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1  | INTRODUC TION

Mutations are the ultimate source of genetic variation; consequently, 
all biodiversity reflects the input of mutation to the evolutionary 
process (Nei, 2013). The mutation rate and the distribution of fit-
ness effects of mutation figure prominently in evolutionary theory 
in such varied subjects as adaptation (e.g., Fisher, 1930; Orr, 1998), 
the evolution of sex (e.g., Kondrashov, 1988; Muller, 1964), and 
expectations about standing genetic variation (Barrett & Schluter, 
2008; Haldane, 1937). The effects of mutation may also depend on 
environmental conditions. Whether a mutation is neutral, beneficial, 
or deleterious can vary across spatial and temporal environments or 
with environmental quality (Hietpas, Bank, Jensen, & Bolon, 2013; 
Kraemer, Morgan, Ness, Keightley, & Colegrave, 2016; Latta et al., 

2015; Martin & Lenormand, 2006, 2015). Unfortunately, except for 
a very few studies (Roles & Conner, 2008; Roles, Rutter, Dworkin, 
Fenster, & Conner, 2016; Rutter, Shaw, & Fenster, 2010; Rutter et al., 
2012) we have a relatively poor understanding of the effect of mu-
tation on fitness under natural conditions and thus few direct mea-
sures of the temporal and spatial variability in mutation rates and 
effects outside of the laboratory.

Mutation accumulation lines (MA lines) have been used for 
50 years to quantify mutation parameters (reviewed in Halligan & 
Keightley, 2009). MA lines are inbred lines which themselves are 
derived from inbred founders; thus, any genetic differences among 
the lines represent the fixation of spontaneous mutations in the dif-
ferent lines. The lines are maintained by a small sample of progeny 
each generation, and in the case of selfing organisms, for example, 
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Arabidopsis thaliana, they are maintained with the minimum effective 
population size of one. Consequently, there is minimal bias in the 
fixation of deleterious versus beneficial mutations within the lines 
(Lynch & Walsh, 1998). The amount of among- line variance due to ge-
netic sources can be used to estimate mutation rate for a phenotype, 
and by assaying the premutation founder simultaneously with the 
MA lines, one can estimate the distribution of mutation effects, and 
whether they increase or decrease the value relative to the founder 
phenotype (e.g., Bataillon, 2000; Heilbron, Toll- Riera, Kojadinovic, & 
MacLean, 2014; Lynch et al., 1999; MacKenzie, Saadé, Le, Bureau, & 
Schoen, 2005; Morgan, Ness, Keightley, & Colegrave, 2014; Rutter 
et al., 2010; Shaw, Geyer, & Shaw, 2002). It is typically assumed that 
the vast majority of mutants that affect fitness will decrease fitness 
relative to the founder (Keightley & Lynch, 2003).

To date, most studies utilizing the MA line approach have been 
conducted under controlled or laboratory conditions. Despite the 
elegance of these laboratory studies, many mutations with fitness 
consequences may be cryptic, when factors that typically delete-
riously affect an organism, such as disease or predation, are mini-
mized in controlled conditions. Controlled experiments also imply 
that environmental conditions are uniform and their effects are also 
minimized, perhaps leading to overestimates of mutation effects on 
the phenotype relative to environmental effects. Controlled exper-
iments will also fail to detect season- to- season or site- to- site vari-
ation as sources of environmental effects that influence mutation 
parameters. There is some evidence suggesting that season- to- 
season variation is an important component of balancing selection 
(Delph & Kelly, 2014; Schemske & Bierzychudek, 2001) and may be 
involved in the maintenance of genetic variation and the role of mu-
tations thereof (Connallon & Clark, 2015; Haldane & Jayakar, 1963).

Previously mutation parameters had been quantified in one field 
and one greenhouse planting for 100 A. thaliana MA lines developed 
by Shaw et al. (2002) from a Columbia founder (Rutter et al., 2010). 
The fates of five of these same 100 MA lines were described from 
multiple field environments (Rutter et al., 2012). These five lines 
were also sequenced. Based on the MA line variance and perfor-
mance relative to the founder, we quantified a high rate of benefi-
cial mutations and a high genomic mutation rate for fitness (haploid 
mutation rate = 0.12). A large contribution of environment to phe-
notype resulted in a low estimate of the contribution of mutation 
to standing genetic variation for fitness (h2

m
 = 0.0001) (Rutter et al., 

2010). A significant genotype × environment interaction was found 
for the five MA lines (Rutter et al., 2012). For 50 of these lines grown 
across two spatial environments, significant variance genotype by 
environment interactions was also found (Roles et al., 2016).

Here, we extend the previous findings of Rutter et al. (2010, 
2012) using the same 100 A. thaliana MA lines, with phenotypes 
measured across a temporal environmental scale. We present the 
mutational variances and the distribution of mutation effects across 
four natural field environments, for fitness and fitness components. 
We ask: (1) Is the observation of many mutations that are not delete-
rious found consistently across replicated experiments? (2) How do 
mutation effects scale to environmental variation? We planted our 

experiments in two fall and spring seasons in a nearly identical loca-
tion to test the effects of mutations. Our planting times correspond 
to the two life histories exhibited by A. thaliana in its native range: 
winter annual (fall planting) and spring ephemeral (spring planting). 
Here, we focus on variance G × E that is whether the mutation pa-
rameters having to do with genetic variation introduced by mutation 
vary among seasons.

2  | METHODS

The 100 lines of A. thaliana used in these experiments were the 
products of 25 generations of mutation accumulation. Methods for 
generating the lines are described previously (Rutter et al., 2010, 
2012; Shaw et al., 2002). Briefly, all lines were derived from a single 
progenitor of the Columbia accession (the progenitor individual dif-
fers from the sequenced Col- 0 line by a few mutations; Ossowski 
et al., 2010). Six sublines were created from the progenitor line and 
were kept in cold storage (4.5°C). Individual MA lines were propa-
gated by choosing a single seed at random to found the next gen-
eration. This procedure minimizes the potential for selection for or 
against mutations during the accumulation period. The lines were 
propagated for 24 generations at the University of Minnesota and 
for a 25th generation at the University of Maryland.

After mutation accumulation, field sublines were created for all 
100 MA lines, along with field sublines of each progenitor subline. 
All field sublines were grown simultaneously in a greenhouse at the 
University of Maryland. The field subline plants grown in this single 
event produced seed that were used in all subsequent field experi-
ments. Multiple field sublines were used for each MA line and for the 
progenitor line to dilute the idiosyncrasies of environmental effects 
on seed production by a particular maternal plant. Thus, seed from 
all lines in an experiment was of the same age and from maternal 
plants grown in the same environment.

