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Abstract. Homopolymeric nucleotide runs, also
called mononucleotide microsatellites, are a ubiqui-
tous, dominant, and mutagenic feature of eukaryotic
genomes. A clear understanding of the forces that
shape patterns of homopolymer evolution, however,
is lacking. We provide a focused investigation of the
abundance, chromosomal distribution, and mutation
spectra of the four strand-specific homopolymer
types (A, T, G, C) 28 bp in the genome of Caenor-
habditis elegans. A and T homopolymers vastly
outnumber G and C HPs, and the run-length distri-
butions of A and T homopolymers differ significantly
from G and C homopolymers. A scanning window
analysis of homopolymer chromosomal distribution
reveals distinct clusters of homopolymer density in
autosome arms that are regions of high recombina-
tion in C. elegans. Dramatic biases are detected
among closely spaced homopolymers; for instance,
we observe 994 A homopolymers immediately fol-
lowed by a T homopolymer (5" to 3’) and only 8
instances of T homopolymers directly followed by an
A homopolymer. Empirical homopolymer mutation
assays in a set of C. elegans mutation-accumulation
lines reveal an ~20-fold higher mutation rate for G
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and C homopolymers compared to A and T homo-
polymers. Nuclear A and T homopolymers are also
found to mutate ~100-fold more slowly than mit-
ochondrial A and T homopolymers. This integrative
approach yields a total nuclear genome-wide homo-
polymer mutation rate estimate of ~1.6 mutations
per genome per generation.
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Introduction

Simple sequence runs are a major component of every
eukaryotic genome that has been surveyed and
homopolymeric nucleotide runs (HPs), also called
mononucleotide microsatellites, are consistently
among the most abundant types of simple sequence
(Dechering et al. 1998; Toth, et al. 2000; Katti et al.
2001). HP loci can be highly mutagenic and HP insta-
bility is associated with many types of cancer (Catasus
et al. 2000; Richetta et al. 2001; Zhang et al. 2001).
However, these simple sequences are also thought to
have roles in transcriptional regulation and recombi-
nation (Brahmachari et al. 1997; Kashi et al. 1997;
Templeton et al. 2000). HPs in mismatch repair gene



exon sequences have been postulated to act as muta-
tion rate modulators (Chang et al. 2001). Structural in
vitro analyses of HPs composed of A:T base pairs show
that these mononucleotide runs have a very rigid
structure stabilized by additional, non-Watson—Crick,
cross-strand hydrogen bonding (Nelson et al. 1987).
Alternatively, HP runs containing G:C base pairs form
triplex structures and G quartets in vitro (Sen and
Gilbert 1988; Cheung et al. 2002). The hypervariable
nature of HPs along with their profusion in eukaryotic
genomes suggests that these repetitive sequences play a
significant role in genome evolution and may serve as
good models for understanding general patterns of
simple sequence evolution.

Multiple mutational and selective forces contrib-
ute to the evolution of simple sequences such as HPs.
For instance, the canonical high incidence of length
change mutations associated with HPs and other
microsatellites has contributed to their exclusion
from exon sequences over evolutionary time (Metz-
gar et al. 2000). Explaining the overall abundance
and biased distribution patterns of simple sequences
in eukaryotic genomes, however, has proven more
difficult. The cryptic simplicity hypothesis maintains
that simple sequences are seeded by an active mech-
anism, most likely slippage during replication (Tautz
et al. 1986). This theory also predicts that the distri-
bution of simple sequences in the genome is essen-
tially random and reflects the underlying base
composition. Alternative hypotheses maintain that
repetitive sequences in the human and Drosophila
genomes are seeded from retrotransposon insertions,
suggesting that simple sequences and retrotranspo-
sons are similarly distributed in genomic sequences
(Nadir et al. 1996; Wilder and Hollocher 2001). A
third model proposes a balance between slippage
events and point mutations inside repeats in shaping
simple sequence distribution patterns (Kruglyak et al.
1998, 2000). In this “mutational balance’ model, new
repeat units are generated by the splitting of existing
repeat units by internal point mutations, suggesting
that repeats are distributed near other repeats of the
same motif type (Kruglyak et al. 2000). Finally, some
models suggest that unequal crossovers during re-
combination (Smith 1976) and/or slippage associated
with DNA synthesis following gene conversion (Ri-
chard and Paques 2000) contributes to the spreading
of simple sequences in eukaryotic genomes. None of
these theories alone, however, have proven sufficient
to explain the observed patterns of simple sequence
evolution in eukaryotic genomes (Deschering et al.
1998; Toth et al. 2000).

HPs are among the most dominant forms of simple
sequences observed in eukaryotic genomes, and ac-
curate estimates of the rates and patterns of HP mu-
tation are critical for understanding their evolutionary
properties. HPs have been characterized as hotspots
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for length change mutations (Tran et al. 1997; Denver
et al. 2000) and in Saccharomyces cerevisiae HPs
composed of G:C base pairs have been shown to
mutate at higher rates than HPs composed of A:T
base pairs (Gragg et al. 2002). Most studies that target
simple sequence mutational properties, however,
consider only a few representative repeat loci or in-
volve indirect plasmid-based assays. Although the
above approaches have significantly contributed to a
basic understanding of the mechanisms and factors
involved in HP mutation, a large-scale and direct
analysis of the rates and patterns of spontanecous
mutation at multiple genomic HP loci is essential for
an accurate understanding of HP dynamics and their
roles in eukaryotic genome evolution.

