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ABSTRACT

The frequencies of alleles at the a-Amylase locus of D. pseudoobscura were
followed in both large and small experimental populations. No evidence for
balancing or directional selection was found, although our ability to detect
weak selection is limited. The gene frequency changes in our experimental
populations were consistent with the hypothesis of selective neutrality and
genetic drift due to sampling error.

THE relative roles of selection and drift in bringing about genetic changes in

populations remains an open question. Since genetic change is the basic
process of evolution, this question is clearly an important one. The fact that it
remains unresolved reflects the difficulties in obtaining and properly interpreting
data that bear on the issue. Resolution would be simple if either selection or drift
alone were responsible for the gene frequency changes and resulting variation
that are observed in nature; we could then simply test against one hypothesis or
the other. The situation is not “either-or”, however, and with a model incor-
porating both selection and drift, almost any outcome can be explained. Perhaps
it is not surprising that none of the many experimental, theoretical, or field
studies that have addressed the problems of genetic variation and genetic change
have been conclusive (see LEwonTiN 1974).

Several approaches have been pursued. One has involved an examination of
statistical properties, such as distributions of heterozygosities and numbers of
alleles under various selective and neutral models (Ewrwns 1972; Jornson and
FeLpMAN 1973; Yamazart and Maruvama 1972; and others). Another approach
has involved surveys of allozymic variation in natural populations, for which

1 Paper no. 5029 of the Journal Series of the North Carolina Agricultural Experiment Station, Raleigh, North
Carolina. This investigation was partially supported by Public Health Service Research Grant Number GM-11546 from
the National Institute of General Medical Sciences.

Genetics 87 : 357-369 October, 1977.



358 D. G. YARDLEY, W. W, ANDERSON AND H. E. SCHAFFER

Arrarp and Kamrer (1972); Avara (1972); Jounson et al. (1969); Koenn,
MiLgMaN and Mrrron (1976); Prarasm, LEwonTin and Hussy (1969);
PoweLr (1975) ; ScuarrFer and Jornson (1974) ; and SeranpeR (1976) provide
summaries and examples. Yet a third approach has been to follow the frequencies
of alleles in experimental populations of Drosophila, particularly the frequencies
of alleles at loci coding for various enzymes. Such loci should serve as closer
approximations to typical natural variation than the visible mutants employed
in the past. Some studies of experimental populations seem to implicate selection
(Avara and AnpersoN 1973; Biyrsma-MzerrLes and Van DeLpen 1974; Fonr-
pEvVILA el al. 1975; Gisson 1970; PowerL 1973; some results of Sine, BREWER
and TairTLE 1973; Ousa 1969; Rasmuson, Rasmuson and Nirson 1967; VAN
Derpen, Kamping and Van Disk 1975; Yamsrouver and Kosima 1967),
although the evidence has been complicated by such factors as the presence of
chromosomal inversions and linkage. Others (MacIntyrE and WricuT 1966;
Yamazaxr 1971; and some results of SiNg, BReEwErR and TaIrTLE 1973) are
compatible with drift and little, if any, selection. No single analysis of experi-
mental populations can hope to resolve the central issue, but the accumulated
results of many such experiments should provide a perspective on the range of
behavior shown by “enzyme loci” in laboratory populations, and hopefully some
indication of what might occur in nature. To this end we have studied the fre-
quencies of a-Amylase alleles in experimental populations of D. pseudoobscura.

The rationale of our experiment was simple. Genetic drift of neutral or nearly
neutral alleles (Kimura 1968; King and Jukes 1969) should produce erratic,
random fluctuations in gene frequencies, the fluctuations being a function of the
sampling error each generation. Persistent selection, even if only moderately
intense, should result in directional changes in gene frequencies, whereas fluc-
tuating selection, if sufficiently strong, should show greater gene frequency
fluctuations than predicted from genetic drift alone. So that the effects of drift
would be apparent, the frequencies of «-amylase alleles in populations of three
different sizes, ranging from small to large, were followed. The observed gene
frequencies were compared with those expected under drift alone, using a statis-
tical model developed by Fisuer (Fisuer and Forp 1947). In an effort to elimi-
nate or minimize the effects of chromosomal polymorphism and linkage dis-
equilibrium, the experimental populations were begun with a large number of
freshly collected strains polymorphic for the amylase alleles, but chromosomally
monomorphic.

MATERIALS AND METHODS

Seven populations were initiated, six monomorphic and one containing a low-level inversion
polymorphism. Populations of three sizes were maintained: N > 2,000, referred to as the
“large” populations; and N =2 200 and N = 20, both referred to as the “small” populations.
The N used here and throughout the paper is the number of alleles, or twice the observed num-
ber of organisms. The large populations were maintained in wooden cages, while the smaller
populations were kept in quarter-pint bottles. All flies were cultured at 25° on cornmeal-agar-
molasses medium.

