 72 WRKY family members have been identified
(Riechmann et al., 2000). TTG2 corresponds to AtWRKY44,
a member of group | (Eulgem et al., 2000). This group in-
cludes at least 12 other genes that carry two tandemly re-
peated WRKY domains. Other genes that have only one
WRKY domain fall into groups Il and lll. Proteins involved in
stress response occur in all three groups in parsley, to-
bacco, and Arabidopsis (Eulgem et al., 2000; Robatzek and
Somssich, 2001; Yu et al., 2001). Thus, stress response may
be an ancestral role of WRKY proteins, and TTG2 may rep-
resent a more recent diversification of WRKY function within

Trichome and Seed Coat Gene of Arabidopsis 1369

group I. In this regard, TTG2 does not contain the conserved
sequences (regions A and D) found outside the WRKY do-
mains in some other members of group | (Eulgem et al.,
2000), although a conserved putative nuclear localization
signal (region 2) is present (Robatzek and Somssich, 2001).

TTG2 Functions Downstream of TTG1 and GL1 and
Shares Functions with GL2 in Trichome Development

TTG1 and GL1 functions are required for trichomes to be
initiated on leaf surfaces, whereas TTG2 function is not (Fig-
ure 7). Because surface trichomes do not arise in gi7 or ttg1
mutants, it is not possible to determine from mutant studies
whether TTG2 action is controlled directly by these two
genes. Once initiated, however, we can say that neither
TTG1 nor GL1 function is required to activate TTG2 expres-
sion, because the few trichomes that may arise on the
edges of ttg1 and g/7 mutant leaves express TTG2 through-
out their development. Furthermore, leaf edge trichomes still
arise in gl1 ttg2 and ttg1 ttg2 double mutants, suggesting
that TTG2 does not share general trichome initiation func-
tions with GL1 or TTG1.

On the other hand, TTG2 shares many trichome proper-
ties with the HD-ZIP transcription factor gene GL2 (Figure
7). They are expressed in very similar patterns (in leaf pri-
mordia and in trichomes throughout their development), and
the consequences of their mutation are similar (a reduction
in trichome outgrowth and differentiation). TTG2 does not
seem to act directly downstream of GL2, because TTG2 ex-
pression is strong in g/2 mutant trichomes. Rather, there is
overlap in the processes of trichome development they sup-
port, because the extent of trichome outgrowth and differ-
entiation is reduced considerably in g/2 ttg2 double mutants.
The number of trichomes seen also is reduced in both ttg2
and g/2 single mutant plants, so each gene may promote tri-
chome initiation without being necessary for it to occur;
however, the number is not reduced further in double mu-
tants, so they may promote initiation by the same mecha-
nism. In this regard, it will be informative to examine the
consequences of overexpression of TTG2 and GL2 sepa-
rately and together. A fourth trichome gene, encoding the
bHLH transcription factor GL3, also seems to function in
promoting trichome initiation (Figure 7) and acts later during
trichome morphogenesis, and examination of its genetic
and molecular interactions with TTG2 will be of interest.

Clues about the mechanisms of trichome initiation have
come from the observation that clusters of trichomes may
occur in some genotypes in which initiation is disrupted.
This was seen in ttg2-1 mutants, in which ~10% of tri-
chomes were clustered. Clustering also has been observed
in heterozygotes of strong ttg7 mutants and in homozygotes
of weaker alleles (Larkin et al., 1994, 1999). Spacing of tri-
chomes is influenced strongly by another gene, TRYPTY-
CHON (TRY). In try mutants, most trichomes arise in
multiple clusters (Hulskamp et al., 1994). There is genetic
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Figure 7. Proposed Genetic Pathways for the Regulation of Trichome, Seed Coat, and Root Hair Development in Arabidopsis.

