N

N

Tracing the color: quantitative trait loci analysis reveals
new insights into red-flesh pigmentation in apple (
Malus domestica )

Pierre Bouillon, Anne-Laure Fanciullino, Etienne Belin, Sylvain Hanteville,

Hélene Muranty, Frédéric Bernard, Jean-Marc Celton

» To cite this version:

Pierre Bouillon, Anne-Laure Fanciullino, Etienne Belin, Sylvain Hanteville, Hélene Muranty, et al..
Tracing the color: quantitative trait loci analysis reveals new insights into red-flesh pigmentation in
apple ( Malus domestica ). Horticulture research, 2024, 11 (8), 10.1093/hr/uhael71 . hal-04668715

HAL Id: hal-04668715
https://hal.science/hal-04668715
Submitted on 7 Aug 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04668715
https://hal.archives-ouvertes.fr

Horticulture Research, 2024, 11: uhael71

Horticulture
Research

https://doi.org/10.1093/hr/uhae171

Article

Tracing the color: quantitative trait loci analysis reveals
new insights into red-flesh pigmentation in apple (Malus
domestica)

Pierre Bouillon ()!+?, Anne-Laure Fanciullino!, Etienne Belin!, Sylvain Hanteville!, Héléne Muranty (9)', Frédéric Bernard? and Jean-Marc Celton®*

1Univ Angers, Institut Agro, INRAE, IRHS, SFR QUASAV, F-49000 Angers, France
2IFO, 49140, Seiches sur le Loir, France
*Corresponding author. E-mail: jean-marc.celton@inrae.fr

Abstract

Red-flesh color development in apple fruit is known to depend upon a particular allele of the MAMYB10 gene. While the anthocyanin
metabolic pathway is well characterized, current genetic models do not explain the observed variations in red-flesh pigmentation
intensity. Previous studies focused on total anthocyanin content as a phenotypic trait to characterize overall flesh color. While this
approach led to a global understanding of the genetic mechanisms involved in color expression, it is essential to adopt a more
quantitative approach, by analyzing the variations of other phenolic compound classes, in order to better understand the molecular
mechanisms involved in the subtle flesh color variation and distribution. In this study, we performed pedigree-based quantitative trait
loci (QTL) mapping, using the FlexQTL™ software, to decipher the genetic determinism of red-flesh color in five F1 inter-connected
families segregating for the red-flesh trait. A total of 452 genotypes were evaluated for flesh color and phenolic profiles during 3 years
(2021-2023). We identified a total of 24 QTLs for flesh color intensity and phenolic compound profiles. Six QTLs were detected for red-
flesh color on LG1, LG2, LG8, LG9, LG11, and LG16. Several genes identified in QTL confidence intervals were related to anthocyanin
metabolism. Further analyses allowed us to propose a model in which the competition between anthocyanins and flavan-3-ols
(monomer and oligomer) end-products is decisive for red-flesh color development. In this model, alleles favorable to high red-flesh

color intensity can be inherited from both white-flesh and red-flesh parents.

Introduction

Most modern apple cultivars originate from a limited number of
elite genotypes [1]. These cultivars can be broadly categorized
into red and yellow skin-colored fruits. Once this distinction is
established, achieving innovative breakthroughs in fruit pheno-
type becomes challenging. Red-flesh apples, characterized by
their appealing color, have garnered significant attention from
breeders. The breeding of red-flesh apples dates back to 1897 and
this phenotype finds its origin in the wild species Malus sieversii f.
niedzwetzkyana [2].

Fruit flesh color is closely associated with anthocyanin accu-
mulation [3], a water-soluble phenolic compound that imparts
red, purple, and bluish hues to many flowers and fruits. The
consumption of anthocyanins is known to have beneficial effects
on human health, which underlines the importance of improving
their content in plant products [4].

Anthocyanins belong to the antioxidant compound class that
also contains flavan-3-ols (soluble and condensed tannins),
flavonols, hydroxycinnamic acids, and dihydrochalcones, which
serve as the primary polyphenols [5]. Previous research has shown
that domestication and selection processes have influenced the
biochemical profile of white-flesh apple fruits [6], including
tannins (flavan-3-ols), organic acids, and phenolic acids, while

some phenolics remained unaffected by selection [7]. Recent
studies on red-flesh apples found that these fruits generally
contain higher amounts of anthocyanins, dihydrochalcones,
phenolic acids, and organic acids, but lower amounts of flavan-
3-ols compared to white-flesh fruits [8]. Alternatively, some
cultivars exhibit higher levels of both anthocyanins and flavan-
3-ols [9]. These contrasted results highlight the need to consider
the fruit phenolic profile in the breeding process.

