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Research

Genome-wide evidence for selection acting on single
amino acid repeats
Wilfried Haerty and G. Brian Golding1

Biology Department, McMaster University, Hamilton, Ontario L8S4L8, Canada

Low complexity and homopolymer sequences within coding regions are known to evolve rapidly. While their expansion
may be deleterious, there is increasing evidence for a functional role associated with these amino acid sequences. Ho-
mopolymer sequences are thought to evolve mostly through replication slippage and, therefore, they may be expected to
be longer in regions with relaxed selective constraint. Within the coding sequences of eukaryotes, alternatively spliced
exons are known to evolve under relaxed constraints in comparison to those exons that are constitutively spliced because
they are not included in all of the mature mRNA of a gene. This relaxed exposure to selection leads to faster rates of
evolution for alternatively spliced exons in comparison to constitutively spliced exons. Here, we have tested the effect of
splicing on the structure (composition, length) of homopolymer sequences in relation to the splicing pattern in which they
are found. We observed a significant relationship between alternative splicing and homopolymer sequences with alter-
natively spliced genes being enriched in number and length of homopolymer sequences. We also observed lower codon
diversity and longer homocodons, suggesting a balance between slippage and point mutations linked to the constraints
imposed by selection.

[Supplemental material is available online at http://www.genome.org.]

One of the most commonly shared features between proteins in

eukaryotic genomes is the abundance of simple sequences, char-

acterized by low information content due to amino acid compo-

sitional bias (Golding 1999; Huntley and Golding 2000). Simple

sequence composition varies from stretches of a single amino acid

(hereafter homopolymer sequences) to repeats of a few residues.

According to the paradigm associating protein function with

three-dimensional structure, these simple sequences have long

been considered the protein counterpart of ‘‘junk’’ DNA, as they

often have undefined three-dimensional structure as revealed from

X-ray crystallography (Bannen et al. 2007).

Several studies have shown these sequences to be highly

polymorphic and to evolve rapidly between species (Brown et al.

2002; Huntley and Golding 2002; Huntley and Clark 2007). In

accord with the idea that homopolymers and low complexity

sequences are considered nonfunctional, these sequences are

thought to evolve nearly neutrally (Lovell 2003). The widely ob-

served polymorphisms in repeated motifs is mainly the conse-

quence of DNA slippage (Levinson and Gutman 1987; Dieringer

and Schlotterer 2003), which generates long runs of the same co-

don (hereafter termed homocodons) that become interrupted by

point mutations over time.

Although the concept of neutral evolution seems valid for

noncoding, nonfunctional repeated sequences, there is, however,

increasing evidence that suggests another evolutionary scenario

for repeated motifs found in coding sequences. The expansion of

some homopolymers is known to be directly responsible for hu-

man genetic disorders, such as Huntington disease and spino-

bulbar muscular atrophy (Karlin et al. 2002; Usdin 2008). In dogs,

variation of homopolymer size in transcription factors has also

been linked to morphological differences among breeds (Fondon

and Garner 2004). Furthermore, proteins involved in transcrip-

tion, DNA/RNA binding, cellular signal transduction, reproduc-

tion, and gametogenesis are enriched in homopolymer sequences

(Karlin et al. 2002; Alba and Guigo 2004; Faux et al. 2005; Huntley

and Clark 2007). In addition, there is a relationship between ho-

mopolymer composition and protein function (Alba et al. 1999a;

Alba and Guigo 2004; Faux et al. 2005). All these observations are

suggestive of the action of selection acting on these sequences. If

simple sequences are selectively deleterious, then purifying selec-

tion is expected to either remove them altogether or to reduce their

instability by favoring point mutations that reduce the opportu-

nity for DNA slippage (Kruglyak et al. 1998; Alba et al. 1999b;

Rolfsmeier and Lahue 2000; Hancock and Simon 2005). Although

the observation of homopolymer sequences encoded by a hetero-

geneous set of codons may be suggestive of the action of selection,

because most of the amino acids are encoded by codons that differ

only at a single position, such an observation may also be the

consequence of slippage followed by the accumulation of muta-

tions over time. Nonetheless, the action of selection was detected

in poly-serine runs by Huntley and Golding (2006) , who showed

evidence for the action of slippage in combination with selection

for 12 loci and selection alone driving the evolution for two others

out of 31 loci analyzed (Huntley and Golding 2006).

