
 10.1101/gr.48902Access the most recent version at doi:
2002 12: 817-823 Genome Res. 

  
Qiang Zhao, Yu Zhang, Zhukuan Cheng, et al. 
  
A Fine Physical Map of the Rice Chromosome 4

  
References

  
 http://genome.cshlp.org/content/12/5/817.full.html#ref-list-1

This article cites 22 articles, 11 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.top right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the

 https://genome.cshlp.org/subscriptions
go to: Genome Research To subscribe to 

Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from  Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/doi/10.1101/gr.48902
http://genome.cshlp.org/content/12/5/817.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.48902&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.48902.full.pdf
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com


A Fine Physical Map of the Rice Chromosome 4
Qiang Zhao,1,8 Yu Zhang,1,8 Zhukuan Cheng,2,8 Mingsheng Chen,3,8

Shengyue Wang,4,8 Qi Feng,1 Yucheng Huang,1 Ying Li,1 Yesheng Tang,1

Bo Zhou,1 Zhehua Chen,1 Shuliang Yu,1 Jingjie Zhu,1 Xin Hu,1 Jie Mu,1 Kai Ying,1

Pei Hao,1 Lei Zhang,1 Yiqi Lu,1 Lei S. Zhang,1 Yilei Liu,1 Zhen Yu,1 Danlin Fan,1

Qijun Weng,1 Ling Chen,1 Tingting Lu,1 Xiaohui Liu,1 Peixin Jia,1 Tongguo Sun,1

Yongrui Wu,1 Yujun Zhang,1 Ying Lu,1 Can Li,1 Rong Wang,1 Haiyan Lei,1 Tao Li,1

Hao Hu,1 Mei Wu,1 Runquan Zhang,1 Jianping Guan,1 Jia Zhu,1 Gang Fu,4

Minghong Gu,5 Guofan Hong,1 Yongbiao Xue,6 Rod Wing,3 Jiming Jiang,2 and
Bin Han1,7

1National Center for Gene Research, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai
200233, China; 2Department of Horticulture, University of Wisconsin, Madison, Wisconsin 53706, USA; 3Clemson University
Genomics Institute, Clemson, South Carolina 29634, USA; 4Chinese Human Genome Center at Shanghai, Shanghai
201203, China; 5Yangzhou University, Yangzhou, Jiangsu 225009, China; 6Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Zhongguancun, Beijing 100080, China.

As part of an international effort to completely sequence the rice genome, we have produced a fine bacterial
artificial chromosome (BAC)-based physical map of the Oryza sativa japonica Nipponbare chromosome 4 through
an integration of 114 sequenced BAC clones from a taxonomically related subspecies O. sativa indica Guangluai 4
and 182 RFLP and 407 expressed sequence tag (EST) markers with the fingerprinted data of the Nipponbare
genome. The map consists of 11 contigs with a total length of 34.5 Mb covering 94% of the estimated
chromosome size (36.8 Mb). BAC clones corresponding to telomeres, as well as to the centromere position, were
determined by BAC-pachytene chromosome fluorescence in situ hybridization (FISH). This gave rise to an
estimated length ratio of 5.13 for the long arm and 2.9 for the short arm (on the basis of the physical map),
which indicates that the short arm is a highly condensed one. The FISH analysis and physical mapping also
showed that the short arm and the pericentromeric region of the long arm are rich in heterochromatin, which
occupied 45% of the chromosome, indicating that this chromosome is likely very difficult to sequence. To our
knowledge, this map provides the first example of a rapid and reliable physical mapping on the basis of the
integration of the data from two taxonomically related subspecies.

[The following individuals and institutions kindly provided reagents, samples, or unpublished information as
indicated in the paper: S. McCouch, T. Sasaki, and Monsanto.]

