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Abstract.—Mitochondrial DNA (mtDNA) sequences are commonly used for inferring phylogenetic relationships. However,
the strand-specific bias in the nucleotide composition of the mtDNA, which is thought to reflect asymmetric mutational
constraints, combined with the important compositional heterogeneity among taxa, are known to be highly problematic for
phylogenetic analyses. Here, nucleotide composition was compared across 49 species of Metazoa (34 arthropods, 2 annelids,
2 molluscs, and 11 deuterosomes), and analyzed for a mtDNA fragment including six protein-coding genes, i.e., atp6, atp8,
cox1, cox2, cox3, and nad2. The analyses show that most metazoan species present a clear strand asymmetry, where one
strand is biased in favor of A and C, whereas the other strand has a reverse bias, i.e., in favor of T and G. The origin of this
strand bias can be related to asymmetric mutational constraints involving deaminations of A and C nucleotides during the
replication and/or transcription processes. The analyses reveal that six unrelated genera are characterized by a reversal of the
usual strand bias, i.e., Argiope (Araneae), Euscorpius (Scorpiones), Tigriopus (Maxillopoda), Branchiostoma (Cephalochordata),
Florometra (Echinodermata), and Katharina (Mollusca). It is proposed that asymmetric mutational constraints have been
independently reversed in these six genera, through an inversion of the control region, i.e., the region that contains most
regulatory elements for replication and transcription of the mtDNA. We show that reversals of asymmetric mutational
constraints have dramatic consequences on the phylogenetic analyses, as taxa characterized by reverse strand bias tend to
group together due to long-branch attraction artifacts. We propose a new method for limiting this specific problem in tree
reconstruction under the Bayesian approach. We apply our method to deal with the question of phylogenetic relationships of
the major lineages of Arthropoda. This new approach provides a better congruence with nuclear analyses based on 18S rRNA
gene sequences. By contrast with some previous studies based on mtDNA sequences, our data suggest that Chelicerata,
Crustacea, Myriapoda, Pancrustacea, and Paradoxopoda are monophyletic. [Arthropoda; asymmetry; genome; long-branch

attraction artifact; mitochondria; molecular evolution; mutations; phylogeny; strand bias.]

The mitochondrial (mt) genome varies extensively in
size and gene content across diverse eukaryotic groups,
but its structure is surprisingly uniform among meta-
zoans (Boore, 1999; Taanman, 1999). A typical metazoan
mtDNA is a circular and double-stranded molecule of 14
to 18 kb, and encodes 37 genes: 13 protein subunits of the
enzymes of oxidative phosphorylation (subunits 6 and
8 of the ATPase [atp6 and atp8], cytochrome ¢ oxidase
subunits 1 to 3 [cox1 to cox3], apocytochrome b [cob], and
NADH dehydrogenase subunits 1 to 6 and 4L [nad1 to
nad6 and nad4L]); two rRNA of the mitochondrial ribo-
some (small and large subunit rRNAs [rrnS and rrunL]);
and 22 for tRN As necessary for the translation of the pro-
teins encoded by the mtDNA (Attardi, 1985; Taanman,
1999). It has a very compact gene organization, with no
introns, generally few noncoding nucleotides between
genes, in some cases short overlaps of genes, and the
presence of only one major noncoding region, named the
control region, which contains the main regulatory ele-
ments for the initiation of replication and transcription.

The most remarkable feature of mtDNA is the strand-
specific bias in nucleotide composition. In mammals, one
strand is G rich, whereas the other strand is G poor,
and because they show different buoyant densities in
a cesium chloride gradient, they are respectively called
heavy (H) and light (L) strands (Anderson et al., 1981).
This strand bias is particularly evident at fourfold de-
generate sites of protein-coding genes, where patterns of
substitutions are unaffected by selection: one strand is

rich in A and C nucleotides whereas the other is rich in
T and G (Tanaka and Ozawa, 1994; Perna and Kocher,
1995; Reyes et al., 1998). The underlying mechanism that
leads to the strand bias has been generally related to
replication, because this process has long been assumed
to be asymmetric in the mtDNA and could therefore af-
fect the occurrence of mutations between the two strands
(Clayton, 1982; Tanaka and Ozawa, 1994; Reeyes et al.,
1998). These hypotheses have, however, been questioned
by recent experiments suggesting that replication is not
asymmetric because of the double-stranded state of both
strands during the DNA synthesis (Yang et al., 2002).
Sequences of the mt genome have been widely used
for inferring phylogenetic relationships between highly
divergent lineages. In particular, they have been exten-
sively used for deciphering interrelationships between
the four main groups of the phylum Arthropoda, i.e.,
(1) Crustacea (crabs, shrimps, etc.), (2) Hexapoda (in-
sects, proturans, springtails, and diplurans), (3) Myri-
apoda (centipedes, millipedes, and their kin), and (4)
Chelicerata (horseshoe crabs, arachnids, and pycnogo-
nids) (Brusca and Brusca, 2003). The analyses of mtDNA
sequences have revealed several unexpected results with
huge consequences for the interpretation of morpho-
logical characters: (i) Crustacea have been found para-
phyletic, with Malacostraca being more closely related
to Hexapoda than Branchiopoda (Garcia-Machado et al.,
1999; Wilson et al., 2000; Nardi et al., 2001; Hwang et al.,
2001; Nardi et al., 2003); (ii) Hexapoda have been found
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paraphyletic, with Insecta allied with Crustacea rather
than with Collembola (Nardi et al., 2003); (iii) Chelicerata
and Myriapoda have been found para- or polyphyletic
(Nardi et al., 2003; Delsuc et al., 2003); and (iv) Hwang
et al. (2001) have suggested that Myriapoda share more
affinities with Chelicerata while most morphological
studies propose to group Myriapoda either with Pan-
crustacea into the clade Mandibulata (e.g., Snodgrass,
1938), or with Hexapoda into the clade Atelocerata (e.g.,
Snodgrass, 1938; Cisne, 1974).

The usefulness of mtDNA as a marker for highly di-
vergent lineages remains controversial (e.g., Curole and
Kocher, 1999). Two main characteristics of the mt genome
are expected to be problematic for reconstructing the
phylogeny of arthropods: mutational saturation and het-
erogeneity in nucleotide composition among taxa. The
first arthropods probably arose in ancient Precambrian
seas over 600 million years ago (Brusca and Brusca, 2003).
As a consequence, mutational saturation due to multiple
hits is a major problem in tree reconstruction, and with mt
sequences, saturation is all the more important because
the mt genome typically evolves much more rapidly than
the nuclear genome (Li, 1997; Burger et al., 2003). The
mt genomes of arthropods are also characterized by a
strong compositional bias, but in contrast to the mam-
malian mtDNA, which is A+C rich, it is particularly rich
in A and T nucleotides (e.g., Garcia-Machado et al., 1999;
Wilson et al., 2000; Dotson and Beard, 2001; Shao et al.,
2001; Machida et al., 2002). This heterogeneity in nu-
cleotide composition among metazoan lineages can lead
to incorrect phylogenetic inferences because unrelated
taxa with similar base compositions may be erroneously
grouped together (Tarrio et al., 2001; Rosenberg and
Kumar, 2003).

In the present work, nucleotide composition was an-
alyzed in a mtDNA fragment, including the six protein-
coding genes atp6, atp8, cox1, cox2, cox3, and nad2 for
34 arthropods and 15 species belonging to five other
phyla. This fragment was chosen because the arrange-
ment of these six genes is conserved in most arthro-
pod species. Our analyses confirm that most metazoan
species present a clear strand asymmetry, where one
strand is biased in favor of A and C, whereas the other
strand has a reverse bias, i.e., in favor of T and G. The
origin of this strand bias is related to asymmetric mu-
tational constraints involving deaminations of A and
C nucleotides during the replication and/or transcrip-
tion processes. Six unrelated genera are however char-
acterized by a reversal of the usual strand bias, i.e.,
Argiope (Araneae), Euscorpius (Scorpiones), Tigrio-
pus (Maxillopoda), Branchiostoma (Cephalochordata),
Florometra (Echinodermata), and Katharina (Mollusca).
We suggest that asymmetric mutational constraints have
been independently reversed in these six genera, through
an inversion of the control region, i.e., the region that
contains most regulatory elements for replication and
transcription of the mtDNA.

By using the same data matrix, we also studied the ef-
fect of strand-bias on phylogenetic inferences. We show
that reversals of asymmetric mutational constraints have

dramatic consequences on phylogenetic inferences, as
taxa characterized by reverse strand bias tend to group
together due to long-branch attraction artifacts. We pro-
pose a new method for limiting this specific problem
in tree reconstruction under the Bayesian approach. We
apply our method to the issue of phylogenetic relation-
ships between the major lineages of Arthropoda to test
the validity of our method. We show that this new ap-
proach provides a better congruence with nuclear anal-
yses based on 185 rRNA (185) gene sequences.

MATERIAL AND METHODS
Taxonomic Sampling and DNA Alignments

The taxonomic sample comprises 49 species (Table 1).
It has been chosen for inferring phylogenetic relation-
ships among the major arthropod lineages by using
mtDNA and 185 rDNA sequences. For the 185 rDNA
analyses, we sought to choose a taxonomic sampling as
close as possible to the 49 taxa used in the mtDNA anal-
yses (Table 1). The ingroup is the phylum Arthropoda,
represented by 34 species with 13 Insecta, 2 Collem-
bola, 7 Crustacea, 3 Myriapoda, and 9 Chelicerata. The
outgroup includes 15 genera belonging to five differ-
ent Metazoan phyla, i.e.,, Annelida, Chordata, Echino-
dermata, Hemichordata, and Mollusca. Five species of
chelicerates were specially sequenced for this study: one
pycnogonid, i.e., Endeis spinosa, and four arachnids, i.e.,
Argiope bruennichi (Araneae), Euscorpius flavicaudis (Scor-
piones), Mastigoproctus giganteus (Uropygi), and Phrynus
sp. (Amblypygi). The protocols used for mtDNA ex-
traction and sequencing are given elsewhere (Hassanin,
submitted).

Two different DNA alignments were performed man-
ually with Se-Al v2.0all (Sequence Alignment Editor
Version 2.0 alpha 11; Andrew Rambaut, software avail-
able at http://evolve.zoo.ox.ac.uk/): the first one in-
cludes six protein-coding genes of the mt genome, i.e.,
atp8 and atp6, cox1 to cox3, and nad2; the second one cor-
responds to the 185 rRNA gene. All regions involving
ambiguity for the position of the gaps were excluded
from the analyses to avoid erroneous hypotheses of pri-
mary homology. The reduced alignment of mt sequences
consists of 3948 nucleotides (nt), and the one of 18S se-
quences includes 1463 nt. They are available upon re-
quest to AH.

Two criteria were used for the choice of the taxo-
nomic sample: (1) highly divergent mtDNA sequences,
such as those produced for Apis (NC_001566), Thrips
(NC_004371), or Varroa (NC_004454), were not included
to facilitate protein alignments in order to retain more
characters for the analyses; and (2) taxa, for which the
18S rRNA gene was not available in the databases, were
also excluded (e.g., Bombyx mori).

Analyses of the Nucleotide Composition
for mtDNA Sequences

For each of the 49 mt sequences, the nucleotide per-
centages were calculated at the synonymous third po-
sitions for three groups of codons: (1) the NNN group
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TABLE 1. Taxonomic sampling.
Mitochondrial A ccession numbers
NCBI gene order 185 rDNA
classification mtDNA taxa type mtDNA 185 rDNA taxa
Arthropoda
Chelicerata Pycnogonida Endeis spinosa Unknown AY731173  AF005441
Uropygi Mastigoproctus giganteus ~ Unknown AY731174  AF005446
Amblypygi Phrynus sp. Unknown AY731172  F005445  Paraphrynus
Araneae Argiope bruennichi Unknown AY731171  AF005447 Nesticus
Scorpiones Euscorpius flavicaudis Unknown AY731175  X77908 Androctonus
Acari Ornithodoros moubata Limulus NC_004357 L76355
Rhipicephalus sanguineus — Rhipicephalus ~ NC_002074 176342
Ixodes hexagonus Ixodes NC.002010 L76351 L. cookei
Xiphosura Limulus polyphemus Limulus NC_003057 L81949
Myriapoda Chilopoda Lithobius forficatus Lithobius NC_002629 AF000773 L. variegatus
Diplopoda Spirobolida Narceus annularus Narceus NC_003343 AF062969 Spirobolus
Spirostreptida Thyropygus sp. Narceus NC_003344 AY210829 Orthoporus
Crustacea Malacostraca Dendrobranchiata Penaeus monodon Drosophila NC_002184 AF186250 P. vannamei
Pleocyemata Pagurus longicarpus Pagurus AF150756  AF436018
Pleocyemata Panulirus japonicus Drosophila NC.004251 U19182 P. argus
Maxillopoda Tigriopus japonicus Tigriopus AB060648  AF363306 T. californicus
Branchiopoda Phyllopoda Daphnia pulex Drosophila NC_000844 AF014011
Phyllopoda Triops cancriformis Drosophila NC_004465 AF144219 T. longicaudatus
Sarsostraca Artemia franciscana Artemia NC_001620 AJ238061
Insecta Coleoptera Elateriformia Pyrocoelia rufa Drosophila NC.003970 AF451941 Duliticola
Cucujiformia Tribolium castaneum Drosophila NC_003081 X07801 Tenebrio
Cucujiformia Crioceris duodecimpunctata  Drosophila NC.003372 AF267426 C. asparagi
Diptera Muscomorpha Drosophila melanogaster Drosophila NC_001709 M21017
Muscomorpha Ceratitis capitata Drosophila NC_000857 AF096450
Muscomorpha Chrysomya chloropyga Chrysomya NC.002697 AF322424 Melinda
Nematocera Anopheles quadrimaculatus Anopheles NC_000875 L78065 A. albimanus
Hemiptera Triatoma dimidiata Drosophila NC_002609 AJ243328
Lepidoptera Antheraea pernyi Antheraea NC_004622 AF286273 Hemileuca
Ostrinia nubilalis Antheraea NC_003367 X89491 Galleria
Orthoptera Locusta migratoria Locusta NC_001712 AF370793
Phthiraptera Heterodoxus macropus Heterodoxus NC.002651 AY077759 H. calabyi
Thysanura Tricholepidion gertschi Drosophila AY191994  AF370789
Collembola Gomphiocephalus hodgsoni  Drosophila AY191995  Z26765 Hypogastrura
Tetrodontophora bielanensis  Tetrodontophora NC_002735 AY037171 Onychiurus
Outgroup
Annelida Oligochaeta Lumbricus terrestris Lumbricus NC.001673 AJ272183
Polychaeta Platynereis dumerilii Platynereis NC_000931 Z83754 Nereis
Mollusca Polyplacophora Katharina tunicata Katharina NC_001636 AY145380 Ischnochiton
Cephalopoda Loligo bleekeri Loligo NC_002507 AY145383 Loligo pealei
Chordata Cephalochordata Branchiostoma floridae Branchiostoma ~ NC_000834 M97571
Craniata Bos taurus Bos NC_001567 M10098  Homo
Petromyzon marinus Petromyzon NC_001626 M97575
Muyxine glutinosa Bos NC_002639 M97574
Hemichordata Balanoglossus carnosus Balanoglossus ~ NC_001887 D14359
Echinodermata Eleutherozoa Asteroidea Asterina pectinifera Asterina NC.001627 AB084551
Pisaster ochraceus Pisaster NC_004610 AF088804 Heliaster
Echinoidea Arbacia lixula Arbacia NC.001770 Z37514
Paracentrotus lividus Arbacia NC_001572 AF279215 Psammechinus
Strongylocentrotus Arbacia NC_001453 L28055
purpuratus
Pelmatozoa Crinoidea Florometra serratissima Florometra NC_001878 AF088803 Dorometra

