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ABSTRACT
Large-scale physical mapping has been a major challenge for plant geneticists due to the lack of

techniques that are widely affordable and can be applied to different species. Here we present a physical
map of rice chromosome 10 developed by fluorescence in situ hybridization (FISH) mapping of bacterial
artificial chromosome (BAC) clones on meiotic pachytene chromosomes. This physical map is fully inte-
grated with a genetic linkage map of rice chromosome 10 because each BAC clone is anchored by a
genetically mapped restriction fragment length polymorphism marker. The pachytene chromosome-based
FISH mapping shows a superior resolving power compared to the somatic metaphase chromosome-based
methods. The telomere-centromere orientation of DNA clones separated by 40 kb can be resolved on early
pachytene chromosomes. Genetic recombination is generally evenly distributed along rice chromosome 10.
However, the highly heterochromatic short arm shows a lower recombination frequency than the largely
euchromatic long arm. Suppression of recombination was found in the centromeric region, but the
affected region is far smaller than those reported in wheat and barley. Our FISH mapping effort also
revealed the precise genetic position of the centromere on chromosome 10.

DEVELOPMENT of molecular marker technology ogy it is expensive to develop a whole genome physical
revolutionized genetic linkage mapping. Restric- map by BAC contig assembly for plant species with very

tion fragment length polymorphism (RFLP) marker- large genomes. In addition, in polyploid species or spe-
based genetic linkage maps have been constructed in cies with extensive sequence duplications it will be tech-
numerous plant species. In contrast to genetic mapping, nically difficult to correctly assign BAC clones derived
much less effort has been devoted to physical mapping from duplicated regions to specific contigs.
during the last decade partly due to the lack of tech- A second method to generate a physical map is to
niques that are affordable to many labs and can be locate genetically mapped DNA markers to specific
applied to different species. Thus, the majority of the chromosomal segments using cytogenetic stocks. Differ-
genetic linkage maps developed in plant species are not ent types of cytogenetic stocks, including B-A transloca-
integrated with any type of physical map. tions and oat-maize translocations in maize (Weber and

Currently, three popular methods for physical map- Helentjaris 1989; Riera-Lizarazu et al. 2000), dele-
ping are used in plant species. First, DNA contigs can tion stocks in wheat (Werner et al. 1992; Gill et al.
be assembled using large insert DNA clones, such as 1993), and chromosomal translocation stocks in barley
yeast artificial chromosomes (YACs) and bacterial arti- (Künzel et al. 2000) have been used in physical map-
ficial chromosomes (BACs). BAC contigs covering the ping. However, isolation of a large number of cytoge-
entire genome of Arabidopsis thaliana have been devel- netic stocks is a daunting task. In addition, cytogenetic
oped (Mozo et al. 1999). Physical maps generated stocks cannot be developed in all plant species. For
through contig assembly have the ultimate resolution. example, deletion stocks are generally not viable in dip-
However, contig assembly is dependent on a saturated loid species. Additionally, the resolution of a physical
sequence-tagged site map and/or high-quality large in- map that is based on cytogenetic stocks is not only de-
sert DNA libraries. With the currently available technol- pendent on the number of stocks, but also on the accu-

racy of their cytological characterization. A cytologically
defined chromosomal fragment can include several
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MATERIALS AND METHODSA third method for generation of a physical map is
to directly visualize DNA sequences on chromosomes Materials: An O. sativa spp. japonica rice variety Nipponbare
by in situ hybridization. Application of this method has and an O. sativa spp. indica rice variety Zhongxian 3037 were

used for mapping BAC clones on rice chromosomes and DNAbeen hindered by the low sensitivity of the technique
fibers. All BAC clones used for FISH mapping were identifiedin plant chromosomal preparations. It has been techni-
by screening a Nipponbare BAC library (http://www.genome.cally difficult to detect small probes containing only a
clemson.edu/orders/Product.html) using RFLP markers pre-

few kilobases of DNA using in situ hybridization (re- viously mapped to chromosome 10 (Harushima et al. 1998).
viewed by Jiang and Gill 1994). Thus, the majority of Several other DNA probes were used in the FISH analyses,

