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PARTHENOGENESIS IN THE TROPICAL GEKKONID LIZARD,
NACTUS ARNOUXII (SAURIJA: GEKKONIDAE)

CRAIG Mori1TZ
Laboratory of Molecular Systematics, Museum of Zoology and Department of Biology,
University of Michigan, Ann Arbor, MI 48109

Abstract.— As currently diagnosed, Nactus arnouxii includes unisexual and bisexual populations.
The geographic distribution of each type was estimated by sex-ratio analysis of samples from
southwestern Pacific islands. Males were absent from southern Vanuatu (excluding Aneityum),
New Caledonia, and all islands to the east that have been sampled. Both types of populations
appear to be present on Aneityum. Chromosome and protein analyses showed that the bisexual
populations are highly polytypic and probably consist of more than one biological species. The
unisexual N. arnouxii were diploid, highly heterozygous, and showed no genetic segregation. The
absence of segregation suggests clonal reproduction, substantiating parthenogenesis. The high het-
erozygosity of the unisexuals indicates their origin through hybridization. One parent was genetically
similar to the extant bisexual population from northern Vanuatu. The other parent has not been
identified, but its genetic characteristics are predicted by phylogenetic analysis.
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Clonal mechanisms of reproduction oc-
cur in a small proportion of vertebrate
species: sperm-dependent modes (hybrid-
ogenesis and gynogenesis) have been doc-
umented for a few species of fish and am-
phibians (reviewed by Schultz [1969], White
[1978], and Bell [1982]), while true par-
thenogenesis occurs sporadically in seven of
the 17 families of lizards and in one species
of blind snake (reviewed by Cole [1975],
and Darevsky et al. [1985]). Among geckos
(family Gekkonidae), five parthenogenetic
species are known, and at least two of these
also include sexually reproducing popula-
tions (reviewed by Moritz and King [1985]).
Comparative studies of parthenogenetic and
bisexual relatives can provide important in-
sights into the evolutionary significance of
sex and genetic diversity (reviewed by Bell
[1982]). However, the origins of partheno-
genetic lineages must be resolved before such
comparisons can be properly interpreted.

Nactus arnouxii (formerly Cyrtodactylus
pelagicus) is a small terrestrial gecko, dis-
tributed from Papua New Guinea and
northeastern Australia to the islands of the
central Pacific Ocean (Kluge, 1983). This is
one of the few lizard species to have colo-
nized the region east of Fiji (Fig. 1), and it
occupies a wide range of habitats from dis-
turbed littoral situations to climax rainfor-
est (Cogger and Heatwole, 1981; Gibbons,
1985). Little is known of the population bi-
ology of this species, but Schwaner (1980)

found only females in a series of 51 speci-
mens of N. arnouxii from American Samoa.
Preliminary data (discussed below) suggest
that these represent a unisexual species that
reproduces parthenogenetically.

In this paper, the geographic distribution
of bisexual and parthenogenetic popula-
tions is estimated from the sex ratio of mu-
seum samples of N. arnouxii. This analysis
is complemented by assays of chromosomal
and electrophoretic variation in freshly col-
lected specimens from bisexual and parthe-
nogenetic populations.

MATERIALS AND METHODS

Morphology. —The sexes of 1,580 speci-
mens of N. arnouxii were determined from
external characteristics. Conspicuous
preanal pores are present in adult males but
not females. The gonads of freshly killed
specimens were also examined to verify sex.
Specimens smaller than 30 mm snout-vent
did not have conspicuous preanal pores and
were therefore excluded from the analysis.
With the exception of specimens from New
Britain, mainland Papua New Guinea, and
Australia, all geckos from a given island were
pooled to maximize sample size for statis-
tical tests. Deviations from a 1:1 sex ratio
were tested using the x? test with Yates’ cor-
rection.

Cytogenetics. —~Metaphase-chromosome
spreads were obtained from short-term leu-
cocyte cultures (modified from de Boer et
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Conditions for electrophoresis. All gels were run at 10-12 V/cm at 4°C. Tissues: L = liver, M =

skeletal muscle. Numeric code for buffers (in column for “Conditions”): 1) 50 mM Tris, 5 mM EDTA, 1 mM
MgCly, pH 7.8 with maleic acid; 2) 15 mM Tris, 5 mM EDTA, 1 mM MgCl,, pH 7.8 with maleic acid; 3) 15
mM Tris, 5 mM EDTA, | mM MgCl,, pH 8.2 with boric acid; 4) 100 mM Tris, pH 8.2 with citric acid; 5) 20
mM phosphate, pH 7.0. Where necessary, approximately 10 mg of the cofactors were added to the gel-soaking
and running buffers. “Nothing” dehydrogenase was stained in the presence of NADP and MgCl; but no exogenous
substrate. Its activity was not affected by inhibitors of LDH or ADH. Enzyme Commission numbers are taken

from Richardson et al. (1986).

