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Abstract—The realization that the present day positions of continents and island arcs are a result of
continental drift led to the proposal that the extant West Indian fauna reflect an ancient {Cretaceous) land
connection between the proto-Antilles and North and South America. Movements of the Antillean islands
throughout the Cenozoic are hypothesized to have further fragmented the fauna present on the proto-
Antilles when it separated from the mainland 70-80 million years ago. This proposed vicariant origin of the
West Indian fauna challenged the previous theory that some or most of the fauna arrived in the Antilles by
overwater dispersal from mainland sources. The virtual absence of appropriate fossils in the West Indies has
hampered testing these alternative hypotheses for the origin of the present day West Indian fauna.

We present evidence from two types of molecular data, one providing indirect estimates of amino acid
sequence divergence for the protein serum albumin, and the other direct DNA sequence information from a
mitochondrial ribosomal RNA gene. Our new data provide insights into the origin and relationships of two
enigmatic lizard genera, Chamaeleolis and Chamaelinorops, and suggest they are recent derivatives within
the genus Anolis. These data, along with molecular data presented elsewhere, strongly implicate an origin
by overwater dispersal for most of the Antillean vertebrate fauna.

Introduction

Interest in the origin of the West Indian biota has generated debate over whether the
biota originated as a result of the late Cretaceous vicariant event isolating populations
when the proto-Antilles moved into the Caribbean or through the overwater dispersal
of the ancestors of extant species to these islands at one or more times subsequent to
the formation of the West Indies (Rosen, 1976, 1985). The vicariance theory is consist-
ent with the geologic history of the Caribbean region (Pindell and Barrett, 1990} which
places the Greater Antilles in an arc between North and South America during the
Cretaceous. Break up of this proto-Antillean arc occurred in the late Cretaceous (70-80
‘million years ago, Ma).

A.direct test of these two alternative explanations rests upon the ability to determine
the time that sister taxa in the Caribbean and on the mainland last shared a common
ancestor. The origin and relationships of the diverse (and highly endemic) herpeto-
fauna of the West Indies have been the focus of numerous studies. These include
comparative morphological analyses (Etheridge, 1960; Williams, 1976a,b, 1989; Joglar,
1989), karyotypic {Gorman and Atkins, 1969; Gorman and Stamm, 1975; Bogart, 1981;
Hass and Hedges, 1992) and biochemical investigations—including electrophoretic
studies (Yang et al, 1974; Gorman and Kim, 1976; Gorman et a/, 1980a, 1983; Hedges,
1989a; Burnell and Hedges, 1990; Hedges and Burnell, 1990; Hass, 1991) and immuno-
logical studies (Gorman et al, 1980b; Wyles and Gorman, 1980a,b; Shochat and
Dessauer, 1981; Gorman et al,, 1984; Hass and Hedges, 1991). In particular, biochemical
investigations have the potential to address this question of mode of origin by provid-
ing the required estimates of divergence times through the use of molecules as
“clocks” (Wilson et al,, 1977).

The recent comparison of published albumin cDNA sequences of several taxa for
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which immunological distances derived from the quantitative immunological
technique of micro-complement fixation (MC’F) are available demonstrates that MC'F
data are reliable estimates of absolute amino acid replacement (Prager and Wilson,
1992;- Hass et al, unpublished observations}). With this method of estimating albumin
sequence divergence, we also have a robust molecular estimator of time elapsed since
species pairs last shared common ancestry—an albumin molecular clock {Maxson,
1992).

The majority of studies of West Indian taxa have not made a strong effort to identify
mainland relatives for these groups or to determine times of divergence from
mainland taxa. We have obtained molecular data on albumin evolution in diverse
vertebrate groups with representatives on both the mainland and in the Greater
Antilles. These data strongly support overwater dispersal as the primary mechanism of
colonization in the West Indies (Hedges et a/, 1992). However there are some instances
where the data indicate a vicariant origin, as in the case of some frogs of the genus
Eleutherodactylus (Hedges, 1989b; Hass and Hedges, 1991}, and the xantusiid lizard,
Cricosaura typica (Hedges et al, 1991). '

Recent geological evidence from the Caribbean region may provide the explanation
for the paucity of ancient lineages among the West Indian biota. The major extra-
terrestrial bolide impact that marks the end of the Cretaceous and might have led to
the extinction of the dinosaurs (Alvarez et al, 1980; Alvarez et al,, 1990; Sheehan et al,
1991) has been localized to that region (Bourgeois et al,, 1988; Hildebrand and Boynton,
1990; izett et al, 1991). A catastrophic tsunami and other ecological consequences
resulting from such an impact could have destroyed much of the biota existing on the
proto-Antilles at that time, particularly groups occupying lowland areas (Bourgeois et
al, 1988; Macdougall, 1988; Hildebrand and Boynton, 1990; Izett et a/, 1991; Maurrasse
and Sen, 1991).

Although the molecular data presently favor a dispersal origin for most of the West
Indian biota (Hedges et al,, 1992), some groups believed to have had a long history in
the West Indies have not been examined, or not examined closely. Such groups
include the endemic insectivores (Solenodon), the fresh-water fish (Burgess and Franz,
1989), and the endemic iguanid lizard genera Chamaeleolis (on Cuba) and
Chamaelinorops (on Hispaniola). Here we present new molecular data bearing on the
origin of these two lizard genera in the West Indies, as well as a reassessment of the
relationships of West Indian Anolis.

Materials and Methods

Locality data for species studied are in the Appendix. When sampled in the field, animals were bled into
heparinized capillary tubes and whole biood mixed 1:1 with the tissue preservative PPS (Gorman et al, 1971}.
In the laboratory, animals were sacrificed by cryothermy, bled, and plasma and red blood cells were separated,
then frozen; tissues also were removed and frozen. Voucher specimens will be deposited in the United States
National Museum, Smithsonian Institution (USNM).

Micro-complement fixation. Serum albumin was purified and antisera to serum albumin were prepared
according to standard methods (Maxson and Maxson, 1990}. Rabbit antisera were titered and pooled in inverse
proportion to their titers as determined by MC'F. Alt assays were carried out as detailed in Maxson and Maxson
(1990). Some albumin antisera were gifts from the laboratory of A. C. Wilson (Anolis carolinensis, A. cuvieri).
New antisera were prepared to albumin from Leiocephalus schreibersiand Chamaeleolis barbatus. Chamaeolis
recently was proposed as the correct spelling of the generic name for this taxon (Frost and Etheridge, 1989),
however, this spelling previously was investigated and was found to be incorrect (Garrido and Schwartz, 1967).

