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Gibberellins (GA) are known to influence phase change in Arabidopsis (Arabidopsis thaliana) as well as the development of
trichomes, which are faithful epidermal markers of shoot maturation. They modulate these developmental programs in part by
antagonizing DELLA repressors of growth, GIBBERELLIC ACID INSENSITIVE (GAI) and REPRESSOR OF gal-3 (RGA). In
this study, we have probed the relative roles played by RGA, GAI, and two homologs, RGA-LIKE1 (RGL1) and RGL2, in these
processes and investigated molecular mechanisms through which they influence epidermal differentiation. We found that the
DELLAS act collectively to regulate trichome initiation on all aerial organs and that the onset of their activity is accompanied by
the repression of most genes known to regulate trichome production. These effects are consistent with the results of genetic
analysis, which conclusively place theses genes downstream of the DELLAs. We find that repression of trichome regulatory
genes is rapid, but involves an indirect, rather than a direct, molecular mechanism, which requires de novo protein synthesis.
DELLA activity also influences postinitiation events and we show that GAI is a major repressor of trichome branching, a role in
which it is antagonized by RGL1 and RGL2. Finally, we report that, in contrast to most other effects, the repression by GA
applications of flower trichome initiation is not dependent on RGA, GAI, RGL1, or RGL2. In summary, our data show that
DELLA proteins are central to trichome development in Arabidopsis and that their effect can be largely explained by their

transcriptional influence on trichome initiation activators.

The initiation of trichomes, which are large unicel-
lular epidermal structures on the aerial organs of many
plant species, has long been a model for the study
of cell-fate determination in plants. In Arabidopsis
(Arabidopsis thaliana), trichomes decorate stems, sepals,
and leaves, where they first appear on the adaxial
side, early in leaf development (Larkin et al., 1994;
Hiilskamp et al., 1999). Genetic analyses have identi-
fied at least three regulatory proteins that promote
trichome initiation: GLABROUS1 (GL1), an R2R3-
Myb-type transcription factor; TRANSPARENT TESTA
GLABRA1 (TTG1), a protein containing WD-40 repeats;
and GLABRA3 (GL3), a basic helix-loop-helix-type
transcription factor. Loss-of-function mutations in the
GL1 and TTG1 genes nearly abolish trichome initiation
on leaves (Larkin et al., 1994; Walker et al., 1999; Payne
et al., 2000). GL3 has been shown to self-associate and
assemble with GL1 and TTGL1 in yeast (Saccharomyces
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cerevisiae) two-hybrid experiments, but GL1 and TTG1
are not known to interact (Larkin et al., 1994; Walker
etal., 1999; Payne et al., 2000; Zhang et al., 2003).
Trichome initiation is dependent on GA signaling
in Arabidopsis: The GA biosynthesis mutant gal-3 is
almost completely glabrous and GA applications stim-
ulate initiation in both gal-3 and wild-type plants
(Chien and Sussex, 1996; Telfer et al., 1997, Perazza
et al., 1998). GAs also influence trichome morphology,
promoting the formation of supernumerary branches
on leaf trichomes (Perazza et al., 1998). Trichome
formation is therefore a useful system for dissecting
how GA signaling controls cellular differentiation in
plants. In addition, the appearance of trichomes on the
abaxial side of rosette leaves marks the transition
between juvenile and adult vegetative phases, which,
like flowering, is modulated by GA signaling (Wilson
etal., 1992; Telfer et al., 1997). We have recently shown
that the effects of GA on inflorescence initiation and
shoot maturation are influenced in Arabidopsis by
redundant transcription factors GLABROUS INFLO-
RESCENCE STEMS (GIS), ZINC FINGER PROTEINS
(ZFP8), and GIS2 (Gan et al.,, 2006, 2007). All three
proteins are positive regulators of initiation and both
GIS and GIS2 have been shown to activate GLI expres-
sion (Gan et al., 2006, 2007). Whereas the molecular
mechanisms through which these three genes are reg-
ulated are unclear, much is known of upstream steps
in the GA response pathway in plants. GA signaling ini-
tiates with the hormones binding to soluble receptors
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GIBBERELLIN INSENSITIVE DWARF1 (OsGID1) and
OsGID1-like (Ueguchi-Tanaka et al., 2005; Hartweck
and Olszewski, 2006; Cao et al., 2006), which triggers
the degradation of plant growth repressor DELLA
proteins (DELLAs) via the 26S proteasome pathway
(Silverstone et al., 2001; Fu et al., 2002; Itoh et al., 2002;
Hussain et al., 2005). This degradation process is me-
diated by GA-specific F-box proteins OsGID2 (Sasaki
etal., 2003) and AtSLY1 (McGinnis et al., 2003; Dill et al.,
2004; Fu et al., 2004), which remove the restraint on
growth exerted by the DELLAs (Harberd, 2003; Cao
et al., 2006). In Arabidopsis, the DELLAs are encoded
by a family of five genes: GIBBERELLIC ACID INSEN-
SITIVE (GAI), REPRESSOR OF gal-3 (RGA), and three
RGA-LIKE genes (RGL1, RGL2, and RGL3; Peng et al,,
1997; Silverstone et al., 1998; Lee et al., 2002; Tyler et al.,
2004). These repressors have overlapping, but distinct,
influences on plant growth and development (Dill and
Sun, 2001; King et al., 2001; Lee et al., 2002; Wen and
Chang, 2002; Cheng et al., 2004). GAI and RGA play a
predominant role in repressing stem elongation (Peng
et al., 1997; Silverstone et al., 1998; Dill and Sun, 2001;
King et al, 2001), whereas RGA, RGL2, and RGL1

