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Although the importance of epistasis in evolution has long been recognized, remarkably little is known about the processes by

which epistatic interactions evolve in real time in specific biological systems. Here, we have characterized how the epistatic fitness

relationship between a social gene and an adapting genome changes radically over a short evolutionary time frame in the social

bacterium Myxococcus xanthus. We show that a highly beneficial effect of this social gene in the ancestral genome is gradually

reduced—and ultimately reversed into a deleterious effect—over the course of an experimental adaptive trajectory in which a

primitive form of novel cooperation evolved. This reduction and reversal of a positive social allelic effect is driven solely by changes

in the genetic context in which the gene is expressed as new mutations are sequentially fixed during adaptive evolution, and

explicitly demonstrates a significant evolutionary change in the genetic architecture of an ecologically important social trait.

KEY WORDS: Adaptation, epistasis, experimental evolution, mutations, sociality.

Epistasis plays an important role in a wide variety of evolutionary

phenomena (Wolf et al. 2000; Coyne and Orr 2004; Hansen 2006;

de Visser and Elena 2007). In the process of adaptation, there

has recently been focus on how epistatic interactions influence

the evolutionary movement of populations to new fitness optima

(Weinreich et al. 2005; Chou et al. 2011; Khan et al. 2011; Woods

et al. 2011). As substitutions accumulate, the genetic environment

for subsequent mutations is changed, which can render the process

of adaptation historically contingent on prior substitutions. This

contingency can either constrain adaptation by closing off poten-

tial paths to higher fitness (Weinreich et al. 2006) or facilitate new

possibilities for adaptation by potentiating previously unavailable

allelic combinations (Blount et al. 2008; Draghi et al. 2010). With

sign epistasis, the fitness effect of an allele has opposing signs

on differing backgrounds and the number of upward fitness paths

can be reduced, whereas with magnitude epistasis, the direction

of an allele’s fitness effect is unconditional on genetic background

and the accessibility of the number higher fitness peaks is uncon-

strained when the mutation is beneficial, although the probability

of following certain trajectories can be altered (Weinreich et al.

2005).

Myxococcus xanthus is a cosmopolitan soil bacterium

best known for the formation of multicellular fruiting bodies

upon starvation, but it also exhibits other social phenotypes,
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including social motility (or S-motility; Velicer and Vos 2009).

This cooperative, coordinated gliding of cells across solid surfaces

requires cell–cell proximity and the protraction and retraction of

pili that attach to an extracellular matrix of surrounding cells

(Zusman et al. 2007). S-motility requires a functional pilA al-

lele (Wu and Kaiser 1995), which encodes for a subunit of type

IV pili.

In a previous study, eight independent lineages of M. xan-

thus established from a nonswarming ancestor (�pilA, GJV6; see

Materials and Methods) were evolved experimentally, with se-

rial selection for cells at the leading edge of expanding swarms

growing on solid agar medium (Velicer and Yu 2003). By se-

lecting cells leading swarm expansion, high fitness individuals

that reached and exploited unused resources beyond the swarm

edge were passaged to the next selection cycle. After 32 two-

week selection cycles, all eight lineages significantly increased

in swarming rate relative to the ancestor, with two lineages—E7

and E8—evolving dramatic new cooperative swarming pheno-

types qualitatively distinct from the laboratory wild-type (Velicer

and Yu 2003). The novel swarming phenotypes of the E7 and

E8 lineages were independent of pilA and were associated

with increased production of an exopolysaccharide (EPS) ma-

trix that mediates cell–cell cohesion. This EPS matrix is pro-

duced at a cost to individuals, but benefits groups of cells

(Velicer and Yu 2003), representing an evolutionary transition

to a novel cooperative trait from a relatively asocial ancestral

state.

