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Deleterious mutation poses a serious threat to human health and the persistence of small populations. Although adaptive
recovery from deleterious mutation has been well-characterized in prokaryotes, the evolutionary mechanisms by which
multicellular eukaryotes recover from deleterious mutation remain unknown. We applied high-throughput DNA se-
quencing to characterize genomic divergence patterns associated with the adaptive recovery from deleterious mutation
using a Caenorhabditis elegans recovery-line system. The C. elegans recovery lines were initiated from a low-fitness mutation-
accumulation (MA) line progenitor and allowed to independently evolve in large populations (N~ 1000) for é0 gener-
ations. All lines rapidly regained levels of fitness similar to the wild-type (N2) MA line progenitor. Although there was
a near-zero probability of a single mutation fixing due to genetic drift during the recovery experiment, we observed 28
fixed mutations. Cross-generational analysis showed that all mutations went from undetectable population-level fre-
quencies to a fixed state in 10-20 generations. Many recovery-line mutations fixed at identical timepoints, suggesting that
the mutations, if not beneficial, hitchhiked to fixation during selective sweep events observed in the recovery lines. No MA
line mutation reversions were detected. Parallel mutation fixation was observed for two sites in two independent recovery
lines. Analysis using a C. elegans interactome map revealed many predicted interactions between genes with recovery line-
specific mutations and genes with previously accumulated MA line mutations. Our study suggests that recovery-line
mutations identified in both coding and noncoding genomic regions might have beneficial effects associated with com-
pensatory epistatic interactions.

[Supplemental material is available online at http:// www.genome.org. The sequence data from this study have been
submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no.

SRA023539.]

The accumulation of deleterious mutations under conditions of
relaxed selection threatens the persistence of organisms evolv-
ing in small populations (Lynch et al. 1993; Lande 1994) and is
especially relevant to small captive populations of endangered
species living in benign environments (Lande 1995). The recovery
from deleterious mutations also serves as an analog to adaptation
to a novel environment in which previously favored alleles are
now detrimental. The evolutionary mechanisms by which organ-
isms suffering from deleterious mutation are able to recover fit-
ness have been well-studied in bacteriophage and bacterial labo-
ratory evolution settings that showed rapid fitness recovery and
a high incidence of parallel beneficial mutation fixation in in-
dependent experimental lineages (Reynolds 2000; Maisnier-Patin
et al. 2002; Poon and Chao 2005; Poon et al. 2005). For example,
DNA sequencing analysis of bacteriophage ®X174 lines that had
recovered from previously accumulated deleterious mutations
revealed that ~30% of the beneficial mutations responsible for
fitness recovery were back mutations (direct mutational reversals)
and the remaining ~70% were compensatory mutations at other
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sites in the phage genome (Poon and Chao 2005). Similarly, ~95%
of the beneficial mutations detected in Salmonella typhimurium
lab populations recovering from the deleterious effects of antibi-
otic resistance were compensatory in nature rather than rever-
sions (Maisnier-Patin et al. 2002). A previous fitness analysis of
Caenorhabditis elegans recovery lines, initiated from mutationally
degraded MA line progenitors and then allowed to evolve in large
populations (N > 1000), found that many lines were able to rapidly
recover fitness and suggested that compensatory mutation was
most likely responsible (Estes and Lynch 2003). However, the
much larger genome sizes (>100 Mb for C. elegans versus ~5.3 kb
for ®X174) of multicellular species have thus far precluded anal-
yses of genomic divergence patterns associated with adaptive re-
covery from deleterious mutation similar to those carried out in
prokaryotic systems.

Here, we use replicate C. elegans lines that have suffered a
nearly 50% loss in fitness due to the accumulation of deleterious
mutations to examine the molecular basis of rapid fitness recovery
under experimental evolution via whole genome resequencing.
Using theoretical population genetic predictions we are able to
rule out neutral explanations for the relatively small number of
nucleotide changes that we observe within each line, and show
very strong positive selection acting on a subset of these nucleo-
tides. Although certain classes of mutation were missed by our
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analysis, our results show the promise of next generation se-
quencing approaches for the comprehensive analysis of geno-
mic change in evolutionary studies, as well as demonstrating that
compensatory mutations can be a powerful driver of evolution of
genetic systems.

Results

Recovery line experimental evolution and mutational analysis

We applied Illumina high-throughput DNA sequencing (also
known as Solexa sequencing) to a C. elegans recovery-line system
(Fig. 1) to characterize the spectrum of mutations associated with
recovery from deleterious mutation accumulation in an animal
system. MA12, a C. elegans MA line derived from the N2 strain and
bottlenecked as single hermaphrodite nematodes for 323 genera-
tions (Vassilieva and Lynch 1999; Estes et al. 2005), was used as the
progenitor of five independent sets of recovery lines (R12A-R12E)
that were allowed to evolve in large populations (N > 1000) for 60
generations. Each of the five lines was initiated from a single MA12
progenitor and rapidly regained fitness levels similar to wild type
(the N2 progenitor of the MA lines) as determined by life-history
assays (Fig. 2).

