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A well-supported phylogenetic hypothesis is pre-
ented for gekkonid lizards of the genus Teratoscincus.
hylogenetic relationships of four of the five species are

nvestigated using 1733 aligned bases of mitochondrial
NAsequence from the genes encoding ND1 (subunit one
f NADH dehydrogenase), tRNAIle, tRNAGln, tRNAMet, ND2,
RNATrp, tRNAAla, tRNAAsn, tRNACys, tRNATyr, and COI
subunit I of cytochrome c oxidase). A single most parsi-
onious tree depicts T. przewalskii and T. roborowskii as
monophyletic group, with T. scincus as their sister taxon
nd T. microlepis as the sister taxon to the clade contain-
ng the first three species. The aligned sequences contain
41 phylogenetically informative characters. Each node is
upported by a bootstrap value of 100% and the shortest
uboptimal tree requires 29 additional steps. Allozymic
ariation is presented for proteins encoded by 19 loci but
hese data are largely uninformative phylogenetically.
eratoscincus species occur on tectonic plates of Gond-
anan origin that were compressed by the impinging

ndian Subcontinent, resulting in massive montane uplift-
ng along plate boundaries. Taxa occurring in China
Tarim Block) form a monophyletic group showing vicari-
nt separation from taxa in former Soviet Central Asia
nd northern Afghanistan (Farah Block); alternative bio-
eographic hypotheses are statistically rejected. This vi-
ariant event involved the rise of the Tien Shan-Pamir
nd is well dated to 10 million years before present. Using
his date for separation of taxa occurring on opposite
ides of the Tien Shan-Pamir, an evolutionary rate of
.57% divergence per lineage per million years is calcu-
ated. This rate is similar to estimates derived from fish,
ufonid frogs, and agamid lizards for the same region of
he mitochondrial genome (D0.65% divergence per lin-
age per million years). Evolutionary divergence of the
itochondrial genome has a surprisingly stable rate

cross vertebrates.
1999Academic Press
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The gekkonid lizard genus Teratoscincus is endemic
o the desert regions of central and southwest Asia.
ive species of Teratoscincus are currently recognized

Macey et al., 1997a). Two species, T. bedriagai and T.
icrolepis, are restricted to desert regions south of the
indu Kush in Iran, Afghanistan, and Pakistan (Fig.
). Teratoscincus scincus occurs both in the region of
outhwest Asia where T. bedriagai and T. microlepis
re found (Anderson, 1993), as well as to the north in
he Central Asian republics of the former USSR (Kaza-
hstan, Kyrgyzistan, Tadjikistan, Turkmenistan, and
zbekistan; Szczerbak and Golubev, 1996). The two

emaining species occur in China and Mongolia. Tera-
oscincus przewalskii is found in desert regions of the
aklimakan, Hami Depression, and low-elevation Gobi.
eratoscincus roborowskii is restricted to the Turpan De-
ression in China, which is the second lowest depression in
he world. These two species do not overlap in distribution
nd are geographically separated from the remaining
hree species by the Tien Shan and Pamir (Macey et al.,
997a). Prior to the taxonomic revision of Macey et al.
1997a), T. roborowskii was considered conspecific with T.
cincus, suggesting that populations occurring east of the
ien Shan-Pamir do not form a monophyletic group (see,
zczerbak and Golubev, 1996; Zhao andAdler, 1993).
Phylogenetic patterns of fragmentation are investigated

n taxa occurring on different tectonic plates of Gondwanan
rigin now separated by mountain uplifting that resulted
rom the Indian collision. We predict that phylogenetic
elationships in Teratoscincus reflect the historical forma-
ion of faunal barriers by the uplift of the Karakorum,
amir, Tien Shan, and Hindu Kush mountains (Fig. 1).
Data are reported for nuclear-encoded allozymic
ariation representing 19 loci and mitochondrial DNA
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321VICARIANT PATTERNS IN ASIAN Teratoscincus LIZARDS
equences from the genes encoding ND1 (subunit one of
ADH dehydrogenase), tRNAIle, tRNAGln, tRNAMet,
D2, tRNATrp, tRNAAla, tRNAAsn, tRNACys, tRNATyr,
nd COI (subunit I of cytochrome c oxidase). Both data
ets include taxa that occur on each side of the Tien
han and Pamir (T. scincus to the west, and T. przewal-
kii and T. roborowskii to the east); the phylogenetic
elationships of these taxa are a major focus of this
tudy. Unfortunately, T. bedriagai, known only from
xtreme eastern Iran and adjacent Afghanistan, is not
vailable for either data set. The sequence data include
epresentatives of the other four Teratoscincus species
T. microlepis, T. przewalskii, T. roborowskii, and
. scincus). Allozymic data were not collected for

FIG. 1. Map of central and southwest Asia illustrating the appro
elts and basins. Montane regions that separate Teratoscincus specie
he Hindu Kush, Karakoram, Himalaya, Pamir, and Tien Shan all c
pecies. In addition, the Kopet-Dagh is connected to the Hindu Kush
entral Asian republics of the former USSR (Kazakhstan, Kyrgyzista
amir-Tien Shan is particularly noteworthy because it separates T. pr
. microlepis, which occurs exclusively in southwest C
sia south of the Hindu Kush. Gekko gecko serves as an
utgroup for both data sets. In the allozymic data, an
dditional gekkonine outgroup, Cyrtodactylus tibeta-
us, is used. An eublepharine species, Eublepharus
urkmenicus, serves as an additional outgroup for the
itochondrial DNA sequence data.

