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Abstract.—Chromosomes and allozymes were studied from chromosomally distinct unisexual (races
B and C) and bisexual (races D and E) populations of the teiid lizard Cnemidophorus lemniscatus,
and from selected outgroup taxa (C. murinus, C. nigricolor, Ameiva ameiva, and A. auberi). Karyo-
typing confirmed the racial identity of individuals and showed that the chromosomal composition
of populations at specific localities has remained the same for 20 years. All individuals of both
unisexual populations were heterozygous for a pericentric inversion that distinguishes D and E
bisexuals. Also, the unisexuals were all heterozygous for 8 of 11 protein loci for which D and E
were fixed or nearly fixed for different alleles. Most of these alleles represent derived states relative
to the other Cnemidophorus and Ameiva analyzed, and the fixed heterozygote condition at these
nine markers provides unequivocal support for the hypothesis that the unisexual C. lemniscatus
arose by hybridization between ancestors genetically similar to extant D and E populations. At the
remaining three loci for which D and E show fixed differences, the unisexuals were homozygous
rather than heterozygous. This suggests that either (1) allozymes have been lost by mutations to
null, silent, or convergent mobility states, (2) ancestral genotypes were similar to but not identical
with the extant D and E races, and/or (3) limited recombination may occur between unisexual
genomes.

Allozyme-based genetic distances between D and E were large, suggesting that bisexual races D
and E are genetically isolated; each race should be accorded full species status. This conclusion is
supported by the absence of any clear biochemical evidence for their monophyly with respect to
the other Cnemidophorus examined. Cladistic analyses of 17 phylogenetically informative loci
revealed two equally parsimonious shortest trees, one supporting monophyly and the other paraphy-
ly of the C. lemniscatus complex. Further testing of the monophyly of C. lemniscatus requires
additional data. With the present study, the evidence that all parthenogenetic Cnemidophorus are
of hybrid origin is complete.
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Unisexual organisms have received in-
creased attention from evolutionary biolo-
gists because of the various degrees to which
they depart from the normal mode of sexual
reproduction that dominates the animal
kingdom (Williams, 1975; White, 1978;
Maynard Smith, 1978; Bell, 1982; Michod
and Levins, 1988). Most unisexual verte-
brates that have been carefully examined
show strong evidence for hybrid genotypes
(Schultz, 1969; Cole, 1975; Wright, 1978;
Darevsky et al., 1985; Moritz and King,
1985; Vrijenhoek et al., 1989). However, it
is widely recognized that not all unisexual
animals arose by interspecific hybridiza-
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tion, especially among many invertebrate
groups where spontaneous origins from a
single bisexual population seem to be com-
mon (Suomalainen, 1950; Suomalainen et
al., 1987). Within vertebrates, the causality
of the relationship between interspecific hy-
bridization and the origin of a new unisex-
ual taxon has been disputed (Cuellar, 1974,
1977), and some possible exceptions have
been proposed in the lizard families Gek-
konidae (Lepidodactylus Iugubris, Cuellar
and Kluge, 1972; Pasteur et al., 1987), Xan-
tusiidae (Lepidophyma flavimaculatus, Bezy,
1972; Bezy and Sites, 1987), Teiidae (Cne-
midophorus lemniscatus, Vanzolini, 1970;
Peccinini-Seale and Frota-Pessoa, 1974),
and possibly Iguanidae (one population of
Liolaemus chiliensis, Lamborot and Alvar-
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ez-Sarret, 1989). The origins of unisexual
organisms by hybridization or by other
means have important implications regard-
ing the putative genetic/developmental and
ecological constraints on their subsequent
evolutionary success (Moritz et al., 1989;
Vrijenhoek, 1989).

The possible nonhybrid origin of parthe-
nogenetic Cnemidophorus lemniscatus is
particularly significant since all other uni-
sexual Cnemidophorus appear to have aris-
en by hybridization between well-differen-
tiated bisexual species (Wright, 1978;
Dessauer and Cole, 1989). Cnemidophorus
lemniscatus ranges from lower Central
America into northern South America, and
extends into the Amazon Basin (Vanzolini,
1970; Peccinini, 1971; Hoogmoed, 1973 pp.
262-273; Serena, 1984, 1985). As currently
defined, Amazonian C. lemniscatus from
northern Brazil includes both diploid uni-
sexual and bisexual populations, each con-
taining multiple, cytogenetically recogniz-
able groups that can be distinguished on the
basis of chromosome number and/or mor-
phology. The bisexual populations include
two cytotypes (races D and E), each with 2
= 50 chromosomes, but that differ by a peri-
centric inversion in the largest chromosome
pair (Peccinini-Seale and Frota-Pessoa,
1974). Three chromosome races of the Am-
azonian parthenogenetic populations, des-
ignated as A, B, and C, have been recog-
nized by these same authors, and all are
heterozygous for the pericentric inversion
that distinguishes bisexual races D and E.
Races A and B have 2n = 48 chromosomes,
one pair of microchromosomes less than
race C, but differ from each other in the
number of heteromorphic macrochromo-
some pairs (pairs 1 and 2 in A, pair 1 only
in B). Further to the north, in Suriname, C.
lemniscatus is represented by triploid uni-
sexuals and diploid bisexuals (Serena, 1984,
1985). The bisexual Suriname populations
have the same karyotype as the D chro-
mosome race from the Brazilian Amazon
Basin, while the triploids have a 3n = 75
karyotype (Dessauer and Cole, 1989). Het-
erozygosity for the largest set of chromo-
somes and for several isozyme loci suggests
that these triploids arose by hybridization
between a D bisexual population and dip-
loid unisexuals similar to the Amazonian C
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form (Dessauer and Cole, 1989). None of
the diploid or triploid unisexuals is known
to coexist with the bisexual populations
(Peccinini-Seale, 1989).