Here, we analyze the experimentally evolved E8 lineage of

M. xanthus at different evolutionary time points to address how

fixation of mutations during adaptation can epistatically influence

the subsequent evolutionary trajectory. We present two types of

data: (1) analysis of the evolutionary trajectories suggesting a role

for mutational historical contingency during adaptation, and (2)

experimental manipulations demonstrating how changing genetic

backgrounds can significantly alter the phenotypic expression

of subsequent mutations. We find that the E8 lineage followed

an evolutionary trajectory consistent with epistatic interactions

among adaptive mutations, and experimentally demonstrate that

the accumulation of these mutations epistatically reduces and ul-

timately reverses the phenotypic effect of an allele coding for an

ecologically important M. xanthus trait.

Materials and Methods
GJV6 (ancestral strain “A2” in Velicer and Yu 2003) is derived

from GJV2 (strain “R” in Velicer et al. 1998) by deletion of pilA.

GJV2 is a spontaneous rifampin-resistant mutant of the “wild-

type” strain GJV1 (strain “S” in Velicer et al. 1998) that exhibits

motility and developmental phenotypes similar to those of GJV1

(Velicer et al. 1998). GJV1 is a derivative of the common refer-

ence strain DK1622 and differs from DK1622 by five mutations

(Velicer et al. 2006). Myxococcus xanthus strains were grown

in standard CTT liquid media (as in Velicer and Yu (2003)).

Multiple pilA transformants were created through electroporation

with pGVTu1-pilA (as in Velicer and Yu 2003) at multiple time

points (GJV6 and selection cycles 3, 9, 12, 15, 18, 21, 24, 28,

and 32) to restore pilA-driven motility. See Supporting Informa-

tion for details on pGVTu1-pilA construction. Quantitative mea-

surement of swarming was performed on CTT 0.5% agar plates.

Measurement of swarm size was done after a week of growth

in a humidified incubator by taking the mean length of four (or

eight in the case of highly asymmetrical swarms) radial vectors

(as in Velicer and Yu 2003). Independent experimental blocks

for the swarming assay included GJV2, GJV6, GJV6::pilA, three

clones isolated from each evolutionary time point and two or,

in most cases, three pilA transformants generated from each of

those clonal isolates, allowing us to quantify how the swarm-

ing varies across evolutionary time. Statistics were performed on

data from six replicate independent temporal blocks (except for

strains GJV2 and GJV6::pilA, for which three replicates were

performed). Swarming values from each set of three sister trans-

formants were averaged to a single independent value within each

block.

To identify the genetic changes accumulated during the evo-

lution experiment, the genome of the representative E8 endpoint

clone isolated from the cycle 32 population examined in Velicer

and Yu (2003) (GVM56-32.1) was sequenced by 454 Life Sci-

ences technology (as in Fiegna et al. 2006, �20× coverage) and

assembled against the template of DK1622 (Velicer et al. 2006).

Known errors in the published DK1622 (Fiegna et al. 2006)

sequence and confirmed polymorphisms between DK1622 and

GJV1 (Velicer et al. 2006) were excluded from the analysis. All

of the 150 potential polymorphisms identified by sequence data-

analysis software were checked by PCR and Sanger sequence

analysis, and 12 mutations were confirmed as real. A mutation

in GJV2 that distinguishes it from GJV1 and presumably con-

fers resistance to rifampicin was identified at nucleotide position

3599511 of DK1622 in rpoB. Additional genome sequencing was

performed with Illumina, Inc. technology (27× coverage). The

SHORE pipeline (Ossowski et al. 2008; used for filtering, trim-

ming, and alignments against the M. xanthus reference sequence),

retrieved all true-positive polymorphism calls identified from the

454 data and also identified one additional mutation not revealed

by the 454 data. Statistical analyses of evolutionary trajectories

were performed by linear regression in the R Statistical Comput-

ing Environment (R Core Team 2013).
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Results and Discussion
PHENOTYPIC AND GENOMIC TRAJECTORIES

