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ABSTRACT

Molecular indexing sorts DNA fragments into
subsets for inter-sample comparisons. Type IIS or
interrupted palindrome restriction endonucleases,
which result in single-stranded ends not including
the original recognition sequence of the enzyme, are
used to produce the fragments. The ends can then be
any sequence but will always be specific for a given
fragment. Fragments with particular ends are
selected by ligation to a corresponding indexing
adapter. We describe iterative indexing, a new
process that after an initial round of indexing uses a
Type IIS restriction endonuclease to expose addi-
tional sequence for further indexing. New plasmids,
pINDnn, were produced for novel use as indexing
adapters. Together, the plasmids index all 16
possible dinucleotides. Their large size can be
increased by dimerisation in vitro and allows the
isolation of indexed material by size separation.
Fragments produced from human genomic DNA by
Type II restriction endonucleases were sorted using
six bases in total to a possible enrichment of 1920-fold.
By comparison with the public human sequence
databases, fidelity of indexing was shown to be high
and was tolerant of repetitive sequences. Genome-
wide comparisons on a candidate or non-candidate
basis are made possible by this approach.

INTRODUCTION

There is a great deal of interest in comparing sequences found
in different situations for variations in copy number, internal
variation or modification to gain insights into phenotypic
differences. Large-scale comparisons have the greatest power.
Global patterns of gene expression have been compared by a
variety of approaches, including differential display (1), micro-
arrays (2), massively parallel sequence signatures (3) and serial
analysis of gene expression (4). Microarrays have also been
used for measuring variations in genomic copy number (5) and
scanning for sequence differences (6). Genomic DNA has
great complexity. It is therefore difficult to scan for and isolate
variation between different sources. Molecular indexing of
DNA was first developed for this purpose (7), but its usefulness
has been restricted to comparing global patterns of gene
expression (8–12).

Fragments for indexing are most conveniently produced by
Type IIS or interrupted palindrome restriction endonucleases.
The activity of these enzymes leaves single-stranded over-
hangs which do not overlap the original recognition site.
Therefore, the overhangs can be any combination of bases but
will always be the same on a given fragment. Adapters with
complementary ends can be designed to ligate to any sequence
of interest so that it can be isolated by solid phase capture and/
or PCR.

A limitation of indexing has been its fidelity. For example,
there are 46 possible sequences of 6 bases in length which
could be used to sort fragments into a corresponding number of
subsets with concomitant enrichment of the fragments in the
subset. Any loss of fidelity, for example on ligation of the
indexing adapters or during purification of the indexed frag-
ments, will reduce the enrichment. The fidelity of ligation
decreases as the length of the overlapping regions to be joined
increases (13,14). However, the information in longer regions
must be accessed to achieve high levels of indexing. Type IIS
restriction endonucleases will cut from an adapter into adjacent
sequence (15). This has been exploited for serial analysis of
gene expression (SAGE) and for sequencing (3,4,16). We
therefore used indexing adapters that contain the site for a
Type IIS restriction endonuclease so that on ligation to frag-
ments of interest, further sequences of the fragments could be
exposed by cleavage with the enzyme. Multiple rounds of
indexing short overhangs could thus be performed to the
desired extent. There was also an added benefit that the process
could be started at the overhangs produced by Type II restric-
tion endoncleases.

Indexing adapters are usually biotinylated to allow their
capture by streptavidin-coated beads. However, restriction
endonucleases cannot easily remove indexed fragments from
the beads. Novel capture was therefore achieved by
constructing a plasmid for use as the first indexer. The plasmid
with any fragments that had been indexed could then easily be
purified from non-indexed fragments by size separation. We
report here the results of indexing human genomic DNA that
had originally been digested by the Type II restriction endo-
nucleases BamHI and BglII. Three rounds of indexing, in
which each indexer selected for a two-base sequence, were
used to access the information in six possible bases.
Combining the information obtained during each round of
indexing determines the sequence of the indexed part of the
selected fragments. The use of fragments produced by the
Type II restriction endonucleases BamHI and BglII suggests
that the approach will be applicable to virtually any fragments
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of interest from a complex nucleic acid or nucleic acid popula-
tion.

MATERIALS AND METHODS

Restriction digests

Restriction endonucleases were purchased from New England
Biolabs (NEB) and used in accordance with the recommenda-
tions of the manufacturer.

Ligation

Ligations were performed with 0.1 U ligase (NEB) per 10 µl
for 16 h at 16°C unless stated otherwise.

DNA purification

Except where indicated, fragments of DNA and PCR products
were purified by ion exchange chromatography (Qiagen)
according to the manufacturer’s recommendations.

PCR

PCR for plasmid modification and plasmid screening was
performed in all cases with 0.1–1 ng pUC19 at 94.5°C for
5 min, followed by 32 cycles of 94.5 and 65°C for 30 s each
and 72°C for 1 min. A final incubation of 72°C for 10 min was
performed. Reactions (50 µl) contained 0.2 mM dNTPs,
25 pmol each primer, 2.5 U AmpliTaq Gold (Perkin Elmer)
and 2.5 mM MgCl2.

Indexing vectors

The plasmids pINDaa–pINDtt were produced for indexing as
described below. Indexing plasmids were cut to completion
with BamHI and BsrDI.

