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1. FOREWORD

This PhD Thesis is the result of my research activity in the last three years. My main research
interest was centered on the evolution of mitochondrial genome (mtDNA), and on its usefulness as
a phylogeographic and phylogenetic marker at different taxonomic levels in different taxa of
Metazoa. From a methodological standpoint, my main effort was dedicated to the sequencing of
complete mitochondrial genomes, and the approach to whole-genome sequencing was based on the
application of Long-PCR and shotgun sequences. Moreover, this research project is a part of a
bigger sequencing project of mtDNAs in many different Metazoans’ taxa, and I mostly dedicated
myself to sequence and analyze mtDNAs in selected taxa of bivalves and hexapods (Insecta).
Sequences of bivalve mtDNAs are particularly limited, and my study contributed to extend the
sampling. Moreover, I used the bivalve Musculista senhousia as model taxon to investigate the
molecular mechanisms and the evolutionary significance of their aberrant mode of mitochondrial
inheritance (Doubly Uniparental Inheritance, see below).

In Insects, I focused my attention on the Genus Bacillus (Insecta Phasmida). A detailed
phylogenetic analysis was performed in order to assess phylogenetic relationships within the genus,
and to investigate the placement of Phasmida in the phylogenetic tree of Insecta. The main goal of
this part of my study was to add to the taxonomic coverage of sequenced mtDNAs in basal insects,

which were only partially analyzed.

2. INTRODUCTION

2.1 THE MITOCHONDRIAL DNA

Mitochondria are known for their “cellular power plants” role, that is the production of ATP
through oxidative phosphorylation. Such a role is unquestionably of great interest, but many other
important features and functions are coming to light as the numerous researches proceed. As a
matter of fact, there are strong evidences about an involvement of mitochondria in many biological
processes of the eukaryotic cell life. Mitochondria have a central role in the control of cellular cycle
(in particular cell growth and death; see McBride et al., 2006 for a review) and are responsible for
several aspects in cell signaling, fertilization, development, differentiation, ageing, apoptosis and
even sex determination, just to name some (Lenaz, 1998; Werren and Beukeboom, 1998; Wang,

2001; Brookes et al., 2002; Van Blerkom and Davis, 2007). Moreover, mitochondria are implicated
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in human diseases such as miopathy, Kearns-Sayre syndrome, MELAS syndrome, Parkinson’s
disease and other neurodegenerative diseases (see Schapira, 2006 for a review). It is clear that the
already strong interest around these organelles is destined to grow.

Metazoan mitochondrial genome (mtDNA) is a good model system for evolutionary genomic
studies and the availability of more than 1000 sequences (at present) provides an almost unique
opportunity to decode mechanisms of genome evolution over a large phylogenetic range.

The mitochondrial genome (mtDNA) of Metazoa is the marker of choice for phylogenetic
reconstruction at several taxonomic levels, from populations to Phyla, and has been widely used to
resolve taxonomic controversies. Indeed, the small size of the molecule, its abundance in animal
tissues, the strict orthology of encoded genes, the presence of genes/regions evolving at different
rates, its uniparental inheritance (with exceptions to the rule) and the absence (or very low level) of
recombination (Elson and Lightowlers, 2006) make this molecule a reliable and easy-to-use
phylogenetic marker.

Besides its use as a phylogenetic marker, the mtDNA represents a ‘full” genome and the availability
of complete sequences provides a unique, largely unexplored, opportunity to decode the
mechanisms underlying genomic evolution in a phylogenetic framework. Several structural
genomic features (for example genome size, gene content, gene order, compositional features,
nucleotide substitution rate, repeated sequences, non-coding sequences, secondary structure of the
encoded RNA) can be systematically and quite easily investigated in the small mitochondrial
genome. These features allow both the description of evolutionary trends in phylogenetically distant
organisms and the identification of differences in functional constraints that might account for
structural differences. Actually, differences in structural genomic features generally reflect
differences in functional and evolutionary constraints. At present, only the rate and pattern of
nucleotide substitutions have been widely analysed in mtDNA: in vertebrates, a correlation has
been demonstrated between the asymmetrical process of genome replication and mutation pattern,
substitution rate and compositional asymmetry, given that all these parameters are proportional to
the time spent by the H strand in single-strand status, and vary with respect to genomic position
(Bielawski and Gold, 2002; Faith and Pollock, 2003; Broughton and Reneau, 2006). The
evolutionary and functional meanings of other mt features still await more detailed and systematic
analyses, although some general hypotheses can be put forward. For instance, gene content is
certainly affected by the ability of exchange of genetic material between the mitochondrial and
nuclear compartments, the permeability and/or the presence of specific carriers on the
mitochondrial membranes, gene dispensability and the difference in multimeric structure of the

respiratory chain complexes between organisms.



The secondary structure and size of transfer RNAs (tRNAs) and rRNAs are related to peculiarities
of the mitochondrial translational apparatus, as demonstrated in nematodes by the concomitant
unusual structure of mt tRNA, ribosomal RNAs (rRNA) and elongation factors (Okimoto and
Wolstenholme, 1990; Okimoto et al., 1994; Sakurai et al., 2001, 2006; Ohtsuki et al., 2002). The
number, size and location of non-coding regions is mostly related to the presence of replication and
transcription regulatory signals, although the overlap between regulatory signals and coding
sequences cannot be excluded in the compact metazoan mtDNA (Valverde et al., 1994; Peleg et al.,
2004). Finally, gene arrangement is affected by the transcription mechanism, for example by the
need to co-regulate the expression of some genes or the required stoichiometry of the gene
products. Gene order changes can also originate from processes strictly related to replication, such
as tandem duplications of genomic segments due to slipped-strand mispairing or imprecise
termination of replication (Boore, 2000).

Although mtDNA rearrangements may have profound functional implications on gene expression
and genome replication, they have mainly been used to extract phylogenetic information, rather
than to extrapolate data on the transcription or replication mode: one of the few exceptions is the
prediction of the functionality of the duplicated control region (CR) in snake mtDNAs based on the

analysis of the variability of compositional skew along the genome (Jiang et al., 2007).

2.2 ANIMAL MITOCHONDRIAL DNA: DISTINCTIVE FEATURES

In animals, mtDNA is generally a small (15-20 kb) genome containing 37 genes. Although much
larger mitochondrial genomes have occasionally been found, these are the products of duplications
of portions of the mtDNA rather than variation in gene content (Boyce et al., 1989; Fuller and
Zouros, 1993). The typical gene complement encodes 13 protein subunits of the enzymes of
oxidative phosphorylation, the two rRNAs of the mitochondrial ribosome, and the 22 tRNAs
necessary for the translation of the proteins encoded by mtDNA.

Among multicellular animals this is nearly always a closed-circular molecule; only the cnidarian
classes Cubozoa, Scyphozoa and Hydrozoa have been found to have linear mtDNA chromosomes
(Bridge et al., 1992).

All of the 37 genes typically found in animal mtDNA have homologs in the mtDNAs of plants,
fungi and/or protists (Boore and Brown, 1994; Levings and Vasil, 1995; Gray et al., 1998; Paquin et
al., 1997). There is also generally a single large non-coding region which is known to contain
controlling elements for replication and transcription. Whether these ‘control regions’ (assumed to

be the largest non-coding segment) are homologous between distantly related animals or,
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alternatively, have arisen from various non-coding sequences independently in separate
evolutionary lineages is often unclear since they share no sequence similarity except among closely
related animals.

In some mtDNAs all genes are transcribed from one strand, whereas in others the genes are
distributed between the two strands.

In the cases where it has been studied, each strand is transcribed as a single large polycistron which
is post-transcriptionally processed into gene-specific messages. Transfer RNA genes, whose
secondary structures are thought to signal cleavage (Ojala et al., 1981), punctuate the polycistron of
some mtDNAs, but others have tRNA genes clustered so as to preclude such a mechanism.
Although potential secondary structures have been proposed as substitutes at some of these gene
junctions, no obvious secondary structures can be identified for most cases. It is possible that the
‘polycistron model’ may not be appropriate for many of the animals whose mitochondrial gene
expression remains unstudied.

Concerning the distribution of the completely sequenced mtDNAs among the major metazoan
groups, the most represented one is the subphylum Vertebrata followed by the phylum Arthropoda
(70% and 13% of the total data set, respectively), and the most abundant species are neopterygian
fishes and eutherian mammals (31% and 16% of the total data set, respectively). A total of 14 phyla
are represented by only 1 or 2 sequences, and 5 of them include only partial mtDNAs
(Myzostomida, Phoronida, Nemertea, Pogonophora and Sipuncula), thus indicating that many gaps
in the taxonomic sample of metazoan mtDNAs need to be filled.

At present the size of the completely sequenced mtDNAs ranges from 32.115 bp of Placopecten
magellanicus (Mollusca Bivalvia) to 11.423 bp of Paraspadella gotoi (Chaetognatha), but one of
two circular mt molecules of the rotifer Brachionus plicatilis is slightly smaller (11.153 bp; Suga et
al., 2008).

Moreover the size of the mt genome varies remarkably among the major metazoan groups, and
nonetheless it can be highly variable even within the same group. Chordata, Echinodermata,
Arthropoda and Platyhelminthes are characterized by a more stable mtDNA size among the most
sampled metazoans. On the contrary, Mollusca, enoplean Nematoda and Porifera exhibit a strong
heterogeneity in genome size. Variation in the length of the CR accounts for much mtDNA size
variability, because of repeated sequences are often present. Anyway, the largest differences in
genome size are due to segmental duplication followed by several rearrangements, with consequent

presence of duplicated genes or pseudogenes and increased length of non-coding sequences.



2.2.1 GENE CONTENT

Although the most frequent mt gene content consists of 37 genes, nonetheless the gene number
ranges from 14 genes in two Chaetognatha species to 53 in Metaseiulus occidentalis (Arthropoda,
Chelicerata; Helfenbein et al., 2004; Papillon et al., 2004; Faure and Casanova, 2006; Jeyaprakash
and Hoy, 2007). This variability in gene content is mostly due to tRNA genes, and rarely concerns
protein-coding and rRNA genes. Although the current view of metazoan phylogeny is partially
resolved and the mtDNA sequences are extremely limited for many taxa, it is clear that the overall
mtDNA plasticity in Metazoa is higher than previously thought. Mainly, this plasticity is dued to
rRNA genes because of their number is highly variable both among and within taxa.

As a consequence, that metazoan mitochondria would appear as a quite flexible system with respect
to both their ability to import tRNAs from the cytoplasm and the tolerance of the mtDNA towards
the acquisition or loss of functional tRNA genes. Tranfer-RNAs are a gene category highly
‘dispensable’ in the mitochondrial genome. In fact, their number depends not only on the mt genetic
code but also on the evolutionary history of the taxa. Moreover unknown factors might be related to
the mtDNA’s ability to acquire/lose genetic material and to the capacity of the organelle to import
and use nuclear-encoded tRNA molecules.

The case of tRNA-Met rapresents an interesting example of loss/acquisition of tRNA genes. In fact,
two distinct genes for an initiator and an elongator tRNA-Met, both with CAU anticodon, have been
identified only in the phylum Placozoa, the basal metazoan lineage (Dellaporta et al., 2006;
Signorovitch et al., 2007) and in Porifera Demospongiae. Both tunicates and some bivalves
rapresent an exception, since an unusual tRNA-Met(UAU) has been recognized as an elongator
tRNA-Met additional to the common tRNA-Met(CAU) sharing with the others metazoan lineages
(Hoffmann et al., 1992; Beagley et al., 1999; Yokobori et al., 1999, 2003, 2005; Gissi et al., 2004).
This peculiar phylogenetic distribution suggests that the elongator and initiator tRNAs-Met have
been lost early in metazoan diversification, and have been re-acquired independently in the two
distant lineages of mollusc bivalves and tunicates.

Additional protein-coding genes are present only in the mtDNA of non-bilaterians animals, such as
Cnidaria and Porifera. Although some of these genes are open reading frames (ORFs) with no
similarity to known proteins, it has been observed that the additional proteins of Cnidaria are mostly
involved in DNA interaction, whereas those of Porifera have metabolic roles (Flot and Tillier,
2007) as they are also encoded by the closest relatives’ mtDNA, i.e the atp9 and tatC genes
identified in Porifera are also encoded by some protists’ mtDNA (Yen et al., 2002; Burger et al.,
2003; Dellaporta et al., 2006), indicating that this is one of the several primitive features retained by



Porifera (Haen et al., 2007).

The sporadic presence/absence of additional genes in non-bilaterian species indicates a tendency of
their mtDNAs to acquire or loose genetic material, sometimes through the activity of mobile
elements. Indeed, Hexacorallia possess one or two introns of group I, probably still active as shown
by the tendency of the nad5 intron to gain genes from the rest of the genome (Medina et al., 2006;
Brugler and France, 2007; Sinniger et al., 2007), whereas in the sponge Amphimedon queenslandica
the atp9 gene has been transferred to the nuclear genome, probably through a transposon-mediated
translocation, as the functional nuclear atp9 gene is flanked by inverted repeats (Erpenbeck et al.,
2007).

Finally, introns of group I have been identified only in Cnidaria and Porifera, whereas surprisingly a
group II intron has been found in the annelid Nephtys sp., probably as result of a recent horizontal
gene transfer from a bacterial or viral vector (Valles et al., 2008).

With respect to the other mt-encoded genes, the two rRNA genes are always mitochondrially
encoded, and their duplication is very rare, having been observed in only four species (rrnS is
duplicated in the bivalve Crassostrea gigas and in distinct haplotypes of the pillbug nematode
Thaumamermis cosgrovei (Milbury and Gaffney, 2005; Tang and Hyman, 2007); rrnL is duplicated
in the chigger mite Leptotrombidium pallidum (Shao et al., 2005b); both rrnS and rrnl are
duplicated in the large mt haplotype of the nematode Strelkovimermis spiculatus.

Loss or acquisition of the protein-coding genes are also quite rare. Nonetheless, the actual gene loss
remains sometimes ambiguous because of either uncertainty in annotation or incomplete mtDNA
sequences (i.e. the absence of nad3 and nad6 in the mite Metaseiulus occidentalis, Jeyaprakash and
Hoy, 2007, and the absence of a#p8 and nad6 in two Hexactinellida sponges, Haen et al., 2007,
respectively).

Only a few cases of sporadic gene loss have been reported in vertebrates. Actually, the loss of nad6
has been described in the neopterygian Choinodraco rastrospinosus, and reported as a common
feature of all Antarctic Nothothenioidei, therefore linked to the actual loss of protein function
(Papetti et al., 2007).

An interesting observation is that genes encoding for subunits of the adenosine-triphosphate
synthase complex (ATPase) showed a significant tendency to be lost or acquired by animal
mtDNA. Actually, most Porifera mtDNAs have the atp9 gene, while the atp6 gene is absent in all
Chaetognatha.

Interestingly, in several phylogenetically distant groups, that is in Chaetognatha, Rotifera, most
Mollusca Bivalvia (13 of the 19 sampled mtDNAs), Nematoda and Platyhelminthes, the a#p8 gene

is absent or highly modified. Indeed, putative a#p8 genes have been found in one rotifer (Steinauer



et al., 2005) and in the nematode Trichinella spiralis (Lavrov and Brown, 2001a), but none of these
proteins contains the MPQL amino acid signature conserved at the N-terminal of other metazoan
ATPS8 (Gissi et al., 2004). It should be stressed that some features have hampered the annotation of
atp8 in several cases; the ATPS8 protein is actually characterized by a short and quite variable
length, and by a higher conservation of its secondary structure, coupled with a high variability of
the primary sequence (Papakonstantinou et al., 1996a, b; Gray, 1999). Indeed, among bivalves, atp8
gene has been annotated in Hiatella (Heterochonchia; Dreyer and Steiner, 2006) and Lampsilis
(Palaeoheterodonta; Serb and Lydeard, 2003) only, but Gissi et al., (2008) have identified this gene
also in the M and F types of both Venerupis and Inversidens species. Similarly, atp8 was not
annotated in the first published tunicate mtDNA of Halocynthia roretzi (Yokobori et al., 1999),
although a very short form of ATPS is actually mitochondrially encoded in all tunicates (Gissi and
Pesole, 2003; Yokobori et al., 2005; Tannelli et al., 2007a). Despite these annotation difficulties and,
because of atp§ is absent in several distant metazoan lineages, it has been hypothesized that a#p§ is
a ‘dispensable’ gene in the mtDNA, and that its loss (occurred several times) usually is coupled
with an increase of the mt substitution rate. Nonetheless, further investigations will be necessary to
understand whether this loss is related to the transfer of the gene to the nuclear genome, or to

differences in the ATP synthase structure between taxa.

2.2.2 GENOME ARCHITECTURE

Gissi et al. (2008) defined the mtDNA “AR” index as the order of the entire set of functional mt-
encoded genes, included duplicated and unusual mt genes. This index is strictly related to both gene
content and gene order, and a difference in “AR” means a difference in gene content and/or gene
order.

They estimated the variability in mtDNA “AR” for each major metazoan group by the ‘AR rate’,
given by

(NAR — 1)/(Nmmona — 1)

where NAR and Nyppna are the number of different ARs and the number of completely sequenced
mtDNAs of that taxa, respectively. In this regard, the AR rate ranges between 0 (no AR variability)
and 100 (all mtDNAs have a different AR).

Actually, they observed AR values higher than 70 in nine phyla (Hemichordata, Annellida,
Brachiopoda, Chaetognatha, Bryozoa, Entoprocta, Rotifera, Mollusca and Porifera), as well as in

subgroups belonging to phyla with good conservation of mtDNA AR: Tunicata within Chordata,
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Myriapoda within Arthropoda, and Enoplea within Nematoda.

Vertebrates are the sub-phylum with the lowest variability in mtDNA AR, when compared to other
groups of similar taxonomic rank. This would suggest that the almost frozen mtDNA gene order
and content, ascribed to Vertebrates, is an exception, rather than a rule.

By excluding tRNAs, which are often described as highly ‘mobile’, the number of ARs decreases
only slightly in taxa showing the highest AR variability (Tunicata, Hemichordata, Brachiopoda,
Chaetognatha, Bryozoa, Rotifera, Mollusca, enoplean Nematoda and Porifera), with the exception
of the phylum Annelida, where the extensive rearrangements appear exclusively associated to the
translocation of tRNAs.

By contrast, in Vertebrata, Arthropoda and Platyhelminthes (all taxa with moderate variability of
genome AR), the exclusion of tRNA genes leads to a large decrease in AR rate. This situation
would seem to suggest that different rearrangement mechanisms, characterized by a differential
involvement of the tRNA genes, could occur in taxa with a variable versus stable mtDNA AR, or
that a ‘saturation effect’ in the gene order changes has obscured the involvement of tRNA in the
highly rearranged mtDNAs.

In general, the observation of a high mtDNA AR variability in several phylogenetically distant
groups, indicates that the acceleration rate of genomic rearrangements has occurred independently
several times. This fact suggests that the causes of this increased rate could be investigated through
the analysis of physiological and metabolic features common to distant taxa sharing the same

evolutionary pattern.