Arrows indicate positive regulation, and barred lines indicate negative regulation.

evidence that the TRY gene plays an inhibitory role in tri-
chome initiation, because the numbers of additional and ec-
topic trichomes that arise in plants that overexpress either
GL1 or R from maize or both are increased further in try mu-
tants (Szymanski et al., 1998; Schnittger et al., 1999). How
this TRY-mediated inhibition might occur normally is not
known, although it has been proposed that TRY plays a di-
rect role in the lateral inhibition of trichome initiation in
neighboring cells (Schnittger et al., 1999) or that the TRY
protein is associated directly with TTG1 and GL1 proteins in
an inhibitory complex (Szymanski et al., 2000). Once the
TRY gene has been cloned, further interpretation will be fa-
cilitated.

TTG2 Functions Independently of TTG1 and GL2 in
Mucilage Production in the Seed Coat

In Arabidopsis, seed coat mucilage is a pectin-like sub-
stance laid down in the epidermis from ~7 days after polli-
nation (Western et al., 2000). It forms between the plasma
membrane and the outer cell wall, compressing the cyto-
plasm into a column-like shape in the center of each cell
(the columella) (Western et al., 2000; Windsor et al., 2000).
Another cell wall then is made that separates the mucilage
from the plasma membrane. Starch granules appear in both
the epidermis and the cell layer under it (the inner layer of
the outer integument) soon after fertilization. These disap-
pear as the mucilage and new cell walls arise, perhaps pro-
viding components of the new secondary cell wall (Western
et al., 2000; Windsor et al., 2000).

Mucilage production is under the control of the trichome
genes TTG1, GL2, and TTG2 (Figure 7) among others (Penfield
et al., 2001; Western et al., 2001). The pleiotropic trichome

mutants lack mucilage in each case, although the two outer
cell layers of the developing seed coat are present as nor-
mal (Koornneef et al., 1982; this study). GL2 is expressed
relatively late and only in the epidermal cell layer (Windsor
et al.,, 2000), and this expression requires TTG1 function
(Szymanski et al., 1998). On the other hand, TTG2 expression
seems to occur in all four outer cell layers of the developing
seed coat from approximately the heart-shaped embryo
stage, and this expression is not dependent on either TTG1
or GL2 function. Thus, TTG2 apparently controls a different,
perhaps earlier, step in mucilage production than GL2, and
it does so independently of TTG1 function.

TTG2 Function Is Dependent on TTG1 Function for
Production of Tannin in the Seed Coat

The innermost layer of the seed coat, the endothelium, un-
dergoes specific developmental changes soon after fertiliza-
tion. Cells become vacuolate, and the vacuoles contain
large amounts of the colorless precursors of tannins. Acidic
vanillin turns red in the presence of these precursors, spe-
cifically flavan-3,4-diol (leucoanthocyanidin) and flavan-3-ol
(catechin), which occur as monomers, heterodimers, or as
terminal units of their proanthocyanidin polymer (Debeaujon
et al., 2000; Nesi et al., 2000, 2001). Ultimately, the proan-
thocyanidins oxidize to become dark brown tannin as the
seeds dry. TTG2 is expressed strongly in the endothelium of
ovules immediately after they have been fertilized, revealing
that its expression is triggered by this process. It continues
until the cells become vacuolate, at which point it declines
rapidly.

In ttg2 mutants, the amount of vanillin-stained material
present in endothelial cells is reduced greatly. Synthesis of



tannins but not anthocyanins is disrupted in ttg2 mutants,
so it seems likely that TTG2 regulates the expression of
gene(s) involved in the tannin biosynthetic pathway after the
leucoanthocyanidin branch point. Consistent with this, the
biosynthetic step before leucoanthocyanidin is blocked in
ttg1 mutants, and their endothelium is unstained with vanil-
lin. The residual weak vanillin staining seen in ttg2 seed
coats may result from the accumulation of free flavanol pre-
cursors of tannins, including leucoanthocyanidin. The stain-
ing seen in the outer layers may reflect the spreading of
excess precursors into these layers.

