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A B S T R A C T

Strand asymmetry in nucleotide composition is a remarkable feature of animal mitochondrial genomes. The
strand-specific bias in the nucleotide composition of the mtDNA has been known to be highly problematic for
phylogenetic analyses. Here, the strand asymmetry was compared across 140 mollusc species and analyzed for a
mtDNA fragment including twelve protein-coding genes. The analyses show that almost all species in Gastropoda
(except Heterobranchia) and all species in Bivalvia present reversals of strand bias. The skew values on in-
dividual genes for all codon positions (P123), third codon positions (P3), and fourfold redundant third codon
positions (P4FD) indicated that CG skews are the best indicators of strand asymmetry. The differences in the
patterns of strand asymmetry significantly influenced the amino acid composition of the encoded proteins. These
biases are most striking for the amino acids Valine, Cysteine, Asparagine and Threonines, which appear to have
evolved asymmetrical exchanges in response to shifts in nucleotide composition. Molluscs with strong variability
of genome architectures (ARs) are usually characterized by a reversal of the usual strand bias. Phylogenetic
analyses show that reversals of asymmetric mutational constraints have consequences on the phylogenetic in-
ferences, as taxa characterized by reverse strand bias (Heterobranchia and Bivalvia) tend to group together due
to long-branch attraction (LBA) artifacts. Neutral Transitions Excluded (NTE) model did not overcome the
problem of heterogeneous biases present in molluscs mt genomes, suggested it may not be appropriate for
molluscs mt genome data. Further refinement phylogenetic models may help us better understand internal re-
lationships among these diverse organisms.

1. Introduction

The mitochondrial genome (mt genome) of most metazoan animals
includes a standard set of 13 protein-coding genes (PCGs), 2 ribosomal
RNA (rRNA) genes, 22 transfer RNA (tRNA) genes, and an A+T-rich
region. Although there are exceptions, most mitogenomes range in size
from 14 to 17 kb. Typically, few intergenic nucleotides exist except for
a single large non-coding region, which generally thought to contain
elements that control the initiation of replication and transcription of
the mitogenome. (Boore, 1999; Lavrov, 2007). Owing to the econo-
mized organization, lack of recombination, maternal inheritance (ex-
cept for Doucet-Beaupré et al., 2010), absence of introns, and higher
evolutionary rates, mtDNA sequences are extensively used for com-
parative and evolutionary genomics, population genetics and phyloge-
netic inference (Curole and Kocher, 1999; Ballard and Whitlock, 2004;
Gissi et al., 2008).

It is known that animal mitochondrial genomes vary significantly in
nucleotide composition and almost all show a bias between the two

strands of the genome (strand asymmetry) (Perna and Kocher, 1995;
Hassanin et al., 2005). In mammals, one strand is G rich, whereas the
other strand is G poor, and because they show different buoyant den-
sities in a cesium chloride gradient, the G-rich strand is called ‘‘heavy
strand’’ (Anderson et al., 1981). This is different from the plus/minus
strand or major/minor coding strand terminology. The plus strand is
mostly defined based on the orientation of the cox1 gene. When most
gene are coded on the same strand it is easy to identify this one as the
major coding strand (Bernt et al., 2013). Generally, there is more A than
T and more C than G on the major or plus strands. However, the strand
asymmetry is reversed in some taxa, such as arthropods (Cameron et al.,
2007; Hassanin et al., 2005; Kilpert and Podsiadlowski, 2006; Masta
et al., 2009; Hassanin, 2006), flatworms (Min and Hickey, 2007), bra-
chiopods (Helfenbein et al., 2001), echinoderms (Scouras and Smith,
2006) and fish (Wang et al., 2007), where A is less than T and C is less
than G on the major or plus strands. The underlying mechanism that
account for the strong compositional asymmetry observed in mi-
tochondrial genomes has been generally related to replication and
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transcription processes (Reyes et al., 1998). Because these processes
have long been assumed to be asymmetric in the mtDNA and could
therefore affect the occurrence of mutations between the two strands
(Clayton, 1982; Tanaka and Ozawa, 1994; Reyes et al., 1998).

