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THE FITNESS EFFECTS OF SPONTANEOUS MUTATIONS IN 
CAENORHABDITIS ELEGANS 

LARIS~A AARONM. HOOK,AND MICHAELL. VASSILIEVA,~ LYNCH 
Department of Biology, University of Oregon, Eugene, Oregon 97403 

Abstract.-Spontaneous mutation to mildly deleterious alleles has emerged as a potentially unifying component o f  a 
variety o f  observations in evolutionary genetics and molecular evolution. However, the biological significance o f  
hypotheses based on mildly deleterious mutation depends critically on the rate at which new mutations arise and on 
their average effects.  A long-term mutation-accumulation experiment with replicate lines o f  the nematode Caeno- 
rhabditis elegans maintained by single-progeny descent indicates that recurrent spontaneous mutation causes approx- 
imately 0.1% decline in fitness per generation, which is about an order o f  magnitude less than that suggested by 
previous studies with Drosophila. Two rather different approaches, Bateman-Mukai and maximum likelihood, suggest 
that this observation, along with the observed rate o f  increase in the variance o f  fitness among lines, is consistent 
with a genomic deleterious mutation rate for fitness o f  approximately 0.03 per generation and with an average 
homozygous effect o f  approximately 12%.The distribution o f  mutational effects for fitness appears to have a relatively 
low coefficient o f  variation, being no more extreme than expected for a negative exponential, and for one composite 
fitness measure (total progeny production) approaches constancy o f  effects.  These results are derived from assays in 
a benign environment. At stressful temperatures, estimates o f  the genomic deleterious mutation rate ( for  genes expressed 
at such temperatures) is sixfold lower, whereas those for the average homozygous effect is approximately eightfold 
higher. Our results are reasonably compatible with existing estimates for flies, when one considers the differences 
between these species in the number o f  germ-line cell divisions per generation and the magnitude o f  transposable 
element activity. 

Key words.-Caenorhabditis elegans, deleterious mutation, dominance, fitness, life-history characters, mutation load, 
mutation rate, quantitative traits. 
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Spontaneous mutation to mildly deleterious alleles has re- 
cently emerged as a leading and potentially unifying com-
ponent of a variety of observations in evolutionary genetics 
and molecular evolution. Population-level phenomena 
thought to be explained include the magnitude ofinbreeding 
depression and standing levels of genetic variance for fitness- 
related characters, the evolution of mating systems, and the 
extinction of small populations (Lande and Schemske 1985; 
Charlesworth and Charlesworth 1987; Kondrashov 1988; B. 
Charlesworth 1990; Lynch et al. 1995). Numerous features 
of genome evolution are also thought to be consequences of 
the recurrent input of very slightly deleterious mutations 
(Bulmer 1991; Ohta 1992; Rice 1994; Lynch and Blanchard 
1998; Force et al. 1999). In addition, the case has been made 
that the fate of our own species may be influenced by the 
inevitable accumulation of mutational load resulting from 
relaxed selection in a cultural setting with advanced medical 
procedures (Muller 1950; Kondrashov 1995; Crow 1997; 
Lynch et al. 1999). The extent to which mutation actually 
plays a role in any of these phenomena depends critically on 
the rate at which deleterious mutations arise, the distribution 
of their fitness effects, and their degree of dominance. For 
example, deleterious mutation is unlikely to be a significant 
risk of extinction of many natural populations unless the 
number of mutations arising per genome is relatively high 
(greater than about 0.1 per generation) and a substantial frac- 
tion of them has relatively small effects (on the order of a 
few percent reduction in fitness per mutation or smaller; 
Lynch et al. 1995; Schultz and Lynch 1997). 

Present address: University o f  Arizona, Molecular and Cellular 
Biology, Life Sciences South 4151419, Tucson, Arizona 85721; 
E-mail: larissav@u.arizona.edu. 

C 2000 The Society for the Study of Evolution. All rights reserved. 

Although a recurrent rate of genomic fitness loss via spon- 
taneous mutation on the order of 0.5% to 1 .O% per generation 
seems to have fairly broad empirical support in the fly Dro-
sophila melanogaster (see review in Lynch et al. 1999), there 
is still uncertainty about the magnitude of the components 
leading to this decline. When analyzed with a statistical meth- 
od developed by Bateman (1959), early results from muta- 
tion-accumulation experiments with flies (e.g., Mukai et al. 
1972; Ohnishi 1977) led to the suggestion that the minimum 
genomic deleterious mutation rate in this species is approx- 
imately 0.6 per generation and that the average selection 
coefficient is less than 3% in the heterozygous state. How- 
ever, these conclusions have recently been challenged on both 
empirical and statistical grounds, with speculation also aris- 
ing that the rapid decline in fitness in the MukaiIOhnishi 
lines may have been an illusion resulting from the adaptive 
evolution of control chromosomes (Keightley 1996; Garcia- 
Dorado 1997; Caballero and Keightley 1998; Garcia-Dorado 
et al. 1998). Fry et al. (1999) performed an experiment similar 
in design to those of Mukai and Ohnishi, but concluded that 
the rapid rate of buildup of mutational load is a consequence 
of a lower genomic rate of mutation (perhaps as low as 0.1 
per individual) and higher average mutational effects, and 
minimum-distance analyses applied to the earlier data have 
led to estimates of the genomic deleterious mutation rate as 
low as 0.01 (Garcia-Dorado 1997; Garcia-Dorado et al. 
1998). 

The idea that the genomic deleterious mutation rate in flies 
is as low as 0.1 or even 0.01 is far from resolved. First, 
observed levels of inbreeding depression and genetic varia- 
tion for fitness-related traits as well as known genomic rates 
of transposition and nucleotide substitution appear to be con- 
sistent with the classical interpretation of the Mukai and Ohn- 
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ishi data (Lynch et al. 1999). Second, the genomic mutation 
rate to lethals is known to be on the order of 0.01 to 0.05 
(Crow and Simmons 1983; Fry et al. 1999), and it seems 
unlikely that this would exceed the rate of origin of detectable 
mutations with milder effects. Third, the study by Fry et al. 
(1999) seems to have ruled out the possibility of control 
chromosome evolution, thereby weakening (although not 
eliminating) a common, but unsubstantiated, criticism of the 
earlier fly studies. Fourth, maximum-likelihood analyses of 
the data from Drosophila mutation-accumulation experiments 
are generally unable to reject a model with an extremely high 
rate of origin of mutations with extremely small effects 
(Keightley 1996, 1998; Fry et al. 1999). 

