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Analysis of distribution and proliferation of mPing family transposons in a wild
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The distribution and proliferation among Oryza species of miniature Ping (mPing), the only miniature inverted-
repeat transposable element (MITE) that is active in all organisms, were investigated through analysis of
78 accessions encompassing nine of the 10 genomic constitutions of the genus Oryza. The mPing family
transposons, mPing, Ping, and Pong, were detected in only two of the AA genome species, Oryza sativa and
its direct ancestor O. rufipogon, whereas the inactive rice MITE Kiddo was detected in the AA, BB, CC,
BBCC and CCDD genome species. Furthermore, the insertion sites and copy numbers of mPing were con-
siderably different among O. rufipogon accessions. A phylogenetic analysis showed that the O. rufipogon
accessions used in this study could be grouped into four clusters which were not associated with the copy num-
ber of mPing or the presence of Ping. These results suggest that the mPing family was present in the ancestor
of O. rufipogon and that mPing proliferated independently in each accession. Based on these results, one pos-
sible evolutionary history of the distribution and proliferation of mPing family in O. rufipogon is discussed.
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Introduction

Transposable elements (TEs) are mobile DNA sequences
which can change their positions in the genome by inserting
themselves into new sites. TEs are classified into two classes
according to the mode of propagation: retrotransposons
(class I elements) and DNA transposable elements (trans-
posons in a narrow sense, class II elements). While the
former transposes through RNA intermediate by the action
of reverse transcriptase, the latter transposes in a DNA form
through a cut-and-paste mechanism. For a long time, TEs
were dismissed as selfish DNA. Recently, however, TEs
have been revealed as major players in genomic evolution,
because they cause genome rearrangements and alter the
structure and regulation of individual genes (Bennetzen
2000, Biemont and Vieira 2006). Most eukaryotic genomes,
in fact, have been shaped by amplification and dispersion of
TEs (Le et al. 2000).

In rice (Oryza sativa L.), TEs account for at least 35% of
the genome (International Rice Genome Sequencing Project
2005). The numerically predominant type of TE is the min-
iature inverted-repeat transposable elements (MITEs)
(Bureau et al. 1996, Mao et al. 2000, Turcotte et al. 2001,
Feng et al. 2002, Jiang et al. 2004). MITEs are reminiscences
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of non-autonomous DNA transposons that are distinguished
from other TEs because of their small size (<600 bp) and
presence of short terminal inverted repeats (TIRs). For over
300 protein-coding genes in rice, coding sequences, poly(A)
sites, transcription start sites, and splicing sites overlap with
MITEs (Oki et al. 2008). Moreover, 4069 of the rice genes
contain MITE insertions within a 0.5 kb upstream region
(OKki et al. 2008). These facts suggest that MITEs have sig-
nificantly contributed to rice genome evolution.

Miniature Ping (mPing) is the first active MITE discov-
ered in the rice genome (Jiang et al. 2003, Kikuchi et al.
2003, Nakazaki et al. 2003). Because mPing is a 430 bp se-
quence with 15bp TIRs which lacks an open reading frame
(ORF), its mobilization depends on the transposase encoded
by the ORF2 in the autonomous elements Ping and Pong
(Jiang et al. 2003, Kikuchi ef al. 2003, Yang et al. 2007).
Both Ping and Pong also have the ORF1, in addition to the
ORF2, coding a protein with weak similarity to the DNA-
binding domain of myb transcription factor (Jiang et al.
2003). Although the copy number of mPing is low compared
with those of other characterized MITEs in plants (Feschotte
et al. 2002), it varies among the rice species; temperate
Jjaponica cultivars possess large numbers of mPing (=50
copies), whereas tropical japonica and indica cultivars pos-
sess small numbers of mPing (<10 copies) (Jiang et al. 2003,
Kikuchi et al. 2003). Moreover, mPing are preferentially
found in single-copy regions, and mPing insertions into pro-
moter regions directly affect gene regulation and expression
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level (Naito et al. 2006). Based on these observations,
mPing family transposons, which consists of mPing, Ping
and Pong, have been considered to play important roles in
the genome evolution of O. sativa. However, very little is
known about the evolutionary history of the mPing family
transposons in O. rufipogon, the direct ancestor of O. sativa,
although the mPing family is known to be present not only in
O. sativa but also in O. rufipogon (Hu et al. 2006).

Here we show the insertional polymorphisms and the di-
versity in copy number of mPing in O. rufipogon accessions.
Furthermore, we describe a possible evolutionary history of
the mPing family in O. rufipogon, based on a phylogenetic
analysis using nucleotide sequences around gSH! (Konishi
et al. 2006), which is the major quantitative trait locus
(QTL) responsible for seed shattering.

