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ABSTRACT 
In order to assess the evolutionary significance of molecular variation in natural populations of 

Drosophila melanogaster, we have started a comprehensive genetic variation study program employing 
a relatively large number of gene-protein loci and an array of populations obtained from various 
geographic locations throughout the world. In this first report we provide estimates of gene flow 
based on the spatial distributions of rare alleles at 117 gene loci in 15 worldwide populations of D. 
melunogaster. Estimates of N m  (number of migrants exchanged per generation among populations) 
range from 1.09 in East-Asian populations (Taiwan, Vietnam and Australia) to 2.66 in West-Coast 
populations of North America. These estimates, among geographic populations separated by hundreds 
or even thousands of miles, suggest that gene flow among neighboring populations of D. melanogaster 
is quite extensive. This means that, for selectively neutral genes, we should expect little differentiation 
among neighboring populations. A survey of eight West-Coast populations of D. melunogaster (geo- 
graphically comparable to Drosophila pseudoobscura) showed that in spite of extensive gene flow, 
populations of D. melanogaster show much more geographic differentiation than comparable popula- 
tions of D. pseudoobscura. From this we conclude that migration in combination with natural selection 
rather than migration alone is responsible for the geographic uniformity of molecular polymorphisms 
in D. pseudoobscura. 

HE role of gene flow in the genetic structure of T species has been a major source of arguments 
in evolutionary biology (MAYR 1963; EHRLICH and 
RAVEN 1969; ENDLER 1977; STANLEY 1979). Gene 
flow in combination with random genetic drift or 
natural selection determines the extent to which geo- 
graphic populations can differentiate from one an- 
other. WRIGHT (1 93 1) showed that an island popula- 
tion of size N receiving a fraction, m ,  of individuals as 
immigrant in each generation from a source popula- 
tion would not diverge unless N m  < 1, and HALDANE 
(1930) showed that immigration would overcome the 
effect of natural selection (s) in favor of an allele in a 
single population unless m/s  < 1. These results have 
provided the general guidelines about the relative 
strength of gene flow, and they have been extended 
to more complicated models of population structure 
(e.g., MARUYAMA 1970, 1972; LATTER 1973; NAGY- 
LAKI 1975, 1978, 1983; FELSENSTEIN 1976; fora most 
recent review, see SLATKIN 1985). 

However, in spite of analytical results showing that 
even a small amount of gene flow can be effective in 
preventing population differentiation (WRIGHT 
1951), until very recently the role of gene flow in 
population structure has been assumed to be of less 
importance. This is because the early field studies in 
population genetics showed that gene flow in most 
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species was highly restricted (DOBZHANSKY and 
WRIGHT 1943; BURLA et al. 1950; WALLACE 1966; 
RICHARDSON 1967; CRUMPACKER and WILLIAMS 
1973; DOBZHANSKY and POWELL 1974; JOHNSON and 
HEED 1976; ENDLER 1977). And second, the poly- 
morphic genetic systems most vigorously studied in 
the 1950s and 1960s, especially chromosome inver- 
sion polymorphisms (e.g., see ANDERSON et al. 1975), 
generally showed significant geographic differentia- 
tion in most species, which was taken to mean that 
gene flow was less important regardless of its magni- 
tude in nature. 

Recent developments in experimental as well as 
theoretical population genetics have shed new light 
on gene flow. Recent field studies with Drosophila 
have shown that dispersal rate is much higher than 
previously thought. In a migration study using marked 
flies,JoNEs et al. (1 98 1) showed that dispersal between 
isolated populations of Drosophila pseudoobscu? a was 
quite extensive; marked flies could move at least 10 
km in 24 hr over a desert. In a similar study, COYNE 
et al. (1 982) showed that in D. pseudoobscura extensive 
long distance migration can occur over a short period 
of time (15 km in 15 hr), even between favorable 
habitats. The latter study also included “yellow” flies, 
i.e., Drosophila melanogaster and Drosophila simulans, 
which showed similar long distance migration except 
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that the recapture frequencies were lower for them 
than for D. pseudoobscura. A second reason for re- 
newed interest in gene flow is the availability of 
models of gene flow and genetic drift, and gene flow 
and selection that can be applied to multilocus data as 
available from gel-electrophoretic studies. Because ge- 
netic drift and gene flow affect all loci in the same 
way (CAVALLI-SFORZA 1966), estimates of migration 
rate and/or population size can be used to generate 
patterns of geographic variation for selectively neutral 
genes that can serve as null hypothesis. 

We have completed an electrophoretic survey of 15 
worldwide populations of D. melanogaster for 1 17 
gene-protein loci. Some of these populations are pres- 
ently being studied for genetic variation of two-di- 
mensional gel electrophoretic proteins, mitochondrial 
DNA and heat shock proteins. The overall goal of 
this series of studies is to generate a broad-based genic 
variation data set so that patterns of geographic dif- 
ferentiation and effects of functional constraints on 
genic variation can be studied with a single species; 
we need not pool data from a variety of sources or 
organisms which makes the analysis statistically robust 
but biologically uninterpretable. 

