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Abstract: Increasing consumption of apples (Malus domestica Borkh.) produced in Norway requires
the availability of superior cultivars and extended marketability. Favorable texture and slow softening
are important traits for consumer appreciation and postharvest performance. Apple texture has
been well characterized using both sensory evaluation and instrumental assessments, and major
quantitative trait loci (QTL) have been detected. With texture being targeted as an important trait
and markers being publicly available, marker-assisted selection has already been implemented
into several breeding programs. When focusing solely on a limited set of markers linked to well-
investigated major QTLs, most minor-effect QTLs are normally excluded. To find novel potential
SNP markers suitable to assist in selection processes, we selected a subset of accessions from a larger
apple collection established in Norway based on the favorable alleles of two markers previously
associated with texture, enabling the investigation of a minor part of the variance initially masked
by the effect of major loci. The subset was employed to conduct a genome-wide association study
aiming to search for associations with texture dynamics and retainability. QTL regions related to
texture at harvest, postharvest, and for the storage index were identified on chromosomes 3, 12, and
16. Specifically, the SNPs located on chromosome 12 were shown to be potential novel markers for
selection of crispness retention during storage, a valuable storability trait. These newly detected
QTLs and underlying SNPs will represent a potential set of markers for the selection of the most
favorable accessions characterized by superior fruit texture properties in ongoing breeding programs.

Keywords: apple; postharvest; fruit texture; texture retention; crispness; storability; MAS; SNP;
breeding; GWAS

1. Introduction

Strengthening food security and decreasing import of food, especially fruit, is an
important goal in Norway [1], particularly considering that 83.5% of the apples (Malus
domestica Borkh.) consumed are currently imported [2]. Apple is one of the most widely
produced and economically important fruits in the temperate regions of the world [3], and
is currently the most important fruit in Norway by volume. To achieve higher consumption
of Norwegian-produced fruit, key aspects are providing consumers with high-quality fruit
through the availability of superior cultivars meeting consumer demands and an extended
apple sales season. A favorable texture and a slow softening are important traits for con-
sumer appreciation and for preventing fruit decay and postharvest disorders/diseases, thus
strengthening food security. Besides fruit quality appreciation, fruit texture is also critical
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for the maintenance of fruit quality and nutritional content along the postharvest chain.
For this purpose, fruit storability is an important trait for marketability [4,5] and largely
depends on the types of texture, which rely on the dismantling process occurring within
the cell wall and middle lamella polysaccharide structure operated by a genetically coor-
dinated action of several cell-wall-degrading enzymes. Storability is therefore a dynamic
aspect related to the loss of textural properties over time rather than a static assessment
conducted at a specific physiological time point. In apples, there exists a great variability of
polysaccharidic architecture modification, leading to different types of textures ranging
from mealy to crispy [6], with the latter representing one of the most important traits rated
by consumers as well as for storability.

The Norwegian climate limits the number of days suitable for plant growing, along
with the suitability of apple cultivars from breeding programs abroad. The Norwegian Ap-
ple Breeding Program (NABP) was established in 1984 to develop cultivars more adapted
to Nordic climatic conditions. As the seedlings progress through the NABP, firmness, crisp-
ness and improved storability are key traits routinely selected for, necessary for the release
of superior accessions. Apple texture is well characterized and is considered a sensory
property consisting of several parameters, distinguished into mechanical and acoustic
components, which can be used to comprehensively describe and characterize firm and/or
crispy apples, respectively [7]. Complex traits, such as fruit quality-related phenotypes, can
nowadays also be selected with the employment of specific molecular markers associated
with the trait of interest. To this end, the understanding of the genetic control of phenotypic
traits can enable the development of genetic markers useful for genomics-assisted breeding
(MAS) of new apple cultivars. Major quantitative trait loci (QTL) associated with mechani-
cal and acoustic components of apple texture have already been detected on chromosomes
10, 15, and 1, collocating with MdPG1, MAACO1, MdACS1, and Md-Exp7, respectively,
which are important genes controlling fruit ripening and texture [8-10]. Recently, another
gene, NAC18.1, was located within a QTL region on chromosome 3 [11] and associated
with the control of harvest date and fruit firmness at harvest [12-14]. These studies allowed
the deciphering of the genetic control of fruit texture at harvest [15] or after a period of
storage; however, storability was not considered.