Bacterial transformation

Escherichia coli XL-1 Blue (Stratagene) was transformed by
the CaCl2 method and recombinants selected using 50 µg/ml
ampicillin with 80 µg/ml IPTG and 50 µg/ml X-gal.

Molecular indexing

A complete BamHI and BglII double digest of 10 µg human
genomic DNA (Sigma) was purified and ligated to a 30-fold
excess of the adapter 5′-ccagtcgcaggtctcaagctcgatccctggagc
and its complementary strand 5′-gatcgctccagggatcgagcttgagac-
ctgcgactgg in a 120 µl reaction containing 4 U T4 DNA ligase
(NEB). Excess adapters were removed by spin chromatog-
raphy using Sepharose CL-4B (Amersham Pharmacia
Biotech). The adapter and end sequences were cleaved from
the purified DNA by BpmI digestion and the purification by
spin chromatography repeated. One-tenth of the purified mate-
rial was added to indexing reactions containing equimolar
amounts of the indexers and blockers at a 30-fold excess over
the fragments to be indexed and ligated. Each second indexer
conformed to the general design 5′-ccagtcgcaggtctcaagcaag-
gatccnn, where nn are the indexing bases. The complementary
strand for the second indexers was 5′-ggatccttgcttgagacct-
gcgactgg. Blocking adapters were 5′-tggaaaaagggggagnn′,
where nn′ is all two-base combinations except those of the
indexers used. The complementary strand of the blockers was
5′-ctccccctttttcc. Dimerised indexing plasmid plus indexed
fragments were separated from the remaining material by

agarose gel electrophoresis and purified. BpmI digestion was
repeated and the enzyme inactivated at 70°C for 20 min. The
resultant material was used for a final round of indexing
containing equimolar amounts of the third indexer and
blocking adapters in a total excess of more than 100-fold over
the material used. The third indexers had the design 5′-ccagtcg-
caggtctcaagcgacctgcctggagnn, where nn are the indexing
bases. Their complementary strand was 5′-ctccaggcaggtcgctt-
gagacctgcgactg. Indexed material was serially diluted and dilu-
tions amplified by PCR using 40 pmol/50 µl primer 5′-
ccagtcgcaggtctcaagc, 2.5 mM MgCl2, 200 µM dNTPs and 0.2
U Taq DNA polymerase (HotStar; Qiagen) according to the
manufacturer’s instructions, for 32 cycles of 95°C for 30 s,
60°C for 30 s and 72°C for 90 s.

Cloning indexed material

The plasmid vector pUC19 was modified by digestion with
EcoRI and HindIII and replacement of the polylinker with the
adapter 5′-agcttgaagactgccaggcatgggatcctg and its comple-
mentary strand 5′-aattcaggatcccatgcctggcagtcttca, transformed
and purified as described for the pINDnn vectors. The modi-
fied vector was cut with BamHI and BbsI. Fragments that had
been PCR amplified and indexed were purified and incubated
at 1 µg per 10 µl with 3 U T4 DNA polymerase and 0.2 mM
dATP to resect back the four bases at their 3′-termini. Reac-
tions were at 37°C for 30 min. Fragments were re-purified, cut
with BamHI, purified and ligated to 1 µg prepared vector.
Ligations were used for transformation.

Sequence analysis

Transformants were picked directly into PCR reactions which
were performed as described except that they used the M13
forward and reverse primers at 20 pmol per 50 µl. PCR
products were purified and sequenced using dye terminator
chemistry with the megaBACE sequencer (Amersham Pharmacia
Biotech). The Staden programs were used to remove the vector
and cloning adapters and non-recombinant sequences (17).
Remaining sequences were sent to the EBI for BLAST
comparisons to known sequences (18). Sites for the restriction
endonucleases BamHI, BglII and BpmI were mapped by the
GCG to regions of the genome, plus flanking sequences, that
BLAST matched to the sequences of the indexed fragments
(19). The mapped regions were examined to determine how
indexing had occurred. The GCG was accessed via the HGMP
computing services (20).

RESULTS AND DISCUSSION

Construction of plasmids for use as indexing adapters

The parent plasmid for all of the vectors was pUC19. We
wished to replace its polylinker with one containing unique,
adjacent sites for the Type IIS restriction endonucleases BsrDI
and BpmI. The former was used to produce a two-base over-
hang corresponding to the indexing end and the latter for
cutting into the indexed fragments following capture. First, the
two sites for BsrDI and one for BpmI in the ampicillin gene
were removed by using PCR to introduce neutral substitutions.
Separate PCR products were produced for each change and
then joined by recombination PCR (Fig. 1). Flanking XmnI and
AflIII sites were used to replace the corresponding region in the
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original plasmid. Separate double digestions of candidate
modified plasmids with BsrDI or BpmI each with XmnI were
performed and the products analysed by agarose gel electro-
phoresis to determine the positions of any differences
compared to pUC19. Plasmids lacking some or all of the original
BsrDI and BpmI sites were observed. One of these plasmids,
pIND10, having lost all three sites, was used for further work.

