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Competitive CSH: cross-species co-hybridization of two RNA

samples derived from two different target species to a microarray

that represents either one or none of the target species. This

approach is not applicable to one-color hybridization.

Cross-hybridization: having transcripts of more than one gene

hybridized to one spot [57].

Cross-platform hybridization: aliquots from the same RNA

sample, or RNA isolated from the same biological source, are

hybridized to two or more different microarray platforms [22].

Cross-species hybridization (CSH): hybridization of RNA from one

or more (target) species to a microarray that contains DNA (cDNA or

oligomers) from another (reference) species.

Cross-sTrain (within-species) hybridization (CTH): hybridization

of RNA from one (target) strain to a microarray that contains DNA

(cDNA or oligomers) from another (reference) strain of the same

species.

Genomic data: any data that relates to a species genome or

transcriptome. This might include, for example, genomic sequences,

ESTs or Unigene builds.

Microarray probe: a single-stranded DNA complementary to a

specific sequence. The probes are either synthesized directly on the

chip or attached to it. Probes might be either short (e.g. �25-mers on

Affymetrix oligomer microarrays) or long (e.g. a few hundred

nucleotides on cDNA microarrays).

Mismatch (MM) probe: an Affymetrix probe that is designed to be

complementary to a target sequence except for a one-base mismatch

at the central position.

Non-competitive CSH: cross-species co-hybridization of one or

more RNA samples derived from a single target species to a

microarray that represents a different species.

Orthology: describes genes in different species that derive from a

common ancestor. Orthologous genes might or might not have the

same function (http://www.ncbi.nlm.nih.gov/Education/BLASTinfo/

Orthology.html).

Perfect match (PM) probe: an Affymetrix probe that is designed to

be complementary to a target sequence.
The use of cross-species hybridization (CSH) to DNA
microarrays, in which the target RNA and microarray
probe are from different species, has increased in the
past few years. CSH is used in comparative, evolutionary
and ecological studies of closely related species, and for
gene-expression profiling of many species that lack a
representative microarray platform. However, unlike
species-specific hybridization, CSH is still considered a
non-standard use of microarrays. Here, we present the
recent developments in the field of CSH for cDNA and
oligomer microarray platforms. We discuss issues that
influence the quality of CSH results, including platform
choice, experiment design and data analysis, and
suggest strategies that can lead to improvement of
CSH studies to investigate species diversity.

Introduction
For many species of interest to the basic or applied
sciences, there is no representative microarray platform.
Cross-species hybridization [CSH, the hybridization of
RNA from one species (the target) to a microarray repre-
senting another (reference) species; see Glossary] has
recently become a popular tool for transcriptome analyses
of such species (e.g. Refs [1–4]).

CSH and cross-strain (within-species) hybridization
(CTH; Box 1) have been used as tools for comparative,
evolutionary and ecological studies of species or strains
[1,5–14]. Examples include a transcriptome-scale evol-
utionary study in primate and mouse species using CSH
to cDNA and to short-oligomer microarrays [6]; and a
whole-genome, whole-body transcriptome-scale study
Glossary

Affymetrix probe set: a set of probes designed to detect

one transcript. An Affymetrix probe set usually consists of 11 to 20

probe pairs. Each probe pair is made up of one PM and one MM probe

(see definitions below). Although the PM probe provides measurable

signal when sample binds to it, its paired MM probe is used to detect

and eliminate any false or contaminating signal within that measure-

ment (http://www.affymetrix.com/).

Present/marginal/absent calls: the Affymetrix Microarray Suite

software tool evaluates the abundance of each transcript represented

on the array and labels it as either present (detectable), absent

(undetected), or marginal (lies on the threshold of detection)

(http://www.affymetrix.com/).

Reference species: the species represented by the microarray.

Sequence similarity: the extent to which nucleotide (or protein)

sequences are related. The extent of similarity between two sequences

can be based on percent sequence identity and/or conservation

(http://www.ncbi.nlm.nih.gov/Education/BLASTinfo/glossary2.html).