With texture in apples being targeted as an important trait for genomics-assisted
breeding [16], and molecular markers for the desirable alleles of MdAACS1, MdACO1, and
MdPG1 being widely available [10], these markers have been implemented as routine
selection tools into the pipeline of several breeding programs. Due to the role of the main
known texture genes (MdPG1 and MdACO1), when breeding for selection of firm and
crisp apples, most programs no longer consider cultivars with unfavorable alleles or low
performing phenotypes as parents. When selection based on markers is superior to selection
based on phenotypes, the markers become fixed after a few rounds of selection [17]. In
the NABP, the MdACO1-marker particularly has been often used in the last two decades,
resulting in little to no segregation for this marker among seedling families.

With the increased complexity of plant breeding programs, in terms of the genetic
and phenotypic information acquired to make selection decisions, the genetic gain equa-
tion [18,19] is frequently used as a guide by breeding teams to make informed decisions,
articulating the breeding parameters that can regulate the crop improvement process, like
the additive genetic variation within the population. In apple, genetic parameters like the
estimates of heritability are not widely used by breeders on a practical basis, mainly because
such parameters require complex calculations and large amount of data collected from
multiple locations [20,21]. To improve the detection of QTLs, large germplasm collections
are normally considered to enhance statistical power. Breeders, instead, are more oriented
to exploiting a certain part of the variability only controlled by the effect of favorable
alleles, although this will reduce the total phenotypic variance. In this work, we examine
the role of minor genomic regions controlling variation in texture quality and storability,
including both firmness and crispness, among Norwegian cultivars. We identify potential
SNP markers suitable to assist the selection strategies in the NABP and relevant for applied
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breeding efforts worldwide, aimed at improving postharvest fruit quality. Specifically, we
defined a subset of apple accessions selected for major loci involved in fruit texture control
to identify minor loci associated with fruit quality traits sought by breeders in modern
breeding programs that are not considered when major loci are segregated. Finally, we
discuss putative candidate genes controlling texture retention during storage, a pheno-
typic trait playing a vital role in strengthening food security and providing sustainable
storage solutions.

2. Materials and Methods
2.1. Plant Material

The plant material employed in this survey was represented by a collection composed
by 197 accessions, initially described in [22]. This collection, named NAACI (Table S1),
is represented by a mixture of diploid Norwegian heritage cultivars, recent international
releases, and NABP cultivars and selections, all available at Njos Fruit and Berry Centre
(NJODS) (at latitude 61°10'43.2"” N, longitude 6°51'34.3" E), located at the Sognefjord, western
Norway. A minimum of two trees per accession were planted in a nonreplicated design
across two years from 2014 to 2016. Trees in NAAC1 were cultivated following standard
agronomic practices for fruit thinning, pruning, and pest/disease control.

Out of the NAAC1 collection, a subset of accessions was furthermore selected on
the basis of the favorable alleles of two SNP markers already associated with texture
performance. This subselected group represented by 60 accessions was defined as NAAC2
(Table S2). The SNP markers chosen for the selection of the NAAC2 collection were
both located on chromosome 10, and represented by the MAACO1 SNP marker and the
SNP marker “SNP_FB_0003490” from the Illumina Infinium 20K apple single nucleotide
polymorphism (SNP) array [23]. The SNP_FB_0003490 marker was employed in this
phase since it showed a significant association with Dim1 for the storage index, assessed
in the NAACI collection in an earlier work (Figure 1). The NAAC2 collection being
homozygous for major loci involved in the control of the texture performance represents a
minor phenotypic and genetic variability compared to NAAC]1, since it does not contain
mealy and soft apple accessions.

