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Abstract The International Rice Genome Sequencing
Project has recently announced the high-quality finished
sequence that covers nearly 95% of the japonica rice
genome representing 370 Mbp. Nevertheless, the current
physical map of japonica rice contains 62 physical gaps
corresponding to approximately 5% of the genome, that
have not been identified/represented in the comprehen-
sive array of publicly available BAC, PAC and other
genomic library resources. Without finishing these gaps,
it is impossible to identify the complete complement of
genes encoded by rice genome and will also leave us
ignorant of some 5% of the genome and its unknown
functions. In this article, we report the construction and
characterization of a tenfold redundant, 40 kbp insert
fosmid library generated by random mechanical shear-
ing. We demonstrated its utility in refining the physical
map of rice by identifying and in silico mapping 22 gap-
specific fosmid clones with particular emphasis on
chromosomes 1, 2, 6, 7, 8, 9 and 10. Further sequencing
of 12 of the gap-specific fosmid clones uncovered unique
rice genome sequence that was not previously reported

in the finished IRGSP sequence and emphasizes the need
to complete finishing of the rice genome.

Introduction

The International Rice Genome Sequencing Project
(IRGSP; http://rgp.dna.affrc.go.jp/IRGSP), a consor-
tium of ten countries has recently announced a finished
genome covering 95% of the rice genome. The IRGSP
followed a gold-standard approach for rice genome
sequencing that relied on first, establishing an exhaustive
sequence-ready integrated genetic and physical map
comprised of BAC fingerprints assembled into contigs
using software FPC (Soderlund et al. 2000; Chen et al.
2002) and sequence-tagged connectors (Venter et al.
1996; Mao et al. 2000). Second, genetically anchored
seed BACs or PACs are shotgun sequenced and finished.
Minimally overlapping clones flanking the seed BAC/
PACs are then selected based on the sequence-ready
physical map and sequenced as above. This clone-by-
clone approach is reiterated over and over until the
complete genome is sequenced. Each base pair was se-
quenced ten times on an average, ensuring an error rate
of less than one base in 10,000. The finished sequence
now has 370 Mbp contig size.

Nevertheless, the present IRGSP integrated genetic
and physical map of japonica rice still contains about 62
physical gaps that depending on the chromosome, range
in size from 10 to 100 kbp in euchromatic regions and
up to 1 Mbp in centromeric regions, corresponding to
nearly 5% of the missed segments in the reported rice
genome sequence. These include 9 centromeric, 17 telo-
meric and 36 arm-specific gaps that are distributed on
several chromosomes, with an approximately estimated
total size of 18.1 Mbp (IRGSP, 2005). Although, the rice
genome is now considered ‘‘complete’’ and provides
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unprecedented opportunities for a variety of research
needs, it is imperative to identify and characterize the
remaining (unusual) segments missing in the rice genome
sequence. Each missed segment potentially contains an
agronomically important gene and/or noncoding het-
erochromatic regions that might be essential for gene
regulation. Without finishing these gaps, it is impossible
to identify the complete complement of genes encoded
by rice genome and will also leave us ignorant of some
5% of the genome and its unknown functions.

Gaps in the physical maps can be caused by at least
two known phenomenon: (1) nonclonable or unstable
segments in Escherichia coli hosts (Hagan and Warren
1982; Schroth and Ho 1995; Kang and Cox 1996; Ravin
and Ravin 1999; Razon et al. 2001), which can probably
be overcome by using an alternative cloning and host
systems (Leem et al. 2004); (2) Cloning bias (Chen et al.
2002; Thorstenson et al. 1998). Due to nonrandom dis-
tribution of restriction sites for any enzyme in genomic
DNA, libraries constructed with restriction enzymes will
always have over- or underrepresentation of some re-
gions and no coverage of a small fraction of the genome.
These regions of no or low coverage are revealed as gaps
in the BAC contig maps produced by analysis of
restriction fingerprints of BAC clones.

