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Review Article

Mitochondrial genome organization and vertebrate phylogenetics

Sérgio LuizPereira

Abstract

With the advent of DNA sequencing techni questhe organi zation of the vertebrate mitochondrial genome showsvariation between higher
taxonomic levels. Themost conserved gene order isfound in placental mammals, turtles, fishes, somelizardsand Xenopus. Birds, other
speciesof lizards, crocodilians, marsupial mammals, snakes, tuatara, lamprey, and some other amphibians and one species of fish have
geneordersthat areless conserved. The most probable mechanism for new gene rearrangements seemsto be tandem duplication and
multipledeletion events, always associated with tRNA sequences. Some new rearrangements seem to betypical of monophyletic groups
and the use of datafrom these groups may be useful for answering phylogenetic questionsinvolving vertebrate higher taxonomic levels.
Other features such asthe secondary structure of tRNA, and the start and stop codons of protein-coding genes may also be useful in

comparisonsof vertebrate mitochondrial genomes.

CHARACTERIZATION OF THE “CONSERVED
VERTEBRATE MITOCHONDRIAL GENOME”

With the development of DNA sequencing methods
and the extensive sequencing experiments undertaken in
the last two decades in a wide variety of organisms, the
order of the genesin the mitochondrial DNA molecule has
beguntobedisclosed. A great number of phylogenetic stud-
ies using mitochondrial gene sequences have been done
and reported, some dealing with the use of mitochondrial
genesin the establishment of different levels of phyloge-
netic relationships (Kumazawaand Nishida, 1993; Zardoya
and Meyer, 1996). For example, the control region of the
mitochondria genomeisfrequently used in population stud-
ies due to the high variability in its nucleotide sequence,
while protein-coding genes, such ascytochromeb (Cyt b),
aregenerally used for phylogenetic analysis of taxaabove
the specieslevel.

The success of MtDNA sequences in phylogenetic
studiesis dueto several characteristics: a) compact gene
packing, with little noncoding intergenic nucleotidesand
some nucleotide overlapping between genes encoded in
opposite strands (Cantatore and Saccone, 1987; and other
genomes compl etely sequenced by several researchers);
b) lack of recombination (Clayton, 1982, 1992; Hayashi et
al., 1985); ¢) mainly maternal inheritance (Kondo et al.,
1990; Gyllestein et al., 1991); d) faster sequence evolu-
tion as compared to nuclear sequences, perhapsdueto re-
pair inefficiency (Brown et al., 1979), and €) multicopy
statusin acell (Michaels et al., 1982; Robin and Wong,
1988).

Thefirst complete sequencing studies of the whole

mtDNA of animals showed that the mgjority of theinverte-
brate mitochondrial genomeismade up of nearly the same
number of genes asin vertebrates. Nevertheless, several
rearrangements have been found in nematodes (Okimoto
etal., 1991, 1992), arthropods (Booreet al., 1995), bival-
ves(Hoffman et al., 1992), pulmonate mollusks (Yamazaki
et al., 1997), echinoderms (Cantatore et al., 1987, 1989;
Jacobs et al., 1988; De Giorgi et al., 1991; Smith et al.,
1989, 1990, 1993), and Drosophila yakuba (Clary and
Wolstenholme, 1985).

Thisvariation in gene order among invertebrates al-
lowed Sankoff et al. (1992) to use the mitochondrial ge-
nome datain aphylogenetic approach. They compared the
geneorder of 16 taxaincluding fungi and several other eu-
karyotes, and obtained atree highly compatible with that
known for the rel ationships between fungi and metazoans.
Thiskind of approach was recently used to establish the
phylogeny of the three major groups of arthropods (atel o-
cerates, crustaceans and chelicerates) and other higher taxa
(Booreet al., 1995), including echinoderms (Smith et al .,
1993) and gastropods (Yamazaki et al., 1997).

