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ABSTRACT 

Gene frequency variation at eight polymorphic allozyme loci in Drosophila 
meianogaster populations in North Carolina and the east coast of the United 
States were analyzed utilizing the variance component estimation procedures 
suggested by COCKERHAM (1969, 1973). These variance components were used 
to estimate correlations of genes within small geographic regions. The average 
(over loci) correlation between genes in the same individual within subpopu- 
lations was estimated to be 0.033. That between genes in the same subpopula- 
tion in different individuals was estimated to be very small, although signifi- 
cantly different from zero. The macrogeographic variation measured by the 
correlation of genes sampled from the same local region was large for some 
loci and smaller for others. This variation was also analyzed by correlation 
with latitude and longitude. Several previously recognized clines were iden- 
tified as were several new clines.-These results were interpreted as indicating 
either some degree of nonrandom mating and locel breeding unit isolation or  
a low frequency of null alleles. The geographic and temporal variation has 
no simple interpretation. 

nature of population structure in Drosophila and especially in D. melano- 
T:Etei- bears indirectly on many facets of population genetics. We report 
here a detailed analysis of allozyme frequencies at eight loci (Est-C, Est-6, Adh, 
aGpdh, Acph, Odh, Mdh, Pgm) in over one hundred population samples. The 
structure that we have detected is presented in terms of correlations between 
genes, based on estimated variance components. 

Consider a hierarchy of subpopulations: subpopulations grouped into regions 
and regions forming the total. As suggested by COCKERHAM (1969,1973), let one 
allele take the value 1 and its alternative allele take the value 0. Then there are 
gene frequencies in the individual (0, 0.5, o r  l ) ,  in the subpopulations, in the 
regions, and in the total. There are also variances in these frequencies. COCKER- 
HAM (1969, 1973) showed that the variation in gene frequency could be divided 
into components. U: is the component attributable to variation in genes within 
individuals. is the component attributable to variation among individuals 
within subpopulations. U:, is that component due to gene variation among sub- 
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populations and ui3 due to variation among regions. Straightforward statistical 
analysis gives adequate estimates of these components and procedures for testing 
their significance ( COCKERHAM 1973). Intraclass correlations associated with 
these components were shown to have correspondence to the earlier measures of 
relatedness of genes and individuals (COCKERHAM 1969, 1973). I t  is these corre- 
lations that we report. 

The correlation we report is f l ,  the correlation between genes within indi- 
viduals within subpopulations; F ,  the correlation between genes within subpopu- 
lations; fi, the correlation of genes in different individuals within subpopulations 
within regions; and 02, the correlation of genes between subpopulations in the 
same region. These correlations reflect the relatedness of genes in different levels 
of the hierarchy. 

METHODS 

The D. melanogaster were collected in the years 1970 through 1973. Collection sites were 
over much of the eastern part of the United States. As Figure 1 shows, most of the sampling 
was in North Carolina. The collection procedure is described in JOHNSON and BURROWS (1976). 
In most instances banana traps were sampled for several consecutive days, but never for more 
than a week. Since the sampling was not done with a hierarchical type of study in mind, the 
distribution of samples in time and space is not as uniform as one would like. The samples 
fall into natural geographic clusters, as shown in Figure 1. Each sample has been assigned the 
location of the nearest city or town to two decimal places of degree longitude and latitude. 
These assignments are referred to as “regions” throughout this text. “Subpopulations” are indi- 
vidual collections within “regions.” Thus, subpopulations from the same region may have been 
collected hundreds of meters apart in the same week or kilometers apart in different years. 
Although more subpopulations were actually collected, we have utilized in our analysis only 
those subpopulations with fifty or more individuals scored for a particular locus. Thus, the num- 
ber of subpopulations for the eight loci are different. A preliminary test of homogeneity of 
subpopulations from the same region and time showed that only one set of subpopulations could 
be pooled (Edenton, N.C., 1972). These were pooled; all other subpopulations constitute single 
collections. A listing of the data is available upon request. 

Our analysis deals with the most frequent allole at each locus. All the loci have one pre- 
dominant allele. Analysis of multiple alleles would complicate the procedure and contribute 
relatively little information because of small frequencies and sample sizes. 

