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values (range 4.8 to 10.4). This is based on the observation that the charge of a protein changes as
the pH of the solution changes (Johnson, 1974). By employing a series of different electrophoretic
conditions in succession [sequential electrophoresis (Singh, Lewontin & Felton, 1976; Coyne,
1982)], a researcher can detect almost all of the variants in a single protein. This technique has
been employed in a number of electrophoretic studies (Coyne et al., 1979; Hedges, 1989), and it
has been shown that additional electrophoretic conditions do, indeed, reveal hidden variation.
Because of the number of taxa included in this study, sequential electrophoresis was not
performed; therefore, there is a possibility that some electromorphs represent protein variants
with different AA sequences.

TasLe VII
System of classification adopted for taxa included in this study’

SUBORDER SERPENTES — SNAKES

Infraorder SCOLECOPHIDIA — Blindsnakes
Typhlopidae — Typical Blindsnakes
Infraorder HENOPHIDIA -— Primitive Snakes
Pythonidae — Pythons
Boidae — Boas
Boinae — Tropical Boas
Erycinae — Holarctic Sandboas
Tropidophiidae — Neotropical Woodsnakes
Infraorder CAENOPHIDIA — Advanced Snakes
Acrochordidae — Oriental Wartsnakes
Viperidae — Vipers
Viperinae — Palaearctic and Oriental Vipers
Causinae — Ethiopian Vipers
Crotalinae — Pitvipers
Elapidae — Cobras and Allies
Colubridae (sensu lazo) — Modern Snakes?
Lamprophiinaec — Ethiopian Housesnakes and Allies
Atractaspidinae — Ethiopian Stiletto Snakes
Psammophiinae — Ethiopian Sand-racers
Homalopsiinae — Oriental Rearfanged Watersnakes
Calamariinae — Oriental Reed Snakes
Xenodontinae — South American Snakes
Dipsadinae — Central American Snakes
Colubrinae — Ratsnakes, Racers, and Allies
Colubrini — Ratsnakes and Racers
Boigini — Oriental Treesnakes and Allies
Philothamnini — Tropical Tree-racers
Oligodontini — Oriental Eggeaters
Natricinae -— Modern Watersnakes and Allies
-‘Rhabdophiini — Oriental Watersnakes
Natricini — Holarctic Watersnakes

3

! Modified from McDowell (1987); infraorders from Underwood (1967); some subfamilies added from Smith, Smith &
Sawin (1977); some subfamilies reduced to tribal level to indicate closer relationships (see Discussion)

2Some workers (including HGD) would consider several of the included subfamilies as distinct families, thus returning
some taxa here indicated as tribes to their former status as subfamilies

3 This distinctive Ethiopian clade has been confused with Oriental ““Lycodontines” (= Boigins) because of similar tooth
arrangement, and has received several other names (c.g. Boaedontines, Boodontines). We here apply the oldest available
name, Lamprophiinae (from Lamprophes, Fitzinger, 1843; type genus Lamprophis Fitzinger, 1843).
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Summary and Conclusions

In spite of the small number of loci (four) and the sampling of only one representative of each
species, this broad survey of protein variation among snakes shows remarkable concordance with
current taxonomy and provides additional illumination of some controversial aspects of snake
taxonomy.

That we distinguished well-recognized clades (families, subfamilies, tribes) of snakes, ranging
from blindsnakes and pythons to racers and watersnakes, supports this approach (see Table VII
for taxonomic identification of clades). The most interesting of the findings, and perhaps the most
important, however, are in the indications of relationship (and non-relationship) among less well-
established clades. '

The precise delineation of the subfamilies Colubrinae and Natricinae, the two most derived of
major clades, is significant. Of even greater interest are the numerous indications of inter-
hemispheric and inter-continental relationships among these and other subfamilies. That almost
all American species of natricines (30 of 32) have identical alleles at all four loci and are closer to
some Old World genera (Amphiesma and Sinonatrix) than to others supports the idea (Rossman
& Eberle, 1977) that this is a recent radiation from a single Old World ancestral stock.
Conversely, inasmuch as Rhabdophis and Xenochrophis differ from both of these other Oriental
genera, as well as from their American relatives, Mahendra’s (1984) recognition of a separate
subfamily Rhabdophiinaec for these two genera is supported (here considered a tribe,
Rhabdophiini).

