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Database to Dynamically Aid Probe Design
for Virus Identification
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Li-Cheng Wu, Meng-Feng Tsai, and Jorng-Tzong Horng

Abstract—Viral infection poses a major problem for public
health, horticulture, and animal husbandry, possibly causing se-
vere health crises and economic losses. Viral infections can be
identified by the specific detection of viral sequences in many ways.
The microarray approach not only tolerates sequence variations
of newly evolved virus strains, but can also simultaneously diag-
nose many viral sequences. Many chips have so far been designed
for clinical use. Most are designed for special purposes, such as
typing enterovirus infection, and compare fewer than 30 differ-
ent viral sequences. None considers primer design, increasing the
likelihood of cross hybridization to similar sequences from other
viruses. To prevent this possibility, this work establishes a platform
and database that provides users with specific probes of all known
viral genome sequences to facilitate the design of diagnostic chips.
This work develops a system for designing probes online. A user
can select any number of different viruses and set the experimental
conditions such as melting temperature and length of probe. The
system then returns the optimal sequences from the database. We
have also developed a heuristic algorithm to calculate the probe
correctness and show the correctness of the algorithm. (The sys-
tem that supports probe design for identifying viruses has been
published on our web page http://bioinfo.csie.ncu.edu.tw/.)

Index Terms—Database, probe design, virus identification.

I. INTRODUCTION

V IRAL infection poses a major problem for public health,
horticulture, and animal husbandry, possibly causing se-

vere health crises and economic losses. Viral infections can be
identified by the specific detection of viral sequences in two
ways: the first is an amplification-based method, such as using
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the polymerase chain reaction (PCR), the reverse transcription-
polymerase chain reaction (RT-PCR), or nested PCR, for exam-
ple, and the second is the hybridization-based approach, such
as the use of southern blotting, northern blotting, dot blotting,
and DNA chips. The former not only provides the advantages
of fast and specific detection and a lower detection limit, but
also has the following weaknesses: 1) the clinicians must as-
sess which viruses are suspected in an infectious event; 2) the
nucleotides on the nearest 3′-end of the designed primers are
very important to the successful extension of the primer; and 3)
although multiplex PCR can be used to detect many viral se-
quences simultaneously, diagnosing the viral sequences of over
20 different species or strains in a single reaction is currently
very difficult. The hybridization-based methods not only toler-
ate sequence variations of newly evolved virus strains, but can
also simultaneously diagnose more viral sequences in a single
reaction than can multiplex PCR. Many chips have so far been
designed for clinical use. Most are designed for special pur-
poses, such as typing enterovirus infection, and compare fewer
than 30 different viral sequences. None considers primer de-
sign, increasing the likelihood of cross hybridization to similar
sequences from other viruses. To prevent this possibility, this
paper establishes a platform and a database that provides users
with specific probes for all known viral genome sequences to
facilitate the design of diagnostic chips.

Microarray (also called gene chip, DNA chip, and DNA mi-
croarray) technology emerged a few years ago. One of its main
applications is in diagnosing pathogens. Typically, a microarray
is a glass slide or a piece of nylon membrane, on which thou-
sands to tens of thousands of DNA sequences can be spotted.
Such spotted DNA sequences are called probes. They can be
used to detect different viral infections and distinguish which
serotypes or strains are simultaneously involved in a hybridiza-
tion reaction. In Southern hybridization, a collection of restric-
tion fragments is transferred from an agarose gel to a nylon
membrane and the specific ones being studied are detected by
hybridization probing [1]. A hybridization probe is a labeled
DNA molecule whose sequence is complementary to the tar-
get DNA that we wish to detect. Because the probe and target
DNAs are complementary they can hybridize by base pairing of
the complementary nucleotides.

Two main DNA microarray formats are widely used. They are
the oligonucleotide array format and the cDNA array format.
In the cDNA microarray format, probes are whole or partial
cDNA sequences (300–5000 bases long) immobilized on a solid
surface. In the oligonucleotide array format, probes are DNA or
RNA sequences that are 20–80 bases long.