This study provides an integrative approach to
understanding the evolutionary and mutational
properties of HPs in the genome of C. elegans. First,
we assay the abundance and distribution of HPs with
respect to chromosome position and physical asso-
ciation with other HP loci. Second, we perform a
large-scale, direct screen for mutations at 38 distinct
HP loci of different types and sizes in a set of 72
C. elegans mutation-accumulation (MA) lines
(Vassilieva and Lynch 1999; Vassilieva et al. 2000) as
well as 23 natural geographic isolates (Hodgkin and
Doniach 1997; Denver et al. 2003). The C. elegans
MA lines are propagated across generations as single
random worms to minimize the efficiency of natural
selection against new mutations. All but the most
deleterious mutations accumulate over time in the
MA lines, allowing for direct and unbiased estimates
of baseline mutation rates and patterns (Denver et al.
2000). Together, knowledge of the abundance and
distribution patterns of HP loci in the C. elegans
genome with a direct and unbiased evaluation of HP
mutation spectra in the MA lines provides insights
into the forces shaping C. elegans HP evolution.

Materials and Methods

Detection of Homopolymers in C. elegans
Chromosome Sequences

C. elegans chromosome sequences were downloaded from the
Sanger Centre ftp site (ftp://ftp.sanger.ac. uk/pub/C.elegans_se-
quences/chromosomes/current_release) on 12 September 2000 for
subsequent analysis; 99, 192, 192 bp was analyzed. HP positions
were detected by two independent computational approaches. Our
first analysis utilized the Mac Vector 7.0 (Oxford Molecular
Group) computer program to find HPs >8 bp. We selected 8 bp as
the lower limit for this bioinformatic analysis, as it was the lower
limit for empirical mutational analyses of HP mutation described
below. Blocks of chromosome sequence (2 MB) were opened in
Mac Vector; HP loci were detected using the subsequence search
option  (searched for “AAAAAAAA,” “TTTTTTTT,”
“GGGGGGGG,” and “CCCCCCCC” in four independent
searches for each sequence block). MacVector subsequence output
for the beginning position of each HP of 8 bp was then analyzed in
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Fig. 1. Size class distributions of
HPs in the genome of C. elegans.
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Microsoft Excel to discover the actual size for each homopolymer.
For example, a homopolymer of 10 bp was returned in the Mac-
Vector query as three 8-bp homopolymers with consecutive be-
ginning positions. After determining the length of the HPs in
Microsoft Excel, the data were input into Microsoft Access for
archiving and subsequent analyses.

To gain a better understanding of smaller HP size distributions,
the positions of all mononucleotide runs =2 bp were determined in
full chromosome sequences (13 March 2001) using a search pro-
gram in Microsoft Visual C++ 6.0. HP sizes were entered into the
program that generates the four possible HPs (i.e., if the size en-
tered is 3, it would generate AAA, GGG, CCC, TTT), which were
then stored in an array for use in subsequent text searches. Com-
plete chromosome sequences were stored in a second set of arrays,
one for each chromosome sequence. The contents of the chromo-
some sequence arrays were subjected to text search analyses,
searching with the HPs generated in the first array. The program
only searched for unique HPs (i.e., the program searched for AAA
HPs that have no A preceding or following it). This analysis yielded
results highly similar to the subsequence searches performed in
MacVector 7.0 for HPs >8 bp (later sequence release used here
contained <20 additional HPs for each size class compared to
previous results).

Determination of Distances Between
Adjacent Homopolymers

To evaluate the number of intervening nucleotides between adja-
cent homopolymers, the beginning position and length of the
homopolymers from the Microsoft Excel data set were used to
determine the ending position of the homopolymer run. The ending
position for each homopolymer was subtracted from the beginning
position of the next homopolymer to determine the number of
intervening base pairs. In order to obtain a random expectation for
this analysis, Microsoft Visual C++ 6.0 was used to generate sets
of random numbers for each chromosome. The same number of
random numbers was generated for each chromosome, each
number between 1 and the chromosome length in base pairs, as the
number of HPs >8 bp that was empirically detected for each re-
spective chromosome. The random numbers for each chromosome
were then sequentially arranged in Microsoft Excel—the number of
bp between this randomized HP set was then determined. The total
number of observations for each class (0 intervening bp, 1 inter-
vening bp, etc.) was then calculated and plotted along with the
observed data.
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—* A and T (open triangles) as well as

15 16 17 18 19 20 G and C (open squares) HPs,
based on individual nucleotide
frequencies.

Mutational Analysis of C. elegans Homopolymer Loci

Propagation of the C. elegans MA lines was described by Vassilieva
and Lynch (1999); the C. elegans natural isolates were described by
Doniach and Hodgkin (1997) and Denver et al. (2003). HP loci (8
to 16 bp in length) were randomly selected for amplification and
sequencing from MA lines and natural isolates to detect size
changes. Amplifications of DNA were performed in 50-pL reac-
tions with Taq polymerase (Applied Biosystems). Amplifications
were carried out by 35 cycles of denaturation at 95°C for 1 min,
annealing at 55 to 65°C for 1 min, and extension at 72°C for 2 min.
Primers were designed to C. elegans sequences flanking HPs to
yield PCR products ~300 to 1000 bp that contain targeted HP
sequences. PCR reaction aliquots (3.5 pL) were evaluated on
ethidium bromide-stained agarose gels and subsequently purified
by solid-phase reversible immobilization (Elkin et al. 2001). Puri-
fied PCR products were then cycle sequenced by 25 cycles of de-
naturation at 96°C for 30 s, annealing at 50°C for 15s, and
extension at 60°C for 4 min, 0.5% DMSO was included in se-
quencing reactions to improve sequence quality. After ethanol
precipitation, sequences were determined with an ABI Prism 377
automated DNA sequencer (Applied Biosystems). HP sequences
were analyzed on both strands by manually counting dye peaks in
the electropherograms, using the control progenitor (N2) template
as a standard. Sequences were submitted to GenBank under ac-
cession numbers AY219759-AY219789. HP mutation rates were
determined as in Denver et al. (2002). Mutation rates were calcu-
lated using the equation p = n/(x1), where p = the mutation
rate, n = the number of mutations, = the number of genera-
tions, and 1 = the number of MA lines. For HP loci of run lengths
outside of those assayed here (<8 bp, >16 bp), regression analyses
were performed in Microsoft Excel to extrapolate mutation rates.

