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Abstract: This paper discusses an original technique, Sequencing by Aligning
Mutants (SAM), the purpose of which is to overcome sequencing difficulties
caused by problematic genomic regions where local sequence characteristics
hinder existing sequencing technologies. It involves forming a number of
mutated copies of regions of the target DNA, cloning and sequencing each
of these mutated fragments. The effectiveness of SAM technology is demon-
strated by sequencing of problematic DNA elements. An application of SAM
technology to chip-based sequencing-by-hybridization (SBH) is discussed.
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1. Genome Sequence Assembly

All genome sequencing projects regularly encounter regions that yield no data
with current sequencing strategies1,2,3. These gaps are present for several rea-
sons including under-representation of sequences in libraries4,5, the inability
to assemble complex sequence regions correctly6,7 and the presence of DNA
motifs that are intractable to cycle sequencing4. The human genome project
provides many examples of each of these different impediments to sequencing
and serves to illustrate the measures that may be taken to overcome them.

1.1 Assembly of the Human Genome
The haploid human genome consists of a total of 3.1 Giga base pairs (Gb).
The International Human Genome Project (IHGP) commenced in 1994 as
collaboration between medical research agencies, genome institutes and
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laboratories to sequence the genome. Current achievements and progress8,9 in
this very large sequencing project illustrate the practical difficulty in deter-
mining all sequences completely within a genome, despite the enormous
resources devoted to it.

The IHGP and other genome programs have established an international
quality standard for “finished genomic sequence” to enable the comparison
of genomic data from different programs and organisms, and also to define
the standard that all genomic sequencing projects should seek to attain.
“Finished sequence” is properly defined as the “complete sequence of a clone
or genome, with an accuracy of at least 99.99% and no gaps”10. A more prac-
tical definition is that of “essentially finished sequence”, meaning the com-
plete sequence of a clone or genome, with an accuracy of at least 99.99% and
no gaps, except those that cannot be closed by any current method. The stan-
dards also provide an “end point” for the completeness of genome data with
any gap to be smaller than 150 kb and with more than 95% of the euchro-
matic regions as finished sequence. Sequence data that fall short of that
benchmark but which can be positioned along the physical map of the
chromosomes are termed ‘draft’.

Following the publication of the initial drafts of the sequence1,2 in 2001 in
which approximately 80% was sequenced, the project moved deliberately
towards the finishing process. Currently, the work is still a mosaic of finished
and draft sequence. About 87% of the total genome is finished sequenced9

and less than 13% is at the draft stage, although the gene-rich euchromatic
parts of the genome (comprising approximately 2.95 Gb) are about 94%
complete “finished” sequence, achieving the IHGP standard. In contrast, het-
erochromatic parts of the genome contain sequences that are more recalci-
trant to current sequencing technologies. Additionally, the assembly of many
large sequenced repetitive regions is incomplete, as algorithms cannot pro-
vide finished sequence at an acceptable standard. Consequently, many
heterochromatic parts of the human genome must be considered as draft.

1.2 Shotgun Sequencing Strategies
Several strategies for shotgun sequencing, such as “hierarchical” or “map-
based shotgun sequencing”, “whole-genome shotgun” sequencing and hybrid
approaches11, are still being evaluated for multimegabase- or gigabase-sized
genomes of metazoans. The IHGP commenced as a map-based shotgun pro-
gram, but recently has introduced some hybrid approaches. Perceptively,
Waterston et al5 note that a “great challenge arises in tackling complex
genomes with a large proportion of repeat sequences that can give rise to mis-
assembly”. They argue that without reference to the IHGP builds, whole
genome shotgun assembly methods pioneered by Celera would fail to assem-
ble much larger regions containing repeated DNA motifs and that a whole
genome sequencing approach alone would produce fewer assembled regions
and more or larger gaps. This assertion highlights a problem common in the



assembly of repeated DNA regions, whether using shotgun data or hierar-
chical shotgun data – that repeated regions possess few “landmarks” that
allow definition of the correct order of sub-repeats within the repeated DNA
elements.

1.3 Gaps in the IHGP Working Draft Sequence
To illustrate the regions of unfinished sequence of the human genome, Aach
et al4 compared the “gaps” in sequence data and the “gaps” between assem-
bled finished sequence obtained by the IHGP1 using “hierarchical shotgun
sequencing” and Celera’s2 approach using “whole genome shotgun”
sequencing. This comparison is shown in Figure 15.1.

