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The evolutionary mechanisms maintaining genetic variation in life span, particularly post-reproductive life span, are
poorly understood. We characterized the effects of spontaneous mutations on life span in the rhabditid nematodes
Caenorhabditis elegans and C. briggsae and standing genetic variance for life span and correlation of life span with fit-
ness in C. briggsae. Mutations decreased mean life span, a signature of directional selection. Mutational correlations
between life span and fitness were consistently positive. The average selection coefficient against new mutations in
C. briggsae was approximately 2% when homozygous. The pattern of phylogeographic variation in life span is inconsistent
with global mutation—selection balance (MSB), but MSB appears to hold at the local level. Standing genetic correlations
in C. briggsae reflect mutational correlations at a local scale but not at a broad phylogeographic level. At the local scale,
results are broadly consistent with predictions of the “mutation accumulation” hypothesis for the evolution of aging.
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OW genetic variation is maintained in nature is a long-

standing question in evolutionary biology (e.g., 1,2).
Variation in life history traits has attracted particular atten-
tion because life history traits (defined sensu 3, i.e., all else
equal, an increase in trait value results in an increase in fit-
ness) are inherent components of fitness and directional se-
lection removes additive genetic variance for fitness (4), so
the presence of additive genetic variance for fitness in an
equilibrium population represents something of a paradox.
However, life history traits typically exhibit more additive
genetic variance than do morphological or behavioral traits,
not less (5).

Mutation plays a key role as the ultimate source of ge-
netic variation. Three mechanisms link mutation with varia-
tion. These range from positive selection (balancing or
diversifying), in which mutation plays a minor role, to mu-
tation-drift equilibrium (MDE) and mutation—selection bal-
ance (MSB), in which variation is maintained by a balance
between mutational input and elimination by either drift or
purifying selection (5,6). Of the three mechanisms, the po-
tential role of MSB has received much attention. It has been
argued that (at least for Drosophila melanogaster, the only
taxon for which substantial data exist) there is too much ad-
ditive genetic variance for MSB to completely explain the
variation in most life history traits (3,7), but different people
can (and do) reach opposing conclusions from the same
data (e.g., 5).

One life history trait that has been extensively studied is
life span. Genetic variation for life span is often observed
both within species and between closely related species (for
review in fishes, see 8). In particular, post-reproductive life

1134

span has attracted a great deal of theoretical and experimen-
tal attention (9-13) because post-reproductive life would
seem to provide no fitness benefit, except under special cir-
cumstances, like those proposed for humans (14-16), in
which parental care may be important. Investigations into
variation in life span generally take one of two approaches:
(a) explicitly investigate age-specific patterns in mortality
(e.g., 17-19) or (b) estimating genetic or mutational vari-
ance in mean life span in laboratory or wild populations
(e.g., 20,21-25). However, results from taxa that do not
exhibit reproductive senescence have limited applicability
to organisms with extensive post-reproductive life span,
such as humans.

Additive genetic variance for life span shows that it can
evolve; differences between groups in life span prove that it
does. There are two general classes of evolutionary scenar-
ios invoked to explain the evolution of aging (i.e., senes-
cence), both of which stem from the diminishing efficiency
of natural selection with age (4,26). Under the “antagonistic
pleiotropy” (AP) hypothesis, mutations that increase early
reproduction but reduce life span will be beneficial because
early reproduction contributes more to fitness than late
reproduction, so senescence is due to the deleterious pleio-
tropic effects expressed in late life of alleles that increase
reproduction in early life (27). Conversely, the “mutation
accumulation” (MA*; the “*” is used to distinguish the
hypothesis from the protocol of mutation accumulation)
hypothesis predicts that at some point in life natural selec-
tion becomes so inefficient that deleterious alleles with
effects past that age are effectively neutral and can accumu-
late due to genetic drift (28).
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Distinguishing between the two hypotheses has proven
extraordinarily difficult foremost because the two are not
mutually exclusive, and supporting evidence exists for both
(for review, see 21,29). A necessary component to under-
standing the evolution of aging is an accurate characteriza-
tion of the effects of new mutations allowed to accumulate
under relaxed selection. Two attributes of new mutations—
their effect on mean life span and their correlation with
(some measure of) fitness—are key. If mean life span
changes with MA, it provides prima facie evidence that life
span is in fact under directional selection and is thus a
proper life history trait. Second, if the standing genetic co-
variance of life span with fitness differs from the mutational
covariance, it strongly suggests that the standing covariance
has been shaped by natural selection in some way.

Here, we report a study in which we characterize the ef-
fects of spontaneous mutation on life span and related de-
mographic parameters in two species of self-fertilizing
nematodes in the genus Caenorhabditis, C. briggsae and C.
elegans. Further, we characterize the standing genetic (co)
variance for life span in a worldwide collection of natural
isolates of C. briggsae and compare the standing (co)vari-
ance with the mutational input. The study is motivated by
two primary factors. First, and foremost, we are interested in
providing a comprehensive characterization of the effects of
spontaneous mutations on these traits in a taxon whose post-
reproductive life span is at least qualitatively similar to that
of humans; such data are notably lacking. There are consid-
erable data from large-effect mutants, which we believe may
be atypical and misleading (see the Discussion section).

Second, we address the possibility that MSB is a suffi-
cient explanation for the patterns of genetic (co)variance
observed in C. briggsae. In a large population at MSB, the
standing genetic variance is related to the mutational vari-
ance by the relationship Vg = VWS (5), where Vg represents
the standing genetic variance, V) the per-generation input
of genetic variance by mutation, and S the average strength
of selection against a new mutant allele. V5 and V) can be
calculated directly from the data; if the inferred value of S is
unrealistically large or small, it suggests that MSB is prob-
ably not a sufficient explanation for the observed standing
variance. Finally, we interpret the results in the context of
the evolution of aging.

