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ABSTRACT 
Gametic disequilibria between allozyme loci were related to spatial variation of the environment in 

caged populations of Drosophila melanogaster. Two experiments, one with flies collected at ‘Chateau 
Tahbilk,” South Australia, and the other with flies from “Groningen,” The Netherlands, were sampled 
at generations 16 and 32. Spatial variation of the environment was stimulated using three food media. 
Eight polymorphic allozyme loci were used to estimate gametic disequilibria from digenic combinations 
of allotypes. All populations were duplicated within an environment and maintained at about 2500 
adults. Standardized gametic disequilibria were compared by a weighted least squares analysis of the 
z-transformed statistical correlation of allele frequencies. Gametic disequilibria were strongly depend- 
ent upon food niche and food-niche interactions. The effects also varied with sampling time and were 
similar in duplicate populations. Gametic disequilibria were most often detected in the “Groningen”- 
derived populations and their strength was not strongly associated with recombination fraction. Many 
of the disequilibria concerned unlinked loci. The strength of selection was probably considerable and 
populations were evolving genetic architectures which reflected niche selection by the different foods 
without marked genetic isolation between foods; gene frequencies did not vary between niches within 
a population cage. 

HE experimental approach to genetical and en- T vironmental diversity in model populations of 
outbreeding organisms has largely been concerned 
with the analysis of conventional metrical characters 
(for example, BEARDMORE and LEVINE 1963; LONG 
1970; MACKAY 198 1)  or polymorphism at individual 
allozyme loci (POWELL 197 1 ; MCDONALD and AYALA 
1974; MINAWA and BIRLEY 1978; YAMAZAKI et al. 
1983; HALEY and BIRLEY 1983). Observations of 
changes in allele frequencies at allozyme loci have 
been attributed by some authors to natural selection 
(MINAWA and BIRLEY 1978; HALEY and BIRLEY 
1983), although they have not established that the 
loci under observation are themselves the primary 
target for natural selection. Such experiments also 
allow an analysis of gametic disequilibrium in relation 
to environmental diversity or variability. In principle, 
the response to natural selection will be related to 
selection coefficients at individual loci as well as any 
epistatic contributions they make to fitness. An anal- 
ysis of gametic disequilibrium is pertinent to our un- 
derstanding of the response to selection by varied 
environments since epistasis and any residual gametic 
disequilibrium in the model populations may invoke, 
through genetic hitchhiking, apparent selection a t  
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observed polymorphic loci. 
The extent of gametic disequilibrium in nature is 

unclear. Geographically diverse surveys show that ga- 
metic disequilibria in Drosophila species do not attain 
the substantial levels (see for example, LANGLEY, ITO 
and VOELKER 1977) predicted by some models of 
genome evolution with strong selection (LEWONTIN 
1974; FRANKLIN and LEWONTIN 1970). Caged popu- 
lations of Drosophila maintained in the laboratory 
have been found to support slightly higher levels of 
gametic disequilibrium, which is qualitatively in agree- 
ment with a past founder effect and/or the smaller 
maintained size of some laboratory populations 
(LANGLEY, SMITH and JOHNSON 1978; LAURIE-AHL- 
BERG and WEIR 1979). In contrast experimental stud- 
ies of some metrical characters support a genetic 
architecture with gametic disequilibrium which arises 
for example from nonadditive gene action in fitness 
(ROBERTSON 1954; KEARSEY and KOJIMA 1967; 
FRANKHAM 1969; KIDWELL 1969). Gametic disequilib- 
ria between functionally related allozyme loci (WEBS- 
TER 1973; LOUKAS and KRIMBAS 1975; ZOUROS and 
JOHNSON 1976) have been found in some species but  
not others. Hence the incidence of gametic disequilib- 
rium does not appear at present to follow any general 
rule. Moreover, even if gametic disequilibria were 
common between allozyme loci in natural populations, 
it would be inappropriate to conclude that they were 
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due to natural selection as, in general, we have little 
information of past population sizes and evolution. In 
addition, problems of statistical estimation, besides 
those related to sample size and allele frequencies 
(BROWN 1975), may affect the detection of gametic 
disequilibria. As with the detection of deviations from 
Hardy-Weinberg equilibrium due to selection at in- 
dividual loci, substantial levels of epistatic selection 
can result in very little apparent gametic disequilib- 
rium as judged by deviations of observed and expected 
gametic frequencies (LEWONTIN and COCKERHAM 
1959; GIESEL 1977; HASTINGS 198 1). 

Studies of temporal trajectories of gametic disequi- 
libria have been carried out with genetically contrived 
populations of Drosophila melanogaster. These studies, 
in population cages, have strongly implicated epistatic 
selection and have in some cases shown remarkably 
high rates of decay for gametic disequilibria. Indeed 
the rates of change of some gametic disequilibria were 
greater than those expected from neutral gene theory 
(CANNON 1963; CLEGC 1978; CLEGG, KIDWELL and 
KIDWELL 1978). In addition, the effects of selection 
were not uniformily distributed over the chromo- 
somal segments which were studied. Multiplicative 
gene interactions in fitness were extensive and their 
magnitude varied with the genetic background. In 
some instances the gametic disequilibria were appar- 
ently stable. 

Here we have investigated gametic disequilibria in 
populations of recent natural origin. They have been 
subjected to varying degrees of spatial variability in 
their environment. An analysis of the response of 
alleles at individual allozyme loci to environmental 
variation has been presented by HALEY and BIRLEY 
(1 983). The populations showed extensive changes of 
allele and allotype frequency over a period of 32 
generations. While duplicate populations maintained 
within the same environment were not always in good 
agreement, overriding effects of specific factors of the 
environment were detected, In the present study we 
have analyzed the extent of gametic disequilibrium 
between allozyme loci in relation to the defined factors 
in spatially varied environments. 

