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As the Human Genome Project contemplates completion of a ref-
erence sequence of the human genome, increasing attention is
being paid to uncovering DNA sequence variations among groups
of individuals as well as between different human populations1,2

(see page 56 of this issue (ref. 3)). Identifying and cataloguing
these variations is a critical part of positional and candidate gene
approaches that seek to identify the genetic basis for predisposi-
tion and resistance to disease. These sequence variations will serve
as genetic markers in studies of diseases and traits with complex
inheritance patterns and strong environmental interactions4,5.
Large-scale sequence analysis is needed for population-based
genetic risk assessment and diagnostic tests once mutations have
been identified, and traditional technologies cannot easily meet
the demands for rapid and cost-effective large-scale comparative
sequence and mutational analysis.

Microarray (or ‘chip’)-based hybridization analysis is a newly
emerging technology with diverse applications6,7. Two commonly
used types of DNA chips differ only in the size of the arrayed
nucleic acid components (see page 10 of this issue (ref. 8)): those
sporting relatively large nucleic acid components (usually longer
than 100 nt) are often used in RNA expression analysis9 and those
with short nucleic acids (oligonucleotides up to 25 nt) can be used
for both RNA expression10 and sequence analysis.

Early proposals for large-scale, hybridization-based sequence
analysis involved combinatorial arrayed libraries of all oligonu-
cleotide species N (typically eight) nucleotides in length to inter-
rogate target DNA of interest11–14. In theory, such universal arrays
could be used to obtain sequence information for virtually any
sequence as all possible complementary sequences are present in
the array. However, imperfect hybridization specificity and diffi-
culties in analysing sequences containing short repetitive ele-
ments and repeated octamer sequences in multiple isolated
locations pose problems, and application to large-scale sequence
determination has not been reported. In a related approach, exons
5−8 of TP53 were PCR-amplified from 12 samples, spotted onto
nylon filters and individually probed with 8,192 noncomplemen-
tary, radiolabelled, 7-base oligonucleotides15. All 13 distinct
homozygous or heterozygous mutations in these samples were
detected by determining which oligonucleotide probes hybridized
to the immobilized targets. Although promising, the need to per-
form thousands of separate hybridization reactions to evaluate

each sample makes this approach more amenable to a large-scale
clinical diagnostic lab than a common research laboratory setting.

Most chip-based sequence analyses have been carried out with
arrays designed to evaluate specific sequences. The current
scientific literature largely centres on arrays (called GeneChips®)
manufactured using photolithographic-based methodologies
developed by Affymetrix (ref. 16; see also, page 20 of this issue
(ref. 17)). Although we will focus here on published data, it
should be noted that numerous unpublished DNA chip-based
strategies are currently under investigation, primarily in the pri-
vate sector18,19. Several of these technologies, such as mass spec-
troscopy-based hybridization detection, could have an important
role in coming years.

Screening for previously characterized sequence variants
Oligonucleotide array-based detection of known genomic DNA
sequence variations was first reported in 1989 (ref. 20). Probes
complementary to six HLA-DQA alleles as well as nine mutations
in HBB (encoding β-globin) were spotted onto nylon filters and
incubated with biotin-labelled PCR products. Genotype was
determined by hybridization signal intensity produced by a
colourimetric assay at each allele-specific probe—demonstrat-
ing the application of the ‘reverse dot blot’ approach to a simple
system relevant to medical genetics. Advanced oligonucleotide
array manufacturing processes have opened the way to evaluat-
ing more complex systems. Arrays of 1,480 oligonucleotide
probes synthesized in situ by photolithographic-based processes
were designed to detect 37 known mutations in the coding region
of CFTR, as well as all possible single-nucleotide substitutions21.
In a blinded study, ten genomic DNA samples were successfully
genotyped by characterizing fluorescent hybridization signals
from test and wild-type reference samples at mutation-specific
probes relative to those from wild-type samples. In a separate
study, arrays of six oligonucleotide probes, generated by spotting
oligonucleotides onto activated surfaces, were used to detect
three different mutations in HBB (ref. 22).

