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Abstract

A theoretical analysis was carried out on the mutation load observed in long-maintained inbred lines from two
experiments wittDrosophilaand mice. The rate of decline in fithess and its sampling distribution were predicted for
both experiments using Monte Carlo simulation with a range of mutational parameters and models. The predicted
rates of change in fitness were compared to the empirical observed rates, which were close to zero. The classical
hypothesis of many deleterious mutations (about one event per genome per generation) of small effect (1-2%)
resulting in a mutation pressure for fithess of about 1% per generation is incompatible with the data. Recent
estimates suggesting an overall mutation pressure for fithess traits of about 0.1% are, however, compatible with the
observed load.

Introduction ing on the assumption of mutation-selection balance,
indicate a similar figure for the genomic mutation
Knowledge of the rate of appearance of deleterious rate (Charlesworth, Charlesworth & Morgan, 1990;
mutations and of the distribution of their effects is Charlesworth, Lyons & Litchfield, 1994; Johnston &
essential for several aspects of population genetics. Schoen, 1995), although they do not give estimates of
Theoretical predictions on the maintenance of vari- mutation effects. The above results (which we will refer
ation, the evolution of sex and recombination, and to as ‘Mukai’s results’ henceforth) imply that the rate
the genetic load all depend on mutational parame- of decline of viability inDrosophilacan be about 1-2%
ters (Kondrashov, 1988, 1995; Barton & Turelli, per generation in populations of small effective size,
1989; Charlesworth, 1990; Crow, 1993; Charlesworth sayN. << 100. For populations of this size, mutations
& Hughes, 1998). Until recently, the only direct with selection coefficient of the order of 1% behave as
information on the genomic mutation rate and the quasi-neutrals,i.eN.s<< 1 (Crow & Kimura, 1970),
mean effects of slightly deleterious mutations came and their selective elimination is largely overcome by
exclusively from experiments on the accumulation genetic drift. Considering that viability ibrosophi-
of mutations in second chromosomesbsophila la may account only for about one-third of the total
melanogastemprotected from natural selection with fitness effects (Sved, 1975; Mackay, 1985), Mukai's
balancer chromosomes (Mukai, 1964; Mukai et al., results imply that the rate of decline in total fithess
1972; Ohnishi, 1977). The results of these experi- due to newly arising deleterious mutations can be very
ments lead to the conclusion that the genomic muta- substantial in short periods of time.
tion rate for viability alone is about one event per Two recent experiments seem to contradict Mukai's
diploid genome per generation, with homozygous classical estimates. Results on viability and fecundi-
effects of the order of 1-2%. More recent indirect ty from mutation accumulation experiments in full-
estimates from naturally self-fertilising plants, rely- sib lines of Drosophila melanogastefFerrandez &
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Lopez-Fanijul, 1996; Gaia-Dorado, 1997) and repro-  of decline in fitness can be predicted from the average
ductive output and longevity i€aenorhabditis ele-  probability of fixation of mutations (Kimura, 1962),
gans(Keightley & Caballero, 1997) indicate that the this asymptotic rate may not be reached in a short
genetic damage from deleterious mutations might be term experiment with a population of moderate size.
of much smaller magnitude than implied from Mukai’s Moreover, the sampling distribution of expected rates
estimates. Moreover, a comparison of the classical cannot easily be obtained in this way. Thus, we used
spontaneous mutation experiments with effects of eth- stochastic simulation to compare the expected decline
ylmethanesulfonate (EMS)-induced mutation suggests in fithess with those experimentally observed. Itis con-
that Mukai’s estimates of the mutation rate and effects cluded that the genetic deterioration in the experiments
may not be a general feature for all species (Keight- is inconsistent with the parameter values inferred from
ley, 1996). The parameters obtained fr@melegans Mukai’'s data, but they are generally consistent with
Drosophilafull-sib lines, and EMS-induced mutation theC. elegangand newDrosophiladata.
experimentsindicate a much lower detectable mutation
rate, about one hundred times smaller than Mukai’s val-
ue, and a selection coefficient for detectable new muta- Materials and methods
tions about ten times larger. They also coincide with
a distribution of detectable mutant effects with little Experimental lines
kurtosis or nearly equal effects. However, the experi-
ments may not have detected mutations with very small Drosophilaisogenic control line
effects having biological importance. Irrespective of The present analysis concerns an unselected control
the nature of the underlying distribution of effects and line in an experiment on divergent artificial selection
