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Abstract: Two cultivars of F. vesca, red-fruited Baron Solemacher (BS) and white-fruited Pineapple
Crush (PC), were studied to compare and contrast the quantitative accumulation of major polyphenols
and related biosynthetic pathway gene expression patterns during fruit development and ripening.
Developing PC fruit showed higher levels of hydroxycinnamic acids in green stages and a greater
accumulation of ellagitannins in ripe fruit in comparison to BS. In addition to anthocyanin,
red BS fruit had greater levels of flavan-3-ols when ripe than PC. Expression patterns of key
structural genes and transcription factors of the phenylpropanoid/flavonoid biosynthetic pathway,
an abscisic acid (ABA) biosynthetic gene, and a putative ABA receptor gene that may regulate the
pathway, were also analyzed during fruit development and ripening to determine which genes
exhibited differences in expression and when such differences were first evident. Expression
of all pathway genes differed between the red BS and white PC at one or more times during
development, most notably at ripening when phenylalanine ammonia lyase 1 (PAL1), chalcone
synthase (CHS), flavanone-3′-hydroxylase (F3′H), dihydroflavonol 4-reductase (DFR), anthocyanidin
synthase (ANS), and UDP:flavonoid-O-glucosyltransferase 1 (UFGT1) were significantly upregulated
in the red BS fruit. The transcription factors MYB1 and MYB10 did not differ substantially between
red and white fruit except at ripening, when both the putative repressor MYB1 and promoter
MYB10 were upregulated in red BS but not white PC fruit. The expression of ABA-related gene
9-cis-epoxycarotenoid dioxygenase 1 (NCED1) was higher in red BS fruit but only in the early green
stages of development. Thus, a multigenic effect at several points in the phenylpropanoid/flavonoid
biosynthetic pathway due to lack of MYB10 upregulation may have resulted in white PC fruit.

Keywords: strawberry; phenolic compounds; flavonoids; flavonols; anthocyanins; flavanols;
hydroxycinnamic acid; ellagic acid; gene expression; transcription factor

1. Introduction

The accumulation of diverse polyphenols during strawberry (Fragaria spp.) fruit ripening,
including flavonols, proanthocyanidins, and especially anthocyanins, is responsible for enhancing fruit
nutritional value and providing some level of defense against insects and pathogens [1]. Anthocyanins
are also key to creating the bright red color of the ripe fruit. The types and levels of these secondary
metabolites vary among commercial strawberry cultivars (F. x ananassa Duch.) [2,3], as well as in the
wild species F. chiloensis [4,5], F. pentaphylla [6] and F. vesca [7,8] The variation among cultivars is due to
genotype, cultural practices, the production environment, and their interaction [9,10].

In recent years, the diploid woodland strawberry, Fragaria vesca (2n = 2x = 14), has become a
popular research tool because it has a small genome (240 Mb) [11] a short generation time, and an
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available full genome sequence [12,13]. Besides the commonly found red-fruited genotypes of F. vesca,
there are some white-fruited cultivars, some of which have been characterized as yellow, all lacking
visible red color when ripe [8,14,15].

Polyphenolic compounds in Fragaria spp. originate from the phenylpropanoid/flavonoid
biosynthetic pathway [4,7,14,16,17]. Although most of the basic biosynthetic steps leading to
phenylpropanoid/flavonoid biosynthesis in F. x ananassa are known [4,16], the regulation of these
steps is not yet clearly established but are key to understanding metabolite flux and accumulation
patterns. In F. chiloensis, a comparison of a red- versus white-fruited genotype indicated that
the absence of anthocyanins in the white mutant was correlated with low expression of several
flavonoid biosynthetic genes [17]. Several transcription factors (TFs) controlling the expression of
the known phenylpropanoid/flavonoid biosynthetic genes have been identified in apple (Malus x
domestica Borkh.) [18–21], grape (Vitis spp.) [22,23], peach and nectarine (Prunus persica) [24,25], and
strawberry [15,26,27]. The TFs MdMYB1 and MdMYBA regulated anthocyanin accumulation in the
apple fruit skin [18–21]. Two MYB-genes, VvMYBA1 and VvMYBA2, were not functional in white
grape berries [28] (i.e., lacking anthocyanin), and a mutation in the promoter region of VvMYBA2
resulted in loss of anthocyanin biosynthesis in the skin and white berries [22,23]. The phytohormone
abscisic acid (ABA) may also play a regulatory role in fruit ripening and anthocyanin biosynthesis
of strawberry [29,30]. Anthocyanin production was inhibited with RNAi-mediated silencing of a key
ABA biosynthetic gene, 9-cis-epoxycarotenoid dioxygenase (FaNCED1), and a putative ABA receptor
gene, magnesium chelatase H subunit (FaABAR/CHLH), in strawberry [30]. In addition, higher
expression of most anthocyanin-related genes in ABA-treated F. x ananassa berries was observed.