Rice is the staple food crop for more than one-half of the
world’s population and has been used as the major model
system in cereal genome research because of its small genome
size and high synteny to other monocots (Ahn and Tanksley
1993; Moore et al. 1995; Gale and Devos 1998). For a model
plant, rice also has an efficient transformation system (Hiei et
al. 1994), a high-density genetic linkage map (Harushima et
al. 1998), and a comprehensive rice transcript map with 6591
expressed sequence tag (EST) sites (Wu et al. 2002). The
rice genome, estimated to be ∼430 Mb (Arumuganathan and
Earle 1991), is the smallest one among major cereals, but it is
by far the largest plant genome to be sequenced. Cultivated
rice (Oryza sativa) is classified into two subspecies, indica and
japonica (Oka 1991), which include most of the rice cultivars
grown in the world. An international consortium, the Inter-
national Rice Genome Sequencing Project (IRGSP) (http://

rgp.dna.affrc.go.jp/cgi-bin/statusdb/seqcollab.pl) has adopted
a “clone by clone” strategy to completely and accurately se-
quence the entire genome of the rice O. sativa ssp. japonica
cultivar Nipponbare (Sasaki and Burr 2000). This strategy re-
quires a comprehensive physical map of the entire japonica
Nipponbare genome.

Approaches based on BAC fingerprinting, iterative hy-
bridization, and sequence tag connector (STC, which is to use
BAC-end sequences for connecting BAC clones by sequence
identity) have been successfully applied in the physical map-
ping of large complex genomes, including human and Arabi-
dopsis thaliana (Marra et al. 1997, 1999; Mozo et al. 1999; The
International Human Genome Mapping Consortium 2001).
In addition to sequencing the genome of the O. sativa ssp.
indica cultivar Guangluai 4, we are sequencing the Nippon-
bare chromosome 4 as part of the international effort. Here
we present the construction of a sequence-ready BAC physical
map of the chromosome 4 of O. sativa ssp. japonica Nippon-
bare through an integrated approach using a large set of se-
quence scaffolds from a taxonomically relative subspecies O.
sativa indica variety Guangluai 4 as a starting point. This ap-
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proach, based on the assumption that the indica and japonica
genomes are collinear, included the experimental hybridiza-
tion and STC approaches in parallel with the sequencing
project and can serve as a model system with publicly avail-
able genome sequence data from one species to construct the
genome physical map of a taxonomically related species.

RESULTS AND DISCUSSION

Identification of the Chromosome 4 Seed BACs from
the Rice Subspecies Indica Guangluai 4
We initiated a genome-sequencing project of the O. sativa
indica Guangluai 4 in 1993. Two BAC libraries of the Guan-
gluai 4 were constructed with restriction enzymes HindIII
or BamHI designated as OSIGBAC-H (Tao et al. 1994) and
OSIGBAC-B, respectively. OSIGBAC-H clones were finger-
printed and assembled into BAC contigs to cover the entire
genome (Hong et al. 1997). Because of a low genome coverage
of the OSIGBAC-H library (<4X) and limited unique markers
available for BAC anchoring, the actual genome coverage of
the contigs was less than estimated. To construct a more com-
plete physical map of the Guangluai 4 chromosome 4, we
took a total of 182 genetic restriction fragment length poly-
morphism (RFLP) markers of the Nipponbare chromosome 4,
provided by RGP (http://rgp.dna.affrc.go.jp/publicdata/
geneticmap2000), as probes to hybridize the Guangluai 4 BAC
libraries. Collectively, 566 BACs were identified by hybridiza-
tion with 108 RFLP markers and 50 contigs assembled. The
anchored BAC contigs were formed as a regional physical map
of the Guangluai 4 chromosome 4. We also generated 13,000
BAC-end sequences from the OSIGBAC-H library for the STC
approach to extend the anchored BAC contigs. The relation-
ship within the contigs was further confirmed by restriction
enzyme digestion and PCR analysis. We selected 84 BACs
identified by at least two adjacent genetic markers, according
to the genetic linkage map (Harushima et al. 1998), as seed
BACs for complete sequencing. Overall, 114 Guangluai 4 BACs
from the chromosome 4 with an average overlap of 21.9%
have been sequenced. The total length of the sequenced
Guangluai 4 BAC clones is ∼8.4 Mb. All of the sequenced
Guangluai 4 BACs and the corresponding markers are listed in
a table (at http://www.ncgr.ac.cn/rice/chr4/indica.htm).

