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Criteria for the design of gene-specific and group-specific oligonucleotide probes were established experi-
mentally via an oligonucleotide array that contained perfect match (PM) and mismatch probes (50-mers and
70-mers) based upon four genes. The effects of probe-target identity, continuous stretch, mismatch position,
and hybridization free energy on specificity were tested. Little hybridization was observed at a probe-target
identity of <85% for both 50-mer and 70-mer probes. PM signal intensities (33 to 48%) were detected at a
probe-target identity of 94% for 50-mer oligonucleotides and 43 to 55% for 70-mer probes at a probe-target
identity of 96%. When the effects of sequence identity and continuous stretch were considered independently,
a stretch probe (>15 bases) contributed an additional 9% of the PM signal intensity compared to a nonstretch
probe (<15 bases) at the same identity level. Cross-hybridization increased as the length of continuous stretch
increased. A 35-base stretch for 50-mer probes or a 50-base stretch for 70-mer probes had approximately 55%
of the PM signal. Little cross-hybridization was observed for probes with a minimal binding free energy greater
than �30 kcal/mol for 50-mer probes or �40 kcal/mol for 70-mer probes. Based on the experimental results,
a set of criteria are suggested for the design of gene-specific and group-specific oligonucleotide probes, and the
experimentally established criteria should provide valuable information for new software and algorithms for
microarray-based studies.

Microarrays are one of the most powerful technologies cur-
rently available for genomic research (6, 7, 9, 12, 17, 19, 23, 28,
32, 34), and various formats and probe types have been devel-
oped. Two types of microarrays, DNA arrays and oligonucle-
otide arrays, are commonly used (29). Oligonucleotide arrays
have increased in use because of several advantages, including
better specificity, easy construction, and cost efficiency (21, 29).
In previous studies that used short oligonucleotide probes,
multiple oligonucleotide probe pairs (perfect match and a sin-
gle-mismatch control) per gene were necessary to detect dif-
ferential gene expression under different physiological condi-
tions (13, 32). Recent studies indicated that a single 50-mer to
70-mer oligonucleotide per gene could produce comparable
hybridization signals obtained with DNA arrays under different
experimental conditions (11, 26; Z. He et al., unpublished
data). However, a recent study that compared three different
microarrays for the same gene set resulted in different sets of
genes (15). To achieve specific hybridization, the major chal-
lenges are to establish probe design criteria and identify opti-
mal probes for each gene or a group of genes in a sequence
database (e.g., whole genomes) in a standardized manner.

Initially, for 50-mer oligonucleotides, Kane et al. (11) sug-
gested that an oligonucleotide probe showing �75% identity
with nontargets might cause cross-hybridization. Kane et al.
(11) also showed that a 50-mer probe, which had a 15-base,
20-base, or 35-base stretch with nontargets, had approximately
1%, 4%, or 50% of the target signal intensity, respectively.

Similar results were observed by Hughes et al. (8) for 60-mer
oligonucleotides. Based on sequence identity and/or continu-
ous stretch criteria, a few probe design programs, such as
OligoArray (24), OligoWiz (16), and OligoPicker (31), have
been developed. In OligoArray 2.0, the oligonucleotide speci-
ficity is computed by binding free energy (25). In addition,
other factors that influence the specificity and sensitivity of
oligonucleotide arrays, such as secondary structures and Tm,
have been considered in OligoArray (24), OligoArray 2.0 (25),
and OligoPicker (31).

However, many aspects regarding oligonucleotide probe de-
sign remain unclear. First, parameters that affect probe spec-
ificity have not been extensively investigated in the following
aspects: (i) the effects of sequence identity and continuous
stretch on cross-hybridization have not been tested separately;
(ii) for long oligonucleotide probes, mismatch position has not
been studied rigorously or implemented in any available probe
design programs; and (iii) the relationship between theoretical
free energy and experimental hybridization signal intensity has
not been examined extensively. Second, most of the criteria
and the respective threshold values have not been determined
experimentally. For example, OligoPicker uses a 15-base
stretch and a BLAST score of 30.0 as cutoffs for 70-mer oli-
gonucleotide selection (31), and OligoArray 2.0 determines
probe specificity for oligonucleotides with varying lengths by
predicting secondary structures and computing the thermody-
namics of probe hybridization with targets (25). Although
Kane et al. (11) suggested that 75 to 85% sequence identity
and 15-base continuous stretch should apply to 50-mer oligo-
nucleotide probe design, similar experiments have not been
done with 70-mer oligonucleotides, which are also used in
microarray-based studies (e.g., whole-genome microarrays).
Third, the recognized criteria have not been comprehensively
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compared in any study. A very stringent single criterion may
miss truly specific probes and limit the gene coverage. In con-
trast, the relaxation of a single criterion may produce a signif-
icant number of nonspecific probes and decrease the quality of
microarrays (X. Li et al., unpublished data). Therefore, the
consideration of multiple criteria is essential to eliminate
probe candidates with possible cross-hybridization and main-
tain specific oligonucleotide probes.

