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Sucrose is a crucial compound for the growth and develop-

ment of plants, and the regulation of multiple genes depends 

on the amount of soluble sugars present. Sucrose acts as a 

signaling molecule that regulates a proton-sucrose symporter, 

with its sensor being the sucrose transporter. Flavonoid and 

anthocyanin biosynthesis are regulated by sucrose, and su-

crose signaling can affect flavonoid and anthocyanin accumu-

lation. In the present study, we found a Myb transcription 

factor affecting accumulation of anthocyanin. AtMyb56 
showed an increase in its expression in response to sucrose 

treatment. Under normal conditions, anthocyanin accumula-

tion was similar between Col-0 (wild type) and atmyb56 mu-

tant seedlings; however, under sucrose treatment, the level of 

anthocyanin accumulation was lower in the atmyb56 mutant 

plants than in Col-0 plants. Preliminary microarray analysis led 

to the investigation of the expression of one candidate gene, 

AtGPT2, in the atmyb56 mutant. The phosphate translocator, 

which is a plastidial phosphate antiporter family, catalyzes the 

import of glucose-6-phosphate (G-6-P) into the chloroplast. 

AtGPT2 gene expression was altered in atmyb56 seedlings in 

a sucrose-dependent manner in response to circadian cycle. 

Furthermore, the lack of AtMyb56 resulted in altered accu-

mulation of maltose in a sucrose-dependent manner. There-

fore, the sucrose responsive AtMyb56 regulates AtGPT2 gene  

expression in a sucrose-dependent manner to modulate 

maltose and anthocyanin accumulations in response to the 

circadian cycle. 
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INTRODUCTION 
 

Plants respond to various stress factors by modifying their 

metabolic pathways in different ways to survive the stress 

period and recover from the damage caused by the stress 

factors (Dos Reis et al., 2012). Plants have successfully 

adapted to environments via various mechanisms in re-

sponse to a combination of different stress factors. To detect 

changes in the environment and respond to the complexity 

of stress conditions in a unique way, plants, which are sessile 

organisms, have evolved specific pathways to minimize 

damage and conserve precious resources for growth and 

reproduction (Rizhsky et al., 2004). In particular, metabolic 

and cellular reprogramming functions to control the path-

ways for regulation and signaling in response to stress (Wu  
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and Jinn, 2012). Furthermore, plant secondary metabolites 

serve various health-related functions, for example, prevent-

ing cancer, cardiovascular disease, and diabetes owing to 

their role as free radical scavengers (Lee et al., 2016). 

The MYB genes, which are found in all eukaryotes, consti-

tute a large family of genes that encode proteins with di-

verse functions. MYB family genes are classified by the num-

ber of imperfect repeats within the MYB domain: R1R2R3R4 

MYB, R1R2R3 MYB, R2R3 MYB, single repeat MYB, and the 

MYB-like type (Rosinski and Atchley, 1998; Jin and Martin, 

1999; Dubos et al., 2010; Zhang et al., 2012). The majority 

of plant MYB genes belong to the R2R3 MYB type (Stracke 

et al., 2001). A DNA binding domain with a helix-turn-helix 

structure (Ogata et al., 1994) and C-terminal region that is 

highly variable and responsible for interacting with other 

components combine to form the MYB repeat (Dias et al., 

2003; Matus et al., 2008). R2R3 MYB genes regulate many 

cellular processes including secondary metabolism and the 

determination of the fate of cells in plants (Stracke et al., 

2001). In addition, MYB transcription factors play posi-

tive/negative roles in various signaling pathways. For in-

stance, the cross-talk of abscisic acid (ABA)-auxin is mediat-

ed by AtMyb96, a molecular link, during the response to 

drought-stress and the growth of lateral roots (Seo et al., 

2009). The changes in gibberellins (GA) metabolism and 

signaling are regulated by AtMyb62 in response to the de-

pletion of phosphate (Devaiah et al., 2009). Overexpression 

of AtMyb15 possibly leads to the enhanced expressions of 

genes associated with ABA biosynthesis and improves the 

resistance of Arabidopsis under abiotic stresses (Ding et al., 

2009). More than 125 R2R3 MYBs have been discovered in 

Arabidopsis; however, the functions of these transcription 

factors remain elusive (Yanhui et al., 2006). 

Sugars play many important roles throughout the life cycle 

of plants (Smeekens, 2000; Rolland et al., 2002; Rook and 

Bevan, 2003), and are involved in a variety of signaling cas-

cades, including nutrient mobilization that stimulates growth, 

photosynthesis, and flavonoid biosynthesis (Koch, 1996; 

Rolland et al., 2002). Among these roles, metabolic sugar 

sensing systems are conserved in plants (SNF1-related pro-

tein kinase 1; SnRK1), mammals (AMP-activated protein 

kinase; AMPK), and yeast (sucrose non-fermenting 1; SNF1), 

which possess highly conserved eukaryotic protein kinase 

families (Hardie, 2007; Polge and Thomas, 2007; Hedbacker 

and Carlson, 2008). However, detailed information regard-

ing plant sugar signaling remains elusive, and the identifica-

tion of many molecular components is required. 