the genomic mutation rate, this new set of parame- carried out for 40 generations starting from an iso-
ters implies a much lower rate of decline in fitness. For genic base population (Merchante, Caballero&kz-
example, in th€. elegangxperiment, the meanrepro- Fanjul, 1995). The aim of the experiment was to com-
ductive output after 60 generations of accumulation of pare the response to selection from new mutations
mutations in lines of effective size one was about 2% under different mating systems. The line was main-
less than that in the initial generation (Keightley & tained for 40 generations with 20 pairs of parents per
Caballero, 1997), whereas a set of parameters such agieneration, randomly mated in individual vials, and
that from Mukai’'s data would imply a total decline of its effective population size was estimated to be 45
at least 60%. from pedigree analysis. After generation 40, the line
There are also other experiments where initially was maintained for a further 7 generations in a bot-
highly inbred lines are allowed to accumulate muta- tle with about 100 individuals. Every five generations
tions, and one or more fithness components are mea-(from generation 5to 40, and in generation 47), egg-to-
sured periodically. This allows an assessment of the pupa viability was scored as described by Merchante,
decline in fithess due to mutation load. In ®@sophi- Caballero and bpez-Fanjul (1995). Pupa-to-adultvia-
la selection experiment of Merchante, Caballero and bility was also measured, but only in generations 35,
Lopez-Fanjul (1995), an initially isogenic control pop- 40 and 47, and data are not analysed here. Fecundity
ulation was maintained for 47 generations. The mean (humber of eggs laid per female) was also evaluat-
egg-to-pupa viability was measured every five gener- ed, but it is not the main subject of analysis because
ations, and the observed decline was quite small. In Mukai’'s data refers to viability. Therefore, we have
a mouse selection experiment for body weight start- information on the egg-to-pupa viability for 47 gen-
ing from a highly inbred line (Keightley & Hill, 1992;  erations in a randomly mated unselected line initially
Caballero, Keightley & Hill, 1995), litter size was mea- devoid of variation.
sured in each of 47 generations. In this case there was
no observed decline in litter size. Mouse inbred selection lines
This study focuses on the rate of decline of fithess The maintenance of these lines has been described
from directional mutation pressure. The objective is to in detail previously (Keightley & Hill, 1992). Selec-
find out the range of values for mutational parameters tion lines for high and low body weight at 6 weeks
that are consistent with the linear rate of decline in of age were derived from a long-established inbred
fitness observed in the experimentdfwbsophilaand strain (C3H/He). They were maintained by within-
mice described above. Although the asymptotic rate
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family selection with 16 matings per line (12 up to wherev = E(i:m 5 + Z(i:l,m s;h;. Here,n (m)
generation 14), and are currently at generation 50. In is the number of homozygous ()heterozygous) muta-
this case, there was no unselected control line, and thetions carried by the individual, arg] andh; are the
selected lines are the object of the present analysis.selection coefficient and coefficient of dominance of
Data on litter size and viability from birth to the wean- mutationi. The mean genotypic viability of the line
ing age of 21 days are available throughout the exper- (V) was the average of viabilities of individuals. Gene
iment. To promote local inbreeding, from generation action between alleles was generally assumed to be
21 half of the matings were between full sibs and the additive f = 0.5), but dominance was also considered
rest were at random (but not between full sibs). Before in some runs. The model of Deng and Lynch (1996)
this point, a form of circular mating was used, but it was used in this case. Assuming a given distribution of
was discontinued on theoretical grounds (Caballero, mutant effects, the coefficient of dominance is obtained
Keightly & Hill, 1991). At generation 36, the lines by a function,h = exp(ks) / 2, wherek was chosen
were moved by embryo-transferto a new mouse house, so that the average dominance coefficient of mutations
where pathogen levels were lower and the environmen-is 0.36, a consensus value (Lynch, Conery & Burger,
tal conditions more constant. Food and temperature 1995). With this type of function, mutants of small
were, as far as possible, kept constant throughout theeffect (smalls) tend to be additiven = 0.5), where-

experiment. as mutants of large effect tend to be recessives (
0), as empirically deduced (see Caballero & Keightley,
Prediction of rate of change of fithess and its 1994).
sampling distribution To compare the observed rate of decline in via-
bility in the Drosophilaexperiment with predictions,
Drosophilaviability analysis the simulations used an analysis similar to the experi-

