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I. INTRODUCTION

In the last decade or so the importance of the choice of a base
population for selection experiments has gained recognition. Concurrent
with this, there has been a surge of research activity in selection
utilising heterogeneous hybrid foundation stocks for both laboratory
animals and larger domestic species. The growing popularity of selection
within crossbred base population is based on the premise that by crossing
together different populations or strains to form a foundation stock,
greater genetic variatility is made available thus allowing a greater
genetic response. There is also the additional advantage of greater
viability of hybrid individuals. Yet, comparatively few experiments have
been carried out specifically to evaluate the importance of base popula-
tions and particularly the relative merits of selection within ''purebred"
populations and '"crossbred" populations in terms of size, trend and varia-
bility of response. James (1966) stressed the vital role of choosing the
right base population for animal breeding schemes. Results from his
theoretical considerations point in favour of selection from hybrid stocks
derived from two or more populations as opposed to selection from a single
but genetically superior population.

There is definite need for reliable and more conclusive evidence
on this important aspect of selection and it is primarily for this pur-
pose that the present investigation is undertaken. The selection
experiment is designed to provide data amenable to detailed analysis of
the variability of responses within and between populations and the
relationship of the response to the genetic nature of the foundation

stocks. The present experimental design consists of concurrent and
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identical two-directional mass selection for abdominal bristles in two

laboratory strains of Drosophila melanogaster of diverse origins and in

the hybrid population formed by crossing thea. 4ithin each selection
line a numter of replicates are carried in order to assess the variability
of response.

In this present thesis the work is carried out in the following
order: The first part deals with the formation of the hybrid stock and
also the evaluation of the population parameters of the three different
foundation stocks. This is followed by preliminary experiments where
the heritabilities of the two original strains are determined and the
phenotypic variances partitioned into their various components. The
main part of the thesis is the short-term selection experiment which lasts
for fourteen generations. The high and low responses from the three
populations are analysed in detail for significant heterogeneity of aver-
age response rate and realised heritability within each selection line
and between selection lines. The patterns of two-directional responses
are examined and the usefulness of the simple additive prediction theory
is tested. The last section consists of a series of experiments -
relaxation of selection, chromosome assays and tests for the presence of
recessive autosomal lethals - carried on some of the selection replicates
in an attempt to throw light on the underlying genetic situation

responsible for the observed responses.
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II. REVIERW OF LITERATURE

Different workers at various times have remarked on the variability
of selection response even when similar selection was practised on the
same species for the same character. The aim of this review is to
examine closely past literature on directional selection experiments in
an attempt to see how consistent or inconsistent the results are and
what are the factors contributing to the variability of selection
response. The review is divided into two parts - the first part being
on patterns of directional selection response and the second part is

devoted to factors affecting selection response.

A. PATTERNS OF SZLECTION RESPONSE

An artificial selection experiment consists essentially of select-
ing certain individuals to be used as parents at the expense of all the
other individuals in the population and then controlling the mating of
these selected individualse. The empirical aim of the breeder or experi-
menter is to change a phenotypic character (or characters) of a population
by selection. The mode of sclection may be divided into three main
classes - directional, disruptive and stabilising selection. This
review is concerned solely with directional selection.

The basic effect of selection is to change the genetic properties
of the population. Selection favours certain alleles and as a result
the frequency of these favoured alleles increases. It seems fitting to

start with a brief description of the pattern of selection response that
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is expected from the simple quantitative selection theory based on the
concept of additive genetic variance. This selection theory originated
from the work of iright (1921b), Haldane (1924-1927) and Fisher (1930).
The basic premises of the theory are that the genetic variance of a
quantitative character is governed mainly by a large number of additive
genes with small effects, that interaction between the genes at differ-
ent loci and between the genes and the environment do not contribute
significantly to the genetic variance, that most of the genes are at
intermediate freguencies and that differential effects of natural selec-
tion on genotypes are negligible. Under these conditions selection
would increase the frequency of certain genes leading to an increase in
homozygosity as these alleles gradually become fixed. Selection response
would be maximal and approximately linear during the early generations of
selection when most of the genes are at intermediate freguencies and
genetic variance near its maximum. As selection continues, more and
more of the favoured genes become fixed and as a result the response
declines very gradually and asymptotically. The selection limit is
reached when all the favourable alleles become fixed and no additive
genetic variance remains in the population. At the selection limit, no
further response can be obtained and any variation remaining in the pop-
ulation is due to environmental influence on the individuals and is
therefore not heritable. The expected response based on this selection
theory would be symmetrical for the upward and downward direction of
selection. This then is the pattern of selection response based on
simple premises.

In actual fact, when selection responses from different experiments
are examined, they very rarely conform to the pattern expected froa the

simple statisticsl model. Consequently alternative theories of gene
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action have been advanced to interpret the different response patterns.
The variety of selection responses observed is not surprising ccnsider-
ing the complex genetic control of different quantitative characters in
different organisms.

The theory of polygenic balance along chromosomes was first pro-
posed by Mather (1941). Prior to Mather, the idea of gene balance
along chromosomes had been suggested by Goodale (1937, 1938). He
carried out selection for increased head spotting in mice as well as for
increasing body weight. To explain the results obtained he suggested
that three types of genes affecting the selection trait (+, - ard Q) were
present in the base population. The + gene which increzses the express-
ion of the selection trait was pictured as being linked with a - gene
(or O gene) and arranged in alternating series on the chromosomes.

Since the effects of the + genes are balanced by the - genes, little
variation is found in the unselected base population. Crossing-over and
recombination rearranges the genes and the + genes which favour the
expression of the character are subsequently selected.

The main experimental evidence for the thecry of balanced polygenic
combinations could be accredited to the work of Mather and his collabor-
ators (1941, 1943, 1949). This theory was put forward to account for
the irregular patterns of long-term selection response which have been
obgserved in some of their selection lines as well as in previous experi-
ments by earlier workers (Payne, 1918; Sismanidis, 1942). The irregular
response pattern consisted of alternating periods of low response or
stability lasting for a few generations being followed by a period of
sudden and rapid response. This is in contrast to the steady declining
response which is expected from the additive selection theory. The
pPolygenic theory is based on the assumption that in an unselected base

population, metrical traits are under the control of stabilising natural
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selection where phenotypic intermediates are favoured. The idea of +
and - genes affecting a quantitative character has been adopted. The
linked combinations +- and -+ are intermediate and balanced and thus
retained in the population while the unbalanced ++ and -~ combinations
which give rise to extreme genotypes tend to be eliminated by stabilis-
ing natural selection since they are less fit. During selection the
balenced polygenic combinations may be broken down by crossing-over but
some time is needed for crossing-over to produce the right combinations
and this would result in the period of delayed responses. {#ith the
sudden release of genetic variation through recombiration there is the
concomitant accelerated response to selection. Tlough the theory of
linked polygenic coxbination and recombination of + and - genes seems too
simple, it does offer ascme explanation for the observed accelerated
response after several generations of apparent stability and also the
observed decline in fitness of the more extreme phenotypes in the later
generations of selectione.

Strong evidence supporting the theory of polygenic balance was
given by Thoday and Boam (1961) who selected for high sternopleural
chaetae in Drosophila. Three of their lines (dpl, dp2 and dp6) showed
remarkable similarity in their pattern of accelerated responses.
Selection was not carried out concurrently so that the trend could not
be due to environmental influences. They suggested four possible
reasons for the unexpected sudden increase in selection response - autation
contamination, gene interaction and laastly recombination. ¥ith the
evidence at hand, they reckoned that the most plausible explanation is
the occurrence of a recombinational event. The pattern of response was
interpreted along the same lines as Mather and his co-workers.

That selection response is the result of linkage and recombination
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offers a better explana8ion for accelerated response rather taan the
effects of a large number of additive genes. However it has been
pointed out by Mather that the polygenic balance theory is most applic-~
able to species like Drcscohila where the number of chromosomes is small
and the frequency of crossing-over is low in females often because of the
presence of chromosomal inversions and no crossing-over occurs in the
males. Thus linkage would exert a greater effect in Drosophila than it
would in other species with larger chromosome numbers and less obstruction
to crossing over. However recently #right (1969) has pointed cut some
weaknesses of Mather's hypothesis, for example the assumption of the
occurrence of complete dominance and alternating series of + and - alleles,
as the resuilts from his theoretical considerations of this problem gave
little evidence for the prevalence of such situations.

Fraser and Hansche (19€5) bty genetic simulation studies showed
that irregular selection responses of alternating periods of rapid and
slow resgonse could be attributed to a change in linkage relationships in
polygenic systems brought about by crossing-over during selection. But
this occurs only when population size is small. They also reported that
a similar pattern could occur if a few recessive genes having large effects
on the selected character were preseat at low frequencies in the tase
population, or if suitable gene interactions are present such as that
suggested by Robertson and Reeve (1953) where some minor genes were trans-
formed into major genes due to the change in the genetic backgrouand brought
about by selection.

Asymmetrical selection responses have been observed in numerous
selection experiments contrary to the expected symmetrical two-way selec-
tion response based on simple premises. Asynmetry is the result of

response in one direction being greater thamn the response in the opposite
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direction of selection. Response may be greater in the upward direction
(Mather and Harrison, 1949; Clayton, Morris and Robertson, 1957; and
Sang, 1961), or it may be greater in the downward direction (Falconer,
1953; Rasmuson, 1955; Glarke, Maynard Smith and Sondhi, 1961; Sheldon,
1963).

Falconer (1953, 1960) has proposed several situations whicl could
give rise to asymmetry in selection experiments. Scale effects may cause
asymmetry. If this is the cause, it is often possible to remove the
asymmetry by a-propriate transformation of the raw data to anothcr scale.
If positive correlation between the population mean and variance is ob-
served in the data, then a scale transformation is called for. A common
and useful method is the logarithmic transformation which converts the
arithmetic to the geonretric scale. Another method of correcting scale
effects is to obtain the ratio of the selection response to the cumulated
selection differential which is known as the realised heritability
(Falconer, 1954). This has been recommended because factors like scale
effects or natural selection affecting selection responses are expected
to affect the selection differential in similar proportion and direction.
Hence the ratio would be free from such bias and has been freguently used
to gauge the genetic response from selection.

Two genetic situations which may occur in the base population and
are likely to cause asymmetry are directional dominance and directional
gene frequency. Asymmetry due to directional dominance and inbreeding
depression are related and they could cause considerable bias in small
populations (Kojima, 1961). Decline of the mean on inbreeding shows that
there must be directional dominance of the loci concerned but it does not
discriminate between simple dominance and overdominance.

Directional gene frequencies oceur in populations with previous
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history of natural or artificial selection, so that genes favoured by
previous selection are at higher freguencies than alleles less favoured.
Selection will produce greater response torards the direction of the less
frequent alleles. 2Zucker (1960) has placed importance on the effects of
unequal initial gene frequencies in producing different patterns of
response from different selection experiments in mice and rats where the
same character, body size, has been selected. The patterns of response
observed in selecting for this character include symmetry of response as
well as positive and negative asymmetry.

When selection favours heterozygotes in one direction, asymmetry
would be produced. Selection response in the direction where heterozygous
extreme individuals are favoured will be limited but response in the
opposite direction would continue till the favourable alleles become
fixed. Clarke, Maynard Smith and Sondhi (1961) selected for fast and
slow development rate in D. subobscura. This character was found to
exhibit pronounced heterosis on crossing so that the highly heterozygous
synthetic base population formed by intercrossing four wild stocks must
have been close to the minimum time recuired for normal development. As a
result, marked asymmetrical response was observed with poor response for
faster development rate.

Natural selection for fitness may oppose more strongly artificial
selection in one direction than the other direction and this could result
in asymmetry. Its occurrence can be detected if the selected line declines
in fitness as selection progresses or when the line on suspension of selec-
tion shows a marked tendency to regress to the population mean accompanied
by improvement of fitness.

Latter (1965) examined the theoretical consequences of additive

genes with large effects on selection for metric traits in a large popula-
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tion. Results showed that pronounced asymmetry could result under con-
ditions of high selection intensity and low initial frequency of genes
with major effects in the foundation population. A formula to assess

the size of asymmetry was given

S = ( AaGH - AGL )
( AGH + AGL )

where AGH = High selection response

AGL = Low selection response

The parameter S lies in the range of +1 and ~1 and will be zero in the
case of symmetrical two-way response. S will be positive if + alleles
which increase the expression of the character were present at low fre-
quency and it will be negative if - alleles were present at low initial
freguencye. There is considerable evidence that a fair proportion of the
genetic variance of metrical traits may be determined by a few genes with
large effects (Thoday and Boam, 1961; Spickett and Thoday, 1966; W%erhahn
and Allard, 1965; Robertson, 1966; Law, 1966, 1967).

Linkage has been shown to affect both the rate and limits of selec-
tion response. Theoretical aspects of linkage effects have been dealt
with by Cockerham (1956), Schnell (1963) and Lewontin (1964). Felsenstein
(1965) studied linkage effects on directional selection (both natural and
artificial) and showed that tight linkage could either enhance or inhibit
the rate of response depending on whether positive or negative linkage
disequilibrium was generated as a result of selection. Since negative
disequilibrium has been demonstrated to result from artificial selection,
tight linkage would be expected to slow progress from selection. Hill
and Robertson (1966) from computer simulation studies showed that for a
two-locus model, tight linkage could limit the total selection response

in small populations.
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B. FACTORS AFFECTING SELECTION RASFONSE

A broad survey of selection experiments on different quantitative
characters in different organisms reveals a spectrum of selection
responses which is rather confusing and somewhat perturbinge. Selection
response is determined by the genetic nature of the organism and the
character selected for together with the series of factors imposed by
the experimenter. The main factors affecting selection response are the
nature of the base population, the selection trait (or traits) and method
of selection, the populztion size and selection intensity, mating system
and finally the environmental conditions. Besides these variables there
are of course the unknown and uncontrollable factors affecting each
experiment. Each factor is considered separately in tiis review.
However the author is fully aware that the different factors shoild not
be separated each into its own conpartment as all are inter-related in one
way or other with the other factors. A particular selection response is
the result of the joint action of all these factors. Nevertheless it is
hoped that through the careful scrutiny of each factor a better under-
standing may be arrived at and perhaps then the factors could be reassembled
together again in some sort of order to give a more coherent picture. The
author suggests that results from selection experiments should be inter-
preted in the light of the factors determining the experiment and more
particularly so when selection responses from two or more different experi-
ments are compared. It should be noted that this review is rather biased
because it is concentrated chiefly on literature of selection on laboratory
animals like Drosophila, Tribolium and mice. There are two main reasons
for this bias: (firstly, because this aspect is of relevance to this thesis

which is concerned with selection in Drosophila and secondly there are



fewer large-scale, critical selection experiments conducted on larger
animals for reasons which are obvious such as the costliness and the time

reguired for large projects.

1. Base EoEulations

The importance of base populations has been largely overlooked in
the past. This is indicated by the brief mention of the nature of the
base populations in most literature on selection experiments and also by
the negligence of interpreting the experimental results in relation to
the base population employed. The aim in this section of review is to
present the variety of base populations which have been used in past
experiments and try to evaluate what effects they have had on the
selection response.

It is fairly common to start selection from the stock at hand.

For laboratory animals this would be simply the laboratory stock and for
domestic animals it would be the production bred flock or herd. The
laboratory stock of Drosophila is often derived from a single impregnated
female or a group of individuals captured from the wild and subsequently
maintained in the laboratory under standard conditions. Some laboratory
stocks have been maintained as large cage populations with an average
population size of 3000 to 5000 adult flies. Other Drosophila stocks
have been kept in bottle cultures where the number of breeding individuals
per generation is much lower, about SO to 100 individuals (F.¥. Robertson,
1955; Tantawy and Reeve, 1956; Sheldon, 1963). The other extreme is
where the population size is greatly restricted to a few pairs of parents
and in some cases a single pair of parents each generation (Rasmuson,
19523 Clayton and Robertson, 1964&; F.W. Robertson and Reeve, 1953). Such

laboratory strains of Drosophila, if maintained for a long time, would be
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highly inbred and homogeneous.
Latter and Robertson (1962) selected for three quantitative charac-
ters, abdozinal bristles, sternopleural bristles and wing length in

D. melanogaster derived from a large population with the purpose of

studying the decline in reproductive fitness due to artificial selection
and inbreeding. Pantawy and Reeve (1956) reported an experiment con-
ducted with similar objectives where they found that the fitness of the
selection line was not greatly affected and only showed a sharp decline
when the inbreeding coefficient F was over 75%. Latter and Robertson
observed that for the range of F from zero to 85% in the selection line,
the decline in fitness was sharp and linear. The discrepancies between
the results of the two experiments coild be related to the nature of the
base populations used. The base population used by Tantawy and Reeve
was maintained in bottle cultures while the base population used by
Latter and Robertson was derived from a large cage population. The
large cage population is expected to carry a greater load of deleterious
recessives than the much smaller bottle population, due to the higher rate
of inbreeding in the bottle population where more recessives would have
been eliminated. Thus the rapid decline in reproductive fitness in
Latter and Robertson's selection lines even during the early generations
of selection and inbreeding could be attributed to the higher frequency
of recessives in their base population.

Selection carried out on poultry have mainly used the production
bred flock which consists of a few hundred birds as the base population
(Lerner and Dempster, 19513 Deapster, Lerner and Lowry, 1952; Nordskog
and Wehrli, 1963). Laboratory stocks again serve as the base populations
for selection experiments on mice and rats (Kyle and Chapman, 1953;

Chung and Chapman, 1958; Dalton, 1967). It is clear that with mice,
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poultry and other larger animals it is rarely possible to maintain an
unselected base population equivalent in size to that of a Drosophila
cage population.

Insect species like Tribolium and Drosophila are quite different
from mice and large domestic animals in that they could essily be captured
from the wild and a large laboratory population built up from the original
parents in a few generations because of their high reproductive rate.

A newly derived laboratory strain is expected to contain greater genetic
variation than a strain wliich have been maintained for a long time as a
closed population. Rasmuson (1955) carried out identical selection on

several strains of D. melanogaster derived from widely separated local-

ities. Four of the strains were newly captured from the wild while two
others have been maintained in the laboratory for close to thirty years.
Selection for sternopleural bristle number was practised on all six strains
while selection for abdominal bristle number was made on the four wild
strains. The aim of the experiment was to investigate the difference of
selection response between the wild strains selected for the same charac-~
ter and also the difference between the wild strains and the laboratory
strains. Though there were differences between wild strains, some common
features were observed. For sternopleural selection lines, the general
pattern of response was asymmetry with greater response for upward selec-
tion. The general pattern for abdominal bristle selection of the wild
strains was asymmetry again but here greater response was observed for
downward selection. Selection for sternopleural chaetae on the two
laboratory strains produced insignificant response in both directions.

It would appear from the results that the wild strains gave greater
selection response than the laboratory strainsand this could be due to

the greater genetic variation present in the recently captured strains.
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The experiment however suffers from lack of replications for each of the
selection lines as well as lack of controls, although it may be argued
that practising identical selection on a number of different strains is

a form of replication. The need for replication in tnis experiment is
considerable since each selection line had a population size of two pairs
of parents and consequently factors like random sampling could exert
sizable effects on the variability of responses.

Rasmuson (1952) investigated the consequences of starting selection
from different levels of inbreeding of a base population. Theoretically
the degree of homozygosity in a line would be directly related to the
nunber of generations of inbreeding and the more highly inbred a line,
the less response it is expected to give. From the offspring of a pair
of brother-sister mating, full-sib inbred lines were derived. Selection
was commenced at four different inbreeding generations (5, 10, 15 and 20
inbreeding generations). Selection lines started from the 5th, 10th and
15th generation of inbreeding gave responses in both directions. In
contrast selection in both directions was ineffective when practised on
the line derived from the 20th inbreeding generation. This lack of
response could be attributed to the small amount of genetic variation
present in this line with the higher level of inbreeding. However the
results are far from conclusive since all the full-sib selection lines,
which would be considerably affected by both environmental variation and
genetic drift’ were not replicated.

The importance of the genetic nature of base populations in deter-
mining selection response is further illustrated by the work of Carson

(1958). It has been demonstrated for Drosophila robusta that the genetic

nature of the population is determined by the location from which the

population was derived. Populations collected from the centre of the



16.

species range contain various chromosomal inversions which confer hetero-
zygosity and tend to inhibit crossing-over while marginal populztions are
more homozygous since they contain less inversions. Marginal populations
are expected to show greater response to selection than central popula-
tions because crossing-over can occur freely with resulting release of
genetic variability for selection to act on. Carson selected for a poly-
genic character - motility towards light on 25 strains of D. robusta.
Each strain zas derived from a pair of flies collected from the same
locality. Fifteen strains were collected from the central area and ten
from marginal areas. Eight of the ten marginal strains responded to
selection while only seven out of the 15 central populations showed
response. Moreover the size of response from central populations was
only half of response realised in the marginal populations. The results
could be considered to give strong evidence of the importance of the
genetic nature of base populations in determining selection response.
The validity of results from such experiments is largely determined by
the accuracy in determining the species range. A question that is left
open is whether the behaviour of a strain derived from a single pair of
flies captured from a specific locality is representative of the popula-
tion in that locality.

Hosgood, McBean and Parsons (1968) also stressed the importance of
foundation populations. They selected for increased scutellar chaetae
on four different base populations derived from sixteen strains of

D. melanogaster. Each strain was derived from a single inseminated

female and all females were collected from the same locality. This is

in contrast to other experiments mentioned earlier where the different
strains originated from widely separated localities. The four base
populations used were - the strain with the highest mean scutellar bristle

nusber, a hybrid population formed by crossing four strains with the
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highest means, a hybrid population formed by inter-crossing all sixteen
strains and lastly the strain with the lowest means. Remarkably variable
response patterns were obtained from the four different foundation stocks.
All lines with the exception of the line derived from the strain with the
lowest mean responded to selection. The line derived from the strain
with the highest mean gave the highest response. The variatility of
response is surprising considering that &ll the strains originated from
females collected from the same locality and hence would have been regarded
as from the same wild population. Hosgood et al. advocated pre-selection
of suitable strains to act as base populations. However they pointed out
that this may only te applicable where selection was for rigidly canalised
characters such as scutellar chaetae used by them.

So far, in most of the literature reviewed, selection has been
practised on closed populations i.e. populations which have been maintained
without crossing to any other strains. But more often than not, founda-
tion populations have been derived from crosses between two or more strains.
There are different methods of forming crossbred base populations. The
types of crossbred populations most commonly used are crosses between
unselected, random-bred strains (Rasmuson, 1956; Zucker, 1960; Frahm
and Kojima, 1966) or crosses between inbred lines (Falconer, 1953; Park
et al., 1966; Wong and Boylan, 1970) or crosses between strains with some
previous history of selection (Sang and Clayton, 1957; Bowman and
Falconer, 1960). With insect species like Drosophila and Tribolium, the
number of strains available is not as limited as with larger animals.

The Fribolium base population used by Bartlett, Bell and Anderson (1960)
was made from crosses between eight laboratory stocks from different
localities. Martin and Bell (1960) formed a synthetic base population

by interbreeding twelve inbred lines of Drosophila. The extreme example
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came from Marien (1958), where 32 straimns of De. pseudoobscura, each orig-

inating from a single impregnated female, were crossed en znasse to form
a base population for selection.

There is abundant litersature on selection experiments utilising
crossbred base populations. The primary object of creoseing different
lines or populations together to form a base population for selection is
to provide greater gemetic variability. Larger selection responses
would be expected from a heterogeneous crossbred population than from a
closed population, particularly if the closed population had been main-
tained for a long time using only small numbers of puarents each genera-
tion. One feature which emerges from the review of selection experiments
is that selection was either practised on the closed population (or
populations) or on the crossbred base population. 30 far little atten-
tion has been focussed on carrying out identical selection concurrently

on the crossbred population and on the original purebred closed popula-

tions from which the hybrid was derived. Critical experimental tests

are badly needed along this line of research to evaluate the merits of
using a hybrid base population for selection as opposed to using clesed
pcpulations, One of the primary aims of this present thesis is to attempt
to fill this gap in literature by carrying out identical and simultaneous
selection on two closed populations of Drosophila (Oregon-R and +3) and

on the crossbred population formed by crossing together the two original
strains. A comparable experiment with respect to the base populations
used was conducted by Richardson and Kojima (1965). However their results
were not amenable for direct comparison of responses from the different
populations since selection was not carried concurrently and different
modes of selection were used on the "purebred" and "crossbred” populations.

A breeder or experimenter may subject the base population to some
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kind of treatment prior to selection. Lately many experiments reported
have used X-ray treatment on their base populations in the hope of induc-
ing new and perhzps useful genetic variation. Irradiation has proved to
be useful for gplunt breeding but so far its application to animals has

not met with much success mainly because the Ligh dosage which is needed

to effect genetic changes cannot be tolerated by the animals (Clayton

and Robertson, 19G4; Abplanalp, Lowry, Lerner ond Dempster, 1964; Roberts,
1967).

James (1966) pointed out the importance of the choice of a suitable
base population in animsal breeding projects. He miade a theoretical
analysis and comparison of two methods of selecting foundation populations.
If N is tbe number of populations or strzins available for selection, the
first method is to choose from the N populations one population with the
bighest breeding value snd selection is subsequently practised on this
genetically superior base population. The second type of foundation
population is formed by interbreeding superior individuals selected from
the N populations and selection is carried out on this hybrid population.
The relative merits of the two types of base populations are related to the
parameter @, which is the standard deviation of the breeding values among

the available populations. For the first method to give greater genetic

gains, the value of @ has to be greater than h log N
r(1.25 + log N)

where r = correlation between estimated and true breeding values

h = square root of heritability

Since present evidence indicates that it is unlikely that @ is large
enough, he arrived at the tentative conclusion that the second method is
superior. He carried the analysis further to give a relationship between

genetic gains and the size of N on the assumption of the superiority of
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the second method. The difference in genetic gains is given as :-

2 N
R(Nl) - R(Na) =z 0.8h O’P log (-rg)
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expected genetic response from Method 2 using

Nl number of populations

R(NZ) = expected genetic response from Method 2 using
N2 number of populations
h° = heritability

GP = phenotypic standard deviation

If N2 is twice the size of N, the genetic gain will be increased by

1

approximately 2 hZCT The theory is based on the assumption that the

P.
genetic effects are additive and that genotype-environmental interactions
are not significant. Its uses are limited until more refined methods

are available for accurate assessment of breeding values of populations.

2o Selection traits

In domestic animals, selection has usually been practised to improve
characters of economic importance like milk production, egg production,
growth rates, etc. For laboratory animals, the early selection experiments
reported were conducted simply to test what responses would be obtained
but later selection have been performed to test the usefulness of selection
theory. Consequently selection has been concentrated predominantly on
characters which are easily measured like bristle number, body sicze and
body weight in Drosophila, pupa weight in Tribolium and in mice and rats,
body weight and litter size. To cite F.W. Robertson (1955), "It is

obvious that metrical traits are not to be regarded as a class with common
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characteristics about which we can generalise with equanimity."

A. Robertson (1955) and Falconer (1955, 196C) have brcedly classified
metric characters into three groups according to their functional rela-
tionship to reproductive or Parwinian fitness. It is tris relationship
which plays an important role in determining the response of a truait to
artificial selection. The first category consiste of characters which
are considered to be majocr components of fitneess (fitness characters),
the second class consists of characters sith moderate effects on fitness
while the last group z2re characters with little or no direct effect on
fitness. The genetic nature of a metric character is determined by its
functional relztionship to fitness. It seems proper here to consider
the characteristics of the genetic variation cf each class of trait in a
population at equilibrium with its present environmental ccnditions.
Genetic variation arises originally by mutation. In tura, this genetic
variance is modified by the forces of natural selection and if the popu-
lation is small by the additional effects of random drift. Thus the
genetical architecture of quantitative traits is shaped by the forces of
natural selection which may be stabilizing, directional or disruptive.
Genetic variation could be partitioned into the addiitive znd non-additive
components. It is the emount of additive genetic variance present which

determines the magnitude of response to srtificial selection.

(1) Major components of fitness

These are characters like viability, fecundity and competitive
ability whick affect the fitness of an organiasm directly. In a population
at equilibrium, these characters are expected to be close to their optimum
due to the action of directional natural selection for optimum fitne=s.

Fisher's fundamental theorem of natural selection states that the rate of
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change of fitness of a poprulation is proportional to the additive genetic
variznce remaining in it. Since these charactere are maintained at the
extreme for optimum fitness, there would be little additive genetic variance
left in the population (A. Robertson, 1955). The genetic variation of
fitness characters would be predominantly non-additive. Dominance would

be prevalent and it would be towards the direction for greater {itness;
hence it is directional dominance. Fitness characters are subjected to
inbreeding depression. Artificial selection would be expected to yield

a poor response in the upward direction and response would mainly be in

the downward direction rcsulting in asymmetrical two-way response.

Falconer (1955) made a detailed analysis and compurisor of selection
responses of three traits in mice - body weight, luctation and litter size,
in relation to the genetic properties of ezch treit. Frum the results of
the selection responses 3nd heritability estismates, there is evidence that
lactation is closely connected to fitness while body weight and possibly
litter size have moderate direct effects on fitness. Directional natural
selection for lactation would be directed towards the high extreme. A
marked asymmetrical two-way cselection response was observed for lactition.

Yollingsworth and Maynard Smith (1955) considered the quaatitative
trait, developmental rate in Drosophila to be closely assocliated to fit-
ness, In wild natural populations or in normal crowded laboratory stocks,
food supply would be limited to some extent. Natural selection would
favour rapid developmental rate as the faster developing individuals would
be able to take greater advantage of the available food. However, when
rapid development rate is too extreme, fitness is expected to decline
(A. Robertson, 1955). Clarke, Maynard Smith and Sondhi (1961) selected
for development rate measured as the time from egg deposition to eclosion

in D. pseudoobscura. Though unselected controls were maintained con-
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currently with selection lines their results would hiave veen more reliable
if replicates hcd been maintzined, particularly since cevelopment rate
has been observed to be greutly affected by environmental variationse.
However great pains were taken to standardise the culture conditiomns by
introducing a fixed number of eggs which have teen laid abcut the same
time into each culture &nd ensuring tkut there was excese fcod supplye
Marien (1958) slco =elected for developmentzl rate in tke szme¢ species.
Each selection line contzined ten replicates which is a definite imgprove-
ment on the single replicate ¢f Clarke et al. However, the experiment
suffered from the serious cefect that there was ro strict standardisation

of culture ccrndition. Clarke et al. estimated the heritakility of

development rate in the bzse population to be clocse to zero and showed
that mcst of the genetic variation was non-additive. This condition
would appear to be juite typicel of f{itness characters. Selection recsponse
in the direction of faster development was poor, greater 1esponse was
observed for slow development ratee Contrary tc expectutions, crosses
between fast and slow development lines showed no dominance eifecta so
that the non-additive genetic variation anust be cdue to epistatic eflects
instead. However, Hollingsworth and Maynard Smith (195%), selecting for
the same character but under slightly different experimcntal conditions,
observed heterosis in crosses between opposite selection lines - dominance
was for rapid development rate. Sang and Clayton (1957) who selected for
larval development rate in Drosophila reported similar findings.

The general conclusion is that {itness traits yield slight response
in the upward direction using the conventional methods of selection.
Unfortunately most of the characters of economic importance belong to
this class and artificial selection aimed at improving these traits has

not been enormously successful.
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(1i) Characters with moderate effects on fitness

It has been demonstrated for this group of characters that individ-
uals around the population means have the highest fitness. The genetic
variation of such characters has been moulded mainly by stabilising
natural selection (Mather, 1966) and the phenotypes deviating in either
direction from the intermediate have lower fitness either because they
are metric deviants or because they are genotypic deviants (A. Robertson,
1956; Latter, 1960). A proportion of additive genetic variance would be
present in these traits and instead of directional dominance, ambidirect-
ional dominance at gene loci affecting the character would prevail.
Because traits with moderate effects on fitness have intermediate heritabil-
ities, artificial selection is expected to yield a response in both direc-
tions. However the extreme phenotypes in the selection lines would
exhibit deterioration of reproductive fitness. There would be some
effects of inbreeding depression but less than that suffered by fitness
characters. Many metric traits fall into this category. Karn and Pen-
rose (1952) and Jayant (1966) reported that birth welight of man has a
central optimum w#ith fitness declining with deviations from this central
optimume. Lack (1954) and Perrins (1964) noted that for swifts, the
highest number of young birds were raised from clutciies of intermediate
size. Other traits which appear to be under stabil.iising selection are
litter size of pigs (Darlington and Mather, 1949) and body weight of
Drosophila (Sheldon, 1963).

Lerner and Dempster (1951) selected for incrensed shank length in
poultry for eleven generations, Selection was effective for the first
seven generations and it was noted that increase in shank length was
accompanied by decrease in reproductive fitness. The longer-shanked

pullets produced fewer eggs than unselected pullets and also fewer of the
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eggs hatched. Suspending selection resulted in rapid regression towards
the mean together with rise in the hatchability rate. The results pro-
vide strong evidence that intermediate shank length was associated with
high fitness and that deviation in either direction from the intermediate
resulted in decline in fitness.

There is still some controversy as to whether bristle characters
in Drosophila have adaptive value. It has been noted that strains of

D. melanogaster collected from widely separated geographical localities

have very similar sternopleural chaetae number (Rasmuson, 1952). This
could be regarded as evidence of stabilising natural selection maintain-
ing the character at an intermediate optimum value. A recent investig-
ation by Kearsey and Barnes (1970) demonstrated that individuals with
average sternopleural bristle numbers have highest fitness and that the
greater the deviation from the population mean the more drastic the
reduction in reproductive fitness. Barnes (1968) conducted similar

experiments with sternopleural chaetae and reported similar findings.

(111) Characters with 1little direct effect on fitne:s

A. Robertson named these characters trivial o> peripheral. Mather
(1966) refers to them as non-fitness characters. A>jdominal bristle of
Drosophila is an oft quoted example of a neutral character. Because such
traits have little or no direct relationship to fitniss, neither stabil-
ising nor directional natural selection would be important in determining
the nature of genetic variation. Instead spontaneous mutation would play
a sajor role in maintaining genetic variability. Durrant and Mather
(1954) and Clayton and Robertson (1955) reported a spontaneous mutation
rate of roughly 0.0l units of genetic variance per generation for

abdominal bristle number. On a long-term basis this could contribute
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significant amount of genetic variation. Characters belonging to this
category in contrast to fitness characters have high heritabilities and
are not affected by dominance or inbreeding depression. Artificial
selection practised on peripheral characters would be expected to produce
sizable response in both directions. Decline in fitness would only be
expected under prolonged selegtion. The lower fitness of the extreme
phenotypes in the selection lines may not be due to the change in the
mean of the character itself but could be due to the pleiotropic action
of the genes on other characters or to the greater homogygosity of the
selection lines.

The comprehensive selection experiment carried out by Clayton,
Morris and Robertson (1957) gives strong evidence that the abdominal
bristle number is close to being a neutral metric trait. The heritab-
ility of the character in the base population estimated by different
methods was consistently around S50%. Additive genetic variance consti-
tuted 85% of the genetic variance. The observed selection responses
were in accord with expectations. Spectacular responses were obtained
in both directions of selection and decline in fitness was encountered
only in some selection lines during the later stages of long-term selec-
tion. Suspending selection resulted im slight regression towards the
population mean although reversed selection indicateid that genetic
variance still existed. The results give support t> the hypothesis that
for neutral characters, natural selection is not oppssing artificial
selection in any direction and that the character has no adaptive value.

Some workers have expressed doubts as to whetaer neutral characters
do in fact exist in nature. Breese and Mather (1960)) analysed the third
chromosome of Drosophila for polygenic systeas affecting abdominal bristle
character and reported that abdominal bristle character has some adaptive

value. Further they argued that since the phenotypic variance of
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abdominal bristle character in unselected strains of Drosophila was much
less than the potential variance (Mather and Harrison, 1949; Rasmuson,
1955), its range in natural populations must have been restricted by

stabilising natural selection.

3. Methods of selection

The above review shows how metric traits differ on the underlying
scale by differences in their genetic structure which have arisen through
an evolutionary history of mutation and natural selection. Obviously
the genetic nature of a metric character also plays an important role in
determining which method of selection is most suitable for it.

Theoretical expectations of response from different selection
methods in the field of applied animal breeding have been developed wmainly
by Lush and his co-workers (1942, 1945, 1947) from the Basic principles of
population genetics. Useful accounts of the different methods of selec~
tion, their expected responses and relative merits of the different
methods have been well covered by Lush (1945), Lerner (1958) and Falconer
(1960a). A further review of these aspects would be redundant.

The conventional methods of individual selection, family selection,
within-family selection, etc., bring about genetic gains by utilising the
additive genetic variation available in the base population. Hence they
are most suitable for highly heritable peripheral traits and also for
characters with moderate direct effects on fitness. Individual selection
has proved to be extremely effective im bringing about large responses in
both high and low direction of selection for abdominal bristle character
in Drosophila (Clayton et al., 1957). The method of selection based on
individual or family merit is particularly effective even for long-ters

selection when the population size is fairly large and the selection
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intensity high. For example, the high abdominal bristle selection line
of Frankham, Jones and Barker (1968) with a population size of 40 pairs

of parents and a high selection intensity of 10% was still responding at
the 50th generation of selection.

Winter (1929), Woodworth et al. (1952) and Leng (1961) carried out
one of the most extensive long-term selection experiments for the chemical
content of maize. Individual selection for high and low o0il and protein
content was practised. After 61 generations of continuous selection,
the high protein and high oil selection lines were still responding with
no apparent signs of plateauing, thus showing the effectiveness of this
method of selection.

The method of mass selection though suitable for plants and rapidly
reproducing small animal species has its drawbacks when applied to larger
animals where the total population size is limited both by the low repro-
ductive rate and by the costs of maintaining the animals. If mass
selection is practised on small populations, the rate of inbreeding
within the selection line would be high and with it is the accompanying
undesirable effects of deterioration of reproductive fitness. So mass
selection practised on small populations, though advantageous in giving
rapid response in the early generations of selection, presents difficulties
on a long-term basis. Selection experiments on mice and rats have
usually employed the method of within-family selection (Falconer, 1953;
Zucker, 1960; Dalton, 1967). Although this method of selection gives
smaller response, it has the advantage of minimising the rate of inbreed-
ing within small population because under such a selection scheme, the
effective population size is twice the actual population mumber. A
further advantage is that the influence of maternal effects is minimised.

Clayton et al. (1957) tested different methods of selection,
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individual, full-sib family and half-sib family, and compared the observed
response with the predicted. In general, for short-term selection, the
observed responses were in accord with predicted responses. The individ-
ual selection method gave the largest response and half-sib family selec-
tion the least response. The smaller responses from family selection is
due to the lower selection differential and the smaller phenotypic stand-
ard deviation for families.