In this report we first provide estimates of gene 
flow based on the spatial distribution of private alleles 
(SLATKIN 1981, 1985) in different sets of continental 
and global populations of D. melanogaster. These es- 
timates suggest that gene flow among geographically 
separated populations of D. melanogaster is quite ex- 
tensive. We then show that in spite of extensive gene 
flo~7, West-Coast populations of D. melanogaster (com- 
parable geographically to D. pseudoobscura popula- 
tions) show significant geographic differentiation and 
latitudinal clines. These results, in combination with 
the recently reported similar long distance migrations 
in D. pseudoobscura and D. melanogaster (COYNE et al. 
1982), suggest that migration in combination with 
natural selection rather than migration alone is prob- 
ably responsible for the uniformity of allozyme poly- 
morphism in geographic populations of D. pseudoob- 
scura (LEWONTIN 1974). 

MATERIALS AND METHODS 

The  eight West-Coast (North American) populations of 
D. meLanogaster were studied to provide data that could be 
compared with those from D. pseudonbsura (Figure 1). These 
are from Port Coquitlam, British Columbia; Carnation, 
Washington; Medford, Oregon; and from Hamilton, Son- 
oma. Fresno, El Rio, and Lakeside, all in California. Samples 
from Sonoma and El Rio were kindly provided by Dr. 
MARGARET KIDWELL (Brown University) and the rest by Dr. 
FRED KOHAN (University of California, Davis). Sixteen to 
20 isofemale lines, sampled between 1979 and 1982, were 
studied from each population. 

A total of 20 enzyme loci were studied (Table 3). Enzyme 
loci showing latitudinal clines in previous studies (SINGH, 
HICKEY and DAVID 1982) were preferentially included in 
this study. Electrophoresis was done on vertical polyacryl- 
amide slab gels. The  electrophor-esis buffer and staining 

procedures for alcohol dehydrogenase (ADH), aldehyde 
oxidase (AO), esterase-6 (EST-6), esterase-C (EST-C), glu- 
cose-6-phosphate dehydrogenase (G-GPD), 6-phosphoglu- 
conate dehydrogenase (6-PGD), leucine aminopeptidase-D 
(LAP-D), octanol dehydrogenase (ODH), and phosphoglu- 
comutase (PGM) are published or referred to in SINCH, 
HICKEY and DAVID (1982). The  electrophoresis and staining 
procedures for carbonic anhydrase, diaphorase and hexo- 
kinase were adopted from HARRIS and HOPKINSON (I 976). 

Gene flow was estimated from the spatial distribution of 
rare alleles following the methods developed by SLATKIN 
(1 98 1, 1985). T h e  data used in this analysis consist of allele 
frequency distribution of 20 protein loci in eight West-Coast 
populations (Table 3) and 1 17 protein loci in 15 worldwide 
populations of D. melanogaster (Figure 1) (SINCH, HICKEY 
and DAVID 1982; R. S. SINCH and L. K. RHOMBERC, unpub- 
lished data). 

RESULTS 

Estimates of gene flow from rare alleles: SLATKIN 
(1981) has shown that the average frequency of an 
allele, conditional on its presence in a certain propor- 
tion of populations, is approximately independent of 
both mutation rates and selection intensity but de- 
pends strongly on the overall level of gene flow. 
Figure 2 shows the conditional average frequencies of 
enzyme alleles in geographic populations of D. melan- 
ogaster as a function of the proportion of populations 
in which they were found. We have plotted the data 
from the West-Coast and the global populations sep- 
arately (SINGH, HICKEY and DAVID 1982; R. S. SINCH 
and L. R. RHOMBERG, unpublished data). For com- 
parison we have also graphed data for D. simulans (R. 
S. SINGH, unpublished data) and D. pseudoobscura 
(SINGH 1979). All the graphs are remarkably similar 
to each other and strongly support the observation 
made by COYNE et al. ( I  982) on the same species in 
their field studies on migration. As expected, there is 
some indication that the global populations are more 
isolated from each other than are those from the West 
Coast. From the data in Figure 2 and their comparison 
with similar data on other species (SLATKIN 1981), the 
three Drosophila species would be characterized as 
having high gene flow. 

SLATKIN (1 985) has further developed a method by 
which we can actually estimate N m  (the average num- 
ber of migrant exchanged between populations) from 
the spatial distribution of rare alleles. This estimate is 
based on the result that the logarithm of N m  is ap- 
proximately linearly related to the logarithm of f i (  l),  
the average frequency of private alleles (2 .  e., alleles 
appearing in only one population). We have used this 
method and have computed estimates of N m  for dif- 
ferent sets of geographically distant populations of D. 
melanogaster (Table 1). These estimates are based on 
a large number of gene loci and so we can have some 
confidence in them. Estimates of N m  among popula- 
tions in different regions of the world appear to be 
quite similar, ranging between 1.09 in East Asia and 
2.66 in the West Coast, North America. A small 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/115/2/313/5997283 by guest on 25 M

ay 2023



Gene Flow in D. melanogaster 315 

FIGURE l.--Drosophila melanogaster populations surveyed in this study from the West Coast are: PC, Port Coquitlam; CA, Carnation; ME, 
Medford; HA = Hamilton; SO, Sonoma; FR, Fresno; ER, El Rio and LA, Lakeside. Other populations included in the analysis of rare alleles 
are: OT, Ottawa; HA, Hamilton; MA, Massachusetts; TE, Texas; AR, Argentina; SW, Sweden; UK, Ukraine; CA, Central Asia; FR, France; 
WA, West Africa; CA, Central Africa; KO, Korea; T I ,  Taiwan: VI, Vietnam and AU, Australia. 

