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INTRODUCTION

The flour beetle Tribolium is a relative new-comer, in comparison with
Drosophila, mice, guinea pigs, rabbits and rats, as a laboratory model for the
study of genetic problems which relate to livestock and poultry improvement.
These older laboratory species have been used by geneticists for both qualita
tive and quantitative studies since the turn of this century. As population
and quantitative genetics research expanded in the early 1950's, many genet
icists turned to Drosophila or mice for their experimental model in order to
draw on this wealth of genetic information and technical experience. Thusly,
our,initial model experiments at Purdue University were conducted with
Drosophila (my colleague Don Warren had taken his doctorate at Columbia Univer
sity with Thomas Hunt Morgan and I had studied at Iowa State College with John
W. Gowen, one of Morgan's early students).
In spite of the many known advantages of Drosophila melanoeaster for genet
ics research, we soon felt that the uniqueness of few chromosomes and no recom
bination in males could handicap the general relevance of our model experi
ments. While Tribolium had never been used for genetics research, this insect
had been used for many years as an animal model in ecology (e.g. Chapman, 1928;
Park, 1933). Their classical competition studies with T. castaneum and T.
confusum indicated to us that Tribolum had potentiality as an animal model for
population genetics research. With technical assistance from Dr. Park, we
initiated preliminary studies in 1954 and reported the first population or
quantitative genetics research with Tribolium at the 10th International
Congress of Genetics (Bell and Moore, 1958).
Taxonomically speaking, the genus Tribolium belongs to the family Tenebrionidae of the order Coleoptera and contains about 26 species (Hinton, 1948).
While the species T. confusum and T. brevicornis have possible utility as
quantitative genetics models (Dawson, 1965; Rich and Bell, 1979), T. castaneum
Herbst has been used more extensively and I will limit my review to this
species which has ten pairs of chromosomes including XY sex chromosomes, numer
ous genetic markers, genetic recombination in both sexes, normal segregation,
polygamous mating, and identifiable sexes in both pupal and adult stages.
Monthly generation cycles are easily obtainable under optimal conditions of
temperature, humidity and nutrition. Adult beetles will remain fertile for 12
months or longer, so parents can be held over several generations for repeated
matings. This species is easily cultured in the laboratory on diets of grain
(maize, wheat or rice) flour enriched with yeast or vitamins, and is readily
observed at any stage of development by appropriate screening of the cultures.
Those interested in a broad review of population studies with the Tribolium
Model, will be interested in the excellent article of King and Dawson (1972).
In regard to Tribolium research relating to animal breeding, reviews were
presented at the 12th International Congress of Genetics (Bell, 1969), and at
the last meeting of this Congress (Bell, 1974; Yamada, 1974). Since our last
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Congress, more Tribolium quantitative genetics studies have been reported than
in the previous 20 years. It will not be possible to review all of them thor
oughly within the time allotted. Therefore, I will cite representative papers
from a wide range of problem areas to illustrate (1) the versatility of
Tribolium for model experiments in animal breeding, and (2) the broad inter
ests of contemporary investigators. A couple of problem areas will be
discussed in greater detail than others because of my special interest and
knowledge of the research.
SINGLE-TRAIT SELECTION
Among the various forces available to the animal breeder, selection is
potentially the most powerful from a theoretical viewpoint. Consequently, many
of the early model experiments with Tribolium involved the experimental check
ing of selection theory for single quantitative traits. These results were
discussed by earlier reviewers and will not be mentioned here, other than to
state that short-term realized responses generally were in agreement with
additive selection theory, provided due allowances were made for biases and
sampling errors among predictive parameters. Additional single-trait selection
experiments with Tribolium have been reported in recent years, but the problems
addressed are more sophisticated. I am referring to such problems as: selec
tion limits, selection intensities and population size, stabilizing versus
disruptive selection, and relative efficiencies of different methods of
selection.
Selection limits: Any finite population, breed or species under selection has
an ultimate limit in response, assuming no mutation or migration. While the
practical breeder is more concerned about rates of response in the short-run,
quantitative geneticists have become increasingly concerned about long-term
responses and the nature of selection limits. Short-term responses are pre
dictable in terms of heritabilities and selection differentials, but such is
not the case for long-term responses where unknown variables such as number of
segregating loci, gene frequencies, and gene interactions become operative.
