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ABSTRACT

Motivation: The use of oligonucleotide microarray technology
requires a very detailed attention to the design of specific probes
spotted on the solid phase. These problems are far from being
commonplace since they refer to complex physicochemical con-
straints. Whereas there are more and more publicly available programs
for microarray oligonucleotide design, most of them use the same
algorithm or criteria to design oligos, with only little variation.
Results: We show that classical approaches used in oligo design
software may be inefficient under certain experimental conditions,
especially when dealing with complex target mixtures. Indeed, our
biological model is a human obligate parasite, the microsporidia
Encephalitozoon cuniculi. Targets that are extracted from biological
samples are composed of a mixture of pathogen transcripts and
host cell transcripts. We propose a new approach to design oligo-
nucleotides which combines good specificity with a potentially high
sensitivity. This approach is original in the biological point of view
as well as in the algorithmic point of view. We also present an
experimental validation of this new strategy by comparing results
obtained with standard oligos and with our composite oligos. A specific
E.cuniculi microarray will overcome the difficulty to discriminate the
parasite mMRNAs from the host cell MRNAs demonstrating the power
of the microarray approach to elucidate the lifestyle of an intracellular
pathogen using mix mRNAs.

Availability: Our method is implemented in the GoArrays software,
available at http://lwww.isima.fr/bioinfo/goarrays/

Contact: rimour@isima.fr for computing part, and pierre.peyret@univ-
bpclermont.fr for collaborative projects.

INTRODUCTION

Thanks to the increasing number of completely sequenced genomes
(Berna et al., 2001) the understanding of complex biological
processes can benefit global approaches. Among the recent
post-genomic developments, DNA microarray represents prob-
ably the most powerful tool. The DNA chip technology was first
devel oped to evaluate simultaneously the expression levels of all the
genes of an organism (DeRisi et al., 1997; Lipshutz et al., 1999;
Lockhart et al., 1996; Schenaet al., 1995). Other applications differ-
ent from gene expression monitoring have been applied using DNA

*To whom correspondence should be addressed.

chips(specific mutation detections, microbial identification, compar-
ative genomic hybridization, chromatin immunoprecipitation chips,
etc.). The general concept of this nanotechnology development is
based on the capacity to immobilize tens of thousands of specific
probes on a small solid surface. More than 400 000 sequences rep-
resenting up to 13000 genes and expressed segquence tags can be
deposited on a surface of 1.6 cm? (Lockhart and Barlow, 2001). A
highly specific recognition step between the probes and the labeled
targets (MRNA) is obtained via complementary base pairing dur-
ing nucleic acid hybridization process. For the production of arrays,
DNA caneither bedirectly synthesized onthesolid support (Lipshutz
et al., 1999; Hughes et al., 2001) or can be deposited in a pre-
synthesized form onto the surface with pins or ink jets printers
(Goldmann and Gonzalez, 2000). The spotted DNA corresponds to
genomic DNA, cDNAS, PCR products or oligonucleotides.

DNA oligonuclectide microarrays have become more popular
compared to cDNA microarrays for gene profiling and are now
preferentially set up. Construction of cDNA microarrays presents a
number of difficulties, largely related to costs associated with clones
validation, quality controls and propagation. Other limitations of
cDNA microarraysare observed because of cross-hybridization with
homol ogous genes or aternative splice variants. On the other hand,
several reports highlight the excellent sensitivity and specificity of
oligonucleotide microarrays and the easiness to obtain these arrays
that only require sequence data (Hughes et al., 2001; Kane et al.,
2000; Relogio et al., 2002; Wang and Seed, 2003). For example a
60mer oligonucleotide microarray can reach asensitivity level close
to onecopy of mRNA per human cell and asingle oligonucl eotide per
geneis sufficient to monitor gene expression (Hughes et al., 2001).

Probe design for microarray is not a trivial computational task.
Parameters such as probe length, number of oligos per CDS, max-
imal distance from the 3' end (to avoid the bias toward the 3' end
generated by abortive reverse transcription when targets are labeled
using oligodT to anchor the reaction), melting temperature range,
threshold to reject secondary structures (to avoid interference during
hybridization step), prohibited sequences and of course specificity
have to be considered to obtain an efficient design. The cross-
hybridization is the major point that limits the determination of
specific probes. During classical hybridization experiments, cross-
hybridizationislimited by increasing thestringency of hybridizations
conditions. However, it is not possible to apply the most stringent
conditions for all the genes of an organism at the same time. In
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fact, cross-hybridization of a CDS to other sequences may result
from a single continuous alignment exceeding cross-hybridization
parameters or from a discontinuous series of short similarity regions
(within the same subject) appearing as several alignments which
all together exceed the cross hybridization parameters. In the yeast
Saccharomyces cerevisiae 253 CDS (4.5% of the total CDSg) failed
to be represented by a ‘unique’ oligonucleotide probe (Talla et al.,
2003). Even with an improved version of OligoArray (2.0) where
the computation of the specificity is based on the thermodynamics of
the hybridization, 7% of the Arabidopsis thaliana CDSs stay aone,
eliminating the possibility of designing a specific probe (Rouillard
et al., 2003). The percentage will increase with the complexity of the
considered biological model.