Construction of a Fine Chromosome 4 Physical Map
of the Rice Subspecies japonica Nipponbare
During the course of this study, the Clemson University Ge-
nomics Institute (CUGI) made the fingerprint data of two
Nipponbare BAC libraries (20X coverage) publicly available
(by FTP at ftp://ftp.genome.clemson.edu/pub/rice/fpc/)
(Soderlund et al. 2000), as well as assembled contigs by a
fingerprinting analysis (http://www.genome.clemson.edu/
projects/rice/fpc) and 127,459 BAC-end sequences (http://

Figure 1 Comparison between the genetic and physical maps of
the rice chromosome 4. (A) A genetic linkage map. Genetic markers
(GM), genetic distance (cM), and centromere (in yellow) are indi-
cated. (B) A physical map. The portions of the 11 BAC contigs cov-
ering 34.5 Mb of the chromosome are in orange and the gaps in
plain. The physical distance is indicated (Mb). The maps also show a
discrepancy of two markers R2502 (3.1 cM) and R2373 (0 cM) be-
tween the genetic and physical maps revealed by DNA sequencing
and fluorescence in situ hybridization (FISH) analysis (cross lines).
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www.genome.clemson.edu/projects/rice/rice_bac_end ) (Mao
et al. 2000). Integration of the fingerprinted contig map with
the genetic map and the Monsanto working draft data (Barry
2001) resulted in a comprehensive physical map of the entire
rice genome with an estimated genome coverage of 89%
(Chen et al. 2002). The chromosome 4 map had a coverage of
87.7% with 23 gaps (Chen et al., 2002). As part of the IRGSP
effort to sequence the rice genome, we have made an effort to
construct a sequence-ready Nipponbare chromosome 4 physi-
cal map.

Because O. sativa indica and japonica are closely related
subspecies, a synteny is expected to be very high (Gale and
Devos 1998). Therefore, we could use genetically anchored
and fully sequenced indica BACs to search the Nipponbare
BAC-end sequences for locating BAC contigs on its chromo-
some 4. To implement this strategy, we first assessed the se-
quence synteny of the two subspecies. A sequenced OSIGBAC-
H0102C09, anchored by marker R2502, was used to search
the Nipponbare BAC-end databases. A BAC clone
OSJNBa0068L06 was subsequently identified on the basis of
its end sequence identity to OSIGBAC-H0102C09 and then
completely sequenced. We performed sequence alignment
analysis between them. The result showed that they are al-
most collinear and identical except for four insertions or de-
letions (indels) of three miniature inverted transposable ele-
ments (MITEs) and one retrotransposon (Han, Q. Feng, Y.J.
Zhang, Q. Zhao, et al., in prep.). The sequence identity be-
tween their collinear regions is about 99%. We also compared
other chromosomal regions and found that the major differ-
ences between the two subspecies were caused by retrotrans-
posons and transposons (Han, Q. Feng, Y.J. Zhang, Q. Zhao,
et al., in prep.). These repetitive se-
quences could be identified and
marked from unique sequences,
which indicates that the large seg-
ments of sequences that contain
continued unique sequences from
one of the subspecies could be used
confidently to locate the sequences
of collinear regions from another
subspecies. This enabled us to use
the known indica sequence scaf-
folds to rapidly and accurately con-
struct a fine physical map of the
N i p p o n b a r e c h r o m o s o m e 4
through the integration of the fin-
gerprinted data from the CUGI.
Conversely, the japonica sequence
scaffolds could also used for an-
choring the BACs from the Guan-
gluai 4 libraries by searching their
BAC-end sequences. This approach
has at least three advantages. First,
the large number of the Nippon-
bare BAC contigs will be anchored
rapidly on the chromosome 4 by
use of the fully sequenced indica
chromosome 4 BACs. Second, the
integration of large segments of in-
dica sequences with the Nippon-
bare BAC ends and fingerprinted
BAC contigs will produce a mini-
mum tiling path of the BACs for
complete sequencing of the chro-

mosome 4. Third, the localization of identified BAC contigs will
be unambiguous. To further cover the chromosome, a total of
182 genetic and 407 EST markers of the chromosome 4 from
Nipponbare (Wu et al. 2002) was also used for the physical map-
ping by an in silico anchoring (Yuan et al. 2000). Anchored
contigs were extended by chromosome walking through a re
peated colony hybridization, as well as the in silico approach.

