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Convergent evolution—in which distinct lineages independently evolve similar

traits—has fascinated evolutionary biologists for centuries [1], in large part

because convergent evolution is often thought to represent a visible manifes-

tation of the power of natural selection. Intuitively, what could explain

convergent echolocation ability in bats and toothed whales except natural selec-

tion in response to foraging and hunting in environments with minimal

visibility? Many other examples of phenotypic convergence—including limb-

less body plans in burrowing species [2], drug resistance in pathogens [3],

and antifreeze proteins in arctic and antarctic fishes [4]—have similarly intuitive

explanations as the result of adaptation to shared environments. Convergent

evolution, then, can serve as a valuable proxy for repeated experiments in evol-

ution, and understanding how convergent traits evolve, especially at the

molecular level, has the potential to inform general rules about adaptation

[5,6]. In the past decade, low-cost, high-throughput sequencing has ushered

in an era of widespread genome sequencing in model and non-model organ-

isms alike, bringing vast new data to bear on understanding convergence at

the molecular level. In this special issue, we highlight the new insights that

have emerged from applying the power of comparative and population geno-

mics to the study of convergence, while also highlighting the challenges that

still lie ahead.

A major impact of high-throughput sequencing has been an increasing

focus on understanding the genetic underpinnings of convergent traits, to

test whether and under what conditions phenotypic convergence is associated

with convergence at the genetic level [7–10]. Convergence at the genetic level,

of course, can reflect a variety of degrees of similarity, ranging from identical

mutations fixed independently in different lineages, to evolutionary changes

in the same genes but at different sites, to changes in the same pathways but

at different genes. The observation of genetic convergence associated with a

phenotypic trait can indicate that there are only a few feasible or easy genetic

pathways to evolve a trait owing to constraints [5] or mutational biases [11],

or could reflect instead a role of shared genetic variation [12]. Disentangling

the role of these factors in adaptation has been a major motivation for studying

the genomic basis of convergent traits.

The emerging trend from a variety of comparative and population genomic

studies is that in many, but not all, cases, there is substantially more conver-

gence at the genetic level among populations or species with convergent

phenotypes than would be expected under null models [13–20]. In this issue,

several studies extend these observations in new ways. Rennison et al. [21] ana-

lyse data from sticklebacks inhabiting many pairs of lake and stream

environments, and using permutation tests show that peaks of local genetic

differentiation overlap more often that would be predicted, implying gene-

tic convergence in adaptation to aquatic environments. This observation of

genetic convergence is also supported by Brown et al. [22], working in Poecillia
species adapting to springs rich in hydrogen sulfide. In plants (Arabidosis
species) adapting to soils with toxic levels of heavy metals, Preite et al. [23]

show modest evidence for genetic convergence and overlap in peaks of local

adaptation between independent sites within species, but substantially less

convergence between species. Rubin et al. [24] revisit the question of the mol-

ecular basis of independent transitions to eusociality in bees, and show that
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while there is not strong evidence for convergent changes

associated with origins of social behaviour, elaborations of

eusocial complexity do appear to be associated with conver-

gent changes in potential regulatory regions, highlighting

the importance of considering the non-protein-coding

portion of the genome in studies of convergence. Review-

ing the evidence for convergence at the genetic level in

domesticated cereal grasses both during domestication and

afterward during adaptation to different crop environments;

Woodhouse & Hufford [25] highlight both the extent

of convergence (especially in domestication traits) but also

the constraints imposed by domestication itself on later

adaptation. Finally, Witt & Huerta-Sanchez [26] synthesize the

evidence for convergent adaptation to high-altitude life-

styles in humans and domesticates, finding evidence for

both convergent genetic responses and independent

responses.

A second emerging trend is that those cases of convergent

evolution with a shared genetic basis often involve selection

acting on existing variation. Brown et al. [22] show that

among independently evolving populations of fish (Poecillia
sp.) living in environments rich in hydrogen sulfide, not

only is there a substantial genomic signal for molecular

convergence, but many selected alleles in independent

populations share a common ancestry, implying convergence

because of either introgression or selection on standing gen-

etic variation. The role of introgression in facilitating

convergent evolution is further discussed by Witt &

Huerta-Sanchez [26], who highlight the observation that

putatively adaptive alleles in key candidate genes (such as

EPAS1) show repeated evidence for introgression. Dis-

tinguishing among modes of convergent evolution

(selection on independent mutations, shared standing vari-

ation or introgressed alleles), and separating these from

non-convergent evolution (e.g. an ancestral selective sweep)

is a difficult challenge [27]. Lee & Coop [28] expand on

these issues via a conceptual framework based on infor-

mation theory, focused on quantifying the independent

work done by natural selection in two (or more) populations

or species as a way of thinking about how surprising (and

thus interesting) the observation of shared genetic change

in populations is.

