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Development of cultivar-specific DNA markers based on retrotransposon-based

insertional polymorphism in Japanese pear
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We developed retrotransposon-based insertional polymorphism (RBIP) markers based on the long terminal
repeat (LTR) sequences of copia-like retrotransposon Ppcrt4 and flanking genome sequences, which were
derived from 454 sequencing data from Japanese pear (Pyrus pyrifolia) ‘Hosui’. Out of 40 sequences includ-
ing both LTR and flanking genome regions, we developed 22 RBIP markers and used them for DNA pro-
filing of 80 pear cultivars: 64 Japanese, 10 Chinese (Pyrus ussuriensis) and 6 European (Pyrus communis).
Three RBIP markers were enough to differentiate ‘Hosui’ from the other Japanese pear cultivars. The 22
RBIP markers could also distinguish 61 of the 64 Japanese pear cultivars. European pears showed almost no
amplification of the 22 RBIP markers, which might suggest that retrotransposons had transposed during
Asian pear evolution or reflect the genetic relationship between Asian and European pears. Sixteen of the
RBIP markers could be positioned on a genetic linkage map of ‘Hosui’. The RBIP loci were distributed in
10 linkage groups, and some loci were very closely located within the same linkage group. The information

obtained will be applicable to developing cultivar-specific RBIP marker sets in plants.
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Introduction

The interest in plant breeders’ rights is increasing world-
wide. The International Union for the Protection of New
Varieties of Plant (UPOV; http://www.upov.int/index_en.
html), an intergovernmental organization, was established in
1961, to provide and promote an effective system of plant
variety protection with the aim of encouraging the develop-
ment of new varieties of plants for the benefit of society. The
BMT (Biochemical and Molecular Techniques and DNA-
Profiling in Particular) working group of UPOV agreed to
establish DNA profiling techniques for protecting plant
breeders’ rights. In Japan, a plant variety protection system
was established by the Ministry of Agriculture, Forestry and
Fisheries under the Agricultural Seeds and Seedlings Law
(PVP  home page: http://www.hinsyu.maff.go.jp/en/
en_top.html). Ten DNA profiling manuals for major crops,
including Japanese pear (Pyrus pyrifolia Nakai), have al-
ready been released on the PVP home page.

Several DNA profiling techniques have been developed
and used for plant variety protection; these include re-
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striction fragment length polymorphism (RFLP), random
amplified polymorphic DNA (RAPD), amplified fragment
length polymorphism (AFLP), cleaved amplified polymor-
phic sequence (CAPS), single-nucleotide polymorphism
(SNP) and simple sequence repeat (SSR). In pears (Pyrus
spp.), Teng et al. (2002) reported that 118 Asian pear culti-
vars could be differentiated by RAPD markers and Monte-
Corvo et al. (2001) noted that ISSR (inter-simple sequence
repeat) markers could be used to identify 24 European pears
(P. communis L.). Polymorphism at the S-RNase locus,
which control self-incompatibility, has been used for identi-
fication of Japanese pear cultivars (Ishimizu et al. 1999).
The use of chloroplast DNA polymorphism was efficient for
classification of pear cultivars (Iketani ez al. 1998, Kimura et
al. 2003a). A large number of SSR markers have been devel-
oped from genomic DNAs and ESTs in Japanese and
European pears (Fernandez-Fernandez ef al. 2006, Nishitani
et al. 2009, Yamamoto et al. 2002). The use of these SSR
markers has allowed DNA profiling, parentage analysis, and
evaluation of genetic diversity in pear cultivars and species
(Bao et al. 2007, Kimura et al. 2002, Sawamura et al. 2008).
Because of their abundance in the genome and high degree
of polymorphism, SSR markers have became the standard
tool for DNA profiling. However, almost all SSRs devel-
oped in pear have di-nucleotide repeat motifs, and “stutter
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bands” can interfere with accurate profiling (Diwan and
Cregan 1997). In addition, high mutation rates within the
repeat sequences might be a problem for SSR markers
(Henderson and Petes 1992, Weber and Wong 1993).
Therefore, alternative DNA profiling techniques such as
retrotransposon-based markers are being developed.

Retrotransposons are the predominant class of mobile ge-
netic elements in plants. They transpose via reverse-
transcribed RNA intermediates and integrate into new loca-
tions within the host genome by means of a “copy-and-
paste” mechanism. This mechanism can cause the copy
number of the retrotransposons to increase and create stable
insertion mutations in the host genome (Flavell et al. 1994).
The characteristics of retrotransposons, such as ubiquitous
distribution, abundant copy number, high heterogeneity and
insertional polymorphism both within and between plant
species, provide an excellent basis for the development of
molecular markers (Flavell et al. 1992, Hirochika and
Hirochika 1993). In Japanese pear, eight novel Tyl-copia-
like retrotransposons were identified and designated
Ppcrtl-Ppcrt8 (Kim et al. 2011). Phylogenetic analysis
grouped these elements with the copia-like retrotransposons
RIRE] in rice (Noma et al. 1997) and BARE-1 (Manninen
and Schulman 1993) in barley. Two Tyl-copia retrotrans-
posons (CTcrml and CTcrm2) were identified in apple,
which is closely related to pear (both belonging to sub-
family Spiraeoideae in the family Rosaceae), and bud sports
of ‘Fuji’ apple could be distinguished from the original cul-
tivar with sequence-specific amplified polymorphism
(SSAP) markers (Zhao et al. 2010).

