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ABSTRACT

Ninety-five generations of stabilizing selection for pupa weight in Tri-
bolium castaneum resulted in a significant decrease in phenotypic variance,
moderate reductions in additive genetic variance, but only slight changes in
heritability for the trait. Sterility was significantly lower and the average
number of live progeny per fertile mating was significantly higher in popu-
lations where stabilizing selection was practiced as compared with random
selected populations. The results indicate that more genetic variability is being
maintained than would be expected unless a fraction of the genes have a
heterozygote advantage on the fitness scale. The reduction in phenotypic
variance indicated that the populations with stablizing selection became some-
what more buffered against environmental sources of variation over the course
of the experiment. '

FOB many metric traits, natural selection appears to maintain an intermediate

optimum. The evidence for this is indirect, coming largely from long-term
directional selection experiments in the laboratory. Directional selection for a
metric trait where population means are changed to extreme values beyond what
is usually observed in nature often results in a decline in mean for many fitness
components. Relaxation of selection usually results in a return toward the origi-
nal mean for the metric trait in these cases. (Experiments of Reeve and RoBerT-
son 1953; Dawson 1965; Rataie and Barkxer 1968; and Enrierp 1977 are
among many that serve as examples.)

Genes affecting a metric trait may affect that trait alone, or may be pleiotropic
and affect both the metric trait and one or more components of fitness. If we
accept the premise that natural selection maintains an intermediate optimum,
there is then a need to ascertain the mode of action of genes responsible for the
considerable genetic variation that is often observed for the metric trait. Various
models that have been proposed for the effects of natural selection for an inter-
mediate optimum lead to different expectations concerning the amount and
nature of genetic variation that should persist in a population. LErNER (1954)
postulated that variability of a metric trait may persist in the face of natural
selection because of a fitness advantage of heterozygotes in the case of genes
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affecting both fitness and the metric trait. BuLmer (1973) provided the theoreti-
cal framework for considering the simultaneous selection for an intermediate
phenotype combined with a small heterozygote advantage on the fitness scale.
Wricat (1935) and RoserTson (1956) have shown that selection for an inter-
mediate optimum for a metric trait should lead to fixation for those genes whose
only influence on fitness is through the metric trait itself. Genes of this kind
would not then be expected to be segregating, except at low frequencies due to
mutation, after a long evolutionary history. If, however, there is a range of inter-
mediate phenotypes that are acceptable in nature, genetic variability may be
maintained at some intermediate level because the genes for the metric trait are
selectively neutral within this range. Wappineron (1957) has proposed that
selection for a phenotypic intermediate may be selecting for modifier genes that
increase the buffering capacity of the genotype. In this model he suggests that
either environmental variance or genetic variance may be reduced without alter-
ing allelic frequencies for other than the modifier genes. The WappiNgTON
model would require that genotype-environment interactions are significant com-
ponents of variability for the metric trait.

In their simplest form, with the effects of recurrent mutation ignored, the
LerNER, WricHT-RoBERTSON, and WappiNgTon models lead to quite different
expectations if artificial stabilizing selection for a metric trait is practiced. With
the Ler~ER model of genetic homeostasis, additive genetic variance for the metric
trait will be maintained even though additive genetic variance for fitness for
these genes should approach zero as the optimum is approached. Thus, artificial
stabilizing selection for a metric trait would have no effect on either additive
genetic variance or environment variance for a population at its optimum. If
the base population in which artificial selection is practiced is not at its optimum,
additive genetic variance for the metric trait may change. but its direction could
not be predicted. Under the WricHT-RoBERTSON model, additive genetic variance
for the metric trait should be reduced with artificial stabilizing selection. Pheno-
typic variance will be reduced only to the extent that genetic variance is reduced.
Finally, the Wabpingron model allows for a reduction in both the genetic and
environmental components of variance. The selection of modifier genes can
either reduce the effects of differences in the existing environment or neutralize
the effects of different genotypes on the metric trait.