Sequences of the mt genome have been widely used for addressing
phylogenetic questions ranging from population to phylum level (Avise,
2000). With an increasing number of studies the usefulness of mtDNA
as a marker for highly divergent lineages was criticized (Curole and
Kocher, 1999). Three main characteristics of the mt genome are ex-
pected to be problematic for phylogenetic analyses: (1) mutational sa-
turation due to multiple hits is a major source of uncertainty in current
molecular phylogeny, and within mt genomes, saturation is all the more
important because the mt genomes are more fast-evolving than the
nuclear genome (Burger et al., 2003; Moreira and Philippe, 2010); (2)
long-branch attraction (LBA) is a very common phenomenon whenever
differences of evolutionary rate among different lineages, and the fast-
evolving taxa are more prone to group together by chance (false sy-
napomorphies) (Felsenstein, 1978; Moreira and Philippe, 2010); (3)
heterogeneity in nucleotide composition among different lineages, such
as reversals of strand asymmetry, can mislead phylogenetic inferences
because unrelated taxa with similar base compositions rather than
genuine phylogenetic signal may be erroneously clustered (Hassanin
et al., 2005; Moreira and Philippe, 2010).

Although it is clear that the atypical strand bias has evolved in-
dependently among taxa from disparate branches of the tree of life, the
patterns of strand bias evolution in molluscs remain unclear. Molluscs
exhibit the largest disparity of all animal phyla and rank second behind
arthropods in species diversity. (Giribet et al., 2006). Traditionally, the
phylum Mollusca is divided into six classes: Gastropoda, Bivalvia, Ce-
phalopoda, Polyplacophora, Scaphopoda and Monoplacophora (Morton
and Yonge, 1964). The phylogenetic relationships among the major
groups of these major lineages remain one of the most contentious is-
sues in systematics. The usefulness of mt sequences as a marker for
reconstructing the phylogeny of molluscs are expected to be proble-
matic, because of the mutational saturation and heterogeneity in nu-
cleotide composition among taxa. The sequence positions have accu-
mulated so many mutations that the present bases or amino acids are
essentially random, and therefore contain scant or no evolutive in-
formation (Moreira and Philippe, 2010). Additionally, the mt genomes
of molluscs are also characterized by a strong compositional bias, which
is particularly rich in A and T nucleotides (He et al., 2011; White et al.,
2011; Xu et al., 2012). Consequently, the reliability of their phyloge-
netic relationships was questioned.

In this study, a broad survey of strand asymmetry was analyzed in
140 molluscs mitochondrial genomes. In particular, for each of the 12
protein-coding genes, we investigated the compositional features of all
three codon positions P123 and third positions of fourfold degenerate
codons (P4fd), as well as the effects of DNA asymmetric strand bias on
amino acid composition. The sequences were examined to identify the
relationship between genome architecture and strand asymmetry in
each species. By using the same data matrix, we studied the pattern of
molecular evolution and evaluated the effect of strand-bias on phylo-
genetic inferences. We aim to perform a series of phylogenetic analyses
to explore if the Neutral Transitions Excluded (NTE) model is appro-
priate for molluscs mt genome data to limit this specific problem in tree
reconstruction under the Bayesian approach. Our analyses focus on
molluscs, but our methods are applicable to any mitochondrial genomes
that display reversals of strand-compositional bias.

2. Materials and methods

2.1. Taxonomic sampling

One hundred and forty molluscan mitochondrial genomes were se-
lected for strand asymmetry analyses, represented by three classes
(Gastropoda, Bivalvia and Cephalopoda) of molluscs (Supplementary

Table 1). Sequences of whole mitochondrial genome sequences were
downloaded from GenBank, and the individual mitochondrial protein-
coding genes were extracted from each mt genome. The atp8 gene was
excluded.

2.2. Calculation of skew values

The GC and AT skews, which indicate compositional differences
between the two strands, were calculated according to the formulae by
Perna and Kocher (1995): AT skew = (A − T)/(A + T); GC skew =
(G − C)/(G + C). For each mitochondrial genome, AT and GC skews
were carried out on all the plus strand, all codon positions (P123), third
codon positions (P3) and fourfold redundant third codon positions (P4fd)
of protein-coding genes.

