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The red to blue hue of plant organs is caused due to anthocyanins, which are
water-soluble flavonoid pigments. The accumulation of these pigments is regulated
by a complex of R2R3-MYB transcription factors (TFs), basic-helix-loop-helix (oHLH),
and WD-repeat (WDR) proteins (MBW complex). In Rosaceae species, R2R3-MYBs,
particularly MYB10 genes, are responsible for part of the natural variation in anthocyanin
colors. Japanese plum cultivars, which are hybrids of Prunus salicina, have high variability
in the color hue and pattern, going from yellow-green to red and purple-blue, probably
as a result of the interspecific hybridization origin of the crop. Because of such variability,
Japanese plum can be considered as an excellent model to study the color determination
in Rosaceae fruit tree species. Here, we cloned and characterized the alleles of the
PsMYBT10 genes in the linkage group LGS region where quantitative trait loci (QTLS)
for the organ color have been mapped to other Prunus species. Allele segregation in
biparental populations as well as in a panel of varieties, combined with the whole-genome
sequence of two varieties with contrasting fruit color, allowed the organization of the
MYB10 alleles into haplotypes. With the help of this strategy, alleles were assigned to
genes and at least three copies of PsMYB10.7 were identified in some varieties. In total,
we observed six haplotypes, which were able to characterize 91.36% of the cultivars. In
addition, two alleles of PsMYB10. 1 were found to be highly associated with anthocyanin
and anthocyanin-less skin. Their expression during the fruit development confirms their
role in the fruit skin coloration. Here, we provide a highly efficient molecular marker for
the early selection of colored or non-colored fruits in Japanese plum breeding programs.

Keywords: MYB10, anthocyanins, fruit color, structural variability, marker-assisted selection, Japanese plum,
Asian plum
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INTRODUCTION

Anthocyanins are water-soluble flavonoid pigments that confer the purple-blue hue to plant organs.
In flowers and fruits, these pigments enhance flower pollination and seed dispersion mediated by
animals; in vegetative tissues, they provide tolerance to abiotic stresses including photoprotection
after exposure to long-term light stress, resistance to chilling and desiccation, and recovery from
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Fiol et al. Japanese Plum MYB10 Genes

FIGURE 1 | (A) View of the alignment of the 12 cloned allele sequences (a243 to a495). Intron starts at position 85 (S1) and ends at position 514 (E1). (B) Phylogeny
tree grouping the cloned sequences with other MYB10 Prunus sequences from the NCBI database and the genes of peach MYB10.7 (Prupe.3G163100), MYB10.2
(Prupe.3G163000), and MYB10.3 (Prupe.3G163300).
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FIGURE 2 | Deduced amino acid sequence of the cloned alleles (a243 to a495) compared to the peach PpMYB10, Prunus domestica subsp. insititia (EU153579.1)

homozygosis and by C5, C11, C14, and C66; H4 with alleles a462-
a470-a466-a443, shared by C14 and C19; H5 with a470-a466-
a477, in C9; and H6 with a462-a466-a477, in C11 (Figure 3A,
Supplementary Figure 4).

These six haplotypes explained the genotype of 74 (91.36%)
of the ABL, while five additional inferred haplotypes (H;7-11)
were required to explain the genotype of the seven remaining
ABL (Figure 3B). In six of them (7.41%), the H; was found to be
in combination with an observed H, while C50 was unique with
the two haplotypes inferred. All H; contained one or several of
the alleles with a frequency <5%, and were, therefore, discarded
for cloning, sequencing, and homology analysis (haplotype
combinations for all ABL are shown in Supplementary Data 1).

The combination of haplotype and allele homology data
revealed that the haplotypes H1, H3, and H;8 contain three
MYBI0.1 alleles; haplotypes H4, H;9, H;10, and H; 11 contain two
alleles, and H2, H5, H6, and Hi7 contain only one allele. This
indicates multiple copies of MYBI0.1, at least in some Japanese
plum cultivars. By contrast, only one MYB10.2 and one MYBI10.3
allele per haplotype were identified.

High-Throughput Sequence Analysis of the

MYB10 Region

The accessions C20, with yellow skin and flesh and C46, with red
skin and flesh, were selected for whole-genome sequencing. The
number of reads obtained was 34.671 M for C20 and 117.115M
for C46. Reads were mapped against the reference genomes of
peach (Verde et al., 2017), almond (Alioto et al., 2020), and sweet
cherry (Shirasawa et al., 2017). For each of the two cultivars, the
whole genome as well as along LG3, the depth was similar for all
three alignments (Supplementary Table 4, Figure 4); however,
it varied considerably along the MYBIO region depending on
the species genome. Such differences were observed in both
genic and intergenic regions. Depth in the MYBIO region was

higher than that of the observed genome width when aligned
against a peach and an almond, mainly due to a high number
of reads aligned in the genic regions (1.7 times higher in C20
and 1.8 times in C46). In contrast, depth in the MYBI0 region
was lower, both in the genic and the intergenic regions, when
aligned against a sweet cherry. The breadth of coverage was also
higher in the MYB10 region than genome width in the peach
and almond alignments, while the opposite was observed when
aligned against a sweet cherry. This data (higher depth in a high
breadth coverage scenario) are consistent with a higher number
of copies of the MYBI0 genes in C20 and C46 compared with the
peach and almond reference genomes.

Gene cloning

Whole-genome sequence alignments against the peach and
almond reference sequences were used to design primers to fully
amplify PsMYBI10.1, PsMYB10.2, and PsMYBI10.3 alleles in the
accessions selected according to their haplotypes. As a result,
we obtained the whole-gene sequence corresponding to the a356
allele in two haplotypes (a356p; and a356y3), to the a470 allele
also in two haplotypes (a470p1, and a470p4), as well as the a46611;
and a492y alleles. The remaining alleles could not be isolated
with the primers designed for PsMYBI0.1.

Amplicon size of a356y), a470m, and 470gs was 1.5kb
while that of a356py3 was ca. 3kb due to a larger intron 2
(Supplementary Data 4). Their CDS encoded a 239 amino acid
protein. Amino acid changes were observed at eight positions,
with two at R3 but none at R2 (Figure 5A). While both a470
alleles were identical, six amino acid substitutions were found
between the two a356 alleles, four with residues with biologic
similarity. Motifs and amino acids conserved among Rosaceae
anthocyanin-promoting R2R3-MYB genes, described in Lin-
Wang et al. (2010) and Zhou et al. (2018), were detected in
all a356 and a470 sequences. Amplicon size of a466 and a492
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A Observed haplotypes
Hl1 H2 H3 H4 H5
a243 0 0 0
a350 0 0 0
a356 0 0 0
a454 0 0 0
a462 0 1 0
a470 1 1 1
a473 0 0 0
a466 1 1 1
a443 0 1 0
a477 0 0 1
a492 1 0 0
a495 0 0 0
B Inferred haplotypes
H,7 H,8 H,9 H;10 H,11 H,]2 H,I3
a243 0 0 1 1 1 0 0
a350 0 0 0 0 0 0 0
a356 0 1 0 0 0 0 1
ad54 0 0 1 0 0 0 0
2462 0 1 0 0 0 1 1
a470 1 0 0 0 0 1 0
ad73 0 1 0 1 1 0 1
2466 1 1 1 1 1 1 1
ad43 0 0 0 0 0 1 0
ad77 0 0 0 0 0 0 0
a492 0 0 1 1 1 0 0
a495 1 0 0 0 0 0 1
a404 0 0 0 1 1 0 1
a440 0 1 0 0 0 0 0
a486 0 0 0 1 0 0 0
a500 1 1 0 0 0 1 0
FIGURE 3 | Haplotypes with (1) or without (0) each MYB10 allele, grouped and colored according to their homology with PoMYB10.1, PoMYB10.2, and PoMYB10.3.
(A) Haplotypes identified in six F1 progenies. (B) Haplotypes inferred from the collections of advanced breeding lines (ABL) (H;7-H;12) and commercial varieties (CV)
(Hi12, Hi13).

was 2 and 3kb and encoded the proteins of 243 and 160 amino
acids, respectively.