Anthocyanins, which are water-soluble flavonoids synthe-

sized via the phenylpropanoid pathway, function as pig-

ments for the formation of red, purple, and blue colors de-

pending on pH concentration. Arabidopsis plants accumu-

late greater levels of anthocyanins in sucrose-treated medi-

um (Tsukaya et al., 1991; Ohto et al., 2001). Furthermore, 

anthocyanins have various and crucial roles, including insect 

attractants and sun protectants in plants (Ross and Kasum, 

2002). Moreover, they act as powerful antioxidants, thereby 

promoting health in humans (Khodabande et al., 2017; 

Yang et al., 2017). Therefore, the biosynthesis of anthocya-

nin is dynamically controlled in response to a variety of envi-

ronmental challenges, which includes transcriptional regula-

tion of the corresponding genes. For example, anthocyanin 

biosynthesis is significantly enhanced in pears, apples, and 

red orange fruits when stored at low temperatures (Li et al., 

2012; Lo Piero et al., 2005; Ubi et al., 2006). The biosynthe-

sis of anthocyanin is regulated by diverse Myb transcription 

factors, including positive regulators (PAP1, PAP2, Myb113, 

and Myb114) and negative regulators (MybL2; Borevitz et al., 

2000; Dubos et al., 2008; Gonzalez et al., 2008 ; Tohge et 

al., 2005). These findings indicate that Myb transcription 

factors serve crucial roles in controlling anthocyanin biosyn-

thesis. In the present study, One Myb gene, AtMYB56, 
which is induced by sucrose and is a potent regulator of 

anthocyanin accumulation, was identified. We suggest 

AtMYB56 is a key regulator of sucrose-induced AtGPT2 ex-

pression in response to circadian cycle, and thereby alters the 

level of free maltose and the subsequent accumulation of 

anthocyanins in plants. 

 

MATERIALS AND METHODS 
 

Plant material and growth conditions 
Plants (A. thaliana) were grown at 23℃ under a day/night 

light regime of 16 h light/8 h dark and 60% relative humidi-

ty. The atmyb56 knockout mutants (atmyb56#1, 

SALK_060289; atmyb56#2, SALK_062413) were obtained 

from the Arabidopsis Biological Resource Center (Columbus, 

OH, USA) and A. thaliana Col-0 was utilized as the wild type 

(WT). To examine the growth and development of plants, 

seeds were plated onto Murashige and Skoog agar (2% 

sucrose, pH 5.7) media. For the extraction of RNA, plants 

were grown on 10 ml of 1 × Murashige and Skoog media 

supplemented with compounds specific to the treatment 

being investigated. 

 

Anthocyanin measurements 
Whole seedlings from 4-day-old plants were collected and 

pulverized in liquid nitrogen. Anthocyanins were extracted 

overnight with 80% methanol (v/v 5% HCl) at 4℃ in the 

dark. The supernatant was collected after centrifugation at 

800 × g for 2 min and placed in a new tube, and anthocya-

nin levels were quantified photometrically (PowerWave XS; 

Bio Tek Instruments, Inc.). 

 

Construction of green fluorescent protein (GFP) fusion 
protein and AtMyb56-OE lines 
The AtMyb56 coding region was amplified with reverse 

transcription polymerase chain reaction (RT-PCR) to gener-

ate AtMyb56 fused with GFP using total RNA extracted from 

A. thaliana (Col-0) seedlings and the following primers: 

AtMyb56-F, 5′-ATG AAT CCA AAT CTC CTT GAG AA-3′; and 

AtMyb56-R, 5′-GGA AGC TCC AAC TCC AAG AAA A-3′. 
The products of PCR were cloned into the pMDC83 gateway 

vector (Curtis and Grossniklaus, 2003). The particle bom-

bardment method was applied to transfer ligated vector 

AtMyb56::GFP to onion epidermal cells. The same cDNA 

was cloned into a TOPO vector using a pCR8/GW/TOPO® 

TA Cloning® Kit (Invitrogen, https://www.thermofisher. 

com/kr/ko/home/brands/invitrogen.html). Then, it was 
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transferred into a destination pMDC32 vector (Curtis and 

Grossniklaus, 2003) to generate the 35S promoter:AtMyb56 
overexpressing (OE) lines. 

 

Flavonol staining 
Four-day-old Col-0, atmyb56#1, atmyb56#2, and AtMyb56 
OE line #2 seedlings grown on 2% sucrose media were 

transferred to a staining solution (saturated [0.25%, w/v] 

diphenylboric acid 2-aminoethyl ester [DPBA] with 0.005 % 

Triton X-100) and stained for 15 min. Confocal laser scan-

ning microscopy was used to visualize flavonol localization 

and color. Fluorescence was measured using an LSM 5 Ex-

citer (Carl-Zeiss Microscopy GmbH) with an EC Plan-

NEOFLUAR 10×/0.30 objective lens, two HeNe and Ar ion 

lasers, and emission filters (LP 560 nm for rhodamine, BP 

505–530 nm for GFP, and BP 530–600 nm for yellow fluo-

rescent protein). 