Species-specific hybridization (SSH): hybridization of RNA from

one species to a microarray that contains DNA (cDNA or oligomers)

from the same species (i.e. the target and the reference species are the

same).

Target species: the species under study: the source of the RNA.
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Box 1. Cross-species and cross-strain (within species)

hybridizations

Cross-sTrain (within-species) hybridization (CTH) is used to study

variation between strains of the same species [7,9,11,36,46,58]. CTH

is often used in combination with CSH to study the variation in gene

expression within and among populations, in order to trace the

evolutionary forces that acted on a population and shaped its

phenotype (reviewed in Ref. [59]).

Although by definition, CTH is not CSH, some aspects of CSH are

relevant to CTH experiments [(i,ii) below], whereas other aspects

[(iii) below] might differ between the two.

(i) Probe–transcript sequence differences

Speciation is a genetic event that results in reproductive isolation

between species and not between different strains of the same

species. Nevertheless, as far as a gene-based analysis of microarray

data is concerned, not all gene-specific sequence divergence followed

a speciation event. Arbitrary variation might appear at the gene-

sequence level between organisms, strains or species. Therefore,

although greater compatibility of probe to transcripts is expected

during CTH than during CSH, it is important to distinguish between

differences in gene expression and gene sequence for each gene

represented on the microarray. For example, Nagpal et al. [46] used

genomic data from Escherichia coli to predict the hybridization

efficiency of putative orthologous transcripts to a given Affymetrix

microarray, resulting in the filtering of CTH data from three E. coli

strains.

(ii) Availability of genomic data

The studied strains in a CTH experiment usually lack sufficient

genomic data [9,36]. Therefore, similar to CSH, for a CTH experi-

ment to distinguish differences in gene expression from differences

in gene sequence usually requires means that do not depend on the

availability of genomic data for the target strains.

(iii) Result interpretation

CTH can differ from CSH owing to speciation events, which can lead

to divergence at the chromosomal level. Therefore, with regard to

mapping of genes to chromosomes, the interpretation of microarray

results is a much easier task for CTH results than for those from

CSH. Although CSH faces the challenge of matching similar-

sequence genes of different species (Box 2), CTH benefits from

studying the same genes, only in different strains of one species.
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within and between Drosophila species using CSH to
short-oligomer microarrays [7]; these studies were per-
formed to determine the pattern of evolution of gene-
expression levels. CSH can provide insights when used
in studies with several different species and/or strains if
genomic data [e.g. genomic sequences, expressed sequence
tags (ESTs) or Unigene builds] are unavailable. However,
microarrays are designed for species-specific hybridiz-
ations (SSHs) or CTHs [15], not CSHs. Therefore, CSH
should be considered a non-standard application of micro-
arrays, and the results are to be interpreted with caution.

Here, we present the recent developments in CSH for
cDNA and oligomer microarray platforms in eukaryotic
species (CSH can be used for studying diversity and evol-
utionary relationships among microbial taxa, such as in
Ref. [16], but we do not consider aspects that are unique to
CSH of prokaryotes). We examine the level of compatibility
required between the target species and the microarray
platform. In addition, because expression differences
retrieved by CSH are also affected by gene-sequence differ-
ences between target and reference species,wequestion the
ability of CSH to generate valid biological results similar to
www.sciencedirect.com
those obtained by SSH. To address problems encountered
with CSH, including signal reduction and cross-hybridiz-
ation, we provide some guidelines for choosing amicroarray
platform, experimental design, performance of hybridiz-
ations,dataanalysis andvalidation; theseguidelines should
help obtain valid biological results from CSH.

The level of compatibility required between the target
species and the microarray platform
Whether a candidate microarray platform for CSH will
serve for a target species is likely to depend on the phy-
logenetic distance between the two species in question: the
target species and the reference species. We might expect
that the closer the two species are, the better and more
reliable the CSH results will be. But how close should the
species be for CSH results to be valid?