Several molecular marker systems based on the available
retrotransposon sequence information have been developed
for plants, including retrotransposon-based insertional
polymorphism (RBIP, Kalendar ef al. 2011), inter-
retrotransposon amplified polymorphism (IRAP, Kalendar et
al. 1999), retrotransposon microsatellite amplified polymor-
phism (REMAP, Kalendar ef al. 1999) and SSAP (Waugh et
al. 1997). These retrotransposon-based DNA markers have
been utilized for DNA profiling of varieties (both within and
between species) and for evolutional and genetic diversity
studies. Among the classes of retrotransposon-based mark-
ers, RBIP markers can detect polymorphism caused by the
integration of an element at a particular locus and supply an
accurate DNA profile. Active Tyl-copia retrotransposons
were isolated and used for differentiation of cultivars in
sweet potato (I[pomoea batatas) (Tahara et al. 2004,
Yamashita and Tahara 2006). Yamashita et al. (2008)
identified Adzuki bean (Vigna angularis) cultivars by
retrotransposon-based DNA markers. When retrotransposon
insertion is found in only one cultivar or occurs after the
cross-breeding process, the insertion tag should be applicable
as a cultivar-specific DNA marker. Furthermore, suitable
combinations of retrotransposon insertions will be also use-
ful for cultivar-specific DNA markers.

In this study, long terminal repeat (LTR) sequences of
copia-like retrotransposon Ppcrt4 from Japanese pear were

used to screen data obtained from 454 sequencing, and RBIP
markers were established on the basis of the junctions be-
tween LTR retrotransposons and the genome sequence.
These new RBIP markers were applied to DNA profiling of
Japanese, Chinese and European pear cultivars. Transposi-
tion of retrotransposons was examined by placing these
markers onto a genetic linkage map.

Materials and Methods

Plant materials and DNA extraction

The Japanese pear (Pyrus pyrifolia Nakai) cultivar
‘Hosui’ (syn. ‘Housui’) was used for genome sequencing
analysis and marker development. A total of 80 pear culti-
vars were used for PCR analysis with retrotransposon-based
DNA markers: 64 Japanese pear, 10 Chinese pear (Pyrus
ussuriensis Maxim.) and 6 European pear (Pyrus communis
L.). All plant materials were maintained and collected at the
National Institute of Fruit Tree Science (NIFTS, Ibaraki,
Japan). Genomic DNA was isolated from young leaves by
using a Genomic-tip 20/G (Qiagen, Germany) as described
by Yamamoto et al. (2006).

454 sequencing and data analysis

The total genomic DNA of ‘Hosui’ was sheared by nebu-
lization, used to 454 library preparation and shotgun se-
quenced with a Roche/454 Genome Sequencer (GS)-FLX
Titanium platform (Roche Diagnostics, USA). LTR nucle-
otide sequences were identified by BLASTN sequence-
similarity searches based on the 5'- and 3’-LTR regions of
the copia-like retrotransposon Ppcrt4 from Japanese pear
(AB550654; Kim et al. 2011) and CTcrm?2 from apple (Zhao
et al. 2010).

RBIP primer design and multiplex PCR analysis

Primer sets were designed to amplify specific junction
regions between LTR retrotransposon sequences and pear
genome sequences (Fig. 1A). One primer in each set was
designated within the 5'- or 3'-LTR of the retrotransposon;
the other was designed within the pear genomic DNA region
by using Primer3 software (Rozen and Skaletsky 2000) and
labeled with a fluorescent chemical (FAM, VIC, or NED).
PCR amplification was performed in a 5-pL reaction mix-
ture containing 2.5 pL of Multiplex PCR Master Mix includ-
ing HotStar Taq Polymerase (Qiagen), 5pmol each of
forward and reverse primer and 5 ng of genomic DNA. The
multiplex PCR amplification was performed with three to
six primer combinations in a single reaction. The PCR pro-
file consisted of initial denaturation for 15 min at 95°C fol-
lowed by 35 cycles of 60 s at 94°C, 90 s at 55°C, 90 s at 72°C
and a final extension of 10 min at 72°C. The amplified PCR
products were separated and detected in a PRISM 3100
DNA sequencer (Applied Biosystems, USA). The sizes of
the amplified bands were scored against internal standard
DNA (400HD-ROX, Applied Biosystems) by GeneScan
software (Applied Biosystems). The single PCR amplicons
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<
PPCrE4 :  m o s s s oo oo o oo oo o o —— - - TGTTGGAAGTA
TsuRTP001l: ----GATCCGGGTAGTTTTACCATTCCTTGTGTCATAGGTAACACGCGTTTTAAATCTGCCATGCTAGACCTAGETGTTGGAAGTA
TsuRTP002: ATTGTGGAAGATGAGTATGATTATGATGTCGTCGATGAATACGAGCCAAATCTAATGAACAATTCAAGAACACGTTGTTGGAAGTA
TsuRTPO03: -------- - - mm oo m o e o e e e e o CGTACTACAATTGCATAATTTATAGGGTTTAATATGTGTTGGAAGTA
TsuRTP004: ------ ACAAGGAAGAATTATTTTGCAGAGCTGAATCAGGTTGGTTGATGCACCAACATCTTGCGATCACCTTGYTGTTGGAAGTA
TsuRTP005: -AAACTATAACTACAAACAAGCATAAACCAAAGAGTATATCAAACGTCCATCCATGTTTGTAACTTTCTTTAACQTGTTGGAAGTA
*kkhkkhkkhkkkkkkk
Ppcrt4: TGCCCACAAAGCCACTCATTTGATGTAATAGCTTTTTGGAATACTTATTGTGTTAAACTTTTATATGTTTAATAGAAGGGCAAA
TsuRTP001l: TGCCCACAAAGCCACTCATTTGATGTAATAGCTTTTTGGAATACTTAATGTATTAAACTTTTATATGTTTAAT-GGAGGGCAAA
TsSuRTP002: TGCCCACAAAGCCACTCATTTGATGTAATAGCTTTTTGGAATACTTAATGTATTAAACTTTTAT---------- GAAGGGCAAA
TsuRTP003: TGCCCACAAAGCCACTCATTTGATGTAATAGCTTTTTGGAATACTTAATGTATTAAACTTTTATATGTTTAAT -GGAGGGCAAA
TsuRTP004: TGCCCACAAAGCCACTCATTTGATGTAATAGCTTTTTGGAATACTTAATGTATTAAACTTTTATATGTTTAAT -GGAGGGCAAA
TsuRTP005: TGCCCACAAAGCCACTCATTTGATGTAATAGCTTTTTGGAATACTTAATGCATTAAACTTTTATATGTTTAAT -GGAGGGCAAA
IR R SRR S S S S S SRR SRS E R R R R R R R R R R EEEEEEEE IS *kkkkkkhkkkkx * k*khkkhkkhkkkkx
Ppcrt4: GCTTATTGTTAATCACTATTTATAGTATCTTGTGTTTAAGCAATAAGGGAATCCAAGGAATGTATTTGATATAAGAGACAAGTG
TsuRTP001l: GCTTATTGTTAATCACTATTTATTGTATCTTGTGTTTAAGCAATAAGGGAATCCAAGGAATGTATTTGATJTAAGAGATAAGTG
TSuRTP002: GCTTATTGTTAATCACTATTTATTGTATCTTGTGTTTAAGCAATAAGGGAATCCAAGGAATGTATTTGAT(TAAGAGATAAGTG
TsuRTP003: GCTTATTGTTAATCACTATTTATTGTATCTTGTGTTTAAGCAATAAGGGAATCCAAGGAATGTATTTGAT(TAAGAGATAAATG
TsuRTP004: GCTTATTGTTAATCACTATTTATTGTATCTTGTGTTTAAGCAATAAGGGA-TCCAAGGAATGTATTTGATATAAGAGATAAGTG
TsuRTP005: GCTTATTGTTAATCACTATTTATTGTATCTTGTGTTTAAGCAATAAGGGAATCCAAGGAATGTATTTGATTAAGAGATAAGTG
AhkhhhhhhhA A dddkdkhkhhhhhddd Ahkdhkdhdhdhdhhhkhdk kA dkdkdkdkhdhhhkfhkdkdx *hdkdkdhdhhhhkdkdkrrkdkdkhkhhkfrkddkdddxx **%x %%

