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Retrotransposon accumulation and satellite
amplification mediated by segmental duplication
facilitate centromere expansion in rice
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The abundance of repetitive DNA varies greatly across centromeres within an individual or between different
organisms. To shed light on the molecular mechanisms of centromere repeat proliferation, we performed structural
analysis of LTR-retrotransposons, mostly centromere retrotransposons of rice (CRRs), and phylogenetic analysis of
CentO satellite repeats harbored in the core region of the rice chromosome 4 centromere (CEN4). The data
obtained demonstrate that the CRRs in the centromeric region we investigated have been enriched more significantly
by recent rounds of segmental duplication than by original integration of active elements, suggesting that segmental
duplication is an important process for CRR accumulation in the centromeric region. Our results also indicate that
segmental duplication of large arrays of satellite repeats is primarily responsible for the amplification of satellite
repeats, contributing to rapid reshuffling of CentO satellites. Intercentromere satellite homogenization was revealed
by genome-wide comparison of CentQO satellite monomers. However, a 10-bp duplication present in nearly half of the
CEN4 monomers was found to be completely absent in rice centromere 8 (CENS8), suggesting that CEN4 and CEN8
may represent two different stages in the evolution of rice centromeres. These observations, obtained from the only
complex eukaryotic centromeres to have been completely sequenced thus far, depict the evolutionary dynamics of

rice centromeres with respect to the nature, timing, and process of centromeric repeat amplification.

Despite the lack of conserved DNA sequence (Malik and Henikoff
2002; Jiang et al. 2003; Lamb et al. 2004; Henikoff and Dalal
2005), the centromeres from most multicellular eukaryotes, such
as Arabidopsis (Copenhaver et al. 1999; Heslop-Harrison et al.
1999; Kumekawa et al. 2001), rice (Cheng et al. 2002; Nagaki et
al. 2004; Wu et al. 2004; Zhang et al. 2004), maize (Ananiev et al.
1998; Jin et al. 2004), Drosophila (Sun et al. 1997, 2003), and
human (Schueler et al. 2001; Rudd et al. 2003) share very similar
structural features. It is well documented that, in addition to
abundant transposable elements, large arrays of satellite DNA, for
instance the pAL1 satellite repeat in Arabidopsis (Martinez-
Zapater et al. 1986), the CentO satellite repeats in rice (Cheng et
al. 2002), the CentC satellite repeat in maize (Ananiev et al.
1998), and the « satellite repeat in human (Willard and Waye
1987), are the most marked components of the centromeric re-
gions. These satellite repeats are typically arranged in a tandem
head-to-tail fashion, and are usually surrounded and interspersed
by various repeats, primarily composed of long terminal repeat
(LTR)-retrotransposons in plant centromeres (Cheng et al. 2002;
Nagaki et al. 2004, 2005; Wu et al. 2004; Zhang et al. 2004). These
centromere retrotransposons (CRs) were generally considered to
have preferentially accumulated in centromeric regions by inser-
tion of active elements mediated by RNA reverse transcription
(Kumar and Bennetzen 1999).

The sizes of satellite monomers are relatively conserved
across species and nearly uniform within a genome (Martinez-
Zapater et al. 1986; Willard and Waye 1987; Ananiev et al. 1998;
Cheng et al. 2002; Nagaki et al. 2004; Wu et al. 2004; Zhang et al.
2004). However, the copy numbers of satellite monomers vary
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dramatically across species, within an organism, or in a same
chromosome from different subspecies or varieties (Cheng et al.
2002; Guy et al. 2003; Eichler et al. 2004), suggesting that the
amount of centromere satellite DNA in a single centromere can
be increased or reduced dramatically in a very short time frame.

Evolutionary mechanisms regarding the copy number oscil-
lation of centromere satellite repeats remain largely unknown.
Because satellite repeats are present in tens of thousands of copies
in an organism, genome-wide homogenization of the satellite
repeats by gene conversion and unequal crossover was postulated
(Smith 1976; Dover 1982; Stephan 1986; Charlesworth et al.
1994). Based on this molecular driving model, it is expected that
numerous DNA rearrangements must have occurred gradually in
the process of satellite DNA homogenization. Hence, it is ex-
tremely challenging to define and identify individual events of
satellite DNA rearrangements, especially when sequence “gaps”
remain in centromere regions.

