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Abstract Rice (Oryza sativa) is one of three predominant
grain crops, and its nuclear and organelle genomes have
been sequenced. Following genome analysis revealed many
exchanges of DNA sequences between the nuclear and
organelle genomes. In this study, a total of 45 chloroplast
DNA insertions more than 2 kb in length were detected in
rice nuclear genome. A homologous recombination mech-
anism is expected for those chloroplast insertions with high
similarity between their flanking sequences. Only five
chloroplast insertions with high sequence similarity be-
tween two flanking sequences from an insertion were found
in the 45 insertions, suggesting that rice might follow the
non-homologous end-joining (NHEJ) repair of double-
stranded breaks mechanism, which is suggested to be
common to all eukaryotes. Our studies indicate that the
most chloroplast insertions occurred at a nuclear region
characterized by a sharp change of repetitive sequence
density. One potential explanation is that regions such as
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this might be susceptible target sites or “hotspots” of DNA
damage. Our results also suggest that the insertion of
retrotransposon elements or non-chloroplast DNA into
chloroplast DNA insertions may contribute significantly to
their fragmentation process. Moreover, based on chloroplast
insertions in nuclear genomes of two subspecies (indica and
Jjaponica) of cultivated rice, our results strongly suggest that
they diverged during 0.06—0.22 million years ago.
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Introduction

Rice (Oryza sativa L.) belongs to the grass family
(Gramineae or Poaceae) and is one of three predominant
grain crops—rice, wheat (Triticum aestivum), and maize
(Zea mays)—that provide a major food source for humans.
The grass family diverged from a common ancestor about
77 million years ago (mya), and the divergence between its
subfamily Erhartoideae (rice) and Panicoideae (maize and
sorghum) is estimated at 50 mya (Gaut 2002). The rice
genus, Oryza, comprises approximately 23 species. Nine
genome types of diploid (2n=24) and various combinations
among them to allotetraploid (2n=48) have been recog-
nized for 22 Oryza species (Ge et al. 1999; Vaughan et al.
2003). O. rufigogon, an Asian common wild rice that
shows a range of variation from perennial to annual types,
is the wild progenitor of cultivated rice (O. sativa L., AA
genome). Cultivated rice has two main subspecies, indica
and japonica subspecies (Khush 1997), which were
estimated to separate about 0.05-0.44 mya (Ma and
Bennetzen 2004; Tian et al. 2006).
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Organelle DNA transfer to the nucleus is ubiquitous and
ongoing. Transfer of certain mitochondrial and plastid
functional genes has occurred frequently in flowering plants
in evolutionarily recent times, although the transfers of
functional genes is now rare or has ceased in animals and
many other eukaryotes (see review by Leister 2005). The
high-frequency gene transfer from chloroplast genome to
the nucleus has been experimentally demonstrated (Huang
et al. 2003; Stegemann et al. 2003). Large, even whole
plastid or mitochondrial genome, insertions have been
detected in nuclear genomes (e.g., Yuan et al. 2002;
Shahmuradov et al. 2003; Huang et al. 2005). Different
genomic organization of organelle insertions, so-called
continuous, rearranged, and mosaics, have been observed
in nuclear genomes, and mechanisms or models of nuclear
insertion of organelle DNA (such as simple end-joining and
insertion and end-joining) have been proposed (Leister
2005). However, several outstanding questions still remain:
(a) the nature of old insertions with short and/or diverged
sequences; (b) the non-homologous end-joining repair
(illegitimate repair, NHEJ, Leister 2005).