R-primer

<

Fig.1. (A) Structure of the Ppcrt copia-like retrotransposon of Japanese pear. (B) Nucleotide sequences of five RBIP markers and the Ppcrt4
retrotransposon. LTR, long terminal repeat; PBS, primer binding site; GAG, group-specific antigen; POL, RNA-dependent DNA polymerase;
PPT, polypurine tract; F-primer, forward primer; R-primer, reverse primer. Forward primers in B are indicated by italics and underlined, and re-

verse primers are boxed.

for all markers and cultivars were also evaluated by agarose
gel electrophoresis.

Because retrotransposon-based markers show dominant
inheritance, it is sometimes difficult to interpret “no amplifi-
cation”. Therefore, chloroplast DNA markers such as atpB—
rbeL (intergenic spacer between ATPase B subunit and rib-
ulose 1,5-bisphosphate carboxylase/oxygenase large subunit
genes) and/or trnl—trnF (intergenic spacer between tRNA-
Leu and tRNA-Phe genes) (Yamamoto et al. 2006) were in-
cluded in the multiplex PCR amplification with one-fifth to
one-tenth of primer concentration of RBIP markers. The
PCR products were electrophoresed in 2%—3% agarose gel,
stained with ethidium bromide and visualized under UV
light. The target sizes of trnL—trnF and atpB—rbcL in ‘Hosui’
are 477 bp and ca. 800 bp, respectively. Successful amplifi-
cation of these chloroplast markers was used as an indicator
of a successful reaction.

MinimalMarker software (Fujii et al. 2007) was used to
identify minimal marker subsets to distinguish ‘Hosui’ from

the other cultivars and to find identical genotypes generated
from the 22 RBIP markers for the 64 Japanese pear cultivars.

Identification of RBIP markers on the genetic linkage map
A previously constructed genetic linkage map of ‘Hosui’
(Nishitani et al. 2009, Terakami et al. 2009) was used to
identify the linkage group and position of each of the RBIP
markers, using 63 F; plantlets obtained from the interspecif-
ic cross between the European pear ‘Bartlett” and the
Japanese pear ‘Hosui’. The genetic linkage map of ‘Hosui’
was constructed by JoinMap v. 3.0 software (Van Ooijen
and Voorrips 2001), and a double pseudo-testcross strategy
was used to create the map. An LOD score of 4.0 was used
to define linkage groups, and map distances were calculated
according to Kosambi’s mapping function. The map was
drawn using MapChart 2.2 software (Voorrips 2002).
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Results

Generation of 454 sequencing data of ‘Hosui’ and identifi-
cation of retrotransposon insertions

Using a Roche/454 Genome Sequencer (GS)-FLX
Titanium, we generated 2,654,964 sequences from genomic
DNA of ‘Hosui’, with an average read length of 374 bp,
yielding a total sequenced length of 995 Mb. This is equiva-
lent to twice the haploid pear genome (1C=500Mb).
Among these sequences, 11,312 showed homology to the
LTR domain region of Ppcrt4 (Japanese pear copia-like
retrotransposon) and 170 showed homology to the LTR
domain region of sequences CTcmr2 (apple copia-like
retrotransposon), with E-values below 10E-5. Out of the
11,312 Ppcrt4-homologous sequences, 40 sequences of at
least 300 bp in length were chosen as showing high similar-
ity (>97%) to the LTR regions of Ppcrt4. Seventeen of the
40 sequences included the 5'-LTR region of the retrotrans-
poson and pear genome DNA; the remaining 23 sequences
included the 3'-LTR region of the retrotransposon and pear
genome DNA. None of the CTcmr2-homologous sequences
showed high similarity (>97%) to the LTR regions of
CTcmr2; therefore, they were not considered further.