The sequential steps leading to the biosynthesis of antho-
cyanins are well conserved among plant species [10] and involve
structural genes and transcription factors (TFs) regulating antho-
cyanin accumulation [11]. Theses TFs comprise the myelobla-
stosis family (MYB), the basic helix-loop-helix (bHLH) and
the tryptophan-aspartic acid repeat (WDR) proteins. Generally,
members of these three families of regulatory factors are self-
associated through a MYB-bHLH-WD40 (MBW) complex to
activate flavonoid late biosynthesis genes [12]. Additionally,
WRKY class TFs have been linked to anthocyanin synthesis by
regulating vacuolar acidification [12]. Until now, two different
types of red-flesh apples have been characterized. In cultivars
displaying the type 1 red-flesh phenotype, anthocyanins are
distributed throughout the fruit, from fruit set through maturity.
This phenotype is associated with red pigmentation of leaves,
stems, roots, and flowers. The type 2 red-flesh apple phenotype
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is characterized by green vegetative tissue, yellow-orange fruit
skin, and a red pigmentation that occurs only in the fruit flesh
during later stages of fruit development [13]. Type 1 red-flesh
is dependent upon the presence of a particular allele of the
MdMYB10 gene (historically termed ‘R’ locus) [14]. This MAMYB10
allele contains a minisatellite-like structure comprising six
tandem repeats located in the promoter region (R6-MdMYB10),
while in white-flesh cultivars, only one repeat occurs (R1-
MdMYB10). The R6 repeat sequences are self-binding sites of
the MdMYB10 protein and are positively correlated with the self-
activating activity of its promoter causing anthocyanin ectopic
accumulation [15]. In this respect, R6-MdMYB10 is a prerequisite
for type 1 red-flesh development. MdMYB110a, a MdMYB10
paralog that arose from a whole-genome duplication event, is
responsible for type 2 red-flesh development [13].

Numerous studies have identified additional MYB TFs that pos-
itively or negatively regulate anthocyanin synthesis in apples [11].
Other TFs, such as MdbHLH3, MdbHLH33, and WD40 proteins,
are involved in anthocyanin synthesis through the formation
of the ternary MBW complex [11]. A QTL analysis identified a
region associated with red-flesh on linkage group (LG) 16 in a
F1 biparental population [16], which colocalized with MdLAR1, a
key enzyme in the flavonoid biosynthesis pathway [17]. Transcrip-
tomic analyses revealed differentially expressed genes associated
with the flavonoid pathway between red-flesh and white-flesh
apples [18], as well as between different sectors of the same
bicolor fruit [19]. The WRKY-family TF MdWRKY11 has also been
identified as determinant in flavonoid and anthocyanin synthesis
[20]. Furthermore, an extreme-phenotype genome-wide associa-
tion study (XP-GWAS) identified several genetic regions involved
in red-flesh color in apples [21].

In fruit species, transposable elements (TEs) have been found
in the promoter region of MYB factors, leading to significant mod-
ifications in gene expression with consequences on anthocyanin
ectopic accumulation [22, 23]. Another activation-repression sys-
tem has been characterized in fruit species from the Actinidia
genus and involves an interplay between positive contributions
of a MYB TF and negative regulation by miRNA in anthocyanin
synthesis and distribution [24].

In red-flesh apple, despite the presence of R6-MdMYBI10,
there is wide variation in the intensity and distribution of red-
flesh pigmentation [25, 26]. R6-MdMYB10 is needed for red-
flesh development but other genetic factors modulate red-flesh
color expression and lead to important phenotypic variation.
While previous studies focused on total anthocyanin contents
as a phenotypic trait reflecting flesh color, it is essential to
adopt a more quantitative approach to better understand the
genetic mechanisms of anthocyanin synthesis in apples. Some
genetic studies used rough color intensity visual notation as
a phenotypic trait; however, red-flesh pigmentation in apples
is complex, leading to continuous variation within and among
genotypes [25]. The use of quantitative color descriptors,
rather than qualitative indices, is likely to assist in detecting
new QTLs [27] and understanding the interactions among
these loci.

In this study, we conducted a pedigree-based QTL analysis
(PBA-QTL) on five F1 red-flesh apple progenies (452 genotypes),
supplemented with genetic data from parents, grandparents, and
founders (totaling 544 genotypes). We used quantitative color
descriptors (a* parameter for red color intensity) and relevant bio-
chemical factors (anthocyanin, flavan-3-ol and flavonol contents)
as phenotypic traits to unravel the genetic architecture of red-
flesh color in apples. This study aims to provide new insights into

Table 1. Broad-sense heritability of color descriptors estimated in
2021, 2022 and 2023 and phenolic compounds quantified in 2021
and 2022.

Phenotypic trait Broad-sense heritability

a* 0.86
b* 0.69
Anthocyanin 0.70
Flavan-3-ol 0.83
Flavonol 0.63
Hydroxycinnamic acid 0.76
Dihydrochalcone 0.53

the genetic determinism of red-flesh pigmentation in apples and
complete the current genetic model.