O. sativa ssp japonica cultivar Nipponbare has been
sequenced by the integration of whole-genome shortgun
(Goff et al. 2002) and extensive genetic and physical
mapping efforts or “clone-by-clone” (Sasaki et al. 2002;
Feng et al. 2002; The Rice Chromosome 10 Sequencing
Consortium 2003; International Rice Genome Sequencing
Project 2005). The draft genome sequence of an indica
cultivar “93-11” was also generated by whole-genome
shortgun (Yu et al. 2002, 2005). Besides nuclear genome,
the chloroplast genome of rice was completed 15 years ago
(Hiratsuka et al. 1989). The analysis of the available
genome sequences revealed that many exchanges of DNA
sequences among the nuclear, chloroplast, and mitochon-
drial genomes have occurred in rice (Notsu et al. 2002;
Yuan et al. 2002; Shahmuradov et al. 2003; The Rice
Chromosome 10 Sequencing Consortium 2003). The above
genome sequences and large organelle DNA insertions,
combining some new developed bioinformatic methods
(such as GRIMM), provide an opportunity to further
investigate the genes, sites, and ages involved chloroplast
DNA insertions into the nuclear genome of rice.

Materials and methods

Sequence source and plant materials

Nuclear and chloroplast genome sequences of rice were
downloaded from the Institute of Genome Research (TIGR)
at http://www.tigr.org/tdb/e2k1/osal/ (Release 5.0), the

BGI-RIS of Beijing Genomics Institute at http://rise.
genomics.org.cn/rice2/index.jsp, and GenBank (X15901)
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at http://www.ncbi.nlm.nih.gov, respectively. Sequence data
from this article have been deposited to GenBank under
accession numbers DQ973115-DQ973122.

Seven typical indica cultivars (Nanjingl1, IR64, IR 36,
Nantehao, Guangluai4, Teqing and 93-11), together with
five typical japonica cultivars (Nipponbare, Akihikari,
Youmangshajing, Balilla and Zhonghuall), were provided
by China National Rice Research Institute.

Detection of chloroplast DNA insertions in nuclear genome

The sequences of 12 chromosomes of rice were aligned
against its chloroplast genome using nucmer program of
MUMmer package (Delcher et al. 2002) with 50-bp
minimal length of exact match, respectively. Unusually,
chloroplast DNA insertions were further inserted by short
non-chloroplast sequences. In this case, the length of the
non-chloroplast DNA sequence in an insertion was limited
to a conservative standard (<400 bp; Huang et al. 2005).
Otherwise, it was as two chloroplast insertions.

Similarity and annotation of flanking sequence

Similarities for two flanking nuclear sequences (5" and 3’
end) of the chloroplast insertions were calculated based on
sequence alignment using nucmer program of MUMmer
package (Delcher et al. 2002) with 10-bp minimal length of
exact match. Repeat elements were searched against repeat
database (RepeatMasker.Lib) using RepeatMasker program.
GO annotations were performed on the web server at TIGR
(http://www.tigr.org/tdb/e2k1/osal/batch_download.shtml).
Based on GO hierachical class (http://www.geneontology.
org/), molecular function and biological process were
assigned to TIGR annotated genes at flanking nuclear
sequences of chloroplast DNA insertions.

Rearrangement of chloroplast DNA insertions

Rearrangement scenario of chloroplast DNA insertion was
constructed based on the Hannenhalli-Pevzner algorithms
(Hannenhalli and Pevzner 1995) implemented in GRIMM
web server (http://nber.sdsc.edu/GRIMM/grimm.cgi, Ge-
nome rearrangement algorithms).