Concerning the specific probe design for a human obligate para-
site like our biological model, the microsporidia Encephalitozoon
cuniculi, thesituationwill be moredramatic. By aconventional probe
design we were able to determine specific 50mer oligonucleotides
for only approximately 40% of the CDSs. These results prompted
us to develop a highly dynamic probe design (GoArrays) that led to
the determination of specific oligonucleotide for amost all the CDS
except of course for perfect gene duplication.

The remainder of this paper is organized as follows. In the Meth-
ods section, after presenting a short review of existing software for
microarray oligonucleotide design, we show the limits encountered,
particularly when dealing with complex biological models, and we
propose a new oligo design approach which enables bypassing the
previously cited limits. The implementation section deals with our
computational choices for developing this new approach. Then, we
present the experimental verification before discussing the observed
results.

METHODS
Related work

Although there are more and more publicly available programs for microar-
ray oligonucleotide design, most of them use the same algorithm or criteria
to design oligos, with only little variation (Chen and Sharp, 2002; Li and
Stormo, 2001; Nielsen et al., 2003; Raddatz et al., 2001; Rahmann, 2003;
Reymond et al., 2004; Rouillard et al., 2002, 2003; Tallaet al., 2003; Wang
and Seed, 2003). They primarily differ by the criteria chosen to select the
oligonucleotides: some will take into account the possibility of an oligonuc-
leotide having a stable secondary structure under certain conditions, others
will make it possible to exclude certain sequence patterns determined by the
user, such as the repetition of asingle base. None of them gathers the whole
set of criteria

From a data-processing point of view, one can separate the different pro-
grams in two groups: the client/server group and the autonomous software
group. Inthe case of an application of the client/server type, the user employs
a small software client to send the data to a server, generally located in the
laboratory which devel oped the oligo design software. Thislaboratory carries
out the calculation of the oligos and then sends the results to the customer.
The advantages of thistype of applications are mainly that the final user does
not need to have large local computing facilities at his disposal and that the
software client is often very easy to install and to use over the Internet.

The major drawback of thistype of remote application isthat the database
used to test the specificity of the oligos must be present on the server, which
limitsthe possibilities. Indeed, we generally find on servers only the principal
genomes studied in biology, those of the model organisms. If the user carries
out DNAChip experiments on less studied organisms, he will not be able to
use such software or will have to contact the administrator of the server to
add a database. |n addition, the achievement of calculation is dependent on

the server availability and the confidentiality of the data is not guaranteed
though some scientists are currently explicitly working on this point (Kurata
et al., 2003).

However when the server software is easily accessible, it is possible to
install it on a dedicated machine, making it similar to an autonomous soft-
ware. In the case of autonomous software, the user completely controls the
configuration of the parameters of the oligonucleotides design and is not
dependent on a distant machine. However, the applications of this type are
more difficult to install, require a significant amount of computing power
and sometimes need other software to function like BLAST (Altschul et al.,
1997) and/or Mfold (Santalucia, 1998; Zuker et al., 1999).

Client/server software Oligowiz (Nielsen et al., 2003) is composed of
afree Java client (datainput and display of results) and a Perl server (under
Unix) hosted by CBS (Center for Biological Sequence analysis, Denmark:
http://www.cbs.dtu.dk/services/OligoWiz/). The oligonucleotide searching
method is the following: for each potential oligonucleotide, the program
takes into account five parameters and for each one of these parameters,
it calculates a score for the oligonucleotide. It makes then a balanced sum
(by user-defined coefficients) of the scores and returns the oligonucleotide
having obtained the best score. The originality of this software is that the
user can also graphically visualize the scoring functions of al the potential
oligonucleotides and manually select some of them. The criteria taken into
account for the search are: specificity, melting temperature (Tm), position
within transcript, complexity of the sequence and its composition in bases
other than ATCG.

Another client/server software (ROSO) has been recently proposed by
the French Biopole of Lyon (Reymond et al., 2004). Accessible via a
website, the software is written in C and uses BLAST to compute the spe-
cificity (http://pbil.univ-lyonZl.fr/roso/). It is possible to obtain the source and
executable code on demand. The search algorithmiscomposed of five steps:

(1) Filtering of the sequences provided in input (elimination of identical
genes, of the repetitions of bases. . .).

(2) Search of potential cross-hybridizations using BLAST.
(3) Elimination of oligonucleotides having a stable secondary structure.

(4) Calculation of the Tm of each candidate oligonucleotide and selection
of a set of oligonucleotides (at least one by gene) which minimizes
the variability of the Tm.