Effects of selection on viability were modelled by mental one. The regression of viability on generation
Monte Carlo simulation with the aim of computing number b) was calculated using data from every five
the expected rate of change of viability and the sam- generations, starting at generation 5. Sampling and
pling distribution of this rate of change as a function environmental variation was included as follows. In
of expected mutant numbers per genome and theirthe experiment, egg-to-pupa viability was estimated
effects on viability. Because the unselecBdsophi- from the progeny (an average of about 30 eggs laid
la control population was randomly mated, selection per female) from 20 females. The variance of individ-
models of fertility and viability are basically equiv- ual viability (a binomial trait) isVp(1 - Vo), whereVy
alent, and the presence of sexes is irrelevant. Thus,is the observed average viability of the offspring of a
for simplicity, the simulated population was assumed female. Thus, the sampling variation for the observed
to be an idealised random mating population of con- estimates in each generationMg (1 -Vg) / (30 x 20).
stant size 45 (the effective size of the control line) In the simulations, the mean phenotypic viability for
initially inbred, and a model of differential fertility of ~ a particular generation was then obtained as a random
parents was assumed. Every generation, an averageormal deviate with mean the average genotypic via-
of U (a Poisson variable) mutations arose per haploid bility (V, calculated as explained above) and variance
genome. Mutations were assumed to be unlinked and toV (1 -V) / (30 x 20). For example, at generation 0, the
have additive effects between loci on the fithess of the mean viability is 0.8 for all simulations. The sampling
individual. A multiplicative model of fitness effects variance is thus 0.0003, and the standard deviation is
was also simulated, but it gave very similar results about 2%. This is of the same order as the standard
and it is not shown. Mutation effects were assumed error of mean viabilities obtained with a similar design
to be equal, or sampled from a gamma distribution inthe control estimates of Feandez and bpez-Fanijul
with average selection coefficiers, against mutant (1996, Table 5), which includes environmental and
homozygotes (see Keightley, 1994, for details about sampling variation. Therefore, the simulated decline
this distribution of mutant effects). The initial viabili-  in viability accounted for genetic variation (occurrence
ty of the simulated population was 0.8, the estimated of different mutations and their chance) and sampling
egg-to-pupa viability observed in the base population variation. Possible environmental trends and environ-
(Ferrandez & Lopez-Fanjul, 1996). The genotypicvia- mental effects common to generations, however, were
bility of an individual was calculated as 0.8(1v}, ignored.
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The effective size of the control population was 45
up to generation 40, although possibly larger (about
100 or so) between generations 40 and 47. However
no change was made in the simulations, for simplicity,
because the expected rate of decline in fitness Mith
= 100 is nearly the same as witlh = 45 (data not
shown). One thousand simulated replicates were run
for each set of parameters. From these replicates, the
expected rate of change in fitness was calculated, and
95% confidence limits were obtained by ranking the P R
regression coefficients and determining the upper and
lower 2.5% percentiles.
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Figure 1 Egg-to-pupa viability in an initially isogenic unselected
control population ofDrosophila melanogastenumber of pupae
per egg) plotted against generation number, and its fitted regression

Mouse litter size analysis line.