Besides the natural population collections, we have also analyzed data from a population 
cage and collections made indoors. The cage population was founded in 1972 with over 250 
recently collected isofemale lines from Florida. It was maintained with discrete generations on 
the usual North Carolina State University media at 25”. The indoor collections came from 
sweet potato warehouses, pickle and vinegar factories, and a produce market in North Carolina. 

The allozymic scoring was done utilizing starch gel electrophoresis and various histochemical 
stains. These techniques can be accessed through JOHNSON and SCHAFFER (1973). 

COCKERHAM (1973) suggested four statistical methods for the analysis of gene frequencies 
in a hierarchically structured population. These are average symmetrical products, average 
symmetrical squared differences, the analysis of variance (ANOVA), and a corresponding chi- 
square analysis. The method suggested as best, when the variances between samples and between 
higher levels of the heirarchy are relatively small, was the weighted analysis of variance. Our 
estimates are based on such a procedure. 

Following COCKERHAM’S general model, variance components of gene frequencies were 
estimated: 

ui3 = the variance component attributable to differences in regions. 
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FIGURE 1.-Area of circles represents relative number of samples from that locality with 
the smallest circle in each map representing one sample. Circles within circles indicate two 
collections from slightly different localities. Figure l a  (left) is North Carolina divided into three 
sections-east, central, and west as used in the analysis of variance. Figure I b  (right) represents 
the east coast and includes two samples from North Carolina. 

U& = the variance component attributable to differences in subpopulations 
in regions. 

uEl = the variance component attributable to differences in individuals in 
subpopulations. 

U: = the variance component attributable to differences in alleles in 
individuals. 

Using our estimated variance components calculated from the expected mean 
squares, we then compute: 

fl  = uil / ( uE1 4- U:) ; the correlation between genes within individuals 
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within subpopulations which is analogous to WRIGHT’S FIs 
(WRIGHT 1951). This intraclass correlation, unlike the others we 
estimate, may legitimately take on negative values. 

F = ( uE1 + uEZ + U:,) /a2; the intraclass correlation of genes within sub- 
populations, analogous to WRIGHT’S FIT ( WRIGHT 195 1 ). 

O1 = ( uiz  4 U:, ) /a2; the intraclass Correlation of genes between indi- 
viduals in the same subpopulation. 

O2 1 ui3/uZ; the intraclass correlation of genes between subpopulations 
in the same region. 

fz = (T:~/(u~ - ; the intraclass correlation of genes in different indi- 
viduals within subpopulations within regions, that is: 

f z  = (01 - 0 2 ) / ( 1  - 0 2 )  

In some parts of our analysis we have considered a less structured situation. 
This case will be referred to as the “reduced model”. This analysis assumes a 
single region, i.e., only variance components U;, uil, and U& are estimated. In 
this reduced model, o2 is assumed to be zero. 

Besides the ANOVA, we also compute chi-square values as suggested by 
COCKERHAM (1973). These give us a test of the significance of our estimates 
obtained from the ANOVA. The chi-square values are as follows: 

Test of fl=O. We compute x ; ~  with 1 degree of freedom. 
Test of all fz j=O,  where f z j  is the single subpopulation parameter for  the corre- 

lation of genes within individuals within subpopulations (see COCKERHAM 1973). 
We compute x2tota, with M degrees of freedom. 

Test of all f z j  = fl, that is, that the variance of f l  is not significant. We com- 
pute xz = xtota, - xz with M-1 degrees of freedom. 

Test of fz=O for the general model o r  0,=0 for our reduced model. We com- 
pute x; or x2 with M-1 degrees of freedom. 

Test of 0,=0 for the general model is x2 with Z-1 degree of freedom. 
Besides the ANOVA and chi-square statistics, we also computed linear and 

rank correlations between gene frequencies and scalers (temporal and spatial). 
These procedures can be found in many textbooks on statistical methods. 

fl fl 

f 2  

8% 

RESULTS 

Analysis of uariance 
Our first analysis is of the more than 100 samples from North Carolina. We 

structured the analysis in various ways so that possible relationships or incon- 
sistencies might become more apparent. 

