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Two novel mitochondrial gene arrangements are identified in an agamid lizard and a ranid frog. Statistical tests 

incorporating phylogeny indicate a link between novel vertebrate mitochondrial gene orders and movement of the 

origin of light-strand replication. A mechanism involving errors in light-strand replication and tandem duplication 

of genes is proposed for rearrangement of vertebrate mitochondrial genes. A second mechanism involving small 

direct repeats also is identified. These mechanisms implicate gene order as a reliable phylogenetic character. Shifts 

in gene order define major lineages without evidence of parallelism or reversal. The loss of the origin of light- 

strand replication from its typical vertebrate position evolyes in parallel and, therefore, is a less reliable phylogenetic 

character. Gene junctions also evolve in parallel. Sequencing across multigenic regions, in particular transfer RNA 

genes, should be a major focus of future systematic studies to locate novel gene orders and to provide a better 

understanding of the evolution of the vertebrate mitochondrial genome. 

Introduction 

Mitochondrial gene order is highly variable among 

animal phyla and has been considered a useful phylo- 

genetic character (Sankoff et al. 1992; Smith et al. 1993; 

Boore and Brown 1994; Boore et al. 1995). Vertebrate 

mitochondrial gene order was initially considered com- 

pletely conserved. DNA sequences of the entire mito- 

chondrial genome from mammals (Anderson et al. 1981, 

1982; Bibb et al. 1981) and the African clawed frog 

(Xenopus Zuevis) (Roe et al. 1985) suggested that all 

vertebrates shared a common gene order, and sequences 

from fish later also revealed this order (Johansen, Gud- 

dal, and Johansen 1990; Tzeng et al. 1992; Chang, 

Huang, and Lo 1994; Zardoya and Meyer 1996). Three 

types of deviations from the most common gene ar- 

rangement subsequently have been identified: duplica- 

tion of genes (Moritz and Brown 1986, 1987; Wallis 

1987), rearrangement of genes, and loss of a recogniz- 

able origin for replication of the light strand (0,) be- 

tween the genes encoding the asparagine and cysteine 

tRNAs. 

We assessed gene order for one third of the mi- 

tochondrial genes spanning from ND1 to CO1 across 

squamate reptiles. The agamid lizard, Uromastix ucun- 

thinurus, has a pair of transfer RNA genes switched in 

order (fig. 1). Another sequence containing a unique 

gene order was obtained from the rice frog, Runu Zim- 

nochuris, in a different area of the mitochondrial ge- 

nome during a search for a region to use in phyloge- 

netic studies. 

Gene rearrangements have been reported previ- 

ously in seven vertebrate lineages: a sea lamprey (Pet- 
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romyzon murinus) (Lee and Kocher 1995), the Amer- 

ican bullfrog (Runu cutesbeiunu) (Yoneyama 1987), 

marsupials (Paabo et al. 1991; Janke et al. 1994), birds 

(Desjardins and Morais 1990, 1991; Quinn and Wilson 

1993), crocodilians (Kumazawa and Nishida 1995), 

and the Texas blind snake (Leptotyphlops d&is) (Ku- 

mazawa and Nishida 1995). The tuatara (Sphenodon 

punctutus) appears to be heteroplasmic for two non- 

typical vertebrate gene arrangements (Quinn and Min- 

dell 1996) (fig. 1). 

Several mechanisms have been proposed for the 

formation of tandem duplication of genes and rear- 

rangement. None of the genes involved in vertebrate 

gene rearrangements have reversed their coding polar- 

ity and, thus, an inversion-based mechanism need not 

be invoked. Transposition previously has been consid- 

ered unlikely, because most reported duplicated se- 

quences lack the terminal repeats characteristic of most 

transposable elements (Calos and Miller 1980; Levin- 

son and Gutman 1987). Gene rearrangements have 

been proposed to occur by tandem duplication of gene 

regions as a result of slipped-strand mispairing (Moritz 

and Brown 1986, 1987; Levinson and Gutman 1987), 

followed by deletion of genes (Moritz and Brown 

1986, 1987; Moritz, Dowling and Brown 1987; Paabo 

et al. 1991). 

A mechanism utilizing stem-and-loop structures 

during replication may be responsible for tandemly du- 

plicated gene regions. Stem-and-loop structures have 

been identified at both ends of tandemly duplicated 

gene regions (Stanton et al. 1994). The stem-and-loop 

structures of tRNA genes resemble the two replication 

origins in vertebrates. The tRNACys gene has been pos- 

tulated to have served as a replication origin for light- 

strand sythesis in human mitochondrial DNA (Clayton 

1982), in addition to the OL stem region. The enzyme 

that initiates light-strand replication appears to be sig- 

naled by a stem-and-loop structure (Wong and Clayton 

1985, 1986; Hixson, Wong, and Clayton 1986). This 

enzyme has been postulated to recognize stem-and- 
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FIG. l.-Positions of all known vertebrate mitochondrial gene rearrangements. The most common order of genes in the vertebrate mito- 

chondrial genome is depicted as a linear bar at the top. Black bars indicate regions that have undergone rearrangement. Arrows point to the 

derived gene orders. 0, represents the origin of light-strand replication. Abbreviations for genes are: 12s and 16s for 12s and 16s rRNAs; ND 

l-6 and 4L for NADH dehydrogenase subunits l-6 and 4L; CO I-III for cytochrome c oxidase subunits I-III; Cyt b for cytochrome b; 6 and 

8 for ATPase subunits 6 and 8. All protein-coding genes are transcribed from the heavy strand with the exception of ND6. Transfer RNAs are 

represented by their standard one-letter amino acid code positioned on the strand encoded, with the top representing the heavy strand and the 

bottom representing the light strand. S 1, S2, Ll, and L2 depict tRNA Ser(AGY), tRNASercUCN), tRNALeu(UUR), and tRNALeu(CUN) respectively. The 

italic L represents a hypothesized nonfunctional copy of the gene encoding the tRNALeucCUN) (see fig. 5). In the lamprey, CI and C2 illustrate 

the two portions of the control region. The tuatara has two gene orders. Within the crocodilians, a caiman has an additional noncoding region 

between the ND4 gene and the gene encoding the tRNA Ser(AGY). Note that all rearrangements involve tRNA genes. 

loop structures associated with tandemly duplicated 

gene regions (Stanton et al. 1994). Rearrangements of- 

ten may start and end at tRNA genes, which may be 

involved in the initial production of a tandemly dupli- 

cated gene region (Moritz and Brown 1987). 

Here a phylogenetic analysis is used to investigate 

the evolutionary association between rearrangement of 

the vertebrate mitochondrial genome and movement of 

the origin of light-strand replication. This analysis ex- 

amines all known orders of genes in vertebrate mito- 

chondrial genomes. We propose a mechanism by which 

errors in replication of the light strand of mitochondrial 

DNA initiate rearrangements of the mitochondrial ge- 

nome. This mechanism explains most, but not all, of 

the mitochondrial genomic rearrangements observed in 

vertebrates. The mechanism predicts that a particular 

genomic arrangement is very unlikely to evolve in par- 

allel or undergo evolutionary reversal to an ancestral 

state. Consistent with this prediction, all evolutionarily 

derived arrangements of vertebrate mitochondrial 

genes appear to diagnose monophyletic groups. The or- 

dering of genes in the mitochondrial genome may pro- 

vide important information for assessing phylogenetic 

relationships in vertebrates. 
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Table 1 

Primers Used in this Study 

Human 

Position” Gene 

H692...... 12SrRNA 

H1067.. . . . 12s rRNA 

L3002 . . . . . 16s rRNA 

L3881 . . . . . ND1 

L3887 . . . . . ND1 

L4160.. . . . ND1 

Sequenceb 

5’-GGTGTGCTGATACTTGCATGT-3’ 

5’-TAGTGGGGTATCTAATCCCAGTTT-3’ 

5’-TACGACCTCGATGTTGGATCAGG-3’ 

5’-TTTGACCTAACAGAAGGAGA-3’ 

5’-GACCTAACAGAAGGAGAATCAGA-3’ 

5’-CGATTCCGATATGACCARCT-3’ 

Reference 

This study 

This study’ 

This study 

This study 

This study 

Kumazawa and 

Nishida (1993) 

L4178a.. . . ND1 5’-CARCTWATACACYTACTATGAAA-3’ This study 

L4178b.... ND1 5’-CAACTAATACACCTACTATGAAA-3’ This study 

L4221 . . . . . tRNA’le 5’-AAGGATTACTTTGATAGAGT-3’ This study 

H4419a . . . . tRNAMet 5’-GGTATGAGCCCAATTGCTT-3’ This study 

H44 19b . . . . tRNAMe’ 5’-GGTATGAGCCCGATAGCTT-3’ This study 

L4437 . . . . . tRNAMe’ 5’-AAGCTTTCGGGCCCATACC-3’ This study 

L4645 . . . . . ND2 5’-ACAGAAGCCGCAACAAAATA-3’ This study 

L4831 . . . . . ND2 5’-TGACTTCCAGAAGTAATACAAGG-3’ This study 

L4882 . . . . . ND2 5’-TGACAAAAACTAGCACC-3’ This study 

H4980. . . . . ND2 5’-ATTTTTCGTAGTTGGGTTTGRTT-3’ This study 

L5002 . . . . . ND2 5’-AACCAAACCCAACTACGAAAAAT-3’ This study 

H5540. . . . . tRNATrp 5’-TTTAGGGCTTTGAAGGC-3’ This study 

L5556a . . . . tRNATv 5’-AAGAGCCTTCAAAGCCCTAAG-3’ This study 

L5556b . . . . tRNAT’p 5’-GCCTTCAAAGCCCTAAA-3’ This study 

H56 17a . . . . tRNAAia 5’-AAAATRTCTGRGTTGCATTCAG-3’ This study 

H56 17b. . . . tRNAA’” 5’-AAAGTGTCTGAGTTGCATTCAG-3’ This study 

L5638a . . . . tRNAA’” 5’-CTGAATGCAACYCAGAYATTTT-3’ This study 

L5638b . . . . tRNAA’” 5’-CTGAATGCAACTCAGACACTTT-3’ This study 

H5692. . . . . tRNAA‘” 5’-TTGGGTGTTTAGCTGTTAA-3’ This study 

L5706 . . . . . tRNAA’” 5’-TAGTTAACAGCTAAACAC-3’ This study 

H5934. . . . . CO1 5’-AGRGTGCCAATGTCTTTGTGRTT-3’ This study 

H5937. . . . . CO1 5’-GTGCCAATGTCTTTGTG-3’ This studyd 

H12314. . . . tRNAktiCUN) 5’-TTTTACTTGGAGTTGCACCA-3’ This study’ 

L15783 . . . . Cyt b 5’-CAACCAGTAGAAGACCC-3’ This study 

d Primers are designated by their 3’ ends, which correspond to the position in the human mitochondrial genome (Anderson 

et al. 1981) by convention. H and L designate heavy- and light-strand primers, respectively. 

b Positions with mixed bases are labeled with their standard one-letter codes: R = G or A; Y = T or C; W = A or T 

c Modified from Kocher at al. (1989). 

d Modified from Kumazawa and Nishida (1993). 
e Modified from Arevalo, Davis, and Sites (1994). 

