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ABSTRACT The geological association of the Greater An­
tilles with North and South America in the late Cretaceous led 
to the hypothesis that the present Antillean biota reflects those 
ancient land connections. Molecular data from diverse West 
Indian amphibians and reptiles and their mainland relatives 
support a more recent derivation of the Antillean vertebrate 
fauna by overwater dispersal. The catastrophic bolide impact 
in the Caribbean region at the close of the Cretaceous provides 
a proximate cause for the absence of an ancient West Indian 
biota. 

Plate tectonic reconstructions for the Caribbean region (1-3) 
agree that the Greater Antilles were formed between North 
and South America in the early Cretaceous [130-110 million 
years ago (Myr)] and remained in close proximity to those 
continents until the islands began migrating with the Carib­
bean Plate in the late Cretaceous (80 Myr). It has been 
proposed that some or most of the present West Indian biota 
reflect this ancient connection of the proto-Antillean Island 
arc, in contrast to an origin by overwater dispersal (4, 5). 
Testing these alternative hypotheses has proven difficult 
because of the virtual absence of late Cretaceous or early 
Tertiary terrestrial fossils in the West Indies (6-11). We 
present data on albumin evolution in several diverse verte­
brate groups that do not show an ancient origin for the fauna 
but instead support overwater dispersal as the primary mech­
anism of colonization in the West Indies. We suggest that the 
bolide impact at the Cretaceous-Tertiary boundary at 64 Myr 
(12, 13) and its catastrophic effects explain the virtual ab­
sence of ancient lineages in the present fauna. 

MATERIALS AND METHODS 

Collection localities for taxa used in antiserum production 
and as antigen sources are listed in the Appendix. Animals 
were sacrificed by cryothermy (14) or anesthetized using 
tricaine methane sulfonate. In the field, blood samples were 
mixed with an equal volume of the tissue preservative 
phenoxyethanol prepared as PPS (15), and in the laboratory, 
plasma and erythrocytes were separated and stored at - 20°C. 
Some samples used as antigens were obtained from muscle 
samples placed in PPS to elute albumin. Albumin for use in 
antiserum production was obtained from the plasma samples 
using single-step polyacrylamide gel electrophoresis. Anti­
serum production followed standard procedures (16), with 
between one and three rabbits used, depending upon the 
amount of albumin available. Antisera were made to 15 
species (see Appendix) representing the majority of West 
Indian terrestrial vertebrate groups, excluding birds and bats 
which show relatively low rates of endemism. Additional 
immunological data were extracted from the literature. 
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Microcomplement fixation experiments were performed 
following established protocols (16). The data are reported as 
immunological distance (ID) units, where one unit is equiv­
alent to approximately one amino acid difference between the 
albumins compared (17, 18). This data set consists of both 
reciprocal and one-way estimates of ID. Although reciprocal 
comparisons give a more robust estimation of the number of 
amino acid substitutions between taxa, one-way distances 
still serve as a useful indicator of the degree of sequence 
divergence between albumins. 

An independent calibration of the albumin immunological 
clock for each taxon is not possible due to lack of fossil 
information or independent geologic events for the majority 
of groups examined here. A "standard" cali~ration (1 ID unit 
= 0.6 million years of divergence) has been derived, for a 
number of vertebrate groups based upon both fossil and 
geological information (19, 20), including a group of West 
Indian frogs (21). The consistency of this calibration of the 
albumin clock over diverse lineages justifies its use in this 
type of study. 

By using this rate of albumin evolution, expected ID values 
can be obtained by referencing the geologic history of the 
Caribbean. The separation of the proto-Antilles from the 
mainland occurred in the late Cretaceous (1-3) and any 
evolutionary divergence resulting from that event should be 
70-80 million years old, corresponding to an ID range of 
117-133. Jamaica also was isolated from the remainder of the 
Greater Antilles at this time so the expected ID between 
Jamaican and other taxa is 117-133. The only likely contact 
between Cuba and another major land mass during the 
Cenozoic was with northern Hispaniola in the early and 
mid-Tertiary, although the various geologic models are not in 
agreement with the timing or even the existence of such a 
connection (1-3, 22). If there were a physical land connection 
between these two islands, it probably would have been 
broken in the Oligocene or early Miocene (20-30 Myr) as 
Hispaniola moved eastward on the Caribbean Plate while 
Cuba remained essentially stationary on the Atlantic Plate 
(1-3); this separation corresponds to an expected ID range of 
33-50. Puerto Rico apparently separated from southeastern 
Hispaniola at about the same time (1-3). Southwestern His­
paniola was isolated from northern Hispaniola during the 
early and mid-Tertiary (23). This does not affect the com­
parisons in this study (except for one group offrogs; ref. 24) 
and thus we treat Hispaniola as one island. 

RESULTS 

All albumin IDs between West Indian and mainland (Central 
and South America) taxa are considerably less than the IDs 
predicted by the geologic history outlined above (Table 1 and 
Fig. 1). Most comparisons indicate evolutionary divergence 
in the mid-Cenozoic (Eocene to Miocene), not in the late 

Abbreviations: Myr, million years ago; ID, immunological distance. 
*To whom reprint requests should be addressed. 
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Table 1. Albumin IDs among vertebrate taxa in the Caribbean region 

