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Understanding the determinants of the rate of protein sequence evolution is of fundamental importance in evolutionary
biology. Many recent studies have focused on the yeast because of the availability of many genome-wide expressional and
functional data. Yeast studies revealed a predominant role of gene expression level and a minor role of gene essentiality in
determining the rate of protein sequence evolution. Whether these rules apply to complex organisms such as mammals is
unclear. Here we assemble a list of 1,138 essential and 2,341 nonessential mouse genes based on targeted gene deletion
experiments and report a significant impact of gene essentiality on the rate of mammalian protein evolution. Gene ex-
pression level has virtually no effect, although tissue specificity in expression pattern has a strong influence. Unexpectedly,
gene compactness, measured by average intron size and untranslated region length, has the greatest influence. Hence, the
relative importance of the various factors in determining the rate of mammalian protein evolution is gene compactness .
gene essentiality ’ tissue specificity. expression level. Our results suggest a considerable variation in rate determinants
between unicellular organisms such as the yeast and multicellular organisms such as mammals.

Introduction

What determines the rate of protein sequence evolu-
tion is a fundamental question in molecular evolution. It
is well known that the evolutionary rates of different pro-
teins in a genome vary by several orders of magnitude
(Dayhoff 1972; Li 1997). This variation is typically
explained by differences in the mutation rate and selection
intensity among genes (Kimura 1983; Li 1997). However,
the biological factors underlying such differences had not
been examined with sufficiently large data until a few years
ago, when genome sequences and functional genomic data
became available. Factors that have been shown to influ-
ence the protein evolutionary rate include gene essentiality
(Hirsh and Fraser 2001; Jordan et al. 2002; Wall et al. 2005;
Zhang and He 2005), gene expression level (Pal et al.
2001b;Akashi2003;Rocha andDanchin2004;Subramanian
and Kumar 2004; Drummond et al. 2006), tissue specificity
(Hastings 1996; Duret and Mouchiroud 2000; Subramanian
and Kumar 2004; Winter et al. 2004; Zhang and Li 2004),
presence of a duplicate copy (Nembaware et al. 2002;
Castillo-Davis and Hartl 2003; Yang et al. 2003), proper-
ties in the protein interaction network (Fraser et al. 2002;
Fraser 2005; Hahn and Kern 2005; Makino and Gojobori
2006), local recombination rate (Pal et al. 2001b), and plei-
otropy (He and Zhang forthcoming), although some of
these factors are interrelated. In the past few years, many
studies have focused on unicellular organisms, particularly
the yeast Saccharomyces cerevisiae, due to the early avail-
ability of many functional genomic data for this model or-
ganism. With the advancement of mammalian genomics,
it becomes possible to conduct genome-wide analysis of
several biological factors that potentially influence the rate
of mammalian protein evolution and to compare the rela-
tive importance of these factors in yeasts and mammals,
respective representatives of unicellular and multicellular
eukaryotes.

Among the potential rate determinants, gene essenti-
ality is perhaps the most studied and debated factor. Essen-
tial genes refer to those that cause lethality or infertility
when deleted. Based on the neutral theory of molecular evo-
lution (Kimura and Ohta 1974), it was predicted that essen-
tial genes are subject to stronger selective constraints and,
therefore, evolve more slowly than nonessential genes
(Wilson et al. 1977). However, Hurst and Smith (1999)
failed to verify this prediction when they compared 67 es-
sential genes and 108 nonessential genes of the mouse. Al-
though subsequent analysis of bacterial and yeast genes
found gene essentiality to be an important rate determinant
(Hirsh and Fraser 2001; Jordan et al. 2002), these results
were suggested to arise from a confounding factor of the
gene expression level (Pal et al. 2003; Rocha and Danchin
2004). More recent analyses, however, showed that gene
essentiality has a small, yet statistically significant, impact
on the evolutionary rate of yeast proteins even when the
gene expression level is controlled for (Wall et al. 2005;
Zhang and He 2005). Nonetheless, despite the availability
of many mouse strains produced in targeted gene deletion
experiments, whether gene essentiality influences mamma-
lian protein evolution remains unsolved due to the lack of
a comprehensive list of essential and nonessential genes.