CSH has been used to examine closely related species
(e.g. of primates or Solanaceae [13,17]) and distantly related
species (e.g. of fish [18]). Renn et al. [18] examined the
performance in CSH to a cDNA microarray of cichlid fish
species (Astatotilapia burtoni found in Lake Tanganyika)
with RNA from seven related fish species. The variation in
the expressionof brain-specific genes between individuals of
various fish species suggested that consistency of gene-
expression profiles between the species was greater for
closely related ones [diverging <10 million years ago
(Mya)], less so for those that diverged �65 Mya, and even
less for distantly related species (>200 Mya).

However, phylogenetic distance does not necessarily
reflect divergence at the gene-sequence level; a molecular
clock based on nucleotide-substitution rate, with one global
substitution rate, is not always an accurate model for
divergent evolution (reviewed in Ref. [19]). Therefore,
phylogenetic distance does not necessarily represent a
main criterion for assessing the compatibility level
required between the target and reference species.

Might sequence divergence between genomes of target
and reference species be sufficient for assessment of com-
patibility of a candidate CSH platform? Co-hybridization of
chimpanzee and human RNA samples by competitive CSH
to a multi-species cDNA microarray (of human and chim-
panzee) resulted in different distributions of the log2
ratios of two sets of CSH results, derived from human or
chimpanzee probes [20]. This enabled Gilad et al. [20] to
infer the effect of mean sequence divergence level on
hybridization results, suggesting that even a mean
sequence divergence of only �1% (the estimated species
divergence between humans and chimpanzees, based on
protein sequences, is �6 Mya [21]) has a detectable effect
on hybridization results [20]. Nevertheless, the distri-
bution of the divergent sequences along a genemight affect
the microarray results, which are gene-based, more than
the mean genome-sequence divergence; this gene-specific
distribution of divergent sequences was not determined in
the study by Gilad et al. [20]. These results raise the
question: can CSH be used for transcriptomic profiling?

Can CSH generate biological results similar to those
obtained by SSH?
Although the results of SSHmight not always support valid
biological conclusions [22,23], SSH is still considered the
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standard use of DNA microarrays. Are CSH results com-
parable with SSH, and can any similarity be used to give us
confidence inCSHdata?Two studies examinedCSHdataby
comparing the results obtained for the same RNA subjected
to both CSH and SSH [4,24]. Grigoryev et al. [4] hybridized
same-animal (canine) RNA samples to human and canine
Affymetrix1 short-oligomer microarrays (http://www.
affymetrix.com), and human RNA to a human Affymetrix
short-oligomer microarray. Their filtration approach was
based on deconstruction of the microarray probe sets into
individual probe pairs; probe pair-based analysis (rather
than probe set-based analysis) led to an increase in the
number of detectable transcripts during the CSH to a num-
ber approaching those observed in SSHs [4]. Bar-Or et al.
[24] hybridized eight potato Solanum tuberosum RNA
samples to tomato Lycopersicon esculentum and potato
cDNA microarrays. Once the data were filtered for genes
corresponding to matching potato–tomato probe sets by
restricting the cutoffs of probe-sequence similarity between
the two platforms, thematching of CSH and SSH transcrip-
tomic results was greatly improved: for each of the eight
RNA samples, the CSH and the SSH results clustered
together. Therefore, CSH seems to hold promise for the
accurate reflection of SSH results, although naive use of
CSH can yield spurious results.

Matching of probe and transcripts during CSH impairs
the quality of CSH results
Although many studies have used CSH, only a few have
addressed the capabilities and limitations of this technique.
Several studies have shown thathybridization occurs across
species (between RNA of the target species and microarray
probes of the reference species) by simply counting the
Figure 1. Probe–transcript matches during CSH. Black lines denote spot probes; red line

denote transcripts of a single gene with lower sequence similarity to the spot probes; g

specific probe. (a) Various matching options between microarray spot probes and hyb

transcripts of more than one gene (cross-hybridization); (iv) no match. (b) A microarray p

(CSH). During CSH, a combination of i, ii, iiii and iv might occur. For simplicity, cross-h
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number of hybridized probes during CSH [3,10,25–28].
However, this measurement does not reflect the quality of
the CSH results (e.g. the hybridization specificity or the
reproducibility of gene-expression results).