Because more than 150 bp of nucleotide sequence from
the start position of the 5'-LTR of Ppcrt4 were highly con-
served in 17 sequences (Fig. 1B), we concluded that these
17 sequences were derived from the Ppcrt4-type copia-like
retrotransposon. The regions upstream from the start posi-
tion of the 5'-LTR showed no homology among the 17 se-
quences, indicating that they were flanking pear genome
regions of inserted retrotransposons. Similarly, more than
150 bp upstream from the end position of the 3’-LTR of
Ppcrt4 were highly conserved in 23 of the sequences, whereas
the downstream regions showed no homology among the se-
quences and were identified as pear genome regions.

Evaluation of RBIP markers

We designed 22 RBIP primer sets to amplify specific
junction regions between LTR sequences and pear genome
sequences with an expected size from 197 to 275 bp: 17 sets
for 5’-LTR regions and 5 for 3'-LTR regions (Table 1). All
primers showed single clear amplified bands in ‘Hosui’ with
the expected size. Polymorphism among cultivars detected
by markers generated from 5’-LTR and 3’-LTR regions of
the same retrotransposon insertion should be identical or
very similar, so the remaining 18 sequences of 3'-LTR re-
gions were not used for primer design.

Polymorphisms between pear cultivars

We analyzed the 80 pear cultivars with the 22 RBIP
markers (Table 2). An example of the data output is shown
in Fig. 2. Two markers, TsuRTP007 and TsuRTP014, gener-
ated amplified fragments of the size found in ‘Hosui’ in all
64 Japanese pear cultivars tested. Marker TsuRTP006
amplified fragments within all of the Japanese cultivars
except ‘Amanogawa’, ‘Kimizukawase’ and ‘Shinsetsu’.

TsuRTP022 amplified fragments in all except
‘Ichiharawase’, ‘Imamuraaki’ and ‘Niitaka’ and TsuRTP013
amplified fragments in all except ‘Echigonishiki’, ‘Nansui,
‘Natsuhikari’, ‘Shugyoku’ and ‘Shuurei’. On the other hand,
TsuRTPO10 showed amplification in only nine cultivars
(‘Hosui’, ‘Akizuki’, ‘Ichiharawase’, ‘Ishiiwase’,
‘Okusankichi’, ‘Kumoi’, ‘Nikkori’, ‘Shinchu’ and
“Yanaga’), TsuRTP005 showed amplification in 15 cultivars
and TsuRTP002 showed amplification in 24 out of the 64
Japanese pear cultivars tested.

In Chinese pear, markers TsuRTP007 and TsuRTP014
generated fragments of the same size as found in ‘Hosui’ in
all 10 cultivars tested, therefore identifying all 74 of the
Japanese and Chinese pear cultivars used in this study.
TsuRTPO15 also showed amplification in all 10 Chinese
pear cultivars. Four markers (TsuRTP002, TsuRTP004,
TsuRTP00S5 and TsuRTP020) showed no amplification in
any of the 10 Chinese pear cultivars. In European pear, only
one marker (TsuRTP014) amplified fragments in ‘Winter
Nelis’ and ‘Alexandrine Douillard’. The other 21 retrotrans-
poson markers showed no amplification in any of the 6
European pear cultivars tested.

Specific marker sets for cultivar differentiation

‘Hosui’ could be differentiated from the other 63
Japanese pear cultivars with 15 different combinations of
3 markers each (for example, TsuRTP001, TsuRTP002 and
TsuRTP010). Since we developed RBIP markers from
‘Hosui’, we hoped that ‘Hosui’ could be differentiated by
using only one marker. However, the 64 Japanese cultivars
examined included many ancestral and offspring cultivars of
‘Hosui’; for example, ‘Nijisseiki’, ‘Kosui’, ‘Chikusui’,
‘Akiakari’ and ‘Akizuki’. Therefore, we found it necessary
to use sets of three markers to differentiate ‘Hosui’ from all
of the other Japanese cultivars.

The set of 22 RBIP markers could differentiate all 64
Japanese pear cultivars from one another except for three
pairs of cultivars: ‘Aikansui’ and ‘Choju’, ‘Hokushin’ and
‘Nijisseiki’ and ‘Shinkou’ and ‘Shinsei’. In addition, marker
TsuRTPO07 could discriminate the European pear cultivars
from the Asian cultivars, because TsuRTP007 (and most of
the other RBIP markers) did not generate amplified frag-
ments in any of the European pears, but was amplified in all
of the Asian cultivars.