Field experiments were carried out in spring 2004, fall 2004, 
spring 2005, and fall 2005, with the following previously described 
methods (Rutter et al., 2010, 2012). Before each experiment, seeds 
were placed on moist potting soil in groups of 20 per germination 
pot, cold- treated at 4°C, and moved to a greenhouse for germina-
tion. Ten days after removal from the cold, germination was assessed 
in each pot, and seedlings were transplanted from germination pots 
to a 144- well flat. Positions within the flat corresponded to field po-
sitions, and thus, plants from the 100 MA lines and the progenitor 
line were randomized within each of 14 blocks, where each block 
used plants from four flats (three filled flats and one partially filled 
flat). Within each block, each field subline was represented by one 
to three plants, for a total of five plants from each MA line and 36 
plants from the progenitor (six plants for each of the six progenitor 
lines), yielding 500 MA plants and 36 progenitor plants per block. 
Three to five field sublines represented each MA line, and six field 
sublines were used for each of the six progenitor sublines. However, 
due to variability in seed production across maternal plants, for the 
MA lines, field subline identity was not perfectly identical across 
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experiments, although multiple field sublines represented each MA 
line in every experiment. This set of 7,504 plants (7,000 MA plants 
and 504 progenitor plants) was used as a basic framework across all 
four field experiments. As described below, some additional Col- 0 
plants were also grown in two experiments.

At approximately 15 days after plants had been removed 
from the cold, they were transplanted into a field site at Blandy 
Experimental	Farm,	located	at	Boyce,	Virginia,	USA	(39°03′45.1″N,	
78°03′30.5″W).	At	this	point,	seedlings	typically	had	two	to	four	true	
leaves and were robust to transplant shock. To simulate the early 
successional habitat of A. thaliana, the field sites were treated with 
herbicide 3 months before planting and were plowed 3–6 weeks be-
fore transplant. There was little vegetation at the time of transplant, 
but local vegetation became established in the plots during each of 
the experiments.

Seedlings were transported from the greenhouse to the field site 
in flats and then were transplanted along with their soil plug into the 
field site. Plants within a flat were planted in a rectangular grid with 
plants spaced 10 cm apart from each other. Flats in the same block 
were separated by 1 m within each block. Blocks were separated 
spatially from each other by 2 m. The plowed area extended several 
meters beyond the experimental area. Plants that died during the 
first 3 days of transplant (likely from transplant shock) were replaced 
with other plants from the same MA line. Plants were censused reg-
ularly for survival. When roughly 50% of the plants had flowered, 
we performed a census of whether each plant was flowering (the 
census did not occur in the fall 2005 experiment). For both fall and 
spring plantings, all plants had senesced and were harvested in May. 
Biomass, counts of total full and aborted fruits (measuring less than 
5 mm) and a sample of fruit size were taken from dried plant material 
from each plant. The fall 2004 experiment was an exception in which 
less data were collected, as described below. We report analyses on 
these measures as well as on a cumulative fitness measure that com-
bines survival and full fruit produced by counting any plant that did 
not survive to reproduce as having zero fitness.

Seedlings were planted in spring and fall, reflecting the two life 
histories of Arabidopsis, and the plantings occurred in each of 2 years 
(2004 and 2005). The founder Columbia line is capable of acting as a 
spring ephemeral and as a winter annual, but the typical life history 
of the source population of Columbia is unknown. In both life histo-
ries, plants senesce at the field site with similar timing, in late April or 
early May. Although the independent plantings differed temporally, 
they were spatially clustered within the same 200 m2 area at Blandy 
Experimental Farm.

It is possible that the premutation founder Columbia individu-
als have declined in fitness relative to the sequenced line commonly 
used in the study of Arabidopsis; this could explain why the distribu-
tion of mutational effects includes fewer harmful mutations. To test 
whether the founder line is underperforming Columbia, additional 
140 seeds from the sequenced Columbia genotype were obtained 
directly from the Arabidopsis Biological Research Center. Five plants 
from this genotype were included in each block in the spring and fall 
2005 plantings.

In the fall 2004 experiment, the plants were very large and 
overall fruit numbers were extremely high. In this case, we found 
that fruit number was highly correlated with biomass (r2 = .96) in a 
randomly selected subset of the plants (Rutter et al., 2012) and we 
thus estimated fruit number from biomass for the fall 2004 planting 
rather than measuring fruit number directly.

2.1 | Statistical analysis

In this study, mutational variance is estimated by the among- line 
variance of the MA lines. We used a mixed- modeling approach to 
estimate and test the significance of mutational variance. Due to 
unequal sampling of progenitor lines and MA lines, we performed 
univariate analyses to estimate variance on the MA lines alone. 
Similarly, we analyzed each experiment separately. All analyses were 
performed in R version 3.3.3 (R Core Team, 2017). The response 
variables consist of counts, continuous measurements, or binary 
responses. Count variables include number of flowers, number of 
aborted fruits, number of good fruits, and total fitness (the product 
of germination, survival, and number of fruits). Continuous meas-
urements include biomass and fruit length. Binary variables in-
clude germination, survival, flowering, and percent aborted fruits. 
Germination includes all seeds planted in the greenhouse prior to 
transplantation to the field. Survival and fitness include all individu-
als planted in the field. All other variables are subsets that include 
only individuals that survived to flowering. For count and binary var-
iables, we used the appropriate distribution (Poisson and binomial, 
respectively) in our analyses. We analyzed each response variable 
using (1) likelihood- based estimation with the lme4 library (version 
1.1- 13; Bates, Maechler, Bolker, & Walker, 2015) and (2) Bayesian 
Markov chain Monte Carlo generalized linear mixed models with the 
MCMCglmm library (version 2.24; Hadfield, 2010).

The full model for a given experiment included the random ef-
fect of block, the random effect of line, the random effect of field 
subline nested within line, and residual error. For each response vari-
able, we evaluated which explanatory variables to include in the final 
MCMCglmm model with a parametric bootstrap using the maximum- 
likelihood fit; this approach takes advantage of the robust estimates 
from MCMCglmm while accounting for the instability of such mod-
els when using a prior for random effects with low variance. Model 
fitting of effects allowed us to (1) evaluate the importance of co-
variates (such as field subline or block) and (2) identify and address 
instability introduced by some explanatory variables. First, we con-
structed a series of glmer model pairs with one model including and 
the other excluding an explanatory variable and we calculated the 
observed likelihood ratio of the deviance for each model pair. Next, 
we ran 1,000 replicates of the parametric bootstrap, fitting the sim-
ulated data to the model pair and constructing the likelihood ratio 
of the deviance for each replicate. Finally, we calculated the prob-
ability of our observed likelihood ratio as the fraction of replicates 
in which the simulated likelihood ratio was larger than the observed 
likelihood ratio. If this p- value was below .05, then we considered 
the focal variable to have significant explanatory power and retained 
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the variable for the MCMCglmm analysis. Having determined the ex-
planatory variables to retain in the model for each response variable, 
we then ran that model using MCMCglmm and used the results to 
estimate our parameters of interest. We used MCMCglmm parame-
ter estimates because these models produce more robust estimates 
of the random effects for non- Gaussian data (Hadfield, 2010).

