
Genet. Res., Camb. (1995), 66, pp. 227-240 With 5 text-fixtures Copyright © Cambridge University Press 227

Response to selection from new mutation and effective size
of partially inbred populations. II. Experiments with
Drosophila melanogaster

MONTSERRAT MERCHANTE1, ARMANDO CABALLERO2*
AND CARLOS LOPEZ-FANJUL1

1 Departamento de Gene'tica, Facultad de Ciencias Biologicas, Universidad Complutense, 28040 Madrid, Spain
2 Institute of Cell, Animal and Population Biology, University of Edinburgh, Edinburgh EH9 SJT, Scotland

(Received 22 February 1995 and in revised form 12 July 1995)

Summary

Divergent artificial selection for abdominal bristle number in Drosophila melanogaster has been
carried out starting from a genetically homogeneous base population. Lines with two different
systems of mating, random (P lines) or between full sibs whenever possible (about 50 %), random
otherwise (/ lines) were compared. Responses after 40 generations of selection were mostly due to
one or two mutations of large effect (0-2 to 2 phenotypic standard deviations) per line. Ten
mutations affecting the selected trait were individually studied (five lethal and five non-lethal, these
being predominantly additive). These mutations satisfactorily explain the response attained,
although some minor mutations may also be involved. No evidence of epistasis for bristle number
was found. The average final divergence was 57 % larger in the P lines, but it was mostly due to
lethals or highly deleterious mutations. Thus, after relaxation of selection, the ranking reversed and
the mean divergence became significantly larger in the / lines (14%). Analysis of inbreeding
showed that the very small amount of variation created by spontaneous mutations (a heritability
for the selected trait of about 3 %) was responsible for a reduction in the effective size of about
50% in the / lines (relative to the case with random selection), but only about 10% in the P lines.
Mutational heritabilities estimated from the response to selection (005-0-18%) were within the
range usually found for this trait in previous experiments. REML estimates account for
correlations between relatives, and were much larger in those lines where the response was due to
lethal mutations, as these do not contribute to response after reaching maximum frequency.

1. Introduction

In the last decade, theoretical models have been
developed to establish the relative importance of the
contribution of new variation arising from mutation
to artificial selection response (Hill, 1982 a, b; Hill &
Rasbash, 1986; Keightley & Hill, 1987). It has been
shown that this contribution increases steadily with
time and it may eventually become very large,
particularly in the long term. The simplest situation is
that of a totally homozygous base population and
assumes a simplified version of the infinitesimal model,
i.e. an average input of new genetic variance per
generation (<T\,) due to neutral additive mutations
with small effects symmetrically distributed about
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zero. In this instance, the response to selection
accumulates approximately quadratic. However,
departures from the infinitesimal model assumptions
may substantially modify the predictions.

Pertinent data on spontaneous mutations affecting
quantitative traits, mainly referring to abdominal and
sternopleural bristle number in Drosophila melano-
gaster, have been obtained by Caballero, Toro &
Lopez-Fanjul (1991), Santiago et al. (1992), Mackay
et al. (1992, 1994), Lopez & Lopez-Fanjul (1993 a, b).
Data from P-element induced mutations affecting
those traits have been published by Lai & Mackay
(1990) and Mackay, Lyman & Jackson (1992). Results
are concordant in showing: (i) a leptokurtic dis-
tribution of mutant effects on the metric trait, with
genes of very large effect predominantly in the low
tail; (ii) mutations of large effect (larger than one-half
phenotypic standard deviation of the trait) are usually
close to recessive, but those of smaller effect show a
variable degree of dominance being mainly additive;
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(iii) an intermediate correlation between mutant effects
on the trait and fitness, with mutations of large effect
being highly deleterious. Based on this information,
Keightley, Mackay & Caballero (1993) found that the
prediction from the infinitesimal model will usually
overestimate actual response to selection, typically by
a factor of three.

Given the characteristics of the new mutants
summarized above, it is interesting to investigate
systems of mating optimizing the response to artificial
selection from these mutations. Using computing
simulation, Caballero, Keightley & Hill (1991) have
considered the response to selection from recessive
mutations with different population structures. They
concluded that a scheme in which local inbreeding is
enhanced by performing full-sib mating whenever
possible increases the probability of fixation of
recessive mutations without effectively reducing that
of non-recessive mutations or delaying mean time to
fixation. Thus, this strategy may result in larger
selection responses than those obtained in random
mating populations, if favourable recessives are
frequent. Moreover, fitness deterioration with selec-
tion is expected to be smaller as inbreeding allows a
more efficient elimination of deleterious mutations.
This may be useful in selection programmes, where
natural selection opposing artificial selection can be
an important cause of selection limits (see e.g. Hill &
Caballero, 1992).

In the companion paper (Caballero & Santiago,
1995) it has been shown, however, that the above
considerations depend on the distribution of effects of
new mutations and the amount of background genetic
variation for the selected trait. The effective population
size of partially inbred populations can be severely
reduced with selection, decreasing the fixation prob-
ability of mutants of small effect. The theory predicts
the largest reductions in effective size with partial
inbreeding and selection when the amount of back-
ground genetic variation is very small, as the cumu-
lative effect of selection on the effective size is then
largest. This raises the question of whether the
variation generated by spontaneous mutation in a
short period of time is in itself enough to drastically
reduce the effective size under partial inbreeding.

In the experiment reported in this paper, divergent
artificial selection for abdominal bristle number in
Drosophila melanogaster, starting from a highly inbred
base population, was carried out under two mating
systems, random mating and partial full-sib mating.
The main objectives were to compare the response to
selection from new mutations obtained under both
systems of mating and to check the effect of selection
and partial inbreeding on effective size. In addition,
information was obtained on the mutational variance
for the selected trait, the gene action of mutations
responsible for most of the response attained, and
their pleiotropic effects on fitness.