If single amino acid repeats are under selection, differences in

size and/or codon composition of homopolymer sequences should

be expected, depending on their degree of exposure to selection. In

a recent analysis of five Drosophila genomes, we reported a rapid

evolution of alternatively spliced exons (ASE) in comparison to

constitutively spliced exons (CSE) (Haerty and Golding 2009). This

observation is likely the consequence of lower levels of inclusion

of alternatively spliced exons in the mature transcripts of genes

leading to a lower degree of exposure to selective constraints

(Haerty and Golding 2009). A similar result has also been reported

in mammalian genomes (Kriventseva et al. 2003; Modrek and Lee

2003; Xing and Lee 2005; Chen et al. 2006; Ermakova et al. 2006).

Therefore, one way to test for selection on the structure (size, co-

don composition) of homopolymer sequences is to determine

their variation as exon splicing patterns change. We tested this

1Corresponding author.
E-mail golding@mcmaster.ca; fax (905) 522-6066.
Article published online before print. Article and publication date are at
http://www.genome.org/cgi/doi/10.1101/gr.101246.109.

20:755–760 � 2010 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/10; www.genome.org Genome Research 755
www.genome.org

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


hypothesis, using the genome of Drosophila melanogaster, whose

recent reannotation (Stark et al. 2007) includes alternative splicing

events identified through EST, gene prediction, cDNA sequencing,

and manual curation.

We observed a significant enrichment in homopolymer se-

quences in genes undergoing alternative splicing in comparison to

genes with a single annotated protein isoform. Furthermore, the

comparison of alternatively and constitutively spliced exons revealed

a significant difference in homopolymers abundance, size, and co-

don composition depending on the splicing pattern of the exon in

which they are found. Although the extension of this analysis to

other eukaryotic genomes with different proportions of genes

undergoing alternative splicing confirm some of the observations

made in D. melanogaster, we also noted some differences between

organisms, suggesting different selective pressures acting on low

complexity sequences depending on the taxa.

Results

Simple sequences in the D. melanogaster genome

We found a total of 17,463 low complexity regions (LCR) and

16,073 homopolymer sequences among D. melanogaster proteins,

corresponding to 9809 LCR (including 4965 without homopoly-

mer sequences) and 9123 single amino acid repeats in 3671 and

4678 exons from 2991 and 3907 genes, respectively (Table 1).

Exons containing homopolymers, are longer than exons without

such sequences regardless of the exon splicing pattern (Kruskal–

Wallis rank sum test, P < 0.001 in all the comparisons; see Sup-

plemental material 1). Given that we previously showed that genes

undergoing alternative splicing and genes with a single protein

isoform evolve differently (Haerty and Golding 2009), we com-

pared their homopolymer content and found alternatively spliced

genes to be enriched with homopolymer sequences (1451/3612 vs.

2456/10,446; x2 test, P < 0.001; Fig. 1). We also observed alterna-

tively spliced genes to be enriched in poly-A, N, Q , whereas genes

with a single annotated protein isoform are enriched in poly-E, K,

L, T (P < 0.01; Fig. 1). This bias in amino acid composition reflects

the Gene Ontology functional differences between the two gene

categories (see Supplemental material 2). Furthermore, in agree-

ment with previous studies (Alba and Guigo 2004; Faux et al. 2005;

Huntley and Clark 2007), we found that genes involved in de-

velopment or transcription are enriched with homopolymers re-

gardless of their splicing patterns (see Supplemental material 2).