Candidate tannin genes whose expression may be regu-
lated by TTG2 include BAN, a gene that may control the first
step in tannin biosynthesis (the conversion of leucoanthocy-
anidins to catechins [Devic et al., 1999]), TT72, which seems
to be required for the vacuolar transport of tannin precur-
sors within the endothelium (Debeaujon et al., 2000), and
the zinc finger gene TT1 (Sagasser et al., 2002). It is known
that BAN expression requires TTG1 function (Nesi et al.,
2000), together with the bHLH protein TT8 (Nesi et al., 2000)
and the MYB protein TT2 (Nesi et al., 2001). Further tests
will reveal whether the WRKY protein TTG2 is directly in-
volved as well, although we know that TTG2 expression in
the endothelium requires TTG1 function (Figure 7).

TTG2 May Redundantly Control Atrichoblast
Development in Roots

Evidence that TTG2 also plays a role in root development
comes solely from its strong atrichoblast expression. Loss
of TTG2 function is without apparent effect on root develop-
ment, either alone or in combination with the loss of TTG1 or
GL2 function. Furthermore, appropriately localized TTG2 ex-
pression still occurs in ttg7 and g/2 mutants, at least in the
cell division and cell elongation zones. Thus, neither of
these genes limits early TTG2 expression to cell files that
normally would lack root hairs (Figure 7), although their
function seems to be required later to maintain TTG2 ex-
pression in the differentiation zone. In general, it seems that
if TTG2 is involved in atrichoblast specification, other un-
known genes whose root functions fully encompass that of
TTG2 also must be involved. Such genes may include other
members of the WRKY family, although TTG2 has no closely
similar WRKY relatives. Even the most closely related pro-
teins, WRKY3, -4, -20, -33, and -58, differ from TTG2 in 19
or 20 of the 66 amino acids in the conserved C-terminal
DNA binding domain and show little similarity to TTG2 out-
side of the two WRKY domains (Eulgem et al., 2000).
Overexpression tests of TTG2 may help clarify its possible
root functions. It is known that ectopic expression of the
maize R bHLH gene blocks root hair development from tri-
choblasts. This occurs presumably through activation of the
GL2 repressor of root hair development, because ectopic
expression of GL2 is induced in roots by overexpression of
R (Hung et al., 1998; Lee and Schiefelbein, 1999). The MYB
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protein WER is the likely partner of the Arabidopsis R
ortholog in atrichoblasts, and, significantly, GL2 expression
in these cells is absolutely dependent on WER function (Lee
and Schiefelbein, 1999; Lin and Schiefelbein, 2001) (Figure
7). It will be of interest to determine if TTG2 expression is
likewise under direct WER control.

Another MYB gene, CAPRICE (CPC), also is involved in
root hair development (Wada et al., 1997). Mutants of cpc
lack root hairs, whereas overexpression of CPC results in
hairs arising from all cell files. It has been proposed that the
CPC protein normally associates with the bHLH R protein in
trichoblasts, preventing activation of the root hair repressor
gene GL2 (Lee and Schiefelbein, 1999). Interestingly, over-
expression of CPC blocks the production of trichomes in
leaves (Wada et al., 1997), adding further evidence that reg-
ulatory mechanisms are shared between root hairs and tri-
chomes (Lee and Schiefelbein, 2001).

Conclusion

This study has revealed that a new class of transcription
factor, the WRKY class, controls trichome, seed coat, and
perhaps root hair development in Arabidopsis. It was estab-
lished previously that the same processes are regulated
jointly by MYB and bHLH proteins, a WD40 “accessory pro-
tein,” and a HD-ZIP protein (Figure 7). This common involve-
ment suggests these four classes of proteins as possible
partners of TTG2. However, at this time, genetic evidence
supports only one likely interaction, association of the TTG2
protein with GL2 (an HD-ZIP protein), in controlling trichome
outgrowth.

