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ABSTRACT
Spontaneous mutations play a fundamental role in the maintenance of genetic variation in natural

populations, the nature of inbreeding depression, the evolution of sexual reproduction, and the conserva-
tion of endangered species. Using long-term mutation-accumulation lines of the nematode Caenorhabditis
elegans, we estimate the rate and magnitude of mutational effects for a suite of behaviors characterizing
individual chemosensory responses to a repellant stimulus. In accordance with evidence that the vast
majority of mutations are deleterious, we find that behavioral responses degrade over time as a result of
spontaneous mutation accumulation. The rate of mutation for behavioral traits is roughly of the same
order or slightly smaller than those previously estimated for reproductive traits and the average size of
the mutational effects is also comparable. These results have important implications for the maintenance
of genetic variation for behavior in natural populations as well as for expectations for behavioral change
within endangered species and captive populations.

AS the ultimate source of novel variation upon which tion in natural populations remains limited in the num-
ber of both taxa and traits represented. Most of theselection can act to produce adaptation to tempo-

rally and spatially variable environments, mutation is studies conducted to date have focused on life-history
characters such as survival and reproduction, findingessential to the evolution and persistence of natural

populations (Lynch and Walsh 1998). Spontaneous that genomic mutation rates are on the order of 0.01–
1.0/individual/generation in most higher organismsmutations are thought to play a fundamental role in

maintenance of genetic variation in natural popula- and that the majority of mutations arising have negative
effects on fitness (Lynch et al. 1999; although see Shawtions, the nature of inbreeding depression, and the evo-

lution of sexual reproduction (Lynch et al. 1999). The et al. 2002; Keightley and Lynch 2003). Despite the
broad implications of spontaneous deleterious muta-accumulation of slightly deleterious mutations has also

been shown to pose a potentially serious risk of extinc- tion and the large number of genes underlying behavior
that have been revealed by direct mutagenic approachestion in small, isolated natural populations due to the

increased efficacy of genetic drift (Lynch et al. 1999). in a variety of organisms, the rate of spontaneous muta-
tion for behavioral traits has never been estimated.Captive populations may experience a similar threat as a

result of being maintained for prolonged periods under The goal of this study was to obtain estimates of the
basic mutation parameters for a suite of behavioral traitsbenign conditions where selection against newly arising

mutants is relaxed (Bryant and Reed 1989). Thus, expected to have direct impact on individual fitness.
Chemotaxis in the free-living soil nematode Caenorhab-a better understanding of the nature of spontaneous

mutation accumulation (MA), in addition to furthering ditis elegans provides such a system. Chemosensation is
the major means through which nematodes interact withour understanding of a variety of evolutionary processes,

will be an essential component in assessing the conse- the environment, with 5–10% of the C. elegans genome
devoted to chemosensory function (Bargmann 1998).quences of mutation for the genetic integrity of endan-

gered populations and of our own. As of yet, however, For example, chemotaxis is known to play a vital role
in the avoidance of predators, parasites, and toxins; thethe database on the characteristics of spontaneous muta-
location of food, hosts, and mates; several steps in the
male-mating pathway; and population regulation in re-
sponse to increased density and resource depletion (Troe-1Present address: Department of Ecology and Evolution, University
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bottlenecking was employed to minimize the efficiency of
natural selection against newly arising mutations. Concur-
rently with line division, several thousand individuals were
frozen at �80� for use as an ancestral control to be assayed
in parallel with the experimental lines. Between assays, worms
were cultured at 20� on petri plates containing NGM agar
seeded with an �80- to 90-�l suspension of OP50 Escherichia
coli (Brenner 1974). At the time of the behavioral assay the
lines had undergone an average of 370 generations of muta-
tion accumulation. Extinction over this time period resulted
in 67 extant lines that were used for the behavioral analysis.

