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Abstract

The development of genetics in this century has been catapulted forward by several milestones: rediscovery of
Mendel’s laws, determination of DNA as the genetic material, discovery of the double-helix structure of DNA
and its implications for genetic behavior, and most recently, analysis of restriction fragment length polymorphisms
(RFLPs). Each of these milestones has generated a huge wave of progress in genetics. Consequently, our under-
standing of organismal genetics now extends from phenotypes to their molecular genetic basis. It is now clear that
the next wave of progress in genetics will hinge on genome molecular physical mapping, since a genome physical
map will provide an invaluable, readily accessible system for many detailed genetic studies and isolation of many
genes of economic or biological importance. Recent development of large-DNA fragment (>100 kb) manipulation
and cloning technologies, such as pulsed-field gel electrophoresis (PFGE), and yeast artificial chromosome (YAC)
and bacterial artificial chromosome (BAC) cloning, has provided the powerful tools needed to generate molecular
physical maps for higher-organism genomes. This chapter will discuss (1) an ideal physical map of plant genome
and its applications in plant genetic and biological studies, (2) reviews on physical mapping of the genomes of
Caenorhabditis elegans, Arabidopsis thaliana, and man, (3) large-insert DNA libraries: cosmid, YAC and BAC,
and genome physical mapping, (4) physical mapping of the rice genome with BACs, and (5) perspectives on the
physical mapping of the rice genome with BACs.

Introduction

The development of genetics in this century has been
exponential due to several milestones: rediscovery of
Mendel’s laws, determination of DNA as the genet-
ic material, discovery of the double-helix structure of
DNA and its implications for genetic behavior, and
most recently, analysis of restriction fragment length
polymorphisms (RFLPs). Each of these milestones
had led to a huge wave of progress in genetics. Con-
sequently, our understanding of organismal genetics
now extends from phenotypes to their molecular genet-
ic basis. It is now clear that the next wave of progress
in genetics will hinge on molecular physical map-
ping of the genomes, since a genome physical map
will provide an invaluable, readily accessible system
for many detailed genetic studies. Investigations will

extend bidirectionally: not only from the phenotypes to
the molecules, but also from the molecules to the phen-
otypes. Recent development of large DNA fragment
(>100 kb) manipulation and cloning technologies, such
as pulsed-field gel electrophoresis (PFGE)), and yeast
artificial chromosome (YAC) [9] and bacterial artifi-
cial chromosome (BAC) [46] cloning, has provided the
powerful tools needed to generate molecular physical
maps for higher-organism genomes. Once generated,
the physical map will provide virtually unlimited num-
bers of DNA markers from any chromosomal region for
gene tagging, gene manipulation, and genetic studies.
It will also provide an on-line framework for studies in
genome molecular structure, genome organization and
evolution, gene regulation, and gene interaction. The
identification, isolation, characterization, and manip-
ulation of genes will become far more feasible than
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ever before. The physical map, therefore, will become
central to all types of genetic and molecular inquiry
and manipulation, including genome analysis, gene
cloning, and crop genetic improvement.

An ideal physical map of a plant genome and its
applications in plant genetic and biological studies

A physical map actually consists of continuously over-
lapping contigs of large-insert genomic DNA clones,
in which the distance between two DNA markers is
measured in kb. For organisms with multiple chromo-
somes, each chromosome would ideally consist of just
one continuous contig, but in reality often consists of
several contigs. Figure 1 presents an ideal molecular
physical map of one chromosome of a genome. The
physical map is marked with anchor DNA markers, or
landmarks, selected from the developed RFLP maps.
The anchor markers are a group of selected DNA mark-
ers that are fairly evenly distributed across the gen-
ome, can cross-hybridize to DNAs from the genomes
of related species, and thus can be mapped to their
respective RFLP maps. Some of these anchor DNA
markers are also mapped to the corresponding chromo-
some by means of chromosome in situ hybridization
of anchor marker-associated large-insert clones.

The ideal physical map presented in Figure 1 is
integrated with genetic and cytogenetic maps. Clearly,
the reliability of a physical map will be much higher
if its construction is guided by genetic and cytogenetic
maps, which can minimize the mapping errors from
chimaeric clones and/or DNA fragment duplications.
Chimaeric clones have been discovered in many large-
insert DNA libraries [3, 48]. DNA fragment duplica-
tion occurs in all plant genomes (for example, see [42]).
For filling any gap in the physical map, the cytogen-
etically defined markers flanking the gap can be used
as references to isolate DNA from the gap by chro-
mosome microdissection, providing markers that can
be used as probes to identify large-insert clones from
the gap region. The integration of a genetic linkage
map divides the physical and cytogenetic maps into
many sections which could greatly facilitate research
in specific regions of the genome. Most importantly,
integration with the genetic map places traits of eco-
nomic importance onto the physical and cytogenetic
maps, even if those genes are known only by pheno-
types. It is unlikely with current technologies that these
traits can be mapped to the physical or cytogenetic map
without integration with genetic linkage maps.