Materials and Methods

Plant materials

A total of 78 accessions of 19 wild Oryza species together
with two O. sativa varieties (ssp. japonica variety
Nipponbare and ssp. indica variety IR36) were used in all
experiments. In phylogenetic analysis, O. sativa ssp. indica
variety Kasalath was used in addition to the above 78 varie-
ties/accessions. Wild rice accessions were provided from
the National Institute of Genetics. All O. rufipogon acces-
sions used in this study were selected from core collection
rank 1, 2, and 3, because these collection covered typical
species-specific phenotypes and wide distribution in the hab-
itat. AA genome species in the core collections are distin-
guished by SINE code which is the criteria of species based
on the presence or absence of retrotransposon p-SINE inser-
tions (Ohtsubo et al. 2004). The genomic constitution, spe-
cies name, habitat and SINE code of each accession are
presented in Table 1.

DNA extraction

Genomic DNA was extracted from young leaves, either
by the modified cetyltrimethylammonium bromide (CTAB)
method of Murray and Thompson (1980) or with a DNeasy
Plant Mini Kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s protocol.

PCR amplification

To determine whether mPing was present in each acces-
sion, PCR was carried out using the following two mPing-
specific primer pairs: mPing-F1 (5'-GGCCAGTCACAATG
GGGGTT-3") and mPing-R1 (5'-GGCCAGTCACAATGG
CTAGTG-3"), and mPing-F2 (5'-GGGATGAGAGAGAAG
GAAAGAG-3') and mPing-R2 (5'-AACAATCCCCACA
GTGGAG-3"). The mPing-F1 and mPing-R1 were designed
on the 5" and 3’ ends of mPing, respectively, and thus to
amplify the whole m-Ping sequence (430 bp), whereas the
mPing-F2 and mPing-R2 were designed in the internal re-
gions of mPing.

To determine whether Ping and Pong were present in

each genome, we used the following specific primer pairs
designed to complement Ping-ORF1, Ping-ORF2, Pong-
ORF1, and Pong-ORF2, respectively: Ping-ORF1-F1 (5'-
ACAAGCGGATACTCCGAC-3") and Ping-OFR1-R1 (5'-
GAGGACAATGCCTTCCATAAC-3"); Ping-ORF2-F1 (5'-
AAGGTATTTGCTAAGTCATAT-3') and Ping-ORF2-R1
(5'-ATGAGCCAAACGATCTCTCATACTA-3');  Pong-
ORF1-F1 (5'-TCTACTCCACCACCAACACC-3") and
Pong-ORF1-R1 (5'-TCAGCCTTGTTTTTGTCCTTC-3"),
and Pong-ORF2-F1 (5'-CTCATACGAAGACCTCCTCC-3")
and Pong-ORF2-R1 (5'-CGCCTAAGATACCTCTCACC-3").

To detect the MITE Kiddo, the following primer se-
quences were used: Kiddo-F (5'-GGGGCTGTTTGGTTCC
CAGCCA-3") and Kiddo-R (5'-TTTGGTTGCAAGCTAC
ACTTTG-3").

The genomic DNA of each accession was used as the
template for PCR with Ex-Taq DNA polymerase (TaKaRa,
Shiga, Japan). The PCR conditions consisted of pre-
denaturation for 3 min at 94°C followed by 30 cycles of poly-
merization reaction, each consisting of a denaturation step
for 10s at 98°C, an annealing step for 45s at 60°C, and an
extension step for 45s at 72°C, with a final extension step
for 7min at 72°C. PCR products were visualized under UV
light following electrophoresis on 1.5% agarose gel in 0.5x
TBE buffer.

Transposon display

The copy numbers of mPing and Kiddo were determined
by transposon display (TD) according to the protocols of
Casa et al. (2000) and Takata et al. (2005), respectively. The
genomic DNA of each O. rufipogon accession, Nipponbare,
and IR36 was digested with Msel or Mspl, and ligated to an
adapter (mPing-Adapter-top: 5'-GACGATGAGTCCTGAG-
3" and mPing-Adapter-bottom: 5'-TACTCAGGACTCAT-
3", and Kiddo-Adapter-top: 5'-GTAATACGACTCACTA
TAGGGCACGCGTGGGTGCTTGATGCTTGAAAA-3'
and Kiddo-Adapter-bottom: 5'-CGTTTTCAAGCATCAA-
aminolink-3").