The amino acid compositions were predicted based on the in-
vertebrates mitochondrial genetic code by partitioning the mitochon-
drial codons into CA-rich codons (CA, AC, CC, AA codons at the first
two codon positions), GT-rich codons (GT, TG, GG, TT codons at the
first two codon positions), and other codons. Synonymous codon usage
of mitochondrial coding sequences was measured by the nucleotide
content of G+T or C+A at the third codon positions of fourfold de-
generate codon families: GGN (G), GTN (V), CGN (A), ACN (T), GCN
(A), and CCN (P). Leucine (L) and Serine (S) were not included in these
latter calculations, due to their greater (8-fold) degeneracy. All statis-
tical analysis was performed by using IBM SPSS Statistics 19.

The variability in mt genome AR for every species was estimated by
the “AR rate”, according to the formulae (NAR − 1)/
(NmtDNA − 1) × 100 (e.t. Gissi et al., 2008), where NAR and NmtDNA are
the number of different ARs and the number of completely sequenced
mitochondril DNAs of that taxa, respectively. Thus, a higher AR rate
means more mtDNAs have a different AR.

2.3. Phylogenetic analyses

The twelve-partitioned nucleotide sequences of protein coding
genes were aligned with MAFFT (Katoh et al., 2005). Areas of dubious
alignment were isolated using Gblocks (Castresana, 2000; Talavera and
Castresana, 2007) (default setting) and excluded from the analyses. The
best-fit nucleotide substitution models for each data partitions were
selected by jModelTest (Posada, 2008), by using the Akaike Information
Criterion (AIC). The information of alignment length and DNA sub-
stitution models applied to each partition were listed in Supplementary
Table 2. In addition, one Annelida species were selected as outgroup:
Platynereis dumerilii (AF178678).

The phylogenetic relationship was built by three methods: max-
imum parsimony (MP), maximum likelihood (ML) and Bayesian in-
ference (BI). MP analyses were carried out with PAUP 4.0b 10
(Swofford, 2003). Bootstrap proportions (BPMP) were obtained from
1000 replicates by using 10 replicates of random stepwise-addition of
taxa. We employed ML analyses using RAxML Black-Box webserver
(http://www.ch.embnet.org/raxml-bb/, Stamatakis et al., 2008) with
partioned model and bootstrapped with 100 replicates (BPML).

BI was performed using MrBayes 3.1.2 (Ronquist and Huelsenbeck,
2003). Two different criteria were used for the analyses: (1) separate
nucleotide substitution models for each partition; and (2) a new
method, named ‘‘Neutral Transitions Excluded’’ (NTE) for limiting the
misleading effects of a reverse strand-bias in the data (Hassanin et al.,
2005; Hassanin, 2006). In the NTE method, all neutral and quasi-neu-
tral transitions were excluded from the original nucleotide matrix, as
their nucleotide-substitution types are most likely to be affected by the
bias. A GTR+I+G model (lset nst = 6) was used for first and second
codon-positions, and a two-state substitution model (lset nst = 2) was
used for third codon positions. In the case of all the Bayesian analyses,
the Markov chain Monte Carlo (MCMC) were run for 10,000,000 gen-
erations, with tree sampling every 100 generations, to allow adequate
time for convergence. Parameter convergence was achieved within two
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million generations and the standard deviation of split frequencies was
less than 0.01. All parameters were checked with Tracer v 1.5
(Drummond and Rambaut, 2007). After omitting the first 50,000
‘‘burnin’’ tree, the remaining 50,000 sampled trees were used to esti-
mate the 50% of majority rule consensus tree and the Bayesian pos-
terior probabilities.