A physical map is extremely useful for plant genet-
ic and biological studies. It is a ‘highway’ for rapid
isolation of numerous genes and for many genetic and
biological studies. Once generated, the physical map
can be readily accessed for many research purposes.
For example, one can easily investigate genome organ-
ization, evolution, gene regulation, or gene interaction
using contigs from a specific chromosomal region. If
one wants to isolate the genes from a chromosomal
region of interest, he can obtain a piece of a contig
for that region and use it as a ‘hook’ to fish the genes
from that region by ‘gene fishing’ (contig-based cDNA
library screening). Since many agronomically import-
ant genes are known only by their phenotypes, map-
based cloning has become an efficient and widely used
strategy in isolation of such genes [4, 6, 11, 26, 34,
36, 39, 43]. However, the map-based cloning strategy
is time-consuming and unreliable, because it requires
many technical steps and its success is inversely related
to the size and complexity of the genome [4, 6, 11, 26,
34, 36, 41, 51, 54]. The physical map will provide a
powerful, simple, and rapid means to isolate numerous
economically or biologically important genes by ‘gene
golfing’.

‘Gene golfing’ is a new strategy based on physical
maps and that is ideally suited for rapidly cloning a
large number of genes known only by phenotypes. We
term this new strategy ‘gene golfing’ because a clone
containing a target gene can be isolated as if one is play-
ing golf. Suppose that a DNA marker has been identi-
fied, 10 cM away from the gene of interest. Using the
available DNA marker, it is difficult, if not impossible,
to approach the target gene by the currently used map-
based cloning strategy, because repeated sequences
could block chromosome walking toward the target
gene. However, the gene can be readily approached by
the gene golfing strategy using a developed physical
map. First, the available DNA marker is used to probe
the large-insert DNA library used for the physical map
so as to determine the position of the DNA marker
in the physical map. According to the position of the
DNA marker-hybridized clone(s) in the physical map
and the physical/genetic distance ratio in the region
from the DNA marker to the target gene, a piece of
contig containing the target gene is then taken directly
from the library. To verify the relationship between
the contig segment and the target gene, single-copy
DNA fragments from the contig are isolated and used
as probes to perform RFLP mapping against the target
gene. This is the first stroke of gene golfing. If the
RFLP mapping indicates that the contig segment does
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Figure 1. An ideal physical map of a rice chromosome. The overlapping bars in the physical map are large-insert genomic DNA clones such
as BACs and/or YACs. Letters from A to F indicate anchor DNA markers selected from the developed RFLP linkage map. The markers are
integrated into the physical map by probing its source library with them and mapped to the chromosome by FISH of the marker-associated
BACs. The distances between the markers are measured in cM in the genetic map, in kb in the physical map, and in �m on the chromosome
cytogenetic map.

not contain the target gene, a second golf stroke is per-
formed. Note that the golf ball is much closer to the
target hole at the second stroke than at the first one.
Thus, the likelihood of putting the ball into the target
hole is markedly increased at the second stroke. Addi-
tional strokes can be taken, if needed, until the clone
containing the target gene is isolated. In comparison
with the currently used map-based cloning, gene golf-
ing is much simpler and faster.Map-based gene cloning
often includes the following steps: gene tagging with
a DNA marker, identification of DNA markers closely
linked to the target gene, physical mapping with PFGE
to estimate feasibility of approaching the target gene
by chromosome walking using a large-insert DNA lib-
rary, chromosome walking, isolation of clones contain-
ing the target gene, high resolution gene mapping, and
gene identification by genetic complementation, sup-
pression, and/or nucleotide sequence analysis [36, 51,
54]. It is not necessary to perform closely linked DNA
marker identification, PFGE-based physical mapping,
and chromosome walking to approach the target gene,
when using the gene golfing strategy. Therefore, it can
be used to approach the genes in any chromosomal
regions, including those rich in repeated sequences,
in which it is difficult to approach a target gene by
chromosome walking.

Reviews on physical mapping of the genomes of
Caenorhabditis elegans, Arabidopsis thaliana and
man

The nematode C. elegans and the mustard A. thaliana
are model species for studies of a variety of prob-
lems in genetics and biology. In addition to their short
life cycles and reproductivity that is well-suited for
genetic analysis, the most significant features of these
two higher species for genome research are that they
have small genome sizes and thus, relatively simple
genome organizations [20, 29, 30]. To generate the
physical maps of the genomes of these two model
species and ourselves, a huge effort has been made
over the past decade. From these genome research pro-
jects, many significant findings, technologies, research
experiences, and lessons have been obtained,which are
invaluable in physical mapping of the genomes of rice
and other organisms.