No consistent pattern of results has emerged from artificial stabilizing selec-
tion experiments to lend strong support to any of the proposed models. In most
cases the experimental results have suffered from either (a) effective population
sizes being so small that inbreeding and drift have confounded the results, thus
preventing critical discrimination between alternative hypotheses or (b) if indi-
vidual gene effects on the metric trait are small, the experiments were terminated
before the effects of selection on variability could adequately be measured, given
the large sampling errors usually associated with variance parameter estimates.
This problem is not unique to stabilizing selection experiments, but as pointed
out by LEwonTIN (1974), is characteristic of much of the literature in experi-
mental evolutionary biology.
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In 1963, a series of selection experiments was initiated to investigate the nature
of the genetic variation for pupa weight in Tribolium casteneum (ENFIELD,
Comstock and Braskerubp 1966). These experiments have included two popu-
lations in which stabilizing selection was practiced for 95 generations. These
populations and lines derived from them provide the data for this paper. The
discussion of these data will be focused on the following questions: (1) what is
the effect of artificial stabilizing selection on variability for pupa weight? and
(2) does artificial selection for intermediate pupa weight affect the population
mean for either pupa weight or measures of reproductive fitness? The uniqueness
of our data rests on the number of generations of selection and the large effective
population sizes that were maintained, when compared with other stabilizing
selection experiments,

MATERIALS AND METHODS

1. Experimental procedures

The foundation stock for this experiment consisted of an F, population that had been pro-
duced from the initial cross of two highly inbred lines of Tribolium casteneum. The inbred
lines (CSI-5 and CSI-10) were obtained from Dr. A. Soxororr. They were derived initially
from a synthetic strain produced from the cross of six different wild-type strains marked with
sooty. [See Lerner and Ho (1961) for a more complete description.] The lines had been
brother-sister mated for 38 generations at the time the first F, cross was made. The two
stablilizing selection populations, which we shall designate C, and C,, were initially considered
to serve as control populations for two directional selected populations. During the early genera-
tions of the experiment, there was a small but significant decline in the mean of the C popula-
tions. We became concerned that stabilizing selection might be changing the genetic mean. As
a result, two new populations were initiated from the cross of the same two inbred lines. These
two populations, designated R, and R,, have been randomly selected and will serve as the control
in measuring the effects of the stabilizing selection. The R populations were established in
generation 28. Thus, the total data from the experiment consists of 95 generations in the C
populations and 67 generations in the R populations.

Each generation, 36 males and 72 females were selected to serve as parents for the next
generation in each population. Each male was mated randomly to two females, except that full-
sib matings were avoided. After a mating period of 3-5 days, females were put into individual
creamer bottles to lay eggs for 3 days. Twenty-one days from the second day of egg-laying,
total progeny counts and total number of pupae were recorded for each full-sib family. When
family size was greater than 5 individuals per sex, only 5 of a given sex were randomly
selected for weighing. Thus, under ideal conditions the population on which weights were taken
would consist of 36 half-sib families with 10 male and 10 female progeny in each family. In the
C populations, the most intermediate-weight male and the two most intermediate-weight females
in each half-sib family were selected to be parents for the next generation. In actual practice
slightly higher numbers were selected in some families to ensure 36 males and 72 females at
the time of mating, The critical point of emphasis concerning the selection procedure is that
the criterion for selection in the C populations was the median weight within a half-sib family.
In the R populations, selection was completely random with no attention given to family origin.
The two different selection procedures led to different effective population sizes, even though
the same number of individuals serve as parents each generation. Effective population size in
the C populations averaged about 100 each generation based on calculated inbreeding coefficient
data. In the R populations, it was approximately 80.

The experiment was replicated in time with any generation of the second replicate following
the corresponding generation of the first by two weeks. A 42-day generation cycle was followed
throughout the experiment. Complete pedigree data were available for all populations.
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In generation 73 of C, (45 for R,) and generation 74 of C, (46 for R,), samples were taken
from both the C and R populations to initiate a new set of populations in which directional
selection for heavy pupa weight was practiced. This was done with the idea that if stabilizing
selection had been effective in altering the heritability of the trait by differentially affecting
genetic and environmental variances, it could be confirmed by a separate experiment using direc-
tional selection as a tool for estimating realized heritability. In this experiment, 24 males were
each mated to 2 females each generation. Selection for heavy pupa weight was done on an
intra-half-sib family basis in each population. Mating and egg laying procedures were the same
as for the main experiment with the exception that progeny from only 18 of the 24 possible
half-sib families were weighed. The lines in this experiment were designated as follows:

