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Abstract. A phylogenetic tree for major lineages of
iguanian lizards is estimated from 1,488 aligned base
positions (858 informative) of newly reported mitochon-
drial DNA sequences representing coding regions for
eight tRNAs, ND2, and portions of ND1 and COI. Two
well-supported groups are defined, the Acrodonta and
the Iguanidae (sensu lato). This phylogenetic hypothesis
is used to investigate evolutionary shifts in mitochondrial
gene order, origin for light-strand replication, and sec-
ondary structure of tRNACys. These three characters shift
together on the branch leading to acrodont lizards. Plate
tectonics and the fossil record indicate that these char-
acters changed in the Jurassic. We propose that changes
to the secondary structure of tRNACys may destroy func-
tion of the origin for light-strand replication which, in
turn, may facilitate shifts in gene order.
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Introduction

Structural organization of the vertebrate mitochondrial
genome is evolutionarily stable except for three charac-
teristics that are known to vary: gene order, position for

the origin of light-strand replication (OL), and secondary
structure of tRNAs (for review see Macey et al. 1997a,b).
Both shifts in gene order and the alterations of tRNA
secondary structure have been suggested to result from
errors in DNA replication (Macey et al. 1997a,b). Igua-
nian lizards, a group that dates at least to the fragmen-
tation of Gondwanaland (Estes 1983), show variation for
these three major structural features of the mitochondrial
genome and provide an opportunity to examine the tim-
ing and relative phylogenetic positions of shifts in these
characters.

Derived states of the three mitochondrial characters
have been reported for an agamid lizard (Acrodonta:
Uromastix acanthinurus) (Macey et al. 1997a,b). This
lizard contains a unique gene arrangement in which the
tRNAIle and tRNAGln genes are switched in order rela-
tive to the more typical vertebrate arrangement. The ori-
gin for light-strand replication (OL) is absent inUromas-
tix from the usual vertebrate position between the
tRNAAsn and tRNACys genes, and tRNACys lacks a di-
hydrouridine (D) stem and instead contains a D-arm re-
placement loop (Macey et al. 1997a,b). These novel fea-
tures were not observed in an iguanid lizard,Sceloporus
occidentalis(Kumazawa and Nishida 1995). See Appen-
dix 1 for taxonomy used.

Iguanian lizards comprise eight iguanid (sensu lato)
groups (Etheridge and de Queiroz 1988) and four acro-
dont groups (Frost and Etheridge 1989; Moody 1980).
Systematics of iguanian lizards has been highly contro-
versial, and the monophyly of the Iguanidae (sensu lato)
with respect to the Acrodonta has been questioned (Frost
and Etheridge 1989). With iguanian phylogenetics un-Correspondence to:A. Larson; e-mail Larson@wustlb.wustl.edu
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certain, the position for the evolutionary shift of the three
mitochondrial characters remains unclear.

We assessed the order of genes for one-third of the
mitochondrial genome, located between ND1 and COI,
and the presence or absence of a recognizable OL in
representatives of all major iguanian lineages. The evo-
lution of these characters and the secondary structural
alternatives for tRNACys (Macey et al. 1997b) were ex-
amined on a phylogenetic estimate derived from 1,488
bases of aligned sequence corresponding to genes for
eight tRNAs, ND2, and portions of ND1 and COI.

Methods

Specimen Information.Museum numbers and approximate localities
for voucher specimens from which DNA was extracted and GenBank
accession numbers are presented in phylogenetic order. Acronyms
are CAS for California Academy of Sciences, San Francisco; MVZ for
Museum of Vertebrate Zoology, University of California at Berkeley;
MZUSP for Museu de Zoologia, University of Sa˜o Paulo, Brazil;
TCWC for the Texas Cooperative Wildlife Collection, Texas A&M
University; and USNM for United States National Museum, Washing-
ton D.C. Acronyms followed by a dash RM represent field numbers
of the first author for uncatalogued specimens being deposited in either
the California Academy of Sciences or the Museum of Vertebrate
Zoology.Iguanidae: Anolis paternusCuba (USNM 498070; U82679);
Basiliscus plumifronsCosta Rica (MVZ 204068; U82680);Crota-
phytus collarisTexas, USA (TCWC 72206; U82681);Gambelia wis-
lizenii Nevada, USA (MVZ-RM2464; U82682);Hoplocercus spino-
sus Mato Grosso, Brazil (MZUSP 907931; U82683);Liolaemus
tenuis Chile (MVZ 162076; U82684);Oplurus cuvieri Madagascar
(CAS-RM10468; U82685);Phrynosoma douglassiNew Mexico, USA
(MVZ 180332; U82686);Sauromalus obesusCalifornia, USA (MVZ
144194; U82687).Acrodonta: Chamaeleo fischeriTanzania (CAS
168965; U82688);Uromastix acanthinurusMorocco (MVZ 162567;
U71325) (Macey et al. 1997a,b);Leiolepis bellianaThailand (MVZ
215497; U82689);Physignathus cocincinusVietnam (MVZ 222159;
U82690); Phrynocephalus raddeiTurkmenistan (CAS 179770;
U82691). Anguidae: Elgaria panamintinaCalifornia, USA (MVZ-
RM1641; U82692).

Laboratory Protocols.Tissue samples were collected and frozen in
liquid nitrogen. Genomic DNA was extracted from muscle or liver
using the Qiagen QIAamp tissue kit. Amplification of genomic DNA
was conducted 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 condi-
tions. Reamplified double-stranded products were purified on 2.5%
acrylamide gels (Maniatis et al. 1982). Template DNA was eluted from
acrylamide passively over 3 days in which Maniatis elution buffer
(Maniatis et al. 1982) was replaced each day. Cycle-sequencing reac-
tions 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 sequencing gels for 5–12 h at 38–40°C.

Amplifications used primer H5934 and one of the following:
L3881, L4160, L4178a, or L4178b. DNA samples from some taxa were
amplified also with L3002 and either H4419a or H4419b (Table 1).
Both strands were sequenced using primers described in Table 1.

Sequence Alignment and Character Homology.DNA sequences

encoding part of ND1, all of ND2, and part of COI were aligned by
amino acid using MacClade (Maddison and Maddison 1992). Align-
ments of sequences encoding tRNAs were constructed manually based
on secondary structural models (Kumazawa and Nishida 1993; Macey
and Verma 1997). Secondary structures of tRNAs were inferred from
primary structures of the corresponding tRNA genes using these mod-
els. Unalignable regions were excluded from phylogenetic analyses.
See Fig. 1 for alignment.