Physical mapping of the C. elegans genome

Caenorhabditis elegans has a genome size of about
100 Mb/1C, one pair of sex chromosomes (X), and five
pairs of autosomes [30]. The generation of the phys-
ical map of the genome was begun in 1984 [18, 30].
To generate the physical map of this species, cosmid
clones of the C. elegans genomic DNA were fingerprin-
ted and assembled systematically into contigs. A total
of 17 000 cosmid clones with an average insert size of
ca. 35 kb, representing about 6x haploid genome equi-
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valents, was fingerprinted according to Coulson et al.
[18] and continuous contigs were assembled from the
cosmid fingerprints by fingerprint matching between
cloned DNA fragments. This phase of the project led
to a coverage of over 80% of the genome, with cos-
mids assembled into about 700 island contigs. To link
the cosmid contigs, the cosmids at the ends of each
contig were selected and hybridized to YACs with an
average insert size of 225 kb and vice versa [17, 19,
30]. Hodgkin et al. [30] reported in late 1995 that the
physical map of the nematode genome consisted of 13
YAC and cosmid contigs, separated by 7 gaps. Chro-
mosomes X and II consisted of single contigs each,
chromosomes IV and V consisted of two contigs each,
chromosome III consisted of three contigs, and chro-
mosome I consisted of four contigs. The physical map
has been used for isolation of many genes and nuc-
leotide sequencing of the genome. However, cosmid
clones are the main DNA resource of these projects
because of the ease of cosmid DNA purification versus
the extreme difficulty of purifying YAC DNA from its
host DNA [30].

Physical mapping of the A. thaliana genome

Arabidopsis thaliana has a genome size of 145 Mb/1C
[5] and five pairs of chromosomes. To generate a gen-
ome physical map for this plant species, a strategy
that was basically the same as that used for physic-
al mapping of the C. elegans genome was employed.
Hauge et al. [29] fingerprinted over 17 000 A. thali-
ana DNA cosmid clones with an average insert size of
about 40 kb. In 1991, they reported that some 750 con-
tigs representing 90–95% of the Arabidopsis genome
were generated from the fingerprints of the 17 000 cos-
mids [29]. In an independent experiment to generate
the physical map of the Arabidopsis genome, Schmidt
et al. [45] generated a physical map of chromosome
4 by directly hybridizing mapped DNA markers to all
four available Arabidopsis YAC libraries [20, 22, 27,
50] by colony hybridization.The average insert sizes of
these four YAC libraries range from 150 to 420 kb. The
markers used were 112 DNA markers mapped to chro-
mosome 4, 20 unmapped genes, random genomic DNA
fragments, sequences flanking transposable elements,
and the 180 bp repeated elements. Since chromosome
4 is about 21.5 Mb in size, these markers were spaced
less than 160 kb apart on average on this chromosome.
The direct colony hybridization of YAC clones with the
DNA markers led to 14 YAC contigs for chromosome
4. The YAC contigs were linked through chromosome

walking, using the cloned ends of YACs at each end
of the contigs as probes. As reported by Schmidt et al.
[45] in late 1995, the physical map of chromosome
4 consisted of four contigs that collectively covered
90–95% of the chromosome.

Physical mapping of the human genome

The human genome is about 30-fold larger than that of
C. elegans and consists of one pair of sex chromosomes
and 22 pairs of autosomes. The basic resource to gener-
ate the physical map of the human genome was a YAC
library with an average insert size of one megabase and
a coverage of 10x haploid genome equivalents [14].
Numerous strategies were used to assemble and posi-
tion these YACs onto their chromosomes of origin [14,
16, 21, 25, 31]. Basically, the physical mapping was
performed by mapped or chromosome-specific DNA
marker-based ‘chromosome landing’ of the YACs by
means of PCR- and hybridization-based library screen-
ing, supplemented with YAC fingerprinting and over-
lapping analysis, and cross-hybridization of individual
YACs. The DNA markers included sequence-tagged
sites (STSs), microsatellite markers, chromosome-
specific sequences, and mapped RFLP markers. The
physical distances between neighboring markers on
chromosomes, on average, ranged from 70 kb to less
than 1000 kb. By 1995, these strategical efforts had led
to physical maps of YAC contigs that covered from 75
to 93% of individual chromosomes in the genome.

Large-insert DNA libraries: cosmid, YAC and
BAC, and genome physical mapping

A desirable physical map of a genome should be gener-
ated from a DNA library that can be maintained stably
for a long term, has a suitably large average insert
size, and can be readily used for genetic and biolo-
gical studies. The large insert size, stability, and easy
manipulation of the source library are important for
development and subsequent use of the physical map
for genetic and biological research. The physical map
is generated to facilitate a variety of research. Stability
of the source library represents the reliability and long-
term value of the physical map. As described above,
two types of large-insert DNA libraries, cosmid and
YAC, have been used for generation of the physical
maps for the C. elegans [18, 19, 30], A. thaliana [29,
45] and human [14, 16, 21, 25, 31] genomes. Cosmid
vectors were introduced in 1978 by Collins and Hohn
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[15]. The DNA fragment cloned in a cosmid vector is
suitably stable for long-term maintenance, and cosmid
DNA is readily purified for manipulation and applic-
ation of the source library in research. However, the
DNA fragment cloning capacity of cosmids is less than
50 kb, which is not well suited for generation of phys-
ical maps even though they were used to generate the
physical maps of C. elegans [18, 30] and A. thali-
ana [29]. This is especially true for organisms with
large genomes. The YAC system was introduced in
1987 by Burke et al. [9]. The dominant feature of this
system is its DNA fragment cloning capacity of over
1000 kb [9, 14, 35, 48], which clearly facilitates gen-
eration of a physical map. However, YAC DNA is very
difficult to purify from the yeast host genomic DNA
because yeast has 17 chromosomes ranging from 210
to 1900 kb, which form a ladder on a pulsed-field gel
(Figure 2). Many plant [7, 20, 22, 23, 24, 27, 32, 37,
48, 50] and animal YAC libraries [e.g., 12, 14, 35]
have been constructed since this large fragment clon-
ing system was introduced (for plant YAC libraries).
However, all the YAC libraries but one mouse YAC
library (in yeast strain 3a which is mutated in the gene
RAD52) [12] were hosted in Saccharomyces cerevisiae
recombination positive strain AB1380 due to its high
transformation efficiency [8], which may lead to an
in vivo instability of the cloned large DNA fragment
during long-term maintenance.