Notably, whole genome shotgun sequencing produces many small assem-
bled regions, punctuated by very many gaps frequently several Mb in size.
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FIGURE 15.1. Size of continuous strings of Ns in the Celera (Cel) and Human
Genome Project (HGP-nr) non-redundant genome assemblies. Long strings of Ns are
used to represent gaps, but do not always represent gap size. The Celera assembly con-
tained 169,779 stretches of Ns ranging in length from 1 to 168,735. The HGP-nr
assembly contained 407,686 stretches of Ns ranging in length from 1 to 2,500.
Reprinted with permission from Aach et al (2001) Nature 409, 856.



The hierarchical-shotgun sequencing approach produces much larger assem-
bled regions, punctuated by numerous smaller gaps. These gaps appear in all
sequenced regions of the human genome – the euchromatic parts, as well as
in the heterochromatic parts. The gaps that occur in the IHGP working draft
sequence fall into several general classes, which are:

i. Gaps within the sequence of ordered clones. Such gaps are mostly small
(<200 bp) and represent unclonable regions or unsequenceable motifs
within the sequencing libraries.

ii. Gaps between ordered clones and contigs. These are frequently larger
gaps up to 0.3 Mb in size. The gaps again represent unclonable or under-
represented regions that have not reached quality standards. In addition,
the gaps may represent non-reconstructable regions, frequently highly
repeated motifs, which despite being able to be sequenced cannot be
reconstructed to acceptable quality standards.

iii. Gaps in large repeat regions. Whilst the primary sequence of large
repeated regions may be able to be determined, the scale and subtle vari-
ant forms of the repeated sub-repeat motifs often prevents accurate
assembly and ordering of these larger regions. This problem has been
noted particularly for the assembly of megabase long repeated regions,
such as telomere and centromere regions6,12 and their flanking sub-
repeated regions13.

iv. Gaps may also be due to (almost identical) segmental duplications. The
detection and correction of errors in assembly of segmental duplications
will certainly be of increasing importance for key gene families and
regions important for human medicine.

1.4 Segmental Duplications
Eichler6 and Bailey et al7 considered large recent duplication events that fell
well-below levels of draft sequencing error. Duplications of genomic
regions (alignments 90%-98% similar and greater than or equal to 1 kb in
length) comprise more than 3.6% of all human sequence. These duplications
show clustering within the genome, and have up to 10-fold enrichment
within peri-centromeric and sub-telomeric regions – regions of high mobil-
ity and sequence rearrangement. Duplicated sequences were found to be
over-represented in unordered and unassigned contigs, indicating that
duplications are difficult to assign to their correct position, even in recent
assembly builds of the human genome. As shown in Figure 15.2, the under-
representation or mis-assembly of duplicated sequences are also likely to be
a major source of undetected error in current genome assemblies.

Correction of such errors will emerge from re-sequencing projects,
from comparison with homologous genomic regions from closely related
organisms, and through detailed re-examination of current genomic
sequencing data14.
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2. Sequencing by Aligning Mutants

This paper discusses a new and original approach to sequencing of difficult
and repeated motifs, “Sequencing by Aligning Mutants” (SAM)15-18. As
shown in Figure 15.3, SAM involves forming a number of randomly mutated
copies of regions of the target DNA, then several of the mutated fragments
are cloned and sequenced. The mutants should ideally be sufficiently altered
that they no longer possess the characteristics that caused sequencing diffi-
culties in the target, so existing sequencing techniques are applied more eas-
ily and successfully. However, the mutants must also be sufficiently similar to
the target such that the original sequence can be inferred by analyzing the
mutated sequences.

By aligning the sequenced mutated fragments to each other and to avail-
able pieces of the target sequence, mutation sites are identified and corrected
for, enabling previously difficult-to-sequence regions of the target to be deter-
mined. The information content of the original sequence is not lost, but is
merely distributed amongst multiple fragments. The randomness of the
mutations is important for another reason: it enables sequence information
lost in one mutant to be retained in most of the others.
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FIGURE 15.2. Errors in the identification and assembly of repeated regions – “seg-
mental duplications” are likely to be a major source of undetected error in current
genome assemblies. Correction of such errors will emerge from re-sequencing proj-
ects, from comparison with homologous genomic regions from related organisms and
through detailed re-examination of current genomic sequencing data and assemblies.
Reprinted with permission from Eichler (2001) Genome Research 11, 653-656.



2.1 Local Sequencing Problems
DNA sequence reads are frequently impaired by small motifs that may form
secondary structures and other structures that impede the extension of DNA
by processive polymerases19,20. Such recalcitrant motifs are often AT- or GC-
rich repetitive regions that have either high thermal stability or other non-
standard characteristics not found in mixed sequence DNA. Yet other small
regions that cause sequence gaps may be unclonable or unstable in bacterial
cells3,21. SAM techniques provide a novel method for obtaining sequence
data from these intractable regions and could potentially enable genomic
researchers to close the gaps present in the genome sequence maps.