 

Microarray analysis 
For the determination of gene transcript levels, Col-0 and 

atmyb56#1 plants grown on 3% sucrose media were de-

termined with microarray analysis. Ten-day-old Col-0 and 

atmyb56#1 mutant seedlings were frozen in liquid nitrogen 

before pulverization. Total RNA extraction was conducted 

using the RNeasy Plant Mini Kit (USA). RNA analysis was 

performed using Arabidopsis (V4) Gene Expression Microar-

ray following the manufacturer’s instructions (Design ID: 

21169, Agilent Technologies, USA). 

 

Quantitative real-time PCR (qRT-PCR) 
To conduct RT-PCR, total RNA samples were subjected to 

the reverse transcription reaction using M-MLV Reverse 

Transcriptase (Intron) with RNase inhibitor (Intron). Then, 

the cDNA was utilized for the qRT-PCR (cycling condi-

tions:initial denaturation at 95℃ for 10 min, followed by 42 

cycles at 95℃ for 15 s, 60℃ for 1 min, and 95℃ for 10 s, and 

a melt curve at 65℃ to 95℃ for 5 s; Nguyen et al., 2016). 
ACTIN2 represents as an internal control and the primers 

used in the PCR amplification are given in Supplementary 

Table S1. 

 

RNA gel blot assay 
Aurintricarboxylic acid and lithium chloride methods were 

used to extract total RNA from the sample plants (Lee et al., 

2002). DNA probes were labeled with [α-32
P] dCTP and a 

random primer mix (Invitrogen, Life Technologies GmbH). 

Membranes were washed two times using 1 × SSC/0.1% 

SDS and once with 0.1 × SSC/0.1% SDS at 42℃ before au-

toradiography. Gene-specific probes were prepared via PCR 

amplification with the following primers: AtMyb56-F, ATG 

AAT CCA AAT CTC CTT GAG AAA; and AtMyb56 – R, GGA 

AGC TCC AAC TCC AAG AAA A. 

 

Histochemical GUS assay 
A GUS staining solution consisting of 0.5 mM potassium 

ferricyanide, 10 mM EDTA, 100 mM sodium phosphate 

buffer (pH 7.0), 0.5 mM potassium ferrocyanide, 1 mM X-

Gluc, and 0.1% Triton X-100 was manufactured. Seedlings 

were soaked in the GUS solution at 37℃ for 1 h and chloro-

phyll removed by subsequent incubation in 70% ethanol for 

6 h. Seedlings were then observed and photographed under 

a Leica EZ4D microscope (Jefferson et al., 1987). To gener-

ate AtMyb56pro:GUS reporter lines, a 1-kb promoter region 

of AtMyb56 was amplified with the primers of AtMyb56 F 

(5′-CGT TAT GGA GAG AAC AGA AAG CTC-3′) and R (5′-
GTT TCT GGG TTT AGG GAT TAA GG-3′), inserted into the 

TOPO vector using a pCR8/GW/TOPO® TA Cloning® Kit 

vector (Invitrogen), and then transferred into the 

pMDC162 vector (Curtis and Grossniklaus, 2003). DNA se-

quencing was analyzed to confirm the integrity of this con-

struct prior to the transformation of Arabidopsis (Columbia 

ecotype) via the Agrobacterium tumefaciens-mediated floral 

dipping method (Clough and Bent, 1998). 

 

Measurement of starch content 
Starch content was analyzed as described before (McCleary 

et al., 1994). Fourteen-day-old Col-0 and atmyb56#2 seed-

lings grown for 24 h on 0 or 200 mM sucrose-treated media 

were used to measure starch. 

 

Measurement of sugar content 
Fourteen-day-old Col-0 and atmyb56#2 seedlings grown for 

24 h on 0 or 200 mM sucrose-treated media were used to 

measure sugar contents. Each dried sample of 0.5 g was 

ground using a blender, was treated with 5% of 1.5 mM 

trichloroacetic acid and vortexed for 1 min. The supernatant 

was filtered (PTFE membrane, 13 mm, 0.2 μm; Advantec, 

USA) after centrifugation at 10,000 × g for 15 min. The sol-

uble sugar content was measured by high performance liq-

uid chromatography using Dionex Carbopac (PA-1 [4 × 250 

mm], P/N 35391 Dionex PAD), with 150 mM NaOH as sol-

vent A, and 150 mM NaOH and 600 mM sodium acetate as 

solvent B. The conditions of elution were 0-5 min, 0% B; 5-

15 min, 10% B; 15-20 min, 100% B; 20-30 min, 0% B, and 

the flow speed was 1 ml min
-1
. Glucose, fructose, sucrose, and 

maltose were used as standards to quantify sugar contents. 