We studied the E8 experimental lineage at the phenotypic and

genomic level to analyze the patterns of the adaptive trajectories

at these two levels. First, we characterized the evolutionary his-

tory of E8 swarming phenotypes by quantifying swarm sizes of

evolved population samples that had been frozen at each time

point. There was an initial increase in the swarming phenotype at

the earliest time point, suggesting the rapid fixation of beneficial

mutations. However, this increase was followed by a period of

relative phenotypic stasis before a massive increase in swarming

occurred late in the evolutionary trajectory (Fig. 1A). A regression

analysis of swarming as a quadratic function of the selection cycle

fits the data (F2,17 = 36.57; R2 = 0.79; P < 0.0001) better than a

strictly linear model (F1,18 = 30.98; R2 = 0.61; P < 0.0001). This

accelerating pattern displayed by the E8 phenotypic trajectory can

be accounted for by the relatively slow increase in swarming abil-

ity through early and intermediate time points, followed by the

relatively large increase in swarming late in the evolution experi-

ment. If the assayed swarming phenotype were a direct proxy of

fitness, this late increase would be surprising in light of classical

adaptation theory, which posits that the largest stepwise increases

in fitness will occur early in the adaptive walk (Fisher 1958; Orr

2005). Our results suggest a violation of the assumption of these

models that the effects of the adaptive mutations are additive. One

possible explanation of the late, large increases in swarming is that

some highly beneficial substitutions may be contingent on prior

substitutions that epistatically potentiate the actualized adaptive

trajectory (Blount et al. 2008; Draghi et al. 2010), as opposed to

an exceptionally rare mutation of large effect.

To complement the phenotypic data with the dynamics of

genome evolution in the E8 lineage, mutations accumulated at the

evolutionary endpoint were identified by whole genome sequenc-

ing of a clone from the cycle 32 population. Thirteen mutations

were identified at cycle 32, and their order of appearance (and in

some cases fixation) was determined by testing for the presence

or absence of each mutation in multiple independently isolated

clones at each time point (Table 1). (Table 1 summarizes the fre-

quencies of all mutations at each time point; Table S1 provides

more details about these mutations.) The rate of mutation accumu-

lation in the E8 lineage is approximately linear (R2 = 0.90, F1,148

= 1364, P < 0.0001; Fig. 1B). Constancy in genome evolution

has historically been associated with neutral evolution (Kimura

1983). Here, however, it is unlikely that genomic evolution is

predominantly neutral because of the strong selection imposed

on large experimental populations. Our results demonstrate that

selective evolutionary histories can also yield a linear substitution

trajectory. Barrick et al. (2009) also reported discordance between

the empirical shape of phenotypic and genomic trajectories and

the theoretical expectations in an experimental lineage. They offer

several potential explanations for the discordance, including the

possibility that substitutions with mildly deleterious pleiotropic

side effects create opportunities for compensatory mutations to

fix (Barrick et al. 2009). Alternatively, changes in the genetic

background could allow mutations that would be neutral or dele-

terious on previous backgrounds to become beneficial regardless

of whether they compensate for deleterious pleiotropic effects of

previous mutations. Together, our analyses of the E8 phenotypic

and genomic trajectories suggest that fixation of successive mu-

tations along an adaptive walk can render the adaptive process

historically contingent on prior mutations. Our results, consistent

with a theoretical analysis of Kryazhimskiy et al. (2009), stress

even strong directional selection can result in pattern of genome

evolution typically characteristic of neutrality.

EPISTASIS EXPERIMENTS

Although our analysis of the trajectories of the E8 lineage sug-

gests a role for mutational historical contingency, it does not

explicitly measure how fixation of beneficial mutations alters the

genomic environment for future mutations. To directly test the

extent to which changing genetic backgrounds epistatically al-

ter the fitness effects of subsequent mutation or recombination

events, we reintroduced the pilA allele into a temporal series of

genomic backgrounds isolated from the evolving E8 population

and assayed swarming phenotypes of the resulting transformants.