Effects of selection on litter size were also modelled

by Monte Carlo simulation in a similar way to the

Drosophila analysis. Possible correlated effects of

selection on body weight were ignored. Only additive was done in the experiment. The result of one replicate
gene action was assumed in this case. Thus, the genofrom the simulationb, was the average rate of change
typic value g, of a female was one-half of the product of litter size, estimated by linear regression from two
of the number of mutations it carried and the mutant independent simulation runs over 47 generations. The
effect. In the simulation, the initial average litter size average of two runs was taken, because the experiment
was set to 5.6, the average of the observed mean litterinvolved two independent lines. The expected change
sizes in the high and low lines. The number of progeny in litter size for a given set of parameter values and 95%
per litter was assumed to be Poisson distributed, which confidence limits were obtained as for theosophila

was in good agreement with the observations from the analysis.

experiment because mean and variance of litter size
were very similar. The actual litter size of a female,
n, was a Poisson variable with parameter 5.6 ¢}).-
Thus, as in thédrosophila experiment, genetic and
other sampling effects were accounted for in the simu- Observed rates of change of fithess
lations but, again, environmental trends and generation

effects were ignored. Because mating was nonrandomDrosophiladata

Results

in these lines, and to allow for the possibility of neg-
ative pleiotropic effects of mutations on viability, a

pleiotropic model was also investigated in addition to
the above pure fertility model. In the pleiotropic model,
mutations had the above fertility effect on the mother,
with litter size modelled as above, but individual male
and female progeny were rejected with probability 1 -
0p, Where g, was the genotypic value of the progeny,
one-half of the product of number of mutations it con-

The observed egg-to-pupa viability in the unselect-
ed control line and the fitted regression line are pre-
sented in Figure 1. The regression coefficient was
—0.0013+ 0.0035; i.e., viability declined an aver-
age of 0.13% per generation. There are no data avail-
able for generation 0, but a non-contemporaneous esti-
mate of the same trait in the same base population
was 0.82 (average of control estimates from Gedez

& L bpez-Fanjul, 1996), in close agreement with the

tained and the mutant effect. As far as was possible, intercept of the regression line. As observed in the
the simulation modelled the mating scheme used in the figure, the viability remained practically invariable
experiment. Thus, there were 12 pair matings up to for 47 generations, except for a lower value in gen-
generation 14, and 16 thereafter, and circular and half- eration 40. If this generation were not considered,
full-sib matings were carried out in appropriate gener- the regression coefficient would become positive. As
ations. Where a mating failed to produce any offspring, mentioned above, fecundity (humber of eggs laid per
or all the offspring were the same sex, a substitute was female) was also scored during the experiment. The
used from a mating nearby in the mating schedule, as regression of the control fecundity on generation num-
ber was positive, but with a large sampling variation



7 High Line

Litter size

A kv Low Line

0 5 10 16 20 25 30 35 40 45
Generations

Figure 2 Mean litter size in the high and low mouse inbred selection
lines plotted against generation number.

(i.e., 0.26+ 0.50 eggs per generation; cf., Merchante,
Caballero & Lopez-Fanjul, 1996).

Mouse data
Mean litter size for the high and low lines is plotted
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(gamma distribution with parametgy, and degree of
dominancel).

Figure 3 assumes additivity and equal effects of
mutations for simplicity. The thick lines show the
decline in fitness expected if all mutations were ran-
domly fixed, i.e., a rate of decline of 1% per generation
for Us=0.01, and 0.2% per generation fds = 0.002.
For a population of effective size 45 (thin continuous
lines), there is substantial selection for mutations of
s = 0.1, but mutants with effect of 0.01 are randomly
fixed and substantially reduce the fitness of the popu-
lation. The observed rate of decline in viability in the
unselected control population (thick broken line) was
0.13% per generation (a 6% reduction in 50 genera-
tions).

A mutation pressure)s, of 0.002 (three uppermost
lines), or a mutation pressure of 0.01 but with few
mutations of large effecty = 0.1, s = 0.1), would
be compatible with the observed decline in viability.
However, a mutation pressureldé=0.01 due to many
mutations U = 0.5 - 1) of small effect§ =0.01 - 0.02)

against generation number in Figure 2. There is a clear seems inconsistent with the observed decline.

difference of about one pup in litter size between the In Figure 4, the effects of a highly leptokurtic dis-
high and low lines, presumably because there is a neg-tribution of mutant effects — gamma distribution with
ative environmental covariance between body weight paramete =0.5 org = 1 (exponential)—as well as the
(thetarget of artificial selection) and litter size. Alinear effect of partial dominance of mutations are illustrat-
regression model was also used in this case to estimatead. Although both factors reduce the rate of decline in
the rates of change of litter size per generation, with fithess, a mutation pressure caused by many mutations
an effect included to account for the change in envi- of small effect is still inconsistent with the observed
ronmental conditions that occurred at generation 36. decline.