Until recently this approach was not used in verte-
brate phylogeny due to the belief that there was a “con-
served gene order” for the vertebrate mitochondrial ge-
nome. The reason for thisisthat the first complete mito-
chondrial genome sequencesfound in vertebrate taxahad
no variation in the position of the genes along the mol-
ecule. This has been seen in taxa as diverse as Xenopus
laevis (Roeet al., 1985) humans and other mammals (Bibb
et al., 1981; Anderson et al., 1981,1982; Brown €t al.,
1982; Gadaletaet al., 1989; Arnason and Johnsson, 1992;
Arnason and Gullberg, 1993), and some fish species
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(Johansen et al., 1990; Tzeng et al., 1992; Chang et al.,
1994; Zardoyaet al., 1995; Zardoyaand Meyer, 1996). This
“conserved geneorder” hasalso been found in even more
primitive vertebrates, including the dogfish (Scyliorhinus
caniculas), ashark (Mustela manazo), the “living fossil”
coelacanth (Latimeria chalumnae), and the bichir (Polyp-
terus ornatipinnis) (Noack et al., 1996; Zardoya and
Meyer, 1997; Delarbreet al., 1998; Caoetal., 1998). Thus,
thetypical vertebrate mitochondrial genomewas assumed
to have a noncoding control region, 13 protein-coding
genes, tworibosoma RNAs(rRNA), and 22 transfer RNASs
(tRNA) spread along the circular DNA molecule (Ander-
sonetal., 1981; Bibbetal., 1981; Roeet al., 1985; Gada-
letaet al., 1989; Johansen et al., 1990) (Figure 1).
Thenoncoding control region isresponsiblefor size
variation in the mitochondrial genomesdueto differences
inlength and copy number of short repeatsin variousgroups
(e.g., Brownetal., 1996; Gissi et al., 1998; Harlid et al .,
1998; Ursing and Arnason, 1998). Threeclustersof tRNAs
can beidentified and they are named according to the one-
letter amino acid code: IQM representing the tRNAS, re-
spectively, for isoleucine (1), glutamate (Q) and methion-
ine(M); WANCY for tryptophan (W), danine (A), aspartic
acid (N), cysteine (C) andtyrosine(Y); and, HSL, for his-
tidine (H), serine (S) andleucine (L). Each mtDNA strand
hasits own replication origin and they form stable stem-
and-loop structures. Thereplication origin of the H-strand
(O,) islocated at the displacement loop region (D-loop)

12S rDNA
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Control region P

165 rDNA

Arg ND3 el
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Gly ATPase
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Figure 1 - Schematic representation of the circular molecule of the “con-
served” vertebrate mitochondrial genome. Genes outside and inside the
circlearetranscribed in the H and L strands, respectively. Protein-coding
genesarerepresented asfollows: Cyt b - cytochromeb; CO |, CO Il and CO
I11 - subunits|, Il and I of the cytochrome oxidase; ND1-6 - subunits 1 to
6 of the NADH reductase. tRNA are represented by their three-letter amino
acid abbreviations.

inthe control region and that for the L-strand (O, ) isinthe
WANCY cluster between the tRNAs for asparagine and
cysteine. The O, hasa3'-GGCCG-5'-conserved sequence
at the 5' base of the stem. This sequence seemsto be nec-
essary for thereplication of thelight strand invitro (Hixson
et al., 1986).

The protein-coding genes are punctuated by at least
one tRNA at their 5' or 3' end, and this may represent a
recognition signal for RNA processing (Ojalaetal., 1981).
Thisisof extreme molecular importancein the mitochon-
drial DNA moleculeas some genesoverlap by afew nucle-
otides (nt) and some overlapping genesaretranscribed in
opposite strands. Except for the tRNAs of glutamic acid,
alanine, aspartic acid, cysteine, tyrosine, serine (UCN),
glutamate, proline, and the ND6 gene, al other sequences
aretranscribed from the H-strand.

VARIATION IN GENOME ORGANIZATION

What was oncethe* universal” gene order for living
vertebrateswas discarded as more datawere obtained from
several other vertebrates (Figure 2). When the mtDNA of
birdswereanalyzed (Desjardinsand Morais, 1990, 1991;
Quinnand Wilson, 1993; Ramirez et al., 1993) adifferent
organization of the genes near the control region, involv-
ing protein-coding genes, was found in thislineage. The
sequence control region - tRNAP® - tRNAT™ - cytochrome
b - tRNAC" - ND6 - ND5 became control region - tRNAGU
- ND6 - tRNAP° - tRNA™ - cytochromeb - ND5in avian
mitochondrial DNA. Thisevent datesfrom the bird-croco-
dilian splitting, 254 million years ago (mya) (Janke and
Arnason, 1997) and iscommon to Paleognathae (Struthio-
niformesand Tinamiformes; Harlid et al., 1997, 1998) and
Neognathae birds (all other bird groups; Degardins and
Morais, 1990, 1991; Quinn and Wilson, 1993; Ramirez et
al., 1993). Degardinsand Morais (1990) suggest that this
type of avian mitochondrial genome organization confers
asel ective advantagein the propagation and expression of
avian mtDNA genes, because the acquisition of flight de-
mands more energy, although this correlation has not yet
been demonstrated.

