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Flavonoids are synthesized through an important metabolic pathway that leads to the production of diverse secondary

metabolites, including anthocyanins, flavonols, flavones, and proanthocyanidins. Anthocyanins and flavonols are derived

from Phe and share common precursors, dihydroflavonols, which are substrates for both flavonol synthase and

dihydroflavonol 4-reductase. In the stems of Arabidopsis thaliana, anthocyanins accumulate in an acropetal manner, with

the highest level at the junction between rosette and stem. We show here that this accumulation pattern is under the

regulation of miR156-targeted SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes, which are deeply conserved

and known to have important roles in regulating phase change and flowering. Increased miR156 activity promotes

accumulation of anthocyanins, whereas reduced miR156 activity results in high levels of flavonols. We further provide

evidence that at least one of the miR156 targets, SPL9, negatively regulates anthocyanin accumulation by directly

preventing expression of anthocyanin biosynthetic genes through destabilization of a MYB-bHLH-WD40 transcriptional

activation complex. Our results reveal a direct link between the transition to flowering and secondary metabolism and

provide a potential target for manipulation of anthocyanin and flavonol content in plants.

INTRODUCTION

Flavonoids are major plant phenylpropanoid metabolites found

throughout the plant kingdom, including the model species

Arabidopsis thaliana. These diphenylchroman compounds play

vital roles in growth and development by providing plants with

red, blue, and purple pigments that protect against UV radiation,

attract pollinators and other beneficial organisms, or mediate

plant–microbe interactions (Buer et al., 2010). In addition, many

simple flavonoid compounds have antioxidant properties and

can therefore potentially be used as dietary nutraceutics for

human health (Winkel-Shirley, 2001; Liu et al., 2006). Flavonoid

biosynthesis leads to a variety of structurally distinct subclasses,

including the flavonols, flavones, isoflavones, anthocyanins, and

proanthocyanidins. The most common flavonols in Arabidopsis

are kaempferol glycosides, with quercetin glycoside levels in-

creasing after exposure to UV radiation (Veit and Pauli, 1999).

Another group of flavonoids are anthocyanins that accumulate in

variable amounts inArabidopsis leaves and stems, depending on

light level and nutrition (Holton and Cornish, 1995). The glycosy-

lated and acylated cyanidin derivatives constitute the major

anthocyanins present in the leaves and stems of mature Arabi-

dopsis plants (Bloor and Abrahams, 2002).

The flavonoid backbone is formed through the central flavo-

noid biosynthetic pathway, in which the key enzymes chalcone

synthase (CHS), chalcone isomerase (CHI), and flavanone

3-hydroxylase (F3H) condense and convert the phenylpropanoid

precursor p-coumaroyl-CoA, with three molecules of malonyl-

CoA, to dihydrokaempferol (Figure 1A). Dihydrokaempferol

can be further catalyzed into dihydroquercetin by flavonoid 39-
hydroxylase (F39H). Dihydrokaempferol and dihydroquercetin,

two major components of dihydroflavonols, serve as common

precursors that can either be catalyzed by flavonol synthase

(FLS) to form a variety of copigment flavonols and glycosidic

derivatives or by dihydroflavonol reductase (DFR) in the first dedi-

cated step for anthocyanin biosynthesis (Figure 1A) (Harborne and

Williams, 2000; Winkel-Shirley, 2002). In Arabidopsis, there is a

single gene for DFR, whereas FLS is encoded by a small family of

six genes (Owens et al., 2008; Preuss et al., 2009).

The transcriptional control of flavonoid biosynthesis has been

intensively studied (Broun, 2005), and genetic screens have

identified several classes of transcriptional regulators. The first

group includes four MYB proteins, PRODUCTION OF ANTHO-

CYANIN PIGMENTS1 (PAP1), PAP2, MYB113, and MYB114.

Overexpression of any one of these results in an increase of

anthocyanin accumulation (Borevitz et al., 2000; Gonzalez et al.,

2008). The second group encodes three redundant bHLH fac-

tors, TRANSPARENT TESTA8 (TT8), GLABROUS3 (GL3), and

ENHANCER OF GLABRA3 (EGL3), with their simultaneous in-

activation causing anthocyanin deficiency (Zhang et al., 2003).

MYB and bHLH proteins combine with the WD40 repeat–

containing protein TRANSPARENT TESTA GLABRA1 (TTG1) to

form a transcriptional complex that activates anthocyanin bio-

synthetic genes, including ANTHOCYANIDIN SYNTHASE (ANS),

DFR, F39H, LEUCOANTHOCYANIN DIOXYGENASE, UDP-GLU-

COSYLTRANSFERASE78D2 (UGT78D2), andUDP-GLUCOSYL
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TRANSFERASE 75C1 (UGT75C1) (Figure 1A) (Tohge et al., 2005;

Gonzalez et al., 2008). Three other closely related MYB proteins,

MYB11, MYB12, and MYB111, regulate early steps of the flavo-

noid pathway, including those catalyzed by the enzymes en-

coded by CHS, CHI, F3H, and FLS1 (Stracke et al., 2007). In

addition, MYBL2, an R3-MYB–related protein, acts as a repres-

sor by interfering with the formation of the MYB-bHLH-WD40

complex (Dubos et al., 2008; Matsui et al., 2008). Finally, three

members of the LATERAL ORGAN BOUNDARY DOMAIN (LBD)

gene family, LBD37, LBD38, and LBD39, have recently been

identified as negative regulators of anthocyanin biosynthesis

(Rubin et al., 2009).