MATERIALS AND METHODS

pecimen Information

Museum numbers and localities for voucher speci-
ens from which DNA was extracted and GenBank

ccession numbers are presented below. Acronyms are

ate distribution of Teratoscincus species relative to major mountain
e depicted with stippling. Note that the mountain chain consisting of
ect, causing a dramatic barrier to the distribution of Teratoscincus
the Badkyz Plateau (not illustrated) causing a barrier between the

adjikistan, Turkmenistan, and Uzbekistan) and Southwest Asia. The
alskii and T. roborowskii from T. scincus.
xim
s ar
onn
by

n, T
AS for California Academy of Sciences, San Francisco
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322 MACEY ET AL.
nd MVZ for Museum of Vertebrate Zoology, University
f California at Berkeley. The acronym followed by a
ash RM represents a field number of the first author
or an uncatalogued specimen being deposited at the

useum of Vertebrate Zoology. The previously reported
equence for T. przewalskii (Macey et al., 1997b) has
een extended by 19 bases to include 6 additional
mino acid positions and a third codon position of the
D1 gene; the GenBank accession has been updated
ccordingly.
Eublepharus turkmenicus: sequence CAS 184771,
F114248, Elev. 300 m, 39° 068 N 55° 088 E, vicinity of
emen Spring, 2.5 km west of Danata (39° 078 N 55° 088
) on paved Rd. from Danata to the Ashgabad (Ash-
abad) to Krasnovodsk Rd., then 5.4 km south on Dirt
d., Krasnovodsk Region, Turkmenistan. Cyrtodacty-

us tibetanus: allozymes CAS 171751–171760, Elev.
700 m, at base of mountains, approx 3 km WNW
airline) of the Potala Palace, Lhasa (29° 398 N 91° 068
), Lhasa Municipality, Xizang (Tibet) Autonomous
egion, China. Gekko gecko: allozymes MVZ 215269,
15312, 215314, 215356, 215358–215360, sequence
VZ 215314, AF114249, Patong Beach, Kathu District,
huket Island, Phuket Province, Thailand. Teratoscin-
us microlepis: sequence MVZ-RM10464, AF114250,
aptive bred from wild-caught specimens probably origi-
ating from Pakistan. Teratoscincus scincus: allozymes
VZ 216056–216065, sequence MVZ 216056,
F114251, near Alma-Ata (43° 158 N 76° 578 E), Alma-
ta Region, Kazakhstan. Teratoscincus przewalskii:
llozymes CAS 171010–171019, sequence CAS 171010,
71326 (Macey et al., 1997b,c), Elev. 1000 m, 19.5 km

ast of the Uygur girl-Hami Mellon monument in the
enter of Hami (42° 488 N 93° 278 E), also at km 177.9
rom the Gansu Province line on the Lanzhou-Urumqi
d., then 9.0 km NE on dirt road to Mirowlu, Hami

Kumul) Prefecture, Xinjiang Uygur Autonomous Re-
ion, China. Teratoscincus roborowskii: allozymes CAS
71203–171212, sequence CAS 171203,AF114252, Elev.
70 m, 1.7 km south of the Lanzhou-Urumqi Rd. on
hanshan main street, then 13.3 km east of Shanshan
ain street on Ma Chang Dadu Rd., Ma Chang Dadu
istrict, Shanshan (42° 528 N 90° 108 E), Turpan
refecture, Xinjiang Uygur Autonomous Region, China.

aboratory Protocols

Tissues were taken in the field and immediately
rozen in liquid nitrogen and later transferred to an
ltracold freezer and maintained at 280°C. For analy-
is of allozymic variation, liver tissue was homogenized
eparately from other tissue. Horizontal starch-gel
lectrophoresis was employed to differentiate variation
n 19 presumptive loci. The 19 loci and five buffer
onditions utilized to resolve them are displayed in
able 1. Allozymes were stained using standard meth-
ds (Harris and Hopkinson, 1976; Murphy et al., 1990;

ichardson et al., 1986; Selander et al., 1971). Carbox- 5
lic ester hydrolase (Dimeric Esterase) was resolved
sing 4-methylumbelliferyl acetate as the substrate;
eptidase B (PEP-B) was resolved using L-leucyl-L-
lanine as the substrate, and Peptidase D (PEP-D)
ith the use of L-phenylalanyl-L-proline as the sub-

trate. The isozymes, and loci if more than one, were
abeled according to their migration from anode to
athode.
Genomic DNA was extracted from liver using the
iagen QIAamp tissue kit (Qiagen Inc., Hilden, Ger-
any). Amplification of genomic DNA was conducted

sing a denaturation at 94°C for 35 s, annealing at

TABLE 1

The 19 Allozymic Systems Scored and the
Five Electrophoretic Conditions within Which