The pattern of relationships found among natricines is repeated in a more complex fashion
among colubrines. The New World representatives of this taxon, however, rather than indicating
a single Oriental entry as in natricines, suggest that several Oriental colubrine taxa have migrated
from eastern Asia to colonize the New World.

That the American ratsnakes (Elaphe) and their relatives are associated with some (but not all)
Palaearctic members of that genus was to be expected. The Old World species of ‘Elaphe’ have
been known to be polyphyletic for many years (Lawson & Dessauer, 1981; Dowling & Fries,
1987), as were the American species until recently, when the genera Senticolis and Bogertophis
were recognized (Dowling & Fries, 1987; Dowling & Price, 1988). The situation with Holarctic
racers (Coluber, Masticophis), which appear to derive from another ancestral stock, is not as
clear, but it is notable that the American species do not cluster with the single Old World
representative of Coluber (C. ventromaculatus) that was included.

Wholly unexpected, however, was the great similarity between Neotropical and Oriental
colubrines, many of which have identical alleles at all four loci (e.g. the Neotropical Mastigo-
dryas, Pseustes, and two species of Chironius; and the Oriental Ptyas and Zaocys). This suggests a
recent Oriental-derived radiation of racers in Central and South America similar to the pattern
seen in elapids.

A somewhat more extensive geographic relationship is less clearly indicated by the distribution
of certain diurnal tree-racers. Members of the Ethiopian genus Philothamnus, the Oriental genera
Ahaetulla, Chrysopelea, and Dendrelaphis, and Oxybelis of the Neotropics, have generally
similar, though not identical, alleles. These snakes have been believed previously to be
independently-derived arboreal snakes from regional radiations. Inasmuch as the snakes
suggested by corresponding alleles are all tree-racers with a common suite of morphological
characters, and their combination of alleles differs from those of the other racers in those regions,
this suggests that Bourgeois’s (1968) Ethiopian ‘Philothamninae’ (Colubridae: Colubrinae:
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Philothamnini, as recognized here) may be pantropical in distribution. These several ‘unresolved’
genera may represent a few members of this clade in each of three continents.

Our study provides further support for the utility of slow-evolving protein loci in systematic
studies involving large numbers of taxa (Hedges, 1989; Burnell & Hedges, 1990; Hass, 1991).
With our restrictions of a single specimen per species and only four loci, we were unable to
distinguish relationships at the species level or at superfamilial levels. At the levels of genera,
tribes, subfamilies, and families, however, this approach provided some valuable information on
the content of supergeneric clades, their geographic distributions, and their relationships.
Inasmuch as the separation of clades ranging from the Cretaceous (e.g. Typhlopidae) to the
Miocene or later (Asian-American colubrid relations) were distinguished, this technique has the
potential to examine the relationships among all living snakes: At most levels, these new data
have proved to be complementary to those obtained in recent molecular studies using other
techniques (e.g. immunology, nucleotide sequences).

Although not conceived as a taxonomic study, these data have clarified a significant number of
supergeneric relationships, and have supported the monophyly of taxa previously described on
the basis of morphological characteristics. These include the Boidae, Elapidae, Pythonidae,
Typhlopidae, and Viperidae. Within the large family Colubridae, these include the Colubrinae,
Homalopsinae, Natricinae, and Xenodontinae.

This study adds to a growing database on snake systematics. Information from morphology
(e.g. hemipenes, vertebrae, scale ultrastructure), protein electrophoresis, immunology (micro-
complement fixation), and DNA sequences will continue to refine our knowledge of the
phylogeny of the Serpentes.
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Appendix

List of specimens examined. (RH = Richard Highton frozen collection, Department of
Zoology, University of Maryland; SBH =S. Blair Hedges frozen collection, Department of
Biology, Pennsylvania State University; USNM = US National Museum of Natural History.)

N,S,E,W =cardinal points of the compass; US = United States of America; VI= Virgin
Islands, West Indies; WI = West Indies.)