In  Table 1 is an analysis of the North Carolina data with our highest level in 
the ANOVA being regions (longitude-latitude). Note that ml in this table is the 
number of regions, N t  is the total number of flies, is the average number per 
subpopulation (sample), and si is the variance of the number of individuals per 
subpopulation. At the right margin of this and following ANOVA tables are the 
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means and variances across loci of f l ,  f 2 ,  e2 and F. (The statistical significance 
indicated is determined for the summed chi-squares (across loci) rather than the 
mean itself.) We can see in Table 1 that six out of the the eight loci have signifi- 
cant oZ values. The mean oZ over loci is 0.0004. The summed x 2  is highly 
significant. f 2  is the intraclass correlation of genes in different individuals within 
subpopulations within regions and is significant for all loci. Note that f 2  is ten 
times larger than 6,. The correlation of gene frequencies within subpopulations 
is much larger than that between subpopulations within regions. In  absolute 
value our variance among subpopulations is small but definitely larger than that 
expected from simple binomial sampling. 

From Table 1, we see the fl values are mostly positive (seven out of eight) and 
five of these are significant. The average f l  is significantly different from zero 
(T1=o.033). The same five loci have significant variances of fl  as shown by their 
x 2  /df. (This variance of f l  suggests that it would be difficult to get a good esti- 

fl 

mate of f l  with a small number of samples.) Note the high fl  values (see below). 
These results clearly indicate an overall discrepancy from the expectation for the 
Hardy-Weinberg model in favor of too many homozygotes. 

The bottom of Table 1 breaks down the data into Raleigh samples uersus the 
rest of the state. This is a logical subdivision as about 25% of the samples in 
North Carolina are from Raleigh. This also allows us to study in more detail the 
changes that take place in one locality. Our o1 is the correlation of genes in 
different individuals within subpopulations (reduced model). The o1 values for 
within Raleigh are as statistically significant as those not in Raleigh, but do 
appear to be more than twice as large. There seems to be a general consistency 
between “Raleigh” and “not Raleigh” for the fl  values, with one exception. The 
fl estimate for Adh is 0.0495 in “Raleigh” uersus 0.0057 in “not Raleigh”. Note 
the consistency in the Acph f l  for “Raleigh” uersus “not Raleigh” samples 
(0.1346 uersus 0.1108). 

In  all of these analyses the subpopulations within a region were often sampled 
in different months in several different years. This raises the question as to what 
effect there is of time. Table 2 shows the average (over loci) of ez (years) and f 2  

(subpopulations in years) for western, central and eastern North Carolina and 
for the entire state. In all cases the o2 values are significant, i.e., there is signifi- 
cant variation in gene frequencies from year to year within the three divisions of 
the state. Also, Table 2 gives the gene frequencies for years and their estimated 
standard errors from the analysis of variance. Negative values for standard 
errors reflect their smallness and the fact that these are estimates based on 
expected mean squares. In  general, there are significant differences between 
years in these three divisions of the state. An examination of yearly gene fre- 
quencies in Table 2 indicates that some of these changes may be directional. 
Later we will show by correlation analysis that this is true. 

In order to see how much of the variance between subpopulations within 
regions is between subpopulations at any one time (collections from the same 
longitude, latitude, and time), a further analysis was made (Table 3 ) .  The 

8.2 
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TABLE 3 

Comparisons of correlations within concurrent subpopulations with that within 
subpopulations in regions 

rvGdph Mdh Adh Est-6 P g m  Est-C Odh Acph 

Concurrent 
subpopulations 0.0026 0.004.3 0.0018 0.0027 0.0033 0.0059 0.0026 0.0084 

Subpopulations 
in regions 0.0024 0.0058 0.0015 0.0048 0.0024 0.0053 0.0025 0.0071 

intraclass correlation for concurrent subpopulations is compared with that for 
all subpopulations in region. We see that the average over loci for concurrent 
collections is about the same as that for all subpopulations in a region. This 
suggests that most of the variance among subpopulations within regions is 
between concurrent collections. The samples are clearly differentiated within 
regions at any one time although the magnitude of this difference is small. 

We would like to know if the values of the estimates we obtained in North 
Carolina are typical of D. melunoguster along the East Coast. Table 4 is an anal- 
ysis of collections from Florida and up the coast to Maine, including two of the 
North Carolina samples. The reduced model was applied. Seven out of eight 

values are significant. Of the four significant f l  values, three of these (Est-&, 
Est-C, and Acph) were also significant in North Carolina. If we look at the 
estimates of f l  for those states north of North Carolina and those south of North 
Carolina (bottom of Table 4), we find that the southern subpopulations appear 
to have larger fl  values. There may be a difference between the northern and 
southern states for  Adh (fl = 0.0336 versus f l  = 0.0487). Note that for fl for 
Acph is significant in the southern states (f l  = 0.1073) but not significant in the 
north ( f l  = 0.0034). 