2.2.3 THE ASYMMETRIC DISTRIBUTION OF GENES

Animal mtDNA is characterized by an asymmetric distribution of the genes (GSA) between the two
strands, allowing the identification of a major and a minor strand depending on the number of
encoded genes. The GSA has been quantified by Gissi et al. (2008) as the absolute value of the
difference in gene number between the two strands, divided by the total number of genes. The
resulting GSA value ranges from 0 to 1, with values close to zero indicating an almost equal
number of genes encoded by the two strands, and values higher than 0.5 corresponding to the
presence of at least 75% of the total genes on the major strand.

The asymmetric gene distribution is a common feature of almost all metazoans. Actually,
quantitative GSA data point out to a large variability of it, ranging from almost 0 to I, in
Arthropoda, Mollusca, enoplean Nematoda and Porifera (Table 1), thus indicating that frequent

exchanges of genes between the two mt strands have occurred during the evolution of those



genomes. On the contrary, the GSA is almost invariant and very close to 0.5 in all vertebrates and
cephalochordates, thus evidencing rare gene inversions in those groups.

Mitochondrial genomes showing a symmetric gene distribution (GSA less of 0.1, thus 50-55% of
the total genes on each strand) are very rare, and this feature has been observed only in 17
phylogenetically distant species belonging to four phyla (a few echinoderms, cephalopods,
scaphopods, crustaceans, hexapods, nematodes and sponges).

On the contrary, a wide taxonomic range, 10% of all the complete mtDNA analysed by Gissi et al.
(2008), resulted to be characterized by an extreme GSA value, since all the genes are encoded on
the same strand and therefore transcribed in the same direction.

This peculiar feature is shared by all, or almost all, mtDNAs of three phyla (Annelida, Brachiopoda
and Platelminta), three sub-phyla/classes (Tunicata, Bivalvia and Nematoda Chromadorea) and the
non-bilaterians Porifera and Cnidaria. The latter mtDNAs are characterized by a single cluster of
co-oriented genes. The few exceptions to ‘one-cluster structure’ have been found in Porifera,
Cnidaria and Bivalvia, consisting in two clusters of co-oriented genes (one for each strand).
Similarly, the mtDNAs of non-bivalve molluscs are characterized by a structure with one-, two- or
four-exact or defective clusters of co-oriented genes (defective clusters are defined as co-oriented
gene clusters interrupted by the presence of one or two adjacent genes located on the opposite
strand).

Thus, these features (i.e. the most extreme GSA value) have led to the hypothesis that this gene
organization was likely ancestral. Moreover the exceptions to the rule of ‘one coding-strand’ found
in non-bilaterians and lophotrochozoans (especially molluscs) mostly consist of mtDNAs with a
few perfect or defective clusters of co-oriented genes, which would suggest that the ancestral gene
organization was then modifed by the inversion of large mtDNA segments, rather than by strand
translocation of single genes.

The maximum variability in GSA (ranging from 0 to about 1) in two large ecdysozoan phyla
(Nematoda and Arthropoda) is also in accordance with the theory of an ancestral ‘one coding-
strand’ mtDNA structure that was slowly modified during metazoan diversification.

Finally, it is intriguing that five of the eight above reported taxa with only one coding strand are
also characterized by a strong variability of genome AR (Tunicata, Annelida, Brachiopoda, Bivalvia
and Porifera), suggesting a possible correlation between these two features and that the same
mechanism could be responsible for both the presence of a single cluster of co-oriented genes and a

strong variability in gene number/order.
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2.3 THE MITOCHONDRIAL GENOME IN BIVALVE MOLLUSKS

Mollusca are the second largest animal phylum. Currently, out of 42 complete mollusk mtDNAs
available in Genebank, 13 are from bivalves, including Mytilus edulis, M. trossulus, M.
galloprovincialis, Venerupis philippinarum, Inversidens japanensis (all male and female
mitotypes), Lampsilis ornata, Placopecten magellanicus, as well as three from oyster species:
Crassostrea gigas, C. hongkonghensis and C. virginica.

Among sequenced mtDNAs, there are very few shared gene boundaries, and gene translocations
appear across all gene classes (protein-coding, fRNA and rRNA). Because of their high variability,
Bivalvia may provide informations that can be used to develop models for the mechanism involved
in gene rearrengement, replication and regulation; in fact, gene duplication and/or loss is present in
almost every taxon in which a complete mt genome is available. For example, 77nS is duplicated in
both Crassostrea gigas and C. virginica while in C. hongkongensis the duplication is not present;
tRNA genes have been duplicated in Mytilus (trnM), Venerupis (trnM and trnV), as well as in the
three Crassostrea taxa (trnM, trnl and trnS) while #nQ is only duplicated in Crassostrea
hongkongensis. In this latter, t#rnC and trnN genes are absent, a phenomenon not reported before for
any other mollusk species. Moreover, the female mitotype of Venerupis philippinarum has a second
tandem copy of cox2 with different length.

Hoffman, Boore, and Brown (1992) were the first to report that the protein-coding gene azp$§ is
absent in Mytilus, a condition that was only previously known to occur in nematodes (Okimoto et
al.1991). Subsequent studies have shown that other bivalves also lack this gene, including
Crassostrea and Venerupis. Although atp8 is present in the Inversidens F-mitotype, it appears to be
nonfunctional due to the presence of several stop codons after the first 31 amino acids, while, quite
interestingly, it does not appear to be an identifiable remnant of this gene in the male mitotype. In
contrast, the unionid, Lampsilis possesses a complete copy of atp8. However, this copy encodes a
protein that is longer than the “‘typical’” ATPS8 by 13 extra amino acids on the C-terminus and it has
not been determined whether this gene is functional in Lampsilis.

In this regard, not much is known about the mechanisms driving new mitochondrial gene
rearrangements. The duplication-random loss model (Moritz et al., 1987) and the duplication-non-
random loss model (Lavrov et al., 2002) may account for larger rearrangements. According to the
duplication-random loss model, partial duplication of mtDNA caused by errors in replication, such
as erroneous initiation or termination, or strand slippage and mispairing, followed by the loss of one
copy of each duplicated gene, are taken into account to explain rearrangements (Moritz et al., 1987;
Madsen et al., 1993; Moritz et al., 1993; Macey et al., 1997; Boore, 2000).

After duplication, it is commonly assumed that the loss of one of the two copies of each duplicated
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gene happens at random. However, according to the duplication-non-random loss model, the
destiny of each gene copy in the duplicated region is predetermined by its transcriptional polarity
and location in the genome (Lavrov et al., 2002). All genes having one polarity would be lost from
one genome copy, and all genes having the opposite polarity would be lost from the other. Two
other less discussed models are the dimerization of two mt genomes and ‘illegitimate’
recombination between mt genomes (Boore 2000). The general lack of knowledge for the
mechanisms involved in gene translocation and genome rearrangement affects the interpretation of
gene order data. Bivalves, with their great diversity, ancient lineages that span the Paleozoic
(Skelton and Benton 1993), and the observed variation in genome content should eventually
provide a good system for modeling the mechanisms of gene movement.

With regard to this, the available mt gene order data do not support a particular model of gene
rearrangement for bivalves, but it does provide tantalizing clues. Multiple gene copies exist in
extant taxa, but the majority of gene duplications are not in tandem. This may be because either the
duplication did not form in tandem or the gene translocation occurred subsequently to the
duplication event. Sampling mitochondrial genome sequences of more closely related bivalves may
provide insight to the mechanism of gene movement by limiting the number of gene translocations.
Bivalves provide a unique opportunity to formulate models by providing historical ‘‘snapshots’” of
gene movement, as duplications are predicted to be intermediate steps in mt genome
rearrangements. Also, because of their unique mode of mtDNA inheritance (DUI: doubly
uniparental inheritance, see below), bivalves may have mechanisms for gene translocation not
present in other mollusks. In fact, the occurrence of doubly uniparental inheritance found in some
bivalve lineages may also be involved in gene translocation, gene duplication/loss events, and
recombination.

Bivalves possess two distinct mtDNA types, that is a female (F) and a male (M) type differentially
transmitted to the progeny through DUI (Zouros et al., 1994). In DUI species, the extent of genome
rearrangement between the two gender-specific mtDNAs is quite variable, and it ranges from the
translocation of several genes in Inversidens japanensis (no gene inversion), to differences in gene
content in V. philippinarum and in some isoforms of the Mytilus genus (Mizi et al., 2005; Breton et
al., 2006; Zbawicka et al., 2007). The gene order is identical in the three analyzed species of
Mpytilus, also described as members of the same species complex (Gossling, 1992), and duplication
of the CR and some adjacent genes has been sporadically found only in some M and ‘recently
masculinized” mtDNA types of Mytilus (Mizi et al., 2005; Breton et al., 2006). In addition to these
features, species with DUI show an accelerated nucleotide substitution rate compared to other

animals.
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2.4 BIVALVIA AND DOUBLY UNIPARENTAL INHERITANCE (DUI)

Given the universality of uniparental transmission of organelle DNA, the finding that in the mussel
Mpytilus edulis part of the progeny carried mtDNA of both parents was a big surprise (Zouros et al.,
1992). In a previous study, Fisher and Skibinski (1990) observed that heteroplasmy was common in
Mpytilus edulis, and that it was higher among males than females. As above mentioned,
heteroplasmy was already known in many animals, but Myfilus one was linked to sex.

In another study, focused on the amount of mtDNA divergence, an individual mussel resulted to be
heteroplasmic, but no link with its sex was examined (Hoeh et al., 1991). Overall, they found that
the value of mtDNA divergence was unusually large (more than 20%), and because this amount
could not be explained by gradual accumulation of mutations in the two mt genomes in
heteroplasmy, “Hoeh et al” provided a reasonable explanation assuming that the two molecules
came in the same individual from two preexisting and differentiating (for a long time) lineages.

All these observations suggested that the only obvious way two differentiated mtDNAs could come
in the same individual were through egg and sperm, i.e. through a biparental inheritance.

Skibinski et al. (1994a, 1994b) and Zouros et al. (1994a, 1994b) were the first to resolve the above
mentioned puzzle. These authors showed that heteroplasmy in mussels was associated to a gender-
associated mtDNA transmission system that required distinct paternal and maternal mitotypes. In
more detail, Skibinski ef al. analyzed somatic tissues and gonads separately in both male and female
individuals. In male soma, the observed mtDNA was the females one (referred to for convenience
as “F” or F-type). but males also had in their somatic tissues another mtDNA-type that was not
normally found in females (the so called “M” or “M-type”’). The female gonad carried the F-type
molecule, but the testicles carried, very surprisingly, only the M-type molecule.

To explain such pattern of sex-linked heteroplasmy, Zouros et al. (1994a, 1994b) analyzed the
progeny of M. edulis crosses and they observed that all females inherited exclusively the mother’s
mtDNA, with almost no exception. Conversely, all the males inherited two genomes: the father’s
and the mother’s ones. Moreover the father’s maternal genome was not passed to any offspring,
male or female.

This anomalous mtDNA transmission system seems at first to violate the rule of uniparental
inheritance because males receive mtDNA from both parents. Consequently their mtDNA
inheritance is indeed biparental. However, the apparent violation to uniparental inheritance vanish
because the two mtDNAs independently segregate in mussels: the F-type is transmitted from
mothers to both sexes, but is then transmitted to the next generation only through females, just as in
the standard mode of maternal inheritance, while the M-type is transmitted from father to sons only.

Thus both genomes are uniparentally transmitted, each through one sex. For each genome the rule
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of uniparental transmission does apply, but simply operates through two routes. For this reason this
mtDNA inheritance has been called Doubly Uniparental Inheritance (DUI).

DUI challenges the traditional view of the strict maternal inheritance (SMI) of mtDNA. A striking
difference between SMI and DUI systems is that the latter allows selection to act directly on the
male mitochondrial genome; unlike most animals, male mussels do not represent an evolutionary
dead-end for mitochondrial genomes (Breton et al., 2007 and references therein).

Moreover, this system provides a unique opportunity to study mitochondrial behavior from a
different and privileged point of view, because a non-traditional model could be very useful in
answering many questions that cannot be effectively solved by studying classical maternal
mitochondrial models (Passamonti and Ghiselli, 2009).

Since then, DUI was documented in other (but not all) bivalves: figure xx shows the 36 bivalve
species that evidenced DUI, according to the phylogeny of Bivalvia by Giribet and Wheeler (2002).
Evidence for DUI is obtained from the literature for 31 species (Fig. xx). For other five species,
such evidence is based on sequences retrieved from GenBank (sequences deposited by Okazaki, M.,
Shikatani, M., Nishida, M., and R. Ueshima). These sequences were derived from female and male
gonads and, although very similar within genders, they differ between genders by more than 10%, a
difference that is not expected from homospecific sequences of species with uniparental inheritance.
The 36 bivalve species with DUI belong to seven families and five superfamilies. Given the broad
taxonomic distribution of DUI, it was therefore proposed that this system evolved once in an
ancestral bivalve lineage and was subsequently lost in some descendants. Unfortunately, there is
presently no information about DUI in any species of the basal superfamilies Solemyoidea or
Nuculoidea (see below).

The transition from strict maternal inheritance (SMI) to DUI probably involved a modification of
the recognition system of sperm mitochondria by eggs, and a specific mechanism ensuring a father-
to-son transmission of M mtDNA (Zouros 2000). Empirical evidences for such mechanisms came
from studies on Mytilus embryos. Typically, the fate of sperm mitochondria depends on whether the
embryo is destined to develop into a female or a male (Saavedra et al., 1997; Sutherland et al.,
1998; Cao et al., 2004; Cogswell et al., 2006; Venetis et al., 2006). For example, Sutherland et al.
(2008) found that during fertilization, all eggs receive sperm mitochondria, which are eliminated or
drastically reduced within 24—48 hrs in female embryos. Recent epifluorescence-based observations
of embryos destined to become males demonstrated that sperm mitochondria tend to aggregate in a
single blastomere that is thought to give rise to the male germ line. By contrast, in embryos destined
to become female, sperm mitochondria are randomly dispersed among blastomeres (Cao et al.,

2004; Cogswell et al., 2006). This sex-specific difference in the embryonic aggregation of M versus

14



F genomes, which is one factor responsible for the tissue specific differences in ratios of M and F
genomes, appears to be dependent on the action of microtubules (Obata and Komaru, 2005; Yaffe,
1999). In contrast, a different mechanism has been described for Crassostrea gigas, which is a strict
SMI bivalve species (Obata et al., 2008).

These studies suggest that heteroplasmy is the initial state in the early development of mytilid
embryos. In the family Mytilidae, females normally shift from being heteroplasmic zygotes to
essentially homoplasmic adults. Mature male mytilids contain different ratios of F and M genomes
in their tissues (i.e. testes contain predominantly M genome, somatic tissues contain predominantly
F genome) (Garrido-Ramos et al., 1998; Dalziel and Stewart, 2002). By contrast, the venerid clam
Venerupis philippinarum has a strong predominance of M mtDNAs in somatic tissues (Passamonti
and Scali, 2001). Taken together, these results indicate that mechanisms making sperm
mitochondria and M genome into the male gonad are not always perfect (Zouros 2000). Similarly,
mechanisms limiting the segregation of M genomes in developing females are also not perfect.
Trace amounts of M genome have been found in tissues of adult females (Garrido-Ramos et al.,
1998; Dalziel and Stewart, 2002) and even in the unfertilized eggs of M. galloprovincialis (Obata et
al., 2006). By contrast, male germ line seems to exclude the F genome and preferentially amplify M
genome (Venetis et al., 2006). Indeed, by forcing spawned sperm to swim through a solution of
Percoll, and thus minimizing probability of sperm contamination by somatic tissues or cells,
Venetis et al. recovered only distinct, paternally transmitted mtDNA genomes in the total DNA
extractions from the ‘washed’ sperm of several M. galloprovincialis individuals. This precise male-

specific transmission of the M mitochondrial genome is required for the stability of DUI.

2.4.1 DUI AND SEX-RATIO

Another unusual aspect of mussel genetics (and to date this has only been observed in Mytilus) is
that some females produce female-biased offspring, whereas other females produce male-biased
offspring, regardless of which male they mate with.

Within a set of 24 factorial crosses involving 5 females and 5 males, Saavedra et al. (1997) found
pogenies that consisted almost entirely of daughters, and progenies in which sons were more than
the 85% of progeny. Other crosses had intermediate sex-ratios. The same female parent produced
the same sex-ratio in the offspring, regardless the male was mated to, thus the sex-ratio appears to
be determined by the female.

Therefore, Mytilus females fall into 3 distinct classes: those that predominantly produce daughters,

those that predominantly produce sons, and those that produce both sexes in intermediate numbers.
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Cao et al. (2004) took advantage of the strong sex-ratio bias that is well established in the marine
mussel species Mytilus edulis — Mytilus galloprovincialis: using the florescent dye MitoTracker
Green F, they stained sperm mitochondria, and such sperm was used to fertilize eggs from females
falling into the 3 above mentioned classes. The stained mitochondria were subsequently observed in
the cleaving egg. They demonstrated that in embryos destined to become female, sperm
mitochondria are randomly dispersed among blastomeres. On the contrary, in embryos destined to
become males, sperm mitochondria tend to aggregate in the lager cell resulting from the first or
second egg division. This cell, designated “CD” in the 2-cell stage and “D” in the 4-cell stage
(Conklin 1897) is the one that is thought to origin male germ line.

In a further study by Cogswell et al. (2006), the authors followed the same experimental approach,
but they concentrated their attention on the position of sperm mitochondria in relation to the
cleavage furrow (CF) in 2- and 4-cell embryos. Their observations suggested that, after fertilization,
sperm mitochondria are released in the area of the egg where division will occur. In embryos from
female-biased mothers the sperm were dispersed among the 4 cells moving themselves passively
and independently from one another in a apparently random fashion. By contrast, as also observed
by Cao et al. (2004), in embryos from male-biased mothers, they observed a preference of
mitochondria to migrate to the CD cell or the D cell at the 2- or 4-cell stage, respectively. They also
observed that a substantial percentage of these sperm mitochondria are located near to the newly
formed membrane of the CD cell. After the second division most of these mitochondria are found in
the CF of the cell D (which is a descendant of the CD cell).

Although this provided evidence for the existence of a mechanism that directs sperm mitochondria
into the cells that are destined to produce the germ line in male embryos, these observations leave
open the question of what causes the different behavior of sperm mitochondria between embryos
from female- and male-biased mothers.

Even though there is no direct evidence that the female-driven sex ratio of Mytilus is linked to DUI,
the fact that both these phenomena, although exceptional, occur in the same organism makes the
connection most likely.

Several authors (Zouros, 2000; Saavedra et al., 1997; Cogswell et al., 2006; Kenchington et al.,
2002) attempted to develop a reasonable model to explain sex-ratio bias and the coupling of
mtDNA inheritance and sex determination in mussels. According to this model, mtDNA inheritance
in bivalves with DUI is controlled by a maternally-encoded sex-determining gene, or a gene linked
to a sex-determining factor, as has been observed in the basidiomycete fungus Cryptococcus
neoformans (Xu, 2005).

In more detail, the model proposes that the bias is under the control of the female parent and
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suggests that this control is under her nuclear genotype rather than her mitochondrial genotype
(Kenchington et al., 2002).

The model involves 3 factors (or 3 sets of factors): W, X and Z: W is located in the outer surface of
the sperm mitochondrion and is recognized by X, an egg nuclear-encoded cytoplasmic factor. The
model also implies a third DUI-specific factor, Z, which also occurs in the egg cytoplasm.