including the probe pOs48 that contains a 355-bp sub-the RFLP probes used in genetic linkage mapping are
telomeric tandem repeat cloned from rice (Wu and Wu 1987),not suitable for in situ hybridization analysis. This techni-
the telomeric DNA probe pAtT4 cloned from A. thalianacal difficulty can be overcome by using large insert DNA
(Richards and Ausubel 1988), a repetitive DNA probe

clones as hybridization probes. The repetitive DNA se- pRCS2 that is specific to rice centromeres (Dong et al. 1998),
quences within large insert DNA clones may cause tech- and a rDNA probe pTa71 containing the coding sequences for

the 18S•26S rRNA genes from wheat (Gerlach and Bedbrooknical difficulties for fluorescence in situ hybridization
1979).(FISH) analysis. Nevertheless, at least in some plant

Fluorescence in situ hybridization: Young panicles of thespecies the majority of randomly selected or RFLP
two rice varieties containing anthers at various stages of meiosis

marker-anchored BAC clones can be used for FISH map- were harvested and fixed in 100% ethanol:glacial acetic acid
ping (Jiang et al. 1995; Zwick et al. 1998; Dong et al. (3:1) Carnoy’s solution. Microsporocytes at appropriate stages

of prophase I were squashed in Carnoy’s solution. The FISH2000). Somatic metaphase chromosome-based in situ
procedure applied to meiotic chromosomes was essentiallyhybridization mapping has a relatively poor resolution
the same as that used for mitotic metaphase chromosomesbecause the telomere-centromere orientation of two
(Jiang et al. 1995). Cot-1 fraction of rice genomic DNA was

probes that are separated by several megabases may not prepared according to Jiang et al. (1996) and applied in the
be resolved. Meiotic pachytene chromosomes, which hybridization mixtures of some BAC probes. High-quality

pachytene chromosome preparations were used for repeatedare often more than 10 times longer than somatic meta-
probing. After the first round of probing and image takingphase chromosomes, have recently been used as a target
the slides were soaked in 13 PBS (phosphate-buffered saline)for FISH mapping (Xu and Earle 1996; Fransz et al.
solution to remove the coverslips. The slides were then dehy-

1998, 2000; Peterson et al. 1999; Zhong et al. 1999; drated in an ethanol series (70%, 90%, and 100%, 5 min
Chen et al. 2000; Song et al. 2000). The high resolution each), denatured again in 70% formamide at 808 for 2 min,

dehydrated in a second ethanol series, and incubated with aof the pachytene FISH method, together with the re-
different FISH probe(s). This procedure was repeated up tocently developed fiber-FISH techniques (Fransz et al.
five rounds. No more than two probes, which were detected1996; Jackson et al. 1998, 2000), add new tools to the
by green and red colors, respectively, were used in each round

arsenal for fine physical mapping. to unambiguously identify signals from specific probes. Biotin-
Rice (Oryza sativa) has become a model for monocot labeled and digoxigenin-labeled probes were detected by a

fluorescein isothiocyanate-conjugated antibiotin antibodyplants in molecular biological research (Goff 1999).
(Vector Laboratories, Burlingame, CA) and a rhodamine-con-The 430-Mb genome of rice is one of the smallest of
jugated antidigoxigenin antibody (Roche Diagnostics, India-monocots (Arumuganathan and Earle 1991). The
napolis), respectively. Chromosomes were counterstained with

RFLP-based genetic linkage maps of rice (Causse et 49,6-diamidino-2-phenylindole (DAPI) in an antifade solution
al. 1994; Harushima et al. 1998) are among the most (Vector Laboratories). DNA fiber-based FISH procedures

were according to the published protocols (Fransz et al. 1996;saturated maps in plants. A YAC-based physical map of
Jackson et al. 1998). Slides were examined under an Olympusrice covers more than half of the rice genome (Kurata
BX60 fluorescence microscope. Chromosome and FISH signalet al. 1997). Rice BAC libraries based on O. sativa spp.
images were captured using a SenSys charge-coupled device

japonica rice variety Nipponbare contain 92,000 clones, camera (Photometrics, Tucson, AZ) and final image adjust-
which cover 25 haploid equivalents of the rice genome ments were done with Adobe Photoshop 5.1 software.