The importance of gene expression level in determin-
ing the protein evolutionary rate in yeasts and bacteria is
well established (Pal et al. 2001a; Rocha and Danchin
2004; Zhang and He 2005; Drummond et al. 2006), al-
though the molecular evolutionary mechanisms are unclear
and debated (Akashi 2003; Drummond et al. 2005). Unlike
unicellular organisms, mammalian cells are highly differen-
tiated, and different types of cells turn on different sets of
genes to maintain their identities and functions. Hence, both
the expression level and tissue specificity of expression may
be important in determining the rate of mammalian gene
evolution. In fact, previous studies of mammalian genes
showed higher evolutionary rates among lowly expressed
genes than highly expressed genes (Subramanian and
Kumar 2004) and higher rates among tissue-specific genes
than housekeeping genes (Duret and Mouchiroud 2000;
Winter et al. 2004; Zhang and Li 2004). However, because
housekeeping genes tend to be highly expressed (Vinogradov
2004; Liao and Zhang 2006a), it is unknown whether
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expression level and tissue specificity have independent influ-
ences on the evolutionary rate.

A previous study of 363 mouse and rat genes showed
a significant, but weak, negative correlation between pro-
tein length and the rate of protein sequence evolution
(Zhang 2001). An opposite pattern, however, was found
in the fruit fly (Lemos et al. 2005). Recent studies also
showed that highly expressed genes tend to code for short
proteins and have short introns (Castillo-Davis et al. 2002).
Because highly expressed genes tend to have low rates of
protein evolution, one would expect a positive correlation
between protein (or intron) length and the rate of protein
evolution. It is interesting to test this prediction.

In the present study, we first compile a list of 3,479
mouse genes with essentiality information derived from tar-
geted gene deletion data. We then study the influences of
gene essentiality, gene expression level, tissue specificity,
and gene compactness (in terms of protein length, average
intron length, and untranslated region (UTR) length) on the
rate of mammalian protein evolution. We conduct a series
of partial correlation analyses to disentangle the contribu-
tions of various factors and compare our results with find-
ings from the yeast. Our results reveal a great variation in
rate determinants between unicellular and multicellular
organisms.

Materials and Methods
Mouse Essential and Nonessential Genes

Mouse genes subject to targeted deletion experiments
were downloaded from Mouse Genome Database (MGD)
(http://www.informatics.jax.org/). Only those genes having
one corresponding Ensembl gene name were kept for sub-
sequent analysis. These genes were classified into essential
and nonessential genes based on their knockout phenotypic
codes (MP numbers) provided by MGD. By definition,
essential genes are those with the knockout phenotype of
lethality or sterility. That is, those entries possessing em-
bryonic lethality (MP: 0002080), prenatal lethality (MP:
0002081), survival postnatal lethality (MP: 0002082), pre-
mature death or induced morbidity (MP: 0002083), or re-
productive system phenotype (MP: 0002161) were grouped
as essential genes. All other genes associated with a pheno-
typic classification term, including those entries with a nor-
mal phenotype, were grouped as nonessential genes. The
primary data set included 1,138 essential and 2,341 nones-
sential mouse genes.

Gene Orthology and Evolutionary Rate

The homology information of mouse and rat genes
was obtained from Ensembl EnsMart (http://www.ensembl.
org/Multi/martview). There were several annotated homol-
ogy relationships between mouse and rat genes by
Ensembl. We only considered those pairs of genes anno-
tated as UBRH (Unique Best Reciprocal Hit, meaning that
they were unique reciprocal best hits in all-against-all
BlastZ searches) to be orthologous. The number of synon-
ymous substitutions per synonymous site (dS) and the num-
ber of nonsynonymous substitutions per nonsynonymous
site (dN) between mouse and rat orthologs were estimated

by the maximum likelihood method of Yang (1997) and
retrieved from Ensembl EnsMart.

Structural and Functional Annotations of Mouse Genes

The structural and functional annotations of mouse
genes were obtained from Ensembl version 31. Chromo-
somal positions, coding sequence (CDS) lengths, intron
numbers, intron lengths, and 5# and 3# UTR lengths of
mouse genes were retrieved from Ensembl EnsMart
(http://www.ensembl.org/Multi/martview) (Kasprzyk et al.
2004). For alternatively spliced genes, we chose structural in-
formationof the splice formwith the longestCDS.Geneshav-
ing immune-related functions were identified from the Gene
Ontology description (http://www.geneontology.org/) con-
tained in Ensembl database. It should be noted that not all
mousegenes in thepreliminarydata set have rat orthologs.Af-
ter removingmousegeneswithoutUBRHratorthologs,1,038
essential and 2,126 nonessential mouse genes were kept for
subsequent analysis.

