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ABSTRACT

Annual hybridization is taking place between representatives of the parthenogenetic lizard
Cnemidophorus tesselatus (2n 5 46, 47) and males of the bisexual species C. tigris marmor-
atus (2n 5 46) in desert grassland habitats at Arroyo del Macho, Chaves County, New Mexico.
This raises the question of whether a new triploid parthenogenetic species may be originating
as a consequence of this activity. Hybrids were collected in each of four years (1996–1999),
and 20 of 21 hybrids collected (12 males and 8 females) were available for study. Although
a triploid parthenogenetic species (Cnemidophorus exsanguis, 3n 5 69) and a diploid bisexual
species (C. inornatus, 2n 5 46) were also found at the hybridization site, the genealogy of
the hybrids was determined unequivocally with karyotypic and electrophoretic evidence (34
loci tested). The specimens examined electrophoretically included an adult female and one of
her laboratory-reared daughters, which demonstrated for the first time clonal inheritance in C.
tesselatus pattern class E.

The population of C. tesselatus at Arroyo del Macho is characterized by two karyotypic
cytotypes. The ancestral one (2n 5 46) occurs at about half the frequency of the derived
cytotype (2n 5 47), which apparently was produced by centric fission of the ancestral X-
chromosome from C. tigris. In contrast, the occurrence of the two cytotypes was reversed and
strongly asymmetrical in the hybrids; only one of nine hybrids possessed the fissioned X-
chromosome. This individual was significantly different in 12 meristic characters from the
sample of hybrids with intact X-chromosomes. Predictably, principal components scores for
this individual fell outside the 95% confidence ellipse of scores of the other eight hybrids that
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were karyotyped. The skewed ratio and multiple phenotypic differences suggest that hybrids
inheriting a fissioned X-chromosome might be at a selective disadvantage compared to hybrids
with intact X-chromosomes.

All 20 hybrids closely resemble C. tesselatus in most color pattern features. However, these
hybrids, like C. tigris marmoratus, lack lateral stripes. Because the population of C. tesselatus
at Arroyo del Macho has lateral stripes (or their remnants), hybrids can be readily distinguished
from C. tesselatus by this color pattern feature. Compared to the two parental species, hybrids
had a significantly lower mean number of scales around midbody, but hybrids resembled either
C. tesselatus or C. tigris marmoratus in other univariate meristic characters. This mosaic
pattern of resemblance was simplified to a three-dimensional depiction of variation using
principal components analysis. Each of two principal components expressed the resemblance
of hybrids to one of the two parental species. A third component reflected the difference
between hybrids and both parental species. A canonical variate analysis of meristic characters
demonstrated the multivariate distinctiveness of each group—hybrids, C. tesselatus, and C.
tigris marmoratus. However, based on Mahalanobis D2 distances, the closest morphological
resemblance among hybrids and parental species was between hybrids and the maternal spe-
cies, C. tesselatus.

Nine additional museum specimens, suspected of being C. tesselatus 3 C. tigris marmoratus
hybrids, were identified, as such, by a canonical variate analysis using our samples of C.
tesselatus, C. tigris marmoratus, and hybrids from Arroyo del Macho as a priori groups. These
nine individuals document hybridizations between C. tesselatus and C. tigris marmoratus at
two additional localities in Chaves County, New Mexico, two localities in Sierra County, New
Mexico, and a cluster of sites near Presidio, Presidio County, Texas. Previously, several of
these hybrids had been misidentified as male C. tesselatus.

The reproductive systems of female and male hybrids were compared histologically to those
of C. tesselatus and C. tigris marmoratus, respectively. Sexually mature and reproductive
adults of C. tesselatus usually have oocytes in the ovary, complete and well-organized ovarian
follicle walls, inconspicuous connective tissue and fewer vacuoles in the well-vascularized
ovary, the distal oviduct with a thin mucosa, well-developed alveolar glands restricted to the
middle oviduct, a proximal oviduct with a thick mucosa and well-developed folds, and small
mesonephric tubules. Female hybrids have a poorly defined follicular epithelium with little
vascularization in small ovaries, empty or fluid-filled follicles without oocytes, few or no cilia
in the middle oviduct, and numerous abnormally large mesonephric tubules. There is no evi-
dence that Cnemidophorus tesselatus 3 C. tigris marmoratus females can produce viable and
fertile eggs. Although hybrid males are capable of producing sperm that appear normal and
were present in the epididymides, the allotriploid chromosome complement reduces the chance
that sperm would carry genetically balanced sets of information.

Although the annual production of hybrids could affect the long-term success of this local
population of C. tesselatus, two lines of evidence indicate that hybridization is unlikely to
result in its extirpation. First, the population of C. tigris marmoratus at Arroyo del Macho is
tightly associated with a microhabitat dominated by creosote bush. Because creosote bush is
distributed there in small, widely scattered patches, the density of C. tigris marmoratus is
relatively low, and many individuals of C. tesselatus escape insemination. This was evident
from an absence of sperm in the reproductive tracts of 11 individuals of C. tesselatus collected
during the peak reproductive season (May and June) of three different years. Second, repro-
ductively mature individuals of C. tesselatus are significantly larger than comparable females
of C. tigris marmoratus. This translates into larger clutches, with the mean clutch size of C.
tesselatus being twice as large as that of C. tigris marmoratus. The disparity in mean clutch
size in conjunction with habitat constraints on C. tigris marmoratus probably explains why C.
tesselatus outnumbers both C. tigris marmoratus and hybrids by a ratio of approximately 2:1
at the hybridization site.

Although hybridization between C. tesselatus and C. tigris marmoratus appears to be an
annual event at Arroyo del Macho, there is no evidence that a new triploid parthenogenetic
species is resulting from this hybridization activity—all female hybrids examined were sterile.
Nevertheless, the hybridization taking place at Arroyo del Macho is a remarkable natural
experiment in progress, with either evolutionary alternative—speciation vs. destabilizing hy-
bridization—adding to an understanding of the dynamics between parthenogenetic and bisex-
ual species in sympatric associations.
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INTRODUCTION

Interspecific hybridization is the only path-
way to the origin of parthenogenesis in
Cnemidophorus, and it is an important spe-
ciation mechanism in this genus (see reviews
by Dessauer and Cole, 1989; Moritz et al.,
1989; Parker et al., 1989; Sites et al., 1990).
With few exceptions, parthenogenetic species
of Cnemidophorus appear to be ecologically
resilient and able to coexist successfully with
bisexual congeners where their ranges over-
lap (Case, 1990; Taylor et al., 2000). These
assemblages of parthenogenetic and bisexual
species represent natural experiments for
testing hypotheses concerning the relative re-
productive success of individuals with radi-
cally different reproductive modes in a va-
riety of taxonomic combinations and ecolog-
ical contexts (Medica, 1967; Christiansen,
1971; Schall, 1978, 1993; Cuellar, 1979,
1993; Mitchell, 1979; Paulissen et al., 1992;
Price et al., 1993).

The success or failure of sympatric popu-
lations of parthenogenetic and bisexual spe-
cies is influenced by a number of interac-
tions. Destabilizing hybridization is one pos-
sibility, where genetic contributions from
male congeners disrupt (in hybrids) the adap-
tive combination of genetic information in-
herited from the parthenogenetic parent
(Lynch, 1984). These hybridizations repre-
sent one of the theoretical constraints affect-
ing the establishment of a parthenogenetic
species from a viable, reproductively com-
petent, F1 hybrid (Wright and Lowe, 1968;
Maslin, 1971; Cole, 1975; Cuellar, 1977; Vri-
jenhoek, 1989). However, the diversity of
triploid parthenogenetic species of Cnemi-
dophorus (Maslin and Secoy, 1986; Vrijen-
hoek et al., 1989; Cole and Dessauer, 1993;
Wright, 1993) is incontrovertible evidence
that hybridization between diploid partheno-
gens and males of bisexual species occasion-
ally generates new adaptive combinations of
genetic information. Each triploid species of
Cnemidophorus reemphasizes the importance
of hybridization as a speciation mechanism
in this genus by having one hybridization
event (the one responsible for its origin) su-
perimposed on another (the hybridization re-
sponsible for initiating parthenogenesis in the
lineage to which its maternal parent belongs).

Cnemidophorus neotesselatus (Walker et
al., 1997a) is a well-documented example of
the evolution of triploidy in this genus. The
origin of C. neotesselatus has been traced to
a hybridization event between a partheno-
genetic female C. tesselatus and a male of C.
sexlineatus (Neaves, 1969; Neaves and Ger-
ald, 1969; Parker and Selander, 1976; Des-
sauer and Cole, 1989). The maternal species,
C. tesselatus, originated from hybridization
between two bisexual species, C. tigris mar-
moratus and C. gularis septemvittatus (Neav-
es, 1969; Parker and Selander, 1976; Des-
sauer and Cole, 1989; Dessauer et al.,
1996b). Although a haploid genome from C.
sexlineatus was added to the allodiploid ge-
nome of C. tesselatus, the new allotriploid
combination of genetic information was sta-
ble, and neither fertility nor development was
negated. In fact, the sexlineatus genome may
have provided ecological opportunities to C.
neotesselatus that were not exploited by C.
tesselatus (Parker, 1979a), as evidenced by
disjunct populations of C. neotesselatus lo-
cated west of the principal range of C. tes-
selatus (Walker et al., 1997a, 1997b; Taylor
et al., 1999a).

Hybrids derived from crosses between par-
thenogenetic females and bisexual males are
relatively rare in museum collections, and the
majority of these are males, suggesting that
an equivalent number of female hybrids has
been overlooked. Most female hybrids are
difficult to detect because of a tendency for
the hybrid color pattern to resemble most
closely the color pattern of the parthenoge-
netic parent (Lowe et al., 1970a; Walker et
al., 1994; Hardy and Cole, 1998). In addi-
tion, hybridization tends to be documented
by relatively few hybrids, making it easy to
assume that the hybridization is not affecting
the parental populations negatively.

The list below provides examples of hy-
bridization between parthenogenetic and bi-
sexual species of Cnemidophorus. The spe-
cies name of the parthenogenetic parent is
listed first: C. exsanguis 3 C. inornatus
(Neaves, 1971); C. laredoensis 3 C. gularis
(Walker et al., 1989a, 1989b, 1991a); C.
maslini 3 C. deppei (Fritts, 1969; for current
taxonomy see Moritz et al., 1992; Taylor and
Cooley, 1995a, 1995b; Hernandez-Gallegos
et al., 1998; Manrı́quez-Morán et al., 2000);
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C. neomexicanus 3 C. inornatus (Axtell,
1966; Taylor and Medica, 1966; Wright and
Lowe, 1967a; Christiansen and Ladman,
1968; Cole et al., 1988; for current taxonomy
see Taylor and Walker, 1996b; Walker, 1997;
Smith et al., 1997; International Commission
on Zoological Nomenclature, 1999); C. neo-
mexicanus 3 C. tigris (Dessauer et al.,
2000); C. neotesselatus 3 C. sexlineatus
(Taylor et al., 1989; Walker et al., 1990,
1994; for current taxonomy see Walker et al.,
1997a); C. sonorae 3 C. tigris punctilinealis
(Lowe et al., 1970a; for current taxonomy
see Taylor and Walker, 1996a); C. tesselatus
3 C. gularis (Walker et al., 2000); C. tesse-
latus 3 C. sexlineatus (Walker et al., 1994);
C. tesselatus 3 C. tigris marmoratus (Taylor
et al., 1989); and C. velox 3 C. tigris sep-
tentrionalis (Taylor et al., 1989).

In the only field study specifically address-
ing the effects of hybridization on parthe-
nogenetic and bisexual parental species, hy-
bridization between parthenogenetic females
of C. laredoensis and males of C. gularis did
not affect adversely either species at several
localities (Paulissen et al., 1992). Therefore,
hybridization between parthenogenetic and
bisexual species can (1) serve as a speciation
mechanism leading to new polyploid taxa,
(2) be inconsequential to the well-being of
either hybridizing population, or (3) be det-
rimental to the perpetuation of one or both
parental species because of the frequency
with which it occurs.

An ideal situation for studying hybridiza-
tion between parthenogenetic and bisexual
species would be one in which hybridization
was occurring frequently during each repro-
ductive season. This would maximize the
chance of observing an unlikely event (spe-
ciation) and provide an opportunity to deter-
mine if the hybridization were having an ef-
fect on either parental population. We re-
cently discovered an example of natural hy-
bridization that fulfills these conditions at
Arroyo del Macho, north of Roswell, Chaves
County, New Mexico. The Cnemidophorus
assemblage at this locality includes two bi-
sexual species (C. inornatus and C. tigris
marmoratus), a triploid parthenogenetic spe-
cies (C. exsanguis), and a diploid partheno-
genetic species (C. tesselatus of pattern class
E [Zweifel, 1965]).

As is generally true for Cnemidophorus
hybrids, the first hybrids in this study were
discovered incidental to a different project.
Discovery of three color pattern classes of
Cnemidophorus tesselatus in sympatry at
Sumner Lake State Park, De Baca County,
New Mexico (Taylor et al., 1997), provided
the impetus for subsequent attempts to clar-
ify the reproductive characteristics, distribu-
tion, and pattern class identity of other pop-
ulations of this species in the Pecos River
Drainage in neighboring Guadalupe and
Chaves counties. A locality record in Zweifel
(1965) led to a visit of the Arroyo del Macho
site in 1996 to determine if this population
of C. tesselatus were extant, and three indi-
viduals were collected from the western pe-
rimeter of the hybridization site. In 1997, the
sample was augmented by 23 additional in-
dividuals collected closer to the center of the
study area. At that time, the 26 specimens
were thought to be representatives of C. tes-
selatus.

In the laboratory, internal examinations for
the presence of eggs revealed that 5 of the
26 specimens had testes and vasa deferentia,
suggesting that they might be hybrids. Equal-
ly interesting, and in sharp contrast to the
other 17 females in the sample, 4 females
had obviously abnormal (poorly developed)
ovaries and oviducts, indicating that these in-
dividuals might be hybrids as well. Addition-
al morphological evidence of their hybrid
status came from a canonical variate analysis
of eight meristic scalation characters (iden-
tified in Materials and Methods). Females
with functional reproductive tracts and the
unusual males were used as a priori groups
of C. tesselatus and putative hybrids, respec-
tively, and the four atypical females were in-
cluded as unknowns for classification to
group. The four atypical females were un-
equivocally assigned to the group of putative
male hybrids (all Ps . 0.91) rather than to
C. tesselatus. In addition, an external color
pattern marker indicated that the nine sus-
pected hybrids shared the same parental spe-
cies—all had the fundamental color pattern
of C. tesselatus but lacked the pale lateral
stripe characterizing C. tesselatus at this lo-
cality.

Therefore, the Roswell area had a UFO
(unidentified fecund organism) presumably
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fertilizing eggs produced by C. tesselatus.
The paternal parents of the hybrids would
have to be males of either C. inornatus or C.
tigris marmoratus because these are the only
bisexual species of Cnemidophorus at the
site. If the unusual lizards were hybrids they
would be triploids, having inherited the full
diploid complement of cloned maternal chro-
mosomes from C. tesselatus plus a new hap-
loid set of paternal chromosomes. The ex-
traordinary ratio of 9 putative hybrids to 17
C. tesselatus prompted additional sampling
of the Cnemidophorus assemblage at the Ar-
royo del Macho site in 1998 for karyotypic,
electrophoretic, and histological analyses.
Karyotypes would confirm the ploidy of the
suspected hybrids and the definitive identi-
fication of the paternal species as well, be-
cause C. inornatus and C. tigris marmoratus
have diagnostically distinctive haploid com-
plements of chromosomes (Lowe et al.,
1970b). Protein electrophoresis would pro-
vide similar information, augmenting the ex-
tensive databases for these taxa provided by
Cole et al. (1988), Dessauer and Cole (1989),
and Dessauer et al. (2000), and it would pro-
vide a more detailed assessment of genetic
variation among the hybrids and their paren-
tal species. A histological component would
address the reproductive functionality of
male hybrids and confirm sterility of female
hybrids based on what appeared to be ana-
tomical deficiencies. Discovery of two kar-
yotypic cytotypes in the 1998 samples of C.
tesselatus and hybrids, and an apparent dis-
crepancy in the ratios of the two cytotypes
in the two groups, led to additional sampling
of C. tesselatus and hybrids in 1999.

The availability of a large number of con-
temporary hybrids from Arroyo del Macho
provides an exceptional opportunity to ex-
amine the effects of hybridization on a spe-
cific pair of unisexual and bisexual species.
Goals of this study were to (1) verify the
hybrid status of the atypical specimens; (2)
identify the parental species; (3) determine,
histologically, if fertile female hybrids were
being produced, including the possibility of
the origin of a new triploid parthenogenetic
species; (4) provide diagnostic features of the
color pattern of these hybrids and a method
of identifying hybrids of similar genealogy
from other localities; (5) determine univari-

ate and multivariate patterns of morphologi-
cal variation among hybrids and the parental
species; (6) determine the pattern of genetic
variation in the Arroyo del Macho popula-
tions of parental species and hybrids; (7) de-
termine if intragroup morphological variation
in C. tesselatus and hybrids is associated
with cytotypic differences; and (8) describe
the relationship between habitat and hybrid-
ization activity and determine the possible
effects of hybridization on the interacting
populations.

MATERIALS AND METHODS

MORPHOLOGICAL ANALYSIS

Samples of C. tesselatus (N 5 41), C. ti-
gris marmoratus (N 5 4), and hybrids (N 5
20) were collected at the Arroyo del Macho
locality during four consecutive years (1996–
1999). Museum numbers and specific col-
lecting data are provided in the appendix. We
collected an additional sample of 27 individ-
uals of C. tigris marmoratus from a large
population located approximately 18 km
southeast of the Arroyo del Macho locality
to improve statistical comparisons and min-
imize the possibility of over-collecting rep-
resentatives of the small Arroyo del Macho
population.

