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Abstract

Journal of

This work characterized the role of the R2R3-MYB10 transcription factor (TF) in strawberry fruit ripening. The expres-
sion of this TF takes place mainly in the fruit receptacle and is repressed by auxins and activated by abscisic acid
(ABA), in parallel to the ripening process. Anthocyanin was not produced when FaMYB10 expression was transiently
silenced in fruit receptacles. An increase in FaMYB10 expression was observed in water-stressed fruits, which was
accompanied by an increase in both ABA and anthocyanin content. High-throughput transcriptomic analyses per-
formed in fruits with downregulated FaMYB10 expression indicated that this TF regulates the expression of most of
the Early-regulated Biosynthesis Genes (EBGs) and the Late-regulated Biosynthesis Genes (LBGs) genes involved
in anthocyanin production in ripened fruit receptacles. Besides, the expression of FaMYB10 was not regulated by
FaMYB1 and vice versa. Taken together, all these data clearly indicate that the Fragaria x ananassa MYB10 TF plays a

general regulatory role in the flavonoid/phenylpropanoid pathway during the ripening of strawberry
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Introduction

The accumulation of anthocyanin pigments in fruits is an
important indicator of ripeness and fruit quality. Pigments
influence the attraction of pollinators and predators contrib-
uting to seed dispersal, protect against UV light damage and
pathogen attack, and play an important role in plant protec-
tion against biotic and abiotic stresses (Feild ez al., 2001; Regan
et al., 2001; Winkel-Shirley, 2001; Schaefer et al., 2004; Tanaka
et al., 2008). In strawberries, the red colouration of fruit recep-
tacles is mainly due to anthocyanin accumulation, which
plays a major role in consumer preference and marketability
(Perkins-Veazie, 1995; Chiu et al., 2010; Carvalho et al., 2010;
Lin-Wang et al., 2010; Yang et al., 2010; Hichri et al., 2011).

The flavonoid/phenylpropanoid (F/P) pathway in plants is
responsible for anthocyanin biosynthesis. These pathways are
organized as metabolic branches that account for the synthe-
sis of many different compounds, such as hydroxycinnamic
acid, isoflavones, flavonols, phlobaphenes, and pro-anthocya-
nidins. They are responsible for the major red, purple, violet,
and blue pigments found in many flowers and fruits (Petroni
and Tonelli, 2011).

Many highly conserved transcription factors (TFs) regulate
the expression of the genes involved in F/P metabolism. They
are mainly R2R3-MYB TFs interacting or not with basic
helix-loop-helix proteins and/or with proteins containing
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conserved WD40 repeats to form the so-called ternary MBW
complexes (Hichri ez al., 2011; Petroni and Tonelli, 2011).
To date, there are documented cases of individual genes or
even branches of F/P metabolism that are regulated by these
TFs (Hichri et al, 2011; Petroni and Tonelli, 2011). Thus,
in maize, the genes responsible for anthocyanin biosynthe-
sis are activated as a single unit by a unique MBW complex.
In Arabidopsis, there is an independent co-activator, R2R3-
MYB TF, lacking both basic helix-loop-helix and WD40 that
regulates the expression of the Early-regulated Biosynthesis
group of Genes (EBGs), as well as a MBW complex regulat-
ing the expression of the Late-regulated Biosynthesis group
of Genes (LBGs; Petroni and Tonelli, 2011). In certain species
such as apple and grape, anthocyanin biosynthesis is regu-
lated mainly by MY B-basic helix-loop-helix complexes lack-
ing WD40 (Takos et al., 2006; Ban et al., 2007; Espley et al.,
2007). In grapes (Vitis vinifera), the anthocyanin biosynthesis
branch is controlled by a single locus containing four MYB
genes. Two of them, known as VVMYBA1 and VVMYBA2
respectively, are involved in skin colour regulation (Kobayashi
et al., 2004; Cutanda-Perez et al., 2009). Mutations in the
promoter region of VVMYBALI or in the coding region of
VVMYBA2 lead to a loss of anthocyanin biosynthesis in the
skin, thus rendering grapes white (Kobayashi ez al., 2004). In
apple (Malus X domestica), there are three different alleles of
MYB(MYBI0, MYBI, and M YBA) controlling the red pig-
mentation of the fruit (Takos ez al., 2006; Ban et al., 2007,
Chagne et al., 2007; Lin-Wang et al., 2010). While MYBI1
and MYBA are involved in anthocyanin biosynthesis in the
skin, MYBI10 is involved in both the skin and the flesh (Takos
et al., 2006; Ban et al., 2007). In nectarine, MYB10 positively
regulates UDP glucose:flavonoid-3-O-glucosyltransferase
(UFGT) and dihydroflavonol 4-reductase (DFR) promot-
ers (Ravaglia er al., 2013). Recently, it has also been shown
that the expression profile of M YBI10 putative orthologues
found in 20 different Rosaceous fruits, including strawberry,
correlated with anthocyanin production throughout the
fruit-ripening process, and that this required the presence of
specific basic helix-loop-helix proteins (Espley et al., 2007;
Lin-Wang et al., 2010). In tomato and pepper, certain R2R3-
MYB genes, such as LeMYBI12, LeANT1, LeAN2, and CaA,
also regulate anthocyanin and flavonol biosynthesis (reviewed
by Petroni and Tonelli, 2011). In general, it has been reported
that these TFs activate the expression of LBGs during fruit
development (Borovsky ez al., 2004). Several R2R3-MYB
TFs, such as FaMYBI, also seem to act as phenylpropanoid
and anthocyanin pathway repressors (Aharoni et al., 2001).
Most of the abovementioned studies represent cases show-
ing that one of several of these MYB TFs regulates either
a particular branch of genes involved in F/P metabolism or
is required for the expression of any or some of these genes
in a determined tissue. The cases describing TFs playing a
general or a broader regulatory role in F/P metabolism are
scarce, and so are those analysing the overall transcriptomic
changes that take place during this process. Exceptions
are the maize and the VvM YB5a/5b genes that play a gen-
eral regulatory role in V. vinifera, since apparently they can
simultaneously control the expression of all branches of F/P

metabolism, including those involved in anthocyanin bio-
synthesis (Deluc et al., 2006). Strawberry transgenic plants
harbouring 35S:FaM YB10 were obtained by Lin-Wang et al.
(2010). In these plants, the increase of FauM YB10 expression
caused the synthesis of high levels of anthocyanins. Recently,
similar results were observed in apple transgenic plants over-
expressing M YBI0. Thus, MYBI0 overexpression in these
plants led to an increase of anthocyanins and concentrations
of flavonoids and proanthocyanins (Espley ef al., 2013)

This work presents the functional and molecular charac-
terization of the Fragaria gene FaM YBI10. High-throughput
transcriptomic analyses performed in ripened fruits with the
expression of downregulated FaMYBI0 clearly show that
this TF is a direct general regulator of EBG and LBG cor-
responding to the F/P pathway, including those involved
in anthocyanin production. These transcriptomic studies
virtually preclude the involvement of many other different
MYB genes in this regulation. This work also shows that the
expression of FaM YBI0 takes place mainly in the receptacle.
Besides, the expression of this gene as well as that of those
genes regulated by this TF are also clearly under the control
of hormones being repressed by auxins and induced by absci-
sic acid (ABA), which accounts for the molecular bases of the
recently described role of this latter hormone in the straw-
berry ripening process (Chai et al., 2011; Jia et al., 2011).