Now, a major thrust of the IRGSP is to further refine
the physical map of japonica rice by closing these gaps to
accelerate the process of identifying and characterizing
‘‘missing’’ sequence in the rice genome. However, de-
spite intensive efforts using seven different genomic li-
brary resources that include four deep coverage BAC
libraries (made with restriction enzymes EcoRI, two li-
braries of HindIII, and MboI), a PAC library (Sau3AI)
(Chen et al. 2002; Baba et al. 2000), two 10 kbp libraries
(made with HaeIII and Sau3AI), a large number of
physical gaps remain. Therefore, there is a pressing need
to generate new large insert genomic resources that are
not based on enzyme digestion to fill the gaps caused by
cloning bias and newer approaches to characterize
unfinished portions of rice genome sequence.

A random genomic DNA library is ideally con-
structed from DNA that has been mechanically sheared.
Unfortunately, techniques for cloning sheared DNA
fragments in the 100–200 kbp size range are highly
challenging. As an alternative, the fosmid cloning system
is rapidly emerging as a method of choice to rapidly
create high titer ‘‘mini-BAC libraries’’ with an average
insert size of 40 kbp from a small amount of genomic
DNA with cloning efficiencies comparable to cosmids
(Kim et al. 1992). Although the genomic inserts are
smaller, in comparison to BAC inserts, they still have
been shown to be quite useful for whole genome physical
mapping (Kim et al. 1995; Gingrich et al. 1996; Fitz-
Gibbon et al. 1997; Kim et al. 2003), large-scale geno-
mic DNA sequencing (Kim et al. 1995; Kawarabayasi
et al. 1998), and for studies related to structure and
organization of the genomes (Hughes et al. 1997; Hoyer
et al. 1998a, b; Vergin et al. 1998; Millikan et al. 1999;
Quaiser et al. 2002).

In this article we report the construction and char-
acterization of a tenfold random sheared fosmid library
of japonica rice variety Nipponbare, and demonstrate its
effectiveness in closing and extending physical gaps in
the IRGSP physical map with particular emphasis on
chromosomes 1, 2, 6, 7, 8, 9 and 10. Further we propose
refinement of existing strategies that not only would
efficiently improve the rice physical map but has broad
application to any sequencing project that adopts a
clone-by-clone sequencing strategy.

Materials and methods

Fosmid library construction

Megabase-size DNA was prepared by embedding nuclei
from 30-day-old rice (O. sativa ssp. japonica cv. Nip-
ponbare) in 0.5% low-melting agarose, followed by
nuclei lysis in the presence of detergent and proteinase-K
as described by Luo and Wing (2003). DNA in agarsoe
was sheared using a freeze–thaw cycle as follows. A total
of 15 DNA plugs were transferred to 1.5 ml individual
eppendorf tubes containing 200 ll of TE buffer, one
plug each tube. These tubes were frozen by dipping in
the liquid Nitrogen 10–20 s and transferred immediately
to a 45�C water bath to thaw for approximately about
2–3 min. This process was repeated for 22 times. After
shearing, the DNA plugs were melted at 70�C and then
immediately transferred to a 45�C water bath and trea-
ted with 1 U of Gelase (Epicentre, Madison, WI, USA)
for every 100 ll of melted agarose for 1.5 h. These tubes
were transferred to ice for 5 min and then centrifuged at
13,000 rpm at 4�C for 10 min. The supernatant fluid was
ethanol precipitated followed by a 70% ethanol wash.
The pellets were combined into a single tube and the
DNA concentration was estimated by comparison with
DNA size standards on a 1% mini agarose gel. The ends
of the sheared DNA (�10 lg) were polished using a
Blunt end repair kit (Epicentre) according to manufac-
turer’s instructions, for 45 min at room temperature
followed by heat inactivation at 70�C for 10 min. The
sheared, end-repaired DNA was run on a 1% CHEF
agarose gel using the following conditions: 16-h run
time, 14�C, 5–15 s pulse, 120� angle in 0.5x TBE at
6 v/cm. DNA size standards were the 40 kbp T7 DNA
marker from Epicentre Fosmid cloning kit
(#CCFOS110) and the PFG midrange marker I (New
England Biolabs, Beverly, MA, USA). DNA fragments
in the size range of 25–45 kbp were excised from the gel
and the agarose was removed by melting at 70�C fol-
lowed by the addition of gelase as described above. The
DNA fragments were precipitated and finally dissolved
in 10 ll of sterile water. DNA concentration was esti-
mated using known standards on a 1% agarose gel. The
insert DNA was ligated to pCC1FOS copy control
vector at a 10:1 (vector-insert) ratio for 2 h at room
temperature using fast link ligase (Epicentre). The liga-
tion reaction was heat inactivated at 70�C for 10 min
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and then packaged into phage particles using MaxPlax
lambda packaging extracts (Epicentre). The packaged
fosmid clones were titered by serial dilutions and in-
fected to 100 ll of Phage T1 resistant EPI300 E. coli
plating strain cells grown to an A600 of 1.0 for 20 min at
37�C. Cells were plated onto LB/agar Q-trays (Genetix
Ltd., New Milton, Hampshire, UK) containing 12.5 lg/
ml chloroamphenicol. Colonies were picked and arrayed
into 384-well microtiter plates (Genetix Ltd.) containing
freezing media using a Genetix Q-bot (Genetix Ltd.).
The library was replicated and stored at �80�C.

