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ABSTRACT

The dynamic behavior of four-locus gametic frequency distributions was
studied in five replicate cage populations of Drosophila melanogaster for up
to 50 generations. The joint frequency distributions were resolved into gene
frequencies and various disequilibrium measures. In addition, F statistics for
marginal single-locus genotypic frequency distributions were followed through
time. The gene frequency, disequilibrium and F statistics were obtained for
four chromosome 3 enzyme marker loci [isocitrate dehydrogenase (3-27.1),
esterase-6 (3-36.8), phosphoglucomutase (3-43.4) and esterase-C (3-49.0)].
The initial structure of the experimental populations featured random mating
proportions, and two complementary gametic types with respect to the marker
loci, thus assuring complete pairwise linkage disequilibrium among the mark-
ers. The experimental results indicate: (1) the between-replicate variance
in gene frequency varied substantially among loci, with isocitrate dehydro-
genase showing the greatest between-replicate variance, and esterase-C the
least. (2) The F statistics initially were strongly negative but decayed to the
neighborhood of zero for all marker loci except esterase-C. The rate at which
the F statistics approached zero varied among the marker loci, indicating sub-
stantial differences in the distribution of selective effects along the chromo-
some. The centromeric region, marked by esterase-C, shows the strongest
selective effects. (3) The rate of decay of linkage disequilibrium was much
faster than expected for pairs of neutral loci, averaging 1.82 times the
neutral rate over all replicates and paivs of loci. This acceleration, which
was observed for all six pairwise combinations of loci, was interpreted as result-
ing from the interaction between selection and recombination. Our experi-
mental results are consistent with many investigations of linkage disequilib-
rium in natural populations of Drosophila melanogaster that show little or no
disequilibrium among enzyme loci. (4) A fortuitous contamination of two
cages revealed an apparent regulatory interaction between the migrant and
nonmigrant chromosomes at the esterase-C locus. The migrant chromosomes
were very rapidly absorbed into the recipient populations, despite this interac-
tion. This result suggests that the dynamics of migration in populations may be
phenomenologically richer than anticipated by simple theory.
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IN recent years, there has been much interest among population geneticists in

-genetic structure at the multilocus level. This focus has been a natural out-
growth of a maturing of population genetic theory (e.g., Karrin 1975, for a
review of two-locus selection theory). Concomitant with this expansion of multi-
locus theory, biochemical studies of genetic variation have revealed high levels
of protein polymorphism in most populations of sexually reproducing organisms.
High levels of genetic variation make a multilocus approach to the study of
genetic structure both feasible and necessary.

The necessity of a multilocus perspective arises from the fact that adjacent
segregating loci are, on average, very tightly linked. As a consequence, rates of
recombination are low, and relatively weak epistatic selection can maintain
associations among alleles at different loci. If nonrandom associations are im-
portant, then neither the statics nor the dynamics of genetic systems can be
correctly described by single-locus theory. The feasibility of multilocus investiga-
tions is a direct consequence of the large number of genetic markers that can be
studied in single individuals, using electrophoretic procedures.

A substantial body of literature has now accumulated describing multilocus
structure in a variety of organisms. Most of these investigations involve the
estimation of disequilibria from single samples drawn from natural populations.
Two generalizations emerge from these studies. First, disequilibria are common
in inbreeding species of plants (reviewed by Brown 1979). Second. disequilibria
between enzyme loci are quite rare in random mating species. Evidence to sup-
port this latter assertion comes largely from Drosophila melanogaster (reviewed
by Hepricg, Jarn and Horpen 1978).

Relatively few attempts have been made to study the dynamic behavior of
linkage disequilibria under controlled conditions. This is not surprising because
long generation times and unknown linkage relationships make experimental
studies difficult, at best, in most organisms. Most of the descriptive work on link-
age disequilibria comes from Drosophila melanogaster, an organism particularly
well suited to experimental study. Published experimental studies of the behavior
of linkage disequilibria between enzyme loci in D. melanogaster present con-
flicting results. Rasmuson, Rasmuson and Niuson (1967) reported the rapid
decay of disequilibrium between the third chromosome loci esterase-6 and leucine
aminopeptidase. These loci are more than 50 map units apart and are therefore
expected to segregate independently in females. On the other hand, O’Briex
and MacIntyre (1971a) and Biruey (1974) report some degree of association
among enzyme loci in experimental populations, although the association studied
by O’Brien and MacInTtyre (1971a) was evidently unstable.

