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The growing abundance of genomic sequence data invites
increasingly large-scale genetic analyses. Studies of genetic
variation in large sets of genes can illuminate important disease
mechanisms and serve to identify novel drug targets or predict
therapeutic responses. At present mostly a concern in
extensive research projects, large-scale genetic analyses will
gradually also find their way into clinical practice as an aid to
the physician. It is timely, therefore, to take stock of methods
that are becoming available for analyses of large sets of gene
sequences. Clearly PCR remains the workhorse for molecular
genetic analysis, and several modifications such as
homogenous amplification assays and parallel detection on
DNA microarrays further increase throughput. Recent
developments, however, also offer hope that other methods will
become available for genomic investigations, providing
substantially increased analytical capacity.
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Abbreviation
RCA rolling-circle amplification

Introduction
Extensive research efforts both within academia and at
companies such as The Institute for Genomic Research
(TIGR), Incyte, Genset and Celera are geared to rapidly
expand knowledge about the human genome, and of
human genetic variation. In addition to compiling DNA
sequences for all human genes and their regulatory
regions, hundreds of thousands of DNA sequence vari-
ants will be identified and used to establish high-density
maps of the human genome [1]. In particular, the scope
of normal variation in all human coding sequences will
be recorded. The genetic variation will also be charac-
terized within separate human populations and can be
used to trace their histories [2]. A lot of excitement has
been created due to the potential for these genetic vari-
ants to be used in population-based association studies
as a means to locate genes involved in common disor-
ders, such as hypertension and Alzheimer’s disease [3,4]. 

A whole-genome perspective, where numerous potentially
interacting genetic factors are assessed in parallel, assumes
increasing importance also in studies of model organisms
and of animals and plants of agricultural importance.
Clinical application of genetic variation found to be relevant
for diagnosing and prognosticating disease again necessi-
tates a capacity to monitor large sets of gene sequences.

Here we discuss some recent papers presenting approaches
that promise increased capacity in genome analyses. 

Developments in genotyping
Sequences to be analyzed are usually first amplified from
genomic DNA, most commonly by PCR, in order to
increase copy numbers and effectively reduce the com-
plexity of the sample. The two alternative amplification
methods, strand-displacement amplification (SDA) and
nucleic-acid sequence-based amplification (NASBA),
may in some cases offer advantages over PCR, for exam-
ple, isothermal reaction conditions that simplify
instrumentation [5]. PCR, however, remains the pre-
dominant amplification technique in genotyping. 

So-called homogenous amplification assay formats simplify
detection of amplification products and thereby increase
throughput [6]. Extensive post-amplification processing
and carry-over contamination between amplification reac-
tions are both largely avoided by monitoring the
amplification products via flourescence measurements dur-
ing or immediately at the conclusion of the reaction, with
no need for isolation of reaction products on solid phases
and washes. The assays all hinge on target-dependent
changes in the characteristics of fluorophore-labelled
probes, measured via fluorescence energy transfer, or
through fluorescence polarization spectroscopy. Examples
of techniques building on these principles are the 5′ exonu-
clease (Taqman) assay [7,8], molecular beacons [9–11],
flourescence-based minisequencing or oligonucleotide liga-
tion [12,13•], and strand displacement amplification with
fluorescence polarization [14,15]. 

Homogenous PCR-based assays can also be performed in
silicon microstructures [16•,17,18]. The miniaturized
amplification format allows shorter cycling times, reduces
reagent use, and offers a possibility to monitor more reac-
tions in parallel. Another way forward would be to detect
an increased number of sequences using multiple fluo-
rophores. To this end, molecular beacon probes with
distinct emission spectra have been developed, that allow
simultaneous detection of four probes [19].

DNA microarray-based tests
With the aid of DNA microarrays, numerous sequences can
be detected in parallel by confining individual analyses to
specified positions on a flat surface interacting with the sam-
ple. In array-based minisequencing, oligonucleotide primers
are immobilized in patches on a support. The target-depen-
dent, polymerase-assisted incorporation of a specific
detectable nucleotide at the 3′ end of the primers is taken as
a measure of the presence of alternate sequence variants of
the amplified target sequences. The method has been shown
to clearly distinguish between closely similar amplified DNA
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sequence variants [20•], and it has been applied to study the
association of polymorphisms in candidate genes with
myocardial infarction in Finnish patients [21]. 