We took advantage of a high homology between the Japanese
plum and a sweet cherry at the intergenic MYB10 regions to
amplify and sequence the upstream regulatory region of the
PsMYBI0.1 gene. We obtained up to 1,850 bp upstream alleles
a24310, 35611, a3561y3, a470m;, and a470p4. The sequences
revealed additional polymorphisms (Figure 5B), among them,

an insertion of 8 bp in exon 1 of a243 before the hybridization
site of the primer initially used to obtain the short PsMYB10
allelic bands (MYB10F2) leading to a STOP codon 4 bp after the
insertion. In addition, we identified, in a356 and a243 contigs,
a 44 bp insertion containing a G-box binding motif 1,208 bp
upstream of the gene start codon, and two polymorphisms in the
R1-motif (described in Espley et al., 2009) of a470 with an SNP
and a 5 bp polymorphism.
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FIGURE 4 | Circular plots of the sequencing depth of C20 (orange line) and C46 (purple line) alignments against the genomic reference sequences of Prunus avium
(Shirasawa et al., 2017), Prunus persica (Verde et al., 2017), and Prunus dulcis (Alioto et al., 2020). (A) Whole-genome alignment (genomic units in megabases) and
(B) alignment of the chromosome 3 MYB10 region (genomic units in kilobases). MYB10 genes (MYB10.1 in black, MYB10.2 in gray, and MYB10.3 in white) are
represented in their corresponding genomic position for each reference species. Depth was normalized for a better visualization and sequence comparison.
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FIGURE 5 | (A) Alignment of PsMYBT10.1 in silico translated proteins from a whole-gene sequence. Conserved amino acids (gray arrows) and signature motifs
(IA/S/GINDV; [R/KIPX[P/A/RIx2[F/Y]) from R2R3-MYB anthocyanin-promoting proteins from Rosaceae were detected in all PsMYB10.1 sequences (Lin-Wang et al.,
2010). Conserved motif [D/E]Lx2[R/K]x3Lx6Lx3R indicates a possible interaction with basic-helix-loop-helix (bHLH) proteins. Black arrows indicate key residues in
PpMYBT10.1 function (Zhou et al., 2018). (B) Polymorphisms found between a35641, a35613, a470n2, a470H4, and a243 upstream sequences: (a) G-box motif in the
44 bp indel; (b) polymorphisms in the R1-motif (Espley et al., 2009); (c) SNP S3_12879559 (Salazar et al., 2017); and (e) 8 bp insertion in exon 1 of a243, 4 bases
before an in-frame STOP codon (shadowed). The start codon is marked as (d).
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We identified the polymorphism described by Salazar et al.
(2017) (SNP S3_12879559) 128 bp upstream of the start codon
of MYBI0.1. In this position, all the alleles except a356y; carried
the nucleotide T.

Haplotypes Associated With Skin Color

In the ABL collection, 65.4 and 38.2% of the accessions produced
fruits with anthocyanin colors in the skin or flesh, respectively
(Supplementary Figure 5). The 11 polymorphic alleles with a
frequency higher than 5% were tested for association with skin
and flesh color traits in this collection through a Chi-squared test.
The allele showing the highest association with skin color was
a356 (p = 1.96 x 107'8) (Supplementary Table 5). This allele
was absent in all varieties with yellow or green skin but present
in 52 out of 53 skin-colored ones. No alleles were found to be
associated with fruit flesh color.

Allele a356 was present in haplotypes H1, H3, and H;8 in
the ABL collection (Figure 3); all accessions bearing skin-colored
fruits but one (C74; H2/H6) had one or two copies of these
haplotypes (Supplementary Data 1, Supplementary Figure 6),
while those lacking anthocyanin pigments in the skin combined
two copies of any of H2, H4, H5, H;10, or H;11. Consistently,
most progenies containing either H1 or H3 had colored fruits
(95.90 and 94.90% of cases, respectively), while those H2/H4
or H2/H2 fell mainly (95.12 and 95.24%, respectively) within
the anthocyanin-less category, in particular with the mottled
phenotype. In agreement with this, all ABL with the mottled
phenotype had H2. In the progenies, combinations between H2
and H6 were either mottled (26.67%) or red (73.33%).

Apart from missing a356, only haplotypes H2, H4, and H5
amplified a470. The phase information, as well as phylogenetic
analysis, are compatible with a356 and a470 being allelic of the
same MYBI0.1 gene (from now on PsMYBI0.1a). Therefore,
PsMYBI0.1a may have, at least, a356 and a470 as alleles, with
a356 associated with anthocyanin color and a470 with its absence.

To validate the association, we analyzed a collection of 31 CV.
Two new haplotypes were needed to explain the genotypes of
“Sunkiss” (H4/H;12) and “Gaia” (H5/H;13), with H;13 bearing
a356 and conferring coloration (Figure 3). The marker was able
to correctly predict the presence or absence of red color in
the fruit skin in all cases: all colored cultivars carried at least
one haplotype with the a356 allele while the rest had green
or yellow fruits. In ABL and progenies, the H2 haplotype, in
combination with other anthocyanin-less associated haplotypes,
was observed in mottled fruits. This could not be validated in
a more diverse collection since none of the CV showed this
phenotype (Supplementary Data 2).

To investigate the C74 (H2/H6) outlier, we used the primer
pair M101_f/r to identify possible null alleles in this ABL. The
1.5kb sequence revealed a new MYBIO.1 allele identical to
a470 except for a four-nucleotide deletion in the first intron
(Supplementary Data 4). This allele (a467) was hidden by the
monomorphic a466 in the electrophoresis profile. Using specific
primers in all the germplasm, we found the a467 allele in 16
ABL and 6 CV, all with H6 or H2. While all genotypes with
H6 had a467, only 13 of the accessions with H2 (27.08%)
had this allele. Since C72 and C74 are H2/HS6, it is uncertain

whether a467 was in heterozygosis (carried in H6 only) or in
homozygosis (carried in both H2 and H6). The segregation of
a467 in P6 (with C11; H3/H6) confirmed that this allele co-
segregates within H6, and therefore corresponds to an LG3
MYBIO0 gene (Supplementary Figure 3).

Expression of PsMYB10.1a in the Skin

The expression of the PsMYBIO0.1a alleles a356 and a470 in the
fruit skin was evaluated in the black “BG” (H1/H2) and yellow
“GJ” (H4/H;9) varieties, at different stages of fruit development.
A band with the expected size was obtained in the S2 and
S3 stages of BG (Figure 6). Band sequencing revealed that this
band corresponded exclusively to the a356 allele. No band was
observed in GJ ¢cDNA, indicating that a470 was not expressed
in BG or in GJ. The alignment of a356-mRNA to different
R2R3-MYB10s from databases detected a shared intron splicing
mechanism (data not shown).

DISCUSSION

Major genes and QTLs for the traits related to anthocyanin
coloration have been mapped along with the eight linkage groups
of Prunus species (see summary in Supplementary Table 6).
Several studies have demonstrated a major role of R2R3-MYB
genes in the transcriptional control of the accumulation of
anthocyanins in rosaceous crops. In particular, the expression
of R2R3-MYBI10 genes in fruit tissues has been correlated with
the transcription of anthocyanin structural genes and pigment
accumulation. The peach genome contains six R2R3-MYB10
genes, three of them in LG3, and three in LG6. Two of the
LG6 genes (about 60kb apart) co-localize with a Leaf color
trait (Howad et al., 2005), while those in an LG3 (PpMYBI0.1,
PpMYBI0.2, and PpMYBI10.3) cluster in a genomic region of
ca.70kb co-localizing with an anther color gene (Ag) (Arts
et al,, 1994; Rahim et al,, 2014). PpMYBI0.1 and PpMYBI10.3,
annotated as “Anthocyanin regulatory C1 protein” [AnnoMine
gene description; PLAZA4.0 (Van Bel et al., 2018)], are expressed
in fruit tissues at levels correlating with the accumulation of
anthocyanins in the skin (Rahim et al, 2014). In Japanese
plum, the sustained increase in the expression of PsMYBIO
during fruit ripening was in correlation with the accumulation
of anthocyanins, suggesting the involvement of PsMYBI10 in the
regulation of the transcriptional control during the biosynthesis
of anthocyanins (Gonzalez et al., 2016b). Considering that the
modulation of MYB genes (including changes in either the
promoter or their genic region) is enough to produce changes
in the accumulation of anthocyanins (Ban et al., 2007) and that
Salazar et al. (2017) identified the LG3 QTL for the skin color
in Japanese plum, it is reasonable to consider that the genetic
variation in PsMYBI0 is involved in the observed variation in
fruit color. This motivated our search for polymorphisms in the
Japanese plum LG3 R2R3-MYB genes to explain the observed
variability in fruit color.