2. Materials and methods

(i) Base population

Starting from the D. melanogaster isogenic line for all
chromosomes obtained by Caballero, Toro & Lopez-
Fanjul (1991), a group of 100 inbred lines (B lines)
was established. Each of them was maintained by a
single brother-sister mating (Santiago et al. 1992).
After 65 generations, one of these lines (B43) was
randomly chosen as the base population of this
experiment. At that moment, the mean abdominal
bristle score ( + standard error) of line B43 was
33-38+ 019, not significantly different from the group
average (33-29 ±0-50).

The B lines carried the recessive eye-colour marker
sepia (se) on chromosome III, as an indicator of
possible contamination with exogenous flies. They
were classified as Q (weak P) or M' (pseudo-M) for the
P-M system of hybrid dysgenesis.

(ii) Selected and control lines

Starting from the B43 line after two generations of
multiplication, 40 generations of divergent individual
selection were carried out on the sum of the bristle
numbers on the 4th and 5th (5th and 6th) abdominal
sternites of males (females). There were two groups of
lines differing only in their mating system: random
pair mating (P lines) or full-sib mating whenever
available, otherwise random (/ lines). For each
treatment, two replicates (subscripts 1 and 2) were
selected in each direction (superscripts + and — )with
proportion 20/100 of each sex (20 individuals selected
out of 100 scored). Each of the 20 selected mating
pairs contributed five male and five female offspring
to the scored population. In each generation, random
mating was achieved by using a table of random
numbers.

Selection was relaxed at different times and the lines
were maintained thereafter with as many parents as
possible. Their performance was evaluated after a
period of 5-13 generations of relaxation. To do this,
a random sample of 20 males and 20 virgin females
was taken from each relaxed line and individually
mated at random in vials, the trait being scored in five
offspring of each sex per mating.

An unselected control line (C) was also maintained
with 20 pairs of randomly mated parents per gen-
eration, each contributing five offspring of each sex
for evaluation. Control, selected and relaxed lines
were evaluated strictly contemporarily and kept under
the same environmental conditions.

(iii) Culture conditions

Flies were reared at 25 ± 1 °C on the standard medium
formula of this laboratory (brewer's yeast-agar-
sucrose). In all selected lines and the control line, each
pair of parents was kept individually and allowed to
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mate and lay eggs in a vial (2 cm diameter, 9 cm
height, 10 ml medium added) for 7 d. Relaxed lines
were kept in 250-ml bottles with 50 ml medium added,
but vials were used for evaluation. Therefore, the
same culture density was achieved in all selected and
relaxed lines, and the control line.

The generation interval was 3 weeks, both in the
control and the selected lines, and 2 weeks in the
relaxed lines. Handling was performed at room
temperature, using CO2 anaesthesia.

(iv) Lethal analysis

Chromosomes II and III of all lines showing a
significant response to selection were screened for
lethals using the SM5(Cy)-TM3(&?r) stock. In each
line, the five extreme males in the direction of selection
out of 100 were used, and a random sample of five
second and five third chromosomes from each male
was tested for lethality. Lines were tested once (except
when explicitly otherwise). The probability of a single
lethal carried by one male not being detected was thus
1/32. Lethal chromosomes were isolated and their
allelic relationships tested by half-diallel crosses within
males and between males within lines. A minimum of
40 offspring per cross was examined.

In each line carrying a lethal, 100-150 males were
scored for bristles and classified as homozygous
nonlethal or heterozygous for the lethal. The difference
between the mean bristle number in the two groups
estimates the effect of the lethal on the selected trait in
the heterozygote.

(v) Non-lethal mutation effects and gene action

This analysis refers only to selected lines carrying non-
lethal mutations (those where no significant changes
of the mean previously attained by selection were
observed after a period of relaxation) and was always
carried out after response ceased. Reciprocal crosses
were made between each line (L) and the control (C).
In the next generation, bristle number was sim-
ultaneously scored in reciprocal .fj's (50 individuals of
each sex per reciprocal) and both parental lines.
Assuming that the observed divergence can be
attributed to a single fixed mutation per line, estimates
of additive (a = [L — C]/2) and dominance (d =
F1-[L + C]/2) effects can be obtained (bars denote
performance).

The presence of mutations in the X chromosome
was tested by the difference between the mean score of
males from the two reciprocal Ft crosses between a
line and the control. In this case, hemizygous effects of
mutations were estimated as L — C in males.

(vi) Pleiotropic effects on fitness

All F{s referred to in the previous section (reciprocal
mixed in equal proportions) were kept in bottles

under crowded conditions. After 5-15 generations, all
selected lines, the control line and their ^_1B crosses
(100 individuals of each sex scored per line or cross)
were evaluated simultaneously. Thus, the performance
of those crosses C _̂15) can be compared with their
expected value at Hardy-Weinberg equilibrium (HW
= 1/4L + 1/2FJ + 1/4C). Significant departures from
this expectation (A = ^_15 — HW) were interpreted as
evidence of a deleterious pleiotropic effect of the
corresponding mutations. Of course, the probability
of detecting a significant difference will decrease with
the magnitude of the mutational effect and with
recessive gene action. Thus, there may be a tendency
to classify as <7wa.s/-neutral those mutations with small
effect on the metric trait.

(vii) Fecundity and viability evaluations

Each selected line and the control line were sim-
ultaneously evaluated for fecundity and egg-to-pupa
viability every five generations, starting at generation
5. At generations 35 and 40, pupa-to-adult viability
was also evaluated. The three traits were simul-
taneously scored in the control and each selected line
after seven generations of relaxed selection started at
generation 40.

These traits were scored as follows. First, 4-d-old
virgin females were individually mated in vials to
males of the same age and line (20 pairs per line). On
the second day, each pair was transferred to a new vial
with fresh medium and the number of eggs laid after
24 h was recorded. After a 9-d (16-d) incubation
period, the number of pupae (adults) obtained from
each individual lay was also recorded.

(viii) F-statistics and effective population size

Each generation, the inbreeding coefficient of indi-
viduals (FIT) and the average conacestry among
individuals (FST) were obtained from pedigrees. From
these, the coefficient FIS, which represents the mag-
nitude of the deviation from Hardy-Weinberg pro-
portions, was obtained from the relationship (1 — FIS)
= (1 -FIT)/(\ -FST) (Wright, 1969, pp. 294-295).