For each response variable, the per- generation increase in genetic 
variance due to mutation (mutational variance, Vm) was calculated as 
Vm=

Vl

2t
, where Vl is the among- line variance and t is the number of 

generations of divergence (Lynch & Walsh, 1998). Mutational herita-
bility (h2

m
), which is the rate of increase in heritability due to new mu-

tations, was calculated as h2
m
=

Vm

Ve

 (Houle, Morikawa, & Lynch, 1996). 
We also calculated the mutational coefficient of genetic variation 
CVm, which is scaled to the mean by computing 100(

√

Vm

x̄
) where x̄ 

is the trait mean for Gaussian response variables (Lande, 1975; 
Lynch & Walsh, 1998). For Poisson variables, CVm was calculated as 
100(e

√

Vm −1) for ln scale. For each of these estimates, 95% CIs were 
estimated from the posterior distributions of the MCMCglmm out-
put. Note that non- normality of the data and the use of log or logit 
transformations in analysis will influence the estimates. For example, 
the transformations eliminate the multiplicativity of the fitness com-
ponents estimated from the model outputs.

To compare mean trait values for the overall set of MA lines with 
the founder and Columbia from the stock center, a series of paired t 
tests were conducted for each trait within each experimental plant-
ing and for a combined dataset that included all four experimental 
plantings. T test comparisons were between the MA line means and 
the founder, MA lines and Columbia, and Columbia and the founder. 
T tests involving Columbia were restricted to the two plantings for 
which this accession was included.

3  | RESULTS

The four planting seasons differed substantially in plant perfor-
mance. In both spring seasons, adult reproductive plants were small. 
Mortality varied considerably between the two spring plantings, 
with higher prereproduction mortality of seedlings transplanted in 

spring 2005 (39%, SE: 0.56%) compared with spring 2004 (21%, SE: 
0.47%), possibly because the conditions during the spring growing 
season were cooler and drier in 2005 (Table S1). In both fall sea-
sons, mortality over the winter was high, with higher mortality in the 
winter of 2005–2006 (73%, SE: 0.51%) than in 2004–2005 (59%, SE: 
0.57%). Again, conditions in December 2005 (during rosette devel-
opment) were cooler and drier than in 2004. Those plants that suc-
cessfully survived the winter had much higher fruit production than 
plants transplanted in the spring. Overall, average fitness of the MA 
lines was highest in fall 2004–2005 and lowest in fall 2005–2006. 
The spring plantings had intermediate fitness or fitness close to fall 
2005–2006, due to the combination of lower mortality and smaller 
size. Germination occurred in the greenhouse prior to transplanta-
tion, and there was little variation in overall germination rate (spring 
2004: 93%; fall 2004: 96%; spring 2005: 96%; fall 2005: 94%).

In the context of the seasonal variation in environmental con-
ditions, some mutational parameters changed across seasons while 
others remained consistent. Mutational variance among the MA 
lines was significant in at least one season for every trait measured 
from plants grown in the field except fruit length (Table 1). For four 
traits (the number of aborted fruits, the number of filled fruits, the 
number of flowers, and the integrated fitness measure), significant 
mutational variation was found in every season. For biomass, the 
timing of flowering, and survivorship, significant mutational variance 
was found in some seasons but not others.

Environmental variances were generally higher in fall plantings 
than in spring (mortality was high and surviving plants were large 
in the fall planting experiment), except for the number of aborted 
fruits, which had similar environmental variances in the spring of 
2004 and fall of 2005 (Table 2). Environmental variances for over-
all fitness were especially high for the fall plantings relative to the 
spring plantings. Despite the differences in environmental variance, 
measures of h2

m
 were in a narrow range between 0.0001 and 0.0004, 

with a somewhat higher estimate of h2
m

 for fruit length, 0.0006, in 
the fall 2005 planting. While mean trait values differed between 
seasons for traits measured in the field, there was no clear conse-
quence for h2

m
 values. Most of the measures of the coefficient of 

mutational variance also showed little season- to- season variability.

Trait Spring 2004 Spring 2005 Fall 2004 Fall 2005

Survival .002 .083 .106 .018

Timing of flowering .159 .004 .001

Biomass .415 .065 .002 .294

Number of flowers .001 .001 .001

Fruit length .421 .820 .083

Fruit number .001 .001 .001

Number of aborted 
fruits

.001 .001 .001

Fitness estimate .001 .001 .001 .001

Missing cells represent traits that were not measured.
Significant variances are in bold.

TABLE  1 p- values for among- line 
variance for 100 MA lines derived from 
the Columbia accession of Arabidopsis 
thaliana for each trait in each experiment
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The mean trait value for the MA lines did not differ significantly 
from the founder for any trait, either in single experiments or across 
all experiments (all p- values >.15) (Table 3). Plants grown from 
Columbia accession seed provided by the stock center and grown in 
the spring 2005 planting had significantly lower survival (p < .0001) 
and total fitness (square root- transformed, p < .0001) than the MA 
plants and founder plants. In the fall 2005 planting, there were no 
significant differences for any trait between the plants grown from 
stock center and the MA and founder plants.