While, only a few R2R3-MYBI10 genes have been sequenced
in Japanese plum, this gene family has been well characterized in
other plant species, where systematic functional characterization
identified highly conserved amino acid motifs and a

Frontiers in Plant Science | www.frontiersin.org

11

June 2021 | Volume 12 | Article 655267


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Fiol et al. Japanese Plum MYB10 Genes

S2

S3 S1 S2

B G S S R B SR SR S B B e S W e . .

FIGURE 6 | (A) RNA was extracted from the skin of Black Gold (BG) and Golden Japan (GJ) at three maturation stages (S1, S2, and S3). (B) Top row left: PsSMYB10.1
amplification from complementary DNA (cDNA) samples (BG_S2 and BG_S3). Band size 947 bp; top row right: PsMYB10.1 amplification of genomic DNA (BG and
gGJ). Band size 1.5 kb; bottom row: expression of the MON reference gene in all cDNA samples tested. Well M: DNA Ladder 50 bp ready-to-use (GeneON); well C:
no template control.

characteristic R2R3-MYB DNA-binding domain (Kranz  when considering all alleles with a frequency >5% (12 in total),
et al., 1998; Stracke et al., 2001; Zhang et al., 2020) with the  especially in the intronic regions.

homology values higher than 40% (Stracke et al., 2001). In this Lin-Wang et al. (2010) isolated the R2R3-MYB10 homologs
study, we took advantage of the high domain conservation from c¢DNA of the major rosaceous crops. Here, we found
and the high homology between a peach and Japanese plum  some closely matched 12 alleles amplified at a frequency higher
(Mnejja et al., 2004) to obtain the partial sequence of 16 Japanese ~ than 5%, grouping in three clusters in agreement with three
plum MYBIO alleles. These alleles were amplified in a panel of  tandemly duplicated PpMYB10 genes on LG3. Most of the alleles
Japanese plum accessions in numbers higher than the maximum  (7) clustered with the PpMYBI0.1 gene, contrasting with the
expected for three loci in a diploid genome, confirmed through  phylogeny observed by Lin-Wang et al. (2010), where all but two
the progeny and haplotype segregation analysis, suggesting the  of the isolated MYB Prunus alleles clustered with PpMYBI0.2, as
gene duplication. The segregation of the bands in six biparental ~ further confirmed for PsMYB10 and ParMYBI0 genes by Rahim
families allowed the definition of six haplotypes, each with three et al. (2014). Unlike Lin-Wang et al. (2010), by isolating the
to five alleles. Combinations of these haplotypes were able to  alleles from genomic DNA, we could identify a large number
explain the genotype of most of the ABL and CV studied here,  of MYBI0.1 alleles independent of their expression. On account
while the inference of additional haplotypes was needed to  of the high homology between the MYBIO genes, our strategy
fully explain the genetic variability. Overall, this revealed high  allowed us to assign some of the bands to gene alleles. In
variability in this region, and high allelic variability (m = 0.204)  addition, the new grouping of previously isolated alleles will help
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to identify new candidate genes for fruit color as well as the
further assignment of sequences to alleles or to novel genes in
other Prunus species.

Haplotype reconstruction, homology, and phylogeny data
suggested more than one MYBIO.I gene in at least some P.
salicina genotypes. Gene duplication is highly concordant with
the number of alleles amplified in HI1, H3, and H;8 (with
three alleles homologous to MYB10.1) and in H4, H;9, H;10,
and H;jl1 (with two alleles homologous to MYB10.1). Unlike
PsMYBI0.1, all haplotypes had a single copy of PsMYBI10.2
(with the monomorphic allele a466) and PsMYBI10.3 (either
a443, a477, a492, or a495). Similarly, sweet cherry (Shirasawa
et al, 2017) and apricot (Jiang et al, 2019a) genomes have
more than three MYBIO genes in the region. Although a fully
assembled genome of P. domestica is not yet available, we
detected a MYBIO0.I triplication in the scaffolds of its draft
genome vl.0.al (data not shown) (https://www.rosaceae.org/
species/prunus_domestica/genome_v1.0.al). It is noticeable that
not all haplotypes (observed or inferred here) carry the same
number of PsMYBI0.1 alleles. This may be due to (i) a different
number of LG3-MYBI0 copies in Japanese plum cultivars, (ii)
a null allele due to mis-amplification or to same migration
of different alleles of the same size in electrophoresis analysis,
or (iii) a combination of (i) and (ii). The first hypothesis is
highly possible considering the complex hybridization history of
Japanese plum genotypes. Cultivated Japanese plums are complex
interspecific hybrids between P. salicina and other species such
as Prunus simonii, P. cerasifera, and American plums, with
each cultivar having a different degree of these genomes in its
genetic background, depending on the breeding history (Okie
and Ramming, 1999; Boonprakob et al., 2001). In fact, individuals
from a single species may have different genome sizes and genetic
compositions, which fall within the concept of the pan-genome,
i.e, all individuals within a species may have a core set of
shared genes (pan-genome) plus a set of genes, similar to the
insertion/deletion of genic copy number variants (CNVs) shared
by only some individuals. Gene duplication, and in general gene
CNV and the presence/absence of variants (PAV), is a frequently
observed phenomenon in plants and is usually associated with
both domestication and post-domestication diversification (Lye
and Purugganan, 2019). In Prunus, the genes related to some
quantitative traits are in hotspots (da Silva Linge et al., 2021), in
certain cases located in clusters of duplicated genes (Bielenberg
et al., 2004; Wells et al., 2015; Gu et al., 2016; da Silva Linge et al.,
2021). Gene duplications can increase the gene product and result
in altered patterns of gene expression (Innan and Kondrashov,
2010), which could explain the variability in the plum fruit color,
including the mottled phenotype. A de novo sequence of P.
salicina together with the sequence of a panel of cultivars will
help to elucidate the impact of gene duplications in its phenotypic
variation, especially in fruit color. Very recently, the de novo
sequence of two P. salicina cultivars, “Zhongli No.6” (https://
www.rosaceae.org/Analysis/9019655) and “Sanyueli” (Fang et al.,
2020), has been released. These two sequences are still in their
first version, with 318 Mb for “Zhongli No.6” and 284 Mb for
“Sanyueli,” which are ca. 53 and 19 Mb larger, respectively, than
expected considering the size and homology with the peach

genome (265 Mb). The alignments with both genomes of C20
and C46 Illumina sequences together with the BLAST analysis
of the MYB alleles obtained here (data not shown) highlight the
complexity of the region: the C20 and C46 sequences aligned in
two MYBI10 regions, 2 Mb apart, in the LG3 of the “Zhongli No.6”
genome, while gaps and misalignments were revealed when
mapped against the “Sanyueli” genome. The authors refer to these
cultivars as Chinese plum and their interspecific hybridization
history is not reported, so their kinship with the panel of
varieties studied here (used in occidental breeding programs)
is unknown.

The simplicity of the electrophoretic analysis that we used
hides allelic complexity that can be revealed with the allele
cloning and sequencing. We have proven this for the two alleles
a356 and a466. In the first case, we observed polymorphisms in
the upstream regulatory region of a356 in H1 and H3, although
both alleles are equally associated with anthocyanin color. For
a466, we isolated two alleles of almost the same size migrating
together on electrophoresis, corresponding to PsMYB10.1 (a467)
and PsMYBI10.2 (a466). Likewise, as two duplicated genes may
share alleles of equal size, resulting in a PCR band akin to a
unique allele, we cannot discard the duplication of PsMYBI0.2 or
PsMYBI0.3. This emphasizes the utility of using haplotypes for
the MAS since recombination in the region is unlikely.