2.2. Phenotypic Assessment

Phenotypic data were collected in two consecutive years: 2022 and 2023. Apples were
harvested at a defined ripening stage determined by the degradation of chlorophyll content
nondestructively assessed with a DA meter (TR turoni, Forli, Italy), using the methodology
reported in Farneti et al. [24]. Ten apples per accession were regularly assessed with
this instrument at two opposite sides of the equatorial area for the establishment of the
most appropriate harvest date, defined with threshold means between 0.8 and 1. For
each apple accession, a minimum of 24 homogeneous fruit were collected and cold-stored
for two months at room atmosphere (3 iwith ~95% relative humidity). Ten apples were
evaluated at each time point (harvest and postharvest) and four additional fruits were
collected as backup in case of storage rot. Apples were carefully harvested from well-
exposed areas of the tree, avoiding the top and the bottom of the canopy. Cracked, rotten,
or otherwise quality-degraded fruit was avoided whenever possible. For texture analysis,
fruit samples were prepared into discs following the method described by Costa et al. [7].
Fruit crispness and firmness were estimated both at harvest and after postharvest storage
by a TAXT plus computer-controlled texture analyzer (Stable Micro System, Godalming,
UK) equipped with an acoustic envelope detector [16].

Instrumental measurements followed the protocol described in Costa et al. [7]. Briefly,
for each genotype, 25 measurements (5 technical per 5 biological replicates) were carried out.
Mechanical and acoustic profiles were further processed with an ad hoc macro developed
by Costa et al. [7] for the digital acquisition of twelve parameters. Of these (Table S3),
eight were related to the mechanical signature of texture (“yield force” (YF), “maximum
force” (MF), “final force” (FF), “force linear distance” (FLD), “Young’s Modulus” (YM),
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“mean force” (MEF), “force strain area” (FSA), and “number of force peaks” (NFP)) and
four were related to the acoustic response (“maximum acoustic pressure” (MXA), “mean
acoustic pressure” (MEA), “acoustic linear distance” (ALD), and “number of acoustic
peaks” (NAP)), as described in Costa et al. [7]. Data obtained at harvest and postharvest
together with the storage index, defined according to Costa, et al. [25], were used to plot the
distribution of the 60 accessions included in the NAAC2 collection over a plot defined by the
first two dimensions, computed through the multivariate statistic approach of a principal
component analysis (PCA), performed and visualized with statistical software R version
4.3.0 [26] and package FactoExtra [27]. Both mechanic and acoustic signatures of fruit
texture were assessed at harvest, after two months of postharvest storage, and via a storage
index parameter (described below) to examine the behaviors of each texture property
during storage. Data related to the texture parameters computed here were standardized
by means. Variance in texture attributes among the accessions were investigated using PCA,
illustrated in a single bidimensional plot. To investigate dependence between multiple
variables simultaneously, a correlation matrix was computed with R package Hmisc [28]
using the Pearson correlation coefficient and significance level 0.01.

For each trait, we used a mixed linear model to obtain the best linear unbiased
prediction (BLUP) of across-year phenotypic values for each genotype. Variation in each
of the twelve mechanical or acoustic subtraits, considered as “Y’, was modeled using the
genotype and year as random effects, in addition to an error component:

Y; j = p + genotype; + year; + ¢, j
This model was fitted separately for all traits with the ‘Ime4’ R-package [29].

2.3. Dynamic Aspects of Fruit Texture

To evaluate the storage potential, regarded as the change of each dissected texture
parameter measured in this study, the storage index presented in Costa et al. [25] was
computed for each accession. The storage index (SI) was calculated as follows:

TiP
SI = log, (TzH)
where T;H is the mean value of “i” texture (T) parameter measured at harvest (H), and T;P
is the mean value of the same texture parameter measured after two months of storage
(P). Positive storage index values showed a texture enhancement for the respective texture
parameter, while negative values pointed to a loss of textural performance during storage.
A value equal to zero meant stable maintenance of respective textural traits during storage.
The storage index was calculated for each of the twelve texture parameters across the

60 accessions included in the NAAC2 collection, and a PCA was performed to estimate an
overall measurement of storage potential.

175
1

2.4. Genotyping

SNP genotyping was conducted using the 20 K Infinium® apple SNP array (II-
lumina Inc., San Diego, CA, USA) [23], and SNP data were curated as described in
Vanderzande et al. [30]. Only SNPs included in the set of robust SNPs presented in
Howard et al. [31] were kept, resulting in 10,321 SNPs remaining for downstream analysis.
Population structure was used as a cofactor in GWAS, using the findings from the structural
analyses reported in Gilpin et al. [22]. For SNP data curation, as well as subsequent QTL
mapping, genetic positions were taken from an updated version of the integrated genetic
linkage map [32] as described in Howard et al. [33].

