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Abstract. - Restriction endonuclease analyses were performed on mitochondrial DNAs (mtDNAs)
representing unisexual parthenogenetic (cytotypes A, B, and C) and bisexual (cytotypes D and E)
populations of Amazonian lizards presently regarded as Cnemidophorus lemniscatus. The results
ofmtDNA cleavage map comparisons among these C. lemniscatus indicated that (I) there was no
cleavage site variation among the unisexuals, (2) mtDNAs from the bisexual cytotypes D and E
differed in sequence from one another by about 13%, and (3) mtDNAs from cytotypes A-C differed
from those ofcytotype D by about 5% and from those ofcytotype E by about 13%.Higher resolution
restriction fragment size comparisons confirmed the high degree ofsimilarity among the unisexual
mtDNAs, but identified 12 cleavage site variants among the 13 cytotype D mtDNAs examined.

Both cladistic and phenetic (UPGMA) analyses of the data indicate that the unisexual and
cytotype D mtDNAs form a single clade, suggesting that a female of cytotype D was the maternal
progenitor of the unisexuals. The similarity among the unisexual mtDNAs and the variability
among those ofcytotype D suggest that the three unisexual cytotypes arose recently from a common
maternal lineage. The mtDNA variability observed among cytotype D individuals has a strong
geographic component, suggesting that the unisexuals arose from one or a few geographically
proximal populations. The mtDNA comparisons also support the conclusion, based on allozyme
comparisons (Sites et al., 1990, this issue), that cytotypes D and E, although presently allocated
to C. lemniscatus, are separate species.
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One-third of the approximately 50 species
in the lizard genus Cnemidophorus consist
exclusively of parthenogenetically repro
ducing females. Comparative studies of
morphology, ecology, chromosomes, and
allozymes among these and their bisexual
congeners have demonstrated that the uni
sexuals originated by interspecific hybrid
ization (reviewed by Cole, 1975; Wright,
1978; Darevsky et al., 1985; Dessauer and
Cole, 1989). Mitochondrial DNA (mtDNA)
analyses (Brown and Wright, 1979; Wright
et al., 1983; Densmore et al., 1985, 1989a,
1989b; Moritz et al., 1989a, 1989b) have
extended and strengthened this correlation
and have provided data that exclude the
possibility, proposed by Cuellar (1974, 1977,
1987) and by Darevsky et al. (1985), that
certain ofthe triploid unisexuals could have

4 Present address: Department of Zoology, Univer
sity of Queensland, St. Lucia QLD 4067, Australia.

been derived from spontaneously arisen
parthenogenetic diploids.

Prior to the current study (see also Sites
et al., 1990), only one possible exception to
the correlation between hybridity and par
thenogenesis in Cnemidophorus remained.
This was C. lemniscatus, a species found
from northern Central America to the Am
azon Basin of Brazil and on nearby islands
(Serena, 1984, 1985). As presently defined,
the C. lemniscatus complex contains both
normally reproducing bisexual and par
thenogenetically reproducing unisexual
populations. In Brazil, C. lemniscatus is dis
tributed along the Amazon river and its
tributaries, with unisexual and bisexual
populations having nonoverlapping distri
butions in the eastern and western parts of
this range, respectively (see Fig. 1 in Sites
et al., 1990).

Combined analysis of multiple data sets
can provide detailed information on the
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TABLE 1. Species, reproductive modes, cytotypes, and collecting localities for lizards whose mtDNAs were
surveyed."

