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Abstract

A rapid and accurate strategy for rice contig map construction was described. Rice BAC library with average insert
of 120 kb in length was used as building materials in contig mapping. The contigs of varied lengths ranging from
500 kb to several megabases with sufficient redundancy to ensure the accuracy of the joining between individual
BACs were formed by fingerprinting. The contigs were then assigned to and ordered along the chromosomes by
various molecular markers through their hybridization against the whole rice genomic library. The accuracy of clone
overlaps in contig was further confirmed by the existence in contigs of well fit stacks of marker-lodged clones. He
contigs thus obtained covered nearly the rice genome.

Introduction

Though the strategy described in this paper was
applied to the construction of rice contigs, it could be
used for the contig map construction of other genomes.

Nearly half of the world population,who are largely
living in the developing countries, feed on rice. Rice,
Oryza sativa, the smallest genome of any monocots
known (4:3� 108 bp in length) [2] has now become a
model plant among the cereals for molecular genetic
studies.

If genes can be tagged with closely linked molecu-
lar markers, then sections of the genome that are close
to the desired gene can be selected from a genomic
library with the markers themselves as probes. If the
markers are very close and a library of very large insets,
such as YACs, is available, the gene of interest might
be on the same clone as the marker. This is unlikely,
however, because it is difficult to obtain markers that
are close enough. One will have to ‘walk along’ the
chromosome by selecting a clone adjacent to the mark-
er clone, then the next adjacent clone, and so on, until
the gene is reached. These tedious, costly and time-
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consuming procedures will be rendered superfluous
when a contig map of high resolution is available.

In order to detect overlaps between clones a pro-
cedure for comparing clones with one another will be
required. Overlaps can simply be detected by hybridiz-
ation. However, it is not in itself a satisfactory criterion
for matching, because dispersed repeats can gener-
ate numerous false-positives. Like the rice genome,
which contains about 50% repeats, many others have
repeats to various degrees. The fingerprinting proced-
ure, which is based on principles entirely different from
those of hybridization [6, 17, 18] is therefore a good
choice for generating rice contigs.

Contig construction by fingerprinting requires a
representative genomic library. There are quite a few
vectors available for the construction of genomic lib-
raries, such as cosmid, BAC and YAC. With the rice
genome of ca. 4:3 � 108 bp in length, the insertion
capacity of around 4:5� 104 bp of cosmid seemed to
be too small. Though YACs with large insertion capa-
city of up to 106 bp were widely used in constructing
many genome libraries including human [5] and rice
genomes [14], they suffer from high rates of chimer-
ism and thus are unsuitable for genomic sequencing [4,
13, 15]. With its average insertion capacity of around
1:2 � 105 bp, BAC has a number of advantages over
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the YAC. With their very low copy number (mostly
single-copy), BACs have very low rates of chimerism
with a high degree of structure stability in the host
cell, even after 100 generations of serial growth [16].
That the cloning with BAC is as easy as with ordin-
ary E. coli vectors greatly facilitates the construction
of libraries of large inserts. Furthermore, much easier
manipulation of BAC clone DNAs than of YACs made
it possible to save huge amounts of time and money,
associated with the mapping and analysis of complex
genomes such as rice’s genome. The much shorter
average insert of BAC libraries made the BAC contigs
obtained have many times higher resolution than that
made of YACs , which significantly simplifies the time-
consuming and tedious procedures involved in identi-
fying, by map-based cloning, genes of interest. Since
the contigs consist of an ordered library of BAC inserts,
it provides a scaffold for large-scale DNA sequencing
of the genome. A genetically stable and representative
BAC library of the rice genome was constructed earlier
[19], which has an average insert of 120 kb.

Contig construction is essentially a process of
image analysis of restriction enzyme fingerprint auto-
radiograms. Genomic clones are processed by restric-
tion digestion and isotopic labelling to produce mix-
tures of radioactive DNA fragments. The resulting
mixtures are separated on DNA sequencing gels with
groups of such samples being interspersed with stand-
ard markers of various sizes. To obtain reliable fin-
gerprints, the restriction digestion must come to com-
pletion. Digestion of individual rice BAC clones with
a combination of HindIII/HaeIII for generating finger-
print autoradiograms has proven to be very satisfactory
in our lab. For obtaining reproducible fingerprints, the
reaction conditions should be optimized to be optim-
al for clones of different base composition, and the
enzymes and reagents used in the reaction must be of
high quality.