Acrochordus javanicus, RH 65022, “Thailand”; Agkistrodon bilineatus, RH 68179, ‘““Mexico”;
Agkistrodon contortrix, RH 54411, US: N. Carolina; Agkistrodon piscivorus, RH 53668, US:
Florida; Ahaetulla prasina, RH 56803, “Thailand™; Alsophis cantherigerus, USNM 335885, WI:
Cuba; Alsophis portoricensis, USNM 327163, WI: Puerto Rico; Amphiesma stolata, RH 65049,
Pakistan; Antillophis parvifrons, USNM 329379, WI: Dominican Republic; Arizona elegans, RH
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57389, “W US”; Arrhyton callilaemum, RH 54948, WI: Jamaica; Arrhyton exiguum, RH 59393
WI: Puerto Rico; Arrhyton funereus, USNM 328399, WI: Jamaica; Arrhyton landoi, USNM
335888, WI: Cuba; Arrhyton taeniatum, USNM 335892, WI: Cuba; Atheris squamigera, RH
63870, “‘Africa”; Atractaspis corpulenta, RH 65710, *“Africa’; Atropoides nummifer, RH 68180,
“C America’.

Bitis arietans, RH 58157, “Africa™; Boa constrictor, RH 55193, “S America™; Bogertophis
subocularis, RH 50765, US: Texas; Boiga cyanea, RH 65040, “Thailand”; Boiga cynodon, RH
57241, “Thailand”; Boiga dendrophila, RH 53011, “Thailand”; Boiga drapiezii, RH 65028,
“Thailand”; Boiga jaspida, RH 65032, “Thailand’’; Boiga multimaculata, RH 65017, “Thailand"";
Boiga nigriceps, RH 56805, “Thailand™; Bothrops atrox, RH 68182, “S America”; Bungarus
fasciatus, RH 63881, “SE Asia™.

Calamaria gervasii, RH 68177, Philippines: Negros Id.; Calloselasma rhodostoma, RH 56348,
“SE Asia”; Carphophis amoena, RH 53027, US: Alabama; Causus rhombeatus, RH 65707,
“Africa”; Cemophora coccinea, RH 54131, US: S Carolina; Cerastes vipera, RH 58104, “‘Africa’’;
Charina bottae, RH 54514, US: Oregon; Chironius carinatus, RH 68227, “‘S America”; Chironius
cinnamomeus, RH 59706, S America”; Chironius multiventris, RH 59707, “S America’;
Chironius sp., RH 68228, “S America”; Chrysopelea ornata, RH 57234, “Thailand”; Clelia
rustica, RH 59778, *““Argentina’’; Clonophis kirtlandii, RH 49910, US: Ohio; Coluber constrictor,
RH 53305, US: Maryland; Coluber ventromaculatus, RH 50767, “Afghanistan”; Crotalus
adamanteus, RH 53010, US: Florida; Crotalus atrox, RH 61042, US: Arizona; Crotalus
catalinensis, RH 52540, Mexico: Sta. Catalina Id.; Crotalus cerastes, RH 59785, US: California;
Crotalus durissus, RH 52560, Paraguay; Crotalus horridus, RH 60210, US: New Jersey; Crotalus
lepidus, RH 52541, US: Texas; Crotalus mitchelli, RH 52544, US: Nevada; Crotalus molossus, RH
52553, Mexico: Veracruz; Crotalus pusillus, RH 52538, Mexico: Michoacan; Crotalus ruber, RH
52548, Mexico; Crotalus scutulatus, RH 52558, US: Nevada; Crotalus viridis, RH 52542, US:
Arizona; Crotalus willardi, RH 52550, Mexico: Sonora.

Darlingtonia haetiana, USNM 329423, WI: Haiti; Dasypeltis scaber, RH 64432, *‘Africa”;
Dendrelaphis caudolineata, RH 56536, “Thailand”; Diadophis punctatus, RH 52696, US: Ken-
tucky; Dinodon semicarinatum, RH 63884, “Asia’; Dipsas catesbyi, SBH 171139, Peru; Dry-
marchon corais, RH 53659, “SE US”; Drymoluber dichrous, RH 59704, “S America”,;
Dryocalamus trivirgatus, RH 57766, “Thailand”.

