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KNOWLEDGE of the amount of genic variation in natural populations is the

first step towards understanding how such variation is maintained. The first
systematic studies of the amount of genic variation in natural populations of Dro-
sophila pseudoobscura were reported by Hussy, LEwoNTIN, and co-workers
(Hussy and LewonTiN 1966; LEwonTIN and Hussy 1966; PrRARAsSH, LEWON-
TIN and Hussy 1969) who estimated that 409, of the loci are polymorphic and
that on the average 129% of loci per individual are heterozygous in North Ameri-
can populations of the species. Similar estimates of heterozygosity have now been
made for several organisms, including mice (Seranper and Yane 1969) and
humans (Harris 1969; LEwonTiN 1967). All these estimates indicate that the
proportion of polymorphic loci in natural populations may be much greater
than was previously supposed.

Were these polymorphisms maintained primarily by heterosis operating in-
dependently at each locus, populations probably would not be able to tolerate the
huge genetic load involved (see LewonTtiN and Hussy 1966). Svep, Reep and
BopmEer (1967) have attempted to solve this dilemma by postulating that there is
a limit to maximum fitness because of gene interaction. Owing to the rarity of the
maximally fit genotypes, the amount of reduction in the selective advantage of
heterozygote over homozygote at individual loci is extremely small. King (1967)
proposed a different threshold model in which he assumed that a certain propor-
tion of the population with the “worst combination of genes, environment, and
luck” will be eliminated by natural selection. The effect of King’s model is simi-
lar to that of Svep, REEp and Boomer (1967) both in the sense that maximal fit-
ness is approached asymptotically as heterozygosity increases, and that there are
thousands of different genotypes with essentially the same fitness. According to
these models a large number of polymorphic loci can be maintained without
increasing genetic load to an excess. However, both hypotheses fail to explain the
relatively small loss of fitness found when natural populations are inbred. The
hypothesis of neutrality or very small selection coefficients of allozymes as pro-
posed by Kimura (1968) may be adequate to explain the maintenance of large
amounts of polymorphism by assuming a rather high mutation rate, migration
rate, and population size, but it does not appear to be an adequate explanation of
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the clinal variations or constancy of gene frequency in different populations as
reported by Prakasu, LEwonTIN and Hussy (1969).

Kooima and his associates have reported evidence of gene frequency-dependent
selection at the esterase-6 and alcohol dehydrogenase loci of Drosophila melano-
gaster (YarBroucH and KoJsima 1967; Kosima and YarsroucH 1967; Kosima
and ToBar1 1969), and have proposed that most protein polymorphisms may be
maintained by this mechanism, whereby genes are advantageous when rare, but
neutral when equilibrium is reached. This mechanism is attractive since it elimi-
nates the problem of genetic load when gene frequency is at equilibrium.

In the experiments to be described, I have tried to test directly whether there
are any differences in fitness or any indication of gene frequency-dependent se-
lection of electrophoretic variants at the sex-linked esterase-5 locus, which is
highly polymorphic in natural populations of Drosophila pseudoobscura. Four
different experiments were conducted: (1) population cage (perturbation) ex-
periments, (2) viability and developmental time experiments using the sex ratio,
(3) frequency-dependent selection experiments (premating type), (4) viability,
fecundity, and developmental time experiments (premating type). From the
results of those experiments it will be shown that selective differences among
genotypes at the esterase-5 locus of D. pseudoobscura must be very small.

MATERIALS AND METHODS

The flies used in all experiments were extracted from an established population cage of
Drosophila pseudoobscura, which had been kept at 18°C with standard cornmeal food. This cage
was established by Dr. R. C. LEwoNTIN approximately 15 years ago by mixing 12 isofemale
strains collected from Mather, California. Two alleles, Fast (F) and Slow (S), were found to be
segregating in the cage at frequencies of approximately 459, and 559%, respectively, at the time
I sampled them. These F and S alleles are equivalent to the 7.72 and 1.00 alleles in the notation
used by HusBY and LewonTiN (1966).

Virgin females and males were collected from the cage and mated in pairs. After eggs had
been laid, the parents were killed and their genotypes at the esterase-5 locus determined by
acrylamide gel electrophoresis. If the female and the male were homozygous and hemizygous,
respectively, for the same allele, the progeny flies were kept as a line. Therefore each line is
monomorphic for the allele in question. These lines will hereafter be referred to as homozygous
lines. In this way 22 homozygous lines of each allele were established. All 22 lines of each allele
were made independently: none of the 22 lines came from the same egg samples. A large num-
ber of homozygous lines were used to reduce the effects of linkage disequilibrium and to ade-
quately represent the cage backgrounds. Each homozygous line originated from three inde-
pendently sampled X chromosomes (two from the female, and one from the male), since the
esterase-5 locus is on the X chromosome (Hussy and LEwonNTIN 1966). The method for electro-
phoresis of the esterase was essentially the same as that described by Hussy (1963) and by
Hussy and LEwoNTiN (1966).

EXPERIMENTS

Ezxperiment 1: population cage experiment: Twelve population cages were established at two
different times, with two different foods, and at two different temperatures. All the flies used in
founding the cages were from the 44 homozygous lines described above. The minimum number
of flies used in starting population cages was 880 flies and the gene frequencies were the same in
both sexes. The starting gene frequency of the § allele was 0.909 in Cages 1, 2, 5, 6, 9, and 10,
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and 0.091 in Cages 3, 4, 7, 8, 11, and 12. These frequencies were used because they diverge con-
siderably from the observed frequency (which probably represents an equilibrium) in the
original stock population cage from which the lines were derived. Cages 1—4 were started on June
29, 1968, with Spassky’s food (Spassky 1943) at 25°C. This food is nutritionally very poor and
was used with the expectation that the competition for food would be severe. All 22 homozygous
lines of each allele contributed equally to the cages. Cages 5-12 were established on January 4,
1969, with cornmeal food at two different temperatures (Cages 5, 6, 7, and 8 at 25°C; Cages 9, 10,
11, and 12 at 18°C), using 20 homozygous lines of each allele.

RESULTS

The history of gene frequency in the cages is shown in Figures 1a (Cages 1, 2,
3,4), 1b (Cages 5, 6, 7, 8), and 1c (Cages 9, 10, 11, 12). Cages 2, 3, and 4 with
Spassky’s food were terminated after 9 months when most flies were killed be-
cause of a drastic temperature change resulting from incubator failure. Cage 1
was maintained for a longer period of time in spite of a drastic reduction in num-
ber of flies to about 20 survivors at the time of the accident. This cage showed a
clear decrease in the frequency of the S allele which began just after the reduction
of number, as shown in Figure 1a. This change in gene frequency may have been
caused by linkage disequilibria established due to the small number of flies sur-
viving. The remaining 11 cages, which were maintained with two kinds of food
at two different temperatures, did not show any time trend in gene frequency.
Deviations from Hardy-Weinberg proportions can be used to test the existence of
viability differences among different female genotypes, because gene frequencies
mn the cage populations did not change during the course of the experiment (see
LewonTIN and Cockernam 1959). In applying x* tests, the data fram two repli-
cate cages (Cages 1 &2, 3& 4, 5 & 6, etc.) were pooled in order to increase the
sample size. There is one degree of freedom in each test as the expected number
was obtained from the observed frequency. Adult flies were sampled in Cages 1, 2,
3, and 4. In other cages egg samples were collected and transferred toa bottle, and
the emerging adult flies examined. This difference in sampling technique did not
appear to affect the results. The proportion of female genotypes which were col-
lected from cages was not different from that predicted by a Hardy-Weinberg
equilibrium (Table 1); x* values of Cages 1 & 2,3 & 4.5& 6,7 & 8,9 & 10, and
11 & 12 were 0.33, 1.56, 1.92, 0.33. 0.73, 0.11, respectively. No difference in gene
frequency between the two sexes was observed (see Table 1).

