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SUMMARY

In this work, we identified and functionally characterized the strawberry (Fragaria 3 ananassa) R2R3 MYB

transcription factor FaMYB123. As in most genes associated with organoleptic properties of ripe fruit,

FaMYB123 expression is ripening-related, receptacle-specific, and antagonistically regulated by ABA and

auxin. Knockdown of FaMYB123 expression by RNAi in ripe strawberry fruit receptacles downregulated the

expression of enzymes involved in the late steps of anthocyanin/flavonoid biosynthesis. Transgenic fruits

showed a parallel decrease in the contents of total anthocyanin and flavonoid, especially malonyl deriva-

tives of pelargonidin and cyanidins. The decrease was concomitant with accumulation of proanthocyanin,

propelargonidins, and other condensed tannins associated mainly with green receptacles. Potential coregu-

lation between FaMYB123 and FaMYB10, which may act on different sets of genes for the enzymes involved

in anthocyanin production, was explored. FaMYB123 and FabHLH3 were found to interact and to be

involved in the transcriptional activation of FaMT1, a gene responsible for the malonylation of anthocyanin

components during ripening. Taken together, these results demonstrate that FaMYB123 regulates the late

steps of the flavonoid pathway in a specific manner. In this study, a new function for an R2R3 MYB tran-

scription factor, regulating the expression of a gene that encodes a malonyltransferase, has been

elucidated.

Keywords: strawberry, Fragaria, fruit, ripening, transcription factor, malonyltransferase, MYB, anthocyanin/

flavonoid biosynthesis, phenylpropanoid.

INTRODUCTION

Strawberry (Fragaria 9 ananassa Duch. cv. Camarosa) fruits

contain various nutritive bioactive compounds (sugars, vita-

mins, minerals) and non-nutritive bioactive compounds (flavo-

noids, anthocyanins, phenolic acids). Also, they have a

pleasant taste and flavor, making strawberry one of the most

widely appreciated fruits. These types of compounds have

been related to the promotion of human health and also to

the prevention of degenerative and metabolic diseases (Giam-

pieri et al., 2015). Especially well known among them are
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phenolics, which exhibit potent antioxidant and anti-

inflammatory activities (Wang et al., 1996). Flavonoids (particu-

larly anthocyanins), which are the most abundant polyphenols

in strawberry, occur mainly as pelargonidin and cyanidin

derivatives, followed by ellagitannins, flavonols, flava-

nols, and phenolic acids (Giampieri et al., 2012; Giampieri

et al., 2014; Giampieri et al., 2015).

Most of these compounds are synthesized during rip-

ening as a strategy to attract predators to eat the fruits and

spread seeds. The anthocyanins identified to date in straw-

berry include the 3-glucosides and 3-rutinosides of cyani-

din and pelargonidin and two acylated derivatives of

pelargonidin (viz., 3-(malonyl) glucoside and 3-(6-acetyl)-

glucoside) (Wu & Prior, 2005). Small amounts of flavanol–
anthocyanin complexes consisting of pelargonidin 3-

glucoside connected to catechin, epicatechin, afzelechin,

and epiafzelechin via a4 ? 8 linkages have also been

found (Fossen et al., 2004). Anthocyanin compositions vary

between cultivars (Aaby et al., 2012). Pelargonidin-3-

glucoside, which is the main compound responsible for its

red color (Aaby et al., 2005; Wang et al., 2002; Wang &

Zheng, 2001), is the most abundant anthocyanin, contribut-

ing 60–95% to the total anthocyanin content. Pelargonidin-

3-malonylglucoside has been identified as the second most

abundant anthocyanin, accounting for 0 to 33.5%, depend-

ing on the cultivar (Aaby et al., 2012).

Ripening in strawberry is regulated by a number of

transcription factors (TFs), including MYBs, which are a

large family whose members occur in all eukaryotic organ-

isms and have one or more repeats of the MYB domain

(Kranz et al., 2000; Lipsick, 1996). R2R3 MYBs can be recog-

nized by their two imperfect MYB repeats following R2 and

R3 structures in c-MYB (Kranz et al., 2000). To play their

regulatory roles, MYB TFs interact with other TFs and pro-

teins involved in transcription processes. For example, the

formation of an MBW complex, consisting of MYB and

basic helix–loop–helix (bHLH) TFs in combination with

WD40 proteins, is important for targeting the promoters of

genes involved in various metabolic and developmental

pathways such as flavonoid accumulation, glucosinolate

production, and trichome generation (Matias-Hernandez

et al., 2017; Xie et al., 2016; Xu et al., 2015). The ability of

MYB–bHLH complexes to recognize some cis-elements on

the promoter of regulated genes ensures specificity to the

target gene (Bemer et al., 2017; Lai et al., 2014).

The roles of some MYB and bHLH genes in strawberry

have been elucidated. For example, FaMYB1 is a repressor

of structural genes of the phenylpropanoid/flavonoid/

anthocyanin pathway (Aharoni et al., 2001). Also, FaMYB10

is involved the biosynthesis of these compounds in ripe

receptacles. FaMYB10 activates structural genes of the

pathway in ripe fruit receptacles (An et al., 2015; Lin-Wang

et al., 2010; Medina-Puche et al., 2014). Moreover, FaMYB9/

FaMYB11, FabHLH3, and FaTTG1 have been deemed

positive regulators of the biosynthesis of proanthocyani-

dins, which are the main flavonoids produced by unripe

strawberry (Schaart et al., 2013).

We used transcriptomic analyses to identify a

ripening-related R2R3 MYB TF (FvH4_5g32460), hereinafter

FaMYB123, which exhibits a well-defined fruit-specific,

ripening-related expression pattern (Medina-Puche et al.,

2016). Molecular and physiological studies have shown

this TF to be involved in the regulation of structural genes

in the late steps of the production of anthocyanins or flavo-

nols, which are specialized metabolites accumulating

in ripe fruit receptacles. As shown here, FaMYB123 regu-

lates a gene that encodes a malonyltransferase, which is

involved in the biosynthesis of cyanidin and pelargonidin

malonyl derivatives – the second most abundant group of

compounds in ripe receptacles (Aaby et al., 2012).

RESULTS

Previous transcriptomic studies allowed us to select a

group of genes for further functional characterization

(Medina-Puche et al., 2016). Among the TFs identified, only

three MYB-type TFs were upregulated in red ripe recepta-

cles and regulated positively by ABA and negatively by

auxins, which suggested that they were involved in differ-

ent ripening-related processes in fruit receptacles. These

three TFs were FaMYB10 (FvH4_1g22020), FaEOBII

(FvH4_6g50930), and FaMYB123 (FvH4_5g32460). FaMYB10

and FaEOBII were previously characterized by Medina-

Puche et al. (2014, 2015), who demonstrated the central

role played by both TFs in controlling major processes of

flavonoid/phenylpropanoid metabolism during ripening. In

this work, we addressed the functional characterization of

the MYB TF FaMYB123 (FvH4_5g32460), whose expression

pattern suggests that it might regulate the expression of

some major genes involved in strawberry ripening.