Several competing hypotheses have been
offered to explain the origin of the diploid
unisexual populations. One possibility is that
these arose spontaneously within one or
more of the bisexual populations (Cuellar,
1974), or by other means as suggested by
Peccinini-Seale and Frota-Pessoa (1974).
Alternative suggestions include several hy-
bridization hypotheses, such as the possi-
bility of a cross between C. lemniscatus and
the sympatric teiid Ameiva ameiva (Cole et
al., 1983). However, the difference in adult
body size between these species has led some
to question the probability of such an event
(Vanzolini, 1970; but see Cole et al., 1988),
and isozyme data are also inconsistent, at
least for Suriname populations (Dessauer
and Cole, 1989). Another suggestion is that
the unisexuals originated from hybridiza-
tion between bisexual C. lemniscatus and a
member of the C. sexlineatus species group
(Darevsky et al., 1985), but there are sub-
stantial biogeographic problems with this
argument (see also Dessauer and Cole,
1989). A final possibility is that the diploid
parthenogens originated via hybridization
between the D and E chromosome races of
the bisexual form (Peccinini, 1971; Wright,
1978; Moritz and King, 1985; Peccinini-
Seale, 1989). Amazonian Crnemidophorus
lemniscatus have thus far been treated as a
single species, but no bisexual populations
have been found that are heteromorphic for
a pericentric inversion in chromosome pair
1. This suggests the possibility that D and
E could be distinct, cytogenetically differ-
entiated species. They could also simply be
genetically differentiated intraspecific pop-
ulations, but still hybridize and produce the
meiotic and developmental changes neces-
sary to successfully found a parthenogenetic
population (Moritz, 1987; Moritz et al.,
1989; Vrijenhoek, 1989).

Allozyme electrophoresis is a powerful
technique for determining ancestry of uni-
sexual organisms (reviewed by Suomolai-
nen et al., 1987), but previous studies of the
C. lemniscatus complex have not included
all of the material required to address the
above hypotheses about the origin of dip-
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TasLe 1. Taxa, localities and genetic characteristics [reproductive mode, chromosome race (corresponding to
A-E of Peccinini-Seale and Frota-Pessoa, 1974), karyotype, sample sizes (N)/number of cells analyzed (N.C.A.),
chromosomal location of NORs (allozyme heterozygosity)] of bisexual (B) and unisexual (P) teiid lizards surveyed

in this study and that of Vyas et al. (this volume).

Repro- Cytogenetics .
ductive Heterozygosity—
No.# Locality mode Race Karyotype? N/N.C.A. NOR direct count (N)
C. lemniscatus
1. Belem, Brazil P A 48(2;24;22) — — (mtDNA only)
2. Oriximina, Brazil P B 48(1;25;22) (11/137) 1,2,7 0.146 (18)
3. Maruda, Brazil P C 50(1;2524) (9795 1 0.140 (8)
4. Capanema, Brazil P C  50(1;25;24) (6/73) 1 0.137 (5)
5. Alter do Chao, Brazil B D 50(2;24;24) (6/97) 1 0.024 (9)
6. Boa Vista, Brazil B D 50(2;24;24) (4/68) 1 0.009 (4)
7. Urucurituba, Brazil B E 50 (0;26;24) - - (mtDNA only)
8. Manacapuru, Brazil B E 50 (0;26;24) (10/147) 1 0.007 (15)
C. arubensis
9. Aruba, Netherlands Antilles B - - - - (mtDNA only)
C. murinus
10. Curacao, Venezuela B - - - - 0.026 (2)
C. nigricolor
11. Isla La Blanquilla, Venezuela B - - - — 0.026 (2)
A. ameiva
12. Alter do Chao,¢ Brazil B - - — - (mtDNA only)
13. Manacapuru,® Brazil B —  50(0;26;24) (2/43) 1,4,9 0.053 (5)
micro
A. auberi
14. Andros Island, Bahamas? B - 0.041 (6)
4 Locality numbers correspond to those in Figure 1.
b As in Peccinini-Seale (1981).
¢ Same as localities 5 and 8, respectively, for C. lemniscatus.
Not shown in Figure 1.
loid unisexuals (Dessauer and Cole, 1989;
AT ; METHODS
Peccinini-Seale, 1989). In this study, we ]
compare chromosomes and allozymes of Sampling

both bisexual forms (D and E) and the B
and C parthenogenetic populations from
Brazilian Amazonia, and we estimate levels
of genetic variability within, and divergence
among, these forms. We also include sam-
ples of Cnemidophorus murinus and C. ni-
gricolor, and as outgroups Ameiva ameiva
and A. auberi. This paper complements the
companion report by Vyas et al. (this vol-
ume) on mtDNA variation from these same
and additional samples. The specific aims
of this paper are (1) to test the hypothesis
that the unisexuals arose via hybridization
between the D and E bisexuals, and (2) to
obtain data bearing on the specific status of
the D and E bisexuals, i.e., are there one or
two bisexual species in the C. lemniscatus
complex in the Amazon valley?

Natural populations of the Cnemidoph-
orus lemniscatus complex and of Ameiva
ameiva were sampled by D. M. Peccinini-
Seale and R. R. de Souza; Cnemidophorus
murinus and C. nigricolor by J. Wright; and
A. auberi by W. M. Brown. Table 1 sum-
marizes geographic localities, sample sizes,
cytogenetic data, and allozyme heterozy-
gosity for all specimens. The localities of all
samples except Ameiva auberi (from Andros
Island, Bahamas) are plotted in Figure 1,
and museum catalog numbers are given in
Appendix 1.

Chromosomes were prepared from short-
term leukocyte cultures, in vitro bone mar-
row suspensions (Moritz, 1987), and intes-
tinal epithelium (Peccinini-Seale, 1989), for
silver nitrate (Howell and Black, 1980; Gold
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Map of northern South America showing collecting localities for teiid lizards examined in this and

the accompanying study (Vyas et al., this volume). Sample sizes and names of all locations are given in Table
1. Circles indicate locations of unisexual populations, squares denote bisexual populations, the star indicates
the location of Manaus, and the asterisk represents Obidos—the site of the shift from bisexuality to unisexuality
reported by Vanzolini (1970). International borders are marked with dashed lines, with countries denoted as
follows: Peru (P), Colombia (C), Venezuela (V), Guyana (G), Suriname (S), French Guiana (FG), and Brazil (B).

and Ellison, 1983) and fluorescent
(Schweizer, 1981) staining techniques. Heart
and part of the liver were processed for
mtDNA (Vyas et al., this volume), while
intestine (duodenum), skeletal muscle, and
the remaining liver were deep frozen for
starch-gel electrophoresis.

Allozyme Electrophoresis

Homogenates of liver, muscle, and intes-
tine samples for the allozyme analysis were
prepared separately following Sites et al.
(1988). Histochemical staining procedures
followed Shaw and Prasad (1970), Selander
et al. (1971), Harris and Hopkinson (1976),
or Richardson et al. (1986). The specific
buffer—stain-tissue combinations in which
gene products were resolved are listed in
Appendix 2. Enzyme commission (EC)
numbers and nomenclature follow recom-
mendations of the Nomenclature Committee
of the International Union of Biochemistry
(1984), and locus prefixes, abbreviations,
and homologies follow Murphy and Crab-
tree (1985) to the extent that these could be
reliably determined.