Some of the differences among results on Drosophila may 
be a consequence of real variation among strains in the mu- 
tation rate and/or distribution of mutational effects. There 
can, for example, be large differences among individuals in 
the number of transposable elements, even within populations 
(Charlesworth and Langley 1989). Given that the average 
number of transposition events is approximately 0.8 per gen- 
eration in Drosophila (Nuzhdin and Mackay 1995), and given 
that this rate accelerates with the number of mobile elements 
per genome (Nuzhdin et al. 1996), such variation is likely to 
translate into substantial among-strain differences in dele- 
terious mutational properties. It is also possible that the var- 
iation observed among different fly studies is a simple con- 
sequence of undefined differences in experimental condi- 
tions. 

These problems aside, a more general question remaining 
is the extent to which the mutational properties observed in 
Drosophila are representative of those in other species. The 
only other metazoans for which estimates of the properties 
of deleterious mutation have been obtained are the micro- 
crustacean Daphnia pulex (Deng and Lynch 1997; Lynch et 
al. 1998) and the nematode Caenorhabditis elegans (Keight-
ley and Caballero 1997; Vassilieva and Lynch 1999). For 
Daphnia the results do not differ greatly from the classical 
MukaiIOhnishi interpretation for flies. However, the results 
from C. elegans suggest a rather different situation-the de-
cline in the mean of fitness-related characters is only about 
0.03% to 0.3% per generation, estimates of the genomic del- 
eterious mutation rate are on the order of 0.005 to 0.05 per 
individual, and estimates of the average deleterious homo- 
zygous effects of mutations are in the range of 5% to 25%. 

The previous studies with C. elegans involved only 50 to 
60 generations of mutation accumulation, and the statistical 
power was limited (Keightley and Caballero 1997; Vassilieva 
and Lynch 1999). If the true genomic mutation rate per fitness 
character is near the upper end of the estimated range, 0.05 
per generation, then at the time of the final assays, the average 
experimental line in these studies would be expected to con- 
tain only about one new mutation, and about a quarter of the 
lines would be expected to be mutation free. If the rate is as 
low as 0.005, then on the order of 90% of the lines would 
have been mutation free at the time of the final assay. Thus, 
the fact that neither study was able to detect a significant rate 
of change in total progeny production may have been a simple 
consequence of insufficient time for the detection of muta- 
tions with small effects. For that reason, we have extended 
our previous study to 214 generations of mutation accumu- 

lation. Here, we demonstrate a significant rate of deterioration 
of all fitness-related traits, while also corroborating the pre- 
vious suggestion that the genomic mutation rate in nematodes 
is lower than earlier estimates in flies. In addition, we eval- 
uate the extent to which this interpretation depends on the 
conditions under which individuals are assayed. Finally, we 
present results that suggest that spontaneous mutations in 
nematodes have average effects that are roughly additive to 
partially recessive in the heterozygous state. 

Base Strain, Line Maintenance, and Assay Conditions 

The basic procedures underlying this study have been out- 
lined in detail in Vassilieva and Lynch (1999), so we only 
provide a cursory overview of the approaches. The mutation- 
accumulation experiment was initiated with a single individ- 
ual derived from the Bristol-N2 strain of C. elegans (obtained 
directly from the Caenorhabditis Genetic Center, St. Paul, 
MN) taken to a very high degree of homozygosity by repeated 
rounds of self-fertilization and single-progeny descent. From 
the Fg descendants of a single individual, 100 mutation-ac- 
cumulation lines were initiated, while many thousands of 
remaining progeny were kept frozen as controls, stored at 
-80°C, as described in Lewis and Fleming (1995). 

Individual nematodes were cultured at 20°C and main- 
tained on medium (60 X 15 mm) petri dishes containing 
NGM agar seeded with a standard suspension of Escherichia 
coli strain OP50 as a food source. To minimize the efficiency 
of natural selection against new mutations, each of the lines 
was propagated across generations as a single random worm. 
As a rule, to avoid selection for early or late reproduction, 
offspring produced in the middle of the parental reproductive 
period were used in the transfers. To prevent accidental losses 
of the experimental lines, individuals from two previous gen- 
erations were maintained at 15°C as potential backups. 

The experimental lines were assayed with parallel controls 
on eight occasions, at which times line divergence had pro- 
ceeded for an average of 0, 7, 20, 30, 49, 89, 119, 163, and 
214 generations. To ensure that maternal and grandmaternal 
environmental effects did not contribute to the among-line 
component of variance, prior to each assay each line was 
divided into five replicates (four in the third assay), all of 
which were then transferred as single individuals for two 
generations, with single third-generation descendants from 
each replicate being employed in the actual assay (Lynch 
1985). At each assay, the same procedure of replication fol- 
lowed by two generations of line transfers was applied to 20 
animals taken from the frozen control stock, resulting in 100 
control individuals (five descendants from each of 20 thawed 
animals). The complete series of assays from generations 0 
to 214 was performed at 20°C, a near optimal temperature 
for the growth of C. elegans. In addition, at generations 163 
and 214, we performed a parallel assay at 12OC along with 
the controls. Except for the temperature change in the assay 
generation, these assays were identical in all respects to those 
run at 20°C. 
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Characters Assayed 

The life-history characters assayed in this study are iden- 
to those On previously (Vassilieva and 

1999): ( I )  productivity, the total number of viable progeny 
produced over the first four days of reproduction (first 12 
days for the 12°C assays, because the generation time is ex- 
tended at this temperature); (2) survival to maturity, a 011 
variable denoting whether the individual produced any viable 
progeny; (3) longevity, number of days until death; (4) in-
trinsic rate of increase, r, the rate of exponential growth 
(days-') expected for a line once the stable age distribution 
has been attained; (5) a measure of the rate of convergence 
to the stable age distribution ($9 also in units of days-'): and 
(6) the generation rate, the reciprocal of the mean age of 
reproduction for the members of a line (days). Technical 
details regarding the computation of these measures can be 
found in Vassilieva and Lynch (1999). 