The average rate of increase in FST was calculated
from the regression coefficient of ln(l— FST) on
generation number between generations 10 and 40.
The effective population size (Ne) was then obtained as
Ne = l /2AFS T-l/2 (Falconer, 1989, p. 71).

Effective size can be predicted under selection and
partial full-sib mating (Santiago & Caballero, 1995).
For equal numbers of male and female parents
constant over generations,

4N
e 2(l-F/ 5) + ( ^ + 4e2C2)(l+3F/ s) '

where FIS x ft/(4 — 3/?) and /? is the average proportion
of full-sib matings per generation. S\ is the variance of
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the number of offspring per family after random
selection, and the term AQ2 C2 accounts for selection.
4C2 is the variance of the expected number of offspring
per family based on its genotypic value for the selected
trait. Q2 is the term accounting for the cumulative
effect of selection (Robertson, 1961), and can generally
be obtained as

Q = 2-G(\+/3)'

where G is the proportion of the genetic variance
remaining after selection has been practiced. Under
random mating FIS and /? are assumed to be zero, for
simplicity.

For a quantitative trait controlled by an
infinitesimal model of gene effects and subject to
truncation selection, G = \—kh2 (Bulmer, 1980),
where k = i(i—x), i is the selection intensity, x is the
truncation point in the Normal distribution and h* is
the heritability of the trait. Finally,

2-fiG
(cf. equation [20] of Caballero & Santiago [1995]).

Parameters for the predictions of effective size were
obtained as follows. The total response between
generations 10 and 40 was calculated for each line as
the difference between the mean of the line in the last
three generations (38-40) and the control mean in the
same period. The first 10 generations were not
considered in order to allow FIS to reach its asymptotic
value (see Fig. 5) and because no line (with the
exception of P%) had responded appreciably before
generation 10 (see Figs. 1, 2). Realized heritabilities
were calculated as the ratio of the total response to
cumulative selection differential over the 30-gener-
ation period. The proportion of full-sib matings
carried out per generation (/?) was recorded and
averaged over the same period. In the absence of
selection this proportion for the /lines can be predicted
from equation (17) of Caballero & Hill (1992), and
this was the value used to predict effective size under
partial full-sib mating but in the absence of selection.
Predicted values of i and x were obtained from
standard statistical tables (Falconer, 1989, pp. 354-
355). Finally S2 was predicted by 2(1 - l / « ) , where
n = 5 is the number of scored individuals per family,
sex and generation.

(ix) Estimation of mutational variances

Under the infinitesimal model, the expected cumu-
lative response Rc after t generations of selection in an
initially homozygous line is given by

Rc = 2Neia
2
M{t-2Ne[l - exp ( - t/2Ne)]}/<r

(Hill, 19826), where <T is the phenotypic standard

deviation. For genes of very large effect which are
assumed to be fixed instantaneously, the cumulative
response is given by

Rc = 2tNtio*,/<r.

From these equations, estimates of the mutational
variance of the selected trait under each hypothesis
were obtained for each line. The following parameters
were used: observed effective population size, pheno-
typic variance equal to the average of the control line,
observed average selection intensity, and cumulative
response estimated by the average deviation from the
control over the last three generations of selection.

The mutational variance was also estimated in each
line by restricted maximum likelihood (REML) using
an animal model, as implemented by Meyer (1989).
We assumed the initial genetic variance to be
insignificant (an arbitrary value of 10"9 was used). The
model adjusted was

ytjkl = Si ~^~ Sj ~^~Jl)K + aijkl + ei]kl>

where sf and g} are fixed sex and generation effects,
respectively (/' = 1,2 ;j = 1,40),/yi. is a random family
effect nested to sex and generation (k = 1, 20), yim,
aim and e(]kl are, respectively, the phenotypic, additive
genetic and environmental values corresponding to
the ijklth individual (/ = 1, 5). The aijkl values represent
a variance-covariance structure described by the
numerator relationship matrix, that can account for
the increased covariance between relatives by mutation
(Wray, 1990). Thus, in contrast with estimates
obtained from selection response, the estimates
obtained from REML considered the covariances
between relatives within lines generated by mutation
but ignored response, as lines were analysed separately
and generation effects were fitted.

Mutational heritabilities (h2
M) were obtained as the

ratio of the mutational variance to the environmental
variance (the phenotypic variance in the control line).

3. Results

(i) Individual replicates

The evolution of the mean and the variance is
presented in Figs. 1 and 2, for each line (both under
selection and after a period of relaxation) and the
control.

The regression coefficient of the control mean on
generation number was (5-83 + 5-81) x 10"3, not signifi-
cantly different from zero. However, upward and
downward trends were apparent and should be
attributed to environmental fluctuations, as they were
paralleled by similar changes in the selected lines in
both directions of selection. The regression coefficient
of the control phenotypic variance on generation
number ([-2-32 + 7-42] x 10"3) was also non-
significant. In this paper, effects of mutations on the
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Fig. 1. Mean and phenotypic variance for bristle number plotted over generations for selected and relaxed P lines and
the control line. (The different symbols identify each relaxed line.)

selected trait will be given in phenotypic standard
deviation units of the control line (a- = 1-94 for males
and a = 2-24 for females), obtained from the point of
intercept of this regression line in the origin.

In the initial generations, no significant divergence
was detected between the mean of a selected line and
that of the control. Nevertheless, in the course of the
experiment clear differences emerged in all lines but
one (P£). Lines departed from the control at different
moments, showing changes in the mean, usually in the
course of a few generations, with subsequent main-
tenance of the new level. This suggests that the
response can be attributed in each case to a single
mutation of relatively large effect, reaching its maxi-
mum possible frequency. In some lines, there was a
pattern suggesting the occurrence of a second mutation
( n and Pi).