ID 

Group Expected Observed Taxa examined* Reference 

West Indies +-> Mainland (70-80 Myr) 
Bufonid frogs 117-133 85 Peltaphryne peltacephalus/Peltaphryne guentheri vs. Bufo marinus This paper 
Hylid frogs 117-133 80 Osteopilus septentrionalis vs. Osteocephalus taurinus This paper 
Eleutherodactyline frogst 117-133 62 Eleutherodactylus gossei/E. nubicola/E. planirostris vs. E. marnoekii 21 
Leptodactyline frogs 117-133 66 Leptodaetylus albilabris vs. Leptodactylus labrosus 25 
Anoline lizards 117-133 28 Anolis garmani/ Anolis evermanni vs. Anolis gadovi 26 
Anguid lizards 117-133 54 Wetmorena haetiana vs. Ophiodes striatus This paper 
Iguanine lizards 117-133 20 Cyclura eornuta/Cyclura nubila vs. Iguana iguana 15 
Sphaerodactyline lizards 117-133 45 Sphaerodactylus asterulus vs. Lepidoblepharis xanthostigma 27 
Teiid lizards 117-133 79 Ameiva exsul vs. Ameiva ameiva This paper 
Tropidurine lizards 117-133 40 Leiocephalus schreibersi vs. Crotaphytus eollaris This paper 
Amphisbaenians 117-133 91 Amphisbaena schmidti vs. Amphisbaena alba This paper 
Alsophine snakes 117-133 43 Alsophis cantherigerus vs. Philodryas viridissimus 28 
Tropidophiid snakes 117-133 70 Tropidophis haetianus vs. Tropidophis paucisquamous This paper 

Cuba +-> Jamaica (70-80 Myr) 
Hylid frogs 117-133 42 Osteopilus septentrionalis vs. Osteopilus brunneus This paper 
Eleutherodactyline frogs 117-133 41 Eleutherodactylus planirostris vs. E. gossei/E. nubicola 21 
Anoline lizards 117-133 33 Anolis equestris vs. Anolis valencienni 29 
Sphaerodactyline lizards 117-133 23 Sphaerodaetylus ruibali/S. oliveri vs. S. argus 27 
Alsophine snakes 117-133 6 Arrhyton landoi vs. Arrhyton eallilaemum This paper 
Tropidophiid snake 117-133 9 Tropidophis haetianus vs. Tropidophis feieki This paper 

Jamaica +-> Hispaniola (70-80 Myr) 
Hylid frogs 117-133 26 Osteopilus brunneus vs. Osteopilus dominicensis This paper 
Eleutherodactyline frogs 117-133 38 Eleutherodactylus gossei/E. nubicola vs. E. pictissimus 21 
Anoline lizards 117-133 24 Anolis valencienni vs. Anolis distiehus .29 
Anguid lizards 117-133 10 Celestus eruseulus/Celestus barbouri vs. Wetmorena haetiana This paper 
Sphaerodactyline Iizards-l 117-133 18 Sphaerodactylus argus vs. S. asterulus 27 
Sphaerodactyline Iizards-2 117-133 8 Sphaerodaetylus riehardsoni/S. parkeri vs. S. asterulus 27 

Cuba +-> Hispaniola (20-30 Myr) 
Bufonid frogs 33-50 36 Peltaphryne peltacephalus vs. Peltaphryne guentheri This paper 
Hylid frogs 33-50 37 Osteopilus septentrionalis vs. Osteopilus dominicensis This paper 
Eleutherodactyline frogs 117-133* 37 Eleutherodactylus planirostris vs. E. pietissimus 21 
Sphaerodactyline lizards 33-50 10 Sphaerodaetylus oliveri vs. S. asterulus 27 
Tropidurine lizards 33-50 14 Leioeephalus eubensis vs. Leiocephalus schreibersi This paper 
Alsophine snakes-l 33-50 23 Alsophis cantherigerus vs. Hypsirhynehus ferox 28 
Alsophine snakes-2 33-50 11 Arrhyton landoi vs. Darlingtonia haetiana This paper 

Hispaniola +-> Puerto Rico (20-30 Myr) 
Bufonid frogs 33-50 16 Peltaphryne guentheri vs. Peltaphryne lemur This paper 
Anoline lizards 33-50 21 Anolis distiehus vs. Anolis evermanni 29 
Sphaerodactyline lizards 33-50 20 Sphaerodactylus asterulus/S. copei vs. S. klauberi/S. roosevelti 27 
Teiid lizards 33-50 46 Ameiva taeniura vs. Ameiva exsul This paper 
Amphisbaenians 33-50 16 Amphisbaena manni vs. Amphisbaena schmidti This paper 
Typhlopid snakes 33-50 18 Typhlops eapitulata vs. Typhlops platycephalus This paper 

*Taxa in boldface are represented by antisera; all others are antigens only; IDs between two antisera or among more than two taxa are means. 
t All taxa examined are members of the subgenus Euhyas (21, 24). 
*This earlier date is based on the isolation of southern and northern Hispaniola during the Cenozoic (22). 

Cretaceous. The wide variation in observed values for the 
comparisons further suggests that a single event was not 
responsible for the divergences. The difference between 
observed and expected values is especially pronounced for 
Jamaica, which has been isolated from other land masses 
throughout the Cenozoic (1-3). The low IDs between the 
Jamaican vertebrate fauna and groups on different islands 
(Fig. 1) clearly implicate overwater dispersal as the mecha­
nism, and the timing (Miocene or later) is in agreement with 
geologic evidence that Jamaica was mostly or entirely sub­
merged from the mid-Eocene (40 Myr) to the late Oligocene 
(25 Myr) (30-32). Furthermore, 80% of the IDs measured 
between Cuban and Hispaniolan taxa, and between taxa from 
Hispaniola and Puerto Rico, post-date the separation ofthose 
islands, indicating that dispersal has occurred between the 
islands during the last 20 million years. 