Screening for all possible sequence variants
The complex mutation spectrum of most highly penetrant disease
genes in the general population, with the possible exception of
alleles associated with more common but less penetrant diseases,
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reflects the allelic heterogeneity of the human genome3,23,24.
A pertinent example is the hereditary breast and ovarian cancer
gene BRCA1, for which over 400 distinct mutations have been
reported (listed at http://nhgri.nih.gov/Intramural_research/
Lab_transfer/Bic/). As a consequence of this diversity, thorough
comparative sequencing and mutation analysis must detect all
possible changes in the heterozygous state.

Here, we will focus on two hybridization-based, array-based
approaches and one enzyme-dependent approach to scanning a
sequence of interest for all possible changes using oligonu-
cleotide arrays (Fig. 1). The first strictly hybridization-based
approach uses probes complementary to a significant subset of
sequence changes of interest, such as those described for CFTR
(ref. 21), and measures gain of hybridization signal to these
probes in tests relative to reference samples. Relative ‘gain’ of sig-
nal by these probes indicates a sequence change similar to that of
conventional dot blot analysis (Fig. 1a). The second hybridiza-
tion-only approach analyses selective ‘loss’ of hybridization sig-
nal to perfect-match probes fully complementary to wild-type
sequence in a manner analogous to comparative genomic
hybridization studies25,26 (Fig. 1b). The enzyme-dependent
minisequencing approach27 analyses primer extension reactions
to arrays of perfect match probes hybridized to the target of
interest (Fig. 1c).

Gain of hybridization signal approach
The gain-of-signal approach allows for a partial scan of a DNA seg-
ment for all possible sequence variations (Fig. 2). An array
designed to interrogate both strands of a target of length N for all
possible single nucleotide substitutions would consist of 8N
probes, usually 20−25 nt. There are 4N probes (often termed ‘A’, ‘C’,
‘G’ and ‘T’ probes) complementary to each of the four possible
nucleotides present on a single strand at a particular location.

Probes are designed such that the location of the interrogated
target base is in the centre-most position of the potential
target/probe duplex, and thus provides the best discrimination for
hybridization specificity (see page 22 of this issue (ref. 17); ref. 21).
To interrogate both target strands for all possible deletions of a
specific length, 2N probes are needed. However, interrogating
both target strands of length N for all possible insertions of length
X requires 2(4X)N probes. When it is necessary to screen both
strands of a 10-kb DNA target, 80,000 probes are needed to inter-
rogate for all possible single nucleotide substitutions. An addi-
tional 100,000 probes are needed to screen for all 1−5-bp deletions,
whereas 27,280,000 probes are needed to screen for all 1−5-bp
insertions. The use of shorter probe lengths and analytical schemes
proposed for universal combinatorial library arrays could reduce
the number of probes necessary to interrogate for these complex
sequence changes, but at the expense of proven sensitivity and
specificity. Thus, despite recent advances in array manufacturing
technology, the search for insertions of more than a single base
pair is usually not a practical alternative.

The entire 297-bp HIV-1 protease gene coding sequence from
167 viral isolates was screened for all single nucleotide changes
using a gain-of-signal approach28. Fluorescently tagged RNA-
based targets were hybridized to a pair of arrays consisting of
12,224 oligonucleotides. Nucleotide identities were assigned on
the basis of hybridization signals from single-nucleotide substi-
tution probes. Dideoxysequencing and array-based analysis of
33,858 bp of HIV-1 pr sequence from 114 samples demonstrated
a 98.26% concordance between the data sets. From a biophysical
viewpoint, this is functionally equivalent to screening for homo-
zygous changes in genomic DNA sequences.

Loss-of-signal approach
In the loss-of-signal approach, sequence variations are scored by
quantitating relative losses of hybridization signal to perfect
match oligonucleotide probes in test samples relative to wild-
type reference targets. Ideally, a homozygous sequence change
results in a complete loss of hybridization signal to perfect match
probes interrogating the region surrounding the sequence
change (Fig. 3). For heterozygous sequence variations, a 50% loss
of signal intensity relative to the wild-type target would ideally be
found for perfect match probe signals interrogating and flanking
the sequence change.