Thus far, we have integrated 114 sequenced seed BACs of
Guangluai 4 with the Nipponbare fingerprinted BAC-contig
data, the BAC-end sequences, and the genome physical map
(ftp://ftp.genome.clemson.edu/pub/rice/fpc/) (Chen et al.,
2002) to construct the chromosome 4 physical map ready for
BAC clone selection for its complete sequencing. Taken to-
gether, 27 Nipponbare BAC contigs from the CUGI database
(http://www.genome.clemson.edu/projects/rice/fpc) were an-
chored in silico. Twenty contigs were initially anchored by
the Guangluai 4 sequence scaffolds. Comparison between the
Guangluai 4 sequence scaffolds and the Nipponbare BAC ends
enabled us to quickly make a large minimum-tiling path of
BACs from the large sets of candidate clones. Locations of the
selected Nipponbare BACs were unambiguously confirmed by
combining the information of the fingerprinted contigs and
the sequence identity between the Nipponbare BAC ends and
the Guangluai 4 BAC sequence scaffolds (http://www.ncgr.
ac.cn/rice/chr4/physicalmap/index.htm). The sequenced
RFLP and EST markers of Nipponbare were also directly
searched against the Nipponbare BAC-end database and 23
contigs identified by 25 RFLP and 93 EST markers with five
contigs not previously known on the chromosome 4. The five
contigs were anchored by the RFLP markers with three of
them also anchored by the EST markers. Two more contigs

Table 1. Status of the Rice Chromosome 4 Map

Genetic
Position (cM)

Physical
length (Mb) CUGl’s contigs

Gap size
(Mb)

CTG4-1 0.0–7.1 1.6 contig 297, 78, 79
0.2

CTG4-2 7.9–12.2 2.8 contig 281, 80
0.3

CTG4-3 13.1–19.6 3.5 contig 273, 81, 84
0.2

CTG4-4 19.6 0.8 contig 404
0.2

CTG4-5 19.6–24.9 6.4 contig 82, 254, 83, 421
0.1

CTG4-6 25.4–30.8 2.2 contig 257
0.5

CTG4-7 41.5–65.3 3.8 contig 295, 85, 86, 322
0.4

CTG4-8 67.2–77.9 3.2 contig 418, 88, 89 (partial)
0.1

CTG4-9 78.0–78.2 0.5 contig 269
0.4

CTG4-10 81.7–84.1 1.5 contig 403, 90, 91
0.1

CTG4-11 84.5–129.6 8.2 contig 92, 59

Total 34.5 27 ∼2.5

Contigs with their respective genetic locations and physical lengths are shown together with the
CUGI’s contigs. The gaps between the CTG4 contigs are estimated by either YAC physical map (Saji
et al. 2001) or genetic map based on the average of recombination frequency within the regions.
All of the bridging clones are merging the CUGIs contigs are as following: OSJNBa0094O15 and
OSJNBb0004G23 for joining contigs 297 & 78, OSJNBa0054H10 for contigs 78 & 79,
OSJNBa0039C07 for contigs 295 & 85, OSIGBAC-B0812A04 for contigs 418 & 88, and
OSJNBb0039L24 for contigs 90 & 91.
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(contigs 273 and 403) were identified through contig exten-
sion by chromosome walking. The 27 contigs were eventually
merged into 11 (designated as CTG4–1 to CTG4–11) after the
identification of several bridging clones. The location and
length of the contigs and gaps are shown in Figure 1 and Table
1 together with the original CUGI’s contigs. The detailed map
of CTG4–1 as an example contig from the whole-
chromosome map is shown in Figure 2. It shows the inte-
grated data used for anchoring and joining the CUGI’s fin-
gerprinted contigs in this merged larger contig. The contigs
were merged with the following three approaches (Table 1).
First, the contigs were connected by contig-end sequence
walk. Therefore, five bridging clones were identified, allowing
a merge of seven contigs. Second, two Nipponbare contigs
were merged by use of Guangluai 4 BACs. CTG4–8 originally
consisted of three contigs (418, 88, and 89); the gap be-
tween contigs 418 and 88 was covered by a fully sequenced
OSIGBAC-B0812A04 based on the overlaps with the se-
quenced Nipponbare BAC clones OSJNBa0072F16 and
OSJNBa0060P14. Initially, we were unable to identify a Nip-
ponbare BAC clone to bridge the two clones because no
BAC-end sequence hits were detected in the CUGI and Mon-
santo BAC-end databases. Third, 11 gaps between the CUGI’s
contigs were joined after the sequencing analysis. Contigs
88 and 89 were finally merged after the completion of the
two adjacent BAC sequences from both contigs (see the map
of CTG4–8, http://www.ncgr.ac.cn/rice/chr4/physicalmap/
ctg4-8.htm). The bridging BACs are described in Table 1.

