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ABSTRACT Anthocyanin accumulation specifically depends on sucrose (Suc) signaling. However, the molecular basis of this process
remains unknown. In this study, in vitro pull-down assays identified ETHYLENE-INSENSITIVE3 (EIN3), a component of both sugar
signaling or/and metabolism. This protein interacted with YDA, and the physiological relevance of this interaction was confirmed
by in planta co-immunoprecipitation, yeast two-hybrid (Y2H) assay, and bimolecular fluorescence complementation. Ethylene insen-
sitive3-like 1 (eil1) ein3 double-mutant seedlings, but not ein3-7 seedlings, showed anthocyanin accumulation. Furthermore, ein3-1
suppressed anthocyanin accumulation in yda-1 plants. Thus, EMB71/YDA-EIN3-EILT may form a sugar-mediated gene cascade integral
to the regulation of anthocyanin accumulation. Moreover, the EMB71/YDA-EIN3-EILT gene cascade module directly targeted the
promoter of Transparent Testa 8 (TT8) by direct EIN3 binding. Collectively, our data inferred a molecular model where the signaling
cascade of the YDA-EIN3-TT8 appeared to target 778 via EIN3, thereby modulating Suc signaling-mediated anthocyanin accumulation.
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NTHOCYANINS are a class of flavonoids widely found in

plants and play important roles in many of physiological
processes, including functioning as photoprotective screens in
vegetative tissue, visual attractors in pollination, antimicro-
bial agents, and feeding deterrents in the defense response
(Winkel-Shirley 2001).

Anthocyanin accumulation is stimulated via many endog-
enous signals, for example, sucrose (Teng et al. 2005), auxin,
abscisic acid (ABA) (Jeong et al. 2004, 2010; Hoth et al.
2010), gibberellin (Weiss et al. 1995), cytokinin (Deikman
and Hammer 1995), jasmonates (Qi et al. 2011), and ethyl-
ene (Morgan and Drew 1997). Further, the synthesis of these
molecules is also induced by a series of environmental
stresses, including attempted microbial infection, ultraviolet
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irradiation, insect attack, wounding, nutrient depletion, and
drought (Qi et al. 2011).

MYB/bHLH/TTG1 (MBW) components are thought to
regulate anthocyanin biosynthesis in a spatiotemporal man-
ner (Teng et al. 2005). In Arabidopsis thaliana, the WD-repeat
protein Transparent Testa Glabra 1 (TTG1) (Walker et al.
1999) recruits basic helix-loop-helix (bHLH) transcription
factors (Toledo-Ortiz et al. 2003); for example, Transparent
Testa 8 (TT8) (Nesi et al. 2000; Baudry et al. 2006), Glabra
3 (GL3) (Payne et al. 2000), or Enhancer of Glabra 3 (EGL3)
(Zhang et al. 2003). Further, R2R3 MYB transcription factors
(MYB113, MYB90, MYB114, or MYB75) (Borevitz et al
2000; Stracke et al. 2001, 2007; Zimmermann et al. 2004;
Gonzalez et al. 2008; Rowan et al. 2009) can also be
recruited. Collectively, these proteins form the WD-repeat/
bHLH/MYB component complex. This complex regulates an-
thocyanin biosynthesis via promoting the expression of late
anthocyanin biosynthetic genes, including leucoanthocyani-
din dioxygenase, NADPH-dependent dihydroflavonol reduc-
tase (DFR), and UDP-Glc:flavonoid 3-Oglucosyltransferase
(UF3GT) (Dooner et al. 1991; Kubasek et al. 1992; Shirley
et al. 1995; Gonzalez et al. 2008).
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Sucrose (Suc) is a well-characterized endogenous devel-
opmental signal. Sugars (e.g., Suc) play dual functions as
transported carbohydrates in vascular plants and as signal
molecules that regulate gene expression and plant develop-
ment. Sugar-mediated signals indicate carbohydrate avail-
ability and regulate metabolism by coordinating sugar
production and mobilization with sugar usage and storage
(Baier et al. 2004). Anthocyanin biosynthesis is modulated
by changes in Suc concentrations and the sugar-dependent
upregulation of the anthocyanin synthesis pathway is Suc-
specific (Solfanelli et al. 2006; Jeong et al. 2010). The
Arabidopsis pho3 mutant is defective in Suc transporter 2
(SUC2) function. SUC2 encodes a phloem-loading Suc-pro-
ton symporter, enabling accumulation of soluble sugars; thus,
pho3 plants exhibit growth retardation and also anthocyanin
accumulation (Lloyd and Zakhleniuk 2004). Microarray
analysis of mature leaves from pho3 plants revealed an
increased expression of PRODUCTION OF ANTHOCYANIN
PIGMENT 1 (PAP1), PRODUCTION OF ANTHOCYANIN PIGMENT
2 (PAP2), and TT8 transcription factors, as well as of genes
encoding anthocyanin biosynthesis enzymes, implying that
sugar is a trigger of anthocyanin biosynthesis in vivo (Lloyd
and Zakhleniuk 2004).

YODA (YDA), a mitogen-activated protein kinase kinase
kinase (MAPKKK), is a member of the MEKK subfamily of the
MEKK1/Ste11/Bck1 class of MAPKKKs and is a key compo-
nent of the regulatory pathways for both embryo and stomatal
development (Bergmann et al. 2004; Lukowitz et al. 2004).
Current reports indicate that YDA is involved in the regulation
of floral patterning (Bemis et al. 2013), drought tolerance
(Meng and Yao 2015), anthocyanin accumulation (Meng
et al. 2016), the accumulation of reactive oxygen intermedi-
ates, and cell death development (Li et al. 2015). A previously
reported microarray analysis of yda mutants (Lukowitz et al.
2004) indicated that only 14 out of 8000 genes had changes in
expression levels of at least twofold; this gene set included
those associated with sugar metabolism or carbohydrate met-
abolic process (AT5G57550, AT2G43570, and AT4G15760),
and cell wall synthesis (At2g45220). Thus, over half were re-
lated to sugar metabolism and/or sugar signaling. A further
microarray study of yda plants revealed that over 11% of upre-
gulated genes were involved in cell wall differentiation
(Bergmann et al. 2004), consistent with the cell walls of dif-
ferentiated epidermal cells being extensively reinforced. Col-
lectively, these results suggest that YDA might be involved in
sugar metabolism and/or sugar signaling. However, to date,
there are no reports providing data to support this hypothesis.

