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Abbreviations

cDNA
CNP
CNV
C2CA
DNA
MLPA
OLA
PCR
RCA
RNA
SNP

XML

Complementary DNA

Copy number polymorphism
Copy number variation

Circle to circle amplification
Deoxyribonucleic acid
Multiplex ligation-dependent probe amplification
Oligonucleotide ligation assay
Polymerase chain reaction
Rolling circle amplification
Ribonucleic acid

Single nucleotide polymorphism
Melting point

Extensible markup language
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Introduction

The amount of genomic information available today is enormous and
growing quickly. More than 300 organisms have been completely
sequenced, with draft sequences existing for many more'. The human
genome alone consists of more than 3,000,000,000 positions of information,
many millions of which are known to commonly vary between individuals®.
Genomic data, in conjunction with tools for storing, integrating, searching,
and analyzing the data, is an important resource for genetic analysis efforts
with aims such as establishing the genetic background of disease, predicting
how an individual will respond to drug treatment, or explaining the
development of cancer. The availability of complete or partial sequences of
many microorganisms is also an important resource for using genetic
analysis techniques for purposes such as environmental monitoring, infection
diagnostics, food safety, and for defense against bioterrorism and
biowarfare.

To be able to utilize these resources, methods are needed to investigate
the various types of genetic differences between individuals and between
individual cells. Increasingly, methods are being developed that can be
performed in multiplex, allowing many genetic qualities of a sample to be
assessed simultaneously. Many of these methods use oligonucleotide probes
to enable large-scale analyses of genetic or epigenetic variation or variation
in gene expression levels. Although powerful, these methods share common
limitations, including the requirement to carefully design the reagents. Some
of these methods are also limited by problems associated with the
amplification of many genomic sequences.

The work that is presented in this thesis aims to provide solutions to two
of the problems associated with multiplex genetic analyses. The first
problem to be attacked is that of simultaneously amplifying a large number
of arbitrarily selected small sections of a genome. The other is that of
selecting and designing the reagents required in present and emerging
analysis methods. Before describing and discussing the present
developments, current techniques for multiplex genetic analyses will be
described, as will principles of computer-assisted design of oligonucleotide
probes.
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Multiplex nucleic acid analyses

The recent years have seen the development of numerous new methods for
multiplex genetic analyses. These methods allow the simultaneous analysis
of many nucleic acid targets in a sample in a single reaction. Multiplex
assays have been applied for the analysis of several aspects and qualities of
DNA or RNA target molecules.

The present work is concerned with the development of tools to support
the establishment of new multiplex genetic assays. To give a background to
this development, existing techniques for multiplex analyses will be briefly
described in this section. This review is not intended to be complete, but
rather to exemplify current methods. Examples have been selected that
clearly describe the type of method or mechanism being discussed, but they
are not necessarily the first instance of such methods or mechanisms. Some
analytical techniques require the targets of the analysis to be amplified, and
methods currently used to accomplish this will be described in some depth.

Aims of nucleic acid analyses

Investigations on nucleic acid molecules are carried out for a variety of
reasons. Some investigations are explorative, such as those aimed at
establishing the full genetic sequence of an organism. Others are of a more
examining nature, including the diagnostics of known genetic variation and
analyses to establish the type of microorganism present in a sample. Many
methods have a comparative aim, such as finding genetic differences
between individuals to establish the genetic cause of a particular phenotype,
or to study evolution by the comparison of different species.

Genetic variation

The genomes of two human individuals are to a very large extent similar, but
the existing genetic variation nevertheless has a large impact on the
phenotype, including hereditary disease, response to viral or bacterial
infection, and response to drug treatment. These variations can either be
inherited, affecting all cells of an organism during its entire life span; or they
can be acquired by the organism as an effect of DNA modification or
damage by chemical agents, radiation or erroneous action of DNA

10
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polymerases during DNA replication. Acquired mutations are present only in
the affected cell and its descendants. They are thus generally not passed on
to offspring, but may be involved in the transformation of normal cells to
cancer cells.

Genetic variation comes in many different forms. The simplest form is the
single nucleotide variation, involving the substitution of a single nucleotide
for another. When the most common variant exists in less than 99 % of a
population, this type of variation is referred to as a single nucleotide
polymorphism, or SNP. Other variations on the sequence level include
insertion or deletion of short sequences, different numbers of short repetitive
sequence elements, and variation in the number of copies of longer
sequences, including whole genes or parts of genes. The latter type of
variation is often referred to as copy number variation (CNV), or copy
number polymorphism (CNP) in the case of a variant present in more than 1
% of a population. Variations also exist that involve whole chromosomes or
large parts of chromosomes, including the absence of chromosomes, the
presence of extra copies of chromosomes, and the translocation of part of
one chromosome onto another. Variation may exist also between different
cells of the same individual. This also includes variation in modifications to
the DNA sequence, such as the pattern of CpG methylation.

There are also many ways in which genetic variation can affect the
phenotype. Variation may cause a gene product to lose its function or to gain
another function, or it may cause the change of expression pattern of a gene
so that it is expressed at other times, levels, or in other tissues than normal.
A duplication or deletion event of a gene may also cause an abnormal
amount of gene product to be produced.

Types of nucleic acid analyses

To examine the many types of genetic variation, there is a wide repertoire of
tools available to the genetic analyst. These different methods generally
adopt one of two strategies. One is concerned with establishing the presence,
and sometimes also the amount, in absolute or relative terms, of a particular
sequence of nucleotides in a sample. The other strategy has the objective of
finding the sequence of nucleotides in the vicinity of another previously
known, or assumed, sequence.

For a particular application, methods using either of the two categories
may be applicable. For example, SNP genotyping is regularly performed
using either of these types of methods®. For other purposes, a combination
may be used. For example, the detection of a particular sequence in a sample
may be sufficient to establish the presence of a family of microorganisms.
To be able to discriminate closely related species, it may be necessary also to
find the nature of adjacent sequence.

11
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Methods employing both of the strategies commonly make use of
oligonucleotide probes. The following section will describe reaction
mechanisms commonly used for this and how they can be applied for
different kinds of genetic analyses.

Mechanisms for probe-based nucleic acid analysis

Most techniques for nucleic acid analysis are based on the recognition of the
target molecule by one or more oligonucleotide probes that base-pair to the
target. Some methods rely solely on this hybridization, while many utilize
one or more enzymes to process the hybridized probes, creating new mo-
lecular species in a target-dependent manner. In general, the products of
these reactions contain some features that allow them to be amplified, identi-
fied, and/or visualized.