METHODS

MA Lines and Life-Span Assay

We characterized life span in two strains (= genotypes)
each of C. briggsae (HK104 and PB800) and C. elegans
(N2 and PB306) that had undergone 250 generations of MA
as described elsewhere (30). Briefly, replicate lines of a
highly inbred stock population were allowed to evolve at
very small effective population size (~1), allowing all but
the most highly deleterious mutations to accumulate at the
neutral rate. Relative to the ancestral control stocks, MA

1135

lines evolved significantly decreased mean fitness (30) and
body size (31) and the genetic (among-line) component of
variance in those traits increased due to the input of new
genetic variation by mutation. All stocks (ancestral control
and generation 250 MA lines) were cryopreserved at —80°C
using standard methods (32). All stocks were maintained at
20°C on nematode growth medium (NGM) plates seeded
with Escherichia coli (OP50 strain).

Prior to the life-span assay, ancestral controls were
thawed and replicated 10 times; each of these replicates
constitutes a (pseudo) line, analogous to the MA lines. For
each of the four strains, we assayed life span in 10 ancestral
control lines and in 25-41 (of the initial 100) generation
250 MA lines. Life-span measurements were conducted in
four blocks, with each strain represented in two blocks and
lines randomly assigned to each block. At the beginning of
a block, three replicates of all lines were established and age
synchronized by standard bleaching technique (33). Two
days after age synchronization, 10 worms (approximately
L2 to L3 stage) from each replicate were randomly selected
and transferred to each of three plates (30 worms total per
MA line, 10 worms total per ancestral control pseudoline).
Each plate was assigned a random number and was handled
in numerical order. Worms were transferred daily to new
plates during their reproductive period. Life span was mea-
sured daily by scoring each worm by touch response. Worms
confirmed dead were removed from the plates; the date of
removal was noted as an uncensored data point. Worms that
disappeared from the plates (no carcass found) were counted
as censored data, with the date of disappearance recorded.

Life-Span Assay in Wild Worm Isolates

To characterize standing genetic variation for life span in
C. briggsae, we employed a similar life-span assay proto-
col for 43 wild isolates of C. briggsae, generously provided
by Asher Cutter, Marie-Anne Félix, and The Caenorhabdi-
tis Genetics Center (see Supplementary Table 1 for list of
isolates). Each natural isolate (strain) was divided into
three replicate sublines and inbred for six generations by
transferring a single L4 hermaphrodite to a new NGM
plate. At generation six, inbred sublines were allowed to
expand to a large population size and cryopreserved. Fro-
zen stocks were thawed and allowed to expand back to a
large population size. Each subline was replicated three
times and maintained by single-worm descent for three
generations after thawing to remove maternal and grand-
maternal effects. To assay life span, five individuals from
each replicate were randomly selected (at the L4 stage) and
placed individually on NGM plates (15 worms total per
strain). Subsequent to cessation of reproduction, life span
was measured daily by scoring each worm by touch re-
sponse. Worms were transferred daily to new plates during
their reproductive period. Censored and uncensored data
were recorded as aforementioned except that notation of
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censored data did not start until after the cessation of repro-
duction (approximately day 5).

Data Analysis

Characterization of life span and demographic models:
Because we could not clearly differentiate between a miss-
ing (but alive) worm and a worm that had died and whose
carcass we could not find, we took a conservative approach
and used only uncensored data (confirmed deaths) for cal-
culations of life span, mortality models, and mutational (co)
variances in life span. However, because censored data can
influence mortality models and mortality parameter esti-
mates, we also present the results of the mortality models as
calculated with censored and uncensored data (complete
data set).

Descriptive statistics of the life-span data, demographic
statistics, best-fit models, and parameter estimates of mor-
tality models were obtained by maximum likelihood meth-
ods using WinModest (34). Data were fitted to one of four
models, Gompertz (G, px = ae?), Logistic (L, ux = ae? +
f(s)), Makeham (M, pux = ¢ + ae®), or Logistic-Makeham
(LM, ux = ¢ + ae? + f(s)), where px represents age-specific
mortality rate at age x, a is the initial adult mortality rate
(intercept), b is the rate of exponential increase in mortality
with age (slope), c is the age-independent mortality risk, and
s is the degree of deceleration in mortality at advanced ages
(34). To make statistical comparisons between mortality pa-
rameters for strains that were best fit to different models,
data from all strains were fit to the Logistic-Makeham
model, which incorporates all four model parameters. Pair-
wise comparisons of parameters were made by the log-
likelihood ratio test of WinModest. This test compares a
model with independently estimated parameters with mod-
els that constrain individual parameters to be equal. Twice
the difference between maximum likelihood estimates for
the constrained model and the unconstrained models fit a
chi-square distribution with one degree of freedom. A Bon-
ferroni correction was used to compensate for multiple pair-
wise comparisons. Significant differences in life span
between ancestral controls and MA lines, modeled as sur-
vival probability to adult worm age (in days), were deter-
mined using an extension of the nonparametric Gehan’s
generalized Wilcoxon test, which assigns a score to each
individual’s survival time and then calculates and analyzes a
chi-square value for each treatment group (Statistica v. 7.1;
StatSoft, Inc., Tulsa, OK). Pairwise comparisons were made,
when appropriate, using the nonparametric Gehan’s gener-
alized Wilcoxon test (Statistica). Graphical representations
of mortality rates (as In(ux), uncensored data only; in Sup-
plementary Figures 1 and 2) include symbols representing
mean =+ standard error calculated across lines (MA data) or
strains (wild worm data). Lines were generated using the
model type (aforementioned equations) and model parame-
ters calculated by WinModest; note that the goodness of fit
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is constrained by small sample size and the low mortality
rate at early time points (35).