3. Result and discussion

3.1. Reversals of strand-compositional bias in molluscan mitochondrial
genomes

AT and GC skew were determined for 140 molluscan complete
genomes (plus strand) as a measure of the compositional asymmetry
(Fig. 1, Supplementary Table 3). All species fall into two groups: the
first one includes only thirty-four species (Typical patterns of skew
group, TPS), i.e., eight species in Gastropoda and all species in Ce-
phalopoda, presenting positive AT skews and negative GC skews; and
the second one includes one hundred and ten species (Atypical patterns
of skew group, APS), i.e., almost all species in Gastropoda and all
species in Bivalvia, which are characterized by negative AT skews and
positive GC skews, implying that these species have strand asymmetry
reversal on the entire plus strand, with an excess of T relative to A and
an excess of G relative to C. Despite the variations between species
within both groups, there is a highly significant difference between
these groups (P < .0001).

The customary explanation for strand asymmetry is that the dea-
mination of A and C nucleotides occurs so much more frequently in
single-stranded DNA than in double-stranded DNA (Rocha et al., 2006).
Deamination of A nucleotide yields hypoxanthine, a base that pairs with
C instead of T, while deamination of C nucleotide yields uracil, which
can pair with A rather than G (Lindahl, 1993). Therefore, changes in
strand-specific mutation rates may be associated with the location at
which transcription begins in the mt genome, and with the length of
time that a DNA strand remains single-stranded (Reyes et al., 1998).

An inversion of the control region contains the replication origin is
expected to change the replication order of two mitochondrial DNA
strands, resulting with time, in a complete reversal of strand composi-
tional bias (Hassanin et al., 2005). These hypotheses have been de-
monstrated in two vertebrates (Fonseca et al., 2008), a echinoderms
(Hassanin et al., 2005), a crustacean (Kilpert and Podsiadlowski, 2006)

and ten insects (Wei et al., 2010) that the inversion of the control region
explains the reversal of strand asymmetry. However, the gene order
(and relative orientation) is variable and the control region is the most
variable region in mitochondrial genome. It is not clear either whether
the origin of replication is located in the major non-coding region
(maybe the control region) of molluscs mt genomes, or whether this
region is reversed in almost all species in Gastropoda and all species in
Bivalvia.

3.2. Strand asymmetry on protein-coding genes

The AT and GC skews were calculated for all codon positions (P123),
third codon positions (P3), and fourfold redundant third codon posi-
tions (P4FD) for individual protein coding genes for each mitochondrial
genome as a measure of the compositional asymmetry. At P123, almost
all genes coded on both the plus and minus strands have negative AT
skew in APS group. This is the case in all species of TPS group
(Supplementary Fig. 1A). Most mt genomes in APS group possess GT
biased plus-strand genes, with a positive GC skew. However, the genes
coded on minus strand showed the negative GC skew. The nucleotide
composition of the TPS group displayed the opposite pattern of CG
skew, with negative values in plus strand genes unlike other genes
coded on the minus strand (Supplementary Fig. 1B and C). This result
confirmed the assumption that two genes encoded by two opposite
strands are expected to produce reverse strand compositional biases
(Hassanin et al., 2005). The comparisons between AT and CG skews
reveals that absolute values of CG skews are always significantly higher
than that of AT skews (P < .001, paired sample t-test). This difference
was also reported in six protein-coding genes of 49 metazoan mt gen-
omes by comparing GC and AT skews at all codon positions (Hassanin
et al., 2005), with the conclusion that CG skews are the best indicators
of strand asymmetry.

At the P3, especially the P4FD, all genes in both APS and TPS group
displayed similar patterns of AT and GC skews with the strand bias in
their mt genome sequences. In other words, the taxa with reverse strand
bias in their mt genome sequences also displayed atypical patterns of
AT and GC skew at synonymous positions (Fig. 2). We tested the cor-
relation between the sign of skew values on P4FD and strand composi-
tional bias of mt genome sequence using contingency table and chi-
square test. The sign of both AT and GC skew values are associated with
strand compositional bias of mt genome sequence, however, the chi-
square values were lower for AT skew (χ2 = 492.764) than for GC skew
(χ2, 492.764 vs. 679.060, P < .0001). Here, skew values on individual
genes for fourfold redundant third codon positions helped to explain the
criterion that strand asymmetry is best reflected in the GC skew.