The genetic nature of fitness traits has been discussed earlier on.
Review of the literature of selection experiments on fitness characters
using the method of individual selection or family selection produced
relatively poor response particularly in the upward direction. This, as
has been pointed out,is expected since such characters have low heritabil-
ities and a considerable proportion of their genetic variation is non-
additive, The genetic nature of non-fitness traits which have been sub-
jected to long-term selection bears some resemblance to that of fitness
characters. Animal breeders have generally laid emphasis on methods of
selection such as index selection, progeny testing, the use of records
and pedigrees which are aimed at getting increased response through the
maximum utilisation of available additive genetic variation. Plant
breeders on the other hand have directed their attention along largely
different lines by attempting to obtain response fros traits with low
heritability using methods of selection capable of exploiting non-additive
genetic variance, particularly overdominance or heterosis. Shull (1908,
1909) initiated a method for plant breeding based on inbreeding and
hybridisation. This has been developed by East and Hull and applied
especially to corn. The success of this method of treeding im producing
the famous hybrid corn need not be further elaborated. This method of

inbreeding and crossing of inbred lines, though so suitable for plant
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species like maize has very limited uses for animal breeding. The obvious
reason is the tremendous costs and great length of time required for build-
ing up highly inbred lines of large domestic animals. However, it has been
applied with some success to poultry and pigs. Two subsequent methods of
selection for specific combining ability were developed primarily to
improve the yield of hybrid corn. The first devised by Hull (1945) is
known as recurrent selection and the second proposed by Comstock, Robinson
and Harvey (1949) called the reciprocal recurrent selection is a modifica-
tion of the method of recurrent selection.

Bell, Moore, Bohren and ¥%arren (1952) gave theoretical considera-
tions to the possibilities of using the methods of selection devised by
plant breeders to improve the economic traits of poultry. They argued
that since the conventional methods of selection,when practised on economic
characters with low heritability in closed production flocks,appear to be
giving very little response, other methods of selection for specific com-
bining ability may prove to be more effective. One of the disadvantages
of recurrent selection (RS) and reciprocal recurrent selection (RRS) when
compared with mass selection is the longer time needei for each cycle of
selection. Another disadvantage is the lower selection intensity, since
the test-cross progenies maintained each generation a*e not included for
selection. Dickerson (1952) suggested that for low ieritability traits,
mass selection method should be used during the early generations of
selection and only when it becomes ineffective should the method of
selection for cross-performance take its place.

Bell, Moore and Warren (1955), Rasmuson (1956) and Kojima and

Kelleher (1963) carried out selection on D. l!llmﬂ‘glt.r to test the use-

fulness of the selection method for specific combining ability. They

selected for egg production - a trait which is considered to be closely
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related to fitness. Bell et al. reported the heritability of egg produc-
tion in unselected inbred stocks to be around 5 - 15% and observed marked
heterosis on crossing. Kojima and Kelleher estimated the heritability for
egg production in the two cage populations they used to be close to zero.
In all three experiments, response obtained by mass selection on the closed
population was compared with the response from reciprocal recurrent selec-
tion (RRS). Kojima and Kelleher termed the selection on closed population
as purebred selection and RRS as crossbred selection. The results from
the three experiments were somewhat disappointing and not in agreement.
Bell et al. observed that purebred selection produced the greatest response
during the early cycles of selection but RRS proved to be superior as
selection progressed and maintained its superiority till the end of 40
cycles of selection. But the advantage of RRS over purebred selection

was slight. Rasmuson's selection was carried for 20 cycles. The general
trend during the entire period was for RRS to be slightly superior over
purebred selection. Both Bell et al. and Rasmuson made no attempt to
analyse the selection response in detail or to test for the significance

of the difference in response from the two methods of selection. Kojima
and Kelleher reported a definite advantage of RRS over the closed popula-
tion selection. No general conclusions could be reached from the results
of these three experiments with similar objectives. The difference in
outcome of each experiment could be due to two causes. Firstly, different
methods of purebred selection were used. Bell et al. practised full-sib
family selection reinforced by individual selection within selected
families, Rasmuson used half-sib family selection and Kojima and Kelleher's
method was full-sib family selection. Thus, the method used by Bell et al.
would be expected to give greater response and could be the cause of the

observed larger response of purebred selection over crossbred selection
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during the early cycles of selection. Secondly, the nature of the base
populations for each experiment was different. Kojima and Kelleher
utilized two cage populations for purebred and crossbred selection while
Rasmuson and Bell et al. used heterogeneous synthetic base populations
derived from crossing together several unrelated stocks. RRS will mani-
fest greater advantage over mass selection only when practised on traits
with low heritability using base populations containing little genetic
variation.

Choice of a method of selection is no simple matter. Factors such
as the selection traits, the nature of the base population, the finance
and facilities available and others have to be considered very carefully
before embarking on any selection scheme. It should be noted that the
usual selection methods for breeding large domestic animals have been
largely neglected in ti:is section of review mainly because this would not

have much direct bearing on the subject of this thesis.

4, Population size and selection intensity

Selection consists essentially of choosing certain individuals from
a population to serve as parents of the next generation. The number of
selected parents constituted the population size and the proportion of
individuals selected is referred to as the selectior intensity. These
two factors are related to each other and have considerable effect on
selection response. A. Robertson (1966) noted that "... in a majority
of laboratory selection experiments carried out witlk populations of fairly
szall size, the limits to selection are artifacts of the intensity of
selection and the population size rather than the bssic properties of the
initial population.”

The intensity of selection determines the siie of the selection
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differential. Higher selection intensity gives a larger selection
differential which in turn gives a greater response to artificial selec-
tion. For laboratory species like Drosophila and Tribolium with high
reproductive rate and low costs of maintaining large numbers of individ-
uals, the intensity of selection is not limited by the number of individ-
uals available for selection but rather by the labour and time involved
in the measurement of the selected character. For larger animsls, both
the population size and the intensity of selection are limited by the

low reproductive rate and the costs of maintaining the total population.

As A. Robertson has pointed out, in most artificial selection
experiments, the population size is small. This has two main genetic
conseguences. Firstly, it increases the rate of inbreeding within the
population and secondly, it leads to an incresse in non-directional
genetic drift (Crow, 1954; Gowe et al., 1959; Kimura and Crow, 1963).
Both effects cause a rise in the level of homozygosity of the population.
It is clear from this, that the amount of genetic variation in a small
closed population would be lower than in a large outbred population.

In practice not all the selected individuals :ontribute equally
towards the progeny of the next generation. In mos: cases then, the
effective population size is smaller thsn the actual population size.
This is due to the differences in fertility and viab:.lity among selected
individuals and also due to the differential effects of natural selection.
Furthermore, selected individuals tend to be more closely related than
expected, particularly when highly heritable characters are selected for
(A. Robertson, 1961). These two factors would caus¢: further increases
in the rate of inbreeding of a selection line or population. Crow (1954)
sade a theoretical investigation of the effects of ssall population asisze

and derived a formula for the effective population number from the variance
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of family size ((fi). The approximate value of Re when the mean family

size is two is given as :-
N = 4N/2 +0°)
e k
where N = actual population number

A, Robertson (1961) used a difterent approach to the problem of
inbreeding and restricted population size. He proposed a formula for
predicting N using the parameter (0’:) which is the variance of selective
advantage between families., W#hen applied to artificial selection for a
quantitative character using full-sib families and based on the assumption
that there is no difference in selective value between full-sib progeny

groups, the ratio of actual to effective population number is given as :-

N/Ne = |+ Zfl‘mz[l"’ l—'z'f('i—:c)]

where {1 = standardised selection differential
ha = heritability
X = abscissa of the unit normal curve where the perpendicular

cuts off the proportion of animals selected to be parents

It is found that the higher the heritability of the se¢lected character, the
smaller the effective population size.

In selection experiments where the population size is greatly
restricted, the deleterious effects of indbreeding in causing degeneration
of reproductive fitness are usually encountered. COncurrcnt‘soloction
and inbreeding have been investigated by Rasmusom (1952), Tantawy (1956),
and Sinnock (197C) on various quantitative traits im Drosophila. It is
found that when additive genetic variatioﬁ is present selection within

highly inbred lines can be effective but there is the loss of many of the



intred zelection lines., 3eleclion rezpomse rroved to be highly variablse.
Tre genersl trend observed is asymmsetrical two-way response with greater
response downwards which is the direction ¢f decline cauvsed by indreecding
depression.

Large discrepancies tetween observed responses from inbred popula-
tions and resgzonses predicted from the mass selection theory are the usual
case. Kojima (1961) dealt witk the theoretical conseguences of the
effects of swall population size and dominance on selection resronse, and
cocmpared it to the response predicted fror the mass selection theory ltased
on mass selection practised on an infinite population. The main conclusion
arrived at is that considerable deviation from the ususzl prediction equation
would occur as a result of the combined effects cof dominasrce and small
population aize.

In the present author's cpinion the effecte of population =ize and
selection size on response could te studied in three unays. The first two
are fairly straightforward. The first method is to compare the effects
of different population sizes using the same intensity of selection, The
second method is a comparison of different selection intensities with
identical population size in each selection 1line. So for these two
methods of comparison, the populetion size or selection intensity is
varied by varying the total number of individual scored. The third method
involves both population size and selection intensity and it stems from
keeping constant the number of individuals scored for each selection line.
This third method is most applicable to large domestic animals where the
nuaber of animals available for selection is limited so that the only way
to vary selection intensity is to vary the proportiom of individuals
selected to be parents and vice versa for changing population size. In

other words, the higher the selectiom intensity, the smaller the popula-
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tion size.

The work of Frankham, Jones and Barker (1968) is to date the most
cozprehensive and detailed study of the effects of population size and
selection intensity on selection responses. Selection was made for high

and low abdominal bristle number in D. melanoggater. Both short-=term

(12 generations of selection) and lang-term (50 genzrations) selection
response have been analysed and discussed in terms of actual gain,
selection differentials and realised heritabilities. A factorial experi-
ment was set up involving three population sizes (10, 20 and 40 pairs of
parents) and five selection intensities (10, 20, 4C, 80, 100%). Altogether
there were 15 different selection lines. The number of replicates carried
for the selection lines ranged from one to five. Lines with the smallest
population number which are most affected by random drift having the
highest number of replicstions. The results obtained are valuable and
intercsting and so will be reviewed in some detail. ¥hen the responses

of lines with different population sizes but the same intensity of selec-
tion are examined the trends are quite apparent. The size of the response
is directly related to the size of the population, and the same trend is
found in both short-term and long-term selection. i)ivergences between
replicates within selection lines are noted after th: first few genera-
tions of selection and it would appear that the smal..er the population
size the greater the discrepancies between replicate::. In the second
comparison, where the population size is constant for each selection line
but the selection intensity varied, the results showed that the higher

the intensity of selection the greater the selection response. The reason
is quite obvious, greater selection differentials arua produced by higher
selection intensities since a greater number of individuals are scored.

Here again both the short-teram and long-term trends :re much the same
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except that differences between lines with different selection intensities
become more pronounced in the later stages of selection. For the third
method of comparison where the total number of individuals scored each
line is kept constant but the proportion of the individuals selected is
varied, the trends of short-term selection response are different from the
long-term trends. For short-term selection, the line with the highest
selection intensity and consequently the smallest population size gave the
most rapid response. The magnitude of response seems to be determined by
the selection intensity and not the population size. But a different
trend emerged for long-term selection. Although the high selection line
still maintained its superiority, the line with the lowest selection
intensity but the largest population size soon overtook the moderate
selection line and almost caught up with the high selection line towards
the end of long-term selection. The possible reasons for the reversal
of trends had been discussed by Rumball (1966). Among the fifteen
selection lines, the line with the largest population size and highest
selection intensity was clearly the most superior. Further useful inform-
ation could be obtained from the data of Frankham et al. had they carried
the analysis of results further to include the variability between replic-
ates within selection lines instead of just noting the divergence between
replicates and simply pooling the replicate means to give the average
value for a selection line. This would have yielded valuable evidence
on the part played by the two factors, population size and selection
intensity, on the variability of selection responses within and between
selection lines.

Experiments with similar objectives but on a smaller scale have been
conducted by other workers. The results obtained are generally in agree-
ment with the findings of Frankham et al. Clayton, Morris and Robertson

(1957) investigated the differences in selection responses from selection



lines at different selection intensities but with the same population
size. The results for short-term selection showed that the line with
the highest selection intensity gave the greatest response and the weaker
selection line gave the least. If the results obtained by Frankham et al.
were the general rule then had Clayton et al. continued the selection, the
most intensely selected line would still be expected to give the greatest
response.
De Fries and Touchberry (1961) carried out two-directional selec-
tion for body weight in D. affinis at two intensities of selection.
They used the minimum population size of a single pair of parents and as
this necessitated high replications, they carried ten replicates for each
selection line. With the data, they were able to assess the variability
within and between replicates of each selection line. However the
effects of the two selection intensities were largely ignored. The
small population size was responsible for the significant intra-replicate
variation as well as inter-replicate variation and also for the inter-
generation fluctuations of selection responses. The magnitude of selec-
tion responses was also affected since the smaller the population size
the greater the chances of some favourable genes being lost through random
sampling and other less favourable genes becoming fixed in the lines.
Tantawy (1956) provided further evidence on the effect of population size
on the size of selection response. Short-term selection was made for
long and short wings in D. melanogaster using three different population
sizes but the same intensity of selection. Results obtained were in
accordance with expectations. For constant selection intensity the sicze
of selection response is positively correlated with the population size.
Rumball (1966) made a detailed study of the joint effects of popu-

lation size and selection intensity. This corresponded to the third
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method of comparison mentioned earlier where the total number of individ-
uals measured was fixed and selection intensity varied by varying the
proportion of individuals selected. The effects of three selection
intensities were studied - high selection intensity with two pairs of
parents, moderate intensity with four pairs of parents and weak selection
intensity with eight pairs. From his literature review and subsequent
discussion it would appear that he failed to make the distinction between
the two methods for comparing selection intensities, one where the popu-
lation size is constant at all selection intensities and the other where
the population number is negatively correlated with selection intensity.
For the first method, the rate of inbreeding would be the same in lines
with different selection intensities but for the second method the line
with the highest selection intensity would have the highest inbreeding
rate because of the greatest restriction in population size. This is
one of the few experiments where each selection line is well-replicated
(six rerlications). For each selection line he estimated the within and
between replicate variance components for every generation. The latter
component gives a measure of the heterogeneity of responses within a
selection line, and the line with the higher selection intensity exhibited
the greatest heterogeneity between replicates. The trends of response
during the twenty generations of selection proved to be interesting.

The high intensity selection line gave the greatest response during the
early generations of selection, the moderate intensity selection proved
to be superior during the middle period of selection while the line with
the weaker selection took the lead towards the end of the selection pro-
gramme. The reversal of ranks could be due to the greater rate of
reduction of genetic variation in the higher selection intensity lines.

Martin and Cockerham (1961) carried out genetic simulation studies



on the computer to trace the selection response from a range of genetic-
ally simulated populations. The simulated populations were character-
ized by parameters like the number of gene loci, type of gene action, the
recombination fraction, population size and selection intensity. Osing
an additive model and where the population number is restricted, it is
possible to obtain selection responses similar to that observed by Rumball
(1966) and Frankham et al. (1968) where the lines with highest selection
intensity gave most rapid response initially but the rate soon declined
and the less intensely selected lines eventually proved to be superior.
Thus for long-term selection with small population size, less intense

selection is likely to produce the highest response in the long run.

Se Mating systems

Essentially there are two main methods of mating selected individ-
uals - randomly or non-randomly. Under the random mating system the
parents are mated together purely by chance. This system of mating is
commonly used for species like Drosophila where all the parents are mated
en masse in a single culture bottle. For large domestic animals, one
method of achieving random mating is to use a table of random numbers
for assigning mates. Nonerandom mating can be made in different ways.
Individuals may be mated together on the basis of genetic similarity
(inbreeding) or somatic resemblance (phenotypic assortative mating).
Dissimilar individuals may be mated together based on dissimilar geno-
types (outbreeding) or somatic non-resemblance (phenotypic dissortative
mating).

The theoretical consequences of different systems of mating on
the genetic composition of a large population in equilibrium have been

worked out by W¥right (1921) ia a series of papers entitled "Systeams of
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Mating." Under inbreeding and phenotypic assortative mating the genetic
variance will be greater than under random mating. Associated with this
increase in genetic variance is the rise in the homozygosity of the popu-
lation. Under outbreeding and phenotypic dissortative mating systems the
genetic variance will be lowered with little change in homozygosity of the
population.

Breese (1956) compared the effects of phenotypic assortative mating
with inbreeding by selfing and random mating on two traits, flowering time

and flowering height in Nicotiana rustica. An increase in genetic

variance was reported for the assortatively mated line. This increase
could be explained in terms of increase in gene combinations having
extreme expressions at the expense of gene combinations exhibiting inter-
mediate effects. Assortative mating B8ystem by making more genetic varia-
tion for selection to act on could be a means of producing greater selec-
tion response. Similar findings were reported by James and McBride (1958)
from their experiment on poultry.

One of the few experiments designed to compare the relative effect-
iveness of selection using phenotypic assortative mating and random mating
was conducted by McBride and Robertson (1963). Selection was made for
high abdominal bristle number in Drosophila, which is known to be a highly
heritable trait. Three sets of selection lines were set upe. Within
each set was an assortatively mated line arnd a randomly mated line, the
latter acting as a control. Individual selection was practised on two
sets and index selection was used on the third set. All the three assort-
atively mated selection lines gave consistent greater response than their
randomly mated selected control. However the advantage was small and no
attempts were made to test for significance. The increase in response

could be traced to the increase in genetic variance and selection differ-
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entials in the assortatively mated lines. This is in accord with theor-
etical expectation. The smallness of the advantage is likely to be due

to the greater rate of inbreeding resulting from assortative mating.

They pointed out that assortative mating system could only help to increase
selection response for highly heritable traits.

The main disadvantage of assortative mating system, particularly
where selection intensity is high,is the rapid increase in inbreeding and
the deterioration of reproductive fitness in the selection line. Though
rapid response might occur during the early generations of selection, the
selection 1limit would be lower due to the greater reduction in effective
population size (A. Robertson, 1961).

#ilson, Kyle and Bell (1965) carried out an experiment to evaluate
the merit of different systems of mating on selection responses of a highly
heritable trait, pupa weight, in Tribolium. Selection was practised for
only six generations since most of the effects of the mating systems should
appear during the first few generations of selection. The experiment was
divided into a mass selected group and a randomly selected group. ¥ithin
each group, five different mating systems mentioned earlier were tested.
The response from the different selection lines within each group appear
to be remarkably similar over the six generations of selection. Wilson
et al. reported that the average response of the mass selected assortat-
ively mated line was slightly greater than the mass selected randomly
mated line but that the difference was not statistically significante.
Nevertheless,on that basis they claimed that the results were in line with
theoretical expectation and that assortative systems of mating could help
to bring about greater response for traits with high heritabilities. The
present author finds it difficult to accept their conclusions based on

such weak experimental evidence.
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To end this section, the simple words of Wright (1921) seem appro-

priate "... all mating systems have their advantages and disadvantages."

Se Environment

The question of what is the most suitable environment in which to
carry out a selection experiment has not been fully worked out, although
it is recognized that the environment can exert a considerable effect on
the trends as well as limits of the selection response.

In simple terms, a phenotype is said to be the result of its geno-
type, the environment and their interaction. Lerner (1950) has given a

simple model for partitioning the phenotypic variance.

2 2 2
GP Q'G + On ¥ arGEO’GOFE + f(GE)

where 0’2 = genetic variance

(YE = environmental variance

Tgg = genotype-environment correlation

£(GE)

genotype-environment interaction

In usual selection experiments where the environment is kept as
uniform and optimal as possible and where randomisation and effective
controls are incorporated in the experimental design, the last two terms
in the above equation may be neglected. The main purpose of maintain-
ing control stocks is to separate the environmental and genetic effects
in a selection line and this is based on the assumption that the selec-
tion lines and the controls are closely related and therefore react
similarly to changes im the environaent. Bray, Bell and King (1962) have

drawn attention to the importance of genetic-environment interactions in



circumstances where the genetic content of the selection line has deviated
considerably from that of the controls due to the effects of selection or
to random genetic drift. Under such conditions, the control is no

longer effective and considerable error could arise if selection responses
were measured as deviations from the controls.

Often one is interested in the performance of a selected population
not only in the environment in which selection was carried out but in a
variety of environments. Falconer (1960) has pointed out, '"The existence
of genotype-environment interaction may mean that the best genotype in one
environment is not the best in another."” The question of such inter-
actions is of tremendous importance in applied plant and animal breeding
where the practice of importing and exporting superior breeds is becoming
increasingly popular.

Hammond (1947) discussed at length the implications of genotype-
environment interaction to livestock breeding. One of the conclusions
reached is that greater genetic response is possible in an environment
which is most favourable to the expression of the selected character.
Individuals selected under such favourable conditions when transferred
to other environments would perform better than individuals which have
been similarly selected in less favourable conditions. He added that
this would occur on condition that other characters required in the new
environment are present in the selected animals. His thesis drew the
attention of other workers to the problem of genotype-environment
interactions.

The problem of evaluating the genotype-environment interactions
had been tackled by Falconer (1952). He reasoned that if the same
character selected in two different environments resulted in genetic

differences then it could be regarded as two separate traits. The
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genetic correlation between the two traits gives a measure of the inter-
action. He derived a formula by the method of path coefficients to com-
pare the response of a selection line in its own environment (direct
response) with its response in a different environment (correlated

response).

= Correlated response hl Ll

2 L

Tas

direct response h

l-rG = genetic-environment interaction

where r

genetic correlation between the two traits

G
h1 and il = s8quare root of heritability and standardized selection
differential in environment where direct response is
measured
h2 and i? = s8quare root of heritability and standardized selection

differential in the environment where correlated

response is meausured

The statistical procedure is based on the assumptions that genotype-
environment correlation is insignificant and that the variation within
environments is much smaller than the variation between environments.
Falconer pointed out that only in rare occasions when the heritability
in the alternative environment is much higher than the heritability in
the original environment would the correlated response be equal or
greater than the direct response.

A simple classification of genotype-environment interaction has
been given by McBride (1958). He termed small genetic differences as
intra=-population genotypes and large differences as inter-population
genotypes. Similarly, small environmental differences are termed

micro-environments and large differences as sacro-environments. The
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four main classes of interaction are intra-population genotypes and micro-
environments (Type A), intra-population genotypes and macro-environments
(Type B), inter-population genotypes and micro-environments (Type C) and
lastly inter-population genotypes and macro-environments (Type D).
Classification of interactions have also been made by Haldane (1946),
Mather and Jones (1958) and Dunlop (1962).

Many selection experiments have been carried out by various workers
to study different aspects of genotype-environment interactions. The
effects of different types of nutrition is most commonly studied since the
experimenter can easily vary both the guantity and quality of the diet.
Falconer and Latyszewski (1953) conducted a simple experiment on mice
with the purpose of testing the validity of Hammond's thesis. Nine
generations of selection were made for high 6-week body weight on two
planes of nutrition - full diet and restricted diet. The quantity of
food in the latter diet was 75% of the normal intake. At the Sth, 7th
and 8th generations part of the selected stocks were transferred to the
alternative environment and the correlated response measured. The
results were contradictory to Hammond's views, as the mice selected under
stringent conditions performed well in both environments whereas those
selected on a full diet, wvhen shifted to the poor diet, did worse than the
contemporaneous mice selected on the restricted diet. Falconer (1960)
repeated the experiment on a larger scale and with selection for decreased
growth rate as well. Reciprocal transfers were sade each generation.

The results confirmed his earlier findings amd he concluded that "... if
good performance under a variety of conditions is desired theam selection
should be made under conditions least favourable to the desired expression
of the character; if an increase is desired then selectioms should be made

under conditions that reduce the character aand vice versa.” The pattera
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of selection response was observed to be affected by the nature of the
environment., An almost symmetrical two-way response was obtained under
optimal conditions of full feeding while an asymmetrical response, greater
in thec downward direction,was obtained from selection on the restricted diet.
Falconer pointed out that two characters were actually selected for in the
experiment for body weight - mice on full diet were selected for higher
appetite while those on restricted diet were selected for efficient food
utilisation. Similar findings were reported by Fowler and Ensminger (196C)
selecting for rate of gain in swine on full and restricted diet.

Dalton (1967) repeated Falconer's (1960) experiment. The design
was improved as unselected controls were maintained for each selection
line and diet differences were greater. Responses were estimated on
deviations from controls and would be corrected to some extent for envir-
onmental variation and inbreeding depression. For both diets, the direct
and correlated responses were not significantly different, indicating the
absence of genotyre~environament interactions. Since no genetic advantage
was gained from selection in any particular environment, for practical
purposes the best environment would be the most economical and efficient
ones Young (1953) and Calton and Bywater (1963) also reported non-
significant genetic-environment interaction from their investigations.

Frahm and Kojima (1966) selected for body weight in D. pseudoobscura

under high and low larval density conditioms. Body weight was found
to be inversely correlated to larval density. No apparent genotype-
environment interactions were observed. Under high larval density
conditions, asyumetrical response was obtained with smaller upward
response while the pattern was more symmetrical for selection under
low larval density conditions. The greater upward response under low

density conditions could be due to a higher optimum body wéight under
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less competitive conditions and also due to the wider range of phenotypes
available for selection since the more extreme phenotypes would manage
to survive under these less competitive conditions.

Park, Hansen, Chung and Chapman (1966) studied the influence of
three diets - full diet, limited diet and limited protein on selection
responses of 9-week body weight in rats. The results indicated that each
selection line was superior over the other two lines in the environaent
appropriate to its selection. Hence, they advocated that selection is
best practised under the environment in which the improved stock will
subsequently live. However, the line selected on full feeding environ-
ment showed greater ability to adapt to other environments and this is
contrary to the findings of Falconer (196C) and Fowler and Ensminger (1960).
Comparable results were reported by F.%. Robertson (1960), Korkman (1961)
and Bradfcrd (1968).

Druger (1962) selected for long and short wings in D. pseudoobscura

at two different temperatures - 25°C and 16°C. Temperature of 25°C
favours short wings while 16°C favours longer wings. For each generation
of selection, a sample of stock selected at 25°C was transferred to 19°C
and 16°C. Similarly, transfers were made from the 16°C stock to 19°C and
2500. The results were in agreement with the findings of Falconer and
his co-workers in that the best overall performance was obtained by
selection in conditions least favourable to the expression of the character.
Hence, selection for long wings at 25°c produced individuals with greater
transmitting ability than long-winged flies selected at 16°c. Similarly,
short-winged flies selected at 16°C were more adaptable to other environ-
ments than those selected at 25°C. A very similar experiment using two
different temperatures was conducted by Lawrence (1964). He found that

genotype-environment interactions were important im the high sternopleural
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selection lines but not significant for the low selection lines.

Chapman (1967) has reviewed work on genetic-environment interactions
in laboratory and domestic animals. In view of the contradictory evidence
presented by different workers he concluded that the safest measure is to
carry out selection under the conditions in which the improved stock is
destined to live. A general principle he proposed is that genetic-
environment interactions are unlikely to be important except where inter-
population genotypes and macro-environments are involved.

To round up this review, it seems worthwhile reiterating that the
vital role each factor plays in shaping the selection response of each
experiment cannot be over-emphasized. Since each factor can be varied in
so many different ways, it is not so surprising after all to observe the
variability of selection response from the same character in the same
species. A. Robertson (1958) has already sounded a clear warning on the
dangers and difficulties in extrapolating the results from one species to
another and has discussed the reasons for it. The present author wishes
to add that from the present review there is evidence that there are
considerable dangers in extrapolating the results of selection on a

character from one population to another, even within the same species.



III. MATERIALS AND METHODS



III. MATERIALS AND METHODS

Ao ORGANISM AND CULTURE MeTHODS

Drosophila melanogaster was the organism used in this present

thesis. Its popularity as an organism for selection and genetical studies
is because of its short life-cycle, high reproductive rate as well as the
ease and economy with which it can be maintained in large numbers.
Furthermore, there are special genetic strains and techniques for genetic
analyses of the populations.

Throughout the present selection experiment, the stocks were cult-
ured in quarter-pint cream bottles corntaining a standard food medium of
oatmeal, syrup and yeast wsith Nipagin-M as a mculd and bacteria preventative.
All the cultures were kept in an incubator maintained at 25:100. The
availability of incubator space was one of the main limiting factors of
the size of tris experiment.

Throughout the study, great care was taken to prevent the contamin-
ation of the Drosophila stocks by moulds, bacteria or semi-parasitic mites.
The incubator and area around it were disinfected fortnigitly with a dilute
solution of benzyl benzoate. At no stage of the experiment were any

serious diseases observed.
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B. ABDOMINAL BRISTLE CHARACTER

The aim of this thesis is to study the response from parallel mass
selection on different base populations and the quantitative character
used is the sum of the bristles on the 4th and Sth abdominal sternites.
This trait hass been crosen because it is known to respond well to two-
directional selection, and suffers little from inbreeding depression and
it can be easily scored under a high-power binocular microscope. It has
been used by other workers for selection studies (Mather and Harrison,
1949; Rasmuson, 1952, 195%; Clayton et al., 1957; McBride and
A. Robertson, 1963). The abdominal bristles are a group of microchaetae
found on the sclerotised sternital plates. The females being larger than
the males have about 20% more bristles than males but in other species
like D. virilis, the males have higher bristle numbers than the females.
sclerotisation of the cuticle is normally accompanied by chaetae formation
so that the presence of chaetae on the abdominal sternites is considered
to be a secondary product of sclerotisation. The function of the stern-
ital plate itself is clearly a skeletal one, that is, to give shape and
rigidity to the abdomen and for the attachment of abdominal muscles.
However, the functionsof the abdominal sternital bristles are not clear.
Since each bristle is innervated by a peripheral bi-polar nerve cell lying
just below it (Stern, 1938; Lees and #addington, 1942), it proﬁably has
a sensory function. Clayton et al. (1957) suggested a practical use for
these bristles, to prevent the fly froam sticking to moist food surfaces.
As the abdominal bristle character appears to have little adaptive sig-
nificance, natural selection would not be directed on the character
itself but on its pleiotropic effects on other characters such as the

underlying peripheral nervous systema and the size and hardness of the



sternites and these two latter characters play an important role in the
control of the shape and movement of the abdomen (Reeve and F.¥%. Robert-
son, 1954).

Mather and Harrison (1949) have demonstrated that genes affecting
abdominal bristles are distributed over all the large chromosomes.
Under optimal environmental conditions, the genetic correlation between
sternites is found to be close to one and the environmental correlation
on the other hand is virtually zero (Reeve and F.#. Robertson, 1954).
This means that genes affecting bristles on one sternite exert almost
identical effects on other sternites. Heritability estimates of the
bristle character in the base population made by Reeve and F.¥%. Robertson
(1954) and Clayton et al. (1957) showed that about 504 of the phenotypic
variance is due to genetic variation which is mainly additive, that envir-
onmental variance common to sternites contributes only about 5% of pheno-
typic variance and the rest is due to developmental effects peculiar to
each sternite. Sheldon (1963) on the other hand reported lower additive
genetic variance (about 25%) as well as lower variance due to develop-
mental error (25%). The abdominal bristle character does not appear to
be affected by inbreeding (Rasmuson, 1952) nor does it exhibit heterosis
(Clayton et al., 1957). Mather and Harrison (1949) reported that the
character is not affected to any great extent by the quality of nutrition
since a difference of less than one chaeta was found between the means
of flies raised on fresh food medium and those cultured on stale food
heavily contaminated with moulds and yeasts. However, environmental
conditions like overcrowding and increased temperature which reduce body
size also cause correlated reduction in bristle number (Rasmuson, 1952;
Reeve and F.W. Robertson, 1954). Because of these properties, this
character has been classified as a neutral or peripheral one (A. Robertson,

1955).
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C. BASE POPULATIONS

1. Description of base populations

The two wild-type stocks of D. melanogaster, Oregon-R and +3,used

in this thesis were from diverse origins. The Oregon-R strain was obtained
from Victoria University, %ellington while the +3 came from Auckland
University. Both strains have been bottle-cultured for several years and

it is not known where they were originally from. The stocks had no previous
history of selection for abdominal bristles or any other character.

The Oregon-R and +3 both served as base populations for this present
selection experiment. They were also crossed to initiate a synthetic
population which formed the tiird base population and was designated as
the '"Cross". This Cross was formed by making reciprocal crosses of the
two original strains to form the Fl generation. Approximately equal
numbers of males and females randomly selected from each of the reciprocal
Fl crosses were inter-crossed in all possible ways giving the F2 generation.

Selection from the Cross population was started on the F, population which

3
was obtained by random mating the F2 flies.

2. Results and discussion

The mean abdominal bristle numbers of the parent strains (Oregon-R
and +3) and the Fl reciprocal crosses for the two sexes separately are
given in Table 1. The difference between the means of two lines was
tested for statistical significance using the standard "t" test. The
level of significance is expressed as the probability that the difference
between the two population means is due to chance. The probability level

is given between each pair of means.



Table 1¢ Mean abdominal bristle number of D. melanogaster
by strain, reciprocal crosses and sex

Abdominal Bristle number

Population Females Males
Oregon-R 36.15 + 0.1b* 30.77 + 0.13*
(P£0,001) (P< 0.001)
+3 38.87 + 0.15° 33.05 + 0.13*
Midparent 37.51 + 0.117 31.91 + 0.10"

Fy (Sor-R x $ +3)

Fy (2or-R x 3+3)

39.05 + 0.14*
(P< 07005)

39.69 + 0.14

32.03 + 0.12*
(P< 0.001)

35.02 + 0.12°

Average F, 39.37 + 0.10" 33.52 + 0.10"
Heterosis (%) 5.0% 5.0%
F, 39.69 + 0.19* 33.46 + 0.17

¢ Means based on 400 observations

+ Means based on 800 observations

The difference between the means of the two parent strains (Oregon-R
and +3) was found to be highly significant (P 0.001) with the +3 strain
having higher means. Results from the Fl reciprocal crosses yield some
useful information about the nature of the genes affecting the abdominal
bristles. Heterosis was measured as the difference between the average
of the Fl means and the mid-parent value and vas expressed as a
percentage of the mid-parent value. The average rl means exceeded
not only the mid-parent value but also the mean of the +3 strain with
the higher bristle number. The heterosis for both male and female

data was S%. This finding does not conforam to the previous claims that
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atdominal bristle number has no effect on fitness and thus shows no heter-
osis on crossing (A. Robertson, 1955; Falconer, 1955). However, heterosis
shown is low compared to that of over 200¥% exhibited by fitness traits like
egg production and viability (Boylan and Wong, 1965). Rasumuson (1952) made
reciprocal crosses between a number of unselected highly inbred lines of

D. melanogaster and reported about 5% heterosis among the Fl females but

no heterosis for the males.

Comparison of the means of the F, reciprocal crosses gives informa-

1l
tion on the role of the sex-chromosomes in determining abdominal bristles.
Greater differences between the Fl means for the male date than for the
female data indicate the prevalence of sex-linked effects. Results
presented in Table 1 showed a difference of 0.55 bristles between the means
of the reciprocal crosses in the female data and this difference though
small was significant (P< 0.005). However, a much greater difference of
2.99 bristles was found in the male data (P4 0.001) and this difference
could be due to sex-linked effects. It was noted that the abdominal
bristle number of Fl males from the cross which received the Y chromosome
from the +3 strain with the higher population means was higher. This
evidence points to the presence of genes located on the Y chromosome
favouring bristle character. This finding is consistent with that of
Rasmuson (1952).

Vetukhiv (1953, 1956, 1957) carried out a series of experiments
to investigate the effects of crossing together wild-type populations of
D. pseudoobscura on fitness traits like viability, fecundity and longevity.
His results showed that for these fitness traits, there was marked heter-
osis in the Fl generation but breakdowa of heterosis in the FZ generation,
with the rz means often being lower than the parental populations means.

The F, heterosis was interpreted as being due to superiority conferred by

1l
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heterozygosity and the FZ breakdown as due to the disintegration of co-
adapted genetic systems by segregation and recombination. Results froa
this present experiment give evidence that this phenomenon is not exhibited
by neutral traits like abdominal bristles.

The two original strains, Oregon-R and +3, and the F, of the Cross

3
serve as base populations for simultaneous mass selection. The statis-
tical parameters of these base populations are given in Table 2. The

Cross has the highest population mean , the +3 intermediate and Oregon-R

the lowest.

Table 2: Parameters of the base populations
Oregon-R +3 Cross (FZ)
Parameter Females Males | Females Males | Females Males

Mean abdominal 36.15+ 30.77+ 38.87+ 33.05+¢| 39.69+ 33.46+

bristle number (p)| O0.14 0.13 0.15 0.13 0.19 0.17
Phenotypic 2

variance ( 0’p) 7.84 6.50 9.33 7.08 | 14.23 11.67
Standard deviation

(9) 2.80 2.55 3.06 2.66 3.77 3.41
Developmental error

( dg) 1.55 1.52 2.21 1.65 1.80 1.67
Coeff. of variation

( 0’/}‘) 7.7% 8.5% 7.9% 8.1% 9.5% 10.2%

The phenotypic variance appears to be correlated with the population
means. The females with higher abdominal bristle number than males have
higher phenotypic variance. Similarly, the +3 strain with higher mean
than Oregon-R has higher phenotypic variance. The phenotypic variance of
the !2 is strikingly greater than both the parent lines; it is about twice

the phenotypic variance of the Oregon-R strain and about 13 times that of
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the +3 strain. Although the phenotypic variance of Fl of the Cross is

of the same order of magnitude as the parent populations, the Fz shows a
great increase in phenotypic variance due to segregation and recombination
and a much greater range of phenotypes is observed among the FZ progeny.
On the underlying genetic scale, crossing of two (or more) different
populations results in the pooling together of genes to form a larger
common ''gene pool." Thus, the genetic variation within the '"crossbred"
population would be expected to be greater than the genetic variation
within each of the "purebred" parental populations. On this basis, the
Cross population is expected to give greater response to selection than
either of the parental strains. However, if the quantitative character
is controlled by a large number of genes, the increase in genetic variance
in the Cross would not be much. Recent investigations by various workers
have shown that the genetic variation of quantitative characters are con-
trolled by relatively fewer loci, with large effects, than previously
thought (Thoday, Gibson and Spickett, 1964; A. Robertson, 1966; Werhahn
and Allard, 1965; Law, 1966, 1967).

The Oregon-R and +3 base populations would be in linkage equilibrium,
since they have been maintained by random-mating for a long time but the
PB of the Cross would still be in linkage disequilibriunm. Although the
Cross is expected to give greater selection response because of greater
genetic variance, this response could be slowed down if the disequilibrium
was due to tight linkages (Martin and Cockerham, 1960). For this reason,
Kojima and Kelleher (1963) suggested that the hybrid base population should
be randomly sated for a few generations to establish linkage egquilibrium
before commencing selection.