Mapping of RBIP markers

Sixteen RBIP markers showed heterozygous genotypes
in ‘Hosui’ and were positioned on a genetic linkage map of
‘Hosui’ constructed from the interspecific cross of ‘Bartlett’
and ‘Hosui’. The other six RBIP markers (TsuRTP006, 007,
012,014, 017 and 022) showed homozygous genotypes and
therefore could not be mapped. The 16 RBIP marker loci
were distributed in 10 out of the 18 linkage groups (LGs), in-
cluding one unknown group. Markers TsuRTPO11 and
TsuRTPO18 mapped to the same position on LG11 and
markers, TsuRTP003 and TsuRTP016, mapped to the same
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Table1. Characteristics of 22 retrotransposon-based insertional polymorphism markers
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Marker name Primer sequence (5'-3") Tarzg;t))size }Z)(;S&ifgl Segz::;;gr?n?)gm
TsuRTP0O1 F: GATCCGGGTAGTTTTACCATTCCTTGTGT 236 5'-LTR FZII0R302IGWK7com
R1*: GATCAAATACATTCCTTGGATTCC AB665188
TsuRTP002 F: GATGTCGTCGATGAATACGAGCCAAATCT 207 5'-LTR FZII0R302J38JUcom
R1*: GATCAAATACATTCCTTGGATTCC AB665189
TsuRTP003 F: CTACAATTGCATAATTTATAGGGT 197 5'-LTR FZIIOR301DIMY Lcom
R1*: GATCAAATACATTCCTTGGATTCC AB665190
TsuRTP004 F: GCAGAGCTGAATCAGGTTGGTTGATGCAC 215 5'-LTR FZIIOR301EESFE
R1*: GATCAAATACATTCCTTGGATTCC AB665191
TsuRTP005 F: CAAACGTCCATCCATGTTTGTAACT 200 5'-LTR FZIIOR302HLAXN
R1*: GATCAAATACATTCCTTGGATTCC AB665192
TsuRTP006 F1**: CTTGAAGGCCCTCCACTTGGGTGAATC 355 3'-LTR FZIIOR302HWIJVH
R: TTCGCTCATTGTGCCGATGACTCCATC AB665193
TsuRTP007 F1**: CTTGAAGGCCCTCCACTTGGGTGAATC 331 3’-LTR FZII0R302IQHOUcom
R: TGGTTCTTAAACGGAGCTTTG AB665194
TsuRTP00S F1**: CTTGAAGGCCCTCCACTTGGGTGAATC 354 3'-LTR FZIIOR302JG20A
R: AGGCTTAAGGCCTTCGAGCCGTTTCC AB665195
TsuRTP009 F1**: CTTGAAGGCCCTCCACTTGGGTGAATC 341 3’-LTR FZIIOR302FYYLT
R: TCACAAACTCCGTTAAGCTTTTCCTG AB665196
TsuRTPO10 F1**: CTTGAAGGCCCTCCACTTGGGTGAATC 293 3'-LTR FZIIOR301A1VUKcom
R: TAAAGAGTGCCGTAGCAAGGA AB665197
TsuRTPO11 F: TCCGAGTCACAACTTTGATTCTGTAGGT 236 5'-LTR FZII0R302HK 1DMcom
R1*: GATCAAATACATTCCTTGGATTCC AB665198
TsuRTPO12 F: GACGCCTTGATTCCAAATCCGCACTTCGT 238 5'-LTR FZIIOR302IVOE6
R1*: GATCAAATACATTCCTTGGATTCC AB665199
TsuRTPO13 F: CACTCAATTGTGGGCTCTTCATTCTGAG 275 5'-LTR FZII0R302HO05XFcom
R1*: GATCAAATACATTCCTTGGATTCC AB665200
TsuRTPO14 F: TGCCCGTCATAGTTTCCTCATCCCTCA 259 5'-LTR FZIIOR301EVKBVcom
R1*: GATCAAATACATTCCTTGGATTCC AB665201
TsuRTPO15 F: ACTCAAAATAAGTCCACAAGACTCCA 235 5'-LTR FZIIOR302JLEIL
R1*: GATCAAATACATTCCTTGGATTCC AB665202
TsuRTPO16 F: TGTTGTGGATTGAGTGCTCGATTAGCA 232 5'-LTR FZIIOR30215E7C
R1*: GATCAAATACATTCCTTGGATTCC AB665203
TsuRTPO17 F: CTCCAAGATTGACTTGAGGTCGGGTTACC 240 5'-LTR FZII0R302IB05Mcom
R1*: GATCAAATACATTCCTTGGATTCC AB665204
TsuRTPO18 F: GAGATGTAATCCTAAAAGGGTATGGATTC 234 5'-LTR FZII0R301B7ENDcom
R1*: GATCAAATACATTCCTTGGATTCC AB665205
TsuRTPO19 F: CAGGGAATTAAGCCCTTGAATTAAACCAC 247 5'-LTR FZIIOR301EEA32
R1*: GATCAAATACATTCCTTGGATTCC AB665206
TsuRTP020 F: TCGTGTCAGCTTCTCACATGCTGCACATC 243 5'-LTR FZIIOR301EOB61
R1*: GATCAAATACATTCCTTGGATTCC AB665207
TsuRTP021 F: TCCGGATCAAGTGATGGAGATTGCA 260 5'-LTR FZIIOR302H1J4L
R1*: GATCAAATACATTCCTTGGATTCC AB665208
TsuRTP022 F: GCCAACTTCCATTAACTAGGCCCCAA 265 5'-LTR FZIIOR301B5G6X
R1*: GATCAAATACATTCCTTGGATTCC AB665209

* R1 primer was designed based on nucleotide sequences of 5'-LTR region.
** F, primer was designed based on nucleotide sequences of 3'-LTR region.
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Table2. Amplified fragments of the 80 Japanese, Chinese and European pear cultivars revealed by 22 RBIP markers

Marker name (TsuRTP)

Cultivar name Species
001 002 003 004 005 006 007 008 009 010 011 012 013 014 015 016 017 018 019 020 021 022