In all species, the absolute values of AT and GC skews on P4FD are
higher than those on P123 (Fig. 3, P < .001, paired sample t-test). Thus,
the strand asymmetric base composition is stronger in weakly con-
strained sites. This is consistent with the hypothesis that the composi-
tional asymmetry is particularly evident at synonymous codon positions
of protein coding genes, which can freely alternate between all nu-
cleotides without changing the resulting amino acid, are considered to
have little or no affect on selection (Perna and Kocher, 1995; Reyes
et al., 1998).

3.3. Effects of DNA asymmetric strand bias on amino acid composition

It has been shown for the nuclear genome that changes in the
evolutionary patterns of amino acid substitution is the consequence of
the corresponding changes in nucleotide content, e.g. GC content
(Knight et al., 2001; Wang et al., 2004). However, although increasing
mt genome sequencing efforts have led to the discovery of asymmetrical
nucleotide biases among taxa, the relationship between asymmetrical
nucleotide bias and potentially resultant amino acid bias has not been
widely investigated within molluscs generally.

Given the contrasting patterns of mitochondrial gene strand

Fig. 1. Scatterplots of skews values calculated for whole plus strand of 140 molluscs
mitochondrial genomes. All species fall into two groups: the first one includes eight
species in Gastropoda and all species in Cephalopoda (typical patterns of skew group,
TPS), presenting positive AT skews and negative GC skews; and the second one includes
most species in Gastropoda and all species in Bivalvia (atypical patterns of skew group,
APS), which are characterized by negative AT skews and positive GC skews.

S. Sun et al. Molecular Phylogenetics and Evolution 118 (2018) 222–231

224



asymmetry in molluscs, we selected the same set of 6 conserved mi-
tochondrial proteins (atp6, cox1, cox2, cox3, nad2, and nad3) coded on
the plus-strand to investigate if there was a corresponding asymmetry
between the two groups of molluscs in the frequencies of encoded

amino acids. Atp8 gene was excluded, because it was absent in most
marine bivalve species, although several exceptions exist (Dreyer and
Steiner, 2006; Wang et al., 2010; Wu et al., 2013; Gaitán-Espitia et al.,
2016). The atypical patterns of skew (APS) group had a higher

Fig. 2. AT and GC skews values of fourfold redundant third codon positions (P4FD) in twelve individual protein-coding genes (excluding atp8 gene) in molluscs mitochondrial genomes.
(A). AT skews values calculated for P4FD of individual protein-coding genes in atypical patterns of skew (APS) group. (B). AT skews values calculated for P4FD of individual protein-coding
genes in typical patterns of skew (TPS) group. (C). GC skews values calculated for P4FD of individual protein-coding genes in atypical patterns of skew (APS) group. (D). GC skews values
calculated for P4FD of individual protein-coding genes in typical patterns of skew (TPS) group.

Fig. 3. Plot of the AT and GC skew on the third positions of fourfold degenerate codons (P4FD) against the corresponding skew on all three codon positions (P123) for each mtDNA
analyzed. For both AT and GC skews, absolute values are presented.

S. Sun et al. Molecular Phylogenetics and Evolution 118 (2018) 222–231

225



abundance of amino acids encoded by GT-rich codons (Cysteine, Valine,
Phenylalanine, Glycine, and Tryptophan), because of their positive GC
skews and negative AT skews on the plus-strand (rich in G and T nu-
cleotides) (Fig. 4A). On average, the difference of combined proportions
of these five amino acids between the APS and TPS groups is approxi-
mately twofold. Conversely, amino acids with CA-rich codons (Gluta-
mine, Threonine, Proline, Histidine, Asparagine, and Lysine) were less
abundant in taxa with elevated GT richness than in typical taxa
(Fig. 4B). Again, the average difference between the two groups of
species is approximately twofold. Not only are the average differences
in the predicted direction, but they are statistically highly significant
(P < .001, t-test). Simultaneously, this significant differences
(P < .001) also presented at the level of some individual amino acids,
allowing to predict which codons and amino acids show clear responses
to shifting nucleotide use. For example, APS group contains more than
twice as many Valine and cysteine as do their orthologs in TPS group
(Fig. 5A). On the other hand, the proportions of Asparagine and
Threonine in APS group are approximately half the value observed in
the TPS group orthologs (Fig. 5B). Thus, the differences in the patterns
of strand asymmetry between the two strands of mtDNA significantly

influenced the amino acid composition of the encoded proteins. These
patterns have also been observed in the mitochondrial genomes of
various metazoan groups in which mitochondrial strand asymmetry
(measured as GC and AT skews) can have very large, predictable effects
on the amino acid skew (Boore et al., 2004; Foster et al., 1997;
Helfenbein et al., 2001; Min and Hickey, 2007).