The BACs are a relatively new, large DNA frag-
ment cloning system that was introduced in 1992 by
Shizuya et al. [46]. This system has the advantages
of both cosmid and YAC systems [55]. It has been
demonstrated that the BAC system has permitted clon-
ing of DNA fragments of up to 350 kb [46, 52, 53],
which is 7-fold larger than that of cosmids (50 kb)
but it is much smaller than that of YACs (>1000 kb).
Theoretically, the BAC host Escherichia coli is able to
accommodate a BAC clone of >1.0 Mb since its own
genome size is about 4.6 Mb. Since 1994, several plant
BAC libraries have been constructed [13, 47, 49, 52,
53]. The average insert sizes of these BAC libraries
range from 100 to 160 kb, which are much smaller
than those of animal YAC libraries [e.g., 12, 14, 35],
but comparable to those of most available plant YAC
libraries. Most importantly, BAC DNA can be purified
as easily as cosmid DNA, in contrast to the difficulty
of YAC DNA purification (Figure 2). The attribute of
BACs with much larger insert sizes than cosmids is
very important for generation and subsequent applic-
ations of physical maps of plant and animal genomes.
As seen in the C. elegans genome sequencing project

[30], the cosmids have been used as the major DNA
templates for genome sequencing while the physical
map also contains YAC clones. This is because of the
difficulty of YAC DNA purification from the host yeast
genomic DNA. In the human genome project [14, 16,
21, 25, 31], the YAC contigs of the genome physical
map have covered over 75% of the human genome.
To facilitate isolation of genes from the genome and
aid other studies, the YACs and/or YAC contigs con-
taining the chromosome region of interest have to be
subcloned into BAC or cosmid vectors.One of the reas-
ons for this may be that YAC inserts are too large to
manipulate but the more important reason is again the
unavoidable contamination of YAC DNA with the yeast
host DNA. The human genome project is clearly being
run in the direction from YAC contigs to BAC or cos-
mid subclones to applications. In contrast, the physical
maps constructed with BACs are easy to use in genome
research. In addition to a strict control of a single-copy
BAC in a cell [46], all BAC libraries constructed are
hosted in the E. coli rec- strain DH10B, which makes
the BACs more stable in the host, than YACs hosted in
yeast recombination positive strain AB1380. Although
a high level of chimaerism has been found in many
YAC libraries [3, 48], a very low level of chimaerism
has been found in the available BAC libraries [52, 53],
which further adds the advantages of BACs over YACs
for generation of high-quality physical maps.

Physical mapping of the rice genome with BACs

To facilitate rice genome research, four BAC librar-
ies [47, 49, 53] and one YAC library [48] have been
constructed for rice. The BAC libraries have average
insert sizes from 120 to 150 kb, with a range from 40 to
350 kb and the YAC library has an average insert size
of 350 kb with a range from 40 to over 1000 kb. Gener-
ation of a physical map of the rice genome with YACs
has been described in the previous chapter. Generation
of a physical map of the rice genome with BACs is
discussed here.

Many strategies have been used to generate the
physical maps of the genomes of C. elegans, A. thali-
ana and human from large-insert genomic DNA lib-
raries. In summary, these strategies fall into three
types: (1) fingerprinting of large-insert clones and con-
tig assembly from the fingerprints [14, 18, 21, 25, 29,
30], (2) chromosome landing of large-insert clones
using mapped or chromosome-specific DNA mark-
ers such as sequence-tagged sites (STSs), RFLP, and
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Figure 2. Examples of plant BACs and YACs. A. A BAC molecular construct (top) and rice BACs analyzed by PFGE (bottom). The BAC DNA
was isolated by the conventional alkaline lysis method, digested with NotI to release the insert DNA from the cloning vector, and fractionated
on a pulsed-field gel. The 7.5 kb band crossing all lanes of the gel is from the cloning vector pBeloBAC 11 and the remaining bands are from the
cloned rice genomic DNA insert in each respective BAC. The insert size of each BAC clone is sum of sizes of all the rice DNA fragment bands
in a lane. B. A YAC molecular construct (top) and tomato YACs analyzed by PFGE (bottom). Yeast spheroplasts were isolated, embedded, and
lysed in low-melting-point agarose plugs. The yeast and YAC total DNA was purified within the agarose plugs and subjected to PFGE. The
bands crossing all lanes are yeast chromosomes and the additional bands, or the more intense bands that comigrate with yeast chromosomes,
indicate YACs.