While there are currently many different signaling path-
ways identified as influencing anthocyanin biosynthesis in
Arabidopsis, it is fully unknown how these signal pathways
are integrated. Here, we found that loss of YDA function
enhanced anthocyanin accumulation and conveyed insensi-
tivity to sugar signaling or/and metabolism. Further, YDA
was found to interact with EIN3 in vitro and in vivo put-
down, which were confirmed by yeast two-hybrid (YH2)
and bimolecular fluorescence complementation (BiFC). Thus,

608 L.-S. Meng et al.

EMB71/YDA-EIN3-EIL1 may form a sugar-regulated gene cas-
cade that controls anthocyanin accumulation. Interestingly,
the YDA-EIN3/EIL1 complex directly targets to the TT8 pro-
moter for transcriptional repression, thereby negatively regu-
lating anthocyanin biosynthesis. Our data suggests this is
mediated via direct EIN3 binding to the TT8 promoter, repres-
sing the expression of this transcriptional activator. Collec-
tively, our data suggests that the YDA-EIN3-TT8 gene cascade
modules may target the TT8 promoter by direct EIN3 binding,
regulating anthocyanin biosynthesis.

Materials and Methods
Plant materials and growth conditions

The yda-1 and yda-2 (Lukowitz et al. 2004), ein3-1, eill-3,
ctr1-1 and ein3/eill (An et al. 2010) mutants, and the estra-
diol-inducible EIN3-FLAG transgene (An et al. 2010) within a
Col-0 background were all described previously.

The yda-1, yda-2, ctr1-1, tt8-1, and emb71 mutants were
obtained from the Arabidopsis Biological Resource Center
(Ohio State University). The EIN3-FLAG, eill1-3, ein3-1, and
ein3/eill seeds were kindly provided by Prof H. W. Guo
(Peking University, China). The pHB-YDA:GFP plasmid was
kindly provided by Prof. H. Q Yang (Shanghai JiaoTong Uni-
versity, China). The pHB-35Spro-YDA:GFP transgene is driven
by the 35S promoter (Bergmann et al. 2004; Kang et al.
2009).

The yda-1/+ein3 mutant was obtained from F2 seedlings
of a yda-1/+ein3-1 cross that had shortened roots (Lukowitz
etal. 2004) and had lengthened hypocotyls and roots on solid
Murashige and Skoog Medium (MS) medium with 6.0 um
l-aminocyclopropane-l-carboxylic acid (ACC) (An et al.
2010). The yda/ein3 mutant was identified from offspring
of yda-1/+ein3-1 that had clustered stomata on the cotyle-
don in the dark (Kang et al. 2009), and then homozygous
lines were identified through PCR-based genotyping for ein3-
1. Primers for ein3-1 were described previously (An et al.
2010). Similarly, we obtained ein3/tt8 and ein3/eill/tt8 mu-
tants. The method of double-mutant construction has been
described by Kang et al. (2009).

For simultaneous germination, seeds were treated with
jarovization at 4° overnight and then sown on solid MS me-
dium supplemented with 1% sucrose (pH 5.8) and 0.8% agar
(Meng and Yao 2015). Seedlings grown on agar were main-
tained in a growth room under 16:8 hr of light/dark cycle
with cool white fluorescent light at 21 = 2° (Meng and Yao
2015). Plants grown in soil were maintained in a controlled en-
vironment growth chamber under 16:8 hr light/dark cycle with
cool white fluorescent light at 21 + 2° (Meng and Yao 2015).

Confocal laser scanning microscope for GFP or
YFP imaging

Subcellular localization of relative fusion protein/gene
expression was assayed within the abaxial epidermis of cot-
yledons in 1-week-old transgenic plants harboring the rela-
tive vector. An Olympus IX-70 microscope (http://www.
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olympus-global.com/) was used to detect GFP or YFP expres-
sion. The sections were photographed under a confocal laser
scanning microscope.

Y2H assays

The Y2H analysis was carried out using a GAL4-based Y2H
system from MatchmakerGold Systems (Clontech, Palo Alto,
CA). The full-length complementary DNA (cDNA) of YDA was
cut with NotlI and Sfil and ligated into pGBKT?7 to construct a
bait plasmid. The full-length cDNA of EIN3 was cloned into
PGADT7 to construct prey plasmid using BamHI and Xhol.
Primers for pGADT7+EIN3 were YTH-EIN3-F: CGC GGA
TCC ATG ATG TTT AAT GAG ATG GGA (BamH), and YTH-
EIN3-R: CCG CTC GAG TTA GAA CCA TAT GGA TAC ATC
(Xhol); and primers for pGBKT7-YDA were YTH-YDA-F:
ATG GCC ATG GAG GCC ATG CCT TGG TGG AGT AAATCA
(Sfil), and YTH-YDA-R: ATA AGA ATG CGG CCG CTT AGG
GTC CTC TGT TTG TTG (Notl). To test the interaction, the
bait plasmid and the prey plasmid were cotransformed into
yeast strain Y2H Gold (Clontech) and yeast cells containing
both vectors were selected using synthetic dropout (SD)/-
Leu/-Trp (DDO) medium. The transformants were assayed
by plating the transformed cells onto the SD/-Ade/-His/-
Leu/-Trp selective medium (QDO) and QDO/Aba/X-a-Gal
selective medium using at least 10 independent colonies for
the B-galactosidase test. Serial dilutions of cotransformed
yeast cells were used to measure the strength of the
interaction.