MATERIALS A N D  METHODS 

Populations and experimental design: Details of the 
populations, their establishment, maintenance, experi.men- 
tal design and spatially varied environments are given by 
HALEY and BIRLEY (1983) and are only summarized here. 
T h e  populations “Chateau Tahbilk” and “Groningen” orig- 
inated in South Australia and T h e  Netherlands, respec- 
tively, and the population cages used maintained an adult 
size of 2000+ throughout the experiment. Three types of 
food were used to simulate spatial variation within a popu- 
lation. They were: an oatmeal, agar and treacle composite 
(type A), potato (type B), and fig (type C). T h e  foods were 
combined so as to produce four types of environment. They 
are correspondingly depicted as: 1, AAA; 2, AAB; 3, AAC; 
and 4, ABC. Each population received, as indicated, three 

TABLE I 

Chromosomal locations of the nine polymorphic allozyme loci 

Map-posi- 
Locus tion Source 

G6pd 1-63.0 YOUNG (1966) 
6Pgd I- 0 .9  Y o u ~ ~ ( 1 9 6 6 )  
A d h  11-50.1 URSPRUNG and LEONE (1 965) 
&pd 11-20.5 GRELL (1967) 
Est-6 111-36.8 WRIGHT (1963) 
Est-C 111-49.0 BECKMAN andJoHNsoN (1964) 
Pgm 111-48.4 HJORTH (1970) 
Odh 111-49.2 COURTRIGHT, IMBERSKI and URSPRUNG 

(1966) 

tubes of food every 3 days. For example, environment type 
ABC received each of the food types every 3 days. Eight 
populations (duplicates in each of the four environments) 
were derived from each of “Chateau Tahbilk” and “Gron- 
ingen.” All population cages were maintained at 25”  and 
approximately 90 flies from each population cage were 
sampled at  1 1  and 22 months, that is after 16 and 32 
generations. Population cages were sampled by raising large 
samples of eggs to adults under optimal culture conditions. 
Further details of food media and gel electrophoresis of 
individual female fly homogenates are given in HALEY and 
BIRLEY (1 983). 

The  polymorphic loci and their chromosomal locations 
are shown in Table 1. T h e  Est-C and Odh loci were studied 
at  generation 32 only. Polymorphism at the Udh and 6Pdg 
loci was only observed in the “Chateau Tahbilk” popula- 
tions. Two loci, namely, Est-6 and Pgm, showed, besides two 
common alleles, rare alleles at frequencies of less than 5%. 
In the following analyses, gametic disequilibria have been 
estimated only for the two most common alleles. T h e  fre- 
quencies of the AdhF”D allele (WILKS et al. 1980) were not 
determined in this experiment and are confounded with the 
frequencies of the Adh” allele. This will, of course, apply to 
any other electrophoretically “cryptic” allelomorph. 

Estimation of gametic disequilibria: Gametic disequilib- 
ria were estimated following COCKERHAM and WEIR (1 977) 
and WEIR and COCKERHAM (1979). T h e  method is model 
independent and easily calculated. 

T h e  data consist of sets of digenic combinations of allo- 
type frequencies in which the frequencies of coupling and 
repulsion heterozygotes were not distinguished. Following 
COCKERHAM and WEIR (1 977), the covariance of nonallelic 
genes at two diallelic loci A and B (with alleles A-a; B-b) 
within and between gametes is estimated as a composite 
measure. 

AA” = Dtn + 20;” 

o”,” is the covariance between nonallelic genes within ga- 
metes (the coefficient of gametic disequilibrium) and Db the 
covariance of allelic genes within united gametes, that is a 
measure of nonrandom union of gametes. If Df‘ = 0 then 
0:” is a true nieasure of gametic disequilibrium among 
nonallelic loci. A test of Ho:A”” = 0 is provided by the test 
statistic: 

x2 = [N.(AAB)‘]/[p~(l - P A )  + 0i]Ip~(l  - P B )  + D;] 

where N is the sample size, which varied between 90  and 
120 flies a sampling time, and PA and pB are the frequencies 
of the nonalleles A and B .  In this study A and B are desig- 
nated the two most common alleles in a digenic association. 
An additional correction for deviations from Hardy-Wein- 
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TABLE 2 

Model specifying the orthogonal contrasts used in the weighted 
least squares analysis of the statistical correlation of allele 

frequencies in the four environments 

Parameters 
Sampling 

time Population M B C BC O OB OC OBC 

1 AAA 1 - 1  -1 1 -1  1 1 -1 
AAB 1 1 -1 -1 -1 -1 1 1 
AAC 1 -1 1 -1 -1 1 -1 1 
ABC 1 1 1 1 -1 -1 -1 - 1  

2 AAA 1 -1 -1 1 1 -1 -1  1 
AAB 1 1 -1 -1 1 1 -1 -1 
AAC 1 -1 1 -1 1 -1 1 -1 
ABC 1 1  1 1  1 1  1 1  

Definitions of the parameters are given in the text. 

berg equilibrium at each locus is built into the test of 
significance, namely D j  and Di, which measure the devia- 
tions of observed and expected frequencies of individuals 
homozygous for alleles A and B ,  respectively (WEIR 1979). 
Comparisons of gametic disequilibrium between populations 
are difficult since the measure is gene frequency dependent 
although an approach has been described by LANGLEY, 
SMITH and JOHNSON (1978). The method adopted here is 
based upon the correlation of allelic frequencies which for 
any digenic pair is estimated as: 

This correlation coefficient transformed using the z trans- 
formation of FISHER (1958) as suggested by WEIR (1979). 

