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Abstract:

DNA sequence polymorphism and codon usage bias were investigated in a set of 41 nuclear loci in
the Pacific oyster Crassostrea gigas. Our results revealed a very high level of DNA polymorphism in
oysters, in the order of magnitude of the highest levels reported in animals to date. A total of 290
single nucleotide polymorphisms (SNPs) were detected, 76 of which being localised in exons and 214
in non-coding regions. Average density of SNPs was estimated to be one SNP every 60 bp in coding
regions and one every 40 bp in non-coding regions. Non-synonymous substitutions contributed
substantially to the polymorphism observed in coding regions. The non-synonymous to silent diversity
ratio was 0.16 on average, which is fairly higher to the ratio reported in other invertebrate species
recognised to display large population sizes. Therefore, purifying selection does not appear to be as
strong as it could have been expected for a species with a large effective population size. The level of
non-synonymous diversity varied greatly from one gene to another, in accordance with varying
selective constraints. We examined codon usage bias and its relationship with DNA polymorphism.
The table of optimal codons was deduced from the analysis of an EST dataset, using EST counts as a
rough assessment of gene expression. As recently observed in some other taxa, we found a strong
and significant negative relationship between codon bias and non-synonymous diversity suggesting
correlated selective constraints on synonymous and non-synonymous substitutions. Codon bias as
measured by the frequency of optimal codons for expression might therefore provide a useful indicator
of the level of constraint upon proteins in the oyster genome.
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Introduction

Single Nucleotide Polymorphisms (SNPs) are the most abundant sequence variations
encountered in a genome (Cho, Mindrinos et al., 1999; Picoult-Newberg, Ideker et al., 1999;
Griffin and Smith, 2000). Although moderately sparse in the human genome with one SNP
per kb (Sachidanandam, Weissman et al., 2001), they sometimes reach high densities in
some highly diverse species such as in some insects (e.g. one SNP every 125 bp in the
Aedes mosquito genome, Morlais and Severson, 2003) or some crops (e.g. one SNP every
104 bp in the maize genome, Tenaillon, Sawkins et al., 2001). With the development of DNA-
based marker assays and high-throughput genotyping technologies, SNPs have become
markers of choice for large scale mapping and genotyping (Rafalski, 2002; Black, Baer et al.,
2001). For example, it has had a great impact on the generation of genetic maps, for the
analysis of genetic diversity, trait mapping and diagnostics. They are especially useful for
association studies because of their high frequency in the genome, and they are genetically
more stable than microsatellite markers. SNPs are therefore ideally suited for the generation
of high-density genetic maps (Cho, Mindrinos et al., 1999; Nairz, Stocker et al., 2002) and
have number of advantages for population genetics studies (Vignal, Milan et al., 2002).
However, only few SNP markers have been developed in marine bivalves and more
generally in marine invertebrates.

Marine molluscs are recognised to reveal one of the highest level of allozyme
polymorphism within the animal kingdom (average heterozygosity 15-30%, Ward, Skibinski
et al., 1992; Bazin, Glemin et al. 2006). The extreme heterozygosity of marine molluscs is at
first best explained by large effective population sizes expected for species with high
fecundities, extensive larval dispersal, dense populations and broad distribution. However,
numerous studies have guestioned the neutrality of allozyme variation in marine molluscs.
Popular examples of direct selection on some allozyme loci come from the marine bivalves
literature (Koehn, Newell et al., 1980; Karl and Avise, 1992; Riginos, Sukhdeo et al., 2002),
although they have sometimes been criticized (McDonald, 1996; Bierne, Daguin et al., 2003).
The observation that multilocus heterozygosity is frequently correlated with fithess-related
traits in these species (review in David, 1998) was initially taken as evidence for
overdominance at allozymes (Mitton, 1993). However, a consensus now emerged that the
correlation is in fact best explained by the indirect effect of deleterious mutations on neutral
marker variations (David, 1998), this neutral alternative introduced two requisites that have a
bearing on our understanding of the population genetics of marine bivalves: (i) a high genetic
load and (ii) the existence of particular population structures generating a strong variance in
individual inbreeding (Bierne, Tsitrone et al., 2000). Both have received support. The genetic
load has been quantified and was estimated to be extremely high (Bierne, Launey et al.,
1998; Launey and Hedgeock, 2001). Several authors have challenged the idea that marine
bivalves occur in large, homogeneous, randomly mating populations. Hedgecock’s
sweepstakes hypothesis proposes that large variation in reproductive success lead to
effective population sizes several orders of magnitude below census numbers (Hedgecock,
1994). The slight, unpredictable but significant genetic differentiation observed at small
spatial scales (Johnson and Black, 1984; David, Perdieu et al., 1997) is also consistent with
the fragmentation of marine populations into small, transient reproductive groups. Finally,
Bazin (2006) reported that mitochondrial diversity was not higher in marine molluscs than in
other taxonomic groups in sharp contrasts with allozyme diversity. Bazin (2006) also reported
a positive correlation between allozyme diversity and nuclear DNA diversity at a large
taxonomic scale, suggesting that these two types of variation share the same information,
namely population size. However, their meta-analysis nonetheless revealed that
gquantification of nuclear DNA diversity remains uncommon in many invertebrate groups,
including molluscs, precluding the use of DNA polymorphism for comparison with
mitochondrial diversity. Taking into consideration the doubts accumulated on the neutral
status of allozymes and on the effective population size in marine bivalves, one might
enquire thorough assessments of silent DNA polymorphism in these taxa.

