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Long term  selection experim ents have served as a m ajor tool in our attem pts 
to understanding the nature of genetic variation for quantitative tra its. For the 
animal breeder who is interested in the extent to which a given economic tra it 
can be im proved by selection, a knowledge of the heritability  of the tra it is 
im portant for im m ediate predictability bu t is of limited use in predicting w hat 
the ultim ate lim its of response will be. With the exception of the long term  se
lection experim ents for chemical composition in corn (Leng, 1962) m ost of our 
knowledge concerning the underlying genetic mechanisms that will determ ine 
long term  response to selection has come through experim ents w ith laboratory 
organism. I will briefly review the results of a few of the m ajor experim ents 
tha t have made contributions over the last twenty years and then wifi sum m arize 
one of my own experim ents w ith Tribolium  that now has a history of over 85 
generations of selection. I will concentrate on the experim ents th a t have been 
aimed at selection to a plateau followed by a genetic analysis of the plateaued 
population.

Three questions seem of m ost im portance in summarizing the results of these 
experiments. They are:

1. What is the d istribution  of genes relative to kinds of gene action; i. e., level 
of dominance and epistasis? More specifically, is overdominance of any 
im portante for the tra its  that have been investigated?

2. How m any genes contribute to the variation for a quantitative tra it?  
Related to  this is how m uch change can be expected relative to  the am ount 
of variation present in the initial populations.

3. How im portan t are negative correlations with fitness in setting limits on 
selection response?
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L itera tu re  R ev iew

F alconer (1960) sum m arized the results of four long term  two-way selection 
experiments, two with Drosophila (C layton and R obertson, 1957; and R obert
son, 1955) and two with mice (F alconer, 1955; and M acArthur , 1949). In these 
experim ents response to selection had ceased in all four experiments by 30 
generations. The total divergence in the lines selected in opposite directions was 
between 15 and 30 times the square root of the initial additive genetic variance 
and about 10 to 20 times the phenotypic standard  derivation in the initial 
population. Estim ates of num ber of genes that could account for the observed 
response ranged from 35 for 6-week weight in mice to 99 for abdominal bristles 
in Drosophila.

Another of the early selection experiments with interesting results was the 
work of R eeve and R obertson (1953) where selection had been practiced for wing 
length in Drosophila for 76 generations. In their experiment there was little 
response after generation 20. Selection increased the additive genetic variance 
by 2 1/2 times the original w ith no change in environm ental variance. Relaxed 
or reverse selection decreased the variance sharply. They attribu ted  the observed 
pattern  of response to 3 or 4 genes with m ajor effects.

In a series of three papers R oberts (1966a, 1966b, 1967) examines the limits 
to selection for body weight in several lines of mice and the response to selection 
in crosses of previously plateaued lines. The time required to reach a lim it in the 
original populations ranged from  10 to 30 generations in 6 different lines. Total 
response in one direction ranged from 2 to 6 times the original phenotypic 
standard deviation and 3 to 12 times the initial additive genetic standard deviation. 
Estim ates of num ber of loci involved ranged as high as 20. In crosses of previously 
selected lines heterosis for increased body weight was always observed indicating 
that the lines were differentiated with respect to genes affecting body weight. 
Further selection for large size produced a population whose mean weight was 
25 % higher than the largest of the original lines at its limit.

W ilso n  et al (1971) summarized the results of the 84 generations of selection 
for 60 day weight in the mouse which was carried out largely under the direction 
of Dr. G oodale. Even though additive genetic variance remained large there was 
no obvious response to selection after generation 35. A 72 percent weight increase 
from 25 to 43 grams was observed in this experiment. Number of genes responsi
ble for the increase was estim ated to be about 30.

E is e n  (1972) reported that selection for 12 day litter weight in mice was 
ineffective after 17 generations. Additive genetic variance was not exhausted and 
reverse selection was immediately effective. The plateau was attribu ted  to a 
negative genetic correlation between direct and m aternal effects.

