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Sequence shortening in the rodent ancestor
Steve Laurie,1 Macarena Toll-Riera,1 Núria Radó-Trilla,1 and M. Mar Albà1,2,3

1Evolutionary Genomics Group, Pompeu Fabra University (UPF) and Municipal Institute of Medical Research (FIMIM), Barcelona

08003, Spain; 2Catalan Institution for Research and Advanced Studies (ICREA), Barcelona 08010, Spain

Insertions and deletions (indels), together with nucleotide substitutions, are major drivers of sequence evolution. An
excess of deletions over insertions in genomic sequences—the so-called deletional bias—has been reported in a wide range
of species, including mammals. However, this bias has not been found in the coding sequences of some mammalian species,
such as human and mouse. To determine the strength of the deletional bias in mammals, and the influence of mutation
and selection, we have quantified indels in both neutrally evolving noncoding sequences and protein-coding sequences, in
six mammalian branches: human, macaque, ancestral primate, mouse, rat, and ancestral rodent. The results obtained with
an improved algorithm for the placement of insertions in multiple alignments, Prank+F, indicate that contrary to previous
results, the only mammalian branch with a strong deletional bias is the rodent ancestral branch. We estimate that such
a bias has resulted in an ~2.5% sequence loss of mammalian syntenic region in the ancestor of the mouse and rat. Further,
a comparison of coding and noncoding sequences shows that negative selection is acting more strongly against mutations
generating amino acid insertions than against mutations resulting in amino acid deletions. The strength of selection against
indels is found to be higher in the rodent branches than in the primate branches, consistent with the larger effective
population sizes of the rodents.

[Supplemental material is available for this article.]

Short insertions and deletions (indels) account for a significant

amount of the variation in mammalian genomes and are likely to

make an important contribution to species-specific traits (Britten

2002; Wetterbom et al. 2006). Their importance for medical ge-

netics is highlighted by the fact that they have been implicated in

a wide range of human diseases, the archetypal example being the

phenylalanine deletion at position 508 in the CFTR protein that

results in cystic fibrosis (Riordan et al. 1989). Currently, there are

about 27,000 short indels known to be associated with human

disease (Stenson et al. 2009). However, to date there have been

relatively few large-scale genomic studies on indels in comparison

to the number of studies that have focused on nucleotide sub-

stitutions. In fact, sections of multiple alignments containing gaps

(i.e., representing indel events) are often actively excluded from

comparative analyses, perhaps due to a lack of suitable models

describing the mechanisms involved in indel creation.

The best-characterized mechanism of indel generation is

through sequence-slippage in the regions of repetitive sequence

during DNA replication (Weber and Wong 1993), but this explains

only a fraction of all indel events, with many appearing in areas of

nonrepetitive sequence (Messer and Arndt 2007). Recombination

has also been implicated in indel creation, as suggested by the

overrepresentation of recombination-associated motifs in the vi-

cinity of indels (Ball et al. 2005), while genome-wide mapping of

recombination and replication-related features in the human ge-

nome suggests that recombination may be more important in the

generation of insertions and that replication may be more relevant

for deletions (Kvikstad et al. 2007).

Early studies using homologous protein families (de Jong and

Ryden 1981) and human and mouse pseudogenes (Graur et al.

1989; Ophir and Graur 1997; Zhang and Gerstein 2003) found an

excess of deletions over insertions, suggesting the existence of a mu-

tational bias favoring deletions, and a recent study analyzing indels in

noncoding regions in a set of 17 species, including representatives

from Archaea, Bacteria, and Eukaryota, concluded that this deletional

bias is universal (Kuo and Ochman 2009).

Large-scale analyses of indels in mammals have yielded con-

trasting results. In a comparison of rat, mouse, and human ge-

nomes, it was observed that all three branches showed a strong

deletional bias (Cooper et al. 2004; Gibbs et al. 2004). In line with

this, an analysis of unique introns from single-copy genes in hu-

man and chimpanzee found that deletions outnumbered insertions

by a ratio of 1.7/1 (Kuo and Ochman 2009). However, insertions

tended to be longer than deletions, and the deletional bias dis-

appeared when the length of event was taken into account. Taylor

et al. (2004) performed the first large-scale analysis of indels in

orthologous rat and mouse proteins, using human as the out-

group. Surprisingly, they found that whereas in rat, the deletion-

to-insertion (Del/Ins) ratio was 1.7, in mouse it was only 1.1.

