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Abstract The development of single nucleotide polymor-
phism (SNP) markers in Japanese pear (Pyrus pyrifolia
Nakai) offers the opportunity to use DNA markers for
marker-assisted selection in breeding programs because of
their high abundance, codominant inheritance, and potential
for automated high-throughput analysis. We developed a
1,536-SNP bead array without a reference genome sequence
from more than 44,000 base changes on the basis of a large-
scale expressed sequence tag (EST) analysis combined with
454 genome sequencing data of Japanese pear ‘Housui’.
Among the 1,536 SNPs on the array, 756 SNPs were geno-
typed, and 609 SNP loci were mapped to linkage groups on a
genetic linkage map of ‘Housui’, based on progeny of an inter-
specific cross between European pear (Pyrus communis L.)
‘Bartlett’ and ‘Housui’. The newly constructed genetic linkage
map consists of 951 loci, comprising 609 new SNPs, 110 pear
genomic simple sequence repeats (SSRs), 25 pear EST–SSRs,
127 apple SSRs, 61 pear SNPs identified by the “potential
intron polymorphism” method, and 19 other loci. The map
covers 22 linkage groups spanning 1341.9 cM with an average
distance of 1.41 cM between markers and is anchored to

reference genetic linkage maps of European pears and apples.
A total of 514 contigs containing mapped SNP loci showed
significant similarity to known proteins by functional annota-
tion analysis.
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Introduction

High-density genetic linkage maps constructed with genome-
wide molecular markers are useful for fruit tree breeding
programs, as the implementation of marker-assisted selection
(MAS) can accelerate the selection process and reduce the
progeny size and the cost of raising individuals to maturity in
the field (Luby and Shaw 2001). Attempts to use MAS,
however, are just beginning and remain limited to the selec-
tion of a few simply inherited traits, especially in fruit trees,
because marker development for MAS via bi-parental quanti-
tative trait locus (QTL) mapping is hindered by the same
complications as phenotyping for traditional breeding. New
genomic-based strategies using genome-wide molecular
markers such as genome-wide association study (GWAS)
and genomic selection (GS) (Meuwissen et al. 2001) have
now emerged as powerful tools (Grattapaglia and Resende
2011; Kumar et al. 2012; Kumar et al. 2013).

The family Rosaceae is a medium-sized family of
flowering plants, including about 3,000 species in 100 genera.
Many economically important products are derived from the
Rosaceae, including many edible fruits (apples, apricots,
plums, cherries, peaches, pears, raspberries, and strawberries)
and ornamental trees and shrubs (Hummer and Janick 2009).
Draft genome sequences for apple (Malus×domestica Borkh.,
Velasco et al. 2010), the woodland strawberry (Fragaria
vesca, Shulaev et al. 2011), and peach (Prunus persica (L.)

Communicated by E. Dirlewanger

Electronic supplementary material The online version of this article
(doi:10.1007/s11295-014-0726-0) contains supplementary material,
which is available to authorized users.

S. Terakami : C. Nishitani :M. Kunihisa :N. Takada : T. Saito :
T. Yamamoto (*)
NARO Institute of Fruit Tree Science, Tsukuba, Ibaraki 305-8605,
Japan
e-mail: toshiya@affrc.go.jp

K. Shirasawa : S. Sato : S. Tabata
Kazusa DNA Research Institute, Kisarazu, Chiba 292-0818, Japan

K. Kurita :H. Kanamori :Y. Katayose
National Institute of Agrobiological Sciences, Tsukuba,
Ibaraki 305-8602, Japan

Tree Genetics & Genomes (2014) 10:853–863
DOI 10.1007/s11295-014-0726-0

http://dx.doi.org/10.1007/s11295-014-0726-0


Batsch, http://www.rosaceae.org/) were the first to be
reported. Recently, genome sequences have become
available of Chinese pear (Pyrus bretschneideri Rehd.) (Wu
et al. 2013).

