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Abstract

Mutation is a driving force of evolution that has been shaped by natural selection and is universally biased. Previous studies deter-
mined genome-wide mutational patterns for several species and investigated the heterogeneity of mutational patterns at fine-scale
levels. However, little evidence of the heterogeneity of mutation rates over large genomic regions was shown. Hence, the mutational
patterns of different large-scale genomic regions and their association with selective pressures still need to be explored. As the second
most species-rich animal phylum, little is known about the mutational patterns in Mollusca, especially oysters. In this study, the
mutational bias patterns are characterized by using whole-genome resequencing data in the Crassostrea gigas genome. | studied the
genome-wide relative rates of the pair mutations and found that the predominant mutation is GC -> AT, irrespective of the genomic
regions. This analysis reveals that mutational biases were associated with gene expression levels across the C. gigas genome. Genes
with higher expression levels and breadth expression patterns, longer coding length, and more exon numbers had relatively higher
GC -> AT rates. | also found that genes with larger dN/dS values had relatively higher GC -> AT rates. This work represents the first
comprehensive research on the mutational biases in Mollusca species. Here, | comprehensively investigated the relationships be-
tween mutational biases with some intrinsic genetic factors and evolutionary indicators and proposed that selective pressures are
important forces shaping the mutational biases across the C. gigas genome.
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Significance

Mutation is a driving force of evolution that has been shaped by natural selection and is universally biased. However,
little evidence of the heterogeneity of mutation rates over large genomic regions was shown. Here, | comprehensively
investigated the relationships between mutational biases with some intrinsic genetic factors and evolutionary indica-
tors and proposed that selective pressures are important forces shaping the mutational biases across the Crassostrea
gigas genome.

Introduction eukaryotes are universally AT-biased (Petrov and Hartl 1999;

Mutation occurs in all living beings and is a driving force of
evolution that has been shaped by natural selection (Smith
and Eyre-Walker 2002; Andolfatto 2005; Lynch et al. 2016;
Katju and Bergthorsson 2019). However, mutation is not a
completely random process because some types of mutations
have higher probability than others. In previous studies, it has
been shown that the mutational patterns observed in

Haddrill and Charlesworth 2008; Denver et al. 2009; Lynch
2010; Ossowski et al. 2010), in particular because of the high
rate of G/C to A/T transitions (Hershberg and Petrov 2010;
Hildebrand et al. 2010). This pattern is also common in bac-
teria, but with few exceptions, such as Rhodotorula toruloides
(Long et al. 2016), and Deinococcus radiodurans (Long et al.
2015). Previous studies determined the genome-wide

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Genome Biol. Evol. 12(11):1943-1952.  doi:10.1093/gbe/evaal60 Advance Access publication 28 July 2020 1943

202 Iudy 01 uo 1sanb Aq L et/ /8G/¥6L/1L LIZ)/o101e/eqB/Woo dnoolwapede//:sdiy Wolj papeojumoq


http://creativecommons.org/licenses/by-nc/4.0/

Song

GBE

mutational patterns for each species and found that the het-
erogeneity of mutational patterns within the genome could
be affected by several factors, such as local sequence context,
coding versus noncoding sequences, or distance from replica-
tion origin in Chlamydomonas reinhardtii, Bacillus subtilis,
Escherichia coli, and Mesoplasma florum (Ness et al. 2015;
Sung et al. 2015). Different genomic regions experience dif-
ferent selective pressures; this explains the variety in the nu-
cleotide diversity (Song, Li, Huang, et al. 2017; Song et al.
2018, 2019). Hence, the mutational patterns of different ge-
nomic regions and their association with selective pressures
still need to been explored.

