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Abstract

Background: The patterns of mutation vary both within and across genomes. It has been shown
for a few mammals that mutation rates vary within the genome, while for unknown reasons, the
sensu stricto yeasts have uniform rates instead. The generality of these observations has been
unknown. Here we examine silent site substitutions in a more expansive set (20 mammals, 27 fungi,
4 insects) to determine why some genomes demonstrate this mosaic distribution and why others

are uniform.

Results: We applied several intragene and intergene correlation tests to measure regional
substitution patterns. Assuming that silent sites are a reasonable approximation to neutrally
mutating sequence, our results show that all multicellular eukaryotes exhibit mutational
heterogeneity. In striking contrast, all fungi are mutationally uniform — with the exception of three
Candida species: C. albicans, C. dubliniensis, and C. tropicalis. Ve speculate that aspects of replication
timing may be responsible for distinguishing these species. Our analysis also reveals classes of genes
whose silent sites behave anomalously with respect to the mutational background in many species,
indicating prevalent selective pressures. Genes associated with nucleotide binding or gene
regulation have consistently low silent substitution rates in every mammalian species, as well as
multiple fungi. On the other hand, receptor genes repeatedly exhibit high silent substitution rates,

suggesting they have been influenced by diversifying selection.

Conclusion: Our findings provide a framework for understanding the regional mutational
properties of eukaryotes, revealing a sharp difference between fungi and multicellular species. They
also elucidate common selective pressures acting on eukaryotic silent sites, with frequent evidence

for both purifying and diversifying selection.

Background chimp, mouse, rat, dog, and cow [2-8]. In contrast, uni-
Though neutral mutation rates were once considered tobe ~ form mutation rates have been observed only in the phy-
uniform, it has been discovered that they can vary not  logeny of the sensu stricto yeasts S. cerevisiae, S. paradoxus,
only from one species to the next but also within a single  S. bayanus, and S. mikatae [9]. The reason for this differing

genome [1]. Within-genome heterogeneity has been dem-  mutational behavior is not understood, and little is
onstrated in a few mammalian species, namely human, = known about regional biases in other species. Characteri-
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zation of regional biases in a broader range of species
would improve our understanding of genomic muta-
tional properties. It would also aid in the calibration of
phylogenetic footprinting methods, which are important
for identifying sequences under purifying selection [10].

Most previous studies of mutation rate variation have
focused on mammals. Regional effects in the rodent-
human clade have been detected, for example, by analyz-
ing the correlations of distinct pseudo-neutral quantities
such as SNP density, indel density, substitution rate in
ancestral repeats, and substitution rates in silent sites [11].
Regional effects have been further characterized via the
length scales at which nearby sequences are correlated, as
well as via correlations within single genes [2]. Proposed
explanations for heterogeneous mutation rates have
included variations in base composition, recombination,
gene density, and pattern of gene expression, though the
causal relationships remain uncertain [1].

An important step toward understanding the causes of
mutational heterogeneity would be to characterize
regional mutation rates in a more diverse sampling of spe-
cies. The diversity of available genomes could aid in dis-
tinguishing different types of effects. For example, the
length scale of mammalian regional variation (~10
Mb)|2] is larger than a typical yeast chromosome (1 Mb).
Are long chromosomes a requirement of the mechanism
underlying regional mutation heterogeneity? A single
example of regional heterogeneity in a yeast species would
suggest this is not the case.

In this work, we use synonymous sites to analyze regional
mutational biases in 20 mammalian, 27 fungal, and 4
insect genomes. Such sites can be altered without affecting
the encoded amino acid sequence and are thus typically
less likely to be under selective pressure. This property has
made them a common dataset for measuring neutral
mutation rates[12]. Although it has been shown that
some synonymous sites have functional roles (reviewed in
[13]), only a minor fraction are likely to be under selec-
tion pressure (also discussed in [13]). For example,
among the sensu stricto yeasts, only 8% of genes (mostly
under codon usage selection) exhibit silent substitution
rates that deviate from the uniform neutral mutational
background[9], and analysis of these genes shows that
they perturb the overall genome-wide silent substitution
rate by only 3%.

Using silent sites as a proxy for neutral sequence, we
answer the following questions: Do all mammals exhibit
heterogeneity in their mutation rates? And, do all fungi
exhibit uniformity? Studying these phylogenies together
provides a valuable contrast. For instance, we unexpect-
edly find that while most fungi have uniform mutation
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rates, C. albicans and its closest relatives do exhibit
regional heterogeneity. In contrast, we find that all mam-
mals and several insects have heterogeneous mutation
rates. Because our approach involves distinguishing the
neutral pressures that influence silent sites, our study also
naturally reveals genes whose silent sites behave unusu-
ally with respect to the mutational background in each
species. Interestingly, we find two strong themes govern-
ing such genes. First, we find evidence for purifying selec-
tion on synonymous sites in genes associated with RNA
binding or DNA binding, in both mammals and fungi.
Second, we find evidence that diversifying selection has
regularly influenced the silent sites of receptor genes, par-
ticularly in the mammals.

Results

There are many types of sequences in the genome which
may be used to determine the neutral mutation rate. In
this work we focus on synonymous sites, in particular
fourfold degenerate sites, from coding regions in 51 spe-
cies. To isolate lineage-specific effects, pairs of species that
are closely related were chosen based on recently pub-
lished yeast [14] and mammalian phylogenies [15,16].
Each gene from one species was mapped to an ortholog in
the second species and the two corresponding sequences
were aligned. Synonymous substitution rates were calcu-
lated for each orthologous gene pair by counting the frac-
tion of observed substitutions at fourfold sites and then
normalizing to a z-score value (referred to as r) under the
assumption that all synonymous sites mutate independ-
ently at the genome-average rate (see Methods). Under
this assumption, a genome with a uniform mutation rate
will exhibit unit standard deviation in its r distribution,
while a heterogeneously mutating genome will exhibit a
larger standard deviation [2].

Most fungi have uniform mutation rates

The distribution of normalized substitution rates (r) pro-
vides a test of whether substitution rates are uniform
throughout a genome. In genomes with uniform rates
such as S. cerevisiae, the r distribution is very close to the
theoretical prediction of a Normal distribution with unit
standard deviation (¢ = 1) [9]. However, in mammalian
genomes, the width of the r distribution is considerably
larger, due to the tendency of sites in the same gene to be
subject to similar regional mutation rates (Figure 1a).