Due to large arrays of highly homogenized satellite repeats,
assemblies of centromeric regions in higher eukaryotic organ-
isms, including Arabidopsis, human, and rice, have proven to be
extremely difficult. To date, only two centromeres, CEN4 and
CENS from rice chromosomes 4 and 8, respectively, which con-
tain the least CentO satellite DNA among the 12 rice centromeres
(Cheng et al. 2002), have been completely sequenced and suc-
cessfully assembled (Wu et al. 2004; Zhang et al. 2004). To un-
derstand the evolutionary dynamics of centromeric repetitive
DNA, we have undertaken in-depth analyses of the core regions
of the rice chromosome 4 centromere, including structural analy-
sis of CRRs, and homology and phylogenetic analysis of CRRs
and CentO repeats. We also compared CentO repeats from different
centromeres of rice. We present here the nature and mechanisms of
recent centromere repeat amplification that facilitated the struc-
tural variation and size expansion of rice centromeres.
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Results

Classification and distribution of CRRs in the core region
of CEN4

In the core region of chromosome centromere 4 (Zhang et al.
2004), we identified 20 LTR-retrotransposon elements (REs) (Fig.
1; Table 1), including four intact elements (REs2, 4, 17, and 18)
and six solo LTRs (REs1, 5, 9, 10, 13, and 20). These 10 elements
are flanked by five base-pair target site duplications (TSDs). The
other 10 retroelements are truncated at one or both ends. In
Zhang et al. (2004), two truncated elements, REs11 and 12, both
sharing the same 5’ LTRs, were misannotated as one element,
“CR4-11,” whereas RE16, a single element that was interrupted
by RE17, was misannotated as two elements, “CR4-15" and
“CR4-17.” In addition, RE20, a solo LTR, was not previously
found. We categorized these 20 elements into five families/
subfamilies by sequence homology comparison with previously
described LTR-retrotransposon families/subfamilies in rice (Mc-
Carthy et al. 2002; Nagaki et al. 2005), including three centro-
mere retrotransposon families/subfamilies (CRR1, noaCRR1, and
CRR2) that account for 18 CRR elements, family Osr41, and an
unknown family that has not been defined due to the lack of
intact elements of this family in the complete rice genome (data
not shown). These retroelements, which comprise 63 kb of DNA,
are interspersed into ~60 kb CentO satellites and separate CentO
into 18 satellite blocks (Fig. 1).

“Preferential” insertions and insertion sites of CRRs
in the core region of CEN4

Although CRRs were detected in all 12 rice centromeres (Cheng
et al. 2002; Nagaki et al. 2005), such a high degree of CRR en-
richment in the core region of centromere 4 is a truly exceptional
observation. More interestingly, preferential insertion of four
noaCRR1 retroelements, “CR4-5,” “CR4-9,” “CR4-10,” and “CR4-
12" (i.e., RTsS5, 9, 10, and 13) in four different but adjacent sites
was previously described by Zhang and coworkers (2004). How-
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ever, we found that these four noaCRR1 elements were situated
in exactly the same position in four different CentO monomers
and were flanked by identical 5-bp (CGCGC) TSDs (Table 1). All
four noaCRR1 elements sharing the same TSDs are solo LTRs. In
addition, two other noaCRR1 elements—a solo LTR, RE1, and an
intact element, RE2—were found to share the same target sites
(GTATT) (Table 1). We further analyzed the CRR1 and CRR2
families that contain mostly truncated elements. All three single-
end truncated CRR1 elements (REs6, 8, and 14) were found to be
flanked by “TCCTC” at their intact ends. All three single-end
truncated CRR2 elements (REs7, 11, and 12) were flanked by the
“CGCAC,” which was identical to the TSD flanking RE4, the only
intact CRR2 element identified in the region studied. All the 5-bp
flanking sequences (summarized in Table 1) are unique sites in
the CentO monomers. The boundaries of the truncated ends of
other CRRs were difficult to precisely define and thus were not
investigated further.

