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Genomic dissection of a ‘Fuji’ apple cultivar: re-sequencing, SNP marker
development, definition of haplotypes, and QTL detection
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‘Fuji’ is one of the most popular and highly-produced apple cultivars worldwide, and has been frequently used
in breeding programs. The development of genotypic markers for the preferable phenotypes of ‘Fuji’ is re-
quired. Here, we aimed to define the haplotypes of ‘Fuji’ and find associations between haplotypes and pheno-
types of five traits (harvest day, fruit weight, acidity, degree of watercore, and flesh mealiness) by using 115
accessions related to ‘Fuji’. Through the re-sequencing of ‘Fuji’ genome, total of 2,820,759 variants, including
single nucleotide polymorphisms (SNPs) and insertions or deletions (indels) were detected between ‘Fuji’ and
‘Golden Delicious’ reference genome. We selected mapping-validated 1,014 SNPs, most of which were hetero-
zygous in ‘Fuji’ and capable of distinguishing alleles inherited from the parents of ‘Fuji’ (i.e., ‘Ralls Janet’ and
‘Delicious’). We used these SNPs to define the haplotypes of ‘Fuji’ and trace their inheritance in relatives,
which were shown to have an average of 27% of ‘Fuji’ genome. Analysis of variance (ANOVA) based on
‘Fuji’ haplotypes identified one quantitative trait loci (QTL) each for harvest time, acidity, degree of water-
core, and mealiness. A haplotype from ‘Delicious’ chr14 was considered to dominantly cause watercore, and
one from ‘Ralls Janet’ chrl was related to low-mealiness.
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overwhelming popularity for several decades, because of its
juiciness, well-balanced taste, and long shelf-life. It can be

Introduction

Apple (Malus x domestica Borkh.) is one of the most mar-
ketable and popular fruit crops; over 80 Mt is produced per
year throughout the temperate regions of the world
(FAOSTAT 2013). In the Japanese fruit market, 0.8 Mt of
apples are produced per year, which is second only to or-
ange (Ministry of Agriculture, Forestry and Fisheries of
Japan [MAFF] 2014). Of domestic cultivated apple trees,
52% are ‘Fuji’, followed by ‘Tsugaru’ (13%) and ‘Orin’
(8%) (MAFF 2012). ‘Fuji’ was derived from the cross
‘Ralls Janet’ x ‘Delicious’ pollinated in 1939, and registered
in 1962 (Sadamori et al. 1963). ‘Fuji’ has maintained its
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stored until the beginning of the next summer, when it is
adequately treated (i.e. cultivation of bagged-fruits or con-
trolled atmosphere storage). Watercore frequently observed
in the flesh of ‘Fuji’ is welcomed by Japanese consumers as
an index of a well-ripened fruit. ‘Fuji’ is globally considered
to be a major cultivar; it has the largest share of world pro-
duction, with a greater than 45% share of production in
China, the top producing country (O’Rourke 2003). How-
ever, ‘Fuji’ has some drawbacks, such as insufficient skin
coloration or susceptibility to some diseases. Therefore, a
new, attractive cultivar that is differentiated from ‘Fuji’, but
holds the advantages of ‘Fuji’ is desired.

Breeders have frequently used ‘Fuji’ or its descendants
as the parents of breeding populations, and a large number
of cultivars or breeding lines derived from ‘Fuji’ are grown
in Japan. As of 2015, the 199 apple cultivars registered with
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MAFF include 83 derived from ‘Fuji’. Owing to the release
of the whole genome sequence of ‘Golden Delicious (GD)’
(Velasco et al. 2010), it has become easy to re-sequence and
assemble the genomes of apple varieties. Our objective here
was to detect QTLs responsible for the superior characteris-
tics of ‘Fuji’, by using sequence information of ‘Fuji’ and
many of its relatives. QTLs for several traits have been pre-
viously reported on the genetic map of ‘Fuji’, or the inte-
grated maps of the populations generated by crossing ‘Fuji’
with other cultivars; i.e., a QTL for firmness (Costa et al.
2010), QTLs for some other physical texture components
(Longhi et al. 2012), and QTLs for some volatile organic
compounds (Cappellin et al. 2015). Here, we focused on the
degree of watercore and flesh mealiness as an index of fruit
shelf-life. The development of mealiness during storage
does not always correspond with the firmness or softening
of fruit flesh; i.e., softening is often observed without meali-
ness in some cultivars (Iwanami et al. 2005).

The most popular and precise method for detecting QTLs
in apple, e.g., interval mapping, is the linkage-based QTL
analysis by using full-sib family and genetic map under a
double pseudo-test cross strategy; this method was used in
the QTL studies described above. Alternatively, a genome-
wide association study, which requires neither linkage map
nor pedigree information, can be performed using breeding
populations towards the application of genomic selection
(Kumar et al. 2013). Recently, pedigree-based QTL analysis
(PBA) has been applied to the detection of QTLs and the
prediction of breeding value of seedlings (Bink ez al. 2008,
2014). In genome-wide association or PBA studies, there is
no need to maintain a large full-sib family, and a population
consisting of visible genotypes or small families is suffi-
cient. As the number of developed markers becomes huge,
the “haplotype” definition of pedigree becomes popular for
understanding allele transmission from parents to offspring
(Bink et al. 2012, Voorrips et al. 2012). “Haplotype” is a
combination of polymorphisms on a single chromatid de-
tected by genetic markers linked on a chromosome. “Haplo-
type block” is a chromosomal segment represented as a
cluster of tightly-linked markers. The “haplotypes” in a
“haplotype block” are likely to be conserved among de-
scendants through generations. In rice, the haplotypes of
Japanese elite cultivar ‘Koshihikari’ and its relatives were
defined by using genome-wide SNPs, which revealed the
ancestral origins of the ‘Koshihikari’ genome and provided
important information for rice breeding (Yamamoto et al.
2010). Here, we defined the haplotypes of ‘Fuji’ and its
relatives, and conducted haplotype-based analysis, a simple
kind of PBA combining the pedigree information and
ANOVA, to develop markers effective for the selection of
desirable phenotypes inherited from ‘Fuji’.