They Were Resolved

Enzyme Abbreviation E. C. No.
Electrophoretic

conditionsa

1. Aconitase hydratase ACOH-1 4.2.1.3 1
2. Aconitase hydratase ACOH-2 4.2.1.3 1
3. Aspartate amino-

transferase AAT 2.6.1.1 3
4. Carboxylic ester

hydrolase EST-Db 3.1.1.– 3
5. Fructose-bisphos-

phate aldolase FBA 4.1.2.13 4
6. Glucose-6-phosphate

isomerase GPI 5.3.1.9 2
7. Glycerol-3-phosphate

dehydrogenase G3PDH 1.1.1.8 1
8. L-Iditol dehydroge-

nase IDDH 1.1.1.14 4
9. Isocitrate dehydroge-

nase IDH-1 1.1.1.42 1
0. Isocitrate dehydroge-

nase IDH-2 1.1.1.42 1
1. L-Lactate dehydroge-

nase LDH-1 1.1.1.27 3
2. L-Lactate dehydroge-

nase LDH-2 1.1.1.27 3
3. Malate dehydroge-

nase MDH-1 1.1.1.37 1
4. Malate dehydroge-

nase MDH-2 1.1.1.37 1
5. Peptidase B PEP-B 3.4.11.4 4
6. Peptidase D PEP-D 3.4.13.9 5
7. Phosphogluconate

dehydrogenase PGDH 1.1.1.44 1
8. Purine-nucleoside

phosphorylase PNP 2.4.2.1 5
9. Superoxide dismu-

tase SOD 1.15.1.1 2

a Electrophoretic conditions: (1) Amine–citrate (morpholine) pH
.0, 250 v for 6 h or 300 v for 5 h (Clayton and Tretiak, 1972); (2)
istidine–citrate pH 7.8, 150 v for 8 h (Harris and Hopkinson, 1976);

3) Lithium–borate/Tris–citrate pH 8.2, 250 v for 6 h or 300 v for 5 h;
4) Phosphate–citrate pH 7.0, 120 v for 7 h; (5) Tris–HCL pH 8.5, 250
for 4 1/2 h (all, Selander et al., 1971).
b EST-D, dimeric esterase.
0°C for 35 s, and extension at 70°C for 150 s with 4 s
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323VICARIANT PATTERNS IN ASIAN Teratoscincus LIZARDS
dded to the extension per cycle, for 30 cycles. Negative
ontrols were run for all amplifications. Amplified
roducts were purified on 2.5% Nusieve GTG agarose
els (FMC Bioproducts, Rockland, ME) and reamplified
nder similar conditions. Reamplified double-stranded
roducts were purified on 2.5% acrylamide gels (Mani-
tis et al., 1982). Template DNA was eluted from
crylamide passively over 3 days with Maniatis elution
uffer (Maniatis et al., 1982). Cycle-sequencing reac-
ions were run using the Promega fmol DNA-sequenc-
ng system (Fisher Scientific, Pittsburgh, PA) with a
enaturation at 95°C for 35 s, annealing at 45–60°C for
5 s, and extension at 70°C for 1 min for 30 cycles.
equencing reactions were run on Long Ranger sequenc-

ng gels (FMC Bioproducts, Rockland, ME) for 5–12 h at
8–40°C.
Amplifications were done using either primers L3881,

3887, L4160, L4178a, or L4178b in combination with
rimer H5934. In addition, some taxa were amplified
ith primers L3002 and H4419. Both strands were

equenced using the primers in Table 2. Primer num-
ers refer to the 38 end on the human mitochondrial
enome (Anderson et al., 1981), where L and H corre-
pond to light and heavy strands, respectively.

equence Alignment

Reported sequences are presented in Fig. 2 and
orrespond to positions 4161 to 5936 on the human
itochondrial genome (Anderson et al., 1981). This

equence contains the genes encoding ND1 (subunit

TABLE 2

Primers Used in This Studya

ositionb Gene Primer sequencec

3002 16S rRNA 58-TACGACCTCGATGTTGGATCAGG-38
3887 ND1 58-GACCTAACAGAAGGAGAATCAGA-38
4160 ND1 58-CGATTCCGATATGACCARCT-38
4178a ND1 58-CARCTWATACACYTACTATGAAA-38
4178b ND1 58-CAACTAATACACCTACTATGAAA-38
4221 tRNAIle 58-AAGGATTACTTTGATAGAGT-38
4419 tRNAMet 58-GGTATGAGCCCAATTGCTT-38
4437 tRNAMet 58-AAGCTTTCGGGCCCATACC-38
4645 ND2 58-ACAGAAGCCGCAACAAAATA-38
5002 ND2 58-AACCAAACCCAACTACGAAAAAT-38
5540 tRNATrp 58-TTTAGGGCTTTGAAGGC-38
5556 tRNATrp 58-GCCTTCAAAGCCCTAAA-38
5638 tRNAAla 58-CTGAATGCAACTCAGACACTTT-38
5692 tRNAAsn 58-TTGGGTGTTTAGCTGTTAA-38
5934 COI 58-AGRGTGCCAATGTCTTTGTGRTT-38
5937 COI 58-GTGCCAATGTCTTTGTG-38

a All primers are from Macey et al. (1997b) except L4160 which is
rom Kumazawa and Nishida (1993).

b Primers are designated by their 38 ends which correspond to the
osition in the human mitochondrial genome (Anderson et al., 1981)
y convention. H and L designate heavy-strand and light-strand
rimers, respectively.

c Positions with mixed bases are labeled with the standard one-

oetter code: R 5 G or A, W 5 A or T, Y 5 C or T.
ne of NADH dehydrogenase), tRNAIle, tRNAGln,
RNAMet, ND2, tRNATrp, tRNAAla, tRNAAsn, tRNACys,
RNATyr, and COI (subunit I of cytochrome c oxidase).