Results are reported as immunological distance units (ID), where one ID is approximately equal to one amino
acid difference between the albumins compared {Benjamin et a/, 1984; Maxson and Maxson, 1986; Prager and
Wilson, 1992). A reciprocal data matrix was constructed for West Indian anoline taxa using published data in
conjunction with our new data. Data were tested for non-random deviations from perfect reciprocity and the
data were corrected by the method of Cronin and Sarich (1975) as appropriate. Phylogenetic trees, based on
both raw and corrected albumin iDs, were constructed by two methods, a modified distance Wagner algorithm
{Hutchinson and Maxson, 1987), and the neighbor-joining method (Saitou and Nei, 1987). The trees were rooted
using Leiocephalus as an appropriate outgroup taxon. This genus is unequivocally outside of the anoline lizards
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based on morphology (Williams, 1988), yet it is one of the closest non-anoline genera based upon immuno-
logical comparisons (Hass et al.,, unpublished data).

DNA sequencing. For sequencing of mitochondrial genes, DNA was obtained from samples of red blood
cells, liver, or intestine which were purified as described in Hedges et al (1991). An approximately 450 bp
segment of the 16S ribosomal RNA gene was amplified using the polymerase chain reaction (PCR} with specific
primers for each DNA segment and both strands were sequenced as detailed in Hedges et al. (1991). The
primers used for both the PCR and sequencing this region of the 16S ribosomal RNA gene were: 5'-
CTGACCGTGCAAAGGTAGCGTAATCACT-3', 5-CTCCGGTCTGAACTCAGATCACGTAGG-3'. Sequence data were
read from autoradiograms and aligned by eye (Cabot and Beckenbach, 1989}. Nucleotide variation was used to
construct trees by the neighbor-joining method (Saitou and Nei, 1987; Studier and Keppler, 1988; Version 2.0),
and statistical significance of resultant groups was evaluated by the bootstrap method (Felsenstein, 1985) with
2000 iterations as advocated by Hedges (1992).

Results and Discussion

West Indian biogeography

A recent study (Hedges et al.,, 1992) to distinguish between vicariance and -dispersal as
primary mechanisms for the origin of the West Indian biota, employed MC'F data on
albumin divergence between pairs of species representing 38 distinct taxonomic
groups. In the absence of significant fossil data, the albumin clock was used to provide
estimates of divergence times for all pairs of species considered. If species were
separated by the movement of the proto-Antilles with the Caribbean plate in the late
Cretaceous; all IDs measured between pairs of taxa in the Caribbean and the mainland
were expected to fall between 117-133. This is based upon a standard calibration of the
albumin clock, using both fossil and geological information for a number of vertebrate
groups, where approximately 100 units of ID accumulate every 55-60 million years of
lineage separation (Wilson et al, 1977; Maxson, 1992). These comparisons, with all ID
values measured less than those expected under the vicariance model, refute a
vicariant origin for the majority of the present-day West indian herpetofauna (Hedges
et al,, 1992). Indeed, the evidence indicates that multiple (almost continuous) dispersal
events have occurred during the last 55 Ma.

However, there is evidence that some groups may reflect vicariant events in the
West Indies. Biochemical studies of Eleutherodactylus in the West Indies documented
a major dichotomy between the subgenera Fuhyas and the auriculatus section of the
subgenus Eleutherodactylus. This probably occurred when the proto-Antilles broke
away from the mainland, isolating Euhyas on Cuba and Eleutherodactylus on
Hispaniola (Hedges, 1989b). In West Indian Eleutherodactylus, however, there is also
evidence of subsequent dispersal among the islands and between the West Indies and
the mainland throughout the Cenozoic (Hass and Hedges, 1991).

Another instance where species divergence appears to have resulted directly from
the rafting of the proto-Antilles in the late Cretaceous became evident from a
mitochondrial DNA sequence analysis of relationships among lizards in the family
Xantusiidae (Hedges et al, 1991). The monotypic genus Cricosaura, isolated in a
remote area of Cuba, is the only xantusiid lizard in the West Indies. All other xantusiids
occur in Central America and southwestern North America. Morphological studies
concluded that the Middle American genus Lepidophyma was the sister taxon to
Cricosaura (Crother et al., 1986).

Collection of living Cricosaura permitted a molecular analysis of relationships
among living xantusiids, comparing sequence evolution in two mitochondrial genes—
12S ribosomal RNA and cytochrome b. For these genes a total of 709 sites were
aligned from each of seven taxa. Half of the sites were variable and 168 were informa-
tive under conditions of parsimony. The resultant phylogeny showed unequivocally
that Cricosaura (1) is the sister taxon to all ather xantusiids, and (2) is an ancient taxon,
most likely diverging from all other xantusiid lineages in the Cretaceous (Hedges et al,
1991).
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Anolis

The neotropical lizards of the genus Anolis have been the objects of extensive and
intensive systematic study for more than a quarter of a century. Some MC'F studies of
albumin evolution in the West Indian Anolis have been reported {Gorman et a/,, 1980b;
Wyles and Gorman, 1980a, b; Shochat and Dessauer, 1981; Gorman et af, 1984). The
data on Anolis of the Puerto Rico Bank, the Lesser Antilles, and Jamaica are fairly
extensive but these earlier studies suffer from a virtual lack of anoline species from
Cuba and Hispaniola. Only nine of the 42 Hispaniolan species and only four of the 45
Cuban species of anoline lizards have been compared in MC'F tests. '

Field work in both Cuba and Hispaniola (by SBH and associates) provided us with
representatives of all series of Anolis occurring on these islands {following Burnell and
Hedges, 1990), as well as representatives of the genera Chamaeleolis and
Chamaelinorops. With new albumin antisera to Chamaeleolis barbatus, we examined
relationships within this genus as well as between this genus and Anolis. Based on
osteological data, Chamaeleolis always has been considered to be the most primitive
genus of anole in the West Indies (Cannatella and de Quieroz, 1989; Williams, 1389).