The gene structure annotation of the yeast S. cerevisiae
was also obtained from Ensembl EnsMart. Nucleotide sub-
stitution rates between S. cerevisiae and Saccharomyces
bayanus orthologous genes were obtained from Zhang
and He (2005).

Analysis of Gene Expression Pattern

The spatial expression information of mouse genes
was obtained from the Gene Atlas V2 data set (http://
symatlas.gnf.org/SymAtlas/). This data set was generated
by hybridization of RNAs from 61 mouse tissues onto
Affymetrix microarray chips (GNF1M) (Su et al. 2004).
To assign expression data from probe sets to corresponding
Ensembl mouse genes, we aligned probe sequences of each
probe set to the Ensembl cDNA sequences (Mus_musculus.
NCBIM33.feb.cdna.fa; http://www.ensembl.org/info/
data/download.html) using BlastN (http://www.ncbi.nlm.
nih.gov/blast/). Only those probe sets in which all 10
matching probes perfectly matched with the same Ensembl
gene were considered to be valid. The expression level
detected by each probe set was obtained as the signal inten-
sity (S) computed from MAS 5.0 algorithm (MAS5) (Hubbell
et al. 2002). The S values were averaged among replicates.

In the present study, we measured 2 properties of the
mouse gene expression pattern: expression level (ExpLev)
and tissue specificity (s). ExpLev is defined as the average
signal intensity (S) of a mouse gene across 61 examined
tissues. The tissue specificity of a gene is defined as the het-
erogeneity of its expression level across all the tissues and is

estimated by s5

Pn

j51
1� log2SðjÞ

log2Smax

h i� �

n�1
; where n 5 61 is the

number of mouse tissues examined here and Smax is the
highest expression signal of the gene across all tissues
(Yanai et al. 2005). To minimize the influence of noise from
low intensities, we arbitrarily let S(j) be 100 if it is lower
than 100 (Liao and Zhang 2006a). The s value ranges from
0 to 1, with higher values indicating greater variations in
expressional level across tissues and thus higher tissue
specificity. The advantage of using s rather than expression
breadth, which requires an arbitrary cutoff to determine
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whether a gene is expressed in a given tissue, has been ex-
tensively discussed (Liao and Zhang 2006a). Some mouse
genes are represented by more than one probe set on the
microarray. Because it was not possible to tell which probe
set provides the best expression measure of a target gene
(Liao and Zhang 2006b), we computed ExpLev and s by
averaging the values derived from the different probe sets
of the same gene. The final data set used in partial corre-
lation analyses contained 2,575 mouse genes with knockout
phenotypes, orthologous rat genes, and structural and ex-
pression data. Among them, 852 were essential and
1,723 were nonessential.

Results
Nonessential Proteins Evolve Faster than
Essential Proteins

We compiled a list of 1,138 essential and 2,341 non-
essential genes using mouse targeted gene deletion data.
Among them, 1,038 essential and 2,126 nonessential genes
have orthologous genes in the rat. The number of synony-
mous substitutions per synonymous site (dS) and the num-
ber of nonsynonymous substitutions per nonsynonymous
site (dN) were estimated for these genes using mouse
and rat orthologs. We found a significant difference be-
tween essential and nonessential genes in dN (P ,
10�14, Mann–Whitney U test; fig. 1a). On average, dN is
30% greater for nonessential genes than essential genes.
We noticed that X-linked genes and immune system genes
are slightly overrepresented in the nonessential group (3.3%
and 7.0%), compared with the essential group (2.3% and
3.1%). Because X-linked mammalian genes may behave
differently from autosomal genes due to differences in gene
content, mutation rate, and selection intensity (Wang et al.
2001; Malcom et al. 2003; Lu and Wu 2005) and immune
system genes tend to be under diversifying positive selec-
tion (Hughes and Nei 1988; Hughes 1999), we repeated the
above analysis by removing X-linked genes and immune-
related genes. Our results, however, remain virtually un-
changed (fig. 1a). Although dS is also significantly higher

for nonessential genes than essential genes, the difference in
mean dS between the 2 groups is small (;3%) (fig. 1b). The
average dN/dS ratio of nonessential genes is 24–34% greater
than that of essential genes, depending on whether X-linked
genes and immune system genes are considered or not (fig.
1c). Thus, there is a significantly negative correlation be-
tween gene essentiality and dN/dS (or dN) (table 1). These
results indicate that gene essentiality affects the rate of
mammalian protein evolution by influencing the selective
constraint on the proteins.