includes all fourfold degenerate codons at third posi-
tion; (2) the NNR group includes all twofold degenerate
codons with a purine (A or G) at third position; and (3)
the NNY group includes all twofold degenerate codons
with a pyrimidine (C or T) at third position. Because of
variations in the mt genetic code of the Metazoa (Knight
et al., 2001; Yokobori et al., 2001), the composition of
NNN, NNR and NNY groups varies between Cephalo-
chordata, Echinodermata + Hemichordata, Vertebrata,
and other phyla of Metazoa (Annelida, Arthropoda, and

Mollusca). The NNN group consists of the nine codons
A, G, L2, PR, 51,52, T, and V, except for Chordata be-
cause of exclusion of 52; the NNR group comprises the
six codons E, K, L1, M, Q and W, except for Echinoder-
mata and Hemichordata because of exclusion of K and
M; and the NNY group includes the eight codons C, D,
E H, I, N, S2, and Y, except for Annelida, Arthropoda,
Cephalochordata, and Mollusca because of exclusion of
S2, as well as for Echinodermata and Hemichordata be-
cause of exclusion of I, N and S2.
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All the six protein-coding genes here examined (i.e.,
atp6 and atp8, cox1 to cox3, and nad2) are located on the
same strand except for four genera: Asterina, Florometra,
and Pisaster, for which nad? is inverted, and Heterodoxus,
for which atp6 and atp8 are inverted. Because of these
gene inversions, the nucleotide composition was arbi-
trarily examined for the strand containing the coding se-
quence of the cox1 to cox3 genes, which was constant in
all species. For instance, the frequency of adenine at four-
fold degenerate third codon positions was determined as
follows for Asterina: the number of fourfold degenerate
third codon positions (N;) and the frequency of Adenine
(Fa) were calculated in the sequence including cox1 to
cox3, atp6, and atp§; the number of fourfold degenerate
third codon positions (N3) and the frequency of Thymine
(Fr) were caculated in the nad2 gene; and the frequency of
adenine in the complete mtDNA fragment was deduced
by adding (FAN7)/ (N1 + N») with (FtN2)/ (N7 + N3).

The strand bias in nucleotide composition was ana-
lyzed at third positions of NNN, NNR, and NNY codons
by comparing the frequencies of complementary nu-
cleotides, i.e., A (%) versus T (%), and C (%) versus
G (%). A statistical test was used for testing the null
hypothesis of strand symmetry, i.e., A (%) = T (%) or
C (%) = G (%). For instance, the comparison between
A and T frequencies was done by using the follow-
ing formula: U = |Fs — Fr|//[F(1 — F)(1/N; + 1/Ny)],
where Fy and Fr are the observed frequencies of ade-
nine and thymine, N; and N are the numbers of codons
used for calculating respectively F5 and Fr, and F is the
weighted average, ie., F = [(FAN1) + (FTN2)]/ (N7 + N»).
According to this test, if U is superior to 1.96, the null
hypothesis of strand symmetry is rejected at confidence
level 0.05 (95%). The strand bias was then described
by skewness (Lobry, 1995; Perna and Kocher, 1995),
which measures on one strand the relative number of
As to Ts (AT skew = [A —T]/[A+T]) and Cs to Gs
(CG skew = [C—G]/[C+G]). AT skews were consid-
ered to be statistically significant only when adenine and
thymine frequencies are significantly different. Similarly,
CG skews were considered to be statistically significant
only when cytosine and guanine frequencies are signifi-
cantly different.

Nucleotide composition was also analyzed at nonsyn-
onymous sites by comparing the frequencies of codons
that are fourfold degenerate at third positions, that differ
at a single nonsynonymous position (first or second). In
order to examine a high number of sites for statistics, only
codons that code for easily interchangeable amino acid
residues were compared (Naylor and Brown, 1997, 1998;
Hassanin et al., 1998). Three pairs of codons were there-
fore compared: (1) ACN versus GCN, which only differ at
first position, and code respectively for the amino acids T
and A; (2) CIN versus GTN, which only differ at first po-
sition, and code respectively for L2 and V amino acids;
and (3) GCN versus GTN, which only differ at second
position, and code respectively for A and V amino acids.
For instance, the relative frequencies of ACN and GCN
codons were calculated as follows: (1) the original data
matrix was transformed by replacing all codons, except

those of interest, by question marks; (2) the base frequen-
cies were estimated under PAUP 4.0b10 by selecting only
informative first codon positions, and after exclusion of
atpb, atp8, and nad2 genes owing to their inversion in
Heterodoxus, Asterina, Florometra, or Pisaster.

Reconstruction of Ancestral Mitochondrial Genome
Organizations

In order to reconstruct the ancestral mitochondrial
genome organization for several taxa of interest, each of
the 44 complete mt genomes (i.e., all taxa except Argiope,
Endeis, Eusorpius, Mastigoproctus, and Phrynus) was de-
scribed by a matrix including 74 characters, correspond-
ing to the 3" and 5’ ends of each of the 37 mt genes. For
each character, the states were coded by determining the
3" or 5’ end of the neighboring genes.

Ancestral gene arrangements were inferred by MP
analyses. Because gene rearrangements may be homo-
plastic due to the limited number of genes, we used a
constraint tree analysis for inferring ancestral genomes.
Heuristic searches were performed under PAUP 4.0b10
(Swofford, 2003), using 100 replicates of random step-
wise addition of taxa, and by keeping only trees com-
patible with a constraint-tree named “Taxa,” where all
taxa listed in Table 1 were considered as being mono-
phyletic, as well as Lophotrochozoa (i.e., Annelida +
Mollusca), Deuterostomia, and Protostomia, and where
Echinodermata and Hemichordata were assumed to be
sister-groups as suggested by the literature (Bromham
and Degnan, 1999; Cameron et al., 2000).

For each internal node of interest, the ancestral
character-states were inferred by using either Acctran
(accelerated transformation) or Deltran (delayed trans-
formation) optimizations. Then, we performed a con-
sensus sequence where character-states were coded as
ambiguous (“?” in Appendix 1) in case of conflicting in-
ferences between Acctran and Deltran optimizations. In
a final procedure, the consensus sequences were used
for reconstructing circular ancestral mt genomes. Some
ambiguities in the ancestral sequences were resolved by
this last procedure (see Results).

Phylogenetic Analyses

Phylogenetic analyses were performed using maxi-
mum parsimony (MP), Bayesian, and maximum likeli-
hood (ML) methods. MP analyses were carried out un-
der PAUP 4.0b10 (Swofford, 2003). The MP tree was
found by heuristic searches using default options but
100 replicates of random stepwise addition of taxa. Boot-
strap proportions (BPs) were obtained after 1000 repli-
cates by using 10 replicates of random stepwise addi-
tion of taxa. Bayesian analyses were conducted under
MrBayes v3.0b4 (Huelsenbeck and Ronquist, 2001). The
Bayesian approach combines the advantages of defin-
ing an explicit model of molecular evolution and of ob-
taining a rapid approximation of posterior probabilities
of trees by use of Markov chain Monte Carlo (MCMC)
(Huelsenbeck et al., 2001). MODELTEST 3.06 (Posada
and Crandall, 1998) was used for choosing the model
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of DNA substitution that best fits our data. The selected
likelihood model was the General Time Reversible model
(Yang, 1994) with among-site substitution rate hetero-
geneity described by a gamma distribution and a frac-
tion of sites constrained to be invariable (GTR+I1+4T'4).
Two different variants of the model were used for the
mt analyses: (i) a single GTR+I4-I'4 model for all sites;
and (ii) a new method, named “Neutral Transitions Ex-
cluded,” which codes purines by R and pyrimidines by Y
at all third codon positions, at first positions of CTN (L2)
and TTN (F and L1) codons, and at first and second posi-
tions of ACN (T), ATN (I and M), GCN (A), and GTN (V)
codons. We used a GTR+I4-I"4 model for first and sec-
ond codon positions, and a two-state substitution model
I4+T'4 for third codon positions. All Bayesian analyses
were done with five independent Markov chains run for
1,000,000 Metropolis-coupled MCMC generations, with
tree sampling every 100 generations and a burn-in of
1000 trees. The analyses were run twice using differ-
ent random starting trees to evaluate the convergence
of the likelihood values and posterior clade probabilities
(Huelsenbeck et al., 2002). BPs were also obtained un-
der the ML method by using the program SEQBOOT in
the PHYLIP package Version 3.6b (Felsenstein, 2004) for
generating 100 bootstrapped data sets, and by analysing
the latters with PHYML (Guindon and Gascuel, 2003).

RESULTS

Nucleotide Composition at Synonymous Third
Codon Positions

The nucleotide compositions at synonymous third
codon positions of the mt fragment including the six
coding genes atp6 and atp8, cox1 to cox3, and nad2 are
indicated in Table 2 for each of the 49 taxa examined.

Attwofold degenerate third codon positions, the anal-
yses of NNR codons show that all taxa except Tigriopus
have more adenine than guanine, and the analyses of
NNY codons show that most taxa have more thymine
than cytosine, with some exceptions like Asterina, Bal-
anoglossus, Bos, and Phrynus. The comparisons between
NNR and NNY codons reveal that the highest percent-
ages were found for adenine, with the exception of seven
genera, which exhibit higher values for thymine: Argiope
(T =94%; A = 77%), Artemia (T = 76%; A = 70%), Bran-
chiostoma (T = 74%; A = 64%), Euscorpius (T = 91%; A
= 64%), Florometra (T = 99%; A = 76%), Katharina (T =
88%; A = 66%), and Tigriopus (T = 74%; A = 47%).

At fourfold degenerate third codon positions, all taxa,
except Katharina and Tigriopus, have more adenine than
guanine, and all taxa have more thymine than cytosine,
with the exceptions of Asterina, Balanoglossus, Bos, Nar-
ceus, and Phrynus. For most species, the highest percent-
age was found for Adenine, but it was not the case for
14 taxa: the highest percentage was found for Cytosine
for Balanoglossus, and for thymine for Antheraea, Artemia,
Branchiostoma, Ceratitis, Daphnia, Euscorpius, Florometra,
Gomphiocephalus, Heterodoxus, Katharina, Panulirus, Pe-
naeus, and Tigriopus. All taxa without exception are A+T
rich rather than G4C rich. However, a very high A+T

content (i.e., >90%) was found in Florometra and most in-
sects, in particular for Lepidoptera, Diptera, Orthoptera
(Locusta), and Phthiraptera (Heterodoxus), whereas the
lowest values of A+T content (i.e., <75%) were found
in annelids, Katharina, myriapods, Phrynus, several crus-
taceans (Panulirus, Tigriopus, and branchiopods), and all
deuterostomes but Florometra.

Strand Asymmetry in the Nucleotide Composition
of mtDNA Sequences

Strand compositional bias at synonymous third codon
positions.—For determining which taxa are characterized
by a strand bias in nucleotide composition, the frequen-
cies of complementary nucleotides (A versus T, or C
versus G) were compared at synonymous third codon
positions in order to know whether the hypothesis of
strand symmetry is rejected or not at a confidence level
of 0.05 (95%). At twofold degenerate third positions, the
hypothesis of strand symmetry is rejected for all taxa, ex-
cept Artemia and Heterodoxus (Table 2; underlined values
of AT, and CG; skews). At four fold degenerate third
positions, the hypothesis of strand symmetry is rejected
for all taxa: cytosine and guanine frequencies are sig-
nificantly different for all taxa, except Artemia, Crioceris,
Drosophila, and Locusta (Table 2; underlined values of CGy4
skew), but the latter taxa present a significant difference
between adenine and thymine frequencies (Table 2; un-
derlined values of AT, skew). The strand bias is there-
fore conspicuous at both two- and fourfold degenerate
third codon positions in all taxa, except in Artemia and
Heterodoxus, for which there is no evidence for strand
asymmetry.

