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High Frequency of Cryptic 
Deleterious Mutations in 
Caenorhabd;tis eleuans 

tive levels of selection against amino acid 
changes [using a log-odds (Dayhoff) matrix 
(16)] arising from G/C - A;T transitions to 
other types of point mutations (A/T - G/C 
tra~lsitions and transversions) suggests that 
the severity of individual amino acid changes 
generated by EMS is similar to that of spon- 

rl 
taneous rnutatio~ls (1 7). 

Esther K. Davies, Andrew D. Peters, Peter D. Keightley* After the mutagenesis, we bred 60 inde- 
pendent EMS lines toward hornozygosity by 

Deleterious mutations with very small phenotypic effects could be important selfing. In the absence of selection, the num- 
for several evolutionary phenomena, but the extent of their contribution has ber of mutations fixed is expected to be the 
been unknown. Fitness effects of induced mutations in lines of Caenorhabditis number of mutations induced per haploid ge- 
elegans were measured using a system for which the number of deleterious nome. During the inbreeding, conditions 
point mutations in the DNA can be estimated. In fitness assays, only about 4 were made as favorable as possible to avoid 
percent of the deleterious mutations fixed in each line were detectable. The selection. However, some backup cultures 
remaining 96 percent, though cryptic, are significant for mutation load and, were used, and four lines were lost, implying 
potentially, for the evolution of sex. the action of natural selection (Fig, 1) and the 

selective loss of some mutations (such as 
The prevalence of sexual reproduction may interval (CI) of (Table 1) 4.0 X l o p 6  to 8.4 X recessive lethals). To estimate the magnitude 
be explicable by the ability of sexual popu- lop6] per GiC base pair. The haploid genome of this loss, we performed computer simula- 
lations to sustain higher rates of deleterious of C, elegans is 9.7 X lo7 base pairs, com- tions of lines undergoing multiple genera- 
mutation than asexuals (1). However, it has prising 36% GiC (12), so the mutagenesis tions of selfing, analogous to our experimen- 
been argued that the accunlulation of delete- generated an expected number of 220 transi- tal design (18). The mean proportion of plates 
rious mutations could lead to fitness loss and tion mutations per haploid. The f?action of producing at least one progeny (surviving 
ultimately to population extinction, even in the genome in exons is 27% (12), and we cultures) among the EMS-treated lines in our 
sexual species, if effective population size is infer from tables of codon usage in >15,000 experiment was 0.74, with a 95% CI of 0.68 
small (2). Mutation accumulation experi- C. elegnrzs genes (13) that 30.6% of nucleo- to 0.80 (Fig. 1). Under the parameter values 
lnents in Drosophila suggest that mutations tides in exons are G/C and generate an amino simulated, only mutation effects of less than 
with harmful effects of the magnitude re- acid change if mutated to A/T. Therefore, we are predicted to lead to viabilities with- 
quired for this fitness loss (-1%) occur fre- estimate that the EMS treatment generated an in this range (Fig. 1). In our simulations, if 
quently (3) ,  but joint estimates of the sponta- average of (6.2 X lop6)  X (9.7 X lo7) X lines had 45 heterozygous mutations at the 
neous genomic deleterious mutation rate, LT, 00.7 X 0,306 = 50 (95% CI of 32 to 68) start of inbreeding, such mutation effects led 
and the mean deleterious mutation effect, s, transition mutations per haploid that changed to the loss of 6% of mutations or fewer, on 
ftom these experiments have been questioned an amino acid in a protein-coding gene. Pro- average, to selection (Fig. 1). This suggests 
(4, 5).  An alternative molecular constraint tein-coding sequences are under strong selec- that at most three mutations, hvo of which 
approach to estimate U compares rates of tive constraint in C, elega~zs: Data on synon- were minor-effect mutations, were selective- 
nucleotide substitution in functional and neu- ymous and nonsynonymous substitution rates ly lost (on average) per line. Simulations 
tral regions of the genome (6), but does not in C, eleguns and its relative C, briggsue (14) assuming that fitness declines faster than ex- 
give direct information on the magnitude of suggest that -90% of amino acid mutations ponentially with increasing numbers of mu- 
mutation effects. Here, we combine the mo- are removed by natural selection. Thus, we tations (synergistic epistasis) led to similar or 
lecular constraint and mutation accumulation estimate that the minimum number of muta- lower estimates of the number of mutations 
approaches to infer the distribution of fitness tions induced per haploid genome that are selectively lost (1 7). 
effects of point mutations in the nematode C. deleterious in natural conditions is -45, but We measured lifetime reproductive output 
elegans. the number could be substantially higher be- of individual worms from the 56 surviving 