In the current fungal dataset (27 species, 26 closely related
species pairs; a phylogeny is available in Additional file
1), we found that the r distributions for 22 of the 27 spe-
cies (23 species pairs) are a good fit to the Normal distri-
bution (Average ¢ = 1.32, range = [1.02 - 1.40], Figure 2).
This indicates that there are generally not regions of high
or low neutral mutation rate within these genomes (Fig-
ure 1b). These 22 fungal species (All species other than C.

Page 2 of 13

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:186

http://www.biomedcentral.com/1471-2148/8/186

Distributions of Normalized Substitution Rates

0.5 0.5
Mammals

0.4

Frequency
=)
(U8

=
b

0.1

Yeast with
Uniform Rates

0.5

Yeasts with
- Non-uniform Rates

normalized substitution rate (r)

Figure |

Distributions of normalized 4-fold substitution rates. These graphs indicate that most mammals have heterogeneous
mutation rates and most fungi have uniform mutation rates. The normal Gaussian distribution (thick green line) is what would
be expected if all 4-fold sites in each gene have an equal and independent probability of being substituted. (a) All mammalian
distributions have a bias toward high and low substitution rates, consistent with regional mutation biases in mammalian
genomes (b) Most fungal distributions fit more closely to the Gaussian, except for a tail of genes with low substitution rates
stemming from codon usage selection. (c) The distributions of C. albicans — C. dubliniensis (dotted purple line), C. tropicalis — C.
dubliniensis (solid red line), and N. crassa — C. globosum (dashed blue line). These species pairs each have a wider distribution,

similar to the mammalian distributions.

albicans, C. dubliniensis, C. tropicalis, N. crassa, and C. glo-
bosum) do have a slight excess of genes at negative r. That
group is largely comprised of ribosomal and metabolism
genes, consistent with genes known to be under selection
for codon usage bias [9]. Of the 432 genes with r < -2 in
the S. cerevisiae-S. bayanus comparison, 201 (46.5%) have
a ribosomal or metabolism GO annotation. Such codon
usage selection is clear across the fungi. For example, in
the distinct lineage D. hansenii-C. guilliermondii, 138 of

253 genes (54.5%) with r < -2 also map to ribosomal or
metabolism GO categories.

The inference that neutral mutation rates do not vary
across these 22 fungal genomes is further supported by a
neighboring gene analysis. For each pair of species, we cal-
culated the Pearson correlation of r values for neighboring
genes (see Methods). These results are shown in Table 1.
We found no apparent correlation for any of the species
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Comparison of the widths of the rate distributions
for fungi and mammals. The yellow line at ¢ = | shows
the expected standard deviation for a Normal distribution.
The mammals have an average ¢ of 2.056, indicating their
bias toward both high and low rates — consistent with
regional mutation rates. There are three fungal pairwise
comparisons (C. dubliniensis/C. albicans, C. tropicalis/C. dub-
liniensis, and N. crassa/C. globosum) which also have wide rate
distributions, with an average ¢ of 1.825 (see Figure Ic). The
species pairs from the remaining 22 fungi have a noticeably
lower value of ¢ (average c = 1.32, range = [1.02 — 1.40]),
consistent with their having uniformly mutating genomes.
Plotted values indicate the average o in each group and hori-
zontal lines mark the range.

pairs chosen from among these 22 genomes. The same
results were obtained irrespective of which species in the
pair was used to specify gene locations.

More generally, we computed an autocorrelation function
<r(x)r(0)>, where r(0) is the normalized substitution rate
of a gene and r(x) is the normalized substitution rate of a
gene that is x base pairs downstream of the first gene [9].
Because the rates have been constructed to be centered
around r = 0, we would expect <r(0)r(x)> ~ 0 if there are
no regional rate biases (see Methods). We detected no
apparent autocorrelation for species pairs from any of
these 22 genomes (Data for the S. cerevisiae-S. paradoxus
species pair, which is typical, is shown in Figure 3a). Thus
these fungal species do not exhibit the regional mutation
structure that has been observed in mammals.

Three Candida yeasts have heterogeneous mutation rates
Species pairs from two fungal clades [(C. albicans, C. dub-
liniensis, C. tropicalis) and (N. crassa, C. globosum)| were
found to have r distributions that do not fit the Normal
curve. These species have wider r distributions (2.07 <6 <
2.20) (Figures 1c and 2).

For the three Candida species, autocorrelation analysis
indicates that substitution rates are significantly corre-
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lated for genes within 50,000 base pairs of each other (Fig-
ure 3b). This implies that C. albicans regional biases
extend over scales encompassing ~20 genes, as the spacing
between genes is 2300 bp [17]. The neighboring gene
Pearson correlations were also found to be highly signifi-
cant (C. dubliniensis/C. albicans Pearson correlation =
0.218, p = 6.4 x 1042; C. tropicalis/C. dubliniensis Pearson
correlation = 0.103, p = 9.8 x 10-10). These regional biases
are not due to a CpG dinucleotide effect. When we
excluded CpG sites from the analysis, neighboring genes
were still observed to have correlated substitution rates
(Pearson-correlation = 0.1096, p < 108). These Candida
species translate CUG as serine instead of the usual leu-
cine, and it might be hypothesized that this alternate
codon usage is relevant to the rate inferences [18]. How-
ever, ignoring such codons does not significantly dimin-
ish the correlation (C. dubliniensis/C. albicans Pearson
correlation = 0.208, p = 10-27).

N. crassa and C. globosum substitution rates are skewed
by strong codon usage bias

As in the Candida species, substitution rates between N.
crassa and C. globosum give an r distribution wider than the
Normal Gaussian. However, there is no significant corre-
lation (Pearson correlation = -0.0085, p = 0.6757)
between neighboring genes, and the autocorrelation plot
is similar to those of the fungi with uniform rates (data
not shown). These results suggest that the wide rate distri-
bution (o = 2.07) is due to pressures on individual genes,
rather than regional effects.