4  | DISCUSSION

4.1 | Distribution of mutational effects

There was never a significant difference between founder trait val-
ues and the overall mean trait values of the MA lines in any trait in 
any season. Similar means between the founder and mutant lines are 
not surprising for the cases for which there was no detectable mu-
tational variance. However, when mutational variance was present, 
we still found no evidence of a decline in overall mean fitness. These 
findings were true for traits that are direct components of fitness, 
such as fruit production and survival. Similar results have been found 
previously for these mutation accumulation lines (Roles et al., 2016; 
Rutter et al., 2010; Shaw et al., 2002) and independently derived 
MA lines from the same founder (MacKenzie et al., 2005). In total, 
these studies represent a collection of nine assays of lines derived 
from this founder: six in the field (across two sites and four seasons) 
and three in greenhouse conditions. Clearly, the similar performance 
of MA lines and founders is not an idiosyncrasy of a single assay. 
As another measure of wild- type performance, Columbia lines that 
were obtained directly from the Arabidopsis stock center actually 
had lower trait values for fitness in the field than either the founder 
line or the MA lines, primarily due to lower survivorship. However, 
because these plants originated from seed directly provided by the 
Arabidopsis Biological Resource Center, phenotypic differences 
might reflect effects of seed age or the seed production environ-
ment. The Columbia seeds representing the founder, on the other 
hand, were generated at the same time as the MA line seeds. In addi-
tion, although the founder was generated from the Columbia acces-
sion, it does carry several mutations that differ from the Columbia 
reference (Ossowski et al., 2010). Our findings are an exception to 
the widely held assumption that nearly all mutations are deleterious 
(Bataillon, 2003; Keightley & Lynch, 2003). There are other reports 
of high frequencies of beneficial mutations that are either induced or 
spontaneous (Hall, Mahmoudizad, Hurd, & Joseph, 2008; Perfeito, 
Fernandes, Mota, & Gordo, 2007; Schaack, Allen, Latta, Morgan, & 
Lynch, 2013; Zhang, Azad, & Woodruff, 2011).

Given that our founder genotype originates from Northern 
Germany and has experienced a series of inbreeding events through-
out its laboratory cultivation, and our experiments were conducted 
in the novel environment of the Virginia Blue Ridge, our observation 
of a lack of an overall deleterious effect of mutation may be consis-
tent with Fisher’s (1930) geometric model. In this case, the assayed 

population may be far from its optimum in the new environment, in-
creasing the likelihood a mutation will be beneficial, as has been ob-
served with experimental studies of microorganisms (Burch & Chao, 
1999; Khan, Dinh, Schneider, Lenski, & Cooper, 2011; Kryazhimskiy, 
Rice, Jerison, & Desai, 2014; MacLean, Perron, & Gardner, 2010; 
Perfeito, Sousa, Bataillon, & Gordo, 2014) and in one field study with 
A. thaliana (Stearns & Fenster, 2016). It is also possible that there was 
within- plant selection during the propagation of the mutation accu-
mulation lines (Otto & Orive, 1995). However, new explanations may 
be required to describe the conditions that lead to the phenomenon 
of a symmetric distribution of mutational effects.

4.2 | Variance G × E

Given that the MA lines shared nearly identical sets of mutations 
across all of the assay environments, differences in MA line variance 
are likely due to the different expression of mutations in each assay 
environment (Latta et al., 2015); for example, epigenetic differences 
between assays or between MA lines may explain some MA line dif-
ferences (Jiang et al., 2014). As mutational variance approaches zero, 
there is decreasing potential for selection to act on the new mu-
tations. Even mutations that are deleterious in some environments 
are likely to be neutral in environments with very small mutational 
variance. If environments in which mutations have little effect are 
common, standing genetic variation could be maintained even when 
there is strong phenotypic selection.

The contrasting contribution of mutations and environment to 
phenotypic variation for any of the traits in our experiment, includ-
ing fitness, is striking. The environmental effects typically had three 
to four orders of magnitude greater effect on producing variation 
than mutation. In this context, mutation effects are very small and 
mutations are more likely to be maintained within the population 
as standing genetic variation (Charlesworth & Charlesworth, 2010).

Seasonal variation in environmental variances was much more 
evident for some traits than others. For example, for biomass, fruit 
number, the number of flowers, and the number of aborted fruit 
the environmental variance differed by over an order of magnitude 
across seasons and by several orders of magnitude in some cases. 
However, for fruit length, seasonal differences in environmental 
variance were much smaller. Such varied response across traits likely 
reflects differences in the environmental contribution to trait values. 
Fruit length may be little influenced by environmental quality, while 
total fruit number may depend substantially on the quality of the en-
vironment. Trait means may be a useful proxy for describing environ-
mental quality (e.g., higher mean fruit number would be expected in a 
higher quality or low stress environment), but changes in trait means 
did not clearly match changes in h2

m
, average performance in MA lines 

or mutational variances. Our finding is consistent with other broad 
surveys that indicate that environmental stresses do not change the 
strength of selection on new mutations in a consistent fashion—that 
is, making new mutations more deleterious or more beneficial on av-
erage (Agrawal & Whitlock, 2010; Martin & Lenormand, 2006). Poor 
environments may or may not allow selection to discriminate among 
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new mutations, although there is evidence that the most stressful 
environments may magnify mutation effects (Kraemer et al., 2016). 
Similarly, larger environmental variance may or may not prevent se-
lection from acting on new mutations.

4.3 | Calibration of mutational variance with 
standing genetic variation

At the sequence level, mutation rates have been documented in an 
increasing number of organisms (e.g., Denver et al., 2012; Sung et al., 
2012) and are typically about 1 × 10−8 at the nucleotide level and 
about one new mutation at the gamete level. At the phenotype level, 
mutation rates vary from about 0.01 to 0.1 for each new gamete, 
with estimates of mutational heritability, h2

m
, ranging from 10−4 to 

10−3 (Lynch et al., 1999). Comparing the mutational variance with 
the variance among populations in a species allows us to calibrate 
the amount of phenotypic variance generated each generation by 
mutation with an estimate of the total extant phenotypic variance 
generated over millions of years of evolution in a species (A. thaliana 

diverged from the closely related Arabidopsis lyrata ~10 million years 
ago) (Hu et al., 2011). In this study, nearly all of our estimates of the 
per- generation contribution of mutations to heritable genetic vari-
ance scaled to environmental variation (h2

m
) are consistently around 

10−4. If we scale up our estimates of Vg to 25 generations of MA, 
then mutations have contributed on the order of 2 × 10−3 Vg scaled 
to Ve for fitness. In contrast, studies of accessions grown in field- 
like settings, or RILs generated from an extreme cross of Italian and 
Swedish A. thaliana populations, similarly measured for fitness or fit-
ness proxies found Vg scaled to Ve is much higher, on the order of 
0.05–0.1 (Ågren, Oakley, McKay, Lovell, & Schemske, 2013; Rutter 
& Fenster, 2007; Samis et al., 2012; Stearns & Fenster, 2016), as one 
might expect. However, to put this into the context of mutational 
contributions to fitness variance, after only 25 generations of MA, 
the 100 lines have diverged such that this population of 100 MA 
lines has on the order of 25- fold less fitness variation than found 
in a survey of 21 worldwide A. thaliana accessions grown at a sin-
gle site (Rutter & Fenster, 2007). Presumably, the extant genetic 
variation among populations is attributable to a wider sampling of 

