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Chapter 3



Key Transitions in Animal Evolution: a Mitochondrial DNA Perspective Dennis V. Lavrov



Introduction When the first complete mitochondrial DNA (mtDNA) sequence—that of humans—was determined (Anderson et al. 1981), it was fittingly described by the phrase “small is beautiful” (Borst and Grivell 1981). Mitochondrial genomes of bilaterian animals are indeed small (~16 kpb), not only because of their limited coding capacity (typically 37 genes), but also due to the remarkable economy of their genomic organization (Fig. 1). Genes encoded in bilaterian mtDNA are compactly arrayed, separated by no, or only a few, nucleotides and typically contain neither introns (but see Valles et al. 2008) nor regulatory sequences. Protein and transfer RNA genes are even often truncated and completed by either posttranscriptional polyadenylation (Yokobori and Pääbo 1997) or, in some cases, editing (Lavrov et al. 2000). Furthermore, changes in the genetic code allowed animals to reduce the set of mitochondrial tRNA genes to 22, several tRNAs fewer than the minimum number required for translation under the standard genetic code (Marck and Grosjean 2002). Encoded ribosomal RNAs are also reduced in size, lacking many secondary structures present in homologous molecules in other groups. In addition to small size, bilaterian mtDNA displays several unusual genetic and genomic 253 Bessey Hall, Department of Ecology, Evolution and Organismal Biology, Iowa State University, Ames, Iowa 50011. E-mail: [email protected]
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features such as unorthodox translation initiation codons, highly modified structures of encoded transfer RNAs, a high rate of sequence evolution, a relatively low rate of gene rearrangements, and the presence of a single large non-coding “control” region (Wolstenholme 1992b). Although the organization of mtDNA is remarkably uniform across different groups of bilaterian animals [but see Armstrong et al. (2000), Helfenbein et al. (2004), and Suga et al. (2008) for some exceptions], it is far from typical for other eukaryotic lineages. In fact, it was known early on that mitochondrial genomes vary greatly in size, gene content, and genome architecture across eukaryotic groups (Wallace 1982, Lang et al. 1999). Interestingly, even the mitochondrial genome of the choanoflagellate Monosiga brevicollis, a close relative of animals, is severalfold larger than “typical” animal mtDNA and harbors 1.5 times as many genes (Fig. 1). It also encodes bacteria-like transfer and ribosomal RNAs, and uses a minimally-derived genetic code with TGA(Trp) as the only deviation from the standard code (Burger et al. 2003). Thus major changes



Fig. 1. mtDNA organization in bilaterian animals (represented by Homo sapiens) and the choanoflagellate Monosiga brevicollis. Protein and ribosomal genes are atp6, atp8–9: subunits 6, 8 and 9 of F0 adenosine triphosphatase (ATP) synthase; cob: apocytochrome b; cox1-3: cytochrome c oxidase subunits 1–3; nad1–6 and nad4L: NADH dehydrogenase subunits 1–6 and 4L; rns and rnl: small and large subunit rRNAs; rps3–19 and rpl2–16: small and large subunit ribosomal proteins; tatC: twin-arginine translocase component C. tRNA genes are identified by the one-letter code for their corresponding amino acid. The drawings are proportional to genome size: M. brevicollis (76,568 bp) and H. sapiens (16,571 bp).
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in mitochondrial genome architecture co-occurred with the evolution of multicellular animals. Studies of mtDNA in non-bilaterian animals can provide valuable insights into the progression of these changes and also supply data for phylogenetic analyses of animal relationships. Here I review recent progress in our understanding of non-bilaterian mtDNA and discuss the advantages and limitations of mitochondrial datasets for evolutionary and phylogenetic inferences. The mitochondrial DNA of non-bilaterian animals Complete, or nearly-complete, mitochondrial DNA sequences have been determined for >60 species of non-bilaterian animals, including 30 species of cnidarians, 27 species of sponges, and four placozoan strains (Fig. 2, Table 1). These mitochondrial genomes show many deviations from the typical bilaterian mtDNA described above. First, mtDNA is usually larger in size in non-bilaterian compared to bilaterian animals, averaging ~18.0 kbp in Cnidaria, ~20.0 in demosponges, and ~37.4 in placozoans. The larger size of non-bilaterian mtDNA is primarily due to the presence of larger non-coding intergenic regions, as well as more bacteria-like ribosomal and transfer RNA genes (Beagley et al. 1995, Signorovitch et al. 2007, Wang and Lavrov 2008). Second, mtDNA of non-bilaterian animals shows more variation in the gene content. Extra protein-coding genes are



Fig. 2. mtDNA evolution in the Metazoa. Phylogenetic relationships among bilaterian and non-bilaterian animals are currently unresolved and are represented here by a polytomy (empty box). The present review is mostly limited to mtDNA in “non-bilaterian” animals (light-gray box). Only the taxa for which mtDNA data are available are shown. The numbers under the taxon names indicates the number of complete mitochondrial genomes available for each group.
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Table 1. Mitochondrial genomes of non-bilaterian animals. Species



GenBank #



Reference



Cnidaria



Species



GenBank



Reference



Demospongiae



Acropora tenuis



NC_003522



(van Oppen et al. 2002)



Agelas schmidti



EU237475



(Lavrov et al. 2008)



Agaricia humilis



NC_008160



(Medina et al. 2006)



Amphimedon compressa



NC_010201



(Erpenbeck et al. 2007) (Lavrov et al. 2008)



Anacropora matthai



NC_006898



None



Amphimedon queenslandica



NC_008944



(Erpenbeck et al. 2007)



Astrangia sp. JVK-2006



NC_008161



(Medina et al. 2006)



Aplysina fulva



NC_010203



(Lavrov et al. 2008)



Aurelia aurita



NC_008446



(Shao et al. 2006)



Axinella corrugata



NC_006894



(Lavrov and Lang 2005b)



Briareum asbestinum



NC_008073



(Medina et al. 2006)



Chondrilla aff. nucula



NC_010208



(Lavrov et al. 2008)



NC_010206



(Lavrov et al. 2008)



NC_008411



(Brugler and France 2007)



Callyspongia plicifera



Colpophyllia natans



NC_008162



(Medina et al. 2006)



Cinachyrella kuekenthali



EU237479



(Lavrov et al. 2008)



Discosoma sp. CASIZ 168915



NC_008071



(Medina et al. 2006)



Ectyoplasia ferox



EU237480



(Lavrov et al. 2008)



Discosoma sp. CASIZ 168916



NC_008072



(Medina et al. 2006)



Ephydatia muelleri



NC_010202



(Lavrov et al. 2008)



Hydra oligactis



EU237491



(Kayal and Lavrov 2008)