Rates of Change of Means and Variances of Phenotypes 

The assays reported on here were performed over a period 
of approximately three years. During that time, a systematic 
change in laboratory conditions could have resulted in a tem- 
poral trend in the phenotypic distributions of the mutation- 
accumulation lines unassociated with genetic changes. In ad- 
dition, 27 of the original 100 lines went extinct over the 
course of the experiment, and it is possible that phenotypic 
changes associated with mutations in such lines were related 
to the extinction process. To minimize the bias in our analyses 
that might result from such effects, the mean phenotypes of 
the mutation-accumulation lines were corrected in two ways 
prior to the analysis of the data. 

First, to factor out any temporal trend due to environmental 
change, the grand means of all of the mutation-accumulation 
lines were jointly regressed on the parallel control means and 
on generation number (Muir 1986; Lynch 1988). The partial 
regression coefficient involving the control means was sig- 
nificant only in the case of longevity and generation rate. For 
these two traits, the corrected means (2') were obtained as 

where Z(t) and Z,(t) denote the observed means for the mu- 
tation-accumulation lines and the controls in generation t, 2, 
is the average control mean over all assays, and b, is the 
partial regression coefficient involving the control mean. For 
the remaining characters, the temporal changes in the control 
means were very slight, nonsignificant, and uncorrelated with 
the means of the experimental lines, as will be shown below. 

Second, to account for bias resulting from selective line ex- 
tinctions, each assay was reanalyzed using only the lines that 
survived to be included in the next assay. An estimate of the 
change in the mean phenotype between assays i and i + 1 caused 
by differential survival of lines was obtained as 

where TS(i) is the mean of the lines present at assay i that 
also survived to the following assay. The cumulative amount 
of change in the mean caused by all selective mortality up 
to assay j was then estimated by 

Aj-I = 
j-2I 

Az(i), (3)
i =  I 

and the mean phenotype at assay j corrected for all previous 
selective change was defined as 

e ' , ~ )= 20') - A,-,, (4) 

where the observed mean in assay j, ZO.),was corrected by 
use of equation in the case of longevity and generation 
rate. 

Identical procedures to those noted above were used to 
correct the observed among-line variance estimates for the 
mutation-accumulation lines. In this case, productivity and 
longevity needed to be corrected for a correlated trend in the 
control variance. 

Estimates of the Mutation Rate and Average Homozygous 
Effect 

Standard least-squares regression procedures were used to 
estimate the rate of change in the mean phenotypes across 
lines (R,) and the rate of increase in the among-line variance 
(Vb). Equating half the rate of increase in the among-line 
variance to the mutational variance (V,) of a trait and the 
average estimate of the within-line variance to the environ- 
mental variance (V,), the mutational heritability (h i )  was es- 
timated as the ratio of the two, after correcting for the bias 
due to sampling error (Vassilieva and Lynch 1999). An ex- 
pression for the standard error of h?, is given in our previous 
paper. 

For each character, we derived downwardly biased esti- 
mates of the diploid genomic deleterious mutation rate and 
upwardly biased estimates of the average homozygous effects 
of mutations, using the formulae presented by Bateman 
(1959) and Mukai (1964), 

(Below, we further divide by the time-zero mean phe- 
notype to yield a measure of the proportional reduction in 
phenotype per homozygous mutation.) Formulae for the stan- 
dard errors of these estimators were derived in Vassilieva 
and Lynch (1999): 

where CV(R,,) and CV(Vb) are coefficients of sampling var- 
iation (ratio of standard error to estimated value) of R, and 
Vb. 

The Bateman-Mukai (BM) technique employs a method of 
moments that relies entirely on two properties of the distri- 
bution of line means, the mean and the variance among lines, 
and otherwise ignores the form of the distribution. Equations 
(5) and (6) are obtained under the assumption that mutations 
have constant effects; if this assumption is violated, U,,, will 
be downwardly biased and 8,,, will be upwardly biased. A 
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potentially less biased approach is a maximum-likelihood 
(ML) procedure that uses all of the information in the dis- 
tribution of line means (Keightley 1994, 1996). This tech- 
nique has limitations as well because, unlike the BM esti- 
mators, ML estimators make specific assumptions about the 
forms of both the mutational and environmental effects. In 
addition, the ML algorithms that are currently available use 
only the results from a single generation, whereas the BM 
estimators simultaneously employ the results from all assays. 
Nevertheless, insight into the robustness of conclusions de- 
rived from mutation-accumulation experiments can be ob- 
tained by comparing the results obtained by both methods. 

The strategy of the ML approach is to evaluate the genomic 
mutation rate and distribution of mutational effects that best 
explain the departure of the distribution of mutation-accu- 
mulation line means from that of the nonmutated controls. 
We performed ML analysis using procedures similar to those 
introduced by Keightley (1994, 1996). As in previous ap- 
plications of this approach, we assumed that the number of 
mutations per line was distributed in a Poisson fashion with 
expectation Utl2, where U is the diploid genomic mutation 
rate and t is the number of generations of mutation accu- 
mulation, and we performed analyses under the assumption 
of either constant mutational effects or a gamma distribution 
of effects. However, our treatment of the residual errors of 
line means (caused by environmental effects) is a significant 
departure from the approach employed in previous studies. 

Previous ML analyses of mutation-accumulation experi- 
ments have assumed that the residual errors of individual 
measures are normally distributed (Keightley 1994, 1996, 
1998; Keightley and Caballero 1997; Keightley and Ohnishi 
1998), but these assumptions are not justified with our data. 
Variation in the magnitude of residual errors of line means 
arises in our analyses for the simple reason that, because of 
loss of replicates during an assay, the sample size can vary 
from one to five individuals. More significantly, the distri- 
butions of residuals for the characters that we have analyzed 
are distinctly nonnormal, even when the means are based on 
five measures. We attempted a variety of transformations to 
achieve normality, including optimal Box-Cox transforma- 
tions, but in all cases significant departures from normality 
remained. Thus, to describe the distribution of residual errors, 
we evaluated the deviations of individual measures from the 
control means standardized by the within-assay standard de- 
viation, using the 638 measures that were available over sev- 
en assays (Fig. 1). The original empirical distributions were 
obtained by partitioning the individual measures into 50 dis- 
crete classes, and each of the observed frequency classes were 
then further subdivided fivefold by interpolation to yield a 
total distribution involving 250 classes. To  obtain the dis- 
tribution of residual deviations for line means involving each 
higher number of replicates (n = 2, 3, 4, and 5), sets of 
replicates were drawn randomly from the original (n = 1) 
distribution to generate lo6 line means, which were then al- 
located to the 250 classes. By the central limit theorem, one 
expects the distribution of residual errors of means to con- 
verge on normality as the sample size increases, but as can 
be seen in Figure 1, substantial nonnormality remains even 
at our largest sample size of five replicate individuals. 