Data Analysis

Allozyme data were recorded as individ-
ual locus genotypes and analyzed with the
BIOSYS-1 program of Swofford and Selan-
der (1981). Genetic variability was esti-
mated by average individual heterozygosity
(H, direct count), and between-sample di-
vergence was summarized by the genetic
distance coefficients of Nei (1978), Rogers
(1972), and Hillis (1984). For purposes of
phylogenetic analysis, loci were considered
as characters and fixed allelic differences
scored as alternative states (Buth, 1984). The
resulting character matrix was analyzed us-
ing version 2.4.0 of PAUP (Swofford, 1985).
The branch-and-bound algorithm (strict
parsimony) was used to find the shortest
trees, and all trees were rooted to a com-
posite outgroup consisting of character states
found in both species of Ameiva.

RESULTS
Chromosome Analyses

The number of lizards examined cyto-
genetically is summarized in Table 1. Con-
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Fig. 2. Chromosomal localization of active NORs (arrows) in Ameiva amiva (A, Manacapuru), and in
Amazonian C. lemniscatus: unisexual cytotypes B (Oriximina) and C (Capanema); and bisexual cytotypes D
(Boa Vista) and E (Manacapuru). Numbers at upper left refer to macrochromosome pairs as identified by
Peccinini-Seale and de Almeida (1986); note pair 1 heteromorphism in races B and C for fixed inversion difference

between bisexuals D and E.

ventionally stained metaphase plates yield-
ed results consistent with those reported
earlier by Peccinini-Seale and Frota-Pessoa
(1974) and Peccinini-Seale and de Almeida
(1986). In particular, the karyotypes in the
1987 samples were identical to those from
samples from these same localities taken in
1970 and later (see also Peccinini, 1971;
Peccinini-Seale, 1989). Silver nitrate stain-
ing for activity of nucleolus-organizing re-
gions (NORs) in Amazonian populations
surveyed in this study revealed variable pat-
terns of NOR expression (Fig. 2). Results
for pair-1 NOR expression are identical to
those reported by Peccinini-Seale and de

Almeida (1986) and Peccinini-Seale (1989)
in showing heterozygous activity at chro-
mosome pair 1 in races C, D, and E. In
contrast, the NOR pattern for race B, re-
ported here for the first time, shows telo-
meric activity in both pair-1 homologs, and
additional activity in pairs 2 and 7, the latter
both being heterozygous in intensity of
expression (Fig. 2). The Ameiva ameiva pat-
tern from Manacapuru differed from that of
previously studied localities, which dis-
played NOR activity in chromosome pairs
1,2,7,16, 18,19, and a microchromosome
pair (Peccinini-Seale and de Almeida, 1986).
Manacapuru specimens show varying de-
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TasLE 2. Pairwise comparisons of two estimates of genetic distance (Nei, 1978, above diagonal; Hillis, 1984,
below) for 10 samples of teiid lizards used in this study (localities as in Table 1).

C. lemniscatus

C.
C. murinus  nigricolor

A. ameiva  A. auberi
E (8) D (6) D (5) B(2) C(3) cC@4 (10) (1) (13) (14)
8 — 0.208 0.217 0.074 0.078 0.071 0.299 0.289 0.656 0.961
6 0.211 — 0.004 0.052 0.051 0.051 0.416 0.242 0.683 0.814
5 0.218 0.007 - 0.053 0.049 0.053 0.416 0.251 0.691 0.819
2 0.076 0.057 0.056 - 0.000 0.000 0.322 0.243 0.622 0.855
3 0.082 0.056 0.053 0.002 — 0.000 0.321 0.245 0.622 0.852
4 0.078 0.060 0.061 0.002 0.005 - 0.314 0.244 0.622 0.842
10 0.302 0.421 0.420 0.326 0.327 0.324 - 0.288 0.747 1.013
11 0.293 0.248 0.255 0.248 0.251 0.255 0.294 - 0.701 1.012
13 0.660 0.688 0.695 0.627 0.628 0.632 0.753 0.707 - 0.606
14 0.964 0.819 0.822 0.859 0.858 0.852 1.018 1.018 0.611 -

grees of NOR activity in pairs 1, 4, 9, and
a microchromosome pair (top idiogram of
Fig. 2). Fluorescent banding (CMA and DA-
DAPI counterstaining) did not reveal
strongly fluorescent or negatively staining
regions (data not shown).

Allozyme Variation

A total of 57 presumed structural gene
products were consistently resolved across
all taxa and populations sampled in this
study (see footnote to Appendix 2). Fifteen
loci were monomorphic across all samples:
M-Acon-A, Ak-A, M-Aat-A, Ald-1, Ck-A,
Ap-A, Est-5, Fum-A, Gp-1, 8-Gluc-A, Gtdh-
A, Ldh-A, Ldh-B, Mdh-2, and Pgm-1. A
single individual of Ameiva auberi was het-
erozygous at the DIdh-A locus, but other-
wise this system was also invariant. Allele
frequencies for the remaining 40 variable
loci form three hierarchical categories with
respect to levels of variation (Appendix 2):
loci varying within C. lemniscatus, loci uni-
form within C. lemniscatus but varying
among Cnemidophorus, and loci uniform
among Cnemidophorus but differing in one
or both Ameiva.

Twenty-one loci exhibit some degree of
variation within and between populations
of C. lemniscatus. The bisexual D and E
samples show fixation or near fixation for
alternate alleles at 11 loci [S-Aat-A, Ada-A,
Cat-A, Est-1, Icdh-2, Iddh-A, S-Me-A,
Pep(lla), Pep(lgg), Pep(pat), and Pgm-2;
Appendix 2]. Sample E is polymorphic at
S-Acon-A, Est-2, Mpi-A, Pgm-2, and Sod-
1. One or both samples of the bisexual D
populations show polymorphisms in Ada-

A, Ald-2, Est-1, Est-2, Pep(lla), Pgm-2, Pgk-
A, and Tpi-A. Esterase-2 was highly poly-
morphic, and segregated two or three alleles
in all six samples of C. lemniscatus.

The Nei (1978) genetic distance between
the two samples (localities 5 and 6) of bi-
sexual race D is less than 0.01, while that
between race E and the two D samples is
much higher (0.21-0.22; Table 2). By com-
parison, C. lemniscatus race E differs from
C. murinus and C. nigricolor by Nei dis-
tances of 0.30 and 0.29, respectively, while
the race D samples differ from these species
by Nei distances of 0.42 and 0.24-0.25, re-
spectively (Table 2).