Most protein-coding regions were alignable (1,062 positions) but
some regions were excluded from phylogenetic analyses because of
questionable alignment. In ND1, sequences encoding amino acids that
extended more than one amino acid beyond the sequence forGallus
gallus (Desjardins and Morais 1990) were excluded from analyses as
well as stop codons, which sometimes overlap with adjacent tRNAs
(positions 82–97). In ND2, a gap was placed in theLeiolepissequence
at the position corresponding to amino acid 249 inGallus (positions
1076–1078). Sequences that encoded ND2 beyond amino acid 316 of
Galluswere unalignable and therefore excluded (positions 1280–1376).
In COI, sequences corresponding to the third amino acid ofGallus
appear only inPhysignathusandPhrynocephalus;therefore, a gap was
placed in the other sequences (positions 1809–1811).

Genes for tRNAIle and tRNAGln (positions 98–258) are switched in
order in acrodont lizards and were aligned to the other sequences at the
end of the alignment (positions 1839–1989; Fig. 1). Among tRNA
genes, most loop regions were unalignable as were noncoding se-
quences between genes. The dihydrouridine (D) and TcC (T) loops
were excluded from genes for tRNAIle (positions 1852–1858, 1891–
1899), tRNAMet (positions 272–278, 310–316), tRNATrp (positions

Table 1. Primers used in this studya

Human
position Gene Sequence

L3002 16S 58-TACGACCTCGATGTTGGATCAGG-38
L3881 ND1 58-TTTGACCTAACAGAAGGAGA-38

L4160 ND1 58-CGATTCCGATATGACCARCT-38
L4178a ND1 58-CARCTWATACACYTACTATGAAA-3 8

L4178b ND1 58-CAACTAATACACCTACTATGAAA-3 8

L4221 tRNAIle 58-AAGGATTACTTTGATAGAGT-38

H4419a tRNAMet 58-GGTATGAGCCCAATTGCTT-38
H4419b tRNAMet 58-GGTATGAGCCCGATAGCTT-38
L4437a tRNAMet 58-AAGCTTTCGGGCCCATACC-38
L4437b tRNAMet 58-AAGCAGTTGGGCCCATRCC-38
L4645 ND2 58-ACAGAAGCCGCAACAAAATA-3 8

L4831 ND2 58-TGACTTCCAGAAGTAATACAAGG-38

H4980 ND2 58-ATTTTTCGTAGTTGGGTTTGRTT-38
L5002 ND2 58-AACCAAACCCAACTACGAAAAAT-3 8

H5540 tRNATrp 58-TTTAGGGCTTTGAAGGC-38
L5556 tRNATrp 58-GCCTTCAAAGCCCTAAA-38
L5551 tRNATrp 58-GACCAAAGGCCTTCAAAGCC-38
H5617a tRNAAla 58-AAAATRTCTGRGTTGCATTCAG-38
H5617b tRNAAla 58-AAAGTGTCTGAGTTGCATTCAG-38
L5638a tRNAAla 58-CTGAATGCAACYCAGAYATTTT-38

L5638b tRNAAla 58-CTGAATGCAACTCAGACACTTT-38
H5692 tRNAAsn 58-TTGGGTGTTTAGCTGTTAA-38
L5706 tRNAAsn 58-TAGTTAACAGCTAAACAC-38

H5934 COI 58-AGRGTGCCAATGTCTTTGTGRTT-38
H5937 COI 58-GTGCCAATGTCTTTGTG-38

a Primers are designated by their 38 ends, which correspond to the
position in the human mitochondrial genome (Anderson et al. 1981) by
convention. H and L designate heavy-strand and light-strand primers,
respectively. Positions with mixed bases are labeled with their standard
one-letter codes: R4G or A; Y4T or C; W4A or T. All primers are
from Macey et al. (1997a) except L4160 (Kumazawa and Nishida
1993), L4437b (new to this study) and L5551 (Macey et al. 1997b)
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Fig. 1. Aligned DNA sequences for the length-variable regions as
used in the phylogenetic analyses and showing major shifts in genomic
structure. Positions 401–1299 from the ND2 gene are not shown, and
this region had no length variation except for a gap inLeiolepis for
positions 1076–1078 corresponding to amino acid 249 inGallus. Se-
quences are presented as light-strand sequence and tRNA secondary
structure is designated above the sequence. Stems are indicated by
arrows in the direction encoded: AA4 amino-acid-acceptor stem, D
4 dihydrouridine stem, AC4 anticodon stem, T4 TcC stem. The
tRNA anticodons are designatedCOD. Asterisksindicate the unpaired
38 tRNA position 73.Periods represent bases located outside stem
regions;1 depicts the first codon position of protein-coding sequences.

STPrepresents stop codons. In acrodonts,GLN-STPdenotes the stop
codon (TAG) of ND1 which overlaps the first three bases of the AA-
stem in the tRNAGln gene. The stems of the origin for light-strand
replication areunderlined,but note that the stems in acrodonts are
atypical and presumed nonfunctional. Two secondary structural models
of tRNACys are shown for acrodonts from Macey et al. (1997b). Note
that from ND1 to tRNAMet the acrodonts are aligned toGallus,which
is shown in the derived acrodont gene order rather than its true order
(Gallus rearranged). The rearranged tRNAGln and tRNAIle genes of
acrodonts are aligned to the tRNA genes of taxa having the typical
vertebrate gene order at the end of the sequence as used in the phylo-
genetic analysis (positions 1839–1989).
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1390–1401, 1434–1440), and tRNATyr (positions 1782–1788, 1743–
1749). In addition, the variable loop of the tRNATyr gene was not
alignable (positions 1755–1759). The D-loop was excluded from the
tRNAGln gene (positions 1969–1976) and the T-loop from the tRNAAla

(positions 1477–1483) and tRNAAsn genes (positions 1567–1573).
Noncoding sequences between the tRNAIle and tRNAGln genes (posi-

tions 1913–1917), the tRNATrp and tRNAAla genes (positions 1454–
1463), the tRNAAla and tRNAAsn genes (positions 1534–1541), and the
tRNACys and tRNATyr genes (positions 1718–1729) were not used.

Two tRNAs, tRNAAsn and tRNACys, show unusual secondary
structures in some taxa which made assessment of homologous sites
questionable. InPhysignathus,the amino-acid-acceptor (AA)-stem and

Fig. 1. Continued.
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the D-stem are separated by only a single base, a condition that may
have resulted from a shift in one side of the D-stem. For this reason,
sequences of the D-loop, one side of the D-stem, and bases adjacent to
the AA-stem of the tRNAAsn gene were not used (positions 1596–
1610). Acrodont lizards lack a D-stem in tRNACys and instead contain
a D-arm replacement loop. The interaction of bases from this D-arm
replacement loop and the variable loop can cause a realignment in the
T-stem. Mechanistic hypotheses for the origin of replacement loops in
tRNACys genes suggest realignment of the AA-stem (Macey et al.
1997b). The absence of a D-stem and the possibility for realignment of
the AA- and T-stems in acrodont lizards made all positions except the
anticodon (AC) loop and stem of tRNACys difficult to assess for ho-
mologous characters. Therefore, only the AC-stem and loop were in-
cluded in analyses (excluded positions 1649–1678, 1697–1717).

