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1. ABSTRACT 2. INTRODUCTION

Positive selection is usually considered in the Multiple, complete genome sequences from
context of a higher rate of substitutions in non- taxonomically diverse species create unprecedented
synonymous as compared to synonymous sites in opportunities for new phylogenetic approaches (1).
complete coding sequences of genes or individual Studying the evolution of protein coding regions of genes
positions. We show that genes conserved in eukaryota, has increased our understanding of the selective pressures
coelomata, and bilateria, that is, proteins that arose that have shaped organisms fitness. As a consequence, a
earlier in evolution as compared to mammalia specific large amount of sequence data for these regions and many
genes evolve slowly and are subjected to negative comparative studies of nucleotide sequence for these
selection. This finding supports the notion that regions have been published. Nucleotide substitutions in
evolutionary rates progressively diminish with the age protein coding regions are divided into two classes, ones
of a gene. The data suggests that in both intron- that change amino acid (non-synonymous) and those that
containing and intronless genes synonymous sites may do not (synonymous). For protein coding sequences, the
be subject to some degree of selection that is indicative synonymous rate (K) is often regarded as a measure of the
of a relative acceleration of amino-acid substitution, underlying mutation rate (2), though it may be influenced
which could be due to a relaxation of functional by other factors (3). By contrast, the non-synonymous rate
constraints and/or directional selection. (K,) or the ratio K,/K, (which corrects for variation in K;
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among proteins) is often regarded either as a measure of the
amount of purifying selection on the protein or as a
measure of the amount of positive selection. For most
genes, non-synonymous rates are lower than synonymous
rates and are much more variable from gene to gene; this is
thought to reflect differences in the extent of selective
constraint and purifying selection among proteins (4, 5). By
contrasting silent (synonymous) substitutions among amino
acid altering (non-synonymous) substitutions, it is possible
to detect the different selective forces acting on a protein.
Genes with relatively low K, /K| ratios have been subject to
negative (or purifying) selection, in contrast, genes with
high ratios have been subject to positive (or adaptive)
selection. Recently, Agarwal performed an analysis on
human intronless genes from GSEGE database and
reported that mammalia specific intronless genes evolve
faster (6, 7). However, to perform an analysis on functional
characteristics and annotations of genes it is essential to
remove non-functional pseudogenes and get a “clean” list
of protein coding genes. Pseudogenes are complete or
partial copies of genes unable to code for functional
polypeptides (8, 9). According to the theory of neutral
evolution (4), pseudogenes are unconstrained by selection.
Therefore, over time they randomly accumulate mutations
(insertions, deletions, and substitutions) that often cause
disruptions of the original reading frame. The identification
of pseudogenes has also become a necessary component of
the primary genome annotation in Metazoans, mainly
because of their significant (up to 20%) mis-incorporation
into gene collections (10, 11, 12). K/K; ratios of
pseudogenes and those of the vast majority of genes are
generally different, as mutations in genes causing amino
acid replacements with functional consequences are
selected against, in contrast to mutations occurring in
pseudogenes. Moreover, it is also essential to study the
evolutionary rates in mammalia specific intron-containing
genes. In this report, we propose a methodology to remove
putative pseudogenes (based on a procedure by Harrison et
al) and use full-length cDNA sequences to confirm the
gene’s structure, expression and function before performing
analysis on evolution (13). This approach makes the list of
identified genes more reliable and accurate. It also
circumvents the greatest challenges in using EST databases
to understand gene structure and expression.

This study using evolutionary rates in human and
mouse orthologous genes examines whether the mouse
genes classified in different eukaryotic specific lineages
evolve at similar rates. The results show that there are
significant differences in evolutionary rate among all
eukaryotic lineages with mammalia specific mouse genes
being the most rapidly evolving. The data also suggests that
both mammalia specific intron-containing and intronless
genes in mouse evolve at similar rates.

3. MATERIALS AND METHODS

3.1. Dataset Creation

GenBank format files for Mus musculus (mouse)
genome were downloaded from NCBI (27lh December,
2005), (National Centre for Biotechnology Information) to
create a dataset on ‘‘intronless’’ and “intron-containing”
genes based on the CDS FEATURE table annotation (14).
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We identified 5076 intronless and 21849 intron-containing
genes that coded for proteins (Table 1).