Materials and Methods 

Laboratory Protocols 

Genomic DNA was extracted from muscle or liver 

tissue using the Qiagen QIAamp tissue kit. Genomic 

DNA was amplified using a denaturation at 94°C for 35 

s, annealing at 45-53°C for 35 s, and extension at 70°C 

for 150 s with 4 s added to the extension per cycle, for 

30 cycles. Amplified products were purified on 2.5% 

Nusieve GTG agarose gels and reamplified under similar 

conditions. Reamplified double-stranded products were 

purified on 2.5% acrylamide gels (Maniatis, Fritsch, and 

Sambrook 1982). Template DNA was eluted from ac- 

rylamide passively over 3 days in which Maniatis elu- 

tion buffer (Maniatis, Fritsch, and Sambrook 1982) was 

replaced each day. Cycle sequencing reactions were run 

using the Promega fmol DNA sequencing system with 

a denaturation at 95°C for 35 s, annealing at 45-53°C 

for 35 s, and extension at 70°C for 1 min for 30 cycles. 

Sequencing reactions were run on Long Ranger se- 

quencing gels for 5-12 h at 38-40°C. 

sented in table 1. Both strands were sequenced except 

the Rana Zimnocharis control region to 12s rRNA, 

which was amplified two different ways (see below) 

from genomic DNA, and the heavy strand was se- 

quenced from each amplification. The two heavy-strand 

sequences of Rana Zimnocharis were identical. Negative 

controls were run on all amplifications. The Rana Zim- 

nocharis sequence from ND2 to CO1 was amplified with 

L4437 and H5934. Sequencing was done with L5556 

and H5934. The Rana Zimnocharis sequence from the 

control region to 12s t-RNA was amplified with L15783 

and H692, and L15783 and H1067. Sequencing was 

done with H692 and H123 14. Squamate reptiles from 

10 lizard families and Amphibaenia were sequenced 

completely from ND1 to CO1 using primers described 

in table 1. Amplifications used primer H5934 and one 

of the following: L3881, L3887, L4160, L4178a, or 

L4178b. DNA samples from some taxa were amplified 

also with L3002 and either H4419a or H4419b. 

Specimen Information 

Primers are designated by their 3’ ends, which cor- Museum numbers, approximate localities for 

respond to the position in the human mitochondrial ge- voucher specimens from which DNA was extracted, and 

nome (Anderson et al. 1981) by convention, and pre- GenBank accession numbers are presented in phyloge- 
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94 Macey et al. 

netic order. Acronyms are AMNH for American Muse- 

um of Natural History, New York; CAS for California 

Academy of Sciences, San Francisco; MVZ for Museum 

of Vertebrate Zoology, University of California at 

Berkeley; and ZISP for Zoological Institute, St. Peters- 

burg, Russia. MVZ-RM represents field numbers of the 

first author for uncataloged specimens being deposited 

in the Museum of Vertebrate Zoology. Rana Zimnocharis 

Zhejiang, China (CAS 194255; U7 1323, U7 1324); Uro- 

mastix acanthinurus Morocco (MVZ 162567; U7 1325); 

Teratoscincus przewalskii Xinjiang, China (CAS 

17 1010; U7 1326); Lialis jicari Manam Island, Madong, 

New Guinea (AMNH 105099; U7 1327); Xantusia vigilis 

California, USA (MVZ-RM2299; U7 1328); Platysaurus 

capensis South Africa (CAS 193465; U71329); Mabuya 

aurata Turkmenistan (CAS 179697; U7 1330); Eremias 

grammica Turkmenistan (CAS 179206; U7133 1); Cne- 

midophorus tigris California, USA (MVZ 179799; 

U7 1332); Xenosaurus grandis Veracruz, Mexico (MVZ 

137789; U7 1333); Varanus griseus Turkmenistan (ZISP 

19576; U71334); and Bipes biporus Baja California Sur, 

Mexico (MVZ 137543; U71335). 

Results 

Gene Order in Squamate Reptiles 

Sequences obtained from Teratoscincus przewalskii 

(Gekkonidae), Lialis jicari (Pygopodidae), Cnemidoph- 

orus tigris (Teiidae), Eremias grammica (Lacertidae), 

Platysaurus capensis (Cordylidae), Xenosaurus grandis 

(Xenosauridae), and Varanus griseus (Varanidae) all had 

a mitochondrial gene order similar to most vertebrates 

of ND1 (subunit 1 of NADH dehydrogenase), tRNAne, 

tRNAG’“, tRNAMe’, ND2, tRNAT”‘, tRNA*‘“, tRNA*““, 

OL, tRNACy” tRNATyr and CO1 (subunit I of cyto- 

chrome c oxidase). Thiee additional groups, Bipes bi- 

porus (Amphisbaenia), Mabuya aurata (Scincidae), and 

Xantusia vigilis (Xantusidae), had this gene order but do 

not have a recognizable OL. While Xantusia has only 

seven bases between tRNAAsn and tRNACys, Bipes and 

Mabuya have strange stem-and-loop structures that may 

not serve as replication origins because they have little 

homology with other vertebrate and presumptive squa- 

mate lizard replication origins (figs. 2 and 3). 

A switch in the order of two transfer RNA genes 

is observed in the agamid lizard, Uromastix acanthin- 

urus. In Uromastix, tRNAG1* precedes tRNArie and O,_ 

is absent between tRNAAsn and tRNACys (figs. 2 and 4). 

Among vertebrates, this derived gene order is shared 

only among acrodont lizards (Agamidae and Chame- 

leonidae) (unpublished data). Interestingly, tRNAGin is 

also rearranged in the snake, Leptotyphlops (Kumazawa 

and Nishida 1995), but the resulting gene order is dif- 

ferent with tRNAGin located between tRNAAia and t- 

RNA*““. 

In addition, Uromastix, Lialis, Cnemidophorus, 

Varanus, Xantusia, and Bipes have an unusual tRNACys 

that lacks a D-stem and, instead, contains a D-arm re- 

placement loop (Macey et al. 1997), similar to that re- 

ported in the tuatara, Sphenodon punctatus (Seutin et al. 

1994) (fig. 2). The lack of a recognizable O,_ and the 

novel secondary structure of the tRNACys also charac- 

terize acrodont lizards but not most squamate reptiles 

(Kumazawa and Nishida 1995; Seutin et al. 1994; Ma- 

cey et al. 1997; unpublished data). 

Gene Order in Frogs 

Two mitochondrial DNA sequences were obtained 

from the rice frog, Rana Zimnocharis. The regions ex- 

amined are from the control region to the 12s t-RNA 

gene, and from the ND2 to CO1 genes (figs. 2 and 5). 

Comparison of these sequences with the published se- 

quences from the African clawed frog, Xenopus (Roe et 

al. 1985) and the American bullfrog, Rana catesbeiana 

(Yoneyama 1987), revealed a unique gene order with 

the same gene content as Rana catesbeiana (fig. 5A). 

Whereas Xenopus shares the conserved vertebrate gene 

order containing only the phenylalanine tRNA gene be- 

tween the control region and the 12s rRNA gene, both 

species of Rana have four tRNA genes in this region. 

These four tRNA genes are arranged in different orders 

in the two species: Rana catesbeiana has the order con- 

trol region, tRNA Leu(cuN), tRNAThr, tRNAPr0, tRNAPhe, 

12s rRNA; Rana Zimnocharis has the order control re- 

gion, tRNAThr, tRNAPro, tRNALeucCUN), tRNAPhe, 12s 

rRNA. In Rana Zimnocharis, the tRNALeucCUN) gene is 

flanked by two small noncoding sequences of 15 and 37 

bases, respectively. The sequence of the 15-base non- 

coding region is repeated with a single nucleotide sub- 

stitution and one deletion in the 37-base noncoding re- 

gion (fig. 5A). In addition, Rana Zimnocharis appears to 

have a nonfunctional copy of the tRNALeucCUN) gene be- 

tween the control region and tRNAThr. This is especially 

noteworthy, because Rana catesbeiana has a functional 

tRNALeu(CUN) gene at this position (fig. 5B). 

Both Rana appear to have a recognizable OL in the 

typical vertebrate position (Yoneyama 1987) (fig. 2). 

These two species share with other vertebrates a region 

in OL that forms a stem-and-loop structure. In addition, 

both species contain the light-strand trinucleotide se- 

quence 5’-CGG-3’, considered to be the initiation site 

for light-strand elongation in mouse (Brennicke and 

Clayton 1981) (fig. 2). The only major differences be- 

tween OL in the two species of Rana is the incorporation 

of a Gi2 insertion in the loop region and a five-base 

extension of the stem region in the Rana Zimnocharis. 

