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Abstract

Convergent phenotypic evolution, the independent acquisition of 
similar or nearly identical traits in multiple species, is widespread 
throughout the tree of life. These cases of repeated evolution offer an 
opportunity to investigate shared genetic changes underlying shared 
traits, thereby linking genotypes to phenotypes. Genetic convergence 
can take many forms: identical amino acid or nucleotide substitutions; 
non-identical changes in orthologous genes or other elements; 
losses or gains of the same genetic elements; or convergent shifts in 
molecular evolutionary characteristics, such as substitution rates, 
amino acid preferences and selection strength. However, identifying 
adaptive genetic convergence, whereby evolved traits provide a 
fitness advantage, is challenging due to a pervasive background of 
random convergence that causes low signal-to-noise ratios. Numerous 
computational methods, including machine learning and artificial 
intelligence approaches, have been developed to detect, interpret 
and predict molecular convergence across multiple levels of genetic 
organization in multicellular organisms. These emerging approaches 
offer novel avenues to uncover the genetic foundations of complex and 
biomedically important traits.
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and the difficulty of establishing evolutionary orthology of genetic loci, 
particularly for non-coding elements. Additionally, adaptive molecular 
convergence can involve a small number of changes in one or a few 
genomic segments, making it difficult to establish statistically against 
a large neutral background27. With the advent of new computational 
techniques and more affordable sequencing, genotype–phenotype 
links can now be pursued systematically to uncover the genetic basis 
of complex traits. In numerous cases, genetic convergence has been 
experimentally confirmed to confer the molecular properties enabling 
the corresponding convergent phenotype28–37. Many well-documented 
examples exist that suggest convergent genomic evolution can, in fact, 
explain convergent traits, sometimes through only a handful of key 
genetic changes, such as the amino acid substitutions that underlie 
the evolution of red visual pigments from green pigments in humans 
and fish38–40.

In this Review, we synthesize current knowledge on the spectrum 
of molecular convergence in multicellular organisms at various levels 
of genetic organization (Fig. 1). We discuss the strengths and weak-
nesses of available classes of methods in the context of cases in which 
comparative genomics of convergent phenotypes is shedding light on 
complex traits and human health (see ref. 41 for additional methodo-
logical details). Finally, we examine new artificial intelligence-based 
methods that show promise in detecting previously elusive molecular 
convergent patterns and advancing beyond retrospective detection 
towards predictive models.

Convergent amino acid substitutions
This section traces the field’s historical trajectory, starting from the first 
examples of genetic convergence noted in the literature at the amino 
acid level to the recent trends towards proteome-scale scans for con-
vergence in protein sequences. As a note on nomenclature, convergent 
and parallel evolutionary substitutions differ in that the ancestral state 
(residue) in the former is different in the species considered, whereas 
they are the same in the latter. For simplicity, we consider both together 
and refer to them as convergent substitutions throughout this Review.

Observations in individual proteins
Early on, distantly related taxa bearing the same convergent trait were 
found to cluster together in phylogenies reconstructed using protein 
sequence alignments, such as the harbour seal and the whales and 
dolphins (aquatic mammals) in the case of vertebrate myoglobin, and 
the langur monkey and the ruminants (foregut fermenters) in the case 
of lysozyme11–13. A preponderance of convergent residue substitu-
tions misled phylogenetic methods and produced incorrect species 
relationships11–13. However, claims of sequence convergence based 
on conflicts between true and reconstructed trees were challenged42 
because distortion of species groupings in a molecular phylogeny 
(incongruence) is neither necessary nor sufficient to conclude that 
molecular sequences have converged42,43. In 1997, a statistical test was 
introduced that estimates the expected number of convergent amino 
acid substitutions under neutral evolution and calculates the probabil-
ity of observed convergence using species phylogeny, branch lengths 
and amino acid frequencies; this study found statistically significant 
traces of molecular convergence in the lysozyme proteins of foregut 
fermenters44.

At the turn of the twenty-first century, as sequencing technologies 
and volumes advanced, studies began to find new, clear examples of 
sequence convergence. Convergent evolution was documented in 
genes underlying C4 photosynthesis, a highly efficient carbon fixation 

Introduction
The convergent evolution of similar traits in independent lineages is a 
pervasive phenomenon across the tree of life1. Examples include major 
morphological and physiological adaptations such as the camera eye 
of vertebrates and invertebrates, powered flight in birds, mammals 
and insects, and various body plan optimizations such as streamlin-
ing for aquatic living2. Trait convergence is also commonly seen at 
finer biological scales, encompassing metabolism, diet, sensory capa-
bilities, resistance to environmental stress, and other characteristics 
that may not be visible or easily detected2. Convergent phenotypic 
evolution demonstrates repeatability and determinism in evolution3 
and provides compelling evidence that adaptive evolution, rather 
than fitness-neutral genetic drift, has driven phenotypic change in  
such cases.

The presence of convergent traits in organisms belonging to dis-
tinct evolutionary lineages offers the potential to identify changes 
at the genetic level whose molecular mechanistic effects underlie a 
phenotypic trait4. Molecular evolutionary convergence associated 
with trait convergence can manifest in various ways and at multiple 
genetic organizational levels5–10, visible at different degrees of ‘mag-
nification’ (Fig. 1). At the most granular scale are identical nucleotide 
substitutions at alignable sites, or identical amino acid substitutions 
at the same sites in homologous proteins11–14. Other forms of molecu-
lar convergence include different substitutions at the same sites15, 
substitutions at different sites within the same protein5, convergent 
structural variants such as insertion and deletions (indels)16 and copy 
number changes17, and gains and losses of entire genes18. Beyond cod-
ing sequences, convergence can arise from modifications in regulatory 
elements that alter the amplitude, timing or spatial patterning of gene 
expression19,20, or from changes in different genes with related func-
tional roles21,22. Truly unique genetic solutions might also exist for the 
evolution of convergent traits. The most expansive definition of genetic 
convergence would encompass diverse changes across genetic ele-
ments within similar biological categories and pathways. For example, 
phenotypic convergence may be driven by distinct genetic changes 
that trigger similar molecular mechanistic effects, such as gene copy 
number expansion in some lineages and amino acid substitutions in 
others, as in the case of glyphosate resistance across plant species23. 
This phenomenon should also be considered genetic convergence. 
Thus, at the highest levels of genetic organization, the line between 
convergence and unique solutions can become a continuum.