Therefore, it can be concluded from these three results—no change in gene
frequency with time, very good fit with Hardy-Weinberg proportions, and no
difference between the sexes in gene frequency—that there are no detectable dif-
ferences in the fitnesses of the different genotypes at the esterase-5 locus under
the conditions of the these experiments.

Ezxperiment 2: viabilily and developmental time test using sex ratio: In this experiment two
components of fitness, viability and developmental time, were measured using sex ratio. As this
method does not involve electrophoresis, the scale of the experiment can be increased by a factor
of 100 for a given amount of labor compared to experiments utilizing electrophoretic examination
of protein. These experiments are also much more rapid than population cage experiments, and
may also detect a lower intensity of selection. The experimental conditions in the present experi-
ments are necessarily different from those found in cages.
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Ficure 1.—Gene frequency changes in population cages at two different temperatures (18°C
and 25°C) with two different foods (Spassky’s and cornmeal). Vertical lines represent 95%
confidence intervals.

Since no suitably marked chromosome with inversions (which would suppress recombina-
tion) is available on the X chromosome of Drosophila pseudoobscura, a mating scheme which
takes advantage of sex ratio was used in order to test the viability and developmental time of the
three genotypes (S/S, S/F, F/F) in females and of the two genotypes (S, F) in males. Figure 2
shows the four different matings used for estimating viability and developmental time of the five
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TABLE 1

Average gene frequency and test of deviation from Hardy-Weinberg
proportion of flies sampled from population cages

? d
Cage Number
s/s S/E F/E s F
1 and 2 Observed 310 96 7 307 56 ? freq. = 0.867
Expected  (305.45) (99.42) (8.09) J freq. = 0.846
x¢ = 0.33 Total freq. = 0.860
3 and b Observed 9 9 337 36 318 Q freq. = 0.124
Expected (5.97) (90.0;) (339.94) d freq. = 0.102
x¢ = 1.56 TPotal freq. = 0.117
5 and 6 Observed 754 127 9 395 39 ¢ freq. =0.919
Expected  (748.39)  (135.48) (6.13) d freq. = 0.910
X2 =1.92 Total freq. = 0.917
7 and 8 Observed 20 218 626 7% 352 ? freq. = 0.149
Expected (20.49)  (225.13) (618.38) o freq. = 0.174
x2 = 0.33 Total freq. = 0.154
9 and 10  Observed Y77 118 9 307 30 ? freq. = 0.887
Expected  (481.66)  (115.43) (6.92) o freq. = 0.911
¥2 = 0.73 Total freq. = 0.893
11 and 12  Observed 2 Th 579 19 351 ? freq. = 0.060
Expecled (2.20) (71.57) (581.22) d freq. = 0.051
%2 = 0.11 Total freq. = 0.058
Expected number was obtained from tolal frequency.
genotypes. The line number is indicated by j (j =1, .. . 22). From mating (1,j) male offspring

hemizygous for the § allele (S, ,) and female offspring homozygous for the S allele (S,/S; 1)
will appear at equal frequencies if there are no viability differences between males and females,
and if there is no aberrant segregation. Similarly, $ males (S; ;) and heterozygous females
(S; +1/FJ') will appear at equal frequencies from mating (2,7). Since the genotypes of the male
progeny in both matings are the same, the genotypes of the female progeny (S homozygotes and
heterozygotes) can be compared using the §; |, male offspring as standard. In the same way, in
matings (3,/) and (4,j) heterozygous progeny (S i +1/F ;) and F homozygotes (F;/F; +1) are com-
pared using F; males as standard. In addition, the two male genotypes (S, F) can be compared
using heterozygous females (S;4./F;) as standard [matings (2,/) and (3,/)]1. In the above
comparisons it is assumed that interaction among genotypes with respect to fitness are negligible
and that the relative fitness of genotypes is not influenced by the competing genotypes. It is
known that those assumptions are sometimes not correct (e.g., LEwoNTIN and Matsuo 1963).

According to this mating scheme, heterozygosity of genetic background is the same between
homozygote and heterozygote on the average with respect to the esterase-5 locus, assuming that
the differences in genetic background between lines of the same allele are the same as between
lines of different alleles. This condition is satisfied, as each of the 44 homozygous lines was es-
tablished independently.

Five-day-old virgin male and female flies from all the lines were mated using an aspirating
tube to avoid etherization, according to the mating scheme in Figure 2. The five pairs of flies used
in each cross were transferred to a new vial five days later. They were allowed.to lay eggs “or
another five days and then discarded. The flies emerging from these two vials were pooled and
treated as one observation. Viability was tested at two different temperatures (25°C and 12.5°C)
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(1,3)
o
S5 % 98,/850
g
S5a ?85/85,,
(2,3)
oF.
Fy % 9550/
g
Sin ® 8,/F;
(3,3)
d sj+l x 9 Fj/Fj
g F, /P,
J ¢ SJ+1/FJ
(L, 34)
dF,.. x JF,
J+l ¢ FJ/FJ
JF, JF,
J ¢ FJ/FJ+1

Ficure 2.—Mating scheme used for Experiments 2, 3, and 4. In Experiment 4 the progeny
in this figure were used as parents (j =1, ... 22).

in order to examine the effect of temperature on viability. Developmental time was tested only
at 25°C.

Viability test: Offspring were counted for 30 days (in 25°C test) and 70 days (in 12.5°C test)
trom the day of mating. Almost all flies had eclosed by the end of the counting period. Offspring
were gencrally counted on five occasions (16, 18, 20, 25, and 30 days), but occasionally on only
two. In the 25°C experiment, 14 out of 17 observations were counted five times since both viability
and developmental time were examined. Counting was done only twice in the 12.5°C experi-
ment as developmental time was not tested.

As shown in Figure 2, there are four different types of matings (i == 1, . . . 4) and 22 lines
of each allele (j= 1, ... 22). In most cases 17 replicates were set up in each mating type of
each line. The viability of female flies of one genotype was estimated as the proportion of female
flies in each observation. The estimates of male viability were obtained in the same way as fe-
male viability, except that proportion of male flies in each observation of only matings (2./) and
(3,7) were used as viability index. The values in Table 2 are the average for all lines (the value
for each line is the average of 17 observations). These values were converted into relative fit-
nzsses by dividing the value for each genotype by the heterozygote viability with females, and
by the S male viability with males.

