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Abstract Anthocyanin biosynthesis in callus culture

in vitro is strongly influenced by exogenous auxin con-

centrations. However, the mechanisms by which auxin

regulates anthocyanin biosynthesis are largely unknown.

To understand the molecular basis of this phenomenon,

global gene expression was analyzed in red-fleshed apple

calli treated with 1-naphthaleneacetic acid (NAA; 0.3 and

10 mg/L) and 2,4-dichlorophenoxyacetic acid (2,4-D; 0.03

and 0.6 mg/L) using RNA-seq. A total of 3070 and 2533

genes were differently expressed (log2 ratio C 2 at

P\ 0.0001) in the 2,4-D and NAA treatments, respec-

tively. Thereof, 937 genes were up-regulated and 902

genes were both down-regulated. Genes involved in

anthocyanin and flavonoid synthesis and transport into the

vacuole were generally down-regulated. Higher concen-

trations of 2,4-D and NAA facilitated the transport of auxin

and induced the expressions of genes involved in the

homeostatic feedback regulatory loop. In the auxin

signaling pathway, nine Aux/IAA family genes and seven

ARF family genes were up-regulated. Moreover, 298

transcription factors were differentially expressed in the

NAA and 2,4-D treatments. Among them, some members

of MYB, bHLH, and WD40 families that directly regulate

anthocyanin and flavonoid synthesis, such as MYB75

(MdMYB10), MYB12, MYB111, MYB113, TT2, and TT8

(MdbHLH3), were down-regulated by NAA and 2,4-D.

Auxin also affected gene expression in other plant hormone

signaling pathways, such as the cytokinin, ethylene, and

gibberellic acid pathways, which also influenced antho-

cyanin biosynthesis. This study provides a valuable over-

view of transcriptome changes and gives insight into the

molecular mechanism by which auxin inhibits anthocyanin

biosynthesis in red-fleshed apple calli.
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Abbreviations

2,4-D 2,4-Dichlorophenoxyacetic acid

NAA Naphthalene acetic acid

BAP 6-Benzylaminopurine

MS Murashige and skoog

Introduction

Anthocyanins are water-soluble pigments in the flavonoid

family of compounds that give pink, red, purple or blue

color to flowers, leaves, and fruits (Chalker-Scott 1999).

These secondary metabolites are thought to function in

pollinator attraction, seed dispersal, and protection against
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UV light damage and pathogen attack (Stapleton and

Walbot 1994; Winkel-Shirley 2001; Field et al. 2001;

Schaefer et al. 2004). In addition to their physiological

roles in plants, anthocyanins have attracted increasing

interest for their potential benefits to human health. Some

studies have demonstrated that anthocyanins had a signif-

icant protective effect against cancers and coronary heart

diseases (Block et al. 1992; Joshipura et al. 2001; Boyer

and Liu 2004; Liu et al. 2005). Anthocyanins also have

anti-inflammatory activity, improve visual acuity, and

hinder obesity and diabetes (Rossi et al. 2003; Matsumoto

et al. 2003; Tsuda et al. 2003). Thus, they are used as food

additives, medicines, cosmetics, and nutraceuticals (Zhang

et al. 2014). Plant cell culture in vitro is a viable way to

produce anthocyanins to meet commercial demand. This

method has three advantages: it is space efficient, can

provide a continuous supply of uniform-quality product,

and can be carried out year round, without seasonal con-

straints (Maharik et al. 2009).

In vitro anthocyanin production has been reported in

several crops, including Vitis sp. (Chi and Cormier 1991),

Oxalis linearis (Meyer and Staden 1995), Oxalis relinata

(Makunga et al. 1997), Platanus acerifolia (Alami and

Clerivet 2000), Daucus carota (Sudha and Ravishankar

2003), Fragaria ananassa (Asano et al. 2002), Ipomoea

batatas (Nishiyama and Yamakawa 2004), Raphanus

sativus (Betsui et al. 2004), Rosa hybrida (Hennayake et al.

2006), and Malus sieversii f. niedzwetzkyana (Ji et al.

2015). Numerous studies have indicated that in vitro

induction of anthocyanin is strongly influenced by various

factors, such as sucrose and nitrogen concentration (Chi

and Cormier 1991), light irradiation (Makunga et al. 1997),

and phytohormones (Hirasuna et al. 1991; Meyer and

Staden 1995; Maharik et al. 2009; Ji et al. 2015). Auxin is

an important phytohormone that affects anthocyanin syn-

thesis during callus culture. For example, in carrot sus-

pension cultures, the synthetic auxin 2,4-dichlorophe-

noxyacetic acid (2,4-D) strongly inhibited anthocyanin

synthesis, whereas indole-3-acetic acid (IAA) and

1-napthaleneacetic acid (NAA) had similar effects at

higher concentrations (Ozeki and Komamine 1986). In O.

linearis callus cultures, anthocyanin production was

repressed when the NAA concentration exceeded 8 lM but

promoted at concentrations of 2,4-D below 2 lM (Meyer

and Staden 1995). In transgenic tobacco calli cultures

overexpressing Arabidopsis PAP1, 2,4-D and NAA at

0.02 mg/L induced the most anthocyanins, whereas

anthocyanin production declined by approximately 50 % at

0.2 mg/L 2,4-D and 2 mg/L NAA (Zhou et al. 2008). In

red-fleshed apple calli culture, anthocyanin accumulation

was dramatically inhibited when NAA exceeded 1.5 mg/L

and 2,4-D exceeded 0.15 mg/L (Ji et al. 2015). Although

more and more studies have reported that anthocyanin

synthesis in cultured plant cells depended on the exogenous

auxin level, the molecular mechanism of auxin-regulated

anthocyanin synthesis is still under investigation.

The anthocyanin biosynthesis pathway has been well

characterized. In all species studied to date, two categories of

genes are involved. The first category is structural genes,

which encode enzymes required for pigment biosynthesis,

such as CHS, CHI, F3H, DFR, LDOX, and UFGT. The

second category is transcription factors. At least three tran-

scription factor families, MYB, bHLH, and WD40/WDR,

have been found to regulate anthocyanin synthesis. These

three transcription factors form aMYB-bHLH-WD40/WDR

(MBW) complex to activate the structural genes (Gonzalez

et al. 2008; Petroni and Tonelli 2011; Telias et al. 2011;

Rahim et al. 2014). Increasing evidence indicates that

expression of the MBW complex, specifically MYBs and

bHLHs, is modulated by environmental stimuli. The apple

gene MdMYB1 is induced by sunlight (Takos et al. 2006),

and low environmental temperatures promoted anthocyanin

accumulation in fruit peel by modulating the expression of

MdbHLH3 (Xie et al. 2012). Recent studies indicated that

R2R3-MYB, bHLH, and WD40 also respond to auxin; they

were down-regulated in the treatment by high levels of auxin

(Liu et al. 2014; Ji et al. 2015), but the molecular mode of

action and signal transduction pathway were unclear.

Endogenous and synthetic auxins are perceived by auxin

receptors and converted into signals to trigger biological

responses (Sauer et al. 2013). Three independent auxin

receptors and their related signaling systems have been found.