Previous studies investigating mutational biases mainly
focused on bacterial, unicellular eukaryotic, and other
models. However, mutational pattern studies using
Mollusca have rarely been performed. Currently, high-
throughput sequencing technology has been widely
used for nonmodel organisms and is a powerful approach
for genome assembly, making it more flexible and conve-
nient of investigating the genetic and evolutionary pat-
terns for these species. Mollusca is the second largest
animal phylum with >100,000 recognized species, in-
cluding many important food sources for humans, disease
vectors, destructive invasive species, or aesthetic resour-
ces (Demaintenon 2008). The genomic resources of sev-
eral molluscan species are available, such as oysters
(Zhang et al. 2012), scallops (Li et al. 2017; Wang,
Zhang, et al. 2017), abalone (Nam et al. 2017), limpets
(Simakov et al. 2013), clams (Mun et al. 2017), and mus-
sels (Sun et al. 2017). Thus, it is possible to investigate the
evolutionary patterns at genome-wide levels of molluscan
species; however, little is known about the patterns of
mutational biases.

The diploid oyster Crassostrea gigas has been previously
used as a model shellfish species for genetic analysis (Xu
et al. 2017, Gagnaire et al. 2018; Guo et al. 2018; L,
Wang, et al. 2018; Wei et al. 2018; Yue et al. 2018) and
stress-response mechanism studies (Zhang et al. 2015; Zhao
etal. 2016; Wang X, Wang M, et al. 2017). The publication of
the C. gigas genome allows genetic and evolutionary studies
of this species to be performed at the genome-wide level
(Zhang et al. 2012). The oyster genome has a relatively mod-
est size of 559 Mb, a GC content of 33.4% and contig N50 of
19.4 kb. The assembly quality of the oyster genome was eval-
uated by the successful mapping of 99% of the BAC sequen-
ces and 98% of expressed sequence tags (EST), which reflect
that the genome was sufficient for calling single-nucleotide
polymorphisms (SNPs) and studying the pattern of mutational
biases.

At the same time, comprehensive whole-genome rese-
guencing data have been produced which make research
on mutational patterns across the oyster genome feasible (Li
L, Li A, et al. 2018). In this study, | quantified the patterns of

mutational biases across the oyster genome and investigated
their association with selective pressures.

Materials and Methods

Data Acquisition

Resequencing data from 40 wild C. gigas samples collected
along China’s coastline (Li L, Li A, et al. 2018) were down-
loaded from the National Center for Biotechnology
Information (NCBI) website under the project number
PRINA394055 (supplementary table S1, Supplementary
Material online). The transcriptome data of C. gigas were
also downloaded from the NCBI under accession number
GSE31012. The previously generated high-throughput bisul-
fite sequencing (BS-seq) data set of C. gigas from the male
gametes, mantle, and gill (Gavery and Roberts 2013; Olson
and Roberts 2014; Wang et al. 2014) was downloaded from
NCBI (accession number SRX390346, GSE40302, and
SRX32737).

Read Mapping and SNP Calling

The cleaned Next Generation Sequencing (NGS) reads were
generated from raw sequencing reads using the NGS QC
ToolKit version 2.3.3 (Patel and Jain 2012). The BWA software
(Burrows—\Wheeler Aligner) (Li and Durbin 2009) was used for
mapping the clean reads from all samples to the oyster refer-
ence genome (GenBank accession number
GCA_000297895.1) with the command “bwa aln -0 1 -e -
1 -i 5.” Then, the Sequence Alignment/MAP (SAM) files for
each sample were generated using the command “bwa
sampe” with default parameters.

Next, | filtered the low quality alignment reads using the
following three steps: 1) filtering out the aligned reads
mapped to multiple locations in the genome; 2) filtering out
the aligned reads with more than five mismatches to the ge-
nome or mapping quality <20; and 3) removing the potential
polymerase chain reaction (PCR) duplications using SAMtools
with the command “rmdup.”

After read alignment, SAMtools (Li et al. 2009) was used
for calling SNPs for the 40 C. gigas samples using a Bayesian
approach. To identify SNPs, the “mpileup” command in
SAMtools was used with parameters “-C 50 -t DP -t SP -q
20 -ug.”

