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Abstract

Motivation: Target-specific hybridization depends on oligo-probe characteristics that improve hy-
bridization specificity and minimize genome-wide cross-hybridization. Interplay between specific
hybridization and genome-wide cross-hybridization has been insufficiently studied, despite its cru-
cial role in efficient probe design and in data analysis.

Results: In this study, we defined hybridization specificity as a ratio between oligo target-specific
hybridization and oligo genome-wide cross-hybridization. A microarray database, derived from the
Genomic Comparison Hybridization (GCH) experiment and performed using the Affymetrix plat-
form, contains two different types of probes. The first type of oligo-probes does not have a specific
target on the genome and their hybridization signals are derived from genome-wide cross-hybrid-
ization alone. The second type includes oligonucleotides that have a specific target on the genomic
DNA and their signals are derived from specific and cross-hybridization components combined to-
gether in a total signal. A comparative analysis of hybridization specificity of oligo-probes, as well
as their nucleotide sequences and thermodynamic features was performed on the database. The
comparison has revealed that hybridization specificity was negatively affected by low stability of
the fully-paired oligo-target duplex, stable probe self-folding, G-rich content, including GGG motifs,
low sequence complexity and nucleotide composition symmetry.

Conclusion: Filtering out the probes with defined ‘negative’ characteristics significantly increases
specific hybridization and dramatically decreasing genome-wide cross-hybridization. Selected
oligo-probes have two times higher hybridization specificity on average, compared to the probes
that were filtered from the analysis by applying suggested cutoff thresholds to the described par-
ameters. A new approach for efficient oligo-probe design is described in our study.

Contact: shabalin@ncbi.nim.nih.gov or olga.matveeva@gmail.com

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Oligo-probes are involved in hybridization with their specific DNA
or RNA targets in many biotechnology applications; one such appli-
cation is microarray technology. Microarrays are reliable and cur-
rently more cost effective than RNA-Seq for gene expression
profiling in model organisms. Moreover, RNA-Seq is not widely
used for Comparative Genomic Hybridization for gene copy number
evaluation due to prohibitive costs. RNA-Seq will eventually surpass

microarray for routine use, but currently the techniques can be com-
plementary to each other.

The focus of this study is in improvement of oligo-probe design
for microarray technology. The main problem of any microarray ex-
periment is that the specific and efficient oligo-target duplex forma-
tions are usually combined with non-specific parallel reactions. In
addition to specific oligo-target duplex formation, which represents
interaction between an oligo-probe and a fully complemented target,
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an oligo-probe could interact with many partially complemented
DNA or RNA sequences. These interactions lead to the formation of
many non-perfect duplexes, which are responsible for cross-
hybridization signals. Other types of non-specific reactions include
oligo-probe self-folding, target intra- and inter-molecular inter-
actions. Microarray hybridization data are a great resource for char-
acterizing these parallel reactions. A single microarray experiment,
especially with comparative genomic hybridization, allows visual-
ization of thousands or even millions of hybridization reactions.
Such experiments represent ‘magnifying glasses’ for observing enor-
mous diversity in hybridization behavior of oligo-probes. No other
technology provides such a high volume of useful information for
analysis of specific oligo-target hybridization in a complex mixture
of different non-specific reactions (Chudin ez al., 2002; McCall and
Irizarry, 2008; Zhang et al., 2003). Evaluation of a probe’s ability
for cross-hybridization is very important for optimization of oligo-
probe design. The existence of non-Watson-Crick base pairings be-
tween a probe and genomic DNA, specifically, for G-rich probes
and particularly for those probes with certain G motifs, complicates
hybridization data analysis and efficient oligo-probes selection pro-
cedures for array design (Binder et al., 2009; Fasold ez al., 2010;
Langdon et al., 2008; Memon et al., 2010; Wu et al., 2007; Upton
et al., 2008; Matveeva et al., 2003). Local nucleotide profiling has
revealed that probes with G-rich sequences at their 5’ ends are more
vulnerable to a hybridization ‘G negative’ effect than probes with G-
rich sequences at their 3’ ends (Binder ez al., 2005).