The X/W complex has been suggested to be part of the ‘sperm mitochondria elimination system’.
that leads to maternal mtDNA inheritance, maybe a mechanism that could be similar to the
ubiquitination system observed in mammals (Kenchington et al., 2002). The Z factor is a one-locus
two-allele factor (i.e. the active Z and the inactive z) and its role is to suppress X, thus preventing
elimination of sperm mitochondria. Because of this system, females with ZZ genotype will produce
all-male offspring, females with Zz will produce intermediate sex-ratio, and females with zz
genotype will produce all-female offspring. Therefore, the Z factor, paternal mitochondria and the

M genome herein are virtually linked to sex determination.

2.4.2 DUI, SELECTION AND MOLECULAR EVOLUTION OF GENDER-MITOCHONDRIAL
GENOMES

An interesting field of analysis concerns the evolutionary forces shaping the mitochondrial genome
in DUI species. Actually, mussel mtDNA (both M and F lineages) experienced higher rate of
sequence divergence, when compared to other animal taxa; moreover, the M genome evolves more
quickly than the F genome.

Actually, the 12 complete or nearly complete F and M mtDNA genomes of DUI species has shown
how such species vary from the typical pattern of animal mtDNA gene content: most species
[except Lampsilis (a unionoidean bivalve)] lost the ATPase subunit 8 (azp8) gene, and some have a
second tRNA gene for methionine (trnM) (e.g. Mytilus spp. and female Venerupis).

The freshwater mussel Inversidens japanensis M and F mitotypes have two gene-order inversions
(in both the light and the heavy strands) and two tRNAs (##nD and trnV) encoded by opposite
strands (M. Okazaki and R. Ueshima, unpublished).

The F genome of Venerupis philippinarum contains a duplication of the gene for cytochrome c
oxidase subunit II (cox2) and the M genome contains an extra trnM gene, distinguishing the two
mtDNAs (M. Okazaki and R. Ueshima, unpublished).

A leading interpretation explaining why M evolves faster than F, and why both of them evolve
faster than typical mtDNA is that M and F mtDNAs experience different selective pressures,

because of their different “selective arenas” (as proposed by "Stewart et al." 1996). The "Stewart et
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al." hypothesis differentiates three selective arenas, namely the somatic cell line, the female
germline and the male germline, and it assumes that there might be some tradeoffs in terms of
optimal functioning. According to this hypothesis, in DUI species, the M genome has to function in
the male germline only, while F genome has to function in soma (of both sexes) as well as in the
female germline. The outcome is that the F genome is more constrained and its nucleotide
variability should be lower than that of the M genome. This peculiar feature would permit to
uncouple the effects of selection for sperm function (acting on the M genome) to the one for
somatic metabolic requests (mostly on F).

Studies on Mytilus, Pyganodon and Tapes showed that the M accumulates mutations faster than F
one (Liu et al., 1996; Quesada et al., 1998; Passamonti et al., 2003). Higher rate of M mtDNA
duplication during spermatogenesis and early male embryo development, free-radical damage to
sperm, positive selection, or effects of the smaller population size of the M genome have been
proposed to account for this (see Passamonti et al., 2003 for details). Analyses were also performed
to evaluate the best molecular evolution model to be applied to Mytilus DUI. The neutral model has
been rejected (Passamonti et al., 2003), but the nearly neutral theory (Ohta, 1992) has been
considered to best fit the observed data (Quesada et al., 1998; Skibinski et al., 1999). However,
Skibinski et al. (1999) stated that more information on effective population size is very important to
discriminate a nearly neutral situation (Ohta, 1992) from a model of positive selection.

Passamonti et al. (2003), studying 7 protein-coding genes of Venerupis philippinarum
mitochondrial DNA, evidenced that gene-specific selection has produced two stable and divergent
mitochondrial genomes, but they cannot again totally exclude a nearly neutral pattern of evolution.
Another aspect that might deserve mention is that, comparing the same protein-coding genes of
Mytilus F and M mtDNAs, Breton et al. (2006) found that regions with high or low aminoacid
variability are basically the same in both genomes. This was taken as an evidence that “the necessity

of evolving in the same nuclear background has apparently forced F and M mtDNA genomes to

experience similar selective pressures” (Breton et al., 2006, 2007).

2.4.3 “MASCULINIZATION” OR “ROLE REVERSAL-EVENT” AND ITS IMPLICATIONS FOR
MITOCHONDRIAL DNA RECOMBINATION

As above reported, a consequence of DUI is that males are heteroplasmic for the maternal and
paternal genome. In spite of this, in marine (but not freshwater) mussels, the fidelity of DUI is
sometimes compromised.

Several studies in species of genus Mytilus reported males that lacked the M-type genome (Zouros
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et al., 1994b; Skibinski et al., 1994b; Hoeh et al., 1997; Saavedra et al., 1997; Rawson and Hilbish,
1995; Quesada et al., 1999; Ladoukakis et al., 2002). Some of these males contained two F-type
genomes of which one was predominant in the gonad, an observation which suggested that their
paternal genome was F-type. Some other males appeared to contain only one F genome both in their
somatic tissues and the gonad, which suggested that either these males failed to inherit a genome
from their male parent or that their paternal genome could not be distinguished from the maternal
by the assay used.

Those observations provided the basis for the “masculinization” (Hoeh et al., 1997) or “role-
reversal” hypothesis (Quesada et al., 1999), according to which an F-type genome may enter the
male germ line and become paternally inherited thereafter. Such F genomes are referred to as
‘recently-masculinized’ M- types (Mf) (Zouros, 2000; Hoeh et al., 1997; Quesada et al., 1999;
Quesada et al., 2003). Several populations of Mytilus are polymorphic for two classes of M
mitochondrial genomes: an older, ‘standard’ M type and a ‘recently-masculinized’ M type. The
genomes of the latter, particularly their protein coding regions, are highly similar to F genomes but
they are transmitted as M genomes through sperm.

There are at least two potential explanations for the breakdown of DUI in Mytilus spp. According to
one view, failure of DUI is associated to hybridization events between Mytilus species (coupled
with a 4:1 sex ratio bias to females) (Rawson et al., 1996; Saavedra et al., 1996), leading to the
disruption of nuclear—cytoplasmic interactions and DUI instability (Curole and Kocher, 2005).

A second explanation came with the discovery of a case of recombination in mussel mtDNA.
Actually, Ladoukakis and Zouros (2001) evidenced that intermolecular mitochondrial
recombination occurred within the cox3 gene of male gonad tissues from Mytilus galloprovincialis
of the Black Sea. They examined heteroplasmic males possessing a typical F genome and M™
masculinized genome; these molecules differed by about 4%. Several different cox3 gene sequences
have been detected in a single individual. No such recombinant haplotypes have been found in other
individuals, and it has been speculated that recombination occurred just in the individual tested. It
should be noted that both hypotheses are not mutually exclusive; recombination might occur more
frequently (or perhaps is more easily detected) in hybrid situations. These findings are highly
significant because they provided direct evidence of recombination in animal mtDNA, a much
debated subject (reviewed in Rokas et al., 2003). Mitochondrial recombination was later confirmed
in other mytilid and venerid species (Passamonti and Scali, 2003; Breton et al., 2006; Rawson 2005;
Burzynski et al., 2003; Burzynski et al., 2006).

The fact that occasionally an F genome may assume the role of the M genome and therefore being

transmitted trough sperm (“masculinization”) seems to point out to the fact that there is no
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functional difference between the two genomes (Zouros, 2000). However, studies on M and F
genomes evidenced that it might not be the case: the observation that some PCR-amplified main
control regions in male gonads of Mytilus trossulus were a mosaic of F- and M-like sequences
provided a potential link between the homologous recombination of F and M genomes and
masculinization (Burzynsky et al., 2003): these recombinant variants (transmitted through sperm
like the M genome) showed high coding sequence similarity to the Mytilus edulis F genome.

As a consequence, the “Burzynski et al” hypothesis, which based on the fact that occasional
invasions of the male transmission route by the F genome were possible through the addition of M
control region sequences to the control region of F genomes, may suggest some role of this part on
M mtDNA transmission.

The first complete sequence of a recently-masculinized Mytilus trossulus mitochondrial genome
also indicated that two control regions exist, one male-specific and the other female-specific
(Breton et al., 2006). At present, it is not clear whether both potential control regions are functional,
whether they act in a tissue-specific manner, or what are their respective roles are in mitotype
transmission. Nevertheless, recent evidence of mitochondrial recombination within the control
region in male and female Mytilus trossulus mussels corroborates the hypothesis that an M-type
control region sequence is necessary to confer the paternal role on genomes that are otherwise F-
like (Burzynski et al., 2006).

By contrast, in a recent work of Filipowicz et al. (2008) the authors described the rearranged
mitochondrial control region in all three European Mytilus species. At variance to the earlier above
mentioned observations, they suggested that some of the mosaic genomes did not show any gender
bias, according to the initial Zouros’s supposition (2000).

It is interesting the scenario provided by unionoidean bivalves; the lack of masculinization in
freshwater mussels coincides with the presence of a unique M genome-specific 3’ extension of the
mtDNA-encoded cytochrome ¢ oxidase subunit I gene (Mcox2) (Curole and Kocher, 2002; Curole
and Kocher, 2005; Chakrabarti et al., 2006). This extension is present in all unionoidean M genome
cox2 genes examined to date, including three unionoidean bivalve families (i.e. Hyriidae,
Margaritiferidae and Unionidae) (Curole and Kocher, 2002; Curole and Kocher, 2005).
Examination of the rates and patterns of substitution suggests that the extension (McoxZ2e) is
evolving under relaxed purifying selection relative to the upstream Mcox2 homologous region
(Mcox2h), that is, the region present in both Fcox2 and Mcox2 (Curole and Kocher, 2002; Curole
and Kocher, 2005). The Mcox2e is likely to be the most rapidly evolving mitochondrial domain
identified in animals (Curole and Kocher, 2005). Apparently, Mcox2e is neither present in mytiloid

M genomes, nor in other animal mitochondrial genomes (Mizi et al., 2005; Bretone t al., 2006).
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A specific function for Mcox2e has not yet been demonstrated. The cox2 gene encodes a highly
conserved subunit of cytochrome c¢ oxidase, the terminal enzyme of the mitochondrial inner
membrane that is responsible for the transfer of electrons from cytochrome ¢ to oxygen (Rawson
and Burton, 2006). MCOX2e antibody-based analyses indicated that the extended MCOX2 protein
in Venustaconcha ellipsiformis (Unionoidea: Unionidae) is predominantly expressed in testes,
weakly expressed in other male tissues, and not expressed in female tissues (Chakrabarti et al.,
2006). The immunohistochemistry-based localization of MCOX2 to sperm mitochondria combined
with the predicted presence of five transmembrane helices in the V. ellipsiformis MCOX2e region
suggest that the latter is located in the outer and/or inner mitochondrial membrane ((Chakrabarti et
al., 2006). These characteristics suggest several potential functions for the MCOX2e; for example,
within the sperm mitochondria. Moreover, during spermatogenesis, Mcox2e expression could be
involved in apoptosis, which is an important physiological mechanism that regulates the number of
sperm produced (e.g. Chan et al., 2006). One likely developmental function for MCOX2e is that an
outer mitochondrial membrane localization could facilitate gender-specific movements of sperm-
derived mitochondria within unionoidean embryos in a manner similar to that observed in Mytilus
(Cao et al., 2004; Cogswell et al., 2006). Although more studies are needed to elucidate the
function(s) of the MCOX2e protein, its association with the absence of masculinization in
unionoidean bivalves suggests that it has been selected either as a protective mechanism against
gender-switching or for advantageous male reproductive function (which could also explain the
lack of gender-switching).

Finally, “masculinization” is not only important at species level, but it is also a necessary
assumption to explain phylogenetic patterns of mitochondrial DNA of DUI different species, genera

or families (Hoeh et al., 1997) (see below).

2.4.4 DUI DISTRIBUTION AND PHYLOGENY OF PATERNAL AND MATERNAL GENOMES.

As above mentioned, 36 species possessing DUI belong to seven families and five superfamilies all
within Autolamellibranchiata. Within Autolamellibranchiata, DUI was found in Pteriomorphia as
well as in Heteroconchia, and within Heteroconchia in Palaeoheterodonta and Heterodonta
(Theologidis et al., 2008).

Because of its wide taxonomic distribution and its scattered occurrence, there has been some
discussion as to whether DUI evolved one or many times among Bivalvia. However, because of the
evident analogies of DUI in all the analyzed species, the most sound hypothesis is that DUI

originated once at the evolutionary radiation of Bivalvia.
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If we assume that DUI arose only once, its broad taxonomic distribution makes DUI a very old
phenomenon within the animal kingdom, perhaps as old as the origin of bivalves, that is 506 million
year ago (Mya), but definitely as old as the origin of Autolamellibranchiata, 460 Mya (Little and
Vrijenhoek 2003). Moreover, we need to admit that the reversions to SMI have occurred many
times, thus producing the scattered distribution of DUI known so far (Breton et al., 2007 and
references therein).

A particular caution has to be put in assessing the absence of DUI in a bivalve species, since most
of the time the invention of mtDNA homoplasmy has been considered as an evidence for SMI: this
is not necessarily true, since in DUI heteroplasmy is achieved only if M and F mtDNAs never
switch their roles over a certain amount of time, in which genomes can accumulate mutations.
However, we know that DUl mtDNAs can switch their roles, and especially F mtDNA can invade
male line and be transmitted through sperm, the event known as “masculinization” (see above).
This will re-set to zero the divergence among genomes. Actually, DUI might work quite well even
if role-reversals of sex linked mtDNAs occur frequently.

If we look at taxa with DUI, the gender-linked mitochondrial genomes could cluster in three
alternative ways: a “gender-specific” pattern if the two female genomes do form one cluster and the
two male genomes another (e.g. Unionidae); a “taxon-specific” pattern, if female and male genomes
from each taxon do cluster together (e.g. Veneridae); finally a “mixed pattern™ if the clustering
pattern result to be may be random regardless of taxon and gender (e.g. Mytilidae).

Theologidis et al. (2008) constructed a phylogeny of the maternal and paternal genomes of DUI
species, to address the question of a single or multiple origins of DUI. They could observe that F
and M sequences from the same family branch together away from the F and M sequences from
other families. An exception to this comes from Unionoidea, where F and M sequences from two
families, Unionidae and Hyriidae, cluster according to the gender-specific pattern, an observation
also made previously by Hoeh et al. (1996, 1997, 2002). In this superfamily the F and M phylads
have diverged to the point that when grouped with sequences from other families their common
origin is weakly supported or not detectable.

The authors offered two possible explanations to this: the simplest would require one DUI origin for
all Unionoidea, and one for each of the families Solenidae, Veneridae, Donacidae, and Mytilidae.
Moreover in addition to these, a separate origin would be required for each of the four mytilid
genera and the two genera of Veneridae that, at present, are known to have DUI. This hypothesis
would need to postulate a larger number of independent DUI origins, as the search for DUI in other
bivalve species continues. An additional difficulty with the hypothesis of multiple origins is the

molecular and developmental complexity that likely underlies the phenomenon of DUI and its
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linkage to sex inheritance (Zouros 2000; Cogswell et al. 2006). The repeated and independent
emergence of this complex mechanism would imply a strong selective advantage of DUI over the
standard maternal inheritance.

By contrast, the alternative explanation of a single origin of DUI cannot by itself explain the
phylogenetic relationships among the different taxa, if it is not combined with masculinization.
Seen in phylogenetic context, the hypothesis consists of two phases, the emergence of a new sperm-
transmitted genome from an egg-transmitted one and the replacement of the previously sperm-
transmitted genome in the population by this new genome. Moreover they supposed that the time
lapsed since the separation of unionids, venerids, solenids, donacids, and mytilids was enough for at
least two masculinization events to have occurred in the lineage leading to each of these groups. As
discussed by Hoeh et al. (1997), masculinization events have apparently not occurred after the
emergence of unionids, either because transmission reversals have not occurred with any substantial
frequency or because newly masculinized genomes could not spread in the population. The
possibility that there has been not enough time for masculinization to complete its course is unlikely

given the large deviation of the unionid F and M genomes.

2.4.5 THE MYTILID MUSCULISTA SENHOUSIA: AN UNUSUAL CASE OF GENDER-
ASSOCIATED MITOCHONDRIAL DNA HETEROPLASMY.

Passamonti (2007) gave first evidence for a new DUI case of mitochondrial DNA in the mytilid
Musculista senhousia. The heteroplasmic pattern obtained was in line with other DUI systems of
mtDNA inheritance: sperm and eggs carry two different mitochondrial haplotypes, M and F
respectively, so the author assumed that two different mitochondrial genomes are passed to
progeny. Although tissue distribution of female and male haplotypes in Musculista appeared to be
in line with other mytilid species, M haplotypes were relatively rare in the male soma. This kind of
distribution allowed to speculate on the mechanisms transmitting M mitochondria to progeny. The
egg carries many more mitochondria than the spermatozoon; moreover it has also been observed
that sperm mitochondria enter the egg during fertilization (Longo and Dornfield, 1967; author’s
personal observations on Tapes philippinarum). According to this, it isn’t a simple conjecture to
postulate that, in the zygote, F mitochondria (which derived from the egg), must overwhelm the M
ones, inherited from the spermatozoon.

According to observations of both Cao et al. (2004) and Cosgwell et al. (2006) (see below), male
mitochondria have to find their way to blastomer 4d, which is known to give rise to germ line

(Verdonk and Van Den Biggelaar, 1983). This may happen in two ways: the first is that M type
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should undergo several replications during the early male embryo cleavage, so that M mitochondria
will have a good chance to be included in the 4d blastomer (Sutherland et al., 1998); the second, is
that sperm mitochondria are actively segregated to the 4d blastomer itself. In both cases, the M
mitochondria displace F ones during testis development and, if the first scenario is true, then we
may expect a large quantity of M mitochondria in the male somatic tissues of adults, while, if the
second is true, we may expect no or few M genomes in the soma. It was a reasonable opinion of
author that the second scenario seemed to fit better the case of Musculista because M haplotypes
were extremely rare in male somatic tissues of this species. Thus, he assumed that M mitochondria
are actively segregated to germ line. In fact, this pattern is in line with the recent observations of the
cytological behavior of sperm mitochondria in early embryo stages. These latter observations
showed that the second scenario seems also true for Mytilus edulis:, it was shown that sperm-
derived mitochondria (using in vivo mitochondrial staining) are actively segregated to blastomer 4d
in the early cleavages of male embryos (Cao et al., 2004). It must be noted, however, that M
mitochondrial DNAs are also detectable in specific Mytilus somatic tissues (this is also confirmed
in Musculista), so that the M segregation to blastomer 4d must not be a highly selective mechanism.
Although the discovery of sex-related heteroplasmy has not been surprising for a mytilid, one trait
of Musculista DUI system were seemed to be unique, contrasting with all previously described DUI
systems above reported: the analysis evidenced that F haplotypes sequence variability was
constantly higher than that of M haplotypes. Such inverted variability pattern (the F being more
variable than M) was new and unexpected, and it challenged most of the rationales proposed to
account for sex-linked mtDNA evolution. Moreover, the author also evidenced that Musculista F
mtDNAs showed a higher mutation level in male’s soma, this variability being produced de novo
each generation; this was in line to Borras et al. (2003) that found that mitochondria from females
exhibit higher antioxidant gene expression and lower oxidative damage than males. This might have
an evolutionary explanation: mechanisms evolved to protect mtDNA in females (f.i. antioxidant
gene complexes) might be under relaxed selection in males, because males are evolutionary dead-
ends for mitochondria. This is true both for SMI species and DUI species, since female-transmitted
mitochondria are not passing to progeny through males in both cases.