We have two different collections left for study. These are indoor collections 
and the cage samples. JOHNSON and BURROWS (1976) analyzed Adh gene fre- 
quencies for samples from warehouses, factories, and a Farmer’s Market, all in 
North Carolina. We applied the analysis of variance for the reduced model to 
these collections (Table 5 )  for all eight loci, and found only one f l  significant 
(0.1044 for Acph). Perhaps this is because of the smaller number of subpopula- 
tions. All the O1 values are significant, which is not surprising for samples from 
such diverse sources. However, the overall similarity in frequencies and the f l  
value for Acph suggest little differentiation of these populations from the sur- 
rounding natural populations. 

We would like to compare cages with natural populations. JOHNSON had set 
up a cage from Miami collections (December 1972) and Table 6 shows the 
analysis for five samples starting in May 1973 and continuing through January 
1974. From these we find little evidence of inbreeding, but a great deal of 
evidence that gene frequencies are changing (0, = 0.0380; f=  0.0106). 
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TABLE 7a 

North Carolina collections: linear correlations 

Latitude 
Longitude 
Month 
- Raleigh 
-not Raleigh 

- Raleigh 
- not Raleigh 

Time 

aGdph 

-0.26' 
-0.09 
+O.Ol 
-0.02 
-0.06 
+0.29* 
+0.44* 
+0.08 

Mdh 

$0.1 1 

$0.01 
-0.08 
-0.012 
+0.20* 
+0.45* 

+0.13 

-0.07 

A d h  

-0.25* 
+0.03 

+0.17* 

+0.26* 
+0.31 

+0.21* 

+o.20 

+0.21 

Est-6 

$0.14 
+0.32* 
-0 .11  
$0.06 
-0.23 * 
-0.14 
+0.23 
-0.44* 

Pgm 

+O.Ol 
-0.12 
-0.03 
-0.25 
+0.03 
+0.05 
3-0.22 
3-0.02 

Est-C 

+0.10 
+0.05 

+0.13 
-0.0 7 

-0.07 
-0.53* 
-0.39* 
-0.56* 

O d h  

-0.04 
+0.03 
$0.13 
-0.04 
+0.13 
$0.02 
3.0.19 
-0.13 

A c p h  

+o.oz 

+O.Ol 

-0.22* 
-0.M 

-0.07 
+0.25* 
+0.46* 
$0.14 

~ ~ ~~ 

Time = month + 12x (year-1970). 
* P 5 0.05. 

Linear and rank correlation analysis 
Correlations between gene frequencies and latitude for the East Coast collec- 

tions were reported earlier by JOHNSON and SCHAFFER (1973). For the North 
Carolina samples we applied both rank and linear correlation analysis to investi- 
gate the relationship between gene frequencies and scalars (latitude, longitude, 
month in year, and months over years). Table 7a and 7b give the linear and 
rank correlations respectively. Note that the two methods give overall similar 
results, even though one assumes normality and the other method (Kendall's 
rank correlation analysis) does not assume normality. We see that A d h  has a 
definite cline with latitude, and Est-C and aGpdh also have probable clines with 
latitude. This is in agreement with the East Coast clines reported by JOHNSON 
and SCHAFFER (1973). Est-6 has a strong longitudinal cline and to a lesser extent 
a latitudinal cline. Acph exhibits an apparent longitudinal cline, as does aGpdh. 

Temporal correlation suggests A d h  has a seasonal (monthly) change not gen- 
erally shown by any of the other loci. This was suggested by JOHNSON and 
BURROWS (1976) utilizing part of these data. The Est-6 monthly change may be 
due to a seasonal effect not seen in Raleigh, or it is due to some inadvertent bias 