Materials and methods

Plant material

Strawberry plants (Fragaria X ananassa Duch. cv. Camarosa, an
octoploid cultivar) were grown under field conditions in Huelva,
southwest Spain). Fragaria X ananassa fruits were harvested at dif-
ferent developmental stages: small-sized green fruits (G1, 2-3g),
full-sized green fruits (G3, 4-7g), white fruits (W, 5-8 g), full-ripe
red fruits (R, 6-10g), overripe fruits (OR, 6-10g), and senes-
cent fruits (SN, 6-10g). Vegetative tissues, such as runners, roots,
crowns, and expanding leaves were also harvested. All analysed tis-
sues were immediately frozen in liquid nitrogen after harvesting and
stored at —80 °C. Strawberry plants (Fragaria X ananassa Duch. cv.
Elsanta) used for agroinfiltration were grown in plant chamber at
25 °C, 10 000 lux, and 80% humidity and afterwards maintained in
a greenhouse.

Auxin treatment

Achenes of two sets of 50 middle-sized green fruits (G2) each, still
attached to the plant, were carefully removed using the tip of a scal-
pel blade. One set of de-achened G2 fruits were treated with the
synthetic auxin 1-naphthaleneacetic acid in lanolin paste (1 ml) with
ImM 1-naphthaleneacetic acid in 1% (w/v) dimethyl sulphoxide.
The other set of G2 de-achened fruits (control group) were treated
with the same paste, but without 1-naphthaleneacetic acid. Both
treatments were applied over the entire fruit surface. All fruits were
harvested 5 d after treatment, immediately frozen in liquid nitrogen,
and stored at —80 °C. For assay, frozen fruits were ground with mor-
tar and pestle in the presence of liquid nitrogen. Over the course of
the assays, the fruits reached the G3—-W developmental stage.

Nordihydroguaiaretic acid treatment

Nordihydroguaiaretic acid (NDGA) is an ideal inhibitor of the
enzyme 9-cis-epoxycarotenoid dioxygenase (NCED) and was used
to block ABA biosynthesis (Creelman er al., 1992). The lowest
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NDGA concentration which completely blocks ABA accumulation
is 100 uM, as determined by preliminary tests in tomato fruit (Zhang
et al., 2009). Strawberry fruits (Fragaria X ananassa cv. Elsanta)
were used at the mature G—-W stages for the purposes of this study.
All fruits (20 fruits in total) were carefully injected with 1-2ml of
NDGA (100uM) sterile solution or sterile water (control fruits)
using a hypodermic syringe. Three replications were conducted for
each treatment. The samples were harvested after § d of treatment,
when the fruits reached the R developmental stage, frozen in lig-
uid nitrogen, and stored at —80 °C. Fruits treated with NDGA were
white, while control fruits showed a red phenotype. These samples
were used for ABA content measurement and relative expression of
FaMYBIO0.

Water stress treatment

Fruits at the G-W stages from Fragaria X ananassa cv. Elsanta
were used in this experiment. The control fruits maintained pedicels
immersed in MS medium with sucrose (renewed every 2 d), while the
fruits under water stress retained air pedicels without MS medium.
The fruits were maintained at 25 °C under a 16/8 light/dark cycle
with 120 umol m™ s™! irradiance (Osram Fluora lamps, Miinchen,
Germany) and the pedicels of all fruits were cut daily. The samples
were harvested 4 d after treatment, frozen in liquid nitrogen, and
stored at —80 °C until RNA extraction. The water-stressed fruits
were red, while the control fruits showed a white phenotype.

Preparation of deuterated ABA

Deuterated ABA was used as an internal standard. In order to pre-
pare the standard, the ring protons of ABA (5mg) were exchanged
over 48 h at room temperature in 10ml heavy water (isotopic purity
99.96%, Sigma) in presence of 1.0 M deuterated sodium hydroxide
(minimum isotopic purity 99%, Sigma), in accordance with Rock
and Zeevaart (1990). The medium was acidified with hydrochloric
acid to pH 3, and the acidic solution was partitioned three times
against equal volumes of diethyl ether. The ether phases were sub-
sequently combined and dried under vacuum at 35 °C, and the sam-
ples containing [H] were dissolved in methanol.

ABA extraction procedure

The purity of [’HgJABA obtained by HPLC was assessed by mixing
1 g powdered material with 1.26 nmol of internal standard (40 pl of
31.5 nmol ml™! intermediate standard solution) for Smin. The sam-
ple was extracted twice with 10 ml methanol/water (1:1, v/v, pH 5.5)
and the mixture was centrifuged at 5000 g for 5min at room temper-
ature. The supernatant was extracted twice with dichloromethane
(10ml) and the extracts obtained were centrifuged again at 5000 g at
room temperature for 5min; the lower phase was evaporated under
vacuum conditions at 40 °C. The residue was dissolved in 100 pl of
100% acetone and 250 pul of 0.1% formic acid in water/acetonitrile
(70:30, v/v). Lastly, the sample was centrifuged at full speed for Smin
and the supernatant obtained was used for analysis.

Total anthocyanidin analysis

Approximately 0.3g of the resultant powder was poured into 3ml
of 1% (v/v) hydrochloric acid/methanol and kept at 0 °C for 10 min.
The slurry was centrifuged at 1500 g and 4 °C for 10 min. The super-
natant was saved and its absorbance at 515nm was measured. The
amount of anthocyanins was calculated by using E,,... = 36 000
I mol™! ecm™! (Woodward, 1972; Bustamante et al., 2009). Three rep-
licates were performed per each analysed treatment.

HPLC-MS quantitative analysis of ABA

The amount of ABA in strawberry fruits treated with NDGA was
determined using an HPLC-MS system (VARIAN 1200L Triple
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Quadrupole) with a column (150x2.1mm i.d. Phenomenex Ci
with 3 npm particle, California, USA). The injection volume was 8 pl,
and the mobile phases used were water/0.1% formic acid (A) and
acetonitrile/methanol (75:25, v/v; (B) with gradient program: start
with 95:5 A/B, 2min with 65/35 A/B, 10min with 0/100 A/B, and
holding at 15min with 0/100 A/B, at a constant flow rate of 0.2ml
min!. The MS was operated in the negative selecting ion monitoring
mode. The source was operated with N, (LCMS quality) at 344.74
kPa. MS parameters were optimized by flow injection analysis of
the individual solutions of ABA and [’HgJABA. These compounds
gave a response in the selecting ion monitoring interface in the nega-
tive mode but not in the positive mode. The used ESI needle voltage
was —5.5kV. Other optimized conditions for MS included: drying
gas 270 °C; source temperature 55 °C; capillary voltage 45 V; shield
voltage 600V; detector voltage 1500V, and dwell time 1 s per scan.
Quadruple 1-ion resolution was optimized at 0.5Da. The quanti-
tative data obtained from calibration standards and plant samples
were processed using Work Station software (Varian, California,
USA).

Metabolite extraction

Fruits were individually frozen, lyophilized (Christ RVC 2-18)
for 24h, and homogenized with a mill (Retsch MM 200, Haan,
Germany) to a fine powder. An aliquot of 50mg lyophilized fruit
powder was used for each of the five biological replicates. Biochanin
A (250 pl of a solution in methanol, 0.2mg ml ') was added as an
internal standard, yielding 50 pg internal standard in each sam-
ple. After addition of 250 pl, methanol, vortexing and sonication
(Bandelin Sonopuls GM 2017) for 10min, the sample was centri-
fuged at 16 000 g for 10min. The supernatant was removed and the
residue re-extracted with 500 pl methanol. The supernatants were
combined, concentrated to dryness in a vacuum concentrator and
redissolved in 35 pl water. After 1-min vortexing, 10-min sonication,
and 10-min centrifugation at 16 000g, the clear supernatant was
used for LC/MS-analysis. Each extract was injected twice (technical
replicate).