Rates are positive, but very small and not significantly

different from zero (0.0065%: 0.0091 for the high line
and 0.002°A 0.0091 for the low line). The combined
regression coefficient was 0.00860.0059. Viabili-

The above figures are only illustrations of the
expected rate of decline. A more formal analysis is to
compare the observed linear rate of change in viability
(0.13%) with confidence limits on estimated rates of

ty from birth to the weaning age of 21 days was also change of fithess from the simulation. If, for example,
scored every generation. The linear regression of via- the upper/lower 95% confidence limits for the linear

bility on generation number was 0.000360.00090
for the high line and-0.00051+ 0.00120 for the low

rate of decline in viability forld = 1, s = 0.01 from
the simulation are more/less than 0.13%, it could be

line. Therefore, the observed rates of change of viabili- concluded that this combination of mutation rate and

ty were also very close to zero. We focus the following
analysis, however, on litter size data alone.

Comparison of observed and simulated rates of
change in fitness

Drosophilaviability

mutant effect are incompatible with the data. Values
of the compound parametdis above or below which,

by the above criterion, produce rates of change of via-
bility greater ( or smaller) than the observed rate, are
plotted against) in Figure 5. The analysis refers to an
additive model of mutations with equal effects (bro-
ken line) or a gamma distribution of effects with=

Simulations were used to illustrate the rate of decline 0.5 (continuous line). The area between the upper and
expected in a50 generation experiment. Figures 3 and 4lower lines determines the set of parameters compati-
illustrate the simulated fitness decline for differentval- ble with the observed decline in viability. For mutation
ues of haploid mutation rat&Jj, selection coefficient  rates smaller than 0.4 or so, a large range of values
against mutationss), distribution of mutant effects  of sare compatible with the data. For larger values of
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Figure 3 Simulated (average from 1000 replicates) viabilities in a population of effective size 45 for different vallesd$. Thick broken
line: observed regression line for viability on generation number. Thick continuous lines: viability plots if all mutations were randomly fixed.
Additive and equal effects of mutations are assumed.

0.8

-----------
-----
-----
-----

observed
0.7 +
06 T

B=1 h=0.36
06 +

2 =0.6 h=0.6
ﬁ 0.4 + =1 h=0.5
S equal h=0.5
03 T
0.2
01 +
0 + t t t + t t t t i
0 5 10 16 20 26 30 36 40 45 60

Generations

Figure 4. As Figure 3 U = 1, s=0.01) for mutations with equal or variable effects (gamma distributed ##h0.5 or 1), and additiveh(=
0.5) or variable coefficients of dominande=£ exp[kg)/2), wherek = 40 so that the averadeequals 0.36.

U, however, the experimental data is only compatible mutations). For example, witth = 1 ands = 0.01 (a
with values ofUs between about 0.0005 and 0.0025, mutation pressure of 1% per generation), the mean lit-
which correspond to selection coefficients of between ter size at generation 47 was 3.0, equivalent to a 46%

about 0.0003 and 0.0050. reduction from generation 0, which is very close to
a reduction of 47%, if all mutations were randomly
Mouse litter size fixed. With higher fertility effects, e.gs = 0.1, the

Simulation of the pure fertility model showed that rate of decline is only slightly lower than the product
accumulation of deleterious mutations leads to an Us. Thus, in this case the effectiveness of selection
essentially linear decline of litter size, at a rate approx- in eliminating deleterious mutations was weaker than
imately equal to the produtis on the population per  in the Drosophilaexperiment (cf., Figures 3, 6), pre-
generation (Figure 6), whergis the effect of the sumably because in the mouse experiment, selection
mutation on litter size (equal effects assumed for all was only within families. Because families contribute
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0.007 Table 1 Average litter sizes in the high and low lines of mice for
matings involving random individuals or full sibs, or matings
0.006 + where the mother came from parents mated at random or full
sibs
0.005 1+ ) . .
Mating type Mean litter size (SE)