Probe-based analysis techniques generally consist of several reaction
steps, such as amplification of the target sequence, hybridization of the
oligonucleotide probes, enzymatic processing of probes, and decoding of
individual signals. In some techniques, a set of steps are performed
simultaneously and/or repeatedly.

Target recognition and sequence resolution

Target recognition is regularly based on the specificity of hybridization of
oligonucleotide probes to their target nucleic acid molecules. A perfectly
matched pair of sequences will hybridize more stably than will a pair with
one or more mismatches. Thus, under suitable reaction conditions, the
perfect match duplex will be more stable and therefore more abundant than
the imperfect match. This property is utilized in allele-specific hybridization
methods to detect the presence of particular sequences with a resolution of
single base differences™’. The specificity of hybridization is generally not
sufficient for this to perform well with complex samples such as human
genomic DNA unless complexity reduction strategies are used®’, as will be
described in the next section.

The ability of a ligase enzyme to discriminate single base differences can
be utilized to achieve the single base resolution directly on genomic DNA.
Methods using two recognition events coupled to a ligation step include the
oligonucleotide ligation assay (OLA)* and the related padlock probe assay’.
In these methods, two probes hybridize adjacent to each other on the target
and are joined by the ligation event. In the latter method, the probes are
already connected at their distal ends, resulting in the formation of a circular
molecule. By using two allele-specific probes that differ in a single position,
the relative abundance of the two possible reaction products can be used to
determine the genotype of the sample. Probes can also be hybridized a
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distance apart on the genomic sequence. In this case, the resulting gap is first
filled by the activity of a polymerase extending one of the probes until it can
be ligated to the partner probe'’.

Single-base resolution in sequence detection methods can also be
provided by primer extension. To achieve this, allele-specific primers can be
designed so that the 3° terminal nucleotide is matched to one or another
variant of the sequence being analyzed. The formation of a primer extension
product from a primer then indicates that the corresponding target variant
was present''. In a variant of this strategy, a blocked primer is used in
conjunction with a proof-reading polymerase. This results in an extension
product being formed only from mismatched primers'>. By using long
probes immobilized on a solid phase in combination with stringent washes,
even complex samples can be analyzed directly using single probes'’.

Besides polymerization and ligation, so-called structure-specific
endonucleolytic cleavage has been used for allele discrimination in SNP
genotyping methods'. This utilizes the ability of certain enzymes to cleave a
structure that is formed when two probes hybridize to a target strand in such
a manner that the 3’ end of one probe displaces part of the other probe.

Apart from its use for identifying sequence variants, primer extension is
also the most commonly used reaction mechanism for determining the
sequence adjacent to a known sequence. The Sanger sequencing method uses
terminating nucleotides to halt the extension at different positions and
resolve the sequence by gel electrophoresis'®. The primer extension
mechanism has also been put to use for SNP genotyping. The single-base
extension, or minisequencing, technique uses the action of a polymerase to
extend a primer by a single nucleotide and thereby determine the nucleotide
present at the corresponding position in the sample'®. The pyrosequencing
method extends the primer one nucleotide at a time, registering the sequence
of incorporated nucleotides, which can be used for short range sequencing as
well as SNP genotyping'’. These approaches require the target to be
amplified, while the molecular inversion probe assay uses single-base primer
extension in combination with ligation to achieve the specificity required for
analysis directly on genomic DNA'®. Again, by the use of long immobilized
probes and stringent washes, the single-base extension method can be used
directly on genomic DNA with a single probe'’.

Amplification and detection

To report the results of a genetic analysis experiment, a detectable signal is
required. This can be created by the attachment of detectable moieties such
as fluorophores to the oligonucleotide probes or to the corresponding
amplification products. Some methods use probes labeled directly with a
detectable moiety*”, while for some methods that include a probe
amplification step, the signal is attached to the amplification products based
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on sequences included in the probes prior to the analysis'®**'?%. For other
methods the signal is generated as part of the enzymatic probe processing
step, as in Sanger sequencing> and minisequencing'®. Signals may also be
created transiently during or after probe processing, e.g. by bioluminescence
as in the pyrosequencing technique'’. Several methods use a mass
spectrometry read-out to separate different probes and reaction products, as
reviewed by Tost and Gut™.

Most genetic analysis techniques include an amplification step in order to
obtain a level of signal that is sufficient for detection over any background.
This may be performed by amplifying the target sequences or by amplifying
the reacted probes. The first type of methods will increase the number of
possible detection events, while the second type will generate a stronger
signal from each detection event. Both methods involve the production of
nucleic acid molecules. Signal amplification by other means may also be
carried out at the time of detection.

Amplification of target molecules may also serve another purpose, that of
reducing the complexity of the sample by directed amplification of the
sequences that are targets of the analysis. Most methods that utilize a single
recognition event on complex samples such as human genomic DNA require
a complexity reduction step to achieve the desired specificity.

For random or undirected target amplification, various forms of whole
genome amplification may be applied®*”. Directed target amplification
reactions are instead aimed at amplifying a subset of a genomic sample.
Ideally, this subset should consist of all target sequences under investigation
and no other sequences. Several methods have been proposed towards this
end. The polymerase chain reaction (PCR)* has long been the method of
choice for amplification of single sequences from genomic DNA, and one
approach to amplify several fragments at once is to add multiple primer pairs
to a reaction, possibly with 5’ overhangs that incorporate common sequences
into all amplification products for a subsequent round of amplification with a
common primer pair. Although this strategy has been successful for low
numbers of targets'', the risk for amplification artifacts, such as truncated or
false amplification products and primer dimers, increases with the number of
targets approximately as 2n°+n where 1 is the number of targets and thus
primer pairs used”’.

Digestion of genomic samples with a restriction enzyme, followed by the
ligation of common adaptor sequences to all ends, allows the amplification
of many sequences at once using a common primer pair. By adjusting the
PCR conditions it is possible to preferentially amplify fragments within a
certain size range®’. This procedure will amplify a large number of
fragments that are not of interest but it is useful as a complexity reduction
method for some applications.

A hybrid between the abovementioned procedures is achieved by adaptor
ligation and the use of one specific primer per target sequence and one
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common primer. This requires a total of n+1 primers, substantially reducing
the problems associated with ordinary multiplex PCR*%.

Callow er al™ present a method using two rounds of selective
amplification with type II S restriction enzymes and specific adaptors, and
demonstrate the method’s ability to specifically amplify single fragments
from genomic DNA. The method is multiplexable by the use of different
adaptors, but it can be shown that it is not amenable to high levels of
multiplexing because of limitations on which adaptors may be used together.