Using all available anoline antisera, published data, and tissue samples from
approximately one-third of all described species of Anolis, we explored relationships
within and between anoline series in the West Indies. Table 1 contains the results of ali
immunological comparisons available, both from our data and previously published
studies. In some instances, more than one ID is reported between two species.
Differences in these |Ds are most likely due to different authors using, as antigens,
specimens from different populations of a currently recognized species. This may be
true for wide-ranging species such as A. cristatellus, A. carolinensis, etc, which are
more likely to have intraspecific variation and may contain cryptic species. Tabie 2
represents a matrix of mean reciprocal IDs {both uncorrected and corrected) between
all species to which antisera were available.

The averages of the reciprocal comparisons were used to construct phylogenetic
trees for the taxa (Fig. 1). The standard deviation from reciprocity {(Maxson and Wilson,
1975) of the raw data is 8.05% and for the corrected data matrix is 4.81%. The
tree constructed from the averages of the raw data using the modified distance
Wagner method (Hutchinson and Maxson, 1987) has a standard deviation of 11.6%
{Fitch and Margoliash, 1967) and a standard error of 8.7% (Prager and Wilson, 1976);
for the neighbor-joining tree these values are 8.9% and 7.5%. For the corrected data
using the modified distance Wagner the values are 11.66% and 8.02%; for the
neighbor-joining tree 11.25% and 9.4%, respectively. These values are similar for trees
using both the uncorrected and corrected data because correcting these data did not
significantly affect the mean IDs between the taxa and only the mean IDs are used in
tree construction. Only the antiserum to A. cybotes was consistently biased, under-
estimating ID.

A striking result of this analysis of albumin evolution is the virtual lack of differentia-
tion seen between Chamaeleolis barbatus and the other three described species of
Chamaeleolis {chamaeleonides, guamuhaya, and porcus) examined in this study (Table
1). There are slight but distinct morphological differences between the species
examined {Garrido and Schwartz, 1967; Garrido, 1982; Garrido et a/,, 1991), and the IDs,
ranging from 0 to 3, indicate that they have arisen very recently. This level of variation
corresponds to that found within the salamanders of the Plethodon glutinosus
complex, a group of closely related taxa which are primarily allopatric in distribution
{Highton et al, 1989).

The antiserum to Chamaeleolis barbatus also was used to investigate relationships
to other West Indian anoline lizards. Based upon one-way iDs to representatives of all
the currently recognized series of West Indian anoles (Burnell and Hedges, 1990),
Chamaeleolis is most closely related to members of the cuvieri series, which has



TABLE 1. ALBUMIN IDs AMONG WEST INDIAN ANOLINE LIZARDS

Antisera
Cuba Hispaniola Jam Puerto Rico ) Lesser Ant.
BARB CAR*t cuvy  CvB*s VALt CRIt EVE*t Pt BIMt EXT*t

Cubs -

akstaceus series
alutaceus
cyanoplewrus

argifeceus series
argillaceus

carolinensis series
alisoni
angusticeps
carolinensis
isolepis
porcatus .

chamaeleonides seriesT
barbatus
poreus
guamuhays
chamaeleonides

equestris series
baracose
equestris
hrteogulans
noblei
smallwoodi

hucius series
hscius

Sagrei series
Juber
mestrei
sagrei

Hispaniola
barbouri series**
barbouri
chiorocyanus series
chiorocyanus
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TABLE 1—CONTINUED

Antisera
- Hispaniola Jam Puerto Rico Lesser Ant,

S ‘BARS CAR*t cuvt . CYB's vaLt Cht EVvE™t PULL BiMt EXT*t
christophei 2 2 28

"~ etheridgei ] 2 %

insolitus % y::]

cuvieri series

- cuvieri (PR} 14 60, 59, 61 0 7] 39 42,45 4 51,63
baloatus n 2
barahonse 12 24 28

cybotes series
cybotss a 59, 66 45, 51 o 52 54 39,45 50 59, 62
marcanoi 5
whitemani 5

darfingtoni series
darlingtoni u 5 k'

distichis series
distichus “ 54, 57 a1 38 24 2 29 46

hendersoni series
hendersoni 43 38

monticola series
monticola 2 30

semdineatus series .
sernilineatus A 55 3

sheplani series
placidus % 2

Jamaica -

grahami serie: .
garmani 59, 66 13 0 49
grahami k14 60, 67 o 51 12 a 25,28 4@ 49
lineatopus 60 : 11 21,26 24 43 47
opalinus 15 32,30 57
reconditus 8 ) 50
valenclenni » 65, 59 34 1] 34 2 22 42 55

Puerto Rico
cristatelius series )
' acutus 60 41 51 19 14 18, 13 3 59

cooki 58 35 40 23 1 12,10 32
cristatellus 4 61, 62 35.45 K’ 27 1] 17,14 10 41 54
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trinitatus
Central America
frenatus (Panama)
gadovi (Mexico)
South America
boettgeri (Peru)
agassizi (Malpelo)
chrysolepis (Trinidad)
lineatus (Curagao) ,
Lelocephalus !
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.18, 13
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3
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8
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67,59
47

35, 40
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Taxa for which antisera have been made are indicated in bold. References for published IDs are indicated below. Underfined IDs are those obtained in this study.

*Wyles and Gorman, 1980a. -
tShochat and Dessauer, 1961.
$Gorman et al, 1980.
$Wyles and Gorman, 1980b. _ .

- #Gorman et al, 1984, .
TPreviously placed in the genus Chamaeleolis.
**Previously placed in the genus Chamaselinorops.
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TABLE 2. MEANS OF RECIPROCAL MEASUREMENTS OF ID BETWEEN ANOL/S TAXA FOR WHICH ALBUMIN ANTISERA WERE
MADE - .

Antisera
BA ~ CA cu Ccy VA CR EV Bl EX
CF 1.00 101 .21 1.01 0.92 1.01 0.98 0.90
A. barbatus (BA) 0 49 18 41} (36) (40) (43) {52) -
A. carolinensis (CA) 49 V] 495 63 56 61 56.5 54 57
A. cuvieri (CU) 18 49.5 0 395 36.5 (35) 43 4 515
A. cybotes (CY) 41) 69.5 43 0 51.5* 4 38 46.5t 51
A. valencienni (VA) (36) 56 365 57* 0 305 27 42 55
A, cristatellus (CR) (40) 59 (35) 455 295 0 16 42 51.5
A. avermanni (EV) (43) 56.5 43 415 27 155 0 34 53
A. bimaculatus (8 (52) 54 44 51t 42 40.5 k) 0 59
A. extremus (EX) - 54.5 49 53 52.5 475 50.5 55 0

Where there is more than one published ID estimate (see Table 1) an average was used. Mean uncorrected 1D vaiues are

. above the diagonal; mean corrected |D values appear below the diagonal. Correction factors [C.F. (Cronin and Sarich, 1975)} are

shown. Numbers in parentheses are one-way values for comparisons in which reciprocal values could not be obtained. The
antiserum to A. barbatus could not be corrected because of lack of reciprocal values. A dash indicates that the ID was not
available.