Eight meristic scalation characters were
used to assess variation within and among
the parental populations and their hybrids.
These included SDL-T4 (the number of sub-
digital lamellae in the anterior row of the
fourth toe of one foot) and SDL-F4 (the
number of subdigital lamellae on the fourth
finger of one hand). Left or right counts were
chosen randomly for individuals with un-
damaged digits. In addition, we determined
FP (the sum of femoral pores on both thighs)
and GAB (the number of granular dorsal
scales in a single row around the midbody).
There are eight longitudinal rows of enlarged
scales covering the ventral body surface. The
third ventral row on either side of the mid-
sagittal line terminates anteriorly in the ax-
illary region. The 15th ventral scale posterior
to this terminus established the point for be-
ginning the GAB count. We also determined
GS (the number of granular gular scales bor-
dering the medial edges of the eight anterior
sublabials [four on each side, or their sub-
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divisions] and the posterior mental) and LSG
(the sum of lateral supraocular granules on
both sides of the head). These granular scales
are located between the supraoculars and su-
perciliary scales (see Burt, 1931: fig. 3), and
the count includes all scales anterior to the
suture line between the third and fourth su-
praoculars. We also scored individuals for
COS (the bilateral total of circumorbital
scales) as standardized by Wright and Lowe
(1967a) and PSC (the sum of all scales, in-
cluding occipitals, contacting the outer pe-
rimeter of parietal and interparietal scales;
see Burt, 1931: fig. 2). Snout–vent length
(SVL), measured to the nearest 1 mm from
tip of snout to posterior edge of the preanal
scales, was used to ascertain size at repro-
ductive maturity, to determine whether the
lateral stripes in hybrids were absent at
hatching or lost during color pattern ontog-
eny, and to estimate the number of genera-
tions represented in our samples of C. tes-
selatus and hybrids.

Four meristic characters based on color
pattern features were included in compari-
sons between two karyotypic cytotypes
found in our samples of C. tesselatus and
hybrids. A dissection microscope was used
to score individuals for these characters (at
73). One character is PSVF (pale segments
in the vertebral field), a linear count of the
number of pale elements (vertebral stripe
fragments and other spots) occupying the
midsagittal region of the vertebral dark field,
a field between the two pale paravertebral
stripes. The count was made from the pos-
terior edge of the interparietal head scale to
the first row of keeled scales at the base of
the tail. Use of this character would be mis-
leading for a number of other populations of
C. tesselatus lacking pale elements in the
midsagittal region of the vertebral field.
Three other characters are based on the total
number of interruptions of the paired longi-
tudinal pale stripes by black pigment: IDLS
(interruptions of dorsolateral stripes); IPVS
(interruptions of paravertebral stripes); and,
for C. tesselatus only, ILS (interruptions of
lateral stripes). All stripe interruptions were
counted irrespective of width (i.e., single
rows or multiple rows of dark scales).

We used SPSS 10.0, SYSTAT 9.0, and
BMDP/Dynamic 7.0 software (all from

SPSS, Chicago, Illinois) for statistical anal-
yses. The linear and quadratic discriminant
analysis procedure (5M) for computing Ma-
halanobis D2 distances among centroids of
CV scores can be found in BMDP Statistical
Software (1992); all other procedures and
tests are described in Wilkinson et al. (1996)
and SPSS (1999).

An absence of significant sexual dimor-
phism, determined by Student’s t-tests, al-
lowed us to pool males and females into sin-
gle samples of C. tigris marmoratus and hy-
brids. Appropriate test results from either
pooled or separate sample variances were se-
lected depending on homogeneity or hetero-
geneity of sample variances (determined us-
ing Levene’s test), respectively. We used
one-way analyses of variance (ANOVA) to
determine univariate differences among C.
tesselatus, C. tigris marmoratus, and hybrids.
Significant ANOVAs were followed by Tu-
key HSD multiple comparison tests to iden-
tify specific pairs of significantly different
samples. An alternative multiple comparison
test, Tamhane’s T2, was substituted for Tu-
key’s HSD for characters with heterogeneous
sample variances.

We used a principal components analysis
(PCA) to depict the pattern of meristic vari-
ation among hybrids and parental species.
The PCA was based on the correlation ma-
trix, and factors with eigenvalues greater
than 1.0 were selected for interpretation.

Quadratic canonical variate analyses
(CVAs) were used, in instances of unequal
covariance matrices (as revealed by Box’s M
tests), to determine the multivariate distinc-
tiveness of particular groups. The first CVA
provided a contrast of within- and between-
sample variation among C. tesselatus, C. ti-
gris marmoratus, and hybrids. We used color
pattern characteristics to assign individuals to
a priori groups and jackknifing to classify
unassigned individuals into those groups. We
included in each analysis only individuals
with complete data for eight meristic char-
acters: 38 of 40 representatives of C. tesse-
latus, 26 of 31 representatives of C. tigris
marmoratus, and 20 of 20 hybrids. We used
a second quadratic canonical variate analysis
to substantiate that nine male specimens, re-
sembling C. tesselatus in color pattern but
collected from other localities (see Speci-
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mens Examined, appendix), could be identi-
fied as C. tesselatus 3 C. tigris marmoratus
hybrids. Some of these specimens had been
damaged during collection, and the number
of lateral supraocular granules, number of
gular scales, number of scales contacting the
outer perimeters of parietal and interparietal
scales, and the number of circumorbital
scales could not be determined for certain in-
dividuals. The number of subdigital lamellae
for the fourth finger was not being used as a
character when the nine suspected hybrids
were examined, so this character also was ex-
cluded from the analysis. Therefore, this
CVA model was based on number of femoral
pores, number of subdigital lamellae on the
fourth toe, and number of granules around
the midbody. Our samples of C. tesselatus,
C. tigris marmoratus, and hybrids were used
as a priori groups, and the nine unusual
males were included in the model as unas-
signed for classification to group. We also
ran a linear canonical variate analysis (re-
moving three meristic characters to achieve
equality of covariance matrices) to obtain
Mahalanobis distances (D2) for comparing
the pattern of meristic similarity among the
Arroyo del Macho hybrids and their parental
species.

KARYOTYPIC ANALYSIS

We used previously published methods for
preparing and studying standard, giemsa-
stained chromosomes (Cole, 1979). For C.
tesselatus, we examined 54 cells at mitotic
metaphase from bone marrow of 10 females
(see Specimens Examined, appendix). For
hybrids, we examined 55 cells at mitotic
metaphase from bone marrow of four fe-
males and five males, plus testicular material
from one of these males.

ELECTROPHORETIC ANALYSIS

Genotypes at 34 gene loci, based on phe-
notypes of tissue proteins, were determined
for 11 specimens (all females) of Cnemido-
phorus tesselatus, 4 (3 males, 1 female) of
C. tigris marmoratus, and 10 (6 males, 4 fe-
males) of suspected hybrids, all from the hy-
bridization site near Roswell (see Specimens
Examined, appendix). Methods of collecting,
preparing, and storing tissue samples fol-

lowed Dessauer et al. (1996a). Methods of
preparing tissue homogenates, conducting
electrophoresis, localizing specific proteins,
and scoring gel phenotypes in the context of
gene products followed Harris and Hopkin-
son (1976), Murphy et al. (1996), and, par-
ticularly for lizards of the genus Cnemido-
phorus, Dessauer et al. (2000).

Scoring electrophoretic phenotypes for
unisexual species and for polyploid individ-
uals can be difficult. Alleles determining the
phenotype of heterozygotes are usually ex-
pressed equally, with banding patterns and
densities (activities of reactions) indicating
ploidy and dosage of each allele (Neaves and
Gerald, 1968, 1969; Dessauer and Cole,
1984). Occasionally, however, phenotypes
for individuals of unisexual species suggest
that one allele at a polymorphic locus is more
active than the other, even in diploid species.
For example, at the PEPA locus of the dip-
loid C. tesselatus of pattern class E, the d-
allele is more highly expressed than the c-
allele (see fig. 13). Often, scoring difficult
loci can be clarified by examining control
gels using homogenates of different tissues
on which samples from both the parthenogen
and hybrids are compared side by side (e.g.,
Dessauer et al. [2000: 57, fig. 26] for three
PGM loci).

The 34 loci analyzed are listed in table 5,
in which the body of the table presents ge-
notypes for the loci having alleles in the het-
erozygous state in C. tesselatus and the hy-
brids. Alleles detected in C. tigris marmor-
atus from the Roswell area are also listed in
table 5, including those exhibiting variation,
and the 15 invariant loci are footnoted. For
each locus, alleles are designated in alpha-
betical order according to decreasing anodal
migration of their allozymes. For multi-locus
enzymes, loci are numbered in order of de-
creasing anodal migration of their isozymes.

HISTOLOGICAL ANALYSIS

We determined the reproductive capabili-
ties of hybrids by a histological analysis of
gonads and reproductive tracts and compar-
isons to individuals of C. tesselatus and C.
tigris marmoratus from the hybridization lo-
cality. The histological sample consisted of
49 specimens: 3 male Cnemidophorus tigris



2001 9TAYLOR ET AL.: HYBRIDIZATION BETWEEN TEIID LIZARDS

marmoratus, 26 female Cnemidophorus tes-
selatus, 8 female hybrids (C. tesselatus 3 C.
tigris marmoratus), and 12 male hybrids (C.
tesselatus 3 C. tigris marmoratus). After
preservation in 10% formalin and storage in
75% ethanol, the following tissues were re-
moved from the left side for histological ex-
amination: gonads, accessory reproductive
ducts, adrenal gland, and kidney (part). Only
a few sections were taken from each male C.
tigris marmoratus in order to determine re-
productive condition. For all other speci-
mens, the tissues were serially sectioned. All
tissues were embedded in 56–578C embed-
ding medium (Paraplast by Lancer) using a
tertiary-butyl alcohol process (Weesner,
1960), and they were sectioned at 8 or 10
mm. Every third slide was stained with the
Mallory triple connective tissue technique
(Pantin method; Presnell and Schreibman,
1997) combined with Harris hematoxylin.
The other slides (2 out of each 3) were
stained with Harris hematoxylin and eosin
(progressive method). Histological and ana-
tomical terminology follows Hardy and Cole
(1981).

REPRODUCTIVE CHARACTERISTICS OF

PARENTAL SPECIES

The greater number of representatives of
C. tesselatus compared to those of C. tigris
marmoratus at Arroyo del Macho may result
from differences in reproductive output as
well as availability of preferred microhabi-
tats. Therefore, we estimated clutch size dif-
ferences between C. tesselatus and females
of C. tigris marmoratus by dissection and
scoring individuals for numbers of yolking
ovarian follicles larger than 3 mm in diam-
eter or numbers of oviductal eggs and by di-
rect counts of eggs laid by individuals main-
tained at the AMNH prior to karyotypic and
electrophoretic analyses. Six representatives
of C. tesselatus collected in 1998 were kept
alive for various lengths of time in the
AMNH. Four of the six laid clutches of eggs,
all within 17 days of capture. These clutches,
clearly established by the time of capture,
were used in our statistical comparisons.
Snout–vent lengths of these individuals were
measured within 39 days of capture; use of
these measurements was justified by the

small amount of growth that could have tak-
en place in these reproductively mature in-
dividuals in that short period. Only clutches
and snout–vent lengths of individuals col-
lected during the same 5-day period in 1998
were used in interspecific comparison.

We estimated the year that each individual
C. tesselatus and hybrid hatched in order to
determine the number of generations of C.
tesselatus and the number of years of hy-
bridization represented in respective samples.
We used snout–vent length in conjunction
with month of sampling as an index to age.
The age of each individual was determined
by estimating the time necessary to attain
each snout–vent length (Taylor et al.,
1999b)—a combination of the short period
available for growth between hatching and
hibernation in year one, a second growth pe-
riod terminating on the date of sampling,
and, for older individuals, the approximate
number of full annual growth periods in in-
tervening years. We recognize that different
hatching dates and variable growth rates in-
troduce uncertainty with respect to the as-
signment of certain individuals to their ap-
propriate cohort (Walker et al., 1991b), but
this degree of precision is not necessary for
estimating the number of generations repre-
sented in each yearly sample.

RESULTS AND DISCUSSION

STUDY SITE, HABITAT, AND MICROHABITATS

The hybridization site is located on the
northwest rim of Eden Valley (33839910N,
1048339170W), immediately east of highway
U.S. 285, and approximately 29 km north of
the county courthouse in Roswell, Chaves
County, New Mexico. Arroyo del Macho
(Cienega del Macho on certain maps) trends
west-to-east and delimits the southern bound-
ary of the hybridization site before opening
into Eden Valley. A different major drainage
channel named Arroyo del Macho is located
east of the study area and carries precipita-
tion runoff southward through Eden Valley
to Salt Creek, a tributary of the Pecos River.

The general habitat of the hybridization
site (fig. 1) is semidesert grassland (Brown,
1982), with terrain ranging from low rocky
hills and slopes to intervening flats variously
modified by livestock trails, a county road,
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Fig. 1. A. A view to the east showing the principal gypsum outcrop and south-facing slope at the
hybridization locality north of Roswell, Chaves County, New Mexico. Scattered dark shrubs in the center
of the figure are mesquite (Prosopis juliflora) in a desert grassland; C. exsanguis and C. inornatus were
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common, C. tesselatus was rare, and C. tigris marmoratus was absent. The dark patch of shrubs partially
cupped by the distant rocky outcrop is creosote bush (Larrea tridentata); a few individuals of C. tigris
marmoratus were using this patch of habitat, and numerous C. tesselatus and hybrids were found in this
area. B. A closer view of the patch of creosote bush (shown in A) surrounded by preferred microhabitat
of C. tesselatus and hybrids. Other scattered patches of creosote bush were located north and east of this
escarpment. Representatives of C. tigris were essentially restricted to the patches of creosote bush.

several unmaintained farm roads, and a short
levee. The habitat is open and approximately
50% bare soil or rock. The balance is occu-
pied by grasses, including Burro grass (Scler-
opogon brevifolius), Muhly (Muhlenbergia
repens), and Blue gramma (Bouteloua grac-
ilis), scattered cacti (Opuntia spp.), annual
weeds, and a small assortment of shrubs.
Mesquite (Prosopis juliflora) is an important
microhabitat component at the center of the
hybridization area 0.8 km east of highway
U.S. 285. Scattered patches of creosote bush
(Larrea tridentata) provided an alternative
microhabitat that facilitates contacts between
hybridizing species. Saltbush (Atriplex ca-
nescens) was represented by scattered indi-
viduals on hills and slopes, while stands of
Acacia sp. delimited the eastern boundary of
the study area. Although whiptail lizards
were observed foraging around individual
Atriplex and using basal burrows for cover,
they were not regularly seen in Acacia.

Immediately north of Arroyo del Macho,
the south-facing slope of an elevated prom-
ontory (fig. 1A) parallels the arroyo for ap-
proximately 1 km, providing a rather abrupt
elevation gain of about 9 m (1119 to 1128 m
elevation). We found the greatest numbers of
C. tesselatus and hybrids in the vicinity of this
salient topographic feature. In 1997, many in-
dividuals of C. tesselatus were also collected
in mesquite and Russian thistle (Salsola kali)
along the margins of Eden Valley Road within
the hybridization area. We found a few rep-
resentatives of C. tesselatus in stands of cre-
osote bush, but they were more common
around mesquite, on open slopes, and near
small, weedy, erosion channels. In contrast, C.
tigris marmoratus was predictably found only
in patches of creosote bush. One patch at the
base of the principal south-facing slope (fig.
1B) may have facilitated contacts between in-
dividuals of C. tesselatus and C. tigris mar-
moratus based on the numbers of hybrids and

C. tesselatus collected in its vicinity. Repre-
sentatives of C. exsanguis and C. inornatus
were found throughout the study area, with
the latter species using grass-dominated sites
to a greater extent than its congeners. Daily
contacts among members of all four species
and the hybrid group could easily occur. Ev-
idence of one such encounter consisted of an
adult representative of C. inornatus that had
been regurgitated by one of two hybrids in a
collecting bag.

THE CNEMIDOPHORUS ASSEMBLAGE

Each of the four species of Cnemidophorus
at Arroyo del Macho has a distinctive color
pattern and can be reliably identified in the
field prior to capture. Hybrids collected in
1996 and 1997 were initially identified as rep-
resentatives of C. tesselatus, which they most
closely resemble, prior to dissecting all indi-
viduals for an assessment of reproductive con-
dition. Subsequently, consistent color pattern
features of the hybrids were recognized that
both diagnose their hybrid status and identify
their parental species. While some hybrids can
be approached closely enough for positive
identification in the field, all hybrids can be
identified as such subsequent to capture.

CNEMIDOPHORUS EXSANGUIS

Parthenogenetic C. exsanguis is a medi-
um-sized triploid species. Our sample of 11
representatives had a mean snout–vent length
(in mm 6 SE, range limits) of 74.1 6 4.1,
58–98. The species is characterized by three
pairs of pale longitudinal stripes (paraverte-
brals, dorsolaterals, and laterals), all with
straight margins, alternating with brown or
reddish-brown dark fields. Numerous pale
spots are superimposed on the stripes and
dark fields. Pale stripes of large individuals
may become obscure, but conspicuous spots
on a fundamentally brown dorsum is a per-
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sistent feature of the pattern. A pale vertebral
line (or its fragments) is missing in older
adults, and the pale ventral surfaces are un-
spotted. Hybrids did not exhibit any of the
basic color pattern features of C. exsanguis.

CNEMIDOPHORUS INORNATUS

This is the smallest of the four species at
Arroyo del Macho; snout–vent length 5 57.1
61.13, 50–65 (18). Males and females have
similar body sizes (t16 5 0.876, P 5 0.39).
This species is distinguished by a sharply
contrasting dorsal pattern of unspotted dark
fields and pale stripes with straight margins.
In the Arroyo del Macho population, the
number of pale stripes may be 6 (no vertebral
stripe; 2 of 18 specimens, 11%), 6.5 (verte-
bral stripe to midbody; 1 of 18 specimens,
6%), or 7 (a complete vertebral stripe; 15 of
18 specimens, 83%). The unspotted ventral
surface is embellished with blue pigmenta-
tion of variable intensity, which is usually
quite striking in males.

Cnemidophorus inornatus was a candidate
for the paternal parent of the hybrids because
of its abundance at Arroyo del Macho (thus
opportunities for many contacts with individ-
uals of C. tesselatus) and because of several
attempted copulations in captivity between
males of C. inornatus and individuals of C.
tesselatus (Neaves, 1971). In addition, C. in-
ornatus has hybridized in the past with spe-
cies of both reproductive modes—C. tigris
marmoratus (reviewed by Cole et al., 1988;
Dessauer et al., 2000) and C. neomexicanus
(reviewed by Taylor and Walker, 1996b).