(5) Selection of thefinal set of oligonucleotides on four criteria (compos-
itionin GC, first and last bases, repetitions, free energy).

Autonomous software OligoArray (Rouillard et al., 2002) is written in
Java, freely distributed and its source code is available under the GPL
(Genera Public Licence). The criteria taken into account for the search
for oligonucleotides are: specificity, position in transcript, melting temper-
ature, secondary structure of the oligonucleotide and presence of specific
patterns in the sequence of the oligonucleotide. The strategy adopted by
OligoArray is as follows: given a sequence provided in input, it extracts
a sub-sequence made up of the N last bases (N being the length desired
for the oligos) and checks the set of the criteria cited above. If this
sub-sequence meets all the criteria, it will constitute a satisfactory oligo-
nucleotide, and the program passes to the following gene. In the opposite
case, the program carries out a shift of 10 bases towards end 5 of the
CDS, extracts again a sub-sequence and checks the criteria. The process
continues until a satisfactory oligonuclectide is found. If no oligonuc-
leotide is found, the program returns the oligonucleotide presenting the
less potential cross-hybridization (http://berry.engin.umich.edu/oligoarray/).
OligoArray 2.0 (Rouillard et al., 2003) is an evolution of the software with a
dlightly diffrent approach using thermodynamics to design oligonucleotides
(http://berry.engin.umich.edu/oligoarray2/).

Another software named ProbeSelect retained our attention though the
algorithm used is quite complex. ProbeSelect is written in C++ under Sun
Solaris (Li and Stormo, 2001) and the approach to find oligonucleotides
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is centered on the specificity of sequences. Its functionning requires seven
steps:

(1) Construction of a‘suffix array’ for the set of coding sequences issued
from the genome of the considered organism.

(2) Construction of a‘landscape’ for each gene provided in the input.

(3) Useof these structuresto determine alist (10-20) of candidate oligo-
nucleotides for each gene (sequences which minimize the sum of the
frequencies of their sub-words in the whole studied genome).

(4) For each oligonucleotide candidate, search of potentia cross-
hybridizations.

(5) Localization of these crossed-hybridizations within genes.
(6) Calculation of free energy and of the Tm for each hybridization.

(7) Selection of the oligonucleotides which have the most stable hybrid-
ization with their target and which allow agood discrimination of the
other potential targets.

Some autonomous oligonucleotides design programs are written in Perl
or are based on a set of Perl scripts. They are usually much slower than
those written in C++. OligoPicker (Wang and Seed, 2003) isa Perl program
which also usesatraditional approach. The criteriataken into account are spe-
cificity (use of BLAST), melting temperature and position in the transcripts
(http://pga.mgh.harvard.edu/oligopicker/). ProMide (Rahmann, 2003) isaset
of Perl scripts, with a C program for main computation, that uses the longest
common factor as a specificity measurefor the oligonucleotides. It uses com-
plex datastructures such as ‘ enhanced suffix array’ and some statistical prop-
erties of sequences (http://oligos.molgen.mpg.de/). Oliz (Chen and Sharp,
2002) isalso aset of Perl scriptsusing aclassical approach (using BLAST for
specificity testing). It however requires additional softwareto function (cap3,
clustalw, EMBQOSS prima) plus a database in the UniGene format. The ori-
gindlity of the method used comes from the fact that the oligonucleotides are
searched in area 3’ UTR (untrandated region) of the mRNAs, avery specific
areawhere sequences are largely available through EST (expressed sequence
tag) projects (http://www.utmem.edu/pharmacol ogy/otherlinks/oliz.html).

Limits of existing software

The specificity problem  Concerning the design of probe setsfor microar-
rays, the specificity of oligonucleotides is one of the most important points,
among all criteria that probes must satisfy. The optimum probe for a gene
should hybridize only with the transcripts of this gene (under hybridization
conditions) and not with other transcripts present in the hybridization pool.
To select such a probe, one must know in what condition an oligonucleotide
could hybridizewith anon-target gene, especially intermsof sequence homo-
logy. Although few biological studies were made to answer this question, a
very compl ete one has been achieved on 50mer oligonucleotides (Kaneet al.,
2000). They show that a probe must satisfy two conditions to be specific:

(1) The oligonucleotide sequence must not have more than 75% of simil-
arity (among al sequence) with a non-target sequence present in the
hybridization pool.

(2) The oligonucleotide sequence must not include a stretch of identical
sequence >15 contiguous bases.

Many probe design software use Kane's criteria to verify the specificity of
oligonucleotide (OligoArray, OligoWiz), and they extend it for oligonuc-
leotides of any length. ProbeSelect uses the number of mismatches between
the oligonucleotide and the non-target sequence. They may cross-hybridize
if there are four or fewer mismatches for short oligos (around 20mer), 10 or
fewer mismatches for 50mer, and 20 or fewer for 70mer.