Protein-coding sequences were translated to amino
cids using MacClade (Maddison and Maddison, 1992)
or alignment. Transfer-RNA secondary structure was
etermined manually using the criteria of Kumazawa
nd Nishida (1993) to ensure proper alignment (Macey
nd Verma, 1997).

hylogenetic Analysis

Phylogenetic trees were estimated using PAUP (Swof-
ord, 1993) with exhaustive searches. Bootstrap resam-
ling was applied to assess support for individual nodes
ith 1000 bootstrap replicates using branch-and-bound

earches. Decay indices (5‘‘branch support’’ of Bremer,
994) were calculated for all internal branches of the
ree. Branch-and-bound searches retained suboptimal
rees. The decay index for a particular node was tabulated
s the difference in length between the overall shortest tree
nd the shortest tree lacking that node.
Wilcoxon signed-ranks tests (Felsenstein, 1985;

empleton, 1983) were applied to examine statistical
ignificance of the shortest tree relative to alternative
ypotheses. This test asks whether the most parsimoni-
us tree is significantly shorter than an alternative or
hether their differences in length can be attributed to

hance alone (Larson, 1998). Wilcoxon signed-ranks
ests were conducted as two-tailed tests. Felsenstein
1985) showed that the two-tailed test is conservative.
he test statistic Ts was compared with critical values

or the Wilcoxon rank sum in table B.11 of Zar (1984).
Alternative phylogenetic hypotheses were tested us-

ng the most parsimonious phylogenetic topologies com-
atible with them. Each branch in the overall shortest
ree was tested statistically by comparing the overall
hortest tree to the shortest tree(s) that did not contain
he node being examined. Alternative tree(s) were
ound with branch-and-bound searches that retained
uboptimal trees using PAUP (Swofford, 1993). Statisti-
al tests were conducted using the ‘‘compare trees’’
ption of MacClade (Maddison and Maddison, 1992).

ladistic Analyses of Allozymic Data

Allozymic data were coded in two ways for cladistic
hylogenetic analysis. While presence–absence coding
f alleles has received considerable criticism for a lack
f independence of alleles and the possibility of no allele
eing reconstructed for an ancestral node (Swofford
nd Olsen, 1990), it remains the method that provides
he greatest amount of resolution. Alternatively, combi-
ations of alleles for a particular locus may be coded as
iscrete character states (Buth, 1984). If step matrices
re used to connect character states, a greater amount
f information can be retained (Mabee and Humphries,
993). In our analysis, step matrices were constructed

n the basis of gains and losses of alleles. For example, a
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325VICARIANT PATTERNS IN ASIAN Teratoscincus LIZARDS
xed difference between two alleles was counted as two
teps, one allele lost and another gained. In the case of a
wo-allele polymorphism in one population with one allele
hared with another monomorphic population, a single
ain or loss was counted as a single step. Additional
olymorphisms were counted in the same manner.

RESULTS

Sequences ranging in size from 1763 to 1777 bases of
itochondrial DNA for six taxa of gekkonid lizards are

resented as 1815 aligned positions in Fig. 2.

uthentic Mitochondrial DNA

Several observations suggest that the DNA se-
uences analyzed here are from the mitochondrial
enome and not nuclear-integrated copies of mitochon-
rial genes (see Zhang and Hewitt, 1996). Protein-

FIG. 3. Overlap between the tRNACys gene and a presumptive non
nd the tRNACys gene, which is encoded on the light strand, is depict
unction of light-strand replication and also tRNACys. Three bases of th
he OL stem. Another three bases of the tRNACys gene encoding th
required for in vitro replication in humans; Hixson et al., 1986). Hen
ould be used in initiation of light-strand replication. The heavy-stran
ouse 38-GCC-58 (Brennicke and Clayton, 1981) is not present. The h

997b) related to the 38-GGCCG-58 sequence found to be required f
underlined with arrows). This missing sequence has been hypothe
RNACys gene during replication. This insertion resulted in a realigned
unctional regions and disrupting the initiation of light-strand replica

FIG. 2. Length-variable regions among the 1815 aligned mitocho
otaling 82 positions are excluded from the analysis and are denoted
ecko treated as missing are doubly underlined. The peudo-start cod
irectly following these three nucleotides is ATG, the typical start co
ene are not shown because this region has no length variation. Sequenc
esignated above the sequence. Stems are indicated by arrows in the dir
nticodon stem; T, TCC stem. The tRNAanticodons are designated COD.

ocated outside stem regions; 1 depicts the first codon position of protein-codin
oding genes have no premature stop codons, suggest-
ng that these sequences represent functional copies
hat encode a protein. Transfer-RNA genes appear to
ncode tRNAs with stable secondary structures, indicat-
ng functional genes. Strand bias further supports our
onclusion that the six DNA sequences analyzed here
re from the mitochondrial genome. The strong bias
gainst guanine on the light strand (G 5 11.0–13.8%,
5 29.8–34.3%, T 5 22.8–27.3%, and C 5 27.4–33.0%)

s characteristic of the mitochondrial genome but not
he nuclear genome. See Macey et al. (1997b,d) for
imilar strand bias across most squamate-reptile fami-
ies for the same region of the mitochondrial genome.