Whereas the response of flavonoid biosynthetic genes to

various biotic and abiotic stress factors has been extensively

studied (Lea et al., 2007; Lillo et al., 2008), less is known about the

developmental regulation of flavonol and anthocyanin accumu-

lation in Arabidopsis. Recent studies have identified a microRNA

(miRNA), miR156, as a pleiotropic regulator of plant develop-

ment. miR156, the levels of which gradually decrease with age,

targets a group of transcription factors called SQUAMOSA

PROMOTER BINDING PROTEIN-LIKE (SPL) (Wu and Poethig,

2006; Wang et al., 2009). SPLs in turn affect a broad range of

developmental processes inArabidopsis. For example, they pro-

mote vegetative phase transition by activating another miRNA,

miR172, and induce flowering through MADS box genes and

LEAFY (Wang et al., 2009; Wu et al., 2009; Yamaguchi et al.,

2009). In addition, SPLs play critical roles in regulating embryonic

development (Nodine and Bartel, 2010), cell size (Wang et al.,

2008; Usami et al., 2009), leaf production rates (Wang et al.,

2008), and the formation of trichomes on floral organs (Yu et al.,

2010), as well as being required for fertility (Xing et al., 2011).

Here, we show that the transition from the formation of leaves

to the formation of flowers on theArabidopsis shoot goes hand in

handwith a change in the ratio of flavonols to anthocyanins. Both

are directly regulated by at least one miR156-targeted SPL

factor, SPL9. We conclude that SPLs coordinate the transition to

flowering with the biosynthesis of anthocyanin by disruption of

the MYB-bHLH-WD40 transcription complex.

RESULTS

Inverse Relationship of Anthocyanin Content and

SPL Levels

While carefully comparing the inflorescences of wild-type

and transgenic plants that have reduced SPL activity because

of miR156 overexpression (Pro35S:MIR156) (Schwab et al.,

2005), we noticed hyperaccumulation of purple pigments.

In wild-type inflorescences, internodes were green, whereas

Pro35S:MIR156 plants had purplish internodes (Figures 1B and

1C). Purple pigment was found in wild-type plants at the junction

of the stem and rosette leaves (Figure 1D). This was lacking

in Pro35S:MIM156 plants (Figure 1E), which have increased

SPL activity due to reducedmiR156 action (Franco-Zorrilla et al.,

2007).

In the wild type, another tissue with high amounts of purple

pigment is the junction between the hypocotyl and cotyledons.

Figure 1. Anthocyanin Accumulation.

(A) Schematic diagram of flavonoid biosynthetic pathways. Anthocyanin

biosynthetic genes are labeled in red. 4CL, 4-coumarate:CoA ligase;

AAT, anthocyanin acyltransferase; C4H, cinnamate-4-hydroxylase; OMT,

O-methyltransferase; PAL, phenylalanine ammonia lyase; UGT, UDP-

dependent glycosyltransferase.

(B) and (C) Inflorescences of wild-type (Wt, ecotype Col-0) and Pro35S:

MIR156 plants. Arrow indicates the purple pigment in the stem of

Pro35S:MIR156 plants. Bar = 1 cm.

(D) and (E) Stem-rosette junction (arrowheads). Compared with the wild

type, Pro35S:MIM156 plants accumulated less purple pigment (arrow-

heads). Bar = 1 cm.

(F) Quantification of anthocyanin in stems. Errors bars indicate 6SD

(n = 3). *Student’s test, P < 0.01.
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Although Pro35S:MIR156 accumulated the same amount of

purple pigment as the wild type, the hypocotyl-cotyledon junc-

tion in Pro35S:MIM156 seedlings was completely green (see

Supplemental Figure 1 online).

We extracted pigment from the stems of wild-type and

transgenic plants and measured absorption at 530 nm, which

is indicative of anthocyanins. Compared with the wild type,

anthocyanin content was about 4-fold higher in Pro35S:MIR156

stems and reduced to about one-tenth in Pro35S:MIM156

stems (Figure 1F), which is consistent with the visible color

change.

Regulation of Anthocyanin Biosynthesis by the

SPL9 Subfamily

The Arabidopsis genome contains 11 SPL genes that are

targeted by miR156. These SPL genes can be classified into

two major groups, represented by SPL3 and SPL9, respectively

(Cardon et al., 1999). To learn which group of SPL genes

regulates anthocyanin biosynthesis, we investigated SPL loss-

of-function mutants. The spl3-1 mutant was identified in the

Wassilewskija (Ws) background (Wu and Poethig, 2006). spl3-1

had the same amount of purple pigments in seedlings and

inflorescences as wild-type Ws plants (see Supplemental Figure

2 online). In the SPL9 subfamily, SPL9 and SPL15 are particu-

larly important (Schwarz et al., 2008; Wang et al., 2008). spl9-4

spl15-1 double mutants, however, did not accumulate increased

levels of anthocyanin at the hypocotyl-cotyledon junction or in

inflorescences (see Supplemental Figures 1 and 2 online), sug-

gesting redundant regulation of anthocyanin biosynthesis by

several miR156-targeted SPLs.

We then examined plants that overexpressed individual SPL

genes. Overexpression of either SPL9 or SPL10, both from the

SPL9 subfamily, but not of SPL3, decreased anthocyanin accu-

mulation at the junction between stem and rosette (see Supple-

mental Figure 2 online). Together, these results suggested that

upregulation of SPL9-type SPL genes was responsible for the

phenotype of Pro35S:MIM156 plants and that the SPL3 sub-

family plays only a minor role, if any, in regulating anthocyanin

biosynthesis.

Accumulation of Flavonoids in Transgenic Plants

Because flavonols and anthocyanins are synthesized from com-

mon precursors, we also analyzed the flavonol content of plants

with increased and decreased SPL activity. Soluble phenolic

compounds were extracted from stems with methanol and

subjected to liquid chromatography–mass spectrometry (LC-

MS) analysis. Considering the array of flavonoid glycosidic

derivatives including glucosides that have been reported be-

fore in Arabidopsis (Yonekura-Sakakibara et al., 2008), we

treated phenolic extracts with b-glucosidase, to simplify LC-

MS identification of compounds and to facilitate their quantifi-

cation. After digestion, two kaempferol derivatives, kaempferol

3-O-rhamnopyranoside 7-O-rhamnopyranoside and kaempferol

7-O-rhamnopyranoside (K-7-R), were identified and character-

ized as the major flavonols in the wild type (Figure 2A). These

results are consistent with a previous report of three major

flavonol derivatives, kaempferol 3-O-b-[b-D-glucopyranosyl

(1-6)D-glucopyranoside]-7-O-a-L-rhamnopyranoside, kaemp-

ferol 3-O-b-D-glucopyranoside-7-O-a-L-rhamnopyranoside,

Figure 2. LC-MS Analyses of Flavonol Level.