Mindell et al. (1998) found another avian rearrange-
ment, apparently derived fromthefirst avian rearrangement
described in Gallus. The new gene order found in Falco-
niformes, some Cuculiformes, some Piciformes and the
suboscines Passeriformes is 12S - tRNA™® - noncoding
sequence - tRNASY - ND6 - tRNAP® - control region -
tRNA™ - cytochromeb - ND5. Thisnew rearrangement is
supposed to have occurredin parallel, sincethefour Avian
orderswhereit isfound do not comprise a monophyletic
group. Other regionsof themtDNA in these birdswere not
checked for other rearrangements.

In crocodilians the “conserved” HSL cluster is ar-
ranged intheorder SHL, and thereare 1 to 29 spacer nucle-
otides between them. In birds, lizards, mammalsand Xeno-
pusthese bases are absent. In one of the crocodilians (Cai-
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Figure 2 - A phylogenetic hypothesis among vertebrates. Gene rearrangements and other features of the vertebrate mitochondrial DNA found in each
group are summarized. Abbreviations: cr - control region; 12S- 12SrDNA; v - tRNA pseudogene; other genesasin the legend to Figure 1, except tRNAS,
represented by their one-letter code; O, - loss of the origin of the light-strand replication; tRNA - unusual tRNA secondary structures; edt - tRNA edition
to restore original function. Not all snakeslosethe O, inthe WANCY cluster (see text).

man), there is a noncoding region of 264 nt between the
rearranged SHL cluster and the upstream gene ND4, but
only a23-31-nt long region in the other crocodilians ana-
lyzed (Janke and Arnason, 1997; Kumazawaand Nishida,
1995). Another unique aspect of crocodilian mtDNA was
found in Alligator mississippiensis (Janke and Arnason,
1997) and Crocodylus porosus (Quinn and Mindell, 1996).
ThetRNA™®between the control region and the 12SrDNA
region “moved” to the 5' end of the control region, form-
ing anew cluster with thetRNAsfor threonineand proline
(Janke and Arnason, 1997).

Marsupials have a different arrangement in the
WANCY cluster. The new order isACWNY, withthe O,
between thetRNA™ and tRNAAS region. Among marsupi-
alsthe O, hairpin structureisflanked by long nonconserved
seguences, with a3'-GGGCCC-5' sequence similar tothe
placental mammalian 3-GGCCG-5' present at the 5' base
of the stem. With this rearrangement, tRNA*'2 overlaps
three baseswith the 3' end of theND2 gene. A striking fea-
tureisthe presence of 5-14 nt between thetRNAs of ala-

nine, cysteine and tryptophan. In birds, fishes and mam-
mals there are between 0-7 nt separating these tRNAs
(Padboet al., 1991; Jankeet al., 1994).

Inamphibians, thegeneorder in Xenopuswasthesame
asthe“vertebrate conserved” order (Roeet al., 1985), but
intwo different species of the genus Rana two novel gene
orders have been found in this group; both involved the
transposition of tRNA s between the control region and the
tRNAPMeregion. The bull frog (Rana catesbeiana) hasthe
geneorder control region - tRNA(CUN - tRNAT - tRNAP©
-tRNA™e- 12SrDNA (Yoneyama, 1987), and thericefrog
(Ranalimnocharis) hasthe order control region - tRNA™
- tRNAPO - tRNALU(CUN - tRNAPe - 12SrDNA (Macey et
al., 1997). Interestingly there are 15 and 37 noncoding
nucleotidesflanking theleucinetRNA inthericefrog. This
speciesalso hasasequence similar to the tRNA&(CUN) go-
guence between the control region and thetRNA™ sequence
that has been considered to be apseudogene. These authors
did not investigate the 5' region of the control region and
the HSL cluster from where these transposed tRNA genes
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probably came from to determine how these regions are
now arranged. The amphibian O, region wasfound inthe
canonical position of the“ consensusorder”.