UTe exposed the N2 (wild type) strain of cause some noncoding DNA is selectively EMS lines and 40 control lines. This fitness 
C. elegans to 50 mM ethylmethane sulfonate constrained (15). A comparison of the rela- measure includes the viability of the parents, 
(EMS) for 4 hours, a dosage for which the 
number of nlutations induced at the DNA Table 1. Rates o f  GIC AIT transition mutat ions induced by EMS. The frequency o f  mutat ions is 
level has been calibrated (7). About g2% of adjusted t o  a dosage o f  50 m M  EMS for 4 hours [as used here and i n  (9)] by  assuming t he  EMS 

the mutations produced by this treatment are dose-response curve o f  (21) [(lo, 11); 25 m M  EMS, 4 hours], or assuming mutat ion rate is linear w i t h  t ime  
G/C - A.'T transitions; the remainder are [(a); 50 m M  EMS, 3.5 hours]. 

other kinds of point mutations, plus a low 
frequency of small deletions (7). Data from Reference Sensitive Total  sites No. o f  Adjusted mutat ion 

experiments to measure forward mutation sites screened mutat ions rate per GIC ( X  l 0 P )  

rates (8 )  and suppressor-induced reversion 
(8) * 160 960,000 7 8.3 

mutation rates (9-11) under EMS mutagen- ( 9 ) + ~  2 1,248,000 4 3.2 
esis provide a mean estimate for the rate of (10)tg 6 2,400,000 9 5.2 
transitions of 6.2 X lop6  [95% confidence (11)+$ 6 1,572,000 9 8.0 

Mean 6.2 
(95% CI 4.0 t o  8.4) 

Institute of Cell, Animal and Population Biology, Uni- 
versity of ~ d i ~ b ~ ~ ~ h ,  west ~~i~~ ~ ~ ~ d ,  ~ d i ~ b ~ ~ ~ h  *Screened for unc-54 null mutants, the majority of which are nonsense alleles (30). The number of unc-54 sites at which 

EH9 3JT, UK. an EMS-induced transition can produce a nonsense allele is 160 (7). +Screened for amber suppressors caused by 
single base-pair changes at tRNATrp genes. :Screened for unc-73 extragenic suppressors, all of which mapped to two 

*To whom correspondence should be addressed. E- sites. SScreened for tra-3 extragenic suppressors, and identified mutations at four and five tRNATrp genes, 
mail: p.keightley@ed.ac.uk respectively, a total of six sites. 
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their fertility. and the viability of offspring 
until the L3 to young adult stage. The EMS 
treatment reduced mean productivity by 34% 
(?4%), and it produced a large increase in 
the between-line variance (VG) and obvious 
changes in the distributio~l of line means that 
are co~lsistellt across the three replicates car- 
ried out (Fig. 2). Qualitatively similar results 
are obtained if age-specific reproductive out- 
put is coavelted to an illtri~lsic growth rate 
fitness measure (1 7). As a positive control for 
mutagenesis, we also measured the mutatioil 
rate at the ~r~zc-22 locus (19). Our estimated 
rate is 7.6 ( i l . O )  X 10-"er haploid; a 
-1250-fold increase over the spontaneous 
background rate of 6 X lo-' (20). 

Estimates of L7,, the EMS-induced muta- 
tion rate per haploid genome, and s, the 110- 
lnozygous effect on productivity, call be ob- 

tained from phenotypic data under a model of 
equal mutation effects, for which the overall 
cl~ange in illeall fitness is 1il.l = U,s and the 
increase in between-line variance from muta- 
tion is T:, = L7,sv3). From our productivity 
data, these estimates are c7, = 1:14'll/, = 1.4 
(1-0.36) and i = l/,i1i%f = 24% ( i3 .9%) .  
The n~~lnber  of lllutatio~ls detected is there- 
fore only slightly higher than the number of 
recessive lethal nlutations induced by 50 mM 
EMS, estimated at - 1 per haploid genome 
(21, 22). This contrasts sharply with our in- 
ference that each line contaiils an average of 
>45 deleterious point mutations. Clearly, the 
assunlption made in these calculations that 
nlutatio~ls have equal effects is violated. 