Developmental time: The flies used in the developmental time experiment were exactly the
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same as those used in the viability test. All the cultures were counted five times: 16, 18, 20, 25,
and 30 days from the date of mating. The number of replicates was usually 14. In order to com-
pare the developmental times of different female genotypes, relative developmental time, meas-
ured relative to a standard genotype, was used as follows:

Relative developmental time (female) = absolute developmental time (male)— absolute de-
velopmental time (female).

Relative developmental time (male) — — relative developmental time (female). As men-
tioned above, the genotypes of the male progeny are the same in matings (1,/) and (2,f), and in
matings (3.,/) and (4.j). Therefore the developmental times of the two female genotypes can be
compared using relative developmental time as index. When the developmental time of male
genotypes were compared, the heterozygous female genotype was used as standard [from matings
(2,7) and (3,j)]. A larger value of relative developmental time index indicates a faster develop-
mental time of the corresponding genotypes. Developmental time was expressed in terms of
average developmental time and was not standardized (Experiment 3, Experiment 4), or in
terms of differences in developmental time among genotypes (Experiment 2).

RESULTS

A total of 1463 observations (two vials in an observation) was made in the
experiment conducted at 25°C, of which 1232 observations were used for both
viability and developmental time. All 1463 observations were used for the esti-
mates of viability. In the 12.5°C experiment, all 562 observations were used only
for viability estimation.

Viability test at 25°C: The mean viability indices were 0.5473 and 0.6436
in §/8 and S/F; 0.5536 and 0.5547 in S/F and F/F; and 0.4564 and 0.4464 in S
and ¥ (Table 2). Pairwise comparisons were performed using the average values
in each cross to test the viability differences between genotypes at 25°C. The re-
sults showed that there were no significant differences between any two geno-
types compared (S/S:S/F, S/F:F/F, and S:F); t,, values were less than one in

females, and 1.41 in males. The error variances (S—zd—) used in this t test measure

the size of the differences in the relative fitness of the two genotypes concerned
among different pairs. Accordingly, this variance was tested against the variance
among replicates within crosses; there were 17 observations within each cross.
The variance ratio was highly significant in every comparison (F,, ¢, = 3.00 for
S/8:S/F; Fs 600 = 2.80 for S/F:F/F; and F,, ¢s = 4.67 for S:F). This means
that there is a large amount of genetic variability in the background (or linked
genes) of § and F genes. It does not necessarily mean that there are physiological
interactions between the esterase-5 locus and background genes. It probably
means that the effects of linked loci are large relative to those of the locus in
question when the number of chromosomes involved is small. These results em-
phasize t:e importance of using large numbers of chromosomes in this type of
experiment in order to avoid as far as possible confounding the effect of the gene
in que:tion (as measured on the background characteristic of the base popula-
tion) with the effects of linked genes.

Viability test at 12.5°C: At this low temperature it toock approximately 40 days
for flies to grow from egg to adult. Fifteen lines were selected at random for this
experiment. These results are essentially the same as those obtained at 25°C (see
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TABLE 2

Summary data of Experiment 2

Components of ? Genotype Jd Genotype
Fitness Tested _S/§ _S/E _F/_F_‘ s E
A
0.5473 0.5436
D = +0.0037 ® 0.0059
Viability 0.5536 0.5547
at 25°C D = -0.0011 £ 0.0058
0.4564 0.LLék
D = +0.0100= 0.0071
Relative Fitness 1.0068 1 1.0020 1 0.9761
B
0.5303 0.5247
D = +0.0056 = 0.0088
Viability 0.5332 0.5179
at 12.5°C D = +0.0153 : 0.0088
0.4753 0.4668
D = +0.0085 £ 0.0096
Relative Fitness 1.0107 1 0.9723 1 0.9821
c
. 0.08 0.20
D =-0.12 * 0.0680
Developmenta(l) 0.01 0.00
Tine at 25 °C D = +0.01 & 0.0588
-0.20 -0.01
*
D =-0.19 = 0.083L

* Significant at 5% level.

Table 2). The mean viability indices were 0.5303 and 0.5247 for S/S and S/F;
0.5332 and 0.5179 for §/F and F/F; and 0.4753 and 0.4668 for § and F. There
were no significant genotype effects in any of these comparisons (t;, = 0.64 for
S/S:S/F; t,,=1.74 for S/F:F/F; and t,, = 0.88 for S:F). The error variances
were significantly greater than the variances among replicates (F,, .. = 1.92 for
8/8:S/F; Fiy 050 = 2.00 for S/F:F/F; and F., .;; = 2.57 for §:F). Since the results
are essentially the same at both temperatures (25°C and 12.5°C). it can be con-
cluded that there is no evidence of temperature effect on viability at the esterase-5
locus in these experiments.

Developmental time: The average absolute developmental time was approxi-
mately 22 days. The mean developmental time indices were 0.08 and 0.20 for
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§/8 and S/F; 0.01 and 0.00 for S/F and F/F; and — 0.20 and — 0.01 for § and F
males (Table 2). This indicates that the developmental time of S/F females is
0.01 days faster than F/F and 0.12 days faster than S/, while that of ¥ males is
0.19 days faster than that of S males. The differences were not significant among
female genotypes (t,; = 1.74 for S/S:S/F; and t,, = 0.12 for S/F:F/F) but were
significant between male genotypes at the 59 level (t,, = 2.33). The error vari-
ance was not significantly greater than the variance among replicates in the com-
parison between S/F and F/F females (F;, 5., = 1.54), but highly significant in
other comparisons (¥, 5;, = 2.01 for $/S:S/F; and F,; 5;, = 2.75 for S:F).

The results of all these experiments on viability and developmental time indi-
cate that there are no differences in fitnesses among genotypes except for the
difference in developmental times between male genotypes. Differences in vi-
ability were no greater than a few percent: the ratios of S/S: S/F : F/F were
1.0068 : 1 :1.0020 at 25°C and 1.0107 : 1 : 0.9723 at 12.5°C; while those of S:F
were 1:0.9781 at 25°C and 1 : 0.9821 at 12.5°C. The only significant difference
was obtained for developmental time of male genotypes: D= 0.19 + 0.081
(Table 2). That is, F males develop 0.19 day earlier than S males on the average.
It is, however, unlikely that the esterase-5 locus is itself responsible for this differ-
ence as there are highly significant error variances. It is also possible that one
significant difference out of nine different comparisons has arisen because of
mere chance. In addition, it is difficult to use developmental time to predict
changes in gene frequency in population cages (or in nature) as the genetic
theory is poorly developed for overlapping generations and because we have
limited information on the ecology of Drosophila.

Ezxperiment 3: frequency-dependent selection experiment: The experiments described in this
section are an attempt to test whether the relative fitnesses of different genotypes at the esterase-5
locus change as the gene frequency changes in a manner similar to that described by Kosima
and YarsroucH (1967). The design of these experiments is almost identical to that of Kojrma
and Yareroucu. The mating scheme was the same as that used in Experiment 2 (described
above).

This experiment differs from the sex-ratio experiment in that it requires electrophoresis for
estimating fitness, since five genetically different offspring emerge from each bottle. As the size
of the experiment is limited by this procedure, differences of a few percent in relative fitness will
not be detected. If frequency-dependent selection is operating at the esterase-5 locus of D. pseudo-
obscura with respect to viability or fecundity to an extent as great as that reported by Kosima
and YarsBrouGH (1967) for D. melanogaster, these experiments should be sufficient to detect dif-
ferences in selective forces. The following two kinds of experiments were carried out.