Traditional comparative genomics approaches can reveal func-
tional elements by using extraordinary evolutionary conservation 
across distant taxa as an indication of strong purifying selection (that 
is, the selective removal of alleles that are deleterious; also known as 
negative selection) to preserve function24. Within a given clade, some 
genomic elements are uniquely constrained in this way compared with 
related clades, which could be due to the preservation of clade-specific 
innovations25 (Fig. 2a). This basic approach has been a powerful tool for 
discovering and annotating important regions of genomes26. However, 
most clades share many traits, making it difficult to link specific con-
strained elements to specific phenotypes without additional evidence. 
In cases of convergent evolution, where traits have arisen indepen-
dently in distant organisms (Fig. 2b), comparative scans for shared 
genetic signatures of convergence can enable more precise mapping 
of genotype to phenotype. However, the task of mapping molecular 
convergence to trait convergence is complicated by several factors, 
including the nature of genetic innovations, the choice of computa-
tional methods, the need for high-quality genomes and alignments, 
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pathway that evolved independently multiple times in grasses45,46. 
Phosphoenolpyruvate carboxylase (PEPC) and RuBisCo were found 
to have undergone convergent amino acid changes in multiple C4 
lineages, often via identical nucleotide substitutions. Widespread 
convergent evolution of resistance to tetrodotoxin through convergent 
amino acid substitutions in many paralogous sodium channel genes 
was reported across diverse species of pufferfishes47. The SLC26A5 
gene, which encodes the motor protein prestin that is essential for 
high-frequency hearing in mammals48, was reported to have expe-
rienced convergent amino acid substitutions in echolocating bats 
and toothed whales49–51. Similar patterns of convergence were later 
identified in additional hearing-related genes52,53. These examples, 
spanning traits as diverse as carbon metabolism, toxin resistance and 

sensory adaptation, demonstrated that amino acid convergence could 
be repeatedly detected and linked to iconic phenotypes.

Whole-proteome scans for convergent substitutions
As genome-scale data became available, researchers sought to extend 
the detection of convergence from isolated genes to the full proteome. 
This shift promised to uncover not only known cases of convergence at 
scale but also novel loci associated with convergent traits whose molec-
ular basis remained poorly understood. For example, a dramatic case 
of convergence across mitochondrial proteins was reported between 
snakes and agamid lizards54; phylogenies reconstructed from reptile 
mitochondrial genome sequences did not recover some of the species 
relationships evident in phylogenies based on nuclear genes due to 
an excess of convergent substitutions. As another example, a nuclear 
proteome-scale scan focused on echolocation in mammals used a 
maximum likelihood approach to contrast the site-specific likelihood 
support for the known species phylogeny with that of a phylogeny that 
placed echolocating species in the same group55. Convergent molecular 
signatures across more than 200 loci were reported, including genes 
previously linked to high-frequency hearing and echolocation; how-
ever, there was no significant enrichment for genes related to hearing 
among these loci55. Soon after, reports emerged that the site-specific 
likelihood support approach could produce similar levels of conver-
gence signatures even when clustering species with no shared trait, 
for example, grouping non-echolocating species such as cows with 
echolocating bats56. Additionally, there was no excess of convergent 
substitutions compared with the quantity of divergent substitutions 
on the phylogeny branches on which echolocation is believed to have 
evolved57. These studies highlighted how the prevalence of background 
neutral convergence makes it difficult to robustly detect adaptive 
molecular convergence54,58–61.

Since then, a series of studies have continued the quest to find 
signals of convergence across entire proteomes, often using tech-
niques based on ancestral sequence reconstruction. Such studies were 
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Fig. 1 | Convergent molecular evolution at different genetic levels of 
organization. a–d, The trees shown at the left contain two convergent species 
(red branches) and all other tips and ancestral nodes (black branches) exhibit the 
ancestral phenotype and genotype. Different forms of molecular convergence 
that occurred independently on branches leading to convergent species are 
shown to the right of the convergent species in each panel, and the ancestral 
genetic states are shown to the right of the non-convergent sibling species. 
a, Site-level convergence. The most granular level of molecular convergence is 
an identical substitution. Three identical amino acid substitutions are shown 
(red residues). Identical nucleotide substitutions may also be involved in 
convergence in regulatory regions, but this is much less studied. b, Gene-level 
convergence. Three coding sequences are depicted (dark grey rectangles). 
In convergent species, red vertical markers indicate the positions of derived 
residues, which in this case are not shared between the convergent species. 
However, the gene in question has had many changes in the two convergent 
species and not in the siblings that maintain the ancestral phenotype. This gene 
may thus be detected in a scan for positively selected genes or evolutionary 
rate shifts. c, Regulatory and expression-level convergence. A genomic region 
containing three genes (dark grey rectangles) is shown. Angled arrows depict 
expression levels, with larger arrows indicating greater expression. Expression 
levels have increased convergently in these genes in the convergent species. 
d, Pathway-level convergence. Three pathways are shown for each convergent 
and ancestral lineage. The affected pathway component genes in the convergent 
species are highlighted (red). Convergent changes affected the same pathway, 
but not the same components in both convergent species.
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successful in detecting some signs of convergence in genes related to 
echolocation, the aquatic transition of marine mammals, intertidal 
adaptation of mangroves and vocal learning in birds34,60,62–68. To reduce 
the noise of apparent convergence due to background neutral sequence 
change, some studies applied filters to exclude non-conserved sites on 
the assumption that convergent substitutions at otherwise conserved 
sites are more likely to represent adaptive evolution34,60,62,65,67. This 
approach does result in an improvement in the signal-to-noise ratio. 
However, useful genetic information can be lost when ~90% of sites are 
excluded. For example, one study conducted ontology enrichment 
analysis on genes with radical convergent substitutions at conserved 
sites, and found strong enrichments for fast-twitch muscle-related 
genes but no significant enrichments for hearing-related genes62, 
which other studies applying different methods have found34,67,69. To 
what extent diffuse convergence at somewhat substitution-tolerant 
sites may be important for the fine-tuning of protein functions that 
underlie convergent traits remains unclear.

A recent method, CSUBST, applied to coding DNA rather than 
amino acid sequences, estimates rates of both non-synonymous and 
synonymous convergent substitutions, whose ratio (ωc) represents an 
estimate of the non-neutral convergence rate70. This rate is typically 
increased only in cases of convergent amino acid substitutions. How-
ever, similar to most methods that require statistical models of sequence 
evolution using maximum likelihood approaches, CSUBST is computa-
tionally demanding for genome-scale analyses with many species, but 
has excelled in studies using focused candidate sets71,72. Other methods 
have been developed that use evolutionary models to detect levels of 
sequence convergence above neutral expectations while incorporat-
ing additional approaches, such as the use of computer simulations to 

produce synthetic datasets to derive expectations or the application of 
site-specific amino acid profiles73–77. Because of the computational costs 
of fitting evolutionary models across genome-scale or proteome-scale 
datasets, a different class of strategies has been developed to scan 
the extant sequences for patterns that strictly reflect convergence  
to a derived residue in species with convergent traits60,65,66,78,79.

Despite this methodological diversity, how to distinguish true 
adaptive convergence from the background noise of neutral or nearly 
neutral evolution, with statistical confidence, remains a key challenge. 
The choice of amino acid substitution model can greatly affect the 
statistical significance of observed differences59. Additionally, the need 
for multiple test corrections for gene-by-gene P values greatly reduces 
the statistical power of analyses. Consequently, studies relying on tests 
for enrichments of gene ontology categories and pathways among the 
set of inferred convergent genes have had mixed success. The case of 
echolocation is an excellent example, where despite numerous findings 
of convergence in experimental studies of individual high-frequency 
hearing-related genes, enrichments for hearing-related ontology terms 
were often only marginal34,67. Some machine learning-based methods 
have found significant enrichments of hearing-related genes among 
convergent echolocation genes, which we discuss below69.