Before starting large scale image analysis, we
did a series of tests to learn whether the fingerprints
produced from such rice genomic BAC clones were
adequate for clone mapping. About four hundred
clones selected at random were analyzed for this pur-
pose. The results obtained showed that the bands gen-
erated were distributed across the length of the lane
and the average number of bands generated per clone
was sufficient for fingerprint analysis.

When restriction enzyme fingerprint autoradio-
grams have been done, the computer does the job. The
Contigc9 genome mapping package, which was kindly
offered by Dr Alan Coulson of Sanger Center, Cam-

bridge, UK, is currently run on a Sun sparcstation 10
with a SunOS 4.0.5 operating system and an SGI indigo
2 with an IRIX 5.2 system. The package comprises data
entry, matching, assembly, statistical analysis, etc. The
data are entered by scanning the autoradiography films
and interpreted by an image-processing system. Sev-
eral graphics workstations connected to the local net-
work are used for viewing, editing and analyzing the
processed data.

At the beginning of the project, a typical film was
chosen and edited by using the program IMAGE con-
tained in Contigc9, then a list of standard marker band
positions from one marker lane on this film was placed
to the file standard1.marker.dat. Every time this file
was used to normalize the sample band positions.

In our system a Sharp JX-610 transparent scanner,
which can scan films up to 304 mm wide and 431 mm
length, is used for data entry. Scanning is controlled
by the program PhotoStyler 1.1a, running on a 486/33
personal computer. It generated a greyscale image in
TIFF format. The image data is then transferred to a
SGI indigo 2 workstation through the net. To view and
edit a film, activate the image-analysis software, called
IMAGE, in the SGI workstation. The program IMAGE
will analyze the scanned fingerprint autoradiograms,
find the lanes, detect the sample bands on lanes, cor-
rect gel distortion by aligning known standard marker
lanes and normalize their positions with respect to the
marker bands. At each stage IMAGE displays all the
results graphically and offers hand editing tools for cor-
recting errors so we can manually delete artificial bands
and interpolate bands which are not marked. Accep-
ted bands are automatically digitized, normalized and
written to the database.

To progressively assemble clones into overlapping
groups, two programs MAPSUB and CONTIG (con-
tained in Contigc9) are used. The MAPSUB program
takes all the text in the file Map.in, matches every clone
of the new subset against the clones of the second sub-
set with preset values of main tolerance and probability
cutoff. The Map.in file was shown below.

pl3647si.tex; 16/07/1997; 18:04; v.7; p.2



131

rice name of project

SET1 start of first set (usually a newly

scanned batch)

& get clone set, followed by two clone

names, marking beginning and end

of set

first clone name (of new subset)

last clone name (of new subset)

SET2 start of second set (usually the entire

database)

& get clone set,

first clone name (of entire database)

last clone name (of entire database)

7 main tolerance set

10 difmap tolerance set

0.1E-3 match probability cutoff set

0.1E-10 analytical probability cutoff set

Clone matching involves counting the number of
bands in one clone that occupy the same position, with-
in a preset tolerance, as bands on another clone. The
results are written to a text file Map.out, which can be
printed out as in Table I.

The signs in the above file were explained as fol-
lows. C/n denotes the clone name; No./b, the number
of bands; ct./n, the contig name; No./mt, number of
matches; mt/c, the matching clone; b/mt, the bands
of matching clone; n/ct, the name of contig contain-
ing matching clone; pr, probability of match being
coincidental; s/d, shorter distance in bands from end
of matching clone to the end of its contig; �, number
with d denotes the bands unmatched; number without d
denotes number of bands in incoming clone not found
in top matching clone, or number of such different
bands found in subsequent matching clones.

At the next step of analysis, the program CONTIG
(an interactive database management) was invoked. It
provides automatic assembly options which are useful
for placing clones in its most likely position within
contigs. In our case, we depend on human judgement
to decide precise extents of overlap when contigs are
being extended or joined. For positioning a new incom-
ing clone (for example y8803, see above), the clone
name w18670 (this clone has the best match with the
new clone) was entered and the corresponding contig
372 was displayed on the screen, and then the new
clone name y8803 was entered with its contig number F
ig
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Table 1. Data showing clone matching

c/n No./b Ct./n No./mt mt/c b/mt n/ct pr. S/d �

20510-y8801 (24b, 0)

15 matches 80500-q1062 (20b, 1029) 6.1e-12 18 9d

13 matches 70280-w15442 (18b, 1029) 3.6e-10 19 2

15 matches 60090-13845 (25b, 1029) 6.1e-10 19 5

13 matches 10360-t14497 (20b, 1029) 2.7e-09 22 3

13 matches 10581-t6864 (20b, 1029) 2.7e-09 22 4

20510-y8803 (43b, 0)

