
Different species often evolve similar solutions to envi­
ronmental challenges. Insects, birds and bats evo­
lved wings, and octopi, vertebrates and spiders  
evolved focusing eyes. Phenotypic convergence provides 
compelling evidence that ecological circumstances can 
select for similar evolutionary solutions1,2. Historically, 
convergent evolution was thought to occur primarily by 
divergent evolution of genetic mechanisms. For exam­
ple, multiple instances of wing evolution almost cer­
tainly reflect evolution mainly through different genetic 
mechanisms in different taxa. Also, if convergence is 
considered at a sufficiently general level, such as con­
vergence of organismal fitness to similar environmental 
challenges, then multiple divergent genetic mechanisms 
might often contribute to increasing fitness. However, at 
a more fine­grained level, recent studies have revealed 
that morphology and physiology often converge 
owing to the evolution of similar molecular mecha­
nisms in independent lineages. In microorganisms, 
even fitness convergence often evolves through simi­
lar genetic changes. These new data reveal that genetic 
evolution may be more predictable than was appreci­
ated before the application of molecular biology to  
evolutionary questions.

Convergent evolution at the genetic level can result 
from one of three processes: first, evolution by mutations 
that occurred independently in different populations or 
species; second, evolution of an allele that was polymor­
phic in a shared ancestral population; and third, evolu­
tion of an allele that was introduced from one population 
into another by hybridization, a process that is known as 

introgression (FIG. 1). It is worth distinguishing between 
these scenarios because each provides evidence for a dif­
ferent evolutionary path3. The first case, the independent 
origin and spread of mutations, has been called parallel 
genetic evolution. I suggest that the evolution of alleles 
which were present in an ancestral population (the sec­
ond case) and the evolution of introgressed alleles (the 
third case) should be collectively called collateral genetic 
evolution (the Oxford Dictionary of English109 defines 
collateral as being “descended from the same stock but 
by a different line”). This precedent comes from palae­
ontology, in which, in 1969, Shaw4 defined collateral 
evolution as the simultaneous appearance of the same 
phenotypic forms in the stratigraphic record.

Although phenotypic convergence provides evidence 
for similar patterns of natural selection1, parallel and col­
lateral evolution can provide evidence for constraints on 
how variation can be generated by the genome or for nat­
ural selection that favours the fixation of some genetic 
variants over others, or both3,5–8. More than 100 cases 
of parallel and collateral genetic evolution have been 
identified in recent years3 and have been studied using a 
variety of approaches (BOX 1). The abundance of parallel 
and collateral evolution therefore implies that genome 
evolution is not random, but rather that the origin or 
the selective consequences of genetic variants, or both, 
might be somewhat predictable.

In this Review, I discuss three major topics. First, I 
clarify some definitions and the implications of paral­
lel versus collateral evolution. Second, I review recent 
examples that illustrate major patterns in parallel and 
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Fitness
The potential evolutionary 
success of a genotype, defined 
as the reproductive success or 
the proportion of genes that an 
individual leaves in the gene 
pool of the next generation in a 
population. The individuals 
with the greatest fitness leave 
the highest number of  
surviving offspring.

Hybridization
Interbreeding of individuals 
from genetically distinct 
populations, regardless of  
the taxonomic status of the 
populations.
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Abstract | The evolution of phenotypic similarities between species, known as convergence, 
illustrates that populations can respond predictably to ecological challenges. Convergence 
often results from similar genetic changes, which can emerge in two ways: the evolution of 
similar or identical mutations in independent lineages, which is termed parallel evolution; 
and the evolution in independent lineages of alleles that are shared among populations, 
which I call collateral genetic evolution. Evidence for parallel and collateral evolution has 
been found in many taxa, and an emerging hypothesis is that they result from the fact that 
mutations in some genetic targets minimize pleiotropic effects while simultaneously 
maximizing adaptation. If this proves correct, then the molecular changes underlying 
adaptation might be more predictable than has been appreciated previously.
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collateral genetic evolution. Finally, I discuss how the 
structure of genes and genetic regulatory networks 
might constrain genetic changes underlying phenotypic 
evolution and might thus contribute to parallel and  
collateral evolution.

Parallel and collateral evolution
The terms convergence and parallelism suffer from a 
confusing history of alternative usages, stemming from 
their original definitions to describe macroevolutionary 
patterns9. Originally, convergence meant that ‘unrelated’ 
species had evolved a similar solution from different 
ancestral states, and parallelism meant that ‘related’ spe­
cies evolved a similar solution from ‘the same’ ancestral 
state. It is easy to imagine the confusion sown by these 
definitions.

Here, I reserve the term convergence to mean 
that different populations or species evolved similar 
phenotypic solutions1. I use the term parallel genetic 
evolution only for convergent evolution at the level of 
the mechanisms that generate phenotypes. As parallel 
genetic evolution involves the independent origination 
of variants through new mutations, it can provide evi­
dence that particular variants have been favoured by 
selection over other variants that can confer similar 
phenotypic changes (if such other mutations exist), or 
that mutational bias frequently reintroduces particular 

variants, or both. As discussed in further detail below, 
the results of mutagenesis screens in multiple species 
imply that  mutations in many different genes can alter 
the phenotype in similar ways10,11. This suggests that, 
in many species, multiple mutations are accessible that 
could provide more than one solution to many ecologi­
cal challenges. Also, convergence often occurs through 
divergent genetic mechanisms in nature (BOX 2). Thus, 
parallel evolution of mutations in the same genes in 
different lineages suggests that evolution favours a 
biased subset of mutations in these cases.

In contrast to parallel evolution, collateral evolu­
tion can provide evidence for the selection of individual 
variants, but it provides less compelling evidence than 
does parallel evolution that these variants are objectively 
superior to other variants with respect to fitness. During 
parallel evolution, all mutations have the opportunity 
to be selected, and their likelihood of being exposed 
to selection is proportional to their mutation rate. By 
contrast, during collateral evolution, populations do not 
need to wait for new mutations to arise, and pre­existing 
alleles can be selected even if alternative alleles would 
have provided superior fitness improvements12. In some 
cases, alleles that have been selected during previous 
bouts of selection can accumulate additional mutations 
that enhance their beneficial phenotypic effects and/or 
ameliorate deleterious effects, generating ‘super­alleles’ 
(REFS 13–15). These super­alleles may then be favoured 
in multiple descendant populations.