U D. melanogaster (World wide) .--I D. melanogaster (west coast) 
M D. simulans 
0-4 D pseudoobscura 0.8 

ild 

FIGURE 2.-A plot of conditional average allele frequency, F(i)  
against the occupancy rate, i / d ,  where d is the total number of 
demes studied and E is the number of demes occupied by an allele. 
Note that a tendency toward J-shape in graphs would mean that 
populations are more isolated from each other. 

proportion of rare alleles was found to be in quite 
high frequency in different continents (Table 2). In- 
clusion of these alleles in the analysis would increase 
the average frequency of private alleles and would 
give lower estimates of Nm. If we exclude them from 
the analysis, then the estimates of Nm are roughly 
doubled and range from 2.74 in the global popula- 

tions to 5.83 in the West-Coast populations. These 
estimates of Nm,  among populations hundreds or even 
thousands of miles apart, clearly suggest that in this 
species gene flow is quite extensive. 

Long distance dispersal and genetic differentia- 
tion in West-Coast populations of D. melanogaster: 
The allele frequency data on 20 gene-enzyme loci in 
eight West-Coast populations are given in Table 3. 
These populations were chosen to provide data which 
could be compared with those from D. pseudoobscura. 
On the basis of our past experience with genetic 
differentiation among East-Asian populations (SINGH, 
HICKEY and DAVID 1982) and in view of the climatic 
heterogeneity among West-Coast populations (alti- 
tude, temperature, precipitation, etc.) we did not ex- 
pect and did not find latitudinal clines for all gene loci 
that have shown latitudinal clines in other parts of the 
world. A good example is the ADH locus. All popula- 
tions except Port Coquitlam (which has allele frequen- 
cies in the expected proportion) are remarkably simi- 
lar in allele frequency at this locus. The peculiarity of 
this locus in the West-Coast populations has also been 
noted by SMITH et aE. (1984). However, there are 
several loci that showed latitudinal clines in the West- 
Coast populations. These are CA-2, EST-C, PGM, A 0  
and LAP-D. Regression of allele frequencies on envi- 
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TABLE 1 

Estimates of Nm based on private alleles in D. melunogustef 
~~ 

(:eographic regionb 

Wesr Coast-North America 
East Coast-North America 
East Asia 
Global (A) 
Global (B) 

No. popula- 
tions No. loci No. private alleles P ( ' )  

~~ 

0.0617 (0.0415) 2.66 (5.83) 
4 117 36 (33) 0.0547 (0.0482) 2.17 (2.78) 
3 117 47 (35) 0.0781 (0.0398) 1.09 (4.16) 
9 I17 36 (31) 0.0643 (0.0373) 1.43 (4.22) 

15 80 30 (27) 0.0573 (0.0496) 2.29 (2.74) 

8 20 11 (8 )  

a Figures in parentheses are when private alleles with frequency 10% or more are excluded from the analysis. 
West-Coast populations: (see Table 5);  East-Coast populations: Ottawa, (Ontario), Hamilton (Ontario), Amherst (Massachusetts) and 

Brownsville (Texas); East-Asian populations: Taiwan, Vietnam and Australia; global populations (A): Four populations from East Coast North 
America, three from East Asia, and from France and Benin; (B): nine global populations (A) plus populations from Sweden, Ukraine, Central 
Asia, Korea, Central Africa and Argentina (R. S. SINGH and L. R. RHOMBERG, unpublished data). 

TABLE 2 

Frequency distribution of private alleles in geographic populations of D. melunogaster 

Geographic area (no. of populations) 

West Coast E d S t  Coast Eist Asia Global A Global B 
Allele frequency ( 8 )  (4) ( 5 )  (9) (15) 

0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 

>0. 10 (range) 

0 
1 
2 
0 
5 
0 
0 
0 
0 

3 (10-12%) 

0 
5 
7 
0 

10 
4 
2 
3 
2 

3 (10-14%) 

1 
10 
3 
7 
8 
3 
1 
1 
1 

12 (10-41%) 

3 
7 
7 
1 
9 
3 
0 
0 
1 

5 (1 2-38%) 

0 
3 
7 
0 
6 
5 
I 
I 
4 

3 (10-18%) 

ronniental variables (latitude, temperature and pre- 
cipitation) brought out some interesting results (Table 
4). Two loci (CA-2 and EST-C) show significant cor- 
relation with latitude as well as with temperature and 
precipitation, three loci (PGM,  LAP-D and AO) show 
significant correlation with latitude but no consistent 
correlation with temperature or precipitation, and 
finally, one locus (6-PGD) shows significant correlation 
with maximum precipitation but not with latitude or 
temperature. I f  we were looking for a latitudinal cline 
for the 6-PGD locus in these populations, we would 
not detect it. Thus, on the basis of these results, we 
should expect to find fewer latitudinal clines in coastal 
populations than in inland populations. This is because 
even if all latitudinal clines were due to latitudinal 
gradients in environmental factors, these gradients 
are, on the average, weaker in coastal populations 
than in inland populations. 