CD: directional selection for heavy pupa weight in a line derived from a stablized selected

population

RD: directional szlection for heavy pupa weight in a line derived from a random selected

population

2. Statistical analysis

Daia on population means for pupa weight and two measures of reproductive performance,
i.e., percent sterility and number of live progeny per fertile mating, were analyzed in two ways.
Means of the C and R populations were first compared for the total experiment to determinz
whether differences existed. When differences were significant, the linear regression of genera-
tion means on time was calculated for each population to determine whether the average differ-
ence between the selection regimes could be demonstrated to have resulted from time changes.

Heritabilities, additive genetic variances and phenotypic variances were estimated in two
ways. The hierarchical breeding structure of the population enabled an analysis of variance
in which the sire component of variance provided an estimate of % of the additive genetic
variance. The sire component of variance and the corresponding intraclass correlation estimate
of heritability in the C populations were adjusted by the method of RauNErFELD et al. (1963),
to remove the bias that results from a nonrandom selection of parents contributing to the popula-
tion. The corrected sire component was obtained using the following expression

S = 8[1 — h2(1 — P'/P)]}
where §’ 1s the sire component obtained from the analysis, and:
h2 is the estimated heritability of the trait, P’ is the phenotypic variance among selected
parents, P is the phenotypic variance among individuals before selection, and § is the
unbiased estimate of the sire component without selection.
All analyses of variance were performed on an intra-generation basis separately for the two
sexes. Data have been pooled over all generations for both sexes in the final results. Standard
errors were calculated empirically, treating each generation estimate as a separate observation
of the statistic.

Four kinds of parent-offspring regressions, i.e., sire-male progeny, sire-female progeny, dam-
male progeny, and dam-female progeny, were calculated each generation. These results were
then pooled over all generations for each population to provide a single heritability estimate
from the parent-offspring data. Each type of estimate was given equal weight in the pooled
estimate. When it was observed that parent-offspring estimates of heritability were significantly
higher than analysis of variance estimates in the C populations, possible sources of bias were
investigated. A theoretical investigation of the expectation of the parent-offspring regression
in the C populations revealed an important upward bias that is a function of the selection
process. This was not expected, since it is commonly assumed that selection per se does not bias
the parent-offspring regression estimate of heritability. In this case, the bias is a function of the
selection having been practiced within families. The theoretical expectations of the parent-
offspring regression in this case are presented in detail in REsULTS.

RESULTS
1. Population means

A comparison of generation means for the C and R populations is shown in
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F1eure 1.—Mean pupa weight (micrograms) for the C and R population.

Figure 1. The points on the graph represent 3-generation means in each case.
There was a significantly greater decline in the C than in the R populations
when measured by the linear regression of single generation means on time
(—3.5 £ 0.3 in the C as compared with —1.3 = 0.2 in the R populations). A
significant quadratic effect was observed in C,, with the mean reaching its low
point by generation 60, followed by a modest rise after that point. The two repli-
cates were very close in mean perfoermance in both the C and R populations at
the end of the experiment. While the decline in both the C and R populations
was small, it is of interest to evaluate the potential causes for the decline in both,
and for the greater decline with stabilizing selection. Selection differentials,
inbreeding depression, environmental trends and correlations with reproductive
performance all need consideration in interpretation of the results.

Mean selection differentials in the C and R populations were 5.4 = 0.5 and
1.5 + 1.4 per generation for the total experiment and thus do not provide an
explanation for the observed differences in mean performance. Since the selec-
tion differential in both selection systems would normally be expected to be zero,
the significantly positive value in the C populations deserves comment. Rather
than following a strictly normal distribution, pupa weights are slightly skewed
toward lighter weights. Given a slight skewness and the selection procedure
followed in the C populations (selection for the median in the half-sib family),
a positive selection differential would be expected since the median will be greater
than the mean.

