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Abstract. The evolutionary origin of ‘‘orphan’’
genes, genes that lack sequence similarity to anyknown
gene, remains a mystery. One suggestion has been that
most orphan genes evolve rapidly so that similarity to
other genes cannot be traced after a certain evolu-
tionary distance. This can be tested by examining the
divergence rates of genes with different degrees of
lineage specificity. Here the lineage specificity (LS) of a
gene describes the phylogenetic distribution of that
gene’s orthologues in related species. Highly lineage-
specific genes will be distributed in fewer species in a
phylogeny. In this study, we have used the complete
genomes of seven ascomycotan fungi and two animals
to define several levels of LS, such as Eukaryotes-core,
Ascomycota-core, Euascomycetes-specific, Hemias-
comycetes-specific, Aspergillus-specific, and Saccha-
romyces-specific. We compare the rates of gene
evolution in groups of higher LS to those in groups
with lower LS. Molecular evolutionary analyses indi-
cate an increase in nonsynonymous nucleotide substi-
tution rates in genes with higher LS. Several analyses
suggest that LS is correlated with the evolutionary rate
of the gene. This correlation is stronger than those of a
number of other factors that have been proposed as
predictors of a gene’s evolutionary rate, including the
expression level of genes, gene essentiality or dispens-
ability, and the number of protein-protein interac-
tions. The accelerated evolutionary rates of genes with
higher LS may reflect the influence of selection and
adaptive divergence during the emergence of orphan

genes. These analyses suggest that accelerated rates of
gene evolutionmay be responsible for the emergence of
apparently orphan genes.
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Introduction

During annotation of genome sequences a substantial
fraction of the putative genes is found to lack se-
quence similarity to any of the genes in public data-
bases (Fischer and Eisenberg 1999; Rubin et al. 2000).
These genes or protein-coding regions have been re-
ferred to as ‘‘orphan’’ genes. Some may have crucial
organism-specific functions, however, the origin and
evolution of orphan genes remain poorly understood.
A proposed explanation of this problem has been that
some genes evolve so rapidly that their homologues
cannot be discovered over larger evolutionary dis-
tances (Schmid and Aquadro 2001). Although this has
been supported by recent findings in Drosophila and
bacteria that orphan genes evolve, on average, more
than three times faster than nonorphan genes (Daubin
and Ochman 2004; Domazet-Loso and Tautz 2003),
the influence of other factors on the evolutionary rate
of genes should be taken into account.

These factors include the expression level of genes
(Hastings 1996; Pal et al. 2001), a gene’s dispens-
ability (the organism’s fitness after deletion of theCorrespondence to: J. J. Cai; email: jamescai@hku.hk
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gene) (Hirsh and Fraser 2001; Krylov et al. 2003),
gene essentiality (Wilson et al. 1977), gene duplica-
tion (Jordan et al. 2002b; Yang et al. 2003), and the
number of protein-protein interactions involving the
gene’s product (Fraser et al. 2003; Wagner 2001).
Due to the inherently stochastic property of evolu-
tionary rates, the influence of many of these factors
has proved difficult to confirm and their relative
importance also needs further elaboration.

A recent study in mammals (Alba and Castresana
2005) observed an inverse relationship between evo-
lutionary rate and the age of genes and proposed two
mechanisms to explain this. One was that genes evolve
rapidly at first and then decrease their rate of evolution
as they acquire more constraints over time, so that
older genes appear to evolve more slowly. The other
mechanism was that constraints on genes remain fixed
since their origin; however, genes of more recent origin
are less constrained and so evolve more rapidly. A
counterargument, that the effect observed byAlba and
Castresana (2005) was caused by the interplay of ge-
netic distance with rate of evolution and time of
divergence, has been made (Elhaik et al. 2006).

In order to systematically examine the relationship
between a gene’s evolutionary rate and the origin of
orphan genes, as well as to assess the influence of
other factors, we have devised a study based on the
following rationale. Orthologues of a gene usually
have a particular phyletic distribution in several re-
lated species, thus giving each gene a certain lineage
specificity (LS). Orphan genes represent the extreme
of LS because they are only present in one node of a
phylogeny. In contrast, highly conserved genes have a
low degree of LS and are widely distributed, while a
range of different degrees of LS can be defined for
other gene groups. If an elevated evolutionary rate is
a significant cause of the emergence of orphan genes,
one should find a correlation between evolutionary
rate and LS. Slower evolving genes should tend to be
less lineage-specific. Studying the relationship be-
tween the evolutionary rate of genes and LS may
reveal the dynamic processes that lead to the origin of
species specific, or orphan, genes. It can also be tested
whether the evolutionary rate leading to the emer-
gence of orphan genes is relatively constant or highly
variable. If genes become lineage-specific gradually,
one might expect a simple relationship (e.g., a linear
relationship, perhaps after data transformation) be-
tween divergence time and genetic distance, other-
wise, a more complex relationship would be expected.

