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ROS-Induced anthocyanin production provides feedback protection by scavenging
ROS and maintaining photosynthetic capacity in Arabidopsis
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ABSTRACT
Anthocyanins are water-soluble pigments with antioxidant activities. In plants, multiple factors can trigger
the accumulation of anthocyanins, including chemicals and environmental factors. Reactive oxygen species
(ROS) are common by-products produced under different biotic and abiotic conditions and cause oxidative
stress when accumulated at a high level in plant cells. This in turn leads to the production of anthocyanins.
However, the mechanisms of ROS-induced anthocyanin accumulation and the role of anthocyanins in the
response of plants to different stresses are largely unknown. We have recently reported the cross-regulation
between ROS and anthocyanin production through analyzing ten Arabidopsis mutants covering the main
anthocyanin regulatory and biosynthetic genes grown under different ROS-generating stresses. Here, we
describe the general phenotypic response of anthocyanin mutants under normal and ROS-generating stress
conditions, showing the changing levels of anthocyanin accumulation and their sensitivity to stresses. In
addition, we propose a model that describes a particular gene interaction that highlights how the cross-
regulation mechanisms between ROS and anthocyanin production are essential for plant resistance to
various stresses through removing excessive ROS and maintaining photosynthetic capacity.
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In Arabidopsis, anthocyanins accumulate mainly in leaves
and stems with various levels of accumulation depending
on different developmental and environmental factors.1-4

The production of anthocyanins is catalyzed by a series of
enzymes in the anthocyanin biosynthetic pathway.5 The
genes encoding these enzymes are positively regulated by
three types of transcription regulators that form a protein
complex: MYB/bHLH/WD40.6 Anthocyanin biosynthetic
genes are generally in two groups: the early biosynthetic
genes (EBG), which form precursors for anthocyanins; and
late biosynthetic genes (LBG), which are down-stream genes
of this pathway.7 They are regulated by different members
of the three types of transcription regulators.8,9 Extensive
researches on the regulation of anthocyanin production
under different growth and developmental conditions have
been reported.4,6,10-12 Reactive oxygen species (ROS) are one
type of stress that are induced by developmental and envi-
ronmental stimuli, resulting in oxidative damage to the
cells. Among the enzymatic and non-enzymatic mechanisms
in maintaining the homeostasis of ROS in plant cells, the
accumulation of anthocyanin is reported to be important in
contributing to the protection against ROS.13,14 However,
the regulatory mechanisms between anthocyanin and ROS
in Arabidopsis are largely unknown.

Recently, we performed a systematic study on the cross-reg-
ulation between anthocyanin and ROS by analyzing the

phenotypic, physiological and molecular changes of ten
anthocyanin mutants having various accumulation levels
of anthocyanin under different stress conditions.15 Generally,
anthocyanin deficient mutants are sensitive to ROS and ROS-
generating stresses as the endogenous ROS are accumulated at
a high level in those mutants.15 This is further confirmed by
two facts: (1) supplementation of cyanidin to the growth
medium recovers the hypersensitivity of the anthocyanin defi-
cient mutants to ROS and (2) the radical scavenging activity of
those anthocyanin deficient mutants are reduced.15 However, a
gain-of-function mutant, pap1-D, which accumulates more
anthocyanin than wild-type (WT) plants shows the opposite
responses.15 A model for the general phenotypic responses of
anthocyanin mutants under different growth conditions is
shown in Fig. 1. Under normal growth conditions, anthocyanin
loss-of-function mutants (tt mutants) resembles the WT in
growth and development, except for the absence of anthocya-
nins which usually accumulate in the inflorescence, basal sec-
tion of the stem and back of the leaves. The growth and
development of the pap1-D mutant is also similar with WT,
but with an obvious accumulation of anthocyanin throughout
the whole plant (Fig. 1). Under ROS-generating stress condi-
tions, the growth of both WT and the tt mutants are inhibited,
reflected by the reduced plant size. The growth of the tt
mutants are even more reduced compared to the WT, indicat-
ing that they are more sensitive to ROS-generating stresses.
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However, the growth of the pap1-D mutant is not significantly
reduced (Fig. 1). In addition, the accumulation of anthocyanin
is significantly increased in WT under stress conditions. In con-
trast, the obvious senescence phenotype in the tt mutants is
observed with the leaves turning yellow. The whole plant of the
pap1-D mutant turns a dark purple colour due to the excess
accumulation of anthocyanin with reduced growth inhibition
(Fig. 1). These general responses for plants under different
growth conditions may vary depending on the plant material
and experimental conditions.16

