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Abstract

Understanding how microsatellites are distributed in eukaryotic genomes is important to clarify the differential abundance of these repeats

under an evolutionary scenario. We have concatenated data from 3165 DNA sequences of 326 Bivalvia species to search for taxonomic

patterns of microsatellite distribution in genomic regions of markedly different functionality. Some microsatellite motifs in bivalves showed

one of the lowest genomic densities observed among eukaryotes. Contrary to the expectation of a random distribution of microsatellites, they

were overrepresented in introns (245 loci/Mb) compared to their frequency in exons (85 loci/Mb). Closely related species showed remarkable

differences in microsatellite density suggesting species-specific properties as for mutation/repair efficiency on replication slippage. There was

no evidence of a positive correlation between the density of microsatellites in intergenic DNA and the DNA-content. This research is relevant

to better understand the forces shaping the distribution of microsatellites in the genome of bivalves.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Microsatellites are ubiquitous DNA elements of eukary-

otic genomes that consist of short combinations of simple

nucleotide sequences repeated in tandem and usually

flanked by non-repetitive sequences. Although micro-

satellites have been widely observed across genomes,

their origin, evolution and genomic organization are only
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beginning to be understood. It is assumed that most

microsatellites have evolved from frameshift mutations

through slipped-strand mispairing during DNA replication

or repair (e.g., Kornberg et al., 1964). Also interhelical

junctions during chromosome alignment, base substitu-

tions, and retrotransposition events can play a role in the

generation of microsatellites (e.g., Wilder and Hollocher,

2001).

It has been shown that the overall frequency of

microsatellites varies widely across genomes (e.g., Lager-

crantz et al., 1993), and recent evidence points to their

non-random genomic distribution. This offers an oppor-

tunity to test for possible selection on ubiquitous repeat

motifs. The density of microsatellites is influenced by

many features involved in shaping genomes, as the

nucleotide composition, which can be addressed through

large-scale genome sequencing (e.g., Bachtrog et al.,

1999). Indeed, a differential abundance of repeats in

exonic, intronic and intergenic regions has been observed

in different eukaryotic taxa, suggesting that strand slippage

theories alone are insufficient to explain microsatellite

distributions (Tóth et al., 2000). Moreover microsatellite
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occurrence in exons seems to be limited by non-perturba-

tion of the reading frame and tolerance of expanding

amino acids repeat stretches in the encoded proteins (e.g.,

Katti et al., 2001).

Knowledge of the patterns of microsatellite distribution

may also help to understand the evolutionary properties of

these repeats. One intriguing question in this respect is

why certain repeat motifs are more common than others,

and why this varies among taxa. In humans, (A)n and

(AC)n are by far the most common repeated motifs, the

latter being the most abundant dinucleotide motif in

eukaryotes. Microsatellite motifs, abundance, and mutation

rates vary between species (e.g., Ross et al., 2003).

Moreover, they are non-randomly distributed throughout

eukaryotic genomes, and show different properties in

genomic regions of different functionality (e.g., Katti et

al., 2001).

Mollusca are expected to become an important model for

evolutionary radiation since they have played a crucial role

in morphological and molecular attempts to unravel the

phylogeny of major animal groups (Schilthuizen, 2002). In

this study we have investigated the frequencies of micro-

satellite repeats in exons, introns/UTR and intergenic DNA

of 3165 published Bivalvia DNA sequences. This inves-

tigation has been reinforced by sequencing of 16 kb from 31

recombinant DNA clones of Mytilus galloprovincialis

chosen as a representative species, which were largely

composed of intergenic DNA.

Although there seems to exist a general tendency of

length and density of microsatellites to increase with

genome size (e.g., Primmer et al., 1997), this relationship

is not universal. For instance, microsatellites in the

pufferfish (Fugu rubripes) are denser and longer than in

humans, even if the pufferfish genome is eight times

smaller (e.g., Elgar et al., 1999). To address this question

we have investigated the putative correlation between the

genome size of several Bivalvia species and the micro-

satellite density they contain.
2. Materials and methods

2.1. DNA sequencing in M. galloprovincialis

A partial genome library was constructed with M.

galloprovincialis DNA extracted from mantle tissue adding

a mucopolysaccharides precipitation step (Sokolov, 2000).