The best-studied receptor is TIR1/AFB (TRANSPORT

INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX),

which is a subunit of an E3 type ubiquitin–protein ligase.

TIR1/AFB could bind with auxin to promote the interaction

between TIR1/AFB and AUXIN/INDOLE ACETIC ACID

(Aux/IAA) proteins. Consequently, Aux/IAA proteins are

degraded by E3 ubiquitin ligase SCFTIR1/AFB and functionally

related E3 ligase complexes. Aux/IAAs act as repressors of

the auxin response factor (ARF) family. ARFs can activate or

repress the transcription of auxin-inducible genes by binding

to the auxin-response elements (AuxREs; TGTCTC) in the

promoters. In the absence of auxin, Aux/IAAs interact with

ARF transcription factors and inhibit their functions. In

addition, SKP2A (S-Phase Kinase-Associated Protein 2A)

and ABP1 (Auxin-Binding Protein 1) may also be auxin

receptors, but their signal pathways are poorly understood

(Sauer et al. 2013). Aux/IAAs and ARFs are involved in

particular plant responses, such as floral organ abscission

(Ellis et al. 2005), pistil and root development (Hardtke et al.

2004; Tantikanjana and Nasrallah 2012), and leaf expansion

and root formation (Wilmoth et al. 2005), but how they reg-

ulate anthocyanin synthesis has not been reported.
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In our previous study, a callus system to study auxin-

regulated anthocyanin synthesis was established from red-

fleshed apple. Red-fleshed apples possess remarkably high

anthocyanin content, with highly pigmented foliage, floral,

and fruit tissues. A rearrangement in the promoter of the

gene encoding an apple anthocyanin regulating transcrip-

tion factor, MdMYB10, was responsible for increasing the

level of anthocyanins throughout the plant (Espley et al.

2009). Callus induced from red-fleshed apple with an R6/

R6 homozygous genotype was red at low concentrations of

auxins (NAA or 2,4-D) but turned yellow at higher con-

centrations, which markedly suppressed anthocyanin

accumu lation (Ji et al. 2015). In this study, by taking

advantage of RNA-seq, which allows large-scale analysis

of genome-wide transcription, we sought to uncover the

molecular events underlying the auxin regulation of

anthocyanin synthesis.

Materials and methods

Plant materials and culture method

The medium preparation and callus maintenance were as

described previously (Ji et al. 2015). Based on our previous

studies, red calli were transferred onto MS media supple-

mented with (1) 0.3 mg/L NAA and 1.0 mg/L BAP, (2)

10.0 mg/L NAA and 1.0 mg/L BAP, (3) 0.03 mg/L 2,4-D

and 1.0 mg/L BAP, or (4) 0.6 mg/L 2,4-D and 1.0 mg/L

BAP. Calli subcultures were performed under a 16/8 h

(light/dark) with a light intensity of 50 lmol/m2/s1 at a

temperature of 24 ± 2 �C. After four subcultures, calli

were collected for RNA-seq and anthocyanin content

measurement at 15 d after inoculation. The calli used for

quantitative real-time RT-PCR (qRT-PCR) analysis were

also grown under these conditions.

Anthocyanin extraction and measurement

A total of 0.5 g of frozen calli powder for each sample was

suspended in 15 mL 1 % (v/v) HCl–methanol. Extraction

and quantification of anthocyanins at a 530-nm wavelength

were as described previously (Ji et al. 2015). Three Petri

dishes served as three replicates.

Library construction and high-throughput RNA

sequencing

Red and yellow calli treated with NAA or 2,4-D and har-

vested 15 d after inoculation were used for RNA-seq. For

library construction, the four RNA pools, ‘2,4-D-Red’,

‘2,4-D-Yellow’, ‘NAA-Red’, and ‘NAA-Yellow’, were

obtained. Total RNA was extracted from mixed samples

from the three Petri dish replicates. The total RNA was first

treated with DNase I to degrade any possible DNA con-

tamination, then visualized in a 1.0 % agarose gel and

quantified using a NanoDrop Spectrophotometer (Nano-

Drop Technologies, Wilmington, DE, USA). Approxi-

mately 5–8 lg total RNA from each sample was used to

construct RNA-Seq libraries. First, RNA was enriched with

poly(A) using oligo (dT) magnetic beads (Illumina, San

Diego, CA, USA). Next, mRNA was broken into short

fragments (approx. 200 bp) and first-strand cDNAs were

synthesized, using the fragments as templates, with random

hexamer primers. Then, buffer, dNTPs, RNase H, and

DNA polymerase I were added to synthesize second-strand

cDNA. Next, the cDNA fragments were added with

sequencing adaptors and enriched by PCR amplification.

The quality and quantity of the sample library was assessed

with an Agilent 2100 Bioanalyzer (Santa Clara, CA, USA)

and ABI StepOnePlus Real-Time PCR System (Applied

Biosystems, Foster City, CA, USA). The library products

were used for high-throughput next generation transcrip-

tome sequencing via HiSeqTM 2000 (Illumina).

RNA sequencing data analysis

The raw sequences were cleaned and then mapped to

version 1 of the apple reference genome in the Genome

Database of Rosaceae (http://www.rosaceae.org/species/

malus/malus_x_domestica/genome_v1.0) using the Short

Oligo-nucleotide Alignment Program 2 (SOAP2) aligner

allowing no more than three nucleotide mismatches (Li

et al. 2009). After alignment of clean reads, data were

divided into three categories: unique matched reads, multi-

position matched reads, and unmapped reads. For digital

gene expression analysis, the number of unique matched

reads for each gene was calculated and then normalized to

reads per kilobase per million reads mapped (RPKM).

To identify differentially expressed genes (DEGs)

between the red and yellow calli, Fisher’s exact test was

used. False discovery rate (FDR) of\0.001 and an absolute

value of log2 ratio C2.0 was used as the threshold to judge

the significance of gene expression differences. Transcripts

with at least a twofold difference in the 2,4-D or NAA

treatment (P\ 0.0001) were assigned to functional cate-

gories based on the Arabidopsis genome database (http://

arabidopsis.org/tools/bulk/go/index.jsp) and MapMan (http://

mapman.gabipd.org/web/guest/mapmanstore, Mdomes-

tica_196).

Quantitative real-time reverse-transcription PCR

(qRT-PCR) validation

Total RNA was isolated from red and yellow calli treated

with NAA or 2,4-D and harvested 15 d after inoculation
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using an RNAprep pure Plant Kit (Tiangen, Beijing,

China). One microgram of total RNA was used as a tem-

plate for first-strand cDNA synthesis using Oligo dT with a

RevertAidTM First Strand cDNA Synthesis Kit (Fermentas,

Hanover, MD, USA).