Primary PCR was carried out using an adapter-specific
primer (Msel-1: 5'-GACGATGAGTCCTGAGTAA-3" or
Mspl-1: 5'-GTAATACGACTCACTATAGGGC-3') and an
MITE-specific primer (mPing-P1: 5'-AATGTGCATGACA
CACCAG-3' or Kiddo-P1: 5'-CAAGTAATGGTAAAGTG
TGGCTGGG-3"). Secondary PCR was carried out using an
adapter-specific primer (Msel-1 or Mspl-2: 5'-GTGCTTGA
TGCTTGAAAACGG-3') and another MITE-specific prim-
er (mPing-P2: 5'-CAGTGAAACCCCCATTGTGAC-3' or
Kiddo-P2: 5'-AATGGTAAAGTGTGGCTGGGAAC-3)
labeled with TAMRA fluorescence reagent.

Primary PCR conditions were as follows: pre-
denaturation for 2 min at 72°C and subsequent pre-
denaturation for 3 min at 94°C, followed by 30 cycles of
polymerization reaction, each consisting of a denaturation
step for 30s at 95°C, an annealing step for 45s at 58°C, and
an extension step for 45 s at 72°C, with a final extension step
for 7min at 72°C. PCR products were diluted between 20-
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Tablel. List of the plant materials used in the present study
S.N. Genome Acc. no. Species Country SINE Code
1 AA Nipponbare O. sativa (japonica) Japan
2 AA IR36 O. sativa (indica) Philippines
3 AA WO0106 O. rufipogon India AA110000
4 AA w0120 O. rufipogon India AA110000
5 AA W1294 O. rufipogon Philippines AA110000
6 AA W1866 O. rufipogon Thailand AA110000
7 AA W1921 O. rufipogon Thailand AA110000
8 AA W2003 O. rufipogon India AA110000
9 AA W1625 O. meridionalis Australia AA100010
10 AA W1635 O. meridionalis Australia AA100010
11 AA W0652 O. barthii Sierra Leone AA101000
12 AA W1588 O. barthii Cameroon AA101000
13 AA W1169=W1165 O. glumaepatula Cuba AA101100
14 AA W2145 O. glumaepatula Brazil AA101100
15 AA W2199 0. glumaepatula Brazil AA101100
16 AA W1413 O. longistaminata Sierra Leone AA100001
17 AA WI1508 O. longistaminata Madagascar AA100001
18 BB Wi514 O. punctata Kenya
19 BBCC w1024 O. punctata Ghana
20 BBCC w1213 O. minuta Philippines
21 BBCC W1331 O. minuta Philippines
22 CcC W1527 O. eichingeri Uganda
23 CC W1805 O. eichingeri Sri Lanka
24 cC W0002 O. officinalis Thailand
25 CC W1361 O. officinalis Malaysia
26 CC W1830 O. officinalis Unknown
27 CCDD w0017 0. alta Surinam
28 CCDD W1182 O. alta or O. latifolia British Guinea
29 CCDD WO0613 O. grandiglumis Brazil
30 CCDD W1194 O. grandiglumis Brazil
31 CCDD W2220 O. grandiglumis Brazil
32 CCDD W1166 O. latifolia Mexico
33 CCDD W1197 O. latifolia Colombia
34 CCDD W2200 O. latifolia Brazil
35 EE W0008 O. australiensis Australia
36 EE W1628 O. australiensis Australia
37 FF W1401 O. brachyantha Sierra Leone
38 FF WI1711 O. brachyantha Cameroon
39 GG W0003 O. granulata India
40 GG WO0067(B) O. granulata Thailand
41 GG W1356 O. meyeriana Malaysia
42 HHJJ W1220 O. longiglumis Dutch New Guinea
43 HHIJ W0001 O. ridleyi Thailand
44 HHIJ W0604 O. ridleyi Malaya
45 AA W0630 O. rufipogon Burma AA110000
46 AA W1236 O. rufipogon Australian New Guinea AA110000
47 AA W1807 O. rufipogon Sri Lanka AA110000
48 AA W1945 O. rufipogon China AA110000
49 AA W2051 O. rufipogon Bangladesh AA110000
50 AA W2078 O. rufipogon Australia AA110000
51 AA W2263 O. rufipogon Cambodia AA110000
52 AA w0107 O. rufipogon India AA110000
53 AA w0108 O. rufipogon India AA110000
54 AA W0137 O. rufipogon India AA110000
55 AA w0180 O. rufipogon Thailand AA*10000
56 AA W0593 O. rufipogon Malaya AA110000
57 AA W0610 O. rufipogon Burma AA110000
58 AA W1230 O. rufipogon Dutch New Guinea AA110000
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S.N. Genome Acc. no. Species Country SINE Code
59 AA W1235 O. rufipogon New Guinea AA100010
60 AA W1238 O. rufipogon New Guinea AA110000
61 AA W1239 O. rufipogon New Guinea AA100010
62 AA W1551 O. rufipogon Thailand AA110000
63 AA W1666 O. rufipogon India AA110000
64 AA W1669 O. rufipogon India AA110000
65 AA W1681 O. rufipogon India AA110000
66 AA W1685 O. rufipogon India AA110000
67 AA W1690 O. rufipogon Thailand AA110000
68 AA W1715 O. rufipogon China AA110000
69 AA W1852 O. rufipogon Thailand AA110000
70 AA W1865 O. rufipogon Thailand AA110000
71 AA W1939 O. rufipogon Thailand AA110000
72 AA W1981 O. rufipogon Indonesia AA110000
73 AA w2014 O. rufipogon India AA110000
74 AA W2080 O. rufipogon Australia AA100010
75 AA W2109 O. rufipogon Australia AA110000
76 AA W2265 O. rufipogon Laos AA110000
77 AA W2266 O. rufipogon Laos AA110000
78 AA W2267 O. rufipogon Laos AA110000