Results

Phenolic, color variability, and relationship
between traits

Hybrid phenotypes were distributed along a continuous gradient
from white-off to dark-red flesh as observed in [25]. a* values
varied from —8.1 to 51.8 (Table S1) and exhibited broad-sense her-
itability over years (h? =0.86). b* values were also repeatable from
2022 and 2023 with h? =0.685 (values oscillating from 1.3 to 22.2
among samples). Anthocyanin, flavan-3-ol, and flavonol contents
varied among hybrid samples from 2.96 to 2148.6, 16.09 to 3677.76,
and 0.47 to 34.7 ng per gram of dry weight, respectively (consid-
ering 2021 and 2022 raw data) (Table S5). Phenolic contents and
color descriptors demonstrated robust broad-sense heritability
(0.53 < h? <0.86) (Table 1). The association between phenolic pro-
file and color expression was confirmed through PCA (Fig. 1) and
correlation analysis (Fig. S1). Preliminary results in RF1-1 hybrid
progeny identified biochemical factors (anthocyanins, flavan-3-
ols, flavonols, and pH) involved in color expression [25]. In this
study, we confirm their correlations in the five families.

PCA confirmed between-trait relationships (Fig. 1). First and
third axis accounted for 43.7% and 14.7% of the total variance,
respectively. Second dimension (17.4% of the total variance)
where mostly associated with BLUP dihydrochalcone and BLUP
hydroxicinnamic acid variations and showed no clear correlations
with BLUP a* and BLUP b* (Fig.S2). Genotypes with high
BLUP a* displayed elevated anthocyanin and lower flavan-3-ol
contents compared to those with low BLUP a*, as illustrated
in Fig.1. As expected, anthocyanin content showed a high
correlation with BLUP a* (0.731 - Fig. S1). Flavonol and flavan-
3-ol also exhibited correlations with BLUP a* (0.638 and —0.461,
respectively). Flavonol content displayed a positive correlation
with anthocyanin content (Pearson correlation=0.66). x-y plot
between BLUP anthocyanin and BLUP flavan-3-ol confirmed these
two trends between high anthoycanin/low flavan-3-ol profiles
and, inversely, low anthocyanin/high flavan-3-ol profiles (Fig. S1).
Hydroxycinnamic acids and dihydrochalcones were weakly
associated with BLUP a* (0.23 and — 0.23) and, consequently, were
not included in the proposed genetic model associated with red-
flesh color development.

QTL detection

QTLs were detected for all phenolic and color traits (Fig. 2. Tables 2
and S2). A total of 24 BLUP-associated QTLs were detected with
strong evidence (Bayes Factor; BF; 2InBf; > 5) for the seven traits.
For BLUP a*, BLUP anthocyanin, and BLUP flavan-3-ol, two QTLs
were detected at the top of LG16, suggesting a 3-alleles model
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Figure 1. Principal components analysis of color descriptors and phenolic compounds for 432 genotypes from the five F1 hybrid families. The biplot
shows the first and third PCA components. PCA loadings of the explanatory variables are colored according to their cos? values (squared cosines
represent the correlation of the variables with each principal component), and genotype scores are colored in black (one dot represents one genotype).

given that the two putative QTL regions were very close together
(< 5cM) as discussed in [28, 29].

Two regions each contained clusters of several QTLs. At the
bottom of LG9, QTLs were detected for BLUP a*, BLUP anthocyanin,
BLUP flavanol, and BLUP hydroxycinnamic acid. At the top of
LG16, QTLs were detected for BLUP a*, BLUP anthocyanin, BLUP
flavan-3-ol, and BLUP hydroxycinnamic acid (Fig. 2; Table 2).

Six QTLs were detected for BLUP a*, across six linkage groups.
The proportion of phenotypic variance (PVE) explained by these
ranged from 4.8% to 39.2% (Table 2). These six regions were then
investigated for candidate genes (Table 3). An additional QTL, on
LG7 (PVE=3.3%) was detected in 2022 only (data not shown). Four
QTLs were detected for BLUP hydroxycinnamic acid, three QTLs
each for BLUP b*, BLUP anthocyanin, BLUP flavonols and BLUP
dihydrochalcone, and two QTLs detected for BLUP flavan-3-ols
(Fig. 2; Table 2).

Haplotype analysis

Haplotype analysis was conducted on LG9-QTL and LG16-QTL.
The LG9-QTL haploblock (H9) was constructed from 2 SNPs at
64 cM and colocalized with MAMYB10 (Table S3). Three haplotypes
were identified at this QTL locus and denoted as R1, R1’, and
R6. Each hybrid had at least one R6 haploallele, coinciding with
the presence of R6-MYB10. This is due to selection for red-leaf
color at the seedling stage. In the RF1-5 family, which was the
sole R1R6 x R1R6 cross, R6-homozygotes were detected. R6R6
diplotypes exhibited significantly higher red-flesh intensity (P <
0.05; Fig. 4) with BLUP a* mean values of 51.79 against 32.92 for
R1R6 diplotypes.

