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Abstract—After the success of comparative genomics studies,
comparative transcriptomics have gained in importance. A number of methodological drawbacks, however, prevent us from fully
understanding expression evolution: target species are limited to
very closely related species, and the number of target genes is
small. In this study, we propose a new microarray to measure
multi-species gene expression levels, in which orthologous genes
are measured with a single probe. We checked the effects of probe
sequence mutations on expression levels using systematically
mutated probes, and found that mutations on the 3’-end of probes
have very little effect on expression values whereas those on the
5’-end decreased the observed expression levels. According to the
results, we generated an array for humans, rats and mice that
covered 6683 genes. Both the species-range and the number of
genes are larger than those of previous arrays.
Index Terms—Comparative Transcriptomics; Microarray;
Gene Expression; Evolution

I. BACKGROUND
Comparative genomics have been used to gain a better understanding of evolutionary processes. Recent whole
genome comparison studies of closely related species have
revealed few major differences in the distribution of their gene
functions [1]. The results have moved multiple-species gene
expression studies forward to uncover the evolution of gene expression and have helped to identify genes that evolved under
selective pressures [2], [3] as well as similarities in developmental patterns over multiple-species [4]–[6]. Recent studies
have used microarrays to compare gene expression between
closely related species on a large scale [5]–[7]. However,
because microarrays are currently available for only a limited
number of species, most studies have assayed multiple species
using arrays designed on the basis of sequence data from only
a single species. For example, Drosophila melanogaster arrays
have been used to directly compare expression levels in D.
melanogaster and D. simulans [8], and Arabidopsis thaliana
arrays have been used to compare expressions between species
closely related to A. thaliana [9], [10].
Several papers have reported that sequence mismatches
create a problem for gene-expression measurement in different
species when using single-species arrays [11]–[13]. As the
probes on most arrays are designed using sequence data
from only one species, they can differ by many base pairs

from the target cDNA derived from other species. Ranz et
al. [8] estimated the effect of sequence divergence between D.
melanogaster and D. simulans by hybridizing genomic DNA
from both species to the array. Gilad et al. [13] developed
cDNA arrays containing probes from multiple species to compare humans, chimpanzees, orangutans and rhesus monkeys,
and evaluated the array. However, the cDNA arrays used
in these experiments were more expensive than recent commercially available microarrays, such as Agilent, NimbleGen
(Roche) or Affymetrix arrays, because the studies used a
cDNA-spotting machine. Utilization of commercial arrays will
allow the problem of cost to be avoided.
Recent expression studies have utilized new generation
sequencers known as RNA-Seq [14]. In comparison with new
generation sequencers, microarray experimental protocols are
more established, and analysis procedure is simpler.
In this paper, we introduce a microarray that can be used
to observe gene expression over multiple species using the
Agilent custom microarray. We first show that the presence
of mutations close to the 3’-end of probes has very little
effect on expression levels, while the presence of a single
mutation close to the 5’-end of probes has a large effect on
observed expression levels. We then introduce a microarray
design method that identifies probes hybridizing target genes
but not hybridizing non-target genes. As an initial example,
we applied the method to measure human, rat and mouse
expression levels with one microarray covering 6,683 genes
(ortholog groups). The number of target genes and the range
of species are both wider than the array presented by Gilad et
al. [13].
II. M ATERIALS AND M ETHODS
A. Artificial Mutation
We used an Agilent custom microarray with a probe length
of 60bp. To check the effects of artificial mutations, we
designed 56 patterns of mutations, and 24 patterns of insertions
and deletions (Details are described in Section II-B). On the
microarray, we used 7,987 probes from the Agilent Human GE
4x44k v2 Microarray whose associated genes were expressed
in the BioGPS database [15], as our purpose was to check
for changes in gene expressions, thereby requiring genes
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Fig. 1. Overview of probe design. (A) Weighted distance. To assess the
hybridization of probes to a target sequence, we defined the weighting on each
position. We set weighting on positions 1 to 30, 31 to 40 and 41 to 60 from the
5’-end in probes as 10, 5 and 1, respectively. This weighting and hybridization
threshold means that a probe having a single mutation between position 1 to
30 does not hybridize to the target gene because its weighted distance from
the target gene is 10, whereas a probe having five mutations between position
41 to 60 can hybridize to the target gene because the distance is 5. This result
corresponds to those of the artificially mutated probe experiment in Fig. 3.
(B) Probe design for a single-species microarray. (C) Probe design for an
inter-species microarray. Each probe has to hybridize to all genes in a target
ortholog cluster.