Determination of common or subspecies-specific
chloroplast insertion

Two methods were used to determine common or subspecies-
specific insertions of chloroplast DNA for indica and
Japonica rice genome: (1) polymerase chain reaction (PCR)
detection: Based on the sequences of nuclear—chloroplast
junctions at two ends of those chloroplast insertions in
Japonica Nipponbare, seven representative indica cultivars
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were detected by PCR amplification. Five japonica culti-
vars were used as controls. The reaction mixture (25 pl)
consisted of 1x buffer, 100 uM dNTP, 0.4 uM of primers,
1 U of Taq plus enzyme from DingGuo company, and
thermal cycled in an PTC-200 (MJ research) thermal cycler
for 30 cycles for 1 min at 94°C, 1 min at 63°C, and 1 min at
72°C. The primer sequences and expected product length
were listed in Table S1. As a quality control, all primers
designed must represent positive PCR results for Nippon-
bare. Particularly, PCR products of three key insertions,
insertion chrl10-2, chr4-2, and chr2-2, in indica cultivar
group were confirmed by sequencing: PCR products were
recovered with glass milk kit (BioDev Company, China).
The recovered fragments were ligated into PMD18-T vector
and transformed into competent cells of Escherichia coli
DH50 (TaKaRa Company). The positive clones were
sequenced using ABI 3700 (ABI Company). Sequence data
have been deposited to GenBank under accession numbers
DQ973115-DQ973122. (2) Similarity search against indica
genome: The sequences of chloroplast DNA insertions in
Jjaponica Nipponbare genome, including their two flanking
nuclear sequences (2 kb in length, respectively), were
searched against the nuclear genome of indica cultivar 93-
11 using BLASTN.

Estimation of synonymous substitution rates

The average number of synonymous (ds) per site of
paralogous genes in a chloroplast DNA insertion and its
corresponding chloroplast genomic region were calculated
using yn00 program of PAML package with Yang’s model
(Yang 1999). The corresponding region (paralogous seg-

ment) of chloroplast genome (X15901) to an insertion was
identified first using nucmer program, and then the
paralogous coding sequences (the best hit with more than
95% length coverage to the corresponding cds in X15901)
in the region were identified by BLASTN searching.

Results

Genes and repeat elements flanking chloroplast DNA
insertions

Abundant chloroplast DNA insertions were found in
currently assembled nuclear genome of japonica cultivar
Nipponbare (Fig. 1). A total of 45 insertions more than 2 kb
in length, of which five more than 40 kb, including a 131-kb
insertion (almost equal to whole chloroplast genome) in
chromosome 10, were detected. Some insertions clustered
and were close to each other within 15 kb, suggesting that
they might arise a similar insertion event and following
nuclear DNA reinserting into the chloroplast DNA insertions
(see next section). Of the 45 insertions, 24 do not have any
neighbor chloroplast insertions within 15 kb.

To determine direct-repeat and other functional repeat
elements flanking the chloroplast insertions, the above 24
chloroplast DNA insertions were used (for a detailed list of
the 24 insertions, see Table S1). In Fig. 2, two flanking
sequences from an insertion were ranked one by one in X
and Yaxes, respectively, and therefore, the dots in the boxes
at diagonal line indicated the similarity between the two
flanking sequences of the chloroplast insertion, while others
represented the similarity between two flanking sequences
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Fig. 2 Dot matrix of two flanking nuclear sequences of 24 chloroplast
DNA insertions in rice. Each partition presents a 50 kb (a) or 5 kb (b)
flanking sequence from an insertion. The blue and red lines refer
positive and reverse matches, respectively

from two different insertions. The data in Fig. 2a suggest
that seven insertions analyzed had direct- or reverse-repeats
within their flanking sequences, as indicated by dots and
lines on the diagonal in the comparison between 5’ and 3’
sequences. In a further investigation within 5 kb flanking
sequences (Fig. 2b), only five insertions have repeats in
both their flanking sequences, including an insertion in
chromosome 10 with 2.1-kb direct-repeats at its two
flanking sequences reported by Yuan et al. (2002). The
results indicated that only a number (5/24) of chloroplast
DNA insertions contain sequence similarity (potential
direct-repeats) in both flanking nuclear sequences from a
chloroplast insertion. Moreover, many dots or lines were
observed in the cells that were not at the diagonal (Fig. 2);
particularly, some were detected in several flanking
sequences, suggesting that repeat elements might enrich in
those flanking nuclear sequences.