A high proportion of the non-genetic variation of abdominal bristles

is due to developmental variation, that is, accidents of development affecting
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each sternite differently and only a small proportion is due to environmental
variation affecting both sternites. The developmental variance, estimated
from the variance of difference between the two sternites, constitutes
about 20-25% of this phenotypic variance in all three base populations of
this experiment.

By using these three different base populations for selection, it
is hoped that this investigation would provide some answers to the import-
ant question of the effects of base populations in determining the magni-

tude of response, as well as the variability of response within populations.
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Iv. HERITABILITY ESTIMKATES OF THE

OREGONS-R AND +3 BASE PCPULATIONS

A. INTRODUCTION

Prior to the start of the selection experiment, heritability
estimates were made on the Oregon-R and +3 base populations. Heritab-
ility, in the narrow sense, is defined as the fraction of the total
phenotypic variance which is additively genetic (Lush, 1949). Methods
for e¢stimating heritability are based on resemblance between related
individuals. The usual methods of estimation are by parent-offspring
regression, half-sib correlation, full-sib correlation and analysis of
variance of diallel crossese. Preliminary knowledge of this genetic
parameter has two important uses. Firstly, it could serve as a guide
to the choice of the most appropriate method of selection. For highly
heritable traits, mass selection based on individual merit would be
suitable but for lowly heritable traits, more reliance should be placed
on selection based on family means or on progeny tests. On the other
hand, if a considerable proportion of the genetic variation is non-additive,
a crossbred mating scheme such as reciprocal recurrent selection would be
expected to prpduco greater response than intra-population selection.

The second funétion of heritability is to predict response to selection.

There is a large yolulo of literature on heritability estimates
for a wide variety of quantitative characters in different organisas.
However, only a short reviewv of literature or heritability estimates for

abdominal bristles will be presented.



F.W. Robertson (1954) made a study of the quantitative inheritance
of bristles on the 3-5th abdominal sternites in males and on the 3-6th
sternites in females. He reported that under optimal conditions, about
LOX of the phenotypic variance of bristles on one sternite is due to
additive genetic variance, the rest is due almoat entirely to accidents of
development. The true environmental variance was found to be almost zero.
Clayton et al. (1957) made heritability estimates for the abdominal bristles
on the 4th and Sth abdoxinal sternites using the parent-offspring regression,
full-sib and half-sib analysis. The three independent estimates were
highly consistent and gave an average heritability of 0.52. The full-sibdb
heritability estimate was only slightly higher than the other two estimates,
indicating that the abtdominal bristle character is not grestly affected by
dominance, epistatic deviations or maternal effects.

Sheldon (1963) employed a restricted form of the diallel cross using
two sires and two dams block matings to estimate the heritability in the
base population as well as in the individual selection lines during the
13th, 23rd and 33rd generation of selection. This method of estimation
is superior to the others mentioned earlier, zs the data permits the estim-
ated genetic variance to be sub-divided into its additive and non-additive
components. By carrying out the diallel cross at regular intervals during
the selection programme, the trend in the additive and non-additive genetic
variance could be followed. The results obtained indicated a general
trend of decline in heritability during the selection and a rise in non-
additive genetic variation in the selection lines.

This method of restricted diallel cross will be used in the present
thesis to estimate the genetic parameters in the base populations. The
diallel cross, also known as the polyallel cross, is essentially a mating
scheme in which a sample of individuals is randomly drawn from a population

and progeny are produced by mating every male to every female in the sample.
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From the analysis of variance of the diallel cross, it is possible to
separate out the additive genetic variance contributed by the sire and by
the dam (general combining ability) as well as the non-additive genetic
variance due to interaction between the sire and dam (specific combining
ability). Since the number of possible crosses incresses rapidly with

the increase in the number of parents, it is obvious that an organisa like
Drosophila, with a short life span, would not be able to complete the full
diallel programme if too many crosses are involved. Consequently, the
restricted diallel cross involving two sires and two dams was adopted in
this jresent experiment (Lerner, 1958 p.6l). This restricted diallel

cross was used by Sheldoa (1963) in Drosophila studies and also by Kumball
(1966) for heritability estimates of pupa weight of Tribolium. It should
be noted that the use of the diallel cross to gaim information about the
genetic parameters of a population is based on the following assumptions
(Griffing, 1956; Kempthorne, 1957): (a) The sample of individuals to be used
for thke cross is drawn at random; (b) The base population is randomly mated
and at equilitrium; (c) Normal diploid segregation occurs and (d) Linkage
is absent.

In addition to the apalysis of variance of the diallel cross, the
data could also be used to allow independent estimates of heritability by
the parent-offspring regression analysis. The different methods of
estimation are subjected to different amounts and kinds of bias. Sheridan
et al., (1968) has given a summary of the variance components to be expected
in the heritability estimatesobtained from the regression analysis and the
diallel analysis. This is repeated in Table 3 for ease of reference.

Comparison of the different heritability estimates provides a
simple way of evaluating the importance of sex-linked effects and additive
x additive epistatic variance. The analysis of the diallel cross also

persits the interaction between sire and daa to be estimated and this tera
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Table 3: Expected composition of the heritability estimates
derived from the parent-offspring regression analysis
and the diallel analysis

Genetic Component

Estimate VA VAA VAS VD
Sire-son 1 )

Sire-daughter 1 3 1
Dam-son 1 3 1
Dam-daughter 1 3 1
Paternal half brother 1 z

Paternal half sister 1 z 2
Maternal half brother 1 z

Maternal half sister 1 2 1

Sire x Dam interaction ( 2 progeny) 3 2
Sire x Dam interaction (& progeny) 3 z

VA = additive autosomal variance

VAA = additive x additive autosomal variance
VAS = additive sex-linked variance

VD = autosomal dominance variance

(G'i) includes one-quarter of the dominance variance, gth of the additive
x additive epistatic variance and smaller fractions of higher order

epistatic variance.
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B. MATERIALS AND METHODS

To produce the flies needed for the diallel cross, 15 culture
bottles with five pairs of parents in each, were set up. Sufficient
male and virgin female progeny emerging from these cultures were
collected. The method of restricted diallel cross adopted is very
simple and involves two sires and two dams per block mating. The
block matings were replicated as often as possible. A simple diagram

given by Lerner (1958) shows the mating scheme within each block.

Sire

Dam

a - —

each cell represents a single cross

The timing procedure for this diallel cross given by Sheldon (1963) was
used. The diallel programme can be divided into the first mating and the
second matinge. Referring to the diagram given above, for the first
mating sire A is mated to dam a and similarly sire B to dam b. For the
second mating, sire A is mated to dam b and sire B to dam a. Sheldon
reported that there must be a period of at least one week between the
first and second mating, to ensure that the progeny from the second matings
were indeed sired by the second male introduced to each of the females.
All the matings of the diallel cross were made in quarter-pint
bottles which were the same as those used during the selectioa experiment.
Before making the crosses, the sires and dams were scored for bristle

number to furnish part of the data needed for the parent-offspring
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regression analysis., As many paired matings as possible were set up
and it was found that the main limiting factor was the lack of available
space in the incubator. The parents of the first matings were left
together for two days, after which the males were removed and stored
separately in 3" by 1" storage vials, leaving the females in the culture
bottlese. Six days after removal of the sires, the second matings were
set up in fresh culture bottles. The parents were left in the bottles
for four days and then discarded. From each single cross five male and
five female progeny were scored.

For a block mating to be successfully completed, all four matings
within each block had to give a quota of five male and fiye female offsprings
for scoring. The failure of some of the crosses could be due to one of
the following causes; death of one of the four parents before the full
diallel programme was completed (often the death was accidental with the
fly being trapped on the moist food surface or in cracks in the food
medium), sterily of either the male or female parent and lastly low
fecundity of the females, where insufficient progeny were produced for
scoring. From observations of the single pair matings, differences
between the reproductive fitness of the Oregon-R and the +3 strains were
noted. Of the 75 block matings set up for the Oregon-R, only 31 blocks
were successfully completed giving a failure rate of about 60%. For the
+3 base population, of the 75 block matings, 45 blocks yielded complete
data so that the failure rate was 40X. The failure of the single crosses
in the +3 stock was due almost entirely to death of one or more of the
parents (accidentally or otherwise) and rarely to sterility or low fecundity.
The incidence of sterility and low reproductivity was higher for the
Oregon-R stock. From these observations, it would appear that the +3

strain had higher reproductive fitness than the Oregon-R strain. This
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suspicion was partly confirmed from observations of the Oregon-R and +3
selection lines, where several of the Oregon-R selection replicates at
various times were nearly threatened with extinction due to low viability
and sterility, while the +3 selection replicates were almost completely

free from such problems.
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C. RESULTS

The parent-offspring regression analyais used data from the completed
first matings of the diallel crosse. The diallel analysis employed data
from the block matings whose first and second matings were successfully
completed, giving the number of progeny required for scoring. The Oregon-R
analysis had fewer degrees of freedom due to a higher incidence of failure
of single crosses, so that their estimates would be subjected to greater

sampling error than the +3 heritability estimates.

1. Oregon-R base population

(i) Parent-offspring regression analysis

The heritability values and standard errors were obtained using the
standard formulae given by Becker (1964). The results given below are
based on 92 single pair matings, with five male and five female offsprings

scored for abdominal bristles from each mating,.

Table 4: Parent-offspring regression estimates of
heritability for abdominal bristle number in the
Oregon-R base population

Heritability estimate

Sire-son : 0.34 + 0.10
Dam-son : O.42 + 0.13
Sire-daughter : 0.45 + 0.14
Dam-daughter : 0.40 + 0.11

Average : 0.40
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The dam-son and sire-daughter regression estimates of heritability
were corrected for inequality of male and female phenotypic variances by
multiplying the former by the ratio of standard devistion of abdominal
bristles in the females to that in the males and by multiplying the latter
by the ratio of the male standard deviation to the female standard devia-
tion (Clayton 2&_21, 1957). The importance of sex-linked effects can be
evaluated by comparing the sire-son regression heritability estimate,
which is free of sex-linked effects, with the other regression estimates.
Examination of the results in Table 4 shows that the sire-son regression
estimate is smaller than the other three heritability estimates, thus
indicating the prevalence of sex-linked additive variance. However, the
reliability of this conclusion is marred by the high sampling errors of

the heritability estimates.

(11) Diallel analysis

The main advantage of this method of estimation is that not only the
additive genetic variance can be evaluated but also the non-additive
variance, due to interaction between sire and dam. The ratio of the
interation variance over the total phenotypic variance (<I§/<jg) could
give an indication of the size of non-additive genetic effects. The

results of the diallel analysis are summarised in Table 5.

The heritability estimates from the diallel cross are obtained by
multiplying the intraclass correlations by four and this means that the
sampling errors are similarly multiplied by four. This could have
accounted for the large sampling errors, as well as the discrepancies
between the four heritability estimates. The paternal half-brother
heritability value is lower than the paternal half-sister as well as the
maternal half-brothere This could be taken as an indication of sex-linked

effects. Both additive x additive epistatic variance and dominance



Table 5t Analysis of variance of the diallel
cross in the Oregon-R base population
Components Mean Square
Source of of mean
variation df sqQuare daf Females Males
2 2 2
Between sires k q'+5 0’14-10 O’S 31 11.92 9.10
within blocks
Between dams k [02+5 o200 | 3 10.65 11.68
within blocks
Sire x dam k af+5 o'% 31 8.95 4,37
interaction
Residual b(n-k)k af 496 2.12 5,72
2 bl 2
h = S h 0.32 + 0012 0027 + 0-12
S 2 2, 2. 52 L - =
g + I+ Q’D+ O's
2 b a? 2
2 2 2
d'+ o'I+ o’D+ <rs
2 2 2
iy = " 91 |o.04 0.00
2 2 2 2 2 2
Sp Gy* 01+ dp* g 9p

appeared to be insignificant in the Oregon-R base population, as indicated

by the negligible interaction tera and also by the sire-son regression

heritability estimate being smaller than the paternal half-brother herit-

ability estimate

The weighted average heritability was found to be 0.32 ¢+ 0.1l amd

there was some evidence that part of the additive genetic variance was

contributed by the sex chromosomes.
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2e +3% base population

The data from the diallel cross of the +3 base population were

analysed in the same way as the Oregon-R population.

(1) Parent-offspring regression analysis
The results are based on 96 single pair matings with five male and

five female offsprings scored from each mating. The heritability

estimates are summarised in Table 6.

Table 6: Parent-offspring regression estimates of
heritability for abdominal bristle number
in the +3 base population

Heritability estimate

Sire-son : 0.52 + 0.10
Dam-son : 0.49 + 0.13
Sire-daughter : 0.16 + 0.13
Dam-daughter : O.44 + 0.11
Average : 0.40

The regression heritability estimates are consistently high except
for the sire-daughter estimate. There appears to be no evidence of sex-

linked additive effects.

(11) Diallel analysis

The results are presented in Table 7. There is greater difference
between the four estimates in the +3 population than the Oregon-R popula-
tion. The negative heritability estimate of hg from the female progeny

should be noted, although the value is not far from gero. Due to large



Table 7: Analysis of variance of the diallel cross in the +3 base
population
Mean square
Source of Variation df Females Males
Between sires within blocks 43 10.41 10.59
Between dams within blocks 43 14.96 18.55
Sire x dam interaction 43 11.65 5.90
Residual 688 6.87 5.83
hg "0006 1’ 0005 0.2“ : 0009
hg 0.16 + 0.08 0.66 + 0.13
Interaction ( 62/ 2) 0.12 0.02
I dP

statistical sampling errors for the heritabilities, it is expected that
some of the estimates would be too high and others too low and so the
negative value should be accepted as a valid estimate (Kojima and Kelleher,
1963). The high value of 0.66 for hg from the male progeny could be
better regarded as due to sampling error rather than bias caused by sex-
linked effects. The interaction variance component in the +3 base
population is slightly higher than in the Oregon-R base population.

All the heritability estimates were averaged to give the overall
heritability of the +3 base population and in so doing it is hoped that
the errors due to sampling would be cancelled to some extent. The
average heritability was found to be 0.37 + 0.11. There was no evidence

of sex-linked effects in this base population.
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D. DISCUSSION

Sheldon (1963) compared the different components of variation in
abdominal bristle number in the Kaduna base population of Clayton et al.
(1957) with his own Oregon-R C base population. It would be of interest
to extend this comparison to include other base populations. This inform-
ation could show to some extent how well estimates of heritabilities made
in one population extrapolate to others. Table 8 gives the components of
phenotypic variance in base populations used by Clayton et al. (1957),
Sheldon (1963), Sheridan et al. (1968) and the two original populations

utilised in the present selection experiment.

Table 8: Components of variance for abdominal bristle number in
different base populations
Clayton Sheldon Sheridan Present populations
Source of et al. et al.
Variation (1957) (1963) (1968) Oor-R +3
Additive
genetic 0.52 0.20-0.25 0.20-0.25 0.30-0.35 0.35-0.40
Non-additive
genetic 0.09 0.00-0.05 0.20-0.30 0.00-0.05 0.05-0.10
Developmental
error 0.35 0-25 0055-0.55 0.25 0025
True environ-
mental 0.0‘} 0055'0055 0000‘0.05 0-30’0-‘.0 0.20-0.50

Clayton and Sheridan's stocks were maintained as large cage populations
for several years while Sheldon's and the two present populations have
been cultured in small containers. From Table 8, it can be seen that the

Oregon=R, +3 and Sheldon's Oregon-R C stocks are fairly comparable, with
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the two present base populations bearing greatest similarities in their
genetic composition. On the other hand, the cage populations utilised
by Clayton and Sheridan resembled each other with respect to their large
developmental error and the almost negliglble true environmental error.
The higher environmentel variance shown by the "bottle'" base populations
as opposed to the cage populations could be explained to some extent on
the grounds that they are partially inbred populations due to restriction
of population size (Kojima and Kelleher, 1963) and conseguently show
greater environmental variance being less well buffered. Sheldon pointed
out that increase in environmental variance should theoretically be
accompanied by an increase in variance due to developmental error.
However, the developacntal errorsof the bottle base populations were no
greater than that of the cage populations and at present no satisfactory
explanation could be found to account for this situation.

There sas some evidence of sex-linkage in the Oregon-R population
but not in the +3 population. Sex-linked effects have been reported by
Sheldon (1963) and also by Sheridan et al. (1968). On the other hand,
there was some indication of non-additive genetic variance in the +3
population but none in the Oregon-R population. However, these results
are by no means conclusive because of the high sampling errors and the
variability of the heritability estimates.

Since the two present foundation stocks have high heritabilities,
mass selection based on individual merit should be effective in producing
the desired response. In a later section, the estimated heritabilities
will be compared with the realised heritabilities and similarly the
predicted response with the observed. This would add further evidence

to the practical usefulness of the additive prediction theory.
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V. SELECTION EXPERIMENT

A. MATERIALS AND METHODS

The design of this selection experiment is directly related to the
aims of this thesis. The primary objective of this thesis is to make a
comparative study of the high and low selection response from three diff-

erent populations of D. melanogaster. Thus, the experiment aims at

supplying data for the detailed analysis of :-

(a) The variability of selection response (including average rate of
response, phenotypic variation and realised heritability) between replic-
ations within the high and low selection lines of each of the three

populationse.

(b) The variability of selection response between the three populations
for each direction of selection and also between the high and low selec-

tion responses of each population.

To achieve the above aims, the experimental design needs to incorporate
two important features; high replications within each selection line and

an appropriate control for each population.

1. Replications

In brief, the experiment consisted of two-directional s2lection
carried out simultaneously on the Oregon-R, +3 and Cross base populations
as well as the maintenance of unselected controls. Each selection linme

is replicated. Initially, the total size of the experiment needed to be
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detersined and this was dictated mainly by the time and labour involved
in the collection of virgin flies and scoring of the abdominal bristles.
A simple trial was carried out to gauge roughly how many individuals
could be scored a day, so that if a period of say three to four days was
allowed for counting in each generation, the total size of the experiment
could be assessed approximately.

The primary aim of this investigation is to study the variability
of response between replicates within selection lines. The preliminary
information needed here is the agproximate number of animals required for
each replication in order to detect differences between replicate means
within each generation. The formula used for estimating the order of
size of each replicate is given in Sokal and Rohlf (1969, p.247).

n - 2 (-%‘-)2 (tl + t2)2

where n = number of animals required per replication
0 = true standard deviation (expressed as percentage of the mean)
§ = true percentage difference it is desired to detect
X = significance level

P = probability of getting significant result

t, and t values from 2-tailed t-table withoo degrees of freedom and
corresponding to probabilities of oc and 2(1-P), respect-

ively

Assuming n to be large, the degrees of freedom needed for tl and tz are

set at infinity. In order to detect 5% differences between replicates
at the 5% level of significance with 90% probability of getting signif-
icant result, & has the value of 5% and P = 0.90. O which is the
coefficient of variation is about 8%. The values of t, and t_ are

1l 2
found to be 1.96 and 1.28 respectively. The substitution of all these
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values in the equation gave the solution of 53 individuals for each repli-
cate. Since the two sexes have different means and variances, their data
are always presented and analysed separately so that the value n applies
to a single sex at a time.

After careful considerations of the various factors, the following
experimental design was decided on. Four replicates were carried for
each high and low selection line of the three populations. From each
replication, 45 males and females were scored each generation and the nine
most extreme pairs were selected to be parents of the next generation.
Higher replications within each selectinn line would have been desirable.
However, in the present instance where the total size of the experiment
is limited, an increase in replication number could only be achieved by
decreasing the number sampled and selected within each replicate in order
to retain a 20% selection intensity. The author considers this to be
unwise since too small a population size would be affected by large sampling
vagaries, resulting in exaggerated differences between replicates (De Fries
and Touchberry, 1961). Besides, the higher inbreeding rate in smaller
populations could cause serious problems of decline in fitness and often
even loss of some of the replicates before the selection programme was

completed (Mariem, 1958).

2e Control

Since interest in this thesis includes comparison of selection
response& between the different populations and between different genera-
tions, controls are needed to evaluate the true genetic response. Such
controls are based on the principle that the selection line and its con-
trol population are similar in genetic amake-up and react in much the sane

way to changes in the environment. Under this condition, subtracting
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the mean of the control population from the mean of the selection line
would be expected to give an unblased estimate of the genetic response
of the selected line. Bray et al. (1962) have rointed out that since
the basic effect of selection is to change the array of gene frejuencies
of the population, the selection line tends to deviate from the control
in its genetic content and this could cause bias in the correction for
environmental effects because of genotype-environment interactions.
However, in short-term selection experiments, it is likely that such
interactions would be negligible (Richardson and Kojima, 1968).

Bray (1966) has given a definition for an ideal control population:
",es one in which no change in gene frequency or genotypic frequency
occurs from generation to generation and which is genetically related to
the lines under treatment.” This means that under constant environmental
conditions, the mean and genetic parameters remain unchanged from genera-
tion to generation and in theory this could only be achieved in a popula-
tion of infinite size. In practical situations, all control populations
are restricted in size and so would be subject to influences such as
genetic drift or natural selection (Gowe, Robertson and Latter, 1959).
Robinson and Bray (1965) worked out the theoretical consequences of the
effects of two restrictions - equal family size and no sib-mating - in
populations of different sizes, in reducing the variability due to genetic
drift. Bray (1961, 1965) investigated this experimentally and reported
that both the theoretical and experimental results indicated that restric-
tion against unequal family size was a much more powerful tool in helping
to maintain a genetically stable control population than restriction
against inbreeding,

With regard to the choice of suitable control for this present

experiment, since selection responses from three different populations
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are to be studied, a single control for all three populations would not
suffice. It is necessary therefore to have an Oregon-R control for the
Oregon-R high and low selection lines, and similarly +3 and Cross controls
for their respective populations. The type of control decided on for
each population is a randomly mated, unselected line with 30 pairs of
parents maintained in each generation. Although it is desirable to main-
tain controls of larger sizes and with restrictions imposed to reduce
genetic drift, the lack of facilities and the pressure of work from the
selection experiment itself made this impossible. To help to ninimise
the rate of inbreeding in each population, six bottles were set up per
control with five paire of parents in each bottle, Each bottle contri-
buted equally to the parents of the next generation. Cne hundred females
and 100 males, equally sampled from the s8ix bottles within a control, were
scored each generation.

This control, though simple, was considered to be adequate for the
present short-term selection experiment utilising a highly heritable
trait which is not expected to be greatly affected by inbreeding depression
or fluctuations in the environment. However, more elaborate controls
would be needed for long-term selection experiments or for selection using
fitness traits which are sensitive to minor fluctuations in the environ-

ment.

3 Selection procedure

To initiate the selection experiment, 20 cultures in gquarter-pint
cream bottles were set up simultaneously for each of the three populations
(Oregon-R, +3 and F) of the Cross). When the progeny started to emerge,
collections were made twice daily, more or less equally from the 20

bottles of each population, to ensure virginity of the females. These
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progeny served as the base for the selection lines as well as for the
controls. When sufficient numbers of progemy were collected, eight
samples, each of 45 males and 45 females, were drawn from each base
population to form the four replicates of the high selection line and
low selection line of that population. The flies in each replicate
were scored for abdominal bristles and the nine pairs with the highest
(or lowest) bristle numbers were selected to be parents of the next
generation. Throughout the selection experiment, three bottles, each
with three pairs of selected parents, were set up for each replicate.
The controls were set up at the same time by taking a random sample of
30 pairs of flies from each bame population and assigning the flies at
random into six bottles with five pairs in each bottle. The parents
were left in the bottles for 4-5 days and then discarded, but those in
the control bottles were removed after the third day to prevent too many
eggs from being laid. The progeny emerging formed the first selection
generation (Gl).

A quota of 15 males and 15 virgin females were collected from each
bottle and the males and females were stored separately in small food vials
until ready for counting and selection. From the 15 pairs of flies
scored per bottle, the three extreme pairs were selected and stored. The
next three extreme pairs were kept as reserves in case one of the parents
died before mating. If a bottle failed to produce the full quota of
flies, it was supplemented with extra flies from the othe: two bottles of
the same replicate. In this way, the size of the replicates was kept
constant from generation to generation. This method of within bottle
mass selection has the advantage of minimising inbreeding rate within a
replicate, although it does mean that the selection differential and

consequently the response is lower. It took at least five days to
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complete scoring the flies of the six selection lines. Matings of all
the lines were made on the same day. The selected flies from the three
bottles in each replicate were pooled and randomly divided into three
groups and set up in three culture bottles.

For each control population 100 females and 100 males, equally
sampled from the six bottles, were counted and 30 pairs were selected at
random to serve as parents for the next generation.

The plan of the experiment as well as the code designation for

each selection replication and control are summarised in Table 9.

Table 9: Experimentai plan and its code designations
(Identification code: H, high selection; L, low selection;
C, Control; I, II, III, IV; Keplication one to four respectively)

Replication
Base population|Selection line I II III Iv Control

Oregon-R (Or-R)|High selection|Or-RHI |Or-RHII|Or-RRIII|(Cr-RHIV
Low selection |Or-RLI|Or-RLII|Or-RLIII|Or-RLIV

+3 High selection| +3HI +3HII +3HIII +3HIV
Low selection | +3LI | +3LII | +3LIII | +3LIv | °*°
Cross (X) High selection| XHI XHII XHIII XHIV
Low selection | XLI XLII XLIII XLIV o

The generation interval for Sheldon's (1963) selection experiment
wvas two weeks, whereas the average generation interval for this present
experiment was three weeks. The extra week was needed for collecting
the full quota of flies from each bottle as well as for scoring the

larger number of flies each generation.



B. SELECTION RESULTS

1w General observations

The three populations, Oregon-R, +3 and Cross, were selected for
fourteen generations and this phase of the experiment lasted for about
eleven months. At the end of the selection programme, all the replicates
were relaxed for nine generations. The behaviour of the selection lines
on relaxation would provide evidence of the magnitude of the forces of
natural selection opposing artificial selection. A few problems arose
during the selection experiment. In the first generation, the parents
of the controls were inadvertently left too long in the bottles and this
resulted in the cultures becoming far too crowded. The Oregon-R and the
+3 controls consequently suffered from high mortality of the larvae and
delayed emergence of the imago. The progeny were smaller in size and
had depressed bristle scores. The Cross control, though subjected to
similar overcrowding, did not siow the same ill effects and this ability
to withstand adverse conditions was probably due to its hybrid vigor.

During the eighth and eleventh selection generation, fluctuations
of the temperature in the incubator occurred due to the break-down of the
thermostat. This could have possible effects on bristle score (Rasmuson,
1952; Reeve and F.i#. Robertson, 195&4).

The major difficulty encountered in this experiment was the decline
in viability and fertility of the low selection lines after a few genera-
.tions of selection. The high lines were relatively free from such fitness
probless. Invariably it took longer to collect the full quota of males
and females required for scoring from each of the low replicates and
consequently, the high selection lines were scored before the low lines

but all the matings were made on the same day. This differential
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reproductive fitness of the high and low selection lines has also been
reported by other workers (Mather and Harrison, 1949; Clayton et al.,
1957; Latter and Robertson, 1962).

At various times, the mutant "hairy", where the wings of the flies
were slightly crumpled and had tiny hairs, appeared in the +3 controls as
well as in some of the +3 high and low selection replicates. This mutant
apparently has no effect on abdominal bristles (Bridges and Brehme, 1944)
but it was deliberately selected out of the +3 population so as not to

complicate matters.

2e Presentation of basic data

Since the means and variances of abdominal bristle number of the
males and females are distinctly different, the data for the two sexes
are presented and analysed separately. This separate treatment has the
added advantage of allowing any differential responses of the two sexes
to be evaluated.

The problem of choice of a suitable scale for biometric analysis has
already been treated in fair detail by a number of workers. Rasmuson
(1952) was the only one so far to use logarithmic transformations on her
data on selection for bristle nuabers. Her main purpose was to remove
scale effects and she¢ subsequently utilised the traneformed data to carry
out analysis of variance involving different sexes as well as different
types of bristles (sternopleural and abdominal bristles). Other workers
who have discussed the problem and applied scaling tests found strong
evidence favouring the arithmetic scale (Cavalli, 1952; Reeve and F.W.
Robertson, 1954; Clayton et al., 1957; Sheldon, 1963). In view of

this, no transformation was made on the data froam the present experiment.
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(1) Response of mean bristle number

The interest of the experimenter or breeder is naturally focussed
first of all on the changes in the population means as a result of selec-
tion. The mean abdominal bristle number of each replicate and control
for each generation is given in Tables 10a and 10Ob. Figures 1 (a) -

1l (e) show the changes of the means of each replication of the Oregon-R,
+3 and Cross populations over the fourteen generations of selection and
the subsequent nine generations of suspended selection. In each figure,
the means of the appropriate control are also incorporated. These graphs
show readily the trends of changes as well as any anomalies in them.
Before discussing the changes in the mean of each population, it is worth-
while to examine whether the two setbacks, over-crowding and fluctuations
in temperature,which occurred during Gl, G8 and Gll had affected the
population means.

The means of the Oregon-R and +3 controls of Gl were about two
bristles lower than their base population means and this was undoubtedly
due to over-crowding of the cultures. In the following generation, when
care was taken to remove the parents before excess eggs were laid, the +3
and Oregon-R means returned immediately to their original levels. The
Cross control, which was observed to be unaffected by over-crowding, showed
no decline in means. Clearly, to use the +3 and Oregon-R control means
to evaluate the actual responses in Gl would result in considerable bias,
with the high selection response being over-estimated and the low
response under-estimated. It was decided that at least for this genera-
tion, the control meams would not be used. Instead, the response of Gl
would be obtained by averaging the divergence between the high and low

selection lines.



Table 10(a):

Yean abdominal bristle number of individual
(female data)

selection replicates amd contrels

lHiigh selection Low selectiona Coatrol
Rep 1l 2 3 Y mean 1l 2 3 ) sean
O<EGON=R
Gen O 39.22 38.42 37.13 39.31 38.52 0 39.60 37.98 38.31 38.00 38.47 38.20
1 38.11 39.33 39.42 39.k2 39.07 1 36.91 37.38 38.09 38.k0 37.70 36.87
2 | 38.71 41.58 h0.42 k0.6  kG.3k 2| 36.36 37.02 38.02 36.93  37.08 38.73
3 | k0.22 b2.07 39.58 &0.82 40.67 3 34.69 37.18 36.96 37.31  36.54 38.82
b | 40.25 40.88 39.33 39,05  39.58 b | 34.05 36.k2 36.28 36.18  35.73 | 37.68
S 39.75 41.98 K&0.10 Mo.M2 h0.56 5 34,15 3k.b2 36.00 35.30 34,97 38.32
6 | &0.28 42.58 40.67 u0.62 bl.0b4 6 | 3475 33.32 35.53 35.35  3A.7h 38.50
7 b0.28 #2.07 39.75 bO.Ak2 40.63 7 32.68 33.63 35.05 33.87 33.81 38.03
8 | 40.95 40.68 80.00 b1.53  k0.79 8 | 32.37 33.15 35.43 3k.50  33.86 38.47
9 4l1.25 42.60 H1l.22 41.05 41.53 9 31.68 33.23 34,95 34.03 33.47 37.92
10 40.62 41.70 41.10 &1.62 41.26 10 30.03 32.70 3k.37 33.b2 32.63 37.76
11 | 4%0.88 41.90 M&2.52 41.70 b1.75 11 28.77 31.58 34.68 33.78 31.95 38.48
12 | 41.13 41.73 41.88 41.18 41.48 12 27.42 31.15 33.45 32.57 31.15 38.02
13 41.03 41.63 Ub1l.52 41.93 bl.53 13 28.25 30.80 32.48 32.38 30.88 37.96
1h 41,29 W2.73 k1.6k b2.20 b1.97 1b 27.78 31.2h6 32.40 32.78 31.05 37.14
+3
Gen 0O 39.33 k0.09 38.49 38.82 39.18 0 | 39.91 L0.64 39.22 &0.27 40.01 38.49
1 39.73 41.02 &0.60 39.49 ho.c1 1 36.98 37.75 38.24 38.87 37.96 36.30
2 | 8C.87 140.73 #0.58 39.98  ko.Sh 2 | 36,27 37.69 37.22 37.80  37.25 40.83
3 kG.33 41.49 41.18 &0.91 40.98 3| 36.29 37.44 36.67 37.82 37.06 39.34
b | 40.58 42.09 #0.80 W4l.24  41.18 b | 36.29 35.22 35.80 35.69  35.65 80.34
5 40.87 41.29 b1l.h2 41.84 41.36 S | 35.13 34.91 35.62 35.53 35.30 bo0.05
6 bO.49 L1l.49 41.15 40.87 k1.00 6 ! 34.62 34,67 34,22 34.00 3h.38 39.70
7 h0.67 80.62 40.67 K0.93 4G .72 7 | 33.68 33.58 33.78 33.44 33.62 39.36
8 40.53 41.33 k0.20 &0.96 .77 8 33,56 32.10 32.96 34.09 33.18 40.55%
9 4l.k2 41.02 39.87 L40.35 k0,66 9 | 32.98 31.47 32,20 33.hb 32.952 40.35
10 39.78 40.93 b0.16 k0.69 ko, 39 10 32.75 30.72 30.73 32.90 31.76 38.60
11 41,00 40.96 UL1.50 &0.98 b1.09 11 32.90 30.60 30.90 33.67 32.02 %0.4%0
12 bl.24 41.02 k0.00 41.09 bo.84 2 32,37 29.85 29.63 33,22 31.26 0.5
13 41.51 &0.89 &0C.53 &0.73 b0 .92 13 31.92 28.37 28.88 32.70 30.47 39.46
1 43,27 52.36 &1.91 41.96 42,33 14 32.69 28.13 31.02 31.69 30.88 39.67
CROSS

Gen O 39.89 38.80 38.60 39.80 39.27 0 41.18 38.47 &k0.60 37.82 39.51 b1.92
1 40.24 39.93 4l.11 40.20 b0.37 1 37.71 36.91 37.20 35.6h 36.87 39.53
2 b2.60 41.02 42.29 42.31 42.06 2 36420 37.22 37.11 35.38 36.48 40.61
3 b5.33 43,67 42.51 45.13 44,16 3 34,89 38.11 35.67 3k.84 35.88 h1.48
b 4h,87 b2.76 b2.0C 43,09 43,18 L 33.64 35.35 33.69 33.58 34.07 40.13
5 kS bk LU, HG h2.22 U45.11 b4.29 5 32.47 35.16 34.29 33.25 33.79 39.84
6 44,89 U45.62 MW4.51 45.98 45.25 6 32.22 33.78 33.91 32.97 33.22 39. 42
7 Lh.69 b4.73 W4.69 46.69 45,20 7 31.17 33.36 33.02 32.97 32.63 39.29
8 45.49 k7.76 W5.38 47.16 46.45 8 30.85 33.93 33.23 32.17 32.55 39.76
9 46.16 49,25 u6.20 &8.62 47.55 9 .45 33.72 33.10 31.33 32.15 38.23
10 47,11 48,16 u46.20 48.8% 47.58 10 29.68 31.72 31.87 30.58 30.96 37.83
11 49,28 50.00 47.17 48.98 43.86 11 29.03 32.38 31.88 31.05 31.09 39.11
12 50.58 50.28 W47.71 51.22 49.95 12 30.13 32.17 32.05 29.07 30.89 38.22
13 50.18 50.62 &7.72 51.00 49,88 13 28,50 30.37 3l.25 27.98 29.53 37.68
1b 51.96 51.27 49.58 52.71 51,38 1k 28.44  30.87 31.28 27.69 29.56 38.30




Table 10(b):

(male data)

Mean abdoainal bristle nuaber of individual selection replicates and controls

Bigh selection Low selection Comtrol
Rep 1l 2 3 L mean 1l 2 3 4 aean
CRLGON=-R
Gen O 31.73 32.51 32.04 33.04 32.33 o 32.53 32.07 33.16 32.02 32.45 31.50
1 32.04 33.31 32.42 33.29 32.77 1 3C.31 32.98 31.00 31.64 31.48 30.43
2 31.96 34.40 33.87 33.64 33.27 2 30.07 32.49 31.51 31.07 31.29 31.9%
3 33.6k 34.58 33.27 33.18 33.67 3 29.67 31.80 30.13 30.42 30.51 31.83
b 33.16 33.76 32.59 33.57 33,27 b 27.56 29.78 29.80 29.30 29.11 31.37
5 32.85 34.32 32.98 34.22 33.59 5 28.90 29.18 29.33 28.80 29.05 31.59
6 | 33.57 35.12 33.13 33.68  33.58 6| 28.17 28.22 28.98 29.00 28.59 31.37
?7 32,98 35.05 33.00 33.98 33.75 7 27.70 27.65 28.78 28.&0 28.13 31.19
8 33.10 34.37 33.65 34.42 33.89 8 26.95 27.40 28.77 28.62 27.94 31.59
9 33.81 34.58 33.85 34.25 34.10 9 26.50 26.45 27.70 28.47 27.28 31.17
10 33437 33.73 33.03 34.47 33.65 10 25.85 27.45 28.18 28.02 27.37 30.81
11 33.78 34.83 33.91 33.77 34,07 11 25.6C 26.60 27.18 27.37 26.69 31.38
12 33.88 34.40 33,22 34.07 33.89 12 24,25 26.45 27.18 27.67 26.39 30.75
13 34.08 34.53 33.67 33.84 34.03 13 23.23 26.05 26485 27.55 25.92 30.94
1k 35.24 36.33 33.97 35.11 35.16 14 25.40 25.97 26.84 28.16 26.59 31.26
3

Gen O 33.20 34.33 3k.24 33.56 33.83 0 31.78 32.89 33.04 33.04 32.69 33.50
1 33.47 34,42 34,02 33.6C 33,88 1 31.06 32.22 32.07 33.27 32.16 31.94
2 33.98 34.71 34.82 34.47 34.5C 2 30.91 31.60 31.31 32.27 31.52 34.39
3 33.60 35.25 33.93 34.33 34.29 3 29.16 30.31 30.33 30.78 30.16 33.72
N 33.87 34.71 3k4.96 34.56 34,53 4 29.2C 29.40 28.31 30.76 29.42 33.73
5 34.53 34.53 35.04 34.71 34,70 5 28.40 28.73 28.31 29.h0 28.71 33.50
6 34.89 34.51 35.51 34.53 34.86 6 27.67 28.31 28.11 29.33 28.36 33.94
7 33,53 34.13 34,78 34,27 34,10 ? 27.22 27.58 27.67 28.40 27.72 33.90
8 53,80 34.09 34.47 33.78 34404 8 27.92 26.56 27.18 28.44 27.53 3keb3
9 34,8, 34.69 34.40 33.70 34,4C 9 27.45 25.98 26.78 27.51 26.93 33.80
10 53.38 34,38 35.02 34.02 34,20 10 27.12 26.33 25.50 27.87 26.71 33.60
11 33.75 3h.24 34.50 34,27 34.19 11 26.62 25.65 -25.25 28.38 26.48 3h. b2
12 34,30 34,12 k.24 34,20 34,22 12 26.57 26.13 25.58 27.78 26,52 34.0?7
13 35.69 34.87 35.07 34.24 34.97 13 27.00 25.98 25.45 27.53 26.49 32.91
14 3642 36.49 35.73 36.31 36.24 14 27.29 26.91 26.20 27.2h 26.91 38.33
Gen O 33.22 31.56 32.42 32.98 32.55 ¢ 32,98 32,44 33.29 32.51 33.06 34,22
1 34,20 33.04 34,00 34.76 34.00 1 30.95 3131 31.98 29.h4% 30.92 32.34
2 36.07 34.58 35.82 36.38 35.71 2 31.42 30.58 31.31 30.42 30.93 32.90
3 38.07 35.60 35.60 37.44 36.68 3 28.47 3C.24 31.22 28.93 29.72 36.16
b 3753 35.93 35.38 36.47 36.38 L 27.17 28.75 29.16 28.15 28.31 33.39
5 37.91 37.51 35.20 37.53 37.04 5 26.30 28.23 29.42 27.73 27.92 33.47
6 37.91 37.69 36.07 39.56 37.82 6 27.1¢ 28.12 28.05 27.68 27.73 32.58
7 36.73 37.82 37.33 38.78 37.67 7 2575 27.20 27.88 27.05 26.97 32.52
8 38,00 39.33 37.42 39.62 38459 8 25.38 26.73 27.90 26.43 26.61 33.35%
9 37.96 &0.64 35.49 &C.EL 39.48 9 25.MC 26,72 27.45 26.95 26.63 31.80
10 38.89 39.78 37.47 K0.69 39.21 10 24,97 25.85 26.48 25.88  25.80 32.31
11 40.52 40.02 38.12 U41.40 40.02 11 24,43 25,41 26.03 25.47 25.3h 32.34
12 41.85 41.53 39.47 U42.58 41.36 12 25.05 25.85 26.53 25.90 25.83 32.3
13 | b2.45 41.53 39.03 42.55  41.39 13 | 24.05 25.27 26.15 24.87  25.09 31.50
14 42,82 42.80 48C.31 4b.63 b2.6U 14 2h.b42 25.76 27.31 24.98 25.62 31.90
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None of the selection lines or controls showed any aberrant trends
during G8 and Gll when fluctuations of temperature occurred. In any
case if the assumption of the absence of genotype-environsent interaction
was realised, the control would be able to cater for such shifts in the
environment so that the validity of the actual responses obtained would
not be affected.