The DNA was digested with MboI and electrophoresed in

preparative low-melting agarose gels. Fragments between

200 and 800 bp were size-fractionated by reverse electro-

phoresis on a DEAE cellulose membrane and then recovered

using a standard salt method (Sambrook et al., 1989).

Subsequent ligation into pSK(+) cloning vector and trans-

formation into E. coli MRF’Kan Supercompetent Cells

followed the instructions of the PCR-Scriptk Amp SK(+)

Cloning Kit (Stratagene). The transformation mixture was
incubated at 37 8C overnight in agar plates, ink-labelled, and

plate-filter replicated. About 6000 recombinant clones from

this library were screened independently with the synthetic

probes (TG)10, (TC)10, (GC)10, (AT)10, (CCT)6, (CTG)6,

(CAG)6, (AAT)6, 3V-end labelled with the DIG-oligonucleo-

tide Tailing kit (Innogenetics). Replica filters were two-fold

hybridised with 12 pmol per probe both at 45 8C and 55 8C,
following the recommendations of the DIG-DNA Labelling

and Detection kit (Innogenetics). Thirty-one double positive

recombinant clones accounting for 16 kb were sequenced on

both DNA strands with the BigDye Terminator method in an

ABIprism 377 automatic DNA sequencer (Applied Bio-

systems). Microsatellite tracts were systematically screened

on those clones as described below for database sequences.

Repeats with reverse complements of each other and

equivalent motifs (see Table 1) were considered a single

repeat type.

2.2. Screening of microsatellites in databases

We made a systematic survey of published Bivalvia

DNA sequences using the GenBank release 132.0 at the site

http://www.ncbi.nlm.nih.gov/ between 23th October and

26th November 2002. A total of 3739 genomic sequences

were retrieved in FASTA form and compared with the

BLAST package (BLASTN 2.2.5. [Nov-16-2002] to avoid

sequence redundancy. When two sequences, not coming

from gene families, shared an identity above 90%, only a

single match was considered. After this filtering step the

number of sequences considered for Class Bivalvia was

3165 (the accession numbers are given as Supplementary

Material at the author’s website http://webs.uvigo.es/c03/

webc03/XENETICA/XB4/xb4.htm). The nucleotides corre-

sponding to the poly-A tail next to the 3V-end of cDNA

clones were excluded from the analyses because most of

these tracts are believed to arise from the polyadenylation of

RNA transcripts. Taxonomic groups were defined using the

updated taxonomy of Mollusca from the NCBI Taxonomy

Browser (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/

wwwtax.cgi).

2.3. Microsatellite frequency in intergenic DNA

Unbiased estimates of microsatellite frequency from

intergenic DNA entries presented several caveats: (1)

intergenic DNA is underrepresented in databases, (2) most

of the published microsatellites were isolated from

enriched libraries and consequently their frequencies

may be overestimated, (3) most publications of partial

genomic libraries only report sequences containing poly-

morphic microsatellites that are useful as genetic markers

(e.g., paternity tests) and (4) the estimation of micro-

satellite frequencies across species is biased due to the use

of different probes among studies. However, since the

number of positive clones in non-enriched libraries

(excluding false positives) is usually reported, this allowed

http://www.ncbi.nlm.nih.gov/
http://www.webs.uvigo.es/c03/webc03/XENETICA/XB4/xb4.htm
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi


Table 1

Observed number and rough abundance of microsatellite motifs in 3 Mb of Mytilus galloprovincialis genomic DNA

Motif a No. Spacing (kb)b No. of loci (�103)c GenBank accession no.

