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ABSTRACT
Rice centromere 8 was previously proposed to be an “immature” centromere that recently arose from a
genic region. Our comparative genomics analysis indicates that Cen8 was formed at its current location at
least 7-9 million years ago and was physically shifted by a more recent inversion of a segment spanning

centromeric and pericentromeric regions.

N-DEPTH sequence analysis of the centromeric re-
gion of rice (Oryza sativa) chromosome 8 (Cen8) has
provided valuable insights into the structure, organi-
zation, and evolutionary dynamics of a complex cen-
tromere, the first fully sequenced from any plant or
animal species (NAGAKI et al. 2004; Wu et al. 2004; Ma
and BENNETZEN 2006). One of the most intriguing
observations in this region was the presence of at least
four active genes in the ~750-kb CENH3-binding
domain (NAGAKI el al. 2004), the region that provides
centromere segregation functions via its kinetochore
association. The CenS8 region also contains the fewest
copies of the centromeric satellite, CentO, of all rice
centromeres (CHENG et al. 2002). Also, the LTR retro-
transposons identified in the CENH3-binding domain,
including the centromeric retrotransposons of rice
(CHENG et al. 2002), are similar in age to those elements
located adjacent to this region (NAGAKI et al. 2004; Ma
and BENNETZEN 2006). These results led NAGAKI et al.
(2004) to propose that Cen8 may represent an inter-
mediate stage in the evolution from de novo centromere
formation at genomic regions, as in human neocen-
tromeres, to fully mature centromeres that accumulate
megabases of satellite arrays (NAGAKI et al. 2004). How-
ever, because parts of the Cen8 region have been rear-
ranged and reshuffled dramatically (MA and BENNETZEN
2006; MA et al. 2007), along with the rapid elimina-
tion of LTR retrotransposons in the region and the
rest of the rice genome (MaA and BENNETZEN 2004,
2006), the evolutionary status of Cen8 may not be
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simply interpreted from its structural features. Hence,
the formation time of this centromere remains to be
elucidated.

Taking advantage of the physical map and BAC end
sequence (BES) data generated by the Oryza Map
Alignment Project (WING et al. 2005; AMMIRAJU et al.
2006; http:/www.omap.org), a comparative genomics
approach to tracking the evolutionary history of rice
Cen8 has been developed by anchoring unique exonic
portions of predicted genes embedded or surrounding
rice Cen8 to fingerprint contigs (FPCs) or BACs of wild
Oryza species. Initially, three probes (P1, P2, P3) ampli-
fied from the coding regions of three single-copy genes
identified in the CenS8 region (Wu et al. 2004; INTERNA-
TIONAL RICE GENOME SEQUENCING PrOJECT 2005) (Fig-
ure 1) were used to screen the BAC library of Oryza
brachyantha, a wild Oryza species that last shared an
ancestor with rice ~7-9 MYA (Gk et al. 1999; DAwE 2005).
Because the O. brachyantha BAC library represents a 14-
fold genome coverage with an average clone-insert size of
131 kb (AMMIRAJU et al. 2006), it was expected that single
BAC clones containing both P1 and P2, which are 86 kb
apartin the Cen8region of rice, would be found in this li-
brary. Intriguingly, O. brachyantha BAC clones containing
both P1 and P2 were not found. Instead, one BAC clone
was found to contain both P2 and P3, which are 902 kb
apart in the Cen8 region of rice. Given that most LTR
retrotransposons in the Cen8region of rice accumulated
quite recently (NAGAKI et al. 2004; MA and BENNETZEN
2006), it is possible, for example, that the Cen8region of
rice and its orthologous region of O. brachyantha ex-
panded or contracted differentially (BRUGGMANN et al.
2006), leading to tremendous variation of P2 and P3
intervals between the two species. Alternatively, a major
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Frcure 1.—Comparative physical maps of Cen8 orthologous regions. The orthologous regions of O. brachyantha and rice (O.
sativa) were identified on the basis of gene-BES alignments, hybridization anchors, and FPC maps. The green bar represents the
O. sativasequence and the blue bars represent the FPC maps of O. brachyantha orthologous to the O. sativaregion. The scales of the
green bar and the blue bars are equal. Dots on the green and blue bars represent orthologous genes and their orientations, and
these orthologous genes are connected by gray lines. The gray bars with arrows show the FPC contigs at twice the scale and the
orientation of the contigs (the dashed bar in Ctg23 indicates the region not included in the analysis). The horizontal lines above
and below the gray bar represent O. brachyantha BAC clones in the FPC contigs with one or both ends (solid circle) matching the
unique exonic portions of predicted genes in O. sativa (INTERNATIONAL RICE GENOME SEQUENCING ProjecT 2005) and BAC
clones containing the hybridization anchors P1, P2, and P3, which were amplified from genes 0126, 0134, and 0181, respectively,
by polymerase chain reaction (red circles). Circles outlined in red with vertical lines represent proposed O. brachyantha centro-
mere satellite arrays and their physical locations detected by screening the O. brachyantha library using CentO_F (LEE et al. 2005)
consensus sequence as probe, which was synthesized as two overlapping oligos. The pink region indicates the CENH3-binding
domain (NAGAKI et al. 2004). Zone “I” and “II” represent rice Cen8 (Wu et al. 2004) and its adjacent pericentromeric region
(INTERNATIONAL RICE GENOME SEQUENCING PrOJECT 2005), respectively. Stars indicate the proposed breakpoints for the segmen-
tal inversion. Gene-BES alignments were conducted by CROSS_MATCH and BLAST. Probe labeling and Southern hybridization
were performed as described earlier (Hass-Jacosus et al. 2006).

