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In this review, we discuss the dynamic linkages between

culture and the genetic evolution of the human species. We

begin by briefly describing the framework of gene-culture

coevolutionary (or dual-inheritance) models for human

evolutionary change. Until recently, the literature on gene-

culture coevolution was composed primarily of mathematical

models and formalized theory describing the complex

dynamics underlying human behavior, adaptation, and

technological evolution, but had little empirical support

concerning genetics. The rapid progress in the fields of

molecular genetics and genomics, however, is now providing

the kinds of data needed to produce rich empirical support for

gene-culture coevolutionary models. We briefly outline how

theoretical and methodological progress in genome sciences

has provided ways for the strength of selection on genes to be

evaluated, and then outline how evidence of selection on

several key genes can be directly linked to human cultural

practices. We then describe some exciting new directions in

the empirical study of gene-culture coevolution, and conclude

with a discussion of the role of gene-culture evolutionary

models in the future integration of medical, biological, and

social sciences.
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Cultural and genetic evolution: a dual
inheritance system
In the 1930s and 1940s, the modern evolutionary synthesis

formally integrated genetics and Darwinian evolution

(selection, mutation, drift, migration, and recombination)
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into a unified paradigm describing biological change [1–
4]. While the modern evolutionary synthesis remains the

paradigm across fields in non-human biology, it was recog-

nized by the early 1980s that the modern evolutionary

synthesis could only provide a partial account of human

evolution [5]. Mathematically formalized theories linking

cultural and genetic inheritance systems were developed

in the 1970s and 1980s [6], and these bodies of work serve as

the grounding for dual-inheritance, or gene-culture coe-

volutionary (GCC) models of human social, behavioral, and

biological evolution.

Culture has many definitions, but for the purposes of

GCC models, we consider culture to be all of the infor-

mation that individuals acquire from others by a variety of

social learning processes including teaching and imitation

[6]. The fidelity of cultural transmission is often suffi-

ciently high for culture to act as an inheritance system [7];

however, cultural traditions also change with time, mak-

ing culture a system of descent with modification.

As in the genetic inheritance system, there are several

important forces that can lead to cultural evolution, such

as random errors in teaching or acquiring items of culture

(akin to mutation), statistical effects in small populations

(akin to drift), and the effect of using different cultural

variants on an individual’s survival and reproduction (akin

to natural selection) [8]. Several other forces driving

cultural evolution are fairly distinctive from the forces

of genetic evolution, and derive from the fact that culture

can be transmitted through social networks [9,10�] in

ways that are much more complex than gene transmission

(either vertical or horizontal) in genetic systems.

Cultural agents can often evaluate and choose from a wide

array of cultural variants present in their social networks.

The choice between variants may be random, or may be

non-random; non-random choice of cultural variants may

be driven by the relative performance of the cultural

variants (direct bias), the frequency in which the cultural

variants are used (frequency bias), the status of the indi-

viduals using the cultural variants (prestige bias), or other

biasing forces [11]. Humans also generate new cultural

variants by other non-random processes such as individual

learning, and recombination of existing ideas or tech-

niques. Field evidence on evolutionary rates shows that

they can be much faster for cultural evolution compared

with genetic evolution, due to the fact that biases and non-

random innovation can create strong directional forces in

cultural evolution in addition to natural selection; also, new
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104 Genetics of human origin
ideas and techniques can spread rapidly through social

networks, often making the cultural analog of the gener-

ation very short [10�,12,13,14�].

Culture evolution can lead to the creation of novel cultu-

rally constructed environments which exert selective

pressures on genes; these changes may select for pheno-

typic plasticity (e.g. general language processing, without

fixed representations [15]), increase selection pressures on

specific genetic variants at a given locus (e.g. lighter skin

pigmentation in high latitudes [16]), or reduce selection

pressures on variants at a given locus (e.g. a reduced

importance of functional bitter taste receptor genes in

humans with cultural knowledge of plant toxicity [17]).

The cultural and genetic systems are linked; culture places

selective pressures on genes, via natural and social selec-

tion in culturally influenced environments, and genes place

selective pressures on culture, via the genetic components

of bias forces and individual learning mechanisms. Figure 1

displays a graphical representation of the linkages between

the cultural inheritance system, the genetic inheritance

system, and the environment.