To investigate these matters, the complete sets of
predicted protein-coding genes from Aspergillus fu-
migatus (http://www.sanger.ac.uk/Projects/A_fumig-
atus/) and Saccharomyces cerevisiae (Goffeau et al.
1996) were extracted. Orthologues of these genes from
five other ascomycotan fungi, Aspergillus nidulans
(http://www.broad.mit.edu/annotation/fungi/aspergil

lus/), Schizosaccharomyces pombe (Wood et al. 2002),
Candida albicans (d’Enfert et al. 2005), Neurospora
crassa (Galagan et al. 2003), and Saccharomyces
mikatae (Cliften et al. 2003; Kellis et al. 2003), and
two metazoans, Caenorhabditis elegans (C. elegans
Sequencing Consortium 1998) and Drosophila mela-
nogaster (Adams et al. 2000), were also obtained.

The fungi studied here are from three major asc-
omycotan classes, Euascomycetes, Hemiascomycetes,
and Archaeascomycetes. Euascomycetes, which con-
tain well over 90% of Ascomycota, are represented
here by A. fumigatus, A. nidulans, and N. crassa,
while the Hemiascomycetes are represented by S.
cerevisiae, S. mikatae, and C. albicans. S. pombe,
fission yeast, belongs to the class Archaeascomycetes,
possibly an early radiation within the Ascomycota
(Sipiczki 2000). These fungi also represent two major
fungal morphological subdivisions, yeasts and molds.
Yeasts, like S. cerevisiae, S. mikatae, and C. albicans,
as well as S. pombe, have life cycles characterized by
unicellular (occasionally dimorphic) growth (Kurtz-
man and Fell 1998). In contrast, the filamentous
Ascomycota, A. nidulans, A. fumigatus, and N. crassa,
predominantly grow as hyphal filaments. Despite
having such a morphological divergence, all of them
share a relatively recent common ancestor with re-
spect to the rest of the eukaryotes. The phylogeny of
these Ascomycota is clear and generally accepted,
except for that of the ancient Schizosaccharomyces,
S. pombe (Sipiczki 2000).

Genes from S. cerevisiae and A. fumigatus were
classified, according to their phylogenetic profiles
(Pellegrini et al. 1999), into several LS groups as fol-
lows: Eukaryotes-core, Ascomycota-core, Euascomy-
cetes-specific, Hemiascomycetes-specific, Aspergillus-
specific, and Saccharomyces-specific. Average non-
synonymous substitution rates,Ka, of genes among LS
groups were compared and correlations between LS
and several other factors, for example, gene expression
level, gene dispensability, and gene redundancy, were
explored. The relative importance of LS and other
factors, in terms of the prediction of a protein’s evo-
lutionary rate, was evaluated and whether the diver-
gence rate is relatively constant over genes with similar
degrees of LS was tested.

Materials and Methods

Sequences and Data Sets

For each ascomycotan, the complete set of available amino acid

sequences and coding DNA sequences was downloaded from the

repositories given in Table 1. All known or suspected pseudogenes

and genes in mitochondrial genomes were removed. The S. mikatae

dataset is derived from the ORF predictions of Cliften et al. (2003).

Gene expression data came from Cho et al. (1998), who

characterized all mRNA transcript levels during the cell cycle of
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S. cerevisiae. mRNA levels were measured at 17 time points at 10-

min intervals, covering nearly two full cell cycles. The mean of

these 17 numbers was taken to produce one general time-averaged

expression level for each protein.

Protein dispensability was assessed by the fitness effect of a

single-gene deletion, as measured by the average growth rate of the

knockout strain in several types of media. The results of assays of a

nearly complete set of single gene deletions in S. cerevisiae (Stein-

metz et al. 2002) were obtained, and the data were manipulated

following the method of Gu et al. (2003). Briefly, the fitness value fi
is defined as ri/rpool, where ri is the growth rate of the strain with

gene i deleted and rpool is the pooled average growth rate of

different strains.

Essential genes were from the dataset of the Saccharomyces

Genome Deletion Project, which contains 1106 essential genes

(http://www-sequence.stanford.edu/group/yeast_deletion_project/).

Although gene dispensability and gene essentiality are highly

associated, they were treated as two separate variables in order to

compare the results of each variable to previous studies.

A list of protein-protein interactions among S. cerevisiae pro-

teins was obtained from two integrated interaction databases,

YEAST GRID (Breitkreutz et al. 2003) and the yeast subset of DIP

(Salwinski et al. 2004), and a number of major high-throughput

studies published to date (Gavin et al. 2002; Ho et al. 2002; Ito

et al. 2001; Tong et al. 2004; Uetz et al. 2000) (Supplementary

Table S1). The final nonredundant set contains 252,011 interactions

involving 5698 proteins.

Identification of Orthologues

Orthologues of the genes from S. cerevisiae andA. fumigatus in each

other and in other genomes studied here were identified by the

automatic clustering method INPARANOID (Remm et al. 2001).