Methods that rely on probe amplification generally enabled this by the
introduction of common sequence motifs into the probes. This motif is then
used to perform a simultaneous amplification of all probes using PCR™,
rolling-circle amplification (RCA)*'** or circle-to-circle amplification
(C2CA)*® with common primers.

Coding and decoding of individual signals

When several targets are analyzed in parallel in a single probe-based
reaction, it is usually necessary to encode into the probes what target
sequence and/or sequence variant they are specific for, and then to decode
this information after the detection has taken place, in order to separate
signals originating from individual targets. Several methods exist for this
coding and decoding that is the essence of multiplexing.

Coding is achieved by the introduction of a unique feature into every
probe. This feature may be part of the nucleic acid, identifying the probe by
its length®™' or its sequence'®'®****  but may also be some other feature,
such as a fluorophore or a moiety of a specific mass. This coding feature
may be introduced when manufacturing the probes or during the probe
processing or probe amplification steps of the assay. To be able to encode
more than one quality into a single probe, such as locus and variant for
genotyping applications, more than one coding feature may be employed.

Decoding is performed based on the coding method used for the assay.
With fluorescent coding, decoding 1is performed by fluorometric
measurements, while mass spectrometry is used for mass-coded probes.
Length-encoded probes are separated by electrophoresis. Probe encoded with
specific sequences are generally sorted on an array of complementary
oligonucleotide probes™®.

Not all methods for multiplex nucleic acid analyses encode target identity
in probes in the sense described above. A complexity-reduced and labeled
sample can be hybridized to a microarray with oligonucleotide probes
complementary to all single nucleotide variations of a set of target
sequences. The signal distribution over the array will reveal the relative
number of each variant’”*. A similar strategy can be employed for gene
expression profiling®. In these methods, the target identity is not encoded in
the probes themselves, but in the location of the probe on the array.

15
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Summary

Several techniques for multiplex genetic analyses have been developed using
a number of reaction, detection, and identification mechanisms combined in
various ways. Most mechanisms have found their use in many different
methods. Furthermore, each of these methods has found several different
applications.

As an example, a length-encoded version of the OLA, termed the
multiplex ligation-dependent probe amplification (MLPA) technique, has
been used for copy number analysis* and CpG methylation analysis®’. A
sequence-coded version in conjunction with microarray readout has also
been used for profiling alternative splicing®®. The related padlock probe
technique has also been used for SNP genotyping®, gene expression
profiling™, and the detection and identification of microorganisms’”.

As many of the increasing number of methods for multiplex nucleic acid
analyses that are becoming available are variations on a number of themes,
they share common properties and thus common limitations. In common for
all probe-based methods is the need to design probes to be specific for their
intended targets and to function well together if used in a multiplex assay
format. This design is the topic of the next section.
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Design of multiplex assays

This section will focus on the increasingly important problem of design of
multiplex assays, including selection of target sequences and design of
probes. Principles of probe design will be described and existing tools for
computer-assisted oligonucleotide design for multiplex assays will be briefly
reviewed.

In the following discussion the term genomic sequence will be used for
sequences that are of genomic origin, including RNA transcripts and cDNA
as well as amplification products. The term farget sequence is used for a
sequence that is a subsequence of some genomic sequence of interest, and to
which a probe will be designed to base-pair. A probe sequence is a sequence
that base-pairs to a target sequence, and may include other sequences to be
used for probe processing or identification, as described in the previous
section.

Principles of multiplex oligonucleotide design

Once the aim of a particular investigation has been established, in the sense
that e.g. a number of SNPs for a genotyping project or a number of genomic
regions for a resequencing project have been selected, the task is to find the
actual set of target sequences for which to design the set of probes. For a
single probe, the problem of target selection involves the identification of a
subsequence of a given genomic sequence to which the probe should base-
pair, subject to given selection criteria. The nature and complexity of the
target sequence selection problem depend on the application at hand as
described in the following examples.

Different classes of design criteria

Let us first consider the selection of a single probe for hybridization to a
specific nucleic acid, such as a particular gene or part of a gene. The target
sequence selection problem is here to select a subsequence of this longer
genomic sequence, and the number of possible choices is determined by the
length of the sequence in conjunction with design criteria about the desired
length or melting point, T, of the probe sequence. With these considerations
in mind, every possibility can be evaluated and a target sequence selected.

17
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Two classes of such design criteria may be used in this selection. Class I
criteria apply to the properties of the target sequence itself, such as length,
hybridization stability, and potential for homodimer formation, while class 11
criteria concern the target sequence in relation to the genomic sequence
context, mainly the ability of the resulting probe to uniquely identify the
target sequence among all other genomic sequences present in the sample.

As another example, consider selecting a pair of PCR primers to amplify
a certain genomic sequence. The problem posed here is similar, but requires
two sequences to be selected, thus introducing a second dimension to the
problem. The number of possible choices now depends on the number of
possible choices for each primer and limitations on the distance between the
two primer sequences. A new class of criteria (class III) is necessary to avoid
selecting primer sequences that work poorly together, e.g. by forming primer
dimers.

For SNP genotyping assays such as minisequencing, the target selection
problem is simpler and consists of choosing one or the other strand to use as
target sequence. If both strands are to be analyzed, the solution to the target
selection problem is reduced to choosing the length of each target sequence
to find a suitable T,

When selecting targets for multiplex assays, a further class of criteria
(class IV) applies in order to avoid using incompatible target sequences in
the same assay, such as pairs of sequences that have a large degree of
complementarity that could inhibit the probing reaction or produce false
reaction products.

To summarize, four classes of design criteria can be identified for target
sequences.

I Criteria for the target sequence itself

11 Criteria for the target sequence in relation to the genomic se-
quence context

I Criteria for the target sequence within the set of target sequences
for the same genomic sequence

v Criteria for the target sequence in relation to target sequences for

other genomic sequences

When a set of target sequences has been selected, it is time to design a set of
probes for these sequences. The probe sequence design problem is to find
one or more probe sequences for each target, such that the probes satisfy
probe design criteria. In addition to designing probes for all targets,
designing probe sets for multiplex assays also includes trying to predict how
probes will work together and selecting probes that minimize problems due
to unintended interactions between different probes or between probes and
targets. The same four classes of constraints apply also for probe design.