The genomes of the N2 (wild type) C. elegans progenitor of
the MA lines, the MA12 (generation 323) progenitor of the re-
covery lines, and three independent recovery lines (R12A, R12B,
and R12C; generation 60) were analyzed using Illumina DNA se-
quencing. Seven Illumina lanes were used to collect DNA sequence
data for each of the five samples. Using the same general approach
previously applied to base-substitution mutation identification
in a set of seven C. elegans MA line genomes (Denver et al. 2009),
we surveyed virtually all nonrepetitive genomic regions (>80%
of the total genome) in all lines analyzed (see Methods and Sup-
plemental Methods). We identified 68 base-substitution changes
between N2 and MA12; in all 68 cases, the mutation was also
detected in each of the three MA12-derived recovery lines (Sup-
plemental Table S1). Thus, no reversions of MA12 mutations were
detected in the recovery lines. These 68 mutations originated and
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Figure 1. Schematic of the MA12 recovery-line system. The seven ge-
notypes considered are shown in circles, and arrows represent genera-
tional time. MA12 was bottlenecked as single hermaphrodite nematodes
across 323 generations and each of the five MA12-derived recovery lines
(R12A-R12E) evolved in the lab for 60 generations at much larger (N >
1000 nematodes) population sizes. All genotypes were analyzed by Illu-
mina sequencing, with the exception of the two recovery lines indicated
by asterisks.

08 |
+ MA12

04

0.0 T T v \

1.6
1.2
0.8

$ MA12
04T

0.0 T T T \

30

0 T T T \
0 20 40 60 80

Figure 2. Fitness trajectories of individual C. elegans recovery lines.
Black diamonds at generation 0 show average fitness trait values for the
MAT12 ancestor. Open circles represent average trait values for each of the
five lines initiated from the MA12 genotype and evolved independently
for 60 generations. Lines connect the same evolved populations across
generations. Intrinsic rate of population increase (top panel), r (Giannelli
et al. 1999), and total fecundity (middle panel) are reported as the pro-
portion of N2 control values. The bottom panel shows lifespan; dashed line
represents average lifespan of the N2 control. Bars, 1 SEM.

fixed during nematode bottlenecking along the N2 to MA12 lin-
eage. We determined the base-substitution mutation rate (u,s) for
MA12 using the same method previously applied to 10 C. elegans
MA lines genomes (Denver et al. 2009), and calculated a u,s value,
2.5 (+0.3) X 1077 per site per generation, highly similar to the
10-MA line average, 2.7 (+0.4) X 10~°, from the previous study.
We extended our Illumina approach to identify base sub-
stitutions that originated and fixed during the recovery phase, as
well as carrying out PCR and capillary DNA sequencing confir-
mation of all Illumina-identified mutant sites to rule out potential
heterozygosity-related confounders (e.g., heterozygous MA12 mu-
tations differentially fixing in recovery lines, new mutations still
segregating in recovery-line populations), and confirm that the
detected mutations were in a fixed (or nearly fixed) state. We de-
tected and confirmed seven fixed base substitutions for R12A,
nine for R12B, and 12 for R12C (Table 1). Due to the relatively low
and fluctuating site-specific coverage levels among different strains
analyzed, we were unable to effectively extend our analysis to
the identification of changes in heterozygosity between MA12
and its derivative recovery lines. None of the fixed recovery line
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Table 1. Mutations detected in the recovery lines

Chromosome Recovery

Chromosome  position® MA12® line° Coding®  Gene
R12A

I 12,610,210 A T IG NA

Il 13,295,475 T C UTR Y48C3A.5

n 9,098,894 C G EX: A—G glp-1

v 7,065,868 G A IN Y43B11AL.1

\ 7,961,426 G A EX: S—F inx-4

X 11,305,323 T C UTR F08G12.11

X 12,074,688 A G IG NA
R12B

Il 2,976,439 G A IG NA

1] 9,582,034 T C IN C48B4.3

\% 14,682,043 T A IG NA

\% 16,950,062 A G EX: Syn YT116A8C.13

\ 6,220,938 A T IG NA

X 3,156,705 G A IG NA

X 3,606,921 T C EX: N—S C18B2.5

X 16,001,666 C T IG NA

X 16,535,555 A T IG NA
R12C

| 3,119,936 C T IN Ipd-6

| 6,066,034 C T EX: E—=K C27A12.9

| 14,119,073 C G EX: R—G mys-2

Il 8,531,956 C T IG NA

Il 9,617,561 A T UTR T15H9.1

Il 11,107,137 C T EX: AV nasp-1

I 12,610,210 A T IG NA

I 12,838,521 T A IG NA

v 7,065,868 G A IN Y43B11AL.1

\Y 20,830,449 G A UTR num-1

X 7,422,575 C A IG NA

X 14,278,186 A C IG NA

“Relative to WS170 build.

The ancestral base present in MA12 (and N2).

“The base present in the recovery line.

4Coding shows the coding sequence category of the mutation: EX, exon;
IN, intron; UTR, untranslated region; IG, intergenic region. For exon
mutations, Syn indicates synonymous mutations; for nonsynonymous
mutations the specific amino acid changes are denoted.

NA, Not available.

mutations detected in gene sequence occurred in genes that al-
ready harbored MA12 mutations; thus, no putative cases of in-
tragenic compensatory mutation were identified.