Results

Homopolymer Size Class Distributions

We initially evaluated the abundances of different HP
size classes, analyzed for all runs =2 bp in the C.
elegans genome (Fig. 1). All four of the strand-specific
HP types (A, T, G, and C) were considered distinct.
The size class abundances of A and T HPs in C.
elegans were virtually identical, as were those for G
and C HPs. The expected number of A and T HPs
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Table 1. Abundance of homopolymers (=8 bp) in the genome of C. elegans

HP Chr. I Chr. II Chr. III Chr. IV Chr. V Chr. X Genome
A 11,452 11,134 11,339 13,679 13,776 11,673 73,053
T 11,776 11,212 11,160 13,861 13,647 11,515 73,171
G 178 144 139 170 164 340 1,135
C 215 191 171 191 152 346 1,266
Total 23,621 22,681 22,809 27,901 27,739 23,874 148,625
HP/MB 1,607 1,492 1,715 1,604 1,308 1,372 1,498

Note. HPs were counted on the (+) strand of C. elegans chromosome sequences obtained from the Sanger Centre on 12 September 2000
(ftp://ftp.sanger.ac.uk/pub/C.elegans_sequences/chromosomes/current_release/).

based on individual nucleotide frequencies predicted
a steady, linear reduction in A and T HP abundance
with increasing run length and that no HPs 216 bp in
length would be present in the C. elegans genome.
Although a roughly steady reduction in A and T HP
abundance with increasing run length was observed,
the number of A and T HPs detected for each size
class was greater than the random expectation
(Fig. 1). Furthermore, many instances of A and T
HPs > 16 bp in length were observed; the largest was
a 35-bp T HP at position 15,708,621 on the X chro-
mosome.

G and C HP size class abundances were distinct
from those of A and T HPs (Fig. 1). As with Aand T
HPs, a linear reduction in G and C HP abundance
with increasing run length was expected based on
individual nucleotide frequencies, though far fewer G
and C HPs for each size class were predicted due to
the AT-rich genome of C. elegans. Unlike A and T
HPs, the observed numbers of G and C runs <8 bp
roughly followed the expectations based on mono-
nucleotide frequencies. The observed numbers of G
and C HPs >8 bp, however, were much greater than
the random expectations. Unlike A and T HPs, G
and C HPs did not display a steady decline in
abundance with increasing run length. In fact, the
number of G and C HPs 13 bp in length was greater
than each of the 8- to 12-bp G and C HP size classes
(Fig. 1). Although none were expected at random,
many G and C HPs 211 bp in length were detected;
the largest was a 32-bp C HP at position 1,980,365 on
chromosome III.

Genomic Distribution of Homopolymers

We characterized the genomic distribution patterns
of the 148,625 unique HPs =8 bp long detected on the
(+) strands of C. elegans chromosomes (Table 1). The
number of A and T HPs =8 bp long (146,224) vastly
exceeded the number of G and C HPs =8 bp long
(2401). The ratio of A and T HPs to G and C HPs
was ~61:1, much higher than the ratio of A and T-to-
G and C nucleotides (~2:1) in the C. elegans genome.
The observed number of A and T HPs =8 bp long

was more than five times greater than the expected
number based on individual nucleotide frequencies
(21,812 A and T HPs expected). The observed num-
ber of G and C HPs =8 bp was ~17-fold greater than
expectations based on individual nucleotide fre-
quencies (138 G and C HPs =8 bp expected). The
numbers of A and T HPs were nearly equal on the (+)
strands of all chromosomes, as were the numbers of
G and C HPs (Table 1). This equality of comple-
mentary HP motif types on both strands of all
chromosomes indicated that no strong strand-specific
biases exist for HP distribution in the C. elegans
genome.

An analysis of HP abundance in each C. elegans
chromosome revealed significant variation in HP
density (p < 0.005), from an average of 1,308/ MB for
the largest chromosome (V) to 1,714/MB in the
smallest chromosome (III) (Table 1). HPs were most
dense in chromosome arms and less abundant in the
core regions (arm and core regions defined as by
Barnes et al. [1995]). Furthermore, the frequency of
any HP type (A, T, G, or C on the [+ ] strand) in each
MB was highly correlated with all other types of HPs.
This was particularly striking for the correlation of A
with T HPs and G with C HPs. These strong corre-
lations (r = 0.96 for A with T, 0.76 for G with C,
and 0.96 for A and T with G and C) were consistent
across all chromosomes. Therefore, regions of chro-
mosomes with high HP density had increased abun-
dances of all four HP motif types.