LC-ESI-MS" analysis of phenolic metabolites

Metabolites samples were analysed on a 1100 HPLC/UV-system
(Agilent Technologies, Waldbronn, Germany) equipped with
a reversed-phase column (Luna 3u C18(2) 100A 150 %X2mm,
Phenomenex, Aschaffenburg, Germany) and connected to a
Bruker esquire3000”™ ion trap mass spectrometer (Bruker
Daltonics, Bremen, Germany). Mobile phases 0.1% formic acid
in water (A) and 0.1% formic acid in methanol (B) were used.
Injection volume was 5 pl and flow rate was 0.2ml min!. A gradi-
ent was applied which started at 0% B and rose to 50% B in 30 min.
Within the next 5min, B was increased to 100%, where it remained
for 15 min. Afterwards, B was decreased to 0% within 5 min. These
initial conditions were kept for 10min for system equilibration.
UV signals were detected at 280 nm. MS spectra were recorded in
alternating polarity mode. Nitrogen was used as nebulizer gas at
206.84 kPa and as dry gas at 330 °C and 9 I min™!. The electrospray
ionization voltage of the capillary was set to —4000V, the end plate
to =500V, the skimmer to 40V, and the capillary exit to 121 V. The
full scan ranged from 100 to 800 m/z with a resolution of 13 000
m/z s'. Tons were accumulated until an ion charge count) target
of 20 000 (positive mode) and 10 000 (negative mode), respec-
tively, was achieved or the maximum time of 200 ms was reached.
For tandem mass spectrometry, helium was used as collision gas
at 4 x 10 mbar and a collision voltage of 1V. Data was analysed
with Data Analysis 5.1 software (Bruker Daltonics, Bremen,
Germany). Metabolites were identified by comparing their reten-
tion time and mass spectra (MS and MS?) with that of measured
reference compounds. Statistical evaluation was performed using
independent Student’s t-test of SOFA Statistics (Paton-Simpson
and Associates, Auckland, NZ).
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RNA isolation

Total RNA was isolated from independent pools of strawberry
fruits at different growth and ripening stages and vegetative tissues,
as stated by Asif ef al. (2000). Achenes were always removed from
fruit samples and only receptacle RNA was extracted and purified.
The total RNA obtained was treated with DNase I (RNase free,
Invitrogen), in accordance with the manufacturer’s instructions, to
remove genomic DNA contamination, after which it was purified
by using a RNeasy Mini kit (Qiagen). RNA samples were consid-
ered DNA free when no amplicons corresponding to the analysed
genes were observed, using RNA as a template for a standard PCR
reaction.

Microarray generation and analysis

This work compared the cDNA sequences contained in Kevin
Folta’s libraries (Shulaev et al., 2011) against those in this group’s
own cDNA libraries (Bombarely e al., 2010). The percentage of
identity between the cDNA sequences from Fragaria X ananassa and
those from Fragaria vesca was always over 98.6% and similar to that
previously found (Bombarely ez al., 2010). This work subsequently
decided to generate a custom-made oligo-based (60-mer length)
microarray platform containing a total of 35 234 singletons cor-
responding to those sequences published in the strawberry genome
project (http://www.strawberry.org).

For each sequence, four different oligos were printed per block
and four blocks were printed per data set. Samples of total RNA
were DNasel-treated and afterwards purified by Qiagen columns, in
accordance with manufacturer conditions. Sample labelling (Cy3),
hybridization with four probes for target, and data normalization
were performed by Nimblegen Systems, in accordance with the pro-
cedures described in its expression analysis section (http://www.nim-
blegen.com/). Briefly, 10 pg total receptacle RNA were processed
using the Roche cDNA Synthesis System optimized for double-
stranded cDNA synthesis. The cDNA was purified using High Pure
PCR Product Purification, in accordance with the kit’s protocol.
Samples were then processed using full-size reverse-transcription
reactions. Three replicate reverse-transcription reactions were
performed for each total RNA input amount. Each cDNA sam-
ple (1 pg) was random-primer labelled with Cy3-nonamers using
NimbleGen One-Color DNA Labeling Kits, in accordance with
Roche NimbleGen’s standard protocol. Using random assignment,
each Cy3-labelled cDNA sample was applied to custom-made straw-
berry 12X 135K array formats (each slide contains 12 independent
arrays, each with 140 856 probes covering 35 214 genes, four probes/
target gene). The array was then hybridized for 16 h at 42°C, washed,
dried, and scanned at 2-pum resolution using a NimbleGen MS 200
Microarray Scanner (Roche NimbleGen). NimbleScan version 2.6
software was used to extract fluorescence intensity signals from the
scanned images and perform robust multi-array analyses to gener-
ate gene expression values. The analyses were performed across rep-
licate arrays within each test condition, sample and input amount
(for example, separate analyses were performed for the datasets from
the three replicate hybridizations using cDNA derived from 10 pg
total RNA).

Data analysis of the microarray expression studies was per-
formed with the software for gene expression analysis Array Star
(DNASTAR). Moderated t-test and false discovery rate (Benjamini
and Hochberg, 1995) for multiple testing corrections were used with
P < 0.01 to statistically identify significant differences.

Validation of microarray data and expression analysis by
quantitative real-time PCR

Expression analyses of FuM YBI0 (EU155162) and the genes herein
analysed and studied in all physiological conditions were performed
by quantitative real-time PCR (qRT-PCR) using a iCycler system
(BioRad), as previously described (Benitez-Burraco et al., 2003).
First-strand cDNA was obtained using 2 pg total RNA and a iScript

kit (BioRad), in accordance with the manufacturer’s instructions.
The PCR reaction mix consisted of 25 pl of a mixture containing:
I1x PCR buffer, 1.5mM MgCl,, 0.2mM dNTPs, 0.2 uM of each
sequence-specific primer, 3 pl SYBR Green I (1:15 000), 3 ul of tran-
scribed cDNA, and 0.5U 7ag polymerase (Biotools). The following
PCR program was used: denaturation at 94 °C for 2min; 40 cycles of
denaturation at 94 °C for 15 s, annealing at 55 °C for 30 s, and exten-
sion at 72 °C for 1 min; and finally an extension step at 72 °C for 5 min.
Supplementary Table S1 (available at JXB online) depicts the primer
sequences used for quantitative amplification. Each reaction was per-
formed, at least, in triplicate, and the corresponding C; values were
normalized using the C, value corresponding to an interspacer 26S—
18S strawberry RNA gene (Benitez-Burraco et al., 2003; Raab et al.,
2006; Encinas-Villarejo et al, 2009; Cumplido-Laso et al, 2012).
All these values were then used to determine the relative increase or
decrease of FuM YBI10 expression in the samples as compared against
those in control, in accordance with Pedersen (2001). Preliminary
transcriptome analyses by microarrays of green strawberry fruits vs.
red fruits, vegetative tissues, and de-achened fruits allowed a group
of genes whose expression was constant in all these situations to be
identified (unpublished data). The stable expression of these genes
was afterwards corroborated by qRT-PCR (Supplementary Table S2,
available at JXB online). When the expression of these genes was ana-
lysed by qRT-PCR and normalized between them, it was found that
the interspacer 265-18S was the housekeeping gene with less vari-
ability (data not shown). Thus, the interspacer 26S5-18S (forward and
reverse primers 5-ACCGTTGATTCGCACAATTGGTCATCG-3’
and 5-TACTGCGGGTCGGCAATCGGACG-3’) was selected as
control for its constitutive expression throughout the different exper-
imental conditions tested. The efficiency of each particular qRT-
PCR and the melting curves of the products were also analysed to
ensure the existence of a single amplification peak corresponding to
a unique molecular species.

