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Linguistics
The scientific study of 
language.

Phonetics
The study of the production, 
perception and physical 
properties of speech sounds.

Phonology
The study of the sound systems 
of languages and the ways in 
which speech sounds can be 
combined.

Cerebral cortex
The outer layer of the 
mammalian cerebrum, which is 
involved in processes such as 
sensation, perception, 
cognition and (in humans) 
language.

The eloquent ape: genes, brains and 
the evolution of language
Simon E. Fisher* and Gary F. Marcus‡

Abstract | The human capacity to acquire complex language seems to be without parallel 
in the natural world. The origins of this remarkable trait have long resisted adequate 
explanation, but advances in fields that range from molecular genetics to cognitive 
neuroscience offer new promise. Here we synthesize recent developments in linguistics, 
psychology and neuroimaging with progress in comparative genomics, gene-expression 
profiling and studies of developmental disorders. We argue that language should be viewed 
not as a wholesale innovation, but as a complex reconfiguration of ancestral systems that 
have been adapted in evolutionarily novel ways.

Human language seems to be unique in the natural 
world. Non-human communication is predominantly 
restricted to simple messages such as alarm calls and 
identification signals, with little in the way of complex 
structure1,2. By contrast, the average human has access 
to a vocabulary of tens of thousands of words and can, 
guided by an intricate set of structural rules, assemble 
them into a potentially infinite number of meaning-
ful sentences, referring not only to the here and now, 
but also to the past, the future and the abstract3,4. 
Remarkably, this rich linguistic system is usually 
acquired without conscious effort or formal instruction. 
The drive to acquire language is so robust that a lack 
of aural input does not necessarily abate it; deaf babies 
who are exposed to sign language babble using their 
hands5, and deaf children who have had little access to 
sign-language input can develop language-like gesture 
systems6. In comparison, no other living primate natu-
rally acquires more than a few signals, and these are 
combined in rudimentary ways2.

Given such sharp distinctions between commu-
nication in humans and that found in other species, 
language has often been investigated as an isolated 
phenomenon. Experts in linguistics have studied 
aspects of language that include its sound systems 
(phonetics and phonology), the ways in which words 
can be put together from smaller meaningful units 
(morphology), and the principles that govern sentence 
construction (syntax) and meaning (semantics), with 
little or no reference to the biology or psychology of 
non-human species. Similarly, neuroscientists who 
seek to understand the neural basis of human com-
munication have tended to focus their attention on 
two regions of the cerebral cortex that were thought 

to provide specialized human-specific substrates 
for processing language — Broca’s area (commonly 
described as the seat of grammar) and Wernicke’s 
area (described as the seat of meaning and sound 
structure)7,8.

These efforts have proved effective for many pur-
poses, such as clarifying the nature of language (BOX 1) 
and probing electrophysiological activity in the brain 
during the production or comprehension of a sentence. 
Even so, although researchers have made progress by 
studying language purely on its own terms, it does not 
follow that language should be studied in this way. Few 
if any phenotypic traits are entirely without precedent. 
The avian wing, for example, can be thought of as a 
specially modified version of the basic vertebrate fore-
limb — an idea that is supported by a well-described 
molecular and developmental basis9. As suggested by 
Darwin over a century ago10, the behavioural and cog-
nitive peculiarities of Homo sapiens — including our 
extraordinary capacity for language — should be simi-
larly explicable as the product of descent with modifi-
cation17. Here we argue that with recent progress across 
many disciplines — including genetics and genomics, 
which are the focus of this article — the scientific com-
munity is finally approaching a position in which it can 
fulfil Darwin’s promise.

Approaching language evolution
The search for the origins of language is far from new. 
A whole host of different (often conflicting) hypotheses 
have been proposed11, which have been framed with 
respect to a wide range of questions. Can language be 
explained by the same kind of adaptive evolution that 
has shaped other traits12? Was language itself subject 
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Macromutation
A single evolutionary event that 
has large-scale effects on a 
phenotype, which involves 
concurrent alteration of 
numerous characteristics.

Sexual selection
The evolution of a trait as a 
consequence of competition 
among members of one sex 
(usually males) for fertilization 
opportunities with the other 
sex.

Hominin
Modern humans and all extinct 
human-like ancestors and their 
relatives that existed following 
divergence from other ape 
lineages. Includes all species of 
the genera Homo and 
Australopithecus, and other 
ancient forms such as 
Paranthropus and Ardipithecus.

Larynx
The specialized upper portion 
of the respiratory tract that 
houses the vocal cords — folds 
of mucous membrane that 
provide the source for vocal 
sounds. The low position of the 
larynx in adult humans allows a 
rich phonetic repertoire, but its 
significance for language 
evolution remains a matter of 
debate.

Lexicon
The vocabulary and word forms 
of a language.

to selective forces, or did it emerge as a secondary 
by-product of other properties, such as a larger and more 
complex brain, with greater computational resources13? 
Is language the consequence of a single radical 
macromutation14,15, or was it honed in successive steps12? 
What selective advantages might be associated with this 
trait? Suggestions have ranged from enhanced com-
munication of information12 to improved organization 
of internal thought16, sexual selection18 and increased 
social cohesion19. What came first — a means for the 
fine articulation of the vocal tract (speech) or a means 
for combining individual communicative elements and 
coordinating them with meaning (language)? Or did the 
two co-evolve20?

Until recently, relevant empirical investigations were 
mainly restricted to three domains — archaeological 
studies, linguistic reconstructions of intermediate forms 
of language and computational modelling of constraints 
on language evolution. These approaches have yielded 
interesting findings, but each has been hampered by 
uncertainty. Archaeological approaches are limited 
because cognitive systems do not leave any direct physi-
cal fossil record. Although studies of fossilized hominin 
skeletons have provided evidence about the position of 
the larynx21, degree of tongue innervation22 and sophis-
tication of breathing control23 during human evolution, 
the significance of these changes for the emergence of 
language remains highly controversial24–26. Putative 
precursors of language systems — which are based on 
studying aspects of modern usage27,28 and the ways that 
newly formed languages develop27,29 — are not open to 
independent verification. Mathematical and computa-
tional approaches30,31 face similar problems. For example, 
studies have identified circumstances under which a 
language that has a lexicon but no rules for combining 
words into sentences could evolve into a system that con-
tains rules for constructing new sentences to describe 
novel situations30. However, at present there is no way to 
validate the core assumption that lexicons evolved before 
grammar.

Against this daunting backdrop we see several rea-
sons to be optimistic. First, contemporary data have 
highlighted the flaws in traditional views of the neuro-
logical bases of language8,32,33 (BOX 2). Because the classi-
cal model that revolves around Broca’s and Wernicke’s 
areas invokes neural substrates that are unique to 
language and to humans, it unduly minimizes the 
possibility of understanding language origins through 
studies of animals or other cognitive systems. However, 
neither Broca’s nor Wernicke’s area is devoted entirely 
to language processing34,35 and, in fact, these substrates 
might not be human-specific36–38. It is also now generally 
accepted that language capacity involves a complex net-
work of cortical and subcortical circuits that is broadly 
distributed across the brain32,39 (BOX 2). 

