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Gibberellins negatively regulate low
temperature-induced anthocyanin accumulation
in a HY5/HYH-dependent manner
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Low temperature could significantly induce anthocyanin accumulation in the presence of light. Recently, two bZIP
transcription factors LONG HYPOCOTYL 5 (HY5) and HOMOLOG OF HY5 (HYH) were identified to play an important
role in the process of low temperature-induced anthocyanin accumulation. However, the mechanism by which HY5/
HYH regulates anthocyanin accumulation under low temperature still remains unclear. Here, we found that the
gibberellins (GAs) could decrease but PAC (endogenous GAs biosynthesis inhibitor) increases the low temperature-
induced anthocyanin accumulation, implying that GAs signaling may involve in this process. Furthermore, the transcript
level of GA20x1, encoding a major member of bioactive GAs-deactivating enzymes, was significantly upregulated by
low temperature in a HY5/HYH-dependent manner. Moreover, hy5 hyh mutant was insensitive to PAC in enhancing
anthocyanin accumulation under low temperature. From these data we propose that, together with HY5/HYH, GA
signaling may play an important role during low temperature-induced anthocyanin accumulation.

Light, as the most influential environmental factor, not only
provides the source of energy for plant life, but also acts as a
signal affecting plant growth and development throughout
the entire life cycle from germination to flowering."? Light
perceived by photoreceptors will induce activation of genes in
photomorphogenesis as strikingly characterized by short hypo-
cotyls, cotyledon expansion and greening.’ Lots of downstream
components of photoreceptors have been identified, such as
Long Hypocotyl 5 (HY5) and HY5 Homolog (HYH).** HY5,
a bZIP protein, is the first known and most extensively stud-
ied transcription factor involved in promoting photomorpho-
genesis.* Mutation in HY5 will cause a defect in inhibition of
the hypocotyls elongation under all light conditions, suggesting
that HY5 acts downstream of all photoreceptors and HY5 is
crucial in light signaling.>*

Phytohormone gibberellins (GAs) control a wide range of
processes during plant development, including seed germina-
tion, leaf expansion, stem and root elongation, flowering time,
and flower and fruit development.® GA signaling is generally
believed to hinge to DELLA proteins, a family of nuclear
growth-repressing proteins.” The production of active GAs is
regulated through modulation of biosynthesis and inactiva-
tion. GA 2-oxidases (GA2o0x) can inactivate most active GAs.%’
Reduced bioactive GA levels will cause an increase of DELLA
proteins.”® It has been clearly proven that DELLAs are major
components of the adaptively significant mechanism via which

light regulates plant growth during photomorphogenesis.’!?
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Interestingly, recent reports indicated an important function of
DELLAs under environmental stresses. It was found that salt
stress partially induces DELLA protein stabilization and accu-
mulation and restricts plant growth.'"> Moreover, DELLA pro-
teins will accumulate to a relative high level after cold treatment
and also will confer higher freezing tolerance in Arabidopsis
plants.'

Anthocyanins are often induced by many environmental
factors, such as light, low temperature and so on.” It has been
shown that HY5/HYH play an important role during low tem-
perature-induced anthocyanin accumulation.'® However, how
HY5/HYH function in this process still remains elusive. Given
that GAs are involved in both light singling and low temperature

#1016 whether GA signaling is involved in low temper-

response,
ature-induced anthocyanin accumulation becomes a question
to be addressed. Very interestingly, it was found that exogenous
GA, (an active form of GAs) significantly reduced the level of
low temperature-induced anthocyanin, whereas PAC conversely
increased anthocyanin level (Fig. 1B). As a control, GA, and
PAC only slightly affect the anthocyanin levels at normal tem-
perature (23°C) (Fig. 1A). This result at least suggests that GAs
could negatively regulate low temperature-induced anthocyanin
accumulation, although it’s still unknown whether GAs regu-
lates this process directly or indirectly through deregulation of
DELLAs. However, Achard et al. recently indicated that RGA,
a main DELLA member in Arabidopsis, accumulated after low