Therefore, empirical evidence regarding selection limits may be is our best bet
to an understanding of the genetics of this phenomenon. Recent reports on
long-term Tribolium selection studies have added valuable information.
Body size of Tribolium is an excellent polygenic trait for studying long
term selection response. This has been documented by numerous investigators
(Bell and Moore, 1958, 1972; Bell, 1981a; Berger, 1977; Enfield, 1972, 1977;
Gall, 1971; McNew and Bell, 1976; Minvielle and Gall, 1980; Rumball and Rae,
1968). Time is not available to review these studies in detail. In general,
all observed fairly linear responses over the initial 20 or so generations of
selection. Reproductive fitness in terms of fertility and progeny numbers was
positively correlated with body size in most base populations, as is the case
with niany species. Yet in those experiments spanning 20 or more generations
this correlation became negative and response plateaus were observed. Two of
these long-term studies (Bell, 1981a; Enfield, 1977) have extended over 100
generations and merit further comment.
Enfield's replicated study originated from the cross of two inbred lines
with the expressed goal of measuring the level of dominance and possibly over
dominance for "21-day pupa weight" (a compound trait involving larval growth,
rate of development or pupation time, length of the pupal stage, and loss of
weight or metabolic loss during the pupal state, all quantitative variables).
In addition to selecting for increased pupal weight, Enfield maintained com
plete pedigrees and recorded percent sterility and number of progeny as corre-
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lated traits. Heritability of the selected trait initially vas approximately
0.35 and a positive heterosis of approximately 10Z in the crosses of the found
ation lines suggested partial dominance for large size (Enfield, 1972).
In contrast to most single-trait selection studies where response plateaus
are observed vithin 20-30 generations, Enfield observed continuous responses
for about 75 generations for which he credits large effective population sizes.
For the next 30 generations of selection, no additional response was observed
even though positive h estimates around 0.20 were found. From an initial size
of about 2.5 mg, both populations had plateaued at about 5.5 mg to reflect
increases of about 15 phenotypic standard deviations (o ). The number of gene
loci contributing to this response was recently estimatld to approach 500,
assuming an additive model, or about 200 with multiplicative action (Comstock
and Enfield, 1981). It was suggested by Enfield (1977) that the plateaus were
caused by a strong negative correlation between pupal weight and fitness, pos
sibly due to both linkage and pleiotrophy. Of equal interest was the finding
that heterosis had changed direction from an initial positive 10Z to a negative
4-8Z, for which the author concluded that epistasis was involved or pleiotropic
effects were acting such that natural selection favored genes showing dominance
of small size.
Our laboratory has been interested in Tribolium pupal weight as a genetic
model of mature body size since the beginning of our selection studies in 1954.
Our initial objective was similar to Enfield's in that we were searching for a
model of overdominance. However, the experimental approach was quite different
in that our base population was a composite of eight diverse laboratory popula
tions. The selected trait was pupal weight taken within the first 24 hours
after pupation, and we were interested in reciprocal recurrent selection (RRS)
to detect overdominance. The mean pupal weight for the unselegted base
population was about 2.25 mg with a
of about 0.2 mg and a li near 0.6. This
long-term selection study continued iE a sequential manner with progressive
changes in objectives and design.
The first phase involved a replicated comparison of RRS, Within Line
Selection (WLS) and inbred-hybrids for increased pupal weight. Our findings
after 25 generations of selection were essentially negative in regard to
non-additive gene effects of any kind (Bell and Moore, 1958, 1972). Purebred
selection was decidedly superior to the other methods as one would expect from
additive gene theory. The RRS lines were discontinued, but the appearance of
response plateaus in both replications of WLS led to an extensive investigation
of selection limits (Reviewed by Bell, 1981a).
Selection responses for the two WLS lines (Large 1 and 2) had been remark
ably uniform over the initial 15 generations of selection during which they
more than doubled in average weight, some 10 a above the base population.