Relative to the bisexual populations, the
three unisexual samples were more hetero-
zygous, but less diverse within and between
populations. All individuals showed fixed
heterozygosity at six loci [S-Aat-A, Ada-A,
Cat-A, Pep(lla), Pep(lgg), Pep(pat)], and
close to fixed heterozygosity at two others
(Icdh-2, S-Me-A). At each of these loci, the
heterozygous alleles are the same as those
that distinguish D and E bisexuals (Appen-
dix 2). The anodal gel slice illustrated in
Figure 3 is representative of the isozyme
patterns scored as heterozygous relative to
the bisexuals. For two other loci at which
the D and E bisexuals showed fixed differ-
ences, all unisexuals were fixed for the D
allele (Est-1, Iddh-A; see cathodal slice in
Fig. 3), and at the polymorphic Pgm-2 locus
all unisexuals had only race E alleles. The
direct count heterozygosity (/) estimates for
the unisexual samples were between 0.14
and 0.15 (Table 1). In contrast, those for
the three bisexual samples were between
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Isozyme patterns expressed at two different enzyme loci for nine lizards run simultaneously on the

same gel. The anodal slice shows the “fixed heterozygote” condition in unisexuals at the S-Aat-A4 locus (lanes
4-7, all AB genotypes from race B) relative to fixed differences between bisexual races D (lanes 8-9, BB genotypes)
and E (lanes 1-3, AA genotypes). The cathodal slice illustrates, for the same lizards, one of three loci (/ddh-A)
in which the unisexuals electrophoretically resembled one bisexual genotype, even though races D and E were

themselves fixed for different alleles.

0.01 and 0.02 (Table 1). H values for the
other species studied were 0.03 for both C.
murinus and C. nigricolor, 0.04 for Ameiva
auberi, and 0.05 for A. ameiva, although
small sample sizes in most cases make these
estimates tentative (see Table 1).

Genotypic diversity within and between
the unisexual populations is fairly low. Mul-
tiple genotypes were scored at five loci,
S-Acon-A, Icdh-2, Pgm-2, Pnp-A, and Tpi-A,
but variation at the last two was due to sin-
gle heterozygotes (Table 3). One common
genotype was shared by the B and C chro-
mosome forms (21 of 31 individuals), and
six other genotypes were less frequent.
Clonal diversity (D as calculated in Parker,
1979) is 0.5, and the effective number of
clones is 2.1.

A second class of nine loci included those
that were monomorphic or nearly so within
the Amazonian Cnemidophorus lemnisca-
tus complex, but differed in either C. mu-
rinus or C. nigricolor, and possibly again in
Ameiva. The loci in this group include
S-Acon-A, Adh-A, B-Gal-A, B-Gluc-A, Glydh-
A, Hadh-A, Icdh-1, a-Mann-A, and Ntp-A.

Pnp-A displays the same alleles within all
Cnemidophorus, but both C. murinus and
C. nigricolor share a second allele at high
frequencies that is either rare (P = 0.03 from
locality 4) or absent from samples of C. lem-
niscatus.

The third class consists of 19 loci that
were monomorphic (or nearly so) for the
same mobility allele in all samples of Cne-
midophorus, but fixed for different alleles in
one or both species of Ameiva. These in-
clude Ald-2, Ck-C, Eno-A, Fbp-A, Gedh-A,
G-3-pdh-A, G-h-pdh-1, Gpi-A, 8-Glucur-A,
Mdh-1, M-Me-A, Mpi-A, Pep(pap), Pgdh-
A, Pgk-A, Pk-A, Sod-1, Tpi-A, and Uk-A.

Several discrepancies are evident when
the allozyme results of this study are com-
pared with the earlier study of Peccinini-
Seale (1989). For example, Peccinini-Seale
(1989) reported multiple ADA genotypes for
both the unisexual and bisexual D samples
she examined, whereas our data are un-
equivocal for fixed heterozygosity at this lo-
cus in all unisexuals we examined (Fig. 4).
Additional discrepancies include (1) two
“Pep-LA” loci reported by Peccinini-Seale
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Ada-p2

Ada-AP

4 5 6

FiG. 4. Isozyme patterns of the 4DA locus, showing fixed heterozygote AB genotypes of unisexuals (lanes
1-3) relative to alternative homozygotes in the bisexuals (AA in lanes 4-5, race E; BB in lane 6, race D).

(1989), both variable within the unisexuals
(her Table 4) whereas we found a single
Pep(lla) locus for which unisexuals were all
fixed heterozygotes for the same alleles (Ap-
pendix 2); (2) two Pep(lgg) loci reported by
Peccinini-Seale (1989) to again show vari-
ation between the three unisexual races, ver-
sus the single locus resolved in this study
showing fixed heterozygosity for the same
alleles in races B and C (Appendix 2); and
(3) the resolution of several loci (4/b-1, -2,
-3, and Pgm-3) by Peccinini-Seale (1989)
showing variation within or among the uni-
sexual samples, that were not included in
this study. Another important sampling dif-
ference in these two studies was the inclu-
sion of unisexual race A in the survey of
Peccinini-Seale (1989), which was not avail-
able to us and which differed from races B

and C at several loci. Further discrepancies
could arise from sample size differences be-
tween the studies, temporal and/or spatial
changes in allele frequencies, or in the case
of the PEP loci, uncertainties of homology
and/or misscoring of some loci (see Matson,
1989, for an example of complex patterns
of PEP isozyme expression in birds).

Phylogenetic Analysis

If we accept the hypothesis that the uni-
sexuals examined in this study are of hybrid
origin (see below), we can then ask whether
or not the alleles shared by the unisexuals
and each of the bisexual races are derived,
i.e., do they demonstrate phylogenetic re-
lationship? To do this, we split the unisexual
genotypes into homozygous D-like and
E-like hypothetical genotypes (see also Moritz,

TaBLE 3. Multilocus genotypes in samples of unisexual C. lemniscatus.

