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The results presented here provide a 
inecl~anistic basis for how 11ig11-affinity eth- 
ylene bindiilg to the sensor domaill of ETRl 
is achieved. \?'e propose that ethylene inter- 
acts with a Cu(1) cofactor in an electron-rich 
hydrophobic pocket foimed by membrane- 
spanning helices of the ETRl dimer. The 
binding site must confer some unusual chem- 
isti-y on the copper ion, because the stability 
of this ethylene~receptor complex (half-life 
for dissociation = 11 hours) (7) is much 
different from that observed for artificial cop- 
per coinplexes (15). The ability of Ag(1) ions 
to interact with the receptor and bind ethylene 
is of interest because silver ions can inhibit 
ethylene responses when applied to plant tis- 
sues (4). Silver ions may occupy the binding 
site and interact with ethvleile but fail to 
induce the changes in the receptor that are 
needed to elicit downstream signaling. 

The disco~ery of a functional ethylene- 
binding domain in the slr1212 coding sequence 
from Svnec1zoc)'sfis raises interesting questions 
about the evol~~tionary origin of the higher plant 
receptors. S~)neclloc))stis is thought to share a 
common ancestor with the cyanobacterial lin- 
eage that evolved into the modem chloroplast 
of higher plants (16). The presence of both the 
ethylene-sensor domain and histidine-kinase 
transmitter domains in the cyanobacterial ge- 
nome may have provided the raw materials for 
the evolution of the higher plant form of the 
ethylene receptors Sequence homology to the 
ethylene-binding domain has not been identi- 
fied in any other bacterial genonles sequenced 
to date. \vhich suppolts a single origin for this 
functional domain in the evolution of photosyn- 
thetic organisms. 
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A Molecular Phylogeny of 
Reptiles 

S. Blair Hedges* and Laura L. Poling 

The classical phylogeny of living reptiles pairs crocodilians with birds, tuataras 
with squamates, and places turtles at the base of the tree. New evidence from 
two nuclear genes, and analyses of mitochondrial DNA and 22 additional 
nuclear genes, join crocodilians with turtles and place squamates at the base 
of the tree. Morphological and paleontological evidence for this molecular 
phylogeny is unclear. Molecular time estimates support a Triassic origin for the 
major groups of living reptiles. 

The number of temporal openings in the skull mammals and their reptilian ancestors. Tur- 
has long been viewed as a key character in tles and several late Paleozoic and early Me- 
the classification of reptiles (1, 2). A single sozoic groups lack a temporal opening (anap- 
opening (synapsid condition) is found in sid condition), Most other living and fossil 

reptiles belong to a clade in which the ances- 
Department o f  Biology, Institute o f  Molecular Evolu- tral condition was the presence of two tem- 
t ionary Genetics, a n d - ~ s t r o b i o l o g ~  Research Center, poral openings (diapsih condition), A~~~~ 
208 Mueller Laboratory, Pennsylvania State Universi- 
t y ,  University Park, PA 16802, USA. 

the living diapsid reptiles, the crocodilians 
and birds form one group. the Archosauria. 

*To w h o m  correspondence should be addressed a t  
208  Mueller Laboratory, Pennsylvania State Universi- 

and the tuataras and squamates (lizards. 

ty ,  University Park, PA 16802, USA. E-mail: sbhl@ snakes, and amp1lisbaenians) form another 
psu.edu group, the Lepidosauria. Other morphologi- 
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cal characters (2-7) support this traditional 
phylogeny of living amniote vertebrates (Fig. 
1A). An alternative phylogeny is that turtles 
are diapsid reptiles and most closely related 
to the lepidosaurs (8, 9): however. this lepi- 
dosaur connection has been contested (10, 
11). 