A permanent increase of the phenotypic variance
associated with the response observed was apparent in
all P lines responding to selection and, perhaps, in line

/ j . This is consistent with the presence of mutations
that cannot be fixed by selection, i.e. lethals with a
pleiotropic effect on bristle number. After a sub-
sequent period of relaxation, the mean of those lines
regressed totally {Pi and /j~) or partially {P{ and Pi)
to the original level. In the latter, only the fraction of
the total response attributable to a second mutation
was lost. In the remaining / lines the increase in
variance was confined to the response period,
suggesting the fixation of the mutations involved. In
these cases, the response attained was maintained
after relaxation.

All flies scored were sepia homozygotes, implying
that no genetic contamination from external sources
occurred in any of the lines.

(ii) Lethal analysis

Lethals on chromosomes II and III with a significant
pleiotropic effect on bristles were detected only in P
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Fig. 2. Mean and phenotypic variance for bristle number plotted over generations for selected and relaxed / lines and
the control line. (The different symbols identify each relaxed line.)

Table 1. Summary of information on lethal mutations

Line Chromosome Frequency + S.E. Effect" ±S.E.

nPi
Pi
Pi

in
ii
i n
ii

0-35 + 006*
0-27 + 004*
0-27 + 004*
0-32 + 005*

1-87 ±0-31*
-0-54 + 0-21*
-0-62 + 0-21*
-1-69 + 0-28*

" Deviation from control in phenotypic standard deviation
units of males (er = 1-94).
* P<005.

lethal with a large effect on the trait. A lethal was also
found segregating in line /^ at a frequency of
0-11 +003 (generation 33) and 019±005 (generation
44). However, its effect on bristles was non-significant
at both times ( -016 + 019 and - 0 1 9 + 0-21, re-
spectively). The behaviour of line /f (see previous
section) suggests a lethal mutation being responsible
for the response observed. If at frequency 1/3, its
effect would be about 1.3a-. Nevertheless, it passed
undetected when pertinent analysis was carried out at
generation 24.

lines. Pertinent information on those lethals is given in
Table 1. The signs of the effects were as expected from
the direction of selection, their values ranging from
0-5 to 1-9<T. Frequencies were not significantly different
from 1/3, this being the expected value when artificial
selection favours the heterozygous form of a recessive

(iii) Non-lethal mutations

In some lines, the response to selection achieved was
wholly or partially retained after a subsequent period
of relaxation (Figs. 1, 2). This result is consistent with
non-lethality of the mutations involved. Five such
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Table 2. Summary of information on non-lethal mutations in phenotypic standard deviation units {males = 194,
females = 2-24)

Line Action D

Males

np\

nn
Females

npi

nnn

0-69 + 008*
-0-32 + 008*

013 + 006*
0-30 + 0-08*

-0-54±011*

0-60 + 0-08*
-0-58 + 006*

0-21+002*
0-21+0-07*

-0-88 + 007*

019 + 015
-0-04±0-12

014 + 012

008 + 014
-008 + 011
- 0 0 3 + 012

0-29 + 0-12*
-006 + 012

Add"
Add"

Add-Dom"

Add6

Add6

Add6

Dom"
Add6

0-92 + 0-49
-0-42 + 0-39

1-72 + 0-40*
0-48 + 0-36

-2-34 + 0-40*

0-34 + 0-16
0-85 + 013*

- 0 0 2 + 011
-0-26 + 011

014±013

0-25 + 015
1-38 + 013*
003+012

-0-23 + 012
0-37 + 013*

a: half the difference between homozygotes (half the hemizygous effect for males of lines I{ and /2). d: heterozygous effect
deviated from the average of the homozygous effects. D: difference between the mean bristle score of males from reciprocal
/•; crosses between each line and the control. A: difference between the relaxed Fl mean bristle score and its Hardy-Weinberg
expectation.
" Not significantly different from zero and a.
6 Not significantly different from zero and significantly different from \a\.
c Significantly different from zero and not significantly different from a.
* P < 005 based on the sequential Bonferroni test.

mutations have been identified, relevant information
being shown in Table 2, separately for each sex.

In two instances (/^ and /.r), significant differences
(£>) were found between the mean bristle number of
males from the two reciprocal Ft crosses between the
line and the control. This implies that the mutations
involved were located on chromosome X.

Estimates of additive (half the difference between
homozygous effects or half the hemizygous effects for
males in X-linked mutation lines) and dominance
(heterozygous) effects are given in Table 2 for each sex
separately. All effects were smaller than a. Gene
action could be established in all cases, four mutations
being approximately additive and one dominant.

The differences A between the performance of the
F6_lb crosses between each line and the control and their
Hardy-Weinberg expectations are shown in Table 2.
Generally, A and a had opposite signs, as expected for
mutations less fit than the original allele. However,
significant A values were obtained only for lines P\
(both sexes) and /J (females). The number of spare
matings used per line and generation can be taken as
a measure of viability after adult emergence. This
number increased in all lines after a response to
selection was observed (data not shown), but the
increment was significant only in the P\ line, going
from 30±09 to 8-3 + 10, and due to the non-lethal
deleterious mutation fixed in the line.

(iv) Differential effects of mutations by sex

All mutations detected significantly affected both
sexes, but not necessarily equally. Estimates of the
effects of non-lethal mutations in both sexes are given

in Table 2. Those corresponding to lines /2 and P\
were significantly higher in females. The remaining
non-lethal mutations did not significantly affect sexes
differentially. The effect of lethal mutations was only
calculated in males. In these cases, however, the mean
of each sex (deviated from control) before a response
was detected can be compared to that after response
ceased (data not shown). This comparison indicates
that the two lethals in line P[ and the one in line Pi
affected both sexes equally, but that carried by line P\
had a larger effect on females.