During CSH, a certain number of microarray probes are
imperfectly hybridized to gene transcripts of the target
species. Therefore, CSH performance depends on the
degree of probe–transcript sequence-similarity matching.
During CSH, a variable number of probes might exhibit (i)
a perfect match with a transcript of the target species, (ii) a
low match, (iii) a match to transcripts of more than one
gene of the target species (cross-hybridization), or (iv) no
match to any transcript of the target species (Figure 1a).
These variations in probe–transcript matching have a
crucial role during CSH and might bias the biological
results, either at the ‘micro level’ for the specific probe
only (Figure 1a), or at the ‘macro level’ as a result of tens,
hundreds or thousands of probes having various levels of
transcript matching (Figure 1b).

Signal reduction in CSH

One of the possible outcomes of reduced sequence matching
between probes and transcripts in CSH is a reduction in the
number of transcripts that hybridize to a particular spot
(Figure 1). As a result, a reduction in the hybridization
signalmight be expected.Many studies have suggested that
the hybridization signal is reduced for CSH [17,18,20,24,27,
29–31]. For example, by hybridizing human, cattle, dog and
pig RNA to a human Affymetrix microarray, Ji et al. [31]
found lower hybridization signals for the CSHs than for the
SSHs. By contrast, Chismar et al. [25], hybridizing human
and rhesus monkey RNA to a human Affymetrix micro-
array, observed that the signal intensity of flux genes
s denote transcripts of a single gene that perfectly match the spot probes; pink lines

reen and blue lines denote transcripts of genes other than that represented by the

ridizing target species transcripts: (i) perfect match; (ii) low match; (iii) match to

latform during species-specific hybridization (SSH) and cross-species hybridization

ybridization during SSH is not presented.

http://www.affymetrix.com/
http://www.affymetrix.com/
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(i.e. those that changed from present to absent calls or vice
versa) isgreater inCSHthanSSH.However, for each signal-
intensity range, a higher percentage of present calls out of
total calls was observed for SSH than for CSH, suggesting a
lower signal intensity on average for CSH.

Several studies have suggested that signal reduction
leads to bias in the transcriptomic profiles derived from
CSH results [18,24]. In addition, there is evidence that
signal reduction leads to a reduction in the number of
significantly regulated genes, if these are identified by
standard statistical tests [17,18,20,32].

Increased cross-hybridization in CSH

Cross-hybridization has been suggested as one of the main
reasons for the discrepancy in gene expression between
various microarray platforms [22,33–35]. Owing to the
relatively low level of sequence similarity between probes
and transcripts in CSH, more probes might be considered
to be cross-hybridized in CSH than in SSH (Figure 1). For
example, Bar-Or et al. [24] found that �16% of all potato
genes that showed sequence similarity to tomato cDNA
microarray probes registered more than one BLAST hit to
the tomato microarray probes. This multiplicity for CSH
might lead to cross-hybridization and, as a result, to dis-
crepancies in the CSH results.

Reproducibility of CSH results

Reducedhybridization signal and cross-hybridizationmight
lead to unstable CSH results that are non-reproducible.
However, several studieshave examined the reproducibility
of CSH [7,24,26,36,37]: all found CSH results to be repro-
ducible. For example, Nuzhidin et al. [7], by hybridizing
Drosophila simulansandDrosophilamelanogasterRNAtoa
D. melanogaster Affymetrix microarray, found average cor-
relations of 0.95 and 0.94 between hybridization results of
three biological replicates of D. simulans (CSH) or D. mel-
anogaster (SSH), respectively. This suggested similar data
reproducibility between CSH and SSH.