rigin for Light-Strand Replication and tRNACys

Two structural features of the mitochondrial genome
origin for light-strand replication and secondary struc-
ure of tRNACys) show derived states in Gekko gecko

ctional OL. Pseudo-OL is depicted as template heavy-strand sequence
s the presumptive transcribed tRNA. Boldface bases are used in the
RNACys gene, two of which encode the AA-stem, also would be used in
A-stem also would be used in initiation of light-strand replication
ve out of seven bases encoding one side of the tRNACys AA-stem also

emplate sequence identified as the point of light-strand elongation in
y-strand sequence conserved in lizards as 38-GBCCB-58 (Macey et al.,
in vitro replication in humans (Hixson et al., 1986) also is missing
d to be the result of an insertion to the D-loop/stem region of the
-stem on the opposite side, causing compensatory mutation to the OL

n (Macey et al., 1997c,d).

ial DNA sequences as used in the phylogenetic analysis. Six regions
an ‘‘x’’ above the sequence. Sequences in the tRNACys gene of Gekko

of ACG for COI in Gekko gecko also is doubly underlined. The codon
for most mitochondrial proteins. Positions 401–1300 from the ND2
re presented as light-strand sequence and tRNA secondary structure is
on encoded: AA, amino acid-acceptor stem; D, dihydrouridine stem; AC,
erisks indicate the unpaired 38 tRNAposition 73. Periods represent bases
fun
ed a

e t
e A
ce, fi

d t
eav
or
size
AA
ndr
by

on
don
es a
ecti
Ast
g sequences. STP represents stop codons.
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326 MACEY ET AL.
Fig. 3). Most vertebrates have a mitochondrial gene
rder of ND1, tRNAIle, tRNAGln, tRNAMet, ND2, tRNATrp,
RNAAla, tRNAAsn, OL (origin for light-strand replica-
ion), tRNACys, tRNATyr, and COI. In Gekko gecko, a
tem-and-loop structure is present in the typical verte-
rate position for OL between the tRNAAsn and tRNACys

enes. This sequence does not have the functional
haracteristics of OL identified in studies of mamma-
ian mitochondrial replication (Brennicke and Clayton,
981; Hixson et al., 1986). We therefore interpret these
equences as nonfunctional. In addition, the tRNACys

ene of Gekko gecko encodes a tRNA that lacks a
-stem and instead contains a D-arm replacement loop

Fig. 3). The sequences reported here provide further
vidence that loss of a recognizable origin for light-strand
eplication between the tRNAAsn and tRNACys genes and
hanges in secondary structure of tRNACys may be evolu-
ionarily coupled (Macey et al., 1997b,c,d, 1998c).

ssessment of Homology and Sequence Alignment

Among protein-coding genes, a length-variable re-
ion encoding the C-terminus of ND1 extending beyond
hat of Eublepharus is excluded from analyses (posi-
ions 101–118). As aligned in Fig. 2, this region contains
o phylogenetically informative sites. Teratoscincus
cincus has two extra amino acids in the ND2 gene and
aps are placed in the other taxa at positions 1330–
335. Gekko gecko appears to have a pseudo-start codon
f ACG for COI in the position homologous with the start
odon of other gekkonid lizards. The codon directly follow-
ng these three nucleotides is ATG, the typical start codon
or most mitochondrial proteins (Fig. 2).

In two tRNA genes, both the dihydrouridine (D) and
he TCC (T) loops are excluded from analyses because
f questionable alignment. In the tRNATrp gene, the
ositions excluded are 1398–1409 (D-loop) and 1441–
448 (T-loop); in the tRNACys gene, the positions ex-
luded are 1658–1665 (T-loop) and 1697–1699 (D-loop).
n addition, Gekko gecko has a tRNACys gene encoding a
RNA that lacks a D-stem and instead contains a D-arm
eplacement loop (Macey et al., 1997c). Transfer-RNA
ene sequences that encode tRNAs with D-arm replace-
ent loops are subject to stem realignments and shifts

n bases from one stem to another, making homology of
ases difficult to assess (Macey et al., 1997c). Therefore,
equences in the AA-stem and adjacent bases of the
RNACys gene from Gekko gecko are coded as missing in
hylogenetic analyses (positions 1645–1657, 1704–
712). In addition, the origin for light-strand replica-
ion (OL) is unalignable between Gekko gecko and the
ther taxa and therefore excluded from phylogenetic
nalyses (positions 1612–1644).
Of the 1815 aligned positions, 1733 are used in the

hylogenetic analysis. The excluded positions are less

han 5% of the aligned positions.
enic Variation

Different levels of variation are observed among the 3
rotein-coding genes, 8 tRNA-coding genes, and 2
oncoding regions (Table 4). All 11 genes sequenced
ontain phylogenetically informative characters. The 8
RNA genes each have phylogenetically informative
ites in stem and nonstem regions except nonstem
egions of the tRNATrp gene. Each of the three protein-
oding genes contains phylogenetic information in first,
econd, and third codon positions. Most of the variation
nd phylogenetically informative sites are from protein-
oding regions. Only 23% (194 sites) of the variable and
9% (65 sites) of the phylogenetically informative sites
re from tRNA genes and noncoding regions. Of the 276
hylogenetically informative characters from protein-
oding regions, 159 are from third positions of codons.
hird-position sites account for nearly half of the
hylogenetically informative sites in the total data set.
nly 12% (40 sites) of the phylogenetically informative

ites occur in regions encoding stems of tRNAs, suggest-
ng that compensatory substitutions do not compromise
he phylogenetic analysis.