3.2. Identification of expressed genes

The mouse full-length cDNA sequences were
downloaded from the MGC (Mammalian Gene Collection)
at ftp://ftpl.nci.nih.gov/pub/MGC/. The MGC contains
full-length open reading frame for mammalian genomes
(including mouse) (15). We compared the mouse intronless
and intron-containing genes against the MGC using
BLASTN at a low E-value cutoff of 10°°. We identified
2150 intronless genes and 16275 intron-containing genes
that had a hit in MGC. In the present study, analysis has
been restricted to only those genes that have homologous
protein coding sequence in human. Genes that had more
than one homologous sequence in human genome were
eliminated.

3.3. Human Orthologs and substitution rates

HomoloGene is a system for automated detection
of homologs among the annotated genes of several
completely sequenced ecukaryotic genomes including
mouse (16). HomoloGene data was downloaded from
NCBI (Build 41). Match against the HomoloGene
identified 666 intronless and 11233 intron-containing
mouse genes that had human homologs with K, and K|
value less than 1 (16). We discarded pairs with high
substitution rates K, > 1 or K, > 1. This gene list represents
the curated/validated dataset of genes and was subject to
further evolutionary analyses. The K,, K, and K,/K; values
were calculated and verified by statistical procedures.

3.4. Effective number of codons (ENC)

A more direct measure of synonymous codon
bias was proposed by Wright (1990). ENC measures the
effective number of codons by a method used in population
genetics to determine the effective number of alleles
segregating in a population. ENC measures bias in an
intuitively clear manner. The larger the variety of
synonymous codons used by a gene, the larger is ENC. The
minimum expected value is 20 and the maximum is 61
(though actual values sometimes fluctuate outside these
limits). Random synonymous codon usage should lead to
ENC values close to 60. A gene with ENC value equal to
20 uses only one type of codon for each synonymous codon
set and thus it shows the strongest codon usage bias
whereas a gene with ENC equal to 61 indicates no
synonymous codon usage preference. Effective number of
codons (ENC) values was obtained for all sequences. In
addition GC3g, the frequency of use of G+C in
synonymously variable third position of codon was
calculated using codonW
(http://codonw.sourceforge.net//culong.html).

3.5. Protein family classification

Subsequently, functions were assigned using
PFAM database to the top20 protein families represented in
mouse intronless and intron-containing genes (17). Mean
K, values and mean ENC values were calculated for these
families from HomoloGene and CodonW.
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Table 1. Expressed Intronless and Intron-containing genes
in Mouse

Mouse Intronless Intron-containing
# of genes 5076 21849

# having a hit in MGC at le™° 2150 16275

% expressed 42.36% 74.49%

4. RESULTS AND DISCUSSION

The protein sequence evolutionary rate, which
can be effectively measured as the number of
nonsynonymous substitutions per nonsynonymous site (K,),
is indicative of the intensity of the selective forces acting on
a protein. A large number of genes is shared by all living
organisms, whereas many others are unique to some
specific lineages, indicating their different times of origin.
In this article, we classify the mouse genes into two
subgroups the intron-containing and intronless genes. We
further subdivide each subgroup into four lineages -
mammalia, eukaryota, coelomata, and bilateria and
estimate evolutionary rates in mouse genes with human
orthologs for each of these subdivisions. The results of our
analyses are presented.

4.1. Datasets for intron-containing and intronless genes

The final dataset for the subsequent analysis
contains 666 intronless genes with human orthologs in total
with 495, 97, 37, and 37 genes in mammalia, eukaryota,
coelomata, and bilateria, respectively and 11233 intron-
containing genes with human orthologs in total with 6251,
2590, 1127, and 1265 genes in mammalia, eukaryota,
coelomata, and bilateria. These datasets were used to
calculate the evolutionary rates.