Fosmid clone characterization

Insert-sizing was performed by analyzing a total of 300
randomly picked clones across the library. Plasmids
were isolated from 1.2 ml 2XYT cultures of individual
clones that were grown overnight in 96 deep-well plates
using a semiautomated liquid-handling machine (Tom-
tec Quadra 96, model 320, USA) with a simplified high-
throughput method (Hye-Ran Kim and Rod Wing,
unpublished) that is based on conventional alkaline lysis
methods (Sambrook et al. 2001). Samples were digested
with the restriction enzyme NotI, and electrophoresed
on 1% agarose CHEF gels with PFG midrange marker I
(New England Biolabs, Beverly, MA, USA) under the
following conditions: 16 h, 14�C, 120� angle, 5–15 s
linear ramp and using 0.5x TBE at 6 v/cm.

Estimation of genome representation using
hybridization

The library was arrayed on to six high-density filters
(22.5·22.5 cm2, Hybond N+ membrarnes, in a 4·4
double spotting pattern) on selective media containing
12.5 lg/ml chloramphenicol, grown overnight at 37�C.
The resultant colonies were lysed as described by Sam-
brook et al. (2001) and the DNA was fixed to the filters
by treatment with alkali. Overgo probes, designed pre-
viously (Chen et al. 2002) from the sequences of RFLP
markers were chosen from each of the 12 chromosomes
of rice. An overgo pooling strategy was used to initially
pull out all the hits from the hybridization of combined
probes and later reconfirmed by colony blot hybridiza-
tion with individual probes. Radioactive labelling,
hybridizations and washings were essentially similar to
those described by Chen et al. (2002).

Organellar DNA contamination

Three barley chloroplast probes ndhA, rbcL, psbA (ob-
tained from J. Mullet, Texas A & M University) and
four mitochondrial probes atpA, cob, atp9, coxE from
rice (obtained from T. Sasaki, MAFF) were used to
screen the fosmid library to estimate the percentage of
organellar contamination.

Physical map refinement

A total of 40 overgo probes were designed from the se-
quences flanking either both ends or one end of 28
physical gaps on chromosomes 1, 2, 6, 7, 8, 9 and 10
(Table 2) that includes nine telomeric gaps. The publicly
available script ‘‘overgo maker’’ (http://genome.wus-
tl.edu) was used to design the primer pairs for the
probes. Overgo probe design, pooling hybridizations
and a strategy to fill the physical gaps are adapted from
Yang et al. (2003).

End sequencing and in silico anchoring

Positive fosmid clones resulting from the chromosome
gap-specific probe hybridizations were sequenced using
BigDye terminator chemistry v3.1 (ABI) with primers
T7 (5¢-TAATACGACTCACTATAGGG-3¢) and pCC1-
RP-2 (5¢-TACGCCAAGCTATTAGGTGAGA-3¢) in a
96-well format followed by capillary electrophoresis on
an ABI 3730xl automated DNA sequencer. Base calling
and vector trimming were automatically performed
using PHRED and Crossmatch software (Ewing and
Green 1998; Ewing et al. 1998). High-quality sequences
were used for homology searches as described by Yang
et al. (2003).

Full sequencing of fosmid clones and sequence assembly

Full sequencing and sequence assembly of each fosmid
clones were performed with a similar method as used in
the sequence analysis of PAC/BAC clones (Sasaki et al.
2002).