For real-time RT-PCR analysis, cDNA was diluted 1:20

with sterile water, and the reactions were performed using

MaximaTM SYBR Green/ROX qPCR Master Mix (Fer-

mentas), as described by the manufacturer. Real-time PCR

was performed with iQ SYBR Green Supermix and an

iCycler iQ5 system (Bio-Rad, Hercules, CA, USA). Rela-

tive quantification of specific mRNA levels was performed

using the cycle threshold (Ct) 2
�DDCt method (Software IQ5

2.0). The real-time PCR program was 10 min at 95 �C;
followed by 40 cycles of 15 s at 95 �C and 60 s at 60 �C;
then a 55–95 �C melting curve detection. For all analyses,

the signal for a gene of interest was normalized against that

for the MdActin gene. All samples were tested in three

biological replicates. The primers used for real-time PCR

are listed in Supporting Information Table S1.

Statistical analysis

Results are presented as mean ± standard deviation. All

data were subjected to one-way analysis of variance

(ANOVA), and means were compared with student’s t test

at a 5 % level of probability using SPSS 10.0 (IBM, Chi-

cago, IL, USA).

Results and discussion

Anthocyanin content in red-fleshed apple callus

treated with auxin

The synthetic auxins 2,4-D and NAA were used in this

study. The concentrations of 2,4-D (0.03 and 0.6 mg/L)

and NAA (0.3 and 10 mg/L) were previously optimized to

visualize their effects on anthocyanin biosynthesis. Red-

fleshed apple calli supplied with 0.3 mg/L NAA or

0.03 mg/L 2,4-D were red, but they produced less antho-

cyanin and were yellow with 10 mg/L NAA or 0.6 mg/L

2,4-D (Fig. 1a). The amounts of anthocyanins in red and

yellow calli were quantified after 15 d of culture. Red calli

contained markedly more anthocyanins in both the NAA

and 2,4-D treatments than yellow calli, in which detected

little anthocyanin was detected. The red calli supplied with

0.3 mg/L NAA contained more anthocyanins than those

supplied with 0.03 mg/L 2,4-D. The yellow calli supplied

with 10 mg/L NAA also had higher anthocyanin levels

than those supplied with 0.6 mg/L 2,4-D (Fig. 1b). This

indicated that NAA and 2,4-D inhibited anthocyanin

biosynthesis in red-fleshed apple callus at higher concen-

trations, and 0.6 mg/L 2,4-D had a greater inhibitory effect

than 10 mg/L NAA.

RNA-seq analysis of red calli and yellow calli

Red calli supplied with low-concentration auxins (0.3 mg/

L NAA, 0.03 mg/L 2,4-D) and yellow calli supplied with

higher concentrations (10 mg/L NAA, 0.6 mg/L 2,4-D)

15 d after inoculation were used to construct four separate

libraries, 2,4-D-Red, 2,4-D-Yellow, NAA-Red and NAA-

Yellow. RNA-seq generated 12,291,722–12,661,561 raw

reads (Table 1). After removal of low-quality reads, the

total number of filtered clean reads in each library was

12,484,863, 12,462,309, 12,211,985, and 12,561,898,

respectively (Table 1). In all libraries, very few new

identified genes were detected after the number of clean

reads reached ten million (Fig. S1), demonstrating that the

tags in each library were sequenced to saturation and could

be considered to fully represent the sample’s transcripts.

To determine reads corresponding to genes in each

library, the filtered clean reads were mapped to version 1 of

the apple reference genome in the Genome Database of

Rosaceae using SOAP2. About 85 % of total clean reads

mapped. Of these, about six million were unique and four

million were multi-positional for each sample (Table 1).

The numbers of mapped genes were 33,374, 33,633,

32,858 and 33,656 for the four libraries, respectively. The

gene coverage distribution of the libraries showed similar

patterns (Fig. 2), demonstrating that there was no bias in

the library construction and sequencing.

Changes in gene expression profiles between red

and yellow calli

To identify DEGs involved in auxin-regulated anthocyanin

biosynthesis, pairwise genome-wide gene expression

comparisons of yellow versus red calli in 2,4-D and NAA

treatments were performed. Filter criteria were log2 ratio

C2 and P B 0.0001, and a total of 3052 and 2515 genes

were differentially expressed in the 2,4-D and NAA treat-

ments, respectively. There were more DEGs in the 2,4-D

treatment than the NAA one, indicating that the genomic

response to 2,4-D was more complex and intense than to

NAA.

These genes were classified using a Venn diagram

(Fig. 3) and visualized with a heat map (Fig. 4). Distinct

and overlapping groups of genes responded to 2,4-D and

NAA. Some genes responded to the two auxins in the same

manner, of which 937 were up-regulated and 902 down-

regulated. Other genes only responded to one auxin: 348
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genes were up-regulated and 277 down-regulated by NAA

only, and 563 were up-regulated and 599 down-regulated

by 2,4-D only. A few genes responded to NAA and 2,4-D

in opposite ways, with 41 were up-regulated by NAA but

down-regulated by 2,4-D, and 10 down-regulated by NAA

but up-regulated by 2,4-D.

Function categories of DEGs

Based on the Arabidopsis genome database and MapMan,

the NAA- and 2,4-D-responsive genes were functionally

annotated and classified into the following categories:

cell, RNA, DNA, signal transduction, primary

Fig. 1 Phenotypes of red-

fleshed apple calli in different

treatments and anthocyanin

content measurement.

a Phenotypes of red-fleshed

apple calli treated with NAA

(0.3 or 10 mg/L) and 2,4-D

(0.03 or 0.6 mg/L);

b Anthocyanin contents in calli

treated with (1) NAA 0.3 mg/L

plus BAP 1.0 mg/L, (2) NAA

10 mg/L plus BAP 1.0 mg/L,

(3) 2,4-D 0.03 mg/L plus BAP

1.0 mg/L, and (4) 2,4-D 0.6 mg/

L plus BAP 1.0 mg/L.

Anthocyanin level is

represented by absorbance at

530 nm divided by the sample’s

fresh weight (A530/g FW). Three

Petri dishes served as three

replicates. Symbols over the

bars indicate significant

differences (P\ 0.05; t test)
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metabolism, secondary metabolism, photosynthesis, hor-

mones, transport, development, stress and detoxification,

protein, cell wall, transcription factor, ion channel, metal

ion binding, redox, electron transport, metabolism, and

unclassified (Fig. 5). Other than the unclassified genes,

signal transduction, stress and detoxification, primary

metabolism, and transcription factor accounted for most

DEGs in both the NAA and 2,4-D treatments.

Interestingly, primary metabolism including of carbohy-

drates, nitrogen, amino acids, nucleotides, and lipids, was

activated by higher concentrations of 2,4-D and NAA, but

secondary metabolism was mainly inhibited. We suggest

that primary and secondary metabolism might conflict. To

promote primary metabolism, NAA and 2,4-D inhibited

anthocyanin biosynthesis and other secondary metabolic

pathways.