The trends of the upward and downward response of each population
will be discussed in detail since the primary aim of this thesis is to

study and compare the responses from different base populations.

Oregon-R population: (Figs 1(a) and (b) ). The fezales and the males

show very similar patterns of response to two-directional selection.
Selection in the high direction produced poor responses from all four high
replicates. Most of the response was obtained in the first three gener-
ations of selection, and from G4 to Gl4 the four replicates continued to
give consistent but much weaker response, Divergences between the high
replicates started as early as the third selection generation. As a result
of generation to generation fluctuations of each replicate, no definite rank-
ing was established among the replicates even after 14 generations of selec-
tion. A similar finding of divergence, but randomisation of response among
replications, was observed by Frankham, Jones and Barker (1968) for 12
generations of high selection for abdominal bristles in their replicates
with population size of ten pairs of parents and selection intensity of 20%.
Their experimental set-up was comparable to the present experiment. On

the other hand, Clayton et al. (1957) and Sheldon (1963) reported differ-
ences between replicates with a definite order being established in the
early generations of selection and this was subsequently maintained, with
the differences between replicates becoming larger as selection proceeded.

Both Clayton and Sheldon used 20 pairs of parents for each replicate amd
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this larger population size could be the reason for the lack of randomness
among their replicates. Another deviation from the observations of the
above two workers was that the variation between the Oregon-R high replic-
ates tended to become less instead of greater in the later generations of
selection (G8 - Gl4).

The behaviour of the four Oregon-R low replicates was quite differ-
ent from that of the high replicates and was more in line with the findings
of Clayton et al. and Sheldon. From Fig. 1(a) it can be seen that except
for the first replicate (Or-RLI), the responses from the other three
replicates were in good agreement till G&. From then on, the replicates
started to diverge with the differences between them becoming more pro-
nounced as selection progressed. Furthermore, a definite order was estab-
lished among the four low replicates. The difference between the replicate
which gave the greatest and the one which gave the least response, Or-RLI
and Or-RLIII respectively, was a much as 5-6 bristles during the last few
generations of selection. Unlike the Oregon-R high replicates, the low
replicates continued to give steady response till about Gl2. Then, the
response abruptly declined during the last two generations. Since selec-
tion was terminated at Gl4, it was not possible to tell whether the
decline in response rate during the last two generations was temporary as
a result of some undetected environmental changes or whether it was pera-
anent due to the exhaustion of usable genetic variation. On the whole,
the low replicates showed less inter-generation fluctuations than the high
replicates. The pattern of two-directional selection response from the
Oregon-R population was asymmetrical, with greater response downwards.
Latter (1965a) designated this as negative asymmetry and the pattern with

greater upward response as positive asymmetry.
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Fig. 1(c) Selection response of the +3 population (female data).

Fig. 1(d) Selection response of the +3 population (male data).
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Except for the depressed Gl generation means, due to over-crowded
culture conditions, the Oregon-R unselected control means fluctuated
around its original base population mean and showed no apparent upward

or downward trend over the 14 generations.

+3 population: (Figs 1(c) and (d) ). The striking feature of the two-way

response from this populztion was the strong negative asy=mmetry. All four
high replicates were remarkably resistant to the efforts of selection for
high bristle number. ¥hat little response obtained occurred almost entire-
ly in the first three generations of selection and from then on selection
was virtually without any effect. From G7 - Gl2 .some of the high replic-
ates had means which were lower than that of the unselected +3 control in
the corresponding generations. However, the average population mean of
the high selection line was 0.5-1.5 bristles above the control means.

The high replicates at Gl4 showed an unexpected rise of about two bristles
but this was suspected to be due to environmental effects rather than true
genetic response. It is clear that the heritability of about 35% estim-
ated from the +3 base population had poor predictive value, at least for
high selection responses.

The +3 low replicates responded reasonably well to selection. The
behaviour of the males was a little different from that of the females.
For the females, the agreement between the four replicates was good until
G7. From then: the first and fourth replicates (+3LI and +3LIV) showed
weaker response while the other two replicates continued to respond at
the same rate. For the male data, all four replicates showed a similar
trend over the 14 selection generations. However, this trend over the
14 generations was not linear but could be divided into a period of fair
response (G1-G?7) and a later period of poor response (G8-Glb4). Clayton

et al. (1957) and sheldon (1963) observed that the variation between
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replicates was greater in the high selection line than in the low line.
The reverse condition was found in the present +3 high and low lines.
The +3 control, like the Oregon-R control, showed no apparent upward or
downward trend and except for the lowered means at Gl, no anomalies were

observed.

Cross population: (Figs 1(e) and (f) ). Although the trend of response

from the Cross low selection line was similar to the 43 and Oregon-R low
lines, the response from the Cross high line differed markedly from the
other two high lines. The response rate was greatest for the Cross high
line, poor for the Oregon-R high line and almost zero for the +3 high line.
One of the Cross high replicates (XHI) showed the typical "stairway"
pattern of response, with a sudden cessation of response from G3 - G7
followed by renewed response. All the other Cross high replicates gave
consistent response upwards and showed no signs of declining even at the
end of 14 generations of selection. Differences between the four
replicates were obvious from G4 and once again due to wide inter-generation
fluctuations, no definite order was established between the replicates.

The trend of downward response from the Cross low line was similar
to the +3 low line with the first seven generations giving greater response
than the later generations. Here again, variation between the replicates
was quite obvious, especially for the female data. The average high and
low responses from the Cross population at the end of selection measured
as deviations from the means of the control were 12 bristles and 9 bristles
respectively. Thus, the two-way selection in the Cross populatiom pro-
duced positive asymmetrical response.

The Cross control means over the 14 generations appeared to show a
slight but definite trend downwards unlike the +3 and Oregon-R control

means. It should be noted that the Cross control showed an unexpected
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rise of about two bristles at G3 but no apparent reason could be found to
account for the increase. From G4 onwards, the control means gradually
declined and settled at a level of about two bristles below the original
base population mean . In an earlier section on base populations (see
Part III C), a small amount of heterosis was noted in the Fl and 72 of the
Cross, and the slight downward trend observed during the subsequent gener-

ations of r:ndom inter-breeding could be due to the gradual breakdown of

heterosis.

Discussion: Although individual replicates tend to show inter-generation
fluctuation which is no doubt due to causes like sampling or scoring
errors as well as environmental variation, the average of four replicates,
which gives the mean of a selection line, shows a fairly smooth upward or
downward trend (Fig. 1(g) ). The downward responses from all three popu-
lations showed very similar trends. If the total responses were measured
as the deviation of the means of the selection lines from their respective
control means at Gl4, the response from +3 and Cross low lines was about
nine bristles while that from the Oregon-R low line was six bristles. Thus,
the Cross low selection line contrary to expectations did not show obvious
superiority over the low lines of the two parental strains.

The high selection lines unlike the low lines showed obvious diff-
erences in trend of response. The +3 high line gave virtually no response
and at Gl4 the total response was two bristles, the total response of the
Oregon-R was five bristles and the Cross high line 12 bristles. Thus, the
total high response from the Cross was six times that of the +3 and 2.4
times that of the Oregon-R. Mainly because of the differential responses
from the high lines, the three populations showed different patterns of
two-way response with the +3 population giving strong negative asymmetry,

the Oregon-R mild negative asymmetry and the Cross positive asymmetry.



Asymmetry has been observed in all previous selection experiments on
abdominal bristles. Mather and Harrison (1949), Clayton et al. (1957)
and Latter and A. Robertson (1962) reported greater upward response while
Rasmuson (1955) and Sheldon (1963) found the opposite.

The graphs can depict clearly the trend of responses but they are
not able to reveal the genetic situation which is responsible for the
observed responses. Falconer (1960) has advanced a number of possible
causes for asymmetry in two-way selection experiments, such as directional
dominance, directional gene frequencies, selection for heterozygotes in
one direction, inbreeding depression, maternal effects or difference in
selection differentials in the high and low selection lines. In the case
of asymmetry found in the Oregon-R, factors like inbreeding depression,
directional dominance and maternal effects are not likely to be important
(Rasmuson, 1952; Clayton et al., 1957). It was also unlikely that
natural selection was opposing artificial selection in the high direction,
since the Oregon-R high replicates had less problems with low fertility
and viability than the low replicates. Furthermore, during the nine
generations of relaxation following the 14 generations of continuous
selection, the four Oregon-R high replicates regressed only about one to
two bristles towards the unselected control means and this decline was
probably due to the break-up of favourable epistatic combinations rather
than due to the forces of stabilising natural selection. A possible
cause of asymmetry was that selection for high bristles favoured lethal
heterozygotes because of their higher fitness or higher bristle score.
Lethal tests, to be carried out on some of the replicates at the end of
the selection programme, would throw light on the possibility of this
situation.

For the +3 population, it is unlikely that the factors pointed out

by Falconer are responsible since the asymmetry occurred in the very early
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generations of selection. A hypothesis has been put forward by Clarke,
Maynard Smith and Sondhi (1961) to explain the marked asymmetrical response
observed in selection for fast and slow developmental rate in D. subobscura.
It is based on a model of inter-allelic epistatic interaction im that the
phenotypic effect of a given gene substitution is dependent on the nature of
its genetic background. Asymmetry is produced if the genetic background
of a base population acts as a barrier to phenotypic expression in one
direction and not in the other. In the context of this present experiment,
it means that the +3 has a genetic constitution which inhibits the express-
ion of genes for higher bristles and not for fewer bristles. However, an
attempt to explain the asymmetry in the +3 population based on this hypo-
thesis runs into difficulties since the assumption inherent in this model
is that the genetic variance is made up largely of epistatic variation,
whereas the non-additive genetic variance was estimated to be low in the

+3 base population.

In recent yecars evidence has been accumulating that the genetic
variance of a quantitative character may be due largely to the segregation
of a few genes with large effects. Spickett and Thoday (1961) made
chromosomal analysis of two of Thoday and Boam's (1961) lines selected for
high sternopleural bristles. They successfully located three '“genes" in
one line and five in the other, which accounted for at least 80% of the
genetic variation. Further evidence comes from chromosome analysis in
wheat conducted by Werhahn and Allard (1965) and Law (1966, 1967). It
is possible that the variation of abdominal bristles in the +3 population
is largely controlled by very few additive genes with major effects so
that once they are fixed in the early generations of selection, subsequent
artificial selection applied in the high direction would fail to produce
further response. Because of the aberrant behaviour of the +3 high line,

the author decided to carry out subsidiary tests at the end of selection,



such as heritability estimation and crosses between +3 high and low lines,
in attempt to throw light on the nature of the underlying genetic
situation.

The response from the Cross high selection line was definitely
superior over the high responsesfrom the two original parent lines, Oregon-R
and +3. The simplest explanation for the more rapid responses in the Cross
is that different genes for higher bristles are fixed at different loci in
the two original populations, so that crossing between the two resulted in
an increase in genetic variability within the hybrid population. This
greater genetic variability allowed more effective selection.

Reeve and F.%. Robertson (1952) proposed a hypothesis that genes
with small effects in their normal genetic background may be transformed
into major genes if the genotype has been modified by selection. The same
principle could apply in the present case, where crossing between the +3
and Oregon-R strains produced a hybrid population with "different" genetic
content than either of its original parental strains so that some genes
with minor effects on bristle number may be changed to major genes in their
new genetic background. Further evidence for the transformation of a
normally minor gene to one with a large effect comes from Fraser (1963)
in a selection experiment using D. simvlans for decreasing number of bristles.
Another hypothesis proposed to account for increases in response is that
where genes from two or more populations are pooled together, it is possible
that some genes with insignificant or neutral effects on the selected
character in their usual background,when combined with other genes,say
together exert a large effect and selection would favour the increase in
frejuency of the gene combinations (Fraser and Hansche, 1965).

In gsumming up, the hybrid population showed superiority over the

two parental populations when selection was for increased abdominal bristles
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Table 11(a):

Phenotypic variances of individual replicates and controls (fesale data)

High selection Low selection Control
Rep 1 2 3 4 mean 1 2 3 L Bean
OREGON-R
Gen O 7.50 7.89 7.8% 8.95 8.05 0 8.86 6.80 9.55 10.05 8.8 9.29
1 8.18 9.05 7.%2 8.39 8.29 1 22.59 8.70 6.68 8.66 11.66 9.33
2 6.52 9.89 12.30 7.64 9.09 2 13.50 8.25 8.52 5.61 8.9?7 8.38
3 6,50 7.96 9.25 7.50 ?7.80 3 8.86 12.84% 13.45 6.45 10. 40 9.04
& &.70 8.10 9.37 7.9 7653 4 1C.17 10.07 6.6k 7.88 8.69 9.29
5 6,63 5.88 6.635 6.39 6.38 5 6.3 9.14 5.32 6.8 7.5 9. 74
6 6.3 14.32 5.76 5.97 3410 6 6.25 10.69 6.80 7.36 7.78 8.88
4 6.3  7.19 S.kl  WL.69 5.91 ? 7.41  9.19 4.83 7.49 7.23 10.09
8 5.07 5.98 6.81 7.88 6.44 8 12.17 5¢36 520 7.68 7.60 7.20
9 497 7.12 8.26 3.73 6.02 9 5¢37 10.50 6.15 5.2 6.79 13.63
10 515 473 9.17 k.64 5¢92 10 8,20 8.93 5.52 6.70 7.34 10.7%
11 5.66 5.51 8.17 7.34 6.67 11 11,92  7.37 639 4.95 7.66 9.22
12 4.90 3.85 6.81 5.88 536 12 17.05 6.98 4.25 6.32 8.65 11.82
13 5.69 7.73 7.20 6.31 6.73 13 8.46 7.32 k.63 7.8 7.05 10.06
14 8.02 6.61 7.27 4.89 6.7 14 8.32 10.54 4.34 8.91 8.03 8.12
2
Gen O 3.9 5.55 5.3C 5.34 5.0¢2 0 7.50 10.00 9.45 7.34 8.57 7.89
1 6.75 5.11 7.61 6.11 6.50 1 10.80 7.25 8.41 9.25 8.92 9.08
2 be30  7.93  5.93  7.43 6.40 2 11.11  8.91 9.16 8.70 9.47 6.08
3 7.68 5.70 8.11 5.63 6.79 3 5.29 8.43 10.27 6.16 7.54 705
Y 6.16 5.86 7.16 6.41 6.4C 4 9.07 13.27 4.57 6.6k 8.39 8.46
5 2.8% 3,84 3,48 4,59 3.69 5 7.30 10.27 6.11 4,57 7.06 9.65
6 b.75 6.66 4.59 S.11 5.35 6 5.70 10.77 5.6k 7.68 7.45 10.09
7 623 6.66 3.73 6.52 579 7 6.14 5.98 8.86 6.02 6.75 8.47
8 6.61 7.36 6.64 6.55 6.79 8 6.29 6.20 6.32 3.45 5.57 6.31
9 5¢70  5.39 h.h3 4,37 4.97 9 5¢39 7.89 6.72 k.07 6.02 8.98
10 5.28 7.07 4.23 6.70 5.82 10 7.07 8.07 6.64 S.1bk 6.73 7.09
11 7.07 4.0k 7.31 5.%0 5.98 11 7.24 7.02 7.85 6.12 7.06 7.76%
12 759 S.b3 5.26 L. k6 5.69 12 5.73 10.64 5.90 .47 6.69 8.26
13 8.30 k.31 6.78 5.61 6.25 13 4,93 9.29 12.54 k.59 7.84 7.53
14 8.70 8.07 6.41 8.4 7.90 14 6.27 11.13 6.75 7.1k 7.82 6.06
CROSS

Gen O 7.91 14.89 11.89 10.57 11.32 0 10.75 9.39 11l.11 10.25 10.38 13.87
1 11.45 7.87 11.64 7.48 9.61 1 9.39 10.86 9.98 9.1k 9.84 11.73
2 9.61 7.59 10.84 9.82 9.47 2 10.48 9.32 9.88 ?7.39 9.27 12.93
3 11.50 8.6 8.13 10.93 9.80 3 6.1% 10.77 7.14 4.9 7.2h 15.10
LY 9.66 8.36 7.58 9.1k 8.68 Y 775 10.89 5.95 7.39 7.99 10.07
5 11.48 11.15 8.05 8.64 9.83 5 6.76 8.41 S5.36h 7.67 7.0h 9.23
6 6.6k 6.61 6.80 S.u8 6.38 6 6.08 5.78 8.4 2.9 7.0% 9.49
7 7.82 7.16 6.36 k. b1 6.4 2 be68 7.26 5.65 .42 6.75 11.32
8 7.88 8.23 Q.47 6.82 8.09 8 6.88 5.29 5.61 13.39 ?7.79 10.51
9 10.88 9.26 15.61 8.10 10.96 9 7.68 8.37 6.73 7.78 7.64 7.36
10 9.28 7.15 6.9% 12.00 8.84 10 737 5.73 6.02 10.86 7.50 7.8
11 12.00 S$.07 12.14 11.75 11.24 1 8.75  6.75 S5.06 1l.41 8.09 9.07
12 7.95 6.6k 9.66 7.29 7.89 12 4.83 4,88 4.69 11.39 6.45 7.79
13 11.92 1C.37 5.56 1C.20 9.51 13 717 6.51 6.36 6.56 6.65 9.25
1h 11.91  9.39 10.98 14.39 11.67 14 7.66 6.16 7.55 10.50 ?.97 7.26




Table 11(b):

Phenotypic variances of individual replicates and controls (male data)

Eigh selection Low selection Coamtrol

Rep 1 2 3 4 mean 1 2 3 Y sean

OR:GON=-R
Gen O S.48 9.11 8.36 4.95 6.73 o 9.61 5.66 6.00 7.20 7.12 6.23
1 7.09 6.59 6.89 6.20 6.69 1 6.82 6.98 5.18 7.09 6.52 6.19
2 6.59 6.84 B8.11 4.95 6.62 2 5.3 4.80 B8.66 5.20 6.00 7.58
3 4.23 5.8% 4,98 d.25 5.83 3 4,86 9.07 7.16 3,98 6.27 8.10
) 6.18 h.26 L. 48 5.87 5.19 b 4b.80 8.68 8.48 7.58 7.39 6.72
5 576 8.63 6.56 h.1llb 6.27 5 6¢15 5.95 592  S.15 5.79 8.36
6 b.36 7.63 4.05 4.20 5.06 6 4.36 7.63 4.05 ».20 5.06 5.61
? 571  S.1b  L.64 5.17 5.17 7 5.68 5.12 3.66 5.73 5.05 8.17
8 S5¢71 6,07 S.46 4.29 5.38 8 5.54 L. 46 4.83 3.93 h.69 8.12
9 b.31 6.25 5.56 L. 42 5.1k 9 531  6.63 4.9 5.17 Se 50 10.46
10 5.32 3.76 6.47 8.69 6.06 10 6.17 6.66 4.97 5.7 5.88 8.60
11 5.49 L.41 S5.61 5.61 5.28 11 8.00 7.08 k.97 6.98 6.76 7.92
12 5¢25 lb.bl  6.98 7.25 5.97 12 6.49 5.37 5.51 6.32 5.92 Selk
13 ko9 4.80 6.95 5.45 5.42 13 9.14 5,00 356 575 5.86 5.78
14 S¢64 5.91 S.43 7.18 6.04 14 7.30 5.70 h.86 4.86 5.68 8.37
+3
Gen O 5¢16 5.00 7.41 6.29 5.97 0 7.41  5.98 7.50 5.25 6.5b4 6.6h
1 6.89 4.34 5,98 5.98 5.80 1 7.8+ 8.18 12.16 8.66 9.21 5.25
2 6.98 5.39 7.16 6.07 6.40 2 8.77 7.89 6.45 8.80 7.98 Se bl
3 6.16 4.20 6.11 3.5 4,99 3 7.68 7.32 5.75 9.18 7.48 7.54
4 5.43 5.16 5.50 k.16 5.06 4 7.02 6.25 3.50 7.8 6.05 8.12
5 5.07 5.66 5.32 4.11 S.Ch 5 b6l 6.75 3.91 k.70 599 6.01
6 4.18 3.25 375 4.70 3.97 6 5.05 S5.64 4,82 6.55 5¢52 5.68
7 be02 2.66 3.14 7,57 b, 35 7 4e27 357 5.91 6.07 8.96 6.80
8 5.25 532 2.93 4.4 L.48 8 b.CO LeW9  4.98 S5.34 &.70 7.1
9 6.3 L.lb 4,25 4.97 4e93 9 3.18 3.24 3.80 5.96 4.05 7.82
10 3.46  3.75 5.84  5.06 4.53 10 b6l 4,23 4.97 3.81 kbl &.26
11 5¢3C 3.82 6.61 5.31 5.26 11 be78  B.07 6015  hoSH 5.89 5.52
12 5¢2k  5.25 3.81 3.9%4 4.56 12 b.66 4,08 k.42 5.05 §.55 &.70
13 9.59 3.81 3.89 6.52 5.95 13 3.49 S5.24 S5.51 7.88 553 5.54
14 7.66 5.34 6.98 4.55 6.13 14 3.11  4.95 4.61 6.82 5.87 5.72
CROSS

GenO | 11l.41 6.93 7.84 9.80 9.00 0 1C.66 11.79 8.98 9.52 10.24 8.88
1 470 6.32 10.23 10.18 7.86 1 8.59 9.05 6.07 8.1 7.96 11.89
2 7.89 5.80 8.66 8.80 7.79 2 6.57 8.70 10.27 7.25 8.20 10.07?7
3 6.52 6439 7.39 11.07 7.84 3 5.57 7.18 k.95 S5.30 5.75 9.74
b4 9.66 5.98 5.16 4.52 6.33 4 7.22 5.78 7.27 5.46 6.43 5.25
5 7.66 6.52 7.61 S5.75 6.89 5 b.66 3.95 4.29 4.85 oMY 9.06
6 5.00 5.09 6.43 k. 4B 5425 6 S.h7  B.31  5.17 6.42 Se34 7.07
7 6.9% 5.89 6.23 6.82 6.47 7 be90  7.25 353 520 522 9.93
8 be23  7.95 5.55 5.75 5.87 8 L6k S.24 3.58 5.37 h.71 5. 6%
9 9.02 6.46 4.96 7.65 7.02 9 5.15 6451 4. 42 5.03 S5¢28 7.45
10 10,02 5.87 6.85 7.19 7e48 10 5.39 4,00 3.58 k.27 §.31 6.60
11 6.42 6.2 S5.32 7.42 €.40 11 3.68 7.58 5.71 8.46 6.36 8.98
12 6.10 5.75 6.8 7.92 6. 64 12 L.h2 5,05 3.14 7,03 §.91 7.20
13 7.49 5.81 6.2k 6.39 6.48 13 be53 3.76 3.80 k.69 .19 6.78
1k 6.66 7.70 7.91 10.57 8.21 14 5.80 6.50 3.95 7.20 5.86 ?7.69
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but when selection was in the low direction, the original +3 population
gave as much response as the Cross while the Oregon-R's response was the
lovwest.

If total response from each population was measured as the diverg-
ence between the high and low selection lines (Fig. 2), the Cross was
clearly superior over the two parent lines. The trends of the divergence
of selection response from the females of the +3 and Oregon-R populations
were remarkably similar. For the males, the divergence of the +3 popu-
lation was consistently greater than that of the Oregon-R by an average

of 0.5 bristles.

(ii) Phenotypic Variance

According to selection theory based on the additive model, selection
is expected to bring about the gradual fixation of favoured alleles leading
to the reduction of genetic variability and this in turn is reflected in
the decline in the phenotypic variance of the selected character. However,
this expected decrease in phenotypic variance within selection lines has
not often been realised in actual experiments., Some of the high and low
replicates of Clayton Eﬁ_il‘ (1957) were characterised by sudden and
spectacular increases in phenotypic variability in the later gemnerations
of selection, with the high level being maintained even when response had
ceased. This phenomenon has been found to be due meinly to selection of
heterozygotes for lethal genes. Sheldon (1963) reported slight reduction
in phenotypic variance within three of his four replicates selected for
abdominal bristles for 30 generations. Frankham, Jones and Barker (1968)
and Rathie and Barker (1968) found that the majority of replicates selec-
ted for high abdominal bristles on a long-term basis showed no consistent

changes in phenotypic variance.
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Fig. 3. Phenotypic variances of individual replicates of Oregon—R (a) female data, (b) male data.
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It is the purpose here to survey how selection has affected the
variability within each of the replicates of the Oregon-R, +3 and Cross
selection lines and also the heterogeneity of variance within selection
lines and between different lines. The phenotypic variances for each
selection replicate and control are presented in Tables1ll(a) and 11(b).
Figs 3(a) - (f) show the phenotypic variance of each high and low selec-
tion line for each replication, generation and sex. These graphs depict
clearly the trend within each replication and also whether the four
replicates within a selection line show any similarity in pattern over

the 14 generations.

Oregon-R population: The females of each high and low replicate appear

to show greater generation to generation fluctuations than the males.
Similar observations of the differential behaviour of the two sexes to
selection have been made by Clayton et al. (1957) and Sheldon (1963) and
the former authors regarded this to be a physiological rather than a
genetic effect. The four Oregon-R high replications within each genera-
tion were averaged to give the generation mean of the high line. The
generation mean of the Oregon-R high line showed a slight but definite
downward trend till G7 and from then it remained at that level till the
end of selection. From as early as G3, the phenotypic variance of the
high line was lower than that of the Oregon-R unselected control. This
apparent reduction in phenotypic variability was accompanied by a decline
in selection response of the Oregon-R high line and could reflect the
exhaustion of genetic variability as a result of gene fixation.

The four low replicates showed greater heterogeneity of variance
than the high replicates. The Or-RLI females exhibited a sudden and
sharp increase in variance at G2 and Gll but no similsr rise was observed

among the males of the corresponding generations. Since on both
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occasions the sudden increase in variability lasted only for one genera-
tion and was not followed by an accelerated response, it was unlikely to
be the result of a new mutation arising within the replication or an
unusual cross-over event. The anomalies were probably due to sampling
variation or to some changes in the environment to which the females were
susceptible. Averaging the four low selection replicate means resulted
in removal of much of the generation to generation fluctuations and a
definite downward pattern emerged. In fact, the pattern of the Oregon-R
low line was remarkably similar to that of the Oregon-R high line, since
both showed a conasistent but small decline till G7. Like the high line,
the low line maintained slightly lower phenotypic variances than the
Oregon-R control from as early as Gh. Thus, the Oregon-R high and low
selection lines showed decline in phenotypic variances in the first half

of the selection experiment.

+3 population: Throughout the 14 generations of selection, the +3 high

replications showed phenotypic variances which were consistently lower than
that of the +3 control. Associated with the low phenotypic variability
were the extremely small selection responses and these two features charac-
terised the +3 high selection line. It was difficult to account for the
low phenotypic variances of the four high replicates, which occurred right
from the start of the selection experiment, particularly when the +3
control, maintained concurrently with the selection line, consistently
showed higher variances.

The +3 low replicates showed higher phenotypic variances and
greater heterogeneity in variances within a generation than the +3 high
replicates. The generation mean of the +3 low line showed a decline which
bore a strong resemblance to the trend of the Oregon-R low selection line,

with the phenotypic variances declining gradually in the first seven
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selection generations (Period 1) and remaining consistent in the later
seven generations (Period 2). This pattern of changes in phenotypic
variances corresponded well with the responses in the mean bristle number
of the +3 low line (Figs 1l(c)-(d) ) where the first seven generations of

selection produced greater response than the remaining generations.

Cross population: The F} of the hybrid between the Oregon-R and +3 strains

formed the base population of the Cross high and low selection lines. The

F3 had a higher phenotypic variance than either of its parental strains.
For the Cross high selection, the females of all fcur high replicates
showed a decline in phenotypic variance till G6, and this was followed by
an increase to its original level by the ninth generation, which was then main-
tained till Glk. The high replicates showed marked generation to generation
fluctuations. The males of the Cross high replicates showed a different
pattern from the females in that although a decline occurred in the first
half of the selection experiment, there was no subsequent increase as that
observed in the females. 3ince all replicates behaved in a similar way,
it indicated that the difference in patterns of phenotypic variance between
the males and females of the high replicates was not the result of sampling
vagaries but was probably due to different genetic controls for the males
and females.

The decline in the Cross low replicates was similar to that of the
Oregon-R and +3 low replicates. Once again there was a positive correla-
tion between the trend of the variances and the changes in the mean

bristle number of the Cross low replicates.

Controls: The phenotypic variances of the Oregon-R and +3 controls showed
no upward or downward trend but fluctuated around their original levels,
and there was a definite tendency for higher variances in the Oregon-R

control throughout the 14 generations. The Cross control shewed a different



Phenotypic Variance

FEMALES

MALES

T

High Selection e OP=-R
— +3
——— Cross

T

Low Selection

Control

4 6

Generation number

Fig. 4 Comparison of the mean phenotypic variances of high and low selection lines and controls of the Oregon—R

8

10

Generation number

, +3 and Cross.




95.

pattern as expected. It should be noted that the F3 of the Cross formed
the base population of the Cross control and selection lines, since Lush
(1948) and Kojima and Kelleher (1963) sounded caution against initiating
selection from the Fl or FZ of a cross. It is worthwhile examining the

phenotypic variances of the Fl and FZ as well, since this would give some
information about the genetic situation in the two original populations
(Oregon-R and +3). The Fl variance, as expected, was comparable to the
variances of the two parental populations. However, the variance of the
F2 was almost twice that of the Fl and this could he the evidence that
different alleles were {ixed in the +3 and Oregon-R strains. Hence, as
a result of segregation and recombination the variance of the FZ was
increased.

Discussion: Except for the +3 high selection line which maintained low
phenotypic variability throughout the selection programme and the females
of the Cross high line, whose variance fluctuated around that of the F3.
the Oregon-R high line and all the three low lines showed a decline over
the first seven generations of selection. Fig. 4 shows that all the
three low lines exhibited a remarkably uniform pattern, which super-
ficially could be taken to reflect the reduction in genetic variability
on the underlying scale. But on the other hand, there was a striking
similarity between the trend of the phenotypic variance and the corre-
sponding pattern of the changes in mean abdominal bristle number and this
could imply that scale effects were present. Falconer (1961) suggested
a convenient means of removing scale effects by using another measure of
variability - the coefficient of variation - and in the following section,

this alternative parameter will be presented and its effectiveness in

terms of cancelling scale effects discussed.
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(114) Coefficient of variation

The similarity in trends of the phenotypic variance and the gener-
ation mean, particularly in the low selection lines, suggests that these
two parameters are not entirely independent but could be related by scale
effects. This means that a change in the population mean is accompanied
by a change of its variance in the same direction. In an attempt to
detect and remove such scale effects, the data is expressed in an alter-
native form - the coefficient of variation - which takes into account the
population mean., This parameter is defined as the standard deviation
divided by the population mean (s/x). If the trend in variability of a
line was due to scale effects, its coefficient of variation should then
remain fairly constant from generation to generatione. Transformation to
this parameter would also allow more meaningful comparisons between the
two sexes and between the high and low selection lines.