Gene Expression Measurement

The RNA-seq data sets from eight different tissues and eleven
different developmental stages were downloaded from
Zhang et al. (2012). The eight tissues include: mantle, gill,
adductor muscle, digestive gland, hemocyte, labial palp, fe-
male gonad, and male gonad. The eleven developmental
stages include: eggs, two cells, four cells, morula, blastula,
trochophore, D-shaped larva, umbo larva, pediveliger, spat,
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and juvenile. Three software HISAT2 (Kim et al. 2015, 2019),
StringTie (Pertea et al. 2015), and Ballgown (Pertea et al.
2016) were used for analyzing the RNA-seq data sets, accord-
ing to the same pipelines used in the previous study (Song, Li,
and Zhang 2017). The fragments per kilobase per million
reads (FPKM) for each gene were obtained for the following
analysis.

Methylated Site Identification

The BS-seq data from three different tissues of C. gigas, in-
cluding male gametes (Olson and Roberts 2014), mantles
(Wang et al. 2014), and gills (Gavery and Roberts 2013) and
were analyzed with Bismark (Krueger and Andrews 2011).
First, the “bismark_genome_preparation” command was
used to prepare the reference genome. Second, the
“bismark” command was used to map the BS-seq reads to
the oyster genome (GenBank accession number
GCA_000297895.1) with parameters “-multicore 12 -
bowtie2.” Then, the two commands, “bismark_methylation_
extractor” and “coverage2cytosine,” were used to extract
methylation information and report the methylated status
for each cytosine site with the default parameters.

Methylated cytosine sites (CpG, CHG, or CHH) are defined
as cytosine sites with >10% methylated Cs and a coverage
larger than five.

Orthologous Gene Identification

The evolutionary rates of the orthologous gene pairs (dN\/dS
ratio: dN, the number of nonsynonymous substitutions per
nonsynonymous site; dS, the number of synonymous substi-
tutions per synonymous site) between two species from the
genus Crassostrea (C. gigas and Crassostrea hongkongensis)
were obtained from Zhao et al. (2015).

Tajima’s D Value Estimation

The software Variscan (version 2.0.3) (Vilella et al. 2005) was
used for calculating the statistic of population genetics,
Tajima’s D (Tajima 1989), which tested the neutral assump-
tion. The genes with <10 SNPs were excluded from the cal-
culation of Tajima’s D.

Calculating the Relative Rates of the Six Nucleotide Pair
Mutations

| inferred the direction of mutation using the method de-
scribed by Hildebrand et al. (2010). The minor mutation
was used as a new mutation inferred using the allele frequen-
cies; the mutations were discarded if they had more than two
alleles or two alleles at equal frequency. Considering the un-
equal nucleotide content of the different genomic regions,
the counts of the mutations from AT -> GC, CG, or TA
were normalized by the number of AT sites at the considered
genomic regions, and the counts of the mutations from GC -

Table 1
Fraction and Relative Rates of Pair Mutations Per Site after Normalization

Substitutions Fraction Mutation Rate
Transitions

GC-> AT 40.30% 0.032

AT -> GC 16.90% 0.013
Transversions

AT -> TA 14.50% 0.011

GC->TA 15.40% 0.012

AT -> CG 6.90% 0.0054

GC-> CG 6.00% 0.0048
Transition/transversion ratio 1.34 —

> TA, CG, or AT were normalized by the number of GC sites
(supplementary table S2, Supplementary Material online). In
this manner, the expected number of these mutation pairs
can be determined under equal GC and AT content.

Results

Spectrums of Different Pair Mutations

In the present study, the whole-genome resequencing data
from 40 wild C. gigas were aligned to the Pacific oyster ref-
erence genome. | obtained an average coverage of 20.3x per
individual (supplementary table S1, Supplementary Material
online) and identified 30 million SNP, of which 15 million
belonged to gene regions and 2.4 million to coding regions.

| classified these mutations into six possible types (AT ->
CG, AT -> TA, AT -> GC, GC -> TA, GC -> CG, and GC ->
AT). Of these, the two pair mutations AT -> GC and GC ->
AT were transitions whereas the other four pair mutations
were transversion. The transition/transversion ratio was 1.34
(table 1). I investigated the spectrum of different pair muta-
tions and found that different pair mutations had very similar
spectrums irrespective of whether they were the transversion
or transition type (fig. 1).