No. Species Mode Cytotype Locality N

1. e. lemniscatus p A Belem, Brazil 6
2. e. lemniscatus p B Oriximina, Brazil 20
3. e. lemniscatus p C Maruda, Barzil 8
4. e. lemniscatus P C Capanema, Brazil II
5. e. lemniscatus B D Alter do Chao, Brazil 10
6. e. lemniscatus B D Boa Vista, Brazil 3
7. e. lemniscatus B E Urucurituba, Brazil 3
8. e. lemniscatus B E Manacapuru, Brazil 3
9. e. arubensis B Aruba, Neth. Antilles

10. e. murinus B Curacao, Neth. Antilles
II. e. nigricolor B Isla Orchila, Venezuela
12. A. ameiva B Alter do Chao, Brazil/'
13. A. ameiva B Manacapuru, Brazil/'
14. A. auberi B Andros Island, Bahamas

a C. lemniscatus cytotypes A-E correspond to the designations of Peccinini-Seale and Frota-Pessoa (1974). Mode refers to bisexual (B) or parthe
nogenetic (P) reproduction. One mtDNA from each locality was analyzed with 14 enzymes cleaving at 5- or 6-bp sites; N corresponds to the number
ofmtDNAs analyzed with enzymes cleaving at 4-bp sites. Locality numbers correspond to those in Figure I of Sites et al. (1990). For further specimen
and locality information, see the Appendix.

b A. ameiva localities 12 and 13 are, respectively, the same as C. lemniscatus localities 5 and 8.

evolutionary history of unisexual taxa
(Moritz et aI., 1989b; Vrijenhoek, 1989).
The companion paper on allozyme varia
tion (Sites et aI., 1990) provides evidence
that the Amazonian unisexuals are hybrids
between cytotype D and cytotype E bisex
uals and that the latter are two distinct
species. These conclusions are also well sup
ported by chromosomal data (see Fig. 7 of
Peccinini-Seale and Frota-Pessoa, 1974;
Peccinini-Seale, 1989; Sites et aI., 1990).

Analysis of mtDNA, a maternally trans
mitted (Dawid and Blackler, 1972; re
viewed in Avise, 1986) and rapidly evolving
molecule (Brown et aI., 1979; reviewed in
Brown, 1985) can provide unique insights
into the history of unisexual taxa (Brown
and Wright, 1979; reviewed in Moritz et aI.,
1987, 1989b). Specifically, comparisons of
mtDNAs from bisexual and unisexual C.
lemniscatus can be used to address the fol
lowing questions: (I) Are the maternal
ancestors of the three cytologically distinct
unisexual forms (A, B, and C) closely relat
ed? (2) Did the unisexuals arise indepen
dently at geographically widespread locali
ties or at one site with subsequent range
expansion? (3) Are the unisexuals of recent
or ancient origin? (4) How similar are the
mtDNAs from the bisexual cytotypes D and
E? (5) Can either of the bisexual taxa be
identified as the source of the female parent
of the unisexuals?

MATERIALS AND METHODS

DNA Preparation and Analysis
Mitochondrial DNA was prepared from

field collected lizards (Table I; Appendix)
and analyzed using methods described pre
viously (Brown, 1980; Wright et aI., 1983;
Densmore et aI., 1985). Most of the lizards
collected in 1987 were also karyotyped and
examined by allozyme electrophoresis (Sites
et aI., 1990). DNA fragment sizes were
determined by electrophoresis through aga
rose and polyacrylamide gels, using restric
tion endonuclease-digested </>X174 RF
DNA and A phage DNA as size standards.

Statistical Analyses
Sequence divergence between mtDNAs

was estimated from (I) cleavage site changes
inferred from the fragment patterns pro
duced by endonucleases that cleave at
4-base pair (bp) sites and (2) comparisons
of cleavage maps for 5-bp and 6-bp sites,
using the equations ofNei and Tajima (1983)
and a program described in Nei et aI. (1985).
This program was also used to cluster the
mtDNAs according to their sequence di
vergence estimates by the UPGMA. Char
acter states (presence/absence of cleavage
sites) were analyzed using the Wagner par
simony algorithm in PAUP (version 2.4.0;
Swofford, 1985).
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FIG. 1. Autoradiograph of a 1% agarose gel after
electrophoretic separation of fragments produced by
AvaI or Bell digestion ofC. lemniseatus mtDNAs. Cor
respondence of gel lane to cytotype and locality: E =

E, Manacapuru; A = A, Belem; B = B, Oriximina; C,
= C, Capanema; C; = C, Maruda; D, = D, Alter do
Chao; Db = D, Boa Vista. S = size standard: HindIII
digested i\ phage DNA and HaeIII-digested q,X174 RF
DNA. Numbers are DNA fragment sizes, in kb.