We also determined if TTG1, GL1, or GL2 directly controls
TTG2 expression. The answer is no, with the sole exception
of TTG1 being necessary for TTG2 expression in leaf pri-
mordia and in the endothelium of the seed coat. It is possi-
ble that the WD40 protein TTG1 recruits or activates other
necessary transcription factors in these tissues. However, it
is clear that other genes that jointly regulate these pro-
cesses remain to be identified, and these may play a direct
role in TTG2 regulation. The most important gap in our
knowledge is the nature of the proposed Arabidopsis
ortholog of the maize R bHLH gene. The GL3 bHLH gene
and its close relative 746D23T7 both promote supernumer-
ary trichomes when overexpressed, but neither seems to
duplicate fully the effects of R overexpression (Payne et al.,
2000). Likewise, additional MYB genes may be involved. It is
known that the closest relative of GL7 and WER, AtMYB23,
is expressed in developing trichomes, roots, and the seed
coat, and its overexpression reveals that its trichome func-
tions overlap with those of GL17 (Kirik et al., 2001).

TTG2 regulates trichome, seed coat, and perhaps root
hair development. A fuller understanding of its interactions
with other regulatory proteins in the control of these pro-
cesses may reveal how other members of the large WRKY
family interact with partners in their response to stress.
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METHODS

Plant Material

Arabidopsis thaliana plants were grown in a 50:50 mix of perlite and
seed-raising mixture subirrigated with nutrient solution. They were
raised under glasshouse conditions (23 to 25°C, with daylight sup-
plemented by continuous cool-white fluorescent light). Mutant lines
of gl1-1, gl2-1, and ttg1-1 were provided originally by the Arabidop-
sis Information Service (Frankfurt-am-Main, Germany). Double mu-
tant lines were generated by intercrossing two recessive mutants
and identifying the weaker of the two mutant phenotypes among the
F2 plants. These were allowed to self-fertilize, and the double mutant
phenotype was identified among progeny of those F2 plants that
were revealed to be heterozygous for the mutant allele of the other
gene. J. Brian Windsor and Alan Lloyd (University of Texas at Austin)
provided the ttg2-2 mutant line (also homozygous for the erecta mu-
tant) for complementation tests and sequencing. The ttg2-2 mutant
allele was identified originally in Wassilewskija plants transformed
with T-DNA obtained from the ABRC (Columbus, OH), but it was not
T-DNA tagged. Unless stated otherwise, all other plants were of the
Landsberg erecta ecotype.

Origin of the ttg2-1 Mutant

The ttg2-1 mutant arose in a transposon tagging experiment set up
by inserting the Activation (Ac) element of maize present in the Ti
plasmid pBI35SAc11 (Finnegan et al., 1993) into Arabidopsis. T-DNA
sequences were transferred into root callus cells by infection with
Agrobacterium tumefaciens strain AGL1 using the method of Valvekens
et al. (1988). Screening of descendants yielded a recessive trichome
and seed coat mutant phenotype, ttg2-1, that did not cosegregate
with a new Ac insertion. Segregating plants then were screened for
the presence of new bands of the endogenous Tag7 transposon.
This was achieved by DNA gel blot hybridization using a probe gen-
erated by PCR amplification of the sequence between nucleotides
251 and 1064 of Tag1 (Tsay et al., 1993). The ttg2-1 mutant cosegre-
gated absolutely with a newly arisen Tag7 band in 32 meiotic prod-
ucts from plants heterozygous for both ttg2-1 and the new Tag?
band.

Cloning of TTG2 and Complementation of ttg2-1

Sequences flanking one side of the newly inserted Tag7 band were
recovered by inverse PCR using primers within Tag? from nucle-
otides 19 to 2 inclusive and from 251 to 270 inclusive (Tsay et al.,
1993) (Figure 4A). Genomic DNA of ttg2-1 mutant plants was di-
gested with Sau3Al and circularized, PCR was performed, and the
products were digested with Bfal. Control Landsberg erecta plants
generated bands of 360 and 460 bp, presumably corresponding to
the two Tag7 elements resident in this strain (Tsay et al., 1993). An
additional band of 580 bp was present consistently in ttg2-1 mutant
plants. This band was isolated from electrophoretic gels and used as
a probe to isolate larger genomic clones from a cosmid library of Co-
lumbia genomic DNA made using the vector pOCA18 (Olszewski et
al., 1988). (The Columbia ecotype does not contain Tag? elements.)
Three overlapping clones of 20 to 23 kb were isolated. One of these,
pCOS1, was chosen for further characterization (Figure 4A). It was
used to test for complementation of the mutant phenotype in trans-

formants regenerated from roots of the ttg2-7 mutant using the
method of Valvekens et al. (1988).

