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Abstract: Multiple quantitative trait loci (QTLs) associated with fruit size have been reported in
apple (Malus domestica Borkh.); however, few have been fully characterized and/or validated. A
pedigree-based QTL analysis approach was used to examine the genetic basis of fruit weight in
‘Honeycrisp’-derived germplasm. Fourteen breeding parents were represented by 814 offspring from
13 full-sib families with breeding parents ‘Honeycrisp’ and ‘Minneiska’ being highly represented.
Historical fruit weight data and curated genome-wide single nucleotide polymorphism (SNP) data
were leveraged to map QTLs to chromosomes (Chrs) 8 and 16, which together accounted for 15%
of the phenotypic variation. The Chr 16 QTL colocalized with other important Chr 16 trait loci.
‘Honeycrisp’ inherited two low fruit weight haplotypes at the Chr 8 QTL from progenitors ‘Northern
Spy’ and ‘Grimes Golden’. At the Chr 16 QTL, ‘Honeycrisp’ inherited a low fruit weight haplotype
from ‘Frostbite’ and a high fruit weight haplotype from ‘Duchess of Oldenburg’. The small-fruited
‘Honeycrisp’ progenitor ‘Frostbite’ had three low fruit weight haplotypes across the two QTLs. Non-
additive interactions were observed at and across QTLs. Results will enable more informed parent
selection and/or development of trait-predictive DNA tests for use in apple breeding programs.

Keywords: Malus domestica Borkh.; quantitative trait locus; pedigree-based analysis;
DNA-informed breeding

1. Introduction

Fruit size is an important trait in apple (Malus domestica Borkh.) that influences posthar-
vest storage decisions, production economics, and a consumer’s willingness to purchase
(described in Musacchi and Serra [1]). Large fruit are more prone to flesh breakdown in
cold storage and often have reduced storability compared to small fruit [2]. In general,
consumers prefer larger fruit (discussed in Musacchi and Serra [1]) but some fruit might be
considered too large. For example, ‘Honeycrisp’ trees tend to produce excessively large
fruit (~300 g) at low crop loads [3].

Standardized phenotyping of fruit size, which is primarily a function of cell number [4],
can be challenging because several factors including the individual (e.g., cultivar, seedling),
environment (e.g., growing region, temperature, and light during fruit development), and
management practices (e.g., rootstock, crop load) can influence fruit size [1,4–7]. Various
metrics including fruit diameter, length, circumference and/or weight have been previously
used to quantify fruit size e.g., [8–12]. Fruit size traits (e.g., diameter, length, circumference,
weight) have been reported to be highly correlated [12]. Therefore, use of different metrics
in quantitative trait locus (QTL) studies has resulted in detection of QTLs at similar locations
in the apple genome e.g., [8,12].

Fruit size traits have been investigated in QTL mapping studies in various crops
such as peach (Prunus persica L. Batsch) [13], sweet cherry (Prunus avium L.) [14,15], and
tomato (Solanum lycopersicum L.) [16,17]. In apple, multiple QTLs associated with fruit size
traits have been mapped to almost every chromosome (Chr) in the genome [8–12,18]. For
example, Liebhard et al. [18], detected several fruit weight QTLs on Chrs 1, 3, 6, 8, 10, 12,
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16, and 16 in a biparental family (n = 251 offspring) derived from ‘Fiesta’ × ‘Discovery’.
Fruit size QTL studies in apple have been limited to a few biparental families represent-
ing cultivars such as Braeburn, Co-op 17, Co-op 16, Discovery, Fiesta, Golden Delicious,
Granny Smith, Jonathan, Prima, Royal Gala, Starkrimson, and Telamon [8–12,18]. Little is
known about the genetic basis of fruit size in modern breeding parents and cultivars like
Honeycrisp. To-date few fruit size QTLs have been validated, characterized for their allele
effects, and/or targeted for DNA test development. Fruit size is an attractive target for
DNA-informed breeding (e.g., marker-assisted parent selection, marker-assisted seedling
selection) but breeders are currently limited by the lack of DNA tests for breeding relevant
fruit size QTLs.

‘Honeycrisp’, an explosively crisp apple cultivar introduced by the University of
Minnesota (UMN) apple breeding program [19], has become an important apple cultivar
and breeding parent in the United States e.g., [20]. Current understanding of the genetic
factors that influence fruit size is insufficient for the development of DNA tests relevant to
breeding programs that utilize ‘Honeycrisp’-derived germplasm. The goal of this study
was to elucidate the genetic basis of fruit size, quantified as fruit weight at harvest, in a
pedigree-connected apple breeding germplasm set. This study leveraged representative
germplasm, high-quality genome-wide single nucleotide polymorphism array data [21–23],
and FlexQTL™ software [24–27] to (1) detect QTLs associated with fruit weight and (2)
characterize QTL allele effects. We hypothesized that multiple QTLs associated with fruit
weight would be detected.