 

Statistical analyses 
Each experiment was repeated at least three times using 10-

300 samples in each repetition. We utilized one-way analysis 

of variance and Tukey’s test at 95% confidence level for sta-

tistical analyses. 

 

RESULTS 
 

AtMyb56 is induced by sucrose in Arabidopsis 
Sucrose is a key factor in the pathways of flavonoid and an-

thocyanin biosynthesis (Teng et al., 2005). Therefore, the 

present study attempted to identify which Myb genes are 

induced in response to sucrose. Using this approach, one 

gene, AtMyb56, was retrieved. Increased levels of AtMyb56 

transcript were observed in a time-dependent manner after 

incubation in 60 mM sucrose (Fig. 1A). In the absence of 

sucrose, the lowest level of AtMyb56 expression was ob-

served; however, increased sucrose treatment time and con-

centration led to a concomitant increase in the expression of 

AtMyb56 as determined by qRT-PCR (Fig. 1B). Sucrose can 

cause osmotic stress. Therefore, we applied qRT-PCR to 
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Fig. 1. Expression of AtMyb56 in plants subjected to stress. 

(A) Ten-day-old Col-0 plants exposed to 60 mM sucrose for 

0, 1, 3, 6, 12, and 24 h. Total RNA is presented with a load-

ing control. (B) Transcript levels of AtMyb56 in Col-0 seed-

lings exposed to different concentrations of sucrose were 

determined by qRT-PCR. Nine-day-old seedlings were 

treated with 0, 100, 200, or 300 mM sucrose for 3 or 6 h 

before total RNA was extracted. (C) Transcript levels of 

AtMyb56 in Col-0 seedlings exposed to different conditions 

were determined by qRT-PCR. Ten-day-old Col-0 plants 

were exposed to 10 μM ABA, 10 μM ethylene (ACC), 10 

μM GA, 10 μM indole-3 acetic acid (IAA), 10 μM JA, 10 μM 

Kinetin, cold (4℃), 200 mM mannitol, 10 mM H2O2, 200 

mM NaCl, 200 mM sucrose, and darkness for 3 h before 

total RNA was extracted. Error bars represent the standard 

errors (SEs) of three biological replicates. Values with dif-

ferent letters are significantly different from the Col-0 

plants based on the analysis of variance (P <0.05). 

Fig. 2. RNA gel blot hybridization of Col-0 wild type and GUS 

expression in AtMyb56pro:GUS lines in response to various 

sugars. (A) RNA gel blot analysis of AtMyb56 gene expres-

sion following treatment with 200 mM glucose, maltose, 

or sucrose treatment for 0, 1, 3, and 6 h. Total RNA is pre-

sented with a loading control. (B) Representative images of 

Arabidopsis T3 homogenous transgenic seeds of 

AtMyb56pro:GUS lines under 100 mM glucose, maltose, or 

sucrose treatments for 3 h. Representative images are 

shown from an average of three independent experiments 

with 10 seedlings each. 
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examine AtMyb56 expression in 10-day-old Col-0 seedlings 

in response to various abiotic stresses and hormones. As 

shown in Fig. 1C, these stresses did not have a dramatic 

effect on AtMyb56 expression. 

The induction of anthocyanin accumulation by sugar, a 

well-known effective inducer, has been reported in many 

plant species including Arabidopsis seedlings. Since sucrose 

is not the only factor that can increase the accumulation of 

anthocyanin (Teng et al., 2005), the levels of AtMyb56 ex-

pression in the presence of other sugars were examined. 

Using a RNA gel blot assay, increased expression of 

AtMyb56 was detected following treatment with 200 mM 

glucose, maltose, or sucrose (Fig. 2A). This indicates that the 

expression of AtMyb56 is regulated by other sugars as well 

as sucrose. Next, we examined whether the AtMyb56 pro-

moter gene was responsible for the responses toward these 

sugars. Transgenic seedlings harboring the GUS reporter 

gene driven by the AtMyb56 promoter (~1 kb) were ex-

posed to glucose, maltose, and sucrose for 6 h. All these 

sugars increased GUS expression, with the highest expres-

sion observed in the presence of glucose (Fig. 2B). 

 

AtMyb56 is localized to the nucleus 
To verify the function of AtMyb56, T-DNA insertion mutants, 
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Fig. 3. Identification of atmyb56#1 and atmyb56#2 mutants 

and subcellular localization of AtMyb56 protein. (A) Ge-

nomic structure of the AtMyb56 gene showing T-DNA 

insertions in mutants. (B) RNA gel blot analysis of AtMyb56 

gene expression in atmyb56#1, #2, and AtMyb56 OE lines. 

Total RNA is presented with a loading control. (C) 

AtMyb56::GFP fluorescence in an onion epidermal cell. 
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SALK_060289 (atmyb56#1) and SALK_062413 (atmyb56#2), 

were obtained from the Arabidopsis Biological Resource 

Center (Fig. 3A). In addition, AtMyb56-overexpressing 

(AtMyb56 OE) lines were generated. RNA gel blot assays 

were used for confirmation of knockout or overexpressing 

(Fig. 3B). Usually, the nucleus localizes transcription factors. 