We report the re-sequencing of ‘Fuji’, the detection of
variants in the ‘Fuji’ genome (compared with the ‘GD’ ge-
nome), the development of SNP markers capable of distin-
guishing the two alleles of ‘Fuji’ at 1 ¢M intervals, the iden-
tification of haplotypes of ‘Fuji’ and their inheritance
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through generations, and the detection of QTLs for the char-
acteristic traits of ‘Fuji’ (e.g., degree of watercore and mea-
liness) based on haplotypic information.

Materials and Methods

Plant materials

Material for the re-sequencing of ‘Fuji’ was obtained
from a tree grown in a field of the NARO Institute of Fruit
Tree Science, Apple Research Station (Morioka, Japan). For
the validation of designed SNP markers through genetic
map construction, we used 96 seedlings in the juvenile
phase generated from the cross ‘Fuji’ x ‘GD’. In the haplo-
type analyses, 115 accessions related to ‘Fuji’, most of
which were domestic ones, were used (Table 1). These ac-
cessions included the two parents of ‘Fuji’ (i.e., ‘Ralls Janet’
and ‘Delicious’), ‘Fuji’ itself, and several generations de-
rived from these founders. The accessions had been cultivat-
ed with some repetition for 5-30 years. Various grafted root-
stocks were used: e.g., IM1, IM7, JM8, M.9A, M.9EMLA,
M.26, and M.26EMLA. All segregating populations and
evaluated accessions were cultivated at the NARO Institute
of Fruit Tree Science, Apple Research Station.

Re-sequencing of ‘Fuji’

The genomic DNA of ‘Fuji’ was extracted from leaves by
using a Genomic-tip 20/G kit (Qiagen, Hilden, Germany).
DNA was fragmented with a LE220 Focused-ultrasonicator
(Covaris, Woburn, MA, USA). The size-selected DNA (av-
erage length, 300 bp) was purified with gel extraction and
AMPure XP (Beckman Coulter, Brea, CA, USA). A stan-
dard short-read library was built by using a TruSeq DNA
Sample Prep v2 Kit and TruSeq SBS v5 kit (Illumina, San
Diego, CA, USA) for sequencing runs at 2 X 76 bp total.
After sequencing, GAIIx real-time analysis (RTA) 1.19.38.0
and CASAVA 1.8.0 (Illumina) were used for base calling.
Low-quality bases and adapter sequences were trimmed,
and then reads shorter than 32 bp or unpaired reads were dis-
carded by using in-house scripts and cutadapt (Martin 2011).
The pre-processed reads were aligned to the ‘GD’ reference
genome v1.0p (Velasco et al. 2010) by using Burrows-
Wheeler Alignment tool v0.6.1 (Li and Durbin 2009), and
then read pairs with high mapping quality (>Q20) that
were properly aligned were selected by samtools 0.1.18 (Li
2011). Local realignment around indels was performed by
using Genome Analysis Toolkit v1.4-6 (GATK) (DePristo
et al. 2011). Finally, PCR duplicates were removed by using
Picard v1.61 MarkDuplicates (http://sourceforge.net/projects/
picard/).

Detection and selection of SNPs for GoldenGate assay
Variants were detected through the comparison between
the aligned reads of ‘Fuji” and the ‘GD’ reference genome
by using both “UnifiedGenotyper” in GATK and “mpileup”
in samtools. Biallelic variants that were detected in common
by both programs with high variant quality (>20) were
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Fuji
[(Re-sequenced by Illumina GAIIx; depth = 33.0) Hetero Homo
Golden Delicious Hetero
(Malus x domestica Whole Genome v1.0p) Homo (Ambiguous nucleotide)
GATK & SAMtools

SNP discarded if .. SNPs detected by both software

another SNP, mdel or ambiguity was detected
within 50-bp flanking region

» flanking region had >2 copies in BLASTN search

e SNP frequency in 10-kb window was extremely
low or high (>1.0 IQR from the median)

* read depth was extremely low or high (>1.0 IQR
from the median)

SNP selected if ...

» flanking region overlapped with exons

¢ [llumina ADT Score >0.7

Zl 96 SNPs

*  One SNP at every 650 Kbp (I)

1,056,232 SNPs 797,293 SNPs

5,626 SNPs

l

1,152 probes 96 probes

or 7 Mbp (II) in average

Fig. 1.

selected. Biallelic ambiguous sites (Y, K, R, M, W, and S) in
the reference ‘GD’ genome were regarded to be heterozy-
gous. Detected variants were divided into six categories: 1)
SNPs that are homozygous in ‘Fuji’ and homozygous for
another base in ‘GD’ (FJ/GD = hom/hom) (e.g., AA in ‘Fuji’
and GG in ‘GD’); 2) SNPs that are heterozygous in ‘Fuji’
and homozygous in ‘GD’ (FJ/GD = het/hom) (e.g., AG in
‘Fuji’ and GG in ‘GD’); 3) SNPs of FJ/GD = hom/het; 4)
SNPs of FJ/GD = het/het; 5) indels of FJ/GD = hom/hom
(e.g., ¥+ in ‘Fuji’ and —— in ‘GD’); and 6) indels of FJ/
GD = het/hom (e.g., +—and ——).