(A/T)n, (G/C)n 131 0.09 14000 AF445370–AF445375,

AY102075–AY102095

(AC/TG)n 5 429 2890 AF445370, AF445372,

AF445373, AF445375

(AT/TA)n 2 1072 1157 AF445370, AF445375

(GC/CG)n 1 – – AF445374

(CT/GA)n 1 – – AF445371

(AAT/TTA)n 1 – – AF445374

(AAAC/TTTG)n 1 – – AF445374

Total dinucleotides 9 238 5202 –

Total tri-tetranucleotides 2 1072 1156 –

Total (excluding polymononucleotides) 11 195 6358 –

a Being nz5 for all motifs.
b Estimated spacing between consecutive microsatellite repeats in the intergenic DNA screened from libraries (2143 kb). Calculation of average spacing

was only possible when at least two microsatellites were observed in the DNA screened. Spacing between polymononucleotides was directly estimated on the

16 kb DNA sequenced in this species, by considering a rough 70% of intergenic DNA (11200 bp).
c Calculated by extrapolating the spacing value to the genome size of M. galloprovincialis (1.77�109 bp; Rodrı́guez-Juı́z et al., 1996), and considering a

rough 70% of intergenic DNA (1.24�109 bp) in this genome.
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us to roughly estimate the abundance of microsatellites

per species in intergenic regions. In order to compare the

rough frequency of microsatellites in intergenic DNA of

M. galloprovincialis with other bivalves, we selected

several species in which partial estimates of micro-

satellites were feasible, e.g., Crassostrea gigas, Dreissena

bugensis, D. polymorpha, Ostrea edulis, and Placopecten

magellanicus. Using the observed number of positive

clones and the total DNA length screened in genomic

libraries, we calculated the average spacing between two

consecutive tracts in the intergenic DNA of those Bivalvia

species. Since the genome fraction occupied by genes is

inversely correlated to the genome size (e.g., 54% in C.

elegans (C-valuec0.1 Gb) and 10–15% in mammals (C-

valuec1 Gb) (Cavalier-Smith, 1978) due to the accumu-

lation of repetitive DNA across genomes, and provided

that the average Molluscan genome size (2.02 Gb in this

study) overlaps with that of insects (0.8–7 Gb), we have

considered as plausible that a 30% of Mollusca DNA

corresponds to genes. Estimates of microsatellite spacing

in intergenic DNA were then calculated as the number of

loci (positive clones) related to the amount of intergenic

DNA of bivalves (c70%). For instance the estimated

DNA length of M. galloprovincialis is 1.77�109 bp

(conversion from the C-value given by Rodrı́guez-Juı́z et

al., 1996) and therefore should contain approximately

1.24�109 bp of intergenic DNA. This DNA length is

useful for estimating the theoretical number of intergenic

microsatellites in this species, given the spacing figures

calculated from randomly-built genomic libraries

described in Section 2.1 (see also Table 1 for calculation

details).

The program GENEID (http://genome.imim.es/software/

geneid/index.html) was applied to search for ORF in the

16 kb DNA sequenced from those libraries. Since no

apparent coding frames were observed, a rough 70% of
this DNA length (11200 bp) was considered as intergenic

DNA, and used to calculate the microsatellite density in

this window. Following the above estimation of gene

abundance in Mollusca, the remaining 30% DNA from

libraries would correspond to putative partial coding

frames and/or to 5Vand 3V UTR that could be inadvertently

present in the sequenced clones.

2.4. Analysis of microsatellites in exons and introns

From a non-redundant data set of about 100 Mb of

Bivalvia DNA, we extracted all the nucleotide tracts with

a repeat unit size ranging 2–10 bp, using the online

computer program Alex Dong Li’s RepeatFinder v0.4

(http://www.genet.sickkids.on.ca/~ali/repeatfinder.html),

where the number of tandem repeats was allowed to be

z5. We considered two loci as independent when two

repeated tracts were separated by more than 5 bp.

Database subsets were broken down into two genomic

windows, e.g., e: exons and i: introns plus transcribed but

not translated DNA (5V-UTR and 3V-UTR). Flanking

regions 5V and 3V were defined as the adjacent parts of

the DNA outwards from the 5V and 3V ends of a gene

entry. The sequence length of each genome window as

well as the microsatellite motifs found therein were added

successively to the species account. In order to avoid that

microsatellite frequencies would be overestimated they

were calculated only for those species in which at least 3

kb were available.