Physical map construction based on locations of BACs on(R. A. Wing, unpublished results). Fingerprints of
pachytene chromosomes: The length of the rice chromosome64,638 clones in the Nipponbare BAC libraries have
10 linkage map is 83.7 cM (Harushima et al. 1998). For abeen assembled into contigs and the BAC ends have
simple comparison between genetic and physical positions of

been sequenced (Mao et al. 2000). Although tremen- the genetic markers, the length of pachytene chromosome 10
dous resources have been developed for genome re- was divided into 83.7 fractional lengths (FL). The location of
search in rice, the physical maps of rice are far from each marker-anchored BAC clone on a pachytene chromo-

some 10 was calculated as an FL value,complete. Here we report a physical map of rice chro-
mosome 10 based on FISH mapping of RFLP marker- FL 5 83.7 (S 4 T),
anchored BAC clones on meiotic pachytene chromo-

where S is the distance (in micrometers) from the FISH hy-somes. This map is fully integrated with the genetic
bridization site to the end of the short arm of the chromosome,linkage map. Using this physical mapping approach we
and T is the total length of the chromosome in micrometers.

discovered the correct centromere position and the dis- FL data were collected only from late pachytene chromosomes
tribution of recombination along the entire length of to minimize variation caused by a different degree of conden-

sation of the two arms at early pachytene stage. At least eightchromosome 10.
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data points were collected for each BAC clone. Measurements coverage of the corresponding chromosome. The RFLP
were made on digital images using IPLab spectrum software. marker L769 was mapped to 0.0 cM, the north end of

rice linkage group 10 (Harushima et al. 1998). The
BAC clone 46L02 was identified by L769. The FISH

RESULTS
signals from 46L02 were consistently proximal to the
signals derived from a telomeric DNA probe pAtT4 onThe resolution of FISH mapping on early meiotic

prophase I chromosomes: Our first goal was to examine early pachytene chromosome 10 (Figure 1H). However,
on late pachytene chromosomes the signals from thesethe resolution of FISH mapping on early prophase I

chromosomes of rice. The short arm of rice 10 is gener- two DNA probes overlap completely and their orienta-
tion could not be resolved (Figure 1I). The physicalally darkly stained by acetocarmine and is one of the

most heterochromatic chromosomal arms in the rice distance between 46L02 and pAtT4 is likely shorter than
that between 45D16 and 15O22 based on the resolutiongenome (Cheng and Gu 1994). The different degree

of chromatin condensation between the short and long of the signal orientation on both early and late pachy-
tene chromosomes. Thus BAC 46L02 is likely ,137 kbarms of chromosome 10 might result in different FISH

resolutions in the two chromosome arms. Therefore, away from the distal end of the short arm of chromo-
some 10.two pairs of BAC probes, one pair on each arm, were

used to examine the resolving power of FISH mapping The RFLP marker C405 was mapped to 83.7 cM, the
south end of rice linkage group 10 (Harushima et al.on prophase I chromosomes.

The BAC clones, 45D16 and 15O22, are anchored by 1998). The BAC clone 56G17 was identified by C405.
The FISH signals derived from 56G17 and pAtT4 over-RFLP markers S10620 and S14152, respectively, and

both have been mapped to 1.2 cM on the genetic linkage lap completely on chromosomes from zygotene (Figure
1J) to late pachytene stages (Figure 1K). On the basismap (Harushima et al. 1998). These two BACs are sepa-

rated by z137 kb based on fiber-FISH analysis (Z. of the FISH signal patterns on chromosomes at similar
meiotic stages it is evident that the physical distanceCheng and J. Jiang, unpublished results). Physically,

both 45D16 and 15O22 are located at the distal end on between 56G17 and pAtT4 is shorter than that between
82M15 and E14I11.the short arm of chromosome 10 (Figure 1, C and G).