Very little reduction in the mean would be expected as a function of inbreed-
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ing depression. The initial cross of the two inbred lines resulted in about a 250
microgram heterotic effect when the F, was compared with the mean of the two
parental inbred lines (Exrizrp, Comstock and Braskerup 1966). The average
increase in level of inbreeding is about 0.005 per generation which, assuming a
linear regression of mean pupa weight on inbreeding depression, would result
in an expected decline of about 0.62 micrograms per generation.

A deterioration of the environment as it relates to pupa weight is a potential
cause for decline in both populations. The only evidence for an environmental
effect comes from comparing the means of the base populations in the C and R
populations. The R populations were established from the cross of the same inbred
lines as the C populations, but 28 generations later. The base population means
were about 50 micrograms lower in the R than the C populations. This difference
is not significant and thus is only weak supporting data for environmental
deterioration.

A final consideration in comparing the means of the C and R populations is
the relationship of pupa weight to reproductive fitness. In the base populations,
there was a negative genetic relationship between pupa weight and measures
of reproductive performance (Enrrerp, ComsTock and Braskerup 1966). Thus,
it could be argued that the base populations were not at their optimum mean
initially, and that natural selection was operating to lower the mean for pupa
weight and to increase fitness. Specific data on this point will be discussed
in the section on reproductive performance.

2. Heritabilities, genetic and phenotypic variances

Table 1 gives the estimates of heritability, additive genetic variance and total
phenotypic variance obtained from the pooled analysis of variance for the total
experiment for each population. Estimates of heritability for the four types of
parent-offspring regression are presented in Table 2. The analysis of variance
data are first presented separately by replication to show the consistency between
the replicates within a selection system, and then the data are pooled for the two
replicates.

The comparison of the pooled analysis of variance estimates for the C and R

TABLE 1

Estimates of phenotypic variance, additive genetic variance and heritability
for pupa weight from the analysis of variance

A

Population &2,, &% w7
C, 34553 * 554 6762 + 927 0.195 + 0.021
C, 38591 + 608 8300 % 812 0.215 =+ 0.020
Pooled C 36572 + 411 7531 + 616 0.205 + 0.014
R, 43399 = 1150 10742 + 2124 0.247 + 0.035
R, 43981 =+ 600 9888 + 1708 0.224 = 0.035
Pooled R 43690 + 648 10315 + 1363 0.236 £ 0.025
Pooled (R-C) 7118 + 767 2784 + 1496 0.031 =+ 0.028




STABILIZING SELECTION IN TRIBOLIUM 333
TABLE 2

Parent-offspring regression estimates of heritability

Type of regression

Sire-male Sire-female Dam-male Dam-female
Population* offspring offspring offspring offspring Average
C, 030 0.34 0.40 0.36 0.35 = 0.020
C, 0.36 028 0.38 0.34 0.34 + 0.020
Pooled C 0.33 0.31 039 0.35 0.3456 x 0.014
R, 0.20 0.22 0.30 0.28 0.25 £ 0.015
R, 0.26 0.28 0.30 0.32 0.29 =+ 0.020
Pooled R 0.23 0.25 0.30 0.30 0.27 == 0.012

* Estimates for the C populations are biased upward because of the method of selection
employed.

populations shows a significant difference in phenotypic variance, no significant
differences in the heritability and a difference in additive genetic variance that
approaches significance at the 0.05 level of probability. The lack of significance
in the observed difference in additive genetic variance reflects the tremendous
amounts of data required when estimating parameters from components of
variance. In this case, the estimated additive genetic variance is 27 percent lower
in the C and R populations.

A second method of comparing the data from the analysis of variance is the
regression of the mean for each parameter on generations of selection. The linear
regression of phenotypic variance on generations of selection is significantly
negative for the pooled C population data (—118 = 13), indicating that selection
has decreased variability. The regression was not significant in the R populations
(25 = 35). The regression of additive genetic variance on time is also signifi-
cantly negative in the C populations when the two replicates are pooled
(=79 = 22). The same estimate in the R populations is positive but not signifi-
cant, with very large sampling errors (99 = 100). No significant time trends
could be detected for heritability estimates in either the C or R populations.