and 50-fold with 1/10 TE buffer and used as templates for
secondary PCR (selective amplification). Selective ampli-
fication cycling started with pre-denaturation for 3 min at
94°C followed by 7 cycles of touchdown PCR. The first
touchdown cycle consisted of a denaturation step for 30s at
95°C, an annealing step for 45s at 64°C, and an extension
step for 45s at 72°C; starting with the second cycle, temper-
ature at the annealing step was lowered by 1.0°C per cycle
until it reached 58°C. Touchdown PCR was followed by 30
cycles of polymerization reaction, each consisting of a de-
naturation step for 30s at 95°C, an annealing step for 45s
at 58°C, and an extension step for 45s at 72°C, with a
final extension step for 7min at 72°C.

Phylogenetic analysis

Nucleotide polymorphisms around gSH1, a major quanti-
tative trait locus for seed shattering in rice (Konishi ef al.
2006), were investigated in Nipponbare, IR36, Kasalath, and
O. rufipogon accessions using the following four primer
pairs: Con24-13U: 5'-CAATGGAAAAGCTGATG-3" and
Con24-13L: 5'-CGTTGCATGAATTGTAGCAC-3', RBEL-
E1-U: 5'-ATCATGCAGCAAGTGACCAC-3' and RBEL-
E1-L2: 5'-TCACAACCTAGAGATGAGGC-3', 106.5k-U:
5'-CAATACATGCATGGATGCGT-3" and 107.2k-L: 5'-
TCCATATGTGTGTAGGACCC-3', and 108.9k-U: 5'-
ACAGGGTGATCCCAACAGTT-3' and 109.8k-L: 5'-
TAACCGGTGATGGTTGTGCA-3'. The PCR conditions
consisted of pre-denaturation for 3 min at 94°C followed by
30 cycles of polymerization reaction, each consisting of a
denaturation step for 10s at 98°C, an annealing step for 45 s
at 55-58°C, and an extension step for 1 min at 72°C, with a
final extension step for 7 min at 72°C. PCR products were
sequenced using ABI PRISM DNA sequencing system

(Applied Biosystems, Foster City, CA). After the sequence
data obtained from the four primer pairs were combined, the
sequence alignment was determined using the online com-
puter program CLUSTAL W (http://align.genome.jp/). A
non-rooted phylogenetic tree was constructed using MEGA
version 3.1 (Kumar ef al. 2004). The neighbor-joining meth-
od (Saitou and Nei 1987) was conducted with Kimura’s 2-
parameter distances (Kimura 1980).