*The ID to A. valencienni was not available; therefore, the ID to A. garmani {anoth ber of the grehami series) from A.
cybotas was used. . .

1The ID to A. bimaculatus was not available; therefore, the iDs to A, marmoratus/A. oculstus (other members of the
bimaculatus series) from A. cybotes were used.

representatives on Hispaniola and Puerto Rico. This group of Anolis (Schwartz, 1974)
consists of large, stout-bodied species (like Chamaeleolis) that are found primarily in
the canopy of trees, whereas Chamaeleolis are the Cuban twig giant anoles. While the
osteological data do not suggest a close relationship between these two groups, the
immunological data support their close relationship. The mean ID to the four species
examined is 12.5. Immunological distances from an antiserum to Anolis cuvierito other
members of the cuvieri series and to all Chamaeleolis species are virtually identical
{range 20-24 ID), although slightly higher than the reciprocal measurement, and also
support this close relationship. Both the antisera to Chamaeleolis and A. cuvieri also
show low IDs to members of the christophei series of Hispaniolan Anolis.

An antiserum to the monotypic genus Chamaelinorops was not available. for
comparision. However, the one-way IDs available suggest that this taxon falls within
the range of IDs measured among West Indian Anolis. This genus is unique among
West Indian anolines in showing extreme specialization for terrestrial life (Schwartz
and Inchaustegui, 1980). However, the morphological data do not unequivocally place
this genus outside of Anolis (Etheridge and de Queiroz, 1988). This taxon and
Chamaeleolis both show a primitive karyotype (12 macrochromosomes and 24 micro-
chromosomes; Gorman, 1973). However, this karyotype also is found in many Anolis
so the data cannot be used to place these taxa outside of a monophyletic Anolis

(Cannatella and de Queiroz, 1989). Data on the behavior of male Chamaelinorops also

could not determine if this genus is ancestral to or derived from within Anolis (Jensen
and Feeley, 1991).

The antiserum to A. carolinensis albumin that had been used previously to
investigate albumin evolution within West Indian Anolis also was compared to as many
members of the Cuban and Hispaniolan series as possible. Previous work with this
same antiserum (Shochat and Dessauer, 1981) had not detected a close relationship
between this species and any West Indian species, with the lowest ID (42) to the Puerto
Rican species A. occultus and the highest (67) to the Jamaican species A. grahami. Our
data show that A. carolinensis has its closest relatives on Cuba {ID range 9-34}. Two
members of the carolinensis group, A. allisoni and A. porcatus, were close to A
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FIG. 1. PHYLOGENETIC TREES BASED ON ALBUMIN IMMUNOLOGICAL DATA FOR NINE SPECIES OF WEST INDIAN ANOLINE
LIZARDS. Leiocephalus schreibersi, a tropidurine lizard from Hispaniola, was used as the outgroup. Branch lengths greater than 2
{level of experimental error; Maxson and Maxson, 1979) are shown in ID units. {A.) Modified distance Wagner method tree. (B.)
Neighbor-joining tree.

carolinensis and equidistant immunologically. The close relationship between A.
carolinensis and A. porcatus also is supported by electrophoretic data (Buth et al,
1980). A third member of the carolinensis group, A. isolepis, was slightly more distant.
However, A. angusticeps, in the angusticeps group of the carolinensis series, was
slightly more distant from A. carolinensis than were members of two other Cuban
series {alutaceus and argillaceus). The members of the alutaceus series are the closest,
with a mean ID of 24 to A. carolinensis, while A. argillaceus and A. angusticeps give
mean IDs of 30 and 33, respectively. The other Cuban series examined (equestris,
lucius, and sagrei) and Chamaeleolis give higher IDs to A. carolinensis (46 and above),
in the range of those to species from other islands. We also compared the antiserum to
A. carolinensis against species representing a number of series on Hispaniola but no
close relative was found. Again, the immunological data provide information on series
level relationships which could not be resolved using the available electrophoretic
data.
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seseTeCovevi o ACT..A....Teveuees oo .AT.TTTTA.......C.TT. ..

+ + + + 120

- CAATCAGTGAAACTGATCTTCCGGTCCAAAAGCCGGARATACCCCCATRAGACGAGAAGAC

TGGeveevoveaoronsassssBecBAiies s e sTeeCo tARAL .ttt ennneonns
cesasssarensaccevssCotAiiToeeeesTeeBeeeAAAL cvaecnvonnans
T T S Y ¥ T I T IR aP

TTeeeeveBesevvrnnrescsPecAocsrvaeTonee e e dAAAT . ceevvvennnnone

TeeeTevoonenneseeToeesBesBhecsraesTiee e s AARAT e csnnsrnnnsse

vevseereeBecBuaneeneTeeee e ATAAT . eunervnnonens
e eTuCeuBeeTueeeeeeTeuGee  ARAAT . cevvennnennnnn
BuveeeerooncnsoeeseCorBecBunaasseTeureeeTeBAATT e v vuvaoaneenss
TR SN Yr YODRRROL JONRRE .V ¥ Y
SOOI 2% VT SR SO 2 = o
cevevennaceeTieeeeeCorBecBrroreeeTerGuooeBAAeeTeonnnnoeennaoss
PoeveevevonvseoseessTBecBerereeaTiBuee TARAT . cevneronnnrens
veeeevenrevaseenseesTeRe TAueereeTeReee ATAAR. tevuerennnnnns
teeeernonrennrvnseseT A TAveue s ToAee el ATARR. oo vvenarnnnsns
W eTeAG.e e TTATe e v vvvnrennnsnn
JNC-T00 YOS YUNBERRE JOP T ) 95 ¥ U SO
veveveceseseesessTevesBesBereneesTeeeeesTTAT e eereeneannnans
O VIS ST S ¥ ¥ U
ceeresonrecnasessTeCorBueBAereneeeTeereseBeiBiTarrenosennnaans
O O S N
veenvsvaresenseesNeeTeAeeAreonsesTeAre o ATART . cevucronnonnnn
RERRNRRRY JOUNY YT YRDDRREE SRS ¥ N S
PRSERORRRNE S 27 YU YORURRET JC IS ¥ V'V .\
tveresesesensecnseenscBesBeeenceeTeres s AARTT . eevnvenanasses
veereonassensressTeaTiBueBeveneeeTeTeoe s AATAT . cevnreannnrans
RS YOS 25 S0 N 2 Sy ¥ U S
AR YO 37 YO SRR 2 WY ¥ S N