Adult-to-adult experiment: Four days after crossing according to the mating scheme shown in
Figure 2, the four types of fertilized females (S/S X S, S/S X F, F/F X S, F/F X F) were
separated from the males. Two days were allowed for recovery from the effects of etherization.
All the females of the same mating from every line were then randomized by putting them to-
gether in a bottle.

One hundred fertilized females from four different matings were mixed in the desired pro-
portions in a bottle and were allowed to lay eggs for two days. The proportions were chosen so
that in three different experiments the expected gene frequency of the S allele in the progeny
would be 0.7, 0.5, or 0.3, respectively, in the absence of selective differences, and the expected
frequencies of female progeny were in the Hardy-Weinberg proportions in all cases (see Table 4).
The numbers of the four types of female flies (S/SX S, S/S X F,F/F X S, F/F X F) were there-
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TABLE 3

The mating scheme and model of the viability estimation in frequency-dependent
selection experiment
(Experiment 3)

Progeny genotype

8/8 S/F F/F S F
Mating types
_ Viability
? g Input frequency v, 1 v, 1 vVa
§/S%S f, f.V, .. f,
S/S X F f, . f, Ny f, N
F/F xS f. . f. AL
F/F X F fs . Vs - f,Va
Output frequency P, P, Py p, Ps

where p, +p, +tp,=p, +p;=f,+f,+f,+f—=1

fore 49, 21, 21, and 9, respectively, when the expected frequency of the S allele was 70%; 25, 25,
95. and 25, respectively, when the expected frequency of the S allele was 50%; and 9, 21, 21, and
49, respectively, when the expected frequency of the S allele was 309%.

Progeny were counted daily until all the F, flies had emerged. The output frequency of each
genotype with regard to the esterase-5 locus was tested by acrylamide gel electrophoresis. In this
experiment two components of fitness, female fecundity and egg-to-adult viability, are confounded
s nce the input is fertilized adults and the output is adult offspring.

Egg-to-adult experiment: Egg samples were collected from the females of each mating type
used for the adult-to-adult experiment and two hundred eggs were mixed in Hardy-Weinberg
proportions for frequencies of the § allele in three different experiments equal to 0.7, 0.5, 0.3, as
in the adult-to-adult experiment. In this experiment, viability from egg to adult is measured.
Apart from this, the experiment was conducted in the same way as the adult-to-adult experiment.

Viability was estimated in both egg-to-adult and adult-to-adult experiments. When viability
was estimated from the adult-to-adult experiment, genotypic differences in female fecundity were
confounded with viability.

The mating scheme is summarized in terms of input (f,.f,.f,) and output (p,.,.p,P,.P;)
frequency and viability (V. VZ,V& ) in Table 3. The output frequency is expressed in terms of

of input frequency and viability from Table 3, as follows:

Vi ;+
pl:fN plo:j_N fg
d
2
PeZ‘T]:;— _ (f2+f3)Vd\
_ Ve Ps—™N
Ps— N ¢

where N=f,V, +2f, + V. and N, =f, +f, + (f: + f)V,

The estimate of viability for each genotype and its variance is expressed in terms of input and
output frequencies, and the number of flies tested, as shown below:

The method of derivation of these equations is described in more detail in the next section (Ex-
periment 4).

_ 2 . p: 2:1 2f, p:(p:tpe)
Ve =y () (22t
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_ 2f2 P - :_1_ 2f2 z ps(pz+p3)
Ve _—f; e v.,” TN ( fs ) ( P )
:E——_fi.& 0_2 :___1__ (f1+f2)2 '_5
S ftf o p Ve T fotfs P

where TN = number of female flies tested
and TN s = number of male flies tested

The developmental time of each genotype was also estimated in a manner similar to that of
the previous experiment. Since all five genotypes emerge from one bottle in this experiment, all
the genotypes can be compared directly.

RESULTS

Viability: The results of the adult-to-adult experiment are shown in Table 4.
Expected porportions (= input proportion of premated female flies), observed
proportions after selection, and total number of flies tested of each sex are shown
in the first two rows of each input frequency. The third row shows the relative
viabilities of each genotype with their standard errors as calculated by the method
given above. In female viability, only one case (F/F homozygote) showed a
significant difference (P < 0.05) from standard (heterozygote viability) at an
input frequency of 309 S. All other estimates of female viability were not
significantly different from the heterozygote viability. The viabilities of ¥ males

TABLE 4

The results of viability test from adult-to-adult frequency-dependent selection experiment
(Experiment 3)

Input Fre- Output ? No. of Cutput o No. of
quency of Flies Flies
$ Allele s/s S/E F/F Tested s F Tested
Expected
proportion o.hg 0.h2 0.09 567 0.7 0.3 397
70 per cent Observed
proportion 0.48501 0.42857 0.08642 0.74055 0.25945
Relative %
fitness 0.9700£0.0854 1 0.94100.1473 1 0.8175+0.0693
Expected
proportion 0.25 0.50 0.25 564 0.50 0.50 397
Observed
50 per cent "o rtion 0.28723 0.k9113 0.22163 0.56423 0.43577
Relative R
fitness 1.1697+0.1158 1 0.9025+0.0975 1 0.7723+0.0436
Expected
proportion 0.09 0.k2 0.%9 565 0.30 0.70 375
Observed
30 per cent proportion 0.10L442 0.45133 0.44%25 0.35467 0.614533
Relative * %
fitness -1.0797+0.1559 1 0.843740.0748 1 0.7798+0.0300

* Significant at 59, level.
** Significant at 19, level.
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TABLE 5

The results of viability test from egg-to-adult frequency-dependent selection experiment
(Experiment 3)

Input Fre- Output ¢ No. of Output o No. of
quency of Flies Flies
S Allele s/s S/F F/E Tested s F Tested
Expected
proportion 0.4 0.h2 0.09 298 0.7 0.3 310
70 per cent Observed .
proportion 0. 4664, 0.43624 0.09732 0.71613 0.28387
Relative
fitness 0.9165+0.1118 1 1.0411% 0.2138 1 0.9249+0.0837
Expected
proportion 0.25 0.50 0.25 321 0.5 0.50 335
50 per cent Observed i
proportion 0.25382 0.47706 0.26911 0.51343 0.48657
Relative.
fitness 1.061+0,1446 1 1.1282+0.1503 1 0.947740.0529
Fxpected
proportion 0.09 0.h2 0.49 348 0.30 0.70 308
30 per cent Observed .
proportion 0.09483 0.41954% 0.48563 0.30195 0.69805
Relative
fitness 1.0548+0.2032 1 0.9922+0.1122 1 0.9908+0.0374

were significantly lower than § males irrespective of input frequency. In these
experiments, flies bearing the S allele, especially males, seem to be more viable
than flies with the F allele.