Human Affymetrix microarray datasets that included ‘empty’
probes, where complementary targets for these probes are absent
from the human genome, are very useful for cross-hybridization
studies. Consequently, the signals from ‘empty’ probes are caused by
cross-hybridization only. The analysis of these types of databases
contributed to a creation of an advanced model for cross-
hybridization prediction (Furusawa et al., 2009).

Complex connections between hybridization specificity and
genome-wide cross-hybridization have not been sufficiently studied
for optimal oligo-probe design. It is widely accepted, but not always
true, that probes with the lowest cross-hybridization signal (low
noise) are most specific (have highest hybridization specificity). Low
cross-hybridization signal is not necessarily indicative of the hybrid-
ization high specificity (high signal). Low cross-hybridization signal
could be a result of the poor ability of the probes to interact in gen-
eral; in such cases, both signal and noise are low. Conversely, probes
that generate high specific hybridization can also generate high
cross-hybridization.

With some exceptions, it is still largely unknown how probe
characteristics such as oligo-target duplex stability, probe’s self-
folding or nucleotide content can influence signal-to-noise ratios in
array experiments. More specific probes could be designed if these
influences are identified and characterized.

The calculation of the Gibbs free energy change (AG), which
accompanies the hybridization reaction, can be performed in a num-
ber of different ways. It has been shown that the AG of the binding
reaction, calculated as the sum of derived nearest neighbor param-
eters, obtained from solution studies, to a certain extent correlates
with array signal intensity (Weckx et al., 2007; Wei et al., 2008; Xia
etal., 2010; Zhang et al., 2007). However, AG of the direct reaction
calculated as the sum of position-dependent weighted nearest neigh-
bor parameters correlates with array signal intensity better (Zhang
et al., 2003). Correlation was also improved when the parameters
were calculated directly from array experiments (Hooyberghs et al.,
2009; Zhang et al., 2003). Despite the parameter investigations ref-
erenced in the above studies, a universally acceptable set of nearest

neighbor parameters for microarray hybridization has not yet been
established.

In this study, we investigated how the specificity of hybridiza-
tion, which is defined as the ratio between specific and cross-
hybridization, is affected by the probe characteristics mentioned
above. For this purpose, ‘empty’ and ‘full’ probes, with targets
located on the human X chromosome, were included in a dataset,
derived from an Affymetrix tiling microarray Comparative Genomic
Hybridization (GCH). Total hybridization consists of two compo-
nents: specific and cross-hybridization. It is not possible to split the
signal of each individual probe into these components for the hy-
bridization data. Nevertheless, the approach we call ‘binning and
averaging’ allowed analysis of probes’ features and comparison of
the probe signals from each bin. This approach promoted the inves-
tigation of relationships between probes’ theoretical characteristics
and experimental hybridization specificity values. Pre-filtering and
removing of oligonucleotides that are capable of forming canonical
or non-canonical secondary structures or probes with low sequence
complexity and asymmetry altogether improves this categorization.

A genomic cross-hybridization signal is caused by reactions be-
tween an oligo-probe and multiple partially complementary se-
quences in a genome. We investigated whether computational
software, which evaluates duplex stability between an oligo-probe
and partially complemented targets, can be useful for modeling and
predicting the hybridization specificity of probes. The software
packages that we tested are ‘FASTH’ (Ragan et al, 2009),
‘OligoArrayAux’, which is a subset of the UNAFold package
(Rouillard et al., 2003), ‘NCBI-Hybrid’ (Matveeva and Shabalina,
1993; Shabalina 2002; Shabalina et al., 2006; Matveeva et al.,
2007) and ‘Osaka University Software’ (Furusawa et al., 2009). All
these programs are created for different research purposes: ‘FASTH’
and ‘NCBI-Hybrid’ are created for transcriptome-wide search of tar-
get candidates for microRNAs, ‘OligoArrayAux’ — for genome-
scale oligonucleotide microarray design, and ‘Osaka University
Software’ — for microarray oligo-cross-hybridization evaluations.