For each sex, the final response attained in each line
is presented in Table 3, together with the expected
response when only those mutations individually
analysed are considered. In the absence of epistasis,
the contribution to the expected response is 2a for
nonlethal mutations (Table 2) and two-thirds of the
effect for lethals (Table 1). No significant difference
between observed and expected responses was detected
for males. In females, a strictly valid comparison is
restricted to lines carrying non-lethal mutations,
because lethal effects were only measured in males.
Nevertheless, the effects of lethals on males can be
used in the calculations, although they may under-
estimate the expected response. Only in two lines (/^
and /,T), each carrying a single non-lethal mutation,
did observed responses significantly exceed their
expectations, suggesting that undetected mutations
with a larger effect on females could also be involved.
This is compatible with an increase in the female's
mean (but not in the male's) observed at later
generations, after effects were calculated. As expected
and observed responses were not shown to be different
in lines carrying two mutations, significant epistatic
effects between these can be ruled out.
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Table 3. Averaged observed final response" and its expectation ( + S.E.)
from detected mutations

Males Females

Line Observed Expected Observed Expected

P* 2-42 + 0-10
- 1 1 8 + 009
-1-95 + 010

0-30 ±008
0-56 ±008

-1-68 + 009

2-63 ±0-26
-0-77 ±0-20
-l-77±0-25

0-26±0-14
0-60 ±016

- 1 0 8 ±0-22

2-70±0-10
-0-92 ±008
-2-76±0-10
0-67 ±008
0-89 ±008

-211 ±008

2-45 ±0-26
-0-77 ±0-20
-2-29 + 0-22

0-42 ±004"
0-42 ±014"

— 1-76 + 0-14

" Average deviation from control over last three generations of selection in
phenotypic standard deviation units (males = 1-94, females = 2-24).
b Significantly smaller than observed (P < 005, based on the sequential
Bonferroni test), otherwise not significant.

50-

40-
I 30-w

20

10
10 15 20 25 30 35 40

found for pupa-to-adult viability, the / lines being
more viable.

At the end of the experiment, all selected lines and
the control line were subjected to a seven-generation
period of relaxation, fecundity and both viability
components being scored per line immediately after
this period was completed. For each trait, no
significant differences were detected between the
control and the selected lines, suggesting a complete
recovery in the latter.

< 0-4
10 15 20 25 30

Generation
35 40

Fig. 3. Average fecundity (a), egg-to-pupa viability (b)
and pupa-to-adult viability (c) for each type of lines (P
and /) and the control line. , Control; , P lines;
. . . . , / lines; O, relaxed C line; D, relaxed P lines; *,
relaxed / lines.

(v) Evolution of fitness components

The evolution of fecundity and viability (egg-to-pupa
and pupa-to-adult) is given in Fig. 3 for each group of
lines and the control. For each trait, possible
differences between the control and the selected lines
(altogether) or between both groups of lines were
investigated. Thus, the variance was partitioned into
sources arising from variation between generations,
among groups (control v. selected lines or P v. /lines),
generation x group interaction, and within groups of
lines. A significant superiority of the control over the
selected lines was detected both for fecundity and
pupa-to-adult viability but not for egg-to-pupa vi-
ability. Differences in fecundity, however, were present
from the start of the experiment (see Fig. 3). Therefore,
they cannot be due to the appearance of mutations
and can only be ascribed to environmental causes.
Significant differences between P and / lines were only

(vi) Overall behaviour of selected lines

Response to selection and relevant statistics for each
group of selected lines is shown in Table 4. Selection
intensities were estimated per line and generation as
the applied selection differentials in phenotypic stan-
dard deviation units. The average response of a group
of lines, given as deviation from the control over the
last three generations of selection, was significant in
all cases. Responses in the downward direction were
always larger, pointing to a parallel asymmetry of the
distribution of mutant effects.

The evolution of the divergence between groups of
lines of the same mating system selected in opposite
directions (P v. I) is shown in Fig. 4. P lines started to
diverge earlier. Subsequently, a similar acceleration of
the rate of divergence was observed in both groups of
lines, as indicated by significant quadratic regression
coefficients on generation number (P lines:
0-006 + 0-001, /lines: 0-007 + 0-001). Thus, divergence
was always larger in the P lines. The final average
phenotypic variance of the / lines did not significantly
differ from the control value averaged over all
generations (4-40 + 0-17). However, that of the P lines
was significantly larger (Table 4).

After 40 generations of selection, a seven-generation
period of relaxation was imposed on all lines. In
general, this resulted in severe losses of the response
previously attained. More interestingly, the ranking
for divergence of the groups of lines was reversed, as
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Table 4. Response to selection and associated parameters ( + s.E.)for
each type of line

Type of line

Selection intensity"
Selection response"'
Divergence66

Phenotypic variance"
Response retained*'6

Divergence retained*-6

Phenotypic variance
retained7

/>+

1-25
2-76 + 009
618 + 010
6-72 + 0-35
1-66 + 012
2-28 + 0-13
6-07 + 1-54

P-

113
-3-42+0-09

716 + 0-24
-0-62 + 0-11

4-29 + 019

/+

1 21
1-24 + 008
3-93 + 0-08
4-35 + 0-29
114 + 011
2-61+011
4-04 + 0-24

/"

1 21
-2-69 + 008

4-74 + 017
-1 -47 + 011

4-47 + 0-52

Average over 40 generations of selection.
Deviation from control averaged over generations 38^40.
Average over generations 38-40 (control value 4-40).
Deviation from control after seven generations of relaxed selection.
In phenotypic standard deviation units (sexes pooled, <x = 209).
After seven generations of relaxed selection (control value 4-31).

14 n

10-

6 "

2-

-2
10 15 20 25

Generation
30 35 40

Fig. 4. Average divergence (in bristle number) between
high and low selected lines for P and / lines. , P
lines; . . . . , /lines; • , relaxed P lines; *, relaxed /lines.

(P)

15 20 25
Generation

Fig. 5. Average F-statistics (FIT, FST and FIS; see text for
definitions) for each type of lines (P and /). The asterisk
and the square represent the expected values of Frs for /
and P lines, respectively.

/ lines retained a significantly larger proportion of
previous response than P lines (Table 4, Fig. 4).