The origin for light-strand replication between the tRNAAsn and
tRNACys genes appears to be missing or nonfunctional in acrodont
lizards andGallus (Desjardins and Morais 1990). Therefore, phyloge-
netic analyses excluded this region (positions 1618–1648). The criteria
for inferring presence of a functional OL in this region include presence

of a possible stem-and-loop structure, a 38-GCC-58 heavy-strand se-
quence identified as the point of light-strand elongation in mouse
(Brennicke and Clayton 1981), and a heavy-strand sequence related to
the 38-GGCCG-58 sequence required for in vitro replication of human
mitochondrial DNA (Hixson et al. 1986).

Sequences ranged in length from 1,704 to 1,747 bases. The phylo-
genetic analyses were conducted using 1,488 alignable positions (858
phylogenetically informative). The excluded regions on the longest
sequence (Liolaemus) corresponded to 15%.

Phylogenetic Analysis.Three phylogenetic analyses were con-
ducted. In the analysis of the DNA sequences alone, the phylogenetic
tree was rooted by outgroup comparison using a bird,Gallus gallus
(Desjardins and Morais 1990), and an anguid lizard,Elgaria pana-
mintina. Another analysis was conducted on the previously published
morphological data (Frost and Etheridge 1989) for the same taxa used
in the analysis of DNA sequences. In this case, one ingroup taxon,
Hoplocercus,was not sampled for morphological characters but two

Fig. 1. Continued.
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basal taxa from the same clade, ‘‘Enyalioides’’ of Frost and Etheridge
(1989), were used to assess morphological character states. Three other
ingroup taxa, anoles, iguanas, and agamas of Frost and Etheridge
(1989), are represented byAnolis, Sauromalus,and Phrynocephalus,
respectively, in the analysis of DNA sequences. The morphological
study provided a composite outgroup, Scleroglossa, of whichElgaria is
a member, but did not include a bird. An additional outgroup,Sphen-
odon, for which DNA sequence data are lacking, was used. Initial
analyses of the morphological data with the two outgroups produced
trees in which Scleroglossa was placed in the Iguanidae, which goes
against other well-supported phylogenetic hypotheses (Estes et al.
1988; Gauthier et al. 1988). Therefore, all analyses using morphologi-
cal data constrained the ingroup to be monophyletic. In the third analy-
sis, the morphological and molecular data were combined. Because
morphological data were not available forGallus and DNA sequence
data were not acquired forSphenodon,the outgroup structure was
constrained to well-accepted arrangements (Gauthier et al. 1988).

Phylogenetic trees were estimated using PAUP (Swofford 1993)
with 100 heuristic searches using random addition of sequences. Boot-
strap resampling was applied to assess support for individual nodes
using 500 bootstrap replicates with 10 random additions per replicate.
Decay indices (4‘‘branch support’’ of Bremer 1994) were calculated
for all internal branches of the trees. To calculate decay indices, phy-
logenetic topologies were constrained using MacClade (Maddison and
Maddison 1992) and analyzed using PAUP (Swofford 1993) with 10
heuristic searches featuring random addition of sequences (100
searches used for branches immediately ancestral to the Acrodonta and
the Iguanidae).

Templeton’s (1983) test, a two-tailed Wilcoxon signed ranks test
(Felsenstein 1985), was applied to examine statistical significance of
the shortest tree in each analysis relative to alternative hypotheses. This
test asks whether the most parsimonious tree is significantly shorter
than an alternative or whether their differences in length can be attrib-
uted to chance alone (Larson 1994). The test statisticTs was compared
with critical values for the Wilcoxon rank sum in table 30 of Rohlf and
Sokal (1981) forn up to 50. Forn over 50, aZ statistic was calculated
asZ 4 (m − Ts − 1/2)/s wherem 4 n(n + 1)/4 ands 4 √(2n + 1)m/6
following Snedecor and Cochran (1967) and critical values were ob-
tained from table 12 of Rohlf and Sokal (1981) using infinite degrees
of freedom.

Alternative phylogenetic hypotheses were generated using trees
with constraints. Phylogenetic topologies were constrained using Mac-
Clade (Maddison and Maddison 1992) and analyzed using PAUP
(Swofford 1993) with 100 heuristic searches featuring random addition
of sequences. Statistical tests were conducted using the ‘‘compare
trees’’ option of MacClade (Maddison and Maddison 1992).

Results

Authentic Mitochondrial DNA

Several observations support our conclusion that the
DNA sequences analyzed here are from the mitochon-
drial genome and do not represent nuclear integrated
copies of mitochondrial genes (see Zhang and Hewitt
1996). All sequences reported here show strong strand
bias against guanine on the light strand (G4 11–13%, T
4 21–30%, A4 33–37%, and C4 24–33%), which is
characteristic of the mitochondrial genome but not the
nuclear genome. All genes sequenced appear functional;
transfer RNA sequences form stable secondary structures
and protein-coding genes have no premature stop
codons. Therefore we interpret these sequences as au-
thentic mitochondrial DNA.

Molecular Characters

tRNA Secondary Structure
Two taxa have unusual secondary structures in tRNA-

Asn (Fig. 2).Basiliscushas a large variable loop of seven
bases which deviates from the expected three to five
bases normally observed in mitochondrial tRNAs
(Kumazawa and Nishida 1993).Physignathushas a
single base separating the AA- and D-stems instead of
the two normally observed.

Two secondary structural alternatives are observed for
tRNACys. Iguanids andElgaria have a normal four-stem
secondary structure, whereas acrodonts are missing the
D-stem and instead have a D-arm replacement loop (Fig.
3) (Macey et al. 1997b).

Origin for Light-Strand Replication
Variation was observed for the presence of a recog-

nizable origin for light-strand replication in the typical

Fig. 2. Two asparagine tRNAs that deviate from standard secondary structural models.Basiliscus plumifronsexhibits an enlarged variable loop
of seven bases, andPhysignathus cocincinushas only one base separating the AA- and D-stems.
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vertebrate location between the tRNAAsn and tRNACys

genes (Fig. 4). Iguanids show an 11–12-bp stem with the
top A-T pairing absent in some taxa. The anguid lizard,
Elgaria, has a similar 12-base stem where the bottom
base pair is a T-A pair instead of a C-G pair. In contrast,
only two acrodont lizards have DNA sequences that
could form stem-and-loop structures:Chamaeleo fischeri
andLeiolepis belliana.These structures are shorter, with
7 and 8 bp, respectively. The structures observed in the
iguanids and anguid are presumably functional whereas
the structures found inChamaeleoandLeiolepisare not.