This paper reports on a set of experiments designed to measure rates of decay
of linkage disequilibria in experimental populations of Drosophila melanogaster.
The experiments, which spanned a period of nearly four years and involved
sampling more than 31,700 gametes, show a marked acceleration of decay rates
relative to that expected from neutral theory. This acceleration is a consequence
of an interaction between selection and recombination and may aid in explaining

why strong associations are uncommon in natural populations of random mating
organisms.
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MATERIALS AND METHODS

The experimental populations were synthesized from four wild-type stocks. The stocks, Ames
and Ottawa, were intercrossed and maintained for four months in a half-pint milk bottle popula-
tion. Single pair matings were then made between this composite population and the wild-type
stock, Painesville. After five days of mating activity, the parents were subjected to electrophoresis
to determine their genotype at the chromosome 3 loci isocitrate dehydrogenase, Idh (3-27.1),
esterase-6, E, (3-36.8), phosphoglucomutase, Pgm (3-43.3) and esterase-c, E, (3-49.0). A line
homozygous for the alleles F, S, N and § at Idh, E,;, Pgm and E_, respectively, was established
from the progeny of one single pair mating. (F, S and N denote allozymes of fast, slow and
intermediate mobility.) A second complementary stock homozygous for SFSF was established
from the wild-type stock, Oregon RC, which was monomorphic for these markers.

Two sets of experimental populations, denoted I and II, were established from these lines.
Two replicate populations of experiment I were begun, each with the following distribution of
genotype numbers: 22 FSNS/FSNS, 44 FSNS/SFSF and 22 SFSF/SFSF, yielding an initial
structure with all marker gene frequencies at 0.5 and complete pairwise linkage disequilibria
among the marker genes. (Equal numbers of males and females of each genotype were used
to initiate the experimental populations.) The 88 initial FSNS chromosomes represent at most
four independent chromosomes, having been derived from one single-pair mating. The SFSF
chromosomes were drawn from Oregon RC and represent at most 88 independent chromosomes,
although the actual number of independent chromosomes is probably much less.

After 15 generations of random mating, a sample of males and virgin females was with-
drawn from each population and used 1o initiate a large number of single-pair matings. Full-sib
mating was imposed on the progeny of each mating and continued for five successive generations.
After five generations of full-sib mating, two new lines, homozygous for the markers FSSF and
SFNS respectively, were obtained. These new lines were each obtained from single full-sib
lines. Thus, only a single independent third chromosome was probably sampled for each line.
These lines were used to initiate experiment II, also with two replicate populations. The initial
genotypic numbers introduced into each population were 15 FSSF/FSSF, 30 FSSF/SFNS and
15 SFNS/SFNS, again with nearly equal male and female numbers. The initial composition of
the second set of experiments also featured complete initial linkage disequilibria and gene fre-
quencies of 0.5, but with a set of gametes that were recombinants of the set introduced into
experiment I.

All experimental populations were maintained in large (33 X 33 X 9 cm) plexiglass cages
with 25 scintillation-vial food containers attached to the bottom of each cage. (The cages main-
tained approximately 1000 adult flies per generation.) The two cages of experiment I (denoted
1 and 2) were samrled on every generation throngh generation 24 and on alternate generations
from generations 26 through 48, at which time the experiment was terminated. The cages of
experiment II were sampled on every generation through generation 14 and on alternate gen-
erations through generation 50, except generations 42 and 48. On generations 26 and 4, cages 1
and 4, respectively, became contaminated. Segregation at a second chromosome marker locus
known to be monomorphic in the parental lines verified the contamination event in cages 1
and 4. While the source of the contamination is unknown, it may have been from a local
natural population. (The contamination event occurred at the same time, but at different
generations, because experiment I[ was initiated more than a year after experiment I.) Because
of the contamination in cage 4, cage 3 was split into two replicates on generation 14 (labeled
3A and 3B).