Evidence for global reversals of strand compositional bias.—
For each of the 49 taxa, AT and CG skews were calcu-
lated for twofold degenerate third codon positions (Ta-
ble 2; AT, and CG; skews) and fourfold degenerate third
codon positions (Table 2; ATy and CGy4 skews). Note that
AT and CG skews are statistically significant only if the
null hypothesis of symmetry, i.e., A (%) =T (%) or C
(%) = G (%), is rejected. By considering only significant
values of skew (underlined values in Table 2), it appears
that most taxa are characterized by positive values for AT
and CG skews, indicating that they present a strand com-
positional bias characterized by an excess of A relative
to T nucleotides and of C relative to G nucleotides. How-
ever, eight taxa are characterized by significant negative
values for AT,, ATy, CG;, and/or CGy4 skews, implying
that they present a reverse strand compositional bias, i.e.,
characterized by an excess of T relative to A nucleotides
and of G relative to C nucleotides: Argiope, Artemia, Bran-
chiostoma, Euscorpius, Florometra, Heterodoxus, Katharina,
and Tigriopus. Because only one skew is significant for
Artemia (AT,) and Heterodoxus (CGy), it cannot be defini-
tively concluded that the strand bias is reversed for these
two taxa. By contrast, the reverse bias is obvious for the
other six genera: AT,, CG;, and CGy skews are significant
and negative for Argiope and Branchiostoma, whereas all
the four skews are significant and negative for Euscor-
pius, Florometra, Katharina, and Tigriopus.
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FIGURE 1. CG skews calculated for each taxa at four- and twofold degenerate third codon positions, in abscissa and ordinate, respectively.

The comparisons between statistically significant AT
and CG skews (underlined values of skew in Table 2) re-
veals that absolute values are always higher for CG than
for AT skews, with the exceptions of Florometra and Tric-
holepidion, for which the AT, skew is higher than the CG,
skew. In addition, statistically significant values are more
numerous for CG than for AT skews. These comparisons
suggest therefore that CG skews are the best indicators
of strand asymmetry.

The CG, skews were plotted against the CG4 skews
for all species presenting significant values for both CG
skews, i.e., all taxa expect Artemia, Crioceris, Drosophila,
Heterodoxus, and Locusta (Fig. 1). All species fall into two
groups: the first one includes the six genera with areverse
strand bias, i.e., presenting a negative skew for both two-
and fourfold degenerate sites: Argiope, Branchiostoma, Eu-
scorpius, Florometra, Katharina, and Tigriopus; and the sec-

ond one includes all other species, which are character-
ized by a positive skew for both two- and fourfold degen-
erate sites. Interestingly, most points are close to the y = x
straight line. This result suggests that two- and fourfold
degenerate third codon positions are similarly affected
by strand compositional bias. Because transversions are
synonymous at fourfold degenerate third codon posi-
tions, but would result in amino acid changes in twofold
degenerate third codon positions, this result implies that
the strand bias is mainly generated by mutations corre-
sponding to transitions rather than transversions.
Detection of the reverse strand bias at nonsynonymous
positions.—To test whether the reverse strand bias ob-
served for six taxa at synonymous sites (i.e., Ar-
giope, Branchiostoma, Euscorpius, Florometra, Katharina,
and Tigriopus) is also observed at nonsynonymous sites,
we compared the frequencies between codons that differ
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atasingle non-synonymous position (first or second) and
that code for similar amino acids (Table 2). Because dis-
tant taxa are expected to present important differences
in the genetic code and selective constraints, codon fre-
quencies were only compared between closely related
taxa. For this reason, the comparisons were limited to
Arachnida for Argiope and Euscorpius, to Mollusca for
Katharina, to Chordata for Branchiostoma, and to Echin-
odermata for Florometra. The case of Tigriopus was not
treated because its phylogenetic position within Pan-
crustacea remains ambiguous. When compared to their
closely related taxa, Argiope, Euscorpius, Branchiostoma,
Florometra, and Katharina, exhibit very atypical codon fre-
quencies: (1) They are biased against ACN over GCN
when codons specifying for T and A amino acids are
compared: 47% and 42% for Argiope and Euscorpius, re-
spectively, versus 50% to 77% for other arachnids; 35%
for Branchiostoma versus 52% to 61% for other chordates;
30% for Florometra versus 31 to 52% for Eleutherozoa;
and 32% for Katharina versus 58% for Loligo. (2) They
are biased against CTN over GTN when codons spec-
ifying for L2 and V amino acids are compared: 11 and
21% for Argiope and Euscorpius, respectively, versus 38%
to 64% for other arachnids; 14% for Branchiostoma ver-
sus 52% to 59% for other chordates; 10% for Florometra
versus 45% to 53% for Eleutherozoa; and 19% for Katha-
rina versus 54% for Loligo. (3) They are biased against
GCN over GTN, when codons specifying for A and V
amino acids are compared: 17% and 25% for Argiope and
Euscorpius, respectively, versus 36% to 80% for all other
arachnids; 36% for Branchiostoma versus 47% to 71% for
other chordates; 41% for Florometra versus 47% to 61%
for Eleutherozoa; and 44% for Katharina versus 53% for
Loligo. The results suggest therefore that Argiope, Bran-
chiostoma, Euscorpius, Florometra, and Katharina present
a reverse strand bias, which can be observed not only
at synonymous positions but also at nonsynonymous
positions.

Strand asymmetry and gene inversion.—By assuming
that the two mtDNA strands evolve under opposite
asymmetric mutational constraints, a gene inversion is

expected to produce a reversal of mutational patterns
and with time, mutations are expected to completely re-
verse the strand compositional bias at synonymous posi-
tions. In other words, two genes encoded by two opposite
strands are expected to have reverse strand biases. This
assumption was confirmed by analyzing the nucleotide
composition of Asterina, Florometra, and Pisaster. These
three species present a clear strand bias (see underlined
values of skew in Table 2), and are characterized by an
inversion of nad2 with respect to the other genes: atp6
and atp8 and cox1 to cox3. As expected, the analyses of
two- and fourfold degenerate third codon positions in-
dicate that nad2 presents a reverse bias (Table 3): for Aste-
rina and Pisaster, AT and CG skews are negative in nad2,
but positive in atp6 and atp8 and cox1 to cox3 genes; for
Florometra, AT and CG skews are positive in nad2, but
negative in atp6 and atp8 and cox1 to cox3 genes. In the
case of Florometra, the trends are reversed because of the
global reversal of strand asymmetry (see above). These
results clearly indicate that genes encoded by different
strands are affected by reversed asymmetric mutational
constraints.

Ancestral Mitochondrial Genome Organizations

The mt genome organization was studied by MP anal-
ysis using the matrix of 74 characters shown in Appendix
1. Of 74 total characters, 71 are parsimony-informative.
By keeping only trees compatible with the constraint-tree
named “Taxa” (see Material and Methods), 38 equipar-
simonious trees of 589 steps were found (CI = 0.90; RI =
0.88). The strict consensus of the 38 trees is identical to the
constraint-tree (not shown). Each of these 38 trees was
used for determining the sequence of character-states
for the common ancestors of Chelicerata, Branchiopoda,
Insecta, Pancrustacea, Mollusca, Chordata, Echinoder-
mata, Eleutherozoa, and Asteroidea. Each ancestral se-
quence of 74 states presented in Appendix 1 is a con-
sensus of the 76 ancestral sequences deduced from the
analyses of each of the 38 MP trees by using either Ac-
ctran or Deltran optimizations. The deduced ancestral

TABLE 3. Nucleotide composition of genes encoded by opposite strands.

Third codon positions

NNR group NNY group Skew  Skew NNN group Skew  Skew

A% sites T %  Sites AT2 CG2 A% C% G % T%  Sites AT4 CG4

Asterina atp6-8 4 cox1-3 9030 134 3722 223 4042 +0.73 43.04 2815 655 2226 611 +0.32  40.62
nad2 46.88 32 8519 27 —029 056 2024 1071 25.00 44.05 84 —037 -0.40

Pisaster atp6-8 + cox1-3 9128 149 5616 219 4024  +0.67 3884 21.30 460 3526 587  +0.05 40.64
nad2 45.95 37 90.00 30 —032 069 3333 385 16.67 46.15 78 —0.16 —0.62
Florometra atp6-8 + cox1-3 7561 205 9879 248 —-013 091 1399 2.08 435 7958 529 —070 —-0.35
nad2 100.00 23 8421 19  +0.09 +1.00 70.83 5.56 0.00 23.61 72 +05  +1.00

Underlined values of skew are statistically significant (see Materials and Methods). Significant negative values of skew are highlighted in grey.
NNR group: all twofold degenerate codons with a purine (A or G) at third position.
NNY group: all twofold degenerate codons with a pyrimidine (C or T) at third position.

NNN group: all fourfold degenerate codons at third position.

AT2 and CG2 skews were calculated for twofold degenrate codons. AT4 and CG4 skews were calculated for fourfold degenrate codons.

AT skew = [A (%) — T (%)]/[A (%) + T (%)].
CG skew = [C (%) — G (%)]/[C (%) + G (%)].
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organization of Chelicerata is exactly the same that of
Limulus; those of Branchiopoda, Insecta, and Pancrus-
tacea are identical to that of Drosophila; and the one of
Asteroidea is identical to that of Pisaster (not shown). For
Chordata, Echinodermata, Eleutherozoa, and Mollusca,
the states of several characters were found to be different
between Acctran and Deltran optimizations. Several am-
biguities were however solved after taking into account
the circularity of the mtDNA genome. For instance, in the
case of Eleutherozoa, the states of characters 10 and 29
were found ambiguous by MP analysis (Eleutherozoa-
MP-A, Appendix 1): they correspond respectively to the
3" end of the rrnL gene (3rL, Appendix 1), and to the 5
end of the cox1 gene (5¢1, Appendix 1). After genome
reconstruction, the states of these two characters were
found unambiguous (Eleutherozoa-GR-U, Appendix 1),
because the only way to produce a circular genome is to
join the 3" end of the rrnL gene with the 5" end of the cox1
gene. The deduced arrangement is identical to the one
observed in Arbacia and all other Echinoidea.

Nucleotide Composition and Mitochondrial Gene Order
Organization

All taxa with a reverse strand bias display an unusual
gene order organization of the mt genome, and interest-
ingly, the position of the control region is not conserved
by comparison with their close relatives.

In Florometra, the control region is located between T-
and D-tRNA genes, whereas it is between T-tRNA and
rrnS in Asteroidea, or between T- and P-tRNA genes in
Echinoidea. However, all echinoderms have in common
a genomic fragment, including F-tRNA, rrnS, Q-tRNA,
T-tRNA and the control region (CR), where all genes are
5 — 3 oriented. The fragment [F-rrnS-Q-T-CR] is ori-
ented as the cox1 to cox3 genes in the respective common
ancestors of Echinodermata and Eleutherozoa (Fig. 2).
By contrast, its orientation is inverted with respect to
the cox1 to cox3 genes in Florometra, indicating without
any ambiguity that an inversion of the control region oc-
curred in the lineage leading to Florometra. We suggest
that this event is responsible for the reverse strand bias
observed in this genus.

For the other taxa concerned by a reverse asymmetry,
it is not possible to know exactly what gene rearrange-
ments occurred, but an inversion of the control region
is highly probable because its position has changed by
comparison with closely related taxa. The control region
of Branchiostoma is flanked by nad5 and G-tRNA (Boore
etal., 1999), whereasitislocated between P-and F-tRNA
genes in the ancestral genome of Chordata (Appendix 1).
The control region of Katharina could be either in the
largest unassigned sequence of 424 nt between D-tRNA
and cox2, or eventually in the second largest unassigned
sequence of 141 nt between E-tRNA and cox3 (Boore and
Brown, 1994). Although the position of the control region
could not be inferred in Loligo, due to the presence of
multiple large noncoding regions (Tomita et al., 2002), it
is clear that it is not positioned as in Katharina because D-
tRNA, cox2, E-tRNA, and cox3 are differently arranged in

Loligo. The control region of Tigriopus is located between
W-tRNA and cox1 genes (Machida et al., 2002), whereas
it is found between rrnS and I-tRNA in the ancestral
genomes of Crustacea and Pancrustacea, with rrnS in-
verted with respect to [-tRNA. In Tigriopus, rrnS and I-
tRNA present a different location and are in the same
orientation. For Argiope and Euscorpius, the position of
the control region is not known because the mtDNA has
not been entirely sequenced.

Artemia and Heterodoxus are the sole taxa that do not
exhibit a clear strand bias. Interestingly, both display an
unusual gene order organization of the mt genome, with
a control region not positioned as observed in their close
relatives. The mt genome of Artemia is very similar to the
one inferred for the common ancestor of Branchiopoda.
However, its control region is not placed between rrnS
and I-tRNA, but between rrnS and M-tRNA, and the I-
tRNA gene is inverted and positioned between W- and
Q-tRNA genes (Garesse et al., 1997). The arrangement of
genes in the mt genome of Heterodoxus is very different
from the one reconstructed for the common ancestor of
Insecta. In particular, its control region is not positioned
between rrnS and I-tRNA, because it could be either in
the largest unassigned sequence of 73 nt between atp§
and Q-tRNA, or eventually in the second largest unas-
signed sequence of 47 nt between cox2 and nad3 (Shao
et al., 2001).