Except for the five-base extension, the OL stem sequenc- 

es are identical in the two Rana species and Xenopus, 

and these are nearly identical to that in mouse. The OL- 

containing region has the typical vertebrate gene order 

of ND2, tRNAT’p, tRNAAla, tRNAASn, OL, tRNACys, t- 

RNATyr , and CO1 in the Rana Zimnocharis. 

Evidence that Amplified Sequences are from 

Mitochondrial DNA 

Several observations support our conclusion that 

the DNA sequences analyzed here are from the mito- 

chondrial genome and do not represent nuclear inte- 

grated copies of mitochondrial genes (see Zhang and 

Hewitt 1996). All sequences reported here show strong 

strand bias against guanine on the light strand (reptiles 

ND1 to COI, G = ll%-14%, T = 21%-28%, A = 
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1-65 ASN *<<<<<AA<<<<T.......<<<<T.....<<<AC..COD 

&anu lim@ uzris 
‘1 ‘eratoscincus 

;kEJ-us 

fenKlurus 

Varanus 
Cnemidbphorus 
Bi es 
Mp abuya 
Xantusia 
Uromustix 

66430 
Ranu limnochuris 

Teratoscincus 

Platysaurus 

Eremias 

Xenosaurus 

Lialis 

Varanus 

Cnemidbphorus 

Bipes 

Mabuya 

Xantusia 

Y?Y%F 
Rk limnocharis 
Teratoscincus 

gwv&rus 

fkngaurus 

Varanus 
Cnemidophorus 
Bi es 
Mp abuya 
Xantusia 
Uromastix 

CTAGAAAGACGGGCCTI’GATCCCGCAACAG’ITI’AGTI’AACAGCI’AAA CGCTCTATCCAGC-GAGC 

CTAGACTGAC GGGCTITGATCCCGCTACTTAG?TAACAACCAAACAC-GGGC 

CTAGACAGGCAGGCC~A~~~AGTTAA-GGGC 

CAAGATGGACAGGCITEA ‘ICCI’GCGAAACTCTAGTTAACAGCI’AAAAACCCAACCCAGC-GGGC 

CTAAATAAACGGGCCTCGATCCCGTAAAATA~~~~~~~C CGCTCTATCCAGC-GAGC 

CTAGATAGACGGGCCTCGATCCCGT~T~~AGTTAA 

CTAGATAGACGGGCCTCGATCCCGT~~~~~~~~A~~C~C~~-G~ 

CTGGATAAGCGGGCC~GATCCCGCGAAAATlTAATTAA 

CTGGACCGGCAGGCCTTGATCCTACAAACACTTAATTAAC 

CTAGATAGACGGGCCTCGATCCCGTAAAACCTTAG?TAAC-GGGC 

CTAGATAGACGGGCCTI’GATCCC GCAAAAAGCTAATI’AACAAl?CAAClGCCAAAACCAAC-AGAC 

~~~G~GACCCCACAACACACCGGTTAA 

ASNOL oLC= 
..iiiiiAA.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . *<<<<<AA<<<<T... 

?TcrrrcrA-CTICTCCCGBA-CGGGAG-m CCGGCAGGAAC 

TKAA’ICTAGCTTCICCC~GGAAA------------AA~GAG-AAGC~CGGCAC~ 

TICTAl-CTA-CTl’CTCCC~AAA-------------~~GAG-AAGCCCCGGCACCPIC 
- 

mCAm_ATAAAAAATTATAAAAAA- _ _ _ _ _ _ _ _ _ _J!&~GGG-AA~ CCGGCACCITA 
- = 

TTITATCTA-~CCGTCGATAAAAA------------ACGGGAG-AAGCCCGGGGGA’ICTl’ 

TI’CTATCCGTCTICGCCCC----------------_ 

TICTA~A-CTTC’lCCC~GGGAAAA----------AA~GAG-AA~CAGGGGTAA’IC 

TITI’ATCCA--CITTCCCGTCGCTTITA-----------CGA~GA--AA~~AC’I’ICT 

TI’CAG’ICCG--CCTAGAAAGGA ---------------=GAG-AAmm 

~A~G~~~~~~~______--------_-_-__~~C~~C~~ 

TTCTACCTACCATAAC ---_---------_--_---____---------AAGC~GA~CA~ 

ATCAGCCCA --_-_----_-------------_____------------GAAA~~CAAA~TA 

. . . . <<iiT . . . ..iiiAC..COD..<<iAC.iiiD...iiiD..<iiiiA?~ CYS 

‘PTA--TGGGGTCCACGTGGTA-ACACCCCAGAGCC 

TAG-~-CC CITTGGTGTGTGGCCAcCCCAGGGCTr 

AA- -GGn=CTTCT-TCAAATTTGCAA’I’ITGACGTAA- - -ATACCTCGGAACT 

AT--m-CCGTAA---TI’ACC’ICAGGGCT 

AAAAA’ICTCGGCT-CCGAG TTIGCAACTCGGCGTGCAGCGCACTTCAGGACT 

TCA-GTGAC’ITPT-CCAAATTI’GCACTTTGG TA’ITAT _---__--aGAm 
. . . . . . ..*....... 

C---TACCCACTC-TCAGATTT’GCAATCTGATGACACT-------C’TGAACI’ . . . . . . . . . . . . . . . . . . 
G ---GGTGCTTAT-CCGAA’ITI’GCAGTICGA~’--------CGGGACI’ 

G---GCGGCGTGG-CCAAA’ITl’GCAA’ITT’GGC’TCGCA--------CAGAACT . . . . . . . . . . . . . . . . 
‘ITAGGGTTTA’ICT-CTAGA ‘ITTGCACICTAGCGTGAA--ACACCGCGGGACT 

AAA-GACG’l’ETC’ICCAGATTTGCAA TCEGCG~~CITCATAGGCCI’ . . . . . . . . . . . . I . . . . . . . . . . . . . . . ...* 
CTAAGTTATTICT-CCGAA TTIGCACTCCGGAACACA ____---_TGGGTcT 

. . . . . . . . . . . . . . . . 

FIG. 2.-Presence of the OL between the genes encoding the asparagine and cysteine tRNA genes. Stem regions are single underlined (and 

double underlined 5’-CGG-3’). Rana limnocharis, Teratoscincus, Platysaurus, Eremias, Xenosaurus, Lialis, Varanus, and Cnemidophorus have 

sequences presumably representing the OL. Note in the stem region of the Or_ the light-strand trinucleotide sequence 5’-CGG-3’ (double underline) 

which is considered the initiation site for light-strand replication in mouse (Brennicke and Clayton 1981). Note in these sequences the light- 

strand sequence 5’-CVGGV-3’ (double underline) complementary to the heavy-strand template sequence 3’-GGCCG-5’ required for in vitro 

replication in humans (Hixson, Wong, and Clayton 1986). No evidence of a related sequence is present in Xantusia, Mabuya, or Uromastix. 

Unusual Or_ stems are observed in Mabuya and Bipes (see fig. 3). Lialis, Varanus, Cnemidophorus, Bipes, Xantusia, and Uromastix have an 

unusual tRNAQ’ which lacks a D-stem and instead contains a D-arm replacement loop (dotted underline). Sequences are presented as light- 

strand sequence and tRNA secondary structure is designated above the sequence. Stems are indicated by arrows in the direction encoded: AA 

= amino-acid-acceptor stem, D = dihydrouridine stem, AC = anticodon stem, T = TqC stem. The positions of anticodons in transfer RNA 

genes are designated COD. Asterisks indicate the nonpaired 3’ tRNA position 73. Periods represent nonstem bases. 

30%-35%, and C = 27%-34%; Rana limnocharis con- 

trol region to 12s rRNA, G = 16%, T = 30%, A = 

29%, and C = 25%; Rana limnocharis ND2 to COI, G 

= 20%, T = 28%, A = 26%, and C = 26%), which is 

characteristic of the mitochondrial genome but not the 

nuclear genome. All genes sequenced appear functional; 

transfer RNA sequences form stable secondary struc- 

tures and protein-coding genes do not have premature 

stop codons. Therefore we interpret these sequences as 

authentic mitochondrial DNA. 

Transfer RNA Genes 

Some common patterns emerge among the gene re- 

arrangements known in vertebrates. All vertebrate rear- 

rangements involve genes for tRNAs, which are stem- 

and-loop structures. The phenomenon of a high fre- 

quency of tRNA genes involved in rearrangement has 

been noticed both in invertebrates (Brown 1985; Wol- 

stenholme and Clary 1985; Cantatore et al. 1987; Mo- 

ritz, Dowling, and Brown 1987) and vertebrates (Moritz 

and Brown 1986, 1987; Stanton et al. 1994). All rear- 
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A 

T-Rich Loop 
a-t 

A-T 

C-G 

G-C 
Position 

G-C of Nascent 

Concensus Sequence of :ZE 
Light Strand 

OL in Squamate Lizards - 
:$I 

Elongation 

B 

Mabuya aurata 

TT 
T T 

T T 

G T 

ASN “c_ ,GICYS 

3’-CCCGAAGATAGGkCTTTGCGGAA-5’ 

C TT 

T T 

A C 

C 
G C 

G T 
G-C 

A-T 

Bipes bipoms 

ASNg CYS 

3’-GTCAGGC GAGACCGGCG-5’ 

6 a 

FIG. 3.-Alternative stem-and-loop structures between the t- 

RNA*“” and tRNACys genes. A, Consensus heavy-strand sequence of 

putative OL from squamate lizards. This sequence is based on repre- 

sentatives from the Iguanidae (nine genera, unpublished data), Gek- 

konidae (Temoscincus), Pygopodidae (Lialis), Lacertidae (Eremias), 

Teiidae (Cnemidophorus), Cordylidae (Plurysuurus), Anguidae (Elgur- 

iu, unpublished data), Xenosauridae (Xenosuurus), and Varanidae 

(Vuru&s). Bases in capitals are conserved pairings and downstream 

sequence. Bases in lower case are often paired. Variable positions are 

labeled with their standard one-letter codes: R = G or A; Y = C or 

T B = G, C or T and V = G, C, or A. The 3’-GCC-5’ heavy-strand 

template sequence identified as the point of light-strand elongation in 

mouse (Brennicke and Clayton 1981) is indicated (arrow). The heavy- 

strand sequence 3’-GBCCB-5’ in the tRNAQ” gene related to the 3’- 

GGCCG-5’ sequence found to be required for-in vitro replication in 

humans (Hixson, Wong, and Clayton 1986) is underlined with arrows. 

B, Stem-and-loop structure between the tRNA*“” and tRNACys genes 

observed in the scincid lizard Mubuyu uururu. Bases in bold indicate 

a noncontiguous sequence repeated twice. Note the presence of a mis- 

paired position in the stem and a lack of homology with the consensus 

sequence presented in A. C, Stem-and-loop structure between the t- 

RNAASD and tRNAQS genes observed in the amphisbaenid Bipes bi-  

porus. Little homology is observed between this stem region and that 

of the consensus sequence presented in A. Note a downstream sequence 

of 3’-GACCG-5’ is present similar to the 3’-GGCCG-5’ sequence 

found to be required for in vim replication in humans (Hixson, Wong, 