Here, we describe the characterization of SNPs in coding and non-coding sequences
of the Pacific oyster Crassostrea gigas. We used primer sequences designed in a set of 41
ESTs and direct sequencing of PCR products. The validity of detected SNPs was
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ascertained by multiple sampling of the same allele in a sample of related individuals. This
sampling strategy allowed us to remove technical artefacts of PCR and sequencing that
generate singleton substitutions. We describe levels of diversity observed in coding and non-
coding regions. We also undertake an investigation of codon usage bias and its relationship
with DNA polymorphism. It is now widely accepted that selection acts on synonymous
codons to improve translation in many organisms (Ikemura, 1992; Akashi, 1994) but not
always (Duret and Mouchiroud, 1999). Variation in the effectiveness of selection on
synonymous codons between species is likely to reflect variation in effective population sizes
rather than variation in coefficients of selection (Li, 1987; Bulmer, 1991; Akashi, 1995; Cutter,
Baird et al., 2006). Indeed, genomes with the strongest variation in codon usage correspond
to species recognised to have large effective population sizes such as bacteria, yeast or
insects (lkemura, 1982; Merkl, 2003; Akashi, 1995) while natural selection does not appear
to play a role in Mammals (Urrutia and Hurst, 2001). Although selection on synonymous
codon use has been known for more than two decades, it remains unclear whether codon
usage primarily affects the elongation rate or the fidelity of protein synthesis (Akashi, 2001;
Duret, 2002). However, the latter hypothesis has received evidences in Drosophila
melanogaster, Caenorhabditis elegans and Escherichia coli (Akashi, 1994; Marais and Duret,
2001; Stoletzki and Eyre-Walker, 2007). A negative correlation between the rate of non-
synonymous substitution and codon bias have been described in a number of species
(Stoletzki and Eyre-Walker, 2007; Pal, Papp et al., 2001; Betancourt and Presgraves, 2002)
and seems best explained by the effect of selection on the accuracy of translation (Bierne
and Eyre-Walker, 2006; Stoletzki and Eyre-Walker, 2007). As a consequence, some authors
have recently proposed that codon bias might sometimes be used as an indicator of the
selective constraint acting on a protein (Stoletzki and Eyre-Walker, 2007; Plotkin, Dushoff et
al.,, 2006) as others proposed to use codon bias as a measure of the level of gene
expression (Sharp and Li, 1987; Karlin and Mrazek, 2000; Coghlan and Wolfe, 2000). We
here provide results suggesting that codon bias could provide useful information about the
level of constraint upon a gene in the oyster genome.

2. Material and Methods

2.1 Biological material and DNA extraction

Twenty four two year-old oysters (Crassostrea gigas) were used in this SNP
discovery experiment. They were produced during the French MOREST program that
studied the genetic basis of the summer mortality phenomenon as described in Degremont
(2007).These 24 individuals belongs to the third stage of selection for the resistance to the
summer mortality and were selected to initiate a genetic linkage mapping experiment to
detect quantitative trait loci (QTL) of aquacultural interest. These oyster are related with each
others as following (figure 1): there are two replicates of four groups composed of three
individuals (one male and two females), which are brothers and sisters. They are related by a
semi-brother relationship to individuals of the three other groups. All individuals that compose
the eight groups are the progeny issued from a cross of two individuals randomly taken from
eight pools (G2) of individuals, named A, O, G, J, K, Q, R and AC. These eight pools are
themselves the progeny of an ancestral couple of oysters (G1) selected for their resistance to
summer mortality phenomenon (Degremont, Ernande et al., 2007).

DNA was extracted from samples of mantle tissue following the Promega DNA Wizard
cleanup Kit recommendations. The quality of DNA was first checked on a 1.5% agarose gel
(15V/cm; 40 min) and secondly by quantification using an Eppendorf biospectrophotometer.
This allowed to get 24 equal concentration of DNA (100ug/mL) prepared for the amplification
step.