In addition, the criteria for group-specific probe design have
not been experimentally established. For a group of highly
homologous sequences with �90% sequence identity, the se-
lection of gene-specific probes will be difficult. In this case,
multiple probes should be considered to represent a group. In
addition, direct performance comparisons between commonly
used 50-mer and 70-mer oligonucleotide probes for oligonu-
cleotide array construction have not been evaluated. There-
fore, in this study, we have experimentally determined the
effects of probe-target identity, length of continuous stretch,
free energy, and mismatch positions on microarray hybridiza-
tion specificity. Based on the experimental results, a set of
criteria for the design of gene-specific and group-specific 50-
mer and 70-mer probes were established.

MATERIALS AND METHODS

Oligonucleotide probe preparations. 50-mer and 70-mer perfect match (PM)
oligonucleotide probes were designed with a modified version of the software,
PRIMEGENS (33) based on four genes (SO1679, SO1744, SO2680, and
SO0848) from the Shewanella oneidensis MR-1 genome. The mismatch (MM)
probes were generated with a C�� program as follows: based on the PM probes
designed above n (n � 3, 5, . . .37), random matches were introduced for each
probe to generate MM probes. Three random probes were selected at each level
of mismatches. The nucleotide composition (A, T, C, or G) at each mismatched
position was randomly assigned. Thus, in total, 45 MM probes were generated
for each template with a length of 50 or 70 nucleotides. All designed oligonu-
cleotides were commercially synthesized without modification by MWG Biotech,
Inc. (High Point, NC). The concentration of oligonucleotide probes was adjusted
to 100 pmol/�l. Detailed information about all designed oligonucleotide probes
are listed in Table S1 in the supplemental material.

Microarray construction. Oligonucleotide probes prepared in 50% dimethyl
sulfoxide (Sigma Chemical Co., MO) were spotted onto SuperAmine glass slides
(Telechem International, CA) using a PixSys 5500 robotic printer (Cartesian
Technologies Inc., CA). Each probe had two replicates on a single slide. In total,
there were 736 spots on the array. After printing, the oligonucleotide probes
were fixed onto the slides by UV cross-linking (300 mJ of energy) according to
the protocol of the manufacturer (Telechem International, CA).

Synthesis and preparation of artificial target templates. Four 70-mer artificial
targets (T1-SO1679, T2-SO1744, T3-SO2680, and T4-SO0848) that were com-
plementary to the 70-mer PM probes were synthesized (Molecular Structure
Facility at Michigan State University, East Lansing). The artificial oligonucleo-
tide targets were labeled at the 5� end with Cy5 (T1-SO1679, T2-SO1744, and
T3-SO2680) or Cy3 (T4-SO0848) fluorescent dyes during synthesis.

Genomic DNA extraction, purification, and labeling. Genomic DNA was iso-
lated and purified from S. oneidensis MR-1 as described previously (35). The
purified genomic DNA was fluorescently labeled by random priming using Kle-
now fragment of DNA polymerase. Mixture I (35 �l), which contained 500 ng of
genomic DNA and 20 �l of random primers (Invitrogen Life Technologies, CA),
was heated at 98°C for 3 to 5 min, cooled on ice, and then centrifuged. Mixture
II (15 �l), which contained 1 �l of a solution consisting of 5 mM (each) dATP,
dGTP, and dTTP and 2.5 mM dCTP, as well as 2 �l (80 U) of Klenow (Invitrogen
Life Technologies, CA), and 0.5 �l of Cy3 or Cy5 dye (Amersham BioSciences,
United Kingdom) were added to mixture I. A total of 50 �l of labeling reaction
solution was incubated for 3 h at 42°C. The labeling reaction was terminated by
heating at 98°C for 3 min. The tubes were removed and placed on ice. After a
quick centrifugation, the sample was hydrolyzed in 50 mM NaOH at 37°C for 10
min and then neutralized with the same amount of HCl. The labeled cDNA
targets were purified immediately using a QIAquick PCR purification column

and concentrated in a Savant Speedvac centrifuge (Savant Instruments Inc.,
Holbrook, NY).