Pears (Pyrus spp.) have been one of the most important
fruit trees in Europe, East Asia, and North America for up to
3,000 years and are commercially grown in around 50
temperate-climate countries (Bell et al. 1996). Pear, like the
other pipfruit species apple, belongs to the subfamily
Spiraeoideae, tribe Pyreae, sharing a basic chromosome num-
ber of x=17 which indicates a polyploid origin. It was shown
that a relatively recent (>50 million years ago) genome-wide
duplication has resulted in the transition from 9 ancestral
chromosomes to 17 chromosomes in the Pyreae and that the
ancestral paleohexaploidy of eudicots was supported (Velasco
et al. 2010). Pear genotypes are highly heterozygous, because
of the self-incompatibility character (Kikuchi 1929).

Owing to these advances in the sequencing of plant ge-
nomes, single nucleotide polymorphisms (SNPs) have be-
come a practical choice in genetic analysis and are routinely
used as markers in many genetic applications, including the
detection of genotype–phenotype associations, the construc-
tion of genetic maps, and marker-assisted breeding (Gupta
et al. 2001). SNPs are abundant throughout the genome and
suited to automated detection (Chen and Sullivan 2003), and
represent codominant markers with a simple, well-defined
mutation model (Brookes 1999). SNPs have a low mutation
rate and fewer detection or evaluation errors than simple
sequence repeats (SSRs; Yu et al. 2011) and are often trans-
ferable across species within a genus (Grattapaglia et al.
2011). They are far more prevalent than SSRs and therefore
may provide a high density of markers near loci of interest.
SNPs are now considered useful markers in ecological and
evolutionary studies of non-model species (Morin et al. 2004).

Large numbers of SNP markers are currently avail-
able for many plant species, including Arabidopsis
thaliana (Schmid et al. 2003), maize (Zea mays L.)
(Tenaillon et al. 2001), rice (Oryza sativa L.) (Feltus
et al. 2004), and soybean (Glycine max Merr.) (Zhu
et al. 2003). Among Rosaceae fruit trees, the 8K SNP
array developed in apple (Chagné et al. 2012) also
includes 1K pear SNPs (Montanari et al. 2013) and
there is a 9K SNP array in peach (Verde et al. 2012)
and a 6K array in cherry (Peace et al. 2012). However,
although pears (Pyrus spp.) are among the most impor-
tant fruits worldwide, the number of SNP markers de-
veloped in pears is still low.

In this study, we developed 1,300 SNPs from expressed
sequence tags (ESTs) and 236 SNPs from genome sequences
for a GoldenGate assay of Japanese pear ‘Housui’. More than
600 SNPs were used to construct a genetic linkage map of
‘Housui’. Future applications of the new genome-wide SNP
markers are discussed.

Materials and methods

Plant materials and extraction of nucleic acids

Japanese pear ‘Housui’ (syn. ‘Hosui’) was used both for
RNA sequencing (EST analysis) and genome sequenc-
ing. We constructed 11 cDNA libraries, representing leaf
bud, leaf, flower bud, flower before opening, and flower
at full bloom, as well as fruitlets at three developmental
stages: immature fruit, fruit at optimum maturity for
eating, and overripe fruit (Nishitani et al. 2009a). Total
RNA was extracted by the hot borate method (Wan and
Wilkins 1994), and poly(A)+ RNA was purified with a
FastTrack 2.0 kit (Invitrogen, USA).

Genomic DNA was isolated from young leaves with a
genomic DNA buffer set and Genomic-tip 20/G anion-
exchange columns (Qiagen, Germany) as described in
Yamamoto et al. (2006).

The progenies of an interspecific cross between European
pear (Pyrus communis L.) ‘Bartlett’ and ‘Housui’ (63 F1 plants)
were used to construct the genetic linkage map of ‘Housui’
(Terakami et al. 2009). All plant materials were maintained at
the NARO Institute of Fruit Tree Science (NIFTS, Ibaraki,
Japan).