Tables 12(a) and 12(b) present the coefficient of variation for each
replication, generation and sex. It is clear that within a generation
there are considerable differences in value between the four replications
within the lines and also tendencies for inter-generation fluctuations of
individual replicates. In order to present a clearer picture, the four
replicates within each selection line are averaged for each generation and
Fig. 5 shows the changes in coefficient of variation for the high and low
selection lines and controls of the three popul:tions. One striking
feature which emerges is that the trend of the coefficient of variation
appears to be the reverse of that of the phenotypic variation. It means
that just as the phenotypic variance is suspected to be positively
correlated with the population mean, the coefficient of the variation. on
the other hand, is negatively correlated. This conclusion is based on

the following observations from the graphs: The males with lower abdominal



Table 12(a):

(female data)

Coefficient of variation (¢) of individual selection replicates and comtrols

High selection Low selection Control
Rep 1l 2 3 b mean 1l 2 3 4 asan
OREGON-R
Gen O 6.98 7.31 7.5 7.61 7.36 ) 7.51 6.87 8.07 8.53 ?7.75 7.98
1l 7.50 7.65 7.00 7.33 737 1 12.87 7.89 6.79 7.66 8.80 8.29
2 6.60 7.56 8.68 6.80 7.41 2 10,10 7.76 7.68 6.4 7.99 7.47
3 6.3 6.71 7.69 6.71 6.86 3 8.58 9.6k 9.92 6.81 8.74 775
& 5.39 6.96 7?7.78 7.22 6.84 b4 9.37 8.71 7.10 7.76 8.24 8.09
S 6.48 5,78 6.42 6.25 6.23 5 8.b6 8.78 6.41 7.39 ?.76 8.14
6 6.25 8.89 5.90 6.0l 6.76 6 7.19  9.81 7.36 7.67 8.00 ?7.7%
? 6.25 6.37 5.85 5.36 5.96 ? 8.33 9.02 6.27 8.08 7-93 8.35
8 5.50 6.01 6.53 6.76 6.20 8 10.78 6.98 6.4 8.03 8.06 6.97
9 5.0 6.26 6.97 4.70 5.83 9 731 9.75 7.10 6.65 7.70 9.74
10 5¢59 5.22 7.37 5.18 584 10 9.55 9.14 6.83 7.74 8.32 8.67
11 5.82 5.60 6.72 6.50 6.16 11 12,00 8.60 7.51 6.59 8.68 7.89
12 5.38 4.70 6.23 5.89 5.55 12 15.06 8.48 6.16 7.72 9.36 9.04
13 5.81 6.68 6.46 5.99 6.24 13 | 10.30 8.9¢ 6.63 8.63 8.62 8.35
14 6.86 6.02 6.47 5.24 6.15 1b | 10.38 10.39 6.43 9.11 9.08 7.6?
+3
Gen O 5.03 5.88 5.98 5.95 5.71 0] 6.86 7.78 7.86 6.72 7.30 7.3
1 6.54 S5.51 6.80 6.26 6.28 1 8.89 7.14 7.58 7.73 7.8% 8.3
2 510 6.91 6.00 6.82 6.21 2 9.19 7.92 8.12 7.8 8.26 6.04
3 6.87 5.75 6.91 5.82 6034 3 6.3 7.75 8.7 6.56 7+35 6.75
Y 6.17 575 6.56 6.1b 6.16 4 8.30 10.34 6.06 7.22 7.98 7.21
5 bol2 4,75 4.5 5.12 4.62 5 7.69 9.18 6.9% 6.02 7.046 7.76
6 5¢38 6.22 5.38 5.53 5.63 6 | 6.89 9.47 6.9% B.1S 7.86 7.98
? 6.1 6.35 he75  6.24 5.87 7 7.36 7.28 8.81 7.3k 770 739
8 6.3 6,56 6.41 6.25 6.39 8 7.7  7.76  7.63 5.45 7.08 6.19
9 576 5.66 5.28 5.18 5. 47 9 7.0 8.93 8.05 6.03 7.51 7.43
10 5.78 6.50 5.12 6.36 5¢9h 10 8.12 9.25 8.39 6.89 8.16 6.90
11 6.49 4,91 6.53 5.72 5.91 11 8.18 8.66 9.07 7.35 8.32 6.92
12 6.68 5.68 5.73 5.14 5.81 12 7.39 10.93 B8.20 6.36 8.22 7.11
13 6.9% 5.08 6.k2 5.82 6.07 1z 6.95 10.74 12.26 6.55 9.13 6.95
14 6.82 6.71 6.04 6.91 6.62 14 7.66 11.86 8.38 8.A3 9.08 6.21
CROSS

Gen O 7.05 9.95 8.93 8.17 8.53 0, 7.96 7.93 8.21 8.4 8.14 8.88
1 8.41 7.02 8.3 6.8 7.63 1 | 8.13 8.93 8.49 8.48 8.51 8.66
2 7.28 6.72 ?72.78 7.40 7.30 2 8.94 8.20 8.47 7.68 8.32 8.58
3 7.8  6.73 6.71 7.33 7.06 3 7.10 8.61 7.49 6.36 739 9.37
4 6.93 6.76 6.54 7.02 6.81 4 8.26 9.33 7.26 8.09 8.23 7.91
) 7.46 7.52 6.72 6.52 7.06 5 7.99 8.25 6.7 8.33 7.83 7.87
6 5.78 5.6 5.86 5.09 558 6 7.65 7.12 8.55 8.53 7.96 7.82
7 6.26 5.98 5.64 4.5 5.60 7 6.94 8.08 7.20 9.31 7.88 8.56
8 6.15 6.01 6.77 5.54 6.12 8 8.50 6.78 7.13 11.37 8.45 8.15
9 7.14 6.18 8.5 5.85 6.93 9 | 9.1C 8.58 7.8+ 8.9 8.61 7.10
10 6.47 5.55 5.70 7.09 6.20 16 9.15 7.55 7.70 10.78 8.80 ?7.38
11 7.03 6.02 ?7.39 6.99 6.86 11 10.19 8.02 7.33 10.88 9.11 7.70
12 5¢58 5.13  6.51 5.27 5.62 12 7.30 6.87 6.76 11.61 8.14 7.30
13 6.88 6.36 L4.9% 6.26 6.11 13 9.40 8.40 8.07 9.15 8.76 8.07
1k 6.64 5.98 6.68 7.20 6.63 14 .75 8.04 8.79 11l.70 9.57 7.26




Table 12(b):

Coefficient of variation (%) of individual selection replicates amnd controls

(male data)

Righ selection Low selection Coatrol

Rep 1 2 3 Iy mean 1 2 3 4 sesa

OR:GON=-R
Gen O 7.38 9.28 9.02 6.01 7.92 o] 9.53 7.42 7.39 8.3h 8.17 7.92
1 8.31 7.71 8.10 7.48 7.90 1 8.62 8.01 7.34 8.k2 8.10 8.18
2 8,03 7.60 8.61 6.61 7.71 2 7.69 6.76 9.36 7,34 7.78 8.62
3 6.11 6.99 6.71 8.66 7.12 3 7.83 9,47 8.88 6.56 8.09 8.9
b 750  6.11  6.50 7.21 6.83 4 7:95 9.89 9.77 9.39 9.25 8.26
5 7.31 8.56 7.77 5.95 7.%0 5 B.58 8.36 8.30 7.82 8.28 9.15
6 6.22 7.86 6.07 6.08 6.56 6 6.22 7.86 6.07 6.08 6.56 ?7.55
7 7.25 6.47 6.53 6.69 6.74 7 8.60 8.18 6.65 8.43 7.9? 9.16
8 7.22 717 €.95 6.02 6.84 8 8.73 7.71 7.66 6.93 775 9.02
9 6ellt 7.23  6.97 6.1k 6.62 9 8.69 9.74 7.99 7.99 8.60 10.38
10 6.91 575 7.70 8.55 7.23 10 9.61 9.40 7.91 8.53 8.86 9.52
11 6.9% 6.03 6.97 7.02 6.74 11 11.05 10.00 8.20 9.65 9.73 8.97
12 6.76 6.10 7.95 ?7.90 7.18 12 10.51 8.76 8.6 9.09 9.25 7.37
13 622 6.35 7.83 $.90 6.83 13 13.01 8.58 7.03 8.70 9.33 ?.7?
1h | 674 6.69 5.86 7.63 €.98 14 10.63 9.20 8.22 7.83 8.97 9.25
2
Gen O | 6.8% 6.51 7.95 7.47 7.19 0 8.57 7.43 8.29 6.75 ?.76 7.69
1 7.84 6.05 7.19 7.28 7.09 1 9.01 8.88 10.87 8.85 9.40 7.17
2 7.78 6.69 7.69 7.15 7.33 2| 9.58 8.89 8.11 9.19 8.94 6.76
3 7439  5.81 7.29 5.45 6.49 31 9.50 8.93 7.89 9.84 9.04 8.1%
& 6.88 6.55 6.71 5.9 6.51 b 9.08 8.50 6.61 8.85 8.26 8.49
5 6.52 6.89 6.58 5.84 6.46 5 7.56 9.0h 6.98 7.37 7.74 7.32
6 5.86 5.22 S5.45 6.28 5.70 6 8.12 8.39 7.81 8.72 8.26 7.02
? 5.98 4,78 5.09 8.03 5.97 7| 7.59 6.85 8.79 8.68 7.98 7.69
8 6.78 6.77 4.97 6.22 6.19 8 7.16 7.98 8.21 8.13 7.8? ?7.76
9 7.23 5.87 5.9 6.61 6.43 9 6.50 6.93 7.28 8.87 7.%0 8.27
10 5¢57 5.63 6.90 6.61 6.18 10 7.92 7.81 8.7+ 7,00 7.8? 6.14
11 682 5.71 7.45 6.72 6.68 11 8.21 7.86 9.82 7.51 8.35 6.82
12 6.67 6.71 5.70 5.80 6.22 12 8.13 7.73 8.22 8.09 8.04 6.36
13 8.68 5.60 5.62 7.46 6.84 13 6.92 8.81 9.22 10.20 8.79 7.15
14 7.60 6.33 7.39 5.87 6.80 1 | 6.47 8.27 8.20 9.59 8.13 6.96
CROSS

Gen O 10.17 8.34 8.64 9.49 9.16 0 9.61 10.58 9.00 9.49 9.67 8.7
1 634 7.61 9.41 9.18 3.16 1 9.47 9.61 7.70 9.67 9.11 10.66
2 7.79 6.96 8.22 8.15 7.78 2 8.16 9.65 10.24 8.85 9.23 9.6k
3 6.71 7.10 7.63 8.89 7.58 3 8.29 6.09 7.13 7.96 7.37 9.14
b 8.28 6.80 6.39 5.83 6.83 4 S.89 8.36 9.25 8.30 8.95 6.86
S 7.30 6.81 7.84 6.39 7.09 5 8.63 7.38 8.11 9.15 8.32 8.99
6 5690 5.99 7.03 5.35 6.67 6 8.60 990 6.76 8.43 8.h2 8.16
? 7.17  6.42  6.69 6.74 6.76 7 849 B8.56 6.78 8.77  8.15 9.69
8 Sedl  7.17 6.30 6.05 6.23 8 8.93 9.55 7.66 8.32 8.62 7-13
9 7.91  6.25 5.79 6.77 6.68 9 8.21 7.0& 7.0 7.9% ?7.56 8.8
10 8.14 6.09 6.98 6.59 6.95 10 9.30 7.74 7.15 7.98 8.04 7.9%
1 6.25 6.33 6.05 6.58 6.30 11 7.85 10.83 9.18 11.k2 9.82 9.27
12 5690 5.77 6.61 6.61 6.22 12 8.39 8.69 6.68 10.24 8.50 8.3
13 6.00 5.80 6.40 5.94 6.04 13 8.85 7.67 7.45 8.71 8.17 8.27
1k 6.03 6.49 6.98 7.28 6.70 14 9.86 9.90 7.71 10.74 9.55 8.69




bristle number and phenotypic variance than the females tend to have
higher coefficient of variation than the females; the inter-generation
fluctuations for the males are more marked than for the females and this
is particularly noticealle among the three unselected controls; the
Oregon-R and Cross high selection lines show a definite decline in
coefficient of variation (8% - 6%) for the first six generatioms and
subsequently remain constant till the end of selection. The +3 high
selection line, which is characterised by extremely poor response, main-
tains consistently low coefficient of variation (6X) over the 1k genera-
tions; The females of the three low lines show' a remarkable similarity
in trend, with their coefficients of variation remaining fairly constant
over the first eight generations and then gradually increasing (8% - 9%)
till Glk. In fact the trend of coefficient of variation of the females
of the low lines bears some resemblance to the mirror image of the Oregon-R
and Cross high lines.

The above observations show that this measure of variability
resulted in over-compensation for scale effects, with the population means
being negatively correlated with the coefficient of variation. This
feature has been reported by Rumball (1966) and was also apparent in the
data of Falconer's (1955) large and small lines of mice. The conclusion
would be that neither of the parameters, the phenotypic variance nor the
coefficient of variation, is entirely satisfactory in portraying the

genetic changes in the populations as a result of selection.

(iv) Realised heritability

This parameter wus first employed by Falconer (1954) and is the
ratio of the selection response to the selection differential. Realised

heritability is regarded as being superior to the other parameters in
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depicting the true genetic response by virtue of the assumption that
factors like scale or natural selection which affect the selection
response would exert a similar effect on the denominator, the selection
differential. This means that the fraction itself will be relatively
free of such bias.

The selection response for each generation is calculated according

to the formula by Kojima and Kelleher (1963).

AtL = (¥, -C)) - (¥, i-1’
where Afi = mean response of replicate at generation 1
Yi = mean abdominal bristle number at generation i in
selection replicate
51 = mean abdominal bristle number at generation i in

control line

The response each generation obtained is thus corrected for bias due to
environmental variations. Like the other parameters, considerable
divergences among replicates within the lines are apparent, and for this
reason the four replications in each line were averaged to give the line
mean. Since the selection responses and selection differentials of the
males were proportionately smaller than those of the females, this means
that within a selection line, the realised heritabilities of the two
sexes would ove similar. Thus, for this parameter, it would be valid to
combine the data of males and females. Fig. 6 shows the realised herit-
abilities of the high and low selection lines (sexes combined) for each
generation. The trend within each line is quite clear. Among the high
selection lines, the Oregon-R, +3 and Cross showed distinctly different
patterns., The Cross high line maintained the highest realised heritab-

ility throughout the 14 generations although there was a slight decline
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in the first two generations. The Oregon-R high line on the other hand
declined steadily from 0.20 - 0.10 over the 14 generations. The +3 high
line declined sharply from 0.35 to 0.05 in the first generation and sudbse-
quently continued to maintain this low level.

The Oregon-R low line showed a gradual decline in realised herit-
ability (0.20 - 0.10). The +3 and Cross low lines had higher initial
realised heritabilities than that of the Oregon-R but the decline over
the 14 generations was rather marked (0.40 - 0.17). The +3 population
in particular displayed striking asymmetry in realised heritability im the
high and low lines.

The data from the present selection experiment has been presented
in four alternative forms in both tables and graphs. To conclude this
section it seems fit to examine whether there was any general patterm of
changes of these four parameters. One general feature among the selection
lines, with the exception of the +3 high line, was the obvious intra-
generation variability between replicates within the lines. For this
reason the four replicates within each line have been averaged to give
the line mean and subsequent observations and discussions were based on
the behaviour of the selection lines rather than the individual replicates.
It is simpler to follow the patterns of change of the selection lines
since they are subjected to less generation to generation fluctuations
and the trends over the 14 generations are more apparent to the eye.

The trends of the abdominal bristle mean, phenotypic variance and realised
heritability bear a gualitative resesnblance to eauch other and present
evidence that all selection lines,except the females of the Cross higa
line declined to varying degrees in the amount of additive genetic
variance with the concomitant decrease in the selection response rate.

Only the coefficient of variation exhibited qualitatively different trend
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Table 13: Average realised heritabilities of selection lines
for each generation (sexes combined)
High selection Low selection
Gen. Oregon-R +3 Cross Oregon-R +3 Cross
1 0.22 0.36 0.32 0.21 0.31 0.48
2 0.22 0.0l 0.28 0.15 O.hb 0.38
3 0.18 0.12 0.23 0.17 0.27 0.44
4 0.15 0.07 0.20 0.16 0.31 0.38
5 0.13 0.08 0.22 0.17 0.27 0.32
6 0.13 0.06 0.25 0.12 0.27 0.26
7 0.12 0.04 0.22 0.15 0.25 0.25
8 0.19 -0.01 0.21 0.15 0.27 0.25
9 0.1l 0.02 0.27 0.1k 0.25 0.18
10 0.10 0.04 0.23 0.13 0.21 0.20
11 0.08 0.02 0.22 0.15 0.23 0.20
12 0.09 0.01 0.24 0.1k 0.22 0.17
13 0.08 0.05 0.23 O.14 0.19 0.17
14 0.10 0.06 0.24 0.11 0.18 0.17

from the other three parameters and is an indication that at least for
the abdvminal bristle character, this parameter may be the least suitable
of the four used in portraying the true genetic responses of selection
lines.

The variability between replicates within lines was most noticeable
in the Oregon-R low and Cross high lines. The responses from the three
high lines were clearly different from each other. Yhat is needed there-
fore 18 a detailed analysis of the data to evaluate statistically the
significance of the differences both within and between lines. This

statistical analysis is presented in the following section.



C. ANALYSIS OF SELECTION RESPONSE

Presentation and discussion of the basic data (see Part V B) showed
that selection resronses obtained from the three different Drosophila
populations, subjected to identical and simultaneous two-way selection,
were variable. Obviously a descriptive account of the differential
responses, tiough useful, is far from adequate in the sense that it does
not allow statistically reliable conclusions to be drawn. Consequently,
a detailed analysis of the selection responses is attempted. It was
difficult to pre-determine the exact course the analysis should take, as
the later steps depended to a large extent on the outcome of the earlier
analysis. The main purpose of this analysis, however, is clear - to
make a direct comparison of the responses both within and between popula-
tions. This section is divided into three parts: analysis of the
average rate of response per generation, realised heritability amd

variability between replicates.

1. Average response per generation

The simplest method of estimating the change in population mean
brought about by one generation of selection is by division of the total
response, obtained by subtraction of the first generation population
mean from the last generation mean, by the number of generations of
selection. This method has obvious weaknesses; one is that the data
from the intermediate generations of selection, which could yield
valuable information on the trends and inter-generation fluctuations of
response, would not be taken into account. Another disadvantage is
that since the generation means of the selection lines are well-known

to be subject to inter-generation fluctuations due to causes like
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sampling error, random drift and environmental variations, it would mean
that if the mean of the first or last selection generation happemns to
deviate in the high or low direction, the average response obtained would
be correspondingly biased upwards or downwards according to the direction
and the size of the deviation.

When a suitable unselected control has been incorporated in the
experimental design and held concurrently with the selection lines, a
sli htly different method of estimation could be used. The change in the
mean of the selected line for one generation of selection could be evaluated

by the formula (Kojima and Kelleher, 1963):

L]

A Ti = (fi - Ei) - (Ti-l - Ciq)

where AY = mean response at generation i
¥, = mean abdominal bristle number at generation i
in selection line

€, = mean abdominal bristle number at generation i

in control line

The average response is found by summing the mean response for each gener-

ation and dividing by the number of generations of selection.

Average response/generation: ¥ = ZATi/t
Standard deviation of average response = %%-1- ( Afi - AY)Z

This method is superior to the first as it takes into account the mean
response for each generation of selection. The second advantage is that
the environmental effects are reduced by use of the control (Bray et al.,
1962). However, the responses obtained would still be subjected to
other sources of bias such as genetic drift, sampling variation, inbreed-

ing and scale effects.
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A third commonly used method of estimation is to fit a linear
regression line to the population mean plotted against generation number,
with the slope of the line yielding an estimate of the average respomnse.
The distinct advantage of this method is that the error variance is
minimised, thus affording a more precise estimate. Falconer (1953) was
one of the earliest workers to employ this method of estimation and has
pointed out that unless the two assumptions, absence of non-linearity amd
correlation between successive generations, inherent in the use of linear
regression are realised, the estimate of average response would be in
error. This method should theoretically be satisfactory for short-tera
selection experiments where the trends of change in the population mean
are expected to be linear and effects of random drift, in causing corre-
lations between successive generations of selection, are not likely to be
important (Falconer, 1953). But on a long-term basis, where selection
response rate is expected to decline, linear regression would not suffice.
Instead regressions of higher order need to be employed. Attempts to fit
more complex curves to selection data have been made. For example, James
(1965) fitted three different curves - exponential regression, parabola and
straight line - to the data of four selection experiments carried out by
earlier workers. The criterion for the goodness-of-fit was based on the
size of the sum of squares of the deviations of the actual values froms
the curve with the smallest deviations giving the best fit. In all four
cases, the exponential curve gave the best fit and in two cases the
parabola was superior to the straight line. This analysis served to ghow
that the selection responses tended to decline progressively as selection
proceeded.

For the present selection experiment, it was decided to evaluate

the average response per generation by the use of linear regression method
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and by the method used by Kojima and Kelleher (1963).

(1) Regression coefficient

The total response for each generation was found by subtracting the
means of the unselected controls from their respective selection line

means and this was regressed against generation number.

where Ri = total response in ith generation

The responses thus obtained are corrected for effects due to changes in
the environment and would reflect the true genetic response to a greater
extent than the line means themselves, From the graphs of the changes

in mean abdominal bristle number (Fig.l) it would appear that although the
observed responses of the three high selection lines over the 14 genera-
tions of selection are fairly linear, the low selection lines show aa
apparent decrease in rate of response during the latter half of the
selection experiment. For this reason, all the high and low selection
lines would first be tested for linearity of selection responses before

computing the regression coefficient of each replicate.

Test for non-linearity: Mather (1949) has given a method for testing the

linearity of regression lines using the analysis of variance. All the
high and low selection lines are tested for significance of non-linearity.
As a numerical example, the analysis for the Oregon-R high and low
selection lines are given in Table 1b4.

From Table 14 it can be seen that for both high and lo!_ggigction
lines of the Oregon=-R, the regression component is highly significant.
But in the low line, significant deviation from regreassion indicates that

the response is non-linear, thus giving confirmation of earlier suspicions.



Table 1lbi:

Analysis of variance.

Deviations from linear regression

OREGON=-R?

Gen. 1l-14 (female data)

High selection

Low selection

Source of Variation de fe .3 F Prob M.S F Prob
Replicates 3 4,56 25.96
Regression 1 33,18 94.80 Vesmall | 235.39 294,23 V.small
Generations Dev. from
regre. 12 7.46 1.77 0.20 1.84 230 0.025
Error 39 13.49 0.80
Total 55

*50T
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The +3 and Cross popnlations, subjected to the same tests for non-linearity,
gave very similar results, namely, linearity of the high lines and non-
linearity of the low lines over the 14 generations of selection. Thus

it would seem that the method of linear regression is inadequate for
measuring the rate of changes in bristle number of the three low selection
lines. In view of the small numbers of degrees of freedom and also the
computational labour involved, it was considered not worthwhile undertaking
the process of curve fitting to the non-linear data for this present
thesis. Since the trend of response in all three low selection lines
seemed to fall into two fairly distinct phases, with the first seven
generations of selection yielding good response while the latter seven
generations poor or virtually no response, a possible simple way of over-
coming this problem was to divide the 14 generations conveniently into

two periods. The first seven generations were designated as Period 1

and the latter generations Period 2. #ithin each period, the responses
tended to be fairly linear, so that computations of linear regression
coefficients could be made for each replication within each period instead
of for the whole period of 14 generations. To prove the validity of the
assumption of linearity within each period, tests on non-linearity were
again carried out for each period in the three low selection lines (sexes
separate). Table 15 shows the test for the significance of deviations
from linear regression lines of Period 1 and Period 2 of the Oregon-R low
selection line. Division into two separate periods seemed to have
successfully eliminated the non-linearity in Period 2 while for Period 1,
the probability of non-significant deviations from linearity was increased.
Once again very similar results were obtained from tests on non-linearity
of regression lines of the separate periods of the +3 and Cross low

selection lines.



Table 15:

Analysis of variance.

Deviations from linear regression

OREGON-R: Low selection (female data)

Period 1 (Gen.l=7)

Period 2 (Gen.8-14)

Source of Variation d.f. M.5, F Prob. M.S. F Frob.
Replicates 3 3,95 27632
Regression 1 56466 153.14 V.small 18.12 1.97 0.20
Generations Dev. from
b, 5 1.60 4,32 0.05 1.64 0.18 -
Error 18 0.37 9.19
Total 27

*40T
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From these results, it was decided to compute the average rate of
response of the low selection lines separately for the two periods. Om
the other hand, a linear regression line was fitted to the 1A generations
of selection for each of the high selection lines.

The regression coefficient of each high and low selection replicate
was evaluated. Table 16 shows the data of the total response of each
generation for individual replicates of the Cross high selection line and
included are the regression coefficients of each replicate, which are

estimates of the average response rate (bristle number/generation).

Table 16: Average respouse rate from the linear regression of
response against generation number of the Cross high replicates
Cross: High selection (female data)
Rep.I Rep.II Rep.III Rep.IV Total Hean
Gen. 1 0.71 0.40 1.58 0.67 3.36 0.84
2 1.99 O.41 1.68 1.70 5.78 1.45
3 3.85 2.19 1.03 3465 10.72 2.68
L L.74 2.63 1.87 2.96 12.20 3.05
5 5.60 4.56 2.38 5.27 17.81 4.45
6 S5.47 6.20 5.09 6.56 23.32 5.83
7 5S¢40 S. b4 5.40 7.40 23.64 5.91
8 573 8.00 5.62 7.k0 26.75 6.69
9 7.93 11.02 797 10.39 3731 9.32
10 9.28 10.33 8.37 11.01 38.99 9.75
11 10.17 10.89 8.06 9.87 38.99 9.75
12 12.36 12.06 9.49 13.00 46.91 11.73
13 12,56 12.94 10.04 13.32 48,80 12.20
14 13.66 12.97 11.28 14,41 5232 13.08
99.39 100.04 79.86 107.61 386.90 .
Reg.
coeffo(b) 009}3 1.085 00827 1005} o.97~
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The table shows that the values of the average response of individual
replicates of the Cross high line range from 0.827 (XHIII) to 1.085
bristles per generation (XHII). The question which follows is whether the
four individual response rates within the Cross high line are homogeneous
or note. A test for homogeneity of regression coefficients withinm
selection lines is needed and it would yield valuable information on the

repeatability of selection responses within populations.

Test for homogeneity of regression coefficients within selection lines:

An analysis of covariance was employed, with the standard F-test for the
homogeneity of the four within-replicate regression coefficients. It
the F- ratio does not reach significance, the regression coefficients of
the four replicates are regarded as homogeneous and the average
regression coefficient, calculated from the pooled data, then gives the
best estimate of the average response rate of a particular selectioa
line. The test on homogeneity of regression coefficients of the Cross
high line is given as a numerical example (Table 17). The highly
significant F-value indicated that the four regression coefficients were
heterogeneous and consequently the Cross high replicates were each
characterised by their own particular rate of response.

The other selection lines were subjected to similar tests on
homogeneity. Table 18 gives a summary of the F-tests for the three
high selection lines (sexes separate). The intra-replicate regression
coefficients of the Oregon-R and +3 high lines were not significantly
different so that the average regression coefficients obtained from the
pooled data would give the best description of the rate of response of
these two high lines. Finding heterogeneity of regression lines in

the Cross and not in the high lines derived from the two original



Table 17: Test for homogeneity of regression coefficients of the
Cross high selection line (female data)

Source of Feg. coeff. Errors of Estimate
Variation d.f. 2 x° 2 xy 7 y° b dof. 5.S. M.S.
Hithin Reps.
Reps I 13 227.50 212433 207.48 0,933 12 9.31
Rep. II 13 227.50 246.88 277.86 1.085 2 9.95
Deviations from indiv. regressions 48 33.91 0,707
Pooled Reps. 52 910.00 886.95 907.91 0.975 51 k3,43 0.852
Between regression coefficients 3 9.52 3.173°%°

*0TT
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Table 18: Test for homogeneity of within-replicate regression
coefficients of the high selection lines

Summary of F-tests

HIGR SELECTION LINE Oregon-R +3 Cross
(Whole Period)

Female data

Source of Variation d.f. M.S. F K.S. F M.S. F

Deviations from

aver. regression 51 0.411 1.245 0.852
Between regression

coefficients } 00“63 1.1" 00920 0072 30173 40‘.9“
Deviations from

indiv. regressions 48 0.408 1.265 0.707

Male data

Deviations from

aver. regression 51 0.255 0.769 0.846
Between regression

coefficients 3 0.240 0.95 | G463 0.59 | 3.287 h.7h+e
Deviations from

indiv. regressions 48 0.253 0.788 0.693

laboratory strains was not surprising, since the initial samples of the
Cross replicates were drawn from the variable F} generation and would
therefore tend to be more genetically divergent to start with.

Similar tests for the homogeneity of regression lines were carried
out for each period of each of the low selection lines (Table 19). The
F-values of the low selection lines do not a;proach significance on any

occasion and consequently it can be concluded that the average response
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Table 19: Test for homogeneity of within-replicate regression
coefficients of low selection lines (female data).
Summary of F-tests
LOW SELECTION Oregon-R +3 Cross
(female data)
Period 1

Source of Variation d.f. M.S. F M.S. F M.S. F
Deviations from

aver. regression 23 | 0.6k0 1.963 0.833
Between regression

coefficients 3 | 0273 04393 | 04537 0.246 1.487 2.024
Deviations from

indiv. regressions 20 | 0.695 2.177 0.735

Period 2

Deviations from

aver. regression 23 | 0.728 0.689 0.572
Between regression

coefficients 3 | 1.360 2.147 [ 1.320 2.222 1.090 2.204
Deviations from

indiv. regressions 20 | 0.634 0.594 0.49%

rates of individual replicates within each period of the three low lines

are homogeneous.

This then allows the average regression coefficients

to be used as the response rates of the low selection lines and these in

turn could be tested for heterogeneity of responses between populations.

(ii) Mean response

For each selection line, the generation means of the four replicates

were averaged to give the line mean and the actual change in abdominal
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Fig. 7. Comparison of the 2 estimations of average response per generation — regression coefficient and
response/t, of Oregon—R , +3 and Cross selection lines (female data).
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bristle number in one generation of selection was evaluated by the

formula:

- (¥, - G,

The average responses of the high and low selection lines in each generation
are given in Table 20 and included are the mean responses and their stand-
ard errors. One noticeable fcature of the +3 high selection responses is
that six out of the l4 generation responses are negative in value; that is,
opposite to the direction of selection so that high selection in this
population was virtually ineffective.

Thus, the parameter - average response rate per generation - has
been measured using two different methods. It is of interest to compare
the two estimates of each selection line to assess the size and also any
trends of the discrepancies between the two. To simplify the compariseon,
the selection lina means were used. The average regression coefficients
of the selection lines were used, although it must be remembered that for
the Cross high selection line this value is strictly not valid since the
four replicates were heterogeneous. Fige 7 1llustrates the difference
between the two estimates of each selection line. For the high selection
lines, the two estimates of the average responses taken over the whole
period of 14 generations were compared while for the low lires the two
estimates of aversge respyponses in Period 1 and Period 2 were compared
separately. This diagram alsc provides a simple way of comparing the
average responses between the different selection lines. It can be seen
that the average responses of the high selection lines estimated by the
first method, the linear rcgression analysis, are highly variable, with
the +3 Ligh line giving negative response. However, the average responses

measured by the second method ( Z};Yi/t) are all positive and the
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Table 20:

Mean response for high and low selection lines

HIGH SELECIION

Gene.

O CON O\ EW -

Mean response Y#P

Stde error

LO# SELECTION

Gene.

O NN\ EWN

Mean responae
%hole Period ¥

5tde. error

Period 1 YPl
3td. error

Period 2 YPa

Stde. error

Female data Male data
Or=-R +3 Cross Or-R +3 Cross
0.78 1.13 0.84 0.65 1.08 1.66
0.83 | -0.84 0.61 0.68 | =0.97 1.55
0.24 1.35 1.23 0.51 O.46 | =0.29
0035 -0-80 0.}7 0006 0023 O.k?
0.04 0.47 1.40 0.10 0.h0 0.58
0.30 | =-0.01 1.38 0.51 | =0.28 1.67
0.06 0.06 0.08 0.05 | =0.64 | =0.09
-0.28 | =1.14 0.78 0.26 | =0.67 0.09
1.29 0.09 2.63 0.63 0.99 2.44
-Ooll 10“8 00“3 ° 0009 OOOO -0078
<0.23 | =0.90 0.00 O.14 | -0.83 0.78
0.19 | =0.45 1.98 0.kt 0.38 1.37
0.11 1.02 0.U47 0.05 1.91 0.84
1.26 1.25 0.88 0.81 | =0.15 0.85
0.345| 0.194 | 0.934| 0.279| 0.136| 0.767
$0.136 | +0.486 | +0.196 || +0.094 | +0.218 | +0.234
Or-R +3 Cross Or-R +3 Cross
0.78 1.13 2.66 0.65 1.08 1.42
0.87 2.45 1.47 0.00 1.79 0.55
0.64 | =1.30 1.47 0.67 0.69 2.47
-0.34 2.41 0.46 0.94% 0.75 0.6k
1.40 0.06 | =0.01 0.28 0.48 0.47
O.41 0.57 0.15 0.25 0.79 | =0.70
___0.46 | 0,42 | 0.46 || 0.27 | 0.60 0.;8
0739 |TTIC83T [ T0.55 [ 0.59 | 0.72 | 1.
-0016 00“6 -1.13 0.2“ .0003 -1.57
0088 0.99 0079 "00“5 0002 1.)“
0.95 1.34 1.15 1.25 1.05 0.49
0059 0096 ‘0069 ’0.3} 0039 .0052
0.21 -0.15 0.82 0.66 | =1.13 | «0.07
-0.99 | -0.20 0.59 || =0+35 1.00 | =0.13
0.435| 0.628 [ 0.624 || 0.334% | 0.586 | 0.449
$+0.125 | #0.300 | +0.250 || $40.134 | +0.180 | +0.272
0.603| 0.820 | 0.951| 0.437 | 0.883 | 0.793
$0.200 | #0.502 | 4#0.362 || $0.123 | 40.167 |+0.366
0.267 | 0.436 | 0.297 | 0.230 | 0.289 | 0.104
304255 | #0355 | 40,324 |[ +0.242 | +0.287 [+0.382
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Table 21: Comparison of two methods of measuring response
rate (bristle number per generation) of the selection lines
Female data Male data
Or-R +3 Cross Or-R +3 Cross
HIGH SELECTION
(Gen.1-14)
Regression coefficient | 0.191 -0.029 0.975 | 0.13% 0.012 0.685
Total response/1l4 0.345 0.194 0.934 | 0.279 0.136 0.767
Difference -0.144 -0.223 0.041 |-0.065 <=0.124 =0.082
LOW SELECTION
(Gen.1l-14)
Regression coefficient | 0.509 0.655 0.345 | 0.385 0.470 0.332
Total response/1lk 0.435 0.628 0.624 | 0.334 0.586 0.447?
Difference 0.074 0.027 =0.279 | G.051 =0.116 <=0.1l17
LOW SELECTION
(Gen.1-7)
Regression coefficient | 0.711 0.980 0.592 | 0.645 0.916 0.687
Total response/? 0.603 0.820 0.951 | 0.437 0.883 0.793
Difference 0.108 0.160 =0.359 | 0.208 0.033 <=0.106
LOW SELECTION
(Gen.,o=-14)
Regression coefficient 0.402 0.317 0.329 | 0.219 0.047 0.039
Total response/?7 0.267 0.436 0.297 | 0.230 0.289 0.104
Difference C.l35 =0.199 0.032 [-0.01l1] <=0.242 =0.065

differences between the high lines are less pronounced. The estimates
of average response for each high and low line are given in Table 21.
The difference between each pair of estimates for each line is also given.
The second estimates of all the high selection lines, except for the
females of the Cross, are larger than the first estimates (regression
coefficients).

In contrast to the high selection lines, differences between the

two estimates of the low lines were mostly positive, thus showing that the
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first estimzates were larger than the second. There is no obvious reasoam
why the first method, the linear regression analysis, should yield larger
values of response rate than the second method for the high limes and
smaller values than the second method for the low lines. In the follow-
ing sections where the analyses of differences between the average
responses within and betw:en populations are to be carried out, it is
necessary to use the values obtained from one method of estimation. As
a me:ns of deciding which method of eatimation to adopt, the standard
errors of the two estimates were compared and the method which gave the
sealler standard error was chosen.

The standard error of the first estisate is the square root of the

variance of the regression coefficient:-

o‘b -f ZIZ- (Zx_y)‘?/zxz
(n-E)sz

The standard error of the second estimate (ZJﬁfi/t) is simply the standard
deviation of the mean responce of the selection line divided dy the

square root of the number of generations of selectien.

Standard error = 2 ¢ AYi - ah)?
(t-1)t

The standard errors of the two estimates of average response fer
each selection line are given in Table 22. It is clear that for all
high and low selection lines, the regression coefficient iz the msore
precise estimate, with a smaller standard error. The size of the standard
errors are represented diagrammatically in Fig. 8 and the differeamces

between the two estimates of standard errors are obvious. Hence,



Standard error

High Selection

Low Selection

05 | WP
D std. error of reg. coeff.
[[[]]] std. error of mean response

04L

0.3 |-

02 L WP

T
WP

0.1k

° u |
0.1} T

02 L [L11]

P1
P2
03}
|
H1] P2
P2 P1
04 L
05 |- UL
P1
Or-R +3 Cross

Fig. 8. Comparison of standard errors of average regression coefficient and mean response of the
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, ¥3 and Cross selection lines (female data).
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Table 22: Comparison of the Standard errors of the two estimates
of average selection response
Female data Male data

Skandard error Or-R +3 Cross | Or-R +3 Cross
HIGH SELECTION

(Gen.1-14)
Regression coefficient 0.021 0.037 0.030 | 0.017? 0.028 0.030
Total response/1ll 0.136 0.486 0.196 | 0.09% 0.218 0.234
LOw SELECTION

(Gen.1l=-14)
Regression coefficient 0.034 0.048 0.031 | 0.030 O0.045 0.036
Total response/1k 0.125 0.300 0.250 | 0.13% 0.180 0.271
LOW SELECTION

(Gen.1-7)
Regression coefficient 0.076 0.132 0.086 | 0.071 0.075 0.098
Total response/7 0.200 0.502 0.362 | 0.123 0.167 0.366
LOW SELECTION

(Gen.S5-14)
Regression coefficient 0.081 0.078 0.071 | 0.055 0.062 0.061
Total response/?7 0.255 0.355 O0.324 | 0.242 0.287 0.382

the regression coefficients will be used as a measure of the response

rate for all future analyses.

(iii) Intra-line differences in average response

Although the F-tests for the homogeneity of regression coefficients
within selection lines revealed that significant differences existed
between the replicates in the Cross high selection line, they did not
show which replicates were indeed different from each other. A simple
method of detecting which specific aversge responses differ signifi-

cantly from each other is by direct comparison of their confidence



Confidence interval of average response rate (bristle no./generation).
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Fig. 9. Confidence intervals of average response rate for individual replicates of high selection lines.
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intervals. In trhis way, the average response rates of any two replicates
could be compared and any pairs of regression coefficients which are not
enclosed by the confidence intervals of any one replicate are signifi-
cantly different. The 95% confidence intervals of individual replicates

of the high selection lines are given in Table 23. The interval- estimates

are represented diagrammatically in Fig. 9.

Table 23: Confidence intervals of average response rates of
individual replicates of high selection lines

Oregon-R +3 Cross

Female
data

Rep. I 0.13340.216£0.299 =-0.094€ 0.065€0.224 0.87340.9334€0.99%
Rep. II 0.021£0.12540.229 =0.2354-0.063£0.109 1.025£1.085£1.145
Repe III | 0.12340.223€0.323 =0.262£-0.074£0.114 0.76740.827£0.887
Rep. IV 0.122£0.20040.278 -0.165¢-0.04240.081 0.993€1.053%41.113

Rep. I 0.093£0.182£0.271 -0.076£ 0.077€0.230 0.59040.650€0.711
Rep. II 0.04740.122£0.197 -0.1534-0.021£€0.111 0.73%0%£0.790£0.850
Repe III |0.071£0.116£0.161 -0.1124-0.00160.110 0.49140.551%0.611
Rep. IV 0.04240.116£0.190 =0.133£-0.001£0.111 0.709%0.769%0.829

From the diagram, the homogeneity of the replicates within the Oregon-R
and +3 high selection lines is obvious, For the Cross high line
however, it can be seen that the first and third replicates responded
at a significantly slower rate than the second and fourth replicates.
For the three low selection lines, the tests of non-linearity of

regression lines revealed that the response rates of the first seven
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generations of selection were different from those of the latter seven
generations. Table 24 provides data on the regression coefficients
(average response rates) of individual replicates in Period 1 and Period
2. Within each low selection line, the regression coefficients of the
first and second periods were compared. If the two are siati.tically
different, then division into two periods has achieved what it aimed to
do. Since the average response rates of the four replicates within

each period of the low selection lines were fecund to be homogeneous

(see Part V C.1); consequently, the average regression coefficient of
each line was used in the comparison of the two periods within each low
line. For the avercge response of each period, 95% confidence imter-
vals were computed. These interval estimates were employed in the
comparisons of response rates of the two periods within each low line.
The male data of the three low lines showed Ko overlapping between the
interval estimates of Period 1 and leriod 2. Thus, it confirmed the
earlier evidence that the response rates in the two periods of the low
lines were significuantly different. For the Cross and the +3 lines,

the Period 2 average responses were not sigrificantly different from
zero, showing that these two low lines appeared to have come to a plateau
from generation 8 ouwards. As a measure of magnitude of the differences be-
tween the response rates of Period 1 and Period 2, the ratio, Pl response
rate over P2 response rate, for each replicate was computed (Table 24).
This ratio was greater than one in all cases, indicating greater response
rates in the first period of low selection. Extreme high values of the
ratios were found among the +3 and the Cross low replicates, for example,
in XLI where the value was 45.75 and this was the result of its response
rate in Period 2 being virtually =zero.

The females of the low lines showed less extreme differences



Table 24:

Regression coefficients of individual replicates of low selection lines
Interval estimates of average regression coefficients

FEMALE DATA

Regression coefficients

Rep.l Rep.1l Rep.1IIX Rep.1IV Average
Ore =R
¥hole Period (G.no 1-1“) =0, 725 =0e 535 =0 588 =0, }95 =0e 518‘.00 509‘-0 ° 57‘
Period 1 (Gen.1-7) ~0.678 ~0.855 -0.628 -0.685 =0¢5556=0,7116=0.867
Period 2 (Gen.8-14) =0+699 =0. %32 =0, 404 0174 =0.2356=0. M026-0,.569
Period 1/Period 2 0.97 2.58 1.55 3.9k 1.77
223
thole Period =0, 468 -0.864 ~0.758 -0.529 «0¢558£=0,6556-0. 751
Period 1 -0.785 =1.023 =1,002 -1.110 =0+ 7066=0.9806-1.254
Period 2 -0.089 -0.584 -0.392 «0.205 «0.1566=0,317€<0.479
Period 1/Period 2 8.82 1.75 2.56 S. b1 3.09
Cross
#hole Period =0 bkl 0324 0,223 -0.386 «0.2836-0. 3456-0.408
Period 1 «0.902 -0.562 «0.556 =0.346 =0 h1k&=0.5926=0.770
Period 2 =0.199 -0.369 =0.157 -G.591 =0.1824=0.394€-0.477
Period 1/Period 2 4.53 1.52 3.5k 0.59 1.80

MALE DATA

Repel Rep.II Rep.IIIX Rep.IV Average
Oroign-n
#hole Period -0.457 -0.511 =0.321 «0+250 =00 3246-0.3846~0. 045
Perieod 1 «0.501 «1.,015 =0.479 -0.585 =0, 5006=0,6456~0.793
Period 2 =0.403 =0.151 ~0e249 «0.074 =0¢1066=0.219€-0.333
Period UPCPiOd 2 1.24% 6. 72 1.92 791 2095
22
%hole Period =0.389 -0e523 =0e¢536 0. U63 =0¢381€-0.4706=0.560
Period 1 -0.840 -0.959 =0.916 -0.951 «0.762%-0.9166-1,071
Period 2 «0.062 -0.088 =0.139 =0.073 40.0816-0.0876-0.174
Period 1/Period Z 13.55 10.90 6.59 13.03 19.49
Cross
¥hole Period =0+386 =0 e 302 =0+ 320 «0.274 =0¢260£€=0.3326-0.403
Poriod 1 ‘0-915 -00660 =0 ?08 -0.‘066 40“85“'00687“0.8”
Period 2 «0,020 -0.031 =0.023 -0.115 +0.0876<0.039£€=-0.16A4
Period 1/Period 2 45.75 21.29 30.78 4.05 17.62
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between the two periods. All the replicates were characterised by

greater than average response in the first period with two exceptions:

in the Or-RLI, where the response rates of the two periods were siailar;

and the XLIV, where the trend w:s reversed with the Period 2 giving

greater response than Period 1. Comparison of the interval estimates

of the average regression coefficients of Period 1 and Period 2 showed

slight over-lapping for the Oregon-R and Cross low lines. Although the
selection response of the +3 and Cross low selection line males had ceased in
Period 2, the females of all three low lines were still responding im the
second period, but at a slower ratee.