expressed in human cells. In these experiments, we checked
the differences in expression level in at least 73 probes for
each mutation type.
To check the effect of mutations on expression levels,
we generated two different microarrays. One contained only
probes for which the sequences are identical to human
genome, while the other contained the mutated probes described in the previous section. The non-mutated and mutated
arrays contained 7,987 and 8,268 probes, respectively.
We normalized them according to the Agilent user manual
with 219 probes that were included in both arrays. In the
microarray experiment, we used qPCR Human Reference Total
RNA obtained from Clonetech. We repeated 6 experiments for
both non-mutated probes and mutated probes to obtain stable
values.
B. Mutation Positions
We randomly assigned the patterns to probes and changed
probe sequences according to the patterns. The sequences are
artificially mutated. When a nucleotide was mutated, A, C, T
and G were changed to T, G, A and C, respectively, as these
changes do not affect the TM value of the probe sequence.
C. Weighted distance between sequences
We used weighted distance to investigate whether probes
hybridize to target sequences or not. The weighted distance between 60-nucleotide probes p~ = p1 p2 · · · p60 and n-nucleotide
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Fig. 1(A) illustrates the weightings. With this weighting,
we calculated the weighted distance D(~
p, ~g ) between two
sequences p~ and ~g as follows:
D(~
p, ~g ) = min{d | d in d(p60 , gj ) for 60 ≤ j ≤ n}, where
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This distance can be efficiently calculated using a dynamic
programming algorithm.
D. Inter-species microarray design
We used the Homologene database [16] to obtain groups
of orthologous genes between humans, rats and mice. The
Homologene database was downloaded on April 5th, 2010 and
we selected groups containing a human gene, a rat gene and
a mouse gene. The number of groups used was 14,217.
From the 14,217 groups in the Homologene database, we
developed a new program to find sequences that can be used
for microarray probes. We first selected probes that could
measure gene expression in all three species. The procedure
generated 6,683 probes. We then designed probes to measure
gene expression in humans and mice but not to hybridize to
rat genes, and generated 1,400 probes. Similarly we designed
probes for rats and mice and for humans and mice. Finally, we
designed probes for each gene for which we had not previously
generated a probe. The numbers of probes designed are given
in Fig. 2. We generated 20,914 probes for 13,498 (94.9%) out
of 14,217 ortholog groups (genes).
III. R ESULTS AND D ISCUSSION
A. Probes having artificial mutations and changes in their
expression levels
Microarray probe design is similar to PCR primer design in
that both probe and primers hybridize to complementary sequences. The primer design problem has already been studied
both practically and theoretically [17], [18].
The theoretical problem of primer design for a gene was
defined as the need to find a sequence whose complementary
sequence exists in the target gene but not in any non-target
genes. To date, probes have been selected from completely
complementary sequences of each target gene. The extension
of these criteria theoretically allows us to design microarray probes to measure multiple-species; that is, to select a
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Fig. 2. A Venn diagram showing the Fig. 3. Effects of artificial mutations on probes. We visualized the changes in expression level between two independent
number of probes for each of the three microarrays: a non-mutation original array and an array having artificial mutations. Bars indicate mismatch types and
species.
labels below bars indicate the mutation positions. For example, the bar labeled “1-3” shows the differences in expression
of probes having mutations at the 1st, 2nd and 3rd nucleotide from the 5’-end region. Each bar represents the changes
in expression level. We categorized the change into 5 categories and the heights of the color bar indicate the ratios
of the probes in the categories. The large cream region (90%-110%) represents probes for which the expression level
did not change after insertion of a mutation(s). Large red region represents probes for which the expression level was
decreased after insertion of a mutation(s) in comparison with those of the original probes. We measured more than
73 probes for each mutation variation. All experimental procedures are described in Sections II-A and II-B.

sequence existing in all target orthologous genes but not in
other genes. However, when we select common continuous
sequences of 60bp, the length of Agilent microarray probes,
across human, rat and mouse orthologous genes, we find such
sequences in only 2,280 (16.0%) of the 14,217 ortholog groups
in the HomoloGene database [16]. For this reason, it has
been thought difficult to make a microarray that can measure
multiple-species using commercial arrays.
In order to design a microarray that can observe gene
expression across multiple species, we here tried to relax
the hybridization condition that requires a complete complementary sequence. We experimentally know that hybridization
sometimes occurs even when a few mutations exist between
two sequences. Therefore, microarray probes might be able
to hybridize to target sequences even when they possess
mutations. We therefore measured the effects of mutations by
developing a microarray in which the probes have artificial
mutations, and checked the number and position of mutations
allowable for the measurement of expression levels on probe
sequences.
We generated a microarray in which the probes had 104
types of artificial mutations (Section II-B). Fig. 3 shows the
relations between mutation positions, numbers of mutations
and expression levels observed. This figure indicates that
the mutations affect the observed gene expression levels. In
particular, expressions levels were found to decrease markedly
with increases in the number of mutations in a probe. In
addition, the mutation position had a large impact on the
observed expression level. For example, even if five consecutive mutations existed in the 3’-end region, the probes could
accurately measure expression, whereas the existence of a
single mutation in the 5’-end regions of a probe resulted in a
decrease in expression to below the expected level (Fig. 3).
These observations allowed us to relax the restrictions on
primer design with regard to the need for identical consecutive