FaMYB123 encodes an R2R3 MYB TF located in the

nucleus

The putative sequence of the predicted R2R3 MYB gene

FvH4_5g32460 was used to design specific primers for

open reading frame (ORF) amplification by PCR with cDNA

from red fruits. Sequencing analysis of the resulting PCR

product showed that the amplicon was shorter than the

predicted sequence in the Genome Database for Rosaceae

(Figure S1a). In silico analysis of the deduced FaMYB123

protein revealed the presence of the characteristic R2R3

DNA-binding motifs at the N-terminus (Figure S1b).

A full-length MYB phylogenetic tree with predicted

proteins from strawberry and A. thaliana was generated.

FaMYB123 shows the highest homology with transparent

testa 2 (AtTT2) (Figure S2) (Kranz et al., 1998). A more

detailed phylogenetic analysis with other transparent testa

homologs with inferred function showed FaMYB123 to be

a close homolog of VvMYBPA2, DkMYB2, AcMYB123, and
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MdMYB9, which are related to proanthocyanidin and

anthocyanin production (An et al., 2015; Appelhagen et al.,

2011; Terrier et al., 2009; Wang et al., 2019) (Figure 1a).

FaMYB123 contains the conserved motif (D/E)LX2(R-K)

X3LX6LX3R in its protein sequence (Figure S3a). This

domain confers the ability to bind to bHLH TFs. The motif

has also been found in FaMYB123 orthologs, and some

have been found to bind to bHLH TFs such as AtTT2,

DkMYB2, and AcMYB123 (Appelhagen et al., 2011; Wang

et al., 2019; Xu et al., 2021). Motif analysis was performed

with the FabHLH3 protein sequence, which is a well-known

regulator of proanthocyanidin production. FabHLH3 falls

in subgroup IIIf of the bHLH TFs (Schaart et al., 2013); it

possesses an N-terminal MYB DNA-interacting region

with conserved motifs and a C-terminal bHLH structure

(Figure S3b).

The subcellular location of the TF was determined by

confocal microscopy. A GFP-FaMYB123 fusion protein was

transiently expressed under control of the 35S promoter in

Nicotiana benthamiana leaves. Fluorescence was only

detected in the nucleus and colocalized with the nuclear

marker DAPI (Figure 1b), which confirmed the nuclear bio-

informatic prediction (Figure S1c). Therefore, FaMYB123 is

located in the nucleus.

FaMYB123 is strongly expressed in receptacles and

hormonally regulated throughout strawberry fruit growth

and ripening

We conducted quantitative real-time PCR (qRT-PCR) analy-

sis to examine the spatiotemporal gene expression pattern

of FaMYB123 and its response to ABA and auxins, the

main hormones governing ripening in strawberry fruit.

FaMYB123 is lowly expressed during growth of the fruit

receptacle (G1, G3, and W), but markedly upregulated at

the ripening and senescence stages (R, OR, and SE), and it

peaks at the OR stage (Figure 2a). FaMYB123 expression in

other plant tissues such as runners, leaves, flowers, and

petals was low relative to that in ripe fruits (Figure 2b).

Also, FaMYB123 expression in achenes was negligible

(Figure 2c). Taken together, these results suggest that

FaMYB123 regulates specific ripening-related physiological

processes occurring in the receptacle.

Most of the ripening-related genes associated with the

sensory properties and quality of strawberry are antagonis-

tically regulated by both auxins, synthetized in achenes,

and ABA (Medina-Puche et al., 2016). The potential effect

of ABA on FaMYB123 expression was examined in two

assays in which the ABA content was reduced by inhibiting

the enzymatic activity of FaNCED1. In the first assay, the

synthetic inhibitor nordihydroguaiaretic acid (NDGA) was

injected, and in the second assay, FaNCED1 was knocked

down by RNAi. A concomitant decrease in FaMYB123

expression and ABA content was observed (Figure 3a,b).

These assays were supplemented with one involving

accumulation of ABA by effect of water stress. A significant

increase in FaMYB123 expression was found to correlate

with an also increased ABA content in stressed fruits, indi-

cating that FaMYB123 transcription is regulated by this

hormone (Figure 3c). The effect of auxins was examined

by comparing FaMYB123 expression in receptacles 5 days

after removal of achenes – the source of auxins – which

revealed increased expression (Figure 3d); however, exter-

nally applied indole-3-acetic acid (IAA) abolished this

inductive effect. These results demonstrate that auxins

negatively regulate FaMYB123 expression. Altogether,

they show that, as with other TFs altering organoleptic

properties during strawberry ripening (Medina-Puche

et al., 2015; Molina-Hidalgo et al., 2017), FaMYB123

expression is regulated by ABA and auxin levels in fruit

receptacles.

Metabolite analysis of FaMYB123-RNAi in transgenic fruits

The role of FaMYB123 in the ripening process was exam-

ined by generating transgenic plants to knock down its

expression. The degree of silencing was assessed in trans-

genic receptacles. FaMYB10 expression levels were deter-

mined as an indicator of the ripening stage (Figure S4).

Lines 28, 31, and 32 were selected for further analysis as

they exhibited the lowest expression (below 10%) relative

to control receptacles transformed with the empty vector.

As noted earlier, FaMYB123 bears high sequence homol-

ogy with other MYB TFs related to proanthocyanidin and

anthocyanin production in fruits (Figure 1a).

As can be seen from Figure 4(a), the total anthocyanin

content of transgenic ripe receptacles was significantly

decreased. This result clearly shows that FaMYB123 is

involved in anthocyanin production. UPLC-MC was used to

identify in greater detail the major soluble phenolic com-

pounds involved in the flavonoid/phenylpropanoid path-

way. Principal component analysis of the identified

specialized metabolites clearly separated transgenic and

control receptacles (Figure 4b). Thus, transgenic recepta-

cles had lower concentrations of pelargonidin-3-glucoside

and a virtually complete loss of pelargonidin-3-(60-
malonylglucoside), a pelargonidin-3-glucose derivative

(Figure 4c and Table S1). There was also a decrease

in other pelargonidin derivatives, such as pelargonidin-3-

rutinoside and pelargonidin-3,5-diglucoside, and a con-

comitant decrease in cyanidins including cyanidin-3-

glucoside and cyanidin-3-rutinoside. As with pelargonidin,

the malonyl derivative cyanidin-3-(60-malonylglucoside)

was nearly absent from transgenic receptacles, which sug-

gests that FaMYB123 plays a specific role in regulating pro-

duction of malonyl derivatives (Figure 4c, Table S1).

Flavonol and flavone levels were also determined. The

main flavonol in strawberry, kaempferol, and its deriva-

tives kaempferol-3-glucose, kaempferol-3-rutinoside, and

kaempferol-3-malonylglucose were less abundant in
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transgenic receptacles than in control receptacles. Querce-

tins exhibited the same pattern as quercitin-3-glucose

and quercitin-3-malonylglucose, which were present in

decreased amounts in transgenic fruits, and so did the fla-

vonoid quercitin-3-rutinoside (rutin), whose levels were

also lower (Figure 4c, Table S1).