Among these variants, SNPs in category 2 (FJ/GD = het/
hom) were selected as target sites for SNP genotyping by
GoldenGate assay (Illumina), because they are most suit-
able for construction of ‘Fuji’ map using a ‘Fuji’ x ‘GD’ seg-
regating population. Furthermore, the heterologous SNPs in
‘Fuji’ could be used as markers to trace the inheritance of
each allele to its descendants. To select reliable marker
SNPs, we discarded SNPs meeting one or more of the fol-
lowing criteria (Fig. 1): 1) other variants (i.e., SNPs, indels)
or ambiguous bases in the ‘GD’ reference genome were de-
tected within the 50-bp flanking regions on either side of the
SNP; 2) 50-bp flanking sequences on either side of the SNP
were aligned to two or more regions in the ‘GD’ reference
genome by BLASTN search; 3) SNP frequency in the 10-kb
window including the SNP was extremely low or high (i.e.,
<8 or >34; less than or greater than 1.0 interquartile range
from the median); and 4) the depth of coverage of ‘Fuji’
reads was extremely low or high (i.e., <12 or >56; less than
or greater than 1.0 IQR from the median). Lastly, we select-

Flow of SNP probe selection for GoldenGate Assay.

ed SNPs with the flanking 50-bp regions overlapped with
annotated exons, in order to develop the markers extremely
close to functional genes. The SNP probes designed for ex-
onic regions were also expected to be stable in various ac-
cessions, because of lower levels of polymorphisms. Among
selected SNPs, those that were unsuitable for probe design
because they had a SNP score under 0.7 calculated by
[1lumina Assay Design Tool (ADT), or were an A/T or C/G
transversion, were discarded. The final selected 1,152 SNPs
were distributed evenly over the genome at an average in-
terval of 0.65 Mbp; an even distribution was impossible to
achieve in some regions because of lack of adequate SNPs.

Ninety-six SNPs of category 3 (FJ/GD = hom/het) were
also selected for array at approximately 7-Mbp intervals,
following the filtering process described above. These
markers were developed for the evaluation and comparison
of accuracy of SNP prediction between ‘Fuji’ and ‘GD’ ge-
nome sequences.

Validation of SNPs and genetic linkage maps

We evaluated the availability and physical position of
each selected SNP through the map construction. DNA was
extracted from the segregating population and its parents
(‘Fuji’ and ‘GD’) by using a DNeasy Plant Mini Kit
(Qiagen), and genotyped by using GoldenGate assay follow-
ing Illumina’s instructions. Genotyping data were analyzed
by using GenomeStudio software (Illumina) with a GenCall
threshold of 0.25. Clusters were manually edited so that
parent—offspring segregation would be correct. SNPs with a
GenTrain score under 0.6 or a cluster separation score under
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0.4 were visually checked and judged whether they should
be discarded. Genotype calls of ‘Fuji’ and ‘GD’ were com-
pared with those predicted by re-sequencing.

A genetic map was constructed by using all available
SNP markers (FJ/GD = het/hom, hom/het, and accidentally
obtained het/het), in addition to 475 simple sequence repeat
(SSR) markers to ensure the accuracy and the direction of
the linkage groups (LGs). The source of SSR markers and
analytical protocol were same as those reported previously
(Kunihisa et al. 2014). Construction of an integrated linkage
map was carried out under a double pseudo-test-cross map-
ping strategy by using JoinMap 4.0 (van Ooijen 20006).
Marker genotypes were converted to “CP (cross-pollinated)”
type code and grouped under the following conditions: re-
gression mapping module, LOD = 7.0 and Kosambi’s map
function. We numbered the constructed LGs and validated
the SSR order by referring to apple reference maps of
‘Fiesta’ and ‘Discovery’ (Liebhard et al. 2003a, Silfverberg-
Dilworth et al. 2006).

The markers predicted to be located on LG3 and LG11
were simultaneously mapped on a single LG, and couldn’t
be separated into two LGs even by changing the grouping
conditions. Among these markers, we selected those trans-
formable to “BC1 (backcross population)” type code, and
reconstructed LGs in ‘Fuji’ and ‘GD’, respectively, under
the same conditions as the “CP” population mapping. The

Phasing of ‘Fuji’

Inferred from genotypes of F1 progeny
from ‘Fuji’ X ’Golden Delicious’ cross.
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separated LG3 maps of ‘Fuji’ and ‘GD’ were integrated by
using SSR loci as anchors. The same applied to LG11 maps.

Definition of haplotypes of related accessions

DNA was extracted from 115 accessions (Table 1) and
genotyped with mapped SNPs by following the method
used in the previous section. The SNPs were excluded from
the haplotype analyses when the genotype clusters visual-
ized by GenomeStudio were not clearly separated among
115 accessions. The SNPs genotype data were arranged in
order according to the mapped position. The method used
for identification of haplotypes in the 115 accessions is il-
lustrated in Fig. 2. The first step was the phasing of the
‘Fuji’ genotype. For each chromosome, phases were judged
from the linkage of genotypes among adjacent SNPs by us-
ing F1 progeny from the ‘Fuji’ X ‘GD’ cross. Majority link-
age between polymorphisms was defined as coupling phase
and minority as repulsion phase. The second step was the
haplotype phasing of ‘Ralls Janet’ and ‘Delicious’ to identi-
fy haplotypes that were inherited by ‘Fuji’. Haplotypes that
were not inherited by ‘Fuji’ were kept undefined in this
study. For the phasing of ‘Ralls Janet’, we examined the
linkage among SNPs derived from ‘Ralls Janet’ by using
four accessions (including ‘Fuji’) whose parent was ‘Ralls
Janet’. The phasing of ‘Delicious’ was carried out in a
similar manner by using 10 accessions whose parent was

Phasing of parents of ‘Fuji’

—
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Some loci are inverted or discarded
to decrease the discrepancies in the
haplotype block.

