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ABSTRACT

Frequency-dependent fitness was studied at the Pgm-1 locus of Drosophila
pseudoobscura with respect to two fitness components: rate of development
and larva-to-adult survival. The Pgm-1 locus is very polymorphic with only
two alleles, Pgm-1190 and Pgm-12%, occurring at high frequencies. For each
of these two alleles, 20 homozygous strains were obtained from a sample of
1,140 wild-inseminated females. First-instar larvae of the two genotypes were
combined in a set of eight different frequencies: 0.0, 0.10, 0.25, 0.40, 0.60,
0.75, 0.90, and 1.0. Frequency-dependent fitness effects were observed for the
two survival-related fitness components examined: larvae of the less common
genotype develop faster and have a higher probability of survival than larvae
of the more common genotype. The rate of survival at intermediate genotypic
frequencies is similar to that in pure cultures. If selection acted solely as
frequency-dependent effects on survival-related components of fitness, the
equilibrium frequency of the Pgm-1190 allele would be 0.615 for a two-
genotype system, which fits an observed frequency range for this allele in
nature between 0.55 and 0.71. Experimentally created linkage disequilibrium
was excluded from the experiment by using a large number of independent
strains. It is nevertheless possible that the frequency-dependent selection may
not affect the Pgm-1 locus per se, but may reflect a linkage disequilibrium
present in the natural population. Even if this were the case, the frequency-
dependent selection could affect the frequency of the Pgm-1 alleles in nature.

THE importance of frequency-dependent selection in maintaining genetic

polymorphisms has been discussed by a number of authors (e.g., AyarLa and
CampBELL 19745 Spikss 1977). However, relatively few studies in experimental
population genetics have sought to detect frequency-dependent selection at
allozymic loci. This is somewhat surprising as frequency-dependent selection has
intuitive appeal as a selective mode in maintaining a stable polymorphism in
which all genotypes may have equal fitnesses at equilibrium (KoJsima and Yag-
BROUGH 1967). The studies of Kosima and his co-workers (Huang, SinG and
Kosmva 1971; Kosima and Toarr 1969; Kosima and Yarsroucr 1967) pre-
sented evidence for frequency-dependent selection at the Est-6 and Adk loci of
Drosophila melanogaster. MariNkovic and Avara (1975) presented evidence
that suggested frequency-dependent selection at the Pgm-1 and Me-2 loci of D.
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pseudoobscura, while Yamazagrr (1971) failed to find evidence for frequency-
dependent selection at the Est-5 locus of D. pseudoobscura. MUkA1l, WATANABE
and YamacucHi (1974), using balancer chromosomes, failed to find evidence of
frequency-dependent selection at the Adh, aGpdh, and Est-6 loci in D. melario-
gaster.

This paper reports a study of frequency-dependent selection at the sex-linked
phosphoglucomutase, Pgm-1, locus (or genes closely linked to that locus) of
Drosophila pseudoobscura. The polymorphism at this locus in D. pseudoobscura
is dynamic, with seasonal oscillations in the frequencies of the two common
alleles (Dopzransky and Avara 1973). The causes of these oscillations are
unknown, but may be due to temperature or density effects. A previous study
of fitness components associated with allozyme genotypes at the Pgm-1 locus
(S~yper and AvaLa, in preparation) demonstrated differences among genotypes
in egg-to-adult survival that were influenced by temperature and density. The
present study was conducted to assess the possible role of frequency-dependent
selection in maintaining the polymerphism of the Pgm-1 locus.

MATERIALS AND METHODS

Frequency dependence of larva-to-adult survival and of rate of development was assessed for
mixed cultures of two homozygous genotypes at the Pgm-1 locus. Lines were derived from
1,140 wild-inseminated females collected at Redwood City, San Mateo County, California, in
early September, 1976. Sib-pair matings were made for four generations with the progenies of
individual wild-caught females. Forty independent lines were chosen for the experiments, 20
lines having the female parent homozygous and the male parent hemizygous for the Pgm-1100
allele and the other 20 lines having the female homozygous and the male hemizygous for the
Pgm-1194 allele. Each of the 40 lines was maintained separately by mass culture for three
additional generations before starting the present experiment.