RESULTS

Variation among Unisexual
Cnemidophorus lemniscatus

Four mtDNAs, representing four widely
separated populations and each of the uni
sexual cytotypes A, B, and C (Table 1), were
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FIG. 2. Autoradiographs of 1.2% agarose (A) and

3.5% polyacrylamide (B) gels after electrophoretic sep
aration offragments produced by HinfI, HinPI, or MboI
digestion of C. lemniseatus mtDNAs. Correspondence
of gel lane to cytotype and locality: A = A, Belem; B
= B, Oriximina; C = C, Capanema; D, = D, Alter do
Chao; Db = D, Boa Vista. S = size standards: for A, i\
phage DNA digested with AvaI plus BglII; for B, HaeIII
digested q,X174 RF-DNA; fragment sizes are in kb.
Asterisks (*) mark fragments that arise from the HinfI
and HinPI cleavage site differences among the unisex
ual mtDNAs (see text). The faint bands present in some
lanes (e.g., HinPI digests, lane A) are due to incomplete
digestion.
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the endonucleases HinfI, HinPI, DdeI,
MboI, MspI, and Tag!. These enzymes
cleaved a total of 180 4-bp sites per mt
DNA. The HinfI digests fell into two groups
that differed by one cleavage site (Fig. 2);
mtDNAs from cytotypes A and B had
unique fragments of 0.87 and 0.14 kb,
whereas those from cytotype C had instead
a unique 1.03 kb fragment. The HinPI di
gests also identified two groups that differed
by one cleavage site (Fig. 2), but these were
not congruent with the HinfI groups.
mtDNAs having the additional HinPI site
[all C (Maruda) and some B (Oriximina)
mtDNAs] had one 0.625 kb fragment plus
unique fragments of 0.45 and 0.164 kb,
whereas those without it [all A, all C (Ca
panema), and the remaining B (Oriximina)
mtDNAs] had two fragments of 0.625 kb
instead. No cleavage site variation was ob
served in digests with the other enzymes
(e.g., MboI; Fig. 2).

The HinfI and HinPI data define four
mtDNA types whose sequences are esti
mated to differ by 0.07-0.14% (mean among
the four = 0.09%). The derivation of these
is considered in the context of the chro
mosomal data, which suggest that cytotypes
A and B are derived sequentially from cy
totype C (Fig. 3; Sites et al., 1990; also see
Fig. 7 of Peccinini-Seale and Frota-Pessoa,
1974). The HinfI site separating the 0.87
and 0.14 kb fragments probably arose in the
ancestor of cytotype B. The distribution of
the HinPI variants among the cytotypes is
more complex. The presence ofboth HinPI
variants in cytotypes Band C could indicate
either independent site gains in both cyto
type Band C individuals (Hypothesis I; Fig.
3) or multiple origins of cytotype B from
cytotype C unisexuals (Hypothesis II; Fig.
3). Hypothesis I is the more parsimonious.
It requires only the convergent gain ofHinPI
sites, whereas Hypothesis II requires par
allel chromosomal changes as well.