TABLE  3 Untransformed means and 95% confidence intervals for the MA lines, founder lines, and Col- 0 lines for all traits and 
experiments

Trait Experiment MA mean Founder mean Col- 0 mean

Percent surviving to 
reproduction

Spring 2004 78.9 (77.9–79.8) 78.2 (74.6–81.8)

Percent surviving to 
reproduction

Fall 2004 45.5 (45.3–47.7) 43.8 (39.5–48.1)

Percent surviving to 
reproduction

Spring 2005 61.3 (60.1–62.4) 61.5 (57.2–65.8) 21.4 (15.8–27)

Percent surviving to 
reproduction

Fall 2005 14.4 (13.5–15.2) 16.5 (13.2–19.7) 11 (6.6–15.2)

Biomass Spring 2004 0.0769 (0.075–0.0789) 0.079 (0.0714–0.0866)

Biomass Fall 2004 1.48 (1.44–1.52) 1.42 (1.27–1.57)

Biomass Spring 2005 0.119 (0.116–0.123) 0.112 (0.075–0.149)

Biomass Fall 2005 0.50 (0.46–0.55) 0.48 (0.34–0.63) 0.57 (0.12–1.03)

Number of fruits Spring 2004 22.1 (21.4–22.8) 22.7 (19.9–25.5)

Number of fruits Spring 2005 48.2 (46.5–49.8) 46.1 (40–52.2) 48.2 (30.4–65.9)

Number of fruits Fall 2005 198 (178–218) 196 (126–265) 223 (41–405)

Number of aborted fruits Spring 2004 49.7 (48.5–50.9) 50.7 (46–55.3)

Number of aborted fruits Spring 2005 48.4 (47.2–49.6) 47.5 (42.9–52.1) 43.5 (33.1–53.9)

Number of aborted fruits Fall 2005 321 (299–343) 320 (244–397) 276 (121–432)

Percent fruit aborted Spring 2004 73.4 (72.9–74) 72.9 (70.8–75)

Percent fruit aborted Spring 2005 56.8 (56.1–57.5) 57 (54.3–60) 60.6 (53.3–67.9)

Percent fruit aborted Fall 2005 69.2 (67.5–70.9) 71.1 (65.2–77) 60.5 (44–76.9)

Fruit length Spring 2004 10.5 (10.4–10.5) 10.4 (10.1–10.7)

Fruit length Spring 2005 11.5 (11.4–11.6) 11.2 (10.9–11.6) 11.2 (10.3–12.2)

Fruit length Fall 2005 10.2 (10–10.4) 9.8 (9.1–10.5) 11.1 (9.4–12.7)

Fitness Spring 2004 17.4 (16.8–18) 17.7 (15.3–20.1)

Fitness Fall 2004 357 (344–370) 325 (281–369)

Fitness Spring 2005 29.5 (28.4–30.7) 28.4 (24.1–32.6) 10.3 (5.7–14.9)

Fitness Fall 2005 17.1 (14.9–19.2) 19.0 (10.7–27.3) 11.7 (1.1–22.2)
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evolutionary process, including mutation, drift, gene flow, and se-
lection. Seen in this way, mutations may contribute significantly to 
standing genetic variation at the population level. Consistent with 
this finding, phenotypic variation in scutellar bristle number among 
Drosophila melanogaster MA lines (Mackay, Fry, Lyman, & Nuzhdin, 
1994; Mackay, Lyman, & Jackson, 1992) was greater than observed 
in a worldwide survey of D. melanogaster populations (Capy, Pla, & 
David, 1993).

We can also scale the contribution of mutations to heritable ge-
netic variation for fitness phenotypes to the amount of sequence 
variation found among our MA lines as well as among accessions. The 
amount of sequence variation among the five sequenced MA lines 
is roughly three orders of magnitude less than among 80 sequenced 
natural accessions when focused solely on the private mutations (21 
mutations versus 22,000 private alleles) (Cao et al., 2011; Ossowski 
et al., 2010). Thus, the mutations in our study scale up to express her-
itable phenotypic variation about 40- fold more than expected based 
on sequence differences alone (as above, phenotypic differences be-
tween accessions are about 25 times greater among accessions than 
MA lines). Explanations for this observation include selective removal 
of deleterious mutations in native environments or epigenetic dif-
ferences among the MA lines (Becker et al., 2011). Notably, similar 
differences between the amount of genetic and phenotypic variation 
were also found in a selection experiment with maize (Durand et al., 
2015).

5  | CONCLUSION

Our replicated field studies consistently demonstrate that the muta-
tion accumulation lines have significant variance for life history and 
fitness characters, but do not differ on average from the founder 
for these traits. Such a result suggests that there is not an inherent 
preponderance of deleterious mutations in the A. thaliana Columbia 
background. Furthermore, while we quantified a relatively high hap-
loid whole genomic mutation rate of 0.12 for fitness in one of the 
plantings (Rutter et al., 2010), we consistently observe h2

m
 to be low, 

an order of magnitude lower than many studies conducted in the 
laboratory (Lynch & Walsh, 1998). The likely explanation is that the 
low h2

m
 quantified here reflects elevated Ve under field conditions. 

Relatively high mutation rates for fitness in the context of large in-
puts of Ve combined with a high frequency of beneficial mutations 
all suggest that mutations can contribute substantially to standing 
genetic variation for fitness.

ACKNOWLEDG MENTS

We thank R. Shaw for providing seeds from the MA lines; R. 
Reynolds, C. Murren, R. Cancelas, L. Cancelas, J. Byrd, K. Masi, K. 
Strader, A. Royer, and R. Mobarec for help in the field at Blandy; 
J. Zerfass, T. Huebner, I. Khan, D. Tran, J. Shin, K. Agrawal, and 
S. Kasuba for help in data collection and greenhouse work. This 
project was supported by National Science Foundation Grants 

#0315972 and #1257902 to C.B.F. and #0307180 and #1258053 
to M.T.R.

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

MTR and CBF designed and conducted the experiments. MTR and 
AJR performed statistical analyses. MTR, AJR, and CMF wrote the 
manuscript.

ORCID

Matthew T. Rutter  http://orcid.org/0000-0002-0389-7293 

R E FE R E N C E S

Agrawal, A. F., & Whitlock, M. C. (2010). Environmental duress and 
epistasis: How does stress affect the strength of selection on new 
mutations?. Trends in Ecology & Evolution, 25, 450–458. https://doi.
org/10.1016/j.tree.2010.05.003

Ågren, J., Oakley, C. G., McKay, J. K., Lovell, J. T., & Schemske, D. W. 
(2013). Genetic mapping of adaptation reveals fitness tradeoffs in 
Arabidopsis thaliana. PNAS, 110, 21077–21082.