FIG. 2
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+ + + + + 180
CCTGTGGAGCTTCAAACAAACTACTACGTGACACACCAAGGACACAACTAGTAATAARACG
seeseesceeseTes J/TTTTTIGT.A.ACAA.ATA.A. .CCT.AC.GTTA.TG. TA.GCAA
esescecsecs A TT. AGC.AC.CAC.TCA....CACCATA. .AC. TGGCCT.CAA
sececesesess Do JTTTTAAC.A.AA.ATTTT.A.CCT. .T.A~ . TA-TGGGACTTAA
eeeBecrcose o Te . ,TTTTAAT.A.A. . TTT. . TTTTTAA. . . ACTTA-TG. .A.CTAA
cececsseeessTo o .TTTTAA. .A.GA.AG.T.T-T. .CCTATTC.AA~TG.CC. . .AA
cecesecesessTe. .TTTTAAC.A.AA.ATA.TTG.T.CA. TTATTTA-TG~C.T...A
cevecsccees A . .TTTTTA. .ACAA.ATTTTTAT. . AC. ATATTTA~-TG-CC.C.AA
seerevecssesTo o JTTTTAAT.A.AACATT.ATGA. .CA.ACGTTAA-TG.C, .C.AA
eeeessesssesTe. JTTTTAAT.A.T. .ATA. TTTAC.CA.ATATTTA-TG.TA. . .G~
+eCeveveeeesA.. . .TTTTA. .A.A. .ATTT-~~.. . AACATACT.A~TG.TA...AR
eseersscesesTe o .TITTTAC.A.A. .ATTTTTA.C.AR.ATGCCTA-TGC.A.C.AA
seeceeceses T .TTTTTAT.A.A.AAC.TACGT. . AATA.ACTT.~TG. .A...AA
seeesesnsessTo o .TTTTTAT.A.AA.ATTTG. ... . AA- . TATTTA-TG. .A...AC
sessscesesesT. oo dTTCTAT.A.AA.ATT.A~A.. .AA. .TATTTA-TG. .A.G.AC
seevesesT.. . TCTTAAC.A.A.A.TTTATA.C.CTTT. . . CTAGTGGGGTTGGA
eseecvsssss . T.. .TTTTAG. .A.~., .ACTTTTATT. TACACACTTA~TGTTA.C.AA
eesaseecces.T.. .TTTTACCAAC-, . ACG. TTATT . AACATACG . A-TGCTA.C.AA
teesecseace. T . .CTTACT.A.AA.ATGCTTTTT.CA. ATATTTA-TG.CCTT.A.
tvesescoses.Te...CC, .AT.A,GCC.TACTTA.T. T. TACACTTA~TG.TCCC.G.
teeesceeces.To . . TTT.AR. .A.~. .ACTTT. . TCTAA.ATACTTA-TGTCC.T.AA
secessessessT..GTTTTAGT.A.AA. TTGCTCATCGCACATATT.A-TG.CA.C. TA
ecsescssess T . ;TTTTACC.A.AR.ATAT.TA.C.ACCTTACTTA-TGTTA. TCAA
cecerecaeesT.. . TCT.AGT.A.AA.ATT.ACA. . .CATATACT.A-TG.TA. ...~
eesesecsseesTe . .TTTTAAC.A.AA.T.AT.TA.C.CACATATTTA~TG . TA. . . AA
ceesresssessTes . TTTARTTA.AACAC. . A~A. . .CA.GTGTTTA-TA.TGG. . A~
+ese.T..G.TT.TAT.A. TACCC.TTTA.T.AR.G.GT.TA~-TG.T. . . TA-
eesssseesessT..G.TT, .AT.A. TACCC.CTTA.T.AA.G.GT.TA-TG.T. . .TG~

+ + = 240
TTTTGAGTTGGGGCGACTTCGGAAATAAAAAAAACTTCCAAGCA-CAGAACCACCAGTTC
ORI o WP o R s «+«.GATTAA.ACCT
teceseseenssentesssseessCCeeCiinenveseGers..~CA.GAACATTCC. .
eeesBicerieesdAiiiiesesedAiieCiiiaesseGaee o o T.A. .GATAATA.CT
[ . A....C.evvvvesees AA.AG. .A.AT.ACCT
C...A.......A... .....T A...TT....Av.....A..-=CT.AAG.A.CGA.
CootAiveevessreessnees . T.ALLT. o A...G..TG.A.AG.GGC-ACTGC.
CivernrenvnnssnasesoaeseaseBAiseCotereCov .. TG.A.AG.GGC-ACTGC.
cesiAiiiiiiieisiiieeeeasGALL.CL. . CCLLG. LA, . =~~=TAAGG . TACG.
seeeBicireietnerroeasesGALLColleiCiiniieae s~ T.CAGG.ACTGC.
eeeeTiceeseevenees.Te..GCA...CTT...C..... . A.ARG.C.TTG. . TAGC.
vese Tt o T GG, .GC.G...Couve s A .~~AT.AGG.ATAGC.
eeseAiiieessi Al T .GCA...C.C.h.Ceuv oo wAL .. JAGG, A-~~TCGC.
eveeBAicieisieedAies . TevGAL 0. CiveCiver e oAl JAGAC, AT ~===~ G. .
ceesAiciiieesAee s TG A Gt Caveo s AL LAGAC, TT=~~—~ G..
seseTeevereeesscesneesseGALCerra . CC..G.A...AC.GG.T. ~=~TGC.
vessBiciiiiiaieieeesss GALL.C.C...Ch .G, . AG.ACA.GG. .A-—CGC.
esssBAisieserseAie . Te e .GALL.CoueesCaivv e WAL =~~~ AAGTG.TA. .
ceeeBicicitinttoenenesssGALLL.CT....C...G.t. s ==C. . AGG.ACCAC.
ceeeBicaicenntecsee e Te . G.ALGT. .. .. Cittvne . .~—AG.AAG.ACTGC.
ceeeBAiiereeirresenaess.G.A...CCC...C...G.TA. .~-A.GAGG.ACACC.
CoveBetieninciareceneassGALL Tl CC Gt s o ==~.G.AGG..C.G.
vessBiiiiiiiviessresssGALL.T L Cuiiei oo o ===T.AGTTA-TAC.
CoveBAiviiennasnansseeasGA . .TP . Ciuvesseso===. . ARGTACTAC.
CoeBoveriorsvnesrenassGAeeTeeeseCavens A ==~..GGCA..CGC.
CoveBivisvneernnesreassGALCieesCuiueene s .A.A.GAT.A. . ~~C.
CoovBiceecrarsnseesTeeeGA.eCiev.Couuee A .A.AT.AGG. .CTGC.
CoeeBAivivreosoeasesTeeeGA..CiuveeCotvnr A .AAT.AGG. .CTGC.