Further tests were performed to verify the conclusion that the strand
asymmetry at nucleotide level drive codon and amino acid usage rather
than being a passive reflection of a preferred codon or amino acid
usage. First, a larger strand asymmetry occurred at the synonymous
codon sites (Supplementary Fig. 2), suggesting that the nucleotide skew
was counterbalanced, to some extent, by functional constraint at the
protein level. This is consistent with the fact that the codon usage may
been altered with the changes at the third codon position, but the
protein sequence remained the same. In other words, protein function
was a constraint rather than a cause of the DNA strand bias (Min and
Hickey, 2007). Secondly, in the TPS group, six gene (Cytb, nad1, nad4,
nad4l, nad5 and nad6) are encoded on the opposite strand from the
other six genes and, as expected, the amino acids with CA-rich codon
are more frequent than that of GT-rich. This pattern is similar to that of
the proteins in the APS group rather than the other six proteins in TPS
group. Both of these observations suggested that nucleotide asymmetry
between the two strands of the mitochondrial genome is an artifact of
selection (or mutation) and that this DNA bias causes a secondary effect
at the level of protein composition.

3.4. Genome architecture and strand asymmetry

For the species characterized by a reverse strand asymmetry, it is
necessary to find out how gene content or gene order changed. The
mitochondrial genome architecture (AR) is defined as the order of the
entire set of functional mt-encoded genes, which takes into account
both gene content and gene order (Gissi et al., 2008). The variability in
mt genome AR for every species was estimated by the “AR rate”
(Table 1, Supplementary Table 4), according to the formulae
(NAR − 1)/(NmtDNA − 1) × 100. As shown in Table 1, AR rate values
higher than 70, indicatives of a strong variability in genome AR, are
observed in two order, e.g., Arcoida and Pterioida in class Bivalvia.
Based on the analyses of the strand-compositional bias and the genome
architecture in molluscs mt genomes, the taxa with a strong variability
of genome AR are usually characterized by a reverse strand bias.
However, species with reversal of strand asymmetry over the entire
mitochondrial genome don’t always have higher genome AR rates, e.g.,
species in Ostreoida and Unionoida in class Bivalvia, as well as Cae-
nogastropoda and Neritimorpha in class Gastropoda. Although some of
these groups are represented by a few sequences, the relatively con-
served AR seems to be credible, as in some cases few AR differences
were detected in the closely related species within that taxonomic
group (Grande et al., 2002; Castro and Colgan, 2010). This result sug-
gests a possible correlation between these two features and that same
mechanism could be responsible for both the presence of the strand
asymmetry and variability in gene number/order.

3.5. Phylogenetic relationships

3.5.1. Evidence for long-branch attraction artifacts
Although the analyses of mitogenomic sequence data usually lead to

good resolution for phylogenetic relationships at low taxonomic levels,
such as relationships between species, genera or even families. The
usefulness of mtDNA sequences has been questioned for higher taxo-
nomic levels such as relationships between orders, classes, or phyla
(Curole and Kocher, 1999). The reversals of strand bias can be a crucial
factor for explaining the difficulties encountered by many phylogen-
eticists for studying deep divergences with mtDNA sequences, as it can
yielded longer branchs (more substitution) (Hassanin et al., 2005).
What could be the consequences of such reversals of strand bias for