microsatellite markers [14, 21, 16, 25, 31, 45], and
(3) cross-hybridization of individual large-insert clones
[14]. The first approach requires easy purification of
a large number of cloned DNAs and suitably large
insert sizes of the clones. The BACs are well-suited
for this strategy, because of their suitably large insert
sizes and easy purification of their DNAs as mentioned
above. The fingerprinting strategy was also used for
construction of YAC contigs in the human genome pro-

ject, but human genome-specific, interspersed repeated
sequences were needed as probes to detect the human
genomic DNA fragments cloned in a YAC, because in
this case YAC and yeast host total DNA had to be used
[14, 21, 25]. For the second approach, a high-density
molecular map is required. A great effort is needed
to develop the high-density molecular map so that the
mapped markers can be used to ‘land’ the marker-
containing large-insert clones to their chromosomes of
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origin. To assure accuracy of the physical map, the
markers should be single-copy or of single-locus ori-
gin, if multiple-copy. It was discovered that duplicated
DNA fragments are a universal phenomenon in plant
genomes. In the rice RFLP map developed by the Japan
Rice Genome Group [33], it has been discovered that
ca. 6% of the mapped DNA markers are present in mul-
tiple copies in the rice genome [42]. This redundancy
can mislead physical mapping by means of marker-
based chromosome landing. Therefore, this strategy
needs special caution. In addition to the requirement
of this strategy for a high DNA marker-density map,
the physically even distribution of these markers in
the genome is required to complete the physical map.
Unfortunately, it is difficult, if not impossible, to devel-
op such a high-density molecular map, because recom-
bination, which is the genetic basis of RFLP mapping,
occurs unevenly along chromosomes. A good example
is the physical mapping of Arabidopsis chromosome 4
described above [45]. To generate the physical map for
this chromosome of 21.5 Mb, over 130 DNA markers,
spaced on average every 160 kb on this chromosome,
were used to screen the four Arabidopsis YAC librar-
ies [20, 22, 27, 50]. The physical map developed using
these DNA markers consisted of fourteen contigs, cov-
ering only about 85% of the chromosome. One of the
reasons for this clearly resulted from the uneven dis-
tribution of the makers on the chromosome because
the four YAC libraries used collectively have about
20x Arabidopsis haploid genome equivalents and one
of them, the CIC YAC library, has an average insert
size of 420 kb [20]. The combined YAC library should
have a much higher genome coverage than 85%. This
was proven by the fact most gaps between YAC con-
tigs were filled in by chromosome walking [45]. That
the three remaining gaps could not be filled in by this
strategy did not seem due to absence of some YACs
in the libraries, but was due to repeated sequences at
the ends of the YAC contigs. This example indicates
the limitation of the marker-based chromosome land-
ing strategy for genome physical mapping. The third
approach was used in human genome physical map-
ping, but only single-copy sequences from a clone can
be used as a probe, or its repeated sequences should be
blocked to prevent cross-hybridization [14].

Since BACs have suitably large-insert sizes, a low
frequency of chimaeric clones, a high stability in vivo,
and can be purified readily, the fingerprinting proced-
ure has become the most rapid, simple and efficient
approach to generate a physical map of the rice gen-
ome with BACs. Rice has a genome size of 430 Mb/1C

[5] and 12 pairs of chromosomes. Two rice high dens-
ity RFLP maps have been developed [10, 33], which
contain a total of about 2000 DNA markers. Addition-
ally, fluorescent in situ hybridization (FISH) with BAC
probes has been used to map DNA marker- or gene-
associated BACs to chromosomes (Islam-Faridi et al.;
Zhang et al., unpublished) [28]. The available DNA
markers and developed BAC-FISH technologies have
provided tools to facilitate generation and verification
of the physical map.

To generate a physical map of the rice genome
with BACs, we constructed two rice BAC libraries
with average insert sizes of 130 and 150 kb, respect-
ively [53]. The two BAC libraries have a total of about
22 000 clones, equivalent to 7x haploid rice genomes.
Currently, we are developing the physical map of the
rice genome from these two rice BAC libraries by the
fingerprinting procedure as described by Coulson et al.
[18]. BAC DNA was purified with the convention-
al alkaline lysis procedure as used for plasmid DNA
purification [44], digested with HindIII, the restriction
enzyme used for construction of the BAC libraries,
end-labeled with 32-P-dATP, digested with Sau3AI, and
fractionated on a denaturing polyacrylamide gel. The
gel was dried to chromatography paper and exposed to
X-ray film. The fingerprints are directly put into a com-
puter through a scanner and then converted into data-
base records according to the positions of each band
relative to the bands in the closest molecular-weight
marker lane on a gel. In the computer, the incom-
ing database of fingerprints are first compared against
each other to assemble contigs if overlapped, and then
compared against all existing database to place the
incoming BACs and BAC contigs in established con-
tigs if overlapped. The physical length of a contig in
kb is estimated according to the number of restriction
sites of the enzyme used for the first digestion prior
to fragment end labeling (for a detailed procedure, see
Chapter 10, this volume).