( 1  + rAB)  
z = 0.5 In ____ 

(1 - ,AB). 

Under the hypothesis of no correhtion, the distribution 
of z is approximately normal with a variance of 1/(N-3) 
when coupling and repulsion heterozygotes cannot be dis- 
tinguished from one another. 

Comparisons of gametic disequilibria: A set of orthog- 
onal contrasts which describe the effects of the food types 
potato (B)  and fig (C), their interdependence (BC), variation 
between sampling times (0) and the interdependence of 
food media and sampling time (OB, OC and OBC), as devia- 
tions from the overall mean ( M )  is shown in Table 2. This 
model, together with weights estimated as the reciprocal of 
the variance of z, was used as the basis for the weighted least 
squares analysis (CAVALLI 1952). The eight basic parame- 
ters, M ,  B, C, BC, 0, OB, OC and OBC do not fully describe 
the data set because of variations between duplicate popu- 
lations. Statistically significant residual variation remaining 
after fitting all statistically significant parameters implies 
heterogeneity between duplicate populations within envi- 
ronments. 

If there is little gametic disequilibrium within the popu- 
lations or the gametic disequilibria are present as a result of 
genetic drift, that is they have no systematic origin, the 
average level of genetic correlation in the populations will 
be close to zero. The parameter M is a measure of the 
average level of genetical correlation in the experiment and 
if statistically significant, M denotes the average level of 
gametic disequilibrium within the populations. This could 
result from an ancestral level of gametic disequilibrium in 
the parental population, or a selective effect of the labora- 
tory environment which is common to all populations. The 

effects of sampling time are measured by the parameter 0 
and a model including a significant value of 0 implies an 
overall level of gametic disequilibrium that changed in a 
consistent direction between the two occasions irrespective 
of environment. The parameters B and C describe the 
common effect of fig or potato media, respectively, in the 
environment and BC describes their interaction. Interac- 
tions between sampling time and food media are described 
by the parameters OB, OC and OBC. 

If the main effects of foods and their interaction (B, C, 
BC) only are significant in the best fitting model this is 
consistent with the hypothesis that most of the divergence 
in gametic disequilibrium has occurred between the onset 
of the experiment and the first sampling time, and any 
changes in gametic disequilibrium between sampling times 
are less marked. If parameters OB, OC or OBC are statistically 
significant an environmental effect which has changed be- 
tween sampling occasions is indicated. 

It will be recalled that our estimate of AAB included a 
measure of departure from Hardy-Weinberg equilibrium at 
both loci. A similar weighted least squares analysis was 
carried out using the appropriate theoretical variance de- 
scribed by ROBERTSON (195 l), for deviations of the observed 
and expected frequencies of heterozygotes. There was no 
evidence to suggest that the deviations from Hardy-Wein- 
berg equilibrium were anything but random; the analysis 
failed to detect any consistent direction to the deviations in 
relation to environment. We conclude that any variations in 
gametic disequilibrium as measured by AA’ genuinely rep- 
resent, in this experiment, the effects of epistatic selection, 
although some caution is needed. Since the ensuing analysis 
uses standardized coefficients of gametic disequilibrium the 
individual coefficients for pairs of loci are not strictly inde- 
pendent of one another if higher order gametic disequilibria 
are present. To incorporate higher order effects would, 
however, be difficult, and for their proper evaluation very 
large samples would be needed (BROWN 1975). In addition, 
although single-locus measures of disequilibrium may not 
be contributing substantially to the values of AAB, genotypic 
ditypes were recorded from adults. Hence, although samples 
of eggs were raised under optimal conditions, some effects 
of selection within the generation cannot be overlooked as 
contributing to AA” and similarly nor can any effects of 
nonrandom mating in the population cages. Nonetheless, 
even though our measure is not a true measure of gametic 
disequilibrium, any consistent effects which can be related 
to environmental variation will be supportive of multilocus 
selection. 

RESULTS 

T h e  individual values of Y, the  correlation of allele 
frequencies are given for each locus pair, population 
and sampling time combination in Table 3 for “Cha- 
teau Tahbilk” derived populations and  in Table 4 for  
“Groningen” derived populations. T h e  level of signif- 
icance of individual deviations from gametic equilib- 
r ium, as tested by x2, is also indicated in these tables. 
Allele frequencies a t  some loci notably Odh or Est-C, 
in some populations, were extreme a n d  precluded 
tests of the hypothesis Ho:AAE = 0. In addition the 
data for Est-C was obtained only a t  the second sam- 
pling time. Hence analyses involving Est-C do not 
include a comparison of sampling times. 

Preliminary analysis of the data concerned a n  as- 
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TABLE 3 

Values of G, the statistical correlation of allele frequencies for locus pairs in the “Chateau Tahbilk” populations 

Environment-Population 
Unlinked Sample 

locus pairs time AAA1 AAA2 
~ 

Adh/Est-6 

AdhlGbpd 

Ad h/Pgm 

Adh/Est-C 
AdhlSPgd 

Ad h/Odh 
Est-6/Gbpd 

c&pd/Est-C 
aGpd/6Pgd 

cuGpd/Odh 
PgmlbPgd 

riPgd/Est-C 
6PgdlOdh 
Est-61~1 Cpd 

Est-6/6Pgd 

Ghpd/aGtd 

G6PdlPgm 

GhpdlK~t-C 
G66pdlOd h 
aGpd/Pgm 

1 
2 
1 
2 
1 
2 
2 
1 
2 
2 
1 
2 
2 
1 
2 
2 
1 
2 
2 
2 
1 
2 
1 
2 
1 
2 
1 
2 
2 
2 
1 
2 