BiFC assays

To perform this assay, pBI121-YFPC was produced by using
YFPC-F (K): 5" CGG GGT ACC TAC CCATAC GAT GTT CCA
GAT T 3’ Kpnl and YFPC-R (S): 5’ CGA GCT CTT ACT TGT
ACA GCT CGT CCA TG 3’ Scal; and pBI121-YFPN was pro-
duced by using YFPN-F (K): 5’ CGG GGT ACC GAG CAA AAG
TTG ATT TCT GAG G 3’ Kpnl and YFPN-R (S): 5" CGA GCT
CTT AGG CCATGA TAT AGA CGT TGT 3’ Scal; and pBI121-
YFPN-EIN3 was produced by using YTH-EIN3-F: CGC GGA
TCC ATG ATG TTT AAT GAG ATG GGA BamHI and YTH-
EIN3-R: CCG CTC GAG TTA GAA CCA TAT GGA TAC ATC
Xhol; and pBI121-YFPC-YDA was produced by using BIFC-
YDA-F: GGG GTA CCA TGG AAA AAA GGG AGA TTG C
Kpnl and BIFC-YDA-R: CCG CTC GAG AAA GCA TGA TCC
AAA AGC TG Xhol. To perform the BiFC assays, leaf blades
of Nicotiana benthamiana were transformed transiently with
Agrobacterium tumefaciens. The Agrobacterium strains con-
taining the BiFC constructs were grown on OD = 1.0, spun
down, and then resuspended in infiltration buffer (10 mM
2-(4-Morpholino) ethanesulfonic acid (MES), 10 mM MgClI2,
and 100 mM acetosyringone) to OD = 1.3. Then, they were
incubated on a shaker at room temperature for 3-4 hr. Strains
containing the two assayed constructs were mixed and then
injected into the middle of leaf blades. Leaf blades were im-
aged via laser scanning confocal microscope and DIC to 3 days
after injection. Every interacting pair was tested for two re-
peated experiments.

Assaying seedling response to high concentration of
sugar and ethylene

The use of 1 and 5% mannitol, sucrose and glucose was
performed, as has been shown by Meng et al. (2016). Ethyl-
ene, ACC, and AgNO3 conditions were described by Jeong
et al. (2010).

Assay of sugar metabolites

Twelve-day-old seedlings were ground in liquid nitrogen, and
then the powder wasisolated with 1 ml of 80% ethanol for 1 hr.
These extracts were centrifuged with 12,000 X g for 10-
15 min. The supernatant along with ethanol buffer was
transferred to a fresh tube and evaporated under vacuum
for dryness for 40-60 min. The residues were then redis-
solved in 600 .l of double-distilled water and kept at 70° for
10-15 min.

Using chloroform:isoamyl alcohol (24:1, v/v), the above
aqueous fraction was extracted twice to three times before
HPLC analysis. Sugars were quantified and identified via
chromatography on an Agilent carbohydrate column and
tested with a refractive index detector (Altex 156; Altex
Scientific Inc.). Concentrations were measured from peak
heights using sucrose, fructose, and glucose (20 mg/ml) as
standard samples. These experiments were repeated at least
twice, with similar results.

Measurement of anthocyanins

For anthocyanin extraction, the given samples were placed in
50 ml of 1% HCl in methanol (v/v) and then incubated
overnight in the dark at 4° with gentle shaking. After this
process, 300 ml of water and 300 ml of chloroform were
added and mixed to the extract. After centrifugation at
12,000 rpm for 2 min, the absorbance of the supernatant
was measured at 530 and 657 nm and the concentration
of anthocyanin was determined by using A530- 0.25A657
(Rabino and Mancinelli 1986). These experiments were re-
peated at least two times with similar results.

Quantitative PCR

Total RNA was extracted from tissues indicated in the figures
by the TRIzol reagent (Invitrogen, Carlsbad, CA), as has been
described by Meng and Yao (2015) and Meng et al. (2018).
SYBR green was used to monitor the kinetics of PCR product
in real-time RT-PCR, as has been described by Meng and Yao
(2015). Primers of TT8, PAP2, and MYBL2 have been de-
scribed by Jeong et al. (2010). These experiments were re-
peated at least two times, with similar results.

Protein expression and purification

The plasmids pGEX-5X-1 (for EIN3, CINV2, SUC1, and HXK1)
and pET28a (for YDA) was utilized. The coding sequence of
YDA was amplified by the primer pair (5'-GC-GGCCTTTTTG
GCC-ATGCCTTGGTGGAGTAAATCAA-3" and 5'-ATAAGAAT-
GCGGCCGC-TTAGGGTCCTCTGTTTGTTGAT-3") and cloned
into the Not1 and Sfil restriction sites of pET28a. The coding
sequence of CINV2 was amplified by the primer pair (5'-CG
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GGATCC-TGGAGGAAGGTCATAAAGAAC-3’ and 5-GGAATTC
TCAGCAAGTCCATGAAGCAGAT-3") and cloned into the Bam'H
and EcoR1 restriction sites of pGEX-5X-1.

The coding sequence of EIN3 was amplified by the primer
pair (5’'-GGATCC ATGATGTTTA ATGAGATGGG-3' and 5'-CT
CGAGTGCTCTGTTTGGGAT-3') and cloned into the Bam'H
and Xhol restriction sites of pGEX-5X-1. The coding sequence
of HXK1 was amplified by the primer pair (5'-GGATC
CATGGGTAAAGTAGCTGTTGGA-3' and 5'-CTCGAGTTAA
GAGTCTTCAAGGTAGAG-3") and cloned into the Bam'H
and Xhol restriction sites of pGEX-5X-1. The coding sequence
of SUC1 was amplified by the primer pair (5'-GAATTC ATGG
GAGCCTATGAAACAGA-3’ and 5’-CCCGGGCTAGTGGAATC
CTCCCATGGT-3") and cloned into the BamH and Smal restric-
tion sites of pGEX-5X-1. Recombinant glutathione S-transferase
binding protein (GST)-tagged EIN3, CINV2, HXK1, and SUC1
and recombinant histidine (HIS) binding protein-tagged YDA
were extracted from transformed Escherichia coli (Rosetta2)
after 10 hr of incubation at 16°, following induction with
10 wM isopropyl 3-D-1-thiogalactopyranoside. These recombi-
nant proteins were purified using HIS or GST agarose affinity,
respectively.