Results

mPing is a specific element in O. sativa and O. rufipogon
Recently, the mPing family was shown to be distribut-
ed only in the cultivated rice O. sativa and the wild rice
O. rufipogon (Hu et al. 2006). Because its distribution and
proliferation have not previously been substantially dis-
cussed, we set out to investigate the distribution of mPing
among wild rice species by applying PCR to 78 accessions
covering nine of the ten genomic constitutions of rice. In the
PCR analysis using mPing-F1 and mPing-R1 primers which
were designed on the 5’ and 3’ ends of mPing, respectively,
only O. sativa and O. rufipogon accessions yielded PCR
products with almost the same size as mPing (430bp), where-
as other species yielded products far longer than 430 bp
(Fig. 1). Sequencing analysis showed that the PCR prod-
ucts with sequences of approximately 430 bp all shared
very high similarity (98—100%) with the mPing sequence.
In previous studies, the sequences nearly identical to mPing
but with a few nucleotide polymorphisms have been re-
garded as subtypes of mPing (Jiang et al. 2003, Kikuchi
et al. 2003, Hu et al. 2006). We also concluded that the
PCR products of approximately 430 bp obtained when using
mPing-F1 and mPing-R1 primers were subtypes of mPing,
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Fig.1. Determining the presence or absence of mPing in wild Oryza
species by PCR analysis using mPing-F1 and mPing-R1 primers. M,
DNA size marker (100 bp ladder, Nacalai, Kyoto, Japan); Lanes 1-2,
Oryza sativa; lanes 3-8, O. rufipogon; lanes 9—-10, O. meridionalis;
lanes 11-12, O. barthii; lanes 13-15, O. glumaepatula; lanes 16-17,
O. longistaminata; lanes 18-19, O. punctata; lanes 20-21, O. minuta;
lanes 22-23, O. eichingeri; lanes 24-26, O. officinalis; lanes 27-28,
O. alta; lanes 29-31, O. grandiglumis; lanes 32-34, O. latifolia; lanes
35-36, O. australiensis; lanes 37-38, O. brachyantha; lanes 39-40,
O. granulate; lane 41, O. meyeriana; lane 42, O. longiglumis; lanes
4344, O. ridleyi; lanes 45-78, O. rufipogon; lane C, negative control
(distilled water). Lane numbers represent the serial numbers of the
accessions as listed in Table 1.

because they were not completely identical to the mPing se-
quence. Similar results were obtained in the PCR analysis
with mPing-F2 and mPing-R2 primers, which were designed
at the internal position of mPing (data not shown). It was
therefore confirmed that mPing is deployed only in O. sativa
and O. rufipogon as reported by Hu et al. (2006). Four
(W1235, W1239, W2014, and W2080) of the 40 O. rufipogon
accessions did not yield any PCR products corresponding to
mPing, indicating that these accessions do not harbor mPing
in their genomes. According to the morphological character-
istics, these four accessions are classified as O. rufipogon.
Nevertheless, three of them, W1235, W1239, and W2080,
have been assigned the SINE code of O. meridionalis
(Table 1). Taken together with our results, we consider them
to have been misclassified as O. rufipogon. We have treated
these three accessions as O. meridionalis in our further
analyses.

Distribution of the autonomous elements Ping and Pong in
genus Oryza
mPing has been thought to be a deletion derivative of

Ping, because the terminal sequences of mPing are identical
to those of Ping except for a single base-pair mismatch. It is
known, however, that not only Ping alone but also Pong
alone can mobilize mPing (Jiang et al. 2003, Kikuchi et al.
2003, Yang et al. 2007). This observation underscores the
necessity of investigating whether the wild species with
mPing also possess Ping and/or Pong elements.

We conducted PCR analyses with Ping- and Pong-
specific primer pairs. Among 37 O. rufipogon accessions,
17, like Nipponbare (O. sativa ssp. japonica), yielded Ping-
ORF1 (264 bp) and Ping-ORF2 (369 bp) as PCR products;
two (W2078 and W1690) yielded only Ping-ORF2; and the
remaining 18 yielded neither of them (Fig. 2). In PCR of Ping-
ORF1, out of other species, O. officinalis (W0002, W1361,
and W1830) produced a single band of around 500 bp, but
sequencing of these bands confirmed that they were not the
specific product of Ping-ORF1 (data not shown). We detect-
ed no amplified product of Ping-ORF2 in all species except
for O. sativa and O. rufipogon. Along with Nipponbare and
IR36 (O. sativa ssp. indica), all O. rufipogon accessions
produced both Pong-ORF1 (500 bp) and Pong-ORF2
(586bp) as PCR products (Fig. 3). On the other hand, other
species yielded products far longer than 500 and 586 bp in
Pong-ORF1 and Pong-ORF2, respectively. These results
show that Ping and Pong are present only in O. sativa and
O. rufipogon, but also that the distribution of Ping is limited,
even within O. rufipogon, to certain accessions (Table 2).

Insertional polymorphism and copy number of mPing in
O. rufipogon genomes

TD was employed to elucidate the insertional polymor-
phisms and copy numbers of mPing in O. rufipogon genomes.
The banding patterns of mPing varied considerably among
the accessions, and no bands common to all accessions were
detected (Fig.4). This indicates that there are no mPing
insertion sites common between O. rufipogon accessions.