0.004 } High line Low line

Us Between random individuals ~ 6.16 (0.17)  4.68 (0.16)

Between full-sib individuals ~ 6.14 (0.14) 4.70 (0.16)
0.002 + Mother from random mating  6.07 (0.17)  5.08 (0.16)
Mother from full-sib mating  6.22 (0.15) 4.35(0.16)

0.003 +

0.001 +

_ _ Matings in which the parents were full sibs produced
Elgure 5 Values of _the muta_tlon pressure compound _parfclm_e_ter, almost identical mean numbers of progeny compared
s, above/below which the simulated rate of change in viability .
in the control population obrosophilais incompatible with the to matings where the parents were chosen at random,
experimental data, plotted against the mutation tat&roken lines: indicating that inbreeding had no effect on viability of
equal effects of njuta_ltions. Co_ntinuous lines: mutant e]_‘fects sampled pups. A detectable effect of inbreeding is seen, howev-
from a gamma distribution with paramet@r= 0.5. Additive gene . - ;
action. er, in matings where the mother came from a full-sib
mating. In the low line, such matings produced 4.35
pups, on average, compared to 5.08 pups for mothers
equally, there is little opportunity for fertility selection  derived from random matings (the standard error of the
to eliminate deleterious mutations, some of which can difference is 0.22). No significant inbreeding effect is
drift to high frequencies or to fixation. The predicted seen in the high line.
rates of decline in litter size for mutation pressures of
Us =0.002 andJs = 0.01 both fall below the rate seen
in the experiment (thick broken line). Discussion
A similar comparison between the observed linear
rate of change in fertility (which was actually very Direct estimates of mutational parameters, such as
close to zero, 0.0006) with confidence limits on esti- rates of appearance of deleterious mutations and their
mated rates of change of fertility from the simulation distribution of effects and dominance, are still scarce.
is made in Figure 7. In this case, as the observed linear Most direct information comes from. melanogaster
rate of decline was very close to zero and positive, there mutation accumulation experiments involving replicat-
is no lower limit forUs. The results refer to pure fertili-  ed second chromosomes protected from natural selec-
ty selection and the model incorporating both viability tion (Mukai, 1964; Mukai et al., 1972; Ohnishi, 1977).
and fertility selection, as well as equal effects of muta- These experiments lead to the conclusion that many
tions or gamma distributed effect8 € 0.5). Although slightly deleterious mutations (of the order of one
the results are less clear-cut than for ti@sophila mutant per zygote per generation with average effect
data, a combination of mutation rates larger than about of 1-2%) occur that affect viability. Indirect estimates
0.25 is incompatible with effects on fertility of about from relative fithesses of selfed and outbred proge-
0.01. For example, fo = 0.5, the largest value of  ny, assuming mutation-selection balance in the pop-
Us that is compatible with the observed datdJs = ulations agree with the above estimate of genomic
0.00125 (i.e.s = 0.0025) for equal effects, and Us = mutation rate (see Lynch, Conery & Burger, 1995,
0.004 (i.e.,s = 0.008) for highly leptokurtic mutant  for a review). These results have led to the conclusion
effects. that populations of effective sizes smaller than 100 (or
The mouse experimentinvolved half of the matings even greater) are likely to develop a substantial load
between full sibs and the remaining matings at random of deleterious mutations in a few dozen generations,
(but not between full sibs) between generations 22 and making the population highly vulnerable to extinction
47. It is possible, therefore, to look for differences in in a short period of time (Lande, 1994, 1995; Lynch,
fertility between the two types of mating (Table 1). Conery & Burger, 1995).
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Figure 6 Simulated (average from 1000 replicates) mouse litter sizes for different valUesmafs. Thick broken line: observed regression line
for litter size on generation number (combined data from high and low lines). Additive and equal effects of mutations on fertility are assumed.