2. Materials and Methods
2.1. Germplasm

Germplasm evaluated in this study included 814 offspring from 13 full-sib families that
represented 14 breeding parents (Table 1; Table S1). Cultivars Honeycrisp and Minneiska
(SweeTango®) were highly represented with 507 and 284 direct offspring, respectively
(Table 1; Table S1). The other parents represented were cultivars Dayton, Jonafree, Min-
newashta (Zestar!®), MN55 (First Kiss®; Rave®), MonArk, Pitmaston Pine Apple, WA2
(Sunrise Magic®), and Wildung (SnowSweet®) and UMN advanced selections MN1702,
MN1836, MN1915, and MN1965 (Table 1; Table S1). These families were included because
of sufficient average allelic representation (AAR) of their parents (>12.5 AAR units) [28].
Additionally, 103 other important cultivars, progenitors, and UMN advanced selections
were evaluated. Over ten years, a total of 917 individuals grown on B.9 or G.16 rootstocks
at the UMN Horticultural Research Center, Chanhassen, MN, USA were evaluated for fruit
weight at harvest.

Table 1. Number of offspring in pedigree-connected full-sib families that represented 14 breeding parents.

Family
Parents

No. of Offspring
Maternal Paternal

1 Dayton Minnewashta 23

2
Honeycrisp Jonafree

53Jonafree Honeycrisp

3
Honeycrisp MN1702

52MN1702 Honeycrisp

4 Honeycrisp MN1836 49

5 Honeycrisp MN1915 30

6 Honeycrisp MonArk 75

7 Honeycrisp Pitmaston Pine Apple 51

8 Honeycrisp WA2 48

9 Honeycrisp Minnewashta 149

10 Minneiska MN1965 49
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Table 1. Cont.

11 Minneiska MN55 124

12 Minneiska Wildung 70

13 MN1702 Minneiska 41

Total 814

2.2. Phenotypic Data

Approximately three to five fruit per individual were harvested in at least one year
from 2010 to 2020. Fruit were harvested at an average starch iodine index of approximately
four to six on the eight-point scale developed for ‘McIntosh’ [29]. Fruit were weighed at
harvest and subsequently averaged for each individual (i.e., cultivar, parent, progenitor,
offspring, advanced selection) within a given year.

Average fruit weights were analysed across years with linear mixed models fit by
restricted maximum likelihood (REML) via the ‘lme4’ R package [30]. Year and individual
were included as random effects. A model that included year × individual interaction term
was also initially tested. Normality of random effects and residuals were examined using
normal QQ plots (i.e., sample vs. theoretical quantiles plots) (Figure S1). Across year fruit
weight best linear unbiased predictions (BLUPs), adjusted by trait means (as in Amyotte
et al. [31] and Kostick et al. [32]), were used to estimate individual responses. Adjusted
fruit weight BLUPs (referred to throughout as fruit weight BLUPs) of offspring were used
as phenotypic values in QTL analyses.

2.3. Genotypic Data

All individuals were previously genotyped via the International ROSBREED SNP
Consortium 8K Illumina Infinium® array v1 [21] or the Illumina Infinium® 20K array [22].
Marker calling, filtering, and curation were done using the workflow described by Van-
derzande et al. [23]. A total of 2213 SNPs common to both arrays were used in QTL analyses.
An earlier version of the genetic map used in this study was described in Howard et al. [33].

2.4. QTL Detection

The QTL analyses were conducted via FlexQTL™ software v0.99, which enables
pedigree-based QTL analysis (PBA) using Markov Chain Monte Carlo simulation. The
FlexQTL™ software has been described in detail [24–27] and has previously been utilized
to detect QTLs for several traits in apple [24,32,34–40]. Adequate MCMC convergence
was reached using the selected FlexQTL™ software parameter settings (Table S2). The
model applied using FlexQTL™ software was an additive, biallelic (Q/q) model where high
phenotypic values (i.e., high fruit weights) were associated with Q and low phenotypic
values (i.e., low fruit weights) were associated with q. As described in Kostick et al. [32],
van de Weg et al. [39], and Verma et al. [40], phenotypic data were included for unselected
offspring in full-sib families (n = 814) and were not included for cultivars, parents, and
progenitors to avoid biases from previous selection. Two replicate runs with different
starting seed numbers were conducted to ensure reproducibility of QTL results (as in
Kostick et al. [32], Howard et al. [37], van de Weg et al. [39], and Verma et al. [40]).