The FISH signals derived from these two BAC clones The distal ends of chromosome 10 in indica rice con-
tain repetitive sequences that are missing in the corre-were separated from each other on leptotene chromo-

somes (Figure 1A), but tend to be partially overlapped sponding regions of chromosome 10 in japonica rice
(Figure 2A). The distal end of the short arm of chromo-on zygotene (Figure 1B), early pachytene (Figure 1C),

and late pachytene chromosomes (Figure 1G). The some 10 in indica rice is marked by a 17S-5.8S-25S ribo-
somal RNA gene locus (Fukui et al. 1994; Figure 2A).FISH signal derived from 45D16 is always toward the

telomere and the telomere-centromere orientation of When BAC 46L02 was cohybridized with the rDNA
probe pTa71 on indica rice chromosomes, the signalsthese two clones was consistent on both early and late

pachytene chromosomes, indicating that marker derived from the two probes partially overlapped (Fig-
ure 2B). Fiber-FISH analysis was conducted to examineS10620 is physically located distal to S14152 although

they were mapped to the same genetic position. the physical distance from 46L02 to the rDNA se-
quences. The size of the gap separating the signals fromThe BAC clones 82M15 and E14I11 were identified

by RFLP markers C809 and C797, which were mapped 46L02 to pTa71 is z58% of the insert of BAC 46L02
(144 kb). This gap was estimated as 84 6 5 kb on theat 72.3 and 72.6 cM, respectively (Harushima et al.

1998). BAC fingerprinting data showed that 82M15 and basis of five measurements (Figure 2C). It is not known
if the telomere is directly associated with the rDNA locusE14I11 are separated by an estimated 134 kb (G. G.

Presting and R. A. Wing, unpublished results). Physi- on chromosome 10 in indica rice.
The distal end of the long arm of chromosome 10 incally these two BACs are located at the subterminal end

on the long arm of chromosome 10 (Figure 1G). The indica rice is marked by a locus of the Os48 repeat family
(Figure 2A). Os48 is a tandemly repeated sequence andFISH signals derived from 82M15 and E14I11 are well

separated from leptotene to early pachytene stages (Fig- is organized as long arrays of a 355-bp monomer (Wu
and Wu 1987; Cheng et al. 2001). The FISH signalsure 1, D–F) and become partially overlapped on late

pachytene chromosomes with an unambiguous orienta- derived from 56G17 and pOs48 can be resolved on
early pachytene chromosomes with signals from pOs48tion in which BAC E14I11 was located toward the telo-

mere (Figure 1G). When the two pairs of BACs were located distally to those of 56G17 (Figure 1D). Fiber-
FISH analysis in indica rice cultivar Zhongxian 3037mapped on the same late pachytene chromosomes, the

telomere-centromere orientations of both pairs could showed that the gap separating the signals from 56G17
to pOs48 is z30% of the insert size of BAC 56G17 (131be resolved (Figure 1G).

The physical coverage of the genetic linkage map of kb). The gap was estimated as 40 6 2 kb from five
measurements (Figure 1E). The Os48 repeats are tightlychromosome 10: One of the most important criteria to

judge the quality of a genetic linkage map is its physical associated with the telomeric sequences (Wu et al. 1994;
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Figure 1.—Resolution of rice pachytene FISH mapping and the physical coverage of the rice genetic linkage map 10. (A)
Leptotene. (B) Zygotene. (C) Early pachytene chromosomes hybridized to BAC clones 45D16 (red) and 15O22 (green), which
are separated by z137 kb. (D) Leptotene. (E) Zygotene. (F) Early pachytene chromosomes hybridized to BAC clones 82M15
(red) and E14I11 (green), which are separated by z134 kb. (G) A late pachytene chromosome 10 hybridized to BACs 45D16
(red), 15O22 (green), 82M15 (red), and E14I11 (green). (H) Early pachytene chromosomes were hybridized to BAC 46L02
(green) and a telomeric DNA probe pAtT4 (red). (I) A late pachytene chromosome 10 hybridized to 46L02 (green) and pAtT4
(red). (J) Late zygotene chromosomes were hybridized to BAC 56G17 (green) and pAtT4 (red). (K) A late pachytene chromosome
10 hybridized to 56G17 (green), pAtT4 (red), and pRCS2 (red). All chromosomes were prepared from japonica rice Nipponbare.
Bars, 5 mm.