The experimental design is shown in Figure 1. All populations were maintained with discrete
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Ficure 1.—Experimental design for test of selective neutrality. Gene frequencies are
observed and n, and IV, are known for each generation.

generations, large populations on a 30-day cycle and small ones on a 25-day cycle. Each genera-
tion was initiated by allowing the N/4 females of the previous generation to lay eggs for the
last five days of the generation, after which the adults were discarded. In the small populations,
a given number of adults, half of each sex, were counted out and transferred to bottles to begin
the next generation. In the large populations, fresh food cups were placed in the cages over
five days, after which the cups with the next generation’s eggs and larvae were transferred to
a new cage. A sample of 100 adults was then weighed, the entire population was weighed, and
the number of adults in this generation estimated by simple proportion. Egg samples for each
generation’s amylase allele frequency estimates were taken over the five-day egg-laying period
and cultured under nearly optimal conditions (15-19°, extra yeast, minimal density) until
adults emerged. Upon emergence, these adults were frozen at —20° or below until they could
be examined. Comparisons of the amylase genotypic data with Hardy-Weinberg expectations
gave reasonably close results. Consequently, our assumption of “nearly optimal” conditions,
implying no significant selection in the rearing process, appears justified.

The strains of D. pseudoobscura used in these experiments were collected at Flagstaff, Arizona,
in June, 1973, and maintained as isofemale lines. Qur experimental populations were begun
late in 1973, so that none of them were started with flies kept more than a few generations in
the laboratory. These experiments were designed to test for selection on the amylase locus or
on closely linked loci, and it was necessary to avoid complications from selection on inversions
of the chromosome carrying the amylase locus. In many localities this chromosome, the third,
has a rich inversion polymorphism known to undergo powerful selection in nature and in the
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laboratory. We chose the Flagstaff population because it is normally almost monomorphic for
the Arrowhead (AR) gene arrangement on the third chromosome; of 206 chromosomes studies,
95.1 percent were AR and the remaining 4.9 percent were Chiricahua (CH) (see ANDERSON
et al. 1975). The chromosomal constitution of each strain was determined by examination of
salivary chromosomes from at least eight larvae. At the beginning and near the end of the
experiment 400 chromosomes from each of the large populations were examined as a check for
contamination; none was found.

The progeny of 38 isofemales lines containing only the AR chromosome were mixed to form
a “founder” population, and large numbers of eggs laid by these parents were used to begin
later populations. Sample of 10 and 100 of the original progeny mixture, half males and half
females, were withdrawn to start populations 3 and 4, respectively. Two small populations (#5,
begun with 100 adults; and #6, with 10) and the large population #2 were initiated with
samples from the “founder” population after it had been maintained about six generations.
Population #7, polymorphic for low levels of CH, was begun with the progeny of 65 isofemales
lines; it was started with a chromosomal constitution similar to that of the natural population
in Flagstaff.

The amylase electrophoretic technique was meodified from Doane (1966) for horizontal,
slab-gel electrophoresis. Flies were homogenized in 20 gl of electrode buffer (0.087 m tris,
pH adjusted to 8.9 with boric acid); this homogenate was adsorbed onto 3 X 6 mm strips of
Wattman #3 chromatographic paper; and the strips were inserted into tris-borate, 5% acryla-
mide gels (0.087 m tris, 5% cyanogum, 0.19% tetramethyl-ethylene-diamine, pH adjusted to 8.9
with boric acid, and 1% ammonium persulfate for polymerization). After electrophoretic
separation at 200 volts for 15 hours or 400 volts for 6 hours, gels were soaked in starch solution
(0.02 v tris, 1.0% soluble potato starch for idometry, pH adjusted to 7.4 with HCl) for 12 to
24 hr, stained for one minute with potassium tri-iodine (0.10 » iodine, 0.05 M potassium iodide),
and then rinsed in tap water. Bands appear as clear areas on a dark blue background. Gels were
fixed in a mixture of acetic acid, methanol and water (1:5:5, respectively).

The a-Amy-1 locus in D. pseudoobscura has two major alleles, Amy-11-02 and Amy-1-%4,
and two minor ones, Amy-1-74 and Amy-1-92, previously reported (Prakase and LEwoNTIN
1968). We did not observe the Amy-1-92 allele in our populations but did observe a new allele,
Amy-11-17 at low frequencies. This locus was reported by Praxasa and LewonTtin (1968) as
associated with the third chromosome. Subsequent linkage analysis, to be reported in detail else-
where, places Amy-1 approximately 33 may units from the orange locus.