The iguanid and anguid stems show nearly complete
homology and share many features with other vertebrate
origins for light-strand replication. The 38-GCC-58
heavy-strand sequence identified as the point of light-
strand elongation in mouse (Brennicke and Clayton
1981) is present. The heavy-strand sequence 38-GGCCT-
58 or 38-GGCCC-58 related to the 38-GGCCG-58 se-
quence required for in vitro replication in humans (Hix-
son et al. 1986) is observed in a conserved position
where the AA- and T-stems of tRNACys are coded. The
last four bases of the OL stem overlap the tRNACys gene.

These OL features are mostly absent in the two acro-
donts having stem regions. The two stems show almost
no similarity to each other or to other vertebrate origins
for replication of the light strand. OnlyLeiolepishas the
38-GCC-58 heavy-strand template sequence identified as
the point of light-strand elongation in mouse (Brennicke
and Clayton 1981). At the same position where the
tRNACys AA and T-stems are coded, onlyChamaeleo
fischeri has a sequence that resembles the heavy-strand
sequence 38-GBCCB-58 related to the 38-GGCCG-58 se-
quence shown to be required for in vitro replication in
humans (Hixson et al. 1986). The two-stem structures
observed in acrodonts do not overlap with the tRNACys

gene. In addition, a sequence that cannot form a stem-
and-loop structure between the tRNAAsn and tRNACys

genes is observed in the acrodont,Phrynocephalus rad-
dei. Two other acrodonts,Uromastix acanthinurusand

Physignathus cocincinus,have little or no sequence in
this position.

Gene Order
The typical vertebrate gene order of ND1, tRNAIle,

tRNAGln, tRNAMet, ND2, tRNATrp, tRNAAla, tRNAAsn,
OL, tRNACys, tRNATyr, and COI was found in all eight
iguanid lineages and the anguid lizard. The five acrodont
taxa show the unique vertebrate gene order where the
tRNAIle and tRNAGln genes are switched in order.

Start Codons
Three presumptive start codons were identified for

ND2: ATG, ATT, and TTG. Whereas ATG (coding for
methionine) is a common start codon among mitochon-
drial protein-coding genes of vertebrates, ATT (usually
coding for leucine) and TTG (usually coding for isoleu-
cine) are not. Both ATT and TTG have been proposed as
start codons (Seutin et al. 1994; Wolstenholme 1992),
possibly being recognized by the F-met-charged tRNA
when they occur in the initiation position. In COI, two
start codons are observed; GTG (usually coding for va-
line) is found in all taxa except the acrodonts which have
ATG (coding for methionine). These start codons are
typical for COI among vertebrates.

Stop Codons
In iguanids and the outgroups, a stop codon for ND1

either occurs within the ND1 gene or alternatively gets
formed by polyadenylation of the mRNA (Anderson et
al. 1981). The ND1 transcript ofAnolis paternusends
with a T that probably gets polyadenylated during pro-
cessing, producing the stop codon TAA (Anderson et al.
1981). Construction of a stop codon by polyadenylation
probably occurs also forLiolaemusand Oplurus, in
which the last base of the ND1 stop codon otherwise
would overlap the adjacent tRNAIle gene. Because the
mtDNA is transcribed as a whole followed by cleavage
of the transcript to form functional RNAs (Ojala et al.

Fig. 3. Examples of alternative secondary
structures for the tRNACys observed in
iguanian lizards.Oplurus cuvierishows a
normal four-stem tRNA whereasChamaeleo
fischeri has a D-arm replacement loop in place
of a D-stem.Arrows indicate D-stem positions
that are invariant across all squamate reptiles
that have D-stems. Thearrow with a K has
one exception of a derived substitution of G in
a boiid snake (Macey et al. 1997b; Seutin et
al. 1994). Note the repeats (boxed and
outlined) in the ChamaeleotRNA that have
been hypothesized to result from slipped-strand
mispairing of noncontiguous repeats during
replication (Macey et al. 1997b). Adjacent
noncoding heavy-strand sequence between the
tRNACys and tRNATyr genes is separated by
three dots forChamaeleo.
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1981), adjacent genes encoded on the same strand cannot
overlap and both have complete transcripts formed from
the same primary transcript. Acrodonts, which have a
unique vertebrate gene order, have a TAG stop codon
for ND1 that is completely overlapping with the AA-
stem region of the adjacent tRNAGln gene. Because the
tRNAGln and ND1 genes are encoded on opposite
strands, overlap of their coding regions is possible.

Stop codons for ND2 appear to be formed by poly-
adenylation during processing of the primary transcript
(Anderson et al. 1981) with the exceptions ofElgaria,
Oplurus,andSauromalus,which have TAA stop codons
encoded within the ND2 gene. For all remaining taxa
exceptUromastix,extension of the ND2 mRNA to in-
clude part of the adjacent tRNATrp from the primary

transcript would generate a stop codon. However, this
mechanism would preclude production of complete ND2
mRNA and tRNATrp molecules from the same primary
transcript. We therefore favor the hypothesis that all taxa
exceptElgaria, Oplurus,andSauromalusform the stop
codons of the ND2 transcripts by polyadenylation, as
presumably occurs forUromastix.

tRNA Stem Pairs and Compensatory Changes

Among the tRNA genes included in the phylogenetic
analyses, compensatory changes potentially could con-
found phylogenetic inference. Evolutionarily coupled
compensatory substitutions in stem regions would result

Fig. 4. Alternative stem-and-loop structures between the tRNAAsn

and tRNACys genes.A Examples of presumptive functional origins for
light-strand replication (OL). All iguanids (seeOplurus) have an iden-
tical 11–12-bp stem with only the top A-T pairing absent in some taxa.
The anguid,Elgaria, has a similar 12-base stem with the bottom base
pair a T-A pair instead of a C-G pair. The consensus heavy-strand
sequence of putative OL from lizards is based on representatives from
the Iguanidae (nine genera), Gekkonidae (Teratoscincus), Pygopodidae
(Lialis), Lacertidae (Eremias), Teiidae (Cnemidophorus), Cordylidae
(Platysaurus), Anguidae (Elgaria), Xenosauridae (Xenosaurus), and
Varanidae (Varanus), (reported here and in Macey et al. 1997a). Bases
in capitalsare conserved pairings and downstream sequence. Bases in
lowercaseare often paired. Variable positions are labeled with their
standardone-letter codes:R 4 G or A; Y 4 C or T; B 4 G, C or T;
and V 4 G, C, or A. The 38-GCC-58 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