To evaluate patterns in censored data, we first assessed the
timing of the censored data points with respect to the experi-
mental design (i.e., when the worms were handled). We next
scaled the latest date that a censored data point occurred on
any given plate (set of 10 worms) to the mean life span of the
uncensored worms from that plate and then used 7 tests to test
whether these scaled data tended to be different in the MA
lines in comparison with the ancestral controls. A similar
analysis was conducted on the censored data points for the
wild worm isolates, except that the latest date of a censored
data point was scaled to the strain mean life span because
worms were assayed individually and differences among
clade were analyzed by analysis of variance (ANOVA).

Per-generation change in the mean and mutational
variance of life span: There are two fundamental observ-
able quantities of interest in an MA experiment—the per-
generation change in the trait mean and the per-generation
increase in the among-line variance (= the mutational vari-
ance V). The per-generation change in the mean can be
considered either on the raw scale (R, the slope of the re-
gression of the mean trait value against time, measured in
generations of MA) or scaled as a fraction of the generation
0 mean (AM = R _/7,, where Z, is the trait mean at genera-
tion 0). AM is typically the more meaningful of the two be-
cause the average mutational effect is meaningful only
relative to the starting phenotype. Similarly, the per-genera-
tion increase in genetic variation can be considered either
on the raw scale (Vv = [VLma — Vi 0l/2t, where Vy; is the
mutational variance, Vi ya the among-line component of
variance of the MA lines, VL the among-line variance of
the ancestral controls, and ¢ the number of generations of
MA), scaled by the trait mean (the mutational coefficient of
variation or the “opportunity for selection”; see following),
or scaled by the environmental component of variance (the
mutational heritability h;, = V,, /V,, where Vg is the within-
line [environmental] component of variance). The muta-

VM

. . . 2 L
is the trait mean; and the opportunity for selection is

1=V, /7°. CVy and I are perfectly correlated, but  has a
specific biologic interpretation: for a trait under directional
selection, / establishes the upper bound on the rate of evolu-
tion (36-38). Because mean life span decreases with MA
(see following), I is the most meaningful measure of muta-
tional variance in this case.

Trait means and variance components were determined
from the following general linear mixed model as imple-
mented by the MIXED procedure in SAS v. 9.1, performed
separately for each strain. The model is as follows: life span
= treatment + block + line + residual. Treatment (MA vs con-
trol) is a fixed effect; the other effects are random. The with-
in-replicate term was omitted because including it greatly
increased the run time of some analyses (see following).

tional coefficient of variation is CV,, =100 x , where 7
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Table 2. Summary Statistics for Mutational (Co)Variance in Life Span

Strain (species) HK104 (Caenorhabditis briggsae)

PB800 (C. briggsae)

N2 (C. elegans) PB306 (C. elegans)

Vm % 103 6.663+5.3 17.10 +£5.1 6.247+£2.0 9.73+£3.1

CVum 0.401 £0.2 0.813+0.1 0474 +£0.1 0.649 £0.1

Iy x 10* 0.341 £ 0.2 (0-0.8), 0.694 +0.2 (0.3-1.1), 0.231 £0.1 (0.1-0.4), 0.490 £ 0.1 (0.2-0.8),
Pranp < .0065 Pranp < .0002 Pranp < .0002 Pranp < .0002

1 x 103 0.740 £ 0.6 281+£12 1.221+£04 2.358+£0.9

FM(W,LS) 0.33+£0.30 0.30+£0.21 0.99+0.14 0.47 +£0.26

Note: Statistics are presented as mean * standard error of mean (confidence interval where appropriate). CVy = mutational coefficient of variation; h;, = muta-
tional heritability; y; = opportunity for selection; Pranp = frequency of estimates of /y from randomized data more extreme than the observed mean; ryvw,Ls) =
mutational correlation between life span and lifetime reproductive success; Vy mutational variance at generation 250. See text for details of calculations.

Variance components for block, line, and residual were esti-
mated separately for MA and control treatments (PROC
MIXED option GROUP=<Treatment>). Trait means were
estimated by least squares, given the random effects; vari-
ance components were estimated by restricted maximum
likelihood.

In our comparative context, the hypotheses of interest can
be stated formally as follows: Does statistic A (i.e., AM or I)
differ significantly between groups X and Y (e.g., between
species)? The statistics of interest, AM and I, are composite
variables and are not amenable to standard methods of hy-
pothesis testing (e.g., F or likelihood ratio tests). We there-
fore employ a bootstrap method to construct approximate
empirical confidence intervals for the statistics of interest
and consider groups for whom the 95% confidence intervals
do not overlap as significantly different. The bootstrap
method is as follows: A pseudo-data set is constructed by
resampling the data with replacement at the level of line
(i.e., including all replicates within a line), maintaining the
same number of control and MA lines as in the original data
set, and analyzed using the general linear mixed model
given previously. This procedure is repeated 1,000 times;
the standard deviation of the pseudo-estimates is an approx-
imate standard error of the mean, and the upper and lower
2.5% of pseudo-estimates establish approximate 95% confi-
dence limits on the statistics of interest (39).

Our bootstrap protocol treats the within-line variance as a
fixed property of a line and thus potentially underestimates
the total variance (resampling at multiple hierarchical levels
can result in biased estimates of variance components). To
account for this possibility, we also conducted randomiza-
tion tests of the hypothesis that the statistic of interest—AM
or Iyy—differs significantly from zero within a strain. Data
(i.e., life span) were randomly permuted within the given
treatment/line/replicate structure and the statistic of interest
calculated from the randomized data. This procedure was
repeated 5,000 times and the observed statistic compared
with the null distribution. If the absolute value of the ob-
served statistic falls in the upper 2.5% of the null distribu-
tion, it is considered as significantly different from zero in a
two-tailed test. The bootstrap confidence intervals appear
somewhat conservative compared with the randomization
tests (e.g., the results for 7 in the HK104 strain; Table 2)

and we rely on the bootstrap confidence intervals for among-
group comparisons. Results of the randomization tests are
presented in Tables 1 and 2.