We used the time-zero intercept of the regressions of the 

mutation-accumulation lines on time as the mean at time zero. 
The justification for this approach (as opposed to using the 
actual control mean) is the relative constancy of the control 
means over time (see below) and the slight elevation of the 
mutation-accumulation line means early in the experiment 
over the controls, apparently a consequence of a freezer effect 
(Vassilieva and Lynch 1999). The phenotypic standard de- 
viation of the control individuals was taken to be the average 
of that observed over all assays. 

For the ML analyses involving constant mutational effects, 
the expected distribution of mutation-accumulation line 
means involving n replicates, which is conditional on a spe- 
cific mutation rate and effect, was obtained by modifying the 
control distribution to account for the expected shift due to 
mutations. To accomplish this, each phenotypic class in the 
control distribution was subdivided into all possible sub- 
classes involving mutation number (using the Poisson dis- 
tribution to determine the relevant frequencies), with each 
subclass being shifted in the downward direction by an 
amount equal to the product of the number of mutations and 
the homozygous mutational effect. For a given mutation rate 
and homozygous mutational effect, the log-likelihood of each 
observed mutation-accumulation line mean based on n rep- 
licates was obtained by simply taking the log of the expected 
frequency from the simulated distribution of expected line 
means given the sample size n. 

The ML estimates of U and a were obtained by comparing 
the sums of the line-specific log-likelihoods obtained for dif- 
ferent parameter estimates. Starting with a genomic mutation 
rate of 0.001 per generation, alternative mutation rates were 
examined in increments of 0.001, with each mutation rate 
being evaluated over an array of up to 1500 closely spaced 
mutational effects. Approximate 95% confidence intervals for 
the parameter estimates were obtained by identifying the 
combination of U and a that yielded the ML of the observed 
data and then extending the confidence interval in both di- 
rections from the ML estimate of U until the total log-like- 
lihood dropped two units below the maximum. 

Likelihood analyses involving variable effects proceeded 
in an identical manner as those for the constant-effects model 
with the additional need to account for the variation among 
lines with identical numbers of mutations resulting from the 
variable mutational effects. As in Keightley and Ohnishi 
(1998), we simplified the necessary computations by taking 
advantage of the fact that the sum of independent gamma- 
distributed variables is also gamma in form, with modified 
parameters (assuming that all mutational effects are members 
of the same gamma distribution). In the derivation of the 
expected empirical distributions of line means, for any par- 
ticular number of mutations in a line, we generated 100 ran- 
dom sums of mutational effects, again convoluting the dis- 
tribution of genetic effects with the expected distribution of 
residual effects given the sample size n and integrating this 
over the full Poisson distribution of mutation numbers. To 
test for the presence of significant variation of mutational 
effects, we again evaluated the log-likelihoods of the ob- 
served line means over the matrix of mutation rates and av- 
erage effects noted above, with the addition of a third di- 
mension-the coefficient of variation (ratio of the standard 
deviation to the mean) of mutational effects. Starting with a 
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0.10 I Productivity (n = I) 1 Productivity (n = 5) 

Residuals (standard deviations from the mean) 
FIG.1 .  Distribution of the residual errors for the intrinsic rate of increase, r, and productivity obtained from a collection of 638 control 
measures. The panels on the left are the distributions of standardized deviates of individual measures (deviation from the mean, divided 
by the within-line standard deviation), whereas those on the right are the expected distributions of residual errors for line means based 
on five replicates, obtained by randomly drawing individual deviates from the distributions on the left. 

coefficient o f  variation o f  0.0 (the constant-effects model), 
log-likelihoods were obtained at increasing values o f  the co- 
efficient o f  variation in increments o f  0.1. Variation o f  mu- 
tational effects was interpreted as being statistically signif- 
icant i f  twice the difference between M L  values under the 
variable-effects model and the constant-effects model ex-
ceeded the critical x2-value with one degree o f  freedom. 

Estimates of the Average Degree of Dominance 

T o  estimate the average degree o f  dominance o f  mutations, 
we crossed random generation-170 mutation-accumulation 
lines to the control stock and evaluated the F1 performance 
in a common environment including the parental mutation- 
accumulation lines. Caenorhabditis elegans has an XO system 
o f  sex determination, with XX zygotes giving rise to her- 
maphrodites and XO zygotes developing into males. Mild heat 
shock greatly elevates the frequency o f  nondisjunction o f  the 

X chromosome during gametogenesis, resulting in approxi- 
mately 2-5% male production (Hodgkin 1983, 1988). 

T o  obtain males, three to four plates, each containing 10 
young hermaphrodites from a line were exposed to mild heat 
shock at 26.5OC for 12 h ,  after which they were returned to 
20°C for four to five days and examined for males. Males 
were then transferred to fresh dishes and crossed with her- 
maphrodites o f  the young adult stage from the same strain, 
typically in a ratio o f  15 males to five hermaphrodites. The 
male-containing lines were then frozen using the protocol o f  
Lewis and Fleming (1995). For four mutation-accumulation 
lines, we were unable to produce males in high enough den- 
sities to enable successful freezing. All four o f  these lines 
were visibly unhealthy, with one o f  the two sexes possessing 
an aberrant phenotype o f  the mating structures (either a pro- 
truded vulva in hermaphrodites or an abnormal tail mor-
phology in males). In the work described below, we randomly 
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TABLE1. Regressions for temporal changes in the means of the mutation-accumulation lines; r is the correlation coefficient. The percent 
change per generation is relative to the time-zero mean (slopelintercept). Standard errors are given in parentheses. The final column gives the 
ratio of the regression coefficients involving means obtained with and without the correction for selective line extinction. 