The estimation of divergence time oftwo lineages using the 
albumin clock can have several sources of error. The recip-

rocal estimation of ID between two taxa has an average 
deviation of about 10% (33) and would not cause a consistent 
underestimation of distance across many taxonomic groups. 
Unequal rates of change among lineages can cause an under­
or over-estimation of divergence time. The rate of albumin 
evolution, determined by relative rate tests, has been found 
to be variable (but not directional) among lineages in certain 
groups. Recent concerns about variation in the rate of 
albumin evolution are based primarily upon interpretation of 
precipitin analyses of rodent albumins (34). Even for those 
data, no lineage was even close to a doubling or halving of the 
rate of albumin evolution, with an average deviation of less 
than 10%. The most detailed study in a group of reptiles found 
an average rate change of 10-15% in the rate of albumin 
evolution in several snake lineages (35). Deviations of this 
magnitude would not affect the interpretation of the data 
presented in this paper. 

In this study, a third source of error may be present. The 
species used here may not be representative of the most 
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FIG. 1. Albumin IDs between groups of terrestrial vertebrates in the Caribbean region (data from Table 1). Geologic time is indicated on 
the upper scale; 10 is on the lower scale. Shading denotes the approximate range of IDs predicted by vicariance for each comparison. HSP, 
Hispaniola; PR, Puerto Rico. 

recent divergence event between the lineages examined (i.e., 
a member of the mainland taxon closest to the island taxon 
examined inadvertently was not used); this type of error 
always will result in an overestimation of the time of lineage 
divergence for the taxa from different land masses. If this 
systematic error could be corrected, some distances reported 
could only be lower, further suggesting dispersal as the 
primary mechanism for vertebrate colonization of the West 
Indies. 

DISCUSSION 

The vertebrate groups examined have very high levels of 
endemism in the West Indies (>95%) and thus would be most 
likely to reveal a vicariant pattern. The finding that these 
groups apparently originated by dispersal suggests that other 
groups not examined here, many with lower levels of ende­
mism, may also have colonized the islands by dispersal. 
Possible exceptions are the endemic Antillean insectivores 
(36) and fresh-water fishes (37); nonmolecular data suggest 
both groups may have had a long history in the West Indies. 
The only West Indian vertebrate groups whose pattern of 
distribution, relationships, and level of molecular divergence 
are compatible with an ancient origin are a Cuban xantusiid 
lizard, Cricosaura typica, and the frog genus Eleutherodac­
tylus. An antiserum was not available to examine albumin 
evolution within the Xantusiidae. However, DNA sequence 
data indicate a large degree of divergence between the Cuban 
species and the mainland taxa (38). In Eleutherodactylus, the 
major split between the subgenera Euhyas and Eleuthero­
dactylus (auriculatus section) may have occurred when the 
proto-Antilles separated, with Euhyas isolated on Cuba and 
Eleutherodactylus on the north island of Hispaniola (24, 39). 
The average ID between these taxa, 117, corresponds to the 
timing of the break-up of the proto~Antilles (21). That com­
parison was not included here because both taxa are West 
Indian and are not each others closest relatives. The com­
parisons reported here indicate that the genus Eleutherodac­
tylus has dispersed among the islands and between the West 
Indies and the mainland subsequent to any vicariant event 
that may have occurred (Table 1). 

One plausible explanation for the virtual absence of ancient 
lineages among present West Indian vertebrates is the bolide 
iinpact at the Cretaceous-Tertiary boundary (12, 13). The 

western Caribbean recently has been identified as the prob­
able area of impact (40); this event has been dated to 64 Myr 
(41). The tsunami resulting from that collision had an esti­
mated height of 2 km and may have been as high as 4-5 km 
near the impact site (42). When it reached Cuba, it probably 
was> 500 m high (40) and there is evidence that it scoured the 
southern coast of North America at a height of 50-100 m (43). 
A wave of such proportions almost certainly would have 
decimated mu~h of the biota existing on the islands at that 
time. Especially susceptible would have been groups that 
presently occupy lowland areas, such as leptodactyline frogs, 
amphisbaenians, typhlopid snakes, and teiid lizards. Of the 
two West Indian groups suggested to be of ancient origin, the 
eleutherodactyline frogs are the most diverse in upland areas 
and they presently occupy the highest points of land in the 
Antilles. It is possible that ancient members of this group 
survived the catastrophic tsunami because of their occur­
rence in upland areas. Unfortunately, there is little distribu­
tional information available for the other possible ancient 
lineage, Cricosaura typica, which occurs to at least 450 n'l. 

Additional ecological effects of the bolide impact, includ­
ing a possible increase in the acidity of precipitation (44), also 
would have affected the biota. Because the islands already 
had separated from the mainland when the impact occurred 
at 64 Myr (1-3), subsequent colonization in the Tertiary only 
could have occurred by overwater dispersal. As indicated in 
Fig. 1, all ID values postdate the bolide impact. 

Another important factor believed to have played a major 
biogeographic role was the mid-Tertiary subsidence of land 
throughout the West Indies. Besides the essentially complete 
submergence of Jamaica, much of Cuba, Hispaniola, and 
Puerto Rico also were covered by sea water for 10-15 million 
years (22). Although this drastic reduction in land area 
probably resulted in many extinctions, an ancient biota could 
have survived in areas of Cuba and Hispaniola known to have 
been above sea level at that time (45, 46). The physiography 
of the ancient Antillean Islands is not well known; the present 
upland areas are nearly all of late Tertiary origin (1-3) and 
cannot be used as a guide to infer past landscapes. Thus, by 
itself, the mid-Tertiary subsidence cannot explain the virtual 
absence of aftcient lineages in the vertebrate fauna. 

Dispersal is known to have occurred on some West Indian 
islands. The Bahamas are on a limestone platform that has 
been stationary since the Mesozoic, while the present Lesser 
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Antilles apparently have been an island arc only since the 
Eocene 0-3); both island groups have a biota reflecting an 
evolutionary history guided by overwater dispersal to islands 
with no previous land connections. 