Table 1 RNA-seq reads in four

RNA-seq libraries
Summary 2,4-D-red 2,4-D-yellow NAA-red NAA-yellow

Raw reads

Total numbers 12,553,884 12,554,002 12,291,722 12,661,561

Total clean reads

Total numbers 12,484,863 12,462,309 12,211,985 12,561,898

Total % of raw reads 99.45 99.27 99.35 99.21

Total mapped reads

Total numbers 10,585,904 10,597,586 10,303,561 10,694,388

Total % of clean reads 84.79 85.04 84.37 85.13

Unique match reads

Total numbers 6,615,060 6,694,683 6,503,857 6,765,082

Total % of clean reads 52.98 53.72 53.26 53.85

Multi-position match reads

Total numbers 3,970,844 3,902,903 3,799,704 3,929,306

Total % of clean reads 31.81 31.32 31.11 31.28

Total unmapped reads

Total numbers 1,898,959 1,864,723 1,908,424 1,867,510

Total % of clean reads 15.21 14.96 15.63 14.87

Total mapped genes

Total numbers 33,374 33,633 32,858 33,656

Fig. 2 Gene coverage statistics

for the four RNA-seq libraries:

Red calli and yellow calli

supplied with 2,4-D or NAA

were designated as 2,4-D-red,

2,4-D-yellow, NAA-Red, and

NAA-yellow, respectively
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In the following sections, we analyzed DEG responses

to auxins from five perspectives: (i) DEGs involved in

auxin activity and signal transduction; (ii) DEGs involved

in anthocyanin and phenylpropanoid metabolism; (iii)

DEGs involved in transcriptional regulation; (iv) DEGs

involved in protein degradation by the ubiquitin–protea-

some system; and (v) DEGs involved in other hormone

signaling pathways. Full datasets are available online

(Table S2).

The accuracy of RNA-seq determined by real-time

PCR

To verify the reliability of the RNA-seq results, the

expression patterns of 10 genes significantly up- or down-

regulated by NAA and 2,4-D were tested by qRT-PCR.

They were: DFR and UFGT, which are involved in

anthocyanin synthesis; MYB75 (MdMYB10) and TT8

(MdbHLH3), which function in regulating anthocyanin

synthesis; five genes in the auxin signaling pathway; and

CKX7, which is involved in cytokinin degradation

(Table 2). The qRT-PCR and RNA-seq results for these

genes showed some differences in fold-changes, but the

trends were consistent, indicating the general accuracy of

the RNA-seq data.

DEGs in anthocyanin and phenylpropanoid

metabolism

Anthocyanins are synthesized through the phenylpropanoid

pathway. Phenylpropanoid metabolism produces struc-

turally diverse plant secondary metabolites, such as flavo-

nols, lignins, anthocyanins, and proanthocyanidins (Wu

et al. 2014). The DEGs related to phenylpropanoid meta-

bolism are schematically represented in Fig. 6. In red-fle-

shed apple calli, the transcription levels of genes involved

in anthocyanin synthesis, such as CHS, CHI, F3H, F30H,
DFR, LDOX, and UFGT, were all down-regulated by

0.6 mg/L 2,4-D and 10 mg/L NAA. Moreover, flavonol

and proanthocyanidin synthesis genes, such as FLS, LAR,

and ANR, and lignin synthesis genes, such as CCoAOMT,

CCR, and CCD, were also inhibited by these auxin treat-

ments. Other than F3H and UFGT, each of these genes had

several copies in red-fleshed apple, and some copies

responded differently to NAA and 2,4-D. Most were both

down-regulated by both hormones, but some only respon-

ded to one. Several copies of CHS, F30H, and OMT1

responded to NAA and 2,4-D in opposite ways (Fig. 6).

Anthocyanins and proanthocyanidins are synthesized in

the cytoplasm then moved into the vacuole for storage by

transporter proteins (Zhao et al. 2010; Saito et al. 2013). In

Arabidopsis, TT12 (At3g59030), TT19 (At5g17220), and

Fig. 3 Numbers of differentially expressed genes with a log2 ratio C2

at P\ 0.0001 in either the NAA or the 2,4-D treatment. Solid and

dashed circles represent the NAA and 2,4-D treatments, respectively.

Red and green circles represent up- and down-regulated genes,

respectively. (Color figure online)

Fig. 4 Heat map analysis of differentially expressed genes with a

log2 ratio C2 at P\ 0.0001 between red calli and yellow calli in

NAA and 2,4-D treatments
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AHA10 (At1g17260) were determined to be related to

vacuolar transport of anthocyanins and proanthocyanidins

using loss-of-function mutants. TT12 encodes a membrane

protein of the multi-drug and toxic efflux (MATE) trans-

porter family is identified to preferentially transport

proanthocyanidin (Debeaujon et al. 2001). TT19 encodes a

GST-like protein that functions exclusively in anthocyanin

accumulation (Kitamura et al. 2004). AHA10 encodes a

putative P-type H?-ATPase that has a H?/flavonoid-an-

tiport function in tandem with TT12 (Kitamura et al. 2010).

In this study, two copies of TT12 (MDP0000147216 and

MDP0000163588), two copies of AHA10 (MDP0000

290422 and MDP0000303799), and one copy of TT19

(MDP0000252292) were down-regulated by 0.6 mg/L 2,4-

D and 10 mg/L NAA. These results indicated that antho-

cyanin and flavonoid transport into the vacuole were also

inhibited by NAA and 2,4-D at higher concentrations.

DEGs related to auxin activity

Most auxin molecules transport through the cells by polar

auxin transport system, which includes the auxin influx

carrier proteins, AUX1s, and the auxin efflux carrier pro-

teins PIN-FORMED (PINs) (Delbarre et al. 1996; Bla-

keslee et al. 2005). Delbarre reported that the transport of

synthetic auxin 2,4-D required AUX1 but not PINs, while

Fig. 5 Numbers of down-

regulated or up-regulated genes

with log2 ratio C2 at

P\ 0.0001 between red calli

and yellow calli in NAA and

2,4-D treatments

Table 2 Digital expression and qRT-PCR analyses for a subset of genes

ID Annotation Accession E-value RNA-seq RNA-seq qRT-PCR qRT-PCR

2,4-D NAA 2,4-D NAA

MDP0000494976 DFR (dihydrokaempferol

4-reductase)

AT5G42800.1 2.00E - 151 -6.0 -6.2 -13.3 -10.5

MDP0000543445 UFGT (UDP-glucose: flavonoid-3-

O-glucosyltransferase)

AT5G17050.1 1.00E - 125 -6.8 -7.5 -26.2 -21.4

MDP0000259614 MYB75 (MYB transcription

factor)

AT1G66370.1 4.00E - 32 -6.5 -4.4 -8.3 -7.4

MDP0000225680 TT8 (transparent testa 8) AT4G09820.1 2.00E - 45 -7.4 -6.9 -14.1 -12.6

MDP0000303142 IAA1 (indole-3-acetic acid

inducible 1)

AT1G04240.1 4.00E - 66 5.5 4.2 4.42 3.2

MDP0000211934 IAA31 (indole-3-acetic acid

inducible 31)

AT3G17600.1 2.00E - 32 6.3 4.8 28.3 45.3

MDP0000179650 ARF3 (auxin response factor 3) AT2G33860.1 3.00E - 166 3.8 3.7 4.5 2.9

MDP0000173151 ARF3 (auxin response factor 3) AT2G33860.1 6.00E - 168 3.3 2.2 17.8 6.1

MDP0000412781 ARF4 (auxin response factor 4) AT5G60450.1 0.00E ? 00 3.5 3.0 3.4 7.5

MDP0000238100 CKX7 (cytokinin oxidase 7) AT5G21482.1 0.00E ? 00 -3.9 -3.8 -12.1 -20.5
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the lipophilic auxin NAA entered the cell directly,

bypassing AUX1, but required PINs to exit (Delbarre et al.