Chromatin immunoprecipitation PCR

The transgenic lines containing estradiol-inducible EIN3-
FLAG and 35S:EIN3-GFP were utilized. Chromatin immuno-
precipitation (ChIP) was performed with seedlings (Meng
2015). Leaf blades were incubated in buffer [1.0 mM PMSF,
0.5 M sucrose, 1 mM ethylenediaminetetraacetic acid
(EDTA), 10-12 mM Tris (pH 8.0), and 1% formaldehyde]
under vacuum for 15-20 min for cross-linking the chromatin.
Then, 0.1 M Gly was placed in the mixture, incubating for an
additional 5 min for terminating the reaction. Leaf blades
were placed and ground in liquid nitrogen and resuspended
to lysis buffer [150 mM NaCl,1 mMEDTA, 0.1% SDS, 0.1%
deoxycholate, 50 mM HEPES (pH 7.5), 1% Triton X-100,
10 mM sodium butyrate, 1 mM PMSF, and 13 complete pro-
tease inhibitor; Roche]. Chromatin was sheared to ~200-
500 bp fragments via sonication followed by centrifuged. At
4°, supernatants were precleared under protein G agarose
beads for 1-1.5 hr. Input material (supernatant containing
chromatin) was used for immunoprecipitation with anti-
FLAG antibody and anti-GFP antibody. Anti-FLAG antibody
and anti-GFP antibody bound to EIN3-FLAG or GFP-chromatin
complexes was incubated with protein G agarose beads
for 1-1.5 hr at 4-6°, and then washed several times and
eluted with elution buffer. Input and immunoprecipitated
chromatin were uncross-linked for 6 hr at 6° with 5 M NaCl.
Immunoprecipitated chromatin and input were used for
PCR analysis The ChIP DNA products were analyzed PCR
using five pairs of primers that were synthesized to amplify
~300 bp DNA fragments in the promoter region of TT8,
PAP2, and MYBL2. Primer sequences (F-5'-atgttcagtttagctt
tagttcg-3’ and R-5'-aaacttaaatatataacttgaatttg-3')-TT8-T1,
(F-5'-tagaattcaatgcggctggaatat-3’ and R-5'-taaatttaattaatt
caattagtatttg-3')-TT8-T2, and (F-5'-catccaacgtctggtgaacc-3’
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and R-5'- tcttagtgcttttgcaacatgtt-3')-TT8-T3 were used for
TT8. Primer sequences (F-5'-cttcggaaaaactgaccggtt-3’ and
R-5'-tttcatatccagagaatattccg-3')-PAP2-P1, (F-5'-gtatttggttc
gattcaaacatge-3' and R-5'-ggtcttttaatattattcgacaaa-3')-PAP2-P2,
and (F-5'-aaagtttttgtaagaaggtgcac-3' and R-5’-tatatatatacacgt
gaagggc-3')-PAP2-P3 were used for PAP2. Primer sequences
(F-5'-acattcatgattccacaaattctaa-3’ and R-5'-ctttttcaaagtgagattggt
tg-3')-MYBL2-M1 and (F-5'-ATGAACAAAACCCGCCTTCG-3’
and R-5'-GGGTCGATTCCCATTTTTACG-3')-MYBL2-CDS were
used for MYBL2. These experiments were repeated at least three
times, with similar results.

In vitro pull-down assay

HIS-YDA, GST-EIN3, GST-CINV2, GST-SUC1, and GST-HXK1
expression constructs were prepared as described by Li et al.
(2002). The potential for in vitro interaction between YDA
and these GST fusion proteins was tested. Briefly, the HIS-
YDA fusion and Ni-nitrilotriacetic acid sefinose resin (Sangon,
Shanghai, China) were mixed at 4° for 2 hr of rocking,
followed by brief centrifugation to precipitate beads and then
washed three to four times with PBS buffer supplemented
with 0.5% Tween 20. The precipitated beads were mixed
with GST fusion protein or GST in the in vitro binding
buffer (50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1 mM
DTT, 0.5% Triton X-100, and 1 mM phenylmethylsulfonyl
fluoride) and incubated at 4° for 2 hr of rocking, followed
by brief centrifugation to precipitate beads and then
washed three to four times with PBS buffer supplemented
with 0.5% Tween 20. The bound proteins were resolved by
SDS-PAGE for immunoblot analysis using an anti-GST an-
tibody. The reactive bands were visualized via exposure to
nitroblue tetrazolium/bromochloroindolyl phosphate. These
experiments were repeated at least four times, with similar
results.

Co-immunoprecipitation analysis

Co-immunoprecipitation experiments using wild-type and
transgenic plant extracts were performed according to Li
et al. (2002) with minor modifications. Transgenic plants
harboring both FLAG-EIN3 and GFP-YDA expression con-
structs were harvested. Soluble protein extracts were ob-
tained using a protein extract kit (Sangon). Protein extracts
were mixed with anti-FLAG M2 magnetic beads (Sigma, St.
Louis, MO) and incubated at 4° overnight with gentle rock-
ing, followed by brief centrifugation to precipitate beads and
then washed three to four times with PBS buffer supple-
mented with 0.5% Tween 20. Co-immunoprecipitated GFP-
YDA was screened by western analysis with anti-GFP (Sigma)
antibodies. These experiments were repeated at least three
times, with similar results.

Electrophoresis mobility shift assay

The electrophoresis mobility shift assay (EMSA) was per-
formed using the LightShift Chemiluminescent EMSA Kit
(20148; Pierce) according to the manufacturer’s instructions.
The biotin-labeled TT8-T1 DNA fragments (5’-attcaaaaat



Figure 1 EMB71/YDA is not involved in ethylene sig-
naling. (A) Representative 4-day-old yda-1 (a), yda-2
(), ein3-1 (a), and Ler (b) seedlings grown on solid
MS medium without ACC (1-aminocyclopropane-1-
carboxylic acid); 4-day-old yda-1 (c), yda-2 (c), ein3-1
(0), and Ler (d) seedlings grown on solid MS medium
with 3.0 m ACC; and 4-day-old yda-7 (e), yda-2 (e),
ein3-1 (e), and Ler (f) seedlings grown on solid MS
medium with 6.0 m ACC. Bar, 5.0 mm for a—f. (B) Bar
graph exhibiting the difference in hypocotyl length
between Ler, yda-1, yda-2, and ein3-1 seedlings
grown on solid MS medium with 0.0 m ACC, 3.0
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caaaagtcaacttttaatgcacttgagttttggtcatgcattcatatacatacatata-
3’') and its mutated PTT8-T1 DNA fragments (5'-attctttaat
caaaagtcaacttttaatgcacttgagttttggtcatgeattcatatacatacatata-3'),
and the biotin-labeled TT8-T2 DNA fragments (5'-aacattcaaa
tataattagaggaccgtccaattggtatatgatcctactatattatttgggaagtacatt
tt-3') and its mutated PTT8-T2 DNA fragments (5’-aacattcttt
tataattagaggaccgtccaattggtatatgatcctactatattatttgggaagtacat
ttt-3') were synthesized, annealed, and used as probes. The
corresponding biotin-unlabeled DNA fragments were utilized
as competitor sequences in the assay. The probes were incu-
bated with EIN3 fusion protein at room temperature for
20 min in a binding buffer [56 concentrations: 50 mM
HEPES-KOH (pH 7.5), 375 mM KCl, 6.25 mM MgCl, 1 mM
DTT, 0.5 mg/mL BSA, glycerol 25%]. Each 20 ml binding
reaction contained 25 fmol Biotin-probe, 6 mg protein, and
1 mg poly(deoxyinosinic-deoxycytidylic) acid to minimize
nonspecific interactions. The reaction products were ana-
lyzed by 6.5% native polyacrylamide gel electrophoresis. This
experimental process has been described previously (Meng
et al. 2015a,b).