All populations were maintained on a 16-day discrete generation regime following a
protocol like that described by Crece, et al. (1976), except that adults were cleared from the
cages after five days of mating activity. Samples of 120 males were withdrawn from each cage
and individually test-mated to virgin females of a homozygous tester stock. Four to eight days
after test-mating, the sampled males were assayed by electrophoresis. Two weeks later, a
single testcross progeny of each multiply heterozygous male was also assayed. This progeny-
testing procedure permits the direct sampling of four-locus gametes unconfounded by phase
relationships in multiple heterozygotes, assuming no crossing over in males; thus, the basic
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data of the experiment are the gene, genotypic and gametic frequencies for five cage populations
over a period spanning up to 50 generations. More than 31,700 individual gametes were sampled
during the course of the experiments. Table 1 gives the minimum, maximum and average
number of gametes sampled per generation for each replicate.

The electrophoretic assays were carried out on starch gels (Electrostarch) following routine
methods (e.g., BRewrr 1970).

RESULTS

The data, too extensive to be presented in a tabular format, are displayed
graphically. Figures 1a, b, ¢ and d present gene frequencies, as a function of
generation, for loci Idh, E,;, Pgm and E,, respectively. Because the number of
gametes sampled per replicate generation averaged about 190, the standard error
for each estimated gene frequency was below 0.04 in all but five samples( gen-
erations 26, 36, 40, 44 and 46 of replicates 3A, 3B and 4). The smallest samples
occurred in generation 44 of replicates 3A, 3B and 4, yielding maximum stan-
dard errors of 0.089. It is clear from Figure 1 that between-replicate variance in
gene frequency is often large; this is particularly the case for Idh and E,. The
gene frequency variance over replicates remains large at Idh even if replicate 4,
which was contaminated early in the experiment, is excluded. On the other hand,
exclusion of replicate 4 markedly reduces the between-replicate variance for E;
and Pgm. In contrast, the E. locus shows a very small and relatively constant
between-replicate variance throughout the experiment.

For neutral loci, the between-replicate variance in gene frequency is expected

TABLE 1

Mean, minimum and mazimum numbers of gametes sampled per generation

Replicate
1 2 3A 3B 4
Mean 205 197 192 191 192
Minimum 76 74 30 20 17
Maximum 286 284 240 240 238
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Freure 1.—Gene frequency as a function of generation for loci Idh (a), E,; (b), Pgm (c),
and E, (d).
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to grow as a function of time due to the sampling of gametes in every generation.
The present experiments involved moderate population sizes (approximately
1000 adult flies per generation); hence, sampling of gametes is unlikely to ac-
count for the observed between-replicate variance. Moreover, all marker loci
would be expected to exhibit a similar change in variance. The more likely cause
of the pattern of variation among replicates is variation in selection affecting
the marker loci due to random changes in background associations as recombina-
tion proceeds.

Data from the marginal single-locus genotypic frequency distributions clearly
show that each of the marker loci is strongly influenced by selection. This is best
seen by considering Wright's fixation index, F [= 1 — h/2pq, where h is the
relative frequency of heterozygotes and p = (1 —¢) is the relative frequency
of the slow allozyme]. All the genotypic frequency data derive from the popula-
tion of males at the adult stage. Thus, the F statistics, shown in Figures 2a, b, c
and d, measure the deviation of the genotypic frequency distribution from a
random mating representation after viability selection.

The F statistics for all loci are initially negative and large in absolute value,
indicating a substantial excess of heterozygotes among adults during the early
generations of the experiment. As time proceeds, the F statistics decay toward
zero. The time-dependent behavior of the F statistics can be readily explained by
recalling that the initial chromosomal types were probably in disequilibrium for
many loci besides the marker loci. Some of these loci affected fitness, and this
effect was transmitted to the marker loci through the correlational structure.
As recombination proceeded, the disequilibrium between the marker loci and
selected loci decayed, thereby reducing the deviation of F from zero.