and Clayton 1986). 

ranged segments begin with a tRNA gene, with respect 

to the direction of light-strand elongation and typical 

vertebrate gene order, except in birds and one tuatara 

gene order. The one tuatara and avian rearrangements 

begin with the ND6 gene, which is preceded by ND5 

and the tRNALeUcCUN) gene. With the exception of the 

lamprey, tuatara, and ranid frogs, all rearranged seg- 

ments end with a tRNA gene. The rearranged segments 

of the lamprey, tuatara, and ranid frogs end with the 

control region, which also contains stem-and-loop struc- 

tures. In addition, endpoints of tandemly duplicated 

gene regions contain potential stem-and-loop structures, 

most often in tRNA genes but also in protein-coding 

regions (Stanton et al. 1994). 

Statistics and Phylogeny 

All vertebrate lineages that have gene rearrange- 

ments, except the two Rana species, share the loss of a 

recognizable OL between the tRNAAsn and tRNACys 

genes (Desjardins and Morais 1990; Seutin et al. 1994; 

Kumazawa and Nishida 1995; Lee and Kocher 1995). 

To determine whether gene rearrangements may be pre- 

disposed by movement of OL, their respective phylo- 

genetic distributions are examined (Donoghue 1989). 

Phylogenetic distributions are shown in figure 6. In the 

null model, changes are distributed randomly across the 

tree. A concentrated change test (Maddison 1990; Mad- 

dison and Maddison 1992) shows that rearrangement of 

genes occurs with displacement of OL more often than 

would be expected by chance (P < 0.001) (see fig. 6A 

and C). Note that expansion of numbers of taxa included 

in lineages with gene rearrangements (marsupials, croc- 

odilians, birds, and acrodont lizards) and lineages with- 

out gene rearrangements (primates, whales, and seals) 

would make the tests more significant because no vari- 

ation is observed in these groups. 

Discussion 

Mechanisms for Rearrangement 

We propose the following mechanism to explain all 

vertebrate gene rearrangements associated with displace- 

ment of the OL: 

Alternative stem-and-loop structures can initiate rep- 

lication of the light strand, but OL is competitively 

dominant (Wolstenholme, Koike, and Co&ran-Fouts 

1974; Clayton 1982; Clary and Wolstenholme 1987). 

A mutational event disrupts OL and an alternative 

initiation site is then used for replication of the light 

strand. A short period of instability follows in which 

initiation and termination of light-strand replication 

are situated at various positions having stem-and- 

loop structures, often tRNA genes. Alternative sites 

for initiation of light-strand synthesis occur in a re- 

gion of the genome that remains single-stranded for 

a lengthy period during the asymmetrical replication 

process (see Moritz and Brown 1987; Moritz 1991). 

Light-strand synthesis proceeds to copy the heavy 

strand. 

After heavy-strand replication has largely finished, 

the 5’ end of the nascent light strand becomes de- 
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ND1 NDlGLlN 

Q F L P L T L A M C L M Y T N L P S A L A A L P P D N H*<<<<<AA<<<<T.... 

~~CTACCCCTGACCTTAGCCATATGCCTAATATACA GCTXXTACCACCAGACAACCAlJ&XAGGGAAGGAA'IC 

GLN ILE 

. . . <<<XT.. ..<<<AC..COD..<<<AC.<<<D.......<<<D..<<<<~.....~>>>>..D>>>....D>>>.AC>>>..COD..AC>>>.. 

GAACCAACACCGAAAAA CCCAAAATAT?TCATACCTCCACTATACTAC~ATA~~~G~~~~~ 'ICTTGATAAGACAAAC 

ILE MET METND2 

..T>>>>........T>>>>AA>>>>>*..AA>>>>>..D>>>.......D>>>.AC>>>..~D..AC>>>....T>>>>..T>>>>~>>>>* L 

ATAGAGGGCCAACA'ICCTGA~CCCCA~AGGG T'ITCATGC~CAAAAA CGGTGCCACCACCCCC 

PPSTTLIFYTSLVSGTLIVMSSHHWLAVWVGLEL 

cACcATccACcAcccTAATcTI‘cTAcAcAAGccTcGTAT ?n;GCTGGCAGmGTAGGAC?TGAACT 

NTLAIIPIISSPKHPRATEAATKYFLTQAIASA 

AAACACACTAGCCATCATCCCAATCATCTCTAGCCCAAAA GCTGCAACAAAATACITCCTAACACAAGCAATCGCCTCCGCC 

LLLFSSTMNAWQTGQWDTTQMDNKYACTIMAIA 

CTCmAm GCACAATAAACGCATGACAAACAGGACAATGAGACACAACCC 

LAMKLGAAPFHFWLPEVLQGSTMQTSLLILTWQK 

TXCCATAAAACTAGGAGCAGCCCCA7l'ICCA~ Tl'ACCAGAAGTACTACAAGGCTCTACCATACAAA CITCTITACTAAXmCCTGACAAAA 

IAPIALLYTTAPHLPQKIMLTIGIMSTMVGGFG 

AATIY;CCCCC~~~CC CCAAAAAATCATACTAACAATTGGCA TCATGlCTACAATAGTGGGCGGTITIGGG 

GLNQTQLRKILAYSSISNLGWTVSAMTLAPNIA 

GGACTAAACCAAACCCAACTAC GAAAAAl.Cl'l'AGCCTACTCATCAATCTCAAA CTI'AGGATGAACCGTAtICAGCCATGACACTAGCACCAAACATIGCAA 

ILNILIYILLSTPTLLLLMTTSTKTLKDTTTMWT 

TCTTAAACATCC'ICATCTACATCTCATCTACATCCCAC~ CTATTAATAACAACG~~C~~~~~~~TA~C 

TTPTISTLLALLLLSTGGLPPFTGFLPKLLIMN 

AACAACACCAACAATCAGCACACTACTAGCCCTACTACTA GGCGGACl?XCACCATTCACCGGATICCTA~ CTACTAAXATAAAC 

EFLMQNLTPMGILMAMTSLLNLMYYLRIVYLTS 

GAGTC~TAATACAAAATCTAACACCCATAGGAATCCTC 

MTTPPITFPMTMKWRLKQHQPSATIATLTTTALL 

TAAcAAccCCCCcAATcACC~T~~T~~CG~~~~C~C~C~~~~~~~~~~~C~A~ 
ND2TRP 

M T P T A P M I T I YAA>>>>>..D>>>........D>>>.AC>>>..COD..AC>>>....T>>>>.......T>>>>AA> 

GATGACCCCAACAGCCCT~~A~~ACGAAGC? TTATCACCAAACCGAGGGCCITCAAA GCCCTAAAAAAGAGTGCCAACCTCITAGC 

TRP ALA ASN 

>>>>*..... *<<<<<AA<<<<T......<<<<T....<<<AC..COD..<<~C.<<<D......<<<D..~~~<~...*<<<<~<<<~..... 

lTCTGCXAATAAAACCTGhCTCTAA'IW'.CA~ TGCAACCCAAATGITITAA'ITAAAACTAAGGCCTXCACA~G 

ASNCYS 

..<<<<T.... .<<<AC..COD..<<<AC.<<<D.... . . ..<<<D..<<<<<AA*<<<<<AA<<<<T.......<<<<T....<<~C..COD..<<~ 

ACCCCACAACACACCGG'ITAACAGCCGATCGCCCAAACCCG 

CYSTYR TYRCOI 

C . . . . . . <<<<<AA<<<<<AA<<<<T......<<<<T....<<<AC, M M A H R W 

GAACACATGGGM GGAGAGGACTTAACCTCCATAAGCAGAATTACAATCCGCC 

L L S T 

CTCCTATCAACC 

FIG. h--Gene arrangement in a segment of mitochondrial DNA from the agamid lizard, I/romastix aca&inurus. The most common 

arrangement for this region in vertebrates consists of the genes encoding NDl, tRNA”e, tRNAo1”, tRNA Met, ND2, tRNAT’p, tRNAA’“, tRNAA”“, 

O,, tRNACy”, tRNATYr, and COI. In Uromastix the tRNAG1” gene precedes the tRNA”’ gene and OL is missing between the tRNAAS” and tRNAcYs 

genes. Underlined sequences represent potential stop codons for ND1 and ND2 in adjacent tRNA genes. Sequences are presented as light-strand 
sequence from 5’ to 3’. Amino acids are positioned over the second codon position in protein-coding genes and tRNA secondary structure is 

designated above the sequence as in figure 2. 

tached and slips ahead to an alternative stem-and- 

loop structure (slipped-strand mispairing) (Levinson 

and Gutman 1987; Broughton and Dowling 1994). 

Light-strand synthesis is completed with termination 

occuring past the point of initiation. This often ap- 

pears to be a different tRNA gene. 

Because initiation and termination are at different 

sites, a tandem duplication is created. 

A new site for initiation and termination of the light 

strand becomes stabilized, preventing recurrence of 

the events in steps 2-5. 

Multiple deletions occur, creating a rearrangement of 

genes (fig. 7). 

5 ‘-Nascent Strand Slippage 

Slippage of the 5’ end of a nascent strand during 

elongation (step 4 above) can produce a tandem dupli- 

cation only in a circular molecule (Broughton and Dowl- 

ing 1994). Nascent strand slippage involving the 5’ end 

from either of the two typical replication origins could 

produce duplications which would be restricted to the 

vicinity of a particular initiation site (Broughton and 

Dowling 1994). The control region consistently contains 

the initiation site for heavy-strand synthesis and slippage 

of the 5’ end of nascent heavy strands has been postu- 

lated to account for relatively large repeats (up to 160 

bp, Hoelzel et al. 1994; Fumagalli et al. 1996), which 

can form stable secondary structures that are upstream 

from the expected replication origin (Fumagalli et al. 

1996). The repeats postulated here cannot be explained 

by simple replication slippage, slipped-strand mispairing 

(Levinson and Gutman 1987), or the illegitimate-elon- 

gation model (Buroker et al. 1990) involving the dis- 

placement strand during initiation of heavy-strand rep- 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
4
/1

/9
1
/9

7
5
3
7
5
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



98 Macey et al. 

A 
Control Region 

CCCAAAAGCTAATAC'ICTI'ACAAAAGAATI'CAACCCAGACCTTATGA~ KCACGCI'AY.ECAGCTGGCCATGTATl'AACA~~ 
TTGTTGC?TCGGAA'ITGACC!AC!GCC'ITA~ ~~~~G~~TAATATC 

Control Region Pseudo-LEU Pseudo-LEU THR 