We investigated the potential effects of relaxed selective

constraints on the frequency, length, and codon composition of

homopolymer sequences found in ASE, in comparison to CSEs. We

observed a greater proportion of homopolymer sequences in all

ASE categories, in comparison to either CSE or to exons found in

genes with a single annotated protein isoform (x2 test, P < 0.01 in all

comparisons). Furthermore, the proportion of the exonic sequence

occupied by a homopolymer is larger in both ASE found in a single

and multiple transcripts in comparison to CSE (Kruskal–Wallis rank

sum test, P < 0.001 in all comparisons; Fig. 2). In contrast, no dif-

ference in size is found between homopolymers from ASE using

alternative 59 and/or 39 splice sites (‘‘complex’’) and CSE (P > 0.05).

To rule out any possible effect of greater divergence in these ASE

leading to interrupted shorter homopolymers stretches, we ana-

lyzed low complexity sequences or homopolymer sequences

interrupted by a single different amino acid and reached the same

conclusions as before in both analyses (P < 0.001 in all compari-

sons). We also compared the sizes of the homopolymer sequences

found in ASE and CSE within a gene to rule out any possible bias

due to the use of genes with different evolutionary histories. The

sizes of homopolymer sequences relative to the exon size is larger in

ASE than in CSE (Kolmogorov–Smirnov test, P < 0.001).

If homopolymers sequences are under relaxed constraints

when located in ASE, we should expect a larger absolute variation

of their size across species in comparison to single amino acid re-

peats found in constitutively spliced exons. Using homopolymer

sequences found in orthologous exons between five Drosophila

species (Haerty and Golding 2009), we observed that homopoly-

mers from ASE found in a single transcript are more variable than

similar sequences found in CSE (Kruskal–Wallis rank sum test, P <

0.001; see Supplemental material 3).

Table 1. Number of low complexity (without homopolymer
sequences) and homopolymer sequences per splicing categories in
D. melanogaster

No. of exons LCR Homopolymer

ASE 8920 1169 (828) 2456 (1190)
Single 3591 314 (227) 693 (354)
Multiple 2757 250 (190) 579 (291)
Complex 2572 605 (411) 1163 (545)

CSE 13,783 1139 (824) 2226 (1145)
ONE 33,900 2657 (2027) 4437 (2343)

The number of exons with LCR or homopolymers sequence is given in
parentheses. ASE, Alternatively spliced exon; CSE, constitutively spliced
exon; ONE, exon found in gene with a single annotated protein isoform.

Figure 1. (A) Proportion of exons found in genes with a single anno-
tated protein isoform (black bars) and in alternatively spliced genes (gray
bars) with homopolymer sequences and low complexity protein regions
D. melanogaster. (B) Comparison of homopolymer composition between
genes undergoing alternative splicing and genes with a single protein
isoform. **P < 0.01; ***P < 0.001.
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At the nucleotide level, there is a higher proportion of ho-

mopolymers composed of a single codon in ASE in comparison to

CSE (x2 test, P < 0.01). Furthermore, homopolymers within ASE are

also characterized by longer homocodon stretches, as well as

a lower codon diversity estimated through a Shannon-Weaver in-

dex than in CSE (Kruskal–Wallis rank sum test, P < 0.001 in both

comparisons; Fig. 2). No difference is observed between homo-

polymers found in CSEs and exons found in genes with a single

protein isoform (P > 0.05; Fig. 2). Similar conclusions are reached

when using homopolymers that are composed of residues encoded

by at least four codons. Interestingly, when dividing homopolymer

sequences found in ASE with a complex splicing pattern into those

falling in the constitutive region of the exon and those falling in

the spliced/expanded region of the exons, we found similar results

as in the comparison between ASE and CSE. Homopolymers found

in the spliced/expanded region have a lower codon diversity (P <

0.001) and longer homocodon runs than homopolymers found in

the constitutive part of the exon (P < 0.001). The conclusions re-

main the same when using amino acids encoded by at least four

codons (P < 0.01 and P < 0.001 for the Shannon-Weaver index and

the homocodon length, respectively).