The polylinker of the pIND10 vector was removed by diges-
tion with EcoRI and HindIII and replaced by an adapter
containing the recognition sites for the restriction enzymes
BsrDI and BpmI of general design 5′-aattctggagnncatt-
gccgacaaggatcc and the complementary sequence 5′-agct-
ggatccttgtcggcaatgn′n′ctccag, where nn is one of the
dinucleotide pairs aa to tt and n′n′ is the corresponding,
complementary pair. Sixteen plasmid indexers were produced
so that digestion of the resultant constructs with BsrDI could
give rise to all combinations of two-base overhangs required
for indexing. Equimolar amounts of each complementary pair
were mixed and heated to 95°C before cooling to ambient
temperature. Paired oligonucleotides were ligated at 3 molar
excess to 200 ng of the cut vector in a 20 µl reaction. Ligated
material was cut with XbaI to select against the original
plasmid and the reactions used for transformation. Plasmids
were produced and cut with HindIII, BsrDI and EcoRI to score
for the new polylinker. Candidate plasmids were diluted 1 in
1000 in water and amplified by PCR using the primers
5′-AGGCACCCCAGGCTTTAC and 5′-CCGCACAGAT-
GCGTAAGG. PCR products were purified and their sequences
confirmed by using the PCR primers as sequencing primers.
The plasmids have been named pINDnn. The vectors in all of
our series are conventionally represented with the EcoRI site
of the original pUC19 plasmid on the left and the HindIII site

on the right. nn corresponded to the dinucleotide immediately
adjacent to their BpmI site in the direction of the BsrDI site so
that the two-base 3′-overhang produced by BsrDI corre-
sponded exactly to the two particular bases found at nn. For
example, pINDag has the dinucleotide ag in its upper single-
stranded 3′-end produced on digestion by BsrDI. In general
plasmids that produced pale blue colonies after 24 h at 37°C
had the required polylinker sequences.

Molecular indexing of human genomic DNA

Molecular indexing of human genomic DNA that had been
digested with the Type II restriction endonucleases BamHI and
BglII was performed as shown in Figure 2. The pINDnn
plasmids produced above were used as one of the indexers.
Prior cleavage of the plasmids at a unique BamHI site allowed
them to dimerise (Fig. 2A), thus facilitating their purification
from non-indexed fragments by size separation (Fig. 2B).

Approximately 1 000 000 fragments were produced and
sorted in two rounds of indexing. Adapters containing the site
for the Type IIS restriction endonuclease BpmI were ligated to
the BamHI/BglII fragments. BpmI was then used to expose
sequences that were internal to the 5′-gatc(a/c) ends. The first
round of indexing used two indexers, one of which was a
pINDnn plasmid (indexer 1, Fig. 2B). Size separation of the
dimerised plasmid was achieved by agarose gel electro-
phoresis. The purified material was re-digested with BpmI to
expose further bases for indexing within fragments that had
been co-selected by the plasmid indexer. Each indexer was
specific for a two-base sequence to achieve selection of six
bases in total. We used T4 DNA ligase, having already indexed
the BpmI fragments of bacteriophage λ with high fidelity (data
not shown). Taq DNA ligase may have greater fidelity but is
less efficient when the overlapping regions to be joined are
short (21). Blocking adapters having in combination all ends
except those of the indexers were used to prevent non-indexed
ends from joining so that chimeric fragments which may
participate in indexing did not result. The second and third
indexers but not the plasmid were used for final selection by
PCR. In this way only fragments having been indexed by all
three indexers should have been selected. Subsets were
produced using the indexers listed in Table 1. A BamHI site in
the second indexer was used for cloning or labelling of the
indexed material. Indexed material was fluorescently labelled
by digesting the DNA with BamHI and ligating the adapter
5′-gatcgctccagctgtcgagctt, having a 3′-FAM label, and its
complementary strand 5′-aagctcgacagctggagc, leaving a
5′-gatc overhang. Discrete peaks characteristic of the subsets
were reproducibly observed when the material was analysed
on a megaBACE capillary electrophoresis system (data not
shown).

Validation of indexing by sequence comparison

Male and female human genomic DNAs were indexed inde-
pendently. We wished to compare fragments in the subsets
with the available human sequence to confirm that the frag-
ments had been indexed correctly. Fragments from each subset
were therefore independently cloned and clones picked at
random for sequencing. Sequences are available via our Web
site (www.ccrt.org.uk). The sequences were compared with the
available human sequence to determine whether they had been
successfully indexed. The existing human sequence was

Figure 1. Removal of the BpmI and BsrDI sites of pUC19 by recombination
PCR. The indexing plasmids were created by replacing the polylinker region
of pUC19 with one containing adjacent sites for BpmI and BsrDI. Sites for
BpmI and BsrDI within the ampicillin gene of pUC19 were first removed.
Three overlapping regions between the XmnI and AflIII sites of pUC19 were
amplified using the primer pairs XmRa (5′-TCTCAACAGCGGTAAGATCC)
with Bp17Fa (5′-ACGCTCACCGGCACCAGATT), Bs19Ra (5′-CCTG-
TAGCTATGGCAACAAC) with IXB_Fa (5′-AGTATTTGGTATCTGCG-
CTC) and Bs17Ra (5′-CTCGCGGTATAATTGCAGCA) with AfFa (5′-
GGTAATACGGTTATCCACAG), which altered the sequence within the BpmI
and BsrDI recognition sites by introducing neutral substitutions (x in figure
and underline in sequence). Recombination PCR using primers XmRa and
AfFa joined the amplified regions. The new region was then used to replace the
original region between XmnI and AflIII of pUC19 producing plasmid
pIND10. (N.B. not to scale.)
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assumed to be correct even when known to be unfinished. The
organisation of the human sequence from which a correctly
indexed fragment had been obtained could be predicted (Fig. 3).
We expected sites for one of the restriction endonucleases
BamHI, BglII or BpmI to be found at each end of the sequence
corresponding to the correctly indexed fragment in the
genomic sequence to which it matched. The expected first and
second pairs of indexed bases should be eight bases from a
BamHI or BglII site or 14 bases from a BpmI site. Twelve bases
should separate the sites for the first and third pairs of indexed
bases. Failure to index correctly is indicated by any combina-
tion of: (i) unexpected bases at the site of those indexed;
(ii) incorrect location of the indexed bases; (iii) the presence of

Figure 2. (A) Dimerisation of plasmid pINDnn for use in indexing. (B) Plasmid pINDnn-mediated indexing of genomic DNA.