0.048 1 
-0.1049 
-0.1061 
-0,1900 

0.0498 
-0.5530 
-0.0191 

0.0049 
0.1 143 

-0.0992 
0.0902 

-0.100 I 
-0.143 1 
-0.0579 

0.0433 
-0.0455 

0.1241 
0.0092 
0.2449* 
0.0970 

-0.060 1 
0.1139 
0.0297 

-0.0345 
0.0571 
0.0681 

-0.0307 
-0.21 17* 

0.1034 
0.2060 
0.2524*** 
0.1664 

0.0427 
0.0147 

-0.2303* 
-0.1 190 
-0.0659 

0.1054 
0.031 1 

-0.0672 
0.0177 

-0.061 3 
0.0541 
0.1807 

-0.070 1 
0.0724 
0.0428 

-0.0530 
0.0318 
0.0725 

-0.02 18 
-0.0330 

0.0706 

0.1619 
0.0973 

-0.0146 
0.1633 
0.3024** 
0.1352 

-0.0583 
0.08 18 

-0.1992 
0.1419 

-0.1036 

Linked 
locus pairs 

AdhlaGpd 

Est-GIPgm 

Est-6/ht-C 
Est-6lOdh 

PgmlOdh 
Est-C/Odh 
GbpdlbPgd 

PgmlEst-C 

AABl 

-0.2859** 
0.0072 

-0.0124 
-0.0047 

0.1453 
0.0191 

0.1540 
-0.0100 

0.0402 
0.1572 

-0.0268 

-0.0902 
-0.0808 
-0.1685 
-0.1131 
-0.0588 

-0.0603 
0.0143 
0.0836 

-0.0339 
0.1399 

-0.28 19** 
0.0389 

-0.1 104 
-0.1492 

0.0569 
0.0459 
0.0350 

AABP A A C l  AACP ABCl 

-0.1309 
0.0666 

-0.0556 
0.1656 

-0.287 1 * 
0.0737 

0.1368 
0.1530 

-0.1749 
-0.1632 

0.0435 

0.1047 
-0.1855 
-0.0768 
-0.2 192* 

0.1582 

-0.0822 
0.1904 
0.2164* 
0.0275 
0.1546 

-0.0345 
0.0553 
0.0362 
0.0122 

0.0033 
-0.0645 
-0.1467 

-0.1372 
-0.293 
0.08 13 

-0.0346 
-0.0478 

0.0536 
0.1052 

-0.0569 
-0.0737 

0.0204 
-0.2880 
-0.0446 

0.0379 

0.0902 
0.1500 
0.1102 

-0.162 1 
- 0.0 7 6 9 

-0.0331 

0.0562 
-0.1714 
-0.0436 

0.2051 
0.0924 

-0.1382 
0.0385 
0.1041 
0.0387 
0.0310 
0.0332 
0.2215* 
0.0398 

-0.1003 
-0.0801 

0.2094 
-0.1 31 0 
-0.2 1 18* 
-0.1431 

0.0162 
-0.0644 

0.0701 
-0.0742 

0.1318 
-0.0400 
-0.1379 
-0.1407 

0.0597 
-0.0660 
-0.0798 

0.0376 
-0.0700 
-0.0739 

0.0075 
0.0255 

-0.1864 
0.0858 
0.2877** 

-0.0689 
-0.0073 

0.0535 
-0.2327* 
-0.0757 
-0.0486 

0.1041 

~ 

-0.1141 
-0.1596 
-0.1665 

0.0370 
0.0259 
0.2147* 

-0.1336 
0.0408 

-0.1837 
-0.0960 

0.0771 
-0.0569 
-0.0286 
-0.0788 

0.0555 
0.891 

-0.0121 
0.0441 
0.0149 

-0.0558 
0.0033 
0.0185 

-0.0946 
-0.1660 
- 0.0 7 8 9 
-0.0758 

0.0557 
0.0274 
0.0606 

-0.0378 
0.1643 

-0.1294 

ABCP 

0.0 170 
0.0327 

-0.1416 
-0.1280 

0.0464 
0.3110** 

0.0336 
-0.1 190 

-0.2740 
-0.1930 

-0.1129 
0.0882 

-0.0731 
0.0900 

0.1155 

0.1865 
-0.0598 
-0.0102 
-0.0927 
-0.0778 

-0.0039 

0.0208 

-0.1857 
0.0691 

1 0.1090 
2 0. I353 
1 0.0577 
2 0.0232 
2 0.1237 
2 0.1491 
2 -0.0223 
2 0.0655 
2 -0.0353 
1 -0.0259 
2 -0.0232 

-0.0536 
0.0769 

-0.0328 
0.1953 

-0.0224 
0.0423 
0.0177 

-0.1335 
-0.0189 

0.0925 
-0.1344 

-0.0717 -0.6540 
0.0639 -0.0615 

-0.0027 -0.0571 
0.0443 -0.0515 

-0.3223*** -0.1484 

-0.0 194 0.2702* 

0.0674 -0.0442 
-0.0637 -0.0594 

0.0343 
-0.0450 
-0.1 144 

0.1421 
0.0152 
0.0513 

-0.0583 
-0.1421 
-0.0374 

0.0387 
-0.0545 

0.3332** 
-0.1339 

0.0210 
-0.1329 

0.1249 
0.0660 

-0.1842 
-0.0851 
-0.0352 
-0.0365 

0.181 1 

-0.0825 -0.1 192 
-0.0449 0.0017 

-0.0273 -0.1665 
0.2083 -0.2564” 