Orthologues between the genomes of two species are derived in this

method from mutual best pairwise BLASTP hits. A further re-

ciprocal test was applied by requiring the longest region of local

sequence similarity between putative orthologues to cover ‡80% of

each sequence and to have‡30% sequence identity in this region.One

hundred thirteen pairs that did not pass this test were excluded. A

gene was considered to be absent from another genome if no se-

quence similarity could be detected between the gene and the genes in

that genome. To define the level at which sequence similarity was not

detectable, a TBLASTN (Altschul et al. 1997) expectation (E) value

of 1 · 10)2 with respect to a fixed effective search space (set to the size
of the N. crassa genome) was used as a cutoff.

Orthologues of fast-evolving genes may not be detected in their

more distantly related genomes by the TBLASTN search used

above. To address this, an ancestral sequence(s) was(were) con-

structed (Collins et al. (2003), based on the detected orthologues,

using the maximum likelihood method implemented in the PAML

phylogenetic analysis package, version 3.13d (Yang 1997). Ances-

tral sequences are expected to be less divergent from their possible

orthologues in the more distant genomes and their reconstructions

were used to search, as above, for orthologues in the more distantly

related genomes. If potential orthologues were identified, the gene

was excluded from further analysis to avoid ambiguity in the

assignment of genes to LS groups.

Classification of Genes into LS Groups

Phylogenetic profiles (Pellegrini et al. 1999), a gene table giving 1 if

a gene is present in or 0 if a gene is absent from a genome, for the

genes from S. cerevisiae and A. fumigatus, were constructed based

on the detected orthologues in the genomes studied. The genes were

then classified into the different LS groups, Eukaryotes-core

(present in all genomes studied), Ascomycota-core (present in all

fungal genomes), Hemiascomycetes-specific, Euascomycetes-spe-

cific, Saccharomyces-specific, and Aspergillus-specific (Fig. 1). The

phylogenetic tree relating the species was derived from Hedges and

Kumar (2003).

Divergence Times

Lineage divergence times are somewhat controversial (Shields 2004).

In this work divergence times were taken fromHeckman et al. (2001)

and Hedges and Kumar (2003). These give the following divergence

times (Fig. 1): Animals vs Fungi, 1576 Mya; Ascomycotan diver-

gence (e.g., S. pombe vs Saccharomyces), 1144 Mya; Hemiascomy-

cetes vs Euascomycetes (e.g., Saccharomyces vs Aspergillus), 1085

Mya; Candida vs Saccharomyces, 841 Mya; and Neurospora vs

Aspergillus, 670 Mya. Divergence times for S. cerevisiae vs S. mi-

katae andA. fumigatus vsA. nidulanswere takenas�10Mya (Fungal

Research Community 2002; Kellis et al. 2003). Alternative diver-

gence times of 900 to 1100 and 330 to 420 Mya have been given

(Fungal Research Community 2002; Sipiczki 2000) for Animals vs

Fungi and the Ascomycotan divergence, respectively.

To convert LS into numeric form to calculate correlations with

other properties, the ratio of the time of the animal-fungi diver-

gence to that of the divergence of a lineage from its last common

ancestor was used. For example, the Eukaryotes-core value is

1 (1458/1458), while that of Ascomycota-core is 1.27 (1458/1144).

The final results were not sensitive to changes in the divergence

time estimates used for this category to numeric conversion.

Estimation of Substitution Rates and Statistical
Analyses

The number of synonymous substitutions per synonymous site, Ks,

and the number of nonsynonymous substitutions per nonsynony-

mous site, Ka, were estimated between A. fumigatus-A. nidulans

orthologue pairs and S. cerevisiae-S. mikatae orthologue pairs in

the Euascomycetes and Hemiascomycetes lineages, respectively.

For each orthologue pair, the orthologous protein sequences were

aligned using CLUSTALW (Thompson et al. 1994) version 1.82

with the default parameters. The corresponding nucleotide se-

quence alignments were derived by substituting the respective

coding sequences from the protein sequences using MBEToolbox,

a Matlab-based sequence analysis toolbox (Cai et al. 2005). Ks and

Ka were then estimated by the maximum-likelihood method

implemented in the CODEML program of PAML (Yang 1997).

High apparent sequence divergence, as shown by high Ks or Ka

values, is often associated with problems such as difficulty in

alignment or differences in codon usage bias or nucleotide com-

Table 1. Genomic sequence sources

Species Web source for sequence data

A. nidulans www-genome.wi.mit.edu/

annotation/fungi/aspergillus/

A. fumigatus www.sanger.ac.uk/Projects/A_fumigatus

N. crassa www-genome.wi.mit.edu/

annotation/fungi/neurospora/

S. cerevisiae genome-www.stanford.edu/Saccharomyces

S. mikatae ftp://genome-ftp.stanford.edu/pub/yeast/

data_download/sequence/fungal_genomes/

S_mikatae/WashU/

C. albicans genolist.pasteur.fr/CandidaDB

S. pombe www.genedb.org/genedb/pombe/index.jsp

C. elegans www.sanger.ac.uk/Projects/C_elegans/wormpep

D. melanogaster www.fruitfly.org
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position in the sequences. Orthologue pairs with Ks < 0.05 may

include too few substitutions to provide a statistically significant

measure of change (Zhang et al. 2003). To accurately measure the

intensity of selective forces acting on a protein, only orthologue

pairs with Ka £ 2 and 0.05 £ Ks £ 2 were used. Similar results

were obtained when more relaxed cutoffs for Ka and Ks (£ 5) were
used (data not shown). All known ribosomal protein genes were

excluded from the dataset, as their high level of conservation gives

them average values of Ka, Ks and Ka/Ks substantially lower than

those for the rest of the genes.