RESULTS AND DISCUSSION

The gene frequencies, numbers of genes sampled, and total numbers of genes
in the populations each generation are given in Table 1, and the frequencies of
the Amy-1-# allele are plotted in Figure 2. In the large populations, drift should
be of minor importance since the effective population sizes are in the thousands;
in these populations there were no noticeable trends in the gene frequencies over
ten generations. The frequency of Amy-1-* fluctuated about a value of 18 per-
cent, not far from the initial values. We attempted to estimate selection coeffi-
cients from these data by the maximum likelihood technique of DumoucHEL
and ANDERsON (1968), assuming selection of constant, or nearly constant, size
and direction, and negligible effects of drift. There was no evidence for selection
in the large populations; the estimates were entirely consistent with the hypoth-
esis that there was no selection among the three genotypes. The small populations
do show movements of gene frequency, as expected under drift, and we cannot
attempt to estimate selection coefficients from the gene frequency changes.
Amy-11° became fixed in population 3 by the fifth generation. In population 6
the Amy-1-* frequency rose at first to about 75 percent and then dropped to 42
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Fiure 2—Fluctuations in the frequency of the Amy-1-8% allele in large (top) and small
(bottom) experimental populations.

percent by generation 10. In populations 4 and 5 it fluctuated between 5 and 30
percent. If strong directional or balancing selection were involved, the gene
frequencies should have shown a consistency in their movements. On the surface,
then, the data do not suggest selection on the amylase locus or on loci closely
linked with it.

Our ability to detect weak selection is severely limited, since the gene fre-
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quency changes that result will not be large enough to distinguish from sampling
error. Directional or balancing selection of moderate intensity may be taking
place, but may not be apparent because drift is producing larger changes in gene
frequency, which mask any selective changes. And it is possible that selection
may vary in size and direction, so that any selective changes in gene frequency
are erratic. What we should like to do is to determine whether drift alone could
produce the gene frequency changes, or alternatively, whether selection of some
type must be invoked.

Fisuer (in Frsuaer and Forp 1947) devised just such a test for data on the
frequency of a gene controlling pigmentation in the moth Panaria dominula.
The frequency of medionigra and dominula alleles, and the size of the natural
population of this moth near Oxford, were recorded for the years 1939 through
1946, each year being a separate generation. The question Fisaer and Forp asked
was whether the gene frequency changes could be accounted for solely by genetic
drift due to sampling error, or whether the fluctuations were large enough that
some form of selection must be involved. Fisuer showed what form the covari-
ance matrix of gene frequencies should have under sampling drift alone, given
the size of the population and of the sample taken from it in each generation,
and he used it to formulate a test of the hypothesis that drift alone was respon-
sible for the observed changes. The test results in a chi-square that is used to
test the null hypothesis. The advantage of this test is that it specifically tests the
hypothesis that only drift produces the observed gene frequencies in successive
generations. In a sense, Fisuer and Forp were testing the selection-neutrality
question thirty years ago. To our knowledge, however, their test has been used
only once since it was first employed, by Saepparp (1951) in a further study
of the medionigra allele of Panazia dominula. It is ironic that population genetics
has come full circle with respect to the drift-selection issue. In the thirties and
forties, many population geneticists felt that drift was the most important factor
in gene frequency changes and that selection, when it operated, was probably
quite weak. Then evidence for rather strong selection was obtained for a wide
variety of organisms, and by the sixties selection was assigned the major role.
With the advent of the “neutral mutation” theory in the late sixties, the role
of genetic drift was reevaluated and accorded more importance. Thus we find
ourselves testing the same question as Fisuer and Forp, but from a very differ-
ent perspective.

The details of our husbandry and sampling of the experimental populations
are in some particulars different from those of the Panaxia study, and we have
consequently modified Frsuer’s test to fit our situation. It is an unhappy fact
that the operation of selection has proved difficult to measure by any known
statistical procedures (see, e.g., LEwonTIN and CockErRHAM 1959; DUMOUCHEL
and AnpErson 1968), and as a general rule no such test can be meaningfully
applied without a consideration of its power to detect selection of various inten-
sities. Thus we undertook computer simulations to measure its power to dis-
criminate between drift alone and drift with selection. Finally, we have devised
a variant of the test which includes a directional change in gene frequency due
to selection. These statistical matters are discussed fully in the accompanying
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paper (SCHAFFER, YARDLEY and ANDERsoN 1977). FIsHER’s test to detect selec-
tion is limited; selection coefficients smaller than 0.1 will usually not be detected.
Our test for a linear trend in gene frequency superimposed on drift is more
powerful in detecting directional selection, although small selection coefficients
again require large population and sample sizes. FisHER’s test and our modifica-
tion of it share with other tests for selection a frustrating weakness in detecting
selection of low intensity. Interpreted carefully, the tests are useful in setting
bounds on the intensity of selection that could be present, but none can rule out
weak selection with the sample sizes that are experimentally feasible.

