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Plant morphogenesis is profoundly influenced by light (a phenomenon known as photomorphogenesis). For example, light
inhibits seedling hypocotyl growth via activation of phytochromes and additional photoreceptors. Subsequently, information is
transmitted through photoreceptor-linked signal transduction pathways and used (via previously unknown mechanisms) to
control hypocotyl growth. Here we show that light inhibition of Arabidopsis (Arabidopsis thaliana) hypocotyl growth is in part
dependent on the DELLAs (a family of nuclear growth-restraining proteins that mediate the effect of the phytohormone
gibberellin [GA] on growth). We show that light inhibition of growth is reduced in DELLA-deficient mutant hypocotyls. We also
show that light activation of phytochromes promotes the accumulation of DELLAs. A green fluorescent protein (GFP)-tagged
DELLA (GFP-RGA) accumulates in elongating cells of light-grown, but not dark-grown, transgenic wild-type hypocotyls.
Furthermore, transfer of seedlings from light to dark (or vice versa) results in rapid changes in hypocotyl GFP-RGA accumu-
lation, changes that are paralleled by rapid alterations in the abundance in hypocotyls of transcripts encoding enzymes of GA
metabolism. These observations suggest that light-dependent changes in hypocotyl GFP-RGA accumulation are a consequence
of light-dependent changes in bioactive GA level. Finally, we show that GFP accumulation and quantitative modulation of
hypocotyl growth is proportionate with light energy dose (the product of exposure duration and fluence rate). Hence, DELLAs
inhibit hypocotyl growth during the light phase of the day-night cycle via a mechanism that is quantitatively responsive to
natural light variability. We conclude that DELLAs are a major component of the adaptively significant mechanism via which

light regulates plant growth during photomorphogenesis.

Plants sense specific characteristics of the light envi-
ronment (including light quality, intensity, and dura-
tion of exposure) and hence can adaptively optimize
growth and development in ways appropriate to pre-
vailing environmental conditions. The potency of light
as a modulator of plant developmental programs is
powerfully illustrated by the extreme morphological
differences that exist between plants grown in the light
(and exhibiting photomorphogenesis) and plants grown
in the dark (and exhibiting skotomorphogenesis;
Kendrick and Kronenberg, 1994). These differences
prompted the identification of Arabidopsis (Arabidopsis
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thaliana) mutants that are compromised in their ability
to undergo normal photomorphogenesis. Many of
these mutants were firstidentified because they display
altered photomorphogenesis in an organ known as the
hypocotyl. The Arabidopsis hypocotyl is an embryonic
stem structure that elongates substantially during seed
germination and seedling establishment. Hypocotyl
elongation growth is the product of the expansion of
hypocotyl cells and light inhibits hypocotyl growth
by inhibiting hypocotyl cell expansion (Cowling and
Harberd, 1999). Accordingly, wild-type Arabidopsis
seedlings exhibit a short, relatively unexpanded hypo-
cotyl when grown in the light, and a tall, expanded hypo-
cotyl when grown in the dark. Mutant screens led to the
identification of mutants that exhibit a tall hypocotyl in
the light (for review, see Whitelam and Harberd, 1994)
and initiated genetic analysis of photomorphogenesis.

These genetic studies, in combination with addi-
tional information from physiological and biochemical
approaches, have brought us to our current advanced
level of understanding of the mechanisms of light sig-
naling in photomorphogenesis (for review, see Chen
et al., 2004). For example, we now know that light is
detected by several different families of plant photo-
receptors, prominent among which are the red (R)/
far-red (FR) light-detecting phytochromes and the blue
light-detecting cryptochromes and phototropins (Quail,
2002; Chen et al., 2004). Downstream of photorecep-
tor function, signals are transduced by a network of
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specific (and shared) signaling pathways and then
integrated at the level of growth regulation (Chen
et al., 2004).

The R/FR-responsive phytochromes are perhaps the
best understood plant photoreceptor system and play
key roles in the regulation of growth and development
throughout the plant life cycle (Quail, 2002). The Arabi-
dopsis genome encodes five distinct phytochromes,
phytochrome A to phytochrome E (phy A-phyE), among
which phyA and phyB have particularly important
functions in regulating seedling development in re-
sponse to light (Quail, 2002). During hypocotyl growth,
phyA exclusively confers responsivity to continuous
FR light signals, whereas phyB primarily confers re-
sponsivity to continuous R light signals. Thus, a phyA
mutant (lacking phyA function) displays an elongated
hypocotyl in continuous FR light, whereas a phyB
mutant displays an elongated hypocotyl in continuous
white light and R light, but not in FR light (Dehesh
etal., 1993; Nagatani et al., 1993; Whitelam et al., 1993).
In wild-type plants, continuous FR light activates the
phyA photoreceptor and thus inhibits hypocotyl
growth, whereas continuous R light inhibits hypocotyl
growth via activation of the phyB photoreceptor. How-
ever, the mechanisms via which hypocotyl growth is
inhibited in response to photoreceptor activation re-
main unclear.