Geodia neptuni



NC_006990



(Lavrov et al. 2005)



NC_000933



(Beagley et al. 1998)



Halisarca dujardini



NC_010212



(Lavrov et al. 2008)



NC_007224



(Fukami and Knowlton 2005)



Hippospongia lachne



NC_010215



(Lavrov et al. 2008)



Montastraea franksi



NC_007225



(Fukami and Knowlton 2005)



Igernella notabilis



NC_010216



(Lavrov et al. 2008) Table 1 contd...
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Chrysopathes formosa



38



Table 1 contd... NC_007226



(Fukami and Knowlton 2005)



Iotrochota birotulata



Montipora cactus



NC_006902



None



Negombata magnifica



NC_010171



(Belinky et al. 2008)



Mussa angulosa



NC_008163



(Medina et al. 2006)



Oscarella carmela



NC_009090



(Wang and Lavrov 2007)



Nematostella sp. JVK2006



NC_008164



(Medina et al. 2006)



Plakortis angulospiculatus



NC_010217



(Lavrov et al. 2008)



Pavona clavus



NC_008165



(Medina et al. 2006)



Ptilocaulis walpersi



EU237488



(Lavrov et al. 2008)



Pocillopora eydouxi



NC_009798



(Flot and Tillier 2007)



Suberites domuncula



NC_010496



NC_010207



(Lavrov et al. 2008)



Pocillopora damicornis



NC_009797



(Flot and Tillier 2007)



Tethya actinia



NC_006991



(Lavrov et al. 2005)



Porites porites



NC_008166



(Medina et al. 2006)



Topsentia ophiraphidites



NC_010204



(Lavrov et al. 2008)



Pseudopterogorgia bipinnata



NC_008157



(Medina et al. 2006)



Vaceletia sp.



NC_010218



(Lavrov et al. 2008)



Rhodactis sp. CASIZ 171755



NC_008158



(Medina et al. 2006)



Xestospongia muta



NC_010211



(Lavrov et al. 2008)



Ricordea florida



NC_008159



(Medina et al. 2006)



Sarcophyton glaucum



AF064823, AF063191



(Beaton et al. 1998)



Hexactinellida



Savalia savaglia



NC_008827



(Sinniger et al. 2007)



Aphrocallistes vastus,



EU000309



(Rosengarten et al., 2008)



Seriatopora caliendrum



NC_010245



(Chen et al. 2008)



Iphiteon panicea



>19,045



(Haen et al. 2007)



Sympagella nux



>16,293



(Haen et al. 2007)



Seriatopora hystrix



NC_010244



(Chen et al. 2008)



Siderastrea radians



NC_008167



(Medina et al. 2006)



NC_008151



(Dellaporta et al. 2006)



Placozoa Trichoplax adhaerens
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Montastraea faveolata



Species



GenBank #



Reference



BZ49



NC_008833



(Signorovitch et al. 2007)



BZ10101



NC_008832



(Signorovitch et al. 2007)



BZ2423



NC_008834



(Signorovitch et al. 2007)



Species



GenBank



Reference
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found in several lineages, including atp9 for ATP synthase subunit 9 in most demosponges (Wang and Lavrov 2008) and glass sponges (Haen et al. 2007, Rosengarten et al. 2008), tatC for twin-arginine translocase subunit C in Oscarella carmela (Wang and Lavrov 2007), mutS for a putative mismatch repair protein in octocorals (Pont-Kingdon et al. 1995, 1998, Medina et al. 2006), and polB for the DNA-dependent DNA polymerase in the jellyfish Aurelia aurita and one strain of placozoans (Shao et al. 2006, Signorovitch et al. 2007). In addition, out of 22 tRNA genes typically present in mtDNA of bilaterian animals, at most two, trnM and trnW, are found in cnidarians (Beagley et al. 1995, Kayal and Lavrov 2008) and the G1 clade of demosponges (Wang and Lavrov 2008), only five are found in the demosponge Plakortis angulospiculatus (Wang and Lavrov 2008) and 17 are found in another demosponge Amphimedon compressa (Erpenbeck et al. 2007).1 By contrast, additional mitochondrial tRNA genes are present in mtDNA of other demosponges and placozoans. Third, mitochondrial group I introns, with or without the homing endonucleases of the LAGLIDADG type, are found in hexacorals (Beagley et al. 1996, van Oppen et al. 2002, Fukami and Knowlton 2005), placozoans (Signorovitch et al. 2007), and several species of demosponges (Rot et al. 2006, Wang and Lavrov 2008). Fourth, demosponges, cnidarians and placozoans use a minimally-modified genetic code for mitochondrial translation, with TGA=tryptophan as the only deviation. The same genetic code is used for mitochondrial translation in Monosiga brevicollis and in most (but not all) fungi, whereas most bilaterian animals have modified the specificity of at least ATA and AGR codons (Knight et al. 2001). Finally, many nonbilaterian animals display low rates of mitochondrial sequence evolution as revealed by intraspecific (Shearer et al. 2002, Duran et al. 2004, Hellberg 2006, Wörheide 2006) and interspecific (Lavrov et al. 2005, Medina et al. 2006) studies based on mtDNA sequences. A Parallel Evolution of “Bilaterian-Like” mtDNA Remarkably, one group of non-bilaterian animals—Hexactinellida, or glass sponges—evolved mitochondrial genomes very similar to those found in bilaterian animals. Mitochondrial genomes in glass sponges (Hexactinellida) and bilaterian animals share several characteristics, including a nearly identical gene content (37 genes, but with atp9 instead of atp8 in glass sponges), nucleotide composition of the coding strand, and the presence of a single large non-coding region (Haen et al. 2007, Rosengarten et al. 2008). Like those in bilaterian animals, glass sponge mt1 Rosengarten et al. (Rosengarten et al. 2008) claim that three tRNA genes are also missing in the mitochondrial genome of the glass sponge Aphrocallistes vastus. However, we were able to identify the missing tRNAs in the non-coding regions of this genome.
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tRNAs display a great degree of variation both in size and in nucleotide sequence of the DHU and TψC arms, including a highly variable sequence of the TψC loop and the lack of conserved guanine residues in the DHU loops. In addition, both groups share a reassignment of the mitochondrial AGR codons from arginine to serine and experienced similar changes in the secondary structure of the tRNASer UCU that translates these codons (Haen et al. 2007). Many of these changes are rare and complex events that, so far, are known to occur only in the Bilateria and Hexactinellida. However, a closer look at mitochondrial genomes from glass sponges and bilaterian animals also reveals some differences. First, although only one mitochondrial gene for a tRNA with the CAU anticodon has been found in both groups, the encoded tRNA in glass sponges does not contain the R11-Y24 pair, characteristic of initiator tRNAs in other organisms. Hence, it is unclear whether this gene codes for the initiator tRNAfMet CAU or for the tRNAIle LAU that usually translates the isoleucine ATA codon in eubacteria and eubacteria-derived organelles, including mitochondria of demosponges and placozoans (see below). If the latter is the case, then glass sponges differ from several groups of bilaterian animals (hemichordates, echinoderms, and flat worms) where ATA also codes for isoleucine, but is translated by a modified tRNAIle GAU together with two other isoleucine codons, AUC and AUU, while the only encoded tRNA with CAU anticodon is clearly an initiator tRNA (Jacobs et al. 1988, Castresana et al. 1998). Second, an atypical R11-Y24 pair is present in tRNAPro UGG/CGG of glass sponges as well as all demosponges and placozoans but is not found in the outgroup species Monosiga brevicollis and Amoebidium parasiticum or in bilaterian animals. Because the R11-Y24 base pair is an important recognition element for the initiator tRNA, it is usually strongly counterselected in elongator tRNAs (Marck and Grosjean 2002), and its presence in the proline tRNA of sponges and T. adhaerens spports the monophyly of non-bilaterian animals or at least the monophyly of the Porifera and Placozoa (this character is not available for Cnidaria, because they lack this and most other tRNA genes in their mtDNA). Finally, many genetic novelties of bilaterian animals, such as unusual initiation codons and incomplete termination codons, are rare or not found in glass sponges. These observations, together with phylogenetic inference based on mitochondrial coding sequences, indicate that shared mitochondrial features between glass sponges and bilaterian animals are the result of parallel evolution rather than a common ancestry.
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Animal Mitochondrial Synapomorphies Given that most of the traits previously thought to be characteristic of animal mtDNA now appear to have evolved within the Metazoa, one may wonder whether there are any derived mitochondrial features shared by all animals. Our analyses reveal two such putative mitochondrial synapomorphies. First, we found a set of Metazoa-specific insertions/ deletions (indels) in protein-coding genes (Fig. 3) that are well conserved across the Metazoa, but are absent in M. brevicollis and other non-animal species (Lavrov et al. 2005). Although the value of an individual indel for phylogenetic reconstruction is limited (Gribaldo and Philippe 2002), the presence of several such events in mitochondrial genes provides strong support for the monophyly of the Metazoa and can serve as a good indicator of metazoan affinity. Second, an atypical R11-Y24 pair is present in mitochondrial tRNATrp UCA of both bilaterian (Wolstenholme 1992a) and non-bilaterian animals, but is absent in non-metazoan outgroups. As explained above, the R11-Y24 pair is usually strongly counterselected in elongator tRNAs (Marck and Grosjean 2002). The lack of both of these synapomorphies in the mtDNA of M. brevicollis refutes the idea that choanoflagellates may be derived from sponges or other basal metazoans (e.g. King and Carroll 2001, Maldonado 2004). Phylogenetic Inference Using Mitochondrial Sequences and Gene Orders Mitochondrial genomes provide two primary datasets for phylogenetic inference: gene sequences and gene orders (Bruns et al. 1989, Boore and Brown 1998, Lavrov and Lang 2005a). Mitochondrial sequence data