1089-7771/$20.00 © 2006 IEEE
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Fig. 1. Example of target and nontarget sequences. (a) Example showing a target sequence of the “probe X” and the nontarget sequences of the “probe X.” (b)
Example showing that a probe is fully aligned with a target sequence and partially aligned with the nontarget sequences.

Fig. 2. Example showing how a probe hybridizes to a target sequence and cross hybridizes to a nontarget sequence.

The probe design process is to select several substrings, called
probes, from each virus sequence. The “target sequence” of a
probe is the virus sequence from which the probe was obtained.
It will hybridize with one of a population of sequences of inter-
est. The remaining sequences in the population are “nontarget
sequences.” The chosen probes should match a substring of
their target sequence exactly and not match any substring of
any nontarget sequence in the population. Fig. 1(a) shows a
probe X that is a part of a virus sequence A. Fig. 1(b) shows
how probe X only partially matches nontarget sequences B, C,
and D.

One of the current challenges of the microarray technology
is the prevention of cross hybridization. Targets are cDNA se-
quences tagged with fluorescent dyes that are hybridized to the
probes. If the target sequence is very similar to nontarget se-
quences, the probe may hybridize to the target sequence and
cross hybridize to the nontarget sequences. Thus, an important
aspect of the microarray experiments is the quality of probe
design. The best way to assess the quality of probes is by ex-

perimental measurements, but this is too expensive. Instead,
in the recent studies, the major concern is the similarity be-
tween the probe and the nontarget sequences [2], [3]. In this
paper a selected probe should be fully hybridized to a target
sequence and have at least 30% difference from the nontarget
sequences. Fig. 2 is an example of a probe that hybridizes to a
target sequence and cross hybridizes to a nontarget sequence.
The similarity is the number of matching columns divided by
the probe length. The “X” symbol in Fig. 2 indicates that the
nucleotides cannot be hybridized to each other. The “|” symbol
indicates that the nucleotides can be hybridized.

Probes should be selected according to the criteria of
specificity, melting temperature, and sensitivity. The following
three main factors that influence virus probe selection were
considered:

1) melting temperature or free energy of the oligonucleotide
probe;

2) length of contiguous similarity with any other nontarget
sequences in the oligonucleotide probe;



LIN et al.: DATABASE TO DYNAMICALLY AID PROBE DESIGN FOR VIRUS IDENTIFICATION 707

3) similarity between each pair consisting of the probe and a
nontarget sequence.

All probes must be treated under the same hybridization con-
ditions. Temperature is one of the most important factors. The
melting temperature (Tm) is the temperature at which the two
strands of a double-stranded nucleic acid molecule or base-
paired hybrid detach due to complete breakage of hydrogen
bonds. This temperature can be obtained using the nearest neigh-
bor model [4], which is defined by the following formula:

Tm =
∆H

∆S + R log(c/4)
− 273.15 (1)

where ∆H and ∆S represent enthalpy and entropy, respectively,
R is the molar gas constant, and c is the total molar concentration
of the annealing oligonucleotide.

The second factor that influences the oligonucleotide probe
design is the length of contiguous similarity of the probe with
any other sequence in the oligonucleotide probe. One report
of the sensitivity and specificity of a 50-mer oligonucleotide
microarrays [2] suggested that all probes with a 75% overall
sequence similarity with their nontarget sequences and contigu-
ous complementary base pairs with a length of under 14 are
sufficiently specific to be selected.

The third factor that affects the probe design is the similarity
between each probe and nontarget sequences. Although con-
tiguous similarity with other sequences is the primary factor
that causes cross hybridization [2], a probe with high similarity
to many nontarget sequences will exhibit cross hybridization.
Some tools, such as OligoArray [5] and OligoPicker [6], use
BLAST to find out the probes whose similarities with their non-
target sequences are high.