CNEMIDOPHORUS TESSELATUS

This is the largest of the four species at
Arroyo del Macho; snout–vent length 5 88.6
6 1.66, 59–109 (40). Zweifel (1965) provid-
ed the original descriptions of color pattern
variation among populations presently as-
signed to pattern class E. This variation in-
volved the degree to which the lateral stripes
(a pair of pale stripes extending from dorsal
edge of the ear opening to anterodorsal as-
pect of the thigh) were disrupted by vertical
black bars. The lateral stripes were absent in
some populations while other populations
had a predominance of individuals with rel-
atively intact lateral stripes, resembling pat-

tern class C in this respect. This variation
within pattern class E (as presently con-
ceived) has been dealt with, consistently and
conveniently, by using Zweifel’s (1965) de-
piction of the geographic distributions of col-
or pattern classes, rather than actual color
pattern characteristics, to assign certain in-
dividuals and populations to pattern class. As
an example of the problem, refer to Dessauer
and Cole (1989: fig. 1A, 1B). Although they
referred the individual in their figure 1A to
pattern class C, this specimen would be iden-
tified as a representative of pattern class E
(with relatively intact lateral stripes) based
on its sampling locality in the northern Rio
Grande drainage (Zweifel, 1965: fig. 1). This
problem is currently under study.

The Arroyo del Macho population of C.
tesselatus is distinguished from the other
three sympatric species of Cnemidophorus
by a sharply contrasting dorsal pattern of
pale stripes and their transverse expansions
on black dark fields (figs. 2A, 4). One color
pattern element, evidence of lateral stripes,
can be used to distinguish members of C.
tesselatus from hybrids at this locality. On-
togenetic development can reduce definition
of the lateral stripes in two ways. Fundamen-
tally, dark fields subtending the lateral stripes
can become subdivided into linear series of
dark-field remnants through localized loss of
melanin; this produces a series of transverse
pale bars of the same hue as the stripes. Be-
cause pale bars and dark-field remnants can
be in register above and below the stripes,
there is loss of stripe definition where pale
bars pass through the stripes. Similarly,
stripes are disrupted by black bars where lo-
calized production of melanin in the pale
stripes causes fusion of dark-field remnants
above and below the stripes. However, the
disruption of lateral stripes is reduced in the
Arroyo del Macho population, and evidence
of lateral stripes persists in all individuals of
this population. Individual variation in dorsal
color pattern is particularly evident in the
vertebral dark field (fig. 4). A vertebral stripe
is usually evident on the nape, extending
posteriorly for variable distances before frag-
menting into a series of pale elements. Lat-
eral expansions of the vertebral stripe or its
fragmented elements establish a sequence of
contacts with the paravertebral stripes. These
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expansions can be highly exaggerated in the
final color pattern as a longitudinal series of
transverse pale bars connecting the paraver-
tebral stripes to form a ladderlike pattern.
The ventral surfaces are immaculate or near-
ly so (fig. 3A); i.e., there are no black spots
in the central gular region, although there
may be one or two spots laterally. A few
small black spots (often confined to single
scales) may be scattered on the chest.

CNEMIDOPHORUS TIGRIS MARMORATUS

There is sexual dimorphism in body size,
with males being significantly larger than fe-
males in our sample (t29 5 2.469, P 5 0.02);
snout–vent length of males 5 80.7 6 1.81,
63–92 (21); snout–vent length of females 5
73.3 6 2.24, 57–80 (10). Individual variation
in this subspecies can be observed in the rel-
ative prominence of pale stripes or their rem-
nants in the dorsal pattern, ranging from
clearly evident stripes to a loss of stripe iden-
tity in an irregular reticulum of pale and dark
sectors. All stripes may be fragmented to
various degrees. The double nature of the
pale vertebral stripe (or its remnants) is usu-
ally evident, thus resembling its hybrid de-
rivatives, pattern classes Colorado D and
New Mexico D of C. tesselatus, in this fea-
ture. Pale stripes, or significant segments
thereof, are retained in the dorsal pattern of
many adult individuals of C. tigris marmor-
atus in the Pecos River drainage, and these
populations were described as C. marmora-
tus reticuloriens by Hendricks and Dixon
(1986). All individuals in our samples lack
lateral stripes (fig. 2C). Pastel hues embellish
the ventral pigmentation, with pink shades
added to the gray throat and chest, shifting
to orange or tan shades on the ventrolateral
areas of the abdomen. Individuals larger than
78 mm snout–vent length have black spots
and blotches on the gular and chest regions
(fig. 3C), with considerable variation in their
size and number. Although C. tigris mar-
moratus was uncommon at the hybridization
site, it was a strong candidate for the paternal
parent of the hybrids because of two shared
color pattern features (see below).

HYBRIDS

Males and females had similar snout–vent
lengths (t18 5 0.194, P 5 0.85): males 5 89.2

6 3.15, 56–97 (12) and females 5 88.4 6
2.85, 71–97 (8). The dorsal color pattern (fig.
2B) is most similar to C. tesselatus (fig. 2A),
but the hybrid pattern tends to be coarser,
with larger dark and pale sectors (compare
figs. 4–6). There is no vertebral stripe, and,
from the shoulder region posteriorly, the ver-
tebral dark field is either rather open or
bridged by transverse pale elements. Ven-
trally, hybrids are intermediate to parental
species in degree of black-spotting (fig. 3B).
As currently understood (Lowe et al., 1970a;
Cuellar and McKinney, 1976; Taylor et al.,
1989; Walker et al., 1989a, 1989b), a lizard
with male reproductive structures that has a
color pattern resembling a normal partheno-
genetic species is either a triploid or tetra-
ploid hybrid—cytological states that are at-
tained only through fertilization of unreduced
eggs from diploid or triploid parthenogens by
haploid, Y-bearing sperm from males of bi-
sexual species.

COLOR PATTERN AND IDENTIFICATION OF

HYBRIDS

Although there is color pattern variation
among the hybrids (figs. 5, 6), all bear a
strong resemblance to their maternal parent,
C. tesselatus (fig. 4). There are, however,
several color pattern features that distinguish
hybrids from C. tesselatus and implicate C.
tigris marmoratus as their paternal parent.
The most obvious difference is dichoto-
mous—lateral stripes (or obvious remnants)
are present in the Arroyo del Macho popu-
lation of C. tesselatus and absent in hybrids
and C. tigris marmoratus (fig. 2). In addition,
some hybrids (particularly males) have subtle
suffusions of pink on the throat and chest and
yellowish-tan on the lateral abdominal sur-
faces. These are pigmentation features of C.
tigris marmoratus. Certain hybrids also re-
semble C. tigris marmoratus in having small
black spots in the central gular region and on
the chest. However, the intensity of pastel
hues and the size and number of black ven-
tral spots are reduced in such hybrids com-
pared to C. tigris marmoratus (figs. 2, 3, 5,
6).

As a group, hybrids differ from C. tesse-
latus in having a greater number of interrup-
tions of the dorsolateral stripes (IDLS; t26.747
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Fig. 2. Dorsolateral views of three representative whiptail lizards (Cnemidophorus) from Arroyo del
Macho. A. Diploid unisexual C. tesselatus, AMNH R-146638, body length 97 mm. B. Triploid C.
tesselatus 3 C. tigris marmoratus hybrid male, AMNH R-146693, body length 100 mm. C. Diploid
bisexual C. tigris marmoratus male, AMNH R-146653, body length 94 mm. All photographed June 19,
1998.
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Fig. 3. Ventral view of the same lizards arranged in the same sequence as in figure 2.

5 5.438, P , 0.0005; table 1) and paraver-
tebral stripes (IPVS; t58 5 5.730, P , 0.0005;
table 1). The presence of a stripe or smaller
pale segments in the vertebral dark field of

C. tesselatus (fig. 4) and a more open ver-
tebral dark field in hybrids (figs. 5, 6) will
distinguish many individual hybrids from C.
tesselatus. However, a quantification of this
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Fig. 4. Representatives of Cnemidophorus tesselatus from the Arroyo del Macho hybridization site.
A. AMNH R-146615 (91 mm SVL); B. AMNH R-146618 (83 mm SVL); C. AMNH R-146619 (85
mm SVL); D. AMNH R-146623 (86 mm SVL); E. AMNH R-146627 (89 mm SVL); F. AMNH R-
146626 (90 mm SVL).
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Fig. 5. Representative Cnemidophorus tesselatus 3 C. tigris marmoratus hybrid females from the
Arroyo del Macho hybridization site. A. AMNH R-146689 (89 mm SVL); B and E. AMNH R-146687
(93 mm SVL); C and F. AMNH R-146688 (91 mm SVL); D. AMNH R-146681 (84 mm SVL).
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Fig. 6. Representative Cnemidophorus tesselatus 3 C. tigris marmoratus hybrid males from the
Arroyo del Macho hybridization site. A. AMNH R-146682 (93 mm SVL); B and F. AMNH R-146683
(89 mm SVL); C. AMNH R-146685 (93 mm SVL); D. AMNH R-146684 (87 mm SVL); E. AMNH
R-146686 (88 mm SVL).

feature (PSVF, number of midsagittal pale
segments in the vertebral dark field) did not
distinguish the two groups (t55 5 1.754, P 5
0.08; table 1).

UNIVARIATE MORPHOLOGICAL COMPARISONS

Sexual dimorphism was lacking in meris-
tic characters of the hybrids (all Ps . 0.09)
and representatives of C. tigris marmoratus
(all Ps . 0.14) from the vicinity of Arroyo
del Macho, permitting us to pool the sexes
into single samples for each group. For seven
of the eight scalation characters, there was
one significant difference among the pair-
wise comparisons of hybrids, C. tesselatus,
and C. tigris marmoratus (table 1). Hybrids
differed significantly from both parental spe-
cies in number of granules around midbody
and in subdigital finger lamellae. However,
the pattern of nonsignificant differences (re-
semblance) between hybrids and parental
species was also informative. All 20 hybrids
from Arroyo del Macho had abruptly en-
larged mesoptychial scales (those bordering
the gular fold anteriorly), thereby resembling
C. tesselatus rather than C. tigris marmora-
tus in this character. Hybrids also resembled
C. tesselatus in number of subdigital toe la-
mellae and gular scales, but resembled C. ti-
gris marmoratus in number of femoral pores,
circumorbital scales, and lateral supraocular
granules (table 1). Cnemidophorus tessela-
tus, itself a product of past hybridization,
also exhibited a mosaic pattern, resembling
its maternal progenitor (C. tigris marmora-
tus) in some characters and its paternal pro-
genitor (C. gularis septemvittatus) in others
(Parker, 1979b).

MULTIVARIATE MORPHOLOGICAL ANALYSES

Principal Components Analysis

The first three principal components sum-
marized 64.1% of the variation found in
eight meristic characters used in the PCA of

C. tesselatus, C. tigris marmoratus, and their
hybrids. Significant differences in principal
components scores (treating these variables
as univariate characters) among the three
groups are shown in table 1. A comparison
of component loadings (table 2) to characters
with nonsignificant differences between hy-
brids and one of the two parental groups (ta-
ble 1) indicated that principal component 1
was expressing similarities of hybrids to C.
tigris marmoratus in number of femoral
pores, circumorbital scales, and lateral supra-
ocular granules. Principal component 2 ex-
pressed similarities of hybrids to C. tessela-
tus in number of subdigital toe lamellae and
gular scales.

The pattern of variation was depicted in
an ordination of principal components scores
on the first two axes (fig. 7). There was con-
siderable overlap in principal components
scores of all three groups, presumably re-
flecting shared parentage; i.e., that C. tigris
marmoratus was the maternal parental spe-
cies of C. tesselatus and the paternal parental
species of the hybrids from Arroyo del Ma-
cho. The third principal component reflected
the distinctively low numbers of granules
around midbody in hybrids compared to both
parental species (table 1), and it effectively
separated hybrids from parental species on
this axis.

Phylogenetically (because C. tesselatus is
also a hybrid derivative of C. tigris marmor-
atus), the hybrids at Arroyo del Macho have
approximately 67% of their genes from C.
tigris marmoratus and approximately 33% of
their genes from C. gularis septemvittatus.
Proximately, and more important in terms of
phenotypic expression, the triploid hybrids
have 100% of the genes of C. tesselatus and
50% of the genes of C. tigris marmoratus;
the matriclinous nature of the multivariate
expression of meristic characters is revealed
by the canonical variate analysis that follows.
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TABLE 1
Descriptive Statistics of Morphological Characters and Tests of Significancea Among the Parthenogenetic

Species Cnemidophorus tesselatus, the Bisexual Species C. tigris marmoratus, and Their Hybrids
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Fig. 7. Pattern of morphological variation expressed by the distribution of scores on the first two
principal components extracted from a correlation matrix of eight meristic characters. Symbols depict
scores of 84 individuals collected in the vicinity of Arroyo del Macho, Chaves Co., New Mexico: V,
38 C. tesselatus; M, 26 C. tigris marmoratus; l, 20 hybrids. Ellipses define the 95% confidence limits
of each group.

CANONICAL VARIATE ANALYSES

Each specimen was assigned to its correct
a priori group in a quadratic canonical variate
analysis of eight meristic characters, and hy-
brids were significantly different from both
parental species in both canonical variates
(table 1). The separation of the three groups
on discriminant axes is depicted in figure 8.
We ran a second canonical variate analysis

(linear) with three characters excluded from
the model (number of circumorbital scales,
number of lateral supraocular granules, and
number of gular scales) in order to achieve
homogeneous covariance matrices (P 5
0.06). This analysis provided squared Ma-
halanobis distances (D2) among centroids of
the three a priori groups for quantifying the
degree of multivariate resemblance among
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TABLE 2
Factor Loadings for Three Principal Components

Derived from Meristic Variation Among the
Parthenogenetic Species Cnemidophorus tesselatus,

the Bisexual Species C. tigris marmoratus,
and Their Hybrids

hybrids and parental species. The hybrid
group resembled maternal C. tesselatus more
closely than paternal C. tigris marmoratus—
D2 values were 11.0 between hybrids and C.
tesselatus and 19.9 between hybrids and C.
tigris marmoratus. In comparison, the D2

value between C. tesselatus and C. tigris
marmoratus was 18.9. Because C. tesselatus
has one set of chromosomes from C. tigris
marmoratus and the hybrids have two sets of
chromosomes from C. tigris marmoratus,
one might assume that the resemblance to C.
tigris marmoratus would increase (i.e., D2

values would decrease) with each additional
set of chromosomes inherited from this tax-
on. However, the distances of 18.9 (one set
of C. tigris marmoratus chromosomes in C.
tesselatus) and 19.9 (two sets of C. tigris
marmoratus chromosomes in the hybrids) are
evidence of an absence of significant additive
interactions among the tigris genomes and
substantiate the matriclinous nature of phe-
notypic expression in the hybrids; i.e., there
is a disproportionate resemblance of hybrids
to the female parent (see also Parker, 1979b).

The overall dorsal color pattern of the Ar-
royo del Macho hybrids most closely resem-
bles that of the maternal parent, C. tesselatus.
As an example of the unpredictability that
seems to be associated with the genus Cnem-
idophorus, there is an example where the op-
posite is true. Hybrids between the diploid

parthenogen C. neomexicanus and the bisex-
ual C. tigris have the greatest color pattern
resemblance to their paternal parent, C. ti-
gris, in an area where C. tigris is highly poly-
morphic (Dessauer et al., 2000). These hy-
brids, like those from Arroyo del Macho,
have two sets of tigris chromosomes, with C.
neomexicanus rather than C. tesselatus con-
tributing one of the two sets.

KARYOTYPIC ANALYSIS

Only one clearly resolved karyotype of the
allodiploid C. tesselatus has been published
(Dessauer and Cole, 1989: 57). However, ad-
ditional studies of karyotypes (Wright and
Lowe, 1967b; Lowe et al., 1970b) and of
protein electrophoresis (Neaves and Gerald,
1968, 1969; Neaves, 1969; Parker and Selan-
der, 1976; Dessauer and Cole, 1989) reveal
that the diploid unisexual C. tesselatus had a
hybrid origin involving C. tigris marmoratus
3 C. gularis septemvittatus.

Cnemidophorus tigris marmoratus and C.
gularis septemvittatus belong to the tigris
and sexlineatus species groups, respectively.
Each species group has a diagnostically dis-
tinctive karyotype (Lowe et al., 1970b). The
C. tigris marmoratus complement (n 5 23)
consists of three large set I biarmed macro-
chromosomes 1 eight smaller set II biarmed
intermediate-sized macrochromosomes 1 12
set III microchromosomes. The second larg-
est chromosome in set I of C. tigris has a
dotlike satellite on the end of one arm, which
is often difficult to see, and the third largest
chromosome is the sex chromosome (Cole et
al., 1969; Bull, 1978), of which the X-chro-
mosome is recognizable in the karyotype of
C. tesselatus. The complement from C. gu-
laris septemvittatus (n 5 23) consists of only
one large set I metacentric macrochromo-
some (with a subterminal secondary constric-
tion on one arm followed by an elongate sat-
ellite) 1 12 smaller set II intermediate-sized
telocentric or subtelocentric macrochromo-
somes 1 10 set III microchromosomes. The
sex chromosomes of C. gularis septemvitta-
tus are not morphologically recognizable.
The secondary constrictions on the set I
chromosomes are the nucleolar organizer re-
gions (Ward and Cole, 1986).

As expected, three representatives of C.
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Fig. 8. Pattern of morphological distinctiveness expressed by the distribution of canonical variate
scores derived from a quadratic canonical variate analysis of eight meristic characters. Symbols depict
84 individuals collected in the vicinity of Arroyo del Macho, Chaves Co., New Mexico: V, 38 C.
tesselatus; M, 26 C. tigris marmoratus; l, 20 hybrids. Ellipses define the 95% confidence limits of
each group.

tesselatus from Arroyo del Macho had a dip-
loid karyotype consisting of one normal ti-
gris group haploid complement and one nor-
mal sexlineatus group haploid complement
of chromosomes, or 2n 5 46 (fig. 9A). The
other seven C. tesselatus from Arroyo del
Macho that were karyotyped were all of a
slightly derived karyotypic clone (2n 5 47)
in which the X-chromosome of C. tigris had

apparently undergone centric fission, as it
was represented by two telocentric chromo-
somes, each being the size of one of the arms
of the ancestral X. Such karyotypic variants
among parthenogenetic species are known to
perpetuate themselves through cloning (Cole,
1979).