The copy number of mPing was estimated by counting all
the bands amplified when using combinations of the mPing-
and adapter-specific primers. The copy number of mPing in
Nipponbare estimated by this method (51 copies) was con-
sistent with the actual number of mPing in the database, sug-
gesting that the copy numbers of mPing in O. rufipogon
were also accurately evaluated by this method. The copy
numbers of mPing in O. rufipogon accessions ranged from
zero to 30 (Table 2). Nine accessions had less than 10 copies
of mPing, 20 accessions had 10-20 copies, and 8 accessions
had 21-30 copies. The O. rufipogon accession W2014 pro-
duced no band not only in PCR analysis but also in TD, sug-
gesting that this accession harbored no mPing copy in the
genome. The average copy numbers of mPing among all ac-
cessions, among accessions with Ping, and among acces-
sions without Ping were 14.3, 14.9, and 13.7, respectively.
According to Jiang et al. (2003), almost all O. sativa ssp.
Japonica varieties have ca. 50 copies. We concluded, there-
fore, that the copy number of mPing in O. rufipogon is lower
than that in O. sativa ssp. japonica.
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Fig.2. PCR amplifications of Ping-ORF1 and Ping-ORF2. (A) Am-
plifications of Ping-ORF1 using Ping-ORF1-F1 and Ping-ORF1-R1
primers (expected product size, 264 bp) (B) Amplifications of Ping-
ORF2 using Ping-ORF2-F1 and Ping-ORF2-R1 primers (expected
product size, 369 bp). Lane numbers represent the serial numbers of
the accessions as listed in Table 1. Lane M, DNA size marker (100 bp
ladder, Nacalai); lane C, negative control (distilled water).

Distribution of Kiddo in genus Oryza
There were no mPing insertion site common between
O. rufipogon accessions. To determine whether mPing is the

M12 34567 89101112131415161718192021222324M

M 2526 2728293031323334353637383940414243 44 45464748M

b M 49 50 51 52 53 54 55 5657 58 59 60 61 62 63 6465666768 6970 71 72 M
P

1,000
500

bp M 737475767778 C M

bp M123456789101112131415161718192021222324 M

M 2526 272829303132333435363738394041 4243 4445464748 M

M 4950 51 5253 5455 5657 58 5960 6162636465 666768 692707172 M

M 737475 767778 C M

Fig.3. PCR amplifications of Pong-ORF1 and Pong-ORF2. (A) Am-
plifications of Pong-ORF1 using Pong-ORF1-F1 and Pong-ORF1-R1
primers (expected product size, 500 bp) (B) Amplifications of Pong-
ORF2 using Pong-ORF2-F1 and Pong-ORF2-R1 primers (expected
product size, 586 bp). Lane numbers represent the serial numbers of
the accessions as listed in Table 1. Lane M, DNA size marker (100 bp
ladder, Nacalai); lane C, negative control (distilled water).
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Table2. Distribution pattern and copy number of mPing family in
O. rufipogon accessions

mPing Ping Pong
S.N. Acc.
Total copies ORF1 ORF2 ORF1 ORF2
1 Nipponbare 50 + + + +
2 IR36 11 + +
3 WO0106 12 + + + +
4 WO0120 15 + +
5 W1294 4 + +
6 W1866 16 + + + +
7 W1921 10 + +
8 W2003 8 + +
9 W0630 13 + +
10 W1236 19 + +
11 w1807 9 + +
12 W1945 25 + +
13 W2051 15 + + + +
14 W2078 8 + + +
15 W2263 21 + + + +
16 WO0107 13 + + + +
17 WO0108 28 + + + +
18 WO0137 14 + +
19 WO0180 6 + + + +
20 W0593 16 + +
21 W0610 15 + +
22 W1230 16 + + + +
23 W1238 11 + + + +
24 WI1551 21 + + + +
25 W1666 13 + +
26 W1669 18 + +
27 W1681 5 + +
28 W1685 6 + + + +
29 W1690 6 + + +
30 WI1715 30 + + + +
31 W1852 16 + + + +
32 W1865 22 + +
33 W1939 20 + + + +
34 W1981 13 + +
35 w2014 0 + +
36 W2109 15 + + + +
37 W2265 14 + +
38 W2266 14 + + + +
39 W2267 22 + + + +

+, Presence of ORF

only MITE to show this exclusive distribution pattern, we
investigated the distribution and proliferation of other rice-
specific MITEs. Kiddo is one of the rice-specific MITEs that
have been identified in O. sativa ssp. indica variety (Yang et
al. 2001). It is known that the copy number of Kiddo in the
Nipponbare genome (42 copies), like that of mPing (50 cop-
ies), is lower than those of the other rice MITEs (Takata et
al. 2007). Moreover, many of Kiddo elements, like mPing
elements, were inserted in the gene regions (Yang et al.
2001) and showed insertional polymorphism between
Jjaponica and indica rices (Yang et al. 2005). For these rea-
sons, we investigated the distribution, copy number, and in-
sertional polymorphisms of Kiddo in O. rufipogon, although

no autonomous element for Kiddo has been identified so far.