In our study, we follow Kane's criteria and consider that a probe may
show cross-hybridization with a non-target sequence when it does not satisfy
conditions (1) and (2). In arather obviousway, thelonger the oligonucleotide
is, the easier is condition (1) satisfied. However, it is more complex for
condition (2): as the length increases, the probability of finding a stretch of
15 identical bases increases.

Limits when dealing with a complex biological model  The microar-
rayswe produceare designed to el uci date the adaptation mechani smsinvol ved
in a parasitic life style. Our biologica model is the emerging opportun-
istic parasite E.cuniculi. The genome of this pathogen, considered as the
smallest eukaryotic genome with a size of only 2.9 Mb, has been com-
pletely sequenced by our research team and the French Genoscope (Katinka
et al., 2001). This parasite represents an increasing danger to human
health because of the increase in the number of immuno-depressed people
(following diseases like AIDS, chemotherapies. . .). Regarding microarray
experiments, the originality of our study is that targets which are extracted
from biological samples are composed of a mixture of E.cuniculi transcripts
and host cell transcripts (human cell in our case), which cannot be sep-
arated. A specific E.cuniculi microarray will overcome the difficulty of
discriminating the parasite mRNAs from the host cell mRNAs, demon-
strating the power of the microarray approach to elucidate the lifestyle of
an intracellular pathogen using mix mRNAs. Thus, the oligonucleotides
designed for the genes of the parasite must be specific not only regard-
ing the whole parasite CDSs, but also regarding human genome (as human
transcripts are present in the target mixture). This induces an additional dif-
ficulty in the design of specific probes by increasing the complexity of the
database.

When we try to design 50mer probes for our biological model with clas-
sical software (using Kane's criteria), we find only a few specific ones.
Most of the oligonucleotides show cross-hybridization with human genes,
because they do not satisfy condition (2) of Kane's criteria. If we reduce the
length of the oligonucleotides, we may find more oligonucleotides satisfy-
ing this condition but the risk of having more than 75% of similarity with
a non-target sequence increases. In the next part, we discuss the in silico
tests we performed to explore the influence of oligonucleotide length on
specificity.

In silico tests We performed in silico tests on two databases: the relat-
ively small genome of the yeast Saccharomyces cerevisiae and our model
E.cuniculi. In the second case, when we want to design an oligonucleotide,
we must check its specificity against a database that consists of the union
of E.cuniculi genome and human genome (Unigene database). For each
organism, we randomly chose 100 CDSs and for each CDS, we checked
the specificity of a set of oligonucleotides extracted from these CDSs (non-
overlapping oligos). We report how many times an oligonucl eotide ‘ matches
with a sequence present in the database. An oligonucleotide ‘ matches’ when
it does not satisfy Kane's criteria, and thusiit is not specific. Hits are found
with the BLAST algorithm, and then the whole oligonucleotide sequenceis
aligned with subject sequencein the database to check Kane's conditions. We
usethesmallest valueallowed for BLAST wordsize(W = 7) andamaximum
expectation value of 100 to ensure that we find all hits. The total number of
matches is considered as a measure of specificity of oligonucleotides of a
given length. The results are shown in Figure 1.

The same trend is observed for the two organisms. 20mer oligos have
many more matcheswith the database than other lengths and may not be suit-
ablefor oligonucleotide design. However, from 30 to 80mer, we can observe
that the specificity is reduced with the increase of the oligonucleotide size.
This confirmsthat for long oligonucleotides, many hits are achieved because
they do not satisfy condition (2) of Kane's criteria. Vaues for E.cuniculi
are higher and the increase is more marked as the database contains more
sequences. These results highlight the risk of cross-hybridization with long
oligo microarrays in a complex biological system. Shorter oligonucleotides
(above 20mer) increase specificity but could induce alower sensitivity. Fur-
thermore, Kane's criteriamay be too strict for short oligonucleotides and in
the rest of the paper, we modify condition (1) by considering the percentage
of similarity only among the BLAST aignment and not among all sequences.
This enables us to find specific sequences even shorter (20-25mer) for
some CDSs.

In the next part, we present a new method for oligonucleotide design that
enables us to solve the problem of specificity in acomplex biological system
retaining a high sensitivity for long oligonucleotides.
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Fig. 1. Insilico estimation of length—specificity relationship in S.cerevisiae
(yeast) genome and in a complex biological system (E.cuniculi + human
transcripts). For each organism, a set of oligonucleotides (non-overlapping
oligonucleotides from 100 randomly chosen CDS) is tested for specificity
against the database. Total number of matches with the database is reported.
For a short oligo length, more oligonucleotides are tested than for longer
lengths. Thus, the number of matches is normalized to the total number of
oligonucleotides tested of a given length.

A new approach

New kind of oligonucleotide structure The in silico test shows that
in acomplex biological system, ‘long’ oligonucleotides are not suitable for
good specificity. Specificity increases asthe oligonucl eotide length decreases
and short oligonucleotides between 20 and 30mer seem to be more adapted.
However the use of such probes could induce alower sensitivity. We propose
anew approach to design oligonucl eotides that combines excellent specificity
(even with acomplex database) with a potentially high sensitivity.