The Bayes Factor (BF; 2lnBF10) and posterior intensity values were used to examine
significance and stability of a putative QTL with evidence of a QTL being considered
positive, strong, or decisive if BF were >2, >5, and >10, respectively (as defined by Kass
and Raftery [41]). The QTL intervals were recorded as consecutive 2-cM chromosome
segments (bins) with BF greater than five (as in Howard et al. [37]) with the furthest left and
right cM positions of the two outer bins defining the boundaries of the QTL interval (as in
Kostick et al. [32]). As in Kostick et al. [32], the most likely QTL positions (i.e., QTL peaks)
were recorded as the modes within the detected QTL intervals. Within a replicate run, the
proportion of phenotypic variance explained by a QTL with decisive evidence (BF > 10)
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was estimated by dividing the variance explained by the total phenotypic variance (as in
Kostick et al. [32] and Verma et al. [40]).

2.5. Haplotype Characterization of QTL Alleles

The QTLs with decisive evidence (BF > 10) were targeted for haplotype character-
ization. The SNP markers (Table S3) were chosen based on their proximity to detected
QTL modes (peaks). The SNP marker phasing was conducted with FlexQTL™ software.
Offspring with recombinant haplotypes were excluded from analyses due to insufficient
representation. If necessary, progenitor and/or offspring SNP data were examined to
deduce haplotypes (as in Kostick et al. [32]). Parent haplotypes were traced via identity-
by-descent (IBD) through extended pedigrees, reconstructed by Luby et al. [42], to the
furthest known ancestor. Pedigree reconstruction of some parents (e.g., ‘Pitmaston Pine
Apple’) was previously done by Howard et al. [43] as part of a collaborative apple pedigree
reconstruction project. If a given haplotype was traced to multiple ancestors, extended
haplotypes were examined to determine most likely source. Haplotypes that could not be
traced to a common ancestor/progenitor were considered identical-by-state (IBS).

To determine if fruit weight BLUPs were significantly different for presence versus
absence of a given QTL haplotype, one-way analyses of variance (ANOVAs, R version 4.0.4
software) were conducted (as in Kostick et al. [32]). A haplotype was considered to have a
significant effect if p < 0.05. Haplotypes with significantly higher or lower means indicated
high or low relative fruit weights, respectively. Haplotypes that did not have significant
effects (p ≥ 0.05) were classified as neutral effect haplotypes.

Interactions among QTL alleles at and across QTLs were examined by grouping the
offspring by their functional diplotypes at and across the QTLs. ANOVAs at and across
QTLs were used to determine if the functional diplotype or compound QTL functional
genotype had significant effects on fruit weight. Fruit weight BLUP means and 95%
confidence intervals were determined and plotted via the R package ggpubr [44] for each
offspring group at and across QTLs. Mean separation among groups was calculated using
least significant difference with a Bonferroni P adjustment for multiple comparisons via the
R package ‘agricolae’ [45].

3. Results
3.1. Phenotypic Data

Year and individual had significant effects on fruit weight (p < 0.0001). The inclusion
of a year × individual interaction term did not significantly improve model fit (i.e., result
in a significant decrease in the Akaike Information Criterion value). The random effects
and residuals were normally distributed (Figure S1). The proportion of variation associated
with individual effects was 0.50 whereas 0.10 and 0.40 of the variation was associated with
year effects and residual error, respectively. Quantitative variation for average fruit weight
(g) was observed within and among full-sib families with offspring fruit weight BLUPs
ranging from 65.1 to 244.8 g (mean = 119.4 g; Table S1). A similar range of fruit weight
BLUPs (70.4 to 265.5 g; mean = 142.8 g) was observed among phenotyped cultivars, parents,
and progenitors. Fruit weight BLUPs of phenotyped UMN selections ranged from 88.2 to
160.7 g (mean = 124.2 g). Fruit weight BLUPs had a low but statistically significant negative
correlation with starch iodine index BLUPs (R = −0.096, p < 0.01).

3.2. QTL Detection

Two QTLs were detected with decisive evidence (BF > 10) on Chr 8 and Chr 16 (Table 2;
Figures S2 and S3). Additionally, four other putative QTLs with strong evidence (BF > 5)
were detected on Chrs 2, 4, 6, 10, and 14 (Table 2; Figures S2 and S3). For Chr 4, there was
positive (BF > 2) to strong (BF > 5) evidence for two QTLs (Table 2; Figures S2 and S3).
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Table 2. Summary of fruit weight QTL analysis in pedigree-connected apple germplasm representing
14 breeding parents. Across year fruit weight best linear unbiased predictions (BLUPs) were used as
phenotypic values. Results are shown for two FlexQTL™ replicate software runs.