4.2. Evolutionary rates of intron-containing genes and
intronless genes

In order to characterize the evolution of a DNA
sequence, one needs to know how fast it evolves, i.e.,
calculation of rate of nucleotide substitution. Knowing the
rate of nucleotide substitutions enables us to date
evolutionary events such as divergence between species or
higher taxa. It is observed that the K, value distribution of
orthologous pairs classified into four phylogenetically
distinct groups - mammalia, eukaryota, coelomata, and
bilateria are significantly different (Figure 1A and Figure
1B). It is interesting to note that compared to mouse intron-
containing and intronless genes conserved in eukaryota
(K, =0.049, 0.036), coelomata (K,=0.060, 0.051), and
bilateria (K, =0.050, 0.060), mammalia specific genes
(K, =10.105, 0.088) exhibit almost two times higher non-
synonymous rates.

The synonymous rate is also observed to be
higher in case of mammalia specific mouse intron-
containing and intronless genes (K; = 0.616, 0.613)
compared to (K; = 0.602, 0.572) for eukaryotes; (K, =
0.597, 0.566) for coelomata;, and (K, = 0.588, 0.615)
however, to a lesser degree. The average evolutionary rates
of intron-containing genes and intronless are shown in
Table 2A and Table 2B, respectively.

Compared  with  intron-containing  genes,
intronless genes on average have lower non-synonymous
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rates and exhibit a smaller degree of variation in all the four
sub-divisions. The synonymous rates are also lower in
intronless genes but to a lesser degree. However, these
differences are not significant. As expected, it is observed
that the rate of non-synonymous substitution is generally
lower than the rate of synonymous substitution in each
category Table 2A and Table 2B both for intron-containing
and intronless genes. The distribution profile for K, and K;
for intron-containing genes and intronless genes shown in
Figure 1A, 1B, respectively and Figure 2A, 2B
respectively, shows variation in different groups, with skew
towards higher value in case of mammalia specific human-
mouse orthologs for intron-containing and intronless genes,
indicating towards their recent origin. This observation is
congruent with the previous report that vertebrate-specific
genes evolve faster (18).

4.3. Why do mammalian specific genes evolve faster in
general than other genes?

To answer this question, we examined several
factors that might affect evolutionary rates. First, the higher
non-synonymous substitution rates in mammalia specific
genes could be due to higher mutation rates. However, this
explanation is unlikely because if higher mutation rates are
the main reason, we expect to see much higher synonymous
substitution rates in mammalia specific genes than in genes
conserved across other subgroups. The average
synonymous rate in mammalia specific genes does not
exhibit the same magnitude of increase as the average non-
synonymous substitution rate (10% increase vs. 100%
increase), suggesting that mutation rate differences are not
the main cause for the non-synonymous rate difference. The
differences among the rates of sequence divergence for
different sub-groups are more pronounced for K, than for
K;, which suggest that the acceleration of a gene’s
divergence rate may be mainly caused by more relaxed
purifying selection against amino acid replacement.

Second, non-mammalia specific genes might be
under stronger selective constraints than mammalia-specific
genes. To compare selective constraints on these two types
of genes, we calculated the K/K; of these genes. As K/K;
has commonly been used as an indicator of selective
constraint. K,/K; is expected to increase as the level of
negative selection decreases and as the level of positive
selection increases. The ratio K/K, (i.e., the rate of
nonsynonymous substitutions corrected for neutral rates)
showed a trend similar to K, namely, the values of K /K
for genes of mammalian sub group are higher than those for
genes of other sub groups. The average K,/K; for non-
mammalia specific genes is <0.097 for both intron-
containing and intronless genes, whereas it increases more
than 1.5 fold for mammalia-specific genes (mean K,/K; =
0.149 for intron-containing and K,/K; =0.140 for intronless
genes).