Simple sequences in other eukaryotic genomes

Because the occurrence of alternative splicing is known to vary

widely between eukaryotic genomes (Kim et al. 2007), we in-

vestigated whether the results found in D. melanogaster could

be generalized to other eukaryotic genomes with different pro-

portions of alternatively spliced genes. Exons with homopolymers

are longer than exons without such sequences in each species (P <

0.001; see Supplemental material 1). As for D. melanogaster, we

observed an enrichment of low complexity sequences or homo-

polymers in genes undergoing alternative splicing in comparison

to genes with a single annotated protein isoform in the genomes of

C. elegans, D. rerio, M. musculus, and H. sapiens (x2 test, P < 0.001

in all comparisons). However, as previously reported (Alba et al.

2001; Huntley and Clark 2007), the comparison between genomes

of the amount of low complexity and homopolymer sequences

revealed a striking difference between the species. D. melanogaster

which has the smallest genome (bp, 14,141 genes) has the largest

number of low complexity sequences, in comparison to worm,

zebrafish, mouse and human genomes (P < 0.001; Fig. 3).

In the five species, ASE are enriched in homopolymer se-

quences in comparison to CSE (x2 test, P < 0.001 in all comparisons,

Table 2). This effect appears to be associated with complex ASE.

Furthermore, in D. rerio, longer homopolymer sequences in ASE,

in comparison to CSE, are observed (Kruskal–Wallis rank sum test,

P < 0.01; Supplemental material 4), while no difference between

splicing patterns is found for the other genomes. With the excep-

tion of C. elegans, low complexity and homopolymer sequences

found in complex ASE or in genes with a single protein isoform are

significantly smaller than similar sequences found in other ASE

categories or CSE (P < 0.001; see Supplemental material 4). In all

genomes, exons with homopolymer sequences are longer than

exons without such sequences (P < 0.001 in all comparisons). The

size difference between ASE and CSE is not conserved in human

Figure 2. (A) Comparison of homopolymer sequence size relative to
exon size between exon splicing patterns. (B) Comparison of homocodon
size difference between exon splicing patterns. (CSE) Constitutively spliced
exon; (ONE) exon found in gene with a single annotated protein isoform.
The box shows the first and third quartiles; the dotted lines extend to the
fifth and 95th percentiles; the size of the notch indicates level of uncertainty
associated with the median.

Figure 3. Proportion of exons with homopolymer sequences (black
bars) or low complexity sequences without single amino acid repeats
(gray bars) in the C. elegans, D. melanogaster, D. rerio, M. musculus, and
H. sapiens genomes.

Selection on homopolymer sequences
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and mouse for exons with/without homopolymer sequences (P >

0.05). In each of the other genomes ASE are shorter than CSE.

At the nucleotide level, we observed a significantly greater

proportion of homopolymers composed of a single codon in ASE

found in a single transcript, in comparison to CSE, in the D. rerio,

M. musculus, and H. sapiens genomes (x2 test, P < 0.01 in all com-

parisons), while no difference was observed in C. elegans. This re-

sult remained significant only in M. musculus when using homo-

polymers with amino acid encoded by at least four codons (P <

0.001). The absence of significant effects in zebrafish and human is

likely attributable to low statistical power. Homopolymers found

in ASE have a lower codon diversity in D. rerio, M. musculus, and

H. sapiens (Kruskal–Wallis rank sum test, P < 0.001, P < 0.05, and P <

0.001, respectively), however no significant difference is found in

C. elegans (P > 0.05 after Bonferroni correction). Similar conclu-

sions are reached when limiting the analysis to amino acids en-

coded by at least four codons for both M. musculus and H. sapiens,

while the effect vanishes in D. rerio (P > 0.05). Homopolymers

are also encoded by longer homocodons in ASE of C. elegans,

M. musculus, and H. sapiens (P < 0.01, P < 0.001, and P < 0.001,

respectively; Supplemental material 5). The conclusions remain

the same when using amino acids encoded by at least four codons

(P < 0.05 in all comparisons). In D. rerio, although the length of

homocodon runs tends to be longer in ASE, in comparison to CSE,

the difference is not significant after Bonferroni correction (P =

0.179).

