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Abstract: Evolutionary changes in gene expression account for most phenotypic differences between species. Advances in microarray 
technology have made the systematic study of gene expression evolution possible. In this study, gene expression patterns were compared 
between human and mouse genomes using two published methods. Specifically, we studied how gene expression evolution was related 
to GO terms and tried to decode the relationship between promoter evolution and gene expression evolution. The results showed that 
(1) the significant enrichment of biological processes in orthologs of expression conservation reveals functional significance of gene 
expression conservation. The more conserved gene expression in some biological processes than is expected in a purely neutral model 
reveals negative selection on gene expression. However, fast evolving genes mainly support the neutrality of gene expression evolution, 
and (2) gene expression conservation is positively but only slightly correlated with promoter conservation based on a motif-count score 
of the promoter alignment. Our results suggest a neutral model with negative selection for gene expression evolution between humans 
and mice, and promoter evolution could have some effects on gene expression evolution.
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Introduction
Comparative genomics adopts the assumption that 
important biological processes are often conserved 
across related species. Based on that, scientists use 
animal models to infer human physiological and 
genetic properties.1–3 Sequence comparison is the most 
popular tool for comparative genomics. However, 
sequence similarity is not necessarily proportional 
to functional similarity.4 The biological functions of 
a gene not only rely on its molecular functions but 
also its spatiotemporal expression pattern. Changes in 
gene expression often mean changes in function.5 One 
example is that, for duplicate genes, which are usually 
associated with highly consistent coding sequences 
but diverse biological functions, there is only a weak 
correlation between rates of sequence divergences 
and rates of expression divergences.6 It is urgent to 
make the details of gene expression evolution clear 
for the aim of making proper functional inferences 
across species.

Microarrays, which can characterize the 
transcriptional profiles of tens of thousands of 
genes simultaneously, have been widely used in 
biomedical7–9 and comparative genomic10–12 studies. 
In the latter applications, studies of gene expression 
levels in different species often rely on cross-species 
hybridization.13–16 This method is limited to closely 
related species as it is based on the hybridization 
of target RNA and gene probes designed for other 
species,17 and when the probe and target RNA 
sequences are inconsistent to some extent, this method 
fails. Even in related species, several studies18,19 found 
that this approach may be problematic.

Using microarray data, some theories on gene 
expression evolution across genomes have been 
suggested. Yanai et al20 found that no expression 
conservation exists in human and mouse orthologous 
gene pairs because the evolution of expression 
profiles of orthologous gene pairs is comparable to 
that of randomly paired genes. Khaitovich et al14 
suggested that the majority of expression divergences 
between species are selectively neutral and are of 
no functional significance. The above two studies 
deviated from the idea that genes should be expressed 
properly to conduct their functions and that basic 
biological processes are often conserved between 
related species. Jordan et al21 suggested that gene 
expression divergence among mammalian species is 

subject to the effects of purifying selective constraint, 
and it could also be substantially influenced by positive 
Darwinian selection. Liao and Zhang22 found that 
the expression profile divergence for the majority 
of orthologous genes between humans and mice is 
significantly lower than expected under neutrality and 
is correlated with the coding sequence divergence.

Another issue that should be addressed on the study 
of gene expression evolution is the relationship between 
promoter evolution and gene expression evolution. 
While the premise that the differences in upstream 
regulatory sequences represent gene expression 
divergence is widely accepted by researchers, several 
studies have shown that the changes in transcription 
factor binding sequences (TFBSs) have only little 
effect on gene expression evolution.23–26

The diverse conclusions on gene expression 
evolution may be due, in part, to the improper 
comparisons of gene expression patterns across 
genomes. Expression data should not be compared 
across probes directly.22 Some scientists seek indirect 
methods, which can make the expression data 
comparable across probes and even across platforms 
or species. The conservation of gene co-expression 
patterns across species has been widely surveyed.27–30 
However, co-expression shows little information on the 
expression conservation or evolution of orthologous 
genes across species. To overcome these obstacles, Liao 
and Zhang22 introduced the relative mRNA abundance 
among tissues (RA) and extracted 26 common tissues 
between humans and mice to make cross-species 
expression comparisons possible; Dutilh et al31 and 
Tirosh and Barkai32 used either all or most one-to-
one orthologs as referred sets for facilitating the gene 
expression comparisons across genomes.