Frequency
Locus Race C
S-Acon-A Iedh-2 Pgm-2 Pnp-4 Tpi-A Race B Loc. 3 Loc. 4
aa ab ab aa aa 3 — -
aa ab bb aa aa 1 — —
aa ab aa aa aa 10 6 5
ab ab aa aa aa 3 — —
aa ab aa ab aa 1 — -
aa bb aa aa aa — — 1
aa bb aa aa ab — 1 1




Parth-E

*Pep(igg)

length
=1-6

length
=4-6

Ameiva
B S
Q o u w 0 3
£ 3 £ 9% oI
m a m a 2 £

length
=1-3

Ameiva

FiG. 5. Two equally parsimonious phylogenetic hypotheses for Cnemidophorus based on allozyme characters
(consistency index = 0.77, length = 52). Character state changes along each branch refer to derived states
identified for the informative loci in Appendix 2. Rectangles identify presumed homoplasious states, and asterisks
(*) identify reversals in states. Fixed character states not illustrated at the base of tree A include Adh-A(1), Ald-
2(D), Est-1(1), Est-2(2), Hadh-A(1), Icdh-1(2), Iddh-A(I), a-Mann-A(1), and Ntp-A(1). Fixed character states for
the base of tree B include all of those on tree A plus these four: S-Me-A(I), Pep(lgg) (1), Pep(lla) (1), and
Pep(pat) (1).
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1987), determined character state polarities
using the two Ameiva species as outgroups,
and analyzed the derived states with PAUP.

This analysis revealed 17 phylogenetical-
ly informative loci (the characters) with 36
derived states (combinations of alleles); these
are summarized in Appendix 2. Analysis
using the branch-and-bound option of
PAUP produced two shortest trees, each
with a minimum of 52 steps and a consis-
tency index of 0.77 (Fig. 5). Seven trees exist
at 53 steps, and the consensus of these col-
lapses the interior nodes of the two clado-
grams depicted in Figure 5, but retains the
Bisex D—Parth D and Bisex E-Parth E clades.

Three patterns are evident in these sets
of relationships. First, several derived states
support the placement of each hypothetical
parthenogenetic genome adjacent to its pre-
sumed bisexual parent. Second, several de-
rived states support monophyly of C. mu-
rinus—C. nigricolor, relative to the other
Cnemidophorus studied. Third, there is no
compelling evidence for monophyly of the
C. lemniscatus complex. Tree B establishes
monophyly for this group on the basis of a
derived allele at the Icdh-2 locus. However,
tree A, which has the same number of steps,
suggests paraphyly of C. lemniscatus with
respect to the murinus—nigricolor clade,
principally on the basis of a derived state
in Ada-A. Additional data are required to
resolve phylogenetic relationships of South
American Cremidophorus.

DiscussiIoN

Origin of Unisexual C. lemniscatus
Populations

The B and C chromosome races of par-
thenogenetic C. lemniscatus are heterozy-
gous at most loci (8 of 11) for which the
bisexual D and E races are fixed (or almost
fixed) for different alleles. Most of these al-
leles represent shared derived states relative
to the other Cnemidophorus and Ameiva ex-
amined here. Together, these data provide
strong evidence for a hypothesis of hybrid
origin between genetically distinct ancestral
D and E populations (Peccinini, 1971;
Wright, 1978; Moritz and King, 1985).

At three additional loci where D and E
differ, the unisexuals had only D-type (Est-
1, Iddh-A) or only E-type alleles (Pgm-2).
These patterns, which do not conform to
the hybridization hypothesis, can be ex-
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plained by one or more of the three factors.
First, allozymes from one parent may be
lost by mutation to either a null or a con-
vergent electromorph (Leslie and Vrijen-
hoek, 1980; Spinella and Vrijenhoek, 1982).
A second possibility is that the actual par-
ents involved were not identical to the ex-
tant D and E populations. This interpreta-
tion is compatible with the results of mtDNA
analyses of these animals (Vyas et al., this
volume). Third, preliminary cytological
studies (Peccinini-Seale, unpub. data) sug-
gest that meiosis may be normal up to first
metaphase, allowing for limited recombi-
nation between the haploid genomes of the
unisexuals. This could explain the observed
patterns if the loci in question (i.e., those
showing fixed differences between D and E)
were more distant from the centromere than
those that have retained the predicted het-
erozygous genotypes (Asher, 1970).

Consistent with a hybrid origin, hetero-
zygosity estimates averaged over 10-fold
higher for the unisexuals (range = 0.14-0.15,
X = 0.14) than for the bisexuals (range =
0.01-0.02, X = 0.01; Table 1), even though
absolute H values were substantially lower
than those reported for other unisexual Cne-
midophorus. For example, Dessauer and
Cole (1989) reported H values ranging from
0.24 to 0.44 for other unisexual Cnemi-
dophorus, and values in the range of 0.05
for bisexual species. These same authors
surveyed C. lemniscatus populations in Sur-
iname, and estimated H values of 0.04 and
0.20 for bisexual and unisexual (37) sam-
ples, respectively. Peccinini-Seale (1989) re-
ported H values ranging from 0.163 to 0.243
(X = 0.206) for three samples of diploid
unisexual C. lemniscatus from the Amazon
region, and H = 0.04 for the single sample
of bisexual race D she examined. We sus-
pect that the difference between our values
and those reported in these two studies is
largely a function of the different subsets of
enzyme loci resolved in each study. Des-
sauer and Cole (1989) resolved 42 loci and
Peccinini-Seale (1989) resolved 46, whereas
we resolved 57, and such differences could
easily influence heterozygosity estimates
(Simon and Archie, 1985).

The combination of allozyme and chro-
mosome data collectively falsifies alterna-
tive hypotheses proposed to explain par-
thenogenesis in this complex. Darevsky et
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al. (1985) proposed, on the basis of pub-
lished chromosomal evidence, that the uni-
sexual C. lemniscatus may have originated
by hybridization between a bisexual C. lem-
niscatus and a species of the C. sexlineatus
group. This hypothesis is effectively refuted
by the close relationship between the allo-
zymes and chromosomes of the unisexuals
and those of the type D and E bisexual Cne-
midophorus. Similarly, the allozyme data
refute the possibility of hybrid origin in-
volving A. ameiva (see also Dessauer and
Cole, 1989).