Figure 1. (a) Phylogenetic tree of FaMYB123 and its known R2R3 MYB transcription factors. The tree was constructed with the software FigTree, using the

neighbor joining method with 1000 bootstrap replicates. Numbers next to each node represent confidence percentages. The GenBank accession numbers are

FaMYB123 (MW081987), LjTT2a (AB300033.2), LjTT2b (AB300034.2), LjTT2c (AB300035.1), TaMYB14 (JN049641.1), PtMYB134 (FJ573151.1), PhAN2 (AF146702.1),

MdMYB1 (DQ886414.1), AtTT2 (NP_198405.1), VvMybPA1 (AM259485.1), FaMYB10 (EU155162.1), VvMYBPA2 (EU919682.1), DkMYB2 (AB503699.1), AcMYB123

(MH643775), DkMYB4 (AB503701.1), AtMYB12 (DQ224277.1), VvMYB4 (EF113078.1), FaMYB1 (AF401220.1), MdMYB11 (AAZ20431), FaMYB11 (AFL02461),

FaMYB9 (AFL02460), MdMYB9 (ABB84757), VvMYBA1 (AB097923.1), and VvMYBA2 (AB097924.1). (b) Subcellular localization of FaMYB123 in Nicotiana

benthamiana leaves. The leaves were agroinfiltrated with translational constructs 35S::GFP:FaMYB123 and with 35S::GFP as control. (a, c) Leaves infiltrated with

Agrobacterium carrying plasmid 35S::GFP:FaMYB123. (d, f) Leaves infiltrated with 35S::GFP (d and f). GFP, green fluorescent protein; DAPI, 40,6-diamidino-2-

phenylindole (nucleic dye); MERGE, merged view of GFP and DAPI images.
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Increased levels of propelargonidins and procyanidins,

which are dimers and trimers of pelargonidin and cyanidin,

respectively, were found, and so were increased contents of

(epi)catechin and (epi)afzelechin (Figure 4c, Table S1). Also,

epi(catechin), sanguiin, and ellagic acids were present at

increased levels in transgenic receptacles, leading to over-

accumulation of condensed aggregates and tannins, which

are usually present at low levels in ripe receptacles. This

misbalance may have resulted from the metabolic flux in

transgenic fruits being redirected in response to downregu-

lation of FaMYB123-controlled enzymes.

FaMYB123 partially regulates anthocyanin and flavonol

metabolic pathways

The decreased levels of anthocyanins found in

FaMYB123-RNAi fruits (Figure 4a) led us to conduct qRT-

PCR analysis to determine the transcript levels of the

genes involved in flavonoid/phenylpropanoid metabolism.

FaMYB123 seems to be specific to the late steps of the

phenylpropanoid pathway. Expression of the early genes

FaPAL, FaDFR, FaCHS, FaCHI, FaCAD, and FaCCR was not

different in transgenic receptacles, but FaC4H and Fa4CL

Figure 2. (a) Developmental expression of strawberry FaMYB123 in fruit receptacles. (b) Vegetative tissues versus G1 and red receptacles. (c) Achenes versus

G1 and red receptacles of Fragaria 9 ananassa cv. Camarosa. qRT-PCR results were obtained by using specific primers FaMYB123. Quantification was based on

Ct values. mRNA levels were normalized to the receptacle G1 value in all experiments. Mean values � SD of five independent experiments are shown. G1,

small-sized green fruit; G3, full-sized green fruit; W, white stage; R red stage; OR, overripe stage; SE, senescent stage; REC G1, receptacle G1; REC R, receptacle

R; FL, flower; Pe, petal; Run, runner; Le, leaf; Ac G1, achenes in small-sized green fruits; Ac G3, achenes in full-sized green fruits; Ac W, achenes at the white

stage; Ac R, achenes at the red stage. Statistical significance was determined by one-way ANOVA. Letters indicate significant differences (P < 0.05) as per

Scheffe’s post-hoc test.
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Figure 3. qRT-PCR analysis of FaMYB123 and FaNCED1 gene expression in (a) strawberry G-W fruits agroinfiltrated with the NCED1-RNAi construct, (b) G-W

fruits treated with NDGA, and (c) strawberry G-W fruits under water stress. The dashed lines represent ABA contents in the fruits. (a) Control fruits, strawberry

fruits infiltrated with empty pFRN vector; NCED1-RNAi fruits, transgenic strawberry fruits agroinfiltrated with the FaNCED1-pFRN construct. (b) Control fruits, G-

W fruits injected with H2O; NDGA, G-W fruits injected with NDGA (100 lM), with both samples harvested 8 days after the beginning of treatment. (c) Control

fruits, fruits with their pedicels immersed in Murashige–Skoog medium containing sucrose. Gene expression of FaMYB123 and FaNCED1 was analyzed in fruits

with their pedicels kept in the air. (d) qRT-PCR analysis of the effects of removing achenes from G3 developing fruits and their treatment with auxins on

FaMYB123 gene expression. After auxin treatment, mRNA levels were normalized to G3 fruit (control). Control G3, middle-sized green fruit receptacle;

G3 � Ac + Lan, G3 fruit receptacle without achenes for 5 days and covered with lanolin; G3 � Ac + IAA + Lan, G3 fruit receptacle without achenes plus IAA,

diluted in lanolin, for 5 days (added on day 0). The cultivar used was Fragaria 9 ananassa cv. Elsanta. Mean values � SD of five independent experiments are

shown. Statistical significance was determined by Student’s t-test. ***P ˂ 0.001. Gray bars, FaNCED1; black bars, FaMYB123; lines, ABA content.
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exhibited slightly increased levels (Figure 5a). A clear

reduction of genes involved in anthocyanin biosynthesis

was found, including FaANS1 and FaGT1, which encode

key enzymes in this pathway and have been demonstrated

to be responsible for the content of pelargonidin-3-glucose

(Griesser et al., 2008). Additionally, we explored the possi-

ble coregulation between FaMYB123 and FaMYB10, which

has been described as a master regulator of this pathway

(Medina-Puche et al., 2014). Knockdown of FaMYB10

resulted in a general downregulation of the structural

pathway (Figure 5).

Based on the decreased levels of malonyl derivatives

found in transgenic fruits, we delved into the last step of

the phenylpropanoid pathway. Up to seven malonyltrans-

ferases have been linked to the production of pelargonidin-3-

(60-malonylglucoside) in strawberry (Davik et al., 2020). We

examined their expression patterns and identified FaMT1

and FaMT5 as ripening- and fruit-specific (Figure S5a). Both

Figure 4. (a) Quantification of anthocyanin in control and FaMYB123-RNAi red receptacles (values obtained from absorbance measurements at 515 nm). (b)

Principal component analysis of metabolites identified in receptacles of control samples (red dots) versus transgenic lines (green, blue, and cyan dots). Eight

replicates were used in the metabolomic analysis under each condition. (c) Heatmap for secondary metabolism profiling by LC-MS analysis. Extracted anthocya-

nins, flavonols, procyanidin, and proanthocyanidins and condensed tannins. On the color scale on the right, red represents high contents and blue represents

low contents.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 683–698
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were downregulated in FaMYB123 and FaMYB10 transgenic

fruits (Figure 5 and Figure S5b).

FaFLS, FaF30H, and FaUF3GT, which are responsible

for the synthesis of kaempferol and kaempferol-3-

glucose, were also seemingly downregulated in

FaMYB123 fruits but not differentially regulated in

FaMYB10 fruits – by exception, FaFLS was apparently

controlled by both TFs (Figure 5). Therefore, FaMYB123

is a putative regulator of anthocyanin/flavonol deriva-

tives. We also found overexpression on the transcript

level of enzymes related to proanthocyanidin biosynthe-

sis such as FaANR and FaLAR (Figure 5) in FaMYB123

knockdown receptacles but no differences in FaMYB10

transgenic receptacles.