We applied Robust Statistical Methods (e.g., Hampel,

1974) to study microsatellite frequencies in exons and

introns. These methods are appropriate in case of contami-

nated distributions, overlapped or even highly deviated from

normality. Their application in our study is justified by the

scarcity of microsatellite frequencies recovered from avail-

able Bivalvia sequences and because these microsatellite

http://www.genome.imim.es/software/geneid/index.html
http://www.genet.sickkids.on.ca/~ali/repeatfinder.html


Table 2

C-value and spacing figures of microsatellite loci in intergenic DNA of
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frequencies come from unknown distributions. All calcula-

tions were performed with the software of the postgraduate

course bMétodos Avanzados de Estadı́stica AplicadaQ at

UNED University (http://www.uned.es/experto-metodos-

avanzados/). This program is a modification of the R package

(http://www.r-project.org/index.html) that uses the bootstrap

method of Efron and Tibshirani (1993) and includes

calculations for Robust Methods (Hampel, 1974). Knowing

the location and dispersion parameters could provide some

interesting information about how microsatellite frequencies

are distributed in exons and introns. Therefore, we calculated

two statistical descriptors, e.g., the Sample a-Winsorized

Mean for location and the Sample a-Winsorized Deviation for

dispersion. We applied bootstrapping methods to calculate

the bias-corrected and accelerated (BCa) bootstrap con-

fidence interval that includes both corrections for bias due to

unequal variance and deviations of the statistical descriptor

from the confidence interval. For further comparisons

between mean microsatellite frequencies in exons and

introns, we compared the results of two parametric and two

non-parametric robust methods. The parametric methods

were the Welch ANOVA and the Box ANOVA. The non-

parametric methods were the Rust and Fligner Test, a robust

analogous of Kruskal-Wallis, and the bootstrap with Box

ANOVA.

2.5. Rough correlation between C-value and microsatellite

spacing in intergenic DNA

The haploid DNA-length of species was calculated from

the haploid DNA-content assuming the equivalences of 1

Da=1.67�10�24 g and 1 bp=649 Da. The DNA-content of

Bivalvia species were taken from Hinegardner (1974),

Rodrı́guez-Juı́z et al. (1996), González-Tizón et al. (2000)

and from the Animal Genome Size Database at site http://

www.genomesize.com. Since the C-value of genus Dreis-

sena was not available, we used the average value of its

Order Veneroida (1.64, S.E.=0.43) as an approximate

estimate. The population percentage bend midcorrelation

(rbp) is a robust analogue to the Spearman’s Rho coefficient,

that was used together with its contrast statistic (tbp), to

unveil any evidence of relationship between genome size

and microsatellite abundance as independent variables. We

used several breakpoint values (b), e.g., the recommended

0.1 and higher values (0.2 and 0.5) which increase the

robustness of this test.

several bivalvia species

Species Spacing (kb)a C-value (Gb)

Crassostrea gigas 172 0.84

Dreissena bugensis 438 1.51

Dreissena polymorpha 367 1.51

Mytilus galloprovincialis 71 1.77

Ostrea edulis 59 1.08

Placopecten magellanicus 90 1.94

a These calculations were performed considering the number of

positive clones detected in genomic libraries and assuming 70% of

intergenic DNA in the genome size screened.
3. Results

The abundance of microsatellite motifs in the intergenic

DNAwindow ofM. galloprovincialis was roughly estimated

from partial genomic libraries constructed in our laboratory.

These figures have been compared with those recovered from

the literature for other Bivalvia species. The frequency of

microsatellites in exons and introns-UTR was also compared
in Bivalvia through the screening of 3165 genomic sequences

from 326 species, accounting for 101 Mb.