0.0601 
0.1499 
0.0545 

-0.1 104 
-0.0891 

0.0766 -0.1073 
-0.0506 -0.1200 

~ 

* P < 0.05; ** P < 0.01; *** P < 0.001. 

sessment of the overall level of gametic disequilibrium 
in the populations and the distribution of statistically 
significant x 2  values among locus-pairs populations 
and occasions. The overall level of gametic disequilib- 
rium was estimated as the sum of the individual x2 
values corresponding to the individual tests of signif- 
icance testing Ho:bAB = 0. In the “Chateau Tahbilk” 
populations (Table 3) the overall x 2  corresponded to 
a probability of 0.005 and that for the populations 
derived from “Groningen” (Table 4) gave a probabil- 
i ty  much less than 0.001. The distribution of proba- 
bilities corresponding to the x 2  tests of significance 

suggested that the number of instances in which x2 
values correspond to probabilities between 5 and 1 % 
were about that expected from chance alone. How- 
ever, the number of cases in which the x 2  values 
corresponded to probabilities less than 1 %  were 
greatly in excess of expected. The results warranted 
further analysis. 

The use of all possible digenic combinations to 
assess gametic disequilibrium requires comment since 
individual estimates will not be statistically indepen- 
dent. This aspect becomes especially important when 
trigenic and higher order gametic disequilibria are 
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TABLE 4 

Values of 6, the statistical correlation of allele frequencies for locus pairs in the “Groningen” populations 

299 

Unlinked Environment-Population 
locus Sample 
pairs tinie AAA 1 AAA2 AABl AABP AACl AACP ABCl ABCP 

AdhlEst-6 

AdhlG6pd 

Adh fPgm 

AdhfEst-C 
Est-6 f G6pd 

Est-6 f aGpd 

GhpdjaGpd 

GGpdlPgm 

G6pd 1Est-C 
GPdlPgm 

aGpd fEst-C 

1 
2 
1 
2 
1 
2 
2 
1 
2 
1 
2 
1 
2 
1 
2 
2 
1 
2 
2 

0.0774 
0.2748** 
0.1557 
0.0978 
0.1005 
0.2141* 
0.0931 

-0.0341 
-0.0786 
-0.073 1 

0.0729 

0.0241 
0.1063 
0.0151 
0.0739 

-0.101 3 
-0.1033 
-0.1423 

-0.0956 

0.2482* 
-0.1011 

0.0143 
-0.0978 
-0.1495 

0.0192 

0.0155 
0.0601 

0.0952 
0.0567 

0.0806 
-0.0294 

0.2117* 
0.03 19 
0.0030 

-0.0947 

-0.1428 

-0.1448 

-0.0341 

-0.1223 
0.1478 

-0.0521 
-0.1 114 
-0.1697 
-0.1334 
-0.0213 
-0.0341 
-0.0081 

0.2278* 
-0.3489*** 
-0.0862 

0.0304 
-0.0907 

0.0743 
-0.1980 
-0.0360 
-0.0952 
-0.0698 

0.1632 
0.0425 
0.1054 

-0.0742 
0.1057 

-0.1232 
-0.0503 
-0.0406 

0.1335 
-0.1434 
-0.1003 

0.1369 
-0.2384* 

0.0348 
0.0795 

-0.0693 
0.0103 
0.0532 

-0.0918 

-0.0054 
-0.0253 

0.1319 
0.0335 

-0.1431 
-0.1653 

0.1783 
0.0249 
0.1743 
0.0970 

-0.0466 
0.0038 

-0.3537*** 
-0.0856 

0.1419 
0.0349 
0.0592 

-0.1783 
-0.0034 

-0.0759 
-0.0052 
-0.090 1 
- 0.0 6 4 9 
-0.0822 

0.0343 
-0.0431 

0.0632 
-0.0386 
-0.0573 

0.1836 
-0.1264 
-0.0837 
-0.0856 

0.0583 
-0.0166 
-0,0190 

0.1002 
0.0024 

-0.0147 
-0.1393 

0.0866 
-0.0442 

0.4336*** 
-0.0548 

0.0770 
0.1324 
0.1516 

-0.0831 
-0.1790 

0.0136 
-0.0293 
-0.0767 
-0.0563 

0.2954** 
0.1017 
0.0325 
0.0300 

0.0961 

0.1066 
-0.0 153 

0.1410 
-0.2087* 
-0.0928 
-0.0900 
-0.1242 

0.0956 
0.0574 

-0.2152* 

-0.1863 
-0.2585* 

0.0427 
-0.1748 
- 0.0 5 4 9 

0.0384 
-0.0187 

0.2879** 

Linked 
locus pairs 

AdhlaGpd 1 -0.2934** -0.2318* -0.1381 -0.3690*** -0.1745* -0.1 187 0.0123 -0.0578 
2 -0.0455 0.1035 -0.1638 -0.2868** 0.0395 -0.3180** -0.0670 -0.0306 

Est-61Pgm 1 -0.0782 0.0555 0.2207* 0.0837 0.3425** -0.0844 -0.0994 0.0835 
2 -0.0335 0.0814 0.1450 0.1940 0.0800 0.0854 0.051 1 0.1427 

Est-6 fEst-C 2 -0.1802 0.2772** 0.0324 0.0999 -0.0878 -0.1 123 0.0799 0.0692 
PemlEst-C 2 -0.1165 -0.0641 0.0995 -0.0203 0.0248 0.0584 -0.0698 0.0470 

*P<0.05;  **P<0.01;  *** P<O.OOl. 

present. A full appraisal of gametic disequilibrium 
would require the evaluation of higher order disequi- 
libria in order to discern independence of digenic 
associations. Hence, although any interpretation of 
specific digenic associations and environment are to 
be viewed with caution because of the likely incidence 
of higher order disequilibria between the observed 
loci, their presence would still reflect very high epi- 
static selection and be pertinent to discussion. 