Elaphe bimaculata, RH 61041, “China”; Elaphe climacophora, RH 62685, “Japan”; Elaphe
dione, RH 58863, “Yugoslavia™; Elaphe flavirufa, RH 52534, ““Guatemala’; Elaphe flavolineata,
RH 65011, “Thailand”; Elaphe guttata, RH 59788, US: N Carolina; Elaphe longissima, RH
68191, “Europe”; Elaphe moellendorffi, RH 66366, ‘““China”; Elaphe obsoleta, RH 60213, US:
Maryland; Elaphe quadrivirgata, RH 62686, “Japan”; Elaphe quatuorlineata, RH 58864,
“Yugoslavia”; Elaphe radiata, RH 56596, “Thailand”; Elaphe rufodorsata, RH 57758, “Eur-
asia”; Elaphe scalaris, RH 57751, “Europe”; Elaphe schrencki, RH 61052, “China”; Elaphe
situla, RH 57757, “Europe”; Elaphe taeniura, RH 58140, “Thailand”’; Elaphe vulpina, RH 58141,
US: Wisconsin; Enhydris bocourti, RH 65031, “Thailand”; Enhydris chinensis, RH 61226,
“Asia”; Enhydris enhydris, RH 65033, “Thailand”; Enhydris jagori, RH 65027, “Thailand”;
Enhydris plumbea, RH 65037, “Thailand”; Entechinus semicarinatus, RH 62675, “Asia”;
Epicrates striatus, USNM 329372, WI: Dominican Republic; Erpeton tentaculatum, RH 65029,
“Thailand”.

Farancia abacura, RH 53660, US: Georgia; Farancia erytrogramma, RH 53661, US: Georgia;
Gonyosoma oxycephalum, RH 56349, “Thailand™; Helicops angulatus, RH 68190, “S America™;
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Helicops leopardinus, RH 59714, **Argentina™; Heterodon platirhinos, RH 53519, US: Georgia;
Heterodon simus, RH 56143, US: Florida; Homalopsis buccata, RH 65043, “Thailand™; H ydro-
dynastes gigas, RH 64031, “Argentina”; Hypsirhynchus ferox, USNM 329438, WI: Dominican
Republic; Hypnale hypnale, RH 66577, “*Ceylon™; laltris dorsalis, USNM 329439, WI: Haiti.

Lampropeltis calligaster, RH 54397, US: Maryland; Lampropeltis getulus, RH 61349, US: S
Carolina; Lampropeltis mexicanus, RH 52887, US: Texas; Lampropeltis triangulum, RH 58860,
US: Pennsylvania; Lamprophis fuliginosus, RH 62688, “*Africa™; Leptophis ahaetulla, RH 59703,
“Argentina’; Leptophis mexicanus, RH 61941, Belize; Liochlorophis vernalis, RH 58867, US:
Pennsylvania; Liophis miliaris, RH 59712, “‘Argentina™; Liophis poecilogyrus, RH 59702,
“Argentina’’; Liophis viridis, RH 59710, “‘S America”; Lycodon laoens1s, RH 65038, “Thailand™";
Lystrophis dorbingi, RH 56145, ““‘Argentina”.

Masticophis lateralis, RH 58862, “W US”; Mastigodryas bifossatus, RH 59169, “Argentina”’;
Micruroides euryxanthus, RH 52532, ““US: Arizona™; Micrurus annellatus, SBH 171123, Peru;
Micrurus diastema, RH 52446, Mexico: Quintana Roo. Naja naja, RH 58101, “SE Asia”;
Nerodia compressicauda, RH 56648, US: Florida; Nerodia cyclopion, RH 57873, US: Florida;
Nerodia erythrogaster, RH 57752, US: Maryland; Nerodia fasciata, RH 54405, US: N Carolina;
Nerodia harteri, RH 48473, US: Texas; Nerodia rhombifera, RH 63454, US: Oklahoma; Nerodia
sipedon, RH 57762, US: Maryland; Nerodia taxispilota, RH 56011, US: S Carolina; Oligodon
modestus, RH 68173, Philippines: Negros Id.; Opheodrys aestivus, RH 61940, US: Alabama;
Ophiophagus hannah, RH 60814, ““SE Asia™; Oxybelis fulgidus, RH 59705, S America”.

Philodryas burmeisteri, RH 59711, “Argentina’’; Philodryas viridis, RH 68184, “‘S. America”;
Philothamnus sp., RH 61045, “Africa”; Phyllorhynchus decurtatus, RH 60813, “W US”;
Pituophis melanoleucus, RH 50769, US: Arizona; Psammodynastes pulverensis, RH 57759,
“Thailand”; Psammophis condenarus, RH 56013, “Thailand™; Pseudocerastes persicus, RH
63871, “SW Asia”; Pseustes poecilonotus, RH 59708, ‘*Argentina”; Pseustes sp., RH 62677, “S
America”; Pseustes sulphurus, RH 68186; Ptyas korros, RH 56535, “Thailand”; Ptyas mucrosus,
RH 56036, “Asia”; Python regius, RH 56012, “Africa”; Python reticulatus, RH 57242,
“Thailand™.