Sequence analysis

Repeat masked, finished fosmid sequences were anno-
tated using FGENESH (Solovyev et al. 1995) for gene
prediction, BLAT (Kent 2002) for rice FL cDNA se-
quences (Kikuchi et al. 2003) and TIGR OSGI
assembled ESTs (http://www.tigr.org/tigr-scripts/tgi/
T_index.cgi?species=rice), BLASTX for swissprot
(http://au.expasy.org/sprot/) search. The Apollo pro-
gram (Lewis et al. 2002) was used for editing and
selecting gene models and translated proteins from the
chosen gene models were searched against GenBank nr
protein database using BLASTP. For the restriction
enzyme frequency analysis, contiguous and minimally
overlapping sequences from finished BAC sequences
were retrieved from RGP and TIGR sequence data-
bases. Repeat content of the fosmid clones was esti-
mated using RepeatMasker (A.F.A. Smit and P.
Green; http://ftp.genome.washington.edu/RM/Repeat-
Masker.html) program.
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Results

Fosmid library characterization

We successfully constructed the first sheared large insert
library of japonica cv. Nipponbare rice. The entire li-
brary was constructed using 1.5 packaging reactions.
Approximately 600–800 ng of end-repaired DNA was
used for each ligation and subsequent packaging reac-
tions. The packaging efficiencies were calculated to be
approximately a little more than 106 cfu/lg. This
;packaging efficiency is comparable to the 107 cfu/lg
that can be obtained using control fosmid insert (Epi-
centre). The library contains 110,592 clones, arrayed
into 288, 384-well plates and was gridded onto six high-
density filters for screening by hybridization.

The expected insert sizes should be in the range of
30–45 kbp, because the packaging extract automatically
selects DNA molecules in that size range, but we did
identify clones that are smaller and larger than this
range. Figure 2 illustrates the insert size analysis of
randomly picked clones digested with NotI enzyme
followed by pulse field gel electrophoresis. From the
analysis of 300 clones, we estimated the average insert
size to be 40.8 kbp with an insert size range from 25 to

70 kbp (Fig. 2). Approximately 82% of the library
contains inserts between sizes 30 and 45 kbp, 12.3%
constitute inserts between 45 and 50 kbp and remaining
10% have inserts either smaller than 30 kbp or larger
than 50 kbp (Fig. 2). The clones containing larger
(>50 kbp) and smaller (<30 kbp) inserts are probably
the escapees in the packaging reaction, and must have
resulted from trapping of these fragments during exci-
sion and elution, since we employed only one size
selection step. We have not observed any colonies with
fosmids not containing inserts.

To estimate the percentage of clones that contains
chloroplast or mitochondrial DNA, the library was
screened with probes from three barley chloroplast genes
and four rice mitochondrial genes. Results showed that
1.5% of the fosmid library contained chloroplast DNA
and 0.016% mitochondrial DNA sequences (data not
shown). This level of organellar contamination is what we
typically find using similar DNA isolation methods for
plant BAC library construction (Luo et al. 2001; Budi-
man et al. 2000). Based on this insert size, the number of
clones after subtracting the percentage of organellar
contamination, the theoretical coverage of this library is
approximately 10.3-fold of the rice genome.

To validate the genome coverage estimation based on
average insert size and number of clones, the fosmid
library was screened with a pool of 12 overgo probes
derived from 12 mapped RFLP markers that belong to
each of the 12 chromosomes (Kurata et al. 1994;
Harushima et al. 1998). These probes have been suc-
cessfully used in our laboratory to screen rice BAC li-
braries during the construction of a physical map of rice
(Chen et al. 2002). A total of 101 hits were obtained
from the combined hybridization of 12 probes indicating
an average of 8.4 hits per probe. All these positive
hybridization signals were reconfirmed by colony blot
hybridization using individual probes separately. Ta-
ble 1 shows a summary of the hybridization results. We
found representation for every probe used with a range
of 3–12 hits (Table 1). These results indicated more than
a 99% probability of recovering any random sequence
from this library.Fig. 2 Frequency distribution of fosmid clone insert sizes