The diploid Fragaria vesca genome is simpler than that of the octoploid F. x ananassa and F. chiloensis
and provides a more easily-defined model system with which to understand the molecular basis of
the white fruit mutation. The hypothesis for this study was that different metabolite profiles and
transcriptional levels of one or more phenylpropanoid/flavonoid biosynthetic and regulatory genes
would occur in white PC when compared with the red BS during fruit development and ripening.
Thus, analyses of the expression patterns of key structural genes of the phenylpropanoid/flavonoid
biosynthetic pathway have been combined with high-performance liquid chromatography-mass
spectrometry (HPLC-MS)-based analyses of polyphenol profiles of a red and a white cultivar of
F. vesca during fruit development and ripening to determine the basis of their color difference. For the
polyphenol analyses at different stages of fruit development, a number of compounds were targeted to
use as indicators of trends within specific groups of polyphenols. To explore whether transcription
factors and ABA were also involved in anthocyanin synthesis, the expression patterns of MYB TFs,
ABA biosynthetic genes, and a putative ABA receptor gene throughout the fruit development were
also studied. In addition, only the white-fruited F. vesca cultivar Yellow Wonder has been similarly
characterized to date, but no others. We reported that PC differed from Yellow Wonder in flavonoid
content when ripe [8], implying some differences in related gene expression patterns between them, so
PC was chosen for this study.

2. Materials and Methods

2.1. Plant Material

Two cultivars of F. vesca were used in the study; red-fruited Baron Solemacher (BS) and
white-fruited Pineapple Crush (PC) were chosen because they were consistent and abundant fruit
producers. Eight or more plants of each cultivar were grown in 1.5-L containers in MetroMix 360 (Scotts,
Marysville, OH, USA), and were watered and fertilized as needed. The plants were grown outdoors
from March to November in Lexington, KY. Fruit were harvested at four consecutive developmental
stages: early green with no spacing between achenes (G1), intermediate green with spacing between
achenes and a green receptacle exposed (G2), turning with the receptacle becoming pinkish-white for
BS and white for PC (T), and ripe with a soft red receptacle for BS and soft white receptacle for PC (R)
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(Figure 1). Due to limited plant number and low fruit number per plant at any one time, berries were
harvested as they were available and were combined within harvest intervals of variable length and
across plants within a genotype until sufficient biomass had been collected. Upon harvest, fruit were
immediately frozen in liquid N2 and stored at −80 ◦C until further use.
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Figure 1. Four developmental stages of Baron Solemacher (top row) and Pineapple Crush (bottom
row). From left to right: early green (G1) with no spacing between achenes, intermediate green (G2)
with spacing between achenes and green receptacle exposed, turning (T) with the receptacle becoming
pinkish-white and achenes becoming red for BS and the receptacle becoming white for PC, and ripe (R)
with a soft red receptacle for BS and soft white receptacle for PC.

2.2. Fruit Extraction and Quantification of Target Phenolic Compounds by HPLC/MS

Using BS and PC berries from each development stage as an extraction (or biological) replicate,
fruit were extracted using an acetone/water/acetic acid solution (70:29.5:0.5, v/v/v) and quantification
of target phenolic compounds was carried out by high-performance liquid chromatography-mass
spectrometry using external standards as described in Roy et al. [8]. Three extraction replicates
were analyzed per genotype by developmental stage. If authentic standard was not available for
a compound, a closely-related one was used and is indicated in the respective table. The mean
values of each target compound must be considered as relative values as some were quantified
using a different standard compound, and the values were not adjusted for possible matrix effects.
The target compounds were classified into six groups: anthocyanins, flavonols, hydroxycinnamic acids,
flavan-3-ols, and ellagitannins and ellagic acid derivatives, and a sum of the target compounds for
each group was derived for each extraction replicate.

2.3. RNA Purification, cDNA Synthesis, and Cloning of Partial Sequence of Candidate Genes

Total RNA was isolated from each biological replicate according to the procedure of Reid et al. [31]
using a CTAB spermidine extraction buffer. One µg of RNase-free DNase I treated total RNAs was
reverse-transcribed using the Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s instructions. qRT-PCR was performed as described by Pattanaik et al. [32].
All PCR reactions were performed in triplicate and repeated two times. The comparative cycle
threshold (Ct) method (Bulletin No. 2; Applied Biosystems, http://www.appliedbiosystems.com) was
used to measure transcript levels. In addition, actin gene with constant expression levels through all
fruit developmental stages was used to normalize raw data and to calculate relative expression levels.