18
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I Criteria for the probe sequence itself

II Criteria for the probe sequence in relation to the genomic se-
quence context

I Criteria for the probe sequence in relation to other probe se-
quences for the same target

v Criteria for the probe sequence in relation to probe sequences for

other targets

In some cases, probe design is a trivial task, completely determined by the
target selection. This is the case for regular PCR, where the probes only
contain sequences that are complementary to the target sequence. For more
complex probes such as tag-coupled minisequencing primers, OLA probe
pairs or padlock probes that contain primer and tag sequences, the probe
design problem is a complex problem, including the evaluation of many
candidate probe sequences, in a manner similar to that described for target
sequences.

Design complexity

With the descriptions of the target sequence selection and probe sequence
design problems presented above, it is clear that the requirements for design
algorithms differ widely between applications. For methods such as regular
PCR, only target selection needs to be performed, while genotyping methods
that are performed on PCR-amplified material, such as tagged
minisequencing, may require two rounds of target selection (selection of
PCR primers to amplify sequences containing the SNPs, and selection of
strand to genotype) and one round of probe design (selection of tags for each
minisequencing primer). The complexity of these problems for a given
application is determined in part by the number of possible choices of target
sequences or probe sequences. Again, some examples will be used to
illustrate this.

Consider as example A the design of a single PCR primer pair to amplify
a genomic sequence. Let the requirements on the length of the amplified
sequence be such that the number of possible positions of one primer is 100,
and that for each choice of this primer, there are 100 possible positions for
the second primer. For simplicity, consider there to be a single valid choice
of primer length for each primer position. There are then 10,000 possible
choices for this primer pair.

Consider as example B the design of 10 such primer pairs for use in the
same reaction. There are still 10,000 possible primer choices per genomic
sequence to be amplified, and if the different selections were independent
problems, there would be a maximum of 100,000 primer pair choices to
evaluate. However, since the primer pairs are to be used together, these
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problems are not independent and the number of possible combinations is
10,000", or 10*.

Consider as example C the design of a padlock probe for a specific
genomic sequence. Let the target selection be limited to a single possible
target sequence. The probe should include a tag sequence for array
hybridization, selected from a library of 10 such sequences. There are thus
10 possible probe candidates.

Consider as example D the same design as in example C, but with the
possibility to choose either strand to hybridize the probe to. There are then 2
possible combinations of target sequences. For each target sequence there
are still 10 possible probes, making the total number of possibilities 20.

Consider as example E the design of 10 such probes for multiplex use.
Each probe should be equipped with a unique tag. Even if class IIl and IV
probe design criteria are disregarded, design of each probe cannot be
considered to be an independent problem since the use of a tag in one probe
prohibits its use in other probes. Thus, the number of possible combinations
of probes and tags is 10!, or approximately 3.6 - 10° if only combinations
where all probes are successfully designed are considered. Considering that
probes may fail if no tag selection satisfies the probe design criteria, there
are 10" possible combinations. This is true for every possible combination
of target sequences, giving a total number of ~10" possible designs.

Let n be the number of probes to be designed, ¢ the number of possible
selections of target sequence for each probe, and p the number of alternative
probes possible for each probe. The total number of combinations for the
above examples can then be expressed as (" - p”, or (¢ - p)”, as summarized in

table 1.
Example A B C D E
t 10,000 10,000 1 2 2
P 1 1 10 10 10
n 1 10 1 1 10
(t-p) 10,000 10% 10 20 ~10"

Table 1. Number of possible combinations for different de-
sign examples

From these examples, two things are evident. Firstly, the complexity of the
multiplex oligonucleotide design task grows quickly with increasing
numbers of possible target and probe sequences, and requires computer
software to be approachable. Secondly, even with the use of software for
computer-assisted design, the large number of possibilities to evaluate
prohibits exhaustive selection methods for most design problems.
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Sequence ranking and selection methods

To be able to select among the different target and probe sequences possible
for a given application, a ranking system is required. This way, each
combination can be evaluated and assigned a rank, which can be used to
select among combinations. This ranking system must have at least two
levels, allowing the target or probe sequence to be either accepted or
rejected. A finer ranking system allows the identification of target or probe
candidates that are sub-optimal, but considered to be acceptable in spite of
some problems.

An ideal selection of target and probe sequences is one where all targets
and probes satisfy all the design criteria in use, such that all selected targets
and probes are ranked at the top level. If such an ideal combination exists,
the selection procedure can safely be stopped once that combination has
been found. Often, however, there is no combination of targets and probes
that satisfies all design criteria. In such cases, all possible combinations have
to be evaluated to ensure that an optimal one is found. A definition of an
optimal combination can be a combination that has the highest number of
probes/targets of the highest rank of all possible combinations, or one which
maximizes the sum of ranks for all targets/probes. For a simple two-level
ranking system these two definitions of optimality become equal.

An exhaustive method allows and requires the evaluation of all possible
combinations, in the worst case. As discussed in the previous section,
exhaustive methods become complex when the number of probes increases.
Other methods are thus required to find good target and probe combinations.
By evaluating all components of a target or probe selection separately before
combining them, the complexity can be reduced.

Consider design example A (design of a single PCR primer pair) from the
previous section, using a two-level ranking system. Criteria of classes I, II,
and IIT apply. By evaluating all possible selections of primer 1 and primer 2
separately, using class I and II criteria, the number of acceptable primer
combinations is reduced, as only acceptable selections of each primer need
to be tested together. In fact, the first pair of two acceptable primers that also
satisfies the class III criteria is an optimal primer pair, assuming that primers
of the lower rank are discarded. If a multi-level ranking system is used, the
problem becomes more complex again, and the number of combinations that
have to be evaluated depends on what emphasis the ranking system places
on the different classes of criteria, and what optimality definition is used. In
particular, an optimal primer pair does not necessarily consist of primers of
the highest rank. Similarly, an optimal selection of ten primer pairs for
example B does not necessarily consist of ten primer pairs that are optimal
for their individual selection problems.

An approach that significantly reduces the amount of evaluations
performed is the greedy selection method. A greedy algorithm can be
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described as one that tries to find a solution to a problem by finding an
optimal solution to each of a series of sub-problems. This is applicable to the
problems of target and probe selection, at the cost of not always finding an
optimal solution. For example A, a greedy approach would be to first find an
optimal selection of one primer, and with this done, find the best selection of
the second primer, using all classes of criteria. The maximum number of
combinations to evaluate is reduced to 200. For example B, a greedy
approach would be to select each of the 10 primer pairs in sequence. Each
primer pair could be selected either exhaustively or greedily, yielding
100,000 or 2,000 possible combinations to evaluate, respectively, in the
worst case. Table 2 summarizes the effects on the design examples of using
greedy methods for selection of target sequences and probe sequences, for
target and probe sequence combinations, and for both.