(A) to (C) LC-MS profiles of soluble phenolic compounds from the stems

of wild-type (A), Pro35S:MIR156 (B), and Pro35S:MIM156 plants (C).

Insets show the mass spectrum and structures of the peaks 1 and 2,

which correspond to kaempferol 3-O-rhamnopyranoside 7-O-rhamno-

pyranoside (K-3-R-7-R; shown in [A]) and K-7-R (shown in [C]), respec-

tively. mAU, milliabsorbance unit.

(D) Quantification of flavonols in the stems of wild-type, Pro35S:MIR156,

and Pro35S:MIM156 plants. Data represent means of three trials. Errors

bars indicate 6 SD (n = 3). *Student’s test, P < 0.01. Wt, wild type.
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and kaempferol 3-O-a-L-rhamnopyranoside-7-O-a-L-rhamno-

pyranoside (Veit and Pauli, 1999). After b-glucosidase digestion,

the first two conjugates can be converted to K-7-R.

In Pro35S:MIR156 plants, the levels of both kaempferol deriv-

atives were very low, less than one-tenth of the amount detected

in thewild type (Figures 2B and 2D). By contrast, levels of the two

kaempferol derivatives were increased by 1.6- to 2.9-fold in

Pro35S:MIM156 plants (Figures 2C and 2D). Another type of

flavonol, quercetin, and/or its derivatives were not detected in

wild-type stems under our analytic conditions; in addition, only

negligible levels of molecular and adduct ions at mass-to-charge

ratios of 449 and 303, which are indicative of quercetin rhamno-

pyranoside, were found in the multistage MS analysis on phe-

nolic extracts from both Pro35S:MIR156 and Pro35S:MIM156

stems. Taken together, these data reveal an antagonistic re-

lationship between the accumulations of flavonols, primarily

kaempferol derivatives, and anthocyanins in Arabidopsis stems.

When SPL levels were reduced in Pro35S:MIR156 plants, the

levels of anthocyanins rose, while those of flavonols fell. Oppo-

site effects were seen with the increased SPL levels in Pro35S:

MIM156 plants.

In addition to flavonols, several phenolic compounds of higher

molecular weight were detected in Arabidopsis stem extracts

(Figure 2A). Although the nature of these metabolites remains to

be conclusively determined, four were decreased in Pro35S:

MIR156 plants to about a quarter of wild-type levels (see Sup-

plemental Figure 3 online). Similar to the flavonols, the levels of

these putative phenolic derivatives were increased in Pro35S:

MIM156 stems (Figure 2A; see Supplemental Figure 3 online).

ExpressionofFlavonoidBiosyntheticandRegulatoryGenes

To understand themolecular basis of the changes in anthocyanin

and flavonol levels, we first examined the expression of early

biosynthetic genes encoding phenylalanine ammonia lyase1

(PAL1), CHS, and CHI (Figure 1A) by reverse transcription

followed by quantitative PCR (qRT-PCR). Expression of PAL1

was slightly increased in both Pro35S:MIR156 and Pro35S:

MIM156 plants. CHI and CHS showed the same expression

pattern: transcript levels of both genes were higher in Pro35S:

MIM156 than in the wild type but lower in Pro35S:MIR156 (Figure

3A). Of the six FLS-encoding genes, FLS1 to FLS6, FLS1 is the

most important, with a small contribution from FLS3 (Owens

et al., 2008). Compared with the wild type, neither FLS1 nor FLS3

expression levelswere greatly changed in eitherPro35S:MIM156

or Pro35S:MIR156 plants (Figure 3A).

We thenmonitored the expression of anthocyanin biosynthetic

genes, such as ANS, DFR, F39H, UGT75C1, and UGT78D2

(Figure 3A). DFR transcripts were greatly increased, by over 30-

fold, in Pro35S:MIR156 plants and correspondingly decreased

in Pro35S:MIM156 plants. The expression of ANS, F39H, and
UGT75C1 showed the same trend as that of DFR, whereas

the transcript level of UGT78D2 remained unchanged in both

Pro35S:MIR156andPro35S:MIM156plants. These observations

suggest that miR156-regulated SPLs negatively regulate antho-

cyanin levels by repressing biosynthetic genes.

We further examined the expression of several regula-

tory genes in the flavonoid biosynthetic pathway, including

PAP1, PAP2, MYB113, TT2, TT8, GL3, EGL3, MYB11, MYB12,

MYB111, andMYBL2 (Figure 3B). The transcript levels of PAP1,

PAP2, MYB113, TT2, and TT8 were not dramatically changed in

Pro35S:MIM156 plants but moderately increased in Pro35S:

MIR156 plants (Figure 3B). Interestingly, the expression of

MYB12 and MYB111 was greatly decreased in the stems of

Pro35S:MIR156 plants. These two MYBs are positive regulators

of CHS and CHI (Stracke et al., 2007), and the low levels of

MYB12 and MYB111 transcripts might explain why CHI and

CHS levels were decreased in Pro35S:MIR156 plants as well.

Compared with the wild type, there was no significant change

of GL3, EGL3, and MYBL2 expression in the stems of either

Pro35S:MIM156 or Pro35S:MIR156 plants.

Spatial Expression Pattern of DFR and SPLs

Since the expression of DFR is very sensitive to SPL activity,

subsequent analyses focused on DFR. To compare the expres-

sion patterns of DFR and SPLs during the transition from leaves

to flowers, the basal, middle, and apical regions of wild-type

stems were collected (Figure 4A). Expression of DFRwas lowest

in the apical portion and highest in the basal section, whereas

SPL9 and SPL15 showed an opposite pattern, suggesting a

potential negative regulation of DFR by SPLs. The expression of

Figure 3. Expression of Flavonoid Biosynthetic and Regulatory Genes.