3.1. Microsatellite distribution in intergenic DNA

Excluding polymononucleotide repeats, the sequence

(AC/TG)n was the most abundant microsatellite motif in

M. galloprovincialis (Table 1), and the ratio (AC)n/(AT)n
was 3:1. An inverse relationship was observed between

abundance and motif size. Dinucleotide repeats clearly

outnumbered tri- and tetranucleotides, and the global

abundance of microsatellites was approximately one repeat

every 195 kb in this species. This figure provides a rough

estimate of 6360 microsatellite loci in the genome of M.

galloprovincialis. The large dispersion of microsatellite

spacing figures in intergenic DNA of several species

(Table 2) did not support any taxonomic patterning of

microsatellite densities within Class Bivalvia. Closely

related species showed marked differences in microsatellite

spacing, e.g., the two species of the Family Ostreidae, O.

edulis and C. gigas, differed by a factor of three, and also

congeneric species showed conspicuous differences. The

population percentage bend midcorrelations between C-

value and microsatellite spacing in intergenic DNA

showed nonsignificant correlations between both estimates

(Table 3). In any case we could reject the null hypothesis

of no correlation (rbp=0), even increasing the breakpoint

value to b=0.5 (data not shown).

3.2. Microsatellite distribution in exons and introns

The BCa bootstrap confidence interval of introns was

larger than that of exons, though their distributions were

slightly overlapped (Table 4). The Sample a-Winsorized

mean (xa
W) of microsatellite frequencies was significantly

lower in exons than in introns (Table 4), as was shown using

parametric robust methods, i.e., the Welch ANOVA and the

Box ANOVA (F-ratio=15.19, p-value=0.018) and the Rust

and Fligner Test ( pij=4.86, p-value=0.027). Also the Box

ANOVA applying bootstrap revealed significant differences

between the Sample a-Winsorized means for microsatellite

frequencies at exons and introns (Table 5). Although

http://www.uned.es/experto-metodos-avanzados/
http:
http://www.genomesize.com


Table 3

Robust correlation coefficient (rbp) and its contrast statistic (tbp) between C-

value and microsatellite spacing in intergenic DNA

Breakdown point rbp tbp p-value

b=0.1 �0.012 �0.025 0.981

b=0.2 �0.169 �0.343 0.749

Table 5

Box ANOVA applying the bootstrap method to the average microsatellite

frequencies of exons and introns

Bootstrap replicates Critical valuea

1000 5941.95*

3000 6181.42*

5000 6493.55

7000 6166.73*

10000 6287.03*

Test value=6440.44, for each case.
a Critical values smaller than the test value indicate significant

differences between Sample a-Winsorized means of microsatellite frequen-

cies in exons and introns.

* Significant differences at a=0.05.
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bootstrap sampling distribution converges to the true

sampling distribution rather quickly, the asymptotic values

could be theoretically reached above 1000 replicates. In our

study, the bootstrapping asymptotic value was reached

above 7000 replicates. Excluding the marginal exception

of the 5000 replicates case, the microsatellite frequencies

differed significantly between exons and introns for any

replicate number.
4. Discussion

4.1. Microsatellite density in M. galloprovincialis

Unbiased estimates of microsatellite abundance using all

possible dinucleotide probes, showed that (AC/TG)n is the

most abundant motif in M. galloprovincialis, excluding

polymononucleotide motifs (Pérez et al., 2005), and that the

ratio between the (AC/TG)n motif and the second most

abundant motif (in our case (AT/TA)n) was nearly 3:1.

These data were also observed in many other eukaryotes

(e.g., Ross et al., 2003), excluding plants where (AT)n is the

most abundant motif (Lagercrantz et al., 1993). Overall,

most eukaryotes show a high frequence of dinucleotide

repeats compared to other motif classes, except yeast and

fungi where di- and tetranucleotide repeats are the least

abundant motifs (Tóth et al., 2000).

In M. galloprovincialis the average spacing between

consecutive dinucleotide microsatellites (238 kb) and

between higher size motifs (1072 kb), reflects an inverse

relationship between motif size and microsatellite abun-
Table 4

Statistical descriptors for data distributions of microsatellite frequency

(expressed as number of loci per Mb) in exons ( fe) and in introns/UTR ( f i)

of some bivalvia species: Sample a-Winsorized mean (xa
W), Sample a-

Winsorized deviation (SW), Bias-corrected and accelerated bootstrap (BCa)

confidence intervals (95%) calculated using 1000 replicates

Species fe f i

Dreissena polymorpha 74 500

Spisula solidissima 119 303

Anadara trapezia – 89

Mytilus edulis 47 198

Mytilus galloprovincialis 54 –

Crassostrea gigas 97 187

Crassostrea virginica 74 –

Mizuhopecten yessoensis – 291

Pinctada fucata 403 –

xa
W 84.52 245.03

SW 27.80 59.56

BCa Confidence Interval (59.87, 221.35) (141.72, 364.69)
dance. A possible explanation for this fact seems to be a

higher slippage rate of short motifs (mono- and dinucleotide

repeats) compared to larger ones (Kruglyak et al., 1998).