Mutational covariance between life span and fitness:
Components of (co)variance were determined for life span
and fitness (measured at generation 200 at 20°C and/or gen-
eration 220 at 25°C; see (40) for details) from the linear
model y = trait + block + line + error where the fixed effect
trait represents log(life span) and log(1+fitness). “Fitness™ is
lifetime fecundity weighted by probability of survivorship,
which is highly correlated with demographic measures of
fitness (r = .9, C.E.B., unpublished data, 2007). The among-
line component of covariance between traits is the genetic
covariance, which in this case is the mutational covariance.
Genetic correlations ry and their associated standard errors
were calculated from the among-line components of (co)
variance. Because fitness was measured at generation 200 or
220 and life span at generation 250, the last 30-50 genera-
tions of MA in the life span data do not contribute to the
covariance with fitness. To account for the difference
in numbers of generations, we multiplied the variance in
life span by the average difference, 210/250, so

Cov(W,LSP)

Mw,Ls) =
\/(Svar(w)jvar(Ls). The analysis was imple-

mented in SAS v. 9.2 PROC MIXED with the unstructured
covariance (“TYPE=UNR”) option. Some analyses using
untransformed data failed to converge.

Standing genetic variance in life span in C. briggsae:
Variance in life span among wild isolates of C. briggsae
was partitioned taking several historical factors into ac-
count. Molecular evidence indicates that there are three ma-
jor clades of C. briggsae, a tropical clade, an equatorial
clade, and a temperate clade (41), and that the clades differ
in the level of standing molecular variation. Preliminary
analysis revealed that life span differs among clades; worms
from the temperate clade live longer in our experimental
conditions than do those from the other clades. Thus, we
include clade as a fixed effect in the subsequent analysis.
Moreover, samples (strains) were not collected in a uniform
manner (unsurprisingly), and some strains are likely de-
scended very recently from a common ancestor (e.g., five of
the six “equatorial” lines had the exact same multilocus
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nuclear haplotype; 41). To account for the possibility that
multiple strains from one collecting site are actually the
same strain, we partitioned the variance within a clade into
sampling location, strain within sampling location, and in-
bred line within strains. The full model is as follows: life
span = clade + location + strain(location) + inbred
line(strain(location)) + residual. Clade is a fixed effect, the
other effects are random; the residual term is the environ-
mental component of variance. Clade mean life spans were
determined by least squares, given the random effects. Half
the sum of the three random effects constitutes the genetic
component of variance; we tested for significant genetic
variance by likelihood ratio test of the comparison of the
full model against a model with the three random effects
removed; twice the difference in log likelihoods between
the two models is chi square distributed with three degrees
of freedom. Note that the total genetic variance includes a
between-location component, which leads to some compli-
cations in assessing MSB; those complications are consid-
ered explicitly in the Discussion section. The genetic
coefficient of variation, CVg, and opportunity for selection,
I, were calculated using the unweighted mean of the three
clade mean life spans. The standard error of the joint param-
eter Viy/Vi (= S) was calculated by the Delta method (equa-
tion A1.19b, 42) with the standard errors of the individual
parameters V) and Vg calculated as described previously.
We report the asymptotic 95% confidence interval.

Standing covariance between life span and fitness in C.
briggsae: We first attempted to calculate the genetic correla-
tion between life span and fitness in the wild isolates (Salomon
et al., unpublished data, 2009) using the same hierarchical
model as for the standing variance, but the analysis did not
converge. Instead, we determined the trait averages for each
inbred line and calculated the correlations of inbred line
means from the raw (untransformed) data using the model
y =trait+location +line(location) + inbred line(line(location))
+ error; the analysis failed to converge when clade was in-
cluded in the model. The analysis was implemented in SAS
v. 9.2 PROC MIXED with the unstructured covariance
(“TYPE=UNR”) option. Significance was assessed using
likelihood ratio tests of the model with the unconstrained cor-
relation (“TYPE=UNR”) versus the model with the correla-
tion constrained to be 0 (“TYPE=UN(1)”). In this case, the
correlation of line means is an upper bound on the absolute
value of the genetic correlation because when traits are mea-
sured on the same individual the correlation of line means is
confounded by 1/n times the environmental correlation,
where n is the number of replicates of each line (43).

RESULTS

Change in the Mean and Variance
Mean life span (uncensored data only) decreased for 250
generations of MA in all four strains (Table 1 and Supple-
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mentary Figure 1). The per-generation change in mean life
span (AM) declined significantly in all four strains. The rank
order of decline was HK104 > PB306 > PB800 > N2;
HK104 declined significantly faster than N2. Mean life
spans of the ancestral controls of the four strains differed
significantly (Kruskal-Wallis ANOVA, p = .0003), with
HK104 ancestral controls having significantly longer life
span than PB306 (p =.00009) and PB800 (p = .043), but not
N2 (p = .10).

For a trait under directional selection (see following), /,
the opportunity for selection, represents the upper bound for
adaptive evolution and is the most meaningful measure of
variance (36-38). Although there were no significant differ-
ences in /y; among the four strains, N2 had the smallest Iy
and PB800 had the largest (Table 2). Mutational heritabili-
ties were of the order 103 and mutational CVs were of the
order 0.5-1, both typical for life history traits (5).