2.2 Primer Design and Amplification
Primers were designed using the Primer3 software (Rozen and Skaletsky, 2000) from
Expressed Sequence Tags (EST) developed in the Pacific oyster and retrieved from the
Genbank database (http://www.ncbi.nlm.nih.gov/). Few additional unpublished ESTs were
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also added in our experiment (Huvet, Boulo and Renault, Pers. Com.). Primers produced
fragments from 250 to 550 bp. PCR conditions were standardized by the use of a touchdown
PCR protocol. The same reaction mix was used for each pair of primers and amplification
was performed with three ranges of annealing temperatures (60 to 50°c, 65 to 55°c and 82 to
74°c). The mix was composed for each sample of 0.3U Taq polymerase (New England
Biolabs), 10mM of provided buffer, 1mM MgCl,, 2mM of dNTP (Eurogentec), 10uM of each
primer and 100ng of genomic DNA, in a final reaction volume of 48uL. Pairs of primers with
the same optimal range of annealing temperature were grouped and ran on a Perkin-Elmer
ABI 2700 PCR machine (Applied Biosystems) as following: initial denaturation step for 5 min
at 94°C, then 2 cycles of 1 min denaturation at 94°c, for every subsequent 2 cycles, the
annealing temperature was decreased by 1 degree Celsius during 1 min, and an extension
step at 72°c of 1 min. At the lowest annealing temperature (50, 55 or 74°c), 25 cycles at 94°c
for 30s, 30s annealing and 1 min extension at 72°c were applied. A quantity of 5pL of PCR
products was purified with 2uL of the ExoSAP-IT enzyme (Amersham Biosciences) to
remove non-incorporated dNTPs and primers according to the manufacturer manual. Then,
purified PCR products were sequenced in a single direction using the foward primer with the
ABI Prism BigDye v3 Terminator Cycle sequencing Kit (Applied Biosystems) and the
sequences were analysed on an ABI 3100 Avant genetic analyser (Applied Biosystems).

2.3 Nucleotide diversity

Sequences were edited, corrected by hand if needed and aligned using Segscape
v2.1 software (Applied Biosystems) using the KB basecaller algorithm. After a Blast
homology search (http://www.ncbi.nlm.nih.gov/BLAST/), the sequences that did not
correspond, at least partly to the EST used to design primers, were removed. Multiple
sequences alignment was exported to BioEdit v7.0.5. (Hall, 1997) and aligned with the
corresponding EST sequence in order to infer intronic regions. Open Reading Frames (ORF)
were inferred by trying the three frames and finding the longest ORF together with the help of
orthologous sequence from GenBank. Regions outside the ORF but matching the EST
sequence were considered to be UTRs. However, UTRs were found for only 4 loci (Table 1)
and the majority of non-coding DNA sequences described in the present study belongs to
introns. We expected to find identical alleles by descent (i.e. the same sequence) several
times because individuals of the sample are related. As a consequence, singleton
substitutions were inferred to be technical artefacts arisen during PCR and sequencing
steps. Although, SNPs were characterised by direct sequencing of PCR products, this
sampling strategy allowed us to obtain a valid characterisation of these markers. SNPs were
identified as transitions or transvertions for both coding and non-coding regions. For SNPs
occurring in coding sequences, variations were classified as synonymous or non-
synonymous changes. The analysis of genetic diversity was conducted with DnaSP 4.0
(Rozas and Rozas, 1995). We computed the average number of SNPs per site (IT) which is
the number of polymorphic sites divided by the length of the sequence. Calculations were
conducted independently for non-coding (I1,c), synonymous (Ils), and non synonymous (Ilys)
substitutions. In order to compute I1s and I1,s, we estimated the number of synonymous and
non-synonymous sites in a coding sequence with the method of Nei and Gojobori (1986).

2.4 Synonymous codon use

In order to investigate codon usage bias, the table of optimal codons was deduced
from the analysis of an EST dataset using EST counts as a rough assessment of gene
expression (Duret and Mouchiroud, 1999). The dataset was composed of 8800 EST
sequences which were available for C. gigas in Genbank (http://www.ncbi.nlm.nih.gov/) and
the Marine Genomics Europe Network of Excellence databases. Open reading frames
(ORFs) were identified by choosing the longest possible translation into amino acid
sequence. Sequences with an ORF smaller than 100 codons (300bp) were removed from the
dataset to prevent the occurrence of wrong ORFs and to have enough codons to compute
the frequency of synonymous codons. It is likely that some EST annotations are wrong as a
result of artifactual frameshift substitutions in single-pass sequences. However, our
procedure should result in removing a part of the coding region from the analysis rather than
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misinferring UTRs as coding regions. We therefore argue that sequence quality problems
could introduce a statistical noise but should not bias the analysis. We built clusters of ESTs
corresponding to the same gene by using the algorithm developed by Bazin, Duret et al.
(2005) to construct the Polymorphix database. Two sequences were clustered into the same
family if they shared fragment longer than 300pb with similarity superior to 95%. Only the
longest ORF of a cluster was used to compute tables of codon usage. The frequency of
synonymous codon per amino acid was computed with the program CODONW (Peden,
1999). A synonymous codon was inferred as “optimal” when its frequency significantly
increased with EST counts (Duret and Mouchiroud, 1999). This was tested by non-
parametric Spearman’s correlation in JMP v5.0© (SAS Institute Inc.). Once optimal codons
were inferred, we used the frequency of optimal codons (Fop; lkemura, 1985) as a measure
of codon bias.