We hypothesized that the large ¢ without apparent
regional correlation could be due to increased selection
on the silent sites of N. crassa and C. globosum genes. Such
selection could cause some genes to have more extreme
conservation and thus broaden the rate distribution. To
test this, we considered the codon usage bias in these spe-
cies, as this is the best understood type of silent site selec-
tion in yeasts.

Our results indicate that codon usage selection is a more
widespread effect in N. crassa than in the sensu stricto
yeasts (Figure 4) (or than in C. albicans, Additional file 2).
Codon adaptation index (CAI) [19] values were calculated
for N. crassa and S. cerevisiae based on their respective
codon biases. N. crassa genes generally have higher CAI
values (median 0.63) than S. cerevisiae genes (median
0.14). In each of the graphs, there is one main cluster of
genes with r scattered around zero and with low CAI val-
ues. There is also another group having negative r and
high CAI, indicating codon usage selection. N. crassa has
more genes in the group apparently subject to codon
usage selection (949 genes above CAI = 0.7) than S. cere-
visiae (121 genes above CAI = 0.4). This suggests that
codon usage selection affects more genes in N. crassa/C.
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Table I: Pearson correlation of substitution rates between neighboring fungal genes, for 26 species pairs among 27 fungi.
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Pair # Species | Species 2 Avg. divergence # orthologs Pearson Correlation p-value
*| S_cerevisiae S_paradoxus 0.2592 4434 0.0234 0.1188
*2 S_cerevisiae S_bayanus 0.4709 3781 0.0305 0.0606

3 S_castellii S_mikatae 0.6585 3247 0.0029 0.8649

4 K_lactis C_glabrata 0.6545 4077 -0.0135 0.3887
5 D_hansenii C_lusitaniae 0.6926 3425 0.0417 0.0144

6 D_hansenii C_guilliermondii 0.6842 3538 0.0221 0.1883
7 D_hansenii L_elongisporus 0.6628 3345 0.0083 0.6275

8 D_hansenii C_parapsilosis 0.6561 3324 0.0257 0.1378

9 D_hansenii C_tropicalis 0.6104 3358 0.0073 0.6685
10 E_gossypii S_pombe 0.7616 1536 0.0837 0.001
Il E_gossypii Y_lipolytica 0.7114 2441 0.0297 0.1414
12 Y_lipolytica M_grisea 0.6751 2464 0.041 0.0418
13 Y_lipolytica A_nidulans 0.7072 2515 0.0162 0.4156
14 Y_lipolytica C_immitis 0.7109 2584 0.0021 09117
15 Y_lipolytica S_pombe 0.7271 1270 0.0404 0.1495
16 S_pombe S_japonicus 0.6551 1461 0.0549 0.0358
*]7 C_dubliniensis C_albicans 0.2893 3796 0.2176 6.30E-42
*]8 C_dubliniensis C_tropicalis 0.5522 3514 0.1029 9.80E-10
19 C_tropicalis C_parapsilosis 0.6059 3390 0.0426 0.013
20 C_tropicalis L_elongisporus 0.6257 3442 -0.0227 0.1818
*21  N_crassa C_globosum 0.5842 2369 -0.0085 0.6757
*22  U._reesii C_immitis 0.5293 917 -0.0513 0.1201
*23  A_nidulans A_terreus 0.6364 1121 0.037 0.2147
24 H_capsulatum C_immitis 0.6839 847 0.0356 0.2999
*25  H_capsulatum U_reesii 0.6655 393 0.0034 0.9459
*26  L_elongisporus C_parapsilosis 0.6363 3152 0.0265 0.1366

The only species pairs with a significant Pearson correlation (<0.001) are those among C. dubliniensis, C. albicans, and C. tropicalis (shown in bold).
This indicates that virtually all fungal genomes have uniform mutation rates. Average divergence is the fraction of all aligned 4-fold sites which differ
between the two species. Species pairs in italics and marked with a * have at least 10% fewer substitutions than would be expected at mutational

saturation.

globosum, which could explain the larger o for these
genomes (See Discussion).

All mammals have heterogeneous mutation rates

All 20 mammalian species were found to have strong
regional mutation rates, as evidenced by the wide mam-
malian rate distributions (1.80 <6 <2.23) (Figures 1a and
2). The Pearson correlation (Figure 6) of neighboring
genes was found to be significant for every pairwise mam-
malian comparison. Autocorrelation analysis indicates
that the length scales of mutational blocks are similar in
the various branches of the mammalian phylogeny as
well. For example, in the cow/human comparison (Figure
5), the autocorrelation graph suggests mutational blocks
along each chromosome as large as 10 Mb, similar to the
length scale that has been observed in mouse and human.

The regional variations are also apparent from correlation
analysis of ancestral repeats, another largely neutral data-
set scattered throughout the genome [20]. We analyzed
16-way vertebrate multispecies alignments from
genome.ucsc.edu to obtain a set of ancestral repeats
aligned orthologously across the species pairs (human,

macaque), (mouse, rat), (elephant, tenrec), and (dog,
cow). For each species pair we observed that an ancestral
repeat's substitution rate is correlated with the neighbor-
ing ancestral repeat along the genome (Table 2). In each
case the significance of the correlation was at the limit of
computational precision (p < 10-276). The rate distribu-
tions for repeats are also wider than the Normal, with
standard deviations ranging from 1.41 (elephant-tenrec)
to 1.96 (human-macaque) (Figures 1a and 1c).

Insects have heterogeneous mutation rates

The fungal species we have studied are at phylogenetic dis-
tances generally larger than those for the mammalian spe-
cies. As species approach saturated divergence, mutation
rate inferences become more uncertain. Therefore one
might be concerned that the greater divergences for fungal
species pairs could be obscuring regional effects. This
hypothesis can be tested using insect genomes. Drosophila
melanogaster and Drosophila pseudoobscura are about as
diverged (4-fold divergence = 0.514) as most fungal pairs,
but are more diverged than the mammalian species pairs.
This is also true for the mosquitoes Aedes aegypti and
Anopheles gambiae (4-fold divergence = 0.632).
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Autocorrelation of normalized substitution rates r for the S. cerevisiaelS. paradoxus (a) and C. dubliniensis/C.
albicans (b) pairwise analyses. The C. dubliniensis/C. albicans plot shows that substitution rates of neighboring genes are cor-
related up to 50 kb apart. This contrasts with the lack of correlation at any distance for the S. cerevisiae/S. paradoxus plot. Anal-
ogous graphs were produced for all fungal species pairs, and no significant autocorrelation was found, except for the C.
dubliniensis/C. albicans and C. tropicalis/C. dubliniensis comparisons.