Mortality Models for MA Lines

We determined the best-fit model for uncensored data
from the MA and ancestral control lines (Table 1) using the
maximum likelihood methods implemented in WinModest
(34). For three of the strains (N2, PB306, HK104), the an-
cestral control lines were best described by the Gompertz
model, which includes terms for initial adult mortality rate
(a, intercept) and the rate of exponential increase in mortal-
ity with age (b, slope). Although PB306 had a substantially
higher mortality intercept than N2 and HK104, the three
strains had very similar mortality slopes. Ancestral control
lines of PB800 were best fit to the logistic model, which
also includes a term for the degree of deceleration in mor-
tality at advanced ages (s). PB800 ancestral control lines
had the smallest intercept of any controls, but the highest
slope. The MA lines of all four strains were best described
by the Logistic model.

To compare mortality parameters between lines fit to dif-
ferent models, we fit all lines to the Logistic-Makeham
model, which has four mortality parameters, and made pair-
wise comparisons using the log-likelihood ratio test of Win-
Modest and with a Bonferroni correction for multiple tests.
The N2 MA lines had a significantly higher slope than the
ancestral control lines of N2 (p < .01). This increase in slope
in the MA lines also was detected for PB306 and PB800 but
was notsignificantafter the Bonferroni correction. Caenorhab-
ditis briggsae had more mutational variance for the mortality
intercept than did C. elegans, specifically with the largest
variance in HK104. Interestingly, this pattern did not hold for
the rate of mortality slope, given the large variance in PB306.
We found significant negative correlations between the mor-
tality intercepts and slopes in PB800 and N2.

The percentages of censored data points (missing worms) in
the MA lines of each strain were slightly but not significantly
higher than in the respective ancestral control lines (data not
shown; Mann—Whitney U test, p > .161 for all strains). For
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nearly all lines, 43%—51% of the censored data points occurred
on days 3-6 (data not shown), which were the days that the
worms were transferred during their reproductive period. The
PB800 ancestral control lines differed from this pattern, with
only 28% of the censored data points occurring on days 3-6. In
contrast, fewer than 7% (on average) of the nearly 5,000 uncen-
sored data points (confirmed deaths) occurred during the repro-
ductive period (data not shown). On average, the last days that
censored data points were recorded (scaled to the mean life
span of the uncensored worms on each individual plate) were
slightly but not significantly lower in the ancestral control lines
of HK104, N2, and PB306 than in the respective MA lines (p >
.359); this trend was reversed for PB800 (p = .156). When the
complete data set was analyzed (censored and uncensored), de-
termination of the best-fit mortality model was altered only for
the PB306 ancestral control (Gompertz — Logistic; Table 1).
Confidence limits of the estimates of the mortality parameters
in the models of the complete data sets overlapped with the
confidence limits of the models of the uncensored data. Be-
cause these results suggest that the main contribution to the
censored data set was handling error during worm transfers, all
other analyses outside of determination of mortality model
were conducted on the uncensored data sets only.

Mutational Correlation Between Life Span and Fitness

In three of the four strains, the mutational correlation be-
tween life span and fitness ryw,.s) did not differ signifi-
cantly from zero, although it is positive in all cases (Table 2).
Point estimates from the two C. briggsae strains are very
similar to each other (=0.3); the PB306 strain of C. elegans
is slightly larger (=0.47). In N2, however, rvw,Ls) = 1. Previ-
ous estimates of mutational correlations in the N2 strain
range from 0.2 (44) to about 0.5 (45); estimates from two TE
mutator strains derived from N2 are also around 0.5 (44). It
is unclear why the value for N2 is so much greater than those
of the other strains or from other experiments with N2, al-
though sampling variance is always a possible explanation.

Life Span in Natural Isolates of Caenorhabditis briggsae

Worms from the temperate clade lived longer than worms
from the equatorial or tropical clades (p < .05; Table 3 and
Supplementary Figure 2; uncensored data only). The mean
life span of worms from wild isolates was longer than those
of the ancestral controls of the four strains used in the MA
experiment, presumably due to consistent differences in the
protocols of the two experiments. We detected significant
genetic variation for life span (V) in the wild worm isolates
(averaged over the three clades, p < .01; likelihood ratio test
(LRT) %2 = 11.8, df = 3), although the broad sense heritabil-
ity for life span was quite low (H? = 0.054).

All clades were best described by the Gompertz model
(uncensored data only), with no significant differences
among clades in the slope or intercept. As found in some
of the laboratory strains, the intercepts and slopes were
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significantly negatively correlated in the wild worm isolates
(calculated from data pooled across clades). There were no
significant differences in the percentages of censored data
points (missing worms) across the three clades (p = .181).
The averaged last days that censored data points were re-
corded (scaled to the mean life span of the uncensored
worms for each strain) did not differ among clades (p =
.662). When the complete data set was analyzed (censored
and uncensored), determination of the best-fit mortality
model was altered for all three clades (Gompertz — Logis-
tic; Table 3). To what extent this alteration is influenced by
the lack of censored data points prior to day 5 (data not re-
corded) is unknown. Confidence limits of the estimates of
the mortality parameters in the models of the complete data
sets overlapped with the confidence limits of the models of
the uncensored data.

Approximate genetic correlations between life span and
fitness for the different hierarchical levels are reported in
Table 3. Point estimates of correlations at the level of inbred
line (r = .30, LRT %2 = 5.6, df = 1, p < .02) and strain (r =
.25, p > .7) closely reflect the mutational correlation for C.
briggsae; in contrast, the correlation at the level of location
(r =-.65, p > .14; we were unable to include clade in the
model) was large and negative. We consider the potential
meaning of the qualitative difference at the different hierar-
chical levels in the Discussion section.