As parallel evolution and collateral evolution rep­
resent different historical processes, they leave distinct 
phylogenetic signatures. At the level of an individual 
nucleotide position, the phylogenetic signals of paral­
lel and collateral events can be identical, but the events 
can be distinguished by examining the DNA sequence 
that surrounds a focal position. After parallel evolu­
tion, a phylogeny reconstructed from all the sites in 
a gene region will generally be congruent with one 
reconstructed from other genes in the genome, except 
in rare cases in which parallel evolution involves multi­
ple identical nucleotide changes. By contrast, collateral 
evolution by hybridization can be detected when the 
phylogenetic tree reconstructed from a focal gene is 
inconsistent with the phylogenies inferred from other 
genes in the genome. A gene that has undergone collat­
eral evolution will support a phylogeny that reflects the 
history of the gene transfer events between species, but 
other genes in the genome that were introduced during 
the hybridization event can be quickly lost in the face 
of persistent backcrossing. This leaves an anomalous 
phylogenetic history for only the focal gene and the 
closely linked genomic regions. Collateral evolution 
by ancestry can be detected if the focal mutations are 
found to have already been present in the ancestral 
population. This pattern can be detected when, for 
example, multiple related species retain the polymor­
phism but a subset of species has fixed the same subset 
of alleles. It is easier to detect collateral evolution by 
ancestry when the ancestral population is still extant. 
Species with a large central population and peripher­
ally isolated, recently diverged descendent populations 

Figure 1 | Parallel and collateral genetic evolution. Convergent phenotypic evolution 
that results from similar molecular mechanisms acting in divergent taxa can occur 
through three historical paths, illustrated here in a phylogenetic framework. a | Parallel 
evolution refers to mutations that arise and spread in independent lineages. In this case, 
the ancestral state (A) independently evolved to a derived state (T) in two lineages. The 
yellow rectangles indicate the mutational origins of the T allele; the orange rectangles 
represent substitutions of the A allele by the T allele throughout the population.  
b | An example of parallel evolution is shown: the monarch butterfly caterpillar (top left), 
the red milkweed beetle (top right), oleander aphids (bottom left) and the large milkweed 
beetle (bottom right), among others, have all evolved to feed on poisonous milkweed 
plants through parallel mutations in the (Na++K+) ATPase gene37,38. Extant species can 
undergo similar evolutionary changes by collateral evolution through shared ancestry or 
through hybridization. c | In collateral evolution through shared ancestry, a mutation 
arises in an ancestral lineage (yellow rectangle) and later substitutes in multiple 
descendent lineages (orange rectangles). d | An example of collateral evolution through 
shared ancestry is shown. The loss of lateral plates in sticklebacks is illustrated by 
comparing a marine morph with complete body armour (top), a rare freshwater morph 
with an intermediate number of lateral plates (middle) and a typical freshwater  
morph with few lateral plates (bottom). The allele of major effect that reduces body 
armour in most freshwater populations is also found at low frequency in the ancestral 
marine populations45. e | In collateral evolution through hybridization, a mutation arises 
in one lineage, descendants of which then hybridize with other species and spread the 
new mutation to related species. The mutation does not need to become fixed in  
the population for it to spread by hybridization. f | An example of collateral evolution 
through hybridization is shown. The patterns of wing colours in three species of 
butterflies from the genus Heliconius reflect, at least in part, the transfer of genomic 
regions through hybridization54. The curved arrows connect species that share similar 
alleles of the wing colour pattern gene through hybridization. All species shown are 
from the genus Heliconius. Monarch butterfly caterpillar image courtesy of J. de Roode, 
Emory University, USA; red milkweed beetle image courtesy of K. Rosenthal, Walker 
Nature Center, Reston Association, USA; oleander aphids image © B. MacQueen, Alamy 
Ltd; large milkweed beetle image courtesy of J. Pippen, Duke University, USA. Images in 
part d are reproduced, with permission, from REF. 91© (2008) American Association for 
the Advancement of Science. Images in part f are reproduced, with permission, from 
REF. 54 © (2012) Macmillan Publishers Ltd. All rights reserved.
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Box 1 | Methods for studying parallel and collateral evolution

Five classes of methods are available for studying parallel and collateral evolution.

Experimental evolution
Experimental evolution involves the maintenance of one or more populations (starting with a single isogenic 
strain) in a new environment over many generations. Whole-genome resequencing allows genome-wide 
‘snapshots’ of evolving populations to be captured. Experimental evolution combined with whole-genome 
resequencing provides a powerful experimental paradigm for testing components of evolutionary theory and  
will soon be practical even for many multicellular organisms. The major drawback of this method is that evolved 
populations have responded to artificially imposed and often strong selection, usually over a short period of time, 
compared with the time span of evolution in the wild. A second drawback is that experimental evolution is usually 
carried out on species that reproduce asexually, in which clonal interference might limit the prevalence of  
parallel evolution.

Association studies
Most of our current knowledge about parallel evolution in multicellular organisms comes from studies of single 
candidate genes. These association studies involve a search for correlations between DNA sequence variants and 
phenotypic variation within a population. The major drawback of such candidate-gene studies is that the relative 
contribution of the candidate gene versus other genomic regions to the phenotypic variation is not known. Thus,  
it may be difficult to infer whether evidence for repeated evolution of a single gene provides compelling evidence  
for an excess of either parallel or collateral evolution. In some cases, however, a deep understanding of protein 
function can provide considerable insight into the probable functional consequences of sequence variants77. 
Recently, advances in genotyping technology have allowed genome-wide association mapping78. Nonetheless, 
many of the caveats of single-locus association tests also apply to genome-wide association surveys, and additional 
functional tests are required to provide strong evidence to implicate individual loci and nucleotide changes.

Genetic studies
In principle, classical genetic crosses provide a powerful method to survey the entire genome for genetic regions 
that contribute to phenotypic differences both between strains and between species. The major advantages of 
genetic crosses are that the association between genotype and phenotype is tested explicitly and that the 
environment can be controlled. The disadvantages are that genetic approaches are reasonably time and resource 
consuming; at the moment, they are primarily limited by the ability to generate and rear many recombinant 
individuals (which can be challenging and expensive for some species) and the ability to generate robust 
phenotypic measures of these individuals. This approach has worked best in plants and other organisms in which 
recombinant inbred strains can be generated79–81. To demonstrate parallel or collateral evolution, one must identify 
multiple pairs of strains or species that can be hybridized and used in genetic experiments.

Another challenge results from the fact that most evolved phenotypic variation is caused by genetic differences at 
multiple loci. Quantitative trait locus (QTL) mapping can be used as a first step to identify broad genomic regions 
that contribute to phenotypic differences, but direct inference of parallel or collateral evolution from these QTL 
intervals is treacherous. Few of the QTLs identified over the past 20 years have been resolved to individual genes, 
and this remains a challenging method of identifying evolved loci, although in most cases it is not clear that 
alternative approaches are superior. QTL mapping can be carried out within or between species. In crosses of 
different species, several more problems are likely to arise. First, different species are normally incompletely fertile 
at best, which can make genetic crosses technically challenging. Second, different species often differ for large 
chromosomal inversions, which will thwart fine-scale mapping efforts in these regions. Third, as QTLs are resolved 
into their individual loci, the magnitude of the phenotypic effect conferred by a single locus may be so small that it 
requires the measurement of multiple individuals that are isogenic for a single recombination event. The final two 
issues can also confound intraspecific genetic mapping. Despite these challenges, genetic crosses provide a 
powerful approach for detecting loci that contribute to parallel evolution.