A viral sequence must have at least one identifying probe
and each probe must hybridize to only a single sequence. The
optimal probes should be those that hybridize with their target
viral sequences perfectly, but do not hybridize effectively with
nontarget sequences.

Many algorithms exist for selecting optimal probes, including
a method based on the matching frequency of the sequence land-
scape [7], a method based on a hash table and the BLAST [6],
a method based on the longest common factor (LCF) between a
probe and nontarget sequence [8], a method based on the melt-
ing temperature of a probe [9], and a method based on unique
segments [3]. A common factor of two strings s, t is a string
that is both a substring of s and t. A common factor is an LCF
if no longer common factor exists [8].

This study uses the longest increasing subsequence (LIS)
algorithm, which is faster than the alignment algorithm, to cal-
culate the similarity of each probe with its nontarget sequences.
The set of optimal probes can identify their target viral sequence
in a short time, which may not cause the webpage to timeout.
Section III presents a detailed comparison.

II. SYSTEM AND METHODS

The Appendix gives the definitions of a number of terms used
in this paper.

TABLE I
DATA FOR DIFFERENT VIRUS GENOMES

TABLE II
TAXONOMIC DATA ON VIRUSES

A. Data Preparation

The proposed system uses two databases. One is of taxonomic
data about viruses, taken from the universal virus database
of the International Committee on the Taxonomy of Viruses
(ICTVDB) [11]. The other is the viral sequences from the NCBI
GenBank database. We use the data retrieval tool IntKey down-
loaded from the ICTVDB to retrieve virus taxonomy data from
the ICTVDB. We download virus DNA sequences from NCBI
GenBank. Virus taxonomy data and data about viral sequences
are integrated in the local database, in which three tables (fam-
ily, genus, species) store taxonomic data and one table stores
the DNA sequences of viruses. The sequence table contains
1535 complete virus genomes. The average length of the viral
sequences is 11 142 nucleotides. The sequence table provides
the genomes of the viral sequences and the natural hosts of the
virus. Table I shows the data for different viral sequences and
Table II shows the data for different levels of the viral taxonomy.

B. Generating Probe Candidates

A viral sequence is divided into many fragments by sliding
a window along it in steps of five nucleotides. The size of the
window is from 20 to 60 nucleotides. Sequence fragments are
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Fig. 3. Database system for designing probes for viruses.

stored in the local database, if and only if, the sequence fragment
satisfies all the following criteria [7]:

1) number of occurrences of any single base (As, Cs, Ts, or
Gs) does not exceed half of the length of the fragment;

2) length of any section of contiguous As, Cs, Ts, or Gs does
not exceed a quarter of the length of the fragment;

3) GC-content of the sequence fragment ranges from 40% to
60%;

4) sequence fragments are not self-complementary.
The database includes about 10 million probe candidates from

1535 viral sequences. The melting temperature of each probe is
calculated by MELTING [12]. A user selects a set of viral se-
quences and inputs the length and the experimental temperature
for probe design. All the probe candidates that belong to the set
of viral sequences and satisfy the conditions are selected from
the probe candidate database.

C. System Flow

Fig. 3 shows an overview of the system used for the probe
design. The system has four main phases.

Data preparation: Viral sequences and viral taxonomies are
downloaded from the GenBank (NCBI) and ICTVDB, re-
spectively.

Generating candidate probes: Viral sequences are divided into
segments by sliding a window along the sequence of five
nucleotides at a time. The segments are preselected by the
probe filter [7] and inserted into the database of candidate
probes. Then, the melting temperatures of all candidate probes
are calculated using MELTING [12].

Selecting the optimal probe: After a user has selected the target
sequences for designing the viral probe, all of the candidate
probes are selected according to the input parameters (melting
temperature, range of melting temperature, and length of the
probe). The optimal probes are those that are not very similar
to their nontarget sequences. The LIS algorithm is used to
find the optimal probe.