Second, although non-human primate communica-
tion shows qualitative differences from human language, 
studies have established that most components of lan-
guage show some degree of continuity with other species. 
For example, the human vocal tract supports a wider 
repertoire of speech sounds than could be produced 
by other primates26, but the capacity to create richly 
modulated formants is not unique to humans40. Likewise, 
many animals and birds can distinguish different human 
speech sounds, and adult tamarin monkeys can dis-
criminate between the distinctive rhythmic properties 
of different languages41. Debate continues about exactly 
how much of the machinery of language is species- or 
language-specific; for example, opinion is divided over 
whether recursion represents the only component that is 
genuinely new to the human species42,43. Nevertheless, 
views that consider language to be fully independent of 
ancestral systems are no longer tenable, and there is a 
growing recognition that cognitive, physiological, neuro-
anatomical and genetic data from non-speaking species 
can greatly inform our understanding of the nature and 
evolution of language32,42–44.

A third principal reason for optimism comes from 
developments in molecular genetics, including large-
scale comparative genomics45, investigations of gene 
expression46 and explorations of specific genes that have 
been suggested by studies of developmental disorders47. 
As described below, these advances collectively offer new 
types of empirical data for addressing hypotheses about 
how humans diverged from other primates.

Comparing primate genomes
One new avenue seeks to investigate the origins of lan-
guage by comparing the genomic sequences of humans 
and other closely related species. Although we cur-
rently lack adequate genetic material from extinct 
hominin species48 (but see REF. 49), the complete draft 
genome sequence of Pan troglodytes, the closest extant 
primate cousin of H. sapiens, yields a catalogue of 
almost every sequence difference that distinguishes a 
human from a chimpanzee50. Furthermore, genomic 
sequencing of the rhesus macaque and orangutan is 
well underway.

Surprisingly, it seems that most human–chimpanzee 
genomic differences have accumulated through genetic 
drift during the several million years since the two 

Box 1 | What is language? 

Although linguistic functions seem to be seamless, operating largely below the level 
of conscious awareness, the act of communication requires the extensive 
coordination of a broad range of mechanisms. When a person speaks, abstract 
thoughts are automatically transformed into rapid and intricately synchronized 
articulatory gestures that involve, among others, muscles of the tongue, lips and jaw. 
The resulting modulations in the shape of the vocal tract, coupled with precisely 
timed onsets and offsets for the vibration of the larynx, translate into ordered 
sequences of temporally and acoustically complex sounds26. The listener extracts 
meaning from this stream of raw acoustic signals, despite variations in pitch, rate 
and accent, without any obvious acoustic markers to signal boundaries between 
words129. Speaker and listener might switch roles many times, and can have a 
meaningful conversation without any previous explicit agreement about what 
particular sounds should signify20. In short, language is a rich computational system 
that simultaneously coordinates syntactic, semantic, phonological and pragmatic 
representations with each other, motor and sensory systems, and both the speaker’s 
and listener’s knowledge of the world. As such, tracing the genetic origins of 
language will require an understanding of a great number of sensory, motor and 
cognitive systems, of how they have changed individually, and of how the 
interactions between them have evolved.
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Aphasia
An inability to produce and/or 
comprehend language that is 
due to brain injury or disease.

Subcortical
Describes the brain structures 
that are below the cerebral 
cortex.

Striatum
Part of the group of 
interconnected subcortical 
nuclei that are known as the 
basal ganglia. The striatum 
comprises two nuclei — the 
caudate and putamen — and is 
involved in the planning and 
modulation of movement 
pathways, as well as a range of 
other cognitive processes.

Thalamus
A forebrain structure that is 
located beneath the cerebral 
hemispheres and that 
modulates and relays sensory 
signals to and from the 
cerebral cortex.

Cerebellum
A multilayered structure in the 
vertebrate hindbrain that 
comprises a complex mixture 
of different cell types. The 
cerebellum modulates the 
force and range of movements, 
maintains balance and is 
involved in motor learning.

Hemispheric asymmetries
These are differences in the 
structure or function of the left 
and right hemisphere 
counterparts of a particular 
brain region.

Motor control
The ability to direct and 
coordinate muscle movements.

Formants
Peaks in the acoustic energy 
spectrum that result from the 
resonant frequencies of vocal 
tracts.

Recursion
A process by which ever more 
complex elements are 
generated through the 
repeated recombination of 
simpler elements.

lineages diverged50. To determine which specific changes 
have shaped the distinctive features of human biology, 
researchers have begun by searching coding regions 
for evidence of accelerated amino-acid change that has 
exceeded that expected from local mutation rates (BOX 3). 
These studies have found that genes which are specifi-
cally or maximally expressed in the brain tend to show a 
much lower degree of amino-acid divergence than other 
genes50–52. A probable explanation is that the proteins 
involved in nervous-system biology are usually subject 
to strong functional constraint52. Despite the overall 
pattern of reduced divergence, a subset of genes that are 
implicated in brain development seem to have evolved 
more rapidly in primates than would be expected on the 
basis of studies of rodent species50,52,53. Further work is 
needed to determine whether this observation reflects 
the action of positive selection, but detailed investi-
gation of such outliers might provide candidates for 
involvement in human brain evolution.

The combination of primate sequences and within-
species diversity data from human populations offers 
a potential route for identifying signatures of recent 
selection anywhere in the genome (BOX 3). Using chim-
panzee data it is often possible to determine which allele 
of a human SNP (single nucleotide polymorphism) 
represents the state that was present in the common 
human–chimpanzee ancestor. Preliminary analyses of 
120,000 validated human SNPs50 highlighted 7 large 
genomic regions that show a reduced rate of diversity54 
and a large proportion of high-frequency, non-ancestral 
alleles55. These features are suggestive of a selective sweep 
during human evolution, and so could be another source 
of candidate genes for exploring the emergence of traits 
such as language.

At the same time, it is important to realize that 
access to a complete chimpanzee genome sequence is 
no panacea. Although early reports of a high degree 
of genetic overlap still stand56, the genomes of humans 

Box 2 | Evolving views of the neurological basis of language

Popular accounts of the neurological basis of language 
often begin with two discrete and lateralized regions of the 
cortex: Broca’s area in the inferior frontal gyrus and 
Wernicke’s area in the superior temporal gyrus, and the 
primary connection between them — a cortical fibre tract 
that is known as the arcuate fasciculus. (Precise boundaries 
for Broca’s and Wernicke’s areas remain a matter of debate, 
but their approximate location with respect to a surface 
side view of the left side of a human brain is shown in 
panel a.) In a once prominent model, these areas 
represented the key language-specific substrates, serving 
distinctive functions such as speech production and/or 
grammar (Broca’s area) and meaning or comprehension 
(Wernicke’s area). This classical view had its roots in early 
studies of brain lesions, and still resonates today in the 
names of two common forms of aphasia7. Broca’s aphasia 
involves poorly articulated effortful speech with few words, 
whereas Wernicke’s aphasia involves fluent speech but 
disrupted content, which is accompanied by deficits in 
language comprehension.