While the focus of many studies of convergent evolution

has a clearly adaptationist perspective, constraint can also be

an important driver of patterns of convergence, and conver-

gent evolution at the phenotypic or molecular level may

not always reflect repeated selection to the same optimum

[5]. If sources of variation are biased and only allow a limited

number of changes, distantly related species may easily

evolve convergent traits by non-adaptive processes. Such

constraints are well known in the form of developmental con-

straint (e.g. canalization) and/or genetic constraints (e.g.

deleterious pleiotropic effects). Mutational constraints also

can play an important role in molecular convergence: Storz

et al. [29] show that the high mutation rate at CpG dinucleo-

tides leads to them preferentially contributing to convergent

increases in oxygen affinity in haemoglobin in high-altitude

bird species. As Yang et al. report [30], negative pleiotropy

can also contribute to limiting the possible evolutionary

paths to a new phenotype, and thus promoting convergence

at the genetic level. They show that cardenolide resistance in

Orthoptera is predictable based on results from other insect

orders [31], in large part owing to the limited number of
possible substitutions in the a-subunit of Naþ,Kþ-ATPase

that contribute to insensitivity without disrupting other phe-

notypes. In the other direction, epistasis and genetic

background effects can limit molecular convergence across

different species, as the phenotypic effects of specific

mutations depend on the genetic background. A clear

example of this is the lack of amino acid convergence in

some species of high-altitude birds [16]. Finally, the relation-

ship between convergent evolution and epistasis can be

exploited to help understand genetic interactions: Fisher

et al. [32] develop an approach using mutual information to

identify mutations that co-occur more often than expected

in different experimentally evolved populations. Such an

approach promises to reveal genetic interactions that could

not be detected using other experimental approaches.

In this issue, we also find contributions that explore in

more depth existing challenges and potential ways forward

for the study of convergent evolution. Several authors high-

light areas where a deeper understanding of the phenotype

in convergent phenotypes is important. Lamichhaney et al.
[33] argue for the importance of natural history knowledge

in the study of the genomics of convergent phenotypes,

and highlight the need for strong collaborations between

organismal biologists and computational and population

geneticists to unlock the full potential of the genomics era

to elucidate the genetic basis of convergent traits. This

theme is echoed by Fischer et al. [34] in the context of the con-

vergent evolution of behaviour, where interdisciplinary

studies between neuroscientists, evolutionary biologists and

genome scientists are increasingly needed to untangle the

extent to which convergent behaviours evolve with similar

neurological or genetic mechanisms. Finally, the study by

Song et al. [35] highlights the importance of thinking

beyond single-organism phenotypes, by demonstrating

some degree of convergence in the gut microbiome of dis-

tantly related blood-feeding vertebrates. As our

understanding of the importance of the microbiome in host

phenotypes grows, studies (e.g. [36]) looking at convergent

evolution of biotic interactions across taxa will become

increasingly important.

The rapid development of approaches to discover the gen-

etic underpinnings of convergent evolution is energizing for

the field, but we should remember to address potential con-

founders and unforeseen variables in our interpretation of

apparent convergence. Multiple contributions in this issue

point out, and begin to solve, some methodological chal-

lenges both arising from technical concerns and from

interpretation. For one, Mendes et al. highlight the problem

hemiplasy (which arises from discordance between gene

trees and species trees) poses for studies of convergent evol-

ution [37]. This discordance creates a tendency to make false

inferences of molecular convergence, and they show that the

rate of false positives can be alarmingly high. While simple

remedies for this condition will not suffice, there are promis-

ing ways forward. Storz et al. [29] present evidence that a

strong mutational bias leads to a bias in the types of conver-

gent and adaptive substitutions that eventually fix between

species. The implications are that investigators should be

aware of how this and other unappreciated mutational

biases could affect our inferential methods but also that

there could be a general tendency of highly mutable sites to

contribute disproportionately to adaptive changes. While

several methods to infer convergently evolving amino acid
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sites have been presented, another contribution from Rey

et al. [38] contrasts those methods on the basis of their theor-

etical bases and practical performances. They raise the

concern that contrasting definitions of molecular convergence

can be confusing to the field and that inferential results

often cannot be compared when differing definitions were

used. Their study also evaluates the ability of different

methods to infer amino acid convergence in the presence of

non-adaptive background convergence, which occurs at a

high rate simply because of the small number of possible

molecular states. Finally, and crucially, Lee & Coop [28]

remind us of the importance of not relying solely on

patterns of convergence but that there must be inference of

selection itself if we want to infer convergence owing to a

shared selective pressure, rather than convergence owing to

non-adaptive processes.

As evolutionary biologists, we have long been drawn to

patterns of recurrent convergent change because of their abil-

ity to reveal evolutionary adaptations to life’s challenges.

Over the past decades, we have begun to discover the genetic

mechanisms behind these convergent traits, and now, with

increasingly easy access to full genome sequences, the rate

of that discovery is rising rapidly. To mirror these exciting
developments, this special issue highlights recent progress

in the field for the purposes of reflection and guidance for

future studies. For one, comparative genomic studies of

populations and species are proving to be powerful ways to

answer long-standing questions about the process of adap-

tive evolution. Evidence is mounting that trait convergence

is often achieved through genetic changes to shared path-

ways, genes or even molecular sites, and we may soon be

able to describe rules that estimate the degree of genetic con-

vergence expected for specific types of convergent traits. In

counterpoint, while we naturally tend to focus on convergent

adaptations to shared selective pressures, we should not over-

look the numerous non-convergent genetic changes that

allow species to adapt in their unique ways. Overall, the

field is poised to provide answers to fundamental questions

in evolutionary biology and genetics as studies of convergent

evolution flourish again in the genomic era.
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