Fig. 1 Not I digests of
randomly picked fosmid clones.
Lane marked with 1 is PFGE
midrange marker I
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In silico physical mapping of gap-specific fosmid clones
and refinement of the physical map

To test the utility of the library in filling gaps in the
rice physical map, we tried to identify gap filling clones
for 25 physical gaps on six rice chromosomes assigned
to the RGP for complete sequencing—chromosomes 1,
2, 6, 7, 8 and 9 including nine telomeric gaps and three
gaps on rice chromosome 10 assigned to ACWW
(Table 2). The physical sizes of these gaps have been
determined by a variety of approaches that include
FISH and YAC physical mapping and from genetic
maps (Wu et al. 2003; Rice chromosome 10 sequencing
consortium 2003; Table 2). All gaps, except for those
located on the centromeric regions, are less than
200 kbp in length, where as telomeric gaps are less than
100 kbp. Forty probes designed from the sequences
flanking the 28 physical gaps either from one side or
from both sides, that includes telomeric arm- specific
probes (Fig. 3; Table 2) were used to screen the fosmid
library using a pooling strategy. A total of 330 candi-
date clones were obtained, and these clones were
reconfirmed by colony blot hybridizations using indi-
vidual probes specific to each end of the gap. End se-
quences of these clones were determined and homology
searches were conducted using ‘‘BLAST’’ (Altschul
et al. 1997) to identify potential clones (showing more
than 96% sequence identity) extending into or closing
the gaps. The resulting analysis showed that 97 of these
clones have extensions of different sizes into the gaps.
Twenty-two of the 97 clones showed largest clone
extensions into the gaps (Fig. 3, Table 2) and were
mapped on to the physical map. Furthermore, gap 7
(Table 2) which lies between 157.1–157.6 cM on chro-
mosome 1, has been successfully closed using two
overlapping fosmid clones OSJNOa013M08
(AP006838) and OSJNOa108M02 (AP006839) (Fig. 3).
Sixteen of the probe sequences flanking either both or
one end of the gap, identified clones that have either
no/non-significant extensions (Table 2) or repetitive
sequences that cannot be used for in silico mapping.
Such clones resulting from these hybridizations were
excluded from further analysis.

Efforts are underway to close the remaining gaps in
the rice genome by chromosome-walking steps using end
sequences derived from gap extending fosmid clones. We
estimated the total expansion of the physical maps re-
sulted from these gap filling or extending clones of the
seven rice chromosomes to be approximately 389 kbp.

Analysis of gap-specific fosmid clone sequences

Twelve of the physical gap-specific fosmid clones were
shotgun sequenced to tenfold coverage and the finished
sequences were submitted to Genbank. In order to ex-
plore the different possibilities for the absence of these
segments in the existing BAC and PAC libraries, the
finished sequences were analyzed for repeat content
using the software RepeatMasker version 3.0.5 (http://
www.repeatmasker.org/). The total repeat contents of
the fosmid clones range between 17 and 48% with LTR
retro-transposons and DNA transposons as predomi-
nant class of repeats (data not shown), except for one
particular fosmid clone AP006856, which consists of
nearly 90% of its sequence with DNA transposons.
Further, nearly 500 kbp to 1.2 Mbp of high quality
contiguous sequences flanking the physical gaps were
retrieved from the pseudomolecules of respective chro-
mosomes. The frequency and distribution of recognition
sites for the restriction enzymesHindIII, EcoRI, BamHI,
and MboI, used in the construction of existing BAC or
PAC resources were estimated and compared with the
frequency and distribution of these sites in the sequences
of gap-specific fosmid clones. The analysis indicated that
gap-specific fosmid clones are not devoid of any of the
restriction sites for these enzymes and that both fosmid
as well as gap flanking sequences have even distribution
of the restriction sites for these enzymes (data not
shown).