Chr a Replicate Run b BF(1 vs. 0)
c BF(2 vs. 1)

d QTL Interval (cM) e Mode (cM) f Approx. Physical
Position (Mbp) g PVE (%) h

2
1 8.0 −2.8 47–53 49 16.7–23.7

-
2 8.5 −2.7 47–53 49 16.7–23.7

4
1 6.8 6.2 31–37 33 20.8–23.5

-
2 5.6 3.4 29–37 34 20.5–23.5

6
1 6.0 −1.2 52–60 54 32.1–32.9

-
2 6.6 −0.8 52–58 55 32.1–32.8

8
1 15.6 2.4 0–4 1 0.3–1.9

8.0
2 15.8 1.7 0–8 1 0.3–2.7

10
1 8.4 −3.5 72–80 75 39.0–40.8

-
2 8.9 −3.0 68–78 70 37.6–40.5

14
1 5.2 −2.2 3–11 4 1.6–3.8

-
2 6.0 −0.8 3–13 4 1.6–3.8

16
1 30.0 −0.4 9–13 10 3.1–4.2

7.0
2 29.9 0.5 9–13 10 3.1–4.2

a Chromosome; b Two replicate runs of FlexQTL™ software with different starting random seed numbers were
done to ensure reproducibility of results; c Chromosome-wise Bayes factor (2lnBF10) for 1 QTL vs. 0 QTL model,
with BF >2, 5, and 10 indicating positive, strong, or decisive, evidence respectively, for the presence of one QTL;
d Chromosome-wise Bayes factor (2lnBF10) for 2 QTL vs. 1 QTL model, with BF >2, 5, and 10 indicating positive,
strong, or decisive, evidence respectively, for the presence of two QTLs; e QTL interval defined by consecutive 2 cM
bins (chromosome segments used and reported by FlexQTL™ software) with strong evidence (2lnBF10 (BF) > 5);
f QTL interval mode, which represented the most probable QTL position; g Approximate physical position of
QTL interval, estimated from physical positions on GDDH13 v1.1 reference genome [46], of closest flanking SNPs;
h Estimated proportion of phenotypic variance explained by the QTL with decisive evidence (2lnBF10 (BF) > 10),
averaged across replicate FlexQTL™ software runs.

3.3. Chromosome 8 QTL Haplotype Analysis

Seven parent Chr 8 QTL haplotypes, constructed from seven SNPs spanning 4.9 cM
(1.6-Mbp; Tables S3 and S4), segregated in the full sib families. Four Chr 8 QTL haplotypes
(8A, 8B, 8C, and 8G) had significant effects (p < 0.05) whereas the other three haplotypes
(8D, 8E, and 8F) did not have significant effects (p ≥ 0.05; Table S4). Offspring that inherited
haplotypes 8A (n = 407), 8B (n = 420), or 8G (n = 78) generally had lower fruit weights with
fruit weight BLUP means of 117.5, 116.9, and 112.1 g, respectively (Figure 1). In contrast,
offspring that inherited haplotype 8C (n = 376) demonstrated higher fruit weights with a
fruit weight BLUP mean of 123.4 g (Figure 1).

The low fruit weight haplotype 8A of ‘Honeycrisp’ and ‘Minneiska’ was inherited
from ‘Northern Spy’ (Table S4). The low fruit weight haplotype 8B of breeding parents
‘Honeycrisp’, ‘MN55’, ‘Pitmaston Pine Apple’, and ‘WA2’ was traced to multiple ancestors:
‘Grimes Golden’, ‘Reinette Franche’, and an unknown parent of ‘Delicious’ (Table S4).
The examination of the extended Chr 8 haplotypes revealed that ‘Grimes Golden’ and
‘Reinette Franche’ homologs matched from 0 to 22 cM. Haplotype 8B of ‘MonArk’ likely
originated from a recombination of the two uncharacterized Chr 8 QTL haplotypes of
‘Mollie’s Delicious’ (Table S4). Both copies of 8B possessed by ‘WA2’ were likely inherited
from the unknown parent of ‘Delicious’ (Table S4). The low fruit weight haplotype 8G
of MN1702 and MN1836 was inherited from ‘Frostbite’ (Table S4). The high fruit weight
haplotype 8C of breeding parents ‘Minneiska’, ‘Minnewashta’, MN1702, MN1836, MN1915,
and ‘Wildung’ was traced to ancestors: ‘Northwest Greening’ and ‘Tetofsky’ (Table S4).
Progenitor ‘Duchess of Oldenburg’ also had two copies of 8C. Examination of extended Chr
8 haplotypes revealed that ‘Minnewashta’ homologs matched ‘Tetofsky’ and ‘Northwest
Greening’ homologs from approximately 0 to 17 cM and 0 to 12 cM, respectively. In contrast,
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‘Minnewashta’ homologs matched ‘Duchess of Oldenburg’ homologs from approximately
0 to 5 cM. Chr 8 homologs of ‘Minneiska’ and MN1915 matched the second homolog of
‘Minnewashta’, inherited from its parent MN1691, from approximately 0 to 60 cM and 0
to 59 cM, respectively. ‘Dayton’ also had a copy of 8C, the source of which could not be
determined (Table S4).
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tions (BLUPs) across years for 814 offspring with and without significant haplotypes at QTLs on
chromosomes 8 and 16. For each haplotype, one-way analysis of variance was used to determine if
the presence of a given haplotype had a significant effect (p < 0.05) on fruit weight.