The hypothesis of a nonhybrid origin of
the unisexuals has been suggested for Am-
azonian C. lemniscatus on the basis of dis-
tributional and chromosomal evidence
(Vanzolini, 1970; Peccinini-Seale and Fro-
ta-Pessoa, 1974), and Cuellar (1974, 1977)
specifically hypothesized a spontaneous or-
igin within a bisexual species. Some workers
have previously questioned the utility of
chromosome markers as evidence for hy-
bridization (Maslin, 1971), and Peccinini-
Seale and Frota-Pessoa (1974) proposed that
a founder event might have fixed the chro-
mosomal heteromorphism as a heterotic
adaptation in the unisexual C. lemniscatus
populations. Allozyme heterozygosity could
then be increased by the mutational pro-
duction of novel electromorphs (Parker and
Selander, 1976; Vrijenhoek, 1984), but the
low clonal diversity evident in the allozyme
data set, and suggested by tissue grafting
experiments (Serena, 1985), suggests that the
unisexual C. lemniscatus may be of very
recent origin (see also Vyas et al., this vol-
ume). No hypothesis other than origin via
hybridization between D and E could si-
multaneously explain the evidence for a rel-
atively recent origin and fixed heterozygos-
ity at 9 marker loci (1 chromosome pair and
8 enzyme loci) for which the bisexuals show
fixed differences. The silver-staining data
(Fig. 2) do, however, suggest differentiation
in the number of active NOR regions be-
tween the unisexual races since their origin.

Status of the D and E Bisexuals

The allozyme data provide strong evi-
dence that the D and E chromosome races
of C. lemniscatus are distinct species. The
Nei (1978) genetic distance between sam-
ples D and E was 20-fold higher than that
between samples of race D collected from

J. W. SITES, JR. ET AL.

Boa Vista and Alter do Chao and separated
by a similar geographic distance. Indeed,
the divergence between the D and E samples
was only slightly lower than that between
race D and C. nigricolor (D = 0.24), or race
E and C. nigricolor (D = 0.29).

The genetic divergence between D and E
can also be evaluated in the context of ge-
netic distance estimates calculated from al-
lozyme studies of other species of Cnemi-
dophorus. Dessauer and Cole (1989)
reported interspecific D values ranging from
0.01 to 0.91, with 14 of the 66 values in
their matrix lower than that between D vs.
E C. lemniscatus (0.21), and seven others
below 0.25. Thus, the degree of divergence
between bisexual races D and E is well with-
in the range of about one-third of all pair-
wise distance comparisons published for
morphologically recognized bisexual species
of Cnemidophorus.

We conclude from such a comparison that
the bisexual D and E chromosome races of
C. lemniscatus are most likely genetically
isolated units and should be accorded the
status of separate species. This distinction
is also evident from the absence of any clear
biochemical evidence for their monophyly
with respect to the other Cnemidophorus
studied here (Fig. 5). More widespread sam-
pling of the C. lemniscatus “complex”
throughout northern South America will be
necessary to clarify species boundaries in
this group (studies in progress by J. W.
Wright).

The above analyses indicate that unisex-
ual C. lemniscatus were formed by hybrid-
ization between the D and E bisexual taxa,
and that these bisexuals should be consid-
ered as distinct species. With the results of
this analysis, there is now strong evidence
for the hybrid origin of all parthenogenetic
forms of Cnemidophorus (see also Cole,
1975; Wright, 1978; Darevsky et al., 1985;
Cole et al., 1988; Dessauer and Cole, 1989;
Moritz et al., 1989). The same result ap-
pears to be present in other well studied
vertebrate genera with multiple unisexual
forms (e.g., Poecilia, Poeciliopsis, Menidia,
Phoxinus, Heteronotia, Lacerta, Ambysto-
ma; reviewed by Vrijenhoek et al., 1989).
The remaining exceptions to this general
pattern (e.g., Lepidodactylus lugubris, Lep-
idophyma flavimaculatum, and Liolaemus
chiliensis) need to be critically examined as
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to their putative nonhybrid origins that, if DAREvsky, L. S, L. A. KUPRIYANOVA, AND T. UzzeLL.

verified, would be highly significant.
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APPENDIX 1

All lizards used in this study have been catalogued
in the Los Angeles County Museum of Natural History
(LACM), the Museu Paraense ‘“Emilio Goeldi”
(MPEG), or the University of Michigan Museum of
Zoology (UMMZ). Specimens examined: Cnemidoph-
orus lemniscatus: Cytotype B—Oriximina, Para, Brasil
(MPEG 14652-56, UMMZ 183871-74, 183876-82,
184292, 184294); cytotype C—Capanema, Para, Brasil
(MPEG 14666-69, UMMZ 184291); Maruda, Para,
Brazil (MPEG 14660-64, UMMZ 184298-300); cy-
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totype D—Alter do Chao, Para, Brasil (MPEG 14657—- racao (LACM 138125). Cremidophorus nigricolor—
59, 14665, 14671-72, UMMZ 184296-97); Boa Vista, Venezuela, Isla Blanquilla (LACM 138126). Ameiva
Roraima, Brasil (MPEG 14649-51, 14670); cytotype ameiva —Manacapuru, Amazonas, Brasil (UMMZ
E—Manacapuru, Amazonas, Brasil (MPEG 1464448, 183959-61, 184304-05); Ameiva auberi—Bahamas,
UMMZ 18388387, 184293, 194295, 184301-303).  Andros Island, Small Hope Bay (UMMZ 183962-67).
Cnemidophorus murinus—Netherlands Antilles, Cu-

APPENDIX 2

TaBLE A.  Allele frequencies scored for variable loci in 10 samples of Cnemidophorus and Ameiva used in this
study.® #