In our strategy, the oligonucleotide sequence is the concatenation of two
sequencesthat are complementary to their target cDNA but which are digjoint
(Fig. 2). Thus, the determination of an oligonucleotide is made by searching
two ‘ short’ sequences(e.g. 25mer) that areeach specifictothe CDS(itiseasier
to find two short specific sequences than onelong sequence). Stable hybridiz-
ation between the composite probe and the cDNA target inducestheformation
of aloop. In the oligonucleotide sequence, we also insert a very short ran-
dom linker (3-6 bases) between the two specific sequences to facilitate the
formation of the transcript loop. As the oligonucleotide sequence length is
till quite long (e.g. 55mer), we keep the advantage of high signal intensity
of long oligonucleotides. We then devel oped the program which enables the
design of microarray oligonucleotides according to this new approach.

IMPLEMENTATION

For the software analysis, we defined a platform independent
model (PIM) for the oligonucleotide design compliant with the
current MicroArray gene expression object-model (MAGE-OM)
(OMG, 2003; http://www.omg.org/technol ogy/documents/formal/
gene_expression.htm) specified by the Object Management Group

(OMG). The MAGE-OM is a Unified Modeling Language (UML)
model which attempts to define standard objects for gene expres-
sion data interchange. Before any programming, we proposed a
metamodel of oligonucleotide design, which is MAGE-OM com-
pliant in order to follow the state of the art in software development
for life sciences as advised by the model driven architecture (MDA)
(Hill et al., 2002). This rather important choice increases the soft-
ware quality and the potentiality of the algorithm, thus enabling an
easier integration in a microarray software environment. We used
this metamodel to implement our oligonucleotide design software,
GoArrays. This software enables one to design specific probes for
microarray according to our new approach (Fig. 3). It isparticularly
well adapted to complex biological systems, when classical software
isinefficient. The GoArraysprototypeiswrittenin Java, and requires
the Blast standal one program and the MFold software if auser wants
to check the secondary structure of the oligos. The program takes
several user-defined parameters viaa graphical interface. It requires
two input files, one containing all the sequencesfor whichwewant to
design an oligonuclectide, and the second containing the specificity
database. This second database must contain all the sequences that
may be present in thetargetsmRNA mixture during the hybridization
step. Theuser choosesthelength ! of thetwo subsequences constitut-
ing the oligonucleotide, the minimal and maximal loop sizeloni, and
lomax, and the size of thelinker separating thetwo subseguences. The
user also setsthe specificity threshold, which isthe minimal length of
astretch of identical baseswith non-target sequence that may lead to
cross-hybridization (the default is Kane's criterion: 15 bases). Then,
the user can choose if they want the oligonuclectide to satisfy other
classical criteriaz melting temperature, absence of stable secondary
structure, absence of forbidden sequences etc. If it is the case, they
set the minimal and maximal melting temperature desired, and the
maximal melting temperature for the secondary structure.

The algorithm takes each input sequence and reads it from the
Jend. It tries to find the first specific subsequence by moving a
window of length [. The specificity of the subsequence is checked
by performing the BLAST algorithm on the specificity database. If
the subsequence contains a stretch of 15 identical bases with non-
target sequence or shows an alignment with 75% or more similarity,
it is considered non-specific. Then the program searches the second
specific subsequence with the same method, taking into account omin
and lomax. When the two specific subsequences have been found, a
small linker made of randomly chosen bases is added between the
two subsequences. The specificity of the whole sequenceis checked
in order to verify that the introduction of the linker does not induce
supplementary cross-hybridization.

Thelast step isthe verification of additional constraintsif needed.
The melting temperature of oligonucleotides is computed using the
nearest-neighbor model (Santalucia, 1998), with the same para-
meters as the OligoArray software. The program calls the MFold
softwareto check if the oligonucleotide has a stable secondary struc-
ture, and if it is the case, the sequence is rejected. The last point
checked is the presence of forbidden sequences defined by the user
(likerepetition of bases). From asoftware devel opment point of view,
it iseasy to add other constraint asit is facilitated by our object ori-
ented design (Hill et al., 2002). When a sequence is rejected, the
windows of the two subsequences are moved along the sequence,
until a correct oligonuclectide is found.

The next section will present some experimental verification we
achieved with genes from E.cuniculi.
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Classical Design New approach

Fig. 2. Scheme of the new design of oligonucleotide for microarrays compared to classical design. In the common approach, the oligonucleotide is a specific
subsequence of the CDS. In our new approach, the oligonuclectide is composed of two non-contiguous segquences from the CDS. A stable hybridization
between the composite probe and the cDNA target induce the formation of aloop. A small linker composed of randomly chosen bases is added between the
two sequences.