o.007 divisions betweerC. elegansand D. melanogaster

the interval becomeb = 0.005 - 0.05 (Keightley &
Caballero, 1997), but it can be argued that gene num-
0.005 1 ber is a more appropriate way of scaling, and estimates
of gene numbers in these two species are of similar
order (see references in Keightley & Caballero, 1997).
The estimated average effect of mutations gx8.2 in
this experiment (confidence intervals of 0.05 and 0.3),
0.002 . with equal effects or a slightly leptokurtic distribution
of effects. Second, an experiment of accumulation of
mutations inE. coli (Kibota & Lynch, 1996) showed
: ' : a rate of decline in fitness of 0.0002% per genera-
0 05 1 15 2 tion, giving a minimum estimate df = 0.0002, but
u this became closer to tHerosophilaminimum esti-
Figure 7. Values of the mutation pressure compound paraméter, mate (0'3_) aft_er (_:orrectlon as_ above (Kibota & Lynch,
above which the simulated rate of change in fertility is incompati- 1996). Third, indirect calculations from effects of EMS
ble with the mouse experimental data, plotted against the mutation on viability in D. melanogastegave a minimum esti-
rate,U. Broken lines: equal effects of mutations. Continuous lines:  mate ofU = 0.002 and a maximum estimatesf 0.3
mutant effects sampled from a gamma distribution with parameter . . .
3= 0.5. Thick lines: fertility model. Thin lines: fertlity + viability  (K€ightley, 1996), in agreement with tt@. elegans
model. Additive gene action. results. Finally, analysis of the mutation accumulation
full-sib lines of Ferdndez and &pez-Fanjul (1996)
gave estimates for viability df = 0.015 ands = 0.06
(Garda-Dorado, 1997).

_ Other recent estimate;, however, cllearly disagree  This set of experiments and analyses seem to indi-
with the above results. First, a mutation accumula- caie a much lower mutation pressure than implied by
tion experimentirC. elegangKeightley & Caballero,  \jykaj's data. In this paper, we have analysed the muta-
1997) showed a nearly negligible decline infitness after jon 10ad observed in inbred lines @frosophilaand
60 generations. The estimated mutation rate for pro- mjce. Our results indicate that observed rates of change
ductivity, assuming a gamma distribution of mutation i, viability and litter size disagree with Mukai's esti-
effects, wad) = 0.0026, with 95% confidence intervals  mgates and are more consistent with the near absence

of 0.001 and 0.01. After correcting this estimate by the ¢ gecline observed both for productivity and life span
difference in genome size and number of germ line

0.006 T

0.004 +

Us

0.003 T

...........................

0.001 T+




in C. elegangKeightley & Caballero, 1997) and for
viability and fecundity inDrosophila (Ferrandez &
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dence limits for theDrosophiladata were {0.12%,
—0.27%) for equal effects, and-0.11%, —0.28%)

Lopez-Fanjul, 1996). For example, the summary of for variable effects, both compatible with the observed
parameters reviewed by Lynch, Conery and Burger decline (-0.13%). The confidence limits for the mouse
(1995), including Mukai’s estimates and other indirect data were £0.05%, —0.32%) for equal effects and

estimates, assumés = 0.75,s = 0.03, an average
coefficient of dominanck = 0.36, and an exponential
distribution of effects (gamma distribution with =

(+0.05%, —0.52%) for variable effects; only the last
one is compatible with the observed decline (+0.01%).
The reason for this much larger noise in the mouse

1). With these parameters, the expected mean rate ofexperiment is likely to be due to the fact that mating

decline in viability for theDrosophila experiment is
—0.74% per generation, with 95% confidence limits
—0.56% and—0.93%. This is a decline in viability
similar to the lowest line in Figure 4, and much larger
than the observed rate of decline.13%).

In the analysis of the mouse fertility data, the
observed rate of decline in fertility was close to zero, in
agreement with th®rosophilacontrol line. Selection

was nonrandom (partial full-sib mating from genera-
tion 21), and this is prone to cause a large reduction
in effective size when combined with weak selection
(Caballero & Santiago, 1995).