Target genes were identified in the F. vesca genome by a Blast search using the known F. x
ananassa and F. chiloensis genes: phenylalanine ammonia lyase 1 (PAL1), cinnamic acid 4-hydroxylase
(C4H), hydroxycinnamate CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI),
flavanone-3′-hydroxylase (F3′H), dihydroflavonol 4-reductase (DFR), leucoanthocyanidin reductase

http://www.appliedbiosystems.com
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(LAR), anthocyanidin synthase (ANS), and UDP:flavonoid-O-glucosyltransferase 1 (UFGT1).
In addition, the transcription factors MYB1 and MYB10 and the key ABA biosynthesis gene NCED1
and ABA receptor gene CHLH. The target F. vesca genes with the highest identity to those from the
other species were selected for analyses of expression. The primers used for each target gene in the
qRT-PCR analyses are listed in Table 1. Hartl et al. [14] identified a second isoform of some of the
early pathway genes that we have characterized, but in all cases we studied one of the isoforms that
they studied.

Table 1. Primer sequences of the phenylpropanoid and flavonoid genes and the housekeeping gene
(actin) used for qRT-PCR. The primers were designed based on the gene transcripts with Gene IDs
from a public database.

Target Genes Primers (F/R) Amplicon Size
(bp)

Accession No./Gene
ID z

PAL1 F5′-CACAACATTACTCCCTGCTTGC-3′

R5′-CCTTTTGGTCCAACCGACTTAG-3′ 125 XM_004304392.2/27263

C4H F5′-GACGGTTCCTTTCTTCACCAAC-3′

R5′-AAGTTTCACGAACAGAGGGTCC-3′ 220 DQ898278.1/28093

4CL F5′-AGAGCTCAAAGTCATCGAACCC-3′

R 5′-GAGCTCCTTAACCCTGTCAACG-3′ 217 AF239685.1/15877

CHS F5′-TGTGTGAGTACATGGCACCTTC-3′

R5′-CCCATTCCTTAATGGCCTTG-3′ 105 AY017477.1/26826

CHI F5′-ACAATGATACTACCGCTGACGG-3′

R5′-CAATGGCTTTCGCTTCTGC-3′ 112 AB201755.1/23367

F3′H F5′-GAAGGACCTTTCGTGGTGAATC-3′

R5′-TGAGTTCTACATCCACGCACCT-3′ 247 AY017479.1/14611

DFR F-5′-CGGAGGGTGGTGTTTACATCTT-3′

R-5′-CCAGTCATCTTTACTTTCCGGC-3′ 122 AM691790.1/15174,
15176

ANS F5′-GCCTCAAACACCTTCCGACTAT-3′

R5′-TAACCCCCTCAGTTCCTTAGCA-3′ 176 AY017481.1/32347

LAR F5′-TTGAGAAGAGTGGGGTCCCTTA-3′

R5′-GATCTGGAACTGATCCAACGGT-3′ 116 DQ087253.1/03877

UFGT1 F5′-CTGCTTATCGTGGCTTGACA-3′

R5′-CCCGAAGTGACCACAAGAAT-3′ 146 AY695816.1/12591

MYB1 F5′-TTGCGTCGTTGTGGTAAGAG-3′

R5′-TCTGTCCTTCCAGGCAGTCT-3′ 167 AF401220.1

MYB10 R2R3 F5′-TTGCAGGCTTAAACAGATGC-3′

F5′-CGCATGCTTTACCTGAGAGA-3′ 207 EU155163.1

NCED1 F5′-CTACTTCAACGGCAGGCTTCTT-3′

R5′-GTCGTATCTCCCTTCGGTTTTG-3′ 100 HQ290318.1

CHLH/ABAR F5′-GCGATCACAGTGTTCAGTTTCC-3′

R5′-CAAAGCGTCTGAAGTCTCTGGA-3′ 168 GQ201451.1

Actin F5′-ACGAGCTGTTTTCCCTAGCA-3′

R5′-CTCTTTTGGATTGAGCCTCG-3′ 107 AB116565.1

z Gene id matching gene from Hartl et al. [15]. If gene id is not listed, it was not reported in that study.

2.4. Statistical Analyses

Polyphenol content was statistically analyzed for the main effects of genotype, stage of
development, and their interaction by two-way ANOVA (SigmaPlot 12.0, Systat Software, San Jose,
CA, USA).
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3. Results