To find distributio~ls of mutatio~l effects 
giving an improved fit to the data, we used 
maximum liltelihood (ML) (23). Sulyrising- 

Fig. 1. The N 2  strain of C. elegans was 
obtained f rom the Caenorhabditis Ge- .; I A 
netics Center. Cultures were maintained '2 
using standard techniques (37) at 20°C 0.8 
on 3.5-cm agar plates, seeded w i th  a 3 

Fr- 1 i - 4  I-" li 1 
suspension of E. col i  strain OP50, and 3 0.6 . 
allowed t o  grow overnight. A large, syn- 2 
chronous population of young adults 0.4 
was divided into t w o  subpopulations. .O 
One population was mutagenized w i t h  0.2 
50 m M  EMS in M 9  buffer for 4 hours a t  
20°C according t o  the protocol of (7). n. 2 4 6 8 10 
The control population was treated in  .5' Generation of selfing 
an identical manner, but worms were - 
instead maintained in  M 9  buffer. ,g 0.8 
Worms were allowed t o  recover on .g 
plates for 24  hours; any eggs present 2 0.6 
during the  mutagenesis would therefore 
have been expelled and hatched. The 
worms were then removed by washing 0.4 

w i th  M 9  buffer and treated w i th  alka- '5 
line hypochlorite t o  harvest eggs, which ,B 0.2 
were then transferred t o  fresh plates. 5 
Two days later, small numbers o f  $ 
worms were distributed onto individual .& 
plates t o  start 60 mutant  and 40 con- Selection coefficient (s,) 
t ro l  lines. Mutant  and control lines were 
then selfed for 10 generations t o  f ix mutations. Lines were propagated in  parallel by the transfer 
o f  one hermaphrodite, chosen f rom a random position on  each plate. Backup plates ( two  per EMS 
line, one per control) were used in cases where the parent failed t o  produce progeny. I f  no replicate 
produced offspring, a worm was substituted f rom the plate o f  the previous generation (kept a t  14°C 
t o  avoid starvation), or up t o  a maximum o f  three generations prior. After 10 generations, lines 
were cryopreserved (31) at-80°C unt i l  the reproductive output  assays. (A) Mean proportion o f  
plates surviving per generation o f  selfing in  control (solid line) and EMS (dashed line) lines. (B) 
simulation results for constant-effects model, h = 0; dashed line is the mean proportion o f  plates 
surviving per line (v); solid Line is the proportion o f  mutations selectively lost (m,), as functions o f  
mutat ion effect sm. Gray bar represents the 95% CI on v f rom the data, so values o f  s, for which 
simulated v falls wi th in i t  are compatible wi th the data; the range o f  proportion o f  mutations that  
may have been lost t o  selection can be inferred f rom t h e m ,  values associated w i th  theses, values. 
Dotted gray line corresponds t o  the maximum parameter values consistent w i th  data: s < 
m, < 0.06. Simulations run under a variety o f  dominance coefficients (0 5 h 5 0.5) or assuming 
y-distributed s, yield almost identical l imits on  s and m,. 

Table 2. Estimates of mutation rates and effects with U, variable 

Method Model 01 (SE) ? (SE) 0 
Moments (3) Equal effects 1.4 (0.36) 24% (3.9) - 

ML (23) Equal effects 1.6 (0.21) 22% (1.9) - 
ML y distribution <2.5 >15% >1.6 

ly, the best-fitting y distribution is the equal- 
effects model (P - 'x); a y distribution in 
which there are Illally mutatiolls with small 
effects and a diminishing tail of larger effects 
gives a poorer fit than equal effects if the 
mutatioll rate is a variable in the model (Ta- 
ble 2). This result implies that the underlying 
distributioll of mutation effects may be mul- 
timodal, because the y distributio~l does not 
silllulta~leously allow a high frequency of 
slightly deleterious mutations and a "spilte" 
of stro~lgly deleterious mutatio~ls. The best- 
fitting model we obtained under ML, assum- 
ing our a priori estimate of L< = 45, is two 
classes of deleterious nlutation effects, the 