(A) Expression of flavonoid biosynthetic genes. Anthocyanin biosynthetic

genes are labeled in red. Expression level in the wild type (Wt) was set to

1. Errors bars indicate 6 SE (n = 3). Two biological replicates were

analyzed, with similar results.

(B) Expression of flavonoid regulatory genes.

Two-centimeter-long stems above the rosette were harvested and

subjected to qRT-PCR analyses. Errors bars indicate 6 SE (n = 3). Two

biological replicates were analyzed, with similar results.
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two genes from the SPL3 subfamily, SPL3 and SPL4, did not

notably change along the stem (Figure 4A), consistent with the

findings that these genes have less of an impact on anthocyanin

biosynthesis along the stem.

To investigate further the regulation of DFR by SPLs, we

generated a reporter line in which the b-glucuronidase (GUS)

coding region was placed under control of a 2.5-kb DFR pro-

moter fragment (ProDFR:GUS). After the main shoot had elon-

gated, GUS activity was easily detected at the junction between

the stem and rosette leaves, whereas GUS activity in the re-

mainder of the stem, including the internodes between the

flowers, was much lower (Figure 4B). GUS activity at the base

of the stem was enhanced and reduced in Pro35S:MIR156 and

Pro35S:MIM156 plants, respectively (Figure 4B). In addition,

GUS activity was apparent in the internodes between the flowers

of Pro35S:MIR156 plants. This pattern overall mimicked that

seen for anthocyanin accumulation (Figures 1B to 1E).

Requirement of the MYB-bHLH-WD40 Complex for Effects

of SPL Activity on Anthocyanin Accumulation

DFR expression is positively regulated by a complex that in-

cludes a MYB protein of the PAP1/PAP2/MYB113/MYB114

group, a bHLH protein of the TT8/GL3/EGL3 group, and the

WD40 protein TTG1 (Gonzalez et al., 2008). To test whether the

high level ofDFR transcripts in Pro35S:MIR156 plants depended

on the MYB-bHLH-WD40 complex, we overexpressed miR156

in the plants lacking PAP1, TT8, and TTG1 activity. Since a pap1

mutant in the Columbia-0 (Col-0) background was not available,

we knocked down PAP1 using a miRNA-induced silencing

method, which relies on an miRNA trigger and artificial trans-

acting small RNAs (Felippes and Weigel, 2009). pap1-migs

plants in Col-0 had a similar phenotype as a pap1 mutant

described for the Nossen (No-0) accession (Teng et al., 2005),

with much reduced anthocyanin levels at the junctions between

hypocotyl and cotyledons, and rosette and stems. Both pap1-

migs and ttg1-1 were sufficient to suppress anthocyanin accu-

mulation in the inflorescences of Pro35S:MIR156 plants (see

Supplemental Figure 4 online). TT8 is functionally redundant with

GL3 and EGL3 (Zhang et al., 2003). Accordingly, tt8-1 mutation

only reduced anthocyanin accumulation in Pro35S:MIR156 in-

florescences. Taken together, these results indicate that the

MYB-bHLH-WD40 complex is necessary for the upregulation of

DFR in Pro35S:MIR156 stems.

Binding of SPL9 to the DFR Promoter

We then tested whether DFR was directly regulated by SPL9. To

this end, we used transgenic plants in which expression of an in-

frame fusion of a miRNA nontargetable version of SPL9 (rSPL9)

to the rat glucocorticoid receptor (GR) is driven by SPL9 regu-

latory sequences (Wang et al., 2009). Treatment with the hor-

mone ligand dexamethasone (DEX) of 1-week-old ProSPL9:

rSPL9-GR seedlings visibly decreased anthocyanin accumula-

tion at the base of the cotyledons (Figure 5A). Furthermore, after

6 h of treatment with DEX and the translation inhibitor cyclohex-

imide (CHX), we observed a 60% decrease in DFR transcripts

compared with mock-treated controls (Figure 5B). The expres-

sion of FLS1 was not affected.

To confirm that SPL9 directly interacts with cis-regulatory

sequences at the DFR locus, we performed chromatin immuno-

precipitation (ChIP) assays using a transgenic line that expresses

a fusion of green fluorescent protein (GFP) to rSPL9 under its

native promoter (Wang et al., 2009). A GTAC consensus se-

quence has been identified as the core binding motif of SPLs

(Klein et al., 1996; Kropat et al., 2005; Liang et al., 2008). There are

threeGTACboxeswithin the 1.5-kb promoter ofDFR (Figure 5C),

andwe analyzed three regions, two (I and II) of which covered the

threeGTACboxes. Chromatin extracted from10-d-old seedlings

was immunoprecipitated with either anti-GFP or anti-Myc anti-

bodies, and the presence of DFR promoter sequences in the

precipitate was monitored by qPCR. There was no apparent

enrichment of any of the GTAC containing fragments in wild-type

samples (Figure 5D). By contrast, regions I to II, but not region III,

were readily amplified in ProSPL9:GFP-rSPL9 samples after

pulldown with anti-GFP, but not with anti-Myc antibodies (Figure

Figure 4. Spatial Expression of SPLs and DFR.

(A) Transcript levels of SPLs and DFR. The apical, middle, and basal

parts of stems were harvested and subjected to qRT-PCR analyses.

Expression level in the basal part of stems was set to 1. Errors bars

indicate6 SE (n = 3). Two biological replicates were analyzed, with similar

results.

(B) GUS reporter for DFR promoter activity. Twenty-day-old plants

expressing GUS under the control of the DFR promoter were stained for

1 h. Bar = 1 cm. Wt, wild type.
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5D), indicating that SPL9 is able to bind to the promoter region

of DFR.

To assesswhether SPL9 binding toGTACboxes is required for

normal promoter DFR activity, we generated a GUS reporter

(ProDFR:GUSmu), in which all three GTAC boxes were mutated.