CDS
Find a specific sequence A of length / / \
A
ﬂ Check specificity
Find a specific sequence B of length /, CDS
with distance A-B between [0, and
[0 max
B A
ﬁ Check specificity
Add a random linker between A and B, CDS
keeping specificity of the whole
sequence
B A

ﬁ Check specificity

Verify other criteria if necessary (Tm,
AGTCT/
secondary structure) B A

Fig. 3. Diagram describing the GoArrays algorithm. / is the length of the two subsequences constituting the oligonucleotide, /omin and lomax are the minimal
and maximal loop size.
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RESULTS
Oligonucleotide design

First we focused our study on two genes of E. cuniculi: polar
tube protein ptpl and cytidylate kinase kcy that could induce cross-
hybridization with standard oligonucleotide design. We designed a
50mer oligonucleotide for each of these two genes with OligoArray
software (Rouillard et al., 2002). Oligonucleotide probe ptpl shows
a sequence similarity with kcy gene (16 identical bases on 17); thus
there is arisk of cross-hybridization with kcy transcripts depend-
ing on the hybridization conditions. It is important to note that this
50mer oligonucleotide is the ‘best’ probe returned by the program,
i.e. al other possible oligos show more similarity with E.cuniculi
or human genes. Oligonucleotide probe kcy shows sequence sim-
ilarity only with one human gene, and does not cross-hybridize
with any E.cuniculi gene. The characteristics of these two standard
oligonucleotides are summarized in Table 1.

We also designed oligonucleotide probes for these two geneswith
our new algorithm GoArrays. We calculated 25 oligonucleotides for
each gene and designed chimerical oligonucleotides (two short spe-
cific oligonucleotides linking by 3, 4, 5 or 6 random nucleotides).
Variations in chimerical oligonucleotides included size of the loop
produced by the labeled target after hybridization, size of the linker
between the two specific sequences, specificity threshold and size
of the two subsequences constituting the oligonucleotide. The spe-
cificity threshold is the minimal length of a stretch of identica
bases with non-target sequence that may lead to cross-hybridization
(15 bases in Kane's criteria; we tested 16). The oligonucleotides
are named regarding their characteristics, for example, the probe
PTP1 30 _6 16 20 produces a loop size of 30 bases, the linker is
6 bases long, the specificity threshold is fixed at 16 bases and the
length of the two subsequencesis 20 bases.

Experimental procedure

For the Microarray production, the oligonucleotides probes (50mer)
were synthesized by Eurogentec (http://www.eurogentec.be) with a
5 amino linker modification and the spotting was made by Euro-
gentec on aldehyde activated dides. The RNA transcripts ptpl and
key (genefrom E. cuniculi) were obtained by PCR reactionsfollowed
by in vitro transcription. PRC was conducted using the following
primers (the bold part of the oligonucleotides permits the formation
of aT7 promoter) as described in the third edition of the Molecular
Cloning textbook (Sambrook and Russell, 2000):

pt p1DT7: TAATACGACTCACTATAGGTACTTTGCCCT-
GATGAAGTTGGA
pt pIR  CAGCAGTGTTGCATGGAGA

kcyDT7: TAATACGACTCACTATAGGTACTCAAGATTG
CCGITGATGG
kcyR TTCGTCGCCTGITTCCTC

In vitro transcription was conducted using MEGAscript kit from
Ambion (http://www.ambion.com/) according to the manufacturer’'s
instructions. Then the labeling of the RNA transcripts (3 j.g) with
Cy3 and Cy5 was performed using the Amino Allyl cDNA Labeling
kit from Ambion (http://www.ambion.com/) according to the manu-
facturer’s instructions. Hybridizations were carried out using 25 .l
sample (DigEasy buffer from Boehringer 17 1, labeled cDNA 5 i,
Salmon sperm DNA 1 pg/ml 3 pl) under a supported coverdip at

Table 1. Characteristics of standard 50mer oligonucleotides for two genes
of E.cuniculi

Name Sequence Position Tm Possible

within Cross-
transcript hybridization
ptpl TAGGAACATGCAAGATTG- 896 90 Kcy
CCGTATTGAAGCACTG-
CGACGCACCAGGAACA
kcy  AGGAACAACAGGGTATTC- 450 91 gnl|UGIHs#S1731224
CTAGACGGAGAGGACG-
TGTCGGAGAGCCTCCG

Thereisarisk of cross-hybridization between ptpl probe and kcy transcripts.

37°C (water bath) for 16 h in a Corning chamber. After hybridiz-
ation the microarrays were washed two times at room temperature
for 5 min with the following solutions: 0.2X SSC, 0.1% SDS and
0.2X SSC). The dlides were scanned on the Affymetrix 428 Array
scanner to detect Cy3 and Cy5 fluorescence and raw data analysis
was carried out using Jaguar from Affymetrix (http://www.mwg-
biotech.com/). In the following sections, al data are signa means
of replicates on the same array (three or six replicates depending on
the considered oligo). Severa hybridizations were made, but vari-
ation between arrays (due to hybridization conditions) could have
introduced bias in the results.