Cnemidophorus lemniscatus

Bisexuals Unisexuals . Cnemido-
Cnemido-  phorus
E D B C phorus nigri- Ameiva Ameiva
murinus color ameiva auberi
8 6 5 2 3 4 10 11 13 14
Locus Allele (15) (C)] (&) (18) 8) (&) 2) ) () ©)
S-Aat-a a-1 1.00 - - 0.50 0.50 0.50 1.00 - — -
b-0 - 1.00 1.00 0.50 0.50 0.50 - 1.00 0.20 1.00
c-0 - — - - - — - - 0.80 —
S-Acon-A a-0 0.90 1.00 1.00 0.92 1.00 1.00 - - - 0.42
b-0 0.10 - - 0.08 — - - — 1.00 0.58
c-1 — - - — - — - 1.00 - -
d-2 - - - - - - 1.00 - — —
Ada-A a-0 1.00 — - 0.50 0.50 0.50 — - 1.00 -
b-1 - 0.83 1.00 0.50 0.50 0.50 — - - —
c-2 — — — - — - 1.00 1.00 — -
d-0 - - - - - — - — — 1.00
e — 0.17 - - — — - — — —
Adh-A a-1 1.00 1.00 1.00 1.00 1.00  1.00 — 1.00 — 0.33
b-0 - - — - - - — - 1.00 0.67
c-2 - - — - — - 1.00 - - -
Ald-2 a-1 1.00 1.00 0.94 1.00 1.00 1.00 1.00 1.00 - —
b - - 0.06 - - — - — — —
c-0 - - - - - - - — 1.00 1.00
Cat-1° a-1,2 1.00 - — 0.50 0.50 050 0.75 - — —
b-0 - 1.00  1.00 0.50 0.50 0.50 0.25 — — 1.00
c-0 — - — - — - — 1.00 1.00 -
Ck-C a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - -
b - - — - - — - - 1.00 -
c — - - — — - - — - 1.00
Eno-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 — -
b - — - - - - - - 1.00 1.00
Est-1 a-1 — 0.88 1.00 1.00 1.00 1.00 - - - —
b-0 — - - — — - - — 1.00 -
c-2 1.00 0.12 — — — — - - - —
d-0 - - - - - - - - — 1.00
e-3 - — — - - - 1.00 — — —
f-4 - — — — — - - 1.00 — —
Est-2¢ a-1 0.46 0.33 0.07 0.25 — 0.50 - 0.25 — -
b-2 0.29 — 0.21 0.50 0.58 0.50 1.00 - - —
c 0.25 0.67 0.72 0.25 0.42 — — 0.75 - —
d-0 - — - - - — - - 1.00 0.50
e-0 - - — - - — — - - 0.40
f — - - - - - - — - 0.10
Fbp-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 -
b — - - - - - - — - 1.00
B-Gal-A a 1.00 1.00 1.00 1.00 1.00 1.00 - — — 1.00
b - — - - - - 1.00 1.00 1.00 —
Gedh-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 -
b - - — - — - - - — 1.00
G-3-pdh-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 — 1.00
b - — — — - - - 0.90 - -
c - — — - - - - 0.10 — -
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APPENDIX 2

TaBLE A. Continued.

Cnemidophorus lemniscatus

Bisexuals Unisexuals c . Cnemido-
nemido-  phorus
E D B C phorus nigri- Ameiva Ameiva
murinus color ameiva auberi
8 6 5 2 3 4 10 11 13 14
Locus Allele (15) ) ) (18) 8 5) 2) ) (6] (6)
G-6-pdh-1 a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - —
b - — - - — - - — 1.00 -
c — - — — - — — - — 1.00
Gpi-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 — —
b — - - — - - — - 1.00 1.00
B-Gluc-A a 1.00 1.00 1.00 1.00 1.00 0.83 — — 1.00 —
b — — - - - 0.17 1.00 - — 1.00
c - - - — - - — 1.00 - -
B8-Glucur-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 — —
b - — — - — — - — 1.00 -
c - - - — — - - — - 1.00
Glydh-A a-0 1.00 1.00 1.00 1.00 1.00 1.00 — - 1.00 1.00
b-1 - - - — — — 1.00 1.00 — —
Hadh-A a-1 1.00 1.00 1.00 1.00 1.00 1.00 - 00 - -
b-2 — — - - - — 1.00 - — -
c-0 - — - — - - — — 1.00 1.00
Icdh-14 a-3 1.00 1.00 1.00 1.00 1.00 1.00 - - 0.30 —
b-0 — - — — - — - - 0.20 —
c-0 - - — — - - — - 0.50 -
d-0 — — — — — — — — — 1.00
e-1 - - — — — - — 1.00 — -
-2 - — — — - — 1.00 — — —
Icdh-2¢ a-1 1.00 — — 0.54 042 0.50 - - - —
b-0 — 1.00 1.00 0.46 0.58 0.50 1.00 1.00 0.90 1.00
c-2 - - — - - - - - 0.10 -
Iddh-A a-1 — 1.00 1.00 1.00 1.00 1.00 — — — —
b-2 1.00 - - — - - 1.00 1.00 — -
c-0 - — — — - - — — 1.00 1.00
Mdh-1 a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 —
b - - — — - - - - — 1.00
M-Me-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 —
b - - - — - - - - — 1.00
S-Me-A a-1 1.00 - — 0.55 0.50 0.50 — 1.00 — —
b-2 - 1.00 1.00 0.45 0.50 0.50 - — — —
c-0 - — — — — - — — 1.00 1.00
d-3 - — — — — — 1.00 — — —
Mpi-A a 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.90 —
b 0.03 — — - — — — — - —
c - — — — — — - — 0.10 -
d — — - — - - — — — 1.00
a-Mann-A a-1 1.00 1.00 1.00 1.00 1.00 1.00 — 1.00 — —
b-0 - - — — — — — — 1.00 —
c-0 - - — - - — - — — 1.00
d-2 - - - - - - 1.00 - - —
Ntp-A a-1 1.00 1.00 1.00 1.00 1.00 1.00 - 1.00 — —
b-0 — — - — - - — - 1.00 —
c-0 - - - — — — - - — 1.00
d-2 — — - — — — 1.00 — — —
Pep(lla)f a-1 1.00 — 006 050 0.50 0.50 00 - - -
b-2 - 1.00 0.94 0.50 0.50 0.50 - 1.00 - -
c-0 - — — — —_ — - — 1.00 1.00
Pep(lgg)® a-1,2 1.00 — — 0.50 0.50 0.50 1.00 0.25 - -
b-3 — 1.00 1.00 0.50 0.50 0.50 — 0.75 — 0.17
c-0 — — — — - - - - 1.00 —
d-0 — — — — - - — — — 0.83
Pep(pap) a 096 100 1.00 100 100 100 1.00 100 - -
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TaBLE A. Continued.

Cnemidophorus lemniscatus

Bisexuals Unisexuals _ Cnemido-
C phorus
E D B C phorus nigri- Ameiva Ameiva
murinus color ameiva auberi
8 6 5 2 3 4 10 11 13 14
Locus Allele (15) @) 9) (18) ® (&) [¥3) 2) (5) (6)
b 0.04 - - - - - - - 1.00 -
[¢ — - - — — — — — — 0.92
d — — — - — - - - - 0.08
Pep(pat) a-1 1.00 - - 0.50 0.50 0.50 1.00 — - -
b-2 - 1.00 1.00 0.50 0.50 0.50 - — — -
c-0 - - — - — - - - 1.00 -
d-0 - — — - — — - — — 1.00
e-3 - - - - — - - 1.00 - -
Pgdh-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 —
b - - — — — — - — — 1.00
Pgm-2 a 0.97 - - 0.86 1.00 1.00 - - 0.90 -
b 0.03 - — 0.14 — — - — — -
c — 0.75 0.33 - - - - - - -
d — 0.25 0.67 — — — — - 0.10 -
e — - - - - - - - - 0.30
f - - — - - - — - - 0.70
g - - - - - - 100 1.00 - -
Pgk-A a 1.00 0.88 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.25
b — 0.12 — — - - - — — 0.75
Pk-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 — -
b — — — — - — — — 1.00 -
c - - - - - — — — — 1.00
Pnp-A a 1.00 1.00 1.00 0.97 1.00 1.00 0.50 0.25 0.60 1.00
b - — - 0.03 — — 0.50 0.75 0.40 —
Sod-1 a 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - -
b 0.03 - — - - — — — - 1.00
c - - — — - — - — 1.00 -
Tpi-A a 1.00 1.00 0.72 1.00 094 1.00 1.00 1.00 1.00 —
b - - 0.28 - 0.06 — — — - —
c - — — - - — - — - 1.00
Uk-A a 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 — —
b - - — — — — — - 1.00 1.00