Nine suspected hybrids of C. tesselatus 3
C. tigris marmoratus from the Arroyo del
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Fig. 9. Karyotypes of two whiptail lizards (Cnemidophorus) from Arroyo del Macho. A. Diploid
unisexual C. tesselatus, AMNH R-146638 (2n 5 46). This unisexual taxon is a clone with its ultimate
ancestor being an F1 hybrid between C. tigris marmoratus (haploid complement of chromosomes in the
upper two rows) 3 C. gularis septemvittatus (haploid complement in the lower two rows). Large arrow
points to the centromere of the X-chromosome ultimately inherited from C. tigris marmoratus; this
chromosome apparently had undergone centric fission into two telocentric chromosomes in the other
karyotypic clone of C. tesselatus found at the same locality (2n 5 47). B. Triploid hybrid between C.
tesselatus 3 C. tigris marmoratus (male), AMNH R-146690 (3n 5 69). The four rows of chromosomes
above the scale bar represent the two haploid complements inherited from C. tigris marmoratus, whereas
the lower two rows represent the single haploid complement from C. gularis septemvittatus. The Y-
chromosome was inherited from the most recent backcross hybridization between C. tesselatus and C.
tigris marmoratus. Bar represents 10 mm. Small arrows in both A and B illustrate distinctive secondary
constrictions (nucleolar organizer regions) from C. gularis septemvittatus.
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Macho site were karyotyped. Eight of these
were triploids having 3n 5 69 chromosomes,
including the full diploid karyotype of C. tes-
selatus with the ancestral tigris X-chromo-
some unfissioned plus a second haploid com-
plement of tigris chromosomes (fig. 9B).
One individual was a modified triploid hav-
ing 3n 5 70 chromosomes, with the fissioned
tigris X-chromosome inherited from C. tes-
selatus. The four female hybrids had the ti-
gris X-chromosome in both tigris comple-
ments, whereas the five male hybrids had the
tigris Y-chromosome in the second tigris
complement (fig. 9B). Clearly, these individ-
uals all appeared to be F1 hybrids between
C. tesselatus 3 C. tigris marmoratus.

RELATIONSHIP BETWEEN KARYOTYPIC

CYTOTYPE AND MORPHOLOGY

There was an unequal distribution of the
two cytotypes between C. tesselatus and the
hybrids. The fissioned X-chromosome was
found in a majority of C. tesselatus karyo-
typed (7 of 10), but only one hybrid had the
fissioned X-chromosome (1 of 9). This dis-
parity might reflect different effects of the
fissioned X in the two groups. Although the
type of X-chromosome inherited does not af-
fect the expression of meristic characters in
C. tesselatus, the presence of a fissioned X
may exaggerate the expression of certain me-
ristic characters in hybrids—with potentially
negative effects. Evidence supporting this
possibility comes from both univariate and
multivariate analyses. At the univariate level,
the two karyotypic clones in C. tesselatus
(2n 5 46 [intact X] and 2n 5 47 [fissioned
X]) are similar (t-tests; Ps . 0.38) in all 12
meristic characters (see Materials and Meth-
ods section for character descriptions), sup-
porting a hypothesis that the two cytotypes
confer equivalent reproductive success in C.
tesselatus. Whether the 3:7 ratio reflects the
true frequencies of the two cytotypes in the
population of C. tesselatus is unknown; it
could simply represent a deviation from a 1:
1 ratio based on sampling variation (Chi-
square 5 1.600, 1 df, P 5 0.21). Neverthe-
less, the ratio of 8 hybrids with intact X-
chromosomes to 1 hybrid with a fissioned X-
chromosome is a significant deviation from
the 3:7 ratio in C. tesselatus (Chi-square

[with Yate’s correction for small samples] 5
4.539, 1 df, P 5 0.03).

To summarize the morphological differ-
ences associated with the two cytotypes, we
used 11 meristic characters (table 3) in a
principal components analysis to compare
the hybrid with a fissioned X-chromosome to
hybrids with intact X-chromosomes. Princi-
pal components scores for the only hybrid
with a fissioned X-chromosome lie outside
the 95% confidence ellipse for the sample of
the other eight hybrids (fig. 10). All signifi-
cant differences between the two hybrid cy-
totypes were conveyed by the first principal
component (t 5 12.804, 1 df, P , 0.00005;
table 4). This component provided a contrast
between the three color pattern characters
and number of granules around midbody (all
with positive loadings) and two characters
associated with the hindlimb, number of sub-
digital lamellae on the fourth toe and number
of femoral pores (both with negative load-
ings; table 3).

The disjunct position of the hybrid with a
fissioned X-chromosome in the ordination of
PC scores (fig. 10) was based on striking dif-
ferences between the two cytotypes in uni-
variate scores (table 4). We used one-sample
t-tests on individual meristic characters to de-
termine if the unusual hybrid was signifi-
cantly different from the sample of hybrids
with intact X-chromosomes. The hybrid with
a fissioned X had fewer pale segments in the
vertebral field (t 5 6.804, 1 df, P 5 0.0003),
fewer interruptions in the dorsolateral stripes
(t 5 6.065, 1 df, P 5 0.0005), fewer inter-
ruptions in the paravertebral stripes (t 5
6.174, 1 df, P 5 0.0005), fewer granular
scales around midbody (t 5 12.477, 1 df, P
, 0.0005), more femoral pores (t 5 7.332, 1
df, P 5 0.0002), more circumorbital scales (t
5 4.314, 1 df, P 5 0.0035), more subdigital
lamellae on the fourth toe (t 5 3.000, 1 df,
P 5 0.0199), and more scales contacting the
outer perimeter of the parietal and interpari-
etal scales (t 5 7.483, 1 df, P 5 0.0001)
(table 4). Whether these deviations, or others
undetected by us, translate into higher mor-
tality in hybrids inheriting a fissioned X-
chromosome is unknown. The low frequency
of the fissioned X cytotype in our sample of
hybrids compared to its higher frequency in
C. tesselatus indicates that this might be the
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Fig. 10. Pattern of morphological variation expressed by the distribution of scores on the first two
principal components extracted from a correlation matrix of 11 meristic characters. Symbols depict
scores of nine karyotyped hybrids collected in the vicinity of Arroyo del Macho, Chaves Co., New
Mexico: v, 8 hybrids of 2n 5 46; m, one hybrid of 2n 5 47 (fissioned X-chromosome). The ellipse
defines the 95% confidence limits for the eight hybrids with intact X-chromosomes.

case. However, alternative hypotheses, such
as a lower susceptibility of individuals of C.
tesselatus with fissioned X- chromosomes to
hybridization, cannot be tested with our ev-
idence.

EVIDENCE FROM BIOCHEMICAL GENETICS

Based on genotypes detected at 34 loci, we
obtained evidence bearing on the following

questions: (1) how many electrophoretically
detected clones of C. tesselatus are present
in our sample from the Roswell area; (2)
were the suspected hybrids actually hybrids;
(3) were the male parents of the hybrids rep-
resentatives of C. tigris marmoratus; (4) was
there evidence for separate fertilization
events in the origin(s) of these hybrids; and
(5) are the parental taxa at the hybridization
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TABLE 3
Factor Loadings for Four Principal Components

Derived from Meristic Variation Between
Two Cytotypes of Hybrids Derived from the

Parthenogenetic Species Cnemidophorus tesselatus
3 the Bisexual Species C. tigris marmoratus

TABLE 4
Descriptive Statistics and Tests of Significancea

for 11 Meristic Characters and Scores of Four
Principal Components for Two Cytotypes in

Cnemidophorus tesselatus 3 C. tigris marmoratus
Hybrids

Scores for one hybrid with a fissioned X-chromosome
are compared with scores (mean 6 SE and range) from
a sample of eight hybrids with intact X-chromosomes.

site genetically similar to individuals repre-
senting the same taxa from other localities?

All 11 C. tesselatus examined electropho-
retically, including a laboratory-reared off-
spring and her mother, had identical geno-
types at each of the 34 loci (table 5). Sev-
enteen loci (50%) had alleles in the hetero-
zygous state, attesting to the origin of this
taxon from a hybridization event, and the
specific alleles at each locus were consistent
with the parental taxa being C. tigris mar-
moratus and C. gularis septemvittatus (Neav-
es, 1969; Parker and Selander, 1976; Des-
sauer and Cole, 1989). The presence of iden-
tical genotypes in the laboratory-reared spec-
imen, its mother, and every other individual
of these C. tesselatus showed that they re-
produce by parthenogenetic cloning, as do
other individuals of different pattern classes
of this taxon (Dessauer and Cole, 1986).
Only one electrophoretic clone of tesselatus
was detected at the hybridization site. Be-
cause individuals examined included both of
the local karyotypic clones of C. tesselatus
(see above), no molecular marker was cor-
related with the two cytotypes. In addition,
these representatives of C. tesselatus were
electrophoretically identical to other speci-

mens of pattern class E from several other
localities (work in progress), although more
than one clone does exist among specimens
examined from elsewhere (also see Parker
and Selander, 1976).

The alleles found in the four specimens of
C. tigris marmoratus from the hybridization
site (table 5) were also the same ones com-
monly found in specimens of this taxon from
other localities (Dessauer et al., 2000; how-
ever, we did not cross-correlate allele desig-
nations for the uncommon alleles found in
their large samples from southwestern New
Mexico). Despite our small sample from the
Roswell area, four loci (IDDH, PEPA [by de-
duction from hybrids], PEPD, and GPI)
showed local polymorphism in this bisexual
species that reproduces with a Mendelian
pattern of inheritance.
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TABLE 5
Genotypes or Allelesa at 34 Gene Locib in Samples of Cnemidophorus from the Hybridization Site
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Fig. 11. Electrophoretic phenotypes of GPI, a
dimeric enzyme, from erythrocytes of 12 lizards.
Letters below gel identify allozymes based on al-
leles present (table 5). Lanes for individual lizards
are labeled beside the gel (with genotype) as fol-
lows: TESE, C. tesselatus pattern class E; SEP, C.
gularis septemvittatus; MAR, C. tigris marmora-
tus; and HYB, C. tesselatus 3 C. tigris marmor-
atus hybrid. Although the SEP and MAR are
identical on this gel (bb), the a-allele occurs in
other individuals of MAR. All specimens except
the SEP are from the hybridization site near Ros-
well. Anode is to the right; arrow indicates posi-
tion of sample applications.

Of the 34 loci analyzed, 15 showed no
variation among all individuals of each taxon
and the hybrids examined (the same alleles
were shared universally), but 19 loci were
particularly informative for identifying hy-
brids and their parental species (table 5). For
each locus, all 10 suspected hybrids (based
on morphology and karyotypes) had electro-
phoretic banding patterns consistent with
triploids bearing a combination of alleles that
included the two alleles found in the diploid
C. tesselatus plus a third allele from the local
C. tigris marmoratus. This is consistent with
a cloned tesselatus ovum having been fertil-
ized by a haploid marmoratus spermatozoan
(table 5).

Although we did not examine, electropho-
retically, representatives of C. inornatus
from the hybridization locality, this was not
necessary. Previous studies (e.g., the review
by Cole et al., 1988) have shown that C. ti-
gris marmoratus and C. inornatus are elec-
trophoretically distinguished from each other
at many loci, including the following eight
in table 5: ADH, LDH1, sSOD, sAAT,
mAAT, PEPE, ADA, and TF. In addition to
the third haploid set of chromosomes being
diagnostic of marmoratus in the hybrids re-
ported here (see above), the alleles detected
at these loci were also those specifically of
marmoratus, not inornatus.

The presence of the extra marmoratus al-
lele in hybrids was detected at most loci
based on allele dosage effects on band den-
sities (isozyme activities) in electrophoretic
phenotypes. For example, at GPI, specimens
of the diploid C. tesselatus, which are het-
erozygotes, show a three-banded pattern. Hy-
brids show the same three bands, but the rel-
ative band densities differ from those of tes-
selatus. Phenotypes (gel patterns) predicted
for the ab genotype of this dimeric enzyme
by the expansion of (a 1 b)2, which equals
a2 1 2ab 1 b2, consist of three isozymes with
a ratio of activities (band densities on gels)
approximating 1:2:1, as observed for tesse-
latus (fig. 11). Phenotypes predicted for the
abb genotype predicted by the expansion of
(a 1 2b)2, which equals a2 1 4ab 1 4b2, con-
sist of the same three isozymes but with a
ratio of activities approximating 1:4:4, as ob-
served in triploid hybrids (fig. 11). Conse-
quently, tesselatus and the hybrids had three-

banded patterns for GPI, but the ratio of the
band densities differed between them.

Banding patterns for IDDH and PEPA,
however, involved differences in both the
number of isozymes and the band densities
present in C. tesselatus versus hybrids. All
hybrid genotypes at IDDH included the b-
allele of marmoratus (fig. 12). Phenotypes
predicted for the aab genotype of this tetra-
meric enzyme by the expansion of (2a 1 b)4,
which equals 16a4 1 32a3b 1 24a2b2 1 8ab3
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Fig. 12. Electrophoretic phenotypes of IDDH,
a tetrameric enzyme, for 12 lizards; letters and
labeling as in figure 11, except the SEP on this
gel was actually an individual of C. gularis sca-
laris. The a-allele occurs in other individuals of
MAR. Activity in SEP was too weak to appear
clearly in this photograph. Anode is to the right;
arrow indicates position of sample applications.

Fig. 13. Electrophoretic phenotypes of PEPA,
a dimeric enzyme, for 12 lizards; letters and la-
beling as in figure 11, except asterisk marks hy-
brid (AMNH R-145146) that received the c-allele
from MAR instead of the b-allele (coincidentally,
this is the only hybrid karyotyped that has a fis-
sioned X-chromosome). The c-allele occurs in
other individuals of MAR, the d-allele in others
of both MAR and SEP. Anode is to the right.

1 b4, consist of five isozymes with a ratio of
activities approximating 16:32:24:8:1. The
least active isozyme (b4) is not visible in the
hybrids in figure 12.

Although dosage effects were not as clear
for PEPA as for IDDH, comparison of the
tesselatus and hybrid patterns in figure 13
clearly shows that the banding pattern of the
hybrids varies according to which allele was
inherited from marmoratus. Nine of the 10
hybrids had phenotypes of five isozymes.
Dosage effects for the triple heterozygote
bcd of this dimeric enzyme predict a six-
banded phenotype, estimated by the expan-
sion of (b 1 c 1 d)2, which is b2 1 2bc 1
c2 1 2bd 1 2cd 1 d2, with band intensities

approximating the ratio of 1:2:1:2:2:1. Five
of the six isozymes were resolved in these
triple heterozygotes (fig. 13). Note that the
middle band of the triple heterozygotes is the
most dense, suggesting that the c2 and 2bd
bands are superimposed to produce a five-
banded pattern with a ratio of 1:2:3:2:1.

One would expect a sample of 10 hybrids
from the Roswell area to include individuals
with different genotypes at IDDH, PEPD,
and GPI because the local population of mar-
moratus is polymorphic at these loci (table
5). For both IDDH and GPI, all 10 hybrids
inherited the b-allele, which has a frequency
of 0.75 in the local marmoratus. For PEPD,
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six hybrids inherited the b-allele and four in-
herited the c-allele, which have frequencies
as follows in the local marmoratus: b 5 0.25,
c 5 0.75. In addition, for PEPA, nine hybrids
inherited the b-allele (bcd genotype), where-
as one inherited the c-allele (ccd genotype)
from marmoratus. The marmoratus in our
small sample from the Roswell area ex-
pressed only the b-allele at PEPA, but the c-
allele is present in marmoratus from other
sites (frequency of about 0.08; Dessauer et
al., 2000).

Finally, the apparent sterility of the trip-
loid female hybrids (see Histological Anal-
ysis, below) also is consistent with hypoth-
esizing that a new triploid parthenogenetic
clone has not been generated from the trip-
loid hybrids at this site. If such a new clone
were present, our sample of 10 triploids
would have included a preponderance of fe-
males bearing identical genotypes, which is
not the case. In fact, considering the combi-
nation of genotypes together with the pres-
ence of the Y-chromosomes observed, we
have evidence for nine separate fertilization
events (nine different combinations of eggs
and sperm) among the 10 hybrids examined
electrophoretically.

HISTOLOGICAL ANALYSIS

Cnemidophorus tesselatus

Sexually mature and reproductive adults of
C. tesselatus usually exhibit the following
characteristics: oocytes are present, the ovar-
ian follicle cell layer is complete and well
organized, connective tissue is not conspic-
uous, vacuoles are few, and the follicle is
well vascularized. The distal oviduct con-
tains a thin mucosa with poorly developed
folds. The middle oviduct is ciliated and con-
tains well-developed alveolar glands, which
are restricted to this section of the oviduct.
The proximal oviduct has a thick (normal)
mucosa and well-developed folds. The me-
sonephric tubules are 20–30 mm in diameter
(figs. 15C, 18A–D).

The ovary of a normal, reproductive C.
tesselatus contains developing follicles with
a well-developed tunica granulosa that in-
cludes active pyriform cells (fig. 14E, F).
The zona radiata (formed by microvilli) is
usually evident and probably indicates the

active transport of components (such as
phosvitin and lippovittelin) for the later syn-
thesis of yolk granules (fig. 14G). The in-
crease in the surface area that results from
the presence of the microvilli facilitates
transport of substances between the oocyte
and the follicle cells (Balinsky, 1975; An-
derson and Beams, 1960). The cytoplasm is
granular but homogeneous in distribution in
young oocytes and becomes layered in older
oocytes (fig. 14I, K). Yolk deposition begins
when the oocyte is 2.3 mm (largest non-
yolked oocyte measured) to 3.1 mm (smallest
yolked oocyte measured) in diameter (table
6, fig. 14G, H); as vitellogenesis progresses
the theca granulosa regresses with the loss of
pyriform cells but retention of the small
granulosa cells (fig. 16G). Atretic oocytes
have stopped development for some un-
known reason. A previtellogenic oocyte that
is atretic shows irregular or vacuolated cy-
toplasm (fig. 14A, B). The theca granulosa is
often hypertrophied, and enlarged granulosa
cells move through the disrupted zona radiata
or zona pellucida into the oocyte cytoplasm
(fig. 14C, D). As atresia progresses the base-
ment lamina of the theca granulosa becomes
a hyaline layer known as the glassy mem-
brane (fig. 14C, D). At ovulation the follicle
wall appears thicker because the thin,
stretched wall of the mature follicle is now
shrunken due to the collapse of the follicle;
cellular debris may be present in the lumen,
but neither oocyte nor yolk will be present
(fig. 14J). As the corpus luteum ages the lu-
men becomes filled with luteal cells (fig.
14K, L). The fully developed corpus luteum
is easily distinguished from an advanced
atretic follicle by the absence of yolk, ab-
sence of the glassy membrane, and the pres-
ence of vacuolated luteal cells (fig. 14L).
Corpora lutea regress rapidly to a distinctive,
triangular collapsed structure, composed pri-
marily of connective tissue and usually lo-
cated between other follicles (fig. 14I). Per-
haps this is typical of lizard corpora lutea
(Miller, 1948: pl. 13d, e for Xantusia; Gold-
berg, 1970: fig. 12 for Sceloporus).