Phylogenetic Analyses

Evidence for long-branch attraction artifacts—The
mtDNA data matrix including 3948 nt characters and
49 taxa was first analyzed by the MP method. The most-
parsimonious tree of 37,369 steps obtained (Fig. 3) is char-
acterized by very high levels of homoplasy (CI = 0.1868
and RI = 0.3038). Taking into account the background
knowledge in metazoan classification and phylogeny,
seven taxa present odd positions. The louse Heterodoxus
finds its place within a group of chelicerates, although
this grouping is not supported. Six genera are grouped
together in spite of their known distant relationships
(box in Fig. 3): Argiope (Chelicerata, Araneae), Euscorpius
(Chelicerata, Scorpiones), Tigriopus (Crustacea), Katha-
rina (Mollusca), Branchiostoma (Chordata), and Florometra
(Echinodermata). Interestingly, these six genera exhibit
a very unusual base composition by comparison with
other metazoans. They present a strand compositional
bias characterized by an excess of thymine relative to
adenine, and of guanine relative to cytosine. This bias is
the reverse of what is observed in most other taxa where
adenine is in excess relative to Thymine, and where cy-
tosine is in excess relative to guanine (Table 2).

The tree performed with Bayesian inferences using the
GTR+I+T'4 model is more in agreement with what we
know about Metazoan phylogeny (Fig. 4). Several taxa,
which were found para- or polyphyletic in the MP analy-
sis, are now monophyletic: Annelida (Bayesian posterior
probability: PPg = 1; BPy, = 100), Arthropoda (PPg=1;
BPyi. = 50), Chordata (PPg = 0.97; not found with
ML), Echinodermata (PPg = 1; BPyy. = 100), Mollusca
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FIGURE 2. Inversion of the control region during the evolution of Echinoderms. Small arrows indicate the 5° — 3’ orientation of the genes.
Large arrows indicate the relative orientations of the three major fragments conserved in all Echinoderms: (1) the black fragment contains 10
tRNA genes (P, Q, N, L2, A, W, C, V, M, and D); (2) the white fragment includes five tRNA genes (R, K, 52, H, and S1) and 11 protein-coding
genes (cox1, nad4l, cox2, atp8, atp6, cox3, nad3, nad4, nad5, nad6, and cob); and (3) the grey fragment includes the control region (CR), three tRNA
genes (T, E, and F), and the rnS gene. In Florometra, the grey fragment has been inverted with respect to the white fragment. This implies that
the control region, which belongs to the grey fragment, has been inverted in Florometra with respect to the white fragment, which is the one used

for analyzing the strand bias in nucleotide composition.

(PPg = 1; BPyp, = 52), Lophotrochozoa (PP = 1; BPyy, =
52), Myriapoda (PPg = 0.66; BPyr, = 37), Deuterosto-
mia/Protostomia (PPg = 1; BPmi, = 79), Hexapoda (PPg
= 0.55; not found with ML), and Insecta (PP = 0.88; not
found with ML). On the other side, Arachnida, Chelicer-
ata, Crustacea, and Pancrustacea remain polyphyletic
due to the grouping of three unrelated genera (box in

Fig. 4; PPy = 0.99; BPmi = 68): Argiope (Chelicerata,
Araneae), Euscorpius (Chelicerata, Scorpiones), and Tigri-
opus (Crustacea). Each of these three latter genera is as-
sociated with a very long branch, suggesting that they
are grouped together due to a long-branch attraction
artifact. More generally, all taxa with reversed strand
bias, i.e., Argiope, Branchiostoma, Euscorpius, Florometra,
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FIGURE 3. Most-parsimonious tree obtained with all the 49 taxa. Bold lines indicate branches of the taxa, for which asymmetric mutational
constraints had been reversed during their evolutionary history, and taxa enclosed into the box are characterized by a completely reverse strand
bias. Asterisks indicate that the node was not retrieved by the bootstrap analysis.

Katharina, and Tigriopus, are long-branched in compar-
ison with their close relatives. Artemia and Heterodoxus
are also associated with very long branches, as well as
most chelicerates.

Exclusion of the taxa with reversed asymmetric mutational
constraints.—We have also performed phylogenetic anal-
yses on a reduced taxa sampling, including only the taxa
in which the six genes studied, i.e. atp6 and atp§, cox1 to
cox3,and nad?2, are transcribed on the same strand charac-
terized by an excess of adenine relative to thymine and of
cytosine relative to guanine as in other taxa. The Bayesian

tree performed by using the GTR+I4-I"4 model (Fig. 5A)
indicates that several taxa, which were previously found
polyphyletic, are now monophyletic: Chelicerata (PPp =
1, BPmL = 55), Crustacea (PPg = 1; BPy = 97), and Pan-
crustacea (PPg = 1; BPy, = 97).

For comparison, we performed a Bayesian analysis on
the basis of the complete sequences of the 185 rRNA gene
(Fig. 5B). The 18S tree is similar to the mtDNA tree, but
some nodes are in conflict: (1) the squid Loligo appears
with a long branch as the sister-group of the arthropods
(PPg = 0.97; BPpm, = 64), whereas mtDNA sequences
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FIGURE 4. Bayesian tree performed with all the 49 taxa. The model used is the one selected by MODELTEST 3.06, i.e., GTR+I+4TI'4. Bold lines
indicate branches of the taxa, for which asymmetric mutational constraints had been reversed during their evolutionary history. Note that the
branch length of Heterodoxus is three times as long as represented in the tree. The values indicated on the branches correspond to the posterior
probabilities (to the left of the slash) obtained with the Bayesian analysis, and to the bootstrap proportions (BP) obtained with the maximum
likelhood analysis (to the right of the slash). Dash indicates that the node was not supported by a BP value superior to 50. Asterisk indicates that
an alternative hypothesis was supported by a BP value greater than 50.

agree with the monophyly of Lophotrochozoa as Loligo
is associated with annelids (PPg = 1; BPyy = 100); (2)
branchiopods (Daphnia and Triops) occupy a basal po-
sition within Pancrustaceans (PPg = 0.91; BPyy. = 32),
whereas they are grouped with other crustaceans in the
mtDNA tree (PP = 1; BPyi, = 97); (3) the orthopteran
Locusta and the hemipteran Triatoma are grouped to-
gether with a long branch for Triatoma (PPg = 0.91;

BPuyi, = 37), whereas mtDNA sequences, oddly as well,
group Triatoma with the zygentoman Tricholepidion (PP
=1; BPmr = 80); (4) pterygotes, represented by Triatoma,
Locusta, Coleoptera, Lepidoptera, and Diptera, appear
monophyletic (PPg = 0.91; not found with ML), whereas
they are not in the mtDNA analysis due to the odd place-
ment of Triatoma; (5) Drosophila is associated with Cal-
liphoridae (Melinda) (PPg = 0.96; BPyr, = 86), whereas itis
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FIGURE 5. Bayesian trees performed by excluding taxa with reversed asymmetric mutational constraints in the mitochondrial genome. The
analyses were done by excluding 10 genera: all the 8 genera with reversed asymmetric mutational constraints, i.e., Argiope, Artemia, Branchiostoma,
Euscorpius, Florometra, Heterodoxus, Katharina, and Tigriopus, and all species with an inverted protein-coding gene, i.e., Asterina and Pisaster, for
which nad2 is inverted. The model used is the GTR+I+4TI'4. The values indicated on the branches correspond to the posterior probabilities (to
the left of the slash) obtained with the Bayesian analysis, and to the bootstrap proportions (BPs) obtained with the maximum likelhood analysis
(to the right of the slash). Dash indicates that the node was not supported by a BP value superior to 50. Asterisk indicates that an alternative
hypothesis was supported by a BP value greater than 50. Bold lines of the mitochondrial tree (A) indicate nodes retrieved in the Bayesian tree
performed with 185 rRNA sequences (B), whereas underlined values indicate nodes with posterior probabilities superior to 0.90 that are not
congruent with the 185 tree. Note that the branch length of Anopheles and Loligo is twice as long as represented in the 18S tree.

sister-group of a clade composed of Ceratitis and Cal-
liphoridae (Chrysomya) in the mtDNA tree (PPg = 1;
BPyp = 96); (6) Euchelicerates (Limulus + Arachnida) are
monophyletic (PPg = 1; BPy, = 95), whereas mtDNA se-
quences support their paraphyly due to the placement of
Endeis (pycnogonid) as a sister-group of acarids (PPg =
1,‘ BPML = 98).

A new method for limiting the misleading effect of strand
bias reversals—In a third data set, we excluded from
the original data set only those taxa where one or two
genes are inverted with respect to the other genes in
the segment of the mt genome of interest, i.e. Hetero-

doxus, in which atp6 and atp8 are inverted, and Aster-
ina, Florometra and Pisaster, in which nad?2 is inverted.
In order to take into account taxa presenting a reverse
strand bias with respect to the great majority of taxa,
we propose to use a modified matrix where all neu-
tral and quasineutral transitions are excluded. Neutral
transitions are all synonymous transitions, i.e., all tran-
sitions at third codon positions, and transitions at first
positions of Leucine codons (TTR and CTN). Quasineu-
tral transitions are nonsynonymous transitions involv-
ing easily interchangeable amino acid residues (Naylor
and Brown, 1997; Hassanin etal., 1998), i.e., ACN <> GCN
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FIGURE6. Bayesian tree obtained by using the “Neutral Transitions Excluded” model. The analyses were done excluding Asterina, Heterodoxus,
and Pisaster, because one or two genes are inverted in these genera. The Bayesian tree was obtained using mtDNA sequences only, with the
“Neutral Transitions Excluded” model, which implies to code purines by R and pyrimidines by Y at all third codon positions, at first positions
of CTN and TTN codons, and at first and second positions of ACN, ATN, GCN, and GTN codons, and to apply a GTR+I+I"4 model for first and
second codon positions, and a two-state substitution model + I+I'4 for third codon positions. The values indicated on the branches correspond
to posterior probabilities. Note that the branch length of Tigriopus is twice as long as represented in the tree.

(T < A), ATN < GIN (I/M « V), CIN < TTY (L2 <
F), ACN < ATN (T < I/M), and GCN < GIN (A <
V). In this method, that we call “Neutral Transitions Ex-
cluded,” purines are coded by R and pyrimidines by Y
at all third codon positions, at first positions of CTN (L2)
and TTN (L1 and F) codons, and at first and second po-
sitions of ACN (T), ATN (I and M), GCN (A), and GTN
(V) codons. The obtained tree (Fig. 6) is very similar to
the one performed with only 39 taxa, i.e., excluding all
taxa presenting a reverse strand bias (Fig. 5A). Some of
the latter, i.e., Argiope, Euscorpius, Tigriopus, are still as-
sociated with a long branch with respect to their close
relatives, but they do not group together as previously
shown in Fig. 4: Argiope and Euscorpius fall with other

Chelicerates (PPg = 0.92), whereas Tigriopus is enclosed
with other Crusatceans (PPg = 0.91). A major difference
concerns Hexapoda that dot not appear monoyphyletic
because Collembola are sister-group of the clade uniting
Crustacea with Insecta (PPg = 0.90).

DISCUSSION
Strand-Specific Compositional Bias

At sites under little or no selective constraints, such
as fourfold degenerate codon positions, all mutations
are neutral, or nearly so, and have an equal probability
of being fixed in the population. Thus, substitutions at
these sites are expected to reflect the underlying rates and
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patterns of mutation (Kimura, 1983). According to Wu
and Maeda (1987), asymmetry in mutation rate and/or
mutation pattern between the two DNA strands should
be reflected in nucleotide compositions of neutral sites
as well. If patterns of substitutions are symmetric, the
equilibrium frequencies of nucleotides are expected to be
the same for both strands. In other words, the frequency
of adenine should equal the frequency of thymine on
the same strand. Similarly, the frequency of cytosine and
guanine should be the same. The nucleotide composi-
tion at fourfold degenerate sites is given in Table 2 for
each of the 49 taxa here examined. The results show that
the symmetry does not hold. Despite some differences in
base frequencies, all species of Metazoa, except Artemia
and Heterodoxus (but see below), present an important
strand asymmetry in the nucleotide composition since
one strand is characterized by a positive skew, i.e., A (%)
> T (%) and C (%) > G (%), whereas the other strand is
characterized by a negative skew, i.e., T (%) > A (%) and
G (%) > C (%), simply because of base complementar-
ity. Since this bias is also detectable at non-synonymous
sites, this confirms that it is in effect at all positions of
the mt genome. Hence, we can define a positive strand,
which is characterized by positive AT and CG skews, and
anegative strand, which is characterized by negative AT
and CG skews. In mammals, the positive and negative
strands correspond to the previously named L (light) and
H (heavy) strands, respectively.

What Asymmetric Mechanism Generates the Strand
Compositional Bias?

The strand bias is the consequence of asymmetric pat-
terns of change where certain substitutions are more
common than their complements, thereby generating in-
equalities between the frequencies of the complementary
bases A/T and C/G (Wu and Maeda, 1987; Lobry, 1995;
Sueoka, 1995). In theory, two mechanisms can bias the
occurrence of mutations between the two strands: repli-
cation and transcription (Francino and Ochman, 1997).
Both result in asymmetric patterns of mutations because
one strand remains transiently in single-stranded state
and is therefore more exposed to DNA damage than the
other strand, which is paired with the nascent DNA dur-
ing replication or the nascent RNA during transcription.