Figure 5. Expression of selected genes related to phenylpropanoid and flavonoid metabolism in FaMYB123-RNAi and FaMYB10-RNAi receptacles as determined

by qRT-PCR. Fruits transformed with pFRN empty vector were used as controls. Statistical significance was determined with Student’s t-test in all assays.

*P ˂ 0.05; **P ˂ 0.01; ***P ˂ 0.001. PAL, phenyl ammonia lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumaryl-CoA ligase; CHS, chalcone synthase; CHI,

chalcone isomerase; F3H, flavanone 3-hydroxylase; F30H, flavonoid-30-hydroxylase; DFR1, dihydroflavonol reductase; CCR, (hydroxy)cinnamoyl CoA reductase;

CAD, cinnamyl alcohol dehydrogenase; FLS, flavonol synthase; UF3GT, UDP:flavonol 3-glucosyltransferase; LAR, leucoanthocyanidin reductase; ANR, anthocya-

nidin reductase; ANS, anthocyanidin synthase; GT1, anthocyanin 3-glucosyltransferase; MT, malonyltransferase.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 683–698
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FaMYB123 interacts with FabHLH3 to transactivate the

FaMT1 promoter

The biosynthesis of proanthocyanidins and anthocyanins is

regulated by interactions between FabHLH3 and a MYB TF

(Xu et al., 2021). This led us to explore the potential interac-

tion between the anthocyanin regulator FaMYB123 and

FabHLH3 by yeast two-hybrid (Y2H) screening and bimolecu-

lar fluorescent complementation (BiFC). Yeasts transformed

with FaMYB123 fused to the GAL4 DNA-binding domain and

FabHLH3 fused to the GAL4 activation domain grew success-

fully on media supplemented with 10 mM 3-aminotriazole (3-

AT) but containing no Trp, Leu, and His, indicating the two

proteins interact (Figure 6a). A combination of FabHLH3 and

FaMYB9, which were previously reported to interact mutu-

ally (Schaart et al., 2013), was used as a positive control.

Interaction was further confirmed by bombarding epidermal

onion (Allium cepa) cells (i.e., a BiFC assay). The two pro-

teins were found to interact in nuclei; also, no fluorescence

was detected in the negative controls (Figure 6b).

FaMYB123 and FabHLH3 TFs acted cooperatively in

transactivating the 2000-bp promoter region upstream of the

start codon of FaMT1 – which is the most downregulated

malonyltransferase gene in transgenic fruits – when fused to

the b-glucuronidase (GUS) reporter gene in N. benthamiana

leaves. In silico analysis revealed several MYB-binding boxes

in the FaMT1 promoter, which suggests that FaMYB123

might bind directly to it and transactivate FaMT1 expression

as a result (Figure S6). FaMYB123 substantially transacti-

vated the FaMT1 promoter by itself, but its activity was fur-

ther increased by coinfiltration with FabHLH3 (Figure 7). On

the other hand, FabHLH3 in isolation exhibited no transacti-

vation activity. This result confirmed the previously noted

interaction between FaMYB123 and FabHLH3. Infiltrating

FaMYB10, either alone or together with FabHLH3, caused no

transactivation (Figure 7). Therefore, FaMT1 gene expression

in the flavonoid/phenylpropanoid biosynthetic pathway is

directly governed by FaMYB123.

DISCUSSION

A number of metabolic pathways involved in the fruit rip-

ening process are behind the many physiological quality-

related processes that confer strawberry some of its sen-

sory properties, including color, aroma, and flavor. These

Figure 6. (a) Yeast two-hybrid assay for the interaction between FaMYB123 and FabHLH3. ORFs of the TFs FaMYB123, FabHLH3, and FaMYB9 were recombined

into the bait vector (pDEST32) and prey vector (pDEST22). The yeast stains used in the drop test were PJ69-4a (MATa) and PG69-4a (MATa). pDEST32-FabHLH3
and pDEST22-FaMYB9 were used as positive controls. The empty vectors pDEST22 or pDEST32 were also cotransformed as negative controls. The ability of

yeast cells to grow on synthetic defined medium lacking Leu, Trp, and His but containing 10 mM 3-AT was scored as a positive interaction. (b) BiFC. Reconstruc-

tion of YFP in the nuclei of bombarded onion (Allium cepa) epidermal cells transformed with constructs harboring genes encoding FaMYB123 and FabHLH3

fused with YFP halves. Merge indicates digital merging of brightfield and fluorescent images.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 683–698
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molecular pathways are finely regulated by various TFs

(Aharoni et al., 2001; Daminato et al., 2013; Medina-Puche

et al., 2014; Medina-Puche et al., 2015; Molina-Hidalgo

et al., 2017; Vallarino et al., 2020; Zhang et al., 2018). Based

on our results, the interaction between FaMYB123 and

FabHLH3 boosts anthocyanin/flavonoid production at the

ripening stages. In this study, a new function for an R2R3

MYB TF has been elucidated, regulating a malonyltransfer-

ase involved in the biosynthesis of cyanidin and pelargoni-

din malonyl derivatives.

FaMYB123, a MYB-like TF, is ripening-related and hormon-

ally regulated

Based on bioinformatic analysis, the deduced FaMYB123

protein, like other MYB TFs, contains the typical R2R3 MYB

domains (Figure S1b) (Lipsick, 1996). Sequencing analysis

showed that it was shorter than the predicted sequence in

the Genome Database for Rosaceae (Figure S1a). There-

fore, the prediction for this gene was wrong, and so were

those for other MYB TFs in strawberry (Xu et al., 2021) and

for NAC TFs (Moyano et al., 2018). A phylogenetic analysis

with protein sequences of MYB TFs with inferred function

revealed that FaMYB123 is very similar to transparent testa

MYB TFs such as A. thaliana AtTT2, Vitis vinifera VvMYBPA2,

and Actinidia chinensis AcMYB123 (Figure 1). TT2 TFs,

including AtTT2 and VvMYBPA2, have been associated with

the regulation of structural genes linked to proanthocyanidin

production (Baudry et al., 2004; Terrier et al., 2009). However,

other TT2-like TFs, such as AcMYB123 and MdMYB9, were

recently deemed regulators of the production of anthocya-

nins in fruits (Wang et al., 2018; Wang et al., 2019).

Most of the genes that encode enzymes influencing the

sensory properties of strawberry receptacles share a com-

mon overall gene expression model. Such genes are

induced throughout receptacle ripening, exhibit receptacle-

specific expression, and have their expression activated by

ABA but repressed by auxins (Medina-Puche et al., 2016).