LG16-QTL haploblock (H16) was constructed from 3 SNPs
located at 8 cM (Table S3). A 4 cM shift was observed between
the QTL mode (12 cM) and the actual QTL position, which can
be attributed to the diallelic model implemented by FlexQTL™,
while a 3-allele model is generally characterized by two very
close putative QTLs. Indeed, three LG16-QTL haplotypes were
successfully identified in the hybrid population and designated

as H16-A, H16-a, and H16-F for major anthocyanins (A, a) or major
flavan-3-ols (F) accumulation, respectively. BLUP a* mean values
of diplotype groups A/a, a/a, A/F, F/F, F/a were 37.66, 26.99, 4.95,
—0.50 and —1.20, respectively. Comparison of diplotype effects
(Fig. 3) on red-flesh intensity revealed that genotypes without
haplotype H16-F had significantly higher BLUP a* than genotypes
with. Furthermore, genotypes with H16-A haplotype displayed
significantly (P < 0.05) higher BLUP a* than those without it.
For BLUP a*, a dominant effect of H16-F was observed when
compared with H16-A and H16-a. Indeed, non-additive genetic
effects observed between H16 haplotypes involved dominance of
H16-F haplotype at this locus. Using the same H16 haplotypes, a
phenotypic comparison of different diplotypes within the hybrid
populations was conducted for anthocyanin and flavan-3-ol
contents (Fig. 4). BLUP anthocyanin mean values of diplotypes
A/a, a/a, A/F, F/F, F/a were 524.3, 300.8, —24.71, —74.08, —106.97,
respectively. BLUP flavan-3-ol mean values for these diplotypes
were — 13.8, 16.38, 2952.0, 1536.0, and 1984.2, respectively. H16-A
and H16-a exhibited a significant (p < 0.05) positive effect on BLUP
anthocyanin value. Moreover, genotypes with haplotype H16-A
demonstrated higher BLUP anthocyanin values compared to those
with only H16-a. In contrast, H16-F displayed a negative effect
on BLUP anthocyanin. Conversely, H16-F exhibited a significant
(P < 0.05) positive effect on BLUP flavan-3-ol. For both BLUP
anthocyanin and BLUP flavan-3-ol, a dominant effect of H16-
F was observed when compared with H16-A and H16-a. The
phenotypic comparison for H16 haplotypes was also carried out
within each F1 families and confirmed the genetic model (Fig. 5).
Potential additive or epistatic interactions between H9 and H16
were not further investigated, as there were no accumulated
diplotypes of H9-R6 homozygote associated with the H16-F
haplotype (Fig. 6).

Source of H16 favorable alleles for red-flesh color

H16 haplotype inheritance was traced back to the different
founders of this pedigree. Interestingly, the wild red-flesh
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Figure 2. Positions of QTLs controlling flesh color parameters and phenolic compounds. Number of linkage group (LG) are indicated above each group.
Positions of SNPs are indicated on the genetic map. Name of the trait is following by Bayes Factor (BF); QTL region and phenotypic variance explained

(PVE). Missing PVE indicated inability of QTL model to estimate an accurate value.

favorable H16-A haplotype inherited from this unknown white-

founder (M. sieversii f. niedzwetzkyana) appeared homozygous

for H16-F. The red-flesh cultivar ‘Geneva’ resulted from a cross

flesh parent. The H16-a haplotype was traced back to two white-

flesh parent denoted ‘WFF-1' and ‘WFGP-2’, traced back to a

between M. sieversii f. niedzwetzkyana and an unknown white-flesh

common founder, and considered identical by descent (IBD, Fig. 3).

cultivar. ‘Geneva’ displayed H16-F and H16-A haplotypes, with the



Table 2. Summary of BLUP color and phenolic QTLs.
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Trait® (BLUP) LGP BF (1 vs. 0)° BF (2 vs. 1)¢ QTL interval (cM)® Mode (cM)f PVE (%)?
BLUP a* 1 9.3 -26 [26,40] 29 5