v - Replicate 

Average no, offspring per worm 

Fig. 2. (A) Mean productivity for the three 
assays. (8) Distribution o f  line means, averaged 
over replicates, for productivity. After mu- 
tagenesis, the cryopreserved lines were thawed, 
then individual replicates wi th in each line were 
maintained for three generations. Productivity 
was measured contemporaneously in three rep- 
licates f rom each mutant  and control line. In 
each replicate, four worms were allowed t o  lay 
eggs on  a plate for -3 hours, then removed. 
After 48 hours, a single randomly picked worm 
was transferred onto a new plate, then trans- 
ferred 48 hours Later and a t  24-hour intervals 
for the entire reproductive period. The offspring 
were counted manually 48 t o  72 hours after 
the parental transfer. Each counter assayed one 
replicate per line, and the entire assay was 
performed three times. Lines were randomized 
and counters were unaware o f  line identity. 
Analysis o f  variance was used t o  estimate the 
between-line variance for productivity; addi- 
t ional effects f i t ted were measurer, assay num- 
ber, and their interaction, which was nonsignif- 
icant. The between-line variance component 
was highly significant for the EMS lines (P < 
0.001) but  n o t  the controls (P > 0.6). The 
EMS-induced mutational heritability was VM/ 
V, = 1.0 (=0.22), where VM = VG/2 and V, is 
the environmental variance (2426 worms2). 
The control and EMS mean productivities were 
248.5 and 163.2 worms, respectively. 
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Table 3. Estimates of mutation rates and effects, and fit of models to the data, with U,  fixed at 45 and 
ML analysis (23). 

Model 01, (SE) f ,  (SE) 4 $2 b (SE) Log L 

Equal effects 45* 0.99% (0.04) - - - -160 
y distribution 45* 0.79% (0.05) - - 0.029 (0.005) -3.8 
Two classes of 1.6 (0.1 7) 22% (0.9) 43.4* <0.074% - 0 

equal effects 

Tons t ra~ned  by the assumption of fixed Ul 

first accounting for an average of 1.6 muta- 
tions per line (these had effects of 22%. as for 
tlie single-class equal-effects model under 
ML), whereas tlie remaining 43.4 nlutations 
have viitually zero effect (Table 3). The max- 
ilnunl fitness effect tliat this class of weakly 
deleterious mutations can talce is only 0.07% 
(Table 3). The distribution of mutation ef- 

It has been assumed that mutations with fit- 
ness effects on the order of 1% are common 
(2, 26, 27); but our finding that >96% of 
mutations are undetectable in the laboratory, 
and have fitness effects of less than 0.07%. 
brings the validity of tliis assumption into 
question. We have inferred that there is a 
large class of deleterious mutations with tiny 

fects is tlierefore multimodal. If a number of effects in tlie laboratory. Whether their ef- 
deleterious mutations other than 45 is as- fects are magnified in harsher nat~lral envi- 
sumed, the estiniated nunlber and mean effect ronments remains to be determined; evidence 
of strongly deleterious nlutations remains the for strong interactions between deleterious 
same (oI, = 1.6, f ,  = 22%); whereas the nlutation effects and environmental condi- 
nlaxinlun~ effect of the weakly deleterious tions is equivocal (5, 28). It is clear, however; 
mutations changes proportionately (for exam- that mutation accumulatio~i experinlents may 
ple, C' = 20. f2 < 0.17%; U = 80. f, < substantially underestilnate mutation rates; 
0.04%). and this will be undetected unless the nurnber 

Distributions of EMS-induced and spo~i- of events at the DNA level can be estimated. 
taneous (24) mutation effects on productivity 
therefore appear to be reillarlcably similar: References and Notes 
The model of equal effects fits the data better 1. A. 8. Kondrashov, Nature 336, 435 (1988). 

than a y distrib~ition model in both cases, and 
f was 21% (14%) for spontaneous mutations 
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sults inlply that the spontaneous genomic del- 
eterious mutation rate U. 0.0026 (k0.0012) 
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-0.07. Our estimate for tlie mean mutation 
effect under an equal effects model is also 
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sured in a more recent spontaneous mutation 
acculnulation experiment in C, elegnlzs (251, 
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quency per chromosome per generation was exact- 
ly  0.5; crossovers occurred a t  random locations. 
One selfed offspring was chosen per parent t o  
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other mutations in a given simulation. If an of f -  
spring failed t o  survive, one of t w o  backup of f -  
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offspring f rom the previous generation was used, 
t o  a maximum of three generations. One thousand 
replicates of the simulation were run for each of 
several values o f  s, (or, under the y distribution, 
scale parameter ct and shape parameter P) and h. 
For each set o f  parameter values, v, the mean 
proportion of plates surviving per line, and m,, the 
mean proportion of mutations lost t o  selection per 
line, were calculated. Those parameter values 
yielding v wi th in the observed 95% CI were con- 
sidered consistent w i th  the observed results; the m, 
values associated w i th  these runs yield an estimat- 
ed range of the average number of mutations lost 
t o  selection. 

19. TO measure the mutation rate at the unc-22 locus, 
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tagenized worms and 14 plates of controls, each 
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vealed that the proportion of unc-22 was significant- 
ly lower on plates wi th larger numbers of worms, 
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A Piston Model for well as one that required a scissors move- 
ment, would move residue a closer to b and c. 