FIG. 2 (continued)
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+ + + + + 300
1 Eumeces TTACC-~-AAGACCAACAAGTCAAAGCCTTAAAGCACGACCCAGTAA-~--CACTGATCAA
2 Lejocephalus CA.T..vveeGueeeTeueCoue s ALTAACT =~ ovrereePevnnrsoncanann
3 polvghrus AC.T.vveeeGeTeueeTeCuuecAACR. cCT===. 0 v0veeeCChuorernanannss
4 p. boettgeri R T TeeGeeCeeCueCuu s JAAARCCTT~c0vvssoesTeeseTooennnnnn
5 griseus WATTeve0eG.eCoueAC. o JAGARRT . TT===10eseeBeeCovureeTornnnan
6 gccultus ABitteseGeiCiiCoiCut s s AVTCA.CoBm1seneeeesCouvrBecannonns
7 porcatug ABA. ..+ G TTevse Co G A TARC.CT™==1 s sevveesCirrnrenssesasC
8 argillaceus JAAT. . 0GeeTeet s Cot o JA.TAACGCC "0t eneseseTeueeTeouea e
9 bimaculatue A.A......GA.......C....A.AAAT . TA--~...... P - S U W

10 lucius AR.A......G..C...C.C....=. . AAT.TT>~~...0cvs..CouccReirinnnsn

11 limnifrons A==, .==.G.T...... C.eoe=.TA~C.TA="~... ... v o o TATTAT. . e v v v e

13 grahami . WA.ALALT..G..Te+Gui=.Cu oA, ACCT.===10vevsseeCruseTuoaera.Tus
14 ophiolepis wesBees=e.G.T...C..C.G. . A . AAAT~~~w=nr Y . R R
15 sagrei AR~ .G.AC..C..C.T. .ATAAAT~=====. ... .. eeeCeveTeveeennn
16 distichus CA.AT...+.G..T.c...Cie s .C.ARA.Commmms. ... Y - T S
17 cxistatellus ABA .0 G .. .G.C.T..A.TAR, . ~=m—m veervesseTie o Tous..Cus
18 glutaceus CeRAAT. et e TAcea oA A.AAAC. TT===. . tevennns e T
19 gmallwoodj WARLCAG. G eTeveeeCuinueePee AC.TT=~u.vvurerorveeaTuocernnnns
20 hendersoni +A.ATTT-..GTTT..TGAC.C..A. ARAC. TT===. .. cevee2CoveeTovecncenn
21 gemilineatue WAAT. . GeeGervseCBu=isesA. e ARC. TT===1.vsvasseTenseTuun.. e
22 darlingtoni WALA.CiTe G oTeeCueeCuvaes s TARC. T~ ovvvvneeePleeeeTurnenennn
23 parbouri BB etessGeressTe Cuus s ATAAC. TP vvevereCrveeBureenanan
24 christophei A.AATT...G.Tv.v...Coe s A.TARG. TT===. . .veeeeeTueeePauennnnnn
25 cuvieri JAMT..... G.TTevevsCuee e AT AAC. TT == i eerocnnnnnn S
26 ricordii AT, ... G.TT. ..., R W 2.3.% J & SRR P .
27 porcus WAWA .. e GuTeeet . Cuv s JARTAATGC====, . ..0veeeCoveeTournnnnnn
28 chamaeleonjdes .A.A......G.TG..... =+ G.AATA-TGC- ===, .0veeee+Ceveeluoruennnnn

+ + + + + 360
Eumgces CGAACCAAGTTACCCCAGGGATAACAGCGCCATCTTCTTCAAGAGTCCATATCGACAAGA
Leiocephalus T L e

cesessecscsssessressvsessesreTaeecticcrienn

vevrseeevsacsersancnsssssssesssTaracessreann

VOO UNdH WK -

..... R

distichug eeeesenes .
17 gcristatellus secesesrnaenen seeean vessssesossecvecsaseevescosPecnonocoenne
18 alutaceus B T PP o U
19 BT T T T S S S o
20 hendersoni oo e reeets et essetssesenesenstsae sttt ses e nassss st 0asy
21 semilineatus P L
22 darlingtoni e
23 barbouri teesssesacecsnsssasrssrsesssassasccssessavesrsssPecatncracanan
24 ghristophei e aeerieessaeeteetateanateetenbenanenen teeeeePerennennennns
25 guyvieri tesecessseseterearetnonoss e
26 picordii teessrsescecacssascesessssssssTicertatrarnnnnaas Cuovenennnnns
27 porcusg P Y

28 chamaeleonides ....ccvcieieevriencannn ceeveTleveeensaonsveesTerunesnnseens

FIG. 2 (continued) !
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1 Eumeces

2 Lejocephalus
3 Polychxus

g A. boettgeri

28 ghamagleonides

4 + +

+ + 4 + 420
AGGTTTACGACCTCGATGTTGGATCAGGACACCCTAATGGTGCAGCCGCTATTARAGGTT

csesesccsssresasrsanassscetsncssesPReceacitoctsttentestanrons
S S S S Y N
veeosersssssasvenarssssassrercccesMiiecneecAiiiiiiiitnerennee
T Y o
Y
ceveesrsessresesscsrescscscssssseecPMiieriinresrtertesstnsaens
cecessravereccecesscsssscsnsrnsevccscsPirscsaneseeTeviaineceannns