Generation of RNAI constructs and transfection of strawberry
fruits by agroinfiltration

FaMYBI0 was cloned into pFRN binary vector (Supplementary
Fig. S1, available at JXB online; courtesy of Marten Denekamp
from Department of Molecular Cell Biology, University of
Utrecht, The Netherlands) using Gateway technology (Invitrogen,
Darmstadt, Germany). A 407-bp conserved region from
FaMYBIO cv. Camarosa was amplified and used for generating
RNAI fragments in the silencing construct. The forward primer
5-AGATGACTAGATGATTGCTTGCCG-3" and reverse primer
5-TGCCGGACGATTGCCAGGAAG-3" were used to that end. The
resulting fragment was cloned into the pCR8/GW/TOPO (Invitrogen)
and subsequently transferred to the Gateway pFRN vector by spe-
cific recombination between both plasmids by using LR clonase
(Invitrogen). The RNAi construct-generated (pFRN-FaMYBI10)
was tested by sequencing and conducting restriction analyses prior to
transformation of strawberry plants. The pFRN-FuM YBI0 construct
generates RNAI directed against the endogenous FuM YBI10.

Agrobacterium tumefaciens AGLO (Lazo et al., 1991) containing
the pFRN-FaMYBI0 or empty pFRN vector was grown at 28 °C in
fresh Luria—Bertani medium supplemented with appropriate anti-
biotics. When the culture reached an ODg,, of about 0.8, cells were
harvested and resuspended in a modified medium (Murashige and
Skoog salts, 10mM morpholine ethanesulphonic acid pH 5.6, 20 g 1™
sucrose, and 200 uM acetosyringone), in accordance with Spolaore
et al. (2001). Both suspensions were evenly and independently
injected with a sterile 1 ml hypodermic syringe into the base of the
entire fruits (Fragaria X ananassa cv. Elsanta), while they remained
attached to the plant for about 14 d after pollination (Hoffmann
et al., 2006). A total of 15-25 strawberry plants and 30-40 agroin-
jected fruits were inoculated and analysed, respectively.

Thesame protocolwasfollowed to generatethe Fa M YBI-RNAiand
FaNCEDI-RNAi constructs and silencing FaM YBI and FuNCED]
expression in strawberry fruits. The forward and reverse primers
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used for FaMYBIl were 5-CTGCTGCCAGAAGACGGAG-3’
and 5-AAAGAAGCCCCGGAGAGGAA-3’; while for FaNCEDI
were 5-CGGTGCCGCCAGCTACGCAT-3 and 5-GTGGGGG
CCGCCAGAGGGAT-3".

In all cases, the silencing percentage was determined by compar-
ing the amounts of FuMYBI0, FaMYBI, or FaNCED] transcripts
in pFRN-FauMYBI0-, pFRN-FaMYBI-, and pFRN-FauNCEDI-
agroinjected fruits, respectively, against those observed in empty
pFRN-vector agroinfiltrated fruits.

Phylogenetic analysis

The alignment of sequences and a phylogenetic tree presented in the
supplementary data was obtained using the TCoffee suite of pro-
grams. Representations were obtained with the FigTree program.

Results

FaMYB10 is a receptacle-specific gene expressed
mainly in ripened and senescent fruit.

By means of semi-quantitative real-time PCR (qRT-PCR),
the level of FaMYB10 expression was analysed in both recep-
tacles and achenes along different stages of fruit development
and ripening. In receptacles, FAMYB10 was expressed at very
low levels during the early G1, G3, and W stages of fruit
development (Fig. 1A). A substantial and dramatic increase
in its transcript levels took place, however, during the R, OR,
and SN stages, with a peak of maximum expression observed
in the OR stage.

In achenes, FaM YBI0 was expressed at very low levels
throughout all developmental and ripening stages studied
when compared against the expression level obtained in the
fruit receptacle at the G1 stage (Fig. 1A). Negligible expres-
sion levels were observed in all vegetative tissues analysed,
such as leaves, crowns, roots, and runners (Fig. 1B).

Taken together, all these data allowed FuMYBI0 to be
defined as a receptacle-specific gene predominantly expressed
during the ripening and senescent stages of fruit development.
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Correlation of FaMYB10 expression with anthocyanin
content in strawberry receptacle tissues

Anthocyanin accumulation in fruit receptacles is not uni-
form. These pigments are mainly accumulated in the external
parenchyma, followed in amount by internal parenchyma,
and with the lowest concentration of pigment accumulated
in the pith. When the different parts of the receptacles were
dissected and analysed, a clear and close relationship was
observed in both anthocyanin content and level of FaAMYB10
expression (Fig. 2).

Besides, FuM YBI0 reduction by transient silencing of its
expression was also accompanied by a clear decrease in the
anthocyanin content of the receptacles (Fig. 3). These results
are in agreement with previous data showing an accumulation
of anthocyanins in 35S overexpressed FuM YBI10 plants (Lin-
Wang et al., 2010) and support the involvement of FaM YBI10
in the anthocyanin production in strawberry fruits through-
out the ripening process.

Transcriptomic analyses show that FaMYB10 is a key
regulator of the F/P pathway

Transcriptome analysis was used to identify putative target
genes affected by silencing of FauM YBI0. A custom-made oligo-
based microarray platform representing 34 789 putative genes
from the Fragaria genome (FraGenomics35K) was used to com-
pare gene expression profiles of transgenic transiently silenced
FaM YBI0 fruits against control fruits agroinfiltrated with the
empty pFRN vector (Supplementary Table S3, available at JXB
online). The work focused on the most clearly downregulated
genes by choosing a 2.0-fold cut off and a P-value < 0.05. This
microarray analysis revealed 30 transcripts that were downregu-
lated in transiently FuM YBI10-silenced fruits (Table 1). Out of
them, 14 genes belong to genes encoding early and late biosyn-
theticenzymes of the F/P pathway, such as phenylalanine ammo-
nia lyase (PAL; GENE09753), cinnamate-4-hydroxylase (C4H,
GENE28093), flavanone 3-hydroxylase (F3H; GENEI4611),

DEACHENED G2 FRUITS

EE

e

A&

Ak

RUNNERS LEAVES  RECEFTACLE RECEFTACLE CONTROL SACHENES  SDAYS + NAA
Gl L]

Fig. 1. Analysis by quantitative real-time PCR of FaMYB170 expression in developing fruit receptacles and achenes (A), vegetative
tissues (B), and de-achened G2 fruits (C) of Fragaria x ananassa cv. Camarosa: G1, small-sized green fruit; G3, full-sized green fruit
(both stages of development); W, white stage; R, red stage; OR, overripe stage; SN, senescent stage; control, middle-sized green
fruit receptacle (G2 fruit); —achenes, G2 fruit receptacle without achenes for 5 d; 5 days + NAA, G2 fruit receptacle without achenes
plus 1-naphthaleneacetic acid for 5 d (added at day 0). Results were obtained using specific primers for FaMYB10 and quantification
is based on C; values. In A, B, and C, relative expression is calculated relative to achenes’ G1, G1-stage receptacle, and de-achened
G2 fruits, respectively, which was assigned an arbitrary value equal to unity. Values are mean + SD of five independent experiments.
Statistical significance with respect to the reference sample was determined by the Student’s t-test: **P < 0.01; ***P < 0.001.
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A TISSUE SAMPLES ANTHOCYANIN
from CONCENTRATION
Fragaria x ananassa fruits (mg/g fresh weight)
Whole fruit 0.032=0.17"
External parenchyma 0.036=0.02"
Internal parenchyma 0.013=0.00
Pith 0.006 £0.11"
ﬁ i e
= ]
E 20 1
=
=
Z 15
ﬁ 10
=
g s
g —
(0} I
Pith Internal Parenchiyima  External Parenchyma
B RIPE STAGE

Fig. 2. (A) Quantification of anthocyanins in different red-stage Fragaria x ananassa fruit tissues; values are absorbance measurements
at 515nm of processed extracts from red fruits: *P < 0.05; **P < 0.01. (B) Analysis by quantitative real-time PCR of FaMYB10
expression in pith, internal, and external parenchyma tissues from red-stage Fragaria x ananassa fruits. relative expression is calculated
relative to the pith C;, which registered the lowest FaMYB10 expression and was assigned an arbitrary value equal to unity. Values are
mean = SD of three independent experiments. Statistical significance with respect to reference sample was determined by the Student’s

t-test: P < 0.01; **P < 0.001.