AA>>>>>..D>>> . . . . . ..D>>>.AC>>>..COD..AC>>>.....T>>>>.......T>>>>~>>>>>*.~>>>>>..D 

AAAGGGCKA'l?KIACTGTATCTAGC~A~ATT'A~~C'ITAGTC~ ACl'A'ITGITTAA~A'ITAATATAAACTC~TAG 

THRPRO 

>>>....... .D>>>.AC>>>..COD..AC>>>.....T>>>> . . . . ..T>>>>AA>>>>>*<<<<<AA<<<<T.......<< 

CTCTIGTAAACCAGAGAGTGCAGACT~ cTcTGcTcAGAGcTcAGGAc~CCcCA 

PRO LEU 

..<<<AC.<<<D.....<<<D..<<<<<AA.....,..........~>>>>..D>>> . . . . . ..D>>>.AC>>>..COD..AC>>>.....T>>>>>... 

AAGCCAACATICTTATI'AAA'ITA'IG~~CAA~ACCCGCAGCTlTI'A llKA?U4GTAGWITCC AGGAGCCAGCCCC 

LEXJ PHE 

. . ..T>>>>AA>>>>>* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AA>>>>>..D>>> . . ..D>>>.AC>>>..COD..AC>>>....T> 

AAG'~~A~~~G~G~ATACAGECqTCGT ATAGCTI'A'ICTAAACGTAGC GCEAAAACGCTAAGAlET 

PHE12SrRNA 

>>>.... ..T>>>>AA>>>>>* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

ACCCTAAAAAGTICT~GCACAAAGA~XC'TGGTCITA~G 

B 
AA>>>>>..D>>> . . . . . ..D>>>.AC>>>..CD..AC>>>.....T>>>>.......T>>>>~>>>>*. 

Rana catesbeiana GCT??TAAA GGAAAAGAGCCCXCAClEGTCITAGGCGCCAGCA~ lGCAAG'IWAAGTAAAAGCI'A 

Rana limcharis . . . . . ..'LT.....GT..T.T........C......A......CC.C.........................C 

Pseudogene? .TA.C..GCCIGCT.C.A.C...AA.....T.CTIGCITA..A.. .T.TA.l-l”.ATT.A..T. .A..C 

SiIIliltity * * ** . . . . . . . . . . C...L.L*.*.***.,*****.C........*C.***.*..*..*...*.**.**.**L 

FIG. 5.-A, Gene arrangement for the mitochondrial genes between the control region and the 12s rRNA gene in Rana limnocharis. Gene 

regions are designated as in figure 2. The sequences presumed to represent the control region are not alignable to other frog sequences. Note 

that the same four tRNA genes are present in Rana limnocharis as have been reported rearranged in Rana catesbeiana, tRNAL”“‘CUN’, tRNAP", 

tRNAThr, and tRNAPhe, but the order of these genes is not the same. All other known vertebrate sequences have only the tRNAPhe gene between 

the control region and the 12s rRNA gene. Double-underlined sequences represent two noncoding direct repeats flanking the rearranged t- 

RNALeucCUN) gene of Rana limnocharis. B, Alignment of the tRNALeucCUN) gene between Rana catesbeiana and two regions of sequence from 

Rana limnocharis. Homology was initially inferred by the anticodon “TAG” and no gaps were introduced. A single nucleotide separates the 

“pseudogene” sequence from the tRNAThr gene in Rana limnocharis. Similarity among the three sequences is shown at the bottom with an 

asterisk. “L,” designates similarity between the Rana limnocharis sequences, and a “C” denotes similarity between the “pseudogene” and the 

Rana catesbeiana sequence. The Rana limnocharis sequence above is presumed to be functional whereas the Rana limnocharis sequence below 

may be a nonfunctional copy or “pseudogene” because it appears not to form a stable secondary structure common among transfer RNAs. 

Note that the sequence labeled “pseudogene” is from a gene region homologous to Rana catesbeiana; the presumed functional copy of 

tRNALeucCUN) is in a position unique among vertebrates. 

lication. The initiation site for light-strand synthesis ap- 

pears more labile. Slippage of the 5’ end of a nascent 

light strand that has initiated at an alternative position 

potentially could produce tandemly duplicated gene 

regions throughout the mitochondrial genome at appro- 

priate stem-and-loop structures. 

Functional Constraints 

The use of alternative sites for light-strand repli- 

cation suggests an exaptation (Gould and Vrba 1982) 

for stem-and-loop structures in tRNA genes. Transfer 

RNA stem-and-loop structures standardly used for ami- 

no acid transport may be co-opted for the function of 

light-strand replication, resulting in alternative locations 

of the OL. In marsupials the OL is located in a unique 

position and includes substantial noncoding sequences 

on both sides. The total length of the OL and the non- 

coding regions is approximately the size of a transfer 

RNA gene, and this region has been postulated to rep- 

resent an ancestral tRNAAia gene (Paabo et al. 1991). 

Maizels and Weiner (1995) propose that replication was 

the original function of tRNA structures and that their 

standard use in translation is itself an exaptation. 

A new location for the OL may create a new func- 

tional burden on some parts of the molecule while re- 

leasing functional constraint on others. For example, the 

tRNACys gene normally is situated in a position adjacent 

to the Oi_ with some overlap. In the amino-acid-acceptor 

and T!I’C stems of the tRNACys gene, the heavy-strand 

sequence 3’-GGCCG-5’ downstream from the Or_ has 

been found to be required for in vitro replication of the 

human mitochondrial genome (Hixson, Wong, and Clay- 

ton 1986). The marsupial O,_ is flanked by a noncoding 

region which contains this sequence or the related 

heavy-strand sequence 3’-GGCCC-5’ (Paabo et al. 

199 1; Janke et al. 1994). Among marsupials, the t- 

RNACys gene is in a unique position and only the Aus- 

tralian possum (Trichosurus vulpecula) contains the 

heavy strand sequence 3’-GGCCG-5’ (Paabo et al. 

1991). Other possum sequences in this position are 3’- 

AACCG-5’ or 3’-AGTCA-5’ (Paabo et al. 1991; Janke 

et al. 1994). Mabuya, Xantusia, and Uromastix, which 
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Lamprey 

Carp 
Loach 

Trout 

Lungfish 

Rice Frog 

Bull Frog 

Clawed Frog 

Opossum 

Platypus 

Hedgehog 

Mouse 

Rat 

Human 

Seal 

Horse 

Whale 

cow 

Chicken 

Alligator 

Tuatara 

Agamidae 

Leptotyphlopidae 

Human 

Seal 

Horse 

Whale 

cow 

FIG. 6.-Evolution of gene order in the vertebrate mitochondrial genome. The topology for squamate reptiles is based on reanalysis of the 

morphological data of Estes, de Queiroz, and Gauthier (1988) and Schwenk (1988) (see discussion); the remainder of the topology is from 

Gauthier, Estes and de Queiroz (1988), Krettek, Gullberg, and Amason (1995), Janke et al. (1996), and Zardoya and Meyer (1996). A, The 

known vertebrate gene rearrangements (Yoneyama 1987, Desjardins and Morais 1990; PPabo et al. 1991; Kumazawa and Nishida 1995; Lee 

and Kocher 1995; Quinn and Mindell 1996). For simplicity, only one marsupial, crocodilian, bird, and acrodont lizard are shown. Taxa illustrated 

to have the most common vertebrate gene order (Anderson et al. 1981, 1982; Bibb et al. 1981; Roe et al. 1985; Gadaleta et al. 1989; Arnason, 

Gullberg, and Widegren 1991; Arnason and Johnsson 1992; Tzeng et al. 1992; Chang, Huang, and Lo 1994; Xu and Arnason 1994; Krettek 

Gullberg and Arnason 1995; Zardoya, Garrido-Pertierra, and Bautista 1995; Janke et al. 1996; Zardoya and Meyer 1996) have been sequenced 

for the complete mitochondrial genome. For simplicity only a single primate (for others see Horai et al. 1995), whale (see Arnason and Gullberg 

1993) and seal (see Arnason et al. 1993) are shown. The order of the control region, tRNAG1”, tRNAThr, tRNAPro, and cytochrome b that is 

ancestral for vertebrates is uncertain and is denoted with hatching (Lee and Kocher 1995). B and C, Two reconstructions of the absence of a 

recognizable OL between the asparagine and cysteine tRNA genes (black). Hatched area is equivocal for presence or absence of a recognizable 

0, in the typical vertebrate location. Note that strange stem-and-loop structures are present in Amphisbaenia, Scincidae, and some Acrodonta 

(Agamidae and Chamaeleonidae) (unpublished data) but lack functional characteristics identified in mamalian light-strand replication (figs. 2 

and 3). An atypical stem-and-loop structure found in lungfish (Zardoya and Meyer 1996) has the functional characteristics identified in mam- 

malian light-strand replication (heavy-strand stem sequence of 3’-GCC-5’ and a downstream sequence of 3’-GGCCT-5’ [see fig. 3 for reference]). 
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I) Tandem Duplication -_) No Gene Rearrangement 

Ile Gln Ile Gln Ile Gln Ile Gln 

t t 
Single Deletion Event 

+ Tandem Duplication + No Gene Rearrangement 

Ile Gln Ile Gln Ile Gln 

t t 
Single Deletion Event 

+ Tandem Duplication + No Gene Rearrangement 

Ile Gln Ile Gln Ile Gln 

t t 
Single Deletion Event 