Thus, despite the potentially low level of CSH sequence
matches of transcripts to probes, CSH results might still be
reproducible. Nevertheless, as suggested by Draghici et al.
[22], reproducibility is a necessary but insufficient require-
ment for valid microarray data. For example, although
cross-hybridization of transcripts to a probe might be
reproducible, it still reflects invalid biological data for
the gene represented by the probe.

How can valid biological results be derived from CSH?
To increase the ability of CSH to reflect biological
processes, care should be taken in choosing the microarray
platform and type of probes, the experimental design and
data analysis.

Choosing a microarray platform

Evaluation of a candidate microarray platform Unlike
standard SSH microarray experiments, CSH experiments
require an examination of compatibility of the target
species to the candidate microarray platform. If
insufficient genomic data are available for the target
species (as might be the case for most species), the
divergence level between the target and reference species
www.sciencedirect.com
needs to be evaluated for an assessment of compatibility.
Nevertheless, this approach should be considered with
caution, because sequence divergence might not be
reflected by species divergence.

Once genomic data are available for the target species, a
direct evaluation of sequence matching between the target
and the reference species is possible. For example, Saetre
et al. [38] performed a genomic data-based evaluation of
platform compatibility: before hybridizing dog (Canis
familiaris) RNA with human Affymetrix and cDNA micro-
arrays, they compared the dog and human genomes to
determine the level of sequence similarity between the
two species. However, the level of completeness of a geno-
mic database needs to be considered, in terms of both the
percentage of genes that are already represented in the
database and their quality (i.e. how accurately the genes
are represented).

Choosing the type of microarray probes What is the best
type of probe for CSH: Affymetrix short oligomer (�25-mer)
probe sets, longer oligomer (�30–60-mer) probes, or even
cDNA microarray probes, which can be up to several hun-
drednucleotides in length?Ontheonehand,hybridization is
desired despite the inherent low similarity between probe
andtranscriptsequencesduringCSH.Owing to the lengthof
the cDNA probes (which are often a full-length gene), these
mightrepresentmultiple, evolutionarily conservedandnon-
conserved regions of genes, and therefore might facilitate
heterologous hybridizations across strains, and even across
closely related species, if sequence divergence is limited
[10,18].

However, a reduction of cross-hybridization is desirable
for CSH. Kane et al. [39] compared the probe performance
during SSH of an �50-mer oligonucleotide and �350-
base PCR products printed on the same microarray. The
PCR product probes revealed less cross-hybridization than
the oligomer probes, suggesting that longer probes provide
higher specificity of probe–transcript match.

Similar conclusions were drawn by Walker et al. [40],
who examined the suitability of microarray platform types
for CSH by comparing the performance of short- versus
long-oligomer arrays. They hybridized macaque monkey
(Macaca fascicularis) RNA to human Affymetrix 25-mer
oligonucleotides and to human Applied Biosystems 60-mer
oligonucleotide arrays (http://www.appliedbiosystems.
com). The results suggested that microarrays with longer
oligomers identify a greater number of significantly
regulated genes at a lower false discovery rate than micor-
arrays with short oligomers. An exceptionally low fold
cutoff, which might promote identification of false posi-
tives, was used in this study. Nevertheless, based on other
statistical tests, including analysis of variance (ANOVA)
with an acceptable P value (P<0.05), their results
suggested that longer oligomers provide higher transcript
discovery rates than the shorter-oligomermicroarrays [40].

In conclusion, these studies suggest that the longer the
probes, the better the CSH performance. This might lead
to the notion that cDNA microarrays are the ultimate
platform for CSH. However, cDNA-based probes have cer-
tain disadvantages, such as the presence of chimeric clones
and contaminating clones as a result of the variable

http://www.appliedbiosystems.com/
http://www.appliedbiosystems.com/
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quality of cDNA libraries [41]. Perhaps a spotted array of
gene-specific sequence tags (150- to 500-mers) amplified
from genomicDNAusing PCR is a good alternative to cDNA
library-based microarray probes [42]. Although long-probe
microarrays seem tobe the preferredplatform forCSH,data
filtration can increase the validity of CSH results obtained
from either long- or short-probe microarrays.