influence flower development by restricting petal and
stamen morphogenesis (Cheng et al., 2004; Tyler et al,,
2004; Yu et al., 2004). RGL2 is central to the repression of
seed germination, a process in which RGL1, GAI, and
RGA also have limited involvement (Wen and Chang,
2002; Lee et al., 2002; Tyler et al., 2004; Cao et al., 2005,
2006). The role of RGL3 is less clear (Tyler et al., 2004).
RGA and GAI are known to repress trichome forma-
tion on leaves because loss-of-function mutations in
RGA and GAI can rescue leaf trichome initiation in
gal-3 mutants (Dill and Sun, 2001). The repressors also
have a profound influence on vegetative and repro-
ductive phase change. However, nothing is known of
how this is achieved at the molecular level or of the role
played by other DELLA proteins in these processes.
In this study, we have used a combination of DELLA
loss-of-function mutants and inducible overexpressors
to examine these issues. We found that the different
repressors act synergistically in the control of trichome
development, but that specific DELLA proteins play
predominant roles in the control of either initiation or
branching. We also found that the effect of DELLA
repression is associated with profound changes in the
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expression of trichome initiation regulators, which
are an indirect, rather than a direct, consequence of
DELLA action.

RESULTS

DELLA Proteins Act as Repressors of Most Known
Positive Regulators of Trichome Initiation in Arabidopsis

In GA-treated plants, higher trichome production is
associated with the induction of GIS, ZFP8, and GIS2
and with an increase in the expression of GL1, which is
itself dependent on GIS activity. In addition, GL1 and
GIS are strongly down-regulated in the gal-3 mutant
(Perazza etal., 1998; Gan et al., 2006, 2007). We therefore
sought to determine whether variations in GA signal-
ing have a similar effect on other trichome regulators
and assess the role played by DELLA proteins in this
response.

We first compared the levels of TTG1, GL3, ZFPS,
and GIS2 expression in gal-3 and in wild-type plants.
We found that decreased GA levels in the mutant

DELLA Regulation of Trichome Development

resulted in the down-regulation of GL3, ZFPS, and
GIS2, but that the expression of TTG1 was not affected
(Supplemental Fig. S1). This response indicated that
reductions in GA signaling negatively impact the
expression of multiple genes encoding regulators of
trichome initiation.

To assess the role played by DELLA proteins in this
transcriptional response, we examined the effects of
loss-of-function mutations in RGA, GAI, RGL1, and
RGL2 on the expression of GL1, GL3, GIS, ZFP8, and
GIS2 in the gal-3 background (Fig. 1). We found that,
in every case, loss of all DELLA function restored gene
expression to wild-type levels or higher, which indi-
cated that, collectively, DELLA repressors play a
prominent role in the regulation of these genes by
GA. Whereas the impact of DELLA activity on gene
expression was generally similar to its effects on
trichome initiation, DELLA proteins differed in their
overall influence and in their effects on individual
genes. For example, RGA loss of function strongly
stimulated the expression of GL1, GL3, GIS, and ZFPS,
but had little effect on GIS2 expression. GIS2 was only
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significantly induced when the functions of both RGA
and GAI were abolished (Fig. 1). Similarly, the combi-
nation of gai-t6, rgll, and rgl2 mutations strongly
promoted ZFP8 expression, but not expression of
other genes. The influence of RGL1 and RGL2 on
gene expression was clearly detectable in the case of
GL1 and ZFP8, although it was most marked when the
function of other DELLA proteins had been abolished.
Similarly, loss-of-function mutations in both RGL1 and
RGL2 boosted GL3 expression above wild-type levels,
but only if both RGA and GAI had been knocked out.
In all other cases, the influence of individual DELLA
proteins was limited and dependent on the activity of
all the others (Fig. 1).