A growing collection of reports establish that convergent traits 
can evolve by convergent amino acid substitutions, which suggests 
that a narrow set of viable molecular solutions exist for the evolution 
of some traits. Across diverse traits and taxa, selection has repeatedly 
targeted the same residues, underscoring the strong biochemical and 
structural constraints that shape protein function. Although it remains 
uncertain how commonly convergent amino acid substitutions under-
lie convergent evolution, these repeated solutions suggest that the path 

a

b

Clade of interest

Search space

Siblings

Species 1
Species 2

Genotypes

Phenotypes

Convergent

Shared uniquely conserved elements

Fig. 2 | A comparison of conservation-based 
and convergent evolution-based comparative 
genomics. a, In traditional comparative genomics, 
the shared genetic elements that are uniquely 
conserved within a clade are linked to the shared 
phenotypes of that clade. b, Among sibling species in 
a clade, the number of uniquely shared phenotypes 
and genotypes can be large because they are mainly 
inherited from a common ancestor, leading to a large 
search space for the link between any one phenotype 
and its genotypic correlates. This increases the 
difficulty of linking specific traits to specific genetic 
elements. When distant species convergently 
acquired a certain trait, the search space for linked 
genotypic correlates is much smaller because neutral 
evolution tends to create separation over time in the 
absence of convergent selective pressure.

http://www.nature.com/nrg


Nature Reviews Genetics

Review article

to adaptation in certain functional contexts is not only reproducible 
but, to some extent, predictable.

Convergent evolution at the gene level
Gene-level convergence encompasses shared genetic solutions that 
do not require the same amino acid changes at the same sites, ranging 
from distinct function-altering substitutions to gene copy number and 
family size changes, or the de novo acquisition of similar genes21,80–85. 
Convergent shifts in evolutionary rates and other characteristics may 
reflect similar changes in selective pressures across lineages and can 
indicate gene-level convergence.

Same genes, different sites
In some cases, different amino acid substitutions at multiple sites in 
the same (homologous) genes across independently evolving line-
ages can yield similar functional outcomes. This type of gene-level 
convergence will not be detected by methods focused on finding 
identical substitutions. For example, adaptation to hypoxia in many 
species of high-altitude birds involved mostly unique substitutions in 
haemoglobin, relative to their lower-altitude siblings, that produced 
similar increases in O2 affinity36,37,86. Digestive RNases in ruminants and 
foregut-fermenting colobine monkeys also evolved similar functions 
through entirely different substitutions87.

The likelihood of repeated selection on the same gene without 
identical substitutions depends on structural and functional con-
straints (Fig. 3a,b). In electric fish, different amino acid substitutions 
in similar regions of the scn4aa gene, which encodes the voltage-gated 
sodium channel subunit expressed in the electric organ, contribute to 
species-specific communication signals88. By contrast, in many species, 
the homologous voltage-gated sodium channel expressed in muscle 
and targeted by tetrodotoxin has acquired identical convergent amino 
acid substitutions conferring toxin resistance28,47. Toxin molecules can 
impose strong constraints requiring specific conserved amino acid 
residues to change89. Loss-of-function mutations targeting conserved 
sites, disruption of protein interactions or changes affecting protein 
stability can each be achieved via multiple distinct substitutions. Some 
traits depend on changes in an aggregate property of a protein that can 
involve many different sites, such as the convergent increase in surface 
charge of myoglobin in diving aquatic mammals, which enables it to be 
present in very high concentrations without aggregating90. Conversely, 
extreme functional tuning in highly conserved molecular machinery —  
such as prestin in echolocating mammals33,49, which must oscillate at 
ultra-high frequencies, and voltage-gated potassium channels in elec-
tric fish, which require extreme voltage sensitivity40 — is often limited 
to a few viable substitutions due to stringent constraints (Fig. 3b).

Computational detection of gene-level convergence can be per-
formed using various methods, which have often been study-specific. 
In many cases, candidate genes or gene families have been compared, 
rather than whole-genome scans80,82. Genome-wide selection scans 
sometimes make use of population data within or across species91–93. 
Scans for positively selected genes, as detected by an elevated ratio of 
non-synonymous to synonymous substitution rates aggregated over 
sites, can also reveal gene-level convergence94–96. However, a lack of 
statistical signals of positive selection for a gene does not necessarily 
rule out the presence of site-level amino acid convergence (Box 1). 
For convergent positive selection scans, the BUSTED-PH method 
(branch-site unrestricted statistical test for episodic diversification 
and association with phenotype)96 improves on standard designs by 
testing not only for positive selection on the foreground evolutionary 

lineages but also a lack thereof on the background lineages, and a dif-
ference in selection strength between the two97–100. When selective 
pressure elevates evolutionary rates in the same genes across species, 
these changes may also be detected by evolutionary rate-convergence 
methods as discussed below.

Gene gains and losses
Another form of gene-level convergence involves signatures of 
independent gene gains or losses associated with convergent trait 
acquisition. Convergent gene gains often arise via gene duplications, 
exemplified by amylase copy number expansions in multiple human 
populations with starch-heavy diets17 and gene family expansions 
linked to multicellularity and metabolic traits in diverse fungi21,101. 
Similarly, the acquisition of eusociality in insects is associated with 
expanding gene families102,103. Convergent whole-genome duplica-
tions can facilitate convergent genetic evolution, as in the case of 
crop domestication, where pre-existing duplications seem to have 
enhanced genomic evolvability, enabling the acquisition of advanta-
geous traits104. Lineage-specific gene duplications can provide material 
for neofunctionalization, whereby one gene copy retains its original 
function and the other copy acquires a new function through mutation 
and selection105. Therefore, a search for convergent genetic signatures 
using single copy orthologues will miss cases of convergence in which 
a gene is modified or upregulated in one lineage and duplicated and 
neofunctionalized in another.

Convergence can also result from de novo gene evolution — the 
emergence of new genes from non-coding DNA, regions of existing 
genes or both. For example, structurally distinct anti-freeze proteins 
(AFPs) in fish independently arose in various lineages83,106, such as 
nearly identical type I AFPs in flounders and Arctic sculpins, structur-
ally distinct type II AFPs in sea raven and herring106, and nearly identical 
anti-freeze glycoproteins in Antarctic notothenioid fish and Arctic 
cod107. These cases illustrate the capacity of selection to indepen-
dently repurpose ancestral genetic elements to achieve convergent 
outcomes83.

Convergent gene losses are also common, particularly where 
ancestral traits have independently regressed18. Such losses tend to 
occur when ecological changes render certain functions unnecessary, 
allowing them to decay. For example, across independent clades of 
obligate herbivores and obligate carnivores, many genes related to 
digestion and energy homeostasis were repeatedly lost in the course of 
dietary specialization108. Similar patterns occur when sensory or organ 
functions are no longer needed, such as the repeated loss of vision and 
pigmentation genes in subterranean animals or the coordinated decay 
of gastric acid genes in stomachless fishes109–112.

Streamlining of gene content is adaptive when the cost of main-
taining a superfluous trait is high, as in the loss of nitrogen-fixing sym-
bioses in plants113. In extreme cases of adaptive streamlining, thousands 
of genes can be lost, as seen after the repeated losses of multicellu-
larity in fungi114. Although gene losses can provide strong evidence 
linking genes to a convergent trait, new biochemical functions or 
increases in the functional capabilities of an existing modality, such 
as improved sensory acuity, are more likely to involve gene gains or 
sequence changes.