3.1. Polyphenol Content—Development Stages

The polyphenolic compound levels measured at four consecutive developmental stages, G1, G2, T,
and R, of red BS and white PC showed significant effects of genotype, stage of development, and their
interaction on nearly all phenolic group sums (Table 2). Total hydroxycinnamic acid content increased
from G1 to G2, declined from G2 to T, but increased by R in both red and white genotypes. Hartl
et al. [15] reported similar increases of hydroxycinnamic esters in red F. vesca fruit, but not in white
fruit. In contrast to our genotype comparison [8], there was little caffeic acid (data not shown) but a
high quantity of ferulic acid, which is methylated caffeic acid, so ferulic acid was considered in the total
rather than caffeic acid (Table 3). Total flavonol content (Table 2), mostly quercetin-3-glucoside (Table 3),
was greater at G1 and declined by stage T in BS, but it was constant from G1 to T before declining
at R in PC. The flavan-3-ol content was comprised mostly of proanthocyanidin at ripening (Table 3),
and increased from G1 to G2 in both BS and PC, then declined by R. The most notable differences,
of 2-fold or more, were a higher flavan-3-ol content in BS than PC at R, and much higher levels of
the hydroxycinnamic acids at G1 and G2 in PC than BS. Red and white F. vesca, and red-fruited F. x
ananassa have shown a generally decreasing level throughout fruit development [16,33]. Anthocyanin
derivatives were by far the primary flavonoids to show the most contrasting results between a red and
five white F. vesca [8], with virtually none in the white genotype.

Total ellagic acid derivative content was highest at the earliest stages of development of both
genotypes (Table 2), with ellagic acid deoxyhexoside the most abundant at ripening (Table 3). Total
ellagitannins declined from stage G1 to R, but PC had more total ellagitannin at R. Fait et al. [34] also
reported a higher content of ellagitannins in achenes and receptacle of F. x ananassa fruit in the earlier
stages of development. Gasperotti et al. [35] identified 26 ellagic acid derivatives and ellagitannins and
observed that red F. vesca had a greater content than white F. vesca when ripe. Hartl et al. [15] noted
more free ellagic acid in G1 than R fruit of one red and one white F. vesca, but the opposite in another
white genotype.

The polyphenol composition of these two genotypes when fully ripe differed from their values in
our genotype comparison [8]. Polyphenol composition has been shown to depend on factors such as
genotype, maturity stage, and production site and environment [9,10,16,36–39]. The differing results
may be due to one or more of these factors, but the most likely cause was production environment as
the genotype comparison was performed with fruit from greenhouse-grown plants during the winter
and this developmental study was from the same set of plants but grown outdoors under natural light
and ambient conditions in summer.

The accumulation pattern of total polyphenols reflects two different directions of carbon flow,
non-anthocyanin flavonoids versus the ellagic acid derivatives/ellagitannins, in red- and white-fruited
F. vesca genotypes. The content of total hydroxycinnamic acids was greater in earlier stages of
development in the white PC than the red BS. There was a significant reduction in total flavan-3-ols in
white PC versus red BS at R, as was also found in four other white-fruited F. vesca genotypes in our
previous study [8].
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Table 2. Individual polyphenol content of the Fragaria vesca genotypes red-fruited Baron Solemacher and white-fruited Pineapple Crush.

Compound y
Baron Solemacher Pineapple Crush

Developmental Stage z

G1 G2 T R G1 G2 T R

Hydroxycinnamic acid content (mg/100 g fresh weight)

FA 3.9 ± 0.2 f x 14 ± 0.8 c 4.9 ± 0.1 ef 10.9 ± 0.04 d 26.1 ± 0.3 b 38.7 ± 1.8 a 7.3 ± 0.3 e 14.7 ± 0.9 c
ChA 0.3 ± 0 e 0.7 ± 0 a 0.6 ± 0 b 0.09 ± 0 g 0.4 ± 0 d 0.2 ± 0 f 0.5 ± 0 c 0.4 ± 0 d

p-Cou-hexose w 0.4 ± 0 a 0.2 ± 0 c 0.2± 0 bc 0.3 ± 0 b 0.2 ± 0 c 0.2 ± 0 c 0.2 ± 0 c 0.3 ± 0 b

Flavonol content (mg/100 g fresh weight)

K-3-gluc 5.5 ± 0.1 b y 4.2 ± 0 c 1.8 ± 0 e 1.1 ± 0 f 3.8 ± 0 cd 4.6± 0 b 6.2 ± 0 a 1.6 ± 0 ef
K-3-act-glu 1.4 ± 0 de 1.4 ± 0 de 1.2 ± 0 e 1.9 ± 0 bc 1.4 ± 0 de 2.2 ± 0 b 1.5 ± 0 cd 2.8 ± 0 a
K-cou-hex v 3.1 ± 0 ab 3.3 ± 0 a 1.8 ± 0 d 1.1 ± 0 e 2.4 ± 0 c 3 ± 0 b 2.4 ± 0 c 1.1 ± 0 e
Quercetin nd u 0.3 ± 0 ab nd 0.2 ± 0 b 0.3 ± 0ab 0.7 ± 0 a nd 0.2 ± 0 a
Q-3-glu 12.1 ± 0.2 a 8.5 ± 0.2 b 4.1 ± 0 e 4.4 ± 0 e 6.1 ± 0 d 3.4 ± 0 f 3.6 ± 0 f 4.3± 0 e

Flavan-3-ol content (mg/100 g fresh weight)