Despite the differences, all programs are able to output values
that can be mathematically transformed into hybridization specifi-
city evaluations using basic equations of equilibrium thermo-
dynamics. In summary, our approach shows that even though
duplex stabilities between oligo-probes and partially paired se-
quences can be used for modeling and predicting probes’ hybridiza-
tion specificity, these calculations are comparable with the
simplified approach based on the duplex stability between fully
complemented probes. The oligo-target duplex stability calculation
procedure is more transparent and less time consuming. Duplex
stabilities between an oligo-probe and fully complemented target
could be significantly discriminative between highly specific and
non-specific hybridization probes. In addition, we showed that sta-
ble probe self-folding, high G-rich content, presence of GGG motifs,
low sequence complexity and symmetry are all parameters that di-
minish hybridization specificity.

2 Materials and methods

2.1 Hybridization database of 25-mers obtained after the
GCH experiment

In normal human somatic chromosomes, each gene is represented by
two copies (Supplementary Fig. STA). In the male X chromosome, a
majority of genes is represented by one copy (Supplementary Fig.
S1B). In male patients affected by Duchenne muscular dystrophy
syndrome (DMD), the region of the DMD gene is deleted and
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consequently represented by zero copies (Supplementary Fig. S1).
We analyzed the hybridization data obtained from an experiment
performed with DNA from a DMD syndrome male patient, where a
large part of the DMD gene in the X chromosome was deleted in the
patient’s DNA (Supplementary Fig. S1C). Consequently, the oligo-
probes targeting the deletion region of the DMD gene are ‘empty’;
they correspond to the background of genomic cross-hybridization
signals. While oligo-probes that target the non-deleted region in the
X chromosome are ‘full’; they correspond to the sum of specific and
cross-hybridization signals. This sum is referred to as the ‘total hy-
bridization’ in the study. Both sets of ‘empty” and “full’ probes in-
clude 10 000 data points from the same hybridization experiment,
performed on the same chip. The standard Affymetrix protocol was
used for genomic DNA amplification and hybridization at 45 C.
Hybridization was performed using a tiling array GeneChip Human
Mapping 100K Set.

2.2 Oligo-probe sequence characteristics

The list of sequence characteristics studied in this work includes probe
nucleotide content, sequence complexity, ability to form stable sec-
ondary structures or self-folding and ability to form stable oligo-
target duplexes. In addition, we also considered how the position of
some mono-, di- and tri-nucleotides in a probe sequence affects probe
hybridization efficiency using in-house scripts (Kondrashov and
Shabalina, 2002; Ogurtsov et al., 2008; Webb ez al., 2002). The abil-
ity of probes to be self-folded and to form stable oligo-target duplexes
was evaluated by calculating the AG of relevant reactions. AG value
of oligo-probe secondary structure was calculated by our Afold soft-
ware (Ogurtsov et al., 2006) and by the DINAMelt program (una-
fold.rna.albany.edu/?q = dinamelt). AG values of oligo-target
duplexes were calculated by a in-house script. The AG values were
evaluated using previously published nearest neighbor parameters
(SantaLucia et al., 1996).

The sequence asymmetry and simplicity (SAS) score is a measure-
ment of asymmetry between A-T and G—C frequencies of the given
word (string), calculated as a sum of differences between A and T
nucleotides, and between G and C nucleotides—(%A-%T)* +
(%G=%C)?. In order to find a value that is proportional to sequence
complexity, we introduced the ‘Symmetric Complexity’ or SC score.
Its value was calculated as SC=1 - SAS/SAS,,.x, Wwhere SAS, ., is
the maximum possible value of sequence simplicity, which is charac-
terized by an oligo-probe consisting of a single nucleotide and equal
to 1(see details in Supplementary Materials).