Number
of loci

Protein system (abbreviation, E.C. number) Tissue scored Conditions
Aconitase (ACON, 4.2.3.1) L 2 1,1.5 hr
Adenylate kinase (AK, 2.7.4.3) M 1 1,2 hr
Alanine amino transferase (GPT, 2.6.1.2) L 1 4,1hr
Alcohol dehydrogenase (ADH, 1.1.1.1) L 2 3,NAD, 3 hr
Aspartate amino transferase (GOT, 2.6.1.1) L 2 4,2 hr
Fumarase (FUM, 4.2.1.2) L 1 4, NAD, 3 hr
Fructose biphosphate aldolase (ALD, 4.1.2.13) M 1 1, NAD, 3 hr
General protein (GP) M 2 1,3 hr
Glucose phosphate isomerase (GPI, 5.3.1.9) M 1 3,2.5hr
Glyceraldehyde-phosphate dehydrogenase («GPD, 1.2.1.12) L 1 3, NAD, 2 hr
Glycerol-3-phosphate dehydrogenase (GA3PD, 1.1.1.8) L 1 3, NAD,2 hr .
Hexokinase (HK, 2.7.1.1) M 1 1, NADP, 2 hr
Isocitrate dehydrogenase (IDH, 1.1.1.42) L 1 4,2 hr
Lactate dehydrogenase (LDH, 1.1.1.27) L 2 3,3hr
“Nothing” dehydrogenase (NDH) L 1 1, NADP, 2 hr
Mannose phosphate isomerase (MPI, 5.3.1.8) L 1 1, NADP, 0.5 hr
Peptidase D: L-leucyl-proline (PEPLP, 3.4.13.9) L 1 3,1.5hr
Peptidase: L-leucyl-glycyl-glycine (PEPLGG, 3.4.11) L 1 1, 1.5 hr
Phosphogluconate dehydrogenase (6PGD, 1.1.1.44) L 1 1/3, NADP, 1.5 hr
Phosphoglucomutase (PGM, 2.7.5.1) L 2 2,2 hr
Phosphoglycerokinase (PGK, 2.7.2.3) M 1 4,1.5 hr
Phosphopyruvate hydratase (ENO, 4.2.1.11) LM 2 5,3 hr
Pyruvate kinase (PK, 2.7.1.40) M 1 1,2 hr
Sorbitol dehydrogenase (SORDH, 1.1.1.14) L 1 1, NAD, 1 hr
Superoxide dismutase (SOD, 1.15.1.1) L 1 (any)
Triose phosphate isomerase (TPI, 5.3.1.1) M 1 1, NAD, 3 hr

al. [1977] by growing cultures at 30°C and
excluding antibiotics), direct in vitro prep-
arations of spinal bone marrow (Christidis,
1984), and, for one specimen from New
Caledonia, squash preparations of intestinal
epithelium (provided by A. Bauer; method
in Kezer and Sessions [1979]). Air-dried
meiotic preparations were made according
to King and Rofe (1976), but without col-
chicine treatment. The C-banding protocol
is given in Moritz (1984). Chromosome
counts are based on five to ten cells per
individual. Chromosome arms are identi-
fied on the basis of their length. In the ab-
sence of G-banding analyses, their assign-
ment to particular fusions is tentative.
Electrophoresis.—Gel electrophoresis of
liver and skeletal muscle extracts was con-
ducted on cellulose acetate (“Cellogel,”
Chemetron, Milan; methods in Richardson

et al. [1986]). The tissue was ground in an
equal volume of a Tris-EDTA buffer (Se-
landeret al., 1971) and centrifuged at 13,600
g for 10 minutes; the supernatant was then
stored at —170°C. The remaining samples
are stored by the Evolutionary Biology Unit
of the South Australian Museum. Voucher
specimens collected by the author are held
by the Australian Museum and the Uni-
versity of Michigan Museum of Zoology.
The electrophoretic conditions used in this
study are given in Table 1.

RESULTS

Distribution of All- Female Populations. —
The sex ratios of the N. arnouxii samples
are summarized in Table 2 and Figure 1.
Males were found in all samples from north-
ern Vanuatu (formerly New Hebrides) to
northeastern Australia and Papua New
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Fig. 1. Geographic variation in the sex ratios of museum series of N. arnouxii. The solid part of each circle
is the frequency of females. For samples of fewer than 20 specimens, the areas of the circles decrease with sample
size. Numbers refer to localities listed in Table 2. Note the absence of males from south Vanuatu (excluding
Aneityum), New Caledonia, and the islands to the east. The small, all-female samples from Micronesia and

Tahiti (Table 2) are not shown.

Guinea. Males were absent from Microne-
sia, the southern islands of the Vanuatu ar-
chipelago (excluding Aneityum; see below),
the Loyalty islands, New Caledonia, and all
surveyed areas to the east. A boundary be-
tween the bisexual and all-female popula-
tions is evident between adjacent islands of
the Vanuatu chain (Fig. 2).