However, unlike most fungi, flies and mosquitoes show
clear regional effects. D. melanogaster and D. pseudoobscura
have significant rate correlations between neighboring
genes (Pearson correlation = 0.1642, p = 10->8) and have
a wide r distribution (o = 2.152). Autocorrelation analysis
indicates that correlations persist out to at least 1 Mb (data
not shown). This conclusion of mutational heterogeneity
is consistent with studies of transposon mutation within
D. melanogaster [21]. Rate correlations between neighbor-
ing genes are also apparent in comparisons of Aedes
aegypti and Anopheles gambiae (Pearson correlation
0.2099, p = 1089, ¢ = 1.804). These insect correlations are
stronger than that for C. albicans-C. dubliniensis, despite
the fact that the two Candida species have a lower diver-
gence (0.289). We conclude that the general lack of corre-
lations for the fungi is unrelated to the magnitude of their
phylogenetic separations.

Genes with low substitution rates throughout the
mammalian phylogeny

While these themes of mutational heterogeneity and uni-
formity can describe much of the behavior of silent sites
in genes, our data also reveal certain types of genes whose
silent substitution rates suggest selective pressures. For
example, it has been observed that genes involved in gene
regulation tend to have few silent substitutions among
human, mouse, cow, and dog, while genes interacting
with the extracellular environment tend to have many
substitutions [2,22]. We have tested the generality of such
observations throughout the mammalian phylogeny.

For each mammalian species pair, a list of Gene Ontology
[23] categories with unusually high or low silent site sub-
stitution rates was calculated. Unusual categories were
identified by aggregating the r values from all genes in the
GO category into a z-score z, (see Methods). Positive z,
values indicate that a category has above average substitu-
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CALI vs. Substitution Rate for
Sensu Stricto Yeast
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Graphs of Codon Adaptation Index (CAIl) vs. normalized substitution rates. Data for the sensu stricto yeasts (S. cere-
visiae, S. bayanus, S. mikatae, S. paradoxus) (right) and for N. crassa-C. globosum (left) are both shown. Although the r distribution
for N. crassa-C. globosum (Fig Ic) is wider than a Normal distribution, this appears to be due to a large number of genes under
codon usage selection, rather than regional mutational biases. Genes under codon usage bias tend to have low z-scores and
high CAl values (red ellipse), while the remaining genes have low CAl values and r values centered around zero (yellow ellipse).
N. crassa has a much larger number of genes in the cluster likely to be under codon usage selection (949 genes with CAI>0.70,
red ellipse) than does S. cerevisiae (121 genes with CAI>0.40), suggesting that more genes are under codon usage selection in

N. crassa.

tion and negative values indicate below average substitu-
tion.

We observed four GO categories with unusually low sub-
stitution rates (z, negative and statistically significant)
across almost all mammalian species pairs (Figure 6). For
the categories "regulation of transcription, DNA-depend-
ent," "RNA binding," and "nucleus", every mammalian
species is involved in at least one pair in which these cat-
egories have a significantly depressed rate. The category
"transcriptional activator activity" has a low substitution
rate in every comparison except for the outlier species
opossum-platypus. As an illustration of the strength of
this effect, the GO category "regulation of transcription,
DNA-dependent" contains 1224 genes with a zg, of -
8.893 (p = 10-18) for the mouse-human species pair, and
for the cow-dog species pair the category has a z., of -
7.182 (p = 10-12). It cannot be ruled out that RNA binding
and DNA binding genes sit in slowly mutating regions in
every species. However, given the large number of diverse
lineages involved, as well as previous studies indicating
that some of these genes contain ultraconserved blocks
more than a hundred bp long [24], a simpler explanation
is that these genes contain functional silent sites (see Dis-
cussion). Interestingly, even in the sensu stricto yeasts (S.
cerevisiae-S. paradoxus) and (S. cerevisiae-S. bayanus), the
categories RNA binding and nucleotide binding have unu-
sually low substitution rates. Thus silent sites in nucle-
otide binding genes are likely to be under selection in
both unicellular and multicellular eukaryotes. This does

not seem to merely be due to these yeast categories con-
taining genes under codon usage selection. In the compar-
ison between S. cerevisiae and S. bayanus, the overall z,
for the nucleotide binding category is -7.320, and it is -
6.686 (still highly significant) when all genes in the glyc-
olysis GO category are removed.

Genes with high substitution rates throughout the
mammalian phylogeny

It has previously been observed that genes which interact
directly with the environment have high silent substitu-
tion rates in mouse-human comparisons, and we found
that this is generally true among the mammals. While we
found no GO category with unusually high substitution
rate (zq positive and statistically significant) in every
mammalian species pair, there was considerable similar-
ity across species. 17 out of the 26 mammalian species
pairs have at least one high z. category with "receptor
activity" in the description (Figure 6). 15 have "olfactory
receptor activity", 23 have "metabolic process", 10 have
"membrane", and 9 have "sensory perception" and/or
"sensory perception of smell". These annotations repeat-
edly occur in distinct clades. For example, the category
"olfactory receptor activity" has a significant z. for the
species pairs armadillo-elephant, mouse-rabbit, opos-
sum-platypus, human-macaque, and common shrew-tree
shrew, among others. Such genes appear to often be clus-
tered in tandem arrays in primate genomes, though such
clustering is not as prevalent in other mammals.
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Autocorrelation of normalized substitution rates r for cow-dog (a) and human-macaque (b). In each species pair,
nearby genes have correlated silent site substitution rates even at distances up to 10 Mb. These lengthy regional biases are typ-
ical of mammalian genomes, and are much larger than those of the Candida fungi.