To further understand the mechanism of light-
mediated hypocotyl growth inhibition, we focused our
attention on the gibberellin (GA)-DELLA growth reg-
ulatory system. The phytohormone GA is well known
to be a promoter of growth during various phases of
the plant life cycle: Seed germination, vegetative
growth, initiation of flowering, floral, and fruit devel-
opment are all stimulated by GA (Richards et al., 2001).
In addition, GA is known to control the growth of
Arabidopsis hypocotyls in both light and dark (Reed
et al., 1996; Cowling and Harberd, 1999). GA-deficient
mutant Arabidopsis plants are dwarfed, late flower-
ing, and infertile, whereas treatment with GA restores
normal growth (Richards et al., 2001). GA promotes
growth by overcoming the effects of the DELLA pro-
teins (DELLAs; Peng et al., 1997; Silverstone et al., 1998;
Dill and Sun, 2001; King et al., 2001), which are nuclear
growth repressors, a subset of the GRAS family of
candidate transcriptional regulators (Richards et al.,
2001; Bolle, 2004). The Arabidopsis DELLAs comprise
GAI, RGA, RGL1, RGL2, and RGL3 (Peng et al., 1997;
Dill and Sun, 2001; Silverstone et al., 2001; Lee et al.,
2002; Wen and Chang, 2002), and recent genetic anal-
yses have revealed both distinct and overlapping
functions for individual DELLAs in the regulation of
plant development (Lee et al., 2002; Cheng et al., 2004;
Tyler et al., 2004; Yu et al., 2004; Achard et al., 2006).

According to the relief-of-restraint model (Harberd,
2003), DELLAs restrain plant growth, whereas GA
promotes growth by overcoming DELLA-mediated
growth restraint (Harberd et al., 1998; Dill and Sun,
2001; King et al., 2001; Silverstone et al., 2001; Harberd,
2003). GA relieves DELLA restraint by promoting the
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disappearance of nuclear DELLAs (Silverstone et al.,
2001; Fleck and Harberd, 2002). In Arabidopsis, GA is
detected by the GA receptor AtGID1 (Nakajima et al.,
2006). Binding of GA to AtGID1 promotes interaction
of AtGID1 with the DELLAs (Nakajima et al., 2006),
subsequent polyubiquitination of the DELLAs via the
E3 ubiquitin-ligase SCF*™!, and eventual destruction
of DELLAs in the 265 proteasome (McGinnis et al.,
2003; Sasaki et al., 2003; Dill et al., 2004; Fu et al., 2004).
Thus, DELLAs restrain plant growth, whereas GA
promotes growth by targeting the DELLAs for destruc-
tion (Harberd, 2003).

Whereas several previous studies have linked GA-
mediated growth regulation with photomorphogenesis
(e.g. Reed et al., 1996; Peng and Harberd, 1997; Ait-ali
et al., 1999; Alabadi et al., 2004), none have systemat-
ically investigated the role of DELLAs in light-mediated
growth regulation. Recent advances have led to the
development of Arabidopsis mutant lines that are
multiply DELLA deficient and to the use of these lines
in experiments that reveal the role of DELLAs in many
aspects of plant growth and development, including
those that are influenced by environmental conditions
(Lee et al., 2002; Cheng et al., 2004; Yu et al., 2004; Cao
et al.,, 2005; Achard et al., 2006). Here we describe
experiments that use these and other materials to de-
termine whether DELLAs contribute to light-mediated
hypocotyl growth inhibition. Essentially, we show that
multiply DELLA-deficient hypocotyls have reduced
capacity for light-induced hypocotyl growth inhibition
and that light promotes the accumulation of the green
fluorescent protein (GFP)-tagged DELLA RGA. We also
show that the overlapping and distinct light-signaling
pathways that originate with phyA and phyB both
impact on DELLA function in the regulation of growth
that characterizes photomorphogenesis. Thus, in na-
ture, DELLAs integrate the effects on growth of the
distinct signaling pathways activated following pho-
toactivation of phyA and phyB. We also show that
DELLAs regulate hypocotyl growth in response to
light energy dose by integrating information that
reflects irradiance (fluence rate) and duration of light
exposure. Our demonstration that the abundance of
transcripts encoding enzymes of GA metabolism is
rapidly altered by light-dark transitions suggests that
light alters bioactive GA levels and regulates DELLA
activity accordingly. We conclude that DELLA re-
straint is a component of the mechanism via which
light-signaling pathways inhibit hypocotyl elongation
and propose that DELLAs contribute significantly to
the regulation of growth that characterizes photomor-
phogenesis as a whole.

RESULTS

Light Inhibits Hypocotyl Growth via the GA-DELLA
Signaling Mechanism

We further investigated the relationship between
GA and light in the regulation of hypocotyl growth in

Plant Physiol. Vol. 143, 2007



14

12
10
8 -
6 -
4 -

Hypocotyl length (mm)

2 -

RO GRS
BRI
SR &
&S &
%(,\\, %ﬂ)\,

Figure 1. Light inhibits hypocotyl growth via a DELLA-dependent
mechanism. Comparison of hypocoty! lengths of 7-d-old wild-type,
gal-3, quadruple-DELLA mutant, and ga7-3 quadruple-DELLA mutant
seedlings grown in white light (white bar) or in the dark (black bar).
Results are presented as means; error bars represent st.

experiments using the Arabidopsis gal-3 mutant (a
mutant that is substantially GA deficient; Sun et al.,
1992; Sun and Kamiya, 1994; King et al., 2001). Whereas
wild-type seedlings grown in continuous light had
shorter hypocotyls than dark-grown controls, the dif-
ferences between light- and dark-grown gal-3 mutant
hypocotyl lengths were considerably smaller (Fig. 1).
Furthermore, ga1-3 hypocotyls grown in continuous
light were of similar length to wild-type controls (Fig.
1), whereas dark-grown gal-3 hypocotyls were mark-
edly shorter than dark-grown wild-type hypocotyls
(Fig. 1; see also Cowling and Harberd, 1999; Alabadi
et al.,, 2004). Thus, GA plays a particularly prominent
role in the regulation of hypocotyl growth in the dark.