3. Results
3.1 Types and distribution of polymorphism

A total of 84 EST sequences were chosen for primer design. Fifteen of these ESTs
were chosen on the basis of their putative function in relation to summer mortality. Forty one
ESTs (51%) amplified a clear genomic DNA fragment. For 31 of the 41 amplifying loci (72%),
the size of the fragment obtained was longer than the size expected from the EST sequence
because of the presence of introns. Therefore, we suspect that the presence of several
and/or very long introns could partly explain the rate of failure of PCR amplification.

Approximately, a total of 10.5 kb of the pacific oyster genome were sequenced with a
total of 290 SNP markers identified in both coding and non-coding DNA. Around % of SNPs
(69%) were localised in non-coding regions (Table 1). The level and the repartition of this
polymorphism in each locus is shown in the figure 2. We found only 4 monomorphic locus
which represented only 5% of amplified loci. The average density of SNPs in coding regions
was estimated to 1 every 60 bp and 1 every 40 bp in non-coding ones. An average number
of 6.7 SNPs were detected in each amplicon with a minimum of 0 (monomorphic sequence)
and a maximun of 30 SNPs within a 241 bp (1 SNP every 9bp) entirely non-coding sequence
of the Integrin gene.

Our data show a global t¢/t, ratio (1.3) in the Pacific oyster, which is similar to the ratio
observed in Drosophila (1.5, Moriyama and Powell, 1996) or humans (1.4, Brookes, 1999).
ts/t, was equal to 2.1 for synonymous changes while it was 0.9 and 1.2 for non-synonymous
and non-coding changes respectively (exact t Fisher test, t=0.264). With twice more
possibilities of transvertions than transitions, t/t, should ideally be equal to %2, if substitutions
appeared randomly in DNA. However, it is well-known that a mutational bias favours
transition over transversion. Because of the structure of the genetic code, synonymous
changes are more often transitions than transversions. As much of the diversity is composed
of synonymous substitutions, the t/t, ratio increases in coding sequences (ts/t, =1.34). The
same phenomenon is observed in the mosquito Aedes aegypti where tg/t, in coding
sequences is similar. (Morlais and Severson, 2003). The mutational bias for transition is
therefore more accurately estimated from non-coding sequences and was estimated to be
t/t, =1.2 in C. gigas.

The number of SNPs per site was calculated for both coding and non-coding regions.
Diversities were similar at synonymous (I1s=0.035) and non-coding positions (ITnc=0.038)
and were not significantly different (per substitution t test = -0.55, P=0.29). Although the level
of polymorphism in coding and non coding regions was positively correlated as expected for
neutral substitutions sharing correlated genealogies, the correlation was not significant
(Spearman’s p= 0.3; P=0.16). As the two kinds of silent substitutions gave the same
information, they have been combined into a single indice (I1si). The non-synonymous to
silent polymorphism ratio (In/T1si) was 0.16 on average. However, TIn/TIsi varied greatly
from one gene to another.



3.2 Codon Usage Bias

Table 2 presents Spearman’s correlation coefficients between the frequency of
synonymous codons per amino acid and EST counts. As an illustration, we explain the
results obtained at the Phenylalanine amino acid. Phenylalanine is a two-fold degenerate
codon, which means that two different codons (UUU and UUC) can code for this amino acid.
The average frequency of this amino acid among all others is 0.05 in the Pacific oyster
genome and it does not vary significantly with expression levels as measured by EST counts.
Ideally, each of the two codons of the phenylalanine should be equally represented by a
frequency of 0.5. However, as expected in a GC-poor genome, the UUU codon is over-
represented on average in lowly expressed genes (~60% in the category of genes with a
single EST). On the other hand, the frequency of the UUC codon increases with expression
level and the situation is reversed in highly expressed genes for which the UUU codon is
under-represented (~40% in the category of genes with 5 or more ESTS). The same trends
were observed for other amino-acid: although -A and —U ending codons are more frequent
on average as expected in a GC-poor genome, -G or -C ending optimal codons are more
frequently observed (Table 2). As a consequence, GC-content at the third coding position is
also correlated to expression levels (Spearman’s p = 0.087, p<0.0001) although less than
Fop (Spearman’s p = 0.13, p<0.0001). As a consequence, codon usage is paradoxically less
balanced in lowly expressed genes that are GC-poor than in highly expressed genes that
reach an intermediate GC-content. This result highlights that codon usage bias is difficult to
establish without an assessment of expression levels (Duret and Mouchiroud, 1999). In the
case of the genome of C. gigas, a simple analysis of codon usage without expression data
could have resulted in the inference that GC-poor genes are more biased and that -A and -U
ending codons are optimal for translation while it is indeed the reverse —translational
selection primarily favours -G or -C ending codons although rare in a GC-poor genome but
the effectiveness of selection is not sufficient to result in a strong enrichment in GC-content
which remains intermediate in biased genes. The results we obtained in C. gigas are similar
to those recently reported in some GC-poor Nematode genomes in which translational
selection nonetheless tends to favour -G or -C ending codons (Cutter, Baird et al., 2006).