Only minor size variation (i.e., ::;400 bp)
was observed among the unisexual mt
DNAs. This is illustrated in Figure 2 by the
lowered mobility ofthe second largest HinfI,
the fourth largest HinPI, and the largest
MboI fragments in lanes B compared to
those in lanes A and C. However, despite
the examples in Figure 2, this variation does
not partition among cytotypes or localities

CHROMSOMAL PHYLOGENY:

b
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~'£ b

D III ~ C II ~ B ~ A
aa' ba' ba'

t.' t.'
C B
ab' bb'
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!* I£:'* b
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aa' ba' ba'

t~
~* 1£*

C I I~ B
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D

Er2n ~ 50---+----;~~2n ~ 48--+-----;~~2n ~ 48

compared by digestion with each of 14 re
striction endonucleases that cut at 5- or
6-bp sites (listed in Fig. 4, legend). No vari
ation in fragment size was observed (e.g.,
Fig. 1), indicating complete conservation of
the 32 sites cleaved by these enzymes. At
this level of resolution there was no evi
dence for length variation among these
mtDNAs. The estimated size ofthe mtDNA
in the unisexuals is approximately 16.7 kilo
bases (kb).

For a higher resolution analysis, mtDNAs
of45 unisexuals (Table 1)were digested with

FiG. 3. Two hypotheses explaining mtDNA cleav
age type distributions among the chromosomal forms
ofunisexual C./emniscatus, based on the chromosomal
phylogeny originally proposed by J. Wright (see Fig. 7
of Peccinini-Seale and Frota-Pessoa, 1974). Hypoth
esis I requires convergent gains (d*) of HinPI sites in
cytotype Band C individuals. Hypothesis II requires
multiple origin of cytotype B individuals via parallel
chromosome losses (a*) as well as convergent gains
(c*) of Hinfl sites. Upper case letters designate cyto
types; lower case letters not underlined designate
mtDNA cleavage types. Character changes: a, loss of
one chromosome pair; b, pericentric inversion in the
second pair of chromosomes; c, gain of Hinfl site (a
- b) in mtDNA; d, gain of HinPI site (a' - b') in
mtDNA. -
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FIG. 4. Restriction endonuclease cleavage maps of C. lemniseatus and A. ameiva mtDNAs. The scale at the
bottom indicates distance, in kb, and was used to define the map positions in Table 3. All maps were linearized
and aligned using the highly conserved BamHIISstII sites at position 14.3, in agreement with other studies of
Cnemidophorus mtDNA. Slashes indicate regions with length variation among mtDNAs from C. lemniscatus
and A. ameiva. The heavy line in the D, Boa Vista, mtDNA map denotes the position of a 400 bp length
difference between the two D mtDNAs. Enzyme abbreviations: a, Aval; b, BamHI; c, Ben; d, Spei; e, EeoRI;
g, BgnI; h, HindIII; I, san; n, Nhel; 0, Neol; p, PvuII; s, SstII; v, EeoRV; x, Xbai.

of unisexual C. lemniseatus. The observa
tion ofminor length variation is a common
feature of inter- and intrapopulational
mtDNA comparisons of Cnemidophorus
(Densmore et aI., 1985, 1989a, 1989b; Mo
ritz et aI., 1989a) and other vertebrate
species (reviewed by Brown, 1985, and by
Moritz et aI., 1987), and the nature and pos
sible causes of this kind of variation have
been characterized and discussed. In the
present study, no further characterization or
analysis of this size variation was under
taken.

Variation among Bisexual
Cnemidophorus lemniscatus

Four mtDNAs from individuals repre
senting four bisexual populations of Ama
zonian C. lemniseatus (localities 5-8, Table

1) were examined using 14 enzymes that
cleave at 5- and 6-bp sites (listed in the
legend to Fig. 4). The two cytotype E
mtDNAs had 38 (Urucurituba) and 39
(Manacapuru) cleavage sites, differing by
only one Nhel site. More variation was ob
served between the two cytotype D mt
DNAs. These had 35 (Alter do Chao) and
32 (Boa Vista) cleavage sites and differed
by single cleavage sites for Aval, Bell, Neol,
Nhel, Sall, and Spel (Table 2). The Aval
and Bell differences are apparent between
lanes D, and Db in Figure 1. Estimates of
sequence divergence are 0.2 ± 0.2% be
tween the two cytotype E mtDNAs and 1.9
± 0.8% between the two cytotype D mt
DNAs.