These results suggest that higher variability could be a general feature of the whole Musculista
senhousia mitochondrial genome, but the ultimate demonstration will be available only with the
complete M and genomes are sequenced. For this reason I proceeded to the complete sequencing of
both sex-linked mitochondrial genomes of Musculista senhousia and the result has been

surprisingly (see Results and Discussion).
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2.5 THE MITOCHONDRIAL GENOME IN INSECTA

As reported above, mitochondrial genomes are one of the most information-rich molecular markers
in phylogenetics, because of more than 15,000 bp of nucleotide data and 37 genes. In addition to the
nucleotide data, other phylogenetically useful information can be extracted from the mt genomes,
such as gene rearrangements (Boore and Brown, 1998), gene insertion or deletion events (Rokas
and Holland, 2000), and genic or intergenic length variability (Schneider and Ebert, 2004). Gene
rearrangements have been used to generate phylogenetic trees since 1930’s (Dobzhansky 1944). It
is usually assumed that rearrangements are rare because of the requirement for two or three
chromosomal breaks, as it seems unlikely that identical chromosome breaks would occur in
independent lineages, and that such breaks are reversible.

Since mitochondrial genome provides both the largest set of homologous genes which can be
compared across animals, and the largest stretch of molecular data which can be readily used in
comparisons of gene order, these features would appear to make mtDNA rearrangements ideal
cladistic markers.

Two approaches to the phylogenetic use of the mitochondrial genome have been proposed, i.e.
shared genome rearrangements and whole genome sequence based phylogenies (Boore and Brown,
1998). Some of the first insect mitochondrial genomes to be sequenced, Apis mellifera
(Hymenoptera) (Crozier and Crozier, 1993), Locusta migratoria (Orthoptera) (Flook et al., 1995a),
Heterodoxus macropus (Phthiraptera) (Shao et al., 2001) have moderate gene order rearrangements
relative to the arthropod round-plan suggesting that the use of “genome morphology” (Dowton et
al., 2002) would be a viable approach to resolving deep nodes in insect evolution. The subsequent
sequencing effort has not supported this promise as useful phylogenetic marker for the resolution of
interordinal relationship, thus leading to an increasing emphasis on using the mitochondrial genome
sequences in phylogenetic reconstruction.

In fact, most insect orders share the same plesiomorphic genome arrangement (Cameron et al.,
2006) that is shared by the Pancrustacea (Boore et al.1998), and those orders that differ are
therefore autapomorphic. In this regard, genomes rearrangements in Insecta are mostly related to
translocations, losses or acquisition of /RNA genes, involving above all those adjacent to the control
region or those surrounding a tRNA gene cluster [trnA- trnR- trnS(AGN)- trnE- trnF], which is
considered as the replication origin of the mitochondrial genomes minor strand (Boore, 1999)

For what above reported, it appears clear that gene rearrangement synapomorphies will not
contribute too much to resolve insect relationships. While the possibility to find additional
rearrangements within insects’ orders does exist, it is doubtful that such findings would greatly aid

the understanding of inter-Order relationships. Moreover, in most cases, taxon sampling was
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focused on capturing the diversity within each order, such as by sequencing representatives of each
suborder or major clades, or including earliest branching representatives: the possibility that those
species actually represent secondary reversions to the insect ground-plan is therefore low and it is
doubtful that additional interordinal synapomorphies will come to the light. In contrast, the potential
for using genome rearrangements in understanding intra-Order relationships seems good.
Rearrangements have been found in over a third of the insect orders and in those orders where
multiple representatives have been examined the phylogenetic signal in rearrangements is very
strong.

Differently from genome rearrangements, sequence-based phylogenies have ranged from resolving
strains within Drosophila simulans (Ballard 2000a) to relations among arthropods (Nardi et al.,
2003a; Cameron et al., 2004) providing some remarkable results such as inferring
Phthiraptera+tHymenoptera (Nardi et al., 2003a), the polyphyly Hexapoda (Nardi et al., 2003a; Bae
et al., 2004) and monophyly of Orthoptera (Cameron et al., 2008).

The phylogenetic utility of mt genomes has been studied rigorously in the past years, especially for
insects and related groups (Cameron et al., 2007, 2004; Carapelli et al., 2007; Kjer and Honeycutt,
2007). These results have highlighted the need for rigorously evaluating the phylogenetic behavior
of mitochondrial genomes to improve confidence that results are reflective of evolutionary history
rather than analytical artifacts that do not reflect the true phylogeny.

Whilst the capacity to quickly sequence insect mitochondrial genome is now a routine, questions
remains to how best to analyze these data.

Actually, phylogenetic studies of insects, especially that addressing relationships among higher
taxa, often exhibit a portion with low support or resolution. When a large amount of data has been
analyzed, a possible cause for the poor support is rapid radiation, because it would result in truly
short divergence times for diagnostic mutations to occur. Unfortunately, such a signature of a rapid
radiation can also result from, or alternatively be obscured by, a variety of other causes related to
data quality. It is therefore important to test whether the available data are appropriate to resolve
relationships at the hierarchical level being analyzed, and to determine whether confounding biases
in the data are interfering with phylogenetic signal detection.

Actually, what is an “ancient rapid radiation”? It’s a case of diversification in which lineages of
insects have diverged in rapid succession within a relatively short time span in the ancient past,
generating patterns of molecular and morphological change that are difficult to discern
phylogenetically.

Although insects diverged spectacularly in the Permian, and again in the Jurassic, and diverged ever

since, “ancient” does not necessarily refers to a specific age, but rather to a high ratio between the
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time since divergence occurred and the time span in which it occurred. Such high ratio is of course
higher for cladogenetic events that are many millions of years old.

Rokas et al. (2005) described the typical signatures of molecular phylogenetics that are typical of an
ancient rapid radiation: the signature can be described in a phylogeny as a significantly closer
temporal spacing (compression) of a number of lineage-splitting events than would be expected by
either stochastic or relatively constant diversification. Rapid radiation signature can be obscured by
other factors such as inadequate data, conflicts within or among datasets, or loss of phylogenetic
signal over time. Unfortunately, many insect phylogenies are unstable because of short, ancient
internodes, lineage-specific substitution rate biases (substitutions accumulate at different rates
among lineages), and lineage-specific base compositional biases (the nucleotides are sometimes
found in different proportions among lineages, and among regions of genes). These problems,
sometimes combined with data which substitution rates are wildly inappropriate for the addressed
questions, make insect phylogenetics a particularly challenging goal.

Multiple substitutions at the same sites may cause problems for deeper-level phylogeny, and make
phylogeny estimation impossible for deeper nodes (Ho and Jermiin, 2004; Mossel and Steel, 2004;
Mossel and Steel, 2005; Philippe and Adouette, 1996; Philippe and Laurent, 1998). A number of
other biases can increase loss of signal, especially when they are non random: among them,
variations in the nucleotide (or amino acid) composition among taxa, differences in rate of change
among sites within genes, differences in the distribution of variable sites among taxa, and
differences in the rate of sequence evolution among lineages, could be taken into account. Actually,
base composition heterogeneity (i.e. significant differences in nucleotide proportions in
homologous sequences) has been suggested to cause systematic wrong phylogenies in a number of
studies (Collins et al, 2004; Gruber et al., 2007; Jermiin et al., 2004; Phillips et al., 2004). The
difficulty comes from the fact that lineages sharing similar base-compositions tend to group
together, even when they are distantly related. Differences in substitution rate among sites (ASRV:
among-site rate variation, alternatively called rates across sites) are also important to take into
account in phylogenetic analysis (Gaut and Lewis, 1995; Jin and Nei, 1990; Kuhner and
Felsenstein, 1994; Tateno et al., 1994; Yang, 1995; Yang, 1996). The most broadly employed
methods for taking ASRV into account in evolutionary models include incorporating an estimate of
the proportion of invariable sites (Lockhart et al., 1996; Steel et al., 2000) and/or using a gamma
distribution to model the distribution of rate variation (Yang, 1995; Yang, 1996). Simplified, the
gamma distribution can fit the data to a curve in which many sites are expected to change slowly,
and a few are expected to change many times. Another approach is to use site-specific rate models

(Kjer and Honeycutt, 2007). Whatever the approach, most of the common computer-implemented
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methods currently have the disadvantage of assuming that all the lineages analyzed show the same
patterns of variation among sites, which may not be true.

If the lineages one is analyzing differ in their rates of change, and even in the patterns of nucleotide
sites that are changing, the effect on analysis can be profound (Inagaki et al., 2004; Lockhart et al.,
2006). The erroneous grouping of more distantly related lineages is often caused by such rate and
pattern differences (Lockhart and Steel, 2005), especially when some lineages are characterized by
long branches (the long-branch attraction problem: i.e. the tendency of phylogenetic methods to
group long branches).

The above mentioned problems may apply to a particular gene and can be expected to be more
significant in older divergences, and with faster-evolving (possibly substitutionally saturated)
genes. It is better to use the slowest-evolving genes to analyze the oldest divergences; the problem
for ancient divergences (especially 200300 mya and older) is that no known genes may actually
have the desired rate of variation.

Different methods of analyzing mt genomes have been proposed and applied: selecting a few key
genes from the entire mt genome (Nardi et al., 2003), including all available genes but not the
control region (Castro and Dowton, 2007), analyzing amino acid sequences (Nardi et al., 2001) or
recoding of nucleotide sequences purine/pyrimidine (i.e. A+G as purine: R and C+T as
pyrimidine:Y) (Saitoh et al., 2006), and traditionally analyzing nucleotide sequences (Cameron et
al., 2007). Different optimality criteria and dataset compilation techniques have also been applied to
find the best method of analyzing complex mt genome data (Cameron et al., 2004; Castro and
Dowton, 2005; Kim et al., 2005; Stewart and Beckenbach, 2003).

According to Cameron et al. (2007), mitochondrial genome data recover the most phylogenetic
signal when all available genes are analyzed as nucleotide sequences, and results from different
optimality criteria are then compared for the sensitivity of resulting phylogenetic tree building
methods.

Mt genome data were not able to unambiguously resolve the relationships among major arthropod
lineages (Cameron et al., 2004), but were able to resolve intraordinal relationships within Diptera
(Cameron et al., 2007) and Hymenoptera (Castro and Dowton, 2007). This suggests that
mitochondrial genomes data may not have sufficient phylogenetic signal to resolve ancient
Cambrian to Devonian cladogenesis (600—-360 MY A), but may provide strong signals for resolving
intra-Order relationships within Diptera and Hymenoptera whose first fossils are found dating to the
Upper Triassic (225 MYA). These findings imply that the maximum resolving capacity of insect

mitochondrial genomes may lie somewhere between these two geological times.
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2.5.1 THE PALEOZOIC DIVERSIFICATION OF THE INSECT ORDERS AND THE
“ORTHOPTEROIDS PROBLEM™

Being the most diverse group of terrestrial animals, insects may supply many examples of ancient
rapid radiations. Many of the most spectacular radiations involve interactions with angiosperm
plants, which also radiated extensively during the Cretaceous and Tertiary. However, insects were
already highly diverse by the Permian, long before the origin of angiosperms. In some cases we can
only speculate why the insect groups diversified as rapidly as they did.

Some phylogenetic relationships among insect Orders are well corroborated and others are best
described as a polytomy (i.e. a node in a phylogenetic tree that subtends more than two branches).
Before the advent of molecular systematics, Kristensen (1975, 1981, 1991, 1995 and 1997)
proposed a tree derived from morphological characters that contained Hexapoda, Insecta,
Dicondylia, Neoptera, Dictyoptera, Paraneoptera, and Holometabola, but one major part of the tree
was left unresolved, i.e. the relationships among the orthopteroid orders (or Polyneoptera).

Since then, molecular data have done little to gain a common view of insect Order relationships,
with each study contradicting previous work (Chalwatzis et al., 1996; Liu and Beckenbach, 1992;
Terry and Whiting, 2005; Wheeler et al., 2001; Whiting, 2002; Whiting et al., 1997) and virtually
no congruence among independent datasets have been found, except for nodes that have been firmly
established by morphology (Kjer et al., 2006).

Ten neopteran lineages are clustered together to form orthopteroid (or Polyneoptera) infraclass:
Plecoptera, Dermaptera, Embioptera, Phasmatodea, Mantophasmatodea, Grylloblattodea,
Dictyoptera (i.e. Blattaria, Isoptera and Mantodea), Zoraptera, Orthoptera, and Paraneoptera plus
Holometabola.

The upper and lower time limits these 10 lineages diverged is within the first land plants evolution
at 475-425 mya (Wellmann et al., 2003) and the extant fossil orders 280 mya ago: for the upper
limit, it is hard to imagine terrestrial animal life of any kind before there were plants to feed upon
and offer shelter; at the lower limit, fossil Plecoptera, Orthoptera, and Dictyoptera have been found
in the Permian. Thus, all these lineages must evolved at least within 200 million years, although
more likely their divergences are bounded by the emergence of the putative stem neopterans
(Paoliidae) in the mid-Carboniferous (Grimaldi and Engel, 2005), which would mean that the
orthopteroids diversified within less than 50 million years. That leaves a series of short cladogenetic
events between 5 and 20 million years, with lineages that are over 300 million years old now. Such
branches are therefore very long.

In this regard, the emerging phylogenetical scenario provided by the ten neopteran lineages is a

“virtual polytomy”. There is some molecular support for Plecoptera plus Dermaptera, Embioptera

29



plus Phasmatodea, and Grylloblattodea plus Mantophasmatodea (Kjer et al., 2006; Terry and
Whiting, 2005). Two of these are contradicted by the mitochondrial data (Cameron et al., 2006,
Kjer et al., 2006), which place Mantophasmatodea with Phasmatodea.

I have sequenced the nearly complete mitochondrial genomes of two Bacillus specimens (Bacillus
atticus and Bacillus rossius) with the aim to better resolve phylogenetic position of Phasmatodea
within orthopteroids lineages. At the time, mitochondrial genome of Timema californicum
(suborder Timematodea) is the only available for Phasmatodea. However, Timema is the earliest
diverging stick insect (Whiting et al., 2003), so that may not be really representative of the Order.
The two Bacillus mitochondrial genomes here reported add to the phasmatodean taxon sampling,

and are the first representatives from the Verophasmatodea suborder.

3 RESULTS AND DISCUSSION

3.1 MOLLUSCA BIVALVIA

The mitochondrial genome sequences of Musculista senhousia here obtained are 20,612 bp in male
(M-type or M) and 21,557 bp in female (F-type or F). The size of both M and F mitochondrial
genomes are well within the size range of mollusk mtDNAs sequenced to date, i.e. from 13,670 bp
in Biomphalaria glabrata to 32,115 bp in Placopecten magellanicus. M. senhousia gene
arrangement is remarkably different from that known for other fully sequenced metazoan mtDNAs
(Gissi et al., 2008 for a review) (Fig.1; Fig.2 and Tab.1). Both M and F mitochondrial genomes
include a large number of unassigned regions (27 and 29 in male and female respectively). Among
these, the largest (2,847 and 4,567 bp in male and female respectively) are apparently the main CR

(here referred as LUR, i.e. Large Unassigned Region) for replication and transcription.
3.1.1 OVERALL GENE ORDER

A remarkable observation is that M and F mt genomes showed a different gene order. Female mt
genome of M. senhousia contains the full complement of genes of the typical metazoan mtDNA,
but lacks the ATPase8 subunit gene, while an extra t7rnM and trnL gene are present. Male mtDNA
retains the same female’s gene content except for the cox2 gene which is duplicated in the M
genome only and for the #rnE gene which is traslocated (Fig.land Fig.2; Tab.2 and Tab.3).

In both genomes, all genes are transcribed from the same strand except for #nS, which is
transcribed in the opposite one. Most of the marine bivalves whose full mtDNA sequence is known
to date (Mytilus species-complex, Crassostrea gigas, C. virginica and C. hongkongensis; Venerupis

philippinarum) share the common feature of all genes coded by the same DNA strand. In contrast,
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this is not true in the two freshwater species Lampsilis ornata (Serb and Lydeard 2003) and
Inversidens japanensis. In other mollusks, a relatively small number of mitochondrial genes are
transcribed from the second strand. The scaphopods Graptacme eborea and Siphonodentalium
lobatum are an exception, with about an equal number of genes encoded by each strand (Boore,
Medina, and Rosenberg 2004; Dreyer and Steiner 2004). The occurrence of all genes in the same
strand is a relatively rare phenomenon in metazoans and, in addition to bivalves, it has been
reported in some annelids (Lumbricus terrestris, Boore and Brown 1995, Platynereis dumerilii,
Boore and Brown 2000) and brachiopods (Terebratulina retusa, Stechmann and Schlegel 1999;
Terebratalia transversa, Helfenbein, Brown, and Boore 2001; Laqueus rubellus, Noguchi et al.

2000).

3.1.2 NUCLEOTIDE COMPOSITION

The nucleotide compositions of the two genomes are summarized in Tablel. The G+T content of
the F and M coding strand is 60.7% and 59.6%, respectively, and thus the sense strand can be
considered as the heavy (H) strand of the molecule. The A+T content of the H strand is also high
(66.5%, F; 67.0%, M). Variable values of A+T content are common in mollusks, and they have
been reported in Lampsilis ornata (62%, Serb and Lydeard 2003), Pupa strigosa (61.1%,
Kurabayashi and Ueshima 2000), and Cepaea nemoralis (59.8%, Yamazaki et al. 1997). In other
mollusks, the A+T content is much higher (4lbinaria coerulea, 70.7%, Hatzoglou, Rodakis, and
Lecanidou 1995; Katharina tunicata, 69.0%, Boore and Brown 1994; Graptame eborea, 74.1%,
Boore, Medina, and Rosenberg 2004). This variation in A+T content is among the highest observed
within a phylum and reflects the high heterogeneity of molluscan mtDNA (Boore 1999). Moreover,
there is a marked bias in favor of T against C, which is not restricted to any particular class of genes
and does not differ between the two genomes. The GC and AT asymmetry between the two
mitochondrial DNA strands can be expressed in terms of GC skew and AT skew calculated
according to Perna and Kocher (1995): GC skew = (G-C)/(G+C) and AT skew = (A-T)/(A+T),
where G, C, A, and T are the occurrences of the four bases in the H strand. In M. senhousia F and
M mitochondrial genomes, the GC skew and the AT skew are F: +0.28 and -0.18, and M: +0.23 and
-0.17, respectively.
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3.1.3 RIBOSOMAL AND TRANSFER RNA GENES

The location of the two ribosomal RNA genes, obtained through BLAST comparison, do not differ
between male and female mitochondrial genomes. However, their length is different between the
two mitotypes. More in detail, in both sexes, rrnal is located in a region flanked by the #nM2 and
nad3 genes; assuming that the first base at the 5’-end come immediately after the #7nM2, and the 3’-
end of the gene correspond to the first base upstream the start codon of nad3 gene, the length is
remarkably different: the male rrn/ gene (1,682 bp in length) is 557 bp longer than the female one
(1125 bp in length).