Mutation is AT-Biased

Because the GC and AT content of different genomic regions
was different, we calculated the relative rate of each of the six
pair mutations by normalizing the current GC and AT content
at the studied regions (Materials and Methods). First, | inves-
tigated the genome-wide relative rates of the pair mutations
and found that the predominant mutation is GC -> AT irre-
spective of the genomic regions (fig. 2). The genome-wide
relative rate of GC -> AT was 40.3%, whereas the rates were
39.2%, 46.6%, and 40.2% for the intergenic, coding and
intronic regions, respectively. The coding regions had a signif-
icantly higher GC -> AT relative rates than other regions
(Pearson y” test, P value of <107'°).

Because the methylation of cytosine sites can significantly
increase the rates of cytosine-to-thymine (C-to-T) transitions, |
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Fic. 2.—Relative rates of the six nucleotide pair mutations in different genomic regions. The most common mutation is always GC -> AT transitions for
different genomic regions. The rates are normalized for the unequal nucleotide content of the different genomic regions (Materials and Methods). The

relative rates estimated for each genomic region using all the nucleotide sites.

first analyzed the relative rates of the pair mutations of the
methylated sites. Thus, | used the BS-seq data set from the
three oyster tissues to identify the methylated sites. | found
that the mutation rate of the methylated CG sites was 17.3%
(table 2), which was much higher than that of the genome-
wide CG sites (4.9%). Of the methylated cytosine sites,
88.1% of the pair mutations were GC -> AT which suggests
that DNA methylation played an important role in shaping the
mutational pattern of the methylated cytosine sites. However,

Table 2
The Mutation Rates for Methylated and Unmethylated Cytosines
Number Mutation Rate Fraction
of GC > AT
Methylated cytosine 6,268,531 0.173 88.1%
Methylated CpG 6,205,846 0.173 88.1%
Methylated CHG 5014 0.124 82.5%
Methylated CHH 57,671 0.112 81.2%
Unmethylated cytosine 158,692,819 0.049 —
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only ~4% of the cytosine sites in the Pacific oyster genome
were identified as methylated using the BS-seq data from
three different tissues; thus, | investigated the relative rates
of other pair mutations for cytosine sites to exclude these
methylated sites. The predominant mutation is also GC ->
AT for unmethylated sites. The genome-wide relative rate of
GC -> AT was 38.2%, a little lower than the previous esti-
mation with methylated sites. The rates were 38.1%, 43.2%,
and 37.9% for the intergenic, coding, and intronic regions,
respectively. Therefore, the results showed that, for unmethy-
lated cytosines, other factors also influence the predominant
GC -> AT mutations.

Relationship between Mutational Biases and Gene
Expression Patterns

| investigated the extent of mutational biases for genes with
different expression patterns across the C. gigas genome
(fig. 3). The total number of genes was divided into four dif-
ferent groups using the quartile of their expression levels,
from the bottom 25% to the top 25%. As shown in
figure 3a, the lowest 25% expressed genes had a relative
GC -> AT rate of 42.0% which was significantly lower than
that of the other three groups of genes (t test, P value of
<107"®). The highest 25% expressed genes had the highest
rate of 45.5%.

| also examined whether the genes with different temporal
or spatial expression patterns had different relative mutation
rates. The relative GC -> AT rates observed in genes that were
not expressed in any tissue or developmental stage were
lower than those observed in other genes expressed in
more than one tissue or developmental stage (fig. 3b and
). The relative GC -> AT rates of genes with expression in
all tissues and developmental stages were higher than those
of other genes.

Relationship between Mutational Biases and Gene Length

Coding sequence (CDS) length is an important factor affect-
ing protein evolution. In the present study, the CDS length of
each gene was extracted from the oyster genome and their
association with the relative mutation rates was investigated.
The total genes were divided into four different groups using
the quartile of their CDS length, from the bottom 25% to the
top 25%. The relative GC -> AT rates of genes with the
shortest length were lower than those of other genes,
whereas the relative rates of genes with the longest length
were the highest (fig. 4a).

