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As the Human Genome Project moves into its sequencing phase, a serious problem has arisen. The same
problem has been increasingly vexing in the closing phase of the Caenorhabditis elegans project. The difficulty lies
in sequencing efficiently through certain regions in which the templates (DNA substrates for the sequencing
process) form complex folded secondary structures that are inaccessible to the enzymes. The solution, however,
is simply to break them up. Specifically, the offending fragments are sonicated heavily and recloned, as much
smaller fragments, into pUC vector. The sequences obtained from the resulting library can subsequently be
assembled, free from the effects of secondary structure, to produce high-quality, complete sequence. Because of
the success and simplicity of this procedure, we have begun to use it for the sequencing of all regions in which
standard primer walking has been at all difficult.

[The sequence data described in this paper have been submitted to the EMBL data library under accession nos.
Z93392, Z92540, and Z81558.]

Genome sequencing projects are releasing a wealth
of genetic information, with the complete human
DNA sequence and that of the nematode Caenorhab-
ditis elegans expected in 2005 and 1998, respec-
tively. Sequencing projects deal with chromosomes
as a series of mapped and ordered large inserts
cloned into such vectors as cosmids, YACs, BACs, or
PACs. The sequence of each of these large clones is
then most often derived via a shotgun strategy fol-
lowed by directed walking (Berks 1995). For a vari-
ety of reasons, sections of the genomes remain un-
sequenced after this procedure and to complete
them, new strategies must be developed.

First, either by accident or design, gaps may re-
main in the large insert map. Some large or prob-
lematic gaps require new large insert clones to be
found, but many gaps can be closed by PCR.

Second, unsequenced gaps may remain within
large insert clones. These fall broadly into three
classes: (1) those that are bridged by subclones, but
for which sequencing reactions fail; (2) those for
which no bridging subclone can be found but that
can be bridged by PCR; and (3) cases in which nei-
ther subcloning nor PCR succeeds so the region
must be recovered as a restriction fragment. Because
of these difficulties some early proposals for the se-
quencing of the human genome suggested that gaps
of this type might be left unclosed. More recently,

however, there has been international agreement
that these should be filled to the same accuracy as
the rest of the genome (Second International Strat-
egy Meeting on Human Genome Sequencing 1997).
It is therefore urgent to find efficient ways of doing
this.

A number of methods are currently used to
close sequence gaps within clones. It is possible to
sequence a gap PCR product by primer walking; this
is, however, an inefficient and time-consuming pro-
cess, often producing sequence data of low quality
in that particular bases are reproducibly unreadable.
The PCR amplification method has, however, been
extended to give products of up to ∼35 kb (Barnes
1994), enabling some gaps between large insert
clones to be isolated by ‘‘long distance’’ PCR. Hy-
bridization has been used successfully to select sub-
clones specific to a region of interest within a clone
(Beck and Alderton 1993; Alderton et al. 1994), a
method that has been extended by taking advan-
tage of unidirectional hybridization to single-
stranded M13 clones (Flint et al. 1998). Recently, a
transposon insertion method (Devine et al. 1997)
has been used with some success to generate new
reads within a subclone. Although this is a powerful
method that may be of use in solving large, perfect
tandem repeat sequences, it is labor intensive and
time consuming.

Here we report a simpler method for obtaining
the sequence of gaps within or between clones that
have either been amplified by PCR, isolated as a re-
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striction fragment, or are subcloned but not se-
quenceable using standard techniques. We have
found that these regions can be sequenced as a se-
ries of small, random shotgun fragments producing
sequence of high quality, even from regions of com-
plex secondary structure in both C. elegans and
Homo sapiens. Furthermore, because this method is
purely mechanical it is simple, cheap, robust, and
highly successful.

Sequencing by shotgun of DNA fragments is not
new (Sanger et al. 1978; Roe et al. 1996); however,
by reducing the size of the sonicated fragments in
our approach, we overcome problems of secondary
structure. Large-scale sequencing has been acceler-
ated during the 1990s by an increase of insert size
and of read lengths but has thereby become more
vulnerable to the effects of secondary structure. By
selectively fragmenting these large inserts in prob-
lematic areas, we combine the advantages of old
and new. However, it is not simply a matter of using
short inserts. The method provides a heavy shotgun
of new ends across the problem area, the effect be-
ing to break up inverted repeats and G–C runs into
small fragments, free from the original structural
problems.