During this period their reproductive fitness ?n terms of egg numbers, fertil
ity, and progeny numbers actually increased over controls to give positive
realized genetic correlations between the selected trait and these components
of fitness. However, these correlations became negative over the next ten
generations as both lines evinced response plateaus. Selection for increased
pupal weight was continued in Large 1 and 2 and the study was expanded with the
dual objectives of (1) characterizing the nature of these plateaus or limits,
and (2) extending the limits. The over-all responses for large and small
selection are summarized in Figure 1.
In regard to the first objective we found: (1) The response plateaus were
real and not the result of environmental trends. (2) Significant amounts of
genetic variation, as measured by parent-offspring regressions and divergent
selection, remained in the plateaued populations. (3) Poor reproductive fit
ness was characteristic only for parents selected for large size, with fitness
for the remainder of the population being better than that of the base
population.
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Figure 1.

Long term responses to divergent selection for pupal weight in
Tribolium plotted as 5-generation means (Extended periods of
relaxed selection represented by broken lines).
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Efforts to extend the limits of selection included chemical and X-radiation
induced mutations, relaxed selection, and reverse selection. Relaxed and re
verse selections with pedigree matings provided useful information for charac
terizing the genetic nature of the plateaus, but simple mass mating and expan
sion of the population via natural selection was repeatedly observed to be the
most effective method for the recovery of "fitness", which in turn permitted
selection response to go beyond the previous plateau. Apparently, natural
selection within these mass matings was more effective in identifying and
reproducing favorable gene recombinations than was artificial selection within
the relaxed and reverse selections. The mean pupal weight within these plateaued populations declined during periods of relaxed selection, but when selec
tion was renewed the previous plateaus were exceeded (See Figure 1). After 145
generations of selection continued response is currently being observed with
the means of the large lines near 10 mg, some 35 o above the unselected base
population. Selection response for small pupal weEght has an obvious limit
quite different than selection for large. A response of some 5 o occurred
during the initial 15 generations. After another 20 generations Bf little
response, a gradual decline to near 0.7 mg is apparent. Estimates for the
number of segregating genes in the base population were around 600 when the
total response had been about 5.5 mg. These estimates, based on the additive
model, are similar to those Obtained for pupal weight by Comstock and Enfield
(1981). However, the total response now exceeds 9 mg and a comparable estimate
would approach 2000 genes. While the multiplicative model of Comstock and
Enfield (1981) may provide a more realistic estimate of gene numbers, such
estimates should be taken for no more than rough approximations. And if poly
genic mutation rates are as high as our results suggest, the "number of
segregating genes" has little meaning in a dynamic sense.
Extensive studies on induced polygenic mutations in our long-term selected
and unselected populations revealed that (1) additive genetic variation was
increased by X-radiation, but (2) the deleterious effects on fitness were also
increased so that genetic gains were less than for selection without irradia
tion.
A point of general interest from our irradiation studies was that estimates
for polygenic mutation rates for Tribolium body weight, ranging from 1 x 10
to 1 x 10-3/r/locus, are of the same order as polygenic mutation rates pub
lished for Drosophila (Yamada, 1961). This fact suggests the interesting
possibility that genes with small effects, so-called polygenes or quantitative
genes, are some 1000 times more mutable than the classical major or qualitative
Mendelian genes. When one considers that the underlying theory for estimating
polygenic mutation rates most likely underestimates the real rate, maybe muta
tion should be recognized as a significant source of new genetic variation in
long-term selected populations. Also, the disturbing presence of significant
genetic variation in highly inbred lines may arise from a high polygenic
mutation rate.
Major findings from our long-term selection studies with Tribolium pupal
weight were: (1) Long-term responses, in terms of response plateaus, their
duration, and ultimate limits, are unpredictable. After 145 generations of
selection and many transient plateaus, additional response for large pupal
weight is still being realized some 30 a beyond the unselected base, (2) The
genetic correlation between a metric traEt and reproductive fitness can change
from positive to negative within a few generations of selection, with linkage
being more important than pleiotrophism, (3) Artificially induced genetic
changes were of no practical value for increasing selection response or
circumventing response plateaus, and (4) Polygenic mutation rates are probably
much higher than once thought from rates reported from major genes. This point
may have practical implications in terms of homozygosity for inbred lines or
highly selected strains of livestock and poultry.