Transmembrane Signaling of A ligand-induced piston motion would move 
residue a closer to b. but further from c. A 
rotation mechanism would move a fuither 

the Aspartate Receptor from b. but closer to C. A see-saw rnotioll 
would move b and c both further from a. 

Karen M. Ottemann,l*+ Wenzhong Xiao,'" Yeon-Kyun Shin,': 
Daniel E. Koshland Jr.'; 

To characterize the mechanism by which receptors propagate conformational 
changes across membranes, nitroxide spin labels were attached at strategic 
positions in the bacterial aspartate receptor. By collecting the electron para- 
magnetic resonance spectra of these labeled receptors in the presence and 
absence of the ligand aspartate, ligand binding was shown t o  generate an -1 
angstrom intrasubunit piston-type movement of one transmembrane helix 
downward relative t o  the other transmembrane helix. The receptor-associated 
phosphorylation cascade proteins CheA and Chew did not  alter the ligand- 
induced movement. Because the piston movement is very small, the ability of 
receptors t o  produce large outcomes in response t o  stimuli is caused by the 
ability of the receptor-coupled enzymes t o  detect small changes in the con- 
formation of the receptor. 

Cells receive signals from the outside world 
by way of receptors that span the membrane. 
Although some receptors transmit informa- 
tion across the membrane by means of an ion 
channel that allows ions into the cell, most 
receptors do not transmit material across the 
membrane. Rather, these receptors undergo 
collformational changes induced by the li- 
gand or stimulus that interacts with the exte- 
rior part of the receptor, and these conforma- 
tional changes travel across the membrane to 
the cytoplasmic portion of the receptor. The 
types of collfolmational changes used by re- 
ceptors to cany out transmembrane signaling 
are not kno~vn. 

To distinguish among altelnative models 
proposed for transmembrane signaling, we 
developed a strategy in which the distances 
between appropriately placed spin labels 
would give different results for different 
models (1) (Fig. 1). In this procedure, spin- 
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labeling electron paramagnetic resonance 
(EPR) spectroscopy (2) was combined with 
the use of a spectroscopic nller (3, 4). Spin 
labeling has been used to describe qualitative 
protein structures (5, 6) and has subsequently 
been developed for quantitative assessment 
of protein movements and applied to several 
proteins (4, 7, 8);  including the aspartate re- 
ceptor (9). In a hypothetical example (Fig. 1). 
a model of transmembrane signaling that de- 
pended on an association-dissociation. as 

Thus. judicious placement of spin labels al- 
lows an analysis that can distinguish among 
models. 

This strategy was applied to the bacterial 
aspartate receptor, a receptor with a structure 
similar to that of many other receptors that 
contain one-two transmembrane domains per 
subunit and function as oligomers [such as 
the insulin receptor; the epidermal growth 
factor receptor (EGFR). and the cytolcine re- 
ceptors] (10-12). The aspartate receptor and 
its homologs are used by bacteria to navigate 
through spatial gradients of nutrients and tox- 
ic substances, using detection of temporal 
gradients to modulate s~vimming behavior 
(13-1 7). Although the aspastate receptor has 
been studied in detail, the mechanism of sig- 
nal transduction has remained elusive. Disul- 
fide cross-linking experiments have suggest- 
ed that aspastate triggers global changes in 
the receptor (18). Several mechanistic mod- 
els, postulated on the basis of fragments of 
either the ligand-binding domain (19-22) or 
the cytoplasmic domain (23, 24). have been 
proposed. Ligand binding does not affect the 
dimerization state of the aspartate receptor 
(25), and receptors that are disulfide cross- 

Fig. 1. Postulated mod- Association- 
els for transmem- Dissociation 

Piston Rotation Scissor See Saw 

brane signaling. Cen- 
eral schemes fbr pos- 
sible ligand-generated 
movements in trans- y&O'i 

membrane receptors ( 7 ) .  
The thick lines repre- 
sent receptor trans- 
membrane helices. The 
view is from the side, 
except in the rotation 
diagram where the view with 

is from the end of the "sand 
helices. Any of these 

motions between two could helices occur in 

3  : I  4  l a : / ! o 0  JJ7 3 4  i + A 3  

separate subunits, or between two helices within one subunit. The letters represent amino acid side 
chains where labels could be attached. The rotation model could have results similar to those seen 
in the piston model, but the labels could be placed such that they would distinguish between 
models, as shown. 
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