Verification of the optimal probe: The optimal probes are verified
by two processes. One is the alignment of probe to the other
probes. This process ensures that the optimal probes will not
match the same region of the target sequence. The other is
the alignment of each probe to its nontarget sequences. If the
alignment score is high, the optimal probe is discarded.

All four phases are integrated as a web-based system. This
system supports the cross selection of species of viruses, instant
optimal probe selection, and the online verification of the result
by local alignment.

D. Algorithm and Implementation

The algorithm was coded in C/C++ and compiled with the
GNU C compiler. The system runs on a computer with an AMD
Athlon XP CPU running at 1.8 GHz with 1-Gb main memory.
The operating system was Redhat 9.0 and the database manage-
ment system was MySQL.

LIS Algorithm: The most time-consuming part of probe de-
sign is determining the most similar regions between the probe
and nontarget sequences. Many methods use an alignment tool
like BLAST to calculate the similarity of each probe with non-
target sequences. However, this method of calculation is not
efficient. We apply a fast method to calculate the similarity of
probes to nontarget sequences. Before describing the method,
we define the suffix. Let S be a string with length |S| and
let S[i, j] be the substring from the ith character to the jth
character of S. A suffix is a substring of the form S[i, |S|],
where 1 <= i <= |S|. An investigation of the alignment of whole
genomes [13] applied a suffix tree and the LIS algorithm to find
the parts of two sequences that were most similar to each other.
Recently, a fast method of alignment, based on BLAST and the
LIS algorithm, was published [14]. It uses BLAST to identify
some conserved regions in the two sequences and applies the
LIS to combine these conserved regions. The two sequences can
thus be globally aligned. Both methods efficiently determine the
similarity between the two sequences. The LIS algorithm used
in the above-mentioned two studies is applied here to evaluate
efficiently the similarity between the probe and nontarget se-
quences. The algorithm is very fast, so the process is completed
in a short time and the results can be published to a web page.

The LIS problem is defined as follows: Given a sequence S,
the LIS of S is the longest subsequence in which each number
is greater than its predecessor. For example, the LIS of a se-
quence S = (7, 9, 1, 6, 2, 4, 8) is (1, 2, 4, 8). The algorithm for
determining the LIS is the LIS algorithm. There are two ma-
jor implementations of the LIS algorithm. One is a dynamic
programming technique and its time complexity is O(n2). By
using a binary search, the time complexity of generating the LIS
can be reduced to O(n log n) [15], where n is the number of
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Fig. 4. FindLIS algorithm.

elements in the sequence. Here, we used the faster algorithm to
implement the LIS in the C programming language. The pro-
gram, called findLIS, identifies the most similar parts of a probe
and a nontarget sequence. It first generates a suffix array for
one of the sequences selected by a user. Each probe candidate
is divided into fragments, called tags, by sliding a window one
nucleotide at a time along the whole probe. The length of the
tags is set to four. If a tag matches the first four nucleotides of a
suffix in the suffix array, then both the number of the tag and the
number of suffix of the sequence are recorded. A long sequence
of numbers is generated when all the tags match the suffixes of
the sequence. Since the suffixes of the sequence are sorted lexi-
cally, we can use a binary search to find the matching positions
of tags of the probe and suffixes of the sequence. When these
matching positions are generated, the LIS can be found in this
sequence of numbers. The most significant region is the subse-
quence in which the LIS is located. The regions of the sequence
covered by the LIS include all parts that are matched by most
tags of the probe. That is, the region of the probe that is most
similar to the nontarget sequences is with the LIS. The LIS of
each pair that consists of the probe and a nontarget sequence can
be obtained by comparing the tags of the probe with the suffixes
of the nontarget sequence. Fig. 4 shows the findLIS algorithm
and Fig. 5 shows an example of using the findLIS program to
identify the most similar regions of the probe and the nontarget
sequence. The length of the probe is selected by a user and the
candidate lengths of probes are 20 bp, 30 bp, 40 bp, 50 bp, and
60 bp.