The number of haplotypes is high when taking into account
the expected reduced size of the region (73kb in peach, 20kb
in almond, and 69kb in sweet cherry genomes), which can
be explained by the variability of the alleles and the complex
hybridization history of Japanese plum. In Prunus, the size
of this region varies independently of the number of MYBI0
genes, the intergenic regions being shorter in a sweet cherry
and an almond (14.2kb on average in a sweet cherry and 7.0 kb
in an almond, compared to 32.8kb in a peach). Such a high
homology between the MYB genes, together with the unlikely
recombination in the region, makes it difficult to assign the MYB
alleles to their corresponding genes. Long-read DNA sequencing
of the LG3-MYBI10 region in cultivars with different haplotypes
should provide valuable data such as gene number and allelic
assignment, together with gene order, the distance between them,
and the size of the region.

Whole-genome sequence alignment of C20 and C46 against
the peach reference genome found a low-sequence coverage
in the intergenic MYBIO sequences (<0.30), while it was
considerably higher in the genic regions (>0.95). The alignment
with the sweet cherry genome provided better coverage in the
intergenic regions (>0.47). This highlights the importance of
a high-quality reference sequence for highly complex regions,
containing duplicated genes.

Primers were designed by sequence alignment to fully amplify
the a356 and a470 alleles from different haplotypes. Their
predicted amino acid sequence contained motifs conserved
in other anthocyanin-promoting R2R3-MYBs of the Rosaceae
family as well as an intact bHLH domain (Lin-Wang et al., 2010).
No polymorphisms were found in the protein sequences that
could explain a possible loss of function, including the two key
amino acids necessary for the PpMYB10.1 function identified by
Zhou et al. (2018), which were unaltered in our sequences.
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Our data suggest that a356 and a470 are allelic of PsMYBI10.1a,
with a356 being associated with the presence of anthocyanins
in the fruit skin, and expressed in advanced stages of red fruits
only, unlike a470. Gonzalez et al. (2016a) sequenced the total
RNA from the skin of “Angeleno” (H1/H3; dark skin) and
“Lamoon” (unknown MYB10 genotype; yellow skin). Allele a356
was expressed in “Angeleno” only, while no a470 reads were
recovered (data not shown) confirming a possible loss of function
of MYBI10.1a-a470. This could be explained by the deletion of a
G-box sequence in its upstream region. In Arabidopsis, the light-
induced HY5 enhances the expression of the MYB ortholog PAP1
(the production of anthocyanin pigment 1) by binding to a G-
box motif (CACGTG) in its promoter (Shin et al., 2013). This
mechanism is conserved and has been described in an apple (An
etal., 2017). Therefore, the deletion of this motif may prevent the
binding of expression enhancers. Another cause of a470 loss of
function could be the polymorphisms observed in the R1 motif,
which has functional implications in MYBI10 expression. Espley
et al. (2009) described multiple tandem copies of the motif being
associated with red-fleshed phenotypes due to the ability of the
same MYB10 protein to bind this sequence and enhance its own
expression. The two polymorphisms found in this region, alone
or in combination, may explain the lack of expression of a470 in
the skin.

In this study, we have developed a molecular marker, which
can predict the skin color in Japanese plum progenies and could
be effectively used in breeding programs. The combination of the
haplotypes obtained with the one-primer-pair molecular marker
(which can be easily deduced from the allele segregation in the
progeny) will identify, in a codominant manner, which seedlings
will produce fruits with anthocyanin or non-anthocyanin
coloration in the skin. Haplotype data have been shown to be
highly informative for MAS (Aranzana et al., 2019), especially
when the recombination within interesting regions is low as
it occurs in the MYBI0 region in Prunus LG3. The principal
inconvenience of haplotype analysis is that at least two markers
usually need to be run, increasing the cost of the analysis. Here,
a unique primer can identify most of the haplotypes. Only
H4/H5 and H4/H6 combinations amplify the same bands, and an
additional primer pair to discern a467 from H6 is required. Given
that the six haplotypes observed in this study can predict 91.36%
of the phenotypes of the ABL and 83.87% of those in the panel
of CV tested, we foresee a high efficiency of this marker in other
germplasms. For the remaining accessions (most containing low-
frequency alleles), new haplotypes were inferred and need to be
confirmed in families; however, color can still be predicted by the
presence of a356 and a470 bands.

The color hue and tone have not been studied here. Salazar
et al. (2017) found a SNP in “Angeleno” (genotyped here
as HI1/H3) associated with the purple-skinned phenotypes
in progenies, differentiating them from red phenotypes. We
identified this SNP in the 5UTR of a356; the nucleotide
associated with higher intensity (G) was observed in a356-H1,
while a356-H3 and other alleles not associated with skin color had
the alternative nucleotide. In our panel of advanced lines, those
with H1 are predominantly purple or black, which is consistent
with the results of Salazar et al. (2017). There are many factors

involved in coloration hues, such as the anthocyanin molecular
structure, pH, copigmentation, temperature, and light (Khoo
et al,, 2017). Further studies considering anthocyanin levels as
well as hue and tonalities are required to identify novel genes and
markers for MAS.

CONCLUSIONS

In this study, we have identified high levels of variability in the
intronic and intergenic regions of the Japanese plum MYBI0
LG3 cluster, which contains at least three copies of the MYB10.1
gene. In addition to the duplication of this gene, our data
are compatible with higher levels of CNV. Methods including
long-read sequences would be required to fully characterize
the genetic variation in this MYB10 cluster. Fruit color has
an important impact on the choice of the consumer, therefore
having good molecular markers for MAS is highly desired in
breeding. Despite the complexity of the region, using allele
cloning, phylogeny, progeny segregation, association test, and
gene expression analysis, we succeed in identifying one allele
(a356) associated with the skin color. Consequently, markers for
this allele can be used with high efficiency for MAS. However, we
could not find alleles associated with the flesh color. Here, we also
found polymorphisms in the promoter of one of the alternative
alleles (a470), which could explain the absence of this pigment in
the skin. Further efforts characterizing this region may identify
additional polymorphisms involved in fruit coloration.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the
EBI European Nucleotide Archive repository, accession
number PRJEB43891.

AUTHOR CONTRIBUTIONS

The experiments were conceived and designed by AF and MA.
Experiments were conducted by AF. Data was analyzed by
AF and MA. WH designed the MYB10F2/MYB10NR2 primers.
Bioinformatics analysis was performed by AE, BG-G, FJ-R, and
KA. Paper was written by AF and MA. All authors have critically
revised the manuscript and approved the final document.

FUNDING

AF was a recipient of an FPI grant funded by the Spanish Ministry
of Economy and Competitiveness (ref. BES-2016-079060F). FJ-R
was a recipient of an FPI grant funded by the Spanish Ministry of
Science and Innovation (ref PRE2019-087427). This research was
supported by the Spanish Ministry of Science, Innovation and
Universities (RT12018-100795-B-100). We acknowledge support
from the CERCA Program (Generalitat de Catalunya), and the
Severo Ochoa Program for Centres of Excellence in R&D 2016-
2019 (SEV-2015-0533) and 2020-2023 (CEX2019-000902-S).

Frontiers in Plant Science | www.frontiersin.org

14

June 2021 | Volume 12 | Article 655267


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Fiol et al.

Japanese Plum MYB10 Genes

ACKNOWLEDGMENTS

We thank PLANASA company and PLANASA breeders, Mario
Ortiz and Antonio Garcia, for providing plant materials and
phenotypic information.