The parent-offspring regression estimates of heritability (Table 2) are higher
than the analysis of variance estimates in all populations. The difference was
particularly striking in the C populations. The reason for the higher estimates
in the C populations was not apparent to us until the expectation of the regres-
sion estimate, given the selection system employed, was examined.

When parents are selected on the basis of their phenotype, but without ref-
erence to pedigrees, the expectation of the regression of offspring on parents is
not altered by the selection. This is because such selection affects the variance
among parents and the covariance of parents with offspring in the same degree.
However, when intra-family selection is practiced, as in this experiment, the
within-family portions of (1) the phenotypic variance among selection parents
and (2) the parent-offspring covariance, are altered by the selection, but between-
family portions are not. In consequence, the over-all regression is modified by
the selection unless, in absence of selection, the within-family and between-
family regressions would have been equal.
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Given the family structure of this experiment and the fact that selection was
practiced within half-sib families in the C populations,

1
0'2 = cri ~+ > 0‘3 = 0.3875 0'3 + 0':

where o2 is the among half-sib family variance,
o2 is the sire component of variance,
n is the average number of dams per sire, (1.8 in our data)
o’ is the dam component of variance,
o 1s the additive genetic variance, and
¢? is the environmental and non-additive genetic variance among
families.
oi, =0.6125 0'2 —+ agw
where ¢? is the variance within half-sib families
and o? is the environmental and non-additive genetic variance within
" families.
012,3 =k afp + oi
where ¢2 is the total phenotypic variance among selected individuals
and ks a constant determined by the intensity of selection.
It then follows that

Tp o= % (0.6125 k‘o; <+ .3875 (r;)
where ¢,  is the covariance between selected parents and their offspring
and
20, . (0.6125 k+0.3875)0
E(b?) = = 1
() o3 ke + o} (1)

8

where /2 is the estimated heritability in a population where parents are
selected within families.
Estimates from the analysis of variance of the C population data are as follows:

&2 = 4094 &2 = 32478
k= 0.299 & = 7531
& = 11530

Substituting in (1) gives 0.34 as the expectation of the regression estimate of
heritability when an unbiased estimate would be 0.22. This is in almost exact
agreement with the estimate of 0.345 obtained from pooling the four types of
regressions.

In the R populations, the average heritability estimate from the parent-
offspring regressions is slightly higher than the analysis of variance estimate.
This appears to be a function of a bias due to maternal effects in regressions
involving the female parent. In both the C and R populations, the dam-offspring
regressions estimates are higher (0.05 and 0.06) than the corresponding sire-
offspring estimates. With this bias removed, the two methods of estimating
heritability in the R populations are in complete agreement. Again, there was
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no evidence for a time trend in the heritability estimates over the course of the
experiment in either the C or R populations.

Considering the data in total, the greatest effect of stabilizing selection has been
in the reduction of phenotypic variance. The difference between the C and R
populations for the total period is highly significant (7118 = 767), as is the
regression of phenotypic variance on generation of selection in the C populations
(—118 = 13). While the data are not totally consistent internally, there is a
strong indication that both the genetic and environmental portions of the pheno-
typic variance were reduced by stabilizing selection. The mean difference in the
R and C populations for additive genetic variance approached significance
(2784 = 1496). The highly significant negative regression of additive genetic
variance on generations of selection in the C populations (—79 + 22) provides
additional support for the view that the reduction was real. Taking this regression
at face value, additive genetic variances in the base populations for the C popu-
lations would be estimated to be 11244, slightly higher, but certainly not signifi-
cantly different from the pooled estimate of additive genetic variance in the R
populations. Using the same approach, the amount of additive genetic variance
remaining in the C populations after 95 generations of selection would be
3818 + 1034. This represents a 66 percent reduction for the total period. The
fraction of the total variation that is due to environmental variance and non-
additive genetic variance can be obtained from the differences in ¢% and ¢? In the
two populations (Table 2). The difference between the R and C populations
is highly significant (4338 = 1680). However, if only the regression of o2
(—118 = 13) and o2 (—79 * 22) in the C populations are considered, the dif-
ference is not significant (—39 = 26).