These differences are intriguing because they differ substantially

from the findings for genomic sequence windows, where both

species showed a marked excess of deletions over insertions and

because these species have similar protein substitution rates, denot-

ing similar selection strength (Gibbs et al. 2004; Toll-Riera et al. 2010).

A further study that used chimp and an additional nonprimate

mammal to infer the polarity of indel events in humans (Chen

et al. 2007) found that, similar to the findings for mouse, the Del/

Ins ratio in human coding sequences was close to 1, implying

a lack of deletion bias. Thus it remains unclear whether a uni-

versal deletion bias exists.

In order to clarify the possible differences between coding and

noncoding sequences and to be able to differentiate between mu-

tational and selective forces, it is desirable to collect sequences from

different genomic regions in a set of related species. The current

availability of several relatively high-coverage (upwards of 63)

mammalian genomes (Lander et al. 2001; Venter et al. 2001;

Waterston et al. 2002; Gibbs et al. 2004, 2007; Elsik et al. 2009)

allows comparison of the rates of insertion and deletion in dif-

ferent branches of the mammalian phylogeny, for both coding
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and noncoding sequences. Several fundamental questions can be

addressed: Is the proportion of deletions to insertions (mutational

bias) similar across different mammalian branches? How do con-

straints in protein sequences affect the frequencies of indels with

respect to any background mutational bias? Are species with

smaller effective population sizes (e.g., primates) accumulating

more indels due to less efficient negative selection?

To answer these questions, we have used large sets of coding

(one-to-one orthologous proteins) and noncoding sequences (an-

cestral repeats) from five mammalian species. By applying parsi-

mony, we have estimated the number of indels in six branches,

four corresponding to relatively recent times (human, macaque,

mouse, and rat) and two corresponding to deeper evolutionary

periods (primate and rodent ancestral branches). Importantly, for

the first time in this type of analysis, we have used a recently de-

scribed multiple alignment algorithm, Prank+F, which, contrary to

other existing methods, does not underestimate the number of

insertions during alignment, as shown by sequence evolution

simulations (Loytynoja and Goldman 2008). In accordance, it has

been shown that Prank+F performs significantly better than other

popular alignment algorithms when testing for evidence of posi-

tive selection in the presence of indels, as it reduces overalignment

(Fletcher and Yang 2010). By use of this algorithm, the rodent

ancestral branch is observed to have a strong deletional bias (Del/

Ins ratio of 2.4), whereas the remaining branches show only

moderate, or no significant, bias (Del/Ins ratio of 0.82–1.39). Ad-

ditionally, comparison of coding with noncoding sequences in-

dicates that, in all six lineages, insertions are more strongly elimi-

nated from protein-coding sequences by selection than are deletions.

Results

Estimating background levels of lineage-specific mutation
in noncoding regions

In order to estimate background indel rates and to disentangle the

impact of mutation and selection, we decided to use mammalian

ancestral repeat sequences as a control set with which to compare

our set of orthologous coding sequences. Mammalian ancestral

repeats are regions of the genome that contain long-dead trans-

posons, the signature of which is still visible in syntenic regions of

modern-day mammalian genomes. These regions are believed to

be essentially function-free and thus constitute a good proxy for

neutral evolution (Waterston et al. 2002; Lunter et al. 2006), pro-

viding a measure of the background mutation rate. Multiple se-

quence alignment (MSA) was performed with Prank+F (Loytynoja

and Goldman 2008; Fletcher and Yang 2010), a program especially

suitable for the estimation of indels, as it does not tend to un-

derestimate the number of insertions, as commonly happens with

other multiple alignment programs (Supplemental Tables 1–3).

Using cow as outgroup, we estimated the number of indels (size, 1–

30 bp) for six different branches in the mammalian phylogeny

(Fig. 1). Due to the evolutionary proximity of the species under

investigation, most observations were consistent with a unique in-

sertion or deletion event (84%). The remaining cases, where it is clear

that multiple events have occurred, were discounted from further

analysis since it is not possible to unequivocally deduce the history

of such events. While we considered events from 1–30 bp in length,

the vast majority were 1 or 2 bp in size (Supplemental Table 4).

Taking insertions and deletions together, the number of indel

events in different branches was roughly proportional to the branch

nucleotide substitution rate (Table 1). However, we found important

differences in the Del/Ins ratio, a somewhat surprising finding con-

sidering the evolutionary proximity of the species considered here

(divergence time, <100 Myr ago). The lineage with the highest Del/

Ins ratio was the ancestral rodent branch, with a value of 2.4. The rat

and macaque also showed a clear mutational bias favoring deletions,

though it was more moderate, being 1.39 and 1.32, respectively,

whereas human and mouse showed little or no bias. Surprisingly, in

the ancestral primate branch the opposite bias was observed, with

insertions being more frequent than deletions (Del/Ins, 0.82).