I t  should be noted that values of 0;’ will not them- 
selves be affected by the effects of finite population 
size. However, the genetic correlation will reflect any 
effects of small population size. The variance due to 
stochastic effects will accumulate during the course of 
the experiment and in principle could result in popu- 
lation differences. For this reason, the following anal- 
yses examining the association of the genetical corre- 
lations and environment are carried out and discussed 
with reference to duplicate populations within envi- 
ronnien ts. 

The results (Tables 5 and 6) are given only for those 
digenic combinations which produced any significant 
statistics. In the remaining cases variation in z around 
a value of zero could be described only in terms of 
chance. That is residual x2 values were not significant 

and none of the eight model parameters was statisti- 
cally significant. It should be emphasized that there 
were no cases in which the residual x2 was significant 
when all of the model parameters were nonsignifi- 
cant. 

The results of the model-fitting procedure (Tables 
5 and 6) reveal several general features. Populations 
from “Chateau Tahbilk” show much less extensive 
genetical correlations in relation to environment than 
those derived from “Groningen,” a feature which 
applies to both the unlinked and linked genes. Five 
out of 28 digenic combinations yield statistically sig- 
nificant estimates of parameters describing gametic 
disequilibrium in the “Chateau Tahbilk” populations. 
For the “Groningen” set of populations the proportion 
is nine out of 15. 

In two cases where the populations were derived 
from “Chateau Tahbilk” (aGpd/Pgm and Est-GIGGpd), 
statistically significant parameters resulted in a signif- 
icant reduction in the x2 for goodness of fit, but there 
was still a significant residual x2 value. In these cases 
no other parameter was significant and we conclude 
that there was some heterogeneity in the magnitude 
of gametic disequilibrium in duplicate populations. 
However, these residual x2 values corresponded to 
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TABLE 5 

Analysis of variation in r, the statistical correlation of allele frequencies, in populations derived from “Chateau Tahbilk” 

Lnlinked loci Best fitting model Significance of parameter Test of model fit 

aGpd/Pgm B = -0.0668 t 0.0259 P = 0.01 x2(i5i = 28.26; P = 0.02 
Est-6lG6pd x2(ir,) = 24.69; P = 0.05 
AdhlG6pd BC = -0.0587 t 0.0266 P = 0.02 xp(i4) = 12.70; P = 0.65 

OB = 0.0722 f 0.0266 
GhpdlaCpd B = -0.0591 t 0.0259 P = 0.01 x2(i4) = 14.09; P = 0.44 

OC = -0.0524 f 0.0259 
PgmlbPgd OB = 0.0578 f 0.0262 

C = -0.0605 f 0.025 1 P = 0.02 

P = 0.04 
P = 0.027 x2(ia) = 11.34; P = 0.728 

_____________ 
Linked lori 

Est-6-Odh C = 0.1009 f 0.0403 P = 0.01 x2(5) = 4.80; P = 0.44 
BC = 0.1 195 t 0.0403 P = 0.003 

Parameters are given appropriate to best fitting models. Those locus pairs that did not show statistically significant variation between the 
observed gametic disequilibria are not included. 

TABLE 6 

Analysis of variation in r, the statistical correlation of allele frequencies, in populations derived from “Groningen” 
~~ - 

Unlinked l o c i  Best fitting model Significance of parameter Test of model fit 

G6PdlPgm 
AdhlEst-6 
AdhlPgm 

M = -0.0807 f 0.0260 
BC = 0.0986 t 0.0382 

C = 0.0906 -C 0.0382 
B = -0.0556 t 0.0263 

OB = -0.0576 t 0.0263 
OBC = -0.0624 f 0.0269 

C = 0.0682 f 0.0264 
BC = 0.0753 f 0.0270 
OB = -0.091 1 f 0.0270 
OC -0.0549 t 0.0270 

P = 0.002 
P = 0.01 
P = 0.018 
P = 0.035 

~ ~ ( 1 5 )  = 22.25; P = 0.101 
x2p) = 9.83; P = 0.198 
x2p) = 5.56; P = 0.592 

~ ‘ ( 1 4 )  = 23.02; P = 0.06 
P = 0.029 
P = 0.02 xp(15) = 5.13; P = 0.991 
P = 0.01 
P = 0.005 
P = 0.001 
P = 0.042 

~ ~ ( 1 1 )  = 19.80; P = 0,180 
x2(i,i = 19.34; P = 0.1 13 

Linked loci 

AdhlaGpd 

Est-GIPgm 

M =  0.1361 t 0.0262 P = 0.001 x2(i4) = 21.68; P = 0.085 
BC = 0.0587 f 0.0262 P = 0.025 
M = 0.0829 k 0.0272 P = 0.002 x2(i4) = 13.87; P = 0.459 

BC = -0.0573 t 0.0272 P = 0.035 

Parameters are given appropriate to best fitting models. Those locus pairs that did not show statistically significant variation between the 
observed gametic disequilibria are not included. 

probabilities which were  close to the 5% level of 
significance. 

I n  “Chateau Tahbilk” populations food factors con- 
tribute to the variation in disequilibriuni between 
populations at the unlinked locus pairs aGpdlPgm, 
Est-blGbpd, AdhlG6pd and GGpdlaGpd. These effects 
do not vary with occasion and may have arisen in the 
first 16 generations. Parameters concerned with en- 
vironments, occasions and the interaction between 
environment and occasions provide significant esti- 
mates for the AdhlGGpd and GGpdlaGpd locus pairs 
and the PgmlbPgd locus pairs shqws an effect of food 
which varies with occasion. These interactions of en- 
vironment and occasion indicatct that gametic disequi- 
libria varied between generatiom 16 and 32 in the 
respective environments. An interesting interaction 
between potato and fig food media was obtained for 
the AdhlGbpd locus pair. For linked loci there was a 

and fig for the linked Est-b/Odh locus pair (map sep- 
aration 12.6 units). 