Sequencing of gap-specific fosmid clones reveal presence
of euchromatic portion

Gap-specific fosmid sequences were annotated using a
variety of methods (see Materials and methods). Ho-
mologs for several known important genes as well as
hypothetical genes have been identified in all the gaps
belonging to several chromosomes (Table 3). For
example, coding sequences for drought responsive ele-
ment (DRE)-binding proteins 1A and 1B known to have
a role in drought stress (Liu et al. 1998), and putative
arsenite stimulated ATPase (arsA-like protein hASNA-
I) involved in arsenite resistance (Anjard et al. 2002) in
physical gap #5 of chromosome 9, structural mainte-
nance of chromosome (SMC2) gene protein involved in
chromosome condensation and sister chromatid cohe-
sion (Hirano 2002) in gap #6 of chromosome 1, putative
homeobox-leucine zipper protein important for plant
development and regulation (Schena et al. 1993) in gap
#2 of chromosome 8, putative hydroxyl proline-rich

Table 1 Summary of the hybridization results

Chromosome Marker No. of copies No. of hits

1 R2277 1 10
2 S1072 2 10
3 R518 2–3 7
4 S11182 1 12
5 R3332 1 5
6 L688 1 12
7 C636 2 5
8 C1121 1 7
9 R1164 1 13
10 R1877 1 9
11 L833 1 3
12 L714 1 8
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protein involved in drought, wounding and defence
(Maytsik et al. 2002) in gap #4 of chromosome 5,
putative RNA recognition motif (RRM) important for
regulation of gene expression at post-transcriptional le-
vel (Lorkovic and Barta 2002) in the telomeric gap of
long arm of chromosome 8, have been identified. Fur-
ther, the role of Serine–threonine receptor-like kinases
and leucine zipper proteins in defence has been well
documented (Martin et al. 2003).The identification that
all gap-specific fosmid sequences span gene encoding
regions of rice genome is significant.

Discussion

Rice is the most important food crop in the world and
has emerged as a model experimental system for plant
biology and evolution primarily because of its compact
430 Mbp genome and syntenic relationships with other
cereals (Gale and Devos 1998). Therefore, decoding the
entire rice genome is of exceptional agricultural impor-
tance. Recent comparisons of draft versus finished rice
sequences highlighted the need for a high quality

Table 2 Summary of physical gap filling using fosmid clones

Chromosome
no.

Gap
no.

Map
position
(cM)a

Genetic
length
(cM)

Predicted
size
(kbp)