To examine the distribution of HPs across C. ele-
gans chromosomes, we employed a scanning window
approach. For each chromosome, the number of HPs
in a 100-kb window of sequence was determined,
beginning at position 1 of each chromosome. The
window was then moved one nucleotide 3’ on the (+)
strand across the length of the chromosome, counting
HPs in each window. The data were averaged over
1000 consecutive windows and displayed graphically
by chromosome in Fig. 2. This analysis revealed the
presence of many HP “‘clusters” that routinely ex-
ceeded 300 HP/100 kb. These clusters were strongly
overrepresented in autosome arms, while the core
regions of chromosomes generally displayed a base-
line HP density of approximately 90 to 100 HP/
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Fig. 2. Distribution of HPs across C. elegans chromosomes. HPs are described in the Results. Arrows with asterisks indicate the two

are counted across a 100-kb window and then averaged over 1000
windows. HP density (v axes) is then plotted against chromosome
physical maps (x axes). Patterns in HP densities are resolved on a
very fine scale with this approach, allowing for the definition of
discrete HP clusters. Arrows indicate the densest HP clusters that

100 kb. In fact, overall we observed a significant (p <
0.005) overabundance of HPs in arm regions of au-
tosomes, under the null hypothesis that HPs are
randomly distributed across autosome sequence
(60,480 and 41,462 HPs expected in autosomal core
and arm regions, respectively; 33,521 and 68,421 HPs
observed in core and arm regions, respectively).
In contrast, the X chromosome lacked a clear
demarcation between core and arms and was largely
devoid of high-density clusters (all <300 HP/100 kb).

Twelve of the densest HP clusters were further
characterized by analyzing the specific 100-kb win-
dows of DNA sequence that corresponded to these
clusters (indicated by arrows in Fig. 2). The gene
densities and base compositions of these regions of
high HP density were similar to genomic averages. A
and T HPs were dominant in these clusters as they

clusters where HP motif-type biases are observed. The dashed
vertical lines in the top panels indicate the conventional arm and
core boundaries as defined by Barnes et al. (1995). Four small
horizontal lines below the x axis indicate gaps > 5000 bp in the
C. elegans genome sequence analyzed.

were in the rest of the genome. The distribution of A
and T HPs was evaluated across 10-kb segments in
each of the 12 clusters—the majority of these clusters
(10/12) contained roughly equal numbers of A and T
HPs across all segments. However, two clusters (in-
dicated by asterisks in Fig. 2) displayed skewed HP
motif type biases. The first cluster (on chromosome
IT) displayed a 3.6-fold enrichment of A over T HPs
in one 10-kb segment followed by a 2.8-fold enrich-
ment over A HPs just 10 kb downstream. Visual ex-
amination of the 10 kb of genomic sequence that
corresponded to these segments of the cluster showed
that the biased distribution of HP types in these re-
gions was not due to the presence highly dense and
localized A or T HP “‘superclusters.” Rather, the
dozens of HPs in each 10-kb segment were disperse
and separated by complex sequences. The second
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cluster displaying a skewed HP motif-type bias (on
chromosome IV) was the only cluster detected in an
autosomal core region. An extreme bias toward A
over T HPs was observed throughout this cluster.
Further examination of this region of chromosome
IV revealed the presence of three separate large tan-
dem repeats that dominated this region of the ge-
nome. Two of these repeats contained A HPs as a
subcomponent of the larger repeating unit, resulting
in the observed HP motif-type bias in this region of
chromosome 1V. Although HP motif-type distribu-
tion biases were observed in a few specific instances,
most of the clusters examined were heterogeneous
with respect to HP motif type.

To further examine the propensity for HP cluster-
ing, we determined the number of intervening base
pairs between all HP loci =8 bp in length. A random
distribution of HPs across chromosomes (see Mate-
rials and Methods) predicted a bias toward closely
spaced HPs and ~250 instances of directly adjacent
HPs (Fig. 3). However, we observed a strongly ske-
wed HP spacing pattern distribution displaying a
much stronger bias for closely spaced HPs compared
to the random expectation, particularly for HPs sep-
arated by <50 bp (Fig. 3; see inset). To further in-
vestigate very closely associated HPs, we identified all
HP pairs separated by 0 to 5 intervening base pairs
(Table 2). The most striking observations involved
(A)2s(N)o-5(T)zg and (T)=8(N)o-s(A)>s HP pairs
(where N = G or C). We observed 1019 total cases of
immediately adjacent HPs (0 intervening base pairs).
The overwhelming majority of these (994) were
(A)sg(T)sg pairs, whereas only 8 (T)sg(A)sg pairs were
detected (Table 2). A roughly equal number of

classes of HP pairs with 0 to 50 intervening bases (expected values
are indicated by the dashed line). A clear bias toward small num-
bers of bases between HPs is evident. Additional biases are de-
tected, such as the abundance of ~10-12 and ~22-24 bp between
HPs.

(A)sg(T)sg and (T)s3(A)ss HP pairs was expected
based on the overall equivalent abundances of A and
T HPs throughout the genome. The overabundance of
(A)>s(T)sg pairs was not observed when intervening
nucleotides were present between the HPs (Table 2).
In fact, the most abundant class of HP pairs with one
intervening nucleotide was (T)sg(N);(A)sg pairs that
outnumbered (A)sg(N)1(T)s>g pairs nearly 3:1. In
contrast, roughly equal numbers of (T)sg(IN);_s5(T)xs
and (A)>g(N)1_s(A)sg HP pairs were observed for each
class.