2.5. Statistical Analyses and Phenotype—Genotype Associations

As a first step to identify major texture-related loci in the large collection (NAAC1),
a GWAS was performed for each recorded trait on 197 accessions (Table S1) for which
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instrumental quantitative texture data were fully available. A QTL for the Dim1 storage
index was found using the mixed linear model MLMM with a minor allele frequency >5%
and false discovery rate (FDR) corrected significance thresholds of 0.1, and the SNP marker
“SNP_FB_0003490” was shown to be the most significant in terms of association. This
marker, together with the MdACO1 marker, was used to select from the NAAC1 only the
accessions with the homozygous favorable allelic state, which, in the end, constituted the
selected NAAC2 sub-collection.

Next, a second round of GWAS for each phenotypically dissected texture trait for the
60 accessions (Table S2) of the NAAC2 was conducted using estimated BLUP values across
years. Each texture parameter, together with the two principal components (Dim1 and
Dim?2, used to resolve redundant variables) defined for the NAAC2, were employed as
phenotypic data in the association study to find QTL associated with apple fruit texture.
GWAS was carried out by implementing two specific models: MLMM and FarmCPU, inte-
grated in the GAPIT software version 3 [34]. Furthermore, different covariates to account
for population structure and a given number of principal components depending on trait
were assessed. P-values were further corrected for multiple testing using FDR [35] with
a 10% threshold. Significant differences among allelic configurations for each important
QTL for the associated phenotypic trait were assessed through the analysis of variance
using a type 2 ANOVA. In silico gene mining in the QTL-intervals was conducted using
the “JBrowser” tool available at the Genome Database for Rosaceae (GDR) website [36].

3. Results
3.1. Subselection of Individuals

The initial GWAS analysis carried out on the NAAC1 large apple collection iden-
tified a major locus located on chromosome 10 and co-located with the SNP marker
SNP_FB_0003490, as illustrated in Figure 1. This marker, associated with texture perfor-
mance, together with MdACO1, was used to select a subset of individuals with the presence
of favorable alleles in a homozygous state, finally representing the NAAC2 collection.
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Figure 1. Map of identified texture-related SNP markers across the 60 accessions in NAAC2 (green) and previously reported texture-related genetic markers [25,37-42]
in apple (black). The two markers (SNP_FB_0003490 and the MdAACO1 SNP marker) used for preselecting the subset defined as the NAAC2 in the NAACI are
marked on chromosome 10, and the identification of the SNP_FB_0003490 marker in the NAACI is depicted in the Manhattan plot, using the MLMM GWAS model
and FDR correction. Created with BioRender.com, accessed on 30 September 2024.
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3.2. Fruit Texture Assessment and Principal Component Analysis

Two distinct groups of phenotypic variables were identified in the PCA for texture data
assessed both at harvest and postharvest (including the derived parameter storage index)
across the individuals included in the NAAC?2 collection (Table S2). The first group was
represented by eight mechanical parameters, while the second group was defined by four
acoustic parameters (Figure 1). In all the three PCA 2D plots, the two groups of variables
were distinctively projected in different quadrants. At harvest, the acoustic variables were
projected in the first quadrant while the mechanical parameters were more oriented towards
the second quadrant, except for the force linear distance and the Young’s module, which
were oriented in the same quadrant as the acoustic group. More specifically, at the top of
quadrant I, all parameters (Table S3) defined over the acoustic profile were included, such
as MXA, MEA, ALD, and NAP, together with the mechanical parameter NFP. The bottom
of PCA Quadrant I and Quadrant II included instead two clusters of texture components,
all from the mechanical profile, with the first including YM and FLD and the second FF, MF,
MEEF, FSA, and YF (Figure 2A). The distinction between the two components of the fruit
texture was more evident with the texture data assessed after storage (postharvest), where
the two components were clearly oriented in different quadrants. In both cases, as well
as in the PCA computed with the storage index data, the mechanical parameter “number
of force peaks” was always clustered together with the acoustic variables (Figure 2B,C).
The more defined separation between the two components could also be assigned to the
different texture variability assessed between the two time points, harvest and postharvest.
In fact, while, at harvest, the contribution of the PC1 was 50.3% (over a total variability
of 80.5%, similar to what was reported for the storage index: 80.4%), at postharvest, the
PC1 accounted for 76.8% (over a total variability of 88.5%). Over the three PCA plots,
the accessions were evenly spread, without showing any specific clustering among the
individuals (Figure S1).