Deletions are better tolerated than insertions
in coding sequences

By using the same methodology as described above, we identified

amino acid indels (length 1–10) in a set of 5991 one-to-one

orthologous coding sequences from the same five species. The

majority of indel events (60%–74%, depending on branch) were

one amino acid in length, with an approximately exponential

decrease in frequency with increasing length. In contrast to the

observations for ancestral repeats, deletions in coding sequences

outnumbered insertions in all six branches (Table 1). In the pri-

mate ancestral branch, which had the strongest contrast, Del/Ins

was 1.48 in coding sequences, nearly double the 0.82 ratio ob-

served in ancestral repeats (Fig. 2). This suggests that insertions are

less well tolerated than deletions in coding sequences, compared

with the ‘‘neutral’’ mutational bias. Similar results were obtained

when we varied the phylogenetic tree employed by Prank+F or

when we used a different outgroup species (Supplemental Table 5).

How strong is selection in eliminating indel mutations from

coding sequences? To discard the effect of frame-disrupting mu-

tations, we compared all events that had a length that was a mul-

tiple of 3 bp in ancestral repeats and coding sequences (Table 2).

Overall, there were 3.3 times more deletions and four times more

insertions in ancestral repeats than in coding sequences, further

suggesting that in proteins insertions are more often deleterious

than deletions. The difference is particularly striking in the primate

ancestral branch, where only one in every four insertions was ac-

cepted on average, in comparison with one in every 2.2 deletions.

In the rodents the constraints were stronger for both types of

mutation, with only one in 4.5 insertions and one in 3.7 deletions

being accepted on average.

Estimated net sequence loss in the ancestral rodent branch

Over time a bias in the accumulation of indels may result in a re-

duction (through an excess of deletions) or an increase (through an

excess of insertions) in genome size. This was especially relevant in

Figure 1. Number of insertions and deletions in ancestral repeats in six
mammalian branches. Events estimated from Prank+F alignments using
parsimonious criteria. No data are provided for the cow as it is the outgroup.
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the case of the rodent ancestral branch, where the net loss of DNA

equated to ;2.5% of the syntenic noncoding sequence analyzed.

In protein sequences, which have a much lower number of indels

due to negative selection, the net loss of amino acid sequence in

the rodent ancestral branch was, on average, 1.12 amino acids per

1000 amino acids. Figure 3 shows the excess of amino acid sequence

loss in the rodent branch compared with the primate branch. An

extreme case is the insulinoma-associated protein 2, a marker for the

imminent onset of type 1 diabetes (De Grijse et al. 2010), in which

a series of deletions in an ancestral rodent have resulted in the

protein being ;10% shorter in rodents than in primates (Sup-

plemental Fig. 1).

Sequence context of indels in protein sequences

Indels in coding sequences are an important source of genetic

variation and may result in the modification of the structure or

function of the protein. Therefore we inspected the sequence

context in which indels occurred, as well as any association with

protein function. We found that both low-complexity regions and

amino acid tandem repeats were markedly enriched in indels

(Table 3). Overall, low complexity regions showed about 2.5-fold to

fourfold enrichment for deletions and fourfold to 6.5-fold en-

richment for insertions. The greatest enrichment was found in the

human branch, in which 34.6% of deletions and 58.4% of in-

sertions were located in regions of low complexity. Enrichment in

regions of amino acid tandem repeats was even further marked,

ranging from about 5.5- to 18-fold for deletions and 17- to 42-fold

for insertions, confirming the prominent role that replication slip-

page has in the generation of indels in proteins.

Taking the ratio of nonsynonymous to

synonymous substitutions (dN/dS) as proxy for

selective pressure, we investigated whether

there was any relationship between dN/dS and

the presence or absence of an indel in a par-

ticular protein. This analysis was performed

on a reduced data set of 3126 protein align-

ments that had passed stringent filters to

avoid dN/dS overestimation (Methods). This

data set remained very similar in terms of the

distribution of indels to the complete 5991

orthologous protein data set (Supplemental

Table 6). Proteins that have incorporated at

least one indel event have significantly higher

dN/dS than do proteins with no indel events,

indicating that they are evolving more rapidly

(Fig. 2; Supplemental Table 7). In addition,

a positive relationship was observed between

increasing numbers of indels per protein and

total dN/dS, indicating that there is a signifi-

cant correlation between the number of ob-

served indel events and the rate of protein

evolution (Fig. 4). A similarly significant cor-

relation was found for both insertions (rho =

0.22) and deletions (rho = 0.33) when exam-

ined independently.