Effects of Gene Expression Level and Tissue
Specificity on the Rate of Protein Evolution

Two gene expression properties, expression level (Pal
et al. 2001a; Rocha and Danchin 2004; Subramanian and
Kumar 2004; Zhang and He 2005; Drummond et al.
2006) and tissue specificity (Hastings 1996; Duret and
Mouchiroud 2000; Subramanian and Kumar 2004; Zhang
and Li 2004), have been shown to affect the rate of protein
sequence evolution to various degrees in different species.
Specifically, highly expressedgenes andnon–tissue-specific
genes tend to evolve slowly. Analysis based on our data
set confirms these findings (table 1 and fig. 2). Interest-
ingly, although gene expression level is the most impor-
tant rate determinant in bacteria (Rocha and Danchin
2004) and yeast (Drummond et al. 2006), the correlation
between gene expression level (ExpLev) and dN is weak
(Spearman’s q 5 �0.04) and only marginally significant
(P 5 0.041) in mammals. Similar results are obtained
when essential and nonessential genes are analyzed sepa-
rately. By contrast, the correlation between tissue specific-
ity (s) and dN is much stronger (q 5 0.168, P , 10�16).
We noticed that tissue-specific genes not only have greater
dN/dS but also greater dS values (fig. 2), implying that fast-
er protein evolution of tissue-specific genes may have re-
sulted from both higher mutation rate and lower purifying
selection. Because average dS does not exhibit the same
magnitude of increase as average dN while s becomes
larger (;17% increase vs. ;90% increase), mutation rate

FIG. 1.—Nonessential mouse genes evolve faster than essential genes. Average mouse–rat (a) dN, (b) dS, and (c) dN/dS values of essential and
nonessential genes are shown. P value from the test of the null hypothesis of no difference between essential and nonessential genes is shown above
each comparison (Mann–Whitney U test). Error bars represent the standard error of the mean. All genes: 1,038 essential and 2,126 nonessential. Non–
immune system genes: 1,006 essential and 1,977 nonessential. Autosomal genes: 1,014 essential and 2,053 nonessential. Autosomal, non–immune system
genes: 982 essential and 1,908 nonessential.
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bias is unlikely to be the main cause for high dN of tissue-
specific genes. Our result is consistent with that of Zhang
and Li (2004).

Because the expression level and tissue specificity
may be correlated, we measured the partial correlation be-
tween ExpLev and dN by controlling for s. Although the
partial correlation becomes stronger and more significant
(q 5 �0.061, P 5 0.002), it is still not comparable to
the partial correlation between s and dN when ExpLev is
controlled for (q 5 0.174, P , 10�18). These results sug-
gest that tissue specificity is much more important than
average expression level in determining the rate of
mammalian protein sequence evolution.

Compact Genes Have High Rates of Evolution

Although a significant positive correlation between the
CDS length and dN was observed in fruit fly (Lemos et al.
2005) and a significant negative correlation was observed in
a set of 363 mouse and rat genes (Zhang 2001), no signif-
icant correlation is found in our data (table 1). Surprisingly,
we found a negative correlation between UTR length and
dN (or dN/dS) (table 1 and fig. 3). For example, the mean dN
of genes with a total UTR length of,300 nt is about twice
that of genes with a total UTR length of.2,400 nt (fig. 3a).
Similarly, we found a negative correlation between average
size per intron in a gene (but not intron number) and dN (or
dN/dS) of the gene (table 1 and fig. 4). The mean dN of genes
with an average intron size of,1,000 nt is over 5 times that
of genes with an average intron size of.8,000 nt (fig. 4a).
The correlations between gene compactness and dN are of
comparable or even higher magnitudes than that between
tissue specificity (s) and dN (table 1).

In theaboveanalysis,weused the longest splice formfor
those genes that have alternative splicing. We repeated the
above analysis by using the shortest splice formor by remov-
inggeneswith alternative splicing.The results are essentially
the same (supplementary tables 1 and 2, Supplementary
Material online).Thereare alsomanyoverlapping (including
nested) genes in the mouse genome (Veeramachaneni et al.
2004). Removing these genes does not change our result
(supplementary table 3, Supplementary Material online).