Since the correlation, partial correlation, and regression anal-

yses work better with normal variables (Zar 1999), scatter plots of

Ka vs other variables were examined to determine whether linear

models are reasonable for these variables. It was necessary to

transform the values of Ka, expression level, and fitness of gene

deletion into their logarithmic forms to give a distribution closer to

a normal distribution. For the same reason, log(Ka) values were

used in the linear regression model. Statistical regression analyses

were performed by referring to the procedure described by Rocha

and Danchin (2004).

While the study presented here assesses the genomes of the

species examined and therefore can be regarded as a population

rather than a sample-based study, measures of statistical signifi-

cance have nevertheless been included for correlation coefficients

and the multiple linear regression. These are to highlight attributes

that are more likely to be generalizable if studies of this type are

extended to other Ascomycotan fungi or beyond the Ascomyota.

The multiple linear regression model also assumes a lack of inert-

action between terms and linear relationships. However, any

deviation from linearity should decrease the apparent contribution

of the terms to explaining LS and their interactions have been

assessed using boxplots of each term with respect to LS and Ka.

Detection of Rate Variability Across Species: Relative
Divergence Score (RDS)

To measure the degree of divergence of genes in a species away

from orthologues in other species, TBLASTN comparisons for all

proteins in the A. fumigatus or S. cerevisiae genomes were run

against all DNA sequences in the nine genomes studied here. The

relative divergence score (RDS) was defined as DA,B = )ln(SA,B/
SA,A), where SA,B is the TBLASTN bit score for the query protein

from genome A and subject genome B. Such scores range from 0

(identical proteins found in the subject genome) to infinity (no

significant hit found). For genes belonging to each LS group, and

to the relevant species at each divergence time point, 10,000

bootstrapped medians of random samples were taken from the

RDS values of the genes. The mean of the bootstrapped medians

was used as the estimated RDS of the LS group.

Results

Evolutionary Rate Differences Among LS Groups

The Ascomycotan fungi used in this study represent
three distinct fungal groups in detail: Euascomyce-
tes (A. nidulans, A. fumigatus, and N. crassa) and
Hemiascomycetes (S. cerevisiae, S. mikatae, and
C. albicans) and, also, the more divergent Archae-
ascomycetes (S. pombe). Data from the two main
groups, Euascomycetes and Hemiascomycetes, were
processed separately. For the Euascomycetes se-
quences, we predicted 6432 A. fumigatus-A. nidulans
orthologues and calculated the nonsynonymous
substitution rate, Ka, and the synonymous substi-
tutions rate, Ks, for each gene pair. We then clas-
sified the predicted orthologues into the following
groups: (1) Eukaryotes-core, (2) Ascomycota-core,
(3) Euascomycetes-specific, and (4) Aspergillus-spe-
cific, according to the phylogenetic profiles of
A. fumigatus genes. The Hemiascomycetes se-
quences gave 3707 pairs of S. cerevisiae-S. mikatae
orthologues, which were processed similarly and
classified into four groups: (1) Eukaryotes-core, (2)
Ascomycota-core, (3) Hemiascomycetes-specific,
and (4) Saccharomyces-specific. Thus, LS groups
from 1 to 4 represent increasingly more recent
times of origin.

Filtering steps of (1) removing orthologue pairs
with Ks, Ka > 2 or Ks < 0.05, (2) excluding ribo-
somal proteins, and (3) eliminating genes where
possible similarity to a reconstructed ancestral se-

Fig. 1. LS classification based on
phylogenetic profiles of genes.
Divergence times were adopted
from Hedges and Kumar (2003).
The divergence times between
S. cerevisiae and S. mikatae and
between A. fumigatus and
A. nidulans are based on the
estimates by Kellis et al. (2003) and
Fungal_Research_Community
(2002), respectively. A black square
means the gene is present in the
corresponding species; a white
square means it is absent.
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quence was found were applied to the data set. Step 3
removed only three gene pairs, two in the Hemias-
comycetes lineage and one in the Euascomycetes
lineage, which may be due to either the limits of the
ancestral reconstruction method or the relatively
conservative criteria adopted in defining orthologues.
Final sets of 183 A. fumigatus-A. nidulans orthologue
pairs and of 359 S. cerevisiae-S. mikatae orthologue
pairs were obtained. The mean Ka, Ks, and Ka/Ks of
the orthologue pairs in each LS group are given in
Table 2.