In order to examine whether there was

a relationship between protein function and

the occurrence of indels, we undertook a Gene

Ontology (GO) enrichment analysis. We found

that proteins that were classified as being in-

volved in the regulation of transcription, re-

sponse to DNA damage stimulus, and immune response were from

1.8- to 2.5-fold overrepresented in the indel-containing group,

whereas proteins involved in metabolic processes, intracellular

protein transport, and small GTPase-mediated signal transduction

were from 1.6- to 3.5-fold underrepresented in the indel-contain-

ing group (Table 4).

Discussion
The idea that mammalian genomes accumulate more small de-

letions than small insertions (deletional bias) has become widely

Figure 2. Comparison between the number of insertions and deletions
in ancestral repeats and coding sequences in primate branches. Events
estimated from Prank+F alignments using parsimonious criteria. Note that
a different scale is used in each case. The deletion-to-insertion ratio in-
creased in coding sequences for all three branches. For a similar com-
parison for the rodent branches, please refer to Table 1.

Table 1. Insertions and deletions in ancestral repeats (ARs) and coding sequences (CDSs)

Human Macaque
Primate
ancestral Mouse Rat

Rodent
ancestral

ARsa

No. of eventsb

Deletions 2494 3882 7876 9839 12,364 47,577
Insertions 2279 2938 9548 9610 8912 19,854
Del/Ins ratio 1.09e 1.32f 0.82f 1.02 1.39f 2.40f

Total length of
events (nucleotides)

Del (deletions) 5534 9832 20,027 30,497 38,785 184,285
Ins (insertions) 6,266 10,013 31,519 38,077 31,835 64,469
Del – Ins (net loss)

per Kb
�0.15 �0.04 �2.42 �1.60 1.46 25.24

Nucleotide substitutions
per site (K)

0.022 0.032 0.077 0.071 0.082 0.290

CDSsc

No. of eventsd

Deletions 214 296 933 686 832 3,487
Insertions 166 216 631 620 558 1,297
Del/ Ins ratio 1.29 1.37e 1.48f 1.11 1.49f 2.69f

Total length of events
(amino acids)

Deletions 350 504 1723 1289 1596 6891
Insertions 295 449 1215 1104 1019 2512
Del – Ins (net loss)

per 1000 AAs
0.01 0.01 0.13 0.05 0.15 1.12

aNumber of ARs: 19,631; total length of aligned AR sequence: 4,746,950 nt.
bEvents size is 1–30 bp.
cNumber of CDSs: 5991; total length of aligned CDSs: 11,705,952 nt.
dEvent size is 1–10 amino acids.
eDel/Ins different from 1 at p < 0.05, x2 test, 1 df.
fDel/Ins different from 1 at p < 10�4, x2 test, 1 df.
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accepted, having been reported in a number of studies. For ex-

ample, an early study of 156 pseudogenes from humans and mu-

rids identified a total of 441 deletions and 161 insertions (Ophir

and Graur 1997). In agreement, subsequent analysis of a large

number of syntenic genomic sequences from human, mouse and

rat found that deletions were about two to three times more fre-

quent than insertions in all branches analyzed (Gibbs et al. 2004).

We have reexamined this question using a relatively novel mul-

tiple alignment algorithm, Prank+F, which was developed specif-

ically to minimize the problem of overalignment and prevent the

underestimation of insertions typically observed when using other

multiple alignment algorithms (Loytynoja and Goldman 2005,

2008). MSA is rarely a perfect process, and thus it is likely that

there are still some incorrectly defined indels in this study. However,

we believe that the Prank algorithm gives a more accurate view of

reality in this data set than do other multiple alignment algorithms.

Of the six branches analyzed here, we only observed a high Del/Ins

bias (Del/Ins of 2.4) in the rodent ancestral branch, the remaining

branches having a Del/Ins between 0.82 and 1.39. Very similar results

were obtained with a set of 746 39 UTR sequences, supporting the

robustness and generality of our observations (Supplemental Table 8).