hylogenetic Relationships

The allozymic data are unable to resolve relation-
hips among Teratoscincus species (Table 3). When the
ata are coded as combinations of alleles for a particu-
ar locus and used as discrete character states, no
nformative characters are found. When step matrices
re used to connect these character states, three equally
ost parsimonious trees are produced with a length of

9 steps. A strict consensus tree of these three trees
oes not contain a monophyletic Teratoscincus; instead,
he grouping of T. przewalskii and Cyrtodactylus is
ound (results not shown). This grouping collapses in a
ingle step and therefore is not a significant result.
When these allozymic data are coded as the presence

r absence of alleles, 13 informative characters identify
wo equally most parsimonious trees of 78 steps (consis-
ency index 0.987). A strict consensus of these two trees
epicts a monophyletic Teratoscincus, which is sup-
orted by a bootstrap value of 100% and a decay index
f 11 (results not shown). One of the shortest trees
roups T. scincus and T. przewalskii as sister species
nd the other tree shows T. scincus and T. roborowskii
s sister species. The third possibility of a sister-taxon
elationship between T. przewalskii and T. roborowskii
equires only a single extra step.
In contrast to the allozymic data, the DNA sequence

ata provide exceptionally good phylogenetic resolu-
ion. The shortest estimate of phylogeny derived from
he 1733 aligned positions (341 informative) is stable
n all branches until trees with lengths of 29 steps
onger are retained in a parsimony search (Fig. 4). In
ddition, the bootstrap analysis finds no other trees;
hus, all branches receive a 100% bootstrap value.
The sister-group relationship of the Chinese T. przew-
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TAB

Distribution of Allelic Variation in Cyrtod

N
1

ACOH1
2

ACOH2
3

AAT

yrtodactylus tibetanus 10 g b a
ekko gecko 7 g a b

eratoscincus scincus 10 c 0.15 c 0.20 b
d 0.05 d 0.70
e 0.75 e 0.10
f 0.05

eratoscincus przewalskii 10 a d b

eratoscincus roborowskii 10 b f b

N
11

LDH1
12

LDH2
13

MDH

yrtodactylus tibetanus 10 b a b
ekko gecko 7 a b a

eratoscincus scincus 10 a c a

eratoscincus przewalskii 10 a c a
eratoscincus roborowskii 10 a c a

TAB

Distribution of Phylogenetically

ND1
Codon positions tR

1st 2nd 3rd Stem

nformative sites 7 4 13 6
ariable sites 19 8 30 10

ND2
Codon positions tRNATrp a

1st 2nd 3rd Stem Nons

nformative sites 61 40 143 6 —
ariable sites 185 112 286 17 2

tRNACys a tRN

Stem Nonstem Stem

nformative sites 6 2 2
ariable sites 11 5 18

Total

Protein coding
codon positions

1st 2nd 3rd

nformative sites 72 45 159
ariable sites 209 123 325

a Not including D- and T-loops, which are excluded from the analyse
b Ala Asn
LE 3

actylus, Gekko, and Teratoscincus Species

4
EST-D

5
FBA

6
GPI

7
G3PDH

8
IDDH

9
IDH1

10
IDH2

a e b c e b e
e d a d d 0.50 c d

f 0.50
b 0.10 b a 0.20 a 0.20 a 0.35 c 0.90 a 0.05
c 0.90 c 0.80 b 0.80 c 0.65 d 0.10 c 0.05

f 0.90

c c a b c a 0.05 c
c 0.90
e 0.05

c 0.60 a a b b 0.05 c b 0.10
d 0.40 c 0.95 c 0.90

1
14

MDH2
15

PEP-B
16

PEP-D
17

PGDH
18

PNP
19

SOD

c c d c c c
a a a 0.14 a a b

b 0.86
b b c 0.95 b b a

f 0.05
b b e b b a
b b c b b a
LE 4

Informative and Variable Positions

NAIle tRNAGln tRNAMet

Nonstem Stem Nonstem Stem Nonstem

3 8 3 1 1
12 22 15 8 9

tRNAAla

Noncodingb

region 1

tRNAAsn

tem Stem Nonstem Stem Nonstem

5 3 — 6 6
17 7 1 19 8

ATyr

Noncodingb

region 2

COI
Codon positions

Nonstem 1st 2nd 3rd

6 1 4 1 3
12 1 5 3 9

tRNA
Noncoding

regions
All aligned
sequenceStem Nonstem

40 24 1 341
122 70 2 851

s.
Tyr
Noncoding region 1 is between the tRNA and the tRNA genes. Noncoding region 2 is between the tRNA and the COI genes.
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328 MACEY ET AL.
lskii and T. roborowskii is the weakest branch
ith a decay index of 29. This clade is the sister taxon

o T. scincus from the former USSR and southwest
sia; monophyly of the group containing T. przewal-
kii, T. roborowskii, and T. scincus is supported
y a decay index of 30. Hence, T. microlepis from
he Helmand Basin and adjacent regions in south-
est Asia is the basal taxon among Teratoscin-

us species sampled. The monophyly of Teratoscin-
us is extremely well supported with a decay index
f 62.
The phylogenetic results provide an area cladogram

or Central Asia. To confirm these results and to test
upport for the origins of clades found in separate
istorical regions, the Wilcoxon signed-ranks test
Felsenstein, 1985; Templeton, 1983) is applied.