Table 1. Indexer combinations used to produce the subsets of genomic DNA
fragments

Subset Indexer 1 Indexer 2 Indexer 3

FG1 GG CA TC

FG2 CA GG TG

FG3 CC CT CG

FG4 GA CT AA

FG5 CT GA AC

FG6 CA CT CA

Figure 3. Representative example of correctly indexed genomic DNA and
flanking sequences. The figure shows all possible configurations of indexing.
A BpmI indexing adapter ligated to the BglII site exposes two bases for index-
ing which are eight bases from the end of the BglII site. The first indexer
ligated at these bases contains a BpmI site which allows two more bases to be
exposed for indexing 12 bases along. The BpmI site in the genomic DNA was
cleaved at the first BpmI digest and exposes two bases for indexing 14 bases
from the site. Restriction sites and indexed nucleotides are shown in bold.
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uncut restriction sites; (iv) the absence of expected restriction
sites in the human sequence but presence of the indexing
adapter or the PCR primer alone in the clone. PCR priming on
an internal part of a fragment is inferred by (iv). Results for the
indexer combinations FG1 and FG2 are shown in Tables 2 and
3, respectively. The first subset produced eight fragments that
had been indexed entirely correctly. Three fragments had an
indexer missing at one of their ends and presumably arose by
PCR priming not from an indexer but within the internal region
of a fragment. A further 20 had no human match or had an
ambiguous match to human sequences because of the presence
of repetitive sequences. One in 1920 (2/16 × 1/15 × 1/16) frag-
ments should on average be indexed to a particular subset. The
observed enrichment was at least 495-fold even if the ambiguous
fragments had been indexed incorrectly. Fragments whose
identity was unambiguous and that had been indexed correctly
suggest a higher success rate. The subset FG2 similarly
produced 15 correctly indexed fragments out of 47. Eight frag-
ments lacked an indexer, which suggested internal priming,
and the remainder had an ambiguous origin. This corresponds
to an enrichment of 612-fold. Interestingly, two of the frag-
ments had been indexed correctly if it was assumed that BpmI
had cut one base further on than expected (Table 3, AC020705
and AC023282). Similar results were obtained for the
remaining FG subsets.

Having found correctly indexed fragments in the FG subsets,
further subsets were analysed to determine their indexing effi-
ciencies. The results for the indexer combination first TT,
second AG, third GT with male genomic DNA are shown in
Table 4 and summarised in Table 5 for this and other combinations
of indexers with independent samples of male and female

DNA. The fragments in Table 4 were classified where possible
according to the relative success of their indexing and also
according to the arrangement of known repetitive sequences in
the fragments. The details for a clone corresponding to each
general classification are listed in each case.

Observed enrichment comparing likely successes and failures
based on the database matches was calculated as 686- to
1411-fold (Table 5, column A) and the overall efficiency
ranged between 35.7 and 76.3% (column B). Accurate ligation
of indexers was observed for between 68.4 and 99% of the
events depending on the indexed population (column C). A
population of up to 21% of the fragments, dependent on the
subset, had one of their correctly indexed sites at one base
distant from that predicted for BpmI (column E). The majority
of these had been indexed correctly in all other respects. We
believe that cleavage by BpmI had occurred at 17/15 because
when the site of the first indexer was affected the position of
the third indexer was always found at the new expected site.
Displacement of the expected cleavage site has been reported
for certain Type IIS restriction endonucleases which are
thought to measure distance along the DNA rather than the
actual number of bases (22). We are examining subsets in
which the observed fragments would be expected. It can then
be determined whether such events are rare, selected by the
process, or whether they are a common phenomenon.
Cleaving at 17/15 was not observed when the residual
BamHI site intervened, suggesting a sequence-specific
phenomenon, but no pattern was obvious. We would have
reported higher efficiencies of indexing if we had included in
the total of correctly indexed fragments the fragments for
which a one base slip had occurred in the location of the BpmI

Table 2. Genomic sequences corresponding to the ends of correctly indexed fragments from subset FG1

Tables 2 and 3 show examples of correctly indexed fragments of human genomic DNA. The original BamHI/BglII or BpmI sites are shown in bold. Correctly
seclected 2-base overhangs are also shown in bold.