Microarray hybridization, washing, and scanning. Hybridization was con-
ducted in triplicate, and each slide contained two replicate spots of each probe
so that six data points for each probe were obtained. The microarrays were
hybridized at 45°C overnight in the presence of 50% formamide. The labeled
cDNAs were resuspended in 20 to 25 �l of hybridization solution that contained
50% formamide, 1 mM dithiothreitol, 3� saline-sodium citrate, 0.3% sodium
dodecyl sulfate, and 0.8 �g/�l of herring sperm DNA (Invitrogen Life Technol-
ogies, CA). The sample was incubated at 98°C for 5 min, centrifuged to collect
condensation, and kept at 50 to 60°C. The sample was immediately applied to the
microarray slide, and hybridization was carried out in a waterproof Corning
hybridization chamber (Corning Life Science, NY) submerged in a 45°C water
bath in the dark for 16 h. After hybridization, microarray slides were washed
according to the protocol of the manufacturer (Telechem International, CA).
Microarrays were scanned with a ScanArray 5000 microarray analysis system
(Packard BioChip Technologies, MA). Normally, 95 to 100% of laser power and
70 to 80% photomultiplier tube efficiency were selected.

Data analysis and normalization. Scanned images were analyzed using the
software ImaGene 5.5 (Biodiscovery Inc., CA). Prior to normalization, negative
spots and poor-quality spots were flagged by ImaGene and then removed in
Excel. The signal-to-noise ratio (SNR) was also computed for each spot to
discriminate true signals from noise. The SNR ratio was calculated as follows:
SNR � (signal mean � background mean)/(background standard deviation). A
commonly accepted criterion for the minimum signal (threshold) that can be
accurately quantified is an SNR of �3.0 (30).

Stretch length and free energy calculation. The BLAST program (5) was used
to identify regions with high probe-target identities. A simple Perl program
extracts the BLAST output and calculates stretch length using 2.0 bit scores as 1
base perfect match. If more than one stretch was identified in a probe, the
longest one was used. A C�� program was used to calculate binding free energy
values based on a nearest-neighbor model using established thermodynamic
parameters (1–4, 10, 14, 18, 20, 27).

MMPD calculation. The distance of the mismatch in the middle position (mid)
is set as zero. For each mismatch at position i, each distance (di) value is
calculated using the formula di � [(mid � i) · (mid � i)]1/2. The average distance
(Davg) of a probe to a particular nontarget is the sum of each individual di value
divided by the number (n) of mismatches, Davg � (�di)/n. The maximal mismatch
position distance (MMPD) value is obtained by taking the maximal value of all
Davg values. The calculation of all MMPD values was performed by a Perl
program.

RESULTS

Effects of probe-target identity on signal intensity. Probe-
target identity is a crucial factor that determines the specificity
of microarray probes, particularly oligonucleotide arrays. To
investigate the relationship between probe-target identity and
signal intensity, artificial oligonucleotide targets with 0 to 37
mismatches were used. Four artificial targets were mixed
equally in different concentrations to determine the optimal
concentrations to achieve specific signals and good sensitivity.
The experimental results indicated that l0.0 pg or 2.0 pg of
synthetically labeled target was needed to achieve appropriate
specificity and sensitivity for 50-mer or 70-mer probes, respec-
tively. The experimentally determined optimal concentrations
of targets were used in the later studies.

The effects of probe-target identity on relative signal inten-
sity were assessed (Fig. 1). Relative signal intensity was calcu-
lated with the signal intensity of each PM probe as 1.0, and all
MM probe signals were compared to that of the PM probe. In
general, little hybridization was observed for both 50-mer and
70-mer probes with less than 85% identity to the respective
targets, whereas the signal intensity increased substantially for
probes that had more than 90% identity to the respective
targets (Fig. 1). Approximately 33 to 48% of the PM probe
signal intensities were detected when probe-target identity in-
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creased to 94% for 50-mer oligonucleotides (Fig. 1A). Simi-
larly, 70-mer probes that showed 96% similarities to the targets
detected between 43 and 55% of the PM probe signal inten-
sities (Fig. 1B). In addition, the effect of sequence identity on
signal intensity appeared to be sequence dependent. For ex-
ample, for 70-mer probes, little hybridization (	10% of the
PM probe signal intensity) was observed for target gene
SO1679 at a probe-target identity of 90%, whereas at the same
identity relatively strong signals (approximately 25% of the PM
probe signal intensity) were observed for target gene SO0848
(Fig. 1B). Similar results were obtained by Rhee et al. (22) with
50-mer oligonucleotide arrays for genes involved in the bio-
degradation of organic contaminants. The data suggested that
GC content or Tm could not explain the observed phenome-
non. For instance, the GC content and Tm for the PM and MM
probes from SO0848 were not significantly different from other
probes. These results suggested that a gene-specific probe
should have an identity of 	85% to nontargets and that a
group-specific probe should have an identity of �95% within a

group and an identity of 	85% outside the group under the
conditions examined.