DiscussioN

Spontaneous mutations consistently decrease post-repro-
ductive life span in C. elegans and C. briggsae. These re-
sults are broadly consistent with our characterizations of
mutational effects on fitness and body size in these strains
(30,31,40) and on life span in fruit flies (46—48). A consis-
tent change in mean phenotype with MA under relaxed se-
lection implies that the trait is under directional (not
necessarily direct) selection. Previous studies with the N2
strain of C. elegans have produced conflicting results
(23,45,49), and our data show that life span in N2 does ap-
pear to decline more slowly than in the other strains, in par-
ticular the HK104 strain of C. briggsae. Mutational variance
is inherently more difficult to measure than the change in
the trait mean (50), but the patterns in mutational variance
are quite similar to the change in the mean. The exception to
the generality of these results is that in all previous studies,
the PB800 strain of C. briggsae has also consistently
declined faster and accumulated mutational variance faster
than the two strains of C. elegans. There is no obvious rea-
son why life span should be different, although sampling
variance is an obvious possibility. Interestingly, the HK104
ancestral controls lived significantly longer than the other
strains, suggesting an underlying difference in some aspect
of the genetic architecture of life span between HK104 and
the other strains. Moreover, the ancestral HK 104 has consis-
tently lower reproductive output than the other strains (30).
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Table 3. Life Span, Mortality Models, and Estimates of (Co)Variance for Wild Caenorhabditis briggsae Isolates
Clade Equatorial Temperate Tropical

Life span £ SEM (min-max)

20.8 + 1.2 (14-28)

n (locations, strains, no. of worms/strain) (1, 6, 8-13)
Mortality model
Uncensored Gompertz
Complete Logistic
a (x10% (95% CI)
Uncensored 5.6 (0.5-73)
Complete 0.6 (0.04-10.8)
b (95% CI)
Uncensored 0.29 (0.2-0.5)
Complete 0.42 (0.3-0.6)
5 (95% CI)
Complete 0.89 (0.3-2.8)
Vi (a) x 107 1.618
Vi (b) x 103 2.166
Tab -0.7018%
Vi (LS) all clades 1.278 (0.72)
Vi (LS) all clades 23.54 (1.62)

I (LS) all clades

0.0026 (0-0.0058)!

H? (LS) all clades 0.054 (0-0.13)!
S (=VmlVe) 0.020 (0-0.057)"
T(WLS, inbred line) 0.31+0.12
F(W.LS, strain) 0.25+£0.70
F(W.LS, location) -0.66 £ 0.33

24.8+1.57(16-32)

19.7 + 1.5 (13-28)

(8,31,6-17) (2,6,9-12)

Gompertz Gompertz
Logistic Logistic

4.97 (0.5-64) 10.1 (0.9-140)
3.2(1.4-7) 0.06 (07-5.9)
0.26 (0.2-0.4) 0.28 (0.2-0.5)
0.25 (0.2-0.3) 0.64 (0.4-1.1)
0.26 (0.1-0.7) 2.7(1.2-5.9)

Notes: Life span was measured in 15 worms per strain. Mortality model fitting was conducted with the uncensored data alone and with the complete data set. All
other calculations were conducted with uncensored data alone. a = initial adult mortality rate; b = slope of mortality rate function, rate of exponential increase in
mortality with age; CI = confidence interval; H? = broad-sense heritability; I = opportunity for selection; r,, = correlation coefficient of relationship between a and

b; s = selection coefficient as calculated from Vz/Vy; Vg = environmental variance; Vi = standing genetic variance. See text for details of calculation.
“Life span of temperate worms significantly longer than equatorial and tropical, determined by an extension of the nonparametric Gehan’s generalized Wilcoxon

test, p < .05.
T Actual value, 6.1 x 1078, indistinguishable from 0.
*Significant correlation of line means between a and b, p < .05.

§p <.01 by likelihood ratio test of the full model vs. the null hypothesis of no genetic variance (x> = 11.8, df = 3).

! Asymptotic 95% CI.

1p < .02 by likelihood ratio test of the full model vs. the null hypothesis of no genetic variance (32 = 5.6, df = 1).

One possibility is that the ancestral HK104 harbors an allele
of large effect that increases life span and simultaneously
decreases reproduction, such alleles are known from the lit-
erature (e.g., 51). If so, it implies that the allele of large
effect acts epistatically in such a way to exacerbate the
cumulative effects of mutations of small effect at other loci,
that is, epistasis is synergistic.

In laboratory populations of rhabditid nematodes, as in
humans, the post-reproductive period is lengthy. Whether
this feature of their life history occurs in nature or is an arti-
fact of the laboratory environment is unclear (52). It seems
extremely unlikely that post-reproductive life span is the di-
rect target of selection in nematodes; the most likely expla-
nation is that mutant alleles that affect life span have
deleterious pleiotropic effects on other traits that directly
underlie fitness. The mutational correlation of life span with
lifetime reproductive output (i.e., fitness) is consistently
positive, more so in C. elegans than in C. briggsae. This re-
sult is consistent with a pleiotropic relationship between life
span and fitness, although the alternative explanation of a
genetic correlation resulting from different numbers of (non-
pleiotropic) mutations in different lines cannot be ruled out

(53; see following). Previous studies with the N2 strain of
C. elegans and its derivatives have also found a positive cor-
relation between life span and fecundity (23,45). Given that
many alleles of known large effect tend to simultaneously
increase life span and reduce fecundity, this pattern suggests
that alleles of small to modest effect, such as are likely to
accumulate in an MA experiment, have qualitatively differ-
ent pleiotropic effects than do (many) alleles of large effect.