TABLE 7b 

North Carolina collections: rank correlations 

aGduh 

Latitude 
Longitude 
Month 
- Raleigh 
- not Raleigh 

- Raleigh 
- not Raleigh 

Time 

-0.13 
-0.14* 
-0.03 
-0.13 
-0.03 
+0.15* 
+0.32* 
+O.lO 

Mdh 

3-0.05 
3-0.03 
-0.01 
-0.20 
3.0.00 
+O.lO 
+0.34* 
-0.01 

A d h  

-0.20* 
3.0.01 
+0.15* 
3-0.10 
+0.16* 
+0.23* 
3-0.32' 
+0.18* 

Est-6 

+0.14* 
+0.15* 
-0.08 
-0.0'1 
-0.14 
-0.17* 
+0.13 
-0.30* 

P g m  

+ O B 2  
-0.018 
-0.04 
-0.17 
+0.02 
+0.02 
1-0.07 
-0.03 

Est-C 

3-0.16' 
3-0.01 
-0.05 
-0.14 
-0.06 
-0.33* 
-0.26 
-0.36* 

Odh 

-0.06 
-0.01 
3-0.09 
3-0.03 
+0.08 
+0.02 
+0.15 
-0.06 

A c p h  
~ 

3-0.03 
-0.11 
-0.05 
-0.18 
-0.02 
+0.13 
+0.39* 
3-0.11 

* P 5 0.05. 
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in sampling since Est-6 does show a geographic cline. Gene frequencies change 
definitely with months over years (time) as shown by the Raleigh data and 
also by the analysis of variance (Table 3).  Some of these seasonal and yearly 
changes may be locality-specific. 

I t  is especially interesting to note that aGpdh, Mdh,  and Adh show simultane- 
ous increase in frequency with time. These three loci are all linked in the left 
arm of chromosome two. The overall results in this table suggest significant 
associations between gene frequencies and scalar quantities. The geographic 
clines are slight but significant and several are well established from previous 
studies. 

Population sizes vary substantially with season and latitude, i.e., average 
iemperature or some related climatic variables. If the observed deficiency of 
heterozygotes were due solely to the finite sizes of random breeding populations, 
the fl  values would be expected to correlate negatively with population sizes. 
Contrary to this, we observed higher f l  values in the southern subpopulations 
from along the East Coast. We also examined the North Carolina samples for 
correlation of f l  with season since local population sizes appear much smaller 
in the spring and seem to peak in the fall. No significant correlations or patterns 
were observed in the analysis (not shown). 

DISCUSSION 

The results of this study are fundamentally descriptive. Much of what is 
imderstood about the genetic variation of natural populations is based on observa- 
tions from Drosophila. It is from this view that we examined the genetic struc- 
ture of the D. melanogaster pcpulations through allozyme frequencies. Beyond 
the primary task of description, we also attempted to address specific questions 
when the opportunity presented itself. 

The data in this study were not collected with the study of hierarchial popula- 
tion structure in mind. Sampling was neither stratified nor random with respect 
to geography and time. Since these collections fall into natural sets. such as 
regions or years, the hierarchial analysis suggested by COCKERHAM (1969,1973) 
is appropriate. Interpretation of the various correlations is always ambiguous 
unless complete historical and demographic information is available. But these 
correlations do reflect the relatedness of genes. The actual causal forces that 
shaped the pedigrees reflected in the correlations can not be discerned. All that 
can be stated are the estimates of correlations and their interpretation as crude 
measures of relatedness. 

The collections used in this study were flies collected in several traps (meters 
apart) during a period of several days. The individuals must represent a group 
that had the potential to interbreed although the presence of the trap may have 
introduced artificial congregation. We can think of the collection as a sample 
from a subpopulation that has some particular history of mating. This mating 
structure may or may not have been random. The correlation of allelic genes 
within individuals is a measure of the inbreeding that took place in the previous 
generations. We are, of course, neglecting the role of selection for the time being. 
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The correlations within individuals ( f l )  we observed indicates some amount of 
apparent inbreeding: mean f l  = 0.033. If this observed fl  were due wholly to 
inbreeding, a question arises with respect to the population genetics of recessive 
lethals. In the theoretical formulations for the expected chromosomal frequency 
of recessive lethals, Q, the heterozygous effect on fitness, h and the amount of 
inbreeding f add together: Q = U/(h+f) where U is the chromosomal recessive 
lethal mutation rate (CROW and KIMURA 1970). This value is insensitive to 
population size when ( h f f )  2 2 U as in this case (CROW and KIMURA 1970). 
In their review of the literature on recessive lethal frequencies and mutation 
rates, CROW and TEMIN (1964) estimated h. They assumed that f was zero and 
that the decrement in frequency of recessive lethals from the expected square 
root of the mutation rate was wholly due to the heterozygous deleterious effects. 
They cited the study of HIRAIZUMI and CROW (1960) in which h was directly 
estaimated to be 0.01. All these earlier observations complement each other to 
form a plausible picture where the theoretical predictions and experimental 
observations concur. Our observation calls this concordance into question. CROW 
and TEMIN (1964), and indeed many others, have assumed no inbreeding in 
natural populations of D. melanogaster. If f l  = 0.033 is substituted into the 
formula then h is close to zero, given the observed Q and U per chromosome. 
Thus there is some inconsistency generated by our results; h and f can not both 
be equal to 0.03 within the framework of the theory and the observed mutation 
frequencies and rates. 