Comparative studies using OligoArray
(standard design) and GoArrays (new design)
for the oligonucleotides design

Figure 4 shows the two images of the microarray obtained after
hybridization with ptpl mRNA labelled with Cy3 and kcy mRNA
labelled with Cy5. PTP1 standard oligonuclectide (OligoArray
design) hybridizes with high intensity like some new design oligo-
nucleotides (but not all of them). The same phenomenon is observed
on the Cy5 image with KCY oligonuclectides.

These observations are confirmed by the measurement of sig-
nal intensities with the Jaguar (Affymetrix) image analysis software
(Table 2). The mean signal of all new design replicatesis lower than
the standard oligonucleotide, and the variations between new design
oligonucleotides with different characteristics are very important.
This emphasizes that some oligonucleotides do not hybridize with a
high efficiency with their target. So, it is important to determine
the best characteristics of the oligonucleotides avoiding cross-
hybridizations and giving high sensitivity. Table 3 compares the
characteristics of six new design oligonucleotides, three that show
high signal and three that show very low signal. The features
compared are GC percentage and size of the linker between the
two subsequences. It seems that these characteristics influence the
hybridization quality. Indeed, oligoswith low signal have either poor
GC percentage (for at least one subsequence) or avery small linker
(one base). Furthermore, none of the spotted oligos with aloop size
of more than 100 bases showed a significant signa. Thus, we may
conclude that an oligonucleotide designed with our method must
have aloop size lower than 100 bases, a linker size of more than 3
bases, and a sufficient GC percentage.

For each gene, we selected the four new design oligonucleotides
that gave highest signal intensity. In order to check that the
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Fig. 4. Images of the test microarray. For two genes of E.cuniculi, probes were designed with the standard method (OligoArray) and with the new method
(GoArrays) and spotted on the array. The slide was hybridized with ptpl transcripts labeled with Cy3 and kcy transcripts labeled with Cy5.

Table 2. Comparison of signal intensities of standard oligonucleotides and
new design oligonucleotides (mean and standard deviation of al replicates)

Signal intensity of Signal intensity of
standard oligos new design oligos (all)
Mean Standard devigtion ~ Mean Standard deviation

14989 9793
13793 9638

ptpl 18277 1213
kcy 44231 3744

hybridization of the oligonucleotide with its target was actually
on the entire length of the probe, we aso spotted, for some of
the oligonuclectides, the two corresponding 20mer subsequences
A and B that constitute the chimerical oligonucleotides, and a third
oligonucleotide that is acompound of one subsequence of 20mer (A
or B) linked with arandom segquence of approximately 20mer. Signal
intensities of those oligonucleotides are reported in Table 4.

For key, thesignal of the new design oligonucleotides (from 33 842
to 42011) is just a little bit lower than standard oligonucleotide
(44 231). Thesignal of new design oligonucl eotidesisapproximately
72% of standard signal, except one oligonucleotide which is nearly
at the same level as for standard oligonucleotide. Concerning ptpl,
thetrend isinverted: the signal of new design oligonucleotides (from
31403 to 33499) is higher than standard oligonuclectide (18 277).
The signal of corresponding 20mer sequences is much lower and
quasi-zero for some of them.

These results clearly demonstrate that oligonucleotides designed
with our new method (GoArrays) can hybridize their target
with a high specificity and sensitivity. We demonstrate that the

hybridization of our chimerical oligonucleotidesiseffectiveall along
the two subsequences without a destabilisation induced by the loop
formation.

New oligonucleotides design with GoArrays avoid
cross-hybridization

Hybridization of the test microarray described in the previous sec-
tion was repeated several times. We detected a signal intensity of
ptpl standard oligonucleotide in the Cy5 image, which represents
cross-hybridization of this oligonucleotide with the kcy transcript.
This result demonstrates that under certain conditions of hybridiza-
tions (salt concentration, temperature variation), cross-hybridization
may occur. We never observed cross-hybridization with our new
design. Table 5 shows signals in the Cy5 channel for the standard
ptpl probe, and for two new design probes. The latter do not give
any signal whereas standard PTP1 shows a signal. Under real con-
ditions of hybridization, this signal would be added to the target
signal (kcy) and would modify the measure inducing a misinter-
pretation of the biological process. Our design enables avoiding
cross-hybridization by offering more candidates when searching for
highly specific sequences within the CDS.