Two individuals exhibited gonadal abnor-
malities. One of these (AMNH R-146636), a
large individual (95 mm snout–vent length),
had very small ovaries lacking enlarged oo-
cytes; no sperm were seen in the reproduc-
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Fig. 14. Atretic and normal follicles and corpora lutea of C. tesselatus. A. Developing oocyte during
vitellogenesis (right) and atretic follicle (left; AMNH R-145143, slide 19, row 1, section 1). B. Atretic
follicle with disorganized cytoplasm but intact nucleus (AMNH R-145143, slide 19, row 1, section 1).
C. Atretic follicle after vitellogenesis had begun; notice the glassy membrane (AMNH R-146620, slide
4, row 2, section 5). D. Atretic follicle (left) and normal follicle (right), both before vitellogenesis
(AMNH R-146621, slide 4, row 1, section 2). E. A normal follicle showing the structure of the follicle
wall and discharging pyriform cells (AMNH R-145142, slide 106, row 1, section 3). F. Detail of the
tunica interna showing discharging pyriform cells prior to the formation of yolk granules (AMNH R-
146637, slide 41, row 1, section 4). G. Detail of a follicle during vitellogenesis, showing a well-
developed zona radiata, vascularization, and the tunica granulosa (AMNH R-145143, slide 28, row 1
section 2). H. Near the end of vitellogenesis the tunica interna is reduced to the tunica granulosa (AMNH
R-145142, slide 49, row 1, section 2). I. Older corpora lutea showing the triangular shape and absence
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of an oocyte; note the layered cytoplasm of the adjacent oocyte (AMNH R-146629, slide 28, row 1,
section 4). J. A recently ovulated follicle that will become a corpus luteum; note triangular shape and
point of rupture (AMNH R-146620, slide 31, row 1, section 1). K. Corpus luteum (left) and normal
follicle (right; AMNH R-146618, slide 1, row 2, section 13). L. Detail of corpus luteum (AMNH R-
146621, slide 1, row 2, section 9). Slides stained with Mallory triple connective tissue technique are
designated MT; all other slides were stained with Harris hematoxylin and eosin. Abbreviations for this
and the following figures are as follows: A, adrenal gland; AC, adrenal cells; AF, atretic follicle; Al,
alveolar gland; BGE, boundary of germinal epithelium; BV, blood vessel; CL, corpus luteum; CT,
connective tissue; C1, outermost layer of pre-yolk cytoplasm of oocyte; C2, middle layer of pre-yolk
cytoplasm of oocyte; C3, innermost layer of preyolk cytoplasm of oocyte; D, discharging pyriform cell;
Dod, distal oviduct; E, epididymis; FC, follicle cell; FR, site of follicle rupture due to ovulation; GM,
glassy membrane of an atretic follicle; Gr, granulosa cells of follicle; I, interrenal cells; L, lumen; LC,
luteal cells; Le, Leydig cell layer; Lip, lip of germinal epithelium; LRV, left renal vein; M, mesonephros;
ML, mesonephros, large tubules; Mod, middle oviduct; MS, mesonephros, small tubules; Mu, mucosa;
Mus, muscularis; N, nucleus; O, ovary; Od, oviduct; OF, ovarian follicle; Og, oogonia of germinal
epithelium; Oo, oocyte; P, pyriform cell in theca granulosa; S, serosa; Sp, spermatozoa; ST, seminiferous
tubules; TE, theca externa of ovarian follicle; TG, theca granulosa of ovarian follicle; TI, theca interna
of ovarian follicle; V, vas deferens; Y, yolk of oocyte; ZR, zona radiata. Scale bar, 0.1 mm, except E–
H and L, which are 0.01 mm.

tive tract. The second (AMNH R-146640)
was the smallest C. tesselatus in the sample
(snout–vent length 5 65 mm) and contained
a few abnormal follicles (many irregular
spaces and an incomplete theca granulosa);
no sperm were found in her reproductive
tract. All other representatives of C. tessela-
tus contained 3–22 follicles; seven individ-
uals were undergoing vitellogenesis in folli-
cles 1.4–8.5 mm in diameter (table 6).

Salient features of the reproductive sys-
tems of representative individuals of C. tes-
selatus, all C. tesselatus 3 C. tigris marmor-
atus hybrids, and all male C. tigris marmor-
atus collected at the hybridization site are de-
scribed below with date of collection in
parentheses. The first series are representa-
tives of C. tesselatus.

AMNH R-146629 (June 11, 1998): The
left ovary was 3 3 7 mm. Both oviducts
were swollen; the left was 16 3 3.5 mm, the
right was 14 3 4 mm. The largest oocyte had
not begun vitellogenesis but the cytoplasm is
differentiated into at least three zones, and
the granulosa and zona radiata are well de-
veloped (as in fig. 14A, I). Several oocytes
show pyriform cells (fig. 16H), which indi-
cate the onset of yolk deposition in Scelo-
porus (Goldberg, 1970). At least two corpora
lutea were present (fig. 14I). The small size
and triangular shape of the corpora lutea sug-
gest that ovulation and oviposition occurred

from at least two weeks (Miller, 1948: pl. 12
for the viviparous Xantusia) to several
months earlier (Goldberg, 1970, for the ovo-
viviparous Sceloporus jarrovi); however, the
sequence and timing of corpus luteum de-
generation in Cnemidophorus is not well
known. Two atretic follicles were present. No
sperm were found.

AMNH R-146636 (June 12, 1998): The
left ovary and oviduct were smaller than
those of the other C. tesselatus examined;
however, this individual is 95 mm snout–vent
length, clearly of adult size; the mean snout–
vent length for the other 25 specimens ex-
amined is 89.6 (65–109 mm). The meso-
nephric kidney and adrenal were well devel-
oped and vascularized. The ovarian epithe-
lium (cortex) was very thin and contained
some oocytes and a well-developed lip (fig.
15E). The ovary consisted of a thin layer (3–
4 cells thick) over a thinner layer of smooth
muscle, all of which were on the surface of
the adrenal away from the mesonephros (fig.
15E). Follicles were not present, the ovary
was probably just beyond the indifferent
stage of development, and the oviduct was
tiny. This animal, although of large size for
a mature female, is equivalent to a hatchling
in its reproductive anatomy. The karyotype
and protein electrophoresis confirmed the
identity of this specimen. No sperm were
found.



34 NO. 3345AMERICAN MUSEUM NOVITATES

Fig. 15. Germinal epithelium and adjacent adrenal gland of hybrid females (A–C) and C. tesselatus
females (D–F). A. Germinal epithelium with well-defined lip, margin, and oogonia (AMNH R-146689,
slide 3, row 2, section 6, MT). B. Detail of epithelium in figure 15A (AMNH R-146689, slide 3, row
2, section 6, MT). C. Germinal epithelium, adrenal gland, and mesonephros (AMNH R-146691, slide
13, row 2, section 9). D. Germinal epithelium showing boundary and lip (AMNH R-146637, slide 41,
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row 1, section 5). E. Germinal epithelium with lip (AMNH R-146636, slide 11, row 1, section 3). F.
Germinal epithelium with developing oocytes; section did not pass through lip (AMNH R-146618, slide
1, row 1, section 15). G. One follicle containing two oocytes. The theca interna completely separates
the two oocytes and a single theca externa encompasses the follicle (AMNH R-146618, slide 4, row 2,
section 2). Scale bar, 0.1 mm, except B, which is 0.01 mm.
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Fig. 16. Ovary structure of hybrid females (A–D) and C. tesselatus females (E–H). A. Ovary with
abnormal follicle (AMNH R-145146, slide 5, row 1, section 4). B. Ovary with empty follicle and
abnormal follicular epithelia (AMNH R-145147, slide 16, row 1, section 1). C. Detail of follicle wall
of empty follicle (AMNH R-145147, slide 16, row 1, section 1). D. Empty follicle with blood supply
(AMNH R-146681, slide 4, row 1, section 2). E. Ovary with oogonia and several sizes of developing
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follicles containing oocytes (AMNH R-146619, slide 3, row 1, section 3, MT). F. Follicle edges of a
normal yolked follicle (upper right), atretic yolked follicle (lower right), and normal nonyolked follicle
(left; AMNH R-146613, slide 6, row 2, section 9, MT). G. Previtellogenic follicle (right) and vitellogenic
follicle (left) showing differences in cytoplasm, yolk, and theca development (AMNH R-146613, slide
6, row 2, section 6, MT). H. Theca granulosa of normal developing oocyte (AMNH R-146629, slide
19, row 1, section 3). Scale bar, 0.1 mm, except C, D, G, H, which are 0.01 mm.

AMNH R-146637 (June 12, 1998): The
left oviduct was enlarged but lacked eggs.
The left ovary contained 14 enlarged folli-
cles (fig. 14F) up to 1.4 mm in diameter and
one corpus luteum. Macroscopically, the
ovary showed one reddish spot, possibly the
corpus luteum detected later by histological
examination. The germinal epithelium con-
tained oogonia and a distinctive lip (fig.
15D). The two largest oocytes had not begun
vitellogenesis. No sperm were found.

AMNH R-146638 (June 12, 1998): The
left ovary and oviduct were enlarged and the
largest oocyte was yolked. No other oocytes
were yolked and no recognizable corpora lu-
tea were visible. No sperm were present in
the oviduct.

AMNH R-146639 (June 12, 1998): The
left ovary and oviduct were enlarged and the
ovary contained three enlarged and yolked
oocytes. The largest nonyolked oocyte was
1.9 mm in diameter, almost as large as those
containing yolk, and larger by 0.5 mm than
a yolked oocyte in AMNH R-146637. There
were at least four corpora lutea present, all
flattened or triangular, and up to 1.4 mm
wide. No sperm were found.

AMNH R-145142 (May 12, 1999): Two
oocytes 8.5 mm in diameter were depositing
yolk when preserved. Several previtellogenic
follicles exhibited secretory activity of the
theca granulosa and conspicuous pyriform
cells (fig. 14E) similar to those seen in Cten-
osaura (del Carmen et al., 1996). Near the
end of vitellogenesis, the granulosa was still
evident as a distinctive cell layer (fig. 14H).
The distal oviduct had a very thin mucosa
and very thin folds near the infundibulum,
but near the junction with the middle oviduct
the mucosa was thickened (fig. 17F). The
middle oviduct contained normal alveolar
glands (fig. 17G, H). No sperm were found.

AMNH R-145143 (May 14, 1999): This
specimen had an early atretic follicle with

disorganized cytoplasm (fig. 14A, B) and fol-
licles that were undergoing vitellogenesis
(fig. 14G). The oviducts were enlarged; the
folds of the distal oviduct were shallow near-
er the infundibulum (fig. 17E, left) and deep-
er away from the infundibulum (fig. 17E,
right). No sperm were found.

AMNH R-146612 (June 10, 1996): This
specimen contained a yolked follicle (6.4 3
6.7 mm) and a corpus lutuem (0.5 mm
diam.). The mesonephric tubules were small
(0.02 mm diam.). Other ovarian and oviduc-
tal structures appeared normal. No sperm
were found.

AMNH R-146613 (June 10, 1996): The
ovary contained follicles of several sizes (as
in fig. 16E), including yolked and atretic fol-
licles (fig. 16F). No sperm were found.

AMNH R-146614 (July 20, 1997): This
specimen contained two small corpora lutea
and very small follicles (table 6). Like all
others collected in July 1997 (fig. 21, table
6), this individual was postreproductive.

AMNH R-146618 (July 20, 1997): This
specimen contained a recently ovulated fol-
licle (fig. 14K), several normal follicles with
germinal epithelium (fig. 15F), and two oo-
cytes in one follicle (future twins that might
share the same eggshell; fig. 15G). This fol-
licle would have been available for the 1998
reproductive season. No sperm were found.

AMNH R-146620 (July 21, 1997): A large
(7.0 3 3.7 mm) yolked atretic follicle (fig.
14C) and a recent corpus luteum with visible
rupture site (fig. 14J) suggest that one of the
two large oocytes ovulated and the other
aborted, perhaps within two weeks (Miller,
1948) prior to collection. No sperm were
found.

AMNH R-146621 (July 21, 1997): An
atretic follicle (fig. 14D) and two corpora lu-
tea (fig. 14L) were present. No sperm were
found.
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Fig. 17. Oviduct structure of hybrid females (A–D) and C. tesselatus females (E–H). A. Distal
oviduct showing thin mucosa and absence of folds (AMNH R-145147, slide 8, row 1, section 1). B.
Middle oviduct with alveolar glands (AMNH R-145147, slide 8, row 1, section 1). C. Middle oviduct
showing poorly developed alveolar glands (AMNH R-145146, slide 11, row 2, section 2). D. Middle
oviduct (AMNH R-146691, slide 9, row 2, section 6, MT). E. Distal oviduct showing mucosa and
variation in fold development (AMNH R-145143, slide 5, row 2, section 6). F. Distal and middle
oviducts; note the swollen (active) posterior part of the distal oviduct and the distinctive appearance of
the middle oviduct. The proximal oviduct is not visible (AMNH R-145142, slide 136, row 1, section
2). G. Middle oviduct with mucosa and well-developed alveolar glands (AMNH R-145142, slide 80,
row 1, section 2). H. Middle oviduct showing serosa, mucosa, and organization of the alveolar glands
(AMNH R-145142, slide 85, row 1, section 4). Scale bar, 0.01 mm, except F, which is 1 mm, and H,
which is 0.1 mm.
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AMNH R-146640 (June 12, 1998): This
specimen contained enlarged oviducts but
tiny (unrecognizable macroscopically) ova-
ries. Many spaces were present around fol-
licle cells and the theca granulosa was almost
absent; however, there were no follicle cells
in the cytoplasm of the oocytes, which ap-
peared normal (fig. 18C). The adrenal and
mesonephric tubules appeared normal (not
enlarged) for a female (fig. 18C). No sperm
were found.

Other specimens examined did not vary
conspicuously from the above descriptions.
Important to the question of hybridization
frequency, none of the specimens of C. tes-
selatus had sperm in the oviducts.

During development the ovary is attached
to the surface of the adrenal. In its earliest
stages (during and soon after the indifferent
stage) the ovary appears as a thickened epi-
thelium, almost always with a distinctive lip
on one edge. This ovarian lip makes the ex-
tremely young ovary more easily recogniz-
able (see Hardy and Cole, 1981: fig. 3, top
right corner, fig. 4, lower right corner, and
fig. 6, lower right corner; Hardy and Cole,
1998: fig. 3B, top center, and fig. 2). In some
samples the ovary is so small that only a few
oocytes are present. The scarcity of oocytes
(figs. 15F, 16B, E) and small size of the im-
mature ovary make it a difficult organ to rec-
ognize. Thus, one must focus on the shape
of the ovarian lip, plus the presence of oo-
cytes, in order to recognize the small ovary
(fig. 15A–E).

Vitellogenesis in C. tesselatus begins
when the follicles are between 3.1 mm
(smallest yolked oocyte measured) and 2.3
mm (largest nonyolked oocyte measured) in
diameter (using largest dimension of oocyte
[table 6]); however, if vitellogenesis is well
under way for a normal complement of eggs
(2–3 per ovary), then vitellogenesis might be
delayed for other oocytes even though they
are within the minimum size range for initi-
ation of vitellogenesis.

The two oocytes in one follicle (fig. 15G)
could have been independently derived from
two different oogonia; a mutation in one oo-
gonium but not in the other would result in
these two oocytes being genetically differ-
ent (one preserving the mutation). Alterna-
tively, they could be the daughter cells, fol-

lowing endomitotic duplication, of a single
oogonium, and mutation in the oogonium
would be contained in both daughter oo-
cytes.

Rupture of the follicle during ovulation
would probably result in both oocytes mov-
ing as a unit, held together by the theca
interna, into the oviduct and thence becom-
ing incorporated within a single eggshell.
Development of each oocyte to hatching
would produce two hatchlings from a single
shell—apparent twinning. However, if the
oocytes separated after ovulation but before
eggshell formation so that each had its own
eggshell, then the potential twinning event
would never be detected.

The number of normal yolks produced by
a mature female in a season (about five, see
below) is probably determined by the energy
required for yolk synthesis and the available
food supply. How the yolk is packaged is
independent of the food supply and reflects
the anatomical constraints of the lizard (is the
egg too large to be laid?). Containment of
both embryos in the same eggshell would
probably result in a much larger egg (if both
had a normal yolk reserve); this could be det-
rimental to the mother—the only significant
evolutionary consequence of the apparent
twinning.

All except 1 of the 26 adult C. tesselatus
females had developing follicles and oocytes,
and 4 were nearly ready for oviposition (oo-
cyte diameters greater than 6 mm). One fe-
male (AMNH R-146636; snout–vent length
5 95 mm) was nonreproductive, evidently
because of developmental failure. This spec-
imen had a snout–vent length large enough
that one would expect it to contain enlarged
oocytes, but it had no follicles, only a thin
ovarian epithelium (almost an indifferent
stage of embryonic development; fig. 15E),
no corpora lutea, no increase in collagen, no
evidence of atretic follicles, and a tiny ovi-
duct, whereas the smallest female (AMNH
R-146640; snout–vent length 5 65 mm) had
at least 10 enlarged oocytes (maximum size
5 0.3 3 0.5 mm) in follicles that appeared
normal (fig. 18C). With the exception of
AMNH R-146636, these specimens of C. tes-
selatus appeared to be typical females in all
details.
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Cnemidophorus tesselatus 3 C. tigris mar-
moratus Females

AMNH R-146691 (June 12, 1998): The
left ovary was 2.0 3 0.5 mm; the left oviduct
was very small (despite the snout–vent
length of 88 mm) but did contain alveolar
glands (fig. 17D). The ovarian epithelium
was thin but contained oogonia (fig. 15C).
The mesonephros contained enlarged tubules
and the adrenal was well developed. The
middle oviduct contained a smooth muscle
band, but the wall seemed thinner than nor-
mal (fig. 17D). No sperm were found.