60-bp regions between all the target genes. To clarify the
permissible number of mutations in the 3’-end region, we
introduced a weighted distance measure to evaluate whether a
probe could hybridize to each target or not.
B. Weighted distance between a probe and a gene
Existing research has relied upon used the existence of
identical sequences between a probe and its target gene as
a hybridization condition. Our artificial mutation experiments
revealed that probes having specific mutations could still
hybridize to the target genes. To measure whether the probe
hybridizes to its target or not, we herein used a weighted
distance that was reflected in the artificial mutation results
(Fig. 1, Method).
The weighted distance between a probe and a 60-bp nucleotide sequence from a gene can be calculated as the
summation of the weights on all the mutated positions. The
weight is defined for each position in the probe. A mutation
at a highly weighted position means that the mutation at
that position has a large effect on hybridization, whereas a
mutation at a lowly weighted position has only a small effect
on hybridization. Distance between a probe and a gene is
defined as the minimum weighted distance between the probe
and nucleotide sequence from the gene. We could efficiently
calculate the distances using a dynamic programming method.
We determined that a probe could hybridize to its target
gene when its distance is less than 10, while a probe cannot
hybridize to genes when its distance is more than 20. In other
words, a probe for an ortholog group is required to satisfy the
set of conditions in which all distances between the probe
and genes in the group are less than 10 and all distances
between the probe and genes outside the group are more than
20. By changing the weighting on nucleotide positions and
the hybridization thresholds, we can adjust the permissible
hybridization conditions.

C. Design of the inter-species microarray
We here introduce a microarray probe design method that
can measure gene expression across multiple species. In this
paper, as an example, we present our design for a microarray
that can measure human, rat and mouse gene expression to
confirm the feasibility of our design strategy.
Generally, each probe on a microarray for a single species
has to satisfy two conditions (Fig. 1(a)). One is that the probe
can hybridize to the target genes, and the other is that the probe
does not hybridize to any non-target genes. An extension of
these conditions allows us to design probes for the array that
can measure expression across multiple species, referred to
as an inter-species array (Fig. 1(b)). Each probe on the interspecies array satisfies the above two conditions. For example,
when an ortholog group contains three orthologous genes
originating from humans, rats and mice, a probe for the group
has to hybridize to all three genes. Further, the probe for an
ortholog group must hybridize to no human, rat or mouse
genes except those in the group. Probes designed according
to this strategy have the potential to measure all orthologous
genes. Furthermore, most of the probes can measure gene
expression in species for the entire period from when the target
species diverged on the evolutionary tree.
This set of conditions might appear too restrictive to design
inter-species probes that can identify evolutional changes and
entire cellular mechanisms. We calculated the number of
possible probes and found inter-species probes for 6,683 out
of 14,217 ortholog groups in the HomoloGene database [16].
Our target species are more diverse than those of Gilad et al.
[13], but the number of designed probes is three times that
used by Gilad et al. Furthermore, by limiting the inter-species
array to only humans and rats, we can design probes for 6,792
ortholog groups (109 groups more than for the three-species
array) and probes for 11,388 groups (4,705 groups more than
the three-species array) could be generated for an inter-species
array for rats and mice.
IV. C ONCLUSIONS
We introduced a microarray that can be used to observe
gene expression over multiple species with a single probe. We
first showed that the presence of mutations close to the 3’-end
of probes had very little effect on measurement of expression
levels, while the presence of a single mutation close to the
5’-end of probes had a large effect on observed expression
levels. We then introduced a microarray probe design method
that finds probes hybridizing target orthologous genes but not
hybridizing non-target genes. As the array operates simply by
changing the probes on an Agilent commercial customized
array, and conventional facilities and protocols can be used,
the method is cost-efficient. We applied the method to measure
human, rat and mouse expression levels with one microarray
covering 6,683 genes (ortholog groups). The array could also
be used to measure gene expression for distantly related
species such as between humans and mice.
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