Most of thelizardsanalyzed had the same* vertebrate
consensus’ geneorder (e.g. Kumazawaand Nishida, 1999),
but in five groups (Agamidae, Amphibaenia, Scincidae,
Xantusidae (Macey et al., 1997) and Rhyncocephalia
(Seutinet al., 1994)) therewasloss of the O, region. Rep-
resentatives of the acrodonts, Agamidae and Chamae-
lonidae, havethe geneorder of the IQM cluster changed to
QIM (Macey etal., 1997). Beforethey diverged from other
vertebrates 310 mya (Benton, 1990), birds and crocodil-
ians aso lost the origin of light-strand replication, O, in
the WANCY region (Degjardinsand Morais, 1990, 1991,
Ramirez et al., 1993; Seutin et al., 1994; Kumazawa and
Nishida, 1995; Janke and Arnason, 1997).

Lossof the O, region hasalso happened on other two
occasions: 550 myainthelampreys(Leeand Kocher, 1995;
Delarbre et al., 2000) and, more recently, after the blind
snakediverged from other snakes 140 mya (K umazawaand
Nishida, 1995; Kumazawaet al., 1996). A singular feature
of theblind snakeisthemigration of thefunctional tRNAS"
fromthe QM cluster tothe WANCY cluster, between the
tRNAT? and tRNAA'2regions. ThistRNA islocated 1.2 kb
away fromitsoriginal position. Migration of mtDNA se-
guences to distant positions is known to occur in lizards
(Stanton et al., 1994). Macey et al. (1997) concluded that
the movement of thetRNA of the WANCY region and the
loss of the O, region are not independent phenomena. The
larger spacer regionsfound between “transposed” genesis
assumed to bearelict of tRNAsthat were deleted when the
rearrangement occurred (Jankeet al., 1994).

Kumazawaet al. (1996, 1998) reported new mtDNA
rearrangementsin snakes of thefamilies Viperidae, Colu-
bridae and Boidae. The species analyzed show two control
regions. One of the control regionsislocated in the “ca-
nonical” position. Theother isinsertedinthe IQM cluster
together with sometRNAsS.

Both control regions found in the snakes probably
were present 70 myain the common ancestor of these sna
kes. It seemsunlikely that the second control regionwould
be inserted in the same distant position in five different
species of threefamilies. Surprisingly thereismore simi-
larity within copiesthan between different taxa. For sucha
sequence high divergence between copieswould be expec-
ted. Thisis aso agood example of concerted evolution.
Kumazawaet al. (1998) hypothesized amechanismfor such
uniformity between copiesin the colubrid akamata, invok-
ing tandem duplication or gene conversion.

All snakesanayzed by Kumazawaand co-workershad
anew tRNA cluster, the LQM cluster. The viper himehabu
also hasatRNA™e and aspacer between the second control
region and the LQM cluster. All species, except the boid
python, hasatRNA™° 3' end of the second control region.
ThistRNA seemsto be a pseudogene in the akamata. Its
functional tRNA™ isinthe" conserved” positionwhilehi-

mehabu hasafunctional tRNA™ at the 3' end of the second
control region and atRNA™° pseudogene at the 3' end of
the first control region.

So the basic rearrangement of the genesin snake mi-
tochondrial genomeis16SrRNA - ND1-tRNA' - tRNAM°
- control region - LQM cluster - ND2. The akamata and
himehabu WANCY region hasbeen sequenced, andit has
been shownto havethetypical organization for thisregion,
includingan O, region.

Themitochondrial genome of turtles (Kumazawaand
Nishida, 1999) has the same gene organization as placental
mammals, fishesand Xenopus, and the coding sequenceshave
similar lengthsto the coding sequencesof placental homologs.

Heteroplasmy for two geneorderswasfound inthetua
tara Sphenodon punctatus (Quinn and Mindell, 1996). One
of thegeneordersissimilar to consensus gene organization
without the tRNA™, while the other is similar to the first
geneorder found in birds (Degardinsand Moraes, 1990).