The boundary between the two types of
populations in Vanuatu coincides with a
change in external morphology. N. arnouxii
from the all-female populations invariably
have small postmental scales with one or
more granules separating the postmental
from the junction of the mental and the first
infralabial scales (Fig. 3B). In contrast, all
N. arnouxii from Efate to the Banks Islands
(numbers 21-25 in Fig. 2) had the large
postmental scale (Fig. 3A). Of the Aneityum
specimens, two were females with the re-
duced postmental scale, while the other five,
including three males, had the large scale
characteristic of bisexual populations from
Vanuatu. These data suggest that both types

of populations are present on Aneityum.
However, the reduced postmental scale can-
not be used to diagnose parthenogens in
areas other than Vanuatu, since both males
and females from the Solomon islands and
Papua New Guinea occasionally showed this
condition.

Chromosome Variation. — The cytoge-
netic analysis of bisexual and parthenoge-
netic N. arnouxii revealed considerable
variation (Table 3). The number of chro-
mosome pairs varies from 20 to 14, while
the number of major-chromosome arms
(excluding the small arms of the acrocentric
pair 2)is 42 in all but the Papua New Guinea
samples. In high- and low-chromosome-
number forms, C-band heterochromatin is
largely restricted to the centromeres and tel-
omeres (Fig. 4). The major mechanism of
chromosome change in this species there-
fore appears to be whole-arm transloca-
tions, rather than addition/deletion of
whole-arm heterochromatin.

The four specimens of N. arnouxii from
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Port Moresby, Papua New Guinea had 40
major chromosome arms instead of the 42
seen in other N. arnouxii (Figs. 5A, 6A; Ta-
ble 3). Furthermore, all four were hetero-
zygous for one centric fusion (Figs. 5A, 6A).
This sample included representatives of two
morphs (large and small) that may be dis-
tinct species (D. Black, pers. comm.). All
three specimens of the small morph were
heterozygous for the same centric fusion
(2n= 39A; arms 1 + 6; Fig. 6A). As ex-
pected, a trivalent with end-to-end pairing
was observed in the meiosis of a male (Fig.
6B). The single specimen of the large morph
was also heterozygous for a centric fusion,
but in this case at least one of the chro-
mosomes involved was different (2n = 39B;
arms 6 + §; Fig. 5A).

All of the specimens from Australia (Ta-

ble 3) had 2n = 38 chromosomes including .

two pairs of large biarmed chromosomes
(Fig. 5B). On the basis of their relative arm
lengths, these probably represent fusions
between arms 1 and 5 and between arms 2
and 3, respectively.

The bisexual N. arnouxii from Vanuatu
had a very different karyotype. These in-
dividuals had only 14 pairs of chromo-
somes, of which seven were metacentric or
submetacentric (Fig. 5C). The number of
major chromosome arms was the same as
in the 2n = 38 form from Australia. The
largest pair of chromosomes (arms 1 + 3)
appears to differ from the large metacentrics
in the 2n = 38 karyotype (cf. Figs. 5B, C).
The largest acrocentric pair (pair 2 in Fig.
5C) differs from the uniarmed pair 2 of the
high-chromosome-number karyotypes by a
pericentric rearrangement. The other
biarmed chromosomes appear to be the re-
sult of successive centric fusions (see below).

Representatives of the all-female popu-
lations from the geographically distant is-
lands of Niue, Viti Levu (Fiji), Tana (Van-
uatu), and New Caledonia were karyotyped
(Table 3, Fig. 1). All had 2» = 35 chro-
mosomes, of which seven were meta- or
submetacentric (Fig. 5D). None of the
biarmed chromosomes could be consis-
tently paired with one another (N = 65
metaphases). Parthenogenetic N. arnouxii
therefore appear to be heterozygous for sev-
en centric fusions and one pericentric rear-
rangement (Fig. 5D). All of the biarmed
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FiG. 2. Details of the distribution and sex ratios of
N. arnouxii samples from the Vanuatu-New Caledonia
region. Symbols and numbers as for Figure 1. Males
are absent from the region to the south of Efate except
for the sample from Aneityum, which appears to have
both types of populations (see text). The boundary be-
tween the all-female and bisexual populations is in-
dicated by the broken line.

chromosomes of the parthenogens have
morphologically identical counterparts in
the bisexual 2n = 28 population from north-
ern Vanuatu (cf. Figs. 5C, D).

Allozyme Variation. —Electrophoretic
variation in proteins was assayed for par-
thenogens from Fiji and Niue and from rep-
resentatives of each of the karyotypic forms
of the bisexuals (Table 3). Patterns of allelic
variation were compared for 33 presumed
gene loci from 25 protein systems in all sam-
ples except for the single 21 = 39B individ-
ual for which 29 loci were assayed (Table
3). Of the 33 loci, eight were invariant (Gpt,
Got-2, Ldh-B, Pgm-1, Gp-1, Ak, Eno-1, and
Eno-2). The gene frequencies for the re-
maining 25 loci are given in Table 4.