This apparent inconsistency has several potential resolutions. The first may 
be that the simplistic model of independent of loci in mutation and fitness effects 
is incorrect. A second potential resolution may lie in the selective effects of 
allozymes or closely linked loci. CHRISTIANSEN. FRYDENBERG and SIMONSEN 
(1 973) have observed an excess of homozygotes at an allozyme locus in natural 
populations of the eel pout (a fish). Their analysis ruled out nonrandom mating 
or other population structure effects as the source. They concluded that under- 
dominant natural selection was operating. The result presented here may be 
interpreted as evidence of selection favoring homozygotes. 

A third resolution might be the existence of low frequency null alleles at the 
allozyme loci we examined. Heterozygotes for such null alleles would be scored 
as homozygotes, thus elevating the frequency of homozygotes above expectation. 
Consider a three allele case: 

allozyme 1 has frequency = p 
allozyme 2 has frequency = q 
and the null allele has frequency = r. 

With f = 0 in the population we have a frequency of electrophoretic heterozy 
gotes of 2pq/(l--r2) and an expected frequency based on the sample allele 
frequencies [ p  = p / (  1-r) and q = q / (  1-r)] of 2pq/(l-r)*. Assuming that 
individuals homozygous for the null are ignored, we can calculate the relation- 
ship between the null allele frequency and the estimate of the within individual 
correlation, f = 2r/(  1 +r)  . For our mean value of TI = 0.033 the required fre- 
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quency of a null allele would be 0.017. This does not seem to us to be an unrea- 
sonably large value. Even the high Acph mean f l  value can be explained by a 
null frequency of 0.061. This would predict a null homozygote frequency of 
0.004. This frequency of individuals that gave no enzyme activity would go 
undetected in samples of the size in this study. 

SINGH (1976) has suggested that the frequency of nulls might indeed be lower 
for allozymes with single substrates, Group I, as compared to those with multiple 
substrates, Group I1 (see GILLESPIE and KOJIMA 1968 and GILLESPIE and 
LANGLEY 1974). Table 8 shows the mean (over loci and samples) of f l  for  Group 
I (aGpdh, Mdh, and Pgm) and Group 11. Group I1 shows definitely higher fl 
values than Group I, except for the cages. Even if we were to remove Acph, 
the means would remain in the same relative direction. Using the three largest 
independent collections (Raleigh, not Raleigh, and East Coast) we tested the 
significance of this trend using the Mann-Whitney U test. The pooled z scores 
from this test on the f l  values is significant ( P  I 0.02). 

If the fl  values are due to population structure, either in sampling or mating, 
we have two available interpretations. The first would be some form of positive 
assortative mating or inbreeding such that individuals of similar genotypes 
simply mate more frequently than expected. The second is that the samples 
represent subpopulations with internal subdivisions, “isolates” (COCKERHAM 
1973). In  this case the fl  values are the sums of the correlation of alleles within 
individuals and the correlation of alleles within isolates. It is difficult to rule 
out one or the other of these phenomena as the cause of the positive f l  values. 
The lack of any equivalent level of correlation at the higher levels of the hierar- 
chical structure suggests that the fl  values may represent a local mating struc- 
ture or very transient isolate formation. 