Accession no. Start of
sequence
match

Sequence showing correct indexing at 5′ region of match Sequence showing correct indexing at 3′ region of match End of
sequence
match

AC004882 161126 GTGCTGGAGGAAGGGGCCCTGGGCAGGG GTGCTGGAGGATATTGCTGAAGACCTGT 161377

CACGACCTCCTTCCCCGGGACCCGTCCC CACGACCTCCTATAACGACTTCTGGACA

AC008464 104583 TTTCACTTATCATAATGTCCTCCAGGTT GAGGCCAGGCTTTCCCAGTTCATTGTTGTTCTCCAG 104812

AAAGTGAATAGTATTACAGGAGGTCCAA CTCCGGTCCGAAAGGGTCAAGTAACAACAAGAGGTC

AC018371 84110 CTGGAGTTTGTGGCTGATGAGGGCATCTGCTACCTCC ATGTGACTGCCATCAACTGTAATGAAAAGATCTA 84351

GACCTCAAACACCGACTACTCCCGTAGACGATGGAGG TACACTGACGGTAGTTGACATTACTTTTCTAGAT

AC024719 92331 TCTCTGGAGAACCCTGACTAATTCAGCAC GAGTTTCTTGGTGTCCCCTTCCATTTTTCACTCCAG 92552

AGAGACCTCAAGGGACTGATTAAGTCGTG CTCAAAGAACCACAGGGGAAGGTAAAAAGTGAGGTC

AC067889 38557 AGAAGGCGAGGGACCGGCTCCTCCAG CTTGAGAGGAGAGCTGTTCTCCAGAG 38720

TCTTCCGCTCCCTGGCCGAGGAGGTC GAACTCTCCTCTCGACAAGAGGTCTC

AL035690 76650 TCAGAGATCTTTCAGGTCCAGAT CTGGAGGACGTAGCAGTAAACCTCGGCAG 76865

AGTCTCTAGAAAGTCCAGGTCTA GACCTCCTGCATCGTCATTTGGAGCCGTC

AL157397 90001 CTGGAGGTGGTATTTGCTATCACTTTA GAGGAGAGGCCAGGCCACTGAGTGGCCCTACTCCAG 90524

GACCTCCACCATAAACGATAGTGAAAT CTCCTCTCCGGTCCGGTGACTCACCGGGATGAGGTC

AP002781 18977 TAACCAGTGGAGTGGATGAACTCCAG CTGGAGGAAGCCCCAATAGCCCCTCAC 19357

ATTGGTCACCTCACCTACTTGAGGTC GACCTCCTTCGGGGTTATCGGGGAGTG
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cleavage site. Repeat sequence DNA can occur at any
combination of either end or the middle of an indexed frag-
ment. When fragments consisted entirely of repetitive
sequences, it was not always possible to determine whether
indexing had been successful because there were multiple
possible origins for the fragment (column H), for example
clone M2-01-B08 (Table 4). It was rare for the repeat sequence
to have been indexed incorrectly when it was possible to identify
the actual location of an indexed fragment containing repeat
sequences in the genome data, for example clone M2-01-C03
(Table 4). This suggests that such sequences do not markedly

affect the process. Of the fragments, 15.1% had no match to
human or any other database sequences and were therefore
presumed to be unique sequences having originated in parts of
the human genome that have yet to be sequenced (Table 5,
column F). This figure increased to 26% including fragments
that matched known repetitive sequences but which otherwise
had no match. We allowed fragments having the original
adapter to amplify in the final PCR so that failure of the first
BamHI and BglII cuts could be detected. They were observed
only once in 320 fragments. Internal priming and restriction
endonuclease failures account for the remaining loss of effi-

Table 3. Correctly indexed fragments from subset FG2

Tables 2 and 3 show examples of correctly indexed fragments of human genomic DNA. The original BamHI/BglII or BpmI sites are shown in bold, as are
correctly selected 2-base overhangs.

Accession no.Start of
sequence
match

Sequence showing correct indexing at 5′ region of match Sequence showing correct indexing at 3′ region of match End of
sequence
match