The observations obtained above were unexpected and have
not been previously reported in centromeres investigated so far.
Theoretically, the frequency that two LTR-retrotransposons share
an identical TSD in a genome is <0.1% (1/4°). Thus, it is not
surprising that no two of 1000 randomly chosen LTR-
retrotransposons previously investigated in the rice genome were
found to be flanked by an identical TSD (Ma et al. 2004). Even
though CRRs were preferentially inserted into CentO satellite
monomers in rice, the possibility that two CRRs inserted into an
identical site of different monomers would be extremely low
(theoretically, ~1/155 or 1/165), unless a specific retrotransposon
family or subfamily has preferential insertion sites in CentO
monomers. However, the observation that the seven noaCRR1
elements have three different insertion sites in CentO monomers
invalidates the possibility of a single preferential insertion site.

Segmental duplication of CRRs in the core region of CEN4

We hypothesized that the CRR elements that share the same
TSDs have been duplicated by some process other than transpo-
sition mediated by RNA reverse transcription. If this is the case,
then CentO monomers harboring the
duplicated CRRs may have also been in-
volved in the same duplication, and the
duplicated monomers would share the
highest sequence similarities as com-
19 . .
pared with other monomers. To test this
- hypothesis, we extracted all monomers
18 o harboring CRRs and BLAST-searched
- . these monomers against all CEN4
monomer sequences. As expected, the
best matched pairs or groups of mono-
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Figure 1.

Arrangement and rearrangement of centromeric repeats in the core region of rice centro-
mere 4. The intact LTR-retrotransposons and solo LTRs are represented by color-shadowed boxes,
whereas the truncated retrotransposons are represented by color-shadowed boxes with one or both
curved ends. The five families/subfamilies of retrotransposons are marked by five different colors.
(Arrows and numbers above the shadowed boxes) Orientations and order of LTR-retrotransposons in
the region analyzed, (dark vertical lines) CentO satellite monomers, (vertical arrows connected to the
boxes) positions of LTR-retrotransposons, (red arrows) orientation of CentO blocks separated by LTR-
retrotransposons. The most related pairs of monomers distributed in corresponding duplicated seg-
ments in conserved order (in the same or opposite orientations) are connected by curved green lines.

mers harbored the same family or sub-

family CRR elements flanked by the

o 2KB same target insertion sites (Table 2).

These data suggest that at least nine ap-

parent segmental duplications of CRRs

B Unknown occurred in the region following six

original insertions of CRRs.

To further verify and detail the sce-
nario regarding CRR amplification by
segmental duplication, we initially per-
formed phylogenetic analysis of 20 con-
tiguous monomers surrounding two no-
aCRR1 elements, REs 1 and 2, that share
the same TSDs. The 20 monomers were
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Table 1. LTR-retrotransposons harbored in CentO satellites of rice chromosome 4

Retroelement Family or 5’ flanking 3’ flanking
(RE?) subfamily Size (bp) sequence sequence Structural feature
1 noaCRR1 794 GTATT GTATT Solo LTR
2 noaCRR1 4291 GTATT GTATT Intact element
5 noaCRR1 790 CGCGC CGCGC Solo LTR
9 noaCRR1 792 CGCGC CGCGC Solo LTR
10 noaCRR1 795 CGCGC CGCGC Solo LTR
13 noaCRR1 793 CGCGC CGCGC Solo LTR
17 noaCRR1 4368 AAGGC AAGGC Intact element
19 noaCRR1 4292 NA NA Truncated element
3 CRR2 1676 NA NA Truncated element
4 CRR2 7740 CGCAC CGCAC Intact element
7 CRR2 2723 NA CGCAC Truncated element
11 CRR2 3268 CGCAC NA Truncated element
12 CRR2 3906 CGCAC NA Truncated element
6 CRRT 6252 NA TCCTC Truncated element
8 CRR1 1472 NA TCCTC Truncated element
14 CRR1 5772 NA TCCTC Truncated element
15 CRRT 741 NA NA Truncated element
18 CRR1 4998 CGCGG CGCGG Truncated element®
16 Osr41 6586 NA GAGTG Truncated element
20 Unknown 1338 GATAT GA-AT Solo LTR

*Numbered on the basis of their orders in the core region of rice chromosome 4 centromere (from the short arm to the

long arm).