Although the values in Table 4 do not seem to give evidence of minority
advantages of the type reported by Kosmva ez al., frequency-dependent selection
was tested in another way using only gene frequency (not with genotype fre-
quency) since there were five genotypes to compare and the number of flies
tested was small. Using the difference between observed and expected gene
frequency in each replicate at each frequency, an analysis of variance was
conducted to see if frequency-dependent selection was operating. The F value
was less than one and there is therefore no evidence of frequency-dependent
selection. Average differences from expected gene frequencies of the S allele were
0.0174 = 0.0188, 0.0373 = 0.0231, and 0.0323 = 0.0199 at the input S allele
frequencies of 0.7, 0.5, and 0.3, respectively. Since there was no evidence of
frequency-dependent selection, the input frequencies were ignored and the differ-
ences of the observed from expected were pooled. The pooled difference showed
that the excess of § allele over expected of 0.0290 was significant at the 59
level (1= 2.5, df = 25).

The results of the egg-to-adult experiment are shown in Table 5. in which the
data are arranged as in Table 4 (adult-to-adult experiment). None of the geno-
types has a viability which is significantly different from standard, and a test of
frequency-dependent selection using gene frequency was also negative. The
average differences of cbserved from expected frequency were —0.0046 = 0.0146,
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0.0005 = 0.0260, and —0.0003 = 0.0109 at input frequencies of 0.7, 0.5, and 0.3,
respectively.

When viability was estimated from the adult-to-adult experiment it was
assumed that fecundity differences between genotypes (F/F and S/S females)
were negligible. Since both fecundity and viability are involved in the adult-to-
adult experiment, viability estimates are correct only when there is no difference
in fecundity between two genotypes.

Koosima and YarBrouGH attempted to avoid this complication by estimating
the fecundity of two female genotypes in separate experiments, and adjusting
the expected frequencies according to these fecundity estimates. In the present
experiment, I have tried to estimate fecundity in an adult-to-adult experiment
using the viability estimates obtained from an egg-to-adult experiment. Unfor-
tunately it was not possible to apply the results of one experiment to the other
in order to obtain the estimates of both viability and fecundity since the intensity
of competition was very different in the two experiments. In the egg-to-adult
experiment 689 of eggs eclosed as adult flies. On the other hand only 159 of
eggs emerged as adults in the adult-to-adult experiment. Fecundity estimates are
therefore not strictly comparable between the two experiments, since it is well
known that fitness may be dependent on density (LEwonTiN 1955; SokaL and
Huser 1963). If there is no differential selection in fecundity between the two
female genotypes, it is possible to estimate the viability of all five genotypes as
in the egg-to-adult experiment. If there are differences in fecundity between two
genotypes, or if the fecundity is incorrectly estimated in the preliminary experi-
ment, the estimate of viability is biased. The bias is apparent since five different
genotypes emerge as progeny while only two different females are used as
parents. Let the viabilities of S/S, S/F, F/F females, and of S or F males be V,,
1,V and 1 or V_, respectively. Let female fecundity of §/S and F/F be 1 and
E, respectively. What we are actually estimating in adult-to-adult experiment
when viability is estimated by ignoring fecundity as in Table 3, is expressed
2V, { 2EV,
1+E" " 1+E
In this case the only unbiased estimates are the “total fitness” (product of fecun-
2V, 2EV,
1+E  1+E

algebralcally as follows: §/S: S/F : F/F = andS: F=1:EV .

dity and viability) of two homozygous females: S/S : F/F = =V,:
EV,.

Sometimes the ratio of Observed to Expected is used as a fitness index (see
Kosima and YarBroucu 1967). However this index is not frequency inde-
pendent. If there is any difference in fitness among genotypes, the (Observed/
Expected) ratio changes when the expected proportion changes. For example, in
the present mating scheme if the viabilities of §/S, S/F, F/F are 1, 1, 0.7, the
fitness index (Observed/Expected) of S/S female is 1.03 at 709, input frequency,
1.08 at 509, and 1.17 at 309%. The relative fitness, however, is obtained from
the Observed/Expected ratio since the ratio of fitness index among genotypes is
the same among different input frequency. To avoid the misinterpretation, in
this paper only the standardized relative fitness was used.
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TABLE 6

The results of developmental time test from adult-to-adult frequency-dependent
selection experiment
(Experiment 3)

Average developmental time by day

Input ? g

frequency

(percent) S/S S/F F/F N F
70 21.56 = 024 2093 = 025 21.71 + 0.56 20.84 = 0.19 2131 = 0.32
50 22.94 = 035 2248 + 027 23.19 = 0.40 21.79 + 026 21.73 = 0.29
30 2342 + 046* 21.65 = 022 2222 + 0.22 2168 £ 027 2218 = 0.20

* §/8 developmental time is different from both S/F and F/F at 5% level.

Developmental time: The average developmental time of each genotype with
standard error at each frequency is shown in Table 6 (from adult to adult) and
Table 7 (from egg to adult). Analyses of variance were conducted to see if there
were any significant differences in developmental time among genotypes at each
frequency of both adult-to-adult and egg-to-adult experiments. In the adult-to-
adult experiment, female developmental times at 309, input frequency were
significantly (Fs s, = 6.37; P < 0.01) different. Five other comparisons were not
significantly different. None of the analyses of variance (six analyses in both
sexes) showed significant results in the egg-to-adult experiments. Average devel-
opmental times in the adult-to-adult experiments were 3-4 days longer than in
the egg-to-adult experiment. In the egg-to-adult experiment almost all flies
emerged in a few days, while the eclosion of flies in the adult-to-adult experiment
extended over more than 15 days. This is mostly due to the difference in the
intensities of competition between experiments. Moreover, the developmental
time in the adult-to-adult experiment includes not only the egg-to-adult develop-
mental time but also the egg-laying time (maximum 2 days) of fertilized parental
flies. However, the increase in variance in developmental time from the latter
cause is not substantial because the 2-day egg-laying difference is small com-
pared with the 15-day eclosion period. It is also possible that differences in the
time of egg laying were intensified by the interaction between flies.

TABLE 7

The results of developmental time test from egg-to-adult frequency-dependent
selection experiment
(Experiment 3)

Average developmental time by day

Input ?

frequency

(percent) S/8 S/F F/F N F
70 17.06 = 0.10  17.08 = 010 17.24 = 0.21 17.62 = 0.07 17.77 = 0.11
50 17.33 = 016  17.47 = 0.11 17.61 = 0.15 17.76 = 0.10  18.01 = 0.11

30 17.09 = 026  17.60 = 0.12 1747 = 0.11 1820 = 0.17  18.14 + 0.11
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TABLE 8

Mating schemes and model to estimate viability and fecundity simultaneously in Experiment 4

Frequency after fecundity selection

Mating type
- Input Female
? d frequency fecundity §/8 S/F F/F N ¥
Mating 1
S/F XS i 1 Yef, Yef, Y%f, Yof,
F/FXF f, E, N y f.E, Ny f.E,
Viability v, 1 v, 1 Va
Mating II
S/SX S k, E, KE, . . KE,
S/F X F k, 1 . Yk,  Yak, %k, Yok,
Viability v, 1 v, 1 Ve

The direction of the difference in developmental time among genotypes (al-
though not significant) was not the same as that of Experiment 2 (sex-ratio
experiment): the flies bearing an F allele seem to develop slower than those with
an § allele in the frequency-dependent selection experiments (see Tables 6 and
7), while the reverse seems to be true in the sex-ratio experiment (see Table 2).
This suggests that the small differences observed may not be ascribable to the
effects of the locus in question.