The analysis of gene frequency changes in our experimental populations by
FrsmER’s test is given in Table 2. The effective number of genes and not the
observed ones should be used in the test, and for Drosophila populations the
effective number is perhaps one-half to three-fourths that observed (Crow and
MogrToN 1955). We applied the test with effective numbers equal to, one-half of,
and three-fourths of the observed numbers. The latter two estimates are prob-
ably closer to the actual situation than the former. Only one of the chi-square
values from our modification of FisHER’s test for selective neutrality was signifi-
cant at the usual five percent level, and this one case was with the effective num-
ber of genes equal to the ohserved number, a situation we consider less likely
than the other estimates of effective number. In no population would we reject
the hypothesis that drift produced all the gene frequency changes, and it is clear
that we do not need to invoke selection of any kind. It is important, however, to
keep in mind the limitations of the test; the hypothesis of selective neutrality
and drift would probably not be rejected unless the selection coefficients were
0.1 or larger. We can rule out directional, overdominant, or variable selection
of moderate to high intensity, which, given the difficulties of testing hypotheses
about selection, is saying a good bit about the gene frequency changes in our
populations. We may rule out directional selection of moderate to high intensity
with the greatest confidence, because the test we designed for this situation has
greater power than for drift alone.

TABLE 2

Resulis from our modification of Fisher’s test for selective neutrality using three
estimates of N, the effective number of genes

Chi-square
Population N,=N N, =0.75N N,=0.5N dff
1 13.31 13.00 12.47 9
2 14.33 14.01 13.42 9
3 3.66 2.66 1.96 3
4 12.38 10.50 8.20 9
5 18.82* 16.82 1411 9
6 10.66 8.12 6.42 9
7 4.15 411 4.05 5

N is the observed number of genes.
* Significant at the 0.05 level.
+ No. of generations—1.
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Our estimates of selection in the large populations constitute a different kind
of test, one based on the hypothesis of gene frequency changes under constant
selection. The fitness estimates and their covariance matrices may be used to
test the hypothesis that the genotypic fitnesses are all alike, that is, that there
1s no selection (DumoucHEL and ANprrson 1968). This hypothesis could not
be rejected; we conclude that there was no selection or, if present, that it was
weak.

We have employed two tests that consider the possible causes of the gene fre-
quency changes, each in a different way. On the one hand, our maximum likeli-
hood estimates of the fitnesses give no evidence of selective differences among
the genotypes. On the other hand, Fisuer’s test indicates that the gene frequency
changes are within the bounds we expect under drift alone. Our test for drift
and a linear gene frequency change by directional selection again failed to isolate
a selective component of the changes. It should be kept in mind that the gene
frequency fluctuations expected with drift alone in the large populations are
quite small, since the effective population sizes were so large. Most of the fluc-
tuations should be simply statistical errors in estimating the gene frequencies
from samples of the populations, and the effects of any selection, either constant
or variable, should be more apparent and more readily detected than in the small
populations.

Our tests were sensitive enough to detect selection of the magnitude reported
by a number of workers (Avara and AnpersoN 1973; Brrrsma-MEeeres and
Van Derpen 1974; Powerr 1973; Sing, BrEwer and THirTLE 1973; VAN
DerpEN, KamrinGg and Vanw Disk 1975; YarsroucH and Kogima 1967). Yet
they did not, and in this sense our results join those of MacInTYRE and WRIGHT
(1966), Yamazarr (1971) and some of those reported by Sine, BREwer and
TwrTLE (1973).

It is interesting to note that while some experiments do seem to indicate selec-
tion, others do not. As pointed out by LEwonTin (1974) and others, in those
cases where selection is indicated, linkage is an important complicating factor.
For example, the experiments of PowerLt (1973) with D. willistoni and of
Avara and ANDERsSON (1973) with three species of the D, willistoni group may
have been complicated by selection on inversions containing the enzyme loci
being followed, so that all or a large part of the chromosome was responding to
selection, rather than a single locus and genes closely linked to it. This possibility
seems particularly unlikely for the latter study, where three different species
were involved, but it cannot be discounted. We have taken pains in the present
study to avoid any complications from inversion polymorphism. In addition we
have taken our stocks from an area where alleles at the a-amylase locus are not
normally associated with inversions, so that their association in the laboratory
populations will not differ in this respect from the situation in nature.