In summary, our findings indicated that DELLA pro-
teins are essential in the control by GA of the expression
of genes encoding activators of trichome initiation. They
also suggested that, whereas RGA generally plays a
predominant role in this process, GAI, RGL1, and RGL2
also participate, sometimes in a critical way, in the
regulation of downstream gene expression.

DELLA Proteins Rapidly, But Indirectly, Target
Trichome Initiation Regulators

To further investigate regulation by DELLA proteins
of downstream regulators and, in particular, assess
whether their role in this process is direct or indirect,
we examined the expression of GL1, GL3, GIS, GIS2,
and ZFP8 in DELLA mutants that overexpress RGA-GR,
which encodes a functional fusion of RGA to the recep-
tor domain of the rat glucocorticoid receptor. In these
plants, RGA (RGA-GR) activity is inducible by dexa-
methasone (DEX; Yu et al., 2004). Through tight control
of RGA-GR activity, we aimed to determine the kinet-
ics of induced gene expression changes as well as as-
sess the possible requirement for secondary regulators.
To cross-validate our results, we analyzed gene ex-
pression in response to RGA-GR activity in two dif-
ferent mutant backgrounds: rga-t2 rgl2 gal-3 and rga-t2
gai-t6 gal-3 (Yu et al., 2004). The effects of RGA-GR
induction were determined at different time points fol-
lowing DEX treatment.

We found that, in most cases, RGA-GR strongly and
rapidly repressed the expression of trichome regula-
tory genes and that this effect was detectable as early
as 2 h after DEX application (Fig. 2). In the case of
ZFP8, repression was faster in 355:RGA-GR rga-t2 rgl2
gal-3 than in 355:RGA-GR rga-t2 gai-t6 gal-3 plants,
possibly because the amplitude of the response was
more limited in the latter background. In all cases, the
repression of gene expression by RGA-GR was found
to be temporary and was no longer detectable 8 h after
treatment (Fig. 2).

Because DEX induction of RGA-GR activity does not
require protein synthesis, it is possible to determine
whether its effects are direct or indirect by examining
the influence of protein synthesis inhibitors on in-
duced gene expression changes. To determine whether
RGA-GR directly or indirectly represses trichome reg-
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ulators, we repeated DEX applications to 3565:RGA-GR
rga-t2 rgl2 gal-3 in the presence of the protein synthesis
inhibitor cycloheximide. We found that cycloheximide
strongly inhibited the repression by DEX of all genes
(Fig. 3). The transcriptional effect of RGA-GR activity
was abolished or strongly attenuated and we never
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measured down-regulation in the first 6 h following
application.

Based on the above results, we concluded that,
although RGA-GR activity rapidly triggers repression
of trichome initiation activators, the corresponding
genes are indirect, rather than direct, targets and re-
pression is therefore likely to require the production of
additional, yet unidentified, factors.

RGA, GAI, RGL1, and RGL2 Differentially, But
Synergistically, Regulate Trichome Initiation

To investigate whether the roles of RGA, GAI RGL1,
and RGL2 in repressing trichome activators reflect

DELLA Regulation of Trichome Development

their influence on trichome initiation throughout the
plant, we examined the effect of DELLA loss-of-func-
tion mutations in the absence of GA in the gal-3
background.

Among all single DELLA mutants (in gal-3), rgl1-1
gal-3 and rgl2-1 gal-3 displayed the lowest trichome
density. Despite the importance of RGL1 in flower
development (Cheng et al., 2004; Tyler et al., 2004; Yu
et al., 2004), loss of RGL1 function had only a limited
effect on flower trichome initiation (Fig. 4A). The rgl2-1
gal-3 mutant was, like gal-3 control plants, nearly
glabrous. In contrast, loss of RGA function had a
dramatic impact on trichome production in gal-3.
Initiation was not only restored on the abaxial side of
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rga-t2 gal-3 rosette leaves, as previously observed
(Silverstone et al., 1997; Dill and Sun, 2001), but also
on the adaxial side and on all inflorescence organs. In
fact, the effect was strongest on flowers, where the
epidermal phenotype was most similar to wild type.
On stems as on the abaxial side of rosette leaves, no
trichome initiation was visible in the ga1-3 background
unless RGA function was abolished (Fig. 4, B and C).