Single-generation chain crosses among the lines of a strain were conducted to supply the
larvae used in this study. Groups of five virgin females were mated with five males from a dif-
ferent line (e.g., Pgm-1199 line 1 X line 2, line 2 X line 3, etc.) and were then permitted to
oviposit on spoons of Drosophila medium for 24 hr. Thus, all experimental larvae carry two
independently derived chromosomes and are genetically equivalent to wild flies with the desired
genotype at the Pgm-1 locus. First instar larvae were collected from these spoons for initiation
of experimental vials.

Experimental cultures were established in eight frequency groups, with five replicates, at
the initial frequencies of Pgm-1199 larvae of 0.0, 0.10, 0.25, 0.40, 0.60, 0.75, 0.90, and 1.00. The
remaining larvae were of the Pgm-1194 genotype. There were 60 larvae per culture, a density
sufficient to necessitate some competition in the 18-mm diameter vials without causing excessive
crowding. Each vial contained 10 ml of standard cornmeal-agar-molasses Drosophila medium
and one drop of 59 live-yeast suspension in water. Larvae placed in the vials were derived from
as many sets of parents as possible to ensure maximum genetic diversity in each vial. For
example, a vial with an initial Pgm-719 frequency of 0.25 contained 15 larvae of that genotype
(one from each of 15 different parental female lines) and 45 larvae of the Pgm-1194 genotype
(two from each of 20 different parental female lines and one more from five of these lines).
The 40 experimental vials were then arranged in a 5 X 8 randomized block and placed in an
18° incubator with a 12-hr light/12-hr dark cycle for development.

Adults emerging from the vials were collected daily from the 19th to 34th day after initia-
tion of the experiment. Each day, the emerging flies from each vial were frozen separately for
later electrophoresis. In all, 1,244 flies were scored for their Pgm-1 genotype. The electrophoresis
methods used are those of Avara et al. (1972).
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RESULTS

The frequencies of the two alleles in the natural Redwood City population are
Pgm-11%° = 0.681 and Pgm-1'% = 0.312, with the remaining 0.007 made up by
three rare alleles. The observed frequency of heterozygotes is 0.465 (356 out of
765 females), while the Hardy-Weinberg expected frequency is 0.439 (335.7
of the 765 females).

Frequency dependence was-tested with respect to two fitness components, rate
of development and larva-to-adult survival. Rate of development was calculated
as the weighted mean duration of development, in days, from first instar larvae
to adult emergence. Comparisons of the mean developmental rates for the five
replicates of a genotype at each frequency with those of the other genotype at
the complementary frequency show a general trend with larvae of the less com-
mon genotypes developing more rapidly (Table 1). Regressions of rate of devel-
opment on percent genotypic frequency did not give significant results in mixed
culture for either allele. Examination of the data suggests that the lack of
significance of the regression is due to high within-group variance. A significant
correlation in rate of development between larvae of the two genotypes in a vial
(r=0.473, d.f. =28, P < 0.01) was noted, which would occur with slight het-
erogeneity of culture conditions among vials. This could contribute to within-
group variance. A Wilcoxon Sign-Rank test for paired comparisons was then
conducted to test for differences in rate of development between larvae of the
less common and more common genotypes in the 30 (six frequencies X five
replicates) mixed-culture vials. This test shows a significant difference in rate
of development between the pairs (P < 0.025), with larvae of more common
genotypes taking significantly longer to develop. A Sign-Rank test for differences
between less common and more common genotypes for females only is also

TABLE 1

Mean rate of development in days (with standard error) and regression coefficient
of rate of development on percent genotypic frequency