To investigate the nucleus localization of the AtMyb56 pro-

tein, a vector containing the full-length AtMyb56 cDNA and 

GFP gene was generated and transfected into onion epi-

dermal cells (Fig. 3C). Fluorescence microscopy showed that 

GFP was uniformly distributed throughout the cells, whereas 

the AtMyb56-GFP fusion protein was localized exclusively in 

the nucleus (Fig. 3C). These results indicate that AtMyb56 

protein expression is confined to the nucleus. 

 

Anthocyanin and flavonol levels are significantly 
decreased in atmyb56 mutants 
Sucrose is important for anthocyanin and flavonol biosyn-

thesis pathways. To investigate whether anthocyanin accu-

mulation was controlled by AtMyb56, Col-0, atmyb56 mu-

tant, and AtMyb56 OE seedlings were treated with sucrose. 

In the atmyb56 mutants, there was no significant increase in 

the accumulation of anthocyanin compared to in the Col-0 

seedlings under normal conditions (Fig. 4A). Anthocyanin 

accumulation was strongly induced in Col-0 seedlings treat-

ed with 200 mM sucrose. However, atmyb56 seedlings were 

unable to accumulate anthocyanins to the same level as Col-

0 seedlings in response to sucrose (Fig. 4A). Moreover, over-

expressing of AtMyb56 increased the accumulation of an-

thocyanin under normal condition (Fig. 4B). These results 

imply that sucrose-mediated anthocyanin accumulation was 

inhibited when the expression of the AtMyb56 gene was 

suppressed, which suggests that increased levels of sucrose 

stimulate the accumulation of anthocyanin in Col-0 seed-

lings, in part, via the regulation of AtMyb56. Furthermore, 

the distribution of flavonols in the roots of seedlings was 

examined and the DPBA fluorescence assay used to examine 

the level of flavonols accumulation in roots. In Fig. 4C, which 

shows the autofluorescence of DPBA staining in the root, 

brilliant yellow fluorescence corresponds to quercetin and 

green fluorescence to kaempferol. Based on the color inten-

sity, the levels of both flavonols were found to be significant-

ly decreased in atmyb56 mutants and increased in the 

AtMyb56 OE line. These results suggest that AtMyb56 posi-

tively regulates the accumulation of anthocyanins and flavo-

nols. 

 

AtGPT2 expression is altered in atmyb56 mutants 
Since the accumulation of flavonoids in atmyb56 mutants is 

reduced and AtMyb56 is a Myb transcription factor, the 

expression of gene coding components of the anthocyanin 

biosynthesis was examined. The qRT-PCR was carried out for 

Col-0, atmyb56#1, and atmyb56#2 under different sucrose 

treatment conditions. As shown in Fig. 5, the expression 

levels of anthocyanin biosynthesis genes (PAP1, CHS, and 

FLS1) did not differ between mutants and Col-0 seedlings. In 

addition, the expressions of other anthocyanin biosynthesis 

genes, including CHI, DFR, and LDOX, were not significantly 

different in atmyb56 mutants and Col-0 seedlings (Supple-

mentary Fig. S1). These results indicate that the decreased 

accumulation of anthocyanin in atmyb56 mutants might not 

be caused by the alteration of expression levels in gene cod-

ing components of the anthocyanin biosynthesis pathway. 

Since it is known that sugars enhance anthocyanin levels in 

plants (Larronde et al., 1998; Roubelakis-Angelakis and 

Kliewer, 1986), the levels of glucose, fructose, sucrose, and 
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Fig. 4. Anthocyanin and flavonol accumulation in Col-

0, atmyb56 and AtMyb56 OE seedlings. (A) Four-day-

old seedlings of Col-0, atmyb56#1, and atmyb56#2 

exposed to 0, 100 or 200 mM sucrose for 6 h were 

used for anthocyanin extraction. The anthocyanin 

content is shown, combined from two independent 

experiments with three replicates each. (B) Four-day-

old seedlings of Col-0, atmyb56#1, and AtMyb56 

OE#2 were used for anthocyanin extraction. The 

anthocyanin content is shown, combined from two 

independent experiments with three replicates each. 

(C) Roots of four-day-old Col-0, atmyb56#1, 

atmyb56#2, and AtMyb56 OE#2 seedlings were 

used for flavonol-DPBA staining to detect flavonol 

accumulation. Quercetin-DPBA conjugates display a 

yellow fluorescent color while kaempferol-DPBA 

conjugates show green fluorescence. Error bars rep-

resent the standard errors (SEs) of three biological 

replicates. Asterisks indicate significant differences 

from the Col-0 plants (P < 0.05). 