In the Pacific oyster genome, a large fraction of genes has
more than two exons (~83% of the genes). Therefore, the
relationships between exon number and intronic length with
relative mutation rates were also investigated in the present
study. First, the total genes were divided into three groups
based on the number of exons they contained: one, two, or
more than two. As shown in figure 4b, the relative rates of

genes with more than two exons were significantly and rela-
tively higher than those of the other genes, whereas the dif-
ference between genes with one exon and two exons was not
significant.

Additionally, | also found that intronic length influenced
the relative mutation rates. The total intronic regions were
divided into four groups according to their length using the
guantile from the top 25% to the bottom 25%. The relative
GC -> AT rates of the intronic regions with the shortest length
were the lowest among the different intron groups. The rel-
ative rates were the highest in intronic regions with the lon-
gest length (fig. 40).

Relationship between Mutational Biases and Selective
Pressures

To determine the relationship between mutational biases and
selective pressures, | used 11,409 genes (~40% of the total
genes, 11,409/28,000) that have orthologs between two spe-
cies in the Crassostrea genus, C. gigas and C. hongkongensis
(Zhao et al. 2015). First, | compared the relative GC -> AT
rates of the coding regions between the gene groups with
and without orthologs. As shown in figure 5a, the genes with
orthologs had a significantly higher level of relative GC -> AT
rates than those without orthologs.

Then, | used the 11,409 genes with orthologs to investi-
gate the relationship between mutational biases and selec-
tive pressures. | divided these genes into four different
groups based on the dN/dS values between these two spe-
cies, from the top 25% to the bottom 25%. As shown in
figure 5b, genes with the lowest d\/dS values had the low-
est levels of relative GC -> AT rates among the four gene
groups, whereas those with the largest d\N/dS values had the
highest relative rates.

| calculated the Tajima’s D (Tajima 1989) value for each
gene using the polymorphic sites. The Tajima’s D values dis-
tribution was strong negatively skewed mostly because of the
high proportion of low-frequency SNPs in the C. gigas ge-
nome (supplementary fig. S1, Supplementary Material on-
line). In addition, this phenomenon was also observed in
other species such Arabidopsis thaliana (Nordborg et al.
2005) and Medlicago truncatula (Branca et al. 2011), which
can be explained by purifying selection. Then, | divided these
genes into three different groups based on the Tajima's D
values, from the top 10%, the middle portion, and the bot-
tom 10%. The genes with lowest Tajima’s D values were
considered to be influenced by purifying selection. The relative
GC -> AT rates were not different between the genes with
the top 10% and bottom 10% Tajima’s D values. The relative
rates among these three groups were not significantly differ-
ent (t test, P value > 0.05).
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from first (the bottom 25%) to fourth (the top 25%). The relative rates of the six nucleotide pair mutations were estimated for each group (b, ). Total genes
divided into groups based on the number of tissues and developmental stages they are expressed in.
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Discussion

In the present study, the patterns of mutational biases were
characterized in different genomic regions for the C. gigas
genome using resequencing data. The genome-wide muta-
tional bias rates were quantitatively estimated, and their as-
sociation with some intrinsic genetic factors and evolutionary
indicators were investigated. Previous studies mainly focused
on mutational biases occurring in bacterial species (Hershberg
and Petrov 2010; Hildebrand et al. 2010; Long et al. 2015)
and other model organisms (Lynch et al. 2008; Denver et al.
2009; Keightley et al. 2009; Ossowski et al. 2010; Long et al.
2016). However, although Mollusca is the second most
species-rich animal phylum, little is known about their muta-
tional bias patterns. Therefore, in the present study, | used a
globally distributed Mollusca—the Pacific oyster—as a repre-
sentative to investigate the patterns of mutational biases.