The mtDNAs also differed in size; both
E mtDNAs were 16.7 kb, whereas the D
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TABLE 2. Estimates of pairwise sequence divergence among Cnemidophorus lemniscatus and Ameiva ameiva
mitochondrial DNAs.a

mtDNA AM-ATCH UNI D-BV D-ATCH E-MAN E-URU

AM-ATCH 42 18.8 18.8 19.0 16.3 16.6
± 3.6 ± 3.6 ± 3.6 ± 3.1 ± 3.1

UNI 12 32 5.5 5.7 13.0 13.3
± 1.5 ±1.5 ± 2.7 ± 2.7

D-BV 12 23 32 1.9 13.0 13.3
± 0.8 ± 2.7 ± 2.7

D-ATCH 12 23 29 35 13.3 13.5
± 2.7 ± 2.7

E-MAN 15 16 16 16 38 0.2
± 0.2

E-URU 15 16 16 16 38 39
a The estimates of percentage divergence ± 1 standard error are above, the number of cleavage sites compared is on, and the number of cleavage

sites shared is below the diagonal. Abbreviations: D-ATCH and D-BV, cytotype D from Alter do Chao and Boa Vista: E-URU and E-MAN, cytotype
E from Urucurituba and Manacapuru; UNI, cytotypes A, B, and C from tbe four unisexual localities listed in Table 1; AM-ATCH, Ameiva ameiva
from Alter do Chao.

mtDNAs were 18.4 and 18.8 kb. The length
differences typically appeared in the largest
fragment of a digest (e.g., Fig. 1), and 1.7
kb of the difference between the E and D
mtDNAs mapped to the region between the
conserved SpeI site at map position 16.2
and the BglII site to its right (Fig. 4). Side
by side comparisons of combined SpeI and
BglII digests revealed a 0.5 kb SpellBglII
fragment in the E mtDNAs and a corre
sponding 2.2 kb fragment in the D mt
DNAs. The 400 bp difference between the
two cytotype D mtDNAs mapped to the
region between the BglII site at map posi
tion 18.4 and the SpeI site at position 1.6,
as indicated in Figure 4.

A higher resolution comparison of
mtDNAs within cytotypes D and E, using
enzymes that cleave at 4-bp sites, was con
sistent with the above cleavage map com
parisons. Cytotype D mtDNAs were het
erogeneous. Thirteen (3 from Boa Vista and
10 from Alter do Chao) were digested with
each of 7 enzymes (MboI, HinfI, HinPI,
DdeI, MspI, RsaI, and TaqI), which cleaved
an average of 194 sites per mtDNA. The
fragment size comparisons revealed 12
cleavage types among the 13 mtDNAs;
cleavage site differences ranged from none
with any enzyme, between the most similar
pair (from Alter do Chao), to several with
each enzyme, between mtDNAs from Alter
do Chao and Boa Vista (Fig. 1). Although
cleavage site variation was observed be
tween individuals and among groups of in-

dividuals within each locality, the degree of
divergence was less than between mtDNAs
from different localities. In contrast, digests
of six cytotype E mtDNAs (three each from
Urucurituba and Manacapuru) with MboI,
HinfI, HinPI, and DdeI revealed no vari
ation at any of 111 cleavage sites, indicating
that the 0.2% sequence difference estimate
based on the cleavage map comparisons may
be an overestimate.