Most contemporary researchers see the traditionally 
defined language areas as part of a larger network that 
remains poorly understood, involving diverse regions of 
the cortex (coloured areas in panel a, as discussed in 
REF.39) and subcortical structures such as the striatum, 
thalamus and cerebellum (see panel b for locations of these 
structures with respect to a sagittal cross-section through a 
human brain)8,32,33,39. People with lesions in Broca’s area do 
not necessarily develop symptoms of Broca’s aphasia, and 
those with damage to Wernicke’s area do not always suffer 
from Wernicke’s aphasia8,33. These and other types of 
aphasia might result from damage to various cortical 
regions, or to subcortical structures, particularly the 
striatum32,74,130. Functional neuroimaging studies 
strengthen the view that different aspects of language 
processing involve a wide range of structures (panel a)39. Furthermore, comparative studies suggest that well-documented 
left–right hemispheric asymmetries in Broca’s and Wernicke’s areas might be present in the corresponding regions of other 
great apes36,37, and a recent report proposed the existence of a homologue of Broca’s area in the macaque monkey38. 
Finally, Broca’s and Wernicke’s areas are known to be active in a range of cognitive domains. For example, Broca’s area 
seems to be involved in imitation, motor control and music cognition34,35. At the neural level, as at the cognitive level, 
language might be seen as the product of a coordinated mixture of mechanisms, some specialized for language, others not. 
Panel b is adapted from Nature Reviews Neuroscience REF. 131 © (2005) Macmillan Magazines Ltd. 
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Positive selection
When a novel allele that 
increases the fitness of an 
organism becomes more 
prevalent in the population.

Purifying selection
Selection against alleles that 
have harmful phenotypic 
effects, which leads to their 
loss from the population.

Outgroups
When two closely related 
species are compared, the 
status of the common ancestor 
(for example, at a site of 
substitution) could be deduced 
by including a more distant 
third species that branched 
from the parent group before 
the other two groups diverged.

and chimpanzees are replete with differences. By itself, 
the between-species 1.23% substitution rate in single-
copy genomic regions corresponds to over 35 million 
changes50, and it is accompanied by at least 5 million indel 
events, which represent another 3% or so of genomic 
divergence50. Further sources of change that might 
prove to be important include differences in non-coding 
RNAs57, DNA methylation58, chromosomal rearrange-
ments50 and altered gene-copy numbers that result from 
lineage-specific duplications or losses59,60. Our ability to 
distinguish functional adaptive change from the con-
siderable amount of background noise remains limited, 
particularly for non-coding regions61, and defining the 
role of any given gene represents a major undertaking.

In terms of understanding the origins of language, it 
is also worth noting that many of the adaptive changes 
in the human genome might be unrelated to this trait; 
human biology is distinctive for a range of anatomical, 
metabolic, biomedical and behavioural characteristics45. 
Some — such as bipedalism, increased relative brain size 
and advanced tool use — might be defining features of 
the human condition. However, other traits — such as 

the human-specific susceptibility to malaria — simply 
involve adaptive differences of a kind that are commonly 
found between closely related species45. Identifying the 
genomic contributions to language evolution will ulti-
mately depend not only on evidence of positive selection, 
but also on a demonstration that variation in a given 
candidate gene affects linguistic capacities.

Expressive apes and expression arrays
Humans and chimpanzees differ not just in the genes 
that they carry, but also in how these genes are expressed. 
With the advent of high-throughput techniques for 
characterizing gene-expression profiles, such as 
hybridization of RNA to oligonucleotide microarrays46, 
species-wide (and organism-wide) differences in spatial 
and temporal regulation of gene expression can now be 
directly investigated. This approach is in its infancy, but 
recent studies of neural tissue from equivalent regions of 
different primate species, or distinct regions of the same 
species, support several preliminary conclusions.

First, convergent data from many studies indicate 
an acceleration of neural gene-expression changes dur-
ing human evolution62–66. It should be emphasized that 
human and chimpanzee brains show considerably less 
absolute divergence than other tissues, such as the liver 
and the heart, both in terms of the number of genes 
that are differentially expressed and the magnitudes 
of the differences63–65, which is probably due to higher 
functional constraint in neural tissue52. However, altera-
tion of neural gene expression on the branch leading to 
humans seems to have been more dramatic than that 
found for the chimpanzee branch during the same 
period. A parallel (although less significant) tendency 
for human-lineage acceleration has been proposed for 
rates of amino-acid change in brain-expressed genes52,53. 
So, human cognitive evolution might have involved a 
complex combination of changes in the regulation of 
gene expression and in protein structure.

Second, most studies report that the above accelera-
tion of expression differences is associated with a general 
upregulation of expression in the human cortex compared 
with that found in the chimpanzee63–65 (although see 
REFS 66,67 for alternative interpretations). Upregulated 
genes tend to be enriched in genomic regions that have 
been recently duplicated in human evolution68, but the 
functional importance of this finding is not known.

Third, coincident with cortical asymmetries in lan-
guage function, a recent investigation identified marked 
expression differences between the left and right hemi-
spheres in the early development of human embryonic 
brains, preceding the emergence of morphological dis-
tinctions69. In particular, LIM domain only 4 (LMO4), a 
gene that is linked to cortical patterning, is more highly 
expressed in part of the right cortex than the equivalent 
region of the left cortex at 12–14 weeks of gestation. 
Intriguingly, although Lmo4 expression in the mouse 
cortex shows moderate asymmetry in individual brains, 
there is no consistent lateralization to one or other hemi-
sphere; therefore, altered regulation of this gene during 
evolution might be relevant to the emergence of human 
asymmetries. Given that asymmetries of brain structure 

Box 3 | Signatures of selection

The effects of natural selection can sometimes be inferred from patterns of sequence 
divergence between and/or within species. For example, consider the ratio between 
the number of non-synonymous substitutions (KA) and synonymous substitutions (KS) in 
a gene during a specific evolutionary period. Assuming that KS provides an index of the 
random mutation rate, the KA/KS ratio measures whether the rate of protein evolution 
differs from the rate expected under neutral drift. If KA>KS, this is taken to indicate 
accelerated amino-acid change, which might be due to positive selection. Conversely, if 
KA<KS, this suggests purifying selection. Substitutions can occur on any lineage of a 
phylogenetic tree, and selective pressures can differ for different branches, so the 
comparison of only two species is often inadequate. The use of outgroups allows 
the inference of ancestral states and lineage-specific analyses. In human–chimpanzee 
comparisons, outgroups allow the derivation of lineage-specific KA/KS ratios and the 
identification of positive selection that occurred on the human lineage following its 
split from the chimpanzee.