We next analyzed the sites of recovery-line mutation fixa-
tion at nearly complete 10-generation intervals (from generation
10 to 60) using capillary DNA sequencing to investigate cross-
generational patterns of mutational segregation and fixation. We
visually scrutinized DNA sequence chromatogram data to search
for evidence of heterozygosity; analysis of DNA sequence data
from samples containing known relative molar abundances of
wild-type and mutant bases suggest that we should be able to de-
tect any segregating variants at levels >5% of the total (see
Methods). Here, we assume recovery-line mutations to be in a fixed
state if we were unable to detect any evidence for the wild-type
base in the chromatogram data, although we cannot formally rule
out the possibility that ancestral wild-type alleles are segregating
at very low, undetectable frequencies. All but two mutations were
observed to go from a nondetectable state in the recovery-line
population to a fixed state in a single 10-generation interval (Fig. 3).

The expected conditional time for a new neutral mutation,
unaffected by linked non-neutral mutations, to reach fixation
through drift is 4N, generations—thus, neutral mutations would
be expected to take an average of 4000 or more generations to fix

in recovery-line populations, unless affected by linkage to benefi-
cial mutations. Within the 60 generations of this experiment, the
probability of a neutral allele arising via mutation and becoming
fixed via genetic drift alone is on the order of 10~3® (see Supple-
mental Methods). Even when multiplied by the ~8.8 X 107 nu-
cleotide sites per genome examined here, the chance that any
given observed change is not the result of natural selection, either
directly or via hitchhiking, is vanishingly small.

Parallel mutation fixation

Although the majority (24/28) of mutations fixed in the recovery
lines were specific to a single lineage, we observed two cases in
which the same base-substitution events were detected in two
different recovery lines—the two substitutions were each observed
in both R12A and R12C (Table 1). One of these substitutions was
on C. elegans chromosome (chr) II in an intergenic region 15 bp
downstream from the lips-16 annotated gene boundary; the
other was on chr IV in the middle of the second intron of the
Y43B11AL.1 gene (Supplemental Fig. S1). Extending PCR and
capillary sequencing analysis of these two sites to the two re-
covery lines not analyzed by Illumina (R12D, R12E) showed that
these two mutations were present and fixed in the R12A and
R12C lineages alone—there was no evidence for the mutations in
R12B, R12D, or R12E at any generational time interval.
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Figure 3. Cross-generational analysis of recovery-line mutation sites.
The 28 mutations identified in R12A, R12B, and R12C were analyzed at
nearly complete 10-generation intervals in the recovery lines. Chromo-
some positions (approximate) are shown on the left for each mutation.
(Green circles) Instances where the ancestral (MA12) base was detected;
(red circles) the detection of recovery-line mutations in fixed states; (yel-
low circle) the single observed incidence of heterozygosity (Fig. 4); (gray
circles) the R12B timepoint not assayed.
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Figure 4. Detectionofa segregating mutation in R12A. The three chromatograms show DNA sequence data for the single instance where we were able
to detect evidence for both ancestral DNA and recovery-line mutations. The mutation at position 12,610,210 on chr Il (shared with R12C), indicated by
the asterisk, was first detected as a segregating variant at generation 40 in R12A then appeared in a fixed state at generation 50. There was no evidence for
this mutation at generation 30. We were unable to detect a segregating variant for any of the other 27 recovery-line mutations.

Cross-generational analysis of the two sites in R12A and R12C
showed distinctive fixation patterns and distinctive patterns of
linkage to other recovery line-specific fixed mutations (Fig. 3). The
intergenic chr Il mutation was first detectable in R12A as an unfixed,
segregating allele in the experimental population at generation
40 and was fixed by generation 50 (Fig. 4) along with the chr IV
shared mutation, the latter being undetectable until generation 50.
These two mutations were the only fixed mutation sites detected in
the R12A genome at generation 50. In R12C, both of the fixed
mutations shared with R12A were first detected in a fixed state at
generation 60 along with 10 other R12C-specific fixed alleles. Al-
though we cannot with 100% certainty rule out the possibility that
R12A nematode(s) contaminated the R12C population between
generation 50 and 60 in the lab, we believe this possibility to be
highly unlikely for two reasons. First, extreme technical care was
taken during the experiment to avoid the possibility of cross-con-
tamination (see Methods). Second, the two shared mutations
appeared in R12C along with 10 additional R12C-specific fixed base
substitutions. Thus, the cross-contaminating nematode lineage
would have had to accumulate and fix 10 additional base sub-
stitutions in 10 generations or less. Given the base-substitution
mutation rate (u,s) and confidence interval for C. elegans genomic
regions analyzed by lllumina (Denver et al. 2009), 2.7 (+0.4) X 10~°
per site per generation, and the numbers of sites surveyed (86.7
million, on average), a nematode is expected to acquire 0.23 (=0.4)
detectable base-substitution mutations per generation. Dividing the
number of observed R12C-specific mutations (N = 10) by 0.23 mu-
tations/generation leads to an estimate of 43.5 (=11.2) expected
generations for these 10 mutations to have accumulated. This sug-
gests that 10 generations was an insufficient amount of time for
these 10 mutations to have arisen in R12C. The expected number
of generations for 12 mutations to accumulate, following the same
logic presented above, is 52.2 (+13.5) generations. We deduce that
most or all of the 12 total fixed mutations detected in R12C at
generation 60 most likely accumulated during the first 50-60 gen-
erations of the recovery experiment, persisting as very low-fre-
quency (undetectable) variants until the acquisition of a beneficial
mutation on that genetic background swept them all to fixation
sometime between generations 50 and 60. The two fixed mutations
shared by R12A and R12C most likely arose and fixed in these two
recovery lineages in an independent, parallel fashion.