Method Fosmid clone identity Fosmid clone
extension(s)
into the gap (Kbp)b

1 Tel (S arm) 0 264G09c 5
1 52.7–53.9 1.2 40 FISH N – –

S – –
2 60.9–63.5 2.6 160 FISH N 173H09c 10

S ND ND
3 72.8–73.1 0.3 20 FISH N – –

S ND ND
5 103.7–106.2 2.5 90 FISH N – –

S – –
6 157.1–157.6 0.5 40 FISH N 013M08(AP006838) 33

S 108M02(AP006839) 36
7 159.6–161.5 1.9 50 FISH N – –

S – –
Tel (L arm) 181.8 275J08c 5

2 Tel (S arm) 0 183H18(AP006851) 5
1 30.7–31.2 0.5 130 YAC map N – –

S 244C03c 35
3 62.2–64.7 2.5 90 Genetic map N – –

S 257A21(AP006850) 6
4 99.6–101.2 1.6 90 YAC map N 283G08(AP006846) 7

S 148N02(AP006847) 30
Tel (L arm) 157.9 – –

6 2 65.8–65.8 0 890 FISH N – –
S ND ND

Tel (L arm) 124.4 230J22c 6
7 Tel (S arm) 0 219C16 2

1 49.7–49.7 0 200 YAC map N ND ND
Tel (Larm) 118.6 136M23c 7

8 Tel (S arm) 0 – –
2 N 214P15c 10

S 174H12(AP006845) 16
Tel (L arm) 121.2 199K18(AP006848) 20

9 2 44.1–45.2 1.1 50 YAC map N 054B01(AP007202)
S ND ND

3 78.0–78.5 0.5 50 Genetic map N ND ND
S 018M17(AP007149) 15

4 78.5–78.8 0.3 50 Genetic map N – –
S 178M01(AP006855) 14

5 N 273B05(AP006859) 30
S

10 1 9.5–10.9 1.4 30 FISH N 046E18 15
S – –

2 15.7 0 69 FISH N 236K04 32
S 137L01 11

5 23.1 0 104 FISH N – –
S 040M24 22

‘–’clones identified not to have extension or unidentified due to repetitive sequences from the fosmid clones
ND not determined
aGenetic distance of the flanking markers (Wu et al 2003; The Rice Chromosome 10 Sequencing Consortium 2003)
bAfter removing the overlapping regions, N and S indicate the north and south ends of the gaps
cClones under sequencing
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finished sequence of rice (Sasaki et al. 2002; The Rice
Chromosome 10 Sequencing Consortium 2003). The
IRGSP employs a map-based genome sequencing
strategy, for which complete and contiguous physical
maps of the 12 rice chromosomes composed of large
insert clones are an essential prerequisite. The presence
of several physical gaps in the current physical map of
rice impedes the progress towards meeting this goal of a
complete sequenced cereal genome. Intensive efforts to
fill the remaining gaps in the physical map using a
comprehensive array of publicly available genomic tools
that includes five large insert BAC/PAC libraries, con-
structed using partial digestions of HMW DNA with
restriction enzymes, two 10 kbp plasmid libraries and
both Monsanto and Syngenta draft sequences (Goff
et al. 2002) has proven to be quite difficult. We have
recently implemented a new strategy which incorporates
chromosome-walking steps and sequence reads from
two 10 kbp insert size plasmid libraries (Yang et al.
2003). Although this strategy has been very effective in
closing small physical and sequencing gaps, gaps of
medium to large size have proven too arduous to bridge,
and involve several steps of chromosome-walking.
Therefore, development of resources that can provide
clone coverage across larger gaps in the BAC contig
maps for the rice sequencing effort has become ex-
tremely urgent and important.

Generation of a complete physical map of any
organism is significantly affected by the depth (genome
representation) and insert size of the source library. Our
own experience in the generation of BAC libraries for an
array of organisms and physical mapping of rice, maize
and tomato genomes (Chen et al 2002; http://www.ari-
zona.edu/FPC/maize) along with several other physical
mapping projects indicated that the true genome repre-
sentation of a library is often less than the theoretical
representation (estimated using Clarke and Carbon’s
formula = number of clones · average insert size/gen-
ome size). It has also been shown that, after a certain
point, the genome representation of a library cannot be
improved significantly by merely increasing the number
of clones. There are several fundamental approaches to
generate DNA fragments for library construction. One
class involves enzymatic digestion, either partial diges-
tion with a restriction endonuclease (Sambrook et al.
2001) or controlled degradation with DNase I (Ander-
son 1981). Another class involves physical stresses in-
duced by sonication (Deininger 1983), atomization
(Cavalieri and Rosenberg 1995), nebulization (Bodent-
eich et al. 1994) or point-sink shearing (Oefner et al.
1996).

The first approach, partial digestion of genomic
DNA, is the most popular method which is easy to
control and the fragments are relatively easy to clone.
All present day large insert BAC, PAC, and YAC li-
braries are developed using this approach. However, the
cloning efficiency is not uniform because of the non-
random distribution of enzyme recognition sites across a
given genome. Regions of genomes devoid or dense forT
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particular enzyme result in fragments smaller than
40 kbp or larger than 400 kbp that are excluded during
the fragment size-selection process of library construc-
tion, leading to under- or overrepresentation of some
regions, a manifestation of which are gaps in the phys-
ical map. Restriction sites located in repeated elements
pose another problem, since the end sequence data
cannot be used for developing a minimum tile of BAC
clones or merging the ends of FPC BAC contigs. A
practical approach to solving the problem of underrep-
resentation of DNA fragments in a library is to simply
employ two or three large insert libraries derived from
multiple enzymes from the same genotype, that collec-
tively represents as much as 26· genome coverage (Yim
et al. 2002). Although the use of multiple libraries in
physical mapping projects has been found to be essen-
tial, not all gaps in physical maps can be filled this way.

Random shearing generates fragments that are truly
random and thereby reduces cloning bias (Thorstenson
et al. 1998). However, methods for efficiently cloning
sheared large insert BAC libraries are still in infancy. In
this report, we have successfully constructed the first
random sheared fosmid library for rice, and possibly all
plants, using the japonica cv. Nipponbare. fosmid li-
braries, however, have earlier been used extensively in
whole genome physical mapping and sequencing of a
variety of organisms including bacteria, humans and
animals. The stability of fosmid clones has been exten-
sively studied and found to be comparable with BAC
clones and are more user-friendly to work in comparison
to BAC or YAC clones.