The site of the new Tag7 insert was mapped using Landsberg/
Columbia recombinant inbred lines generated by Lister and Dean
(1993). Another genomic cosmid, pCOS2 (overlapping pCOS1 by
~95%), was used to identify a Dral polymorphism between the
Landsberg erecta and Columbia ecotypes. Twenty-eight of the re-
combinant inbred lines known to show high levels of recombination
were probed with pCOS2, and their Dral polymorphism patterns
were deduced.

Isolation of TTG2 cDNA

The inverse PCR border fragment was localized within a 0.68-kb
BamHI-Hindlll fragment of cosmid pCOS1. Preliminary sequencing
indicated that the Tag7 insert may have been close to the 5’ end of
the gene, so a 0.5-kb HindllI-BspDI subclone adjacent to the BamHI-
Hindlll sequence on the 3’ side was used to probe cDNA libraries.
Approximately 1.2 X 108 plaques of a cDNA library made from inflo-
rescence shoots were probed without a positive result. Another
cDNA library, generously provided by John Hamill (Monash Univer-
sity) and made from Landsberg erecta roots that had been trans-
formed with Agrobacterium rhizogenes strain LBA9402, also was
tested. In this library, cDNA inserts were cloned directionally (EcoRI-
Xhol) in the Uni-Zap XR vector (Stratagene, La Jolla, CA). Approxi-
mately 1.2 X 108 plaques were probed, and one positive cDNA clone,
pRRi1, was obtained.

Sequencing of the 0.58-kb inverse PCR product, the 2.5-kb
EcoRI-Hindlll genomic region that spans TTG2, the 1.3-kb cDNA in-
sert in pRRi1, the genomic DNA of ttg2-2 mutant plants (from 70 nu-
cleotides upstream of the putative translation start site to 131
nucleotides downstream of the putative stop codon), and the trans-
lational fusions to the B-glucuronidase (GUS) reporter gene was per-
formed using the ABI PRISM Dye Terminator Cycle Sequencing kit
(Perkin-Elmer, Foster City, CA).

Scanning Electron Microscopy

Scanning electron microscopy was performed using a Hitachi s570
scanning electron microscope (Tokyo, Japan) at an accelerating volt-
age of 5 to 15 kV. Fresh samples were cryopreserved and coated
with gold using an Emscope SP2000 (Dynavac, Ashford, UK) and
then observed directly. To examine the general pattern of trichome
distribution on leaves, whole seedlings were fixed in 2% glutaralde-
hyde in 25 mM sodium phosphate buffer, pH 6.8, treated with OsO,
(0.5% in the same buffer at 12.5 mM), dehydrated through an ethanol
series, critical point dried in CO,, and coated with gold using an Eiko
1B.5 sputter coater (Eiko, Tokyo, Japan). Dry seeds were coated with
gold directly and observed subsequently.

In Situ Hybridization

Plant material was fixed in 3.7% formaldehyde, 5% acetic acid, and
50% ethanol (v/v) for 3 to 4 h at room temperature, dehydrated
through an ethanol series, and embedded in paraffin (Paraplast Plus,
Oxford, St. Louis, MO). Serial sections of 8 um were dried onto
slides. To prepare the antisense probe, the full-length cDNA clone
pRRi1 was linearized, and runoff transcription was performed using
T7 RNA polymerase and nucleotides including «-35S-UTP (625 Ci/



mmol). Sense probes of TTG2 cDNA were made using T3 RNA poly-
merase for use as negative controls. The paraffin was dissolved from
sections using xylene, and the tissue was rehydrated.