Experimental design

Number of biological replicates For standard statistical
criteria to be enforced for the identification of significantly
regulated genes, and to overcome the inherently lower
signal of CSH, a greater number of biological replicates
is required in CSH studies than SSH studies.

Comparative hybridizations Two different approaches of
comparative hybridization have been used to strengthen
CSH results. The first assesses the ability of CSH to
generate results that are similar to SSH. This approach
assumes that under the same physiological conditions,
gene expression of species X profiled by CSH to micro-
array Y should yield a transcriptional profile similar to
that of species Y profiled by SSH to microarray Y, when X
and Y are phylogenetically related. Many studies have
adopted this approach [6,17,18,25,26,37,43–45], resulting
in similarities and differences between CSH and SSH
biological results. There are two problems with this
approach: (i) phylogenetic distance is not necessarily
an important criterion for assessing CSH data in
comparison with SSH data; and (ii) although a resem-
blance between CSH and SSH results might support the
assumption of similar biology between the studied species
(as might perhaps be expected for closely related species),
differences between the two species might be due to either
inherent biological differences in gene expression between
them or technical CSH effects. Given that one of the main
goals of CSH is to identify the differences between species,
strengthening CSH by agreement between hybridization
results across species might not be a valid approach.

The second approach to CSH comparative studies holds
no similar biology-based assumption. CSH performance of
the RNA from a target species Y is compared between
two (or more) different reference species X platforms (i.e.
two or more CSH results are compared by cross-platform
hybridizations [1,2,7,9,12,16,20,31,32,36,38,40,46]). For
example, Brodsky et al. [1] hybridized RNA from southern
mole (Spalax carmeli and Spalax judaei) and northern
mole (Spalax galili and Spalax golani) to rat Affymetrix,
mouse Affymetrix and mouse cDNA arrays (for the mouse
cDNA array, competitive CSH was used). Principal-com-
ponent analysis resulted in the identification of principal
components that enabled, over all hybridizations (i.e. both
cross-species and cross-platform), separation between tis-
sues or between southern and northern mole species.
Interestingly, this separation was over hybridizations,
both competitive and non-competitive. During competitive
CSH, species-specific and cross-species transcripts are co-
hybridized. Therefore, because of the differences in their
level of compatibility to the microarray, gene-expression
results can be biased; this particular bias is not an issue in
non-competitive CSH.
www.sciencedirect.com
Thus, multiple-platform comparisons can be useful in
asserting the validity of the biological results obtained
from CSH and might be particularly important for validat-
ing the results obtained in competitive CSH. However,
multiple-platform comparisons are prone to the problems
inherent to cross-platform consistency (discussed in Refs
[22,47–53]).

Performance of hybridizations

CSH relies on a lower level of sequence similarity between
the probe and transcripts than that needed for SSH,
whereas the specificity of hybridization can be controlled
to some extent by using variable stringency of the hybrid-
ization conditions [35]. Hence, variation of hybridization
conditions might improve extraction of valid results from
CSH.

Only a few CSH studies (on cDNA arrays [38,54] and
Affymetrix microarrays [43]) have addressed hybridization
performance and altered the SSH hybridization protocol in
favor of CSH to achieve improved performance. For
example, Saetre et al. [38] hybridized dog (C. familiaris),
wolf (Canis lupus) and coyote (Canis latrans) RNA to
human cDNA microarrays using two sets of hybridization
conditions. The more stringent conditions (high hybridiz-
ation temperatures) were used for higher hybridization
specificity, to detect gene-expression patterns specific to
brain regions in a single species; the less stringent con-
ditions (low hybridization temperatures) were used to
confer hybridization across species, to identify differences
between species within each brain region. ANOVA of the
experimental data, followed by validation by means of
quantitative PCR of four genes for 25 organisms from
the three examined species, suggested that it is possible
to detect homologies once CSH stringency is reduced.