GALI loss of function also had a significant, although
lesser, impact on trichome initiation: gai-t6 gal-3 mu-
tants were glabrous, but gai-t6 rga-t2 gal-3 produced
more trichomes than rga-t2 gal-3 mutants on stems
and, to a lesser degree, on leaves (P = 0.07; Fig. 4, B
and C). The gai-t6 mutation had the greatest effect on
stems of rga-t2 gal-3, where it nearly doubled trichome
production (Fig. 4B). Interestingly, the quadruple
DELLA rga-t2 gai-t6 rgll rgl2 gal-3 mutant produced
significantly more leaf and stem trichomes than gai-t6
rga-t2 gal-3 mutants. These observations indicated that
RGL1 and RGL2 also play a significant role in the
regulation of trichome initiation. Their influence was,
however, greatest when the repression exerted by
other redundant DELLA proteins had been lifted. We
also observed that rga-t2 gai-t6 rgl1-1 rgl2-1 gal-3
produces a higher number of trichomes than wild-
type plants on both vegetative and inflorescence or-
gans (Fig. 4). This phenotype suggested that four
DELLA proteins exert a repressive effect on trichome
initiation even in wild-type plants.

In summary, our data indicated that GAI, RGA,
RGL1, and RGL2 are all involved, albeit to different
degrees, in regulation by GA of trichome initiation and
that they act collectively in their repressive role. The
gene expression and phenotypic data together suggest
that the DELLAs are major gatekeepers in the control
by GA of trichome initiation acting mainly through a
repressive transcriptional mechanism.

GAI Is the Major Repressor of Trichome Branching,
But the Effects of GAI Derepression Are Suppressed
by Loss-of-Function Mutations in RGL1 and RGL2

GA treatments are known to stimulate trichome
branching on leaves and the trichomes of spy mutants,
which display a constitutive GA response, are more
highly branched than those of wild-type plants (Perazza
etal., 1998, 1999; Gan et al., 2006). Because RGA and, to
a lesser extent, GAI, play an important role in trichome
initiation, we investigated their involvement and that
of RGL1 and RGL2 in the control of trichome branch-
ing. To this end, we examined the branching pattern
of trichomes of leaves and stems of plants in which
the functions of RGA, GAI, RGL1, and/or RGL2 were
impaired.

Our first observation was that, whereas RGA loss of
function restored trichome initiation in ga1-3 mutants,
rga-t2 gal-3 was strongly deficient in branching. For
example, mutant stems harbored only 4.4% branched
trichomes, as compared to 38.8% in wild-type plants
(Fig. 5A). The gal-3 rqa-t2 rgll and gal-3 rga-t2 rgl2
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mutants presented a similar phenotype, indicating
that lifting the repression exerted by RGA, RGLI,
and/or RGL2 repression is not sufficient to restore
branching. In contrast, we found that GAI loss of
function strongly stimulated branching, restoring the
number of branched trichomes to about 30% of the
total (Fig. 5A). A similar situation was found in leaves:
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Whereas the rga-t2, rgll, and rgl2 mutations had little
influence on branching in the gal-3 background, the
gai-t6 mutation restored branching to wild-type levels
or above (Fig. 5B).

Interestingly, loss of RGL1 and/or RGL2 function
antagonized the effect of the gui-t6 mutation, an effect
that was most dramatic in the quintuple mutant. This
negative effect of rgl1 and rgl2 in the gal-3 rga-t2 gai-t6
background was visible both on leaves and on stems
(Fig. 5, A and B). The positive influence of RGL1 and
RGL2 on branching was dependent on GAI activity
because we could not detect any decrease in trichome
branching in rgl1 and rgl2 (Fig. 5C) or in the gal-3
rga-t2 rgll and gal-3 rga-t2 rgl2 mutants. In contrast,
the single gai-t6 mutant displayed significantly more
branched trichomes on leaves and stems, which indi-
cated that the stimulation of trichome branching by
GAl loss of function is not dependent on other DELLA
proteins (Fig. 5C).

In summary, our analysis revealed an essential role
for GAI in trichome branching and indicated that the
repressors are antagonized by RGL1 and RGL2 in this
process.

DELLA-Dependent Derepression of Trichome Initiation
Requires Downstream Regulator GIS2

We previously reported that overexpressing GIS is
not sufficient for restoring trichome initiation in the gai
or gnl-3 mutants even though GIS, GIS2, and ZFP8 are
required in the positive regulation of trichome initia-
tion by GA (Gan et al., 2006). We therefore sought to
determine whether members of the GIS clade are,
conversely, required for trichome initiation when the
repression exerted by the DELLA proteins has been
removed. To answer this question, we used RNAi to
specifically down-regulate GIS2, which plays a central
role in the regulation of trichome initiation on flowers,
in the gal1-3 rgu-t2 gai-t6 mutant (Gan et al., 2007). In
this mutant, loss of RGA and GAI function restores
flower trichome initiation to normal levels (Fig. 4A).
We found that, in nine independent transformants,
trichome production was greatly decreased on sepals
as compared to controls (Table I; Fig. 6B). In contrast,
GIS2 overexpression caused a marked increase in
trichome production (Fig. 6C), a phenotype that we
also observed when GIS or ZFP8 was overexpressed in
this mutant (Supplemental Fig. S2, B and C). A similar
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result was obtained when overexpression experiments
were repeated in the gal-3 rga-t2 rgl2 mutant (data not
shown).