Interactome analysis

We investigated the possibility of intergenic epistatic interac-
tions between recovery-line mutations and MA12 mutations in

protein-coding genes using the C. elegans interactome map (Zhong
and Sternberg 2006). GeneOrienteer (http://www.geneorienteer.
org) was used to calculate log-likelihood ratio scores for all possible
pairwise combinations of C. elegans genes that were found to
harbor a MA12 or recovery-line mutation based on numerous
underlying feature data sources (yeast two-hybrid experiments,
microarray data, etc.) from C. elegans, Drosophila melanogaster, and
Saccharomyces cerevisiae. Consistent with the original analysis of
global C. elegans genetic interactions (Zhong and Sternberg 2006),
we applied a score threshold of 0.9, which exceeds the maximum
contribution that any single contributing feature can achieve, to
identify putative interactions between genes harboring recov-
ery-line and MA12 mutations. Fourteen predicted interactions
were identified that met or surpassed our score threshold, all
involving combinations of genes mutated in MA12 and those
bearing fixed recovery-line mutations (Fig. 5); no interactions were
detected between mutated MA12 genes or between recovery-line
genes bearing fixed mutations. One R12A fixed mutation
caused a nonsynonymous change in the glp-1 gene that has

MA12 MA12
T12A2.7 cdh-4
Ex P—S i £ Ex P—S o
MA12 13 56 MA12 17
eft-4 : : itr-1 :
Exsyn | * <7 ExHoy [T 24 | MAI2
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MA1Z | 7, w | MAtz [P5
Y41D4B.19 Y74C10AL.2
UTR UTR
1.3 10.1 1.8
MA12 MA12
the-10 unc-34
Intron Intron
MA12
dig-1
Intron
Figure 5. Predicted interactions of recovery line and MA line mutations.

Each red square represents a MA line mutation; inside the square, the
genotype (MA12) is on top, the mutated gene is in the middle, and the
functional effect is indicated on the bottom. UTR, mutations in un-
translated regions; Ex Syn, exon mutations that are synonymous. For
nonsynonymous mutations in exons, the resultant amino acid change is
indicated using single-letter codes. Circles represent recovery line muta-
tions: (green) R12A; (blue) R12C. Genetic interactions predicted by
GeneOrienteer are indicated by double-headed arrows, and the log-like-
lihood score associated with each predicted interaction is listed next to
corresponding arrows.
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predicted interactions with 8/31 genes that suffered a mutation in
MA12. glp-1 encodes a transmembrane receptor protein that, along
with LIN-12, comprises one of two C. elegans members of the
LIN-12/Notch family of receptors and plays a key role in the con-
trol of germ cell proliferation during postembryonic development
(Austin and Kimble 1987; Priess et al. 1987). One R12C fixed mu-
tation caused a change in the 3’ untranslated region of the num-1
gene that has predicted interactions with five genes mutated
in MA12. NUM-1 affects the localization and recycling of cell
membrane receptor proteins (Nilsson et al. 2008). Four of the
MA12-mutated genes predicted to interact with NUM-1 (fixed
mutation in R12C) also have predicted interactions with GLP-1
(fixed mutation in R12A) (see Fig. 5). Three of these four genes
mutated in MA12 encode transmembrane proteins: CDH-4 is
a cadeherin involved in cell-cell adhesion (Schmitz et al. 2008),
ITR-1 is a putative inositol (1,4,5) trisphosphate receptor that af-
fects the defecation cycle and pharyngeal pumping (Walker et al.
2009), and Y74C10AL.2 encodes a protein bearing a conserved
integral membrane protein domain (Rogers et al. 2008). Thus, we
speculate that the R12A mutation in glp-1 and the R12C mutation
in num-1 might have beneficial epistatic effects mediated through
alteration of membrane protein activities.

Selective sweeps

Cross-generational DNA sequencing analysis of the recovery lines
revealed that many recovery line-specific mutations fixed at
common 10-generational intervals (Fig. 3). This pattern is consis-
tent with the occurrence of series of selective sweeps over the
course of the recovery experiments. In R12A, two sweep events
were detected: two mutations fixed in unison between genera-
tions 40 and 50 (the two shared with R12C), then five R12A-spe-
cific mutations fixed between generations 50 and 60. In R12B, the
data indicated three sweep events: one mutation fixation by gen-
eration 20, followed by seven additional mutations fixing at gen-
eration 50, followed by one mutation fixing at generation 60. In
R12C, one sweep event was detected at generation 60 involving
12 mutations.