Transgenic assays
An interesting option for assaying parallel evolution is to carry out transgenic assays to move candidate genomic 
regions between species to test for evolved functions82. This approach has not been widely adopted, but steady 
improvements in transgenic technology are making this an increasingly attractive possibility.

Genome scans to detect collateral evolution
Genome-wide comparisons of allele frequencies between recently diverged populations can be used to identify 
physically contiguous regions of divergent allele frequencies between populations48. These regions may contain 
genes that are related to speciation or ecological adaptation. This method has become possible only recently with 
the development of affordable whole-genome resequencing technology. Between any pair of populations, 
genomic regions that exhibit strong divergence relative to the average divergence across the genome provide 
initial evidence that these genomic regions might have responded to natural selection in at least one of the 
populations. If the same region is observed to have diverged in multiple pairs of populations, then the evidence for 
selection is strengthened. When applied to multiple pairs of populations, this approach provides a powerful means 
of discovering collateral evolution. This method does not allow robust discovery of regions that experience 
parallel genetic evolution or divergent evolution which is specific to each population. In contrast to genetic 
methods, the connection between putatively selected regions and phenotypic differences is not explicitly 
assayed, and additional work is required to confirm these connections, including traditional genetic and 
transgenic assays.
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Operons
Loci consisting of two or more 
genes that are transcribed  
as a unit and expressed in a 
coordinated manner.

Epistasis
In the context of quantitative 
genetics: any genetic 
interaction in which the 
combined phenotypic effect of 
two or more loci is less than 
(negative epistasis) or greater 
than (positive epistasis) the 
sum of the effects at each 
individual locus.

Evolutionary trajectories
In the context of this Review: 
the series of mutations 
substituted during adaptation.

provide a scenario that is favourable for detecting  
collateral evolution by ancestry.

Examples from diverse taxa
A list of examples of parallel and collateral evolution 
is provided in TABLE 1, and additional examples are 
described in other reviews on the topic3,5–8,16–18. Here, 
I discuss several examples that demonstrate the major 
trends emerging from recent work.

Evidence for parallel evolution from experimental-
evolution populations. Excellent evidence for genetic 
parallelism comes from experimental­evolution studies 
in which the full genome sequences of evolved strains 
have been determined19. These experiments are carried 
out by growing replicate populations of a single clone 
in one or more environments and then tracking the fate 
of newly arisen mutations. Mutations with no fitness 
effects can spread through these populations by stochas­
tic processes at a slow rate, but mutations with positive 
fitness effects can spread rapidly. Strong evidence for 
parallel evolution in these experiments comes from the  
observation of repeated evolution of mutations in  
the same gene20 or even affecting the same amino  
acid sites21–23.

One study carried out experimental evolution of the 
opportunistic pathogen Pseudomonas aeruginosa under 
laboratory culture conditions that mimic cystic fibrosis 
lung infection in replicate populations with and without 
antibiotics24. Among 24 genotypes that evolved in the 
presence of the antibiotic ciprofloxacin, 44 genes car­
ried a total of 98 mutations, 77 of which were unique. 
Multiple cases of parallel evolution at the gene level 
were observed: 20 mutations were found in the tran­
scriptional regulator gene nfxB, four in DNA gyrase 
subunit A (gyrA), nine in gyrB and seven in the puta­
tive glycosyl transferase gene (orfN). Clinical isolates 
of Pseudomonas aeruginosa sometimes harbour nfxB, 

gyrB and gyrA mutations that confer fluoroquinolone 
resistance, providing further support for the importance 
of parallel changes in the evolution of antibiotic resist­
ance in Pseudomonas aeruginosa. Mutations in other 
genes that modified the phenotypic effects of the origi­
nal mutations were selected during the experiment and 
these modifiers ameliorated the fitness costs of resist­
ance, such that in the absence of an antibiotic  there was 
no correlation between the level of antibiotic resistance 
and growth. This result is worryingly reminiscent of 
observations made in clinical isolates, in which resistant 
strains do not experience a fitness deficit. This pattern of 
parallel evolution in combination with unique changes 
in multiple other genes has also been observed in other 
experimental­evolution populations25,26.

Sometimes, gene duplication has contributed to 
parallel evolution during experimental evolution. One 
study selected six lines of Escherichia coli at high tem­
peratures27, three lines of which evolved duplications in 
the same genomic region. In two lines, the duplications 
seemed to result from the same complex homologous 
recombination events involving repetitive elements. 
Thus, mutational bias may have increased the prob­
ability that similar duplications arose in replicate lines.

A similar selection experiment was carried out on 
115 populations28, but one genome from each popu­
lation was then sequenced. Few specific mutations 
were shared between replicate populations, but paral­
lel evolution was observed at multiple functional lev­
els: genes, operons and functional complexes of genes 
(FIG. 2a). With this substantial sample size, the authors 
observed both negative and positive nonrandom associ­
ations between mutations in different genes among lines 
(FIG. 2b). This is best explained by negative and positive 
epistasis, in which substitutions in one gene influenced 
the probability that mutations in a second gene were  
selectively favoured.

Another example emphasizes the importance of 
genetic interactions during parallel evolution. In mul­
tiple replicate populations of yeast (Saccharomyces 
cerevisiae) that were evolved under glucose limitation, 
two mutations — a nonsense mutation in MTH1 and 
amplification of the tandemly arrayed glucose trans­
porter genes HXT6 and HXT7 — occurred repeatedly 
in replicate populations29. In no single population, how­
ever, did both mutations occur together. When both 
mutations were combined in a single strain, the strain 
displayed significantly lower fitness than the ancestral 
strain displayed before selection. Thus, although both 
mutations confer a fitness advantage, the combination 
of both mutations is incompatible in a population that is 
evolving in response to glucose limitation. These kinds 
of interactions between mutations can limit evolutionary 
trajectories, as has been documented for five mutations in 
the Escherichia coli β­lactamase gene (ampC) that greatly 
increase antibiotic resistance30.

Taxonomically widespread parallel evolution. In addi­
tion to these experimental­evolution studies, several 
studies of multicellular organisms have revealed cases 
of parallel genetic evolution3.

Box 2 | Why does parallelism not always occur?

Despite the extensive and growing evidence for the importance of parallel 
evolution, it is thought that in many cases convergence tends to occur through the 
evolution of different genetic mechanisms in different lineages.

An example of parallelism is seen in the resistance to cyclodiene in at least six 
insect species, which has occurred through identical amino acid substitutions in  
the target of the insecticide, the GABA receptor83. By contrast, insect resistance to 
dichlorodiphenyltrichloroethane (DDT) has evolved through changes in multiple 
mechanisms, including upregulation of P450 monooxygenases, dehydrochlorination 
through upregulating a glutathione S-transferase, mutations in the voltage-gated 
sodium channel that is the target of DDT and changes in an unidentified 
trans-regulatory factor84,85.