There are three primary approaches to find gene gains and losses 
that may underlie convergent traits. One approach is to count gene 
copy numbers and then test the relationship between counts for differ-
ent gene families and the trait in question using phylogenetic regres-
sion and related methods101,115. Another approach is to cluster gene 
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sequences across species and then infer gene trees, reconcile them 
with species trees, and map duplications and losses onto branches. 
Rates of loss and gain can then be inferred on branches and com-
pared across foreground and background branches21,114,116. Finally, 
a third category involves fitting birth–death models of gene family 
evolution117,118, in which the observed copy numbers at the tips are 
modelled as the outcome of gene duplication and loss events along 
a time tree, and branches with the convergent trait are allowed to 
have their own duplication and loss rates. Convergence is inferred 
when the same gene families show significantly increased expansion 
or contraction on multiple independent trait-bearing lineages119–122. 

Convergent gene losses may also be detected by convergent evolu-
tionary rate acceleration due to relaxation of negative selection, as 
we discuss below.

Evolutionary rate convergence
Alterations in selective pressures on a gene or regulatory element can 
manifest as changes in the evolutionary rates of molecular substitu-
tions, without necessarily involving the same sites. Increased constraint 
leads to slower rates, whereas relaxed constraint and positive selection 
cause accelerated rates. Several computational methods with a similar 
conceptual basis have been developed to search for genes or genomic 
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Fig. 3 | Prevalence of molecular convergence at 
different genetic organizational levels in different 
categories of traits. a, Hypothetical distributions 
of convergent changes across genetic scales from 
more to less granular. Traits whose underlying 
biological mechanisms are tied closely to highly 
tuned biochemical properties of proteins, such as 
many sensory traits and resistance to toxins, may 
be more likely to depend on convergent amino acid 
substitutions. Conversely, traits that are farther 
removed from the molecular underpinnings and 
more dependent on emergent interactions of 
many components at a macroscopic level, such as 
many morphological traits, may depend more on 
convergence at higher levels of genetic organization. 
Convergent losses of specific traits are more likely 
to occur at higher levels of organization as well. 
b, Functional optimization as a driver of granular 
convergence. The shaded area represents the ‘space 
of molecular solutions’, that is, the volume of genetic 
variation capable of producing a given phenotype. 
Although the absence of a trait (‘functional null’) 
permits a near-infinite number of non-functional 
sequence states, highly optimized traits may be 
supported by only a small number of molecular 
configurations. This canalization implies that 
moving ‘up’ the gradient of optimization is more 
likely to require identical residue substitutions, 
whereas trait losses can occur by many different 
paths when selection is relaxed.
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elements whose evolutionary rates show convergent shifts in connec-
tion with convergent trait acquisitions, including RERConverge123–127 
(Table 1). In addition to gene-level convergence, rate convergence has 
also been applied to study gene regulatory convergence (discussed 
below)125,128–132. One advantage of these methods is that they do not 
rely on site-by-site tests, making them well suited to studying traits 
shaped by distributed genomic changes. However, they generally can-
not distinguish between rate acceleration due to positive selection and 
relaxation of purifying selection (for example, when a gene becomes a 
pseudogene)123,128. Nevertheless, these methods have excelled at finding 
the genetic basis of trait losses because loss of purifying selection can 
lead to rapid evolutionary change in formerly conserved elements133, 
such as genes associated with vision in subterranean mammals109,125, 
gustatory and olfactory genes in marine mammals134 and hair-related 
genes in hairless mammals132, among others133.

The convergent transition to marine aquatic life in mammals, 
which occurred independently in cetaceans, pinnipeds and sireni-
ans, is a particularly interesting example for contrasting site-based 
and rate-based methods. It has been the focus of multiple studies 
that sought convergent amino acid substitutions63,64,68, and has been 
investigated using multiple methods to search for evolutionary rate 
convergence in genes127,128,133–135. Amino acid convergence methods 
found relatively few genes with convergent substitutions and only 
weak pathway or category enrichments that were difficult to interpret 
biologically63,64,68. By contrast, rate-based methods revealed hundreds 
of genes with convergent rate shifts, strongly enriched for skin compo-
nents, sensory systems and muscle or metabolic adaptations clearly 
relevant to marine life127,134. The strength of rate-based methods, in 
this case, may stem from the fact that what we observe as a single 
phenotype is often a multiplicity of phenotypes that coevolved with 
marine transitions, in many cases through the regression of ancestral 
terrestrial adaptations133,136–138. Rate convergence has thus emerged as a 
useful approach for traits that manifest through changes in constraint 
across multiple dispersed genomic loci139.

Higher-level convergence
A higher level of genetic convergence includes cases in which the shared 
genetic solutions affect elements beyond homologous gene sequences, 
including regulatory DNA and non-homologous genes that belong to 
the same pathways or functional categories.

Regulatory and expression-level convergence
A substantial amount of evolutionary change between species can be 
explained by changes in spatial, temporal and conditional gene expres-
sion patterns resulting from non-coding regulatory DNA changes140–143. 
Convergent evolution similarly can arise through parallel alterations in 
gene regulation leading to parallel changes in gene expression, which 
underlies traits including social insect castes144, flightlessness and 
tarsus length in birds145,146, transitions to asexuality in stick insects147, 
electric organ development in electric fish105,148, viviparity in cyprino-
dontiform fish99, floral coloration and pollinator type149,150, hibernation 
and body size in mammals151,152, and venom production in various animal 
lineages153. A change in gene regulation may be less prone to deleterious 
pleiotropic effects compared with amino acid substitutions because 
it might affect expression quantity, timing or tissue specificity only 
mildly or conditionally, whereas a change in the amino acid sequence 
will affect the protein in all settings140.

Convergence in gene regulation can be detected, even when the 
underlying genomic changes are not known, by experimentally measur-
ing expression levels in one or more focal tissue types and comparing 
between species with and without the convergent trait. For traits whose 
mechanism is known to involve a certain anatomical feature, such as the 
electric organ in electric fish148, this organ or tissue provides a natural 
focus for expression studies. Expression can be quantified using RNA 
sequencing, reverse transcription quantitative PCR or microarray 
analyses, and convergence is inferred by testing whether orthologous 
genes show consistent direction (and often magnitude) of expression 
change across independent origins using a variety of statistical meth-
ods, including replicated paired designs or phylogenetically aware 

Box 1 | The relationship between positive selection and amino acid convergence
 

Adaptive evolution of amino acid sequences under positive selection 
is often detected using the non-synonymous/synonymous rate 
ratio (ω or dN/dS), which is expected to be elevated (ω > 1) relative 
to the (strict) neutral expectation (ω = 1)205,206. Because convergent 
evolution is an adaptive process, it has often been assumed that 
convergent protein sequence evolution should result in an elevated 
ω value. Many studies of the genetics of convergent traits have begun 
with a search for genes with evidence of positive selection using 
ω-based methods63,64,95,207,208. Positive selection that occurred in the 
same genes or sites across multiple independent clades (and not 
outside them) can certainly be evidence of convergent molecular 
evolution45,46,209. However, statistical evidence of positive selection in 
genes and/or sites is neither necessary nor sufficient to demonstrate 
adaptive convergence in amino acid sequences.