AMNH R-146694 (June 15, 1998): The
left oviduct was folded but not enlarged. The
left ovary was 2.4 3 0.7 mm. No oocytes
were recognizable. The stroma of the ovary
was poorly defined and the cortex was not
recognizable; however, this individual was
only 71 mm snout–vent length (table 6). No
sperm were found.

AMNH R-145146 (May 12, 1999): The
ovaries were very small (unrecognizable
macroscopically); one oocyte was enlarged,
but the ooplasm layers and the follicle were
abnormal (fig. 16A). The adrenal appeared
normal and contained small and enlarged
mesonephric tubules (fig. 18B). The oviducts
were enlarged; the middle oviduct had shal-
low folds and small alveolar glands (fig.
17C). No sperm were found.

AMNH R-145147 (May 14, 1999): The
very small ovary was unrecognizable mac-
roscopically but contained loosely organized,
empty follicles that contained an incomplete
follicle cell layer (fig. 16B, C). The oviducts
were enlarged and wrinkled. The distal ovi-
duct had a thin epithelium and very low folds
(fig. 17A) and the alveolar glands of the mid-
dle oviduct were small and poorly organized
(fig. 17B). The mesonephric tubules were of
normal diameter or they were enlarged (fig.
18A). No sperm were found.

AMNH R-146681 (June 10, 1996): The
ovarian follicles were empty and lined with
irregular and abnormal epithelium (fig. 16D).
The mesonephric tubules were not enlarged.
No sperm were found.

AMNH R-146689 (July 22, 1997): The
adrenal contained germinal epithelium and
small or slightly enlarged mesonephric tu-
bules. No sperm were found.

AMNH R-146687 (July 22, 1997): The
adrenal contained germinal epithelium (as in
fig. 15A) with oogonia (as in fig. 15B) and
small mesonephric tubules. The oviduct was
small. No sperm were found.

AMNH R-146688 (July 22, 1997): The
adrenal contained only a trace of germinal
epithelium and small mesonephric tubules.
No sperm were found.

There is no evidence that hybrid females
can produce viable and fertile eggs. All of
the ovaries examined were either undevel-
oped (without developing oocytes), or the
follicles were empty, or the single develop-
ing oocyte (AMNH R-145146) was abnor-
mal (see above). Empty ovarian follicles
were also seen in a sterile, tetraploid hybrid
(C. sonorae 3 C. tigris; Hardy and Cole,
1998: fig. 3B).

The eight hybrid females (table 6) were
not reproductive, although seven of them
were of adult size. The abnormal develop-
ment of the ovary and lack of oocytes in
three hybrids (AMNH R-145146, R-145147,
and R-146681) suggest that they were sterile.
The other five female hybrids (table 6, fig.
15A–C) did not contain any developing fol-
licles (oogonia were present), were not re-
productive for that breeding season, and were
probably sterile. Although female hybrids
could alleviate the impact of hybridization on
C. tesselatus by being available to mate with
hybrid males or with males of C. tigris mar-
moratus, there was no evidence that this
takes place (all hybrid oviducts lacked
sperm).

Cnemidophorus tigris marmoratus Males

AMNH R-146650 (June 11, 1998): The
left testis was 3.7 3 2.9 mm. The seminif-
erous tubules contained sperm and sperma-
tids (fig. 19D), and meiotic divisions were
visible. A thick tunica vasculosa and thinner
tunica albuginea were present. The Leydig
cell layer was thin.

AMNH R-146652 (June 13, 1998): The
left testis was 2.6 3 1.9 mm. The seminif-
erous tubules had poorly developed lumina
that contained large spermatogonia-like cells
with darkly stained nuclei (fig. 19E). The tu-
bule walls also contained large vacuolated
cells; spermatocytes were present but no
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Fig. 18. Mesonephros of hybrid females (A, B), C. tesselatus (C, D), hybrid males (E–G), and a C.
tigris male (H). A. Mesonephros showing small and large tubules (AMNH R-145147, slide 8, row 2,
section 6). B. Adrenal gland with large and small mesonephric tubules (AMNH R-145146, slide 11,
row 1, section 2). C. Ovary and adrenal with small mesonephric tubules; no large tubules present
(AMNH R-146640, slide 4, row 1, section 1). D. Mesonephros with small tubules; no large tubules
present (AMNH R-146629, slide 10, row 1, section 4). E. Large tubules (5 epididymis) and small
mesonephric tubules; debris does not include sperm (AMNH R-145148, slide 8, row 1, section 6). F.
Epididymis and small mesonephric tubules (AMNH R-146695, slide 25, row 3, section 6). G. Vas
deferens and small mesonephric tubules (AMNH R-146692, slide 12, row 2, section 6, MT). H. Large
mesonephric tubules and epididymis (packed with sperm) and small mesonephric tubules (AMNH R-
146653, slide 10, row 2, section 4). Scale bar, 0.1 mm, except G, which is 0.01 mm.
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Fig. 19. Testes of hybrid males (A–C, G, H) and C. tigris males (D–F). Note that G and H are out
of sequence because of size. A. Testis with sperm (AMNH R-145145, slide 5, row 2, section 3). B.
Testis with debris and few sperm (AMNH R-146683, slide 10, row 1, section 4). C. Seminiferous tubules
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with isolated masses of Leydig cells (AMNH R-146686, slide 7, row 1, section 7). D. Testis with sperm
(AMNH R-146650, slide 1, row 2, section 4). E. Seminiferous tubules (AMNH R-146652, slide 4, row
1, section 5). F. Seminiferous tubules (AMNH R-146652, slide 2, row 3, section 5). G. Testis, adrenal,
mesonephros, and epididymis (AMNH R-145148, slide 8, row 1, section 3). H. Seminiferous tubules,
clusters of Leydig cells, and incomplete Leydig cell layer (AMNH R-146686, slide 7, row 1, section
6). Scale bar, 0.01 mm, except G and H, which are 0.1 mm.

sperm were visible (fig. 19F). The thin wall
contained smooth muscle. The large lumen
of the vas deferens contained irregular cells,
almost like debris; no sperm were present.
The tunica albuginea and tunica vasculosa
were as described by Goldberg and Lowe
(1966). The Leydig cell layer of the tunica
vasculosa was thin and incomplete. The sem-
iniferous tubules were occluded with fibrous
material and some spermatids, and only a
few spermatogonia and primary spermato-
cytes were present. Since the specimen
(snout–vent length 5 65 mm) was at the
minimum size for sexual maturity (snout–
vent length 5 64 mm; Vitt and Breitenbach,
1993), it is likely that limited spermatogen-
esis had begun, but that sperm were not yet
being moved from the seminiferous tubules
to the epididymis. Sertoli cells were not ob-
vious (fig. 19E, F). The mesonephric tubules
were of normal (20–30 mm) or large (75–100
mm) size.

AMNH R-146653 (June 13, 1998): The
left testis was 5.4 3 3.3 mm. Most of the
seminiferous tubules were almost empty but
all contained a few sperm; however, masses
of sperm were present in a few tubules in the
center of the testis and also in the vas defer-
ens and epididymis (fig. 18H). Those tubules
without masses of sperm were occluded with
fibrous material and a few spermatids as in
AMNH R-146652. Reproductive activity
was probably ending because the seminifer-
ous tubules had a poorly defined lumen, oc-
cluded with nonreproductive material, and
spermatids were less abundant. Since the ep-
ididymis contained sperm (fig. 18H), a recent
copulation probably had not occurred, if
empty vasa deferentia are true indicators of
copulation (Goldberg and Lowe, 1966).

Of the three male C. tigris marmoratus ex-
amined, one small individual of 65 mm
snout–vent length (AMNH R-146652) ap-
peared to be in the process of acquiring re-

productive maturity, and the other two (each
92 mm snout–vent length) were reproduc-
tively competent.

Cnemidophorus tesselatus 3 C. tigris mar-
moratus Males

Cytological preparations of a testis from
one triploid male hybrid (AMNH R-146690)
showed many cells undergoing mitosis but
few in meiosis. A few cells at diakinesis of
meiosis I were recognizable, some with clear
trivalents. Considering that this male was
collected during the mating season of the bi-
sexual species (June 11, 1998), in which mei-
otic activity should have been high, this male
appeared to be unable to produce viable sper-
matozoa. However, histological sections did
reveal spermatozoa in this individual (see be-
low).

AMNH R-145145 (May 12, 1999): Small
amounts of sperm were present in the testis
(fig. 19A), epididymis, and vas deferens. The
epididymis tubules contained debris and few
sperm.

AMNH R-145149 (May 15, 1999): The
epididymis contained both large and small
mesonephric tubules. The seminiferous tu-
bules of the testis were poorly defined; most
contained cellular and noncellular debris.
Even though some cell divisions were pre-
sent, sperm or spermatids were not recogniz-
able.

AMNH R-146682 (July 20, 1997): Sperm
were present in the large mesonephric tu-
bules of the epididymis and in the seminif-
erous tubules of the testis.

AMNH R-146683 (July 20, 1997): Some
sperm were present in the testis. Most of the
seminiferous tubules had only one cell layer
between the basement membrane and the lu-
men (fig. 19B). The epididymis tubules were
either slightly enlarged (up to 0.13 mm) and
usually contained cellular debris and few
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sperm or they were of normal size (0.02 mm)
and without sperm.

AMNH R-146684 (July 20, 1997): The
small testis (3.2 3 1.9 mm) and large tubules
of the epididymis contained a few sperm.

AMNH R-146685 (July 21, 1997): Masses
of sperm and cellular debris were in some
tubules of the epididymis; small mesonephric
tubules were present but did not contain
sperm. Sperm were also in the seminiferous
tubules.

AMNH R-146686 (July 21, 1997): The
seminiferous tubules contained debris, but no
sperm; most tubule walls consisted of a sin-
gle layer of cells, including spermatogonia
and a few spermatocytes. Approximately
two-thirds of the seminiferous tubule wall
was fine granular material adjacent to the lu-
men (fig. 19C). The granular material did not
stain blue with Mallory triple stain, so the
material was not collagen, mucus, hyaline
substance, or connective tissue. Cell mem-
branes were not obvious, but some indistinct
boundaries were visible, and thus the mate-
rial might be partially coalesced cytoplasm.
Seminiferous tubules were very loosely or-
ganized with much space between tubules
(fig. 19C, H). The Leydig cell layer was in-
complete and there were clusters of Leydig
cells in the interior of the testis (fig. 19H).
No sperm were present in the testis or vas
deferens.

AMNH R-146690 (June 11, 1998): The
left testis was 6.2 3 5.4 mm. The right testis
was abnormal in appearance; it was elongat-
ed, almost triangular in shape, and seemed to
be composed of an anterior and posterior
part. The left testis was lobular in shape and
contained tailed sperm and spermatids in the
seminiferous tubules and tailed sperm in the
epididymis (as in fig. 19G). The Leydig cell
layer was thin (approximately one half or
less the thickness of the layer in normal C.
tigris testes measured by us). Lowe and
Goldberg (1966) reported the Leydig cell
layer thickness for adult C. tigris to average
6.7 cells.

AMNH R-146692 (June 12, 1998): The
left testis (3.2 3 3.8) contained a Leydig cell
layer. Only a few spermatids and spermato-
zoa were present in some seminiferous tu-
bules. Many primary spermatocytes were
present and there were several spermatogo-

nia-like cells. The seminiferous tubules had
a very thin epithelium, little more than one
cell layer of cuboidal cells, but the lumen
was well defined. The largest cells (probably
primary spermatocytes) had large, less dense
nuclei containing nucleoli and heterochro-
matin, clear cytoplasm, and were in contact
with the basement membrane. The seminif-
erous tubules contained heterogeneous debris
and a few spermatids but few (in some tu-
bules) or no sperm. The vas deferens and me-
sonephric tubules contained debris and a few
spermatids (fig. 18G).

AMNH R-146693 (June 15, 1998): Mac-
roscopically, the left kidney had a white ar-
bor vitaelike pattern and the left epididymis
was white. The left testis was sectioned; the
right testis measured 5.6 3 4.5 mm. The
seminiferous tubule walls were 2–3 cells in
thickness and the lumina lacked sperm; how-
ever, there were some spermatogonia and
spermatids present but spermatocytes were
rare (some primary spermatocytes were rec-
ognizable). The vas deferens was empty. Part
of the mesonephros looked like an epididy-
mis, but the lumina lacked sperm.

AMNH R-145148 (May 14, 1999): The
testis and epididymis (fig. 18E) contained
sperm.

AMNH R-146695 (May 12, 1999): The
testis and epididymis (fig. 18F) contained
sperm.

One of the hybrid males (AMNH R-
146690) was reproductive and had produced
sperm; however, the sperm-packed epididy-
mis suggests that recent copulation had not
occurred. Seven other hybrid males con-
tained sperm in the testis and epididymis;
one contained sperm in the testis but none in
the epididymis. Three hybrid males lacked
sperm in the testis and in the epididymis, but
there were spermatocytes and some sperma-
tids present in the testis (table 7). Sperm was
absent from the small mesonephric tubules of
all individuals. The hybrid males were ca-
pable of producing sperm that appeared nor-
mal, and the variable presence of sperm in
the epididymis suggested that they were mat-
ing with females. However, it is not known
which females would receive their attention
(hybrid, C. tesselatus, or C. tigris marmor-
atus) or if the males were fertile.

Mating of a male C. tesselatus 3 C. tigris
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TABLE 7
Reproductive Characteristics of Male Cnemidophorus tigris marmoratus and

Male C. tesselatus 3 C. tigris marmoratus Hybrids

marmoratus hybrid has probably been wit-
nessed in a laboratory setting (Saxon, 1968),
where copulation between a male (identified
as a male C. tesselatus) and a small parthe-
nogenetic female of C. tesselatus was docu-
mented on five different days. However, it is
likely that this male was a C. tesselatus 3 C.
tigris marmoratus hybrid based on its color
pattern and collecting locality. Saxon’s male
had the same bold contrast between relative-
ly large pale and dark sectors that character-
ize the color pattern of the majority of hy-
brids from Arroyo del Macho. Compare fig-
ure 1 in Saxon (1968) to our figures 2B and
6C. Note similarities in the absence of pale
elements in the midsagittal region of the ver-
tebral dark field, the short transverse pale
bars extending from the paravertebral stripes
into the adjacent dark fields, and the high
contrast between dark and pale elements in
the pattern. In addition, Saxon’s male came
from the same locality as another male
(TCWC 22324) reported as a male C. tes-
selatus by Saxon et al. (1967). Specimen
TCWC 22324 was one of five males from
the Presidio, Texas area that we have iden-
tified, in this report, as C. tesselatus 3 C.

tigris marmoratus hybrids (see below). The
male reported by Saxon (1968) was not one
of these five specimens, and it is not in the
TCWC collections (L. Fitzgerald, personal
commun.).

Mesonephric tubules in C. tesselatus were
small (20–30 mm in diameter; fig. 18C, D).
During embryonic development of a normal
male the mesonephric tubules become the tu-
bules of the epididymis and the vas deferens,
as seen in normal males of C. tigris mar-
moratus (fig. 18H). In males of C. tigris
(AMNH R-146650, R-146652, R-146653;
LSUS 971, 4135) and C. sexlineatus (LSUS
1014, 1018, 1019) examined thoroughly or
spot-checked, the epididymis consisted of
both larger and smaller tubules. Both groups
of tubules are probably derived from the em-
bryonic mesonephric kidney. The smaller tu-
bules (20–30 mm in diameter) are remnants
of the mesonephros. The larger tubules (usu-
ally more than 75 mm in diameter) are prob-
ably remnants of the mesonephros and be-
come the functional epididymis of adult
males of bisexual species. The hybrids (C.
tesselatus 3 C. tigris marmoratus) of both
sexes contained both smaller (mesonephric)
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TABLE 8
Comparisona of Reproductive Characteristics in

Cnemidophorus tesselatus and C. tigris marmoratus
Collected June 11–15, 1998, in Chaves County,

New Mexico

and larger (epididymis) tubules. The meso-
nephric tubules (smaller size) never con-
tained sperm in hybrids or in nonhybrid
males. The function of the mesonephric tu-
bules in adults is not known (the lumen is
always open, suggesting a secretory duct).
Sperm were never seen in the small tubules
of the mesonephros. The structural and func-
tional relationship between the mesonephric
tubules and the epididymis in adults is not
known (if they are connected, why are sperm
not seen in the mesonephric tubules?).

This study confirms the distinctive histo-
logical nature of some aspects of the repro-
ductive tract of female hybrids between par-
thenogenetic species and bisexual, gonochor-
istic species (Hardy and Cole, 1998). Four
significant histological characteristics were
defined by Hardy and Cole (1998) as indi-
cating sterility in a tetraploid hybrid female
between C. exsanguis and C. tigris: (1) poor-
ly defined follicular epithelium with little
vascularization in very small ovaries, (2)
empty or fluid-filled follicles without oo-
cytes, (3) numerous abnormally large meso-
nephric tubules, and (4) few or no cilia in the
middle oviduct. The seven hybrid females in
this study were also sterile, and all had very
small ovaries. Some lacked any developing
oocytes or follicles, others contained empty
follicles, and one contained a follicle with an
abnormal oocyte. In every recognizable fol-
licle the epithelium was thin and lacked pyr-
iform cells in the granulosa. In those speci-
mens with only germinal epithelium the me-
sonephric tubules were of normal size
(small); however, in most of those specimens
with follicles the mesonephric tubules were
enlarged. One specimen (AMNH R-146681)
had empty follicles with abnormal epithelia
and small mesonephric tubules. The extent of
cilia development in the middle oviduct was
difficult to quantify; however, in all speci-
mens for which the middle oviduct was ex-
amined the wall was thin, with shallow mu-
cosal folds, small alveolar glands, and few
cilia. The presence of small ovaries, empty
follicles, abnormal follicular epithelia, and
enlarged mesonephric tubules provide addi-
tional evidence for the identification of fe-
male museum specimens of suspected hy-
brids between parthenogenetic and bisexual
species.