This approach is powerful because the known phenotypic effect

of this allele on the ancestral background serves as a baseline for

comparison across evolved backgrounds. At each time point, the

pilA transformants were assayed for swarming in relation to their

otherwise isogenic untransformed counterparts, allowing us to di-

rectly assess the epistatic effect of each genetic background on

the phenotypic expression of the pilA allele. Moreover, by looking

at this difference in swarming between the transformed and un-

transformed strains across the entire lineage, we can quantify the

evolutionary change in the strength and direction of the epistatic

interaction.

We present three experimental null expectations representing

distinct biological scenarios: the “independence-null,” the “limit-

null,” and the “relative-null” (Fig. 2). In the independence-null

scenario, the novel swarming mechanism is assumed to be ge-

netically independent of and phenotypically additive with the an-

cestral S-motility system, and the null expectation is that the

absolute difference in swarming between GJV2 (pilA+) and the

E8 ancestor GJV6 (�pilA) would be recovered at each evolution-

ary time point upon reintroduction of pilA (Fig. 2; red triangles).

The independence-null corresponds to a situation in which fix-

ations of beneficial mutations do not alter the fitness landscape.

The limit-null scenario assumes there is some physiological limit

to M. xanthus’ ability to swarm. The expectation here is that the
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Figure 1. Phenotypic and mutational trajectories of E8. (A) Phenotypic trajectory. E8 swarming increases at an accelerating rate over

evolutionary time (F2,17 = 36.57; R2 = 0.79; P < 0.0001). The swarming of wild type (GJV2) is shown for comparison. Points represent

means of multiple independent replicates. (B) Mutational trajectory. The trajectory of accumulated mutations in the E8 lineage was

approximately linear (R2 = 0.90, F1,148 = 1364, P < 0.0001). Error bars represent standard errors.

Table 1. Mutation appearances, frequencies, and fixations.

Selection Cycle

Gene ID 3 6 9 12 15 18 21 24 28 32

MXAN_4138 1.0 (15) 1.0 (15) 1.0 (15) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3)
MXAN_2745 0.73 (15) 0.93 (15) 1.0 (15) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3)
MXAN_1417 0.0 (15) 0.53 (15) 0.87 (15) 1.0 (15) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3)
MXAN_5031 0.0 (3) 0.0 (3) 0.33 (15) 1.0 (15) 1.0 (15) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3)
MXAN_5853 0.0 (3) 0.0 (3) 0.0 (15) 0.6 (15) 1.0 (15) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3) 1.0 (3)
MXAN_2253 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (15) 0.73 (15) 0.33 (15) 0.2 (15) 0.93 (15) 1.0 (15) 1.0 (3)
MXAN_4296 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.07 (15) 0.13 (15) 0.27 (15) 0.93 (15) 1.0 (15) 1.0 (3)
MXAN_6911 0.0 (2) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.15 (13) 0.67 (15) 1.0 (3) 1.0 (3)
MXAN_5876 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (15) 0.07 (15) 1.0 (15) 1.0 (3)
MXAN_2549 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (13) 0.0 (15) 0.07 (15) 1.0 (15) 1.0 (3)
MXAN_3033 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (15) 1.0 (15)
MXAN_4699 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (15) 1.0 (15)
MXAN_5152 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 0.0 (3) 1.0 (3)

Values represent mutation frequencies at each time point. Parenthetical values indicate the number of individual clones checked for presence of each

mutation. Supplementary Table S1 contains additional information on mutations.

reintroduced pilA allele would increase swarming towards this

limit, but never beyond it (Fig. 2; blue circles). The “limit-null

model may be more realistic because GJV2 has one of the highest

swarming rates on soft agar found among M. xanthus strains (both

among laboratory strains and natural isolates; Vos and Velicer

2008), and therefore may be near the physiological limit for this

trait. Where the “independence-null” is explicitly nonepistatic,

the “limit-null” does invoke epistatic interactions, but these inter-

actions are restricted to magnitude effects. The “relative-null”

scenario assumes the allele contributes to the phenotype at a

consistent relative amount (Segre et al. 2005; Chou et al. 2014;

Fig. 2; green squares). In this case, the phenotypic effect of the

pilA allele would be expected to increasingly improve M. xanthus

swarming.