Molecular phylogenies have been unable to 
coiroborate the traditional phylogeny of living 
amniotes. In most studies turtles have clustered 
with archosaurs (12-14), but the number of 
genes or sites available generally has been 
small. N%en only crocodilians. birds. and mam- 
mals were considered, combined sequence data 
from 15 nuclear genes significantly supported a 
bird-crocodilian relationship (1.5). but the posi- 
tion of hlrtles and other reptiles was left Lure- 
solved. Here we address relationships among 
the major groups of living reptiles (hlrtles, tu- 
ataras, squamates, crocodilians, and birds) with 
new evidence from hvo nuclear genes and anal- 

Bi rds  
Crocod i l i ans  
Tua ta ras  
S q u a m a t e s  
Tur t les 
M a m m a l s  

Crocod i l i ans  

S q u a m a t e s  
Pr imates  - R o d e n t s  

0 0.1 

C 

6 
Turt les 
Crocod i l i ans  

96190195171 ~ i ~ d ~  

Tua ta ras  
S q u a m a t e s  
Pr imates  
R o d e n t s  

Fig. 1. Relationships among the major groups 
o f  living reptiles. (A) The classical phylogeny 
based on  morphology and the fossil record (7 ,  
2). (B) Maximum likelihood phylogeny of com- 
bined sequences f rom 11 nuclear proteins 
(1943 amino acids). Scale bar indicates amino 
acid substitutions per site. (C) Consensus phy- 
logeny of combined sequences f rom four nu- 
clear protein-coding genes for which sequences 
of tuatara are available (785 amino acids). For 
the molecular trees, confidence values (%) sup- 
port ing the nodes are separated by slash marks 
and based on the fol lowing four methods: in- 
terior-branch test, and bootstrap analyses o f  
neighbor-joining, maximum likelihood, and 
maximum parsimony, respectively. In (0) it was 
determined that  myoglobin had the greatest 
effect in  lowering confidence values; removal o f  
tha t  gene did not  change significance o f  turt le- 
crocodilian node bu t  raised support for bird- 
turtle-crocodilian node t o  94190194188. 

yses of other available molecular sequence data 
bearing on this question. 

We sequenced the coding region of the 
gene for alpha enolase (phosphopyruvate hy- 
dratase) in five species of reptiles and the 
gene for 185 ribosomal RNA (rRVA) in a 
tuatara to compare with other reptilian se- 
quences of those genes (16). For phyloge- 
netic and timing analyses. these new se- 
quences were added to 340 available protein 
and DNA sequences representing 24 nuclear 
and 9 mitochondria1 genes (1 7). The sequenc- 
es were aligned and subjected to several phy- 
logenetic analyses (18). 

Turtles clustered with one or both archo- 
saurs in individual analyses of all 15 genes 
having representatives of squamates. birds, 
crocodilians. and turtles (Table 1). In nine of 
those genes, turtles joined crocodilians in 
either llucleotide or amino acid analyses. The 
classical phylogeny (Fig. 1A) was not sup- 
ported in any comparison. and only one gene 
analysis resulted in a turtle-squamate rela- 
tionship. A combined analysis of sequences 
from all nuclear proteins resulted in signifi- 
cant support (>97% confidence) for a turtle- 
crocodilian relationship on the basis of an 
interior branch test and bootstrapping of 
neighbor-joining, maximum likelihood, and 
maximum parsimony trees (Fig. 1B). The 

nlaximunl likelihood tree (Fig. 1B) (In L = 

- 11405) was significantly better ( I l n  L > 2 
SE) than the classical tree (Fig. 1A) (In L = 

- 11481 k 22.1) or the tree grouping turtles 
with lepidosaurs (squamates + tuataras; In 
L = - 11477 2 22.6). A four-cluster analysis 
(19) also supported (>98% better than both 
alternative hypotheses) a turtle-crocodilian 
relation when combined protein sequence 
data (1943 sites) and combined nuclear rRNA 
sequence data (2299 sites) were analyzed 
separately. 

Fewer genes are available to address the 
position of the tuataras. but in six of eight 
comparisons they cluster with archosaurs or 
turtles rather than squamates (Table 2). Tua- 
taras are excluded from a close relation with 
squamates in all analyses of combined pro- 
teins, and this is significant with the interior 
branch test (96%) and bootstrap analysis of 
maximum likelihood (95%) (Fig. 1C). How- 
ever. the difference between the maximum 
likelihood tree (In L = -55 16) and the clas- 
sical phylogeny (Fig. 1C) (In L = -5540 i 
16.5) is not significant (<2 SE). Although the 
remaining nodes in the combined protein 
analysis are not well resolved. the combined 
nucleic acid analysis (Table 2) defines a clus- 
ter (turtles, crocodilians, and birds) that ex- 
cludes h~ataras. If 185 rRNA. which favors a 