chromosomal rearrangement may have occurred in the an ~2.6-Mb region (11,967,606-11,459,841 bp of chro-
target region of either rice or O. brachyantha. mosome 8) containing Cen8ofrice were chosen from 158

To identify the basis of the dramatic physical linkage genes (0016-0233, i.e., 08_01_0076-08_02_0233 anno-
variation observed, 71 single-copy genes interspersed in tated by INTERNATIONAL RiCE GENOME SEQUENCING
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ProjecT 2005) for further analysis. The unique exonic
portions of these 71 genes were identified by compar-
ison with the complete genomic sequence of rice
(INTERNATIONAL RICE GENOME SEQUENCING PROJECT
2005) and were subsequently searched against 67,364
BESs generated by end sequencing 36,414 O. brachyan-
tha clones (WING et al. 2005; AMMIRAJU et al. 2006).
Combining the data obtained from gene-BES sequence
alignments and Southern hybridization experiments
with the three gene probes (supplemental Table 1 at
http://www.genetics.org/supplemental/) and the FPC
maps of O. brachyantha (WING et al. 2005; AMMIRAJU et al.
2006; http:/www.omap.org), two O. brachyantha contigs,
Ctgl63 and Ctg23, representing two segments ortholo-
gous to the Cen8 region of rice, were identified (Figure
1). On the basis of the order and orientations of genes
aligned between these two species, an inversion of a
segment containing P2 and P3 was discovered (Figure
1).In addition, 8 0of 92,160 BAC clones of Oryza officinalis
(a wild Oryza species more recently diverged from rice
than O. brachyantha) containing P1 and P3 but not
P2, and four containing P2 and P3 but not P1, were
identified by Southern hybridization analysis. This re-
sultindicates that the genes P1, P2, and P3 are arranged
in the order of P1—P3—P2 or P2—P3—P1 in O.
officinalis (supplemental Table 2 at http:/www.genetics.
org/supplemental/), which is different from the order
in rice, but most likely the same as in O. brachyantha
(P1—P3—P2). Hence, the inversion appears to have
occurred in rice after its more recent divergence from
O. officinalis (GE et al. 1999). This inversion spans both
centromeric and pericentromeric regions, accounting
for ~1 Mb of DNA in rice.