In all the three PCA plots, although Dim1 explains the highest variability, defining
the general fruit texture behavior, the contribution of Dim2, explaining a smaller part of
the texture variation (30.2%, 11.7% and 10% at harvest, postharvest and for the storage
index, respectively), specifically described the projection of the two groups of variables,
distinguishing acoustic and mechanical parameters. These different behaviors were also
confirmed by a correlation matrix (Figure 52), revealing that the mechanical and acoustic
groups were only partially correlated (0.50-0.76) when assessed after storage, yet not
correlated (—0.08-0.05) at harvest. The main mechanical parameters YF, FE, MF, FSA, and
MEF were significantly correlated (0.95-0.99) at all stages, yet FLD, and YM were less
correlated with the other mechanical parameters (0.41-0.94). The set of acoustic parameters,
MXA, ALD, MEA, and NAP, together with the mechanical parameter NFP, instead showed
lower correlation values, ranging between 0.44 and 0.77.
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Figure 2. Two-dimensional PCA plots of variables illustrating the fruit texture variability evaluated
in the NAAC2, at harvest (A), postharvest (B), and for the storage index (C). The loading variables
yield force (P1), maximum force (P2), final force (P3), number of force peaks (P4), force strain area
(P5), force linear distance (P6), Young’s Modulus (P7), mean force (P8), number of acoustic peaks (P9),
maximum acoustic pressure (P10), mean acoustic pressure (P11), and acoustic linear distance (P12)
are colored according to group: mechanical (red) and acoustic (blue). The mechanical parameter
“number of force peaks” has been reported [7] to correlate with the acoustic parameters, hence the
yellow coloration.

3.3. Phenotype—Genotype Associations

The second round of GWAS analysis using the phenotypic data collected on the
NAAC2 collection found a series of SNPs associated with six mechanical parameters
(NFP, YF, MF, FF, FLD, and YM) and three acoustic parameters (NAP, MXA, and MEA).
In addition to these traits, the GWAS also reported SNPs associated with Dim1, which
is a derived variable from the PCA and used as phenotypic entity implemented in the
association analysis. The associated SNPs were distributed over chromosomes 2, 3, 4, 5, 6,
7,8,12,15,16, and 17 (Table 54). Among the mechanical and acoustic traits, YM and NAP
had the highest number of SNP-trait associations, respectively.