(vii) F-statistics and effective population size

Figure 5 shows the evolution of the observed F-
statistics for each type of line (averaged among
replicates and direction of selection). The expected
asymptotic values of FIS are also shown in the figure.
In the P lines FIS is not exactly zero (as was assumed
for simplicity in the predictions of Ne), but about
- 1 /(N-1) (Kimura & Crow, 1963). In the / lines, the

average observed /? among lines was 0-58, and the
expected FIS is approximately /?/(4 — 3/?) = 0-26. The
rate of increase in FST, which gives a measure of the
effective population size, is much larger for the /
lines than for the P lines. The evolution of FST in all
P lines was very similar and rather linear (data not
shown). However, that of the / lines varied sub-
stantially among lines, with periods of higher rates of
increase. In general, these periods were approximately
coincident with those of response, but on some
occasions (e.g. in lines /+ and 1\, which carried the
mutations of smallest effects), there were sharp
increases in FST several generations previous to
response being detected. This suggests that in these
latter cases, the mutation or mutations responsible for
the response appeared before the mean bristle number
of the lines clearly departed from that of the control
line.

Table 5 shows the observed and predicted values of
effective size, as well as other relevant parameters used
in their calculations. Predicted values of Ne with
random selection (assuming C2 = 0) were 44-44 for
random mating and 37-95 for partial full-sib mating
(assuming that the number of full-sib matings per
generation is 10-68, the expected value with random
selection). The observed Ne in the unselected random
mating control line was 45-20, in good agreement with
its expectation. When selection is accounted for using
the realized heritabilities from the table, the average
predicted Ne are 39-07 for the P lines and 18-72 for the
/ lines (11 and 51 % smaller than that with random
selection, respectively). Observed effective sizes
averaged over lines were very close to the expectations
though values for individual lines differed substan-
tially, particularly for / lines. This is not at all
unexpected, however, as predictions are based on an
infinitesimal model of gene effects, which clearly
cannot represent accurately the genetic constitution of
the lines. /" lines carried mutations with larger effects
than those of /+ lines. The larger the effect of a
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Table 5. Observed (Neo) and predicted effective population size with (Nes)
and without selection (Nens) for each selected line and the control

Line

Pi
Pi
Average P
I*

II
i;
Average /
C

NFS

1-5
0-9
1-2
0-4

11-3
11-4
11-8
12-1

0-4

h2

0054
0005
0026
0068

0013
0020
0021
0050

—

C2

0050
0005
0024
0062

0017
0026
0028
0065

—

3-52
3-77
3-66
3-45

19-70
19-52
2108
1918

—

K.
36-89
43-48
40-31
35-59
39-07 + 1-78
2412
20-26
18-67
11-83
18-72 ±2-56
44-44

44-44

37-95

38-21
41-42
41-42
38-21
39-81+0-93
1699
14-90
20-58
19-75
18-05+1-30
45-20

Predictions use the following parameters: S2 = 1-6, i= 1-386, x = 0-832. NFS:
average number of full-sib matings carried out per line and generation over
generations 10 to 40. h2: realized heritability between generations 10 and 40. C2

and Q2: see text for definitions.

Table 6. Mutational heritabilities (x 10 3) estimated
from the response to selection assuming the
infinitesimal model (INF) or mutations of large effect
(LAR), or by REML

Line

Pt
nPi

nnii
Average

LAR

0-81
0-04
0-28
0-85
0-30
0-52
0-42
0-99

0-53 + 0-12

INF

3-63
0-21
1-33
3-83
0-73
115
115
2-64

1-83 + 0-48

REML

6400
100
5-54

21-50
100
1-80
2-30
204

12-40 + 7-76

mutation, the faster it will be fixed or reach maximum
frequency, and the shorter will be the period of time in
which it affects the effective size of the population.
This is in agreement with the observed Â  for l~ lines
being larger than for 7+ lines. The infinitesimal model,
however, predicts smaller Ne in the former (see Table
5), as the total response was larger, Nevertheless,
average predictions for both types of lines were
exceptionally good despite the clear violation of
infinitesimal model assumptions.

The main cause in the large reduction in Ne in the I
lines compared to the P lines is the higher magnitude
of the value Q2 (Table 5), which determines the
cumulative effect of selection and is about six times
larger in the / lines than in the P lines.

(viii) Mutational heritabilities

Estimates of the mutational heritability based on the
cumulative response to selection, as well as REML
estimates, are given in Table 6. The former assume

either the infinitesimal model or all mutations having
large effects. The latter account for correlations
between relatives within lines, assuming also the
infinitesimal model.

Estimates from response to selection assuming large
mutational effects were of course smaller than those
based on the infinitesimal model and, in turn, these
were smaller than REML estimates. Striking between-
line differences were found for the latter and were
restricted to those lines showing a quick and pro-
nounced response due to the increase in frequency of
lethal mutations of large effect. Thus, average REML
estimates of mutational heritabilities were one order
of magnitude greater but not significantly different
from zero, contrasting with significant average esti-
mates obtained by the other procedures. The difference
can be ascribed to REML estimates taking into
account correlations between relatives due to lethals
that reach their maximum frequency or to deleterious
mutations which get eventually lost and do not
contribute to the final response.

4. Discussion

(i) Properties of mutations

Half of the detected mutations with significant effect
on the selected trait were lethals (5/10) at the
maximum frequency (1/3) with effects between 0.5
and 1.9(r. Lethals of smaller effects will reach lower
equilibrium frequencies, making difficult their de-
tection and to prove whether or not they affect the
selected trait. This could be the case of the lethal
detected in line II at frequency 015 ±0-03 and non-
significant effect — 017 + 0-14<r (averages of gener-
ation 33 and 44). Computer simulations of the same
experimental design used in this experiment show that
lethals with effect 0-25o- reach an equilibrium fre-
quency of 015 (data not shown), so it is plausible that
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the lethal observed in line /2 had a real effect on the
selected trait.

A high frequency of lethal mutations affecting
bristle number was also found in a previous study in
which mass selected lines were started from the same
base population used in this experiment (Caballero,
Toro & Lopez-Fanjul, 1991; Lopez & Lopez-Fanjul,
1993 6). Moreover, lethals contributing to response
are a common feature of selection experiments (e.g.
Clayton & Robertson, 1957; Frankham et al. 1968;
Hollingdale, 1971; Madalena & Robertson, 1975;
Yoo, 1980; Garcia-Dorado & Lopez-Fanjul, 1983),
and are generally considered as mutations that
occurred after selection started.