Genuine positive selection can remain undetected by standard KA/KS tests. For 
example, when a protein is under tight functional constraint some regions might 
experience intensive purifying selection while others concurrently undergo positive 
selection, yielding KA/KS ratios that are well below 1. As such, researchers have 
sometimes used ‘sliding windows’ that cover different regions of a single protein79–81 or 
have exploited maximum likelihood methods that allow for KA/KS variation at different 
sites132. Where possible, a more robust solution is to compare between-species 
divergence with the degree of within-species polymorphism for the gene in question133. 
A rate of protein change during evolution of the human lineage that exceeds the rate 
expected from current levels of polymorphism for that protein in modern human 
populations represents a stringent indicator of positive selection.

Within-species variation data have the advantage that they allow positive selection to 
be detected anywhere in the genome, not just in coding regions. When an 
advantageous mutation spreads through a population through a selective sweep, linked 
genomic regions that surround the selected site are also affected, yielding a skewed 
pattern of polymorphism around that site54,55. This pattern typically involves an excess 
of both high- and low-frequency changes: high-frequency changes result from nearby 
neutral variants ‘hitchhiking’ along with the selected mutation55; low-frequency 
changes result from a new build up of polymorphisms that occurs after the mutation has 
become prevalent54.

No single technique is ideal: between-species KA/KS analyses are simple to apply but 
are limited in scope and can miss true cases of positive selection, whereas methods that 
exploit within-species comparisons are applicable to any genomic region but depend 
on the availability of extensive polymorphism data. As described in the main text, each 
method has proved valuable in studying the evolution of the human brain.
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Functional constraint
The degree to which changes in 
gene sequence are tolerated. 
For genes that have higher 
functional constraints a larger 
proportion of potential 
mutations are deleterious, 
reducing the substitution rate.

Maximum likelihood
A statistical method that is 
commonly used to make 
inferences about the most 
likely value of one of more 
parameters that underlie a 
given data set.

Selective sweep
Occurs when an allele 
increases in frequency as a 
consequence of positive 
selection and concurrently 
eliminates neutral variation at 
linked chromosomal sites.

Indel
A difference between 
sequences of related genomes 
that results from an insertion 
or deletion event; a term that is 
especially used when the 
evolutionary direction of the 
change is unknown.

have been suggested for other primates36,37, and that 
functional asymmetry is associated with several aspects 
of cognition (such as spatial and facial recognition70), 
it is unclear how relevant these results are to language, 
but they clearly represent another avenue that is worth 
pursuing.

Fourth, studies have yet to identify any specific 
human gene (or set of genes) that is uniquely expressed 
in language-related regions of adult brains. An inves-
tigation of three human brains found that language-
related substrates in the cerebral cortex showed similar 
expression profiles to those of other cortical areas68; 
differences between individuals tended to outweigh dif-
ferences between regions within any single individual. 
Expression profiles did not differ significantly between 
Broca’s area and the corresponding area of the right 
hemisphere68, despite well-documented asymmetries of 
cytoarchitecture71 and function72. Moreover, comparison 
to homologous brain regions in chimpanzees indicated 
that the vast majority of expression differences between 
these species are common to all cortical regions, rather 
than being localized to areas that are related to linguistic 
function68.

So far, neural expression profiling in humans and 
primates has lacked the power to detect effects that 
involve subsets of cells, which is problematic as each 
region of the cortex comprises a highly complicated 

mix of distinctive cell types. In addition, it is difficult to 
identify clearly which expression changes were adaptive 
and which were selectively neutral67. Finally, for ethical 
reasons, these investigations have exploited only tissues 
from autopsies, as it is currently unfeasible to charac-
terize dynamic expression profiles in the functioning 
human brain. As we discuss elsewhere in this review, 
comparative analyses of neural expression patterns in 
other species, particularly song-birds73–75, are not subject 
to the same limitations as human–primate studies, and 
might provide further entry points into language-related 
mechanisms.

Gene-driven strategies
An alternative approach to large-scale comparative stud-
ies begins by pinpointing genes that are judged likely 
to influence human language, and involves targeting 
these genes for detailed evolutionary investigation. 
The exact nature of the neuromolecular pathways that 
underlie language remains mysterious, so discover-
ing these genes is far from trivial, but some progress 
has been made through positional cloning studies of 
human neuro developmental disorders47. If mutation 
of a particular gene is implicated in neural abnormalities, 
then sequence variation in the gene can, in principle, 
influence relevant developmental outcomes76. Therefore, 
a close examination of between- and within-species 
diversity is warranted, as it can reveal whether alteration 
of the gene in question was involved in human evolution. 
For example, studies of primary microcephaly77 — a dis-
order of reduced brain size — have suggested mecha-
nisms that could have contributed to cortical expansion 
during primate evolution78–82 (BOX 4), whereas other rare 
syndromes (such as Joubert syndrome 3 (JBTS3)83 and 
bilateral frontoparietal polymicrogyria (BFPP)84) might 
provide clues to adaptive changes in brain organization 
(TABLE 1). Genetically mediated increases in brain size 
and overall organization have clearly been important in 
human evolution, but they do not themselves adequately 
explain language origins. For more direct insights it is 
worth focusing on neurodevelopmental disorders that 
primarily affect speech and/or language skills47.

Insights from complex disorders. Although language 
acquisition seems to be universal across the human 
species4, a significant proportion of children have 
language-related deficits that cannot be explained by a 
known cause, such as mental retardation, cerebral palsy, 
autism or hearing impairments85. There is considerable 
phenotypic heterogeneity among these children and the 
diagnosis of subtypes remains controversial85, but genetic 
factors make a strong contribution86. Identification of 
the relevant genes is proving to be challenging, espe-
cially given that most speech and language disorders 
have a multifactorial basis47. Nevertheless, advances in 
genotyping technology and statistical methods, coupled 
with sophisticated phenotypic characterization, are 
delivering encouraging results. For common forms of 
disorder, genetic studies point to several chromosomal 
intervals that might harbour risk variants that are 
involved in specific language impairment (SLI; intervals 

Box 4 | Big brains and language evolution

Brain size and complexity vary considerably among different mammalian species. 
Differences in encephalization quotient — a measure of the relative brain weight, which 
is adjusted for overall body weight — are particularly marked among primates, with a 
significant trend for progressive brain expansion throughout the ~60 million years of 
primate evolution76. The most dramatic changes seem to have occurred in the human 
lineage in the past 2–3 million years, such that the encephalization quotient of a 
modern human is three to fourfold higher than that of any other great ape77.