Multiple independent pilA transformants were made from

each of several clones isolated from each evolutionary time point
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Figure 2. Null hypotheses for pilA reintroduction. Red triangles represent the “ndependence-null” scenario in which the novel swarming

mechanism is genetically independent of the ancestral mechanism. Blue circles show the expectation of the “limit-null” scenario, in which

there is a physiological limit to M. xanthus’ ability to swarm. Green squares show the “relative-null” scenario, in which an allele

consistently increases swarming by the same relative amount. (A) Hypothetical results for absolute swarming. Open circles represent the

observed evolutionary trajectory (no pilA allele). Filled symbols represent hypothetical swarming phenotypes with the reintroduced pilA

allele under each of the null scenarios. (B) Hypothetical results for the difference in swarming between transformed and untransformed

clones. Time is on the x-axis in both panels.

in the E8 lineage. Western blot analysis revealed that approxi-

mately wild-type levels of PilA were expressed in transformants

from all evolutionary time points (Fig. S1), indicating the pilA

regulation pathway did not detectably evolve.

We measure the phenotypic impact of pilA on a given ge-

netic background as the difference between the transformed and

untransformed strains’ swarming. At early time points, reintro-

duction of pilA restores a large fraction of the wild type swarm-

ing, as is expected with few fixed mutations (Fig. 3). However, as

more mutations accumulate in the genetic background, the mag-

nitude of the pilA impact on swarming phenotype decreases until

at Cycle 28, the sign of the effect changes, and pilA reintroduction

negatively affects swarming (linear regression: R2 = 0.64, F2,63

= 55.5, P < 0.001). Moreover, the dramatic increase in swarming

at cycle 28 corresponds to the change in sign of the pilA rein-

troduction effect. This consonance indicates that mutations that

rose to high frequency between cycles 24 and 28 may be specif-

ically interacting with previously accumulated mutations. (See

Fig. S2 for swarming differences standardized by untransformed

swarming.)

Our results deviate from all the expectations of the

independence-null, limit-null, and relative-null. The change in

magnitude and sign of the pilA effect on swarming clearly de-

parts from the independence-null, revealing strong epistasis and

demonstrating that the evolved swarming phenotypes are not ge-

netically independent of ancestral S-motility. Finally, the depar-

ture from the relative-null is even more marked than the additive

independence-null. Although the limit-null predicts a negative

slope for the effect of pilA reintroduction over time, it cannot ex-

plain the observed change in sign of the effect of the pilA in our

data.

Rugged fitness landscapes arising from reciprocal epistatic

interactions slow the rate of adaptation through genetic constraint

(Weinreich et al. 2005; Kvitek and Sherlock 2011). Our observa-

tion of reciprocal sign epistasis between the ancestral and novel

M. xanthus swarming indicates that at least two distinct fitness

peaks exist for swarming motility, and that there is mutual interfer-

ence between the experimentally evolved swarming mechanism

and the PilA-driven mechanism of S-motility when both systems

are present. This interference appears to be caused by a nega-

tive effect of one or more of the E8 mutations on PilA function

rather than PilA expression, as PilA appears to be present at wild-

type levels in all genetic backgrounds bearing pilA (Fig. S2). The

fact that one or more of the loci in which the E8 mutations oc-

curred jointly affect both E8 swarming and PilA-driven S-motility

indicates conflict between two sets of distinctly coadapted

alleles.