In this study, we investigated several aspects of 
gene expression evolution between human and mouse 
genomes based on olignonucleotide microarray data 
of humans and mice generated by Su et al,33 which 
is widely used and is one of the largest data sets for 
humans and mice.21,22,34,35 Two methods presented by 
Liao and Zhang22 and Dutilh et al31 were adopted and 
compared for the aim of making reliable conclusions.

Methods
Microarray data and orthology
Human and mouse expression data were downloaded 
from GNF SymAtlas V1.2.4. (http:// symatlas.
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gnf.org/SymAtlas/) by Su et al.33 This data set 
covers 79 human and 61 mouse tissues using 
the designed Affymetrix microarray chips 
(human: U133A&GNF1H; mouse: GNF1M). The 
expression levels were obtained using the MAS 5.0 
procedure36–38 as an average among replicates. To 
evaluate the reliability of our results, two additional 
data sets used by Su et al39 (retrieved from the 
Gene Expression Omnibus database at the National 
Center for Biotechnology Information) and a yeast 
expression dataset by Spellman et al40 (downloaded 
from http://genome-www.stanford.edu/cellcycle/data/ 
rawdata/) were also analyzed.

The annotation files for GNF1H and GNF1M 
were downloaded from GNF SymAtlas along with 
the data files. The annotation file for U133A was 
downloaded from the Affymetrix website (http://
www.affymetrix.com). To assign the Ensembl 
IDs for each gene, the annotation files (human: 
uniprot_sprot_human.dat.gz; mouse: uniprot_
sprot_rodents.dat.) were downloaded from the 

Comparison of gene expression 
patterns between genomes
Two procedures presented by Liao and Zhang22 
(procedure I) and Dutilh et al31 (procedure II) were 
used for comparing gene expression patterns between 
human and mouse genomes. For procedure I, the 
expression data of 26 common tissues from two 
species were extracted and normalized by their 
relative abundance (RA) values calculated by
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where n is the number of common tissues, H represents 
humans, M represents mice, and SH(i, j) and SM(i, j) 
are the expression levels of gene i in human tissue j 
and mouse tissue j, respectively. Then the similarity 
of gene expression patterns for human and mouse 
gene i is calculated by

For procedure II, all one-to-one orthologs between 
humans and mice were used as references. Then 
the similarity (ri) of gene expression patterns for 
human and mouse gene i is obtained by correlating 
the expression correlation values of gene i from two 
different species and the corresponding one-to-one 
orthologs in their species.
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Uniprot ftp site at (ftp://us.expasy.org/databases/
u n i p r o t / c u r r e n t _ r e l e a s e / k n o w l e d g e b a s e /
taxonomic_divisions/). The orthologous pairs of 
human and mouse genes and human and yeast 
genes were downloaded from the Ensembl ftp 
site (ftp://ftp.ensembl.org/pub/release-47/mysql/
compara_mart_homology_47/).

Only one-to-one orthologs were considered for 
our analyses. The orthologous genes with multiple 
probe sets were removed from our analyses. The 
numbers of human and mouse orthologous gene 
pairs used for this study were 4110 for the dataset by 
Su et al33 and 1960 for the dataset by Su et al.39 The 
number of human and yeast orthologgous gene pairs 
was 577.
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where rs 	 is the mean of correlation values of the 
orthologs in this GO term, rp and sdp are the mean 
and standard deviation of correlation values for 
all available orthologs, and n is the number of the 
available members in this GO term.