The rrnS genes is located in a region flanked by #nS and nad6 genes, and as above, we assumed
that the first base at the 5’-end come immediately after #7nS, and the 3’-end of the gene correspond
to the first base upstream the start codon of nad6 gene. Here, the difference in length is less
remarkable between the different sex-mitotypes: actually, the female r7nS gene (819 bp long) is
shorter 268 bp than the male one (1,087 bp long).

The identification of tRNA genes was based on their potential to form cloverleaf structures. F and
M genomes of M. senhousia contain 22 tRNA genes, one more than is typical for the metazoan
mtDNA. As well as in mtDNA of some other mollusks (Katharina tunicata, Cepaea nemoralis, M.
edulis spp. and Argopecten irradians), two leucine tRNA genes are present in M. senhousia, which
can be differentiated by their anticodons (TAA for Leul, TAG for Leu?2). Similarly, an additional
trnM, was also detected, as found in female-V. philippinarum, Mytilus species, complex, in
Crassostrea gigas, C. hongkongensis and C. virginica. The additional tRNA coding for methionine
has the TAT anticodon.

In both male and female, 7rnS have shortened DHU arm stems, where potential pairing consist of
only one base pairs in mispairing (A-A.). This is not atypical, as the DHU arm of the #7nS (AGN) is
unpaired in many metazoan taxa (Garey and Wolstenholme 1989; Hoffman, Boore, and Brown
1992; Yamazaki et al. 1997; Tomita et al. 2002). Moreover, mispairing between bases in stems is
consistent across several taxa. For example, the second base pair in the anticodon stem of #7nW has
a T-T mispairing in L. ornata, Mytilus, and K.tunicata and a T-G pairing in several gastropods

(Yamazaki et al. 1997).

3.1.4 GENE JUNCTIONS

Ojala, Montoya, and Attardi (1981) suggested that the secondary structure of a tRNA gene between

a pair of protein genes is responsible for the precise cleavage of the polycistronic primary transcript.
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In the absence of an intervening tRNA, this role can be played by a stem-loop structure, the 5'-end
part of the gene itself, or a combination of the two. Potential hairpin structures at protein-protein
gene junctions with no intervening tRNA have been reported in several studies (e.g., Bibb et al.
1981; Clary and Wolstenholme 1985; Okimoto et al. 1992; Boore and Brown 1994; Mizi et al.,
2005).

In the F mtDNA of Musculista, 20 out of 22 tRNA genes are clustered in five groups of two to six
(see Tab.3). Of the remaining two, trnT lies between atp6 and the 5'-end of cob genes (with 24 bp
overlapping each other) while #rnA4 lies between nad5 and nad4 genes. Thus, 4 of the 12 protein-
coding genes (cob, nadl, nad4 and nad4L) have a tRNA preceding their 5'-end. On the contrary,
five other genes (cox1, cox2, atp6, nad2, cox3) have a noncoding sequence preceding their 5'-end
that is capable to form a stem and loop structure (Fig.3). This seems to be not true for the nad5
gene. In all these genes, a putative stem-and-loop structure that includes the translation initiation
codon can be formed downstream from the 5'-end part of the gene.

In male mitochondrial DNA, 19 of the 22 tRNA genes are clustered in five groups of two to six
members (see Tab.2). Of the remaining three, #7nT lies between atp6 and the 5'-end of cob genes
(with 24 bp overlapping as observed for the female), #7nA4 lies between nad5 and nad4 genes and
trnE lies between the large unassigned region (LUR) and the 5’-end of cox/ gene. Thus, 5 of the 12
protein-coding genes (cox1, cob, nadl, nad4L and nad4) have a tRNA preceding their 5'-end.

Five other genes (cox2a, cox2b, atp6, nad2, cox3) have a noncoding sequence preceding their 5'-
end that is capable of forming a stem and loop structure (Fig.3). As above, this seems to be not true
for the nad5 gene. In these five genes, a putative stem-and-loop structure that includes the

translation initiation codon can be formed downstream from the 5'-end part of the gene.

3.1.5 GENE CONTENT

The protein-encoding genes are of the same length in the two genomes, except for nadl, nad3, nad4
and nad5, in which the difference is 1, 5, 3 and 5 amino acids, respectively (Tab.4).

As mentioned, the male Musculista senhousia mitochondrial genome contains an extra copy of the
cox2 gene. This is not new for DUI bivalves, since also the female mt genome of the marine clam
Venerupis philippinarum contains the same duplication.

In the female Musculista, the cox2 gene (here referred as F-cox2) is 660 bp long and is flanked by
the “cox1/UR-6" and “UR-7/atp6” regions at the 5’- and 3’-end respectively (see Tab.1 and Fig.4).
In male mitochondrial genome, the two copies of cox2 are close to each other and linked by a little
non coding region 41 bp long (here referred as UR-6). The two cox2 copies are located between

“cox]UR-5" and “UR-7/atp6” regions, and the first is 813 bp long, while the second is 690 bp long.
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Analyses on the three sequences evidenced that F-cox2 is more closely related to the shorter M-
cox2 (690 bp), rather than to the longer M one; therefore, the 813 bp long M-cox2 seems to be an
extra copy of the gene, and thus it will be referred here as M-cox2b.

In order to analyze the structure and evolutionary forces shaping the duplicated cox2 gene in the
male genome, | started comparing their nucleotide and aminoacid sequences. Nucleotide P distance
values do not provide any particular indication, because all comparisons (i.e. F-cox2 vs. M-cox2 and
F-cox2 vs. M-cox2b) evidence quite similar values (0.264+0.016 and 0.267+0.016 respectively). In
contrast, synonymous (Ks) and non-synonymous (Ka) substitution values are interesting and
enlighten a quite different scenario: in fact, the comparison between F-cox2 and M-cox2 gave a Ks
of 0.887+0.124, Ka=0.178+0.024 and a Ka/Ks ratio of 0.20, which are quite in line with the average
values obtained by comparing all the other M and F protein coding genes (0.750+0.022;
0.146+0.005 and 0.19 respectively). This result might be taken as an indication, although
preliminary, that both genes are evolving in a neutral way. The scenario radically changes
comparing Ks and Ka values between the two male’s cox2 genes: non-synonymous substitutions are
now more common (Ka=0.223+0.030), while synonymous are less (Ks=0.653+0.016), and this
obviously reflects in a higher Ka/Ks ratio (0.34). This scenario would seem to suggest that the M-
cox2b gene may evolved under positive selection.

Moreover, a different pattern of amino acid replacements is evident when comparing F-cox2n vs.
M-cox2 and M-cox2b vs. M-cox2, respectively: in the first, 5 out the 55 aminoacid substitutions are
from hydrophilic to hydrophobic amino acids and vice versa, i.e. only 10% of the substitutions. In
the second comparison, this percentage increases to 25%. This also seems to provide a further
indication that the duplicated cox2 gene (M-cox2b) might be somehow selected for a different
function in males. A more detailed analysis on protein structure, not possible at the moment, is
planned to address this.

Stronger evidences are still lacking, and this is a characteristic that will be investigated further, but
some hints may come from an interesting analogy to unionid mtDNA: actually, in freshwater clams,
the cox2 gene seemed to be somehow involved in the DUI mechanism itself, and a COX2 protein
function in tagging the male mitochondrial genome has been proposed, since the authors evidenced
that the male COX2 is present on both inner and outer membranes of the mitochondrion
(Chakrabarti et al., 2006). At variance to Musculista, unionids cox2 putative mechanism was not
related to a gene duplication, but to a peculiar 3’ extension of the male cox2 gene (Curole and
Kocher, 2002, 2005; Chakrabarti et al., 2006). It is conceivable however, that Musculista and
Unionid unusual cox2 features are somehow related, i.e. they might share a common function:

actually, the duplicated cox2b in male M. senhousia mitochondrial genome may represent just a
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variant of that found in unionoidean bivalves, with proper signals for DUI mitochondrial tagging
lying in the cox2 extension of unionid bivalves, and in the cox2b duplicated gene of Musculista.
Finally, it is also not possible to exclude that control mechanism of developmental signals are
affected by redundancy.

Moreover, no atp8 coding sequence was detected. Boore (Boore,1999) mentions that a lack of the
atp8 gene is one of several unusual features of the Mytilus mt sequence. The apt§ gene is missing
from the mt-DNA of almost all bivalve species studied so far, including C. hongkongensis, C.
gigas, C. virginica, Mytilus, P. magellanicus, A. irradians, M. yessoensis and Acanthocardia
tuberculata. The one exception found so far is Hiatella arctica in which the apt§ gene is present.
Interestingly, atp8 gene is present in the female mitochondrial genome of the unionid bivalve L.
ornata (Serb and Lydeard, 2003). A remarkable observation is that V. philippinarum was recently
found to contain a putative azp8 gene (Dreyer and Steiner, 2006), which was not found in the first
analysis. Nonetheless, this gene apparently encodes 37 amino acids only and therefore has a
questionable gene function. In contrast, all Gastropoda species (Yamazaki et al., 1997) studied so
far do possess an a#p8 gene, as they do all Cephalopoda (Rawlings et al., 2001). Other mollusk
species, from Polyplacophora K. funicata to Scaphopoda G. eborea and Siphonodentalium lobatum,

have an a#p8 gene as well.

3.1.6 COMPARATIVE SEQUENCE ANALYSIS

Comparing the two sex linked genomes, it appears that the most conserved protein-coding genes in
Musculista are cox1 and cob (identity > 99%), and the least conserved are nad2 and nad6 (identity
<70%, (Tab.4).

Synonymous (Ks) and non-synonymous (Ka) substitution values between the two genomes vary
(Tab.1 and Tab.4). Ka is particularly low for cox! (0.042+0.006), but Ks is not (0.838+0.073),
suggesting that this gene is under some selective constraint (Ka/Ks=0.05). The conservation of cox/
is common in animal mtDNA (Pesole et al. 1999; Saccone et al. 1999). In cob gene, both K values
are lower than average (table aa) with a Ka/Ks ratio’s value (0.09) which is close to that of cox/
gene. In contrast Ks and Ka deviate from average in nad6, but in opposite ways, thus providing the
most value of Ka/Ks ratio (0.43) among those observed (Tab.1 and Tab.4).

Mizi et al., (2005) found a similar situation in the Mytilus edulis species complex, but with an
interesting exception: they realized a comparison of both synonymous (Ks) and non-synonymous
(Ka) values between Mytilus’ male and female genomes and observed the same pattern for cox/ and
nado6 genes as here reported for Musculista, but, in contrast, both k values were lower than average

in nad3 gene, which is different from what observed here for Musculista senhousia (for cob gene).
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Nonetheless, they extended the comparison to the V. philippinarum and I. japanensis mitochondrial
genomes. Again, in both pairs the cox/ had the lowest divergence and the nad6 divergence was
among the largest. In contrast, in neither pair the nad3 divergence was particularly low. Thus, they
concluded that the low rate of evolution of nad3 relative to other protein genes seems to be a
characteristic property of the M. edulis species complex. As a possible explanation, they added that
the conservation of the nad3 gene in the M. edulis species complex might lie in the fact that nad3
contained the origin of the replication of the lagging strand (L. Cao, E. Kenchington, A. Mizi, G. C.
Rodakis, and E. Zouros, unpublished data in Mizi et al., 2005).

If this is true for M. edulis nad3 gene, we may speculate that it also true for cob gene in Musculista:
actually, cob gene exhibits the same identical pattern of k values (strongly lower than average, table
aa) as well as that reported for nad3 gene in M. edulis species complex by Mizi et al., (2005). As a
consequence, we can speculate that the conservation of the cob gene in Musculista might be due to

the fact that this gene may contain the origin of the replication of the lagging stand.

3.1.7 CODON USAGE

In the M. senhousia male mtDNA six out 13 protein genes start with the ATA codon and seven with
ATG, while in the female ATG and ATA start codon are equally distributed. This pattern is not in
line to that observed for Mytilus, where nine out of the 12 protein genes start with the ATG codon
and two with the ATA (Mizi et al. 2005). In all known metazoan mtDNAs, the most common start
codon is ATG, and it is a general opinion that the methionine tRNA with the CAT anticodon
represents the ancestral form. Moreover Hoffmann, Boore, and Brown (1992) suggested that the
second methionine tRNA arose by duplication. The F and M genomes of the venerid V.
philippinarum also have two tRNA genes for methionine, but both have the ‘‘ancestral’’> CAT
anticodon. TAA codon is the termination codon nine and ten times, in female and male
respectively, while only in two cases stop codon is TAG. In both sex, Nad5 gene is terminated by
an incomplete termination codon T--, with their likely completion occurring by polyadenylation
after transcript processing (Fernandez-Silva et., 2003).

A total of 3834 and 3774 amino acids are encoded by male and female Musculista senhousia
mitochondrial genome respectively. All codons do occur in both Musculista mitochondrial genomes
(Tab.5). TTT (phenylalanine) is the most frequent codon, followed by TTA (leucine). TTT is also
the most frequent codon in Mytilus galloprivincialis (Mizi et al., 2005), in L. ornata (Serb and
Lydeard 2003) and in C. nemoralis (Terrett, Miles, and Thomas 1996), whereas TTA (leucine) is
most common in 4. coerulea (Hatzoglou, Rodakis, and Lecanidou 1995), P. strigosa (Kurabayashi

and Ueshima 2000), Roboastra europaea (Grande et al. 2002), G. eborea (Boore, Medina, and
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Rosenberg 2004), and K. tunicata (Boore and Brown 1994). These two codons are also the most
frequently used codons in other invertebrate mtDNAs (Garesse 1988; Cantatore et al. 1989;
Okimoto et al. 1992; Asakawa et al. 1995; De Giorgi et al. 1996; Helfenbein, Brown, and Boore
2001). TTT is also very frequent in primitive chordates (like amphioxus, Branchiostoma
lanceolatum, Spruyt et al. 1998), but not in most vertebrates, where CTA (e.g., Cyprinus, Chang,
Huang, and Lo 1994; Homo sapiens, Ingman et al. 2000) or ATT (e.g., Xenopus laevis, Roe et al.
1985; Danio rerio, Broughton, Milam, and Roe 2001) are the most frequent.

Serine can be specified by six different codons, i.e. UCY and AGN codons. However, our analysis
with tRNASCAN-SE software failed to recover a potential cloverleaf structure for serine with AGN
anticodon in both Musculista mitochondrial genomes. Conversely, as above mentioned, all codons
for serine do occur in Musculista senhousia mitochondrial genomes and even more surprisingly, the
AGN codon is more common than the UCY codons (261 and 115 times respectively). Further
investigations are necessary to solve this issue.

The four least used codons are TCC (10 times in F), CGC (6 times in F), CCG (8 times in both F
and M) and ACC (7 times in F). Of these, CGC is also among the least common in the mtDNA of
other mollusks.

Synonymous codons, whether fourfold (4FD) or two-fold (2FD) degenerate, are recognized by the
same tRNA (Tab.5), with the exception of the methionine codons, which are recognized by a
different tRNA (Tab.5).

Moreover, 2788 Musculista codons (72.5% and 72.9% in female and in male respectively) end with
an A or T, a more pronounced phenomenon than observed in the typical invertebrate codon bias.
There is a strong bias against the use of C (9.6% and 10.9% in female and in male respectively) at
the third position nucleotide in all codons: in detail, for amino acids with a fourfold degenerate third
position, codon families ending with T are the most frequently used (50.3% and 46.9% in female
and male respectively). This is also the case for twofold degenerate codons. In other words, in every
case where an amino acid can be specified by any NNY codon, both female and male Musculista
senhousia mitochondrial genome have a much higher proportion of NNT:NNC. In fact, female
showed 49.1% of T and 12.5% of C, with NNT:NNC ratio of 4:1; while in male the ratio’s value is
a little inferior than the female one: 3.65:1 (45.6% of T and 12.5% of C). At the second position,
there is even a stronger bias in favor of the use of T (46.2% and 45.2% in female and male
respectively), which is also true for M. edulis (43.5%), C. hongkongensis (42.5%), C.gigas (42.3%)
and C. virginica (43.0%).

Finally, in seven 2FD and eight 4FD families the most frequently used codon does not match the

tRNA’s anticodon. This has been observed in other metazoan mtDNA as well (Roe et al. 1985;
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Wolstenholme 1992, Rand and Kann 1998; Crease 1999; Broughton, Milam, and Roe 2001) and
suggests that strict codon-anticodon complementarity has not affected the codon composition of the
genome.

Deviations from equal frequency of the four nucleotides in 4FD sites are common in the animal
mtDNA and have been attributed to several factors, such as unequal presence of the four
nucleotides in the nucleotide pool, preference of the mitochondrial gamma DNA polymerase for
specific nucleotides, or asymmetrical mutation rate owing to different duration of exposure of the
lagging strand during replication (Sueoka 1962; Asakawa et al. 1991; Jermiin and Crozier 1994;
Jermiin et al. 1994, 1996). In Mizi et al., (2005) the author reported an unpublished data from Cao,
Rodakis and Zouros: they have noted that 4FD sites with longer exposure have a higher probability
to be a T and a lower probability to be a G. This observation implies that the frequency in which the
four codons of a given amino acid are used depends on the distribution of the amino acid’s residues
along the genome. Yet, these correlations account for less than a third of the bias in codon usage
and cannot explain the bias in 2FD codon families. Thus, other factors must also affect codon bias.
One among these may be the degree with which tRNAs recognize their different synonymous
codons. If this degree varies among codons, the tRNA itself may act as a selection factor for
synonymous mutations and may thus determine the frequency of synonymous codons in the

genome.

3.1.8 LARGE UNASSIGNED REGION (LUR) AND SEX-LINKED MT-DNA TRANSMISSION

In the male genome, the largest unassigned region is 2,847 bp long, and it is included between trnN
and #rnE genes. The female one is 4,567 bp long and it is included between ¢rnE and 5’-end of cox/
genes (Tab.1; Tab.6 and Tab.7).

Both male and female LUR start with an unrelated sequence/spacer 238 and 20 bp long,
respectively. Male LUR is composed by a unique sequence (here referred as o), 1,752 bp long,
followed by a shorter sequences (here referred as ), 267 long; this latter is tandemly repeated 4
times, the latter element being truncated (70 bp long) (Fig.5). In the first p repeat a palindromic
motif has been found between nucleotide position 8-21. In each of the three following 8 repeats a
larger one has been found, between nucleotide position 1-28. Both a and 3 sequences can also be
found in the female LUR, but with a quite different organization (Fig.5). At variance of male-LUR,
[ repeat is not tandemly repeated, but is followed by a 160 bp sequence (here referred as y) and the
2149 bp long block of a+f+y is tandem duplicated. Downstream this duplication, a 202 bp
fragment highly similar to the 5’-end of an a sequence is observed. Also, palindromic motifs are

present in the female [ repeats. While female and the first male f§ repeat show a 18 and 14 bp
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palindrome motif, respectively, duplicated male B sequences (including the truncated one) show a
longer motif (28 bp), therefore resulting in a longer stem structure (Fig.6).