2.3 Relationships between hybridization intensities

and probe sequence characteristics

The hybridization data were separated into bins according to their
physical or sequence characteristics, such as perfect oligo-target du-
plex stability or particular nucleotide count, and the average hybrid-
ization signals were computed in each bin. Binning and averaging
involves separating the probes into bins according to their sequence
characteristics and computing the average signal in each bin. The
difference between the average signal from a bin with ‘empty’ probe
(cross-hybridization) and a “full’ probe bin (total hybridization) can
represent the average signal of specific hybridization for all probes
characterized by similar characteristics. The calculation of this dif-
ference can be used for evaluation of the signal-to-noise ratio be-
tween specific- and cross-hybridization, i.e. the average specificity of
hybridization for each probe’s bin. Modeling theoretical cross-
hybridization and calculation hybridization specificity was based on
the estimation of occupancy distribution of molecules on target

DNA (Landau and Lifshitz, 1980; Nechipurenko, 2015; Segal and
Widom, 2009; see Supplementary Materials). Hybridization specifi-
city was calculated as the ratio between specific- and cross-hybridiza-
tion. To evaluate the distribution of hybridization specificity inside
each bin, bootstrap analysis was performed (see Supplementary
Materials for details).

3 Results

3.1 Filtering probes with negative characteristics

We categorized the probes in both datasets according to free energy
of fully paired duplex, their secondary structure stabilities, nucleo-
tide content, presence of some sequence motives, predicted hybrid-
ization affinity, hybridization specificity and some additional
factors. We found that some of these factors negatively affect
probes’ hybridization specificity. These factors were called ‘negative
probe characteristics’. We found that such probe characteristics in-
clude (i) probes’ ability to form canonical secondary structure, (ii)
high G content, (iii) presence of at least one GGG motive and (iv)
lack of sequence asymmetry (specifically, G versus C) and complex-
ity. We developed an approach for the calculation of probes’ se-
quence asymmetry and complexity, referred to as the SC score (see
Materials and Methods). Each step of filtering was characterized by
at least one type of negative characteristic, which improved hybrid-
ization specificity (Fig. 1). All filtration steps together accomplished
one after another have a synergetic cumulative effect.

3.1.1 Secondary structure of probes diminishes hybridization
specificity

We found that high secondary structure stability affects probes’
hybridization specificity. Higher stability corresponds to lower spe-
cificity (Fig. 1A). We suggest avoiding oligos with self-folding poten-
tial for optimal probe design.

3.1.2 G-rich probes have low hybridization specificity

We found that G-richness affects probes” hybridization specificity in
a negative way (Fig. 1B). Because of this finding, we suggest avoid-
ing oligos with G content equal or greater than 8 nucleotides. We
found that the presence of at least one GGG block affects probe’s
hybridization specificity in a negative way (Fig. 1C). Taking into ac-
count the results of searching for G-blocks, we suggest that oligos
with at least one GGG block should be excluded from analysis. Both
G-richness and the presence of GGG motifs in the probes synergis-
tically decrease the hybridization specificity.

3.1.3 Symmetric sequence complexity is associated with high
hybridization specificity

We have found that hybridization specificity and the SC score cor-
relate positively, such that hybridization specificity increases along
with an increase of SC (Fig. 1D). In spite of the exclusion of G-rich
probes from the analysis, a significant increase of hybridization spe-
cificity was demonstrated by the categorization procedure according
to SC score.