Data availability

The authors affirm that all data necessary for confirming the
conclusions of the article are present within the article and
figures. Strains and/or plasmids are available upon request.
Supplemental figures are available in supporting figures and
legends file. Supplemental Material, File S1 shows that HXK1,
SUC1, and CINV2 cannot directly interacts with YDA in vitro.
File S2 shows that PAP2 and MYBL2 are not target genes of
EIN3. All genomic data and genomic sequencing raw reads

mACC, and 6.0 mACC, respectively. Error bars rep-
resent SD (n = 16). Experiments were repeated three
times with similar results. (C) Bar graph exhibiting the
difference of expression of ERF1 between 8-day-old
wild-type (Col-0), Ler, yda-1, and ctri1-1 light-grown
seedlings with or without ethylene (25 ppm) for 5 hr.
Data were from quantitative RT-PCR. Error bars in-
dicate SD (n = 3; ** P < 0.01, *** P < 0.001). Value
of wild-type seedlings without ethylene is set at 1.0.
Quantifications were normalized to the expression of
UBQS5. (D) Bar graph exhibiting the difference in an-
thocyanin accumulation between 10-day-old wild-
type (Col-0), Ler, emb71, and ctr1-1 seedlings grown
o under white light. Wild-type value is set as 1.0. Error
bars represent SD (n = 14; * P < 0.05, *** P <
0.001). Experiments were repeated two times with
similar results.

are available online at https://www.arabidopsis.org/. Sup-
plemental material available at Figshare: https://doi.org/
10.6084/m9.figshare.6974570.

Results
yda mutants are not defective in ethylene signaling

We recently reported that YDA can induce anthocyanin ac-
cumulation by regulating sucrose levels (Meng et al. 2016).
Anthocyanin biosynthesis is negatively regulated through
ethylene signaling and positively controlled through sugar
signaling (Joeng et al. 2010). An antagonistic interaction be-
tween glucose and ethylene signaling has been widely ob-
served (Yanagisawa et al. 2003). Given that YDA appears
to regulate anthocyanin accumulation by a sugar signaling
pathway, we explored if YDA might also regulate anthocyanin
accumulation through ethylene function.

Using the methods of An et al. (2010), statistical analysis of
hypocotyl and root growth showed that yda mutants produced
both shortened hypocotyls and roots upon ACC treatment, sim-
ilar to wild-type Ler seedlings [Figure 1, A (a)—(f) and B]. Con-
sistent with these phenotypes, the expression level of ethylene
response gene ERF1 was similar between wild-type and yda-1
seedlings. However, the gene was expressed to high levels in the
constitutive triple response 1 (ctr1) mutant, which exhibited con-
tinuous ethylene signaling (Figure 1C). The inhibition of ethyl-
ene signaling by silver enhances the anthocyanin content of
corn seedlings and wild-type Arabidopsis seedlings (Jeong
et al. 2010). Treatment with silver resulted in significantly
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Figure 2 YDA interacts with EIN3.
(A) HIS-YDA fusing protein exhibited
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respectively inserted into pGBKT7
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mid and the prey plasmids. Saccha-
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enhanced anthocyanin accumulation in both wild-type and yda
seedlings but not in ctrl-1 seedlings (Figure 1D). Consistent
with these findings, a previous study (Lukowitz et al. 2004) also
proposed that yda-1 and yda-2 do not affect ethylene signaling.
Taken together, our data suggested that YDA may not be re-
quired for ethylene function.

YDA interacts with EIN3 in vitro and in vivo

Key genes integral to sugar metabolism and/or signaling
include EIN3, HXOKINASE1 (HXK1), SUCROSE-PROTON
SYMPORTER1 (SUCI), and CYTOSOLIC INVERTASEZ2 (CINVZ2)
(Yanagisawa et al. 2003; Barratt et al. 2009). As YDA belongs
to the MEKK1/Ste11/Bck1 class of MAPKKKs, which regu-
late protein targets by phosphorylation, YDA might regulate
one or more of EIN3, HXK1, SUC1, and CINV2 at a post-
translational level. To identify the potential target(s) of
EMB71/YDA in the context of sugar signal transduction, we
performed in vitro pull-down experiments. Full-length YDA
was expressed as a HIS fusion protein, and full-length EIN3,
HXK1, SUC1, and CINV2 were expressed as GST fusion pro-
teins. Following mixing of the fusion proteins, sefinose resin
was used to bind selectively to the HIS-YDA fusion protein.
The potential presence of the coprecipitated GST fusion pro-
tein was examined using a GST antibody. Results indicated
that YDA bound specifically to EIN3 in vitro (Figure 2A) but
not to HXK1, SUC1, or CINV2 (Figure S1). Moreover, we
performed in vivo co-immunoprecipitation experiments. Fol-
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taining both vectors were selected
using SD/-Leu-Trp(DDO), SD/-Leu-Trp-
His-Ade(QDO), and SD/-Leu-Trp-His-
Ade with X-a-gal and Aba(QDO/
A/X). pGBKT7 and pGADT7 were bait
and prey vectors without inserts.
pGBKT7-53 and pGADT7-T encode
two fusion proteins that are known
to interact (Clontech). pGBKT7-Lam
and pGADT7-T were used as nega-
tive controls. Serial dilutions of
cotransformed yeast cells were used
to measure the strength of the inter-
action.

QDO/AIX

lowing transformation and associated genetic crosses, trans-
genic plants expressing both GFP-YDA and FLAG-EIN3 were
produced. Subsequently, the total soluble protein in wild-
type and FLAG-EIN3 transgenic seedlings was isolated, and
an anti-FLAG antibody was utilized to potentially immuno-
precipitate FLAG-EIN3. Potentially co-immunoprecipitated
GFP-YDA was detected using a GFP antibody. Our data re-
vealed a direct interaction between YDA and EIN3 in planta
(Figure 2B). To confirm that YDA bound specifically to EIN3,
we performed YH2 assay and BiFC. Our findings indicated that
YDA could specifically interact with EIN3 (Figure 2C and Fig-
ure 3). Therefore, a YDA-EIN3 interaction may be relevant for
the regulation of anthocyanin accumulation.