Due to the complicated nature of surface hybridization, one
would expect low levels of cross-hybridization for the MM
probes. A central question is how to distinguish true hybrid-
ization signals from nonspecific background noise. One com-
mon approach is to determine signal-to-noise ratios. In gen-
eral, the hybridization of a probe with an SNR less than 3.0 was
treated as background noise (30). To translate this to the signal
intensity of the MM probes relative to the PM probes, the
relationships of relative signal intensities to SNR values were
further analyzed for the MM probes with an SNR less than 3.0.
On average, 2.5% 
 2.9%, 7.5% 
 2.7%, and 9.5% 
 3.2% of
the PM probe signal was detected for the 50-mer MM probes
at an SNR between 0 and 3.0, 1.0 and 3.0, and 2.0 and 3.0,
respectively. Similarly, an average of 3.5% 
 3.8%, 8.0% 

4.4%, and 9.0% 
 3.3% of the PM probe signal was observed
for the 70-mer MM probes at an SNR between 0 and 3.0, 1.0
and 3.0, and 2.0 and 3.0, respectively (data not shown). The
data also suggested that a probe with up to 16% of the PM
probe signal had an SNR of 	3.0, or that a probe with as low
as 8% of the PM signal had an SNR of �3.0. Therefore, in this
study, if an MM probe had less than approximately 10% of the
PM probe signal, the hybridization signal of the MM probe was
considered to be background noise. This value was used in
subsequent analyses for the establishment of probe design cri-
teria.

Relationship between a continuous stretch and signal inten-
sity. Probes with a 15-base or shorter stretch to nontargets
were treated as nonstretch probes, and probes with a 16-base
or longer stretch were treated as stretch probes. All designed
probes with more than 90% probe-target identity had long
stretches, and all probes with less than 74% probe-target iden-
tity did not have long stretches. Therefore, only probes with a
probe-target identity between 90% and 76% for 70-mer probes
or between 90% and 70% for 50-mer probes were selected for
the determination of the effect of long stretches on signal
intensity (see Fig. S1 in the supplemental material).

The hybridization intensity for the nonstretch probes in-
creased slightly with the increase of probe-target identity (see
Fig. S1 in the supplemental material). For example, 9% and
2% of the PM signal intensities were observed at probe-target
identities of 90% and 70%, respectively, for 50-mer probes
(see Fig. S1A). In a similar fashion, 4% and 2% of the PM
signal intensities were observed at probe-target similarities of
90% and 76%, respectively, for 70-mer probes (see Fig. S1B).
For stretch probes, the signal intensity increased as the probe-
target identity increased, but the relationship was not linear
(see Fig. S1). The highest cross-hybridization signal was ob-
served at a probe-target identity of 78% for 50-mer probes, and
the stretch probes had 22% of the PM signal compared to 5%
for the nonstretch probes at the same sequence identity (see
Fig. S1A). Similarly, the highest cross-hybridization was ob-
served at a sequence identity of 84% for 70-mer probes, and
the stretch probes had 17% of the PM signal compared to 4%
for the nonstretch probes at the same sequence identity (see
Fig. S1B). For the stretch probes, the relationship between
signal and identity may also depend on stretch characteristics
(the length and the position of a stretch) and other parameters
(free energy and MMPD). The results indicated that the

FIG. 1. Relationships between probe-target identity and relative sig-
nal intensity. Four artificial oligonucleotides (T1-SO1679, T2-SO1744,
T3-SO2680, and T4-SO0848) containing 10 or 2.0 pg of Cy dye (2.5 or 0.5
pg for each target) were hybridized with 50-mer (A) and 70-mer (B) oli-
gonucleotide arrays, respectively, at 45°C in the presence of 50% form-
amide. Data are presented as the average and standard deviation from six
replicate data points. The horizontal line (y � 0.10) shows that less than
10% of the PM signal was observed when identity was 	85%.
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stretch probes might be responsible for an additional 9% (3 to
17%) of the PM probe signal intensity compared to the non-
stretch probes at the same sequence identity. Significant hy-
bridization was not observed even at a probe-target identity of
90% when a probe did not have a 16-base or longer stretch to
the nontarget templates (see Fig. S1 in the supplemental ma-
terial).