The Mann-Whitney U test shows that the average
K /K is statistically higher for the mammalia specific genes
(Table 3) indicating that, on average, mammalia genes are
under weaker selective constraints, thus supporting the
hypothesis that both mammalia specific intronless and
intron-containing genes are evolving faster as compared to
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Figure 1. A: Distribution of K, in Intron-containing Mouse genes, B: Distribution of K, in Intronless Mouse genes.

other lineage specific genes. Selective constraint
differences could arise from differences in gene function.
Therefore, to get further insight into the connection
between protein evolutionary rate and function of
mammalia specific intronless and intron-containing genes,
the K, values of proteins associated with different PFAM
annotation were compared.
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4.4. Functions of representative genes in mammalian
sub group

The rates at which substitutions accumulate in a
protein sequence are known to vary widely in different
protein families. Therefore, it is of interest to explore the
function of the mammalia specific intron-containing and
intronless genes along with their functions. Hence, we
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Table 2. Mean(SD) of K,, K, K,/Ks and ENC in mouse

[ #seq [ % | K, mean (SD) | K mean (SD) | K./Ks mean (SD) | ENC mean (SD)
A. Intron-containing genes
Mammalia 6251 55.65 0.105(0.083) 0.616(0.162) 0.149(0.118) 52.41(1.79)
Eukaryota 2590 23.06 0.049(0.047) 0.602(0.157) 0.077(0.069) 52.71(1.66)
Coelomata 1127 10.03 0.060(0.052) 0.597(0.159) 0.097(0.076) 52.52(1.63)
Bilateria 1265 11.26 0.050(0.044) 0.588(0.156) 0.083(0.067) 52.30(1.57)
Total 11233
B. Intronless genes
Mammalia 495 74.32 0.088(0.073) 0.613(0.170) 0.140(0.112) 47.15(7.17)
Eukaryota 97 14.56 0.036(0.041) 0.572(0.229) 0.056(0.063) 42.26(10.89)
Coelomata 37 5.56 0.051(0.047) 0.566(0.168) 0.088(0.076) 50.16(6.06)
Bilateria 37 5.56 0.060(0.044) 0.615(0.146) 0.096(0.070) 48.39(5.88)
Total 666
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Figure 2. A: Distribution of K; Intron-containing Mouse genes, B: Distribution of K in Intronless Mouse genes.
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Table 3. Mann-Whitney U test of mammalian genes against different subset. NS = Non-significant, HS=Highly significant, S=