Hosui P. pyrifolia + + 4+ + + 4+ + + 4+ + + 4+ + + 4+ + + 4+ + o+ o+ o+
Aikansui P. pyrifolia -+ 4+ - - 4+ + + - - + 4+ + + + + + + - + - +
Akiakari P. pyrifolia + - 4+ 4+ - 4+ 4+ + - - + 4+ + + 4+ + + 4+ - + + +
Akibae P. pyrifolia + + + + + + + 4+ 4+ - + + + 4+ 4+ + + o+ o+ o+ - 4+
Akizuki P. pyrifolia + - 4+ 4+ - 4+ 4+ + - 4+ - - 4+ + 4+ + + - + + + +
Amanogawa P. pyrifolia - - 4+ - - -+ 4+ 4+ - - 4+ o+ o+ = - =+ o+ = =+
Akemizu P. pyrifolia - + - - 4+ + 4+ 4+ 4+ - + + 4+ 4+ 4+ -+ o+ o+ 4+ A+ o+
Asahi P. pyrifolia + + + + - 4+ + + - - - 4+ + + + + + - + + - +
Atago P. pyrifolia - - + 4+ - 4+ 4+ + - - + 4+ + + 4+ - o+ 4+ o+ 4+ o+ 4+
Chikusui P. pyrifolia + + + + + + + 4+ - - + + 4+ 4+ 4+ + + + o+ 4+ - 4+
Choju P. pyrifolia - + 4+ - - 4+ 4+ + - - 4+ 4+ 4+ + 4+ + + 4+ - o+ - o+
Chojuro P. pyrifolia -+ - + - + 4+ 4+ - - + - 4+ 4+ + - + + + 4+ + 4+
Doitsu P. pyrifolia - + - + - 4+ + + - - + 4+ + + + - + + + + - +
Echigonishiki  P. pyrifolia - - - - - 4+ + + 4+ - + - - + - - + + - - - +
Gion P. pyrifolia + + -+ - 4+ + + - -+ 4+ o+ o+ o+ -+ o+ =+ =4+
Hakkou P. pyrifolia - - 4+ - + 4+ 4+ + - - + 4+ + + 4+ 4+ + 4+ o+ o+ - o+
Hatsuaki P. pyrifolia - - 4+ - - 4+ 4+ + 4+ - + 4+ + + 4+ - o+ 4+ o+ o+ -+
Heiwa P. pyrifolia + - - - - 4+ 4+ 4+ - - - 4+ 4+ 4+ o+ -+ o+ o+ o+ =+
Hokushin P. pyrifolia + - - + - + 4+ 4+ 4+ - + + 4+ 4+ 4+ -+ o+ o+ 4+ -+
Hokukan P. pyrifolia + + - + - 4+ + + 4+ - + 4+ + + + - + + + + - +
Hogetsu P. pyrifolia - - 4+ 4+ - + + + - - - 4+ + + + + + + 4+ + - o+
Ichiharawase  P. pyrifolia - - - - - 4+ 4+ 4+ - + - 4+ 4+ 4+ 4+ - - + + + - -
Inagi P. pyrifolia + - + + - + 4+ 4+ - - - 4+ 4+ 4+ 4+ + + - + + - 4+
Imamuraaki P. pyrifolia - - 4+ + + 4+ 4+ 4+ 4+ -+ o+ 4+ 4+ 4+ -+ o+ o+ 4+ A+ -
Ishiiwase P. pyrifolia - - + + 4+ + 4+ - - + + 4+ + 4+ - 4+ o+ o+ - = 4+ o+
Oushu P. pyrifolia + - 4+ + - + 4+ 4+ 4+ - - o+ 4+ 4+ 4+ - = =+ 4+ 4+ 4+
Okusankichi P. pyrifolia - - 4+ 4+ - 4+ + - 4+ + + 4+ + + 4+ - + 4+ - + - +
Kikusui P. pyrifolia + + 4+ - - 4+ + - - - - 4 + + 4+ + + - + + - +
Kimizukawase P. pyrifolia - - - - - -+ 4+ - -+ 4+ o+ o+ o+ = =+ o+ o+ o+ ¥
Kisui P. pyrifolia + o+ + - + + + 4+ - -+ + 4+ 4+ 4+ o+ o+ o+ o+ 4+ 4+ o+
Kosui P. pyrifolia + + 4+ - - 4+ + - - - + 4+ + + + + + + + + + +
Kumoi P. pyrifolia - - - - - 4+ + + - + + 4+ + + + - + + + + - +
Kunitomi P. pyrifolia + + - 4+ - 4+ 4+ + 4+ - + - + + 4+ - + 4+ + + - +
Meigetsu P. pyrifolia - - - - 4+ 4+ 4+ - 4+ - + 4+ + + 4+ 4+ o+ 4+ o+ o+ 4+ o+
Nangetsu P. pyrifolia + - 4+ - - 4+ 4+ + - - - 4+ 4+ + 4+ - + - + + + +
Nansui P. pyrifolia + - 4+ + - 4+ + + = = = 4+ = 4+ = = 4+ - 4+ = o+ o+
Natsushizuku  P. pyrifolia - 4+ + + + + + 4+ - - + + 4+ 4+ 4+ + + o+ o+ 4+ =+
Niitaka P. pyrifolia - - 4+ + - 4+ 4+ 4+ - - + - 4+ 4+ 4+ - - o+ o+ 4+ = =
Nijisseiki P. pyrifolia + - - + - + 4+ 4+ 4+ - + + 4+ 4+ 4+ - + + o+ 4+ - 4+
Nikkori P. pyrifolia + - 4+ - - 4+ 4+ + - 4+ - 4+ 4+ + 4+ + + - + + + +
Natsuhikari P. pyrifolia - + 4+ - - 4+ 4+ + - - 4+ 4+ - + - 4+ + 4+ o+ - - o+
Sagami P. pyrifolia - 4+ 4+ - - 4+ 4+ 4+ 4+ - + + 4+ 4+ 4+ + + o+ o+ 4+ =+
Seigyoku P. pyrifolia - - - - - 4+ 4+ 4+ 4+ - + + 4+ 4+ 4+ - + + - 4+ 4+ 4+
Seiryu P. pyrifolia + - - + - + 4+ 4+ 4+ - - - 4+ 4+ 4+ + - o+ o+ 4+ 4+ 4+
Shinchu P. pyrifolia - + - 4+ + 4+ 4+ + - 4+ + - + + 4+ - + 4+ - + + +
Shugyoku P. pyrifolia + - 4+ - - 4+ 4+ - - - 4+ 4+ - + - + + 4+ + - - +
Shuurei P. pyrifolia - - 4+ - 4+ 4+ + - - -+ 4+ -+ - 4+ o+ 4+ o+ - 4+ o+
Shinkou P. pyrifolia + - 4+ - - 4+ 4+ 4+ 4+ - - + 4+ 4+ 4+ -+ - o+ 4+ - 4+
Shinsui P. pyrifolia + - + - - 4+ 4+ 4+ - - + + 4+ 4+ - + + + o+ - 4+ 4+
Shinsei P. pyrifolia + - 4+ - - 4+ + + 4+ - - 4+ + + + - + - + + - +
Shinseiki P. pyrifolia - - - + - 4+ 4+ 4+ 4+ - + + 4+ 4+ 4+ - + + o+ 4+ - 4+
Shinsetsu P. pyrifolia - + + - - + 4+ 4+ - - 4+ + 4+ + - 4+ + + 4+ + 4+
Suisei P. pyrifolia + + - - + + + 4+ - - + + 4+ 4+ 4+ - + + + 4+ - 4+
Taihaku P. pyrifolia + o+ + - - + + 4+ 4+ - - o+ 4+ 4+ 4+ o+ o+ -+ + =+
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Marker name (TsuRTP)