Applying SAM with a sufficiently high mutation rate can potentially mod-
ify inverted repeats and prevent the formation of stem-and-loop structures by
disrupting inverted repeat sequences. More generally, mutation can reduce
repetition, raise or lower GC content and modify sequences that interfere
with cloning host or vector functions or which inhibit DNA manipulations,
rendering the recalcitrant fragment amenable to cloning and sequencing. Our
calculations17 indicate that with a substitution rate of 10%, it should be
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FIGURE 15.3. Sequencing aided by mutation (SAM) is a counter-intuitive overall
approach to sequencing. Problematic motifs and regions are mutated sufficiently to
overcome the obstructive cause to its cloning or sequencing. Random mutations make
different altered copies of the region. The sequences determined from a low number
of altered copies can be used to reconstruct the original wild-type sequence.



possible to reconstruct the original sequence with an accuracy of less than
one error per 10,000 bases using a small number of mutated fragments.

2.2 Base Content
Human chromosomes display wide variation in their regional nucleotide
composition that in part reflects the classical euchromatic and heterochro-
matic regions. For example, each human chromosome has large swings in GC
content:

● one stretch might have as much as 60 percent GC,
● while an adjacent stretch might have only 30 percent GC
● different GC content regions may cause sequencing difficulties for current

sequencing technologies and approaches.

Some other organisms have even more extreme nucleotide bias than man.
For example, the genome of Dictylostelium discoideum is approximately 70%
AT, although its chromosomes also display local regions with still higher AT-
rich motifs, as well as lower AT content3. DNA regions with extreme or high
GC or AT composition may also cause sequencing difficulties, causing
sequencing enzymes to fall off the DNA template prematurely, or to slip and
jump bases21.

Again, these motifs may interference with either cloning vector or cloning
host functions, reducing the representation of the motif within cloned
libraries. Indeed, efforts to sequence genomes with extreme AT or CG con-
tent are often confounded by a high level of failure to sequence clonable
regions, as well as difficulties in gaining library representation of large por-
tions of the genome 3. Underrepresented regions create gaps, and as they are
undefined may in some cases be difficult to isolate even with directed efforts
to identify them. Potentially, the introduction of random mutations into
whole genomes or into large fractions of genomes could lead to elimination
some problem motifs, resulting in increased clonability and larger library
representation of variant forms of these recalcitrant sequences.

3. Dye Terminator Cycle Sequencing

3.1 Repeat Sequences
Many patterns of bases create difficulties for Taq DNA polymerase cycle
sequencing and DNA amplification. These patterns may be small, extending
over some 30-300 bp, or may be larger, extending over 1 kb or up to many
kilobases in length. Homopolymer tracts are one example of recalcitrant
local motif (see Figure 15.4). Other larger repeated motifs such as microsatel-
lite repeats (~ 3-6 bp repeat motif)21, LINE and SINE elements22 may also
present barriers to sequencing. In some cases the physical order of the motifs
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can cause problems for DNA stability and problems for sequencing enzymes.
For example, direct repeats may cause problems with PCR, causing primers
to mis-prime at multiple sites. Inverted repeats cause hairpins and other com-
plex DNA structures which may be incompatible with plasmid stability or
sequencing systems19-21.

3.2 Improved Sequencing of Simple-Repeats Using 
SAM Techniques

Figures 15.4 and 15.5 illustrate the use of SAM technologies: homopolymer
A tracts that cause difficulties for commercial sequencing kits were used as
test molecules.

Figure 15.4A shows the wild-type element in which the sequence could not
be determined, with harmonic stutter caused by polymerase slippage and
restarts obliterating the usual chromatograph pattern. Following mutation of
the region, the sequence of a representative variant shown in Figure 15.4B
could be read directly using the same commercial sequencing kit. The
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FIGURE 15.4. Comparison of ABI version 2.0 Big-Dye terminator sequencing of wild-
type and mutant variant sequences. Bar indicates the problematic motif. A: the wild-
type clone (SAM51) contains a homopolymer motif that prevents dye-terminator cycle
sequencing. B: Introducing random substitution mutations can reduce the uniformity
of the problem motif. One mutated variant of SAM51 is able to be readily sequenced
using conventional sequencing technology.



introduction of random substitution mutations reduced the uniformity of the
problem motif and allowed Taq polymerase to extend through the region.
The elimination of stutter bands created a well-defined chromatogram with
uniform peaks and good peak separations.