One of the potential explanations for the decline in phenotypic variance in the
C populations is that it is a scaling effect associated with the decline in the mean.
Since both the mean and the variances decline with time in the C populations,
our only real test for a scaling effect is to examine the relationship between
means and variances in the R populations where the generation-to-generation
variation in the phenotypic variance showed no significant time trend, and the
decline in the mean over time was slight. The regression of phenotypic variance
on generation mean was 0.6 = 10.8 in the R populations, thus providing no evi-
dence for a change in phenotypic variance as a function of mean changes in the
unselected populations. Since we are not dealing with large differences in the
means in the C and R populations, it seems unlikely that the changes in the
means are a major factor in the reduction in phenotypic variance.

The results of the directional selection experiment in the populations derived
from the C and R populations are shown in Figure 2. Estimates of realized
heritability were 0.19 = 0.08 and 0.20 * 0.08 in C,D and C,D and 0.31 = 0.09
and 0.05 = 0.09 in R,D and R.D. Pooling the replicates gave estimates of
0.19 = 0.06 in the lines derived from the C populations and 0.18 = 0.06 in the
lines derived from the random bred populations. These estimates are consistent
with those obtained from the analysis of variance in the main experiment, and
even though the sampling errors are large, they do provide additional support
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Ficure 2—Mean pupa weight (micrograms) in populations derived from the C and R

populations.

for the argument that stabilizing selection has done little to alter the heritability
for the trait.

3. Reproductive performance

Table 3 provides a comparison of the two sets of populations for percent
sterility. Percent sterility is measured in this case as the number of females
exposed to a male that have no live progeny at 21 days of age, divided by the
total number of females exposed. Significant differences exist in the mean per-

TABLE 3

Mean sterility and linear regression of sterility on generations of selection

Number of Regression

Population generations Mean (percent) on time
C, 96 21.8 &= 1.0* —0.037 =+ 0.035*
R, 68 298 =13 0.132 %= 0.067
C, 96 16.9 = 1.1* 0.016 %= 0.039
R, 68 340 = 1.4 0.080 *= 0.072
Pooled C 19.6 = 0.7* —0.012 = 0.026*
Pooled R 31.8 + 0.9 0.107 = 0.049

* Indicates a significant difference from the corresponding R population,
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formance. The linear regression coefficients suggest that at least part of the dif-
ference is a function of increasing sterility over time in the R populations, which
did not occur in the C populations. Since most measures of reproductive perfor-
mance would be expected to decline with a build up of inbreeding effects, the
increase was not surprising in the R populations. It is significant to note that the
average inbreeding coefficient in the C populations was nearly 0.5 after 95 gen-
erations, but that, if anything, the sterility may have decreased.

Table 4 shows the same kind of analysis for the number of live progeny per
fertile mating for a three-day egg-laying period. Once again there is a significant
difference favoring the C populations. The observed difference in this case,
however, is not as readily associated with time trends. Rather, it may have
simply been the case from the outset that the individuals closest to the population
mean will tend to have the higher reproductive rate when fertile. A comparison
of only those generations where the C and R populations were contempories in
time, i.e., elimination of the first 28 generations of the C populations, gives nearly
identical results, with the mean for the C populations being 27.8 + 0.4 rather
than 27.9 = 0.3 (Table 4).

DISCUSSION

There are several additional kinds of data on pupa weight in Tribolium that
we have obtained from our directional selection experiments that should be sum-
marized before attempting to relate the results from the stabilizing selection
experiment to existing theory. First, directional selection for heavy pupa weight
was effective for more than 75 generations in populations derived from the cross
of the same inbred lines as those used for the base populations in the C populations
(Enrierp 1977). The number of genes required to obtain the total observed
response has been conservatively estimated at 150 (EnrieLp 1973). Second, even
though the populations responded to selection for much longer than most direc-
tional selection experiments, there is considerable evidence that genetic vari-
ability persists in the plateaued populations. Finally, relaxed selection after 52
generations of directional selection has resulted in a steady return of the popu-

TABLE 4

Mean number of progeny per fertile mating and linear regression of progeny
number on generations of selection

Mean number Regression

Population of progeny on time

C, 28.7 + 0.4* —0.037 = 0.015

R, 22.1 = 0.3 —0.008 * 0.016

C, 27.1 + 0.4* 0.053 + 0.013*

R, 23.7 = 02 0.008 =+ 0.015
Pooled C 27.9 * 0.3* 0.011 = 0.011
Pooled R 231 =02 (.000 %= 0.011

* Indicates a significant difference from the corresponding R population.
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lations toward the original mean. This regression toward the natural mean has
continued for more than 50 generations without as yet leveling out at any point
above the original base populations. The mean has declined from approximately
4700 micrograms to 3600 micrograms over this period. This decline amounts to
nearly 50 percent of the prior total response to selection.