Cultivar name Species
001 002 003 004 005 006 007 008 009 010 O11 012 013 014 015 016 017 018 019 020 021 022
Tama P. pyrifolia - + 4+ - - 4+ + - - - + - + + + + + + + + - +
Tanzawa P. pyrifolia + + - + - 4+ + + 4+ - - - + + 4+ - + + + + - +
Tayadama P. pyrifolia - - - - - 4+ + 4+ - - 4+ 4+ + + 4+ - + 4+ - + 4+ o+
Touno P. pyrifolia + - - 4+ - 4+ 4+ + - - - 4+ 4+ + 4+ - + 4+ + + - +
Wakahikari P. pyrifolia + + 4+ + + 4+ + + 4+ - - 4+ + + 4+ + + - o+ o+ 4+ o+
Wasekozo P. pyrifolia - - 4+ - - 4+ 4+ 4+ - - + + 4+ 4+ - + + + + - + 4+
Yachiyo P. pyrifolia - - + 4+ - 4+ + + - - - - 4+ 4+ - + + + + - - +
Yanaga P. pyrifolia - - - + - 4+ + + 4+ + + + + + + - + + - + - +
Yasato P. pyrifolia + - 4+ - + 4+ 4+ + - - + 4+ + + 4+ + + 4+ + + - +
Y oshikaori P. pyrifolia - - - 4+ - 4+ 4+ + - - + 4+ 4+ + 4+ - + 4+ + + + +
Balixiang P. ussuriensis — — — — — — 4+ - 4+ - — — — 4+ 4+ - 4+ - 4+ - - -
Beijinbaili P. ussuriensis - - - - - — 4+ - 4+ + - - + + 4+ - - - - - + =
Enli P. ussuriensis + - - - - + + - - - - - + 4+ 4+ - - - - - + +
Hongli P. ussuriensis - - - - - — 4+ - - - 4+ - 4+ 4+ + - - - 4+ - - -
Huangli P. ussuriensis - - + - - - 4+ - 4+ - + - + + 4+ 4+ - - + - + -
Laiyangcili P. ussuriensis + - - - — + 4+ - - - - - + 4+ 4+ - - - - - + +
Mili P. ussuriensis + - - - - — 4+ - - - - - 4+ + 4+ - - - + - = =
Pingli P. ussuriensis + - + - —-— - + + 4+ + - - 4+ + 4+ + + 4+ + - 4+ -
Yali P. ussuriensis - - + - — — + - 4+ - + - 4+ + 4+ + - - + - 4+ +
Zhuzuili P. ussuriensis - - - - — — + — — + + + + + + - 4+ - 4+ - 4+ =
Bartlett P. communis - - — — — - - - - - - - - - - - - - - = - -
La France P. communis - - - — — - - - - - - - - - - - - - - - - -
Pass Crassane  P. communis — — — — — — — — — — — - - - - - - - - - = -
Precose P. communis - - - — — - - - - - - - - - - - - - - - - -
Winter Nelis P. communis - - - — — - - - - - - - - 4+ - - - - - - - -
Alexandrine P. communis - - — — — - - - - - - - -+ - - - - - - = -
Douillard
Band presence and absence are indicated by + and —, respectively.
position on LG17. Three markers (TsuRTP013, TsuRTP015
and TsuRTP020) were located at the same position on
il LG1S5. Since these seven markers were designed from junc-
TSRIP  (TURTP, TeURTP, TURTP tions of 5'-LTR sequences and pear genome sequences and
- - ; . the seven pear genome sequences were different from each
Hosui “ | other, the members of these three sets of RBIP markers were
j\j SIANEIN i =N not located at the exact position, although they were very
o i close.
Kosui N i Il i i
) i ) Discussion
b | i
ek j\ /| We identified pear cultivars by means of polymorphisms in
= : ‘\ : junction regions between LTR retrotransposons and pear ge-
Chojuro f | nome sequences, which were obtained by 454 sequencing
P N b i technologies. This method uses primers flanking retrotrans-
n poson insertion junctions (consisting of LTR and genome
Nijisseiki | sequences), and scores for the presence and absence of inser-
- I\ ; tions at individual sites. Compared with other retrotransposon-
Meigetsu | based marker systems such as IRAP (Kalendar et al. 1999),
I } } } } } } | Fig.2. Amplified fragments of RBIP markers TsuRTP001, 002, 003,
180 190 200 210 220 230 240 250

004 and 005 in six Japanese pear cultivars.
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Fig.3. A genetic linkage map of ‘Hosui’. Linkage groups are designated as Hol-Ho17 and UK (unknown group). RBIP loci are underlined and

in boldface.