On chromosome 3, significant associations were found for five sub-traits (YF, MF,
FE, NAP, and YM) and Diml1 in two regions, at positions 7,022,668 and 18,768,688 on the
GDDH13v1.1 [43] genome with association values from 6.0 to 11.0 —logjg (P), respectively
(Table S4). The most significant SNP (“SNP_FB_0532324") was associated with the Dim
1 component computed at the postharvest time point (Figure 3). The variability of the
“SNP_FB_0532324" marker was used to differentiate the distribution of Dim1 postharvest
according to its allelotype configuration (Figure 3). Based on statistical analysis conducted
among the three possible diplotype categories, only the double dose of the favorable “A”
allele showed a significant difference with respect to the other two (“GG” and “AG”). The
two genomic regions detected on chromosome 3 were furthermore validated in the second
year for the Dim1 storage index (Figure S3).
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Figure 3. Manhattan plots using FarmCPU and MLMM with a minor allele frequency >5% and FDR corrected significance thresholds of the NAAC2 genotypes,
together with phenotypic data collected at harvest, postharvest, and for the storage index in 2022. The mechanical texture signature is depicted at the upper half
of the figure (Dim1), and significant associations were detected on chromosome 3 at postharvest and chromosome 16 for the storage index. The acoustic texture
signature is depicted at the lower half of the figure (Dim2), and for this texture parameter, chromosome 12 was mapped as a novel region at both harvest and for the
storage index.
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The GWAS analysis identified significant regions located on chromosome 12, associ-
ated with the mechanical traits YM and NFP in the genomic region between 21,529,154 and
29,611,105 bp with values ranging between 5.0 and 6.0 -log—10 (P). Dim2 harvest/storage
index instead showed significant associations with two other genomic regions on chro-
mosome 12, with the first located at the position 4,974,563 (5.0 —logg (P)) and the second
region at 21,529,154-29,611,105 (5.0 to 8.0 —log1 (P)). The most significant SNPs identified
for the Dim2 storage index were “SNP_FB_0114384" and “SNP_FB_0150537" (Figure 3).
The allelic variability of the “SNP_FB_0114384" and “SNP_FB_0150537" markers was used
to differentiate the distribution of the Dim2 storage index phenotypic variability (Figure 4).
Based on the statistical analysis conducted among the possible diplotype categories in both
SNP markers, only a double dose of the favorable allele showed a significant difference
with respect to the other diplotype categories. The variability of the most significant SNP
marker identified for Dim2 at harvest, “SNP_FB_0135153", was used to differentiate the
phenotypic distribution according to its diplotype configuration (Figure 4). Based on the
statistical analysis conducted among the possible diplotype categories for this SNP marker,
only the “GG” allelic combination showed a significant difference with respect to the other
categories. The genomic region detected at the beginning of chromosome 12 was further-
more validated in the second year associated with the Dim1 storage index (Figure S3).

Chromosome 16 Chromosome 3

Dim1 Postharvest
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SNP_FB_0135153 +
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..ab

Figure 4. Marker associations for Dim1 postharvest/storage index and Dim?2 harvest/storage index
with a narrowed-in view on chromosomes 3, 12, and 16, with the most significant markers marked in
red. The left panels depict the phenotypic distribution of the markers with the most significant signal
for the storage index among NAAC2 apple accessions grouped according to their genotype in this
SNP. Different lowercase letters are significant differences, defined by Tukey’s multiple comparisons
of means at 95% family-wise confidence level between the homozygous and heterozygous alleles.

On chromosome 16, we found significant associations with the mechanical sub-traits
(NFP, FE, and YM) and Diml1 in one single genomic region, with association values ranging
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from 6.0 to 15.0 -log—10 (P) (Table S4). The most significant SNP (“SNP_FB_0349124")
identified was associated with Dim 1 at storage index (Figure 3), and the variability of
this marker was used to differentiate the distribution of the Dim1 storage index (Figure 4).
Based on the statistical analysis conducted among the three possible diplotype categories,
“A” was the favorable allele. The associations for texture traits detected on chromosome 16
were, however, not confirmed in the second year (Figure S3).

4. Discussion

Large germplasm collections are essential for capturing the overall phenotypic and
genetic variability existing for a trait of interest and for detecting marker—trait associations.
These types of analyses have a twofold goal. The first is the deciphering of the genetic
control of a specific trait, while the second is the identification of potential markers to be
implemented in marker-assisted breeding programs. To this end, increasing both types of
variability (phenotypic and genetic) is essential for facilitating the identification of major loci.
Large apple collections and genome-wide association studies have already been carried
out to identify important loci and candidate genes controlling relevant traits for apple
fruit quality [13,14,44,45]. In ongoing breeding programs, however, part of the variability
available might act counterproductively for achieving specific breeding goals. Fruit texture
and storability are, for instance, key traits in breeding programs world-wide. In crossing
schemes, breeders nowadays consider only accessions with superior texture attributes
or valuable phenotypes as parents because mealy and soft seedlings are discarded at an
early stage. As a result, major texture-related loci may already be fixed in most breeding
programs that are currently ongoing and oriented to select superior quality cultivars.

In this work, we present a GWAS carried out on a preselected collection (NAAC?2)
derived from a larger apple germplasm (NAAC1 [22]), for which two major loci on chro-
mosome 10 (Figure 2) were fixed for the favorable alleles associated with fruit texture
and storability. The NAAC2 subset, although showing a reduced variability, harbored the
alleles and the phenotypic variation today exploited by breeders to select superior and
crispy types of apples.