They were not previously assembled in the contigs because of
either poor quality of the fingerprinting data or little overlap
with the connected clones. The relationship between the fully
sequenced BACs of the Guangluai 4 and the anchored Nip-
ponbare contigs can be accessed at (http://www.ncgr.ac.cn/
rice/chr4/physicalmap/index.htm). In addition, the sequence
scaffolds from the two subspecies were used for extending
contigs by searching against the BAC-end sequences from ei-
ther the Guangluai 4 or Nipponbare variety by an iterative
approach. In summary, the total length of the 11 BAC contigs
was estimated to be ∼34.5 Mb (Fig. 1; Table 1). Therefore, on
the basis of an estimated 36.8 Mb of the rice chromosome 4
(Saji et al. 2001), the physical map constructed here has a 94%
chromosomal coverage and is the most covered chromosome
4 map obtained so far.

Confirmation of the Chromosome 4 Contigs
by Fluorescence In Situ Hybridization (FISH)
and Cytogenetic Analysis
To validate the contig relationship of the physical map, we
conducted cytogenetic analysis with BAC clones within the
assigned contigs. Eight CUGI’s contigs (297, 78, and 79 cov-
ered by CTG4–1; 404 by CTG4–4; 83 and 421 by CTG4–5; 257
by CTG4–6; and 59 by CTG4–11) were initially confirmed on
their chromosome locations by FISH of meiotic pachytene
chromosomes (http://www.ncgr.ac.cn/rice/chr4/FISH/
index.htm). The rest of six merged contigs (CTG4–2, 3, 7, 8, 9,

Figure 2 The BAC contig map of CTG4-1 near the short arm telomere together with its collinear Guangluai 4 region. (A) Markers associated with
the map. Fifteen EST (in green) and 11 RFLP (in blue) markers used to anchor contigs are shown together with their genetic positions (numbers
in cM). (B) Anchored Guangluai 4 BAC contigs by the markers. Fully sequenced BACs (red lines), BACs identified using the Nipponbare sequence
scaffold against the Guangluai 4 BAC ends (orange lines), and other clones (black lines) in the contigs are indicated. (C) Fifteen tiled and completed
sequenced Nipponbare BACs. Three bridging clones OSJNBa0094015 and OSJNBb0004G23 for joining CUGI contigs 297 and 78 and
OSJNBa0054H10 for CUGI contigs 78 and 79 are shown. (D) Display of three original fingerprinted CUGI contigs 297, 78, and 79. CTG4-1 is
composed of 295 fingerprinted CUGI BACs and three extended bridge clones. Contig 79 was anchored by marker Y1065L by in silico anchoring.
Contigs 297 and 78 were anchored by the Guangluai 4 sequence scaffolds as indicated in syntenic positions.
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and 10) were eventually identified (their locations on the
chromosome 4) by FISH analysis (data not shown).
OSJNBb0085F13 from CTG4–1 and OSJNBb0020J19 from
CTG4–11 were mapped to distal regions close to the telomeres
of the short and long arms, respectively (Fig. 3). To further
determine its telemeric location, two additional BACs within
CTG4–1 were subject to pachytene FISH analysis (Fig. 4). The
orientations of the BAC clones showed that the order of the
genetic markers R2373 (0 cM) and R2502 (3.1 cM) was mis-
identified on the genetic map. Their correct order on the
physical map was further confirmed by sequence analysis of
the marker-containing BACs (Fig. 2). The CUGI’s contig 83
was about 2 Mb long, representing the largest contig identi-
fied by Chen et al. (2002) but anchored to 19.9–20.9 cM by
DNA sequences of only three RFLP (E679S, E31045S, and
E2466S) and two EST (R10666 and C53760) markers through
in silico anchoring. No sequenced indica BACs were available
at this region either. To verify this location, three BACs
(OSJNBa0019J05, OSJNBb0068N06, and OSJNBb0056F09)
from CTG83 were used for FISH analysis. The results showed
that this contig was located near the pericentromeric region
of the chromosome 4, and its location was therefore con-
firmed independently. All of the FISH results can be accessed
at http://www.ncgr.ac.cn/rice/chr4/FISH/index.htm. The cen-
tromere of the chromosome 4 was physically mapped with a
rice centromere-specific satellite DNA pRCS2 (Dong et al.
1998) as a probe (Fig. 3). DAPI staining of the chromosome 4
at the pachytene stage showed that the entire short arm and
the pericentromeric region of the long arm are rich in hetero-
chromatin (Cheng and Gu 1994). This region represented