3.4. Chromosome 16 QTL Haplotype Analysis

Eight parent Chr 16 QTL haplotypes, constructed from nine SNPs spanning 3.6 cM
(0.8-Mbp; Tables S3 and S5), segregated in the full-sib families. Four Chr 16 QTL haplotypes
(16A, 16B, 16D, and 16F) had significant effects (p < 0.05). The remaining four haplotypes
(16C, 16E, 16G, and 16H) did not have significant effects (p ≥ 0.05). Offspring that inherited
haplotype 16A generally had low relative fruit weights with a fruit weight BLUP mean of
111.8 (Figure 1). In contrast, offspring that inherited haplotypes 16B, 16D, or 16F generally
had high relative fruit weights with fruit weight BLUP means of 123.9, 122.0, 140.1 g,
respectively (Figure 1).

The low fruit weight haplotype 16A of Honeycrisp, MN1836, and MN1915 was traced
to ‘Frostbite’ and was likely inherited from an unknown parent of ‘Frostbite’ (Table S5).
Breeding parents ‘Honeycrisp’, ‘Minneiska’, ‘MN55’, and MN1965 inherited high fruit
weight haplotype 16B from ‘Duchess of Oldenburg’ (Table S5). The high fruit weight
haplotype 16D of ‘Minnewashta’, MN1702, MN1915, MN1965, ‘Wildung’, and ‘WA2’
was traced to multiple ancestors: ‘Grimes Golden’, ‘Northwest Greening’, and ‘Winesap’
(Table S5). Haplotype 16D of ‘MonArk’ was likely inherited from an unknown parent.
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Examination of extended haplotypes revealed that ‘Monark’s homolog matched ‘Jonathan’
and F2-26829-2-2 homologs from 0 to 42 cM and 0 to 35 cM, respectively. ‘Jonathan’ likely
inherited haplotype 16D from its unknown parent. ‘Pitmaston Pine Apple’ also inherited
haplotype 16D, the source of which could not be determined. High fruit weight haplotype
16F of ‘Wildung’ was traced to ‘McIntosh’ (Table S5).

3.5. Interactions at and among the Chromosomes 8 and 16 QTLs

Average phenotypic variances explained by the Chr 8, Chr 16, and combined QTLs
were 8%, 7%, and 15%, respectively. Significant variation among Chr 8 functional diplotypes
(p < 0.0001) for fruit weight BLUPs was observed. Offspring with one or two low Chr 8
fruit weight haplotypes had the lowest fruit weight BLUP means (range = 114.4 to 121.3 g;
Figure 2; Table S6). The highest fruit weight BLUP mean was observed for offspring with
two high Chr 8 fruit weight haplotypes (mean = 133.4 g; Figure 2; Table S6).
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8B, and 8G, and 16A (corresponding to designations in Figure 1). High (H) fruit weight haplotypes
were 8C, 16B, 16D, and 16F (corresponding to designations in Figure 1). All other characterized hap-
lotypes were neutral effect (i.e., haplotypes that did not exhibit significant effects). Mean separation
letter groups (i.e., A, AB, B, BC, C) represent least significant differences with Bonferroni P adjustment
(α < 0.05). The number of offspring with a given functional diplotype or compound genotype is listed
in parentheses below each mean.

At the Chr 16 QTL, the functional diplotype had a significant effect on fruit weight
(p < 0.0001). Offspring characterized by a low and neutral allele, two neutral alleles, or two
low alleles had fruit weight BLUP means of 111.3, 110.6, and 102.9 g, respectively (Figure 2;
Table S7). The fruit weight BLUP means of offspring with two high functional alleles, a
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high and a non-significant allele (i.e., neutral), or a high and a low allele were 126.9, 121.3,
and 114.3 g (Figure 2; Table S7).

Most compound QTL functional diplotypes were associated with moderate fruit
weights (Figure 2; Table S8). The lowest fruit weight BLUP means were observed for off-
spring characterized by two Chr 8 low alleles and two Chr 16 neutral alleles (mean = 106.1 g),
a high and low Chr 8 allele and two low Chr 16 alleles (mean = 104.6 g), and four low
alleles across the QTLs (mean = 100.8 g; Figure 2; Table S8). The highest fruit weight BLUP
means were observed for offspring with a high and neutral Chr 8 alleles and two high
Chr 16 alleles (mean = 152.0 g) or four high alleles across QTLs (mean = 145.3 g; Figure 2;
Table S8).