Comparisons with Ameiva and Other
Cnemidophorus

A mtDNA representing the A. ameiva
population at Alter do Chao was mapped
and compared to C. lemniscatus mtDNAs,
from which it differs at numerous sites (Fig.
4). Its size was approximately 17.2 kb, with
the difference relative to C. lemniscatus
mtDNA mapping to the same region be
tween the conserved SstII and BglII sites
(Fig. 4) as was the size difference between
mtDNAs ofC. lemniscatus cytotypes D and
E. Fragment patterns of mtDNAs from ad
ditional species (c. murinus, C. nigricolar,
C. arubensis, A. auberi) and populations (A.
ameiva from Manacapuru) were character
ized (data not shown), but their cleavage
sites were not mapped. Comparisons of the
fragment patterns yielded by these mtDNAs
revealed few similarities to either C. lem
niscatus or to each other. These results are
in qualitative agreement with those yielded
by comparisons of allozymes from these
same lizards (Sites et al., 1990).
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FIG. 5. Dendrogram produced from UPGMA clustering of the mtDNA sequence divergence estimates pre
sented in Table 2. Slashed bars represent standard errors ofthe estimates. D, E, and UNISEXUALS refer to C.
lemniscatus cytotypes D, E, and A--e, respectively.

Phylogenetic Relationships
Estimates of sequence divergence be

tween the six mapped mtDNAs (Table 2)
and clustering based on these estimates (Fig.
5) indicate that the mtDNAs of the unisex
uals are most similar to those from cytotype
D bisexuals. Although the mtDNAs of A,
B, and C unisexuals differed from those of
cytotype D bisexuals by 5-6%, they differed
from cytotype E mtDNAs by 13%, which is
approximately the amount by which D and
E mtDNAs differed from each other. Amei
va ameiva mtDNA was the most distinct,
its average pairwise difference from the C.
lemniscatus mtDNAs being approximately
18%.

A more rigorous estimate ofrelationships
was based on parsimony analysis of infor
mative cleavage sites, i.e., those with states
(presence/absence) shared by two or more
(but not by all) of the mtDNAs. The max
imum parsimony cladogram was rooted us
ing A. ameiva as the outgroup. Analysis of
40 informative characters (Table 3), using
exhaustive branch swapping, yielded a sin
gle shortest tree with 45 steps and a consis-

tency index of 0.89 (excluding A. ameiva;
Fig. 6). This analysis, like that using
UPGMA, indicated that the mtDNAs ofthe
unisexuals were most closely related to
mtDNAs of cytotype D bisexuals.

DISCUSSION

Maternal Ancestry
The phylogenetic analyses demonstrate

that mtDNAs of the unisexuals (cytotypes,
A, B, and C) are most closely related to those
of cytotype D bisexuals. However, the ac
tual cytotype D female(s) involved in the
hybridization event(s) presumably came
from a locality other than those examined,
given the considerable (> 5%) divergence of
these D mtDNAs from those of the unisex
uals. The substantial difference among
mtDNAs from different cytotype D popu
lations supports this suggestion. Further
sampling of populations from the Amazon
basin and areas to the north will be needed
to provide more information about the geo
graphic origin of the unisexual C. lemnis
catus.

• 1 +3 +8 +11 .1. +16 +18 -23 -32
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TABLE 3. Summary of phylogenetically informative cleavage sites.a

Mitochondrial DNAs and characters

No. Site Map position AM·ATCH UN) D·BV D·ATCH E·MAN E·URU

I. c 0.6 0 0 0 0 I I
2. e 1045 0 0 0 0 I 1
3. h 1.9 0 0 0 0 I 1
4. d 1.9 0 0 0 0 1 1
5. d 2.65 0 0 I I 0 0
6. v 3.35 I 0 0 0 1 I
7. v 3.9 I 0 I I 0 0
8. X 4.5 0 0 0 0 I I
9. 0 5.0 0 0 0 0 1 I