To investigate the effects of stretch length on signal intensity,
more-than-10-base stretches of a probe with the four artificial
targets were calculated and plotted against relative signal in-
tensity, and a linear correlation between stretch length and
relative signal intensity was observed with a P value of 	0.001
for both 50-mer and 70-mer probes (Fig. 2). For 50-mer
probes, little signal intensity (	8% of the PM probe signal)
was observed when a probe had a 15-base or shorter stretch.
The signal intensity increased when the stretch length was
increased. For example, 30% or 55% of the PM probe signal
intensity was expected when a probe had a 25- or 35-base
stretch, respectively (Fig. 2A). For 70-mer probes, about 3% or
10% of the PM probe signal was detected when a probe had a

15- or 20-base stretch, respectively. When stretch length in-
creased to 35 or 50 bases, the signal intensity reached 32% or
55% of the PM probe signal intensities, respectively (Fig. 2B).

Relationship between mismatch position and signal inten-
sity. When the 50-mer probes were used to examine the rela-
tionship between the position of mismatches and relative signal
intensity, the MM probes had an average MMPD value of 4.09.
As expected, the signal intensity increased as the MMPD in-
creased. Little signal intensity (less than 3% of the PM probe
signal) was observed when the MMPD was less than 3.5, but
the signal intensity was approximately 10% of the PM probe
signal when the MMPD value increased to 5.0. The majority of
data points were well fitted to the line (P 	 0.001), and this
result indicated that hybridization signal intensity was closely
correlated to MMPD (Fig. 3A). Similar results were observed
for 70-mer probes. For example, the MM probes had an aver-
age MMPD value of 5.37. Approximately 1.5% and 8% of the
PM signals were observed when the MMPD values were 4.0
and 6.0, respectively (Fig. 3B).

Relationships between free energy and signal intensity. The
relationship between the calculated minimal free energy and

FIG. 2. Relationships between the maximal length of stretch and the
relative signal intensity for 50-mer (A) and 70-mer (B) oligonucleotide
probes. Only more-than-10-base stretches were considered. The vertical
line (x � 15 or 20) and horizontal line (y � 0.10) show that less than 10%
of the PM signal was observed when stretch length was 	15 or 20 bases.

FIG. 3. Relationships between the MMPD and the relative signal
intensity for 50-mer (A) and 70-mer (B) oligonucleotide probes. The
vertical line (x � 4.0 or 5.0) and horizontal line (y � 0.10) show that
less than 10% of the PM signal was observed when MMPD was 	4.0
or 5.0.
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relative signal intensity is shown in Fig. 4. The binding free
energy of a 50-mer PM probe with the respective target was
less than �70 kcal/mol, and hybridization signal intensities
decreased as binding free energy increased (absolute values
decreased). Approximately 35% of the PM signal was observed
when free energy was �60 kcal/mol, and cross-hybridization
was almost eliminated when the binding free energy was
greater than �30 kcal/mol (Fig. 4A). A 70-mer PM probe had
a binding free energy value of less than �100 kcal/mol, and
approximately 45% of the PM signal intensity might be ob-
served when the free energy value was �90 kcal/mol; little
(	5% of the PM probe signal) cross-hybridization was ob-
tained when the binding free energy value was greater than
�40 kcal/mol (Fig. 4B).

Comparison of theoretical prediction and hybridization re-
sults. Further comparisons showed that each single criterion
(identity, stretch, free energy, or MMPD) was able to identify
some common specific probes and could also remove some
additional nonspecific probes (data not shown), and these re-
sults suggested that the combination of different criteria was