4. Discussion

To the best of our knowledge, this is the first report of QTLs associated with fruit
weight in ‘Honeycrisp’-derived germplasm. The QTLs on Chrs 8 and 16 were characterized
across pedigree-connected breeding families derived from 14 breeding parents. Four low
fruit weight haplotypes and four high fruit weight haplotypes across QTLs were identified.
The genetic information obtained in this study has potential utility in targeting fruit weight
in apple breeding programs.

4.1. Quantitative Variation for Fruit Weight Observed within Germplasm Set

Variation within and among full-sib families for fruit size was not surprising as
quantitative variation for fruit size traits has been previously observed in other germplasm
sets [8,10–12,18]. In this study, fruit weight was used as a metric for fruit size because Potts
et al. [12] demonstrated that fruit size traits (e.g., circumference, diameter, length, weight)
are strongly correlated. Therefore, use of a single fruit size trait is likely sufficient for fruit
size QTL detection. Quantitative variation within and among full-sib families in this study
suggested that multiple QTLs might underlie observed variation in fruit weight.

4.2. Identities of Chromosomes 8 and 16 QTLs

Lack of common markers with previous studies [8,9,11] made it challenging to deter-
mine if the fruit weight QTLs on Chrs 8 and 16 in this study were novel or colocalized with
previously detected fruit size QTLs.

4.3. Chromosome 16 QTL Colocalized with Other Important QTLs

The Chr 16 QTL detected in this study colocalized with other important trait-loci at the
proximal end of Chr 16. The malic acid content (Ma) QTL (~0.9–3.4-Mbp on the GDDH13
reference genome sequence [46]), which also has been shown to influence crispness and
juiciness e.g., [11,40], colocalized with the Chr 16 QTL detected in this study. The Chr 16
QTL in this study also colocalized with a bitter pit susceptibility QTL (Bp-2) near the SSR
marker Hi22f06 (~3.5-Mbp) [47,48]. Larger fruit sizes have been reported to be associated
with increased incidences of bitter pit due to decreased concentration of calcium in the
fruit [49]. Because ‘Honeycrisp’ is highly prone to the development of bitter pit [50], future
studies should examine the effects of the Chr 16 fruit weight QTL ‘Honeycrisp’ haplotypes
on bitter pit incidence. Colocalization of multiple trait-loci at the proximal end of Chr 16
demonstrates the importance of considering this region when targeting fruit quality traits
in apple. Breeders should leverage knowledge of allele effects for relevant trait-loci (as
provided in Verma et al. [40] and here) to aid in more efficient development of high-quality
apple cultivars.

4.4. ‘Minneiska’ Was Heterozygous for Fruit Weight QTL on Chromosome 8

Haplotype analysis findings demonstrated that ‘Minneiska’ (SweeTango®), a recent
UMN cultivar release, was heterozygous for the Chr 8 QTL. ‘Minneiska’s haplotype 8B, in-
herited from ‘Grimes Golden’ through ‘Golden Delicious’, was associated with low relative
adjusted fruit weight BLUPs albeit of more moderate effect compared to low fruit weight
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haplotypes 8G and 16A (Figure 1). Haplotype 8B in ’Grimes Golden’ and ‘Reinette Franche’,
reported to be an ancestor of ‘Grimes Golden’ [42], was likely IBD because homologs of
‘Reinette Franche’ and ‘Grimes Golden’ matched from 0 to 22 cM. Haplotype 8B likely
segregates in other germplasm sets as ‘Golden Delicious’ and ‘Reinette Franche’ are present
in the pedigrees of multiple other important cultivars e.g., [32,42,51]. ‘Minneiska’s other
Chr 8 QTL haplotype, 8C, was associated with high relative fruit weight BLUPs albeit of
more moderate effect compared to high fruit weight haplotypes 16B and 16F. ‘Minneiska’
inherited 8C from its parent ‘Minnewashta’, which had two copies of 8C. Multiple an-
cestors of ‘Minnewashta’ including ‘Duchess of Oldenburg’, ‘Northwest Greening’, and
‘Tetofsky’ had haplotype 8C; however, examination of extended haplotypes indicated that
‘Minnewashta’ likely inherited its copies of 8C from ‘Tetofsky’ and ‘Northwest Greening’.
Although ‘Minneiska’ could have inherited either of ‘Minnewashta’s copies of 8C, it likely
inherited 8C from ‘Northwest Greening’ as ‘Minneiska’s homolog matched the second
homolog of ‘Minnewashta’ from approximately 0 to 60 cM.