2 8.1 —0.6 [31,49] 46 5

8 14.8 -0.7 [16,30] 28 4.7

9 28.8 4.2 [61,66] 65 17.3

11 6.8 -3.7 [18,26] 21 4.8

16 - 30.2 [11,13] 12 39.2
BLUP b* 8 10.7 -0.7 [3,22] 11 7

14 6.7 0.5 [1,24] 23 6.8

16 - 10.2 [2,26] 16 20.8
BLUP anthocyanin 1 30.4 —4.5 [32,35] 34 50

296 1.9 [63,66] 65 -

16 - 9.6 [9,13] 12 20.1
BLUP flavan-3-ol 8 14.6 -0.7 [2,7] 3 46

16 - 31.1 [2,6] -
BLUP flavonol 1 30.2 -1 [29,48] 38 20

8 7.7 0.6 [28,48] 29 5

9 - 9.1 [62,67] 67 34
BLUP hydroxycinnamic acid 4 13 2 [13,35] 27 7.6

9 29.8 1.1 [46,67] 66 49.6

16 6.1 0.5 [3,22] 7 3.4

17 29 3 [48,72] 60 -
BLUP dihydrochalcone 5 - 31.4 [32,35] 34 53

10 29.9 -9.6 [65,73] 66 49

15 27 45 [55,60] 58 6

aBLUP calculated for the phenotypic trait. Linkage group. °Chromosome-wide Bayes factor (2InBF10) for a 1 QTL vs. 0 QTL model, with Bayes Factor (BF) > 2, 5,
and 10 indicating positive, strong and decisive evidence, respectively, for the presence of one QTL. 4Chromosome-wide Bayes factor (2InBF10) for a 2 QTLs vs. 1

QTL model, with BF > 2, 5, and 10 indicating positive, strong and decisive evidence, respectively, for the presence of one QTL. ®*QTL interval defined as

consecutive 2 cM bins (chromosomal segments used by and reported from FlexQTL™) with BF > 5. fMode of QTL interval, representing the most probable QTL
position. 8Estimated proportion of phenotypic variance explained (PVE) by QTL.

Table 3. Putative candidate gene identified within the QTL regions.

Chromosome QTL region (cM) Physical position (Mbp)  Gene ID Annotation
1 26.562 30.517 22.153 23.366 MDO01G1117800 ABC transporter, chalcone—flavonone isomerase
2 36.796 48.549 12.763 17.489 MD02G1171300, MD02G1179400 ERF109, UDP-glycosyltransferase
8 21.039 33.82 6.497 12.025 MD08G1121600 FLS
9 60.423 67.009 33.018 37.422 MD09G1278400 MdMYB10
11 18.839 26.88 8.219 11.838 MD11G1100300 Cyanidin 3-O-glucoside 5-O-glucosyltransferase
(acyl-glucose)
16 5.012 13.12 2.027 4.15 MD16G1040800, MD16G1040900, MYB62, bHLH7S5, ERF118, LAR
MD16G1043500, MD16G1048500
Discussion instance, one QTL, on LG7, was only detected in 2022 at 25-57 cM

Colocalization of b* and phenolic QTLs

LG1-QTL for BLUP flavonol, LG15-QTL for BLUP dihydrochalcone,
and LG17-QTL for BLUP hydroxycinnamic acid were colocalized
with previously reported QTLs [5, 30, 31]. BLUP b* QTLs on LG8
and LG16 colocalized with Ma and Ma3 loci identified for fruit
acidity [29]. Moreover, we found WRKY TFs (MD08G1067700,
MD16G1063200, MD16G1066500) in LG8 and LG16 BLUP b* QTL
regions (Table S4). We hypothesized that these QTLs could be
associated with an anthocyanin hyperchromic shift dependent
on vacuolar acidity [25]. Further studies should be conducted
to confirm colocalization between b* and pH loci and study the
involvement of vacuolar acidity on color expression.

Colocalization of minor a* QTLs and putative
candidate genes

Most BLUP a* QTLs were consistent with previously reported
QTLs for red-flesh color [16, 21]. LG1 and LG11 BLUP a* QTLs
are reported here for the first time, confirming the accuracy and
added value of quantitative color analysis for QTL detection. For

with a PVE of 3.3%. This QTL region colocalized with MAMYBPA1
which promotes anthocyanin synthesis under low-temperature
conditions in red-flesh apples [32]. The existence of a year-related
QTL emphasized the influence of environmental conditions on
color expression [33].

Minor BLUP a* QTLs were detected on LG1,LG2, LG8, and LG11.
Apple genomic data [34] allowed screening for candidate genes
associated with these minor QTL regions (Table 3—complete
list available in Table S4). A chalcone isomerase (CHI) and a
flavonol synthase (FLS), structural genes of the anthocyanin
pathway, were found in the QTL interval of LG1-QTL and LG8-
QTL, respectively. FLS catalyzes flavonol synthesis, which is
consistent with the higher flavonol levels found in red-flesh fruits
[35]. Indeed, LG8-QTL colocalized with a BLUP flavonol-related
QTL. LG2-QTL colocalized with UDP-glycosyltransferase and
ERF109 [36], key regulatory factors of sun-related anthocyanin
synthesis in the skin of apple. Indeed, light is one of the most
important environmental factors affecting the color of apple fruit
and red-flesh color could also be positively regulated by light
exposition [11].