Fig. 5. Determination of PAP1, CHS, and FLS1 transcript 

levels in Col-0, atmyb56#1, and atmyb56#2 seedlings 

exposed to sucrose. Transcript levels of PAP1(A and B), 

CHS (C and D), and FLS1 (E and F) in Col-0, atmyb56#1, 

and atmyb56#2 seedlings exposed to 50 and 200 mM 

sucrose were determined by qRT-PCR. Error bars repre-

sent the standard errors (SEs) of three biological repli-

cates. Values with different letters are significantly differ-

ent from the Col-0 plants based on the analysis of vari-

ance (P <0.05). 
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Fig. 6. Sugar contents of Col-0 and atmyb56#2 seed-

lings with or without sucrose treatment. The sugar con-

tents of 14-day-old Col-0 and atmyb56#2 seedlings 

grown for 24 h on media containing 0 or 200 mM 

sucrose were determined. Error bars represent the 

standard errors (SEs) of three biological replicates. 

Values with different letters are significantly different 

from the Col-0 plants based on the analysis of variance 

(P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Table 1. Microarray analysis of differential gene expression in Col-0 and atmyb56 mutants. Transcripts exhibiting more than 2-fold differ-

ence between the wild-type and mutant plants are shown. 

MIPS Description Fold Change 

Up – regulated gene 

AT1G56650 PAP 1 (PRODUCTION OF ANTHOCYANIN PIGMENT 1) 3.2 

AT4G22880 LDOX (LEUCOANTHOCYANIDIN DIOXYGENASE) 6 

AT1G32900 Starch synthase, putative 7.2 

AT5G42800 DFR (DIHYDROFLAVONOL 4-REDUCTASE) 7.2 

AT1G60090 BGLU4 (BETA GLUCOSIDASE 4) 10.1 

AT4G03950 Glucose-6-phosphate/phosphate translocator 11.3 

AT5G61160 AACT1 (Anthocyanin 5-aromatic acyltransferase 1) 16.1 

AT4G15210 BAM5 (BETA-AMYLASE 5) 22.4 

AT1G56650 GPT2 (Glucose-6-phosphate/phosphate translocator 2) 78.5 

Down – regulated gene 

AT2G43010 PIF4 (phytochrome interacting factor 4) -2.26 

AT1G28330 DYL1 (DORMANCY-ASSOCIATED PROTEIN-LIKE 1) -2.54 

AT1G76530 Auxin efflux carrier family protein -3.43 

AT2G33830 Dormancy/auxin associated family protein -3.74 

AT4G26530 fructose-bisphosphate aldolase, putative -4.09 

AT5G17800 AtMyb56 -36.67 

 

 

 

maltose were determined in Col-0 and atmyb56#2 mutant 

seedlings with or without sucrose treatment. There were no 

significant differences in levels of glucose, fructose, and su-

crose between Col-0 and mutant seedlings. However, the 

atmyb56#2 seedlings were found to contain higher levels of 

maltose than did the Col-0 seedlings in the absence of su-

crose (Fig. 6). In contrast, in the presence of 200 mM su-

crose, atmyb56#2 seedlings exhibited decreased levels of 

maltose (Fig. 6). 

Because it was difficult to predict which genes showed al-

tered expression in the atmyb56 mutants, a preliminary mi-

croarray analysis was utilized to compare gene expression 

between the mutant and Col-0 seedlings exposed to 3% 

sucrose (Table 1). In this analysis, several genes were found 

to have increased or decreased expression levels in the 

atmyb56 mutants. Among them, one candidate gene was 

identified, AtGPT2, which showed altered expression in the 

atmyb56 mutant. Plastidial glucose-6-phosphate/phosphate 

translocator (GPT) proteins mediate the transport of Glc6P 

from the cytosol to plastids leading to starch biosynthesis 

(Kammerer et al., 1998; Rolletschek et al., 2007; Zhang et al., 

2008). Analysis of qRT-PCR showed that the transcript levels 

of AtGPT2 varied in Col-0 and atmyb56 mutants. Thus, 

sometimes AtGPT2 was more highly expressed in Col-0 than 

in atmyb56 mutants, and vice versa. AtGPT2 is thought to 

be involved in sugar transport and regulated by sugar levels 
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Fig. 7. Determination AtGPT2 transcript levels in Col-0, 

atmyb56 #1, and atmyb56 #2 seedlings exposed to 

sucrose. Transcript levels of AtGPT2 in Col-0, 

atmyb56#1, and atmyb56#2 seedlings exposed to 0 

(A), 50 (B), and 200 mM sucrose (C) were determined 

by qRT-PCR. Error bars represent the standard errors 

(SEs) of three biological replicates. Values with differ-

ent letters are significantly different from the Col-0 

plants based on the analysis of variance (P < 0.05). 

A                           B 
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or circadian rhythms (Kunz et al., 2010), which led to the 

transcript levels of AtGPT2 being examined over time and in 

response to sucrose in Col-0 seedlings and atmyb56 mutants. 