Barrett, R. D., & Schluter, D. (2008). Adaptation from standing genetic 
variation. Trends in Ecology & Evolution, 23, 38–44. https://doi.
org/10.1016/j.tree.2007.09.008

Bataillon, T. (2000). Estimation of spontaneous genome- wide mutation 
rate parameters: Whither beneficial mutations? Heredity, 84, 497–
501. https://doi.org/10.1046/j.1365-2540.2000.00727.x

Bataillon, T. (2003). Shaking the ‘deleterious mutations’ dogma? Trends 
in Ecology & Evolution, 18, 315–317. https://doi.org/10.1016/
S0169-5347(03)00128-9

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed- effects models using lme4. Journal of Statistical Software, 67, 
1–48.

Becker, C., Hagmann, J., Müller, J., Koenig, D., Stegle, O., Borgwardt, 
K., & Weigel, D. (2011). Spontaneous epigenetic variation in the 
Arabidopsis thaliana methylome. Nature, 480, 245–249. https://doi.
org/10.1038/nature10555

Burch, C. L., & Chao, L. (1999). Evolution by small steps and rugged land-
scapes in the RNA virus ϕ6. Genetics, 151, 921–927.

Cao, J., Schneeberger, K., Ossowski, S., Gunther, T., Bender, S., Fitz, J., … 
Weigel, D. (2011). Whole genome sequencing of multiple Arabidopsis 
thaliana populations. Nature Genetics, 43, 956–963. https://doi.
org/10.1038/ng.911

Capy, P. E., Pla, E., & David, J. R. (1993). Phenotypic and genetic 
variability of morphometrical traits in natural populations of 
Drosophila melanogaster and D. simulans. I. Geographic vari-
ations. Genetics Selection Evolution, 25, 517–536. https://doi.
org/10.1186/1297-9686-25-6-517

Charlesworth, B., & Charlesworth, D. (2010). Elements of evolutionary ge-
netics. Greenwood Village, CO: Roberts and Company.

Connallon, T., & Clark, A. G. (2015). The distribution of fitness effects in 
an uncertain world. Evolution, 69, 1610–1618. https://doi.org/10.1111/
evo.12673

Delph, L. F., & Kelly, J. K. (2014). On the importance of balancing selec-
tion in plants. New Phytologist, 201, 45–56. https://doi.org/10.1111/
nph.12441

http://orcid.org/0000-0002-0389-7293
http://orcid.org/0000-0002-0389-7293
https://doi.org/10.1016/j.tree.2010.05.003
https://doi.org/10.1016/j.tree.2010.05.003
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1046/j.1365-2540.2000.00727.x
https://doi.org/10.1016/S0169-5347(03)00128-9
https://doi.org/10.1016/S0169-5347(03)00128-9
https://doi.org/10.1038/nature10555
https://doi.org/10.1038/nature10555
https://doi.org/10.1038/ng.911
https://doi.org/10.1038/ng.911
https://doi.org/10.1186/1297-9686-25-6-517
https://doi.org/10.1186/1297-9686-25-6-517
https://doi.org/10.1111/evo.12673
https://doi.org/10.1111/evo.12673
https://doi.org/10.1111/nph.12441
https://doi.org/10.1111/nph.12441


5584  |     RUTTER ET al.

Denver, D. R., Wilhelm, L. J., Howe, D. K., Gafner, K., Dolan, P. C., & 
Baer, C. F. (2012). Variation in base- substitution mutation in exper-
imental and natural lineages of Caenorhabditis nematodes. Genome 
Biology and Evolution, 4, 513–522. https://doi.org/10.1093/gbe/
evs028

Durand, E., Tenaillon, M. I., Raffou, X., Thépot, S., Falque, M., Jamin, P., 
… Dillmann, C. (2015). Dearth of polymorphism associated with 
a sustained response to selection for flowering time in maize. 
BMC Evolutionary Biology, 15, 103. https://doi.org/10.1186/
s12862-015-0382-5

Fisher, R. A. (1930). The genetical theory of natural selection. Oxford, UK: 
Clarendon Press. https://doi.org/10.5962/bhl.title.27468

Hadfield, J. (2010). MCMC methods for multi- response generalized lin-
ear mixed models: The MCMCglmm R package. Journal of Statistical 
Software, 33(2), 1–22.

Haldane, J. B. S. (1937). The effect of variation of fitness. American 
Naturalist, 71, 337–349. https://doi.org/10.1086/280722

Haldane, J. B. S., & Jayakar, S. D. (1963). Polymorphism due to selection 
of varying direction. Journal of Genetics, 58, 237–242. https://doi.
org/10.1007/BF02986143

Hall, D. W., Mahmoudizad, R., Hurd, A. W., & Joseph, S. B. (2008). 
Spontaneous mutations in diploid Saccharomyces cerevisiae: Another 
thousand cell generations. Genetics Research, 90, 229–241.

Halligan, D. L., & Keightley, P. D. (2009). Spontaneous mutation accu-
mulation studies in evolutionary genetics. Annual Reviews of Ecology, 
Evolution and Systematics, 40, 151–172. https://doi.org/10.1146/an-
nurev.ecolsys.39.110707.173437

Heilbron, K., Toll-Riera, M., Kojadinovic, M., & MacLean, R. C. (2014). 
Fitness is strongly influenced by rare mutations of large effect in a 
microbial mutation accumulation experiment. Genetics, 197, 981–
990. https://doi.org/10.1534/genetics.114.163147

Hietpas, R. T., Bank, C., Jensen, J. D., & Bolon, D. N. A. (2013). Shifting 
fitness landscapes in response to altered environments. Evolution, 67, 
3512–3522. https://doi.org/10.1111/evo.12207

Houle, D., Morikawa, B., & Lynch, M. (1996). Comparing mutational vari-
abilities. Genetics, 143, 1467–1483.