needed. To understand how different combinations of criteria
affected the probe design outcome, the hybridization data for
the MM probes were further examined (see Table S2 in the
supplemental material). The threshold values of identity,
stretch, free energy, and MMPD were set to 85%, 15 bases,
�30 kcal/mol, and 4.0 for 50-mer probes, respectively, and
85%, 20 bases, �40 kcal/mol, and 5.0 for 70-mer probes, re-
spectively. In our experiments, 32 (50-mer) and 36 (70-mer)
out of 180 MM probes were experimentally detected to be
nonspecific based on SNR ratios. Our results demonstrated
that it was difficult to exclude all nonspecific probes based on
a single criterion (see Table S2). For example, for 50-mer
probes, the best condition was C (free energy of �30 kcal/mol).
Based on this criterion, 39 out of 180 MM probes should be
excluded, and among the 39 predicted nonspecific probes, 29
were consistent with the experimental results. These data sug-
gested a prediction rate of 74%, and 3 of 32 experimentally
proven nonspecific probes were not eliminated by the criterion
(misinclusion rate of 9%). In addition, 10 theoretically ex-
cluded probes actually did not have significant cross-hybridiza-
tion signals (misexclusion rate of 26%). The criterion MMPD
(D) predicted most nonspecific probes (49) but had the highest
mis-excluded rate (45%), the lowest prediction rate (57%),
and a mis-included rate of 12% (see Table S2 in the supple-
mental material).

An appropriate combination of the criteria (F, G, and H)
could exclude all nonspecific probes verified by experiments. In
this case, F and H had the same results for theoretically pre-
dicted nonspecific probe number (47), prediction rate (68%),
and mis-included rate (0%), but H had a lower mis-excluded
rate (30%) than F (38%), and these results indicated that a
relaxation of one or more criteria may exclude fewer qualified
candidates without an effect on specificity. The combination of
criteria G had more nonspecific probes (57) predicted, lower
prediction rate (56%), and higher mis-excluded rate (44%)
than F or H, although it also had all experimentally verified
nonspecific probes excluded (see Table S2 in the supplemental
material). It appears that the MMPD criterion did not help the
probe selection in combination G but did increase the number
of mis-excluded probes compared to combination F. The com-
bination of identity and stretch criteria (E) did not exclude all
experimentally verified nonspecific probes (see Table S2). The
results suggested that an appropriate combination of three
criteria (identity, stretch, and free energy) was able to select
specific oligonucleotide probes. Similar results were observed
for 70-mer probes (see Table S2).

DISCUSSION

Specificity of oligonucleotide probes. Specificity is the most
important parameter to evaluate performance of oligonucleo-
tide arrays. The specificity of oligonucleotide arrays is com-
monly evaluated by the PM/MM method based on sequence
identity (21). Due to the complicated hybridization dynamics
of oligonucleotides and target sequences, other parameters
should also be considered. In this study, the effects of four
factors (sequence identity, continuous stretch, free energy, and
mismatch position) on oligonucleotide specificity have been
determined.

The relationship of hybridization signal intensity to probe-

FIG. 4. Relationships between the minimal hybridization free en-
ergy and the relative signal intensity for 50-mer (A) and 70-mer (B) oli-
gonucleotide probes. The vertical line (x � �30 or x � �40) and
horizontal line (y � 0.10) show that less than 10% of the PM signal was
observed when binding free energy was less than �30 or �40 kcal/mol.
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target identity was recently examined using artificial targets.
With a 50-mer oligonucleotide microarray containing 763
probes for genes involved in nitrogen cycling and sulfate re-
duction, Tiquia et al. (29) showed that with hybridization con-
ditions of 50°C, the oligonucleotide microarray hybridizations
could differentiate sequences with 	86% identity, whereas at
55°C, sequences with 	90% identity could be differentiated.
With a 50-mer oligonucleotide microarray that contained 1,662
probes for genes involved in contaminant degradation, Rhee et
al. (22) showed that under hybridization conditions of 50°C
and 50% formamide, the 50-mer microarray hybridization
was able to differentiate sequences with 	88% identities. In
general, the results in this study were consistent with those
observations.

Kane et al. (11) showed that a 50-mer probe that had a
15-base or longer stretch with nontargets could cause signifi-
cant cross-hybridization, and we observed similar results. This
feature should be included in the development and design of
oligonucleotides probes. A gene-specific probe should keep a
stretch as short as possible with other nontargets, and a group-
specific probe should have a common stretch as long as possi-
ble within a group but as short as possible outside a group. Our
results indicated that a 50-mer gene-specific probe should not
have 16-base or longer stretches with nontargets, and the
stretch length may be extended up to 20 bases for 70-mer
probes. For group-specific probes, the length of stretches may
be set as 35 bases for 50-mer probes and 50 bases for 70-mer
probes so that each member in a group should have relatively
uniform and strong signal intensity. By theoretical calculations,
the signal intensity of each group member is able to reach
approximately 55% of the PM signal for both 50-mer and
70-mer oligonucleotides under the above conditions. If more
than 80% of the PM signal is expected, the common stretch
length should be increased to 45 bases for 50-mer and 65 for
70-mer oligonucleotides.