The primate clade has strong consistency in the categories
with high z,. We found 10 high z, categories in com-
mon among the four primate species pairs (macaque-
bushbaby), (human-bushbaby), (human-macaque), and
(macaque-chimp). However, we found no such categories
consistent throughout species pairs of the clade (rat,
mouse, squirrel, rabbit) or the clade (cat, dog, cow, bat,
hedgehog, shrew). This may be related to the fact that pri-
mates are a more closely related group.

Could the high substitution rates in receptor genes be
related to diversifying selection on the protein sequences
of such genes? This could be responsible if protein
changes have reduced the cross-species alignability of
such genes and artifactually increased silent site substitu-
tion rates in misaligned regions. To test this, we recalcu-
lated rates using only 4-fold sites at least 3 codons away
from any indel in the alignment. With these rates, we still
observed 16 mammalian lineages having at least one
"receptor activity" category with an unusually high z..
This robustness shows that the high substitution rates in

receptor genes are not due to diversifying selection at the
amino acid level but are instead a separate effect.

Genes with unusual substitution rates in the fungi

As discussed above, codon usage selection is the clearest
determinant of low silent site substitution in the fungi.
The GO category "translation" has the lowest z;, in the
sensu stricto yeasts (S. cerevisiae-S. bayanus zqo =-11.995),
and it also has a low z4 in C. albicans-C. dubliniensis (zqq
=-4.617). Six low-rate categories are consistent among (C.
albicans-C. dubliniensis), (C. dubliniensis-C. tropicalis), (S.
cerevisiae-S. bayanus) and (S. cerevisiae-S. paradoxus):
"translation", "unfolded protein binding", "structural
constituent of ribosome", "ribosome", "glycolysis", and
"chitin- and beta-glucan-containing cell wall"), and these
categories are largely consistent with codon usage selec-
tion.

However, we also found several other C. albicans-C. dub-
liniensis categories with much stronger silent site conserva-
tion than "translation," suggesting other types of silent
site selection. The categories with the lowest z, are
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Figure 6

Pearson correlation of substitution rates between neighboring mammalian genes and evidence of selective
pressures. 20 mammalian species and 26 species pairs are shown. In striking contrast to the fungi, every mammalian compari-
son gives a highly significant correlation between rates of neighboring genes (column 7). (Right) Similar types of genes have unu-
sually low or unusually high silent substitution rates across the mammals, suggesting universal selection pressures. Genes in the
categories RNA binding, regulation of transcription — DNA dependent, nucleus, or transcriptional activator activity (blue text)
have unusually low silent substitution rates in virtually every mammalian species pair, as marked by ovals. Gene associated with
receptor activity have unusually high silent substitution rates (red text) in most mammalian species pairs.

GO0:0005625 soluble fraction (C. albicans-C. dubliniensis ~ ont of host defense response, z = -7.876; GO:0051701
Zgo = -12.468) and GO:0030445 yeast-form cell wall (C.  interaction with host, z = -8.547) suggest that Candida
albicans-C. dubliniensis z;, = -8.81). Other categories with ~ genes involved in virulence have functional silent sites. It
low substitution rates (GO:0044416 induction by symbi-  is unlikely that these categories have silent site conserva-

Table 2: Correlation of substitution rates in neighboring ancient repeats.

species| species2 # of repeats Pearson Correlation p-value
Human Macaque 5081426 0.32192 < 10276
Dog Cow 1378699 0.18829 < 10276
Elephant Tenrec 248577 0.12158 < 10276
Rat Mouse 231283 0.1292 < 10276

In all four mammalian pairs considered (human-macaque), (dog-cow), (elephant-tenrec), and (rat-mouse), the correlations were extremely
significant (<10-27¢). This supports the widespread heterogeneity of mutation rates in mammalian genomes.
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tion only because of codon usage selection. After remov-
ing all genes also found in categories involving glycolysis
from the GO groups "soluble fraction", "yeast-form cell
wall" and "interaction with host", each category main-
tains a significant negative z-score.

Few fungal gene categories were found to have high z.,
values. This is not surprising for the sensu stricto yeasts,
given their mutational uniformity. We found only one
category with a significant positive z-score in both S. cere-
visiae-S. bayanus and S. cerevisiae-S. paradoxus, and its p-
value is marginal (transcription factor activity, Bonfer-
roni-corrected p-value = 0.9216). We also found few Can-
dida categories with unusually high substitution rates,
despite their mutational heterogeneity. C. albicans-C. dub-
liniensis and C. dubliniensis-C. tropicalis share one category
with a significant positive z., ("response to pH"), and C.
albicans-C. dubliniensis has the additional category "cell
adhesion". Interestingly, the "cell adhesion" category has
a higher average nonsynonymous substitution rate (K,)
than the genome-wide average (0.2234 vs. 0.0857). Thus
these cell adhesion genes are analogous to mammalian
receptor genes, which tend to have both high synony-
mous and non-synonymous substitution rates [2].

Discussion

Based on our examination of 20 mammalian species, we
conclude that all mammals have regional biases of neutral
mutation rates. While the factors controlling these
regional biases are still not well understood [1], our find-
ings indicate that any causal variables must prevail
throughout the mammalian phylogeny. In contrast, we
find that almost all fungi have a uniform neutral mutation
rate. It is worth noting that our fungal phylogeny covers a
broader range of divergence than the mammals, giving
this shared behavior more significance. However, the
monophyletic group of Candida species (C. albicans, C.
dubliniensis, and C. tropicalis) is an exception to the other
fungi. Rate distributions and gene-to-gene correlations
indicate that these species have heterogeneous mutation
rates along their genomes, a trait which has not previously
been observed outside species with much larger genomes.
Previous C. albicans SNP studies have indicated hotspots
of polymorphism, supporting our conclusion of regional
biases [25,26].

What characteristic sets these three yeasts apart from the
others? Of relevance is a recent study showing that S. cer-
evisiae polymorphisms arise more often in regions that
replicate late in the cell cycle (G. Lang and A. Murray, per-
sonal communication). This finding can be reconciled
with our observation of uniformity of Saccharomyces diver-
gence rates, if replication timing is mutable - i.e. provided
the replication timing of a locus switches faster than a pol-
ymorphism fixes in the population. However, in species

http://www.biomedcentral.com/1471-2148/8/186

where the replication timing is static, mutational hetero-
geneities would manifest as heterogeneities in the cross-
species substitution rates. An experiment that compares
switching of replication timing in Candida and Saccharo-
myces loci would be an exciting way to test this prediction.