Figure 15.5A displays another wild-type simple repeat region, the sequence
trace through the repeat motif is poor, with a weak signal causing the mis-
calling of some bases and a miscalling of the unit size of the repeat.
Although the chromatogram is readable beyond the repeat motif, peaks are
broad and potentially miscalling could occur here. Following the mutation of
the region, the sequence of a representative variant shown in Figure 15.5B
was strong and could be read directly using the same commercial sequencing
kit. Again, the introduction of random mutations reduced the uniformity of
the motif and allowed Taq polymerase to extend through the region and
beyond with uniform peaks and good peak separations.

Figure 15.6 shows a Clustal W alignment of sequences from three
mutated variant clones of the target region illustrated in Figure 15.5, along
with the wild-type element read (polyAwt03_2) and the published estima-
tion of an intractable polyA tract (target.txt) of ~36 A residues within the
wild-type target. Analysis of fewer than 10 variant sequence reads using
SAM algorithms recovered the correct sequence and determined the correct
size of the repeat as 22 residues.
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FIGURE 15.5. Comparison of ABI version 2.0 Big-Dye terminator sequencing of
wild-type human BAC RP11-167L9, and mutated variants. Bar indicates a problem-
atic polyA motif. A: a region of the wild-type clone contains a problematic motif that
prevents dye-terminator cycle sequencing. B: one mutated variant of RP11-167L9 is
able to be readily sequenced using conventional technology.



4. Sequencing by Hybridization (SBH)

4.1 The Limitations of Conventional SBH
“Sequencing by hybridization” (SBH) is a potentially powerful sequencing
technology that analyses sequence reads in massively parallel manner by the
hybridization of short target fragments to an array of “all” possible oligonu-
cleotide probes. SBH is based on a relatively simple concept, in which a non-
redundant array of oligonucleotides (of length p) is arranged on a solid
support (typically a silica or glass slide)23-25. If a target fragment hybridizes
to particular probes in the array, a representative signal is obtained from each
of those probes. Signals from each element in the array that hybridizes to
each complementary region of the target fragment collectively constitute the
“SBH spectrum”, which may be analysed by reconstruction algorithms to
generate a sequence of the entire target region. Potentially, SBH can provide
megabase-scale simultaneous sequencing capacity if practical hybridization
and data reconstruction problems can be overcome. Although SBH has been
used in detailed local mapping, SNP detection and re-sequencing of relatively
small regions24, doubts remain as to whether SBH can be used for de novo
sequencing, particularly for megabase scale.
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FIGURE 15.6. Clustal W alignment of region of wild-type human BAC RP11-167L9
(polAwt), and mutated variants compared to the published estimation of the polyA tract
(target). The wild-type clone contains a problematic motif that prevents accurate dye-ter-
minator cycle sequencing (variable length reads, unreadable N’s present), whereas ran-
domly mutated variants of the clone display consistently reduced polyA tract length.

Sequence alignment of RP11-167L9  and SAM variants Sequence alignment of RP11-167L9  and SAM variants 

using  ClustalWusing  ClustalW 



Southern and colleagues26-28 have demonstrated that steric factors,
sequence motifs and differential nucleotide hybridization stabilities each con-
tribute to non-uniformity in hybridization of the target to anchored oligonu-
cleotide probes. Potentially, the breakage of target DNA into small pieces
could disrupt the sequence runs and structural barriers that prevent
hybridization to probe oligonucleotides. Although some physical intra-strand
interactions may be reduced, inter-strand interactions between the smaller
target element fragments could be expected to increase.

SBH is a qualitative hybridization technology and many practical barriers
to its use for de novo sequencing have been identified:

● Hybridization is non-quantitative and non-representative
● Some sequence motifs provide no signals, yet others provide strong

signals
● Foldback and other intra-strand hybridizations can limit availability of

target regions for hybridization to oligonucleotide probes
● Short repeated regions provide ambiguous reconstruction paths
● AT and CG rich targets have different hybridization efficiency

SBH cannot be used for sequencing simple sequence DNA, such as poly A,
(GT)n, repeats, etc. As it cannot quantify the number of repeat copies present
in the target, it cannot easily determine the length of the repeat region. SBH
also cannot determine the order of repeated sequence elements: these becomes
ambiguous if repeat elements longer than length p are present in the target.
Practically, SBH is limited to analysis of targets that lack 3 or more copies of
repeats longer than (p-1). The probability of ambiguity increases exponen-
tially as probe length decreases, suggesting longer oligonucleotide probe
lengths as a practical solution. However, as probe length increases the com-
plexity and number of probes located on the SBH array necessarily also
increases exponentially. Other informative techniques must be used to supple-
ment SBH data to overcome these ambiguities25. These contradictory physical
and mathematical problems require novel solutions – SAM technology can
provide these solutions.