Below, we outline how progress in molecular genetics and

genomics is beginning to provide the empirical data needed

to move the GCC framework from mathematical formalism

into empirically grounded science, with several case studies

linking cultural practices with selection on genes [8].

Quantitative evidence for selection on genes
Recent advances in large-scale and whole-genome se-

quencing of modern humans [26], extinct archaic hominins

[27,28], and non-human primates [29–31], have provided

researchers with the data needed to investigate which genes
Figure 1
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were evolving under various kinds of selection regimes, in

various time periods of human evolutionary history

[32,33��,34��]. Evidence of selection includes synonymous

to non-synonymous mutation ratios [32], reduction in

genetic diversity [32], a high-frequency of derived alleles

[32], cross population differences in allele frequencies [32]

and cross population extended haplotype homozogysity

[35], long haplotypes [32], direct estimation from subfossil

DNA [36�], increased genetic diversity [37,38], and other

genetic signatures [33��,34��]. Exomics may provide even

more useful tools for identifying selection on genes under-

lying specific protein sequences [39].

Human cultural practices as key drivers of
human genetic evolution
Agriculture, disease, and genes

Many human genes found to be under selection are

immune system related [32]. Of particular importance

to GCC models of human evolution is evidence of selec-

tion in genes related to auto-immune disease (for

instance, type-1 diabetes, Celiac, ulcerative colitis, and

Crohn’s disease) [40,41], to malarial resistance

[33��,37,42–44], and to resistance to other infectious dis-

eases (plague, smallpox) [45]. The rise of these diseases is

intricately interwoven with culturally evolved adaptations

concerning agriculture, animal domestication, and city-

level social organization [45–47].

Animal husbandry, pastoralism, and genes

Observations of strong, recent selection on a lactase

regulatory gene [48,49] provide some of the first popu-

lation-genetics-based evidence that a selective advantage

based on additional nutrition from dairy explains lactase

persistence in Europeans. This finding is extended with
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computational modeling linking spatially resolved

genetic and cultural data to infer the history of the

coevolution of lactase and dairying in Europe [50].

Other studies have found evidence of selection for lactase

persistence in African populations [51,52]; however, lac-

tase persistence appears to have evolved through inde-

pendent mutations in European and African populations

[53], due to convergent socio-ecological circumstances

and culturally evolved practices concerning animal hus-

bandry.

Clothing, fire, migration, and genes

Culturally evolved adaptations to temperate and polar

climates — such as clothing, shelter, and fire — allowed

humans to occupy high latitudes. Consequently, the new

ecology placed strong selection pressure on human genes,

such as the genes responsible for pigmentation [54,55�],
presumably due to the importance of photo-catalyzed

vitamin D synthesis [56�,57], or folate regulation [16],

although the exact mechanisms through which ecological

pressures drove section on pigmentation-linked genes is

still an area of active debate [36�].

These same cultural innovations allowed humans to

thrive in high altitude environments that in turn placed

strong selection pressures on hypoxia-related genetic

variants [58,59�]. In an interesting parallel to the con-

vergent evolution of lactase persistence, Tibetan and

Andean populations evolved largely unique suites of

genetic variants to solve the same ecological problem

concerning hypoxia [60], although in the high altitude

case the functional convergence is not nearly so similar as

in adult lactase persistence.

From evidence of selection to evidence of gene-culture

coevolution

A considerable number of genes seem to have been under

positive selection in humans according to genome-wide

scans looking for selective sweeps and other evidence of

selection in the human lineage [61]. Most likely, many

more interesting cases of gene-culture coevolution will

come to light. Human genes that differ from ancestral

ones like FOXP2 and ASPM are expressed in brains,

testes, and the olfactory system. For all the excitement

these genes have generated, our interpretations are han-

dicapped by the complexity of the genetic and cultural

systems and by the difficulty in discovering the exact

functions of the derived alleles [62]. The study of inter-

actions between culture and epigenetic regulatory circuits

is another embryonic area that is likely to prove quite

exciting in the future [63].