Cheng et al. 2001). However, the physical distance be- chromosomes. Using the FISH signals from pRCS2 as
a reference, the arm locations of BAC clones anchoredtween the Os48 locus and the telomere on chromosome

10 is not known. by genetically mapped RFLP markers can be unambigu-
ously determined. BAC E30A10, identified by RFLPThe genetic position of the centromere of chromo-

some 10: The centromere position on chromosome 10 marker G1125 at 15.4 cM, was mapped to the short
arm of chromosome 10, while BAC 53D03, isolated byhad been previously mapped to between RFLP markers

S17868 and C1166 at 24.3 and 29.8 cM, respectively marker C489 at 15.9 cM, was localized on the long arm
of chromosome 10 (Figure 3A). All BACs on the north(Harushima et al. 1998). This position was deduced by

dosage analysis of genetically mapped RFLP markers side of 15.4 cM were mapped to the short arm, while
all BACs on the south side of 15.9 cM were mappedusing a chromosome 10 short-arm telotrisomic stock

(2n 1 •10S; Singh et al. 1996; Harushima et al. 1998). to the long arm (Figure 3, B and C). These results
demonstrate that the centromere of chromosome 10 isThe RCS2 repeat is highly specific to the centromeric

regions of rice chromosomes (Dong et al. 1998). Cross- located between markers G1125 (15.4 cM) and C489
(15.9 cM), respectively.hybridization of probe pRCS2 to regions other than

centromeres has never been detected on rice pachytene The genetic and physical distances between RFLP
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Figure 2.—Physical map-
ping of the most distal BAC
clones 46L02 and 56G17 in an
indica rice variety Zhongxian
3037. (A) Diagrams of chromo-
some 10 from japonica and in-
dica rice. The rDNA locus and
an Os48 locus are located at the
distal ends of the chromosome
10 of indica rice. These two loci
are not found on chromosome
10 of japonica rice. The relative
sizes of the colored bars do not
correspond to the physical
sizes of the DNA loci. (B) A
pachytene chromosome 10 of
Zhongxian 3037 hybridized to
BAC 46L02 (red) and pTa71
(green, the nucleolus orga-
nizer region). (C) Fiber-FISH
images from hybridization of
DNA fibers of Zhongxian 3037
to probes 46L02 (red) and
pTa71 (green). Only part of
the signal (toward the gap)

derived from pTa71 is shown in the images, whereas the signals from 46L02 are complete. (D) Pachytene chromosomes of
Zhongxian 3037 hybridized to BAC 56G17 (red) and pOs48 (green). (E) Fiber-FISH images from hybridization of DNA fibers
of Zhongxian 3037 to probes 46L02 (red) and pOs48 (green). Only part of the signal (toward the gap) derived from pOs48 is
shown in the images, whereas the signals from 56G17 are complete.

markers mapped on chromosome 10: To investigate recombination rate than the rest of the chromosome.
BAC E14I11, anchored by C797 at 72.6 cM, and BACthe relationship between genetic and physical distances

along the entire length of chromosome 10, we mapped 3O19, anchored by C239 at 82.9 cM, flank the second
gap. These two BACs are genetically separated by 10.3the pachytene chromosome positions of 18 BACs an-

chored with RFLP markers (Figure 3, B–D). The 18 cM and physically by 7.5 FL (Figure 1D), suggesting an
average ratio between genetic and physical distancesRFLP markers are separated by an average of 4.7 cM.

The mapping results are summarized in Table 1 and within this region. Since these two gaps are located
close to each other, the difference of recombinationFigure 4.