T h e  extent of gametic disequlibrium in populations 
derived from “Groningen” is markedly different from 
that in the “Chateau Tahbilk” derived populations. In 
Groningen all loci were involved in significant levels 
of disequilibrium with at least one unlinked locus. In  
one case (GbpdlaGpd) all populations as judged by the 
value of M ,  showed significant gametic disequilibrium 
which did not vary with respect to food niche. T h e  
remaining unlinked locus combinations, GGpdlEst-C, 
aGpdlEst-C, AdhlBst-6, Est-GlaGpd, G6pdlPgm and 
AdhlPgm showed that gametic disequilibria were 
strongly associated with environment (Table 6). T h e  
latter three digenic associations were also related to 
sampling time. Two out of the four linked locus 
combinations available in “Groningen” also showed 
statistically significant disequilibria; AdhlaGpd and 

notable effect of fig and an interaction between potato Est-6lPgm. Both showed an  overall deviation from 
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zero in gametic disequilibrium ( M )  and an interaction 
between fig and potato food media. 

In general those locus pairs which showed gametic 
disequilibrium in “Groningen” did not show extensive 
gametic disequilibrium in the “Chateau Tahbilk” de- 
rived populations. The only locus pair to show gametic 
disequilibrium either as an overall feature or in rela- 
tion to environmental variables in both populations 
was (aGpdlG6pd). It is however difficult to compare 
populations in this way. Since allele frequencies differ 
in the two base populations the power of the statistical 
method to detect gametic disequilibria between the 
same locus pairs will also differ between populations. 
Indeed a sign test for the coefficients of gametic 
disequilibrium for locus pairs in the “Chateau Tah- 
bilk” and “Groningen” populations did not reveal any 
evidence for a overall direction to gametic disequilib- 
rium, common to both populations. Nonetheless, the 
data clearly demonstrate that some gametic disequilib- 
ria are associated with environmental variation. 

Gametic disequilibrium and recombination frac- 
tion: On the basis of neutral gene theory we can 
expect an inverse relationship between the level of 
gametic disequilibrium and recombination fraction. 
Further, we expect that gametic disequilibrium to be 
maintained within populations by weaker selective 
forces when linkage is tight. This relationship between 
gametic disequilibrium and recombination fraction 
was studied in relation to the entire data set. 

A weighted analysis of variance of the absolute value 
of z-transformed statistical correlation of allele fre- 
quencies showed significant variation in relation to 
recombination fraction of linked and unlinked loci 
(FX.778 = 2.1; P = 0.03). The overall level of gametic 
disequilibrium was higher in the “Groningen” than it 
was in the “Chateau Tahbilk” populations and further 
analysis of variation with respect of z and R was carried 
out separately for “Chateau Tahbilk” and “Gronin- 
gen” populations. In the “Chateau Tahbilk” popula- 
tions there was no evidence of a relationship between 
recombination fraction and z .  In the “Groningen” 
populations an overall association was present (F4,405 
= 8.37; P = 0.001) and also present for linked loci 
(F3,1)L = 10.92; P = 0.001). However, the correlation 
between R and z was here small (T = -0.1052). The 
data provide, at first sight, little evidence for a rela- 
tionship between z and R commensurate with the 
neutral gene theory. However, some caution is in 
order. The expected relationship between recombi- 
nation fraction levels and gametic disequilibrium, for 
neutral genes, is dependent upon temporal equilib- 
rium and a critical appraisal for these populations 
would require a knowledge of initial disequilibria. Our 
populations were recently founded from the wild. 
Genetic equilibrium will be approached more slowly 
for linked than for unlinked loci and as such our 

populations are not in genetic equilibrium. Further- 
more, as discussed earlier, our estimates of gametic 
disequilibrium are not independent of one another 
since all possible pairwise comparisons of gametic dis- 
equilibrium have provided the basis of our analyses. 
Hence, even with one locus pair under selection, due 
to the consequential natural correlations of the data, 
any departure from the expected relationship between 
recombination fraction and gametic disequilibrium in 
this set of populations does not in itself necessarily 
provide strong evidence for natural selection. 

DISCUSSION 

Previous studies of gametic disequilibrium in labo- 
ratory populations of D. melanogaster (LANGLEY, 
SMITH and JOHNSON 1978; LAURIE-AHLBERG and 
WEIR 1979) have suggested that a higher incidence of 
gametic disequilibrium can be expected in laboratory 
populations as compared to natural populations. This 
is considered to result from founder effects and the 
small population size. The present results have dem- 
onstrated associations in levels of gametic disequilib- 
rium and specific environmental factors. “Groningen” 
derived populations showed on average a higher level 
of gametic disequilibrium than the “Chateau Tahbilk” 
derived populations. The sizes (2000+ adults) of all 
populations were similar throughout the experiment 
and the overall genic heterozygosity in the “Gronin- 
gen” and “Chateau Tahbilk” populations is very simi- 
lar. Consequently it is unlikely that a founder effect 
during the course of the experiment is the reason for 
the disparity in the level of gametic disequilibrium of 
the two populations. Earlier studies of allele frequency 
changes in these populations (HALEY and BIRLEY 
1983) showed that allele frequency changes were on 
average greater in “Chateau Tahbilk” than they were 
in the “Groningen” populations. Once again this sup- 
ports the conclusion that the higher levels of gametic 
disequilibrium in “Groningen” populations do not re- 
sult from a few founder gametes; if this were so, the 
levels of gametic disequilibrium and allele frequency 
change, in the absence of strong balancing selection, 
would be highly correlated. 