REPRODUCTIVE CHARACTERISTICS AND SIZE

DISTRIBUTIONS

All reproductively mature females of C.
tigris marmoratus are probably inseminated
each reproductive season because of their
concentration in a specific, limited microhab-
itat at Arroyo del Macho. The relatively large
number of hybrids indicates that males of C.
tigris marmoratus readily extend their atten-
tion to individuals of C. tesselatus, which
may be encountered more often than females
of their own species. This may be particular-
ly true of young adult males if they are dis-
placed by older males into marginally pre-
ferred habitats. Reproductively mature fe-
males of C. tesselatus are significantly larger
than those of C. tigris marmoratus (snout–
vent length: t19 5 8.308, P , 0.0005). Be-
cause of a positive relationship between
clutch size and body size in both species (ad-
justed R2 5 0.86), C. tesselatus has a signif-
icantly larger clutch size (t19 5 6.534, P ,
0.0005). Comparisons are provided in table 8.

Two clutches per year may be the usual
reproductive output by C. tesselatus at the
hybridization site based on the following ev-
idence. Each of two representatives of C. tes-
selatus collected June 10, 1996 (AMNH R-
146612, 98 mm snout–vent length, and R-
146613, 86 mm snout–vent length) had a
corpus luteum and yolking follicles for a sec-
ond clutch, and another individual collected
June 12, 1998 (AMNH R-146639, 89 mm
snout–vent length) had four corpora lutea
and yolking follicles (table 6). In addition,
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Fig. 20. A comparison of body size (snout–vent length) and gravid status of female individuals of
Cnemidophorus tesselatus and body size of male and female C. tesselatus 3 C. tigris marmoratus
hybrids collected from the Arroyo del Macho hybridization site in 1996–1999.

two successive bouts of reproduction, one in
May and another in June, appear to be de-
picted by the distribution of gravid individ-
uals in figure 21.

On the other hand, the reproductive suc-
cess of individuals of C. tesselatus is occa-
sionally compromised by the production of
sterile individuals. For example, AMNH R-
146636, a large individual (95 mm snout–
vent length), had experienced developmental
failure of both ovaries and oviducts (see His-
tological Analysis section above). This was
1 individual out of 26 C. tesselatus exam-
ined.

Seven individuals of C. tesselatus main-
tained in the Cnemidophorus colony at the
American Museum of Natural History for

short periods subsequent to capture produced
five clutches containing 5, 5, 5, 6, and 7
eggs. Of the six hatchlings derived from
these clutches, none was a hybrid. It is cu-
rious that the remaining 22 eggs failed to
hatch. Seventeen of the 22 eggs were entire
clutches of 5, 5, and 7 eggs, all of which
appeared to be developing normally for two
weeks or more before failing. The unexpect-
ed high proportion of failures could be ex-
plained if these clutches consisted of hybrid
embryos that failed to develop, although we
have no way of testing this hypothesis now.
If this hypothesis were correct, the number
of living hybrid lizards observed in the field
would represent an incomplete estimate of
the amount of hybridization occurring at this
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Fig. 21. A monthly comparison of size distributions and reproductive status of individuals of Cnem-
idophorus tesselatus collected at the Arroyo del Macho hybridization site in 1996–1999.
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Fig. 22. A monthly comparison of size distributions of Cnemidophorus tesselatus 3 C. tigris mar-
moratus hybrids collected at the Arroyo del Macho hybridization site in 1996–1999.
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site. However, another explanation for this
developmental failure lies in the difficulty of
successfully incubating C. tesselatus eggs in
the laboratory (Maslin, 1966; Townsend,
1979). In addition, whether or not entire
clutches of parthenogenetic eggs are typical-
ly fertilized by male congeners is problem-
atic. For example, Darevsky and Danielyan
(1968) showed that only a portion of a clutch
of eggs was fertilized following mating be-
tween individuals of parthenogenetic Lacerta
armeniaca or L. unisexualis and males of the
bisexual species L. saxicola valentini (5 L.
valentini). Diploid and triploid offspring
were both produced from the same clutch of
eggs. Absence of sperm in the reproductive
tracts of 11 individuals of C. tesselatus sam-
pled at the height of reproductive activity in
May and June indicates that many individu-
als escape being fertilized by males of C. ti-
gris marmoratus (see Histological Analysis
section above).

Body-size distributions (snout–vent
length) were similar for 40 C. tesselatus and
20 hybrids collected in 1996–1999 (fig. 20;
Mann-Whitney U 5 368.5, P 5 0.62). Mean
snout–vent length was also nonsignificantly
different for these groups (C. tesselatus: 88.6
6 1.65; hybrids: 88.9 6 2.16; t58 5 0.107, P
5 0.92). Excluding samples collected in
1999 (when collection pressure on C. tesse-
latus was intentionally relaxed), data from
1996–1998 (figs. 20–22) indicate that be-
tween two and three individuals of C. tes-
selatus were being produced for each hybrid
generated. A finer discrimination scale is
provided by using snout–vent length as an
index to the age of individuals. This ap-
proach indicated that our samples contained
five separate generations of C. tesselatus and
hybrids produced in five different years (fig.
23). However, only 2 of 20 hybrids were in
their second year of life (12 were in year 3,
and 6 were in year 4), indicating that younger
hybrids are underrepresented in our sample.
Because our sample of hybrids is made up
of individuals that had accumulated at the
site across several years, the likely impact
that an annual production of hybrids has on
the survival of this population of C. tesse-
latus would seem to be ameliorated. A sec-
ond factor contributing to the local success
of C. tesselatus, despite the annual produc-

tion of sterile hybrids, is related to the dis-
tribution of the preferred microhabitats of the
two hybridizing species (see below).

ECOLOGICAL DIFFERENCES BETWEEN THE

HYBRIDIZING SPECIES

Representatives of C. tesselatus were ap-
proximately twice as abundant as either hy-
brids or representatives of C. tigris marmor-
atus at the Arroyo del Macho hybridization
site (table 9). The estimate for C. tigris mar-
moratus is potentially biased because a dis-
proportionate amount of our time was spent
in areas yielding the greatest numbers of C.
tesselatus and hybrids. In general, these areas
were peripheral to the creosote bush stands
favored by C. tigris marmoratus. Neverthe-
less, we are certain that the density of C. ti-
gris marmoratus was very low at the hybrid-
ization site, and that the density of C. tesse-
latus was significantly higher. This was sim-
ilar to the situation found by Paulissen et al.
(1992) for other species in Texas where a
marked imbalance in the numbers of either
the parthenogenetic species or the sympatric
bisexual species was a condition for predict-
able hybridization between them.

Two contrasting hypotheses can serve as
entrees to studies of the relative merits of
parthenogenetic and sexual reproduction and
to the evolutionary prospects of parthenoge-
netic and bisexual species. We can use the
ecological relationships between C. tessela-
tus and C. tigris marmoratus at Arroyo del
Macho to address each hypothesis. The first
hypothesis is the ‘‘tangled-bank’’ model ad-
vanced by Bell (1982). This idea posits that
bisexual species (with phenotypic variation
generated by recombination and exposed to
selection each generation) should have ad-
vantages over their parthenogenetic deriva-
tives (with heritable phenotypic variation
constrained by clonal reproduction) in cap-
turing varied niches provided by heteroge-
neous habitats. According to the ‘‘tangled-
bank’’ model, bisexual species (with alleged
adaptive superiority) should eventually rele-
gate parthenogenetic species to marginal
habitats wherever they coexist, an idea ear-
lier espoused by Cuellar (1977). Price (1992)
gave credence to the hypothesis by conclud-
ing that parthenogenetic Cnemidophorus
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Fig. 23. Generations of Cnemidophorus tesselatus 3 C. tigris marmoratus hybrids and of C. tes-
selatus inferred from snout–vent length data (mm) in samples collected at Arroyo del Macho in 1996–
1999. For each year depicted, the May–October activity period is included, and each horizontal line
representing a lizard extends from the estimated year and month of hatching to the year and month of
collection. Sex of each hybrid (M or F) is indicated.
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TABLE 9
Numbers of Cnemidophorus tesselatus,

C. tigris marmoratus, and Their Hybrids
Collected or Observed at Arroyo del Macho

were persisting in spite of parthenogenesis
rather than expressing advantages derived
from it. However, Paulissen et al. (1992)
found that the ‘‘tangled-bank’’ hypothesis
was not supported in a study of sympatric C.
laredoensis (parthenogenetic) and C. gularis
(its paternal progenitor), and the hypothesis
was not supported at Arroyo del Macho,
where C. tesselatus was utilizing a range of
microhabitats including the very restricted
microhabitat to which the bisexual C. tigris
marmoratus was largely confined.

The ecological flexibility exhibited by C.
tesselatus at Arroyo del Macho does appear
to fit expectations of the ‘‘generalized geno-
type’’ hypothesis as expressed by Lynch
(1984). According to this model, generalized
genotypes are a natural consequence of par-
thenogenetic species having inherited ge-
nomes from each of two ecologically suc-
cessful progenitor species. Theoretically,
these novel sets of genetic information ex-
pand ecological opportunities for partheno-
genetic species and preadapt the partheno-

gens to a range of microhabitats, possibilities
discussed also by Parker and Selander
(1976), Parker (1979a), Cole (1980), and
Dessauer and Cole (1984). An ability to uti-
lize microhabitats avoided by bisexual con-
geners would enhance the chance of parthen-
ogens escaping extermination from destabi-
lizing hybridization. In fact, many popula-
tions of C. tesselatus are sympatric with one
or more bisexual congeners (Taylor et al.,
2000). Paulissen et al. (1992) hypothesized
that populations of parthenogenetic and bi-
sexual species could coexist only if compe-
tition and backcrossing were not occurring
or, if they were occurring, other factors ame-
liorated their detrimental effects on one or
both species. Because backcrossing between
C. tesselatus and C. tigris marmoratus oc-
curs frequently at Arroyo del Macho, what
‘‘other factors’’ permit their coexistence and
enable C. tesselatus to achieve a higher pop-
ulation density than does C. tigris marmor-
atus despite an annual loss of eggs to the
production of sterile hybrids? In addition to
the relatively large clutch size of C. tessela-
tus (previously discussed), individuals of C.
tesselatus and C. tigris marmoratus confine
most of their activities to different microhab-
itats. The extremely limited and patchy dis-
tribution of creosote bush at Arroyo del Ma-
cho is a factor that reduces contacts between
C. tesselatus and C. tigris marmoratus. A
few individuals of C. tesselatus were found
in creosote bush associations, but the major-
ity of individuals were found in open micro-
habitats that included some form of scattered
plant cover (annual or perennial) and an el-
ement (often quite modest) of vertical topog-
raphy (e.g., rock outcrops, slopes, erosion
cuts, and elevated road-sides). In contrast,
representatives of C. tigris marmoratus were
essentially restricted to the small patches of
creosote bush.

The northern range limit of creosote bush
in southeastern New Mexico is depicted as
being south of Arroyo del Macho by Benson
and Darrow (1981: 122, map 3.38). There-
fore, the sparse, patchy distribution of Larrea
tridentata in the vicinity of Arroyo del Ma-
cho may reflect a suboptimal environment at
the northern periphery of its range in the Pe-
cos River drainage. Creosote bush was un-
mistakably the preferred habitat of C. tigris
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marmoratus at Arroyo del Macho; although
mesquite was available, few individuals of
this species were seen in its vicinity. Para-
doxically, populations of C. tigris marmor-
atus thrive in mesquite-dominated habitats in
other parts of its range. One such example is
the population of C. tigris marmoratus lo-
cated only 18 km southeast of the hybridiza-
tion locality. Despite the absence of creosote
bush, C. tigris marmoratus occurred there in
large numbers on a sandy substrate stabilized
into hummocks by mesquite. In keeping with
the unpredictable nature of its distribution
(Zweifel, 1965), Cnemidophorus tesselatus
was not found with C. tigris marmoratus at
this site. Although the two localities were
only 18 km apart, the substrates were differ-
ent; therefore, edaphic factors might be of
greater importance than a preference for cre-
osote bush in excluding C. tigris marmoratus
from the broader range of microhabitats
available to C. tesselatus at Arroyo del Ma-
cho. However, Cuellar (1979) reported an ex-
ample at another locality where C. tigris
marmoratus was the ecological specialist and
a different parthenogenetic species, C. uni-
parens, was the ecological generalist, thus
resembling the differential use of habitats at
Arroyo del Macho. A similar situation pre-
vails between C. tigris and C. uniparens in
the vicinity of Lordsburg, Hidalgo County,
New Mexico, in the study area of Dessauer
et al. (2000).

OTHER POSSIBLE C. TESSELATUS 3 C. TIGRIS

MARMORATUS HYBRIDS

In addition to the hybrids from Arroyo del
Macho, a number of unusual specimens with
male reproductive structures and the funda-
mental color pattern features of C. tesselatus
pattern class E have been discovered at di-
verse localities in New Mexico and Texas. It
is virtually certain that these males are also
hybrids between C. tesselatus of pattern class
E and C. tigris marmoratus. Nine of these
suspected hybrids were compared to the hy-
brids from Arroyo del Macho: University of
Colorado Museum 10367 and 23377 (illus-
trated in Taylor et al., 1967, with evidence
of their hybrid status provided by Taylor et
al., 1989); Texas Cooperative Wildlife Col-
lection 22324 (illustrated in Saxon et al.,

1967), 27884, 27885, 29405, and 30503; and
Museum of Southwestern Biology 15039 and
15098. All individuals came from sites of
sympatry between C. tesselatus and C. tigris
marmoratus (see Specimens Examined, ap-
pendix, for collecting localities). However,
unlike the population of C. tesselatus at Ar-
royo del Macho, these populations of C. tes-
selatus exhibit an inconspicuous, extensively
disrupted lateral stripe and prominent lateral
barring—the pattern generally associated
with the designation ‘‘pattern class E’’
(Zweifel, 1965). Therefore, the absence of
lateral stripes in these nine unusual males
does not automatically implicate C. tigris
marmoratus as the paternal parental species,
but their hybrid status is supported by ca-
nonical variate analysis of meristic characters
(fig. 24). All of the nine suspected hybrids
were assigned to the hybrid a priori group—
one with a probability of 0.88, eight with
probabilities of 1.0.

THE PROSPECT OF SPECIATION

All parthenogenetic species of Cnemido-
phorus presently known are either diploid or
triploid. Species belonging to each ploidy
level can be further subdivided based on the
phylogenetic relationships of their progenitor
species. Some parthenogenetic species orig-
inated from hybridization between members
of the same species group (groups of species
that presumably reflect phylogenetic relation-
ship; see Lowe et al., 1970b and Wright,
1993 for summaries), while other partheno-
genetic species originated from hybridization
between members of different species
groups.

Although the specific combinations of ge-
netic information necessary to trigger and
maintain parthenogenetic reproduction (e.g.,
the balance hypothesis of Moritz et al., 1989)
presently elude prediction, the hybridization
taking place at Arroyo del Macho can be
placed in the general context of the sources
of genetic information in currently estab-
lished triploid species. There are two classes
of triploid species characterized by the spe-
cific (taxonomic) source of their three sets of
chromosomes. In one class, each of the three
sets of chromosomes can be traced to a dif-
ferent bisexual species. Cnemidophorus neo-
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Fig. 24. Multivariate association of nine putative male C. tesselatus 3 C. tigris marmoratus hybrids
from several disparate localities with hybrids from Arroyo del Macho. Canonical variate scores were
derived from a quadratic canonical variate analysis of three meristic characters (FP, GAB, and SDL-T4—
those characters with complete data for all nine putative hybrids). Open symbols depict 84 individuals
collected in the vicinity of Arroyo del Macho, Chaves Co., New Mexico: V, 38 C. tesselatus; M, 26 C.
tigris marmoratus; #, 20 hybrids; ., 9 suspected hybrids from other localities. Ellipses define the 95%
confidence limits of each group. Compare with figure 8.

tesselatus (Walker et al., 1997a) is an ex-
ample, with its three sets of chromosomes
ultimately derived from C. tigris marmoratus
and C. gularis septemvittatus (contributed by
its maternal parent C. tesselatus) and C. sex-
lineatus, its paternal parent (Wright and
Lowe, 1967b; Parker and Selander, 1976;
Dessauer and Cole, 1989). In this example,

the progenitor species belong to two different
(tigris and sexlineatus) species groups (Lowe
et al., 1970b). Members of the second class
have three sets of chromosomes derived from
two, rather than three, bisexual species.
Cnemidophorus uniparens and C. velox are
examples. Each of these parthenogenetic spe-
cies has one set of chromosomes from C.
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burti (paternally derived in C. uniparens,
maternally derived in C. velox) and two sets
of chromosomes from C. inornatus (Des-
sauer and Cole, 1989; Moritz et al., 1989).
In the latter examples, the progenitor species
belong to the same (sexlineatus) species
group.

If a new triploid species were to originate
at Arroyo del Macho, it would have genomes
from two species belonging to two species
groups, with sets of chromosomes from C.
gularis septemvittatus and C. tigris marmor-
atus donated by C. tesselatus combining with
a second set of C. tigris marmoratus chro-
mosomes donated by the hybridizing male.
Our data indicate that this speciation event is
not happening. Although one haploid set of
chromosomes from C. tigris marmoratus is
found in two diploid parthenogenetic species,
C. neomexicanus and C. tesselatus (and thus
in the triploid C. neotesselatus), none of the
parthenogenetic species presently known has
two sets of chromosomes from C. tigris
(Dessauer and Cole, 1989; Vrijenhoek et al.,
1989; Wright, 1993). Because the eight fe-
male hybrids from Arroyo del Macho were
sterile, this particular combination of genetic
information—two sets of chromosomes from
C. tigris marmoratus and one set from C.
gularis septemvittatus—appears to be inef-
fective in generating a new triploid parthe-
nogenetic species. The second genome from
C. tigris is evidently responsible for the in-
ability to establish a reproductively function-
al triploid, and this might be generally true.
For example, two female C. neomexicanus 3
C. tigris hybrids were recently reported from
field sites in southwestern New Mexico
(Dessauer et al., 2000). Their maternal par-
ent, diploid parthenogenetic C. neomexican-
us, was derived from a mating between in-
dividuals of C. tigris and C. inornatus (re-
viewed by Cole et al., 1988). Therefore,
these hybrids also inherited two sets of tigris
chromosomes, and they, too, were sterile.

However, the number of hybridizations
that occurred prior to achieving the success-
ful combinations of genetic information
found in contemporary triploid species of
Cnemidophorus is not known. If many hy-
bridizations are typically necessary before a
fortuitous combination of genetic informa-
tion leads to continued parthenogenetic re-

production at a higher ploidy level, then the
annual hybridization taking place at the Ar-
royo del Macho site should be periodically
monitored for the possibility of witnessing
the origin of a new species.