Genes that are distributed in the more specific
lineages tend to have higher Ka values than more
widely distributed genes. Box plots of the distribution
of the Ka values for the Aspergillus and Saccharo-
myces genes are shown in Figs. 2A and B, respec-
tively. In both the Aspergillus and the Saccharomyces
gene sets, average Ka increases with the degree of LS
with significant among-group variation as measured
by Kruskal-Wallis tests (Aspergillus, p < 0.001;
Saccharomyces, p < 0.001). Moreover, as expected,
Ka is consistently lower than Ks within all LS groups,
which suggests the operation of purifying (negative)
selection or functional constraints.

The ratio Ka/Ks (i.e., the rate of nonsynonymous
substitutions corrected for neutral rates) showed a
trend similar to Ka, namely, the values of Ka/Ks for
genes of high LS (e.g., Aspergillus-specific or Euas-
comycetes-specific genes) are significantly higher than
those for genes of low LS (e.g., Eukaryotes-core or
Ascomycota-core genes). The differences among the
rates of sequence divergence for different LS groups
are more pronounced for Ka than for Ks, which
suggests that the acceleration of a gene’s divergence
rate may be caused mainly by more relaxed purifying
selection against amino acid replacement. Functions
of representative genes in different LS groups were
also examined (Supplementary Table S2). Largely,

the functions of highly lineage-specific genes are
poorly characterized or simply unknown.

Evolutionary Rate-Related Factors of Genes Belonging
to Different LS Groups

The correlation between Ka and LS may be con-
founded by other factors. For S. cerevisiae-S. mikatae
orthologues, bivariate correlations were used to
compute the pairwise associations between Ka and LS
and potentially confounding factors. These factors
include the expression level of genes, the dispens-
ability or essentiality of a gene, gene duplication, and
the number of protein-protein interactions of the
gene product. The results are summarized above the
diagonal in Table 3 (see Materials and Methods for
reference to significant values). The coefficient for
correlation between log(Ka) and LS is 0.584 (Pear-
son’s R), which is higher than that between log(Ka)
and any other factor or that between any two other
factors.

The log gene expression level correlates negatively
with log(Ka) (R = )0.382, p < 0.01; Table 3)
(Fig. 3). This is consistent with previous studies
which showed a correlation between Ka and gene
expression level (Hastings 1996; Pal et al. 2001). A
correlation between Ka and gene essentiality has long
been proposed (Wilson et al. 1977) but remains
controversial (Hurst and Smith 1999; Jordan et al.
2002a). The correlation between log(Ka) and gene
essentiality was found to be weak, albeit significant
(R = )0.163, p < 0.01), and essential genes have a
lower mean Ka (0.081; median, 0.081) compared to
that for nonessential genes (mean, 0.136; median,
0.110) (Mann-Whitney U test, p = 0.004).

Our data show a weak correlation between log(Ka)
and gene dispensability (R = 0.186, p < 0.001;
Table 3), which is at a similar magnitude to that of

Table 2. Average nonsynonymous substitution rate (Ka), synonymous substitution rate (Ks), and Ka/Ks ratio among LS classes

Mean (SD)

LS class No. of gene pairs Ka
a Ks

b Ka/Ks
a

A. fumigatus–A. nidulans (Euascomycetes branch)

Eukaryotes-core 113 0.051 (0.032) 1.431 (0.441) 0.039 (0.027)

Ascomycota-core 27 0.126 (0.069) 1.577 (0.329) 0.080 (0.042)

Euascomycetes-specific 22 0.198 (0.118) 1.436 (0.490) 0.155 (0.091)

Aspergillus-specific 21 0.293 (0.136) 1.263 (0.567) 0.261 (0.127)

S. cerevisiae–S. mikatae (Hemiascomycetes branch)

Eukaryotes-core 17 0.018 (0.021) 0.586 (0.213) 0.029 (0.026)

Ascomycota-core 23 0.031 (0.030) 0.639 (0.172) 0.047 (0.040)

Hemiascomycetes-specific 22 0.072 (0.037) 0.839 (0.284) 0.091 (0.045)

Saccharomyces-specific 297 0.131 (0.100) 0.830 (0.329) 0.165 (0.130)

a A Kruskal-Wallis test revealed significant rate heterogeneity of average Ka or average Ka/Ks of genes in different LS groups in both the

Euascomycetes branch and the Hemiascomycetes branch; p < 0.001.
b A Kruskal-Wallis test revealed no significant rate heterogeneity of average Ks of genes in different LS groups in both the Euascomycetes

branch and the Hemiascomycetes branch; p > 0.01.
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gene essentiality. This result is consistent with that
recently reported by Hirsh and Fraser (2001). This
correlation remains significant after controlling for
gene expression levels (partial R = 0.240, p < 0.01),
suggesting the independent nature of gene dispens-
ability as a factor.