In conclusion, this analysis of low selection lines served to show
that it is definitely more meaningful to describe the low responses in
two separate phases; Period 1 of good response and Period 2 of poor or
virtually zero response. This then completes the results of the trends
of response within each high and low selection line of the Oregon-R, +3
and Cross populations. 'he most logical step to follow would be an
analysis of the variability of average responses of the three different

populations.

(iv) Inter-line differences in average response

The main aim of this analysis is to test for significant differences
or similarities between the averzge responses of the three high and three
low selecticn lines. Earlier analysis of inter-replicate differences
within selection lines have shoen the average response rates within all
lines, except the Cross high line, to be hLomogeneous. The results from
this present analysis would lend evidence to the generality of selection
responses, for the same quantitative character, from different populations.
The standard F-test was used to test the homogeneity of average regression

coefficients of lines selected in the same direction (Table 25). The
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Table 25: F-tests for the homogeneity of average regression
coefficients of lines selected in the same direction

Summary of F-tests

HIGH SELECTION (Whole Period)
Female data Male data
Source of
Variation d.f. M.S. F M.S. F
Dev. from average
pooled regr. 155 2.791 2.122
Dev. from indive.
pooled regrs 153 0.836 0.622
Between indiv.
pooled regrs 2 152.330 182.26**| 116.875 187.84**

LOW SELECTION (Period 1)

d.f. M.S. F M.S. F
Dev. from average
pooled regr. 71 1.238 0.803
Dev. from indiv.
pooled regrs 69 1.145 0.757
Between indiv.
pooled regrs 2 4,435 3,87 0.293 3.15°

LOW SELECTION (Period 2)

d.f. M.S. F M.S. r
Dev. from average
pooled regr. 71 . 0.651 O.413
Dev. from indive.
pooled regrs 69 0.6653 0.420

Between indiv.
pooled regrs 2 0.235 0.35 0.165 0.392
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Table 26: Interval estimates for the average selection responses
(bristle number/generation) of high and low selection lines

[
High selection Low selection
Selection
line Whole Period Period 1 Period 2
FEMALE DATA
Oor-R 0.148% 0.19140.234|-0.555£-0.711£-0.867 |-0.235£€-0.402£€-0.569
Cross: Aver. | 0.915%¢ 0.975£1.035|-0.41%£-0.5924-0.769 [-0.182&-0,329€-0, 477
Rep.I 0.873¢ 0.933€0.993
Rep.II 1.025¢ 1.085£1.145
Rep.III 0.767¢ 0.82740.887
Rep.IV 0.993¢ 1.0534£1.113
MALE DATA
Or-R 000996 0013“500169 -005005-006“5‘-00793 -00106‘-00219‘-0.}})
+3 -0.044¢ 0.01240.069|-0.762€-0.9164-1.071|-0.174£&-0.047¢ 0,081

Cross: Aver. 0062% 006855007‘45 -0.‘085é-0.687£-0.890 -0016‘."00039‘ 0008?

Rep.I 0.590%¢ 0.65040.711
Rep.II 0.730£¢ 0.7904£0.850
Rep.IIIX 0.491¢ 0.551£0.611
Rep.1V 0.709<¢ 0.76940.829

heterogeneity of average regression coefficients of the three high lines was
found to be highly significant. For low selection, significant heterogen-
eity of the average responses occurred in the first period only. Here
again, comparisons between the selection lines were made using the interval

estimates. Table 26 gives the 5% confidence intervals of the average
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regression coefficients of the high and low selection lines as well as
that of each of the Cross high replicates, since they are heterogeamecus.
The three high selection lines are clearly different froa each other, with
the Cross giving the greatest response and the +3 showing negative
response although it is not significantly different froa zero.

Differences between the low lines in Period 1 are less extrese thaa
those between the high lines and there appears to be a reversal of trends,
with the +3 giving the greatest rate of downward respoamse and the Cross
the least. The general conclusion from the results of this analysis is
that the high selection responses from the three different Drosophila

populations are more heterogeneous than the low responses.

A\

(v) Patterns of tmo-directional response

In the esrlier section where the basic data of the chamges ia the
mean abdominal bristle number of the selection lines were discussed (see
Part V B 2(1) ), different patterns of ssyametrical two-say respoases were
noted for all three populations. This section will be devoted to the
evaluation and comparison of the asymmetry observed im each of the three
populations, using the rate of response as the paramseter for analysis.

To test for the significance of the difference between the high and low
response rates of each population, a t-test was employed. Table 27 shows
the average response rate for each high and low selection linse. For each
population, the high selection average response over the whole period is
compared in turn with the low response in Period 1 amd Period 2. Aay
change in pattern of asymmetry from Period 1 to Period 2 is due to the
change in the low response rate.

The pattern of two-way response of each populatiomn in each peried

will be discussed separately. From Table 27, it was clear that the +3
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Table 27: Asymmetry of selecticn response. Average regression
coefficients of high and low selection lines

Female Data Male data
Or=R +3 Cross Or=-R +3 Cross
Period 1
High selection | 0.191 -0.029 0.975 0.134 0.012 0.685

(0.001) (0.001) (0.001) | (0.001) (0.001) (0.9)
Low selection 0.711 0.980 0.592 0.645 0.916 0.687

Period 2

High selection 0.191 -0.029 0.975 0.134 0.012 0.685
(0.005) (0.005) (0.col) | (0.2) (0.7) (0.001)
Low selection 0.402 0.317 0.329 0.219 0.047 0.039

( ) Significance probability of the difference between each pair
of high and low regression coefficients

and Oregon-R populations showed a distinctly negative asymmetrical pattern
of two-way responses in Period 1 and this negative asymmetry was more
marked in the +3. For the Cross population, in Period 1 the two sexes
showed differential behaviour with the males giving symmetrical two-
directional response while the females, pronounced positive asymmetry.

The males of the Cross low line deviated from normal behaviour in giving
greater responses than the females, whereas, in all other instances the
females with higher mean number of abdominal bristles than the males
always gave proportionately greater responses.

In Period 2, the Oregon-R and +3 females continued to show a negative
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asymmetry although it was less proncunced due to the decreased low response
rates in this period. This decline in response rate of the low lines
could be attributed to causes like the depletion of additive genetic
variability or natural selection operating against individuals extreme for
low bristle number. The response rates of the males of the Oregon-R and
+3 low lines declined so considerably in Period 2 that they became similar
to their respective high selection response rates. This resulted in
symmetry of responses in Period 2 which is in contrast to the negative
asymmetry in Period 1. The response rate of the females of the Cross
low line declined in Period 2 resulting in positive asymmetry which was
more pronounced than that in the first period. For the males of the Cross,
in contrast to the symmetry in Period 1, positive asymmetry was observed
in Period 2.

In conclusion, the two original laboratory strains (Oregon-R and
+3) showed similarity in their selection responses with regard to the
negative asymmetrical patterns of two-way responses, although the degree
of asymmetry was more extreme in the +3 population. The Cross also demon-
strated asymmetry, but in constrast to the two parental strains its high
line gave good sustained response over the 14 generations of selection,
thus giving rise to positive asymmetry. From observations of responses
in the three different populations there is evidence that the genetic
systems affecting low bristle number in the two laboratory strains are
similar, and this could partly explain the similarity in trends of low
selection response over the 14 generations from both original strains
and the Cross. On the other hand, the genes or gene complexes responsible
for increasing abdominal bristles appear to be different in the two
original populations, so that pooling the two together to fora the Cross

resulted in an increase in genetic variability. This could account



126.

partly for the good response of the Cross high line despite the poor response
of the Oregon-R high line and the almost negligible response of the +3 high

line.
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Fig. 10. Total response plotted against cumulated selection differential of high and low selection lines of the
Oregon—R , +3 and Cross populations (female data).
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2. Realised heritabilities

The merits of presenting the data on selection response in the fora
of realised heritability have been discussed by Falconer (1960). The
chief advantage is that the ratio of response over selection differential
should be relatively free of bias from effects of scale and natural
selection and should thus give a truer representation of the underlying
genetic changes in the population as a result of selection rather thaa
other parameters, such as the population mean, phenotypic variance and
coefficient of variation. For this reason, a detailed analysis of the
realised heritabilities within and between selection lines will be carried
out, using similar statistical methods as that used for the analysis of

the average response rate.

(i) 1Intra-line differences in realised heritability

The average realised heritability of each replicate (sexes considered
separately) is obtained by the linear regression of total response each
generation against cumulated selection differential. Fig. 10 shows the
response plotted against cumulated selection differential for each of the
high and low selection lines over the 14 generations. The selection line
response and the cumulated selection differential were found by averaging
the four intra-line replicates for each generation. All the high and low
lines do not appear to depart from linearity snd consequently, the test
for non-linearity of regression lines was not applied. The realised
heritabilities of the high and low selection replicates are given in
Table 28. One aberrant feature from the data is the negative values of
realised heritabilities of three of the four replicates of the +3 high
line. However, they were found to te not significantly different from

zero. Variation between replicates within selection lines is quite
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Table 28: Intra-replicate realised heritabilities (regression
coefficients) (Sexes separate)
Female data Male data
Or-R +3 Cross Or-R +3 Cross
HIGH SELECTION
Rep. II 0.038 -0.019 0.296 0.038 -0.008 0.265
Repo III 00061 -0002“ 0021“ 0.036 -0.,002 00157
Rep. IV 0.060 =0.013 0.272 0.037 =0.006 0.224
LOW SELECTION
Rep. IV 0.116 0.175 0.121 0.080 0.154 0.09

apparent from the data in Table 28. Consequently, all the selection
lines were tested for homogeneity of intra-replicate realised heritabil-
ities using the standard f-test. A summary of the F-test is presented
in Tables 29(a) and 29(b). Significant heterogeneity was detected in
the Cross high line and the Oregon-R low line for both males and females
while only the females of the +3 low line showed heterogeneity. The
behaviour of the low selection lines was contrary to expectation, with
the two original strains - Oregon-R and +3 - showing greater differences
between replicates than the hybrid population. The behaviour of the high
lines was more in accordance with expectations, with the Cross showing
greater heterogeneity than the Oregon-R and +3 high lines.

The 95% confidence intervals were computed for each of the intra-
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Table 29(a):

Test for homogeneity of intra-replicate regression
coefficients (realised heritabilities) of high selection lines

Summary of F-tests

HIGH SELECTION Oregon-R +3 Cross
Female data
Source of
Variation d.f. Me3e F M.S. F M.S. F
Dev. from aver.
regression 51 0.418 1.245 0.949
Betw. regression
coefficients 3 | 0.427 1.02 0.937 0.74 4.053 5.37°°
Dev. from indiv.
regressions 48 | 0.418 1.264 0.755
Male data
Dev. from aver.
regression 51 | 0.255 0.770 0.831
Betw. regression
coefficients 3 | 0,290 1.15 0.493 0.63 3.747 5.58°°
Deve. from indiv.
regressions 48 | 0.253 0.788 0.648
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Table 29(b):

Test for homogeneity of intra-replicate regression
coefficients (realised heritabilities) of low selection lines

Summary of F-tests

LOW SELECTION Oregon-R +3 Cross
Female data
Source of
Variation d.f. M. S. F M.S. F M.S. F
Dev. from aver.
regression 51 | 0.929 1.854 0.815
Betw. regression
coefficients 3| 3.727 W4.9U4e* b.963 2.99°* 1.393 1.79
Dev. from indiv.
regressions 48 | 0.754 1.659 0.779
Male data
Dev. from aver.
regression 51 | 0.743 1.266 1.074
Betw. regression
coefficients 3 0.632 3.99°*°¢ l.224 1.58 1.090 0.76
Dev. from indiv.
regressions 48 | 2.520 1.933 0.827




131.

Pable 30: The 95% confidence intervals of realised heritabilities
of individual replicates (in percentage)

!

? Female data (%) Male data (%)

HIGH SELECTION
Oregon-R Rep. I o2 - 9.4 3.2 = 9.0
Rep. II 0.7 CJ 6.9 lo} CJ 602
Rep. III 3.2 - 11.8 2.2 = 5.1
Rep. IV 3-5 - 805 1.} - 601
‘.’} Rep. I "209 ) 7.“ -2.7 - 7.9
Rep. II -701 C) jo" -508 - ,‘ol
Rep. III "8-5 CJ 3.8 -"‘01 L) }o?
Rep. IV -5.2 CJ 2.5 -ho“ - 303
Cross Rep. I 21.5 - 27.9 15.8 - 23.2
Rep. II 26.0 - 3303 2}.5 - 2905
Rep. III 18.1 - 24.7 12.0 - 19.4
Rep. IV 2"‘.2 - 30.3 1900 - 250?

10¢¥ 3SELECTION
Oregon-R Rep. I 15.5 - 22.7 10.9 - 17.5
Rep. II 9.6 - 16.9 10.8 - 19.8
Rep. III 9.2 = 1406 8.5 L) 13.1
Rep. IV 8.0 - 15.3 4.4 - 11.7
+3 Rep. I 9.1 - 20.1 7.7 - 18.0
Rep. II 19.0 - 28.2 12.9 - 25.0
Rep. III 17.1 - 29.7 14.1 - 25.8
Rep. IV 11.3 - 23.? 1002 - 20.6
Cross Rep. I 8.3 - 18.3 7.0 - 20.8
Rep. II 7.0 - 16.9 ?.5 - 16.“
Rep. III 3.2 - 11.8 7.2 - 16.9
Rep. IV 9.3 - 14.9 5.0 - 13,0
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132.

replicate realised heritabilities,and for the heterogeneous selection

lines they were used as a means of determining which of the four replicates
within the lines differed significantly from each other. All the values
are given in percentages for ease of reference (Table 30). One feature

is clear, that is, the large interval estimates of individual replicates
indicating considerable sampling variation of the estimates of realised
heritability, and gives warning against using simply the estimates them-
selves when discussing differences between replicates. The confidence
intervals are represented diagrammatically in Fig. 1l1l. Each vertical line
represents the confidence interval of a single replicate and for each
selection line the values for replicate I to IV are always given from

left to right. It is clear from the diagram that the Oregon-R and +3

high selection rerlicates have low realised heritabilities and that all
four 43 replicates are not significantly different from zero. The
replicates within these two high lines are clearly homogeneous. The

Cross high replicates are different from that of the Oregon-R and +3, in
having high realised heritabilities. It can be seen clearly that XHII is
significantly greater than XHIV and this difference is more pronounced for
the nmales.

For the females of the Oregon-R low line, the realised heritabilities
of Or-RLIII and Or-RLIV are apparently significantly smaller than that of
Or-RLI. The +3 low line showed differences between the females of the
first and second replicates. The homogeneity of the Cross low replicates,
despite the heterogeneity among the Oregon-R and +3 low lines, was surpris-
ing and for the present the question as to the cause or causes of this
deviation from the expectation of greater variability within the hybrid

selection line must be left open.
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(ii) Inter-line differences in realised heritabilitl

From Fig. 11 it is apparent that among the high selection lines,
the realised heritability of the Cross is considerably greater than the
Oregon-R and +3. The +3 high line could be considered to have virtually
zero realised heritability. However, the trend appears to be reversed
among the low lines, with the +3 having the highest values and the Cross
the lowest, although the differences between the low lines are less obvious

than between the high lines. The differences between the realised

Table 31: F-tests for homogeneity of average realised heritabilities
of lines selected in the same direction. Sumsary of F-tests

High selection
Female data Male data

Source of Variation d.f. M.S. F M.S. F
Dev. from aver. pooled

regression 155 3,670 1.953

Dev. from indiv.

pooled regressions 153 0.871 0.619

Between indiv. pooled

regressions 2| 217.800 250.11** | 104.040 168.17°°

Low selection

Dev. from aver. pooled
regression 155 1.512 1.089
Dev. from indiv.
pooled regressions 153 1.199 1.028
Between indiv. pooled
regressions 2 25.510 21.27°** 5.800 5.64*
Fo.os = }.91, FO.Ol = 6.81 (2' 153 dofo)
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heritabilities of lines selected in the same direction were tested for
significance using the F-test. The average realised heritabilities of
the lines were used for these tests on homogeneity, although it must be
remembered that this average is strictly not valid for the Cross high line
and the Oregon-R low line. These tests were nevertheless carried out as
it is felt that the average of the replicates within a line would give a
more reliable estimate of the response of a population than any single
replicate itself, since by pooling together the data, variations due to
sampling, random drift and environmental effects would be expected to be
cancelled to some extent. Table 31 shows that the high selection lines
and the females of the low lines were heterogeneous. The usual confidence

intervals were used to determine approximately which of the lines were

Table 32: Confidence intervals of average realised heritabilities
(%) of high and low selection lines

Female data (%) Male data (%)

High selection

Oregon-R b.394¢ 5.67%¢ 6.95 3.206 4.,28< 5.36
*3 -3.2‘0$-0.89£ 1."6 -1.76‘ Oo}l6 2.}8
Cross 23.93£25.64£27.35 18.65€20.46%22.27

Low selection

Oregon-R 12.47414.,244£16.01 10.47£€12.28€14.09
+3 17.34€20.07422.80 14.04€£16.64£19.24
Cross 8.44£10.19411.94 9.23€11.60£13.97
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different (Table 32). [Examination of the interval estimates revealed
that except for the =males of the low lines, the three lines selected ia

the same direction were significantly different.

(411) Patterns of two-directional response

Analysis of the average response rate in the previocus section (see
Part V C 1(v) ) has shown the Oregon-R and +3 populations to be character-~
ised by negative asymmetrical two-way responae while the Croes by positive
asymmetry. If the asymaetry is due to scale effects, conversion of the
response data to realized heritability would be expected to camcel the
scale effects and render the response pattern symsetrical. The signifi-
cance of differences between the high and low lines withia each population
was tested by the t-test. Significent differences would sean that
asyametry still exists and that scale effects are negligible. In each

case, the probability of non-signific:nt difference between the realised

Table 33: Asymmetry of selection response. Average realised
heritabilities of high and low selection lines

Reaale data Male data

Or-R +3 Cross Or-R +3 Cross

High selection| G.057 -0.009 0.256 0.0h3 0.003 0.205
(0.001) (0.001) (0.CO1) | (C.001) (0.001) (O.COl)
Low selection | 0.142 0.201 0.102 0.123 0.166 0.116

( ) Probability of insignificant difference between each pair of
high and low selection lines
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heritabilities of high and low selection lines is extremely low (P < 0.001).
Thus, it shows that the asymmetry present in the three different popula-
tions was not due to scale effects, nor differential effects of natural
selection on high and low selection lines. The extreme negative asymmetry
encountered in the +3 population, right from the very early generations of
selection, presents a particularly puzzling case and none of the possible

known causes of asymmetry seem to be able to cater for its behaviour.
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3 Variability between replicates within selection lines

(1) Introduction

Variability between replicates derived froam the same base popula-
tion and raised under reasonably constant environmental conditions had
been reported by different workers (Sismanidis, 1942; Marien, 19583
Frankham et al., 1968) but few have attempted to statistically analyse
this variability. Clayton et al. (1957) were among the first who
attempted to partition the variability between selection replicates into
the component due to genetic drift and that due to the differential
effects of artificial selection. Their results from the data of the
S5th selection generation indicated that theoretical genetic drift could
account for the divergences between the low replicates but not for those
between the high replicates.

De Fries and Touchberry (1961) specifically set out to investigate
the variability of response to selection for increasing and decreasing
body weight in D. affinis at two intensities of selection and with ten
replicates within each selection line. They computed the between repli-
cates and within replicates variance components and used them to comstruct
confidence intervals for the means of the replicates. The range of the
confidence intervals indicated the considerable variability of responses
both within and between replicates. This was expected since the effects
of randoa drift would be maximum for the minimum population size of two,
in each of their replications.

This section will be devoted to the analysis of the variatioa between
the means of the four replicates within each selection line. The author
regrets that more replicates could not be carried for each line in this
present selection experiment. However the results from this analysis,

it is hoped, would provide additional evidence on this important aspect
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of selection.

(ii) Methods of analysis and results

In the previous section on the analysis of selection response (see
Part V C 1(i) ), the significance of divergences between replicates was
evaluated from the test for heterogeneity of average response rate and of
realised heritability of individual replicates within each selection line.
Heterogeneity was found to be significant in some lines but not in others.
As mentioned, De Fries and Touchberry (1961) showed another meaningful way
of looking into this question using the analysis of variance where they
isolated the between replicates (VB) and within replicates (V') variance
components. The author decided to adopt this same method to evaluate
the VB and Vw for each generation of each selection line. Theoretically,
the variance component between replicates is expected to increase as
selection proceeds. The reasons for this increase are: (a) random drift
can cause replicates to diverge and this effect is decreased with an
increase in the number of parents used per generation for each replicatej
(b) secondly, if the quantitative character is controlled by relatively
few genes which are present at low initial frequencies, then the initial
samples from the base population could be genetically different if favour-
able genes are included in some replicates and not in others. Artificial
selection could have differential effects on these genetically different
replicates, causing them to diverge in their selection response and
(¢) 1lastly, environmental variation could perhaps be important in long-
term selection experiments if the replicates have become genetically

divergent so as to react differently to environmental shifts.

Variance component between replicates: Before carrying out the analysis

of variance, an inspection of the graphs of the changes of phenotypic
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variance of individual replicates (Fig. 3) revealed considerable intra-
generation differences within selection lines on some occasions, which
suggested that heterogeneity of variances may have occurred. If the basic
assumption of homogeneity of variances is violated, the analysis of variance
and the subsequent F-test would yield erroneous results (Snedecor, 1967).
For this reason, it was decided first to test the null hypothesis of

2 2

homogeneity ( d? = 6, = d} =

consists of calculating:

Gi = a2) using Bartlett's test. It

E = 2:2026 (2t )10352- fflogsz}
c i i i
1 1 1l
where C (correction factor) = 1 + (ac1) {Z-f—i - —-—i-:}
2.3026 = constant (loge 10)

a = number of replications within line (&)
ni = number of observations in ith replicate
fi = ni-l
-2 2
8¢ = (Z.fi 8y /Zfi)

2

8y = variance of ith replicate

E is .distributed approximated ast? with (a-1) degrees of freedom. For
each selection line, 120 separate computations of E were involved. Sig-
nificant heterogeneity was detected on nine occasions for the Oregon-R
population, five for the +3 and three for the Cross. Considering the
nusber of tests involved, it appears likely that the heterogeneity
detected is not greatly different from what would be expected under the
null hypothesis. Consequently, the analyses of variance were carried out
and the between (VB) and within (Vw) replicates components resolved. The
F-ratio is also evaluated and it provides a test for the heterogeneity of

mean abdominal bristle numbers of intra-generation replicates.



Table 34(b):s Variance components between und within replicates of low selection lines

Female data Hale data
Gea | Within MS Betw.MS VB F-ratio withim MS Betw.MsS V' T=ratie
CREGON=R
0 8.80 26.48 0.393 3.01 0 7.12 12.52 0.120 1.76
1 11.65 20.51 0.197 1.76 1 6.52 58.01 1.114 8.90
2 8.97 21.56 V.280 2.%0 2 6.00 45.49 0.878 7.58
3 10. 40 69.01 1.302 6.64 3 6.60 34.03 0.675 Se32
Y 8.56 68.89 1.102 8.05 4 7.h0 SC.79 0.895 6.86
5 7.39 b2.97 0e593 581 S 5.75 3.66 «0.035 0.6h
6 7277 60.55 0.880 7.79 6 5.56 11.23 0.095 2.02
? 7.22 56.83 0.827 7.87 4 5.05 18.30 0.221 3.62
8 7.60 112. 3% 1.746 14.79 8 L.69 A8.26 G.726 10.29
9 6.79 133.55 2.113 . 19.67 9 550 57.64 0.869 10.48
10 7.44 207.65 3¢537 27.91 10 5.87 67.93 1.034 11.57
1 7.65 332.57 Se417 43,49 1 6.76 96.45 1.495 14,27
12 8.65 b24.69 6.934 49.10 12 5.93 136.85 2.182 23.08
13 7.05 239.56 3.875 33.98 13 5.86 215.14 3.488 36.71
1h 8.03 233.29 5.006 29.05 14 5.68 6k.60 1.309 11.37
+3
] 6.98 16.48 0.211 2.36 0| 6.52 35.22 0.638 5¢39
1 8.93 28.78 O.lb1 3022 1 9.21 36.49 0.606 3.96
2 9.46 21.94 0277 2.32 2 797 14.67 0.149 1.8%
3 7.5k 22.17 0.325 2.94 3 7.48 21.91 0.321 2.93
b §.38 9.83 0.032 1.17 4 6.05 45.93 0.886 ?7-59
5 7.06 5.06 0.0kl 0.72 5 4.99 10.98 0.133 2.20
6 7.45 h.65 «0.062 0.62 6 | 5.51 22.38 0.375 4.06
7 6.73 0.92 =0.126 C.lb 7 4.93 12.43 0.141 2.3%
8 5.60 34.96 0.619 6.24 8 k.69 32.60 0.588 6.95
9 6.01 41.29 0.641 6.87 9 4.05 28.08 0.437 6.93
10 6.73 67.24 1.009 9.99 10 hok2 60.15 D.949 13.61
11 7.06 135.13 2.135 19.14 11 4.89 116.856 1.866 23.90
12 6.69 193.74 3.118 28.96 12 he55 5250 0.799 11.54
13 7.88 280.14 4.538 35.55 13 5.53 53.7h 0.804 9.72
14 | 7.88 172.36 3.655 21.87 14 4.88 11.39 0.145 = 2.33
04 10.37 118.60 2.405 1l. 44 0 10.23 23.62 0.297 2.30
1| 9.84 34,30 055k 3.5h 1 ?7.95 51.76 0.973 6.51
2 9.26 33464 0.541 3.63 2 | 8.20 11.54 0.074 1.M
3 7.2k 106.17 2.198 14,66 3 5.75 70.82 1.046 12.32
4 799 34.18 2.582 4.28 4 6.32 40.46 0.637 6.%0
5 7.06 68.23 1.227 9.66 5 443 99.95 1.592 22.56
6 7.00 33.40 0.493 b.77 6 5¢35 13.01 0.127 2.43
? 6.79 59.53 0.939 8.77 7 5.22 47.64 0.707 9.13
8 779 108.35 1.676 13.91 8 4,70 6h.25 1.014 13.67
9 7.64 138.28 2.177 18.10 9 5.28 45.91 0.677 8.69
10 7.49 63.33 C.930 8.45 10 431 23. 42 0.318 S5.03
11 8.09 130.67 2.043 16.15 1 6.35 26.96 0.343 h.25
12 6.45 137.35 2.181 21.29 12 .91 22.07 0.286 M52
13 6.65 142.27 2.260 21.39 13 4.19 45,72 0.692 10.91
1k 7.97  139.35 2.919  17.48 14 5.86 70.88 1.004 12,10




Table 34(a):

Variance components between and vithin replicates of high selection limes

Female data Male data
Gen Within MS Betw.MS Va F-ratio “ithin MS Betw.MS VB F=ratio
OREGON-R
0 8.04 36.02 0.622 Lo 48 0 6.73 14,71 0.177 2.19
1| 8.29 18.55 0.228 2.24 1 6.69 18.14 0.25% 2.7
2 9.09 6h.27 1.226 7.07 2 6.62 47.79 0.915 7.22
3 7.65 50. 51 0.952 6.60 3 6.17 13.44 0.273 3.00
b 7.5k 41.15 0.585 S.k6 b 5.22 15.55 0.198 2.98
5 6.39 58.24 0.903 9.11 5 6.17 35.11 0. 504 5.69
6 8.10 65.46 0956 8.08 6 5.06 44.23 0.653 8.74
7 5.91 60.08 0.903 10.17 ? 5.79 51.64 0.764 8.92
8 6. bk 2h.27 0.297 3¢77 8 5. 38 23.72 0.306 b
9 5.93 31.04 0.419 S5e2b 9 5¢13 7.93 0.047 1.55
10 5.93 15.20 0.155 2.56 10 6.06 22.69 0.277 3.7
11 6.67 27.28 0384 4.09 11 5.28 15.61 0.172 2.96
12 5.36 8.70 0.056 1.62 12 6.04 14.89 0.148 2.47
13 6.73 8.%0 0.028 1.25 13 Se.kl 8.36 0.051 1.55
1h 6.70 18.08 0.190 2.70 1k 6.0k 41.76 0.79% 6.91
+3
o 5.02 21.8¢ 0.374 bhe35 0 | 5.97 13.%6 0.166 2.25
1 640 23.39 0.378 3.65 1 5.80 8.45 0.059 1.46
2 6.37 6.92 0.012 1.¢9 2 6.40 6033 «0.002 0.99
3 6.78 10.81 0.090 1.59 3 4.99 2%.05 0.h2b 682
b 6.%0 20.06 0.30h 3.13 b 5.07 9.31 0.105 1.93
5 | 3.69 7.30 0.080 1.98 5 5.09 2.61 =0.055 0.5
6| 5.36 8.03 0.059 1.50 6 3.98 9.80 0.129 2.h6
7| 5.78 0.91 -0.108 0.16 ? 435 11.78 0.165 2.7
8 6.78 10.70 0.087 1.58 8 b3 4.66 0.004 1.04
9 4.9% 21.92 0.358 bbb 9 4.9z 13.56 0.178 2.76
10 5.84 13.68 0.157 2.3 10 4.50 23.33 0.378 5.18
11 6.00 2.2k ~0.072 0.37 11 5.27 5¢33 0.002 1.02
12 5.68 17.55 0.216 3.09 12 4.59 0.35 -0.074 0.08
13 6.25 9.88 0.066 1.58 13 5.95 19.76 0.251 3e32
14 7.58 17.80 0.227 2.35 14 6.13 S5e 35 -0.017 0.87
CROSS _

0 11.32 20.01 0.193 1.77 0 | 8.99 24.60 0.347 2.7%
1 9.62 11.77 0.048 1.22 1 7.86 22.86 0.333 2.91
2 9.46 22.26 0.284 2.35 2 7.78 28.02 0.450 3.60
3 10. 46 79.30 1.530 7.58 3 2.84 72.60 1.439 9.26
b 8.68 66.38 1.282 7.65 b 6.33 32.71 0.586 5.17
5 9.83 9442 1.880 9.61 5 6.87 69.15 1.388  10.07
6 6.38 20617 0.306 3.16 6 5.25 91.66 1.920 17.66
? 6.43 bb.36 0.843 8.90 7 6.46 33.61 0.603 5.20
8 8.36 64.10 1.239 7.67 8 5.86 52.26 1.004 8.92
9 10.82 137.9% 2.423 12.75 9 6.96 111.78 1.998 16.06
10 8.84 74.16 1.188 8.39 10 7.48 103.40 1.76b 13.82
11 11.29 85.C1 1.255 7.53 11 | 6. %0 115.47 1.818 18.04
12 7.89  142.09 2.237  18.01 12 | 6.6k  107.03 1.673  16.12
13 9.51 131.38 2.031 13.81 13 | 6.23 160.87 2.577 25.82
1h 11.66 80.46 1.529 6.90 8.18 138.85 2.904 16.97

*)
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Tables 34(a) and 34(b) present the Vw, VB and F-ratio for each generation,
sex and selection 1line. To depict visually the changes of variability of

response within lines over the 14 generations, V_, for each generatioa is

B
plotted against generation number (Fig. 12). The queastion is, how much
of this difference between replications is due to sampling variation?

¥right (1921) has given a simple formula for evaluating the variance due

to genetic drift:

VB = ZFVA

where F = inbreeding level of the population

VA = additive genetic variance of the base population

It must be stressed that this is a rough method of assessing the size of
the genetic drift variance aince both the terms, :inbreeding level and
additive genetic variance of the population, are estimated with large
errors.

The first term F can be calculated from the rate of inbreeding which
is dependent on the number of parents used in each generatiomn for each
replicate (F = é%). Falconer (1960a) has pointed out that the effective
population size (Ne) is invariably smaller than the actual population size
(N) due to causes like non-random mating among the parents, unequal contri-
bution of each parent to the offsprings of the next generation and
prevalence of differential natural selection. From his study with
Drosophila, Crow (1954) reported differential fecundity among the females
and mating ability among the males. This inevitably means that some
parents would leave more progeny than others leading to a higher degree
of inbreeding. Morley (1954) pointed out that particularly where herit-
ability is high, the selected parents tend to be more closely related than

expected from inbreeding theory, again resulting in higher inbreeding rates.
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Thus, it is difficult to get any accurate estimate of the effective
population size. Crow (1954) derived a formula for calculating the
effective population size relative to the actual population size from

the parameter, the variance of family size. He found the ratio of the
effective population size to the actual population size (N./N) in
Drosophila to be 0.73 for the females and 0.42 for the males. Using
these ratios, the effective number of males and femsles in each replicate
of this present selection experiment were evaluated. The rate of
inbreeding per generation within a replicate is found by the formula

(Wright 1931):
F = + 1
BN _ 3N,
m : 4

where Na = gffective number of males

Nf = @6ffective number of females

Table 35: Rate of increase in inbreeding
per generation

1 1l
(F = o + @)
m f

High selection Low selection
Oregon-R L.33% L,.33%
+3 4.97% L.97%
Cross L.83% L. 48%

The inbreeding level of each line for every generation is calculated by
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the formula (Falconer, 1960a):

F, = F+ (+aF)F )

The second term necessary for the evaluation of the theoretical genetic
drift variance is the additive genetic variance of the base population

(VA). This is obtained from the sire and dam component in the diallel

analysis of the +3 and Oregon-R base populations (see Part IV C). The
data of the males and females were analysed separately and provided
separate estimates of VA which were then averaged to give the value for

the base population.

Oregon-R: female data V, = 0.935
Average = 1,070

male data VA = l.205

+3: female data VA = 0.331

male data VA

Average = 1.033

1.734

Since the realised heritability of the Cross was comparable to those of
the +3 and Oregon-R in the first generation of selection, the additive
variance used for the Cross was taken as the averagze of the two parental

base populations.

Cross: VA = (1.020+41.033)/2 = 1.092

The inbreeding level and the random drift variance for each generation
and selection line is given in Table 36. The genetic drift variances
are plotted on the same graph as the observed between replicate variances
(Fige 12) as this enables visual comparison between the two values.

The trends of changes of between replicate variance turned out to
be very interesting with the Oregon-R and the +3 behaving in a very

similar manner. It is found that the genetic drift could account for the
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Table 36:

differences due to genetic drift (VB)

Inbreeding level (F) of selection lines and replicate

(Sexes combined)

Hi selection

Oregon-R +3 Cross
Generation F VB F VB F VB
o} 0.000 0.000 0.000 0.000 0.000 0.000
1 0.043 0.093 0.050 0.103 0.048 0.102
2 0.085 0.181 0.097 0.200 0.094 0.198
3 O.124 0.266 0.142 0.293 0.138 0.290
L 0.162 0.347 0.184 0.381 0.180 0.378
5 0.199 0.425 0.225 0.465 0.219 0.461
6 0.233 0.499 0.263 0.544 0.257 0.540
7 0.266 0.570 0.313 0.647 0.293 0.616
8 0.298 0.638 0.347 0.717 0.327 0.688
9 0.329 C.703 0.380 0.784 0.359 0.756
10 0.358 0.766 0.410 0.848 0.390 0.821
11 0.385 0.825 0.440 0.908 0.420 0.883
12 O.412 0.881 0.468 0.966 0.448 0.942
13 0.437 0.936 0.494 1.021 0.474 0.998
14 0462 0.988 0.519 1.073 0.500 1.052
Low selection
Generation F VB F VB F VB
(0] 0.000 0.000 0.000 0.000 0.000 0.000
1 C.0L3 0.093 C.047 0.098 0.045 0.094
2 0.085 0.181 0.092 0.191 0.088 0.184
-3 0.124 O0e266 Cel35 0.280 0.129 0.270
4 0.162 0347 0.176 0.364 0.168 0.352
5 0.199 0.425 0.215 0.445 0.201 0.423
6 0.233 0.499 0.252 0.521 0.237 0.498
7 0.266 0.570 0.288 0.594 0.271 0.570
8 0.298 0.638 0. 321 0.664 0.304 0.639
9 0.329 0.703 0.354 0.730 0.335 0.704
10 0.358 0.766 0.384 0.794 0.365 0.767
11 0.386 0.825 C.ll3 0.854 0.393 0.827
12 0.412 0.881 0.441 0.910 0.420 0.884
13 0.437 0.936 0.467 0.965 0.446 0.939
14 0. 462 0.988 0.493 1.018 0.471 0.991
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divergences between the replicates within the Oregon-R and the +3 high
selection lines. In fact for the latter part of the selection programme,
the observed variability was actually smaller than the predicted. For
these two low selection lines, the random drift could be responsible for
the variability between low replicates for the first eight or nine gener-
ations of selection, from then on there was a sudden sharp increase in
variability within these two low lines. The Cross high and low selection

lines were characterised by violent fluctuations of V_, from generation to

B
generation right from the onset of selection. There was a slight rise in
VB over the 14 generations but this upward trend was masked to a large
extent by the strong inter-generation fluctuations. This erratic behaviour
of the Cross selection lines was not unexpected since this hybrid population

contained greater genetic variability than either of the parental strains.

F-ratio: Using the between replicates variance component can be misleading
if there is some reason to suspect scale effects; i.e., if, for example,

a positive correlation exists between VB and Vw. A way to overcome this
problem is to look at the change in the variance ratio (between replicates
mean square divided by within replicates mean square) where some of the
bias due to scale would be cancelled. The larger the value of the F-ratio,
the greater are the differences between rerlicates. The F-ratios, calcu-
lated for each selection line in every generation, were plotted against
generation numbers (Fig.l3). The trends of the F-ratio are very similar
to those of the between replicate variance components shown in Fig. 12.