38-GGCCT-58 or 38-GBCCB-58 in the tRNACys gene related to the
38-GGCCG-58 sequence found to be required for in vitro replication of
human mitochondrial DNA (Hixson et al. 1986) is underlined with
arrows.B Among acrodonts, stem-and-loop structures were identified
only in Chamaeleo fischeriandLeiolepis belliana.The critical features
of OL, which are observed in many lizards, are mostly absent from
ChamaeleoandLeiolepis,suggesting that these acrodont sequences do
not form a functional OL. A third acrodont,Phrynocephalus raddei,has
sequence that cannot form a stem-and-loop structure. Theunderlined
sequences indicate the position where the heavy-strand sequence re-
lated to the 38-GGCCG-58 sequence found to be required for in vitro
replication in humans (Hixson et al. 1986) should be present. There are
two interpretations for the secondary structure of tRNACys in Leiolepis
and Phrynocephalus(Macey et al. 1997b). Thetop underlineis the
segment presumed homologous to the sequences underlined forCha-
maeleo,with the lower underlineshowing the alternative possible po-
sition for this motif.
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in related events being counted as independent sources of
information in a parsimony analysis. Compensatory sub-
stitutions separated in time could provide phylogenetic
information on different branches. There are 21 stem
pairs per tRNA but our analysis excluded the AA-, D-,
and T-stems of tRNACysand half of the D-stem of tRNA-
Asn. A total of 148 pairs containing 296 positions from
both sides of stem regions were used. Thirty-one of these
pairs are not variable and all but one are Watson-Crick
pairs. The other pair is a G13-A22 pair in the D-stem of
tRNATyr that appears to be conserved across vertebrates
(Kumazawa and Nishida 1993). Of the 117 variable
pairs, 29 show variation under Watson-Crick base pair-
ing, and therefore may have been subjected to evolution-
arily coupled compensatory changes. Among the remain-
ing 88 variable pairs, 31 show variation under the
restriction of Watson-Crick and G-U wobble pairing.
These pairs were observed only in light-strand-encoded
tRNAs. G-U wobble pairs can serve as one-step inter-
mediates between alternative Watson-Crick pairings
(Kumazawa and Nishida 1993), and therefore these po-
sitions are evidently not undergoing extensive compen-
satory substitutions. Fifty-seven pairs show no restric-
tions on pairing and should not be undergoing extensive
compensatory mutations. These results suggest that 75%
of the variable pairs used in the phylogenetic analysis are
unlikely to be subjected to evolutionarily coupled com-
pensatory changes, and stems of tRNA genes therefore
should not necessarily be downweighted.

Protein-Coding Silent Transitions and Strand Bias

Irwin et al. (1991) recommended that only replacement
substitutions and silent transversions be used in phylo-
genetic analyses of the mitochondrial cytochromeb gene
for divergences greater than 5 million years because of
expected substitutional saturation of silent transitions. Si-
lent transitions are potentially found in all third positions
and first positions of leucine codons, which have six
triplets (TTR, CTR, CTY). Substitutional saturation of
silent transitions appears not to be a problem in our
analyses because extreme strand bias against G and T on
the light strand makes silent transitions relatively uncom-
mon. Silent sites should be subjected to strand bias more
strongly than other sites (Irwin et al. 1991). This strand
bias could confound phylogenetic analysis if the bias is
changed between species (Irwin et al. 1991). Across all
codons used in our phylogenetic analysis, the third po-
sition shows extreme strand bias and is deficient in G
(2–6%) and usually T (7–18%,Anolis29%) on the light
strand. Across species these two bases are deficient in
third positions and, therefore, because A (42–55%) and
C (26–47%,Anolis18%) occur in high frequency, silent
transitions should be relatively infrequent. First-position
leucine codons are mostly C (67–95%) across the taxa
examined. Hence, silent transitions at all third positions

and at first-positions of leucine codons should not show
substitutional saturation.

Phylogenetic Hypotheses

Analysis of the morphological data produced a single
phylogenetic estimate of 131 steps showing paraphyly of
the Iguanidae (sensu lato) but with little support for in-
dividual nodes (Fig. 5A). Among iguanids, only the sis-
ter relationship ofCrotaphytusand Gambelia is well
supported (96% bootstrap; decay index 4). Monophyly of
the Acrodonta appears well supported (98% bootstrap;
decay index 8). The groupings ofPhysignathuswith
Phrynocephalusand of Leiolepis with Uromastix each
have decay indices of only 1 and are therefore not well
supported despite relatively high bootstrap values (82%
for each branch).

Analysis of the DNA sequence data produced a single
most parsimonious tree of 3,849 steps (Fig. 5B). Two
major lineages, those ancestral to the Iguanidae (sensu
lato) and the Acrodonta, appear well supported from the
bootstrap analysis (both 100%) and show high decay
indices (23 and 48, respectively), (Fig. 5B). The Iguani-
dae (sensu lato) and the Acrodonta appear well supported
as monophyletic groups also using the following analy-
ses (results not shown): (1) separate analyses of protein-
coding and tRNA-coding subsets of the DNA sequences;
(2) analysis of amino acids from the protein-coding re-
gions; (3) analysis of the total DNA sequence data with
silent transitions removed from the protein-coding se-
quences; and (4) use of transversion parsimony on the
total DNA sequence data.

Within the Iguanidae, most relationships are not well
resolved by the DNA sequence data.Crotaphytusand
Gambeliaare well supported as sister taxa (100% boot-
strap; decay index 45), which is congruent with the mor-
phological analysis.Anolis andBasiliscusappear as sis-
ter taxa with weak support (59% bootstrap; decay index
7). Note the inclusion of the Old WorldOplurus from
Madagascar with the New World iguanid lineages.
Within the Acrodonta, the bootstrap analysis showed
support only for the sister relationship ofPhysignathus
andPhrynocephalus(81%; decay index 10), a grouping
present also in the morphological analysis.

The analysis of morphological and molecular data
combined produced a tree of 3,996 steps identical to the
ingroup topology of the tree obtained with DNA se-
quences alone, and with similar bootstrap values and
decay indices (Fig. 5B).

The morphological and molecular data analyzed in-
dependently produced very different phylogenetic hy-
potheses, with the morphological data suggesting a para-
phyletic Iguanidae and the sequence data supporting a
monophyletic Iguanidae. When Templeton’s test was ap-
plied to the morphological data set, the hypothesis pro-
duced from the sequence data was rejected as an alter-
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native to the shortest estimate of phylogeny obtained
from the morphological data (n 4 19, Ts 4 30, P <
0.01). When this test was applied to the DNA-sequence
data, the sequence-based topology was significantly
more parsimonious than the morphologically based to-
pology (n 4 295, Ts 4 14,900,P < 0.001). Hence the
two data sets appear to contain conflicts.