These observations therefore indicated that GIS2 is
required for trichome initiation in the absence of
DELLA repression. They also indicated that GIS2
(GIS/ZFP8) activity is limiting to trichome initiation
when repression by RGA and GAI or RGL2 is lifted
and that derepression is sufficient to restore the ability
of GIS clade members to induce trichome proliferation
in the gal-3 background. These findings provided
conclusive evidence that GIS2 and, in all likelihood,
GIS and ZFP8 act downstream of the DELLA proteins.

RGL1 and RGL2 Act to Delay Vegetative and
Reproductive Phase Change

In Arabidopsis, GAs are required for the transition
between juvenile and adult stages and for flowering
under short days, processes in which RGA and GAI
play a major role (Wilson et al., 1992; Chien and
Sussex, 1996; Telfer et al., 1997; Perazza et al., 1998;
Dill and Sun, 2001).

Our observations confirmed that only RGA loss of
function can restore abaxial trichome production in
gal-3 and that GAI loss of function further accelerates
both vegetative and reproductive phase change, al-
though the gai-t6 mutation alone has no effect (data not
shown). Similarly, the effects of the rgll and rgi2
mutations were not detectable unless the function of
other DELLA proteins was compromised. Loss of
RGA function was required for the influence of
RGL1 and RGL2 to be measurable and the effect was
most pronounced when the activities of both RGA and
GAI were abolished (Supplemental Fig. S3). Loss of
RGL1 and/or RGL2 function in the rga-t2 gai-t6 gal-3
background also resulted in earlier adult leaf produc-
tion and flowering than in wild-type plants. In com-
parison, the combination of rga-t2 and gai-t6 mutations
only restored a normal shoot maturation program in
the gal-3 mutant (Supplemental Fig. S3).

The above findings indicated that both RGL1 and
RGL2 play a role in the regulation by GAs of vegetative
phase change and flowering and that their influence is
conditional on RGA and GAI function. Interestingly,
there was, overall, a strong correlation between the ef-
fects of DELLA loss of function on vegetative and re-
productive phase change, which suggested that the

Table 1. Trichome initiation on flowers of DELLA mutants in which GIS2 was silenced by RNAi

Trichome counts are the total number of trichomes for about 15 flowers per plant. ga7-3 rga-t2 gai-t6 values represent averages and sts for 16 plants.

grg, gal-3 rga-t2 gai-t6; g2R, GIS2-RNAI.

Control Line Silenced Lines

gal-3 88 88 88 88 88 88 88 88 88

rga-t2 82R1 82R2 82R3 82R4 82R5 82R6 82R7 82R8 82R9

gai-t6

29.9 (1.1) 4 7 2 9 0 2 1 3 3
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gail-3 rga-t2 gai-t6

GIS2-R ga1-3
rga-t2 gai-té

Figure 6. Effects of GIS2 silencing and overexpression on flower
trichome initiation in ga7-3 rga-t2 gai-t6. Trichome initiation on flowers
of gal-3 rga-t2 gai-t6 control (A), GIS2-silenced (GIS2-R; B), and GIS2-
overexpressing (C) plants. GIS2 overexpression causes the proliferation
of trichomes on sepals, whereas silencing inhibits trichome initiation.

mechanisms through which they control the two pro-
cesses may be similar (Supplemental Fig. S3).

GAI RGA, RGL1, and RGL2 Are Not Implicated in the
Repression by GA of Trichome Initiation on Flowers

Exogenous GA application counteracts the repres-
sion by DELLA proteins of floral development and
stem elongation (Peng and Harberd, 1997; Dill and
Sun, 2001; King et al., 2001; Lee and Schiefelbein, 2001;
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Cheng et al., 2004; Tyler et al., 2004; Yu et al., 2004). To
assess whether the effects of loss of DELLA function
on trichome initiation are equivalent to those resulting
from increases in GA levels, we compared the effects
of applying GA to gal-3, wild-type, and gal-3 rga-t2
gai-t6 rgll rgl2 plants. We found that the trichome
phenotype of GA-treated gal-3 leaves and stems is very
similar to that of the wild type and the untreated
quintuple mutant. Interestingly, GA applications to
flowers, which inhibit trichome initiation in Columbia-0
plants (Gan et al., 2007), had a similarly negative effect
on initiation in the wild-type Landsberg erecta (Ler) and
quintuple mutant backgrounds (Table II). This obser-
vation suggested that the four DELLA proteins are not
implicated in the repression of trichome initiation oc-
curring on upper inflorescence organs when high GA
doses are applied.