Significant , Vs = Versus

Mann-Whitney U test Intronless Intron-containing
Mammalia K, Vs K, Vs K,/ K Vs K, Vs K, Vs K./ K, Vs
Eukaryota HS NS HS HS HS HS
Coclomata S NS S HS HS HS
Bilateria NS NS MS HS HS HS
Table 4. Functional class evolutionary rates in mammals
|A. Specific intron-containing genes
S. No |PFAM family PFAM accession INumber of sequences Mean K,(SD) |Avg ENC
1 Immunoglobulin domain PF00047.10 132 0.242(0.155) 51.69
2 [Fibronectin type Il domain PF00041.7 52 0.227(0.153) 52.21
3 [EGF-like domain [PF00008.10 40 0.148(0.086) 52.74
4 ILeucine Rich Repeat [PF00560.15 66 0.119(0.099) 51.97
5 IM protein repeat [PF02370.6 35 0.119(0.079) 51.61
6 [TPR Domain PF00515.11 39 0.115(0.087) 51.96
7 bZIP transcription factor PF00170.9 33 0.099(0.074) 53.00
3 IPH domain PF00169.12 35 0.095(0.066) 51.33
g Zinc finger, C2H2 type [PF00096.11 184 0.091(0.075) 52.86
10 |Ankyrin repeat [PF00023.12 74 0.086(0.055) 52.30
11 7 transmembrane receptor (rhodopsin family) PF00001.7 50 0.081(0.043) 52.29
12 lon transport protein PF00520.13 34 0.081(0.067) 52.48
13 |[WD domain, G-beta repeat [PF00400.14 48 0.074(0.083) 52.35
14 |[Homeobox domain PF00046.13 44 0.074(0.094) 53.71
15 |PDZ domain (Also known as DHR or GLGF) PF00595.8 36 0.073(0.064) 52.59
16  |EF hand PF00036.14 52 0.072(0.070) 52.09
17 |[Zinc finger, C3HC4 type (RING finger) [PF00097.9 39 0.062(0.052) 52.27
18 |Protein kinase domain PF00069.11 151 0.061(0.053) 52.64
19 RNA recognition motif. (a.k.a. RRM, RBD, or RNP domain) [PF00076.7 50 0.051(0.055) 52.19
20 |Ras family [PF00071.9 46 0.026(0.026) 52.51
IB. Specific intronless genes
1 Pancreatic ribonuclease PF00074.8 5 0.209(0.170) 52.51
2 Zinc knuckle PF00098.8 5 0.208(0.149) 50.76
3 Slow voltage-gated potassium channel PF02060.5 5 0.189(0.162) 43.18
4 Protein of unknown function (DUF634) PF04826.3 7 0.145(0.092) 52.42
5 Nucleosome assembly protein (NAP) PF00956.7 4 0.143(0.099) 49.30
6 EGF-like domain PF00008.10 4 0.142(0.114) 52.26
7 Cadherin domain PF00028.7 13 0.128(0.059) 52.23
8 PMP-22/EMP/MP20/Claudin family PF00822.8 8 0.117(0.104) 44.64
9 Zinc finger, C2H2 type PF00096.11 23 0.094(0.078) 48.63
10 BTB/POZ domain PF00651.15 5 0.085(0.066) 54.05
11 7 transmembrane receptor (rhodopsin family) PF00001.7 35 0.081(0.051) 47.53
12 P21-Rho-binding domain PF00786.12 4 0.079(0.056) 50.14
13 Fork head domain PF00250.7 4 0.078(0.073) 39.90
14 Zinc finger, C3HC4 type (RING finger) PF00097.9 6 0.072(0.076) 46.49
15 Connexin PF00029.7 9 0.062(0.052) 46.87
16 Leucine Rich Repeat PF00560.15 22 0.052(0.036) 48.79
17 Helix-loop-helix DNA-binding domain PF00010.12 15 0.044(0.033) 41.75
18 Ras family PF00071.9 6 0.029(0.024) 42.99
19 HMG (high mobility group) box PF00505.7 6 0.012(0.012) 35.26
20 Core histone H2A/H2B/H3/H4 PF00125.7 12 0.007(0.012) 29.72

tabulated the K, values of proteins associated with the top-
20 protein families derived from PFAM annotation (Table
4A, Table 4B). It is noted that the rate of non-synonymous
substitution (K,) is extremely variable among top-20
protein families in both intron-containing and intronless
genes (ranging from mean value of 0.026-0.242 for
mammalia specific intron-containing genes and ranging
from mean value of 0.007 — 0.209 for mammalia specific
intronless genes). For example, the Immunoglobulin
domain protein family with 132 sequences was found to
have the highest mean K, value, followed by the
Fibronectin type III domain, EGF-like domain, Leucine
Rich Repeat and M protein repeat among the intron-
containing genes. On the other hand Pancreatic
ribonuclease, Zinc knuckle, Slow voltage-gated potassium
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channel, Protein of unknown function (DUF634) and
Nucleosome assembly protein (NAP) have highest mean K,
values for intronless genes. These results reinforce the
previous findings that proteins which have a clear role in
direct binding of pathogen antigens as part of the specific
acquired immune response e.g. major histocompatibility
complex (MHC) Class I (19), MHC Class II (20), and
immunoglobulin heavy chain (21), Fibronectin type III
domain (The extracellular region of CD45 comprises a
variable domain, a linker region, and three type III
fibronectin domains) are under strong selective pressures
created by the need to respond to rapidly evolving
pathogens with short generation times. On the other hand,
housekeeping proteins like histones, HMG have been
reported to evolve slower than tissue-specific ones (22).
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Figure 3. A: Distribution of ENC (Effective number of codons) or codon usage against GC3s (GC of silent 3™ codon position)
content in Intron-containing genes. ENC when only biased by G+C content and hence under the assumption of no selection is
given by solid curve line B: Similar distribution as A for Intronless genes.

The data indicates (as previously reported) that certain
protein families are evolving much more rapidly as
compared to others (Table 4A, Table 4B).