Loss-of-signal analysis allows for a practical screen to be set up
for virtually any sequence variation. With this approach, an array
designed to interrogate both target strands of N bp, for all possi-
ble sequence changes, minimally consists of 2N overlapping
probes. For example, an array of 11,000 oligonucleotides would
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Fig. 2 Typical oligonucleotide probes used in gain-of-signal sequence analysis.
Substitution probes interrogate for the presence of all possible single
nucleotide substitution sequence variations. Insertion probes interrogate for
the presence of inserted sequences, with single nucleotide insertions being the
most feasible to completely represent on the array. Deletion probes interro-
gate for the presence of all possible nucleotide deletion lengths up to a certain
size. Perfect-match probes are fully complementary to wild-type sequence.
One of these will be represented in the substitution set, but the presence of
additional perfect match probes over a range of sizes facilitates the quantita-
tive robustness of the loss-of-signal analysis.

Fig. 1 Three experimental strategies for array-based sequence analysis. In this
example, a target heterozygous for both G and A residues at a specific
nucleotide position is subject to hybridization-based analysis using three dif-
ferent approaches. In the gain of hybridization signal approach (a), relative
hybridization to allele-specific probes complementary to each of the four pos-
sible nucleotides at the interrogated nucleotide position is used for genotype
analysis. In the loss of hybridization signal approach (b), decreased hybridiza-
tion of red-labelled test target relative to green-labelled reference target to
perfect match probes interrogating the area of interest indicates the presence
of a sequence change. In the minisequencing approach (c) unlabelled target is
hybridized to perfect match probes (attached through a 5’ linkage to the array
to leave an exposed 3’-OH group) interrogating the nucleotide position of
interest. Fluorescently tagged ddNTPs are used in subsequent enzymatic
primer extension reactions to extend the hybridized primers. The identity of
the extended ddNTP is used in genotype analysis.
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be needed to screen the 5.5 kb of BRCA1 for all possible sequence
variations. Multiple probes (N probes, N nucleotides in length)
contribute to detecting a sequence variation, which minimizes
random sources of error caused by hybridization signal fluctua-
tions. These fluctuations can bias gain-of-signal analysis, which
relies on only two mutation-specific probes (one per strand).
Using the loss-of-signal approach, the presence of sequence vari-
ations can be displayed by plotting the ratio of perfect-match
probe signal intensities from test and reference samples. True
losses of hybridization signal are shown by peaks with distinct
width and height properties. A disadvantage of the loss-of-signal
analysis is that the mutation cannot be discerned; the identity of
the sequence change must be established by subsequent dideoxy-
sequencing of the region surrounding the loss of signal signature. 

This approach can be further improved by using internal stan-
dards in ‘two-colour’ assays. In this scheme, reference targets of
known sequence can be co-hybridized to the arrays along with the
test target of interest. By labelling each target with a different fluo-
rophore, a direct comparison of hybridization signals from these
two targets can be made. Two reports have appeared using two-
colour assays to analyse large DNA segments of hemizygous (mito-
chondrial DNA25) and heterozygous (BRCA1) sequence content26.

Similarly, a pair of oligonucleotide arrays consisting of over
135,000 probes was used to interrogate the entire 16.6-kb human
mitochondrial genome from ten samples25. By simple gain-of-
signal analysis, 99% of the genome could be read correctly, as
suggested by parallel dideoxysequencing analysis. In a more thor-
ough analysis of a 2.5-kb mitochondrial sequence from 12 sam-
ples, 179 of 180 polymorphisms were detected using gain- and
loss-of-signal analysis. Only 2% of this sequence, approximately
50 bp scattered throughout the sequence, required dideoxyse-
quencing analysis, with the remainder unambiguously assigned.
Although this was the first study to analyse large targets for all
possible sequence variants, it did not test the ability of the
approach to scan for heterozygous base changes.

To compare gain- and loss-of-signal analyses, we scanned the
3.43-kb BRCA1 exon 11 sequence for heterozygous sequence
variations26. Over 96,000 oligonucleotides in a pair of arrays
directly interrogated for all single nucleotide substitutions, single