It can be concluded that, as only one out of 12 tests (three tests in either sex
of each experiment) showed a significant difference in developmental time. there
are no detectable differences in developmental time among genotypes. For via-
bility, there were no significant differences among genotypes in the egg-to-adult
experiment. In the adult-to-adult experiment, males bearing the S allele are
clearly more fit than those bearing the F allele. There was no evidence of fre-
quency-dependent selection in either experiment.

Ezxperiment 4: viability and fecundity experiment: In the present experiment, I have tried to
estimate the two components of fitness (viability and fecundity) simultaneously. In order to esti-
mate five unknowns (two estimates of female viability, one of male viability, two of female fe-
cundity), two different mating schemes are necessary as there are two degrees of freedom in the
female, and one in the male in each experiment. This is only possible because the locus is sex
linked. Male viability can be estimated in two ways since there are two degrees of freedom and
only one unknown. It is assumed from the previous results that frequency-dependent selection
is negligible in the present experiments. The model by which both components of fitness can be
estimated is set forth in Table 8.

In mating I, let the input frequency of heterozygous females (S§/F) fertilized by S males
and F/F homozygous females fertilized by F males be f, and f,, respectively. Similarly, in mating
II let the input frequency of S/S homozygotes fertilized by S males and heterozygous females
(S/F) mated with F males be k, and %,, respectively. Let the output frequency of /S homozy-
gote, heterozygote, F//F homozygote, S male, and F male be p,, p,, p,, p,, and p; after normaliza-
tion in mating I, and ¢,, q,, q,, 9,, and g, in mating scheme II. These output frequencies can be
expressed in terms of input frequencies (f,, f, in mating scheme I; and &,, &, in mating scheme
II), viabilities (V,, V,, Vﬁ), and fecundities (E,, E,) as follows.
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From Mating Scheme 1 From Mating Scheme II
1 (fV 1
=— - v k1E1V1
1 (1 1 (k
1 1 (kV
PR, BBV 7=y, 5
_ 1 (f 1 ks
P (7) g, = de( mE+22)
1 (fIVO, )
— 1 k. V<
p5_N1 2 +f2E2Vo’ q5_]V2d, ( 2_)
where N, = f Vi o f1 +LEV, Ny = hEV,+ k— + RVs
fl fl g kz
— N, . = k,E, + A A
N, =g g+ LEV, ; 5

Since p,+p,+p,—=p,+p;,=q,tq,+q,= q,+ g, =1, the above 10 equations are re
duced to six by dividing p, and p, by p,; p, by ps; q,and g, by q,; and q, by g, as shown below:

From Mating Scheme 1 From Mating Scheme I1
(1) 0 _KEY,
po_ 2 v (k)
» ) :
2 (=)
P _ [E.V, q9s _ 2
; f: : ke
(1) ()
/i k
- (L) . BET
ps (f Ve LEYe) s kY,
2

From these six equations viability and fecundity can be expressed in terms of input and output
frequency as follows:

V.é= PsP2q 3 vV, = P1
1 - 1
P (pegs 1 psqs) Pe
_ 9:(pige 1 g.q,) _9s
Ve, = V,=—
q.P1q: qe
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kqu kzﬁzQ1
V E = — EI ==
T 2k, 2k1p1q.
flps Pglhfz
V.E, =0 E, =PI
#e 2fzpe ? 2P2‘73f2

The variances of the fitness estimates were computed using the approximation of the Taylor ex-
pansion by the following equation:

s () o G o () (3
s o () (5 ) 0 (BE) (25 ) g () (2

where X : the estimate in question

o® : the variance of estimate X

The variances of the fitness estimates are then as follows:

2 — P1 (p1 + Pz) s — k2 q: (ql + Qz)
%, TN, 7’ ey, yey )( TN, ¢* )
2 qs(g: T qs) 2 — ps(p: + ps)
o.V, TNQ q32 aEsz ( 4]12 )( TN1 p3z )
2 — q 1Pe (P1 + pz) p2z q: (171 + qz)
T, (4<k2 ) ( TN, ¢%p° + TN, p*:q° )

( ) (q zps(Pz + Ps) + st Qz((h + qg))
4f%; TN, g*p* TN, p*.q°

where TN, = the number of female flies tested in Mating I
TN, = the number of female flies tested in Mating IT

In order to reduce the labor involved the variances of male viability estimates were not expressed
algebraically, but were computed numerically. Before the actual experiments were conducted,
the input frequency giving the estimates of fitness with minimum variances was sought nu-
merically using several different fitness sets. For example, when f, f,. &, and &, in Table 8 were
0.7, 0.3, 0.3, and 0.7, respectively, the variance of the estimates of fitnesses, V,, V,, E,, E,,
V’d” ng\, EV,, and E,V, were 0.0037, 0.0037, 0.0079, 0.0079, 0.0099, 0.0044, 0.0042, and 0.0042,
respectively, assuming V, =V, =E, —=E, = Vd‘ =1, and TN, =TN,= TNld = TNEC; =
1500. This input frequency generally gave the minimum variance of the estimates under several
different fitness sets, and for that reason the actual experiment was carried out with these input
frequencies of f and £. The input frequency and the expected output frequency of each genotype
under the assumption of no selection are shown in Table 9.

The mating scheme used for this experiment was essentially the same as that used for the
previous experiments. Since heterozygous females were used in this experiment, one more gen-
eration was necessary: the offspring in Figure 2 were used as parents. The matings were always
done between the offspring from different matings and from different lines; the matings, S/S X S,
F/F X F,S/F X S, S/F X F were made by crossing the offspring of matings (1,7) with (2,j4+1),
(4,j-+1) with (3,7), a mixture of (2,7) and (3,j) with (1,;4+2), and a mixture of (2,/) and (3,/)
with (4,742), respectively (j =1, ... 22). This procedure was followed in order to avoid the
inbreeding effects of homozygotes by incorporating the background genes of one allele into that
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of the other. [t is necessary only if the inbreeding coeflicient is higher among different lines of
the same allele than among lines of different alleles.

The developmental times of female genotypes were tested in a similar way as in the previous
experiments. In this experiment only S/S and S/F female progeny are produced by the same
parent in mating I, and S/F and F/F in mating II. Therefore only genotypes from the same
parents were compared.