O/o per Correction 
Character Intercept Slope I' generation factor 

Productivity 200.095 (17.185) -0.42737 (0.08 102) 0.89 -0.214 1.26 
Survival to maturity 0.982 (0.020) -0.00057 (0.00010) 0.91 -0.058 1.73 
Longevity 16.214 (0.731) -0.00380 (0.00372) 0.38 -0.023 12.14 
Intrinsic rate of increase 1.370 (0.083) -0.00205 (0.00039) 0.89 -0.150 1.3 1 
Rate of convergence 1.209 (0.085) -0.00126 (0.00049) 0.77 -0.104 1.07 
Generation rate 0.287 (0.003) -0.00010 (0.00001) 0.94 -0.035 1.10 

used 17 of the 7 2  stocks of frozen males. After thawing the 
lines, they were incubated at 20°C for two generations prior 
to the line-cross experiment to allow for recuperation from 
any physiological consequences of freezing. 

Hermaphroditic C. elegans have a sperm:oocyte ratio of 
about 300:1000 ,  and all sperm are normally used for self- 
fertilization over a span of three to six days (Lewis and Flem- 
ing 1995) .  For a few hours after a hermaphrodite runs out of 
sperm, unfertilized oocytes are expelled onto the plate. Such 
oocytes are relatively easy to distinguish from fertilized eggs 
based on shape and color, but in questionable cases, plates 
were stained with a 0 .001% solution of trypan blue. Crosses 
were conducted by combining spent hermaphrodites and 
young males in an approximately 5 :  17 ratio. Further verifi- 
cation that the progeny were products of a cross was obtained 
by ascertaining that the sex ratio in progeny was 1 : l .  All 
crosses were made reciprocally in at least three to four rep- 
licates, and the control and mutation-line individuals repre- 
sented in the final analysis were also products of within-line 
crosses. In three different blocks of crosses, all at 20°C,  we 
obtained the phenotypic means of the reciprocal F,  crosses 
in parallel with those of the parental mutation-accumulation 
lines. 

For any mutation with homozygous effect n in a mutation- 
accumulation line, the effect will be altered to ha, where h 
is the coefficient of dominance, in the F ,  progeny of a cross 
to the control. Thus, for each block, the average degree of 
dominance ( h )  was obtained by dividing the covariance be- 
tween F ,  and parental mutation-accumulation line mean phe- 
notypes by the genetic variance among the parental mutant 
lines, and an overall estimate of was obtained by averaging 
over the three blocks. An estimate of h = 0.5 implies additive 
gene action, whereas h = 0 .0  implies that the mutant alleles 
are completely recessive. 

Effects of Mutations Expressed in a Benign Environn~eizt 

We first consider the results from assays performed under 
benign temperature conditions. Except for longevity, the 
mean phenotypes of all of the life-history characters ex-
pressed at 20°C declined significantly over the course of the 
experiment (Table 1 ,  Fig. 2 ) .  Throughout the 2 14-generation 
period, the control means remained quite stable, except in 
the case of longevity and generation rate. Only in the case 
of these two traits was there significant covariance between 
the control fluctuations and the mutation-accumulation line 

means, so except for longevity and generation rate, there 
appears to be no justification for correcting for temporal en- 
vironmental trends. Relative to the estimated time-zero 
means, all of the mutation-induced changes in mean phe- 
notypes were on the order of 0.02-0.21% per generation. 
Disregarding the aberrant estimate for longevity, these esti- 
mates are between 7 %  and 7 3 %  higher than those obtained 
if the correction for selective line extinction is not made 
(Table 1) .  

The among-line variance increased significantly with gen- 
eration number for all of the characters in the mutation-ac- 
cumulation lines, while there was no temporal trend in the 
controls for any trait except generation rate (Table 2 ,  Fig. 
3 ) .  Significant temporal covariance existed among the control 
and mutation-accumulation line means for longevity and pro- 
ductivity, and these were corrected as described above. Using 
half the rate of increase in the among-line variance as an 
estimate of the mutational variance and the average within- 
line variance as an estimate of the environmental variance, 
the mutational heritabilities for all of the characters fall in 
the fairly narrow range of 0.0008-0.0033 (Table 2 ) .  

As an example of the general temporal dynamics of the 
distribution of line means over the course of the experiment, 
some of the results for the intrinsic rate of increase, a com- 
posite measure of fitness incorporating viability and the age- 
specific schedule of progeny production, are illustrated in 
Figure 4 .  Here it can be seen that the distribution of line 
means gradually becomes increasingly skewed and broadened 
over time compared to the controls. The highest fitness clas- 
ses observed in the controls are lost completely, whereas low 
fitness classes that are unobserved in the controls become 
relatively common. 

The BM estimates of the genomic mutation rate for all 
characters fall in the range of 0.0005-0.0489,  with an average 
value of 0.0168 (Table 3 ) .  If the statistically unreliable es- 
timate for longevity is disregarded, the range narrows to 
0.0030-0.0489 and the mean increases to 0.0200.  The up- 
wardly biased estimates of the average deleterious homo- 
zygous effects of mutations, scaled to the time-zero pheno- 
typic means of the traits, range of 8-90% with an average 
value of 30%,  and narrow to a range of 8-39%, with an 
average of 17%, if the estimate for longevity is excluded 
(Table 3 ) .  

We restricted our ML analyses to the two composite mea- 
sures of fitness, r and productivity, both of which are easily 
interpreted biologically and exhibit relatively high stability 
of the control means over the course of the experiment. Under 
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Generation 
FIG.2. Regressions o f  the mutation-accumulation line means (closed circles) and the control line means (open circles) on generation 
number. The mutation-accumulation line means are corrected for selection as described in the text, with those for longevity and generation 
rate being additionally corrected for temporal covariance with the control means. 

the assumption o f  constant mutational effects, the ML method 0.09 to 0.64. Averaging over the five ML estimates for this 
yields estimates o f  the genomic mutation rate that tend to trait, the genomic mutation rate is estimated to be approxi- 
increase with the generation number assayed (Table 4) .  In mately 0.018, which is reasonably consistent with that ob- 
contrast, the estimated homozygous mutational effects de- tained by the BM approach (0.049) considering the magnitude 
cline with increasing assay number. The five point estimates o f  the confidence intervals. In contrast, the average muta- 
for the genomic mutation rate for productivity range from tional effect (0.369) obtained by ML is fourfold higher, and 
0.006 to 0.048, with no upper confidence limit exceeding apparently significantly so, than the BM estimate (0.088). 
0.118 per genome per generation, whereas the estimates for For the intrinsic rate of  increase, the entire range o f  the five 
the homozygous effect (proportional to the mean) range from estimated confidence intervals for U is 0.005 to 0.030, where- 

TABLE2. Regressions for temporal changes in the among-line variances o f  the mutation-accumulation lines; r is the correlation coefficient; 
h i  is the mutational heritability. Standard errors are given in parentheses. 