AC004387 9739 TGTGGATCCTCTAATATGGGCTT TGCAGCTTTGAACTCCTGGGCTCAAGGGATCCTCT 9991

ACACCTAGGAGATTATACCCGAA ACGTCGAAACTTGAGGACCCGAGTTCCCTAGGAGA

AC004447 68134 ACGGATCCCAGGAGCCCACACATGACATCCTGCAG CCTTCCAATGCAGGGGATCCCAGG 68365

TGCCTAGGGTCCTCGGGTGTGTACTGTAGGACGTC GGAAGGTTACGTCCCCTAGGGTCC

AC00611 1780125 TTGCTGGAGGTTAGAGACTAGTTGGAGA CACACTCTAATAACTGTACAAAAATAGCGACTCCAGCT 78323

AACGACCTCCAATCTCTGATCAACCTCT GTGTGAGATTATTGACATGTTTTTATCGCTGAGGTCGA

AC009112 74773 GAAGGATCCAAGAGAGAGGGCCA CTGGAGCCAGGAGTCAGGCCCTGCATTCAAATCCTGCCTCCG74972

CTTCCTAGGTTCTCTCTCCCGGT GACCTCGGTCCTCAGTCCGGGACGTAAGTTTAGGACGGAGGC

AC012590 100723 TAGGATCCCATTGATTCATTATTCCAGAGATGTAA CCCCCTGACTTTCCATTGCTCCAGCCC 100591

ATCCTAGGGTAACTAAGTAATAAGGTCTCTACATT GGGGGACTGAAAGGTAACGAGGTCGGG

AC016699 137182 CCAAGATCTCGCCACTGCACTCCAGCCTGGGTGACA GGTTCCTGTGCTGGGCGTGCCTCCAGAGT 137626

GGTTCTAGAGCGGTGACGTGAGGTCGGACCCACTGT CCAAGGACACGTCCCGCACGGAGGTCTCA

AC020705 156518 TGGATCCCCTCAGCTCAGATGCTTTTTTAATGCCT CTCCTCCAATTTTAAAGTCTCCAGGTT 156518

ACCTAGGGGAGTCGAGTCTACGAAAAAATTACGGA GAGGAGGTTAAAATTTCAGAGGTCCAA

AC023282 231740 ATTCTGGAGCAGAGGTTTTGCTGAGGACAT TGGGCTGGAGCAGAATGTTTTCCATGTCCCT 232000

TAAGACCTCGTCTCCAAAACGACTCCTGTA ACCCGACCTCGTCTTACAAAAGGTACAGGGA

AC02551 54479 GTGGATCCTAATTTCCCAGATCCTGGCAGCTGCTTG GATTCCCTCTCCTTACCTATCTCCAGGAG 54771

CACCTAGGATTAAAGGGTCTAGGACCGTCGACGAAC CTAAGGGAGAGGAATGGATAGAGGTCGTC

AC067804 1233008 TTACACACAGCCACGGCTGCTCCAGCGC CAGCAAGCCTGCCCCACCCTAAGGATCCTCA 123218

AATGTGTGTCGGTGCCGACGAGGTCGCG GTCGTTCGGACGGGGTGGGATTCCTAGGAGT

AC074050 57647 TACCTGGAGGGGCCTGGGCCTGAGGAACC GCAACCCCAGAACGGTGACTAAAAGGTGGGACTCCAGGG 57881

ATGGACCTCCCCGGACCCGGACTCCTTGG CGTTGGGGTCTTGCCACTGATTTTCCACCCTGAGGTCCC

AL138688 47078 CAGCTGGAGGGAAGAGACGCGCAGGGCA TCTCACAGGTCTAGGGGTGAGGCTGAAGGATCCAAC 47214

GTCGACCTCCCTTCTCTGCGCGTCCCGT AGAGTGTCCAGATCCCCACTCCGACTTCCTAGGTTC

AL139251 3071 CTGGAGACACCTTCAGAATGCACTGAATTTACCCTGTC GCCCAAGAACTGGCTGGCTCCAGGAT 3461

GACCTCTGTGGAAGTCTTACGTGACTTAAATGGGACAG CGGGTTCTTGACCGACCGAGGTCCTA

AL161660 17826 GGAAGATCTGGGGCAGTGGGGTG AACAAAAAACCCAAAATGCCGTGGAACGGACACTCCAGTG 178640

CCTTCTAGACCCCGTCACCCCAC TTGTTTTTTGGGTTTTACGGCACCTTGCCTGTGAGGTCAC

AL359384 103055 CTGGATCCCCATTCTGCACCCCCTGAGTGATGGG TATCCATGGTCACAGATCTT 103414

GACCTAGGGGTAAGACGTGGGGGACTCACTACCC ATAGGTACCAGTGTCTAGAA

AP001357 144168 CTGGAGATGGGCTGGCACCACAACAAAGTTGCCCTGTGC TATGCCACCCTGGTTCCTACCTCCAGGC 14490

GACCTCTACCCGACCGTGGTGTTGTTTCAACGGGACACG ATACGGTGGGACCAAGGATGGAGGTCCG

D86998 23584 CTGGATCCCCTCCTCCCAGGTTTCTTTTCCTGCCC GCTCCAGCCATGCTTTCAGCTCCAGGGC 23870

GACCTAGGGGAGGAGGGTCCAAAGAAAAGGACGGG CGAGGTCGGTACGAAAGTCGAGGTCCCG
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ciency after the ligation errors. Complex patterns of cleavage
were discernible, for example M2-01-D09 (Table 4), where the
corresponding genomic sequence suggested that cleavage from

the indexer had occurred twice. Apart from the entirely repetitive
sequences, five fragments occurred twice and one fragment
three times in the indexed subsets (Table 5, columns K and L).

Table 4. Frequency of types of fragments with respect to indexing success and presence of repeat sequences as isolated from male genomic DNA by the indexer
combination first TT, second AG, third GT

(N rs missing), restriction site not found; (n), intervening base at indexed site; L, M, R, repeat sequence at left end, middle and right end of sequence; E, M or ∼,
repeat sequence at one end of sequence; rep, repeat sequence with unambiguous EMBL match; Rep, repeat sequence with no unambiguous EMBL match; 1,2,3,
1st, 2nd and 3rd indexed sites, respectively; Nned, position N has no corresponding EMBL data; 100%, all restriction sites and indexing as expected; (Nx), posi-
tion of incorrect indexer; (Ns+1), correct index site found 1 base beyond expected; NCP, no conclusions possible; No match, no EMBL match.