Linkage disequilibrium for blocks of genes containing enzyme loci is probably
the most formidible problem in assessing gene frequency changes in experi-
mental populations. It is a problem which can at best be minimized, for it is
nearly impossible to begin a population with an array of chromosomes with
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genes at linkage equilibrium. Use of strains maintained for long periods in
laboratory isolation undoubtedly worsens the problem. We have tried to mini-
mize this linkage problem by using a large number of freshly collected strains.

The most fruitful approach for studying selection at the allozymic level
appears to be ones which combine a biochemical rational with population experi-
ments. Gisson (1970), Byrsma-MeeLEs and Van DeLpeEx (1974), and Van
DEerLpEN, Kamping and Van Disk (1975) showed that changes in the frequency
of alleles at the alcohol dehydrogenase locus could be elicited by addition of
various alcohol substrates to the food medium in experimental populations of D.
melanogaster. Similarly, Dr Jone and Scuarroo (1976), working with an
amylase locus of D. melanogaster, found strong evidence for viability selection
for one of the alleles. In this case, individuals homozygous for one of the alleles
had a competitive advantage when the media contained only a small amount of
yeast and a high concentration of starch. This evidence was, however, compli-
cated by the presence of an additional amylase locus linked quite closely to the
one being examined. These experiments come much closer than any cited above
to showing selection at the enzyme locus itself, since the gene frequency changes
occurred in response to addition of specific substrates to the food medium.

Our experiments are closest in concept to those of SiNve, BREwWER and THIRTLE
(1973), who designed an extensive set of experiments to test specifically for
departures from selective neutrality. Their test, like ours, was based on a stochas-
tic model incorporating the effects of drift due to finite population size. Their
experimental design and method of analysis, however, were quite different from
our own. These authors sampled a natural population of D. melanogaster and
set up an experimental population from the progeny of 23 inseminated females.
They then established 49 sublines of small effective size (10 or less) and followed
gene frequencies at seven polymorphic enzyme loci for 21 generations. They
compared the proportion of lines segregating and the average proportion of het-
erozygotes with those expected with and without selection, according to a Markov
model of drift due to restricted population size. Their results could not be
explained by drift alone; selection was implicated for at least five of the seven
loci, or more properly, for the groups of genes segregating with the marker loci.

The available data on gene frequency changes in experimental populations of
Drosophila indicate that selection sometimes occurs, and sometimes does not.
It is usually not possible, however, to determine whether the selection occurs
on the marker locus or on a group of genes including it. Rather more cases of
selection than neutrality have been reported, which makes it all the more impor-
tant to document cases where no selection is apparent, or where selection, if
present, must be relatively weak. The amylase locus of D. pseudoobscura, like
the Est-5 locus studied by Yamazaxr (1971), is such a case. We were somewhat
surprised by the results of our experiment, for we chose the amylase locus because
PraxasH and LEwonTtiN (1968) had shown that specific amylase alleles were
associated with inverted gene arrangements of the two major “phylads,” or
phylogenetic groupings. They suggested that this association was maintained by
selection and was evidence for “coadaptation” of adaptive gene complexes on
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the third chromosome. The strains we used came from a population polymorphic
for amylase alleles but uncomplicated by inversion polymorphism. It is possible
that without the reduction in recombination by the inversion polymorphism,
the adaptive gene complex which is apparently associated with amylase in cer-
tain gene arrangements cannot be maintained. The association of amylase alleles
and chromosome type is not complete, however, and Ne1 and L1 (1975) have
suggested that neutral mutation and genetic drift could readily account for such
observed allozyme-gene arrangement associations. Perhaps greater heterogeneity
in the environment than exists in the laboratory culture is required before selec-
tive differences among amylase genotypes appear. There are, of course, many
other reasons we could advance for our failure to detect selection, but the fact
remains we found no evidence for selection. Our perspective on gene frequency
changes in experimental populations is probably colored by the many experi-
ments conducted in the past with morphological mutants or inverted chromo-
somes. These genetic factors often have pronounced selective effects, the
magnitude and direction of which may vary with the environment. We have no
basis for predicting how often allelic variation at enzyme loci is of adaptive
significance. Still, we would not expect to find such differences at all loci in all
environments. And, indeed, our results support this view.

We are grateful to Rarrmr Bareman for his help in interpreting Fisuer’s technique and for
his assistance in developing the computer programs for analysis of our data. We also extend
our thanks to Ricaarp Kimmicu for his excellent technical assistance.
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