DNA methylation is an important epigenetic modification in
eukaryotic genomes that could significantly increase the rates of
C-T mutations. Although the genome-wide methylated cytosine
sites estimated in my study were only ~4% in the C gigas ge-
nome, the influence of these sites on the mutational patterns was
considerable in this organism. In addition to this, | also analyzed
the patterns of mutational biases by excluding the methylated
cytosine which showed that other factors also influence the mu-
tational biases, such as the oxidation of the guanine, which is also
a common factor increasing the GC to AT mutation rate.

In previous studies, the dominant mutation was GC -> AT
and other pair mutations rates were much lower in bacteria and
Plasmodium  falciparum (Hershberg and Petrov  2010;
Hildebrand et al. 2010; Long et al. 2014, 2015, 2016;
Hamilton et al. 2016). However, in the present study, | found
that, in the Pacific oyster, there was a dominant mutation of GC
-> AT with a relative rate of around 40%; this rate was more
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balanced than other relative mutation rates. The relative rates
for mutation pairs AT -> GC, AT -> TA, and GC -> TA were all
around 15%.

The rates of mutational biases estimated at the genome-
wide level could not reflect the heterogeneity of the mutational
patterns within the genome. The natural selective pressures
were different on different parts of the genome which were
observed in many species (Begun et al. 2007; Halligan et al.
2010). Thus, the patterns of mutational biases should be het-
erogeneous across different genomic regions and would be
influenced by their function and evolutionary characteristics,
which had not been well investigated. In the present study, |
investigated the association between the patterns of mutational
biases and some genomic factors, such as gene expression
patterns, gene length, and gene evolutionary patterns. In my
previous study, | found that both purifying selection (Song et al.
2018) and positive selection (Song et al. 2019) were strongly
driving the evolutionary patterns of genes with higher expres-
sion levels or breadth expression patterns in C. gigas. The
change in mutation rate between gene expression categories
is common, and several mechanisms can explain these varia-
tions both in the sense of increasing or decreasing mutation rate
(Hanawalt and Spivak 2008; Jinks-Robertson and Bhagwat
2014; Belfield et al. 2018), such as transcription-coupled repair
(TCR), and DNA mismatch repair (MMR) mechanisms. In the
present study, except for the variation in mutation rates in genes
with different expressions, | also found that the pattern of mu-
tational biases was associated with expression levels of which
the underlying causes still need to be explored. The process of
GC-biased gene conversion, a by-product of recombination,
has been shown to influence GC composition variation and
promote the segregation and fixation of deleterious AT to GC
mutations within and between genomes in many lineages
across the eukaryotic tree of life (Duret and Galtier 2009;
Pessia et al. 2012) which could be an explanation for the het-
erogeneity of mutational patterns within the genome. The GC
to AT bias is significantly stronger in coding regions than other
regions which maybe a consequence of the codon bias toward
GC rich codon, because the observed mutation pattern is not
exactly the spontaneous mutation pattern due to selection and
drift that had the time to occur in the population.

| also used another indicator, Tajima’s D value, to classify
the genes into three different groups. | believed that the
genes with the lower Tajima’s D values experienced stronger
purifying selection. | found no difference between the genes
with the lowest and highest Tajima’s D values, suggesting that
purifying selection played a weak role in shaping the muta-
tional pattern in the C. gigas genome.

The study of mutational patterns was very scarce in Mollusca
which is the animal phylum with the second most species.
Therefore, the present study provided some information about
the mutational patterns of C. gigas and represents the first such
study in Mollusca. Several factors could affect the heterogeneity
of mutational patterns within the genome, such as local

sequence context, or distance from replication origin.
However, as an indicator affected by natural selection, the asso-
ciations of mutational biases and gene expression patterns,
gene length, exon number and selective pressures are still unex-
plored in bacteria and other model organisms. The findings
from the present study effectively complement previous re-
search in other organisms. Altogether, this study provides evi-
dence that the proportion of GC -> AT mutations increases
with expression level and gene length whereas it decreases with
purifying selection acting on amino-acid composition.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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