Convergent amino acid substitutions can result from directional 
selection due to a change in amino acid preferences at a site, but 
the affected site will experience purifying selection for most of its 
history, which would make ω < 1 on that evolutionary lineage15,73,210. It 
also can be difficult to infer positive selection at the gene level when 

the proportion of codons affected is small27,211. Even a single change 
can be enough to alter a phenotype at the molecular level39,40,171, and 
the most thoroughly investigated convergent genes found to date 
only have a handful of verified convergent substitutions in most 
cases33,45,52,212. For example, no hearing-related genes were found 
to be positively selected on the stem branch of the echolocating 
toothed whales, despite many classic convergent echolocation 
genes present in this clade213. Studies that have searched for both 
positively selected genes and genes with convergent substitutions 
have, in most cases, found relatively small overlaps between the 
two categories63,64,214–216. It is likely that scans for convergence using 
ω-based methods detect cases of genes that have undergone 
diversifying selection, which tends to produce much stronger 
elevations in ω compared with directional selection217. Therefore, 
although convergent amino acid substitutions are sometimes found 
at sites and in genes with elevated ω values, it is best to consider 
these as distinct forms of molecular convergence and, when 
possible, use specialized amino acid convergence methods along 
with ω-based methods.
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Table 1 | Major families of methods for detecting genetic convergence underlying convergent trait evolution

Method 
family

Subcategory Primary signal / when to use Main strengths Main caveats Representative tools and 
examples

Amino acid 
convergence

Recurrent amino acid changes 
in orthologous proteins on 
convergent evolutionary lineages

Direct link to protein sites 
and biochemistry

Generally sensitive to 
alignment/tree error; could be 
low power for polygenic traits

ASR-based 
inference of 
convergent 
substitutions

Identical amino acid changes 
reconstructed on foreground 
versus background lineages

Very intuitive; high specificity 
for ‘same site, same 
substitution’ scenario

Needs substitution model 
choices and assumptions; rather 
stringent; many real cases may 
use different amino acids; can be 
computationally costly

CSUBST70; ASR-based 
counting tests and 
their genome-wide 
extensions34,44,62,63,67

Pattern-based 
amino acid 
convergence 
(no ASR)

Extant amino acid patterns 
enriched in trait species (without 
reconstructing ancestors)

Avoids ASR; can use tip 
sequences directly

Still sensitive to alignment; may 
pick up clade-specific patterns 
unrelated to trait

CCS60; and related 
pattern-based approaches

Codon/AA 
profile- 
shift methods

Foreground lineages share 
an altered amino acid 
preference/profile at sites

More flexible than identical- 
substitution tests; detects 
shared biochemical 
preferences

Model-dependent; heavier 
computation; interpretation 
at ‘profile’ level, not single 
amino acids

PCOC75; TDG09203; Pelicon 
and related profile-change 
codon/amino acid models74

Selection 
and rate 
convergence 
in coding 
genes

Convergent changes in selection 
strength or evolutionary rate 
across genes

Good for distributed, 
polygenic signals and subtle 
constraint changes

Hard to distinguish positive 
selection versus relaxed 
constraint; trait-correlated 
confounders matter

Branch-wise 
ω (dN/dS) and 
selection- 
intensity models

Elevated or relaxed ω or 
selection intensity on 
convergent branches

Highlights genes under 
altered selection during trait 
evolution; works well at the 
gene level

ω can change for many 
reasons; limited power with few 
convergent lineages; can miss 
directional selection at a few sites

Branch/branch-site/clade 
models (HyPhy and 
codeml); BUSTED-PH96

Gene-wise 
relative rate 
convergence

Correlation between relative 
gene rates and trait across the 
phylogeny

Powerful and fast for genome- 
wide scans; does not need 
specific substitutions

Sensitive to branch-length 
error and confounders (e.g., life 
history); multiple-testing burden

RERConverge123; Forward 
Genomics125; and related 
rate-based methods

Gene content 
(gain or loss 
and family 
size)

Convergent expansions, 
contractions or losses of gene 
families in trait lineages

Natural for gene dosage,  
innovation and regressive  
traits; models duplication/ 
loss explicitly

Depends on good annotation 
and orthogroups; whole-genome 
events can obscure trait-specific 
changes

Gene family birth–death 
models117,118; gene tree- 
based duplication 
mapping

Regulatory 
sequence 
convergence

Convergent acceleration, 
deceleration or activity shifts of 
CNEs/enhancers/TFBSs

Captures non-coding 
mechanisms when coding 
signal is weak; many traits 
may evolve primarily through 
regulatory changes

Needs good multi-species 
genomes/alignments; mapping 
elements to target genes is 
uncertain

RERConverge123; 
PhyloAcc145, REforge204

Expression- 
level 
convergence

Convergent gene expression  
patterns (differentially expressed 
genes, modules, principle 
components) in trait species

Shows functional read-out; 
does not require genome 
alignments

Strongly affected by tissue 
matching, environment, batch 
effects; orthology mapping 
limits power

RNA-seq and differential 
expression analyses153,156

Machine 
learning- 
based 
methods

High-dimensional patterns in 
sequences or regulatory data 
that predict trait versus non-trait

Integrates many weak signals; 
can use rich representations 
(embeddings, CNN features)

Risk of overfitting; interpretation 
can be challenging in some 
cases; needs careful validation 
and good labels

Sequence- 
based sparse 
or penalized 
models

Trait prediction from aligned 
sequences (positions or groups 
as features)

Transparent and interpretable 
feature weights; highlights 
key genes/sites; does not 
need branch lengths

Orthology assignments and 
design of contrasts are key; traits 
may evolve without any identical 
amino acid convergence

ESL-PSC69

Regulatory 
machine 
learning models

Trait prediction from regulatory 
intervals (e.g., OCRs, enhancers)  
with CNNs

Captures complex motifs 
and combinatorial regulatory 
patterns; links enhancers  
to traits

Requires many species with high- 
quality full genome alignments; 
model more ‘black-box’

TACIT174

pLM-based 
convergence

Detection of convergence in 
protein structural/functional 
features beyond identical amino 
acid substitutions

Uses information in 
embeddings generated by 
pretrained models; may 
detect cryptic similarity 
beyond amino acid identity

Very new; best practices and 
benchmarks still emerging; 
embeddings are high 
dimensional

ACEP198

ACEP, adaptive convergence by embedding of protein; ASR, ancestral state reconstruction; BUSTED-PH, branch-site unrestricted statistical test for episodic diversification and association 
with phenotype; CCS, convergence at conservative sites; CNE, conserved non-coding element; CNN, convolutional neural network; ESL-PSC, evolutionary sparse learning with paired 
species Contrast; HyPhy, hypothesis testing using phylogenies; OCR, open chromatin region; PCOC, profile change with one change; pLM, protein language model; RNA-seq, RNA 
sequencing; TACIT, tissue-aware conservation inference toolkit; TDG09, Tamuri–dos Reis–Goldman 2009 profile-change codon model; TFBS, transcription factor binding site; ω (dN/dS), 
non-synonymous/synonymous rate ratio.
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regression models147–149,153–156. Convergent changes in expression can 
result from shared trans-regulatory mechanisms157 or from primarily 
parallel cis-regulatory alterations158.