10. d 5.75 0 0 I I 0 0
II. a 6.3 0 0 0 0 I 1
12. d 6.35 0 0 0 0 1 1
13. d 6.5 0 I I 0 0 0
14. 0 6.5 0 0 0 0 I 1
15. I 6.85 0 0 0 0 I I
16. n 7.95 0 0 0 0 I 1
17. b 8.0 0 0 0 0 1 1
18. P lOA 0 0 0 0 1 1
19. x 11.6 I 0 0 0 I 1
20. 0 13045 0 0 I I 0 0
21. x 14.05 0 0 0 0 I I
22. d 7.1 0 I I I 0 0
23. h 7.2 I I I 1 0 0
24. v 7.5 0 I I I 0 0
25. x 7.7 0 0 I 0 I I
26. h 8.6 I I 0 0 I I
27. e 9.05 0 I I I 0 0
28. I 10.0 0 I 1 1 0 0
29. n 12.25 0 I I I 0 0
30. d 12.9 0 I 1 I 0 0
31. d 16.2 0 I 1 I 0 0
32. g 16.7 I I I I 0 0
33. n 5.5 1 I 0 0 0 0
34. c 6.8 0 I 0 I 1 1
35. p 9.35 I 0 0 0 I I
36. d 4.8 0 0 I I 0 0
37. b 904 I 0 0 0 I I
38. p 10.0 I 0 0 0 I I
39. d 9.6 0 0 I I 0 0
40. d 9.8 0 0 0 0 1 I

a Abbreviations for species and localities as in Table 2, and for endonucleases as in the legend to Figure 5. Character numbers correspond to those
onthecladogram in Figure 7. Character coding: 0, cleavage site absent; 1, cleavage site present. Map positions (in kb) correspond to those in Figure s.

Origin and Age of Unisexual
al., 1987), the mtDNA homogeneity within
the unisexua1s implies that these lineages

C. 1emniscatus are of recent origin.
The extremely low level ofmtDNA vari- The above conclusions echo those already

ation among the unisexua1s suggests that drawn for other unisexual Cnemidophorus
they arose from hybridization(s) involving (Brown and Wright, 1979; Wright et al.,
only one or a few closely related females. 1983; Densmore et al., 1989a, 1989b; Mo-
Also, given the extent ofsequence difference ritz et al., 1989a), for unisexual gekkos in
between cytotype D mtDNAs from different the Heteronotia binoei complex (Moritz et
localities, it seems likely that the unisexuals al., 1989b and unpubl. data), and for the
arose in a geographically restricted area. Fi- unisexual fish Menidia clarkhubbsi (Echelle
nally, because of the rapid rate of mtDNA et al., 1989). That all of these unisexuals
evolution among vertebrates (Brown et al., seem to have originated recently supports
1979; reviewed by Brown, 1985; Moritz et the hypothesis that the evolutionary dura-
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TABLE 4. Sequence divergence estimates for mtDNAs from bisexual species of Cnemidophorus involved in hybrid
origins of unisexual lineages.

Unisexual

C. lemniscatus
C. cozumela
C. sp. GC
C. tesselatus
C. neomexicanus
C. laredoensis

Hybridizing bisexuals

C. lemniscatus cytotypes D X E
C. angusticeps X C. deppei
C. motaguae X C. guttatus
C. marmoratus X C. septemvittatus
C. marmoratus X C. inornatus
C. gularis X C. sexlineatus

%a Reference

13 This study
15 b

15 b

9 b

12 b

5 d

a Percentage sequence difference between the rntDNAs of the bisexual species.
b C. Moritz, J. Wright, Y. Singh, and W. Brown (submitted).
C Undescribed species; J. W. Wright (unpubl. data).
d Wright et al. (1983).

tion of parthenogenetic vertebrate taxa is
short (Williams, 1975; Maynard-Smith,
1978; White, 1978; Bell, 1982; Michod and
Levin, 1988).

