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POPULATION biologists have long followed gene frequency changes in model
populations in attempts to verify various aspects of the mathematical theory
of natural selection. The selection has been assumed to be constant in many of
these studies, although it is widely recognized (e.g., Teissier 1954) that the
selection in fact fluctuates with the physical and biological elements of the
environment. In only a few instances have experiments been specifically designed
to reveal how the selection varies from generation to generation (Kosima and
YarBroucH 1967; AnNpErsoN 1969). Likewise, most experiments on breeding
populations have been designed to estimate the overall selective values of the
genotypes, and our knowledge of how the selection is partitioned into components
such as viability and fertility is notably incomplete. Trsster (1942) first showed
how to carry out such a partition of selection, by scoring the frequencies of the
genotypes after selection by viability but before selection by fertility. WiLson
(1968) and AnpersoN (1969) performed similar analyses. All three of these
workers assumed constant selection and partitioned into components the selective
values estimated over many generations. The purpose of this article is to show
how the selection in each generation of an experimental population may be
divided into components of viability and fertility. We shall use this information
to demonstrate that selection has significantly fluctuated over a period of thirteen
generations in two experimental populations of Drosophila melanogaster.

MATERIALS AND METHODS

Two replicate populations were begun with 100 pairs of Drosophila melanogaster heterozy-
gous for the mutant allele Stubble (Sb). This mutant, located at map position 58.2 on the third
chromosome, is a dominant marker for reduced bristles and is lethal when homozygous. The
founders of the populations were from a stock derived from Porivanov’s (1964) population,
Stubble Mono 1. The Sb allele was introduced into this population six years before the present
experiments were begun. Since 1964 the stock, Mono 1, has been maintained in mass cultures;
since §b was not balanced by any other lethal, selection for Sb heterozygotes has been necessary
at each transfer.

The populations were maintained in polyethylene cages (22cm X 33cm X 6cm) in a
circulating-air incubator at 25 + 1°C. The relative humidity was not controlled. Four food cups
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TABLE 1

Frequencies of adults emerging in samples of eggs from the cross Sb/+ @ @ X Sb/+ & &

Sb/+ 29 +/+ 29 Sb/+ 34 +/+ g3
Stock Number 282 165 300 144
Mono 1 Percent 63.1 36.9 67.6 32 4
Pop.lat  (Number 296 136 262 129
Generation 11 Percent 68.5 315 67.0 33.0
Pop. 2 at o ~ {Number 284 142 205 125
Generation 11 Percent 66.7 33.3 70.2 29.8

containing 30 to 35 ml of SrasskY’s (1943) cream-of-wheat medium were used in each cage; six
drops of a suspension of Fleischmann’s yeast were added to each cup before it was put into the
cage. The generations were discrete, according to the following procedure.

1. Adults were given fresh food and a sample of eggs was taken.

2. All adults were etherized and scored for genotype.

3. The adults were returned to the population and allowed to lay eggs for nine days.

4. The adults surviving the nine days of egg laying were etherized, scored for genotype, and
then’ discarded. ' ‘

5. . Adults of the next generation usually began to emerge on the tenth day. Emergence was
allowed to continue for a total of nine days, and then the old food cups were discarded.

6. These adults were given fresh food and the cycle beginning with step one was repeated.

The adults at discard were not recorded in the first generation. The adults in generation 5A
laid the egg sample in 6A; the larvae and pupae which would form the adults in 6A were acci-
dentally discarded instead of the “old” adults. These “old” adults (the “adults at discard” in 5A)
were allowed to lay eggs for a new sample and, thereafter, for a new generation. These “old”
adults are listed as generation 5B, and their offspring form the samples in 6B. In generation 7
the adults were not censused before they began to lay eggs for the new generation.