Two features are shown clearly in this diagram; the steady increase in
divergences between the Cross high selection replicates and the great
variability in response in the Oregon-R low selection line in the later

generations of selection.
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b, Discussion

Results from the analysis of high and low selection responses from
the Oregon-R, +3 and Cross populations were by no means simple and clear-
cut. Some results were in accordance with expectations while others
were in direct contradiction.

Among the high selection lines, high repeatability of response was
observed from replicates within the Cregon-R and +3 high lines. On the
other hand, significant heterogeneity of response was detected among the
four replicates of the Cross high line and this is in accordance to the
expectations that greater variability would be present in the hybrid base
populatior. The Cross high line gave significantly greater response
than the Oregon-R and +3 high lines which meant that selection within the
Cross population was able to exploit the greater genetic variation gener-
ated by combining tke two laboratory strains. The Cregon-R high line
gave weak response over the li generations of selection. After the first
two to three generations of selection, the +3 high line umexpectedly
stopped responding altogether to high selection and even showed a very
slight negative response despite continued upward selection. The aberrant
behaviour of all four +3 high replicates could be due to the following
causes; depletion of additive genetic variance through gene fixation,
prevalence of loci with dominance in the direction of high abdominal
bristles and the accumulation of subvital factors which prevented further
upward response. In an attempt to elucidate the real cause of the extreme
negative asymmetry of the +3 population, the fcllowing subsidiary tests
were carried out at the end of the selection experiment; heritability
estimations, crossing between the +3 high and low selection lines and
lethal tests.

From the commercial breeder's point of view of improving some
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economic trait by artificial selection, the results from this present
experiment give evidence that it is clearly advantageous to cross original
strains together and practise selection on the hybrid base population.
Variability between replicates derived from the Cross base population is
expected and in order to minimise this heterogeneity Kojima and Kelleher
(1963) suggested that, "It is preferable therefore to advance hybrid
populations by random mating for several generations prior to selection
in order to reduce drastic effects of linkage-epistasis complexes ¢.."
Frankham et al. (1968) advocated using replicates with larger population
sizes to increase repeatability of responses.

Responses from the three low selection lines could be considered
to be almost in direct contrast to high selection responses. Contrary
to expectations, the responses from the Cross low line were more Lomo-
geneous and also smaller in size when compared with those of the Oregon-R
and +3 low lines. Unlike the high selection lines, the low lines bore a
striking similarity to each other in pattern of response, with the first
seven generations of the selection experiment giving good downward response
and the latter seven generations poor response. The conclusion froa the
low selection responses from these three different populations is that
responses from the ''purebred" laboratory strains are comparable to
responses from the hybrid straine. Another feature which emerges from
these studies is that divergence between replicates within selection
lines seems to be the usual observation in replicated Drosophila selection

experiments.
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D. PREDICTION OF 5SELECTION RELFONSE

This section will be concerned with comparing the responses predicted
for the base populations with the observed selection responses. To date,
results from various selection experiments have produced controversial
evidence on the reliability of the simple additive prediction theory.

There is evidence that where the population size is not too small, the
agreement between predicted and observed responses for short-term selection
experiment (five generations or so) is reasonably good (Clayton et al.,
1957; Dawson, 1965; W#ong and Boylan, 1970). But Sheldon (1963) and
Frankham et al. (1968) have found that the predictions are not borne out
even on short-term basis.

Heritability estimates of abdominal bristles in the Oregon-R and
+3 base populations were obtained by parent-offspring regression and
diallel analysise. The usefulness of each method of estimation is assessed
by comparing the estimated heritability with the realised heritability
obtained from the slope of the linear regression line fitted to the points
on the graph of response plotted against cumulated selection differential,
The method which yields an estimate which is closer to the realised herit-

ability would be considered to be the more reliable.

1. Heritabil;gl

The heritabilities predicted from the Oregon-R and +3 base popula-
tions were compared with the average realised heritability of their
respective selection lines. Since strictly speaking the prediction holds
for only one generation of selection the estimated heritabilities will be

first compared with the first generation realised heritabilities and then
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with the average realised heritabilities over the 14 generations to see

how far the predictions are carried out. Within each population, the first
generation (Gl) realised heritabilities for high and low selection are
similar so that the asymmetry has not as yet appeared. The average Gl
realised heritabilities for the Oregon-R and +3 are 0.21 and 0.33 respect-
ively (Table 37). The parent-offspring regressions by far over-estimate
the Gl realised heritabilities even when their large sampling errors are
taken into account. The inflation of the regression coefficients could

be caused by sampling variance and possibly by sex-linked effects in the
Oregon-R and non-additive genetic variance in the +3.

The noticeable weakness of the diallel analysis is the apparent
large discrepancies between the four estimates from each analysis. The
values ranged from 0.16 to O.42 for the Oregon-R and -0.06 to 0.66 for
the +3. This weakness, the author admits, is due mainly to insufficient
replications of the present experiment where only 31 block matings were
successfully completed for the Oregon-R and 43 for the +3. Two main
reasons accounted for this low replication of these diallel tests; lack
of facilities, and low viability and fertility of the stocks particularly
the Oregon-R. The discrepancies between the individual estimates are
likely to be due to accidents of sampling from various sources. Kojima
and Kelleher (1963) also obtained highly variable heritability estimates
including some negative values. They attributed the inconsistency to
sampling errors, resulting in some values being over-estimated while others
under-estimated. Consequently, they accepted the negative values to be
valid even though they were contrary to the additive gene theory. They
found that by averaging the individual estimates the sampling variations
were cancelled to a large degree, leaving a mean which accorded well with

the observed. Taking the same attitude as Kojima and Kelleher, the



Table 37: Summary of realised and predicted heritabilities (hz) of Oregon-R and
+3 populations

Oregon-R +3
Female Male Female Male
Predicted Heritability
Regression:
Sire-son O0.34 + 0.10 0.52 + 0.10
Dam-son O.42 + 0.13 0.49 + 0.13
Sire-daughter O0.45 + 0.14 0.16 + 0.13
Dam-daughter 0.40 + 0.11 O.bb + 0.11
Diallel Analysis hg 0.3240.12 0.27+40.12 -0.06+0.05 0.24+0.09
hj 0.1640.10 0.42+0.13 0.16+0.08 0.66+0.13
¥eighted average 0.32 + 0.11 0.37 + 0.11
Realised heritability
Gen.1l: High selection 0.24 0.20 0.37 0.31
Low selection 0.19 0.21 0.34 0.30
Average: High selection 0.06:0.006 0.0410.005 -0.01+0.012 0.0030.010
(Gen.1-14) Low selection 0.14+40.009 0.12+0.009 0.20+0.014 0.17+0.013
Average of high and low 0.10 C.07 0.10 0.09

641
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present author averaged the four estimates within each diallel analysis
and obtained average values of 0.29 for the Oregon-R and 0.25 for the +3.
When compared with their respective Gl realised heritabilities, the
diallel method gave an over-estimate of the Oregon-R first generation
response and an under-estimate of the +3 response.

In summing up, a simple way to show how well estimates of herit-
ability by the two different designs corresponded with the observed herit-
ability of the first generation of selection was to examine the size of
the deviation of the average heritability estimates from each method from

the average first generation realised heritabilities (Table 38).

Table 38: Deviation of the estimated heritability from the
realised heritability of the first selection generation
Oregon-R +3
Aver. Deviation Aver. Deviation
estimated from estimated from
Method of h2 observeds= h2 observed=
estimation est.h?-C.21 est.h“-0.33
Parent-offspring
regression 0.40 0.19 0.40 0.07
Diallel analysis 0.29 0.08 0.25 ~0.08
Combined
weighted est. 0.32 0.11 0.37 0.0k

It is apparent that for the Oregon-R population, both methods
provided over-estimates of the first generation realised heritabilities
of the high and low selection lines. The average regression heritability

estimate was less reliable than the average diallel heritability estimate
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since the deviation from the observed was larger. On the other hand for
the +3, the regression analysis provided an over-estimate and the diallel
analysis an under-estimate of the first generation realised heritability
but the combined weighted heritability estimate accorded well with the
observed.

As expected, there was even greater discrepancy between the estim-
ated heritabilities and the average realised heritabilities over the 1k
generations of selection (Table 37). The average realised heritabilities
in all cases were lower than their respective first-generation realised
heritabilities. This decline was more marked in the high selection lines
than in the low lines thus indicating the asymmetrical pattern of two-way
responses in both the Oregon-KR and +3 populations. Falconer (1953, 1955),
Martin and Bell (1960) and Wong and Boylan (1970) found that where
asymmetrical two-way responses occurred, the estimated base population
heritabilities were more in line with the realised heritabilities of the
average divergence between high and low selection lines than with the
realised heritabilities of either the high or low selection lines.

However, in the present experiment the discrepancy between the expected
and the observed heritabilities could not be remedied by averaging the
values of the high and low selection lines within a population since the
base population heritability was an over-estimation of the realised
heritabilities of both the high and low selection lines.

The general conclusion from this comparative study of estimated with
the realised heritabilities is not very encouraging. The only reasonable
agreement was between the estimated +3 base population heritability and
the first generation realised heritability of the +3 selection lines.

It is clear from this discussion that to use these estimated base population

heritabilities to evaluate the responses to be expected from artificial
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selection would definitely yield over-estimates of both upward and down-
ward responses. Sheldon (1963) and Dawson (1965) suggested that the
first-generation selection responses may be more reliable estimators of
subsequent generation responses than the estimated heritabilities, Hence,
the author decided to check the usefulness of this recommendation. This

will be carried out in the following section.

2e Average response rate

The standard prediction equation for obtaining the expected response
from one generation of selection is simply the heritability multiplied by
the standardised selection differential for selection intensity of 9/45
(from Falconer 1960a) and the phenotypic standard deviation of the base
population. The heritability values used will not be the estimated values
from the base populations but the average realised heritabilities of the
selection lines in the first selection generation. The average realised
heritabilities are obtained by dividing the average response of the four
replicates within a line by the average selection differential., The
phenotypic deviations employed are those of the Gl unselected controls
and the Cross was found to have the highest value which was not unexpected
since it was the F3 generation where segregation and recombination with
the resulting increase in variability were still occurring. The predicted
responses as well as the genetic parameters needed for evaluating them are
presented in Table 39. It was mainly because of its high phenotypic
standard deviation that the expected response for the Cross was the highest.
Except for the males of the Oregon-R populution, greater upward responses
are expected from all three populations. The greatest response is

expected from the Cross population and the least from the Oregon-R. The
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Table 39: Response per generation predicted from
first generation realised heritabilities

Oregon-R +3 Cross
Parameter
Females Males | Females Males |[Females Males

KIGH SELECTION
Phenotypic standard

deviation 3.03 2.50 2.81 2.58 3.73 2.98
Standardised selection

differential 1."0 1.“0 1."0 1.‘*0 lo“O 1.‘.0
Predicted selection

differential L,24 3.50 3.93 3.61 5.22 b.17
Observed selection

differential 3.26  3.45 3.04  3.20 L.26 3.87
First generation

realised heritability 0.24 0.20 0.37 0.31 0.41 0.kl
Predicted high selec-

tion response rate l.02 0.70 l.45 1.12 2.1h 1.67

LOW SELECTION

Predicted selection

differential k.24 3,50 3.93 3.61 5.22 h.17
Observed selection

differential 3.92 3.08 3.70 3.58 .29 &4.22
First generation

realised heritability 0.19 0.21 0. 34 0.30 0.40 0.36
Predicted low selec-

tion response rate 0.81 0.73 1.34 1.08 2.09 1.50

reliability of these predictions is tested by comparison with the observed
average response rate over 1l4 selection generations obtained from the
linear regression method and from the total response divided by the number
of selection generations (Table 40). The relative sizes of the pre-

dicted and observed response rates are represented diagrammatically inmn



Table 40: Comparison of observed with predicted response (bristle number/generation)

(t = number of generations of selection)

Females Males
Observed response Observed response
Predicted Predicted
response response
Re g. coeff. Total/t Reg.coeff. Total/t
HIGH SELECTION (Gen.l-14)
Oregon-R 1.02 0.19 0.34 0.70 0.13 0.28
+3 10“5 -0.0} 0.19 1012 0.01 0.1"
Cross 2.1‘. 0.97 0093 106? 0068 0077
LO% SELECTION (Gen.l=7)
Oregon-R 0.81 0.71 0.60 0.73 0.64 0.4l
+3 1.34 0.98 0.82 1.08 0.92 0.88
Cross 2.09 0.59 0.95 1.50 0.69 0.79
LOW SELECTION (Gen.l-1k&)
Oregon-R 0.81 0.51 O.43 0.73 0.38 0.33
+3 1.34 0.65 0.63 1.08 0.47 0.58
Cross 2.09 0.3k 0.62 1.50 0.33 0.45

*HGT
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Comparison of predicted responses with observed average response over fourteen selection generation$
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Fig.1l4 and it shows clearly that the predictions from the first-generation
selection responses on every occasion considerably exceed the observed
average responses over l4 generations. One cause of this discrepancy
between the predicted and observed responses was that the expected selec-
tion differentials used in the equation for obtaining expected responses
were found to be greater than the realised selection differential in the
first selection generation. It has been shown earlier that the average
response of the low selection lines declined significantly after the first
seven generations or so of selection (see Part V C 1(iii) ), so that the
average observed response over the l4 generations is smaller than the
average response of the first seven generations. For this reason, the
predicted low selection responses are also compared with the average
response in Period 1 (Gl1-7). The results of this comparison are slightly
more promising, for at least there is reasonably good agreement between
the observed response rate over the first seven generations and the pre-
dicted responses for the Oregon-R low selection line and the males of the
+3 low line.

The pattern of two-way selection response predicted from the first
generation was for slight positive asymmetry or for symmetry. Only the
observed pattern of response from the Cross accorded with the prediction.
Contrary to expectations, negative asymmetry was observed from the Oregon-R
and +3 populations. ¥ith regards to the actual size of the response per
generation among the three Ligh selection lines, the Cross gave the largest
response as predicted but the +3 response was the lowest instead of the
Oregon-R. For the low selection, responses from the three lines were
similar but contrary to expectations response from the Cross was lower
than the +3 response. These results show that in general, the predictions

of both the sizes and the trends of the selection response from the
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first-generation responses were inadequate in this present experiment.

e Discussion

The main conclusion which stands out from the study of the prediction
of selection responses is one of poor reliability of the estimates of herit-
abilities of the unselected base populations by the standard methods.
Theoretically, the prediction is expected to hold at least for the first
generation of selection. But actual comparisons revealed that the average
estimated heritabilities exceeded the realised heritabilities of even the
first generation of selection in both the Oregon-R and +3 populations. As
expected, the discrepancies between the estimated and the average realised
heritabilities of the 14 generations were even greater. The immediate
question which follows is what are the causes of this poor predictability.
The highly variable values of the individual heritability estimates made
it difficult to elucidate the possible sources of upward bias which may have
contributed to the discrepancy. There is slight evidence that the estim-
ated heritability of the Oregon-R base population could be biased upwards
by sex-linked effects and that of the +3 population by epistatic variance.
Sheldon (1963) reported some evidence of sex-linked effects but negligible
epistatic effects in his base population. Sheridan et al. (1968) found
moderate amounts of sex-linkage and additive x additive variance. The
discrepancies between individual heritability estimates within and between
different methods seem to suggest that the high overall values could be the
result of sampling errors. It stresses the necessity to improve on the
experimental design utilised in this present experiment from the point of
view of increasing the number of two sires and two dams block matings and

perhaps also increasing the number of animals scored from each mating in
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order to increase the precision of the estimates.

Another method of rrediction tried in this thesis was to extrapolate
from the responses observed in the first generation, the trends of response
in the subsequent generations of short-term selection. Here the realised
heritabilities of the first generation of high and low selection lines were
used in the prediction equation to evaluate the expected responses. These
were then compared with the observed responses of the selection lines. It
was hoped that any asymmetry might be predicted by this method. All the
predictions for the three high: and three low selection lines exceeded the
observed average response over l4 generations. The only reasonable agree-
ments were found between the predicted and the observed responses over the
first seven generations for the Oregon-R low selection line and the males
of the +3 low line. The asymmetrical patterns of two-way response observed
from the females of the Oregon-R and the +3 population were actually in the
opposite direction to the predicted.

Using first-generation realised heritabilities instead of the
estimated heritabilities of the base populations did not appear to have
improved to any large extent the reliability of the predictions since the
discrepancies were still obvious. It had been suggested by Griffing (1960)
that heritabilities from the first-generation responses tend to be over-
estimated if additive x additive genetic variance was an important source
of variation zs its contribution to responses declined very rapidly in a
few generations. The interaction variance which includes dominance and
epistatic deviations was estimated to be negligible in the base populations
and if this conclusion is valid, the discrepancies could not be attributed
to this source of bias. Another possible cause of discrepancy was the
large standard errors of both the observed and predicted responses, the

latter due to the inaccuracy in estimation of the genetic parameters
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(7, Gb and hz) used in its evaluation. The results from computer simu-
lation studies of Gill (1965) showed that for small population sizes the
effects of random drift and artificial selection could cause the genetic
parameters of the selection line to deviate considerably from that of the
base population in a few generations, thus resulting in poor agreement

between the predicted and observed responses.
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VI. GENETIC ANALYSES OF SELECT®D LINES

A. ANALYSES OF +3 HIGH SELECTION LINE

The cessation of response from all four replicates of the +3 high
selection line after the first few generations of response, despite
continued selection for increased bristles, was gquite unexpected. Partic-
ularly, since heritability was estimated to be about 37% in the +3 base
population. In an attempt to elucidate the genetic situation responsible
for this aberrant behaviour, two subsidiary experiments were carried out
on the +3 high selection line «fter completion of the 14 generations of
selection. The first experiment was designed to estimate heritability.
The second experiment, crossing between +3 high and low selection lines

was undertaken to attempt to elucidate directional dominance.

1. Heritability estimations of the +3 high selection line

(i) Materials and methods

The two eires and two dams restricted diallel cross employed in the
heritability estimates of the Oregon-R and +3 base populations was similarly
used here. From each of the +3 high replicates in generation 14, equal
numbers of bottle cultures were set up from flies selected at random from
each of the replicates. Progeny enmerging from these cultures were used
in the diallel cross. It was pointed out earlier that the diallel crosses
of the Oregon-R and +3 base populations suffered from the disadvantage of
insufficient replications. For this present diallel cross, efforts were

taken to set up as many single-pair matings as facilities allowed. For
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Each replicate, at least 40 single pair mitings were made. Both first
and second matings for the diallel cross were made strictly betweem males

and females of the same replicate.

(11) Results and discussion

3ince the four +3 high replicates were found to have homogeneous
means and phenotypic variances, data from the four replicates were pooled
before carrying out the analyses for heritabilities. Altogether 68 blocks
yielded complete data for the diallel anulysis. As before, the results
were analysed by parent-offspring regression and diallel =nalysis. Results
of the analyses from these two methods are summarised in Table kl.

The results from the psrent-offspring regression analysis give evid-
ence that a fair proportion of the remaining additive genetic variance in
the +3 high selection lime, after 14 generations of selection, could be due
to additive sex-linked effects. This is indicated by the dam-son and das-
daughter heritability estimates being considerably higher than the sire-son
heritability estimate. However, the sire-daughter estimate, which is
similarly biased by sex-~linked effects and is therefore expected to dbe
comparable to the dam-son and dam-daughter heritability cstimates, is
similar to the sire-son estimate instead. Thus it offers contrary evidence
to the prevalence of sex-linkage.

Estimates of heritability from the diallel snalysis varied comsider-
ably (from -0.1lk to C.h47), despite the larger number of degrees of
freedom (68) in this preasent diallel analysis when compared with
the diallel analysis of the +3 base population which involved only
43 degrees of freedom. There is no evidence of sex-linkage from
this analysis. The size of the interaction term is of the same order
of msgunitude as that obtained from the +3 base population. The

average of the four estimates from the diallel analysis (0.12) is resarkably
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Table &1:

line (Gen.lh)

Reritability estimates of the +3 high selection

ﬁggrcasion nnal:siu

Sire-son H h2 -0.04 4+ 0.11
Das-son g nl 0.23 + 0.08
Sire-daughter 3 n’ 0.02 + 0.13
Das-daughter h2 0.35 + 0.09
Average n° O.1h
Diallel analysis
Mean squares
Source of Variation d.f.
Females Males
Between sires within blocks 68 9.14 7.0&4
Between daas within blocks 68 12.48 13.59
Sire x dam interaction 68 11. 40 5. 46
Residual 1088 7.38 5.9?7
hs -0.1% + 0.07 | 0.10 ¢ 0.06
b2 0.05 + 0.08| 0.47 + 0.13
Average = 0.12
Interaction ( df/ o'i) 0.12 0.02
Female Nale
Realised heritability (Gen.lh) 0.06 0.05
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similar to the average of the estimates from the regression analysis (0.1k).
The overall weighted average heritebility of the +3 high selection line was
found to be 0.10 + 0.08.

There are two wayas of looking at the estimated components of varia-
tion of the ¢3 high selection line. The first is to coampare with the
components of variation estimated in the original +3 base population. The
second is to compare the estimated heritability with the realised herit-

ability of the +3 high selection line in the 1li4th selection generation.

Comparison with the +3 base population: Theoretically, the genetic compo-

sition of the selection line is expected to deviate from the original base
population as a result of selection, random drift or matural selectiom.

The additive genetic variance is expected to decline while the non-additive
component of genetic variance to increase. The components of variatiom of
the +3 base population and +3 high line at the end of selection are givea

below:

+3 base pop. +3 high selection

Additive genetic 0e35-0.40 0.10-0.15
Non-additive genetic C.05-0.10 0.05-0.10
Developmental error 0.25 0.25-0.35
True environmental O«30-0.40 0.50-0.60

The decline in additive genetic variance is evideat but it is not accompan-
ied by any apparent increase in non-additive genetic vari:nce. Sheldoa
(1963) reported imcrease in non-additive genetic variance and decrease in
additive genetic variance in his selection lines by the thirteenth selec-
tion generation, although he also found that the interaction variance

declined with further selection. Both the developmental error and the
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true environmental variance appeared to have increzsed with decrease in
additive genetic variance and this could be indication of the weaker
buffering ability of the more homozygous +3 high selection line when
compared with the +3 base population. The average heritability of

0.10 + 0.08 estimated in the +3 high selection line leads to the expecta-
tion of further responee veing possible with continued selectionm. This
estimated heritability will be compared with the realised heritability eof

the last selection generation in the following section.

Comparison with the realised heritsbility of the lhth selection generation:
From Fige 5 it is clear that the average realised heritability of the +3

high selection line had declined drastically from 0.35 im Gl to 0.05 im G2
and subsequently remained at this low level till the end of the selection
experiment. Thus, although the estimated heritability of the +3 high

line (0.10 ¢ 0.08) showed a decline in additive genetic variance, it did not
predict cessation of selection response. There is some evidence that the
discrepancy between the estimated and the realised heritability could be

due to sex-linked effects, although there was no evidence of sex-linkage

in the unselected +3 base population.

2e Crossing between 3 h;Ep and lows selection lines

There are two reasons for suspecting the prevalence of directional
dominance for high bristle number in the +3 population. The first is the
marked negative asymmetry of two-directional response. The second is the
much greater decline in reproductive fitness of the +3 low selection line
than in the high selection line. A means of testing this hypothesis for
the prevalence of directional doainance is to make crosses between the

high and low selection lines and observe the cean bristle score of the

Fl progeny.
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Table #2: Reciprocal crosses between +3 high selection line
and +3 low selection replicates
Mean abdominal bristle number

Hales Females
Mid-parent value 30430 36.84
Reciprocal ( Je3i 2+3L1 29.94 37.7h
Progeny E %38 x Je3LI 29.9% 37.22
Mid-parent value 30.99 36.45
Reciprocal ( J+38 x $+3LII 30.46 36.28
Progeny E 431 dv3LIL 30.84 36.62
Mid-parent value 30.28 37.45
Reciprocal ( &+3H S43LII1 31.14 37.58
Progeny E $e3n d+3LI11 30.10 38.08
¥id-parent value 30.81 36.56
Reciprocal ( &+32 x Se3LIV 30.58 36.20
Progeny 5 $e3H de3LIV 31.66 37.62

The crosses were carried out after the selected lines had beea

relaxed for five generations,

were collected from each of the ¢3 high replicates.

Equal numbers of males and virgin females

Since the four high

replicates were shown to be homogeneous, it was decided to pool the flies

from these replicates.

high selection line and each of the +3 low replicates separately.

was because the +3 low replicates were more variable.

Reciprocal croszsses were then made between the <3
This

Values of the

reciprocal crosses would give an indication of the effects of the sex

chromosores.

From each of the crosses, SO male and 50 female progeny
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were scored for abdominal bristle snd their means were given in Table b2.

If the hypothesis was true, the means of the Fl progeny would
exceed the aid-parent means. In all cases, the Fl means were comparable
to the mid-parent values. Thus it gives evidence that directional
dominance was not responsible for the asyammetry observed in the +3 popula-
tion. Also, the similarity between the pairs of reciprocal crosses ia
the males indicated the absence of sex-linked effects.

The conclusion from the above two tests is that the lack of response
in the +3 high line was largely due to the decline in additive genetic
variance, although the estimated heritability was greater than the realised
heritability at the end of the selection. Since there was no evidence of
directional dozinance, an alternative hypothesis is needed to account for the
ssymaetry. It is possible that a few additive genes with large effects
are respcnsible for high bristle number. ., Fixation of these genes im the
early gencrations of selection could account for the ineffectiveness of
further high selection and also the obscrved decline in both the phemo-

typic and additive genetic variance.
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B. RELAXATION OF SELECTION LINES

The main purpose in relaxing selection was to observe the magnitude
of the forces of natural selection opposing artificial selection and to
see whether there was any differential action of natural selection contri-
buting to the observed asymmetry of responses froam the three populations.

All the high and low replicates were relaxed for nine generations
after the 14 generations of selection. The relaxed replicates were
cultured under identical conditions as the selection replicates, with
three bottles saintained for each replicate. The only difference vas
that for each relaxed generation, five psirs of randosly selected pareats
were used in each culture bottle instead of the three pairs used in the
selection lines. This was used in attempt to maximise any action of
natural selection and also to reduce random drift.

The changes of the mean abdominal bristle nuaber over the nine
generations of relaxation of individual replicates were graphed imn Fig. 1l.
The generzal picture which emerged from the graphs was that there was little
tendency for the selected replicates to regress to the umselected popula-
tion means. To bring out the trends of regression on relaxation more
clearly, Fig. 15 shows the deviation of the mean of the relaxed selection
line from that of the unselected control line for each generation of
relaxation for the fesales, The males showed very similar trends.
Generation O in the figure corresponded to the lith selectiom generation.

The Cross high line showed no tendency to return to its originmal
population means over the nine relaxed generations. A gradual decline
of about two bristles over the nine generations was observed in the
Oregon-R high line. At first it would appear that the +3 high line

quickly returned to its centrol population means withim two generztioms
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of relaxation, but it rose back to its original selection means after
further relaxation, thus indicating that the regression was probably due
to sampling variation. The 43 and the Orogon-R low lines snowed no
apparent regression while the Cross low lime declined about one bristle
over the whole period of relaxation.

The behaviour of the relaxed high and low selected lines indicated
that the forces of natural selection were not atrong in moving gene
frequencies back to their original levels. It seems probable that the
slight decline observed in the Oregon-R high line amd the Cross low line
could be due to the break-down of favourable epistatic coabinatiens. The
final conclusion is that the observed asymmetry in the three different
populations is not caused by nzatural selection opposing artificial selec-

tion in any one direction.



168.

cC. CHROMOSOME ANALYLIS

Simple tests to determine the relative effects of different chroso-
somes on the quantitative character in selection lines bave lLeen used
extensively by Thoday and his associates (1959, 1964, 1966). Such tests
consist essentially of subtstituting different cinromosomes from the selec-
tioa lines into an unaelected tester stock, which is homozygous for
recessive sarker genes, on the chromcsomes where the effect on the
selected character is desired to bLe aassessed. This test will be used
in the present experiment as a means of giving inforzation on the location
of the genes controlling the selection response for high snd low abdominal
bristle numbers in the selection replicates of the Oregon-R, +3 and Cross

populations.

1. Materials and methods

The tester stock employed for these chroaosome assays was unselected
for atdominal bristle score. It was homoszygous for a second chrososome
recessive vg (vestigial) and a third chromosome recessive se (sepia) and
was consequently designated the vg se stocke Both these recessive sutants
have no apparent effects on abdominal bristle number (Bridges and Brehme,
194h4),

To limit the amount of work, it was decided to assay two replicates
from each selection line. The two replicates within each selection line
chosen were those which gave the greatest and least selection respomse.
These same replicates sere tested later for the presence of recessive

lethals as this may reveal vhether there wis any association betweenm the
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seigze of the effect of the chromosome on bristle character and the presence
of lethals.

It was rot pomsible to assay all 12 replicates at the same time due
to lack of facilities and difficulties of obtaining sufficient numbdbers of
virgin feznle vg se flies needed for the aatings. Consequently, the tests
were spread out fros the 12th generation of selection to the third relaxed
generation. The mating scheme used in the subatitutiom of second and
third (II and III) chromosomes frem tne selection replicates to the vg se
genetic background is shown in Table 43. The first generation matings
(P) consisted of reciprocal crosses between flies randomly picked froa the
selection replicate and the ¥E se stock. For each reciprocal cross,
five femalea and three males were used. In geaeration two (Fl). aale
progeny from the reciprocal crosses were randomly selected and mated to
virgin vg se females. Five cultures were set up for each reciprocal test
cross and similarly three males and five or six vg se females were used
for each oculture bottle. In the FZ’ four different marker type progeany
were segrezating. The four types were:

(a) wild-type flies which were heterozygous for the second and third
chromosomes
(b) se flies which were hetorozygous for the second chromosome
(c) yg flies, heterozygous for the thira chromosome
(d) ¥g se flies, homozygous for ¥g and se.
From each culture, five males and five females for each of the marker type

progeny were scored for abdominal bristle number.

2« Observations and results

Before the results of the chromosome asaays are presented it is
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(I, II and IIl refer tc X chromosome, second and tLird chromcscae of the

s6lected replicate resjectively. t is the X chrososome of the vg se stock)

hating scheme for chroaosome assays ol selection replicates

against vg se tester stock

[ 113 Female Hale en. Feasle Male
t vg se I II III I II III t_vg se
P X P
t vg se 11 111 I 11 IIi vg ee
t g s8¢ t II III t g se I IX IIX
rl X Fl
t vg se / vg s8e t vg se vg se
t II III t II III I 1I III t II III
Yo ¥,
t vg se vg se t vg se vg @8e
t 1lI se t II s=se I II II t II =se
t vg se vg se t vg se vg se
Different sarker ! t vg 111 t vg III I_ vg III t vg IiI
type progeay
t vg se ¥g se t vg se vg se
0 Y, SR R ~t_ g se 1 3g se L g se
t vg se vg se t vg se vg se

Females of the Fa progeny derive both X chromovsomes Females of the ?2 progeany are heterosygoas
for am X chromosome froa the vg se stoek

and the other froa the selected replicate.

from the vg se stock.
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worthwhile commenting on the vg se stock. It proved to te a difficult
atock to handle because of the low viability of the adults and low hatch-
ability of the pupae. The male vestigial wing flies im particular tended
to get trapped and subsequently killed on the moist food surface. Thus,

among the F, progeny, the survival rate of the vg + and vg se flies vas

2
low compared with their relatives with normal wings aad this was particu-
larly noticeable when the cultures were crowded. Ia attempt to reduce
the mortality rate of the veastigial fliee, every effort was takea to make
prospt and regular counts of the FZ flies as soon as they emerged.
However, in spite of this precaution, the male data in most cases were
incomplete. Among the five cultures set up for eash recipreesl cross,
invariably one of them failed to give the full quota of progeay so that
final aralysis involved only four cultures for each test-erosa.

A full analysis of variance was carried out for the female data
only. The significance of the chromosome effects and the interactioa was

tested by the standard F-teat. The statistical msodel used for the

analysis is as follows :-

Iijkl = p+a, + bij + ¢ +ac,, + bcijk + '1jk1

where Iijkl = 1lth observation on bristle nuaber within the smallest
subclass
p = grand mean common to all observations
a; = effect of the ith crozs
bij = effect of the Jth culture within the ith c¢ross
c, = effect of the kth genotype
acik = Jinteraction betweeam ith cross and kth genotype
bcijk = interaction between the jth culture withiam the itk
cross and the kth genotype
'ijkl = random error peculier to ijklth observation

(These errors sre assumed to have zero mean, constant variance and to bhe

normally and independently distributed.)
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The results of the analysis of variance for each selection replicate
assayed against the Vg se stock are susasrised in Table bb. Among the
high selection replicates, all except the two +3 high replicates have
chromosome 1II with significantly larger high abdominal bristle effect tham
the vg second chromosocnme. The chromosome 11I effects were significant
for all six high replicates. Interactions between the second and third high
selection chromosomes were significant in the Oregon-R and Cross high
replicates. Effects of all other sources of variation were showmn to be
negligible.

The results from analysis of the low selection replicates were not
80 clear-cut and simple as from the high replicates. On zost occasieoas,
the third chromosomes of the low replicates had significantly higher iamstead
of lower bristle effects than the se third chrososose. This analysis
however, does show in a qualitative sense that the second chromusoaes have
larger effects on low abdominal bristles tham the third chromosomes.
Significant genotype by cross interactions were preseat im the twe Oregon-R
low replicates but their mean squares were small when comspared with the
effects of the second and third chromosomes.

Baving shown by these F-tests that the effects of chruscecses II and
I1I and the interactions between them are significaat ia most cases, the
next step is to make a comparative study of the actual sise of effects on
high and low bristle character of the differeant chromsosomes froa differeat
selection replicates. Results from tinis comparative study would show
wshether there is any regularity of the relative effects of chrososomes II
and III on the selected character from replicates withia populations and
from different populations.

The mean abdominal bristle number of each marker type progeay eof

each selection replicate is given in Table 45. The effects of chromosomes



Table ULb:

Analysis of variance of female abdominal bristle number fros schromosome assaye

Source of Variation af Mean Squares
HIGH SELECTION
Or=-RHII1 Or-RHIII +3K1 +3HIII XEIIl XHIV
Chrom. II: 1II se 1l 191,41 378.23*° 2L.03° 7.66 275,63 L83,03°°
Chrom.III: vg II1X 1l 57.76* 148,23°° 1254,k0°° 596,76°° 902.5C** 113.22*°
Interaction 1 29.76° 25.60° 0.00 l.41 18.23* 40.00°
Between Crosses 1 1.40 25.60 l.22 31.50 27.23 0.03
Cultures within crosses 6 8.80 3.47 11.76 9,72 10,90 9.01
Genotypes x crosses 3 1052 1.64 b.34 9.27 10.04 L3,67*
Genotypes x cultures
within crosses 18 6.“0 8051 5.}" b.l? 15027 6.35
“ithin genotype,
culture and cross 128 6.64L 6.34 5.60 6.74 6.39 5.94
LO%W SELECTION
Or-RLI Or-RLIII +3LI1II1 +3L1V XLI XLIII
Chrom. II: II se 1l 1“8.2}.‘ ”06,. 41.01° 170016.. 61.26* 138076.‘
Chrom.IXIs vg III 1 &0.00 524 90°° 131,61 51.76° 0.76 218.56°°
Interastion 1 10,00 8.10 51.76°° 2.26 10.51 2.76
Between crosses 1 2050 0,02 0.1% 0.3 17.5% 5.25
Cultures within crosses 6 13.08 8.39 5.10 34.82° 9.92 9.50
Genotypes x erosees 3 56.12°°¢ 1h,31° 1.36 1.19 10.32 8.84
Genotypes x eultures 18 4?7 3.58 5ok 7.33 5.29 b.68
withia erosses
€ithin genotype,
culture and eross 128 &.62 5.61 6.16 5.36 $.70 & 17
* P = 0,05 *s P € 0,01

2Lt
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I1 and III and the size of the interaction between II and III im the vg se
genetic background are found by orthogonal comparisons. The effects of
the X chromosome can be assessed by comgaring the feamales of the reciprosal
Fa offspring. It can be seen from Table 43 that in one reciprocal cross,
both X chromosomes of the females were derived from the vg se stock (t/t)
while the females of the other reciprocal cross were heterozygous for a X
chromosome from the vg se stock and the other froam the selected replicate
(1/t)e Thus, the effect of the X chromosome (chromosoce I) can be assessed
by subtracting the former from the latter within each of the four classes eof
genotypes. The value of the effect of the X chromosose withim each replie-
ate, given in Table 45, is the average of the effects of the X chroscsomes
in the four differeat classes of genotypes.

From Table 45, it can be seen that the X chromosose of soth the high
and low selection replicates has small effects when compared with chromso-
somes II and III. Frankham (1970) reported larger effects of X chromo-
somes in two of his high abdominal bristle selection limes. Results of
effects of chromosomes II and III on high bristle number proved to be very
interesting. One noticeable feature of the three high selection limes 1ia
that there are clear similarities between replicates withim the sase high
line and strong differences between the replicates fros differeat high
lines. For the two Oregon-EK high replicates, both chromosomes II and III
have significant effects, although it is evident that the effect of the
former is larger. The +3 high replicates show different results. There
ie atrong evidence that nearly all the genes controlling high selection
response were located in chromosome III and the chromosome II om the ether
hand had lower bristle effects than the vg second chrososose. For the

Cross, both chromosomes II and III have sizable high bristle effects. It



Table 45t Chrosmosome assays of selection replicates against Vg se atock (fewale data)
¥ean abdominal bristle no. Chromosome effect Interatioa
(test cross progeny) X 11 111 between
II III IIee vg ill vg se 0 LIRS

HIGE SELECTION
(t/t 80.355 39.00 38.15 36.80
(Aver. 39.90 39.63 38.58 36.58 0.19 o374 2.27°° =1.73°
(t/t 39.60 38.45 36.95 3k, 60

Or-RHIII(I/t 40.20 39.10 38.30 35.20
(A'.ro }90% 38078 }7. 6} 3“.% 0.80 6. 15. . }. 85.. -l. 61.
(t/t %0.0% 34.75 41.45 35.95

+3HI (1/% 1.9 35.15 §1.20 35.50
(Aver. 40.55 34.95 §1.33 35.73 0.19 -1.56° 11.20°° 0.00
(t/t k0 .60 36.20 h0.15 37.60

+3HI11 (1/t 39.40 35.70 40.35 35.55
(Avor. “0000 }5.95 “0.05 36.58 -0.89 ’0068 7.52.. 0.58
(t/t bl.€5 38.65 39.75 34.80

XHIIX (Xx/t 43.30 38.15 41.30 35.5%0
("Cl’. “20“8 38.“‘0 %05} }5010 0083 5.25.‘ 9.51.. ‘1.’5
(t/t §5.C0 81.55 §1.30 34.90

X81v (1/¢ L4.15 38,95 §2.30 36.65
(A'Oro 5'0.58 ‘00.2.5 '02010 35.?8 0.00 6095'. 10065‘. -10”.