Indexing history Frequency of
occurrence

Type of fragment indexed from human genomic set M2

Example
clone ID

Position of
repeat

Sequence
start

Sequence
end

Length/repeat EMBL start EMBL end EMBL ID

100% 10 M2-01-A03 ∼,∼,∼ 603 679 76 15627 15703 EMU:AC076972

100% 6 M2-01-H09 19644 20266 622 151320 151944 EM:AC005510

∼,M,∼ 19681 19883 1204

20024 20061 Simple_rep

100% 3 M2-01-G03 16034 16370 336 97122 96787 EM:AC007736

∼,∼,E 16258 16379 LINE/CR1

100% 7 M2-01-E06 10137 10388 251 48579 48329 EMU:AL357555

∼,M,E 10222 10387 SINE/MIR

4867 5162 LTR/ERV1 rep

100% 3 M2-01-C03 L,M,R 4872 5161 289 134858 135150 EM:AC021187

4995 5158 163 43767 43930

(1s+1),2,3 5 M2-01-E10 ∼,∼,∼ 10767 10923 156 78623 78778 EMU:HS436C18

1,2,(3s+1) 5 M2-01-B04 2128 2418 290 56637 56348 EM:AC025375

∼,M,∼ 2294 2335 LINE/L2

(1ned),2,3 1 M2-01-F03 12862 13012 150 39363 39214 EM:AC016680

∼,M,∼ 13002 13202 SINE/Alu

1,2(ned),3 2 M2-01-A02 29 508 479 98237 98713 EMU:AC069303

E,M,∼ 29 69 LTR/ERV1

70 456 LTR/MaLR

174 249 75 20629 20704 EMU:AL354813

457 508 LTR/ERV1

100% but 2 M2-01-D09 7827 8419 592 147210 146615 EM:AC020708

2 vector cuts ∼,M,∼ 7836 8250 LTR/ERVL

(1 rs missing),2,3 2 M2-01-G05 16783 17155 372 127940 127566 EMU:AL157392

L,∼,∼ 16783 16824 LINE/L1

(1s+1),2,(3g(c)t) 1 M2-01-E05 ∼,∼,∼ 9958 10094 136 103050 103185 EM:AC011306

1,(2×),3 1 M2-01-H12 20461 20485 24 122080 122056 EM:AC024490

∼,M,∼ 20486 20772 SINE/Alu

20774 20908 134 194 328 EM:BF103834

1,(2×,3×) 1 M2-01-G06 17199 17277 78 13081 13003 EM:AC009067

∼,M,∼ 17266 17559 SINE/Alu

17570 17618 48 12710 12662 EM:AC009067

NCP 1 M2-01-B03 ∼,M,E 2014 2095 SINE/Alu Rep

M2-01-B08 L,M,R 2981 3051 LTR/MaLR Rep

NCP 5 3013 3036 23 114762 114739 EM:AL450303

3049 3078 29 27436 27407 EMU:AC073493

3052 3129 SINE/Alu

NCP 11 M2-01-A05 689 1162 473 No match
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Different individuals contributed the multiple instances in half
of the cases. The fragments occurring multiple times had
always been indexed correctly, were all found to have an
unambiguous location in the genome and did not contain any
known repetitive sequence. This suggests an indexed popula-
tion comprising discrete, correctly indexed fragments and a
complex background of incorrectly indexed fragments, the
latter contributed by the different types of errors reported
above.

Standard methods of detecting indexed fragments for
comparative purposes include gel electrophoresis and hybrid-
isation. The least efficient indexing that we observed was
35.7% (Table 5, column B). This corresponds to an enrichment
of at least 686-fold. Provided that incorrectly indexed frag-
ments contribute a background with a uniform distribution of
sizes and no obvious biases for selected parts of the genome,
we would not expect detection of the correctly indexed frag-
ments by either approach above to be compromised. The
cloned fragments whose indexing fate was known were used to
determine the sizes of the genomic fragments that had most
likely been indexed. Fragments from the first four subsets of
Table 5 were used. Their size distribution together with that of
fragments considered to have been indexed incorrectly is
shown (Fig. 4). Incorrectly indexed fragments are clearly in the
minority and have a size distribution similar to that of the
correctly indexed fragments. They would therefore not be

expected to affect comparative studies. Fragments of below
100–150 bp were rare, consistent with the size selection used.
The mean size was 435 bp. This presumably represents a bias
against the larger fragments during the PCR and cloning. The
overall size distribution is ideal for comparative studies using
conventional or automated fluorescent gel electrophoresis.

Other reports of molecular indexing cannot be directly
compared to our approach because they have targeted cDNA
(8–12). The range of abundances at which different cDNAs
occur makes it impractical to calculate the fidelity of their
indexing. cDNA is also a less stringent test of indexing than
genomic DNA because the lower complexity of the former
reduces the opportunity for PCR and ligation errors. Reports
for which it is possible to estimate the fidelity of indexing
suggest lower levels than we obtained. The same fragment of
cDNA for skeletal muscle was found in two independent
indexed subsets, suggesting indexing failure in at least one
case (12). Ligation fidelity of 100% has been observed for
cDNA indexing, but this was using a low ratio of indexer to
cDNA and there was an associated increase in internal priming
during PCR (21). The overall fidelity of indexing in this case
was 21.3%. The highest fidelity of indexing in the same report
was 32.5%. Four bases had been selected in both cases, so a
lower overall fidelity would have been expected if, as in our
report, six bases had been targeted. A further complication in
interpreting other reports is that their fidelities concern frag-

Table 5. Summary of indexing results with respect to fidelity of the indexing steps and unambiguous fragments indexed more than once

(A) Enrichment assuming 1/1920 fragments selected.
(B) Indexing efficiency assuming 1/1920 fragments selected.
(C) Percentage of indexed ends found to have the expected indexed bases at the indexed point in the genomic sequence.
(D) Number of fragments found to have been indexed correctly.
(E) Number of fragments found to have been indexed correctly and BpmI had cut at onr base further than expected.
(F) Number of fragments with no significant match to sequence databases.
(G) Number of fragments found to only partially match sequence databases.
(H) Number of fragments found to consist entirely of repeat sequence DNA.
(I) Number of fragments for which the sequence database was not complete.
(J) Number of fragments with one or more ends not indexed.
(K) Number of correctly indexed fragments with unambiguous genomic location that were isolated twice.
(L) As (K) except number of fragments occurring more than once in combined male and female indexed subsets of the same type.
NB. Fragments can count towards the totals in more than one row of a column.