At the regulatory DNA level, computational methods that search 
for evolutionary rate acceleration in conserved non-coding elements 
(CNEs), including RERConverge and PhyloACC125,128,159–161 (Table 1), have 
revealed thousands of CNEs whose accelerated substitution patterns 
track convergent phenotypes, such as wing loss in ratite birds145 and sea-
sonal hibernation in mammals151, among others20,99,131. In a small num-
ber of cases, the chain of causality from convergent nucleotide-level 
changes to expression changes and, finally, to the phenotypic change 
has been identified19,145,162. For example, to examine three convergent 
origins of gliding membranes in marsupials, scanning for accelerated 
non-coding regions in one or more gliders revealed a gene, Emx2, that 
was expressed in the developing gliding membrane and was enriched 
for nearby accelerated regions20. Reporter assays showed that accel-
erated DNA regions near Emx2 acted as enhancers, boosting Emx2 
expression, and in vivo Emx2 knockdown in developing tissue reduced 
membrane outgrowth, supporting a causal role for EXM2 (ref. 20).

Where scans for regulatory convergence and other forms of 
molecular convergence have been performed on the same genomes, 
there is generally little overlap between genes affected by each type 
of convergence99,145. In a joint scan for expression and amino acid con-
vergence (no particular target trait) across thousands of lineage pairs 
on a tree of vertebrates and >16,000 orthology groups, only 33 pairs 
were found to have convergence of both types70. Differences in meth-
odological power and data abundance make it difficult to interpret 
the scarcity of such cases. Whether molecular convergence appears 
predominantly in a single level of genetic organization for a given trait 
or whether multiple levels are commonly involved remains an open 
question, and more studies addressing convergence across multiple 
genetic organizational levels are warranted.

Convergence at the level of pathways
Even when the specific genetic changes responsible for a convergent 
trait differ across lineages, the repeated involvement of a shared path-
way or functional category of genes represents evidence of convergent 
phenotypic evolution. We can think of this as the highest level of genetic 
organizational convergence (Fig. 1d).

Across diverse systems, convergent phenotypes repeatedly arise 
from changes that primarily affect different genes within the same 
pathways or gene networks. High-altitude adaptations have repeatedly 
involved modifications to different genes within the hypoxia-inducible 
factor (HIF) pathway to similarly enhance oxygen transport in 
low-oxygen environments82,92. Distinct but functionally similar genes 
facilitated independent foraging adaptations in Myotis bats22. Multiple 
lineages of sulfide-tolerant fishes independently adapted through 
convergent expression changes in genes within mitochondrial path-
ways involved in oxidative phosphorylation and sulfide detoxification, 
although the specific affected genes differed among species163. Across 
independently evolved eusocial insects, caste-associated transcrip-
tomes show only partial reuse of the same genes but consistent enrich-
ment of overlapping reproductive, developmental and metabolic 
pathways, indicating that convergent caste phenotypes mainly arise 
by repeatedly tapping into similar gene networks rather than identical 
loci144,164. This aligns with a proposed framework in which eusocial-
ity repeatedly recruits conserved nutrition–growth–reproduction 
regulatory systems165. In plants, repeated genetic co-option within the 
cytokinin biosynthesis pathway has driven the independent evolution 

and loss of prickles across diverse species80; arctic Brassicaceae species 
exhibit similar physiological adaptations to extreme cold and drought, 
using different genes within shared stress response pathways166; and 
different genes within anthocyanin biosynthesis pathways repeatedly 
drove floral pigmentation changes in Iochrominae149. Collectively, these 
findings underscore how adaptive evolution can convergently harness 
the same biological pathways, illustrating functional predictability 
at the pathway level despite variability in the specific genetic details.

Some evidence from microbial experimental evolution studies 
suggests that convergent change becomes progressively more likely 
at higher levels of genetic organization5,167–169, although the extent 
to which this is true may depend on the specific traits and environ-
mental adaptations under consideration. Higher-level convergence 
might be more common in traits that are farthest from molecular 
phenotypes or depend on a vast concert of different gene functions, 
such as adaptation to high temperature5 or life history traits167. Gene- 
and amino acid-level convergence may be required for traits that are 
enabled directly by molecular biochemical mechanisms in specific 
proteins, such as sensory abilities, toxin or drug resistance and electri-
cal properties, especially when extremely high molecular optimization 
is required33,40,47,53,62,89,170–173 (Fig. 3a,b).

Morphological and other developmentally determined traits 
that result from slight differences in the timing or localization of mor-
phogenic signalling proteins might depend more on regulatory and 
gene regulatory convergence146. Trait losses are more likely to involve 
gene losses, whereas great increases in complexity or wholly new 
functionalities could involve gene family expansions or de novo gene 
births respectively. It is difficult to draw strong conclusions given the 
limited catalogue of verified cases of molecular convergence, but 
this hypothesis deserves further consideration and future studies 
should determine the frequencies of different modes of molecular 
convergence for different types of traits.

Machine learning and artificial intelligence for 
convergent comparative genomics
Traditional methods for detecting genetic convergence typically rely on 
explicit evolutionary models to reconstruct ancestral states, estimate 
substitution rates or test for shifts in selection strength associated with 
a trait. These approaches have yielded many insights, but they require 
strong assumptions about how sequences evolve and often analyse 
sites, genes or regulatory elements in isolation, which can limit power 
and scalability when convergence is sparse, polygenic or distributed 
across molecular levels. Machine learning frameworks provide a com-
plementary strategy: they learn patterns that distinguish convergent 
from non-convergent lineages directly from high-dimensional genomic 
data, can jointly consider many loci and features at once, and reduce 
dependence on any single prespecified evolutionary model. As a result, 
they offer a flexible route to detect genetic signatures that underlie 
convergent phenotypes across all genetic levels.

The ESL-PSC (evolutionary sparse learning with paired species con-
trast) method departs from the standard molecular phylogenetic proto-
cols by building a genetic model of trait convergence using all relevant 
loci simultaneously69. The experimental design relies on paired compari-
sons between closely related species, where one member of each pair 
exhibits the convergent trait and the other does not (Fig. 4a). This pairing 
allows the neutral and ancestral phylogenetic background to be implicitly 
subtracted. The inferred ESL-PSC models can be used to predict the trait 
states in species that are evolutionarily independent of the species used 
in building the model, and the genes can be scored and ranked based on 
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their contribution to many models (Fig. 4b). Applied to a proteome-scale 
search for convergence underlying echolocation in mammals69, 
ESL-PSC revealed with high statistical significance that high-scoring 
genes were strongly enriched for many hearing-related ontology 

terms. Benchmarking on empirical and simulated datasets found that  
ESL-PSC outperformed a range of methods in many situations69.