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Tribolium larval growth to a fixed age has been studied in our laboratory
as a genetic model of early growth characteristics (e.g. 8-week broiler
growth). Larval weight is known to be moderately heterotic (10 to 40% depend
ing on the genetic diversity of the cross) and to have a low-to-medium heritability (Blair, et al., 1961; Englert and Bell, 1963). In regard to long-term
selection responses, we have studied purebred and crossbred responses involving
two unrelated populations for some 70 generations of full-sib family selection
for increased 13-day larval veight. The responses over the initial 41 genera
tions were described by McNew and Bell (1974, 1976). Linear selection re
sponses were observed over the initial 30 generations with the mean 13-day
larval weight increasing from an initial 1.5 mg to about 3.5 mg. When selec
tion was relaxed there was a 5-10% decline for larval weight to suggest a
negative genetic correlation with fitness, even though the initial correlation
had been positive. Selection for increased larval weight was continued within
these populations for another 40 generations (Bell, unpublished data; Rich,
1980). All lines eventually plateaued in spite of positive h estimates. Some
lines reached their limits as early as the 40th generation while others showed
a positive response for an additional 20 generations. There appeared to be no
relationship between duration of response and the limit reached. Efforts to
extend these limits by indirect selection were unsuccessful. However,
outcrossing followed by selection was successful in extending previous limits.
Selection limits in Tribolium for the trait "rate of virgin egg lay" were
studied by Orozco (1972) in connection with long-term selection in optimum and
stress environments. Contrary to the expectation that plateaus for this fit
ness trait might not rise, short of a stable genetic equilibrium, Orozco
observed reduced fertility, livability and precocity to be the limiting forces
rather than a loss of additive genetic variation. Therefore, he concluded that
virgin egg lay was peripheral to fitness.
The findings from these long-term Tribolium selection studies are in agree
ment with the long-held idea (e.g. Lerner, 1954) that natural selection places
constraints on artificial selection, becoming the primary cause of response
plateaus. This point was demonstrated vividly in the Tribolium Model experi
ment described by Minvielle and Gall (1980) where they simulated natural
selection in opposition to artificial selection.
Relative efficiencies of selection methods: Observed selection responses are
usually found to agree with selection theory, provided the investigator
searches diligently for an appropriate scale or for biases in the initial
parameters. However, replicated model experiments with Tribo1ium have revealed
apparent exceptions to theory which should concern both the theoretician and
the applied breeder. A case in point concerns the relative efficiencies of
individual, family, and combined selection. Since Lush's (1947) original
theoretical calculations, it has been widely accepted by animal breeders that
combined selection is the most ef|icient and that family selection is next
best, except for traits of high h . Yet two independent Tribolium experiments
(Wilson, 1974; Campo and Tagarro, 1977) have found individual selection to be
as good as or better than either family or combined selection for three traits
of medium heritability (14-day larval weight, 19-day pupal weight, and 21-day
pupal veight). Lush's theoretical calculations are correct, but the authors in
these two cases were unable to explain satisfactorily the apparent
contradiction between the theoretical and experimental models.
The relative efficiencies of different methods of selection for crossbred
performance have been investigated experimentally with the Tribolium model
using the quantitative traits - pupal weight (Bell and Moore, 1958, 1972; Bell,
1972; Wong and Boylan, 1970); larval weight (McNew and Bell, 1974, 1976; Rich,
1980); and egg numbers (Orozco and Bell, 1974a, b). These studies are
summarized along with other findings on crossbred selection in the Heterosis
Roundtable of this Congress (Bell, 1982).
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Stabilizing and disruptive selection: The prevalence of genetic variation in
long-term selection populations has led to the speculation that selective
forces are operating counter to directional selection to conserve genetic vari
ation. To better understand this phenomenon, investigators have studied the
effects of disruptive and stabilizing selection in Drosophila (e.g. Scharloo,
et al.. 1967). In recent years the versatile Tribolium Model has entered the
picture. Dawson (1975) presented evidence that stabilizing selection for an
intermediate pupation time was occurring in laboratory populations through
cannibalism. Kaufman, et al. (1977) contrasted 95 generations of stabilizing
selection for pupal weight with random selection and observed decreases for
phenotypic and additive genetic variances.