GA promotes many aspects of the growth of plants
by targeting the growth-restraining DELLAs for de-
struction in the cellular proteasome, thus overcoming
DELLA restraint of growth (Harberd, 2003; McGinnis
et al., 2003; Sasaki et al., 2003; Dill et al., 2004; Fu et al.,
2004). To determine whether GA promotes hypocotyl
growth by this same mechanism, we studied multiple
mutant lines that are substantially lacking in DELLA
function. The Arabidopsis genome encodes five DELLAs
(GAI, RGA, RGL1, RGL2, and RGL3; Chen et al., 2004).
The quadruple-DELLA mutant line lacks GAL RGA,
RGL1, and RGL2 (but retains RGL3), whereas the gal-3
quadruple-DELLA line lacks the same set of DELLAs
on the gal-3 background (Cao et al.,, 2005; Achard
et al., 2006). We found that continuous light-grown
quadruple-DELLA and gal-3 quadruple-DELLA mu-
tant hypocotyls grew to approximately twice the
length of wild type and gal-3 controls (Fig. 1). Fur-
thermore, substantial lack of DELLA function (as in
the gal-3 quadruple-DELLA line) completely sup-
pressed the short-hypocotyl phenotype of dark-grown
gal-3 seedlings (Fig. 1; see also Alabadi et al., 2004).
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Thus, DELLA function restrains hypocotyl growth in
both light and dark.

DELLA-Dependent Light-Mediated Regulation of
Hypocotyl Growth Is Affected by Photoperiod Duration

In nature, plants are exposed to the alternating pe-
riods of light and darkness that correspond to the
day-night cycle. We next found that DELLAs inhibit
hypocotyl growth to a degree proportionate to day-
length (Fig. 2). Whereas wild-type and quadruple-
DELLA mutant hypocotyl length was identical in
darkness (wild-type/quadruple-DELLA hypocotyl
length ratio approximating 1), the difference in hypo-
cotyl length between these two lines increases progres-
sively with increase in daylength (Fig. 2). Conversely,
whereas the lengths of gal-3 and wild-type hypocotyls
were very different in darkness (gal-3/wild-type hy-
pocotyl length ratio approximating 0.2), the difference
in hypocotyl length between these two lines decreases
progressively as daylength increases (Fig. 2). Thus, in
wild-type plants, increases in daylength cause in-
creases in both hypocotyl growth inhibition and the
relative contribution that DELLA restraint makes to
that inhibition. Conversely, in GA-deficient plants, in-
creases in daylength progressively reduce the growth-
inhibitory effects of GA deficiency on hypocotyl
growth, suggesting that GA becomes less critical for
hypocotyl growth as the light period increases.

Light-Mediated Hypocotyl Growth Inhibition Is
Associated with DELLA Accumulation

We next showed that DELLA-dependent light-
induced hypocotyl growth inhibition is associated
with DELLA accumulation. pRGA:GFP-RGA seedlings
express a GFP-RGA fusion protein that is detectable in
root cell nuclei and destroyed rapidly in response to
GA treatment (Silverstone et al., 2001; Achard et al.,
2003). Because light inhibits hypocotyl growth via a
DELLA-dependent mechanism, we determined the

0.8
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Ratio of hypocotyl length

Figure 2. DELLA-dependent light-mediated inhibition of hypocotyl
growth is affected by photoperiod duration. Comparison of hypocotyl
length ratios: wild type/quadruple-DELLA mutant (black bar) versus
gal-3/wild type (white bar) grown in different photoperiods as indi-
cated. Results are presented as the ratio between the means of
hypocotyl length; error bars represent s.

1165



Achard et al.

effect of light on GFP-RGA in nuclei of elongating cells
of the hypocotyl. We found that nuclear fluorescence
attributable to GFP-RGA was readily detectable in the
elongation zone of hypocotyls of light-grown pRGA:
GFP-RGA seedlings, but not in hypocotyls of dark-
grown controls (Fig. 3A). These observations suggest
that RGA accumulates in nuclei of elongation zone
cells in light-grown (but not in dark-grown) wild-type
hypocotyls, thus contributing to light-mediated inhi-
bition of hypocotyl growth. In contrast, GFP-RGA was
clearly detectable in both light-grown and dark-grown
ga1-3 pPRGA:GFP-RGA hypocotyls (Fig. 3A). The con-
sistency of these observations with the previous hy-
pocotyl growth data (Fig. 1) suggests that wild-type
and ga1-3 hypocotyls are of similar length when grown
in continuous light because they sustain a similar level
of DELLA accumulation. Conversely, dark-grown
wild-type and ga1-3 hypocotyls are of different lengths
largely because DELLAs accumulate in dark-grown
gal-3 hypocotyls, but not in wild-type controls.