Templeton tests using the morphological data showed
that the six shortest phylogenetic trees constrained to
contain a monophyletic Iguanidae (each 134 steps, Ap-
pendix 2) were not significantly longer than the overall
shortest tree obtained from the morphological data (for
two trees,n 4 9, Ts 4 15, n.s.; for four trees,n 4 7, Ts

4 8, n.s.). For the DNA sequence data, the shortest tree
constrained to have a nonmonophyletic Iguanidae (3,872
steps, Appendix 2) was not significantly longer than the
overall shortest tree obtained from the DNA sequence
data (Templeton test:n 4 203,Ts 4 9,203, n.s.).

Monophyly of the Acrodonta was supported in all
analyses. A Templeton test of the morphological data

showed that the shortest trees constrained to contain a
nonmonophyletic Acrodonta (139 steps, Appendix 2)
were not significantly longer than the overall shortest
tree obtained from the morphological data (tree 1,n 4
20, Ts 4 63, n.s.; tree 2,n 4 18, Ts 4 47.5, n.s.).
Analysis of the DNA sequence data showed that the
shortest tree constrained to have a nonmonophyletic Ac-
rodonta (3,897 steps, Appendix 2) was significantly
longer than the overall shortest tree obtained from the
DNA sequence data (Templeton test:n 4 334, Ts 4
24,154.5,P < 0.05). Analysis of the combined morpho-
logical and molecular data showed that the two shortest
trees constrained to have a nonmonophyletic Acrodonta
(both 4,056 steps, Appendix 2) were significantly longer
than the overall shortest tree obtained from the combined
data (Templeton test: tree 1,n 4 269,Ts 4 14,260,P <
0.005; tree 2,n 4 278,Ts 4 15,458,P < 0.005).

Monophyly of the Acrodonta is supported further by
the unique vertebrate mitochondrial gene order of ND1,
tRNAGln, tRNAIle, tRNAMet. Gene order appears to be a

Fig. 5. A Phylogenetic hypothesis generated from the morphological
data of Frost and Etheridge (1989) where outgroups were constrained
[131 steps, consistency index (CI) 0.550]. Bootstrap values acquired
from 500 replicates with 10 random addition of taxa per replicate are
plotted on nodes inbold type.Decay indices are plotted on nodes in
plain type.B Phylogenetic hypothesis generated from the DNA se-
quence data (3,849 steps, CI 0.471) and the combined morphological
and molecular data (3,996 steps, CI 0.471).Sphenodonwas not in-
cluded in the analysis of DNA sequences and the outgroup structure
was constrained in the combined analysis. Bootstrap values acquired

from 500 replicates with 10 random additions of taxa per replicate are
plotted on nodes inbold typeand decay indices inplain typewhereS
4 DNA sequence data andC 4 combined morphological and mo-
lecular data when different. Note the presence of two well-supported
clades corresponding to the Iguanidae and Acrodonta. For the follow-
ing genera, morphological data were reported by Frost and Etheridge
(1989) for more inclusive taxa containing the genera as follows:Phry-
nocephalus4 Agamas,Anolis 4 Anoles,Hoplocercus4 ‘‘ Enyali-
oides,’’ and Sauromalus4 Iguanas. Molecular data include 858 phy-
logenetically informative characters (parsimony criterion).
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highly robust character in which parallelism and reversal
are unlikely because of the complex evolutionary pro-
cesses required to cause a genomic rearrangement (for
details see Macey et al. 1997a).

These results suggest that the Iguania consists of two
major subgroups. One group, the Acrodonta, receives
statistical support from the DNA sequence data using
Templeton’s test. The other group, the Iguanidae, ap-
pears monophyletic as indicated by the high bootstrap
value (100%) and decay index (23) from the analysis of
DNA sequences, although it does not receive statistical
support using Templeton’s test.

Discussion

Shifts in Major Structural Characters

The two monophyletic groups identified within iguanian
lizards each have different states for three major struc-
tural characters of the mitochondrial genome (secondary
structure of tRNACys, position of a recognizable replica-
tion origin for the light strand, and gene order; Fig. 6).

Lepidosaurian reptiles show considerable variation
for the presence of the D-stem in tRNACys (Fig. 3)
(Macey et al. 1997b).Sphenodon punctatus,in a sister
position to all other lepidosaurian reptiles (Gauthier et al.
1988), lacks a D-stem in tRNACys (Seutin et al. 1994),

yet iguanian lizards, the sister group to all other lepido-
saurian reptiles exceptSphenodon(Estes et al. 1988;
Macey et al. 1997a; Schwenk 1988), show variation for
the presence of the tRNACys D-stem (Macey et al.
1997b). Two interpretations are possible for the evolu-
tion of this character among reptiles: a single loss with
multiple parallel gains, or multiple parallel losses. Par-
allel losses of D-stems seem more likely because tRNA-
Cys D-stems when present have invariant sites that sug-
gest a shared history (Macey et al. 1997b).

Variation has been observed among reptiles for the
presence of a recognizable OL between the tRNAAsn and
tRNACys genes. Two basal taxa, crocodilians/avians and
Sphenodon,lack sequence between the tRNAAsn and
tRNACys genes, suggesting the absence of OL from the
typical vertebrate position. Three additional squamate
taxa, Amphisbaenia, Scincidae and Xantusiidae, lack a
recognizable OL in this position (Macey et al. 1997b).
Snakes (Kumazawa and Nishida 1995; Kumazawa et al.
1996; Seutin et al. 1994) and iguanian lizards each show
variation for this character. The evolution of OL among
reptiles is subject to two interpretations: a single loss
with multiple gains, or multiple losses (Macey et al.
1997a). Parallel losses seem more likely because of tre-
mendous similarity of stem pairs among reptiles and
other vertebrates that have the stems corresponding to
the OL located between the tRNAAsn and tRNACys genes
(Macey et al. 1997a). Within acrodont lizards, two taxa

Fig. 6. Phylogenetic position for shifts in
gene order, position of a recognizable OL, and
secondary structure of tRNACys. Branch
lengths are not shown to scale with time.
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lack sequence between the tRNAAsn and tRNACys genes,
another two taxa have strange OL stems, and a third has
sequences that cannot form a stem. This extreme varia-
tion suggests that the OL has shifted position in the Ac-
rodonta.

Among animal mitochondrial DNAs, the gene order
observed in acrodont lizards is unique and therefore may
be unambiguously polarized. A single switch of tRNA
order must have occurred in the common ancestor of
acrodont lizards exclusive of iguanids.

Unusual secondary structures observed in tRNAAsn

(Fig. 2) appear as autapomorphies inBasiliscusand
Physignathusbecause no other taxa show these features.

