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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 (bHLH),

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

PsMYB10 genes in the linkage group LG3 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 PsMYB10.1 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

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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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 MYB10.1 (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)

and P. domestica (EU153580.1) R2R3-MYB10 translated sequence.

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 (Hi7–11)
were required to explain the genotype of the seven remaining
ABL (Figure 3B). In six of them (7.41%), the Hi was found to be
in combination with an observed H, while C50 was unique with
the two haplotypes inferred. All Hi 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 Hi8 contain three
MYB10.1 alleles; haplotypes H4, Hi9, Hi10, and Hi11 contain two
alleles, and H2, H5, H6, and Hi7 contain only one allele. This
indicates multiple copies of MYB10.1, at least in some Japanese
plum cultivars. By contrast, only oneMYB10.2 and oneMYB10.3
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 34.671M 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 MYB10 region depending on
the species genome. Such differences were observed in both
genic and intergenic regions. Depth in the MYB10 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 MYB10 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 theMYB10 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 PsMYB10.1, PsMYB10.2, and PsMYB10.3 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 (a356H1 and a356H3), to the a470 allele
also in two haplotypes (a470H2 and a470H4), as well as the a466H1

and a492H1 alleles. The remaining alleles could not be isolated
with the primers designed for PsMYB10.1.

Amplicon size of a356H1, a470H2, and 470H4 was 1.5 kb
while that of a356H3 was ca. 3 kb 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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FIGURE 3 | Haplotypes with (1) or without (0) each MYB10 allele, grouped and colored according to their homology with PpMYB10.1, PpMYB10.2, and PpMYB10.3.

(A) Haplotypes identified in six F1 progenies. (B) Haplotypes inferred from the collections of advanced breeding lines (ABL) (Hi7–Hi12) and commercial varieties (CV)

(Hi12, Hi13).

was 2 and 3 kb 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
PsMYB10.1 gene. We obtained up to 1,850 bp upstream alleles
a243Hi10, a356H1, a356H3, a470H2, and a470H4. 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 PsMYB10.1 in silico translated proteins from a whole-gene sequence. Conserved amino acids (gray arrows) and signature motifs

([A/S/G]NDV; [R/K]Px[P/A/R]x2[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

PpMYB10.1 function (Zhou et al., 2018). (B) Polymorphisms found between a356H1, a356H3, a470H2, 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
ofMYB10.1. In this position, all the alleles except a356H1 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 × 10−18) (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 Hi8 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, Hi10, or Hi11. 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 MYB10.1 gene (from now on PsMYB10.1a). Therefore,
PsMYB10.1a 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/Hi12) and “Gaia” (H5/Hi13), with Hi13 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
1.5 kb sequence revealed a new MYB10.1 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/H6, 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
MYB10 gene (Supplementary Figure 3).

Expression of PsMYB10.1a in the Skin
The expression of the PsMYB10.1a alleles a356 and a470 in the
fruit skin was evaluated in the black “BG” (H1/H2) and yellow
“GJ” (H4/Hi9) 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-MYB10 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 60 kb apart) co-localize with a Leaf color
trait (Howad et al., 2005), while those in an LG3 (PpMYB10.1,
PpMYB10.2, and PpMYB10.3) cluster in a genomic region of
ca.70 kb co-localizing with an anther color gene (Ag) (Arús
et al., 1994; Rahim et al., 2014). PpMYB10.1 and PpMYB10.3,
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 PsMYB10
during fruit ripening was in correlation with the accumulation
of anthocyanins, suggesting the involvement of PsMYB10 in the
regulation of the transcriptional control during the biosynthesis
of anthocyanins (González 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 PsMYB10 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-MYB10 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
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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: PsMYB10.1

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
et al., 1998; Stracke et al., 2001; Zhang et al., 2020) with the
homology values higher than 40% (Stracke et al., 2001). In this
study, we took advantage of the high domain conservation
and the high homology between a peach and Japanese plum
(Mnejja et al., 2004) to obtain the partial sequence of 16 Japanese
plum MYB10 alleles. These alleles were amplified in a panel of
Japanese plum accessions in numbers higher than the maximum
expected for three loci in a diploid genome, confirmed through
the progeny and haplotype segregation analysis, suggesting the
gene duplication. The segregation of the bands in six biparental
families allowed the definition of six haplotypes, each with three
to five alleles. Combinations of these haplotypes were able to
explain the genotype of most of the ABL and CV studied here,
while the inference of additional haplotypes was needed to
fully explain the genetic variability. Overall, this revealed high
variability in this region, and high allelic variability (π = 0.204)

when considering all alleles with a frequency >5% (12 in total),
especially in the intronic regions.