REFERENCES

Albert, N. W., Davies, K. M., Lewis, D. H., Zhang, H., Montefiori, M., Brendolise,
C., et al. (2014a). A conserved network of transcriptional activators and
repressors regulates anthocyanin pigmentation in eudicots. Plant Cell 26,
962-980. doi: 10.1105/tpc.113.122069

Albert, N. W., Davies, K. M., and Schwinn, K. E. (2014b). Gene regulation
networks generate diverse pigmentation patterns in plants. Plant Signal. Behav.
9, 962-980. doi: 10.4161/psb.29526

Albert, N. W., Lewis, D. H., Zhang, H., Irving, L. J., Jameson, P. E., and Davies,
K. M. (2009). Light-induced vegetative anthocyanin pigmentation in Petunia.
J. Exp. Bot. 60, 2191-2202. doi: 10.1093/jxb/erp097

Alioto, T., Alexiou, K. G., Bardil, A., Barteri, F., Castanera, R., Cruz, F., et al,,
(2020). Transposons played a major role in the diversification between the
closely related almond and peach genomes: results from the almond genome
sequence. Plant J. 101, 455-472. doi: 10.1111/tpj.14538

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 215, 403-410.
doi: 10.1016/S0022-2836(05)80360-2

An, J. P, Liu, Y., Zhang, X, Bi, S, Wang, X, You, C, et al. (2020a).
Dynamic regulation of different light intensity-modulated anthocyanin
biosynthesis by BT2-TCP46-MYBI1 in apple. J. Exp. Bot. 71, 3094-3109.
doi: 10.1093/jxb/eraa056

An, J. P, Qu, F. ], Yao, J. F., Wang, X. N,, You, C. X,, Wang, X. F,, et al. (2017).
The bZIP transcription factor MAHY5 regulates anthocyanin accumulation and
nitrate assimilation in apple. Hortic. Res. 4, 1-9. doi: 10.1038/hortres.2017.23

An, J. P,, Zhang, X. W,, B, S. Q,, You, C. X,, Wang, X. F., and Hao, Y. J. (2020b).
The ERF transcription factor MdERF38 promotes drought stress-induced
anthocyanin biosynthesis in apple. Plant J. 101, 573-589. doi: 10.1111/tpj.14555

Aranzana, M. ]., Decroocq, V., Dirlewanger, E., Eduardo, I, Gao, Z., Gasic, K., et al.
(2019). Prunus genetics and applications after de novo genome sequencing:
achievements and prospects. Hortic. Res. 6:58. doi: 10.1038/s41438-019-0140-8

Artimo, P., Jonnalagedda, M., Arnold, K., Baratin, D., Csardi, G., De Castro, E.,
et al. (2012). ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res. 40,
W597-W603. doi: 10.1093/nar/gks400

Arus, P., Messeguer, R., Viruel, M., Tobutt, K., Dirlewanger, E., Santi, F., et al.
(1994). The European Prunus mapping project. Progress in the almond linkage
map. Euphytica 77, 97-100. doi: 10.1007/978-94-011-0467-8_62

Ban, Y., Honda, C., Hatsuyama, Y., Igarashi, M., Bessho, H., and Moriguchi, T.
(2007). Isolation and functional analysis of a MYB transcription factor gene
that is a key regulator for the development of red coloration in apple skin. Plant
Cell Physiol. 48, 958-970. doi: 10.1093/pcp/pcm066

Bielenberg, D. G., Wang, Y., Fan, S., Reighard, G. L., Scorza, R., and Abbott,
A. G. (2004). A deletion affecting several gene candidates is present in the
Evergrowing peach mutant. J. Hered. 95, 436-444. doi: 10.1093/jhered/esh057

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120.
doi: 10.1093/bioinformatics/btul70

Boonprakob, U., Byrne, D. H., Graham, C. J., Okie, W., Beckman, T., and Smith,
B. R. (2001). Genetic relationships among cultivated diploid plums and their
progenitors as determined by RAPD markers. J. Am. Soc. Hortic. Sci. 126,
451-461. doi: 10.21273/JASHS.126.4.451

Breto, M., Cantin, C., Iglesias, I., Arts, P., and Eduardo, I. (2017). Mapping a major
gene for red skin color suppression (highlighter) in peach. Euphytica 213:14.
doi: 10.1007/s10681-016-1812-1

Buels, R., Yao, E., Diesh, C. M., Hayes, R. D., Munoz-Torres, M., Helt, G., et al.
(2016). JBrowse: a dynamic web platform for genome visualization and analysis.
Genome Biol. 17:66. doi: 10.1186/s13059-016-0924-1

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
655267/full#supplementary-material

Chagné, D., Carlisle, C. M., Blond, C., Volz, R. K., Whitworth, C. J., Oraguzie, N.
C., etal. (2007). Mapping a candidate gene (MdMYB10) for red flesh and foliage
colour in apple. BMC Genomics 8:212. doi: 10.1186/1471-2164-8-212

Chagné, D., Lin-Wang, K., Espley, R. V., Volz, R. K., How, N. M., Rouse, S.,
et al. (2013). An ancient duplication of apple MYB transcription factors is
responsible for novel red fruit-flesh phenotypes. Plant Physiol. 161, 225-239.
doi: 10.1104/pp.112.206771

da Silva Linge, C., Cai, L., Fu, W,, Clark, J., Worthington, M., Rawandoozi,
Z., et al. (2021). Multi-locus genome-wide association studies reveal
fruit quality hotspots in peach genome. Front. Plant Sci. 12:644799.
doi: 10.3389/fpls.2021.644799

Donoso, J. M., Picafiol, R,, Serra, O., Howad, W., Alegre, S., Arts, P, et al. (2016).
Exploring almond genetic variability useful for peach improvement: mapping
major genes and QTLs in two interspecific almond x peach populations. Mol.
Breed. 36, 1-17. doi: 10.1007/s11032-016-0441-7

Doyle, J. J., and Doyle, J. L. (1987). A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochem. Bull. 19, 11-15.

El-Sharkawy, 1., Liang, D., and Xu, K. (2015). Transcriptome analysis of an apple
(Malus x domestica) yellow fruit somatic mutation identifies a gene network
module highly associated with anthocyanin and epigenetic regulation. J. Exp.
Bot. 66, 7359-7376. doi: 10.1093/jxb/erv433

Espley, R. V., Brendolise, C., Chagn,¢, D., Kutty-Amma, S., Green, S,
Volz, R, et al. (2009). Multiple repeats of a promoter segment causes
transcription factor autoregulation in red apples. Plant Cell 21, 168-183.
doi: 10.1105/tpc.108.059329

Espley, R. V., Hellens, R. P., Putterill, J., Stevenson, D. E., Kutty-Amma, S.,
and Allan, A. C. (2007). Red colouration in apple fruit is due to the
activity of the MYB transcription factor, MAMYB10. Plant J. 49, 414-427.
doi: 10.1111/.1365-313X.2006.02964.x

Fang, Z. Z., Lin-Wang, K., Dai, H., Zhou, D. R, Jiang, C. C.,, Espley, R. V.,
etal. (2020). The genome of low-chill Chinese plum ‘Sanyueli’ (Prunus salicina
Lindl.) provides insights into the regulation of the chilling requirement of
flower buds. bioRxiv [Preprint]. doi: 10.1101/2020.07.31.193243

Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783-791. doi: 10.1111/j.1558-5646.1985.tb00420.x

Feng, F., Li, M., Ma, F., and Cheng, L. (2013). Phenylpropanoid metabolites and
expression of key genes involved in anthocyanin biosynthesis in the shaded peel
of apple fruit in response to sun exposure. Plant Physiol. Biochem. 69, 54-61.
doi: 10.1016/j.plaphy.2013.04.020

Feng, S., Wang, Y., Yang, S., Xu, Y., and Chen, X. (2010). Anthocyanin biosynthesis
in pears is regulated by a RZR3-MYB transcription factor PyMYB10. Planta 232,
245-255. doi: 10.1007/s00425-010-1170-5

Fischer, T. C., Gosch, C., Pfeiffer, J., Halbwirth, H., Halle, C., Stich, K., et al.
(2007). Flavonoid genes of pear (Pyrus communis). Trees 21, 521-529.
doi: 10.1007/s00468-007-0145-z

Garcia-Gomez, B., Ruiz, D., Salazar, J., Rubio, M., Martinez-Garcia, P.,
and Martinez-Gémez, P. (2020). Analysis of metabolites and gene
expression changes relative to apricot (Prunus armeniaca L.) fruit
quality during development and ripening. Front. Plant Sci. 11:1269.
doi: 10.3389/fpls.2020.01269

Garcia-Gomez, B., Salazar, J., Nicolds-Almansa, M., Razi, M., Rubio, M., Ruiz, D.,
et al. (2021). Molecular bases of fruit quality in prunus species: an integrated
genomic, transcriptomic, and metabolic review with a breeding perspective. Int.
J. Mol. Sci. 22, 333. doi: 10.3390/ijms22010333

Gonzalez, A., Zhao, M., Leavitt, J]. M., and Lloyd, A. M. (2008). Regulation
of the anthocyanin biosynthetic pathway by the TTGI1/bHLH/Myb
transcriptional complex in Arabidopsis seedlings. Plant J. 53, 814-827.
doi: 10.1111/j.1365-313X.2007.03373.x