Similarly, experimental evolution of Escherichia coli coupled with whole-genome 
sequencing has revealed different patterns of genetic evolution depending on the 
selective regimen86. When populations were selected for growth in minimal media 
with glycerol, mutations in two genes predominated in five replicate populations 
and accounted for the majority of the evolutionary response. By contrast, when 11 
populations were evolved in minimal media with lactate, 33 genes carried 
mutations, and most mutated genes occurred in only one population. It seems that 
the genetic response to selection might depend on the precise nature of selection. 
It is not clear why in some circumstances we observe parallel evolution, whereas in 
other cases we do not. This remains a substantial challenge for the future.
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Table 1 | Selected examples of parallel and collateral genetic evolution

Species Kingdom Taxonomic 
level

Phenotype Types of 
evolution

Genes Type of 
gene

Refs

ΦX174 Virus Intraspecific 
(experimental 
evolution)

Adaptation to high 
temperature and a 
novel host

Parallel 
evolution

Multiple genes NA 21,22

HIV Virus Intraspecific Antiretroviral 
resistance

Parallel 
evolution

Reverse transcriptase gene Effector 88,89

Escherichia coli Monera Intraspecific 
(experimental 
evolution)

Adaptation to 
glucose-limited 
medium

Parallel 
evolution

Multiple genes NA 20

Intraspecific 
(experimental 
evolution)

Adaptation to 
glycerol-based 
medium

Parallel 
evolution

Glycerol kinase (glpK) and 
RNA polymerase genes

Effector 86

Pseudomonas 
aeruginosa

Monera Intraspecific 
(experimental 
evolution)

Adaptation to novel 
environments

Parallel 
evolution

Multiple genes NA 24

Intraspecific 
(experimental 
evolution)

Hyperswarming Parallel 
evolution

Flagella synthesis regulator 
(fleN)

Regulatory 23

Saccharomyces 
cerevisiae

Fungi Intraspecific 
(experimental 
evolution)

Adaptation to 
fluctuating glucose 
and galactose levels

Parallel 
evolution

GAL80 Regulatory 93

Diverse species of 
yeast

Fungi Interspecific Loss of galactose 
utilization

Parallel 
evolution

GAL genes Regulatory 94

Ipomoea horsfalliae 
and Ipomoea 
quamoclit

Plantae Intergeneric Evolution of red 
flowers from blue 
flowers

Parallel 
evolution

Flavonoid 3ʹ-hydroxylase Effector 95

Arabidopsis thaliana 
and Arabidopsis lyrata

Plantae Intraspecific and 
interspecific

Vernalization Parallel 
evolution

FRIGIDA Regulatory 96,97

Plants (multiple 
species)

Plantae Interspecific C
4
 photosynthesis Parallel 

evolution
Phosphoenolpyruvate 
carboxylases (PEPC) genes

Effector 43,98, 
99

Alloteropsis spp. 
grasses

Plantae Interspecific C
4
 photosynthesis Collateral 

evolution by 
hybridization

PEPC and 
phophoenolpyruvate 
carboxykinase genes

Effector 52

Human (Homo sapiens) Animalia Intraspecific Resistance to 
malaria

Parallel 
evolution

Glucose-6-phosphate 
dehydrogenase (G6PD)

Effector 100

Intraspecific Lactase persistence Parallel 
evolution

Lactase (LCT) Effector 101

Colobine leaf-eating 
monkeys (Pygathrix 
nemaeus and Colobus 
guereza)

Animalia Interspecific Enhanced digestive 
efficiency

Parallel 
evolution

RNase gene Effector 90

Cave fish (Astyanax 
mexicanus)

Animalia Intraspecific Albinism Parallel 
evolution

Oculocutaneous albinism II 
(Oca2)

Effector 102

Intraspecific Reduced 
pigmentation

Parallel and 
collateral 
evolution by 
ancestry

Melanocortin 1 receptor 
(Mc1r)

Regulatory 103

Cichlid species from 
Lake Tanganyika and 
Lake Malawi

Animalia Interspecific Spectral sensitivity Parallel 
evolution

Rhodopsin gene Effector 104

Pufferfish (Takifugu 
rubripes and Tetraodon 
nigroviridis) and clam 
(Mya arenaria)

Animalia Interspecific Tetrodotoxin 
resistance

Parallel 
evolution

Sodium channel gene Effector 105, 
106

Drosophila spp. Animalia Interspecific Trichome patterning Parallel 
evolution

shavenbaby Regulatory 32,33, 
35

Insects (multiple 
species)

Animalia Interspecific Cardenolide 
resistance

Parallel 
evolution

(Na++K+) ATPase gene Effector 37,38
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Trichomes
Thin, cuticular and non-sensory 
processes that are secreted  
by individual cells.

Enhancers
Regulatory DNA elements  
that usually bind several 
transcription factors; they can 
activate transcription from a 
promoter at a great distance 
and in an orientation- 
independent manner.

Paralogues
Genes in the same organism 
that have evolved from a gene 
duplication, usually with a 
subsequent, and sometimes 
subtle, divergence of function.

Pleiotropic
Pertaining to a gene having 
multiple developmental roles 
or to a mutation having 
multiple phenotypic effects.

The mouse­ear cress, Arabidopsis thaliana, must 
normally undergo a period of exposure to cold temper­
atures, called vernalization, to induce flowering in the 
spring. In many populations, however, plants have been 
selected to forgo vernalization and to flower immedi­
ately without experiencing cold temperatures. At least 
20 times, independent mutations that incapacitate the 
gene FRIGIDA, which regulates vernalization, have 
spread in local subpopulations of Arabidopsis thaliana. 
Variation at FRIGIDA explains ~70% of the variation 
in flowering time in this species31. This example dem­
onstrates parallel evolution between populations of a 
single species.

A second example illustrates parallel evolution at 
a higher taxonomic level, between species of a sin­
gle genus. Both Drosophila sechellia and Drosophila  
ezoana, which diverged approximately 40 million years 
ago, evolved a novel pattern of larval trichomes in which 
naked cuticle is produced instead of the ancestral state 
of dense trichomes13,32–35 (FIG. 3). In Drosophila sechellia, 
at least nine mutations in five transcriptional enhancers  
of shavenbaby (also known as ovo) have all contrib­
uted to the loss of trichomes32. In Drosophila ezoana, 
mutations in at least two shavenbaby enhancers that 
are homologous to the Drosophila sechellia enhancers 
have also evolved to contribute to the loss of trichomes, 
revealing parallel evolution at the level of individual 
transcriptional enhancers in widely divergent species35.