Morerecently, Miyaand Nishida (1999) reported the
first example of tRNA generearrangement in bony fishes
between the ND6 and the control region (ND6 - cyt b -
tRNASU-tRNAP° - tRNA™ - control region), changing the
“conserved” statusof fishes.

OTHER ASPECTS OF THE MITOCHONDRIAL GENOME

SometRNASsof vertebrateshave unusua festures. The
tRNA for serinewiththeanticodon AGY lacksaDHU arm,
acommonfindinginall vertebrates. Placental and marsu-
pia mammalsshareatRNAYsregionwith areduced D arm
and atRNAS*U™N regjon with six instead of five nucleotides
at theanticodon stem. Birds, reptiles, ray- and lobe-fishes
and amphibians have normal cloverleaf structuresfor these
twotRNAs. Thisunusua tRNA structure probably appeared
after the Mammaliadiverged from other vertebrate groups,
about 300 mya(Benton, 1990). Surprisingly, Monotremata,
the sister-group to marsupials according to mtDNA se-
guences (Janke et al. 1997), does not have these unusual
tRNA structures (Jankeet al., 1996).

Snakes seem to have very unusual tRNA structures.
TheT arm of akamataand himehabu haslessthan five base
pairsinthe T stem. It seemsthat snakesmay haveevolveda
simpler T arm structure (as in nematodes; Wol stenholme
et al., 1987; Watanabe et al., 1994), associated with the
loss of tertiary interaction between the T and D loops
(Kumazawaet al., 1996, 1998).

Thereare, generaly, up to threent separating mtDNA
genes. All three monotremes studied have this separation
between the genes, but there are an additional 88 basepairs
separating thetRNA-(UUR region and the ND1 gene. This
sequence hasno similarity with any other known gene, and
isapparently not the product of duplication. No stable sec-
ondary structure could be assigned, but a stabl e transcript
whose function remains unknown has been detected by
Northern blotting (Jankeet al., 1996).

In marsupia sthere seemsto be editing of tRNA af-
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ter transcription. The tRNAA% region has the anticodon
GCCinstead of the normal GTC. The second position of
the codon is modified to restore the original function of
thetRNA, by cytosine deamination (Janke and Pa&bo, 1993;
Jankeet al., 1994, 1997). Monotremes, the sister taxon of
Marsupialia, also have the normal GTC anticodon, as do
other vertebrates. Thus, the unusual GCC anticodon seems
to have appeared 116 myain thelineageleading to the mar-
supials(Jankeet al., 1994, 1997).

The only deletion of genes as yet found in averte-
brate genomewasreported by Jankeet al. (1994, 1997) in
one marsupial. Thetypical tRNA of lysineismissing. In
the corresponding region of thetRNAYs, thereisaregion
showing a sequence lacking the anticodon for the amino
acidlysine. RNA editionisknownto occur in marsupials
(Janke et al., 1994), but this does not seem to be the case
here. Multiple sitesare usually edited to restore the origi-
nal function of tRNAYs, Jankeet al. (1997) evoked impor-
tation of tRNAYsfrom the cytoplasm to explain thefunc-
tional translation system in marsupia mitochondria.

In Amphi sbaenaaddition of functiona geneswasnot
found, but some tRNA sequences were thought to be
pseudogenes (Macey et al., 1998). Thishas also been re-
ported in snakes (Kumazawaet al., 1996, 1998).

EARLY VERTEBRATE GENE ORDER

Thelamprey is known to be one of the closest rela-
tives of tetrapods and itstime of divergenceisassumed to
be 550 mya (L eeand Kocher, 1995). Itsmitochondria gene
organization isquite different from the“ conserved” gene
order (Leeand Kocher, 1995; Delarbreet al., 2000). Two
major noncoding control region sequenceswerefound. One
of them, abeit having only 491 bp, seemsto be the canoni-
cal control region. It possesses an A+T rich region of 28
bp at the 5' end. The conserved sequence blocks CSB-I11
and CSB-I11, and other vertebrate control regions. The sec-
ond major noncoding control region isseparated fromthe
first by glutamate and threonine tRNAs, and is basically
formed by seven copiesof an A+T rich 27 bp repeat.