3.1.4 Probes that form unstable duplexes with their targets have low
hybridization specificity

We discovered that probes that form the least stable duplexes are
least specific, despite the fact that a cross hybridization component
of the signal for these probes is also small (Fig. 2, left panels).
Additionally, the probes that are forming most stable duplexes are
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Fig. 1. Relationship between hybridization and oligo-probes thermodynamic and sequence characteristics. The averaged signals from each bin correspond to
total (combined) hybridization if these values were calculated using the ‘full’ probes. The difference between total and cross-hybridization corresponds to specific
hybridization. The numbers of probes in each bin are indicated numerically or shown as connected blue stars using the secondary axis. (A) The probes in each
category (panel) were separated into bins according to the ability of the probe to form stable secondary structures. The left panel shows the plots of probes,
which are able to form more stable oligo-target duplexes (AG below or equal to —26 kcal/mol), and the right panel shows plots of probes, which form less stable
duplexes (AG above—26 kcal/mol). (B) The probes in each category (panel) were separated into bins according to number of nucleotides in each probe and an
average hybridization signal was calculated for each bin. The left panel shows plots created with C, while the right one shows plots created with G nucleotide.
Only scatter plots for probes which form stable duplexes with their targets (AG below—26 kcal/mol) are shown. (C) The probes in each category (panel) were fur-
ther separated into bins according to the number of present GGG motifs and average hybridization intensities were calculated for each bin. The left panel shows
plots created for probes containing 7 or less G. The right panel shows plots created for probes containing 8 or more G. (D) The probes were separated into bins
according to SC score and average hybridization intensities were calculated for each bin

the most specific ones, despite having comparatively high cross-
hybridization values.

3.2 Theoretical hybridization specificity

Stabilities of partially complemented duplexes (AGoss) and accumu-
lated cross-hybridization signals were estimated by ‘NCBI-Hybrid’,
‘FASTH’ and ‘OligoArrayAux’ using complete nucleotide sequences
of human chromosomes as described in the Supplementary Materials.
We calculated theoretical hybridization specificity of each probe in
the database by processing different software outputs with predicted
partially complemented oligo-target duplexes (see Supplementary
Materials). Using a binning and averaging approach, the distribution
of hybridization specificity predicted by the ‘NCBI-Hybrid’ program
is shown on Figure 2 (right panels). The analysis revealed that experi-
mental hybridization specificity is growing along with the growth of
theoretical hybridization specificity. For comparison, a binning and
averaging approach was applied to categorization of probes by oligo-
target duplex stability (Fig. 2, left panels).

The discovered relationships help in categorization of probes
into N subsets that are different in hybridization specificity. The
probes predicted to be least specific have specificity values ranging
from 0 to 0.3. The probes predicted to be more specific have specifi-
city values ranging from 0.4 to 0.6. We found that categorization ac-
cording to theoretical specificity values allows the detection of most
specific oligo-probes bins with specificity value ranging from 0.4 to
0.6, regardless of the software that we used for prediction of stabil-
ities between oligo-probes and their partially paired sequences (Fig.
2 and Fig. 3).

Approximately 10-20% of the probes from the testing database
have hybridization specificity above 0.45. The majority of probes in
the database have specificity values of at least two times less, with a
median value of ~0.23. Thus, probe selection procedures described
in this study can be helpful for detection of the most specific hybrid-
ization probes with a specificity of at least two times higher than
that of the majority of remaining probes. Comparison of the cat-
egorization results for ‘NCBI-Hybrid’ output and categorization
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Fig. 2. Relationship between hybridization and oligo-target duplex stability. The data were separated into bins according to probes’ ability to form a stable duplex
with its target (left panel) or according to ‘NCBI-Hybrid" predicted hybridization specificity (right panel). Hybridization specificity was calculated as the ratio be-
tween specific and cross-hybridization using bootstrap with 10 000 resamplings. The estimates of hybridization specificity in each bin are presented as box plots
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tive characteristics is shown. These negative characteristics include low sequence complexity (SC score below 0.95), high amount of G (above 7), presence of

GGG motif and stable secondary structures (AG < —2kcal/mol)

according to the oligo-target duplex stability (Fig. 2) showed that
the results of these two approaches are comparable. Thus, both of
these approaches are efficient for oligo-probe design; however, the
oligo-target duplex stability calculation procedure is more transpar-
ent and less time consuming.