+ Tandem Duplication + Gene Rearrangement 

Ile Gln IIe Gln Ile Gln 

Two Deletion Events 

FIG. 7.-Gene reorganization under a model of tandem duplication of genes as illustrated by the rearrangement in the agamid lizard, 

Uromastix. After tandem duplication of a gene region is produced, multiple deletions of redundant genes occur (Moritz, Dowling, and Brown 

1987). If a single deletion occurs, the gene order will return to the previous state. Only when multiple deletions occur does a rearrangement 

result. Hence, shifts in gene order result from a nonparsimonious process, suggesting that parallelisms and reversals are unlikely. 

lack a recognizable OL in the normal position, do not 

have a similar sequence (complement in fig. 2). All other 

squamate lizards that have a recognizable OL in the nor- 

mal position (sampled here and unpublished data) share 

similar sequences of 3’-GBCCB-5’ (B = G, C or T) 

(figs. 2 and 3). In addition, note that Rana Zimnocharis, 

which has a normal OL position, contains the heavy- 

strand sequence 3’-GGCCG-5’ (complement in fig. 2). 

Transposition 

The gene rearrangements observed in ranid frogs 

may occur by an alternative mechanism that involves 

small direct repeats. Transposition is associated with ter- 

minal inverted or direct repeats (Calos and Miller 1980). 

The rearranged tRNALeU(CUN) in Rana Zimnocharis has 

direct repeats on both flanks (fig. 5A). Rana Zimnocharis 

appears to have a nonfunctional copy of the t- 

RNALeu(CUN) in the same position as the functional copy 

observed in Rana catesbeiana. If this interpretation is 

correct, the common ancestor of these two ranid frogs 

probably had the Rana catesbeiana gene order. While 

slipped-strand mispairing exhibits small direct repeats 

(Levinson and Gutman 1987), it seems unlikely. 

Slipped-strand mispairing would have produced a tan- 

dem duplicate containing the tRNA genes for leucine, 

threonine, and proline. It seems improbable that one 

copy of tRNATh’ and tRNAPro would be completely ex- 

cised leaving the tRNALeu(CUN) gene flanked by the two 

noncoding repeated sequences. The rearrangements in 

ranid frogs contain a copy of tRNALeu(CUN) that is 5 kb 

from the position observed in other vertebrates. All oth- 

er known vertebrate gene rearrangements are localized 

and the bird, crocodilian, blind snake, and agamid lizard 

rearrangements involve a simple switch of two sequenc- 

es. However, tandemly duplicated gene regions as large 

as 9.4 kb have been observed (Moritz and Brown 1987; 

Wallis 1987; Moritz 1991). If the two ranid rearrange- 

ments occurred by an alternative mechanism such as 

transposition, this would account for their occurrence in 

the absence of a displacement of OL. 

Phylogenetic Patterns of Genomic Organization 

The prospect that gene order within vertebrates is 

variable opens an opportunity for phylogenetic analysis 

(Sankoff et al. 1992; Smith et al. 1993; Boore and 

Brown 1994). Parallelism and reversal are highly un- 
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likely for gene rearrangements occurring by the pro- 

posed mechanisms involving errors in light-strand rep- 

lication or direct repeats. Under a model of errors in 

light-strand replication and tandem duplication, multiple 

deletions are required to create a gene rearrangement 

(fig. 7). While individual gene regions may not be ex- 

cised in one piece, multiple regions at least must aban- 

don function and eventually be removed. For a reversal 

to occur, a gene region must be subjected to tandem 

duplication twice and a minimum of four deletions. Al- 

though tandem duplications have evolved in parallel 

(Zevering et al. 1991; Stanton et al. 1994), parallelism 

and reversal are highly improbable for all events re- 

quired to produce a particular gene rearrangement. Al- 

ternatively, a mechanism involving direct repeats may 

involve transposition. Both parallelism and reversal 

seem unlikely with transposition, because it would rare- 

ly move the same gene region to an identical new site. 

Vertebrate mitochondrial gene rearrangement is rel- 

atively rare, but when rearrangement occurs it should 

diagnose monophyletic groups, as shown for birds (Des- 

jardins and Morais 1990, 199 1; Quinn and Wilson 

1993), crocodilians (Kumazawa and Nishida 1995), and 

marsupials (Paabo et al. 199 1; Gemmell et al. 1994; Jan- 

ke et al. 1994) because homoplasy is highly unlikely. 

Although the gene rearrangements observed in Uromas- 

tix and Rana Zimnocharis involve genes that are rear- 

ranged in other taxa, the derived gene orders in Uro- 

mastix and Rana limnocharis are unique. 

Within squamate reptiles, the derived gene order 

found in Uromastix characterizes the Acrodonta (Agam- 

idae, Chameleonidae) (unpublished data). No evidence 

for reversal is observed across four genera in both sub- 

families of the Agamidae and a representative of the 

Chameleonidae (unpublished data). In figure 8 a reana- 

lysis of morphological data (Estes, de Queiroz, and Gau- 

thier 1988; Schwenk 1988) is presented, showing the 

phylogenetic distribution of genomic rearrangements 

from ND1 to CO1 among squamate reptiles. No evi- 

dence for parallelism is observed across all squamate 

lineages sampled. In addition, among nine genera with 

representatives of all eight monophyletic groups of the 

Iguanidae (Etheridge and de Queiroz 1988), the sister 

taxon to the Aacrodonta, no evidence of parallelism is 

observed (unpublished data). These data further support 

the utility of gene order as a phylogenetic character and 

illustrate how it may be used in phylogenetic reconstruc- 

tion of vertebrates. 

The prospect that gene order is variable within 

Rana suggests that gene order may be useful for recon- 

structing relationships among more closely related taxa 

than have been suggested previously (Boore et al. 1995; 

Kumazawa and Nishida 1995; Stanton et al. 1994). 

Recently, gene junctions were found to be useful 

for phylogenetic inference (Boore et al. 1995). Gene 

junctions may be much less robust, however, than gene 

orders as phylogenetic characters. For example, among 

the known vertebrate gene arrangements, homoplasy is 

observed for the gene junction between tRNAPro and 

tRNAPhe. Although lamprey and bullfrog (Rana cates- 

beiana) both possess unique gene arrangements, they 

/ 

Archosauromorpha 

/ 

Sphenodontidae ? 

/ Iguanidae 9 Genera 

Agamidae 4 Genera 

Chamaeleonidae 

Gekkonidae 

Pygopodidae 

Xantusiidae 

Lacertidae 

Teiidae 

Gymnophthalmidae ? 

Xenosauridae 

Anguidae 

Varanidae 

Lanthanotidae ? 

Helodermatidae ‘j 

Amphisbaenia 

Serpentes 

FIG. 8.-Phylogenetic tree of squamate reptiles based on an anal- 

ysis of 180 morphological characters from the literature (Estes, de 

Gueiroz, and Gauthier i988; Schwenk 1988) (characters 136-139 from 

Estes, de Queiroz, and Gauthier [ 19881 were excluded because of over- 

lap with Schwenk [1988]) showing the position of the gene rearrange- 

ment found in Uromastix and other acrodont lizards (gene rearrange- 

ment 1). The same segment of mitochondrial DNA has undergone a 

different rearrangement in the blind snake, Leptotyphlops (Kumazawa 

and Nishida 1995) (gene rearrangement 2). This hypothesis is based 

on 100 randomized heuristic searches using PAUP (Swofford 1993) 

and produced five equally most parsimonious trees of 367 steps 

sistency index of 0.520). Bootstrap values resulting from 1.000 

(con- 

repli- 

cates with 10 random additions per replicate are plitted on nodes. All 

taxa except those with a question mark have been sampled for the 

mitochondrial DNA 

mastix (Kumazawa 

region containing the gene rearrangement in Uro- 

and Nishida 1995; unpublished data). Note that 

within squamate reptiles, gene order has shifted twice and no evidence 

for parallelism or reversal has been observed. 

share a tRNAPro/tRNAPhe gene junction (fig. 1) whose 

evolution requires either parallelism or reversal. 

Displacement of the OL from its typical position 

between the genes encoding the asparagine and cysteine 

tRNAs evolves in parallel in association with different 