202 1snBny 90 U0 15enB Aq G290022/1 2 19BUN/G/L L /3[01ME/1Y/W0D"dNO"dlWSpEoE//:SA)Y WOI) PIPEOjUMOQ



6 | Horticulture Research, 2024, 11: uhael71

Mean visual
examples
xxxx
. 1 hd
— v |
5 4 [ =* P |
.
» &
* .
D“z )
3 25
od
m
0
25 - n=21 n=95
R6/R6 R6/R1

LG9-QTL diplotypes

50

25

BLUP a*

25 n=140 n=152 +n=55 n=8 n=70

Ala ala A/F F/F Fl/a
LG16-QTL diplotypes

Figure 3. Distribution of BLUP a* for RF1-5 offspring haplotypes for LG9-QTL (left) and the five F1 offspring haplotypes for LG16-QTL (right). The
median (denoted by a horizontal bar in the box), the 25th percentile (denoted by the bottom edge of the box), the 75th percentile (denoted by the top
edge of the box), the mean (denoted by a black dot), and the dots indicate single observations. Number of genotypes (n) are listed below. Level of
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All naturally synthesized anthocyanidins are glycosylated
on the 3-position by a cytosolic glycosyltransferase to increase
stability, solubility, and facilitate transport to the vacuole [10].
LG2-QTL and LG11-QTL colocalized with glycosyltransferase
genes, suggesting that red-flesh color acquisition could also be
determined by anthocyanin catabolism and not only primary
synthesis. Indeed, glycosylation plays a key role in the accumula-
tion of anthocyanins by stabilizing anthocyanins and serving as a
signal for transport of anthocyanins to the vacuoles. Furthermore,
an ABC transporter gene was found in the LG1-QTL region.
ABC transporters are involved in the transfer of glycosylated
anthocyanins to the vacuole [10]. Gene expression analysis could
enhance our understanding of the complex interplay between
anthocyanin synthesis and catabolism occurring during color
acquisition throughout fruit development. Wang et al. [18, 20]
identified key regulatory factors of anthocyanin synthesis by
comparing transcriptomes of red-flesh fruits and white-flesh
fruits. Extending the comparative transcriptomic analysis of

white and red flesh sectors from the same fruit could help
us understand the complex interactions between flavonoid
synthesis genes and the regulatory factors that orchestrate red-
flesh pigmentation in apple.

Haplotype characterization of LG9 and LG16
QTLs

The LG9 and LG16 QTLs colocalized with previously reported QTLs
[14, 16]. LG9-QTL region contains MdMYB10, which R6-MdMYB10
allele is a prerequisite gene for red-flesh color development in
apple. LG9-QTL haplotype has been successfully associated with
R1-MdMYB10 and R6-MdMYB10. Interestingly, a third haplotype,
termed R1'-MdMYB10, was identified in the RF1-2 family. This
third allele of the MdMYB10 gene challenges the notion that
the MYB10 allelic diversity is constrained to only two alleles.
This observation aligns with similar findings related to red-skin
color [37]. We did not detect genetic effect of R1’-MdMYB10 with
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R6-MdMYB10, suggesting that R1 and R1" have the same genetic
effect on red-flesh pigmentation (Fig. S3). Furthermore, this diver-
sity in MAMYB10 alleles is consistent with studies of other MYB10-
related anthocyanin synthesis species, such as strawberries [22].
They identified three allelic variants at FaMYB10: FaMYB10.2
activated anthocyanin synthesis resulting in skin and flesh color
variations while two independent mutations of FaMYB10 were

responsible for white-skin phenotype. Moreover, red-flesh pig-
mentation was associated with the presence of a transposon
insertion in the FaMYB10.2 promoter [22].

Our results indicate that R6-MdMYB10 homozygotes are
associated with higher phenotypic values, pointing to an additive
effect. The LG16-QTL colocalizes with a leucoanthocyanidin
reductaste (LAR) structural gene. LAR catalyzes the conversion
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of leucocyanidins into flavan-3-ols. The top of LG16 is known to
contain a ‘hot-spot’ of QTL for metabolites (mQTLs) associated
with Ma locus and many phenolic QTLs [38]. Concomitantly with
[38], we detected another QTL for hydroxycinnamic acids despite
these metabolites being upstream of LAR substrate. Some MYB
and bHLH types TFs have been identified in this region (Table 3).
They may be responsible for the QTL for hydroxycinnamic acid.

The presence of the LG16-QTL confirms the competition
between anthocyanins/flavan-3-ols as the end product of a
common biosynthetic pathway. The H16-F haplotype is associated
with a high-flavan-3-ol/low-anthocyanin profile while, the H16-A
and H16-a haplotypes are associated with low-flavan-3-ol/high-
anthocyanin profile (Fig. S4).