DISCUSSION

In this study, we have shown that GA-mediated
control over trichome initiation in Arabidopsis in-
volves repression of most known trichome initiation
activators by DELLA proteins RGA, GAI, RGL1, and
RGL2. The onset of DELLA activity results in the
rapid, but indirect, down-regulation of the corre-
sponding genes, in particular of GL1, GL3, GIS, GIS2,
and ZFP8. Consistently with these observations, we
find that RGA, GAI, RGL1, and RGL2 collectively
repress trichome initiation in Arabidopsis, RGA hav-
ing the largest influence on this process. In contrast to
its secondary role in initiation, GAl is the key repressor
of trichome branching, antagonized in this process by
RGL1 and RGL2. In addition to their role in epidermal
differentiation, GAI, RGL1, and RGL2 act synergisti-
cally with RGA to repress vegetative and reproductive
phase change. Finally, we show that GA applications
generally recapitulate the effects of RGA/GAI/RGL1/
RGL2 loss of function, except for their negative effect
on flower trichome initiation, which suggests that
other developmental signals and alternative regulators
are implicated in this response.

DELLA Proteins Play an Indirect Role in Repressing
the Expression of Genes Encoding Activators of
Trichome Initiation

GAs are known to influence GLI expression and,
upstream, the expression of GIS, GIS2, and ZFP8 (Gan
et al., 2007). Our results indicate that the influence of
the phytohormones on the transcription of trichome
initiation regulatory genes also extends to other mem-
bers of the trichome initiation complex, in particular
GL3. We have found that the control by GA of this
process is mediated by the DELLAs, as DELLA dere-
pression (loss of function) in a GA biosynthetic mutant
restores the expression of GL1, GL3, GIS, GIS2, and
ZFP8. These observations are consistent with the results
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Table Il. Effect of GA applications on trichome initiation and vegetative phase change in gal-3 rga-t2 gai-t6 rgl1 rgl2

Trichome counts are the total number of trichomes for about 15 flowers per plant. Values represent averages and sts for 20 plants.

Sepals (~15 Flowers) Stems Leaf (Abaxial)
GA 0 um 100 pum 0 um 100 um 0 um 100 um
Ler 27.0 (1.7) 20.1 (1.3) 49.2 (1.7) 48.8 (2.3) 7.0 (0.3) 7.5(0.2)
gal-3 1.2 (0.3) 23.2 (1.2) 0.0 (0.0) 48.0 (2.6) 0.0 (0.0) 7.3 (0.4)
Five mutations 26.3 (1.3) 18.3 (0.8) 49.8 (1.2) 48.9 (1.6) 7.2 (0.3) 7.8 (0.2)
First Adult Leaf

GA 0 um 100 um

Ler 4.9 (0.1) 4.2 (0.1)

gal-3 n.a. 6.3 (0.1)

Five mutations 3.1 (0.1) 3.0 (0.0)

of our genetic analysis and place the DELLA proteins
upstream of all of these regulators (Fig. 7). Strikingly,
we observed that the relative influence of each DELLA
on trichome initiation generally mirrors their impact on
the expression of the different trichome regulatory
genes. This result highlights the importance of tran-
scriptional regulation in modulating the influence of
GA signaling and underlines the critical role played by
transcription factors in this process (Perazza et al., 1998;
Gan et al., 2006, 2007). Interestingly, decreases in GA
levels have little effect on TTGI expression; increases in
GA signaling have, however, a positive effect (Supple-
mental Fig. S1). These observations suggest that TTG1
may be less responsive to GA signaling than other
regulators of trichome production, but that, although its
expression may not be limiting when GA signaling is
decreased, its induction may promote initiation when
DELLA repression is lifted.

Whereas the repressive effects on GL1, GL3, GIS, and
GIS2 of the DELLA proteins are clear, the results of our
experiments with RGA-GR argue against a direct
interaction between the repressors and their down-
stream targets. This situation is reminiscent of the
interaction between RGA and homeotic genes, which
is also indirect (Yu et al., 2004). An alternative inter-
pretation of our results could be that cycloheximide
treatments inhibited all responses in treated tissues
and that the absence of a transcriptional effect on
trichome regulatory genes was unspecific. We dis-
count this possibility, although we cannot rule it out,
on the basis that APETALA1 could be activated by
LEAFY factor under similar conditions in similar
tissues (Wagner et al.,, 1999). Regardless, it will be
interesting to define the transcriptional networks act-
ing immediately downstream of the DELLAs in the
epidermis to start delineating the pathway leading
from DELLA repression to trichome initiation.