QTL for multiple texture components at harvest, postharvest, and for the storage
index were found and distributed over eleven chromosomes. Evidence of loci on multiple
chromosomes affecting texture and texture retainability was consistent with the hypothesis
that fruit firmness is multigenic [37,46]. Amongst the marker—trait associations detected in
the present study, the ones detected on chromosomes 3 and 12 were the most relevant and
showed a consistent pattern across the two years of phenotypic assessment. However, we
also found SNP-trait associations on chromosome 16 (Table S4), but only for the first year
of texture assessment. On this chromosome, a SNP showed a significant association with
three mechanical traits (NFP, FF, and YM) for the storage index and for the Dim1 storage
index (Figure 4). In particular, the parameter depending on the elasticity of the sample,
the YM, and the parameter correlated with the acoustic parameters, the NFP, showed high
significance levels, with —log10 (P) values of 15.0 and 9.0, respectively. Furthermore, the
identification of genomic regions located on chromosome 16 associated with the mechanical
signature was consistent with the results of previous reports on texture [37,38,47,48] but had
not previously been associated with texture retainability. On that premise, several QTLs
have been discovered on chromosome 16 and associated with storability and postharvest
disorders such as bitter pit, soft scald, and soggy breakdown [49,50]. The detection of
a candidate region on chromosome 16 for this trait was also consistent with the results
obtained in the QTL mapping study presented by Longhi, et al. [51], where two biparental
populations with a different genetic control were considered. When the population seg-
regated for MdPG1, a functional marker designed on a polygalacturonase gene known
for its control on the cell wall degradation process, a major significant QTL was found.
In the population not segregated for the MdPG1 marker, most of the QTLs were instead
mapped on chromosome 16 and associated with all the mechanical parameters and only
two acoustic parameters, namely MXA and MEA [51]. Further work is needed to confirm



Horticulturae 2024, 10, 1049

12 of 16

the role of chromosome 16 in relation to texture attributes and storability; however, the
reported results suggest a genetic interaction between loci, with the locus on chromosome
10 playing a major role. When this locus is not segregated (i.e., is fixed), other minor loci
can be detected. These regions might be interesting for their role in the control of minor
phenotypic variance, essential to achieving important goals in modern breeding programs.

4.1. Novel SNPs Associated with Texture Properties Mapped on Chromosome 12

For the assessments carried out at harvest and for storage index, the Dim2 assigned
to the acoustic signature allowed the identification of SNPs associated with chromosome
12 (Figures 3 and 4). Except for a study on apple firmness at harvest [52] assessed with a
standard penetrometer, chromosome 12 has not previously been associated with posthar-
vest or texture retainability. The detection of candidate regions on chromosome 12 for these
traits is consistent with the results obtained in the PBA study by Longhi et al. [51]. In the
population where the QTL on chromosome 10 and related to MdPG1 was fixed, other QTLs
were mapped on other genomic regions, including chromosome 12. These results provide
evidence about the distinct genetic control for the two texture properties in apple and
suggest the role of chromosome 12 in the determination of the acoustic properties. After
exploring the window region of the most significant marker, a putative candidate gene,
ARF4, was found, a member of the auxin response gene family (auxin response factors).
The SNP marker associated with the Dim2 storage index was in a region close to this gene.
The ortholog in tomato, SLARF4, was reported to be an important regulator of fruit ripening
by controlling the metabolism of auxin [53]. Diminished expression of this gene resulted in
a deviated ripening pattern, with fruit showing improved firmness and enhanced shelf life,
supporting the role of this element in the metabolism of the fruit cell wall [53].