Fig. 3. Conserved indel events shared among multicellular animals. The four best-conserved genes (cob, cox1-3) were analyzed. Numbers above the alignment indicate positions in H. sapiens sequence.
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are well suited for phylogenetic analysis within class-level lineages of non-bilaterian animals because of the low rate of sequence evolution and homogeneous nucleotide composition in most of them (Medina et al. 2006, Signorovitch et al. 2007, Wang and Lavrov 2007, Lavrov et al. 2008). For example, the phylogenetic analysis presented in Fig. 4 recovers phylogenetic relationships within the Demospongiae highly congruent with those based on 18S rRNA data and multiple nuclear proteins (see Lavrov et al. 2008 for details). The topology within Hexacorallia also presents a viable phylogenetic hypothesis, largely consistent with previous studies (Berntson et al. 1999, Daly et al. 2003, Collins et al. 2006). Notably, the use of an expanded dataset of anthozoan sequences helps to recover the monophyletic Scleractinia, forming a sister group to naked corals (order Corallimorpharia). This result contradicts the finding of the previous mtDNA-based study (Medina et al. 2006), which inferred the origin of the naked corals within the Scleractinia, but is largely congruent with analyses of other molecular and morphological datasets. At the same time, the inference of global animal relationships based on mtDNA sequences is more problematic. The position of glass sponges is one example. The use of traditional empirical models of amino-acid evolution in maxium likelihood and Bayesian phylogenetic analyses results in a strong support (with high bootstrap and posterior probability numbers) for the sister group relationship between glass sponges and bilaterian animals (Haen et al. 2007). By contrast, Bayesian phylogenetic inference based on a CAT model that explicitly handles the heterogeneity of the substitution process across amino-acid positions (Lartillot and Philippe 2004) places glass sponges either with some fast-evolving cnidarians (Fig. 4) or within demosponges (Haen et al. 2007, Wang and Lavrov 2007). Another recurring result of studies based on mitochondrial protein sequences is the grouping of demosponges with some or all cnidarians (Lavrov et al. 2005, Shao et al. 2006, Haen et al. 2007, Kayal and Lavrov 2008, Lavrov et al. 2008). Although, this grouping may reflect a genuine phylogenetic signal [e.g. see Dunn et al. (2008) for a recent congruent result based on an alternative dataset], it can also be interpreted as an artifact of long-branch attraction (Felsenstein 1978, Hendy and Penny 1989) between rapidly evolving bilaterian animals and distantly-related outgroups (Lavrov et al. 2005). Similar uncertainty surrounds the interpretation of the phylogenetic position of Placozoa, which varies considerably in different analyses and is unresolved in the analysis conducted for this study (Fig. 4). Although one may argue that the missing mitochondrial data from Calcarea and Ctenophora will help to resolve the basal animal relationships, I think that the very absence of their mitochondrial sequences from public databases in this genomic age is symptomatic and indicates highly unusual and fast-evolving mitochondrial genomes in these two groups that will be little informative for phylogenetic reconstruction.
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Fig. 4. Phylogenetic analysis of global animal relationships using mitochondrial sequence data. Posterior majority-rule consensus tree obtained from the analysis of 2,539 aligned amino acid positions under the CAT+F+Γ model in the PhyloBayes program is shown. We ran four independent chains for ~60,000 generations and sampled every 10th tree after the first 1000 burnin cycles. The convergence among the chains was monitored with the maxdiff statistics and the analysis was terminated after maxdiff became less than 0.3. The number/ circle at each node represents the Bayesian posterior probability. Posterior probability = 1 is indicated by a filled circle; that > 0.95—by an open circle; smaller posterior probabilities are shown as numbers. Amino acid sequences for non-bilaterian animals were derived from the GenBank files listed in table 1. Amino-acid sequences for Cantharellus cibarius mtDNA were downloaded from http://megasun.bch.umontreal.ca/People/lang/FMGP/proteins. html; those for Capsaspora owczarzaki mtDNA were provided by Franz Lang (Université de Montréal). Other sequences were derived from the GenBank files: Arbacia lixula NC_001770, Balanoglossus carnosus NC_001887, Branchiostoma floridae NC_000834, Drosophila yakuba NC_001322, Florometra serratissima NC_001878, Homo sapiens NC_001807, Katharina tunicata NC_001636, Limulus polyphemus NC_003057, Loligo bleekeri NC_002507, Lumbricus terrestris NC_001673, Platynereis dumerilii NC_000931, Priapulus caudatus NC_008557, Saccoglossus kowalevskii NC_007438, Xenoturbella bocki NC_008556, Amoebidium parasiticum AF538042AF538052, Monosiga brevicollis NC_004309, Allomyces macrogynus NC_001715, Mortierella verticillata NC_006838, Rhizopus oryzae NC_006836. Color image of this figure appears in the color plate section at the end of the book.
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While gene order comparisons commonly accompany descriptions of new mitochondrial genomes, a formal phylogenetic analyses on this dataset is rarely done. This is mainly due to the lack of user-friendly computer programs for such analyses but also to the algorithmic difficulties in analyzing gene order data (Moret et al. 2004). The paucity of gene order studies is rather unfortunate because they can provide important insights in cases where most other datasets fail, as has been shown on echinoderms (Smith et. al 1993), arthropods (Boore et. al 1995, Boore et al. 1998), and crustaceans (Lavrov et al. 2004, Morrison et al. 2002). Recently we used mitochondrial gene arrangements to infer phylogenetic relationships within the Demospongiae and recovered a tree largely congruent with that based on mitochondrial sequences, although with only a moderate support (Lavrov et al. 2008). However, the analysis of global animal phylogeny based on mitochondrial gene order data is again problematic and results in a phylogeny were most of the basal relationships are unresolved (Fig. 5). We note that there are several problems complicating mitochondrial gene-order based analysis in non-bilaterian animals. These include the lack of informative data from accepted outgroups, variation in the mitochondrial gene content across non-bilaterian animals, especially, an independent loss of mitochondrial tRNA genes in several lineages, and an unusual mitochondrial genomic organization in hexacorrals and placozoans, where some mitochondrial genes are located within introns of other genes. Mitochondrial Size and Gene Content are Not Reliable Phylogenetic Indicators Can mitochondrial genome size and gene content be used for phylogenetic reconstruction? At first glance there appears to be a trend in animal mtDNA evolution, with both genome size and gene content being reduced during transitions first to the Metazoa and then to the Bilateria (Fig. 2). Indeed, the mitochondrial genome of the choanoflagellate Monosiga brevicollis is 76.6 kbp in size and contains 55 genes, those of most demosponges are between 18 and 25 kbp and contain 40–44 genes, while bilaterian mtDNA is typically between 14 and 16 kpb and has 36–37 genes. Thus, it may be tempting to use mtDNA size and gene content as indicators of phylogenetic relationships (e.g. Dellaporta et al. 2006). It should be noted, however, that the reduction in mitochondrial DNA size and gene content are only overall trends in animal mitochondrial evolution and that both of these features can vary substantially within individual groups. The largest animal mitochondrial genomes (up to 43 kbp) are found in the placozoan Trichoplax adhaerens (Dellaporta et al. 2006) as well as some very distantly related bilaterian animals, including three species of
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bark weevil Pissodes (Boyce et al. 1989), the deep-sea scallop Placopecten magellanicus (Snyder et al. 1987), and the nematode Romanomermis culicivorax (Powers et al. 1986), and have clearly evolved independently in these taxa. In addition, relatively closely related animals often display extensive variation in mtDNA size. For example, the size of the mitochondrial genome in Drosophila melanogaster is ~22% (3.5 kpb) larger than that in Drosophila yakuba, while the mtDNA length in four strains of Placozoa differs by as much as 35% (Signorovitch et al. 2007). The fact that mtDNA size can change rapidly and repeatedly within independent lineages makes it an unreliable character for phylogenetic reconstruction. Furthermore, it is likely that we underestimate the true range of length variation in bilaterian mtDNA because of the difficulties associated with PCR amplification and sequencing of the large non-coding region in this molecule (e.g. Lavrov and Brown 2001).