Previous studies (13, 21) suggested that a short probe with a
single mismatch in the middle could be more easily discrimi-
nated than a probe with a mismatch at other positions. For
long oligonucleotide probes, we showed that the relative signal
intensity is correlated with MMPD, and this result suggested
that a probe with mismatches located closer to the middle
position of nontargets should have higher specificity. In oligo-
nucleotide probe design, the MMPD value may help choose
the best probes from a probe candidate pool by minimizing
MMPD values for gene-specific probes, or maximizing MMPD
values within a group for group-specific probes. In addition,
MMPD could be used to select gene-specific probes, and the
suggested values for 50-mer and 70-mer probes are 4.0 and 5.0,
respectively.

The length of stretches is dependent on mismatch positions.
To achieve high specificity, stretches should be kept to a min-
imum and should be evenly distributed within an oligonucleo-
tide probe, particularly when multiple mismatches are present.
This does not completely agree with the MMPD criterion that
requires mismatch positions to be as close to the middle of
the probe as possible. Our results indicated that continuous
stretches should be used as an essential criterion and that
the MMPD value would be better suited for the optimiza-
tion process.

Rouillard et al. (25) suggested that the computation of the

oligonucleotide specificity might be more accurate using the
thermodynamic parameters (binding free energy) rather than
sequence identities. In this study, the minimal binding free
energy was calculated, and the results indicated that binding
free energy was more sensitive than sequence identity, most
likely because the matches, mismatches, adjacent nucleotides,
and interactions between the oligonucleotide probe and tar-
gets or nontargets were considered. Actually, at probe-target
identity of 75% or greater, minimal free energy is closely cor-
related to probe-target identity (data not shown). Free energy
can be considered as one of the primary oligonucleotide design
criteria for the selection of gene-specific or group-specific
probes. Our results indicated that �30 kcal/mol can be set as
the threshold for the selection of 50-mer gene-specific probes
and �60 kcal/mol for 50-mer group-specific probes. The cutoff
values of free energy should be �40 and �90 kcal/mol for the
selection of gene-specific and group-specific 70-mer probes,
respectively.

A combination of multiple criteria may exclude fewer qual-
ified probe candidates without a significant effect on specificity.
The exclusion of all nonspecific probes with a single criterion
(identity, stretch, free energy, and MMPD) would be difficult,
and a possible solution would be to increase the criterion
stringency until all experimental verified nonspecific probes
were excluded. However, this would also exclude a large por-
tion of specific probes and lead to a low gene coverage. A
polyphasic approach would improve and standardize probe
design, but the appropriate combination of multiple criteria for
the design of specific probes and the exclusion of nonspecific
probes has not been previously tested. In this study, the com-
parison of theoretical predictions and experimental hybridiza-
tion results indicated that a combination of identity (85%),
stretch (15 bases), and free energy (�30 kcal/mol) was able to
exclude all nonspecific probes for 50-mer probes and a com-
bination of identity (85%), stretch (20 bases), and free energy
(�40 kcal/mol) for 70-mer probes. The results also suggested
that the relaxation of one or more criteria may exclude all truly
nonspecific probes and keep more qualified probe candidates.

Essential criteria for oligonucleotide probe design. Based on
our results, a set of essential criteria are suggested for gene-
specific and group-specific oligonucleotide probe design (Ta-
ble 1). First, all criteria must be comprehensively considered,
and a single parameter was not stringent enough for the ex-
clusion of all nonspecific probes. For example, a probe-target

TABLE 1. Summary of essential probe design criteria for 50-mer
and 70-mer oligonucleotides

Probe type and parameter 50-mer value 70-mer value

Gene-specific probe
Max. identity with nontargets 85% 85%
Max. stretch length with nontargets 15 bases 20 bases
Min. binding energy with nontargets �30 kcal/mol �40 kcal/mol
Max. no. of self-binding nucleotides 8 8

Group-specific probe
Min. identity within the group 96% 96%
Min. stretch length within the group 35 bases 50 bases
Max. binding energy within the

group
�60 kcal/mol �90 kcal/mol

Max. no. of self-binding nucleotides 8 8
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identity of 75% was suggested as a potential cutoff value (11),
but our data suggested a sequence identity of 85% under the
tested conditions. This value is particularly important for the
design of probes for groups of highly homologous sequences,
such as the construction of functional gene arrays (22, 29).
Based on our results, specific hybridization can be obtained for
probes without long stretches or low free energy even if the
probe-target identity is 85 to 90%, and these results agree with
previous experiments (22, 29).