Another machine learning approach, the tissue-aware conserva-
tion inference toolkit (TACIT), seeks links between gene regulatory  
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Fig. 4 | Machine learning-based methods for detecting genetic convergence. 
a, The paired species contrast (PSC) approach. A phylogeny is shown containing 
two convergent clades (blue branches) that are separated by lineages bearing 
the ancestral phenotype (black branches). A single evolutionary sparse learning 
(ESL) model includes pairs of convergent and ancestral (control) species (solid 
branches) and the shared ancestry of each pair, and other lineages (dashed 
branches) are excluded. Sibling species in each clade of convergent and 
control species can be exchanged to create an ensemble of models using many 
combinations of species. b, The eESL-PSC method. The echolocation trait is used 
as an example: orthologous protein sequences (numerically encoded) are used as 
the inputs to build an ensemble of sparse group LASSO (least absolute shrinkage 
and selection operator) models (1); these models can be used to generate 
phenotype predictions for other species that can be aligned with those used 
to build the models, including evolutionarily independent species (2); model 
contribution scores for each sequence can be used to generate a ranking of genes 
with the strongest evidence of convergence (3); and these can then be analysed 
for gene ontology enrichments (4). c, The tissue-aware conservation inference 
toolkit (TACIT) links genotype to phenotype by predicting regulatory activity: 
a convolutional neural network (CNN) is trained to distinguish open chromatin 

regions (OCRs) from closed regions using DNA sequences from a relevant tissue 
in a few representative species (for example, mouse and macaque) (1); the trained 
model is then applied to orthologous sequences across a large phylogeny (for 
example, 222 mammals) to generate quantitative predictions of chromatin 
openness for every species, regardless of whether experimental data exist for 
them (2); and these predicted openness scores are tested for association with 
the convergent phenotype using phylogenetic regression (3). d, The adaptive 
convergence by embedding of protein (ACEP) method uses artificial intelligence 
to detect high-order convergence beyond site-specific identity: orthologous 
protein sequences from convergent lineages (for example, bats and whales) and 
control lineages are processed by a pretrained protein language model (pLM) 
and a bottleneck encoder to generate fixed-length numerical embeddings 
that capture latent structural and physico-chemical features (1); in the high-
dimensional embedding space, proteins with convergent adaptive functions may 
cluster closer together (dobs) than expected from their phylogenetic distance (2); 
and statistical significance is determined by comparing the observed embedding 
distance between convergent taxa against a null distribution of distances derived 
from simulations of neutral evolution (3).
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convergence and convergent traits174. Open chromatin regions 
(OCRs) detected by methods such as ATAC-seq (assay for transposase- 
accessible chromatin using sequencing) tend to coincide with gene 
regulatory regions. The TACIT trains convolutional neural networks 
(CNNs) to predict chromatin openness based on genomic DNA 
sequence intervals centred on OCRs (that is, ATAC-seq peaks) as  
positive cases and intervals sampled from closed chromatin regions 
as negative cases. Once trained in a small number of reference mam-
malian species with high-quality OCR data, these models can predict 
the likelihood of OCRs across other genomes (Fig. 4c). These prob-
abilities were used to identify candidate regions linked to a certain 
trait of interest (that is, predicted as OCR openness was associated with 
the trait). For instance, the TACIT was applied to OCR profiles from a 
bat vocal-motor brain region, predicting enhancer openness across 
222 mammalian genomes and pinpointing 48 candidate enhancers 
whose predicted activity convergently associates with vocal learning 
behaviour across species98. By linking regulatory sequence activity to 
trait status in a lineage-aware manner, the TACIT provides new means 
to detect enhancer-level convergence.

In the near future, artificial intelligence technologies that power 
large language models175–177 hold potential for detecting cryptic sig-
natures of molecular convergence. Given that proteins can converge 
on similar structures and functional motifs84,178,179 without identical 
amino acid substitutions or changes in standard evolutionary measure-
ments, such as evolutionary rates, these cases are invisible to current 
approaches. However, finding rule-based patterns and long-range inter-
dependencies in sequence data is a task at which large language models 
excel, and biological sequences contain such latent patterns and are 
amenable to this approach180–182. Protein language models (pLMs), 
which are pretrained on millions of protein sequences, have been 
shown to facilitate prediction of the structure, function and fitness of 
proteins from their sequences alone183–187. During training, pLMs gain 
the ability to generate high-dimensional numerical representations 
of residues in proteins, known as embeddings. Each residue’s embed-
ding encodes key aspects of its molecular context in the sequence 
that determine its properties and behaviour183,188. These embedding 
vectors can be extracted and used effectively as inputs for downstream 
prediction tasks189–194, which opens new avenues for linking genotypes 
to phenotypes. For example, unexpected similarity of two residues’ 
embedding vectors in a protein in species from distinct evolutionary 
lineages can signify a similar structural or functional role, analogous 
to the original quest for convergent substitutions. For example, an 
analysis of influenza virus nucleoprotein sequences revealed that pLM 
embeddings reveal patterns consistent with convergent evolution195. 
Using evolutionary velocity analysis, a framework that estimates 
the directional flow of evolution using pLM-derived embeddings, it 
was reported that two avian influenza strains became more similar 
to human H1N1 influenza nucleoprotein sequences over time195. In a 
study of venom proteins, residue embeddings revealed unexpected 
clustering of centipede toxins with snake three-finger toxins, despite 
their distant taxonomic origins196. Structural analyses confirmed that 
these proteins share a remarkably similar fold, suggesting an instance 
of convergent evolution. Convergent motifs were also detected, in 
some cases, in pLM-based tools designed to search for sequences with 
remote homology197.

A method using pLM embeddings to test for adaptive conver-
gence, termed adaptive onvergence by embedding of protein (ACEP)198, 
takes a multiple-sequence alignment and a fixed species-tree topology 
for each gene, and infers conventional branch lengths, site-wise rates, 

equilibrium frequencies and ancestral states. Using this informa-
tion, ACEP simulates molecular evolution to build a neutral reference 
and then generates embeddings for real and simulated sequences 
using a pretrained pLM and a trained bottleneck encoder to obtain 
fixed-length per-protein embeddings. The mean embedding distance 
(cosine or Euclidean) between convergent lineages is then compared 
with the simulated neutral reference, with the expectation that pro-
teins harbouring convergent genetic changes will show a smaller 
embedding distance than the neutral reference (Fig. 4d). Applied to 
echolocating mammals, ACEP recovered classic candidate proteins, 
such as prestin (encoded by SLC26A5), and a significant enrichment 
of ‘sensory perception’ genes in bats and toothed whales, whereas a 
control pairing (bats versus bovids) lacked such an enrichment. How-
ever, enrichments for terms related specifically to hearing were not 
found, unlike previous studies that searched for identical amino acid 
convergences34,67,69. This trait may simply be one for which identical 
amino acid convergence is more pronounced due to the high level 
of functional tuning it requires (Fig. 3). Notably, embedding-level 
convergence detection persisted after masking known convergent 
sites in one protein, suggesting that ACEP can capture high-order 
physico-chemical or structural features beyond identical amino acid 
convergences198. These emerging trends suggest that machine learning 
and artificial intelligence approaches hold considerable promise for 
detecting hidden signatures of genetic convergence underlying the 
convergent evolution of traits.

Challenges and future directions
Despite recent progress in computational methods, several challenges 
continue to hinder efforts to uncover the genetic foundations of conver-
gent traits. The first problem is the plethora of competing approaches 
and software tools. We (Table 1) and others41,139 have provided guidance 
on which method to choose, but a daunting array of choices neverthe-
less remains. Very few, if any, truly independent benchmarking stud-
ies have compared the performance of existing methods, potentially 
because benchmarking requires a source of ground truth, that is, cases 
where the underlying genetic basis of complex convergent traits is fully 
known and understood. However, even for the most widely studied 
traits, such as echolocation, our understanding remains limited and 
provisional. Simulated data are often used in benchmarking studies 
for other kinds of computational methods (that is, phylogeny recon-
struction), but confidently simulating adaptive convergent evolution 
would require an understanding of the idiosyncratic selective pro-
cesses at play in these sporadic cases, which eludes us. One can only 
simulate using a wide range of plausible parameters and conditions 
and demonstrate robust capabilities of detection approaches69,70,74.