What explains such differences? The fact that Prank+F better

identifies lineage-specific insertions is probably the main con-

tributor. When we built multiple alignments with other programs,

such as MAFFT and ClustalW, we systematically obtained a much

lower number of insertions than with Prank+F in both ancestral

repeat and coding sequences (Supplemental Tables 2, 3). Only for

the rodent ancestral branch are our findings similar to those re-

ported by Gibbs et al. (2004). This is consistent with the fact that

events in the rodent ancestral branch are supported by two se-

quences (mouse and rat) instead of one and thus are expected to be

more robust to the choice of multiple alignment program.

One major concern we had when we started this study was

preventing the alignment of nonhomologous protein regions,

due, for example, to the inclusion of incorrectly annotated exons

or the use of partially annotated genes, as this would result in an

increase in the number of false positives and would make com-

parisons between branches less reliable. For this reason we applied

several prealignment and post-alignment filters. The first set of fil-

ters included the removal of orthologous sets in which the length

difference between the shortest and the longest protein was >50%

of the length of the longest protein, and sets

for which there was no concordance in the

identification of one-to-one orthologs in

two different Ensembl versions (49 and 55).

The second set of filters, implemented once

we had the alignments, included the removal

of indel events adjacent to exon boundaries

and of indels located in areas of the alignment

where exon identity was <50%. Whereas the

later set of filters was based on the identifica-

tion of problematic regions in the alignments,

the first set was based on a priori assumptions

about when a sequence set was to be trusted,

and was thus more debatable. We observed

that removal of prealignment filters provided

similar results in relation to the deletion/in-

sertion ratios as with the use of the filters

(Supplemental Table 9). However, in doing so

the relationship between the number of indel

events per protein between the macaque and

the human branches suspiciously increased

(from 1.35 to 1.53). As the macaque is by far the species with the

most incorrectly annotated genes among those considered here, the

results indicate that using filters in the prealignment phase is likely

to provide more reliable results without introducing any significant

biases in relation to the Del/Ins ratio.

Another possible source of error in our indel estimation is the

quality of the underlying genomic sequence and annotation. Low

genomic sequence coverage may result in sequence errors that

artificially inflate the number of indels, especially if the genomes

compared are very close and contain relatively few differences

(Meader et al. 2010). Of the genomes considered here, sequence

quality scores are only available for the macaque and cow, the

genomes of the other species being considered close to finished.

Of these two species, the macaque sequence appears to be of lower

quality, as exemplified by the fact that 11% of macaque exons in-

vestigated here had at least 1 nucleotide (nt) with a quality score of

Table 2. Comparison between insertions and deletions where size was a multiple of 3 bp,
for ancestral repeats (ARs) and coding sequences (CDSs)

Human Macaque
Primate
ancestral Mouse Rat

Rodent
ancestral

ARs (no. of events)a

Deletions 235 381 846 931 1061 5207
Insertions 212 270 1029 913 915 2366

CDSs (no. of events)b

Deletions 214 296 933 686 832 3487
Insertions 166 216 631d 620 558d 1297d

Ratio of events/nt.
CDSs:ARsc

Deletions 1:2.7 1:3.2 1:2.2 1:3.3 1:3.1 1:3.7
Insertions 1:3.1 1:3.1 1:4.0 1:3.6 1:4.0 1:4.5

aNumber of ARs: 19,631; total length of aligned AR sequence: 4,746,950 nt. Events where size was
a multiple of 3 bp.
bNumber of CDSs: 5991; total length of aligned CDSs: 11,705,952 nt.
cCDSs:ARs indicates coding sequence events per nucleotide divided by number of ancestral repeat
events per nucleotide.
dIn comparison with ARs, there was a significant depletion in the fraction of insertions observed with
respect to deletions (p # 10�3, x2 test, 1 df.).

Figure 3. Increased protein sequence loss in the rodent branch. Neg-
ative values indicate net sequence loss; positive values, net sequence gain.
Cases in which there were no insertions or deletions, or in which they
balanced out, are not included. The other branches produced a similar
graph to that of the primate branch.
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less than 40 (equivalent to one error per 10,000 nt), whereas the

equivalent figure in the cow was just 5%. A total of 42 (8%) of the

coding indels observed in the macaque lineage fall in regions of low-

quality sequence (quality score, <40). However, in 18 (42%) of these

cases, the lowest quality score for a nucleotide in the region sur-

rounding the event was still greater than 30 (equivalent to one error

per 1000 nt), and thus they are not necessarily all false positives.

Importantly, insertions and deletions are affected similarly, and our

general conclusions should not be affected.