Many genes might participate in modulating brain size (for example, REFS 134,135), 
including genes that mediate processes such as cell proliferation and cell death. At this 
stage, two genes — MCPH1 (the gene that encodes microcephalin) and ASPM 
(abnormal-spindle-like, microcephaly associated) have been the subject of the most 
intensive evolutionary study78–82, following their association with primary microcephaly, 
which is a rare human condition of reduced brain size77 (TABLE 1). Patterns of between-
species and within-species divergence indicate that these two genes underwent 
positive selection during primate evolution, albeit with acceleration of coding change 
peaking at different times. In each case ‘mosaic’ patterns of selection have been 
observed; certain domains evolved under intensive positive selection, whereas others 
have remained tightly conserved79–82. Both MCPH1 and ASPM are evolutionarily ancient, 
with orthologues that are likely to be present in all chordates, and their roles in primate 
evolution seem to have extended over many millions of years, involving a succession of 
adaptive events78–82. As such, MCPH genes provide apt examples of Darwinian selection 
in human brain evolution, whereby novel configurations and variants of ancient 
elements can fuel substantial adaptive change.

However, although modifications of these or other similar genes that impact on gross 
features of brain development might have provided significant preconditions for more 
sophisticated behaviours, it is unlikely that they were sufficient alone for the 
emergence of language. For example, despite a stark reduction in cortical volume, 
which can be as little as a third of that found in normal individuals, children with 
primary microcephaly have an overtly normal neuroanatomical architecture, show only 
mild-to-moderate mental retardation and reach many developmental milestones76,77. In 
our view the honing of traits such as language probably depended not just on increased 
‘raw materials’ in the form of a more ample cortex, but also on more specific 
modifications of particular neural pathways.
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Table 1 | Insights into primate brain evolution from genetic studies of human neurodevelopmental disorders 

Syndrome Clinical features Positional cloning Functional insights Insights for primate evolution Refs

Brain size/organization

MCPH Head circumference at 
birth is >3 SD below the 
mean, but neuroanatomy 
is otherwise normal; 
mild–moderate mental 
retardation

6 MCPH loci have 
been mapped; 
mutations in 4 genes 
have been identified 
— microcephalin 
(MCPH1), ASPM 
(MCPH5), CDK5RAP2 
(MCPH3) and CENPJ 
(MCPH6)

Microcephalin contains three 
BRCA1 C-terminal domains; 
that are involved in cell-cycle 
regulation and/or DNA repair; 
ASPM is an orthologue of the 
abnormal spindle protein in 
fruitflies; it is essential for 
organizing spindle structures 
during neuroblast division; 
CDK5RAP2 and CENPJ influence 
centrosomal microtubule 
production during neurogenesis

KA/KS ratios for MCPH1 and ASPM 
show accelerated change along the 
lineages leading from the common 
primate ancestor to humans; MCPH1 
ratios peaked before the greater–
lesser ape divergence; ASPM ratios 
peaked on the human lineage after 
the split from chimpanzees; for both 
genes, between-species primate 
divergence exceeds within-species 
human divergence, which provides 
further support for positive selection

77–82

JBTS Complex abnormalities 
of cerebellar vermis/
brainstem; clumsiness, 
abnormal motor 
function, developmental 
delay, behavioural 
anomalies

One brain-specific 
form maps to 6q23 
(JBTS3) and is caused 
by mutations of AHI1

AHI1 is a cytoplasmic adaptor 
protein that might modulate 
crossing of axonal fibres

AHI1 shows KA/KS>1 in the human 
lineage; changes to 12 amino 
acids (of 1,196 residues) occurred 
in this lineage after the split from 
chimpanzees, and are fixed in modern 
humans; relevant to emergence of 
human-specific motor behaviours? 

83

BFPP Abnormal layering or 
excessive folding of the 
cortex, mainly in the 
frontal lobes; abnormal 
gait, mental retardation, 
seizures and language 
impairment

Mutations have been 
identified in GPR56 
on 16q13–21

GPR56 is an orphan G-protein-
coupled receptor that is 
involved in regulating cortical 
patterning, particularly in the 
frontal lobes

No specific evaluation of primate 
evolution has been reported, but 
animals that have a cerebral cortex 
carry a unique variable GPR56 
N-terminal region of unknown 
function

84

Language development

SLI Significant discrepancy 
between verbal and 
non-verbal skills despite 
adequate educational 
opportunity and in the 
absence of another 
neurological condition 
(for example, cerebral 
palsy or autism)

Genome-wide scans 
have highlighted 
regions on 13q21 
(SLI3), 16q24 (SLI1) 
and 19q13 (SLI2)

Mapped intervals span large 
numbers of candidate genes 
with diverse functions; 
many might relate to neural 
development, for example, the 
SLI1 region contains USP10, 
which encodes a protein that is 
involved in synaptic growth

Evolutionary comparisons might 
help to prioritize genes for mutation 
testing in linked chromosomal 
regions; SLI1 and SLI2 intervals 
contain genes (including USP10) that 
show an increased copy number in 
the human lineage

85–88

DD Difficulties in reading or 
spelling despite overtly 
normal verbal skills and 
adequate educational 
opportunity; often 
associated with subtle 
impairments in language 
processing

Multiple replicated 
loci for example, 
2p12–16 (DYX3), 
3p12–q13 (DYX5), 
6p22.2 (DYX2), 15q21 
(DYX1) and 18p11 
(DYX6)

Specific genes have recently 
been proposed as strong 
candidates; for example, 
DYX1C1 (15q21), which 
encodes a protein with TPR 
protein-interaction motifs, 
and KIAA0319 (6p22.2), which 
encodes a protein with PKD 
cell-adhesion domains 

DD is associated with deficits in 
linguistic pathways; analyses of risk 
genes might shed light on evolution; 
DYX1C1 shows coding changes in 
different primates, but no formal 
evidence of selection; KIAA0319 
evolution has not yet been studied

90,92–
97

AD Syndrome characterized 
by deficits in reciprocal 
social interaction 
and communication, 
which is accompanied 
by repetitive and 
stereotyped behaviours 

Many chromosomal 
regions have been 
implicated; a subset 
(for example, 3q, 
7q or 13q21) might 
relate to language

Numerous diverse brain-related 
genes have been tested for 
involvement in this disorder; 
there is no clear link as yet 
between any particular gene 
and AD-associated language 
deficits

No direct insights into language 
origins have emerged as yet from 
studies of AD; this area might be the 
most informative for understanding 
social aspects of communication

91,98–
100

DVD Impaired learning and 
production of sequences 
of mouth movements; 
often accompanied by 
expressive and receptive 
language or grammar 
deficits

One Mendelian 
form of the disorder 
(SPCH1) is caused by 
mutations in FOXP2 
on 7q31

FOXP2 is a transcription 
factor that might regulate 
development or function of 
distributed circuits in diverse 
brain regions, including the 
cortex, striatum, thalamus and 
cerebellum