Hybridization with complex biological sample

We also hybridized a microarray with a more complex biological
sample, under conditionsthat are closer toreal transcriptomic studies
of our biological model. Targets were composed of a mixture of
E.cuniculi transcripts and host cell transcripts (human). Total RNA
was extracted from HFF cell culture infested or not by the parasite
using RNeasy kit from Qiagen (http://iwww.qgiagen.com). Cell culture
and infestation by E.cuniculi were made as previously described
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Table 3. Comparison of characteristics of new design oligonucleotides: %GC and linker size

Oligonuclectide new design Signal intensity %GC of first subsequence %GC of second subsequence Linker size
KCY_BACSU 30 3 16 20 42011 60 45 3
PTP1_30 4 16 20 31611 60 55 4
PTP1 40 6 16 20 31403 60 40 6
KCY_BACSU_10 4 16 20 6222 35 45 4
PTP1 20 6 15 20 6670 70 35 6
PTP1 20 1 15 23 662 65 45 1

Table4. Signal intensities of new design oligonucleotides with GoArrays

Oligonucleotide new design
20mer oligo (sequence A)

Signal intensity  Signal intensity of corresponding  Signal intensity of corresponding  Signal intensity of oligo 48mer

20mer oligo (sequence B) with sequence A+ random

sequence
KCY_BACSU_ 10 4 15 20 32842 1355 20805 5176
KCY_BACSU_10 5 16 20 33896 — — —
KCY_BACSU 30 3 16 20 42011 10724 1820 8052
KCY_BACSU_100 6 16 20 33919 — —
PTPL 30 4 16 20 31611 412 6291 2146
PTPL 30 5 16 20 31683 — — —
PTPL 30 6 _16_20 33499 2575 11 4051
PTP1_40_6_16_20 31403 — — —

Signd intensities of the four oligonucleotides giving highest signal are reported and compared with the corresponding 20mer oligonucleotides subsequences. For example, the
oligonucleotide KCY_BACSU_10 4 15 20 is composed by the subsequence A (20mer) + the linker (4mer) + the subsequence B (20mer); then we spotted sequence A alone,

sequence B alone, and A + arandom sequence (20mer).

Table 5. Cross-hybridization measurement

Table 6. Hybridization with acomplex biological sample

Signal intensity Background intensity Signal intensity Background intensity
PTP1 standard 1361 93 PTP1 standard 5126 2235
PTP1_30 6 16 20 No signal 53 PTP1 10 5 16 22 12089 2084
PTP1 30 5 16 20 No signal 50 PTP1 10 6 16 22 15979 2035
PTP1 30 5 15 20 6361 2052
Cy5 signal for PTP1 oligonucleotide indicates a cross-hybridization between the PTP1 PTP1_30 6_15 20 9114 1769
probe and the kcy transcript. This cross-hybridization has never been observed for new PTP1 40 6 16 20 7491 1971

design probes.

(Peyretetal., 2001). OligodT primer was used for thelabeling step of
the cDNAs using the Amino Allyl cDNA Labeling kit from Ambion
(http:/Avww.ambion.com/).

Table 6 reports spot intensitiesin the Cy3 channel for PTP1 stand-
ard oligo as well as a selection of chimerical oligos. Chimerical
oligos hybridize with targets, with signals even higher than standard
oligo. Signal variation among chimerical oligos can be explained by
oligo characteristics as described in the previous section. Results for
the second gene are not shown because the signal for KCY standard
oligo was very low, and thus less significant. However, the results
showed nearly the same trend as for PTPL1: the signal of chimerical
oligos was equal to or higher than the signal of standard oligos.

Signal and background intensities are reported for PTP1 standard oligo as well asfor a
selection of new design oligos.

DISCUSSION

In this paper, we showed that the classical approach for oligo design
is not always adapted to complex biological models. The critical
factor is cross-hybridization which could introduce misinterpreta-
tion of biological results. By a conventional probe design we were
able to determine specific 50mer oligonucleotides for only approx-
imately 40% of the CDSs in our biological model, E.cuniculi. We
developed a new probe design strategy (GoArrays) based on the
determination of two specific subsequences. In this context, we
were able to design specific probes for each CDS of the genome,
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Fig. 5. Screenshot of GoArrays interface

except perfect duplications. Experimental tests have demonstrated
that oligonuclectides designed with our new method can hybrid-
ize their targets with a high specificity and sensitivity. We have
shown that oligo characteristics likeloop size, linker size or GC% of
subsequences seem to be important for the quality of hybridization
between a new design probe and its target.

In addition to the originality of the oligo design implemented in
GoArrays (Figure 5), we have paid attention to the quality of the
software design following the Object Management Groups recom-
mendation (use and extension of the MAGE Object-Model) (Hill
et al., 2002). However, it is difficult to compare the results of
oligo design software. Indeed, for the same gene, two programs can
provide different oligos, but both can be completely satisfactory and
compatiblewith the criteriaprovided by the user. Only two programs
considering exactly the same criteria for their research and propos-
ing the same user options should provide the same results. If we can
provide the same results then the efficiency of the software in com-
puting time can be an additional comparison element. Our prototype
will therefore be rewritten in C++-; we have already achieved some
testing of distributed implementation (Rimour et al., 2003) and the
development of a Web-based oligonucl ectide database is envisaged.
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