Increase in anthocyanin accumulation in ein3-1, eil1-3,
and ein3/eill mutants is related to endogenous
sucrose accumulation

Increased anthocyanin accumulation in yda mutants is closely
related to enhanced endogenous sucrose accumulation
(Meng et al. 2016), and YDA interacts with EIN3 in vitro
and in vivo (Figure 2 and Figure 3). Therefore, whether the
increase in anthocyanin accumulation in ein3-1, eil1-3, and
ein3/eill mutants is related to endogenous sucrose accumu-
lation should be determined.

The Arabidopsis genome contains five EIN3 paralogs
(EIL1-5). Among these paralogs, EIN3 and EIL1 are the most
closely related. EIL1 expression complements the ein3 mutant
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Figure 3 BiFC-based interactions between YDA and EIN3. Interactions
with (A-C) bright, (D-F) YFP, and (G-I) merged. Pairs of proteins of YDA
and EIN3 fused with halves of the YFP molecule were transiently
expressed in wild tobacco leaves and reconstituted YFP fluorescence
was imaged in epidermis on the abaxial leaf blades. Only EIN3 fused with
halves of the YFP molecule was used as a negative control. Plasmid con-
taining YFP was used as a positive control. Bar, 40 wm for A, D, and G;
bar, 20.0 pm for B, C, E, F, H, and I.

and constitutively activates the ethylene response pathway
(Chao et al. 1997). Thus, EIN3 and EIL1 appear redundant
in biological function. When grown on solid MS medium sup-
plemented with both 1% sucrose and 3% sucrose, no signifi-
cant difference in anthocyanin accumulation was observed on
the epidermis of the abaxial leaf surface between wild-type
plants and the partial ethylene-insensitive mutants ein3-1
and eil1-3 (Figure 4, A and B). However, ein3/eill plants pre-
sented increased anthocyanin accumulation compared with
wild type, ein3-1, and eil1-3 (Figure 4, A and B). Given that
the endogenous sugar concentration can influence anthocya-
nin accumulation, we determined sucrose, glucose, and fruc-
tose levels in ein3-1, eil1-3, and ein3/eill plants. Our findings
indicated that the concentrations of sucrose and glucose, but
not that of fructose, were significantly higher in ein3-1, eil1-3,
and ein3/eill than in wild-type seedlings (Figure 4, C-E).
When grown on solid MS medium supplemented with
either 1 or 3% sucrose, increased anthocyanin accumulation
was observed within the epidermis of the abaxial surface on
ein3/¢eill leaves relative to the corresponding organs in
wild-type, eil1-3, and ein3-1 seedlings (Figure 4, A and B).
Anthocyanin biosynthesis is modulated by changes in Suc con-
centrations, and the sugar-dependent upregulation of the
anthocyanin synthesis pathway is Suc-specific (Jeong et al.
2010). However, anthocyanin accumulation of ein3/eil1 leaves
was higher than that of eil1-3 and ein3-1 (Figure 4, A and B),
whereas glucose and sucrose levels of ein3/eill leaves were
comparable with those of eil1-3 and ein3-1 (Figure 4, C-E).
eil1-3 and ein3-1 are weak ethylene-insensitive mutants, and
ein3/¢ill is a strongly insensitive mutant; sugar-induced an-
thocyanin accumulation is inhibited by ethylene in Arabidopsis

(Jeong et al. 2010). Therefore, ethylene signaling was more
severely interrupted in ein3/eill seedlings than in eil1-3 and
ein3-1 seedlings. Although ein3-1, eil1-3, and ein3/eill mu-
tants exhibited similar increases in glucose and sucrose, only
ein3/eill mutants demonstrated increased anthocyanin levels.
Collectively, the above findings indicated that the increase in
anthocyanin accumulation in ein3-1, eil1-3, and ein3/eill mu-
tants was related to endogenous sucrose accumulation.

EIN3 negatively regulates TT8 via direct occupancy of
its promoter

The above observations prompted us to examine whether
EIN3 directly regulates the MBW transcription complex to
control anthocyanin accumulation. Previous reports (Jeong
et al. 2010) showed that expression levels of DFR/TT3, TT18,
TT8, UF3GT, PAP2, and MYLB2 are dramatically upregulated
in ein3-1 and ein3/eil1 mutants relative to wild-type (Col-0)
seedlings. We confirmed this result in the case of TT8 by
quantitative PCR (Figure 5A). We screened the promoters
of these genes and found that their promoters’ sequences
all contained a putative EIN3 binding site (EBS; TACAT or
TTCAAA; Figure 5B; Li et al. 2013). We then determined
potential EIN3 binding to these promoters by ChIP-PCR anal-
ysis. Our findings indicated that EIN3 bound to the EBSs of
the T1 and T2 regions of the TT8 promoter (containing
TTCAAA or TACAT sequences) and EBSs of the P2 region of
the miR164A promoter when used as a positive control in vivo
(Figure 5C; Liet al. 2013). By contrast, EIN3 could not bind to
the EBSs of the T3 regions of the TT8 promoter and wild-type,
which were used as negative control (Figure 5C). Although
the promoter sequences of DFR/TT3, TT18, UF3GT, PAP2,
and MYLB2 genes contained EBSs, EIN3 did not bind specif-
ically to these promoter sequences (Figure S2). These results
revealed that EIN3 did not bind to all EBSs. Thus, EIN3 bind-
ing to the promoter of TT8 in vivo might potentially require
contributions from adjacent promoter sequences to support
its binding specificity (Li et al. 2013). Additionally, EMSA
experiments were performed to determine the in vitro bind-
ing of EIN3 to the TT8-T1 and TT8-2 EBS regions. Indeed,
EIN3 could bind to the labeled TT8-T1 and TT8-2 elements
in vitro (Figure 5D). Excessive unlabeled competitor DNA
fragments effectively abolished this binding (Figure 5D).
However, EIN3 was unable to bind mutant derivatives of
EBSs from the TT8-T1 and TT8-2 regions of the cognate pro-
moter (Figure 5E). Although the expression levels of PAP2
and MYBL2 were significantly enhanced in ein3/eill seed-
lings, those of TTGI1, EGL3, and GL3 were not altered be-
tween ein3/eill and wild-type seedlings (Jeong et al. 2010;
Figure S2, A and B). Therefore, we focused on PAP2 and
MYBL2. However, our findings of ChIP-PCR indicated that
EIN3 did not directly bind to the promoters of PAP2 and
MYBL2 (Figure S2, C-F).