FOXP2 is highly conserved in 
vertebrates, but underwent 
accelerated coding change on the 
human lineage after the split from 
chimpanzees; patterns of intronic 
polymorphism indicate recent 
selection 

101–
123

Examples are given for two broadly defined classes of human disorder — the first is related to gross features of brain development (organization/size), and the 
second is more directly relevant to aspects of language development. This is intended as an illustration of strategy; it is not an exhaustive list of all findings in this 
area. See the main text for a discussion. AD, autistic disorder; AHI1, Abelson helper integration site; ASPM, abnormal-spindle-like, microcephaly associated; BFPP, 
bilateral frontoparietal polymicrogyria; BRCA1, breast cancer 1, early onset; CDK5RAP2, CDK5 regulatory-subunit-associated protein 2; CENPJ, centromere 
protein J; DD, developmental dyslexia; DYX1C1, dyslexia susceptibility 1 candidate 1; DVD, developmental verbal dyspraxia; FOXP2, forkhead box P2; JBTS, Joubert 
syndrome; MCPH, primary microcephaly; PKD, polycystic kidney disease; SD, standard deviation; SLI, specific language impairment; SPCH1, speech-language 
disorder 1; TPR, tetratricopeptide repeat; USP10, ubiquitin-specific peptidase 10.
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Encephalization quotient
A measure of the relative brain 
size, in which the brain weight 
is compared with that of the 
average living mammal of 
equal body weight.

Cytoarchitecture
The cellular composition of a 
bodily structure. In 
neuroscience the term is used 
to refer to local differences in 
the arrangement of nerve cells 
in particular regions of the 
brain.

Speech-sound disorder
An inability to produce speech 
sounds that would be expected 
on the basis of age and dialect, 
but in the absence of an 
obvious cause (such as cerebral 
palsy or hearing impairment). 
This disorder might occur in 
isolation or together with other 
linguistic deficits.

Pragmatics
Social aspects of 
communication — in particular 
the influence of context on the 
interpretation of meaning.

Endophenotype
A measurable intermediate 
trait that is assumed to provide 
a closer link to the 
neurobiological substrate of a 
disorder.

Forkhead box
An 80–100 amino-acid motif 
that is found in a similar form in 
every member of the forkhead 
box family of transcription 
factors. It forms a winged-helix 
structure that allows the 
protein to bind to DNA.

Nuclear localization signals
Short stretches of amino 
acids that help to mediate 
the transport of proteins to the 
nucleus of the cell.

Atavism
The reappearance in an 
organism of characteristics that 
were typical of the organism’s 
remote ancestors.

SLI1–SLI3) (REFS 47,87,88) (TABLE 1) and in speech-sound 
disorders (SSD)89. Quantitative trait analyses of SLI1 
show that this region strongly influences a child’s abil-
ity to repeat pronounceable nonsense words88 — a skill 
that represents a highly heritable behavioural marker of 
SLI86. Intriguingly, the SLI1 and SLI2 regions contain 
genes that show increased copy number in the human 
lineage59, and that can therefore be prioritized for study 
(TABLE 1). It is too early to tell whether this is merely 
coincidence, but this does highlight how the integration 
of data from positional cloning efforts and comparative 
genomics can generate new testable hypotheses, even 
before identifying actual risk genes.

Other heritable neurodevelopmental syndromes, 
such as developmental dyslexia (DD) and autistic dis-
order (AD), are relevant to language, although they too 
are characterized by genetic complexity, with multiple 
chromosomal regions highlighted by mapping studies90,91 
(TABLE 1). Dyslexia is not a linguistic disorder per se — it 
is diagnosed when a child with overtly normal language 
has unexplained difficulties with learning to read and/or 
spell92. (Reading and spelling, unlike spoken language, do 
not develop naturally or universally, and instead require 
extensive tuition.) However, most dyslexic people have 
subtle underlying deficits in language processing, par-
ticularly with handling phonemes93. As such, emerging 
genetic discoveries about the aetiology of dyslexia (for 
example, see REFS 94–97) might inform our understand-
ing of the basis of language. Similarly, although autism 
is not primarily a language disorder, deficits in the area 
of communication represent an important diagnostic 
feature, along with problems in social interaction and 
repetitive or stereotyped behaviours98. Many autistic 
children are completely non-verbal, and those that 
do acquire language competence almost always show 
pervasive deficits in their use of pragmatics98. So, the 
relevant susceptibility genes, once identified, could be 
informative for understanding the evolution of social 
cognition and how this relates to language origins. 
Some of the putative loci that are linked to autism have 
been proposed as being relevant to language99,100; these 
studies have been based on analysing subsets of children 
with language delay, using language-related measures as 
endophenotypes and/or observing concordant mapping 
in other disorders.

Insights from a Mendelian disorder: the FOXP2 gene. 
The first direct evidence of a specific gene that influences 
speech and language acquisition has come not from 
complex traits, but from an unusual autosomal dominant 
form of communication disorder101 that is caused by 
mutation of the forkhead box P2 (FOXP2) gene, which 
encodes a forkhead box transcription factor102. The con-
sequences of FOXP2 disruption differ from typical SLI 
in that they include prominent difficulties in learning 
and producing sequences of movements that involve the 
mouth and lower part of the face103. Affected individuals 
have problems with speech articulation (developmental 
verbal dyspraxia or DVD), which are accompanied by 
wide-ranging deficits in many aspects of language and 
grammar104,105. Crucially, although general intelligence 

varies among individuals who carry the same FOXP2 
mutation, speech and language deficits are always 
evident, even for children with normal non-verbal 
intelligence105. Moreover, the associated problems with 
processing language and grammar are not exclusively 
tied to speech — they are evident in the written domain 
and occur for comprehension as well as expression105. 
(For more detailed discussion see REFS 47,106,107.)

The link between FOXP2 and disordered language 
was initially identified through genetic studies of a 
large three-generational family (known as KE)108,109, in 
which affected members carry a heterozygous missense 
mutation that alters the DNA-binding domain of the 
FOXP2 protein102 (FIG. 1a). The KE substitution markedly 
affects the function of the encoded protein (J. Nicôd, 
S.C. Vernes, F.M. Elahi, A.M. Coupe, L.E. Bird and S.E.F., 
unpublished observations). FOXP2 mutations are not a 
predominant cause of language impairment110; however, 
a second heterozygous point mutation in FOXP2 was 
recently identified that co-segregates with speech and 
language deficits in another family111. This nonsense 
mutation severely truncates the protein, deleting essen-
tial functional motifs, including protein–protein interac-
tion domains, the DNA-binding domain and suspected 
nuclear localization signals111. Independent chromosomal 
aberrations (including translocations and deletions) that 
disrupt FOXP2 are associated with speech and language 
deficits102,109,112.

