
muscles of P. terribilis appear to be less 
sensitive to this class of sodium channel 
activators than the muscles of R. pi- 
piens. 

Although batrachotoxin, veratridine, 
and grayanotoxin probably do interact 
with the same regulatory site that con- 
trols activation and inactivation of the 
sodium channel, this site has been modi- 
fied in P. terribilis (and presumably in 
the other members of the genus) to pre- 
vent interaction with batrachotoxin-al- 
though the modification still permits par- 
tial interaction with veratridine and gray- 
anotoxin. It seems that the regulatory 
site is essential to the control of activa- 
tion and inactivation phenomena and 
that, from an evolutionary perspective, 
protection from batrachotoxin was 
achieved in these frogs with minimal al- 
teration of the site. 
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shared parentage since the breeding pairs were 
not sequestered. 

10. Wild-caught P. terribilis were fed immature 
crickets dusted with vitamin (Paltone) and cal- 
cium powder. Individuals raised in captivity 
were fed boiled lettuce while they were tad- 
poles; after metamorphosis they received cal- 
cium- and vitamin-dusted Drosophila until they 
were large enough for small crickets. 

11. One observation was inconsistent with the ten- 
dency toward decreased production or accumu- 
lation of skin toxins in captive P. terribilis. A 
specimen caught at the type locality and main- 
tained for 6 years and 4 months was killed 4 days 
after its body and limbs became grossly bloated 
because of water retention. Its skin contained 
1150 /tg of batrachotoxin-homobatrachotoxin, 
an amount equivalent to the original average val- 
ue for the wild population and much higher than 
that of any other frog kept in captivity for more 
than a few weeks. The possibility should be con- 
sidered that physiological stress stimulated tox- 
in production in this individual. All other speci- 
mens tested for toxicity were apparently in good 
health when killed. 

12. When mice were given subcutaneous injections 
of an extract equivalent to 100 mg of the skin of 
a P. terribilis individual reared in captivity (total 
mass of skin, -400 mg), they experienced lo- 
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the primary vector to humans of yellow 
fever and dengue fever virsuses, and can 
also transmit other diseases. We have 
conducted extensive population genetic 
studies on the species (3). In this report 
we show that populations of this vector 
are sufficiently genetically differentiated 
to allow strong inference of the geo- 
graphic origin of a population. 

We analyzed between 19 and 22 gene 
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Table 1. The Aedes aegypti populations that were sampled, divided into seven regions and sub- 
species. Subspecific classification follows Mattingly (8). Letters in parentheses refer to points 
on the graph in Fig. 1. 

Country Location Country Location 

East African formosus subspecies (A) Upper Volta Kari village 
Tanzania Dar Es Salaam Upper Volta Bwombi village 
Kenya Kombeni forest C n Caribbean (D) 
Kenya Shimba hills Kenya Smba hills Jamaica Montego Bay Kenya Kwa Dzivo village* Puerto Rico Mayagez 
Kenya Mombasa Kenya ~Mombasa Puerto Rico San Juan 

East African aegypti subspecies (B) United Sts (E) 
Kenya Kwa Bendegwa* United States Indian County, Fla. 
Kenya Majengo* United States New Orleans* 
Kenya Mgandini* 

West African formosus subspecies (C) South America (F) 
Venezuela Maracay 

Nigeria Enugu City Venezuela Caracas 
Nigeria Enugu center 
Nigeria Ukana Asia (G) 
Nigeria Mamu River forest Indonesia Jakarta 
Nigeria Egede village Indonesia Semarang 
Nigeria Abor village India Bangalore 
Upper Volta Bobo-Dioulasso Taiwan Kaohsiung 
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Abstract. Thirty-four population samples representing the worldwide distribution 
of the mosquito Aedes aegypti were analyzedfor variation at 19 to 22 enzyme-coding 
genes. A multivariate discriminant analysis revealed that the genetic differences 
among populations in six geographic regions and between two subspecies enable one 
to determine the regional origin of a population. Such studies of population genetics 
may have quite general applicability in studying vector-borne diseases. 
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Fig. 1. Two-dimensional graph of first two canonical variables. Letters refer to the 33 samples 
listed in Table 1. A's are East Africanformosus (EA-f); B's, East African aegypti (EA-a); C's, 
West African formosus (Wa-f); D's, Caribbean; E's, United States; F's, South America; 
and G's, Asia. M is the single Mexican collection. The numbers on the graph are the center for 
that subgroup. The two larger inclusions are Aedes aegypti formosus on the right and A a. 
aegypti in Africa and the New World on the left. The dashed inclusions in EA-a indicate sam- 
ples from the same location taken 1 to 2 years apart. The C* represents two populations that 
were graphically indistinguishable by this analysis. The contours are drawn in as a visual aid. 

loci in 34 samples of A. aegypti (Table 1). 
We obtained two samples, about a year 
apart, from each of five of the popu- 
lations; this served to increase the 
sample size and enabled us to check the 

temporal stability of patterns. The genes 
we studied code for enzymes. Variation 
was detected by electrophoresis of crude 
homogenates of single mosquitoes and 
by staining for specific enzyme activi- 
ties. Genetic studies confirmed that the 
electrophoretic mobility differences 
were due to allelic variation at single 
loci. Most samples were either directly 
from natural populations or were F1 off- 

spring of individuals from the field. Be- 
tween 50 and 250 genes were sampled 
per locus per population in most in- 

stances. For details of the samples, loci 
studied, and electrophoretic techniques 
see (3). 