We formally explored the expected dynamics of these sweeps
using simulations and a diffusion approximation of the fixation
of adaptive mutations under the influences of natural selection,
genetic drift, and recurrent mutation (see Methods). The first thing
to note is that although most of the sweeps that we observed are
confined to a 10-generation window, even under a completely
deterministic model a great deal of the allele frequency change
for a new adaptive mutation initially occurs below our detection
threshold (Fig. 6A), indicating that the actual time for the sweeps
is probably more on the order of 20-30 generations. The diffu-
sion approach allows the probability of fixation to be calculated
for every possible combination of initial allele frequency and
number of generations (Fig. 6B). Here, we are most interested in
integrating the probability that a new mutation (initial frequency
of 1/2000) will be fixed over the total length of the experiment
and/or observation window. Because of the very small probabil-
ities involved, the diffusion approximation substantially under-
estimates the probability of fixation during early generations, but
performs increasingly better over time, especially for strong se-
lection (Fig. 6C). Since we observed at least one selective sweep in
each of the replicates, the expected number of fixed mutations for a
given time interval under a given set of parameter values must be at
least 1.0. Assuming no interference between fixation events, mov-
ing from the single locus results to whole genome expectations
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Figure 6. Population genetic analysis of the fixation of new mutations
under positive selection and complete self-fertilization. (A) Deterministic
sweep of a new adaptive mutation in an infinitely large self-fertilizing
population under different strengths of selection. There can be a signifi-
cant lag before the mutation reaches a high enough frequency to be
detectable at the sensitivity threshold present in this experiment (dashed
line). (B) Solution to the diffusion equation for finding the probability of
fixation of a segregating allele (s = 0.5, N, = 1000). The probability of
fixation for a new mutation over the course of the experiment is calculated
by summing over the cumulative probability of fixation for an initial allele
frequency of 1/2000. (C) Cumulative probability of fixation over a given
number of generations for varying levels of positive selection. Solid lines
show simulation results that simultaneously include mutation, drift, and
selection (N, = 1000; . = 2.6 X 10~%). Points below each line show the
results of the diffusion approximation in which mutation is treated sepa-
rately from drift and selection. The diffusion approximation tends to un-
derestimate the probability of fixation, especially during early generations
and under weaker selection.
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requires multiplying the probability of fixation by the number
of possible sites under selection. There are two domains
of parameters that are consistent with the timescale of the re-
sponse displayed by our populations. First, if the majority of the
genome has the potential to contribute to the recovery observed
here, then the probability of fixation (Fig. 6C) can be multiplied
by a very large number (~8.8 X 107), allowing mutations under
moderately strong selection (s = 0.3) to contribute to the response
even though it is very unlikely that any particular mutation would
become fixed. However, the consistency of the sweep dynamics
and our observations of repeated fixations in several of the lines
and an apparently limited set of interacting components suggest
that this is unlikely. Fixation of a smaller subset of the genome (say
1 in 10,000 nucleotides) is feasible in the timescale observed here,
but only if selection is strong. Thus, in order to satisfy the condi-
tions (1) that we always observe fitness recovery in our experiments
and (2) that the sweeps that we observed occur within a most a few
dozen generations, we find that selection on at least one of the
mutations is likely to be very strong: on the order of a 70%-90%
increase in fitness relative to the ancestral genotype (Fig. 6C).

Discussion

Evolutionary implications

Our study provides a broad-based view of genomic divergence
patterns associated with the adaptive recovery from deleterious
mutation in C. elegans. None of the recovery response is attribut-
able to detectable reversion mutations, and no cases of putative
intragenic compensatory mutations were identified. Thus, inter-
genic compensatory mutations likely drive all of the change that
we observe, suggesting that this might be a common avenue for
genetic change within complex multicellular organisms. Second,
virtually all of the base-substitution polymorphisms detected
in the recovery lines went from zero or near-zero (undetectable)
population-level frequencies to a state of fixation (or near fixation)
in a few dozen generations, suggesting the occurrence of selective
sweeps in the adaptively evolving lab populations. The fact that
the changes that we are able to observe all occur toward the end
of our experiment suggests that these lab populations are likely
subject to a constant genetic churn in which early sweeps are
replaced by subsequent adaptive changes. If this is a common
occurrence, then future studies will need to completely sequence
individuals from multiple time points in order to fully charac-
terize the underlying evolutionary dynamics.

The timescale of simultaneous fixation requires very strong
selection and suggests that the majority of the changes that we
observed are generated via hitchhiking of very low frequency
background mutations and/or that epistasis between multiple loci
generates the fitness effects that we observe. The strength and
genomic impacts of the sweeps observed here may help to explain
the extreme haplotype structure observed within natural pop-
ulations of C. elegans (Cutter 2006; Rockman and Kruglyak 2009).
On the other hand, the fact that a number of mutations appear
to readily hitchhike along with these sweeps indicates that local
adaptation should drive strong genetic divergence among C. ele-
gans isolates. Instead, we see very little evidence for genetic varia-
tion or population structure on a worldwide scale (Barriere and
Felix 2005; Haber et al. 2005; Cutter 2006; Rockman and Kruglyak
2009). This observation provides support for the view that most
extant C. elegans populations may have diverged from one another
relatively recently (Phillips 2006; Cutter et al. 2008).