In subsequent experiments, we determined the ki-
netics of change in a detectable level of nuclear GFP-
RGA fluorescence following transfer of plants from
light to dark (and following the reciprocal transfer; Fig.
3A). We found that GFP-RGA fluorescence in hypo-
cotyl nuclei had largely disappeared within 1 h of
transfer of pRGA:GFP-RGA seedlings from light to
dark, and that GFP-RGA remained undetectable during
subsequent hours of darkness (Fig. 3A). Conversely,
hypocotyls of dark-grown seedlings began to exhibit
detectable nuclear GFP-RGA fluorescence within 2 h of
onset of light exposure, with subsequent increase in
nuclear GFP-RGA level that plateaued at 4 h and
beyond (Fig. 3A). Thus, the rate at which GFP-RGA is
destroyed in darkness appears to be faster than the rate
at which it accumulates in the light. These dynamic
light-dependent changes in GFP-RGA level are not
seen in gal-3 pRGA:GFP-RGA hypocotyls (Fig. 3A),
presumably because they are dependent on the mod-
ulation of GA level (Silverstone et al., 2001). In addition,
we found that these effects of light on GFP-RGA
accumulation were a consequence of light itself and
were not circadian clock dependent (data not shown).

We confirmed that the increase in hypocotyl cell
GFP-RGA fluorescence that occurred following trans-
fer of seedlings from dark to light (Fig. 3A) was
genuinely associated with an increase in GFP-RGA
protein level via immunodetection of GFP-RGA (using
an anti-GFP antibody; Fig. 3B). This experiment re-
vealed a progressive increase in the level of immuno-
logically detectable GFP-RGA that was proportionate
to the duration of light exposure (Fig. 3B).

Light Regulates the Levels of Transcripts Encoding
Enzymes of GA Metabolism

Reduced bioactive GA level (as in ga1-3) causes an
increase in DELLA accumulation and consequent
growth inhibition (e.g. Silverstone et al.,, 2001; Fu
et al., 2004). We next investigated the possibility that
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light-induced accumulation of DELLAs in seedling
hypocotyls might be the result of light-induced effects
on GA metabolism, thus causing a reduction in the
levels of bioactive GA. Indeed, several previous reports
indicate that light affects GA metabolism via modula-
tion of the levels of gene transcripts encoding GA
biosynthesis enzymes (e.g. Yamaguchi et al.,, 1998;
Garcia-Martinez and Gil, 2001). Bioactive GA levels
are increased by increasing the level of transcripts
encoding GA 20-oxidase (GA20ox) and GA 3-oxidase
(GA3ox), enzymes that catalyze successive steps in the
synthesis of bioactive GA (Chiang et al., 1995; Phillips
et al., 1995). Conversely, bioactive GA levels are re-
duced by increasing the level of transcripts encoding
GA 2-oxidase (GA20x), an enzyme that deactivates
bioactive GA (Thomas et al., 1999).

Previous experiments have shown that light
(phytochrome-mediated R/FR light) regulates GA me-
tabolism genes during Arabidopsis seed germination
(Yamaguchi et al., 1998). We therefore determined the
effects of light on the accumulation of selected GA
metabolism gene transcripts in Arabidopsis seedling
hypocotyls. We found that hypocotyls grown in the
dark accumulate relatively high levels of GA20ox1
(encoded by the GA5 gene) and low levels of GA2ox
transcripts (Fig. 4). Conversely, when grown in con-
tinuous light, hypocotyls contain relatively high
amounts of GA2ox transcripts (particularly with re-
spect to the GA20x1 transcript) and accumulate rela-
tively low levels of GA5. These observations indicate
that the biosynthesis and accumulation of bioactive
GA is promoted in dark-grown seedling hypocotyls
(due to a combination of high GA20ox and low GA20x
activity), whereas deactivation of bioactive GA is pro-
moted in dark-grown seedling hypocotyls (due to the
combination of low GA20ox and high GA2ox activity).
Thus, in dark-grown hypocotyls, the relatively high
level of bioactive GA targets DELLAs for destruction
(Fig. 3A) and promotes hypocotyl growth (Fig. 1).
Conversely, in light-grown hypocotyls, the relatively
low level of bioactive GA favors DELLA accumulation,
thus promoting repression of hypocotyl growth.

We also examined the dynamics of GA metabolism
gene transcript levels in seedlings transferred from
dark to light (or vice versa). Movement of seedlings
from dark to light resulted, within 1 h, in pronounced
accumulation of GA20x1 transcripts (and, to a lesser
extent, GA20x2 and GA20x3 transcripts) and a corre-
sponding decrease in GA5 and GA4 (which encodes
for the GA3ox1 enzyme) transcript levels in seedling
hypocotyls. This sudden change in gene transcript
levels presumably has two consequences. First, the
increase in GAZ2ox transcript levels results in rapid
deactivation of the bioactive GA that was produced
during the preceding dark period. Second, the de-
crease in GA5 and GA4 transcript levels reduces the
production of further active GA.

Previous work has shown that increased DELLA
activity (e.g. as seen in the GA-deficient gal-3 mutant
or in the constitutively DELLA-restraining gai mutant)

Plant Physiol. Vol. 143, 2007
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results in increased levels of GA4 and GA5 transcripts
due to perturbation of a DELLA-dependent negative
feedback loop (Cowling et al., 1998; Xu et al., 1999). Itis
possible that the slight increase in GA4 and GA5
transcript levels observed between 2 and 4 h of light
exposure (Fig. 4) is due to such a mechanism. How-
ever, the light/dark-mediated sudden changes in
levels of GA metabolism gene transcripts described
above are consistent with the hypothesis that light-
dependent changes in bioactive GA level contribute to
the DELLA-dependent effect of light on hypocotyl
growth.