The level of observed heterozygosity
within the bisexual populations is low, rang-
ing from 0.01 in the 2n = 28 sample to 0.04
in the 2n = 38 individuals (Table 3). In
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TaBLE 2. The numbers of males (M) and females (F) in samples of N. arnouxii. Map numbers refer to Figures
1 and 2. Males are absent from material from southern Vanuatu (excepting Aneityum), New Caledonia, and
the islands to the east. Some other samples, particularly those from the Solomon islands, have significantly more
females than males. Samples 4, 17, and 29 represent specimens from several immediately adjacent islands that
were pooled to provide numerically adequate series. Deviations from a 1:1 sex ratio were tested for in samples
1-25 using the x2 test with Yates’ correction. For probabilities (P), a: 0.05 < P < 0.10; b: 0.005 < P < 0.05;

c: P < 0.005; ns: P> 0.10; nt: not tested.

Map Map
num- num-
ber Locality M F P ber Locality M F P
Australia: Northern Vanuatu:
1 Weipa 14 11  ns 21 Vanua Lava, Banks 9 6 ns
2 Cooktown 10 7 ns Islands
3 Mission Beach 4 8 mns 22  Espiritu Santo 14 20 ns
4 South Torres Strait 17 30 a 23 Aoba 3 4 ns
Islands 24  Malekula 25 30 ns
Subtotal 45 56 — 25  Efate 53 72 ns
Subtotal 104 132

Papua New Guinea:

S Sepik district 9 12 ns
6 Alexishafen 27 34 ns
7 36 mi N of Maiwara 7 13 ns
8  Karkar Island 63 89 b
9  Manam Island 7 4 ns
10 Manus Island 2 16 ¢
11 Rabaul, New Britain 41 48 ns
12 Talasea, New Britain 17 27 ns
13 Kavieng, New Ireland 14 22 ns
14  Kiriwini 5 4 ns
15 Buka 11 9 ns
16  Bougainville 161 148 ns
Subtotal 364 426 —

Solomon islands:

17  Shortland Islands 31 47 a
18  New Georgia 7 17 a
19  Guadalcanal 14 27 a
20  Malaita 7 28 ¢
Subtotal 59 119 -

Southern Vanuatu:

26  Erromango 0 5 nt

27  Tanna 0 74 ¢

28  Aneityum 2 3 mns
Subtotal 2 84

Other (more southern and more eastern) SW Pacific
islands:

29  Loyalty islands 0 12 ¢
30 New Caledonia 0 47 ¢
31 Fji 0 48 ¢
32  American Samoa 0 57 ¢
33 Tonga 0 5 nat
34  Niue 0 3 nt
35 Cook Islands 0 1 nt
36  Tahiti Y] 1 nt
Subtotal 0 174 —
Micronesia:
37  Caroline Islands 0 3 nt
38  Marshall Islands 0 3 nt
39  North Marianas 0 6 nt
Islands
40  Tuvalu 0 3 nt
Subtotal 0 15 —
Total 574 1,006

contrast, the parthenogens were fixed het-
erozygotes at nine of the 33 loci, which cor-
responds to a heterozygosity of 0.27.

The genetic distances between the bisex-
ual samples are generally high, ranging up
to a value of 1.0 (Table 5). The exception
is the comparison between the large and
small morphs from Port Moresby, which
were separated by a genetic distance of only
0.1 (Table 5).

Only a single genetic clone was evident
among the six parthenogens assayed elec-
trophoretically, and this was very distinct
from all of the bisexual N. arnouxii, except

for the 2n = 28 Vanuatu sample (Table 5),
which shared alleles with the parthenogens
at 30 of the 33 loci.

DISCUSSION

Genetic Diversity among Bisexual N. ar-
nouxii.—Although few populations have
been studied, the high levels of chromo-
some and protein variation among the bi-
sexual N. arnouxii suggest that they repre-
sent more than one biological species.
Karyotypic evolution by whole-arm trans-
locations is common among gekkonid liz-
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FiG. 3. Variation in the size of the postmental scale of N. arnouxii. A) The scale is large (after Kluge [1983
fig. 31). B) The scale (solid) is reduced and separated from the junction of the mental and first infralabial scales
by small granules. The latter condition is found in all 273 specimens of the parthenogenetic form examined to

date.

ards (King, 1981; Moritz, 1986). In the event
of secondary contact between the low-chro-
mosome-number form from Vanuatu and
either of the high-chromosome-number lin-
eages, the karyotypic differences alone may
suffice to cause reproductive isolation. Reg-
ular segregation of chromosomes in the
meiosis of hybrids could be disturbed in two
ways: each heterozygous translocation could
form a trivalent (e.g., Fig. 6B) which is prone
to a low level of malsegregation (see White,
1978; Walsh, 1982) or the presence of the
same chromosome arm in different centric
fusions (monobrachial homology) could lead

to the formation of higher-order multiva-
lents and, thus, a substantial reduction in
fertility (Capanna, 1982; Baker and Bick-
ham, 1986; Moritz, 1986).