‘aMYBI0-RNAi FRUITS

Fig. 3. Strawberry transgenic fruits (Fragaria x ananassa cv. Elsanta) agroinfiltrated with FaMYB70-pFRN construct. Control fruit, green—
white fruit agroinfiltrated with the empty pFRN vector; FaMYB10-BNAi fruits, green—white fruits agroinfiltrated with FaMYB70-pFRN

construct.

4-coumarate-CoA ligase (4CL; GENE09603), chalcone
synthase (CHS; GENE26826), chalcone isomerase (CHI,
GENE21346), dihydroflavonol reductase (DFR; GENE29482),
UDP-glucose:flavonoid-3-O-glucosyltransferase (UFGT;
GENEI2591), cinnamoyl-CoA reductase (GENE29483), cinna-
myl alcohol dehydrogenase (CAD; GENE20700), and two puta-
tive phenylcoumaran benzylic ether reductases 3 (GENE25260
and GENE25258). Shikimate dehydrogenase (GENE22235),
which is responsible for the synthesis of precursors of the F/P
pathway, was also downregulated in silenced FaM YB10-RNAIi
transgenic fruits (Table 1).

Inaddition to the F/P pathway’s structural genes, the expres-
sion of genes that are potentially involved in the transport
of flavonoids, such as those showing strong similarity with
MATE (GENE15073) or GSTs transporters (GENEI8167),
was also downregulated in transgenic FaM YBI0-silenced
fruits (Table 1).

It is noteworthy that the expression of R2R3-MYB
(FaEOBII, GENE28435) ripening-related TFs was also
downregulated when FaMYBI0 was silenced. This result
strongly indicates that this TF acts downstream of
FaMYBIO.
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Table 1. Continued

Minus

Red vs. green NDGA

fruit (up)

Intensity FaMYB10-RNAi (down)

Best match
(BlastX)

E-value

Species

Putative

Orthologous gene

achenes (up)

(down)

in red fruit

(AU)

function

in Fragaria vesca

qRT-PCR

Microarray

Fold

gRT-PCR

P-value

32.45+3.78 11.94+2.03 6.328+1.72 5.71+0.98

1729.24 13.392 0.000265

0.0 EF568781

Sucrose-phosphate Prunus persica

synthase 1 (putative)

GENE11606

16553.98 10.539 0.00172 21.55+3.98 13.77+2.13 12.39+2.46 40.59+1.09

FJ789568.1

3.00E-98

Short-chain dehydrogenase/ Nandina domestica

reductase

GENE32435

9.62+2.55 58.12+12.45

46.32+11.15 68.99+9.12

4407.30 22.167 0.00160

XM_002313047.1

2.00E-151

Populus trichocarpa

2-Oxoglutarate-dependent

dioxygenase

GENE31924

9.63+1.79 12.77+119 19.37+1.38

12.77+£0.97
510.2+24.75

13.96+1.98

0.00095

5.03
236.561

8787.08

EU373080.1
CN489695
EX680210

1.00E-21

Uncharacterized protein Gossypium hirsutum

GENE21312

118.9+16.67 20.09+3.16 11.29+2.02

25.61+2.05

0.00117

1738.81
1388.05
13569.57

8.00E-24
2.00E-99
2.00E-131
1.00E-23

Malus x domestica
Fragaria vesca

Uncharacterized protein

GENE30819

19.22+2.05 40.29+10.02
21.12+4.72 39.66+3.89

6.476+9.79

6.717 0.00136

75.438 0.00253
4.203 0.00352

4.581

Uncharacterized protein

GENE11236

73.34+11.13 72.56+3.44

10.11+£1.97
11.78+1.99

DY673496.1

Fragaria vesca

Uncharacterized protein

GENE17017

5.34+0.92
4.41+0.43

9.79+1.97
12.99+0.96

6695.88

GAJZ01007755

Prunus avium

Uncharacterized protein

GENE10557

5.622+0.91

2819.79 0.0341

XP_004308046.1

2E-66

Fragaria vesca

Uncharacterized protein

GENE13154

AU, arbitrary units; down, gene expression downregulated; NDGA, nordihydroguaiaretic acid; gRT-PCR, quantitative real-time PCR; up, gene expression upregulated.

A set of different genes, not F/P related, were also downreg-
ulated in silenced FaM YBI0-RNAI transgenic fruits, such as
those potentially coding an AAA-type ATPase (GENE21848),
a cyclo-DOPA 5-O-glucosyltransferase (GENE22484), a
hexokinase-1 (GENE25718), a putative sucrose-phosphate
synthase 1 (GENEI1606), a short-chain dehydrogenase/
reductase (GENE32435), and an 2-oxoglutarate-dependent
dioxygenase (GENE31924). Further, the expression of a set of
genes, still functionally uncharacterized, was downregulated
(Table 1).

The expression of all these genes identified as downregu-
lated in microarray analyses was confirmed using qRT-PCR.
Additionally, the expression of these genes in NDGA-treated
fruits as well as in unripe de-achened receptacles was also
determined through this methodology. Interestingly, the
expression of all these genes was also upregulated by both
ripening and ABA receptacle content. On the contrary, the
expression of these genes was downregulated by auxins
released to the fruit receptacle from the achenes (Table 1).

Metabolite profiling of FaMYB10-silenced receptacles
confirms that this TF is a general regulator of F/P
metabolism in ripened strawberry fruits

To determine if the transcriptomic changes observed in
FaMYBI10-silenced fruits were accompanied by metabolite
variations, the major soluble phenolic compounds were quan-
tified by LC-MS in both control and transgenic FaM YBI10-
RNAI fruits (Fig. 4). As expected, substantially lower levels
of anthocyanins (pelargonidin-3-glucoside, pelargonidin-
3-glucoside-malonate, and cyanidin-3-glucoside) and fla-
vonols (kaempferol-glucoside, kaempferol-glucuronide, and
quercetin-glucuronide), but higher concentrations of phenyl-
propanoids (cinnamoyl glucose, caffeoyl glucose, and feruloyl
glucose), were detected in transiently silenced fruits com-
pared to untreated fruit. In contrast to this observation, the
level of the phenylpropanoid 4-coumaroyl glucose decreased,
and the concentration of the flavonoid naringenin-glucoside
increased, in FAMYB10-RNAI fruits. The amount of catechin
and epicatechin-catechin-dimers remained unchanged, while
higher and lower levels of epiafzelechin-glucoside and epi-
afzelechin-catechin-dimers were detected in transgenic fruit,
respectively. The concentrations of some metabolites not
directly involved in the phenolics pathway (ascorbic acid and
4-hydroxy-2,5-dimethyl-3(2H)-furanyl glucoside (HDMF-
glucoside)) were also affected by FAMYBI10 silencing.