The motif-count score 
in the alignment of promoter regions
We proposed a motif-count score of the pairwise 
alignment of promoter sequences, which can be easily 
derived from the local alignment for two sequences. The 
promoter sequence was defined as -1000 and +200 bp 
of the TSS for this study. The matrix for local 
alignment was constructed with no gap or mismatch 
allowed. The local alignments with lengths 4 were 
regarded as conserved DNA motifs/sequences. Each 
conserved DNA motif/sequence was assigned a score 
that equaled its length minus 4. The motif-count score 
for a pairwise alignment of promoter sequences was 
calculated by summing up the scores of all conserved 
DNA motifs/sequences in the matrix. Although it is 
true that some of the conserved DNA motifs/sequences 
are not true transcription factor binding sites, it is 
reasonable to assume that the motif-count score based 
on conserved sequences is generally proportional to 
that based on true DNA motifs. Thus, the motif-count 
score allows, in general terms, to measure the similarity 
of the composition of multiple DNA motifs in two 
promoter sequences and could help infer biologically 
the similarity of regulatory patterns for two promoters.

dn/ds ratio
The nonsynonymous substitution rates (dN), 
synonymous substitution rates (dS), and their ratio 
(dN/dS) were used to represent the rates of coding 
sequence evolution, which were retrieved from the 
Ensembl ftp web site (ftp://ftp.ensembl.org/pub/
release-47/mysql/compara_mart_homology_47/). The 
ratio of dN/dS is an indicator of selective pressures on 
coding sequence evolution, where dN/dS 	1 indicates 
that genes are under positive selection pressure while 
dN/dS 	1 indicates stabilizing selection.

Results
Identification of gene expression 
conservation in orthologs
By using procedure I and procedure II, the correlations 
of expression profiles for 4110 human and mouse 

orthologous genes pairs and random gene pairs 
were calculated. The results confirmed the theory of 
non-random expression conservation of orthologs 
(data not shown), which has been explored by several 
studies.22,31,32 At the significance level of 1% of 
genomic background, procedure I and procedure II 
identified 727 and 559 orthologous gene pairs of 
expression conservation, which were used for the 
following functional enrichment analysis of gene 
expression evolution.

Analyses of gene expression evolution 
in terms of biological functions
For orthologous gene pairs that were identified 
by procedure I and procedure II, we conducted an 
overrepresented GO term analysis to the human 
genes using GOstat.41 The P value was set at 0.05. 
The 727 and 559 orthologous gene pairs with 
expression conservation identified by procedure I and 
procedure II resulted in 18 and 10 overrepresented 
terms, respectively (Table 1). The above analysis 
indicates that the conservation of gene expression has 
functional significance.

We also investigated whether there are 
overrepresented GO terms in the human and mouse 
orthologous genes of fast expression evolution. For 
that purpose, we retrieved the orthologous genes 
with the bottom 5% correlation values identified by 
procedure I and II, respectively. No overrepresented 
GO terms were returned for these genes. The lack of 
GO term enrichment in fast evolving genes may be 
interpreted as evidence for the neutrality of expression 
evolution. But note that adaptation could involve only 
few or single genes and does not necessarily require 
the simultaneous evolution of the expression of the 
entire GO terms.

To further validate the evolutionary model 
of gene expression, we investigated how all 
available GO terms affected gene expression 
evolution. We took all the orthologous gene pairs 
as a population and grouped orthologous gene 
pairs by GO terms. We selected the GO terms with 
no less than three members and tested 320 terms 
in all. For each term, we got a Z-score for the 
mean correlation. Theoretically, these Z-scores 
should follow a standard normal distribution if 
no selection exists (note that we removed the GO 
terms with only one or two members because the 
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means of small size samples may not form the 
normal distribution if the population does not agree 
with an exact normal distribution). We plotted 
the distribution of Z-scores of GO terms against 
a standard normal distribution (Fig. 1). Generally, 
the curves formed by procedure I and II fit the 
neutral model. The distribution of  Z-scores for 
procedure I or II tends to have a heavier right 
tail (the part of the Z-score 1.96) compared to 
the control, suggesting that a small part of GO 
terms have negative selection on gene expression. 

However, a left heavier tail (the part of the 
Z-score -1.96) is not observed, suggesting that 
generally GO terms do not have obvious positive 
selection on gene expression.

gene expression evolution is slightly 
correlated with promoter evolution 
between humans and mice
It is widely accepted by researchers that promoter 
differences represent regulatory differences, which 
are reflected by gene expression divergence. 