Catechin 50 ± 1 e y 115 ± 1 a 93 ± 2 b 86 ± 6 c 61 ± 1 d 114 ± 1 a 96 ± 0 b 40 ± 0 f
Epicatechin 1.6 ± 0 f 4.6 ± 0 b 3.6 ± 0 d 4 ± 0 c 2.5 ± 0 e 5.8 ± 0 a 3.6 ± 0 d 2.6± 0 e

PCD t 210 ± 1 f 484 ± 8 c 460 ± 8 d 326± 1 e 213 ± 4 f 545 ± 5 a 505 ± 6 b 167 ± 1 g

Ellagic acid (EA) and ellagitannin content (mg/100 g fresh weight)

EA 86 ± 1 b y 104 ± 2 a 30 ± 2 f 33 ± 1 f 108 ± 1 a 56 ± 2 c 37 ± 0 e 44 ± 1 d
EADH s 581 ± 4 a 575 ± 3a 245 ± 5 e 254 ± 5 e 571 ± 5 a 424 ± 2 b 359 ± 4 c 308 ± 5 d
MEAP 44 ± 1b 33 ± 0 cd 35 ± 0 c 46 ± 0b 25 ± 1 e 29 ± 0 de 44 ± 4 b 53 ± 1 a
EAP 107 ± 0 b 117 ± 3 a 53 ± 3 g 77 ± 1 e 110 ± 2 b 67 ± 1 f 87 ± 10 d 93 ± 1 c
GHH 217 ± 3 a 151 ± 5 d 83 ± 3 g 43 ± 1 h 161 ± 4 c 178 ± 4 b 125 ± 3 e 114 ± 2 f
HGH 536 ± 5 a y 531 ± 8 a 123 ± 1 e 92 ± 1 f 477 ± 3 b 371 ± 5 c 214 ± 2 d 216 ± 4 d

z Developmental stages are: G1 = early green with no spacing between achenes, G2 = intermediate green with spacing between achenes and green receptacle exposed, T = turning with the
receptacle becoming pinkish-white for BS and white for PC, and R = ripe with a soft red receptacle for BS and soft white receptacle for PC. y Compound abbreviations: Pg = pelargonidin;
Cy = cyanidin; glu = glucoside; mal = malonyl; K = kaempferol; Q = quercetin; glr = glucoronide; act = acetyl; hex = hexoside; Cou = coumaric acid; PCD = proanthocyanidin dimer;
EA = ellagic acid; EAP = EA pentoside; MEAP = methyl EA pentoside; EADH = EA deoxyhexoside; GHH= galloyl bis HHDP hexose; HGH = HHDP galloyl hexose. x Means (n = 3) ± SD
in the same row followed by different letters are significantly different by Fisher’s LSD at p < 0.05. SD = 0 if SD ≤ 0.05 mg/100 g fresh weight. w Quantified as mg of p-coumaric acid/100 g
FW. v Quantified as mg of kaempferol-3-glucoside/100 g FW. u nd indicates it was not detected. t Quantified as mg of catechin/100 g FW. s Quantified as mg of ellagic acid/100 g FW.
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Table 3. Total content (mg/100 g fruit fresh weight) of major classes of phenylpropanoids/flavonoids based on a subset of target compounds from each class from the
Fragaria vesca red-fruited cultivar ‘Baron Solemacher versus the white-fruited cultivar Pineapple Crush at four stages of fruit development.

Genotype Stage z Hydroxycinnamic Acids Flavonols Flavan-3-ols Ellagic Acids Ellagitannins

Baron Solemacher

G1 4.6 ± 0.2 f y 22.1 ± 0.2 a 260 ± 1 f 816 ± 5 a 757 ± 7a
G2 14.9 ± 0.8 c 17.7 ± 0.2 b 604 ± 8 b 831 ± 8 a 686 ± 8 b
T 5.7 ± 0 ef 8.9 ± 0 e 558 ± 9 c 364 ± 8 f 212 ± 3 f
R 11.2 ± 0 d 8.7 ± 0.1 e 417± 5 d 409 ± 4 e 140 ± 1 g

Pineapple Crush

G1 26.7 ± 0.3 b 14.0 ± 0.2 c 277 ± 3 e 814 ± 4 a 643 ± 2 c
G2 39.1 ± 1.8 a 13.9 ± 0.2 c 665 ± 9a 576 ± 2 b 554 ± 8 d
T 8 ± 0.2 e 13.7 ± 0.2 c 605 ± 6 b 529 ± 3 c 344 ± 4 e
R 15.4 ± 0.9 c 10 ± 0.2 d 210 ± 1 g 499 ± 4 d 336 ± 6 e

ANOVA (p)