The electrophoretic data are compatible
with the presence of more than one gene
pool among bisexual N. arnouxii. The ge-
netic distances between recognized species
of lizards are highly variable (Avise and
Aquadro, 1982), but the values between the
samples of N. arnouxii from Australia, Pa-
pua New Guinea, and Vanuatu would be
considered large for interspecific compari-
sons. As a corollary, the substantial genetic

FiG. 4. C-banded mitotic metaphase cells of A) the 2n = 39B and B) the 2n = 28 karyotypes of N. arnouxii.
C-band heterochromatin is almost exclusively telomeric and centromeric.
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FiG. 5. Giemsa-stained karyotypes of N. arnouxii. A) Chromosomes of a 2n = 39B individual from Port
Moresby, Papua New Guinea. The heterozygous fusion (sixth set) is shown as the metacentric chromosome
together with the two homologous arms. B) The 2n = 38 karyotype found in specimens from Australia. The
fourth pair has a secondary constriction (arrow) adjacent to the centromere. C) The 2n = 28 karyotype of N.
arnouxii from Vanuatu. D) The highly heterozygous 2n = 35 karyotype of parthenogenetic N. arnouxii. Note
the similarity between the biarmed chromosomes of the 2n = 28 form and those of the parthenogens. The bar
indicates 10 pm.
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FiG. 6. A) Mitotic and B) meiotic metaphase spreads from a 2n = 39A specimen of the “small morph™ from
Port Moresby. Heterozygosity for a centric fusion is indicated by the unpaired metacentric chromosome in A.
In meiosis, the metacentric chromosome and its two homologues regularly form a trivalent.

divergence between the populations indi-
cates that they have been isolated for a long
time. Even allowing for substantial rate
variation (Avise and Aquadro, 1982), the
genetic distances between these lineages
suggest that they have been evolving inde-
pendently since the Tertiary (i.e., >2 MY).

The Distribution of Parthenogenesis in N.
arnouxii.—The main evidence for parthe-
nogenetic reproduction in N. arnouxii is the
absence of males from several large series
of specimens. Continued reproduction by
females in the absence of males is shown by
the presence of both juveniles and egg-bear-

ing females in these populations. Other pos-
sible explanations of all-female populations
include sex reversal, hermaphroditism
(Hardy and Cole, 1981), and ecological fac-
tors that prevent the capture of males (Mas-
lin, 1971). The first of these alternatives is
refuted by the absence of males of any size-
class, and the second is refuted by the ab-
sence of testicular material in females from
these populations. The third possibility is
considered to be unlikely, given the different
techniques (e.g., diurnal vs. nocturnal col-
lecting) and collectors that have contributed
to the museum collections. There is cer-

TABLE 3. Specimens of N. arnouxii examined by cytology and electrophoresis and a summary of the results.
N = sample size, 2n = diploid chromosome number; Fn = number of major chromosome arms (excluding the

small arms of the acrocentric morph of pair 2).

Cytogenetics i
Electrophoresis

Karyotype -
Heterozygosity
Locality (map number) 2n Fn N (direct count) N

Bisexual populations:

Port Moresby, Papua New Guinea 39A 40 3 0.03 3

Port Moresby, Papua New Guinea 39B 40 1 0.07 1*

Cooktown, Australia (2) 38 42 5 0.04 8

Mission Beach, Australia (3) 38 42 3 — -

Lizard Island, Australia (near 2) 38 42 4 - —_

Efate, Vanuatu (25) 28 42 15 0.01 3
Parthogenetic populations:

Viti Levu, Fiji (31) 35 42 3 0.27 5

Niue, Cook Islands (35) 35 42 1 0.27 1

New Caledonia (30) 35 42 1 —_ -

Tanna, Vanuatu (27) 35 42 25 — -

* This specimen was examined at 29 loci (see Table 4).
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TasBLE 4. Allele frequencies observed at 25 variable loci in N. arnouxii. At each locus, the alleles (= electro-
morphs) are designated by their electrophoretic mobility relative to the most common electromorph in the 2n =
38 populations. Upper- and lowercase letters were defined as primitive and derived, respectively, relative to the
2n = 39 Port Moresby samples for the phylogenetic analysis. Alleles without an accompanying letter were unique
and had not reached fixation. These were ignored in this part of the analysis, as were the noninformative loci,
Ndh and Pgm-2.