The expression profiles of functionally characterized TFs

involved in the ripening process such as FaMYB10 (Medina-

Puche et al., 2014), FaEOBII (Medina-Puche et al., 2015),

FaDOF2 (Molina-Hidalgo et al., 2017), and FaSCR (Pillet

et al., 2015) are identical with that of FaMYB123. Interest-

ingly, these TFs regulate expression of structural genes

belonging to discrete nodes of the flavonoid biosynthetic

pathway and are responsible for some fruit quality charac-

teristics. FaMYB123 was largely expressed at the late

stages of ripening (R, OR) but found at low levels at early

development stages (Figure 2a). Likewise, FaMYB123 was

expressed mainly in receptacles, but not in achenes at any

stage (Figure 2c); also, it was weakly expressed in vegeta-

tive tissues (Figure 2b). The parallel expression pattern of

these TFs, together with the phylogenetic relationship with

the TT2-like TFs, suggests that FaMYB123 may regulate

genes involved in the flavonoid biosynthetic pathway.

FaMYB123, together with FaMYB10, regulates the

anthocyanin pathway in strawberry

The metabolomic changes observed in FaMYB123-RNAi

transgenic receptacles revealed a substantial reduction

in total anthocyanin content and an increase in proanthocya-

nidin content (Figure 4a–c, Table S1). In strawberry fruits,

anthocyanins are synthetized during ripening and proantho-

cyanidins at early growth and development stages (Aaby

et al., 2007; Buendia et al., 2010). We found a marked

decrease in anthocyanins of strawberry fruits, including

pelargonidin-3-glucose, cyanidin-3-glucose, and their malo-

nyl derivatives pelargonidin 3-(6″-malonylglucoside) and

cyanidin 3-(6″-malonylglucoside) (Figure 4c). These results

are consistent with the observed downregulation of FaANS

and FaGT1 in FaMYB123-RNAi receptacles (Figure S7). Both

are structural genes encoding the last enzymes in the antho-

cyanin metabolic pathway, which catalyze the synthesis of

pelargonidin and pelargonidin-3-glucoside, respectively

(Almeida et al., 2007; Griesser et al., 2008). Indeed, FaGT1

knockdown markedly reduced the contents of pelargonidin-

3-glucose and its malonyl derivative (Griesser et al., 2008).

Quantitative trait locus (QTL) studies comparing differ-

ent hybrid populations of woodland strawberry (Fragaria

vesca) have revealed a QTL associated with the presence

or absence of pelargonidin 3-(6″-malonylglucoside) and

seven genes encoding putative phenolic glucoside malo-

nyltransferases (Davik et al., 2020). Two of the genes

(FaMT1 and FaMT5) were upregulated in ripe

Figure 7. Synergistic transactivation of the FaMT1 promoter by MYB123

and bHLH3 in N. benthamiana. Quantitative measurement of GUS enzyme

activity in tobacco leaves transiently expressing the FaMT1 promoter con-

struct (pFaMT1:eGFP-GUS) and FaMYB123, FabHLH3, and FaMYB10 ORFs

as effectors driven by the CaMV 35S promoter. The y-axis shows the fold

change values of GUS activity relative to control transfected with

pCaMV35S:eGFP-GUS. The results represent three independent experi-

ments (n = 6–8 biological repeats) and error bars represent the SEM. Statis-

tical significance was determined with Student’s t-test.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 683–698
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Fragaria 9 ananassa fruits (Figure S5a). However, their

expression in FaMYB123-RNAi receptacles was downregu-

lated (Figure S5b), which suggests that this TF might con-

trol the biosynthesis of pelargonidin 3-(6″-

malonylglucoside) by regulating the above malonyltrans-

ferases in strawberry ripe receptacles.

A marked reduction in metabolites of the flavonol

pathway was observed concomitantly with the reduction in

FaUF3GT transcript level (Figure S7). This gene bears high

sequence homology with a flavonoid 3-glucosyltransferase

from Rosa hybrida (RhUF3GT), which is responsible for

the synthesis of kaempferol-3-glucoside (Fukuchi-Mizutani

et al., 2011). Flavonols such as kaempferol-3-glucoside and

kaempferol 3-(6″-malonylglucoside) and compounds such

as quercitin-3-glucoside and quercitin-3-(6″-

malonylglucoside) were found at decreased levels in trans-

genic receptacles (Figure S7). These results suggest that

FaMYB123 directly or indirectly controls not only the late

steps of the anthocyanin pathway but also other branches

of the flavonoid metabolic pathway related to the biosyn-

thesis of flavonol compounds such as kaempferol and

quercetin (Figure S7). FaMYB123 knockdown resulted in

increased expression of FaANR and FaLAR, which encode

an anthocyanidin reductase and a leucoanthocyanidin

reductase, respectively. Both enzymes are involved in the

synthesis of epicatechin, epiafzelechin and related com-

pounds (Figure S7). These upregulating effects on gene

expression are in line with the increased levels of flavan-3-

ols such as catechin and epicatechin, their monohydroxy-

lated equivalents afzlechin and epiafzlechin, and their gly-

cosylated derivatives.

Our comparative expression analysis between trans-

genic receptacles of FaMYB10-RNAi and FaMYB123-RNAi

revealed that the biosynthetic genes involved in the early

steps of the anthocyanin pathway (viz., FaPAL, FaCHS, and

FaCHI) were regulated mainly by FaMYB10 but unaffected

by the downregulation of FaMYB123. On the other hand,

the genes involved in the late steps (viz., FaANS, FaGT1,

and FaMT1) appeared to be regulated by both TFs. Also,

the genes involved in branches leading to the production

of flavonols (FaF’3H and FaUF3GT) and proanthocyanidins

(FaANR and FaLAR) were upregulated in FaMYB123-RNAi

receptacles, possibly as a result of the metabolic flux being

redirected in response to the absence of late biosynthetic

enzymes. A possible role for FaMYB123 as a negative regu-

lator of the proanthocyanidin branch must be explored in

the future, in a similar way that has been proposed

for MrMYB6, which by interacting with MrbHLH1 and

MrWD40-1 directly represses the promoter activities of the

proanthocyanidin-specific genes MrLAR and MrANR in Chi-

nese bayberry (Morella rubra) (Shi et al., 2021). However,

those enzymes were not affected by FaMYB10 downregula-

tion. The changes found in phenylpropanoid metabolism

in FaMYB123-RNAi receptacles were similar to those in

FaMYB10-RNAi, where a marked decrease in pelargonidin-

3-glucoside, pelargonidin 3-(6″-malonylglucoside),

cyanidin-3-glucoside, kaempferol-3-glucose, kaempferol-3-

glucuronide, and quercitin-3-glucuronide was observed

(Medina-Puche et al., 2014). However, the increased

expression of FaANR and FaLAR led to FaMYB123-RNAi

fruits having increased contents of proanthocyanins. These

results suggest that FaMYB10 and FaMYB123 may regulate

different sets of genes encoding enzymes involved in this

metabolic pathway. A similar coregulation pattern was

previously reported for bilberry (Vaccinium myrtillus L.)

with TFs MYBPA1 and MYBPA2 contributing to anthocya-

nin biosynthesis during berry ripening by directly activat-

ing key biosynthetic genes (Karppinen et al., 2021). During

ripening, VmMYBPA2.2, together with VmMYBA1 and

VmMYBPA1.1, boosts production of anthocyanins in the

delphinidin branch. VmMYBPA2.2 was previously shown

to activate the promoters of DFR, ANS, and, especially,

F3050H.