hen the overall shortest tree (Fig. 4) is compared
ndependently to the shortest alternative trees (Appen-
ix 1) not showing each of the nodes in the over-
ll shortest tree, these alternative trees are rejected
n favor of the overall shortest tree (see Appendix 1;
-1 and 2, n 5 53, Ts 5 324; B-1, n 5 58, Ts 5 413;
-1, n 5 128, Ts 5 2128.5; all P , 0.001). All subopti-
al trees are rejected in favor of the overall shortest

ree.

FIG. 4. Single most parsimonious tree produced from analysis of
he 1733 aligned (341 phylogenetically informative) positions from
itochondrial DNA sequences. The tree has a length of 1268 steps

nd a consistency index of 0.864. Bootstrap values are presented

Tbove branches and decay indices below branches.
DISCUSSION

The DNA sequences recover phylogenetic relation-
hips on all branches of the tree with remarkable
upport (Fig. 4). Phylogenetic analysis is most condu-
ive to reconstructing branching events that are well
paced in time, and the geologic history of Asia suggests
hat divergence events among Teratoscincus species are
eparated by sizable intervals.
The phylogenetic estimate recovered is consistent
ith geological predictions. A sequential uplifting of
ountains resulted from compression of Gondwanan

lates along the southern margin of Eurasia as the
mpinging Indian subcontinent moved northward. Tera-
oscincus species may be assigned to tectonic plates of
ondwanan origin that are now in Asia. While the
volutionary history of Teratoscincus postdates the
ndian collision, which occurred in the middle Eocene
Dewey et al., 1989 (45 MYBP); Windley, 1988 (50

YBP)], the pre-Eocene events produced the geological
onditions necessary for the Eocene and later events
hat are directly related to the phylogenetic history
nder investigation (Fig. 5).
Approximately 300 MYBP, the Tarim Plate (Taklima-

an Desert) collided with the Siberian and Kazakhstan
locks of Laurasia (Feng et al., 1989; Kwon et al., 1989)
orming the paleo-Tien Shan (mountains) in the vicin-
ty of what is now the western Chinese–former Soviet
order (Fig. 5). A complex series of events followed with
he successive accretion of blocks to the southern
argin of Eurasia. The blocks termed the Cimmerian
ontinent broke from Gondwanaland in the late Per-
ian (250 MYBP), migrated northward across the

ethys Sea, and subsequently broke apart along the
ay. The individual blocks collided with Eurasia, and
ost completed suturing from late Triassic to middle

urassic (225–175 MYBP; for details see Sengör, 1984;
engör et al., 1988). These blocks now are situated from
urkey through Iran, Afghanistan, and Tibet. They

nclude the North Tibet Block (Qiangtang and Songban-
anzi Terranes), South Tibet Block (Lhasa Terrane),
arah Block (northern Afghanistan), and Helmand
lock (southern Afghanistan). Figure 5 shows the
urrent positions of these blocks.
Paleo-sutures of these blocks were reactivated as

trike-slip faults by the Indian collision, and dramatic
ountain building occurred along these faults, separat-

ng Teratoscincus species. A sequential uplifting of
ountain ranges is observed, with the ordering largely

ependent on geographic distance from the contact of
he collision. The Indian collision first caused the
rans-Himalayan uplift (Hindu Kush, Karakorum, and
imalaya), which was followed by the Pamir-Tien Shan
plift.
Teratoscincus microlepis can be assigned unambigu-

usly to the Helmand Block south of the Hindu Kush.

eratoscincus przewalskii and T. roborowskii can be



a
T
a
n
t
w
M
1
h
P
1
T
T
u
h
t

f
S
o
B

T
t
o
0
e
l
m
f
M
b

L
h
1
K
t
C ). T
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ssigned unambiguously to the Tarim Block east of the
ien Shan and Pamir. Teratoscincus scincus can be
ssigned either to the Farah or the Helmand blocks,
orth or south, respectively, of the Hindu Kush. Note
hat Laurasian plates north of the Farah Block under-
ent periods of flooding by the Paratethys Sea until 3.5
YBP (Dercourt et al., 1986; Steininger and Rogl,

984) and therefore are unlikely to be a region of
istorical endemism for T. scincus. The Tien Shan-
amir is well dated at 10 MYBP (Abdrakhmatov et al.,
996; Tapponier et al., 1981). The separation between
. scincus from the ancestor of T. przewalskii and
. roborowskii is expected to be coincident with the
plift of the Tien Shan-Pamir (10 MYBP). If this
ypothesis is correct, T. scincus would be assigned to