3.3 Cross-hybridization modeling and calculation of
hybridization specificity by different methods
An investigation of the relationship between experimental and pre-
dicted hybridization specificity, estimated by three different pro-
grams, was performed among all probes and among four probes’
subsets after filtrations (Fig. 3). The probes were filtered step by step
removing oligos possessing one, two or more ‘negative characteris-
tics’ mentioned in the previous sections. For performing analysis,
data were separated into bins according to predicted hybridization
specificity. After this, the experimental hybridization specificity was
evaluated in each bin (Fig. 3). We discovered a relationship between
theoretical and experimental hybridization specificity, which is
stronger among probes without negative characteristics. An example
of such a relationship for all these approaches is shown in Figure 3.
Figure 2 demonstrates that both specific and cross-hybridization
increase along with the growth of predicted hybridization specificity
(top and middle plot). Experimental hybridization specificity also
increased along with the growth of theoretical hybridization specifi-
city (right panel, bottom plot). The category of most specific oligos
selected from the probes without ‘negative characteristics’ has the

experimental hybridization specificity value of ~0.5 for ‘NCBI-
Hybrid’. A similar specificity value or even higher was reached by
all other programs that were used in this study (Fig. 3). Thus, filter-
ing out the probes with ‘negative characteristics’ improves the rela-
tionship between experimental and theoretical hybridization
specificity values in all predictions.

Taking into account that the majority of probes in the database
have a specificity value close to 0.23, the application of probe selec-
tion procedures described in this study could double hybridization
specificity of micro-arrayed oligo-probes.

Filtering out the probes with different combinations of ‘negative
characteristics’ has a cumulative effect on the increase of hybridiza-
tion specificity among probes with high predicted hybridization spe-
cificity (Fig. 3, the bins marked with the percentage of included
probes). The effect is visible for probes separated into bins according
to probes’ ability to form a stable duplex with its target or according
to software predicted hybridization specificity. Regardless of soft-
ware used for hybridization specificity prediction, each filtration
step increases the average hybridization specificity of the probes.

The binning and averaging approach does not allow creation of
a continuous function to characterize a relationship between experi-
mental and theoretical values. Since the approach does not allow es-
timation of a standard deviation error corridor in this continuous
function, we employed bootstrap analysis to overcome these limita-
tions (Supplementary Materials; Fig. 3). This analysis has shown
that in spite of the higher level of variability in the last bin,
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Fig. 3. Relationships between experimental and predicted hybridization specificities. Experimental hybridization specificity is shown in relation to predicted hy-
bridization specificity. Outputs are shown for three different software variants after binning and averaging and bootstrap analysis with 10 000 resamplings for
each bin. Top plots show results of the binning and averaging approach. Middle and bottom plots show results of bootstrap analysis. Middle plots show that fil-
tering out the probes with ‘negative characteristics’ improves the relationship between experimental and theoretical hybridization specificity values. Bottom plots
show the relationships between theoretical and experimental hybridization specificities after the probes with ‘negative characteristics’ were removed

significant stable differences were found between the most specific
hybridization probes and the majority of remaining probes.

3.4 Suggested algorithm for selection of most specific
oligo-probes

Based on the work described in the previous sections, we suggest the
following steps for design of the most specific oligonucleotides for
Affymetrix based platforms.

1. Filtering out probes with secondary structure (we suggest AG <
—2kcal/mol).

2. Filtering out G rich probes (we suggest using probes with G
counts of less than 8 nucleotides).

3. Filtering out the probes with at least one GGG motif.

4. Filtering out probes with low SC score (we suggest an SC score
of 0.95 or higher).

5. Filtering out the probes with low oligo-target duplex stability,
we suggest removing probes with less stability than AG > -
26 kcal/mol.