Gene duplication has been shown to play a role in
influencing gene divergence rates (Gu et al. 2003;
Jordan et al. 2002b; Yang et al. 2003). Genes were
classified as either singletons or duplicate genes if
they belonged to any multigene family. The mean Ka

of 0.097 (median = 0.049) for duplicate genes was
significantly lower than the mean of 0.138 (med-
ian = 0.114) for singleton genes (Mann-Whitney
U test, p < 0.001). The same pattern was observed
between different LS groups with the exception of the
Ascomycota-core group.

Ka has been shown to be positively correlated
with Ks in several species (Graur 1985; Makalowski
and Boguski 1998; Ohta 1995; Wolfe and Sharp
1993). Such a correlation, which may confound
correlations between log(Ka) and LS or with other
factors, was observed here for log(Ka) and log(Ks)
(R = 0.429). To examine the influence of the cor-
relation of Ka with Ks on other factors, partial
correlation coefficients between log(Ka) and other
variables were calculated while holding the value of
log(Ks) constant. The results are given below the
diagonal in Table 3 and indicate that, after con-
trolling for log(Ks), log(Ka) remains significantly
correlated with LS. There is little change in the
value of the coefficients with or without controlling
for log(Ks) (partial Rlog(Ka) ) LS|log(Ks) = 0.582 to
Rlog(Ka) ) LS = 0.584). Thus, Ka is correlated with
LS independently of Ks.

A decrease in the absolute value of the correla-
tion coefficient was observed between log(Ka) and
expression level when controlling for log(Ks)
(|Rlog(Ka) ) log(EXP)|log(Ks)| = 0.294; |Rlog(Ka) ) log(EXP)|
= 0.382). This suggests that Ks might be a con-
founding factor for gene expression level in deter-
mining Ka. Figure 3 plots the relationship of log
expression level with log(Ka) (Fig. 3A) and with
log(Ks) (Fig. 3B), showing the values for the Sac-
charomyces gene lineage groups. The more consis-
tent relationship of log expression value with
log(Ks) among the genes can be seen.

To further investigate the relationship between Ka

and LS, with other variables controlled, a series of
boxplot analyses (plotting attributes against LS
groups as in Fig. 2) was conducted after genes were
partitioned into the following subsets: essential/non-
essential, duplicate/nonduplicated, highly or lowly
expressed, with a high or low level of protein-protein
interactions, high or low level of fitness (dispens-
ability) (Supplementary Figs. S1 to S5). In all parti-
tions, the same trend as seen in Fig. 2, i.e., genes with
higher LS have larger Ka values, was retained, with
exception only where group numbers become very
small.

Linear multiple regression was also used to
examine the effect of the factors above on log(Ka).
Any deviation from linearity in relationships would
decrease the apparent contribution of the terms to
explaining the variation in log(Ka). Gene essentiality
and gene redundancy were recoded to be quantitative
variables by using two sets of binary variables
(essential = 1 and nonessential = 0; duplicated
gene = 1 and singleton gene = 0). A forward step-
wise regression model was used to examine the con-
tribution of each independent variable to the
regression (Draper and Smith 1998). The regression
model defines log(Ka) as a function of LS (Xls), log
expression level (log(Xexp)), log fitness effect of gene

Fig. 2. Divergence of nonsynonymous substitution rate in LS
groups. The edges of the boxes indicate the upper and lower
quartiles. The line at the center of each box indicates the median,
and the edges of the whiskers represent the limits of 1.5 times the
upper or lower interquartile range. Circles indicate cases with
values between 1.5 and 3 box lengths from the upper or lower edge
of the box. The number of gene pairs (N) is given on the abscissa. A

A. fumigatus-A. nidulans orthologues. B S. cerevisiae-S. mikatae
orthologues.
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Fig. 3. Dependence of log gene expression level,
log(EXP), and substitution rate. A The log
nonsynonymous substitution rate, log(Ka). B The
log synonymous substitution rate, log(Ks).

Table 3. Correlation (Pearson’s R; above diagonal) and partial correlation after controlling for log(Ks) (below diagonal)

log(Ka) LS log(EXP) log(FIT) ESS DUP INT log(Ks)

log(Ka) – 0.584** )0.382** 0.186** )0.163** 0.257** )0.308** 0.429**

LS 0.582** – )0.271** 0.195** )0.263** 0.324** )0.428** 0.185**

log(EXP) )0.294** )0.161** – )0.037 0.076 )0.113** 0.197** )0.165**
log(FIT) 0.240** 0.192** )0.049 – 0.032 )0.116 )0.159** )0.048
ESS )0.018 )0.146* )0.091 0.033 – 0.020 0.243** )0.087
DUP 0.215** 0.312** )0.065 )0.106 0.028 – )0.163** 0.160**