Individual ~ Combination A" B ct Df E

Exhaustive  Exhaustive 10,000 10% 10 20 108

Exhaustive Greedy 10,000 100,000 10 20 200
Greedy Greedy 200 2,000 10 124 120*

T These examples do not include combination selection.
¥ In this case, the greedy individual selection approach is to first select target
strand (2 possibilities), then select tag (10 possibilities).

Table 2. Number of possible combinations for different design examples
using greedy and exhaustive methods for selection of individual target and
probe sequences (or pairs of sequences) and of combinations of these
sequences.

Clearly, greedy strategies significantly reduce the complexity of the design
task. This is particularly so when evaluating target criteria of class IV, which
require comparing target or probe sequences to all other sequences in the set
being designed. These steps are generally the most time-consuming, and
reducing the number of such comparisons greatly reduces the time required
for a selection task.

The choice of selection method for a particular application is governed by
the requirements on finding an optimal solution, and the time available for
the design. For some applications, it may be imperative that the design
succeeds for all targets, while other application may allow some designs to
fail, either by using a redundant set of targets or by being able to use
substitute targets. The latter may be performed by the use of an iterative
design scheme, where targets for which the design fails are removed from
the set and substitute targets added and the design reiterated with the already
selected targets and/or probes in mind. An iterative design may also be used
to redesign probes for failed targets using less stringent design criteria.
Another approach to rescuing failed targets is to divide the set of probes into
subsets, where each subset contains probes that work well together.
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Algorithms and software for oligonucleotide design

Numerous software tools exist to aid in the design of oligonucleotides. The
most common tasks performed by these tools are the selection of extension
primers for various applications such as PCR, genotyping, or sequencing’®*,
and the selection of oligonucleotide probes for genomic DNA or cDNA
microarray hybridization experiments”*. These available tools define a
number of selection criteria for oligonucleotides and various algorithms to
evaluate probes or primers based on these criteria. This section will describe

some of the criteria that are commonly used.

Melting point calculations

Oligonucleotide probes recognize targets based on their sequence by the
formation of a probe-target hybrid duplex. The stability of a duplex is often
described by its melting point (T,,), which is defined as the temperature at
which half of the potential duplexes are formed. Some different models exist
to calculate the T, for a duplex of known sequence, and will be briefly
reviewed below.

Factors influencing the stability of duplexes include the number of
hydrogen bonds as determined by the number of AT and GC base-pairs in
the duplex, base stacking between adjacent base pairs, the presence of
cations such as sodium and magnesium ions, and the presence of denaturing
agents such as formamide and dimethyl sulfoxide. The simplest models
address only the contributions from hydrogen-bonding, while more complex
models address several of these factors. Wetmur™ describes many aspects of
probe hybridization, while von Ahsen et al.’' provide a brief compilation of
different approximate models. The most accurate predictor of T, is the
nearest-neighbor model as described by Breslauer et al’’. See also
Owczarzy et al.” and SantaLucia and Hicks™ for a detailed description and
review of the nearest-neighbor model. The nearest-neighbor model may also
be applied to duplexes that are not perfectly matched. Adjustments to the Ty,
for some reaction components often present during enzymatic processing of
probes are described by von Ahsen et al.”!

Existing software tools for oligonucleotide design

There are two dominating ranking and selection strategies among existing
software tools. The first strategy is that of successive filters”***. In this
strategy, each target or probe sequence candidate is subjected to a series of
consecutive tests, each with two possible outcomes, accepted or rejected.
Only candidates that are accepted by one filter are passed to the next. Any
candidates that pass all filters are considered acceptable for use. With the
other strategy*>*, a set of tests are carried out on a candidate, and a rank is
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calculated based on the results of all tests, weighting the results of the
different tests in some fashion. This rank can then be used to filter, sort or
select candidates.

By ordering the tests according to the required execution time, the former
strategy of successive filters allows time consuming tests to be avoided for
candidates that fail in earlier tests. The second strategy allows the selection
of sub-optimal probes or combination of probes, something which is often
necessary for complex design problems where no optimal solutions exist.
Another advantage of the second strategy is that it is generally easier for the
user to find out what are the main reasons for design failure. Some programs
use a combination of the two strategies*™*, applying the former strategy for
some classes of design criteria, and the latter strategy for some.

The most common criteria used to evaluate probes for hybridization-
based assays is the presence of certain undesirable sequences, the risk for
secondary structure formation or homo- and heterodimer formation between
probes, and the risk for cross-hybridization of probes to other targets. For
polymerase-based assays also false priming and primer-dimer formation is
checked for. Commonly used design criteria are summarized in table 3.

Criterion class Examples

Probe-target T,
Target sequence length
Probe secondary structure (hairpin formation)

Class I Probe homodimer formation
Probe self-priming (for polymerase-based applications)
Specificity (hybridization to correct target only)
Class I1 False priming on genomic sequence
Probe heterodimer formation
Class 111 False priming on other probes

Probe heterodimer formation
Class IV False priming on other probes
Probe-tag cross-hybridization (for tag-based readout)

Table 3. Criteria commonly used in existing oligonucleotide design software

Most of the algorithms used to implement the evaluation of these criteria are
concerned with the comparison of sequences to find regions of similarity or
complementarity. These algorithms reach from simple string comparisons to
dynamic programming algorithms for constructing alignments based on
nearest-neighbor thermodynamic parameters’”. The more complex
algorithms yield better predictions to the cost of being more computationally
expensive.
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Many of the available primer design tools do not support the design of
multiple primer pairs at once, and those that do generally do not use target
criteria of class IV, effectively making the design problems independent.
Furthermore, primer and microarray probe design software are generally
concerned only with target sequence criteria. One exception to this is the
SBEprimer software™. This program allows the design of sets of sequence-
tagged primers for multiplex minisequencing, and evaluates the different
classes of probe sequence criteria.
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Present developments

The papers that constitute this thesis describe two distinct developments.
Papers I and II demonstrate the so-called selector technique, a novel method
for selective amplification of genomic sequences, and a software tool that
solves the task of determining the reagents required for applications of this
new method. Paper III presents an extensible software framework for design
of sets of oligonucleotide probes consisting of multiple sequence elements.
Paper IV describes the continuation of this work towards the development of
a unified system for oligonucleotide design.