Genotype <0.001 <0.001 <0.001 NS <0.001
Stage <0.001 <0.001 <0.001 <0.001 <0.001

Genotype X Stage <0.001 <0.001 <0.001 <0.001 <0.001
z Developmental stages are: G1 = early green with no spacing between achenes, G2 = intermediate green with spacing between achenes and green receptacle exposed, T = turning with the
receptacle becoming pinkish-white for BS and white for PC, and R = ripe with a soft red receptacle for BS and soft white receptacle for PC. y Means (n = 3) ± SD in the same column
followed by different letters are significantly different by Fisher’s LSD at p < 0.05. SD = 0 if SD ≤ 0.05 mg/100 g fresh weight. NS = not significant.
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A higher content of EA derivatives and ellagitannins (Table 2) in white PC at the T and R stages
suggested that the lower flux of metabolites into the phenylpropanoid/flavonoid pathways may have
resulted in an increased metabolite flux into the shikimate pathway, increasing total ellagic/ellagitannin
content. Five white F. vesca genotypes also had higher EA derivative content than a red genotype when
ripe but did not differ or were lower in ellagitannin content [8].

3.2. Transcriptional Profiles of the Structural Genes of the Phenylpropanoid/Flavonoid Biosynthetic Pathway
during Development

Transcriptional profiles of the structural genes of the phenylpropanoid/flavonoid biosynthetic
pathway at the four developmental stages, G1, G2, T, and R (Figure 1) of BS and PC were
compared. The early biosynthetic pathway consists of three enzymes, phenylalanine ammonia lyase
(PAL), cinnamic acid 4-hydroxylase (C4H) and 4-coumarate: CoA ligase (4CL). At the G1 and G2
stages, the first phenylpropanoid pathway gene PAL, the enzyme responsible for catalyzing the
trans-elimination of ammonia from phenylalanine and producing trans-cinnamic acid [17], showed
similar expression in the red and white genotypes, but at the T stage PAL was higher in BS than PC,
though transcript abundance had declined in both (Figure 2). PAL was significantly upregulated in red
BS at the final R stage, but there was no change in white PC. Although a significant reduction in PAL
expression as found in PC could greatly reduce the major products in the phenylpropanoids/flavonoid
biosynthetic pathway, Hartl et al. [15] found a higher expression of PAL in green fruit of red and white
F. vesca, but little to no expression later in development.

Few differences between genotypes were observed in the expression patterns of C4H and 4CL.
C4H was greater in BS at T only, and 4CL was greater in PC at G1 only. The next enzyme in the pathway,
CHS, was greater at G1 in PC, did not differ between genotypes at G2, but was greater in BS at T and
R. Similar patterns were observed during fruit development of red and white F. vesca fruit [15,40,41],
red and white forms of F. chiloensis [17], and in several red F. x ananassa genotypes [16,33].

Transcript abundance of both PAL and CHS were significantly lower in white PC than red BS fruit
at stages T and R (Figure 2) as anthocyanin production was increasing in the latter genotype (Tables 1
and 2). Although C4H and 4CL, the two enzymes in the biosynthetic pathway between PAL and CHS,
did not show clear differences between the red and white forms, greater levels of hydroxycinnamic
acids in PC than BS (Table 1) at G1 and G2 may indicate a redirection to that pool due to reduced
expression of CHS. In white-fruited F. chiloensis, lack of C4H expression was accompanied by increased
hydroxycinnamic compound content [42,43].
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The transcript abundance of CHI was significantly higher in the G2 stage of PC, but less than BS
at stages T and R. The abundance of F3′H transcript was significantly different in all stages of fruit
development, with PC greater than BS at stage G1, but less at all subsequent stages. The expression
profile of DFR in red F. vesca was greater than of the white form from G2 to R stages, with an increase
from T to R in the red and a decline in the white. These differing patterns for transcript abundance of
CHI, F3′H and DFR were also reported for red and white F. vesca [15,40,41,44]. After DFR, transcript
abundance for LAR, the biosynthetic gene specific for proanthocyanidin production, decreased from
G1 to R for both red and white genotypes. Interestingly, in the initial green stage G1, the expression
level was significantly higher in white PC than in red BS, as reported by Xu et al. [40] suggesting
most proanthocyanidins were produced in early development. Proanthocyanidin accumulation also
takes place rapidly in the early stages of fruit development in F. x ananassa [16,36], with higher
transcript abundance of LAR prior to ripening in F. x ananassa [16,35] and in red and white forms of
F. chiloensis [17], and F. vesca [40].

In contrast to LAR transcript abundance, the anthocyanin-related genes ANS and UFGT1 were
significantly upregulated late in fruit development in red BS only, at R for ANS and at T and R for
UFGT1, patterns reported by others [15,40,41]. UFGTs catalyze transfer of glucose from UDP-activated
sugar donor molecules to flavonols and anthocyanidins, and act more as a modifying enzyme for
anthocyanins [19] and are considered one of the key enzymes determining the accumulation of
anthocyanin glycosides and the hue of fully ripe fruit. Silencing of FaGT1 in F. x ananassa showed
reduced levels of pelargonidin 3-glucoside malonate and pelargonidin 3-glucoside [45]. In the present
study, there were very low but detectable levels of UFGT transcript throughout fruit development in
white PC.