Feasibility

A major consideration regarding physical mapping of
the rice genome with BAC fingerprinting is the variab-
ility of BAC fingerprints and influence of repeated nuc-
leotide sequences on the fingerprinting results. Actu-
ally, these questions have been answered when the fin-
gerprinting procedure was developed by Coulson et al.
[18]. Through analysis of the cosmid clones containing
the rDNA clusters and other multiple gene families by
the fingerprinting procedure, they concluded that there
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was no obvious influence of repeated sequences on the
fingerprinting results. This is because each band in a
cloned fragment fingerprint results from a 10 bp spe-
cificity of one 4 bp and one 6 bp restriction enzymes,
which ensures that most restricted fragments contain-
ing repeat elements are either too long, or too short, to
be detected in the context of the cloned fragment finger-
print. The use of polyacrylamide sequencing gels for
fractionating the double enzyme-digested fragments
in the procedure further minimizes the influence of
repeated sequences on the cloned DNA fragment fin-
gerprint analysis, because the sequencing gel has a
resolution of one nucleotide. Any DNA fragments dif-
fering by one or more nucleotides in length can be
separated on a sequencing gel, resulting in different
bands in the fingerprint. In the human genome pro-
ject, fingerprinting technologies have been success-
fully used to generate YAC contigs [14, 21, 25]. Since
it is difficult to purify a large number of YAC DNAs
from the yeast host genomic DNA, YAC and yeast total
DNA was used. The DNA was digested with several
restriction enzymes, blotted and probed with human
genome-specific, interspersed repeated sequences to
detect the human DNA fragments cloned in a YAC.
This further demonstrated the feasibility of the finger-
printing procedure to generate physical maps of gen-
omes. The limitation on the physical mapping of the
human genome by means of the YAC fingerprinting
strategy was not the feasibility of the strategy itself
but the availability of interspersed repeated sequence
probes that can be used to detect sufficient numbers
of DNA fragments in the fingerprints. Figure 3 shows
the fingerprints of some rice BACs isolated from the
Teqing BAC library [53] using a rice BAC that con-
tains centromere region-specific repeated sequences as
a probe and generated according to the fingerprint-
ing procedure described above. The result indicates
the fingerprint of each BAC consists of many distinct
bands and no band crossing all BAC lanes is found,
even though all the BACs contain common repeated
sequences. This result has further demonstrated that
repeated sequences have no obvious influence on the
fingerprinting results. Since each BAC fingerprint con-
sists of many more bands than each cosmid fingerprint
as revealed by Coulson et al. in the physical mapping
of the C. elegans genome [18] and by Hauge et al.
in the physical mapping of the Arabidopsis genome
[29], the BAC fingerprinting is far more desirable than
cosmid fingerprinting to generate physical maps.

Hodgkin et al. [30] reported that the average size
of each cosmid contig in the C. elegans physical map

Figure 3. Fingerprints of BACs isolated from the rice cultivar
Teqing BAC library using the insert DNA of a BAC containing
centromere region-specific repeated sequences as a probe. High-
density colony filters were prepared from the rice cultivar Teqing
BAC library and probed with the insert DNA of the BAC contain-
ing centromere region-specific repeated sequences. More than 1000
BAC clones were isolated, and 36 of them were randomly selected
for fingerprinting. BAC DNA was isolated, digested with HindIII,
end-labeled with 32P-dATP, digested with Sau3AI, and fractionated
on a 4% denaturing polyacrylamide gel. The gel was dried onto
chromatography paper and autoradiographed overnight. From left to
right: Lanes 1, 8, 15, 22, 29, 36, and 43 are �/Sau3AI DNA markers
and the remaining lanes are BACs. Less DNA was loaded in lanes 2
and 3 than in other lanes. The two bands crossing all BAC lanes are
vector sequences flanking the HindIII cloning site in pBeloBAC 11.

was about 200 kb and the longest continuous contig
covered about 2000 kb. Since the rice BAC librar-
ies have average insert sizes of 120 to 150 kb, which
is about 4-fold larger than that of the cosmid library
used in the physical mapping of the C. elegans gen-
ome, it is highly likely that the sizes of contigs that
can be constructed by the BAC fingerprints will range
from several hundreds to 8000 kb (2000 � 4), with
an average size of 800 kb (200 � 4), if the size of a
contig is proportional to the insert size of the clones
used. Because 1 cM corresponds, on average, to about
300 kb in the rice genome, the BAC contigs could
range from 1.0 to 25 cM in size. In addition, the BAC
libraries have an insert size range from 40 to 350 kb,
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which is much larger than that from 20 to 50 kb of
the cosmids used in the C. elegans genome mapping.
The large insert size range of BAC library may help
improve its representation for the genome because of
less stringent size selection in BAC cloning than that
in cosmid cloning. Variation in insert size may also
increase the size of BAC contigs because the clones
having insert sizes larger than the average insert size
of the library may play a role to link neighboring con-
tigs. These hypotheses has been proven by the fact that
the cosmid islands resulting from the fingerprinting
were bridged by the YACs with an average insert size
of 225 kb to generate the physical map of the C. eleg-
ans genome [17, 19, 30]. If the BACs with the largest
insert sizes (e.g. 350 kb) are compared to the cosmids
with the largest insert sizes (e.g. 50 kb), the average
size of the BAC contigs could be as large as 1400 kb
(200 kb of the average cosmid contig size � 7) and
the longest BAC contig could span about 14 000 kb
(2000�7). Therefore, the contigs constructed by BAC
fingerprints could be up to 46 cM (14 000/300). The
chromosome landing of BACs and BAC contigs facilit-
ated by mapped RFLP marker-based hybridization and
BAC-FISH will help inter-link the contigs constructed
by BAC fingerprinting to create fewer, larger contigs.