All protein-coding regions of the vertebrate mitochon-
drial genome are encoded on the heavy strand except
ND6. The two tRNA genes rearranged in iguanian liz-
ards are encoded on opposite strands, with the tRNAIle

gene on the heavy strand and the tRNAGln gene on the
light strand. When the tRNAIle gene is in the standard
vertebrate position it directly follows ND1, and process-
ing of the primary heavy-strand transcript does not allow
these two genes to overlap. In this case the stop codon for
ND1 either must be encoded within the ND1 gene or get
formed by polyadenylation during processing of the pri-
mary heavy-strand transcript (Anderson et al. 1981). Be-
cause ND1 is encoded on the heavy strand and tRNAGln

on the light strand, these two genes can overlap when
rearranged to be adjacent.

Acrodont lizards appear to utilize a conserved se-
quence in tRNAGln as a stop codon for ND1. This triplet
is conserved in the tRNAGln gene as either TAG or TAA
even among taxa whose ND1 and tRNAGln genes are not
adjacent and cannot overlap (Macey et al. 1997a). This
genomic rearrangement increases the compactness of the
animal mitochondrial genome by permitting a conserved
sequence in the tRNAGln gene to double as the stop
codon of the ND1 gene.

Timing of Evolutionary Shifts

Iguanian diversification has been considered a result of
fragmentation of Gondwanaland plates beginning in the
Jurassic (Estes 1983; Moody 1980). Both iguanids and
acrodonts occur in Madagascar. Recent dispersal to
Madagascar from Africa seems improbable for Chamae-
leonidae because of a large radiation there. Oplurines in
Madagascar almost certainly did not disperse from South
America, where the nearest iguanids are found. The
separation of Madagascar from Africa occurred in the
Middle to Late Jurassic (160 million years before pre-
sent, MYBP) (Chatterjee 1992; Rabinowitz et al. 1983),
predating the formation of the South Atlantic Ocean (80
MYBP). These observations suggest that both groups are
at least 160 million years old. The major lineages of
squamate reptiles (lizards) are recorded in the fossil rec-
ord at this time (Estes 1983). Because fossil squamate

reptiles that precede splitting of the Iguania from other
squamates occur in the Upper Triassic–Lower Jurassic,
the Iguania should be no older than 210 million years
(Estes 1983). Hence, the shift in the three major struc-
tural characters of the mitochondrial genome occurred in
iguanians during the Jurassic between 210 and 160
MYBP.

Independence of Evolutionary Shifts

The evolutionary shifts in gene order, position of OL, and
the loss of a D-arm in tRNACys may be related events.
These three major changes in genomic structure occur on
the same branch of the phylogeny. A concentrated-
changes test (Maddison 1990) can be used to determine
whether changes in one character coincide with changes
in another character more often than would be expected
by chance. The probability of two characters changing
together on any branch in our phylogenetic hypothesis is
less than would be expected by chance (P < 0.038) and
therefore the probability of a third character changing on
the same branch is even smaller (P < 0.001). The con-
centrated-changes test will be misleading when changes
are occurring on a branch that is relatively long com-
pared to other branches in the phylogenetic tree (Mad-
dison 1990). The branch in which the three characters
shift is maximally 50 million years in length. The two
major iguanian clades are at least 160 million years old.
The major clades of acrodonts are thought to have
formed in response to the separation of Africa, Mada-
gascar, India, Australia, and southeast Asia approxi-
mately 160–120 MYBP (Estes 1983; Moody 1980). The
major lineages of iguanids probably had formed by the
beginning of the Tertiary (65 MYBP) (Estes 1983), and
oplurines should be at least 80 million years old because
the South Atlantic, which separates oplurines from New
World iguanids, formed in the Late Cretaceous (80
MYBP). The branch leading to the Acrodonta is there-
fore not a particularly long branch, making the results of
our concentrated-changes test conservative.

Cascade Model for Evolutionary Shifts in
Genomic Structure

Evolutionary shifts in these genomic structural char-
acters may have involved a cascade process where
changes in tRNACys secondary structure may destroy OL

function, which then causes a shift in gene order. The
tRNACys gene is in a position adjacent to the typical
vertebrate position of OL. The OL stem overlaps with the
portion of the tRNACys gene encoding the AA-stem, and
regions of the tRNACys gene encoding the AA- and T-
stems are used to initiate light-strand synthesis (Fig. 7).
D-arm replacement loops of tRNACys have been found
associated with directly repeated sequences (Fig. 3).
These repeats may result from replication slippage that
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produces duplication of sequence in the D-stem/loop re-
gion (Macey et al. 1997b). We have hypothesized that
the adjacent AA-stem may realign to accommodate the
addition of sequence in the D-stem/loop region (Macey
et al. 1997b). Such a realignment could cause compen-
satory mutation of bases on the other side of the AA-
stem, which overlaps with OL and is used in the initiation
of light-strand replication (Fig. 7). Across vertebrates,
shifts in gene order are evolutionarily coupled with loss
of a recognizable OL from the typical vertebrate position
(Macey et al. 1997a). Hence, the formation of a D-arm
replacement loop in the tRNACys gene could cause the
loss of a functional OL which could facilitate a shift in
gene order (Macey et al. 1997a).

D-arm replacement loops of tRNACyshave been iden-
tified only in lepidosaurian reptiles (Macey et al. 1997b;
Seutin et al. 1994). If this model is accurate, lepidosau-
rian reptiles should have relatively high incidences of an
OL displaced from the typical vertebrate position and
unique gene orders.

The cascade model may be tested with the knowledge
of gene order, position for replication of the light strand,
and the secondary structural alternatives for tRNACys for
numerous reptilian groups. Ideally, complete genomes
should be sampled, but even sampling of gene junctions

could be used to assess gene order. An understanding of
the evolutionary processes involved in genomic rear-
rangements will help to evaluate the likelihood of homo-
plasy and the resulting phylogenetic utility of major
structural features of the mitochondrial genome.
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Appendix 1: A Suggested Taxonomy for
Iguanian Lizards

Frost and Etheridge (1989) proposed a new taxonomy for the Iguania
in an attempt to maintain monophyly of taxa. Three-fourths of the
approximately 650 iguanian species were placed in alternative families.
The Iguanidae (sensu lato) was divided into eight families correspond-
ing to the monophyletic groups of Etheridge and de Queiroz (1988):
Corytophanidae, Crotaphytidae, Hoplocercidae, Iguanidae (sensu
stricto), Opluridae, Phrynosomatidae, Polychridae, and Tropiduridae.
All acrodonts were placed in the Chamaeleonidae with three subfami-
lies, the Chamaeleoninae, Leiolepidinae, and Agaminae. This taxo-
nomic revision was done because no evidence for monophyly of the
Iguanidae (sensu lato) or Agamidae could be found from an analysis of
67 morphological characters. This taxonomy has been highly contro-
versial (for a review see Schwenk 1994).