New insights into genetic mechanisms of
red-flesh pigmentation

Our results provide new insights into the genetic mechanisms
controling red-flesh development in apple. Indeed, the competi-
tion between anthocyanin and flavan-3-ol synthesis is a key fac-
tor in red-flesh color acquisition and is mostly driven by the LG16-
QTL (PVE=35.7/39%) in the presence of R6-MdMYB10. The fruits
of the wild red-flesh founder (M. sieversii f. niedzwetzkyana) are too
astringent and sour for a direct use as a dessert apple. Hybridiza-
tion with white-flesh dessert apples initially aimed to bring the
red-flesh locus into elite backgrounds, combining the new pheno-
type with the desirable organoleptic properties of dessert apples.
In this process, favorable alleles for red-flesh color were inherited
from the white-flesh background due to negative selection for
astringency and bitterness (given by flavan-3-ols), which indi-
rectly favored anthocyanin synthesis. Combination of LG9 and
LG16 favorable alleles resulted in a red-flesh ideotype with high
coloration and low astringency. However, we only evaluated solu-
ble tannins in our samples. To extend these results, estimation
and measurement of polymerized procyanidins by thyolisis [5]
should provide a better understanding of the balance between
anthocyanin and flavan-3-ol synthesis in red-flesh apple. Further
studies could also consider the genotype x environment interac-
tions that would help breeders to select ideotypes suited for most
growing conditions.

Conclusion

In this study, we identified a total of 24 QTLs controling red-flesh
color (a* and b* color data) and phenolic profiles (anthocyanins,
flavan-3-ols, flavonols, hydroxycinnamic acids, and dihydrochal-
cone). Thanks to the development of a quantitative approach to
characterize fruit flesh color, we detected two previously uniden-
tified QTLs linked to red-flesh color on LG1 and LG11. We con-
firmed the existence of a major QTL (PVE=35.7/39.2%) on LG16
controlling red-flesh color in apple [16, 21] and characterized the
genetic mechanisms related to anthocyanin/flavan-3-ol balance
and red-flesh color enhancement. Homozygotes for R6-MdMYB10
alleles, which colocalized with MdMYB10, reached higher pheno-
typic values than heterozygotes. However, interactions between
LG9 and LG16 QTLs were not studied given that there was no
combination of H9-R6 homozygotes with the H16-F haplotype.
However, the combination of R6-MdMYB10 homozygosity with
favorable LG16-QTL haplotypes (H16-A and H16-a) determined a
new ideotype that could be targeted for red-flesh breeding. These
results highlight the necessity for breeders to consider white-
flesh parents during selection, as positive or negative alleles
for red-flesh color can be inherited from the nonred genetic
background.

Materials and methods
Plant materials

A total of 452 genotypes from five interconnected (common
parent and/or grandparent) F; families were used in this study
(Fig. S5). Four families resulted from crosses between a type 1
red-flesh and a white-flesh parent (RF1-1 to RF1-4, plantation
year: 2018), and one family resulted from a cross between two
type 1 red-flesh parents (RF1-5, plantation year: 2017). Genotypes
were selected at the seedling stage for red-leaf color (phenotypic
marker of MdMYB10 [14]) and apple scab. Consequently, all
hybrid genotypes contained at least one R6-MdMYB10 allele.
Each genotype is represented by one tree. Fruit harvest was
conducted over three years (2021, 2022, and 2023) from August
to October in IFO orchard (L'Anguicherie, 49140 Seiches-sur-le-
Loir, France/GCS: 47°37'52.5"N 0°19'38.4"W). For each genotype
harvested at maturity (brix values varying from 13 to 22; starch
index between 6 and 8) four representative fruits were dedicated
to image analysis for estimation of the red-flesh intensity and
distribution and four fruits were sampled for the determination
of phenolic compounds. Fruits that were positioned in the middle
of the tree, at similar light exposure, same developmental stage,
and similar diameter were picked preferentially to limit intra- and
inter-tree bias.

Phenotypic data

Images of transversal sections of four fruits per genotype were
acquired using an RGB flatbed scanner Canon LIDE 400. An image
analysis pipeline was used to estimate color descriptors from
RGB images [25]. Fruit sampling, metabolite extraction, detection,
and quantification were performed by UPLC-UV as indicated in
[25]. Ten phenolic compounds were quantified using calibration
with authentic standards and contents were expressed in pg
per gram of dry weight. Then, concentrations per polyphenol
classes were calculated as follows: hydroxycinnamic acids (sum of
chlorogenic acid and 4-p-coumaroylquinic acid contents), flavan-
3-ol monomers and oligomers/proanthocyanidins (catechin, epi-
catechin, procyanidin B1, procyanidin B2, procyanidin C1), antho-
cyanins (cyanidin 3-galactoside — the most abundant anthocyanin
in red-flesh apple, with a proportion of over 80%), flavonols
(quercetin 3-galactoside), and dihydrochalcones (phloridzin).

Statistical analysis

Best linear unbiased prediction (BLUP) was estimated for each
trait. BLUP is a standard method for estimating random effects
of a mixed linear model [39] of the form:

y=Xp+Zu+e

where y is the vector of observations (phenotypic scores), p and u
are vectors of fixed (year effect) and random effects (genotypic
values), respectively, X and Z are the associated design matri-
ces, and e is a random residual vector. The random effects are
estimated by BLUP [39]. Because of our experimental design, not
all environmental effects could be considered (tree and genotype
effects were confounded), and BLUPs of across-year phenotypic
values per genotype approximated the true genotypic values.