16

temperature treatment,'® implying that the negative regulation
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Figure 1. Effects of exogenous GA, and PAC on anthocyanin accumu-
lation. Col-0 seedlings grown at control condition for four days were
treated by exogenously supplied 10 uM GA, and 1 uM PAC at 23°C (A),
or different concentration of GA, and 10 uM PAC at 4°C (B) for 3 days.
Data are mean values + SE of at least four independent experiments.
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Figure 3. Effect of PAC (1 M) on anthocyanin contents in Col-0, hy5,
WS and hy5 hyh at 4°C. Four-day-old seedlings were treated at 4°C in
the presence of constant white light for three days, and anthocyanin
contents of the seedlings were determined. Data are mean values + SE
of at least four independent experiments.
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Figure 2. Effect of low temperature (4°C) on the expression of GA2o0x1.

(A) Col-0 and WS plants grown for four days in the control condition were
treated under low temperature in the presence of constant white light for
indicated time. (B) Low temperature induced upregulation of GA20x1 is
impaired in hy5, hyh and hy5 hyh mutants. Four-day-old seedlings of Col-
0, WS, hy5, hyh and hy5 hyh were treated under low temperature (4°C) in
the presence of constant white light for 6 h. The gel images shown here

are representative of up to three independent experiments.

of low temperature-induced anthocyanin accumulation by GAs
is likely achieved by DELLAs degradation. Low temperature
was able to stimulate GA20x! expression, as a result, endogenous
GAs decreased and DELLAs accumulated.'® We also found that
low temperature markedly upregulated the GA20xI expression
(Fig. 2A). Moreover, it was intriguing that this upregulation
was strongly impaired in 4y5 and Ay5 hyh mutants (Fig. 2B),
indicating that the effect of low temperature treatment is HY5/
HYH-dependent.
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So, itwas proposed that the DELLAs accumulation under low
temperature might also be HY5/HYH-dependent. Accordingly,
PAC enhanced anthocyanin level under low temperature was
impaired in /y5 and hy5 hyh mutants (Fig. 3), implying that the
effect of DELLAs on anthocyanin accumulation is HYS/HYH-
dependent. In other words, the reduction of GAs enhanced
anthocyanin accumulation under low temperature may depend
on HY5/HYH. Interestingly, it was recently found that GAs
reduction in Arabidopsis seedlings could enhance HY5/HYH
activity.'” We assume that the accumulation of DELLAs under
low temperature could enhance the anthocyanin accumula-
tion through enhancing the HY5/HYH transcription activity.
In a word, HY5/HYH plays a central role during this process.
Figure 4 represents a proposed model of how HY5/HYH and
GA signaling regulate low temperature-induced anthocyanin
accumulation: in the presence of light, low temperature elevates
GAZ20x1 expressions in the presence of HY5/HYH; increased
GA20xI expression results in decrease of endogenous active GAs
and induction of DELLA protein accumulation, which in turn
enhance the transcription activity of HY5 and HYH on the
expression of DFR. However, more investigation is still needed
to clearly identify the role of both HY5/HYH and GA signaling

in low temperature inducing anthocyanin accumulation.

Acknowledgements

The authors thank Prof. Xing-Wang Deng of Yale University
for providing the seeds of Ararbidopsis mutants Ay5, hyh
and hy5 hyh. This work was supported by the National High
Technology Research and Development Program (863 Program)
(2007AA021401), the Major Project of Cultivating New
Varieties of Transgenic Organisms (20092X08009-029B), and
the Natural Science Foundation of China (No. 90917019).

Plant Signaling & Behavior 633



Low temperature

Anthocyanin <—— DFR <«—— HY5/HYH —> GAZ2ox1

DELLAs

—=——— GAS

degradation

Figure 4. A flow scheme based on the results obtained from our studies and others showing com-
ponents involved in signal transduction under low temperature inducing anthocyanin accumula-
tion. Arrowheads and tees indicate positive and negative regulation, respectively.
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