about 30% of the chromosome when examined visually (Fig.
3). By calculating 50 chromosome 4 pachytene spreads, we
measured the length ratio of the long arm versus the short
arm to be 5.13 (data not shown) (Cheng et al. 2001), but this
ratio was measured to be 2.9 according to the physical map
(Fig. 1B). Taken together, the results showed that the hetero-
chromatic region of the chromosome 4 appears highly con-
densed at the pachytene stage and could be larger than that
estimated by DAPI staining. It likely occupied 45% of the
chromosome 4 as calculated by the physical map.

Relationship between Genetic Recombination
Frequency and Physical Distance on Chromosome 4
To reveal the relationship between the genetic and physical
distances, we calculated the genetic distance (cM) per mega-
base and found a significant variation along the chromosome
(Fig. 5). For example, CUGI’s CTG83 covered by CTG4–5 has
been estimated to be 2 Mb long in physical distance, but its

Figure 3 BAC-FISH mapping of a pachytene chromosome 4. FISH
of OSJNBb0085F13 (red signal) and OSJNBb0020J19 (green signal)
revealed that they are near the telomeres of the short and long arms,
respectively. The centromere of the chromosome 4 was detected by
a rice centromere-specific satellite DNA pRCS2 as described previ-
ously (Dong et al. 1998) and indicated in yellow. The short arm and
the pericentromeric region of the long arm are deeply stained by
DAPI and therefore represent the heterochromatin-rich regions,
which occupied almost one-third of the chromosome when visually
measured.

Figure 4 FISH analysis of CTG4-1. Three BAC clones,
OSJNBa0068L06 (red signal), OSJNBb0085F13 (green signal), and
OSJNBa0042N22 (pink signal), within CTG4-1 were chosen for FISH
analysis to confirm the contig localization and orientation. RFLP mark-
ers R2502 (3.1 cM) and R2373 (0 cM) matched OSJNBa0068L06 and
OSJNBb0004G23, respectively. Because OSJNBb0004G23 and
OSJNBb0085F13 are overlapped, the order of the two markers was
confirmed on the physical map by FISH analysis. Therefore, their ge-
netic order is reversed on the physical map.
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genetic distance is only 1 cM with a ratio of 0.5 cM/Mb,
whereas a ratio of 5.4 cM per Mb is found for CUGI’s CTG257
covered by CTG4–6. The average ratio of the euchromatic
region was estimated to be 4.8 cM/Mb and that of the hetero-
chromatic region to be 2.3 cM/Mb (Fig. 5). A substantial re-
duction of recombination was found to occur in the regions
of the short arm and the pericentromeric region in agreement
with the DAPI staining result (Fig. 3).

The fine BAC physical map of the Nipponbare chromo-
some 4 can be accessed at http://www.ncgr.ac.cn/rice/chr4/
physicalmap/index.htm along with the integrated genome
map of the CUGI at http://www.genome.clemson.edu/
projects/rice/fpc/integration. The BACs and BAC contigs of
indica that have been sequenced or identified with the se-
quenced ends are shown with the map.

In summary, we rapidly constructed a fine physical map
of rice O. sativa japonica Nipponbare chromosome 4 through
the data integration. Eleven BAC-based contigs covered 94%
of the entire chromosome, including euchromatin and het-
erochromatin. The centromere was covered by the contig
CTG4–5. Therefore, the centromere region was cloned and
subsequently sequenced. The total length of the remaining
gaps was estimated to be 2.5 Mb. We also identified that the
chromosome 4 is a highly heterochromatic one by a detailed
cytogenetic analysis. Therefore, a combined approach includ-
ing iterative STC and hybridization and cytogenetic methods
are required for its physical mapping. Because of highly re-
petitive sequences in chromosome 4, sequence scaffolds from
related subspecies are very useful to efficiently identify the
collinear clones by searching the clone-end sequences. Until
now, 222 BAC clones representing 80% of the Nipponbare
chromosome 4 had been completely sequenced and deposited
into the EMBL database (accession nos. can be accessed at
http://www.ncgr.ac.cn/rice/chr4/japonica.htm ). The com-
parison of the available RFLP and EST marker sequences with
the sequenced clones fully supported that the physical map
constructed in this study is an accurate one.