Further investigations on repeat density in the flanking
50-kb regions suggested an interesting pattern of flanking
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sequences at both directions (Fig. 3). Apparent fluctuations
of repeat (most are retrotranposons) densities across the
flanking sequences at both ends were observed. Interest-
ingly, repeat density within 20 kb from insertion point
changed sharply from higher one at 5’ end to lower one at
3" end regions. The results suggest that most chloroplast
DNA insertions potentially occurred at those regions charac-
terized by a sharp change of repetitive sequence density.

To find potential genes involved in chloroplast DNA
insertions, TIGR annotated genes within 50-kb flanking
nuclear sequences at both directions were collected.
Functional category results showed that in a total of 340
annotated genes in flanking sequences of the 24 chloroplast
insertions, genes involved in catalytic and transferase
activity (18.4 and 15.2%, respectively; Fig. 4a), or
biological processes of cellular process, response to abiotic
stimulus and response to stress (10.3, 9.2 and 8.8%,
respectively; Fig. 4b) were over-represented, which were
different to the situations based on annotated genes from
whole genome (International Rice Genome Sequencing
Project 2005; Yu et al. 2005). The results provided some
clues for identification of putative genes (e.g., the genes for
catalytic and transferase activity) involved in plastid DNA
insertions.

Rearrangement of chloroplast DNA insertions

A large insertion in chromosome 1 at 33.8-33.9 Mb has been
suggested from a whole plastid genome insertion event, which
later was subject to many potential duplication/deletion/
inversion/translocation rearrangements (Shahmuradov et al.
2003). To date, it appears to be fractioned and disordered
(Fig. 1). How to rearrange or what functional elements
involved in mutational decay of a chloroplast DNA segment
after it inserted into nuclear genome is always an interesting
topic.

The chloroplast insertion could be defined as 28 pieces
or blocks based on similarity with chloroplast genome

601
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Fig. 3 Contents of repeat elements (/ine) and retrotransposons (dash

dot) as function of positions of the nuclear DNA sequences flanking

chloroplast insertions, relative to the inserting sites (position “0). Left

and right regions relative to the inserting position are 5’ and 3’

flanking sequences, respectively
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Fig. 4 GO functional classifications of 340 annotated genes in
flanking nuclear sequences of 24 chloroplast DNA insertions in rice

using the Hannenhalli-Pevzner algorithms (Hannenhalli
and Pevzner 1995). The method has been used to estimate
genome rearrangements after divergence of species, such as
human and mouse (Pevzner and Tesler 2003), but not in
analysis of chloroplast insertions. We estimated a most
parsimonious scenario of these 28 segments from the
original order (i.e., plastid genome insertion) to the current
insertion via inversion (Fig. 5). A total of 25 steps are
needed to finish this dynamic process. Using coding
sequences in this insertion, it was estimated to insert into
the nuclear genome about 0.4 mya (for details, see next
section). Moreover, several non-chloroplast DNA segments
could be detected within the chloroplast DNA insertion,
suggesting that these non-chloroplast DNAs reinserted the
chloroplast insertion after it inserted into nuclear genome.
We identified eight non-chloroplast DNA insertions from
this chloroplast DNA insertion, and their average size is
4,009 bp (see supplementary Table S1). Then, we used
RepeatMasker to further determine what kinds of sequences
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Fig. 5 A most parsimonious rearrangement scenario for a whole
plastid genome insertion in rice chromosome 1 (see Fig. 1) (destina-
tion) and chloroplast genome (source). Arrows refer to 28 segments or
blocks of the chloroplast DNA insertion, and the Z arrow indicates a
reversion event of which block(s) in dark arrow(s) involved

(e.g., retrotransposon or other elements) comprise those
reinserting sequences. As expected, repeat elements were
detected in seven of the eight insertions. Excluding the low-
complexity repeats, Gypsy type LTR and RNA (LSU rRNA
and tRNA) were only two other types of repeat elements in
the seven insertions. For example, one insertion (no. 7)
includes three LTR elements with a summing 2.8 kb in
length, which comprise 90.4% of the non-chloroplast
insertion (Table S1). The results suggest that retrotranspo-
sons may be the most active element involved in mutational
decay of chloroplast DNA insertions in nuclear genome.