3" LTR adjacent to PPT (polypurine tract) site was partially deleted.

(NA) not applicable, (LTR) long terminal repeat.

extracted and aligned using ClustalX (Thompson et al. 1997).
Subsequently, a Neighbor-Joining phylogenetic tree was gener-
ated using MEGA3 (Kumar et al. 2004). Five pairs of the most
related monomers supported by >80% bootstrap values are illus-
trated in Figure 2A. The sequence similarities between paired
monomers vary from 98%-100%. Interestingly, the most related
pairs of monomers are arranged in two monomer clusters in the
same order and orientation (Fig. 2B). We also found that the
most related pairs of monomers either both contain the 10-bp
duplication or neither do (Fig. 2C), even though the parameter of
“complete deletion” (of indels) was employed by MEGAS3 for the
phylogenetic analysis of the monomers. Moreover, the mono-
mers that harbored the noaCRR1 elements, REs1 and 2, were
found to be most related to each other (Fig. 2B). These data dem-
onstrate that a segmental duplication of five contiguous CentO
monomers and a noaCRR1 element, RE1 or RE2, occurred, and
subsequently a solo LTR (RE1) was generated by intraelement
homologous recombination between its two LTRs (Devos et al.
2002; Ma et al. 2004).

Table 2. Monomers harboring CRRs and their best matches

Family or Monomer Best matched
RE? subfamily harboring CRR monomer®
1 noaCRR1 55 62
2 noaCRR1 62 55
4 CRR2 115 179
5 noaCRR1 140 199
7 CRR2 179 115
8 CRR1 180 245
9 noaCRR1 199 140
10 noaCRR1 211 140
11 CRR2 230 179
12 CRR2 231 230
14 CRR1 245 180

#See Table 1 and Figure 1.
PDetected by BLASTN and CROSS_MATCH (see Methods).

Dates of CRR amplification by segmental duplications

LTR divergence has been used to date insertions of LTR-
retrotransposons (SanMiguel et al. 1998). This method is based
on the fact that the two LTR sequences of a single LTR-
retrotransposon are usually identical upon integration. However,
because segmental duplications seem to be a major process for
LTR-retrotransposon amplification in this study, a retrotranspo-
son, if duplicated, may have accumulated mutations between its
two LTRs before the duplication event occurred. Hence, the in-
sertion date estimated by this method would not likely be the
amplification date of an LTR-retrotransposon.

In order to outline the duplication processes and to date the
duplication events, we first performed phylogenetic analysis of
the CRR elements belonging to the three different families or
subfamilies, respectively. Because most CRRs are truncated ele-
ments and solo LTRs, only LTRs from these CRR elements were
extracted and used to generate Neighbor-Joining trees. The seven
noaCRR1 elements clustered into three relatively distant groups,
containing two, one, and four elements, respectively (Fig. 3A),
whereas the four CRR1 elements and the four CRR2 elements
were clustered into one respective group (Fig. 3B,C). The ele-
ments within each group were closely related to each other and
were flanked by the same TSDs (Table 1). Hence, at least nine
CRRs were amplified by segmental duplication if the most di-
verged element (showing greatest distance from others) within
each group was considered to be the most ancestral copy.

Under the assumption that the most diverged CRR element
within a group is the originator of the other copies, the average
distance between the most diverged CRR and each of the other
additional copies was used to estimate the amplification time of
the most diverged CRR. Similarly, other CRRs were dated by us-
ing the average distance between the more diverged copy and
each of the other copies within a subgroup. RE17, an insertion
into RE16, was dated by the divergence of its two LTRs. By using
these strategies, the amplification (insertion or duplication) dates
of 15 CRRs were calculated. Assuming the most diverged CRRs
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Comparison of CentO satellite repeats
across rice chromosomes