Regina alleni, RH 50531, US: Florida; Regina rigida, RH 57872, US: N Carolina; Regina
septemvittata, RH 54423, US: Maryland; Rhabdophis chrysargus, RH 65035, “Thailand™;
Rhabdophis sp., RH 68176, Philippines: Negros 1d.; Rhadinaea flavilata, RH 55942, US: N
Carolina; Rhamphiophis oxyrhynchus, RH 52866, *‘Africa”; Rhinocheilus leconti, RH 58106, “W
uUs”.

Salvadora grahami, RH 56651, “W US”; Seminatrix pygaea, RH 50933, S Carolina; Senticolis
triaspis, RH 61332, “US: Arizona”; Sinonatrix annulata, RH 61058, “Japan’; Sistrurus catena-
tus, RH 60815, “W US”’; Sistrurus miliarius, RH 53518, US: Florida; Sistrurus ravus, RH 56584,
“Mexico”’; Spalerosophis cliffordi, RH 58139, “Israel”; Storeria occipitomaculata, RH 57765, US:
Wisconsin.

Tantilla coronata, RH 55944, US: N Carolina; Telescopus sp., RH 63877, *“Africa’; Thamno-
dynastes strigilis, RH 56034, “Argentina”’; Thamnophis brachystoma, RH 49665, US: New Y ork;
Thamnophis butleri, RH 60355, US: Ohio; Thamnophis chrysocephalus, RH 48483. Mexico:
Oaxaca; Thamnophis couchi, RH 59801, US: California; Thamnophis elegans, RH 48477, US:
California; Thamnophis eques, RH 48472, Mexico: Durango; Thamnophis marcianus, RH 58931,
US: Texas; Thamnophis melanogaster, RH 48480, “Mexico”; Thamnophis mendax, RH 49656,
Mexico: Tamaulipas; Thamnophis ordinoides, RH 48464, US: Washington; Thamnophis prox-
imus, RH 48463, US: Texas; Thamnophis radix, RH 48471, Canada: Saskatchewan; Thamnophis
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rufipunctatus, RH 48481, US: Arizona; Thamnophis sauritus, RH 57763, US: Maryland;
Thamnophis sirtalis, RH 59804, US: Kentucky; Thamnophis sumicrasti. RH 48482, Guatemala;
Tretanorhinus nigroluteus, RH 63583, Belize; Trimeresurus albolabris, RH 65709, “SE Asia”;
Trimeresurus elegans, RH 63876, “SE Asia’’; Trimeresurus flavoviridis, RH 61043, “Okinawa’’;
Trimeresurus kanburiensis, RH 55996, “Thailand”; Trimeresurus okinavensis, RH 65708, “Oki-
nawa’’; Trimeresurus tokarensis, RH 63874, “Ryukyu Is.”; Tropidolaemus wagleri, RH 59028,
“Thailand’’; Tropidophis cana, RH 54404, Bahamas Is.: Andros; Tropidophis haetianus, USNM
329447, WI:. Dominican Republic; Typhlops hypomethes, SBH 161292, US: Puerto Rico;
Typhlops jamaicensis, USNM 328403, WI: Jamaica; Typhlops platycephalus, SBH 161288, US:
Puerto Rico; Typhlops richardi, USNM 336117, VI: St Thomas.

Uromacer catesbyi, SBH 102474, WI. Dominican Republic; Uromacer frenatus, USNM
329444, WI. Haiti; Uromacer oxycephalus, RH 60820, WI. Dominican Republic.

Vipera (= Daboia) russelii, RH 58102, “SE Asia”; Virginia striatula, RH 48468, US: Maryland;
Virginia valeriae, RH 48467, US: Maryland.

Waglerophis merrami, RH 55936, ““Argentina”.

Xenochrophis flavipunctatus, RH 61060, *“Asia”; Xenochrophis piscator, RH 65036, “Thai-
land’’; Xenochrophis punctulata, RH 61049, “Japan’; Xenodon severus, RH 68185, “S America.”

Zaocys carinatus, RH 56807, “Thailand”.