In this study, we demonstrated that closing the gaps
can be achieved by developing a medium size insert li-
brary, with low or no cloning bias, in combination with
library screening and in silico mapping. The fosmid li-
brary reported in this paper has total genome coverage
of more than tenfold based on insert size and clone
number. These results were confirmed with our hybrid-

ization data of 12 RFLP markers mapped to different
chromosomes of rice. Each probe detected an average of
8.4 hits, indicating that the probability of finding any
sequence in this library is more than 99.99%. Analysis of
the organellar contamination in the library using
hybridization with chloroplast and mitochondrial
probes demonstrated that the fosmid library exhibits a
low percentage of contamination with these sequences.
The suitability of any large insert library for positional
cloning, physical mapping and whole genome sequenc-
ing depends on the ability to recover clones from specific
regions by screening. We have identified and mapped 22
fosmid clones to the physical map that are either gap
extending or gap filling on different chromosomes. The
total contig extension is estimated to be approximately
389 kbp. These results of physical gap filling and map
refinement indicate that the fosmid library is less biased
as compared to enzyme-digested libraries. In this re-
spect, the current fosmid library has a more complete
representation of the genome in comparison to the
previously available BAC and PAC libraries.

In contrast to the high technical skills and cost re-
quired to develop a large-insert deep-coverage BAC li-
brary, fosmid library construction is quite trivial (De
Tomaso and Weissman 2003). Moreover, the cloning
vector we used (Epicentre) contains both the single-copy
E. coli F-factor replicon and the inducible high-copy
oriV origin of replication (Wild et al. 2002). Initiation of
replication from oriV requires the trfA gene product that
is on the E. coli copy control host cells (TransforMax
EPI300 cells, Epicentre). This system provides the user
with all advantages of single-copy cloning vector and a
high-copy cloning vector without the disadvantages of
either. Copy control clones can be induced to high copy
number for high yields of DNA for all ‘‘downstream’’
applications. Although, we have only demonstrated the
utility of the fosmid library in refining the physical map
of rice, its applications are unlimited, for example,

Fig. 3 The physical map
refinement using fosmid clones.
Arrows indicate distrubution of
fosmid clones that extend into
the physical gaps on respective
chromosomes
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positional cloning and genome organization studies. The
primary disadvantage of fosmid libraries is inert size
limitation to about 40 kbp. This is in contrast to BAC
with an insert capacity up to 300–400 kbp.

The presence and even distribution of recognition
sequences for enzymes that have been previously used
in the development of BAC or PAC library resources
of Nipponbare, in the gap-specific fosmid sequences
suggests that the reasons for their absence in the
existing BAC or PAC library resources is not entirely
due to cloning bias due to restriction enzyme usage and
may also relate to their secondary structural properties.
Sequences with unsual DNA structures such as Z-
DNA, long inverted terminal repeats, AT-rich se-
quences have been reported to be unstable in E. coli
genomes (Hagan and Warren 1982; Schroth and Ho
1995; Kang and Cox 1996; Ravin and Ravin 1999;
Razon et al. 2001). Also except for one fosmid clone,
all the fosmid clones do not contain exceptionally high-
repeat content that could have caused their nonclona-
bility. A significant result of this study is the mapping
of gaps to regions corresponding to genes. The fact
that the gaps in the rice genome may correspond to
chromosomal regions encoding functional genes
emphasizes the importance of the final steps of genome
sequencing. There are still several gaps with unknown
sequences in the rice genome. We summarize here a
new strategy that is being adapted by IRGSP to refine
the physical map of rice in order to characterize the
tough leftovers of the rice genome sequence. This in-
volves screening the fosmid library with overgo probes
flanking a physical gap, for which there is no repre-
sentation in the enzyme-digested BAC/PAC libraries,
identification of a single or several overlapping fosmid
clones to fill small/medium size gaps that range in size
20–100 kbp. For large physical gaps, gap extending
fosmid clones will further be used to screen large insert
libraries like BAC/PAC to fill the gaps, and these
clones will be further used to either fill gaps or rescreen
the fosmid library to fill the gaps.
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