The egg samples were arranged by putting approximately 75 eggs in each of six replicate
half-pint bottles containing Spassxy’s medium, and to which four drops of a suspension of Fleisch-
mann’s yeast was added. All bottles with eggs were kept in the same incubator where the popula-
lations were maintained. The egg samples were cultured under nearly optimal conditions. The
adults obtained from them should represent the two nonlethal genotypes in their zygotic fre-
quencies, adjusted for the absence of the Sb homozygotes. We can readily infer the zygotic fre-
quencies of all three genotypes. A series of cultures were set up to determine if there was any
selection, other than the elimination of the lethal homozygotes, during the culturing of the egg
samples. One hundred and twenty pairs of Sb heterozygotes from the stock used to initiate the
populations were put into a population cage, and egg samples were taken in the usual way.
Eighteen bottles of 75 eggs each were set up. Two hundred pairs of Sb heterozygotes, obtained
as the F, offspring of the egg samples taken in the populations at generation 11, were likewise
used to set up egg cultures representing the two populations after much of the selection had
occurred. The expected per cent of the S heterozygotes was 66.7. The data are summarized in
Table 1. There. is no indication that the frequencies of genotypes among adults hatching from
the egg samples depart from the expected frequencies. We may confidently infer the genotype
frequencies among the newly formed zygotes from those among the adults hatching from the
egg samples.

Adults were reﬂoved from the populations for scoring with a vacuum pump connected to a
trap.

,: STATISTICAL ANALYSIS AND RESULTS

Recorded in Table 2 for each generation are the frequencies of Sb heterozygotes
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among the adults hatching from egg samples, among the adults at reproduction,
and among the adults at discard. Data for females and males are recorded

separately.
TABLE 2

Numbers (N) and frequencies (H) of Sb heterozygotes among the adults hatching from samples
of eggs at the beginning of each generation, among the adults at the time of
reproduction, and among adults at their discard

Gener- Popu~- Adults Hatching from Egg Samples Adults at Reproduction Adults at Discard
ation lation Nee Hee Nge#r  Haw Nog. Heg¢ Nol» HAw Negg Hgg Nagn Heapn
1 124 742 141 +759 269 721 270 .693
1 he
2 137 701 146 .678 256 .664 299 +636
1 161 .522 181 »569 - 294 .520 302 497 261 .533 280 .A482
2
2 142 570 165 564 229 .424 266 .481 199 .422 244 .467
1 159 447 166 .440 - 150 ,413 163 362 105 .400 104 .346
3
2 193 »347 165 +394 164 .30 199 .352 145 .366 146 .329
1 196 +301 186 «296 204 .284 232 .297 165 .297 199 .286
4
2 18"9 307 176 .290 175 »371 204 .387 156 .372 174 .339
1 176 .216 172 .262 113 - ,283 208 159 96 .281 157 .204
5A !
2 182 .335 156 263 147 .320 145 310 127 .323 128 313
1 96 . ,281..157 204 70  .229 128 ,195
5B*
2 127 323 128 313 88 341 86 244
1 228 .162 226 .155
B6A*
2 209 .373 182 »407
1 177 175 162 .216 203 192 217 .244 183 .186 206 .209
6B*
2 180 .250 177 .283 155 277 181 »230 123 .260 165 .200
21 .
. Q 0 .62 233 150 96  .o50 134 239
19
6 ,219 218 ,202 , - 102 .284 124 128
s (1 203 207 209 «215 275 .236 292 «295 126 £127 85 .188
2 244 .238 216 264 234 .222 316 «228 198 187 269 .219
’
0 (1 241 +257 226 »248 223 .184 282 .248 135 »193 197 .254
2 234 175 203 .153 218 .151 262 .199 173 .145 222 .194
10 {1 142 .225 146 +240 153 .216 219 137 122 .221 185 .146
2 188 »106 205 137 210 176 243 115 176 .165 179 095
1n {1 213 136 215 .167 191 157 217 .161 168 .167 188 144
2 224 125 191 .115 211 .104 219 096 189 .106 195 .087
1
1z { 187 112 204 137 139 .201 157 »159 il2 .196 137 .139
2 206 .083 209 .091 153 144 179 .123 126 .135 128 ,095
13 {1 220 191 157 147 276 .185 252 183 233 176 212 175
2 162 L130 174 075 209 .134 231 .126 181 .111 193 .130
L 196 .026 229 .026
14
2 196 .117 165 085

* See MATERIALS AND METHODS for explanation.
** Sample not taken.
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Freure 1.—Differences in the frequency of Stubble heterozygotes among females and males.
Upper, Population 1; Lower, Population 2.