Frequency Regression
Pgm-1 genotype 0.10 0.25 0.40 0.60 0.75 0.90 1.00 r F(1,28)

100/100 Total 2330 23.15 2337 2345 2346 2360 23.18 0.004 1.17
=017 041 =018 +025 *+0.12 =041 +0.18 +0.004

Females 23.06 22.88 2292 2335 23.15 2335 23.17 0.005 1.29
=026 £032 =022 =039 +0.13 =046 +0.14 +0.004

Males 2347 2331 24.08 2356 23.76 23.90 23.48 0007 243
%017 +£0.69 +0.18 £022 +£0.10 +055 +024  +0.004

104/104 Total 2327 2270 2328 2397 2330 23.12 23.62 0.003 0.36
+0.58 +0.29 +0.31 =035 *=0.30 =027 =027 +0.006

Females 22.03 22.06 2340 2342 23.04 22.69 23.63 0.101 2.88
=040 £045 *0.57 =032 +0.34 +0.31 +0.36 +0.007

Males 24.65 23.68 23.24 2450 23.60 23.67 23.72 —0.006 0.70

*£0.93 =022 =019 *£054 £0.29 +0.24 +0.33 +0.007

N =5, None of the F values is statistically significant at the five-percent level.
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significant (P = 0.0104), with less common genotypes developing faster. A
similar test for males only is not significant (P > 0.05), although males of the
less common genotype average a shorter development time than do those of the
more common genotype.

The regression of the arcsin-transformed percent survival of each genotype
on its input frequency in mixed culture is statistically significant for both the
Pgm-119° and the Pgm-1'% genotypes (Table 2). Deviations from linearity of the
regressions were nonsignificant. That the regression is negative indicates signifi-
cant frequency-dependent selection for survival, with less common genotypes
having a higher survival rate. An analysis of variance for randomized block
design to test for heterogeneity of means gives nonsignificant results for com-
parison of mixed cultures only, as well as of pure and mixed cultures together.
A significant regression without significant heterogeneity of means is often
associated with cases where differences among means border on significance
(SoxaL and Rourr 1969). A survey of the means (Table 2) indicates that low
and high frequencies of genotypes are associated with high and low survivals,
respectively, when compared to pure culture. Larvae in intermediate frequencies
(0.40 to 0.60) tend to have survivals equivalent tc those in pure culture. In pure
culture the genotypes are nearly equivalent to each other in survival (7, = 0.173,
d.f. =8, P> 0.5). Thus, the interaction between flies of alternative genotypes
in the mixed cultures enhances the survival rate of genotypes in low frequencies,
while reducing the survival rate of genotypes in high frequencies. This is con-
firmed by the significant negative correlation that exists for survival between the
alternative genotypes in mixed culture vials (r =—0.475, d.f. =28, P < 0.01).

A replacement series diagram was utilized to assess further the nature of the
frequency-dependent selection for survival (Avara 1971). None of the differ-
ences between total observed and expected output were statistically significant,
indicating larvae of both genotypes utilize the same resources, with neither co-
operative nor disruptive interactions.

The expected equilibrium gene frequency on the assumption that frequency
dependence for survival-related components of fitness is the only selective factor
present is estimated by regressing the log of the output ratios of genotypes
(Pgm-114/Pgm-1") on the log of the input ratios (Avara 1971). The regres-
sion coefficient (0.9347 = 0.0298) is significantly smaller than one (z, = 2.191,
d.f. =28, P < 0.05). This indicates a frequency dependence in favor of the low-
frequency genotypes, which would lead to a stable equilibrium at the intersection
of the regression line with the diagonal with unity slope. The point of inter-
section corresponds to a frequency of Pgrm-1°° = 0.615 for the two-genotype sys-
lem of this study. It is worth noticing that this expected equilibrium frequency
is similar to the observed frequency of the Pgm-1 allele in the natural population
(0.681), although other selective factors appear to influence the equilibrivm
frequency in natural populations (SNYDER and AvaLa, in preparation).