Mutation and Natural Variation of
C. elegans Homopolymers

In addition to surveying the abundance and distri-
bution of HPs across the C. elegans genome, we di-
rectly assayed the rates and patterns of mutation at
38 genomic HP loci that ranged in length from 8 to
16 bp (Table 3). The average HP run length of loci
assayed was roughly equivalent for the G and C
(12.4-bp) and the A and T (11.6-bp) HPs. To obtain
an unbiased view of HP mutation spectra, we probed
for mutations in a set of 72 C. elegans MA lines,
propagated for 280 generations through single-prog-
eny descent (Vassilieva and Lynch 1999; Vassilieva et
al. 2000). Natural patterns of HP variation were also
evaluated by analyzing the same set of HP loci in a set
of 23 C. elegans natural geographic isolates (Hodgkin
and Doniach 1997; Denver et al. 2003).

We detected 31 total mutations at HP loci in 72
C. elegans M A lines; 30 were length change mutations
and 1 was a base substitution (Table 3). No signifi-
cant differences were observed between the frequency
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Table 2. Spacing between homopolymers

No. of intervening nucleotides

HP pair?® 0 1 2 3 4 5
A-A N/A 283 294 239 274 212
A-T 994 143 180 144 116 99
A-G 5 2 2 0 1 0
A-C 0 0 0 1 1 1
T-A 8 369 273 195 258 119
T-T N/A 257 246 274 242 222
T-G 6 1 0 0 1 0
T-C 0 0 1 0 0 1
G-A 0 0 0 1 1 0
G-T 2 0 0 0 0 0
G-G N/A 5 1 0 0 0
G-C 0 0 0 0 0 0
C-A 3 1 1 0 4 1
C-T 1 1 2 0 2 1
C-G 0 0 0 0 0 0
c-C N/A 2 1 1 1 0
Total 1019 1064 1001 855 901 656

% HP pair indicates the 5’-to-3" order of strand-specific HP types.

of insertions (14) and deletions (16), and virtually all
(29/31) of the detected mutations were in G and C
HPs. No significant difference in mutation rate was
detected between HPs with G on the (+) strand (12
mutations in 8 G HPs) and those with C on the (+)
strand (17 mutations in § C HPs). G and C HPs also
displayed a trend of increasing mutation rate with
increasing run length, a property commonly observed
in other simple sequences (Kroutil et al. 1996; Wierdl
et al. 1997). In contrast to the G and C HPs, we
detected only two mutations in the A and T HP loci
assayed in the MA lines. Furthermore, these two
mutations were of different types: a T — C transition
was detected at the first (5”) base of the (T)g HP as-
sayed in cosmid Y75B8A and a single-base deletion
was detected in the (T);3 HP in cosmid HO02F09
(Table 3).

We observed 29 total G and C HP mutations in the
MA lines, leading to an average mutation rate of 9.0 x
107%/gen (+1.7 x 107°) for G and C HPs (see Materials
and Methods for mutation rate calculation). Howev-
er, this rate was dominated by mutations in larger
HPs. Smaller G and C HPs (8-12 bp) mutated at a
relatively slower rate of 2.2 x 107> /genome (gen) (1.2
x 107%), whereas larger G and C HPs (13-16 bp)
mutated at a high rate of 1.5 x 10™#/gen (+2.8 x 107).
For A and T HPs, a mutation rate of 4.5 x 10™%/gen
(£3.2 x 107°) was calculated using the two mutations
observed in the MA lines, however, there was a large
variance for this estimate. This rate was also derived
from two mutations that presumably arose from dis-
parate mechanisms. Despite the uncertainty of a pre-
cise A and T HP mutation rate, the drastic difference
in the total number of mutations observed between
the G and C and the A and T HPs clearly indicated a

higher baseline rate of mutation for G and C HPs
compared to A and T HPs.

We also assayed HP variation patterns in 23
C. elegans natural geographic isolates (Hodgkin and
Doniach 1997; Denver et al. 2003). Analysis of allelic
variation at HP loci in natural isolates revealed a
significantly (p < 0.005) greater number of alleles in
G and C HPs (4.1 alleles/locus) than in A and T HPs
(1.5 alleles/locus). This reduction in the allelic varia-
tion of A and T HPs compared to G and C HPs is
consistent with the overall lower mutation rate ob-
served in the MA lines. In addition to variation in
length, two base substitution polymorphisms were
detected in natural isolate HPs. The first was ob-
served in seven natural isolates (AB4, CB4852,
CB4855, CB4857, CB4858, PB303, and KR314) and
was in the (C);; HP in cosmid C56E6 (Table 3). The
second occurred in a different set of seven natural
isolates (CB4853, (CB4854, CB4855, CB4856,
CB4857, KR314, RW7000) and was detected in the
(C)16 HP in cosmid Y75B8A. Both of these poly-
morphisms were detected at the first base of the HP
on the (+) strand and were T«>C transitions.

Discussion

Forces Shaping Homopolymer Genomic
Distribution Patterns

The evolutionary forces that contribute to shaping
genomic distribution patterns of repetitive sequences
such as HPs have received much attention, as simple
sequence loci are frequently used as genetic markers,
associated with human genetic diseases, and often
constitute a large fraction of the total sequence in
eukaryotic genomes (Dechering et al. 1998; Catasus
et al. 2000; Toth et al. 2000; Katti et al. 2001; Rich-
etta et al. 2001; Zhang et al. 2001). Some patterns of
HP distribution are clearly associated with specific
selective forces (such as the exclusion of HPs from
exon sequences [Metzgar et al. 2000]), yet the causal
agents of the overall abundance and genome-wide
distribution patterns of HPs in eukaryotic genomes
remain mysterious. Our observations provide insights
into the complex and interacting forces that shape HP
evolution in the C. elegans genome. HP loci (148,625
detected, Table 1) are far more abundant than other
classes of simple sequence in the C. elegans genome;
for instance, only 953 di-, tri-, tetra-, and pentanu-
cleotide microsatellites are present in the genome
(Frisse 1999). However, C. elegans HPs display the
same distributional bias toward autosomal arms that
is observed with other classes of simple sequence.
Hence, studying the distribution patterns of the
abundant HPs may provide general insights into the
forces shaping simple sequence evolution in the C.
elegans genome.
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Table 3. Homopolymer mutations (mut) in the MA lines and variation in natural isolates