We may compare the genotypic frequencies in males and females at the time
of reproduction for evidence of differential viabilities in the sexes. Differential
fertilities, however, do not produce different genotypic frequencies in the two
sexes in any of the three samples per generation. The differential frequencies
will exist among the gametes, but the process of mating will reassort the alleles
equally between males and females. In Figure 1 are plotted the differences in
the heterozygote frequencies in females and males of each sample. The differences
among adults hatching from the egg samples are almost wholly due to sampling
error and provide a standard of comparison for the samples among the adults.
With a few exceptions, the differences among adults at reproduction and at dis-
card are not much larger than those among the adults raised from the egg samples.
There seems to be no pattern to variation in the differences; they switch irregu-
larly from positive to negative. We feel justified in combining the genotype fre-
quencies in females and males and in estimating common viabilities for the
two sexes.
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Our detailed analysis of selection is possible only with alleles which are markers
for phenotypic characters when heterozygous but lethal when homozygous. With
nonlethal alleles there are too many parameters to estimate for the data available
over one generation. With lethal alleles the selective value of one genotype, the
lethal homozygote, is known, and estimation of all relevant parameters becomes
posstble.

The viability from the egg stage to the adults at reproduction is estimated from
the samples at these two life stages, according to the following model.

Genotype Sb/+ +/+

Observed frequencies among
adults hatching from

egg samples Hg(T) Ne(T)
Egg-to-adult viability V(T) 1

Expected frequencies among H:(T) -V(T) Ne(T)

adults at reproduction Hg(T) - V(T) +Ng(T) Hg(T) V(T)+Ng(T)

Observed frequencies among
adults at reproduction H,(T) NL(T)

The maximum likelihood estimate of V is

& oy — Ha(T) (1 —Hz(T))

VO =mm )
The true frequencies of the genotypes among the adults at reproduction are known
exactly, since the entire population was scored. The variance of V(T) depends
only on the sampling error in the egg samples. In samples of large size, the
variance of V (T) is approximately

~ _ V(T)?

Var V(T) = gty To(T) Ha(T)
of adults which were counted from the egg sample at generation T.

The model used to estimate fertility assumes that it is alike in the two sexes.
Since there is only one degree of freedom in the data from the egg samples, one
parameter is the most we can hope to estimate. If, as is almost certain, the selec-
tion via fertility is different in males and females, then our single estimate will
be quite close to the average of the selections in the two sexes (ANDERsON 1969).
This average is perhaps the most useful single index of the selection by fertility.
Included in fertility are mating frequency of males and fecundity of females,
along with any other selective factors which act between the time the adults are
first scored and the time the egg sample is taken. The model for estimation is as
follows.

, where Tg(T) is the total number

Genotype Sb/+ +/+
Observed frequencies among
adults before reproduction H,(T) NL(T)

Fertility F(T) 1
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The frequency of the Sb allele, Q(T), among those gametes which will combine
Hi(T) -F(T)

2(Hs(T) -¥(T) + NA(T))
random mating, and we further assume that the mating ability of the male geno-
types and the fecundity of the female genotypes do not depend on the genotypés
of the mates. Thus, random mating is equivalent to the random combination of
the alleles in their frequencies among the gametes.

The model proceeéds as below.

to form the next generation is Q(T) = . We assume

Genotypes Sb/+ +/+
Expected frequencies among

adults hatching from 2Q(T) 1—Q(T)
the egg samples 1+Q(T) 1-+Q(T)

Observed frequencies among

adults hatching from .

the egg samples He (TH1) Ng(T+1)
The maximum likelihood estimate of F is

2Hg (TH1) (1—HA(T))
HA(T) (2-3He(T+1))
of F(T) will be approximately

P =

, and in samples of large size the variance

41(T)2 '(1—HE(T‘+1))
He(TH1) Tg(T+1) (23Hg (TH1))2

The total selection over any one generation is the product of its components;
W=V'F. The maximum likelihood estimate of W is