LO® SELECTION
(t/t 36.35 35.90 36.70 35430

Or-RLI (I/t 3410 33.55 38.60 37.00
(Avor. 35.23 }“07} 37065 }6.15 0025 -308“‘. 2.00.. -1.00
(t/t 37.95 36.60 36.35 34.80

Or-RLIII(I/t 37.40 35.55 3635 36.50
(Aver. 37.63 36.08 36.35 35.65 0.00 1.76° 2.30°° 0.90
(t/t 34.05 33.70 36.15 33.50

«3L1I  (I/t 34.25 33.25 36.45 33.20
(Av.r. }“o 15 }}o 48 36. 30 }30 35 =0 006 =2.02°*° 3 62. L =2e 28.
(t/t 3460 33.70 37.05 35.90

+3LIV (1/t 34.95 34.09 37.10 35.50
(A'.ro }~078 53.88 }?‘08 }S.?O 0.11 "“012.‘ 2028‘ .OO“
(t/t 35.90 3h.60 36. 40 36.25

ILI (1/t 3%.15 34.70 35.10 36455
(Aver. 35.903 34.65 35.75 36. 40 -C.69 =2.47* «0.27 1.03
(t/t E 35.65 32.60 37.5C 34.30

XLIIT  (1/t | 38.95  33.85  37.35  35.35
(Aver. | 35. 30 33.23 37.43 34,83 - 0.36 =3,73%¢ 4.67°° -0.53

e P = 0-05 L] P ‘ 0001
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could be inferred that the higih chaetae factors of the Croszss chromsosome I1I
were derived from the Oregon-R parental strain and those of chromosoame III
from the +3 parental strain. No interaction between chromosocmes II and
I1I of the +3 high replicates was apparent. Significant negative inter-
actions were detected in the Oregon-R and Cross high replicates, implying
that the two chromosomes reacted with each other to depress the bristle
score instead of increasing it. dowever, these interactions were small
when compared with the effects of the chromosomes themselves.

Among all the six low replicates, there is evidence that the leci
respongible for low abdominal bristles were located mainly in the second
chromosome. The third cikromososes of all the low replicates, except ILI,
have significantly higher bristle effects than the se third chromesome.
The +3LII showed the interesting phenomenon of interactioa, with chromo-
somes II and III reacting with each other in the positive direction teo
cause further reduction in bristle number. Fositive interactioa has also
been observed by Thoday et al. (1966) between the second chromosome aad a
located "'gene” im the third chromosome of a high sternopleural selection

line.

3. tiscussion

It must be mentioned that these simple chromosome assays are limited
in their uses since they cannot detect the effects of any recessive genes
which may affect the selected quantitative character. However, the
results from the chromosome analyses tie in remarkably well with the
observed two-way responses of the three populations amd provide further
supporting evidence for the hypothesis proposed earlier to cater for the

observed responses. Coamparative genetic analyses of the high selection
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replicates revesled strong similarity between replicates withia selectioa
lines and apparent differences between the Oregon-R, +3 and Cross high
lines. For the Oregon-i, more of the loci controlling high bristles were
located in chromosose II while in the +3, such loci were located almost
entirely in the third chromosome. Both chromoscmes II aand III of the

Cross high replicates huve consideruble abdominal briatle effecta. Such
evidence indicates that the two original strains, Oregoan-Rk and +3, have
different array of genes affecting high bristles and that by amalgasating
the two populations to form the Cross, the factors responsible for imcrease
in abdoainal bristles, situated predominantly im chromosome II of the
Oregon-Kk and chromosome III of the +3, are brought togethar and subsequeatly
selected for in the Cross. This could account for the stroag high response
observed in the Cross despite the poor response upwarda froam the two
parental strains.

The chromosome assays reveal that the third chromosomes of the +3
high replicates have considerable effects on high bristles. The third
chrososomes of +3HI and +3HIII exceeded the se third chromoseme by 11.20
and 7.52 bristles respectively. This deviates consideradbly from the
observed response of one to two bristles in the +3 high replicates after
14 generatione of selection. The observation scems to give some support
to the bypothesis of inter-allelic epistatic interactions proposed by
Clarke et al. (1961), to explain asymmetrical response. It would seem
that the +3 genetic background acted as a "barrier” inhibiting the
expression of the alleles for high bristles. But when these alleles were
transferred to a different genetic background such as that of the vg se
or the "Cross", the phenotypic expression of the +3 alleles for inereased

bristles was no longer inhibited. This genetic situation could partly

account for the extremely poor upward response of the +3 high replicates.
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The locl responsible for lowy bristle mnumber appeared to be located
on the second chromosoms in toth the Cregon-it and +3. The homogeneity
of selection responses and also the similarity in chromosome effects, not
only of the Orezon-R and +3 but also of the Cross low line, gave further
evidence that the loci responsible for low bristles in the two parental
strains wers siailar, thus resulting in no apparent increase im genetic

variability or selection respomse in the Cross low replicates.
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D. LETHAL TEST

In Drosophila, the availability of special stocks carrying marked-
inversions affords a unigue technique for determini g the frequencies of
deleterious genes in a population. Such lethal tests have beea used
extensively by Dobzhansky and his associates to study the hiddea genetie
variability of natural populations of Drosophila (Dodshansky amd Spassky,
1953; Dobshansky, Spassky and Tidwell, 1963; Dobshansky, 1964). 1Ia
later years, it has been adopted by other workers tc analyse the genetie
situation underlying the response in selection lines. Reeve and Robertson
(1953) tested for the presence of second and third chromosome recessive

lethals in lines of D. melanogaster selected for long amd short wings fer

58 generations. Reaults from these teats si:owed that the recessive lethals
were confined to the third chromosomes in both long and short-winged flies.
The overall viability of the short-winged flies was about 5% higher thaa
that of their long-winged counterparts. A similsr test was conducted by
Brown and Bell (1961) to assess the importance of lethal and other detri-

mental factors in a population of D. melanogaster which had completely

ceased responding to selection for kigh fecumdity. Their results showed
that neither sex-linked or autosomal lethals or other subvital factors
were responsible for retarding response to selection as their frequemcies
were no higher than those reported for natural populations which were ia
equilibriua.

Clayton et al. (1957), using aimilar techaiques, fourd an appreeiable
f:equency of lethals on the second chromosomes in some high and low abdoaimal
bristle selection replicates and on the third ghromosomes im other replioc-
ates. tvidence indicated that these receasive lethals were maintained at

kigh frequencies in the selection lines becausze of lethal heterosygete



178.

superiority for extreme bristle nuaber. They were responsible for the
high genetic variability persisting in the selection limes despite cess-
ation of response.

Two high and two low abdominal briatle lines were tested by Latter
and Robertsoa (1962) at the tenth generation of selection. Fregquency of
third chromosose lethals, which is near its theoretical maximum of 3%,
was detected in one of the low selection lines.

Frankhes et al. (1968) analysed 27 high abdominal bristle selection
lines. Most of the lines had low frequencies of second and third chroso-
soae lethals. However, two lines showed a high freguency of lethals and,
because both lines regressed considerably on relaxatioa of selectioam, it
was clear that these lethals had large effects on bristle score.

The prevalence of recessive lethals appear to be a common phenesenoa
in both natural and selected populations. The deleterious facters msay be
maintained in high frequencies in selection lines for the following
reasons: (a) The lethals are favoured by artifical selection because eof
large effects of tbhc lethal heterozygote on the selected trait; (b) HNatur-
al selection may favour lethals because of their heterosygote superiority
for fitness; and (c) Lethal recessives may be linked with genes affecting
the selection charscter.

Lethal tests were carried out on the selection replicates of the
present experiment to detect whether the presence of lethrls was limiting
the response to selection, particularly im the Oregon-R and +3 high
selection lines. The tostes were extznded to evaluate the effects of
second and third chromosoue nomozygotes on viablility and also the effects

of eplstatic interactions batween second and third chromosome homosygotes.
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1. Materials and methods

The two replicates from each high and low selection line, which had
been assayed earlier for effects on bristle number, were subjected to
lethal tests. This would afford the opportunity to examine whether there
is any direct correlation between chroamosome effect and frequency of
lethals in the selection lines. The teats were made between the 12th
selection generation and the second relaxed generation.

The method employed was a modification of the technigue used by
Brown and Bell (1961). The tester stock carried the domimant sutants
Curly (Cy) and Flus (Pm) on the second chromosomes and Dichaete (D) and
stubble (Sb) on the third chromosomes. There domimant lethal marker genes
are asgociated with zultiple inversions which suppress virtually all
crossing-over in the heterozygote, so that the chromosomes segregate as
whole units. The second and third chromosomes from the selection repli-
cate were tested for the presence of recessive lethals or subvital factors
by transferring the chromosomes into the genetic background of the tester-
stock and reandering them homozygous by a seriee of controlled crosses.

The uating scheme used is shown in Table 46 and it involves three crosses:-

Cross 1: & or 5 sales were randoaly picked from each selectioa replicate

and each was mated to 4 or 5 virgin females of the tester stock.

Cross 2: 6 males wers razndomly selected from the progeny of each of the
Cross 1 matings. Each male was back-crosased to a few tester fesales. At
least six of’springs were tested from esch cross to eansure that both the
second and third chromoszomes (selected chromosnmes) of the original sire

were being tested.

Cross 3: 1In crder io duplicate the second and third chromosomes froa the

selectioa replicate, Uy T ®ales and virgin females froa progeay of Cross 2
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were mated together. The main reason for using the Cy D sarkers was that
the progeny segregating in the fourth genmeration could be grouped imto
their respective phenotypic classes withcut having to examine under the
binocular microscope. The Cy/Cy and D/D homozygotes would be absent fros
Cross 3 progeny as the mutants are dominant lethals, 1f mneither the
second or third chromosomes from the selection replicates are lethal, four
phenotypic clasees would be present among the Cross 3 progeny. Among the
four classes would be the wild-type flies which are homozygous for both
the second and third selected chromosomes (+ +), flies with the doaimant

marker Dichaete (+ D) which are homozygous for the aecond selected

chromosome, progeny which snow the Curly (Jy ¢) which are homosygous for
the third selected chromoscme and lastly the double heterozygotes (21_2).
If either second or third chromosose contains recesaive lethal factors,
the phenotypic claas with the respective homozygote would be absent.

This enabled the frequencies of second and third chromosoae lethals iam the
selection replicates to be assesged directly. The progeny of Cross 3

were sorted into their various phenotypic classes and the aumbers recorded.



Table 46: Mating system utilised for detecting recessive

lethals in second and third chromosomes in the selection

replicates (The male used in Jross 1 is equivalent to a
fly from the seclection replicate)

Chrososoaes Chromososes
II III II III
Cross 1 Ly D A
el sy 22 % S— - 67\
FPm Sb \ +- +
Cross 2 Ly D 22 Cy _D °¢r
Pm Sb / \T r
Cross 3 C __D__ Ly a‘\
_:i*r/v/ \\T:
Cross 3 _g_z_
progeny + + o+ o + Y

Expected ratic /9 2/9 2/9 1/9

181.
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2e Observations and results

The frequency of second and third chromosome lethals as well as
the relative viabilities of the second and third chromosome homozygotes
and the interaction between the second and third chromosomes are evaluated
according to the method described below. The assumption inherent ia this
method of estimation is that the genetic background of the tester stock
does not have differentizl effects on the viability of the different
phenotypic classes. Under such conditions, if all the progeny are
equally viable, the expected ratio of the four phenotypic classes, Cy D,

2 ¢ 1 (Table 47). The

+ D, Cy + and + +, would be enqual to 4 : 2
observed number of Cy D flies would be taken as the criterion for 100%
fitness. If either the second or third chromosome contains recessive
lethals, the phenotypic class with the homozygote would be missing. But
if the chromosomes are semi-lethal or subvital, the observed nuamber of

flies in their respective phenotypic classes would be less than expected.

Table 47: Method of analysis of the effects of the second
and third chromosome homozygotes of the selection
replicates on viability

Phenotypes Cy D + D Cy + + 4
Expected numbers w 3w 3w 2w
Observed numbers w x y z

The viability index of the second chromosome homozygote (S) is
obtained by dividing the observed number of + D flies by the expected

number, which is half the number of the observed Cy D individuals
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(s = x/3w). Similarly, T, the viability index of the third chrososome
homozygote is evaluated by dividing the observed number of Cy + flies by
the expected (T = y/3w).

The interaction (I) between the second and third chrososome homo-
gygotes can also be evaluated. If the two chromosome homozygotes are
independent in their effects on viability, the expected nuadber of imdivid-
uals in the + + class would be equal to STiw. But if interaction occurs,
the actual number of individuels in the + + class would be equal tot
= IST!w
Rearranging the equation and substituting for values of S and T, the
interaction can be evaluated by : I = ws/xy.

The relative viabilities of the homoxygotes are classified as shown

below. The classification is arbitrary and is adapted from Crow (1968).

* V. I. (<3.10) lethal
Ve I. (0610=Ce50) : seami-lethal

Vo I. (>0.50) quasinormal

The homozygote is regarded as lethal if the relative viability is less thaa
GelOe This criterion for lethality has also been adopted by Chung (1962)
and Teamin (1966)« For each selection replicate, about 20-24 chromososes
were tested for lethals. The fregyuencies of second and third chromosome

lethals for each replicate were calculated and expressed as percentages.

(1) Freguency of recessive lethals

This analysi~ shows the relative frequencies of recessive lethals
in the uselection replicates from different populations. The frequeney
of lethal second and third c¢chromosomes for each selection replicate is

given in percentages in Table 48.

®* (V. I. = viability index)
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Table 48: Frequency of lethal second and third chromososes in high
and low selection replicates (n = number of chrososomes tected)

KHIGH SELECTION | LO% SELECTION

Freq.of lethals(%) | Freq.of lethals(%)

Gelection Selection
replicate n|({Chrom.II|Chrom.III replicate n [Chrom.1I|Chrom.III

Or-R Rep. II(19| 52.6 63.2 Or-R dep. I|23| 26.1 17.4
Rep.III|22 9.1 59.1 Rep.III|23| 56.5 83.5
+3 Rep. I|24 §.2 0.0 +3 Rep. II|2h 0.0 37.5
RQp.III 24 0.0 0.0 R.po Iv 2} }5.8 ~o~
Cross Rep.III|21 4.3 14,3 Cross Rep. 1|23 8.7 26.1
Rep. IV|23 4.4 0.0 Rep.III|2k| 12.5 25.0

Extremely high frequencies of second and tiird chromosome lethals
were present in Or-REII amnd Or-RLIII. For Or-RHIII, only the third
chromosome had a high lethal frejuencye. From such evidence, it is plaums-
ible that the poor response of the Oregon-R high replicates and the sarked
decline in resyonse rate of Or-RLIII from generation sever oawards were due
to the selection of recessive lethal factors in their heterozygous state.
Since these replicates showed little regression in bristle score over the
nine relaxed generations (Fig.l5), it could be inferred that these lethals
were not selected because of their heterozygote superiority for bristle
score. They could be selected because of linkage to genes affectimg the
selected trait.

A different picture emerged from the +3 populatioa. The two 3

high replicates had extremely low frequency of lethals in the second
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chromosome and none were uncovered in the third chromosome. It leaves
little doubt that the extresely poor upward response from the +3 population
is unlikely to be due to the presence of recessive lethals. The results
from the +3 low replicates proved to Le rather interesting. There was
evidence of high freguency of chromosome III lethals (37.5%) baut low
frequency of chromosome II lethals im +31.I1I. The +3LIII orn the other hand
showed high second chromosome lethals (34.8%) and low third chromosome
lethals (4.4%). The marked difference between the two replicates froa

the +3 population could be due to two possible causes: It could simply

be the result of sampling variation, since only a very scmall sasple of
flies was tested for lethals from each replicate or; It could also be

that recessive lethals were prssent at low initial frequencies in the +3
base population so that due to sampling variation, some of the recessive
lethals were included in one replicate but not im amother.

The two Cross high replicates, which gave good respomses througheut
the 14 generations of selection, had low frecuencies of both secomd and
third let'.al chromosones. The Cross low replicates had higher lethal
frequencies thun the high replicates particularly oan the third chromosome.

In conclusion, the replicates froa the Cregon-R population as well
as the +3 low replicates had high lethal freguencies of over 30%. The
other selection replicates teasted had frequencies below 25% and im the
author's opinion this could not be regarded to have affected selectioa
responses to any large extent since it has been found by other sorkers
that both natural populations zs well as laboratory stocks of Drosophila
carried lethal frecuencies of this order of magnitude. Greenberg and
Crow (1960) reported the frequency of the second chrososome lethals im

wild and cage populations of D. melanogaster to be about 25%. In studies

with a large population of D. melanogaster at equilibrium, Temin (1966)
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sbserved a 23% fraquenscy of second chromosome lethals. More recently,
Frankham et al. (1968) found let:al frequencies of 9.5% and 14.5% for the

second 2and third chromosomes respectively in the Canberra cage population.

(i) Relative viabilities

Omitting the lethals, the average viability imdices for the second
and third chromosome homozygotes can be computed and are given ia Table 49.
As mentioned, the viability indiceas were obtained by cosparing the viab-
1l1ity of the homozygote with that of the double heterosygote. <This is
based on the assumption that the marker genes do not affect the viability
of the heterozygete eith:r favourably or adverselye. Dobshansky aad
Spassky (1963) and Dobshansky, Spassky and Tidwell (1963) reported that
the sutant markers they used did not appreciably affect the viability of
the heterozygotes.

It must be borne in mind that all the results from the present
analysis must be interpreted in the context of the genetic dackground of
the teater stock esployed in this particular experiment, 2s Reeve aand
F.4. Robertson (1953) and 5passky, Dobzhansky and Anderson (1965) have
pointed out that the degree of lethality of a chromosose eould be modified
by changes in the genetic background.

A f:-ature which stands out from the data in Table &9 is the similar-
ity of results between the two replicates within selection limes and this
at least gives some support that the results are not spurious due to high
sanpling variation of cultures with too few progeny. The +3 and Cress
high replicates showed overall high homozygous viabilities, particularly
for the third chromosome and this tallied well with the actual observation
of high fitness of these replicates throughout the selectiom prograase.

The Oregon-R high replicates differed from the +3 amd Cross high replicates

in that the second ciarososome homozy;otes had low viabilities and could be
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Table 49: Viability indices of second (5) and third (T) chroscsocme
homozygotes of the selection replicates 48 well as interactioa (I)
Viability Index Interactioa
S T I
HIGH SELECTION
Or-R Rep. II 0.8% + 0.10 056 + 0.23 0.67 ¢ 0.10
+3  rep. I 0.87 + .09 1.23 + 0,10 1.03 ¢ 0.10
Cross Rep. III 093 + 0.06 1.53 + 0.18 1.05 ¢ 0.16
R.po IV 0.77 t 0.08 1.6} : 026 l.11 : 0.12
1Oow JELECTION
Or-R Rep. I 0.51 + 0.09 1.40 + 0.12 0.87 ¢ 0.13
Rep. III 0.41 + 0.09 1.40 + 0.18 1.06 ¢ 0.14
+3  Rep. II 0.89 + 0.11 0.90 + 0.13 1.23 ¢+ 0.64
Rep. IV 0.91 ¢ 0.1l 0.83 + 0.11 0.82 + 0.11
Cross cho I 0,90 : 0,07 0.95 : 0009 0079 t 0009
Rep. III 0.93 t 0006 0080 t 0012 100? : 001“

regarded as gemi-lethals.

The viability of the

second and third chrososome homoszsygotes of

the +3 and Cross low replicates fell in the quasinorsal range. In con-

trast, the Cregon-R low repslicates had second chrososome homozygctes

whickh could be classified as seai-lethals and thid chromosome homosygotes

as quasi-normals.
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(iii) 1Interactions

‘The interactions between the second and third chroescosoze homozygotes
for each replicate are given in Table 49. Interactions between chromo-
somes could be roughly classified into three types according to the value
of I.

(a) I = 1 : Viability effects of the second and third chromosonme
homozygotes are independent (non-synergisa).

(b) IK1 reinforcing or positive synergisc, where the doudle homo-

gzygote is less viable than either of the single homozygotes.

(¢) 1 >1 t opposing or negative synergisa, where the deleterious
effects of one curomosome homozygote neutralise: the detri-
mental effects of the other homosygote.

There is little literature available on the effects of interactions
between homozygous chromosome pairs on viability. There is some evidence
that such epistasis may enhance the decline in viability im Drosophila
(Dobzhansky, Spassky snd Tidwell, 1963; Spassky, Dobsbansky amd Anderson,
1965; Mukai, 1967). Crow (1968) found interactions betweem second and
third chrozmosome homozygotes to be insignificant. In studies utilisimg

the grasshopper, Moraba scurra, Parsons (196%4) found evidence of inter-

actions between two pairs of hosmozygotes which caused a rise im viability.
Brown and Bell (196l1) reported similar negative synergism between the

second and third chromosome homozygotes in a "plateaued” population of

D. melanogaster. Results from tie present experiment would sdd further
useful information on the effects of such interactionms.

The general conclusion from the results of the 12 selectioa repliec-
ates would be that there is a general tendency for non-symergistic inter-
actions. However, positive epistasia occurred in four replicates,

Or-RHII, Or-RLI, +3LII and XLI, where the values of I were below one.
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The only instance of negative epistusis was found in the +3LII
(1.23 ¢+ 0.64) but this has to be interpreted with cautiom because of its

large standard error.

3. Discussion

Results from these lethal teasts indicate that dalanced lethal systeas
built up in the second and third chromosomes could be limiting the selectien
response of the following replicates; Or-RiIII, Or-RLIII, +3LII and+3LIV.
The low freguency of lethals in the +3 high replicates, im coatrast to the
bigh frequency in the +3 low replicates, could mean that im the +3
population the recesasive lethals and other detrimental factors are assoc-
iated with low bristle number z0 that in the process of selecting for
high bristles these factors have been selected out of the high replicates.
In all the tested replicates, except the +3 and Cross high replicates, the
viabilities of the second and third cihromosome homozygotes were lower E?an
the heterozygous viabilities.

#ith regard to inter-chromosomal interactions oa viability, there
is strong evidence that in the present genetic background, the interactioms
tended to be non-significant, that is, the effects of the second and third
chromosome homozygotes were independent. There is sose evidence for
positive epistasis, where the double homozygote has lower viability tham
either of the single homozygotes. The occurrence of negative epistasis
was rare and this wes not surprising as it is highly unlikely for such
homozygous situations and consequently favourable interactions ef this
kind, to arise in mnatural or selected populationse. Also, it has been
desonstrated that natural selection normally favours heterogygous geno-
types because of higher fitness (5allace and Madden, 1953; Wallace and

Dobzhansky, 1962; Dobzhansky and Spassky, 1963). Ia this respect, it
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is more likely for interactions between heterozygous chromosomes to be
built up than between homozygous chromosomes. It has also beem pointed
out by Parsons (1964) thz:t although inter-chromososal interactions may
assume importance in lessening the genetic load in species with low
reproductive rate like man, they are much less likely to occur im

Drosophila where high mortality could be tolerated.

Ee 015CUSSION

The main pur;ose of conducting these series of experiments -
relaxation of selection, chromosome analyses and lethal tests - is to
elucicate the genetic situation responsible for the observed selection
responses. Results from the rcritability estimates of the +3 high
selection line and the crosses between the +3 high and low selection
lines give a clear indication of decline in additive zenetic variance
and the abaence of directional dominance. The rarity of recessive
lethals in the second and third crnromosomes and the lack of tendency
for the +3 hi;h reglicates to regreas in bristle score when selection
was suspended suggest that the lack of upward responses was not due to
the selection of superior letnsl heterozygotes either for the selected
trait or for fitness. It is probuble thut the sudden cessationm of
response in the +3 high line, after only about two generations of selection,
was due to the rapid fixstion of a few genes with large effects on bristle
gscore which were contributing t. nearly all the genetic variability foumd
in tke +3 base population.

411 the selection replicates relaxed for nine generations showed
little or no tendency to regress to the unselected population means and

thus indicated that the forces of natural selection opposing artificial
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selection were not strong. It could also mean that the high fregueacies
of lethal chromosomes (over 30:) found in replicates, Cr-RHII, Or-RHIII,
Or-RLIII, +3LI1 and +3LI\ were not maintained because of their heterosygote
superiority for bristle number but instead could be selected because of
linkage to genes controlling abdominsl bristles (Mather, 1949; Fraankham
et al., 1968).

Another reason to suspect that the lethals were not associated with
extreme bristle number was that there appeared to te little correlation
between the frejuency of lethals in a clromosome and the effects of the
chromosome on the selected character. It iz expected that if a lethal
factor with appreciable effect on the selected character was selected in
its heterozygous state, the chromosome in which this factor was located
would have a large effect on the selected trait. But this expectatioa
was not observed; for example, in the Or-RHIII, chromosome assays showed
that chrowmosome II hsc about twice the effect of chrozosose III om bristle
score but had a2 lower frecuency of lethals than the latter. Similarly,
for +3LII where the second chromosome sith appreciable effects on low
bristle score had no lethals, whereas the third chromosome with smaller
effects had high lethal frejuencye.

The chromosome assay on the whole gave consistemt results. Partic-
ularly for selection in the high direction, there was marked similarity
between replicates within the selection lines and also pronounced differences
between the three high lines. In the Cregon=-R high replicates, loci
controlling hig: bristle number were located mainly in the second chromeo-
some while in the +3 high replicates they were predoaimsantly in the third
chromosome. The Cross high replicates appeared to have the cozbined
properties of both purental strains, with both second and third chromosoaes

having appreciable effects on bristle score.
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The results from the lethal tests were less clear-cut and showed
greater heterogeneity between replicates witkhin the selection lines.
This is well illustrated in the two +3 low replicates, where a balanced
lethal system appeared to be prevalent in the second chromosome im one
replicate and the third in the other replicate. This could mean that
replicates aithin the same selection line were truly genetically divergent
#ith regard to the incidence of recessive lethals because of factors like
initial sampling errors, random drift and the effects of artificial selection
acting on genetic differences. Or it could merely be due to sampliag
variation since only a small number of flies were tested from each replicate.
The author admits that the wseaknessea of the lethal tests are not oanly the
smallness of the samples of each replicate which were tested but also that

only two replicates of the four from each selection line were tested.
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Vii. GrENERAL 215303 ION

5ince detailed discussions of results and observations have already
been maade at the end of each separate section of this thesis, the geaeral
discussion will be concerned mainly with tying together the results froa
the different sections.

Preliminary diallel crosses carried out on the two original
laboratory strains, Oregon~R and +3, allowed the phenotypic variamces ia
abdoainal bristle number to be partitioned broadly imto genetic amd
environaental coaponents. A few differences in variamnces betweer the
Oregon-R and +3 were noted: the slightly higher additive genetiec varianmece
in the +3; sozme evidence of additive sex-linked effects im the Oregom-R
but not in the +3; an indication of the preasence of some epistatic
variation, mainly of the additive x additive type, in the +3 but not im
the Oregon-Re. It must be borne in mind that too much reliamce should
not be placed on these results because of large sasplimg errors. The
components of variation of the two present base populations were also
compared with those of the base populations utilised by Claytom et al.
(1957), sheldon (1963) and sheridan et al. (1968). It was found that
the Oregon-R and +3 base populutions bore greater resemblance to each
other than to any of these other base populations.

The primary aim of this thesis was to evaluate the variability of
reaponse of a gquantitative character, abdosinal bristles, among differemt
base populations. ‘fo schieve this, identical selection was practised on
the Oregon-R, +3 and the Cross, formed by crossing the two origimsl
population=, under uniform environmental conditions. The general

expectations from such sn experiment would be for greater but more
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variable responses from the hybrid stock when compared zith those from
the two closed populsations.

The avera,e high selection responses in these three populations
wvere significantly different, #ith the +3 giving virtually no response,
the Oregon-R poor response and the Cross good response. Also, signif-
icant heterogeneity was detected among the high replicates of the Cross
but not among those of the other two populationse. Thus the high selec-
tion responses ware in accordance to the above expectations.

Results from the chromosome assays of the selection replicates at
the end of the selection prozramme gave evidence of gemetic differences
between the three high selection lines. It was found that gene loeci
controlling high abtdoainal bristle number were located mzinly ia chromo-
some 1I in the Oregon-R high line. On the other hand, such factors were
found predominantly in the chromsosome III in the +3 high line. Both the
second and third chrososomes of the Crosa had large effects o3 high
bristle score. A simple interpretation of these results would be that
the high bristle factors in chromosome II of the Oregon-R and chromosose
II1 of the +3 were combined together in the Cross, resulting in greater
genetic variability and conseguéently greater selection response thaa the
two parental strairns.

The heritability of about 0.35 estimated in the +3 base populationm
proved to be completely imadeguate in predicting the +3 high selectiom
response. This meant that the simple additive selection theory based
on the premise that the selected trait is coatrolled by a large number
of additive genes with small effects would not apply to the +3 population
for high bristle character. Instead, a different hypothesis was needed
to cater for its aberrant behaviour. The hypothesis that high bristle

character in the +3 population »us8 controlled by a few additive genes
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with large effects, which were subsequently fixed im the early generatioas
of selection, thus causing cessation of reszponse despite continued high
selection, seemed to fit in well with the following observations :
(a) Coamplete cessation of response in all four +3 high replicates
after only three generations of selection
(b) Consistent low phenotypic variances of the replicates throughout
the selection experiament
(c) Sharp decline in additive genetic variability at the end of
selection despite the lack of response
(d) Absence of directional dominance as indicated by the intermediacy
of the hybrids of the +3 high and low aseiectior lines
(e) Low frequency of recessive second aad third chromosone lethals.

An alternative hypothesis proposed by Clarke et al. (1961), of the
genetic background of the stock acting as = '"barrier" to inhibit the
phenotypic expression of the loci controlling the selected character,
could also cater for the +3 high responses. fvidence supporting this
hypothesis was the large bristle effect of the tnird chromosome of the
+3 high line when transferred to the genetic background of the vg se stock,
and also the large upward resgomse in the Cross, shich s&s suggested
earlier was made possivle partly by the favourable loci from the +3
parental population. An assumption inherent in this hypothesis is that
the genetic variance of the character is made up wmainly of inter-~allelie
epistatic variance. Consequently if thie Lypothesis was correct, one
@ould expect a large amount of epistatic variation to be present ian the
+3 population. In fact, the amount of epistatic variance found in both
the +3 base population and +3 high selection line was relatively small,
and thus it pr:sents contradictory evidence to tue applicability of this

hypothesis.
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The low responses from the tar2e diflerent foundation stocks were
ecomparable in both size and gen:ral trend. All the three low selection
lines ga;e fair resgonse in the first ceven zenerations or so and showed
a definite decline in respense rate in the latter seven generations.
Unlike the high selection lines where both the largeat response znd the
gr=atest variability of responses occurred in the Cross high line; for
the low selection lineus, the +3 gave the greatest low response aand the
Oregon-R, the largest divergences between replicates.

The similarity of responses from the three different los selection
lines suggested thast the two originsl populstions, Oregon-Rk and +3 bad
comparable array of genes affecting low abdominal bristle nusber, so that
crossing them did not re¢sult in any great incresse in genetic variebility
and consejuently no greater response from the Lybrid base population.
Evidence supporting this hypothesis comes from the results of the
chromosome analysis of the low selection replicates whare the factors
affecting low bristle number were found to be located mainly in the
second chromosome in all three low selection lines.

A comparable teo-directional selection sxperiment for fecundity
was conducted by richardson unc XKojima (1963) using two cage populations

of Be. pseudoobscura and also the hybrid formed by crossimg thesm. Their

results differed from those of the present exper ment in that their three
high selection lines gave comparable resyponses while among the three low
lines, the kybrid yielded greater responses tken those of the two parental
low lines.

 Results from lethal tests conducted on twc replicates from each
selection line indicated thut balanced lethal systems could be present
on the second or third chroumcscme (or on buth chrocosomes) im the tested

Oregon-x nigh and low replicates as well as in the +3 low replicates.
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Evidence such as the scmall tendency of these reylicates to regress in
bristle score on relaxation of selection and also the abtsence of bigh
phenotyplc variances in these replicates, suggest that these lethals

were not favoured because of their heterozygote superiority om bristle
score. A more likely cause of the high lethal freyuoncies is linkage

of theme receasive lethals tc geneas controliling bristle acore. Ia all
three populations, the lower viability and higher frejquenecy of second

and third chromosome lethals observed in the low replicates than im the
high replicates suggested that there sas greater tendengy for the recessive
lethals to be linked to genes uffectlrg low brisile nuaber. Clagtor et al.
(1957) raised the qucstion as to whether these lethals were originally
preseat in the base populztions and were subseguently sclected for. it
this was the case, it could mean that since the (regon-R selection replicates
had higher frezuency of lethsls than the +3 re.licatea, the Oregon-R base
populaticon had a greater load of recessive lethals tham the +3 base
population.

It was mainly because of the differsatial hLigh selecticn responses
from the three populations thet different patterns of asymmetrical respease
were obtained. Uxtreme negative asysmetry was observed im the +3, =ild
negative asyszetry in the Crsgon-R and positive asyxmetry im the Cross.

In relation to extrapolation of selection reszonse of a quantitative
character fros one population to another, the results froa this selectiom
experiment showed that if other factors affecting selection responses were
coaparable, then extrapolation iz reasonatle for low selection responses
but not for high responses. Different sizes and patterns of asyasetry
have been reported by earlier workers using the same selectiom trait.
Fogitive asymmetry was obtained by Matier and Rarrison (1549), Claytonm

et al. (1957) and Latter and kobertson (1961). Negative asyametry was
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observed by Rasmuson (1955) and :3heldon (1963).

The abdominal bristle character has been classified as a neutral one
(ie Robertson, 1955), with little direct effect on fitness, so that the
forces of natural selection operating on it are not strong. Thus, the
nature of genetic variance of the abdominal bristle character im aa
unselected population has been shaped mainly by its evolutionary histery
of chance sutation. This in turn could lead to the diversity of genetic
syastems governing this character in different base populations, thus
resulting in difterent patterns of selection response, in terms of both

the size and trends, froz different unselected base populatioms.
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SUMMARY

This thesis is a study of short-term selection responses froa

three different base populations of Uroscphila melanogaster subjected

to idsntical and concurrent mass selection for increasing and decreasing
abdominal bristles on the fourth and fifth sternites. The three popu-
lations utiliseld w@ere tro latoratory strains of diverse origins, Oregon-R
and +3, and the krbrid formed bty crossing thez. The results msay be

summariced as follows

(1) <The +3 population mecan exceeded the Oregon-R population mean by
about two bristles. ihe hybrid base population designated as the "Cross"
exhibited 5% heterosis and had greater phenotypic variance than those of

the two purental strains.

(2) 1In order to investigate the nature of the two origimal base popula-
tions, Oregon-R and +3, & two sires and two dams diallel cross was
carried oa each of then. Heritability estimates obtained by parent-
offspring regreasion analysis and from the diallel analysis were bhighly
variable. The weighted averuge heritabilities of the Oregon-R and +3
were found to be C.32 + O.11 and G.37 + C.1ll respectively. There was
some indication of sex-linked effects in the Oregon-R base populatieca and

some evidence of epistatic variance in the +3 base population.

(3) Fourteen generations of two-directional sele-tion were practised
on the Oregon-R, +3 and F, of the Cross. In each high and low selection
line, there were four replications with nine pairs of parents in each amd
at 20% selection intensity. A mass-mated unselected control was sain-

tained for each population.
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(4) The +3 population exhibited an extreme negative =syssetrical
response, the Oregon-R mild negative asymmetry and the Cross positive

agymmetrye.

(5) With the exception of the Cross higk selection line, all other
lines declined in rate of response, phenotypic variance and realised

heritability.

(6) Signiticant heterogeneity of average response rate was detected
between the four replicates of the Croas high selectioa line. The high
responses from tne three founcation stocks were highly variable; with
the Cross hign line giving excellent sustained res;omse, the Oregon-R
weak response and the +3 virtually no response. The trends of the three
low selection lines were similar with fair response in the first sevea
generations and poor respomnse in the later seven generations. Betweea
the two original populations, Oregon-kK and +3, the former gave greater
upward responses while the latter greater downward responses, so that the
divergences between the high and low selection lines of the twe populations

were reamarkably aimilar.

(7) The trends of variability of response within selection limes were
traced by evaluating the variance coaponent between replicates withia
lines as well as the F-ratios for each generation. Genetic drift could
account for the ohserved divergences between replicates within the
Oregon-R and +3 high selection lines but not for the Cross high line.
For the Oregon-R and the +3 low lines, genetic drift could be the main
cause of variability in the first eight selection generations aad there-

after the observed divergences by far exceeded the theoretical.

(8) The heritabilities estimated in the Oregon-F and +3 base popul=tioams

exceeded the average realised hLeritabilities of the first selectionm
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generation of both the high and low selection lines of their respective
populations, The discrepancies between the estimated base populatios
heritabilities and the average realised heritabilities over l& genera-

tions were even more pronounced.

(9) Predicted responses from the first-generation realised heritab-
1lities exceeded the observed average responses for all selection limes
but the discrepancies sere less than when base population heritability
estiamates were used. Ihe first-generation responses proved to be a
reagonasle predictor of the average response of the first sevea popula-
tions of the Oregoa-i low line and the males of the +3 low line. Ia
general, predictions of short-term selectior responses either from the
base populatioa or the firsi-generation selection respoases were

inadequate.

(10) Various subsidiary tests consisting of relaxation of selectiom,
testing for lethal second and third chromosomes and chromoscse analysis,
were conducted towards the end of the =election prograsse to deteraine
the nature of the genetic situation responsible for the observed responses.
There was evidence that the plateau which occurred very early in the +3
high selection replicates was due to the fixatior of a few additive genes
with large effects thus accounting for the los phenotypic and additive
genetic variance, the slight regressiomn in bristle score om relaxation,

absence of directional dominsnce and low frequency of recessive lethals.

(11) Five of the 12 selection replicates tested were found to contais
high frequencies of second and third chromosome receasive lethals. These
lethals were not selected for extreme bristle effect as indicated by the

small regression on relaxation of selection and also by the phenotypic
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variances within these replicates vhich were lower than those of their

respective unselected controls.

(12) FProm the chromosome assays it would appear that the two parental
strains, Oregon-R and +3, appsrently have different array of genes affect-
ing high bristle number and these high bristle factors were located maiamly
in chromosome II in the Cregon-R high line and chromosome III in the +3
high iine. In the Cross high line, high uLristle genes were located ia
both chrososomes Il and III. The low bristle factors on the other hamd

were located predominantly in the second chromosome in the three lew linmes.

(13) It would appear that crossing the two original strains had
successfully combined the different genes favouring high bristles thns
allowing greater genetic response in the Cross high line. The same did
not occur for low bristles since the response from the Cross low line was

comparable to those from the two parental lines.
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