Table 1. The overrepresented gO terms in human and mouse orthologs with expression conservation.

GO term Description number of genes p value
Procedure i
gO:0005856 cytoskeleton 52 0.0324
gO:0005624 membrane fraction 43 0.0434
gO:0015629 actin cytoskeleton 18 0.0434
gO:0005509 calcium ion binding 53 0.0434
gO:0004867 serine-type endopeptidase inhibitor activity 11 0.0434
gO:0044430 cytoskeletal part 34 0.0434
gO:0000267 cell fraction 58 0.0434
gO:0016052 carbohydrate catabolic process 15 0.0434
gO:0009605 response to external stimulus 52 0.0434
gO:0006936 muscle contraction 18 0.0434
gO:0007286 spermatid development 7 0.0434
gO:0016491 oxidoreductase activity 54 0.0434
gO:0006941 striated muscle contraction 6 0.0434
gO:0006006 glucose metabolic process 15 0.0434
gO:0008236 serine-type peptidase activity 18 0.0434
gO:0019318 hexose metabolic process 18 0.0434
gO:0019320 hexose catabolic process 11 0.0445
gO:0048232 male gamete generation 21 0.0469
Procedure ii
gO:0048232 male gamete generation 21 0.000537
gO:0043232 intracellular non-membrane-bounded organelle 74 0.000537
gO:0019953 sexual reproduction 25 0.000684
gO:0006996 organelle organization 52 0.00322
gO:0007276 gamete generation 22 0.00433
gO:0007286 spermatid development 7 0.00913
gO:0051276 chromosome organization 22 0.00917
gO:0006323 DnA packaging 19 0.0161
gO:0016585 chromatin remodeling complex 7 0.02
gO:0016043 cellular component organization 101 0.0464
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However, several studies have indicated that 
extensively divergent promoters from species may 
still maintain the same expression patterns,23–25 
which suggests the neutrality of promoter evolution. 
Zhang et al42 found that changes in TFBSs 
were poorly correlated with divergence of gene 
expression among yeast paralogs. Tirosh et al26 
argued that previously identified TFBS of yeasts 
and mammals had no detectable effect on gene 
expression. One reason for no detectable or poor 
correlation may be that an underlying compensatory 
mechanism allows promoters to rapidly evolve 
while maintaining a stabilized expression 
pattern. However, other possibilities should also 
be considered, e.g. the inherent complexity of 
promoters, limited data on identified transcription 

factor binding sites, a suboptimal evolutionary 
model for promoters, noise of microarray data and 
improper comparisons of gene expression between 
species. Thus, it is necessary to reexamine this 
relationship using new models.

Functional DNA motifs in promoters are often 
under selection pressure and seem more conserved 
between species than non functional DNA sequences. 
Thus, the evolutionary mechanisms of promoters 
may accommodate different models compared to 
the model of neutral evolution subject to purifying 
selection adopted by coding sequences. In addition, 
it is important to properly designate the similarity 
between promoters, which will reflect the similarity 
of gene regulatory patterns besides the sequence 
similarity. Here we consider three methods for 
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Figure 1. Distribution of Z-scores for gO terms.
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comparing promoter sequences: global alignment, 
local alignment and our proposed motif-count score 
method. The global alignment score tends to reflect 
more the promoter conservation as a whole sequence. 
The motif-count score of alignments tends to reflect 
more the conservation of composite DNA motifs by 
disregarding their positions in the promoters. The 
local alignment score is somewhat a compromise of 
the previous two methods.