We analysed whether genetic diversities would be correlated with codon bias.
Synonymous diversity could have been expected to decrease with codon bias because of
selection for codon usage. However, selection on synonymous substitutions is often too
small to result in a detectable correlation (Bulmer, 1991; McVean and Charlesworth, 2000).
In Drosophila for instance, although synonymous divergence decrease with codon bias
(Sharp and Li, 1987) synonymous polymorphism does not vary with codon bias with a
dataset size comparable to this study (Bierne and Eyre-Walker, 2006). On the other hand,
we detected a significant correlation between non-synonymous diversity and Fop (Figure 3;
Spearman’s p=-0.47, P=0.005) or between IIn/TIsi and Fop (Spearman’s p= -0.45, P=0.02).

4. Discussion
4.1 High Nucleotide diversity

The level of DNA polymorphism observed in this study is one of the highest ever
observed to date, with one SNP every 40 bp in non-coding regions. To our knowledge, the
highest levels of DNA polymorphism reported in the animal kingdom were found in the
nematod Caenorhabditis remanei (Cutter, Baird et al., 2006) and the sea squirts Ciona
savignyi (Small, Brudno et al., 2007) with one SNP every 20 bp. Insect species are also
recognised to often be highly polymorphic. The density of SNPs was reported to be one
every 50bp in Drosophila (Shapiro, Huang et al., 2007) and one every 125 bp in Mosquitoes
(Morlais and Severson, 2003). Our results therefore confirm previous reports on allozyme
diversities which revealed that marine invertebrates are amongst the most diverse animal
species (Ward, Skibinski et al., 1992; Solé-Cava and Thorpe, 1991). Furthermore, DNA
sequence polymorphism provides the opportunity to compare different categories of
substitutions on which selection is expected to act differently. Synonymous and non-coding
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(silent) substitutions that do not result in a change in the protein can be used as a neutral
reference to infer the level of purifying selection that act on non-synonymous (replacement)
substitutions. A theoretical expectation is that selection should more efficiently remove
deleterious mutations in species with large population sizes (Kimura, 1983). The non-
synonymous to silent polymorphism ratio (I'Tn/T1si) should therefore be inversely correlated to
the effective population size. In addition, unlike divergence data, polymorphism data should
not be affected by adaptive evolution (McDonald and Kreitman, 1991) and IIn/IIsi is
expected to be a good measure of the proportion of non-synonymous substitutions that are
effectively neutral (Smith and Eyre-Walker, 2002). We found that non-synonymous
substitutions contributed substantially to the polymorphism observed in C. gigas:
IIn/TTsi=16%. This value is much lower than in humans (0.22, Bustamante, Fledel-Alon et al.,
2005), but it is fairly higher to what has been reported in Drosophila (0.12, Shapiro, Huang et
al., 2007) and much higher than in Caenorhabditis remanei (0.09, Cutter, Baird et al., 2006)
and Ciona savignyi (0.07, Small, Brudno et al., 2007). Therefore, purifying selection does not
appear to be as strong as it could have been expected for a species with a large effective
population size. However, this result at the molecular level concurs with the observation of a
high genetic load in this species (Launey and Hedgecock, 2001) and would require further
attention. Unfortunately, without any data on the frequency of substitutions in natural
populations, it is difficult to investigate further the potentially deleterious nature of
segregating non-synonymous polymorphisms (e.g. Eyre-Walker, Woolfit et al., 2006).

Some polymorphisms that affect biological functions can occur outside of coding
regions, in promoters or other regulating regions. Non-coding DNA contains important
sequences for regulatory functions and can be constrained to some extent. Detectable levels
of constraint on non-coding DNA have already been reported in Drosophila where non-
coding diversity is lower than synonymous diversity (Moriyama and Powell, 1996);
(Andolfatto, 2005). The non-coding sequences we studied were in the close vicinity of genes,
mostly in introns. However, contrary to what was reported in Drosophila we observed a
similar level of diversity between the two kinds of silent substitutions. We conclude that
synonymous and non-coding substitutions are equally (un)constrained in the oyster genome.