6. Filtering out probes with relaxed oligo-target duplex stability
or with low predicted hybridization specificity, where thresh-
olds for FASTH In(S) = 14, for ‘NCBI-Hybrid’ In(S) = 12,
for OligoArrayAux In(S) = 15, for Osaka University Software
In(S) = 32.

The suggested thresholds allow assigning approximately 10-20%
of probes from Affymetrix tiling arrays to be specific with averaged

specificity values above 0.45. The thresholds for filtering out probes
with ‘negative characteristics’ were chosen iteratively by trial and
error, these values could be further optimized according to new
experimentally verified data. Both the final proportions of the re-
maining probes after five steps of filtering and average hybridization
specificity of chosen probes, are threshold-dependent. If the goal of
the optimization procedure is to identify a selection of several highly
efficient probes for a specific gene, then more stringent thresholds
could be applied (e.g. when the probe specificity is an order of magni-
tude higher than the average level of oligos in the input sequence).

4 Discussion

In our study we identified some ‘negative characteristics’ that could
help in setting apart probes with particularly low hybridization speci-
ficity. The majority of these characteristics are related to the probes’
physical features, which slow down both specific-hybridization and
cross-hybridization in one way or another. For example, probes’ ca-
nonical secondary structure formation allows probe self-interaction
through Watson—Crick base pairing and diminishes their ability to
interact with targets. This intra-molecular self-interaction is making
probes less accessible to inter-molecular interaction and consequently
slowing down the oligo-target duplex formation. The same is true for
non-canonical interactions and secondary structure formations. It
was reported earlier that probes with several G nucleotides in a row
can be involved in Hoogsteen-Hydrogen pairing (Binder ez al., 2009;
Fasold et al., 2010; Langdon et al., 2008; Memon et al., 2010; Upton
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et al., 2008; Wu et al., 2007). We can also explain the negative influ-
ence of high G content or GGG blocks upon probes’ hybridization
specificity by a higher chance of the probes’ self-interaction through
Hoogsteen-Hydrogen pairing.

The theoretical specificity of hybridization was calculated in our
study by using basic rules of equilibrium thermodynamics. Perhaps
only a subset of target-interacting probes can achieve this equilibrium
during array hybridization experiments. It is likely that our study
allowed us to detect this subset by eliminating the probes that are
involved in canonical or non-canonical interactions. Thus, the exclu-
sion of such probes from the system allows better categorization of
remaining probes according to theoretically calculated values.

Our work demonstrates that the specific hybridization signals in
most CGH-array experiments are largely masked by cross-
hybridization. This masking effect could be substantially diminished
by improving the oligo-probe selection procedure during array de-
sign. The selection procedures described in this study can help detect
probes with a ratio at least two fold greater than the majority of
probes used for hybridization experiments today, where the ratio be-
tween specific- and cross-hybridization is between 25 and 75%.

Thus, additional pre-filtering of oligonucleotides by removing
probes that are capable of forming canonical or non-canonical sec-
ondary structures or probes with low sequence complexity altogether
improves this categorization. Our approach creates an efficient cat-
egorization of most specific versus least specific probes based on an
estimation of duplex stability. Selection and calculation of duplex
free energy between oligo-probes and partially complemented targets
can also be applied for modeling and predicting probes’” hybridization
specificity (Supplementary Materials). However, taking into account
that models with estimation of partially complemented targets are
comparable in efficiency with the simplified approaches based only
on perfect duplex stability, oligo-target duplex stability calculation is
preferable due to its transparency and time efficiency. Perfect duplex
stability between an oligo-probe and fully complemented target can
be a strong discriminating factor between highly specific and non-
specific hybridization probes.

In summary, the highest hybridization specificity can be attrib-
uted to probes that interact with their targets quickly and are not
involved in parallel hybridization interactions. Such probes have the
following sequence characteristics: high oligo-target duplex stability,
low secondary structure stability, absence of GGG motifs, low G
count and high sequence symmetry and complexity.
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