1996). However, AUX1 and PIN1 were both induced

expression by higher concentrations of 2,4-D and NAA in

this study. Three copies of AUX1 (MDP0000155113,

MDP0000080407, and MDP0000175425) and two copies

of PIN1 (MDP0000200231 and MDP0000138035) were

both up-regulated by 0.6 mg/L 2,4-D and 10 mg/L NAA.

Another copy of PIN1 (MDP0000784665) was highly

induced by only 0.6 mg/L 2,4-D (Table 3). Thus, higher

levels of 2,4-D and NAA facilitated auxin transport. In

addition, ATP binding cassette type B/P-glycopro-

tein/multidrug resistance (ABCB/PGP/MDR) proteins and

PIN-LIKE proteins also act as auxin efflux carrier proteins

(Křeček et al. 2009; Kaneda et al. 2011; Viaene et al.

2013). In this study, ABCB15 (MDP0000521460) and four

PIN-LIKES (MDP0000139929, MDP0000344085,

MDP0000154046, and MDP0000243770) were down-reg-

ulated by higher concentrations of 2,4-D and NAA

(Table 3). They might not function directly in auxin

transport and may be inhibited by high concentrations of

auxin.

In plants, the natural auxin IAA is inactivated very

quickly through reversible conjugation with sugars or

amino acids (Ljung et al. 2002; Pazmiño et al. 2012). The

auxin-inducible GRETCHEN HAGEN3 (GH3) family

facilitates amino acid conjugation to IAA, while the IAA-

LEUCINE RESISTANT 1 (ILR1)-like family of amido-

hydrolases releases IAA (Bartel and Fink 1995; LeClere

et al. 2002; Park et al. 2007; Ludwig-Müller et al. 2009). In

Fig. 6 Overview of the phenylpropanoid pathway modulation. For

each gene, the upper squares represent 2,4-D treatment and the

lower squares represent NAA treatment, while the number of

squares represents the copy number of each gene. Different colors

represent down-regulated or up-regulated genes in the 2,4-D or NAA

treatments with log2 ratio C2 at P\ 0.0001. PAL phenylalanine

ammonia lyase, C4H cinnamate-4-hydroxylase, 4CL 4-coumaroyl-

coA synthase, CHS chalcone synthase, CHI chalcone-flavanone

isomerase, F3H flavanone-3-hydroxylase; F30H flavonoid-30-hydrox-
ylase, FLS flavonol synthase, DFR dihydroflavonol-4-reductase,

LDOX leucoanthocyanidin dioxygenase, UFGT UDP-glucose: flavo-

noid-3-O-glucosyltransferase, LAR leucoanthocyanidin reductase,

ANR anthocyanidin reductase, C3H p-coumarate 3-hydroxylase,

HCT hydroxycinnamoyl-coA shikimate/quinate hydroxycinnamoyl

transferase, CCoAOMT caffeoyl CoA o-methyl transferase, CCR

caffeoyl CoA reductase, CAD cinnamoyl alcohol dehydrogenase,

UGT UDP-glycosyltransferase, TT12 transparent testa12, ACC acetyl-

CoA carboxylase, OMT1 O-methyltransferase 1, TT19 glutathione

S-transferase PHI 12, AHA10 P-type H?-ATPase
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addition, IAA-methyltransferase-1 (IAMT1) can convert

IAA to its methyl ester form MelIAA. The formation of

MelIAA is another way to inhibit IAA activity because

MelIAA is essentially non-polar (Qin et al. 2005). In this

study, two copies of GH3 (MDP0000666539 and MDP00

00872868) and two copies of IAMT1 (MDP0000207554

and MDP0000290695) were both up-regulated, and two

copies of ILL6 (MDP0000454027 and MDP0000249564)

were down-regulated by higher concentrations of 2,4-D

and NAA (Table 3). These results indicated that higher

concentrations of 2,4-D and NAA facilitated auxin con-

version from active to inactive states.

DEGs related to auxin signal transduction

In this study, genes encoding auxin receptors, such as TIR1/

AFB, SKP2A and ABP1, were not found among the DEGs in

the NAA and 2,4-D treatments, but 15 Aux/IAA family

genes and eight ARF family genes were differently expres-

sed (Table 4). Among them, nineAux/IAAs, (IAA1 (MDP00

00303142), IAA13 (MDP0000131759 and MDP0000270

789), IAA19 (MDP0000296324), IAA27 (MDP0000361838,

MDP0000211848, and MDP0000174664), IAA29 (MDP00

00195460), and IAA31 (MDP0000211934)) and seven ARFs

(ARF1 (MDP0000929655), ARF3 (MDP0000179650 and

MDP0000173151), ARF4 (MDP0000225980 and MDP00

00412781), ARF9 (MDP0000259062), and ARF19 (MDP00

00876321)) were up-regulated by higher concentrations of

NAA and 2,4-D. In addition, IAA1 (MDP0000324919) and

IAA26 (MDP0000164095) were only induced in the NAA

treatment, and IAA14 (MDP0000124810), IAA27 (MDP00

00262602), and ARF18 (MDP0000634433) were only

induced in the 2,4-D treatment. The expressions of IAA9

(MDP0000200927) and IAA17 (MDP0000223496) were

inhibited by NAA and 2,4-D, respectively. Similar to our

result, Arabidopsis whole genome microarray analysis

indicated that 2,4-D induced IAA1, IAA13, and IAA19 but

inhibited IAA17, and there was no significant effect on TIR1

(Raghavan et al. 2006). Thus, our results were generally

accurate and comprehensive.

The Aux/IAAs and ARFs play central roles in auxin

signal transduction. Most Aux/IAAs act as repressors of

auxin response, with the exception of IAA17, which has

been shown to induce an auxin response (Reed 2001).

ARFs are transcription factors that bind to the auxin-re-

sponsive cis-element within the promoters of auxin-re-

sponsive genes to alter the expression of the target genes.