In contrast, Halliburton and Gall
(1981) observed several-fold increases for genetic and environmental variances
for pupal weight during 15 generations of disruptive selection. While the
changes in variances observed in these two studies agreed more or less with
expectations, the observed directional changes in the population means were not
predicted in either case.
Inbreeding and selection: Inbreeding has long been considered by animal
breeders to be a valuable tool when combined with selection for the differen
tiation and improvement of livestock. Recently, it has been suggested that
alternating generations of inbreeding and crosses among sub-lines should
enhance selection response over selection without inbreeding (Dickerson, 1973).
It would be expensive in terms of facilities and time to adequately test this
interesting hypothesis with livestock or poultry. Such a problem is ideally
suited for model experiments and three independent studies with Tribolium pupal
weight were essentially negative (Goodwill, 1974; Jui and Friars, 1974, 1980;
Katz and Enfield, 1977). In fact, the opposite was usually true and maximum
response was observed when inbreeding was minimal. When the effects of
inbreeding were confounded with different selection intensities, the results
from other Tribolium selection studies (Rumball and Rae, 1968; Ruano, et al..
1975) were not conclusive in regard to either factor.
Correlated responses: Correlated responses for secondary characteristics
concern the practical breeder as well as the theoretician. Additive selection
theory provides a good approximation of short-term correlated responses, but
problems arise from asymmetrical responses, scaling effects, and non-linear
relationships among traits. Yamada (1974) discussed these problems and pointed
out that growth in Tribolium/provides an excellent experimental model. Recent
studies which confirm Yamada's general thesis are those of Dewees (1975), Lange
(1975), Medrano and Gall (1976a, b, c), Soliman and Lints (1975, 1977), and
Walker and Goodwill (1974).
MULTI-TRAIT SELECTION
Many of the early selection studies with either laboratory or economic
species involved direct selection for a single trait with other traits observed
as correlated responses. However, the practical breeder was always concerned
with the simultaneous improvement of a multitude of characteristics. There
fore, as soon as quantitative geneticists became confident as to single trait
selection theory, the experimental testing of multi-trait selection theory
followed as a logical sequence. Model experiments with Tribolium have added to
our knowledge in this area. For example, Scheinberg, et al. (1967) evaluated
restricted selection indices with three traits (larval weight, pupation time,
and pupal weight) and Okada and Hardin (1967, 1970) made a similar study with
larval and adult weights. Bell and Burris (1973) tested the theory of inde
pendent culling levels by simultaneously selecting two correlated traits
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(larval and pupal weights) in the four combinations of positive and negative
selection. In addition, our laboratory studied the response of biomass (total
weight of offspring per mating) to (1) family selection based on a modified
index including number of offspring and mean larval weight, (2) selection by
independent culling levels, and (3) single trait selection (Krause, 1968;
Krause and Bell, 1972). Later, Fairfull, et al. (1977) added linear and
quadratic selection indices in their empirical comparison of various selection
methods for the improvement of biomass. Berger (1977) discusses the general
problem of multiple-trait selection and uses pupal weight and number of
offspring in Tribolium for a comparison of index selection with single trait
selection.
In addition, Orozco, et al. (1980) compared selection response from
an optimum index of egg number and adult weight in Tribolium with the perform
ance of crosses between single-trait selection lines. Space is not available
to review the results from each of these studies, but in most cases the selec
tion indices were not the most efficient, as expected theoretically, due
primarily to parameter estimation errors. This point was demonstrated experi
mentally by Lin, et al. (1979) with Tribolium larval weight and pupal weight
selected by indices containing known parameter errors.
GENOTYPE BY ENVIRONMENT INTERACTIONS
The known sensitivity of Tribolium growth to such environmental factors as
nutrition, temperature, humidity, and competition was a major consideration in
our choice of the flour beetle for model genetics experiments, especially those
relating to the broad problem of genotype by environment interactions. Our
earlier studies on this subject (Bray, et al., 1962; Bell and McNary, 1963;
Englert and Bell, 1963; Hardin and Bell, 1967; Yamada and Bell, 1969) were
summarized by Yamada (1974). There have been additional studies in recent
years. For example, Orozco and Bell (1974a) revealed that parameters for rate
of egg lay were quite sensitive to temperature. Means, phenotypic variances,
and h estimates were higher in the optimal environment, but estimates for
non-additive genetic effects were larger under stress. These differences were
confirmed by subsequent selection studies (Orozco and Bell, 1974b). The
effects of different nutritional environments on growth and adaptation of
Tribolium continues to interest quantitative geneticists (Hawk, et al.. 1974;
Englert and Raibley, 1977; Bell, et al., 1979; Benyi and Gall, 1978; Lavie, et
al., 1978; Rich and Bell, 1980; Orozco, 1976; Yamada and Bell, 1980). Signifi
cant G x E interactions were widespread. Heterotic effects were greater in
stress environments and populations selected in stress had greater general
adaptability.