Two indirect lines of evidence have been used to support 
dispersal in West Indian terrestrial vertebrates. (i) The tax­
onomic composition of the fauna, with many mainland groups 
absent, suggests a filter effect caused by dispersal (11). A 
weakness in this argument is that extinctions during the 
Tertiary may have radically altered the taxonomic composi­
tion of the endemic biota. (ii) The fossil record of vertebrate 
groups recorded in mainland strata suggests that those groups 
with members found today in the West Indies could not have 
participated in the late Cretaceous vicariant event because 
they had not yet evolved (47). A weakness in this argument 
is that the Dominican amber fossils of vertebrates now have 
been dated to Upper Eocene (9, 48), which is older than 
predicted by mainland fossil evidence (although still 30-35 
million years younger than the hypothesized late Cretaceous 
proto-Antilles). Our molecular data, involving direct com­
parisons of extant West Indian and mainland groups, now 
provide a comprehensive body of evidence implicating dis­
persal as the primary mechanism for the origin of the West 
Indian biota. 

APPENDIX 
Localities and numbers for taxa used the following key: LM, 
Linda R. Maxson frozen tissue collection; SBH, S. Blair 
Hedges frozen tissue collection; MVZ, Museum of Verte­
brate Zoology, University of California at Berkeley. 

Ameiva ameiva (LM 1933) from Peru, Cuzco Amazonico; 
Ameiva exsul (SBH 172204) from Puerto Rico, 12-km radius 
of Arecibo; Ameiva taeniura (SBH 104391) from Haiti, 
Sud'Est, 9.5 km E (east 00 Jacmel; Amphisbaena alba (LM 
1988) from Peru, Cuzco Amazonico; Amphisbaena manni 
(SBH 102373) from Dominican Republic, Hato Mayor, 4.5 
km N, 5.8 km W Sabana de La Mar; Amphisbaena schmidti 
(SBH 172169, 172173) from Puerto Rico, 12.3 km SSE 
Arecibo; Arrhyton callilaemum (SBH 172463) from Jamaica, 
St. Mary, 2.9 km N Port Maria; Arrhyton landoi (SBH 
161893-95, 161985) from Cuba, Guantanamo Bay United 
States Naval Station, east side of base; Bufo marinus (LM 
206) from Costa Rica; Celestus barbouri (SBH 161120) from 
Jamaica, Trelawny, vicinity of Quick Step; Celestus cruscu­
Ius (SBH 101572) from Jamaica, Hanover, 3.2 km SE Con­
tent; Crotaphytus collaris (LM 2534) from United States, 
Texas, Hays County, vicinity of Devil's Backbone; Darling­
tonia haetiana (SBH 103806-10) from Haiti, Grande'Anse, 
2-3 km S Castillon; Leiocephalus cubensis (SBH 172409) 
from Cuba, Matanzas, Soplillar; Leiocephalus schreibersi 
(SBH 102721, 102879-80, 102889) from Dominican Republic, 
Independencia, Tierra Nueva; Ophiodes striatus (MVZ 
191047) from Brazil, Estado Sao Paulo; Osteocephalus tau­
rinus (LM 1866) from Peru, Cuzco Amazonico; Osteopilus 
brunneus (LM 1190) from Jamaica, Trelawny, vicinity of 
Quick Step; Osteopilus dominicensis (SBH 101244) from 
Dominican Republic, Barahona, 15.8 km S Cabral; Os teo­
pilus septentrionalis (LM 1768) from United States, Florida; 
Peltaphryne guentheri (LM 1191-92) from Dominican Repub­
lic, Independencia, 12.2 km W Cabral; Peltaphryne lemur 
(SBH 190648-50) from Puerto Rico (no specific locality); 
Peltaphryne peltacephalus (SBH 161934) from Cuba, Guan­
tanamo Bay United States Naval Station; Tropidophis feicki 
(SBH 172745) from Cuba, Pinar del Rio, Soroa; Tropidophis 
haetianus (SBH 103592) from Jamaica, Trelawny, vicinity of 
Quick Step; Tropidophis paucisquamous (LM 908) from 
Brazil, Sao Paulo, Boraceia; Typhlops capitulata (SBH 
103826) from Haiti, l'Ouest, Soliette; Typhlops platycephalus 
(SBH 172176-79) from Puerto Rico, 12.3 km SSE Arecibo; 
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Wetmorena haetiana (SBH 102564-566) from Dominican 
Republic, Barahona, 15.3 km S, 6.7 km E Cabral. 

We thank O. Garrido and R. Thomas for assistance in collecting 
specimens; H. Greene for the MVZ specimen; R. Payne (Buffalo 
Zoo), M. Foster, and R. Lacey (Brookfield Zoo) for Peltaphryne 
lemur; J. P. Bogart and R. D. Maxson for helpful comments; and the 
following persons for collecting and export permits: J. Novo and G. 
Silva (Cuba); E. Lindberg, T. Price, and L. White (Guantanamo Bay 
Naval Station); P. Fairbairn and A. Haynes (Jamaica); G. Hermatin, 
E. Magny, P. Paryski, R. Pierre-Louis, and F. Sergile (Haiti); S. and 
Y. Inchaustegui (Dominican Republic); E. Cardona (Puerto Rico); 
and J. Fifi (Guadeloupe). Experimental protocols involving animals 
were approved by the University of Maryland (R 86039) and Penn­
sylvania State University (IACUC 1296 and 1418) Institutional 
Animal Care and Use Committees. This research was supported by 
grants from the National Science Foundation (BSR 8906325 to 
S.B.H., BSR 8896270 to L.R.M., and BSR 8307115 to R. Highton). 