Fig. 4. The amino acids composition of mitochondrial protein-coding genes reflects the
nucleotide strand symmetry. (A) The proportions of amino acids with GT-rich codons
(Cysteine (C), Valine (V), Phenylalanine (F), Glycine (G), and Tryptophan (W)) are re-
latively high in atypical patterns of skew (APS) group (shown in blue) and relatively low
in typical patterns of skew (TPS) group (shown in red). (B) The proportions of amino acids
with CA-rich codons (Glutamine (Q), Threonine (T), Proline (P), Histidine (H),
Asparagine (N), and Lysine (K)) are, in contrast, relatively low in atypical patterns of
skew (APS) group (shown in blue) and relatively high in typical patterns of skew (TPS)
group (shown in red). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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phylogenetic inference?
Here, we conducted the ML and Bayesian analyses using nucleotides

from all codon positions, which result in similar topologies of Mollusca
(Fig. 6). The topology from parsimony analysis shows only minimal
differences (Fig. 7). Within Bivalvia, the monophyly of subclasses Pa-
laeoheterodonta (the group that includes freshwater pearl mussels),
Heteroconchia and Pteriomorphia were evaluated, with Palaeoheter-
odonta grouped to all other autolamellibranchiates. This hypothesis is
similar to the topology that has been recovered in previous mtDNA
analyse (Gissi et al., 2008), but the relationships here are not at all
congruent with current bivalve relationships based on sanger and
transcriptome data (Bieler et al., 2014; Combosch et al., 2017; González
et al., 2015). The internal resolution of Cephalopoda is in agreement
with the current hypotheses (Allcock et al., 2011; Strugnell and
Nishiguchi, 2007; Wilson et al., 2010). Cephalopods are again

monophyletic with Nautiloidea sister to coleoids, comprising Deca-
brachia versus Octobrachia. Mitogenomic markers thus may be in-
formative for resolving cephalopod relationships. Gastropods are the by
far most diverse molluscan class, and also display greatest sequence
heterogeneity (Stöger and Schrödl, 2013). In this study, the monophyly
of gastropods cannot be tested, which split into two larger clusters, (1)
Heterobranchia (with Nudipleura, lower Heterobranchia, Panpulmo-
nata and Euopisthobranchia), (2) Caenogastropoda (represented by
Neogastropoda, Littorinimorpha and Sorbeoconcha) together with
Neritimorpha as sister to Vetigastropoda in a more derived position.
The partial Gastropoda, namely Heterobranchia clustered with bi-
valves, while the second cluster, comprising Vetigastropoda, Ner-
itimorpha and Caenogastropoda is sister group to Cephalopoda. These
results were not consistent with other recent molluscan phylogenies,
which evaluated and supported the monophyly of gastropod using both
nuclear and transcriptome data (Kocot et al., 2011; Smith et al., 2011;
Zapata et al., 2014). However, few non-gastropods molluscs were in-
cluded (Zapata et al., 2014), and no Heterobranchia were included
(Kocot et al., 2011; Smith et al., 2011) in these analysis.

When the asymmetric mutational constraints are reversed in-
dependently in several taxa, these taxa are expected to group together
due to the long branch attraction (LBA) phenomenon (Felsenstein,
1978). This is what we observed in this study. Heterobranch gastropods
form a well-supported but long branched clade that is pulled away from
all other gastropods, but clustered with bivalves. This discrepancy may
be due to an LBA artifact associated to the long branches exhibited by
heterobranch and bivalve mt genomes (Grande et al., 2008; Stöger and
Schrödl, 2013), suggesting that the phylogenetic position of Hetero-
branchia should be regarded with caution. Alternatively, the long
branches rather reflect the accelerated evolutionary rates of the protein
coding mitochondrial genes in heterobranch and bivalves. This is con-
sistent with the hypothesis that Heterobranchia has high mitochondrial
evolutionary rates that may result in a long-branch attraction artifact
(Grande et al., 2008; Stöger and Schrödl, 2013; Arquez et al., 2014;
Uribe et al., 2016).