Behavioral analysis: To initiate the behavioral assay, a single
base control line was established from frozen stock and propa-
gated for four generations by single-individual bottlenecks toFigure 1.—Computerized tracking of nematode behavior
prevent maternal effects of freezing and to ensure homozygos-in response to a repellent chemical (linoleic acid, located at
ity. That line was maintained via single-individual transfers forthe star). Lines show the path taken by an individual nematode
the duration of the experiment and used to establish theover a 4-min period, beginning at the circle and ending at
67 control pseudolines assayed in parallel with the mutationthe arrowhead. (A) An individual from the ancestral control
accumulation lines. Chemotactic behavior was then quantifiedline showing a clear avoidance response. (B) An individual
by taking three distinct measurements of individual responsesfrom one of the mutation accumulation lines that showed low
to the repellant for five randomly selected progeny descendedavoidance scores. Directness is given by the beeline distance
from the founding individual of each MA and N2 line. Direct-divided by the total path length. Velocity and turn rate are
ness was defined so as to be independent of both time andestimated, respectively, using instantaneous changes in speed
absolute distance traveled to control for the likelihood thatand angle as the individual navigates away from the chemical.
some of the experimental lines had acquired mutations affect-Note the change in scale between the two graphs.
ing their ability to move effectively but not necessarily to detect
and orient to odorants. It serves as a measure of how efficiently
the chemotaxis system functions in moving the individual away

performing a series of pirouettes (turns), which orient from a noxious source. A turn was defined as a change in
the worm toward the gradient, interspersed with a long direction of 90� or more. Previous studies have shown that turn
series of sinusoidal swimming motions, whereby the rate increases when worms are oriented opposite a gradient

(Pierce-Shimomura et al. 1999, 2001). Thus we expected turnworm navigates along the gradient in the direction to
rate to be increased in mutant, relative to control, individuals.which it has just oriented (Pierce-Shimomura et al.
Velocity, the average speed attained by the worm over the1999, 2001). This mode of chemotaxis is very similar course of the assay, was our indicator of general locomotory

to that used by bacteria (Falke et al. 1997). We have ability.
quantified these different characteristics of chemotaxis Each assay commenced with the transfer of a single L4

individual to the center (origin) of a clean 10-cm petri dishbehavior using a computerized tracking system (Pierce-
containing chemotaxis agar (Bargmann et al. 1993) and theShimomura et al. 1999) (Figure 1) in which we scored
addition of 1 �l of a 1% linoleic acid (Sigma, St. Louis) solution“directness” (the beeline distance divided by the total (freshly diluted in ethanol) adjacent to the worm. The position

path length), average instantaneous velocity, and aver- of the worm was recorded at 1-sec intervals using a compound
age turn rate in the presence of the repellant linoleic microscope equipped with a video camera and a motorized

stage controlled by a computer running Image Pro Plus (Me-acid. We chose linoleic acid, a fatty acid with nematicidal
dia Cybernetics) image analysis software (Pierce-Shimomuraproperties that has been isolated from live cultures of
et al. 1999). MA and N2 individuals were assayed in an alternat-Bascidiomycetes (Stadler et al. 1994), because of the
ing fashion to correct for any fluctuations in environmental

likelihood that it is, or resembles, a compound that conditions over the course of the day. Individuals from differ-
nematodes encounter and respond to in their natural ent lines were interspersed during the assays so that any tempo-
environment. ral effects, including recovery from larval lethargus, would be

randomized across lines. A series of assays was also conductedThis study extends our previous work (Vassilieva et
in the absence of the repellant to assess the baseline locomo-al. 2000) on mutation accumulation by focusing on a
tory response without an olfactory cue.new class of traits, behavior. In doing so, we emphasize Statistical analysis: A slight temporal trend across days in

the need to account for ecologically relevant traits, in the turn rate and velocity data was corrected by regressing
addition to life history, that may have large direct and the control line scores on day and then using the residuals

for subsequent analysis. Mutational heritability was estimatedindirect effects on fitness through their influence on
as the ratio of the among-mutant line variance over the averageresource acquisition, habitat selection, and mate choice.
within-line variance, divided by twice the number of mutation-
accumulation generations (Lynch and Walsh 1998) (2 �
370 in this case). Mutation-rate parameters were estimatedMATERIALS AND METHODS
both by comparing the change in mean of the mutant lines
to the change in the among-line variance [the Bateman-MukaiMutation accumulation: The MA experiment was initiated
(B-M) approach; Lynch and Walsh 1998] and by using afrom a single highly inbred individual of the N2-Bristol wild-
maximum-likelihood approach based on sampling from thetype strain (Vassilieva et al. 2000). Offspring of that individual
actual distribution of the control lines (outlined in detail inwere used to establish 100 replicate lines that were subse-
Vassilieva et al. 2000). The B-M approach is expected to yieldquently propagated by the transfer of a single, randomly se-

lected individual across generations. The practice of repeated downwardly biased estimates of mutation rate and upwardly
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TABLE 1