Parallel evolution has been observed at an even 
higher taxonomic level, between insect orders. Many 
insect species have evolved to feed on plants that pro­
duce toxic cardenolides, which bind to and block the 
(Na++K+)ATPase pump36. In species belonging to four 
orders of insects spanning more than 300 million years 
of evolution, precisely the same substitution at one 
amino acid position has contributed to cardenolide 
resistance37,38. At a second amino acid position, vari­
ous substitutions that confer cardenolide resistance 
have evolved at least 12 times37,38. In addition, in four 
orders of insects, the (Na++K+)ATPase gene has been 
duplicated, and the two paralogues now show differential 
expression between the brain and gut38. In these species, 
most of the parallel amino acid substitutions occurred 
in the paralogue that is expressed in the gut. This 

demonstrates how gene duplication can confer greater 
phenotypic specificity on two copies of a single gene 
that was previously ubiquitously expressed, and can 
thus presumably reduce the pleiotropic consequences 
of amino acid substitutions that confer resistance to a 
toxin. Such gene duplication of a multifunctional gene 
followed by specialization has been called ‘escape from 
adaptive conflict’, and several examples seem to support 
this model39–41.

Other examples illustrate that gene duplications 
have enabled parallel evolution in other ways. Both the 
Antarctic notothenioid fish and the Arctic cod have 
evolved extremely similar antifreeze proteins. Despite 
these amino acid similarities, the genes in notothenioids 
and Arctic cod were derived from different gene duplica­
tion events. After the duplications, the genes indepen­
dently evolved very similar amino acid sequences with 
apparently identical ice­binding functions42.

Similarly, C4 photosynthesis has evolved many times 
in plants and has required changes in a key gene that 
encodes phosphoenolpyruvate carboxylase (PEPC). 
PEPC genes occur in multigene families, only one of 
which is involved in C4 photosynthesis. At least eight 
times in grasses, PEPC genes have independently 
evolved similar or identical key amino acid changes that 
support C4 photosynthesis43.

Gene duplication itself sometimes causes parallel 
evolution. For example, the number of copies of the 
salivary amylase gene (AMY) has increased in multiple 
independent human populations, apparently in response 
to the development of high­starch diets44.

Collateral evolution through shared ancestry. Collateral 
evolution through shared ancestry might be very com­
mon, as has been documented in stickleback fish. 
Multiple freshwater populations of stickleback fish have 
evolved convergent loss of lateral ectodermal plates, 
which serve as body armour. Freshwater populations of 
sticklebacks are derived from marine sticklebacks, all of 
which have extensive body armour. In their new fresh­
water homes, natural selection repeatedly resulted in 
the evolution of stickleback populations with little body 
armour. In most populations, reduced body armour 
resulted from repeated fixation of the same ancestral 

Table 1 (cont.) | Selected examples of parallel and collateral genetic evolution

Species Kingdom Taxonomic 
level

Phenotype Types of 
evolution

Genes Type of 
gene

Refs

Stickleback 
(Gasterosteus aculeatus)

Animalia Intraspecific Pelvic spine and 
girdle reduction

Parallel 
evolution

Paired-like homeodomain 
transcription factor 1 (Pitx1)

Regulatory 50,107, 
108

Sticklebacks (multiple 
species)

Animalia Interspecific Lateral plates Parallel and 
collateral 
evolution by 
ancestry

Ectodysplasin Regulatory 45,108

Mouse (Mus musculus) Animalia Interspecific Warfarin resistance Collateral 
evolution by 
hybridization

Vitamin K epoxide 
reductase complex, 
subunit 1 (Vkorc1) 

Effector 53

Butterflies  
(Heliconius spp.)

Animalia Interspecific Wing colouration 
patterns

Collateral 
evolution by 
hybridization

optix Regulatory 54

NA, not applicable.
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Resequencing
Determination of an exact DNA 
sequence by comparison with 
a known reference.

allele and, in one case, from independent evolution of 
a new Ectodysplasin allele45.

The widespread Ectodysplasin allele that generates 
the low­plated phenotype is present at low frequency 
in marine populations, probably because it was intro­
duced from freshwater populations in previous genera­
tions45,46. Marine sticklebacks breed in freshwater and 
therefore have multiple opportunities to encounter resi­
dent freshwater populations47. Alleles that were favoured 
in freshwater populations might have been introduced 
into marine environments during hybridization events. 
One can imagine many cycles of selection in freshwater 
habitats followed by allele leakage back into the marine 
environment occurring over a long period of time and 
in parallel in many thousands of locations around the 
globe, although there is currently no direct evidence 
for this model. This population structure and history 
would generate a marine population carrying multiple 
‘freshwater’ alleles at low frequency, which would pro­
vide many opportunities for collateral evolution when 
new freshwater populations were established from the 
marine population.

Recently, genome­wide resequencing studies of stick­
lebacks have begun to reveal the full extent of collateral 
genetic evolution in this species48,49. One study included 
20 individual sticklebacks selected from geographically 
diverse pairs of neighbouring marine and freshwater 
environments48. Most of the genome showed patterns 
of genetic differentiation that are consistent with neu­
tral segregation of alleles between marine and freshwa­
ter populations. However, ~100–200 genomic regions 
encompassing <0.5% of the genome exhibited strong 
differentiation of allele frequencies that was associ­
ated with the habitat of the fish, and these are candi­
date regions for collateral evolution. Reassuringly, the 
region containing the Ectodysplasin gene was highly  
differentiated in this sample.

This survey provides an estimate of the proportion of 
the genome that has contributed to collateral evolution, 
but it does not provide an estimate of the proportion 
of the genome that has contributed to divergent local 
adaptation in different populations. It also does not 
allow an estimate of phenotypic convergence through 
parallel genetic evolution, which has also occurred 
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Figure 2 | The landscape of parallel evolution. a | Pairwise fraction of shared events from genome resequencing of 
115 replicate Escherichia coli populations evolved to high temperature, shown for different organizational levels, as 
indicated on the x axis. Each circle represents the value for a replicate population, and cross bars show means ± one 
standard deviation. Few identical mutations occurred in replicate populations, but many parallel mutations were 
selected in the same genes and higher organizational levels. b | A plot of the co-occurrence of mutations among these 
replicate Escherichia coli lines. Each point represents a mutation in the corresponding unit (gene, operon or functional 
unit) on both axes. Relative excess of co-occurring mutations in some regions can be quantified as higher linkage 
disequilibrium (Dʹ; upper diagonal) or correlation coefficient (r; lower diagonal). A relative deficiency of co-occurring 
mutations leads to Dʹ or r values that are lower than expected. The two yellow boxes emphasize genes with an excess 
of positive associations within the boxes and an excess of negative associations between the boxes. This pattern can be 
interpreted as gene spaces that represent alternative evolutionary strategies. Part a is based on data from REF. 28; part 
b is modified, with permission, from REF. 28 © (2012) American Association for the Advancement of Science.
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Figure 3 | The structure of developmental networks can influence 
which genes underlie phenotypic evolution. It is useful to explore 
developmental networks in an explicit cellular framework as ‘pathworks’, 
which highlights the roles of key input–output genes in development5.  
a | Drosophila ezoana and Drosophila sechellia independently evolved the 
loss of trichomes on the dorsal and lateral surface of first instar larvae. In 
both species, the evolution of dorso–lateral naked cuticle resulted from 
parallel evolution of orthologous cis-regulatory enhancers of the 
shavenbaby (svb) locus13,35. b  | The first-instar larva of Drosophila 
melanogaster exhibits a complex pattern of trichomes. c | A magnified view 
of the ventral cuticle of a single abdominal segment, illustrating the 
locations of two neighbouring cells (dashed circles) that have experienced 
the pathwork leading to trichome differentiation in different ways.  
d | Although both cells outlined in part c express hedgehog (hh), they 
receive different signals from their respective neighbours. A Wingless (Wg) 
signal from the anterior ultimately causes repression of svb transcription, 
preventing trichome differentiation. By contrast, Rho, an epidermal growth 
factor receptor (EGFR) signal, from the posterior ultimately activates svb 