Pyrosequencing of cDNA and genomic DNA

Approximately 3 μg of adaptor-ligated complementary
DNAs (cDNAs) from each of the 11 libraries was
sheared via nebulization into small fragments, and then,
fragments ranging from 400 to 1,000 bp in length were
recovered. cDNAs were sequenced on a Roche/454
Genome Sequencer (GS)-FLX Titanium platform
(Roche Diagnostics, Germany; Margulies et al. 2005).
Total genomic DNA of ‘Housui’ was sheared by nebuli-
zation (600 to 900 bp in length), amplified by emulsion
PCR, and pyrosequenced on the Roche/454 GS-FLX
Titanium platform as described in Kim et al. (2012).

SNP discovery and bead array construction

The Roche library adaptors were screened and masked with
the CROSS_MATCH utility (Ewing and Green 1998; http://
www.phrap.org/), using the parameters -minmatch 12 -penalty
-2 -minscore 20. All sequences were screened for contami-
nants and trimmed by the SeqClean script (http://compbio.
dfci.harvard.edu/tgi/software/) using the Japanese pear
chloroplast genome (Terakami et al. 2012, NCBI accession
AP012207), mitochondrial gene sequences of tobacco
(Nicotiana tabacum, BA000042), and the Univec database
(http://www.ncbi.nlm.nih.gov/VecScreen/UniVec.html) with
default parameters. Invalid sequences shorter than 40 bp
were removed. After screening and trimming, the EST
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sequences were assembled using the MIRA v. 3.0.5 sequence
assembler (Chevreux et al. 2004, http://sourceforge.net/apps/
mediawiki/mira-assembler) with the commands -job=
denovo,est,normal,454 -fasta -noclipping -notraceinfo -
LR:eq=none -AS:mrl =40 -SK:pr=98 -AL:mo=40 -
AL:mrs=95. The genome was assembled by the PCAP.REP
assembler (Huang et al. 2006) with default parameters.
Contigs of <100 bases in length, singletons, and any unas-
sembled or “debris” sequences were excluded from further
analyses. Bi-allelic SNPs identified from contigs using
GigaBayes software (Marth et al. 1999) were filtered accord-
ing to quality value (QV >20), position on the contigs
(>100 bp apart), distance from contig ends (>100 bp), read
depth of coverage (>6), and allele frequency (0.33–0.67).

To choose SNPs in non-exon regions for an alterna-
tive approach, we excluded contigs of genome se-
quences matching EST contigs. The obtained contig
sequences harboring SNPs obtained from both exon
and non-exon regions were then submitted to the online
Assay Design Tool (ADT; Illumina, USA) for analysis.
SNPs with an ADT score below 0.6 were discarded, and
2,786 SNPs on exon and 1,406 SNPs on non-exon
regions remained. Finally, a total of 1,536 SNPs with
an ADT score of >0.6 were used to design a 1,536-plex
custom oligo pool assay (Illumina) (Fig. 1). Of the
1,536 SNPs, 1,300 were positioned in gene exons and
the other 236 in non-exon regions. These newly devel-
oped SNPs are denoted “JPsnpHou.” All of the
pyrosequence data (.sff files) were deposited in DDBJ
Sequence Read Archive (DRA001738).

SNP genotyping

SNPs were genotyped using an Illumina GoldenGate
Genotyping Assay. The scanned data were analyzed by the
Genotyping module (v. 1.9.4) of Illumina GenomeStudio
(v. 2011.1) software to generate genotype data for individ-
uals. Clustering of SNPs was adjusted by eye when necessary.
Acceptable SNPs had scores of “GenTrain score”≥0.5, “call
freq”≥0.85, “P-P-C errors”=0, and “minor freq”≥0.01.