RESULTS

The results of the experiments are shown in Tables 9 and 10. For this experi-
ment 2240 female and 1334 male flies were examined by electrophoresis. In
neither experiment (mating I or mating II in Table 8) was the deviation of
observed number from expected number statistically significant. From these data
there is no evidence of selective differences among genotypes. Viability, fecundity,
and the product of viability and fecundity (Table 9) were estimated by the
methods described above. Both the viability and fecundity of heterozygotes were

TABLE 9

Results of fecundity and viability test
(Experiment 4)

? I~
s/s S/E F/E s z
Mating I S/F x § (70 per cent)
F/F x F (30 per cent)
Total number of flies examined: ¢ 888, d 545
Expected
proportion 0.35 0.35 0.30 0.35 0.65
Observed
proportion 0.3382 0.3301 0.3316 0.3249 0.6751
& = L.y & = 1.53
D.F. = 2 D.F. =1
Mating II  8/S x 8 (30 per cent)
S/F x F (70 per cent)
Total number of flies examined: ¢ 1352, ¢ 789
Expected 0.30 0.35 0.35 0.65 0.35
proportion
Observed
proportion 0.3027 0.3326 0.3hk47 0.6685 0.3315
%2 = 3.60 2 = 0.82
D.F. = D.F. =1
Fitness Estimates
Viability 1.02L45£0.1682 1 1.036440.1371 1 1.055140.2555
Fecundity 1.1048+0.2345 1 1.130840.2392 0.9655+£0.1855

Product (VxE) 1.1319£0.1520 1 1.1720£0.193k average = 1.010
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TABLE 10

Resulis of developmental time test from Experiment 4

Average developmental time by day
S/F

§/8
From mating I 19.67 + 0.14 20.00 = 014 ... ... t—=1.69
D =-—-033 = 020 df =591
From mating I ... ... ... 19.76 = 0.12 19.43 = 0.12 t=1.95
D =--0.33 + 0.17 df =914

inferior to those of both homozygotes: in viability by a few percent, in fecundity
by more than 109;. However, none of the estimates was significantly different
from one since the standard errors were very large. The average developmental
time of female genotypes was obtained in a similar way to that used in the fre-
quency-dependent selection experiment. Heterozygous females were slower in
development by 0.33 days than either homozygote (Table 10). The difference
between S/F and F/F was not significant, but its associated probability was just
over 5% (t=1.956, df = 914).

In all three fitnesses estimated (viability, fecundity, and developmental time),
heterozygous females were more or less inferior to both homozygotes, although
none of the comparisons was statistically significant. Heterozygote inferiority
was not observed in previous experiments. Increased heterozygosity in the back-
ground genes of homozygotes might be responsible for the decreased relative fit-
ness of heterozygous flies.

DISCUSSION

In this paper the fitnesses of those five genotypes at the esterase-5 locus com-
monly found in natural populations of D. pseudoobscura were estimated to ex-
amine whether selection is likely to be responsible for this polymorphism, and by
extension, for protein polymorphisms in general. It is important to consider
methodological difficulties which may affect my estimations of fitness.

Four experiments were carried out in the work described in this paper. One of
them consisted of population cage experiments. In most population cage experi-
ments, initial gene frequencies are chosen so as to be some distance from the
equilibrium frequency in the original population, and fitnesses are estimated
from the changes in the frequency of genotypes in successive generations. How-
ever, in estimating fitnesses from experimental populations, several difficulties
are encountered.

The first of these arises from heterogeneity of the material to be tested. For
example, if one allele originates from one inbred population and the other allele
from a different inbred population, genes affecting fitness and closely linked to
the alleles under investigation may differ. If each allele is linked to deleterious
genes, heterozygotes at the locus in question may show spurious overdominance
because homozygotes at the locus are also homozygous for linked deleterious gens,
particularly during early generations when linkage equilibrium has not been
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established by recombination (see FrRypENBERG 1963). Similar problems may be
encountered even if the two chromosomes are sampled from the same population
since populations are often heterogeneous enough to cause this type of situation.
It is difficult to estimate how many generations of random mating will be
required before the linked genes reach linkage equilibrium. Although the prob-
lem of linkage described above is well known, it is often neglected when experi-
ments are carried out, partly because of the unavailability of suitable material.

Another problem in the estimation of fitness arises from the assumptions about
the modes of selection (such as random mating and sex-independent fitness)
usually made for the sake of convenience, even though it is generally known that
such ascumptions cannot be justified. The consequence is to obtain spurious fitness
estimates.

Further difficulties arise because the enumeration of genotypes in each genera-
tion is usually carried out in the middle of the selection process. ProuT (1965)
has demonstrated that “net fitnesses cannot be estimated from two generations of
a population when the population is counted at partially selected stages.” If geno-
types are counted at partially selected stages, it is necessary to measure two com-
ponents of fitness, pre-counting selection and post-counting selection (which
usually correspond to viability and fertility, respectively) in order to estimate
total fitness. If a more realistic model such as nonrandom mating or sex-depend-
ent selection is considered, estimating problems will be much more complicated,
and more information will be needed in order for fitness to be estimated. ProuT
(1969) cautioned that apparent frequency-dependent selection can arise in two
cases: if the assumptions about the mode of selection are not justified, or if we
assume that genotypes are counted after all selection has taken place when count-
ing was actually done before or during selection. In addition, it must be kept in
mind in estimating fitness that demographic changes may be accompanied by
gene frequency changes; gene frequency may change in response to changes in
rate of population growth if selective differences among genotypes vary with age:
e.g.. if one genotype starts reproducing earlier, it will make a greater contribution
to the gene pool when population size is increasing than when it is stationary or
declining (CmarLEsworTH and GieseL 1971).

In the cage experiments reported in this paper the gene frequency did not
change and genotype frequency of adult flies was not different from proportions
expected from a binomial distribution. Therefore, none of the problems associated
with mode or timing of selection has arisen in estimating fitness.

In the other three experiments (Experiments 2, 3, and 4), components of
fitness were directly estimated under specific mating schemes rather than from
the change in genotype frequencies under the assumption of random mating.
Since special mating schemes were used, neither an assumption of random mating
nor of the absence of differential selection between sexes was made in estimating
components of fitness. In all three experiments, both viability and developmental
time were estimated in each sex separately, partly because the esterase-5 locus
is sex linked. Fertility was estimated only in females (female fecundity) in
Experiment 4. Male fertility (male mating ability) was not measured because of
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limitations of time and labor, and also because no differences in other components
of fitness were found.

The only problem involved in estimating fitness in those experiments was
therefore that of linkage of the esterase-5 locus with other genes affecting fitness.
Throughout the experiments great care was taken to minimize this problem; all
the materials were sampled from an established population cage which had been
kept in the laboratory for 15 years, so that an equilibrium is likely to have been
attained; twenty-two independently derived homozygous lines of each allele (66
independently derived chromosomes) were used throughout the experiments.

The results and conclusion of fitness estimation from the four experiments
described above are as follows. A few estimates of components of fitness show
significant differences among genotypes. However, none of the trends was con-
sistent from experiment to experiment, and most of them were not significant.
The results of Experiment 2 are probably most reliable as more than 300 thousand
flies were examined in this experiment, compared to under four thousand in
experiments requiring electrophoresis. The estimated difference in viability
among genotypes from Experiment 2 was generally less than 29, and the differ-
ence in developmental time was less than 0.2 day. In experiments requiring
electrophoraesis, estimates of differences in fitness were greater than in Experi-
ment 2 (sometimes more than 10 percent). Although many of these variations in
the magnitude of the fitness differences from experiment to experiment may be
ascribed to differences in the scale of the experiments, there was also a consider-
able difference in experimental conditions between the sex-ratio experiment and
the premating experiments. In the former, a genotype competes only with a
standard genotype. If the different genotypes interact ecologically with each
other to a substantial degree, this method will give biased results. In the latter
experiment all five genotypes compete with each other. These conditions are
closer to those found in population cages or in nature. The expzriments involving
electrophoresis were, however, conducted on a much smaller scale than the sex-
ratio experiment, so that it is difficult to tell how much of the differences in results
between the two types of experiments is due to interaction among genotypes and
how much is due to sampling errors.