What is causing the deletional bias in the rodent ancestral

branch? A strong bias is observed both in transcribed (coding, 39

UTR) and nontranscribed (ancestral repeat) sequences, which is

not consistent with it being the result of a selective advantage as-

sociated with lowering transcriptional or translational costs. Se-

lection for a lower cost of DNA replication is also very unlikely

since the fitness gain would likely be even less than that for tran-

scription/translation. Therefore, it may simply be a mutational bias

governed by random drift. It has been proposed that organisms with

smaller population sizes have larger genomes due to the accumu-

lation of a greater number of slightly deleterious insertions (Lynch

and Conery 2003). Although primates have somewhat larger ge-

nomes than do rodents (Supplemental Table 10) and have smaller

population sizes, we did not observe a systematic tendency leading

to the accumulation of more insertions than deletions in the pri-

mate branches. For example the Del/Ins ratio was slightly higher in

human than in mouse. Therefore, at least for short events, such as

those considered here, no such correlation is observed.

What are the consequences of the ancestral rodent deletional

bias? In considering the length of indels, we estimate that, in

mammalian syntenic regions, the rodent genome has shrunk by

;2.5%, whereas the expansion of the ancestral primate genome

due to the excess of insertions over deletions is an order of mag-

nitude smaller (0.25%). Therefore, in the ancestral Euarchonto-

glires (the group common to primates and rodents), the size of

syntenic regions would most likely have been more similar to the

primate genome than to the rodent genome. Differences in the

deletion mutational bias have previously been implicated in

changes in genome size in different species of insects (Petrov et al.

2000). Our data correlate with the observed decrease in genome

size in rodent species with respect to primate species (Waterston

et al. 2002; Gibbs et al. 2004). However, this cannot explain the

;10% difference in genome size, and therefore other processes,

such as differential rate of expansion of transposable elements and

accumulation of segmental duplications, are likely to have con-

tributed more to the observed difference.

In comparing ancestral repeats with coding sequences, we

conclude that the majority of indel mutations are eliminated in

coding sequences, as previously reported in a comparison of

human genes and pseudogenes (Chen et al. 2007). In addition,

we found that insertions in coding sequence were more often

eliminated than were deletions in all lineages, suggesting that

they tend to be more deleterious. We also observe that the rate

of tolerance of both insertions and deletions was lower in the

rodent lineages than in the primate lineages (Table 2). This is

similar to the lower dN/dS rate observed in the rodents with re-

spect to the primates (Toll-Riera et al. 2010) and consistent with

the larger effective population sizes of the rodent species, which

results in more efficient purifying selection in this group (Kimura

1968; Ohta 1973; Nielsen et al. 2005; Axelsson and Ellegren

2009).

Sequence slippage during replication is a highly mutagenic

process that can lead to rapid changes in the size of orthologous

amino acid tandem repeats in otherwise highly conserved se-

quences from closely related mammalian species (Alba and Guigo

2004; Mularoni et al. 2008). In accordance with the results from a

previous study of indels in mouse and rat coding sequences (Taylor

et al. 2004), we found that a larger fraction of insertions than de-

letions mapped to amino acid tandem repeat regions in all species.

This suggests that replication slippage is more important in the gen-

eration of insertions than deletions, contrary to the findings of

Kvikstad et al. (2007). Finding a larger number of insertions than

deletions in amino acid tandem repeats is consistent with previous

observations that short tandem repeat tracts have a tendency to

increase in length (Ellegren 2004). In concordance we observed

that, in general, proteins containing amino acid tandem tracts, or

low complexity regions, tended to be longer than proteins lacking

these sequences (Supplemental Table 11).

A number of studies have shown that nucleotide substitution

rate and indels are correlated at the genomic level (Waterston et al.

2002; Kvikstad et al. 2007; Tian et al. 2008). Here we found evi-

dence that this correlation extends to rate of substitution and indels

at the amino acid level of coding sequences. This type of observation

has typically been interpreted in terms of a relaxation of selective

Table 3. Insertions and deletions in low-complexity regions and
amino acid tandem repeats

Low-complexity region Amino acid tandem repeat $4

% Seq % Del % Ins % Seq % Del % Ins

Human 8.88 34.6 58.4 0.74 13.6 31.3
Macaque 8.65 25.0 39.4 0.72 7.8 17.6
Mouse 7.60 20.0 35.8 0.71 3.9 13.9
Rat 8.33 20.0 33.0 0.70 4.8 11.8

(% Seq) Percentage of total protein sequence classed as low-complexity
or tandem repeat. (% Del) Percentage of deletions that are located within
a low-complexity or tandem repeat region. (% Ins) Percentage of in-
sertions that are located within a low-complexity or tandem repeat re-
gion. Approximately 70% of amino acid tandem repeat regions are
located within low-complexity regions.