1. Burke, K. (1988) Annu. Rev. Earth Planet. Sci. 16, 201-230. 
2. Ross, M. I. & Scotese, C. R. (1988) Tectonophysics 155, 139-

168. 
3. Pindell, J. L. & Barrett, S. F. (1990) in The Geology of North 

America: The Caribbean Region, eds. Dengo, G. & Case, J. E. 
(Geol. Soc. Am., Boulder, CO), Vol. H, pp. 405-432. 

4. Rosen, D. E. (1976) Syst. Zool. 24, 431-464. 
5. Rosen, D. E. (1985) Ann. Mo. Bot. Gard. 72,636-659. 
6. Rieppel, O. (1980) Nature (London) 286, 486-487. 
7. Wilson, E. O. (1985) Science 229, 265-267. 
8. Wilson, E. O. (1988) in Zoogeography of Caribbean Insects, 

ed. Liebherr, J. K. (Cornell Univ., Ithaca. NY), pp. 214-230. 
9. Poinar, G. O. & Cannatella, D. C. (1987) Science 237, 1215-

1216. 
10. Woods, C. A. (1989) in Biogeography of the West Indies: Past, 

Present, and Future, ed. Woods, C. A. (Sandhill Crane, 
Gainesville, FL), pp. 741-798. 

11. Williams, E. E. (1989) in Biogeography of the West Indies: 
Past, Present, and Future, ed. Woods, C. A. (Sandhill Crane, 
Gainesville, FL), pp. 1-46. 

12. Alvarez, L. W., Alvarez, W., Asaro, F. & Michel, H. V. (1980) 
Science 208, 1095-1108. 

13. Alvarez, W., Asaro, F. & Montanari, A. (1990) Science 250, 
1700-1702. 

14. Kennedy, J. P. & Brockman, H. L. (1965) Herpetologica 21, 
6-15. 

15. Gorman, G. C., Wilson, A. C. & Nakanishi, M. (1971) Syst. 
Zool. 20, 167-185. 

16. Maxson, L. R. & Maxson, R. D. (1990) in Molecular System­
atics, eds. Hillis, D. & Moritz, C. (Sinauer, Sunderland, MA), 
pp. 127-155. 

17. Benjamin, D. C., Berzofsky, J. A., East,l. J., Gurd, F. R. N., 
Hannum, C., Leach, S. J., Margoliash, E., Michael, 1. G., 
Miller, A., Prager, E. M., Reichlin, M., Sercarz, E. E., Smith­
Gill, S. J., Todd, P. E. & Wilson, A. C. (1984) Annu. Rev. 
Immunol. 2, 67-101. 

18. Maxson, R. D. & Maxson, L. R. (1986) Mol. Bioi. Evol. 3, 
375-388. 

19. Wilson, A. C., Carlson, S. S. & White, T. J. (1977) Annu. Rev. 
Biochem. 46, 573-639. 

20. Maxson, L. R. (1992) in Advances in Herpetology, ed. Adler, 
K. (Soc. Study Amphib. Reptiles, Ithaca, NY), in press. 

21. Hass, C. A. & Hedges, S. B. (1991) J. Zool. (London) 225, 
413-426. 

22. Perfit, M. R. & Williams, E. E. (1989) in Biogeography of the 
West Indies: Past, Present, and Future, ed. Woods, C. A. 
(Sandhill Crane, Gainesville, FL), pp. 47-102. 

23. Sykes, L. R., McCann, W. R. & Kafka, A. L. (1982) J. Geo­
phys. Res. 87, 10656-10676. 

24. Hedges, S. B. (1989) in Biogeography of the West Indies: Past, 
Present, and Future, ed. Woods, C. A. (Sandhill Crane, 
Gainesville, FL), pp. 305-370. 

25. Maxson, L. R. & Heyer, W. R. (1988) Fieldiana Zool. 41, 1-13. 
26. Gorman, G. C., Lieb, C. S. & Harwood, R. H. (1984) Caribb. 

J. Sci. 20, 145-152. 
27. Hass, C. A. (1991) J. Zool. (London) 225, 525-561. 
28. Cadle, J. E. (1984) Herpetologica 40, 8-20. 
29. Shochat, D. & Dessauer, H. C. (1981) Compo Biochem. Phys­

iol. A 68, 67-73. 



Evolution: Hedges et al. 

30. Robinson, E., Lewis, J. F. & Cant, R. V. (1970) in Interna­
tional Field Institute Guidebook to the Caribbean Island-Arc 
System, ed. Donnelly, T. W. (Am. Geol. Inst./Natl. Sci. 
Found., Washington), pp. 3-9. 

31. Horsefield, W. T. & Roobol, M. J. (1974) J. Geol. Soc. Jam. 
14,31-38. 

32. Arden, D. D. (1975) in Ocean Basins and Margins: Gu/fCoast, 
Mexico, and the Caribbean, eds. Nairn, A. E. M. & Stehli, 
F. G. (Plenum, New York), Vol. 3, pp. 617-661. 

33. Maxson, L. R. (1984) Mol. Bioi. Evol. 14, 345-356. 
34. Sarich, V. M. (1985) in Evolutionary Relationships among 

Rodents: A Multidisciplinary Analysis, eds. Luckett, W. P. & 
Hartenberger, J.-L. (Plenum, New York), pp. 423-452. 

35. Cadle, J. E. (1988) Univ. Calif. Berkeley Publ. Zool. 119,1-77. 
36. MacFadden, B. J. (1980) J. Biogeogr. 7, 11-22. 
37. Burgess, G. H. & Franz, R. (1989) in Biogeography of the West 

Indies: Past, Present, and Future, ed. Woods, C. A. (Sandhill 
Crane, Gainesville, FL), pp. 263-304. 