Parallel mutation and compensatory epistatic interactions

Two identical fixed mutations were detected in R12A and R12C
that most likely arose and fixed in these two recovery lineages in
an independent, parallel fashion. The likelihood of two identical
mutations occurring in two different recovery lines is ~0.0008 (see
Methods). Although this probability is very low, it is possible that
these sites might experience higher mutation rates than genome-
wide averages (Denver et al. [2009] was unable to effectively ac-
count for potential hotspots). Further, parallel mutation has pre-
viously been observed in similar experimental evolution studies
in prokaryotes (Maisnier-Patin et al. 2002; Poon and Chao 2005).
The observation of two sites fixing the exact same mutation type
in independent recovery lines suggests that these mutations might
have beneficial effects that were directly acted upon by natural
selection. The observation of parallel mutation in the recovery
lines might reflect a limited number of beneficial mutations
available as potential substrates for adaptive recovery from MA12
mutations (Orr 2005). This interpretation is consistent with our
population-genetic analysis of selective sweep dynamics that sug-
gested very strong selection on a very small fraction of the C. ele-
gans recovery-line genomes.

Both parallel mutations, however, occurred in genomic re-
gions that are not predicted to encode functional protein products,
suggesting that any positive effects would be mediated through
regulatory or DNA structural effects. The chr IV shared mutation
occurred in an intron of the Y43B11AL.1 gene—the only func-
tional information available for this gene from WormBase (Rogers
et al. 2008) is that its product encodes F-box domains (involved in
protein—protein interactions). The chr II shared mutation is just
downstream from the lips-16 gene whose product is predicted to
encode a lipase function and affect fat content. Three of the de-
tected mutations that accumulated in the MA12 genome prior to
recovery (presumably deleterious) were in genes (nonsynonymous
change in ZK682.2, intron change in HO8MO01.2, intron change
in mgl-3) that play roles in maintaining fat content, as determined
by RNAi experiments (Greer et al. 2008). Further, one R12A-specific
fixed mutation resulted in a nonsynonymous change in the inx-4
gene whose product affects fat content in RNAi experiments (Greer
et al. 2008). We speculate that the chr II mutation shared by R12A
and R12C that is downstream from lips-16, as well as the inx-4
mutation specific to R12A, might have beneficial effects associated
with lipid metabolism manifested through epistatic compensa-
tory interactions with MA12 mutations. The presence of both the
chrll and chr IV shared mutations in R12A and R12C indicates that
any putative beneficial effects of these mutations might require
epistatic interactions between these two loci, though there is no
functional information in support of this possibility. More evi-
dence for epistatic compensatory interactions underlying adap-
tive evolution in the recovery lines resulted from our interactome
analysis (Fig. 5) that revealed strong evidence for interactions be-
tween genes that suffered (presumably deleterious) MA line mu-
tations during the bottleneck phase and genes that acquired fixed
recovery-line mutations.

Although we were able to detect rare mutations that fixed
in recovery-line lineages and characterize selective sweep events
in our cross-generational analysis, we were unable to determine
whether mutations identified were beneficial versus selectively
neutral (or slightly deleterious) mutations that hitchhiked to fix-
ation due to the complete linkage of all sites in the primarily self-
reproducing nematodes. Our survey was also only able to identify
base-substitution mutations—it is possible that other mutation
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types (e.g., insertion-deletion mutations, large rearrangement
events) left undetected were the primary drivers of fitness recovery.
Backcrossing individual mutations identified in this study onto
MA12 genetic backgrounds, followed by comparative fitness stud-
ies, would provide an avenue for understanding the effects of va-
rious mutations fixed in the recovery lines. We have repeatedly
attempted such an analysis and, unfortunately, have been unable
to successfully perform crosses with the low-fitness MA12 nem-
atodes.

Another limitation to this study is the fact that the muta-
tions responsible for the very rapid recovery of fitness in the first
10-20 generations were most likely missed since all but one of
the fixed mutations detected here occurred at later generations.
Given that all five MA12-derived recovery lines independently
regained wild-type fitness levels by generation 20 (Fig. 2), we spec-
ulate that the mutations responsible for most of the fitness re-
covery were of high-mutation rate types and/or involved highly
plastic epistatic changes, rather than the base-substitution changes
analyzed here. For example, gene duplication and deletion dy-
namics involving large gene families have the potential to have
profound and rapid consequences on fitness via changes in dosage.
Likewise, changes in ribosomal DNA cluster copy number are
shown to occur at very high rates and have broad-based epigenetic
effects on global chromatin and gene regulation in Drosophila
(Paredes and Maggert 2009). Although unlikely, it is also possible
that highly deleterious mutations present in a heterozygous state
in the MA12 progenitor were largely responsible for the greatly
reduced fitness of this MA line—individuals homozygous for the
wild-type alleles at these sites would have an immediate large fit-
ness advantage in the recovery lines. Expanding our mutation
survey to encompass heterozygous MA line mutation sites and
repetitive DNA units will be required to pinpoint the nature of
the beneficial changes responsible for the rapid regain of fitness
in the recovery lines. We also note that although we detected very
fast selective sweeps with associated selection coefficients of =0.3,
two of our fitness measures (intrinsic rate of population increase,
total fecundity) did not reveal fitness increases expected at these
generational intervals (Fig. 2). Our third fitness measure, lifespan,
did show increases across analyzed generational intervals. It is
possible that our fitness measures lacked the sensitivity required
to detect these fitness increases; competition assays involving re-
covery lines from different generations might provide a more pow-
erful option for future analyses.