base-pair insertions and 1−5-bp deletions using the gain-of-sig-
nal approach. Evaluation of both loss and gain of signal led to the
development of a two-tiered algorithm for mutational analysis,
detecting 14 of 15 heterozygous mutations scattered throughout
the exon. Single nucleotide substitutions generally produced
more robust loss-of-signal signatures than small insertions and
deletions. The mutation not detected was an insertion into a
repetitive sequence in which a poly(dA)7 tract was expanded to a
poly(dA)8 tract. We found it necessary to analyse data from both
target strands; some sequence changes were more readily dis-
cernable on one strand than the other. The loss-of-signal assay
demonstrated increased sensitivity and specificity compared
with the gain-of-signal assay. The latter is insensitive to the pres-
ence of larger deletions and single-base insertions (relative to
single nucleotide substitutions) due to increased cross-hybrid-
ization of wild-type target to these probes. Furthermore, care
should be taken when using mutation-specific probes to identify
specific sequence changes. A target containing a single-
nucleotide deletion could cross-hybridize to a single-nucleotide
substitution probe of similar sequence. Misidentifying a
sequence change could dramatically alter the assessment of its
biological impact, but misidentification is much less likely when
evaluating common sequence variants with known hybridization
patterns. Keeping these caveats in mind, gain-of-signal analysis
can be used in a complementary manner to validate questionable
loss of hybridization signal signatures.

Recent research in our laboratory has focused on scanning the
entire coding sequence of BRCA1 for all possible heterozygous
sequence changes using high density oligonucleotide arrays
(GeneChips®) supplied by Affymetrix. Two-colour co-hybridiza-
tion experiments are performed on test and reference targets
representing all 22 BRCA1 coding exons. As with the BRCA1
exon-11 assay, we have used a combination of loss- and gain-of-

Fig. 3 Oligonucleotide probes used in loss of hybridization signal sequence
analysis. Ideally each target nucleotide position contributes to hybridization to
a set of N overlapping N-base perfect match probes in an oligonucleotide
array. In this example, hybridization to 25 overlapping 25-base probes are
affected by changes in a single target nucleotide.

Fig. 4 Hybridization patterns to BRCA1 oligonucleotide arrays. Magnified dig-
itized greyscale images, 50 µm feature size, showing hybridization patterns of
fluorescently labelled BRCA1 test targets to oligonucleotide arrays evaluating
sense-strand target nt 2724−2738 all at comparable contrast levels. Hybridiza-
tion patterns of nearby mismatches are difficult to visualize due to limitations
in printing technology as well as in the linear range of the human eye for
detecting subtle greyscale changes. Nucleotide identities are given under the
respective columns with the polymorphic 2731 position underlined. a−c,
Depiction of a tiling pattern based on a 2731 C/C reference sequence. Hybrid-
ization patterns of samples with 2731 C/C (a), 2731 C/T (b) and 2731 T/T (c)
genotypes are shown. The probes interrogating the nucleotides flanking posi-
tion 2731 in (c) are dim due to the presence of single nucleotide mismatches in
all target-probe duplexes.
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signal approaches (Figs 4,5). Preliminary blinded analysis of
samples with known ATM and BRCA1 mutations suggests that
greater than 90% mutation  detection sensitivity can be achieved
using oligonucleotide microarrays in these systems (ref. 29; J.G.H
and F. Collins, manuscript in in preparation).

Oligonucleotide arrays are now used in large-scale identification
and genotyping of single nucleotide polymorphisms (SNPs) in
the human genome—149 chip designs, each containing 150,000–
300,000 oligonucleotides have been used in one published screen29.
A total of 2.3 Mb of human sequence was screened and 3,241
candidate SNPs were found through both gain- and loss-of-signal
schemes, without the use of a two-colour co-hybridization
approach. A separate chip containing a simple tiling scheme for
scoring SNP alleles on both target strands was used for the simulta-
neous genotyping of 500 markers. SNPs involving base substitu-
tions lend themselves beautifully to array technology, as they are
generally easier to detect than insertions and deletions, and because
SNP screens do not have to be exhaustive to be successful.

In loss-of-signal assays without internal two-colour hybridiza-
tion standards, it is critical that all perfect match probe
hybridization signals be linear with respect to target concentra-
tion. Although true for probes of preselected sequence content as
shown by quantitative RNA expression experiments10, we have
not found this to be true for all perfect match probes tiling across
the entire BRCA1 gene. Robust loss-of-signal hybridization sig-
natures, such as those frequently generated from single
nucleotide substitutions, can be detected using single-colour
approaches without internal standards. However, less robust sig-
natures derived from many deletion and insertion mutations
could not be detected in our system without a co-hybridized
internal standard. Significantly smoother baseline ratio values
essential for rigorous heterozygous BRCA1 mutation scanning
applications are provided by two-colour co-hybridization exper-
iments (J.G.H. and F. Collins, unpublished data).