DISCUSSION

The application of the techniques of gel electrophoresis to population genetics
(Harris 1966; LewonTtin and Hussy 1966) revealed a wealth of genetic varia-
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tion in natural populations, a discovery that brings about the “paradox of
variation” (LEwoNTIN 1974). The maintenance of numerous polymorphisms by
heterozygote advantage necessitates a “genetic load” that might be greater than
finite populations can sustain. The neutrality theory of protein evolution
(Kimura 1968; Kine and JukrEes 1969) propounds a possible resolution of the
paradox—if most allelic variants are adaptively equivalent, there is little or no
“genetic load.” Frequency-dependent selection is another possible solution—the
“load” would be greatly reduced at equilibrium if most polymorphisms are main-
tained by balancing frequency-dependent selection (Kosima 1971).

Kosima and YareroucH (1967) and Kosima and Tosar1 (1969) have demon-
strated frequency-dependent selection at two allozymic loci in D. melanogaster.
Frequency-dependent selection has also been demonstrated for inversion poly-
morphisms (ToBarr and Kosima 1967; Nassar, Muns and Cook 1973; ANDER-
soN and WaTta~NaBe 1974; Gromrgo and Ricamonn 1978; DeBenebpicTis 1978),
male mating success associated with a variety of distinguishing features (Enz-
MAN 1970), and genotypic strains of cereal grasses (ArLarp and Apams 1969).
Despite the success of these researchers in detecting frequency-dependent selec-
tion and the power of that selective mode in maintaining variation in finite
populations (Heprick 1972; Gromko 1977), frequency-dependent selection
remains insufficiently explored in experimental population genetics.

It is not possible, of course, to state that the frequency-dependent selection
observed in the present study is affecting the Pgm-1 locus per se. Rather, the
Pgm-1 locus might act as a marker for a block of tightly linked genes upon which
selection may be operating. The Pgm-1 locus and genes linked to it are not asso-
ciated with chromosomal inversions. The only known chromosomal inversion
of the X chromosome in D. pseudoobscura is associated with the sex-ratio trait
{Doszuansky and Epring 1944) . The use of 40 independent single-female lines,
twenty for each homozygous genotype, makes it unlikely that the experimental
results are due to linkage disequilibrium created by the experimental procedure,
a problem that may have affected the results of Kosima and his colleagues
(Jones and Yamazak: 1974). The experimental lines used here represent at
least 40 different independently derived chromosomes, a number sufficient to
contain more than 959, of all the genetic variation prezent in the natural popu-
lation. Therefore, if the selection observed does not affect the Pgm-1 locus per se,
but reflects a linkage-disequilibrium association of Pgm-1 with other loci, such
disequilibrium is likely to be present in the natural population; hence, the
frequency-dependent selection would be affecting (even though indirectly) the
Pgm-1 locus in nature.