DELLA Proteins Play a Central, Yet Contradictory, Role
in Trichome Branching

Whereas GA applications are known to promote
trichome branching (Perazza et al., 1998), the mecha-
nism of GA action in this process has not been defined.
Here, we show that the DELLAs play a key role in
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repressing branching. Surprisingly, their relative in-
fluences in branch formation and trichome initiation
are very different. In particular, GAI plays a predom-
inant role in the control of branching, but only plays a
secondary role in trichome production. This is not only
clear in stems, where GAI exerts the largest influence
on initiation (Fig. 4B) and other processes (Dill and
Sun, 2001), but also in leaves. RGA, in contrast, has
little influence on branching despite playing a major
role in initiation throughout the plant (Figs. 4, 5, and
7). The unique influence of GAI on this process is also
reflected in the branching phenotype of single gai-t6
mutants, where all the other DELLAs are active.
Possibly, GAI has specificity for downstream regula-
tors of branching or other DELLA proteins are not
produced at high enough levels in developing tri-
chomes to have a clear influence.

The antagonism between RLG1/RGL2 and GAI
with respect to branching is also surprising because
the three proteins repress, although to differing de-
grees, the initiation process. One possible interpreta-
tion is that the mode of GAI action during trichome

Gibberellins

1

Wressors
/—/%
GAl RGA RGL1 RGL2 (RGL3)

GIS GIS2 ZFP8

N

GL1 GL3

|

Trichome
initiation

Trichome
branching

Figure 7. Model of DELLA-mediated control of trichome initiation and
branching. Dotted arrows indicate relationships that have not been
fully characterized. Thicker lines indicate a more predominant effect in
the pathway.
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development is unusual and opposite to that of RGL1
and RGL2. Alternatively, a minimal level of DELLA
activity may be required for branching to occur.

Roles of RGL1 and RGL2 in the Control of Trichome
Initiation and Shoot Maturation

Previous studies have indicated that RGA plays a
central role in leaf trichome initiation, flowering, and
postgerminative growth (Silverstone et al., 1997; Dill
and Sun, 2001). Our results confirm and indicate that
RGA is also essential for trichome initiation through-
out the life cycle and that GAl also plays an important,
yet secondary, role. Interestingly, RGL1 and RGL2,
which are mostly known for their involvement in
flowering and germination (Lee et al., 2002; Wen and
Chang, 2002; Tyler et al., 2004; Cao et al., 2005, 2006),
also influence trichome initiation, although this influ-
ence is mainly incremental to that of the other DELLAs
(Fig. 7). Surprisingly, despite its importance in flower
morphogenesis, RGL2 only plays a minor role in
flower trichome initiation. It is striking that the relative
influences of the DELLASs on trichome initiation, veg-
etative and reproductive phase change are similar and
that RGA and, to a lesser extent, GAI are predominant
in all these processes. Our results therefore further
support the central role of RGA in the control by GA of
shoot maturation and epidermal differentiation and
indicate that the synergy between the DELLAs extends
to shoot maturation throughout the plant.

RGA, GAI, RGL1, and RGL2 Are Not Implicated in the
Repression by GA of Trichome Initiation on Flowers

Loss of function of the four DELLA proteins gener-
ally results in trichome and shoot maturation pheno-
types that are similar to those obtained with GA
treatments. It does not, however, inhibit trichome
formation on flowers, an effect that is observed when
high doses of GA are applied, or in spy mutants
(Greenboim-Wainberg et al., 2005; Gan et al., 2007).
Furthermore, GA applications have the same inhibi-
tory effect on flower trichome initiation in wild-type
plants and in DELLA mutants, which rules out a role
for the four repressors in mediating the GA response.
In exerting their negative influence on flower trichome
initiation, GAs therefore act through alternative regu-
lators. One possibility is that they act through RGL3,
although we consider it unlikely as RGL3 is expressed
at low levels in reproductive organs (Tyler et al., 2004).
Another possibility is that GAs impact on inflores-
cence trichome initiation through their effect on cyto-
kinin signaling (Greenboim-Wainberg et al., 2005; Gan
et al., 2007). Under this scenario, GA may directly
influence cytokinin signaling without involving the
DELLAs. A prime candidate in mediating this re-
sponse would be SPY (Greenboim-Wainberg et al.,
2005), although a role for alternative, upstream regu-
lators cannot be ruled out.
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CONCLUSION

Our study highlights the importance of repressive
mechanisms modulating the action of transcriptional
activators in the control by GAs of epidermal differ-
entiation in Arabidopsis. We show that these mecha-
nisms are complex and are likely to involve multiple
steps, including the intervention of growth repressors
of the DELLA family. These regulatory proteins play a
central role in this developmental process as part of
their larger control over shoot maturation, regulating
both trichome initiation and development. Their in-
fluence may, however, be more limited in trichome
production on flowers, where other regulators are
likely to play a central role. It is expected that eluci-
dating the molecular steps linking the DELLAs to
downstream activators and the role played by other
direct and indirect regulators will be facilitated by
multifaceted approaches drawing from genetics, gene
expression profiling, and protein biochemistry.