In F LUR, pD-values obtained by comparing each pair of homologous repeats located in the two
mayor repeats are 0.0023+0.0011, 0.0076+0.0052 and 0.0125+0.0085 for o, p and y respectively. In
M LUR pD-value for {3 repeats is 0.0027+0.0078. The values between sexes are 0.15+0.0091 and
0.34+0.026 for o and P repeats, respectively. On the whole, the pattern of variability evidences that
the repeats have a higher sequence homogeneity within than between sexes. This would seem to
suggest mechanisms of concerted evolution leading to homogenization of the repetitive region.
Moreover, we recovered a putative trascriptional promoter sequence whitin the  repeats using the
Neural Network Promoter Prediction tool. The promoter sequence
(5'TGTCAAACAGTGCTTAATAAGGATTTGACAGGGTTTTTTAGGGTAAGTAA -3') has a
credibility score of 0.98 on 1.00 and is located 1 bp downstream the palindromic motif. As a matter
of fact, the occurrence of a putative promoter sequence in each of the [ repeats seems to suggest
that these sequences may be spacer promoters or trascriptional enhancers. This hypothesis is also
supported by the closeness of the palindromic motif to the putative promoter.

In fact, the local fold symmetry created by the palindrome is thought to provide the binding site for
DNA-binding proteins involved in the trascriptional machinery (Arunkumar and Nagaraju, 2006).
In more detail, palindromic motifs (and in general inverted repeats) have the potential to form
single-stranded stem-loop cruciform structures which have been reported to be essential for
replication of circular genomes in many prokaryotic and eukaryotic systems (Cheung, 2004).
Nonetheless, the presence of spacer promoters/trascriptional enhancers in combination with the
mechanism leading to the omogenization of the tandemly repeats, above all in male-LUR, strongly
resemble the structure of IGS (intergenic spacer) in rDNA. In fact, the IGS contains the RNA-Poll
promoter and other important regulatory elements, such as terminators, spacer promoters and
enhancers to form clusters of regulatory subrepeats and the redundancy of those functional elements
(repeats) (Moss, 1995; Reeder, 1999 has been related to an increased rate of rDNA.

Given that what we above reported is true, a higher number of regulatory elements are present in
Musculista male LUR, when compared to that of the female. We therefore can speculate that this
may point out an explanation of how sperm mitochondrial DNA becomes the dominant or the
exclusive mtDNA component of the male gonads. Actually, it is known from early electron
microscopy studies (Longo and Dornfeld 1967) that the midpiece of Mytilus sperm at maturity
normally carries five mitochondria that are much larger than egg mitochondria. As in most other
animals, the sperm mitochondria penetrate the cell membrane of the ovum at fertilization. However,

paternal mtDNA is a minority in the zygote at fertilization, as the egg contains many tens of
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thousands of F-type mitochondria (Humphreys, 1962). Thus, at fertilization, all embryos have a
very large bias in favor of the F genome. Clearly, in species with DUI, different mechanisms of
mitochondrial replication and/or destruction must operate to produce adult females in which the
male genome has largely disappeared and adult males in which somatic cells are primarily or
entirely F-type but the gonads are M-type.

Actually, in DUI species, evidences have been found that sperm-derived mitochondria are actively
segregated to germ cells in male embryos: in the DUI system of Mytilus, the fate of sperm
mitochondria is different if the embryo will develop a male or a female, since in the first case,
sperm mitochondria tend to aggregate in a single blastomere, likely the precursor of the male
germline, while in female embryos they are dispersed and quickly degraded (Cao et al., 2004; Obata
and Komaru, 2005; Cogswell et al., 2006).

On the other hand, the question of how sperm mitochondrial DNA becomes dominant or the
exclusive component of the male gonad remains open. In principle, two alternatives have been
proposed: the first is that only sperm mitochondria gain entrance into the first germ cells; the
second is that both sperm and egg mitochondria enter the primordial cells, but sperm mitochondrial
DNA enjoys a replication advantage over the egg mitochondria DNA in these cells. As a general
remark, male-LUR of Musculista senhousia would seem point out this latter interpretation as the
most credible: a higher number of regulatory elements would advantage male mtDNAs over the

female ones, because of the resulting increase of replication rate in the early developmental stages.

3.2 PHASMATODEA

3.2.1 RESULTS

The partial mtDNA genomes, including the region from tRNA-Met to rrnS genes of Bacillus atticus
and Bacillus rossius stick insect (order Phasmatodea, suborder Verophasmatodea), were sequenced
for this study. The sequenced region include all the protein coding genes and are 14,152 bp and
14,138 bp long in B. atticus and B. rossius respectively. I was unable, as it was for Timema
californicum stick insect (Cameron et al., 2006), to successfully sequence the control region in
Bacillus. As mentioned, such a failure should be either due to its extreme length or to the presence
of highly repetitive A+T-rich portions in this region, or to both.

The mtDNA genome of both B. atticus and B. rossius possessed the typical metazoan mitochondrial
genome composition of 13 protein-coding genes, 2 ribosomal RNAs and 19 out of 22 transfer
RNAs. Moreover, the observed gene orders are identical to that proposed by Boore (1999) as

ancestral arrangement (synplesiomorphic) for insects.
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The overall AT-content are 78.1% and 77.6% in B. atticus and B. rossius, respectively. As in
typical arthropod mtDNA, there are only small non-coding regions between genes: smaller non-
coding regions are present between nad5 and trnH (60 bp), between #nS2 and nadl (65 bp) and
between trnP and nad6 (1 bp) (Tab.8) in Bacillus rossius, while in Bacillus atticus they are found
between nad5 and trnH (60 bp), trnP and nad6 (1 bp), trnS2 and nadl (67 bp), trnR and trnN (1
bp), trnN and trnS1 (1 bp), trnH and nad4 (2 bp), nad4L and trnT (8 bp) and between nadl and
trnL1 (3 bp) (Tab.9).

As shown in Table9, the protein-coding genes in Bacillus atticus showed two different start codons:
ATG (used 6 times) and ATA (used 7 times). Also Bacillus rossius (Tab.8) showed two different
start codons, ATG (used 5 times) and ATA (used 8 times). In the nad2, coxl, cox2, cox3, nad3 and
cob genes, stop codons are represented by a T (truncated TAA), whereas the all the remaining are
TAA (6 times), but one TAG (nadl) in both B. atticus and B. rossius.

As in all other mitochondrial genomes sequenced so far, two genes for ribosomal RNAs were
present, rrnL and rrnS, one for the large and one for the small ribosomal subunit. All 19 out 22

tRNAs can be folded into typical cloverleaf secondary structures.

3.2.2 PHYLOGENETIC ANALYSES AND EFFECT OF DATA MANIPULATION

Both ALL (MP-ALL, ML-ALL and BA-ALL), PCG12 (MP-PCG12, ML-PCG12 and BA-PCG12)
and PROT (MP-PROT and BA-PROT) analyses constantly supported Phasmatodea
(Timema+Bacillus) as monophyletic with high bootstrap or posterior probabilities values.

In contrast, different optimality criteria did produce different relationships between Phasmatodea
and other ingroups: actually, phylogenetic analyses under heuristic parsimony indicated a variety of
sister groups for Phasmatodea depending on the coding scheme used: Phasmatodea+Odonata (MP-
ALL, with gaps coded as 5th state and 100% of bootstrap support); a politomy with Orthoptera,
Dictyoptera (Mantodea+(Blattodea+Isoptera)), Mantophasmatodea and Grylloblattodea (MP-ALL,
with gaps coded as missing data); a complete politomy with all the others ingroups (MP-PCG12);
and Phasmatodea+Mantophasmatodea+Grylloblattodea+Dictyoptera (MP-PROT), with high values
of bootstrap.

In contrast, Bayesian and Maximum Likelihood analyses were more consistent for both tree
topology and nodal support, regardless of the optimality criteria used. Constantly, a sister-group
relationship was found (Phasmatodea+(Mantophasmatodea+Grylloblattodea)) with this clade,
always closely related to Dictyoptera.

Nodal support values also appeared to be affected by the optimality criteria. In other words, the

bootstrap values in MP analyses were generally lower than the bootstrap values in ML and posterior
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probabilities in BA analyses. However, there was an exception to this general pattern, found in the
MP-ALL (with gaps coded as 5th state) where node subtending Phasmatodea had a bootstrap value
of 99% that is in line with and BA posterior probability (1.00) and considerably higher than ML
bootstrap values.

Inclusion and exclusion of data had a greater influence in analyzing mitochondrial genome both in
topology and nodal support. I compared the effect of partitioning according to gene type (PCG,
TRAN, RIBO) against the total evidence dataset (ALL) and protein-coding genes only (PCG).
When transfer RNAs were analyzed as a single partition (TRNA), a monophyletic Phasmatodea
was recovered in two of the four analyses (MP-TRNA with gaps coded as missing data and BA-
TRNA although with 52% of bootstrap value and posterior probabilities of 0.96 respectively).

Also the analyses based on ribosomal RNAs (RIBO) poorly resolved the relationships among clades
if compared to the combined dataset, resulting in unique and incongruent topologies from each of
the different inference methods. Only the MP-RIBO (with gaps coded as 5th state) analysis
produced a monophyletic Phasmatodea (bootstrap value 94%).

Both RIBO and TRNA coding schemes failed to recover any type of relationship with the others
ingroups. Even the analyses based on combined structural and ribosomal RNAs (RIBO+TRNA)
failed to resolve relationships compared to the combined dataset: only in the case of heuristic
parsimony (MP-RIBO+TRNA) with gaps coded as 5th state, a monophyletic Phasmatodea clade is
recovered with 94% of nodal support. Moreover, under this coding scheme, I found Phasmatodea
clade to be the sister group of Odonata, forming a clade strongly supported (100% of bootstrap
value).

Different methods of gap coding had varying degrees of influence in phylogenetic reconstruction,
especially in relation to the size of dataset. In fact, only ALL scheme with gaps coded as missing
data, supported the basal Ephemeroptera hypothesis ((Ephemeroptera versus (Odonata+Neoptera)),
while all the other schemes did not supported this. regardless the method of gaps coding.

In all elaborations done on the large datasets (ALL and PCG), Phasmatodea remained a well
defined monophyletic group, as well as Dictyoptera, regardless the method of gaps coding.
Interestingly in ALL scheme with gaps coded as 5th state, Odonata resulted to be the unique sister
group to Phasmatodea. Also in all small datasets (TRNA, RIBO and TRNA+RIBO), I observed a
considerable effect of gap coding. On the whole, none of the schemes supported the basal
Ephemeroptera hypothesis. The Mantophasmatodea clade results to be the sister group to
(PaleopteratNeoptera) in both RIBO and RIBO+TRNA schemes when gaps were coded as 5th
state. When gaps were coded as missing data, monophyletic Phasmatodea were recovered only in

TRNA scheme and no sister-relationship with any other polyneopteran order is recovered.
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Phasmatodea resulted monophyletic also in RIBO and RIBO+TRAN schemes when gaps were
coded as 5th state. As already observed, in ALL scheme with gaps coded as 5th state, Odonata
resulted to be unique sister group to Phasmatodea.

The monophyly of Phasmatodea was found also when amino acid sequences were analyzed
(PROT), regardless the method of gaps coding. PROT schemes strongly supported the relationship
(Phasmatodea+Mantophasmatodea+Grylloblattodea) with this clade that is sister to Dictyoptera.

On the whole, even PROT schemes rejected the basal Ephemeroptera hypothesis with Orthoptera

moving to be sister to Odonata.

3.2.3 DISCUSSION

Both the newly sequenced mitochondrial genomes are similar in gene and nucleotide composition
to that of Timema californicum stick insect mitochondrial genome (Cameron et al., 2006), as well as
to the presumed ancestral hexapod (Boore, 1999; Fenn et al., 2007; Kim et al., 2005).

In the last decade, mitochondrial gene rearrangements was considered potentially useful
phylogenetic markers and have been shown to be useful in resolving deep level relationships within
Arthropoda (Boore et al., 1998). In contrast, as additional mt genomes have been sequenced, the
phylogenetic utility of gene rearrangement in understanding insect evolution now appears to be
minor, because most insect mt genomes have retained the ancestral gene order and it would not
seem to be enough to resolve inter-Order or deeper relationships. Nonetheless, exceptions do exist,
with rearrangements being found in insect orders such as Hymenoptera (Castro et al., 2006; Crozier
and Crozier, 1993), Thysanoptera (Shao and Barker, 2003), Phthiraptera (Cameron and Whiting,
2007; Covacin et al., 2006; Shao et al., 2001), and Orthoptera (Flook et al., 1995b).

This study expands previous knowledge of mitochondrial genome in Phasmatodea adding to the
sampling (7imema californicum, suborder Timematodea) two newly representatives of the
unstudied (to date) suborder Verophasmotodea.

Although this taxa sampling is too small to make definitive conclusion about all aspects of
Phasmatodea evolution, it is interesting to note that the ancestral plesiomorphic gene order is shared
by both Timematodea and Verophasmatodea suborders, with the former that is the earliest
branching group of the Phasmatodea order.

The possibility that these gene order may represent secondary reversion to the insect ground plan is
therefore low and nonetheless, it is doubtful that additional intraordinal synapomorphies may come
to the light.

The total evidence datasets (ALL coding scheme), regardless of the optimality criteria used, all
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recovered Phasmatodea as monophyletic. This is particularly interesting because the Timematodea
suborder is the earliest diverging stick insect. Actually it has been shown that this suborder is the
sister to the Euphasmatodea (to which Verophasmatodea belong) in previous phylogenetic studies
(Whiting et al., 2003). Moreover the divergence between Timema and Euphasmatodea occurred
more than 95 Myr ago (Buckley et al., 2009 in press).

Under Maximum Likelihood and Bayesian analyses, a quite robust sister relationship among
(Phasmatodea+(Mantophasmatodea+Grylloblattodea)) is found, with this clade more closely related
to Dictyoptera ((Mantodea+(Blattodeat+Isoptera) rather than Orthoptera. Thus the inferred trees
allow to reject the “robust” sister relationship found by Fenn et al., (2008), which was rather
concordant with many previous studies that found a close relationship between Orthoptera and
Phasmatodea (Sharov, 1968; Kamp, 1973; Boudreaux, 1979; Kukalova-Peck, 1991; Flook and
Rowell, 1998; Wheeler et al., 2001; Terry and Whiting, 2005; Cameron et al., 2006).

Complete taxon sampling of rich character sets will eventually lead to a more accurate
understanding of the phylogenetic relationships within Polyneoptera and the sequencing of
complete mtgenomes from additional representatives will aid in this effort.

Another interesting issue can be mentioned for the clade
((Phasmatodea+(Mantophasmatodea/Grylloblattodea). Actually, the total evidence data (ALL)
alone are not enough to unambiguously resolve whether Mantophasmatodea is more closely related
to Phasmatodea rather than to Grylloblattodea, as supposed by Terry and Whiting (2005). In more
detail, the morphological synapomorphies defining the polyneopterous orders need to be rigorously
assessed to reconcile molecular studies with traditional morphological assessments: Phasmatodea is
defined by several synapomorphies, such as pear-shaped secretory appendices on the posterior part
of the mesenteron (Bradler, 2003), the absence of mitochondria in spermatozoa (Jamieson, 1987),
the male vomer (Bradler, 1999, 2003), the splitting of the lateral dorsoventral musculature into
isolated muscle fibres (Bradler, 2003) and the emarginated labrum (Tilgner et al., 1999). More
attention has centred on the presence of paired prothoracic repellant glands (Bradler, 2003; Hennig,
1969, 1994; Tilgner et al., 1999), the absence of which in Mantophasmatodea is probably the basis
of the failure to determine a close relationship between these two groups, in spite of the gross
morphological similarities between mantophasmids and phasmatodeans in general and Timema in
particular. Cameron et al., (2006) suggested two possibilities, either that this gland was secondarily
lost in Mantophasmatodea, or that it is not a synapomorphy of an expanded Phasmatodea clade
(including Mantophasmatodea) but rather, a synapomorphy of a more restricted set of taxa. The
analysis of genitalic characters (Klass et al., 2003) points to affinity between Phasmatodea and

Mantophasmatodea; on the other hand, further characters need to be examined more in detail to
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support this conclusion.
As a general remark, deeper analyses of the relationships between Timema and other early

branching stick insects need to be performed in order to draw more rigorous conclusions.

3.2.3.1 METHODOLOGICAL EFFECTS OF VARIOUS APPROACHES TO PHYLOGENETIC
RECONSTRUCTION

The differences, advantages and disadvantages between the three major phylogenetic optimality
criteria (MP, ML and BA) are an ongoing debate. In this study, I assessed how each criterion would
perform under a variety of different datasets derived from the mt genomes. When all available data
were analyzed simultaneously (ALL-12), there was no apparent effect on topology between
parsimony and model-based analyses. Even when a unique model of molecular evolution was
applied to a dataset composed of multiple genes with differing evolutionary rates (ML), topology
was the same as the highly precise and partitioned evolutionary models (BA) and high nodal
supports were still recovered. These findings may indicate that the signals within mt genomes are so
strong that even inadequate models of evolution do not adversely affect the phylogenetic
reconstruction. However, it is also possible that the strong congruence among different optimality
criteria is a function of small taxon sampling and large character sampling. In fact, when the smaller
subsets of data (RIBO or TRAN) are analyzed under different optimality criteria, different
topologies were recovered. In fact, the great part of the analyses using ribosomal RNAs and transfer
RNAs failed to recover Pasmathodea as monophyletic. In contrast, they do contribute to the overall
signal when analyzed with other available data. Especially, we find that the TRAN dataset had a
comparable resolving capacity to the RIBO dataset, despite its smaller size of being approximately

50% of the RIBO dataset.
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4. MATERIALS AND METHODS

4.1 SECTION-1: MOLLUSCA BIVALVIA

4.1.1 SAMPLE COLLECTION

Musculista senhousia specimens from Venice Lagoon (Italy) were used for analysis. About 50
specimens were stimulated to emit sperm or eggs in seawater added with hydrogen peroxide,
according to (Morse et al., 1997). As soon as the treated seawater was removed and the mussels
introduced in single recipients with clear seawater, some of them started emitting sperm or eggs.
Each emission was analyzed by light microscopy to sex the specimens, as well as to detect eventual
contamination by somatic cells, and a total of 10 sperm and 10 egg samples were further analyzed.

Gametes were then collected after a gentle centrifugation (3000 x g) and seawater removed.

Gametes were immediately frozen and stored at -20°C for subsequent analyses.

4.1.2 PCR AMPLIFICATIONS, SEQUENCING AND ANNOTATION

Total genomic DNA was extracted from each gamete sample using the DNeasy Tissue Kit
(Qiagen).

Partial sequences of Cytochrome b (cob) and mitochondrial ribosomal large subunit RNA (rrnl)
were amplified and directly sequenced without cloning, as described in (Passamonti et al., 2003)
The primers were: cobR (5'-GCRTAWGCRAAWARRAARTAYCAYTCWGG-3") and cobF (5'-
GGWTAYGTWYTWCCWTGRGGWCARAT-3") for cob (designed by J. L. Boore), and 16Sbr
and 16SarL for rrnL (Palumbi et al., 1991). Sequencing reactions were performed on both strands
with BigDye Terminator Cycle Sequencing Kit according to supplier's instructions (Applied
Biosystem) in a 310 Genetic Analyzer (ABI) automatic sequencer.

The sequences obtained from these region were then used to design sex-specific primers to amplify
the entire mitochondrial genome in two overlapping fragments by long PCR reactions.