Concerning mtDNA replication, two models have
been proposed in mammals: the “strand-displacement
model” implies that the H strand is in transient
single-stranded state during DNA synthesis, whereas
the “stranded-coupled model” considers that the two
strands are always double-stranded (Bogenhagen and
Clayton, 2003).

According to the “strand-displacement model,”
mtDNA replication is an asymmetric process, due to the
presence of two distinct replication origins (Robberson
et al,, 1972; Clayton, 1982; Bogenhagen and Clayton,
2003). The H strand replication origin (Og) is located in
the main noncoding region of the mtDNA, called control
region or D-loop, and the L strand replication origin (Or )
is located about 11 kb downstream of the Oy (between

the N- and C-tRNA genes). MtDNA replication starts at
Op, with the production of a triple-stranded structure
because of the elongation of the nascent H strand, which
displaces the parental H strand. When the displacement
exposes O, as a single-strand template, the synthesis of
the L strand starts at the opposite direction. Because
the replication is very slow, requiring about 2 hours
(Clayton, 1982), the parental H strand remains single-
stranded for a long time, i.e., until paired by the newly
synthesized L strand. In contrast, the parental L strand
never remains single stranded in any phase of repli-
cation. As a consequence of its single-stranded state,
the H strand is supposed to be more exposed to mu-
tations than the L strand (Tanaka and Ozawa, 1994).
This model is supported by experiments that have re-
vealed that the rate of spontaneous deaminations of A
and C nucleotides are higher in single-stranded DNA
than in double-stranded DNA (Sancar and Sancar, 1988;
Frederico et al., 1990). In addition, a significant positive
correlation has been determined in mammals between
the duration of the single-stranded state of the parental
H strand (Dssh) and the frequency of cytosine on the
L strand. Similarly, negative tendencies have been ev-
idenced between Dssh and the frequencies of guanine
and thymine on the L strand (Tanaka and Ozawa, 1994;
Reeyes et al., 1998). If the model proposed for mammals
can be generalized to other metazoans, it could take into
account for the strand-specific compositional bias.

According to the “strand-coupled model,” the repli-
cation of mtDNA proceeds, principally, perhaps ex-
clusively, by a strand-coupled mechanism: both DNA
strands are fully double-stranded, and the newly synthe-
sised L strand involves extensive ribonucleotide incorpo-
ration (Yang et al., 2002). As a final step in the replication
process, ribonucleotides would be replaced by deoxynu-
cleotides through the POLG, which is known to possess
a reverse transcriptase activity (Yang et al., 2002).

Transcription is clearly asymmetric because it can
introduce biases in the patterns of mutation on the
two strands: while RNA is being synthesized on the
transcribed strand of DNA, the nontranscribed DNA
strand remains transiently single stranded. Several ex-
periments on Escherichia coli have shown that tran-
scription biases the mutational patterns between the
transcribed and nontranscribed strands by exposing the
nontranscribed strand to DNA damage. For instance,
transcription causes approximately fourfold increase in
the frequency of cytosine — uracil deaminations in the
nontranscribed strand (Beletskii and Bhagwat, 1996). In
the mitochondria of mammals, both strands are however
symmetrically transcribed over their entire length, start-
ing from two promoters, which are located in the control
region. However, the L strand, which is for the most part
noncoding in mammals, is transcribed two or three times
more frequently than the H strand (Attardi, 1985). There-
fore, transcription can be considered as an asymmetric
process, and the negative H strand is expected to be more
prone to deamination and transcription-coupled repair
mutations due to its single-stranded state during tran-
scription of the L strand.
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To conclude, the compositional bias in favor of a high
A+C content on the positive L strand could be related
to high levels of deaminations of A and C on the neg-
ative H strand, but additional experiments are needed
to know what asymmetric process is directly involved:
replication, transcription, or both of them.

Mutational Processes Involved in Strand Asymmetry

For all taxa, except Heterodoxus (but see below), similar
trends were found for both two- and fourfold degener-
ate third codon positions (Table 2 and Fig. 1). This sug-
gests that the strand-specific compositional bias is the
consequence of asymmetric patterns of substitutions in-
volving transitions rather than transversions. Two major
asymmetric mutational patterns can be therefore con-
sidered: (1) more A"T* - G C* than G Ct — A"T*
transitions; and (2) more C"G™ — T~A* than T" AT —
C~G* transitions. Spontaneous deaminations of A and
C nucleotides on the negative H strand would explain
the strand bias (Tanaka and Ozawa, 1994; Reyes et al.,
1998): deamination of adenine on the negative strand
would explain the low percentage of A~T* pairs be-
cause it yields a base, hypoxanthine, that pairs with cy-
tosine rather than thymine (Lindahl, 1993), producing a
A~T* — G~ C* transition; similarly, deamination of cy-
tosine on the negative strand would explain the low per-
centage of C~G™ pairs becauseit yields a base, uracil, that
pairs with adenine instead of guanine (Lindahl, 1993),
producing a C"G" — T~A™ transition. If both deam-
inations of A and C nucleotides accumulated at simi-
lar rates in single- and double-stranded DNA molecules,
we expect to observe the following patterns at synony-
mous positions of the positive L strand: A (%) > G (%);
C (0/0) >T (0/0),' A (0/0) =C (0/0),' and G (0/0) =T (0/0).
Such patterns are not observed since adenine is more
frequent than cytosine, and thymine is more frequent
than guanine (Table 2). Assuming that deamination is
the main process involved in the observed compostional
bias, the patterns can, however, be explained by differ-
ences in the rates of deaminations, firstly, between sin-
gle and double stranded DNAs, and secondly, between
A and C nucleotides (Fig. 7). This model is supported
by previous reports showing that deaminations of ade-
nine occur at 2% to 3% of the rate of deaminations of
cytosine (Lindahl, 1993; Gilbert et al., 2003), and that the
rate of deaminations are slower in double-stranded DNA
than in single-stranded DNA (Sancar and Sancar, 1988;
Frederico et al., 1990). The nucleotide composition ob-
served at synonymous sites of the positive L strand is
in perfect agreement with the model (Fig. 7): adenine is
more frequent than thymine due to higher rates of deam-
ination for cytosine in the single-stranded “negative H
strand” (dCs) than in the double-stranded “positive L
strand” (dCD); similarly, cytosine is more frequent than
guanine due to higher rates of deamination for adenine
in the single-stranded “negative H strand” (dAs) than in
the double-stranded “positive L strand” (dAD); and, as
expected with slower rates of deaminations for A than C
nucleotides, the frequency of guanine is lower than that

Positive L
Strand

Negative H
Strand

&irp T—sC

G*A
dCs

A<mG Culp-U

Ce—T A =P hX

FIGURE7. Deaminations of adenine and cytosine in the mitochon-
drial DNA. The positive L strand is characterized by positive AT and
CG skews (i.e., A % > T % and C % > G %), whereas the negative
H strand is characterized by negative AT and CG skews (i.e.,, T % >
A % and G % > C %). Deaminations may take place in the single
stranded “negative H strand” as well as in the double stranded “pos-
itive L strand”: cytosine (C) into uracil (U) and adenine (A) into hX
(hypoxanthine). Thickness of the arrows indicates the rate of deamina-
tion: thin and thick arrows are used for slow and fast rates, respectively.
Deaminations of A and C nucleotides on the double-stranded “posi-
tive L strand” are indicated by dAD and dCD whereas deaminations
of A and C nucleotides on the single-stranded “negative H strand” are
indicated by dAs and dCs.

of adenine. However, the relative frequencies of Cand T
nucleotides are highly variable among taxa. In particular,
four taxa have more C than T nucleotides in both two-
and fourfold degenerate third codon positions, i.e., Aste-
rina, Balanoglossus, Bos, and Phrynus (Table 2). These im-
portant variations of cytosine and thymine frequencies
suggest that the rates of deaminations have changed dur-
ing the evolutionary history of metazoans. This hypoth-
esis is corroborated by experimental evidence showing
that the rates of deaminations are not constant between
eukaryotes and bacteria: deaminations of cytosine are 40-
fold higher in Saccharomyces cerevisiae than in Escherichia
coli (Impellizzeri et al., 1991). Similarly, an increase in the
rates of adenine deamination in the single stranded “neg-
ative H strand” (dAs) may explain the high percentages
of cytosine observed for Asterina, Balanoglossus, Bos, and
Phrynus.

Global Reversals of Asymmetric Mutational Constraints

The present analyses have shown that six unrelated
taxa have a clear reverse strand bias since they are T/G
rich rather than A/C rich: Branchiostoma within chor-
dates, Florometra within echinoderms, Katharina within
molluscs, Tigriopus within crustaceans, and Argiope and
Euscorpius within arachnids (Table 2 and Fig. 1). Because
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this reverse strand bias is detected for synonymous as
well as nonsynonymous sites, it seems that the phe-
nomenon affects all positions of the mt genes, suggest-
ing that asymmetric mutational constraints have been
reversed in these taxa. Two possible scenarios can be
proposed for explaining this dramatic change of muta-
tional patterns: (1) inversion of the fragment including
the six protein-coding genes with respect to the control
region, or reciprocally, (2) inversion of the control region
with respect to these six genes. The control region, also
called D-loop in vertebrates and “A+4T rich” region in
some invertebrates, has been shown to be the most vari-
able region of the mtDNA, rendering impossible DNA
alignment between distant species (e.g., Mardulyn et al.,
2003). It contains the first origin of replication (equivalent
to Oy in mammals) and all initiation sites used for tran-
scription (Taanman, 1999). So, whatever the mechanism
involved in the asymmetric patterns of mutation, i.e.,
replication or transcription, the control region appears
to be the key region for determining the strand composi-
tional bias. Therefore, an inversion of the control region is
expected to produce a global reversal of asymmetric mu-
tational constraints in the mtDNA, resulting with time,
in a complete reversal of strand compositional bias. This
hypothesis is strongly corroborated by the present anal-
yses of mt gene arrangements during the evolution of
Metazoa. In the case of echinoderms, it is clear that an
inversion of the control region occurred in the lineage
leading to Florometra (Fig. 2), explaining why this genus
presents a reverse strand bias (Table 2 and Fig. 1). Such
aninversion can be also proposed for all other taxa with a
reverse strand bias because comparisons with their close
relatives reveal that their control region is always dif-
ferently positioned. An inversion of the control region
can be also proposed for Artemia and Heterodoxus, but in
these two genera, the event occurred probably too much
recently for observing a complete reversal of strand bias,
due to the lack of time for accumulating a sufficient num-
ber of mutations. This hypothesis is based on three argu-
ments: (1) one skew is significantly negative for each of
these two genera: ATy for Artemia and CGy Heterodoxus
(Table 2), suggesting an inversion of the control region
relative to the cox1-3 genes, or reciprocally; (2) the three
other values of skew are not significant (Table 2), indicat-
ing that the strand bias is not strong, and consequently
that the inversion is a recent evolutionary event; and (3)
their control region is not positioned as in their close rel-
atives. Additional species closely related to Artemia and
Heterodoxus need however to be analyzed for confirming
this hypothesis.

Phylogenetic Inferences and Reversals of Asymmetry
in the mtDNA

The mtDNA sequences have been shown very pow-
erful for inferring relationships at low taxonomic levels,
such as relationships between species, genera or even
families. However, the usefulness of mtDNA sequences
has been questioned for higher taxonomic levels such as
relationships between orders, classes, or phyla (Curole

and Kocher, 1999). One explanation is that the phylo-
genetic signal is obscured by saturation when sequence
comparisons involve highly divergent groups. Because
the mt genome evolves at much higher rates than the nu-
clear genome (Li, 1997), multiple hits are more frequent
in mtDNA sequences. However, reversals of asymmetric
mutational constraints can be another crucial factor for
explaining the difficulties encountered by many phylo-
geneticists for studying deep divergences with mtDNA
sequences. Here, we show that asymmetric mutational
constraints can be reversed through two different mech-
anisms: (i) inversion of the control region, which results
in a global reversal, and (ii) gene inversion, which re-
sults in a local reversal. What could be the consequences
of such reversals for phylogenetic inferences? When mu-
tational constraints are reversed, some mutation types,
which were frequent, become rare, whereas some other
types, which were rare, become frequent. As a conse-
quence, when global reversals of asymmetric mutational
constraints occurred independently in several taxa, these
taxa are expected to group together due to the long-
branch attraction (LBA) phenomenon (Felsenstein, 1978).
Here, the long branches do not result from a global ac-
celeration of mutational rates, but they are due to the
rapid accumulation of some substitution types, which
are rare in other lineages. Although this kind of LBA ef-
fect would need to be established in more details using
simulation analyses, such as those proposed by Huelsen-
beck (1997), it is expected to be particularly misleading
for phylogenetic studies. This is exactly what we ob-
tained when using the MP method of tree reconstruction
(Fig. 3): all taxa characterized by a reverse strand bias fall
together into the same clade in spite of their distant rela-
tionships, i.e., Florometra (Echinodermata), Branchiostoma
(Chordata), Katharina (Mollusca), Tigriopus (Crustacea),
Argiope (Chelicerata, Araneae), and Euscorpius (Chelicer-
ata, Scorpiones). The Bayesian approach seems to be less
prone to LBA with Branchiostoma located within Chor-
data, Florometra within Echinodermata, and Katharina
associated with the other representative of the phylum
Mollusca (Fig. 4). This result confirms that model-based
methods, such as Bayesian and ML analyses, are less sen-
sitive to LBA than MP methods. Indeed, they have the
advantage to deal with multiple hits (Swofford et al,,
2001), and to take into account heterogeneity of evo-
lutionary rates among sites, a parameter especially im-
portant for overcoming LBA (Cunningham et al., 1998).
However, any model-based method will be strongly af-
fected when the assumed substitution model is strongly
violated (e.g., Swofford et al.,, 2001; Rosenberg and
Kumar, 2003). At present, most models assume that the
process of substitution is stationary, i.e., the frequencies
of nucleotides remained constant over the period cov-
ered by the data. Hence, they cannot manage with re-
versals of mutational constraints. It is particularly rel-
evant to point out that all the eight genera affected by
a reversal of asymmetric mutational constraints dur-
ing the evolution of their mtDNA have a very long
branch (Fig. 4), suggesting that their phylogenetic po-
sition should be regarded with caution. Here, the long
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branches are not the consequence of accelerated rates of
evolution, but they rather reflect the fact that parame-
ters of the model are inaccurate for these taxa. The phy-
logenetic placements of Branchiostoma, Florometra, and
Katharina are in agreement with the traditional morpho-
logical classification of metazoans. All other genera af-
fected by a reversal of strand asymmetry occupy an un-
reliable position in the tree: Artemia is the sister-genus
of Daphnia, whereas Daphnia is expected to be associ-
ated with Triops; Heterodoxus is link to Pyrocoelia, ren-
dering the Coleoptera paraphyletic; Argiope, Euscorpius,
and Tigriopus are united in the same clade although they
are not closely related. In addition, we consider that lo-
cal reversals of mutational constraints, resulting from
gene inversions, are also dramatic for phylogenetic in-
ferences. In these cases, the misleading effect on tree
topology could be less marked than for global rever-
sals, but the incorporation of these sequences into the
analyses may strongly affect the estimation of the pa-
rameters of the evolutionary model, and then, tree re-
construction.