Light Has No Detectable Effect on the Levels of
Transcripts Encoding GA-Signaling Components

In addition to the above-described changes in GA
metabolism, the light-mediated GFP-RGA accumula-
tion demonstrated in Figure 3 might also have been the
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gal-3 Figure 3. Light promotes accumulation of GFP-
RGA in seedling hypocotyls. A, GFP fluores-
cence in nuclei of elongating cells of hypocotyls
of 7-d-old pRGA:GFP-RGA or gal-3 pRGA:
GFP-RGA seedlings grown in white light or in
the dark and then transferred to dark or light,
respectively; times as indicated. Arrows indicate
nuclear GFP-RGA fluorescence. B, Immuno-
detection of GFP-RGA in hypocotyls of pRGA:
GFP-RGA seedlings grown in the dark for 5 d
and then transferred to white light for 8 or 16 h.
B-Tubulin serves as a sample-loading control.

consequence of light-dependent modulation of the
levels of transcripts encoding components of the GA-
signaling pathway. As outlined in the introduction,
GA is perceived by AtGID1 receptors (Nakajima et al.,
2006), thus enhancing the affinity between the DELLAs
and a specific SCF E3 ubiquitin-ligase complex, in-
volving the F-box proteins SLEEPY1 (SLY1) and
SLEEPY2 (SLY2; Fu et al., 2004; Strader et al., 2004)
and promoting the eventual destruction of DELLAs in
the 265 proteasome. We therefore analyzed the accu-
mulation of transcripts encoding RGA, SLY1, SLY2,
AtGIDla, and AtGID1b in dark- and light-grown
seedlings. As shown in Figure 4, exposure to light or
dark had no detectable effect on the levels to which
these transcripts accumulated. Thus, the accumulation
of the GFP-RGA signal in light-treated seedlings (Fig.
3) is unlikely to be due to light-induced enhancement
of GFP-RGA transcript levels or to a decrease in SLY1,
SLY2, AtGID1a, or AtGID1b transcript levels.
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Figure 4. Light regulates the transcript level of GA metabolism genes.
Levels of GA metabolism GA5 (GA20ox1), GA4 (GA3ox1), GA20x1,
GA20x2, and GA20x3, and GA-signaling RGA, SLY1, SLY2, AtGID1a,
AtGID1b gene transcripts (determined by reverse transcription-PCR) in
7-d-old seedling hypocotyls grown in white light (L) or in the dark (D),
then transferred to dark or light, respectively, for the time as indicated
(1-24 h). ELF4a transcripts provide loading control.

Activated Phytochrome Inhibits Hypocotyl Growth
by Promoting Accumulation of DELLAs
in Response to Light

We next began to characterize those regions of the
light spectrum that contribute to DELLA-dependent
light-mediated inhibition of hypocotyl growth, first
assaying the FR and R light regions of the spectrum
that are particularly associated with the phytochrome
family of photoreceptors (Quail, 2002).

As shown previously for continuous white light
(Fig. 1), we found that quadruple-DELLA mutant hy-
pocotyls were longer than wild-type hypocotyls in
both FR and R (Figs. 5A and 6A). Furthermore, the
short-hypocotyl phenotype exhibited by gal-3 in R
was suppressed in the gal-3 quadruple-DELLA line
(Fig. 6A). Thus, there is a DELLA-dependent compo-
nent to the mechanism via which both R and FR inhibit
hypocotyl growth.

The phyA photoreceptor is the predominant detec-
tor of FR during seedling hypocotyl growth. Accord-
ingly, phyA-1 loss-of-function mutant hypocotyls are
longer than wild-type hypocotyls in FR (Whitelam
et al., 1993; Johnson et al., 1994; Fig. 5A). To further
characterize the role of DELLAs in phyA-mediated
hypocotyl growth inhibition, we studied the GA re-
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sponse mutant gai (Peng and Harberd, 1993). The gai
mutant allele encodes a mutant gai form of GAI that is
relatively resistant to the effects of GA (Peng et al,,
1997; Fu et al., 2004) and thus constitutively represses
growth. The length of FR-grown phyA-1 gai double-
mutant hypocotyls was intermediate between that of
phyA-1 and gai (Fig. 5A). Thus, the constitutive growth
repression conferred by gai reduces FR-grown phyA-1
mutant hypocotyl growth, further indicating that FR-
activation of phyA inhibits hypocotyl growth via a
mechanism that contains a DELLA-dependent com-
ponent. The fact that FR-grown gai and phyA-1 gai
hypocotyls are not of identical length indicates the
existence of an additional DELLA-independent mech-
anism via which activated phyA inhibits hypocotyl
growth. In further experiments, we determined the ef-
fect of the phyA-mediated FR signal on the accumu-
lation of GFP-RGA (Fig. 5B). GFP-RGA accumulated to
higher levels in FR-treated pRGA:GFP-RGA seedlings
than in FR-treated phyA-1 pRGA:GFP-RGA seedlings,
thus indicating that FR modulation of GFP-RGA levels
is at least partially phyA dependent.