Itis particularly interesting that CentO_F, the centro-
meric satellite DNA present only in centromeric regions
of O. brachyantha on the basis of fluorescent in situ
hybridization analysis (LEE et al. 2005), was found on
three BAC clones assembled at or near the end of
Ctg163 adjacent to Ctg23 (Figure 1). This suggests that
the CenS-orthologous region identified in O. brachyantha
is also a centromeric region. This hypothesis is bolstered
by the observation that CentO and CentO-F are located
in orthologous positions in rice and O. brachyantha,
although they are shifted physically by the inversion
event (Figure 1). Together, these observations suggest
that, despite its proposed “neocentromeric features”
(NAGAKTI et al. 2004), rice Cen8formed at least before the
divergence of rice and O. brachyantha from a common
ancestor 7-9 MYA (Dawe 2005), followed by a more
recent inversion event. Recent studies suggest that O.
brachyantha is the species within the genus Oryza that is
most diverged from O. sativa (R. A. WING and S. A.
JACKsSON, personal communication). Hence, rice Cen8
may have been formed before the divergence of all
Oryza species identified thus far (GE et al. 1999). The
identified inversion event reshaped the structure of
the CenS region, but whether it is responsible for the

Note

1219

presence of “neocentromeric features” remains an in-
triguing question.

A hemicentric inversion of larger chromosomal
segment with two breakpoints in the original centro-
mere position and ~20 centiMcClintocks (cMC) on the
long arm of maize chromosome 8 was identified in the
maize line, knobless Tama flint (KTF) (LAMB et al
2007). This inversion moved the site of the kinetochore-
forming region, representing a molecular mechanism
for the formation of neocentromeres. However, the new
centromere in KTF may not show the proposed “neo-
centromeric features” (NAGAKI et al. 2004) (e.g., the
presence of active genes), although it contains fewer
copies of the centromere satellite repeats than the
original centromere location (LAMB el al. 2007). Alter-
natively, these “features” may not be atypical of a mature
centromere, as reflected by an additional observation
that the copy numbers of centromeric satellites vary to
extreme degrees among homologous chromosomes of
different maize lines (KaTo et al. 2004).

It appears that the Cen8 orthologous regions have
captured much more LTR retotransposon DNA in rice
than in O. brachyantha, whose nuclear genome size is
~330 Mb (AMMIRAJU et al. 2006), slightly smaller than
that of rice (389 Mb; INTERNATIONAL RicE GENOME
SEQUENCING PrOJECT 2005). For example, in the three
comparable subregions, the distances between genes
0098 and 0126, genes 0134 and 0185, and genes 0199
and 0225 in rice are 515, 944, and 314 kb, respectively. In
contrast, according to the FPC maps (WING et al. 2005;
AMMIRA]JU et al. 2006; http://www.omap.org), the corre-
sponding subregions in O. brachyantha are 248, 139, and
179 kb, respectively. The combination of the three
intergenic regions accounts for 1773 kb in rice vs. 566
kb in O. brachyantha (Figure 1). This observation par-
allels the previous finding that LTR retrotransposons
make up an exceptionally small portion of O. brachyantha
centromeres (LEE et al. 2005). Differential expan-
sion of orthologous pericentromeric regions of related
Brassicaceae species has been previously described
(HALL et al. 2006). Differences in the activity of mecha-
nisms for LTR-retrotransposon regulation (BENNETZEN
et al. 2005) and DNA rearrangements, e.g., segmental
duplication as found in the Cen8and Cen4 regions (MA
and BENNETZEN 2006; MaA and JacksoN 2006; Ma et al.
2007), could partially explain the rapid and dramatic
size variation between these regions.

In summary, this study addresses the evolutionary
history and dynamics of a rice centromere and pro-
vides the first molecular description of the positional
shift of any higher eukaryotic centromere caused by a
small chromosomal inversion. This study also demon-
strates the value of physical mapping with BAC contigs
for comparative and evolutionary analysis of complex
genomic regions recalcitrant to other analytical ap-
proaches (e.g., sequencing and assembly of repetitive
DNA).
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