Figure 3 shows the regression of Nei genetic dis- 
tance on geographic distance in the West-Coast pop- 
ulations of D. melanogaster. The genetic distance for 
D. pseudoobscura is shown for comparison. The regres- 
sion coefficient of D. melanogaster is significantly dif- 
ferent from 7ero ( t  test, P < 0.001) which suggests 
that genetic distances are dependent on the geo- 
graphic distance between populations. The regression 
coefficient of D. pseudoobscura is not significantly dif- 

ferent from zero (P  > 0.05). However, if we exclude 
the Nelson Ranch population, which appears to be 
genetically isolated from the rest of the populations, 
the regression coefficient becomes significantly differ- 
ent from zero ( P  < 0.05). The regression coefficient 
of the two species are also significantly different from 
each other ( P  < 0.01), and this is so even if we do not 
exclude the Nelson Ranch population from the anal- 
ysis. All this suggests that on comparable geographic 
scale, D. melanogaster is genetically more differen- 
tiated than D. pseudoobscura. 

The same conclusion can also be reached by com- 
paring fixation indices (F,J which, unlike genetic dis- 
tances, are unaffected by the levels of polymorphism 
within populations. The fixation indices are shown in 
Table 6; and there are two sets of figures for both 
species. For D. melanogaster, the F,, are given for eight 
West-Coast populations and nine worldwide popula- 
tions; for D. pseudoobscura, the Fx, are given with and 
without Guatemala and Bogota being included in the 
analysis. Several interesting points emerge from these 
data. First, if we compare all loci in all populations 
studied, then the 12 populations of D. pseudoobscura 
(including Guatemala and Bogota) appear to be as 
differentiated as the nine worldwide populations of D. 
melanogaster. But this similarity is only superficial. The 
comparison of the two sets of figures for D. pseudoob- 
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TABLE 3 

Frequency of alternate alleles and heterozygosity ( H )  in eight West-Coast populations of D. melanogaster 

317 

Enzyme 
locus and Port 

allele Coquitlam Carnation Medford Hamilton Sonoma Fresno 

Alcohol dehydrogenase 
S 0.294 
F 0.706 
H 0.415 

1 0.765 
2 0.235 
3 
H 0.359 

Carbonic anhydrase-] 
I 
2 0.588 
3 0.412 
H 0.485 

Carbonic anhydrase-2 
1 
2 0.823 
3 0.177 
H 0.291 

Carbonic anhydrase-3 
S 
F 1.000 
H 0 

Carbonic anhydrase-4 
I 
2 1.000 
3 
H 0 

1 
2 
3 1 .ooo 
4 
H 0 

1 
2 0.913 
3 0.087 
H 0.159 

1 
2 1.000 
3 
H 0 

1 0.647 
2 0.353 
3 
H 0.457 

1 0.089 
2 0.794 
3 0.117 
H 0.348 

Aldehyde oxidase 

Diaphorase- I 

Diaphorase-2 

Diaphorase-7 

Esterase4 

Esterase4 

0.450 
0.550 
0.495 

0.850 
0.150 

0.217 

0.800 
0.200 
0.320 

0.050 
0.925 
0.025 
0.141 

1.000 
0 

1.000 

0 

1.000 

0 

1.000 

0 

0.050 
0.900 
0.050 
0.185 

0.750 
0.225 
0.025 
0.386 

0.825 
0.175 
0.289 

Glucose-6 phosphate dehydrogenase 
I 0.970 0.950 
2 0.030 0.050 
3 
H 0.058 0.095 