transcription, resulting in the upregulation of a cascade of genes that 
contribute to forming a trichome. e | An examination of some of the genes 
in the trichome formation pathwork in the two focal cells identifies svb as 
a key gatekeeper of trichome differentiation. Genes acting upstream of svb 
influence multiple other processes in these cells and their neighbouring 
cells; mutations in these genes, even cell type-specific changes caused by 
cis-regulatory mutations, would influence multiple processes. Mutations 
in genes acting downstream of svb cannot, on their own, cause the discrete 
switch between naked cuticle and trichomes63. By contrast, evolution of 
the cis-regulatory elements that regulate svb in these cells is likely to 
minimize deleterious pleiotropic effects of evolved changes while 
maximizing the phenotypic outcome17,18,92. This may help to explain the 
accumulation of many evolutionarily relevant mutations in the svb 
cis-regulatory region in the two species. Grey arrows indicate activation 
and white lines indicate repression. D, Dichaete; en, engrailed; f, forked; m, 
miniature; mwh, multiple wing hairs; MYA, million years ago; rho, rhomboid; 
sha, shavenoid; sn, singed; SoxN, SoxNeuro; y, yellow. Figure is modified, 
with permission, from REF. 5 © (2010) Roberts & Company Publishers.
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in stickleback fish at the paired­like homeodomain 
transcription factor 1 (Pitx1) locus50,51. To address this 
issue, the authors sequenced two fish with divergent 
phenotypes from the extremes of an ecological gradi­
ent48. Among the top 0.1% of the most highly diverged 
regions between these two fish, ~35% included glob­
ally shared regions that are divergent between marine 
and freshwater stickleback populations. Thus, many, 
but far from all, of the locally divergent regions are 
also found in comparisons of divergent populations 
worldwide, suggesting that many genomic regions 
have either evolved in response to selection pressures 
that are unique to these populations or converged using 
genetic mechanisms that are not shared globally among  
stickleback populations.

Collateral evolution through hybridization. In the past 
few years, multiple examples of collateral evolution 
through hybridization have been detected in several 
taxa. Given this recent burst in the number of discover­
ies, it is likely that collateral evolution by hybridization 
is widespread in nature. Collateral evolution through 
hybridization has been observed in the transfer of 
two genes that are key elements of C4 photosynthesis 
between species of the grass genus Alloteropsis52. Such 
transfers are estimated to have occurred at least four 
times. Similarly, an allele of vitamin K epoxide reductase 
complex, subunit 1 (Vkorc1) that evolved in Mus spretus 
and confers resistance to the rodenticide warfarin has 
spread into populations of Mus musculus domesticus53.

A recent genome­wide survey of Heliconius spp. but­
terflies has provided compelling evidence for collateral 
evolution through species hybridization54. Heliconius is a 
genus of neotropical butterflies that are famous for their 
extensive Müllerian mimicry complexes. In Müllerian 
mimicry, multiple species that are distasteful to preda­
tors have evolved similar warning colouration, which 
allows these species to share the cost of ‘educating’ pred­
ators about the association between colour patterns and 
unpalatability. Heliconius spp. butterflies have evolved 
bold patterns of red, black, orange and white wings, and 
extremely similar combinations of these patterns are 
found in different species of the genus.

The loci controlling two of these colour patterns, a 
red and a yellow stripe, were previously mapped between 
two Heliconius spp.55 Application of recently developed 
tests for introgression56,57 to the genome­wide geno­
typing data for four mimetic species provided strong 
evidence that the mimetic loci had been introgressed 
through hybridization between two pairs of species 
(FIG. 1f). Extending this work even further, a more dis­
tantly related species with a similar, but not identical, 
mimetic pattern seems to share the same mimetic alleles 
through hybridization. Although several of the relevant 
genes causing mimicry have been identified in these 
butterflies, the precise molecular changes that cause 
mimetic phenotypes are not yet known. For example, 
it is possible that these mimetic alleles consist of super­
alleles containing many individual nucleotide changes, 
as has been shown for mimetic alleles in another 
Heliconius sp.15,58.

Effective number of participating genes
Although there are now multiple examples of parallel 
and collateral evolution3, the key question is whether 
these types of evolution occur more often than expected 
by chance, or to put it another way, does convergent evo­
lution involve a nonrandom subset of genetic changes? 
The probability of gene reuse underlying phenotypic 
convergence has been estimated to be 0.32–0.55 (REF. 16). 
This estimate is subject to many caveats16, including 
the fact that this is a per­gene estimate. If a single gene 
harbours multiple substitutions (such genes have been 
called ‘intralineage hot spots’ (REF. 3)) then this may be a  
dramatic underestimate of the probability of gene reuse 
during convergence. Nonetheless, this estimate provides 
a starting point. We can estimate the effective number 
of genes participating in convergent genetic evolution as 
the inverse of the probability of convergence16,59. Then, 
we can compare this number (~2–3) with the number 
of genes that contribute to building phenotypic features 
during development. It is obvious that all developmental  
features require the activity of more than three genes, 
but we can generate more precise estimates for cases 
in which the contributions of individual genes to 
particular phenotypes have been revealed through  
mutagenesis experiments.