One additional feature of the F statistics is particularly noteworthy. The decay
of F to zero is not the same for all loci. For example, Idh appears to have stabilized
by generation 10, E; and Pgm required 15 and 25 generations, respectively, to
reach constant values, while E, exhibits an erratic behavior over loci. Evidently,
the distribution of selected factors is not uniform with respect to the marker loci.

The erratic behavior at E, is a consequence of the contamination event. An
interaction occurred in heterozygotes for migrant and original chromosomes
resulting in the repression of the product of the E. gene on the migrant chromo-
some. This appears 1o be an example of allelic repression (OrNO 1969; WHITT,
CurLpers and Cuo 1973). The progeny-testing procedure employed in sampling
gametes permitted the detection of null heterozygotes, i.e., putative homozygous
parents that produced testcross progeny exhibiting a different single-banded
phenotype from that of the parent. Specifically, the migrant chromosome carried
the S allozyme at E.. Some phenotypically F parents crossed to a S/S tester
produced phenotypically S offspring at E.. The observed results are not consistant
with an ordinary null allele because no null homozygotes were ever observed
in our very extensive population samples. A lethal null can also be excluded
because 589 F, progeny of the cross

B (S) E.(8) , Ei(S) E. (89
LE L E® O
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showed no difference between the proportion of E; S/S and E; F/F offspring,
although a highly significant excess of E; F/S heterozygotes was observed (S*
denotes the migrant gene at E.). If the S* gene were lethal, the expected propor-
tion of E, S/S and F/F would have been ¢/(3+c) and 1/(3+c) respectively,
where ¢(=0.122) is the recombination fraction between E, and E,. (These data
will be the subject of a separate report.) The net effect of the repression phenom-
enon was to produce spuriously high estimates of homozygous frequencies at E.
in replicates 1 and 4, and consequently large positive F values. If we consider
only the uncontaminated replicates at E, the F statistics stabilize at markedly
negative values around generation 10. The E, marker, unlike the other markers,
is influenced by very strong heterotic selection throughout the course of the
experiment. This must also account for the low between-replicate variance in
gene frequency observed at E.. ,

The primary objective of the experiment was to measure the rate of decay
of linkage disequilibria. Figures 3a, b, c, d, e and f show the decay dynamics of
the correlation in allelic state over loci (r) for all six pairwise combinations.
The statistic, r, is defined as

_ Ayp
Lpa, (1=pa,)ps, (1—ps,) 1%

Aup = 8aB,~ Pa,P5B, » and 84,8,

Tag , where

is the relative frequency of gametes carrying allele A, at locus A and allele B,
at locus B. Marginal single-locus gene frequencies are denoted by pa,, ps,, etc.
An advantage of r in parameterizing the decay dynamics is that it is expected
to decay geometrically for neutral loci in an infinite population. While the
behavior of the estimates of r are dependent upon finite population size and
sample size, this simple expectation provides a useful framework for analyzing
the observed dynamics. Reference to Figure 3 shows that, in most instances, the
observed rate of decay is markedly faster than expected for neutral loci in an
infinite population. This acceleration is especially apparent for loosely linked
pairs of loci (e.g., Idh—Ec, Idh—Pgm). The second point, readily apparent from
Figure 3, is that most realizations of the process go to zero within the 50 genera-
tions spanned by these experiments, and this is true regardless of the orientation
of the initial gametic array.

An approximate estimate of the rate of decay can be obtained from a linear
regression of the log plot of the r statistic versus generation. The quantity
¢* =1 —exp[slope of linear regression] can be regarded as an estimate of the
effective rate of decay in the experimental populations. Table 2 reports estimates
of c¢*, the proportion of the variation in r statistics that can be accounted for by
the linear regression (R?) and the generation at which a realization first crosses
zero. All estimates of c* are heterogeneous over replicates for all locus pairs
(heterogeneity x? tests were performed excluding replicate 3B, because estimates
for replicates 3A and 3B are not independent). Nevertheless, most estimates of
c* show a markedly faster rate of recombination than would be expected based
upon neutral dynamics and the known map distances between the marker loci