0.527 
0.473 
0.498 

0.948 
0.052 

0.098 

0.526 
0.474 
0.498 

1 .ooo 

0 

1.000 
0 

1.000 

0 

1 .ooo 

0 

0.948 
0.052 
0.098 

1.000 

0 

0.473 
0.527 

0.498 

1 .ooo 

0 

0.737 
0.237 
0.026 
0.399 

0.425 
0.575 
0.489 

0.925 
0.050 
0.025 
0.141 

0.050 
0.625 
0.325 
0.501 

0.975 
0.025 
0.049 

1.000 
0 

0.975 
0.025 
0.048 

0.050 
0.950 

0.095 

1.000 

0 

0.050 
0.950 

0.095 

0.575 
0.425 

0.489 

0.025 
0.950 
0.025 
0.096 

1.000 

0.556 
0.444 
0.493 

0.890 
0.055 
0.055 
0.202 

0.922 
0.078 
0.144 

1 .ooo 

0 

0.104 
0.896 
0.186 

0.052 
0.948 

0.098 

1.000 

0 

0.842 
0.158 
0.266 

0.948 
0.052 
0.098 

0.777 
0.223 

0.346 

0.028 
0.972 

0.054 

0.9 16 
0.084 

0.154 

0.450 
0.550 
0.495 

0.900 
0.100 

0.180 

0.750 
0.250 
0.375 

1.000 

0 

1 .ooo 
0 

0.975 
0.025 
0.048 

0.050 

0.825 
0.125 
0.301 

0.950 
0.050 
0.095 

0.075 
0.925 

0.139 

0.625 
0.375 

0.469 

0.075 
0.925 

0.139 

0.775 
0.225 

El Rio Lakeside Mean 

0.475 
0.525 
0.499 

0.825 
0.025 
0.150 
0.296 

0.625 
0.375 
0.469 

1.000 

0 

1.000 
0 

0.975 
0.025 
0.048 

1.000 

0 

0.875 
0.125 
0.219 

0.050 
0.950 

0.095 

0.600 
0.400 

0.480 

0.025 
0.975 

0.049 

0.735 
0.265 

0.500 
0.500 
0.500 

0.530 
0.382 
0.088 
0.565 

0.823 
0.177 
0.291 

1.000 

0 

1.000 
0 

1.000 

0 

1.000 

0 

0.118 
0.882 

0.208 

1.000 

0 

0.706 
0.294 

0.415 

0.059 
0.941 

0.111 

0.823 
0.177 

0.459 
0.541 

0.485 k 0.028 

0.829 
0.142 
0.039 

0.257 f 0.149 

0.006 
0.707 
0.287 

0.385 f 0.128 

0.006 
0.966 
0.028 

0.060 f 0.105 

0.013 
0.987 

0.023 f 0.066 

0.007 
0.984 
0.009 

0.030 f 0.036 

0.006 
0.006 
0.972 
0.016 

0.049 f 0.107 

0.015 
0.926 
0.059 

0.131 f 0.099 

0.028 
0.959 
0.0 13 

0.076 f 0.070 

0.644 
0.353 
0.003 

0.443 f 0.054 

0.037 
0.923 
0.040 

0.136 f 0.121 

0.863 
0.134 
0.003 

0.348 0.389 0.291 0.216 f 0.159 
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TABLE 3-Continued 

Enzyme 
locus and Port 

allele Coquitlam Carnation Medford Hamilton Sonoma Fresno El Rio Lakeside Mean 

Hexokinase- 1 
I 
2 0.913 0.925 ' 
3 0.087 0.075 
H 0.159 0.139 

S 0.470 0.200 
F 0.530 0.800 
H 0.498 0.320 

Octanol dehydrogenase 
S 0.088 
F 0.912 1.000 
H 0.160 0 

I 0.265 0.150 
2 0.735 0.825 
3 0.025 
H 0.389 0.296 

1 
2 0.353 0.500 
3 0.647 0.500 
4 
H 0.456 0.500 

Leucine aminopeptidase-D 

Phosphoglucomutase 

6-Phosphogluconate dehydrogenase 

Means: 1.70 1 .U0 
No. al- 
leles (all 
20 loci) 

Heterozygosity 
17 poly- 0.249 0.199 
morp- 
hic loci: 
All 20 0.212 0.169 
loci": 

0.844 
0.156 
0.263 

0.21 1 
0.789 
0.333 

0.026 
0.974 
0.051 

0.21 1 
0.763 
0.026 
0.373 

0.21 1 
0.789 

0.331 

1.65 

0.202 

0.172 

0.925 
0.075 
0.139 

0.075 
0.925 
0.139 

1.000 
0 

0.025 
0.550 
0.425 
0.516 

0.325 
0.650 
0.025 
0.474 

1.90 

0.192 

0.164 

0.029 0.004 
0.974 0.950 0.825 0.884 0.905 
0.026 0.050 0.175 0.087 0.091 
0.051 0.095 0.289 0.210 0.168 f 0.081 

0.158 0.050 0.025 0.118 0.163 
0.842 0.950 0.975 0.882 0.837 
0.266 0.049 0.049 0.208 0.238 f 0.147 

0.055 0.125 0.037 
0.945 1.000 0.875 1.000 0.963 
0.104 0 0.219 0 0.067 f 0.086 

0.078 0.175 0.075 0.058 0.129 
0.922 0.625 0.450 0.471 0.668 

0.200 0.475 0.47 1 0.203 
0.144 0.539 0.566 0.553 0.422 f 0.149 

0.125 0.250 0.259 0.206 0.279 
0.875 0.750 0.725 0.794 0.716 

0.016 0.005 
0.219 0.375 0.407 0.327 0.386 f 0.093 

1 .U0 1 .U0 1.85 1.70 1.77 f 0.084 

0.165 0.217 0.235 0.216 0.209 f 0.026 

0.141 0.185 0.204 0.184 0.179f  0.023 

Includes three monomorphic loci: hexokinase-2 and -3 and diaphorase-6 

TABLE 4 

Proportion of variation in allele frequencies explained (r*) by variation in latitude, temperature or precipitation 

Locus 

CA-2 
EST-C 
PGM 
PGM 
LAP-D 
AO 
6-PGD 
6-PGD 

Allele 
Latitude" 

(8) 

0.738* 
0.728* 
0.332 
0.553* 
0.67 1 * 
0.571* 
0.4 19 
0.380 

Latitude 
(6 )  

0.724* 
0.711* 
0.726* 
0.771* 
0.620 
0.507 
0.535 
0.504 

Temperature Precipitation 

Max (6) Min (6) Max (6) Min (6) 

0.792* 
0.764* 
0.462 
0.604 
0.78 1 * 
0.180 
0.489 
0.434 

0.043 
0.102 
0.763* 
0.530 
0.100 
0.664 
0.128 
0.1 19 

0.854* 
0.973 
0.364 
0.324 
0.430 
0.113 
0.817* 
0.805* 

0.805" 
0.826" 
0.536 
0.636 
0.688 
0.260 
0.590 
0.530 

Based on all eight populations. All other figures are based on only six populations (excluding Sonoma and El Rio). 
* P < 0.05. 