Frequency

Bisexual taxa Parthenogens
Locus Alleles 2n = 39A 2n=39B 2n =138 2n=28 2n =35
Acon-1 1.00a 0 0 100 100 100
0.96 B 100 100 0 0 0
Acon-2 1.00a 0 - 100 100 100
0.81B 100 — 0 0 0
Sod 1.00a 0 0 100 0 0
0.63 B 100 0 0 0 0
0.54¢ 0 0 0 100 100
0.44D 0 100 0 0 0
Fum 1.00a 0 0 0 100 100
0.94B 100 100 100 0 0
Got-1 1.20a 0 0 0.00 100 100
1.13 0 0 0.06 0 0
1.05C 100 100 0.00 0 0
1.00 b 0 0 0.94 0 0
Adh-1 1.56 4 100 - 0 0 0
1.30b 0 - 0 100 100
1.00c 0 - 100 0 0
Adh-2 1.63a 0 - 0 100 0
1.00B 100 - 100 0 100
Idh 1.00a 0 0 0.82 0 0.50
0.90 B 100 100 0.18 0 0.00
0.81c 0 0 0.00 100 0.50
Ldh-4 1.004 100 100 100 0 0.50
0.90 b 0 0 0 100 0.50
Mpi 1.06 a 0 - 0 100 0.50
1.00b 0 - 100 0 0.00
0.94C 100 - 0 0 0.50
Pep-LP 1.24a 0.00 - 0.00 100 0.50
1.16 0.33 - 0.00 0 0.00
1.08 0.00 — 0.07 0 0.00
1.00 B 0.67 - 0.56 0 0.50
0.95 0.00 - 0.06 0 0.00
0.87 0.00 - 0.31 0 0.00
Pep-LGG 1.38 0 0.50 0.00 0 0.00
1.16 4 100 0.50 0.12 100 0.50
1.00 0 0.00 0.69 0 0.00
0.96 b 0 0.00 0.00 0 0.50
0.88 0 0.00 0.19 0 0.00
6Pgd 1.11a 0 0 0 0 0.50
1.00 B 100 100 100 100 0.00
0.89c¢ 0 0 0 0 0.50
Sordh 1.20 0.00 0 0 0.33 0.00
1.14a 0.00 0 0 0.67 0.50
1.00b 0.00 0 100 0.00 0.50
0.95C 0.84 100 0 0.00 0.00
0.91 0.16 0 0 0.00 0.00
Ald 1.16 a 0 0 0 100 100
1.00 B 100 100 100 0 0
Gp-2 1.00a 0 100 100 100

0
091B 100 100 0 0 0
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TaBLE 4. Continued.

Frequency
Bisexual taxa Parthenogens
Locus Alleles 2n = 39A 2n = 39B 2n =138 2n=128 2n=35
Pk 1.00 a 0 0 100 100 100
0.90 B 100 100 0 0 0
Pgi 1.64 0 0 0 0.17 0.00
1.004 100 100 100 0.83 0.50
0.72b 0 0 0 0.00 0.50
Tpi 1.00a 0 0 100 0 0
0.92B 100 100 0 100 100
Pgk 1.00a 0 0 100 0 0
0.91 B 100 100 0 0 0
084 c¢ 0 0 0 100 100
Hk 1.08a 0 - 0 100 0.00
1.00b 0 - 100 0 0.50
091C 100 — 0 0 0.00
0.86d 0 - 0 0 0.50
Ga3pd 1.00 a 0 0 100 0 0
0.93 B 100 100 0 0 0
0.88 ¢ 0 0 0 100 100
Ndh 1.00 0 0.50 100 100 100
0.95 100 0.50 0 0 0
Pgm-2 1.29 0 0 0.14 0 0
1.09 0 0 0.06 0 0
1.00 0 0 0.44 0 0
0.90 100 0 0.06 0 0
0.62 0 100 0.12 100 100
0.48 0 0 0.12 0 0
0.39 0 0 0.06 0 0

tainly no difficulty in capturing large num-
bers of males from the western half of the
range.

The genetic studies strongly implicate
parthenogenetic reproduction in N. ar-
nouxii. In the absence of recombination and
mutation, parthenogenetic or gynogenetic
organisms should maintain heterozygous
combinations of genetic markers (Vrijen-
hoek, 1972; Uzzell and Darevsky, 1975;
Parker and Selander, 1976; Cole, 1979;
Turner et al., 1980; Echelle and Mosier,
1981; Dessauer and Cole, 1986) (but see
Bogart and Licht [1986]). The absence of
any segregation in the highly heterozygous
karyotype (N = 30 individuals) and electro-
phoretic profile (N = 6 individuals) of the
all-female N. arnouxii provides evidence for
clonal inheritance due to parthenogenesis.
While studies of the reproductive biology
of the all-female lineage would be useful,
the existing data provide a strong case for
parthenogenetic reproduction in the eastern
populations of this species.