A potential mechanism underlying the observed epistatic in-

teraction consistent with our data and the evolutionary history of

the M. xanthus E8 lineage is that the substitutions resulting in the
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Figure 3. Shift from magnitude to sign epistasis. Phenotypic effect of pilA reintroduction on different genetic backgrounds. The differ-

ence between swarming of transformed and untransformed strains at each time point shows a negative relationship with selection cycle

(R2 = 0.64, F2,63 = 55.5, P < 0.001). The phenotypic effect of pilA gene changes both in magnitude and sign as the genetic background

changes with mutation accumulation. The dashed line represents no effect of pilA reintroduction on swarming. Error bars represent

standard errors.

novel EPS-based phenotype disrupt the ability of the M. xanthus

cell to successfully secrete the PilA protein across the cytoplasmic

membrane to the surface of the cell for successful type-IV pilus

assembly. Reciprocally, PilA proteins accumulated in the cyto-

plasm may hamper EPS production. Such interactions between

EPS production and PilA localization have been demonstrated

to be important in M. xanthus social behavior (Black et al. 2006;

Yang et al. 2010). As the transformed strains still produce the pro-

tein (Fig. S2), it is clear that some aspect of downstream function

is disrupted. This putative mechanism suggests that some com-

ponent of the genetic pathway involved in S-motility may have

been co-opted by the novel mechanism evolved in the E8 lineage

(Prud’homme et al. 2007).

The evolutionary importance of coadapted gene complexes

has long been recognized (Wright 1931; Dobzhansky 1970; Wolf

et al. 2000). Such complexes may impose significant constraints

on the functional incorporation of new genetic material (e.g., hor-

izontally transferred genes) into a recipient genome, especially in

asexual species with low rates of recombination (Kurland et al.

2003). For example, disruption of one component of a coad-

apted complex (e.g., the experimental removal of pilA from the

M. xanthus S-motility complex) might free other components

of the ancestral complex to be more readily recruited into new

coadapted complexes and thereafter be altered in a manner not

functionally coordinated with the ancestral complex. More gen-

erally, even adaptive diversification of functionally intact coad-

apted gene complexes from a common ancestral state might lead

to dysfunctional interactions should divergent components find

themselves in a common genetic background in the future, as in

the Dobzhansky–Muller model of reproductive isolation (Muller

1942; Dobzhansky 1970). The rapid change in the epistatic effect

emerging from interaction between new E8 substitutions and pilA

indicates that novel coadapted gene complexes that might affect

the selective fate of horizontally transferred genetic material (as

represented by our re-introduction of pilA) can arise and change

quickly in evolutionary time.

Although previous studies have shown a prevalence of nega-

tive epistasis among beneficial mutations during adaptation (Chou

et al. 2011; Khan et al. 2011; Maharjan and Ferenci 2013; Carroll

et al. 2014), and that sign epistasis can generate rugged fitness

landscapes and alternate mutational pathways (Weinreich et al.

2006; Kvitek and Sherlock 2011; Tenaillon et al. 2012; Mahar-

jan and Ferenci 2013), our study is unique in that we observe

how multiple mutations collectively impact an epistatic interac-

tion over time, showing changes in both magnitude and sign. Un-

derstanding the role of epistasis in the adaptive process remains a

challenge. This is not only because the magnitudes and directions

of interactive effects are difficult to predict, but the because of

the sheer number of possible interactions. For instance, in a rela-

tively simple interaction scenario of one focal allele and two new
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mutations, there are not only the direct, pairwise interactions, but

also the possibility of interaction between the focal allele and

the interaction between the new mutations. As the number of

mutations increases, such higher order interactions are also not

limited to mutation pairs; the focal allele may interact pairwise

with specific accumulated mutations, combinations of accumu-

lated mutations, or the interactions among any number of accu-

mulated mutations (Weinreich et al. 2013). In total, as the number

of mutations (m) increases, the potential number of interactions

increases rapidly (Interactions = 2m – m – 1). This creates a

daunting, yet compelling, task for the empirical identification of

crucial pairwise and higher order epistatic interactions, as well as

for modeling the adaptation process with historical contingency.