scura shows that half of the interpopulation differen- 
tiation is contributed by two populations-Guatemala 
and Bogota. Second, a large proportion of interpo- 
pulation differentiation in D. pseudoobscura is contrib- 
uted by three loci that are linked with inversions on 
the third chromosome. And finally, polymorphic loci 
free from inversions show more differentiation in D. 

melanogaster than in D. pseudoobscura, and the reverse 
is true for the polymorphic loci associated with inver- 
sions. These data suggest that the eight West-Coast 
populations of D. melanogaster can be compared with 
the ten populations of D. pseudoobscura (i.e., excluding 
Guatemala and Bogota), and that the F,, based on all 
polymorphic loci in the former (Fst = 0.074) can be 
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O m o 5 1  0.04 

0 200 400 600 800 1000 1200 1400 1600 

DISTANCE IN MILES 
FIGURE 3 .-Regression of Nei genetic distance on geographic 

distance among populations. D. melanogaster (e): Y = 0.01 15 + 
0.158 ( X. D. pseudoobscura (0): (a) all populations-Y = 0.0077 
+ 0.065 X, (b) excluding Nelson Ranch, Colorado (top seven 
points)-Y = 0.0048 + 0.055 ( 10-4)X. T h e  data on D. pseudoobscura 
are taken from LEWONTIN (1974). 

compared with that based on the inversion-free poly- 
morphic loci in the latter (Fst = 0.031). The two sets 
of populations are not sympatric but, in terms of size, 
they come from comparable geographic regions of the 
respective species. On the basis of these data, popula- 
tions of D. melanogaster appear to be significantly more 
differentiated than those of D. pseudoobscura (Wilcox- 
on's two-sample test, P < 0.001). 

Long distance dispersal and population differen- 
tiation between different continents: Since a number 
of gene loci have shown parallel (between continents 
from the northern hemisphere) or complementary 
(between continents from the northern and southern 
hemispheres) latitudinal clines in D. melanogaster (see 
SINGH, HICKEY and DAVID 1982, and the references 
therein), it is of interest to know if the clines on 
different continents are really independent. One can 
argue that latitudinal clines have appeared in one 
continent and extensive long distance migration is 
responsible for their appearance in different conti- 
nents. (Note that this explanation would not apply to 
complementary clines observed in the northern and 
southern hemispheres.) The basis for this suggestion 
is the commensal nature of D.  melanogaster and its 
implication for extensive man-made migration be- 
tween continents. This criticism applies even if we do 
not talk about latitudinal clines and limit our discus- 
sion to the fact that temperate populations from dif- 
ferent continents are more similar to each other and 
the same is true, but not nearly so, for the tropical 
populations (SINGH, HICKEY and DAVID 1982). An 
unambiguous way to show that populations are genet- 
ically isolated from each other would be to find gene 
loci which are fixed for different alleles or have high 
frequency private alleles. Because D. melanogaster is 
characterized by high gene flow (COYNE et al. 1982; 
SLATKIN 198 1 ; and this study) it is not surprising that 
even high frequency private alleles do not occur 

among populations from the same continents, let alone 
alternate fixation. But what about populations from 
dgerent continents? 

Of 11 7 gene loci surveyed in D. melanogaster, 61 
were found to be polymorphic (R. S. SINGH and L. R. 
RHOMBERG, unpublished data); and only one of these 
polymorphic loci is differentiated enough that its ma- 
jor alleles can provide information about gene flow 
between continents. The 6-PGD locus is polymorphic 
for two major alleles (slow and fast) in populations 
samples from North America but is essentially mono- 
morphic in all populations sampled from Europe, 
Africa and Central Asia (Table 5) .  The slow allele is 
quite common in North America (42%) but very rare 
(1 % or less) in Europe and Africa. An absolute differ- 
ence (two standard deviations) in allele frequency of 
about 40% between North America and Europe 
would translate into an Nm estimate of about 0.75 per 
generation (LEWONTIN 1974). This calculation as- 
sumes selective neutrality which may be unjustified in 
this case. But  in any case the estimate of N m ,  based 
on differentiation of common alleles between two 
continents, is not too different from those based on 
rare alleles in three East Asian (Nm = 1.09, Table 1) 
or nine global populations (Nm = 1.43, Table 1). 
Considering the difference in the number of popula- 
tions involved in the estimation, the various estimates 
of Nm appear to be consistent with each other. 

DISCUSSION 

The advantage of the analysis of rare alleles is that 
it allows independent estimation of gene flow rates 
and of population structure from the same data set. 
Thus, one can ask whether geographic differentiation 
is greater than migration would be expected to allow 
for common alleles. Inferring gene flow from all genic 
variation does not permit this comparison. 

Two important results emerge from the present 
study. First, the frequency distribution of private al- 
leles suggests that geographic populations of D. melan- 
ogaster experience an extensive amount of gene flow. 
This result agrees with the high long distance dispersal 
rate recently reported in this species (COYNE et al. 
1982). Second, the geographic populations of D. me- 
lanogaster show more genetic differentiation than 
comparable populations of D. pseudoobscura (Figure 3 
and Table 6). The significance of these results with 
regard to the neutral-selection hypotheses of genetic 
variation will be discussed elsewhere with the com- 
plete data set on this species (R. S. SINGH and L. R. 
RHOMBERG, unpublished data). Here we limit our 
discussion to the reliability of the Nm estimates and 
their implication for population structure, and to the 
resolution of the apparent contradiction between D. 
melanogaster and D. pseudoobscura regarding their sim- 
ilar dispersal rates but different population structure. 