GENETIC DRIFT
The concept of genetic drift has long been recognized as a significant
factor in the evolution of natural populations. Genetic drift is of special
concern in animal breeding due to its influence on selection limits, predic
tability of selection response, and maintenance of control populations. The
theoretical consequences of genetic drift in terms of gene frequencies were
described by Wright (1945) and were extended to quantitative traits by Hill
(1972). An earlier Tribolium study (Bray, et al., 1962) found no evidence of
genetic drift in control populations reproduced with 50 males and 50 females.
More recently we investigated genetic drift in 36 randomly mated populations of
Tribolium. 12 replications of four constant 6izes (5, 10, 25, and 50 pairs of
parents), by observing (1) gene frequency changes at the black (b) locus, and
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(2) changes in the means and phenotypic variances for pupal weight and repro
ductive fitness over 20 generations (Rich, ££ ai** 1979, 1982). The major
finding of interest to this Congress was that observed drift variances for the
early generations agreed well with theoretical expectations; but overall drift
variances were much less than those predicted, possibly due to frequency
dependent and/or stabilising natural selection.
QUANTITATIVE GENE ACTION
A better understanding as to the nature of non-additive gene effects is a
necessity to the design of more efficient crossbreeding schemes. Just as model
experiments with laboratory species such as Tribolium have confirmed additive
selection theory, such experiments can add to our understanding of non-additive
gene effects. One approach is to make empirical comparisons of various methods
of crossbred selection (See Bell, 1982). A second and more fundamental
Approach is to determine the kinds and amounts of non—additive gene effects
which influence heterotic traits. With such information a more realistic
selection scheme could be designed. Actually, progress has been minimal from
both approaches when viewed in light of the enthusiasm expressed at the 1950
Heterosis Conference at Ames, Iowa.
Tribolium researchers have recognized that non-additive effects of some
kind were retarding long-term selection responses (e.g. Orozco and Bell, 1974;
Orozco, 1975; McNew and Bell, 1976; Enfield, 1977), but estimation procedures
for distinguishing the kinds of effects are primitive. By making some simpli
fying assumptions regarding gene frequencies, maternal effects and epistasis,
significant dominance effects were identified by Enfield (1972) for pupal
weight and by Orozco and Bell (1974a) for egg numbers. Using the triple-test
cross analysis of Kearsey and Jinks (1968), significant amounts of epistasis,
independent of dominance, have been identified for several quantitative traits
of Tribolium including larval and pupal weights, hatchability, and egg numbers
(Goodwill, 1975; Goodwill and Walker, 1974, 1978). It should be pointed out
that the Kearsey-Jinks Model was developed for plant breeding and ignores
maternal and aex-linked effects. How this will affect these estimates for
epistasis in Tribolium is not clear. Bondari, e£ £l. (1978) found genetic
maternal effects to be important for Tribolium pupal weight and negatively
correlated with the direct additive effects. Recently, Carbonell, et al.
(1982a) extended the Eberhart-Gardner Model of additive x additive epistasis to
include estimates for maternal and sex-linked effects in addition to additive
and dominance gene effects. Subsequently, this model was used to analyze the
variability for larval and pupal weights among two and three-way crosses of
random inbred lines from two unselected Tribolium populations (Carbonell, ef
&1., 1982b). Both traits had significant additive gene and maternal effects.
In addition, the heterotic trait larval weight was significantly influenced by
gex— linked genes and by non—additive gene effects, with additive x additive
epistasis and higher order epistasis playing major roles. The importance of
these various effects and their contribution to crossbred response is a matter
of conjecture at this time.