Long PCR amplifications were on a Gene Amp® PCR System 2720 (Applied Biosystem) in 50 1
reaction volume composed of: 31.5 (1 of sterilized distilled water, 10 1 of 5X Herculase 11
Fusion Reaction Buffer, 0.5 (1 of ANTPs mix, 1.25 (1 of each primer (10 M), 5 (1 of DNA
template (25-50 ng) and 0.5 (1 of Herculase II Fusion DNA Polymerase.
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Reaction conditions were in accordance to supplier's recommendations: initial denaturation at
95°C for 5 min and then incubated at 95°C for 20 sec, 50°C for 20 sec, and 68°C for 10 min for 30
cycles and 68°C for 8 min for a final extension. To obtain the F genome, the mtDNA of a female
individual was amplified by long PCR in two fragments: both pairs of primers, F-cob383R//F-
16S142F and F-cob160F//F-16S355R, amplified a fragment of 10-11 kb respectively.

The M genome of one male individual was amplified by long PCR in two fragments using the same
reaction conditions and two sets of primers: M-cob386R//M-16S103F and M-cobl60mF//M-
16S218R. Both couple of primers amplified a fragment of 10-11 kb respectively.

Each Long-PCR fragments were purified using Wizard® SV Gel and PCR Clean-Up System
(Promega).

Sequencing of the two major fragments was done using a shotgun approach. Amplicons were
randomly sheared to 1.2-1.5 kb DNA segments using a HydroShear device (GeneMachines).
Sheared DNA was blunt end-repaired at room temperature for 60 min using 6 U of T4 DNA
Polymerase (Roche), 30 U of DNA Polymerase I Klenow (NEB), 10 11 of dNTPs mix, 13 @1 of
10x NEB buffer 2 (NEB) ina 115 (1 total volume and gel purified using the Wizard® SV Gel and
PCR Clean-Up System (Promega). The resulting fragments were ligated into the Smal site of a
pUCI18 cloning vector using the Fast-Link DNA ligation Kit (Epicentre) and electroporated into
One Shot® TOP10 Electrocomp™ E. coli cells (Invitrogen) using standard protocols. Recombinant
clones were screened by PCR using M13 universal primers. Obtained recombinant colonies were
purified using Multiscreen (Millipore) according to the manufacturer's instructions. Clones were

sequenced using M13 universal primers by Macrogen Inc.

4.1.3 ANNOTATION, ALIGNMENT AND PHYLOGENETIC ANALYSES

Raw sequences were manually corrected and assembled into contigs with the software Sequencher
4.6 (Gene Codes). Hence, the final assemblies were based on a minimum sequence coverage of 3X.
The tRNA genes were identified by their secondary structure using tRNA-scan SE 1.21 (Lowe and
Eddy, 1997) with invertebrate mitochondrial codon predictors and a cove score cut off of 1. Open
reading frames between tRNAs were found using ORF Finder and identified using translated

BLAST searches (blastx) (Altschul et al., 1997) as both implemented by the NCBI website

(http://www.ncbi.nlm.nih.gov/).
Amino acid alignment was generated in ClustalW (Thompson et al., 1994 implemented in

MEGAA4.0, Tamura et al. 2007) for each of the 13 protein coding genes and a DNA alignment

47



inferred from the amino acid alignment using MEGA4.0 (Tamura et al. 2007) which can translate
between DNA and amino acid sequences within alignments.

To analyze sequence variability, pairwise p-distances, their mean values and standard errors (by the
bootstrap procedure) were obtained using the software MEGA version 4.1 (Tamura et al. 2007).
The use of a p-distance estimator has been preferred for simplicity, because I did not want to
introduce any model of DNA substitution, which might have an influence in the performed tests,
and because the use of p-distance estimators has been already used also in earlier literature
(Passamonti et al., 2003).

The divergence of protein genes in synonymous (Ks) and nonsynonymous (Ka) sites was calculated
by the modified Nei-Gojobori method with Jukes-Cantor correction, and the p distance at the amino
acid level was calculated using the computer program MEGA version 4.1 (Tamura et al. 2007).
Twofold-, and fourfold-degenerated positions were identified using software DnaSP program v.4.1
(Rozas et al., 2003). This program was also used to estimate codon usage.

Potential secondary structures near or at the 5'-end of protein genes have been produced by the
RNA "mfold" program 3.1 (Zuker 2003).

The Neural Network Promoter Prediction tool (Reese, 2001) was used to identify potential

promoter sequences.

4.2 SECTION-2: PHASMATODEA

4.2.1 SAMPLE COLLECTION

Stick insects of Bacillus rossius and Bacillus atticus were collected from Sardinia island (Siniscola)

and Israel (Golan) respectively. Field-collected specimens were stored at -80°C.

4.2.2 PCR AMPLIFICATIONS AND SEQUENCING

Total genomic DNA was isolated from somatic tissues with a standard phenol-chloroform protocol.
In each of the two specimens four partially overlapping pieces were obtained using universal
primers: the fragments of r7nS gene (543 bp) were amplified using the pair of primers SR-J14197
and SR-N14745 (Simon et al. 2006) via normal PCR and directly sequenced. Partial genomes
including the region nadh?2 to coxI genes (2100 bp) were amplified with primers TM-J210 (Simon
et al. 1994) and C1-N2329 (Simon et al. 2006) via Long PCR and directly sequenced using “primer
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walking” method. The two major fragments (9.0 kb and 5.5 kb) were amplified using C1-J-
2195//CB-N-11367 and N4-J-8944//LR-N primers (Simon et al. 1994) respectively.

Normal PCR were performed in a 50 pL reaction mixture consisting of 27.5 pl of sterilized water;
3 ul MgCl12, 50 mM; 5 pl 10 x PCR Buffer; 4 ul NTP, 2.5 mM; 2.5 pl of each primer, (10 uM); 5
ul DNA template (25-50 ng); 0.5 pl Takara Taq DNA polymerase: initial denaturation for 2 min at
94 °C, followed by 30 cycles of 30 s at 94 °C, 30 s at 52 °C, and 60 s at 72°C, and a subsequent 7
min final extension step at 72 °C.

Long PCR amplifications were in 50 (1 reaction volume composed of: 31.5 1 of sterilized water,
10 (1 of 5X Herculase II Fusion Reaction Buffer, 0.5 (1 of dNTPs mix, 1.25 w1 of each primer
(10 uM), 5 i1 of DNA template (25-50 ng) and 0.5 (1 of Herculase II Fusion DNA Polymerase.
Reaction conditions were according to supplier's recommendations: the mix was heated at 95°C for
5 min and then incubated at 95°C for 20 sec, 50°C for 20 sec, and 68°C for 10 min for 30 cycles
and 68°C for 8 min for a final extension.

Both Normal- and Long-PCR were performed using Gene Amp® PCR System 2720 (Applied
Biosystem)

As well as for Timema californicum stick insect (Cameron et al., 2006), it was not possible to
successfully sequence the control region of both Bacillus specimens. This failure should be due to
either its extreme length or to the presence of highly repetitive A+T-rich portions in this region, or
both.

Each PCR fragments were purified using Wizard® SV Gel and PCR Clean-Up System (Promega).
Sequencing of the two major fragments was done using a shotgun approach. Amplicons were
randomly sheared to 1.2-1.5 kb DNA segments using a HydroShear device (GeneMachines).
Sheared DNA was blunt end-repaired at room temperature for 60 min using 6 U of T4 DNA
Polymerase (Roche), 30 U of DNA Polymerase I Klenow (NEB), 10 11 of dNTPs mix, 13 u«1 of
10x NEB buffer 2 (NEB) ina 115 (1 total volume and gel purified using the Wizard® SV Gel and

PCR Clean-Up System (Promega). The resulting fragments were ligated into the Smal site of a
pUCI18 cloning vector using the Fast-Link DNA ligation Kit (Epicentre) and electroporated into
One Shot® TOP10 Electrocomp™ E. coli cells (Invitrogen) using standard protocols. Recombinant
clones were screened by PCR using M13 universal primers. Obtained recombinant colonies were
purified using Multiscreen (Millipore) according to the manufacturer's instructions. Clones were

sequenced using M13 universal primers by Macrogen Inc.
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4.2.3 ANNOTATION, ALIGNMENT AND PHYLOGENETIC ANALYSES

Raw sequences were manually corrected and assembled into contigs with the software Sequencher
4.6 (Gene Codes). Hence, the final assemblies were based on a minimum sequence coverage of 3X.
The tRNA genes were identified by their secondary structure using tRNA-scan SE 1.21 (Lowe and
Eddy, 1997) with invertebrate mitochondrial codon predictors and a cove score cut off of 1. Open
reading frames between tRNAs were found using ORF Finder and identified using translated
BLAST searches (blastx) (Altschul et al., 1997) as both implemented by the NCBI website

(http://www.ncbi.nlm.nih.gov/).

To elucidate the phylogenetic position of Verophasmatodea within pterygote insects, mtDNA
sequences for 12 additional species of insects were obtained from GenBank two nonpterygotes, a
silverfish (Nesomachilis australica) and a bristletail (7Tricholepidion gertischi), were used as
outgroup taxa (Tab. 10).

Annotated mt genomes were organized using MEGA 4.0 (Tamura et al. 2007) with each of the 13
protein coding genes aligned separately. Protein-coding genes were translated into amino acid
sequence using the invertebrate mitochondrial genetic code in MEGA, and aligned based on their
amino acid sequence using default settings in ClustalW (as implemented in MEGA). The alignment
was back-translated into the corresponding nucleotide sequences. Ribosomal and transfer RNA
genes (19 out 22: except for trnl, trnQ and trnM) were aligned individually with MAFFT. Datasets
were concatenated in MacClade (Maddison and Maddison, 2003) using the partitioning scheme

presented below.

4.2.4 PHYLOGENETIC ANALYSES AND DATA PARTITIONING

An alignment consisting of 3.835 amino acids and 11.505 nucleotides were obtained from all
protein genes. A larger alignment of 15.238 nucleotides was obtained by adding to the 11.505
nucleotides both transfer and ribosomal RNA genes (1.253 and 2.480 nucleotides respectively).

For each coding protein gene, a saturation analysis (Xia et al., 2003) was performed on third codon
position using DAMBE 4.2.13 (Xia and Xie, 2001). Most of the genes showed saturation on third
codon positions, thus they were excluded from the final concatenated nucleotide alignment and an
alignment of 7670 nucleotides for protein coding genes was obtained.

The effect of different inference methods on topology and nodal support in mt genome phylogenies
has been tested using parsimony (MP), maximum likelihood (ML) and Bayesian (BA) analyses
(Figs. 7-9 for all trees obtained). MP analyses were performed using PAUP* ver. 4.0b10 (Swofford,
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2002), with gaps treated both as missing or as a 5th character state (21st character state for amino
acid analyses). Bootstrap support was calculated from 1000 bootstrap replicates with 100 random
additions per replicate in PAUP*. Tree statistics were also calculated in PAUP* (Table x). Models
for ML analyses were chosen for each concatenated dataset using “Hierarchical Likelihood Ratio
Tests” (hLRTs) as implemented in ModelTest (Posada and Crandall, 1998). Bootstrap support for
ML trees was calculated using 500 bootstrap replicates with 10 random additions per replicate.
Models for BA analyses were also chosen using AIC as implemented in ModelTest (Posada and
Crandall, 1998), with models assessed independently for each partition used in the concatenated
datasets (see below). All BA analyses ran four separate runs using unlinked partitions with four
chains per run for a total of ten million generations per run with sampling every 100 generations in
MrBayes versions 3.1.1 (Ronquist and Huelsenbeck, 2003).

Parameter values were examined for asymptotic behavior and all generations prior to this point
were discarded as burn-in: therefore, an average of 10% of each BA run was treated as burn-in and
discarded. All phylogenetic analyses were run on the BIOportal server (www.bioportal.uio.no).

I also studied the effect of data partitioning by comparing topology and nodal support values within
each of three phylogenetic inference methods tested. In this regard, six datasets have been created
with varying gene content or coding: i) all genes, excluding the third codon position of the protein-
coding genes (protein-coding, ribosomal RNA and transfer RNA genes), coded as nucleotide data
(ALL); ii) protein-coding genes excluding third codon positions alone coded as nucleotides (PCG-
12) ; iii) protein-coding genes translated into amino acid sequences (PROT); iv) transfer RNA genes
alone (TRNA); v) ribosomal RNA genes alone (RIBO) and, vi) transfer RNA together with
ribosomal genes (TRNA+RIBO). In this way, it was possible to study the phylogenetic information
content of different gene types (ALL vs PCG-12 vs RIBO vs TRNA vs TRNA+RIBO datasets) and
the effects of translated amino acids versus nucleotide sequences (ALL/PCG-12 vs PROT datasets).
Additionally, the effect of gap coding was explored in MP analyses by coding gaps as missing vs as
a new character state (5th state in nucleotide sequences, 21st state in amino acid sequence). In BA
analyses, a single partition has been used for TRNA dataset. Differently, the ALL, PCG-12, RIBO
and TRNA+RIBO datasets have been partitioned into gene-based partitions (GP, 16 partitions in
ALL, 13 in PCG-12, 2 in RIBO and 3 in TRNA+RIBO, to examine the effect of different

partitioning schemes used in BA analyses.
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Tablel: Lenght, base composition and Sequence divergence of M and F gene and Unassigned
Regions in Musculista senhousia

Base Composition (%) Divergence (SE)
Gene/Region FM Lenght T C A G pD K K,
type
Noncoding UR1-26/LUR M 4556 bp 379 114 314 193 NA NA NA
UR1-28/LUR F 7007 bp 38.0 105 307 208 NA NA NA
rRNA Genes rrnalL M 1682 bp 373 126 308 193 0.312 (0.013) NA NA
F 1125 bp 358 134 304 204
rrnaS M 1087 bp 36.3 12,0 31.6 201 0.093 (0.009) NA NA
F 819 bp 372 110 321 19.7
All rRNA genes M 2769 bp 369 124 311 19.6 0.690 (0.010) NA NA
F 1944 bp 364 124 311 20.1
Protein genes atp6 M 714 bp 422 129 238 211 0.258 (0.017) 0.894 (0.116) 0.156 (0.021)
F 714 bp 438 127 235 199
cox1 M 1584 bp 383 159 247 211 0.180 (0.009) 0.838 (0.073) 0.042 (0.006)
F 1584 bp 40.0 144 244 213
cox2 M 690 bp 36.7 152 267 214 0.264 (0.016) 0.887 (0.124) 0.178 (0.024)
F 660 bp 374 145 273 208
cox2b M 813 bp 359 141 28.7 213 0.267* (0.016) 0.653* (0.088) 0.223* (0.030)
F NA NA NA NA NA
cox3 M 855 bp 42,0 13.1 233 216 0.220 (0.012) 0.811 (0.094) 0.107 (0.016)
F 855 bp 434 129 209 228
cob M 1197 bp 40.6 139 252 203 0.106 (0.009) 0.346 (0.037) 0.034 (0.007)
F 1197 bp 404 13.6 249 211
nadl M 996 bp 39.8 122 260 220 0.228 (0.012) 0.673 (0.069) 0.146 (0.017)
F 993 bp 413 115 244 232
nad2 M 945 bp 449 108 244 199 0.302 (0.013) 0.843 (0.086) 0.244 (0.025)
F 945 bp 44.1 109 224 225
nad3 M 375 bp 443 141 213 203 0.261 (0.023) 1.005 (0.196) 0.147 (0.027)
F 390 bp 45.6 12.6 21.0 208
nad4 M 1329 bp 414 115 23.6 235 0.273 (0.011) 0.931 (0.084) 0.175 (0.017)
F 1320 bp 399 119 243 239
nad4L M 216 bp 435 88 245 231 0.199 (0.027) 0.626 (0.143) 0.107 (0.027)
F 216 bp 440 8.8 245 227
nad5 M 1766 bp 393 132 283 19.2 0.287 (0.010) 0.839 (0.063) 0.219 (0.017)
F 1750 bp 38.8 132 25.6 223
nadé6 M 624 bp 438 114 256 192 0.284 (0.018) 0.619 (0.082) 0.268 (0.036)
F 624 bp 42.1 123 252 204
All proteins M #11504 bp 409 13.0 252 209 #0.237 (0.003) 0.750 (0.022) 0.146 (0.005)
F 11326 bp 40.8 12.8 24.1 22.3
Complete M 20612 bp 393 127 277 203 NA NA NA
F 21557 bp 393 12,0 272 214

*: pD beetween male-cox2 and cox2b genes

#: male-cox2b gene was excluded from the computation of overall pD
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Table2: Organization of male Musculista senhousia mitochondrial genome.

Position Strand Lenght Gene and UR*  Anticodon Start codon Stop codon
1-375 H 376 bp nad3 ATG TAA
376-434 59 bp UR-1

435-500 H 66 bp trnY GTA

501-534 34 bp UR-2

535-598 H 64 bp trnH GTG

599-619 21 bp UR-3

620-687 H 68 bp trnl GAT

688-751 H 64 bp trnN GTT

752-3598 H 2847 bp CR

3599-3667 H 69 bp trnE TTC

3668-3708 41 bp UR-4

3709-5292 H 1584 bp cox] ATG TAA
5293-5852 560 bp UR-5

5853-6665 H 813 bp coxIIb ATG TAA
6666-6706 41 bp UR-6

6707-7396 H 690 bp coxIl ATA TAA
7397-7612 216 bp UR-7

7613-8326 H 714 bp atpb ATG TAA
8327-8348 22 bp UR-8

8349-8415 H 67 bp trnT TGT

8392-9588 H 1197 bp Cob ATA TAA
9589-9606 18 bp UR-9

9607-9671 H 65 bp trnD GTC

9672-9673 2bp UR-10

9674-9747 H 74 bp trnR TCG

9748-9826 79 bp UR-11

9827-9892 H 66 bp trnG TCC

9893-9824 L 70 bp trnS GGA

9893-10979 1087 bp rrnaS

10980-11417 H 438 bp nad6 ATA TAA
11418-11472 55bp UR-12

11473-12417 H 945 bp nad?2 ATA TAG
12418-12444 27 bp UR-13

12445-13299 H 855 bp cox3 ATG TAA
13299-13366 H 68 bp trnK TTT

13367-13377 11 bp UR-14

13378-13445 H 68 bp trnF GAA

13446-13464 19 bp UR-15

13465-13528 H 64 bp trnP TGG

13529-13555 27 bp UR-16

13556-13620 H 65 bp trnL2 TAG

13621-13626 6 bp UR-17

13627-13694 H 68 bp trnC GCA

13695-13738 44 bp UR-18

13739-13803 H 65 bp trnL1 TAA

13804-13840 37 bp UR-19

13841-14836 H 996 bp nadl ATG TAG
14836-14898 H 63 bp trnM2 TAT

14899-14985 87 bp UR-20

14986-15049 H 64 bp trnV TAC

15050-15183 134 bp UR-21

15184-15399 H 216 bp nad4L ATA TAA
15400-15464 65 bp UR-22

15465-17230 H 1766 bp nad5 ATA T-
17231-17294 H 65 bp trn4 TGC

17295-17338 44 bp UR-23

17339-18667 H 1329 bp nad4 ATA TAA
18668-18710 43 bp UR-24

18711-18776 H 66 bp trnW TCA

18777-18781 5bp UR-25

18782-18848 H 67 bp trnQ TTG

18849-18863 15 bp UR-26

18864-18930 H 67 bp trnM1 CAT

18931-20612 1682 bp rrnal

Note: *UR indicates Unassigned Regions
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Table3: Organization of female Musculista senhousia mitochondrial genome.