Mortality Models

The strength of interpretation of mortality patterns are
tightly linked to the number of individuals within a group
(within each MA line or within each inbred wild worm
strain) (18,54), and the sample sizes in this study are on the
low end (30 worms per MA line, 10 worms per ancestral
control pseudoline, 15 worms per wild worm strain). None-
theless, we found some interesting patterns in mortality
models, both within and across species. For three of the
four strains (HK104, N2, PB306), mortality patterns of the
ancestral control lines were best fit by the Gompertz model
and MA lines were best fit by the Logistic model. These
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two models differ by the inclusion of an extra term in the
Logistic model that describes the rate of deceleration in
mortality at advanced ages. Most characterizations of mor-
tality curves in C. elegans include an early period of expo-
nential increase in mortality (e.g., 55), and a period of
deceleration in mortality at advanced ages (e.g., 56,57). The
shift from Gompertz to Logistic in three of the strains is
intriguing and suggests that the mutations have age-specific
effects that slow mortality at advanced ages, which could be
confirmed by an analysis of age-specific mutational vari-
ances for life span (18,46). The initial mortality rates (a,
intercept) for the ancestral controls of HK104, N2, and
PB306 were in the range previously reported for C. elegans
(56), and in three of the four strains were higher in the MA
lines than in ancestral controls. Similar increases in initial
mortality rates following MA have been documented in D.
melanogaster (47,48). The mortality slopes detected in the
worm MA lines are substantially higher than comparable
studies of fruit flies (18,46—48,58), in which age-specific
mortality rates appear to be under direct selection, particu-
larly in young flies (18,46). Across strains we found a mixed
pattern of changes in mortality slope with MA, as has been
documented previously (48). The most unusual strain was
PB800, in which both the ancestral controls and MA lines
fit the Logistic model, the mortality intercept in the ances-
tral controls was extremely low, and MA lines had de-
creased slope in comparison with ancestral controls. It is
unclear why the PB800 strain behaved differently from the
others, a trend we did not detect in previous studies of these
MA lines (30,31,40).

When these analyses were repeated with the censored
data (missing worms) included, the overall results were
fairly similar to those discussed previously. In most cases
(but not the PB800 ancestral control), the majority of the
censored data points occurred during the days that the
worms were transferred to new plates to avoid confusing
parents and offspring. We cannot determine to what degree
this pattern of accumulation of early-censored data points is
due to mishandling of worms versus other causes of worm
disappearance. Nonetheless, analysis of the complete data
set did result in several interesting changes to the mortality
model results, particularly the shift from Gompertz to Lo-
gistic dynamics for the PB306 ancestral control and the in-
crease in the rates of deceleration of mortality in all
strains.

Very little is known about mutational variances of mor-
tality models parameters because MA studies typically
measure variance in life span without fitting life-span data
to mortality models (e.g., 23,25,49), or assess mortality
models but not mutational variances in model parameters
(e.g., 47,48). In one notable exception (46), 19 generations
of MA in female D. melanogaster resulted in significant
increases in mutational variance for all mortality parameters
(Gompertz and Logistic models). However, because Pletcher
and coworkers (46) did not report environmental variances
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for the mortality model parameters, we are unable to di-
rectly compare our mortality model results. Mutational
heritabilities for the mortality parameters in our MA lines
were slightly lower than those of other life history traits in
nematodes (25,31,40,59,60) and lower than those for life
span as detected in this study. The relatively lower muta-
tional heritability likely is due to increased environmental
variance (within-line component of variance) in our esti-
mates of the mortality models.

In three strains (not HK104), we detected a negative cor-
relation between the mortality slope and intercept (signifi-
cant in PB800 and N2). This is consistent with previous
studies (e.g., 61,62), and suggests that low baseline mortal-
ity may be associated with accelerating mortality rates at
advanced ages. Interestingly, we detected the opposite (but
nonsignificant) pattern in HK104. HK104 has the somewhat
mysterious property of having consistently large main
effects (AM, CVy) and low mutational correlations between
traits (31,40) (except perhaps life span; Table 2). HK104 is
also particularly susceptible to random environmental vari-
ation (63). We suspect that the generally weak genetic cor-
relation between traits in HK104 is due to the greater
influence of random environmental effects in that strain
than in the others.

The patterns of mortality in the three clades of wild
worms were best described by the Gompertz model, charac-
terized by high initial mortality rates but relatively low mor-
tality slopes. The mortality rates and slopes in the wild
worm isolates are comparable with those of wild-caught D.
simulans (19,64) and bean beetles (54). Analysis of the
complete data set shifted the best-fit model type from
Gompertz to Logistic, but we cannot evaluate whether this
actually reflects deceleration in mortality at advanced ages
when the censored data are included since censored data
were not recorded during the reproductive period (worm
transferring period) in this experiment. The standing genetic
variances for the mortality parameters, particularly for the
slope, are lower than estimates of additive genetic variance
for these parameters in fruit flies (18,61). We detected
greater genetic variance for the intercept than the slope
(when scaled to the trait mean), consistent with patterns of
additive genetic variance in some (18,61), but not all (20),
studies of fruit flies. As seen in three of the four strains used
for MA and documented previously (19), the mortality
slopes and intercepts were negatively correlated.

Standing Genetic Variance in Life Span

The significant relationship of life span with clade mem-
bership in the wild isolates of C. briggsae suggests that global
MSB cannot completely explain the standing genetic vari-
ance for life span in this species. This result is at odds with
our findings for fitness and body size, in which there was no
significant relationship of trait value with clade (43). Cutter
and coworkers (65) have argued that the temperate clade of



MAINTENANCE OF VARIATION IN LIFE SPAN

C. briggsae was recently derived from a tropical ancestor,
and it is possible that life span diverged during the founding.
Genetic drift associated with small founding population sizes
and genetic draft (ie, hitchhiking; 66) associated with adap-
tive divergence are plausible explanations.