If negative regulation of DFR is mediated by SPL9 binding to

these GTAC boxes, one would expect that the ProDFR:GUS mu

reporter will be ectopically active in inflorescences. However,

there was no obvious difference between ProDFR:GUS and

ProDFR:GUS mu plants (Figure 5E), suggesting that SPL9 is

indirectly recruited to the DFR promoter.

SPL9 Interferes withMYB-bHLH-WD40 Complex Formation

The SPLs belonging to the SPL9 group have been identified as

transcriptional activators of several target genes involved in

flowering and trichome development (Shikata et al., 2009; Wang

et al., 2009; Wu et al., 2009; Yamaguchi et al., 2009; Yu et al.,

2010). However, our expression analyses suggested that SPL9

exerted a repressive role in the case of DFR expression. In

addition, SPL9 is likely to be recruited to the DFR promoter

independently of the GATC boxes. One scenario is that SPL9

binds to thewell-knownMYB-bHLH-WD40 activator complex and

interfereswith its activity. To test thispossibility,wefirst performed

a yeast two-hybrid assay. Consistent with a previous report

(Zimmermann et al., 2004), PAP1 could directly bind to TT8. A

similar interaction was observed between SPL9 and PAP1, and its

paralog, MYB113 (Figure 6A; see Supplemental Figure 5 online).

In addition, both SPL9 and TT8 bound to the same domain,

R2R3 domain, of PAP1 (Figure 6B) (Zimmermann et al., 2004).

To confirm our yeast two-hybrid results, we performed a

bimolecular fluorescence complementation (BiFC) assay based

on firefly luciferase (LUC) (Chen et al., 2008). We fused rSPL9

to the N-terminal half of LUC (rSPL9-nLUC) and PAP1 to the

C-terminal half (cLUC-PAP1) and transiently introduced both

fusion proteins into Nicotiana benthamiana by infiltration with

Agrobacterium tumefaciens. LUC activity was barely detect-

able in leaves infiltrated with combinations of Pro35S:nLUC

and Pro35S:cLUC, Pro35S:cLUC and Pro35S:rSPL9-nLUC, or

Pro35S:nLUC and Pro35S:cLUC-PAP1. By contrast, leaves

that coexpressed Pro35S:cLUC-PAP1 and Pro35S:nLUC-rSPL9

produced a strong LUC signal (Figure 6C).

Next, we performed a coimmunoprecipitation (CoIP) experi-

ment. Both hemagglutinin (HA)-epitope–tagged PAP1 (PAP1-

HA) and FLAG-tagged rSPL9 (rSPL9-FLAG) were transiently

expressed in N. benthamiana. PAP1-HA proteins were readily

detected in the sample immunoprecipitated with the anti-FLAG

antibody but not in the mock control (Figure 6D), confirming that

SPL9 can directly bind to PAP1 in vivo.

Finally, we used transient expression inN. benthamiana to test

whether the SPL9-PAP1 interaction influences the integrity of the

MYB-bHLH-WD40 complex. In agreement with the yeast two-

hybrid results, LUC activity was readily detected in leaves that

coexpressed Pro35S:PAP1-nLUC and Pro35S:cLUC-TT8 but

not in leaves that coexpressed Pro35S:PAP1-nLUC and Pro35S:

cLUC, or Pro35S:nLUC and Pro35S:cLUC-TT8 (Figure 6E).

Moreover, LUC activity in leaves that coexpressed Pro35S:

PAP1-nLUC and Pro35S:cLUC-TT8 was greatly suppressed

when Pro35S:rSPL9, but not Pro35S:nLUC or Pro35S:cLUC,

was coinfiltrated (Figure 6E), indicating that SPL9 is indeed able

to compete with TT8 for binding to PAP1.

DISCUSSION

AModel for SPL Regulation of Metabolic Flux in the

Flavonoid Pathway

Wepropose amodel for howmetabolic flux through the branched

flavonoid biosynthetic pathway is affected by miR156-regulated

Figure 5. DFR Is a Direct Target of SPL9.

(A) Seven-day-old, long day–grown DEX- (+) or mock-treated (�) seed-

lings. The accumulation of anthocyanin was greatly reduced in DEX-

treated ProSPL9:rSPL9-GR plants (arrows). Wt, wild type.

(B) Induced expression of DFR and FLS1 in ProSPL9:rSPL9-GR plants.

Seven-day-old, long day–grown seedlings were treated with either DEX

and CHX (DC) or CHX alone (C). Seedlings were harvested 6 h after

treatment. Expression was normalized relative to that of b-TUBULIN-2.

Errors bars indicate6 SE (n = 3). Two biological replicates were analyzed,

with similar results.

(C) Diagram of DFR genomic region. Solid lines, black boxes, and arrow

indicate promoter/intron, exons, and transcription start site, respectively.

Three regions were chosen for qRT-PCR analyses. Black triangles stand

for GTAC boxes.

(D) ChIP analyses of 1-week-old wild-type and ProSPL9:GFP-rSPL9

seedlings. Crude chromatin extracts were immunopercipated with either

anti-Myc or anti-GFP antibody. Purified ChIP and input DNAs were used

for qRT-PCR analyses. Relative enrichment of each fragment was

calculated by comparing the samples treated with anti-GFP or anti-

Myc antibodies (2�(Ct@Myc–Ct@GFP)). Errors bars indicate6 SE (n = 3). Two

biological replicates were analyzed, with similar results.

(E) GUS staining of ProDFR:GUS and ProDFR:GUS mu (GTAC boxes

mutated) plants. Tissue of 20-d-old plants was stained for 1 h. Bar =

0.5 cm.
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SPL transcription factors (Figure 7). In the places with high

anthocyanin concentration, such as the junction between stems

and rosette, high levels of miR156 reduce SPL activity and

thereby permit elevated expression of F39H, DFR, and other

anthocyanin biosynthetic genes. As a consequence, dihydro-

kaempferol is directed into the anthocyanin branch. Expression

of SPLs gradually increases along the growing stem because

miR156 levels decline as the plant progresses during develop-

ment (Wu and Poethig, 2006; Wang et al., 2009; Wu et al., 2009).