Much of the theory of population subdivision assumes constant migration 
patterns. It is quite likely that natural populations of Drosophila have seasonal 
variation in average migration as food availability varies and also substantial 
variance in migration distance per individual per generation. Since no appro- 
priate model is available, not to mention appropriate observations of migration, 

TABLE 8 

Comparison of Group I with Group I1 enzymes 

Group I Group I1 Mann-Whitney 
f statistics for Mean se Mean se U test 

North Carolina 0.0080 0.0108 0.0486 0.0174 
- Raleigh 0.0192 0.0019 0.0677 0.0171 P=0.018] 
- not Raleigh 0.0061 0.0128 0.0432 0.0182 P=0.098}P<0.0.2 

East Coast 0.0194 0.0061 0.0353 0.0104 P=O.l96J 
- North 0.0061 0.0047 0.0200 0.0156 
- South 0.0275 0.0053 0.0564 0.0152 

Indoors 0.0099 0.0058 0.0338 0.0187 
Miami cage 0.0234 0.0082 0.0024 0.0090 
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we must conclude that the correlations within individuals and within samples 
are not inconsistent with random drift and migration of neutral alleles. 

Most of the variation among samples is seen between samples from the same 
locality at any one time. This variation is not large in magnitude. There is not 
an obvious experimental source of such variation. Perhaps it can be interpreted 
as reflecting the magnitude of local population variation in frequency due either 
to simple drift or transient selection at  loci linked to allozyme loci. 

The variation in gene frequencies over North Carolina is also small. Never- 
theless clines can be detected. Some of these can be recognized as parts of well 
known latitudinal, continental clines (such as Adh and Est-C),  while others 
show longitudinal clines (Est-6 and Acph) that have not been previously reported. 
The role of polymorphic inversions in allozymic variation is not altogether clear. 
It may be that inversions cannot account for  much of the allotyme frequency 
variation (R. A. VOELKER and C. C. COCKERHAM, personal communication). 

We also found changes in gene frequency seasonally and with time (with 
successive months). Again the simplest interpretation may be seasonal variation 
in the frequency of In2Lt  to which AdhS is completely linked. The analysis in 
Table 2 indicated a clear year-to-year variation in gene frequencies at several 
loci and the correlation analyses in Tables 7a and 7b indicate some directional 
changes. Most interesting, perhaps, is the simultaneous increase of aGdph, Mdh, 
and Adh in the Raleigh area over the four year period. Since these three loci 
are frequently observed to be in linkage disequilibrium with In2Lt  such a con- 
certed change might be expected. The frequency of In2Lt  does appear to have 
increased in Raleigh during the period of this study (R. A. VOELKER, personal 
communication). 

Another type of cline and seasonal association we expected to detect was that 
with fl. If the correlation of alleles within individuals were at all associated with 
population size, we expected f l  to increase in the north and in the spring. This 
was not observed. Perhaps the positive fl  are due solely to null alleles. Alterna- 
tively we could admit we know even less than we had hoped about the natural 
history and demography of D. melanogaster. 

We included some data from indoor collections and a cage for comparison. 
The indoor collections are well within the range of frequencies observed in the 
surrounding natural populations. The f l  values do not appear to be any larger 
than those in natural populations. These indoor populations may have been 
recently established by migrants from the natural populations. 

The cage data are interesting in two ways. First the f l  values are not larger. 
if as large, as those in the population from which it was established. This sug- 
gests that inbreeding is not more common in the cage. Also we would expect rare 
nulls to be present in the cage if they are causing the positive f l  values in the 
natural populations. The cage does not look so different from the natural popula- 
tions on the sample level, i.e., the f l  values are not significantly different. But 
the variation in gene frequency still occurring after a year in the cage suggests 
considerable selection. This cage was founded from over 250 isofemale lines 
and maintained in. discrete generations without any obvious bottlenecks. The 



ALLOZYME FREQUENCY ANALYSIS 137 

most plausible explanation might be that there was considerable selection on 
the polymorphic inversions in the founding sample and the allozyme frequency 
changes reflect linkage disequilibria between allozymes and linked inversions. 
In  any case it suggests that newly established cages may not come to equilibrium 
rapidly and that considerable natural selection occurs during this process. 

The analysis of allozyme frequency variation in natural populations has not 
proven critical in resolving fundamental questions about the biological signifi- 
cance of this variation. The analysis reported here shows clearly that D. mel- 
anogaster is only slightly structured. Individuals appear to be mildly inbred. 
The source of the apparent inbreeding may be an error in classification due to 
null alleles. Geographic and temporal trends are apparent. The trends may be 
attributed to linkage disequilibria with polymorphic inversions or other closely 
linked and strongly selected polymorphic loci. 

We wish to thank DR. C. CLARK COCKERHAM and DR. BRUCE S. WEIR for  their helpful 
discussion and criticism. 
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