Recombination might be an interesting parameter to investigate further in the future in
order to reconcile the possible discrepancy observed between high diversity and relaxed
purifying selection. Indeed, intriguing results have been reported in marine bivalves. Guo and
Allen (1996) reported the existence of a single recombinational hot spot in the proximal
region of each chromosome arm in Mulinia lateralis. Hubert and Hedgecock (2004) detected
chromosomal rearrangements in C. gigas and suggested that blocks of the genome may
retain linkage disequilibria for longer than might be expected in putatively large, well-mixed
populations.

4.2 Pattern of Codon Usage Bias

The pattern of codon usage within a genome results from a balance among selection,
random genetic drift and mutation (Bulmer, 1991). Our results in Crassostrea gigas first
suggest that a mutational bias tends to enrich the genome in A and T because the genome is
GC-poor on average (GC3=43%). Secondly, using a moderately large EST database (8800
ESTs) we nonetheless were able to easily detect synonymous codons that significantly
increase with expression levels measured with EST counts (Duret and Mouchiroud, 1999).
Ideally, one may verify that optimal codons correspond to the most abundant tRNAs in the
cell (lkemura, 1985). Unfortunately, tRNA concentrations in the cell or tRNA gene copy
numbers are not available for C. gigas to date and we had to deal with expression levels
alone. In addition, it should be noted here that expression levels inferred from EST data
seem to be affected by gene length (Munoz, Bogarad et al., 2004). It can potentially be a
problem because gene length and codon bias are correlated in a number of species,
positively in Prokaryotes (Eyre-Walker, 1996) but negatively in Eukaryotes (Moriyama and
Powell, 1998; Duret and Mouchiroud, 1999). Although puzzling the correlation is not
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necessarily the result of a direct link of causality (Duret and Mouchiroud, 1999). It seems
difficult to imagine that a gene length effect could bias the inference of optimal codons for
two reasons: (i) Longer genes are more energetically costly to translate. It seems expected
that they could be underrepresented in the category of highly expressed genes. The fact that
expression levels measured with EST data miss the correlation does not imply that other
variables such as codon bias cannot be studied with EST counts. (ii) Although a significant
correlation between codon bias and gene length has been reported in some genomes, the
correlation is always small, accounting for <5% of the total variance in codon bias (Moriyama
and Powell, 1998).

Most of these codons that we inferred as being optimal for translation were -G or -C
ending codons. As a consequence selection for translational efficiency tends to enrich highly
expressed genes in G and C (GC3=49% for genes with five or more ESTs) when compared
to lowly expressed genes (GC3=43% for genes with one EST). A difference of 6% in GC-
content (or 5% in Fop) between highly and lowly expressed genes may be considered as
small. However, EST count is a very rough assessment of expression level and the inherent
statistical noise of an analysis of a moderately small EST dataset prevents from using this
difference as a reliable estimate of selection intensity. Nonetheless, using a much larger EST
database (114665 ESTSs) in Drosophila melanogaster (data from Hey and Kliman, 2002), one
may remark that genes with one EST are already GC-rich (GC3=64%) and that highly
express genes are not tremendously richer in GC (GC3=70% for genes with more than 50
ESTs). Conversely, the simple fact that a significant effect is detected with a small EST
dataset could have been taken as evidence that translational selection is strong in C. gigas.

We observed a strong and significant negative correlation between the frequency of
optimal codons and non-synonymous diversity. Several hypotheses have been proposed to
explain the correlation but an agreement recently emerged to propose that this is a
consequence of correlated selective constraints on synonymous and non-synonymous
substitutions (Bierne and Eyre-Walker, 2006; Stoletzki, Welch et al., 2005) possibly as a
consequence of selection for translational robustness (Drummond, Bloom et al., 2005).
Indeed, Akashi (1994), Marais and Duret (2004) and Stoletzki and Eyre Walker (2007)
provided evidence for selection on translational accuracy in Drosophila, C. elegans and E.
coli respectively. Codon usage bias in C. gigas could therefore be due, at least partly, to
selection for translational accuracy: a synonymous codon tends to be replaced by a more
preferred one to reduce the fitness cost of a misincorporation (minimize the costs of
proofreading and/or the cost of producing incorrect proteins). However, the confirmation of
translational selection for accuracy in C. gigas would require further tests (see Stoletzki and
Eyre-Walker, 2007). Whatever the exact cause of the correlation, our results nonetheless
provide evidence that codon bias as measured by the frequency of optimal codons for
expression might be used as a useful indicator of the selective constraint acting on a protein
in the oyster genome (Stoletzki, Welch et al., 2005).
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Figure 1: Relationship between the oysters used in our analysis of polymorphism and codon usage bias