The proposed recent origin of unisexual
C. lemniscatus from a small geographic area
has two important implications for inter
preting their biogeographic history. First,
because the unisexuals are of hybrid origin
(Sites et al., 1990), they must have arisen
in the region where the bisexual parent taxa
are or were in contact, presumably near their
present western boundary. The rapid spread
ofthe unisexua1s from west to east, presum
ably by rafting, would be facilitated by their
parthenogenesis. It is, therefore, difficult to
reconcile the current distributions (see Fig.
1 in Sites et al., 1990) with the east to west
migration proposed by Vanzo1ini (1970).
Second, the apparent geographic restric
tions on the origin(s) of the unisexuals con
flict with suggestions that they stem from
multiple, geographically widespread and in
dependent events (Vanzolini, 1970, 1978;
Hoogmoed, 1973 p. 272; Peccinini-Seale
and Frota-Pessoa, 1974), although analysis
of Venezuelan and Suriname specimens is
needed to test the generality of this result.
In particular, it seems unlikely that the uni
sexual population at Obidos arose sepa
rately (Vanzo1ini, 1970); a more plausible
explanation for the shift in sex ratio that he
reported is that the bisexual population was
invaded and replaced by a unisexual one.

Are Cytotypes D and E Different Species?
Allozyme data (Sites et al., 1990) indicate

strongly that the D and E chromosome forms
of bisexual C. lemniscatus are different
species; the genetic distance between D and

E, based on allozymes, is 20 times greater
than that between D populations that are
separated by a similar geographic distance.
The mtDNA comparisons support and
strengthen this observation. The estimated
sequence divergence between mtDNAs from
the D and E cytotypes, 13%, is more than
six times greater than that between geo
graphically separated samples of the D cy
totype (Table 2), and is also greater than
that separating the mtDNAs of many other
bisexual species of Cnemidophorus, includ
ing some that have hybridized to produce
unisexual lineages (Table 4). The empirical
evidence that cytotypes D and E are sepa
rate species makes the correlation between
hybridity and parthenogenesis in Cnemi
dophorus absolute, and precludes further use
of C. lemniscatus as support for the argu
ment that parthenogenesis arose sponta
neously in Cnemidophorus.
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ApPENDIX

All Cnemidophorus used in these analyses have been
deposited as voucher specimens in the herpetological
collections of the University of Michigan Museum of

Zoology (UMMZ), the Museu Paraense Emilio Goeldi
(MPEG), Sao Paulo, Brazil, the University of Califor
nia Museum ofVertebrate Zoology (UCMVZ), and the
Natural History Museum of Los Angeles County
(LACM). Abbreviated locality data and catalog num
bers are provided below. More complete specimen data
are available on request.

Specimens examined: Ameiva ameiva-Alter do
Chao, Para, Brazil (UMMZ 183890*); Manacapuru,
Amazonas, Brazil (UMMZ 184304). Ameiva auberi
Bahamas, Andros Island, Small Hope Bay (UMMZ
183964). Cnemidophorus lemniscatus, cytotype A
Belem, Para, Brazil (LACM 131706, 131707,* 131708
9; UCMVZ 192236, 192238). C. lemniscatus, cytotype
B-Oriximina, Para, Brazil (MPEG 14652, 14653,*
14654-56; UMMZ 183871-74, 183876-82, 184292,
184294; LACM 131710-11). C. lemniscatus, cytotype
C-Capanema, Para, Brazil (MPEG 14639-42, 14643,*
14666-69; UMMZ 184291); Maruda, Para, Brazil
(MPEG 14660,* 14661-64; UMMZ 184298-300). C.
lemniscatus, cytotype D-Alter do Chao, Para, Brazil
(MPEG 14657-58,14659,* 14665, 14671-72; UMMZ
184296); Boa Vista, Roraima, Brazil (MPEG 14650,*
14651, 14670). C. lemniscatus, cytotype E-Urucuri
tuba, Para, Brazil (LACM 134773,* 134775-77); Ma
nacapuru, Amazonas, Brazil (MPEG 14645,* 14646
47; UMMZ 183883). C. arubensis-Netherlands
Antilles, Aruba (LACM 131254). C. murinus-Neth
erlands Antilles, Curacao (LACM 138125). C. nigri
color-Venezuela, Isla Blanquilla (LACM 138126).
*Samples used for cleavage mapping; note that some
of these were not used in the 4-bp site analyses.