Whereas phyA inhibits hypocotyl growth in FR,
phyB plays a predominant role in inhibition of hypo-
cotyl growth in R and white light (Reed et al., 1993;
Whitelam et al., 1993). We next investigated the role of
phyB in the DELLA-dependent light-mediated inhibi-
tion of seedling hypocotyl growth, using the phyB-1
mutant (which lacks phyB function; Reed et al., 1993).
In these experiments, we compared the kinetics of
GFP-RGA accumulation following the transfer of
pRGA:GFP-RGA and phyB-1 pRGA:GFP-RGA seedlings
from the dark to white light (as shown in Fig. 3).
Whereas immunodetectable GFP-RGA levels did not
obviously increase in phyB-1 pRGA:GFP-RGA hypo-
cotyls in the period between 1 and 2 h following onset
of light exposure, pRGA:GFP-RGA seedlings displayed
a large increase in GFP-RGA level during this period
(Fig. 6B). Thus, lack of phyB delays light-induced ac-
cumulation of GFP-RGA.

Taken together, the above results indicate that an
activated phytochrome (both phyA and phyB) contrib-
utes to the light-promoted accumulation of DELLAs.
In turn, DELLA accumulation promotes light-mediated
hypocotyl growth inhibition.

Hypocotyl Growth Inhibition and GFP-RGA
Accumulation Are Light Dose Dependent

The natural light environment varies with respect to
photoperiod duration and fluence rate, the total light
dose that plants receive being the product of these two
variables. We next investigated the effect of variation
in fluence rate on light-mediated DELLA-dependent
hypocotyl growth inhibition by comparing the growth
of wild-type and quadruple-DELLA mutant seedling
hypocotyls in different fluence rates of continuous
light. At low fluence rate (6 umol s ' m™?), we found
that wild-type hypocotyls were a little shorter than
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Figure 5. Involvement of DELLAs in PHYA-dependent FR-mediated
inhibition of hypocotyl growth. A, DELLAs contribute to the activated
PHYA-mediated inhibition of hypocotyl growth. Mean (*se) hypocoty!
length of 7-d-old wild type; gai; quadruple-DELLA mutant; phyA-T and
phyA-1 gai seedlings grown in FR light. B, Immunodetection of GFP-
RGA in 7-d-old pRGA:GFP-RGA and phyA-1 pRGA:GFP-RGA seed-
lings grown in continuous FR light. B-Tubulin (B-TUB) serves as a
sample-loading control.

quadruple-DELLA mutant hypocotyls (wild type/
quadruple-DELLA hypocotyl length ratio of approxi-
mately 0.75; Fig. 7A). As fluence rate increased, wild-
type hypocotyls became progressively shorter than
quadruple-DELLA mutant hypocotyls, such that at high
fluence rate (75 umol s~ m ?) wild-type hypocotyls
were considerably shorter than quadruple-DELLA
hypocotyls (wild type/quadruple-DELLA hypocotyl
length ratio of approximately 0.3; Fig. 7A). Thus, the
DELLA-dependent component of light-mediated hy-
pocotyl growth inhibition becomes increasingly prom-
inent with increased fluence rate.

We next investigated the combined effect of variation
in fluence rate and photoperiod duration on hypocotyl
growth (Fig. 7B) and found that the wild type/quadruple-
DELLA hypocotyl length ratio decreases proportion-
ately with an increase in light energy dose (the product
of photoperiod duration and fluence rate). For example,
the wild type/quadruple-DELLA hypocotyl length
ratio was approximately the same when seedlings
were exposed to 80 umol s~ m~? for an 8-h photo-
period or 40 umol s™' m~? for a 16-h photoperiod,
different combinations of fluence rate and exposure
duration that result in the same energy dose (Fig. 7B). In
contrast, when the photoperiod was maintained (16 h),
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but the fluence rate increased 2-fold (40-80 umol s~

m 2 Fig. 7B), the wild type/quadruple-DELLA hypo-
cotyl length ratio decreased 2-fold (Fig. 7B). Thus, the
degree to which DELLAs contribute to hypocotyl
growth inhibition is proportionate to the light energy
dose. In accord with this conclusion, we found that
accumulation of immunodetectable GFP-RGA was also
proportionate to light dose (Fig. 7C). For example, the
degree of GFP-RGA accumulation remained the same
when the photoperiod was increased 2-fold and fluence
rate halved (compare 80 umol s~* m~? per 8-h photo-
period with 40 umol s~' m ™2 per 16-h photoperiod; Fig.
7C). Conversely, maintenance of photoperiod with
increase in fluence rate (compare 40 umol s ' m ™~ per
16-h photoperiod with 80 umol s~' m™? per 16-h pho-
toperiod; Fig. 7C) resulted in a clearly detectable in-
crease inimmunodetectable GFP-RGA. Taken together,
the observations in Figure 7 indicate that DELLAs
accumulate in quantitative proportion to the light en-
ergy to which seedlings are exposed and that DELLAs
therefore contribute to light-mediated inhibition of
hypocotyl growth in a light dose-dependent fashion.