To understand the dynamic variation of
CentO satellite repeats, we compared
226 CentO monomers from the 12 cen-
tromeres of rice (~20 monomers per cen-
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Figure 2. Phylogenetic analysis of a cluster of CentO monomers surrounding the first two CRRs in the
core region of CEN4. (A) Neighbor-Joining tree obtained with the monomer sequence data. (Filled
circles) Closely related monomers with bootstrap values >80% based on 500 replicates, (open circles)
other monomers without clear relationship. (B) A segmental duplication event revealed by the Neigh-
bor-Joining tree. The closely related pairs of monomers are connected, respectively, by short vertical
lines. The integration sites of the noaCRR1 elements are marked by dark arrows. (C) A subregion of the
alignment of the monomers analyzed above showing a 10-bp duplication site.

represent the originator of the other corresponding CRRs, all sub-
sequent accumulation of CRRs by segmental duplication oc-
curred <0.3 Mya, ~0.2 Mya on average (Fig. 4).

Amplification of CentO satellites by segmental duplication

To further understand the dynamics of CentO satellite amplifi-
cation, we performed phylogenetic analysis of all monomers that
were identified in CEN4. By analyzing the most related mono-
mers revealed by the Neighbor-Joining tree obtained (data not
shown), we identified 50 additional pairs of monomers that are
arranged in four duplicated clusters of monomers in either the
same or inverted orientations (Fig. 1). Each pair of monomers
between the duplicated segments has a very high degree of se-
quence similarity (ranging from 98% to 100%), indicating very
recent events. This observation is consistent with our estimation
of CRR amplification dates (Fig. 4). The largest duplicated seg-
ment detected in this study contains 23 monomers and a 7.5-kb
intact CRR2 element (RE4) (Fig. 1; Table 1). Given that most
duplicated segments were interrupted by a few to 130 CentO
monomers and intact or truncated CRR elements, and that they
were arranged in overlapping or nested patterns, the precise sizes
of the segmental duplication could not be determined. These
observations also suggest the rapid and dramatic rearrangement
and reshuffling of the CentO satellites, which largely limited our
capacity to track the boundaries of duplicated segments precisely.
Except for the segmental duplication described above, we did not
detect any more ordered or “higher-order repeat units,” which
were observed in centromeric « satellite repeats of human and
primate chromosomes (Warburton and Willard 1996). The iden-
tities between different monomers ranged from 90% to 98%
across the CentO blocks, although the divergence of the mono-
mers in both terminal CentO blocks was more apparent than
others (Zhang et al. 2004). In addition, the CentO monomers
within the duplicated arrays (see Fig. 2) do not show a precipitous
or gradual change in sequence divergence.

ity. Although the most closely related
monomers were always found in the
same centromere, some monomers, ei-
ther within a single centromere or be-
tween different centromeres, showed
very similar distances. This observation
suggests that CentO satellites have un-
dergone interchromosomal exchange
and genome-wide homogenization. Similar to the results
obtained from analyses of centromeric « satellite repeats in hu-
man and primate chromosomes (Warburton and Willard 1996),
the average rate of interchromosomal monomer divergence is
lower than that of intrachromosomal monomer divergence in
rice (Fig. 5).

An extremely intriguing observation is that the completely
sequenced centromere 8 was devoid of 166-bp monomers that
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Figure 3. Amplification of CRRs revealed by phylogenetic analysis.
(A,B,C) Neighbor-Joining trees obtained with LTR sequence data from
noaCRR1, CRR1, and CRR2 elements, respectively. Numbers adjacent to
nodes indicate bootstrap values >80% from the test of 500 replicates.
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Figure 4. The times of CRR amplification estimated based on the phy-
logenies and pair-wise distances between LTRs. (Mya, million years ago).

contain a 10-bp duplication, as shown in Figure 2C, whereas this
10-bp duplication was found in 161 out of the 372 monomers
within CEN4. Monomers containing the 10-bp duplication were
also found in all 10 other rice centromeres (Table 3), although
their copy numbers cannot be determined due to the incom-
pleteness of the centromere sequences. Moreover, the 166-bp
monomers were found to be intermingled with 155-bp mono-
mers across the CENS8 region (Fig. 3; Zhang et al. 2004). These
findings raise a possibility that the 10-bp duplication may have
occurred a long time ago and gradually spread into the different
chromosomes. Thus, the rice CEN8 may represent an intermedi-
ate-stage centromere that originally formed in a non-centromeric
region by recruiting and subsequently amplifying the 155-bp
monomers, and, as a result, the CEN8 region has not been in-
vaded by the 166-bp monomers to date. This inference is sup-
ported by the previous discovery of active genes in the CEN8
region (Nagaki et al. 2004).