(¢).
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Ficure 3.—Graphs the behavior of the correlation in allelic state among pairs of loci (7),
for all six pairwise combinations, as a function of generation. The smooth curves give the
expected behavior of r for loci in an infinite population with the same linkage relationships
as the markers under observaticn. The recombination fractions employed in computing the
expected (smooth) curves are taken from O’Brien and MacINtyre (1971).
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TABLE 2

229

Effective rate of recombination (c*) (with standard errors in parentheses) the proportion of the
variance in the log plots accounted for by linear regression (R?), the number of generations
until a realization crosses zero (n), the ratio of ¢* to the recombination fraction (with

standard errors in parentheses), and the estimated map distances between the
markers assuming no recombination in males (c)

Statistic

Locus pair Rep c* n c*/c SE c

Idh—Ec 1 0.2376 (0.0224) 0.914 10 217 (0.204) 0.110
2 0.2096 (0.0424) 0.658 12 1.91 (0.387)
3A 0.1692 (0.0168) 0.866 16 1.74 (0.153)
3B 0.0490 (0.0146) 0.348 34 0.51 (0.133) 0.097
4 0.2695 (0.0472) 0.798 8 2.78 (0.431)

Idh-Pgm 1 0.2302 (0.0286) 0.818 13 2.82 (0.351) 0.082
2 0.0780 (0.0204) 0.401 22 0.96 (0.250)
3A 0.1645 (0.0171) 0.866 14 1.96 (0.210)
3B 0.0605 (0.0117) 0.545 20 0.72 (0.144) 0.084
4 0.1753 (0.0240) 0.862 9 2.09 (0.294)

Idh—E6 1 0.0957 (0.0084) 0.853 23 1.97 (0.173) 0.049
2 0.0885 (0.0129) 0.679 22 1.82 (0.266)
3A 0.0724 (0.0115) 0.611 43 1.11 (0.237)
3B 0.0391 (0.0096) 0.366 — 0.60 (0.198) 0.065
4 0.3366 (0.0346) 0.898 9 5.18 (0.713)

Pgm-EC 1 0.0380 (0.0047) 0.652 46 1.36 (0.168) 0.028
2 0.0800 (0.0068) 0.814 42 2.86 (0.243)
3A 0.0276 (0.0034) 0.695 — 212 (0.121)
3B 0.0277 (0.0025) 0.822 — 2.13 (0.089) 0.013
4 0.0166 (0.0035) 0.440 - 1.28 (0.125)

E E, 1 0.1100 (0.0084) 0.894 20 1.80 (0.138) 0.061
2 0.0810 (0.0099) 0.736 %4 1.33 (0.163)
3A 0.0677 (0.0062) 0.870 30 1.83 (0.102)
3B 0.0496 (0.0042) 0.837 46 1.34 (0.069) 0.037
4 0.0508 (0.0211) 0.179 18 1.37 (0.346)

Pgm-E, 1 0.0885 (0.0068) 0.882 23 2.68 (0.204) 0.033
2 0.0452 (0.0040) 0.785 —_ 1.37 (0.121)
3A 0.556 (0.0057) 0.779 46 2.29 (0.173)
3B 0.0215 (0.0030) 0.648 — 0.86 (0.011) 0.025
4 0.0428 (0.0090) 0.474 — 1.71 (0.273)

There are two sources for the estimates of map distance (¢). The first source
comes from the original linkage studies (summarized in O’Briexn and Mac-
INTYRE 1971b). The second source comes from a series of experiments conducted
to search for evidence of recombination modification in replicates 3 and 4. This
set of experiments involved measuring the recombination fraction among each
of the marker loci, once every five generations for the first 20 generations of the
experiment. The data, whichk show ne evidence of recombination modification,
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reveal some rather large differences in recombination fraction when compared
to the standard map values (CrLeEcs, Horcu and Kipwerr, 1979). The last
column of Table 2 gives the estimates of ¢ obtained from the original linkage
studies, followed by the estimates of ¢ from replicates 3 and 4. The rate of accel-
eration is expressed as the ratio, ¢*/c (with its standard error computed by
assuming that ¢ is a constant not subject to sampling error). In computing this
ratio, the standard map distances were used for replicates 1 and 2 and the recom-
bination fractions estimated from replicates 3 and 4 were used for estimates of
¢ obtained from these cages. The ¢*/c ratios show substantial variation among
replicates within loci and over loci. Nevertheless, the general pattern is one of
greatly accelerated decay. This impression is reinforced by an overall mean of
1.82 for the ¢* /¢ values.