Inlampreysthe gene order around the control region
isNDG6 - thefirst control region - tRNA™ - tRNAC" - the
second control region - cyt b - tRNAP® - tRNAP® - 125r
DNA. Only lampreysand birdshaveanove organizationin-
volving modification of the position of protein-coding genes.

Although it can be said that the “ consensus’ verte-
brate organi zation was established early in vertebrate evo-
lutionary history (Lee and Kocher, 1995), this new gene
organization makes the ancestral state unknown. Hasthe
lamprey the ancient gene organization and the “ vertebrate
consensus’ the apomorphic condition? Or does the lam-
prey arrangement represent auniquefeature of thisgroup?

MECHANISM FOR THE REARRANGEMENTS

All the rearrangements of mitochondrial genesin-

volve tRNA genes. It seems that regions like tRNA can
“move” along the molecule due to their capacity to form
stable stem-and-loop structures (Stanton et al., 1994). The
absenceof atypica O, regionisnot so dramatic. An alter-
native stem-and-loop site, such asthat of tRNAs, may be
used as the initiation point for the replication of the L-
strand (Clary and Wol stenholme, 1985).

Severa mechanisms, such asinversion, transposition,
intramol ecul ar recombination, tandem duplication and de-
letion were proposed to explain the rearrangements. Tan-
dem duplication and multiple del etion mechanisms might
explain the origin of the majority of the rearrangements
found so far. However, some of the observed rearrange-
ments cannot be explained by the above mechanisms, and
other unknown mechanisms must be acting (Stanton et al .,
1994).

Complementary base pairing and the formation of
tRNA stem-and-loop structures may be recognized by the
enzymethat initiates L-strand synthesis, in the absence of
atypical O, region. Asreplication isasymmetrical when
the new H-strand synthesisis compl eted the nascent light-
strand detaches and slips ahead to another stem-and-loop
site. When the L-strand in synthesisis completed, theter-
mination point isahead of theinitiation point. So atandem
duplication occurs. A new siteactingasan O, regionisthen
formed, preventing other duplication events. Thisnew site
is probably produced because of structural affinities be-
tween replication proteins and stem-and-loop structure. In
order for the rearrangement to occur at |east two del etion
events must happen after thein tandem duplication event,
each oneinadifferent copy of thetandem duplication, thus
eliminating the repeated genes (Paébo et al., 1991; Kuma-
zawaand Nishida, 1995; Macey et al., 1997).

Thereading frame of the genes has not changed and
terminal repeats, typical of transposable elements, have not
been found in the majority of the rearrangements. Because
of thisthe hypothesis of transposition may berejected, al-
though integration of many different genetic elementsoc-
cursin thetRNAs of bacteria (Reiter et al., 1989), slime
molds (Marschalek et al., 1989) and yeasts (Chalker and
Sandmeyer, 1990). In Rana limnocharis, transposition may
explain the new organization, sinceterminal direct repeats
werefound (Macey et al., 1997).

I ntramol ecular recombination could generate new re-
arrangements (Thyagargjan et al., 1996; Lunt and Hyman,
1997) but it seemsto be very rarein the mitochondrial ge-
nome. Inversionsdo not explain thenovel gene orderssince
none of the rearrangements caused inversion of the coding
polarity of the genes, except in echinoderms (Smith et al.,
1993) inwhichthe 16SrDNA genehasitspolarity inverted.

GENE ORGANIZATION AND PHYLOGENY
OF DEEPLY BRANCH GROUPS

Gene order may be used to study the constraints on
the evolution of the mitochondrial genome, the mechanism
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responsiblefor new gene rearrangements and deep-branch
phylogeny. Because of the unlikely possibility of rearrange-
ment convergence and the certainty of mtDNA gene ho-
mology Boore and Brown (1998) highlighted the suitabil-
ity of gene order asapplied to phylogeny.