Fig. 2. Method for identification of haplotypes inherited by relatives of ‘Fuji’. “H” represents a heterozygous genotype at a SNP position. Black
and grey cells represent ‘Fuji’ alleles derived from ‘Ralls Janet’ and ‘Delicious’, respectively.
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‘Delicious’. The last step was to trace the propagation of the
haplotypes of ‘Fuji’ in its relatives or descendants. Consid-
ering the relationship between two parents and their off-
spring, the alleles of SNPs obviously derived from target
haplotypes were defined. Subsequently, those that segregat-
ed in concert with haplotypes of both parents were identi-
fied. When an undefined haplotype block was under 5 cM
from the end of a chromosome and was consistent with the
haplotypes of both parents, it was assumed to be included in
the adjacent block (because the risk of recombination was
<0.05). Similarly, if an undefinable haplotype block was
smaller than 20 cM that was located between blocks from
the same parental origin, it was assumed to be included in
the adjacent blocks (because the risk of double recombina-
tion was <0.04). An undefinable block remained unidenti-
fied if it was placed between blocks of different origins. Fi-
nally, some SNP loci were manually rearranged or discarded
to decrease the discrepancies in the haplotype blocks.

Evaluation of apple traits

Fruits from individual accessions were harvested when
the ground color at the calyx end changed from green to
yellowish-green. Our target traits were harvest time, fruit
weight, acidity, degree of watercore and flesh mealiness.
Four set of phenotypic data (harvest day, fruit weight, acidi-
ty, and degree of watercore) were obtained from 1991 to
2013 by using 108-115 accessions, respectively (Supple-
mental Table 1). The various accessions were evaluated for
1-23 years (average, 5.7 years). Harvest day was scored as
the number of days after July Ist. On the day of harvest, by
using 3—5 fruit of middle size, fruit weight and titratable
acidity were measured, and the degree of watercore in the
equatorial plane of the fruit was visually scored (0, nil; 1,
slight; 2, moderate; 3, strong), according to the guidelines
for apple production (Aomori Prefectural Apple and Fruits
Division et al. 2014). The phenotypic data were compensat-
ed based on inter-year variation, calculated by using the
data of standard accessions that were thoroughly evaluated
for 23 years. In the degree of watercore, some samples
showed negative value because of the compensation, and
these values were considered as 0. The average of compen-
sated data in multiple years was used as the representative
value for the accession.

Flesh mealiness was measured in 2013 and 2014 by us-
ing the 63 accessions indicated in Supplemental Table 1,
due to the difficulty of measurement of this trait. With the
exception of some accessions, we used same trees in both
years. Five fruit were measured per accession unless an in-
dividual did not have sufficient fruit, in which case all fruit
were used in the analysis. The fruits were kept under 20°C,
85% =+ 5% relative humidity for 4 weeks after the harvest
and then evaluated by using the quantitative method report-
ed by Iwanami et al. (2005). This method can measure the
degree of cell separation by shaking flesh tissue discs in a
sucrose solution; the degree of mealiness was calculated as
(Wi—Ws)/Wi where Wi and Ws are weight of discs before

506

Kunihisa, Moriya, Abe, Okada, Haji, Hayashi, Kawahara, Itoh, Itoh, Katayose ef al.

and after the shake, respectively. Negative values were re-
placed with 0. Negative values indicate an increase of fruit
disc weight caused by the filling of the air space of discs
with sucrose solution during shaking. The data were report-
ed as the average of the two years.

QTL detection using haplotype data

We used the identified haplotype data of 108—115 acces-
sions, described above, in the detection of QTLs for harvest
time, fruit weight, acidity, degree of watercore, and those of
63 accessions, described above, for detection of QTLs for
degree of mealiness. At each SNP locus, alleles identical to
‘Fuji’ were respectively coded as “0” or “1”, depending
on whether the alleles were derived from ‘Ralls Janet” or
‘Delicious’. For each SNP, we tested the difference of pheno-
typic means between the accessions possessing the “0” allele
and those possessing the “1” allele using t-test implemented
in R program, where P-value (P) was calculated for each
SNP. In this statistical test for SNPs, the accessions possess-
ing no alleles identical to ‘Fuji’ or those possessing both of
“0” and “1” alleles were omitted from the analysis. The
threshold of significance was set at P = 0.05 x 1073, because
the tests were repeated at approximately 1,000 SNPs. This
threshold value of P, however, was likely to be conservative
due to the inclusion of closely linked multiple SNPs on
a haplotype block that could be regarded as a single SNP
cluster. The calculated P-values were plotted against SNPs
in the form of a Manhattan plot.

Re-sequencing of ‘Fuji’ and detected polymorphisms

Sequencing of the ‘Fuji’ genome resulted in 294 million
read pairs (44.6 Gb in total; DRA004333, registered in the
DDBJ Sequence Read Archive). After pre-processing, 244
million read pairs were retained. Of these, 84 million read
pairs (corresponding to 12.7 Gb) were finally mapped to the
‘GD’ reference genome, with an average of 33x depth of
coverage. The total length of genomic regions covered with
at least one read was 346 Mbp, which corresponds to 57%
of the total ‘GD’ reference genome, and 90% of the refer-
ence genome without Ns or ambiguous bases. The obtained
sequences of ‘Fuji” were positioned across all 17 chromo-
somes, and were sufficient for marker development.

Two kinds of software called a total of 2,820,759 vari-
ants including SNPs and indels in common between the
genome sequences of ‘Fuji’ and ‘GD’. Among the SNPs,
551,506 were found to be FJ/GD =hom/hom, 1,056,232
were FJ/GD = het/hom, 797,293 were FJ/GD =hom/het,
and 251,297 were FJ/GD =het/het. Among the indels,
97,757 were FJ/GD =hom/hom and 66,674 were FJ/
GD = het/hom.