FaMYB1 TF is not a regulator of FaMYB10 expression
and vice versa

The expression of a MYB TF from Fragaria X anana-
ssa (FaM YBI) in tobacco flowers was reported to reduce
the accumulation of some flavonoid compounds (Aharoni
et al., 2001). Recently, an orthologue of FuMYBI was iso-
lated in the native white Fragaria chiloensis subsp. chiloensis
(FeMYBI; Salvatierra et al., 2013). The transitory silenc-
ing of FeMYBI expression renders fruits red. Additionally,
the expression of some of the LBG flavonoid genes and of
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Fig. 4. Part of the phenylpropanoid, flavonoid, and anthocyanin pathway. Enzymes whose genes are down- and upregulated due to
FaMYB10 silencing are shown in red and blue, respectively. Boxplots show the levels of metabolites in control fruit (left) in comparison
with their levels in FaMYB10-silenced fruit (right). 4CL, 4-coumaroyl-CoA ligase; AGT, anthocyanidin glucosyltransferase; ANR,
anthocyanidin reductase; ANS, anthocyanidin synthase; C4H, cinnamic acid 4-hydroxylase; CAD, 4-coumaryl alcohol dehydrogenase;
CCR, 4-coumaroyl-CoA reductase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol reductase; F3H, flavanone
3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; FGT, flavonoid glucosyltransferase; HCGT, (hydroxy)cinnamic acid glucosyltransferase;
LAR, leucoanthocyanidin reductase; LDOX, leucoanthocyanidin dioxygenase; MT, malonyl transferase; PAL, phenylalanine ammonia

lyase; SDH, shikimate dehydrogenase.

pelargonidin-3-glucoside content was also slightly increased
(Salvatierra et al., 2013).

In order to determine if FuMYBIO is under the regu-
lation of FaMYBI, this work transiently suppressed
FaMYBI expression in Fragaria X ananassa cv. Elsanta.
Despite obtaining a high percentage of gene silencing in
FaMYBI-silenced receptacles, no changes in FaMYBI0
expression were observed (Fig. 5A). Similarly, FaM YBI
expression remained unaltered in fruit receptacles where
FaM YBI0 expression was suppressed. Anthocyanin content
of FaMYBI-silenced fruit receptacles remained unchanged
with regard to those observed in control fruits (Fig. 5B
and C). These results rule out a direct regulatory role of
FaMYBI on FaM YBI0 expression and vice versa and indi-
cate that FAMYBI does not play a similar role to that of
FcMYBI in F chiloensis.

FaMYB10 expression in fruit receptacles is repressed
by auxin and activated by ABA

It has been proposed that a defined ABA/auxin content
ratio present in receptacles could be a signal that triggers
the fruit-ripening process (Perkins-Veazie, 1995; Jiang and
Joyce, 2003). Auxins are mainly produced by the achenes
and released afterwards to the receptacles, fostering recep-
tacle growth and development while preventing premature
ripening. Some recent reports have suggested that the phyto-
hormone ABA may, at least, be involved in anthocyanin pro-
duction during the ripening of strawberry fruits (Chai et al.,
2011; Jia et al., 2011). The current work assumed that these
two hormones affect FAMYB10 expression.

To analyse the in vivo effects of auxins, two complementary
experiments were conducted. The first mechanically removed
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the achenes, and thus the source of auxins from several G2
fruits, and compared FaMYBI0 transcript levels through
gRT-PCR after 5 d with those of untreated control fruits.
A clear and substantial increase in the amount of FaMYB10
transcripts was observed in de-achened unripe fruit recepta-
cles in comparison to control fruits. The second experiment
determined that the increase of FaMYBI10 expression in de-
achened fruits was abolished by the external application of
auxin (1-naphthaleneacetic acid; Fig. 1C).

To assess the role played by ABA in the regulation of
FaMYBI0 expression, this work modulated ABA content
(down and up) through three experimental approaches: (1)
transiently silencing the expression of FuNCED coding 9-cis-
epoxycarotenoid dioxygenase, the key enzyme responsible for
ABA biosynthesis through in vivo agroinfiltration with live
Agrobacterium cells harbouring FaN CED1-RNAI constructs;
(2) adding NDGA, a well-known inhibitor of 9-cis-epoxy-
carotenoid dioxygenase activity; and (3) depleting plants of

A B FaMybl0 @ FaMybl
100 :
S
g |
2 s0 '
=
-4
&
5 60
[
©
[
9: 40
-
E 20
z
ET T
ey * % %
g 0 = | * s
CONTROL FaMyb10-RNAi F1 F2
FRUIT
B FaMyh1-RNAi FRUITS
4
3.5 I ] I
- I | |
o 3
<
o 2.5
§ 2
8 1.5
-
1
0.5 ¥
0 5 |
CONTROL FaMybl0-RNAl F1 F2
FRUIT

CONTROL

FaMyb16-RNAL
FRUIT

FaMyb1-RNAi FRUITS

FaMybI-RNAi
FRUITS

Fig. 5. (A) FaMYB10 and FaMYB1 expression in transgenic agroinfiltrated fruits injected with the corresponding RNAi contsruct.
(B) Determination of anthocyanin content in transgenic FaMYB10-RNAi and FaMYB17-RNAi fruits. (C) Phenotypes of transgenic
FaMYB10-RNAi and FaMYB7-RNAI fruits. Statistical significance with respect to control sample was determined by the Student’s

t-test: ** P < 0.001 (n = 10).
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water, as water stress is known to increase ABA content in
the plants. All of these experiments were accompanied by the
measurement of ABA content in fruit receptacles.

A lack of red colouration was observed in fruits that were
either agroinfiltrated with FuNCEDI-RNAi constructs or
treated with the inhibitor NDGA (Fig. 6A and B). In con-
trast, an early appearance as well as a substantial increase of
fruit red colouration was noted in fruits subjected to water
stress (Fig. 6C). It is noteworthy that agroinfiltration was con-
ducted with Agrobacterium harbouring the FuNCEDI1-RNAi
construct in half of the receptacles, while the other half was
agroinfiltrated with bacteria harbouring the same vector but
lacking the RNAI sequences that were thus used as control.
No noticeable changes were observed in the half lacking the
RNAI construct in relation to untreated fruits.

Substantial changes in ABA content (either increase or
decrease) in receptacles occurred under the three different
experimental procedures described above (Fig. 7B, D, F). In
all of these cases, FuM YB10 expression always correlated with
that of ABA content (Fig. 7A, C, E). These results strongly
suggest that ABA presence in the receptacles can positively
regulate the expression of FaMYB10 and that this TF plays
an important role in the regulation of genes involved in the
anthocyanin biosynthesis in this fruit.

Taken together, these results indicate that FaM YBIO
expression is clearly regulated by both ABA content and
auxin content of the fruit receptacle, which provides a puta-
tive molecular explanation for both the proposal of Perkins-
Veazie (1995) and the findings described by Chai et al. (2011)
and Jia et al (2011).
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Discussion

This paper presents data indicating that the Fragaria X anana-
ssa cv. Camarosa gene FauM YBI10 encodes a TF that plays a
key role in the regulation of the F/P pathway in fruit recepta-
cle during the ripening of strawberry fruit.

Expression of FaMYB10 is fruit specific and related to
the expression of genes involved in F/P metabolism

FaMYBI0 expression was confined mainly to the fruit recep-
tacles, not being or barely being expressed in all other veg-
etative tissues analysed such as leaves, stems, and runners as
well as in fruit achenes. The expression was ripening related
insomuch as its expression was also very low in the early
development stage of the fruit but it experienced a substantial
increase during the ripening stages, and it coincided with the
development of the red colour in the fruit when F/P metabo-
lism was fully active. All these data taken together allow this
gene to be defined as a truly and specific receptacle-specific
gene that is related to ripening.