Col-0 seedlings and atmyb56 mutant samples were collected 

at four time points (1, 4, 7, and 10 h after light was turned 

on) in the presence or absence of sucrose (Fig. 7). As shown 

in Fig. 7A, in the absence of sucrose, the expression of 

AtGPT2 was low in the morning and gradually increased 

throughout the day in Col-0 seedlings. Similar patterns of 

AtGPT2 expression were detected when Col-0 seedlings 

were challenged with 50 and 200 mM sucrose. However, 

AtGPT2 transcript levels differed between the atmyb56 mu-

tants and the Col-0 seedlings in the presence or absence of 

sucrose. As shown in Fig. 7A, in the absence of sucrose, 

AtGPT2 expression was higher in atmyb56 mutants than in 

Col-0 seedlings in the early time point after the light was 

turned on, but was lower in atmyb56 mutants than in Col-0 

seedlings during the later time point after the light was 

turned on. However, when the seedlings were exposed to 

50 mM sucrose, AtGPT2 expression was lower in atmyb56 

mutants than in Col-0 seedlings throughout the entire peri-

od (Fig. 7B), while no significant differences were observed 

under the 200 mM sucrose treatment (Fig. 7C). These results 

suggest that AtMyb56 regulates the expression of AtGPT2 in 

response to circadian rhythms and sucrose. 

 

DISCUSSION 
 

Previous studies have reported the crucial function of su-

crose during anthocyanin accumulation in plants. Detached 

berries and grape cell suspensions have shown the en-

hancement of anthocyanin by sucrose (Larronde et al., 

1998; Roubelakis-Angelakis and Kliewer, 1986). Moreover, 

sucrose has been shown to enhance the expression of 

MYB75/PAP1, which triggers the expression of anthocyanin 

biosynthesis genes (Solfanelli et al., 2006; Teng et al., 2005). 

The expressions of late anthocyanin biosynthesis genes in-

cluding DFR, LDOX, UF3GT, and PAP1 are controlled by su-

crose, whose products function downstream of the antho-

cyanin biosynthetic pathway, whereas its induction is lower 

in genes upstream of DFR (Solfanelli et al., 2006). Several 

hundred-fold changes of induction by sucrose are reported 

in these genes (Solfanelli et al., 2006). Sucrose acts as a sig-

naling molecule during anthocyanin accumulation; however, 

the underlying signaling mechanisms, as well as the signal-

ing components involved, remain largely unknown. It is of 

interest whether the effects of sugar on anthocyanin accu-

mulation are adjusted by high levels of anthocyanin precur-

sors; a recent study made some attempt to answer this ques-

tion (Dai et al., 2014). These authors monitored variations in 

the level of the anthocyanin synthesis precursor, phenylala-

nine, in response to sucrose concentration. The higher the 

concentration of sucrose, the lower the concentration of 

phenylalanine detected, which indicated that the effects of 

sucrose were not due to the increased availability of the an-

thocyanin synthesis precursor (Dai et al., 2014). 

To better understand the signaling cascade involved in su-

crose-induced anthocyanin accumulation, a reverse genetics 

approach was adopted to identify Arabidopsis Myb genes 

involved in sucrose-induced anthocyanin accumulation. Myb 

genes were selected because previous studies have reported 

that various Myb transcription factors participate in flavonoid 

biosynthesis and in abiotic stress responses in plants (Shi and 

Xie, 2010; Stracke et al., 2001). In the first screening, 

AtMyb56, a sucrose-induced Myb gene, was identified as a 

R2R3 Myb family member in Arabidopsis. Accumulation of 
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the AtMyb56 transcript increased in response to sucrose, 

reaching the highest level 6 h after exposure to 200 mM 

sucrose (Fig. 1B). Although, the expression of AtMyb56 was 

also observed in response to other signals such as ethylene, 

attention was focused on the sucrose response (Fig. 1C). In 

Arabidopsis, the efficiency of sucrose in anthocyanin accu-

mulation was higher compared to glucose and fructose (Sol-

fanelli et al., 2006). A similar induction of AtMyb56 was 

observed in the present study in response to glucose, malt-

ose, and sucrose (Fig. 2). Significant changes in anthocyanin 

levels were detected under sucrose treatment, which result-

ed in an approximately two-fold decrease in anthocyanin in 

atmyb56 seedlings (Fig. 4A). In addition, a smaller decrease 

in flavonols (kaempferol and quercetin) was detected in 

atmyb56 seedlings (Fig. 4C). These results suggest that 

AtMyb56 and sucrose-induced anthocyanin accumulation 

had a positive correlation. 