Hu, T. T., Pattyn, P., Bakker, E. G., Cao, J., Cheng, J.-F., Clark, R. M., … Guo, 
Y. L. (2011). The Arabidopsis lyrata genome sequence and the basis of 
rapid genome size change. Nature Genetics, 43, 476–481. https://doi.
org/10.1038/ng.807

Jiang, C., Mithani, A., Belfield, E. J., Mott, R., Hurst, L. D., & Harberd, N. 
P. (2014). Environmentally responsive genome- wide accumulation of 
de novo Arabidopsis thaliana mutations and epimutations. Genome 
Research, 24, 1821–1829. https://doi.org/10.1101/gr.177659.114

Keightley, P. D., & Lynch, M. (2003). Toward a realistic model of mu-
tations affecting fitness. Evolution, 57, 683–685. https://doi.
org/10.1111/j.0014-3820.2003.tb01561.x

Khan, A. I., Dinh, D. M., Schneider, D., Lenski, R. E., & Cooper, T. F. (2011). 
Negative epistasis between beneficial mutations in an evolving bac-
terial population. Science, 332, 1193–1196. https://doi.org/10.1126/
science.1203801

Kondrashov, A. S. (1988). Deleterious mutations and the evolu-
tion of sexual reproduction. Nature, 336, 435–440. https://doi.
org/10.1038/336435a0

Kraemer, S. A., Morgan, A. D., Ness, R. W., Keightley, P. D., & Colegrave, 
N. (2016). Fitness effects of new mutations in Chlamydomonas rein-
hardtii across two stress gradients. Journal of Evolutionary Biology, 28, 
583–593. https://doi.org/10.111/jeb.12807 

Kryazhimskiy, S., Rice, D. P., Jerison, E. R., & Desai, M. M. (2014). Global 
epistasis makes adaptation predictable despite sequence- level 
stochasticity. Science, 344, 1519–1522. https://doi.org/10.1126/
science.1250939

Lande, R. (1975). The maintenance of genetic variability by mutation in a 
polygenic character with linked loci. Genetical Research, 26, 221–235. 
https://doi.org/10.1017/S0016672300016037

Latta, L. C. IV, Peacock, M., Civitello, D. J., Dudycha, J. L., Meik, J. M., 
& Schaack, S. (2015). The phenotypic effects of spontaneous muta-
tions in different environments. The American Naturalist, 185, 243–
252. https://doi.org/10.1086/679501

Lynch, M., Blanchard, J., Houle, D., Kibota, T., Schultz, S., Vassilieva, L., 
& Willis, J. (1999). Perspective: Spontaneous deleterious mutation. 
Evolution, 53, 645–663. https://doi.org/10.1111/j.1558-5646.1999.
tb05361.x

Lynch, M., & Walsh, B. (1998). Genetics and analysis of quantitative traits. 
Sunderland, MA: Sinauer.

Mackay, T. F., Fry, J. D., Lyman, R. F., & Nuzhdin, S. V. (1994). Polygenic 
mutation in Drosophila melanogaster: Estimates from response to se-
lection of inbred strains. Genetics, 136, 937–951.

Mackay, T., Lyman, R. F., & Jackson, M. S. (1992). Effects of P element 
insertions on quantitative traits in Drosophila melanogaster. Genetics, 
130, 315–332.

MacKenzie, J. L., Saadé, F. E., Le, Q. H., Bureau, T. E., & Schoen, D. J. 
(2005). Genomic mutation in lines of Arabidopsis thaliana exposed 
to ultraviolet- B radiation. Genetics, 171, 715–723. https://doi.
org/10.1534/genetics.105.042002

MacLean, R. C., Perron, G. G., & Gardner, A. (2010). Diminishing re-
turns from beneficial mutations and pervasive epistasis shape 
the fitness landscape for rifampicin resistance in Pseudomonas 
aeruginosa. Genetics, 186, 1345–1354. https://doi.org/10.1534/
genetics.110.123083

Martin, G., & Lenormand, T. (2006). A general multivariate extension 
of Fisher’s geometrical model and the distribution of mutation fit-
ness effects across species. Evolution, 60, 893–907. https://doi.
org/10.1111/j.0014-3820.2006.tb01169.x

Martin, G., & Lenormand, T. (2015). The fitness effect of mutations 
across environments: Fisher’s geometrical model with multi-
ple optima. Evolution, 69, 1433–1447. https://doi.org/10.1111/
evo.12671

Morgan, A. D., Ness, R. W., Keightley, P. D., & Colegrave, N. (2014). 
Spontaneous mutation accumulation in multiple strains of the green 
alga, Chlamydomonas reinhardtii. Evolution, 68, 2589–2602. https://
doi.org/10.1111/evo.12448

Muller, H. J. (1964). The relation of recombination to mu-
tational advance. Mutation Research/Fundamental and 
Molecular Mechanisms of Mutagenesis, 1, 2–9. https://doi.
org/10.1016/0027-5107(64)90047-8

Nei, M. (2013). Mutation-driven evolution. Oxford, UK: Oxford University 
Press.

Orr, H. A. (1998). The population genetics of adaptation: The distribution 
of factors fixed during adaptive evolution. Evolution, 52, 935–949. 
https://doi.org/10.1111/j.1558-5646.1998.tb01823.x

Ossowski, S., Schneeberger, K., Lucas-Lledo, J. I., Warthmann, N., Clark, 
R. M., Shaw, R. G., … Lynch, M. (2010). The rate and molecular spec-
trum of spontaneous mutations in Arabidopsis thaliana. Science, 327, 
92–94. https://doi.org/10.1126/science.1180677

Otto, S. P., & Orive, M. E. (1995). Evolutionary consequences of mutation 
and selection within an individual. Genetics, 141, 1173–1187.

Perfeito, L., Fernandes, L., Mota, C., & Gordo, I. (2007). Adaptive muta-
tions in bacteria: High rate and small effects. Science, 317, 813–815. 
https://doi.org/10.1126/science.1142284

Perfeito, L., Sousa, A., Bataillon, T., & Gordo, I. (2014). Rates of fitness 
decline and rebound suggest pervasive epistasis. Evolution, 68, 150–
162. https://doi.org/10.1111/evo.12234

R Core Team (2017). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.