FaMYB123 and FabHLH3 synergistically transactivate

FaMT1 expression

A model for the regulation of proanthocyanidin synthesis

in strawberry green fruits by which interactions between

FaMYB9 and FabHLH3 TFs might activate FaANR and

FaLAR expression (Schaart et al., 2013) was tested here by

using a heterologous system where coexpression of the

two TFs enabled transactivation of the AtANR promoter

(Schaart et al., 2013). Recently, new MBW complexes

including FvbHLH3, FvbHLH33, and FvMYC1 were reported

to govern the synthesis and accumulation of anthocyanins

in woodland strawberry (Xu et al., 2021). We propose that

FabHLH3, which is constitutively expressed throughout the

development and ripening stages, may play a pivotal role

among the biosynthetic pathways for proanthocyanidins

and flavonols/anthocyanins. Such a role relies on the MYB

TF interacting with FabHLH3. Through interaction with

FaMYB9, FabHLH3 activates proanthocyanidin biosynthesis

in green immature fruits. Similarly, through interaction

with FaMYB123, it might activate expression of some struc-

tural genes involved in the flavonoid/anthocyanin pathway

in ripe fruits. Indeed, we obtained Y2H- and BiFC-based

evidence of this physical interaction (Figure 6). In this

work, we have proposed that FaMYB123 is a regulator that

controls the expression of FaMT genes. This led us to ana-

lyze the sequence of the FaMT1 promoter because this

gene was ripening-induced and the most downregulated

malonyltransferase gene upon FaMYB123 knockdown in

transgenic fruits. The assay revealed the presence of sev-

eral MYB recognition boxes (Figure S6). A synergistic

transactivating effect of FaMYB123 and FabHLH3 on the

FaMT1 promoter was demonstrated by infiltrating N.

benthamiana leaves (Figure 7). Based on these results,

FaMYB123 might be a regulator jointly with FabHLH3.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 683–698
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However, FaMYB10, either alone or together with FabHLH3,

was unable to transactivate the FaMT1 promoter, even

though the latter was downregulated in FaMYB10-RNAi

fruits, which is suggestive of indirect regulation, although

we do not discard the possibility of a missing coregulator,

another bHLH that would be needed for the transactivation

activity on this promoter. A complex formed by AcMYB123

and AcbHLH42 was previously found to regulate anthocya-

nin production in kiwifruit (A. chinensis) (Wang et al., 2019).

AcMYB123 is a putative ortholog of FaMYB123 and, like

FaMYB123, it activates expression of structural genes

involved in the late steps of the flavonoid biosynthetic path-

way such as AcANS and AcUFGT. Wang et al. (2019) con-

cluded that both TFs are involved in the spatial and

temporal regulation of anthocyanin biosynthesis in ripe

kiwifruit. Similar results were found in apple (Malus domes-

tica), where the TT2-like TF MdMYB9 and MdMYB11,

recruiting MdbHLH3, regulate anthocyanin biosynthesis at

low temperatures by transactivating the MdANS and

MdUFGT promoters – and hence expression of the genes

(Wang et al., 2018).

In summary, in this work we obtained functional

data demonstrating that FaMYB123 is a ripening-related,

receptacle-specific TF. FaMYB123 is strongly regulated by

both ABA and auxins, the key hormones governing fruit ripen-

ing. Based on gene expression and metabolomic data for

transgenic receptacles, FaMYB123 specifically regulates the

late steps of the flavonoid pathway, that is, the production of

pelargonidin-3-glucose, cyanidin-3-glucose, and their malonyl

derivatives pelargonidin 3-(6″-malonylglucoside) and cyanidin

3-(6″’-malonylglucoside) – which are the most abundant

anthocyanins in ripe strawberry receptacles and key contribu-

tors to strawberry color – as well as flavonols such as

kaempferol-3-glucoside, kaempferol 3-(6″-malonylglucoside),

quercitin-3-glucoside, and quercitin-3-(6″-malonylglucoside).

FaMYB123 interacts with FabHLH3, another flavonoid-related

TF, to jointly regulate expression of the malonyltransferase

gene FaMT1 during ripening of strawberry fruit. FaMYB10

and FaMYB123 together may regulate different sets of genes

encoding the enzymes involved in this metabolic pathway,

which testifies to the high complexity of combinatory control

of anthocyanin biosynthesis. Further work will be required to

complete this puzzle in strawberry fruits.

EXPERIMENTAL PROCEDURES

Plant material and transgenic generation

The Fragaria 9 ananassa Duch. cv. Camarosa samples used were
grown on El Cebollar experimental farm (Moguer, Huelva). The
samples spanned fruits at six different development and ripening
stages, namely, small-sized green (G1, 2–3 g), full-sized green (G3,
5–8 g), white (W, 8–12 g), full-ripe red (R, 9–15 g), overripe (OR, 9–
15 g), and senescent fruits (SN, 9–15 g), and also expanding
leaves, flowers, runners, and petals. All were frozen in liquid nitro-
gen immediately upon harvesting. The N. benthamiana plants

used for agroinfiltration were grown in a plant chamber at 25°C,
10 000 lux, and 80% humidity and stored in a greenhouse.

For strawberry transformation, conserved regions from
FaMYB123 and FaMYB10 were amplified by PCR for cloning first
into the pCR8/GW/TOPO vector and then into the Gateway pFRN
vector. Prior to transformation, the generated constructs pFRN-
FaMYB123 and pFRN-FaMYB10 were sequenced. Transgenic plants
were generated according to (Barcelo et al., 1998). Briefly, leaf discs
of strawberry plants of cv. Chandler were transformed with Agro-
bacterium tumefaciens strain AGL1 containing pFRN-FaMYB123,
pFRN-MYB10, or pFRN-empty. Explants were kept in Murashige–
Skoog medium supplemented with 25 mg kanamycin L�1. After 7–
8 months of antibiotic selection, kanamycin-resistant regenerated
shoots were screened by PCR for the presence of transgenes by
amplification of the nptII gene. Positive clones were acclimated and
transferred to a greenhouse. Silencing was assessed by comparing
the FaMYB123 and FaMYB10 transcript levels in pFRN-FaMYB123
and pFRN-FaMYB10 red fruits with those in empty pFRN fruits.
Fruit quality parameters were evaluated in FaMYB123-RNAi lines,
in fruits of uniform size, with standard shape, weighing >5 g. Fruit
color was measured with a colorimeter (Minolta Chroma Meter CR-
400, Osaka, Japan). The L*a*b* color space parameters (lightness,
redness, yellowness) were recorded. Soluble solids were measured
using a refractometer (Atago N1), and firmness was measured
using a hand-held penetrometer (Effegi) with a cylindrical needle
with a surface of 9.62 mm2. A minimum of 10 ripe fruits per line
were evaluated (Figure S8).

Hormone treatments

The ABA content of strawberries was reduced in two different
ways. Because FaNCED1 is a key enzyme in ABA biosynthesis, we
altered its function by inhibiting its expression or its enzymatic
activity. FaNCED1 expression in green fruits was reduced by
agroinfiltration with a pFRN-FaNCED1 construct and its enzymatic
activity was inhibited with NDGA, using up to 30–40 white fruits
from 15–25 plants for this purpose. ABA is known to accumulate
under water deprivation conditions. We thus used such conditions
to increase its content. Up to 50 white fruits and their pedicels
were harvested for this purpose. For stress treatment, fruits were
kept with their pedicels outdoors, whereas control fruits were sub-
merged in Murashige–Skoog medium. The samples thus treated
were used for ABA measurement and expression analysis of
FaNCED1 and FaMYB123. The ABA extraction procedure and
HPLC-MS conditions are described elsewhere (Medina-Puche
et al., 2014).