To fill as many as possible remaining gaps in the Nip-
ponbare map, we are currently trying to identify the clones
from additional genomic libraries such as P1-derived artificial

chromosome (PAC) libraries constructed by the RGP. In addi-
tion, other approaches including single chromosome isola-
tion with optical tweezers are also being tested. To complete
the Guangluai 4 chromosome 4 gap filling, two deep-coverage
BAC and PAC genomic libraries have been constructed. The
two maps are being constantly refined and can be accessed at
http://www.ncgr.ac.cn/rice/chr4/physicalmap/index.htm.

Because of its high-resolution representation of the rice
O. sativa japonica chromosome 4, the map is of high value for
studies devoted to comparative genome analysis between the
two subspecies, as well as their genome organization and
function (Sasaki and Burr 2000). Our comparative physical
mapping will also help understand hybrid heterosis between
indica and japonica subspecies. In conclusion, the strategy de-
scribed will be effective for constructing a physical map of the
entire genomes between closely related subspecies or species
in other plants, as well as in mammals. Although some of the
genome sizes of the closely related species vary greatly, the
gene order and content and other single copy DNA sequences
are to be very conserved along the chromosomes. The ge-
nomic sequence scaffolds from one species are therefore to be
efficiently used for constructing a physical map of another
genome of closely related species. Similarly, this approach can
also be applied in building up super contigs with draft se-
quences of one variety of rice according to a complete genome
sequence or genome sequence scaffold from another variety
of rice. It is obvious that once the reference genome sequence
is completed, the genome research on closely related species
will be much more effective. To our knowledge, this is the first
report on the comparative physical mapping of the two major
cultivated rice subspecies chromosomes.

METHODS

Genetic and EST Markers Used for Colony
Hybridization and In Silico Anchoring
A total of 182 RFLP markers of Nipponbare cloned in pBSSK or
pT7T3–18U or pCRII were obtained from the Rice Genome
Program (RGP) in Japan (http://rgp.dna.affrc.go.jp/
publicdata/geneticmap2000/chr04.html) (Harushima et al.
1998). Another 12 RFLP markers (RZ602, RZ656, RG788,
RG476, CDO539X, RG161, RG169, RZ590, RZ250, RZ819,
RG620, and CDO36) were provided by Susan McCouch at
Cornell University. A total of 407 EST markers of Nipponbare
were provided by RGP (http://rgp.dna.affrc.go.jp/publicdata/
estmap2001/Chr04.html) (Wu et al., 2002). All of the genetic
and EST markers known on chromosome 4 were searched
against the database of BAC-end sequences (http://
www.genome.clemson.edu/projects/rice/rice_bac_end/) to
anchor the contigs. In Silico mapping was performed in
BLASTN, searching with a stringent cutoff of >95% identity
against the databases of BAC-end sequences, marker se-
quences, and BAC-draft sequences by use of proper sequences.

BAC Library Construction
An additional BAC library (OSIGBAC-B), constructed in the
laboratory of the National Center for Gene Research, was con-
structed from BamHI partially digested genomic DNA from O.
sativa ssp. indica cultivar Guangluai 4 seedling tissue and
cloned into the pBeloBAC11 vector as described previously
(Tao et al. 1994).

Labeling and Hybridization
Radioactive and ECL (Random Prime Labeling and Detection
System, version II, Amersham plc) labeling of the RFLP mark-

Figure 5 A relationship between the genetic recombination fre-
quency and the physical distance of the rice chromosome 4. X axis
shows the physical distance in cM along the chromosome 4. Y axis
indicates the ratio of the genetic distance versus the physical distance
(cM/Mb).
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ers, PCR fragments, BAC-end sequences, and plasmids, as well
as hybridization procedures, have been described previously
(Hong et al. 1997) and followed according to the protocols of
the ECL labeling kit.

Fluorescence In Situ Hybridization
Preparation of rice pachytene chromosome spreads on slides
and the FISH procedures were performed according to Cheng
et al. (2001).
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