Selection of SNPs
The detected 1,056,232 SNP variants of FJ/GD = het/
hom were filtered according to the annealing characteristic
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Table 2. Result of GoldenGate assay of designed SNP probes and genetic mapping

Pred¥cted # of designed # of genotyped Observed zygosity for FJ/GD # of mapped #of mapped  # of SNPs used
zygosity for SNP probes SNPs het/h het/h hom/h hom/h SNPs SNPs on the for haplotype
FJ/GD P ethom  het/het  hom/het hom/hom predicted loci  definition
het/hom 1152 988 830 148 3 7 980 765 938
hom/het 96 90 0 0 78 12 77 73 76

FJ/GD = het/hom means that the genotype of each SNP is heterozygous in ‘Fuji’, and homozygous in ‘Golden Delicious’. The same applies to

FJ/GD = hom/het, het/het and hom/hom.

and uniqueness of flanking sequences as the SNP probe (see
“Materials and Methods”, Fig. 1); this process removed
91.2% of SNPs, leaving 92,766 SNPs. After applying fur-
ther filters for adequate SNP frequency and read depth, and
exonic location, 11,196 SNPs were retained. Of these, we
selected 1,152 SNPs (MdFJ set), after considering the ADT
score of the SNP probes and the intervals between them
(Supplemental Table 2), for the GoldenGate assay.

We also discarded 99.3% of the called 797,293 SNPs of
FJ/GD = hom/het by using the filters described above, to
obtain 5,626 exonic reliable SNPs. On the basis of the ADT
score and intervals between SNPs, we further selected 96
SNPs (MdGD set) for the GoldenGate assay.

Validation of selected SNPs and mapping

The segregating population from the ‘Fuji’ X ‘GD’ cross
were genotyped by GoldenGate assay or SSR marker set,
and an integrated linkage map was generated. Of the 1,248
SNP probes (i.e., MdFJ and MdGD sets combined), 1,078
showed informative segregation in the population, and
1,057 were successfully mapped with 475 SSR markers
spanning 1,130.6 cM on 17 chromosomes (Table 2, Sup-
plemental Fig. 1). The order of inserted SSR markers was
mostly consistent with previous reports (Silfverberg-
Dilworth et al. 2006, Kunihisa et al. 2014). The average
interval between SNP markers was 1.07 cM. Of the 1,057
mapped SNPs, 838 were mapped on the positions consistent
with the prediction on the ‘GD’ reference genome, and 219
were on conflicting positions. Although as many as 1/5 of
SNPs were mapped on unexpected positions, each linkage
group was covered with a sufficient number of SNPs.
Among the mapped SNPs, 43 were removed in the haplo-
type analyses, because of unclear genotype separations
among the accessions from various pedigrees, or because of
an obvious discrepancy in the haplotype block. Finally, a
total of 1,014 SNPs were used for the following study.

The genotypes of ‘Fuji’ and ‘GD’ determined by
GoldenGate assay were compared to those predicted through
re-sequencing. Eighty-four percent (830 out of 988) of
SNPs predicted as FJ/GD = het/hom and 87% (78 out of 90)
of those predicted as FI/GD = hom/het were detected as the
corresponding genotypes (Table 2).

Propagation of haplotypes common to ‘Fuji’
We traced the haplotypes derived from ‘Fuji’ as they
were propagated in its relatives (Supplemental Table 3).
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Of the SNP alleles in 115 accessions, an average of 27%
were defined to be in common with either of heterologous
alleles of ‘Fuji’, with an average of 11.5% and 15.5% being
alleles derived from ‘Ralls Janet’ and ‘Delicious’, respec-
tively. The undefined SNP alleles (73%) were either derived
from other origins, or unable to be judged their origin due to
homozygous SNPs. The six chromosomes of ‘Ralls Janet’
(chr3, chr13—chrl7) and 13 chromosomes of ‘Delicious’
(chrl, chr3—chr5, chr7—chr9, chrll, chrl2, chrl4—chrl?7)
were recombined and inherited by ‘Fuji’.

The 115 relatives of ‘Fuji’ could be divided into 1) the
descendants of ‘Fuji’; and 2) the full-sib or half-sib families
of ‘Fuji’ and their descendants (Fig. 3). In the first-degree
descendants of ‘Fuji’ (e.g., ‘Sensyu’), almost all of the haplo-
types inherited from ‘Fuji’ were identified as ‘Fuji’; i.e,
almost 50% of SNP alleles were defined to be in common
with those of ‘Fuji’. ‘Aoril5’, ‘Koukou’ and ‘Seirin’ were
the descendants that had more than 50% of SNP alleles in
common with those of ‘Fuji’; this was as expected because
these are the results of crosses between ‘Fuji’ and a sport of
‘Delicious’ or its offspring. In the second-degree descen-
dants of ‘Fuji’ (e.g., ‘Shinano Gold’), most of which are off-
spring of ‘Sensyu’, fewer haplotypes of ‘Fuji’ could be ob-
served, because of the weaker relationship to ‘Fuji’ and the
increase in undefinable regions due to repeated recombina-
tion events. An exception was ‘Hinoazuma’, which showed
as much as 48% of SNP alleles in common with those
of ‘Fuji’; this high percentage was as expected because
‘Hinoazuma’ is derived from a cross between two first-
degree descendants of ‘Fuji’. For the same reasons as stated
above, the sib families, most of which are descendants of
‘Delicious’, possessed smaller percentages of haplotypes
in common with those of ‘Fuji’. Basically, less haplotypes
could be defined as the generations progressed.