The ein3/eill mutants showed higher anthocyanin accu-
mulation than the control seedlings (12 days old), and the
tt8-1 mutant exhibited significantly less anthocyanin accu-
mulation in comparison (Nesi et al. 2000; Joeng et al.
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Figure 4 Alternation of anthocyanin accumulation in ein3-7 and ein3/eil1 mutants under abnormal endogenous sucrose accumulation. (A) Ten-day-old
wild-type, eil1-3, ein3-1, and ein3/eil1 seedlings grown under long light (16 hr light/8 hr dark) conditions on MS medium supplemented with 1%
sucrose and 3% sucrose, respectively. Magnifications are the same. Seedlings were converted for showing abaxial side of leaves and then were
photographed. (B) Bar graph exhibiting the difference in the anthocyanin accumulation under A. Col-0 is set as 1.0. Error bars represent SD (n = 3;
** P < 0.01). (C-E) Bar graphs exhibiting the different concentrations of hexose (glucose and fructose) (C and D) and sucrose (E) between wild-type (Col-
0), eil1-3, ein3-1, and ein3/eil1 seedlings grown under long light (16 hr light/8 hr dark) conditions on MS medium supplemented with 1% sucrose,

respectively. Error bars represent SD (n = 3; * P < 0.05, ** P < 0.01).

2010; Figure 5F). Furthermore, ein3/tt8 and ein3/eill/tt8
plants were found to have reduced anthocyanin accumula-
tion relative to control seedlings (Figure 5F). Thus, loss of
TT8 function suppressed anthocyanin accumulation in the
ein3/eill double mutant. EIN3 acted genetically upstream
of TT8, and EIN3/EIL1-TT8 formed a signaling cascade to
regulate anthocyanin accumulation. Together, these findings
indicated that TT8 was a target of EIN3.

Discussion

YDA-EIN3-TT8 controls anthocyanin accumulation via
protein-protein interactions

Although yda-1 and emb71 plants showed higher anthocyanin
accumulation than control wild-type seedlings (Meng et al. 2016;
Figure 6C), ein3-1 mutants presented comparable anthocyanin
accumulation with wild-type seedlings (Figure 4 and Figure 6C;
Joeng et al. 2010). Furthermore, yda/ein3 double-mutant seed-
lings presented comparable anthocyanin accumulation with wild-
type and ein3-1 seedlings (Figure 6C), suggesting that EIN3 was
downstream of YDA, and loss of EIN3 function significantly de-
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creased anthocyanin content in yda-1 mutants. These findings
suggested a close relationship between YDA and EIN3 during
anthocyanin accumulation. YDA interacted with EIN3, as proven
by in vitro or in vivo pull-down assays, Y2H, and BiFC (Figure 2
and Figure 3). Influence of the absence of YDA function on en-
dogenous sugar content (Figure 4; Meng et al. 2016) and specific
sugar sensing, but not osmotic stress in general (Figure 6, A-C;
Yanagisawa et al. 2003; Meng et al. 2016), provided additional
support for possible regulatory activities of YDA upon EIN3.
Moreover, EMB71/YDA-EIN3 directly targeted TT8 by EIN3 (Fig-
ure 7), which may form an EIN3-TT8 gene cascade for the regu-
lation of anthocyanin accumulation. TT8 is a key regulator of
anthocyanin and proanthocyanidin biosynthesis in Arabidopsis
(Xu et al. 2013). Collectively, these data suggested that a YDA
interaction with the EIN3-TT8 complex might regulate anthocy-
anin accumulation.

The precise mechanism by which YDA regulates EIN3 is
presently unknown, but we found that YDA directly interacted
with EIN3, which is a common target of both ethylene and
sugar signaling (Yanagisawa et al. 2003). EIN3 contains an
amino acid sequence motif reminiscent of a MAP kinase sub-
strate docking domain (Sharrocks et al. 2000; Andreasson
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o
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labeled with biotin and used for EMSA with EIN3 polypeptides. Free probe is indicated by an asterisk. (F) Bar graph showing the difference in
anthocyanin accumulation between all indicated developmental seedling (12-day-old) grown under white light on solid MS medium with 1% sucrose.
Col-0 data set as 1.0. Error bars represent SD (n = 10; ** P < 0.01). Experiments were repeated two times with similar results.

et al. 2005), which suggested that YDA might interact with
EIN3 at this site. Given that YDA belongs to the MEKK1/
Ste11/Bck1 class of MAPKKKs, EIN3 stability/function might
be affected following YDA interaction and subsequent phos-
phorylation. The two proposed EIN3 phosphorylation sites
are thought to show dual functions: T174 for stabilization
and T592 for degradation (Yoo et al. 2008), but the kinase(s)
responsible for EIN3 phosphorylation remain to be rigorously
determined (Yoo et al. 2008; An et al. 2010).

Anthocyanin accumulation in yda mutants is positively
correlated with sucrose accumulation

The anthocyanin biosynthetic pathway is strongly activated in
response to increasing Suc concentrations, and this sugar-
dependent upregulation is Suc-specific (Solfanelli et al. 2006;
Jeong et al. 2010). In this work, we suggested that the in-
creased sucrose concentration in yda seedlings might be re-
sponsible for anthocyanin accumulation. Although plant
hormones such as auxin, ABA (Jeong et al. 2004; Hoth
et al. 2010), cytokinin (Deikman and Hammer 1995), gib-
berellins (Weiss et al. 1995), and ethylene (Morgan and
Drew 1997; Jeong et al. 2010) differentially regulate antho-
cyanin biosynthesis (Ozeki and Komamine 1986), yda did not

affect signaling by these hormones (Lukowitz et al. 2004).
Therefore, increased anthocyanin accumulation in yda mu-
tants might predominantly result from a high endogenous
sucrose concentration (Meng et al. 2016; Figure 6).