E. Selecting the Optimal Probe

The LIS similarity is defined as the number of nucleotides of
a probe that matches the nontarget sequence in the LIS. The LIS
similarity can be obtained from the LIS of the number sequence

generated by the program findLIS. The optimal probe is the one
whose LIS similarity is least.

F. Verifying the Selection of the Optimal Probe

Two processes are required to confirm the optimal probes se-
lected by the proposed system. The first process is the alignment
of the pairs of the optimal probes. If optimal probes with high
similarity are selected, then the probes will identify the same
region of the target sequence or the neighboring regions. That
is, the probes overlap in the region of the target sequence. The
alignment of the pairs of optimal probes reveals that a probe can
be discarded if it has high similarity with other probes, ensuring
that the only one optimal probe will base pair with the extensible
regions of the target sequence. The second process is the local
alignment of the probe with its nontarget sequences. The local
alignment tool MATCHER [16] is used to verify the quality of
the optimal probes. If the similarity of the probe to the nontarget
sequences calculated by MATCHER is high, cross hybridization
will occur. If the similarity of probe with its nontarget sequence
is high, the user can discard the probes from the set of optimal
probes. Both processes are implemented in the web service so
the user can verify optimal probes using the web interface.

III. RESULTS

A web interface was designed. Users may select probe se-
quences to identify the viruses of interest. The system takes
about 180 min to design probes for 100 viruses including se-
lecting candidate probes and selecting the optimal probes. Al-
though some methods and tools exist for designing probes for
microarrays, few online systems have been developed and few
allow users to select sequences dynamically across different
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Fig. 5. Example of using the findLIS program to determine the region of greatest similarity between a probe and a nontarget sequence.

virus genera and virus families. Table III compares the tools
and methods for designing oligonucleotide probes.

One hundred viruses were randomly selected and the exper-
imental melting temperatures of 75◦C–78◦C were used to con-
firm that the LIS similarity of a probe and a nontarget sequence
is directly proportional to the similarity between them. A total
of 27 377 probe candidates with lengths of 50 bp were selected.
Empirical data have suggested that under appropriate hybridiza-
tion conditions and target concentrations which are commonly
employed for microarray studies, the cross hybridization be-
tween the probe and nontargeted sequences can be estimated
by the similarities between the probe’s target sequence and
nontarget sequences [2]. Several studies have concluded that
a threshold of around 70% sequence similarity can be used as a
reference for cross-hybridization prediction. The LIS similarity
of each pairing of a probe and a nontarget sequence was cal-
culated by the program findLIS. The correspondence between

LIS similarity and similarity is shown in Fig. 6, which compares
the similarity between a probe and a nontarget sequence with
the average LIS similarity. When the similarity of a probe with
its nontarget sequence is large, the average LIS similarity of a
probe with its nontarget sequence is also large. According to
Fig. 6, the average LIS similarity that corresponds to a 70%
similarity between the probe and its nontarget sequence is about
25 bp (indicating a match to the nontarget sequence over 25 bp).
In Fig. 6, when the average LIS similarity of probe is below 20
bp, the corresponding similarity of the probe is below 70%. A
probe with LIS similarity shorter than 20 bp is thus determined
to be effective for use in probe design.