The propagation of ‘Delicious’-derived and ‘Ralls
Janet’-derived haplotypes of ‘Fuji’ in the 115 accessions
deviated significantly from 1:1 at regions on chrl, chr7—chr9,
and chr15 (P <0.05 x 107%; Supplemental Fig. 2): the fre-
quency of SNP alleles from ‘Delicious’ was higher than that
of those from ‘Ralls Janet” at regions on chr7—chr9, and
chrl5, and the reverse was observed for a region on chrl.
The dominance of alleles from ‘Delicious’ was largely due
to the more frequent use of ‘Delicious’ than ‘Ralls Janet’ as
a cross parent. When we focused on 42 descendants of
‘Fuji’ selected as cultivars or superior breeding lines (shown
with ticks in Table 1), a significant deviation was observed
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Fig. 3. The typical pedigree tree of ‘Fuji’ and the inheritance of ‘Fuji’ haplotypes. Black and grey blocks represent ‘Fuji” haplotypes derived
from ‘Ralls Janet’ and ‘Delicious’, respectively. White blocks include the following haplotypes: 1) those derived from founders other than ‘Fuji’;
2) those that could not be judged to be derived from ‘Fuji’ or not; 3) those derived from ‘Fuji’, but which could not be identified its origin (‘Ralls

Janet’ or ‘Delicious’).

only at a region on chrl (P <0.05 x 1073; Fig. 4). As much
as 45% of haplotypes in this region were derived from
‘Ralls Janet’: i.e., 90% of descendant cultivars inherited the
haplotype of ‘Ralls Janet’ through the generations. This re-
sult indicates that the genes in this region might have been
under selection for the some kind of trait that was always
targeted in crosses using ‘Fuji’ or ‘Sensyu’.

OTLs detected by ANOVA based on ‘Fuji’ haplotype

The five phenotypes of the evaluated accessions are pre-
sented in Supplemental Table 1, and the distributions of
them are shown in Supplemental Fig. 3. At each SNP lo-
cus, we tested phenotypic means of the accessions with the
‘Ralls Janet’-derived alleles and those of the accessions
with the ‘Delicious’-derived allele by t-test, to detect QTLs
for the five traits (Fig.S, Table 3). A significant QTL
(P <0.05 x 107) for harvest day was found in the middle of
chrl6; one for acidity was detected in the upper middle of
chr8; one for degree of watercore was detected in the mid-
dle of chr14; and one for degree of mealiness was located in

the upper middle of chrl; no significant QTL was detected
for fruit weight.

For the newly detected QTLs for degree of watercore and
mealiness, the distributions of phenotypes among tested ac-
cessions with each haplotype are shown, in order to assess
the effect of each haplotype (Fig. 6). A high degree of water-
core (median, 1.05) occurred in accessions that possessed
the haplotype from ‘Delicious’ around the MdFJ 1.036
marker; the degree of watercore was extremely low in ac-
cessions with the haplotype from ‘Ralls Janet’ (median,
0.09), or in those with other or undefined haplotypes (medi-
an, 0.08) in this region. The degree of mealiness was much
higher (mean, 0.54) in accessions with the haplotype from
‘Delicious’ at the region between MdFJ 1.010-011 and
MdFJ 2.017-019 than in those with the haplotype from
‘Ralls Janet’ (mean, 0.13).
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Fig. 4. Frequency of alleles inherited from ‘Fuji’ for 17 chromosomes in 42 descendant cultivars of ‘Fuji’. Among the 115 accessions in Table 1,
42 descendants of ‘Fuji’ were selected as cultivars or superior breeding lines for further analysis. The alleles derived from ‘Ralls Janet’ and
‘Delicious’ were separately calculated. The region indicated by a two-way arrow showed frequency deviation from 1:1 between ‘Ralls Janet” and
‘Delicious’ alleles at the level of P <0.05 x 1073,

M comparing the predicted genotypes to those obtained with

GoldenGate assays. The accuracies of prediction for hetero-
Accuracy and availability of designed SNP probes zygosity and homozygosity of ‘Fuji’ genotypes were 99.0%
By re-sequencing the genome of ‘Fuji” and comparing it (978 out of 988) and 100% (90 out of 90), respectively.
to the ‘GD’ reference genome, we obtained 2.7 million SNP  Those of ‘GD’ were 86.6% (78 out of 90) and 84.7% (837
variants. During the development of the 20 K SNP Infinium  out of 988). The higher prediction accuracy for genotypes of
array for apples (Bianco et al. 2014), 16.6 million SNPs  ‘Fuji’ compared with those of ‘GD’ is likely due to the very
among 14 re-sequenced accessions were scored. Although  strict criteria we used in the read alignment, variant calling,
the software and the criteria for calls used in our study were  and filtering steps to obtain reliable SNPs.
different to those used in the previous study, we still detect- Of 1,248 designed SNP probes, 1,057 (84.7%) were
ed about 1/6 the number of variants with 1/8 the number of mapped in the ‘Fuji’ x ‘GD’ segregating population, and
reference accessions. Of the 11,196 (FJ/GD = het/hom) and 1,014 (81.3%) were used for the haplotype definition of var-
5,626 (FJ/GD = hom/het) SNPs exceeding the filtering cri-  ious accessions. Some of these mapped SNPs (20.7%) were
teria in this study, 212 and 57 were identical to previously located at positions that conflicted with predicted positions
developed SNP markers on 8 K or 20 K Infinium arrays on the ‘GD’ reference genome. Such inconsistency was also
(Bianco et al. 2014, Chagné et al. 2012). On the other hand, observed in the map for M432 progeny constructed by
none of the 1,248 SNP markers designed for GoldenGate  Antanaviciute et al. (2012), using the 8 K SNP infinium
assays were identical to them. We also evaluated the accura-  array, and is considered to be caused by unexpected para-
cy of the genotypes predicted from the ‘GD’ reference ge- logous genomic regions, or the mis-assignment of sequence
nome and our re-sequencing of ‘Fuji” genome (Table 2) by  contigs during the assembly.
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Table 3. Information regarding QTLs detected by comparing haplo-
types of ‘Fuji’

Traits Probability Significant Position
(-log0) marker” (cM)
Harvest day 16 7.3 MdFJ 2.725 249
- MdFJ_2.329
Acidity 8 4.8 MdFJ 2.296 23.3-23.7
Degree of watercore 14 6.9 MdFJ_1.036 324
Degree of mealiness 1 5.4 MdFJ_1.010-011 30.4-38.2