12



H Non coding
E Coding

ulbayu)

uloeIsy

19€/2v04

uiajoid 3l Toelo

uialoid ayij-aseuaboipAyap yod-|Areino
ase|oJpAy auivisAoowoyjAsouspe-s
0S¥d dWoIyo01LD

uigjoid urewopoawoy adA) pasred
Jo1qiyul aseursiold adA-fezey
eydpet Jo1oe4 uonebuo|3

uiaoid puelb jeuaipy
aseleydsoyd 9 asoan|o

ulingnt

V1H J0 Joreinbas umop - suolfD |
+H @sedlv

aulliydojaAo

aselajsuel] S uolyrein|o

€ oeiqg

V 92U asejAwy

Nl[-eseA

9sedde

ESTs

aseuly| uIsjold uepuadap wnioed
ssaidxa abeydoloep
aselnwisig apAxQ Jadns
VTITVH
98592709
ureyD b1 uisoA
Z @seuabAxoouow Buiureiuoa-uine|4
Jabuaneos
zZeuiy
D asedijoydsoyd
unse|d
101d929y SUOWIOH UIS10Id02A|D
g aua9 asejAwy
YoloN
| (2-T suoxa) g uisebio
| aulngn] elag
| ulloydoloy
I g eddey uijoid Jonqiyu|
| M/eN
| unoydodijody

14 +

12 ~

o [c¢] © <
i

dgooT/dNS o laqunu abelany

o

Figure 2: Average level of polymorphism detected in coding and non-coding parts of ESTs.

13



0,5=
04= .
ﬁ p= -0.47; p:0005
o
o) y
“— 03-
0,2=
I J I
0,00 0,01 002

I'Ins

Figure 3: Significant correlation between non-synonymous diversity and codon bias

14



Table 1. Nucleotide polymorphism in Crassostrea gigas nuclear genes

Accession Type of non- . .
Genes Number Pn Ps Pnc coding Ln (bp) Ls(bp) Lnc(bp) Lcds IIs In Inc Isi In/I1si Fop GC3
sequence

Drac 3 BQ427023 1 1 Intron 122 37 78 325 0,027 0,008 0,026 0,026 0,314 0,39 0,71
Elongation Factor lalpha AB122066 0 1 Intron 73 20 99 1386 0,050 0 0,051 0,050 0 0,42 0,48
Adrenal gland protein CK172341 0 4 Intron 114 30 220 714 0,133 0,000 0,023 0,036 0,000 0,33 0,52
Astacin AF075683 2 1 16 Intron 91 26 175 752 0,038 0,022 0,091 0,085 0,260 0,26 0,39
Cytochrome P450 AF075692 0 1 Intron 63 21 115 151 0,048 0 0,061 0,059 0 0,35 0,6
Tubulin AB185494 2 0 Intron 78 27 142 533 0 0,026 0,028 0,024 1,083 0,28 0,46
GlycoProtein Hormone Receptor AJ549813 1 1 0 UTR 207 56 67 3279 0,018 0,005 0,000 0,008 0,594 0,3 0,49
Glutaryl-CoA dehydrogenase-like protein AJ563484 0 0 18 UTR 10 32 202 216 0 0 0,089 0,077 0 0,3 0,41
Glutathion S Transferase AJ577235 0 0 11 Intron 70 23 277 537 0 0 0,040 0,037 0 0,37 0,53
Amylase Gene B AJ496603 1 1 0 Intron 224 73 88 1557 0,014 0,004 0,000 0,006 0,719 0,34 0,49
Apolipophorin CF369184 0 O O Intron 265 74 88 562 0 0 0,000 0 0,31 0,39
Ciaol like Protein AY339886 2 6 6 Intron 154 40 107 564 0,150 0,013 0,056 0,082 0,159 0,27 0,38
Vasa-like AY423380 0O 1 9 Intron 138 48 303 2274 0,021 0 0,030 0,028 0 0,35 0,43
ATPase H+ AY551099 0O 0 6 Intron 61 17 141 183 0 0 0,043 0,038 0 0,37 0,64
BQ427367 BQ427367 0 3 15 Intron 79 23 187 489 0,130 0 0,080 0,086 0 0,36 0,36
S-adenosylhomocysteine hydrolase BQ427368 0 0 12 Intron 97 32 145 470 0 0 0,083 0,068 0 0,28 0,52
Super Oxyde Dismutase AY551094 0 1 Intron 97 32 145 576 0,031 0 0,014 0,017 0 0,41 0,52
Glucose 6 Phosphatase AMO076951 01 5 Intron 100 29 117 130 0,034 0 0,043 0,041 0 0,51 0,58
Ik Cytokine - down regulator of HLA 0 0 11 Intron 44 7 250 312 0 0 0,044 0,043 0 0,31 0,59
Na/K AJ563804 0 O O Intron 79 20 98 100 0 0 0,000 0 0,41 0,52
Phospholipase C 0 0 2 Intron 76 23 201 343 0 0 0,010 0,009 0 0,32 0,55
Calcium dependant Protein Kinase AY713401 0 0 5 Intron 131 34 177 744 0 0 0,028 0,024 0 0,31 0,51
Inhibitor protein kappa B DQ250326 0 0 O Intron 42 15 166 1086 0 0 0,000 0 0,27 041
Plastin AF075690 1 0 96 27 177 0 0,010 0 0,19 0,36
Actophorin AF075694 0 O 81 21 201 0 0 0 0,25 0,35
Myosin Light Chain AJ563458 2 0 95 28 477 0 0,021 0 0,31 0,54
Amylase Gene A AJ496597 4 6 206 67 1560 0,090 0,019 0,090 0,217 0,32 0,51
Beta Tubuline AY713400 0 O 118 38 1128 0 0 0 0,46 0,54
BQ426586 BQ426586 2 1 132 39 279 0,026 0,015 0,026 0,591 0,29 0,49
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Laccase 0 4 92
Macrophage express AAR82936 1 3 131
Notch 10 159
Flavin-containing monooxygenase 2 AJ585074 0 2 130
Integrin BQ426737 30 UTR
Gigasin 2 (exons 1-2) AJ582630 0 Intron
Paired type homeodomain protein AY187692 11 Intron
Cyclophiline AY551095 8 Intron
Scavenger CX069350 2 Intron
HA114 5 Intron
Kazal-type proteinase inhibitor CB617337 25 UTR
Arha2 CD526834 3 Intron