Because multiple reversals of asymmetric mutational
constraints are expected to considerably mislead phy-
logenetic inferences based on mtDNA sequences, we
recommend specific strategies for improving phyloge-
netic reconstruction. The first step is to detect taxa for
which asymmetric mutational constraints have reversed.
To deal with the problem of LBA, one possible solu-
tion is then to exclude all these taxa from phylogenetic
analyses. The drawback of this radical strategy is that
interesting taxa could be removed, limiting the im-
pact of phylogenetic results. As a possible alternative,
we propose to use a new method for coding molec-
ular characters, which aims at excluding neutral or
quasineutral transitions. There are two main arguments
for adopting this “Neutral Transitions Excluded” model:
(i) the asymmetric mutational constraints act princi-
pally by the way of transitions rather than transver-
sions; and (ii) selected transitions are expected to be
less affected by changes in asymmetry than neutral
transitions.

Application to the Phylogeny of Arthropods

Previous analyses based on mtDNA sequences have
revealed several unexpected results involving a com-
plete reinterpretation of morphological characters. Nu-
merous studies have concluded that Crustacea are para-
phyletic, with Malacostraca being more closely related to
Insecta than Branchiopoda (Garcia-Machado et al., 1999;
Wilson et al., 2000; Nardi et al., 2001; Hwang et al., 2001;
Nardi et al., 2003). Nardi et al. (2003) have also suggested
the paraphyly of Hexapoda, with Insecta being more
closely related to Crustacea than Collembola. Chelicer-
ata have been found paraphyletic (Delsuc et al., 2003) or
polyphyletic (Nardi et al., 2003). Myriapoda have been
found paraphyletic (Nardietal., 2003; Delsucet al., 2003).
Hwang et al. (2001) have proposed a sister-group re-
lationship between Chelicerata and Myriapoda. All of
these analyses were performed with several taxa char-

acterized by a reversal of asymmetric mutational con-
straints: Artemia, Heterodoxus, and Katharina, suggesting
possible artifacts in parameter estimations and tree re-
construction.

Here, we have shown that reversals of asymmetric
mutational constraints have dramatic consequences for
phylogenetic inferences. The detection of these rever-
sals and their management in phylogenetic analyses al-
lowed us to reconcile mtDNA data with traditional mor-
phological hypotheses and molecular analyses based on
the 18S rRNA gene (Fig. 5B). Indeed, we retrieved the
monophyly of Crustacea, Hexapoda (Insecta + Collem-
bola), Chelicerata, Myriapoda, and Pancrustacea (Crus-
tacea + Hexapoda), when taxa with reversed strand
asymmetric mutational constraints were excluded for the
analyses (Fig. 5A). In addition, the analyses evidenced
strong affinities between Chelicerata and Myriapoda,
confirming the monophyly of Paradoxopoda, a taxon
recently named by Mallatt et al. (2004) on the basis of
185/28S analyses. When the “Neutral Transitions Ex-
cluded” model was applied on a largest sample integrat-
ing taxa with reversed strand bias, most of these groups
were also retrieved as being monophyletic (Fig. 6). The
only exception is Hexapoda, which was found to be
paraphyletic. In addition, the position of Artemia, as
sister-group of the clade uniting Daphnia and Triops, is
now in agreement with traditional classifications and
molecular studies using nuclear markers, such as EFla
(Braband et al., 2002), as well as 18S and 285 rRNA genes
(Mallat et al., 2003). These results suggest that the
“Neutral Transitions Excluded” model is useful for
phylogenetic inferences by improving both parame-
ter estimations and tree reconstruction. Further ap-
plications and simulations are however needed to
precise the impact of this coding procedure on tree
reconstruction.

ACKNOWLEDGMENTS

We wish to thank all people who collected arthropod specimens used
for the present study: Pierre Escoubas and Eric Queinnec for Euscorpius
flavicaudis, Anne Ropiquet for Argiope bruennichi, and Franck Simon-
net for Endeis spinosa. We would like to acknowledge Rod Page, Tim
Collins, and three anonymous reviewers for their helpful comments
and suggestions on the manuscript.

REFERENCES

Anderson, S., A. T. Bankier, B. G. Barrell, M. H. L. De Bruijn, A. R.
Coulson, ]. Drouin, I. C. Eperon, D. P. Nierlich, B. A. Roe, F. Sanger,
P. H. Schreier, A. J. H. Smith, R. Staden, and I. G. Young. 1981.
Sequence and organization of the human mitochondrial genome.
Nature 290:457-465.

Attardi, G. 1985. Animal mitochondrial DNA: An extreme example of
genetic economy. Int. Rev. Cytol. 93:93-145.

Beletskii, A., and A. S. Bhagwat. 1996. Transcription-induced muta-
tions: Increase in C to T mutations in the nontranscribed strand
during transcription in Escherichia coli. Proc. Natl. Acad. Sci. USA
93:13919-13924.

Bogenhagen, D. F, and D. A. Clayton. 2003. The mitochondrial DNA
replication bubble has not burst. Trends Biochem. Sci. 28:357-
360.

Boore, J. L. 1999. Animal mitochondrial genomes. Nucleic Acids. Res.
27:1767-1780.

$202 1Mdy $Z uo 1senb Aq v06Z82/..2/2/¥G/e1oM e /01qsAs/woo dnoolwepeoe//:sdiy woly pepeojumoq



2005 HASSANIN ET AL—REVERSALS OF ASYMMETRIC IN THE mtDNA GENOME 295

Boore, J. L.,and W. M. Brown. 1994. Complete DNA sequence of the mi-
tochondrial genome of the black chiton, Katharina tunicata. Genetics
138:423-443.

Boore, J. L., L. L. Daehler, and W. M. Brown. 1999. Complete sequence,
gene arrangement, and genetic code of mitochondrial DNA of the
cephalochordate Branchiostoma floridae (Amphioxus). Mol. Biol. Evol.
16:410-418.

Braband, A., S. Richter, R. Hiesel, and G. Scholtz. 2002. Phyloge-
netic relationships within the Phyllopoda (Crustacea, Branchiopoda)
based on mitochondrial and nuclear markers. Mol. Phylogenet. Evol.
25:229-244.

Bromham, L. D., and B. M. Degnan. 1999. Hemichordates and deuteros-
tome evolution: Robust molecular phylogenetic support for a hemi-
chordate + echinoderm clade. Evol. Dev. 1:166-171.

Brusca, R. C.,and G.J. Brusca. 2003. Invertebrates. 2nd edition. Sinauer,
Sunderland, Massachusetts.

Burger, G., M. W. Gray, and B. F. Lang. 2003. Mitochondrial genomes:
Anything goes. Trends Genet. 19:709-716.

Cameron, C. B, J. R. Garey, and B. ]. Swalla. 2000. Evolution of the
chordate body plan: New insights from phylogenetic analyses of
deuterostome phyla. Proc. Natl. Acad. Sci. USA 97:4469-4474.

Cisne, J. L. 1974. Trilobites and the origin of arthropods. Science 186:13—
18.

Clayton, D. A. 1982. Replication of animal mitochondrial DNA. Cell
28:693-705.

Cunningham, C. W., H. Zhu, and D. M. Hillis. 1998. Best-fit maximum
likelihood models for phylogenetic inference: Empirical tests with
known phylogenies. Evolution 52:978-987.

Curole, J. P, and T. D. Kocher. 1999. Mitogenomics: Digging deeper
with complete mitochondrial genomes. TREE 14:394-398.

Delsuc, F, M. J. Phillips, and D. Penny. 2003. Comment on “Hexapod
Origins: Monophyletic or Paraphyletic?”. Science 301:1482d.

Dotson, E. M. and C. B. Beard. 2001. Sequence and organization of
the mitochondrial genome of the Chagas disease vector, Triatoma
dimidiata. Insect Mol. Biol. 10:205-215.

Felsenstein, J. 1978. Cases in which parsimony or compatability meth-
ods will be positively misleading. Syst. Zool. 27:401-410.

Felsenstein, J. 2004. PHYLIP (Phylogeny Inference Package) version
3. 6b. Distributed by the author. Department of Genome Sciences,
University of Washington, Seattle.

Francino, M. P,, and H. Ochman. 1997. Strand asymmetries in DNA
evolution. Trends Genet. 13:240-245.

Frederico, L. A, T. A. Kunkel, and B. R. Shaw. 1990. A sensitive ge-
netic assay for the detection of cytosine deamination: Determination
of rate constant and the activation energy. Biochemistry 29:2532—
2537.

Garcia-Machado, E., M. Pempera, N. Dennebouy, M. Oliva-Suarez, J. C.
Mounolou, and M. Monnerot. 1999. Mitochondrial genes collectively
suggest the paraphyly of Crustacea with respect to Insecta. J. Mol.
Evol. 49:142-149.

Garesse, R., J. A. Carrodeguas, J. Santiago, M. L. Pérez, R. Marco, and C.
G. Vallejo. 1997. Artemia mitochondrial genome: Molecular biology
and evolutive considerations. Comp. Biochem. Physiol. 117B:357—
366.

Gilbert, M. T., A.]. Hansen, E. Willerslev, L. Rudbeck, I. Barnes, N. Lyn-
nerup, and A. Cooper. 2003. Characterization of genetic miscoding
lesions caused by postmortem damage. Am. J. Hum. Genet. 72:48-61.

Guindon, S., and O. Gascuel. 2003. A simple, fast, and accurate algo-
rithm to estimate large phylogenies by maximum likelihood. Syst
Biol. 52:696-704.

Hassanin, A., G. Lecointre, and S. Tillier. 1998. The “evolutionary sig-
nal’ of homoplasy in protein-coding gene sequences and its phylo-
genetic consequences for weighting in phylogeny. Comptes Rendus
de 1I’Académie des Sciences, série I1I 321:611-620.

Hassanin, A. (submitted). Phylogeny of Arthropoda inferred from mi-
tochondrial sequences.

Huelsenbeck, J. P. 1997. Is the Felsenstein zone a fly trap? Syst Biol.
46:69-74.

Huelsenbeck, J. P., B. Larget, R. E. Miller, and F. Ronquist. 2002. Potential
applications and pitfalls of Bayesian inference of phylogeny. Syst.
Biol. 51:673-688.

Huelsenbeck, J. P., and E. Ronquist. 2001. MrBayes: Bayesian inference
of phylogenetic trees. Bioinformatics 17:754-755.

Huelsenbeck, J. P, F. Ronquist, R. Nielsen, and J. P. Bollback. 2001.
Bayesian inference of phylogeny and its impact on evolutionary bi-
ology. Science 294:2310-2314.

Hwang, U. W.,, M. Friedrich, D. Tautz, C. J. Park, and W. Kim. 2001.
Mitochondrial protein phylogeny joins myriapods with chelicerates.
Nature 413:154-157.

Impellizzeri, K. J., B. Anderson, and P. M. Burgers. 1991. The spectrum
of spontaneous mutations in a Saccharomyces cerevisiae uracil-DNA-
glycosylase mutant limits the function of this enzyme to cytosine
deamination repair. ] Bacteriol. 173:6807-6810.

Kimura, M. 1983. The neutral theory of molecular evolution. Cam-
bridge University Press, Cambridge.

Knight, R. D., S.J. Freeland, and L. F. Landweber. 2001. Rewiring the
keyboard: Evolvability of the genetic code. Nature Rev. 2:49-58.

Li, W.-H. 1997. Molecular evolution. Sinauer Associates, Sunderland,
Massachusetts.

Lindahl, T. 1993. Instability and decay of the primary structure of DNA.
Nature 362:709-715.

Lobry, J. R. 1995. Properties of a general model of DNA evolution under
no-strand-bias conditions. J. Mol. Evol. 40:326-330.

Machida, R. J, M. U. Miya, M. Nishida, and S. Nishida. 2002. Com-
plete mitochondrial DNA sequence of Tigriopus japonicus (Crustacea:
Copepoda). Mar. Biotechnol. 4:406-417.