FIG. 5. Movements of tectonic plates. During the middle Eocene,
aurasian plates have converged 2365 km in the west, 2475 in the cen
igh altitudes now present in the Hindu Kush, Karakoram, Tien Sha
989). The Hindu Kush between the Helmand and Farah blocks is
arakoram and is one of the earlier uplifting events. The Tien Shan an

he former Soviet deserts and the Farah Block, were formed approx
rustal shortening and deformation rates are from Dewey et al. (1989
he Farah Block north of the Hindu Kush. Hence, the t
ormation of the Hindu Kush, which predates the Tien
han-Pamir uplift, would have separated T. microlepis
n the Helmand Block from T. scincus on the Farah
lock.
Using the date of 10 MYBP for the formation of the

ien Shan-Pamir uplift, which separates T. scincus on
he Farah Block from T. przewalskii and T. roborowskii
n the Tarim Block, a rate of evolutionary divergence of
.57% per lineage per million years is estimated. This
stimate approximates the rate of 0.65% divergence per
ineage per million years suggested for the same seg-

ent of the mitochondrial genome from fish, bufonid
rogs, and agamid lizards (Bermingham et al., 1997;

acey et al., 1998a,b). If our interpretation of T. scincus
eing from the Farah Block is correct, then the forma-

–45 MYBP, India first contacted Eurasia. Since that time, India and
and 2750 km in the east (Dewey et al., 1989; Molnar et al., 1987). The
and Pamir are attributed to the Indian collision (Dewey et al., 1988,
sociated with the uplift of the trans-Himalaya, which includes the
amir, which now separate the Taklimakan Desert (Tarim Plate) from
tely 10 MYBP (Abdrakhmatov et al., 1996; Tapponier et al., 1981).
he map is modified from Tapponier et al. (1981).
50
ter,
n,
as
d P
ima
ion of the Hindu Kush would separate T. scincus on the
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330 MACEY ET AL.
arah Block from T. microlepis on the Helmand Block.
his event predates the formation of the Tien Shan-
amir uplift and these taxa should show more than 10
illion years of sequence divergence. The average

airwise sequence divergence across the Tien Shan-
amir is 11.4% and that between T. microlepis and
. scincus, presumably across the Hindu Kush, is 15.9%
Table 5). Because saturation of mitochondrial se-
uences occurs past 10 MYBP (Moritz et al., 1987), this
atter split is probably much older than 10 MYBP.

Hence, the DNA sequence data are consistent with
ur interpretation of two vicariant events across paleo-
utures of accreted Gondwanan plates (Fig. 6). First,
he formation of the Hindu Kush between the Helmand
nd the Farah blocks occurred before 10 MYBP and,

TABLE 5

Pairwise Comparisons of DNA Sequences Between
Eublepharus, Gekko, and Teratoscincus Speciesa

1 2 3 4 5 6

. Eublepharus — 35.5% 31.0% 30.8% 30.3% 30.6%

. Gekko 591 — 30.7% 32.1% 32.0% 32.5%

. T. microlepis 527 510 — 16.0% 15.9% 16.6%

. T. scincus 525 534 272 — 11.1% 11.6%

. T. przewalskii 516 533 271 190 — 6.5%

. T. roborowskii 521 541 282 198 112 —

a Percentage sequence divergence is shown above the diagonal and
he number of base substitutions between sequences is shown below
he diagonal. Taxa are abbreviated with T. representing Teratoscin-
us.

FIG. 6. Area cladogram for the tectonic plates derived from
ondwanaland based on fragmentation patterns among Teratoscin-

us species. Approximate dates for branching events are shown. As
he Indian subcontinent impinged into Eurasia following collision,
aleo-sutures were reactivated as strike-slip faults that formed
ountain chains (Fig. 5). Two events are suggested to have caused

icariant speciation among Teratoscincus species. First, the forma-
ion of the Hindu Kush between the Helmand and the Farah blocks
ccurred prior to 10 MYBP and, second, the formation of the Tien
han-Pamir occurred between the Farah and the Tarim blocks at 10

YBP. The biological and geological data are in complete agreement.
econd, the formation of the Tien Shan-Pamir occurred
etween the Farah and the Tarim blocks at 10 MYBP.
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APPENDIX 1

Alternative hypotheses used in Wilcoxon signed-
anks tests (Felsenstein, 1985; Templeton, 1983).
engths of trees and consistency indices (CI) (Swofford,
993) are given in parentheses.
The most parsimonious trees that do not contain a
onophyletic grouping of T. przewalskii and T. ro-

orowskii (length of 1297 steps and a CI of 0.845): A-1 5
Eublepharus, (Gekko, (T. microlepis, ((T. scincus,
. roborowskii), T. przewalskii)))). A-2 5 (Eublepharus,
Gekko, (T. microlepis, ((T. scincus, T. przewalskii),
. roborowskii)))).
The most parsimonious tree that does not contain a
onophyletic grouping of T. scincus, T. przewalskii, and

. roborowskii (length of 1298 steps and a CI of 0.844):
-1 5 (Eublepharus, (Gekko, ((T. microlepis, (T. prze-
alskii, T. roborowskii)), T. scincus))).
The most parsimonious tree that does not contain a
onophyletic grouping of all Teratoscincus species

length of 1330 steps and a CI of 0.824): C-1 5
Eublepharus, ((Gekko, T. microlepis), (T. scincus,
T. przewalskii, T. roborowskii)))).
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