The content of auxin in strawberry fruits was modulated by
removing its source (achenes) from two pools of 50 G3 fruits. The
fruits were covered with lanolin paste to prevent dehydration and
one set was treated with 1 mM IAA to assess the relative expres-
sion levels of FaMYB123.

Bioinformatic tools

Bioinformatic analyses were conducted with resources of the
European Bioinformatics Institute server (InterPro, ClustalW2)
and the National Center for Biotechnology Information (BlastP,
BlastX). Subcellular localization was performed with CELLO2Go.
Strawberry sequences were obtained from the GDR database,
using the last available F. vesca genome (v. 4.01) (Edger
et al., 2019). The FaMT1 promoter was analyzed using the Plant-
CARE database. The sequences for FaMYB123 alignments were
downloaded from GeneBank and the TAIR database. The phylo-
genetic tree was constructed with FigTree using a bootstrap of
1000 replicates.
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Expression analysis by quantitative real-time PCR

A minimum of three independent pools of each type of tissue were
used to extract and purify total RNA as described elsewhere
(Molina-Hidalgo et al., 2015). cDNA was obtained with an iScript kit
from Bio-Rad and used in the qRT-PCR reaction in an iCycler system
also from Bio-Rad. Relative differential expression was determined
by using the 2�DDCt method (Pedersen & Amtssygehus, 2001). The
interspacer 26S–18S, which exhibits constitutive expression under
all tested experimental conditions (Amil-Ruiz et al., 2013), was used
as an internal reference. Every reaction was performed at least in
triplicate, the presence of a single amplicon being inferred from
melting temperatures. The primers used are listed in Table S2.

Total anthocyanin analysis

Approximately 100 mg of frozen tissue from fruit receptacles was
poured into 1 ml of 1% (v/v) hydrochloric acid/methanol mixture
and kept at 4°C under continuous stirring for 10 min. The resulting
slurry was centrifuged at 1500 g at 4°C for 10 min and the antho-
cyanin content was determined by measuring the absorbance at
515 nm using the following formula: Emolar = 36 000 L mol�1 cm�1

(Bustamante et al., 2009; Woodward, 1972). Each analysis was rep-
licated six times.

Metabolite extraction, HPLC analysis, and identification

For LC-MS analysis, approximately 100 mg of frozen tissue was
lyophilized in a Christ RVC 2-18 freeze-dryer for 24 h. A total of eight
biological replicates were included. Lyophilized powder was added
to 800 ll of pure methanol containing 0.2 lg ml�1 isovitexin as inter-
nal standard and incubated at 70°C for 15 min for extraction. Then,
400 ll of water was added and the mixture was centrifuged at
12 000 g for 10 min. A 400-ll aliquot was subsequently dried under
vacuum for suspension in a 50% (v/v) methanol:water mixture.

Secondary metabolites were profiled on a Waters Acquity
UPLC system coupled to a Q-Exactive Orbitrap mass detector as
described elsewhere (Giavalisco et al., 2009). The UPLC system
was equipped with an HSS T3 C18 reversed phase column
(100 9 2.1 mm i.d., 1.8 lm particle size) from Waters that was
operated at 40°C. The mobile phase consisted of 0.1% formic acid
in water (solvent A) or acetonitrile (solvent B). The flow rate was
400 ll min�1, and the injected volume was 2 ll. The UPLC system
was connected to an Exactive Orbitrap from Thermo Fisher Scien-
tific via a heated electrospray source. Spectra were recorded in full
scan mode with negative and positive ion detection in a mass
range of m/z 100 to 1500 and were recorded from minute 0 to 19
of the UPLC gradient. Molecular masses, retention times, and
associated peak intensities were extracted from raw files by using
RefinerMS v. 5.3 from GeneData and Xcalibur (Thermo Fisher Sci-
entific, Waltham, MA USA). Metabolites were identified and anno-
tated against standards and extracted from (Del Bubba
et al., 2012; D’Urso et al., 2016; Enomoto et al., 2018; Vallarino
et al., 2020). Data are reported in a format compliant with the stan-
dards proposed by (Fernie et al., 2011). A comprehensive list of
the metabolites identified is provided in Table S1.

Cloning of the full-length sequence of FaMYB123 and

subcellular localization of the coded protein

For subcellular localization, the full-length FaMYB123 coding
sequence (CDS) was amplified by PCR with specific primers and
transferred to the pDONR221 vector by using the BP recombina-
tion reaction (Invitrogen, Waltham, MA USA). Subsequently, LR
recombination was used to transfer the full-length CDS to the

pK7WGF2.0 vector, which enabled N-terminal fusion of GFP to the
target protein and produced 35S-GFP-FaMYB123. The resulting
construct was sequenced prior to transforming Nicotiana leaves
according to (Molina-Hidalgo et al., 2015).

Yeast two-hybrid assay

Protein–protein interactions were examined by Y2H using the LR
reaction to transfer the FaMYB123 CDS from pDONR221 to the
pBDGAL4 bait vector (pDEST32; Invitrogen) and the pADGAL4
prey vector (pDEST22; Invitrogen). The yeast strains PJ69-4a
(MATa) and PJ69-4a (MATa) were used (James et al., 1996). Y2H
was performed according to (de Folter et al., 2005). Briefly, for
each interaction examined, 5 ll of liquid culture was plated on
yeast medium lacking His, Leu, and Trp supplemented with 10 mM

3-AT. Plates were incubated at 28°C for 3 days, using pDEST32-
FabHLH3 and pDEST22-FaMYB9, which were kindly supplied by
Dr. Jan Schaart (Wageningen UR Plant Breeding, the Nether-
lands), as positive controls. The GenBank accession numbers for
the genes are: FaMYB9, JQ989281; FabHLH3, JQ989284.

BiFC assays were performed by fusing the FaMYB123 and
FabHLH3 full-length CDSs to the N- and C-terminal domains of
yellow fluorescent protein (YFP) (pE-SPYNE-GW and pE-SPYCE-
GW, respectively, which were kindly supplied by Drs. Caroline
Mayer and Wolfgang Dr€oge-Laser of Lehrstuhl f€ur Pharmazeu-
tische Biologie, Julius-Maximilians Universit€at W€urzburg),
through the LR reaction. Fresh epidermal onion peels were co-
bombarded with 1-lm gold particles coated with appropriate DNA
constructs using a DuPont PDS-1000 biolistic helium gun device
from Bio-Rad. Fluorescence emission was measured with an Axio
Observer.Z1 motorized inverted microscope after 48 h of incuba-
tion at 22°C in the dark.

Agrobacterium-mediated transient expression and fluori-

metric assay of GUS activity

The genome sequence of Fragaria 9 ananassa was obtained from
GDR and the 2000-bp region upstream of the predicted start
codon (the putative promoter region of FaMT1) (FvH4_6g46741)
was examined. The synthetized fragment was cloned into the
binary vector pKGWFS7, fusing the promoter to the eGFP and
GUS CDSs. Positive vectors were transformed into A. tumefaciens
strain GV3101 and selected by using suitable antibiotics.