Paper 1. Multiplex amplification enabled by selective
circularization of large sets of genomic DNA fragments

As discussed elsewhere in this thesis, current strategies for multiplex
amplification of target sequences are limited in the level of multiplexing that
can be achieved, or generate undesired amplification products. In this paper
we describe and demonstrate a novel method for selective amplification of
many genomic DNA sequences in parallel.

A genomic DNA sample is digested with one or more restriction
enzymes, forming a mixture of different fragments. After denaturing the
digestion products, the single-stranded fragments that contain sequences of
interest are circularized by hybridization and ligation guided by partially
double-stranded oligonucleotide constructs called selectors. The selectors
consist of a common central part that is double-stranded and 10-25
nucleotides long sequences at the 5 and 3’ ends that are single-stranded and
that are complementary to the ends of the targeted restriction fragments. By
utilizing an enzyme capable of structure-specific endonucleolytic
cleavage™ it is possible to cleave off a 5 part of the fragment prior to the
ligation, thus circularizing and thereby selecting a sub-fragment.

Demonstration of the selector method

To demonstrate the multiplexing ability of the selector method, we selected a
set of 96 clones from a 7500 clone cDNA microarray intended for gene
expression studies. The genomic sequence corresponding to each clone was
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found using Blast’’. Selectors were then designed to amplify genomic
sequences that would hybridize to the selected clones on the array. In this
design we required fragments to be between 140 and 160 nucleotides in
length, and to contain at least 70 bases of sequence complementary to the
c¢cDNA on the array. The selector design was carried out using the
PieceMaker software, described in paper II. Two parallel digestion reactions,
each with two restriction enzymes, were required to obtain suitable
fragments for all targets.

DNA samples were restriction digested in two parallel reactions,
circularized and then combined and amplified in multiplex by PCR. The
fluorescently labeled amplification products were then hybridized to the
cDNA array. Seven of the 96 cDNA clones turned out to be absent from the
microarrays. Of the 89 fragments specific for the remaining clones, we
successfully circularized, amplified, and detected 79, or 89 %, in at least
three out of five replicate experiments, while 71 (80 %) were detected in all
experiments. Experiments using genomic DNA from different individuals
showed that the inter-individual variation was similar to the intra-individual
one.

To investigate if further multiplexing of the selector method will be
limited by the ability to select combinations of restriction reactions, we
selected five sets of arbitrary genomic sequences and performed in silico
digestion, fragment selection and selection of reaction combinations using
the PieceMaker software. The results indicate that the design success rate
will not decrease with an increasing number of target sequences.

Comments

The selector method compares favorably with other methods for directed
target amplification. The specific selection of fragments is made possible by
the requirement for two hybridization events, and the circularization of
selected fragments enables the distinction of correct products from any
erroneous reaction products, such as fragments that have had different
selectors attached at each end. The fact that selectors are used at
concentrations much lower than e.g. PCR primers should also substantially
reduce the risk for unintended amplification products.

The selector method has the potential of being used as a preparation step
for assays where the specific amplification of an arbitrary selection of
sequences is required. One such application is the parallel resequencing of
large numbers of DNA molecules, an area where considerable effort is being
spent™. This would take advantage of the full potential of the selector
method by using the full information content of the amplification products.

From another perspective, the selector method is a multiplex probing
technique that extracts parts of the genome into the processed probes.
Several probe-based methods use a single primer pair to amplify all reacted

27

Tecan Ex. 2177, Page 27 of 42
QIAGEN Sciences, LLC v. Tecan Genomics - IPR2025-00029



probes. For these methods, products from the amplification of unreacted
probes cannot always be discriminated from desired reaction products,
resulting in a high level of background signal. The selector method is
expected to have fewer problems with background, since an amplified
unreacted probe would not contain the genomic sequence.

Recent developments

Since the publication of paper I, we have begun applying the selector method
in a number of applications, including for parallel resequencing, sequence
copy number measurements, and DNA methylation analysis.

The resequencing approach involves using selectors to amplify a set of
exon sequences and to further process the amplification product in a micro-
emulsion PCR followed by sequencing using a high-throughput solid phase
pyrosequencing platform as previously described®®. The initial results are
promising, but one remaining issue is to achieve an even level of
amplification for all targets (Dahl, et al. work in progress).

By selecting fragments of different lengths for each target, the
corresponding amplification products will likewise be of different lengths.
Using fluorescently labeled primers in the amplification step allows the
separation and detection of products from each target by electrophoresis. The
signal intensity for each probe will reflect the number of targets that were
present in the sample. By comparing a sample to a reference it is possible to
establish the relative copy numbers of the target sequences. This is similar to
the previously described MLPA technique, which has been applied for
measurements of aneuploidy and gene dosage, as well as for CpG
methylation analysis. An advantage of the selector technique is that the
probes are easier to produce than MLPA probes that have lengths of up to a
few hundred base pairs. Our initial results show that the selector method can
be used for high-precision gene copy number measurements of tens of
targets in multiplex (Isaksson et al., in preparation). By using methylation-
sensitive restriction enzymes, this technique can also be extended to
epigenetic studies (Isaksson et al. work in progress).

Paper II. PieceMaker: selection of DNA fragments for
selector-guided multiplex amplification

During the planning of the experiments to demonstrate the multiplexing
capability of the selector method it became evident that the assistance of a
computer program was required to perform the reagent design. The

PieceMaker software was developed to support the selection of restriction
enzymes to generate restriction fragments for selector-guided amplification.
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The PieceMaker software

PieceMaker is an interactive, graphical program that allows the user to
perform in silico digestion of DNA sequences, evaluate the resulting
fragments and select an optimal combination of restriction enzymes. An
optimal combination is one that maximizes the number of targets for which
suitable fragments are created in a given number of parallel digestion
reactions.

A set of target sequences is digested in silico with a number of restriction
reactions, each using one or more restriction enzymes, and taking into
account uncertain presence of cleavage sites due to known variation in the
input sequences. Restriction fragments are evaluated by filtering based on
fragment length, content of target sequence, and optionally the existence of a
suitable site for structure-specific cleavage.

An exhaustive approach is used to find an optimal solution to a given
selector experiment design problem. To support the selection of restriction
reactions for different types of applications, two selection schemes are
available. One scheme requires at least one suitable fragment per target,
while the other scheme requires that the whole target region is included in
one or more selectable fragments. The former scheme is useful for finding
fragments for copy-number measurements, where one marker per target is
sufficient, while the other scheme is intended to be used for resequencing
applications, where the objective is to sequence the complete target.