Nevertheless, alteration of hybridization conditions
might be applicable only to non-competitive CSH. In the
case of competitive CSH, alteration of hybridization con-
ditions cannot be optimized for both RNA samples simul-
taneously.

Data analysis

It is necessary to filter the data to obtain valid biological
results from CSH. Filtration can be performed with or
without regard to the CSH gene-expression results.

Two approaches have been used to filter the data
without regard to the CSH gene-expression data. In one
approach, Bar-Or et al. [24] andKhaitovich et al. [6] filtered
sets of microarray probes using available genomic data.
These studies filtered probe pairs (of cDNA microarrays
[24] or Affymetrix microarrays [6]) that are matched
between the target and the reference species (tomato
and potato [24] or human and chimpanzee [6]). Matching
was determined based on the sequence similarity betweeen
the probes; filtration excluded probes that had a low level of
similarity to the target species.

The second approach (regardless ofCSHgene-expression
data) used genomic DNA (gDNA) hybridizations to
enable the selectionof probeswithahigher level ofmatching
to transcripts. This was first performed by Ranz et al. [8],
who hybridized a D. simulans gDNA to a D. melanogaster
cDNA microarray. Their results suggested that the



Box 2. CSH and the hunt for orthologs

Orthology is a key attribute of species diversity. Orthologous genes

have originated by speciation; they tend to retain the function of the

original gene in the species of origin and, as a result, they tend to be

conserved [60]. If diversity studies are sought, comparative studies

of orthologs rather than of genes that are simply similar in their

sequence are therefore desirable. Nevertheless, it is probably

incorrect to assume that there is, for every gene in a species’

genome, exactly one orthologous gene in the genome of another

species; rather, one-to-many or many-to-many situations are usually

found [60].

How can orthologs be identified during CSH? Rifkin et al. [9] used

Drosophila genomic data to create a cDNA microarray which

represented genes with sequence similarity between two Drosophi-

la species; the sequence identity of all sequence-similar genes, to be

printed on the chip, was limited to less than 5%. However, sequence

similarity alone might not be indicative of orthology [60].

Rather, CSH, by coupling gene-sequence similarity with gene

expression, might indicate orthology [1,9,10,29,56]; a similar pattern

of gene expression obtained over a microarray probe for two

species in a similar physiological or developmental stage might

indicate that the probe represents orthologous genes of the two

species. Given that orthologs are originated by speciation, further

integration of data from chromosomal mapping [56] is highly

recommended.
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cross-strain sequence differences, reflected by gDNA
hybridization, were minor and did not need correcting for
in the RNA CSH results. Nevertheless, the conventional
normalization procedures used in this study to correct for
intensity differences between dyes might have masked the
possible effect of sequencemismatches [20]. Hammond et al.
[30] hybridized gDNA from Brassica oleracea to an Arabi-
dopsis thaliana Affymetrix microarray to select, on the
basis of gDNA hybridization efficiency, perfect-match
(PM) probes with hybridization intensities above an arbi-
trary threshold; a probe set was selected when it was
represented by one or more PM probes per probe set. This
Table 1. Considerations for choosing CSH or its alternatives

Reason for

considering CSH

Alternative approaches

to CSH

Advantages of choosing CS

A microarray is

unavailable for the

target species

Manufacture a new

microarray that will be

species-specific

Manufacturing a new micro

time-and money-consumin

Therefore, if a microarray o

related species is available

few hybridizations are need

project’s schedule or budg

not permit manufacturing a

CSH should be considered

A comparative

evolutionary

research is sought

Conduct a cross-platform

comparative study by

SSH

The use of CSH might min

experimental error by assu

same experimental conditio

of hybridization or of scann

compared species; this is e

important if competitive CS

addition, all cross-platform

disadvantages (e.g. gene re

between two platforms; dis

[22,47–53]) might be avoide

cross-platform disadvantag

performing CSH over one p

especially helpful when sev

are under study (as is the c

evolutionary studies)

www.sciencedirect.com
enabled the gene-expression data to be filtered to those
PM probes (with gDNA hybridization levels above a
certain threshold), increasing the likelihood of obtaining
valid biological results: it increased the significance and
differences in transcript abundance between ‘test’ and ‘con-
trol’ plants relative to that found in the absence of
probe selection [30]. Unlike genomic data-based filtration,
gDNA hybridization-based filtration can be used for probe
selection in a variety of species for which genomic data are
unavailable.