4.5. Unique Low Fruit Weight Haplotype at the Chromosome 16 QTL in ‘Honeycrisp’

‘Honeycrisp’ was heterozygous for the Chr 16 fruit weight QTL based on haplotype
analysis findings. Haplotype 16A, present in ‘Honeycrisp’ as well as UMN selections
MN1836 and MN1915, was significantly associated with lower fruit weights and had a
large effect compared to low fruit weight haplotypes 8A, 8B, and 8G (Figure 1; Tables S4
and S5). Haplotype 16A seems to be unique to germplasm derived from ‘Frostbite’, a small-
fruited cultivar that is an important progenitor in the UMN apple breeding program [42].
The lower fruit weight BLUPs of cultivars Frostbite (86.6 g), Keepsake (109.2 g), and Sweet
Sixteen (132.1 g) could partially be explained by the inheritance of haplotype 16A. The other
‘Honeycrisp’ Chr 16 QTL haplotype, 16B, was significantly associated with higher fruit
weights and was traced to ‘Honeycrisp’s progenitor ‘Duchess of Oldenburg’, an important
progenitor in the UMN apple breeding program [42]. The inheritance of haplotype 16B
could partially explain the higher fruit weight BLUPs of ‘Minneiska’ (158.2 g) and ‘MN55’
(168.5 g).

4.6. Putative Large Effect Fruit Weight Haplotype at the Chromosome 16 QTL in ‘Wildung’

Representation of the high fruit weight haplotype 16F was relatively low (n = 31 offspring)
due to segregation in a single family (‘Minneiska’ × ‘Wildung’), which might have ham-
pered estimation of its effect. Interestingly, haplotype 16F, which was traced to ‘McIntosh’,
had the largest effect of all significant haplotypes with a mean difference of 21.5 g between
offspring with and without 16F present. Haplotype 16F should be considered a putative
high fruit weight haplotype and should be validated in future studies.

4.7. Tracing of ‘MonArk’ Fruit Weight Haplotype Sources Hampered by Incomplete Pedigree

The incomplete, complex pedigree of ‘MonArk’ (also known as AA44), parent of
UMN cultivar MN55, made it challenging to determine ancestral sources of ‘MonArk’s
haplotypes including the high fruit weight haplotype 16D. Luby et al. [42] reported that
‘Mollie’s Delicious’ and ‘July Red’ were grandparents of ‘MonArk’ while ‘Duchess of
Oldenburg’, ‘Jonathan’, ‘Melba’, ‘Newtown Pippin’, ‘Starr’, and F2 26829-2-2 were likely
ancestors of ‘Monark’s other parent. Examination of extended Chr 16 haplotypes revealed
that ‘MonArk’s homolog matched the homologs of ‘Jonathan’ and F2 26829-2-2 from
approximately 0 to 42 cM and 0 to 35 cM, respectively. Shared extended haplotypes
indicated that the source of high fruit weight haplotype 16D of ‘MonArk’ was likely an
unknown common ancestor of ‘Jonathan’ and F2 26829-2-2.

4.8. ‘Frostbite’, a Grandparent of ‘Honeycrisp’, Had Three Low Fruit Weight Haplotypes

The identification of three low fruit weight haplotypes in ‘Frostbite’, a small-fruited
progenitor of ‘Honeycrisp’, was not surprising. ‘Frostbite’ had a low adjusted fruit weight
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BLUP value (86.64 g) in this study and has been reported to produce small to medium sized
fruit (5.6–6.6 cm in diameter) [52].

4.9. Non-Additive Interactions at and among QTLs

The lack or underrepresentation of some genotype classes at and across QTLs, although
a common limitation of multi-locus studies e.g., [32], made it difficult to empirically examine
dominance and/or epistatic interactions at and among QTLs. The approach used to
examine combined QTL effects was similar to the Q-allele dosage model employed by
Verma et al. [40]. By combining haplotypes into functional allele groups (i.e., high, low,
neutral relative effects), the need to examine specific allelic combinations separately was
avoided, which increased statistical power. A limitation of this approach was the underlying
assumption that haplotypes within a given functional allele group have similar effect sizes.

Under an additive model, fruit weight BLUP means were expected to be significantly
higher with each additional high fruit weight haplotype regardless of the number of low
fruit weight haplotypes present. There might have been dominance effects at a QTL and/or
epistatic interactions among QTLs as more high fruit weight haplotypes at and across QTLs
did not always correspond to significantly higher fruit weight BLUP means (Figure 2).
However, not all QTL genotype classes were represented, which limited the conclusions
that could be made about interactions at and between these QTLs.

4.10. Putative QTLs on Chromosomes 2, 4, 6, 10, and 14

Other QTLs might underlie variation for fruit weight in apple as several putative QTLs
with strong evidence (BF > 5) were detected on Chrs 2, 4, 6, 10, and 14 in this study. Previous
studies have demonstrated that inheritance of fruit size traits is highly quantitative and
likely controlled by multiple QTLs [8,9]. Only QTLs with decisive evidence were further
characterized for their haplotypes in this study. The QTLs detected with strong evidence in
this study should be considered putative and validated in future studies.