Relative Impacts of Gene Essentiality, Expression
Pattern, and Gene Compactness on the Evolutionary Rate

The above-examined factors are not completely inde-
pendent in determining the rate of protein sequence evolu-
tion. For instance, genes with high expression levels tend to
have small introns (q 5 �0.079, P , 10�4). In order to
separate the contributions of multiple factors, we applied
partial correlation analyses. Although a recent study sug-
gested that principle component regression analysis is supe-
rior to partial correlation analysis for noisy data (Drummond
et al. 2006), subsequent analytical and empirical analyses
do not support this view (S.-H. Kim and S. Yi, personal
communication). In our partial correlation analysis, we fo-
cused on the correlation between the evolution rate and 1 of
the 4 factors (i.e., gene essentiality, expression pattern, and
gene compactness), by controlling the other 2 factors. All
factors having significant effects on the evolutionary rate in
table 1 show significant and independent effects on dN and
dN/dS, with the exception of ExpLev (table 2). After control-
ling for gene essentiality, the negative correlation between
ExpLev and dN is no longer significant (P 5 0.06) and that
between ExpLev and dN/dS is onlymarginally significant (P5
0.014), suggesting that the weak negative correlation be-
tween gene expression level and protein evolutionary rate
in table 1 may be due to the fact that essential genes tend
tohavebothhighExpLevand lowdN.Our result thus suggests
that the effect of expression level itself on the evolutionary
rate of mammalian proteins is negligible. We notice that
genes with high expression levels tend to have high dS but
low dN/dS (table 2). Hence, the lack of a correlation between
ExpLev and dN may be due to the opposite effects of high
mutation rates and strong purifying selection at highly
expressed genes. On comparing the effects of gene essential-
ity, expression level, tissue specificity, and gene compact-
ness, gene compactness seems to have the strongest and
most significant impact on the rate of mammalian protein
evolution (tables 1 and 2). Based on the partial correlation
analysis (table 2), we conclude that the relative importance
of the factors in determining the rate of mammalian protein
evolution is gene compactness. gene essentiality’ tissue
specificity . gene expression level.

Table 1
Spearman’s Rank Correlation Coefficient (r) between Various Factors and dN, dS, or dN/dS

dN dS dN/dS

q P Value q P Value q P Value

Essentiality �0.139 1.36 3 10�12 �0.048 1.56 3 10�2 �0.133 1.45 3 10�11

Expression pattern

ExpLev �0.040 4.08 3 10�2 0.056 4.47 3 10�3 �0.051 9.28 3 10�3

Tissue specificity (s) 0.168 1.1 3 10�17 0.094 1.97 3 10�6 0.152 9.42 3 10�15

Gene structures

CDS length �0.009 6.31 3 10�1 0.066 8.69 3 10�4 �0.032 1.00 3 10�1

UTR length �0.213 8.29 3 10�28 �0.042 3.49 3 10�2 �0.213 8.14 3 10�28

5#-UTR length �0.141 5.67 3 10�13 �0.050 1.17 3 10�2 �0.132 1.78 3 10�11

3#-UTR length �0.106 6.13 3 10�8 �0.010 6.11 3 10�1 �0.111 1.59 3 10�8

Intron number 0.016 4.29 3 10�1 0.087 1.05 3 10�5 �0.013 5.13 3 10�1

Intron length (average) �0.163 7.31 3 10�17 �0.012 5.47 3 10�1 �0.175 3.96 3 10�19

NOTE.—Essentiality is 1 for essential genes and 0 for nonessential genes. P values show the probabilities of the observations under the hypothesis of no correlation. The

analysis is based on 2,575 mouse genes and their rat orthologs.
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Discussion

In this work, we used statistical analysis to study the
determinants of the rate of mammalian protein sequence
evolution. Because there are potentially many rate determi-
nants and because some measures of these determinants
(e.g., gene expression level and tissue specificity) have
large estimation errors (Wall et al. 2005; Liao and Zhang
2006b), it is not unexpected that the observed correlation
coefficients are not very high. We thus evaluate the impact
of each factor by considering both the statistical signifi-
cance in correlation analysis and the magnitude of the cor-
relation. We also compare the impacts of different factors
for a given species and the impacts of the same factor across
species.

Based on an analysis of 175 mouse genes, Hurst and
Smith (1999) found no significant correlation between gene
essentiality and dN/dS. Zhang and He (2005) suggested that
this negative result was likely due to an insufficient sample
size. Indeed, when 3,164 mouse genes are analyzed here,
essential genes showed significantly lower dN/dS than non-
essential genes. This difference remains highly significant
even when we remove immune system genes and X-linked
genes. Furthermore, the correlation between gene essenti-
ality and dN (or dN/dS) is still significant after controlling for
gene expression level, tissue specificity, UTR length, and
intron length. We conclude that gene essentiality is an

FIG. 3.—Mouse genes with longer UTRs tend to have lower dN and
dN/dS values. Average mouse–rat (a) dN, (b) dS, and (c) dN/dS values of
each bin are shown. Error bars represent the standard error of the mean. The
numbers of genes in each bin are ,300: 551; 300–600: 482; 600–1,200:
673; 1,200–2,400: 622;.2,400: 247, with the total number of genes being
2,575.