RESULTS

Y48E1–C. elegans Chromosome II

Y48E1 contains an inverted repeat of 1 kb that was

spanned by three pUC18 subclones from the shot-
gun assembly. However, the sequence obtained
from the three subclones was unreadable in the in-
verted repeat region, and restriction digest data con-
firmed that a region of 800 bases was missing from
that region. The inserts of two of the spanning
pUC18 subclones were isolated by PCR and soni-
cated to 200–300 bases and 300–500 bases, respec-
tively. A total of 100 reads were prepped and se-
quenced, to a depth of a least three reads, to allow
for errors caused by single-base changes in the PCR
process, enabling the gap in the sequence to be
closed, again with high-quality data (Fig. 1).

The 179I15–BRCA2 Region of Human Chromosome 13

The 179I15 region contains a large CpG in which we
found 11 bp to be unreadable using standard se-
quencing techniques on m13 subclones, although
the sequence subsequently recovered sufficiently
for a join to be made in adjacent reads. A restriction
fragment spanning the region was isolated and
sonicated to fragments of ∼100 bases. One of these
fragments, subcloned into pUC18 as described, gave
clear, high-quality sequence to enable the missing
11 bases to be assigned (Fig. 2).

F59D12–C. elegans Chromosome II

F59D12 was apparently contiguous after shotgun as-
sembly and finishing. How-
ever, restriction digest data
showed that there was a re-
gion of 400 bases missing
with two identical copies of a
tandem repeat flanking the
missing region (Fig. 3A). This
suggested that the region, al-
though present in the cosmid,
had become deleted from all
subclones during the shotgun
process. PCR on cosmid DNA
across the missing region also
gave a deleted product caused
by the PCR reaction ‘‘skip-
ping’’ from one repeat motif
to the other (Fig. 3B), but a
short-insert pUC18 library of
a restriction fragment of the
region revealed the missing
sequence (Fig. 3C). A DOTTER
diagram (Sonnhammer et al.
1995) showing the secondary

Figure 1 Y48E1–C. elegans chromosome II. Restriction digest analysis showed
that a fragment of 800 bases was missing from the assembly, and although three
pUC18 shotgun subclones spanned the gap, they were unsequenceable in that
region. The small-insert clones obtained from the inserts of two of the shotgun
pUC18 subclones provided complete and unequivocal contiguation of the gap,
which could then be identified as containing one arm of a 1-kb inverted repeat.
EMBL accession no. Z93392, bases 263250–264250. Sequence starts, ATCATG-
GTTGATAACGTAAATTCCCAGAC; sequence ends, CGCTGCGTATCGATTTTTAT-
GAAACTGTG.
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structures that produced this problem is shown in
Figure 4.

CONCLUSION

Subsequently, we have closed in excess of 150 gaps

with a success rate of 100% using short-insert librar-
ies, both from fragments isolated by restriction di-
gest or PCR and from plasmid subclones containing
DNA that proved impossible to sequence other-
wise—many containing elements of potential sec-
ondary structure. Typically, libraries of 300–500 bp

Figure 3 F59D12–C. elegans chromosome II. (A) Restric-
tion digest revealed that although the assembly appeared
contiguous, there was a 400-bp fragment missing between
two identical repeat motifs. This was present in the cosmid
but had become deleted from all shotgun subclones. (B) A
PCR product was obtained across the region, but this con-
curred with the original deleted assembly. The PCR reaction
had ‘‘skipped’’ between the two repeat regions giving a
product that was also missing the 400-bp fragment. (C) A
restriction fragment containing the missing sequence was
isolated and sonicated to give a small insert library which,
when sequenced, revealed the missing 400 bp. EMBL ac-
cession no. Z81558, bases 18910–19550. Sequence starts,
GTCCACTTACGGGAAAAGGCAAAAATTTA; sequence ends,
TTCCCATGACTTTCCGAAAAAAAGGCGGG.