ARF5, ARF6, ARF7, ARF8, and ARF19 proteins, with

Q-rich middle domains, will activate transcription, whereas

others may repress it (Ulmasov et al. 1999). The functions

of some Aux/IAAs and ARFs that were differently

expressed in this study have been previously identified

(Weijers et al. 2005; Ku et al. 2009; Zhou et al. 2013; Sagar

et al. 2013). IAA1 and IAA13 regulate cell elongation in

Arabidopsis (Weijers et al. 2005; Ku et al. 2009). IAA19

and ARF7 are involved in brassinosteroid responses (Zhou

Table 3 DEGs related to auxin transport and homeostasis

ID Annotation Accession E-value 2,4-D NAA

MDP0000200231 PIN-formed 1 (PIN1) AT1G73590.1 0.00E ? 00 4.2 4.7

MDP0000138035 PIN-formed 1 (PIN1) AT1G73590.1 0.00E ? 00 3.3 4.5

MDP0000784665 PIN-formed 1 (PIN1) AT1G73590.1 0.00E ? 00 7.2 0

MDP0000521460 ABCB15 AT3G28345.1 0.00E ? 00 -2.1 -1.7

MDP0000155113 Auxin resistant 1 (AUX1) AT2G38120.1 0.00E ? 00 3.0 4.6

MDP0000080407 Auxin resistant 1 (AUX1) AT2G38120.1 0.00E ? 00 2.6 1.2

MDP0000175425 Auxin resistant 1 (AUX1) AT2G38120.1 1.00E - 178 2.3 1.3

MDP0000666539 GH3.3 AT2G23170.1 0.00E ? 00 3.8 2.7

MDP0000872868 GH3.1 AT2G14960.1 0.00E ? 00 3.9 3.1

MDP0000873893 GH3.1 AT2G14960.1 0.00E ? 00 -5.4 -2.9

MDP0000454027 IAA-leucine resistant (ILR)-like gene 6 (ILL6) AT1G44350.1 1.00E - 162 -3.8 -2.1

MDP0000249564 IAA-leucine resistant (ILR)-like gene 6 (ILL6) AT1G44350.1 3.00E - 171 -4.1 0

MDP0000207554 IAA carboxylmethyltransferase 1 (IAMT1) AT5G55250.1 2.00E - 166 8.4 8.4

MDP0000290695 IAA carboxylmethyltransferase 1 (IAMT1) AT5G55250.1 1.00E - 173 5.1 4.9

MDP0000139929 PIN-LIKES 1 AT1G20925.1 1.00E - 37 -3.6 -2.1

MDP0000243770 PIN-LIKES 3 AT1G76520.2 1.00E - 60 -2.6 0

MDP0000344085 PIN-LIKES 4 AT1G76530.1 1.00E - 20 -2.8 -2.4

MDP0000154046 PIN-LIKES 5 AT2G17500.4 3.00E - 124 0 -3.0
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et al. 2013). ARF1 and ARF2 regulate floral organ

abscission (Ellis et al. 2005), whereas ARF3 regulates pistil

development (Tantikanjana and Nasrallah 2012). Sl-ARF4

helps determine fruit cell wall architecture and is thus a

potential genetic marker for improving post-harvest han-

dling and shelf life of tomato fruits (Sagar et al. 2013).

ARF7 and ARF19 regulate leaf expansion and root for-

mation (Wilmoth et al. 2005). Although whether these

differently expressed Aux/IAAs and ARFs participate in

anthocyanin biosynthesis regulation is not known, they are

candidate genes for further study.

Transcriptional regulators

As auxins play key roles in a variety of plant growth and

developmental processes, many transcription regulators are

directly or indirectly involved in the auxin regulatory network

(Liscum andReed 2002; Jiang et al. 2014). In this study, a total

of 298 transcription factors were differently expressed in the

NAA and 2,4-D treatments, including 42 MYBs, 17 bHLHs,

13 WD40s, 17 WRKYs, 21 NACs, 6 bZIPs, 4 TCPs, 16

Homeoboxes, 9 HSFs, 2 G2-likes, and 4 SBPs (Table 5 and

Table S3). Many more transcription factors were up-regulated

than down-regulated.MYBs,WRKYs, andTCPsweremainly

down-regulated, while bZIPs, Dofs, Homeoboxes, HSFs, G2-

likes, and SBPs were mainly up-regulated. bHLHs, WD40s.

and NACs were equally represented in the down- and up-

regulated categories. Some MYB, bHLH, and WD40 mem-

bers have been reported to directly regulate anthocyanin and

flavonoid synthesis (Stracke et al. 2010). MYB75 (MDP000

0259614,MdMYB10),MYB113 (MDP0000573302),MYB113

(MDP0000127691), TT2 (MDP0000318013), TT8 (MDP00

00225680, MdbHLH3), TT8 (MDP0000132758) and TT8

(MDP0000617077), which control anthocyanin and proan-

thocyanidin biosynthesis, were down-regulated by higher

concentrations of NAA and 2,4-D (Table S3). MYB12

(MDP0000607330) and MYB111 (MDP0000119725), which

control flavonol branch transcription, were only down-regu-

lated by 10 mg/L NAA (Table S3). Thirteen WD40 proteins

were regulated by 0.6 mg/L 2,4-D and 10 mg/L NAA, but no

TTG1 homolog which involved in regulating anthocyanin or

other flavonoid synthesis was found.

DEGs in ubiquitin-dependent protein degradation

The degradation of auxin-induced proteins by the 26S

proteasome is important for auxin signaling in plants

(Leyser 2002), and targeted degradation of cellular proteins

Table 4 DEGs related to auxin signal transduction

ID Annotation Accession E-value 2,4-D NAA

MDP0000303142 Indole-3-acetic acid inducible 1 (IAA1) AT1G04240.1 4.00E - 66 5.5 4.2

MDP0000324919 Indole-3-acetic acid inducible 1 (IAA1) AT1G04240.1 6.00E - 34 0 3.3

MDP0000200927 Indole-3-acetic acid inducible 9 (IAA9) AT5G65670.1 1.00E - 09 0 -2.7

MDP0000131759 Indole-3-acetic acid inducible 13 (IAA13) AT2G33310.3 3.00E - 55 3.9 2.0

MDP0000270789 Indole-3-acetic acid inducible 13 (IAA13) AT2G33310.3 3.00E - 60 2.5 1.3

MDP0000124810 Indole-3-acetic acid inducible 14 (IAA14) AT4G14550.1 6.00E - 85 3.0 0

MDP0000223496 Indole-3-acetic acid inducible 17 (IAA17) AT1G04250.1 5.00E - 40 -2.5 0

MDP0000296324 Indole-3-acetic acid inducible 19 (IAA19) AT3G15540.1 1.00E - 53 3.4 1.1

MDP0000164095 Indole-3-acetic acid inducible 26 (IAA26) AT3G16500.1 5.00E - 46 0 5.7

MDP0000262602 Indole-3-acetic acid inducible 27 (IAA27) AT4G29080.1 3.00E - 75 3.1 0

MDP0000361838 Indole-3-acetic acid inducible 27 (IAA27) AT4G29080.1 4.00E - 46 2.8 1.2

MDP0000211848 Indole-3-acetic acid inducible 27 (IAA27) AT4G29080.1 6.00E - 70 4.0 4.3

MDP0000174664 Indole-3-acetic acid inducible 27 (IAA27) AT4G29080.1 6.00E - 78 2.5 1.9

MDP0000195460 Indole-3-acetic acid inducible 29 (IAA29) AT4G32280.1 3.00E - 14 4.5 2.7

MDP0000211934 Indole-3-acetic acid inducible 31 (IAA31) AT3G17600.1 2.00E - 32 6.3 4.8