FIG. 2.—Evolutionary rate of mouse genes positively correlates with
tissue specificity, s. Average mouse–rat (a) dN, (b) dS, and (c) dN/dS values
of each bin are shown. Error bars represent the standard error of the mean.
The numbers of genes in each bin are ,0.1: 285; 0.1–0.2: 954; 0.2–0.3:
756; 0.3–0.4: 398;.0.4: 182, with the total number of genes being 2,575.
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independent determinant of the rate of mammalian protein
evolution. It is interesting to note that in yeasts, the average
dN of nonessential genes is ;40% higher than that of
essential genes (Zhang and He 2005), a number slightly
greater than that observed for mammalian genes (30%).
The rank correlation coefficient between gene essentiality
and dN is ;0.2 in yeast, also slightly greater than that in
mammals (0.14). After controlling for gene expression
level, the correlation coefficient becomes 0.10–0.15 in
yeast and 0.13 in mammals. Note that the yeast gene knock-
out data used by Zhang and He (2005) contained .90% of
yeast genes, whereas the mouse gene knockout data used
here contained only 15% of mouse genes. Because targeted

gene deletion in mouse requires great efforts, it is possible
that researchers tend to study and report functionally impor-
tant mouse genes that have human orthologs, thus reducing
the variation in essentiality among the genes included in our
data set. This reduction could potentially decrease the cor-
relation coefficient between gene essentiality and dN. But,
at any rate, gene essentiality and dN are significantly cor-
related in mammals. Thus, in all organisms so far examined
(bacteria, yeasts, nematodes, and mammals), nonessential
genes tend to evolve faster than essential genes. It is thus
appropriate to conclude that the fundamental prediction of
the neutral theory, that less important genes evolve faster
than important genes, is universally supported by empirical
data at the genomic level. However, it should be pointed out
that the correlation between gene essentiality and dN, al-
though statistically significant, is small in magnitude. This
weak correlation contrasts the strong belief of many biol-
ogists that functionally important DNA sequences evolve
slowly, which is the basis of many successful bioinformatic
methods such as Blast (Altschul et al. 1990) and phyloge-
netic footprinting (Gumucio et al. 1993). It is possible that
the knockout phenotype observed in the lab only roughly
reflects the amount of fitness reduction in the wild, which is
expected to be a better rate determinant.

A previous study showed that human morbid genes
(those known to cause diseases when mutated) evolve more
slowly than nonmorbid genes (Kondrashov et al. 2004).
Their analysis is not equivalent to a comparison between
essential and nonessential genes because nonmorbid genes
can have unidentifiable embryonic lethal phenotype or in-
fertility phenotype when mutated. In other words, nonmor-
bid genes include both essential and nonessential genes,
and thus, there is no clear prediction as to whether nonmor-
bid genes should evolve more rapidly or more slowly than
morbid genes. In fact, Smith and Eyre-Walker (2003) also
analyzed morbid and nonmorbid genes but obtained an
opposite result.

We found that the rate of mammalian protein evolution
is not, or is only weakly, correlated with the gene expression
level,when gene essentiality is controlled for. In the future, it
would be important to verify this finding for the entire ge-
nome as more gene knockout data become available. If
our finding is generally true for mammals, it contrasts that
from the yeast, where the expression level explains about
a quarter (q2 5 ;0.25) of the variation in dN (Zhang and
He 2005). The reduction of the correlation in mammals
may be due to smaller population sizes in mammals than
in yeasts because the expression level becomes a weaker se-
lective force as the population size reduces (Ohta 1992).
However, although the correlations between various rate de-
terminants and protein evolutionary rate inmammalsmay be
weakened by smaller population sizes, the relative impor-
tance of these rate determinants should remain unchanged.
Why are the influences of gene expression level on dN dras-
tically different between yeast and mammals? To address
this question, one has to understandwhy the gene expression
level affects dN in yeast. However, no widely accepted ex-
planation exists at this time. The recently proposed transla-
tional robustness hypothesis (Drummond et al. 2005)
suggests that highly expressed proteins are prone to form-
ing misfolded protein aggregates that could be toxic or