On a more local (and recent) scale, the pattern of genetic
variation is quite consistent with a local MSB scenario.
Summing over the three hierarchical levels of genetic varia-
tion (among locations, among populations, and among in-
bred lines) and employing the large population MSB
formulation (Vg = V\w/S), the point estimate of the average
selection coefficient, S, against mutations affecting life span
is about 2%. This value is very similar to the point estimate
of the strength of selection against mutations affecting fit-
ness in C. briggsae (also about 2%; 43), although the confi-
dence limits on both estimates are large. The observed
decline in mean life span with MA (~0.05%-0.1% per gen-
eration; see Table 1) provides strong evidence that muta-
tions affecting life span are deleterious. If we take the point
estimate of the mutational correlation of life span with fit-
ness in C. briggsae (~0.3) at face value, we conclude that
the estimated selection coefficient of 2% against mutations
affecting life span is perhaps somewhat of an overestimate
but not grossly so. It is important to note that divergence
between populations (adaptive or neutral) will cause the
VMV formulation to underestimate the average selection
coefficient (by inflating the denominator), so if the inferred
strength of selection against mutations affecting life span is
an overestimate, it is not a result of pooling the components
of genetic variance as we have done in this calculation.

The standing genetic correlation between life span and fit-
ness in the wild isolates of C. briggsae reveals an interesting
pattern. The genetic component of covariance (and hence
correlation) can be partitioned into among inbred lines within
a strain (i.e., due to the shared effects of alleles within an
ancestral individual), among strains within a location (i.e.,
due to the shared effects of alleles segregating in the popula-
tion), and among locations within a clade (due to the shared
effects of alleles fixed or at different frequencies in the dif-
ferent locations). The point estimates of the among-inbred
line correlation (r = .30) and the among-strain correlation (r =
.25) are very close to the average mutational correlation of
0.3. That result strongly suggests that the pattern of genetic
correlation observed within and between strains within a
location faithfully reflects the mutational correlation and
reinforces the conclusion that MSB is a sufficient explana-
tion for the observed genetic variation in life span at that
hierarchical level. In contrast, the genetic correlation among
locations is large and negative (r = —.66). We were unable to
include clade in the model due to failure to converge, so the
among-location correlation includes both within- and
among-clade effects. Although there are only three clades,
the rank order (from highest to lowest) of fitness and life
span is tropical > equatorial > temperate and temperate >
equatorial > tropical, respectively, that is, there is a qualita-
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tive negative correlation between fitness and life span at the
clade level. Qualitatively, the only major difference is that
temperate clade worms have a substantially longer life span
than the others. A tempting hypothesis is that in the course of
diverging from the tropical ancestor, an allele of large effect
that increases life span but decreases fecundity became fixed
in the temperate populations.

It is important to recognize that genetic correlations
among MA lines (what we have called mutational correla-
tions) can result both from pleiotropy and from linkage dis-
equilibrium (LD) due to different MA lines harboring
different numbers of mutations (53,67). This result derives
from the explicit assumption that the number of mutations
is Poisson distributed among lines and is independent of the
expected number of mutations accumulated. The details de-
pend on the distribution of mutational effects, but even in
the absence of any pleiotropy, the mutational correlation
will always be nonzero due to this LD as long as some lines
harbor at least one mutation affecting each trait and the dis-
tribution of mutational effects is not completely symmetri-
cal around zero. Estes and Phillips (67) demonstrated that
for mutations with fairly large phenotypic effect (E(a) ~
0.05-0.2) these nonpleiotropic correlations are not terribly
large, although we assume they contribute to the observed
correlation. This phenomenon obviously extends to natural
populations, although we are unaware of any theoretical
treatment in this regard.

It is interesting to consider these results in the context of
the evolution of “aging” (i.e., senescence) (21,26-29). Un-
der the AP hypothesis, mutations that increase early repro-
duction but reduce life span will be beneficial because early
reproduction contributes more to fitness than late reproduc-
tion. If variation in life span is solely due to alleles that ex-
hibit AP, there is no reason to expect a decrease in life span
with relaxation of selection, and in fact, mean life span
might plausibly increase because deleterious alleles that re-
duce early reproduction might cause a pleiotropic increase
in life span. Conversely, if variation in life span is solely due
to alleles with deleterious effects on both life span and fit-
ness, as predicted under the MA* hypothesis, we predict
that mean life span will decrease with relaxed selection, as
we observe here. Viewed in the context of genetic correla-
tions, AP predicts a negative mutational correlation between
fitness (as defined here) and life span because longer-lived
worms have lower fitness. Conversely, MA* predicts a pos-
itive mutational correlation between fitness and life span
because deleterious alleles that reduce both life span and
fitness can now accumulate.

The variation in the direction of the standing genetic cor-
relations in C. briggsae with hierarchical scale has implica-
tions for the causes of variation in aging. Within locations
(i.e., clades), the positive genetic correlation between fitness
and life span suggests a primary role for MA* and, more
importantly, provides no evidence for any role of AP. That
is, MSB is a sufficient explanation for the observed variation
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in life span, and for the relationship between life span and
fitness. Between locations, the negative genetic correlation
suggests that alleles with antagonistic effects on life span
and fitness as defined here may have differently fixed in the
different clades (or at least the allele frequencies differ) and
that deterministic MSB* is not a sufficient explanation for
the variation in life span.

Finally, it should be noted that although post-reproduc-
tive life span as measured in the lab is unlikely to be the
direct target of selection, there may be different, and rele-
vant, correlations that we have not measured. Most obvious
is the possible correlation of post-reproductive adult life
span as we have measured it with survival during the dauer
stage, which is quite plausibly a target of direct selection,
such that longer-lived dauers have higher (68) fitness (but
see 69). Mutant alleles of large effect that increase post-
reproductive adult life span often also influence the dauer
stage (for review, see 70-72). Because fitness is inversely
correlated with life span in these large-effect mutants (op-
posite of the MA trend we have documented), there is some
reason to expect the MA trend in dauer life span would also
differ.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at: http://biomed.gerontology
journals.org/.
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