In general, recombination is evenly distributed along frequency associated with these two linkage gaps can be
clearly demonstrated by pachytene chromosome FISHthe physical length of chromosome 10 (Figure 4). The

short arm, however, shows a lower recombination fre- (Figure 1D).
quency (15.4 cM/20.7 FL) than the long arm (67.8 cM/
59.5 FL). A significant disproportion between genetic

DISCUSSION
and physical distances was found in the centromeric
region and a second region that spans 58.4–71.2 cM. The resolving power of pachytene FISH: The high

resolution of pachytene chromosome-based and DNAG1125 (15.4 cM) and C489 (15.9 cM) are the closest
RFLP markers flanking the centromere. These two fiber-based FISH methods has significantly increased

the power of DNA in situ hybridization as a fine physicalmarkers are separated genetically by only 0.5 cM but
physically by 3.5 FL, a 7-fold difference. Another pair mapping tool. A major advantage of pachytene FISH

over fiber-FISH mapping is that the centromere-telo-of centromeric flanking markers, R2174 (13.5 cM) and
C148 (17.5 cM), are separated genetically by 4 cM but mere orientation of the FISH probes can be visualized.

The resolving power of pachytene FISH depends onphysically by 14.3 FL, a 3.6-fold difference.
The current genetic map of chromosome 10 contains three factors. First, the degree of chromatin condensa-

tion at the pachytene stage may vary significantly amongtwo large linkage gaps that span 59.6–68.4 and 72.6–82.9
cM, respectively. To reveal the physical nature of these different plant species. Thus, pachytene FISH may have

different resolving power in different plant species. Sec-two linkage gaps we isolated BAC clones that closely
flank these gaps. BAC E18B10, anchored by C488 at ond, the location of probes in euchromatic or hetero-

chromatic regions will affect the FISH resolution. In58.4 cM, and BAC E15I11, anchored by C16 at 71.2 cM,
flank the first gap and are separated genetically by 12.8 tomato, pachytene FISH can resolve probes separated

by 1.2 Mb in heterochromatic regions and 120 kb incM. Physically these two BACs are separated by only 2.7
FL (Figure 3D), indicating that this region has a higher euchromatic regions (De Jong et al. 1999). However,
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Figure 3.—FISH mapping of RFLP marker-anchored BAC clones on rice pachytene chromosome 10. (A) The genetic position
of the centromere is mapped between marker G1125 (BAC E30A10, 15.4 cM) and marker C489 (BAC 53D03, 15.9 cM). Bar,
10 mm. (B) FISH mapping of 6 short-arm BAC clones and the centromeric DNA probe pRCS2 on the same pachytene chromosome.
Bar, 5 mm. (C) FISH mapping of 10 long-arm BAC clones and the centromeric DNA probe pRCS2 on the same pachytene
chromosome. Bar, 10 mm. (D) FISH mapping of 4 BAC clones flanking the two linkage gaps (58.4–71.2 and 72.6–82.9 cM) in
the distal region on the long arm. Bar, 5 mm. All images were obtained by repeated probing on the same pachytene chromosomes.

the resolution in euchromatic and heterochromatic re- 1998). It is likely that the extra chromosome in the
10S telotrisomic stock used in centromere mapping bygions in A. thaliana are 60 and 140 kb, respectively,

because the chromatin of A. thaliana is much less con- Singh et al. (1996) is not a true telocentric chromosome,
but an acrocentric chromosome containing the shortdensed than those of tomato at the pachytene stage

(De Jong et al. 1999). Third, the resolving power also arm, the centromere, and a small proximal part of the
long arm. This hypothesis is supported by two recentdepends on the different pachytene substages. The sizes

of late pachytene chromosomes of rice range from z25 research experiments. First, the genetic positions of rice
centromeres have been determined by linkage mappingmm (the shortest chromosome) to z60 mm (the longest

chromosome). However, early pachytene chromosomes of centromere-specific repetitive DNA elements (Wang
et al. 2000). The map positions of all the rice centro-are significantly longer than chromosomes in later

stages. In the present study, probes pAtT4 and 46L02 meres, except chromosome 10, determined by this dif-
ferent approach were located within the linkage blocks(Figure 1, H and I) as well as probes pOs48 and 56G17,

which are separated by 40 kb (Figure 2D), can be re- containing the centromeres deduced from DNA dosage
analysis using telotrisomics and secondary trisomics.solved on early but not late pachytene chromosomes.