Results

To show the utility of the PieceMaker software and to investigate the ability
to design selectors for actual applications, we performed two designs, one
aimed at amplifying target sequences for genotyping of 100 randomly
chosen SNPs, the other aimed at amplifying the complete sequences of 101
exons from three different genes. The results indicate that the applicability of
the selector method to such ends will not be limited by design. The choice of
fragment evaluation parameters, such as fragment length range and the
maximum length of the flap (the sub-fragment cleaved off by the structure-
specific cleavage), has a large impact on the design success rate. To begin to
establish some design rules, we tried a few different designs experimentally.
We have thus circularized fragments from 100 to 1000 nucleotides in length
and used flap lengths of up to 1000 nucleotides.

Comments

Three types of considerations have to be made when designing selectors for
any particular application. The reaction mechanisms involved in the
selection reaction impose limits on fragment lengths. Very short fragments
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will not be circularizable due to the rigidity of the DNA molecule. Very long
fragments will form circles less efficiently due to the long distance between
the two ends. Also, long fragments may be more difficult to denature which
will adversely affect the circularization. Furthermore, the properties of the
amplification method (PCR) may impose further limits such as the GC
content of the selected fragment. There are also some limitations imposed by
the intended application. For a resequencing application, the fragments
should not be longer than what is possible to sequence, while for length-
encoded multiplexing they should be within a size range suitable for the
instrument on which they will be separated. Finally, the nature of the target
sequences themselves will be limiting. For example, the presence of repeated
sequence elements caused the design of one of the example targets to fail
regardless of the design criteria used.

The PieceMaker program has served well in the design of several selector
experiments, including the applications described under paper I, above. As
more sets of selectors are designed, we will learn more about how to design
probes that will function well. This knowledge can then be incorporated into
the design software. There is also potential for other improvements to the
usability and performance of the software. It would be beneficial if the
software could import restriction enzyme data directly from sources such as
REBASE®, and also to import restriction maps that are generated by other
tools. Also, as the number of designs grow, it could be convenient to store
restriction mapping results in databases to reduce the time required to
perform new designs on the same target sequences.

Recent developments

Since the publication of paper II, the PieceMaker software has been
developed continually. It is now possible to specify the minimum distance
from the position of the structure-specific cleavage at which known
variations are allowed to occur. This should decrease the risk of losing
individual amplicons due to poor efficiency of hybridization or ligation
caused by sequence variability. Also, the fragment evaluation and reaction
combination selection tasks have been delegated to plug-in software
components. This has simplified the addition of new design criteria.
Furthermore, performance improvements have been made that significantly
reduce the time required for in silico digestion.
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Paper III. ProbeMaker: an extensible framework for
design of sets of oligonucleotide probes

As discussed earlier, the design of oligonucleotide probes for multiplex
genetic analyses requires the aid of computer software to be tractable. For
probes consisting of multiple sequence elements, such as padlock probes™
and the selector probes described in paper I, such software has not been
publicly available. This prompted us to develop the ProbeMaker software.
As there are many types of applications that utilize this type of probes, our
objective has been to design a flexible and extensible software framework
for multiple types of designs.

The ProbeMaker software

The design task performed by ProbeMaker is defined by a set of target
sequences, sets of tag sequences and corresponding tag selection modes,
design parameters, a set of analyses, and an acceptation and selection
scheme.

The target sequences define templates for which up to two
complementary sequences will be constructed. For each target, one probe is
designed that consists of sequence elements complementary to the templates
defined by the target and one sequence from each of the sets of tag
sequences. The lengths of the two target-complementary sequences are
determined based on design parameters for length and T, as calculated by a
nearest-neighbor model.

The so-called ‘tag’ sequences, which may have different purposes, such
as to allow amplification, restriction digestion or hybridization, are allocated
to the probe based on a selection mode specified for each set of tags. This
makes it possible to decide whether tags should be present in all individual
probes, unique for each target-specific probe, or e.g. distinct for the allele-
specific probes at any locus. Depending on the tag sets and selection modes,
many possible combinations of tags may be possible for a given probe and
are selected among by generating, testing and evaluating probe candidates.

Candidate testing is performed by the specified analysis modules, which
define various criteria. The test results determine if candidates are acceptable
and which candidate should be used, as defined by the acceptance and
selection scheme in use.

ProbeMaker is equipped with an extension mechanism that facilitates the
addition of new functionality, such as new target types, probe analyses, and
acceptance and selection schemes.

To cope with the large numbers of probe candidates and combinations of
probes for large number of targets, the tag selection is performed using a
greedy method with an exhaustive strategy available for the sub-problem of
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selecting pairs of allele-specific probes. Thus, ProbeMaker will not always
find an optimal solution to the design problem.

By default, the program uses a three-level ranking system, but this can be
changed by providing new acceptance and selection schemes. ProbeMaker is
capable of selecting probes based on the four classes of probe sequence
criteria, and it can also evaluate target sequence based on all four classes of
target sequence criteria. However, although rudimentary selection for small
numbers of possible targets (such as choosing one or the other strand of a
sequence) is possible, ProbeMaker is not suited for target sequence selection.
This may require other software, such as PieceMaker, presented in paper II.

Comments

For historical reasons, we initially aimed at creating a tool for the computer-
assisted design of padlock probes. The many possible applications and thus
different designs of padlock probes, in conjunction with the fact that optimal
parameter values for probe design are not yet known, prompted us to
construct a piece of software that was flexible in allowing different types of
target sequences, different compositions of the functional elements of
probes, and different probe evaluation criteria. In spite of this, the early
versions of the program were still limited to padlock probe design. As the
design of selectors was later required, we redesigned ProbeMaker to solve
also this task, and in the process of doing this we added the extension
mechanism described above to support present and future types of probes.

The software has enabled us to swiftly design probe sets for detection of
bacteria (Jarvius et al., submitted) and viruses (Banér et al., submitted). With
the capabilities provided by the extension mechanism, we have also used the
software to design sets of selectors, including those used in paper I, and to
design probes for proximity-ligation® based characterization of DNA-
protein interaction (Gustafsdottir ef al., in preparation).

Paper IV. Approaching a unified data processing model
for oligonucleotide design

The large number of oligonucleotide design programs already available
illustrates the increasing usefulness of such tools, and it also demonstrates
that much effort has been put into software development in this area.
Although many functions are similar or equivalent in these different
programs, this area of software development has a low level of code reuse.
In paper 1V, I describe a prototype for a unified oligonucleotide probe design
software system. The aim of this software project is to provide users with the
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possibility to create design applications that are tailored to their specific
requirements by combining existing components and services.