Table 1. Molecular evidence for the closest living relative of turtles 

Closest relative Basal lineage 

Gene Sites Taxa Taxon* and Taxon* and 
BP%f BP%$ 

A-cyst  
A-eno 
A-glob 
B-glob 
Calcit 
C-mos 
Cy tc 
insulin 
Ldha 
Ldhb 
Myoglobin 

185 rRNA 
285 rRNA 
A-eno 
C-mos 

Cytb 

Mt-npc 
Cytb 

Nuclear, amino acid 
Nuclear, nucleic acid (not rRNA) 
Nuclear rRNA genes 
All nuclear, nucleic acid 

Nuclear, amino acid 
149 15 C+B 69.0 S 69.0 
373 8 C+B 45.2 S 45.2 
141 18 B 36.5 S 94.5 
146 21 C 58.2 S 47.9 
32 7 C+B or B$ 85.9 S 87.0 

125 39 C 36.4 S 32.0 
106 8 C 66.1 S 98.1 
51 9 Bll 68.5 B 56.7 

333 7 C 89.7 B 43.0 
334 6 C 50.3 S 65.4 
153 10 C 86.4 B 90.8 

Nuclear, nucleic acid 
1947 8 C 95.2 B 98.4 
352 7 C 46.2 S 76.1 

1120 8 C 98.3 S 84.2 
3 76 40 C+B 37.4 S 37.4 

Mitochondrial, amino acid 
296 15 C+B 32.1 S 32.1 

Mitochondrial, nucleic acid 
3264 6 B 54.5 S 98.8 

873 18 S 43.3 S+T 42.9 
Combined analyses 

1943 6 C 98.9 S 79.0 
1496 6 C 86.8 S 91.0 
2299 6 C 92.7 B 83.9 
3795 6 C 94.4 S 85.5 

*C, crocodilians; B, birds; S, squamates; T, turtles. +BP, bootstrap P-value in neighbor-joining analysis. :BP 
support for node joining a l l  taxa exclusive of basal lineage. $Sequence of turtle identical t o  that of bird and 
crocodilian. Sequence of turtle identical t o  that of some birds (turkey and ostrich), whereas goose is basal. 
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bird-mammal grouping (13), is removed. sup- 
port for that cluster is significant (100%. 
interior branch; 95% neighbor-joining, 97% 
maximum likelihood). Thus the classic 
grouping of squamates with tuataras is not 
supported by available molecular data. and 
there is support in most analyses for tuataras 
as closest relatives of a group containing 

were used to root the trees because they were 
the closest available outgroup and yielded the 
best alignments. However, the use of more 
distant roots did not affect the topology of 
most nuclear genes and did not change the 
conclusions of this study. 

The lnolecular support for a turtle-croc- 
odilian clade is surprising considering that it 

analysis of characters from sperm mol-pholo- 
gy argued for a dismantling of the Lepido- 
sauria (24), but otherwise the phylogeny in 
that study does not agree arith the results of 
this study. 

These results highlight a significant dis- 
cordance between lllorphological and molec- 
ular estimates of phylogeny for a major group 
of organisms. The consistent pattern of a 
turtle-crocodilian relationship across inde- 
pendent nuclear genes stands in contrast to 
the traditional phylogeny of amniote verte- 
brates. Determining how the many groups of 
extinct reptiles of the late Paleozoic and early 
Mesozoic fit into this molecular phylogeny 
will be a challenge to paleontologists. 

turtles. crocodilians. and birds. seems to have virtually no support from mor- 
We analyzed a total of 23 nuclear genes phology. Even recent studies showing diapsid 

and the two nlitochondrial regions (9 genes) affinities of turtles did not find a close rela- 
to estimate divergence times (20). The time tion between turtles and archosaurs (8,  9). It 
estimates indicate that squanlates diverged has been reported that turtles are most similar 
from the other reptiles at 245 2 12.2 million to crocodilians in sperm morphology (23). 
years ago (Ma) (9 genes). birds diverged from but phylogenetic analysis of sperm characters 
the lineage leading to turtles and crocodilians did not support that proposition (24). 
at 228 2 10.3 Ma (17 genes). and that turtles Turtles and crocodilians are the only liv- 
diverged from crocodilians at 207 i 20.5 Ma ing tetrapod groups with dorsal and ventral 
(7 genes). These divergence times are close to bony plates of armor. Some lizards have su- 
when the first turtles (223 to 210 Ma) and perficial dennal ossifications, but there is no 
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crocodilians (210 to 208 Ma) appear in the 
fossil record (21) and earlier than the first 
birds (152 to 146 Ma) and first squamates 
(157 to 155 Ma). These results support the 
notion that many key innovations in tetrapod 
evolution occurred during the Triassic (25 1 to 
208 Ma) (2). 