Transient expression in N. benthamiana leaves was assessed
according to (Schutze et al., 2009). Briefly, an overnight Agrobac-
terium culture was resuspended in AS medium (10 mM MgCl2,
10 mM morpholine ethanesulfonic acid [MES] [pH 5.6], and 150 lM
acetosyringone) and incubated at room temperature for 2 h.
Leaves from 4-week-old N. benthamiana plants were transfected
with a pFaMT1:eGFP-GUS reporter construct and effector con-
structs overexpressing GUS, MYB123, bHLH3, MYB10, or a combi-
nation thereof and collected 3 days after infiltration. Uninfiltrated
leaves and the pKGWFS7 empty vector were used as negative
controls, and pCaMV35S:eGFP-GUS was used as a positive con-
trol. The number of infiltrated leaves ranged from four to six per
construct. All construct combinations were coinfiltrated with the
pBIn61-p19 construct.

GUS concentrations were determined by grinding infiltrated
leaf discs in liquid nitrogen and extracting protein with modified
CCRL buffer (100 mM K-phosphate [pH 7.8], 1 mM EDTA, 10% glyc-
erol) to which 7 mM b-mercaptoethanol, 0.1% Triton X-100 (Luehr-
sen et al., 1992), and 2% polyvinylpolypyrrolidone (PVPP) were
added before use. The homogenate was centrifuged and the clear
supernatant was used to quantify either protein content (Brad-
ford, 1976) or reporter activity. The GUS assay involved incubating
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10 ll of extract added to 100 ll of 1 mM 4-methylumbelliferyl-b-
glucuronide. 4-Methylumbelliferone thus released was quantified
with a VarioskanTM Lux microplate reader from ThermoFisher Sci-
entific. All GUS activity values were normalized to total protein
content, and the numerical values from the GUS activity fluorimet-
ric assay for all samples were normalized to the pCaMV35S:eGFP-
GUS positive control. Statistical significance was assessed with
unpaired Student’s t-tests.

Statistical analysis

Statistical significance was checked with one-way analysis of vari-
ance (ANOVA) and Scheffe’s post-hoc test or Student’s t-test as
implemented in SPSS software.
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Figure S1. (a) FaMYB123 sequence obtained by PCR with cDNA
from red fruits (Fragaria 9 ananassa Duch. cv. Camarosa) as com-
pared with the putative sequence of the predicted ortholog
FvH4_5g32460 from Fragaria vesca (Genome v4.0.a2). (b) Pre-
dicted domains of FaMYB123 protein as identified with InterPro.
(c) Subcellular location of FaMYB123 protein as predicted on the
CELLO2Go website.

Figure S2. Phylogenetic tree of MYB transcription factors from
Arabidopsis thaliana (sequences downloaded from the TAIR data-
base) with all Fragaria 9 ananassa proteins (downloaded from the
plantTFDB database).

Figure S3 (a) Partial protein sequence alignment of FaMYB123 and
its homologs from higher plant species. R2 and R3 repeat
domains and the conserved bHLH interaction motif (D/E)LX2(R-K)
X3LX6LX3R are outlined with a black box and marked with aster-
isks. (b) Protein sequence alignment of FabHLH3 and homologs
from other plant species. The three conserved motifs of the N-ter-
minal MYB interaction region are indicated with boxes 11, 18, and
13, and the C-terminal basic helix1–loop–helix2 domain is outlined
with a black box.

Figure S4. qRT-PCR analysis of FaMYB123 and FaMYB10 gene
expression in transgenic FaMYB123-RNAi strawberry fruits
(Fragaria 9 ananassa cv. Elsanta) transformed with the empty
pFRN vector (control) and the pFRN-FaMYB123 construct.
FaMYB10 expression was used as an indicator of ripening stage.
Statistical significance with respect to the reference sample was
determined with Student’s t-test. ***P ˂ 0.001.

Figure S5. (a) Expression pattern of Fragaria 9 ananassa malonyl-
transferase genes in different tissues and during fruit receptacle
development and ripening. The patterns were analyzed by heat-
mapping runners (Ru), leaves (Le), flowers (Fl), petals (Pe), and
small-sized green (G1), full-sized green (G3), white (W), full-ripe
red (R), overripe (OR), and senescent fruits (SE). On the color scale
on the right, red represents high contents and green represents
low contents. Heatmaps were constructed with GraphPad Prism v.
8.0.1. (b) qRT-PCR analysis of FaMT1 and FaMT5 expression in
transgenic FaMYB123-RNAi strawberry fruits (Fragaria 9 ananassa
cv. Elsanta) transformed with the empty pFRN vector (Control)
and the pFRN-FaMYB123 construct (L28, L31, and L32). Statistical
significance with respect to the reference sample was determined
with Student’s t-test.

Figure S6. Schematic depiction of the FvMT1 promoter from Fra-
garia vesca. The upper bar shows the length of the promoter frag-
ment relative to the ATG start codon. The location of the MYB
motif is shown with black lines.

Figure S7. Schematic depiction of the phenylpropanoid, flavonoid,
and anthocyanin pathways. Enzymes that were upregulated or
downregulated by FaMYB123 knockdown based on the data from
Figure 5 are shown with arrows pointing up and down, respec-
tively. Boxplots represent the levels of metabolites in control and
transgenic receptacles, the y-axis showing the normalized area of
each compound in the LC-MS analysis. PAL, phenyl ammonia
lyase; 4CL, 4-coumaryl-CoA ligase; ANS, anthocyanidin synthase;
C4H, cinnamic acid 4-hydroxylase; CHI, chalcone isomerase; CHS,
chalcone synthase; DFR, dihydroflavonol reductase; F3H, flava-
none 3-hydroxylase; F30H, flavonoid-30-hydroxylase; GT1, anthocy-
anin 3-glucosyltransferase; MT, malonyltransferase; UF3GT, UDP:
flavonol 3-glucosyltransferase. **P < 0.001.

Figure S8. Phenotypic analysis of transgenic plants. Transgenic
plants were evaluated during the growing seasons, using non-
transformed plants (cv. Chandler) as control. Plants were grown in
a greenhouse under natural temperature and light conditions and
fruit was collected from March to July. Eight plants per line and a
minimum of 10 ripe fruits per line were evaluated. Fruits were har-
vested at the stage of full ripeness, when the fruit surface was
completely red, and the weight, size, color, soluble solids, and
firmness were recorded. Color was measured using a colorimeter
(Minolta Chroma Meter CR-400, Osaka, Japan). The instrument
was calibrated with a standard white and a standard black reflec-
tive plate before use. The L*a*b* color space parameters
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(lightness, redness, yellowness) were recorded. Soluble solids
were measured using a refractometer (Atago N1), and firmness
was measured using a hand penetrometer (Effegi) with a cylindri-
cal needle with an area of 9.62 mm2.

Table S1. Complete data from the liquid chromatography–mass
spectrometry analysis as normalized against the internal standard
and fresh weight. A total of eight replicates were used under each
condition.

Table S2. Primer sequences used. Fw, forward; Rv, reverse; Up,
upper; Low, lower.
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