Partial dominance obviously reduces the expected
rate of fitness decline (Figure 4). The effect, howev-
er, is not very drastic with the realistic assumption
that coefficients of dominance are negatively corre-

on body weight was ignored in the mouse lines, but lated with mutant effects. Thus, data suggest that
would be expected to lead to an even greater decline although the average dominance coefficient may be
in fertility due to pleiotropy. This was not observed, 0.3-0.4, mutants of small effect have a tendency to
however, because selection on the trait was weak, asbe additive on average, or nearly so (see Caballero &
within-family selection was practised with relatively Keightley, 1994, for a review on direct estimates of
low family sizes. h on P-element-induced and spontaneous mutations).
In general, for large values df, the observed In the mouse experiment, it is expected that recessive
decline in viability is only compatible with very small mutation effects were expressed because half of mat-
average selection coefficients and a low overall muta- ings were between full sibs in a substantial part of the
tion pressure (Figures 3—7). A variable distribution of experiment.
mutant effects and partial dominance of mutationsdoes  In this analysis it has been assumed that mutant
not seem to change this conclusion drastically. With a effects act additively between loci. A multiplicative
leptokurtic distribution of mutant effects, the asymp- model of gene action was also considered but gave sim-
totic fithess of a population is smaller than that with ilar results. There is experimental evidence pointing to
constansif N.s> 0.1 or so (Lynch, Conery & Burg-  the existence of synergistic epistasis between minor
er, 1995). However, in a short-term experiment (such viability mutations (Mukai, 1969; Crow, 1993). How-
as those analysed here), the decline in fithess is larg-ever, because the life span of the experiments analysed
er for constant (see Figure 4), because the decline here was very short (less than 50 generations), it is
in the initial generations differs from the asymptotic very unlikely that synergistic epistasis would affect the
decline. A variable distribution of mutant effects also conclusions (see simulation results by Charlesworth,
implies an increase in the sampling variation. As a Morgan & Charlesworth, 1993).
result of these two effects, the upper limitslég com- The discrepancy between estimatedJonds in
patible with the experiments are larger for variable the earlieDrosophilaexperiments (Mukai’'s data) and
effects than for equal effects (Figures 5 and 7). For the those fromC. elegansand Drosophila full-sib lines
mouse data, the effect of the variable distribution was can be ascribed to several possible causes. First, it
much more marked than for tHerosophiladata (cf., has been proposed that the large apparent changes
Figures 5, 7). This is because the selected mouse linesof mean viability observed in thBrosophilaexper-
produced estimates with much more noise, which was iments involving balancer chromosomes were artifacts
augmented by the variability in mutant effects. For (see Keightley, 1996; Keightley & Caballero, 1997,

example, forU = 2 ands = 0.001, i.e.,Us = 0.002,
the mean expected rate of declineDmsophilavia-
bility and mouse fertility (this latter expressed as a
percentage from the initial mean) wa€.19% both
with equal or variable effects. However, the confi-

and Gar@-Dorado, 1997). Another possibility is that
selection eliminated many mutations in tke ele-
gansand Drosophilafull-sib experiments, compared
to Mukai's experiment, because they did not use bal-
ancer chromosomes to protect from selective elimina-
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tion. This is, however, a highly unlikely explanation,

HB1996-0158. We are grateful to A. GaeDorado,

because the population size of the mutation accumula-W. G. Hill, and C. Lopez-Fanjul for useful comments

tionlines N=1inC. elegansindN = 2 in Drosophilg
was small enough to make drift overcome selection for

mutants of small or intermediate effects (see Figure 1

from Keightley & Caballero, 1997).

Finally, there may have been an absence of compe-

tition in the C. eleganandDrosophilafull-sib experi-

ments compared to that in Mukai’'s experiments, where

viability was measured in high-density conditions with
potential for larval competition. It is possible that a

harsh environment increases the detrimental nature

of mutations (Kondrashov & Houle, 1994), but oth-

er experimental evidence seems to disagree with this

conclusion (Ferandez & Lopez-Fanjul, 1997). Final-
ly, the inbreeding depression detected when viability
was analysed by Mukai’'s technique (Mackay, 1985)

on the manuscript.
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