Lin-Wang et al. (2010) isolated the R2R3-MYB10 homologs
from cDNA of the major rosaceous crops. Here, we found
some closely matched 12 alleles amplified at a frequency higher
than 5%, grouping in three clusters in agreement with three
tandemly duplicated PpMYB10 genes on LG3. Most of the alleles
(7) clustered with the PpMYB10.1 gene, contrasting with the
phylogeny observed by Lin-Wang et al. (2010), where all but two
of the isolated MYB Prunus alleles clustered with PpMYB10.2, as
further confirmed for PsMYB10 and ParMYB10 genes by Rahim
et al. (2014). Unlike Lin-Wang et al. (2010), by isolating the
alleles from genomic DNA, we could identify a large number
of MYB10.1 alleles independent of their expression. On account
of the high homology between the MYB10 genes, our strategy
allowed us to assign some of the bands to gene alleles. In
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 MYB10.1 gene in at least some P.
salicina genotypes. Gene duplication is highly concordant with
the number of alleles amplified in H1, H3, and Hi8 (with
three alleles homologous to MYB10.1) and in H4, Hi9, Hi10,
and Hi11 (with two alleles homologous to MYB10.1). Unlike
PsMYB10.1, all haplotypes had a single copy of PsMYB10.2
(with the monomorphic allele a466) and PsMYB10.3 (either
a443, a477, a492, or a495). Similarly, sweet cherry (Shirasawa
et al., 2017) and apricot (Jiang et al., 2019a) genomes have
more than three MYB10 genes in the region. Although a fully
assembled genome of P. domestica is not yet available, we
detected a MYB10.1 triplication in the scaffolds of its draft
genome v1.0.a1 (data not shown) (https://www.rosaceae.org/
species/prunus_domestica/genome_v1.0.a1). It is noticeable that
not all haplotypes (observed or inferred here) carry the same
number of PsMYB10.1 alleles. This may be due to (i) a different
number of LG3-MYB10 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 318Mb for “Zhongli No.6” and 284Mb for
“Sanyueli,” which are ca. 53 and 19Mb larger, respectively, than
expected considering the size and homology with the peach

genome (265Mb). 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
twoMYB10 regions, 2Mb 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 PsMYB10.2 (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 PsMYB10.2 or
PsMYB10.3. 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 (73 kb in peach, 20 kb
in almond, and 69 kb 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 MYB10
genes, the intergenic regions being shorter in a sweet cherry
and an almond (14.2 kb on average in a sweet cherry and 7.0 kb
in an almond, compared to 32.8 kb 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-MYB10 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 MYB10 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.

Frontiers in Plant Science | www.frontiersin.org 13 June 2021 | Volume 12 | Article 655267

https://www.rosaceae.org/species/prunus_domestica/genome_v1.0.a1
https://www.rosaceae.org/species/prunus_domestica/genome_v1.0.a1
https://www.rosaceae.org/Analysis/9019655
https://www.rosaceae.org/Analysis/9019655
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

Our data suggest that a356 and a470 are allelic of PsMYB10.1a,
with a356 being associated with the presence of anthocyanins
in the fruit skin, and expressed in advanced stages of red fruits
only, unlike a470. González 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 MYB10.1a-a470. This could be explained by the deletion of a
G-box sequence in its upstream region. In Arabidopsis, the light-
inducedHY5 enhances the expression of theMYB 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
et al., 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 MYB10 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 MYB10 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 fromH6 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 H1/H3) associated with the purple-skinned phenotypes
in progenies, differentiating them from red phenotypes. We

identified this SNP in the 5
′
UTR 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 MYB10
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.
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