REMAP (Kalendar et al. 1999) and SSAP (Waugh et al.
1997), RBIP can detect polymorphisms produced by the
integration of an element at a particular locus (Kalendar et
al. 2011). RBIP has been used to study the evolution of
Indica and Japonica rice cultivars (Vitte et al. 2004).

Retrotransposon-based marker systems have been used to
examine genome evolution within species, and RBIP is suf-
ficiently great to support widespread analyses at the whole-
genome level. Active Tyl-copia retrotransposons were iso-
lated in sweet potato; analysis of spontaneous transpositions
in locally grown mutant lines derived from ‘Koukeil4’
showed that four insertions occurred within 10 ‘Koukeil4’
lines used during the past 50 years, suggesting that new in-
sertion sites could be utilized as specific molecular markers
for differentiating these lines (Yamashita and Tahara 2006).
Yamashita ef al. (2008) identified adzuki bean cultivars by
RBIP. Here, we showed that three RBIP markers could
differentiate ‘Hosui’ from all other Japanese pear cultivars.
We believe that the insertion tags will be applicable as effi-
cient cultivar-specific DNA markers.

Several DNA profiling techniques, including RFLP,
RAPD, AFLP, S-RNase gene polymorphism, chloroplast

DNA polymorphism, SNP and SSR, have been developed
and applied to pears and other fruit trees. Among them, SSR
markers have become a standard profiling technique because
of their co-dominant inheritance, abundance in the genome
and high degree of polymorphism. SSR profiling, parentage
analysis and evaluation of genetic diversity of pear cultivars
and species have been reported (Bao ef al. 2007, Kimura et
al. 2002, 2003b, Sawamura et al. 2008). However, it has
been suggested that the SSR system has several disadvan-
tages, including high mutation rate, and stutter bands. In hu-
man pedigrees (Weber and Wong 1993), the average overall
mutation rate for 28 di- and tetra-nucleotide SSRs was esti-
mated at about 0.001, which is an exceptionally high rate of
mutation. Diwan and Cregan (1997) described that new allele
formation at the rate of 2 x 10~* was observed in soybean
mapping population. In contrast, DNA marker systems such
as RBIP, IRAP, REMAP and SSAP are retrotransposon
based: these methods detect polymorphisms derived from
insertion events, and all markers show dominant inheritance.
We successfully analyzed the newly developed RBIP mark-
ers with multiplex PCR and detected them with a fluorescent
DNA sequencer. Detection by agarose gel electrophoresis
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can be also available for RBIP fragments at about one-tenth
the cost compared with the DNA sequencer system.

We used nucleotide sequences of 5'- and 3'-LTR regions
of the copia-like retrotransposon Ppcrt4 from Japanese pear
to identify candidate reads from data set twice the size of the
haploid pear genome. The copy number of Ppcrt4-type retro-
transposons is estimated to be about 50 to 100 in the pear
genome; these copies appear to be distributed on two-thirds
of the chromosomes, on the basis of Southern blot and FISH
(fluorescence in situ hybridization) analyses (Kim et al.
2011). We identified 17 5'-LTR insertions and 23 3'-LTR
insertions, fewer than half of the estimated copy number. We
previously found at least 15 distinct copia-like retrotrans-
poson groups in Japanese pear, on the basis of nucleotide
sequences of reverse transcriptase domains (Shi ez al. 2002).
It should be possible to develop additional retrotransposon-
based markers by using other types of copia-like retrotrans-
poson groups.

The 22 markers obtained here showed amplification and
insertional polymorphism in both Japanese and Chinese
pears. However, almost none of them showed amplification
in European pear. Based on the band presence or absence of
TsuRTPO013, TsuRTPO15 and TsuRTP020 markers mapped
at the same position of LG15, 11 cultivars showed band ab-
sence for all three markers (—/—/—, TsuRTPO13-/
TsuRTPO15-/TsuRTP020-). Five, 1, 0, 9, 0, 0 and 54 culti-
vars showed +/—/—, —/+/—, —/—/+, +/+/—, +/—/+, —/+/+ and
+/+/+ of band patterns for the three markers, respectively.
This indicates that insertion of TsuRTP013 occurred in pear
genome at first and then TsuRTPO15 inserted in very close
genome region around TsuRTP013 after Asian and European
pears were established from common ancestor. Insertion of
TsuRTP020 finally took place in very close genome region
around TsuRTPO013 and TsuRTPOl5 for ancestor of
Japanese pear. Similarly, the insertion process of TsuRTP003
and TsuRTPO016 locating on LG17 was examined based on
their band patterns. Since —/—, +/—, —/+ and +/+ patterns for
TsuRTP003 and TsuRTP016 were observed for 35, 12, 2
and 31 cultivars, insertion of TsuRTP003 occurred followed
by insertion of TsuRTP016 in ancestor of Asian pears. Two
exceptional native cultivars (Meigetsu and Seiryu) showed
—/+ of TsuRTP003/TsuRTP016, which may have originated
from mutation or spontaneous hybridization.

The relatively small copy number of Ppcrt4-type retro-
transposons was shown in pear, whereas the retrotrans-
poson BARE-1 is present in over 70,000 copies in the barley
genome (Kumar et al. 1997, Manninen and Schulman1993).
However, it has been suggested that the Ppcrt4-type retro-
transposons might transpose in the genome more than 50
times during approximately 500,000-1,000,000 years of
Asian pear evolution.

RBIP markers are distributed widely enough to support
genetic mapping projects within the generally narrower germ-
plasm of cultivars (Queen et al. 2004). We could place 16
RBIP markers on a genetic linkage map of ‘Hosui’. These
markers were distributed in 10 of the linkage groups, in good

accordance with the distribution shown in FISH analysis
(Kim et al. 2011).
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