Discussion
The observation of rapid rates of evolution in intrinsically disor-

dered regions, homopolymers, and low complexity sequences has

led some authors to propose that such sequences may be hotspots

for mutations and could generate material upon which selection

may operate (Brown et al. 2002; Kashi and King 2006; Romero et al.

2006). In a similar fashion, alternatively spliced exons have also

been proposed to be part of the raw material upon which selection

acts, as relaxed selection allows the accumulation of mutations in

these exons (Modrek and Lee 2003; Xing and Lee 2006). Here, we

report that the difference in exposure to selection between alter-

natively and constitutively spliced exons leads to a significant

difference in the size and codon composition of the homopolymer

sequences found in these exons.

Although the genomes analyzed differ in the proportion of

genes undergoing alternative splicing, we consistently observed

alternatively spliced genes to be significantly enriched in both low

complexity and homopolymer sequences in comparison to genes

with a single protein isoform. This observation, as well as the en-

richment of alternatively spliced regions in intrinsically disordered

regions (Romero et al. 2006), may reflect the observed function-

al bias of genes including low complexity or homopolymer se-

quences toward DNA/RNA binding and transcription (Alba and

Guigo 2004; Faux et al. 2005; Huntley and Clark 2007). Further-

more, while homopolymers found in genes with a single anno-

tated protein isoform are directly exposed to selection, those found

in alternatively spliced genes benefit from lower levels of in-

clusion, which may explain the observed difference in homopoly-

mer density between gene categories.

In D. melanogaster, the density and structure of homopolymer

sequences in ASE differ from similar sequences located in CSE,

both when pooling exons across genes or when exons within the

same gene are compared. Previous studies showed a faster evolu-

tion of alternatively spliced exons in comparison to constitutively

spliced exons in D. melanogaster as a consequence of relaxation of

selective constraints acting on alternatively spliced exons (Modrek

and Lee 2003; Chen et al. 2006; Ermakova et al. 2006; Malko et al.

2006; Haerty and Golding 2009) or positive selection (Ramensky

et al. 2008). The enrichment of ASE with potentially deleterious

homopolymers, as well as the lower codon diversity and longer

homocodon runs for homopolymers in ASE, support the hypoth-

esis of a rapid evolution of single amino acid repeats, due to low-

ered selective constraints as a consequence of lower inclusion

levels.

The higher codon diversity in homopolymers, both within

constitutively spliced exons or exons found in genes with a single

annotated protein isoform, could be explained by the action of rep-

licationslippage followedbythe accumulationof synonymous sub-

stitutions as CSE are relatively older than ASE and have a higher

rate of synonymous substitutions (Modrek and Lee 2003; Chen

et al. 2006; Malko et al. 2006; Xing and Lee 2006; Haerty and

Golding 2009). However, the action of selection can also explain

this observation. In comparison to ASE, both CSE and exons found

in genes with a single annotated protein isoform are found in all

the mature transcripts of a gene, therefore, the expansion of ho-

mopolymer sequences is expected to have stronger deleterious

effects, and selection may favor point mutations that disrupt ho-

mocodon runs limiting the action of slippage in these coding se-

quences (Kruglyak et al. 1998; Alba et al. 1999b; Rolfsmeier and

Lahue 2000; Hancock and Simon 2005). In agreement with this

last hypothesis, evidence of purifying selection acting on CSE have

previously been reported (Haerty and Golding 2009) and con-

served proteins between human and mice were found to be en-

riched in homopolymers with an heterogeneous codon composi-

tion (Mularoni et al. 2007). Whether the observed variation in

homopolymer structures are linked to the direct effect of selection

on single amino acid repeats or due to the indirect effect of selec-

tion acting on the exon in which the homopolymer is found re-

main to be formally tested. Hence these results should be inter-

preted with caution.