How reliable are the estimates of Nm from rare 
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TABLE 5 

Frequency of alternate alleles, heterozygosity ( H )  and number of strains examined (N) for 6-phosphogluconate dehydrogenase in 
worldwide populations of D. melanogastef 

Allele 

Popu la t io t i b  

A’orth America- West Coast 
Port Coquitlam, British Columbia (1 98 1) 
Carnation, Washington (1 981) 
Portland, Oregon (1978-1 979) 
Medford, Oregon (1 98 1 ) 
Sonorna, California ( 1  979) 
Hamilton City, California (1981) 
Fresno, California (1981) 
El Rio, California (1982) 
Lakeside, California ( 1  98 1) 

Ottawa, Ontario ( 1  978) 
Hamilton, Ontario (1978) 
Syracuse, New York (1  966) 
Syracuse, New York (1968) 
Cardiff, New York (1 968) 
Lafayette, New York (1968) 
S.  Lancaster, Massachusetts (1 961) 
Ainherst, Massachusetts (1966) 
Amherst, Massachusetts 
Painsville, Ohio (1966) 
Mt. Sterling, Ohio (1 966) 
Mammoth Cave, Kentucky (1966) 
Red Top  Mt., Georgia (1966) 
Oxford, North Carolina ( 1  966) 
Manning, South Carolina (1 966) 
Collier Park, Florida (1967) 
Miami, Florida (1982) 
Brownsvi I le, Texas 

South America: 
Argentina (1980) 

Europe and Africa: 
Sweden ( 1  969) 
Covent Garden, London (1980) 
Ukraine (1966-1978) 
Santiago, Spain (1 98 1) 
L’alencia, Spain (1  98 1) 
France (1 978) 
Guimar, Canary Islands 
Fernan-Nunej, Spain 
Benin (1978) 
Kaduna, Nigeria 
Central Africa (1 978) 

Tashkent, Uibek (1977) 
Varanasi, India (1  983) 

Far East, South-East Asia 
Japan (1  980) 
Korea (1978-1979) 
Taiwan (197 1-1 977) 
Vietnam (1978) 
Australia (1  980) 

North America-East Coast 

(“entral and South Asia: 

I 

0.047 

0.012 

2 

0.353 
0.500 
0.182 
0.21 1 
0.125 
0.325 
0.250 
0.259 
0.206 

0.286 
0.238 
0.38 
0.27 
0.07 
0.19 
0.50 
0.42 
0.596 
0.25 
0.47 
0.50 
0.78 
1 .00 
1 .oo 
0.50 
0.520 
0.472 

0.100 
0.044 

0.0 12 

0.052 

0.105 
0.159 

3 4 5 H N 

0.647 
0.500 
0.591 
0.789 
0.875 
0.650 
0.750 
0.725 
0.794 

0.667 
0.762 
0.62 
0.73 
0.93 
0.81 
0.50 
0.58 
0.404 
0.75 
0.53 
0.50 
0.22 

0.50 
0.480 
0.528 

1.000 

0.900 
0.927 
1.000 
0.945 
1.000 
1.000 
0.949 
0.976 
1.000 
1.000 
1.000 

1 .oo 
1 .00 

1 .oo 
0.948 
1.000 
0.895 
0.841 

0.227 

0.025 

0.016 

0.029 

0.055 

0.038 

0.456 
0.500 
0.566 
0.331 
0.219 
0.474 
0.375 
0.407 
0.327 

0.471 
0.363 
0.471 
0.394 
0.130 
0.308 
0.500 
0.487 
0.481 
0.375 
0.498 
0.500 
0.343 

0 
0 

0.500 
0.499 
0.498 

0 

0.180 
0.138 

0 
0.104 

0 
0 

0.013 0.098 
0.047 

0 
0 
0 

0 
0 

0 
0.098 

0 
0.188 
0.267 

17 
20 
11 
19 
16 
20 
20 
20 
17 

20 
40 

8 
30 
36 
30 
8 

20 
30 
12 
12 
12 
12 
5 
7 
6 

20 
30 

9 

10 
34 
10 
9 
7 

20 
80 
80 
28 

17 

11 
10 

10 
29 
26 
20 
26 

a Source of data: O’BRIEN and MACINTYRE (1969, BERCER (1970), G O N Z ~ L E Z  et al. (1982), SINGH, HICKEY and DAVID (1982), and present 

’ When available, the year of population collection is given in parentheses. 
investigation. 

alleles? I t  is a common feature of allozyme variation 
in D. melanogaster, and in fact in most Drosophila 
species, that rare alleles tend to be shared among 
populations. Even if we accept that most allozyme 

variants are neutral, it need not necessarily be true 
for the rare alleles. If  alleles were rare because they 
were being selected against, then the estimate of Nm 
from rare alleles would be biased upward (SLATKIN 
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TABLE 6 

A comparison of mean fixation indices (F,t) among geographic populations of D. melanogaster and D. pseudoobscura" 

32 1 

D. melanogaster D. pseudoo bscura 

Types of loci 
8 West-Coast 9 Worldwide 
populations populations 12 Populations 10 Populations' 