Character Slope I. 

Productivity 7.474584 (2.368799) 0.77 0.0008 (0.0003) 
Survival to maturity 0.000218 (0.000029) 0.94 0.0031 (0.0007) 
Longevity 0.055943 (0.013 189) 0.87 0.001 1 (0.0003) 
Intrinsic rate o f  increase 0.000621 (0.000122) 0.89 0.0033 (0.0008) 
Rate o f  convergence 0.0001 17 (0.000034) 0.79 0.0023 (0.0007) 
Generation rate 0.000003 (0.000000) 0.91 0.0023 (0.0006) 
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Generation 
FIG.3. Regressions o f  the among-line variance estimates for the mutation-accumulation lines (closed circles) and the controls (open 
circles) on average generation number. The mutation-accumulation line variances are corrected for selection as described in the text, 
and those for productivity and longevity are additionally corrected for temporal covariance with the estimates o f  among-line variance 
for the control lines. 

as the point estimates fall in the narrow range of 0.010 to 
0.018, and the point estimates for the homozygous effect fall 
in the range of 0.11 to 0.30. For this trait, the average estimate 
of U is identical to that obtained with the BM approach 
(0.014) and the estimated homozygous effect (0.20) is only 
slightly less than the BM estimate (0.22). 

In all assays for productivity, the ML solution to the var- 
iable-effects model converged on the results of the constant- 
effects model, with the confidence intervals focused around 
the ML estimates for U also having associated coefficients 
of variation of mutational effects equal to zero (except in one 
assay where the coefficient of variation associated with the 
upper limit to U was equal to 0.5). In contrast, the incor- 
poration of variable effects significantly improved the fit of 
the observed data for the intrinsic rate of increase in several 
assays, yielding higher estimates of the genomic mutation 
rate, lower estimates of the average effect, and coefficients 
of variation of effects in the range of 0.5 to 1.5 (Table 4). 
For this character, for some assays, a rather high genomic 

mutation rate (as high as 0.35 in the final assay) and a rather 
low average homozygous effect (as low as 0.007 in the final 
assay) are consistent with the variable-effects model, but the 
upper confidence limit involving the coefficient of variation 
of mutational effects is never greater than 2.5. 

Mzctational Effects in a Stressfzcl Environment 

A reduction in the assay temperature from 20°C to 12OC 
resulted in a dramatic decline in the means of fitness-related 
characters-39% for productivity, 7% for viability to ma- 
turity, and 70% for the intrinsic rate of increase (Table 5). 
(The results for the 20°C assays reported in this section in- 
volve only those run in generations 163 and 214, the same 
as those for the assays at 12OC, thereby insuring that the 
comparisons involve the same lines.) The estimated rate of 
decline of the mean phenotype and the mutational coefficient 
of variation (ratio of the mutational variance to the mean 
phenotype at time zero) were higher for all characters ex- 
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Generation 49 

t Generation 163 

t Generation 214 

Intrinsic Rate of Increase (days-') 

FIG.4. The evolution of the distribution of line means for the 
intrinsic rate of increase over time. The control (time-zero) distri- 
bution summarizes the distribution of all control groups (each con- 
taining five replicates) over the entire course of the experiment. 

pressed at 12°C than at 20°C (Fig. 5). These differences are 
highly significant for the composite measure of fitness (the 
intrinsic rate of increase), for which the mean expressed at 
12°C declined at a rate of 0.15% per generation (nearly double 
the rate observed at 20°C) and for which the mutational co- 
efficient of variation was 2.3% (more than five times that at 
20°C). 

These types of changes in the distribution of line means 
relative to the controls at low temperature may be a result 
of the expression of more deleterious mutations, a magnifi- 
cation of the effects of mutations, or a combination of the 
two. To gain some insight into this matter, we applied the 
BM method to the results at the two different temperatures. 
The results for 20°C reported here differ somewhat from those 
reported above, as they depend only on assays at generations 
163 and 214, and no attempt has been made to correct for 

bias resulting from selective line loss. Moreover, with only 
two assays involved, the power of this analysis is not par- 
ticularly strong. Nevertheless, it can be seen that for all traiis 
Ulnil,,12is equal to or lower than U,,,in,20,whereas a,,,% l 2  is 
equal to or greater than alna,y,20.Relative to their standard 
errors, the differences involving the intrinsic rate of increase 
are quite large. The genetic correlations across environments 
were strongly positive and highly significant (P < 0.01) in 
all cases (in generations 163 and 214, respectively, the point 
estimates for the intrinsic rate of increase are 0.44 and 0.73, 
for productivity are 1.34 and 1.65, and for survival to maturity 
are 0.30 and 0.69). 

Estimates of the Average Degree of Donzinance 

The average degrees of dominance for the four composite 
parameters-intrinsic rate of increase, rate of convergence, 
generation rate, and productivity-are all statistically con- 
sistent with the hypothesis of additive effects of mutations 
(h = 0.5; Table 3). However, the standard errors are relatively 
large, and the data are also compatible with values of 4 as 
low as 0.10. In contrast, the point estimates for the average 
degree of dominance for mutations affecting viability and 
longevity are consistent with complete recessivity (h = O), 
although, again, because of the large standard errors of the 
estimates, partial recessivity with 4 on the order of 0.3 to 0.4 
cannot be ruled out. 

This 214-generation study illustrates the statistical limi- 
tations of short-term mutation-accumulation experiments, 
particularly with organisms with low genomic mutation rates. 
In our previous 50-generation experiment (Vassilieva and 
Lynch 1999), the estimated rate of change in the mean phe- 
notype was not statistically significant for most life-history 
traits, and Keightley and Caballero (1997) had the same ex- 
perience with a similar 60-generation experiment. Our pre- 
vious study actually suggested a slight (although nonsignif- 
icant) increase in productivity with mutation accumulation, 
and the rate of decline in longevity appeared to be significant. 
With increasing numbers of assay generations, a clearer pic- 
ture has emerged. There is a highly significant decline in the 
mean for all characters except longevity with mutation ac- 
cumulation, and the divergence of line means is highly sig- 
nificant for all traits. The estimates of mean longevity behave 
quite erratically for reasons that unfortunately remain unclear 

us, but if the statisticallv unreliable estimate for this char- 
acter is ignored, the rate of decline in the means for all fitness- 
related traits fall in the range of 0.04-0.21% per generation, 
with an average of 0.11% (0.03). The mutational heritabilities 
for all of the traits fall in the narrow range of 0.001-0.003, 
with an average value of 0.0021. The latter values are con- 
sistent with those obtained in many species (see reviews in 
Lynch and Walsh 1998; Lynch et al. 1999), but the former 
values are about an order of magnitude lower than early es- 
timates from Drosophila mutation-accumulation experi-
ments. 