Figure 2 179I15–H. sapiens chromosome 13 BRCA2 region. (A) After finishing, 179I15 contained a region of 11
bp within a CpG island in which the sequence was unreadable using standard dye primer or dye terminator
sequencing. (B) An example of a reverse direction dye primer terminator sequencing reaction over the region (read
no. 3284); the sequence obtained from a small insert clone across the same region (read no. 4052). EMBL accession
no. Z92540, bases 13000–131140. Sequence starts, CCTGCACGGCTCCCGGGAGCTGGGAGAAA; sequence ends,
GTGAGTGCGAGGGGCCAGGCGGAGGGCCA.
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were found to be adequate for gap closure, although
100- to 300-bp libraries have been used for products
of <1 kb and 500- to 1000-bp libraries proved ad-
equate for gaps of 8–12 kb that did not contain any
secondary structure. Regions of secondary structure
such as those described are particularly prone to de-
letion during PCR or cloning so it is essential that all
regions finished in this way are checked for size ac-
curacy by restriction digest. In addition, because of
the inherent possibility of inaccuracy caused by
single-base mutation in the PCR process, all regions
closed by PCR must have at least a threefold cover-
age of sequenced fragments, ideally from more than
one PCR reaction.

In summary, we have described a novel yet
simple technique for the closure of gaps in sequenc-
ing projects that is invaluable for sequencing re-
gions of DNA that contain elements that interfere
with the progression of sequencing reactions. We
envisage that this technique will make a major con-
tribution to genome sequencing projects, both large
and small.

METHODS
Gap DNA in the form of a restriction fragment or
PCR product, from a clone or unsequenceable
subclone, was first sonicated into smaller frag-
ments. To the DNA, which was contained in a
maximum volume of 54 µl, was added 6 µl of
102 MB buffer (50% glycerol, 0.5 M sodium chlo-
ride, 10 mM zinc chloride, 300 mM sodium ac-
etate at pH 5.0) and water to a final volume of 60
µl. The resulting mixture was sonicated for
2 2 10 sec at full power when placed 1 mm from
the face of a cup–horn probe (Heat Systems, Inc.,
Farmingdale, NY), covered with distilled water,
pre-equilibrated to 4°C. The efficiency of sonica-
tion was then analyzed by gel electrophoresis on
a 1-µl aliquot. This process was repeated until the
bulk of the DNA had been sonicated into frag-
ments of between 100 bp and 1 kb. These frag-
ments were then made blunt-ended by incuba-
tion with 0.3 µl of mung bean nuclease (156 U/
µl, Pharmacia Biotech), at 30°C for 10 min.
Surprisingly, the termini of PCR fragments sub-
cloned in this manner were found to be present
in most cases. However, where sequence infor-
mation close to the end of PCR fragments was
required, a brief incubation with T4 polynucleo-
tide kinase was performed prior to sonication,
but only on 20% of the total volume, to prevent
over-representation of the ends. Subsequently,
the DNA was concentrated by ethanol precipita-
tion before being fractionated by electrophoresis
through a low-melting-point agarose gel. After
staining, gels were viewed on a long-wavelength
UV transilluminator, agarose slices containing
DNA of the required size range (typically 100–
300, 300–500, or 500–1000 bp) were excised, and
the DNA eluted by using phenol extraction, the
Prep-A-Gene DNA purification kit (Bio-Rad), or

the Qiaquick gel extraction kit (Qiagen). Recovered DNA was
ligated with SmaI-digested and phosphatased pUC18 vector
DNA, and transformed into Escherichia coli TG1 cells by elec-
troporation. After growth on TYE agar plates containing 100
µg/ml ampicillin, 50 µg/ml X-gal, and 50 µg/ml IPTG, white
colonies were picked and grown up, and plasmid DNA was
prepared from them by alkaline lysis. Under the conditions
described, inserts were of the expected size with <3% contami-
nation by sequencing vector. Sequencing reactions were per-
formed using the ABI Prism dye terminator cycle sequencing
kit prior to sequencing on ABI model 373/377 automated se-
quencers. Data were transferred to a Unix workstation, and
complete sequences were assembled automatically using
Xgap (Staden 1994). The data were edited to our normal ac-
curacy of <1 error in 10,000 bases of DNA sequence. Other
methods were as described by Sambrook et al. (1989).
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Figure 4 View of the finished region of F59D12 in DOTTER (Son-
nhammer et al. 1994) showing comparison of the sequence with
itself. The main diagonal from top left to bottom right shows the
in-phase identity. The three broken lines perpendicular to the main
diagonal represent the three inverted repeats that caused the prob-
lem. The short lines parallel to the main diagonal are the tandem
repeats that allowed 400 bp to delete.
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