~~ 

0.299 (4) 0.076 (10) 0.031 ( I O )  Polymorphic loci, free from inversionsd 
Polymorphic loci, associated with inversions' 0.057 (3) 0.182 (12) 0.375 (3) 0.171 (3) 

0.145 (13) 0.063 (1 3) All polymorphic loci 0.074 (17) '0.169 (61) 
All loci 0.063 (20) ~ 0.089 (117) 0.078 (24) 0.034 (24) 

0.073 (2) 

Number of loci studied are given in parentheses. 
Data from LEWONTIN (1974). 
Excluding Guatemala and Bogota populations. 
Sex-linked loci in D. melanogaster, and all except third chromosome loci in D. pseudoobscura. 

e Third chromosome loci in D. pseudoobscura, and loci residing inside inversions on the second and third chromosomes in D. melanogaster. 

1985). This does not appear to be the case as the 
estimate of N m  from the 6-PGD data, which is of 
course only one locus, is not all that different from 
the estimates based on rare alleles. Here it must be 
pointed out that the gene flow estimate of even one 
migrant per generation, as the 6-PGD data suggest, 
applies to dispersal between continents. For popula- 
tions from different continents to be able to share 
even one migrant per generation would mean that 
gene flow among populations from the same conti- 
nents must be very high. The estimates of gene flow 
given in Table 1 support this conclusion. Since geo- 
graphic differentiation is more sensitive to local dis- 
persal and rather insensitive to occasional long dis- 
tance dispersal (LEWONTIN 1974), it is this seemingly 
high rate of gene flow among local populations that 
has to be reconciled with the high geographic differ- 
entiation observed in this species. 

Inference of high gene flow among local popula- 
tions from estimates of gene flow among geographi- 
cally distant populations would be correct only if 
dispersal distances of individual organisms from their 
native sources followed a normal distribution. If it can 
be shown that Drosophila flies have a low dispersal 
rate in favorable habitats (DOBZHANSKY and POWELL 
1974; DOBZHANSKY and WRIGHT 1943, 1947; WAL- 
LACE 1970) but occasionally engage in long distance 
dispersal in response to high density or unfavorable 
conditions (JONES et al. 198 1; COYNE et al. 1982), then 
the dispersal distances would follow a markedly lep- 
tokurtic distribution and the actual amount of local 
gene exchange would be much less than what would 
be predicted from the long distance dispersal rates. 
All release-recapture experiments suggest that migra- 
tion behavior bf Drosophila follows a leptokurtic pat- 
tern (DOBZHANSKY 1973). But the above considera- 
tion would have an effect only if long distance migra- 
tion was very limited, which is not the case in the 
present analysis. 

Finally, how do we reconcile the fact that D. melan- 
ogaster and D. pseudoobscura show similar long distance 
dispersal rates but different levels of geographic dif- 

ferentiation? The main purpose of studying the West- 
Coast populations was to see whether populations of 
D. melanogaster show more genetic differentiation 
than comparable populations of D. pseudoobscura. One 
could argue that the similar long distance dispersal 
rates observed in the capture-release-recapture exper- 
iments do not reflect the real life situations, and D. 
melanogaster shows more geographic differentiation 
because it probably has a lower dispersal rate than D. 
pseudoobscura. While earlier studies with laboratory 
strains indeed suggested such a difference in dispersal 
rates (see review in DOBZHANSKY 1973), recent data 
do not support this. The plot of conditional average 
allele frequency (Figure 2) for these species seems to 
agree remarkably well with their similar long distance 
dispersal rates observed in nature. On the basis of 
rare alleles, SLATKIN (1985) estimated N m  = 1 .O in D. 
pseudoobscura. These independent and very different 
methods of estimating gene flow, one based on actual 
dispersal rate and the other based on spatial distribu- 
tion of rare alleles, are giving similar results. If we 
were looking for different levels of dispersal rates in 
these two species, it would be easier to argue for 
higher rates in D. melanogaster. The estimates of gene 
flow presented in Table 1 come from more widely 
separated populations than those of D. pseudoobscura 
and yet they are slightly higher than the rate in D. 
pseudoobscura. On the basis of these estimates the 
geographic populations of D. pseudoobscura are clearly 
much less differentiated than expected. So the answer 
for the difference in the level of geographic differen- 
tiation between these species must lie elsewhere. 

We think that the answer may lie in a fundamental 
difference in their ecological habitats. D. pseudoob- 
scura occupies a natural habitat while D. melanogaster 
is commensal, and this may be the basis for the differ- 
ence in their population structure. D. melanogaster is 
probably more exposed to environmental selection 
pressure and has utilized its genetic variation potential 
to adapt to varying environmental conditions. On the 
other hand D. pseudoobscura, in spite of occupying 
apparently a variety of habitats UONES et al. 1981), 
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may be minimizing the effect of environmental selec- 
tion pressure by choosing its microhabitat (POWELL et 
al. 1984). If this were the case, it would be reasonable 
to conclude that migration in combination with habi- 
tat selection rather than migration alone is responsible 
for the geographic uniformity of allozyme variation 
observed in D. pseudoobscura (LEWONTIN 1974). This 
conclusion needs to be tested with sympatric popula- 
tions of these species. 
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