DISCUSSION

It has recently become apparent that DELLAs in-
tegrate endogenous and environmental cues in the
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Figure 6. DELLAs contribute to the activated PHYB-mediated inhibi-
tion of hypocotyl growth. A, Mean (*sg) hypocotyl length of 7-d-old
wild type, quadruple-DELLA, gal-3, and gal-3 quadruple-DELLA
seedlings grown in R light. B, Immunodetection of GFP-RGA in
hypocotyls of 4-d-old pRGA:GFP-RGA and phyB-1 pRGA:GFP-RGA
seedlings grown in the dark and then transferred to white light for 1 or
2 h as indicated. B8-Tubulin (8-TUB) serves as a sample-loading control.
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Figure 7. DELLA inhibition of hypocotyl growth A 1 B 1
is proportionate to light dose. A, Comparison of
wild type/quadruple-DELLA mutant hypocotyl
length ratio for 7-d-old seedlings grown in dark 08 - 0.8 -
(0 wmol s "' m™) or in the presence of contin- > -
uous white light at fluence rates of 6, 20, or & E
75 wmol s™' m~2. B, Comparison of wild type/ ; 0.6 - = 0.6 -
quadruple-DELLA mutant hypocoty! length ra- g z
tio for 7-d-old seedlings grown in photoperiod g §
(light duration per 24-h cycle)/fluence rate com- z 0.4 = 0.4
binations as indicated. C, Immunodetection of B B
GFP-RGA in hypocotyls of 5-d-old pRGA: GFP- 8 £
RGA seedlings grown in photoperiod (light ~ e )
duration per 24-h cycle)/fluence rate combina- 02 2
tions as indicated. B-Tubulin (8-TUB) serves as a
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regulation of plant growth (Achard et al., 2003, 2006;
Fu and Harberd, 2003; Alvey and Harberd, 2005).
DELLAs are nuclear growth repressors and GA re-
lieves DELLA restraint by promoting the destruction
of DELLAS in the proteasome (Silverstone et al., 2001;
Dill et al., 2004; Fu et al., 2004). Thus, DELLAs inte-
grate a growth response output to the diverse signal-
ing pathway inputs that alter GA levels.

Light plays a major role in the environmental regu-
lation of growth and development, controlling growth
at almost every stage of the life cycle from seed germi-
nation to floral induction. The effects of light are par-
ticularly dramatic during seedling establishment when
light inhibits hypocotyl growth. Previous studies have
shown GAs promote skotomorphogenetic growth of
Arabidopsis and pea (Pisum sativum) seedlings grown
in darkness (Cowling and Harberd, 1999; Alabadietal.,
2004). Furthermore, a rapid decrease in the levels of
bioactive GA,; has been observed upon transfer of
etiolated pea seedlings into light (Ait-ali et al., 1999;
Gil and Garcia-Martinez, 2000; O'Neill et al., 2000).
Here we have shown that Arabidopsis GA metabolism
gene transcript levels change rapidly in response to
changes in the light environment. Whereas GA4 and
GAb transcripts (encoding GA3ox1 and GA20ox1 en-
zymes, respectively) are down-regulated within 1 h of
exposure of seedling hypocotyls to light, transcripts
encoding the GA20x1 enzyme are up-regulated within
the same period of time. Conversely, GA4 and GA5
transcripts are up-regulated and transcripts encoding
GA2o0x1 are down-regulated when seedling hypocotyls
are moved from light to dark. Accordingly, bioactive
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GA levels are expected to be relatively low in light-
grown and relatively high in dark-grown seedling
hypocotyls. In consequence, DELLAs accumulate to
higher levels in light-grown than in dark-grown hypo-
cotyls, causing light-grown hypocotyls to be shorter
than dark-grown hypocotyls. We therefore conclude
that DELLAs account for a major component of the
growth regulation that characterizes photomorpho-
genesis. This conclusion is confirmed by the obser-
vation that light-grown quadruple-DELLA mutant
hypocotyls are longer than light-grown wild-type
hypocotyls (Fig. 1). However, because light-grown
quadruple-DELLA mutant hypocotyls are not as long
as dark-grown wild-type hypocotyls (Fig. 1) and FR-
grown gai hypocotyls are shorter than FR-grown
phyA-1 gai hypocotyls, it is likely that additional
(DELLA-independent) growth regulatory components
also mediate photomorphogenetic growth regulation.

We have shown that quadruple-DELLA mutant hy-
pocotyls are longer than wild-type hypocotyls when
grown in continuous FR or continuous R light (where
activated phyA or phyB are, respectively, the most
predominantly acting phytochromes). We therefore
conclude that there is a DELLA-dependent component
of photomorphogenesis and that this component is a
downstream consequence of the light activation of
photoreceptors and their associated signal transduc-
tion cascades. In essence, our results indicate that
activated phytochromes cause a decrease in hypocotyl
levels of bioactive GAs, consequent accumulation of
DELLAs, and resultant inhibition of hypocotyl growth.
It is possible (but currently untested) that additional
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photoreceptors (e.g. the cryptochrome and photo-
tropin photoreceptors and their respective signal
transduction cascades; Chen et al., 2004) also regulate
photomorphogenesis via effects on DELLA function.

We observed rapid changes in GFP-RGA level as a
consequence of the change from a dark to a light
environment (or vice versa), suggesting that plants
use the DELLA restraint mechanism to rapidly adapt
their growth rate in response to the prevailing light
environment. In the specific case of Arabidopsis hypo-
cotyls grown in day/night cycles, onset of light inhibits
growth by promoting DELLA accumulation; onset of
dark promotes growth by reducing DELLA accumula-
tion. We also found that DELLAs enable plants to
integrate information about the light environment (du-
ration of exposure, fluence rate), allowing responses
appropriate to the total energy of light to which they are
exposed. Thus, DELLA integration likely conditions
appropriate response to natural variation in the light
environment (e.g. shade, cloud cover, etc.).