Discussion

The preferential amplification of centromere-specific transpos-
able elements, mostly retrotransposons, has been observed in
most, if not all, centromeric regions of complex genomes inves-
tigated thus far (Copenhaver et al. 1999; Schueler et al. 2001;
Cheng et al. 2002; Sun et al. 2003; Wu et al. 2004; Zhang et al.
2004; Nagaki et al. 2005). Hence, it is not surprising that 18 out
of 20 LTR-retrotransposons identified in the core region of CEN4
were found to be CRRs in our study. The extensive segmental
duplication mediated by Alu-Alu-mediated recombination (du-
plicative transposition) events has been observed in the pericen-
tromeric regions of humans and across the human genome
(Horvath et al. 2003; She et al. 2004; Locke et al. 2005). However,
the preferential amplification of centromere retrotransposons
by rounds of segmental duplication was an unexpected find-
ing. Because the segmental duplication of CentO arrays that do
not harbor CRR elements was observed in the CEN4 region (Fig.
1), and because no CRR or other LTR-retrotransposon elements
were observed within the duplicated CentO arrays in the CEN8
region (J. Ma and ]J.L. Bennetzen, unpubl.), it is likely that the
duplication of CRRs in the CEN4 region was mediated by the
duplication of clusters of CentO monomers that harbor these
CRRs.

Unequal homologous chromosome or sister chromatid ex-
change between tandem arrays (Smith 1976) could account for
the amplification of the CentO satellite repeats and the CRRs
involved. However, unequal crossover could lead to contraction
of satellite arrays and remove both satellite repeats and the CRRs.
Given the extensive accumulation of CRRs in the CEN4 region,
there must be evolutionary force(s) counteracting potential loss
of satellite repeats and CRRs due to unequal crossover and facili-
tating the accumulation of these centromere repeats. Recently,
progressive expansion of the X chromosome centromere was ob-
served in primate species (Schueler et al. 2005), although the
major events of satellite DNA amplification in the X chromo-
some centromere were relatively older than those detected in the
CEN4 region.

Because of the complete or nearly complete suppression of
homologous chromosome recombination in all centromeric re-
gions that have been investigated (Copenhaver et al. 1999; Wu et
al. 2003), gene conversion has been suggested to be another po-
tential mechanism for satellite DNA variation. Conversion events
could partially explain the rapid homogenization of satellite re-
peats (Smith 1976; Dover 1982; Charlesworth et al. 1994). How-
ever, gene conversion may not have played a major role in am-
plification of CentO satellites and CRRs in rice. The largest du-
plicated segment found in this study is >11 kb, whereas very few
conversion events that generated fragments >2 kb have been re-
ported in all plant genomes investigated so far (Dooner and Mar-
tinez-Ferez 1997; Ma et al. 2005; Yandeau-Nelson et al. 2005). In
addition, the CRRs and flanking CentO monomers generated by
gene conversion events were mostly fragmented (Ma et al. 2005;
Yandeau-Nelson et al. 2005), but the majority of segmental du-
plication boundaries detected in the CentO arrays end with, and
are flanked by, intact monomers. Moreover, if unequal crossover
between homologous chromosomes or between sister chroma-
tids is suppressed in a centromere, it follows that gene conversion
in the same centromere would be suppressed, too.