Figure 4. Positive relationship between nonsynonymous-to-synony-
mous substitution (dN/dS) ratio and number of indels in coding sequences.
Box-plot representation of dN/dS versus number of indel events. The y-axis is
the sum of the dN/dS for all branches for a particular protein. The x-axis is the
total number of indels observed in all branches for a particular protein. The
area within the box contains 50% of the data; the horizontal line is the
median; outliers (5%) are represented as small circles. Each category is
significantly different from each of the others (P ! 0.0001, Wilcoxon rank
sum test). Spearman’s rank correlation rho = 0.34 (P ! 0.0001).
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constraints permitting both increased amino acid substitution and

greater tolerance of indels in a particular protein. However in a re-

cent article, Tian et al. (2008) found nucleotide divergence to be

significantly elevated surrounding genomic indels at a distance

of up to 100 nt in a wide range of taxa, suggesting that indel het-

erozygosity may itself be mutagenic toward surrounding sequence,

thus leading to the observed association between substitutions and

indels in genomic DNA sequence.

Investigation of GO terms associated with proteins that had

indels found a highly significant enrichment for terms associated

with regulation of transcription (Table 4). Proteins involved in

transcriptional regulation are known to be rich in amino acid

tandem repeat tracts (Karlin et al. 2002; Alba and Guigo 2004).

However, the observed enrichment remained significant even

when indels found in such tracts were discounted. This result is in

accordance with previous findings for rat and mouse (Taylor et al.

2004), and for human (Chen et al. 2007), but contrary to recent

work in nematodes that found that proteins associated with tran-

scription pathways in the KEGG database had the lowest frequency

of indel events (Wang et al. 2009). This suggests that at least

in mammals, proteins associated with transcription appear to be

under less selective pressure, perhaps allowing exploration of dif-

ferent functional profiles in response to varying environmental

stresses. Immune response proteins have long been known to be

evolving quickly (Li 1997) and were also found to be enriched in

indels. As observed here, Chen et al. (2007) also reported un-

derrepresentation of human proteins associated with metabolic

processes in the indel containing group, suggesting that these pro-

teins are under relatively strong selective pressure. These findings

highlight the fact that different selective pressures in different taxa

are likely to result in differences in indel tolerance in different pro-

tein families.

The study presented here has clarified the evolution of indel

accumulation in different primate and rodent branches. By using

the algorithm Prank+F, we have observed that, contrary to previous

reports, the only branch with a marked Del/Ins mutational bias,

resulting in substantial sequence shortening, is the rodent ancestral

branch. It also appears that protein sequences tolerate deletions

better than insertions, resulting in an increase in the Del/Ins ratio

for coding sequences in all branches. Further comparative geno-

mics studies including more species should help identify with

more precision when the rodents experi-

enced their greatest DNA loss.

Methods

Sequences

Ancestral repeats

All repeats classified as being mammalian an-
cestral were downloaded from RepBase Update
(version 15.07) (Jurka et al. 2005) and identi-
fied in pre-repeat-masked output for the
Human Genome Build 19 (February 2009),
obtained from RepeatMasker (http://www.
repeatmasker.org). This provided the coordi-
nates for 106,749 ancestral repeat regions in
the human genome, which were mapped to
syntenic regions in the other four species using
the 28-way vertebrate alignment track of the
UCSC Genome Browser (Miller et al. 2007) via
Galaxy (Goecks et al. 2010).

Coding sequences

All orthologous genes designated ortholog_one2one in Ensembl
release 49 (March 2008) across the five mammalian species Homo
sapiens, Macaca mulatta, Mus musculus, Rattus norvegicus, and Bos
taurus were identified using Ensembl BioMart (Hubbard et al. 2007).
Protein sequence, cDNA sequence, and exon boundary coordinates
were obtained for each gene. Following filtering and the application
of quality controls, the final number of complete ortholog sets
available for analysis was 5991 (for further details, see Supplemental
Methods). Please refer to supplementary file for a detailed de-
scription of the filtering process.