FIG. 4.—Mouse genes with larger average intron sizes tend to have
lower dN and dN/dS values. Average mouse–rat (a) dN, (b) dS, and (c) dN/dS
values of each bin are shown. Error bars represent the standard error of the
mean. The numbers of genes in each bin are ,1,000: 656; 1,000–2,000:
561; 2,000–4,000: 577; 4,000–8,000: 380; .8,000: 401, with the total
number of genes being 2,575.
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pathogenic to the organism (Ellis and Pinheiro 2002). Thus,
their coding regions are under intense selective pressure to
maintain certain sequences that avoidmisfolding in the pres-
ence of translational errors (Drummond et al. 2005). If this
hypothesis is correct, our observation of no impact of expres-
sion level on dN in mammals may be due to a lowered
probability of protein aggregation in mammalian cells. It
is known that a misfolded protein may aggregate, particu-
larlywhen it is in high concentration (Minton 2000). The cell
volume of themouse sperm (61–70 lm3) (Brotherton 1975),
the smallest mouse cell, is similar to that of a haploid yeast
cell (;70 lm3) (Sherman 1991). Generally speaking, other
types ofmammalian cells aremuch larger than the sperm cell
(and the yeast cell). If the protein concentration (per gene) in
a cell is generally lower in mammals than in yeast, the pres-
sure of avoiding aggregation would also be lower in mam-
malian cells, making expression level a negligible factor in
determining dN. Nonetheless, this explanation is built on 2
assumptions, the translational robustness hypothesis and
a lower protein concentration per gene in mammalian cells
than in yeast cells, both of which require further scrutiny. An
alternative explanation is that the gene expression level of
a unicellular organism and the average gene expression
level across tissues of a multicellular organism are 2 dif-
ferent things and are not comparable. Interestingly, when
using the gene expression level estimated from the mouse
expressed sequence tags (ESTs) at an embryonic stage,
Subramanian and Kumar (2004) found a significant impact
of gene expression level on the rate of protein evolution. Be-
cause many genes are not expressed at the embryonic stage,
the biological meaning of their observation is not immedi-
ately clear. It remains to be seen whether the correlation be-
tween gene expression level and protein evolutionary rate
exists only among genes having similar functions or expres-
sion patterns (as in Subramanian andKumar’s study) but not
among genes with diverse properties. Alternatively, the mi-

croarray gene expression data used in the present study may
be too noisy to accurately reflect mRNA abundance com-
pared with the EST data used by Subramanian and Kumar
(2004).But, interestingly, the samemicroarray data revealed
a strong correlation between s and dN, suggesting that these
data still contain a sufficient amount of expression informa-
tion. We also examined the correlation between the dN of
a gene and the maximum expression level of the gene across
61 tissues surveyed. Unexpectedly, a weak positive correla-
tion was observed (q5 0.075,P5 1.43 10�4). It is unclear
what caused this positive correlation.

A surprising finding of the present study is that com-
pact genes (with short UTRs and introns) tend to evolve fast
(figs. 3 and 4). Although the above finding was based on
genes with knockout data, essentially the same result
was obtained when the entire genome was analyzed (sup-
plementary table 4, Supplementary Material online). Previ-
ous studies showed that highly expressed genes have short
introns (Castillo-Davis et al. 2002) and evolve slowly
(Subramanian and Kumar 2004). Thus, one expects that
genes with short introns evolve slowly. But, our observa-
tion is opposite. The reason for this unexpected observation
is not entirely clear. Of course, in our analysis, gene expres-
sion level and dN are virtually uncorrelated, and thus, the
prediction that compact genes evolve slowly is invalid.
Nevertheless, the observation that compact genes evolve
fast is still surprising. Because UTRs and introns are non-
coding regions of a gene and the majority of these sequen-
ces are more tolerant than coding regions to insertions and
deletions, we consider the length variation of these noncod-
ing sequences as a result of variation of local insertion and
deletion rates (Vinogradov 2004). That is, we assume that
the insertion/deletion rate ratio varies across genomic re-
gions, making some genes more compact than others. It
has been proposed that the presence and length of noncod-
ing regions such as introns and intergenic regions can

Table 2
Partial Rank Correlation of Various Factors and dN, dS, or dN/dS

dN dS dN/dS

q P Value q P Value q P Value

Essentiality

Essentiality j s � ExpLev �0.134 8.12 3 10�12 �0.047 1.81 3 10�2 �0.127 8.51 3 10�11

Essentiality j UTR � intron �0.130 3.71 3 10�11 �0.046 2.09 3 10�2 �0.123 3.65 3 10�10