Timing the indica—japonica divergence based
on chloroplast DNA insertions

Chloroplast DNA insertions in indica and japonica nuclear
genomes provide an opportunity to time the indica—
Jjaponica divergence. The divergent time can be anchored
through determining common and subspecies-specific
insertions, suggesting that the insertions occurred before
and after the indica—japonica divergence, respectively, and
their insertion times. To test numerous confused time
estimations (see “Discussion”), the indica—japonica diver-
gence was estimated using this distinct method in this
study.

Of the above 45 insertions, eight insertions of recent 1.0
(0.04-0.81) mya estimated by the average synonymous
substitutions (ds values) of coding sequences between the
insertions and their paralogs from chloroplast genome,
around the putative time (0.05-0.44 mya) of indica—
Jjaponica divergence suggested by previous studies, were
selected for our estimation. Two methods are used to
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determine whether the above eight japonica insertions can
also be detected in the indica genome, which will determine
the common in both subspecies, or japonica-specific
insertions for the eight insertions. First, the eight insertions
and their two flanking nuclear sequences were used as
queries to be searched against the draft genome sequences
of indica cultivar 93-11. The results indicated that four
indica orthologs were returned for four japonica insertions
including their franking sequences, suggesting that the four
insertions were common for both subspecies, or the pre-
divergence insertions. Another four insertions failed to be
retrieved from the current indica genomic sequence
database (Table 1), suggesting that the four insertions may
be absent in the indica genome. But the absence needs to be
further confirmed regarding to the current coverage of the
indica draft sequence. Second, PCR amplifications were
performed to confirm the above genome searching results.
Fourteen insertion-specific primer combinations were
designed based on the nuclear-chloroplast junction sequen-
ces of the ends of the eight chloroplast insertions, and seven
representative indica cultivars, together with five japonica
cultivars, as controls were analyzed. As expected, the 14
primer pairs could be amplified from the japonica genome
(Table 1). However, only four insertions, chr4-6, chr5-3,
chr7-3, and chrl0-2, could be amplified from the indica
genome, supporting the indica 93-11 database searching
results, and insertions of chr7-2 and chr4-1 failed to be
amplified from any indica cultivars, which was also
consistent with the above searching results. Particularly,

PCR products of several anchor insertions for estimation of
indica—japinica divergence, chrl10-2, chr4-2, and chr2-2,
were confirmed by sequencing (GenBank accession nos.:
DQ973115-DQ973122). In summary, in the eight joponica
insertions, six insertions were found in the indica genome,
suggesting that they were inserted before the indica—
Jjapinica divergence, while other two insertions (chr7-2
and chr4-1) were not found in indica genome and
represented the post-divergence or japonica-specific inser-
tion events.

dg values of the eight insertions varied from 0.0004 to
0.0063 (Table 1). Insertion dates of the chloroplast insertion
were estimated based on their dg values with an assumption
of molecular clock: T = d / (rc,, + r,,u) where chloroplast
substitute rate (rcp) =1.24 —2.9 x 1072 (Muse 2000) and
nuclear substitute rate (r,,) = 6.5 x 107 (Gaut et al.
1996). Based on the total number of nucleotide substitu-
tions, the eight insertions were dated 0.04 to 0.81 mya,
assuming a nuclear DNA substitute rate for the chloroplast
insertions in nuclear genome (Table 1). Together, the above
detection results on common and japonica-specific inser-
tions; the period of indica—japonica divergence can be
determined based the eight chloroplast insertions. First, the
above results indicate that chrl10-2 insertion was the most
recent common insertion for indica and japonica rice in the
six pre-divergence insertions (chrl0-2, chr4-2, chr2-2,
chr4-6, chr5-3, and chr7-3). The insertion represents the
most recent chloroplast DNA insertion events in the rice
nuclear genome before the indica—japonica divergence in