A naive view of language evolution might predict 
that genes such as FOXP2 are unique to humans, or at 
least are substantially different in non-speaking spe-
cies. Instead, the FOXP2 sequence is highly conserved, 
even in distantly related vertebrate species113–115. 
Despite this conservation, there has been a profound 
(>60-fold) increase in amino-acid substitution rate in 
the human lineage114 — of 3 substitutions that distin-
guish the human FOXP2 protein from its mouse coun-
terpart, 2 occurred on the human branch after splitting 
from the chimpanzee113 (FIG. 1b). (The acceleration is 
unlikely to be due to relaxation of functional constraint, 
because the FOXP2 protein shows little polymorphism 
in current human populations110.) Examination of the 
human within-species variability in intronic sequences 
that flank the substitutions indicates a selective sweep 
(BOX 3) that probably occurred within the past 200,000 
years113,114. In short, one (or both) of the amino-acid 
substitutions or unidentified regulatory sequences 
in the flanking introns seem to have been subject to 
positive selection in recent human history. These studies 
also dispel the idea that genetically mediated language 
impairment must be atavistic in nature. Pathological 
mutations of FOXP2 (REFS 102,111) are distinct from the 
putative adaptive changes that occurred during human 
evolution113,114 (FIG. 1a) and do not reflect reversions to 
the ancestral state.

Molecular windows into language origins
The discovery of language-related genes offers new 
routes for addressing old questions about human evo-
lution. In the case of FOXP2, the human version of the 
gene seems to influence the development and function 
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Figure 1 | A multidisciplinary perspective on language evolution. a | Genetics — the genomic structure of human 
forkhead box P2 (FOXP2), showing the location of mutations that cause verbal dyspraxia, which are distinct from sites of 
evolutionary substitution in the human lineage (filled rectangles, coding exons; white rectangles, non-coding exons). The 
red bar indicates genomic regions that show evidence of a selective sweep113,114. Exons encode polyglutamine tracts (Q40 
and Q10), a zinc-finger motif (ZnF), a leucine zipper (LeuZ), the forkhead domain (FOX) and an acidic C-terminus (Acidic). 
s1–s3 are alternatively spliced untranslated 5′ exons. Adapted, with permission, from REF. 111 © (2005) University of 
Chicago Press. b | Evolution — nucleotide substitutions in the FoxP2 coding region for different lineages during primate 
evolution, shown as non-synonymous over synonymous substitutions (horizontal bars, nucleotide changes over time; 
shaded bars, amino-acid changes). Reproduced, with permission, from Nature REF. 113 © (2002) Macmillan Magazines Ltd. 
c | Neuroimaging — humans carrying disrupted FOXP2 show functional abnormalities when carrying out a language task, 
even when producing verb forms mentally rather than aloud. The anomalies involve underactivation of Broca’s area and 
bilateral activation in multiple cortical regions. The diagram shows the group average activation in the unaffected 
and affected members of the KE family, which is displayed at a threshold of P<0.05, corrected for multiple comparisons 
(L, left hemisphere; R, right hemisphere). Reproduced, with permission, from Nature Neuroscience REF. 117 © (2003) 
Macmillan Magazines Ltd. d | Neuropsychology — FOXP2 disruption leads to difficulties with coordinating speech. 
Affected KE family members (green squares) perform worse than unaffected members (yellow squares) on word-repetition 
tests that involve simple articulation patterns (error bars, standard error of the mean). Impairment increases with syllable 
length. Similar results are seen when repeating nonsense words, with greatest deficits on multisyllabic words that have 
complex articulation patterns. Adapted, with permission, from REF. 105 © (2002) Guarantors of Brain. e | Molecular 
neuroscience — example sites of high Foxp2 mRNA expression in transverse sections from a newborn mouse brain (scale 
bars represent 0.5 mm). In the cerebellum (left panel) Foxp2 expression is limited to Purkinje cells (pl), and absent from 
molecular (ml) and granular (gl) layers. In the medulla (middle panel) Foxp2 is expressed in the inferior olivary nucleus (io). 
In the forebrain (right panel) there is strong expression in the caudate nucleus (cn) and the deepest layers of the cortical 
plate (cp). Neural expression patterns for this gene are highly conserved in all vertebrate species that have been studied, 
which range from humans to zebrafish. Reproduced, with permission, from REF. 118 © (2003) Guarantors of Brain.

R E V I E W S

16 | JANUARY 2006 | VOLUME 7  www.nature.com/reviews/genetics



© 2005 Nature Publishing Group 

 

Purkinje cells
The output neurons of the 
cerebellum, which integrate 
complex inputs and project to 
the deep motor nuclei of the 
brain.

Inferior olivary nucleus
A precerebellar nucleus that 
provides direct input to the 
Purkinje cells through a 
network of climbing fibres. 
Olivocerebellar circuits have a 
crucial role in controlling 
movement.

Area X
A striatal nucleus that is 
present in the song system in 
the brains of vocal-learning 
birds.

not only of classical language-related areas of the cor-
tex, but also of other cortical regions, as well as sub-
cortical structures. Although the brains of individuals 
who carry FOXP2 mutations are overtly normal, they 
have subtle but significant structural anomalies103,116 
— most notably, reduced grey matter in the inferior 
frontal gyrus (including Broca’s area), caudate nucleus 
and cerebellum103,116. Moreover, FOXP2 disruption 
leads to functional abnormalities in Broca’s area and 
the striatum during language tasks103,117; these tasks 
elicit diffuse bilateral activation of cortical regions that 
remain inactive in normal controls117 (FIG. 1c). FOXP2 
expression during human fetal development shows 
intriguing overlaps with sites of adult pathology, par-
ticularly in the developing cortical plate, caudate nucleus 
and cerebellum118. Therefore, molecular and neuroim-
aging data independently implicate human FOXP2 in 
the development of distributed circuits that involve the 
frontal cortex, striatum and cerebellum. The networks 
in question are important for the learning and produc-
tion of speech sequences, and might account for the 
articulatory deficits that are associated with damage to 
this gene (FIG. 1d). Furthermore, the expression data hint 
that problems with sequencing mouth movements and 
impaired linguistic development in FOXP2-associated 
disorders might reflect partly independent, pleiotropic 
effects of a gene that participates in the patterning of 
both motor and language systems. These findings are 
consistent with contemporary views of the neurologi-
cal basis of language (BOX 2), and fit well within a per-
spective in which linguistic circuitry evolved through 
descent with modification from ancestral networks that 
support other cognitive tasks.

FoxP2 in non-linguistic species. Investigations of FoxP2 
orthologues further support this model. Vertebrates as 
diverse as humans118, rodents118–120, birds121,122, reptiles121 
and fish123 demonstrate concordant regulation of FoxP2 
expression in corresponding brain regions, particularly 
the cortex (the pallium in non-mammalian species), 
striatum, thalamus and cerebellum, with conserved 
patterns of sublocalization (FIG. 1e). Given the similari-
ties in expression and protein structure between distant 
modern orthologues, it seems highly likely that an ances-
tral form of FoxP2 had essential neurodevelopmental 
functions in the common ancestor of mammals, birds, 
reptiles and fish. Based on neural expression data, this 
earlier orthologue might have primarily influenced the 
circuitry involved in processing sensory information, sen-
sory-motor integration and control of skilled coordinated 
movements118–123.