Filtration with regard to CSH gene-expression data uses
the obtained gene-expression results [7,31,43,45,55]. For
example, Zhang et al. [55] analyzed an Affymetrix human
gene expression dataset. For this dataset, a mathematical
positional-dependent nearest-neighbor model was devel-
oped, which took into account gene-specific and non-specific
probe–transcript binding modes. This model included a
calculation of the free energy required for the formation
of specific RNA–DNA duplexes, which depends on the bind-
ing position along the probe.Further validation of themodel
was carried out by using CSH of D. melanogaster RNA to
mouse Affymetrix arrays [55].

Validation of CSH results

Because of the challenges that are inherent to CSH data,
their confirmation by other techniques is essential. This
can be done using quantitative PCR [31,38,54]. In this case,
it is crucial to obtain primer pairs with sequencesmatching
those of the target species’ genes [29].

Another confirmation technique was used by Fang et al.
[56]. Following hybridization of rat RNA to mouse cDNA
microarrays, these authors correlated gene expression of
orthologous genes with cytogenetic regions of rat, mouse
and human chromosomes. This was done to identify differ-
entially regulated genes that are mapped to chromosome
regions known (from the literature) to be important in the
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Box 3. Outstanding questions

How can a CSH candidate platform be evaluated for studying a

given target species?

When sufficient genomic data are available for both the target and

the reference species, a complete remapping of the microarray

probes to the target species genome needs to be performed (e.g. a

probe that does not map to its target gene in the target species

might map to another gene in the target species). Such remapping

might promote identification of orthologous genes (Box 2) to

provide informative gene-expression data for the target species.

When genomic data are not available for the target species, gDNA

hybridization might be one of the promising methods for platform

evaluation; this method might be useful for all types of microarrays.

Once gDNA hybridization is performed to estimate sequence

divergence, normalization should be applied so that DNA-specific

effects (e.g. presence of introns) are cancelled out.

How can hybridization conditions be altered in favor of CSH?

Probe–transcript hybridization can be re-optimized for CSH by

altering hybridization conditions. However, neither clear-cut evi-

dence nor guidelines are available for this. CSH should perhaps be

optimized for groups of species, based on an estimation of, for

example, sequence divergence. If such optimization is indeed

applicable, we suggest that instructions for its performance be

provided by the microarrays’ manufacturers to promote large

studies of complex species.

How can CSH data be filtered to derive valid biological knowledge?

Consensus filtration schemes are still missing for all microarray

types. For Affymetrix microarrays, several filtration algorithms have

been developed. These should be compared or merged and further

developed to include, for example, cross-hybridization detection. As

for other short-oligomer or cDNA microarrays, there is no robust

filtration algorithm, especially in cases of insufficient genomic data.
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examined biological process for the target species and
hence can be considered as orthologs (Box 2).

Concluding remarks
A critical examination of CSH, including a comparison
with its alternatives, requires us not only to assess the
motivation for conducting the research (whether CSH is
being used because no microarray is available or because
an evolutionary or comparative study is sought), but also to
consider whether genome sequences are available for
the target species (Table 1). Also, the type of microarray
probe (e.g. short oligomers or long cDNA probes) needs to
be considered, as these affect the results obtained from
CSH experiments.

CSH is still a developing tool and comprehensive
guidelines for its usage are necessary (Box 3) if it is to
have widespread success. Once such guidelines are com-
plete they might allow the derivation of valid biological
information from CSH, dramatically enhancing our knowl-
edge of complex species and their diversity.
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