Scores based on global alignment, local alignment 
and motif-count for all orthologs were calculated. Their 
correlations with gene expression conservations were 
0.014 (P value = 0.3772), 0.016 (P value = 0.3087) 
and 0.055 (P value = 0.0006525), respectively using 
procedure I; the correlations from procedure II were 
0.025 (P value = 0.1218), 0.030 (P value = 0.06608) 
and 0.040 (P value = 0.01205). With both procedures, 
the motif-count score method resulted in a slightly 
positive and significant correlation between promoter 
conservation and gene expression conservation. 
The increase of promoter-expression correlation 
using our proposed motif-count scores suggests it 
has improved in describing promoter conservation. 
To reduce the effects of noise in microarray data, we 
retrieved the most reliable conserved expression (top 
10% ri) and diverged expression (bottom 10% ri) for 
analysis. An obvious decrease in motif-count scores 
from conserved expression to diverged expression 
is seen in Figure 2 (P values of two sample t test 
are 0.00289 and 0.003665 for procedure I and II, 

respectively). The promoter-expression correlations 
based on these reliable expression patterns were 
0.103 (P value = 0.004152) and 0.122 (P value = 
0.0006919) using procedures I and II, respectively, 
indicating a reasonable predictive power of motif-
count scores to determine the variability in expression 
conservation.

From this analysis, it is reasonable to infer 
that there still could be space for detecting larger 
promoter-expression correlation if optimal models for 
describing promoter evolution are used. An optimal 
model for describing promoter evolution should 
consider the different evolutionary mechanisms 
within functional DNA motifs and non functional 
sequences and the combinational regulatory effects 
of composite DNA motifs. In this sense, the promoter 
evolution could indeed affect the gene expression 
evolution to some extent.

reanalyzing gene expression evolution 
by using other datasets and species
To investigate whether the above conclusions were 
affected by the choice of the used gene expression 
dataset, we reanalyzed an additional large microarray 
dataset used by Su et al.39 In total, 1960 pairs of human 
and mouse orthologs were analyzed. At a significance 
level of 1% of genomic background, procedures I 
and II identified 306 and 278 orthologous gene pairs of 
expression conservation, which confirmed the theory 
of non-random expression conservation of orthologs. 
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Figure 2. Comparison of the motif-count scores between conserved expression and diverged expression.
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These gene pairs with expression conservation 
identified by both procedures resulted in 19 and 14 
overrepresented GO terms at P value  0.05, respectively 
while fast evolving genes had no overrepresented GO 
terms. The correlations of promoter conservation based 
on global alignment, local alignment and motif-count 
scores with gene expression conservation were 0.039 
(P value = 0.0967), 0.040 (P value = 0.09138) and 0.058 
(P value = 0.01388), respectively using procedure I; 
0.034 (P value = 0.1507), 0.040 (P value = 0.08712) 
and 0.065 (P value = 0.00582), respectively using 
procedure II.

In addition, we investigated whether these 
conclusions on gene expression evolution are held 
when comparing distant species such as humans 
and yeast. For that purpose, human expression data 
used by Su et al33 and the yeast cell cycle expression 
data used by Spellman et al40 were analyzed. Note 
that only procedure II can be employed for this 
analysis. The number of human-yeast one-to-one 
orthologous pairs was 577. At the significance 
level of 1% of genomic background, 94 orthologs 
were identified as having conserved expression, 
suggesting that the theory of non-random expression 
conservation of orthologs should be true between 
humans and yeast. These 94 orthologs returned 
11 overrepresented GO terms at P value 	0.05 
using GOstat.41 Fast evolving genes (bottom 
10% ri) returned no overrepresented GO terms. 
The above analysis suggests that gene expression 
conservation has functional significance in both 
related species and distant species. Finally, we 
investigated whether gene expression conservation 
is correlated with promoter conservation. No 
significant correlation was obtained between ri 
and global alignment score (correlation: -0.008, 
P value = 0.8477), local alignment score (correlation: 
-0.044, P value = 0.2888) or motif-count score 
(correlation: -0.067, P value = 0.1056). These 
results indicate that the weak correlation between 
promoter conservation and gene expression 
conservation is not maintained between humans and 
yeast, which is contrary to the conclusion between 
humans and mice. The explanation for this finding 
could be that gene regulatory patterns by DNA 
motifs may be similar between humans and mice 
and thus allow their weak correlation with gene 
expression patterns while gene regulatory patterns 

are too different between humans and yeast to be 
correlated with gene expression patterns.