Means and rates of change in means for characters in control and MA lines and mutational heritabilities

Character MeanControl MeanMA R m % change h 2
m

Directness 0.264 (0.007) 0.213 (0.007) �0.0001 (2.32 � 10�5) �0.05 0.0002 (0.0001)
Velocity 8.41 (0.17) 7.84 (0.19) �0.0015 (0.0007) �0.02 0.0004 (0.0002)
Turn rate 4.66 (0.16) 6.70 (0.25) �0.0055 (0.0012) �0.12 0.0012 (0.0007)
Early productivity 44.01 (1.701) 19.28 (0.701) �0.0666 (0.0051) �0.15 0.0017 (0.0004)
Late productivity 163.5 (4.191) 105.1 (2.326) �0.1607 (0.0168) �0.10 0.0017 (0.0004)
r 1.507 (0.012) 1.095 (0.018) �0.0011 (0.0001) �0.74 0.0011 (0.0003)
Width 0.056 (0.0004) 0.051 (0.0003) �1.311 � 10�5 (2.02 � 10�6) �0.23 0.0011 (0.0003)

Means for each character in the control and MA lines per generation rates of decline in mean phenotype (R m) observed for
the MA lines, R m standardized by the control mean (% change), and mutational heritabilities (h 2

m), with one standard error in
parentheses. Estimates for the life-history and body size traits are provided for comparison and are described in Estes et al.
(2005, accompanying article).

biased estimates of mutation effect size (Lynch and Walsh 1996; Lynch et al. 1999). The rates of change in mean
1998; Garcı́a-Dorado and Gallego 2003; Keightley 2004). phenotype (�0.1%/generation) and mutational herita-
Models assuming both mutations with constant effect (MLc)

bilities for these traits are on the same order or slightlyand mutations with variable effects drawn from a gamma distri-
smaller than those reported for life-history and morpho-bution (MLv) were fit. The improvement of the fit of the latter

over the former was tested using a �2 test of twice the difference logical characters within these same experimental lines
of the likelihoods with 1 d.f.. Confidence intervals on the (Table 1; Vassilieva et al. 2000; Azevedo et al. 2002;
mutational heritabilities and B-M mutation estimates were ob- Estes et al. 2005, accompanying article). Estimates fortained by bootstrapping over the MA lines, while those for

the total genomic mutation rate were also on the samethe maximum-likelihood estimates were determined by a two-
order or somewhat smaller (U � 10�2 � 10�3 ; Tableunit decrease from the maximum on the likelihood surface.

Directness was arcsine square root transformed and velocity 1), as were the average homozygous effect sizes of each
and turn rate were square root transformed before estimation mutation (a � 8–40%; Table 2). Although the variable
of mutational parameters to greatly enhance the normality
of the error distribution and to improve performance in a
subsequent analysis of mutation correlation structure (see
Estes et al. 2005, accompanying article in this issue). Estimates
based on the untransformed scale are not significantly dif-
ferent.

RESULTS

After 370 generations of mutation accumulation, all
three behavioral measures declined significantly in the
mutant lines as compared to the ancestral population
(which was assayed contemporaneously after having
been frozen during the intervening period of time).
Individuals accumulating spontaneous mutations were
less direct in their avoidance paths, moved more slowly,
and turned more frequently than the nonmutant con-
trols (Table 1, Figure 2). For directness and turn rate,
the mutant lines exhibited behavioral phenotypes ap-
proaching those of the control line in the absence of
the repellant (Figure 2). Further, mutant lines were
slower than the ancestral control line under all condi-
tions. This overall reduction in chemotaxic and locomo- Figure 2.—Change in behavior after 370 generations of
tory ability was accompanied by a significant increase mutation accumulation. Average values for the unmutated