INT )0.253** )0.379** 0.123 )0.175* )0.007 )0.111 – )0.128**

Note. Ka, nonsynonymous substitution rate; LS, lineage specificity; EXP, expression level; FIT, fitness effect (gene dispensability); ESS, gene

essentiality; DUP, duplicated (or not) gene; INT, number of interactions. Note that although this is a population study, indications of

significance have been included to highlight correlations that may be more generalizable if a study of this type is extended beyond the species

examined here. *Correlation is significant at the 0.05 level. **Correlation is significant at the 0.01 level.
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deletion (log(Xfit)), essentiality (Xess), gene duplica-
tion (Xdup), and number of protein interactions (Xint):

log Kað Þ ¼ b0 þ blsXls þ bexp log Xexp

� �

þ bfit log Xfitð Þ þ bessXess þ bdupXdup þ bintXint

Table 4 gives the results of the modeling procedure.
The final model gives a global R2 of 0.436 (p <
0.001). That is, nearly one-half of the variation in
log(Ka) is explained by this model. During the con-
struction of the final model, the predictors most
highly correlated with log(Ka), LS and the expression
level, were kept. The remaining variables, which have
minor roles in overall regression with log(Ka), were
excluded from the final model (Table 4). The stan-
dardized coefficients were examined to determine the
relative importance of the significant predictors. LS
contributes more to the model than does the expres-
sion level, as shown by its larger absolute standard-
ized coefficient of 0.562 and t statistic of 11.676,
compared with values of 0.247 and 5.124, respec-
tively, for expression level. This analysis suggests that
LS is the most relevant predictor of the rate of pro-
tein divergence.

Linear Regression of Divergence Time and Relative
Divergence Score (RDS)

To relate the group divergence times andRDS, a linear
regression for each LS group was performed (Fig. 4).
An increasing linear trend of RDS with divergence
time was observed in each LS group, suggesting that
genes diverge from other species at an approximately
constant rate. Groups with higher LS have greater
slopes than those with lower LS, indicating that genes
with higher LS evolve faster than those with lower LS.
This trend would still be apparent if different diver-
gence time estimates were used.

Table 4. Results of the regression analyses on 359 predicted S. cerevisiae-S. mikatae orthologues

Overall

contribution

of variable (R2)a

Incremental

contribution

of variable (DR2)

Order

of entryb

Un-standardized

coefficient

(B) ± SE

Standardized

coefficient

(b) tc p

Included variables

(Constant) – – )1.149 ± 0.113 – )10.148 <0.0001

Lineage specificity (LS) 0.341 0.378 1 0.048 ± 0.004 0.562 11.676 <0.0001

Expression level, log(EXP) 0.164 0.058 2 )0.197 ± 0.038 )0.247 )5.124 <0.0001

Excluded variables

Fitness of deletion, log(FIT) 0.035 0.007 3 0.087 1.836 >0.1

Gene duplication (DUP) 0.066 0.007 4 0.070 1.399 >0.1

Essentiality (ESS) 0.027 0.001 5 0.038 0.787 >0.1

Number of Interactions (INT) 0.095 <0.001 6 )0.028 )0.546 >0.1

a R2 is the proportion of variation in the dependent variable explained by the regression model constructed from the individual variable. The

values indicate the independent contribution of each variable to explain the global variance of log(Ka).
b Order of variables entered into the model at each step.
c The t statistic indicates the relative importance of each variable in the model.

Fig. 4. Linear regression analysis of divergence time and RDS
(relative divergence score). A LS of A. fumigatus-A. nidulans genes.
B LS of S. cerevisiae-S. mikatae genes.
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Discussion

The phylogenetic distribution of a gene has been
suggested to be of biological importance (Koonin
et al. 2004). Genes with the same phylogenetic dis-
tribution may have linked functions (Aravind et al.
2000; Marcotte et al. 1999; Pellegrini et al. 1999). If
we use lineage specificity (LS) to measure the degree
of phylogenetic distribution, genes with higher levels
of LS are found only in a smaller group of species
that diverge from a certain point in a species tree.
Orphan genes, one extreme of LS, are those identified
from only one species. How these lineage-specific
genes or orphan genes arose, however, is still an open
question.

Three possibilities are generally proposed (Dom-
azet-Loso and Tautz 2003). One is that genes in a
lineage originate from a lineage ancestral gene
formed by the recombination of exons from other
genes or from random ORFs. These genes might
show similarity to the original exons and so not
necessarily be considered orphans or lineage specific.
In the case of formation from random ORFs it is
unlikely that such a protein would be functional. A
second option is gene loss (Aravind et al. 2000;
Krylov et al. 2003). However it is relatively unlikely
that a gene would be lost in all but one lineage
(Domazet-Loso and Tautz 2003) and this may not
explain most orphan or lineage-specific genes. The
third option, which is examined here, is that some
genes evolve at a rapid rate and so can no longer be
recognized as orthologues of the genes they diverged
from after a certain time span.