Probability

The probability of success to generate a physical map
of a genome by random clone fingerprinting depends
on many factors, the most important of which include
the average insert size of the source library, number of
clones contained in the library, and the genome size of
the organism. Assuming that the clones in a library are
randomly distributed in the genome, the probability
to complete a continuous overlapping contig could be
calculated as follows.

Let x be the size (in Mb) of a contig to be generated
and i be the average insert size (in Mb) of a source lib-
rary, and assume 50% overlapping rate between neigh-
boring clones in the contig, then the expected number
of clones needed in the contig (t) would be:

t =
2x� i

i

Let c be the number of clones contained in the source
library and s be the genome size (in Mb) of the organ-
ism under study, the probability of completing the con-
tig (P) would be:

P =

�
1�

�
1�

i

s

�
c
�t

To test these equations, the physical mapping of
the A. thaliana and C. elegans genomes by cosmid
fingerprinting are used as examples. In the case of
C. elegans, the realized average size of the cosmid
contigs constructed was about 200 kb [30]. If the above
equations are suitable to estimate the probability of
completing a contig of a certain size, the P value of
completing the 200 kb cosmid contig calculated by the
equations should be close to 1.0 (100%). Since x =

0:2 Mb, i = 0:035 Mb, c = 17 000, and s = 100 Mb,
then P = 0:98. In the case of A. thaliana, because
some 750 cosmid contigs were constructed, covering
90–95% [29] of the genome of 145 Mb [5], the realized
average size of contigs should be about 180 kb. Since
i = 0:04 Mb, and c = 17 000, then P = 0:93. In
the cases of both C. elegans and A. thaliana, the P
values are close to 1.0. These simple calculations have
demonstrated that the above formulas are suitable to
estimate the probability of completing a genome contig
by random clone fingerprinting.

Figure 4 plots the probability of completing a con-
tinuous contig of 1.0 Mb of the rice genome with BACs
versus the average insert sizes of BAC libraries and the
number of clones needed to build up the contig accord-
ing to the above equations. The probability varies with
the average insert sizes and the clone numbers of the
source BAC libraries. Interestingly, the probability of
completing a contig of 1.0 Mb does not increase much
when the average insert sizes of the libraries are lar-
ger than 200 kb if the libraries have library sizes of
over 99% probability (over 4:5x haploid genome equi-
valents) to cover any sequence in the genome, even
though the number of clones needed in the 1.0 Mb con-
tig decreases with increase of the insert sizes of clones.
However, the insert size of library is critical to com-
plete the 1.0 Mb contig when it is smaller than 200 kb.
When the average insert size of a library is 50 kb or
smaller, the probability of completing the 1.0 Mb con-
tig with it is extremely low even though it has 10x rice
haploid genome equivalents. Therefore, a library with
a suitably large average insert size is required to com-
plete the 1.0 Mb contig. While it is desirable to have
a large-insert BAC library for physical mapping of the
rice genome, it is suitable to have a BAC library with
an average insert size between 120 and 250 kb if the
library has an over 7x haploid genome coverage. Since
the average size of contigs constructed by fingerprint-
ing of cosmids with an average insert size of 35 kb
in the physical mapping of the C. elegans genome as
described above was about 200 kb [30], it is practical
to generate contigs with an average size of 1.0 Mb from
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Figure 4. Generation of BAC contigs for the rice genome: average insert size of a source BAC library, number of clones in the library, number
of clones needed to construct an 1.0 Mb contig, and probability of completing the contig. The genome equivalents are based on i = 150 kb,
s = 430 Mb, and the number of clones in a library. To attain a 99% probability of containing any particular genomic DNA sequence, the library
must cover more than 4:5x haploid genome equivalents.

Figure 5. A strategy for physical mapping of the rice genome with
BACs.

the BACs with an average insert size of 120–250 kb.
In the rice genome, because 1.0 Mb is equivalent to
about 3.5 cM [10, 33], the 1.0 Mb contig could contain
2–4 DNA markers mapped to the rice maps [10, 33]
and thus could be linked with other contigs into larger
continuous contigs.