SUMMARY AND CONCLUSIONS

1. An assemblage of whiptail lizards uti-
lizing desert grassland habitats at Arroyo del
Macho, Chaves County, New Mexico, is
composed of one triploid parthenogenetic
species, Cnemidophorus exsanguis, one dip-
loid parthenogenetic species, C. tesselatus,
and two diploid bisexual species, C. inor-
natus and C. tigris marmoratus.

2. Samples collected in 1996 and 1997
from this locality contained 17 individuals of
C. tesselatus and 9 individuals with the fun-
damental color pattern of C. tesselatus but
having either male reproductive systems or
abnormally small ovaries and oviducts.
These unusual individuals were hypothesized
to be hybrids derived from C. tesselatus and
males of one of the two syntopic bisexual
species.

3. Additional sampling was conducted in
1998 and 1999 to collect males of the two
bisexual species, additional hybrid suspects,
and representatives of C. tesselatus for defin-
itive morphological, cytogenetic, genetic,
and histological analyses. Twenty-one hy-
brids were collected in 1996–1999, with 12
males and 8 females available for study.

4. Certain color pattern features implicate
Cnemidophorus tigris marmoratus as the pa-
ternal parental species of the hybrids. Unlike
C. inornatus (and the population of C. tes-
selatus from this locality), all hybrids and
representatives of C. tigris marmoratus lack
lateral stripes. In addition, several hybrids
had the pink-to-orange ventral pigmentation
seen in individuals of C. tigris marmoratus
but absent from the other three species at the
locality.

5. Although hybrids were phenotypically
intermediate to the parental species in four
of eight univariate characters (table 1), they
are distinguished statistically from both pa-
rental species by the low number of granular
scales around midbody. There is also a sta-
tistical resemblance of hybrids to C. tesse-
latus in number of subdigital toe lamellae,
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number of gular scales, and size of mesop-
tychial scales, and to C. tigris marmoratus in
number of femoral pores, number of circum-
orbital scales, and number of lateral supra-
ocular granules.

6. The pattern of meristic resemblance of
hybrids to parental species was resolved by
multivariate analyses. A principal compo-
nents analysis summarized 64% of the vari-
ation in eight meristic characters in PC1–
PC3. The first component expressed the re-
semblance of hybrids to C. tigris marmoratus
while the second component expressed hy-
brid resemblance to C. tesselatus. The third
component reflected the distinctiveness of
the hybrids from both parental species.

7. Mahalanobis D2 distances, derived from
a linear canonical variate analysis, quantify
the resemblance among hybrids and parental
species: D2 between hybrids and C. tessela-
tus 5 11.0; D2 between C. tesselatus and C.
tigris marmoratus 5 18.9; and D2 between
hybrids and C. tigris marmoratus 5 19.9.
Therefore, the overall meristic affinity of hy-
brids was matriclinous, and the progression
from one C. tigris marmoratus genome in C.
tesselatus to two C. tigris marmoratus ge-
nomes in the hybrids did not increase the re-
semblance of hybrids to the paternal species.

8. A quadratic canonical variate analysis
of meristic characters provided 100% dis-
crimination (with a jackknifed classification
to minimize bias) among the samples of C.
tesselatus, C. tigris marmoratus, and hybrids.

9. Karyotypic analysis revealed the pres-
ence of two diploid cytotypes of C. tesselatus
at Arroyo del Macho. One cytotype (2n 5
46) had the original ancestral X-chromosome
that had been ultimately inherited from C.
tigris, whereas the other cytotype had the X-
chromosome apparently fissioned at the cen-
tromere (2n 5 47).

10. Karyotypes clearly revealed that the
presumed hybrids are triploids of C. tesse-
latus 3 C. tigris marmoratus, and hybridiza-
tion occurs with both cytotypes of C. tesse-
latus.

11. Seven of 10 representatives of C. tes-
selatus had a fissioned X-chromosome while
3 had intact X-chromosomes. In contrast, 8
of 9 karyotyped hybrids had the intact X-
chromosome. It is unlikely that this 8:1 ratio
is based on chance. For example, the hybrid

with the fissioned X-chromosome was sig-
nificantly different in 12 meristic characters
from the sample of hybrids with intact X-
chromosomes. In addition, principal compo-
nents scores for this individual fell outside
the 95% confidence ellipse surrounding
scores of the other eight hybrids. Therefore,
hybrids inheriting fissioned X-chromosomes
might be at a selective disadvantage.

12. Electrophoretic analyses of tissue pro-
teins representing 34 nuclear gene loci re-
vealed one clone of C. tesselatus at Arroyo
del Macho. The protein data are consistent
with the karyotypes, revealing that the hy-
brids are triploids of C. tesselatus 3 C. tigris
marmoratus. Considering the local allozyme
variation in C. tigris marmoratus together
with the Y-chromosome inherited in male hy-
brids, clearly at least 9 of the 10 hybrids ex-
amined electrophoretically were products of
separate fertilization events, not a product of
triploids cloning themselves.

13. Sexually mature and reproductive
adults of C. tesselatus usually have oocytes
in the ovary, complete and well-organized
ovarian follicle walls, inconspicuous connec-
tive tissue and fewer vacuoles in the well-
vascularized ovary, a thin mucosa in the dis-
tal oviduct, well-developed alveolar glands
restricted to the middle oviduct, a proximal
oviduct with a thick mucosa and well-devel-
oped folds, and small mesonephric tubules.
Oocyte cytoplasm is homogeneous in young
oocytes and becomes organized in layers in
older oocytes; yolk deposition starts in oo-
cytes 2.3–3.1 mm in diameter.

14. There is no evidence that Cnemido-
phorus tesselatus 3 C. tigris marmoratus hy-
brid females can produce viable and fertile
eggs. All of the ovaries examined were un-
developed, had empty follicles, or contained
abnormal oocytes. No sperm were found in
the female reproductive tracts of either hy-
brids or C. tesselatus.

15. Although Cnemidophorus tesselatus 3
C. tigris marmoratus hybrid males are ca-
pable of producing sperm that appear nor-
mal, balanced sets of genetic information
may be precluded by the allotriploidy of
these males. The variable presence of sperm
in the epididymides suggests that hybrid
males could be successful at courtship and
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mating with females. Sperm were never seen
in the small mesonephric tubules of males.

16. Small mesonephric tubules (20–30 mm
in diameter) are remnants of the mesonephric
kidney. Larger mesonephric tubules (usually
more than 75 mm in diameter) become the
functional epididymides of adult males of bi-
sexual species. Hybrids (C. tesselatus 3 C.
tigris marmoratus) of both sexes contain
both smaller (mesonephric) and larger (epi-
didymis) tubules.

17. Poorly defined follicular epithelium
with little vascularization in small ovaries,
empty or fluid-filled follicles without oo-
cytes, numerous abnormally large mesoneph-
ric tubules, and few or no cilia in the middle
oviduct are histological characteristics sug-
gesting that a female may be a sterile hybrid
rather than a nonhybrid of a parthenogenetic
species.

18. Based on samples collected on June
11–15, 1998, individuals of C. tesselatus are
significantly larger than females of C. tigris
marmoratus in minimum and maximum siz-
es of gravid individuals (87–103 vs. 70–80
mm snout–vent length, respectively), mean
size of gravid individuals (93.7 vs. 76.0 mm
snout–vent length, respectively), and mean
clutch size (5.5 vs. 2.2 eggs, respectively).
These differences favor the survival of this
population of C. tesselatus despite the re-
duced reproductive potential associated with
an annual production of sterile hybrids.

19. Cnemidophorus tigris marmoratus is
inextricably linked to creosote bush stands at
the Arroyo del Macho locality, and its low
density is based on the sparse and patchy dis-
tribution of this shrub at the hybridization
site. Although representatives of C. tessela-
tus unhesitatingly enter these patches of cre-
osote bush, more time is spent in the more
extensive intervening open areas, particularly
on rocky slopes. Therefore, although encoun-
ters between the two species take place on a
regular basis, the low density of C. tigris
marmoratus precludes insemination of all in-
dividuals of C. tesselatus. This is evidenced
histologically by an absence of sperm in the
reproductive tracts of 11 individuals of C.
tesselatus collected during the prime repro-
ductive seasons of three different years.
Based on sampling results and field obser-
vations, we estimate the relative abundance

of hybrids and parental species to be 1 hy-
brid : 2 C. tesselatus : 1 C. tigris marmoratus.

20. Additional evidence for a low impact
of hybridization on the reproductive success
of individuals of C. tesselatus comes from
age estimates based on the snout–vent length
of individuals in May, June, and July sam-
ples. These samples apparently comprise five
generations of C. tesselatus and hybrids pro-
duced in five different years. Although 20
hybrids suggest an inordinate amount of hy-
bridization, they could have been produced
by a moderate amount of annual hybridiza-
tion.

21. Canonical variate analysis of meristic
characters can be used to test hypotheses that
candidate museum specimens might be C.
tesselatus 3 C. tigris marmoratus hybrids.
Nine males, similar to the Arroyo del Macho
hybrids in color pattern but collected from
other localities, were entered in a canonical
variate analysis model as unknowns, with the
samples of C. tesselatus, C. tigris marmor-
atus, and hybrids from Arroyo del Macho
serving as a priori groups. All nine individ-
uals were assigned to the hybrid group.

22. All triploid parthenogenetic species of
Cnemidophorus were derived from F1 hy-
brids produced by the insemination of fe-
males of diploid parthenogenetic species
(such as C. tesselatus) by males of sympatric
bisexual species. Therefore, the predictable
hybridization at the Arroyo del Macho lo-
cality provides an exceptional opportunity to
evaluate the possibility of speciation through
hybridization. The ultimate genetic makeup
of the hybrids consists of two genomes from
C. tigris marmoratus (one from C. tesselatus,
one from a male C. tigris at the hybridization
site) and one genome from C. gularis sep-
temvittatus (through C. tesselatus). All fe-
male hybrids collected (8) were sterile; there-
fore, this particular genetic combination may
be ineffective in perpetuating parthenogenet-
ic reproduction in triploids.
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APPENDIX: SPECIMENS EXAMINED

PRIMARY MATERIAL

The specimens referred to by their individual
catalog numbers and initials for their collections
are as follows: AMNH (American Museum of
Natural History), LSUS (Louisiana State Univer-
sity in Shreveport, Museum of Life Sciences),
MSB (Museum of Southwestern Biology), TCWC
(Texas Cooperative Wildlife Collection), and
UCM (University of Colorado Museum). Mor-
phological data were recorded for each specimen.
Numbers followed by K and/or P denote speci-
mens from which karyotypic and/or protein data
were obtained, respectively; X-I and X-F refer to
two karyotypic cytotypes in hybrids and C. tes-
selatus that are distinguished by either an intact
X-chromosome or a fissioned X-chromosome.
Sex of individuals is provided for hybrids and in-
dividuals of C. tigris marmoratus from Arroyo del
Macho, and dates of collection are shown in
brackets [month/day/year]. All specimens of C.
tesselatus are females.

CNEMIDOPHORUS TESSELATUS: New Mexico,
Chaves Cty., N side Arroyo del Macho
(33839910N, 1048339170W), 22 km N on Hwy.
U.S. 285 from junction with Hwy. U.S. 70 N of

Roswell, New Mexico, then 0.8 km E on Eden
Valley Road. AMNH R-145142 (K, P, X-F) [5/12/
99], R-145143 (K, P, X-F) [5/14/99], R-145144
(K, P, X-I) [5/14/99], R-146612–146613 [6/10/
96], R-146614–146619 [7/20/97], R-146620–
146625 [7/21/97], R-146626–146628 [7/22/97],
R-146629 (K, P, X-F) [6/11/98], R-146630 off-
spring of either AMNH R-146629 or R-146631
(P), R-146631 (K, P, X-F) [6/11/98], R-146632
(K, P, X-I) [6/11/98], R-146633 (K, P, X-F) [6/11/
98], R-146634 and R-146635 [6/11/98], R-
146636 (K, P, X-F) [6/12/98], R-146637 [6/12/
98], R-146638 (K, P, X-I) [6/12/98], R-146639
(K, P, X-F) [6/12/98], R-146640 and R-146641 [6/
12/98], R-146642–146649 [6/13/98]; Regis Uni-
versity (RU) 99008 [maintained in Cnemidopho-
rus colony, AMNH], AMNH R-147547 [5/14/99].

CNEMIDOPHORUS TIGRIS MARMORATUS: New Mex-
ico, Chaves Cty., N side Arroyo del Macho
(33839910N, 1048339170W), 22 km N on Hwy.
U.S. 285 from junction with Hwy. U.S. 70 N of
Roswell, New Mexico, then 0.8 km E on Eden
Valley Road. AMNH R-146650(?) (P) [6/11/98],
R-146651(/) (P) [6/11/98], R-146652(?) (P) [6/
13/98], R-146653(?) (P) [6/13/98].



64 NO. 3345AMERICAN MUSEUM NOVITATES

New Mexico, Chaves Cty., 1.6 km W Pecos
River, north side of Hwy. U.S. 70, approximately
16.1 km east of interchange of Hwys U.S. 285
and U.S. 70. AMNH R-146654–146680 [6/14/
98].

We follow Dessauer and Cole (1991), Lemos-
Espinal et al. (1994), and Dessauer et al. (2000)
in applying the name C. tigris marmoratus to the
populations of C. tigris in Chaves Cty., New Mex-
ico.

CNEMIDOPHORUS TESSELATUS 3 C. TIGRIS MARMOR-

ATUS HYBRIDS: New Mexico, Chaves Cty., N side
Arroyo del Macho (33839910N, 1048339170W), 22
km N on Hwy. U.S. 285 from junction with Hwy.
U.S. 70 N of Roswell, New Mexico, then 0.8 km
E on Eden Valley Road. AMNH R-145145(?) (K,
P, X-I) [5/12/99], R-145146(/) (K, P, X-F) [5/12/
99], R-145147(/) (K, P, X-I) [5/14/99], R-
145148(?) (K, P, X-I) [5/14/99], R-145149(?)
(K, P, X-I) [5/15/99], R- 146681(/) [6/10/96], R-
146682(?) [7/20/97], R-146683(?) [7/20/97], R-
146684(?) [7/20/97], R-146685(?) [7/21/97], R-
146686(?) [7/21/97], R-146687(/) [7/22/97], R-
146688(/) [7/22/97], R-146689(/) [7/22/97], R-
146690(?) (K, P, X-I) [6/11/98], R-146691(/)
(K, P, X-I) [6/12/98], R-146692(?) (P) [6/12/98],
R-146693(?) (K, P, X-I) [6/15/98], R-146694(/)
(K, P, X-I) [6/15/98], R-146695(?) [5/12/99].

ADDITIONAL MATERIAL

CNEMIDOPHORUS EXSANGUIS: New Mexico, Chav-
es Cty., N side Arroyo del Macho (33839910N,
1048339170W), 22 km N on Hwy. U.S. 285 from
junction with Hwy. U.S. 70 N of Roswell, New
Mexico, then 0.8 km E on Eden Valley Road.
AMNH R-146771–146776, R-146777–146780,
R-146781.

CNEMIDOPHORUS INORNATUS: New Mexico,
Chaves Cty., N side Arroyo del Macho
(33839910N, 1048339170W), 22 km N on Hwy.
U.S. 285 from junction with Hwy. U.S. 70 N of
Roswell, New Mexico, then 0.8 km E on Eden
Valley Road. AMNH R-146696, R-146697–
146713.

Several new subspecies of C. inornatus were
described by Wright and Lowe (1993), including
C. i. juniperus, the population at Arroyo del Ma-
cho according to their range map. Couplets in the

Wright and Lowe (1993) key to the subspecies of
C. inornatus are based on proportions of samples
with particular numbers and states of pale stripes.
The alternative percentages provided in this key
leave the population at Arroyo del Macho uniden-
tified to subspecies. In addition, stripe character
values were omitted from their table 1, without
explanation, for a Chavez Cty. sample (including
a specimen from Salt Creek, approximately 7 km
south of the hybridization site). Therefore, use of
the name juniperus, as presently conceived, for
this population is undesirable.

CNEMIDOPHORUS GULARIS SCALARIS: México,
Durango, Rio Florido near Canutillo (bridge for
Méxican Hwy. 45) (elev. 1585 m). AMNH R-
129176 (P).

CNEMIDOPHORUS GULARIS SEPTEMVITTATUS: Tex-
as, Brewster Cty., 28.0 km (by Hwy. U.S. 385) S
Marathon. AMNH R-126906 (P).

We follow Walker (1981) in using the name
septemvittatus for a subspecies of C. gularis.
Strong genetic support for the conspecificity of C.
gularis and C. septemvittatus is provided by For-
stner et al. (1998), although these authors consid-
ered specific rank to be appropriate for this taxon.
Dessauer and Cole (1989) also presented genetic
data consistent with a conspecific relationship be-
tween these taxa.

CNEMIDOPHORUS TIGRIS MARMORATUS: Texas,
Brewster Cty., 17.3 km N, 1.2 km E Panther Junc-
tion (BBNP) on Phillips Ranch. LSUS 971.

CNEMIDOPHORUS TIGRIS PUNCTILINEALIS: Arizona,
Pima Cty., 30.9 km W, 29.9 km S Ajo (elev. 595
m). LSUS 4135.

CNEMIDOPHORUS SEXLINEATUS: Louisiana, Caddo
Parrish, LSUS campus, Shreveport. LSUS 1014,
1018, 1019.

PRESUMED CNEMIDOPHORUS TESSELATUS 3 C. TI-

GRIS MARMORATUS HYBRIDS: New Mexico, Chaves
Cty., Hwy. U.S. 380, approximately 40 km E Ro-
swell. MSB 15039; approximately 29 km E Bot-
tomless Lake State Park, MSB 15098.

New Mexico, Sierra Cty., 0.8 km SE Caballo
Reservoir dam. UCM 23377; 1.6 km SW Cutter,
UCM 29197. Texas, Presidio Cty., 4.8 km E Pre-
sidio, near Ft. Leaton. TCWC 22324; 3.2 km SE
Presidio, TCWC 27884, 27885; 0.4 km S Presi-
dio, TCWC 29405; Presidio, ‘‘Jones Ala Rio’’
TCWC 30503.