Higher order disequilibria statistics can also be computed from the four-locus
gametic frequency distributions. One measure of three-locus association is

A4po = ga,B,c, — Pa,Ps,Pc, — Pa,Brec — Pr,Adc — Po,Aas,

(Hirr 1974; BenNeTT 1954). Figure 4a shows the dynamical behavior of A zo
normalized to the gene frequency variance as,

Augpe

pa,(1=pa,yps,(1—ps,) po,(1=pc,) 1%

Tape — [

The statistic 74pc has the property that N2, is approximately distributed as x*
with 3 d.f. Consequently, the strength of the deviation of rz¢ from zero can be
assessed in a probabilistic framework. The quantity r4z¢ is zero for the initial
gametic frequency distribution. Changes in the gametic frequencies early in the
experiment perturb 74z, away from zero, but all replicates rapidly converge back
1o zero and remain there. All four triplets exhibit dynamics like that displayed
for E.~Pgm~E, in Figure 4a.

Analogous measures of four-locus association can also be computed. Figure 4b
displays the behavior or r4pcp, where

AAB(]D

[, (1—pa,) P, (1—pa,) Po, (1—P0,) P, (1—po;) 5

YABeD =

and where Aygep is the four-locus disequilibrium function defined by BENNETT
(1954) and Hivw (1974). For neutral loci in an infinite random mating popula-
tion, A4pep, and hence r4pep, are expected to decay to zero at a rate governed by
the recombination rate among all four loci (BEN~ETT, 1954). Figure 4b shows
that the estimated values of r4z¢p do decay to zero for all replicates, but at a rate
much faster than expected for neutral loci in an infinite population.

Another measure of assocition that can be applied to the four-locus gametic
frequency distributions arises in multidimensional contingency analysis and is
defined as (Smouse 1974),

_ 81111 82211 1132 Z2012 S1121 Z2221 G122 Gozo
Zipep =

81211 82111 Z1212 L2112 1221 2121 1222 o122
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Ficure 4.—Graphs of the dynamic behavior of three- and four-locus measures of association
in 4a and 4b, respectively. The smooth curve in Figure 4b gives the expected rate at which
7 45op Will decay for neutral genes in an infinite population.

where g;jx; is the relative frequency of a gamete carrying genes A;B;CiD; at loci
A, B, C and D, respectively, (i, j, k, =1, 2). The quantity z4zep = log Zzep
can be partitioned into various measures of conditional association. For example,
_ log [ 81111 2211

. &r2u1 Bnn . .
gametes carrying alleles C, and D,. It is easy to verify that Z,pop = Zans0,p, +

Zaw/e,p,  Zan/e,n, " Zan/o,p, = Zaso/p, + Zaposp,. Thus it is possible to examine
the dynamic behavior of the association between a given pair or triplet in the
presence of a specific background at the remaining loci. A complete analysis of
all the data failed to reveal any instance where the association between a given

Z4B/0, D, ], measures the association between A and B in
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set of loci depended upon the state of the remaining loci. We, therefore, conclude
that within the limits of the resolving power of these experiments, there is no
interaction between decay rates at a specific pair or triplet of loci and genetic
background.

DISCUSSION

The central result of the present experiment is the rapid decay of the correla-
tion of gene frequencies to zero, or near zero, for all pairs of loci monitored.
Several factors contribute to the acceleration of decay rates. One factor is gene
frequency change. The expected neutral dynamics is predicated upon constant
gene frequencies; however, many of the marker loci exhibit substantial changes
in gene frequency during the course of the experiment. Selection is also impor-
iant in accounting for the decay dynamics independent of its effect on gene
frequencies. CLece (1978) through Monte Carlo simulations of 93-locus models,
and AsmusseN and CLEGG (in preparation) have shown algebraically that selec-
tion and recombination interact to accelerate decay rates, provided linkage dis-
equilibrium is high and selection is weak relative to recombination. The accelera-
tion phenomenon arisss from the effect of selection on joint genotypic frequency
distributions. Selection favoring heterozygotes increases the frequency of multiple
heterozygotes, thereby increasing the effective rate of recombination (CLEGG
1978). Thus, the acceleration phenomenon is not surprising, and it does have
important implications in population genetics.