Adaptive mutation rate

We can reasonably assume that each of the six selective sweeps
detected in the cross-generational analysis was caused by positive
selection acting on at least one beneficial mutation. Thus, a mini-
mum of six beneficial mutations arose in the three recovery-line
populations analyzed (two in R12A, three in R12B, and one in
R12C), each underlying one of the six sweeps detected. This leads
to a lower-bound adaptive genomic mutation rate estimate (U,)
of 3.8 X 10~ per nematode per generation (see Supplemental
Methods). Given the current total genomic mutation rate (U es-
timate for C. elegans, 2.1 per genome per generation (Denver et al.
2004), this suggests that as few as one mutation in 55,263 (U,/Uy) is
adaptive. Our C. elegans U, estimate is remarkably similar to a re-
cent U, estimate for Escherichia coli, 2.0 X 10>, based on laboratory
evolution studies (Perfeito et al. 2007). It is also consistent with our
theoretical estimate of how much of the genome must be under
strong positive selection in order for fixation to occur within the

timeframe observed here. Our U, estimate for C. elegans, however,
is likely to be an underestimate for two reasons. First, as discussed
above, some selective sweep events likely went undetected, espe-
cially in earlier recovery generations where there might have been
insufficient time for detectable base substitutions to accumulate.
Second, the effects of clonal interference, the loss of competing
beneficial mutations in the population as a consequence of selec-
tive sweeps at other loci, likely resulted in underestimation of the
numbers of beneficial mutations arising in each recovery line.
Thus, although whole-genome resequencing provides an unpre-
cedented opportunity to identify the specific genetic changes re-
sponsible for fitness recovery, understanding the role of beneficial
mutations in shaping natural patterns of genomic variation re-
mains a formidable problem in evolutionary analysis.

Methods

Experimental evolution and life-history analyses

We selected five C. elegans MA lines for the current study that
were shown to completely recover ancestral levels of fitness in
a previous experiment (Estes and Lynch 2003). These lines were
thawed, expanded for a single generation, and subdivided into
five replicate populations. Each replicate was initiated from a sin-
gle MA12 nematode and then independently maintained in large
population sizes under standard laboratory conditions for 60 over-
lapping generations following Estes and Lynch (2003). The an-
cestral N2 control (progenitor of the MA lines) underwent the
same treatment concurrently. Approximately 1000 individuals
were transferred each generation, with populations expanding
to roughly 10,000 individuals in between transfers (see Supple-
mental Methods for a discussion of effective population size). Ex-
treme care was taken to avoid cross-contamination among ex-
perimental lines by keeping plates well separated on trays and
through ethanol/flame sterilization of the metal core boring tool
used for transfers. Finally, samples from each replicate were frozen
at 10-generation intervals during the experimental evolution phase.
The evolutionary trajectories of the other four recovery lines will be
reported elsewhere. Because they exhibited the greatest total fit-
ness increase during experimental evolution, we chose the MA12
recovery lines for Illumina analysis.

Life-history assays were conducted as described in Estes and
Lynch (2003). Briefly, for each line and each generational time
point, total progeny production, population growth rate (r), and
longevity were measured for 10-15 single individuals obtained
from frozen stock. Single worms were transferred to fresh plates
daily and progeny production measured by directly counting the
progeny produced over the entire reproductive period. Intrinsic
population growth rate, r, was calculated for each line by solving
Y e™ I(x) m(x) = 1 for r, where I(x) is the proportion of worms surviv-
ing to day x and m(x) is the fecundity at day x. Longevity was taken to
be the total number of days lived from the L1 stage. Assays were
carried out on standard OP50 E. coli-seeded NGM agar plates at 20°C.

We tested for recovery of ancestral levels of fitness and for
evolution of the ancestral control using analyses of variance for
each fitness trait with population treatment (MA, recovery, an-
cestral control, evolved control) as a fixed effect. To test for dif-
ferences between pairs of treatment group means, least-squares
contrasts (Tukey’s HSD for all pairwise comparisons; Zar 1999) were
performed on the data for each life-history trait.

Male frequency analysis

To approximate the amount of sexual recombination that may
have been occurring during experimental evolution of the C.
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elegans recovery lineages (A-E), we estimated the proportion of
males produced by the MA12 ancestor and by each recovery line
following 60 generations of laboratory evolution. Male frequency
was scored by counting 200 individuals from five replicate plates
per line. Male frequency in the MA12 line was estimated to be
0.7%; however, these males were apparently incapable of mating
given our lack of success in backcrossing experiments. Male fre-
quencies were even lower in the generation-60 recovery lines
(Supplemental Table S2). We thus conclude that outcrossing-based
sexual recombination most likely played a very minimal (if any)
role in shaping the evolutionary trajectories of the recovery lines.