Non-lethal mutations detected in this experiment
had generally smaller effects than lethals {a value
between 01 and 0-9<r), additive gene action and little
or no deleterious effects on fitness, although the
procedure used to establish pleiotropic mutational
effects on fitness is biased towards neutrality, par-
ticularly for mutations of small effects on the metric
trait. Two of these mutations were X-linked, with
homozygous effects (2a) on females of 0-42 + 0-04cr
and —1-76+ 0-14cr. Assuming complete dosage com-
pensation in the X chromosome of the Drosophila
male, this is the expected value in hemizygotes. The
effects observed in hemizygous males were 0-26 + 0-14
and —1-08 + 0-22, respectively, both smaller than 2a
(but only significantly in the latter), and not signifi-
cantly different from a, the expected value with no
dosage compensation. This, however, may be con-
founded with possible differential effects of mutations
by sex.

In general, lethal and non-lethal mutations affected
both sexes but had a larger effect on females.
Mutations affecting abdominal bristle number often
modify sex dimorphism for this trait (Frankham,
1980; Mackay & Langley, 1990; Mackay, Lyman &
Jackson, 1992; Mackay et al. 1992, 1994; Lopez &
Lopez-Fanjul, 19936). Some genes involved in sex
determination with pleiotropic effects on bristle
number could be responsible for the sex dimorphism
(Mackay, Lyman & Jackson, 1992; Mackay et al.
1992).

Both lethal and non-lethal mutations were not
allelic, as shown by differences in the sign of the
effects, gene action and chromosomal location. In the
three lines carrying two mutations, observed and
expected responses to selection were not significantly
different. As expectations assumed independent gene
action between loci, the data suggest epistatic effects
between pairs of newly arisen mutations being small
or non-existent. Similar results were obtained by
Caballero, Toro & Lopez-Fanjul (1991) by analysing
the response attained by selecting synthetics formed
by crossing pairs of lines which had previously shown
a response due to mutation.

(ii) Distribution of effects

The total response observed was satisfactorily
explained by mutations of relatively large effect.
However, the power of resolution of the experiment
implies that mutational effects smaller than 0-2cr
would pass undetected in practice. There is, in fact,
some indication of mutations of small effect con-
tributing to the response: observed responses were
generally larger than expected when the mutations
individually analysed are considered (but, in most
cases, not significantly). These results are also similar
to those obtained previously by Caballero, Toro &
Lopez-Fanjul (1991) and Lopez & Lopez-Fanjul
(19936), and suggest a leptokurtic distribution of
mutant effects, as proposed by Robertson (1967).

Variation for bristle number in Drosophila is
assumed to be mostly neutral and additive (Robertson,
1967). From current data on the distribution of
mutant effects, Caballero & Keightley (1994) inferred
that most of the additive variance for bristle number
in natural populations is due to quasi-neutral genes
with relatively large effects (2a between 0-1 and 0-5<r).
A large fraction of the genetic variation of bristle
number in natural populations has been shown to be
due to segregation of genes of large effect at
intermediate frequencies (Robertson, 1967; Gallego &
Lopez-Fanjul, 1983). Lai et al. (1994) have recently
suggested that about 10% of the additive genetic
variance for bristle number in a natural population
can be explained by allelic variation at intermediate
frequencies at the locus scabrous. In the present
experiment and in previous ones from the same base
population we have found additive gwasz-neutral
mutations of substantial effect which could be good
candidates to contribute significantly to variation in
natural populations.

The number of mutations with positive and negative
effects were similar, both in this experiment (four
positive, six negative) and in previous ones (16 positive,
14 negative; Lopez & Lopez-Fanjul, 19936). However,
higher responses to selection were generally obtained
in the downward direction both in those experiments
and in that of Mackay et al. (1994). Mutations caused
by P-element insertions also show a negative asym-
metric distribution (Mackay, Lyman & Jackson,
1992). These data suggest a negative asymmetry of the
original distribution of mutant effects. However,
asymmetry of short-term response to selection in lines
derived from natural populations has been shown to
be positive (Clayton & Robertson, 1957; Latter &
Robertson, 1962). These contradictory results can be
due to the fact that mutations decreasing bristle
number are in general less fit (Lopez & Lopez-Fanjul,
19936; this report). Lines selected for low bristle
number from natural populations usually present
lower reproductive capacity (Clayton & Robertson,
1957; Latter & Robertson, 1962) and, in our ex-
periment, the asymmetry disappeared after relaxation
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as most mutations reducing bristle number were
lethals. Therefore, it is possible that the original
distribution of mutant effects on bristle number is
negatively skewed, but approaches symmetry or even
changes its sign after natural selection acts. Never-
theless, the number of mutations on which all these
pieces of information are based is small, so that the
sign of the asymmetry might be subject to a large
sampling error.

(iii) Mutational heritabilities

Average estimates of mutational heritability from the
response to selection were 0-05% assuming large
mutational effects and 0-18% assuming the
infinitesimal model. These are within the range of
estimates previously found (reviewed by Keightley,
Mackay & Caballero, 1993). Estimates from REML
were very different among lines. When the response
could be ascribed to non-lethal mutations, they were
similar to estimates from the selection response
(0-15%) but when lethals were involved they were
much larger (2-33%). This suggests that REML
estimates account for correlations among relatives
induced by the segregation of lethals even when these
have reached their maximum frequency and do not
contribute to further selection response. In addition,
correlations induced by deleterious mutants which are
eventually lost and, therefore, do not contribute to the
selection response, can also be responsible for
enhanced estimates of mutational variance from
REML (Caballero, Keightley & Hill, 1995).

All estimates of mutational heritability assume that
the base population was devoid of genetic variation.
Strictly, it was a highly inbred population obtained by
many generations of full-sib mating starting from an
isogenic line. If the equilibrium variance for a full-sib
line (about 5<J2

M; Lynch & Hill, 1986) is assumed,
estimates in Table 6 are reduced by about 15%.