Minisequencing-based assays
Minisequencing assays provide a powerful means to scan for all
possible sequence variations. They couple target hybridization with
enzymatic primer extension reactions27,30–32. Oligonucleotides are
typically tethered to the surface via 5´-end linkage to leave an
exposed free 3´-OH group, or placed into a microtitre dish for-

mat. Labelled dideoxyribonucleoside triphosphates are used in
primer extension reactions in which hybridized target and
oligonucleotide probes serve as template and primer, respectively.
A mixture of all four dideoxyribonucleoside triphosphates, each
labelled with a different fluorescent dye, can be used in the primer
extension reactions32. The identity of the extended dideoxyri-
bonucleotide is determined through fluorescent microscopy and
used to assign the identity or identities of the target nucleotide
extended from the 3´ end of each probe. Similar to the loss-of-sig-
nal approach, a minisequencing array designed to interrogate
both target strands of N bp for all possible sequence changes min-
imally consists of 2N overlapping probes. Single nucleotide sub-
stitutions in the heterozygous state will produce two signals
corresponding to the identity of the two alleles. Although the
exact nature of target insertions and deletions cannot always be
determined, their end points can be identified. Thus far, the most
complex nucleotide tract analysed by this approach for all possi-
ble sequence changes is a 33-bp region of TP53 (ref. 32).

To test the minisequencing approach in more complex systems,
high density oligonucleotide arrays with the appropriate surface
linkages must become accessible. Commercially available
Affymetrix arrays are not suited to this task, as their oligonu-
cleotides are tethered through 3´-end linkages to the surface.
Modified chemistries should allow for other types of arrays to be
manufactured using photolithography33. Alternative processes,
such as the ink jet34 and spotting techniques35, can also be used36.

Future challenges
Among the greatest strengths of array-based mutational analysis is
the ability to detect specific sequence changes of interest. Once spe-
cific hybridization patterns or ‘signatures’ of large numbers of
mutant alleles of interest are known, it will be possible to search for
those signatures in many different samples simultaneously. Screen-
ing for all possible sequence changes, however, is more difficult.
Similar to other mutation screening procedures, the array-based
system is more sensitive in the detection of homozygous base
changes, but there are only a limited number of applications25,37. 

Although it is possible to use oligonucleotide microarrays  in
heterozygous mutation screens, accuracy must be improved.
Similar to almost all mutation screening technologies (with the
possible exception of rigorously designed dideoxysequencing

Fig. 5 Detection of the 185delAG BRCA1
mutation and sequence variations using loss
of signal analysis. Fluorescein-labelled (green)
reference and a biotinylated (red) test targets
representing the entire 5,382-bp BRCA1 cod-
ing sequence were co-hybridized to oligonu-
cleotide arrays interrogating BRCA1 sense and
antisense strand sequence, respectively. Aver-
aged sense and antisense strand reference/
test sample processed hybridization signal
ratios are shown with the identity of each
exon listed below the appropriate data
points. Results from all coding exons except 11
(a), as well as results from the 3.43-kb BRCA1
exon 11 (b) are shown. The labelled peak in
(a) is at the site of the heterozygous 185delAG
mutation found in the test sample. The other
labelled peaks found in (a) and (b) correspond
to seven common homozygous polymor-
phisms also found in this sample.
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analysis), the array-based approach is not yet ready for use in
applications needing more than 98% heterozygous mutation
detection in complex autosomal sequences. The current
methodologies are more suitable under conditions where a
modest false negative error rate (5−10%) is permitted, such as in
polymorphism screens in which it is not necessary to generate
an exhaustive collection of single nucleotide polymorphism
markers or in some population genetics studies in which indi-
vidual genotypes are not returned to study participants. The
biggest challenge in hybridization-based mutational analysis is
in decreasing the false negative rate. Variations in target
nucleotide sequence composition, including the presence of
repetitive sequence elements, dramatically influence the sensi-
tivity of hybridization-based sequence analysis. The same exper-
imental approach applied to any two sequences can yield results
with vastly different accuracy. For example, it would not be rea-
sonable to apply DNA chip technology to genotyping genes
involved in triplet repeat-based diseases, such as the Huntington
disease gene38, where it is crucial to know the exact number of
tandem repeat units in a sequence of interest and a simple gel-
based analysis system is currently available.