F alconer (1971) began inbreeding with continued selection in a strain  of mice 
which had previously reached a selection limit for litter size. Depression proved 
the existence of residual variation. Four lines survived the inbreeding process 
with one of the lines having the same mean as the original population after 20 
generations. Crossing of the four lines followed by selection resulted in an 
improvement of 1.5 mice per litter above the mean of the original strain. The 
conclusiones were that the results could be explained by the inbreeding, crossing
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and selection process having elim inated 30 recessive genes. I t was estim ated that 
as many as 80 genes in the base population were affecting litter size.

The selection for 18-42 day growth in mice reported by C o m s t o c k  (1973) repre
sents the longest period of continued response to selection among the mouse 
experiments. In  a line which had been selected for post weaning growth for 58 
generations response continued for a minimum of 40 generations. Inbreeding 
depression was observed in the plateaued population and reverse selection was 
effective, supporting the conclusion that some dominant genes were still segre
gating. Gene num bers were estim ated between 100-180 depending upon the genetic 
model used.

B a r t l e t t  et at. (1966) report a long term  selection experiment for pupa weight 
in Tribolium. The population first plateaued by generation 22 but a period of 
relaxed selection followed by selection carried the population to a higher plateau 
by generation 44. An additional eight generations of relaxed selection was followed 
by 12 more generations of selection where a steady increase in response was 
observed. This experiment is of particu lar interest since it represents a greater 
total response to selection relative to the initial mean than has been possible in 
other experiments (a three fold increase in pupa weight from  2,100 to 6,600 mi
crograms).

Now I would like to summarize the results of one my own selection experiments 
for pupa weight in the flour beetle that was initiated in 1963 and has been 
continued for 85 generations. The m ajor question being asked at the time this 
experiment was initiated was w hether any appreciable am ount of the genetic 
variation for a m oderately heritable tra it that shows some heterosis in crosses 
could be attribu ted  to overdom inant loci. This experiment has been described 
in detail in several earlier publications ( E n f i e l d  et at., 1966; E n f i e l d  et at., 1969; 
K r e s s  and E n f i e l d , 1971; and E n f i e l d , 1972) so I will try  to  lim it my discussion 
to only those aspects of the experim ent critical to todays discussion.

The base populations for this experim ent were established from  the cross of two 
highly inbred lines. We had two reasons for this. First, gene frequencies would 
be 0.5 for nearly all genes if there was segregation at all. Secondly, the inbreeding 
process will have done some screening to minimize reproductive fitness problems. 
Starting w ith a cross of two inbred lines has enabled us to  make use of some 
existing theory for estim ation of gene num ber and also to superimpose some side 
experiments making use of C o m s t o c k  and R o b i n s o n ’s  (1952) Design-Ill analysis 
for estim ating level of dominance and linkage effects. The F3 generation from 
the cross of the two lines was subdivided into 4 populations of which two (the 
S-populations) were to be selected for heavier pupa weight and the other two 
(the C-populations) were to serve as control populations. In  the C-populations 
individuals closest to the half-sib family mean were selected to be parents. In 
generation 28 two additional lines were established from the cross of the same 
pair of inbred lines. Individuals from  these lines (the R-populations) were 
randomly selected. Effective population size based on inbreeding coefficient data 
has been approximately 100 each generation. In  generation 52 relaxed selection 
lines were established from the S-populations. In generation 74 two new upw ard 
selected lines (the T-populations) were established from the relaxed selection 
lines. In generation 76 the two S-populations were sampled and two replicates of
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the cross of the S-populations (the H-populations) were established with selection 
in these lines to be for increased pupa weight.

The plan has been to continue individual selection in the S-populations until 
a plateau has been reached. At that time a series of experim ents will be undertaken 
to assess the causes of the plateau. These will include:

1. Intense inbreeding to determine w hether there are non-additive genes still 
segregating.

2. Crosing of the two select populations to test for heterosis.
3. Selection for combining ability with one of the initial inbred lines to check 

for variation that can be attributed  to an overdom inant class of genes.

The m aterial which I will present today is not the final story since a plateau 
has not been reached. We can, however, focus on several questions based on data 
collected to date.