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 655267


https://www.frontiersin.org/articles/10.3389/fpls.2021.655267/full#supplementary-material
https://doi.org/10.1105/tpc.113.122069
https://doi.org/10.4161/psb.29526
https://doi.org/10.1093/jxb/erp097
https://doi.org/10.1111/tpj.14538
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/jxb/eraa056
https://doi.org/10.1038/hortres.2017.23
https://doi.org/10.1111/tpj.14555
https://doi.org/10.1038/s41438-019-0140-8
https://doi.org/10.1093/nar/gks400
https://doi.org/10.1007/978-94-011-0467-8_62
https://doi.org/10.1093/pcp/pcm066
https://doi.org/10.1093/jhered/esh057
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.21273/JASHS.126.4.451
https://doi.org/10.1007/s10681-016-1812-1
https://doi.org/10.1186/s13059-016-0924-1
https://doi.org/10.1186/1471-2164-8-212
https://doi.org/10.1104/pp.112.206771
https://doi.org/10.3389/fpls.2021.644799
https://doi.org/10.1007/s11032-016-0441-7
https://doi.org/10.1093/jxb/erv433
https://doi.org/10.1105/tpc.108.059329
https://doi.org/10.1111/j.1365-313X.2006.02964.x
https://doi.org/10.1101/2020.07.31.193243
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1016/j.plaphy.2013.04.020
https://doi.org/10.1007/s00425-010-1170-5
https://doi.org/10.1007/s00468-007-0145-z
https://doi.org/10.3389/fpls.2020.01269
https://doi.org/10.3390/ijms22010333
https://doi.org/10.1111/j.1365-313X.2007.03373.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Fiol et al.

Japanese Plum MYB10 Genes

Gonzéilez, M., Maldonado, J., Salazar, E., Silva, H., and Carrasco, B.
(2016a). De novo transcriptome assembly of ‘Angeleno’ and ‘TLamoon’
Japanese plum cultivars (Prunus salicina). Genomics Data 9, 35-36.
doi: 10.1016/j.gdata.2016.06.010

Gonzélez, M., Salazar, E., Cabrera, S., Olea, P., and Carrasco, B. (2016b). Analysis
of anthocyanin biosynthesis genes expression profiles in contrasting cultivars
of Japanese plum (Prunus salicina L.) during fruit development. Gene Express.
Patterns 21, 54-62. doi: 10.1016/j.gep.2016.06.005

Gonzélez, M., Salazar, E., Castillo, J., Morales, P., Mura-Jornet, 1., Maldonado, J.,
etal. (2016¢). Genetic structure based on EST-SSR: a putative tool for fruit color
selection in Japanese plum (Prunus salicina L.) breeding programs. Mol. Breed.
36:68. doi: 10.1007/s11032-016-0491-x

Gould, K. S. (2004). Nature’s Swiss Army Knife: the diverse protective
roles of anthocyanins in leaves. J. Biomed. Biotechnol. 2004, 314-320.
doi: 10.1155/S1110724304406147

Gu, C.,, Wang, L, Wang, W., Zhou, H., Ma, B., Zheng, H., et al. (2016).
Copy number variation of a gene cluster encoding endopolygalacturonase
mediates flesh texture and stone adhesion in peach. J. Exp. Bot. 67, 1993-2005.
doi: 10.1093/jxb/erw021

Guo, J., Cao, K., Deng, C,, Li, Y., Zhu, G., Fang, W,, et al. (2020). An integrated
peach genome structural variation map uncovers genes associated with fruit
traits. Genome Biol. 21, 1-19. doi: 10.1186/s13059-020-02169-y

Higo, K., Ugawa, Y., Iwamoto, M., and Korenaga, T. (1999). Plant cis-acting
regulatory DNA elements (PLACE) database: 1999. Nucleic Acids Res. 27,
297-300. doi: 10.1093/nar/27.1.297

Honda, C., Kotoda, N., Wada, M., Kondo, S., Kobayashi, S., Soejima, J.,
et al. (2002). Anthocyanin biosynthetic genes are coordinately expressed
during red coloration in apple skin. Plant Physiol. Biochem. 40, 955-962.
doi: 10.1016/S0981-9428(02)01454-7

Howad, W., Yamamoto, T., Dirlewanger, E., Testolin, R., Cosson, P., Cipriani,
G., et al. (2005). Mapping with a few plants: using selective mapping for
microsatellite saturation of the Prunus reference map. Genetics 171, 1305-1309.
doi: 10.1534/genetics.105.043661

Illa, E., Sargent, D., Girona, E., Bushakra, J., Cestaro, A., Crowhurst, R., et al.
(2011). Comparative analysis of rosaceous genomes and the reconstruction
of a putative ancestral genome for the family. BMC Evol. Biol. 11:9.
doi: 10.1186/1471-2148-11-9

Innan, H., and Kondrashov, F. (2010). The evolution of gene duplications:
classifying and distinguishing between models. Nat. Rev. Genet. 11, 97-108.
doi: 10.1038/nrg2689

Jiang, F., Zhang, J., Wang, S., Yang, L., Luo, Y., Gao, S., et al. (2019a). The
apricot (Prunus armeniaca L.) genome elucidates Rosaceae evolution and
beta-carotenoid synthesis. Hortic. Res. 6:128. doi: 10.1038/s41438-019-0215-6

Jiang, S. H., Sun, Q. G., Chen, M., Wang, N., Xu, H. F, Fang, H. C,
et al. (2019b). Methylome and transcriptome analyses of apple fruit somatic
mutations reveal the difference of red phenotype. BMC Genomics 20:117.
doi: 10.1186/512864-019-5499-2

Jin, W., Wang, H., Li, M., Wang, J., Yang, Y., Zhang, X,, et al. (2016). The R2R3
MYB transcription factor PavMYB10.1 involves in anthocyanin biosynthesis
and determines fruit skin colour in sweet cherry (Prunus avium L.). Plant
Biotechnol. J. 14, 2120-2133. doi: 10.1111/pbi.12568

Jung, S., Lee, T., Cheng, C. H., Buble, K., Zheng, P., Yu, J., et al. (2019). 15 years
of GDR: New data and functionality in the Genome Database for Rosaceae.
Nucleic Acids Res. 47, D1137-D1145. doi: 10.1093/nar/gky1000

Khoo, H. E., Azlan, A,, Tang, S. T., and Lim, S. M. (2017). Anthocyanidins
and anthocyanins: colored pigments as food, pharmaceutical ingredients,
and the potential health benefits. Food Nutr. Res. 61:1361779.
doi: 10.1080/16546628.2017.1361779

Kim, H. Y., Saha, P., Farcuh, M., Li, B., Sadka, A., and Blumwald, E. (2015).
RNA-seq analysis of spatiotemporal gene expression patterns during fruit
development revealed reference genes for transcript normalization in plums.
Plant Mol. Biol. Rep. 33, 1634-1649. doi: 10.1007/s11105-015-0860-3

Koes, R., Verweij, W., and Quattrocchio, F. (2005). Flavonoids: a colorful model
for the regulation and evolution of biochemical pathways. Trends Plant Sci. 10,
236-242. doi: 10.1016/j.tplants.2005.03.002

Kong, J. M., Chia, L. S., Goh, N. K., Chia, T. F.,, and Brouillard, R. (2003).
Analysis and biological activities of anthocyanins. Phytochemistry 64, 923-933.
doi: 10.1016/S0031-9422(03)00438-2

Kosambi, D. D. (2016). “The estimation of map distances from recombination
values,” in DD Kosambi, ed R. Ramaswamy (New Delhi: Springer), 125-130.
doi: 10.1007/978-81-322-3676-4_16

Kranz, H. D., Denekamp, M., Greco, R,, Jin, H., Leyva, A., Meissner, R. C,,
et al. (1998). Towards functional characterisation of the members of the
R2R3-MYB gene family from Arabidopsis thaliana. Plant ]. 16, 263-276.
doi: 10.1046/j.1365-313x.1998.00278.x

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an information aesthetic for comparative genomics. Genome
Res. 19, 1639-1645. doi: 10.1101/gr.092759.109

Kumar, S., and Pandey, A. K. (2013). Chemistry and biological activities of
flavonoids: an overview. Sci. World J. 2013:162750. doi: 10.1155/2013/162750