High-throughput transcriptomic analysis indicates
that FaMYB10 plays a key role in the early, late, and
transport steps of phenylpropanoids and flavonoids
biosynthesis

The transcriptomic analysis presented herein revealed that
many of the genes involved in F/P metabolism, from PAL to
UFGT, can be directly or indirectly upregulated by FaMYB10.
Interestingly, as in the case of FuMYBIO expression, the

Fruit 1 Fruit2

NCEDI-RNAI Fruits

Fruit 1 Fruit2

Fig. 6. Strawberry green—-white fruits (Fragaria x ananassa cv. Elsanta) agroinfiltrated with the NCED7-RNAi construct (A), 8 d after
treatment with 100 uM nordihydroguaiaretic acid (B; NDGA; control fruit, injected with H,O), and 4 d after the beginning of water stress
by keeping pedicels in the air (C; control fruit, pedicels immersed in MS medium with sucrose).
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Fig. 7. Analysis by quantitative real-time PCR of FaMYB10 expression (A, C, E) and quantification of ABA concentration (B, D, F):
(A, B) control fruits, infiltrated with empty pFRN vector; NCED1-RNAi fruits, transgenic agroinfiltrated with the FaNCED7-pFRN
construct; (C, D) control fruits, green—-white fruit injected with H,O; fruits + NDGA, green—-white fruits injected with 100 pM
nordihydroguaiaretic acid (NDGA); (E, F) control fruits, pedicels immersed in MS medium with sucrose; fruits + water stress, pedicels
kept in the air. Statistical significance with respect to reference sample was determined by the Student’s t-test; ***P < 0.001.

expression of all of these genes was also upregulated in the
red ripened receptacles. This supports the possibility that
FaMYBIO0 is fulfilling a key central role by regulating most
of the biosynthetic genes related to the F/P pathway that are
connected to ripening. An exception, however, is the expres-
sion of anthocyanidin synthase (ANS), which remained
unchanged in FauM YBI0-silenced receptacles, suggesting the
existence of a different regulatory mechanism controlling the
expression of this particular gene.

In V. vinifera, a similar broad regulatory role was demon-
strated for VVMYB5b, a R2R3 TF that regulates all branches
of the biosynthesis of flavonoids, including the anthocya-
nin and the phenylpropanoid pathways (Deluc et al., 2008).
However, VVMYBS5b does not regulate UFGT expression,
and this role is played by both VWM YBBA1 and VVMYBBA2

(Walker et al., 2007). In strawberry, however, FaMYBI10
strongly regulates the expression of strawberry UFGT as in
pear, where the methylation level of PcMYBI0 promoter
directly affects PcUFGT expression (Wang et al., 2013).
These results suggest that FAMYBI10 could play a broader
regulatory role than that played by VVMYBS5b, VVMYBAI,
or VVWMYBAZ2. In strawberry ripened receptacles, FAMYB10
apparently seems to regulate by itself the expression of all
the genes regulated by these three MYB TFs in V. vinifera. As
with FaM YBI0, the overexpression of M YBI(0 in pear and
Gerbera hybrida (GM YB10) increased the expression of PAL,
C4H, CHI, F3H, and GST in fruit peel (Espley et al., 2013)
and petals (Laitinen et al., 2008), respectively. Interestingly,
both VVMYB5b and GMYBI0 regulate the expression of
ANS as well, whereas FAMYBI10 does not. However, as in
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the case of FuMYBI0, overexpression of VvMYB5a in sta-
mens of grapevine induced all of the structural genes of the
F/P pathway except ANS, and this activation correlated with
a strong accumulation of anthocyanins in epidermal cells
(Deluc et al., 2006). It has been proposed that in strawberry,
another MYB transcription regulator (FaMYBS) could
influence the expression of FuANS, whose expression is not
regulated by FAMYBI10 (Schaart ez al., 2013). However, the
expression of FaMYBS5 was not clearly induced through the
receptacle-ripening stages. Besides, a putative negative regula-
tory role was suggested for this TF. In this sense, the potential
regulatory role of FaMYBS on FaANS expression must be
still determined.

In strawberry, the R2R3-MYBI1 TF is weakly induced in
ripened fruits (Aharoni ez al., 2001), and it has been proposed
to be a transcription repressor in the regulation of the pro-
duction of anthocyanins in Fragaria X ananassa ripe fruit
(Aharoni et al., 2001). However, it has been shown that the
ectopic overexpression of FauMYBI in tobacco flowers did
not affect the expression of PAL, C4H, 4CL, CHS, F3H,
DFR, UDP-rhamnosyl transferase, and CAD (Aharoni et al.,
2001). In these same transgenic FaM YBI tobacco plants,
the expression of ANS was clearly downregulated. On the
contrary, transcriptomic analyses showed that all of these
genes but ANS could be regulated by FaMYBI10 in ripen-
ing fruits. Recently, the white Chilean strawberry phenotype
(F. chiloensis subsp. chiloensis f. chiloensis) was reverted to a
partially red phenotype through the silencing of the expres-
sion of FeMYBI (Salvatierra et al., 2013). Notwithstanding
this, the transcriptomic data did not rule out the possibility
that FAMYBI could influence the expression of those genes
regulated by FAMYB10. This left open the possibility that, to
some extent, FAMYBI could directly regulate the expression
of any of the F/P genes through the modulation of FuM YBI10
expression. However, the experimental data, obtained after
transitory silencing of FuM YBI expression in fruit recepta-
cle, strongly ruled out this possibility.

FaMYBI10 also regulated the expression of GST and
MATE transporters. In plants, GSTs and MATE proteins
are required for vacuolar sequestration of flavonoids and
anthocyanins (Mano et al., 2007; Cutanda-Pérez et al., 2009;
Gomez et al., 2011). Thus, a possibility is that both proteins
could be associated together in ripening fruits in order to
transport and store anthocyanins into the vacuole in straw-
berry fruit receptacle.

The transitory silencing of FaMYBI0 reduced levels of
anthocyanins and flavonols that were detected in FaM YBI0-
RNAI fruits in comparison to control fruits. The concentra-
tions of the proanthocyanins catechin and its dimer, however,
were not altered (Fig. 4). On the other hand, the impact of
FaMYBI0O downregulation on the amounts of epiafzelchin
derivates was mixed. The higher levels of phenylpropanoyl
glucosides in FauM YB10-RNAI receptacles point to a redirec-
tion of the pathway towards early intermediates of the phe-
nolic pathway similar to that observed in FaCHS-RNAI fruit
(Hoffmann et al., 2006). Besides, two metabolites that are not
directly related to the anthocyanin pathway, namely ascorbic
acid and HDMF-glucoside, accumulated upon FaMYBI0

Role of Fragaria FaMYB10 in fruit ripening | 413

downregulation. These compounds are linked to carbohy-
drate metabolism and suggest alterations in this pathway
that are consistent with the reduced transcript levels of the
hexokinase-1 and sucrose phosphate synthase 1 genes (Raab
et al., 2000).