38. Hedges, S. B., Bezy, R. L. & Maxson, L. R. (1991) Mol. Bioi. 
Evol. 8, 767-780. 

Proc. Natl. Acad. Sci. USA 89 (1992) 1913 

39. Hedges, S. B. (1989) Caribb. J. Sci. 25, 123-147. 
40. Hildebrand, A. R. & Boynton, V. W. (1990) Science 248, 

843-847. 
41. Izett, G. A., Dalrymple, G. B. & Snee, L. W. (1991) Science 

252, 1539-1542. 
42. Maurrasse, F. J.-M. R. & Sen, G. (1991) Science 252, 1690-

1693. 
43. Bourgeois, J., Hansen, T. A., Wiberg, P. L. & Kauffman, 

E. G. (1988) Science 241, 567-570. 
44. Macdougall, J. D. (1988) Science 239, 485-487. 
45. Lewis, J. F. (1982) in Transactions of the Ninth Caribbean 

Geological Conference, Santo Domingo, Dominican Republic, 
(Amigo del Hogar, Santo Domingo, Dominican Republic), Vol. 
1, pp. 65-73. 

46. Lewis, J. F. & Draper, G. (1990) in The Geology of North 
America: The Caribbean Region, eds. Dengo, G. & Case, J. E. 
(Geol. Soc. Am., Boulder, CO), Vol. H, pp. 77-140. 

47. Pregill, G. K. (1981) Syst. Zool. 30, 147-155. 
48. Lambert, J. B., Frye, J. S. & Poinar, G. 0., Jr. (1985) Archae­

ometry 27, 43-51. 