evolutionary changes of gene order. Parallel losses of 

the O,_ from the typical vertebrate location (black area 

in fig. 6B) seem more likely than multiple, parallel gains 

at that site (fig. 6B). Most lineages found to lack the OL 

in the typical vertebrate position are known to contain 

gene rearrangements. Previous workers (Seutin et al. 

1994; Kumazawa and Nishida 1995) have interpreted 

the absence of an OL from the most common vertebrate 

position as a synapomorphy for birds and crocodilians, 

although these taxa have different gene rearrangements. 

If the crocodilian and avian lineages are found to use 
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different sites for initiation of light-strand replication, 

relocation of the OL from the typical vertebrate position 

probably occurred in two separate events of genomic 

rearrangement. 

The vertebrate mitochondrial genome is much more 

malleable than originally thought. For historical reasons 

(Kocher et al. 1989), most DNA sequencing being con- 

ducted for phylogenetic inference utilizes sequences of 

single genes or fragments of genes. Recently, tRNA 

genes have been found to be useful for phylogenetic 

inference (Kumazawa and Nishida 1993). All known 

vertebrate gene rearrangements include tRNA genes. If 

future phylogenetic studies include clusters of tRNA 

genes, order of genes also will be assessed. The discov- 

ery of additional gene orders will provide phylogenetic 

characters and test hypotheses of the evolutionary pro- 

cesses that produce the major structural features of the 

vertebrate mitochondrial genome. 

Acknowledgments 

This work was supported by grants from the Na- 

tional Science Foundation (predoctoral fellowship to 

J.R.M.; BSR-9106898 to A.L.), the National Geographic 

Society (41 lo-89 and 4872-93 to T.J.P. and J.R.M.), and 

the California Academy of Sciences. We thank Carla 

Cicero, Robin Lawson, Jens Vindum, and David B. 

Wake for tissue specimens, and Nikolai Orlov, Sahat 

Shamakov, Yaozhao Wang, and Ermi Zhao for field as- 

sistance. Jeffrey L. Boore, Wesley M. Brown, Todd 

Jackman, and Craig Moritz provided valuable comments 

on the manuscript. Todd Jackman assisted with Gen- 

Bank searches in the identification of genes. Kevin de 

Quieroz kindly advised us on the analysis of morpho- 

logical data. 

LITERATURE CITED 

ANDERSON, S., A. T. BANKIER, B. G. BARRELL et al. (14 co-au- 

thors). 1981. Sequence and organization of the human mi- 

tochondrial genome. Nature 290:457-465. 

ANDERSON, S., M. H. L. DE BRUIJN, A. R. COULSON, I. C. 

EPERON, E SANGER, and I. G. YOUNG. 1982. Complete se- 

quence of bovine mitochondrial DNA conserved features of 

the mammalian mitochondrial genome. J. Mol. Biol. 156: 

683-7 17. 

AR~VALO, E., S. K. DAVIS, and J. W. SITES. 1994. Mitochon- 

drial DNA sequence divergence and phylogenetic relation- 

ships among eight chromosome races of the Sceloporus 

grammicus complex (Phrynosomatidae) in central Mexico. 

Syst. Biol. 43:387-418. 

ARNASON, U., and A. GULLBERG. 1993. Comparison between 

the complete mtDNA sequences of the blue and the fin 

whale, two species that can hybridize in nature. J. Mol. 

Evol. 37:3 12-322. 

ARNASON, U., A. GULLBERG, E. JOHNSSON, and C. LEDJE. 

1993. The nucleotide sequence of the mitochondrial DNA 

molecule of the grey seal, Hdichoerus grypus, and a com- 

parison with mitochondrial sequences of other true seals. J. 

Mol. Evol. 37:323-330. 

ARNASON, U., A. GULLBERG, and B. WIDEGREN. 1991. The 

complete nucleotide sequence of the mitochondrial DNA of 

the fin whale, Baleanoptera physalus. J. Mol. Evol. 33:556- 

568. 

ARNASON, U., and E. JOHNSSON. 1992. The complete mito- 

chondrial DNA sequence of the harbor seal, Phoca vitulina. 

J. Mol. Evol. 34:493-505. 

BIBB, M. J., R. A. VAN ETTEN, C. T WRIGHT, M. W. WAL- 

BERG, and D. A. CLAYTON. 1981. Sequence and gene or- 

ganization of mouse mitochondrial DNA. Cell 26: 167-180. 

BOORE, J. L., and W. M. BROWN. 1994. Mitochondrial ge- 

nomes and the phylogeny of mollusks. Nautilus lOS(Supp1. 

2):61-78. 

BOORE, J. L., T M. COLLINS, D. STANTON, L. L. DAEHLER, 

and W. M. BROWN. 1995. Deducing the pattern of arthropod 

phylogeny from mitochondrial DNA rearrangements. Na- 

ture 376: 163-165. 

BRENNICKE, A., and D. A. CLAYTON. 1981. Nucleotide assign- 

ment of alkali-sensitive sites in mouse mitochondrial DNA. 

J. Biol. Chem. 256:10613-10617. 

BROUGHTON, R. E., and T. E. DOWLING. 1994. Length variation 

in mitochondrial DNA of the minnow Cyprinella spilop- 

tera. Genetics 138:179-190. 

BROWN, W. M. 1985. Evolution of the animal mitochondrial 

DNA genome. Pp. 95-130 in R. MACINTYRE, ed. Molecular 

evolutionary genetics. Plenum Press, New York. 

BUROKER, N. E., J. R. BROWN, T. A. GILBERT, l? J. O’HARA, 

A. T. BECKENBACH, W. K. THOMAS, and M. J. SMITH. 1990. 

Length heteroplasmy of sturgeon mitochondrial DNA: an 

illegitimate elongation model. Genetics 124: 157-163. 

CALOS, M. P, and J. M. MILLER. 1980. Transposable elements. 

Cell 20:579-595. 

CANTATORE, l?, M. N. GADALETA, M. ROBERTI, C. SACCONE, 

and A. C. WILSON. 1987. Duplication and remoulding of 

tRNA genes during the evolutionary rearrangement of mi- 

tochondrial genomes. Nature 329:853-855. 

CHANG, Y.-S., E-C. HUANG, and T.-B. Lo. 1994. The complete 

nucleotide sequence and gene organization of carp (Cypri- 

nus carpio) mitochondrial genome. J. Mol. Evol. 38:138- 

155. 

CLARY, D. O., and D. R. WOLSTENHOLME. 1987. Drosophila 

mitochondrial DNA: conserved sequences in the A + 

T-rich region and supporting evidence for a secondary 

structure model of the small ribosomal RNA. J. Mol. Evol. 

25:116-125. 

CLAYTON, D. A. 1982. Replication of animal mitochondrial 

DNA. Cell 28:693-705. 

DESJARDINS, l?, and R. MORAIS. 1990. Sequence and gene or- 

ganization of the chicken mitochondrial genome. J. Mol. 

Biol. 212:599-634. 

-. 199 1. Nucleotide sequence and evolution of coding 

and noncoding regions of a quail mitochondrial genome. J. 

Mol. Evol. 32:153-161. 

DONOGHUE, M. J. 1989. Phylogenies and the analysis of evo- 

lutionary sequences, with examples from seed plants. Evo- 

lution 43: 1137-l 156. 

ESTES, R., K. DE QUEIROZ, and J. GAUTHIER. 1988. Phyloge- 

netic relationships within squamata. Pp. 119-281 in R. Es- 

TES and G. PREGILL, eds. Phylogenetics of the lizard fami- 

lies, essays commemorating Charles L. Camp. Stanford 

University Press, Stanford, Calif. 

ETHERIDGE, R., and K. DE QUEIROZ. 1988. A phylogeny of 

Iguanidae. Pp. 283-367 in R. ESTES and G. PREGILL, eds. 

Phylogenetics of the Lizard Families, Essays Commemo- 

rating Charles L. Camp. Stanford University Press, Stan- 

ford, Calif. 

FUMAGALLI, L., I? TABERLET, L. FAVRE, and J. HAUSSER. 1996. 

Origin and evolution of homologous repeated sequences in 

the mitochondrial DNA control region of shrews. Mol. Biol. 

Evol. 13:3 l-46. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
4
/1

/9
1
/9

7
5
3
7
5
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Mitochondrial Genome Organization and Mechanisms 103 

GADALETA, G., G. PEPE, G. DE CANDIA, C. QUAGLIARIELLO, 

E. SBISA, and C. SACCONE. 1989. The complete nucleotide 

sequence of the Rattus norvegicus mitochondrial genome: 

cryptic signals revealed by comparative analysis between 

vertebrates. J. Mol. Evol. 28:497-516. 

GAUTHIER, J., R. ESTES, and K. DE QUEIROZ. 1988. A phylo- 

genetic analysis of Lepidosauromorpha. Pp. 15-98 in R. 

ESTES and G. PREGILL, eds. Phylogenetics of the lizard fam- 

ilies, essays commemorating Charles L. Camp. Stanford 

University Press, Stanford, Calif. 

GEMMELL, N. J., A. JANKE, l? S. WESTWERN, J. M. WATSON, 

S. PKABo, and J. A. MARSHALL-GRAVES. 1994. Cloning and 

characterization of the platypus mitochondrial genome. J. 

Mol. Evol. 39:200-205. 

GOULD, S. J., and E. S. VRBA. 1982. Exaptation-a missing 

term in the science of form. Paleobiology 8:4-15. 

HIXSON, J. E., T W. WONG, and D. A. CLAYTON. 1986. Both 

the conserved and divergent 5’-flanking sequences are re- 

quired for initiation at the human mitochondrial origin of 

light strand replication. J. Biol. Chem. 261:2384-2390. 