MdFJ_2.017-019

LG, linkage group. The markers with minimum probability were listed
with their position and P-value.
“ Significant means P < 0.05 x 107,

Propagation of haplotypes of ‘Fuji’
‘Fuji’ and its descendants have been especially frequent-
ly crossed to generate breeding populations, due to their
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high potential for breeding values; over 40% of cultivars
registered with MAFF are derived from ‘Fuji’. In Japanese
rice breeding, ‘Koshihikari’ is the most-grown elite cultivar
and has been repeatedly used as a cross parent. Yamamoto
et al. (2010) defined the haplotype of ‘Koshihikari’ and re-
lated cultivars by using approximately 2,000 genome-wide
SNP markers, and clarified that the 60%—-80% of the ge-
nome of the second, third, and fourth most-grown cultivars
is identical to that of ‘Koshihikari’, and that genetic varia-
tion has decreased in modern cultivars because of strong
selection pressure. Inbreeding depression caused by repeat-
ed crossing within a narrow gene pool and genome homo-
geneity is becoming a serious concern in fruit tree breeding.
In Japanese pear, there is a clear negative correlation be-
tween inbreeding coefficient and tree vigor, and the coeffi-
cient has been increasing in recent cultivars (Onoue et al.
2015). Therefore, we examined whether homozygosity of
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haplotypes derived from ‘Fuji’ was present in recent acces-
sions (Supplemental Table 3). Most of the accessions were
free from inbreeding, at least for the haplotypes of ‘Fuji’,
probably because the number of generations since the
founders is less for Japanese apple breeding than for Japa-
nese pear breeding. ‘Aori 15°, ‘Hinoazuma’, ‘Koukou’, and
‘Seirin” showed relatively high homozygosity in several
regions of chromosomes; the total length of them was
138 cM, 76 cM, 68 cM, and 59 cM, respectively.

However, a decrease in genetic variation might arise in
the near future, because an extreme deviation between the
frequencies of the ‘Delicious’-derived and ‘Ralls Janet’-
derived haplotypes of ‘Fuji’ was observed on chrl, at least, in
descendant cultivars of ‘Fuji’ (Fig. 4). This deviation could
have been caused either by the selection toward genes for
desirable traits, or by the existence of bottleneck cultivars,
such as ‘Sensyu’, with high-potential as a breeding parent.

QTLs detected by haplotype-based analysis

We detected one QTL each for harvest day, acidity, de-
gree of watercore and mealiness. The QTL for harvest day,
located on chrl6, corresponded to one reported previously
(Kenis et al. 2008, Kunihisa ef al. 2014); likewise, the QTL
for acidity, located on chr8, was identical to a known QTL
(Kenis et al. 2008, Kumar et al. 2013, Liebhard et al.
2003b).

To our knowledge, this is the first report of QTL analysis
and the development of linkage markers for degree of
watercore. A high degree of watercore occurred in almost all
accessions that possessed the ‘Delicious’ -derived haplotype
of ‘Fuji’ in the middle of chr14 (Fig. 6); although three ac-
cessions with the ‘Delicious’ haplotype in this region had a
degree of watercore score of 0, watercore could be observed
in two of them when the timing of harvest was later. In con-
trast, accessions with the ‘Ralls Janet’-derived haplotype
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and a haplotype from other or undefined founders in this re-
gion rarely generated watercore. The only accession whose
score was over 2.0 with an undefined haplotype was ‘Fuji’,
which is coded “ND” because it possesses both haplotypes.
These results indicate that the haplotype of ‘Delicious’ in
this region dominantly causes watercore. The low degree of
watercore in the accessions with a haplotype from other or
undefined founders implies that other haplotypes (e.g., from
‘GD’ or ‘Jonathan’) hardly cause watercore.

Watercore development has been considered to correlate
with several factors: high temperature, low calcium, matu-
ration, and the decreased capacity of the cells to take up
sorbitol (Marlow and Loescher 1984). In a study of ‘Fuji’,
higher degree of watercore was associated with higher inter-
nal ethylene, sorbitol, or sucrose concentrations (Bowen
et al. 1997). Gao et al. (2005) found that expression of the
sorbitol transporter gene (MdSOT) was suppressed specifi-
cally in fruits with watercore, and that the defect of the
membrane transport system of sorbitol caused the excessive
sugar accumulation and watercore. However, a BLASTN
search against the ‘GD’ reference genome showed that
MdSOT genes were on chr3, chrl2, or chrl7, but not on
chr14 where we identified a QTL.

Watercore of fruit tends to be recognized as an undesir-
able physiological disorder in many regions of the world,
because it can cause browning or early breakdown of fruit
flesh during storage. In contrast, it is greatly welcomed by
consumers in Japan, where it is recognized as an index of a
well-ripened fruit, and apples with watercore are dealt with
at a higher price in the market. Therefore, the QTL detected
in this study is available not only for negative but also for
positive selection.

A QTL for degree of mealiness was detected at the mid-
dle of chrl; accessions having the haplotype of ‘Ralls Janet’
showed significantly lower mealiness (and therefore longer
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shelf-life). Most descendants of ‘Fuji’ inherited the haplo-
type of ‘Ralls Janet’ at the middle region on chrl (Fig. 4),
which could be the result of the selection for some impor-
tant gene. From our results, we hypothesize that the breed-
ers had focused on shelf-life in the screening of populations
crossed with ‘Fuji’ or its descendants, and that selection for
long shelf-life lines resulted in the discard of the haplotype
of ‘Delicious’ that causes mealiness among cultivars at this
QTL. We note that the accessions that inherited the haplo-
type of ‘Ralls Janet’ at this region largely overlapped with
the descendants of ‘Fuji’, and those with the haplotype of
‘Delicious’ overlapped with other relatives. Other unevalu-
ated traits could be candidates for the role of this biased re-
gion, if they are common only among the descendants.