In light of this phylogeny of reptiles. early 
nlolecular analyses that clustered birds with 
mammals (13. 22) now are more easily ex- 

evidence of dermal allnor in primitive squa- 
mates. sphenodontians. or synapsids (25). 
Ventral ailnor is knoloam in extinct diapsids, 
including sauropterygians and archosauro- 
morphs (25), but the significance of this char- 
acter will be unclear until the position of 
turtles and crocodilians among those groups 
is established. 

Crocodilians have large heads, long snouts, 
and well-developed teeth. However. some Tri- 

plained. When there are no lepidosaurs in an assic suchians (archosa~rs), such as the aeto- 
analysis. birds become the basal lineage of rep- saurs (2), have small heads with beaklike jaws 
tiles. Thus. birds are closer to mammals in a and greatly reduced teeth. Body aimor was well 
network and may join together more easily in developed. and their ventral plating has been 
some analyses. especially if rates of evolution described as a plastron (2. 25). In one aetosaur 
vary among sites or lineages. Typical proteins 
comprise only 200 to 300 amino acids. and 
therefore strong statistical support for any phy- 
logeny usually requires multiple genes. 

The use of different outgroups also can 
result in different topologies. For example, a 
previous study of mitochondrial rRNA genes, 
in which a more distant (amphibian) root was 
used, yielded a bird-crocodilian grouping that 
excluded turtles (15). In this study, mammals 

(25), the neck spines resembled those of an 
early turtle (26). Some or all of these similari- 
ties may be the result of convergence, but they 
show that characteristics of turtles and crocodil- 
ians can be found together in some extinct 
reptiles of the Triassic. 

The finding in most analyses of the com- 
bined molecular data (Table 2 and Fig. 1C) 
that tuataras and squamates are not closely 
related also is unconventional. Recently, an 

Table 2. Molecular evidence for  the closest l iving relative o f  tuataras 

Closest relative Basal lineage (1994). 
Sites Taxa 16. Messenger RNAs were prepared from livers of a croc- 

Taxon and BP% Taxon and BP% 
odilian (Caiman crocodilus), a tuatara (Sphenodon 
punctatus), a lizard [Eumeces inexpectatus), and repre- 

Gene 

ientative; of the two suborders bf turtle; ( ~ r a c h e h ~ s  
Nuclear, amino acid scripta, a cryptodire, and Pelusiossubniger, a pleurodire). 

A-eno 373 9 S 40.1 S+T 35.9 The codine reeion of a l ~ h a  enolase seauenced corre- 
1 9  B 
22 B 
40  T 

Nuclear, nucleic acid 
9 T 
9 T+B+C 

4 1 S 

Mitochondrial, nucleic acid 
8 T+B+C 

Combined analyses 
7 B 

u u 

sponds t o  codons 20 to 493 in human. Sbquences were 
generated by means of reverse-transcriptase polymer- 
ase chain reaction (PCR) (75) and automated DNA 
sequencing. The 185 rRNA sequence for tuatara was 
obtained by PCR and automated DNA sequencing. Ad- 
ditional details of the methodology, including primer 
sequences, are available from the corresponding author. 
Sequences have been deposited in the GenBank data- 
base under accession numbers AF115855-60. 
The criterion used for selecting genes (13 nuclear and 
9 mitochondrial) for phylogenetic analysis was the 
availability of sequences from at least one turtle, 
crocodilian, bird, squamate, and mammal. The mam- 