Fig. 5. Global animal relationships based on mitochondrial gene order data. Strict consensus tree is shown from the Maximum Parsimony analysis on Multistate Encodings (Boore et al. 1995, Wang et al. 2002). Gene orders were encoded as described previously (Lavrov and Lang 2005a) and analyzed using heuristic search with 100 random addition replicates in PAUP*4.0b10 and TBR branch swapping option. Color image of this figure appears in the color plate section at the end of the book.
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Mitochondrial gene content is also a poor indicator of phylogenetic relationships. In most cases when “extra” genes are present, they are inherited from a common ancestor and thus represent plesiomorphies not informative for phylogenetic reconstruction. By contrast, while the losses of genes from mtDNA are apomorphies, they are known to occur in parallel in different groups, resulting in homoplasious similarities in gene contents (Martin et al. 1998). As an example, a very similar mitochondrial gene content in animal and fungal mtDNA has likely evolved independently in the two groups given that the mitochondrial genome of the choanoflagellate Monosiga brevicollis, the sister group to animals, contains additional genes (Burger et al. 2003; Fig. 1). Another example comes from our recent study of mitochondrial genomes in demosponges. This study revealed that the G1 group of demosponges lost all but two tRNA genes from mtDNA, resulting in a gene content very similar to that in the phylum Cnidaria. Remarkably, in both of these groups the same two tRNA genes have been retained (trnM(cau) and trnW(uca)) supporting the inference of a special role of these tRNAs in animal mitochondria. As has been explained before (e.g. Shao et



tRNAMet CAU is used for the initiation of mitochondrial translation Trp with formyl-methionine (Smith and Marcker 1968) while tRNAUCA must al. 2006),