During the fruit-ripening process, of 146 genes encod-
ing MYB TFs in the F. vesca genome (manually annotated),
only 13 of them were induced in red-ripened receptacles
(Supplementary Fig. S2 and Supplementary Table S4, avail-
able at JXB online). Among them, only FauEOBII expression
was downregulated in FaMYBI0-RNAI transgenic fruits,
which suggests that this TF can be under the control of
FaMYBI10. FuEOBII shows a high sequence similarity with
that of EOBII (Emission Of Benzenoids I1) of Petunia hybrida
that encodes a R2R3-MYB TF. This TF has been previously
characterized as a regulator of structural phenylpropanoid
genes that are involved in the production of the volatile phe-
nylpropanoids components of the floral scent, such as phe-
nylethyl alcohol, benzylbenzoate, eugenol, and isoeugenol
(Spitzer-Rimon et al., 2010). In this sense, the current work
also observed that the expression of genes belonging to the
phenylpropanoid pathway potentially involved in producing
these volatiles, such as cinnamyl-CoA reductase, cinnamyl
alcohol dehydrogenase, and a putative phenylcoumaran ben-
zylic ether reductase 3, were also downregulated in transgenic
FaMYBI10-silenced fruits, probably through the downregula-
tion of FaEOBII expression. The involvement of EFOBII in
the regulation of biosynthetic genes responsible for the pro-
duction of phenylpropanoid volatiles is also supported by the
high expression of both TFs in petals, where these volatiles are
strongly produced and emitted (Spitzer-Rimon ez al., 2010).

Among the other genes whose expression was downregu-
lated in FaM YBI0-silenced receptacles, this work identified
genes such as a receptor-like protein kinases, a AAA-type
ATPases, a cyclo-DOPA 5-O-glucosyltransferase, a short-
chain dehydrogenase/reductase, a putative sucrose-phosphate
synthase 1, a hexokinase, and a 2-oxoglutarate-dependent
dioxygenase. The precise functions of all these genes are
currently unknown. However, it is noteworthy that similar
genes are also regulated by the R2R3-MYB TFs GMYBI10
and VIMYBALI, both of which are involved in anthocyanin
production in G hybrida and Vitis labruscana, respectively
(Laitinen et al., 2008; Cutanda-Pérez et al., 2009).

Both FaMYB10 expression, such as those genes
regulated by this TF, are under the control of auxin
and ABA

Although orthologues of MYBI0 have been isolated from
at least 20 rosaceous species (Lin-Wang et al., 2010), little
is known about the hormonal regulation of FaMYBI0. In
strawberry, it is generally assumed that auxins synthesized by
the achenes and released to the receptacles in the early phase
of fruit development foster fruit growth. The auxin content
of receptacles decays while the receptacle size reaches its
maximum volume (in the white stage). Afterwards, once the
receptacle attains its final size (in the white stage), auxin pro-
duction declines while ABA production increases inside the
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receptacle, triggering the ripening process (Perkins-Veazie,
1995). According to this, the expression of a vast majority of
strawberry ripening-related genes is being repressed by aux-
ins (Medina-Escobar et al., 1997a, b; Moyano et al., 1998;
Blanco-Portales et al., 2002; Benitez-Burraco et al., 2003;
Raab et al., 2006; Griesser et al., 2008). However, the positive
regulation of the expression corresponding to these ripening-
related genes remains to be elucidated.

This work demonstrated that FaM YBI0 expression is also
directly or indirectly downregulated by auxins. In fact, a
strong increase of FaM YBI0 transcripts was observed when
achenes were removed from the fruit at early stages of devel-
opment. This increase was the consequence of a decrease of
the auxin content in the receptacle (Medina-Escobar et al.,
1997a, b; Moyano et al., 1998; Blanco-Portales et al., 2002;
Benitez-Burraco et al., 2003; Raab et al., 2006; Griesser et al.,
2008; Cumplido-Laso et al, 2012; Molina-Hidalgo et al.,
2013). On the contrary, in de-achened unripe green fruits, an
increase of the auxin content lead to a dramatic reduction
in FaM YBI0 transcript level. This hormonal expression pat-
tern of FaM YBI(0 was similar to that observed for all genes
regulated by this gene. These results were also coincident
with those of many other functionally characterized ripen-
ing-related genes involved in the biosynthesis of compounds
related to fruit organoleptic properties (Medina-Escobar
et al., 1997a, b; Moyano et al., 1998; Blanco-Portales et al.,
2002; Benitez-Burraco et al., 2003; Raab et al., 2006; Griesser
et al., 2008; Cumplido-Laso et al, 2012; Molina-Hidalgo
etal., 2013).

Some studies have indicated that once the receptacle reaches
the ripening white stage, ABA promotes the strawberry rip-
ening-related production of anthocyanins (Chai et al., 2011;
Jia et al., 2011) and is likely to trigger the ripening process.
However, although it is known that the level of ABA content
gradually increases during ripening, little is known about how
this hormone regulates strawberry ripening-related genes. In
this sense, this work clearly shows that when the level of ABA
in the receptacles was modulated, a concomitant and paral-
lel change in the expression of FaM YBI(0 took place. Thus,
when ABA content in the receptacle decreased as a conse-
quence of either the transient silencing of FaNCED]I expres-
sion or by the inhibition of the corresponding enzyme activity
by the inhibitor NDGA, a decrease in FauM YB10 expression
was observed (Fig. 7). Higher levels of the same transcript
were observed, however, when ABA content increased as a
consequence of subjecting the fruits to water stress. In fact, in
both climacteric and non-climacteric fruits, water deficiency
generated a raise in ABA content, which accelerated ripen-
ing and was accompanied by changes in both metabolites and
gene expression (Castellarin et al., 2007; Gong et al., 2010).
As in strawberry fruits and grapes, drought stress induces an
increase in ABA content and, as consequence, an increase in
the biosynthesis of flavonoids and the activation of drought-
inducible genes (Yamaguchi-Shinozaki and Shinozaki, 2005).
This work proved that changes in ABA content (lower or
higher production) of the fruit receptacle were accompanied
by parallel changes in the level of FaM YBI0 transcripts and
of those of anthocyanins. Additionally, similar changes in

gene expression were observed for all the genes transcription-
ally regulated by FuM YBI0 as a result of transient FaMybl0
silencing. These molecular results account for the recent
results obtained by Chai ez al. (2011) and Jia er al. (2011),
who also observed a decrease in the anthocyanin content in
ripened strawberry fruits when ABA production was blocked
in receptacles. Besides, these results strongly support a rela-
tionship between the disappearance of auxins, the appear-
ance of ABA, and the receptacle fruit growth and ripening,
as proposed by Perkins-Veazie (1995).

In summary, this work presents novel functional data indi-
cating that FAMYBI0 is a receptacle-specific ripening-related
TF that regulates EBG and LBG of the F/P pathway that are
related to the biosynthesis of anthocyanins in the strawberry
fruit receptacle. FuM YBI0 expression is strongly regulated by
those hormonal clues related to strawberry fruit ripening, the
expression of this gene being almost restricted to the fruit recep-
tacle. The high-throughput transcriptomic analyses performed
in transgenic strawberry fruits also show that FAMYB10 regu-
lates the expression of other TFs putatively involved in ripening.
All these data strongly indicate that FAMYB10 is a TF playing a
general regulatory role during the ripening process in strawberry,
mainly related to anthocyanin biosynthesis, which is very likely
to play a prominent part in the signalling transduction cascade.

Supplementary material

Supplementary data are available at JXB online.
Supplementary Table S1. Primer sequences used for qRT-PCR.
Supplementary Table S2. Gene expression values of different
housekeeping genes obtained by qRT-PCR analysis.
Supplementary Table S3. Transcriptomic analysis of trans-
genic transiently silenced FaM YBIO fruits against control
fruits agroinfiltrated with the empty pFRN vector.
Supplementary Table S4. Global transcriptomic comparison
of MYB transcription factors in red ripened receptacles vs.
green ripened receptacles.

Supplementary Fig. S1. Structure of binary vector pFRN.
Supplementary Fig. S2. Phylogenetic tree of MYB transcrip-
tion factor analysed from Fragaria vesca genome in the global
transcription study of red ripened receptacles vs. green unripe
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