It has been suggested that the ancient neural func-
tions of FoxP2 have been co-opted to subserve aspects 
of vocal communication in several species, not just 
our own75,121,122. Many species use innately specified 
calls, but a few acquire new vocalizations through the 
imitation of peers, including three groups of birds (par-
rots, hummingbirds and song-birds) and at least three 
groups of mammals (humans, cetaceans and bats). This 
rare trait of vocal learning, which is defined as the abil-
ity to imitate and modify sounds, including learning 

to sequence individual sound units into new combina-
tions, could be viewed as the behavioural substrate for 
spoken language74. In birds and mammals, different 
vocal-learning species are phylogenetically separated 
by non-learners, which indicates that this trait might 
have evolved independently on several occasions74. Bird 
species that are capable of vocal learning have a similar 
system of discrete brain structures that participate in 
this trait and show robust alterations in gene-expression 
patterns during the learning and production of song74,75. 
These structures have not been detected in non-learners, 
although homologues might exist in some basic form. All 
birds, regardless of vocal-learning ability, express FoxP2 
in sensory-motor circuitry, and in most regions mRNA 
levels are consistent across avian species121,122. However, 
there seem to be species-specific differences in expres-
sion in the song system of vocal learners, which might 
relate to variability in vocal plasticity121. In the zebra 
finch, a striatal nucleus, known as Area X, shows higher 
FoxP2 levels than the surrounding tissue, but only at the 
developmental stage when birds learn to imitate song. In 
adult canaries, expression of this gene in Area X varies 
with the season: FoxP2 levels peak in the months when 
song shows most plasticity. In the zebra finch, it is only 
the male that learns to sing, and although FoxP2 itself 
has similar expression patterns in males and females, the 
encoded protein might interact directly with the product 
of FoxP1 (REF. 124), a closely related gene that has sexually 
dimorphic expression in the song system122. Intriguingly, 
although there is no evidence of positive selection 
of FoxP2 protein-coding changes in different avian 
lineages115, the above data indicate significant alteration 
in regulating FoxP2 in the evolution of song systems.

Combining what is known about avian and mam-
malian orthologues of FOXP2, a compelling hypoth-
esis is that earlier forms of the gene were important for 
shaping cortical and subcortical sensory-motor networks; 
circuits which were subsequently recruited, on more 
than one occasion, to subserve learning and production 
of complex combinatorial sequences of movements75. 
Just as avian wings are unlike other vertebrate limbs in 
their ability to support flight, but remain true to their 
heritage in terms of basic structural properties9, FOXP2 
seems to have developed its roles in supporting language 
in humans (and possibly vocal learning in song-birds) 
while strongly reflecting its ancestral functions.

Future prospects
Further advances in comparative genomics, expression 
profiling and, in particular, identification of susceptibil-
ity factors in developmental language disorders should 
allow the discovery of language-related genes other than 
FOXP2. It is difficult to predict the nature of these genes. 
Variation in diverse regulatory factors, receptors, signal-
ling molecules, structural proteins and other functional 
categories of protein can influence brain organization 
and function44. However, we predict that, in most cases, 
language-related functions will involve modifications of 
ancestral roles, which can be defined through multidis-
ciplinary studies. We should not expect such genes to be 
limited to influencing the brain. For example, as with 
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many transcription factors, FOXP2 expression is not con-
fined to one particular tissue102, but is re-used in different 
contexts (including regions of the developing heart, lung 
and gut125). Functional genetic approaches should allow 
the teasing out of the properties of language-related genes 
that are important for language. One possibility would 
be to compare the behaviour of human and chimpanzee 
orthologues in model systems.

To the extent that neural functions of language-
related genes reflect the modifications of pathways that 
are present in a common mammalian ancestor, studies of 
gene function in rodents provide a new means for inves-
tigating the origins of language at many levels: molecular, 
anatomical, developmental and behavioural. Mouse pups 
make innate calls (both audible and ultrasonic), which 
are important for mother–offspring interactions126, and 
adult males emit ultrasonic vocalizations on encounter-
ing female mice or their pheromones127. Furthermore, a 
recent report has demonstrated that the vocalizations of 
adult male mice are surprisingly rich and have the char-
acteristics of song, with distinctive syllable types that are 
produced in regular patterns, although, crucially, it has 
not yet been determined whether these songs are innate 
or need to be acquired through imitation127. Even so, it 
is important to avoid the simplistic view that rodents 
can offer a direct model of human communication; 
behavioural data from knockout studies cannot always 
be taken at face value. For example, based on an observa-
tion that Foxp2-deficient pups produced fewer ultrasonic 
vocalizations than wild-type littermates when artificially 
separated from their mother, one recent study proposed 

that these mice demonstrate vocal communication 
deficits, supposedly paralleling those found in human 
speech disorders128. However, mother–offspring com-
munication in these mice seemed to be generally intact; 
mothers provided care for all pups regardless of Foxp2 
status and any calls that were produced by mutant pups 
had normal characteristics128.

Continuing investigations of song-birds and other 
vocal learners are likely to continue to yield important 
insights74,75. Although vocal learning in other species is 
best viewed as analogous, rather than homologous, to 
aspects of human communication, it is becoming appar-
ent that evolution of the relevant neural systems might 
be subject to common developmental constraints74,75. As 
such, the powerful strategies that are available for study-
ing avian song systems might offer vital clues to genetic 
pathways that are involved in human language73–75.

Understanding the structure and evolution of a 
trait that is as complicated and unusual as language 
clearly requires an intensive multidisciplinary effort 
— synthesizing work from fields as diverse as genetics, 
linguistics, psychology, neuroscience, anthropology 
and developmental biology. This will be true both at 
the level of understanding individual genes, and in 
describing the system as a whole. In this review, FOXP2 
is necessarily the gene to which we have devoted the 
most attention. Although this gene is likely to be rep-
resentative only in some ways but not in others, and 
is plainly just one piece of the evolutionary puzzle, it 
provides an exciting taste of what might surface next in 
investigations of language origins.
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DATABASES
The following terms in this article are linked online to:
Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=gene
ASPM | FOXP2 | LMO4 | MCPH1
OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=OMIM
BFPP | developmental verbal dyspraxia | JBTS3 | primary 
microcephaly | SLI1 | SLI2 | SLI3 | SSD

FURTHER INFORMATION
Gary Marcus’s web site: http://psych.nyu.edu/gary
Simon Fisher’s web site: http://www.well.ox.ac.uk/~simon
Access to this interactive links box is free online.
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