For a* parameter, BLUPs were estimated from 2021-2022-2023
data. For b* parameter and each phenolic class, BLUPs were
calculated from 2021 and 2022 data. Each BLUP was denoted by
‘BLUP trait name’ and used for QTL detection.

Broad-sense heritability of each measured trait was estimated
by intra-class analysis [40] with the following formula: h? =
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oz/(o2+0?) where o7 and of were the individual genetic and
residual variances, respectively.

Principal component analyses (PCA) were carried out to inves-
tigate the relation between BLUP for colors descriptors and BLUP
for phenolic profiles with the R package ‘FactoMineR’. Pairwise
correlation plot for BLUP values was generated with ‘GGally’
package, a ggplot2 extension (Fig. S1). The phenolic compounds
correlated with flesh color variation were then considered for
further genetic analysis.

Genotypic data

Hybrids and their parents and ancestors were genotyped using the
Mlumina Infinium 20 K SNP array for Apple [41]. The raw SNP data
was initially processed into the GenomeStudio software v2.0 and
SNP data curation was performed as described by Vanderzande
et al. [42]. After filtering null alleles and alleles with reduced
binding affinity across our populations with ASSIsT [43], 8827 SNP
markers were considered for further analysis. Their physical posi-
tion on the Malus genome [34] was taken from integrated genetic
linkage (iGL) map for lllumina Infinium 20 K SNP array [44]. A total
of 4220 informative SNP were finally retained. SNP markers were
well distributed over the 17 chromosomes. Founders were added
in our pedigree from public genotyping data on GDR [45]. Thus, we
were able to trace marker segregation from our genotypes to the
wild red-flesh accession M. sieversii f. niedzwetzkyana.

Haplotype determination

The R package ‘PediHaplotyper’ v.1.0 was used to construct hap-
lotypes [46], resulting in 1104 haploblocks. Maximum size of
each haploblock was limited to 1 cM. Identical haplotypes were
described as IBD if they could be traced back to a common ances-
tor, whereas identical haplotypes that could not be traced back
to a common ancestor were considered identical-by-state (IBS).
Missing SNP data was imputed whenever possible by examining
both progenies and ancestors [47]. Haplotypes that could not be
resolved were excluded from further analysis.

QTL detection

QTL analyses were performed using the FlexQTL™ software,
which implements PBA-QTL analysis via Markov Chain Monte
Carlo (MCMC) simulation (www.flexqtl.nl) [48]. Parameters for
the analyses are reported in Supplementary Table S5. Analyses
reached adequate MCMC convergence. Two replicate runs with
different starting seed numbers were conducted to ensure
reproducibility of QTL detection [47, 49]. The significance and
stability of a putative QTL were assessed using Bayes Factor (BF;
2InBF10) and posterior intensity values. Evidence for a QTL was
categorized as positive, strong, or decisive based on BF ranges:
2-5, 5-10, and above 10, respectively [49]. QTL intervals were
defined as consecutive 2-cM chromosome segments (bins) that
had a BF above 5 and the mode within a given QTL region was
considered the most probable QTL position [49]. The proportion
of PVE explained by a QTL was estimated by dividing the reported
variance explained by the whole PVE [29]. Colocalization between
phenolic QTL and color QTL were then targeted to unravel genetic
mechanisms of red-flesh color development.

Positive/negative alleles were defined via analyses of SNP hap-
lotypes within QTL intervals. Comparison of diplotypes (diploid
combinations of two haplotypes) were used to infer haplotype
effects. To determine if mean a* BLUP was significantly differ-
ent for presence versus absence of a given QTL haplotype, one-
way analysis of variance (ANOVA) and Tukey’s honest signifi-
cant difference (HSD) were calculated. To determine whether
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BLUPs associated with phenolic profile (anthocyanin and flavan-
3-ol content) were significantly different between the functional
diplotypes, nonparametric Dwass-Steel tests were carried out
for each compound [47]. Nonparametric Dwass-Steel test were
also applied for phenotypic comparison between QTL haplotypes
within each F1 family to confirm model consistency. Tidyverse R
collection was used to perform data management and generate
plots. For graphical display, colorblindness-friendly colors were
provided by ‘viridis’ package. Statistical analysis were performed
combining R package ‘stats’, ‘rstatix’, and ‘biostats’.

Candidate gene search in the apple genome

To investigate candidate gene colocalization in BLUP a* QTL
regions (Table S4), genes and TFs involved in anthocyanin
synthesis were searched among QTL region (Table 3) using the
‘GGDH13.v1.1" apple genome [34] as reference. Genetic positions
were defined as the boundaries of the two inner haploblocks
surrounding the QTL region.
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