translate the TGA in addition to the TGG codons as tryptophan in animal mitochondria. Because of these special functions, the transfer of these tRNAs to the nucleus may be selectively disadvantageous. Implications for mtDNA Evolution Although mitochondrial genome size and gene content offer little information for resolving animal phylogenetic relationships, they do provide insights into mitochondrial genome evolution. Given that the transfer of nuclear genes to mitochondria is limited (in part by differences in genetic code), most additional genes found in demosponge mitochondrial DNA (atp9, tatC, trnI(cau), trnR(ucu)) were likely inherited from their common ancestor with animals. This is particularly the case for trnI(cau). The maturation of tRNAIle CAU encoded by this gene involves a posttranscriptional modification of the cytosine at position 34 to lysidine (2-lysyl-cytidine) (Muramatsu et al. 1988, Weber et al. 1990). This modification is performed by the tRNAIle-lysidine synthetase (Soma et al. 2003), an enzyme that is not involved in the maturation of cytoplasmic isoleucine tRNAs (Marck and Grosjean 2002). Because of the dispensable nature of this function for cytoplasmic protein synthesis, it is likely that in Ile evolutionary terms, the loss of the metazoan mitochondrial tRNACAU is followed by the loss of the nuclear lysidine synthetase gene, rendering a practically impossible. The presence of trnI(cau) reacquisition of tRNAIle CAU
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in the mtDNA of both demosponges and placozoans clearly indicates that the common animal ancestor used a less modified genetic code for mitochondrial translation than do most bilaterian animals. It is also likely that this common ancestor had more genes in its mitochondrial genome than extant metazoan taxa. Signorovitch et al. (2007) suggest that the common ancestor of all animals possessed a large, noncompact mitochondrial genome. This inference is based on the observation that both placozoans and the choanoflagellate Monosiga brevicollis have large mtDNA and on the assumption that Placozoa forms the sister group to all other animals. There are two potential problems with this inference. First, phylogenetic analysis of global animal relationships based on mtDNA sequence data does not support the placement of Placozoa as the sister group to other animals (Signorovitch et al. 2007, Wang and Lavrov 2007). Second, even if Placozoa is the sister group to the rest of the animals, the most parsimonious reconstruction of genome size in the common animal ancestor can be grossly misleading (e.g. Cunningham et al. 1998) given the long branch leading to the Placozoa and rapid changes in the size of mtDNA observed among closely-related animals (see above). A more interesting question, in my view, is about the evolutionary forces that maintain the compact nature of mtDNA in most modern animals. Studies of non-bilaterian animals can help to answer this question because these animals display a different combination of features in their mitochondrial organization. For example, these studies indicate that small size and gene content are not directly linked with an accelerated rate of evolution of mitochondrial sequences. As shown above, while the rate of nucleotide substitutions appears to be extremely low in some nonbilaterian animals, their genomes are still very compact and mostly intronless (with the exception of Placozoa), challenging the idea that elevated mutation pressure is solely responsible for the evolution of these features in animal mtDNA (Lynch et al. 2006). Implications for Animal Evolution It is commonly believed that the study of non-bilaterian animals can also provide insights into metazoan morphological evolution. This is not because non-bilaterian animals are phylogenetically more “basal” or “lower”—these terms are misleading and should be avoided (Crisp and Cook 2005)—but because they evolved their bodyplans earlier in metazoan evolution (as revealed by the fossil record) and so may resemble the ancestors of other groups. Following this reasoning, sponges are often considered as living representatives of an intermediate stage in animal evolution that never reached the tissue-level grade of organization. Our
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recent study of mtDNA from the homoscleromorph Oscarella carmela challenges this idea (Wang and Lavrov 2007). Homoscleromorpha is a small group of sponges that share? several features with “higher” animals such as the presence of type-IV collagen, acrosomes in spermatozoa and cross-striated rootlets in the flagellar basal apparatus of larval cells. More importantly, it has been shown that the epithelial cells in homoscleromorph larvae meet all the criteria of a true epithelium in higher animals: cell polarization, apical cell junctions, and a basement membrane (Boury-Esnault et al. 2003). Unless these shared cytological features evolved independently in Homoscleromorpha and Eumetazoa (an unlikely scenario), two alternative explanations are possible for these findings: either Homoscleromorpha is more closely related to other animals than to sponges or most sponges lost the aforementioned features. Our analysis of demosponge relationships based on mitochondrial genomic data did not find any support for the first of these hypotheses and instead provided strong support for the placement of the Homoscleromorpha with demosponges. This result suggests that the bodyplan of sponges might represent a secondary simplification in animal morphology, potentially due to their sedentary and water-filtering lifestyle. Similar conclusion should be made if sponges and cnidarians form a monophyletic group (Fig. 1) or if ctenophores form the sister group to the rest of the animals (Dunn et al. 2008). Conclusions The evolution of multicellular animals is associated with major changes in their mitochondrial genome architecture. Recent studies on mtDNA from non-bilaterian animals suggest that these changes occurred in two steps, roughly correlated with the origin of animal multicellularity and the origin of the bilaterality. The transition to multicellular animals is associated with the loss of multiple genes from mtDNA and a drastic reduction in the amount of non-coding DNA in the genome, resulting in its “small is beautiful” nature. The transition to bilaterian animals is correlated with multiple changes in the genetic code and associated losses of tRNA genes, the emergence of several genetic novelties, and a large increase in the rates of sequence evolution. Although we do not know whether the observed changes co-occurred with the morphological transitions or evolved independently in different lineages, the remarkable uniformity of animal mtDNA suggests an ongoing evolutionary pressure that maintains its unique organization. Studies of mtDNA in non-bilaterian animals are important because they provide insights not only into the history of mtDNA evolution, but also into the evolutionary factors that shape modern-day animal mtDNA. Although our sampling of mtDNA from non-bilaterian animals is still limited, substantial progress has been made in the last few
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years that revealed new information about phylogenetics, the evolution of mitrochondrial genomes, and even morphological evolution in animals. Acknowledgements I thank Bernd Schierwater, Stephen Dellaporta, and Rob DeSalle for organizing the symposium and its complementary session, Karri Haen, Ehsan Kayal and Xiujuan Wang for valuable comments on an earlier version of this manuscript, and the College of Liberal Arts and Sciences at Iowa State University for funding. References Anderson, S. and A.T. Bankier, B.G. Barrell, M.H.L. De Bruijn, A.R. Coulson, J. Drouin et al. 1981. Sequence, and organization of the human mitochondrial genome. Nature 290: 457–465. Armstrong, M.R. and V.C. Block, and M.S. Phillips. 2000. A multipartite mitochondrial genome in the potato cyst nematode Globodera pallida. Genetics 154: 181–192. Beagley, C.T. and J.L. Macfarlane, G.A. Pont-Kingdon, R. Okimoto, N. Okada, and D.R. Wolstenholme. 1995. Mitochondrial genomes of Anthozoa (Cnidaria). Palmieri F., Papa S., Saccone C., and Gadaleta N. (eds) Progress in cell research – Symposium on “Thirty Years of Progress in Mitochondrial Bioenergetics and Molecular Biology”. Elsevier Science BV Amsterdam, The Netherlands, pp 149–153. Beagley, C.T. and N.A. Okada, and D.R. Wolstenholme. 1996. Two mitochondrial group I introns in a metazoan, the sea anemone Metridium senile: one intron contains genes for subunits 1 and 3 of NADH dehydrogenase. Proc. Natl. Acad. Sci. USA 93: 5619–5623. Beagley, C.T. and R. Okimoto, and D.R. Wolstenholme. 1998. The mitochondrial genome of the sea anemone Metridium senile (Cnidaria): introns, a paucity of tRNA genes, and a near-standard genetic code. Genetics 148: 1091–1108. Beaton, M.J. and A.J. Roger, and T. Cavalier-Smith. 1998. Sequence analysis of the mitochondrial genome of Sarcophyton glaucum: conserved gene order among octocorals. J. Mol. Evol. 47: 697–708. Belinky, F. and C. Rot, M. Ilan and D. Huchon. 2008. The complete mitochondrial genome of the demosponge Negombata magnifica (Poecilosclerida). Mol. Phylogenet. Evol. 47: 1238–1243. Berntson, E.A. and S.C. France, and L.S. Mullineaux. 1999. Phylogenetic relationships within the class Anthozoa (phylum Cnidaria) based on nuclear 18S rDNA sequences. Mol. Phylogenet. Evol. 13: 417–433. Boore, J.L. and T.M. Collins, D. Stanton, L.L. Daehler, and W.M. Brown. 1995. Deducing the pattern of arthropod phylogeny from mitochondrial DNA rearrangements. Nature 376: 163–165. Boore, J.L. and W.M. Brown. 1998. Big trees from little genomes: mitochondrial gene order as a phylogenetic tool. Curr. Opin. Genet. Dev. 8: 668–674. Borst, P. and L.A. Grivell. 1981. Small is beautiful—portrait of a mitochondrial genome. Nature 290: 443–444. Boury-Esnault, N. and A. Ereskovsky, C. Bezac, and D. Tokina. 2003. Larval development in the Homoscleromorpha (Porifera, Demospongiae). Invertebr. Biol. 122: 187–202. Boyce, T. M. and M.E. Zwick, and C.F. Aquadro. 1989. Mitochondrial DNA in the bark weevils: Size, structure and heteroplasmy. Genetics 123: 825–836. Brugler, M.R. and S.C. France. 2007. The complete mitochondrial genome of the black coral Chrysopathes formosa (Cnidaria:Anthozoa:Antipatharia) supports classification of antipatharians within the subclass Hexacorallia. Mol. Phylogenet. Evol. 42: 776–788.