New frontiers in the study of human cultural
and genetic evolution
Exciting new areas of research in gene-cultural coevolu-

tionary systems will investigate the roles that long-standing
www.sciencedirect.com 
cultural practices themselves have on the evolution of

important genetic variants. Below, we give two examples

of emerging topics linking cultural practices and genetic

evolution.

Cannibalism, Kuru, and genes

Prion diseases — such as Creutzfeldt-Jakob disease,

bovine spongiform encephalopathy, and Kuru — are

invariably fatal, transmissible, neurodegenerative con-

ditions, driven by a self-propagating conformational iso-

mer of a normal neuronal glycoprotein (PrP), which

refolds existing PrP into a non-functional variant [64].

Kuru became known to the Western scientific community

in the 1950s when indigenous areas of the Eastern High-

lands of Papua New Guinea came under Australian con-

trol [64,65]. It was a common cultural practice in some

New Guinea communities (especially in the Fore) for

adult women and children to consume the brains of

deceased relatives at mortuary feasts [64]. Local oral

histories collected at the time Kuru was first discovered

suggested that the practice of endocanibalism was not

ancient among the Fore, but rather began only in the late

1800s [64,66,67]. The Kuru epidemic imposed severe

morbidity and mortality on the Fore, and some villages

were almost devoid of young adult women [64].

A coding polymorphism in PrP has a substantial effect on

survival times and disease progression of Kuru-infected

individual, where homozygotes of either allele have onset

times of approximately 19 years, while the onset time in

heterozygotes is normally over 30 years [64,68]. If in-

fection with Kuru occurs as a child, then the reproductive

window for infected homozygotes may be almost non-

existent, while infected heterozygotes have more than a

decade of asymptomatic reproductive life.

Differential mortality driven by cannibalistically trans-

mitted protein created strong enough selection pressures

for signatures of genetic adaptation to be recorded less

than 100 years after the origins of the cultural practice of

mortuary feasts [64,65]. Notably, out of 30 Fore women

over the age of 50 who participated in mortuary rituals,

23 were heterozygotes, while the unexposed Fore popu-

lation appears to be in Hardy-Weinberg equilibrium

[64]. Thus, Kuru in the Fore imposed exceptionally

strong balancing selection on PrP variants.

Distance running, pain tolerance, sexual selection, and

genes

At the 1968 summer Olympics, Kipchoge Keino won gold

in the 1500 m race, despite competing with a gull bladder

infection. Since Keino’s rise to fame, a small group of

Kenyans — the Kalenjin (0.0005 percent of the world’s

population) — has produced an outstanding number of

long-distance runners that have dominated world-class

distance running, winning over 40 percent of international
Current Opinion in Genetics & Development 2014, 29:103–109
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competitions [69,70]. The dominance of one small ethnic

group in world-class running has led many researchers to

search for explanations based on demographic character-

istics [71], food, vitamin, and macro-nutrient availability

[72,73], bioenergetics [74], local cultural history (local

importance of long distance running, and a cultural history

of cattle raiding) [75], hope for material and social capital

[76], local ecology [77], and genetic differences [78].

It is possible that genetic differences related to bioener-

getic pathways are responsible for differences in running

performance, and that these adaptations are influenced by

local ecology and cultural history. However, several stu-

dies of candidate genes related to bioenergetic pathways

failed to find distinctions between Kenyans in terms of

running ability [78,79].

The lack of any definitive biological explanations led

researchers to delve more deeply into cultural factors

that might be responsible for distance running perform-

ance. Notably, the Kalenjin undergo circumcision as a

coming of age ritual [69]. These circumcisions are per-

formed without anesthetics, and the participants are

required to show no outwards signs of weakness or pain

(no grimaces, no cries), or face being branded as cowards for

life and being outcasted from the marriageable population

[69]. Such cultural practices have the potential to place

intense selection pressure on genes for pain tolerance. It

has been suggested that one reason the Kalenjin dominate

in distance running is not due to genetic (bioenergetic)

dispositions for increased running ability per se, but rather

an increased genetic disposition for pain tolerance, which

allows Kalenjins to push through the pain associated with

high-levels of continuous physical exertion.