All-female populations predominate in
the eastern half of the range and, possibly,
throughout Micronesia as well. The bisex-
ual and parthenogenetic populations abut
in Vanuatu, and both forms appear to co-
exist on Aneityum. However, it is not clear
whether the female-biased populations from
the Solomon islands (and some others to
the northwest) represent a mixture of the
two forms or are exclusively bisexual. An
excess of females has been observed in some
populations of bisexual geckos (e.g., Bus-
tard, 1969) and may be a consequence of
behavioral interactions (Bustard, 1970) or
sampling artifacts (Maslin, 1971). The vari-
ation in the postmental scale that distin-
guishes the bisexual and parthenogenetic
types within Vanuatu is of no use in the
Solomon islands, since many males from
this area also have the smaller scale. The
possible presence of parthenogenetic fe-
males in the western half of the species range
can only be evaluated by further genetic
analysis.



1262

CRAIG MORITZ

TaBLE 5. Estimates of genetic divergence between the bisexual and parthenogenetic populations of N. arnouxii.
Figures below the diagonal are genetic distances (Nei, 1978), and those above are corresponding proportions of

loci with fixed allelic differences.

Samples
Number
Karyotype (locality) of loci i 2 3 4 5
1) 2n = 39A (Port Moresby,
Papua New Guinea) 33 — 0.07 0.33 0.64 0.55
2) 2n = 39B (Port Moresby,
Papua New Guinea) 29 0.10 — 0.29 0.48 0.48
3) 2n = 38 (Cape York, Australia) 33 0.50 0.49 - 0.33 0.33
4) 2n = 28 (Efate, Vanuatu) 33 1.00 0.75 0.73 — 0.09
5) 2n = 35 (Fiji and Niue) 33 0.89 0.79 0.55 0.14 -

The geographic distributions of parthe-
nogenetic organisms and their bisexual rel-
atives frequently differ, with the former
being predominant at higher latitudes, on
islands or in island-like habitats, and in more
xeric or more disturbed habitats (Vandel,
1928; Suomalainen, 1950; Wright and Lowe,
1968; Glesener and Tilman, 1978; Cuellar,
1977; Bell, 1982). Although parthenogen-
esis is unusual among vertebrates, it is a
common feature of the reptiles that have
colonized the Pacific islands (Gibbons,
1985). The presence of so many partheno-
gens in the depauperate reptile faunas of the
central and eastern Pacific islands has been
attributed to their ability to found a popu-
lation from a single female (Cuellar, 1977);
this may also stem from the enhanced sur-
vival of low-density populations (Gerritson,
1980). The widespread occurrence of par-
thenogenetic N. arnouxii to the east of Van-
uatu and, possibly, throughout Micronesia
may simply reflect their superior colonizing
ability.

The Origin of Parthenogenesis. —Unisex-
ual species can arise through a spontaneous
mutation within a bisexual population or
by hybridization (Hubbs and Hubbs, 1932;
reviewed by Suomalainen [1950], Schultz
[1969], Cuellar [1974], Suomalainen et al.
[1976], White [1978], and Lynch [1984]).
The high karyotypic and electrophoretic
heterozygosity of the parthenogenetic form
of N. arnouxii suggest that they are of hybrid
origin. The alternative hypothesis, the
spontaneous evolution of parthenogenesis,
would require that the high heterozygosity
was achieved by the accumulation of mu-
tations within the all-female lineage (see also
Maslin [1971], Cuellar [1974], and Suo-

malainen et al. [1976]). If this were the case,
then there should also be very high clonal
diversity. This prediction is not met by the
available (but preliminary) data, which have
revealed only a single genetic clone among
unisexual N. arnouxii.

The genotypes of the parthenogens can be
used to infer those of the bisexual taxa in-
volved in their hybrid origin, if it is assumed
that there has been negligible mutation and
recombination within the unisexuals. The
karyotype of the parthenogens has 2»n = 35
chromosomes and appears to be heterozy-
gous for seven centric fusions and one peri-
centric rearrangement. These characteris-
tics suggest that the two bisexual ancestors
had 2n = 42 and 2n = 28 chromosomes,
respectively. This interpretation differs
slightly from an earlier analysis (based on
fewer metaphases), which proposed that the
parthenogen was a hybrid between bisexu-
als with 2n = 40 and 2»n = 30 chromosomes
(Moritz and King, 1985).

The predicted 2n = 28 ancestor was iden-
tical in chromosome morphology and very
similar in its allozyme mobilities to the ex-
tant population from northern Vanuatu. The
ancestral karyotypic state for N. arnouxii is
probably 2n = 42 (all acrocentric chromo-
somes), with karyotypic change proceeding
mainly by whole-arm translocation, as is the
case in other polytypic gecko species (King,
1981; Moritz, 1986). Although this karyo-
type has not been observed as yet, it is the
logical intermediate between the karyotypes
of bisexual N. arnouxii. Given the assump-
tion of a 2n = 42 ancestor, each of the
biarmed chromosomes shared by the 2n =
28 sample from Vanuatu and a haploid ge-
nome from the parthenogens is a derived
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Fic. 7. Phylogenetic hypothesis for N. arnouxii based on chromosomal and electrophoretic data. Cytogenetic
changes are indicated in the boxes, and biochemical steps are shown in alphabetical order. The 2n = 28A and
2n = 42 samples are hypothetical and were constructed from the characteristics of their presumed hybrid, the
2n = 35 parthenogen (see text). Electrophoretic changes along each branch refer to the derived character-states

in Table 4.

state and, thus, indicates close relationship.
The close relationship between the predict-
ed 2n = 28 ancestor and the extant popu-
lation from northern Vanuatu is corrobo-
rated by allozyme electrophoresis. The 2n
= 28 sample and the parthenogens shared
alleles at 30 of the 33 loci assayed.