I w ant to  first summarize some of the statistical estim ates of the population 
param eters obtained in the early generations of the experim ent so tha t we can 
have a base for making comparisons as the experim ent has progressed. The mean 
pupa weight in the base populations was approxim ately 2,450 m icrogram s with 
a phenotypic standard deviation of 207 m icrogram s and an additive genetic 
standard  deviation of 115 micrograms. The cross of the two inbred lines resulted 
in about 10 % heterosis (250 micrograms) when the reciprocal Fi crosses were 
com pared w ith the mean of the two parent inbreds. When the data for the 
first 12 generations of selection were pooled estim ates of heritability  as well as 
realized heritabilities were in the range of 0.3 to 0.35 for pupa weight.

Total response in the two S-populations has been over 3,000 m icrogram s with 
no evidence tha t either population has reached its limit. This represents a change 
of m ore than 14 phenotypic standard deviations and 26 additive genetic standard 
deviation units based on the initial population estim ates of the two param eters. 
Table 1 shows the response to selection in the S-populations in the form  of linear 
regression coefficients of mean pupa weight on generations of selection.

TABLE 1

R e g r e s s i o n  c o e f f ic i e n t s  o f  m e a n  p u p a  w e i g h t  o n  g e n e r a t io n s  o f  s e l e c t io n  
i n  t h e  S -p o p u l a t io n s

Rep 1 Rep 2

Generations 0-12..............
Generations 0-58..............
Generations 58-80 ..............
Relaxed Generations 52-80

60.3 + 4.8 
49.1 + 1.2
22.4 + 4.5 

— 23.9 + 4.7

61.8 ± 4.9 
44.2 ± 0.7
24.0 ± 4.2 

—18.7 + 4.9

Since the relaxed S-population data indicates tha t natural selection is a m ajor 
force operating in the la tter generations it is useful to look at some of the 
reproductive data. Tabla 2 gives a comparison of the percent sterile matings in 
the five populations for an eight generation period following the establishm ent
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of the T and H lines. (The T lines are those established after a period of relaxed 
selection, the H lines are the lines derived from a cross of the two S-populations.)

TABLE 2

P ercent s t e r i l i t y  (g e n e r a t io n s  75-83)

Population Rep 1 Rep 2

S
H
T
C
R

57
57
38
34
34

60
62
38
35
35

Two points are w orth  emphasizing in this table. First, it is evident tha t the 
decline in reproductive ra te  as measured by successful m atings is a result of the 
selection effect ra th e r than an inbreeding effect when the S- and H- populations 
are compared. There appeared to be no improvement in this m easure of re
production when the two lines were crossed. Secondly, a period of 20 generations 
of relaxed selection restored  the fertility (T lines) to a level that is b e tter than 
the random  bred control and about equal to the stabilizied selected lines.

The o ther piece of reproductive data that should be reported is the regression 
of num ber of live progeny a t 21 days (fertile matings) on generations of selection. 
Over a 60 generation period these regressions have been -  0.11 + 0.02 and -  0.14 + 
F 0.02 in the two replicates. Average num ber of progeny produced in the initial 

generations for the three day egg laying period was about 25.
While the critical evidence on whether there is any appreciable overdominance 

will not come until the populations have plateaued, there are things to suggest 
tha t overdom inant loci may not be of any real im portance for this tra it. Over 
the period of the last 10 generations the S-populations have been sam pled and 
the am ount of inbreeding depression has been m easured by com paring the 
progeny means from  sires m ated to full-sibs as com pared w ith progeny means 
when the same sires have been m ated to unrelated females. With a difference 
of 0.25 in the inbreeding coefficient the mean difference in pupa weight in the two 
groups has been less than  15 micrograms. While the difference is statistically 
significant it represents a trivial difference relative to the total response realized 
thus far from  m ass selection. Since the populations have not yet plateaued even 
the small am ount of inbreeding depression observed could be the result of partially 
or completely dom inant genes that are still segregating.