Mallatt, J. M., J. R. Garey, and J. W. Shultz. 2003. Ecdysozoan phylogeny
and Bayesian inference: First use of nearly complete 28S and 185
rRNA gene sequences to classify the arthropods and their kin. Mol.
Phylogenet. Evol. In press.

Mardulyn, P, A. Termonia, and M. C. Milinkovitch. 2003. Structure
and evolution of the mitochondrial control region of leaf beetles
(Coleoptera: Chrysomelidae): A hierarchical analysis of nucleotide
sequence variation. J. Mol. Evol. 56:38-45.

Nardi, F, A. Carapelli, P. P. Fanciulli, R. Dallai, and F. Frati. 2001.
The complete mitochondrial DNA sequence of the basal hexapod
Tetrodontophora bielanensis: Evidence for heteroplasmy and tRNA
translocations. Mol. Biol. Evol. 18:1293-1304.

Nardi, E, G. Spinsanti, J. L. Boore, A. Carapelli, R. Dallai, and F.
Frati. 2003. Hexapod origins: Monophyletic or paraphyletic? Science
299:1887-1889.

Naylor, G. J. P, and W. M. Brown. 1997. Structural biology and phylo-
genetic estimation. Nature 388:527-528.

Naylor, G. J. P, and W. M. Brown. 1998. Amphioxus mitochondrial
DNA, Chordate phylogeny, and the limits of inference based on com-
parisons of sequences. Syst. Biol. 47:61-76.

Posada, D., and K. A. Crandall. 1998. MODELTEST: Testing the model
of DNA substitution. Bioinformatics 14:817-818.

Perna, N. T., and T. D. Kocher. 1995. Unequal base frequencies and the
estimation of substitutional rates. Mol. Biol. Evol. 12:359-361.

Reyes, A.,C.Gissi, G. Pesole, and C. Saccone. 1998. Asymmetrical direc-
tional mutation pressure in the mitochondrial genome of mammals.
Mol. Biol. Evol. 15:957-966.

Robberson, D. L., H. Kasamatsu, and ]. Vinograd. 1972. Replication of
mitochondrial DNA. Circular replicative intermediates in mouse L
cells. Proc. Natl. Acad. Sci. USA 69:737-741.

Rosenberg, M. S., and S. Kumar. 2003. Heterogeneity of nucleotide fre-
quencies among evolutionary lineages and phylogenetic inference.
Mol. Biol. Evol. 20:610-621.

Sancar, A., and G. B. Sancar. 1988. DNA repair enzymes. Annu. Rev.
Biochem. 57:29-67.

Schram, F. 1986. Crustacea. Oxford University Press, New York, Oxford.

Shao, R., N. J. Campbell, and S. C. Barker. 2001. Numerous gene re-
arrangements in the mitochondrial genome of the Wallaby Louse,
Heterodoxus macropus (Phthiraptera). Mol. Biol. Evol. 18:858-865.

Snodgrass, R. E. 1938. Evolution of the Annelida, Onychophora and
Arthropoda. Smithson. Misc. Collect. 97:1-159.

Sueoka, N. 1995. Intrastrand parity rules of DNA base composition and
usage biases of synonymous codons. J. Mol. Evol. 40:318-325.

Swofford, D. L. 2003. PAUP*. Phylogenetic analysis using parsimony
(*and Other Methods). Version 4. Sinauer Associates, Sunderland,
Massachusetts.

Swofford, D. L., P. J. Waddell, J. P. Huelsenbeck, P. G. Foster, P. O.
Lewis, and J. S. Rogers. 2001. Bias in phylogenetic estimation and its
relevance to the choice between parsimony and likelihood methods.
Syst. Biol. 50:525-539.

$202 1Mdy $Z uo 1senb Aq v06Z82/..2/2/¥G/e1oM e /01qsAs/woo dnoolwepeoe//:sdiy woly pepeojumoq



296 SYSTEMATIC BIOLOGY

VOL. 54

Taanman, J. W. 1999. The mitochondrial genome: Structure, transcrip-
tion, translation and replication. Biochim. Biophys. Acta 1410:103—
123.

Tanaka, M., and T. Ozawa. 1994. Strand asymetry in human mitochon-
drial DNA mutations. Genomics 22:327-335.

Tarrio, R., F. Rodriguez-Trelles, and F. J. Ayala. 2001. Shared nucleotide
composition biases among species and their impact on phylogenetic
reconstructions of the Drosophilidae. Mol. Biol. Evol. 18:1464-1473.

Tomita, K., S. Yokobori, T. Oshima, T. Ueda, and K. Watanabe. 2002.
The cephalopod Loligo bleekeri mitochondrial genome: Multiplied
noncoding regions and transposition of tRNA genes. J. Mol. Evol.
54:486-500.

Wilson, K., V. Cahill, E. Ballment, and J. Benzie. 2000. The complete
sequence of the mitochondrial genome of the crustacean Penaeus
monodon: Are malacostracan crustaceans more closely related to
insects than to branchiopods? Mol. Biol. Evol. 17:863-874.

barnacles

Wu, C.-I., and N. Maeda. 1987. Inequality in mutation rates of the two
strands of DNA. Nature 327:169-170.

Yang, M. Y., M. Bowmaker, A. Reyes, L. Vergani, P. Angeli, E. Gringeri,
H. T. Jacobs and I. J. Holt. 2002. Biased incorporation of ribonu-
cleotides on the mitochondrial L-strand accounts for apparent
strand-asymmetric DNA replication. Cell 111:495-505.

Yang, Z. 1994. Estimating the pattern of nucleotide substitution. J. Mol.
Evol. 39:105-111.

Yokobori, S., T. Suzuki, and K. Watanabe. 2001. Genetic code varia-
tions in mitochondria: tRNA as a major determinant of genetic code
plasticity. J. Mol. Evol. 53:314-326.

First submitted 5 Feburary 2004; reviews returned 14 May 2004;
final acceptance 4 August 2004
Associate Editor: Tim Collins

hermit crab

horseshoe crab

Illustrations of a few of the taxa examined in this study.

$202 1Mdy $Z uo 1senb Aq v06Z82/..2/2/¥G/e1oM e /01qsAs/woo dnoolwepeoe//:sdiy woly pepeojumoq



(28vd jxau uo panuguo)))

Downloaded from https://academic.oup.com/sysbio/article/54/2/277/2842904 by guest on 24 April 2024

VI
INE XS 88C 22 MG TUE TUS O¢ NS ¢ ¢ dS AS ME DS VS ¢ I¢ dE AS dE NS qus Tug S d€ D€ WS ¢ ¢ V€ NE IS TI€ €€ €u§ JG 9UG  BjeULIDpoundy
V-dN
INE ¢ 886 226 NS TPUE TUS OE MS ¢ ¢ ¢ AS ME DS VS ¢ I€ dS AS dE NS Tus Tug S d€ D€ WS ¢ ¢ V€ NE IS T1€ €€ €U§ ¢ 9uG EBjeunspounpy
NI
INE XS 8BG o€ NS U TUS OE S TE DS dS AS ME DS VS TS I¢ dS AS dE NS 2us Tug g6 d€ D€ WS 195 Zug ve NE IS T1€ €€ €u§ JS 9uG  BOZOISYUmI[g
V-dN
INE XS 88G o€ MG TUE TUS O¢ ¥ ¢ DG dS AE ME DS VS TS I¢ dE AS dE NS ¢us Tug S d€ D€ WS ¢ TUe Ve NE IS TI€ €€ €UG JS 9UG  BOZOISUMIT
206 TSS 886 7€ MG dE TUS TIE ISE AS DS 196 VS AE V€ NS NE WNE TUS O§ I¢ WS OF TUuE AS d€ 196 SI€ TS A€ SUS gS¢ IS T1€ 19 ds IS dS N-ID eyepioyd
296 1SS 88¢ 22 NS dE TUS TIE IS AS DS 196 VS AS V€ ¢ ¢ INE TUS ¢ 1€ WS ¢ Tug AS d€ TS SIE TS A€ SUS ¢S IS 1€ 19 ds IS dS V-dIN eyepioyd
V-I9/dN
g6 ¢ ¢ ¢ ¢ NE TUSTIE ¢ Tue DS ¢ WS AE ¢ ¢ 126 TSE S D€ ¢ ¢ & ¢ AS WE TS ST TIS AE TS HE ¢ TIE ¢ 9PE IS 9uE eSO
mEOﬁGmeGMHO QEOﬁUW kauwwuﬁw MUQ-COMEH
e RIDI 886 22 NS THug 4S O S TUS TIG TuE AE ME OS VS AS I€ dE AS dJE NS Tus Tug g5 4 D€ WS D5 A€ VE NE IS 196 €¢ €ug JS 9ug v4j0111040] ]
INE XS 88G 22 MG TUE TUS O¢ MG dJS DS dS AE ME DS VS TS I¢ dE AS dE NS cus Tug dS d€ D€ WS D zue ve NE IS TI€ €€ €us IS 9ug 427581
INE KS 8BG 22€ NS TPUE TUS OE S JS DS dS AE ME OS5 VS TS I¢ dE AS dJE NE cus Tue g5 46 DO NS RD cue ve NS IS TTE €6 €us J€ 9ug ULy
INE XS 88G 22¢ MG THUE TUS O¢ S TIE DS dS AS ME DS VS TS I¢ dS AS dE NS 2us Tug g5 d€ D€ WS 195 ¢u§ Ve NE IS TTE €€ €uS 4G 9ug vtovquIy
296 1SS 88¢ 7€ NS dE TUuS 7IE 1SS RS DS 196 VS AE V€ NS NE INE TuS I Tug IS NS OS AS d€ 116 SI€ TIS A€ 1S ¢ O¢ 1€ 19 as dS sug snssojSouvjpg
796 ISS 8BS 7€ NS dE TUS TIE ISE AS DS 196 VS AE Ve NS NE O¢ O I E TuS S TUE A4S dS 16 d€ T1S A€ SUS ¢S€ IS TT€ 196 ds IS dS vuogsonpUvLg
76 TSS 886 ¢ MG dE TUS TIE TSE AS DS 196 NS AE VE TUE MS INE TUS OS I NS Of TUE AS d€ TI6 SIE TS A€ SUS ¢Se IS TTE T9°¢ ds de ds uozhuioiag
796 1SS 88¢ 22 NS dE TUS TIE ISE AS DS 196 NS AE VE TUe MS INE TUS OS I NS OFf TUE AS d€ TS SIE 1S A€ SuS ¢S¢ IS TIE 19¢ ds IS dS sog
886 V¢ 786 ¢ NE NE I€ D€ D¢ cug DS dS 196 AE SIS ¢ 196 TSE ¢ ¥MS IUS ¢ TIE ¢ AS ME TS S IS A€ HS €6 JS OF €ue qo¢ 1SS 9ug o807
QD To¢ VS €€ gec QI TUS TIE AS TUE DS ME WS AE AS Of I°§ 7SE SIS D€ MS O €96 NE AS IE TIS ST TIS AE T1S HE de T1€ I€ 9PE 1SS 9ue vy
€6 NE €us I¢ DG NE TUS V€ NS D¢ 8¢5 ROl 195 zug 986 dd¢ DS 7SS S 99€ 9uS €9¢ MG TUg AS Pug 116 SIE TIS AE 1SS THE IS T1€ VS TIE MS 9ug siodoufip]g
geS 7o UG J¢ dS NE TuS 7S¢ NS TUe DG §¢¢ NG FUE 988 d¢ 19§ ISE SIS DE 9uG €€ MG Tug AS INE TIS STE TIS AE VS TE IS TIE TUS €UE MG 9ug snoriquin
46 d€ 16 SIE TIS Tue TS Ve WS RID S 7I¢ VS TS MOl ¢Se 22§ d€ JS TPg dS TuE QUG Mg S IE 9US €ug DG €¢ S ¢ 0§ TIE D6 A€ HS A€ sndoti8iL
ges ME ds ¢ S TIE S 196 TS AS OS 195 ME AE D€ TUE MS INE TuS ISe SI6 RID 1SS RIDl AS O€ 16 S¥€ TIS AE TUS € dd¢ ¢TI NG I€ Tug gug  wioydojuopuiar
geg ME dS ¢ NS T9¢ TUS TIE 296 AS ME 196 WS D AE TUE MS INE TuS D¢ I€ de Of MDD AS RID 16 1€ 116 A€ ISE D HE TIE TIE 9Po¢ 1SS 9ug snypydasrdpy
IS V€ OS ¢ NS TIE 25 TIE ¢IS OS € 1S§ OS 195 O SI6 88 NE TUS I€ ME D€ WS df AS MS TS SiE TUS A€ TIS 198 dS Ti€ RIDl AS A€ 9ug snin8uq
geg M€ dS ¢ NS T9¢ TUS 7€ 296 D6 OS d€ ME 19§ DE Tue MS INE TuS I¢ I€ XS WS MDD AS RID 116 1€ 716 A€ T16 TIE dS TTIE IS 9og 1SS 9ug SN
MS ¢ 8¢5 dE dS TIE TS 19 T1S AS IS 195 ME A€ D€ TUE MS NE Tus DS I€ NS O¢ MO AS D i€ SiI€ TIS A€ TUuS i€ IS TIE TUE d>¢ 1SS 9ug vys1I07
geg M€ dS ¢ NS 1€ TUS 7IE 296 AS ME 196 MDD IS AS TUE MS INE TUS O I€ WS OF DS AS RID 116 SI€ TI6 AS 1S TE ISE 1€ U 9og ISS 9ug sniqoy
geS ME dS 7€ S 1€ TUS TIE S XS DS 196 ME AE O TUE MG INE Tus OS I¢ WS Of ROl AS RMID| 116 ST¢ TIS AE TIS g ISE TI€ TUE qog 1S 9ue S
8eG M€ S € NS I9¢ TUS 7I€ 296 AS DS 196 ME AE DE TUE MS INE TUS 0§ 1€ WS O¢ RID AS RID 116 SI€ TIS AE T1S TE ISE T1€ U qo¢ ISS 9ug sapox]
€U IS NS GUS G¥D AE FUE g D¢ IE€ 296 VS o€ INE 196 dE O TFUS DS MS A€ D de as 116 9e¢ OE 9uG 7SS S¥E D¢ GUE PG IS¢ TUS €3¢ TS Tug SHXO0pOI2II]
885 ME ds ¢ S TI€ 0§ 1€ T1S AE 19§ DS ME AS D€ TUE MS INE TuS OS§ I¢ WS O¢ RID AS RID 116 S'€ TIS AE TUS ¢ ISE ¢I€ U qog 1SS 9ug vhwoshug)
ges ME dS ¢ S TIE S 1€ TIS XS DS 196 OS A€ I€ TUE MG INE cus fID 16 D€ ME Of AS NI TI6 STE TIS AE TuS Mg ISE TIE TUE qog 1IS§ 9ug ALY
ges ME ds ¢ S TI€ 5 196 TS XS DS 195 ME AE D€ Tue MS O§ IS RO I zus O WE AS RID 116 S¥€ TIS AE TUS ¢ ISE ¢I€ U qo¢ ISS 9ug vty
ges ME ds ¢ S TIE S 1€ TS XS DS 196 ME AE D€ TUE MG INE Tus OS I¢ WS Of ROl AS RID| 116 ST¢ TIS AS TuS Mg ISE TIE TS 9og 1S§ 9ug sojaydotryy
ges ME ds ¢ S TI€ S 196 TS AS DS 195 ME AE D€ TUE MS INE TuS OS I¢ WS O¢ RID AS RID 116 S'€ TIS AE TUS ¢ ISE ¢I€ U qo¢ ISS 9ug vpydosoiq
£ 5 £ 5 £ 5 £ & £ 5§ £ £ £ S £ & £ & £ & £ & £ S £ & £ & £ 85 £ 5§ £ & £ S £ 8
8¢ /£ 9¢ G& FE € T€ 1€ 05 6C SC L 9¢ ST ¥ € ¢ 1z 0z 6 ST /LI 9T SI ¥ € <L 1L Ol 6 8 L 9 S v € T 1
a 3 ? 1 » X o) M u W o) St A T 71 u 1S P