	Article Contents
	p.1909
	p.1910
	p.1911
	p.1912
	p.1913

	Issue Table of Contents
	Proceedings of the National Academy of Sciences of the United States of America, Vol. 89, No. 5 (Mar. 1, 1992), pp. i-ix+1519-1997+xi-xiii
	Front Matter [pp.i-ix]
	Complete Folding of Bovine Pancreatic Trypsin Inhibitor with Only a Single Disulfide Bond [pp.1519-1523]
	Functional Complementation of Internal Deletion Mutants in the Lactose Permease of Escherichia coli [pp.1524-1528]
	Distinct Combinations of NF-κB Subunits Determine the Specificity of Transcriptional Activation [pp.1529-1533]
	A Streptavidin-Metallothionein Chimera that Allows Specific Labeling of Biological Materials with Many Different Heavy Metal Ions [pp.1534-1538]
	Intrinsic Anion Channel Activity of the Recombinant First Nucleotide Binding Fold Domain of the Cystic Fibrosis Transmembrane Regulator Protein [pp.1539-1543]
	Artificial Mobile DNA Element Constructed from the EcoRI Endonuclease Gene [pp.1544-1547]
	Transmission-Blocking Antibodies Recognize Microfilarial Chitinase in Brugian Lymphatic Filariasis [pp.1548-1552]
	Evidence for the Participation of Endogenous Activin A/Erythroid Differentiation Factor in the Regulation of Erythropoiesis [pp.1553-1556]
	Role of the αβ Integrin in Human Melanoma Cell Invasion [pp.1557-1561]
	Global Control in Pseudomonas fluorescens Mediating Antibiotic Synthesis and Suppression of Black Root Rot of Tobacco [pp.1562-1566]
	Memory-Enhancing Effects in Male Mice of Pregnenolone and Steroids Metabolically Derived from it [pp.1567-1571]
	Neuronal-Type α-Bungarotoxin Receptors and the α-Nicotinic Receptor Subunit Gene are Expressed in Neuronal and Nonneuronal Human Cell Lines [pp.1572-1576]
	Progressive Glomerulosclerosis and Enhanced Renal Accumulation of Basement Membrane Components in Mice Transgenic for Human Immunodeficiency Virus Type 1 Genes [pp.1577-1581]
	Primary Cultures of Endothelial Cells from the Human Liver Sinusoid are Permissive for Human Immunodeficiency Virus Type 1 [pp.1582-1586]
	p21 Activation via Hemopoietin Receptors and c-Kit Requires Tyrosine Kinase Activity but not Tyrosine Phosphorylation of p21 GTPase-Activating Protein [pp.1587-1591]
	Isolation and Characterization of δ-Subspecies of Protein Kinase C from Rat Brain [pp.1592-1596]
	Synergistic and Coordinate Expression of the Genes Encoding Ribonucleotide Reductase Subunits in Swiss 3T3 Cells: Effect of Multiple Signal- Transduction Pathways [pp.1597-1601]
	Localizing Genes on the Map of the Genome of Haloferax volcanii, One of the Archaea [pp.1602-1606]
	Genetic Factors and Suppression of Metastatic Ability of v-Ha-ras- Transfected Rat Mammary Cancer Cells [pp.1607-1610]
	Molecular Cloning of HEK, the Gene Encoding a Receptor Tyrosine Kinase Expressed by Human Lymphoid Tumor Cell Lines [pp.1611-1615]
	Characterization of an Inversion on the Long Arm of Chromosome 10 Juxtaposing D10S170 and RET and Creating the Oncogenic Sequence RET/PTC [pp.1616-1620]
	Regulation of Cl Channels in Normal and Cystic Fibrosis Airway Epithelial Cells by Extracellular ATP [pp.1621-1625]
	The Gene Encoding cAMP Receptor Protein is Required for Competence Development in Haemophilus influenzae Rd [pp.1626-1630]
	Genetic Alteration of Catecholamine Specificity in Transgenic Mice [pp.1631-1635]
	Expression of Nerve Growth Factor In vivo from a Defective Herpes Simplex Virus 1 Vector Prevents Effects of Axotomy on Sympathetic Ganglia [pp.1636-1640]
	Catalytic Subunits of Aplysia Neuronal cAMP-Dependent Protein Kinase with Two Different N Termini [pp.1641-1645]
	Conserved Motifs in a Divergent nod Box of Azorhizobium caulinodans ORS571 Reveal a Common Structure in Promoters Regulated by LysR-Type Proteins [pp.1646-1650]
	A Newt Ribozyme: A Catalytic Activity in Search of a Function [pp.1651-1655]
	A Synthetic Peptide of the rab3a Effector Domain Stimulates Amylase Release from Permeabilized Pancreatic Acini [pp.1656-1660]
	Neurotrophin 3 is a Mitogen for Cultured Neural Crest Cells [pp.1661-1665]
	Heat Shock Proteins and Thermoresistance in Lizards [pp.1666-1670]
	Evidence for a Membrane Defect in Alzheimer Disease Brain [pp.1671-1675]
	A Protein Required for RNA Processing and Splicing in Neurospora Mitochondria is Related to Gene Products Involved in Cell Cycle Protein Phosphatase Functions [pp.1676-1680]
	Practical Zero-Shift Tuning in Geonium [pp.1681-1684]
	Molecular Cloning of the Flavin-Containing Monooxygenase (Form II) cDNA from Adult Human Liver [pp.1685-1689]
	Calcium Entry-Dependent Oscillations of Cytoplasmic Calcium Concentration in Cultured Endothelial Cell Monolayers [pp.1690-1694]
	Highly Conserved Repetitive DNA Sequences are Present at Human Centromeres [pp.1695-1699]
	Rational Design of Substituted Tripyrrole Peptides that Complex with DNA by Both Selective Minor-Groove Binding and Electrostatic Interaction with the Phosphate Backbone [pp.1700-1704]
	Peptide Mimetics of the Thrombin-Bound Structure of Fibrinopeptide A [pp.1705-1709]
	Role of the KIT Protooncogene in Normal and Malignant Human Hematopoiesis [pp.1710-1714]
	Isolation and Sequence of the Granulin Precursor cDNA from Human Bone Marrow Reveals Tandem Cysteine-Rich Granulin Domains [pp.1715-1719]
	Phase-Separation Inhibitors and Prevention of Selenite Cataract [pp.1720-1724]
	The 35-kDa Mammalian Splicing Factor SC35 Mediates Specific Interactions Between U1 and U2 Small Nuclear Ribonucleoprotein Particles at the 3' Splice Site [pp.1725-1729]
	Repair of DNA Heteroduplexes Containing Small Heterologous Sequences in Escherichia coli [pp.1730-1734]
	Oligonucleotide-Directed Site-Specific Mutagenesis in Drosophila melanogaster [pp.1735-1739]
	The c-rel Protooncogene Product c-Rel but not NF-κB Binds to the Intronic Region of the Human Interferon-γ Gene at a Site Related to an Interferon-Stimulable Response Element [pp.1740-1744]
	Receptors for IgG Complexes Activate Synthesis of Monocyte Chemoattractant Peptide 1 and Colony-Stimulating Factor 1 [pp.1745-1749]
	Overexpression of Apolipoprotein E in Transgenic Mice: Marked Reduction in Plasma Lipoproteins Except High Density Lipoprotein and Resistance Against Diet-Induced Hypercholesterolemia [pp.1750-1754]
	Human Chromosome 11 Contains Two Different Growth Suppressor Genes for Embryonal Rhabdomyosarcoma [pp.1755-1759]