2Hg (T+1) (1—Hg(T))
He(T) (2-3Hg(T+1))

The overall selection depends only on the genotypic frequencies in egg samples
one generation apart, as we should expect, since W measures the selection over
an entire generation. In large samples the variance of W(T) is approximately
Var W(T) = F(T)2 Var V(T) + V(T)? Var F(T). The formulas for W and its
variance in terms only of the frequencies in egg samples one generation apart
were given by Anperson (1969), who utilized Monte Carlo simulations to
demonstrate that they are reliable estimators in samples of at least 200 individuals.

The adults were allowed to continue mating and to lay eggs for nine days after
they were censused and the egg samples taken. We should like to know if there
was differential mortality between the two adult genotypes during this time. The
adult viability can be determined according to the following model.

Genotypes Sb/+ +/+

Observed frequencies among
adults at reproduction H,(T) NA(T)

Var B(T) =

=V-&, or W(T) =
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Adult viability M(T) 1

Observed frequencies among
adults at discard Hy(T) Np(T)

Hp(T) (1—HA(T))
HA(T) (1—Ho(T))
quencies among the adults at reproduction and at discard are known exactly from
total counts of the populations, the true values of M are kunown and no estimates
of the variances are necessary.

In order to visualize the course of selection in the two populations, the fre-
quencies of Sb heterozygotes in the adults hatching from egg samples and in the
adults at reproduction are graphed in Figure 2. The frequencies of the hetero-
zygotes drop and seem to level off in both populations. In population 1 the fre-
quency abruptly plunges in the last egg sample.

The total numbers of adults at the beginning of egg laying are pictured in
Figure 3. The size of the populations varied from about 300 to 600 individuals.
The correlation between the numbers in the two populations is 0.83, which is
very high indeed. Clearly the numbers of adults in these two populations have
undergone very similar variations, most likely due to common environmental
fluctuations.

The results of the analysis are given in Table 3. The successive estimates of
the overall selective values, the W’s, are correlated (ANDERsON 1969), and it may
be shown that the correlation coefficient is roughly —0.5. Since the frequencies
of the genotypes in the initial batches of eggs are known exactly, no variances are
given for the egg-to-adult viabilities in generation 1. The adult viabilities are in
general close to one, and they indicate that little differential mortality occurred
between the adult genotypes during the nine days they were permitted to lay
eggs. In fact, the effect of adult viability was even less than the values in Table 3
indicate. Although the adults were allowed to lay eggs for nine days, only eggs
deposited during the first two or three days had much chance to develop into the
adults included in the next gemeration. PEck and Rrrter (unpublished) found
that 97.4 = 1.0% of all adults in any generation developed from eggs laid
during the first two days; the mortality of adults in these first two days was
negligible. _ ,

The estimates of the-egg-to-adult viabilities and of the fertilities: of the Sb
heterozygotes are plotted for each generation in Figure 4. The estimates vary
rather differently in-the two populations. The standard errors of the estimates of
the viabilities and of the fertilities are large compared with the sizes of the esti-
mates themselves, as shown in Table 3. The estimates seem to vary widely, but
we should like to know whether this variation is real or whether it is simply a
reflection of sampling error. The estimates of viability in each population are
statistically independent, as are the estimates of fertility. Successive estimates of
‘these components of selection will utilize a common set of genotype frequencies
among the adults, but these frequencies are known without sampling error, since

The adult viability is M(T) =

. Since the genotypic fre-
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FREQUENCY OF STUBBLE HETEROZYGOTES

A FREQUENCIES IN ADULTS
HATCHING FROM EGG SAMPLES

©-— ———0© FREQUENCIES IN ADULTS
AT REPRODUCTION
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Ficure 2.-—Frequencies of Stubble heterozygotes. Upper, Population 1; Lower, Population 2.

the entire populations were censused in each case. We may then test the hy-
pothesis that our estimates for the viabilities and for the fertilities depart from
common true values by sampling error alone. We assume that the estimates are
normally distributed. The information for each estimate (Iy(T) and Iz(T)) is
the reciprocal of its variance.
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TABLE 3