Strategies

For generation of physical maps, BAC fingerprinting
is a new strategy, but it can be predicted that it will

be successful, because cosmid fingerprinting has been
successfully used in the physical mapping of the gen-
omes of C. elegans [30] and A. thaliana [29]. However,
supplemental strategies are required to complete the
physical map of the rice genome. These strategies
include chromosome landing of BACs or BAC con-
tigs by BAC-FISH and/or mapped DNA marker-based
hybridization. Thus, the physical map developed is
integrated with and reinforced by the genetic and cyto-
genetic maps of the rice genome. The screening of the
BAC library with mapped DNA markers will bridge the
developed RFLP maps with the physical and cytogenet-
ic maps, and provide landmarks for them. Importantly,
the genes mapped to the RFLP maps can be positioned
on the physical map and chromosomes. The Japan
Rice Genome Group has found that ca. 6% of their
DNA markers are duplicated in the rice genome [42].
These DNA markers could lead to problems for place-
ment of the BAC contigs to chromosomes by DNA
marker-based chromosome landing, in that one mark-
er could hybridize to two or more contigs, or a single
contig could contain DNA sequences mapped to differ-
ent locations on the linkage map. BAC-FISH, a proven
tool for molecular cytogenetic mapping of the plant
genomes, provides a straightforward approach to these
problems and will play a special role in mapping and
maintaining accuracy of the physical map. The direct
mapping of the RFLP marker-associated BACs will
provide a reliable guide for the construction of con-
tinuous contigs from the BAC fingerprints. The FISH
of a BAC selected from a BAC contig will directly
place the BAC contig to a specific chromosome region
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and establish linkage relationships of this BAC contig
to other BAC contigs.

It was found in the genome mapping project of
C. elegans that some DNA sequences in certain gen-
ome regions were difficult to clone in cosmid vectors
[30], which consequently resulted in some of the gaps
in the physical map constructed by cosmid fingerprint-
ing. This may also become a problem in physical map-
ping of the rice genome with BACs. However, this
problem would not be serious as that encountered in
the physical mapping of the C. elegans genome with
cosmid fingerprinting since BAC vectors have much
less stringent size selection than cosmid vectors, and
as a result, BAC libraries have much larger insert size
ranges than cosmid libraries. This argument has been
reinforced by the fact that the cosmid cloning prob-
lem could be overcome by vectors with smaller inserts
in some cases in the C. elegans genome project [30].
The BAC cloning vector pBeloBAC 11 has three clon-
ing sites, BamHI, HindIII, and SphI [55]. A source
BAC library constructed in different cloning sites may
minimize the gaps in a physical map constructed with
BAC fingerprinting. Alternatively, a rice YAC library
will help link contigs generated with BAC fingerprints
because YACs have a large insert cloning capacity, a
large insert size range, and are hosted in yeast - a differ-
ent system from the bacterial host of BACs. Practically,
YACs were successfully used to link the cosmid con-
tigs in the C. elegans physical map [18, 19, 30].

Practice

The key to physical genome mapping by the BAC fin-
gerprinting strategy is the practical ability to isolate
and fingerprint a large number of BAC DNAs. To this
end, we have optimized procedures, which are suit-
able for automation, to purify and fingerprint a large
number of BAC DNAs. These procedures routinely
permit one technician to isolate over 200 BAC DNAs,
or fingerprint about 100 BACs (run two sequencing
gels of 56 wells) within a working day. Therefore, a
technician can comfortably isolate and fingerprint 200
BAC DNAs within five working days and 20 000 BAC
DNAs within two years, which represents over 6x rice
haploid genome equivalents. If BAC DNA is isolated
automatically, a technician will be able to fingerprint at
least 300 BACs within a week. Therefore, the physical
map of the rice genome could be completed within two
to three years, which is practical and even faster than
the time needed to construct a high-density RFLP map.

Perspectives on physical mapping of the rice
genome with BACs

The RFLP analysis of genomes has revolutionized
genetic and biological studies of organisms in the past
17 years. RFLP maps have been developed for almost
all major crops and model plant species, and many
genes of agronomic importance have been mapped.
In rice, two high-density RFLP maps have been
developed [10, 33]. The initial goals of these efforts are
use of the developed RFLP maps to tag, map, clone,
and manipulate genes and quantitative trait loci (QTLs)
of economic importance for crop genetic improvement,
and to facilitate studies in genome organization and
evolution [38]. The RFLP maps have provided a great
framework for these studies, but it is time-consuming
and unreliable to perform such investigations with the
current RFLP maps, because they require many tech-
nical steps and their success is inversely related to
the size and complexity of the genome. The ques-
tion now is where we should go: continue to devel-
op higher-density molecular maps, or stay where we
are and develop readily accessible, simple systems,
i.e. physical maps for genome research. Should we
go ahead clone the mapped genes by map-based clon-
ing, or develop integrated maps of the genomes and
then use them to clone the mapped genes easily and
rapidly by gene golfing as described above? The integ-
rated physical, genetic, and cytogenetic map of the
rice genome will provide a ‘highway’ for isolation of
a large number of genes and for many genetic and
biological studies. The physical map can be readily
accessed and will provide virtually unlimited num-
bers of DNA markers from any chromosome region
or closely linked to any gene of interest. In addition to
its economic importance, rice is also a model species
for grass crop genome research. Recent comparative
mapping has demonstrated that the gene content and
order are highly conserved in the grass genomes [1,
2, 40]. Therefore, the physical map of the rice gen-
ome could also be used for isolation of agronomically
important genes in other grass crops. Since the BAC
fingerprinting technology is simple, rapid, economic-
al, and does not require such a high-density RFLP map
as the marker-based chromosome landing technology,
the BAC fingerprinting used in physical mapping of
the rice genome will be also applicable to physical
mapping of the genomes of other crops.
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