185 rRNA 
A-eno 
C-mos 

Nuclear, amino acid 
All nucleic acid 5243 7 T+B+C 76.2 S 76.2 ma1 sequences (rodent and primate) were used for 

rooting the trees. A subset of those genes (five 
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nuclear and three mitochondrial) for which a tuatara 
sequence was available was analyzed separately. An 
additional 11 nuclear genes were used to estimate 
divergence times. Genes used for time estimation were 
selected based on the presence of at least two major 
groups of reptiles (including birds), at least one mam- 
mal sequence for calibration, and a more distant out- 
group (Xenopus in most cases) for testing rate constan- 
cy with respect t o  the calibration lineage. The mito- 
chondrial data were partitioned into protein-coding (cy- 
tochrome b; cytb) and non-protein-coding (mt-npc; 
tRNA genes for alanine, asparagine, cysteine, trypto- 
phan, tyrosine, and valine, and the two rRNA genes); 
these were treated as two separate genes. The 24 
nuclear genes are 185 ribosomal RNA (785 rRNA), 285 
rRNA, alcohol dehydrogenase (adh-I), alpha crystallin A 
(a-cyst), alpha enolase (a-eno), alpha globin A chain 
(a-glob), aromatase, beta globin (b-glob), calcitonin 
(calcit), calcium-activated potassium channel (capc), c- 
mos proto-oncogene (c-mos), cytochrome c (cytc), in- 
sulin, lactate dehydrogenase A (ldha), lactate dehydro- 
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Efficient Bypass of a 
Thymine-Thymine Dimer by 
Yeast DNA Polymerase, Polq 

Robert E. Johnson, Satya Prakash, Louise Prakash* 

The RAD30 gene of the yeast Saccharomyces cerevisiae is required for the 
error-free postreplicational repair of DNA that has been damaged by ultraviolet 
irradiation. Here, RAD30 is shown t o  encode a DNA polymerase that can 
replicate efficiently past a thymine-thymine cis-syn cyclobutane dimer, a lesion 
that normally blocks DNA polymerases. When incubated in vitro wi th  all four 
nucleotides, Rad30 incorporates two adenines opposite the thymine-thymine 
dimer. Rad30 is the seventh eukaryotic DNA polymerase t o  be described and 
hence is named DNA polymerase q. 

Cells possess a variety of mechanisms to repair 
damaged DNA. If left unrepaired, DNA lesions 
in the template strand can block the replication 
machinery (I). In S. cevevisiae, genes in the 
RAD6 epistasis group h c t i o n  in the replication 
of DNA that has been damaged by ultraviolet 
( W )  light and other agents (2). Of the genes in 
this group, REV1, REV3, and REV7 are re- 
quired for W mutagenesis, whereas RAD5 and 
RAD30 function in alternate pathways of error- 
free bypass of W-induced DNA damage (3, 
4). Rev3 and Rev7 associate to form a DNA 
polymerase, Poll, that can weakly bypass cis- 
syn thymine-thymine (T-T) dimers (5). Revl 
has a deoxycytidyl transferase activity that 
transfers a deoxycytidine 5'-monophosphate 
residue to the 3' end of a DNA primer in a 
template-dependent reaction (6) .  The addition 
of Revl has no effect on the Pol< bypass of 
cis-syn T-T dimers (6). Rad5 is a DNA-depen- 
dent adenosine kiphosphatase (7) and Rad30 is 
homologous with Eschevichia coli DinB and 
UmuC and with S. cevevisiae Revl (4). Here, 
we elucidate the function of yeast Rad30. 

The RAD30 gene was fused in-frame 

downstream of the glutathione S-transferase 
(GST) gene, and the resulting fusion protein 
(-95 kD) was purified to near homogeneity 
(8)  from a protease-deficient yeast strain har- 
boring the GST-Rad30 expression plasmid 
pBJ590. Plasmid pBJ590 fully complements 
the UV sensitivity of the rad30A mutation, 
indicating that the Rad30 fusion protein func- 
tions normally in vivo. We first examined 
whether Rad30 has deoxynucleotidyl trans- 
ferase activity (9). DNA substrates contain- 
ing a different template nucleotide at the 
primer-template junction were incubated with 
Rad30 in the presence of just one deoxy- 
nucleoside triphosphate (dNTP). Rad30 pre- 
dominantly incorporated the correct nucleo- 
tide across from each of the four template 
nucleotides, but incorrect nucleotides were 
also inserted across from some template res- 
idues (Fig. 1A). For instance, a C residue and 
a T residue were weakly incorporated oppo- 
site template C (Fig. lA,  lane 6) and opposite 
template G (Fig. lA, lane 1 I), respectively. 
Rad30 exhibited the lowest specificity when 
the template nucleotide was T, as in substrate 
S-3. Whereas the A residue was incorporated 
with the highest efficiency (Fig. 1 A, lane 16), 
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