(iv) Effective population size

It has been predicted that partial inbreeding can
severely reduce effective population size in selected
populations (Charlesworth, Morgan & Charlesworth,
1993; Charlesworth, 1994; Santiago & Caballero,
1995). This reduction is expected to be largest for
intense selection and small amounts of genetic
variation for the selected trait, because the cumulative
effect of selection also becomes then largest (Caballero
& Santiago, 1995). An extreme case to be tested is that
of an initially homogeneous base population where
some variation is built up by spontaneous mutation.
This is the situation in the present experiment. The
realized heritability observed over a period of 40
generations was only about 3%. This was enough,
however, to cause a reduction in the effective size
relative to the case of random selection of about 50 %
when half of the matings were between full sibs (FIS =

0-26), but that corresponding to random mating
populations was much smaller (about 10%). Indeed,
this situation is far from the limiting case. If we were
able to produce 100% full-sib matings or selfed
offspring (F[S = 1), the relative reduction in Ne would
have been much larger under the same selection
scheme (Caballero & Santiago, 1995).

Equations to predict Ne are general, but the
infinitesimal model was assumed in some calculations
for mathematical tractability. By contrast, the re-
sponse observed in the selected lines was mostly due to
one or two mutations of large effect, often lethal or
deleterious. Despite that, predictions seem to be very
reliable and our results can be considered a good
example of a situation clearly violating the
infinitesimal model assumptions where the model
works quite well.

(v) Response to selection from neutral mutations

The large reduction in effective size observed has the
consequence of reducing the fixation rate of neutral
mutations of small effect affecting the trait (Caballero
& Santiago, 1995) so that their contribution to the
response to selection is expected to be smaller in the
inbred lines. All non-lethal mutations detected, how-
ever, had a relatively large effect (2a between 0-25 and
1-76(T) and there was only indirect evidence of
mutations with smaller effects.

For mutations of large effect, for which fixation is
decided in the short term, the differences between P
and / lines are not expected to be large if mutations
have substantial effect on the heterozygote, but
recessives would be more easily fixed in the / lines.
However, no recessive mutation contributed to the
response in both groups of lines. In previous experi-
ments from the same base population (Lopez &
Lopez-Fanjul, 19936), a total of five complete
recessives were found out of 30 analysed mutations
affecting abdominal bristle number, generally del-
eterious and with variable effects. Thus, the absence of
recessives among the four mutations detected in the /
lines or the six in the P lines was not totally unexpected.
However, this empirical consideration is based on a
small sample of mutations and has little inductive
value.

The mutations analysed in lines l\ and /~ were X-
linked. None of the mutations detected in previous
experiments (Lopez & Lopez-Fanjul, 19936) or in the
P lines were of this class. It is not expected, however,
that partial inbreeding favours this class of mutants
(Caballero & Santiago, 1995), so their presence in the
/ lines and not in the P lines must be fortuitous.

Times to fixation are reduced by partial inbreeding
if mutants have small effects or they are completely
recessive (Caballero & Santiago, 1995). Thus, in these
situations responses should be faster than with random
mating. However, for mutants of large effect with
substantial effect on the heterozygote (as found in this
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experiment), times to fixation should be similar for
inbred and random mating lines. Therefore, an earlier
response in the / lines was not expected and, in fact, P
lines started to respond first.

In summary, given the type of non-lethal mutations
observed in the experiment, i.e. large effect and mainly
additive gene action, a similar response for P and /
lines would be expected. That was approximately the
result achieved if lethal mutations are not considered.
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and a Cooperative Project between Spain and Great Britain
(HB-69, 1992-93). A.C. wishes to thank the Biotechnology
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support. We are grateful to W. G. Hill, E. Santiago and an
anonymous referee for helpful suggestions on the manu-
script, to A. Gallego, A. Garcia-Dorado and M. A. Toro
for useful discussions and to M. C. Rodriguez for valuable
computational assistance.

(vi) Collateral effects on fitness

The frequency of lethals and less deleterious mutations
affecting the selected trait should theoretically be
lower in the / lines, particularly if their effects are not
very large (< la; Caballero & Santiago, 1995). The
response attained in P lines could almost totally be
attributed to six mutations, four of them being lethal
(two with effects smaller than \a) and another one
strongly depressing viability. In contrast, the response
of/lines could be ascribed to four mutations, three of
them quasi-neutm\ and one due to a putative lethal
with effect larger than \a. In this situation, the final
advantage of P lines over / lines (57%) was not
permanent. After a subsequent period of relaxation,
both groups of lines became equally fit but their
ranking for the selected trait was reversed, / lines
becoming superior (14%). In a previous experiment
(Lopez & Lopez-Fanjul, 19936), at least one-half of
identified mutations responsible for the response to
artificial selection in panmictic lines were lethal. Thus,
this result is compatible with that obtained in P lines
(two-thirds), the proportion in / lines being smaller
(one-fourth). Again, large sampling errors must be
attached to these comparisons as the number of
mutations was small in all cases.

Analysis of fitness components (fecundity and egg-
to-pupa and pupa-to-adult viability) detected signifi-
cant differences between P and / lines only for pupa-
to-adult viability, this being, on average, about 10%
smaller in the P lines. Most of the difference, however,
was due to line Pi, where a lethal as well as a highly
deleterious mutation were segregating. This line had a
reduced selection intensity relative to the other lines
and it was difficult to maintain due to low reproductive
performance.

The effects of partial inbreeding on the dynamics of
the populations have interest both from an evol-
utionary and practical point of view. The drastic
effects on effective population size will lead to highly
reduced variation, for example in highly selfed plants.
Response to selection due to new mutations is strongly
dependent on the effects of the mutants and the time
scale considered. Possibly, the largest advantage of
partial inbreeding from a practical point of view may
be the purging of deleterious genes contributing to the
response and, thus, allowing for enduring responses
after selection ceases.
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