Next, the nature of the base populations deserves comment. Selection was
initiated from the cross of two highly inbred lines, and thus initial allelic fre-
quencies for those genes which have segregated in the C and R populations should
have been near 0.5, except for genes that may have kept segregating in the inbred
lines because of a heterozygote advantage. Obviously, allele differences between
the two inbred lines and any segregation within these lines had to be associated
with genes that were segregating in the wild populations which were sampled in
the development of the synthetic from which the inbreds were derived. Existing
theory concerning the effects of stabilizing selection suggests that those genes
may have been of two kinds, those affecting the metric trait that have a heterozy-
gote advantage with respect to fitness, and those of the kind postulated by
RoeerrsonN and Wricat. The latter kind may or may not be segregating depend-
ing upon the magnitude of gene effects on the trait, but more importantly, on
the range of phenotypic expression that is tolerable for the intermediate opti-
mum. There may be a range of pupa weights within which the genes effecting
the trait are selectively neutral. Under this hypothesis, selection may operate to
eliminate genetic variability up to a certain point, but beyond that point fixation
or loss of variation becomes a function of effective population size.

Our artificial stabilizing selection (1) was more intense than would have
occurred in nature and (2) was done in the laboratory under a very narrow
range of environmental conditions compared with what is encountered in nature.
Because of the intensity of selection, the range of acceptable phenotypes was
restricted to a greater extent than by natural selection. Secondly, because of the
narrow range of environments in the laboratory, segregation required in nature
to allow for a wide range of adaptability may have been eliminated in the
laboratory.

Given this background, we have interpreted the experimental results in the
following way. First, although the results are not completely conclusive, it
appears that there was a reduction in environmental variance from stabilizing
selection. The experiment was conducted under constant environmental con-
ditions throughout the total experiment to the extent that such is possible. This,
together with the absence of any downward trend of environmental variance in
the R populations, strongly suggests that environments did not become more
uniform during the course of the experiment. Thus, the conclusion to be drawn
is that the genotypes became more adapted to the existing set of environmental
conditions. The question can be posed as to why artificial stabilizing selection
was effective in reducing environmental variability if this is a phenomenon that
should have already been accomplished by natural selection. First, as already
mentioned, our environmental conditions in the laboratory span a much nar-
rower range of temperature and humidity conditions, both of which are import-
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ant for growth and development, than would be true under natural conditions.
Thus, stabilizing selection in the laboratory could be selecting for a much nar-
rower range of adaptability than would be required in nature. Second, the arti-
ficial stabilizing selection was much more intense than would occur naturally (as
measured by the R populations) and could therefore, contribute to the reduction
in variance that was demonstrated.

Another significant demonstration that selection can operate to minimize the
effects of variable environmental effects was the work of WappingToNn and
RoserTson (1966). Their experiment was specifically designed to select for
increased or decreased sensitivity to temperature variation on eye size in Dro-
sophila. In several stabilizing selection experiments where a decrease in pheno-
typic variance has been noted, at least a fraction of the decline has been
attributed to a decline in environmental variance. (Gisson and Brabrey 1974;
ScuarLo0 1964; and ScrarrLoo, HooomoED and TER KuiLe 1967). On the other
hand, Prout (1962) found no decline in environmental variance with stabilizing
selection for developmental time in Drosophila.