4 Sample numbers, chromosome races, and sample sizes are as in Table 1 and Figure 1. Numbers to the right of some alleles designate unordered
character states in phylogenetically informative systems; alleles without accompanying numbers were unique and had not reached fixation and were
not used in the phylogenetic analyses.

b Derived states 1 = ab, 2 = aa.

¢ Derived state 1 includes aa and ab genotypes.

Plesiomorphic state 0 includes ac, be, and dd genotypes; 3 = aa only.

¢ State 2 = bc.

/Derived states | = aa, 2 = bb and a single ab heterozygote (locality 3).

£ Plesiomorphic state 0 includes two bd heterozygotes in 4. auberi, derived state 2 = ab in C. nigricolor.

h Enzyme stains and electrophoretic conditions used to resolve 57 protein products across all taxa; specific multilocus systems are designated by
prefixes M and S if mitochondrial and supernatant loci are known, or by suffixes “1,” “2,” etc., in order of decreasing anodal mobility if homologies
are uncertain. Each enzyme is identified by the name recom ded by the Nc lature Committee of the International Union of Biochemistry
(1984), followed by a parenthetic summary of the EC number, locus abbreviation(s), tissue code (I = duodenum, L = liver, M = skeletal muscle),
and buffer conditions (A = Tris-citrate pH 8.0 of Selander et al., 1971; B = Tris-citrate pH 8.0 of Whitt, 1970; and C and D = lithium hydroxide
pH 8.2 and Tris-EDTA pH 8.0, respectively, of Selander et al., 1971). Aconitate hydratase (4.2.1.3, M-Acon-A, S-Acon-A, L, A), adenosine deaminase
(3.5.4.4, Ada-A, 1, B); adenylate kinase (2.7.4.3, Ak-A4, M, A); alcohol dehydrogenase (1.1.1.1, Adh-A, L, C; pyruvate added to stain buffer to suppress
LDH activity, second slice counterstained for H4DH); aspartate aminotransferase (2.6.1.1, M-Aat-A, S-Aat-A, L, A); catalase (1.11.1.6, Cat-4, L,
B); creatine kinase (2.7.3.2, Ck-A4, Ck-C, M and I, respectively, A and D, respectively); cytosol aminopeptidase (3.4.11.1, Ap-4, L, C); dihydrolipoamide
dehydrogenase (1.8.1.4, Didh-A, L, B); dipeptidases [3.4.13.11, Pep(LLA), Pep(LGG), 1, B, Pep(PAP), Pep(PAT), M, A; substrates are LLA = L-leucyl-
L-alanine, LGG = r-leucylglycylglycine, PAP = L-phenylalanyl-L-proline, and PAT = r-phenylalanyl-L-phenylalanyl-L-tyrosine); enolase (4.2.1.11,
Eno-4, M, B); esterase [—, Est.-1, -2, -5, L, A (-1 and -5}, B (-2)}; fructose biphosphatase (3.1.3.11, Fbp-4, M, A); fructose-biphosphate aldolase
(4.1.2.13, Ald-1, Ald-2, L and 1, B and D, respectively); fumarate hydratase (4.2.7.2, Fum-4, L, A, counterstained for MDH), 8-Galactosidase (3.2.1.23,
B-Gal-A, L, B); ‘general protein’ (—, Gp-1, M, A); glucose dehydrogenase (1.1.1.47, Gedh-A, L, A); glucose-6-phosphate dehydrogenase (1.1.1.49,
G-6-pdh-1, L, B); glucose-6-phosphate isomerase (5.3.1.9, Gpi-4, 1, A); a-Glucosidase (3.2.1.20, a-Gluc-2, L, A); B-glucosidase (3.2.1.21, §-Gluc-A,
1, A); 8-glucuronidase (3.2.1.31, 8-Glucur-A, L, B); glutamate dehydrogenase (1.4.1.2, Gtdh-A, L, B); glycerate dehydrogenase (1.1.1.29, Glydh-A4, L,
A, pyruvate and pyrazole added to suppress LDH and ADH, respectively); glycerol-3-phosphate dehydrogenase (1.1.1.8, G-3-pdh-A, M, A); p-2-
hydroxyacid dehydrogenase (1.1.99.6, Hadh-A, L, C); L-iditol dehydrogenase (1.1.1.14, Iddh-A, L, A); isocitrate dehydrogenase (1.1.1.42, Icdh-1, -2,
L, A); L-lactate dehydrogenase (1.1.1.27, Ldh-A, -B, L, A), malate dehydrogenase (1.1.1.37, Mdh-1, -2, L, A), malic enzyme (1.1.1.40, M-Me-4,
S-Me-A, L and M, A and B, respectively); mannose-6-phosphate dehydrogenase (5.3.1.8, Mpi-A, L, A); a-mannosidase (3.2.1.24, a-Mann-A, L, B);
nucleoside-triphosphate pyrophosphatase (3.6.1.19, Ntp-A, L, B); phosphoglucomutase (5.4.2.2, Pgm-1, -2, L, A); phosphogluconate dehydrogenase
(1.1.1.44, Pgdh-A, M, A);, phosphoglycerate kinase (2.7.2.3, Pgk-A, M, A); purine-nucleoside phosphorylase (2.4.2.1, Pnp-4, 1, B); pyruvate kinase
(21.(7.1.40, Pk-A, M, B); superoxide dismutase (1.15.1.1, Sod-1, L, C); triosephospate isomerase (5.3.1.1, Tpi-A4, I, A); and uridine kinase (2.7.1.48,
Uk-4, M, B).