927

Estimates of the egg-to-adult viability, fertility, overall selective value, and adult viability of Sb

heterozygotes in each generation. Also given are the standard errors (S.E.)
estimated from the sampling variances

Gener- Egg-to-Adult Viability + S.E. Fertility + S,E. Overall Selective Value, W + S.,E, Adult Viability
ation Pop, 1 Pop, 2 Pop, 1 Pop. 2 Pop. 1 Pop, 2 Pop, 1 Pop,.2
1 1.21 92 1.261.35 2.05+.68 1.52+.42 1.89_4;.63
2 +86+.09 «64+.07 1.28+,24 #99+.15 1,10+.24 «63+,12 »99 97
3 .791.09 1.00i.11 .86:_.12 .92:.13 »68+,12 «93+.17 94 91
4 «97+,11 1.44+.16 #904.13 +90+.14 -871,18 1,30+.25 1,00 90
5A #81+,10 1,06+.13 -82+,12 2.03+.31 ~66413 2,16+.42 1,20 1,01
5B +80+,14 +95+.14 +86 89
[ 1.16+.16 #93+,11 #73+.,10 #91+.13 «844,17 #854,16 +88 «87
7 1.68+.32 1.504+,27
8 1,36+.16 «87+.09 1,124.14 #754.11 1,52+,27 #66+,12 419 «89
9 +83+,09 1.09+,14 1,27+,21 #69+.12 1,06+.21 .76+.16 1,05 97
10 +67+.09 1,20+,19 »96+,14 ~881,14 »65+,13 1.06+,24 2,05 «89
11 1.06+.14 «811.12 #81+,13 »90+.16 +861.18 #731.17 «96 <96
12 1,52+.23 1,61+,28 1,07:+.16 #781.15 1,62+,35 1,26+,33 +90 «83
13 1.084,15 1,32+.24 #12+.04 +81+.15 #131,04 1,08+,28 94 92
6101
5904 O——~8 POPULATION 1
5704 ©—~~O POPULATION 2
5504
5304
5104
4904
w4704
g 4504
2
w4304
g 4104
3 390
3704
3504
3304
3104
2904
2704
250 T — T T T T Y T T T M 3
1 2 3 4 6 7 8 9 10 11 12 13
GENERATION

Ficure 3.—Total numbers of adults.
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F1GURE 4.—;Viabilities and fertilities of Stubble heterozygotes; their standard errors are given
in Table 3 and discussed in the text. Upper, Population 1; Lower, Population 2.

The estimates of the common values are
s V(T) Iy(T) - I F(T)I(T)
sLn - T I Tm

V=,

The weighted sums of squares about these weighted means are distributed as x*
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TABLE 4

Results of tests for homogeneity of the estimaies of viability and fertility in different generations

Population 1 Population 2
Viability X2y, = 20.6** X2y, = 40.4%
Fertility X2, = 218.7%* X2y, = 22.4%

* Statistically significant at .05 level.
** Statistically significant at .005 level.

with N-1 degrees of freedom, where N is the number of independent estimates
of each parameter. Thus

x (V(T) - V)2 Iy(T) = x*x and

% (F(T) —F)?Ig(T) = x*rs .

These chi-squares provide a test for homogeneity of the estimates. The chi-squares
from our data are listed in Table 4, and in all cases they are too large to be
accounted for by sampling error alone. Selection has not been constant but has
significantly fluctuated during the course of thirteen generations. k

The correlations between estimates of viability and of fertility in each genera-
tion were small and far from statistical significance: in population 1, r;, = .024;
and in population 2, r;, = .020. The estimates of the overall selective values in
the various generations are graphed in Figure 5; again, the standard errors (given
in Table 3) are large. The W’s in the two populations at each generation are not
significantly correlated. The selective values in each population show very little
correlation with the frequencies of the Sb heterozygotes. They are weakly corre-
lated with the number of adults at reproduction, but the correlations are in
opposite directions in the two populations: in population 1, r;, = .17; in popula-
tion 2, r;, = —.31.