Discussion
In this study, we analyzed gene expression evolution 
for orthologs based on human and mouse models. 
Based on our results, it is reasonable to assume some 
functional significance for orthologs with expression 
conservation and neutrality for orthologs with fast 
expression evolution. Thus, a neutral model with 
negative selection for gene expression evolution 
may best explain our results. Additionally, we found 
a weak correlation between promoter conservation 
and gene expression conservation. These analyses 
reveal the inherent complexity of gene expression 
evolution.

Our neutral model for gene expression evolution 
differs from previous studies in that the functional 
significance in gene expression evolution is largely 
neutral except in some conserved expression 
patterns; in addition, our model does not mean that 
gene expression evolution will be well correlated 
with evolutionary divergence time, evidenced by the 
fact that determining whether there is a correlation 
between gene expression divergence and coding 
sequence divergence is very conflicting in previous 
studies.16,20–22,31,43 There could be a possibility that 
different genes may use different tempos of gene 
expression evolution with unknown determining 
factors.

Tirosh et al26 tested the changes of DNA motifs in 
the promoter region to find out if they were correlated 
with expression divergence and found no detectable 
correlation. The failure of detecting significant 
correlations could be due to the limited number of 
known DNA motifs compared to the unknown true 
number or/and the lack of proper models for multiple 
DNA motifs. Zhang et al42 used a regression model of 
multiple DNA motifs to account for gene expression. 
Although Zhang et al42 addressed the promoter-
expression correlations based on paralogs while our 
study was based on orthologs, the conclusions are 
very similar, suggesting that there could be some 
mechanisms that promoter evolution affects gene 
expression evolution.

In this study, the correlations between coding 
sequence evolution and promoter evolution range 
from -0.034 to 0.210. Although these correlations 
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may be significant, coding sequence evolution cannot 
fully account for promoter evolution. Thus, there 
could be other evolutionary mechanisms in promoters 
besides nucleotide mutations. We hypothesize that 
one mechanism may involve mainly the duplication 
and transposition of DNA motifs, which have 
been suggested by two previous studies.44,45 This 
mechanism may affect gene expression evolution. Our 
proposed motif-count score reflects some information 
relative to this mechanism, which may contribute to 
the detection of promoter-expression association. 
In addition, two recent studies46,47 indicated that the 
evolution of DNA-encoded nucleosome organization 
and turnover of transcription start sites in promoters 
may also affect gene expression evolution. We infer 
that a proper model of promoter evolution considering 
all mechanisms may be found strongly associated 
with gene expression evolution.

Disclosure
The authors report no conflicts of interest.

References
 1. Bedell MA, Jenkins NA, Copeland NG. Mouse models of human disease. 

Part I: techniques and resources for genetic analysis in mice. Genes and 
Dev. 1997;11:1–10.

 2. Meuwissen R, Berns A. Mouse models for human lung cancer. Genes and 
Dev. 2005;19:643–64.

 3. Sell S. Mouse Models to Study the Interaction of Risk Factors for Human 
Liver Cancer. Cancer Res. 2003;63:7553–62.

 4. Gerlt JA, Babbitt PC. Can sequence determine function? Genome Biol. 
2000;1:reviews0005.1–0005.10.

 5. Marques AC, Vinckenbosh N, Brawand D, Kaessmann H. Functional 
diversification of duplicate genes through subcellular adaptation of encoded 
proteins. Genome Biol. 2008;9:R54.

 6. Wagner A. Decoupled evolution of coding region and mRNA expression 
patterns after gene duplication: implications for the neutralist-selectionist 
debate. Proc Natl Acad Sci U S A. 2000;97:6579–84.

 7. Golub TR, Slonim DK, Tamayo P, et al. Molecular classification of cancer: 
class discovery and class prediction by gene expression monitoring. Science. 
1999;286:531–7.

 8. van’t Veer LJ, Dai H, van de Vijver MJ, et al. Gene expression profiling 
predicts clinical outcome of breast cancer. Nature. 2002;415:530–6.

 9. Alon U, Barkai N, Notterman DA, et al. Broad patterns of gene expression 
revealed by clustering analysis of tumor and normal colon tissues probed by 
oligonucleotide arrays. Proc Natl Acad Sci U S A. 1999;96:6745–50.