Roles, A. J., & Conner, J. K. (2008). Fitness effects of mutation accu-
mulation in a natural outbred population of wild radish (Raphanus 
raphanistrum): Comparison of and field and greenhouse envi-
ronments. Evolution, 62, 1066–1075. https://doi.org/10.1111/ 
j.1558-5646.2008.00354.x

https://doi.org/10.1093/gbe/evs028
https://doi.org/10.1093/gbe/evs028
https://doi.org/10.1186/s12862-015-0382-5
https://doi.org/10.1186/s12862-015-0382-5
https://doi.org/10.5962/bhl.title.27468
https://doi.org/10.1086/280722
https://doi.org/10.1007/BF02986143
https://doi.org/10.1007/BF02986143
https://doi.org/10.1146/annurev.ecolsys.39.110707.173437
https://doi.org/10.1146/annurev.ecolsys.39.110707.173437
https://doi.org/10.1534/genetics.114.163147
https://doi.org/10.1111/evo.12207
https://doi.org/10.1038/ng.807
https://doi.org/10.1038/ng.807
https://doi.org/10.1101/gr.177659.114
https://doi.org/10.1111/j.0014-3820.2003.tb01561.x
https://doi.org/10.1111/j.0014-3820.2003.tb01561.x
https://doi.org/10.1126/science.1203801
https://doi.org/10.1126/science.1203801
https://doi.org/10.1038/336435a0
https://doi.org/10.1038/336435a0
https://doi.org/10.111/jeb.12807
https://doi.org/10.1126/science.1250939
https://doi.org/10.1126/science.1250939
https://doi.org/10.1017/S0016672300016037
https://doi.org/10.1086/679501
https://doi.org/10.1111/j.1558-5646.1999.tb05361.x
https://doi.org/10.1111/j.1558-5646.1999.tb05361.x
https://doi.org/10.1534/genetics.105.042002
https://doi.org/10.1534/genetics.105.042002
https://doi.org/10.1534/genetics.110.123083
https://doi.org/10.1534/genetics.110.123083
https://doi.org/10.1111/j.0014-3820.2006.tb01169.x
https://doi.org/10.1111/j.0014-3820.2006.tb01169.x
https://doi.org/10.1111/evo.12671
https://doi.org/10.1111/evo.12671
https://doi.org/10.1111/evo.12448
https://doi.org/10.1111/evo.12448
https://doi.org/10.1016/0027-5107(64)90047-8
https://doi.org/10.1016/0027-5107(64)90047-8
https://doi.org/10.1111/j.1558-5646.1998.tb01823.x
https://doi.org/10.1126/science.1180677
https://doi.org/10.1126/science.1142284
https://doi.org/10.1111/evo.12234
https://doi.org/10.1111/j.1558-5646.2008.00354.x
https://doi.org/10.1111/j.1558-5646.2008.00354.x


     |  5585RUTTER ET al.

Roles, A. J., Rutter, M. T., Dworkin, I., Fenster, C. B., & Conner, J. K. 
(2016). Field measurements of genotype by environment interaction 
for fitness caused by spontaneous mutation in Arabidopsis thaliana. 
Evolution, 70, 1039–1050. https://doi.org/10.1111/evo.12913

Rutter, M. T., & Fenster, C. B. (2007). Testing for adaptation to climate in 
Arabidopsis thaliana: A calibrated common garden approach. Annals 
of Botany, 99, 529–536. https://doi.org/10.1093/aob/mcl282

Rutter, M. T., Roles, A., Conner, J. K., Shaw, R. G., Shaw, F. H., 
Schneeberger, K., … Fenster, C. B. (2012). Fitness of Arabidopsis 
thaliana mutation accumulation lines whose spontaneous mu-
tations are known. Evolution, 66, 2335–2339. https://doi.
org/10.1111/j.1558-5646.2012.01583.x

Rutter, M. T., Shaw, F. H., & Fenster, C. B. (2010). Spontaneous 
mutation parameters for Arabidopsis thaliana mea-
sured in the wild. Evolution, 64, 1825–1835. https://doi.
org/10.1111/j.1558-5646.2009.00928.x

Samis, K. E., Murren, C. J., Bossdorf, O., Donohue, K., Fenster, C. 
B., Malmberg, R. L., … Stinchcombe, J. R. (2012). Longitudinal 
trends in climate drive flowering time clines in North American 
Arabidopsis thaliana. Ecology and Evolution, 2, 1162–1180. https://doi.
org/10.1002/ece3.262

Schaack, S., Allen, D. E., Latta, L. C., Morgan, K. K., & Lynch, M. (2013). 
The effect of spontaneous mutations on competitive ability. Journal 
of Evolutionary Biology, 26, 451–456. https://doi.org/10.1111/
jeb.12058

Schemske, D. W., & Bierzychudek, P. (2001). Perspective: 
Evolution of flower color in the desert annual Linanthus par-
ryae: Wright revisited. Evolution, 55, 1269–1282. https://doi.
org/10.1111/j.0014-3820.2001.tb00650.x

Shaw, F. H., Geyer, C. J., & Shaw, R. G. (2002). A comprehensive model 
of mutations affecting fitness and inferences for Arabidopsis thaliana. 
Evolution, 56, 453–463. https://doi.org/10.1111/j.0014-3820.2002.
tb01358.x

Stearns, F. W., & Fenster, C. B. (2016). Fisher’s geometric model predicts 
the effects of random mutations when tested in the wild. Evolution, 
70, 495–501. https://doi.org/10.1111/evo.12858

Sung, W., Tucker, A. E., Doak, T. G., Choi, E., Thomas, W. K., & Lynch, 
M. (2012). Extraordinary genome stability in the ciliate Paramecium 
tetraurelia. PNAS, 109, 19339–19344. https://doi.org/10.1073/
pnas.1210663109

Zhang, M., Azad, P., & Woodruff, R. C. (2011). Adaptation of Drosophila 
melanogaster to increased NaCl concentration due to dominant ben-
eficial mutations. Genetica, 139, 177–186. https://doi.org/10.1007/
s10709-010-9535-z

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Rutter MT, Roles AJ, Fenster CB. 
Quantifying natural seasonal variation in mutation 
parameters with mutation accumulation lines. Ecol Evol. 
2018;8:5575–5585. https://doi.org/10.1002/ece3.4085

https://doi.org/10.1111/evo.12913
https://doi.org/10.1093/aob/mcl282
https://doi.org/10.1111/j.1558-5646.2012.01583.x
https://doi.org/10.1111/j.1558-5646.2012.01583.x
https://doi.org/10.1111/j.1558-5646.2009.00928.x
https://doi.org/10.1111/j.1558-5646.2009.00928.x
https://doi.org/10.1002/ece3.262
https://doi.org/10.1002/ece3.262
https://doi.org/10.1111/jeb.12058
https://doi.org/10.1111/jeb.12058
https://doi.org/10.1111/j.0014-3820.2001.tb00650.x
https://doi.org/10.1111/j.0014-3820.2001.tb00650.x
https://doi.org/10.1111/j.0014-3820.2002.tb01358.x
https://doi.org/10.1111/j.0014-3820.2002.tb01358.x
https://doi.org/10.1111/evo.12858
https://doi.org/10.1073/pnas.1210663109
https://doi.org/10.1073/pnas.1210663109
https://doi.org/10.1007/s10709-010-9535-z
https://doi.org/10.1007/s10709-010-9535-z
https://doi.org/10.1002/ece3.4085