Our observations agree with a proposed scenario explaining

the evolution of homopolymers sequences, according to which

homopolymers arise in genomic regions under low selective con-

straints, such as ASE, and with time selection either removes the

repeated sequence altogether or reduces homopolymer instabil-

ity through the accumulation of point mutations, reducing the

Table 2. Number of homopolymer sequences in exons with
different splicing patterns in C. elegans, D. rerio, M. musculus,
and H. sapiens

Splicing pattern C. elegans D. rerio M. musculus H. sapiens

LCR
Single 108 (1.76) 218 (0.52) 236 (0.93) 307 (0.95)
Multiple 61 (2.12) 65 (0.44) 248 (0.88) 387 (0.82)
Complex 144 (1.97) 595 (12.06) 530 (1.67) 698 (1.54)
CSE 322 (1.99) 245 (0.94) 738 (0.94) 1011 (1.09)
ONE 1965 (1.66) 1323 (0.57) 1697 (1.54) 1522 (1.79)

Homopolymers
Single 245 (3.18) 451 (1.30) 496 (1.85) 588 (1.88)
Multiple 139 (2.14) 113 (2.12) 445 (1.72) 671 (1.65)
Complex 170 (4.09) 1106 (2.01) 817 (2.65) 1073 (2.32)
CSE 498 (2.82) 441 (1.98) 1314 (1.85) 1524 (1.87)
ONE 2710 (2.13) 2368 (1.66) 2594 (2.24) 2414 (2.69)

The percentages of exons with LCR and homopolymers sequences are
given in parentheses. (CSE) Constitutively spliced exon; (ONE) exon
found in gene with a single annotated protein isoform.

Haerty and Golding
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opportunity for slippage to occur (Hancock et al. 2001; Hancock

and Simon 2005; Simon and Hancock 2009).

Among homopolymer sequences found in alternatively

spliced exons, those within exons spliced through the use of al-

ternative and/or splice sites strongly differ from sequences ob-

served in alternatively spliced exons found in single or in multiple

transcripts. This may be explained by a different origin of these

exons. While alternatively spliced exons (cassette exons) originate

mostly through exonization of intronic sequences, exon duplica-

tion, or exon shuffling (Ast 2004; Blencowe 2006; Lev-Maor et al.

2007), exons spliced through the use of 59 and/or 39 splice sites

have been suggested to evolve from existing constitutively spliced

exons (Zhang and Chasin 2006). Therefore, the observed differ-

ences in the length and composition of homopolymer sequences

between cassette exons and complex exons may be the conse-

quence of different evolutionary histories among exons. However,

the higher proportion of homopolymer sequences in these exons

in all the genomes analyzed is puzzling. This could be explained by

a higher rate of nonsynonymous substitutions in these exons

leading to both more numerous and shorter interrupted homo-

polymer sequences. However, the analyses of both homopolymer

sequences and sequences composed of a few different amino acids

revealed the same effect as observed on homopolymer sequences.

The analyses of these five genomes reveal large differences in

the effect of splicing on the number, length, and composition of

homopolymer sequences. Although alternatively spliced genes are

enriched in single amino acid repeats in all the species and we

found an enrichment of homopolymer sequences in C. elegans,

D. melanogaster, and D. rerio in alternatively spliced exons relative

to constitutively spliced exons, we do not observe these results in

M. musculus and H. sapiens, even though these species have a greater

proportion of alternatively spliced genes (Kim et al. 2007). One

possibility explaining this phenomenon may be the lower pro-

portion of genes with alternative splicing in the Ensembl database,

only 37.89% and 51.89% genes are annotated as alternatively

spliced in mouse and human, respectively, whereas estimates of

the proportion of alternatively spliced genes reach up to 56% in

mouse (Kim et al. 2007) and 94% in human (Wang et al. 2008). In

such a case, the observed difference between alternatively spliced

genes and genes with a single protein isoform should have been

less clear. However, their homopolymer sequences have similar

codon composition properties, suggesting that the conclusions

previously drawn from the observation of the fruit fly genome may

also be valid for the zebrafish, mouse, and human genomes. In

these genomes, a balance between slippage and point mutations

linked to the variation of selective constraints associated with al-

ternative splicing is likely the cause of the difference in the struc-

ture of homopolymer sequences.