Proposed model for the regulation of
anthocyanin biosynthesis

Increased anthocyanin accumulation was observed in the
ethylene-insensitive mutants etrl-1, ein2-1, and ein3/eill. By
contrast, the constitutive ethylene-response mutant ctr1-1, par-
tial ethylene-insensitive mutant ein3-1, and weak ethylene-
insensitive mutant eil1-3 exhibited comparable anthocyanin ac-
cumulation with wild-type seedlings (Jeong et al. 2010). These
data were consistent with our results, which indicated that EIN3
and EIL1 were functionally redundant with respect to the reg-
ulation of anthocyanin accumulation. Thus, ethylene repressed
the Suc-specific signaling pathway via the ethylene-mediated
C2H4-Receptor-CTR1-EIN2-EIN3/EIL1-TT8 signaling cascade
to regulate anthocyanin accumulation (Figure 7). Sugar and
ethylene signaling were closely associated in the regulation of
anthocyanin biosynthesis (Figure 7). Suc could enhance ethylene
production in a dose-dependent manner in tobacco (Philosoph-
Hadas et al. 1985), rice (Oryza sativa; Kobayashi and Saka
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2000), and Arabidopsis (Jeong et al. 2010) leaves. Meanwhile,
ethylene modulates Suc and Glc sensitivity during Arabidopsis
seedling development (Gibson et al. 2001).

In numerous cases, sucrose is not directly the signaling
molecule, and many experiments have proven the role of
hexose in triggering sugar signaling and responses in plants
(Sheen et al. 1999). The role of hexose as signaling mole-
cule but not substrate was also confirmed through the ob-
servation that hexokinase is a dimeric cytosolic enzyme
essential for glycolysis (Sheen et al. 1999). Invertase
(INV) controls plant growth and provides glucose for su-
crose-dependent anthocyanin biosynthesis by catalyzing su-
crose catabolism, which is one of the largest metabolic fluxes
in plants (Barratt et al. 2009). INV gene expression levels are
enhanced when the PAP1-related potato MYB transcription
factor Solanum tuberosum anthocyanin 1 (StAN1) is infiltrated
into tobacco leaves (Payyavula et al. 2013). Therefore, the
YDA-EIN3 complex directly and negatively regulates the pro-
moter of TT8, thereby influencing the MBW complex. MBW
might in turn regulate INV activity, which degrades sucrose
into fructose and glucose (Lou et al. 2007). Increased glucose
levels promote YDA stability (Meng et al. 2016), which medi-
ates the YDA-EIN3-TT8 pathway to regulate anthocyanin bio-
synthesis (Figure 7).

Whether YDA-EIN3 functions independently of MBW
components is currently unknown. However, this relation-
ship should be determined because many abiotic stresses
induce anthocyanin biosynthesis as part of a coordinated
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Col-OLer, yda-1, ein3-1, and ydalein3
seedlings grown on solid MS medium
with 1% sucrose and 5% glucose, re-
spectively. Error bars represent SD (n =
20; ** P < 0.01). Experiments were
repeated two times with similar results.
(C) Bar graph exhibiting the difference
in the anthocyanin accumulation be-
tween the indicated seedlings grown
under white light condition solid MS
medium with 1% sucrose. Wild-type
Ler is set as 1.0. Error bars represent
SD (n = 13; ** P < 0.01). Experiments
were repeated two times with similar
results.

nonspecific response to stress. In this work, building on a
previous report (Jeong et al. 2010), we found that TT8, a
member of MBW, was a target of EIN3. On the basis of
quantitative PCR, ChIP-PCR, EMSA, and genetic analyses,
our findings suggested that YDA-EIN3-TT8 formed a sugar
signaling-mediated gene cascade that regulated anthocya-
nin biosynthesis (Figure 7). Moreover, microarray analysis
of pho3 plants, which are deficient in phosphorus and show
high levels of anthocyanin accumulation, revealed an in-
creased expression of TT8 and genes encoding anthocyanin
biosynthetic enzymes, implying that sugar was a trigger of
anthocyanin biosynthesis in vivo.

Collectively, our findings enabled the synthesis of a model
for the function of the EMB71/YDA-EIN3-EIL1-TT8 and
C2H4-Receptor-CTR1-EIN2-EIN3/EIL1-TT8 signaling cas-
cades in the regulation of anthocyanin biosynthesis. Suc
signaling induces anthocyanin accumulation by the
EMB71/YDA-EIN3-EIL1-TT8 signaling cascade and simulta-
neously induces ethylene production (Jeong et al. 2010). Eth-
ylene subsequently mediates the suppression of anthocyanin
accumulation by the C2H4-Receptor-CTR1-EIN2-EIN3/EIL1-
TT8 signaling cascade (Figure 7). Thus, an antagonistic interac-
tion exists between the EMB71/YDA-EIN3-EIL1-TT8 and C2H4-
Receptor-CTR1-EIN2-FIN3/EIL1-TT8 signaling cascades. EIN3 is
a common target of both ethylene and sugar signaling (Yoo et al.
2008). EIN3/EIL1 is a central component that coordinates either
sugar or ethylene signaling, with opposing consequences for an-
thocyanin biosynthesis.
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Figure 7 Model illustrating the regulation of anthocyanin biosynthesis
by sugar and ethylene signaling. With exogenous sucrose supplied, in-
creased sucrose levels may enhance invertase activity (Lou et al. 2007).
Invertase can degrade sucrose into fructose and glucose, and generated
glucose signaling/levels control YDA stability, which is due to glucose
promoting YDA stability (Meng et al. 2016). And TT8, in turn, may control
invertase activity by YDA-EIN3-TT8 signal transduction pathway
(Payyavula et al. 2013). Thus, it appears to form a glucose signal loop
for controlling sucrose-specifically depends on anthocyanin biosynthesis.
This explains why anthocyanin biosynthesis specifically depends on su-
crose. In a similar fashion, glucose signaling induces ethylene production,
which also triggers the suppression of anthocyanin accumulation by the
C2H4-Receptor-CTR1-EIN2-EIN3/EIL1T signal pathway. Solid lines indicate
direct regulation, whereas dotted lines indicate either indirect regulation
or regulation in an unknown manner.

Anthocyanins play a vital role in protecting plants against
ultraviolet radiation, insect attack, and pathogen infection
(Harborne and Williams 2000; Winkel-Shirley 2002; Gould
2004). However, the accumulation of anthocyanins above a
threshold level is disadvantageous. For example, sustained
anthocyanin accumulation can cause imbalances between
primary and secondary metabolites (Jeong et al. 2010). Thus,
plants may have evolved elaborate strategies to dynamically
equilibrate anthocyanin biosynthesis within an effective
but manageable range. Our findings suggested a molecular
mechanism with multifaceted regulatory layers with which to
finetune anthocyanin biosynthesis during plant growth and
development.
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