As SPL level rises, the expression of anthocyanin biosynthetic

genes is more and more repressed, resulting in the increased

conversion of dihydrokaempferol to kaempferol by FLS and

production of flavonols.

It has been reported that inactivation of DFR increases accu-

mulation of quercetin (Pelletier et al., 1999), whereas fls1mutants

have elevated anthocyanin content (Owens et al., 2008; Stracke

et al., 2009). Our results agree with these findings and indicate

that metabolic flux in the flavonoid biosynthetic pathway is

controlled by substrate competition between FLS and DFR.

Given that FLS is encoded by multiple genes in the Arabidopsis

genome and that each member has different catalytic activities

and expression patterns (Owens et al., 2008; Preuss et al., 2009),

it is likely that the FLS-to-DFR ratio varies among different tissue

and organs. How this ratio is spatially and temporally controlled

requires further examination.

MYB11, MYB12, and MYB111 encode three functionally re-

dundant MYBs regulating the expression of several early flavo-

noid biosynthetic genes, including CHS, CHI, F3H, and FLS1

(Stracke et al., 2007). Interestingly, we found that the expression

of MYB12 and MYB111 was high in Pro35S:MIR156 and low in

Pro35S:MIM156 plants (Figure 3B). The impact of SPL onMYB12

andMYB111 is likely to be indirect, probably through a feedback

loop. The high level of anthocyanin in Pro35S:MIR156 plants

might lead to a decrease of dihydrokaempferol biosynthesis

through the repression of early flavonoid biosynthetic genes by

MYB12 and MYB111.

Coordination of Anthocyanin-to-Flavonol Ratio with the

Floral Transition

Several lines of evidence indicate that miR156-targeted SPL

genes control a suite of temporal changes during plant devel-

opment. SPLs promote the transition from the juvenile to adult

phase of vegetative development by activating expression of

miR172 (Wu et al., 2009), and they induce flowering through a

suite of MADS box genes (Wang et al., 2009; Yamaguchi et al.,

2009). Recently, SPL9 has been shown to regulate trichome

Figure 6. SPL9 Binds to PAP1.

(A) SPL9 and TT8 binding to PAP1 in yeast. TT8 and SPL9 were in-frame

fused to the GAL4 binding domain (BD) in pGBKT7, whereas PAP1 was

fused to the GAL4 activation domain (AD) in pGADT7. Transformed yeast

cells were grown on SD –Leu Trp (–LT) (top). The direct interactions be-

tween TT8-BD, SPL9-BD, and PAP1-AD were assayed on a SD –Leu Trp

His (–LTH) plate, supplemented with 15 mM 3-amino-1,2,4,-triazole (3-AT)

(bottom). The pGADT7 (AD) and pGBKT7 (BD) were used as controls.

(B) Role of R2R3 domain of PAP1 in mediating binding of PAP1 to SPL9

in yeast. The R2R3 domain of PAP1 was fused to AD in pGADT7.

(C) BiFC assay. The leaves of N. benthamiana were infiltrated with

agrobacteria as indicated. Blue luminescence indicates a direct protein–

protein interaction between rSPL9 and PAP1. Constructs were com-

bined at a 1:1 ratio.

(D) CoIP analysis. Proteins were transiently expressed in N. benthami-

ana. Protein was immunoprecipitated with anti-FLAG antibody, and the

IP fraction was analyzed in a protein blot with anti-HA antibody. Input

fraction was analyzed by immunoblotting using either anti-FLAG or anti-

HA antibody.

(E) Competition of SPL9 and TT8 for PAP1 binding. Constructs were

combined at a 1:1:4 ratio for PAP1-LUC-N: LUC-C-TT8: LUC-N, LUC-C,

or rSPL9. Blue luminescence indicates a direct interaction between TT8

and PAP1.
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initiation in floral organs by activation of TRICHOMELESS1

(TCL1) (Yu et al., 2010). Regulated activity of SPLs is also

essential for embryonic development (Nodine and Bartel,

2010), cell size (Wang et al., 2008; Usami et al., 2009), and

fertility (Xing et al., 2011). We have uncovered an additional role

of SPL proteins in influencing metabolic flux in the flavonoid

biosynthetic pathway.

It is intriguing that there is a close connection between tri-

chome formation and flavonoid biosynthesis in Arabidopsis.

Previous studies along with results presented here reveal two

molecular links between these two developmental processes.

The first link comprises TTG1, a common WD40 factor that is

required for anthocyanin biosynthesis, as a partner of PAP1/

PAP2/MYB113 and TT8, and trichome development, in which it

forms a complex with GL1 and GL3/EGL3. Loss-of-function

mutants of TTG1 abolish both trichome initiation and anthocy-

anin accumulation (Walker et al., 1999). The miR156-targeted

SPLs constitute a second link between these processes. Both

trichome initiation on floral organs and anthocyanin accumula-

tion are coupled to the onset of flowering through the SPLs. Why

might the formation of trichomes and the flavonol-to-anthocyanin

ratio both change upon the transition to flowering? One hypoth-

esis is that the acropetal accumulation of anthocyanins and

formation of trichomes on stems contribute to coordinated

defenses against crawling herbivores. Anthocyanins provide

visual cues that distract herbivores (Lev-Yadun and Gould,

2009), while trichomes endow plants with physical protection

against herbivores (Juniper and Southwood, 1986).

miR156 is widely present in all land plants (Axtell and Bowman,

2008), and a recent study indicates that the expression pattern,

as well as the role, of miR156 is conserved between annual and

perennial plants (Wang et al., 2011). Overexpression of miR156

in poplar (Populus spp) trees causes similar phenotypes as in

Arabidopsis and maize (Zea mays), such as decreased leaf size,

increased leaf initiation rate, and reduced apical dominance.

Whether miR156 has a similarly conserved role in anthocyanin

accumulation in perennial plants awaits further investigation.