D

cecerssrerescsvnrrresseevsanscessePicrcrescsarrcectotansrons

T T P L L T T

T T S S Y I R R R I
P

teseeresssthessrscsasssassccsssessBecressiTorescannrenianans

R R Y . VT

tessasnean

[ R . L L S

S S
ctesaressrrresssenresresesscsnsrovesPBetiirirecttsnrtcintnrnsaee
tecsasrersscsssrensnasenasccsscessBiiiiares BBttt ieanan
reeCivennnnn recssreresentarana sessBeiceirsiasrecrneanesTevans
[ T S P R J . P T
cevesveessseansrsnsasssvssrevsseTieCivneereriBiriiiiarninnnes
T

S P

: ' 442
CGTTTGTTCAACGTAGCACAGT
cessacerese +« ATTA.T...
cesenecnee eesATTA. ...
veeees ATTA.....
.. .ATTNNNNN.
weeeeereess o ATTA.T...
weseereseese ATTA.....
tevseensese o ATTA.....
B ¥ 0 T
sesessenssas sANIIANT, ..
teeesrsecees ATTA.T...
weesesnesses ATTA.T...
teeeseeesees ATTA.TC..
teeeseereee  ATTA.T-..
veeees ATTA.T-..
eeeseeATTA.....
teseeeesees sAGTTA.....
teteecesere o ATTA.....
veeeeesseses ATTA.T...
veeseenseeeeATTA.....
teesnenssees ATTA.....
weeeeseseese ATTA.....
weeessecesee ATTA.T...
veseeseceees ATTA.T...
teeeveeceans ATTA.T...
teveesecsees JATTA.T...
weeeaseessesATTA.T...
weeeseevsses JATTA.T...

FIG. 2, ALIGNED SEQUENCE DATA OF A 442 BP SEGMENT OF THE MITOCHONDRIAL 16S fRNA GENE FROM 28 LIZARD TAXA. .
Gaps (—) were inserted to increase saquence similarity; N's denote ambiguities. A solid line above the slignment indicates a
region not used in the phylogenetic analysis because of uncertain alignment.
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100 [: porcus
chamaeleonides

98 ophiolepis
| sagrei
Y limnifrons
grahaini

distichus
alutaceus
cybotes
bimaculatus
cristatellus
semilineatus

|
0.0 o001

substitutions/site

lucius
barbouri
cuvierl
smallwoodi

— hendersoni
darlingtoni
christophei
ricordi
porcatus
argillaceus
occultus

boettgeri

griseus
e —mrs | @i0CBpPhAIUS
Polychrus
Eumeces

FiG. 3. PHYLOGENETIC TREE OF 28 LIZARD TAXA (Eumeces as outgroup) CONSTRUCTED 8Y THE NEIGHBOR-JOINING
METHOD, BASED ON THE DNA SEQUENCE DATA IN FIG. 2. Numbers above the branches indicate confidence limits for groups
present in =50% of the bootstrap trees.

We also obtained data from mitochondrial DNA sequences of 16S ribosomal RNA
from two species of Chamaeleolis (chamaeleonides and porcus), Chamaelinorops, 20
West Indian Anolis, one Central American Anolis {(limnifrons), one South American
Anolis (boettgeri), an anoloid (Polychrus), a tropidurine (Leiocephalus), and a scincid
(Eumeces). The aligned sequences are shown in Fig. 2. These data were obtained
primarily to give an independent assessment of the placement of Chamaeleolis and
Chamaelinorops within Anolis and therefore the 20 West Indian Anolis species (repre-
senting 18 of the 21 defined series; Burnell and Hedges, 1990) were included, along
with two mainland taxa. A more detailed study involving more taxa and additional
genes is in progress. Overall, 442 bp were sequenced in each taxon; of these 352 could
be aligned with confidence, resulting in 119 variable sites for analysis.

A neighbor-joining tree constructed from the sequence data is presented in Fig. 3.
The DNA sequence data agree with the immunological data in showing an origin for
Chamaeleolis and Chamaelinorops within the genus Anolis. These sequence data do
not appear to be sufficient to resolve relationships at statistically significant bootstrap
P values. At present, there are only two statistically significant clusters in the tree (Fig.
3). One cluster joins the two species of Chamaeleolis included in the study; the other
joins A. ophiolepis and A. sagrei, two Cuban species that are members of the sagre/
series. The cluster of species that includes Chamaeleolis, Chamaelinorops, and all
West Indian species (plus the Central American taxon) is supported at the 60% level.

However, when each of the West Indian species of Anolis is compared individually
with Chamaeleolis, Chamaelinorops, A. griseus, A. boettgeri, Leiocephalus, Polychrus,
and Eumeces in separate (8-taxon) analyses, the two endemic West Indian genera
(Chamaeleolis and Chamaelinorops) cluster with the West Indian species at higher
bootstrap. P values. All comparisons were above the 50% level and comparisons with
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10 of the 19 species are at or above the 95% level: A. alutaceus (91.0%), A. argillaceus
(86.5%), A. bimaculatus (97.3%), A. christophei (99.8%), A. cristatellus (97.6%), A.
cuvieri (99.2%), A. cybotes (97.1%), A. darlingtoni (92.5%), A. distichus (68.5%), A.
grahami {99.0%), A. hendersoni (89.0%), A. lucius (99.0%), A. occultus (86.1%), A.
ophiolepis (99.2%), A. porcatus (82.4%), A. ricordii (99.0%), A. sagrei (99.2%), A. semi-
fineatus (89.8%), and A. smallwoodi (93.0%).

The primary limitation of both data sets (albumin |Ds and DNA sequences) is the
paucity of mainland species of Anolis. Nonetheless, the agreement of both data sets in
the placement of Chamaeleolis and Chamaelinorops within the genus Anolis, and
especially the very low immunological distances to West Indian species of Anolis,
argues strongly against their taxonomic recognition as distinct-genera. Therefore, we
place the genera Chamaeleolis Duméril and Bibron, 1837 and Chamaelinorops Schmidt
1919 in the synonymy of the genus Anolis Daudin 1802. We take this action to eliminate
a clear case of paraphyly in the genus Anolis. It is possible that a related genus of
anole, Phenacosaurus, also may be derived from within the genus Anofis (Williams,
1989) but we are unable to address that question with the present data set. Morpho-
logical data do not support the recognition of Chamaelinorops as a valid genus, and
Chamaeleolis is supported by only two characters (Frost and Etheridge, 1989).