28
37
42
35

241
162
168
199
168
256
404
261

321
471
310
1365
234
83
96
492
246
360
395
579

0,143
0,081
0
0,057

0
0,008
0,006

0

0,124
0,000
0,065
0,040
0,012
0,020
0,062
0,011

0,143
0,081

0,057
0,124

0,065
0,040
0,012
0,020
0,062
0,011

0
0,094

0,33
0,32
0,27
0,39
0,37
0,12
0,39
0,37
0,14
0,38
0,21
0,42

0,5
0,52
0,37
0,61
0,53
0,21
0,67

0,5
0,29
0,53
0,35

0,6

Pn : Number of non-synonymous polymorphic sites in coding DNA
Ps : Number of synonymous polymorphic sites in coding DNA

Pnc : Number of polymorphic sites in non-coding DNA

Ln : Number of non-synonymous sites in coding DNA

Ls : Number of synonymous sites in coding DNA

Lcds : Length of the longest coding sequence available (bp)

Lnc : Length of the non-coding sequence (bp)

IIn : Number of non-synonymous SNPs per non-synonymous sites, Pn/Ln
ITs : : Number of synonymous SNPs per synonymous sites, Ps/Ls
TInc : Number of hon-coding SNPs per non-coding sites, Pnc/Lnc
ITsi : Number of silent SNPs per silent sites, (Ps+Pnc)/(Ls+Lnc)
Fop: Frequency of optimal codon

GC3: Percentage of G and C content at third position of codon
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Table 2: table of optimal codons deduced from the analysis of the EST dataset

Fourfold degenerate codons

Twofold degenerate codons

Six and threefold degenerate codons

aa Codon gpearmgn Probability aa Codon Spearmgn Probability aa Codon Spearmgn Probability
orrelation Correlation Correlation
Thr ACU -0,02 NS Lys AAA Arg AGA -0,03 NS
ACC 0,04 0,012 AAG 0,06 <.001 AGG 0,03 NS
ACA -0,01 NS Asn AAU CGU 0,04 0,012
ACG -0,02 NS AAC 0,04 0,01 CGC 0,05 0,007
Pro CCu 0,01 NS GIn CAA CGA 0,01 NS
CCC 0,04 0,023 CAG 0,07 <.001 CGG -0,01 NS
CCA -0,02 NS His CAU Leu Cuu -0,02 NS
CCG -0,03 NS CAC 0,03 0,023 cucC 0,05 0,002
Ala GCU 0,04 0,011 Glu GAA CUA -0,03 NS
GCC 0,05 0,003 GAG 0,02 NS CUG 0,06 0,001
GCA -0,05 0,006 Asp GAU UUA -0,05 0,003
GCG -0,02 NS GAC 0,03 NS UuG 0,01 NS
Gly GGU -0,02 NS Tyr UAU Ser AGU -0,02 NS
GGC 0,01 NS UAC 0,02 NS AGC 0,01 NS
GGA 0,05 0,008 Cys UGU ucu 0 NS
GGG -0,02 NS UGC 0,01 NS ucc 0,05 0,005
Val GuUU -0,03 NS Phe uuu UCA -0,01 NS
GUC 0,05 0,002 uucC 0,07 <.001 UCG -0,03 NS
GUA -0,05 0,002 lle AUU 0 NS
GUG 0,04 0,011 AUC 0,1 <.001
AUA -0,1 <.001
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