3.5.2. Phylogenetic analysis under NTE model
In an attempt to overcome the confound phylogenetic inference

caused by taxa with reverse strand bias, Hassanin et al. (2005) specified
a Neutral Transitions Excluded (NTE) recoding scheme, which removes
the effect of strand-bias by recoding bases at neutral and nearly-neutral
positions as purines and pyrimidines (R/Y coding). This strategies have

Fig. 5. The proportions of individual amino acids that were most affected by nucleotide strand asymmetry in atypical patterns of skew (APS) group and typical patterns of skew (TPS)
group. (A) The proportions of Cysteine and Valine are high in atypical patterns of skew (APS) group proteins (shown in blue) and high in flatworm proteins (shown in red). (B) The
proportions of Asparagine and Threonine are high in atypical patterns of skew (APS) group (shown in blue) and low in typical patterns of skew (TPS) group (shown in red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Distinct genome architecture and gene strand asymmetry of the analyzed molluscs
mtDNAs.

NCBI classification NmtDNA NAR AR Rate

Bivalvia
Arcoida 6 6 100.0
Ostreoida 13 5 33.3
Pectinoida 6 4 60.0
Mytiloida 9 6 62.5
Pterioida 2 2 100.0
Veneroida 23 14 59.1
Unionoida 5 2 25.0

Gastropoda
Heterobranchia 25 13 50.0
Caenogastropoda 17 3 12.5
Vetigastropoda 9 4 37.5
Neritimorpha 4 2 33.3

Cephalopoda
Sepiida 10 1 0.0
Teuthida 8 3 28.6
Vampyromorpha 1 1 0.0
Nautilida 2 1 0.0

Note: AR, genome architecture; the number and percentage of distinct genome archi-
tectures were calculated for the entire set of mt genes (protein-coding gene, tRNA, and
rRNA). The variability of genome arrangement (AR rate) was calculated according to the
formulae (NAR − 1)/(NmtDNA − 1) × 100. The value is reported only for taxa with more
than one complete genome.
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been implemented to help overcome the heterogeneous biases present
in some arachnid mt genomes (Hassanin, 2006; Jones et al., 2007).
However, in our analysis, an only slightly different topology were re-
covered both when the strand compositional bias was not accounted for
and when the NTE method was used (Fig. 8). There is still no support
for monophyly of gastropod molluscs.

It is difficult to know why this is, but we see two possible ex-
planations. First, we think the processes such as long-branch attraction
and heterotachy (site specific substitution rate changing through time)
interacting with secondary structure may not be the only factors re-
sponsible for topology. Special attention for resolving deep nodes

should be given to the relative arrangement of mitochondrial genes
(e.g. Boore and Brown, 1995; Kurabayashi and Ueshima, 2000). Mol-
luscs usually show accelerated rates of mitochondrial gene rearrange-
ments and also known members of bivalves and some gastropod groups
such as heterobranchs, which are aberrant and highly variable (Gissi
et al., 2008; Simison and Boore, 2008; Stöger and Schrödl, 2013).
Second, the NTE method (Hassanin et al., 2005) recommends RY re-
coding of the first codons positions of Leu (L1) and Phe (F), and of all
three positions for Iso (I), Met (M), Ala (A), Thr (T), and Val (V). In
present analysis, we found that the greatest differences in amino acid
abundance among APS and TPS taxa are in Val and Cys, Asp and Thr.

Fig. 6. Phylogenetic relationships of Mollusca based on nucleotides from all codon positions. The ML (A) and BI (B) phylograms are shown using GTR+I+G. Numbers at nodes are
support values from ML (bootstrap proportions, BP) and BI (posterior probabilities, PP). Only BP > 50 and PP > 0.50 are listed. Filled circles represent nodes with BP = 100 and
PP = 1.00. Colors indicate classic higher taxonomic ranks of Mollusca, with Bivalvia, Gastropoda and Cephalopoda marked in blue, pink and green, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Therefore, NTE recoding of Leu, Phe, Iso, Met and Ala may cannot
account for this bias, making unnecessarily cause a loss of information
useful for inferring relationships. An appropriate model of evolution for
molluscs mtDNA should account for the actual changes among molluscs
taxa, and the NTE method, although designed for metazoan mtDNA,
may not be appropriate for molluscs mt genome data. We suggest that a
thorough understanding of the molecular patterns and processes af-
fecting the data in question is vital if more accurate phylogenetic
models are to be explored.
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