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol. Biol.
Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Li, H, and Durbin, R. (2009). Fast and accurate short read alignment
with  Burrows-Wheeler  transform.  Bioinformatics 25, 1754-1760.
doi: 10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al.
(2009). The sequence alignment/map format and SAMtools. Bioinformatics 25,
2078-2079. doi: 10.1093/bioinformatics/btp352

Li, Y., Xu, P., Chen, G., Wu, J., Liu, Z., and Lian, H. (2020). FvbHLH9 functions
as a positive regulator of anthocyanin biosynthesis by forming a HY5-bHLH9
transcription complex in strawberry fruits. Plant Cell Physiol. 61, 826-837.
doi: 10.1093/pcp/pcaa0l0

Lin-Wang, K., Bolitho, K., Grafton, K., Kortstee, A., Karunairetnam, S., McGhie, T.
K., etal. (2010). An R2R3 MYB transcription factor associated with regulation
of the anthocyanin biosynthetic pathway in Rosaceae. BMC Plant Biol. 10:50.
doi: 10.1186/1471-2229-10-50

Li, P., Yu, S., Zhu, N., Chen, Y.-R., Zhou, B., Pan, Y., et al. (2018). Genome encode
analyses reveal the basis of convergent evolution of fleshy fruit ripening. Nat.
Plants 4, 784-791. doi: 10.1038/s41477-018-0249-z

Lye, Z. N, and Purugganan, M. D. (2019). Copy number variation in
domestication. Trends Plant Sci. 24, 352-365. doi: 10.1016/j.tplants.2019.01.003

Mnejja, M., Garcia-Mas, J., Howad, W., Badenes, M. L., and Arus, P. (2004).
Simple-sequence repeat (SSR) markers of Japanese plum (Prunus salicina
Lindl.) are highly polymorphic and transferable to peach and almond. Mol.
Ecol. Notes 4, 163-166. doi: 10.1111/j.1471-8286.2004.00603.x

Ogah, O., Watkins, C. S., Ubi, B. E., and Oraguzie, N. C. (2014). Phenolic
compounds in Rosaceae fruit and nut crops. J. Agric. Food Chem. 62,
9369-9386. doi: 10.1021/jf501574q

Okie, W., and Ramming, D. (1999). Plum breeding worldwide. Horttechnology 9,
162-176. doi: 10.21273/HORTTECH.9.2.162

Panche, A., Diwan, A., and Chandra, S. (2016). Flavonoids: an overview. J. Nutr.
Sci. 5:e47. doi: 10.1017/jns.2016.41

Paz-Ares, J., Ghosal, D., and Saedler, H. (1990). Molecular analysis of the CI-I
allele from Zea mays: a dominant mutant of the regulatory C1 locus. EMBO
J.9,315-321. doi: 10.1002/j.1460-2075.1990.tb08113.x

Rahim, M. A., Busatto, N. and Trainotti, L. (2014).
anthocyanin  biosynthesis in peach fruits. Planta
doi: 10.1007/500425-014-2078-2

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S.,
Librado, P., Ramos-Onsins, S. E., et al. (2017). DnaSP 6: DNA sequence
polymorphism analysis of large data sets. Mol. Biol. Evol. 34, 3299-3302.
doi: 10.1093/molbev/msx248

Salazar, J. A., Pacheco, L, Shinya, P., Zapata, P., Silva, C., Aradhya, M., et al. (2017).
Genotyping by sequencing for SNP-based linkage analysis and identification of
QTLs linked to fruit quality traits in Japanese plum (Prunus salicina Lindl.).
Front. Plant Sci. 8:476. doi: 10.3389/fpls.2017.00476

Scheet, P., and Stephens, M. (2006). A fast and flexible statistical model for large-
scale population genotype data: applications to inferring missing genotypes
and haplotypic phase. Am. . Hum. Genet. 78, 629-644. doi: 10.1086/50
2802

Shin, D. H.,, Choi, M., Kim, K, Bang, G., Cho, M., Choi, S. B, et al
(2013). HY5 regulates anthocyanin biosynthesis by the
transcriptional activation of the MYB75/PAPI transcription factor in
Arabidopsis. FEBS Lett. 587, 1543-1547. doi: 10.1016/j.febslet.2013.
03.037

Regulation of
240, 913-929.

inducing

Frontiers in Plant Science | www.frontiersin.org

16

June 2021 | Volume 12 | Article 655267


https://doi.org/10.1016/j.gdata.2016.06.010
https://doi.org/10.1016/j.gep.2016.06.005
https://doi.org/10.1007/s11032-016-0491-x
https://doi.org/10.1155/S1110724304406147
https://doi.org/10.1093/jxb/erw021
https://doi.org/10.1186/s13059-020-02169-y
https://doi.org/10.1093/nar/27.1.297
https://doi.org/10.1016/S0981-9428(02)01454-7
https://doi.org/10.1534/genetics.105.043661
https://doi.org/10.1186/1471-2148-11-9
https://doi.org/10.1038/nrg2689
https://doi.org/10.1038/s41438-019-0215-6
https://doi.org/10.1186/s12864-019-5499-2
https://doi.org/10.1111/pbi.12568
https://doi.org/10.1093/nar/gky1000
https://doi.org/10.1080/16546628.2017.1361779
https://doi.org/10.1007/s11105-015-0860-3
https://doi.org/10.1016/j.tplants.2005.03.002
https://doi.org/10.1016/S0031-9422(03)00438-2
https://doi.org/10.1007/978-81-322-3676-4_16
https://doi.org/10.1046/j.1365-313x.1998.00278.x
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1155/2013/162750
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/pcp/pcaa010
https://doi.org/10.1186/1471-2229-10-50
https://doi.org/10.1038/s41477-018-0249-z
https://doi.org/10.1016/j.tplants.2019.01.003
https://doi.org/10.1111/j.1471-8286.2004.00603.x
https://doi.org/10.1021/jf501574q
https://doi.org/10.21273/HORTTECH.9.2.162
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.1002/j.1460-2075.1990.tb08113.x
https://doi.org/10.1007/s00425-014-2078-2
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.3389/fpls.2017.00476
https://doi.org/10.1086/502802
https://doi.org/10.1016/j.febslet.2013.03.037
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Fiol et al.

Japanese Plum MYB10 Genes

Shirasawa, K., Isuzugawa, K., Ikenaga, M., Saito, Y., Yamamoto, T., Hirakawa, H.,
et al. (2017). The genome sequence of sweet cherry (Prunus avium) for use in
genomics-assisted breeding. DNA Res. 24, 499-508. doi: 10.1093/dnares/dsx020

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W, et al. (2011).
Fast, scalable generation of high-quality protein multiple sequence alignments
using Clustal Omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Sneath, P.H. A., and Sokal, R. R. (eds.). (1973). Numerical Taxonomy: The
Principles and Practice of Numerical Classification. San Francisco, CA: WF
Freeman and Co.

Socquet-Juglard, D., Christen, D., Devénes, G., Gessler, C., Duffy, B., and Patocchi,
A. (2013). Mapping architectural, phenological, and fruit quality QTLs in
apricot. Plant Mol. Biol. Rep. 31, 387-397. doi: 10.1007/s11105-012-0511-x

Sooriyapathirana, S. S., Khan, A., Sebolt, A. M., Wang, D., Bushakra, J. M., Lin-
Wang, K., et al. (2010). QTL analysis and candidate gene mapping for skin
and flesh color in sweet cherry fruit (Prunus avium L.). Tree Genet. Genomes
6, 821-832. doi: 10.1007/s11295-010-0294-x

Stam, P. (1993). Construction of integrated genetic linkage maps by
means of a new computer package: join map. Plant J. 3, 739-744.
doi: 10.1111/j.1365-313X.1993.00739.x

Stephens, M., and Donnelly, P. (2003). A Comparison of Bayesian methods for
haplotype reconstruction from population genotype data. Am. J. Hum. Genet.
73, 1162-1169. doi: 10.1086/379378

Stracke, R., Werber, M., and Weisshaar, B. (2001). The R2R3-MYB gene
family in Arabidopsis thaliana. Curr. Opin. Plant Biol. 4, 447-456.
doi: 10.1016/S1369-5266(00)00199-0

Takos, A. M., Jaffé, F. W., Jacob, S. R., Bogs, J., Robinson, S. P., and
Walker, A. R. (2006). Light-induced expression of a MYB gene regulates
anthocyanin biosynthesis in red apples. Plant Physiol. 142, 1216-1232.
doi: 10.1104/pp.106.088104

Tamura, K., and Nei, M. (1993). Estimation of the number of nucleotide
substitutions in the control region of mitochondrial DNA in humans and
chimpanzees. Mol. Biol. Evol. 10, 512-526.