The tRNA clusters should be the focus of more at-
tention since they are alwaysinvolved in new rearrange-
ments and seem to be involved in divergences occurred
morethan 100 million yearsold (Kumazawaand Nishida,
1993, 1995; Smith et al., 1993). Mitochondrial DNA se-
guencesare generally not used in deep branch phylogeny
because of the saturation of changesand difficultiesinthe
alignment of theloops of therRNA sequences. Generear-
rangements may overcome these problems (Quinn, 1997;
Booreand Brown, 1998), sincethey arerareand no align-
ment hypothesisis need. However, one has to be careful
because greater divergencetimes may al so hide back mu-
tations at the genomelevel (Sankoff et al., 1992) and some
of the features of the mitochondrial genome represent par-
ald events. Indeed, theloss of the O, region occurred inde-
pendently in several vertebrate lineages (Degjardins and
Morais, 1990, 1991; Ramirez et al., 1993; Seutin et al.,
1994; Kumazawa and Nishida, 1995; Janke and Arnason,
1997; Macey et al., 1997) asdid the second gene order found
in non-monophyletic bird groups (Mindell et al., 1998).

The noncoding spacer nucleotides associated with
regions where rearrangements occur seem to be a good
indicator of thetime of thetransposition event. Mitochon-
drial DNA isan economical molecule and it tends not to
accumulate noncoding sequences, except the control re-
gionand the O, region because of their roleintheduplica-
tion of mtDNA and the transfer and ribosomal RNASs nec-
essary for tranglation.

Thenumber of possible new mitochondrial genome
organizationsisgreat. Few of the possible rearrangements
arefound in vertebrates. Thisisnot indicative that other
gene organi zation has not occurred but that the organi za-
tion as seen today may havefunctional constraints. Stable
structural gene rearrangement may be due to constraints
imposed on gene movement, selection on potential dif-
ferencesin transcription of genes, and low probability of
transposition to specific gene junctions (Smith et al.,
1993). Dueto their rarity, it is not plausible that differ-
ent groups will have the same rearrangement (Boore et
al., 1995). For example, birdsand lampreys have adiffer-
ent specific gene organization to that which isfound in
other groups.

When arearrangement occurs, the evol utionary con-
straintsintheregionsinvol vedin the new organization may
also change (Kumazawaand Nishida, 1993). Thiscould be
exemplified by the evolution of thetRNA®" region. Inbirds
this gene is not associated with an O, region and its se-
guenceismore variable when compared to groups such as
mammals where it is associated with the O, (Quinn and
Wilson, 1993). Moreover, some regions could be under
selective congtraints, keeping their organization unchanged,

such asthetRNA™" of marsupials. Pégbo et al. (1991) re-
ported that thisgeneismore highly conserved among mar-
supiasthan among placental mammalsthought to beasold
asmarsupias. Heavy-strand transcript processing wasin-
voked to explain the constraint in marsupials (Pédbo et al .,
1991).

Quinn (1997) proposed that with the increasing
amount of mitochondrial and nuclear sequence dataavail-
able new outcomesfor phylogenetic studiesat several lev-
elswill emerge. Datasuch ascodon usage, start and termi-
nation codons, and overlapping genes may be helpful inthe
future asthe knowledge of molecular evolution increases.
Even the secondary structure of the control region and ri-
bosomal genes should be checked out for usein phylogeny
as soon as the understanding of these sequences and their
rolein the mitochondriagenomeimproves.
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RESUMO

Com o advento dastécnicas de seqlienciamento de DNA,
aorganizacdo do genomamitocondrial de vertebrados mostrou
variag8o entre niveis taxondmicos superiores. A organizagdo
“conservada’ é encontradaem mamiferosplacentarios, tartarugas,
peixes, alguns lagartos e Xenopus. As aves, outras espéecies de
lagartos, crocodilianos, mamiferos marsupiais, cobras, tuatara,
lampréia, umaespécie de peixeedgunsoutrosanfibios gpresentam
ordensquediferem do quefoi inicialmente considerado a“ordem
génicaconservada’. O mecanismo maisprovavel de novosrear-
ranjos génicos parece ser duplicacdo intandememuiltiploseven-
tos de delecdo, sempre associados com seqiiéncias de tRNAs.
Alguns novos rearranjos parecem ser tipicos de grupos mono-
filéticose o uso destesdados pode ser Util em questdesdefilogenia
envolvendo niveistaxondmicos superiores. Outros aspectoscomo
aestruturasecundariadetRNA ecodonsdeinicio edeparadade
transcri¢ao de genes codificantes para proteinas podem ser Uteis
paracomparagdes entre osgenomas mitocondriai sde vertebrados.
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