HOELZEL, A. R., J. V. LOPEZ, G. A. DOVER, and S. J. O’BRIEN. 

1994. Rapid evolution of a heteroplasmic repetitive se- 

quence in the mitochondrial DNA control region of carni- 

vores. J. Mol. Evol. 39:191-199. 

HORAI, S., K. HAYASAKA, R. KONDO, K. TSUGANE, and N. 

TAKAHATA. 1995. Recent African origin of modern humans 

revealed by complete sequences of hominoid mitochondrial 

DNAs. Proc. Natl. Acad. Sci. USA 92:532-536. 

JANKE, A., G. FELDMAIER-FUCHS, W. K. THOMAS, A. VON HAE- 

SELER, and S. PAABo. 1994. The marsupial mitochondrial 

genome and the evolution of placental mammals. Genetics 

137:243-256. 

JANKE, A., N. J. GEMMELL, G. FELDMAIER-FUCHS, A. VON 

HAESELER, and S. PABBo. 1996. The mitochondrial genome 

of a monotreme-the platypus (Ornithorhynchus anatinus). 

J. Mol. Evol. 42:153-159. 

JOHANSEN, S., I? H. GUDDAL, and T. JOHANSEN. 1990. Orga- 

nization of the mitochondrial genome of Atlantic cod, Ga- 

dus morhua. Nucleic Acids Res. l&41 1-419. 

KOCHER, T. D., W. K. THOMAS, A. MEYER, S. V. EDWARDS, S. 

PAABo, E X. VILLABLANCA, and A. C. WILSON. 1989. Dy- 

namics of mitochondrial DNA evolution in animals: ampli- 

fication and sequencing with conserved primers. Proc. Natl. 

Acad. Sci. USA 86:6196-6200. 

KRETTEK, A., A. GULLBERG, and U. ARNASON. 1995. Sequence 

analysis of the complete mitochondrial DNA molecule of 

the hedgehog, Erinaceus europaeus, and the phylogenetic 

position of the Lipotyphla. J. Mol. Evol. 41:952-957. 

KUMAZAWA, Y., and M. NISHIDA. 1993. Sequence evolution of 

mitochondrial tRNA genes and deep-branch animal phylo- 

genetics. J. Mol. Evol. 37:380-398. 

-. 1995. Variations in mitochondrial tRNA gene orga- 

nization of reptiles as phylogenetic markers. Mol. Biol. 

Evol. 12:759-772. 

LEE, W.-J., and T. D. KOCHER. 1995. Complete sequence of a 

sea lamprey (Petromyzon marinus) mitochondrial genome: 

early establishment of the vertebrate genome organization. 

Genetics 139:873-887. 

LEVINSON, G., and G. A. GUTMAN. 1987. Slipped-strand mis- 

pairing: a major mechanism for DNA sequence evolution. 

Mol. Biol. Evol. 4:203-221. 

MACEY, J. R., A. LARSON, N. B. ANANJEVA, and T. J. PAPEN- 

FUSS. 1997. Replication slippage may cause parallel evo- 

lution in the secondary structures of mitochondrial transfer 

RNAs. Mol. Biol. Evol. 14:96-105. 

MADDISON, W. P. 1990. A method for testing the correlated 

evolution of two binary characters: Are gains or losses con- 

centrated on certain branches of a phylogenetic tree? Evo- 

lution 44:539-557. 

MADDISON, W. I?, and D. R. MADDISON. 1992. MacClade, anal- 

ysis of phylogeny and character evolution. Version 3.0. Sin- 

aur, Sunderland, Mass. 

MAIZELS, N., and A. M. WEINER. 1995. Phylogeny from func- 

tion: the origin of tRNA is in replication, not translation. 

Pp. 25-40 in W. M. FITCH and E J. AYALA, eds. Tempo 

and mode in evolution. National Academy Press, Washing- 

ton, D.C. 

MANIATIS, T., E. E FRITSCH, and J. SAMBROOK. 1982. Molec- 

ular cloning: a laboratory manual. Cold Spring Harbor Lab- 

oratory, Cold Spring Harbor, N.Y. 

MORITZ, C. 1991. Evolutionary dynamics of mitochondrial 

DNA duplications in parthenogenetic geckos, Heteronotia 

binoei. Genetics 129:221-230. 

MORITZ, C., and W. M. BROWN. 1986. Tandem duplications of 

D-loop and ribosomal RNA sequences in lizard mitochon- 

drial DNA. Science 233: 1425- 1427. 

-. 1987. Tandem duplications in animal mitochondrial 

DNAs: variation in incidence and gene content among liz- 

ards. Proc. Natl. Acad. Sci. USA 84:7183-7187. 

MORITZ, C., T. E. DOWLING, and W. M. BROWN. 1987. Evo- 

lution of animal mitochondrial DNA: relevance for popu- 

lation biology and systematics. Annu. Rev. Ecol. Syst. 18: 

269-292. 

PA~Bo, S., W. K. THOMAS, K. M. WHITFIELD, Y. KUMAZAWA, 

and A. C. WILSON. 1991. Rearrangements of mitochondrial 

transfer RNA genes in marsupials. J. Mol. Evol. 33:426- 

430. 

QUINN, T. W., and D. I? MINDELL. 1996. Mitochondrial gene 

order adjacent to the control region in crocodile, turtle, and 

tuatara. Mol. Phylogenet. Evol. 5:344-35 1. 

QUINN, T W., and A. C. WILSON. 1993. Sequence evolution in 

and around the mitochondrial control region in birds. J. 

Mol. Evol. 37:417-425. 

ROE, B. A., D.-P MA, R. K. WILSON, and J. E-H. WONG. 1985. 

The complete sequence of the Xenopus laevis mitochondrial 

genome. J. Biol. Chem. 260:9759-9774. 

SANKOFF, D., G. LEDUC, N. ANTOINE, B. PAQUIN, B. E LANG, 

and R. CEDERGREN. 1992. Gene order comparisons for phy- 

logenetic inference: evolution of the mitochondrial genome. 

Proc. Natl. Acad. Sci. USA 89:6575-6579. 

SCHWENK, K. 1988. Comparative morphology of the lepidosaur 

tongue and its relevance to squamate phylogeny. Pp. 569- 

598 in R. ESTES and G. PREGILL, eds. Phylogenetics of the 

lizard families, essays commemorating Charles L. Camp. 

Stanford University Press, Stanford, Calif. 

SEUTIN, G., B. E LANG, D. F? MINDELL, and R. MORAIS. 1994. 

Evolution of the WANCY region in amniote mitochondrial 

DNA. Mol. Biol. Evol. 11:329-340. 

SMITH, M. J., A. ARNDT, S. GORSKI, and E. FAJBER. 1993. The 

phylogeny of echinoderm classes based on mitochondrial 

gene arrangement. J. Mol. Evol. 36:545-554. 

STANTON, D. J., L. L. DAEHLER, C. C. MORITZ, and W. M. 

BROWN. 1994. Sequences with the potential to form stem- 

and-loop structures are associated with coding-region du- 

plications in animal mitochondrial DNA. Genetics 137:233- 

241. 

SWOFFORD D. L. 1993. PAUP: phylogenetic analysis using par- 

simony. Version 3.1.1. Illinois Natural History Survey, 

Champaign, Ill. 

TZENG, C.-S., C.-E HUI, S.-C. SHEN, and I? C. HUANG. 1992. 

The complete nucleotide sequence of the Crossostoma Za- 

custre mitochondrial genome: conservation and variations 

among vertebrates. Nucleic Acids Res. 20:4853-4858. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
4
/1

/9
1
/9

7
5
3
7
5
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



104 Macey et al. 

WALLIS, G. I? 1987. Mitochondrial DNA insertion polymor- 

phism and germline heteroplasmy in the Triturus cristatus 

species complex. Heredity 58:229-238. 

WOLSTENHOLME, D. R., and D. 0. CLARY. 1985. Sequence 

evolution of Drosophila mitochondrial DNA. Genetics 109: 

725-744. 

WOLSTENHOLME, D. R., K. KOIKE, and F? COCHRAN-FOUTS. 

1974. Replication of mitochondrial DNA: replicative forms 

of molecules from rat tissue and evidence for discontinuous 

replication. Cold Spring Harb. Symp. Quant. Biol. 38:267- 

280. 

WONG, T. W., and D. A. CLAYTON. 1985. In vitro replication 

of human mitochondrial DNA: accurate initiation at the or- 

igin of light strand synthesis. Cell 42:951-958. 

-. 1986. DNA primase of human mitochondria is asso- 

ciated with structural RNA that is essential for enzymatic 

activity. Cell 45:817-825. 

Xu, X., and U. ARNASON. 1994. The complete mitochondrial 

DNA sequence of the horse, Equus caballus: extensive het- 

eroplasmy of the control region. Gene 148:357-362. 

YONEYAMA, Y. 1987. The nucleotide sequence of the heavy 

and light strand replication origins of the Rana catesbeiana 

mitochondrial genome. Nippon Ika Daigaku Zasshi 54:429- 

440 [in Japanese]. 

ZARDOYA, R., A. GARRIDO-PERTIERRA, and J. M. BAUTISTA. 

1995. The complete nucleotide sequence of the mitochon- 

drial DNA genome of the rainbow trout, Oncorhynchus my- 

kiss. J. Mol. Evol. 41:942-95 1. 

ZARDOYA, R., and A. MEYER. 1996. The complete nucleotide 

sequence of the mitochondrial genome of the lungfish (Pro- 

topterus dolli) supports its phylogenetic position as a close 

relative of land vertebrates. Genetics 142: 1249-1263. 

ZEVERING, C. E., C. MORITZ, A. HEIDEMAN, and R. A. STURM. 

199 1. Parallel origins of duplications and the formation of 

pseudogenes in mitochondrial DNA from parthenogenetic 

lizards (Heteronotia binoei; Gekkonidae). J. Mol. Evol. 33: 
431-441. 

ZHANG, D.-X., and G. M. HEWITT. 1996. Nuclear integrations: 

challenges for mitochondrial DNA markers. Trends Ecol. 

Evol. 11:247-25 1. 

CRAIG MORITZ, reviewing editor 

Accepted October 4, 1996 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
4
/1

/9
1
/9

7
5
3
7
5
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