The low levels of flavan-3-ols in immature fruit and at R of white PC may have resulted from
low expression of F3′H and DFR. In red F. x ananassa [15,44] and F. vesca (Table 2) [44], an increase of
transcript abundance of the anthocyanin-related genes ANS and UFGT accounted for the accumulation
of anthocyanins. The low transcript level of ANS and UFGT at R in white F. vesca likely led to the near
absence of anthocyanin accumulation. White F. chiloensis fruit also showed down-regulation of the
anthocyanin-related genes ANS and UFGT during ripening in comparison to a red form [17].

Some expression studies of octoploid strawberry (F. x ananassa) have shown biphasic upregulation
patterns for CHS, CHI, LAR and ANS during fruit development [18,37,46] with high expression at the
early stages of development followed by a subsequent decrease, and upregulation again at the T stage.
In the present study, this pattern was not observed. Rather, the present results generally agree with
those for red- and white-fruited F. vesca reported by Xu et al. [40] that red F. vesca expression patterns
were variable among key genes but no dominant or biphasic pattern was evident.

3.3. Transcriptional Profiles of Key Transcription Factors of the Flavonoid Biosynthetic Pathway during
Development

The expression profiles of the transcription factors (TFs) revealed that the anthocyanin production
promoter MYB10 and repressor MYB1 were both significantly lower at the R stage in white PC than in
red BS (Figure 3).
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Figure 3. Transcript abundance of the key transcription factors, MYB1 and MYB10, and of the abscisic
acid biosynthesis and receptor genes, NCED1 and ABAR/CHLH, respectively, during development
and ripening of the Fragaria vesca cultivars, Baron Solemacher (solid line) and Pineapple Crush (dashed
line) with red and white fruit, respectively, by qRT-PCR. Developmental stages are: G1 = early green
with no spacing between achenes, G2 = intermediate green with spacing between achenes and green
receptacle showing, T = turning with the receptacle becoming pinkish-white for BS and white for PC,
and R = ripe with a soft red receptacle for BS and soft white receptacle for PC. Data represented are the
mean of three individual experiments with error bars indicating ±SD. Asterisks indicate a significant
difference as determined by Student’s t-test (p < 0.05).

The transcript levels of the anthocyanin production repressor MYB1 in this study differ from
those for FaMYB1 in red F. x ananassa [47], and in red F. vesca [28], seeming to increase at R rather than
declining, indicating that it was not functioning as a repressor. In a white F. chiloensis, FcMYB1 was
also high at T and R, suppressing anthocyanin accumulation [19]. However, Zhang et al. [41] also
found that MYB1 expression was much lower in a white than a red-fruited F. vesca, so the role of MYB1
differs in F. vesca from its role in F. x ananassa and F. chiloensis. Medina-Puche et al. [29] suggested that
MYB10 may regulate most or all of the flavonoid pathway genes in the early and late stages of fruit
development in F. x ananassa. There was no apparent expression of MYB10 at G1 and more expression
in red than white at G2 in our study, as with FaMYB10 in F. x ananassa [29,47], but MYB10 was lower
in white PC at stage R in comparison to BS. Overexpression of FvMYB10 in F. vesca greatly increased
anthocyanin concentration [26], but other flavonoid levels were not affected except for p-coumaroyl
glucose, suggesting MYB10 may only act on the final anthocyanin-related branch. However, FaMYB10
and FvMYB10 may have different roles in regulating ANS as FaMYB10-silenced lines had unchanged
ANS levels, which indicated that regulation of ANS was not dependent on FaMYB10 [27]. In contrast,
only heavily FvMYB10-silenced lines exhibited downregulation of ANS gene expression along with
lower expression of CHS, F3′H, DFR and UFGT [26,27]. Low MYB1 and MYB10 expression at stage R
in PC in our study was coincident with downregulation of the anthocyanin biosynthesis genes ANS
and UFGT1 as well as PAL, CHS, F3′H, and DFR suggesting that either or both may regulate these
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anthocyanin-related genes in F. vesca. Low MYB10 expression in our study, a possible proximal cause
of lack of anthocyanin accumulation in PC, stands in contrast to other studies; a lack of differential
expression in MYB10 between red and white genotypes [43], and higher MYB10 expression in a white
than a red genotype [16]. Both studies used different red genotypes and white Yellow Wonder. In the
former study [43], it was observed that expression level may not be important but a rather missense
mutation resulting in a dysfunctional MYB10 that leads to the loss of anthocyanin was identified.
These contrasting results among studies reinforce the need to study each unique genotype for the basis
of its lack of anthocyanin accumulation and not make assumptions from individual studies.