MA lines
Natural isolates,

Chr. Chr. position Cosmid/YAC HP +1 mut -1 mut Others no. alleles
| 742,019 YI18HIA (Gm 0 0 0 3
1 6,667,528 C48B6 (A2 0 0 0 1
I 8,150,793 FO02E9 (Ma 0 0 0 1
I 8,469,728 C36B1 (A)1a 0 0 0 2
I 8,675,640 F53B6 ©Oho 1 0 0 3
I 13,206,279 Y87G2A (G)1s 2 2 0 4
I 13,363,712 Y71A12B (A)3 0 0 0 1
I 14,591,757 F11C3 (©Ois 2 5 0 3
11 5,413 CO01BI12 G)s 2 1 0 5
11 3,144,663 Y25C1A (A)is 0 0 0 3
I 5,219,911 C34F11 (G)s 0 0 0 4
11 6,554,125 CS56E6 O 0 1 0 7
1T 6,623,525 C56C10 (M3 0 0 0 1
11 7,281,543 F32A5 (A3 0 0 0 2
11 7,623,410 F35D2 ©Oho 0 0 0 3
1T 11,210,974 F37H8 (A)s 0 0 0 1
11 11,211,306 F37H8 (A)g 0 0 0 1
11 12,018,574 Y17G7B (A)is 0 0 0 2
I 2,189,591 Y48G9A (©Ois 3 2 -2C 5
111 4,373,088 B0284 (Mo 0 0 0 1
111 12,064,922 Y75B8A (T)s 0 0 T » C 1
111 12,065,026 Y75B8A ©Os 1 1 0 5
v 6,298,927 Y73B6BL (C)o 0 0 0 3
v 7,813,086 C33H5 (C)g 0 0 0 2
v 8,058,581 C26B2 (A 0 0 0 3
v 13,267,578 JC8 (T)s 0 0 0 1
v 381,383 ZK6 (G2 1 0 0 3
A% 12,101,060 R13H4 Gi3 1 1 0 4
v 18,026,664 C47A10 (T)g 0 0 0 1
v 18,026,694 C47A10 (T)o 0 0 0 1
v 20,252,790 Y113G7A (&M 1 1 0 8
X 296,663 Y47C4A (A)ia 0 0 0 2
X 419,582 ZK1193 (G4 0 0 0 3
X 1,590,065 HO02F09 (Ao 0 0 0 1
X 1,590,212 HO02F09 (M 0 1 0 2
X 9,997,061 F19C6 (A)o 0 0 0 2
X 16,370,053 C11G6 (A)o 0 0 0 1
X 16,370,065 CI11G6 (A)o 0 0 0 2

Total 28 14 15 2 98

Our observations are inconsistent with many cur-
rent models of simple sequence evolution. The slip-
page-mediated spontaneous generation of simple
sequences (cryptic simplicity) cannot be ruled out as a
source of de novo HP units by our observations.
However, the nonrandom HP distribution patterns,
such as the observed bias toward closely spaced HPs
(Fig. 3), and the apparent lack of relationship between
HP type abundances and the underlying base compo-
sition in C. elegans (see Results) are inconsistent with
an exclusive role for cryptic simplicity in shaping C.
elegans HP evolution. Seeding of HPs by retrotrans-
posons seems highly unlikely, as C. elegans retro-
transposons and HPs display different chromosomal
distribution patterns: HP clusters are observed almost
exclusively in autosomal arms (Fig. 2), whereas ret-
rotransposons display no bias toward arm or core re-

gions (Duret et al. 2000). Furthermore, present levels
of active retrotransposons are not sufficiently high in
the C. elegans genome to account for the profusion of
HPs. Unless retrotransposons were extraordinarily
abundant and active earlier in the evolutionary history
of C. elegans, the seeding model fails to explain the
distinctive patterns of C. elegans HP distribution. The
mutational balance model (Kruglyak et al. 1998, 2000)
is also inconsistent with our observations. The three
base substitution changes observed in the C. elegans
MA lines and natural isolates are all transitions at the
first base in the HP—no internal base substitutions are
observed in natural or MA-line HPs (Table 3). This
substitution mutational polarity within the repeat unit
has also been detected in other simple sequences such
as microsatellites (Brohede and Ellegren 1999). The
observed heterogeneous motif types of closely spaced
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HPs are also inconsistent with the mutational balance
model (Table 2).