.mEOE&N_CNw.HO awoua3 Te1jsadue wﬁw.ﬁhwwﬁw 10J posn siajoereld f/ Jo XIneN [ XIANIddVY

297



1q owoIyo03£d :qd ‘snonJrquue :

Downloaded from https://academic.oup.com/sysbio/article/54/2/277/2842904 by guest on 24 April 2024

uor3ar [onuo)) D

‘SYNRT 3Tungns [fews pue a3re[ ;1 pue 1 [T pue 9—1 syrungns aseua8orpAyap HAVN [FU PUe ‘gpu ‘Gpu “Fu “gu ‘gu ‘Tu ‘snondiquueun :n)
V PUD € i¢ ‘6~ SYUNQNS ISEPIXO D SWOIYI0JAD 1D “Zd ‘9 “UOTIONISU0IAI JWOUdS 135 ‘PUd G :G DS J [V 9} JO § PUE 9 S}runqgns :ge pue ge ‘Auowrsied WWIxXew : A Suoyviaaiqqy

Sug @G Of RO MOl A€ S ME HS €ue 7SS PUE 9ug 7Se SIG € IS SIE SUS HE ¢1S OS IPUS 198 ¢1€ MS FUS 1SS 1S ¢ ISE 98€ €95 8¢ 9BG ME V-JD Bjeurispouny
qug g O¢ RO MOl A€ 6 ¥ME HS €ug 7SS PUE 9ug 7SE SI6 ¢ IS ST SUS HE ¢IS O6 THUS I9€ ¢TI MS FUS ISS TIS ¢ ISE 98¢ €95 8¢ 9BG ME V-JIN BIeuIapounydy
Sug g O¢ RO MOl g€ 6 ME HS €ue 7SS PUE 9ug 7SE SIG qPE IS SIE SUS HE TIS OS THUS 198 ¢I€ MS FUS ISS TS AE ISE 98€ €95 8¢ 9BG ME  -¥D LOZOISYMS[g
qug @G O¢ RO MOl A€ 6 ME HS €ug 7SS PUE 9ug 7SE ST g IS SIE SUS HE ¢IS O TPUS I9€ ¢TI MS FUS ISS T1S AS ISE 98¢ €95 §e¢ 98G ME  V-JIN BOZOISYUmI[g
qug g€ L€ RO dE € FUS ME HS TPUE 7SS PUE 9ug TIE SIG RID 9uS 9S ¢TIS HE TUE MS THUS €UE ME D€ NS OE €US €€ DG 9eg €95 geg 9eg e N-ID eyeproy)
qug g€ I¢ R dE 9 PuS ME HS TPUS 7SS PUE 9ug TIE SI6 . 9US 96 ¢S HE TUE MS TPUS €UE ME D€ S OE €US €¢ DG 9eg €3G geg 9eg Mg V-dIN eyepioyD
PS IS ¢ UG ¢ TPUS FUS IS HS TPUE SUG FUE dS HE ¢ GUE ¢ ¢ TUS €UE 6 ME NS VE€ WS ¢ TS ¢ ¢ & & ¢ ¢ $eg 9¥G dE  V-ID/JIN BOSNION
mEOﬁmmﬁﬁﬁw.ﬁO OEOGWW ﬁﬁhumwuﬁm ﬁwhhwwﬂm
qug @5 O¢ ¢ RO A€ 6 ME HS €ug 7SS PUE 9ug 7Se SIG TIE IS SIE SUS HE ¢IS OS [HUS 19€ TI€ MS FUS 1SS TS 1€ ISE 98¢ €35 8eg 98g ¢ v.4011040] ]
que @G O¢ T°§ MO g€ 6 ¥Me HS €Ue 7SS FUE 9ug 7SE SIG 9PE IS STE SUG HE TIS O§ WUS 19¢ TIE MS FUS TSS TTS AE ISE 9B€ €95 Seg 9eg Mg 123501
qug @ O¢ 196 RO A€ 2§ ME HS €ue 7SS PUE 9ug 7Se 9PE SIG IS SIE SUG HE OS TIS HUS 19€ TIE MS FUS 1SS TS AE ISE 98E €95 8eg 9eg ¢ LISy
qug g O¢ ROl MOl g€ 5 ¥Me HS €Ue 7SS FUE 9ug 7SE ST 9PE IS STE SUG HE TIS OS WUS 19€ TIE MS FUS TSS TTS AE ISE 98€ €95 §eg 9eg Mg vtovquIy
ds ds ROl oug RO A€ PUS ¥WE HS IPUE 7SS PUE PG 7SE SI6 9UG IS 4O GUS HE TUE MS [PUS €UE ME D€ US OE UG €€ DG 9eE €95 §ee 9es ¢ snssojSouvjvg
o¢ g€ I€ SIS dE PE FUS e HS [HUE 7SS Fue MO TIE AS STE 9US 9§ TI§ HE TUE MG UG gUE ME D MS €6 9ug RID| €US 9eE €95 Seg 9eg Mg viojsonuvLg
qug RID ¢ 45 F¢ RO Fus ME HS TPUS 7SS PUE 9ug TIE SIG JS L€ 96 ¢IS HE VS OF IHUS €ue ME NE NS OE €US €¢ DG 9eg €35 geg 9eg ¢ uozhmosad
qug d¢ I¢ MDD dE dE Fus Me HS TWUS 7SS vue 9ug zIe S16 I 9uS 95 1S HE VS D TUS gue ME NE NS OE €US €¢ DG 98¢ €3G §eg 9eg Mg sog
PG JE 9US Tug TTIE [FUS FUS IS SUS [FUE 9eg TIE dS FUE ME SUE NS AS cuS M€ ¢S5 g€ d€ NS dS ¢ ISE €€ TIS ¢ €S TIS HE $ee 95 (g o807
PS JdS TUS 9uG ISE THUS FUS IS FIS [FUE SUG FUE IS HE 9v€ GUE DG €96 Tug €ug IS ME NS Ve ¥S Mg ¢S I¢ OS¢ A€ NS IS JE §eE 9v o¢ Uy
Ps O¢ IS d€ TWUS dJE FUS IE SIC [Fug Sug e JS HE DG Sug JS JdE TuS €ug go§ I9¢ HS 9e¢ TS 1SS ¢Ss ME RID 22¢ O dg ¥S M€ WS A€ s1odoufiy]g
PS O IS d€ WUS JE FUS IE€ D6 [FUE SuS ROl dS HE OS Sug S dE TS Ve 205 196 RIDl 9ee 7SS TI€ ISE ME €35 8¢ 9ug HF S ME AS de snoriquin
[PUS A dS INE SI6 O¢ 88 9ug NS ¥ME WS 9P¢ €US I¢ cus OE ISS dS MS 98¢ €35 Pug $uS HE T1S D€ A§ Sue IS TIE TI6 NE 7SS 8e€ 9eS Tug sndoti8ip
PS IS I€ UG JE TPUS FUS IS HS [FUE SUS FuE JS HE d€ Sue g€ ¢SE A5 NE ¢SS M€ NS Ve ¥S €Ue V6 D €uS €€ DG 9eg € geg 95 (g vioydojuopvizar
PS dS I€ UG dE THUS FUS IS HS [FUE SUG FUE JS HE OF SUE TUg gSe IS NE ¢SS M€ NS V€ ¥S €U6 V6 D¢ €US €€ DG 9eg €9 geg 9es (g snppydaordupy
s Ie RO Tug 9ug [FuS FUS IS HS [FUE SUG FUS JS HE A€ SUE JE ¢SE AS NE ¢SS ¥ME NS €€ dS €U€ VS O €U Mg MG 9eg €3G §eg 9eg gug snnSug
PS g€ HUS TUE O ISE FUS JE HS [FUE SUS FUE JS HE AS SUE 9uS 7SE A5 NE ¢SS ME NS V€ ¥S €UE V6 D €US €€ DG 9eg € geg 95 (g SN
Ps S Ie 9uG JE THUS FUS IS FS [FUE SUG FUS IS HE A€ SUE JE ¢SE AS NE ¢S6 ME NS VE WS €UE VS O €US €€ DG 98E €3G geg 9eg g vjsna07
PSS I€ 9uG JE TPUS FUS IS HS [FUE SUS FuS JS HE A€ SUE g€ ¢SE A5 NE ¢SS ¥ME NE V€ ¥S €UE V6 D¢ €uS €€ DG 9eg €3G geg 9es (g snqoy
PS JdS I€ UG JE TPUS FUS IS HS [FUE SUS FuE JS HE d€ Sue g€ ¢SE A5 NE ¢SS M€ NS V€ ¥S €UE V6 D €uS €€ DG 9eg € geg 95 (g snpnu]
PS IS IS 9US TFUS JE FUS IE€ HS [FUE SUS FUE dS HE d€ SUE € ¢SE A5 NE ¢SS ¥ME NS V€ ¥S €UE V6 DE €US €€ DG 9eg €3G §eg 95 (g sapox]
dS AS IS 9uE¢ 196 JE FUS TUS TTE THUE WS ¥e TIS NS Ie 7SE HE ME S TIE Ve ME HS €6 N¢ AS @0 df ¢I¢ Tug IS ¥S SIS gee 9es [0 snxoposajoy]
PS IS I€ UG JE TPUS FUS IS HS [FUE SUS Fue 45 HE d€ Sue g€ ¢SE A5 NE ¢SS ¥ME NS V€ ¥S €UE V6 D¢ €uS €€ DG 9eg € geg 95 (g vhwoshug)
PS S Ie UG JE THUS FUS IS FS [FUE SUG FUE J¢ HE Sue g€ S ¢SE IS NE ¢SS M€ NS V€ ¥S €UE V6 D¢ €US €€ DG 9eg €9 geg 9es (g LY
PS JdS I€ UG JE TPUS FUS IS HS [FUE SUS FuS JS HE d€ SUe J€ ¢SE A5 NE ¢SS ¥ME NS V€ ¥S €UE V6 D¢ €US €€ DG 9eg €3G geg 9es (g vaviayuy
PS JS I€ UG JE TPUS PUS IS HS [FUE SUS FuE JS HE d€ Sue g€ ¢SS NE dS 7S€ VE VS €ug NG € UG D €US €€ DG 9eg € geg 95 (g sajaiydotty
PS IS I€ UG JE TPUS FUS IS HS [FUE SUS PUE JS HE d€ SUE € ¢SE A5 NE ¢SS M€ NS V€ ¥S €UE V6 D €US €€ DG 9eg €3G §eg 95 (g vpnydosoiq
£ 5 £ & £ & £ & £ & £ & £ & £ S £ & £ & £ & £ & £ & £ S £ S £ & £ S £ &
V. € T 1L 0L 69 89 /49 99 S9 ¥9 €9 79 19 09 66 86 LS 95 S ¥S €6 TS IS 0S 6 S8y b 9 S ¥ € b IF OF 66
gu d L wu yu H qu El q s N K| v cu 9 € 9e ge

(panunuo)) ‘suonjeziue3Io SWousd [enjsaoue SULLIJUL J0J Pasn SIdjOereyd F/ Jo XIeN T XIANAddY

298