Regulation of a MYB-bHLH-WD40 Complex by SPLs

Our results also provide new insights into how SPL transcription

factors regulate gene expression. Previous studies have shown

that SPL9 activates expression of several downstream target

genes, including APETALA1, FRUITFULL, MIR172b, and TCL1,

by directly binding to their regulatory sequences (Wang et al.,

2009; Wu et al., 2009; Yamaguchi et al., 2009; Yu et al., 2010). In

support of SPL9 being a transcriptional activator is the observa-

tion that a close homolog, SPL10, has a transcriptional activation

domain, as assayed in a transient expression system (Shikata

et al., 2009). Our results indicate that SPL9 is a bifunctional

transcription factor, similar to what has recently been shown for

AP2-like proteins (Yant et al., 2010). Specifically, our data reveal

that SPL9 suppresses DFR expression by interfering with the

integrity of a MYB-bHLH-WD40 transcriptional-activation com-

plex. This conclusion is supported by at least four lines of

evidence. First, ChIP analysis has shown that SPL9 is recruited to

the DFR promoter (Figure 5D). Second, the binding of SPL9 on

the DFR promoter is indirect, as the putative SPL binding sites in

the DFR promoter have no functional relevance (Figure 5E).

Third, the expression of anthocyanin biosynthetic genes, such as

DFR, ANS, F39H, and UGT75C1, was accordingly changed in

Pro35S:MIR156 and Pro35S:MIM156 plants (Figure 3A). Fur-

thermore, SPL9 is able to compete with TT8 for their binding to

PAP1 (Figures 6A and 6E).

Similar to PAP1 and paralogs, TT2 is another MYB protein

that binds to bHLH factors. TT2 protein accumulates mainly in

immature seeds and forms a ternary complex with TT8 and

TTG1. The TT2-TT8-TTG1 complex controls proanthocyanin

biosynthesis by activating the expression of BANYULS, which

encodes a anthocyanidin reductase (Baudry et al., 2004). It is still

unclear whether TT2 plays a similar role as PAP1/PAP2/MYB113

in regulation of anthocyanin biosynthesis. We have no evidence

that SPL suppresses the function of TT2 at the protein level, as

we have failed to detect a direct interaction between SPL9 and

TT2 in yeast (data not shown). However, TT2 transcript levels

were increased in Pro35S:MIR156 and decreased in Pro35S:

MIM156 plants, raising the possibility that SPL9 regulates an-

thocyanin biosynthesis by modulating TT2 expression.

As mentioned before, another MYB-bHLH-WD40 complex,

named GL1-GL3/EGL3-TTG1, controls trichome initiation. We

tested the interaction between SPL9 and GL1 in a yeast two-

hybrid assay. However, no direct interaction between them was

observed (data not shown). Since TT2 couldn’t bind to SPL9

either, these results indicate a specific interaction between SPL9

and anthocyanin-related R2R3 MYB proteins.

The mechanism by which SPL9 regulates anthocyanin bio-

synthetic genes shares similarities with that of MYBL2. Both SPL

and MYBL2 destabilize a MYB-bHLH-WD4 complex by com-

petingwith bHLHs for their binding to PAP1. Furthermore, in both

myb2l and Pro35S:MIR156 plants, the transcript levels of PAP1

and TT8 are increased (Figure 3A). Since TT8 expression is

controlled by apositive feedback loop (Baudry et al., 2006), these

Figure 7. A Model for Negative Regulation of Anthocyanin Biosynthesis

by miR156-Targeted SPLs.

Anthocyanins accumulate in an acropetal manner, with the highest level

at the junction between rosette and stem. This pattern is regulated by

miR156-targeted SPL genes. High levels of SPLs in the inflorescences

repress anthocyanin accumulation by directly preventing expression

of anthocyanin biosynthetic genes, such as ANS, F39H, DFR, and

UGT75C1, through destabilization of the MYB-bHLH-WD40 transcrip-

tional activation complex.
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observations suggest that PAP1 is able to reinforce its own

expression as well. It will be interesting to see whether this self-

regulation of PAP1 requires the MYB-bHLH-WD40 complex.

METHODS

Plant Materials

Arabidopsis thaliana plants, ecotypes Col-0 and Ws, and Nicotiana

benthamiana were grown at 238C in long days (16 h light/8 h dark).

spl3-1 (Wu and Poethig, 2006), spl9-4 (Wang et al., 2008), spl15-1 (Wang

et al., 2008), spl9-4 spl15-1 (Wang et al., 2008), Pro35S:MIR156 (Wang

et al., 2008), Pro35S:MIM156 (Wang et al., 2008), Pro35S:rSPL3

(Wang et al., 2009), Pro35S:rSPL9 (Wang et al., 2008), ProSPL9:rSPL9

(Wang et al., 2008), ProSPL10:rSPL10 (Wang et al., 2008), ProSPL9:

rSPL9-GR (Wang et al., 2009), and ProSPL9:GFP-rSPL9 (Wang et al.,

2009) have been described. tt8-1 (NASC ID: N111) and ttg1-1 (NASC

ID: N89) mutants were obtained from European Arabidopsis Stock Cen-

tre (NASC).

For DEX treatment, 1-week-old wild-type and ProSPL9:rSPL9-GR

seedlings were sprayed with 10 mM DEX plus 10 mM CHX, 10 mM DEX,

or ethanol (mock) for 6 h.

Anthocyanin Measurements

Stems from 20-d-old plants were collected, ground into fine powder in

liquid nitrogen, and extracted with 80% methanol containing 5% HCl

overnight at 48C. After centrifugation at 14,000g for 20 min, the extracts

were removed to new tubes and the amounts of anthocyanins were

quantified photometrically (DU 640 spectrophotometer; Beckman Instru-

ments).

Soluble Phenolic Extraction and LC-MS Analyses

Stem samples were dried overnight in a 958C oven, ground in liquid

nitrogen, and extracted with 80% methanol. The extracts were dried

under nitrogen gas and resuspended and digested with b-glucosidase

(Sigma-Aldrich) overnight at 378C in 100 mM acetate buffer, pH 5.0.