In many probe design programs, the sequence identity is the
most influential criterion, and stretch or free energy is rarely
considered. Therefore, potential cross-hybridization could oc-
cur due to long stretch and/or low free energy problems even
though a probe meets the identity criterion. This problem can
be avoided when the proposed strategies are used (see Table
S3 in the supplemental material). The “good” probes that meet
all criteria have low signals and low SNR (	3.0) values, and
the sequence identities are as high as 86% for 50-mer probes
(e.g., S2-07-p1) and 87% for 70-mer probes (e.g., S3-09-p2).
Other probes with significant hybridization signals and SNR of
�3.0 were excluded by a single criterion (i.e., stretch or free
energy) or by both criteria, even when the identity was set to
90%. However, it should be noted that some probes (e.g.,
S2-07-p3 and S3-09-p3) with low hybridization signals and low
SNR values were excluded by free energy or stretch, and these
results suggested that the establishment of universal probe
design criteria is still a challenge. Further investigations of the
probe-target interactions on glass microarray slides are
needed.

For group-specific probes, all sequences must have high
identity and a common long stretch within a group. Our ex-
perimental results showed that approximately 50% of the PM
signals could be obtained at probe-target identities of 96% for
50-mer and 70-mer oligonucleotides. Therefore, for the group-
specific probe design, the probe-target identity should be as
high (98% to 100%) as possible. A group-specific probe should
also have a minimal number of continuous stretches (35 bases
for 50-mer and 50 bases for 70-mer probes) and a maximal
binding free energy (�60 kcal/mol for 50-mer and �90 for
70-mer probes) within the group. It should also be noted that
the maximal nucleotide number for self-binding should be con-
sidered to avoid strong secondary structures of designed
probes (set to 8, as previously described by Wang and Seed
[31]). In addition, other criteria such as GC content, Tm, and
sequence complexity also need to be considered. Since GC
content varies among different organisms, an oligonucleotide
design tool should evaluate all sequences in the data set and
determine Tm values that fall into a narrow range to ensure
quantitative comparison of gene expression. Those parameters
should be used as filters for excluding probe candidates.

Finally, the criteria set in Table 1 are generally conservative.
The parameters may be cautiously relaxed when more probes
or a high gene coverage rate is needed. For example, based on
our experimental results, identity may be increased to 90% for
both 50-mer and 70-mer probes, and free energy may be set up
to �40 kcal/mol for 50-mer or �50 kcal/mol for 70-mer oligo-
nucleotides if approximately 10% of the PM signal intensity is
allowed and the SNR is generally below 3.0, but further relax-
ation of the criteria would need to be experimentally reevalu-
ated. In addition, for fellow researchers to access the detailed

data for various analyses, theoretically calculated values of
parameters, such as sequence identity, maximal stretch length,
minimal free energy, and MMPD, and experimentally deter-
mined hybridization results, such as relative signal intensity
(percentage of the perfect match probe signals) and signal-to-
noise ratios are summarized in Table S4 in the supplemental
material.

Selection of optimal oligonucleotides. Two approaches were
considered for the selection of the best 50-mer or 70-mer
oligonucleotide probes. One is to rank three essential criteria
(identity, continuous stretch, and free energy) in different or-
ders. For example, identity is considered first, then stretch, and
then free energy. In this situation, probes with lowest identity
to other sequences were usually obtained. Stretch and free
energy were then considered in order if some probes had the
same identity. The other approach was to assign each criterion
(maybe other parameters as well) a weight, and all probe
candidates were ranked by a final score for each gene or group
of genes. In addition, the optimal probes could be selected
based on the MMPD value. In this case, the best gene-specific
probe should have the smallest MMPD value for each gene,
and the best group-specific probe should have the largest
MMPD value for a group of genes.

In summary, we investigated the effects of probe-target iden-
tity, continuous stretch, mismatch position, and free energy on
the design of 50-mer and 70-mer probes and then experimen-
tally compared the designed probes. The results produced
weighted parameters for a polyphasic approach for oligonucle-
otide probe design and will facilitate the establishment of the
criteria for gene-specific and group-specific oligonucleotide
probes. Experimentally tested criteria are needed for the de-
velopment of software and algorithms for oligonucleotide
probe design. We are currently developing new algorithms and
software to select optimal oligonucleotide probes for func-
tional gene arrays as well as whole-genome microarrays.
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