For example, a recent study reported that all exper­
imental­evolution populations of Pseudomonas aer-
uginosa that evolved hyperswarming did so through 
substitutions in flagella synthesis regulator (fleN)23, 
whereas a mutagenesis screen for swarming defects in 
this species identified 233 genes60. In the study of experi­
mental evolution in the context of ciprofloxacin resist­
ance in Pseudomonas aeruginosa24, 40 of 98 mutations 
occurred in parallel in four genes, whereas a previous 
mutagenesis screen identified 114 genes that confer 
ciprofloxacin resistance in this species61. Similarly, in 
Arabidopsis thaliana, in which 70% of natural flowering 
time can be explained by variation at FRIGIDA, muta­
tions in at least 80 genes can influence flowering time, 
and in a mutagenesis screen10, only three of 50 mutations 
occurred in FRIGIDA62. In Drosophila sechellia, loss of 
trichomes is entirely attributable to at least nine muta­
tions at the shavenbaby locus, but at least dozens of genes 
can influence trichome patterning in Drosophila spp.11,63. 
Finally, in sticklebacks, in which variation at the 
Ectodysplasin gene accounts for ~75% of the variation 
in armour plate number in an F2 cross, variation in 
four other components of the Ectodysplasin signalling  
pathway does not contribute to phenotypic variation64.

Thus, it seems that parallel and collateral evolution 
involve a restricted subset of the genes that contribute to 
the development of particular phenotypic features. Why 
might this be?

Why does parallelism occur?
For the remainder of this Review, I use the word ‘locus’ 
in a specific way that is not typically used in genetics (in 
which it is often taken to mean ‘gene’) but is closer to its 
original meaning; hereafter, locus refers to a contiguous 
region of DNA that encodes a specific function. It is possi­
ble to imagine a hierarchy of loci, for example, an operon 
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cis-regulatory loci
Genetic loci containing 
transcription factor-binding 
sites and other non-coding 
DNA elements that are 
sufficient to activate 
transcription in a defined 
spatial and/or temporal 
expression domain.

Slippage
A mutagenic process during 
DNA replication whereby the 
presence of several identical 
base pairs in a series causes 
the DNA polymerase to add or 
omit one base by sliding over 
the template.

containing multiple genes that confer a specific func­
tion, a DNA sequence that encodes all the cis-regulatory  
loci and coding information for a single protein, a single 
exon that encodes a protein subdomain, a transcrip­
tional enhancer, a single transcription factor binding 
site, a single codon or a single nucleotide position.

From a population genetics perspective, three factors 
influence the probability that a locus will contribute to 
parallel evolution59: the mutation rate of the locus, the 
probability that mutations at the locus are net beneficial 
and the average magnitude of the fitness change caused 
by these mutational effects. The first parameter, the 
locus­specific mutation rate, is the product of the site­
specific mutation rate and the mutational target size. 
I consider the second and third parameters together, 
because both are derived from the functional role of the 
locus in the cell and in development. It is important to 
recognize, however, that not all new advantageous alleles 
will automatically contribute to adaptation. Instead, 
the probability that a mutation will spread through a 
population scales with the magnitude of the net fitness 
improvement conferred by the mutation65. Additional 
factors, such as genome size and genome complexity, 
can influence the ‘precision’ of parallel evolution (BOX 3).

Both the probability that mutations are beneficial and 
the magnitude of the fitness change caused by a mutation 
are not invariant. In many, and perhaps all, cases, these 
effects depend on the genetic and environmental context. 

If we consider adaptation as the result of a series of sub­
stitutions66, the adaptive value of a new mutation can 
depend on the particular mutations that were substituted 
earlier67. This temporal dependence of fitness effects 
is likely to constrain adaptive paths and enhance the  
probability of parallel evolution. It will also lead to  
the observation that any single evolving population can 
explore only one of several possible adaptive strategies 
(FIG. 2b), depending on which mutations arose first28,30.

Mutation. Even when mutations occur randomly in a 
genome and in a population of finite size, it is unlikely 
that all possible mutations will be available at all times. 
In addition, mutations sometimes occur nonrandomly. 
For example, simple repeat regions are susceptible to slip-
page during replication, repetitive regions can mediate 
homologous recombination that generates deletions, 
and CpG dinucleotides are mutational hot spots in 
mammalian genomes68. In some cases, these increased 
mutation rates can contribute to parallel evolution27,28,50. 
Therefore, the locus­specific mutation rate can influ­
ence the probability of parallel evolution. For example, 
in multicellular organisms, non­coding regions, where 
most cis­regulatory loci reside, are often larger than cod­
ing regions. All else being equal, cis-regulatory loci may 
therefore provide larger mutational targets than coding 
loci. However, it is not yet clear whether, at the base­pair 
level, non­coding regions are as likely as coding regions 
to generate adaptive mutations. However, coding DNA 
requires a strict triplet code of nucleotides, whereas cis­
regulatory DNA does not, which means that a wider 
variety of mutations (including SNPs, insertion–dele­
tion events and rearrangements) can generate functional 
changes in cis­regulatory regions than in coding regions. 
For these reasons, it is possible that the mutation rate 
to functionally viable alternative alleles is higher for cis­
regulatory regions than for coding regions, although this 
remains an area that requires further investigation.

In most cases, however, it seems unlikely that the 
mutation rate itself has limited the diversity of loci that 
are available for selection. For example, as discussed 
above, mutational screens usually reveal that many 
genes in the genome can be mutated to contribute to a 
particular phenotypic outcome. There seem to be many 
mutational paths available for eukaryotes, bacteria and 
archaea to respond to specific ecological challenges, 
and a biased subset of these mutations seems to be 
most frequently used during convergent evolution. In 
addition, even on theoretical grounds, it is unlikely that 
most populations are limited by the rate of mutation; 
even with a mutation rate of ~10−8 per base, the human 
population generates hundreds of mutations that are 
consistent with viability at every site in the genome 
every generation69. Species with even larger population 
sizes than humans are unlikely to experience strong  
mutational limitation.

Probability and magnitude of beneficial mutations. The 
probability that a mutation has a net beneficial effect on 
fitness depends on the array of phenotypic effects caused 
by the mutation because a mutation with a positive 

Box 3 | Precision of parallel evolution

The precision of parallel evolution — whether parallel mutations occur at the same 
nucleotide position or just in the same locus — depends on multiple factors19, 
including the size and functional complexity of the genome, and the functional 
mapping between individual molecular changes and the phenotype. The probability 
of parallel evolution was shown to be 2 / (n + 1), where n is the number of potentially 
adaptive mutations87. As small genomes tend to harbour fewer mutational targets 
that can increase fitness than do large genomes, parallel evolution through mutations  
of homologous sites is, correspondingly, expected to occur more commonly in 
organisms with smaller genomes. Similarly, even in large, complex genomes, 
mutations with exceedingly precise and useful consequences, such as mutations in a 
receptor that alters the binding of a poison, can confer considerably higher fitness on 
their bearers than n other mutations, and they might thus be subjected to repeated 
evolution in divergent taxa.