Table 1 Timing indica—japonica divergence based on common and subspecies-specific chloroplast DNA insertions

Insertions /  Length (kb)  cds Substitution ~ Date Indica PCR detection®
genome number®  rate (mya)® search®
ds Jjaponica Cultivars indica Cultivars

1 2 3 4 5 1 2 3 4 5 6 7
Chr7-2 14.4 10 0.0004 0.04-0.05 ND + + - + - - - - - - - -
Chr4-1 14.4 7 0.0006 0.06-0.08 ND + + + - - - - - = = - -
Chr10-2 33.0 16 0.0014 0.15-0.18 I + + + - 4+ - 4+ - - - - +
Chr4-2 61.9 31 0.0017 0.18-0.22 ND + + + + + 4+ - 4+ + - + -
Chr2-2 49.7 25 0.0018 0.19-0.23 ND + + + + + 4+ 4+ - 4+ - + +
Chr4-6 7.1 5 0.0026 0.28-0.34 1 + + + + + 4+ 4+ 4+ 4+ - = +
Chr5-3 11.1 5 0.0051 0.54-0.66 1 + 4+ + + + + 4+ + -+ o+ 4+
Chr7-3 4.6 5 0.0063 0.67-0.81 I + + - - 4+ + - - - + - +

#The number of predicted coding sequences (cds)

® Insertion dates of the chloroplast insertion were estimated based on their dg values with an assumption of molecular clock: 7 = d; / (r(,p + rn,)
where chloroplast substitute rate (rcp) =1.24 — 2.9 x 107 (Muse 2000) and nuclear substitute rate (r,,) = 6.5 x 107 (Gaut et al. 1996);

€ When both nuclear junction sequences of a chloroplast DNA insertion were perfectly matched by a intact indica genomic sequence based on the
alignment results against the nuclear genome of indica cultivar 93-11, two situations maybe existed at the corresponding insertion region of the
indica sequence region: chloroplast sequence were found (I) and no genomic sequence data of 93-11 could be found (ND);

“+ refer to positive (at least one end) or negative PCR results that were obtained for two junction ends of an insertion, respectively. japonica
cultivars 1-5: Nipponbare, Akihikari, Balilla, Youmangshajing, Zhonghuall; indica cultivars 1-7: Nanjing1 1, IR64, IR36, Nantehao, Guangluai4,
Teqing and 93-11

9 Average synonymous substitutions per site (ds) or insertion times, PCR amplification results in genomes of indica cultivar group and genome-
scale search results against indica genome (93-11) of the selected insertions were listed. The insertions were sorted by their dg values.
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current data set. dg values of insertion chr10-2 is 0.0014,
corresponding to the time of 0.15-0.18 mya, suggesting
that indica and japonica rice did not separate until 0.15—
0.18 mya. The insertion chr4-2, a 0.18-0.22 mya insertions
found in at least four indica cultivars, might provided a
more solid estimation in terms of potential japonica
introgressive hybridizations in indica 93-11 and IR64. In
other words, their divergence must have occurred within
0.22 mya. Second, the insertion of chr4-1 was the most
ancient insertion in the japonica-specific insertions. Its dg
value indicated that it should have inserted into the
Jjaponica genome 0.06—0.08 mya. The results implied that
indica and japonica subspecies have separated at least
0.06 mya. Taking together the above two threshold time
estimates, our results strongly suggested that indica and
Japonica subspecies should have separated between 0.06
and 0.22 mya (Fig. S1).