DISCUSSION

It is clear that both viability and fertility have varied significantly in each of
the two populations. The curves which show the frequencies of Sb heterozygotes
as functions of time (Figure 2) seem at first glance not too irregular. They are
not too different from the gene frequency curves reported by other workers and
analyzed under the assumption of constant selection (e.g., CHUNG 1967). The
techniques we have used, however, permit a closer look at the operation of
selection and reveal something of the complexity of the process.

Both the viability and fertility components of selection are important, and
neither factor has predominated in determining the changes in gene frequency.
The lack of correlation between the estimates of viability and fertility in the
various generations emphasizes the importance of investigating both factors. It is
not possible to gain an accurate picture of the overall selection by studying via-
bility alone, although this procedure is sometimes the only technically feasible
one. The estimates of viability and of fertility are sometimes heterotic, and some-
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Fieure 5.—Overall selective values of Stubble he,terc)zygotes their standard errors are given
in Table 3 and discussed in the text.

‘ B R t
times not; there appears to be no consistéent pattern. The selection has fluctuated
iri a rather irregular way from generation to generation
Our attempts to relate the selective values to gene frequencies, genotype fre-

quencies, or to population densities gave negative results. The numbers of adults
in the two populations were very highly correlated, even though the densities
fluctuated widely. We may assume that many environmental factors—at least
those affecting population numbers—were ‘similar in the replicate populations.
Yet the selections in the two populations were different. Thus, a regulor variation
in the selective values with major environmental factors seems unlikely. Part of
the variation in selection may be an erratic fluctuation with the multitude of mi-
cro-environmental factors, such as the microbial floras. Another source of the fluc-
tuations may be changes in allele frequencies at other loci and the formation and
breaking up of different complexes of linked genes. The importance of the genetic
background and of polygenic complexes associated with mutant alleles to the
course of selection has been demonstrated by Porivanov (1964)

The overall selection in natural or experimental populations is undoubtedly a
combination of these several types of selection. Erratic fluctuations are probably
superimposed on any directional changes in gene frequency. Which form of
selection predominates will depend on the particular circumstances in the popu-
lation being considered. Since we have shown that selection can fluctuate rather
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widely under the fairly uniform environment in the laboratory, then it must
surely do so in nature, where the environment is continually changing. In natural
populations the selective values are probably in constant flux, creating a concomi-
tant flux in gene frequencies. The boundaries of this flux will be determined by
the variation in the environment and by the relative strengths of the various types
of selection which are present. ‘

Fluctuations in selective values also affect the long-term fate of genes. Very
hlgh or very low selective values have a great influence on the long-term change
in gene frequencies; the overall selection is clocer to the geometric mean of the
selective values in the various generations than to the arithmetic mean. In small
populations this effect is even greater. HaLpANE and Javakar (1962) showed
that two alleles at an autosomal locus will be maintained in a large population
with fluctuating selection if the geometric mean of the selective values for each
homozygote, relative to the heterozygote, is less than one. These conditions can
be met in several ways, and consistent superiority of the heterozygotes is not
required. The arithmetic mean of the selective values in the homozygotes may
be larger than the average selective value for the heterozygotes; yet if the selective
values fluctuate widely in the homozygotes but less so in the heterozygotes, then
conditions will be favorable for retention of the polymorphism.

We are grateful to Drs. TH. Doszuansky and W. Wartr for their helpful comments on the
paper.

SUMMARY

The frequencies of heterozygotes for the St allele were followed among the
zygotes and among the adults at the time of reproduction in two experimental
populations of Drosophila melanogaster. These data were analyzed by techniques
which partition the selection in each generation into components of viability and
of fertility and which assess the reliability of the estimates of the components.
Both the viability and the fertility in the two populations fluctuated significantly.
Attempts to relate the selective values in the thirteen generations with gene fre-
quencies, genotype frequencies, or population densities were unsuccessful. Via-
bility and fertility were about equally important in determining the changes in
gene frequency; the sizes of these two components of selection were not signifi-
cantly correlated. Possible causes of the variable selection are considered, and the
importance of fluctuations in selective values is discussed.
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