IV. DISCUSSION AND CONCLUSION

Most methods use the BLAST program as the primary tool
to avoid cross hybridization. They spend time calculating the
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TABLE III
COMPARISON OF DIFFERENT TOOLS AND METHODS FOR OLIGONUCLEOTIDE PROBE DESIGN

Fig. 6. Correspondence between LIS similarity and similarity.

similarity of the probe with nontarget sequences. The present
approach first generates the probe candidates in the database
and then uses the LIS algorithm to evaluate the similarity be-
tween the probe and nontarget sequences more efficiently. The
database technique and the algorithm can be used to finish the
process of designing probes for 100 sequences in 3 h. The op-
timal probes are verified by the alignment tool. Because of

the efficient algorithm and database technology, the virus probe
design can be carried out online. Although the program find LIS
can efficiently calculate the similarity of probes and nontarget
sequences, in some cases the program findLIS will fail to cal-
culate this accurately. Three main factors affect the accuracy
of LIS similarity calculation. In the assessment above, probes
with an LIS similarity of 4–10 are selected and most have sim-
ilarities with the nontarget sequence of below 70%. However,
in some cases, the similarity of probe with its nontarget se-
quence exceeds 70%. The first factor is the uncovered region.
The length of the tag is set to four, and so the tags may fail to
cover many regions of the nontarget sequences, in which case the
findLIS program cannot calculate the similarity of probes and
nontarget sequences accurately. Fig. 7 shows a case of failure
of calculating similarity of a probe with a nontarget sequence.
The “X” symbol in Fig. 7 indicates that the nucleotides can-
not be hybridized to each other. The “ | ” symbol indicates that
the nucleotides can be hybridized. The actual similarity of the
probe to its nontarget sequence is 82% but the LIS similar-
ity calculated by findLIS is 26%. Some matching regions with
fewer than four nucleotides are omitted. However, if the length
of the tag decreases, the time for calculating the similarity of
probe to its nontarget sequence will increase. The second factor
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Fig. 7. Problem of uncovered region. LIS similarity is 6 (26% similarity) but
the actual similarity is 82%.

is several matching positions in a nontarget sequence for one
tag. When one tag matches more than one position in a nontarget
sequence, one of the various sequences of number may be gen-
erated by the comparison of the tag with the suffix. In this study,
one of the possible paths is randomly selected. If there are many
possible paths, the accuracy of the calculation will be affected.
The third factor is that the LIS may not be unique in the num-
ber sequence. For example, consider the number sequence S =
(9, 8, 1, 7, 2, 5, 3). Either (1, 2, 3) or (1, 2, 5) is a candidate LIS.
The maximum LIS similarity can be found in any one of the
possible LIS. This study considers only one of the possibilities.

The uncovered region problem is the major cause of failure in
calculating the similarity of a probe with a nontarget sequence.
Although the three factors will affect the accuracy of calculation,
the optimal probes can be verified by the two alignment methods.
These processes ensure that the specificity of the optimal probes
is high. In this assessment, when the LIS similarity is set between
four and ten, the probability of selecting a cross-hybridization
probe is 0.0034%. When the user selects probes with a low LIS
similarity (4–15), the probes are specific enough to identify the
sequences selected by the user in the ICTVDB.

We are now planning to design probes for different groups,
genera and families, to facilitate the detection of newly emerged
viruses all over the world.

APPENDIX

DEFINITIONS OF THE TERMS USED IN THIS PAPER

Suffix: Let S be a string with length |S| and let S[i, j] be the
substring from the ith character to the jth character of S. A
suffix is a substring of the form S[i, |S|], where 1 <= i <= |S|.

Hybridization: The attachment by base pairing of two com-
plementary polynucleotides.

Melting Temperature (Tm): The temperature at which the
two strands of a double-stranded nucleic acid molecule or base-
paired hybrid detach due to complete breakage of hydrogen
bond.

LCF: A common factor of two strings s, t is a string that is
both a substring of s and t. A common factor is an LCF if no
longer common factor exists [8].

Sequence Landscape: The sequence landscape of a sequence
is the frequency distribution of the proper subsequences of the
sequence [10]. For example, if the sequence is “aagaa,” the se-
quence landscape is (“a,” 4), (“g,” 1), (“aa,” 2), (“ag,” 1), (“ga,”
1), (“aag,” 1), (“aga,” 1), (“gaa,” 1), (“aaga,” 1), (“agaa,” 1).
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