If accelerated rates of evolution lead to the emer-
gence of orphan or lineage specific genes, then it
follows that genes with a high degree of LS should
show higher rates of evolution than genes with lower
degrees of LS. Support for this hypothesis has been
given by the studies of Domazet-Loso and Tautz
(2003) and Daubin and Ochman (2004), in Drosophila
and bacteria, respectively. In the present study, this
hypothesis has been further tested with respect to the
Ascomycotan fungi. The evolutionary rate of genes in
Ascomycotan fungi that have different degrees of LS
were compared and revealed a significant, strong
correlation between LS and the evolutionary rates of
the genes. The trend that genes with narrow phylo-
genetic distributions (high LS) tend to have elevated
evolutionary rates compared with more ubiquitous
genes (low LS) was observed. This is consistent with
the hypothesis that acceleration of the evolutionary
rate is largely responsible for the emergence of lineage
specific genes. If LS arose through widespread gene
loss or from creation of new genes from recombina-
tion of exons or ORFs, there is no reason to expect
accelerated evolutionary rates or a trend in evolu-
tionary rate with respect to the degree of LS.

The rate of gene evolution is one of the most
important parameters in molecular evolution. Cor-
relations between the rate of gene evolution and
many properties of genes have been explored by a
number of studies. As noted in the Introduction, the
evolutionary rate has been associated with expression
level (Hastings 1996; Pal et al. 2001), gene dispens-
ability (Hirsh and Fraser 2001; Krylov et al. 2003),
essentiality (Wilson et al. 1977) or morbidity (Kon-
drashov et al. 2004), gene duplication, gene loss
(Krylov et al. 2003), and protein-protein interactions
(Fraser et al. 2003; Wagner 2001). Not all these
studies have been in agreement (e.g., Fraser et al.
2003; Jordan et al. 2003). These factors may influence
the apparent correlation of LS with evolutionary rate.

Therefore, all pairwise correlations of these fac-
tors, LS, Ka and Ks were examined to investigate
the influence of these factors on the relationship
between LS and Ka. The strongest correlation ob-
served was that of LS with log(Ka). Correlations of
log(Ka) ith LS and the other factors were then
examined after controlling for log(Ks) since log(Ka)
is also highly correlated with log(Ks) sometimes.
Again, the correlation of LS with log(Ka) was the
strongest and similar to that without controlling for
log(Ks). With few exceptions, both LS and log(Ka)
showed low correlations with all other factors. As
log(Ka) showed the strongest correlation with LS,
whether or not Ks was controlled for, it seems clear
that the evolutionary rate has a considerable,
though not unique, influence on LS. Further
graphical examination of this was undertaken with
a series of boxplot analyses (supplementary data),
which showed that for all partitions of the data the
relationship between Ka and LS is largely retained.
A stepwise regression analysis of the factors likely
to influence Ka was also conducted. In the final
regression model, which explained close to half the
variation in log(Ka), only the parameters LS and
log expression level were kept, with LS making the
larger individual contribution. The other parame-
ters investigated did not make significant contri-
butions to the regression model. This again
indicated the role of evolutionary rate on LS.

Another approach used the relative divergence
score (RDS), which measures the divergence of a gene
from its orthologues in other genomes as a ratio of the
TBLASTN score with its orthologues to the maximal
(or self-self) score. This provides another view of the
degree of divergence within a lineage and, when
matched to divergence times, allows an examination
of the evolutionary rate as the degree of LS increases.
Within each LS group a reasonably constant rate of
evolution was seen since the appearance of the LS
group. Groups with low LS show lower RDS values
and evolutionary rates than groups with higher LS,
consistent with the evolutionary rate being a major
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determinant of LS. Allowing for errors in the deter-
mination of divergence times, this trend will still hold.

Genes with a certain degree of LS may have arisen
from duplication followed by acquisition of a lineage
specific function (Domazet-Loso and Tautz 2003) or
simply have diverged from a common ancestor to the
extent that they cannot be recognized as orthologues
across lineages. Our findings support the idea that
genes destined to have high levels of LS will have
higher evolutionary rates. During the process of re-
view of our manuscript, Alba and Castresana (2005)
presented a study of evolutionary rate and the age of
mammalian genes. Their findings are generally con-
sistent with those reported here. However, they
interpreted their findings in terms of differing func-
tional constraints on genes of different ages, rather
than the evolutionary rate as proposed here and as
argued more recently, on theoretical grounds, by
Elhaik et al. (2006).

Finally, note that Ka is a measurement of the
average nonsynonymous substitution rate along the
whole length of a gene. Although highly lineage-
specific genes had higher average Ka, the extent to
which region-specific or site-specific contributions to
Ka affect this was not examined. Further research
could be directed to evaluate such region- or site-
specific effects on the rate of protein divergence,
especially, for instance, for genes that have high LS
but low evolutionary rates, or vice versa.

In summary, in ascomycotan fungi, our findings
show that the degree of LS of genes correlates with
the evolutionary rate and indicate that an elevated
evolutionary rate may be responsible for the emer-
gence of lineage-specific genes. This finding may be
generally applicable to the molecular evolution of
protein-coding genes.
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