Theoretically, recombination by unequal crossover could
also take place within different homologous regions of a single
chromatid. This kind of recombination would eliminate DNA
between the homologous regions, and thus it would not account
for the amplification of centromere repeats. However, it is likely
to be one of the processes responsible for the formation of solo
LTRs, especially in centromeric regions. In this study, we identi-
fied six solo LTRs in the core region of CEN4, although four (RTs
5,9, 10, and 13) out of the six solo LTRs appear to have been
formed before the duplication events. Dozens of solo LTRs and a
high ratio (2:1) of solo LTRs to intact retroelements were found in
the core region of CENS8 (Nagaki et al. 2004; Wu et al. 2004; J. Ma
and J.L. Bennetzen, unpubl.), indicating frequent intraelement
unequal recombination in the centromeric regions of rice. Solo
LTRs could also be generated by unequal crossover between ho-
mologous chromosomes and between sister chromatids, but the
products containing three LTRs would be expected to be the
counterparts of solo LTRs. However, based on two recent studies
of LTR-retrotransposons in Arabidopsis (Devos et al. 2002) and
rice (Ma et al. 2004), the two plant species that have been com-
pletely sequenced, the proposed three-LTR elements were not
found in either species. This observation favors the intrachroma-
tid unequal recombination model for formation of solo LTRs.
Alternatively, gametophytes carrying the three LTR retrotrans-
posons, if generated by unequal crossover, may have been effi-
ciently eliminated under natural selection. Regardless of which
proposed mechanisms are involved in the amplification of
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CentO satellites and CRRs, intracentromeric DNA recombina-
tion does not seem to be severely suppressed over evolutionary
time.

The mechanisms proposed could result in direct segmental
duplication but may not, however, explain other phenomena
observed in CEN4, such as inverted segmental duplication of
satellite arrays and the truncation of CRRs. Hence, multiple
mechanisms, including unequal crossover, gene conversion, du-
plicative transposition, and satellite transposition (Alexandrov et
al. 1988; Alkan et al. 2002; Bailey et al. 2003; Horvath et al. 2005),
illegitimate recombination (Devos et al. 2002; Ma et al. 2004),
and some other unknown ones, may be involved in centromeric
DNA evolution.

In this study, at least nine CRRs were estimated to be dupli-
cated in the core region of CEN4 ~0.3 Mya, after the proposed
divergence time (0.44 Mya) of the two subspecies of rice, japonica
and indica (Ma and Bennetzen 2004). The amplification dates of
a few intact retroelements were apparently overestimated previ-
ously by comparison of two LTRs from a single element (Zhang et
al. 2004). However, we should point out that because the average
divergence among LTRs in a group or subgroup, instead of a
single duplication event, was used to date the segmental dupli-
cation of CRRs, the timing of the duplication of CRRs could also
be slightly overestimated in this study. Therefore, significant dif-
ferences regarding distribution and organization of CRRs and
their flanking CentO satellites between indica and japonica would
be expected. Recently, the CentO sequence was found to be ab-
sent in another Oryza species, O. brachyantha (Lee et al. 2005).
Together, these observations suggest that not only the copy
number and organization but also the sequence of centromere
satellite repeats in rice are extremely variable.

Based on the finding that centromeres from an individual
genome usually share the same types of satellite repeats and cen-
tromere retrotransposons, it is arguable that the centromere-
specific repeats may be associated with centromere function. A
number of studies have provided evidence in favor of this view
(Tyler-Smith et al. 1993; Harrington et al. 1997; Nagaki et al.
2004). On the other hand, it has also been postulated that the
centromere-specific repeats are not indispensable for centromere
formation, based on the recent discoveries of active neocentro-
meres of human and Drosophila, which exhibit a complete ab-
sence of centromere satellite repeats (du Sart et al. 1997; Choo
2001; Maggert and Karpen 2001), and based on the recent find-
ing that barley centromeres can move to new positions and that
satellite DNA is not necessary for efficient centromere formation
(Nasuda et al. 2005). Regardless of the potential roles of centro-
mere repeats, it at least has been demonstrated that both CentO
satellites and CRRs in centromeric regions of rice bind CENH3
and assemble functional kinetochores (Cheng et al. 2002), al-
though not all the CentO satellites or CRRs in the centromeric
regions could be associated with centromere function (Nagaki et
al. 2004). Given the rapid amplification and reshuffling of cen-
tromeric DNA detected in CEN4, and previous observations in
other centromeric regions of rice (Cheng et al. 2002; Nagaki et al.