	Modulation of Dihydropyridine-Sensitive Calcium Channels in Heart Cells by Fish Oil Fatty Acids [pp.1760-1764]
	Antagonism of Ligand-Gated Ion Channel Receptors: Two Domains of the Glycine Receptor α Subunit Form the Strychnine-Binding Site [pp.1765-1769]
	A Peptide from the Drosophila Shaker K Channel Inhibits a Voltage-Gated K Channel in Basolateral Membranes of Necturus Enterocytes [pp.1770-1774]
	Molecular Cloning and Sequence of cDNA Encoding the Pyrophosphate-Energized Vacuolar Membrane Proton Pump of Arabidopsis thaliana [pp.1775-1779]
	Purification and Characterization of the Higher Plant Enzyme L-Canaline Reductase [pp.1780-1784]
	Selective Tumor Uptake of a Boronated Porphyrin in an Animal Model of Cerebral Glioma [pp.1785-1789]
	Changes in Cytosolic pH and Calcium of Guard Cells Precede Stomatal Movements [pp.1790-1794]
	The Retinoblastoma-Susceptibility Gene Product Becomes Phosphorylated in Multiple Stages During Cell Cycle Entry and Progression [pp.1795-1798]
	Evolutionary Implications of the cDNA Sequence of the Single Lactate Dehydrogenase of a Lamprey [pp.1799-1803]
	Molecular Basis of Human Carbonic Anhydrase II Deficiency [pp.1804-1808]
	Isolation and Amino Acid Sequences of Opossum Vasoacative Intestinal Polypeptide and Cholecystokinin Octapeptide [pp.1809-1811]
	Promoter-cDNA-Directed Heterologous Protein Expression in Xenopus laevis Oocytes [pp.1812-1816]
	The Molecular Mechanism of "Ecstasy" [3,4-Methylenedioxy-Methamphetamine (MDMA)]: Serotonin Transporters are Targets for MDMA-Induced Serotonin Release [pp.1817-1821]
	Molecular Interactions in Binary Solids: Crystal Structure of a Cholesteryl Ester Solid Solution [pp.1822-1826]
	A Genomic Sequencing Protocol that Yields a Positive Display of 5-Methylcytosine Residues in Individual DNA Strands [pp.1827-1831]
	Cortical Local Circuit Axons do not Mature After Early Deafferentation [pp.1832-1836]
	Activation of the Hippocampus in Normal Humans: A Functional Anatomical Study of Memory [pp.1837-1841]
	cDNA Cloning and Functional Expression of the Schistosoma mansoni Protective Antigen Triose-Phosphate Isomerase [pp.1842-1846]
	Identification of a Salmonella typhimurium Invasion Locus by Selection for Hyperinvasive Mutants [pp.1847-1851]
	Generation and Synchronization of Gonadotropin-Releasing Hormone (GnRH) Pulses: Intrinsic Properties of the GT1-1 GnRH Neuronal Cell Line [pp.1852-1855]
	Structural Rearrangements of the Chloroplast Genome Provide an Important Phylogenetic Link in Ferns [pp.1856-1860]
	Sucrose Mimics the Light Induction of Arabidopsis Nitrate Reductase Gene Transcription [pp.1861-1864]
	Screening for Receptor Ligands Using Large Libraries of Peptides Linked to the C Terminus of the lac Repressor [pp.1865-1869]
	The Dual-Mode Quaternary Structure of Seminal RNase [pp.1870-1874]
	The 65-kDa Subunit of Human NF-κB Functions as a Potent Transcriptional Activator and a Target for v-Rel-Mediated Repression [pp.1875-1879]
	Functional Assembly of a Randomly Cleaved Protein [pp.1880-1884]
	Direct Repeat Sequences are Implicated in the Regulation of Two Streptomyces Chitinase Promoters that are Subject to Carbon Catabolite Control [pp.1885-1889]
	Interleukin 10 is a Potent Growth and Differentiation Factor for Activated Human B Lymphocytes [pp.1890-1893]
	Insulin-Like Growth Factor I Gene Expression is Induced in Astrocytes During Experimental Demyelination [pp.1894-1898]
	Dark Induction of Zeaxanthin-Dependent Nonphotochemical Fluorenscence Quenching Mediated by ATP [pp.1899-1903]
	Design of Yeast-Secreted Albumin Derivatives for Human Therapy: Biological and Antiviral Properties of a Serum Albumin-CD4 Genetic Conjugate [pp.1904-1908]
	Caribbean Biogeography: Molecular Evidence for Dispersal in West Indian Terrestrial Vertebrates [pp.1909-1913]
	Solution Conformation of the Major Adduct Between the Carcinogen (+)-Anti- Benzo[a]Pyrene Diol Epoxide and DNA [pp.1914-1918]
	Altering the Insertional Specificity of a Drosophila Transposable Element [pp.1919-1923]
	A Family of β Integrins on Human Mucosal Lymphocytes [pp.1924-1928]
	Distinct Hypermethylation Patterns Occur at Altered Chromosome Loci in Human Lung and Colon Cancer [pp.1929-1933]
	Fifth Mutation in Human Immunodeficiency Virus Type 1 Reverse Transcriptase Contributes to the Development of High-Level Resistance to Zidovudine [pp.1934-1938]
	Human T-Cell Lymphotropic Virus (HTLV)-Related Endogenous Sequence, HRES-1, Encodes a 28-kDa Protein: A Possible Autoantigen for HTLV-I Gag-Reactive Autoantibodies [pp.1939-1943]
	Hormonal Regulation of Major Histocompatibility Complex Class I Genes in Rat Thyroid FRTL-5 Cells: Thyroid-Stimulating Hormone Induces a cAMP- Mediated Decrease in Class I Expression [pp.1944-1948]
	A Role for the TATA-Box-Binding Protein Component of the Transcription Factor IID Complex as a General RNA Polymerase III Transcription Factor [pp.1949-1953]
	Involvement of Tyrosine Residues in the Tanning of Proteins by 3-Hydroxyanthranilic Acid [pp.1954-1957]
	Mutant σ Factor Blocks Transition Between Promoter Binding and Initiation of Transcription [pp.1958-1962]
	Cloning and Nucleotide Sequence of the cDNA Encoding Human 2-Oxoglutarate Dehydrogenase (Lipoamide) [pp.1963-1967]
	Proliferation of Totipotent Hematopoietic Stem Cells In vitro with Retention of Long-Term Competitive In vivo Reconstituting Ability [pp.1968-1972]
	Identification of a Genetic Locus of Haemophilus influenzae Type b Necessary for the Binding and Utilization of Heme Bound to Human Hemopexin [pp.1973-1977]
	Opioid Enhancement of Evoked [Met]Enkephalin Release Requires Activation of Cholinergic Receptors: Possible Involvement of Intracellular Calcium [pp.1978-1982]
	Cloning of a Big tau Microtubule-Associated Protein Characteristic of the Peripheral Nervous System [pp.1983-1987]
	Identification and Structural Characterization of a cDNA Clone Encoding a Membrane-Bound Form of the Polypeptide Pheromone Er-1 in the Ciliate Protozoan Euplotes raikovi [pp.1988-1992]
	Evidence that the ras Oncogene-Encoded p21 Protein Induces Oocyte Maturation via Activation of Protein Kinase C [pp.1993-1996]
	Correction: Identification of a High-Affinity RNA-Binding Site for the Human Immunodeficiency Virus Type 1 Rev Protein [p.1997]
	Correction: Ultradian Oscillations in Somatostatin and Growth Hormone- Releasing Hormone mRNAs in the Brains of Adult Male Rats [p.1997]
	Back Matter [pp.xi-xiii]