Telias, A., Lin-Wang, K., Stevenson, D. E., Cooney, J]. M., Hellens, R. P., Allan, A.
C., etal. (2011). Apple skin patterning is associated with differential expression
of MYB10. BMC Plant Biol. 11:93. doi: 10.1186/1471-2229-11-93

Tuan, P. A,, Bai, S., Yaegaki, H., Tamura, T., Hihara, S., Moriguchi, T, et al. (2015).
The crucial role of PpMYB10.1 in anthocyanin accumulation in peach and
relationships between its allelic type and skin color phenotype. BMC Plant Biol.
15:280. doi: 10.1186/s12870-015-0664-5

Ubi, B. E, Honda, C., Bessho, H., Kondo, S., Wada, M., Kobayashi, S.,
et al. (2006). Expression analysis of anthocyanin biosynthetic genes in
apple skin: effect of UV-B and temperature. Plant Sci. 170, 571-578.
doi: 10.1016/j.plantsci.2005.10.009

Van Bel, M., Diels, T., Vancaester, E., Kreft, L., Botzki, A.,, Van de Peer, Y.,
et al. (2018). PLAZA 4.0: an integrative resource for functional, evolutionary
and comparative plant genomics. Nucleic Acids Res. 46, D1190-D1196.
doi: 10.1093/nar/gkx1002

Velten, J., Cakir, C., and Cazzonelli, C. I. (2010). A spontaneous dominant-
negative mutation within a 35S:: AtMYB90 transgene inhibits flower pigment
production in tobacco. PLoS ONE 5:¢9917. doi: 10.1371/journal.pone.0009917

Verde, I, Jenkins, J., Dondini, L., Micali, S., Pagliarani, G., Vendramin, E.,
et al. (2017). The Peach v2.0 release: high-resolution linkage mapping and
deep resequencing improve chromosome-scale assembly and contiguity. BMC
Genomics 18:225. doi: 10.1186/s12864-017-3606-9

Vimolmangkang, S., Zheng, D., Han, Y., Khan, M. A,, Soria-Guerra, R. E., and
Korban, S. S. (2014). Transcriptome analysis of the exocarp of apple fruit
identifies light-induced genes involved in red color pigmentation. Gene 534,
78-87. doi: 10.1016/j.gene.2013.10.007

Wang, H., Zhang, H., Yang, Y., Li, M., Zhang, Y., Liu, J., et al. (2020). The
control of red colour by a family of MYB transcription factors in octoploid

strawberry (Fragariax ananassa) fruits. Plant Biotechnol. ]. 18, 1169-1184.
doi: 10.1111/pbi.13282

Wang, Y. C., Wang, N, Xu, H. F,, Jiang, S. H., Fang, H. C., Su, M. Y., et al. (2018).
Auxin regulates anthocyanin biosynthesis through the Aux/IAA-ARF signaling
pathway in apple. Hortic. Res. 5, 1-11. doi: 10.1038/s41438-018-0068-4

Wang, Z., Meng, D., Wang, A., Li, T, Jiang, S., Cong, P., et al. (2013).
The methylation of the PcMYB10 promoter is associated with green-
skinned sport in Max Red Bartlett pear. Plant Physiol. 162, 885-896.
doi: 10.1104/pp.113.214700

Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M., and Barton, G. J.
(2009). Jalview Version 2-a multiple sequence alignment editor and analysis
workbench. Bioinformatics 25, 1189-1191. doi: 10.1093/bioinformatics/btp033

Wells, C. E., Vendramin, E., Jimenez Tarodo, S., Verde, I, and Bielenberg, D. G.
(2015). A genome-wide analysis of MADS-box genes in peach [Prunus persica
(L.) Batsch]. BMC Plant Biol. 15:41. doi: 10.1186/s12870-015-0436-2

Winkel-Shirley, B. (2002). Biosynthesis of flavonoids and effects of stress. Curr.
Opin. Plant Biol. 5, 218-223. doi: 10.1016/S1369-5266(02)00256-X

Xu, Y., Feng, S., Jiao, Q,, Liu, C., Zhang, W., Chen, W., et al. (2012). Comparison
of MAMYBI1 sequences and expression of anthocyanin biosynthetic and
regulatory genes between Malus domestica Borkh. cultivar ‘Ralls’ and its
blushed sport. Euphytica 185, 157-170. doi: 10.1007/s10681-011-0494-y

Yao, G., Ming, M., Allan, A. C,, Gu, C, Li, L, Wu, X,, et al. (2017). Map-
based cloning of the pear gene MYB 114 identifies an interaction with other
transcription factors to coordinately regulate fruit anthocyanin biosynthesis.
Plant J. 92, 437-451. doi: 10.1111/tpj.13666

Zhai, R., Wang, Z., Zhang, S., Meng, G., Song, L., Wang, Z., et al. (2016). Two
MYB transcription factors regulate flavonoid biosynthesis in pear fruit (Pyrus
bretschneideri Rehd.). J. Exp. Bot. 67, 1275-1284. doi: 10.1093/jxb/erv524

Zhang, J., Xu, H., Wang, N, Jiang, S., Fang, H., Zhang, Z., et al
(2018). The ethylene response factor MAERF1B regulates anthocyanin and
proanthocyanidin biosynthesis in apple. Plant Mol. Biol. 98, 205-218.
doi: 10.1007/s11103-018-0770-5

Zhang, Z. Tian, C., Zhang, Y. Li, C, Li, X, Yu, Q. et al. (2020).
Transcriptomic and metabolomic analysis provides insights into anthocyanin
and procyanidin accumulation in pear. BMC Plant Biol. 20, 1-14.
doi: 10.1186/512870-020-02344-0

Zhou, H., Liao, L., Xu, S., Ren, F., Zhao, J., Ogutu, C., et al. (2018). Two amino
acid changes in the R3 repeat cause functional divergence of two clustered
MYBI10 genes in peach. Plant Mol. Biol. 98, 169-183. doi: 10.1007/s11103-018-0
773-2

Zhou, H., Lin-Wang, K., Wang, F., Espley, R. V., Ren, F., Zhao, J., et al. (2019).
Activator-type R2R3-MYB genes induce a repressor-type R2R3-MYB gene
to balance anthocyanin and proanthocyanidin accumulation. N. Phytol. 221,
1919-1934. doi: 10.1111/nph.15486

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewers PM-G and ]S declared past co-authorships with one of the
authors BG-G and the absence of any ongoing collaboration with any of the
authors to the handling editor.

Copyright © 2021 Fiol, Garcia-Gémez, Jurado-Ruiz, Alexiou, Howad and Aranzana.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

June 2021 | Volume 12 | Article 655267


https://doi.org/10.1093/dnares/dsx020
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1007/s11105-012-0511-x
https://doi.org/10.1007/s11295-010-0294-x
https://doi.org/10.1111/j.1365-313X.1993.00739.x
https://doi.org/10.1086/379378
https://doi.org/10.1016/S1369-5266(00)00199-0
https://doi.org/10.1104/pp.106.088104
https://doi.org/10.1186/1471-2229-11-93
https://doi.org/10.1186/s12870-015-0664-5
https://doi.org/10.1016/j.plantsci.2005.10.009
https://doi.org/10.1093/nar/gkx1002
https://doi.org/10.1371/journal.pone.0009917
https://doi.org/10.1186/s12864-017-3606-9
https://doi.org/10.1016/j.gene.2013.10.007
https://doi.org/10.1111/pbi.13282
https://doi.org/10.1038/s41438-018-0068-4
https://doi.org/10.1104/pp.113.214700
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1186/s12870-015-0436-2
https://doi.org/10.1016/S1369-5266(02)00256-X
https://doi.org/10.1007/s10681-011-0494-y
https://doi.org/10.1111/tpj.13666
https://doi.org/10.1093/jxb/erv524
https://doi.org/10.1007/s11103-018-0770-5
https://doi.org/10.1186/s12870-020-02344-0
https://doi.org/10.1007/s11103-018-0773-2
https://doi.org/10.1111/nph.15486
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