When we extrapolate the density of microsatellites observed

in libraries of M. galloprovincialis to its whole genome

(3.84 pg, Rodrı́guez-Juı́z et al., 1996), the density of (AC)z5

averages 1 every 429 kb, e.g., considerably less than in

other bivalves such as the European flat oyster (1 every 139

kb, Naciri et al., 1995). Exceptions to the general (AC)n
richness of eukaryotes have also been observed in other taxa

such as birds, e.g., one (AC)z10 every 141–182 kb,

assuming an even genomic distribution of repeats through-

out the genome (Primmer et al., 1997). In that study it is

argued that the (AC)n scarcity could be due to the short

length of the avian genome and hence to the low amount of

non-coding DNA, which could limit the expansion of

microsatellites. Indeed, it has been shown that Simple

Sequence Repeats are less abundant in exons than in non-

coding regions (Hancock, 1995). Therefore, a low genomic

proportion of intergenic DNA could be a factor influencing

a low abundance of microsatellites. However, genome size

alone cannot explain the (AC)n scarcity observed in the M.

galloprovincialis genome (1.77�109 bp, Rodrı́guez-Juı́z et

al., 1996) that it is larger than the average avian genome

(1.2�109 bp, see Primmer et al., 1997) but it is less enriched

in (AC)n microsatellites. Moreover, O. edulis shows spacing

values closer to avian estimates even if its genome

(1.08�109 bp, Rodrı́guez-Juı́z et al., 1996) is shorter than

the average avian genome. The genomic abundance of

microsatellites is probably not causally related to the

genome size (e.g., F. rubripes; Elgar et al., 1999; Comeron,

2001) but to other species-specific molecular and evolu-

tionary mechanisms such as recombination rates, and/or

genomic mutation/repair rates (e.g., Deka et al., 1999).

4.2. Interspecific comparisons

The number of positive recombinant clones recovered

from genomic libraries is an indirect measure of the

genome-specific microsatellite richness. A recent study

showed a large difference in the number of microsatellites

recovered from five species of Drosophila using the same
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experimental protocols (Ross et al., 2003). Likewise the

abundance of microsatellites was very dissimilar between

evolutionarily close Bivalvia species. For instance, the two

species of Family Ostreidae, O. edulis and C. gigas,

showed microsatellite spacing values of 59 kb and 172

kb, respectively. Even the two species of genus Dreissena,

D. bugensis and D. polymorpha, showed microsatellite

spacing differences of about 80 kb. Those differences could

be explained by different evolutionary properties of micro-

satellites between species, and presumably relate to species-

specific mutation/repair mechanisms of replication slippage

underlying those properties (Schug et al., 1998). For

example, it has been shown in E. coli that the combination

of a proofreading defect with a mismatch repair deficiency

results in extreme microsatellite instability across the whole

genome (Morel et al., 1998). This means that the mutation

rate results from a balance between the mutability of

genomes and the counteracting species-specific efficiency

of the mismatch repair systems (e.g., Harr et al., 2002). This

molecular balance could affect the dynamics of birth and

death of microsatellites and influence their differential

abundance between genomes much more than differences

in genome size (e.g., Comeron, 2001).