The digested products were extracted with an equal amount of water-

saturated ethyl acetate three times. The ethyl acetate extracts were dried

under nitrogen gas and dissolved in methanol. The samples were re-

solved with a reverse-phase C18 column (XDB-18, 5 mm; Agilent) at a

flow rate of 0.8 mL/min with a mixture of solvent A (0.2% acetic acid in

water) and solvent B (0.2% acetic acid in acetonitrile). The gradient of

the solvent B was started from 5% for 5 min, increased to 30% at 15 min,

80% at 20 min and 100% at 30 min, and then maintained at 100% for 5

min. The mass spectrum was collected with an ion trap mass spectrom-

eter equippedwith an APCI source in positivemode at 4 kV spray voltage,

60 p.s.i. nebulizer pressure, 5 L/min dry gas at 3508C, and 4008Cvaporizer

temperature.

Constructs and Plant Transformation

For yeast two-hybrid constructs, cDNAs of SPL9, TT2, GL1, TT8,

MYB113, and PAP1 were cloned into pGBKT7 and pGADT7 (Clontech).

For BiFC constructs, the Pro35S:nLUC (pUC19-nLUC; Chen et al., 2008)

and Pro35S:cLUC (pUC19-cLUC; Chen et al., 2008) cassette were first

cloned into pCAMBIA2300 (CAMBIA). The resulting constructs were

named JW771 and JW772. The coding regions of TT8, PAP1, and SPL9

were PCRamplified and cloned into JW771 and JW772, respectively. The

promoter ofDFRwas PCRamplified using Pfusion DNApolymerase (New

England Biolabs) and fused to theGUS coding region. A mutated version

of the DFR promoter was generated by fusion PCR. For CoIP constructs,

the coding regions of PAP1 and rSPL9 were linked to either HA or FLAG

epitope tags by PCR and cloned into pCAMBIA2300. For PAP1-MIGS

construct, the coding region of PAP1 was cloned into 173_CH42

(Felippes and Weigel, 2009) by replacing the CH42 fragment. Detailed

information on all the constructs and primers can be found in Supple-

mental Tables 1 and 2 online.

The constructs were introduced into Agrobacterium tumefaciens strain

GV3101 (pMP90) by the freeze-thaw method. Arabidopsis plants were

transformed using the flower dip method (Clough and Bent, 1998).

Transgenic seedlings were selected with 50 mg/mL kanamycin on plates

or 0.1% glufosinate (BASTA) on soil. At least 50 T1 seedlings were

analyzed for each construct.

Expression Analyses

Total RNA was extracted from stems or seedlings with the Plant RNeasy

Mini kit (Qiagen). One microgram of total RNA was DNase I treated

and used for cDNA synthesis with oligo(dT) primers and Superscript

reverse transcriptase (Invitrogen). Quantitative RT-PCR was performed

with SYBR-Green PCR Mastermix (Invitrogen), and amplification was

real-time monitored on an Opticon Continuous Fluorescence Detection

System (MJR). b-TUBULIN-2 was amplified as internal control. Oligonu-

cleotide primers are given in Supplemental Table 1 online.

GUS staining was performed as described (Wang et al., 2008).

Yeast Two-Hybrid Assay

Plasmids were transformed into yeast strain AH109 (Clontech) by the

LiCl-PEG method. Transformants were selected on SD -Leu -Trp plates.

Interactions were tested on SD -Leu -Trp -His plates supplemented with

15 mM 3-amino-1,2,4,-triazole. Three independent clones for each trans-

formation were tested.

ChIP Analysis

ChIP was performed as described (Wang et al., 2009). Briefly, crude

chromatin extracts were split into three parts. One part was saved as

input control and the other two parts were treated with anti-Myc or anti-

GFP antibodies (Santa Cruz Biotechnology). After several washes, ChIP-

ped DNA samples were reverse cross-linked and then purified using a

PCR purification kit (Qiagen). One microliter of DNA was used for real-

time PCR analyses. Relative enrichment of each fragment was calculated

by normalizing the value for pulldown by anti-Myc against the value

pulldown by anti-GFP using the following equation: 22(Ct@Myc–Ct@GFP).

BiFC Analysis

The BiFC assay was performed as described (Chen et al., 2008). A.

tumefaciens was infiltrated into N. benthamiana leaves as described (de

Felippes and Weigel, 2010), with bacteria resuspended in infiltration

buffer at OD600 = 0.8. Pro35S:P19-HA was coinfiltrated to inhibit gene

silencing (Papp et al., 2003). Luciferin (1 mM) was infiltrated before LUC

activity was monitored after 3 d.

CoIP Analysis

N. benthamiana leaves were infiltrated with A. tumefaciens harboring

Pro35S:PAP1-HA or Pro35S:rSPL9-FLAG constructs. Leaves were har-

vested after 3 d and frozen in liquid nitrogen. Proteins were extracted with

CoIP buffer (50 mM Tris-HCl, 100 mM NaCl, 10% glycerol, 5 mM EDTA,

0.1% Triton X-100, 0.2% Nonidet P-40, 50 mM MG132, and complete

protease inhibitor cocktail tablet [Roche Diagnostics], pH 7.5) and centri-

fuged twice at 18,000g for 15min.Monoclonal Anti-FLAG agarose (20mL;

Sigma-Aldrich) was added to 100 mL protein extract and incubated for
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2 h. Beads were washed three times with CoIP buffer. Bound proteins

were released by adding 23 protein loading buffer and boiling for 2min at

958C. The fusion proteins were detected by immunoblotting using mono-

clonal anti-HA-HRP (Sigma-Aldrich) and monoclonal anti-FLAG M2 an-

tibody (Sigma-Aldrich).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative database under the following accession numbers: SPL3

(At2g33810), SPL9 (At2g42200), DFR (At5g42800), FLS1 (At5g208640),

and PAP1 (At1g56650).
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