A comparison of N. crassa and C. globosum also gives an
excessively wide distribution of normalized substitution
rates, but this is due to stronger codon usage selection,
rather than regional mutation effects. This strong codon
usage selection is more apparent in the context of the
mutational defense mechanism RIP [27] that N. crassa
employs against selfish DNA. RIP (repeat-induced point
mutation), inactivates selfish DNA by inducing G:C to A:T
mutations in sequences that occur repetitively in the
genome. This process affects all duplicated regions -
except for ribosomal RNA genes, even though these occur
in large copy number [28]. This observation is consistent
with ribosomal genes being under strong codon usage
selection that shields them from the effects of RIP. Mean-
while, RIP drives other duplicated genes in N. crassa to
unusually high substitution rates, which would increase
the genes with high r in the rate distribution.

We have observed that genes interacting with the extracel-
lular environment, especially receptors and olfactory
genes, tend to have high substitution rates in many mam-
malian lineages. This is in agreement with previous find-
ings in comparisons of human and mouse [2], and it
suggests a recurring interplay between local mutation rate
and receptor genes. Residence in a region of high muta-
tion rate may be useful for speeding up the diversification
of receptor protein sequences and improving the evolva-
bility of the organism [29]. An alternative explanation is
that the silent sites could themselves be under diversifying
selection, though it is unclear why receptor gene silent
sites would be more disposed to such an effect.

We have also found that the silent sites of genes associated
with RNA binding and DNA binding are strongly con-
served in not only every mammalian species but also the
sensu stricto yeasts. This expands similar findings in which
mammalian genes have been found to have blocks over a
hundred bp long strongly conserved across the mouse, rat,
human, and dog genomes [22,24,30]. Given the large evo-
lutionary divergences spanned by these species and the
tendency of mutation rates to change over time (H. Ima-
mura, J. Karro, and J. Chuang, in preparation), it seems
unlikely that these consistently low substitution rates are
due to regional background effects in every species. A sim-
pler explanation is that synonymous sites are commonly
functional in such genes throughout the eukaryotic phyl-
ogeny.
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Conclusion

Among the 51 species studied in this work, all character-
ized mammals and insects exhibit regional biases in the
mutation rates along their genomes, based on the substi-
tution rates in gene synonymous sites. In contrast, virtu-
ally all fungi show uniform mutation rates. One fungal
clade, the Candida, is the exception, as the only fungal
clade with regional mutational biases. Further analysis of
these genomes should be valuable for revealing what fea-
tures control local mutation rates. Also, in decomposing
neutral and selective effects at synonymous site we found
classes of genes whose synonymous sites have been com-
monly influenced by selection. Most notably, there
appears to have been widespread purifying selection in
regulatory genes and frequent diversifying selection in
receptor genes throughout mammalian history.

Methods

Ortholog generation

For the fungal analysis, FASTA files of coding regions and
an ortholog tree listing predicted gene relationships
between all fungal species were obtained as described in
[31]. Mammalian and mosquito genes were obtained
using the ENSEMBL BioMart (release 45) database. Fly
CDS and peptide files were downloaded from FlyBase
(version FB2006_01). For the fly species, the amino acid
sequences were run through BLAST and tagged as true
orthologs if they were each other's mutual best hit when
applying BLASTALL with a worst-case E-value cutoff of 10-
10

Calculation of substitution rates

Our substitution rate calculations parallel those in previ-
ous works [2,9]. Nucleotide sequences of orthologous
coding regions were translated into amino acid residues,
aligned using CLUSTALW, and then back-translated to
determine the aligned DNA sequence. The fourfold syn-
onymous sites - the third base in a codon for which the
amino acid is determined by the first two positions - were
analyzed. If a sequence contained fewer than 20 fourfold
sites before occurrence of a stop codon, the entire
sequence was discarded. To ensure equivalent sequence
context, only fourfold sites for which both the preceding
and succeeding base matched for the two species were
considered.

The raw neutral substitution rate was calculated based on
the fraction of observed differences at silent sites within a
gene. Individual gene rates were then normalized in order
to correct for the finite-size of each gene, and this new rate
was defined to be

r = (p-<p>)/s(N),

http://www.biomedcentral.com/1471-2148/8/186

where p is the observed 4-fold substitution rate for the
gene in question and <p> is the average substitution rate
for all ortholog pairs for the two species in question. s(N)
is the expected standard deviation for a gene with N inde-
pendent fourfold sites, i.e. s(N) = (<p>(1-<p>)/N)/2. The
distribution of normalized substitution rates would be
expected to follow a normal Gaussian (f(x) = ex™x/2/
(2n)) if each fourfold site was mutating at the same rate
and independently of each other. This z-score normaliza-
tion corrects for the finite-size effects that result from
genes having different numbers of 4-fold sites.

One caveat to our approach (and any measurement of
sequence divergence) is that divergence measurements
lose power when comparing species with saturated diver-
gence. However the large majority of species pairs
described here are at sequence divergences considerably
below saturation.

For every species pair described, we calculated the

expected divergence at saturation as 1- 2 fi(l) fi(z),
i=ACGT

where fi(l) and fi(z) are the frequencies of base i in species

1 and 2, respectively. The variation in this quantity is rel-
atively small, ranging from 0.6634 (C. dubliniensis-C. trop-
icalis) to 0.7519 (opossum-platypus). As is visible from
Tables 1 and 2, all of the mammalian comparisons are
considerably below saturation. Each of the mammalian
comparisons is at least 600 standard deviations less sub-
stituted than what would be expected if every 4-fold site
were substituted independently at the saturated probabil-
ity. While the fungi are generally at greater distances, a
number are still below the saturated expectation. All yeast
comparisons (with the exception of E. gossypii-S. pombe)
are several dozen standard deviations below the saturated
rate expected from an independent-sites model. More
strongly, there are 10 species pairs with divergences at
least 10% below the saturated substitution level (Table 1).
These include representatives from several independent
clades all with substitution rates below 0.60, including U.
reesii/C. immitis, N. crassa/C. globosum, the Saccharomyces
yeasts, and the Candida yeasts.