Since AtMyb56 contains a Myb domain, which can bind to 

DNA, possible candidate genes regulated by this protein 

were sought. First, genes involved in flavonoid biosynthesis 

were investigated, including PAP1, CHS, and FLS1. The tran-

script levels of these genes between Col-0 and atmyb56 

seedlings in response to sucrose were not significantly differ-

ent (Fig. 5). These results indicate that the decreased levels 

of anthocyanins in response to sucrose in atmyb56 seedlings 

were not caused by changes in the expression of flavonoid 

biosynthesis genes, which suggests that the decreased levels 

of anthocyanins in atmyb56 seedlings could be due to an 

indirect effect. Therefore, a preliminary microarray was em-

ployed to examine global changes in transcript levels in 

atmyb56 seedlings compared to WT seedlings. Microarray 

results obtained using Col-0 and atmyb56 seedlings exposed 

to 3% sucrose suggested that the expression of several 

genes associated with sucrose metabolism or transport may 

be altered in atmyb56 seedlings. Among the possible candi-

date genes, AtGPT2 was focused on because of its highest 

level of expression in atmyb56 seedlings. The plastidial 

phosphate antiporter family, which are located in the plastid 

membrane, are responsible for major fluxes of carbon in the 

non-photosynthetic plastids. Arabidopsis contains two glu-

cose-6-phosphate (Glc6P) translocator genes (AtGPT1 and 

AtGPT2) (Kammerer et al., 1998; Knappe et al., 2003; 

Niewiadomski et al., 2005). The function of GPT is to trans-

fer Glc6P into plastids where it can be utilized as a source of 

starch biosynthesis or in the oxidative pentose phosphate 

pathway (Kammerer et al., 1998; Rolletschek et al., 2007; 

Zhang et al., 2008). AtGPT1 has been found to play a crucial 

role in fatty acids synthesis in oilseeds and in the develop-

ment of pollen and embryo sacs (Eastmond and Rawsthorne, 

2000; Hutchings et al., 2005; Kang and Rawsthorne, 1994). 

Unlike AtGPT1, the homozygous knockout of AtGPT2 does 

not appear to be involved in the control of vegetative and 

generative development (Niewiadomski et al. 2005). 

AtGPT2 transcript levels differed in atmyb56 mutants com-

pared to Col-0 seedlings in the presence or absence of su-

crose (Fig. 7). In the absence of sucrose, AtGPT2 in atmyb56 

mutants had greater transcript levels compared to Col-0 

seedlings in the morning, but lower levels in atmyb56 mu-

tants than in Col-0 seedlings in the evening (Fig. 7A). As 

there is a change of sugar levels depending on the differ-

ence in photosynthesis between day and night, we decided 

to determine whether the expression of AtGPT2 was regu-

lated by circadian rhythm. It appeared that AtGPT2 was reg-

ulated by sucrose; however, it was not clear whether 

AtGPT2 expression was under the control of a circadian 

rhythm or not (Fig. 7). When the seedlings were exposed to 

50 mM sucrose, AtGPT2 expression was lower in atmyb56 

mutants than in Col-0 seedlings throughout the entire peri-

od (Fig. 7B), whereas no significant differences were ob-

served in the 200 mM sucrose treatment (Fig. 7C). These 

results suggest that AtMyb56 regulates the expression of 

AtGPT2 in response to sucrose. Plant growth is regulated by 

metabolite levels, particularly to fluctuations of carbohy-

drates within the cell (Rolland et al., 2002; Solfanelli et al., 

2006). Thus, it is plausible that the lack of AtMyb56 as well 

as fluctuations of carbohydrates affected AtGPT2 expression 

(Fig. 7). 

It has been reported that both GPTs are functional Glc6P 

translocators; however, only AtGPT1 is essential because 

atgpt1 mutant seedlings showed severe defects in pollen 

development, whereas the loss of AtGPT2 function did not 

cause any defects in plant development (Niewiadomski et al., 

2005). Therefore, sugar or starch levels are not dramatically 

altered in atmyb56#1 or atmyb56#2 seedlings compared to 

Col-0 seedlings (Fig. 6 and Supplementary Fig. S2). Never-

theless, maltose contents were distinctly different between 

Col-0 and atmyb56 seedlings (Fig. 6). This could be due to 

changes in the expression of AtGPT2 in atmyb56 seedlings. 

AtGPT2 appears to be regulated by environmental cues, 

which leads to subsequent adjustments in sugar levels. For 

example, the AtGPT2 gene was previously reported to be 

induced by exogenous sucrose (Knappe et al., 2003). 

Sugars have pivotal roles in signal transduction and energy 

generation. Sugars are involved in hormone-like signal 

transduction as primary messengers throughout the life cy-

cles of plants (Rolland et al., 2002; Rook and Bevan, 2003; 

Smeekens, 2000). Additionally, sugars stimulate growth and 

regulate nutrient mobilization, photosynthesis, and flavonoid 

biosynthesis (Koch, 1996; Rolland et al., 2002). 

Taken together, these findings propose that altered 

AtGPT2 expression results in defects in sucrose metabolism 

in atmyb56 seedlings, resulting in altered levels of maltose. 

Thus, the decreased accumulation of anthocyanins observed 

in the atmyb56 seedlings was caused by changes in sugar 
metabolism because of altered AtGPT2 expression. This 

suggests that sucrose-induced AtMyb56 compromises the 

expression of AtGPT2 and the ability of the plant to control 

sugar transport under challenging environments. 

 

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org). 
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