Methods
The genomes of Danio rerio (assembly version 7), Mus musculus
(NCBI 37 assembly), and Homo sapiens (NCBI 36 assembly) were
downloaded from the Ensembl database (http://www.ensembl.org/).
The genomes of Caenorhabditis elegans and D. melanogaster were
downloaded from WormBase (release WS198, http://www.wormbase.
org/) and FlyBase (release 5.12, http://flybase.org/), respectively.
Using the genome annotations, we classified exons according to
their splicing patterns. Exons found in a single alternatively spliced
transcript, in more than one transcript (cassette exons) or if alter-
natively spliced via the use of alternative and/or splice sites were
respectively classified as ‘‘single,’’ ‘‘multiple,’’ or ‘‘complex.’’ The

sequences of complex exons were also divided into a constitutive
part and a spliced/extended part. Exons found in all the transcripts
of genes undergoing alternative splicing were classified as consti-
tutively spliced. We also consider the exons found in genes with
a single annotated protein isoform (labeled as ‘‘ONE’’ in Figs. 1–3).

Low complexity protein sequences were identified using
SEG (Wootton and Federhen 1993) and the parameters previously
established by Huntley and Golding (2002) in order to select for
longer and more repetitive low complexity sequences (windows
size 15, complexity threshold 1.9). We separately collected all the
homopolymer sequences defined as runs of at least five identical
amino acids and runs of at least five amino acids interrupted by
a single different residue. We use the term ‘‘low complexity se-
quences’’ for amino acid sequences characterized by a low in-
formation content composed of more than one amino acid and
use the term ‘‘homopolymer’’ or ‘‘single amino acid repeats’’ to
indicate stretches of a single amino acid. The size of exons is
known to vary depending upon their splicing pattern (Zavolan
et al. 2003; Sorek et al. 2004; Zheng et al. 2005), therefore, to allow
a comparison between exon splicing patterns, the size of the ho-
mopolymers is expressed as the proportion of the exon length. For
the homopolymers found in exons spliced through the use of al-
ternative and/or splice sites, we used the size of the smallest exon
in which a homopolymer is found in order to avoid under-
estimating the relative size of the homopolymer. The codon di-
versity of homopolymer sequences was assessed using a Shannon-
Weaver index:

S =
pi log2 ðpiÞ

L
; ð1Þ

with the frequency of codon i and the length of the homopoly-
mer L. The size of the longest homocodon run within a homo-
polymer was retrieved. We tested for an association between gene
splicing patterns, homopolymer enrichment or homopolymer
composition and molecular function using FATIGO (http://www.
babelomics.org/; Al-Shahrour et al. 2006).

If homopolymers are submitted to different selective pres-
sures depending upon the splicing pattern of the exon in which
they are found, different evolutionary patterns are expected. We
assessed the size variation of homopolymers found in a set of
38,762 exons with orthologs in Drosophila simulans, Drosophila
sechellia, Drosophila yakuba, and Drosophila erecta used in a previous
analysis (Haerty and Golding 2009). This set includes exons greater
than 50 bp with best reciprocal blast hits in all species and covering
at least 80% of the D. melanogaster query. We implemented a sim-
ilar approach as the one used by Huntley and Clark (2007) to
compute the variation of size of a homopolymer across the five
species. We computed the distance between species as the abso-
lute difference in size of homopolymers. We used the total length
of the neighbor-joining tree build using the NEIGHBOR package
from PHYLIP (Felsenstein 1989) as a measure of the homopolymer
variability across species.

The comparisons of low complexity and homopolymers se-
quence sizes between exon splicing categories were performed
using a Kruskal–Wallis rank sum test with 10,000 permutations.
Bonferroni corrections for multiple tests were applied when nec-
essary. The comparison of low complexity and homopolymers
sequence distributions between splicing patterns were performed
using a test with one degree of freedom. Differences in homopoly-
mer sizes and compositions between ASE and CSE within the
same gene were compared to the difference of homopolymer sizes
and compositions from independent CSE from the same gene,
a total of 1000 permutations were preformed. The distributions
were compared using a Kolmogorov–Smirnov test.
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