Current programs define a number of probe evaluation criteria and
algorithms with which to evaluate candidate sequences. The software project
presented in paper IV intends to provide a framework in which to combine
these to build new applications that support the development of new analysis
methods.

The Comodo software system

The software system, named ‘Common models for design of oligo-
nucleotides’ or Comodo for short, consists of several parts. A data model
describes the types of entities involved in probe design, and has been
constructed to allow the representations of many types of probes through a
generic set of data structures. Also, the model may be extended with new
entities if need be. Individual data objects representing targets and probes are
generated and processed as dictated by a design scheme.

A design scheme consists of interconnected software components that fill
different roles of the design process, such as candidate generation, analysis,
and filtering. The details of the actions taken by each component are
determined by the services used by that component. A service is an
independent software unit that performs an atomic task, such as calculating
the T,, of a probe-target hybrid, or sorting probe candidates based on a rank
value.

Design schemes are created programmatically or by manually editing a
design scheme file. A design job is performed by submitting a design
scheme and a set of input data to the enactor, or design scheme execution
engine. The enactor will process the input data according to the design
scheme specification, and return the resulting output data to a user or to a
client program.

In order to demonstrate the system two design schemes were created, one
for designing microarray probes for expression profiling, and one for
designing padlock probes for bacterial detection. The schemes were
executed with results comparable to those of other software.

Comments and perspectives

For the Comodo system to become really useful, it must fulfill a number of
criteria. It must be possible for users to create and add new functions to the
system, and to adapt it to their specific needs. Therefore, the source code
will be distributed for free under a free software license. This, along with the
choice of Java as the implementation language, will make the potential user
base large, as the system will run on most available computer systems and
there will be no license cost attached with either use or further development.
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Secondly, to attract a large user base, the system needs to be applicable
for different categories of users. This ranges from basic users who use the
system for designs on a routine basis, to advanced users who contribute to
the development of the system. Accordingly, the design scheme model can
be utilized in several ways. A software application can create a design
scheme programmatically in such a way that it is hidden from the user. This
utilizes only a small part of the system’s potential, but still makes it easier
for the application developer to make changes to the system, and to reuse
previously developed components. By defining the design scheme as an
XML file that is read into the program on every run, users with
understanding about the scheme have the possibility to change the order and
nature of the processing steps, while still essentially hiding the complexity
from those that so desire. More advanced or experimentally inclined users
may wish to have a graphical editor with which to compose entirely new
design schemes.

The system should also support the integration of design processes with
other upstream and downstream systems. This is facilitated by allowing the
use of an existing data model and XML-based file format for transmitting
input and output data. A design process can easily be integrated with work
flows built in the Taverna workbench®, and could also be included as a
component of such a workflow.

Comodo can be run either as a standalone program on the local machine,
or as a service located on a remote machine. The performance of the
software could be increased by adapting it for parallel or concurrent
processing and running it on a multiprocessor system.
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Concluding remarks

Multiplexed nucleic acid analysis techniques are and will increasingly be
important tools for gaining knowledge about genetic disease mechanisms.
Many oligonucleotide probing methods have been developed for the purpose
of performing SNP genotyping. As other types of variation now come into
focus, these methods will be adapted to new applications, including the
analysis of copy number variations and methylation. Methods will also be
put to use for the detection and identification of microorganisms for
purposes such as food and water safety, environmental control, and defense
against biowarfare or bioterrorism. In these settings there will be room for
methods able to perform at moderate as well as very high levels of
multiplexing. Another area where considerable effort is being invested is the
development of techniques for highly parallel resequencing. This will
become useful for the discovery of new mutations.

The development of powerful techniques for multiplex or parallel
analyses, along with software tools for assay design and data analysis, are
invaluable contributions. Nevertheless, some obstacles must be overcome to
establish cost-efficient tools for the wide variety of applications that are
presently in demand, or that will be in the near future. Some of the areas
where capability has been lacking are the highly multiplexed and directed
amplification of genomic sequences, the design of complex oligonucleotide
probes, and the cost-efficient synthesis of long oligonucleotides. The present
work has been aimed at providing some of these capabilities.

The selector method, assisted by the PieceMaker software, is an ideal
procedure for the preparation of samples for parallel resequencing of genes
or exons. This will enable detailed analysis of large numbers of genomic
regions in a sample in order to find the genetic causes of cancer and other
diseases. The selector method will also serve as a probing method to
establish the relative copy-number levels of specific sequences in different
DNA samples. This allows moderately multiplexed analysis of copy number
variations and of DNA methylation.

The focus of this work has been on providing computer support for
various reagent design tasks. The aim has been to assist the search for
combinations of sequences and sequence elements that function well
together in a set of probes. For some types of probes, this task is solved by
the ProbeMaker software. As new methods are constantly being developed,
new applications are being found, and new readout techniques are invented,

35

Tecan Ex. 2177, Page 35 of 42
QIAGEN Sciences, LLC v. Tecan Genomics - IPR2025-00029



the need for an even more flexible and versatile tool has become apparent.
The Comodo system is to be regarded as a first approach to obtaining unified
models for oligonucleotide design. Further development will be necessary
for the system to fulfill its intended role. Ideally, this would be achieved by
the combined effort of developers with expertise in different areas of reagent
design and software development. Once complete, the system has the
potential to significantly reduce the time required to develop new
oligonucleotide design applications. This will remove one limiting factor in
the development of new analysis methods, and it will free up often limited
software development resources for other tasks.

Another challenge in oligonucleotide design is to define relevant design
and selection criteria. One approach is to choose criteria that are more
stringent than what is expected to be necessary, to ensure that the resulting
probes will function well. The experimental testing of large sets of probes
designed with different criteria could potentially increase assay success rate
by defining new design rules, and it could also increase design success rate
by allowing the tuning of criteria so that probe candidates are not
unnecessarily rejected. The software described herein will be valuable also
for this kind of studies.

A remaining challenge is that of cost-efficiently producing large numbers
of long oligonucleotide probes as required in many methods, including the
selector technique. Regular oligonucleotide synthesis of hundreds or
thousands of probes is costly, while in situ synthesis methods for microarray
production do not produce enough of each probe to last more than at most
one or a few reactions. Pools of long oligonucleotides have proven useful for
gene synthesis applications®. Similarly, sufficient amounts of probes can be
produced from small amounts of starting material by using RCA or C2CA
(Howell et al., in preparation). The ability to create large amounts of
thousands of probes from an in situ-synthesized pool of starting material will
significantly reduce the cost associated with many present and future
methods.
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