Multiple sequence alignments

MSAs of proteins for the five species were generated using three
distinct multiple-alignment algorithms; ClustalW (Thompson et al.
1994), MAFFT (Katoh et al. 2002), and Prank+F (Loytynoja and
Goldman 2008). As Prank+F performs best when a phylogenetic
tree with branch lengths is provided, we calculated the evolu-
tionary distance separating the different lineages using ProML
(Felsenstein 2005), on the basis of a multiple alignment of a ran-
dom sample of 155 one-to-one orthologs generated by T-coffee
(Notredame et al. 2000). This provided the following distance
tree, (((human:0.0105, macaque:0.0231):0.0371, (mouse:0.0265,
rat:0.0351):0.0771), cow:0.0720), similar to that for genomic
nucleotide substitutions per site reported previously (Miller et al.
2007). Neither the use of the branch lengths quoted by Miller et al.
(2007) nor the use of Monodelphis domestica as an outgroup sig-
nificantly altered the number of indel events identified (Supple-
mental Table 5). Of the three algorithms tested, Prank+F was best at
separating short regions of sequence that were nonhomologous,
rather than collapsing the alignment. This was most clearly ex-
emplified in the case of exons that are only present in one of the five
protein orthologs being aligned, thereby having no orthologous
counterpart with which to align in the other species. These cases
were defined by the exact coincidence of gap limits to exon
boundaries, Prank+F identifying many more such cases than MAFFT
or ClustalW (Supplemental Table 1). In general, while the three al-
gorithms identified approximately the same number of deletion
events, ClustalW and MAFFT consistently underestimated the
number of insertion events (Supplemental Tables 2, 3). Therefore
the Prank+F alignments were used as the basis of all further analysis.

Table 4. Gene ontology (GO) enrichment analysis for proteins containing indels versus
proteins with no indels

GO Term GO ID OR P-valuea Indels No indels

Overrepresented
Immune response GO:0006955 2.45 <10�4 72 23
Response to DNA
damage stimulus

GO:0006974 2.08 <10�5 64 24

Regulation of
transcription

GO:0045449 1.82 <10�6 251 111

Cell adhesion GO:0007155 1.57 <10�5 128 54
Underrepresented

Small GTPase-mediated
signal transduction

GO:0007264 0.28 <10�5 18 48

Intracellular protein
transport

GO:0006886 0.48 <10�3 36 57

Metabolic process GO:0008152 0.61 <10�4 127 155

(Indels) Number of proteins with at least one indel; (No indels) number of proteins with no indels;
(OR) odds-ratio. Number of proteins with GO annotations analyzed was 4517, of which ;56% had
indels.
aFisher’s exact test.
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Identification of lineage-specific indels

The principle of parsimony was used to identify lineage-specific
indels in six mammalian branches, using the orthologous cow
sequence as outgroup (Fig. 5). In coding sequences, ;2.7% of indels
(181 deletions, 170 insertions) were over 10 amino acid residues in
length. Upon manual inspection, it was found that approximately
half of these were the result of errors in exon boundary annotations
for long exons in Ensembl and were thus unlikely to represent bona
fide indels (see also Supplemental Methods). Therefore we focus
here only on indels of up to 10 amino acids in length. For consis-
tency, only indels of up to 30 bp (99.2% of all indels observed) were
considered in noncoding sequences. In order to compare indels in
ancestral repeats and coding sequences, we also used a subset of
events that had a length that was a multiple of 3 bp. For more details
on this comparison, please refer to the Supplementary File.

Estimation of nucleotide substitution rates

cDNA alignments corresponding to the aforementioned protein
alignments were used to estimate nonsynonymous (dN) and syn-
onymous (dS) substitution rates using the free-ratio model of
CodeML (Yang 2007). Only those protein-coding sequences for
which all exons showed similarity equal to, or greater than, 50%
were used for the comparison of indel and nucleotide substitution
rates in the different branches of the tree. This data set, named
CodeML subset, was thus limited to 3126 alignments. Branch-
specific nucleotide substitution rates for the 19,631 ancestral re-
peat MSAs were calculated using BaseML from PAML and the
HKY85 substitution model (Yang 2007).

Analysis of sequence context of indels

Areas of low complexity in the proteins were identified using SEG
(Wootton and Federhen 1996) with default settings. SEG was also
used to identify all tandem amino acid tracts of individual amino
acids of length four or longer. For more details, please refer to the
Supplemental File.

GO analysis

GO classifications for each protein in the data set were obtained
using the BioMart facility of Ensembl, and 4567 human proteins
from the 5991 ortholog data set had GO annotations. As one-to-
one orthologs already represent a biased data set with respect to the
complete proteome, enrichment analysis was performed by com-
paring proteins in the data set that had at least one observed indel
in any of the species (56%) with those that had no observed indels
(44%).
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