COMPETITION SELECTION
The fact that commercial livestock and poultry populations are usually
maintained in confined and crowded conditions is an economic necessity and not
a choice to maximize individual performance. Obviously, the "best" individual
genotype in a highly competitive situation is not necessarily complementary to
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the overall performance of the total flock or herd, nor is it necessarily the
•"best" genotype in a non-competitive environment. Knowing this to be true,
animal breeders have dealt with it either as a "genotype by environment"
problem, or as two separate traits - (1) performance per se, and (2) competi
tiveness or agressiveness and cannibalistic tendencies. A third approach
involving "interaction genotypes" as described by Griffing (1977) for plant
breeding is applicable in theory to the animal situation. In this model, each
individual genotype is described by "direct gene effects" which determine the
individual's phenotype for a particular trait in the classical quantitative
genetics sense. In addition, each genotype has "associate gene effects" to
represent influences which that genotype has on other individuals in the
populations. By definition, "direct" and "associate" effects can be either
positively or negatively correlated, or even uncorrelated. In the case of a
negative relationship (i.e. an agressive or highly competitive individual
performing well at the expense of others), the theory predicts that positive
individual selection could result in a negative response in the population
mean. We have completed two Tribolium competition selection experiments which
provide some interesting evidence regarding Griffing's Model.
Both experiments involved intra-population natural selection in a limited
food supply (i.e. survivors each generation became parents of the next
generation). Evolutionary changes for percent survival, competitive ability
against a common tester, and for several metric traits were recorded as
deviations from appropriate controls. The first experiment (Lange and Bell,
1970) involved five selected or experimental populations from each of three
unrelated base populations and extended for 12 generations of natural selection
to a mild nutritional stress throughout the larval stage. The second
experiment (Bell and Colaianne, 1972) again involved five replications, but
only two base populations were sampled. Natural selection for survival to a
severe nutritional stress from 0-14 days of age was practical for 15 genera
tions.
A further report on these two experiments (Bell, 1981b) described two find
ings which relate to Griffing's Model - (1) The mass selection, based on intraline competition, resulted in an increase for inter-line competitive ability
for all experimental lines when tested against a common tester, suggesting a
positive genetic change in competitive ability due to "direct" gene effects,
(2) when intra-line response was measured as biomass efficiency (pure-line
survival on a fixed food resource), all experimental lines from one base
population showed a positive response to suggest that the "associate" effects
for pure-line survival were positive. However, all experimental lines from a
second base population showed negative intra-line responses for biomass
efficiency to suggest a negative genetic correlation between "direct" and
associate" effects in this population. Obviously, some form of group selec
tion rather than individual selection would be more appropriate for this
population. Animal breeders should consider "group selection" as an
alternative approach for maximizing total flock performance, especially in high
density environments.
GENERAL REMARKS
The advantages and disadvantages of Tribolium for model experiments in
quantitative genetics have been elaborated in earlier reviews (Bell, 1969,
1974; Yamada, 1974). My major goal in the present review has been to emphasize
the breadth and diversity of recent Tribolium research, and to recognize the
important role served by such model experiments as a bridge between genetic
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theory and animal breeding.
Some of these studies illustrate and co^£l™
genetic theory, others point to limitations and possible exceptions to the
theoretical model, and still others are investigating problem areas not well
defined by theory. These findings should give encouragement and at the same
time caution to both theoreticians and applied breeders. Those with special
interests are encouraged to examine the original works for more detail. The
fact that most of these studies were conducted by quantitative geneticists
directly interested in the genetic improvement of farm animals is significant
and is reflected in the direction and interpretation of this research.
In a real sense these experiments are not actual checks on theory per se,
since the theory is mathematically derived and needs no proof barring errors of
calculation.
In reality, one is comparing an experimental or biological model
with the theoretical model, including all of the assumptions and variables
pertaining to each. For example, selection theory usually assumes an additive
model of genetic and environmental effects, when in reality the experimental
model could be multiplicative. In other cases, the theoretical model may
assume no maternal effects or no epistasis, when in fact either could be
present in the experimental model.
...