Genome mapping of SNP markers

Molecular markers used for construction of the genetic
linkage map of ‘Housui’—pear SNPs, pear SSRs, apple
SSRs, and other markers—are listed in Table 1 as well
as the 609 newly designed markers. They include 61
SNP markers developed by the potential intron polymor-
phism (PIP) method, designed from putative intron in-
formation of apple ESTs (Terakami et al. 2013). AFLP
markers, which were denoted “EcoR I primer/Mse I
primer-fragment size” in the previous linkage map of
‘Housui’ (Terakami et al. 2009), were excluded.

The new ‘Housui’ genetic linkage map was constructed
using JoinMap v. 4.0 software (Van Ooijen 2006), with
a pseudo-testcross strategy (Grattapaglia and Sederoff
1994). An independence logarithm of odds (LOD) score
of 5.0 was used to define linkage groups (LGs). The
regression mapping algorithm was used to build the
linkage maps, and map distances were calculated ac-
cording to Kosambi’s mapping function (Kosambi
1944). The linkage map was drawn in MapChart 2.2
software (Voorrips 2002).

The contigs that generated SNPs on the genetic link-
age map were functionally annotated by similarity
searches against the NCBI non-redundant protein (Nr)
database (http://www.ncbi.nlm.nih.gov) using the
BLASTX algorithm with an E-value cutoff of 1E–15.
A BLASTN analysis against the draft genome of the
Chinese pear (P. bretschneideri Rehd., BioProject;
PRJNA157875, Pbr_v1.0) was also performed to search
for a top hit scaffold associated with the contigs.

Results

De novo assembly of pyrosequenced ESTs and genome DNA

We obtained 497,325 sequences from the 11 cDNA libraries,
with an average sequence length of 373.5 bases (range, 40–
1,196). They yielded a total sequenced length of 185 Mb.
After poly(A/T) and adapter sequences were removed,
484,361 EST sequences (97.4 %) remained for assembly.
This generated 46,606 contigs consisting of 359,959 se-
quences. Contig lengths averaged 573.6 bp (range, 100–
2,258). The N50 size was 595 bp. A total of 854 contig
sequences (1.8 %) were longer than 1,000 bp. The average
depth of contigs was 7.72, and 7,545 contigs (16.2 %) were
assembled from more than 10 sequences.

We generated 1,267,079 sequences from the genomic
DNA, with an average sequence length of 417.4 bases, yield-
ing a total sequenced length of 529Mb, which is equivalent to
the haploid genome of P. bretschneideri (Wu et al. 2013).
Chloroplast and mitochondrial genomes, present at the respec-
tive ratios of 2.6 and 1.1 %, were excluded from further
analysis. Assembly generated 83,787 contigs consisting of
316,084 sequences. Contig lengths averaged 667.3 bp (range,
100–3,596). The average depth of contigs was 3.77, and 2,753
contigs (3.3%) were assembled frommore than 10 sequences.

SNP discovery and detection

The assembly of cDNA sequences revealed 24,031 base
changes in putative heterozygous alleles of ‘Housui’ derived
from 8,777 EST contigs. Similarly, the assembly of genome
sequences revealed 20,882 base changes in putative
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heterozygous alleles of ‘Housui’ derived from 7,365 contigs.
After filtering, 5,215 candidate SNPs remained.

Optimization resulted in 2,786 SNPs from exon regions
(ESTs) and 1,406 SNPs from non-exon regions (genome
sequences). From these, 1,536 SNPs were selected (ADT
score >0.60; mean, 0.86). Each SNP was chosen from a
unique contig. Of the 1,536 SNPs, 1,300 were developed from
exon regions and 236 from non-exon regions.

SNP genotyping and mapping

A total of 756 SNPs from the 1,536-SNP GoldenGate bead
array were successfully genotyped and exhibited a heterozy-
gous genotype. Among them, 617 were heterozygous for
‘Housui’ and homozygous for ‘Bartlett’, and showed clear seg-
regation within the mapping population. The remaining SNPs
were unmapped or ungenotyped. Linkage analysis allowed
609 of these markers to be located in ‘Housui’ LGs. The
remaining eight markers were not mapped to LGs. Detailed

information on the mapped SNPs is given in supplementary
materials (Table S1).