Using the BM technique and averaging over all traits ex- 
cept longevity, we infer that the genomic deleterious mutation 
rate for this species must be at least 0.02 per trait per gen- 
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TABLE 3. Bateman-Mukai estimates of the genomlc mutation rate (U,,,,,,) and average homozygous effect (a,,,,,) of spontaneous mutations 
derived from the observed rates of change of the line means and variances. and the mean dominance coefficient ( h )obtained from backcrosses 
to the control. 

Character u,,,,, n,,., i; 

Productivity 
Survival to maturity 
Longevity 
Intrinsic rate of increase 
Rate of convergence 
Generation rate 

eration. Although BM estimates of U are downwardly biased, different. For this character, ML analysis consistently sug- 
some caution needs to be exercised in interpreting them as gested that C - 0, implying that the BM estimate is not 
strict minimum possible values, because they are estimated downwardly biased. Thus, averaging over the BM and ML 
with error. Nevertheless, additional estimates obtained by ML estimates for this trait, we conclude that U for productivity 
procedures appear to corroborate the idea that individual is approximately 0.033, perhaps slightly higher if the ML 
worms incur at least 0.02 new mutations affecting fitness per estimate is downwardly biased by the failure to factor in 
generation, particularly when one considers that these, unlike selection. 
the BM estimates, do not account for selective line loss. Again ignoring the aberrant estimate for longevity, all of 

The average ML estimate of U for the intrinsic rate of our BM estimates for the average homozygous effects of 
increase under the variable-effects model, 0.024, is contained mutations fall in the range of 8-39%, averaging to 17%. Some 
within the confidence interval of each of the five individual feeling for the robustness of this conclusion can again be 
ML estimates and is also less than the upper confidence limit acquired by considering the results obtained by ML analysis. 
for the BM estimate. The degree to which BM estimates of The mean ML estimate for the intrinsic rate of increase, 13%, 
U are downwardly biased is a function of the squared co- is contained within the confidence interval for the BM esti- 
efficient of variation of mutational effects, C = the~ 2 l n ~ ,  mate of 22%, and these estimates become quite compatible 
estimate U,,, being too low by a factor of 1 + C. The average when one corrects for the bias due to variance in mutational 
estimate of the coefficient of variation of mutational effects effects. Dividing the BM estimate by 1 + C yields a corrected 
for the intrinsic rate of increase obtained by ML, 0.88, is estimate of 12%. Our conclusions on the average effects of 
contained within the confidence intervals for each of the five mutations affecting productivity are somewhat more tenta- 
individual estimates, implying that C .= 0.77 and raising our tive. The ML analyses consistently failed to reject the con- 
BM estimate of U for this trait from 0.014 to 0.024, the same stant-effects model, as was the case in the previous analysis 
as the average ML estimate. For productivity, the average of Keightley and Caballero (1997), so there is no justification 
ML estimate of U, 0.049, is more than twofold greater than for revising the BM estimate of 9% downwardly to account 
the BM estimate, 0.018, although they are not significantly for variation in mutational effects. With an upper confidence 

TABLE4. Maximum-likelihood (ML) estimates of the diploid genomic mutation rate. U, and average homozygous effect (relative to the mean 
phenotype) a. and for the case of the intrinsic rate of increase, the coefficient of variation of mutational effects, CV(a) .The estimates within 
parentheses define the confidence intervals associated with the likelihood profiles focused around the ML estimates of U. For the variable- 
effects model, x 2  is twice the increase in the log-likelihood relative to that under the constant-effects model, and an asterisk indicates that the 
incorporation of variable effects into the model resulted in a significant improvement in fit (P < 0.01). 

Generation C7 ci CV ( ( 1 )  X' 

Productivity (constant-effects model): 
49 0.006 (0.003, 0.009) 
89 0.006 (0.003, 0.008) 


119 0.013 (0.007, 0.025) 

163 0.048 (0.030. 0.118) 

214 0.015 (0.008, 0.025) 


Intrinsic rate of increase (constant-effects model): 
49 0.010 (0.005. 0.015) 
89 0.01 1 (0.008, 0.015) 


119 0.012 (0.005. 0.016) 

163 0.018 (0.011. 0.030) 

214 0.018 (0.01 1, 0.022) 


Intrinsic rate of increase (variable-effects model): 
49 0.023 (0.007, 0.688) 
89 0.014 (0.008, 0.049) 


119 0.010 (0.005, 0.032) 

163 0.038 (0.023, 0.176) 

214 0.036 (0.017, 0.350) 
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FIG.5 .  Mutational coefficients of variation (the square root of the 
mutational variance divided by the mean phenotype) and the rate 
of decline of the mean phenotype (relative to the time-zero mean) 
for three fitness parameters, as expressed in a benign (20°C) and 
stressful (12°C) environment. Standard errors are denoted by the 
error bars. 

limit of 15%, the BM estimate is then substantially lower 
than the average ML estimate of 3796, and below the statis- 
tical bounds of the earliest three of the five individual ML 
estimates. In contrast, the ML estimates declined dramatically 
with increasing number of generations of mutation accu-
mulation, and the final two estimates are roughly compatible 
with the BM estimate. 

The tendency for the ML approach to yield higher estimates 
of U and lower estimates of ii with increasing number of 
generations of mutation accumulation suggests that this 
method may simply be unable to detect small numbers of 
mutations with small effects in the early stages of a mutation- 
accumulation experiment with C. elegans. An alternative in- 
terpretation of the behavior of the ML analysis might be that 

selective extinction of lines with mutations of large effects 
results in the differential survival of lines carrying only mu- 
tations with mildly deleterious effects late in our mutation- 
accumulation experiment. However, this explanation is in- 
consistent with the observed increase in estimates of U with 
increasing generation number. 