In Arabidopsis, PAP, TT8 and TTG1 are the representa-
tive genes for the three components forming the protein
complex that regulates the expression of anthocyanin bio-
synthetic genes. We found that ROS induce the production
of anthocyanin by up-regulating the LBGs, such as TT3
and TT18, due to the up-regulation of PAP and TT8.15

Among all the anthocyanin mutants we used in the study,
the response of the tt8-6 mutant is particularly interesting.
Under normal growth conditions, no anthocyanin accumu-
lation was observed phenotypically in the tt8-6 mutant. In
contrast, under ROS-generating stresses, tt8-6 had a signifi-
cant increase in the accumulation of anthocyanin.15 There-
fore, we propose another model for the regulation of
anthocyanins production in the tt8 mutant under different
growth conditions as well as the physiological function of
anthocyanin in protecting plants against ROS (Fig. 2).
Under normal growth conditions, production of anthocya-
nins in Arabidopsis is maintained at a low level in most
tissues. However, in the tt8 mutant, the protein complex
regulating the expression of TT3 and TT18 is not as active
due to the loss of function of the TT8 gene, resulting in
the lack of anthocyanin production in the tt8-6 mutant.
Under ROS-generating stress conditions, the expression
levels of PAP and TT8 in the WT plants are up-regulated,
resulting in the up-regulation of TT3 and TT18 and

therefore leading to the significant induction of anthocya-
nins (Fig. 2).15 However, in the tt8-6 mutant, the expres-
sion of GL3 (an paralogue gene of TT8) and TT3 are still
up-regulated by stress,15 suggesting that GL3 can comple-
ment the loss-of-function of TT8 in the tt8 mutant to form
an alternative protein complex with PAP and TTG1 leading
to anthocyanin production (Fig. 2). Therefore, in a feed-
back loop, anthocyanins are produced due to ROS stress
and in turn protect plants from growth inhibition and cell
death by scavenging excess ROS (Fig. 2). This is supported
by the reduced radical scavenging activities of the anthocy-
anin deficient mutants and the increased level seen in the
PAP1-D mutant.15 It should be noted that this is not due
to changes in the expression levels of the genes encoding
the main ROS scavenging enzymes.15 Meanwhile, anthocya-
nins also function in preventing chlorophyll degradation
and in maintaining photosynthetic capacity (Fig. 2), as
shown by the expression patterns of the chlorophyll and
photosynthetic related genes in the mutants.15

Production of anthocyanin and the regulation mecha-
nisms are different under various growth and developmen-
tal conditions. The incorporation of other signaling
pathways such as hormone signaling makes the regulation
of anthocyanin production even more complex. For exam-
ple, DELLA and JAZ proteins are reported to promote
anthocyanin production, indicating the involvement of GA
and JA signaling in regulating anthocyanin production,
respectively3,10,17 Our models revealed a general mechanism
in the cross-regulation between anthocyanin and ROS, with
further research necessary to delineate the interactions of
other regulators with the components of the MYB/bHLH/
WD40 complex, the detailed regulatory mechanisms of
anthocyanin production under specific developmental stage
or growth stimulus and the construction of a regulatory
network for anthocyanin production.

Figure 1. General phenotypic responses of anthocyanin mutants under different growth conditions. The color heatmap on the right-bottom corner represents the color change of
the plant under different growth conditions. Green colour indicates the optimal growth status of the plants. Yellow colour indicates the sensitivity of plants to stress. Different
intensity of purple indicates various levels of anthocyanin accumulation. The relative plant size reflects the relative sensitivity of plants to different growth condition.
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Figure 2. Model for the regulation of anthocyanin production in the tt8 mutant under different growth conditions and the physiological functions of anthocyanin in pro-
tecting plants against ROS. Expression of GL3 complements the loss-of-function of TT8 in the tt8 mutant only under stress conditions. The pointed arrows indicate positive
regulation and blunt end arrows indicate negative regulation. The thickness of the blue arrow indicates the extent of the regulation.
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