4.3. Microsatellite frequency and C-value

Although gene numbers do not vary too much even

between distantly related species, there are huge differences

in their genome sizes. Known as the C-value paradox

(Cavalier-Smith, 1978), this suggests that the unknown

mutational or selective forces operating on genome size

should be quite different between species. Similarly to the

C-paradox, the number of microsatellites and the proportion

of the genome they occupy, vary significantly between

species as we show here for bivalves. The C-paradox and

the microsatellite-paradox have led to believe in their causal

relationship (e.g., Primmer et al., 1997). Microsatellites are

believed to be neutral markers because most of them map at

intergenic DNA and show extensive polymorphism. How-

ever, microsatellite mutations (expansion/contraction) are

non-neutral either in exons (except for moderately tri-

nucleotide expansions with low functional impact), in 5V or
3V UTR (except at non-regulatory sites) or in intronic DNA

(except at those internal regions not essential for correct

transcript maturation). This means that microsatellite dis-

tribution at the genome level should be shaped, at least, by

the selective constraints acting differentially between

genome windows of different functionality (e.g., Rose and

Falush, 1998). Therefore, we would expect intergenic DNA

to contain a larger microsatellite density than functionally

relevant DNA regions such as exons or introns-UTR. If this

is so, genomes with larger C-values should contain a

corresponding larger density of microsatellites (e.g., Prim-

mer et al., 1997). Our results do not show any statistical

evidence that reinforces the existence of a relationship

between genome size and microsatellite abundance, even
after increasing the recommended breakpoint value and

consequently the test robustness. This result is congruent

with a recent study in vertebrates where no relationship was

observed between the number of microsatellite loci and the

genome size of several taxonomic groups (Neff and Gross,

2001). The above results suggest that the amount of

intergenic DNA, though necessary for microsatellites to

appear and expand, it is not sufficient to explain the

microsatellite density of genomes.

4.4. Distribution of microsatellites in exons and introns

In this study, we have estimated separately the micro-

satellite densities of exons and introns. In the absence of any

other knowledge about the population of microsatellite

frequencies in databases, microsatellite frequency distribu-

tions in a random sample of size n from that population is

the best guide to their distributions in the population. This is

the main reason for using bootstrapping techniques in this

study as recommended (Efron and Tibshirani, 1993), i.e.,

the use of 100 replicates to estimate variance or standard

error and 1000 or more replicates to estimate a confidence

interval. The power of parametric methods is higher than

that of non-parametric methods, the former tending to be

more sensitive when the data set meet test requirements.

Nevertheless, the results obtained by applying bootstrap

methods were concordant with those recovered without

bootstrapping (e.g., robust parametric methods). These

methods showed that in bivalves, the microsatellite fre-

quency at exons (xa
W=84.52) is lower than at introns

(xa
W=245.03) as indicated by all the tests performed, e.g.,

Robust ANOVAs, Rust and Fligner Test and Robust

ANOVAs with bootstrap (Tables 4 and 5). In fact, the

estimated number of microsatellites per Mb in Bivalvia

ranged from 60 to 221 in exons and from 142 to 365 in

introns/UTR, so the frequency of microsatellites partially

overlapped between these windows. However, the distribu-

tion of microsatellites was significantly skewed toward

upper frequencies in introns/UTR. This larger abundance of

microsatellites in introns/UTR could be explained in terms

of stronger selective constraints on exons (e.g., Liu et al.,

2001; see Section 4.3). Letting alone the role played by

nucleotide composition in the genesis of repeats at coding

DNA (larger slippage propensity of AT-rich tracts respect to

GC tracts), the effect of expansions/contractions on the

structure and function of the encoded proteins would be a

major selective force (Katti et al., 2001). Although introns/

UTR microsatellite mutations can affect transcription and

transcript maturation (e.g., Gebhardt et al., 2000), the

evidence for selection against frameshift mutations limiting

the expansion of repeats in exons (Metzgar et al., 2000),

could explain their larger abundance in introns/UTR.

Unfortunately, the densities of microsatellites in genes

could not be compared with those of intergenic DNA

because of the different methodological approaches used to

estimate them. However the present results suggest that
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microsatellite frequencies in intergenic DNA would be

higher than in exons or in introns/UTR, because of the

relaxed selection on the former (e.g., Comeron, 2001). The

study of microsatellite distribution on functionally differ-

entiated genome windows is limited by the scarcity of

genomic sequences available from bivalves. Genetic maps

and comparative genomics of important cultured bivalves

would provide deeper information about microsatellite

distribution patterns and their species-specific evolutionary

properties.
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