Expression pattern

s j essentiality 0.165 3.58 3 10�17 0.092 2.76 3 10�6 0.149 2.85 3 10�14

s j UTR � intron 0.134 8.42 3 10�12 0.089 6.01 3 10�6 0.117 2.92 3 10�9

ExpLev j essentiality �0.037 5.97 3 10�2 0.057 3.62 3 10�3 �0.048 1.42 3 10�2

ExpLev j UTR�intron �0.046 2.01 3 10�2 0.057 3.72 3 10�3 �0.058 3.12 3 10�3

Gene compactness

UTR length j s � ExpLev �0.192 6.07 3 10�23 �0.031 1.16 3 10�1 �0.194 2.78 3 10�23

5#-UTR length j s � ExpLev �0.131 2.78 3 10�11 �0.047 1.73 3 10�2 �0.121 6.59 3 10�10

3#-UTR length j s � ExpLev �0.101 2.74 3 10�7 �0.007 7.16 3 10�1 �0.106 6.87 3 10�8

UTR length j essentiality �0.208 1.51 3 10�26 �0.039 4.70 3 10�2 �0.208 1.35 3 10�26

5#-UTR length j essentiality �0.135 5.07 3 10�12 �0.047 1.65 3 10�2 �0.126 1.31 3 10�10

3#-UTR length j essentiality �0.103 1.63 3 10�7 �0.009 6.66 3 10�1 �0.108 4.21 3 10�8

Intron length (avg) j s � ExpLev �0.150 1.99 3 10�14 0.002 9.08 3 10�1 �0.164 5.51 3 10�17

Intron length (avg) j essentiality �0.161 2.24 3 10�16 �0.010 5.96 3 10�1 �0.161 2.24 3 10�16

NOTE.—Essentiality is 1 for essential genes and 0 for nonessential genes. ‘‘UTR’’ for UTR length and ‘‘intron’’ for average length per intron unless otherwise noted. The

factor before ‘‘j’’ is the factor being examined and those after ‘‘j’’ are the factors being controlled for. P values show the probabilities of the observations under the hypothesis of

no correlation. The analysis is based on 2,575 mouse genes and their rat orthologs.
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increase the frequency of recombination between adjacent
exons and genes (Comeron and Kreitman 2002). Accord-
ingly, for 2 genes with the same functional importance,
same CDS length, same number of introns, but different in-
tron sizes, purifying selection is expected to be more effi-
cient for the gene with bigger introns than the one with
smaller introns, as the former has a higher recombination
rate (per gene) than the latter. This difference results in
a lower expected dN for the gene with bigger introns, which
is observed in this study. This recombination rate hypoth-
esis also predicts a negative correlation between intron num-
ber and dN/dS, which is not observed (table 1). It is likely
that for a given gene, intron number is much less change-
able by mutation than average intron size and thus does not
show the predicted correlation. Of course, recombination
rate variation provides just one possible explanation of
our observation; other possibilities cannot be excluded.
Contrary to mammals, only 263 yeast protein-coding genes
(;5%) contain intron(s). Thus, it is expected that gene
compactness will not be an important factor in determining
yeast protein evolution at the genomic level. However,
among 86 intron-containing yeast (S. cerevisiae) genes
that have S. bayanus orthologs, the average intron size
and dN are negatively correlated (q 5 �0.282, P , 0.01),
similar to the result obtained from mammalian genes. It
would be interesting to examine whether the influence
of gene compactness on protein evolutionary rate is as sig-
nificant as in mammals for unicellular eukaryotes with
high prevalence of introns (e.g., the green algae Chlamy-
domonas reinhardtii).

In summary, we find that the relative importance of
various rate determinants in mammals is gene compactness
. gene essentiality ’ tissue specificity . gene expression
level. This order differs substantively from that in yeasts or
bacteria. For example, although the absolute magnitudes of
the impact of gene essentiality are similar between the yeast
and mammals, the relative impacts appear quite different
because the gene expression level plays a much greater role
in yeast than in mammals. It seems that the rules governing
the rate of protein evolution need not be the same for all
major clades of living organisms. Our results highlight
the danger of applying findings from a single species, even
based on a genome-wide analysis, to distantly related spe-
cies and suggest reexamination of the roles of various rate
determinants across a wide range of species, which is be-
coming feasible with the rapid advance of functional and
comparative genomics.

Supplementary Material

Supplementary tables 1–4 are available at Mole-
cular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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