control (shaded bar), the mutation accumulation lines (solidin the variation among the different mutant lines, as
bar), and the control in the absence of the repellent chemicalexpected (Figure 3; Table 1).
(open bar) are given. Behavior strongly declines under theThe pattern of decline in mean phenotype and in-
accumulation of spontaneous mutations, either becoming

crease in among-line variance is qualitatively very similar more similar to the control in the absence of a stimulus (direct-
to results obtained for morphological and life-history ness and turn rate) or simply showing an overall degradation

in response (velocity). Error bars are 95% C.I.characters in a wide variety of organisms (Houle et al.



658 B. C. Ajie et al.

that behavior is subject to an intensity of mutational
pressure similar to that affecting morphology and life-
history characters.

DISCUSSION

For many organisms, the ability to elicit appropriate
behavioral responses to external environmental stimuli,
such as cues indicating the presence or absence of food,
predators, and conspecifics, as well as to physiologically
tolerate conditions such as temperature, moisture, and
UV, is an essential component of individual survival.
With this in mind, we analyzed two closely related behav-
ioral traits, chemotaxis and locomotion, in highly diver-
gent lines of C. elegans to determine the mutability of
these fitness-related behavioral traits. Because locomo-
tion and olfaction play an analogous role in many other
organisms, and because the latter is accomplished by
very similar molecular mechanisms (Prasad and Reed
1999), the results observed here are generalizable from
both ecological and mechanistic perspectives. The re-
sults of this study strongly indicate that behavior, and
its degradation, are crucial considerations in ascertain-
ing the total fitness consequences of mutation accumu-
lation for natural populations.

Mutational parameters: Estimates of mutational pa-
rameters for behavioral, morphological, and life-history
traits in these lines are all fairly comparable to one
another (Table 1; Vassilieva et al. 2000; Azevedo et al.
2002; Estes et al. 2005, accompanying article). A similar
rate of mutational decline was observed for male motility
in Drosophila melanogaster mutation accumulation lines
after 30 generations, although estimates of mutation
parameters could not be obtained in that study (Sha-
balina et al. 1997; see Lynch et al. 1999 for a critical
discussion of this approach). This decline in behavioral
response is also consistent with the genome-wide influ-
ence of EMS mutagenesis on male mating speed and
phototaxis in D. melanogaster (Keightley and Ohnishi
1998). In general, the mutation rates obtained here are

Figure 3.—Change in variance among lines under muta- likely to underestimate the actual genomic mutation
tion accumulation. Pseudoreplicate control lines (shaded rate both because our analysis assumes that the majoritybars) provide estimates of the among-line environmental vari-

of new mutations are deleterious (Shaw et al. 2002)ance. The increase in variance beyond that shown by the
(although there is no evidence for beneficial mutationsmutation accumulation lines (solid bars) provides estimates of

the genomic mutation rate and the average size of mutational here; Figure 3) and, more importantly, because there
effects. may be a large class of mutations that have effects that

are too small to be detected in our assays (Davies et
al. 1999; Estes et al. 2004). Furthermore, although the

effects model fits better for velocity and turn rate genomic mutation rates for behavior reported here are
(thereby yielding larger estimates for mutation rate), lower on an absolute scale than those for reproductive
estimates derived using different approaches are not traits in some other organisms, C. elegans itself appears
significantly different from one another for any of the to have a relatively lower overall genomic mutation rate
traits (Table 2). The mutation rates estimated for the (Keightley and Caballero 1997; Vassilieva et al. 2000).
simple characters (velocity and turn rate) were smaller As evidenced by the relatively lower mutation rate
than that for the composite trait (directness), while their and higher average effect size observed for velocity and
mutation effect sizes were larger, suggesting that these turn rate, it appears that these two simple traits are
traits are influenced by relatively fewer genes, each with under the control of relatively fewer genes of larger

effect than life-history characters. Conversely, directnesslarger individual effects. Overall, then, we have shown
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TABLE 2