Because the resolving power of pachytene FISH is af- The centromere position of chromosome 10, however,
is located on the north side of the centromere-con-fected by these three factors, great caution should be

paid to convert the microscopic distance, which sepa- taining linkage block (Wang et al. 2000). Second, DNA
dosage analysis was conducted to locate the centromererates the two DNA probes on pachytene chromosomes,

into kilobases. of chromosome 10 using an isotetrasomic stock of 10S
(2n 1 10S•10S 1 10S•10S; Cheng et al. 1997). TheGenetic position of the centromere of rice chromo-

some 10: The centromere positions in the rice genetic results suggested that the centromere is located between
marker G1125 (15.4 cM) and G1084 (18.6 cM), in agree-linkage maps developed by Harushima et al. (1998)

were deduced by dosage analysis of RFLP markers using ment with the present study.
Relationship between genetic and physical distance:a series of secondary trisomics (2n 1 one isochromo-

some) and telotrisomics involving every rice chromo- Significant discrepancies between genetic and physical
distances have been reported in a number of plant spe-some, a strategy first demonstrated by Singh et al.

(1996). A chromosome 10 short-arm telotrisomic stock cies. In wheat and barley, both with relatively large ge-
nomes and large-sized chromosomes, recombination is(2n 1 •10S) was used to locate the centromere of chro-

mosome 10 (Singh et al. 1996; Harushima et al. 1998). mainly distributed along the distal half of the chromo-
somes. Recombination in the centromeric regions,In this study, we demonstrate that the centromere of

chromosome 10 is located between map positions 15.4 which may account for as much as 50% of the length
of each chromosome, is essentially suppressed (Wernerand 15.9 cM, rather than between 24.3 and 29.8 cM

determined by telotrisomic analysis (Harushima et al. et al. 1992; Gill et al. 1993; Delaney et al. 1995a,b;
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TABLE 1

Genetic and physical locations of RFLP markers and their corresponding BAC clones

BAC clone RFLP marker cM FL No. of measurements

46L02 L769 0.0 0.00 6 0.00 8
45O16 S10620 2.0 1.29 6 0.10 8
75B23 B10 6.9 8.50 6 0.21 8
27K02 S2348 9.6 11.57 6 0.30 8
50G10 R2174 13.5 14.31 6 0.29 8
E30A10 G1125 15.4 20.71 6 0.44 8

pRCS2 Centromere 23.01 6 0.38 9
53D03 C489 15.9 24.18 6 0.34 8
32P12 C148 17.5 28.59 6 0.62 10
50N08 S1786 24.3 39.39 6 0.54 10
61K21 S10886 31.7 43.31 6 0.42 8
05G15 R2604 41.0 52.66 6 0.33 8
93B11 S11014 47.1 58.17 6 0.43 8
41P03 R1877 52.8 61.90 6 0.40 8
E18B10 C488 58.4 70.43 6 0.29 8
E15I11 C16 71.2 73.11 6 0.67 8
E14I11 C797 72.6 75.34 6 0.29 8
03O19 C239 82.9 82.75 6 0.04 8
56G17 C405 83.7 83.70 6 0.00 8

Künzel et al. 2000). In addition, most markers are tightly
clustered in small-sized physical segments (Gill et al.
1996; Faris et al. 2000; Künzel et al. 2000). Significant
suppression of genetic recombination in the pericen-
tromeric regions was also reported in tomato (Tanksley
et al. 1992). Sherman and Stack (1995) demonstrated
that recombination nodules are rarely observed in the
proximal half of all the 12 individual synaptonemal com-
plexes in tomato.

A YAC-based contig map and complete sequencing
of chromosome 4 of A. thaliana allowed a thorough
comparison of genetic and physical distances (Schmidt
et al. 1995; Mayer et al. 1999). The ratio of physical to
genetic distance between markers varies substantially
along the length of the chromosome, with the average
value being 185 kb/cM. Relative hot spots (30–50 kb/
cM) and cold spots (.550 kb/cM) were distributed
throughout the chromosome (Schmidt et al. 1995).
Recombination suppression in the pericentromeric re-
gion was not as evident as that reported in tomato,
wheat, and barley chromosomes.