4.5. ENC Usage

The effective number of codons index (ENC), is
a very useful preliminary tool for codon usage analysis
(23). It gives the number of equally used codons that would
generate the same codon usage bias as observed, lower
values indicating stronger bias i.e. the smaller the ENC, the
stronger the codon usage bias. The larger the variety of
synonymous codons used by a gene, the larger is ENC. It is
known that highly biased genes evolve far more slowly, on
average presumably because selection for codon use limits
the number of acceptable synonymous nucleotide
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substitutions in highly biased genes (24). To examine
whether differences in selective constraints have any effect
on codon usage, we calculated the ENC values for all genes
studied. The average ENCs are 47.15, 42.26, 50.16 and
48.39 for Mammalia, Eukaryota, Coelomata and Bilateria
intronless genes and 52.41, 52.71, 52.52,and 52.30 for
Mammalia, Eukaryota, Coeclomata and Bilateria intron-
containing genes, respectively (Table 2A and Table 2B)
(Figure 3A and Figure 3B). In all the categories, the ENC
values are observed to be dispersed over a wide range.

If a particular gene is subject to G+C
compositional constraints, it will lie on or just below the
GC3s curve. It is interesting to note that although there
were a small number of genes lying on the continuous plot
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curve, a majority of the points with low ENC values are
lying well below the expected curve in both intron-
containing and intronless genes, suggesting that apart from
the compositional constraints other factors might have
influences in dictating codon usage variation among genes
(25, 26). Because almost all the ENC values of intron-
containing genes (S.D ranging from 1.57 — 1.79) are much
higher (ENC > 40), codon usage bias in these genes is
slight. However, there is a marked variation in codon usage
pattern among some intronless genes (S.D. ranging from
5.88 — 10.89). Intronless genes in general are smaller than
intron-containing genes (27). Comeron, et al reported that
long coding regions have both a lower codon bias and
higher synonymous substitution rates, suggesting that they
are affected less efficiently by selection (28). Thus, the bias
in codon usage may be due to the smaller coding region in
intronless genes.
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Conversely, it has also been suggested that even
some synonymous mutations are subject to constraint, often
because they affect splicing and/or mRNA stability, this
may be the reason for some intron-containing genes having
lower ENC values (29). However, it is difficult to ascertain
from this plot alone whether the variation among genes
reflects different extents of selection for particular codons.

4.6. Saturation of Synonymous sites and Positive
selection

We plotted K, versus K, and fitted linear and
logarithmic regression models to the data. Saturation of
synonymous sites might lead to a better fit to the
logarithmic model compared with the linear one. When the
linear model was applied, the correlation coefficient was r
= 0.41 for intron-containing and r = 0.35 for intronless
genes (Figure 4A, Figure 4B). The log model gave a
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correlation coefficient of r=0.226 for intron-containing and
r=0.027 for intronless genes. Thus, in both the cases the
logarithmic model did not improve the linear regression
model, which means that the linear model is a good
explanation of the correlation of synonymous distances
with respect to nonsynonymous ones. These results hint
that there is no saturation of synonymous sites.

A number of cases of positive selection at the
molecular level have been supported by comparison of the
rates of synonymous (K,) and non-synonymous (K,)
substitution. K, > K, is considered clear evidence of
positive selection. With this in mind, comparisons of K
and K, were carried out for the orthologous protein sets and
the data did not reveal any cases with K, > K. This is
probably due to the fact that, if directional selection led to
the acceleration of the amino-acid substitution rate in these
proteins, it acted in an episodic manner (30, 31) and on a
minority of residues against a constant background of
purifying selection (32, 33). These results thus suggest that
adaptive changes are difficult to find using the strict K, >
K, criterion and that even documented cases of positive
selection can be missed using this technique alone (30, 34,
35). This correlation could reflect a mechanistic bias in
mutation (36, 3) or synonymous sites may be subject to
some degree of selection (37, 38, 39) (or both), that is
indicative of a relative acceleration of amino-acid
substitution, which could be due to a relaxation of
functional constraints and/or directional selection.
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