4.2. Signals on Chromosome 3 Associated with the Storage Index

When the mechanical texture signature (Dim1) was considered, relevant QTLs were
identified on chromosome 3 at the postharvest time point (Figures 3 and 4). These reported
associations provided more evidence for texture in apple being a quantitative trait deter-
mined by multiple loci and suggested the role of chromosome 3 in the determination of
mechanical properties when the major loci on chromosome 10 are fixed. These results
were further underlined by the results from the second year, yet the significant association
was detected for the storage index in the second year and not at postharvest. The asso-
ciations detected on chromosome 3 were in line with the results of previous studies [37].
Numerous GWAS have been conducted to map QTL related to ripening time in apple,
and several studies have identified SNPs associated with ripening period on chromosome
3 [11-13,38,40,54]. Migicovsky et al. [42] reported an overlap between associations with
harvest time and fruit firmness measured at harvest on chromosome 3 falling within the
coding region of NAC18.1. The most significant SNP marker located on chromosome 3 in
our study and associated with the Dim1 component at postharvest (“SNP_FB_0532324")
was found at ~11 Mb upstream from the NAC18.1 SNP marker.

4.3. Breeding for Texture in Norwegian Apples

In the context of breeding for texture in Norwegian apples through marker-assisted
selection, our results proposed that apple texture and storability could be improved by
selecting seedlings with the support of a novel set of molecular markers. The major loci re-
ported in literature until now, while important, may already be fixed in advanced breeding
programs, which deal with a narrow phenotypic variability. In this work, we assembled
an apple collection not segregated for the effect of two important loci on chromosome 10.
Although reduced compared to larger collections, the variability of the NAAC2 collection
represents the amount of variance that breeders are exploiting for the creation of superior
accessions. The NAAC2 in fact enabled the identification of four new molecular markers,
SNP_FB_0532324 on chromosome 3 for firmness and SNP_FB_0114384, SNP_FB_0150537,
and SNP_FB_0135153 on chromosome 12, associated with crispness (Dim?2 at harvest) and
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crispness retention (the Dim2 storage index). Their additive effect will allow breeders to
pyramid the homozygous allelotype configurations and select for enhanced fruit quality
performance. This study also highlighted the need to assess fruit texture during postharvest,
or to consider other specific parameters such as the storage index, rather than considering
fruit texture assessed only at harvest. Due to the limited variability of this collection and
the complexity of this type of trait that can be influenced by maturity stage [55], addi-
tional investigations with a larger, properly designed collection would provide additional
knowledge on specific aspects of fruit texture.

5. Conclusions

In this study, a QTL analysis for texture performance was conducted on a sub-collection
of apple accessions, composed of individuals with the homozygous state of the favorable
alleles of two markers known to be associated with this trait. This collection (NAAC2),
although showing reduced phenotypic variability, represents the actual variance currently
exploited by breeders. For the selection of novel and superior accessions, only elite cultivars
with valuable traits are typically used as parental lines. However, this reduced variability
allowed the identification of a novel set of minor QTLs, which are not usually detected
when other major QTLs are targeted in larger collections also containing low-performing
accessions. The newly defined set of QTLs and associated markers reported here can be
considered a new tool to assist in the selection of new accessions distinguished by superior
fruit quality. Such molecular markers can now support in the selection processes of complex
traits, such as fruit texture. Although fruit texture is a key trait for consumer preference
and potential storability, it requires multiple assessments during storage and a specific
phenotyping device to distinguish mechanical from acoustic components. Moreover, most
available markers associated with major QTLs are already fixed in most modern elite
cultivars. In this context, the new set of QTLs and markers reported in this study may
represent a novel molecular tool for identifying new superior apple accessions characterized
by improved crispness and storability. The results presented here strengthen the complex
and polygenic control of fruit texture, and the effect of these loci with a minor effect can be
further implemented in the NABP in the close future, enlarging the number of accessions to
be included in the NAAC2, increasing the marker density, and enabling genomic selection
strategies to increase breeding efficiency and genetic gain.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10101049/s1, Figure S1: PCA biplot of the 60 accessions
in the NAAC2; Figure S2: The scree plot with eigenvalues for the NAAC2 at harvest, postharvest
and for the storage index; Figure S3: Manhattan plots for NAAC2 using BLUP values; Table S1: List
of the 197 apple accessions from the NAAC1 employed in this study; Table S2: List of the 60 apple
accessions included in the NAAC2; Table S3: List of dissected apple fruit texture traits analyzed in
the study; Table S4: NAAC2 GWAS results using the model MLMM and/or FarmCPU, showing
significant p-values for eight texture traits.
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