DNA sequence analysis

We screened for base-substitution mutations in MA12, R12A,
R12B, and R12C by applying the same Illumina high-throughput
sequencing method previously used to accurately identify base
substitutions in seven C. elegans MA lines genomes (Denver et al.
2009). The details of our analytical approach are provided in the
Supplemental Methods. For the current study it was especially
important to account for the potential effects of heterozygous
MA12 mutant sites that might be differentially fixed/segregated
in different recovery lines. For Illumina sample preparations, nem-
atode lab populations were initiated from frozen stocks (~50-100
nematodes) and allowed to expand for two generations in order
to amass a sufficient number of animals for Illumina DNA extrac-
tion protocols. Our level of Illumina coverage (~7X for unique
regions, on average) was insufficient to distinguish mutations
fixed in the recovery lines from those still segregating in the
population and coexisting with ancestral alleles. To address these
concerns, we carried out PCR and conventional direct capillary
DNA sequencing analysis for all 28 detected MA12 recovery-line
changes (Supplemental Fig. S2) and in all cases there was no evi-
dence of heterozygosity in MA12 or the recovery line. Many
thousands of nematodes were used for DNA extractions used in
PCR/capillary sequencing assays. The primers used to PCR-amplify
and capillary-sequence these sites are provided in Supplemental
Table S3.

We performed a controlled capillary DNA sequencing ex-
periment to evaluate allele frequencies required for detection
in our cross-generational analyses. Using initial “wild-type” and
“mutant” (containing base substitution) PCR product samples of
known concentrations estimated through standard spectroscopy
methods (NanoDrop), we made a series of samples where the molar
ratios of input wild-type and mutant PCR products varied from
15% to 0.5%. We evaluated chromatogram data from samples
containing 15%, 10%, 5%, 1%, and 0.5% mutant PCR products
and found that the mutant peak was discernible in the 15%, 10%,
and 5% samples but not readily distinguishable from the baseline
(“noise”) in the 1% and 0.5% samples. This result is generally
consistent with similar studies aimed at identifying and charac-
terizing low-frequency heteroplasmic mitochondrial DNA muta-
tions (Theves et al. 2006). We conclude that any chromatograms
that did not reveal any evidence for minority peaks (wild type or
mutant, depending on the situation) correspond to DNA samples
where the site is in a fixed state, or the frequency of the minority
allele is <5%.

Mutation rate calculations

Individual MA line-specific mutation rates were calculated with
the equation u,s = m/(nT), where u,, is the base-substitution mu-
tation rate (per nucleotide site per generation), m is the number
of observed mutations, n is the number of nucleotide sites, and
T is the time in generations, as previously described (Denver et al.

2004). The standard errors for individual mutation rates were cal-
culated as [uys/(nT)]*'?, as described (Denver et al. 2004). Values
for n were defined as the total number of sites surveyed that met
our criteria for consideration of a possible mutation site (Supple-
mental Methods).

To address the matter of parallel mutation, we first estimated
the probability of a particular mutation not occurring during the
recovery experiment (P,,,,) as (1 — I-Lbs)TN ¢where N, is the estimated
effective population size (1000); P,,,,, = 0.9998. Given a fixed mu-
tation in one recovery-line population, the probability of the
same exact mutation occurring in any of the other four recovery
lines is (1 — P,,;,) X 4, resulting in a value of 0.0008.

Population genetic analysis

We used a combination of exact calculations, simulations, and a
diffusion model to assess the probability of fixation of recurrent
mutations in both the presence and absence of natural selection.
In keeping with the mating system of C. elegans (particularly the
N2 laboratory strain), we assume complete selfing throughout.
Because of the very small probabilities involved, it is actually quite
difficult to solve the case for complete neutrality for the timescales
and population sizes used in this study. We outline upper bound
calculations in the Supplemental Methods and Supplemental
Fig. S3.

For the case of positive selection operating on one or more
loci, we use the standard Kolmogorov backward equation for ge-
netic drift:

qu(pt) _ Vop Pu(p,t) . 0u(p,t)
ot 2 op? »"op

(Crow and Kimura 1970, equation 8.8.3.1). We follow Caballero
et al. (1991) and Caballero and Hill (1992) in defining the in-
stantaneous mean change in allele frequency under partial self-
ing as

Msy = (1 — x)s[h + x(1 — 2h) + F(1 — x — h + 2xh)],

where s is the strength of selection for the new mutation with
homozygous fitness 1 + s versus the initial genotype with fitness
1.0, h is the dominance coefficient of the new mutation, and F
is the inbreeding coefficient (set to 1.0 for the case of complete
selfing). The variance of this process generated by genetic drift is
given by

Vax = x(1 — X)/2N,,

where N, is the effective size of the population (here taken to be
1000). The diffusion equation was solved numerically using
Mathematica (Wolfram Research) under the boundary conditions
u(0,t)=0, u(1, t) = 1, and u(x, 0) = [x* + x(1 — x)F]* (code provided
in Supplemental Methods).

The probability of fixation at any time point was calculated
by obtaining the value of u(xo, f), with x, set to the initial fre-
quency of a new mutation (1/2000). Treating each mutation as
independent of one another, the number of mutations expected
to reach fixation over a period of T generations was calculated as
thlu(xo, t). For the case of complete selfing, the dominance pa-
rameter h has no influence on the probability of fixation.

These theoretical approximations were tested using a simula-
tion of the entire mutation and fixation process. Mutation, genetic
drift, and selection were sequentially imposed on a population
initially fixed for the less fit allele. The number of generations
needed for the alternative high fitness allele to become fixed
within the population was recorded, with the probability of fixa-
tion at a given generation calculated as the fraction of 108 replicate
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populations in which the high fitness allele became fixed. The
results presented here assume a population size of 1000 in-
dividuals. Results for other population sizes are presented in the
Supplemental Figure S4.
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