The attraction of this experiment lies in the pres- 
ence of duplicate populations since they provide the 
source of error variation. On average the level of 
gametic disequilibrium under conditions of strict se- 
lective neutrality and large population size will ap- 
proximate to zero. Many locus pairs do not show any 
evidence of gametic disequilibrium. However, a con- 
siderable number of digenic associations indicate gene 
interactions in fitness and many of these are unlinked. 
This is striking, and while it would be unwise to 
conclude that any of the loci in this study are ,them- 
selves involved in the gene interactions in fitness, the 
possibility deserves a comment. 
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The partitioning of z appropriate to specific envi- 
ronmental niches, potato and fig, demonstrated an 
environmental association with gametic disequilibria. 
It may be argued that differentiation of the environ- 
ment into discrete niches may itself generate gametic 
disequilibrium, through subpopulation isolation [LI 
and NEI (1974), as it will deviations from Hardy- 
Weinberg equilibrium or Wahlund’s effect]. How- 
ever, the flies would also have to evolve some degree 
of reproductive isolation in 32 generations. Gene fre- 
quencies among tubes of different media from the 
same population have been found to be homogeneous 
(HALEY and BIRLEY 1983). Furthermore, in the pres- 
ent data the average level of gametic disequilibrium 
within populations (environments) does not vary with 
increasing environmental heterogeneity as would be 
expected under a model of complete niche selection 
and sexual isolation. Hence the gametic disequilibria 
represent a genetic response to natural selection in 
the overall cage environment. Even if the observed 
gametic disequilibria were not a result of niche selec- 
tion and/or reproductive isolation, the consistency of 
gametic disequilibria in duplicate populations would 
still render an explanation in terms of neutral gene 
theory implausible. 

Whenever the results of such experiments are dis- 
cussed, a debate as to whether the observed changes 
are due to the loci in question or to other linked loci 
i n  gametic disequilibrium with the marker loci ensues. 
In practice it is always impossible to answer the ques- 
tion in absolute terms. However, the prevalence of 
gametic disequilibria between loci on nonhomologous 
chromosomes is indicative of substantial epistatic se- 
lection. Alternative methods which have monitored 
trajectories followed by gametic disequilibrium with 
multiply marked mutants of the gross phenotype 
(CANNON 1963) or in genetically contrived crosses 
derived from strains which differed at allozyme loci 
and a marked homozygous lethal allele have also 
indicated strong epistasis in the approach to genetic 
equilibrium (CLEGG 1978; CLEGG, KIDWELL and KID- 
“ELL 1978). In the latter studies evidence of fitness 
interactions was obtained for loci in a 12 cM segment 
of the chromosome ZZZ. In the work reported here 
epistatic selection i s  taking place when naturally oc- 
curring genetic variation is exposed to a novel envi- 
ronment. Furthermore, the selective forces are not 
just a common laboratory environment effect, but are 
capable of subtle distinctions between different food 
media. The results (Tables 5 and 6) do not clearly 
demonstrate that the same locus pairs respond in a 
similar way in “Chateau Tahbilk” and “Groningen” 
populations to the same environmental stimuli, as 
would be the case if the allozyme loci, themselves, 
were under natural selection. This does not mean that 
the allozyme loci are necessarily selectively neutral 

and closely linked loci are the main cause of our 
observations. Gene frequencies differ in “Chateau 
Tahbilk” and “Groningen” populations as too do their 
genetic backgrounds and hence the response to selec- 
tion by the same agent cannot be expected to yield 
the same result at least in the short term. Equally if 
associations of gametic disequilibrium and environ- 
ment are entirely the result of polymorphic loci linked 
to the allozyme locus, the observed loci are not effec- 
tively neutral in the short term and selection will still 
be important. 

In contrast studies of gametic disequilibrium in 
natural populations have demonstrated a close rela- 
tionship between gametic disequilibrium and the re- 
combination fraction (LANGLEY, SMITH and JOHNSON 
1978), but with little evidence of seasonal variation in 
gametic disequilibrium (LANGLEY, ITO and VOELKER 
1977) and a strong relationship with the size of iso- 
lated populations (YAMAGUCHI et al. 1980). In addi- 
tion, it may be argued that chromosomal inversions, 
through nonrandom associations with allozyme loci 
(MUKAI, METTLER and CHIGUSA, 1971; MUKAI, WA- 
TANABE and YAMAGUCHI 1974; MUKAI and VOELKER 
1977) are responsible for the observed selection. We 
consider this unlikely. A survey of chromosomal in- 
versions in these populations, at the end of the exper- 
iment, showed them to be of diverse type and at very 
low frequency. 

Finally, while any surveys of natural populations 
have revealed a lack of gametic disequilibrium among 
allozyme loci, the present study is likely to be more 
statistically sensitive to the detection of gametic dis- 
equilibria. Indeed, the orthogonal contrasts utilize 
sample sizes of about 1600 flies. Nonetheless, it must 
be concluded that the response to selection by envi- 
ronmental variance involves substantial gene interac- 
tion in fitness. If we assume that the types of environ- 
mental variation used here are representative of that 
found in nature, microenvironments are worthy of 
further detailed population genetic study. 

The analysis o f  these data was carried out on the University o f  
Birmingham Honeywell (Multics) and DEC-20 computers. We are 
grateful to the Science and Engineering Research Council for a 
research studentship (C.S.H.). 
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