MDP0000929655 Auxin response factor 1 (ARF1) AT1G59750.4 0.00E ? 00 2.1 1.1

MDP0000179650 Auxin response factor 3 (ARF3) AT2G33860.1 3.00E - 166 3.8 3.7

MDP0000173151 Auxin response factor 3 (ARF3) AT2G33860.1 6.00E - 168 3.3 2.2

MDP0000225980 Auxin response factor 4 (ARF4) AT5G60450.1 0.00E ? 00 2.7 1.8

MDP0000412781 Auxin response factor 4 (ARF4) AT5G60450.1 0.00E ? 00 3.5 3

MDP0000259062 Auxin response factor 9 (ARF9) AT4G23980.2 0.00E ? 00 2.0 1.3

MDP0000634433 Auxin response factor 18 (ARF18) AT3G61830.1 8.00E - 33 3.6 0

MDP0000876321 Auxin response factor 19 (ARF19) AT1G19220.1 0.00E ? 00 2.4 1.2
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by the ‘ubiquitin–proteasome system’ (UPS) is considered

an important mode of regulation for many cellular pro-

cesses (Santner and Estelle 2010). The UPS is responsible

for degrading most short- or long-lived proteins in a pro-

cess mediated by the sequential action of three enzymes,

namely E1 (Ubiquitin-activating enzyme, UBA), E2

(Ubiquitin-conjugating enzyme, UBC), and E3 (Ubiquitin–

protein ligase), the covalent attachment of a poly-Ub chain

to substrate proteins, and then degradation by the 26S

proteasome (Liu et al. 2008). In this study, 14 ubiquitin–

proteasome system-related genes were differently expres-

sed in the NAA and 2,4-D treatments, including six ubiq-

uitin-conjugating enzymes, five ubiquitin–protein ligases,

and three ubiquitin-specific proteases (Table 6). We sug-

gest that they respond to auxin and might function in the

degradation of anthocyanin biosynthesis proteins.

Hormone interactions

Many genes involved in other hormone metabolism and

signaling pathways, such as cytokinin, ethylene, and gib-

berellic acid, were differently expressed in this study

(Table 7). The regulation of anthocyanin biosynthesis by

auxins might not be a simple linear route but a much more

complex network with other hormone signals.

Cytokinin promotes anthocyanin accumulation in plants

(Deikman and Hammer 1995; Das et al. 2012). The

endogenous cytokinin level is modulated by auxins; for

example, NAA has been reported to facilitate cytokinin

(zeatin riboside) degradation in tobacco pith explants (PalnP

et al. 1988). The CKX family gene encoding cytokinin oxi-

dase (EC 1.5.99.12) is responsible for degrading natural

cytokinins (Galuszka et al. 2000). We found that CKX3

(MDP0000271354)was up-regulated by both 10 mg/LNAA

and 0.6 mg/L 2,4-D, CKX5 (MDP0000234983) and CKX6

(MDP0000256199) were up-regulated by only 10 mg/L

NAA, and CKX7 (MDP0000238100) was down-regulated

by both 10 mg/L NAA and 0.6 mg/L 2,4-D. In addition, the

cytokinin receptor kinase AHP1 (MDP0000170922) and

down-stream elements ARR3 (MDP0000250737) and ARR9

(MDP0000625459) were down-regulated by 0.6 mg/L 2,4-

D or 10 mg/L NAA. ARR3 and ARR9 are the primary

response genes to cytokinin signal and are rapidly up-regu-

lated upon cytokinin treatment (Brandstatter and Kieber

1998). Thus, the endogenous cytokinin level in red-fleshed

apple calli decreased and the cytokinin signal was poten-

tially inhibited by higher concentrations of NAA and 2,4-D.

Ethylene inhibits anthocyanin synthesis in sucrose-in-

duced anthocyanin production and inorganic phosphate

starvation-induced anthocyanin production (Jeong et al.

2010; Lei et al. 2011). At high concentrations, both natural

and synthetic auxins induced the plant hormone ethylene

(Grossmann. 2000). ACC synthase (ACS) and ACC oxi-

dase (ACO) are two key enzymes in ethylene biosynthesis.

In this study, 10 mg/L NAA induced the expression of

ACO4 (MDP0000251295 and MDP0000195885) but did

not affect that of ACS. Treatment with 0.6 mg/L 2,4-D

induced the expression of ACS10 (MDP0000166535) but

inhibited that of ACO4 (MDP0000251295). ETHYLENE

OVERPRODUCER 1 (ETO1), which may encode a post-

transcriptional regulator of type-2 ACS that negatively

regulates ethylene synthesis (Woeste et al. 1999; Christians

et al. 2009), was down-regulated by both 0.6 mg/L 2,4-D

and 10 mg/L NAA. These results indicated that ethylene

Table 5 Transcription factors

that were differently regulated

by NAA and 2,4-D

2,4-D 2,4-D NAA NAA Total

Up Down Up Down

MYB transcription factor family 11 25 7 24 42

Basic helix-loop-helix (bHLH) transcription factor 9 8 6 6 17

WD40 repeat family protein 6 5 5 3 13

WRKY transcription factor family 0 10 5 7 17

zinc finger family protein 5 6 4 4 14

NAC transcription factor family 9 8 9 8 21

bZIP family transcription factor 4 0 3 2 6

AP2 domain-containing transcription factor 2 2 0 1 4

Dof-type zinc finger domain-containing transcription factor 5 1 6 1 8

TCP family transcription factor 0 2 1 2 4

Homeobox transcription factor family 7 5 8 4 16

HSF transcription factor family 5 1 5 1 9

G2-like transcription factor family 1 0 2 0 2

SBP transcription factor family 3 0 3 0 4

Other transcription factors 58 35 57 28 121

Total 125 108 121 91 298
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Table 6 DEGs involved in ubiquitin-dependent protein degradation

ID Annotation Accession E-value 2,4-D NAA

MDP0000223660 UBC2 (ubiquiting-conjugating enzyme 2) AT2G02760.1 4.00E - 86 11.8 0

MDP0000287301 UBC4 (ubiquitin-conjugating enzyme 4) AT5G41340.1 2.00E - 14 2.1 0

MDP0000266030 UBC10 (ubiquitin-conjugating enzyme 10) AT5G53300.4 2.00E - 78 0 4.9

MDP0000235158 UBC18 (ubiquitin-conjugating enzyme 18) AT5G42990.1 1.00E - 70 0 2.5

MDP0000133792 UBC25 (ubiquitin-conjugating enzyme 25) AT3G15355.1 5.00E - 71 -1.5 -2.1

MDP0000156236 UBC28 (ubiquitin-conjugating enzyme 28) AT1G64230.2 4.00E - 69 2.1 2.9

MDP0000194053 PUB9 (PLANT U-BOX 9); ubiquitin-protein ligase AT3G07360.1 2.00E - 129 3.6 0

MDP0000391355 PUB23 (PLANT U-BOX 23); ubiquitin-protein ligase AT2G35930.1 2.00E - 140 -3.8 0

MDP0000199588 PUB24 (PLANT U-BOX 24); ubiquitin-protein ligase AT3G11840.1 1.00E - 99 -3.7 0