Position Strand Lenght Gene and UR* Anticodon Start codon Stop codon
1-390 H 390 bp nad3 ATG TAA
391-625 235 bp UR-1

626-691 H 66 bp trnY GTA

692-1234 542 bp UR-2

1235-1299 H 65 bp trnH GTG

1300-1315 16 bp UR-3

1316-1381 H 66 bp trnl GAT

1382-1392 11 bp UR-4

1393-1456 H 64 bp trnN GTT

1457-1565 109 bp UR-5

1566-1630 H 65 bp trnE TTC

1631-6152 4567 bp CR

6153-7736 H 1540 bp coxl ATG TAA
7737-8114 378 bp UR-6

8115-8774 H 660 bp cox2 ATA TAA
8775-9051 277 bp UR-7

9052-9765 H 714 bp atpb ATG TAG
9766-9791 26 bp UR-8

9792-9858 H 67 bp trnT TGT

9835-11031 H 1197 bp cob ATA TAA
11032-11049 18 bp UR-9

11050-11114 H 65 bp trnD GTC

11115-11123 9bp UR-10

11124-11189 H 66 bp trnR TCG

11190-11269 80 bp UR-11

11270-11335 H 66 bp trnG TCC

11267-11336 L 70 bp trnS GGA

11336-12154 819 bp rrnaS

12155-12778 H 624 bp nad6 ATG TAA
12779-12828 50 bp UR-12

12829-13773 H 945 bp nad? ATA TAA
13774-13855 112 bp UR-13

13856-14710 H 855 bp cox3 ATG TAA
14711-14723 13 bp UR-14

14724-14790 H 67 bp trnK TTT

14791-14797 7 bp UR-15

14798-14865 H 68 bp trnF GAA

14866-14879 14 bp UR-16

14880-14944 H 65 bp trnP TGG

14945-14977 33 bp UR-17

14978-15042 H 65 bp trnL2 TAG

15043-15048 6 bp UR-18

15049-15112 H 64 bp trnC GCA

15113-15159 47 bp UR-19

15160-15223 H 64 bp trnLl TAA

15224-15259 36 bp UR-20

15260-16252 H 993 bp nadl ATG TAA
16253-16385 133 bp UR-21

16386-16448 H 63 bp trnM2 TAT

16449-16487 39 bp UR-22

16488-16549 H 62 bp trnV TAC

16550-16695 146 bp UR-23

16696-16911 H 216 bp nad4L ATA TAA
16912-16988 77 bp UR-24

16989-18738 H 1750 bp nad5 ATA T-
18739-18804 H 66 bp trn4 TGC

18805-18843 39 bp UR-25

18844-20163 H 1320 bp nad4 ATA TAG
20164-20213 50 bp UR-26

20214-20280 H 67 bp trnW TCA

20281-20285 5bp UR-27

20286-20353 H 68 bp trnQ TTG

20354-20361 7 bp UR-28

20362-20432 H 70 bp trnM1 CAT

20433-21557 H 1125 bp rrnal

Note: *UR indicates Unassigned Regions
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Table4: genes, initiation and termination codons and number of amino acids in male and female
Musculista senhousia genomes.

Protein male female Maa Faa  Distance(SE) Ks Ka Ka/Ks
gene start/stop start/stop
cod. cod.

atp6 ATG/TAA ATG/TAG 238 238 0.228 (0.017) 0.894 (0.116) 0.156 (0.021) 0.17
coxl ATG/TAA ATG/TAA 1584 1584 0.053 (0.010) 0.838 (0.073) 0.042 (0.006) 0.05
cox2 ATA/TAA ATA/TAA 230 220 0.251 (0.029) 0.887 (0.124) 0.178 (0.024) 0.20
cox2b ATG/TAA NA 271 NA 0.279* (0.029)  0.653* (0.088) 0.223%* (0.030) *0.34
cox3 ATG/TAA ATG/TAA 285 285 0.155(0.021) 0.811 (0.094) 0.107 (0.016) 0.13
cob ATA/TAA ATA/TAA 399 399 0.058 (0.012) 0.346 (0.037) 0.034 (0.007) 0.09
nadl ATG/TAG ATG/TAA 332 331 0.218 (0.021) 0.673 (0.069) 0.146 (0.017) 0.21
nad?2 ATA/TAG ATA/TAA 315 315 0.306 (0.025) 0.843 (0.086) 0.244 (0.025) 0.29
nad3 ATG/TAA ATG/TAA 125 130 0.202 (0.036) 1.005 (0.196) 0.147 (0.027) 0.14
nad4 ATA/TAA ATA/TAG 443 440 0.243 (0.019) 0.931 (0.084) 0.175(0.017) 0.18
nad4L ATA/TAA ATA/TAA 72 72 0.183 (0.049) 0.626 (0.143) 0.107 (0.027) 0.17
nad5 ATA/T- ATA/T- 588 583 0.278 (0.017) 0.839 (0.063) 0.219 (0.017) 0.26
nad6 ATA/TAA ATG/TAA 208 208 0.324 (0.018) 0.619 (0.082) 0.268 (0.036) 0.43
All proteins 0.750 (0.022) 0.146 (0.005) 0.19

Note.- start/stop cod. indicate initiation and termination codons in male and female respectively.
T-: TAA stop codon is completed by additino of 3’ A residue sto the mRNA.

Maa and Faa indicate the number of amino acids in male and female respectively.

Distance (SE) indicate p-Distances at the amino acidic level.

Ks and Ka indicate the divergence of protein genes in synonymous (Ks) and non synonymous (Ka)
sites respectively.

Ka/Ks indicates ratio’s value between Ka and Ks.
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Table5: Codon usage in male and female Musculista senhousia mitochondrial genome.

aa Codon N % aa  Codon N % aa  Codon N % aa Codon N %
Phe TTT 324 845 Ser TCT 118 3.06 Tyr TAT 119 3.09 Cys TGT 79 205
301 7.82 105 5.88 117 3.04 77 202
IIC 46 119 ICC 16 0.41 TAC 35 091 IGC 15 039
41 1.06 10 0.26 40  1.04 12 031
Leu ITA 264 6.86 TCA 34 088 sc.  TAA 9 023 Trp IGA 57 148
253 6.57 35 091 9 023 50 13
TTG 104  2.70 TCG 4 010 TAG 2005 TGG 43 111
112 291 14 036 3007 45 117
Leu CTT 88 228 Pro CCT 89 213 His CAT 46 1.19 Arg CGT 39 101
83 215 93 241 55 143 34 0.88
CTC 14 036 cce 11 028 CAC 25 0.65 CGC 12 031
20 052 10 0.26 17 0.44 6 015
CTA 54 114 CCA 18 046 GIn  CAA 35 091 CGA 8 020
65 169 12 031 32 083 16 0.41
CTG 23 059 CCG 8 020 CAG 16 041 CGG 10 026
46 119 8 020 23 059 13 033
e ATT 161 418 Thr ACT 57 148 Asn  AAT 79 205 Ser AGT 77 202
155  4.03 54 1.40 78 2.02 67 174
ATC 43 111 ACC 19 049 AAC 51 132 AGC 33 085
40 104 7 018 29 075 32 0.83
Met ATA 142 3.69 ACA 35 091 Lys AAA 100 260 Arg AGA 93 241
149 3.87 30 0.78 81  2.10 99 257
AIG 76 205 ACG 11 0.28 AAG 29 075 AGG 78 2.02
59 153 15 039 29 075 63 1.63
val GIT 178 4.62 Ala  GCT 83 2,15 Asp GAT 61 158 Gly GGT 100 2.60
192 4.99 85 221 56 145 102 2.65
GTC 29 075 GCC 23 059 GAC 17 0.44 GGC 27 070
26 0.67 15 039 17 0.44 39 101
GTA 106 275 GCA 41 106 Glu GAA 52 135 GGA 48 0.70
119 3.09 45 117 45 117 44 114
GTG 81 2.10 GCG 20 052 GAG 38 098 GGG 81 210
83 215 20 052 49 127 93 241

Note.- In each codon the upper value correspond to M and the lower to F genome. Codons that

match the corresponding tRNA anticodon are underlined.
aa: amino acid.
N: number of occurence of the codon in the genome.
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Table6:

female Musculista senhousia, UR (Unassigned regions) and LUR
(Large Unassigned Region): base compositions and A+T content.

Base Composition (%) A+T%
Lenght T C A G
UR-1 235 bp 39.6 85 340 179 73.6
UR-2 543 bp 378 9.8 313 212 69.1
UR-3 16 bp 25.0 125 313 313 56.3
UR-4 11 bp 182 273 364 182 54.6
UR-S 109 bp 36.7 13.8 294 20.2 66.1
UR-6 378 bp 43.1 8.7 28.6 19.6 71.7
UR-7 277 bp 43.7 11.9 264 18.1 70.1
UR-8 26 bp 61.5 115 19.2 7.7 80.7
UR-9 19 bp 42.1 15.8 42.1 0.0 84.2
UR-10 9 bp 444 11.1 11.1 333 55.5
UR-11 77 bp 351 16.9 286 195 63.7
UR-12 50 bp 46.0 6.0 320 16.0 78.0
UR-13 82 bp 329 159 354 159 68.3
UR-14 13 bp 538 7.7 23.1 154 76.9
UR-15 7 bp 28.6 0.0 71.4 0.0 100.0
UR-16 14 bp 429 0.0 214 357 64.3
UR-17 33 bp 212 9.1 424 273 63.6
UR-18 6 bp 16.7 0.0 66.7 16.7 834
UR-19 47 bp 340 64 42.6 17.0 76.6
UR-20 36 bp 41.7 5.6 36.1 16.7 77.8
UR-21 133 bp 34.6 10.5 39.8 15.0 74.4
UR-22 39 bp 359 103 43.6 103 79.5
UR-23 146 bp 46.6 6.8 26.0 20.5 72.6
UR-24 77 bp 44.2 104 27.3 182 71.5
UR-25 39 bp 41.0 2.6 333 231 74.3
UR-26 50 bp 50.0 10.0 26.0 14.0 76.0
UR-27 5 bp 40.0 0.0 40.0 20.0 80.0
UR-28 8 bp 375 125 375 125 75.0
LUR 4520 bp 36.8 10.8 305 219 67.3
UR 1-28/LUR 7007 bp 38.0 10.5 30.7 208 68.7
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Table7: male Musculista senhousia, UR (Unassigned regions) and LUR
(Large Unassigned Region): base compositions and A+T content.

Base Composition (%) A+T%
T C A G

UR-1 59 bp 47.5 8.5 35.6 8.5 83.1
UR-2 34 bp 324 2.9 44.1 20.6 76.5
UR-3 21 bp 333 19.0 334 14.3 66.7
UR-4 41 bp 39.0 9.8 24.4 26.8 63.4
UR-S 560 bp 411 113 293 18.4 70.4
UR-6 41 bp 41.5 73 268 24.4 68.3
UR-7 216 bp 40.7 148 278 16.7 68.5
UR-8 22 bp 13.6 227 50.0 13.6 63.6
UR-9 18 bp 333 167 444 5.6 71.7
UR-10 2 bp 0.0 0.0 100.0 0.0 /

UR-11 78 bp 41.0 12.8 282 17.9 69.2
UR-12 56 bp 44.6 107 321 12.5 76.7
UR-13 27 bp 40.7 74 444 7.4 85.1
UR-14 11 bp 182 182 63.6 0.0 81.8
UR-15 19 bp 316 158 368 15.8 68.4
UR-16 27 bp 44.4 0.0 407 14.8 85.1
UR-17 6 bp 333 0.0 50.0 16.7 83.3
UR-18 44 bp 364 136 295 20.5 65.9
UR-19 37 bp 27.0 162 459 10.8 72.9
UR-20 86 bp 453 128 244 17.4 79.7
UR-21 134 bp 46.3 52 284 20.1 74.7
UR-22 64 bp 453 109 29.7 14.1 75.0
UR-23 44 bp 295 13.6 26.0 20.5 55.5
UR-24 43 bp 51.2 93 279 11.6 79.1
UR-25 5 bp 40.0 20.0 40.0 0.0 80.0
UR-26 15 bp 26.7 0.0 53.0 20.0 79.7
LUR 2.846 bp 363 115 314 20.7 67.7
UR 1-26/LUR 4.556 bp 379 114 314 19.3 69.3
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Table8: Organization of Bacillus rossius mitochondrial genome.

Position Gene Strand Lenght Startcod. Stop cod. Intergenic nucl®
1-999 nad2 H 999 ATA T- -2
998-1062 trnW H 65 -8
1055-1129  trnC J 75 0
1121-1185  #&rnY J 65 1
1187-2725  coxI H 1539 ATG T- -5
2721-2785 wnl2 H 65 0
2786-3487 coxIl H 702 ATA T- -35
3453-3522 trnK H 70 -1
3522-3586  trnD H 65 0
3587-3745  atp8 H 159 ATA TAA -7
3739-4413  atp6 H 675  ATG TAA -1
4413-5237  coxIll H 825 ATG T- -38
5200-5264  #rnG H 65 0
5265-5630  nad3 H 366 ATA T- -14
5617-5683  trnA H 67 -1
5683-5757 trnR H 75 0
5758-5823  trnN H 66 1
5825-5879  #rnS1 H 55 1
5891-5945  #rnE H 55 -2
5944-6007  #&rnF J -1
6007-7671 nad5 J 1665 ATA TAA 60
7732-7795  trnH J 64 -10
7786-9125  nad4 J 1338 ATG TAA -7
9119-9403  nad4L J 285 ATA TAA 8
9412-9476  trnT H 65 0
9476-9540  trnP J 65 1
9542-10021 nadé H 480 ATA TAA -1
10021-11154 cob H 1134 ATG T- -2
11153-11219 #&rnS2 H 67 -65
11155-12183 nadl J 1029 ATA TAG 3
12187-12253 #rnLl J 64 0
12254-13532 rrnL J 1279 0
13533-13601 trnV J 69 0
13602-14152 rrnS J 551

Note.- * Negatives numbers indicate that adjacent genes overlap.
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Tab9: Organization of Bacillus atticus mitochondrial genome.

Position Gene Strand Lenght Start c. Stop ¢.  Intergenic nucl®
1-999 nad?2 H 999 ATA T- -2
998-1062 trnW H 65 -7
1055-1119 trnC J 65 0
1120-1183 trnY J 64 1
1185-2723 coxI H 1539 ATG T- -5
2719-2782 trnL2 H 64 0
2783-3484 coxIl H 702 ATA T- -35
3450-3519 trnK H 70 -1
3519-3584 trnD H 66 0
3585-3743 atp8 H 159 ATA TAA -7
3737-4411 atp6 H 675 ATG TAA -1
4411-5235 coxIIl H 825 ATG T- -38
5198-5262 trnG H 65 0
5263-5628 nad3 H 366 ATA T- -14
5615-5691 trnA H 77 -1
5691-5746 trnR H 56 0
5747-5812 trnN H 66 1
5814-5878 trnS1 H 65 1
5880-5945 trnE H 66 -2
5944-6007 trnF J 64 -1
6007-7671 nad5 J 1665 ATG TAA 60
7732-7795 trnH J 64 2
7798-9133 nad4 J 1335 ATG TAA -7
9116-9401 nad4L J 285 ATA TAA 8
9410-9474 trnT H 65 0
9475-9538 trnP J 64 1
9540-10019 nad6 H 480 ATA TAA -1
10019-11146 cob H 1128 ATG T- -2
11145-11211  trnS2 H 67 -67
11147-12175  nadl J 1029 ATA TAG 3
12179-12255 trnLl J 77 0
12256-13536  rrnL J 1281 0
13537-13595  trnV J 59 0
13596-14138  rrnS J 543

Note.- * Negatives numbers indicate that adjacent genes overlap.
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Table10: Genbank accession numbers for taxa used in this study.

Order Species Genebank Reference
acces no.
Archaeognatha Nesomachilis australica NC 006895 Cameron et al., 2004
Thysanura Tricholepidion gertischi NC 005437 Nardi et al., 2003
Ephemeroptera Parafronurus youi NC 011359 Zhang et al., 2008
Odonata Orthetrum triangolare AB126005 Yamauchi et al., 2004
Blattaria Periplaneta fuliginosa NC 006076 Yamauchi et al., 2004
Isoptera Reticulitermes hageni NC 009501 Cameron and Whiting, 2007
Mantodea Tamolanica tamolana NC 007702 Cameron et al., 2006
Orthoptera Locusta migratoria NC 001712 Flook et al., 1995b
Grillotalpa orientalis NC 006678 Kim et al., 2005
Mantophasmatodea  Sclerophasma paresisensis NC 007701 Cameron et al., 2006
Phasmatodea Timema californicum DQ241799 Cameron et al., 2006
Bacillus rossius /! this study
Bacillus atticus /! this study
Grylloblattodea Grylloblatta sculleni DQ241796 Cameron and Whiting, 2007
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Figure 1.

YIE

nad3
M. rrnlL
W,
(4]
nad4
A
nad$
“od“‘ Mi
nadl Prg
L1 Cr> cox3

HN

F-type

21,557 bp

nad2

LUR

nad6

coxl

cox2

rrnS

atp6

cob

Figure 1: Gene map of the female Musculista senhousia mitochondrial genome.
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Figure 2.

YI

nad3
M. rrnlL
W,
(4]
nad4
A
nad$
“od“‘ MI
nadl Prg
L1 Cr> cox3

HN

M-type

20,612 bp

LUR

nad2

coxl

nad6

cox2b

cox2

rrnS

atp6

cob

Figure 2: Gene map of the male Musculista senhousia mitochondrial genome.
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Figure 3.
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Figure 3: Putative secondary structure preceding the 5’-end of protein-coding genes.
A): Female Musculista senhousia mitochondrial genome.

B): Male Musculista senhousia mitochondrial genome.
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Figure 4.
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Figure 4: particular of the section relative to the cox/l gene duplication in male Musculista

senhousia mitochondrial genome.
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Figure 5.
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Figure 5: Schematic structure of both a) male and b) female LUR (Large Unassigned Region) of

Musculista senhousia. Within P repeats, black vertical solid line indicates the position of

palindromic sequence.
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Figure 6: Sequences and structures of palindromic motifs located within f repeats.
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Figure7.
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Figure 7: Phylogenetic tree of the relationships among Bacillus and other 12 taxa based on the
amino acid dataset of 13 mitochondrial protein-coding genes. Branch lengths and topologies from
Bayesian analyses. Numbers above branches specify posterior probabilities from Bayesian

inference (BI) and bootstrap percentages from maximum parsimony (MP) analyses.
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Figure 8.
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Figure 8: Phylogenetic tree of the relationships among Bacillus and 12 other taxa based on the total

nucleotide dataset (ALL). Branch lengths and topology are from the Bayesian analysis. Numbers

above branches specify posterior probabilities from Bayesian inference (BI), bootstrap percentages

from maximum likelihood (ML, 500 replicates) and maximum parsimony (MP, 1500 replicates)

analyses.
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