Only the two common homozygous genotypes were utilized in this study in
order to avoid limiting the data analysis to a few comparicons, as was necessi-
tated by the experimental design of Yamazaxr (1971). Huang, Sineu and
Kosima (1971) noted ihat allele frequency in “conditioning’ genotypes was of
primary importance in determining the results of their conditioned medium
experiments; thus, the use of only homozygous genotypes may not greatly influ-
ence results. Restricting the study to homozygous genotypes also eliminates the
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problem of heterosis superimposed on frequency-dependent selection, although
no significant heterosis in survival was observed at the Pgm-1 locus of D. pseudo-
obscura in another study (S~xyper and Ayara, in preparation).
Frequency-dependent developmental rate has not previously been reported in
the literature. Yamazak: (1971) studied developmental rate in the sex-linked
Est-5 locus of D. pseudoobscura, but failed to detect frequency dependence for
egg-to-adult or adult-to-adult developmental times. This is not surprising as
Yamazagr had five genotypes emerging from cultures established at variable
densities, used only three frequencies near the observed equilibrium frequency
and, presumably, had few replicates (he does not give sample sizes). A correla-
tion between developmental times of various genotypes in a culture, as has been
found in our experiments, is expected and does contribute to error variance when
an analysis of variance is used to test results. Developmental time of all geno-
types in a Drosophila culture normally has low variance; therefore small in-
creases in error variance make analysis of variance a poor test for frequency
dependence if genotypes are nearly equal in rate of development. In our study
the use of a paired-comparison test demonstrates significant frequency-dependent
developmental rates. While the paired-comparison test is appropriate whenever
only two genotypes are cultured together, it does not permit quantification of
the amount of frequency dependence or treatment of multigenotype cultures.
Only large mumbers of replicates could reduce error variance sufficiently for
detecting frequency-dependent rate of development in multigenotype cultures
by analysis of variance (and by regression) unless the selection was very strong.
In this experiment, neither was rate of development significantly reduced in
mixed cultures relative to pure cultures (Table 1) nor was overall facilitation
of survival in genotypically mixed cultures found. MariNgovic and Ayvara
(1975) reported both a reduction in rate of development and a facilitation of
survival under marginal temperature and high-density conditions using flies
that varied at both the Me-2 and Pgm-1 loci. Facilitation of survival has also
been reported for D. pseudoobscura in cultures heterogeneous for chromosomal
inversions (Bearpmore 1963). The current study differs from that of Marin-
xovic and Avara by the use of larger numbers of single-female lines, which
may have resulted in an overall increase of diversity within pure cultures,
Significant frequency dependence in larva-to-adult survival occurs for both
Pgm-1 genotypes. The nature of the interaction between the genotypes involves
the reduction of survival rate in the more common genotype and its enhancement
in the less common genotype. When both genotypes occur at intermediate, near-
equilibrium frequencies, the two genotypes exhibit nearly identical survival
rates, as predicted by the frequency-dependent selection model of Kosima and
YarsroucH (1967). The predicted equilibrium frequencies at the locus, based
solely on frequency-dependent effects for survival-related components of fitness,
In this experiment are Pgm-1'=0.615 and Pgm-1'"* = 0.385. These fre-
quencies are not greatly different from those in the natural population at the
time when the wild flies were collected. In a two-year period, the frequency of
the Pgm-1° allele varied from a low of 0.55 to a high of 0.71 in the MacDonald
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Ranch population of D. pseudoobscura monitored by Dopzransky and Avara
(1973). The frequency-dependent selection observed in this experiment could
maintain a polymorphism within this frequency range if it were the only selec-
tive force acting on the population and the addition of the heterozygous geno-
type did not influence the equilibrium. Differences among genotypes for fertility
components of fitness could influence the equilibrium frequency, as could the
addition of the heterozygous genotype. However, SNYDER and Avara (in prepara-
tion) did not detect any heterogeneity among genotypes at this locus for age-
specific female fertility or more mating capacity.

Frequency-dependent selection may be an important mechanism for
maintaining balanced polymorphisms in natural populations. A balanced poly-
morphism at the Pgm-1 locus of D. pseudoobscura could be maintained ade-
quately by frequency dependence of larva-to-adult survival and of rate of
development. However, other results (SNyper and Avara, in preparation) sug-
gest that frequency dependence may act together with other selective factors
responding to variable temperature and density, which may account for seasonal
oscillations in gene frequencies at the Pgm-1 locus in natural populations
(DoBzuansky and Ayvara 1973). Although studies to date have often found
evidence for frequency-dependent selection when properly designed, much
further work is needed before we can adequately understand the role and extent
of this selective mode in maintaining balanced polymorphisms in natural
populations.

This research was supported by Contract PA 200-14 Mod #4 with the U.S. Department of
Energy.
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