Figure 5. Phylogenetic analysis of CentO satellite monomers across the
12 rice centromeres. The monomers from each centromeric region of rice
were randomly chosen. The vertical bars mark groups of monomers from
the same chromosomes. The numbers adjacent to individual branches or
vertical bars indicate the chromosomes from which the monomers were
chosen. The numbers adjacent to nodes indicate bootstrap values >60%
from the test of 500 replicates.
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Table 3. Distribution of CentO satellite repeats containing 10-bp duplication

# of monomers

# of monomers

# of monomers # of monomers in

Centromere?® with 10-bp duplication® without 10-bp duplication® without target sites® rice previously estimated?
CEN1 545 490 21 8900
CEN2 59 275 8 4500
CEN3 9 150 8 1100
CEN4 161 196 15 700
CENS5 74 251 3 1000
CEN6 15 21 2 5100
CEN7 104 476 3 2000
CEN8 0 454 6 400
CEN9 441 306 4 3900
CENT0 1 5 3 2900
CENT1 1 0 1 11,900
CEN12 124 216 18 1000

2CEN4 and CEN8 sequences are complete, while the other centromere sequences are incomplete.

PAs marked in Figure 3.
“Truncated monomers.
dCheng et al. (2002).

2004; Wu et al. 2004), it is reasonable to believe that the specific
arrangement of centromere repeats is not an important factor in
formation of functional centromeres. However, as observed in
the core region of CEN4, centromeric DNA can be dramatically
accumulated and rearranged over a short time frame, resulting in
a dynamic structure (e.g., enrichment of CRRs and CentO satel-
lites) that could facilitate the binding of CENH3 and the forma-
tion of nucleosomes that enable the kinetochore assembly.

Methods

Characterization and classification of LTR-retrotransposons

A combined structural analysis and sequence homology compari-
son were employed to identify LTR-retrotransposons in the com-
plete BAC sequence (GenBank accession number BX890594) that
contain the centromeric region of rice chromosome 4. The intact
elements were identified by the method previously described (Ma
et al. 2004). Solo LTRs and truncated elements were identified by
sequence homology searches against a rice LTR-retrotransposon
database that was developed by collecting known LTR-
retrotransposons (McCarthy et al. 2002; Ma et al. 2004; Nagaki et
al. 2005) and by scanning the 371-Mb rice genome sequence
generated by the International Rice Genome Sequencing Project
(2005) (Build 3.0 pseudomolecules, accession numbers,
AP008207-AP008209 and AP008211-AP008218) using a LTR-
retrotransposon finding program, LTR_STRUC (McCarthy and
McDonald 2003). The structures of all LTR-retrotransposon ele-
ments identified were confirmed by manual inspection. The LTR-
retrotransposon elements were classified by sequence homology
comparison, and individual families and subfamilies were de-
fined by the criteria previously described (Ma et al. 2004; Nagaki
et al. 2004).

Identification and isolation of CentO satellite monomers

The consensus sequence of CentO satellite monomers previously
reported (Wu et al. 2004) was used to search against the BAC
sequence BX890594 containing centromere 4 (CEN4) of rice, and
the genomic sequences of rice (AP008207-AP008209 and
AP008211-AP008218) containing other 11 centromeric regions
by BLAST and CROSS_MATCH (http://www.phrap.org/
phrap.docs/general.html). The boundaries of all monomers in
the centromeric regions were manually inspected, and the mono-
mer sequences were extracted and converted in uniform orien-

tation by a perl program, feature_parse, that was provided by Ca-
nadian Bioinformatics Help Desk. The monomers that were in-
terrupted by LTR-retrotransposons were inspected and rejoined
manually.

Sequence alignments and Neighbor-Joining tree construction

The LTR sequences extracted from retrotransposons of individual
families/subfamilies and the CentO monomers were aligned, re-
spectively, using ClustalX (Thompson et al. 1997). The align-
ments were edited manually if necessary. MEGA3 (Kumar et al.
2004) was used to calculate pairwise transition and transversion
mutations. The Neighbor-Joining trees were built using the
Kimura two-parameter method (Kimura 1980).

Dating of insertion and duplication events

The LTR sequences were used for dating of insertion and/or du-
plication events. The amplification (insertion or duplication)
time of a CRR was estimated by using average distances between
the element and each of the other elements younger than it
indicated by phylogenetic analysis. A mutation rate of
1.3 X 10~ ® substitutions per base per year proposed for inter-
genic sequences of rice (Ma and Bennetzen 2004) was employed
to convert into dates of the amplification events.
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