Another problem is that the many different modes of convergent 
genetic evolution that can occur at different organizational levels, 
each requiring dedicated computational methods. For studies of traits 
whose genetic basis is uncertain, a full unbiased search requires a large 
array of methods to be used. Within each class, each method has differ-
ent sensitivities, which are generally not known or intuitive. A related 
problem is that we lack a strong understanding of the factors that make 
a certain mode of genetic convergence more likely for a given trait. 
We have discussed some hypotheses here (Fig. 3), but these remain to 
be rigorously investigated. In addition, it is uncertain how frequently 
genetic convergence occurs at all, at any given level. Many cases exist in 
the literature, as we have reviewed, but a publication bias likely inflates 
the perception that most traits have an underlying shared genetic basis. 
That said, when convergence at the level of pathways, shared functions 
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and gene families is accounted for, there is relatively little scope for 
genuinely unique genetic solutions.

Future developments in artificial intelligence-based methods 
present a possible path to solving many of the above problems. An 
ideal approach would involve a model pretrained on a vast array of 
genomes, population variation and experimental measurements, 
such that the model learns patterns of convergent similarities across 
levels of organization, which could be harnessed to detect generalized 
genetic convergence with one analysis. Models such as DeepMind’s 
AlphaGenome199 already show that one model can take ~1 Mb of DNA 
as input, predict thousands of genome tracks, such as contact maps 
and tissue-specific expression at base-pair resolution across modali-
ties, and diagnose function-altering variants in one pass. Similarly, 
whole-genome language models trained across diverse species, 
such as Evo 2 (ref. 200), now learn long-context, interpretable rep-
resentations of coding and regulatory sequence that unify splicing, 
expression and chromatin features. In the not too distant future, 
representations from a deep learning model of biological sequences, 
variation and experimental read-outs may be able to detect multiple 
levels of convergent genetic evolution in a single analysis. If realized, 
such foundational models, and the analytic methods that leverage 
them, using principles similar to methods such as ESL-PSC, the TACIT 
and ACEP, would make it possible to unlock the hidden structure of 

evolutionary genotype to phenotype relationships across the tree 
of life.

We envision that convergent genomics research will advance from 
detection to prediction by building genetic models of convergent 
traits. Whereas most traditional methods for detecting molecular 
convergence have focused on identifying sites, genes and pathways 
whose evolutionary changes are associated with a shared trait, machine 
learning approaches enable a more ambitious goal of building predic-
tive genetic models of convergent traits69,201,202. These models can infer 
a minimal set of genetic features that jointly and quantitatively predict 
the presence or absence of a trait across lineages. By applying the model 
to ancestral sequence reconstructions or taxa at intermediate stages 
of evolution, one can estimate the trajectory or likelihood of acquiring 
the convergent trait. This ability to retrospectively and prospectively 
infer trait states represents a notable advance over descriptive models 
of convergence and may transform the study of convergent evolution 
from an explanatory discipline into a predictive science, one that can 
inform trait annotations and their evolutionary reconstruction, among 
other applications.

Conclusions
Convergent evolution provides powerful insights into evolutionary 
determinism, adaptation and the genetic basis of complex traits, 

Box 2 | Convergence as a tool for biomedical discovery
 

Convergence-based methods can shed light on many complex 
health-related traits whose genetic basis may be largely fixed within 
the human species but variable across species. These include traits 
such as longevity, cancer resistance, metabolic adaptation and 
sensory decline, some of which may not be amenable to study using 
traditional genome-wide association studies or single-species models 
because they have limited variability within the species218. Because 
convergent evolution represents independent ‘natural experiments’ 
in solving similar physiological problems, it enables robust inference 
of functionally important genes and genomic regions. Convergent 
patterns indicate that selection has repeatedly acted on the same 
systems, suggesting that the corresponding genes are under 
meaningful functional constraint or selection.

One convergent trait with substantial biomedical relevance is 
that of prolonged healthy longevity, which has appeared in many 
independent lineages219. Maximum lifespan varies from around 
2 years to more than 200 years across mammals220, underscoring 
the importance of evolutionary comparative studies to understand 
the genetic basis of dramatic differences in healthy ageing between 
species. Several studies have leveraged comparative genomic 
analyses to reveal genetic pathways consistently associated with 
increased lifespan across distinct mammalian lineages127,129,221,222. 
An analysis of mammals showed that genes involved in DNA repair, 
NF-κB signalling, cell cycle regulation and immune functions exhibit 
increased evolutionary constraint in long-lived mammals221. This 
approach, which quantitatively correlated evolutionary rate shifts 
with lifespan across mammals, robustly demonstrated that genes 
maintaining genomic integrity and controlling inflammation are 
critical for longevity. Similarly, another study identified strong 
signatures of positive selection in DNA repair genes, immune 

modulation and insulin signalling pathways in exceptionally 
long-lived rockfish species, including species documented to live 
for more than two centuries, suggesting common mechanisms 
driving lifespan extension across distant taxa223. These findings 
were subsequently confirmed by targeted genomic sequencing, 
highlighting nucleotide excision repair and chromatoid body 
regulation, pathways related to transposon suppression and genome 
stability224. Future work leveraging new methods and high-quality 
genomes will continue to shed light on many open questions related 
to the mechanistic basis of longevity.

Across mammals, cancer mortality is only weakly related to body 
size and lifespan, a phenomenon known as Peto’s paradox, consistent 
with repeated evolution of cancer suppression mechanisms. 
Pan-mammalian associations between evolutionary rate constraints 
and genes involved in cancer resistance have been identified221, 
notably those regulating cell cycle, DNA repair and immune responses. 
This finding aligns with single-species studies showing convergent 
adaptive changes in tumour suppressor genes, such as ADAMTS9 
in microbats and the naked mole-rat225. Similarly, convergent 
evolutionary rate shifts in cancer-related pathways were identified 
among birds and bats215, reinforcing the concept of conserved 
evolutionary pressures favouring cancer resistance mechanisms. 
The process of tumorigenesis itself can also be considered as an 
evolutionary process in which malignancy is acquired convergently, 
and cancer genomics studies identify driver mutations along with the 
genes and pathways in which they occur based on their independent 
acquisitions across tumours and individuals226. Together, these studies 
underscore how computational approaches to identifying convergent 
genetic changes can illuminate the fundamental biological pathways 
underpinning complex, medically important traits.
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revealing how similar phenotypes arise through repeatable molecular 
changes across diverse lineages. From shared amino acid substitu-
tions to regulatory element reuse, molecular convergence highlights 
nature’s recurring solutions to selective pressures. It serves not only 
as a retrospective lens but also as a predictive framework for linking 
genotype to phenotype. This principle applies both across and within 
species, including in cancer genomics, where repeated occurrence 
of somatic mutations in tumours is of great functional importance 
(Box 2). The convergence of molecular mechanisms across distantly 
related lineages thus not only deepens our understanding of evolution 
but also holds promise for identifying key adaptive variants in human 
traits and offers a powerful framework for identifying genes and path-
ways underlying complex traits of biomedical relevance. Advanced 
computational tools now enable scalable, interpretable detection of 
molecular convergence across genomes. These approaches are driving 
progress in trait prediction, ancestral reconstruction and understand-
ing of evolutionary innovation, with implications across evolutionary 
biology and genetics.

Published online: xx xx xxxx
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