Intra- and intermolecular structures, such as hairpin and G-
quartets, present in either target or probe can make target
hybridization less predictable (ref. 39; see also, page 5 (ref. 40)).
Variant sequences that disrupt secondary structures could actu-
ally have higher affinity to ‘perfect match’ probes than wild-type
sequences containing these structures. Furthermore, it may not
be possible to fully interrogate all target sequence tracts due to
poor hybridization signals caused by secondary structure.
Sequence variations involving insertions and deletions pose a
special problem as they produce targets that may form duplexes
containing bulged nucleotides with wild-type probes. In some
repetitive contexts, such as homopolymeric nucleotide tracts,
bulged duplex formation can be energetically favoured over for-
mation of duplexes containing centrally-placed, single base-pair
mismatches. Such factors make detecting insertions and dele-
tions by hybridization-based methodologies generally more
challenging than single nucleotide substitutions.

Several specialized problems affecting almost all mutation
detection schemes also apply to array technology. All PCR-based
assays are prone to errors associated with sequence changes being
present under a primer-binding site which allow only one target
allele to be represented in the analysis. Another specialized prob-
lem exists when attempting to detect sequence changes present in
a trace population. This may exist when analysing tumour sam-
ple DNA or trace viral species. In these cases, advances in target
preparation, such as laser capture microdissection41, may be nec-
essary to improve target preparation.

A number of approaches have been made to normalize
hybridization signals in all the arrayed probes, which would
increase the diversity of sequences that can be interrogated at one
time. For example, despite the use of buffer systems such as those

containing tetramethylammonium chloride25,26, it is especially
difficult to simultaneously assay sequence tracts with localized
regions of high G/C and A/T content. Suboptimal hybridization
conditions must be used to allow sufficient hybridization signal
to be gathered at low stability A/T-rich duplexes and allow single
mismatch discrimination at more highly stable G/C-rich
duplexes. Properties of chemically modified oligonucleotides
should be exploited42. A pertinent example is the development of
peptide nucleic acid arrays which could increase hybridization
sensitivity and specificity43,44. Furthermore, incorporating mod-
ified uridine ribonucleoside triphosphates in RNA-based targets
has proven useful in BRCA1 analysis45, and other modified
triphosphates could have beneficial effects as well46. Hybridiza-
tion signal can be enhanced through the use of energy transfer
dyes with optimized spectral properties and enzymatic rolling-
circle amplification assays47,48. Improved synthesis protocols that
increase the quality as well as the number of oligonucleotides in
each array may increase the robustness of the assays as well. It is
critical that arrays produced within, as well as between, manu-
facturing lots have reproducible hybridization properties.
A sophisticated means of normalizing hybridization signal
involves coupling electrophoresis-based technology with
hybridization49,50. Target affinity to specific probes can be altered
by electrical fields at specific probe locations.

Other proposals have been made to enhance the specificity of
array hybridization. One involves coupling enzymatic ligation
reactions to the hybridization scheme to maximize the destabiliz-
ing effect of mismatches at the end of duplexes51,52. Another
involves the hybridization of unlabelled target to the oligonu-
cleotide array and the subsequent hybridization of sets of fluores-
cently tagged 5-base oligonucleotides to the immobilized duplex.
In this ‘contiguous stacking hybridization’ approach, sequence
information is derived from the identity of the short oligonu-
cleotides which hybridize to the target-probe complex22,53. These
must be tested on more complex systems before their practical
utility can be evaluated.

Although hybridization-based sequence analysis faces techni-
cal hurdles, there is room for optimism. There is the potential for
unprecedented throughput in mutational analysis with a high
degree of accuracy. Given that it took more than ten years before
dideoxysequencing analysis evolved into a high throughout
sequencing tool54,55, hybridization-based sequencing assays are
in their infancy. Further improvements will ensure that it
matures into an even more powerful analytical tool for accurate
and high-throughput resequencing and mutational analysis.
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