The striking distributional bias of HP clusters to-
ward autosomal arm regions (Fig. 2), a property
shared by most C. elegans simple sequences classes
(The C. elegans Sequencing Consortium 1998), sug-
gests that recombination is associated with the gen-
eration of HP clusters, as a hallmark of C. elegans
autosomal arms is their high incidence of recombi-
nation (Barnes et al. 1995). Unequal crossing-over
between HP loci is one mechanism for the generation
of new HP units that is consistent with some of the
distribution patterns of C. elegans HPs. In this model,
each of the four recombinant molecules resulting
from unequal meiotic crossovers harbors either a
deletion or a tandem duplication of the points of
crossover (HPs in this case) and the genomic region
lying between the crossover points in the parent
molecule (Smith 1976). Similarly, slippage during
gene conversion-associated DNA synthesis may lead
to the addition or subtraction of entire HP repeat
units (Richard and Paques 2000). Other forces such
as slip-strand mispairing of HPs during replication
and intramolecular recombination between HPs also
likely contribute to the spreading of HP loci in euk-
aryotic genomes (Gordenin and Resnick 1998). Al-
though the distinctive clustering patterns of HP loci
are consistent with a significant role for recombina-
tional forces in shaping HP evolution in C. elegans,
some of the more striking biases in HP genomic dis-
tribution patterns, such as the extreme biases ob-
served among directly adjacent HPs (Table 2), are
not accounted for by recombination-related models.

Distributional Biases Among Adjacent Homopolymers

One of the most remarkable observations from this
analysis is the dramatic dominance of directly adja-
cent (A)sg(T)ss HP pairs (994 observed) over
(T)sg(A)sg pairs (8 observed) (Table 2). A converse
bias is observed among HP pairs separated by one
nucleotide: 143 (A)ss Ni(T)ss HP pairs and 369
(T)>sN(A)sg pairs observed. In both cases roughly
equal numbers are expected based on the highly
similar overall abundances and genomic distributions
of A and T HP loci. AT dinucleotides have higher
relative abundances (p* = 0.86) compared to TA
dinucleotides (p* = 0.62) (Gentles and Karlin 2001),
however, this dinucleotide bias is not nearly strong
enough to account for the extreme dominance of
(A)s3(T)sg HP pairs over (T)sg(A)sg pairs. All of the
previously considered models of simple sequence ev-
olution fail to account for these extreme biases.
Natural selection may be hypothesized to play a
role in shaping these biases—this would require, for
example, extreme negative selection against directly
adjacent (T)sg(A)sg pairs and positive selection for

5 (A)se(G or C)(T)s5” 5 (A)ualA or TYT). 57

¥(T),5(G or C)(A),¢" ¥ (T),5(A or T)(A),¢"

Fig. 4. Proposed substitution mutational bias for closely spaced
homopolymers. The directional transition mutation biases pre-
sented are proposed to explain the observed distributional biases
among HP pairs separated by zero or one intervening base pair
(Table 2).

directly adjacent (A)sg(T)sg pairs, as ~125 instances
of each pair are expected based on base composition
(see Results). The specific selective forces required to
explain these biases, however, are not clear. The un-
ique structure of directly adjacent A and T mono-
nucleotide runs has been implicated in transcriptional
regulation in yeast (Iyer and Struhl 1995), however,
the distribution of directly adjacent (A)sg(T)sg pairs
in different functional coding sequences is indistin-
guishable from the overall distribution of all HPs in
C. elegans (data not shown). The structural transition
from a run of A nucleotides to a run of T nucleotides
(5’ to 3’) has been shown to result in a distinctive kink
that is not observed in transitions from runs of T to A
nucleotides (Coll et al. 1987). It is possible that there
is selection for the specific secondary structure asso-
ciated with directly adjacent (A)sg(T)sg pairs and/or
selection against structures associated with directly
adjacent (A)sg(T)sg pairs.

Rather than selective forces, mutational biases
may account for the observed disparity in the distri-
bution patterns of closely spaced HPs. One possibility
involves length change mutation biases. The N; nu-
cleotide in (A)>sN;(T)sg pairs may be especially
subject to slippage-mediated deletion, and conversely,
directly adjacent (T)sg(A)sg HP pairs may be prone to
a unique slippage-mediated insertion bias toward
G:C base pairs between the HPs. Although this
model cannot be ruled out with the present data,
virtually all slippage-mediated length change muta-
tions of HPs and other forms of repetitive DNA alter
only the number of units in the repeat (Tran et al.
1997; Weirdl et al. 1997; Levy and Cebula 2001). The
insertion/deletion of base pairs that are of differing
types than the surrounding repeat unit is fundamen-
tally inconsistent with the basic slip-strand mispairing
mechanism associated with slippage-mediated muta-
tion of repetitive DNA.

A base substitution mutational bias may better
explain the skewed distribution patterns of closely
spaced HPs in C. elegans (Fig. 4). A mutational bias
strongly favoring G:C — A:T over A:T — G:C sub-
stitutions for the N; nucleotide in (A)>gN;(T)>s HP
pairs would contribute to both the profusion of di-
rectly adjacent (A)sg(T)>g HP pairs and the relative



593

0.1 4

008 f e

Rate"

0.06 4

0.04 - i

i

002 4

8 10 12 14 16 22

HP size

Fig. 5. Genome-wide HP mutation rates with respect to motif
type and run length. Black bars indicate A and T HPs and hatched
bars indicate G and C HPs. Rate indicates diploid genomic mu-
tation rate (mutations per genome per generation) on the y axis.

paucity of (A)sg N(T)sg HP pairs. A converse mu-
tational bias (A:T — G:C favored over G:C— A:T
substitutions at the N; nucleotide) among pairs where
the (T)sg HP is 5’ to the (A)sg HP would explain the
nearly complete absence of directly adjacent
(T)sg(A)ss HP pairs and the relative dominance of
(T)>gN(A)sg pairs over (A)s>gN(T)sg pairs. The dif-
fering structural properties of directly adjacent
(A)ss(T)sg and (T)sg(A)sg HP pairs suggest that nu-
cleotides at the point of transition may be exposed to
distinctive molecular environments and, consequent-
ly, differing mutagenic pressures (Coll et al. 1987).
Further support is provided by a general substitution
mutation bias toward transitions at the first nucleo-
tide position in HP repeats, observed both here among
C. elegans HPs and in other microsatellites (Brohede
and Ellegren 1999). Empirical analyses of mutation
patterns among different classes of closely spaced HP
loci, however, are required to test for the presence of
these specific transition mutational biases (Fig. 4).