Estimates of genomic mutation parameters

Genomic mutation rate (U) Average mutational effect size

Trait UB-M UMLc UMLv a B-M a MLc a MLv CV(a)

Directness 0.0177 0.0124 �0.04 �0.08
(0.0046, 0.0344) (0.0062, 0.0252) (�0.08, �0.01) (�0.14, �0.04)

Velocity 0.0011 0.0025 0.0092 �0.16 �0.16 �0.07 2.4
(0.0004, 0.0022) (0.0012, 0.0042) (0.0016, 0.0164) (�0.26, �0.06) (�0.26, �0.13) (�0.31, �0.05) (1.3, 2.5)

Turn rate 0.0020 0.0024 0.0038 0.20 0.35 0.25 1.17
(0.0008, 0.0036) (0.0013, 0.0043) (0.0013, 0.0064) (0.09, 0.31) (0.26, 0.41) (0.18, 0.63) (0.61, 1.20)

Estimates and 95% confidence intervals. Estimators: Mlc, maximum-likelihood estimates assuming constant mutational effects;
Mlv, maximum-likelihood estimates assuming variable mutational effects. The variable effects model did not fit significantly
better than the constant effects model for directness, but did fit better for velocity and turn rate using a chi-square test, P �
0.01. Mutational effect size values are relative to the control mean. CV(a) is the coefficient of variation for the effects under the
variable effects model (MLv).

showed a quantitatively very similar pattern to life-his- ulations (Jovelin et al. 2003). The implications of this
variation for individual populations will depend in largetory characters under mutation accumulation in C. eleg-

ans and other organisms. In the field, particularly in part on their specific genetic architecture and demo-
graphic characteristics, small and/or isolated popula-long-lived species, behavioral traits are often used as

surrogates for direct measurements of survival and re- tions being most at risk of experiencing behavioral deg-
radation. Understanding the properties of newly arisingproduction due to the difficulties involved in obtaining

such estimates. Frequently, various aspects of locomo- mutations, then, will be crucial to elucidating the ge-
netic basis of the diversity of behavioral responses exhib-tion such as sprint or burst speed are used to this end.

These results suggest, however, that complex behaviors ited in natural populations of many organisms, includ-
ing humans. Furthermore, while mutagenic studies havesuch as directness may show patterns of mutational deg-

radation more similar to other classes of fitness-related been extremely successful in identifying genetic compo-
nents for almost every behavioral trait of ecological in-traits and thus may be better suited than other more

simple behavioral measures to answering some ques- terest, the methods often employed in these studies
(knockout and large insertion/deletion mutants) aretions regarding fitness and fitness decline in natural

populations in the absence of life-history data. not likely to be representative of the type of variation
present in natural populations (Boake et al. 2002). TheImplications for population viability : Quantitative dif-

ferences among traits not withstanding, our results indi- data gathered here represent a more realistic picture
of the distribution and timescale over which geneticcate that behavioral traits are subject to significant muta-

tional pressure on the same order as that for life-history and phenotypic variation in behavior can be expected
to occur in natural populations and is therefore funda-and morphological characters. This strongly suggests

that behavioral degradation is a potentially comparable mental to our understanding of the mechanisms under-
lying the processes of both extinction and adaptation.source of fitness loss under conditions of mutation accu-

mulation—one that has been largely absent in previous We thank J. Pierce-Shimomura and S. Lockery for software and
estimates of the deleterious consequences of recurrent experimental advice. We also thank J. Morphew and B. Gerami-Niani

for their efforts in initial chemotaxis mutation accumulation experi-mutation for natural populations. In endangered and
ments and anonymous reviewers for helpful comments. This workcaptive-bred populations, then, the influence of behav-
was supported by National Institutes of Health (NIH) grant GM54185ioral degradation under mutation accumulation should
and National Science Foundation (NSF) grant DEB-0088083 to P.C.P.,

be considered alongside other mutational effects when NIH grant GM36827 to M.L., and by training fellowships from the
evaluating the impact that mutation might have on the NSF (DBI-9413223) and the U.S. Public Health Service (GM-07413)

to S.E.long-term viability of these populations (Lande 1995;
Lynch and O’Hely 2001).
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