Although parallel evolution of the same genes has often been observed in experi-
mental-evolution populations of bacteria and yeast, parallel evolution through 
identical mutations in a single gene is observed less often. In one example, HIV 
displayed remarkably precise parallel evolution in response to treatment with an 
antiretroviral drug. A series of the same four or five mutations occurred repeatedly, 
usually in the same order, in patients with AIDS who were receiving zidovudine88,89. In 
organisms with small genomes, such as HIV, there might be very few mutations that 
can confer an advantage in a new environment, which might help to explain the 
extraordinary precision of some evolutionary changes in HIV. In species with larger 
genomes, there may be more mutational paths to adaptation.

Nonetheless, highly specific parallel evolution is sometimes observed in eukaryotes. 
For example, two species of leaf-eating colobine monkeys, the Asian douc langur 
(Pygathrix nemaeus) and the African guereza (Colobus guereza), have independently 
evolved identical amino acid substitutions in duplicated ribonuclease genes90. These 
monkeys host symbiotic bacteria in their foregut. The bacteria ferment leaves and  
the monkeys digest the bacteria. These bacteria produce abundant RNAs, and the 
monkeys have evolved duplicated pancreatic ribonuclease genes to digest these 
RNAs. Three parallel amino acid substitutions in these duplicated genes lower the 
optimal pH for enzyme activity to more closely match the pH of the monkey foregut.
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Dauer
A developmentally arrested, 
immature, long-lived and 
non-feeding form of 
Caenorhabditis elegans that 
forms under conditions  
of food scarcity and high 
population density; it  
resumes development  
when food levels increase.

fitness effect on one trait might cause deleterious pleio­
tropic effects on other aspects of the phenotype. It is 
likely that the probability of mutations being beneficial 
decreases on average with increasing pleiotropy70.

The pleiotropic effects of a mutation often depend on 
the location of the mutation within a locus. Mutations 
can occur in cis­regulatory regions or in protein­coding 
regions, where they can alter the encoded amino acid 
sequence. Mutations in coding regions have the potential 
to influence the function of the protein in every cell in 
which the protein is expressed. By contrast, most muta­
tions in cis­regulatory DNA influence gene function in 
only a subset of the full expression domain of the gene. 
Primarily for this reason, cis­regulatory mutations will 
often have fewer pleiotropic consequences than muta­
tions in protein­coding regions, and cis­regulatory 
regions might therefore contribute to morphological 
evolution more often than coding regions48,71,72.

The magnitude of mutational effects that is important 
for evolution is the net fitness increment or decrement, 
not the size of the phenotypic alteration. Mutations that 
cause large phenotypic effects, such as many null muta­
tions, may not be favoured by natural selection because 
pleiotropic effects on traits have antagonistic effects  
on fitness.

Some studies have provided the opportunity to 
assess all three factors — mutation, the probability of 
beneficial effect and the effect size — in a single selec­
tion regimen, albeit in a limited manner. For exam­
ple, as discussed above, the experimental evolution of 
Pseudomonas aeruginosa24 revealed multiple examples of 
parallel evolution. The authors of this study argued that 
all three population genetic factors had a role in paral­
lel evolution in their experimental populations. For one 
locus, repeated observation of the same single base dele­
tion in a homopolymeric region implicated a slippage 
mechanism in generating an increased mutation rate. At 
a second locus, loss­of­function mutations were benefi­
cial, and because many possible mutations can gener­
ate loss­of­function alleles, the probability of beneficial 
mutations occurring at this locus was high. For a third 
locus, the observed mutations had strong fitness effects, 
leading to an increased probability of fixation.

Parallel evolution of regulatory and effector genes. It is 
useful to explore these ideas with respect to the posi­
tions of genes in regulatory networks. Genes can be 
broadly divided into regulatory genes and effector genes. 
Here, I consider these two classes of genes by viewing 
developmental networks in reverse, starting from the 
differentiated state and working backwards to earlier 
stages of development (FIG. 3). This approach allows the 
identification of paths through genetic networks that are 
specific to each phenotypic outcome, which I have called 
“pathworks” (REF. 5). Pathworks focus attention on the 
individual regulatory ‘decisions’ made by cells as they 
progress through development and differentiation. By 
contrast, genome­focused tracing of networks, which 
aims to illustrate all regulatory linkages in the genome, 
can obscure these cell type­specific regulatory architec­
tures within vast ‘spaghetti’ plots. A focus on cell­based 

pathworks has led to the identification of ‘hourglass’ or 
‘bow tie’ shapes in developmental networks, and these 
features can help to identify ‘master regulators’ of inde­
pendent phenotypic outcomes and groups of effector 
genes downstream of these regulators17,18,73. These mas­
ter regulators have been termed ‘input–output’ genes 
because they integrate multiple signals and regulate 
multiple downstream genes74.

Theoretical considerations suggest that parallel evo­
lution will occur more often at network locations that 
minimize pleiotropy and maximize the phenotypic 
changes5,17,18, which is known as the hotspot hypoth­
esis3. There are two locations in pathworks that can fit 
these criteria in different circumstances. First, input–
output genes can often regulate discrete developmental 
alternatives largely on their own, which can both limit 
pleiotropy and generate a significant phenotypic change. 
Input–output genes often integrate regulatory informa­
tion from multiple upstream regulatory genes and are 
often involved in regulating multiple developmental 
processes. Thus, mutational targets with specific effects 
are likely to reside in the cis­regulatory elements that 
drive specific transcriptional domains of input–out­
put genes, rather than in the coding regions of these 
genes. For example, this may help to explain the par­
allel evolution of enhancers of the shavenbaby gene34. 
As individual regulatory genes can participate in mul­
tiple developmental processes, different cis­regulatory 
regions may be hot spots for different aspects of the phe­
notype. Similarly, regulatory genes that act upstream of 
input–output genes in one developmental process may 
themselves be input–output genes in a different process. 
Thus, the hotspot hypothesis for regulatory genes does 
not posit that limited numbers of regulatory genes in the 
genome are hot spots. Instead, this hypothesis is specific 
to each element of the phenotype. For different pheno­
typic features, different regulatory genes may serve as  
input–output genes and may thus be hot spots.

The second location in a pathwork at which genes 
can generate precise and substantial phenotypic effects 
on their own is that of downstream effector genes, of 
which there are many. Many effector genes have specific 
roles in development, behaviour or physiology such that 
mutations in these genes influence a very narrow sub­
set of aspects of organismal phenotype. For example, 
mutations in odorant receptor genes can switch percep­
tion of discrete molecules, causing substantial changes 
in behaviour or physiology. In domesticated strains 
of both Caenorhabditis elegans and Caenorhabditis 
briggsae, similar deletions of neighbouring pheromone 
receptor genes cause resistance to pheromone­induced  
dauer formation75.

Conclusions
Both parallel and collateral genetic evolution provide 
evidence that genetic evolution is historically predict­
able3,5–8,17,18. Recent studies provide many examples of 
parallel and collateral evolution, which support the 
hypothesis that genetic evolution displays some predict­
ability. Quantitative studies of the probability of repeated 
evolution provide some support for this hypothesis16.
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