Wang et al. [22••] combined multiplex DNA amplifica-
tion with DNA microarray-based hybridization analysis.
In so doing, up to 500 single nucleotide polymorphisms
(SNPs) could be screened in a single hybridization of
PCR products from 12 pooled amplification reactions to
a high-density oligonucleotide microarray. 

As more amplification primer pairs are combined in a reac-
tion, there is an increasing risk of generating irrelevant PCR
products from primer pairs. Any such false products com-
pete with the intended products for access to the
polymerase, and they may also interfere at the hybridiza-
tion-based detection step. Furthermore, some primer pairs
function less well than others and may thus have a compet-
itive disadvantage in the amplification reaction. This
frequently leads to a failure to detect certain amplicons [23].

Wang et al. [22••] took several measures to minimize prob-
lems connected with multiplex PCR. First, primers were
designed to hybridize very closely to the location of the sin-
gle nucleotide polymorphisms, yielding short, uniform
PCR products. Second, the primers all had similar melting
temperatures to ensure more uniform primer hybridization.
Third, general sequences were added at the 5′ ends of each
primer pair, a measure shown to improve multiplex PCR
[24]. The relevant fragments were first amplified with the
specific primers, followed by labeling through amplification
with biotinylated general primers that represent the
sequences at the 5′ ends of the primers. In order to improve
amplifications in multiplex reactions, PCRs performed sep-
arately were classified as strong, medium or weak,
depending on the yield of PCR products, and primer pairs
from each of those groups were pooled for multiplex ampli-
fication. With 46 loci amplified in parallel, 90% of the
expected products were possible to score. If even higher
levels of multiplexing were attempted the success ratio
dropped significantly. Nonetheless, this shows that a con-
siderable number of sequences can be amplified in parallel. 

Genotyping directly on unamplified
genomic DNA
A radical means to avoid problems with multiplex PCR
would be to analyze sequences in genomic DNA without
prior target amplification. Most simply, genomic DNA
could be labeled and allowed to hybridize to allele-specif-
ic oligonucleotides immobilized in a DNA microarray, in
order to monitor genetic variation in the genomic DNA. In
a recent paper by Winzler et al. [25••] two different yeast
strains were compared in just this way. An array of oligonu-
cleotides was prepared representing a total 21.8% of the
non-repetitive genomic sequence of the sequenced strain
of Saccharomyces cerevisiae, which is very similar to one used
in the study. Genomic DNA from the other, less well-char-
acterized strain was also hybridized to the array, but at 3714

loci a reduced hybridization signal was observed, probably
reflecting sequence differences between the two strains.
At one locus, the difference was shown to represent varia-
tion in a single nucleotide position. Loci where the two
strains differed were used as genetic markers. The two
strains were mated and segregation of the markers and an
antibiotic resistance trait was studied. In this manner, the
antibiotic resistance gene could be mapped to within a
57 kb region allowing the gene to be identified. 

Before contemplating similar array-hybridization experi-
ments with total human genomic DNA some fundamental
differences between the yeast and human genomes should
be considered. Firstly, the haploid human genome is about
250 times larger than that of yeast, thus representing a far
greater complexity, and including many more cases of
closely similar sequences. Secondly, the difference in
genome size also implies that more human DNA will be
needed to reach the same number of hybridizing mole-
cules. Finally, whereas in the yeast study haploid samples
were used, the human genome is diploid and this will
complicate the analysis by requiring that also heterozygous
sequences can be identified. It is pertinent to ask whether
15–25-mer oligonucleotide hybridization probes are suffi-
ciently specific to search through the human genome.

Almost ten years ago Wu et al. [26] reported differential
hybridization of short allele-specific oligonucleotide probes
to total human genomic DNA spotted on a membrane. In
the presence of an excess of unlabelled probes, specific for
the opposite allele, they were able to type individuals as
heterozygous or homozygous for either of two sequence
variants that differed in a single nucleotide position.
Despite this success, it appears doubtful if arrayed oligonu-
cleotide probes can be used to screen for multiple sequence
variants in total human genomic DNA due to problems
with both specificity and the signal to background ratio.

A probe design that may offer some interesting advan-
tages in analyses of unamplified genomic DNA are
circularizable oligonucleotides or padlock probes. These
are linear oligonucleotides, the two ends of which can
hybridize next to each other on a target DNA strand,
allowing the ends to be joined by enzymatic ligation
[27]. Only when both end segments correctly recognize
nearby target segments can the probes be converted to
circular molecules that are wound around the target
strands. The probes are promising for multiplex analy-
ses, as they are expected to be less susceptible to the
problem with crossreactions seen in multiplex PCR, as
only intramolecular ligation reactions are scored. 