Perhaps other TFs, MYB10 or MYB1 isoforms, or co-factors exist that need to be identified for
a full understanding of regulation of flavonoid biosynthesis in F. vesca. Starkevič et al. [48] reported
that the homologs PaMYB10.1 and PaMYB10.2 were isolated in sweet cherry (Prunus avium), and
subvariant gene PaMYB10.1-1 of variant PaMYB10.1 showed higher expression in fruit with higher
anthocyanin content and was highly correlated with the expression of PaUFGT, whereas subvariant
PaMYB10.1-3 showed low levels of expression in fruit. Another expression analysis of four candidate
MYB transcription factors, homologous to those in P. avium L., MYB10, MYB11, MYB111 of apple
(Malus x domestica) and a putative MYB transcription factor of Rosa rugose, showed a higher transcript
accumulation in red sweet cherry in comparison to the yellow fruit in the later fruit development
stages [49]. In F. x ananassa, two regulatory genes, FaMYB9 and FaMYB11, interacted with FaTTG1 to
regulate proanthocyanidin accumulation during early stages of fruit development [50]. The expression
of FaANS was influenced by FaMYB5 but not by FaMYB10, although this needs further confirmation.
These observations suggest complex roles of MYBs in the regulation of anthocyanin and other flavonoid
biosynthesis. Further work is required to determine if any other homologs of MYB10 may play a direct
regulatory role in anthocyanin production in F. vesca.

3.4. Transcriptional Profiles of ABA-Related Genes in Strawberry Fruit at Different Developmental Stages

A significantly higher transcript abundance of the key ABA biosynthetic gene NCED1 was
observed in BS at stages G1 and G2, though it declined by T and R and was similar to PC (Figure 3),
suggesting a decline in the biosynthesis of ABA when fruit were starting to ripen. In contrast,
the transcript levels of the ABA biosynthetic gene NCED1 varied little during fruit development in PC,
suggesting ABA biosynthesis was occurring. In F. x ananassa, FaNCED1 generally increased during
development [29] correlated with an increase in fruit ABA content. There were no differences in the
expression patterns for the ABA receptor gene ABAR/CHLH between the red and white genotypes,
although the transcript abundance in both was upregulated at T near the time the ripening process
commenced. In contrast, transcript levels of FaABAR/CHLH were higher in green fruit than in
turning and red fruit in F. x ananassa [30]. F. x ananassa fruit agroinfiltrated with FaNCED1-RNAi
constructs or treated with the ABA inhibitor nordihydroguaiaretic acid (NDGA) showed lack of
red color development and a decrease in FaMYB10 transcript levels [29]. Expression of FaMYB10
was correlated with the presence of ABA in the fruit. Also, treatment of F. x ananassa fruit with ABA
increased FaMYB10 transcript levels [51]. Thus, ABA may act by increasing FaMYB10 and consequently
multiple genes related to anthocyanin production, but expression patterns of NCED and ABA/CHLR
were not correlated to the decline in MYB10 expression in white PC fruit, so ABA biosynthesis and
perception were not altered in the fruit.

4. Conclusions

The accumulation and distribution of polyphenols are governed by a metabolic network that is
strongly connected to and co-regulated with the expression of structural and regulatory genes of the
phenylpropanoid/flavonoid biosynthetic pathway [18,37,47,50,52]. Transcriptional studies of the key
genes of the multiple-routed pathway with a diversity of end products were performed to provide
insight into the patterns of metabolite flux during fruit development in red- versus white-fruited
F. vesca. Expression of all pathway genes differed between the red BS and white PC at one or more
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times during development. Differences in expression of multiple genes suggest that a TF such as
MYB10 was responsible. MYB10 was significantly lower in white PC than red BS during the ripening
period only, when anthocyanin accumulated in BS. At earlier sampling times, they did not significantly
differ. Thus, lack of MYB10 expression that then lowered the expression of several genes may be
a more likely cause of loss of anthocyanin accumulation in PC than loss of expression of a single
structural gene, though it may not be the cause of the differences early in development. This is also a
different situation than the cause of the lack of anthocyanin in the white F. vesca Yellow Wonder as
noted above [16,43], supporting our hypothesis that not all white F. vesca genotypes share the same
mutation(s) [8]. Our data also showed that it is unlikely that ABA was involved as the expression of the
key ABA biosynthesis and receptor genes did not differ between genotypes, at least during the ripening
period. The possibility that other known, or as yet undiscovered, TFs or isoforms may play essential
roles in pathway regulation in F. vesca, as has recently been described for F. x ananassa [47,50,51], needs
to be addressed. The present study provides a basis for exploring these possibilities.
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