Approximately 1.5 X 107 cpm of probe (in 50% formamide, 300
mM NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, 1 X Denhardt’s solution
[1 X Denhardt’s solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone,
and 0.02% BSA], 70 mM DTT, and 10% dextran sulfate) was added
to each slide, a cover slip was lowered over the solution, and the
slides were incubated at 42°C for ~12 h. After treatment with
RNaseA, slides were washed at low stringency and then at high strin-
gency (15 mM NaCl, 1 mM NaH,PO,, pH 7.4, 0.1 mM EDTA, and 0.1 X
SSPE [1 X SSPE is 0.115 M NaCl, 10 mM sodium phosphate, and 1
mM EDTA, pH 7.4] at 57°C) for 30 to 60 min. After drying, the slides
were dipped in LM-1 nuclear emulsion (Amersham), exposed for 4 to
6 weeks, and developed using Kodak D19 developer. Sections were
stained using 0.1% toluidine blue in 0.1% sodium borate.

To determine if the full-length cDNA antisense probe specifically
identified TTG2 sequences, wild-type genomic DNA and cosmid
pCOS1 DNA were digested, transferred to nylon filters after size frac-
tionation, and hybridized with labeled antisense probe under low-
stringency conditions (5 X SSPE at 47°C). Filters then were washed
first with 2 X SSPE at 51°C (low stringency) and subsequently with
0.1 X SSPE at 57°C (high stringency). Bands additional to those re-
sulting from TTG2 sequences, presumably derived from related fam-
ily members, were visible after the low-stringency wash, but they
were not detectable after the high-stringency wash.

Construction and Expression of pTTG2::GUS
Translational Fusions

A 2247-bp sequence upstream of the first ATG in the TTG2 cDNA,
and 383 bp of the TTG2 coding region, were translationally fused in
frame with the uidA GUS reporter gene. This was achieved by insert-
ing pCOS1 genomic sequences into pBluescript Il SK+ and transfer-
ring the full insert plus some adjacent polylinker sequence into the
polylinker of plasmid pBI101.1. This construct was named
pXH2.2::GUS. Three shorter promoter constructs also were gener-
ated in which the 5’ region was shortened progressively, based on
restriction sites in the promoter region. These contained 1003 bp up-
stream of the first Met (to a Hindlll site; pHH1.0::GUS), 703 bp up-
stream (EcoRIl; pEH0.7::GUS), or 300 bp upstream (BamHl;
pBHO0.3::GUS). Inserts in all constructs were sequenced to confirm
their structure. Constructs were electroporated into A. tumefaciens
strain AGL1, and plants of Landsberg erecta ecotype (or the Colum-
bia ecotype for some of the pHH1.0::GUS clones) were transformed
by floral dip infiltration. Between 13 and 20 independent transfor-
mants were obtained for each of the four constructs, and only con-
sistently observed expression patterns are reported.

To stain for GUS, tissues were fixed in 90% (v/v) acetone:water for
20 min, rinsed in 50 mM sodium phosphate buffer, pH 7.2, containing
3 mM potassium ferricyanide and 3 mM potassium ferrocyanide, and
then transferred to the same solution containing in addition 2 mM
5-bromo-4-chloro-3-indolyl B-D-glucuronic acid (Guivarc’h et al.,
1996). Tissues were vacuum-infiltrated for 3 min and then incubated
at 37°C for various times from 2 min to 24 h. Chlorophyll was ex-
tracted by passing through increasing concentrations of ethanol. Tis-
sues were examined as whole mounts or as sections. For sections,
stained tissues were further fixed, embedded in paraffin, and sec-
tioned as for in situ hybridization. They were mounted in DePeX
(BDH, Poole, UK) and viewed using dark-field microscopy. Under
these conditions, the blue product of the GUS reaction appears pink.
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Accession Number

The accession number for BAC F3G5 is AC005896.2. The accession
number for pRRi1 is AF516172.
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