Rates and Patterns of Homopolymer Mutation in the
C. elegans Genome

In addition to comprehensively examining the abun-
dance and distribution of HPs in the C. elegans ge-
nome, we obtain direct and unbiased estimates of the
rates and spectra of HP mutation in the C. elegans
MA lines, propagated for 280 generations in the rel-
ative absence of natural selection (Vassilieva et al.
2000). G and C HPs mutate at much higher rates than
A and T HPs, consistent with previous observations
in yeast (Gragg et al. 2002). G and C HP alleles in the
natural isolates are more polymorphic than A and T
HPs, also consistent with an overall higher mutation
rate for G and C HPs compared to A and T HPs. The
pattern of mutation at G and C HP loci in the MA
lines is dominated by single-base length changes

Ll

24 26 23 30 32 34

Genomic mutation rate is plotted against HP run length on the x
axis. Genome-wide HP mutations are dominated by small A and T
HPs and large G and C HPs.

(Table 3). Alternatively, the two mutations observed
at A and T HPs in the MA lines consist of one single
base deletion and one base substitution (Table 3).
The low nuclear A and T HP mutation rate estimate
(4.5 x 107%/gen.) observed here is surprising, as an
(A);; HP in the C. elegans mitochondrial genome
mutated at a drastically higher rate (3.2 x 107*/gen
[Denver et al. 2000]) in the same set of MA lines.
Differences in the structural properties and/or repli-
cation of HPs between the two subcellular locations
may explain the differences in observed mutation
rates. Alternatively, differential DNA repair activities
(such as mismatch repair) between the nuclear and
mitochondrial genomes may contribute to the muta-
tion rate disparity.

The genome-wide rate of HP mutation for C. ele-
gans can be estimated with the observations presented
in this study. A total of 29 mutations is detected
among the 16 G and C HP loci (8 to 16 bp in length)
assayed in the MA lines (Table 3). The mutation rate
increases with increasing run length for G and C HPs,
as is observed in other simple sequence classes such as
microsatellites (Wierdl et al. 1997). If we extrapolate
the direct mutation rate estimates for G and C HPs 10
to 16 bp in length (no mutations detected in G and C
HPs 8-9 bp in length) to all G and C HPs =8 bp and
assume an exponential relationship between HP run
length and mutation rate (Tran et al. 1997), a total
diploid rate of 1.2 mutations per genome per genera-
tion is predicted for G and C HPs =8 bp (Fig. 5). If we
assume that A and T HPs mutate at a rate 19.9-fold
reduced relative to G and C HPs (see Results), then a
total mutation rate of 0.4 mutation per diploid ge-
nome per generation is predicted for A and T HPs
>8 bp (Fig. 5). Together, these two genome-wide
mutation rate estimates yield an overall diploid mu-
tation rate of 1.6 mutations per genome per genera-
tion for all HPs =8 bp in the genome of C. elegans.
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Genomic A and T HP mutations are dominated by the
highly abundant but minimally mutagenic runs 8-
10 bp in length. Alternatively, genomic G and C HP
mutations largely involve the relatively rare but highly
mutagenic runs =15 bp (Fig. 5).

The coupled abundance and high mutation rates
of HP loci in the C. elegans genome may have sig-
nificant functional consequences. An analysis of HP
distribution patterns in different classes of coding
sequence (data not shown) revealed the presence of
3162 HP loci in exon sequence, the majority of which
were short (8-10 bp) A and T HPs. By comparison,
fewer than 1000 total di-, tri-, tetra-, and pentanu-
cleotide microsatellites are present in the C. elegans
genome, and only 22 of these are found in exon se-
quence (Frisse 1999). Given that ~2% of the total
HPs in C. elegans are in protein-coding sequence,
~0.03 HP mutation is predicted to occur in exon
sequence in the C. elegans genome per generation (or
approximately 1 HP mutation in exon sequence per
genome every 33 generations). The HP mutation
spectrum is dominated by single-base length changes;
therefore the majority of HP mutations in exon se-
quence are likely to result in frameshift mutations.

This study provides an integrative approach to
understanding the mutational and evolutionary
properties of HPs, a dominant class of simple se-
quence in all eukaryotic genomes surveyed. We ob-
serve distinct HP clusters in autosomal arms where
other classes of simple sequence are also overrepre-
sented in the C. elegans genome. Our observations
suggest that recombination-associated forces likely
play a major role in shaping the distinctive distribu-
tional patterns of HPs and perhaps other classes of
simple sequence in the C. elegans genome. The dra-
matic overreprentation of (A)sg(T)sg and underrep-
resentation of (T)sg(A)sg HP pairs in the C. elegans
genome may reflect a special base substitution mu-
tational bias associated with closely spaced HPs. C.
elegans G and C HPs mutate at a ~20-fold faster rate
than A and T HPs; A and T HPs mutate ~100-fold
more slowly in the nucleus compared to mitochon-
dria. The high genome-wide rate of HP mutation
detected here (1.6 HP mutations per diploid genome
per generation) suggests that this group of dominant
simple sequences plays a significant role in C. elegans
genome evolution.
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