When the Kiddo-specific primer pair was used, PCR
products of prospective size (269 bp) were amplified in
all the AA genome species (Fig. 5). Moreover, O. punctata
of BB and BBCC genome, O. minuta of BBCC genome,
O. eichingeri and O. officinalis of CC genome, and O. alta,
O. grandiglumis and O. latifolia of CCDD genome also
yielded PCR products of 269 bp (Fig. 5). Sequencing analysis
showed that these products shared high homology (>88%)
with Kiddo sequence in the AA genome species. Thus it was
found that Kiddo is present not only in the AA genome but
also in the BB, CC, BBCC and CCDD genome species.

To investigate the insertional polymorphisms and copy
numbers of Kiddo in O. rufipogon genomes, TD was carried
out using a combination of Kiddo- and adapter-specific
primers. The copy number was estimated by the method de-
scribed above. Many bands were detected that were shared
by several accessions (Fig. 6). This indicates that these ac-
cessions have Kiddo elements at the same chromosomal po-
sitions. The copy number of Kiddo ranged from 43 to 55.

Phylogenetic relationships between O. rufipogon accessions

Jiang et al. (2003) found that the copy number of mPing
apparently varied between two Oryza subspecies, temperate
Japonica (=50 copies) and indica (>10 copies), and suggest-
ed that mPing might have proliferated under extreme envi-
ronmental conditions during domestication of temperate
Japonica varieties. This indicates that the distribution pattern
of the mPing family might differ among O. rufipogon acces-
sion clusters, if any. We first investigated the phylogenetic
relationships among O. rufipogon accessions using DNA
sequences of four genomic regions around ¢gSH/! (Konishi
et al. 2006). gSH1 is a major QTL responsible for seed shat-
tering that has been identified in the F, population of the
cross between indica and japonica varieties, and nucleotide
polymorphisms around ¢SHI have proven suitable for
studying the evolutionary history of Asian rice, including
O. rufipogon (Onishi et al. 2007). Then we carried out PCR
using specific primer pairs for four regions around ¢gSH/ in-
cluding the 5’ regulatory region of ¢SHI; consequently, the
primer pairs of con24-13U and con24-13L, RBEL-E1-U and
RBEL-E1-L, 106.5k-U and 107.2k-L, and 108.9k-U and
109.8k-L yielded 876, 520, 718, and 862 bp products in all
accessions, respectively. A total of approximately 2600 bp of
the four products was sequenced for each accession. Among
the 37 accessions, there was no SNP single-nucleotide poly-
morphism (SNP) for seed shattering habit (Konishi et al.
2006) in the 5' regulatory region of ¢gSHI gene; all acces-
sions had a shattering-type ¢SHI. In addition, we detected
12 polymorphisms including two deletions of 16 and 6 bp in
addition to 12 out of 13 haplotypes reported by Konishi ez al.
(2006) (data not shown). The phylogenetic tree based on the
sequence analysis showed that O. rufipogon accessions used
in this study were divided into four major clusters (Fig. 7).
Subspecies japonica (Nipponbare) and indica (IR36 and
Kasalath) were classified into cluster I and II, respectively.
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Fig.4. Transposon display for mPing in O. rufipogon accessions. The migration of the DNA marker is indicated on the left in units of base pairs
(bp). Msel-digested DNA samples were ligated to an adapter and used as templates for PCR with an mPing specific primer and an adapter primer.
Lanes 1-2, Oryza sativa; lanes 3-39, O. rufipogon; lane 40, negative control (distilled water). Lane numbers represent the serial numbers of the

accessions as listed in Table 2.

The accessions without Ping were randomly distributed in
all clusters. Although the copy number of mPing varied from
zero to 30 in O. rufipogon accessions, the average copy
numbers were 12.8, 17.8, 11.0, and 12.0 in clusters I, II, III,
and IV, respectively.

Discussion

Recent report demonstrated that mPing family transposons
were present only in O. sativa and O. rufipogon, and mPing
population could be generalized into two families, mPing-1
and mPing-2, according to their sequence structure (Hu ez al.
2006). Moreover, the proportion of mPing-1 and mPing-2
was found to be apparently different among O. sativa ssp.
Japonica, ssp. indica, and O. rufipogon (Hu et al. 2006). On
the basis of this, Hu et al. (2006) suggested that the two ex-
tant subspecies of O. sativa evolved independently from

corresponding ecotypes of O. rufipogon. However, the molec-
ular evolution of mPing family has not been substantially
analyzed. In the present study, we propose a possible evolu-
tionary history of the distribution and proliferation of mPing
family in O. rufipogon.