Padlock probes have been used to investigate in situ sin-
gle nucleotide variation in a repeated sequence in the
human genome by taking advantage of the requirement
for correct hybridization for the ligation to take place,
but in this analysis detection sensitivity was insufficient
to detect single-copy sequences [28•]. 
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The circular nature of the reacted padlock probes offers a
valuable opportunity for signal amplification by using the
probes to template a rolling-circle amplification (RCA)
[29,30]. In this reaction, a primer hybridized to the circu-
larized probe is extended by a DNA polymerase,
generating a strand that represents multiple head-to-tail
copies of the probe sequence. As this mechanism is criti-
cally dependent on circularization, only reacted probes can
template synthesis of long single-stranded DNA. Both
Zhang et al. [31•] and Lizardi et al. [32••] have extended
the rolling-circle mechanism further by using both a
primer suitable to initiate copying of the circularized probe
and another one, capable of priming replication of the
RCA product. In the strategy taken by Zhang et al. [31•] an
amplified signal is obtained by cyclically altering the reac-
tion temperature, as in conventional PCR. By contrast,
Lizardi et al. [32••] relied solely on a strand-displacement
mechanism to allow a so-called hyperbranched RCA at a
fixed temperature (Figure 1). This reaction progresses
faster than a linear amplification and produces double
stranded DNA molecules that represent multiples of the
probe sequence. Lizardi et al. [32••] designed their probes
so that an intermediary fragment must be in place before

the ends of the padlock probe can be joined and the probe
circularized. With this approach the reaction was shown to
be both sufficiently specific and sensitive to detect sin-
gle-copy sequences in human genomic DNA. 

Banér et al. [33] demonstrated that while the efficient RCA
from a single circularized probe can generate half a megabase
of DNA in an overnight incubation, topological problems can
prevent RCA. Probes bound to target molecules without
nearby free ends remain catenated to the targets, and this
essentially abolishes replication. By contrast, if the target is
interrupted near the probe-complementary sequence, then
the probes can slip off the end, whereupon efficient RCA fol-
lows. This effect has to be taken into account in assays using
RCA to enhance detection.

The RCA mechanism has also been used for signal-ampli-
fication in the absence of probe circularization in a method
referred to as RCA-CACHET, which avoids the above
topological problem [32••]. In this technique, the 5′ end of
an oligonucleotide bound to a solid support can be ligated
to another oligonucleotide added in solution if the probes
are properly aligned by hybridizing next to each other on a
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Hyperbranched rolling-circle amplification. Rolling-circle replication
is initiated from a primer (open circle) that hybridizes to a circular
single-stranded DNA molecule. The growing extension product
represents a concatamer of complements to this circular DNA
molecule. A second primer (filled circle) hybridizes to each unit of
the rolling-circle replication product as it is being displaced. Upon
extension, this primer can displace other copies of the primer

hybridizing downstream on the extension product. Displaced
extension products in turn can template replication initiated from the
primers. Double-stranded molecules can not be further replicated. In
this manner, various-size linear concatemers of the circular DNA
molecule and its complement accumulate. The number of unit size
linear molecules, identical in sequence or complementary to the
circular DNA molecule are indicated. 



target sequence. The second oligonucleotide was designed
to have two 3′ ends, one capable of ligating to the immobi-
lized probe, and another one at the opposite end of the
molecule, which was used to prime RCA by adding pre-
formed circular DNA molecules, complementary to the
free 3′ end of the ligated probe. While the use of two sep-
arate ligation probes may complicate multiplex analyses,
the assay offers detection specificity that should be ade-
quate to analyze total human genomic DNA, and it
simplifies detection by resulting in an amplified DNA
strand that is contiguous with the immobilized probe.

Conclusion
The need for extremely high-throughput genetic analyses
is being met by further developments of PCR-based tech-
niques, but also by the introduction of new molecular
strategies that could circumvent some of the limitations of
current methods. Any such assays must combine adequate
specificity and sensitivity with selectivity for sequence
variants, and they should be applicable in parallel to large
numbers of target sequences in a sample. On the basis of
recent development there is excellent hope that assays
will indeed become available where a small amount of
genomic DNA can be added to an extensive set of probes,
revealing quantitative or qualitative variation in many or
all human genes.
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