© 2011 by Taylor and Francis Group, LLC



Key Transitions in Animal Evolution



51



Bruns, T.D. and R. Fogel, T.J. White, and J.D. Palmer. 1989. Accelerated evolution of a falsetruffle from a mushroom ancestor. Nature 339: 140–142. Burger, G. and L. Forget, Y. Zhu, M.W. Gray, and B.F. Lang. 2003. Unique mitochondrial genome architecture in unicellular relatives of animals. Proc. Natl. Acad. Sci. USA 100: 892–897. Castresana, J. and G. Feldmaier-Fuchs, S. Yokobori, N. Satoh and S. Paabo. 1998. The mitochondrial genome of the hemichordate Balanoglossus carnosus and the evolution of deuterostome mitochondria. Genetics 150: 1115–1123. Chen, C. and C.F. Dai, S. Plathong, C.Y. Chiou, and C.A. Chen. 2008. The complete mitochondrial genomes of needle corals, Seriatopora spp. (Scleractinia: Pocilloporidae): an idiosyncratic atp8, duplicated trnW gene, and hypervariable regions used to determine species phylogenies and recently diverged populations. Mol. Phylogenet. Evol. 46: 19–33. Collins, A.G. and P. Schuchert, A.C. Marques, T. Jankowski, M. Medina, and B. Schierwater. 2006. Medusozoan phylogeny and character evolution clarified by new large and small subunit rDNA data and an assessment of the utility of phylogenetic mixture models. Syst. Biol. 55: 97–115. Crisp, M.D. and L.G. Cook. 2005. Do early branching lineages signify ancestral traits? Trends Ecol. Evol. 20: 122–128. Cunningham, C.W. and K.E. Omland, and T.H. Oakley. 1998. Reconstructing ancestral character states: a critical reappraisal. Trends Ecol. Evol. 13: 361–366. Daly, M. and D.G. Fautin, and V.A. Cappola. 2003. Systematics of the Hexacorallia (Cnidaria : Anthozoa). Zool. J. Linn. Soc. Lond. 139: 419–437. Dellaporta, S.L. and A. Xu, S. Sagasser, W. Jakob, M.A. Moreno, L.W. Buss, and B. Schierwater. 2006. Mitochondrial genome of Trichoplax adhaerens supports Placozoa as the basal lower metazoan phylum. Proc. Natl. Acad. Sci. USA 103: 8751–8756. Dunn, C.W. and A. Hejnol, D.Q. Matus, K. Pang, W.E. Browne, S.A. Smith et al. 2008. Broad phylogenomic sampling improves resolution of the animal tree of life. Nature 452: 745–749. Duran, S. and M. Pascual, and X. Turon. 2004. Low levels of genetic variation in mtDNA sequences over the western Mediterranean and Atlantic range of the sponge Crambe crambe (Poecilosclerida). Mar. Biol. 144: 31–35. Erpenbeck, D. and O. Voigt, M. Adamski, M. Adamska, J. Hooper, G. Worheide, and B. Degnan. 2007. Mitochondrial diversity of early-branching Metazoa is revealed by the complete mt genome of a haplosclerid demosponge. Mol. Biol. Evol. 24: 19–22. Felsenstein, J. 1978. Cases in which parsimony or compatibility methods will be positively misleading. Syst. Zool. 27: 401–410. Flot, J.F. and S. Tillier. 2007. The mitochondrial genome of Pocillopora (Cnidaria: Scleractinia) contains two variable regions: the putative D-loop and a novel ORF of unknown function. Gene 401: 80–87. Fukami, H. and N. Knowlton. 2005. Analysis of complete mitochondrial DNA sequences of three members of the Montastraea annularis coral species complex (Cnidaria, Anthozoa, Scleractinia). Coral Reefs 24: 410–417. Gribaldo, S. and H. Philippe. 2002. Ancient phylogenetic relationships. Theor. Popul. Biol. 61: 391–408. Haen, K.M. and B.F. Lang, S.A. Pomponi, and D.V. Lavrov. 2007. Glass sponges and bilaterian animals share derived mitochondrial genomic features: A common ancestry or parallel evolution? Mol. Biol. Evol. 24: 1518–1527. Helfenbein, K.G. and H.M. Fourcade, R.G. Vanjani, and J.L. Boore. 2004. The mitochondrial genome of Paraspadella gotoi is highly reduced and reveals that chaetognaths are a sister group to protostomes. Proc. Natl. Acad. Sci. USA 101: 10639–10643. Hellberg, M.E. 2006. No variation and low synonymous substitution rates in coral mtDNA despite high nuclear variation. BMC Evol. Biol. 6: 24.