In Table 2 we present a summary of 
data for five of the most differentiated 
loci we studied. Clearly no single locus is 
diagnostic for subspecies or geographic 
origin, yet there are discrete frequency 
differences among the seven subsets of 
samples. Using a multivariate discrimi- 
nant analysis we combined the informa- 
tion at all loci simultaneously to maxi- 
mize our diagnostic powers (4). 

Figure 1 is a graph showing the genetic 
differentiation based on the first two can- 
onical variables of the discriminant anal- 
ysis (5). These two variables account for 
92 percent of the total dispersion in allele 

Table 2. Mean gene frequencies at five differentiated loci in the seven subsets of populations in 
Table 1. See (3) for more detailed data. Genetics and chromosome map positions may be found 
in (12). 

Gene and Subset (see Table 1) 
allele alle A B C D E F G 

IDH-2 
100 0.911 0.526 0.932 0.430 0.622 0.660 0.882 
116 0.083 0.474 0.067 0.570 0.370 0.340 0.118 

PGM 
100 0.778 0.937 0.548 0.985 0.877 0.983 0.968 
120 0.124 0.032 0.326 0.0 0.053 0.011 0.0 
Others (rare) 0.097 0.031 0.125 0.015 0.070 0.006 0.033 

MDH 
84 0.201 0.071 0.170 0.028 0.081 0.036 0.141 

100 0.744 0.701 0.795 0.592 0.586 0.722 0.708 
120 0.055 0.226 0.035 0.380 0.332 0.252 0.154 

6PGD 
100 0.803 0.987 0.976 0.789 0.971 0.932 1.00 
116 0.106 0.003 0.008 0.194 0.030 0.069 0.0 
Others 0.091 0.0 0.016 0.008 0.010 0.0 0.0 

HK-4 
100 0.909 0.552 1.00 0.796 1.00 0.963 0.972 
109 0.014 0.128 0.0 0.006 0.0 0.0 0.0 
Null 0.045 0.320 0.0 0.198 0.0 0.037 0.028 
Others 0.039 0.0 0.0 0.0 0.0 0.0 0.0 
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frequencies. From this figure it is appar- 
ent that each of the seven subgroups 
forms clusters separated by convex con- 
tours. The probability of assigning a pop- 
ulation to its correct region or sub- 
species, or both, is above .9 in nearly all 
instances. In two instances, however, a 
note of caution is warranted. Although 
the 14 samples of East and West African 
Aedes aegyptiformosus show no overlap 
between them (A's and C's in Fig. 1), 
they are very close. Further sampling 
may well reveal overlap. The same can 
be said about the samples from the 
United States and South America. Sur- 
prisingly, although the U.S. and South 
American populations are very close, the 
Caribbean samples cluster quite far 
away. 

During the 1960's attempts were made 
to eradicate A. aegypti from much of the 
New World. Many countries were de- 
clared free of this mosquito, among them 
Mexico (6). Since relaxation of the eradi- 
cation program, A. aegypti has rein- 
fested Mexico. We have obtained one 
collection from northern Mexico (7). The 
"M" in Fig. 1 shows that this Mexican 
population is genetically very similar to 
Caribbean populations and probably rep- 
resents an introduction from the islands 
rather than from the United States or 
South America. As recent epidemics 
have revealed, Caribbean A. aegypti are 
efficient vectors of dengue fever (6). 
Thus we think this reinfestation repre- 
sents a potential health hazard. 

Figure 1 also confirms our previous 
conclusions (3) concerning Asian popu- 
lations of A. aegypti. Mattingly's (8) sub- 
species formosus, which only occurs in 
Africa south of the Sahara, forms a fairly 
close genetic group. Although there is 
considerable morphological variation 
within populations (9), the predominant 
morphological type outside Africa corre- 
sponds to Mattingly's aegypti sub- 
species. This is a truly domestic form 
closely associated with human habitats. 
The New World populations and East 
African aegypti subspecies from human 
habitats form a second major group. The 
Asian populations, although they mor- 
phologically appear to be of the sub- 
species aegypti, fall somewhere between 
the two major groupings. This occurs be- 
cause at most genes the subspecies are 
very close to the A. a. aegypti in other 
parts of the world. However, at the IDH- 
2 locus the gene frequencies in the Asian 
populations resemble those of A. a. for- 
mosus (Table 2). The fact that yellow fe- 
ver epidemics have never occurred in 
Asia has long been the source of specula- 
tion concerning the vectorial capacity of 
Asian A. aegypti (10). Aitken and col- 
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leagues (2) have recently provided direct 
evidence that strains of A. aegypti from 
different regions do vary in the efficiency 
with which they transmit yellow fever vi- 
rus. The genetic peculiarity of Asian 
populations, which do not fall easily into 
either the Africanformosus group or the 
African and New World aegypti group, 
may somehow be related to their rela- 
tively poor ability to transmit yellow fe- 
ver. We think that some of the isozyme 
loci we used for the present studies may 
mark segments of the genome that are re- 
lated to disease transmission. Thus fur- 
ther studies into the genetics of transmis- 
sion efficiency in this species are war- 
ranted, and the analysis described here 
suggests a means of characterizing the 
genetic basis of variation in transmission 
efficiency. 

Note added in proof: Since this report 
was written we have analyzed a large 
field sample of A. aegypti from Laredo, 
Texas. The first and second canonical 
variables are -10.23 and -1.06, respec- 
tively. This population is clearly geneti- 
cally similar to the Caribbean/Mexican 
populations and is distinct from South- 
east U.S. populations. 
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New Haven, Connecticut 06520 
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