Thus, when all considerations are taken into account, our 
data provisionally suggest that mutations affecting the in- 
trinsic rate of increase in this species have a distribution close 
to exponential with a mean homozygous effect on the order 
of 12%, whereas the distribution of mutational effects on 
productivity has very low variance with an average effect 
similar to that for the intrinsic rate of increase. An average 
homozygous mutational effect on fitness of 12% is about half 
the previous estimates obtained for spontaneous mutations 
by Keightley and Caballero (1997) and Vassilieva and Lynch 
(1999) and for EMS-induced mutations by Davies et al. 
(1999). In contrast, our estimated average genomic delete- 
rious mutation rate for fitness of approximately 0.03 is about 
sixfold higher than the previous estimate of Keightley and 
Caballero (1997) and about 50% greater than the previous 
estimate of Vassilieva and Lynch (1999). 

Given the current state of uncertainty about the properties 
of spontaneous deleterious mutation in Drosophila (reviewed 
in Lynch et al. 1999), it is difficult to compare the results 
for this intensively studied species with those for C. elegans. 
However, a number of independent lines of evidence support 
the idea that U for total fitness in Drosophila must be at least 
0.1 and perhaps as high as 1.0 (Lynch et al. 1999), recog- 
nizing that there is some disagreement on this (references 
provided in the introduction). If this interpretation is correct, 
then U for total fitness in C. elegans is on the order of 3- 
30% of that for flies, implying either that the genome of C. 
elegans is less mutable or that a smaller fraction of mutations 
influence fitness relative to the situation in flies. 

We have previously suggested that a lower genomic mu- 
tation rate in C, elegans than in D. melanogaster may be a 
composite consequence of several biological differences be- 
tween these organisms, including the substantially higher rate 
of transposition and the greater number of cell divisions per 
generation in D. nzelanogaster (Lynch et al. 1999; Vassilieva 
and Lynch 1999). The involvement of such scaling cannot 
be ruled out on the basis of the available data. The number 
of germ-line cell divisions in D. melanogaster is threefold 
higher than that in C. elegans, so if the mutation rate per 
generation scales with this trait, extrapolation from a C. ele-
gans Uof 0.03 yields a prediction of 0.09 for D. melanogaster. 
Accounting for the fact that approximately 40% of all mu- 
tations in D. nzelanogaster are due to the activity of trans- 
posable elements, which are quiescent in the N2 strain of C. 
elegans, extrapolates further to a predicted U of approxi- 
mately 0.15 for D. melanogaster, which is compatible with 
the range of existing estimates for this species. 

Most previous assays of Drosophila lines have been per- 
formed under competitive conditions, whereas the nematode 
assays of Keightley and Caballero (1997), Vassilieva and 
Lynch (1999), and those reported here have been performed 
at an optimal temperature with an unlimited amount of food. 
The results of our assays at low temperatures, far from the 
optimum for C. elegans, lead to the suggestion that on av- 
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TABLE5. Mutation parameter estimates for fitness characters as expressed in harsh (12°C) versus benign (20°C) thermal environments. The 
mean phenotypes are given for the control lines. Standard errors are given in parentheses. 

Trait Temperature Mean phenotype Un,,, a,,, 

Intrliisic rate o f  increase 

Productivity 

Survival to maturity 

erage, U for fitness-related characters is reduced by a factor 
of 5.8 and d is increased by a factor of 7.5 at 12°C relative 
to the situation at the more benign temperature of 20°C. These 
results suggest that although fewer mutations are expressed 
at stressful temperatures, the average mutational effect is 
inflated. However, it is possible that the effects of a few 
mutations are greatly exaggerated in harsh environments, 
overshadowing the effects of more numerous mutations of 
small effects. The strong positive genetic correlations across 
environments imply that a substantial fraction of the muta- 
tions incurred in these lines are expressed in both environ- 
ments. 

As in our study, Kondrashov and Houle (1994) and Sha- 
balina et al. (1997) noted that the mean fitness of mutation- 
accumulation lines of Drosophila relative to controls declines 
more substantially under stressful conditions. However, con- 
trary to our results, Fernindez and L6pez-Fanjul(1997) found 
no tendency for an increase in among-line variance with in- 
creasing stress and no evidence of a genetic correlation across 
environments. Unfortunately, joint information on the change 
in both the mean and the variance, necessary for the esti- 
mation of the contributions of mutation number versus av- 
erage mutational effect in different environments, do  not ap- 
pear to be available in Drosophila. If our results with C. 
elegans are general, that is, if mutation-accumulation line 
assays in benign laboratory environments generally result in 
overestimates of U and underestimates of d in harsh envi- 
ronments, then current estimates of the risk of extinction may 
be somewhat overly pessimistic in suggesting that small pop- 
ulations living in natural environments are likely to experi- 
ence substantial accumulation of mutational load. Assuming 
that the natural environment is, in fact, more stressful than 
that encountered in laboratory conditions, because deleteri- 
ous mutations of larger effects are more easily eliminated by 
natural selection, an increase in d is expected to reduce the 
accumulation of mutation load at the population level. There 
is a clear need for further empirical investigation of the en- 
vironmental dependence of mutational effects. 

Finally, we consider our results on the dominance effects 
of new mutations. The magnitude of inbreeding depression, 
the probability of fixation of a new mutation, and the mag- 
nitude of genetic variance for fitness-related characters main- 
tained under selection-mutation balance all depend on the 
degree to which the effects of newly arising deleterious mu- 
tations are masked in the heterozygous state. The available 
estimates of the average degree of dominance of new mildly 
deleterious mutations in Drosophila average to approximately 
0.35 (Mukai et al. 1965; Mukai 1969), whereas estimates of 
A for segregating deleterious alleles in natural populations of 

flies and plants range from about 0.15 to 0.35 (Lynch and 
Walsh 1998, pp. 186-287). In other words, most of the ex- 
isting data suggest that mildly deleterious mutations are par- 
tially recessive. Our results with C. elegans are consistent 
with this point of view. Although our- estimates of A for 
composite measures of fitness are not significantly different 
from the additive expectation (6 = 0.5), the standard errors 
of these estimates are large enough that h as low as 0.1 cannot 
be ruled out. It should be emphasized, however, that our 
estimates of h have been derived only for mutations expressed 
under benign conditions. Given the dramatic differences in 
the average effects of C. elegans mutations in harsh envi- 
ronments, it is conceivable that the degree of dominance is 
also environmentally dependent. 
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