10. Zhou XJ, Gibson G. Cross-species comparison of genome-wide expression 
patterns. Genome Biol. 2004;5:232.

11. Bergman S, Ihmels J, Barkai N. Similarities and differences in genome-
wide expression data of six orgamisms. Plos Biol. 2004;2:E9.

12. Lelandais G, Vincens P, Badel-Chagnon A, Vialette S, Jacq C, Hazout S. 
Comparing gene expression networks in a multi-dimensional space to 
extract similarities and differences between organisms. Bioinformatics. 
2006;22:1359–66.

13. Fortna A, Kim Y, MacLaren E, et al. Lineage-specific gene duplication and 
loss in human and great ape evolution. PLoS Biol. 2004;2:E207.

14. Khaitovich P, Weiss G, Lachmann M, et al. A neutral model of transcriptome 
evolution. PLoS Biol. 2004;2:E132.

15. Nuzhdin SV, Wayne ML, Harmon KL, McIntyre LM. Common pattern 
of evolution of gene expression level and protein sequence in Drosophila. 
Mol Biol Evol. 2004;21:1308–17.

16. Khaitovich P, Hellmann I, Enard W, et al. Parallel patterns of evolution 
in the genomes and transcriptomes of humans and chimpanzees. Science. 
2005;309:1850–4.

17. Oshlack A, Chabot AE, Smyth GK, Gilad Y. Using DNA microarrays to study 
gene expression in closely related species. Bioinformatics. 2007;23:1235–42.

18. Gilad Y, Rifkin SA, Bertone P, Gerstein M, White KP. Multi-species 
microarrays reveal the effect of sequence divergence on gene expression 
profiles. Genome Res. 2005;15:674–80.

19. Bar-Or C, Bar-Eyal M, Gal TZ, Kapulnik Y, Czosnek H, Koltai H. 
Derivation of species-specific hybridization-like knowledge out of cross-
species hybridization results. BMC Genomics. 2006;7:110.

20. Yanai I, Graur D, Ophir R. Incongruent expression profiles between human 
and mouse orthologous genes suggest widespread neutral evolution of 
transcription control. OMICS. 2004;8:15–24.

21. Jordan IK, Marino-Ramirez L, Koonin EV. Evolutionary significance of 
gene expression divergence. Gene. 2005;345:119–26.

22. Liao B, Zhang J. Evolutionary conservation of expression profiles between 
human and mouse orthologous genes. Mol Biol Evol. 2006;23:530–40.

23. Oda-Ishii I, Betrand V, Matsuo I, Lemaire P, Saiga H. Making very similar 
embryos with divergent genomes: conservation of regulatory mechanisms 
of Otx between the ascidians Halocynthia roretzi and Ciona intestinalis. 
Development. 2005;132:1663–74.

24. Fisher S, Grice EA, Vinton RM, Bessling SL, McCallion AS. Conservation 
of RET regulatory function from human to zebrafish without sequence 
similarity. Science. 2006;312:276–9.

25. Wang QF, Prabhakar S, Chanan S, Cheng JF, Rubin EM, Boffelli D. 
Detection of weakly conserved ancestral mammalian regulatory sequences 
by primate comparisons. Genome Biol. 2007;8:R1.

26. Tirosh I, Weinberger A, Bezalel D, Kaganovich M, Barkai N. On the relation 
between promoter divergence and gene expression evolution. Mol Syst Biol. 
2008;4:159.

27. Stuart JM, Segal E, Koller D, Kim SK. A gene-coexpression network 
for global discovery of conserved genetic modules. Science. 2003;302: 
249–55.

28. Ihmels J, Bergmann S, Berman J, Barkai N. Comparative gene expression 
analysis by a differential clustering approach: application to the Candida 
albicans transcription program. Plos Genet. 2005;1:e39.

29. Oldham MC, Horvath S, Geschwind DH. Conservation and evolution of 
gene coexpression networks in human and chimpanzee brains. Proc Natl 
Acad Sci U S A. 2006;103:17973–8.

30. Singer GA, Lloyd AT, Huminiecki LB, Wolfe KH. Clusters of co-expressed 
genes in mammalian genomes are conserved by natural selection. Mol Biol 
Evol. 2005;22:767–75.