A potential concern is that sequence alignments could be
less reliable for the fungal species, given their large
sequence divergences. We therefore recalculated all of the
fungal substitution rates using only high quality regions
of the pairwise alignments, which we defined to be a con-
catenation of blocks containing a minimum of 10 consec-
utive aligned amino acids with no gaps. We then
compared the original substitution rates to those rates
obtained from the restricted high quality alignments. For
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the 26 pairs, all had a correlation of greater than 0.80 (p-
values < 10-14¢) with the original results, and 16 had cor-
relations greater than .90. Thus we do not expect that
alignment quality is a concern.

Correlation calculations

We tested whether or not neighboring genes had similar
substitution rates by calculating a Pearson correlation
between the rate of gene r(0) and the rate of gene r(x)
which is located x base pairs downstream. Gene pairs in
orthologous blocks up to the 35t gene downstream from
the starting gene were considered. Blocks were determined
by genes located on the same chromosome (scaffolds
were used when chromosomal data was not available).
Correlations were measured twice, in each case using loca-
tion data from one of the species, except in cases where
location data was available in only one species. For the
fungi, the data for each pairwise calculation was binned
into 50 uniformly spaced groups covering x = [0, 300000
and averaged over each bin to determine the autocorrela-
tion function <r(0)r(x)>. Error bars were assigned based
on the standard deviation of the values in each bin. For
the larger genomes of mammals and insects, data was
binned into 200 groups where x ranged from 0 to 15 Mb.

CAIl

CodonW (Peden 1999) was downloaded and used to cal-
culate the CAI values for the fungal species. The input file
for each species was a CDS FASTA file of all genes (pre-
dicted and known) and the background CAI was set to
Saccharomyces cerevisiae or the sensu stricto calculation in
Figure 4. The S. cerevisiae sequence and codon preferences
were used to compute the CAI values. The EMBOSS pack-
age was also downloaded locally. This includes codon
usage tables for a number of species including N. crassa
[32] and C. albicans. This table was used to calculate the
CAI for the genes in Figure 4 and Additional file 2. Sensu
stricto substitution rates in Figure 4 were taken from [9].

z-score calculation for GO analysis

GO assignments were taken from ENSEMBL annotations
of the orthologous human gene. While this eliminates
orthologs that do not have an ortholog in human, only a
small minority of genes are affected by this problem. For
example, of 7,959 GO annotated gene products for cow,
only 447 (1.5%) do not have a human ortholog. A z-score
and p-value was assigned to each GO category based on
the substitution rates for all of the genes included in the
category.

The z-score (z¢), calculated for each GO category based

on the substitution rates of all members within the group,
was defined to be

Zgo: = (<r>go - <r>all)/(5all/\/Nco)

http://www.biomedcentral.com/1471-2148/8/186

where <>, is the average substitution rate for the genes
in the GO category and <r>, is the average substitution
rate for all genes. s, is the standard deviation of the <r>_;
data set and N, is the number of genes in that particular
GO category. The p-value for the z., calculated for an
ontology group is the probability that a Gaussian-distrib-
uted variable would be represented by a value > z. The
p-value cutoff was set to be 1/X where X is the number of
GO categories (with a minimum of 5 genes). The signifi-
cance was then expressed in terms of -log,,(p-value).

Authors' contributions

AKF performed sequence and data analysis and drafted
the manuscript. BBT obtained and analyzed the fungal
data and contributed to the writing of the manuscript.
JHC conceived of the study, contributed to the data anal-
ysis, and contributed to the writing of the manuscript. All
authors read and approved the final manuscript.

Additional material

Additional file 1

Phylogeny containing the yeast species.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-8-186-S1.tiff]

Additional file 2

Comparison of codon usage effects in N. crassa and C. albicans.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-186-S2.tiff]

Acknowledgements

JHC acknowledges support from the Boston College Biology Department
and from the National Science Foundation under grant DBI-0708206. Any
opinions, findings, and conclusions or recommendations expressed in this
material are those of the author(s) and do not necessarily reflect the views
of the National Science Foundation.

References

. Baer CF, Miyamoto MM, Denver DR: Mutation rate variation in
multicellular eukaryotes: causes and consequences. Nat Rev
Genet 2007, 8(8):619-631.

2. Chuang JH, Li H: Functional bias and spatial organization of
genes in mutational hot and cold regions in the human
genome. PLoS Biol 2004, 2(2):E29.

3. Lercher MJ, Williams EJ, Hurst LD: Local similarity in evolution-
ary rates extends over whole chromosomes in human-
rodent and mouse-rat comparisons: implications for under-
standing the mechanistic basis of the male mutation bias.
Mol Biol Evol 2001, 18(11):2032-2039.

4, Liu GE, Matukumalli LK, Sonstegard TS, Shade LL, Van Tassell CP:
Genomic divergences among cattle, dog and human esti-
mated from large-scale alignments of genomic sequences.
BMC Genomics 2006, 7:140.

5.  Malcom CM, Wyckoff GJ, Lahn BT: Genic mutation rates in
mammals: local similarity, chromosomal heterogeneity, and
X-versus-autosome disparity. Mol  Biol Evol 2003,
20(10):1633-1641.

Page 12 of 13

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2148-8-186-S1.tiff
http://www.biomedcentral.com/content/supplementary/1471-2148-8-186-S2.tiff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17637734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17637734
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14966531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14966531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14966531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11606699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16759380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16759380
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12885971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12885971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12885971

BMC Evolutionary Biology 2008, 8:186

20.

21.

22.

23.

24.

25.

26.

27.
28.

Matassi G, Sharp PM, Gautier C: Chromosomal location effects
on gene sequence evolution in mammals. Curr Biol 1999,
9(15):786-791.

Wolfe KH, Sharp PM, Li WH: Mutation rates differ among
regions of the mammalian genome. Nature 1989,
337(6204):283-285.

Gaffney D), Keightley PD: The scale of mutational variation in
the murid genome. Genome Res 2005, 15(8):1086-1094.