The low ID values among anoline lizards within the West Indies {Table 1) suggests
dispersal as the primary mechanism of colonization of those islands by this group. This
is similar to the pattern seen in many other terrestrial vertebrates (Hedges et a/, 1992).
It is clear from these data that Chamaeleolis and Chamaelinorops, which, largely
because of their extreme morphological specialization, have been considered to have
diverged early in the history of this group or to have been isolated from other anolines
(Williams, 1989) are relatively recent additions to the West Indian anoline fauna.
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Appendix

Taxa examined in this study. The species to which an antiserum was made are indicated by *. Specimens used
only in the sequencing portion of the study are indicated by t. All numbers are SBH (S. Blair Hedges frozen
tissue collection) or, if indicated, LM (Linda Maxson frozen tissue collection).

Cuba. ahli {172909)—Sancti Spiritus, Tope de Collantes; allisoni (172476)—Matanzas, ca 10.5 km NNE Playa
Larga at La Boca; allogus (172557)—Pinar del Rio, Soroa; alutaceus (172847-51)--Sancti Spiritus, Tope de
Collantes; talutaceus (190318)—Santiago de Cuba; Isabelica; angusticeps (172912)—Sancti Spiritus, 9 km W
Trinidad at Rio Guanayara; argillaceus (190003-4)—Guantdnamo, Quemados de Sabana; targillaceus (190159)—
Guantanamo, Quemados de Sabana; baracoae (190007)—~Guantanamo, ca 8 km S Baracoa; *barbatus
{190665)—"“Cuba”; chamaeleonides (180666)—"Cuba”; guamuhaya (190668)—“Cuba”; homolechis (172553)—
Pinar del Rio, Soroa; imias (191255)—Guantanamo, Tacre; /solepis (190514)—Santiago de Cuba, vic. of Pico
Cuba; jubar (161950)—Guanténamo Bay U.S. Naval Station; Golf Course; /ucius (172861)—Sancti Spiritus,
Trinidad; tlucius (191470)—Santiago de Cuba, 1.5 km WSW La Tabla; /uteogularis (172545)—Pinar del Rio, San
Vicente; mestrei (172552)—Pinar del Rio, Soroa; noblei (191376)—Santiago de Cuba, 1.5 kmm WSW La Tabla;
ophiolepis (161938)—Guantdnamo Bay U.S. Naval Station; Golf Course; porcatus (172542)—Ciudad de La
Habana, La Habana; tporcatus (171003)—Guantanamo Bay U.S. Naval Station; Golf Course; porcus (190129)—
Guantanamo, El Yunque de Baracoa; tporcus (190872)—Guantanamo, 2.9 km S La Tagua; sagre/ (172884)—
Sancti Spiritus, Topes de Collantes; sagrei (LM 2990)—"Florida”; smallwoodi (161939)—Guantanamo Bay U.S.
Naval Station; Horse Corral; tsmallwoodi (161983)—Guantanamo Bay U.S. Naval Station; Horse Corral.

Hispaniola. baleatus (103036)—DR: La Vega, 7 km W of Jayaco; barahonae {(102688)—DR: Barahona, 19.5
km SW Barahona; barbouri (160146-55)—DR: Barahona, Tejunde (animal 160146 used for sequencing); chloro-
cyanus (161619)—DR: Elias Pina, Rio Limpio (CREAR); christophei {(161674)—DR: Elias Pina, Rio Limpio (CREAR);
cybotes (103071)—DR: La Vega, 7 km W Jayaco; darlingtoni (103986)-—Haiti: Grande'’Anse; 11.2km S, 1.9 km E
Marché Léon; distichus (161692)—DR: La Vega, 13 km NW La Horma; tdistichus {160218)—DR: Barahona, 13.7
km E Canoa; etheridgei (161598-602)~-DR: Elias Pina, N slope of Loma Nalga de Maco; fowleri (103029)—DR:
La Vega, 13 km NW La Horma; hendersoni (104669)—Haiti: Sud'Est, 15 km SW Seguin; /mnsolitus (161594-95)—
DR: Elias Pifa, N slope of Loma Nalga de Maco; monticola (103626-27)—Haiti: Sud, 13.5 km N Camp Perrin;
placidus (102836-37)—~DR: Elias Pina, ca 24 km N Los Pinos; ricordii (103985)—Haiti: Grande’Anse, 1 km N
Castillon; semilineatus {103018,20)—DR: La Vega, 13 km NW La Horma; tsemilineatus (160395)—DR: Hato
Mayor, 22 ks WNW El Valle.

Jamaica. grahami (161134)—St. Mary, 2.9 km NW Port Maria; valencienni (103267)—Tretawny, vic. of Quick
Step.

Puerto Rico. cristatellus (104732)—11 km W Ponce; tcristatellus (104688)—Rio Piedras (University of Puerto
Rico Campus); cuvieri (LM 2989)—“Puerto Rico"; Tcuvieri (192792)—Camabalache State Forest; occuftus
(172019-21)—near the peak of El Yunque; Toccultus (104682)—E| Yunque (near the UPR biology house).

Lesser Antilles. bimaculatus {172625)—-St. Kitts & Nevis: 0.5 km N Boyds; 1 griseus (056528)—St. Vincent:
St. Andrew Parish, 2.6 km E. Vermont (by road).

Central America. limnifrons—Panama: Bocas del Toro, Isla Popa in Laguna de Chiriqui.

South America. boettgeri (1711105)—Peru; Pasco, 0.9 km N, 2.1 km E Oxapampa.

North America. carolinensis (161363, 161366)—United States: South Carolina, Jasper Co., near Tillman;
carolinensis (LM 2991)—United States: “Louisiana”.

Outgroup taxa. °Leiocephalus schreibersi (102721, 102879-80, 102889)—DR: Independencia, Tierra Nueva
(animal 102721 used for sequencing) Polychrus marmoratus (LM 1932)—Peru: Cuzco, Cuzco Amazbnico;
Eumeces inexpectatus (LM 2643)—United States: Florida, Alachua County.