Finally, recent work has begun to explore how epistatic in-

teractions manifest across environments (Remold 2012; Flynn

et al. 2013; Carroll et al. 2014). Although our results suggest a

locally rugged landscape for this social phenotype, it is interest-

ing to consider how this epistatic interaction would be expressed

in other social M. xanthus phenotypes (i.e., predation and mul-

ticellular development). Whether the substitutions that impacted

social motility exert epistatic influence on other social traits is

an interesting question. Taken together, these challenges present

attractive topics for future research.

ACKNOWLEDGMENTS
We thank L. Du for analysis of 454 sequencing data; R. Clark, C. Lanz,
and D. Weigel for assistance with Illumina sequencing; and members of
the Velicer lab, J. Bever, and M. Wade for helpful discussions. We also
thank Arjan de Visser, and three anonymous reviewers for constructive
criticism. This research was funded by NIH-GM079690 to GJV and NIH
GCMS Training Grant (T32GM007757).

DATA ARCHIVING
The doi for our data is 10.5061/dryad.1c617.

LITERATURE CITED
Barrick, J. E., D. S. Yu, S. H. Yoon, H. Jeong, T. K. Oh, D. Schneider, R.

E. Lenski, and J. F. Kim. 2009. Genome evolution and adaptation in a
long-term experiment with Escherichia coli. Nature 461:1243–1274.

Black, W. P., Q. Xu, and Z. Yang. 2006. Type IV pili function upstream of the
Dif chemotaxis pathway in Myxococcus xanthus EPS regulation. Mol.
Microbiol. 61:447–456.

Blount, Z. D., C. Z. Borland, and R. E. Lenski. 2008. Historical contingency
and the evolution of a key innovation in an experimental population of
Escherichia coli. Proc. Natl. Acad. Sci. USA. 105:7899–7906.

Carroll, S. M., M. C. Lee, and C. J. Marx. 2014. Sign epistasis limits evolution-
ary tradeoffs at the confluence of single- and multi-carbon metabolism
in Methylobacterium extorquens AM1. Evolution 68:760–771.

Chou, H.-H., H. C. Chiu, N. F. Delaney, D. Segre, and C. J. Marx. 2011.
Diminishing returns epistasis among beneficial mutations decelerates
adaptation. Science 332:1190–1192.

Chou, H.-H., N. F. Delaney, J. A. Draghi, and C. J. Marx. 2014. Mapping the fit-
ness landscape of gene expression uncovers the cause of antagonism and
sign epistasis between adaptive mutations. PLoS Genet. 10:e1004149.

Coyne, J. A., and H. A. Orr. 2004. Speciation. Sinauer Associates, Sunderland,
MA.

de Visser, J. A. G. M., and S. F. Elena. 2007. The evolution of sex: empirical
insights into the roles of epistasis and drift. Nat. Rev. Genet. 8:139–149.

Dobzhansky, T. 1970. Genetics of the evolutionary process. Columbia Univ.
Press, New York.

Draghi, J. A., T. L. Parsons, G. P. Wagner, and J. B. Plotkin. 2010. Mutational
robustness can facilitate adaptation. Nature 463:353–355.

Fiegna, F., Y.-T. N. Yu, S.V. Kadam, and G. J. Velicer. 2006. Evolution of an
obligate social cheater to a superior cooperator. Nature 441:310–314.

Fisher, R. A. 1958. The genetical theory of natural selection. Dover Publica-
tions, New York.

Flynn, K. M., T. F. Cooper, F. B.-G. Moore, and V. S. Cooper. 2013. The
environment affects epistatic interactions to alter the topology of an
empirical fitness landscape. PLoS Genet. 9:e1003426.

Hansen, T. F. 2006. The evolution of genetic architecture. Annu. Rev. Ecol.
Evol. Syst. 37:123–157.

Khan, A. I., D. M. Dinh, D. Schneider, R. E. Lenski, and T. F. Cooper. 2011.
Negative epistasis between beneficial mutations in an evolving bacterial
population. Science 332:1193–1196.

Kimura, M. 1983. The neutral theory of molecular evolution. Cambridge Univ.
Press, Cambridge, U.K.
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