To the best of our knowledge, no studies have thoroughly

investigated if there are structured genetic differences

related to pain tolerance between circumcising Kalenjins

and non-circumcising populations in Kenya. However,

one study on ethnicity-based differences in response to

propofol-fentanyl anesthesia has shown that the time

from discontinuation of anesthesia infusion to eye open-

ing was 18.8 � 7.1 min in Kenyans vs. 11.6 � 4.5 min in

Caucasians (P < 0.01), and time to response to verbal

commands was 16.8 � 8 min in Kenyans vs. 9.9 � 4.5 min

in Caucasians (P < 0.01) [80]. Other studies have shown

that time to eye opening after fentanyl-based analgesia is

related to genetic variants in the m-Opioid Receptor

Gene, with AA variants at OPRM1 118 (SNP

rs1799971) taking longer to awaken [81]. AA variants also

show higher pain tolerance in experimental settings

[81,82]. In sum, these data point to the strong possibility

that there may be structured genetic differences relating

to pain tolerance between Kenyans and Caucasians.

More carefully directed studies may be able to test if

there are structured differences in genes related to pain
Current Opinion in Genetics & Development 2014, 29:103–109 
tolerance between Kalenjins and non-circumcising popu-

lations in Kenya. If such studies find evidence of struc-

tured differences between Kenyan subpopulations, they

will provide testament to the importance of sexual selec-

tion and cultural practices in producing selection press-

ures on the human genome.

Looking back, looking forward on the
integration of the biological and social
sciences
The dark clouds of history

Despite the many attempts of the discipline of genetics as

a whole to explain that the relatively slight genetic

differences between human populations provide no basis

for invidious discrimination among peoples, a small num-

ber of biologists and evolutionists have produced work

that might give aid and comfort to racists [e.g. see

83,84]. In the shadows of such actions, great caution

and precision is needed in communicating scientific

knowledge in such a way as to minimize misunderstand-

ings that might insight racism or discrimination [85��]. In

response to scientific publications that were either

directly racist, or served maintain a racist social structure,

there was an enormous push-back among socio-cultural

anthropologists to reject any essentializing genetic expla-

nations for inter-group differences, as if describing

genetic differences between populations automatically

justified the evils of discrimination, racism, and eugenics.

We argue that this sensitivity to genetic explanation,

though understandable given its historical and cultural

context, was fueled in large part by logical fallacies [is-

ought, appeal to nature, etc.] on the part of social scien-

tists. A more useful and more ethical critique might have

been waged against the assertion that ‘genetic differences

justify differential treatment,’ rather than the assertion

that ‘genetic differences exist.’ Furthermore, we note that

the essentialist ideas that frequently underpin vicious

ethnocentric ideologies are as likely to be based on

cultural differences as genetic difference. Thus, rejection

of genetic difference is not necessarily a rejection of the

belief structures actually underpin racism, ethnocentrism,

and discrimination.

We are, however, in agreement with much of the socio-

cultural anthropological critique of excessively gene and

environment centered accounts of human evolution. Like

many socio-cultural anthropologists, we argue that human

behavior is heavily influenced by culture in the short run;

to this, we add that culture plays a large role in our genetic

evolution in the long run.

Gene-culture coevolutionary theory as integrative bridge

linking social theory and genetic science

Gene-culture coevolutionary models of human evolution

provide a more holistic and nuanced understanding of the

ways in which culture and biology interact. GCC models
www.sciencedirect.com
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honor some of the most important critiques of excessively

gene-centered accounts of human evolution from socio-

cultural anthropology — namely that culture itself is a

unique inheritance system, and one that radically alters

human biological evolution to such an extent that the

human genome itself can be partly viewed as cultural

creation. However, GCC models avoid the unrealistic

denial of genetic factors that is present in some early

socio-cultural critiques of human evolutionary biology,

which served to stigmatize medical and scientific research

to the detriment of human health and knowledge.

GCC theory is a rapidly growing interdisciplinary field —

one that is drawing an increasing amount of empirical

support [86��]. It is our hope that GCC models can serve

as bridges linking socio-cultural theory and genetic

sciences in a way that unites the strengths and partial

truths that each perspective offers. In doing so, GCC

theory may provide frameworks for knowledge that avoid

naı̈ve biological and ecological essentialism, while advan-

cing scientific and medical knowledge related to human

genetics.
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