4.11. Study Limitations

Large residual variation was observed and managed in this study. Similar to Liebhard
et al. [18], a large proportion of the variation for fruit weight (50%) was associated with the
parameter individual. However, significant proportions of the phenotypic variations were
associated with year (10%) and residual error (40%), likely due to factors such as variable
environmental conditions, biennial bearing, crop load, and tree age. The large residual
variation was managed in this study by utilizing fruit weight BLUPs as phenotypic values
(similar to Kostick et al. [32]).

Haplotype effects might have been under or overestimated because of growing envi-
ronment and use of dwarfing rootstocks. Fruit produced in Minnesota are often smaller
than fruit produced in other U.S. growing regions (e.g., Washington, New York). Cline
et al. [6] reported that in the NC-140 Regional Rootstock Research Project trials, the mean
weight of ‘Honeycrisp’ fruit produced in Minnesota was 146 g, similar to ‘Honeycrisp’s
fruit weight BLUP in this study, whereas mean ‘Honeycrisp’ fruit weights ranged from
212 g to 288 g in other U.S. growing regions. Additionally, because fruit in this study were
mostly harvested from individuals propagated onto the very dwarfing rootstock B.9, fruit
weights were likely lower than if individuals were propagated on more vigorous rootstocks
e.g., [5,6]. Haplotype effects should be validated in other environments and rootstock
combinations.

Uneven representation of some parents’ genomes, called “skewed average allelic
representation [28]”, inevitably resulted in under-representation or no representation of
some parent haplotypes (similar to Kostick et al. [32]). Most Chrs 8 and 16 haplotypes were
well represented (≥50 offspring) but three haplotypes (8E, 16F, 16H) were represented by
only 23 to 31 offspring which likely limited estimation of haplotype effects (Tables S4 and
S5). Under representation of parent haplotypes is a common challenge in pedigree-based
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QTL analyses e.g., [32]. Effects of under-represented haplotypes (e.g., 16F) should be
validated in future studies.

4.12. Breeding Implications

High and low fruit weight haplotype information gained in this study has utility in
targeting fruit size in apple breeding programs. Allele information reported in this study
could be used to inform parent selection in the short term. The Chrs 8 and 16 QTLs might
be useful targets for DNA test development. Breeders should select against individuals
homozygous for either low or high haplotypes across QTLs if individuals with moderate
fruit weights are desired. Because the Chr 16 fruit weight QTL colocalized with other
important Chr 16 trait loci, breeders should consider alleles at all Chr 16 trait loci when
choosing parents for crossing. Future work should determine if available Ma and/or BP-2
trait-loci DNA tests (reviewed in Evans and Peace [53]) also differentiate Chr 16 fruit weight
QTL alleles.

Genome-wide selection might be a valuable breeding approach when targeting fruit
size in apple as multiple QTLs (e.g., Chrs 2, 4, 6, 10, 14) likely underlie variation for
fruit weight in addition to the two large effect QTL characterized in this study. Moderate
predictive abilities have been reported for genome-wide prediction of fruit size traits in
apple e.g., [54–56]. Future studies should estimate predictive abilities of genome-wide
prediction models for fruit weight in ‘Honeycrisp’-derived germplasm.

5. Conclusions

Results of this study supported the conclusion that fruit size is a quantitative trait
controlled by multiple QTLs throughout the genome. In this study, two large-effect fruit
weight QTLs on Chrs 8 and 16 were characterized in germplasm derived from ‘Honeycrisp’,
an important apple cultivar and breeding parent. Additionally, putative QTLs were de-
tected on Chrs 2, 4, 6, 10, and 14. Results of this study further demonstrated the importance
of considering the proximal end of Chr 16 when targeting fruit quality in apple as the fruit
weight QTL colocalized with multiple Chr 16 trait loci. The QTLs characterized in this study
will enable more informed parent selection, development of trait-predictive DNA tests for
use in apple breeding programs and/or development of genome-wide prediction models
that include large-effect QTLs as fixed effects. Future studies should aim to validate QTL
allele effects and/or other putative QTLs in different germplasm sets and environments.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy12061279/s1. Figure S1: Normal QQ plots (sample
vs. theoretical quantile plots) for random effects (year and individual) and residuals of linear mixed
model. Figure S2: Replicate run 1 posterior intensity and sampling trace plots for QTL positions from
FlexQTL™ software output for adjusted fruit weight BLUPs across years. Chromosome numbers are
indicated on top of each plot. Genetic coordinates (cM) indicate ends and middle of chromosomes.
Figure S3: Replicate run 2 posterior intensity and sampling trace plots for QTL positions from
FlexQTLTM software output for adjusted fruit weight BLUPs across years. Chromosome numbers
are indicated on top of each plot. Genetic coordinates (cM) indicate ends and middle of chromosomes.
Tables S1–S8: Combined Supplementary Tables S1–S8.
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