© 2011 by Taylor and Francis Group, LLC



52



Key Transitions in Animal Evolution



Hendy, M.D. and D. Penny. 1989. A framework for the quantitative study of evolutionary trees. Syst. Zool. 38: 297–309. Jacobs, H.T. and D.J. Elliott, V.B. Math, and A. Farquharson. 1988. Nucleotide sequence and gene organization of sea urchin mitochondrial DNA. J. Mol. Biol. 202: 185–217. Kayal, E. and D.V. Lavrov. 2008. The mitochondrial genome of Hydra oligactis (Cnidaria, Hydrozoa) sheds new light on animal mtDNA evolution and cnidarian phylogeny. Gene 410: 177–186. King, N. and S.B. Carroll. 2001. A receptor tyrosine kinase from choanoflagellates: molecular insights into early animal evolution. Proc. Natl. Acad. Sci. USA 98: 15032–15037. Knight, R.D. and S.J. Freeland, and L.F. Landweber. 2001. Rewiring the keyboard: evolvability of the genetic code. Nat. Rev. Genet. 2: 49–58. Lang, B.F. and M.W. Gray, and G. Burger. 1999. Mitochondrial genome evolution and the origin of eukaryotes. Annu. Rev. Genet. 33: 351–397. Lartillot, N. and H. Philippe. 2004. A Bayesian mixture model for across-site heterogeneities in the amino-acid replacement process. Mol. Biol. Evol. 21: 1095–1109. Lavrov, D.V. and W.M. Brown, and J.L. Boore. 2000. A novel type of RNA editing occurs in the mitochondrial tRNAs of the centipede Lithobius forficatus. Proc. Natl. Acad. Sci. USA 97: 13738–13742. Lavrov, D.V. and W.M. Brown. 2001. Trichinella spiralis mtDNA: A nematode mitochondrial genome that encodes a putative ATP8, normally-structured tRNAs, and has a gene arrangement relatable to those of coelomate metazoans. Genetics 157: 621–637. Lavrov, D.V. and L. Forget, M. Kelly, and B.F. Lang. 2005. Mitochondrial genomes of two demosponges provide insights into an early stage of animal evolution. Mol. Biol. Evol. 22: 1231–1239. Lavrov, D.V. and B.F. Lang. 2005a. Poriferan mtDNA and animal phylogeny based on mitochondrial gene arrangements. Syst. Biol. 54: 651–659. Lavrov, D.V. and B.F. Lang. 2005b. Transfer RNA gene recruitment in mitochondrial DNA. Trends Genet. 21: 129–133. Lavrov, D.V. and M. Kelly, and X. Wang. 2008. Reconstructing ordinal relationships in the Demospongiae using mitochondrial genomic data. Mol. Phylogenet. Evol. 49: 111–124. Lynch, M. and B. Koskella, and S. Schaack. 2006. Mutation pressure and the evolution of organelle genomic architecture. Science 311: 1727–1730. Maldonado, M. 2004. Choanoflagellates, choanocytes, and animal multicellularity. Invertebr. Biol. 123: 1–22. Marck, C. and H. Grosjean. 2002. tRNomics: analysis of tRNA genes from 50 genomes of Eukarya, Archaea, and Bacteria reveals anticodon-sparing strategies and domainspecific features. RNA 8: 1189–1232. Martin, W. and B. Stoebe, V. Goremykin, S. Hapsmann, M. Hasegawa, and K.V. Kowallik. 1998. Gene transfer to the nucleus and the evolution of chloroplasts. Nature 393: 162–165. Medina, M. and A.G. Collins, T.L. Takaoka, J.V. Kuehl, and J.L. Boore. 2006. Naked corals: skeleton loss in Scleractinia. Proc. Natl. Acad. Sci. USA 103: 9096–9100. Moret, B.M. and J. Tang, and T. Warnow. Reconstructing phylogenies from gene-content and gene-order data. pp. 1–32. In: O. Gascuel. [ed.] 2004. Mathematics of Evolution and Phylogeny. Clarendon Press, Oxford. Muramatsu, T. and K. Nishikawa, F. Nemoto, Y. Kuchino, S. Nishimura, T. Miyazawa, and S. Yokoyama. 1988. Codon and amino-acid specificities of a transfer RNA are both converted by a single post-transcriptional modification. Nature 336: 179–181. Pont-Kingdon, G.A. and N.A. Okada, J.L. Macfarlane, C.T. Beagley, D.R. Wolstenholme, T. Cavalier-Smith, and G.D. Clark-Walker. 1995. A coral mitochondrial mutS gene. Nature 375: 109–111. Pont-Kingdon, G. and N.A. Okada, J.L. Macfarlane, C.T. Beagley, C.D. Watkins-Sims, T. CavalierSmith, G.D. Clark-Walker, and D.R. Wolstenholme. 1998. Mitochondrial DNA of the coral Sarcophyton glaucum contains a gene for a homologue of bacterial MutS: a possible case of gene transfer from the nucleus to the mitochondrion. J. Mol. Evol. 46: 419–431.