MATERIALS AND METHODS
Plant Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) mutants used in this study are in the
Ler background unless otherwise stated. The DELLA mutant combinations in
the gal-3 background have been described before (Lee et al., 2002; Cao et al.,
2005). The gal-3 and gai mutants were obtained from the Nottingham
Arabidopsis Stock Centre (NASC). To break dormancy, all gal-3 mutants
were imbibed with 100 uM GA at 4°C for 2 d, and then rinsed thoroughly with
water before sowing. For all phenotypic analyses, plants were grown under
16-h-light (95 umol cm ™2 572, 21°C) and 8-h-dark (18°C) cycles. Inflorescence
organs were harvested when the main stem had reached approximately 3 to
4 cm in length. Leaf trichome initiation was evaluated by counting trichomes
in an 0.36 cm ™2 area of the leaf midsection on both the adaxial and abaxial
sides. Whole-leaf trichome production was extrapolated from these counts
using average leaf areas. Stem trichome initiation and branching were
monitored by counting all trichomes of each type on the first internode of
main stems. Trichome production on the flower was measured by counting
trichomes on all the sepals of 10 to 15 flowers. Unless specified otherwise, a
minimum of 20 plants was used for trichome analysis for each treatment X
genotype combination. Differences in average values were judged significant
if they produced P < 0.05 in a one-sided paired ¢ test. All experiments were
repeated at least once.

Molecular Biology
Plasmid Constructs

gal-3 rga-t2 gai-t6 355:RGA-GR lines were produced by transforming gal-3
rga-t2 gai-t6 plants with an RGA-GR overexpression construct (Yu et al., 2004).
Transgenic plants containing 355:RGA-GR were selected for their resistance to
glufosinate (Basta) and the ability of RGA-GR to complement the mutant
phenotype was tested by applying DEX. We focused on a particular over-
expressing line containing only one copy of the transgene and with a
phenotype that closely resembles that of ga1-3 gai-t6 after treatment with DEX.

Analysis of Gene Expression

Plant RNA was extracted from young inflorescence tissue using the TRIzol
reagent (Invitrogen) according to the manufacturer’s conditions. Pooled tissue
samples from at least eight soil-grown plants were used for RNA extractions.
The following gene-specific primer sequences were used for real-time PCR
analysis: GL1, 5'-CGACTCTCCACCGTCATTGTT-3' and 5'-TTCTCGTAGA-
TATTTTCTTGTTGATGATG-3'; GL3, CCAGCAAGATCCGATTATCACA and
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ACTGAACATAGGCGCGTAAATCTC; TTG1, CCGTCTTTGGGAAATTAAC-
GAA and GCTCGTTTTGCTGTTGTTGAGA; GIS, 5 -TTCATGAACGTC-
GAATCCTTCTC-3" and 5'-ACGAATGGGTTTAGGGTTCTTATCT-3'; ZFPS,
5'-AAGCCGCCATTATTCGTCTCT-3' and 5'-CTGCGGATAAGTTGTCGG-
AGTT-3’; GIS2, 5'-ACCGCCAACAAAACCACATT-3' and 5'-CGCGTCGT-
TGATTTGAACAG-3’; and UBQ10, 5'-GGTTCGTACCTTTGTCCAAGCA-3’
and 5'-CCTTCGTTAAACCAAGCTCAGTATC-3'. Quantitative PCR primer
design and reaction conditions were as previously described (Gan et al., 2006).
UBQ10, whose expression is stable between different tissues and treatments
(Gan et al., 2005), was used as an internal control for normalizing expression of
the other genes. All reverse transcription-PCR experiments were performed
twice.

GA and DEX Treatments

GA3 (Sigma) was used in all experiments that involved exogenous GA
treatments and GA solutions were applied twice per week by spraying as
previously described (Gan et al., 2006, 2007). DEX and cycloheximide treat-
ments were performed according to Yu et al. (2004).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Influence of GA signaling and DELLA activity
on the expression of genes encoding transcriptional activators of
trichome initiation.

Supplemental Figure S2. Effects of overexpressing GIS or ZFP8 on flower
trichome initiation in the gal-3 rga-t2 gai-t6 background.

Supplemental Figure S3. Effect of DELLA mutations on reproductive and
vegetative phase change.
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