We suggest that the Iguanidae be restored to its previous content
based on our results indicating its monophyly. The eight monophyletic
groups of Etheridge and de Queiroz (1988) therefore should be con-
sidered subfamilies (taxa in parentheses are representatives sampled
here): Corytophaninae (Basiliscus), Crotaphytinae (Crotaphytus, Gam-
belia), Hoplocercinae (Hoplocercus), Iguaninae (Sauromalus), Opluri-
nae (Oplurus), Phrynosomatinae (Phrynosoma), Polychrinae (Anolis),
and Tropidurinae (Liolaemus).

We suggest that the Acrodonta, Chamaeleonidae, and Agamidae
also be restored to their original content following suggestions of Sch-
wenk (1994). Monophyly of the Acrodonta and Chamaeleonidae has
never been disputed but monophyly of the Agamidae with respect to
the Chamaeleonidae has been questioned (Frost and Etheridge 1989).
No evidence convincingly rejects monophyly of the Agamidae. There-
fore, the Acrodonta may be recognized to contain two families (taxa in
parentheses are representatives sampled here): Chamaeleonidae (Cha-
maeleo) and Agamidae* (Leiolepis, Uromastix, Phrynocephalus,and
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Physignathus). Agamidae* may be recognized as ametataxon(Estes et
al. 1988; Gauthier et al. 1988), denoted by an asterisk, in which mono-
phyly has not been demonstrated. Two subfamilies in the Agamidae*
may be recognized, the Agaminae (PhrynocephalusandPhysignathus)
and the Leiolepidinae* (LeiolepisandUromastix), with the latter also
representing ametataxonin which monophyly has not been demon-
strated. Note that monophyly of the Leiolepidinae* (LeiolepisandUro-
mastix) is a point of disagreement between the morphological and
molecular data sets analyzed here.

Appendix 2: Trees Used as Alternative Hypotheses
in Templeton Tests Derived Using Constraints

Taxon names appear as in Fig. 5. Lengths of trees and consistency
indices (Swofford 1993) are given in parentheses.

Six shortest trees (134 steps, CI 0.537) constrained to show mono-
phyly of the Iguanidae from analysis of the morphological data:

Tree 14 (Sphenodon, (Elgaria, (((((((Anolis, Liolaemus), Oplurus),
Basiliscus), Phrynosoma), (Crotaphytus, Gambelia)), (Hoplocer-
cus, Sauromalus)), (Chamaeleo, ((Leiolepis, Uromastix), (Phryno-
cephalus, Physignathus))))))

Tree 2 4 (Sphenodon, (Elgaria, (((((Anolis, Liolaemus), Oplurus),
Basiliscus), (((Crotaphytus, Gambelia), Phrynosoma), (Hoplocer-
cus, Sauromalus))), (Chamaeleo, ((Leiolepis, Uromastix), (Phryno-
cephalus, Physignathus))))))

Tree 34 (Sphenodon, (Elgaria, (((((((Anolis, Liolaemus), Oplurus),
Basiliscus), Phrynosoma), (Crotaphytus, Gambelia)), (Hoplocer-
cus, Sauromalus)), ((Chamaeleo, (Phrynocephalus, Physigna-
thus)), (Leiolepis, Uromastix)))))

Tree 4 4 (Sphenodon, (Elgaria, (((((Anolis, Liolaemus), Oplurus),
Basiliscus), (((Crotaphytus, Gambelia), Phrynosoma), (Hoplocer-
cus, Sauromalus))), ((Chamaeleo, (Phrynocephalus, Physigna-
thus)), (Leiolepis, Uromastix)))))

Tree 5 4 (Sphenodon, (Elgaria, ((((((Anolis, Liolaemus), Oplurus),
Basiliscus), Phrynosoma), (Crotaphytus, Gambelia), (Hoplocercus,
Sauromalus)), ((Chamaeleo, (Phrynocephalus, Physignathus)),
(Leiolepis, Uromastix)))))

Tree 6 4 (Sphenodon, (Elgaria, ((((((Anolis, Liolaemus), Oplurus),

Basiliscus), Phrynosoma), ((Crotaphytus, Gambelia), (Hoplocer-
cus, Sauromalus))), ((Chamaeleo, (Phrynocephalus, Physigna-
thus)), (Leiolepis, Uromastix)))))

Shortest tree (3,872 steps, CI 0.468) constrained to show nonmono-
phyly of the Iguanidae from analysis of the DNA sequence data:(Gal-
lus, (Elgaria, (((Anolis, Basiliscus), Hoplocercus), (((Crotaphytus,
Gambelia), ((Liolaemus, (Oplurus, Phrynosoma)), Sauromalus)),
((Chamaeleo, (Leiolepis, (Phrynocephalus, Physignathus))), Uromas-
tix))))).

Shortest trees (139 steps, CI 0.518) constrained to show nonmono-
phyly of the Acrodonta from analysis of the morphological data:

Tree 1 (Gallus, (Sphenodon, ((((((Anolis, Chamaeleo), ((Leiolepis,
Uromastix), (Phrynocephalus, Physignathus))), Phrynosoma),
(Crotaphytus, Gambelia)), (Hoplocercus, Sauromalus)), (Basilis-
cus, (Liolaemus, Oplurus)))))

Tree 2(Gallus, (Sphenodon, (((((((Anolis, Chamaeleo), (Phrynocepha-
lus, Physignathus)), (Leiolepis, Uromastix)), Phrynosoma), (Cro-
taphytus, Gambelia)), (Hoplocercus, Sauromalus)), (Basiliscus,
(Liolaemus, Oplurus)))))

Shortest tree (3,897 steps, CI 0.465) constrained to show nonmono-
phyly of the Acrodonta from analysis of the DNA sequence data:
(Gallus, ((Elgaria, ((Anolis, Basiliscus), (((((Crotaphytus, Gambelia),
Liolaemus), (Oplurus, Phrynosoma)), Sauromalus), Hoplocercus))),
(Chamaeleo, (Leiolepis, (Phrynocephalus, Physignathus)))), Uromas-
tix)).

Shortest trees (4,056 steps, CI 0.464) constrained to show non-
monophyly of the Acrodonta from analysis of the combined morpho-
logical and molecular data:

Tree 1(Gallus, (Sphenodon, (Elgaria, ((((Anolis, Basiliscus), (((((Cro-
taphytus, Gambelia), Liolaemus), (Oplurus, Phrynosoma)), Sau-
romalus), Hoplocercus)), ((Leiolepis, Uromastix), (Phrynocepha-
lus, Physignathus))), Chamaeleo))))

Tree 2(Gallus, (Sphenodon, (Elgaria, ((((Anolis, Basiliscus), (((((Cro-
taphytus, Gambelia), Liolaemus), (Oplurus, Phrynosoma)), Sau-
romalus), Hoplocercus)), ((Leiolepis, (Phrynocephalus, Physigna-
thus)), Uromastix)), Chamaeleo))))
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