23 matches 70040-w18670 (32b, 372) 7.8e-12 27 20d

25 matches 10320-t17519 (37b, 372) 8.5e-12 14 4

18 matches 50350-b17593 (27b, 372) 1.0e-08 16 5

18 matches 50350-b17595 (31b, 372) 2.3e-07 15 6

16 matches 50342-b17582 (27b, 372) 7.4e-07 0 3

11 matches 70420-w2578 (19b, 0) 5.7e-05 0 6

15 matches 60200-l1297 (33b, 817) 1.1e-04 18 5

0 being changed into contig number 372. The POS
option was used to position the new incoming clone.
The exact extent of its overlap with the existing clones
was verified by examination of the MAPSUB’s output
file Map.out or visual inspection of the films, and then
the position of the active clone could be adjusted by
using the graphics cursor.

The contig construction by fingerprinting is a ran-
dom process in nature, whereby all the clone finger-
prints generated from the representative library must be
compared with one another for creating clone match-
ing, which will naturally lead to the clone redundancy
in contigs. Redundancy is necessary for the correct
clone overlap. Though over-redundancy exists in some
contigs this is unavoidable. The BAC library used in
our project consisted of 22 000 clones, which were of
about 7 equivalents of the rice genome. Interestingly,
the average number of redundant clones in contigs was
quite in agreement with the degree of clone redund-
ancy in the library. About 600 contigs with various
lengths ranging from 500 kb to several megabases were
obtained, the total length of which was nearly the size
of the rice genome.

Figure 1 shows one of the contigs obtained. It can be
seen in the figure that there was an ideal array of clones
for clone overlapping on the right hand of the figure,
though on the left hand as many as 16 redundant clones
existed. The entire length of the contig was 2481 kb.

It was observed that with variation in distance
between loci and between molecular markers, their
order were conserved in the genomes of different spe-

cies. Seven years ago Gale’s group found that the maps
for each of the three diploid ancestors of hexaploid
wheat, Triticum urartu, Aegilops squarrosa and the
still unidentified donor of the B genome, are actually
remarkably similar [3]. Later in 1993 Gale’s group
further revealed that the same loci in wheat, barley
and rye were arranged in exactly the same order along
large stretches of their chromosomes [9]. Comparative
mapping of wheat, barley and rye chromosomes has
revealed conserved linkage and identical genetic order
among groups of DNA markers [8–11]. The order of
molecular markers on rice chromosome segments has
also been conserved in the genomes of wheat [14] and
maize [1]. More recently, using various approaches
Dunford et al. [12] have assessed the fine-scale genet-
ic and physical colinearity between rice and Triticeae.
They showed that the order of tightly linked DNA
sequences separated by 1.6 cM or 1 � 106 bp in rice
is conserved on the much large chromosomes of the
Triticeae. Zhang (Q. F. Zhang, Huazhong Agricul-
tural University, China, personal communication) has
recently mapped nearly two hundred randomly selec-
ted molecular markers derived from Nipponbare, an
O. sativa japonica variety, to the chromosomes of Ai
Jiao Nang Te (a O. sativa indica variety) and revealed
the identical order of the markers for the two rice vari-
eties.

The contigs were assigned to particular chromo-
somes and were ordered by various molecular markers
through their hybridization against the whole genomic
library by robot Biomek-2000 (Beckman). Hybridiza-
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tion was here used at the same time as an independent
and powerful tool to further confirm the accuracy in
contigs of the clone overlaps, which have been built
up by fingerprinting. Because the contigs have already
marked with genetic markers, the contig map thus con-
structed was integrated with the genetic map, from
which the genetic markers derived.

The strategy described in this paper was rapid. A
contig map of the rice genome was constructed within
less than 2 years’ time. The gaps between contigs may
be caused by the lack of gap-bridging clones in the
library or by the high threshold values set in the map-
ping program, which make it impossible to identify the
gap-bridging clones that exist in the library.

Large DNA sequencing of individual rice chro-
mosomes could be initiated based on the contig map
by selecting and sequencing the minimal overlapped
clones. Gaps may be filled up during the course of
sequencing by, for example, clone walking through
hybridization. If molecular markers of different rice
varieties were used to assign and order the contigs,
slight variation in the order of contigs was possible,
which could be corrected in the gap filling procedures
as well.
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