Source
of DNA

Indexer A B C D E F G H I J K L

1st 2nd 3rd Enrichment Indexing
efficiency
(% 1/1920)

Ligation
fidelity
(%)

Indexing
as
expected

17/15
BpmI cut

No
EMBL
match

Partial
EMBL
match

Repeat
sequence
element

Indexing
partially
determined

One or
more ends
not
indexed

Fragments
occuring
twice

Total
fragments in
multiple
instances

Female ga ct aa 1371 71.4 99.0 25 3 5 5 16 2 10 0 2

Male 1411 73.5 97.3 36 8 2 3 13 0 13 1

Female tt ag gt 1280 66.7 91.4 20 6 7 9 0 2 10 0 4

Male 1465 76.3 95.9 29 10 11 2 6 3 8 1

Female ac cc tc 686 35.7 89.5 5 2 2 8 0 1 9 1 4

Male 754 39.3 81.3 11 2 12 6 5 2 17 0

Female ca cg tg 960 50.0 68.4 8 0 2 3 0 1 8 1 3

Male 1280 66.7 75.0 8 1 2 7 4 1 4 0

Female gg at aa 1200 62.5 70.8 15 0 0 11 8 0 9 0 0

Male 891 46.4 77.8 13 2 18 6 11 0 15 0
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ments that have been gel purified following indexing. This
ignores the contribution of the background which we have
found to contain a significant proportion of incorrectly indexed
fragments. The overall indexing fidelities of between 35.7 and
76.3% that we report for selection of six bases from genomic
fragments sets a standard for other approaches. Now that we
have identified the factors affecting overall fidelity, we expect
further improvements to be made, for example by changes to
the PCR.

There are a minimum of 60 and 47 unique, correctly indexed
fragments for the combined male and female data for the first
two subsets of Table 5, respectively. These were the subsets for
which the most fragments had been isolated. The small
numbers of fragments occurring more than once (Table 5,
columns K and L) suggests a significantly greater total popula-
tion. Performing additional rounds of indexing to decrease the
number of fragments obtained can facilitate comparison by, for
example, electrophoresis. This can be simply achieved by
including a BpmI site in one of the final indexers to expose
more internal sequence. The exposed sequence can be labelled
using an adapter that is specific for one of the 16 possible
two-base overhangs, with a consequent increase in resolution.
Alternatively, PCR can be postponed until all rounds of

indexing are complete. A maximum of five independent
indexing steps, each selecting a two-base sequence, would be
required to yield approximately a single indexed fragment per
final indexed subset (106/165). It is expected that increased
indexing would be unnecessary for detection of indexed frag-
ments by hybridisation to corresponding arrays of indexed
fragments since the overall complexity of the population obtained
after three independent rounds of indexing (∼100 000 bp) is
within the detection limits of such systems.

Our approach yielded human sequences that previously had
not been reported and we have also found that BpmI may
cleave up to a few bases beyond its expected site. The approach
is now being adopted for screening breast cancer samples for
allelic imbalance with regard to loci of tumour suppressors and
oncogenes. Use of Type II restriction enzymes with sensitivity
to methylation will also make it possible for us to screen for
changes in methylation status.

CONCLUSION

We have produced a series of plasmids pINDnn and shown that
they can be used to index fragments of human genomic DNA
and purify the indexed fragments. Iterative indexing from the

Figure 4. Frequency distribution of sizes of original indexed fragments from the subsets F1, F2, M1 and M2. Independent clones of fragments indexed originally
from human genomic DNA were sequenced and the sequences compared to the EMBL database to find the corresponding genomic human sequences. The sizes
of the originally indexed fragments were determined from the positions of presumed indexed sites found in the EMBL sequences corresponding to the clones
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sites for Type II restriction endonucleases has been demon-
strated. Enrichment >495-fold and up to 1411-fold was
observed. Increased rounds of indexing would be expected to
achieve greater resolution. It is likely to be possible to design
adapters containing the site for a Type IIS restriction endonu-
clease for use with the ends produced by most restriction endo-
nucleases to access particular regions of defined fragments or
particular features such as methylation. In order to study most
regions of the genome it will no longer be necessary to clone or
isolate with PCR primers corresponding to the region of
interest. The regions of interest may be accessible in principle
by a suitable combination of restriction enzymes and indexing
adapters.

The approach is already suitable for screening human
genomic DNA (3.2 × 109) (23) and could be used for global
comparisons by differential display-type screens or coupled
with microarrays. The detection sensitivity of the latter would
be enhanced (5). In contrast to some other types of screening,
indexing retains the selected targets as amplicons for further
investigation.
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