31. Dutihl BE, Huynen MA, Snel B. A global definition of gene expression 
context is conserved between orthologs, but does not correlate with sequence 
conservation. BMC Genomics. 2006;7:10.

32. Tirosh I, Barkai N. Comparative analysis indicates regulatory 
neofunctionalization of yeast duplicates. Genome Biol. 2007a;8:R50.

33. Su AI, Wiltshire T, Batalov S, et al. A gene atlas of the mouse and human 
protein-encoding transcriptomes. Proc Natl Acad Sci U S A. 2004;101: 
6062–7.

34. Yang J, Su AI, Li WH. Gene expression evolves faster in narrowly than in 
broadly expressed mammalian genes. Mol Biol Evol. 2005;22:2113–8.

35. Liao B, Zhang J. Null mutations in human and mouse orthologs 
frequently result in different phenotypes. Proc Natl Acad Sci U S A. 
2008;105:6987–92.

36. Hubbell E, Liu WM, Mei R. Robust estimators for expression analysis. 
Bioinformatics. 2002;18:1585–92.

37. Irizarry RA, Hobbs B, Collin F, et al. Exploration, normalization, and 
summaries of high density oligonucleotide array probe level data. 
Biostatistics. 2003;4:249–64.

38. Li C, Wong WH. Model-based analysis of oligonucleotide arrays: 
expression index computation and outlier detection. Proc Natl Acad Sci 
U S A. 2001;98:31–6.

http://www.la-press.com


Wang and rekaya

90 Evolutionary Bioinformatics 2009:5

publish with Libertas Academica and 
every scientist working in your field can 

read your article 

“I would like to say that this is the most author-friendly 
editing process I have experienced in over 150 

publications. Thank you most sincerely.”

“The communication between your staff and me has 
been terrific.  Whenever progress is made with the 
manuscript, I receive notice.  Quite honestly, I’ve 
never had such complete communication with a 

journal.”

“LA is different, and hopefully represents a kind of 
scientific publication machinery that removes the 

hurdles from free flow of scientific thought.”

Your paper will be:
• Available to your entire community 

free of charge
• Fairly and quickly peer reviewed
• Yours!  You retain copyright

http://www.la-press.com

39. Su AI, Cooke MP, Ching KA, et al. Large-scale analysis of the human and 
mouse transcriptomes. Proc Natl Acad Sci U S A. 2002;99:4465–70.

40. Spellman PT, Sherlock G, Zhang MQ, et al. Comprehensive identification 
of cell cycle regulated genes of the yeast Saccharomyces cerevisiae by 
microarray hybridization. Mol Biol Cell. 1998;9:3273–97.

41. Beissbarth T, Speed TP. GOstat: Find statistically overrepresented Gene 
Ontologies within a group of genes. Bioinformatics. 2004;20:1464–5.

42. Zhang Z, Gu J, Gu X. How much expression divergence after yeast gene 
duplication could be explained by regulatory motif evolution? Trends 
Genet. 2004;20:403–7.

43. Tirosh I, Barkai N. Evolution of gene sequence and gene expression are 
not correlated in yeast. Trends Genet. 2007b;24:109–13.

44. Johnson R, Gamblin RJ, Ooi L, et al. Identification of the REST regulon 
reveals extensive transposable element-mediated binding site duplication. 
Nucleic Acids Res. 2006;34:3862–77.

45. Kim JD, Faulk C, Kim J. Retroposition and evolution of the DNA-binding 
motifs of YY1, YY2 and REX1. Nucleic Acids Res. 2007;35:3442–52.

46. Field Y, Fondufe-Mittendorf Y, Moore IK, et al. Gene expression divergence 
in yeast is coupled to evolution of DNA-encoded nucleosome organization. 
Nat Genet. 2009;41:438–45.

47. Park C, Makova KD. Coding region structural heterogeneity and turnover 
of transcription start sites contribute to divergence in expression between 
duplicate genes. Genome Biol. 2009;10:R10.

http://www.la-press.com
http://www.la-press.com