The num ber of genes affecting a quantitative tra it has been estim ated in 
several experim ents from  the ratio (total response to selection)2/(tw ice initial <r\). 
This estim ate assum es an initial gene frequency of 0.5 for all loci affecting the 
trait, additive gene effects, fixation for all genes when total response is m easured, 
and equal effects of all genes. The estim ate will be too low if the gene effects 
are  not equal o r if some dominance for the favorable genes exist. If there is 
m ultiplicative epistasis the estim ate will be too large. In  this experim ent using 
a value of 3,000 m icrogram s as a measure of total response and an initial estim ate 
of additive genetic variance of 13,360 a minimum estim ate of gene num ber would
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be about 335. If one assumes a multiplicative epistatic model ra ther than an 
additive model (estim ates of genetic variance components over the course of this 
experim ent suggest this may be more realistic) the num ber of genes needed to 
explain the response would still be more than 150. This is still a larger estim ate 
than others reported in the literature. I t  should be pointed out that the effective 
population size in this experiment is considerably larger than m ost other selection 
experim ents and thus the probability of fixation of less favorable alleles has been 
less than in the other experiments. On the other hand this experiment was initiated 
from a much narrow er genetic base (2 inbred lines) than  has been the case with 
most o ther experiments.

SUMMARY

The m ost common pattern  among the long term  selection experiments appears 
to be one of reaching a selection limit w ithout exhausting additive genetic variance. 
Evidence for this has come through the effectiveness of reverse selection, relaxed 
selection and statistical estim ates of genetic param eters. Inbreeding depression at 
the plateau often indicates some dom inant genes still segregating. While there is 
little data to suggest overdom inant genes as a class are of any real im portance, 
most of the experiments have not been designed in such a way to obtain critical 
answers to the question. Most of the experiments reported  have reached a selection 
limit in 30 generations or less w ith usually less than 100 genes needed to explain 
the response observed. Some recent experiments w ith mice and Tribolium  where 
larger population sizes have been employed have shown a much longer period 
of response with more than 100 genes required to explain the observed response.

RESUME

II semble que, dans les experiences utilisant des selections a long terme, le 
resultat le plus souvent obtenu soit celui qui attein t une limite a la reponse sans 
pour au tan t epuiser la variance genetique additive. Ce resultat est base sur 
l’efficacite de selection reverse, selection relache et sur des estim ations statisti- 
ques des param etres genetiques. La depression par la consanguinite dans le plateau 
indique souvent que certains genes dominants continuent leur segregation. Bien 
qu’il y ait peu de renseingnements qui suggerent que la categorie des genes «sur- 
dominants* ait une grande im portance, la plupart des experiences n ’ont pas ete 
entreprises dans le but d ’obtenir des inform ations critiques a ce sujet. Dans la 
p lupart des experiences publiees, la limite a la selection a ete obtenue en 30 
generations ou moins, et avec moins des 100 genes generalment necessaires a 
expliquer les resultats. Quelques experiences recentes faites avec des souris et 
Tribolium, et pour lesquelles des populations plus grandes ont ete employees, 
ont m ontre qu’il faut attendre plus longtemps pour obtenir la limite et que plus 
de 100 genes sont necessaires a expliquer les resultats.

SUMARIO

La caracterlstica mas comun entre los experimentos de seleccion de largo 
alcance parece ser la de conseguir un limite a la respuesta, sin eliminar comple-

370



tam ente la variancia aditiva. La evidencia proviene de resultados de seleccion 
reversa, relajam iento de la seleccion y estimacion estadistica de param etros gene- 
ticos. En el plateau, la depresion debida a la consanguinidad indica frecuentemente 
que algunos genes dominantes aun continuan segregando. Aunque existen pocos da- 
tos que sugieran que los genes sobredom inantes form an una clase im portante, la 
mayorla de los experimentos senalados han alcanzado un h'mite a la respuesta 
a la seleccion, en 30 generaciones o menos. Generalmente menos de 100 genes 
son suficientes para explicar las respuestas obtenidas. Algunos experimentos 
recientes con ratones y Tribolium, empleando poblaciones de mayor tamano, han 
m ostrado un perfodo mas prolongado de respuesta a la seleccion, con mas 
de 100 genes necesarios para  explicar la respuesta observada.
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