© 2011 by Taylor and Francis Group, LLC



Key Transitions in Animal Evolution



53



Powers, T.O. and E.G. Platzer, and B.C. Hyman. 1986. Large mitochondrial genome and mitochondrial DNA size polymorphism in the mosquito parasite, Romanomermis culicivorax. Curr. Genet. 11: 71–77. Rosengarten, R.D. and E.A. Sperling, M.A. Moreno, S.P. Leys, and S.L. Dellaporta. 2008. The mitochondrial genome of the hexactinellid sponge Aphrocallistes vastus: evidence for programmed translational frameshifting. BMC Genomics 9: 33. Rot, C. and I. Goldfarb, M. Ilan, and D. Huchon. 2006. Putative cross-kingdom horizontal gene transfer in sponge (Porifera) mitochondria. BMC Evol. Biol. 6: 71. Shao, Z. and S. Graf, O.Y. Chaga, and D.V. Lavrov. 2006. Mitochondrial genome of the moon jelly Aurelia aurita (Cnidaria, Scyphozoa): A linear DNA molecule encoding a putative DNA-dependent DNA polymerase. Gene 381: 92–101. Shearer, T.L. and M.J. Van Oppen, S.L. Romano, and G. Worheide. 2002. Slow mitochondrial DNA sequence evolution in the Anthozoa (Cnidaria). Mol. Ecol. 11: 2475–2487. Signorovitch, A.Y. and L.W. Buss, and S.L. Dellaporta. 2007. Comparative genomics of large mitochondria in placozoans. PLoS Genet. 3: e13. Sinniger, F. and P. Chevaldonne, and J. Pawlowski. 2007. Mitochondrial genome of Savalia savaglia (Cnidaria, Hexacorallia) and early metazoan phylogeny. J. Mol. Evol. 64: 196–203. Smith, A.E. and K.A. Marcker. 1968. N-formylmethionyl transfer RNA in mitochondria from yeast and rat liver. J. Mol. Biol. 38: 241–243. Snyder, M. and A.R. Fraser, J. Laroche, K.E. Gartner-Kepkay, and E. Zouros. 1987. Atypical mitochondrial DNA from the deep-sea scallop Placopecten magellanicus. Proc. Natl. Acad. Sci. USA 84: 7595–7599. Soma, A. and Y. Ikeuchi, S. Kanemasa, K. Kobayashi, N. Ogasawara, T. Ote, J. Kato, K. Watanabe, Y. Sekine, and T. Suzuki. 2003. An RNA-modifying enzyme that governs both the codon and amino acid specificities of isoleucine tRNA. Mol. Cell. 12: 689–698. Suga, K. and D.B. Mark Welch, Y. Tanaka, Y. Sakakura, and A. Hagiwara. 2008. Two circular chromosomes of unequal copy number make up the mitochondrial genome of the rotifer Brachionus plicatilis. Mol. Biol. Evol. 25: 1129–1137. Valles, Y. and K.M. Halanych, and J.L. Boore. 2008. Group II introns break new boundaries: presence in a bilaterian’s genome. PLoS ONE 3: e1488. van Oppen, M.J. and J. Catmull, B.J. McDonald, N.R. Hislop, P.J. Hagerman, and D.J. Miller. 2002. The mitochondrial genome of Acropora tenuis (Cnidaria; Scleractinia) contains a large group I intron and a candidate control region. J. Mol. Evol. 55: 1–13. Wallace, D.C. 1982. Structure and evolution of organelle genomes. Microbiol. Rev. 46: 208–240. Wang, L.S. and R.K. Jansen, B.M. Moret, L.A. Raubeson, and T. Warnow. 2002. Fast phylogenetic methods for the analysis of genome rearrangement data: an empirical study. Proc. 7th Pacific Symp. on Biocomputing (PSB’02) 524–535. Wang, X. and D.V. Lavrov. 2007. Mitochondrial genome of the homoscleromorph Oscarella carmela (Porifera, Demospongiae) reveals unexpected complexity in the common ancestor of sponges and other animals. Mol. Biol. Evol. 24: 363–373. Wang, X. and D.V. Lavrov. 2008. Seventeen new complete mtDNA sequences reveal extensive mitochondrial genome evolution within the Demospongiae. PLoS ONE 3: e2723. Weber, F. and A. Dietrich, J.H. Weil, and L. Maréchal-Drouard. 1990. A potato mitochondrial isoleucine tRNA is coded for by a mitochondrial gene possessing a methionine anticodon. Nucleic Acids Res. 18: 5027–5030. Wolstenholme, D.R. 1992a. Animal mitochondrial DNA: structure and evolution. Int. Rev. Cytol. 141: 173–216. Wolstenholme, D.R. 1992b. Genetic novelties in mitochondrial genomes of multicellular animals. Curr. Opin. Genet. Dev. 2: 918–925. Wörheide, G. 2006. Low variation in partial cytochrome oxidase subunit I (COI) mitochondrial sequences in the coralline demosponge Astrosclera willeyana across the Indo-Pacific. Mar. Biol. 148: 907–912. Yokobori, S. and S. Pääbo. 1997. Polyadenylation creates the discriminator nucleotide of chicken mitochondrial tRNA(Tyr). J. Mol. Biol. 265: 95–99.



© 2011 by Taylor and Francis Group, LLC



Color Plate Section



408



Key Transition in Animal Evolution



Chapter 3



Fig. 4. Phylogenetic analysis of global animal relationships using mitochondrial sequence data. Posterior majority-rule consensus tree obtained from the analysis of 2,539 aligned amino acid positions under the CAT+F+Γ model in the PhyloBayes program is shown. We ran four independent chains for ~60,000 generations and sampled every 10th tree after the first 1000 burnin cycles. The convergence among the chains was monitored with the maxdiff statistics and the analysis was terminated after maxdiff became less than 0.3. The number/ circle at each node represents the Bayesian posterior probability. Posterior probability = 1 is indicated by a filled circle; that > 0.95 – by an open circle; smaller posterior probabilities are shown as numbers. Amino acid sequences for non-bilaterian animals were derived from the GenBank files listed in table 1. Amino-acid sequences for Cantharellus cibarius mtDNA were downloaded from http://megasun.bch.umontreal.ca/People/lang/FMGP/proteins. html; those for Capsaspora owczarzaki mtDNA were provided by Franz Lang (Université de Montréal). Other sequences were derived from the GenBank files: Arbacia lixula NC_001770, Balanoglossus carnosus NC_001887, Branchiostoma floridae NC_000834, Drosophila yakuba NC_001322, Florometra serratissima NC_001878, Homo sapiens NC_001807, Katharina tunicata NC_001636, Limulus polyphemus NC_003057, Loligo bleekeri NC_002507, Lumbricus terrestris NC_001673, Platynereis dumerilii NC_000931, Priapulus caudatus NC_008557, Saccoglossus kowalevskii NC_007438, Xenoturbella bocki NC_008556, Amoebidium parasiticum AF538042AF538052, Monosiga brevicollis NC_004309, Allomyces macrogynus NC_001715, Mortierella verticillata NC_006838, Rhizopus oryzae NC_006836. Color image of this figure appears in the color plate section at the end of the book.
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Fig. 5. Global animal relationships based on mitochondrial gene order data. Strict consensus tree is shown from the Maximum Parsimony analysis on Multistate Encodings (Boore et al. 1995, Wang et al. 2002). Gene orders were encoded as described previously (Lavrov and Lang 2005a) and analyzed using heuristic search with 100 random addition replicates in PAUP*4.0b10 and TBR branch swapping option.
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