The new genetic linkage map of ‘Housui’ consists of 951
loci, comprising 609 new SNPs (denoted as JPsnpHou), 110
pear genomic SSRs, 25 pear EST–SSRs, 127 apple SSRs, 61
pear SNPs determined by the PIP method, and 19 other loci
(Fig. 2). The map covers 22 LGs spanning 1,341.9 cMwith an
average distance of 1.41 cM between markers (Table 2).
Twenty LGs are anchored to the reference genetic link-
age maps of European pear (Yamamoto et al. 2007) and
apple (Celton et al. 2009a; Liebhard et al. 2003;
Silfverberg-Dilworth et al. 2006). Subgroups of three
LGs (Ho2, Ho5, and Ho12), with an independence
LOD score of 3.0, are not grouped. Two LGs (uk-1
and uk-2) are not anchored to any LGs of reference
maps. The mapped SNP markers seem to be distributed
among all LGs without bias. Segregation of 127 loci
was distorted (P<0.05), and many molecular marker loci in
LGs Ho2-1 and Ho2-2 were distorted.

Pyrosequence

Housui
497,325 sequences (185 Mb)

Housui
1,267,079 sequences (529 Mb)

Assemble

Housui
46,606 contigs
(consisted of 359,959 sequences)

Housui
83,787 contigs
(consisted of 316,084 sequences)

Discovery bi-allelic SNP

Housui
24,031 SNPs on 8,777 contigs

Housui
20,882 SNPs on 7,365 contigs

SNP screen

A total of 5,215 candidate SNPs  

1. High QV 
2. SNP distance 
3. Distance from contig ends 
4. Reads depth 
5. Allele frequency 

Selection  
criteria  

ADT score (> 0.6)

2,786 SNPs on exon regions  1,406 SNPs on non-exon regions  

Final select (1536-plex custom OPA)

1,300 SNPs on exon regions  236 SNPs on non-exon regions  

All SNPs were chosen from different contigs

Fig. 1 Flowchart for designing
the 1,536-plex custom oligo pool
assay (OPA). Raw reads obtained
by the GS-FLX Titanium
platform were treated to mask
library adaptors and to exclude
low-QVand short reads. The
resulting clean reads were
assembled with the MIRA or
PCAP.REP sequence assembler.
Bi-allelic SNPs were identified
from assembled contigs using
GigaBayes software. Candidate
SNPs were filtered according to
several criteria
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Discussion

High-throughput systems for screening genetic markers are
essential for genetic studies and plant breeding. In the
Rosaceae, the International RosBREED SNP Consortium de-
veloped an 8K genome-wide SNP array for apple (Chagné
et al. 2012), selecting 27 apple cultivars to represent world-
wide breeding germplasm and re-sequencing them at low
coverage. Alignment of these sequences with the whole ge-
nome sequence of ‘Golden Delicious’ (Velasco et al. 2010)
enabled the consortium to establish 7,867 apple SNPs
(Chagné et al. 2012). Khan et al. (2012) developed a high-
throughput 1,536-EST-derived SNP GoldenGate genotyping
platform in apple, containing 1,411 genic SNPs and 125
genomic SNPs. The International Peach SNP Consortium re-
sequenced the whole genome of 56 peach breeding accessions
through the use of next-generation sequencing platforms
(Verde et al. 2012) and developed a 9K SNP array (Verde
et al. 2012). Martínez-García et al. (2013) evaluated a set of
1,536 SNPs through a GoldenGate genotyping assay of peach
(P. persica (L.) Batsch), which was developed from the whole
genome sequences of three cultivars. The RosBREED
Consortium also developed a 6K SNP array for diploid sweet
cherry (Prunus avium) and allotetraploid sour cherry (Prunus
cerasus) (Peace et al. 2012). Our large-scale transcriptome-
based analysis of Japanese pear in conjunction with genome
sequencing data allowed us to develop a 1,536-SNP array
without a reference genome sequence. It will be interesting
to integrate our transcriptome-based analysis and Chinese pear
genome information. Montanari et al. (2013) reported that
1,096 SNPs were developed from three European pear