Chin CS, Chuang JH, Li H: Genome-wide regulatory complexity
in yeast promoters: separation of functionally conserved and
neutral sequence. Genome Res 2005, 15(2):205-213.

Pheasant M, Mattick JS: Raising the estimate of functional
human sequences. Genome Res 2007, 17(9):1245-1253.

Hardison RC, Roskin KM, Yang S, Diekhans M, Kent WJ, Weber R,
Elnitski L, Li J, O'Connor M, Kolbe D, Schwartz S, Furey TS, Whelan
S, Goldman N, Smit A, Miller W, Chiaromonte F, Haussler D: Cov-
ariation in frequencies of substitution, deletion, transposi-
tion, and recombination during eutherian evolution. Genome
Res 2003, 13(1):13-26.

Graur D, Li WH: Fundamentals of molecular evolution. 2nd
edition. Sunderland, Mass. , Sinauer; 2000:xiv, 481 p..

Chamary }V, Parmley JL, Hurst LD: Hearing silence: non-neutral
evolution at synonymous sites in mammals. Nat Rev Genet
2006, 7(2):98-108.

Fitzpatrick D, Logue M, Stajich |, Butler G: A fungal phylogeny
based on 42 complete genomes derived from supertree and
combined gene analysis. BMC Evolutionary Biology 2006, 6(1):99.
Murphy WJ, Pringle TH, Crider TA, Springer MS, Miller W: Using
genomic data to unravel the root of the placental mammal
phylogeny. Genome Res 2007, 17(4):413-421.

Nikolaev S, Montoya-Burgos ]I, Margulies EH, Rougemont ], Nyffeler
B, Antonarakis SE: Early history of mammals is elucidated with
the ENCODE multiple species sequencing data. PLoS Genet
2007, 3(1):e2.

Broad-Institute: Candida albicans Sequencing Project, Broad
Institute of Harvard and MIT. [http://www.broad.mit.edu].
Yokogawa T, Suzuki T, Ueda T, Mori M, Ohama T, Kuchino Y, Yoshi-
nari S, Motoki |, Nishikawa K, Osawa S, et al: Serine tRNA com-
plementary to the nonuniversal serine codon CUG in
Candida cylindracea: evolutionary implications. Proc Natl Acad
Sci US A 1992, 89(16):7408-7411.

Sharp PM, Li WH: The codon Adaptation Index--a measure of
directional synonymous codon usage bias, and its potential
applications. Nucleic Acids Res 1987, 15(3):1281-1295.

Lunter G, Ponting CP, Hein J: Genome-wide identification of
human functional DNA using a neutral indel model. PLoS
Comput Biol 2006, 2(1):e5.

Singh ND, Arndt PF, Petrov DA: Genomic Heterogeneity of
Background Substitutional Patterns in Drosophila mela-
nogaster. Genetics 2005, 169(2):709-722.

Chuang J, Li H: Similarity of Synonymous Substitution Rates
Across Mammalian Genomes. Journal of Molecular Evolution 2007,
65(3):236.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry |M,
Davis AP, Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-
Tarver L, Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M,
Rubin GM, Sherlock G: Gene ontology: tool for the unification
of biology. The Gene Ontology Consortium. Nat Genet 2000,
25(1):25-29.

Bejerano G, Pheasant M, Makunin I, Stephen S, Kent WJ, Mattick JS,
Haussler D: Ultraconserved Elements in the Human Genome.
Science 2004, 304(5675):1321-1325.

Jones T, Federspiel NA, Chibana H, Dungan |, Kalman S, Magee BB,
Newport G, Thorstenson YR, Agabian N, Magee PT, Davis RW,
Scherer S: The diploid genome sequence of Candida albicans.
Proceedings of the National Academy of Sciences 2004,
101(19):7329-7334.

Lott TJ, Fundyga RE, Kuykendall R}, Arnold J: The human commen-
sal yeast, Candida albicans, has an ancient origin. Fungal Genet
Biol 2005, 42(5):444-451.

Selker EU: Premeiotic instability of repeated sequences in
Neurospora crassa. Annu Rev Genet 1990, 24:579-613.

Vyas M, Kasbekar DP: Collateral damage: spread of repeat-
induced point mutation from a duplicated DNA sequence
into an adjoining single-copy gene in Neurospora crassa. |
Biosci 2005, 30(1):15-20.

29.
30.

31

32.

http://www.biomedcentral.com/1471-2148/8/186

Cox EC: On the organization of higher chromosomes. Nat
New Biol 1972, 239(92):133-134.

Schattner P, Diekhans M: Regions of extreme synonymous
codon selection in mammalian genes. Nucleic Acids Res 2006,
34(6):1700-1710.

Tuch BB, Galgoczy D), Hernday AD, Li H, Johnson AD: The Evolu-
tion of Combinatorial Gene Regulation in Fungi. PLoS Biology
2008, 6(2):e38.

Ikemura T: Codon usage and tRNA content in unicellular and
multicellular organisms. Mol Biol Evol 1985, 2(1):13-34.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 13 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10469563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10469563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2911369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2911369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15653830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15653830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15653830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17690206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17690206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12529302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12529302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12529302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16418745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16418745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17121679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17121679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17121679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17322288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17322288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17322288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17206863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17206863
http://www.broad.mit.edu
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1502151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1502151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1502151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3547335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3547335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3547335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16410828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16410828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15520267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15520267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15520267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17674075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17674075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10802651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15131266
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15123810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15809008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15809008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2150906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2150906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4633814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16556911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16556911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18303948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18303948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3916708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3916708
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Most fungi have uniform mutation rates
	Three Candida yeasts have heterogeneous mutation rates
	N. crassa and C. globosum substitution rates are skewed by strong codon usage bias
	All mammals have heterogeneous mutation rates
	Insects have heterogeneous mutation rates
	Genes with low substitution rates throughout the mammalian phylogeny
	Genes with high substitution rates throughout the mammalian phylogeny
	Genes with unusual substitution rates in the fungi

	Discussion
	Conclusion
	Methods
	Ortholog generation
	Calculation of substitution rates
	Correlation calculations
	CAI
	z-score calculation for GO analysis

	Authors' contributions
	Additional material
	Acknowledgements
	References