The present study shows that the mPing elements are de-
ployed only in O. rufipogon, and are not deployed in 18 oth-
er wild rice species. Kiddo, in contrast, is deployed not only
in AA genome species but also in BB, CC, BBCC and
CCDD genome species. It has been reported that the Tourist
C element, another MITE found in rice, is present in all four
Oryza species complexes (Iwamoto ef al. 1999). Moreover,
Pangrangja elements were found to be present in AA, BB,
CC, BBCC, CCDD, and EE genome species, and to be use-
ful for studying relationships among species in the genus
Oryza (Park et al. 2003a, 2003b). These observations sug-
gest that mPing arose later than the other MITE elements
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Fig.5. Determining the presence or absence of Kiddo in wild Oryza
species. PCR was carried out using Kiddo-F and Kiddo-R primers (ex-
pected product size, 269 bp). Lane numbers represent the serial num-
bers of the accessions as listed in Table 1. Lane M, DNA size marker
(100 bp ladder, Nacalai); lane C, negative control (distilled water).

during the evolutionary history of the genus Oryza: in other
words, mPing is a comparatively young MITE.

Pong was present in all of the 37 O. rufipogon accessions
used in this study, but Ping was detected in only 17 of these.
The phylogenetic tree based on nucleotide sequences around
qSH1 showed that the accessions with Ping were not
grouped together in the same cluster; in fact, many of them
were closely related to accessions without Ping. Because
several O. rufipogon accessions used in this study were phy-
logenetically analyzed by other research groups, we tried to
understand proliferation processes of the mPing family in
O. rufipogon using the phylogenetic trees constructed from
the insertional polymorphism of SINE (Cheng et al. 2003, Xu
et al. 2007). Nevertheless, the accessions with Ping were ran-
domly distributed in different clusters (data not shown). We
therefore propose that the mPing family had already evolved
and was present in the common ancestor of the O. rufipogon
accessions, and that, later on, Ping was eliminated from the
genomes of some of the accessions by random drift and/or
natural selection along with the advancement of diversifica-
tion in O. rufipogon. In O. sativa, Ping is present only in
temperate japonica varieties, and the copy number of mPing
in temperate japonica varieties is higher than those of tropi-
cal japonica and indica varieties (Jiang ef al. 2003, Kikuchi
et al. 2003); therefore, Ping has been believed to play a
dominant role in the proliferation of mPing in O. sativa. In
this study, however, the average copy number of mPing in

O. rufipogon was not associated with the presence or
absence of Ping. This indicates that Pong, as well as Ping, is
responsible for the mobilization and proliferation of mPing
in O. rufipogon.

O. rufipogon has been considered to be the direct progen-
itor of the cultivated rice species O. sativa ssp. japonica
and indica (Xu et al. 2007). The copy number of mPing in
O. sativa ssp. japonica was estimated by database searches
to be 60-80 copies (Kikuchi et al. 2003) (it is actually ca. 50
copies), whereas that of O. sativa ssp. indica was estimated
to be less than 10 copies (Jiang ef al. 2003). Accordingly, it
was suggested that the first amplification of mPing might
have occurred during the domestication of O. sativa, and that,
subsequently, mPing was activated again in japonica varie-
ties, where it proliferated from 10 to 50 copies (Jiang et al.
2003). In the present study, we found that the copy numbers
of mPing were markedly different even among O. rufipogon
accessions, and that the accessions with different copy num-
bers were randomly distributed in different phylogenetic
clusters. Like the case of Ping described above, the acces-
sions with high copy numbers of mPing were not closely re-
lated to each other, even when using phylogenetic trees
proposed by Cheng et al. (2003) and Xu et al. (2007) (data
not shown). Moreover, we could not find any relationship
between the copy number of mPing and the geographical
distribution of O. rufipogon accessions. Hence, we conclud-
ed that the amplification of mPing occurred independently
and randomly in each O. rufipogon accession.

In mPing-TD analysis, O. rufipogon accessions yielded
only polymorphic bands. Moreover, the copy number of
mPing varied considerably among the accessions. Estimates
of the outcrossing rates of Asian wild rice species have ranged
from 5 to 60%, though cultivated rice species are predomi-
nantly selfing (Morishima and Barbier 1990). This suggests
that O. rufipogon strains easily outcross with each other; this
is one way in which insertional polymorphisms of mPing
may occur. Yet outcrossing cannot fully explain the differ-
ences in insertional polymorphisms and copy numbers of
mPing among O. rufipogon accessions, because these acces-
sions have several Kiddo elements at the same chromosomal
positions. mPing is still actively transposing in some
Jjaponica cultivars under natural conditions (Naito et al.
20006). It is therefore considered that mPing may be currently
active even in O. rufipogon.
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