MDP0000317113 PUB25 (PLANT U-BOX 25); ubiquitin-protein ligase AT3G19380.1 7.00E - 26 -8.0 0

MDP0000149857 PUB38 (PLANT U-BOX 38); ubiquitin-protein ligase AT5G65200.1 4.00E - 135 -2.4 -1.5

MDP0000261354 UBP13 (ubiquitin-specific protease 13) AT3G11910.1 0.00E ? 00 4.1 5.3

MDP0000761828 UBP13 (ubiquitin-specific protease 13) AT3G11910.1 1.00E - 73 2.5 3.2

MDP0000234267 UBP25 (ubiquitin-specific protease 25) AT3G14400.1 1.00E - 59 4.6 0

Table 7 DEGs involved in cytokinin, ethylene, and GA hormone metabolism and signaling pathways

ID Annotation Accession E-value 2,4-D NAA

Cytokinin

MDP0000271354 CKX3 (cytokinin oxidase 3) AT5G56970.1 1.00E - 130 1.4 2.4

MDP0000234983 CKX5 (cytokinin oxidase 5) AT1G75450.1 0.00E ? 00 0 4.0

MDP0000256199 CKX6 (cytokinin oxidase 6) AT3G63440.1 2.00E - 172 0 2.5

MDP0000238100 CKX7 (cytokinin oxidase 7) AT5G21482.1 0.00E ? 00 -3.9 -3.8

MDP0000170922 AHP1 AT3G21510.1 6.00E - 50 0 -2.1

MDP0000250737 ARR3 (response regulator 3) AT1G59940.1 7.00E - 47 0 -2.0

MDP0000625459 ARR9 (response regulator 9) AT3G57040.1 2.00E - 59 -5.7 0

Ethylene

MDP0000166535 ACS10 (ACC synthase 10) AT1G62960.1 3.00E - 154 2.1 0

MDP0000251295 ACO4 (ACC oxidase 4) AT1G05010.1 1.00E - 128 -2.4 5.8

MDP0000195885 ACO4 (ACC oxidase 4) AT1G05010.1 2.00E - 127 0 2.8

MDP0000148169 ETO1 (ethylene overproducer 1) AT3G51770.2 0.00E ? 00 -2.6 -2.2

MDP0000920189 ETR2 (ethylene response 2) AT3G23150.1 2.00E - 179 1.9 2.5

MDP0000168345 EIN4 (ethylene insensitive 4) AT3G04580.2 0.00E ? 00 2.1 0

MDP0000226115 ERF1 (ethylene responsive element binding factor 1) AT4G17500.1 5.00E - 33 -5.0 -2.2

MDP0000517257 ERF1 (ethylene responsive element binding factor 1) AT4G17500.1 1.00E - 33 -5.3 -1.2

MDP0000805422 ERF2 (ethylene responsive element binding factor 2) AT5G47220.1 2.00E - 24 -2.6 -1.3

GA

MDP0000221442 GA3 (GA requiring 3) AT5G25900.1 3.00E - 170 3.1 4.3

MDP0000735747 GA2OX6 (gibberellin 2-oxidase 6) AT1G02400.1 1.00E - 99 -2.2 0

MDP0000269990 GA2OX8 (Gibberellin 2-oxidase 8) AT4G21200.1 3.00E - 96 -4.0 0

MDP0000237978 RGA1 (repressor of GA1-3 1) AT2G01570.1 0.00E ? 00 -2.0 -2.6

MDP0000445131 GID1C (GA insensitive dwarf 1C) AT5G27320.1 1.00E - 148 3.0 0

MDP0000937996 GASA1 (GAST1 protein homolog 1) AT1G75750.1 3.00E - 25 0 4.5

MDP0000229958 GASA4 (GAST1 protein homolog 4) AT5G15230.1 2.00E - 22 2.5 0
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production might be induced in red-fleshed apple calli by

higher concentrations of 2,4-D and NAA. ETR2

(MDP0000920189) and EIN4 (MDP0000168345) encoding

ethylene receptor proteins were induced by 10 mg/L NAA

and 0.6 mg/L 2,4-D, respectively. Ethylene receptors work

as negative regulators of the signal pathway, actively

repressing the ethylene response (Merchante et al. 2013).

ERF1 (MDP0000226115 and MDP0000517257) and ERF2

(MDP0000805422), down-elements of the ethylene signal

pathway, were down-regulated by 0.6 mg/L 2,4-D and

10 mg/L NAA, indicating that the ethylene signaling

pathway was inhibited by up-regulating the expressions of

ethylene receptors at higher concentrations of NAA and

2,4-D.

Gibberellic acid has been reported to inhibit anthocyanin

accumulation (Ilan and Dougall 1994; Loreti et al. 2008).

In our results, GA requiring 3 encoding a member of the

CYP701A cytochrome p450 family that acts in later steps

of the gibberellin biosynthetic pathway was induced by

0.6 mg/L 2,4-D and 10 mg/L NAA. Two GA2ox genes

responsible for deactivating bioactive GA were down-

regulated by 0.6 mg/L 2,4-D. The higher concentrations of

NAA and 2,4-D might promote GA biosynthesis and

inhibit GA deactivation. The GA signal is perceived by the

receptor GA-INSENSITIVE DWARF1 (GID1) (Hartweck

2008). One GID1C-like gene (MDP0000445131) was up-

regulated by 0.6 mg/L 2,4-D. REPRESSOR-of-GA1-3

(RGA) encodes a DELLA protein and represses GA

response but can form a GA/GID1/DELLA complex and

bind to a F-box protein, resulting in DELLA degradation

and relieving their suppression effects (Hartweck 2008).

One RGA gene (MDP0000237978) was down-regulated by

NAA and 2,4-D. GASA1 and GASA4 belong to the gib-

berellic acid-stimulated in Arabidopsis (GASA) gene

family, which is induced by GA; they were up-regulated by

10 mg/L NAA and 0.6 mg/L 2,4-D, respectively, indicat-

ing that GA signal strength was promoted by higher con-

centrations of these auxins.

Conclusions

Global gene expression by RNA-seq was analyzed in red-

fleshed apple calli treated with NAA (0.3 mg/L and 10 mg/

L) and 2,4-D (0.03 mg/L and 0.6 mg/L). The calli could

synthesize anthocyanins in the low auxin concentrations

but barely in the higher concentrations. Based on our

results, we considered that these synthetic auxins activated

primary metabolism while inhibiting secondary metabo-

lism at the transcriptional level and presented a model

summarizing our findings regarding auxin signaling in the

regulation of anthocyanin biosynthesis (Fig. 7). The auxin

signal elements AUX/IAAs and ARFs might play

important roles in regulating anthocyanin synthesis. They

may directly interact with the MBW complex to inhibit its

activity or indirectly regulate it through other transcript

factors, such as WRKY, NAC, bZIP, TCP, Homeobox,

HSF, G2-like, and SBP. Other hormone signaling pathways

that interact with auxin, such as cytokinin, ethylene, and

GA, also might regulate anthocyanin synthesis. The ubiq-

uitin–proteasome system might act in degrading antho-

cyanin synthesis proteins.
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