Discussion

One mechanism that organelle DNA can integrate into the
nuclear genome by NHEJ repair (illegitimate repair) of
double-stranded breaks (DSBs) has been found in yeast (Yu
and Gabriel 1999; Ricchetti et al. 1999). Generally, DSBs
can be repaired via two different ways, either via homolo-
gous recombination or via NHEJ (also known as illegitimate
recombination). Whereas in the former way the sequences
are linked in regions that are identical to each other, in the
latter, the sequence information does not play a major role in
the rejoining of the two double strands. Repair of DSBs by
NHE]J requires little or no sequence homology between the
termini, enabling organelle DNA to be “pasted” to one
another. Several studies have indicated that the NHEJ might
be a phenomenon common to all eukaryotes (Leister 2005).
Only five chloroplast insertions with high sequence similar-
ity between two flanking sequences from an insertion were
found in our study, suggesting that rice maybe also follow
this mechanism. Moreover, according to the model, any
increase in the frequency of formation of DSBs should
influence the rate of organelle DNA insertions generation.
Our studies indicate that the most chloroplast insertions
occurred at a region characterized by a sharp change of
repetitive sequence density (Fig. 3). One potential explana-
tion is that such regions might be susceptible target sites or
“hotspots” of DNA damage in both strands. The observation
in this study that genes involved in catalytic and transferase
activity are over-represented in the nuclear DNA flanking
chloroplast insertions needs further investigation, as they
may relate to the repair mechanisms that operate as part of
the insertion process.

We have detected many non-chloroplast DNA segments
(most are LTR retrotransposons) reinserting into chloroplast

DNA insertions. The phenomenon is also found in human
genome that repetitive sequences, in particular to mobile
elements, re-localize mitochondrial insertions (Mishmar
et al. 2004). It suggests that the insertion of non-chloroplast
DNA, including transposable elements, into chloroplast
DNA insertions may contribute significantly to fragmenta-
tion process (i.e., rearrangement) of chloroplast DNA
insertions.

Our results provided evidence for recent divergence
(0.06-0.22 mya) of the two subspecies (indica and
Jjaponica) of rice, which is similar to the estimated time of
0.086-0.200 mya based on chloroplast genome compar-
isons (Tang et al. 2004) 0.045-0.250 mya based on
mitochondrial genome comparisons (Tian et al. 2006), and
compatible with the estimation of 0.44 mya based on
nuclear gene data by Ma and Bennetzen (2004) and
0.4 mya based on intronic sequences of nuclear genes by
Zhu and Ge (2005). Another study has suggested that the
two genomes diverged from one another at least 0.2 mya
based on LTR retrotransposons (Vitte et al. 2004). Huang
et al. (2005) documented a 131-kb chloroplast fragment
which was believed to be transferred about 0.148 (0.074—
0.296) mya to the nuclear genome of japonica after it
diverged from indica. In our study, a clear and narrowed
divergent period was shown for the two subspecies based
on an independent method (chloroplast insertion). Because
of several advantages of chloroplast DNA, such as maternal
inheritance, rare or no recombination, etc., chloroplast
DNA had been successfully used in the estimation of
divergent dates of plants (Wolfe et al. 1989; Gaut 2002; Sall
et al. 2003). The total number or average of nucleotide
substitutions in an insertion and a molecular clock were
used for time estimation in our study. The method has been
used other estimations for indica—japonica divergence (Ma
and Bennetzen 2004; Vitte et al. 2004; Zhu and Ge 2005).
Although there are many limitations to the use of clocks
based on sequence data, including substitution rate hetero-
geneity among lineages, uncertainties of clock calibration
and other potential sources for estimation errors (Gaut
2002), our estimations do provide an approximate time-
frame. It is noted that the analysis of synonymous
divergence for all genes in an insertion should minimize
the inaccuracy. The estimation based on any single gene
might have an unusual rate of synonymous site change. A
key step in our study is to determine the common or
Jjaponica-specific insertions for the two species. The key
insertion, chr10-2, was detected as a common insertion for
the two species and an upper threshold time of indica—
Japonica divergence in this study. This result is the same as
an early study by Yuan et al. (2002) who first sequenced the
large chloroplast insertion in rice and found that the
insertion was an insertion of pre-divergence of indica and
Japonica rice.
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