cultivars by using new-generation sequencing technology
and that SNPs obtained showed high transferability across
several Pyrus spp. Our 609 new SNP markers will comple-
ment the 829 SNPmarkers reported in Montanari et al. (2013)
to segregate in interspecific Pyrus progenies, which enable the
discovery of associations between marker loci and traits, the
identification of the genetic architecture of quantitative traits,
investigation of genetic variation, and GS in pear.

Of the 1,536 SNP loci, 609 (39.6 %) were successfully
validated for genome mapping, resulting in the development
of a high-density genetic linkage map comprising 951 loci.
The remaining SNPs were ungenotyped or unmapped,
resulting from several reasons, i.e., the unexpected homozy-
gous allele combination for ‘Housui’ (27.6 %), the heterozy-
gous genotypes for both parents of ‘Housui’ and ‘Bartlett’
(9.0 %), unassigned SNPs to 17 LGs (0.5 %), ambiguous
clustering (4.5 %), and the low signal for scoring (18.7 %).
A rather low success ratio of SNP mapping (39.6 %) in our
study may be improved by the use of transcriptome and
genome sequencing for plural cultivars. Furthermore, only 8
out of 256 SNPs (3.1 %) developed from non-exon regions
that could be positioned on the ‘Housui’ map, compared with
601 out of 1,300 SNPs (46.2 %) that showed successful
genome mapping from exon regions. This may be consistent
with the report that the randomly distributed SNPs tended to
show a lower success rate than SNPs located within coding
regions in the apple 8K SNP array (Chagné et al. 2012).
Mapping of new SNP markers enables the newly constructed
map to increase about threefold inmarker loci, decrease to two
fifths in average distance between markers, and expand
168 cM in map distance, compared with the previous map
(Terakami et al. 2009). In our previous report, three particular
genomic regions (LGs 4, 5, and 12) were identified showing
short length of map distance, which may be due to homozy-
gous regions (Terakami et al. 2009). The new map could
expand the three LGs, from 9.7 to 18.5 cM in LG 4, from
23.2 to 48.9 cM in LG 5, and from 0 to 27.5 cM in LG 12,
even if LGs 5 and 12 were divided into two parts. The
GoldenGate assay has also been used to evaluate SNPs for
the creation of high-density genetic linkage maps in other
crops: Khan et al. (2012) mapped 569 new SNPs of 1,536
GoldenGate genotyping platform along with 447 other
markers, constructing of new genetic maps for ‘Co-op 16’
and ‘Co-op 17’ of apple. Khan et al. (2012) also reported that
markers common across five apple genetic maps resulted in
successful positioning of 2,875 markers, consisting of 2,033