The results of the population cage experiments clearly showed that overall
fitness differences among genotypes are fairly small. As there were 12 cages in
the population cage experiments, and as all cages (except for one in which linkage
disequilibria were probably established) showed consistent results, it can be stated
with relatively little doubt that selective differences among genotypes are small,
although the population cage technique is not very efficient for detecting selection.
All four experiments described in this paper showed similar results; this is strong
evidence in favor of the hypothesis of weak selection or selective neutrality of
protein polymorphisms.

There are several reports which indicate neutrality or weak selection of protein
polymorphism. Murar (1968, 1969) has suggested neutrality or near-neutrality
of protein polymorphisms of D. melanogaster, since existing genetic load in the
second chromosomes can be explained by only about 10 heterozygous loci on the
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basis of simulation using the genetic parameters estimated by himself. Mac-
InTYRE and WricHT (1966) reported that in population cages the esterase-6
locus of D. melanogaster showed little change in gene frequency in a homozygous
background, while rather rapid change was observed when the background was
heterozygous. The results reported by OmBa (1969) seem to show a similar
conclusion; there were no changes in gene frequency after 35 generation serial
transfer by PEARL’s method at two esterase loci (esterase-2, esterase-7) in experi-
mental populations of D. virilis. There was some slight evidence of a change in
gene frequency at the esterase-9 locus, but this does not appear to be significant.

Acrylamide gels show many bands when stained for esterase activity. Possibly
there are several loci which have the same function as the esterase-5 locus. This
redundancy in esterase activity may mean that a neutral or even a detrimental
enzyme may not be eliminated so rapidly at less redundant loci. Sasax1 and Onsa
(1969) reported that all the esterase bands active on alpha-naphthylacetate are
immunologically indistinguishable. The same was true for these bands acting on
beta-naphthylacetate.

The evidence against selective neutrality of protein polymorphism comes
mainly from the analysis of natural populations, except for the case of frequency-
dependent selection reported by Kosima and his associates (whose results may be
affected by linkage disequilibrium). Prakasu, LEwonTIN and Hussy (1969)
reported that different alleles at the esterase-5 locus were different in different
populations and that there were gradual changes in allelic frequencies from west-
ern population to eastern populations. Such a cline in allelic frequency and con-
sistency of the frequency of rare alleles from population to population at the
esterase-5 locus (on which a part of the balancing selection hypothesis proposed
by them was based) seems to be inconsistent with a hypothesis of selective neu-
trality. Recently other evidence of clinal variation in frequency of alcohol de-
hydrogenase alleles with climate has been found in D. melanogaster (GrossMan,
Koreneva and Uritskaya 1970). However, Kimura and Oura (1971) have
reported that gene frequency clines and similarity of gene frequencies over popu-
lations are not necessarily inconsistent with the hypothesis of neutrality; the
cline of gene frequency can be observed when isolation is rather complete be-
tween populations and marked local differentiation of gene frequency is possible
only when the product of effective population size and migration rate is smaller
than one.

One other important phenomenon to be considered is the effect of linkage dis-
equilibrium. In this paper I have tried to avoid the complication of linkage in
estimating fitness by randomizing the background so that only the average effects
of different genotypes were estimated. There is little experimental data on the
magnitude of linkage disequilibrium (LewonTiN and WrrTE 1960; PrarAsH
and LEwonTin 1967; Murar, MeETTLER and CHicusa 1970; Kosiva, GILLESPIE
and Toear1 1970) although there have been several theoretical works on condi-
tions for linkage disequilibrium (Kimura 1956; LEwonTtin and Kojrma 1960;
KarLiN and FeLpman 1969). More data about the amount of permanent linkage
disequilibrium using allozyme variants in natural populations may be needed
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for better understanding the mechanism of protein polymorphism. However, even
neutral genes may be maintained in a population by linkage disequilibrium if
those genes are located sufficiently close to the overdominant genes (KiMUra
1956). It is rather unlikely that most allozyme polymorphisms are maintained
by this mechanism because it requires the existence of a very large number of
overdominant loci.

Kimura (1968) proposed a hypothesis of selectively neutral protein poly-
morphisms based on a consideration of the rate of nucleotide substitution during
the evolution of organisms. The esterase-5 locus of D. pseudoobscura is one of the
most polymorphic loci known in this species. According to the definition of
Kmvmura and Crow (1964), the effective number of alleles at the esterase-5 locus
is 3.39 (data of PrakasH, LEwonTiN and Hussy 1969). Assuming the neutrality
of those alleles and a mutation rate of 1.5 X 10 (see Kimura 1968), the effective
population size necessary to keep 3.39 alleles in the population is 48,000 (using
the relevant formula from Kimura and Crow 1964). A population size of the
order of 10* may be reasonable in natural populations of Drosophila pseudo-
obscura, although there are some data which suggest much smaller population
sizes (WricuT, DoBzHANSKY and Hovanirz 1942; DoBzraNsEY and WRIGHT
1943). However, the ecology of D. pseudoobscura is not well understood and
there is considerable uncertainty on this point. As far as the number of alleles is
concerned, the neutrality hypothesis is therefore consistent with the available
data.

The data presented in this paper suggest with relatively little doubt that the
celective difference among genotypes at the esterase-5 locus in Drosophila pseudo-
obscura is very small, and this is consistent with the hypothesis of allozyme neu-
trality with respect to fitness.

I wish to thank my Ph.D. supervisor, Dr. R. C. LewonTIN, for his help and encouragement
during the course of the experiments, and Dr. T. Prourt for his help on the design of Experiment
4. I am also grateful to Drs. B. CHarLEsworTH, R. FRANKHAM, and J. S. JoNEs for valuable com-
ments and critical reading of this paper.

SUMMARY

The fitnesses of different genotypes at the X-linked esterase-5 locus of Dro-
sophila pseudoobscura were estimated in order to obtain experimental evidence
about the maintenance of the polymorphism at this locus in nature. Two different
alleles, S and F, which are among the most common alleles in natural popula-
tions, were segregating at approximately 55% and 459, respectively, in a 15-
year-old population cage. Twenty-two lines descended from 22 different single
pairs homozygous for each allele at this locus were used throughout the experi-
ments in order to minimize any biases due to genes linked to the esterase-5 locus.
Four different types of experiments were conducted: (1) population cage expc™i-
ments, (2) viability and developmental time experiments using the sex ratio, (3)
frequency-dependent selection experiments, and (4) viability and fecundity ex-
periments. No significant changes in gene frequency were observed in 12 popula-
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tion cages after examination for 1-2 years. There were no differences in com-
ponents of fitness among genotypes from the other experiments. Although some
of the tests showed significant results, these differences could be ascribed to the
effect of background genes, considering the inconsistency among different genetic
backgrounds in Experiment 2. No evidence of frequency-dependent selection
was obtained. These results are consistent either with selective neutrality of
protein polymorphisms or with the hypothesis that most polymorphisms are main-
tained by selection too weak to be experimentally detectable, but the results rule
out the possibility of strong selection at this locus.
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