An especially significant implication concerns the utility of population cage
experiments. A procedure sometimes employed in establishing experimental
populations of Drosophila has been to intercross several stocks and maintain
these newly synthesized populations for a year or more before initiating selec-
tion experiments. Such procedures have been criticized on the grounds that link-
age associations will not have sufficient time to dissipate, especially if there is
selection. The present results suggest, to the contrary, that the average segment
of chromosome that remains associated with a marker locus may be much
smaller in a system with selection than would obtain under neutrality. This
means that marginal effects measured at the marker locus will involve a rela-
tively small block of genes and may arise from the marker locus itself.

If there is reason to suppose that marginal effects can be measured at single
loci, what are the criteria for measuring such effects? One important criterion
involves the control of genetic background through experimental design. Exam-
ples of careful experiments that sought to control background effects are those
of Yamazaxr (1971) on the esterase-5 locus of D. pseudoobscura and of BryLsma
and vaN DeLDEN (1977) on the glucose-6-phosphate dehydrogenase and 6-phos-
phogluconate dehydrogenase loci of D. melanogaster. In the latter case, the
experimental design involved synthesizing successive replicate cage experiments
from an initial population whose history of recombination ranged from six
months through two years. A second useful criterion for measuring marginal
effects involves the manipulation of experimental environments in ways that
can be directly related to the function of the gene under observation. This



DECAY OF LINKAGE DISEQUILIBRIA 233

method, first advanced by Gisson (1970) and WirLs and Nicrors (1971), has
been applied to the alcohol dehydrogenase locus of D. melanogaster with some
success (CavenNer and CrecG 1978, and references therein). Thus, while the
rapid decay of linkage disequilibria makes the measurement of selection at single
loci feasible, it certainly does not obviate the need for carefully designed
experiments.

A noteworthy feature of the experimental results is the markedly different
behavior of the F statistics over loci. The intensity of selection affecting Idh is
much less than that affecting E., while E, and Pgm are intermediate in this
regard. These data are consistent with previous experiments that show strong
selection between E. and Pgm (CrLEGG et al. 1976; CrEGe, KipwELL and KipweLL
1978). It appears that the distribution of selection intensities is not uniform
along chromosome 3 and that the centromeric region marked by E, is under
very strong selection. '

While unplanned, the contamination event provided two interesting observa-
tions. First, the migrant chromosomes were very rapidly incorporated into the
recipient populations. We can infer this rapid incorporation from the gene fre-
quency behavior at all the marker loci in replicates 1 and 4, following the con-
tamination event, even though the migrant third chromosomes were not marked
by unique allozymes. The second interesting observation concerned the apparent
repression of the E. allozyme carried on migrant chromosomes in heterozygous
combinations with nonmigrant chromosomes. The mechanism of the repression
phenomenon is not understood, but it may suggest regulatory differentiation
between these genomes. Whatever the mode of the interaction, it did not retard
the rapid increase in the migrant type.

Taken in total, these experiments support numerous studies of natural popu-
lations of D. melanogaster (reviewed by Heprick, Vain and Horpex 1978) in
indicating that little linkage disequilibrium is expected among enzyme loci. A
rationale for this nearly universal negative finding is also provided by these
results. Selection and recombination interact to rapidly dissipate nonrandom
associations unless the loci are very tightly linked and/or strongly interacting.
Therefore, we are led to the conclusion that most loci, even tightly linked loci,
will be close to linkage equilibrium in large populations of random mating
organisms. Indeed, the few cases of consistent linkage disequilibrium among loci
(e.g., BaAkER 1975; Loukas and Krimsas 1975; RoBerTs and Barer 1973) may
constitute prima facie evidence of epistatic selection.
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