In bridging this gap between genetic theory and applied breeding practices,
most of the Tribolium experiments reviewed here relate to the theory of additive gene effects. Alternative experimental designs for estimating genetic
parameters have been checked for precision and possible biases. Model selec
tion experiments have also compared different selection schemes including both
single and multi-trait objectives. In general, the short-term single-trait
responses were in better agreement with theoretical expectations, than were the
realized responses from multi-trait selection. Since more variables were
involved in predicting response in the latter case, a greater chance for
aberrant predictions resulted due to sampling errors and to non-additivity
among the variables. The most widely identified cause for discrepancies
between theory and practice was biased and/or poorly estimated parameters.
Other contributing factors were unconscious secondary selection, major gene
effects, scaling effects, genotype x environment interactions, transient cor
relations with fitness, high polygenic mutation rates, and real changes in
genetic parameters. In spite of these discrepancies, additive selection theory
has been clearly established as the best predictor of short-term response.
While animal breeders can take confidence from these findings, they should also
take caution that unpredictable discrepancies can arise and decrease the
efficiency of selection.
.
. . . . .
.
As the use of model experiments has expanded in animal breeding research,
the question of extrapolating the results to economic species is raised less
frequently. The use of appropriate animal models for research in nutrition,
physiology, and the diverse fields of medicine and toxicology has been an
accepted practice for many years. In quantitative genetics, there are general
ized parameters such as gene number,gene frequency, gene effect, genetic vari
ance and covariance, selection intensity, population size, coefficient of
inbreeding, etc., which are applicable to all species, animal or plant.
Therefore, extrapolation between species can be made with confidence provided
they are based on similar genetic parameters, rather than on taxonomic, physi
ologic, phenotypic, or economic similarities.
After making the above point, another aspect of extrapolating genetic
information is becoming evident. This relates to the question, how far should
one generalize or extrapolate the results of a specific experiment regardless
of its precision? In reviewing the many Tribolium selection studies, one
concludes that in general the short-term responses do agree with selection
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theory. Yet a detailed review reveals many discrepancies. They were usually
resolved, but only in retrospect. Even less agreement was found in trans
ferring genetic information between experiments, populations, and environments.
In terms of statistical inference, the theoretical selection model involves
population parameters (e.g., h , r , a , i, F, etc.), which became "fixed" in
any specific experiment. In a senle, Each selection experiment is unique if
one could consider all of the genetic and environmental variables which con
tribute to the outcome. As a result, one should be cautious in extrapolating
the findings from one experiment, from one population, or from one species to
another. This point was illustrated by Yamada (1975) when he showed that
selection responses for Tribolium pupal weight were affected by how the trait
was measured (e.g. weight within 24 hours after pupation or at a fixed age from
egg collection). Not only did heritability vary for the different measure
ments, but the realized genetic correlations with other quantitative traits
actually changed from positive to negative.
The above argument is not made to discourage the extrapolation of genetic
information.
On the contrary, it is put forward with the goal of increasing
the accuracy of the extrapolation. This can be accomplished in the future by
more accurately modeling the genetic problem in question. In choosing the
appropriate experimental model one should be concerned with more than just
estimates for the standard predictive parameters.
Such variables as linkage
equilibrium, previous selection history, non-additive gene effects, maternal
effects, genetic correlations involving fitness components, common environ
mental effects, and G x E interactions should be quantified when possible.
Knowledge about these variables can be important to the extrapolation of the
experimental findings to other populations.

SUMMARY
Tribolium model experiments relating to the genetic improvement of live
stock and poultry were reviewed.
Some confirmed quantitative genetics theory,
others pointed to limitations and possible exceptions to the theoretical model,
and still others investigated genetic problems not well defined by theory. The
breadth and diversity of these studies indicate that they are serving an impor
tant role in bridging the gap between quantitative genetics theory and animal
breeding.
RESUMEN
Se han revisado los experimentos modelo realizados con Tribolium y relacionados con la mejora genetica avicola y ganadera. Algunos confirman la teorxa
genetica cuantitativa, otros indican posibles limitaciones y excepciones del mo
dels teorico, y algunos mas investigan problemas geneticos no bien definidos por
la teoria. La amplitud y diversidad de estos estudios indican que han jugado
un importante papel como nexo de union entre la genetica cuantitativa y la
mejora animal.
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