4.2 The Use of SAM Techniques for SBH Sequencing
SAM techniques can resolve ambiguities in SBH reconstruction. Mutant vari-
ants of a target sequence are analysed by SBH, each variant generating a
unique SBH spectrum, then each variant spectrum is reconstructed using
SAM algorithms. Mutant fragments contain unambiguously reconstructable
regions that span repeated (p-1)-mers in the target. These reconstructed
regions of mutants are then used in combination as templates to resolve
ambiguities in reconstruction of the target sequence spectrum. Computer
simulations have shown that analysis using SAM algorithms can often get the
overall order of maximal sub-strings correct, even when a small number of
short sub-strings are misplaced.
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Interestingly, Southern and Nguyen29 and Nguyen et al30 have recently sug-
gested the introduction of nucleotide analogues into the oligonucleotide
probes and use of analogues with chaotropic agents respectively as methods
for reducing differential hybridization potential between AT- and CG-rich
targets and targets with structural motifs. These methods however do not
address the problems of ambiguous reconstruction caused by repeated
motifs, they address the differential hybridization stabilities of probes of
different base composition.

4.3 Computer Simulations Using SAM for SBH
Reconstruction

For simulation studies, random 100 kb pieces of human genome sequence
were used as a source of “real” DNA sequence. Randomly mutated variant
sequences were generated at different mutation intensities, allowing each base
equal probability of variation. Computer simulations of SBH reconstruc-
tions of mutant variants of target DNA elements were undertaken using
SAM algorithms to direct the build as outlined in Section 4.2. The results can
be compared to standard SBH reconstructions of the original wild-type
human target sequences. Randomly selected 5 kb fragments of human
genomic DNA can be completely reconstructed in 99.9% of attempts with
fewer than 1 error per 1000 bases (97.8% perfectly correct) using 9 mutants
and probes of length 13. In contrast, fewer than 1% of reconstructions of
5 kb fragments using standard SBH spectra were correct, even allowing
0.1% error.

The size of DNA fragments that can be reconstructed correctly when SAM
techniques are used also increases markedly. Human DNA fragments up to
30 kb long were successfully reconstructed during simulated SAM experi-
ments. In contrast, no fragments of this length could be reconstructed apply-
ing conventional builds of the SBH spectrum. There is scope for improving
the performance of the current SAM reconstruction algorithms for SBH. For
example, the current algorithms assume equal probabilities of mutation of
each nucleotide base. Algorithms could be modified to incorporate the prob-
abilities of particular mutation events, which are determined empirically for
particular mutation protocols16,17.

5. Conclusions

This paper discusses the novel approach to sequencing which we have devel-
oped called Sequencing by Aligning Mutants (SAM). It was developed with
the purpose of providing a simple and effective method of sequencing DNA
motifs that cannot be sequenced by other current techniques. SAM technolo-
gies include methods to achieve highly controlled levels of mutation in target
DNA elements. Preferably these mutations are simple substitution mutations.
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The methods also include advanced assembly and reconstruction algorithms
to recover original sequence from a small number of altered versions of the
target15-18.

We have shown that improved sequence reads can be obtained using SAM
techniques and conventional Dye-terminator cycle sequencing from several
model DNA’s which contain “difficult to sequence motifs”. Although not dis-
played here for sake of space, the reconstructed sequence recovered from the
model targets is accurate even using fewer than 10 variants. The protocols are
repeatable and are readily modifiable for different DNA sequence motifs.
Although the overall approach is novel, the technologies were developed with
the view that they are compatible with use of standard laboratory processes
and equipment, and thus available for conventional molecular biological lab-
oratories which may be lacking sophisticated genomic analysis equipment.

The intention of our laboratory is to develop and release portfolios of
methods and reagents as well as portfolios of advanced assembly algorithms.
Versions of the algorithms may have additional applications for improved
sequence comparison. Together these developments are intended to form the
basis for several different genomic software tools to be applied along with
conventional sequencing kits.

The application of SAM technologies to SBH based sequencing is a new
area of development, as the potential for repetitive motifs and other struc-
tural motifs that interfere with target::probe hybridization could be dimin-
ished within variant target molecules. New array chemistries such as PNA
oligonucleotide probes31 could be used to further alter target::probe interac-
tions and provide a broader spectrum of hybridization signals than conven-
tional DNA::DNA arrays.
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