The other predicted bisexual ancestor
(2n = 42) has not been observed among the
bisexual populations surveyed. The pre-
dicted 2n = 42 karyotype is identical to the
presumed ancestral state and would differ
from that of the polymorphic 2xn = 40 sam-
ple and the 2n = 38 form by one and two
whole-arm translocations, respectively.
These high-chromosome-number bisexuals
are also very distinct from the parthenogens

at the loci assayed by allozyme electropho-
resis.

The electrophoretic data can be used to
derive explicit predictions of the genetic
characteristics and phylogenetic affinities of
the 2n = 42 parent. Electromorphs of the
putative 2n = 42 bisexual were reconstruct-
ed from the profile of the parthenogen by
removing the alleles attributable to the 2n =
28 parent, i.e., those shared with the Van-
uatu form. The data were coded by treating
the locus as a character (see Buth, 1984) and
ignoring unique polymorphic alleles. The
chromosomally distinct Port Moresby pop-
ulation was selected as an outgroup to es-
timate the ancestral genotype for each locus.
For this method of analysis, 23 of the 25
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variable loci were informative, and there
were 34 shared and derived states (Table 4).

The phylogeny shown in Figure 7 requires
the smallest possible number of steps (i.e.,
34) to account for the electrophoretic data.
According to this phylogeny, the 2n = 42
parent was a member of the lineage leading
to the extant 2n = 28 population from
northern Vanuatu. This in turn suggests that
both of the predicted bisexual ancestors of
the parthenogens were N. arnouxii (sensu
latu). The conclusion accords with the lack
of any obvious differences between parthe-
nogenetic and bisexual N. arnouxii in their
external morphology (T. Schwaner, pers.
comm., C. Moritz, unpubl.). However, two
congeners, N. vankampeni and N. galga-
Jjuga, are geographically close (although each
has a restricted range) and morphologically
similar to N. arnouxii and, thus, warrant
further attention. The hybrid-origin hy-
pothesis is being evaluated through further
sampling of bisexual N. arnouxii from Mel-
anesia.

The great majority of clonally reproduc-
ing vertebrates that have been carefully
studied are interspecific hybrids (Schultz,
1969; White, 1978; Darevsky et al., 1985).
However, there remain a few species of par-
thenogenetic lizards that do not appear to
be hybrids between recognized bisexual
species. In some cases (e.g., Hemidactylus
vietnamensis [Darevsky et al., 1984] and
Lepidodactylus lugubris [Cuellar and Kluge,
1972)), there is insufficient evidence on their
bisexual relatives (reviewed by Moritz and
King [1985]). Some other species, notably
Lepidophyma flavimaculatum (Bezy, 1972)
and Cnemidophorus lemniscatus (Vanzoli-
ni, 1970; Peccinini-Seale and Frota-Pessoa,
1974; Serena, 1984), include both bisexual
and parthenogenetic populations, and it has
been argued that these are not hybrids, since
appropriate congeners are not present near
their respective distributions. However, the
evidence from N. arnouxii and another par-
thenogenetic gekko, Heteronotia binoei
(Moritz, 1983, 1984), shows that parthe-
nogenetic lineages can arise from hybrid-
ization between genetically distinct popu-
lations of the same nominal species. The
patterns of chromosomal heterozygosity in
parthenogenetic C. lemniscatus suggests that
these may also be “intraspecific” hybrids

CRAIG MORITZ

(Peccinini, 1971). In contrast, preliminary
studies of allozyme variation in bisexual and
parthenogenetic L. flavimaculatum re-
vealed similar levels of heterozygosity (Bezy
and Sites, 1987), so that it remains unlikely
that these are hybrids between genetically
distinct populations or species.

In both Heteronotia and Nactus, it is
probable that the bisexual populations that
hybridized in the past were, in fact, distinct
biological species that have not diverged
significantly in external morphology. Thus,
the occurrence of ‘“intraspecific” hybrid
origins of parthenogenesis in Heteronotia
and, probably, Nactus may simply reflect
their morphological conservatism. It does
not imply any fundamental differences be-
tween the hybrid-origin process in these liz-
ards compared with other clonally repro-
ducing vertebrates in which morphologically
distinct (and thus taxonomically recog-
nized) bisexual species are generally in-
volved (reviewed by Schultz [1969], Cole
[1975], White [1978], Darevsky et al.
[19835]).
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