Recent years have seen impressive progress in the
genetic and molecular definition of the mechanisms of
plant photoperception and subsequent signaling
events (Chen et al., 2004). However, until now, it has
not been clear how these initial signaling steps connect
during photomorphogenesis to the basic growth ma-
chinery of the plant. Our results indicate that light
regulates growth in part by modulating the level
of accumulation of nuclear DELLAs (by altering GA
levels). Thus, growth regulatory DELLAs are a key
component of the mechanism via which light signals
are transduced into changes in growth.

MATERIALS AND METHODS
Plant Material

All experiments used the Landsberg erecta laboratory strain of Arabidopsis
(Arabidopsis thaliana) as genetic background. The gal-3, gai, quadruple-DELLA
(gai-t6 rga-t2 rgll-1 rgl2-1), gal-3 quadruple-DELLA, pRGA:GFP-RGA, phyA-1,
and phyB-1 lines were as described previously (Sun et al., 1992; Reed et al.,
1993; Whitelam et al., 1993; Chen et al., 2004; Fu et al., 2004; Cao et al., 2005;
Achard et al., 2006). The phyA-1 gai, phyA-1 pRGA:GFP-RGA, phyB-1 pRGA:
GFP-RGA, and gal-3 pRGA:GFP-RGA lines were isolated from F; progeny of
the appropriate crosses.

Hypocotyl Growth Experiments

All seeds were surface sterilized and placed on germination medium (GM)
plates (Achard et al., 2003) at 4°C for 4 d to synchronize germination. For
experiments involving gal-3, all lines were GA treated (10 um GA;) for 3 d at
4°C, then washed three times with distilled water before sterilization. Subse-
quently, plates were placed in vertical orientation in controlled environment
chambers (22°C) for 2 d in darkness before transfer to white or R light at
75 pmol s ™' m ™2 (or as indicated). After 5 d, plates were scanned and hypo-
cotyl length was measured using Image ] software (public domain; http://
rsb.info.nih.gov /ij) or SigmaScan Pro 5 software (Systat Software). FR growth
experiments were performed as previously described (Desnos et al., 2001). For
each set of experiments, at least 30 seedlings were measured.

Detection of GFP Fluorescence in Seedling Hypocotyls

Fluorescence due to GFP-RGA in the nuclei of cells of the elongation zone
of seedling hypocotyls (at a point roughly one-fourth the length of hypocotyls
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below the cotyledons) was determined as follows. pRGA:GFP-RGA-containing
lines were grown on GM plates for 2 d in darkness and subsequently either
maintained in the dark or transferred to white light for 5 d. Seedlings were
then exposed to dark or light for the time as indicated before observation of
hypocotyls by confocal microscopy (Achard et al., 2003).

Transcript Analysis

Total RNA was obtained from hypocotyls of 7-d-old seedlings grown on
GM in either continuous white light (at 75 umol s m™?) or darkness.
Seedlings were then transferred to dark or white light for the time as
indicated. Total RNA was extracted using TRIzol reagent (Gibco-BRL). Gen-
eration of complementary DNA, PCR amplification (18 cycles), and blot
analyses were as described previously (Achard et al., 2003). The primer pairs
used for PCR amplification were as previously described (Achard et al., 2003) or
as follows: GA5, 5'-cgcaagcagtttcaccggac-3’ and 5’'-gagctgettgeacegggege-3';
GA4, 5'-catcacctcaactactgega-3' and 5'-tcacctgtaccgaagcetggt-3'; GA2ox1,
5'-ccgaggaacacacttagcaag-3’ and 5’-ggcttcaacaattcgaaagg-3'; GA20x2, 5'-gag-
tgactcgtgectgagac-3' and 5'-ccttgtatgagagtagtcat-3'; GA20x3, 5'-tggtagaggaa-
gagctaaag-3’ and 5'-ctaagcttggtgactatagg-3'; SLY1, 5'-gcgcagtactaccgactctg-3'
and 5'-cgagaagatgagtttcactaag-3'; SLY2, 5'-gtcgtcggagaaacgtgtag-3' and
5'-cgttgtctgaaceggaaccg-3'; AtGID1a (At3g05120), 5'-gtttggtggeaatgagagaacg-3”
and 5'-ctaaacgcctcactgttcttec-3'; AtGID1b (At3g63010), 5'-catccagcatgtaatecc-
tttgg-3’ and 5'-cacttgtggaaactgtacacaacc-3'.

Immunoblot Analyses

PRGA:GFP-RGA seedlings were grown on GM in the presence of white
light (fluence rate and photoperiod as indicated) for 4 d. phyB-1 pRGA:GFP-
RGA seeds were germinated on GM plates in the dark for 4 d, then exposed to
light of 75 umol s™! m 2 for the time indicated. The hypocotyls were then
harvested and frozen in liquid nitrogen. phyA-1 pRGA:GFP-RGA (and control)
seeds were germinated on GM plates for 2 d in light then transferred to FR for
5d (Desnos et al., 2001). Whole seedlings were frozen in liquid nitrogen. Total
proteins were extracted with buffer (250 mm Tris-Hcl, pH 6.8; 4% SDS; 20%
glycerol; 0.2 m dithiothreitol), with subsequent western-blot analysis as
previously described (Achard et al., 2003; Fu et al., 2004).
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