We can now focus on the effects of stabilizing selection in changing additive
genetic variance and relate these results to expectations under alternative models
of gene action. We are assuming that the 95 generations of stabilizing selection
led to a reduction, but certainly not an exhaustion, of additive genetic variance
for pupa weight. Unfortunately this result is not incompatible with any of the
gene action models that have been proposed. Had we been able to demonstrate
that stabilizing selection was effective in eliminating most or all of the additive
genetic variance, it would have been strong evidence against the heterozygote
advantage on the fitness scale. On the other hand, since we know there are a
large number of genes that affect pupa weight, each with a relatively small effect,
we need not necessarily expect a great reduction in additive genetic variance
from the stabilizing selection given the selection intensity and the length of our
experiment. There are, however, some aspects of the data to suggest that more
variability is being maintained than would be expected if it were not for a hetero-
zygote advantage in fitness.

Given an effective population size of 80 in the R populations, 100 in the C
populations and initial allelic frequencies of 0.5 for segregating genes in both
populations, we can pose the question of how much reduction in additive genetic
variance should occur in each population as a function of drift with no selection.
Additive genetic variance can be expressed as

23q (1 — g1+ (1 —2g0)a]* w
where §; is the allelic frequency for the allele for heavier weight at the 7** gene,
a; is the measure of level of dominance of that allele, u; is 1/2 the difference in
mean genotypic value of the two homozygous genotypes, and 2 indicates sum-
mation over all segregating genes affecting pupa weight in the base populations.
2 g;(1 —g;) will be maximum at §; = 0.5 and will be reduced in advancing
generations as a function of drift. In generation ¢, the expectation of §;; (1 — §i;) =

t
Gio(1—Gio) (1 — _211—\/) where 7 is the number of generations of random mating
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without selection, §;, is the allelic frequency in generation 0 and NV is effective
population size (ENFIELD et al., 1969). With the assumption of trivial effects due
to dominance [average level of dominance was estimated to be @ = 0.13 in an
earlier paper (ENFIELD et al., 1969) ] the expected percent reduction in additive
genetic variance in the R populations as a function of drift after 67 generations,
assuming an effective population size of 80, would be 34 percent. In the C popu-
lations, with 95 generations and an effective population size of 100, the expected
reduction would be 38 percent of the original additive genetic variance in the
base population. As a first approximation, these figures translate into a reduction
of 0.51 percent per generation in the R population and 0.40 percent in the C
populations, assuming linearity over time. We are then confronted with deter-
mining the best estimate of additive genetic variance in our base populations.
We have chosen to use the mean estimates from the analysis of variance adjusted
1o a first generation basis by the linear regression of additive genetic variance on
time. This gives us a pooled base generation estimate of 10820. Thus, the
expected decline per generation as a function of drift would be —55 and —43 in
the R and C populations respectively.

The fact that no decline in additive genetic variance could be demonstrated in
the R populations suggests that forces were operating to maintain more vari-
ability than would be expected under a “no selection” model with drift. The most
plausible explanation for this is that at least a fraction of the genes segregating
which have an effect on pupa weight have a heterozygote advantage on the fitness
scale. The decline in fitness with directional selection, the return toward the
original mean with relaxed selection, and the failure to exhaust additive genetic
variance with directional selection are independent results, each of which would
also be expected under the genetic homeostasis model.

On the other hand, the homeostatic model by itself provides no explanation
for the decline in additive genetic variance that occurred in the C populations.
The reduction that might occur as the result of shifts in allele frequencies from
original values near 0.5 toward equilibrium values in the case of genes with
heterozygote advantage for fitness should also have occurred in the R populations.
It appears that the difference between the C and R populations with respect to
time trend in additive genetic variance must be explained in terms of genes that
affect pupa weight, but not fitness except through their effects on the metric
trait. To explain segregation of such genes in our base population and in natural
populations, we have proposed that in nature there is a range within which any
pupa weight is essentially optimum and that the same would have been true for
the R populations. The corollary is that a mild reduction in additive genetic
variance arising from drift could have occurred in the R populations. In this
connection, it should be remembered that the regression estimate for additive
variance in the R populations 99 = 100, does not exclude some decline as the
expectation under random selection. In the C populations, the effect of the
stabilizing selection practiced would have been to narrow the range of pupa
weight that is optimum so that, in accord with the theory by WricHT and
RoBERTSON, movement toward homozygosity and elimination of additive genetic
variance would be promoted by the selection as well as by drift.
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