Variation of the ratio of physical to genetic distance
between markers has also been reported in rice. Genetic
mapping of the ends of large-size YAC clones suggests
that the physical distance corresponding to 1 cM varies
from 120 to 1000 kb, depending on the chromosomal
region (Umehara et al. 1994). A high recombination
rate (,50 kb/cM) was observed at the distal ends of

Figure 4.—Comparison of the genetic linkage map and chromosomes 9 and 11 using pulsed-field gel electro-
pachytene FISH-based physical map of rice chromosome 10. phoresis (Wu and Tanksley 1993). It was suggested
The linkage map was drawn according to Harushima et al. that the inhibition of meiotic recombination is limited(1998). The position of each BAC on the pachytene chromo-

to the narrow regions around the rice centromeres be-some is calculated as the fractional length (FL; see materials
and methods). cause the values of physical length per centimorgan are
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not significantly higher than average in several regions FISH-based physical mapping will be a valuable com-
plement to the ongoing rice genome sequencing proj-within 5 cM from the centromere (Harushima et al.

1998). In this study, we demonstrate that significant ect. First, the chromosomal locations of uncertain BAC
clones or contigs can be unambiguously assigned torecombination suppression (7-fold reduction) in the

centromere is restricted within a relatively small region, specific chromosomes by FISH analysis on somatic meta-
phase chromosomes with the aid of chromosome-spe-z4% of the physical size of chromosome 10. A 3.5-fold

recombination reduction is located within the centro- cific FISH markers (Cheng et al. 2001). Second, pachy-
tene FISH can be used to determine if the linkage gapsmeric region (from 13.5 to 17.5 cM) that corresponds

to 17% of the physical size of chromosome 10. Thus, represent recombination hot spots or large chromo-
somal segments. Such information will be valuable forthe degree of recombination suppression in the centro-

meric region of rice chromosome 10 is similar to that of designing corresponding strategies to eventually close
gaps. Third, pachytene FISH and fiber-FISH can be usedchromosome 4 of A. thaliana, but significantly different

from those reported in wheat and barley. to estimate the physical distance between the telomere
and BAC clones located at distal regions. The tandemThe region between markers C488 (58.4 cM) and C16

(71.2 cM) shows a higher rate of recombination than repeat Os48 is located at nine different distal ends of
eight rice chromosomes (Cheng et al. 2001) and canthe rest of the regions of chromosome 10 (Figure 4).

Besides this region and the centromeric region, signifi- be used for fiber-FISH analysis as demonstrated in the
present study. If a distal BAC is ,30–50 kb away from thecant variation in the ratio of physical to genetic distance

between markers is not observed in rice chromosome telomere, the telomeric (TTTAGGG)n sequence could
also be used as a terminal DNA reference marker for10. Hot and/or cold spots restricted within much

smaller regions may exist but were not discovered in fiber-FISH analysis. Fourth, fiber-FISH analysis can be
used to estimate contig and/or sequencing gaps usingthe present study because the current physical map con-

sists of only a limited number of RFLP marker-anchored clones that flank the gaps (Jackson et al. 1998, 2000).
This approach has been used to gauge the physicalBAC clones. In general, the relationship between ge-

netic and physical distance along rice chromosome 10 sizes of the majority of the sequencing gaps in human
chromosomes 21 and 22 (Dunham et al. 1999; Hattoriresembles that of chromosome 4 of A. thaliana and

differs from those reported in several plant species with et al. 2000). Fiber-FISH analysis of individual BAC mole-
cules (Jackson et al. 1999) can be used to positionlarge genomes, including tomato, wheat, and barley.

One notable result in this study is that the short arm of specific subclones within a BAC insert and to assist in
assembly of highly repetitive sequences.chromosome 10 shows a relatively lower recombination

frequency (0.74 cM/FL) than the long arm (1.14 cM/ This research was partially supported by a grant from the Consor-
FL). This is correlated with the fact that the short arm tium for Plant Biotechnology Research, Inc., Novartis Seeds, Inc., and

Dow AgroSciences.is more heterochromatic than the long arm on the basis
of the chromosomal staining patterns using acetocar-
mine (Cheng and Gu 1994).
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