Table 1 Designations for markers mapped in the genetic linkage map of
Housui

Marker type Marker designation Reference

Pear SNPs JPsnpHou This study

TsuSNP Terakami et al. 2013

Pear EST–SSRs TsuENH Nishitani et al. 2009b

Pear genomic-SSRs TsuGNH Yamamoto et al. 2013

BG, HG, KA, NB,
NH, RLG

Yamamoto et al. 2002

EMPc Fernandez-Fernandez
et al. 2006

IPPN Inoue et al. 2007

Apple SSRs CH, MS Liebhard et al. 2002

AF, AJ, AT, AU,
U, Hi

Silfverberg-Dilworth
et al. 2006

NZ Guilford et al. 1997

NZms Celton et al. 2009

MEST Moriya et al. 2012

Others TsuRTP Kim et al. 2012

SIMS18, Slocus, leafc Yamamoto et al. 2002

�Fig. 2 Genetic linkage map of Japanese pear Housui. The number to the
left of each marker indicates genetic distance (cM). Markers designated
in green are developed from pear and markers in red from apple. New
markers developed in this study are denoted by JPsnpHou. Distorted
segregation is indicated by a significant P value of the χ2 test: *P=0.05,
**P=0.01, ***P=0.005
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Fig. 2 (continued)
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SNPs and 843 SSRs, and that the total length of the consensus
map was 1,991 cM. Martínez-García et al. (2013) identified
738 of 1,037 SNP markers on the Pop-DF map of peach.
Shirasawa et al. (2010) mapped 1,137 markers, including
793 genotyped SNPs, in two mapping populations of tomato.
Hyten et al. (2008) designed a custom 384-SNP assay through
the re-sequencing of five soybean accessions, evaluated it
with three mapping populations of recombinant inbred lines,
and genotyped 89 % of the SNP loci in the complex soybean
genome. Jones et al. (2009) used a 768-marker multiplex
assay on the GoldenGate platform to create a high-resolution
genetic map in maize.

SNPs have several advantages over other molecular
markers, including their high abundance in the genome, co-
dominant mode of inheritance, and high integrity. In the
previous study, we applied apple PIP marker information
(Wu et al. 2007) to develop SNPs in Japanese pear
(Terakami et al. 2013), since apple and pear, which belong
to the same tribe, Pyreae, showed genome-wide synteny
(Yamamoto et al. 2001; Silfverberg-Dilworth et al. 2006;

Fig. 2 (continued)
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Celton et al. 2009b). The use of PIP markers designed from
apple ESTs enabled the mapping of 55 markers on the genetic
linkage map of ‘Bartlett’ and 61 in ‘Housui’. However, in the
present study, we established a more robust approach for
developing the larger numbers of genome-wide SNP markers
that will be needed for introducing GWAS and GS into
Japanese pear breeding.

Kumar et al. (2012) evaluated the accuracy of GS in a
population of seven full-sib families comprising 1,120 seed-
lings genotyped for 2,500 SNPs using the 8K apple SNP array
and phenotyped for six fruit quality-related traits (fruit firm-
ness, soluble solids, russet, weighted cortex intensity, astrin-
gency, titratable acidity). They observed accuracies ranging
from 0.67 (astringency) to 0.89 (soluble solids) for BLUP-
based selection, demonstrating that GS is a credible alternative
to conventional selection for fruit quality traits. It was sug-
gested that a higher SNP density and a larger training popu-
lation might capture more genetic variation with higher accu-
racy (Kumar et al. 2013). Kumar et al. (2013) tried GWAS
using the same genotyped 1,200 apple seedlings, demonstrat-
ing that the genomic regions could be identified with signif-
icant effects for several fruit quality traits and pointing out the
value of GWA-significant SNP–trait associations in a breed-
ing population for MAS. Iwata et al. (2013) examined the
potential of GWAS and GS using 76 Japanese pear cultivars
genotyped with 162 DNA markers including 155 SSRs and
phenotyped for nine agronomic traits, using multilocus
Bayesian models for analysis in Japanese pear. Correlations
between phenotypic values and predicted genotypic values
were significantly detected for harvest time, resistance to
black spot, and the number of spurs with the accuracies of
0.75, 0.38, and 0.61, respectively. Two associations to known
loci for resistance to black spot and harvest time were correct-
ly identified. It was noted that neither the number of markers
nor genotypes used were sufficient to conduct full-scale
GWAS and to train a prediction model for GS. The more than
600 SNP markers newly obtained are a valuable resource
which will enable the implementation of MAS and will con-
tribute to complete the further application of GWAS and GS in
Japanese pear breeding programs.
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