Mealiness of apple flesh depends on low adhesion between
neighboring cells, and high resistance to cell rupture (Harker
and Hallett 1992). Nobile et al. (2011) reported that the gene
expression and enzyme activity of a-L-arabinofuranosidase
(a-AFase), acting on the pectic component of the cell wall,
were correlated with mealiness. By transcriptome analysis,
the expression of a pectin methylesterase gene (MdPME?2)
was found to be significantly higher in non-mealy fruits
than in mealy fruits during fruit development, ripening, and
post-harvest (Segonne et al. 2014). However, a-AFase and
MdAPME? are located on chrl6 and chr9, respectively, not
on chrl. Probes for 15 SNP markers with significant P-value
were mapped to the region between chrl: 9.7 Mb—16.1 Mb
of the ‘GD’ reference genome v1.0. The Md-Exp7 gene,
which was deemed to be associated with fruit firmness or
softening in analyses using progeny of ‘Prima’ or cultivar
allele mining (Costa et al. 2008), was mapped to quite near
this region (16.6 Mb). The product of Md-Exp7 promotes
cell wall relaxation and extension; therefore, it is a strong
candidate gene not only for fruit firmness or softening, but
also for mealiness. Although the SNP marker nearest to Md-
Exp7 (MdFJ 2.023, 16.6 Mb, 42.7 cM) was not significant,
the extremely low-frequency of ‘Delicious’-derived haplo-
type around this region (see Supplemental Fig.2) might
have hampered the adequate test of difference. Costa et al.
(2010) carried out QTL analysis for fruit firmness or soften-
ing by using a full-sib population of ‘Fuji’, but detected no
QTLs on chrl, where we detected a QTL for mealiness
based on haplotypes of ‘Fuji’. This might indicate that the
causative gene for fruit firmness or softening and the gene
for mealiness are not identical, or that the effects of the
causative gene (probably Md-Exp?7) for these traits were not
in phase among accessions. The complex relationships
among these traits for fruit texture are consistent with the
report by Iwamani et al. (2005), which proposed that these
traits were not in concert with each other, based on the ex-
istence of cultivars softened without mealiness. Further ge-
netic and physiological analyses are required to clarify the
relationships among these traits.

One of the advantages of haplotype-based analysis is the
identification of the haplotypes that leads to a desirable phe-
notype; polymorphisms of a single marker cannot always

Kunihisa, Moriya, Abe, Okada, Haji, Hayashi, Kawahara, Itoh, Itoh, Katayose ef al.

distinguish between the exact allele with the desirable effect
and other alleles. The ANOVA between the haplotypes of
‘Fuji’ used in this study could be substituted for the conven-
tional method using full-sib family and pseudo-testcross
mapping strategy, and could compensate for the lack of full-
sib family in the QTL study.

Applications to other founders

Here, we successfully developed 1,014 SNP markers
spanning the whole genome, which were optimized for the
definition of haplotypes of ‘Fuji’, and we detected QTLs by
testing the effects of two haplotypes of ‘Fuji’. However, we
did not detect the QTLs on chr3, chrl0, and chrl5 for har-
vest day reported in previous studies (Kenis et al. 2008,
Kunihisa et al. 2014, Liebhard et al. 2003b), or the major
QTL for acidity on chrl6, which is well-known as Ma
(Liebhard et al. 2003b). The nondetection of these QTLs
indicated the possibility that they are functionally homozy-
gous in ‘Fuji’, and make no phenotypic segregation. In case
that the superior characteristics of ‘Fuji’ are owing to the
homozygosity of responsible genes, e.g. the low level of
ethylene production of ‘Fuji’ regulated by the homozygosity
of genotype ACSI-2 of 1-aminocyclopropane-1-carboxylate
synthase gene (Harada et al. 2000), the QTL would not be
detected by the analysis based on ‘Fuji” haplotypes. In this
study, we used only an average of 27% of the genotypic in-
formation defined to be in common with ‘Fuji’ for ANOVA.
Almost all apples bred in Japan originate from only eight
founders: ‘Ralls Janet’, ‘Delicious’ strains, ‘Golden
Delicious’, ‘Jonathan’, ‘Worcester Pearmain’, ‘Indo’,
‘Mclntosh’ strains, and ‘Cox’s Orange Pippin’. If we could
define the haplotypes of remaining 73% of genome derived
from these other founders and evaluate their effects, more
QTLs would be identified. Recently, the Infinium array sys-
tem with many more SNP markers has been developed in
Rosaceae crops: 6 K array for cherry (Peace et al. 2012), 9 K
for peach (Verde et al. 2012), and 8 K and 20 K for apple
(Bianco et al. 2014, Chagné et al. 2012). In arrays for apple,
multiple SNPs (4.7-7.7 SNPs in average) within 5-50 kbp
are selected as a SNP cluster, a so-called “focal point”; the
clusters are arranged at an interval of 1 cM. These focal
points could define the haplotypes of broad founders, by
combining multiple SNPs. The additional definition of
haplotypes of other founders by using these arrays would
lead to the detection of more QTLs and the estimation of the
effect of each haplotype of founders, which is valuable for
the prediction of phenotype in marker-assisted breeding.

Recently, PBA has been introduced to plant genetics,
where the flow of haplotypes from founders to the descen-
dants is considered for QTL detection. Bink et al. (2008,
2014) developed FlexQTL software for Bayesian QTL map-
ping of pedigreed families, with the assumption that each
QTL is biallelic; they applied the software to fruit firmness
in apple. This software was also applied to QTL mapping of
eight commercially important traits of peach (Fresnedo-
Ramirez et al. 2015). Because the apple cultivars bred in
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Japan mostly originate from only eight founders, we expect-
ed that they would comprise a comparatively simple haplo-
type pool. Therefore, we applied a simpler method based on
ANOVA for the PBA. An improved method that would en-
able us to evaluate each QTL as multi-allelic is desired.
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